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Aim of work 

The increasing number of foodomics studies based on non-targeted methods shows that this 

approach is considered by scientists to be an efficient way of evaluating food safety and quality. In 

the last few years, high resolution mass spectrometry (HRMS) has indeed gained wider acceptance 

thanks to the high selectivity and sensitivity achievable during analysis. In contrast to the classic 

unit-mass-resolution MS/MS approach, HRMS provides more information on sample composition 

through collection of full-scan spectra and thanks to the possibility of performing retrospective data 

analysis. Consequently, even without defining compound-specific tuning, HRMS data can be used 

for identification of suspect compounds or for structural elucidation of unknowns. HRMS can only 

compete with classic MS/MS methods using the targeted approach, even if it allows the 

simultaneous detection of a higher number of compounds. In contrast, HRMS is a more promising 

approach when suspect and non-targeted screening analysis is performed, not only because full-scan 

and retrospective analysis is feasible, but also because the accurate mass of both precursor and 

product ions and their isotope patterns are provided. Furthermore, a non-targeted approach leads to 

specific profiling of biological systems through a wide selection of chemical descriptors, and 

provides the fingerprint of the system under investigation, useful for more easily identifying 

potential adulteration.  

The aim of this work was to extend comprehension of the three different HRMS approaches (non-

targeted, suspect and targeted screening), examining both their potential and limitations in relation 

to the analysis of the compounds of interest in different matrices. Initially, the objectives concerned 

the possibility of developing new methods – one for each HRMS screening approach – for the 

analysis of glycosides and phenolic compounds, in order to furnish innovative and well-performing 

analytical tools for food safety and quality control at all stages of food production, processing and 

distribution. Furthermore, they regarded the possibility of investigating the nature and occurrence of 

glycosides and phenolic compounds in widely consumed beverage and food commodities, such as 

grape, wine, spirits, cocoa and honeys. 

The thesis, which includes both published and in litteris papers, describes newly developed 

analytical methods and their technological applications in the study of different matrices, focusing 

on: 

- Investigation of Neutral Loss experiments as an instrument for non-targeted screening 

analysis of glycosides, and performance evaluation of this analytical approach in relation to 

the glycosidic profiling of international monovarietal wines; 
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- Investigation of the distribution of free and glycosylated low-molecular-weight phenolic 

compounds in skin and seeds of color-rich Vitis vinifera grapes cultivated in southern 

Uruguay, combining Neutral loss experiment and suspect screening analysis; 

- Investigation of the selectivity and sensitivity of the HRMS approach for targeted analysis 

of free and glycosylated low-molecular-weight phenolic compounds and suspect screening 

analysis of the latter, together with evaluation of the best sample clean-up procedure for 

reducing matrix interference; 

- Investigation of the distribution of free and glycosylated low-molecular-weight phenolic 

compounds in skin, pulp and seeds, focusing on both Vitis vinifera and hybrid grapes;  

- Investigation of the impact of alcoholic fermentation on the free and glycosylated phenolic 

profile of wines produced from grapes of hybrid varieties;  

- Study of the occurrence of glycosylated low-molecular-weight phenolic compounds in 

tannins of different botanical origin, in order to evaluate the alteration of the phenolic profile 

of wines after tannin addition;  

- Study of the free phenolic composition of wood barrels, in order to evaluate phenolic 

enrichment during ageing, and investigation of the possible impact of different barrel 

sanitation treatments on the phenolic transfer from wood to wine; 

- Study of the free and glycosylated low-molecular-weight phenolic profile in Primitivo di 

Manduria and Negroamaro wines of different vintages and evaluation of the effect of wine 

ageing;  

- Investigation of the possibility of considering free or glycosylated low-molecular-weight 

phenolic compounds as new markers for beverages and food characterization and their 

geographical traceability, focusing on wine, spirits, vinegar, food tannins, cocoa beans and 

honeys; 

- Implementation of investigative methods of suspect screening analysis using naturally rich 

matrices as available sources of compounds of interest. This approach was applied on plant 

products for alkaloid identification; 

- Investigation of the selectivity and sensitivity of the HRMS approach for suspect screening 

analysis of flavonoids in flowering plant (C. pareira) extracts. 
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1. Introduction 
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1.1. High-resolution mass spectrometry 

In the last twenty years over 5,200 studies have been carried out combining liquid chromatography 

with high-resolution mass spectrometry (LC-HRMS) and more than 50% of these have been carried 

out using OrbitrapTM as the detector. The majority of these papers have been published since 2011, 

dealing principally with clinical and forensic toxicology (Jiwan et al., 2011; Himmelsbach, 2012; 

Meyer, & Maurer, 2012; Meyer et al., 2014; Maurer, & Meyer, 2016), omic sciences (proteomics, 

metabolomics and lipidomics; Gallien, & Domon, 2015; Lesur, & Domon, 2015; Ghaste et al., 

2016), food safety and control (Botitsi et al., 2011; Kaufmann, 2012; Hernández et al., 2014; 

Senyuva et al., 2015), and environmental pollution (Hernández et al., 2012; Gosetti et al., 2016). 

HRMS has gained wide diffusion due to improvement of detection specificity as compared to the 

unit-mass-resolution approach, and to the high selectivity and sensitivity of analysis (Kaufmann, 

2012). This has been achieved by reducing errors in the assignment of the mass of analytes co-

eluted with interference with the same nominal mass and by providing narrower mass-extraction 

windows (Senyuva et al., 2015). 

Furthermore, HRMS provides more information on sample composition through the collection of 

full-scan spectra and thanks to the possibility of performing retrospective data analysis (Righetti et 

al., 2016). Consequently, even without defining compound-specific tuning, HRMS data can be used 

for identification of targeted and suspect compounds or for structural elucidation of unknowns 

(Kaufmann, 2012). Indeed, HRMS can only compete with classic MS/MS methods in targeted 

approaches, where specific compounds are quantified and all other matrix components are ignored. 

In contrast, it is one of the most promising approaches when suspect and non-targeted screening 

analysis is performed (Senyuva et al., 2015). 

 

1.1.1 Targeted analysis 

Targeted analysis allows identification and quantification of the compounds of interest using 

reference standards. For a large selection of compounds, triple quadrupole (QqQ) or quadrupole ion 

trap (QIT) have been workhorse instruments in targeted analysis, thanks to the sensitivity and 

selectivity provided by selected reaction monitoring (SRM) of precursor-product ion transitions. 

However, monitoring only one transition can lead to false positive identification, while requiring 

two or more transitions can create several limitations (Krauss et al., 2010): 

- some targeted analytes produce only one product ion with a sufficient signal intensity, while 

others are barely detectable due to low intensity; 

- in the event of considering at least two transitions, SRM methods are limited to about 100-150 

targeted analytes, depending on chromatographic separation, otherwise insufficient peak 
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resolution or a short acquisition time for each MS/MS transition can considerably affect the 

accuracy and sensitivity of analysis;  

- some targeted analytes show only non-specific transitions, such as the neutral loss of H2O or 

CO2, also detected for matrix interference. 

HRMS offers promising solutions to these limitations of the SRM approach in targeted analysis. 

Theoretically, all the compounds present in a sample can be detected simultaneously using full-scan 

mode, without limiting the number of targeted compounds to be identified. Furthermore, through 

data-dependent MS/MS acquisition (dd-MS/MS), MS/MS analysis is triggered for each compound 

from the targeted ion list detected in the full-scan. In this way, many more product ion spectra can 

be recorded within the same run and targeted analytes showing only one transition or a non-specific 

one can also be identified, without risking false positive identification (Krauss et al., 2010). 

However, HRMS selectivity requires good preceding LC separation in order to prevent co-elution 

of isobaric compounds, which could not be distinguished if filtered together for dd-MS/MS 

analysis.     

As reported by Krauss et al. (Krauss et al., 2010; Figure 1.1), the targeted workflow usually moves 

from defining the targeted ion list and filtering exact masses (the m/z range of the extraction 

window depends on the mass accuracy and resolving power of the instrument), to matching of the 

measured retention time (RT) and MS/MS fragmentation with those of reference standards, and 

quantification of targets. 
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Figure 1.1.   Comparison of systematic workflow for targeted analysis, suspect screening and non-

targeted screening using LC-HRMS (adapted from Krauss et al., 2010).  

 

1.1.2. Suspect screening   

For a large selection of compounds of interest reference standards are currently not available, but 

specific information such as the molecular formula and structure is accessible. Consequently, 

identification of these compounds can be based on the suspect screening approach (Krauss et al., 

2010). The exact mass of the expected ion can be calculated from the molecular formula and then 

extracted from the high-resolution full-scan chromatogram, since with electrospray ionization (ESI) 

predominantly [M+H] + and [M-H] ¯ ions are formed. Only when the molecular ion cannot be 

detected due to in-source fragmentation or in-source adduct formation, the suspect screening 

approach cannot be applied. In the event of positive findings, compound identification can be 

confirmed by comparing MS/MS-derived structural information with that available for the suspect, 

and verifying the match of the observed isotope pattern with the theoretically predicted one from 

the molecular formula of the expected compound (Krauss et al., 2010).  
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As regards false negatives, without an analytical standard it is not possible to exclude the possibility 

of a compound getting lost during sample preparation, not being ionized in the analytical conditions 

established or ionization being suppressed by a strong matrix background due to insufficient clean-

up. Thus careful validation of the whole analytical procedure, using a selection of reference 

standards with similar physicochemical properties to those estimated for the suspects, is 

recommended to minimize the occurrence of false negatives (Krauss et al., 2010).   

Therefore, thanks to high-resolution, which resolves nominally isobaric ions, and the simultaneous 

collection of full-scan and dd-MS/MS spectra for a wide selection of suspect compounds, a HRMS 

suspect screening approach is more suitable than SRM.  

The systematic workflow for suspect screening usually moves from defining the suspect ion list and 

filtering of exact masses (depending on the mass accuracy and the resolving power of the 

instrument) to matching of the measured isotope pattern, RT and MS/MS fragmentation with those 

predicted for suspects, and listing of suspects likely to be present (Figure 1.1; Krauss et al., 2010). 

 

1.1.3. Non-targeted screening   

Non-targeted screening allows the tentative identification of unknown compounds without any a 

priori information about the analytes to be detected. This approach is more challenging than those 

previously described (Sections 1.1.1. and 1.1.2.), since structural elucidation of unknowns requires 

several specific processing steps (Krauss et al., 2010):  

- automated peak detection, through exact mass filtering from the total ion current (TIC) 

chromatogram; 

- assignment of an elemental formula to the exact mass of interest; 

- database search of plausible structures for the elemental formula determined. 

For automated peak detection and prediction of elemental composition from accurate mass 

measurements, several software packages based on different algorithms are available and usually 

furnished with the MS instrument (Krauss et al., 2010). The measured mass accuracy should be less 

than 3 ppm and the relative isotopic ratio accuracy less than 5% (Kind, & Fiehn, 2007).  

As regards the third step, the search for plausible structures for a defined elemental formula 

generally produces an extensive list of compounds, whose tentative identification requires 

comparison of MS/MS-derived structural information with that reported in MS/MS or in-source 

fragment ion libraries. However, such an approach is limited by the reduced number of recorded 

experimental spectra, due to the lack of available reference standards, and by the limited 

comparability of different source ionization. Furthermore, computational fragmentation spectra 

predict a large number of product ions, but only a small number of them are actually observed 
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(Krauss et al., 2010). Comparison of experimental retention time with the theoretical log Kow, 

calculated based on the predicted structure of database hits, can also be helpful in unknown 

structural elucidation (Hogenboom et al., 2009). 

Non-targeted HRMS screening is a useful approach for providing meaningful structure suggestions 

for unknowns, but unequivocal identification requires complementary techniques or reference 

standards. For this reason, HRMS is usually combined with 1H- and 13C-nuclear magnetic 

resonance (NMR) spectroscopy, although these approaches require a higher concentration of the 

purified unknown compound.  

Non-targeted screening workflow moves from automated peak detection through exact mass 

filtering (depending on the mass accuracy and resolving power of the instrument), production of a 

non-targeted ion list and the definition of elemental formulae and correlated plausible structures, to 

matching of measured RT and MS/MS fragmentation with those predicted for database hits, and 

listing of the unknowns most likely to be present (Figure 1.1; Krauss et al., 2010). 

However, in a non-targeted screening approach, ion suppression due to analyte co-elution can affect 

mass accuracy and consequently the number and accuracy of the molecular formulae generated. 

Due to the consequent low signal-to-noise ratios, missing of suppressed compounds can occur 

during automated filtering processing (Senyuva et al., 2015). Therefore, the use of procedures for 

sample clean-up aimed at removing matrix background and for stable isotope labelling (SIL) may 

successfully assist a non-targeted screening approach (Righetti et al., 2016).  

 

1.1.4. Ion suppression and data quality 

Ion suppression is the reduction in the measured ion abundance of an analyte due to ionization of a 

highly abundant co-eluting compound (Knolhoff, & Croley, 2016). Depending on ion suppression 

intensity, the analytes of interest can be detected in traces or not detected at all. In this case, 

although counterintuitive, sample dilution reduces ion suppression and improves detection of the 

analytes of interest (Stahnke et al., 2012). Furthermore, efficient sample extraction procedures, 

good preliminary chromatography and a high detection resolving power are key steps in reducing 

ion suppression. 

The sample extraction method, particularly for suspect and non-targeted screening approaches, 

should be unselective in order to solubilize and recover a wide range of chemically different 

compounds, simple and fast to prevent metabolite loss or degradation during procedure, able to 

extract low abundant analytes and well reproducible (Vuckovic, 2012). Therefore, considering the 

large number of detectable compounds, ion suppression can be prevented or at least reduced if 

compounds are sufficiently resolved through efficient and selective chromatography (Knolhoff, & 
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Croley, 2016). Indeed, by minimizing chemical background and the likelihood that compounds with 

the same nominal mass can co-elute, ion cloud overlap and distortion of the measured frequency 

can be prevented (Croley et al., 2012). Furthermore, a higher resolving power, which is the ability 

to separate neighboring peaks from one another (Knolhoff, & Croley, 2016), results in better mass 

assignment and is beneficial for detection of less abundant analytes (Berendsen et al., 2015).  

 

1.1.4.1. Sample extraction and purification procedures  

Sample extraction is a key step in the analytical process since it reduces matrix interference and 

increases method accuracy, but also because it can induce analyte loss or degradation when not 

appropriate (Dai, & Mumper, 2010). Before extraction, solid samples require preliminary steps for 

milling, grinding and homogenization, which can also be preceded by air- or freeze-drying (Dai, & 

Mumper, 2010). On the other hand, liquid samples can be directly analyzed after filtration or 

centrifugation or submitted to purification procedures before analysis (Stalikas, 2007). 

Solvent extraction (SE) is the most common approach to isolating phenolic compounds from solid 

samples with a diffusion-based process (Baiano, & Del Nobile, 2016), but its performance depends 

on solvent polarity and its affinity with the analytes, the duration and temperature of extraction, and 

solvent-to-sample ratio (Dai, & Mumper, 2010). MeOH is generally used for low-molecular-weight 

phenolic compounds, while a mixture of water and acetone is used for high-molecular-weight 

compounds. The addition of an acid modifier can accelerate cell membrane denaturation, but if 

excessive can hydrolyze acylated or glycosylated phenols, negatively affecting their extraction. 

Furthermore, raising the extraction temperature increases analyte solubility and extraction rate, but 

at the same time enhances the risk of phenolic degradation and oxidation (Robards, 2003).  

Ultrasound-assisted extraction (UAE) is an inexpensive method in which analytes extraction is 

facilitated by the disruption of sample biological membranes induced by implosion of cavitation 

bubbles (Baiano, & Del Nobile, 2016). It is faster than other extraction methods and affects the 

integrity of phenolic compounds less (Herrera, & De Castro, 2005). 

Pressurized liquid extraction (PLE) or accelerated solvent extraction (ASE) uses organic solvents at 

high pressure and temperature (above their boiling point; Baiano, & Del Nobile, 2016). When the 

solvent used is water, PLE is called subcritical water extraction (SWE) and takes advantage of 

organic solvent-like behavior of water when heated up to 200 °C (Dai, & Mumper, 2010). However, 

before using PLE it is recommended to assess the risk of oxidation and degradation for the phenolic 

compounds of interest.  

Supercritical fluid extraction (SFE) separates one component from the matrix using supercritical 

fluids. The most widely used is carbon dioxide, but an organic modifier can be added to increase the 
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extracting solvent polarity (Baiano, & Del Nobile, 2016). SFE uses high pressure but low 

temperature, is performed in the absence of air and light, and is less risky due to phenol oxidation 

(Dai, & Mumper, 2010). 

Microwave-assisted extraction (MAE) is based on the rupture of cells due to the pressure generated 

by cell moisture evaporation during heating (Baiano, & Del Nobile, 2016). It is characterized by a 

reduced extraction time and solvent volume compared to other extraction methods, but it can affect 

phenol integrity (Dai, & Mumper, 2010). 

As regards liquid samples, matrix interference can be reduced simply by dilution or using liquid-

liquid extraction (LLE) and solid-phase extraction (SPE; Motilva et al., 2013).  

LLE is a traditional purification process consisting of the distribution of analytes between two 

immiscible phases (Baiano, & Del Nobile, 2016). It can be performed with different solvents, such 

as water, methanol, and acetonitrile, pure or mixed, and with or without acid modifiers (mainly 

formic and acetic acids) but requires a long time to extract the analytes of interest and uses a large 

volume of solvents (Motilva et al., 2013). For these reasons, it is usually replaced by faster and 

more environmentally-friendly methods.  

SPE is a more diffuse traditional purification method and is based on the distribution of analytes 

between the solid and liquid phase (Baiano, & Del Nobile, 2016). It can either retain interference by 

eluting the analytes of interest or retain phenolic compounds by washing out matrix interference. In 

the latter case, the retained compounds can later be recovered with suitable solvents (aqueous or 

organic solvents, with or without acid modifiers), yielding quantitative extraction (Motilva et al., 

2013). Of the stationary phases, Amberlite, silica-based C8-C18, copolymer-based HLB, PH and 

ENV+ are the most commonly used (Dai, & Mumper, 2010). The most time-consuming step in SPE 

is total or partial evaporation of the elution solvent after analyte recovery, but the possibility of 

performing online SPE allows this step to be skipped by eluting the compounds directly from the 

SPE cartridge to the analytical column (Motilva et al., 2013).   

 

1.1.5. Tandem mass spectrometry  

Tandem or multistage mass spectrometry (MSn) allows consecutive isolation and fragmentation of 

the ions of interest, creating a set of hierarchical linked mass spectral data (Figure 1.2a; Rojas-

Chertó et al., 2011).  
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Figure 1.2. Fragmentation scheme of a tandem mass approach (a) and an example of a tandem 

mass spectral tree (b). 

This approach requires the use of hybrid instruments, which combine both low- and high-resolution 

detection in the same technique. The first low-resolution detector, such as a quadrupole (Q) or ion 

trap (IT), isolates the precursor ions that will be fragmented with low-energy collision-induced 

dissociation (CID). The second high-resolution detector, such as a time-of-flight (TOF), orbitrap or 

Fourier transform ion cyclotron resonance (FT-ICR) device, provides accurate full-scan data of the 

fragment ions produced (Gosetti et al., 2016). In appropriate instrument configurations, each 

fragment ion in turn can be isolated and submitted to new collision-induced dissociation, producing 

a new mass spectrum every time (Rojas-Chertó et al., 2011). With the last approach, a mass spectral 

tree is created, which more accurately characterize the analyte of interest, showing the 

fragmentation pathway of the molecule (Figure 1.2b; Vaniya, & Fiehn, 2015). MSn trees reveal the 

link between precursor/product ion and product ion/product ion within a single MS/MS experiment 

and between consecutive ones. This enables recursive reconstruction of fragmentation pathways 

that associates the specific substructure with complete molecular structures (Vaniya, & Fiehn, 

2015).  

The MSn approach can be performed in targeted dissociation, limited to a targeted ion list, in data-

dependent dissociation, including all compounds meeting pre-defined criteria (e.g. topN most 

abundant ions), or in data-independent dissociation, applied to all precursors without any pre-

selection (Knolhoff, & Croley, 2016). Therefore, a high-resolution MSn approach is a useful tool for 

targeted confirmation and for the identification of suspects and unknowns (Lin et al., 2015), also 
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thanks to the possibility of defining the molecular formula of each fragment ion (Knolhoff, & 

Croley, 2016).   
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1.2. Orbitrap 

The Orbitrap mass analyzer was developed by Alexander Makarov at the end of the 20th century 

(Makarov, A. 2000) and has become one of the most robust analyzers, routinely used in different 

fields of analytical chemistry (Perry et al., 2008). Furthermore, in a hybrid configuration, the 

Orbitrap enables a tandem mass approach for better elucidation of analyte structure (Makarov, & 

Scigelova, 2010). Its applications range from genomics, proteomics, metabolomics and lipidomics 

to drug metabolism, doping and food control (Hu et al., 2005; Makarov, & Scigelova, 2010).  

 

1.2.1. Principle of Orbitrap detection 

The Orbitrap is a mass analyzer consisting of a central spindle electrode and two surrounding 

barrel-like electrodes, co-axial with the inner one (Figure 1.3; Hu et al., 2005). It measures mass-to-

charge values (m/z) from the frequency of harmonic ion oscillations around the central electrode 

and along the axis of the electric field (Hu et al., 2005). 

 

Figure 1.3. Orbitrap mass analyzer. 

Ions are formed at atmospheric pressure (electrospray ionization, ESI; atmospheric pressure 

chemical ionization, APCI; atmospheric pressure photoionization, APPI), moving through a transfer 

tube to a stacked-ring ion guide (S-lens) and then via an injection multipole into a bent flatapole 

(Figure 1.4; Michalski et al., 2011). Ion clusters and droplets from the S-lens fly unimpeded out of 

the flatapole, thanks to its 2-mm-distant rods, to a short octapole that brings ions into a curved RF-

only quadrupole, whose central axis follows a C-shaped arc (so called C-trap; Makarov et al., 

2006). The C-trap is made up of hyperbolic rods and is enclosed by two flat lenses, through which 

the ions move. The first lens is between the octapole and C-trap, being the gate electrode for C-trap 

ion entrance, while the second is between the C-trap and the higher-energy collisional dissociation 

(HCD) cell, being the gate electrode for C-trap ion exit. When in the C-trap, the ions lose energy in 

collision with nitrogen gas, without being fragmented thanks to the relatively low pressure of 

nitrogen (around 1 mTorr).  
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Figure 1.4. Orbitrap instrument (adapted from www.planetorbitrap.com). 

As a consequence of collisional cooling, the ions form a thin thread along the curved axis of the C-

trap, which is compressed axially by applying 200 V to both the gate and the trap electrodes. The 

RF voltage applied to the C-trap is then rapidly (over 100-200 ns) ramped down and DC pulses are 

applied to the electrodes as follows: 1200 V to the push-out electrode (i.e. the electrode furthest 

from the center of C-trap curvature), 1000 V to the pull-out electrode (the electrode closest to the 

center of curvature), and 1100 V to both the upper and lower electrodes. This voltage distribution 

forces ions orthogonally to the axis of the C-trap (center of curvature of the C-trap) where they 

leave via a slot in the pull-out electrode (Makarov et al., 2006). Radial, rather than axial, ion 

ejection ensures faster and more uniform ion extraction from the C-trap.  

After leaving the C-trap, the ions pass through three stages of differential pumping, until they reach 

the ultrahigh vacuum (circa 2 × 10-10 mbar) compartment of the Orbitrap. In this way, the ions go 

through curved ion optics, are accelerated to high kinetic energies and converge into a tight cloud. 

In this form, they enter the Orbitrap tangentially through a small aperture on the outer curved 

electrode. The short transfer distance between the C-trap and the Orbitrap reduces time-of-flight 

separation, while the vertical displacement of ions through a dual electrostatic deflector avoids gas 

carryover to the mass analyzer (Makarov et al., 2006). 

As the ions enter the space between Orbitrap electrodes thanks to a rapid increase in the electric 

field, they gradually spread into rotating thin rings that oscillate axially along the central spindle 

electrode for a period proportional to m/z1/2 (Makarov, & Scigelova, 2010). During injection, narrow 

spatial (< few mm) and temporal distributions (<100-200 ns) of ions are required, in order to ensure 

their coherent motion during current signal detection (Perry et al., 2008). After the voltage of 

central electrode has been stabilized at around 3.5 kV, ion frequencies are measured through 
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acquisition of the time-domain image current and then converted into a mass spectrum with fast 

Fourier transformation. Finally, mass spectral data can be stored in full- or reduced-profile format, 

in the latter case removing all data with the same intensity as the thermal noise of the pre-amplifier 

(Makarov et al., 2006). The ion pathway described is characteristic of full MS acquisition mode 

(Figure 1.5). 

 

Figure 1.5. Scheme of ion pathway in a full MS scan.  

When fragmentation is needed, the C-trap is interfaced directly with the gas-filled HCD cell, where 

the required collision energy for ion fragmentation is provided by adjusting the inner axial field and 

the offset of the RF rods. By changing this offset, multiple precursor ions are introduced into the 

HCD cell and fragmented at their optimum collision energy, without compromising the 

fragmentation and storage of ions from previous injections. Indeed, as long as the offset is negative 

compared to the C-trap and HCD exit lenses, all fragment ions produced are trapped inside the 

HCD cell. At the end of fragmentation, all fragment ions can be transferred back into the C-trap, 

ejected into the Orbitrap and analyzed in a single detection cycle (Michalski et al., 2011). This ion 

pathway distinguishes all ion fragmentation (AIF) workflows, in which MS/MS fragment scans are 

acquired simultaneously in a wide m/z range (Figure 1.6). A combined workflow with a preliminary 

full MS scan (without HCD cell use) followed by an AIF-scan (with fragmentation energy applied 

in HCD) can be also performed.  
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Figure 1.6. Scheme of ion pathway in an all ion fragmentation scan. 

This ion storing ability makes it possible to work in “multiplexing mode”, which involves 

combining several ion injections for a single detection cycle, with the limitation that the sum of the 

individual injection times must be lower than the time required for the Orbitrap scan. This approach 

is valid both at MS and MS/MS levels. Furthermore, parallel filling, which is the ability to fill the 

C-trap or the HCD cell while a previous Orbitrap detection cycle is still ongoing, allows 

improvement the acquisition speed, also in the event of low ion currents, and the quality of spectra 

(Michalski et al., 2011). 

 

1.2.2. Hybrid Orbitrap configuration 

In hybrid instruments, the Orbitrap is combined with a low-resolution mass analyzer (IT or Q) set 

between the transfer multipole and the C-trap (Figure 1.7). This configuration allows isolation of 

precursor ions from the matrix background and defines the link precursor/product ions in the event 

of MS/MS experiments. When compared to the classic QqQ MS approach, hybrid Orbitrap ensures 

higher sensitivity in full-scan mode and accurate mass detection for both precursor and product ions 

(Gosetti et al., 2016). Furthermore, MSn can be achieved with LTQ-Orbitrap, while MS3 with Q-

Orbitrap using in-source fragmentation. An innovative characteristic of the hybrid instrument is the 

automatic gain control (AGC) procedure, which consists of a short pre-scan of ions in the low-

resolution mass analyzer with the purpose of determining the ion current within the mass range of 

interest and enabling storage of a defined number of ions (AGC target value) in the subsequent 

analytical scan. Combining the AGC feature with determination of the ion injection time (IT) 

ensures stability and accuracy for high-resolution mass-to-charge measurements and allows 

accurate quantitative analysis (Scigelova, & Makarov, 2013). 

The LTQ-Orbitrap selects ions ‘in time’ through mass selective scans in the linear ion trap for both 

MS and MSn approaches. In MS mode, the linear ion trap collects the ions of interest before passing 
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them into the C-trap for the next Orbitrap analysis. In MSn mode, both collision-induced 

dissociation (CID) and HCD fragmentation can be performed. In the first mode, the linear ion trap 

operates as a separate low-resolution mass analyzer, in which fragmentation is activated by a 

supplemental RF field, producing a mass dependent scan at low resolution. In HCD mode its 

function is to isolate a particular precursor, which is then fragmented in the HCD cell (Michalski et 

al., 2011).  

The Q-Orbitrap can almost instantaneously select ions for both MS and MS/MS approaches, thanks 

to fast quadrupole switching times, and enables efficient multiplexing mode due to its ability to 

separate ions ‘in space’. Indeed, only ions with a specified m/z value have stable trajectories and 

pass through the quadrupole towards the storage or fragmentation device before Orbitrap analysis. 

On their way from the ionization source, ions are transmitted from the bent flatapole into the 

quadrupole, capable of isolating ions with an isolation width ranging from 0.4 to 2.0 m/z, and then 

into the C-trap via a split lens, used to gate the incoming ion bean, and a short octapole (Figure 1.8; 

Michalski et al., 2011).  

 

Figure 1.7. Hybrid Q-Orbitrap instrument (adapted from www.planetorbitrap.com). 

In multiplexed single ion monitoring (SIM) mode, the quadrupole rapidly switches between 

different mass-to-charge ratios, allowing selected ions to be sequentially accumulated in the C-trap 

and then jointly analyzed in a single Orbitrap detection cycle. Similarly, in MS/MS experiments, the 

quadrupole captures different precursor ions in rapid succession, allowing the resulting fragment 

ions to be retained all together in the HCD cell and then jointly analyzed in the same Orbitrap 

detection cycle (Scigelova, & Makarov, 2013).  

With a hybrid Orbitrap configuration different experiments can be performed, taking advantage of 

low-resolution mass analyzer isolation capabilities. In full MS / dd-MS2, a full MS scan is followed 

by selective fragmentation of ions that satisfy pre-defined criteria (data-dependent MS/MS). In 
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targeted-SIM and targeted-MS2, MS or MS/MS scans respectively are acquired only for ions of 

interest, defined in an ‘inclusion list’. In targeted-SIM / dd-MS2, targeted-SIM scans of precursor 

ions of interest are followed by their data-dependent triggered MS/MS scans. In full MS / AIF / NL 

dd-MS2, a full MS scan is followed by an AIF-scan, in order to recognize user-defined m/z neutral 

losses (NL) between the two scan events and to automatically perform data-dependent MS/MS 

scans on selected precursor ions. 

 

1.2.2.1. Neutral Loss experiments  

Data-dependent analysis is commonly used to carry out both a survey scan (full MS) and product 

ion scan (MS/MS) in a single analytical run, but success still depends on whether the instrument can 

automatically and correctly select precursor ions. With hybrid Orbitrap, a variety of criteria for the 

selection of precursor ions is available, such as ionization intensity (threshold), exact mass, with or 

without a defined retention time window, or loss of user-defined neutral masses (Yang et al., 2016). 

In particular, Neutral Loss experiments reveal all precursor ions that have lost a mass equal to the 

product ion mass + neutral loss mass ± user-defined mass tolerance (ppm), from comparison of full 

MS and AIF spectra. Data-dependent MS/MS spectra are then automatically acquired for the 

precursor ions thus identified, effectively providing detailed information on the analytes of interest 

without loss of time (Figure 1.8a; Yang et al., 2016). Furthermore, a second criterion for the 

selection of precursor ions can be combined in the neutral loss experiment, defining the intensity 

threshold required for triggering dd-MS/MS (Figure 1.8b).   

 

 

Figure 1.8. Schematic representation of neutral loss experiments and dd-MS/MS-triggering 

intensity threshold. 
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Finally, Figure 1.8c summarized the typical workflow of a Neutral Loss experiment, in which a full 

MS scan and an AIF scan are alternated in order to detect the user-defined neutral loss (for example 

in the Figure NL=sugar moyeties) and to isolate the precursor of interest to produce its specific dd-

MS/MS spectrum.  

c) 

 

Figure 1.8. Schematic representation of neutral loss experiments and dd-MS/MS-triggering 

intensity threshold. 
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1.2.3. Orbitrap performance 

The performance parameters that characterize the Orbitrap mass spectrometer are resolving power, 

resolution, mass accuracy, mass range and ion dynamic range (Hu et al., 2005). 

Resolving power is the ability to distinguish between ions differing in the mass-to-charge value by a 

small increment. It may be characterized by giving the peak width (expressed in mass units, as a 

function of mass) for at least two points on the peak, specifically at 5%  and 50% of the maximum 

peak height (IUPAC Gold Book, 2014). Resolving power depends closely on the acquisition time 

(e.g. the longer the acquisition time the higher the resolving power) and is unaffected by the AGC 

target value. Furthermore, for a fixed acquisition time, the resolving power diminishes with the 

increase in ion mass, because the frequency of axial oscillation is inversely proportional to the 

square root of m/z, since Orbitrap ion trapping is induced by the electrostatic field (Makarov et al., 

2006). This decrease has been attributed to the formation of non-coherent packets of ions as a 

consequence of collision with the background gas. If the center-of-mass collision energy with 

residual gas remains constant, the collision cross section increases with mass, leading to faster 

scattering, fragmentation, and transient decay (Makarov et al., 2006). Consequently, the resolving 

power affects the correct assignment of masses for analytes, and if set lower, the error increases due 

to co-elution of analytes with nearly-isobaric species (Makarov, & Scigelova, 2010). 

Resolution is expressed as m/Δm, where m is the mass of the ion of interest and Δm is the peak 

width or the spacing between two equal intensity peaks, with a valley between them of no more 

than 10% of their height (Murray et al., 2013). When the resolution is higher, mass analysis time 

increases, since the scan rate (Hz) decreases (Table 1.1). 

Resolution  17,500 35,000 70,000 140,000 

Mass analysis time (ms) 80 150 300 700 

Scan rate (Hz) 12 7 3 1.3 

Table 1.1. Trend for analysis time and scan rate in relation to resolution. 

Mass accuracy depends closely on the instrument’s resolving power (Perry et al., 2008) and is 

typically <5 ppm for externally calibrated mass spectra and <2 ppm for internally calibrated spectra 

(Marshall, & Hendrickson, 2008). When the signal-to-noise ratio (S/N) is low, mass accuracy is 

principally affected by noise and there are no differences between mass measurements obtained 

using external or internal calibration. As the S/N ratio increases, mass accuracy improves 

considerably (<1 ppm) in the event of measurements obtained with internal calibration (Perry et al., 

2008). External calibration is indeed affected by the instability of inner electrode potential, due to 
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noise, and by thermal sensitivity. Consequently, thermal regulation of the Orbitrap and its high 

voltage supply makes it possible to keep mass error below 5 ppm for more than 20 h (Perry et al., 

2008).  

The mass range is the range of mass-to-charge ratios (m/z) that the instrument can analyze. When it 

is modified, the voltage on the central electrode adapts rapidly to reduce ion motional amplitudes 

during the axial oscillation period and to prevent ion loss due to collision with the outer electrode 

(Marshall, & Hendrickson, 2008).  

The ion dynamic range is the range over which the ion signal is linear with the analyte 

concentration (Makarov et al., 2006).  

 

1.2.4. Orbitrap applications 

The Orbitrap mass analyzer has proven to be a useful tool for targeted and non-targeted screening 

and for qualitative and quantitative approaches in different fields, such as metabolomics, 

lipidomics, proteomics, clinical research, drug discovery, forensic toxicology, agricultural science 

and environmental and food safety (Ghaste et al., 2016). In a targeted approach, the aim is to 

specifically analyze a limited number of known compound classes, while a non-targeted approach 

aims to profile as many features as possible in a given complex mixture without any a priori 

information (Scigelova, & Makarov, 2013). 

Omic sciences demonstrate the ability of Orbitrap detection to define the composition of samples 

containing a broad number of analytes distributed over a wide range of mass-to-charge ratios and 

concentration levels (Perry et al., 2008). Metabolomics aims to provide comprehensive 

identification and quantification of all metabolites in biological samples (Perry et al., 2008), 

contributing to defining the architecture of metabolic pathways. It focuses on both primary 

metabolites, such as organic acids, amino acids, sugars, sugar alcohols, sugar phosphates, amines, 

fatty acids, polar lipids, hormones and vitamins, as well as specialized metabolites like phenols, 

flavonoids, monoterpenes, sesquiterpenes, polyketides, alkaloids and others (Ghaste et al., 2016).  

Lipidomics measures lipid molecular species in cells, tissues, or organisms (e.g. many polar lipids, 

fatty acids, eicosanoids and fat soluble vitamins), but some scientists consider lipidomics to be part 

of metabolomics, since there is an overlap with metabolites usually covered by these two omic 

sciences (Ghaste et al., 2016). As regards proteomics, protein identification is the main goal of this 

field, although complementary studies profile endogenous peptides in human fluids, bioactive 

peptides arising from proteolytic processing of human precursor proteins and neuropeptides from 

animal species. Furthermore, quantitative analysis of proteins and the characterization and 
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monitoring of post-translational modification of intact proteins, so-called top-down proteomics, has 

become an integral part of more recent proteomic studies (Scigelova, & Makarov, 2013).     

In the last few years, food authenticity and safety have aroused concern, requiring the development 

of new approaches able to understand and control process contamination, food adulteration and 

food contaminants such as pesticides and mycotoxins in particular (Senyuva et al., 2015). 

Furthermore, close attention has been paid in agriculture to determining mycotoxins, profiling 

human health-related metabolites and studying the effect of different diets on animal metabolism 

(Ghaste et al., 2016).  

To conclude, the diffusion of the Orbitrap mass analyzer has been attributed to its high sensitivity, 

relatively short analysis time, wide dynamic range, high reproducibility and, most importantly, its 

ability to analyze samples of extreme molecular complexity (Ghaste et al., 2016).  
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1.3. Glycosides 

Carbohydrates represent the principal products of photosynthesis, are the most diffuse organic 

compounds in plant tissues and constitute the main source of carbon and nutrition for many 

organisms (Minic, 2008). They can be divided into monosaccharides, such as glucose and fructose, 

disaccharides, such as sucrose and trehalose, and polysaccharides, such as cellulose and starch. In 

plants, carbohydrates are part of cell wall polysaccharides, are used to store metabolites or generate 

glycoconjugates, such as glycolipids and glycoproteins, and have important physiological functions, 

such as growth, defense against pathogens, signaling and interaction with the environment (Minic, 

2008). Due to carbohydrates’ great structural diversity and the selectivity of enzymatic reactions in 

plants, a conspicuous number of enzymes is involved in the carbohydrate metabolism. 

Glycosyltransferases are responsible for their synthesis, carbohydrate esterases for their 

modification and glycoside hydrolases and polysaccharide lyases for their breakdown, all being 

grouped together as carbohydrate-active enzymes (CAZY) and classified on the basis of their amino 

acid sequence (Minic, 2008).   

Glycosides are organic compounds characterized by semi-acetal linkage occurring between the 

reducing group of sugar and the nucleophilic group of another organic molecule called an aglycone 

(Swain, 2012). The glycosylation of plant metabolites encompasses chemically different 

compounds from various biosynthetic pathways (Boeckler et al., 2011) and produces noteworthy 

modifications in their chemical properties, altering not only their polarity, volatility or chemical 

stability, but also their chemical and biological activity (Cheynier et al., 2013).  

 

1.3.1. Chemistry of glycosides 

Glycosides can be classified by the type of glycosidic bond, the glycone or sugar, and the aglycone 

(Swain, 2012).  

As regards the type of glycosidic bond, glycosides are principally divided into O-glycosides, S-

glycosides, N-glycosides and C-glycosides, on the basis of the nucleophile involved (Swain, 2012). 

Division into α- and β-glycosides has also been reported, depending on the relative stereochemistry 

(R and S) of the sugar anomeric carbon and the stereocenter furthest from C1 (Bertozzi, & Rabuka, 

2009). O-glycosides, which are most common in plants, involve an alcoholic or phenolic hydroxyl 

group in the aglycone and can be hydrolyzed to the corresponding constituents (sugar and aglycone) 

by enzymes or acids. S-glycosides or thioglycosides, which are less common in nature, show a 

sugar moiety linked to a thiolic group, while N- and C-glycosides involve an amino group and a 

carbon atom respectively. However, in the last two cases IUPAC discourages use of the term 

glycosides, suggesting the terms glycosylamines and C-glycosyl compounds respectively (IUPAC 
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Gold Book, 2014). Finally, depending on whether the anomeric carbon and the stereocenter 

furthest from C1 share the same stereochemistry or not, an α- or β-glycosidic bond occurs 

respectively (Bertozzi, & Rabuka, 2009).   

As regards glycones, several different sugars are detected in glycosides, but the most common are 

aldohexoses, especially glucose, deoxyhexoses such as rhamnose, and pentoses. Furthermore, 

glycosides can show more than one sugar moiety bond to the aglycone, both as monosaccharides 

linked to different hydroxyl groups and as di- or trisaccharides linked to the same hydroxyl (Swain, 

2012). However, glycones are quite homogeneously diffuse in nature and are not specific to any 

particular group of plants (Swain, 2012). 

Glycoside classification by aglycones is based on their chemical nature and is the most useful, in 

particular for biochemical and pharmacological purposes. It distinguishes between alcoholic and 

phenolic glycosides, flavonoid glycosides, coumarin glycosides, anthraquinone glycosides, 

cyanogenic glycosides, cardiac glycosides, saponins and terpene glycosides (Swain, 2012).  

 

1.3.1.1. Glycosides of phenolic compounds 

Glycoside formation allows storage of phenols in plants in a form in which they do not interfere 

with more vital cellular mechanisms. When free phenols naturally occur in higher plants, they are 

usually accumulated in storage tissues, such as seeds and berries, or in dying or dead tissues, such 

as heartwood of trees (Harborne, 1964). Generally, only anthraquinones, hydroxycinnamic and 

hydroxybenzoic acids can occur in the free form and are usually found in lower plants (Hopkinson, 

1969). In some cases, phenols can escape glycosylation if conversion to less reactive derivatives 

occurs, through methylation, esterification or other similar reactions. In the biological literature, the 

process with which plants convert phenolic compounds to glycosides or other derivatives is referred 

to as ‘detoxification’. Glycosides, once produced, are not moved from the tissues of synthesis and 

are stored in the vacuole, which is a site of low metabolic activity in cells, where they remain until 

the cell dies (Harborne, 1964). 

As regards low-molecular-weight phenols, glycosylation can occur both on aryl alcohols and 

phenols, but when alcoholic and phenolic hydroxyl groups coexist in the same molecule, the former 

is the only one to be glycosylated (Harborne, 1964). The occurrence of hydroxyalkylphenyl 

glycosides is attributed to the glycosylation of substituted phenolic acids and aldehydes, which then 

incur reducing reactions to the corresponding phenolic alcohols (Harborne, 1964). In particular, 

phenolic acids can be combined with sugars through the glycosidic bond, ester bond or 

contemporaneously through glycosidic and ester bonds. Glucose esters of phenolic acids are widely 

distributed in the natural world, since they appear to be important in the normal physiology of 
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plants and vary depending on the organ or tissue where they are synthesized (Harborne, 1964). Five 

regioisomers for each pair of α- and β-anomers exist for the glucose esters of hydroxycinnamic 

acids (Jaiswal et al., 2014), but only one out of ten isomers was unambiguously characterized using 

NMR spectroscopy (Du et al., 2006). Multiple isomers have indeed been observed in LC-MS 

analysis of plants, without any assignment of regio- and stereochemistry. 

As regards flavonoids, the formation of flavonol and flavone glycosides is strongly influenced by 

light, and consequently their occurrence is predominant in leaves and fruit skin (Shahidi, & Naczk, 

2003). Flavonol glycosides are the most diffuse in plants and can occur as mono-, di- and 

triglycosides, although the latter is less frequently reported. In monoglycosides, the sugar moiety is 

generally linked to the 3-position, glycosylation in position 5, 7, 3′ and 4′ rarely being reported, 

while diglycosides can occur as 3-O-diglycosides and 3,7-di-O-glycosides (Harborne, 1964). 

Glucose and rhamnose are the most common sugars, but galactose, apiose and arabinose have also 

been detected. Furthermore, the flavonol glycosidic pattern includes acylated glycosides in which 

hydroxycinnamoil residues are attached to the sugar moiety (Shahidi, & Naczk, 2003). In flavones 

and flavanones the sugar moiety, principally glucose and rutinose, is linked to position 7 and rarely 

to position 5, in flavononols it often occurs as disaccharides attached to position 7, while for 

isoflavones glycosylation is relatively irrelevant. Anthocyanidins are described as monoglycosides 

with the sugar linked to position 3 and as diglycosides with the sugars attached to positions 3 and 5 

(Shahidi, & Naczk, 2003). In all these cases, the glycosidic bond occurring between the flavonoidic 

and sugar moieties involves a hydroxyl group, but analogues with a carbon-carbon bond have also 

been detected. They are known as C-glycosylflavonoids and always show linkage with sugars in the 

position adjacent to that of the phenolic hydroxyl group. The latter indeed seems to be necessary for 

the activation of the adjacent position involved in glycosylation (Shahidi, & Naczk, 2003). 

Finally, anthraquinone glycosides are colored compounds with limited distribution in plants. Their 

aglycone is an aromatic organic compound, where the keto groups are located on the central ring 

and one or more hydroxyl groups on the external aromatic rings. The most common sugars are 

glucose and rhamnose and they are generally bound through oxygen in position 8, or more rarely in 

position 1. Furthermore, O-rhamnose at position 6 and O-glucose at position 8 can also be 

contemporaneously present in the same molecule (Brown, 1980). C-glycosides, such as aloin, have 

also been reported as anthraquinone derivatives and are mainly diffuse in plants of the Aloe species 

(Swain, 2012).  
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1.3.1.2. Non-phenolic glycosides  

Cyanogenic glycosides derive from hydroxynitriles, are bound to sugar through oxygen and release 

hydrogen cyanide after sugar hydrolysis. Three types of cyanogenic glycosides can be distinguished 

on the basis of the chemical structure of the amino acid of origin. The first type derives from 

phenylalanine and yields benzaldehyde and hydrogen cyanide after sugar hydrolysis. The most 

representative are amygdalin (Figure 1.9a) and prunasin. The second type is the glucoside of 

hydroxyisopropyl cyanide and yields acetone and hydrogen cyanide after sugar hydrolysis. The 

most representative is linamarin. The third type is gynocardoside which yields hydrogen cyanide 

and a diketone of unknown structure on hydrolysis (Swain, 2012). 

Cardiac glycosides are structurally related to steroids, since a lactone ring and a sugar are attached 

at position 3 of the cyclopentanophenanthrene skeleton (Figure 1.9b). They can be divided into two 

groups on the basis of the size of the lactone ring. Cardenolides are characterized by a five-

membered ring, while bufanolides are marked by a six-membered one. Sugars are usually 

derivatives of deoxymethylpentose and can be further acetylated, while hexose is rarely common 

(Swain, 2012).  

Saponins combine both hydrophilic and lipophilic groups in their structure, showing surfactant 

properties and giving a stable foam when shaken with water (Osbourn, 1996). The hydrophilic 

moiety is constituted by one or more sugar residue, usually glucose and galactose, which can only 

be attached to position 3, as in the case of monodesmosides, or to both positions 3 and 22, as in the 

case of bisdesmosides (Rao, & Gurfinkel, 2000). The lipophilic moiety can be characterized by a 

triterpenoid or steroidal structure, depending on the number of carbons, and a subclass 

incorporating nitrogen can be distinguished in the second group (Figure 1.9c). The latter 

compounds are also called steroidal amines and show the same chemical and pharmacological 

properties as natural alkaloids (Sparg et al., 2004). 

Terpene glycosides are natural compounds made up of two or more 2-methylbutane residues, also 

referred to as isoprene units, and can be divided mainly into monoterpenes, sesquiterpenes, 

diterpenes, triterpenes and tetraterpenes on the basis of the aglycone structure (Breitmaier, 2006). 

The isopropyl part of 2-methylbutane residue is defined as the head, while the ethyl residue as the 

tail, and each isoprene unit is linked to the others from head-to-tail (Figure 1.9d). One or more sugar 

moieties can be attached to terpenes, depending on the number of hydroxyl groups born by 

aglycones. Glucose and galactose are most common among monosaccharides, while rutinose, 

arabinosylglucose and xylosylglucose are most common among disaccharides (Stahl‐Biskup, 1987).  
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Figure 1.9. Examples of non-phenolic glycosides. 

 

1.3.2. Biosynthesis of glycosides 

Plants can form glycosides through highly specific enzymes such as glycosyltransferases, which 

catalyze the transfer of sugar moieties from donor molecules to a specific aglycone through highly 

stereo- and regiospecific reactions (Cheynier et al., 2013).  

Glycosyltransferases can be classified in 103 families (carbohydrate-active enzymes database; 

CAZy) on the basis of similarities between their amino acid sequences and are defined as Leloir and 

non-Leloir enzymes, depending on the type of glycosyl donor used (Xu et al., 2016).   

Leloir glycosyltransferases are the most common in nature, require activated glycosyl donors, such 

as nucleotides, and can retain (α→α) or invert (α→β) sugar anomeric configuration depending on 

the reaction mechanism (Xu et al., 2016).  
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For retaining glycosyltransferases, a double displacement mechanism has recently been suggested 

(Figure 1.10; Weijers et al., 2008). In the first step, the enzyme carboxylate residue, generally 

provided by aspartic acid and glutamic acid (Asp; Glu), performs a direct SN2 attack on the 

anomeric position of the nucleotide sugar moiety, forming a β-covalently-linked enzyme-glycosyl 

intermediate. Then, the glycosyl acceptor, activated through deprotonation by another enzyme 

carboxylate residue, performs a direct SN2 attack on the anomeric position of the intermediate sugar 

moiety, producing glycosides with the same anomeric configuration as the glycosyl donor.  

 

Figure 1.10. Reaction mechanism for retaining glycosyltransferases (adapted from Weijers et al., 

2008). 

For inverting glycosyltransferases, a single-step mechanism is reported (Figure 1.11; Weijers et al., 

2008). The enzyme carboxylate residue (Asp; Glu) deprotonates the glycosyl acceptor, inducing its 

SN2 attack on the anomeric position of the nucleotide sugar moiety and the formation of an 

oxocarbenium-like transition state. Subsequent formation of the glycosidic bond between the 

acceptor and the sugar yields glycosides with the opposite anomeric configuration to the glycosyl 

donor. 
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Figure 1.11. Reaction mechanism for inverting glycosyltransferases (adapted from Weijers et al., 

2008). 

For both retaining and inverting glycosyltransferases, the Leloir pathway starts with the activation 

of sugar, first to phosphate-sugar and then to nucleoside 5′-triphosphate, and with its conversion to 

nucleotide-activated sugar, which is used in stoichiometric amounts (Weijers et al., 2008).  

 

1.3.3. Functions of glycosides in plants  

No single and specific function can be assigned to glycosides, since their biological activity 

depends closely on aglycones and glycones occurring in the structure (Hopkinson, 1969). Generally 

speaking, glycosylation increases the water solubility of many compounds, can protect hydroxyl or 

phenolic groups from chemical and enzymatic oxidation when occurring and can suppress or 

decrease the toxicity of phytotoxic aglycones. Furthermore, it can increase the bioavailability of 

drugs that need to pass through the blood-brain barrier and improve pharmacokinetics, facilitating 

membrane transport through sugar transporters and mediating cell-specific delivery by targeting 

carbohydrate receptors (Xu et al., 2016). Finally, glycosylation can be a required step in metabolites 

biosynthesis, as in the case of coumarins generated from cinnamic acid glycosides (Harborne, 1964) 

or lignins presumably produced from glucosides of cinnamyl alcohols (Pridham, 1965).  

 

1.3.3.1. Role of the glycosides of phenolic compounds in plants 

Glycosides of low-molecular-weight phenolic compounds are widespread in plants and are mainly 

involved in plant defense, since they can be converted into active substances in damaged plant 

tissues (Reichardt et al., 1988). They can be readily translocated from the site of synthesis or 

storage to that of attack and enzymatically converted to defensive substances. Glycosylation 
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increases the water solubility of metabolites, facilitating their translocation, and attenuates their 

toxic properties when not required. Glycosides of phenolic compounds can also defend plants 

against herbivores, rendering the edible parts of plant undesirable as foodstuffs thanks to their bitter 

taste (Boeckler et al., 2011). Furthermore, they can regulate plant growth, induce enzymatic 

inhibition and act as H2O2 scavengers during water stress (Le Roy et al., 2016). 

Flavonoid glycosides constitute the stored form of free flavonoids and can be easily moved through 

the plant, particularly under UV stress conditions. They play a significant role in determining 

flower, leaf, seed and fruit color or in attracting animals for flower pollination and seed dispersion, 

can contribute to defining fruit flavor and aroma, accumulating as bitter or non-bitter species, and 

are involved in plant defense against pathogens (Le Roy et al., 2016). Finally, flavonoid glycosides 

can also control indole-3-acetic acid oxidase activity (Pridham, 1965). 

 

1.3.3.2. Role of non-phenolic glycosides in plants 

Cyanogenic glycosides participate in defending plants from the action of phytopatogens, act as 

feeding deterrents or phagostimulants, depending on the insect species, and are considered to be 

effective in deterring herbivores (Vetter, 2000). Furthermore, they improve plant robustness and 

viability in response to environmental challenges (Gleadow, & Møller, 2014). Cyanogenic 

glycosides are stored in the vacuole as inactive forms, but are activated in the cytoplasm by 

enzymatic hydrolysis when the plant is attacked, releasing toxic hydrogen cyanide (Gleadow, & 

Møller, 2014). 

Cardiac glycosides are involved in plant defense, although their synthesis is significantly correlated 

with latitude and higher content develops in the tropics. Abiotic and biotic stress also impacts the 

production of cardiac glycosides (Agrawal et al., 2012). In particular, production increases with the 

exposure of plants to CO2, ozone fumigation, herbivore damage and bacterial infection, while 

decreasing with water stress and nitrogen fertilization. Therefore, although the effects are highly 

variable in different species, cardiac glycosides increase plant adaptation to environmental change. 

Saponins constitute another class of glycosides involved in plant defense against bacteria and fungi. 

Monodesmosidic saponins are more active than bisdesmosidic saponins, but the latter can be 

converted into biologically active forms through the hydrolysis of sugar residues in position 22. 

Consequently, when mechanical damage or pathogen attacks occur, enzymes come into contact 

with saponins and proceed with hydrolysis. The mechanism of action of saponins towards 

pathogens involves the formation of complexes with membrane sterols, which results in the 

formation of pores and the loss of membrane integrity. Finally, in the case of steroidal 

glycoalkaloids, defense activity is pH-dependent (Osbourn, 1996). 
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Terpene glycosides are surmised to be involved in the biosynthesis of free monoterpenes in plants, 

since the highest glycoside content is usually detected before the maximum levels of the 

corresponding free forms. Furthermore, terpene glycosides are considered to be the preferred form 

for accumulation of free terpenes in undifferentiated cultures and their transport from the site of 

accumulation to that of metabolism. Indeed, due to their lipophilicity, free terpenes are unable to 

penetrate cells without destroying membranes (Stahl‐Biskup, 1987).  

 

1.3.4. Glycosides in food sources 

The occurrence of glycosides in foods and beverages depends on the aglycone considered and the 

matrix examined. Generally speaking, flavonoids mainly occur as glycosides and phenolic acids as 

glucose esters. Stilbenes occur almost equally as aglycones and glycosides, while lignans never 

occur in the glycosidic form (Pérez-Jiménez et al., 2010). 

Of phenolic acid glycosides and glucose esters, derivatives of hydroxycinnamic acids are the most 

abundant (Neveu et al., 2010). In particular, verbascoside, an ester of caffeic acid bound to 

hydroxytyrosol through the sugar unit, is characteristic of verbena (>1350 mg/100 g) and the black 

olive (68 mg/100 g). Hydroxybenzoic acid glycosides are present at lower levels, mainly in berries 

(1-5 mg/100 g) and fruit juices (3-10 mg/100 mL).  

Flavonol glycosides are relatively widespread in food and beverages, with content ranging from a 

few mg/100 g (or mL) to several tens of mg. The main sources are spices (100-250 mg/100 g), 

black chokeberries (46 mg/100 g), olives (45 mg/100 g), onions (3-77 mg/100 g, increasing from 

the white to yellow and red varieties), beans (16-40 mg/100 g) and cereals (8-36 mg/100 g), 

followed by lingonberries, black raspberries, leafy vegetables, bottled tea and fruit juices, with 

concentrations ranging from 10 to 20 mg/100 g (or mL). In nuts, tea (infusion), beer and wine, 

flavonol glycoside content does not exceed 5 mg/100 g (or mL; Neveu et al., 2010). 

Flavone and flavanone glycosides are less common in foods and beverages, although the former are 

relatively abundant. Flavone glycosides are mainly present in herbs (300-1100 mg/100 g) and spices 

(100-600 mg/100 g), followed by cereals (7-45 mg/100 g), vegetables and fruit juices (1-5 mg/100 g 

and mg/100 mL). Flavanone glycosides are mainly present in herbs (80 mg/100 g), while in nuts, 

fruit, vegetables and fruit juices they are found at lower levels (1-5 mg/100 g and mg/100 mL). 

Flavanol glycosides are characteristic of cocoa powder and chocolate (>5 mg/100 g), while 

dihydroflavonol glycosides characterize wines (1-5 mg/100 mL) and dihydrochalcone glycosides 

fruit and fruit juices (1-5 mg/100 g and mg/100 mL; Neveu et al., 2010). 

Anthocyanidin glycosides, also known as anthocyanins, are mainly present in dark-colored fruit and 

vegetables. Specifically, the main sources are black elderberries (1316 mg/100 g), black 
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chokeberries (878 mg/100 g) and black-currants (595 mg/100 g), followed by red wine, colored 

beans, blood oranges, red lettuce and red onions (Neveu et al., 2010).  

Stilbene glycosides are relatively widespread in food and beverages, but are present at trace levels 

(<1 mg/100 g and mg/100 mL). The main sources are grapes (0.06-0.2 mg/100 g), wine (0.2-0.9 

mg/100 mL), chocolate (0.1 mg/100 g), nut oil (0.01 mg/100 g) and lentils (0.09 mg/100 g; Neveu 

et al., 2010). Anthraquinone glycosides are rarely diffuse in food sources, but are mainly present in 

Aloeaceae and Rubiaceae plants (Swain, 2012), where they are found in fresh leaves, with content 

ranging from 0.5% to 1% of their weight.  

As regards glycosides of non-phenolic compounds, cyanogenic glycosides are the most diffuse in 

foods and mainly occur in almonds, sorghum, barley, flax, cassava, lima beans, fruit (e.g. apples, 

peaches, apricots, plums, nectarines and cherries) and bamboo shoots. Their levels vary widely with 

the cultivar, climatic conditions, plant part and degree of processing. The most widespread 

compounds are amygdalin, prunasin and linamarin and content ranges from 70 to 200 mg/100 g 

(Haque, & Bradbury, 2002). Amygdalin is the cyanogenic glycoside responsible for the toxicity of 

the seeds of many species of Rosaceae, such as bitter almonds, peaches and apricots.  

Cardiac glycosides are very rare in foods but are quite diffuse in ornamental shrubs, where they are 

present in the stem, sap, leaves, fruits and seeds. The main sources are oleander, wintersweet, 

bushman’s poison, sea-mango, frangipani, balloon cotton, redheaded cotton-bush, king’s crown, 

rubber-vine and cane toad. Furthermore, cardiac glycosides can also occur in mono- and 

dicotyledons, and their geographical distribution is irregular (Radford et al., 1986). 

Saponins are relatively widespread in food and dietary intake has been estimated at 15-240 mg 

daily, depending in particular on the type and the amount of legumes consumed (Rao, & Gurfinkel, 

2000). The main sources are soya and its derivatives, beans, legumes, edible seeds, tomatoes, 

asparagus, tea, peanuts, spinach, blackberries, liquorice, herbs and ginseng (Price et al., 1987). 

Saponins are also present in many medicinal plants and are found in different parts of the plant, 

such as the roots, stems, bulbs, leaves and fruits (Rao, & Gurfinkel, 2000). 

Terpene glycosides are broadly distributed in the natural world, both in essential oil and non-

essential oil-bearing plants, and can often exceed the amount of the corresponding free forms in a 

ratio ranging from 2:1 to 5:1 (Winterhalter, & Skouroumounis, 1997). In food and beverages, grapes 

and wine are the main sources of terpene glycosides, where they are mostly present in the form of 

O-β-D-glucopyranosides, 6-O-α-L-rhamnopyranosyl-β-D-glucopyranosides, 6-O-α-L-

arabinofuranosyl-β-D-glucopyranosides and 6-O-β-D-apiofuranosyl-β-D-glucopyranosides 

(Schwab et al., 2015). However, other sources are plants belonging to the Actinidiaceae, Apiaceae, 
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Berberidaceae, Cupressaceae, Lamiaceae, Pinaceae, Rosaceae and Solanaceae families, where they 

are found in the roots, stems, leaves, fruits and petals (Winterhalter, & Skouroumounis, 1997). 

 

1.3.5. Nutritional and physiological effects of glycosides  

Many bioactive compounds are glycosides, where the glycosidic residue can be essential for their 

activity or only to improve the pharmacokinetic parameters. However, it is difficult to broadly 

define the biological properties of glycosides compared to the respective aglycones, because their 

activity depends closely on timing and placing of glycosidic cleavage. Many glycosides are 

hydrolyzed in the stomach by the acidic environment or in the intestine by the action of 

glycosidases, while others cannot be easily hydrolyzed in this way and should be metabolized later 

in the colon through the action of intestinal microflora (Kren, & Martínková, 2001).  

Only after the hydrolysis of the sugar moiety the aglycone becomes small enough to be transported 

through the gut wall into the bloodstream and then around the body (Aldred, 2009). 

 

1.3.5.1. Bioavailability and health effects of the glycosides of phenolic compounds  

Glycosylation of phenolic compounds plays a significant role in the prevention of phenolic groups 

from air or enzymatic oxidation, ensuring antioxidant and nutraceutical properties for molecules 

taken in through the diet. However, it usually decreases the antioxidant activity of glycosylated 

phenolic compounds compared to that of the corresponding aglycones. In particular, glycosylation 

of flavonols mainly affects their antioxidant activity when the substitution occurs in the B ring and 

when the number of sugar moieties at the same position increases. The same trend also 

characterizes sugar esterification of hydroxycinnamates (Williamson et al., 1999). 

The glycosides of phenolic compounds are generally metabolized in the large intestine by local 

microflora, although aglycones sometimes appear in the plasma within 30 minutes of ingestion, 

indicating the rapid absorption of several compounds (e.g. flavonols and isoflavones) in the small 

intestine (Day et al., 2000). Anthocyanins are an exception, since intact glycosides are the 

predominant form in blood probably due to direct absorption at gastric level (Gutiérrez-Grijalva et 

al., 2016). 

As regards anthraquinone glycosides, they remain unaltered until they enter the gut and are cleaved 

off by microorganisms of the caecum, where they induce water and electrolyte secretion producing 

cathartic and direct irritant effects (Aldred, 2009). They can also act as antifungal agents, inhibitors 

of excessive renal tubular cell proliferation and modulators of inflammation by partially inhibiting 

cyclooxygenase. Finally, antimicrobial activity has been reported against Bacillus subtilis, Bacillus 
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cereus, Saccharomyces cerevisiae and Candida albicans but not against Escherichia coli (Brown, 

1980).   

 

1.3.5.2. Bioavailability and health effects of non-phenolic glycosides   

Cyanogenic glycosides are potentially toxic compounds because they can produce hydrogen 

cyanide after enzymatic degradation, resulting in acute cyanide poisoning. In the intact plant these 

cyanogenic compounds are stored separately from hydrolytic enzymes, but crushing of plant 

materials during technical processes or following chewing obliterates this separation and induces 

enzymatic hydrolysis of cyanogenic compounds (Bolarinwa et al., 2016). Acute cyanide poisoning 

causes rapid respiration, a drop in blood pressure, rapid pulse, headache, dizziness, vomiting, 

diarrhea, mental confusion, stupor, cyanosis, twitching and convulsions, while chronic cyanide 

intoxication yields to ataxic neuropathy that comprises lesions of skin, mucous membranes, optic 

and auditory nerves, spinal cord and peripheral nerves (Vetter, 2000). Cyanide detoxification in 

human body can be achieved though the conversion of hydrogen cyanide into thiocyanate, 

occurring in the presence of sulphur-containing amino acids through the action of rhodanase, but at 

doses between 0.5 and 3.5 mg/kg body weight cyanide poisoning can occur. However, due to the 

lack of quantitative toxicological tests and epidemiological information, it is difficult to establish a 

safe level for cyanogenic glycoside intake in many foods (Bolarinwa et al., 2016).   

Cardiac glycosides have both positive inotropic and negative chronotropic effects on the heart 

during cardiac failure. They increase the pumping capacity of the heart muscle and reduce its rate 

by inhibiting the Na+/K+-ATPase (Aldred, 2009). The role of these compounds as drugs for 

treatment of cystic fibrosis, ischemic stroke, heart ischemia, neurodegenerative diseases, 

spinobulbar muscular atrophy and other polyglutamine related diseases has also been reported 

(Prassas, & Diamandis, 2008).  

Saponins are amphipathic molecules able to enhance the penetration of macromolecules such as 

proteins through cell membranes, due to their surfactant properties. For this reason, saponins have 

also been used as adjuvants in vaccines, even though they can induce red blood cell hemolysis by 

cell sterol complexation as a side effect (Sparg et al., 2004). Furthermore, saponins have been 

shown to have hypocholesterolemic, anticoagulant, anticarcinogenic, hepatoprotective, 

hypoglycemic, immunomodulatory, neuroprotective, anti-inflammatory and anti-oxidant activity 

(Rao, & Gurfinkel, 2000). 

Terpene glycosides are appreciated not so much for their biological activity as for their role as 

aroma precursors. Indeed, terpenes are odor-active compounds widespread in the natural world, 

while their glycosides are water soluble, storage-stable and odorless molecules that can release the 
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desired volatile compound through acid or enzymatic hydrolysis. The possibility of performing 

controlled release of odorous compounds has made terpene glycosides interesting aroma precursors 

employable in the food and cosmetic industries in order to prolong the perception of aroma and 

flavor (Schwab et al., 2015).  

 

1.3.6. LC-HRMS in the analysis of glycosides 

Glycosides are generally analyzed in biological matrices, such as plant extracts or biological fluids, 

and so adequate sample clean-up approaches and separation methods become necessary for their 

profiling and structural characterization. Gas chromatography (GC), appropriate only for analysis of 

free aglycones after glycoside hydrolysis, liquid chromatography (LC) and capillary electrophoresis 

(CE) are suitable techniques for glycoside analysis (Kachlicki et al., 2016). However, the LC-

HRMS approach is the most useful in glycoside structural characterization, since measurement of 

four-decimal figure accurate mass with an error lower than 5 ppm makes it possible to define the 

elemental composition of both protonated/deprotonated molecules and their fragments, and to 

distinguish between isobaric compounds with different substitution patterns. Furthermore, the 

availability of hybrid HRMS spectrometers allows sequential fragmentation of precursor ions and 

structural identification of both sugar residues and aglycones (Forcisi et al., 2013).  

 

1.3.6.1 Cleavage of the glycosidic bond 

The most characteristic fragmentation of glycosides is cleavage of the glycosidic bond, which 

occurs through different pathways, depending on whether they are O- or C-glycosides. 

In the case of O-glycosides, cleavage generally occurs with the retention of glycosidic oxygen by 

the species formed from the reducing end, producing ions (Bi or Yj; Figure 1.12) that can be 

detected in both positive and negative ion mode (Domon, & Costello, 1988). Depending on the 

number of sugar moieties present in the glycosides, cleavage of the glycosidic bond can directly 

release the aglycone (Y0) or its still glycosylated derivatives Yj, with j = n-1, where n is the number 

of sugar moieties remaining after each break of the terminal residue (Figure 1.12). 

 

Figure 1.12. Example of glycosidic bond cleavage in a trisaccharide-glycoside (R=aglycone). 
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In positive ion mode, protonation of glycosidic oxygen can yield the Bi oxonium ion and the Yj 

neutral fragment or vice versa the Yj ion and the Bi neutral fragment, if cleavage is followed by a 

proton transfer from B to Y (Figure 1.13; Domon, & Costello, 1988).  

 

Figure 1.13. Cleavage mechanism of O-glycosides in positive ion mode (adapted from Domon, & 

Costello, 1988). 

In negative ion mode, deprotonation generally affects a sugar hydroxyl group in position 4 or 6 and 

is accompanied by epoxide formation, which induces opening of the sugar ring and consequent 

cleavage of the glycosidic bond (Figure 1.14a; Domon, & Costello, 1988). This fragmentation 

pathway yields the Yj ion and the Bi neutral fragment, but the Bi ion and Yj neutral fragment are 

produced if proton transfer occurs between B and Y.  

An alternative cleavage of the glycosidic bond, which can only occur in negative ion mode, consists 

of the retention of glycosidic oxygen by the terminal sugar residue, producing fragments Ci and Zj 

(Domon, & Costello, 1988). In this case, deprotonation affects a hydroxyl group adjacent to the 

terminal sugar moiety and is accompanied by epoxide formation, which induces sugar release in the 

form of a Ci ion (Figure 1.14b). Here again, in the event of proton transfer from Z to C, a Zj ion can 

also be produced. 
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Figure 1.14. Cleavage mechanisms of O-glycosides in negative ion mode (adapted from Domon, & 

Costello, 1988). 

The nature of the sugar moieties (e.g. hexose, deoxyhexose, pentose, hexose-hexose, etc.) that 

constitute glycosides can be established on the basis of the m/z value of ions Bi or Ci, or based on 

the difference between the m/z value of the precursor ion and fragments Yj or Zj. However, sugar 

isomers cannot be distinguished (Forcisi et al., 2013).   

In the case of the C-glycosidic bond, the carbon-carbon bond is more stable than the corresponding 

oxygen-carbon bond and thus cleavage of C-glycosides consists in the breaking of carbon-carbon 

bonds within the sugar ring (Forcisi et al., 2013). The ions produced are labelled k,lXj and k,lAi, 

depending on whether or not they include the aglycone, and the superscript k and l indicate the 

sugar ring bonds that have been broken (Figure 1.15; Domon, & Costello, 1988).  

 

Figure 1.15. Sugar ring fragmentation and relative bond numbering. 
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1.4. Phenolic compounds  

Phenolic compounds are among the most abundant and widespread secondary metabolites in the 

plant kingdom, with more than 8000 phenols currently known (Bravo, 1998), and they are 

accumulated in plants at the end of the pentose phosphate, shikimate, and phenylpropanoid 

pathways (Balasundram et al., 2006). Structurally, they are characterized by an aromatic ring 

bearing one or more hydroxyl groups and are very heterogeneous, ranging from low molecular-

weight compounds, such as simple phenols, to highly polymerized phenols, such as tannins (Bravo, 

1998). 

Although phenol occurrence in plants is attributed to resistance to pathogens and predators (Bravo, 

1998), they constitute a fundamental part of the Mediterranean diet (Aguilera et al., 2016). Indeed, 

the importance of consuming fruit, vegetables and plant-derived beverages (e.g. tea, wine and 

coffee), rich sources of phenolic compounds, has increased as phenols’ preventive role in chronic 

diseases has been documented (Aguilera et al., 2016). The most abundant phenolic compounds 

usually obtained through the diet are phenolic acids and flavonoids (30% and 60% of the total 

respectively; Baiano, & Del Nobile, 2016). The former generally occur as aglycones (free 

compounds), esters and glycosides, while flavonoids, the largest group of phenols including more 

than 5000 compounds, can be found as aglycones and glycosides (Baiano, & Del Nobile, 2016). 

Glucose, galactose, arabinose, rhamnose, xylose and mannose are the monosaccharides most 

frequently detected in glycosides, together with glucuronic and galacturonic acids (Escarpa, & 

Gonzalez, 2001). Associations with other compounds, such as carboxylic and organic acids, amines, 

lipids and other phenols have also been reported (Bravo, 1998). 

In addition, phenolic compounds have been useful for taxonomic studies or for several industrial 

applications, such as the production of paint, paper and cosmetics, and they have been used as 

adulteration markers, tanning agents or food colorants and preservatives (Bravo, 1998).   

 

1.4.1. Chemistry of phenolic compounds 

Phenolic compounds are characterized by great structural heterogeneity and thus the general 

classification of their structure is based on the number of carbons that constitute the basic skeleton 

(Table 1.2.; Harborne, 1989). 
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Table 1.2. Phenolic compound classification. 

The structure of phenolic compounds plays a decisive role in their activity as radical scavengers and 

metal chelators (Balasundram et al., 2006). For example, the antioxidant activity of phenolic acids 

increases with the number of hydroxyl groups and decreases in the event of their substitution with 

Chemical class Carbon skeleton Chemical Structure

Simple phenols C6

Benzoquinones C6

Penolic acids C6-C1

Acetophenones C6-C2

Phenylacetic acids C6-C2

Hydroxycinnamic acids C6-C3

Phenylpropenes C6-C3

Coumarins C6-C3

Chromones C6-C3

Naftoquinones C6-C4

Xanthones C6-C1-C6

Stilbenes C6-C2-C6

Anthraquinones C6-C2-C6

Flavonoids C6-C3-C6

Lignans (C6-C3)2

Lignins (C6-C3)n
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methoxyl groups. In addition, hydroxyl groups in ortho- or para- position of the carboxyl function 

reset antioxidant activity, while the same is not true for the meta- position. Furthermore, 

hydroxycinnamic acids show higher antioxidant activity than hydroxybenzoic acids, thanks to 

the presence of an α,β-unsaturated carboxyl group, which ensures greater H-donating ability and 

radical stabilization than the simple carboxyl function (Rice-Evans et al., 1996). 

Defining the structure-activity relationships of flavonoids is more complicated due to their greater 

structural complexity, however the main structural features pertain to rings B and C. For example, 

flavonoids’ antioxidant activity increases with the number of hydroxyl groups in the B ring or with 

the combined presence of a double bond and a hydroxyl group in the C ring (e.g. flavononols). In 

the first case, hydroxyl groups, particularly if they are orto-dihydroxyls, confer higher electron 

delocalization and act as the preferred metal binding site, while in the second case the C ring 

structure described ensures co-planarity. Radical scavenging capacity is enhanced in the presence of 

a double bond conjugated with an oxo group in the C ring (e.g. flavones) and is affected by the 

substitution of hydroxyl groups with methoxyl ones in the B ring, due to the altered redox potential 

(Balasundram et al., 2006).     

 

1.4.1.1. Low-molecular-weight phenols 

Of low-molecular-weight compounds, the most common and important are simple phenols, 

phenolic acids and their aldehydic derivatives, phenylacetic acids, acetophenones, 

phenylpropanoids and their derivatives, chromones and coumarins, and cinnamyl alcohols 

(Alu’datt, et al., 2017).  

Simple phenols and their derivatives (e.g., phenol, cresol, thymol, resorcinol, orcinol and 

hydroquinone) are widespread among different plant species and are characterized by an aromatic 

ring bearing one or more hydroxyl and methyl groups (Bravo, 1998). 

Phenolic acids consist of hydroxybenzoic and hydroxycinnamic acids and can occur in different 

forms of oxidation (e.g., alcohol, aldehyde and propene). The first group includes gallic, gentisic, p-

hydroxybenzoic, protocatechuic, vanillic and syringic acids, which have in common the C6–C1 

structure. The latter constitutes the most widely distributed group of phenolic acids, also known as 

phenylpropanoids, is characterized by a three-carbon side chain (C6–C3) and is principally 

represented by coumaric, caffeic, ferulic and sinapic acids (Escarpa, & Gonzalez, 2001). They can 

occur as esters of tartaric and quinic acids, leading to hydroxycinnamoyltartaric and chlorogenic 

acids respectively, or linked through ester, ether or acetal bonds to other metabolites, such as 

flavonoids, anthocyanins, saponins, proteins, cellulose and glucose. Furthermore, the 

phenylpropanoid moiety can cyclize to form coumarins, dimerize to produce lignans, polymerize to 
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form lignins, or undergo side chain elongation leading to stilbenes and flavonoids (Stalikas, 2007). 

The structures of the most common hydroxybenzoic and hydroxycinnamic acids are shown in 

Figure 1.16. 

 

Figure 1.16. Chemical structure of the most common hydroxybenzoic and hydroxycinnamic acids 

(adapted from Alu’datt et al., 2017). 

Finally, acetophenones and phenylacetic acids, which have in common the C6-C2 structure, are less 

frequently described in the literature, while phenylpropanoid derivatives (C6-C3) constitute an 

important group of low-molecular-weight phenols (Bravo, 1998).  

 

1.4.1.2. Flavonoids 

Flavonoids are characterized by a C6-C3-C6 skeleton and constitute the largest group of phenols 

naturally occurring in the plant kingdom (Harborne, 1989). Structurally, they consist of two 

aromatic rings, A and B, linked by a heterocyclic ring, C (Figure 1.17).  

 

Figure 1.17. Basic chemical structure and numbering system for flavonoids. 

Based on the substitution profile of the C ring, it is possible to distinguish between flavones, 

isoflavones, flavonols, flavanones, flavanonols, flavanols and anthocyanidins (Figure 1.18), while 

variations in the substitution in rings A and B through glycosylation, malonylation, methylation, 
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hydroxylation or acylation discriminate between compounds within each class (Balasundram et al., 

2006). Furthermore, prenylation and polymerization have an important impact on flavonoid 

function, solubility and degradation (Weston, & Mathesius, 2013). 

 

Figure 1.18. Basic chemical structure of the main classes of flavonoids. 

Flavonoids can occur naturally both as aglycones and glycosides, and in the latter case they can be 

found in the form of O-glycosides and C-glycosides (Escarpa, & Gonzalez, 2001). 

Flavones and isoflavones are not widely distributed in food, occurring principally as glycosides, 

with the most common flavones being apigenin and luteolin, and the most common isoflavones 

being genistein and daidzein.  

In contrast, flavonols are very widely distributed in the natural world and constitute a fundamental 

part of the human daily diet. The most common are quercetin, kaempferol, myricetin and 

isorhamnetin. The structural composition of flavonol can vary greatly based on environmental 

factors, although in the case of glycosylated species only an O-glycosidic bond at position 3 is 

allowed (Escarpa, & Gonzalez, 2001). As regards sugar residues, the most common are glucose, 

galactose, rhamnose and glucuronic acid, in descending order, and their configuration is D- or L- 

depending on whether the bond involved is β or α respectively (Escarpa, & Gonzalez, 2001). 
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Flavanones are not extensively distributed in the plant kingdom, with the exception of citric fruit, 

where they constitute the main class of flavonoids. Here, they are present as aglycones and the most 

common are hesperetin, naringenin and narirutin, while in other plants they are diffuse as 

glycosides. As a rule, flavanone glycosylation occurs at position 7 in the A ring and involves 

glucose and rhamnose, both as monosaccharides and disaccharides (Escarpa, & Gonzalez, 2001). 

Flavanonols differ from flavonones by having a hydroxyl group at position 3, as a result of which 

they are also known as 3-hydroxyflavonones or dihydroflavonols. They have two centers of 

asymmetry at positions 2 and 3 and are little present in plants. The most common are taxifolin, also 

known as dihydroquercetin, and aromadedrin, also called dihydrokaempferol.  

Flavanols, or flavan-3-ols, are one of the most widespread flavonoid classes in nature, being 

principally present as aglycones. They can occur as monomers, such as (+)-catechin and (-)-

epicatechin, as oligomers, also called procyanidins and constituted by dimeric associations of 

catechin and epicatechin, and as esterified forms, such as gallocatechin (Escarpa, & Gonzalez, 

2001).  

Finally, anthocyanidins are widespread in the plant kingdom, where they are responsible for fruit 

and flower color. The most common are cianydin, delphinidin, peonidin, pelargonidin, petunidin 

and malvidin. They can occur as aglycones, glycosides and acetylated forms, in the latter case being 

conjugated to hydroxycinnamic and organic acids. Conjugation, mainly performed with glucose, 

arabinose and galactose, can involve positions 3, 5, 7, 3' and 5', but the first is the most common. 

Anthocyanidin stability depends on pH, light exposure and susceptibility to oxidation (Escarpa, & 

Gonzalez, 2001). 

 

1.4.1.3. Tannins and lignans  

Tannins are phenolic compounds characterized by a high molecular-weight and noteworthy 

reactivity against proteins and carbohydrates (Escarpa, & Gonzalez, 2001). They can be divided 

into hydrolysable and condensed tannins, although there is also a third group, phlorotannins, which 

is only found in marine algae not included in the human diet (Bravo, 1998).  

Hydrolyzable tannins are esters of gallic or hexahydroxydiphenic acids, so called gallo- and 

ellagitannins respectively, and are easily hydrolyzed with acids, bases, hot water and enzymes, 

yielding polyhydric alcohol and phenylcarboxylic acid. The most common hydrolyzable tannin is 

tannic acid, which is a gallotannin consisting of a pentagalloyl glucose (Bravo, 1998). 

Condensed tannins, also called proanthocyanidins, are high-molecular-weight polymers produced 

through oxidative condensation of flavan-3-ols and flavan-3,4-diols, which occurs between carbon 

C-4 in the C ring and carbons C-6 or C-8 in adjacent units (Bravo, 1998). Considering the difficulty 
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in analyzing highly polymerized molecules, the dimers, trimers and tetramers of proanthocyandins 

are currently mainly reported in the literature. Furthermore, since interflavanoid linkage can be 

hydrolyzed by acids yielding anthocyanidins that are easily detected, this reaction is used to 

investigate the structure of proanthocyanidin oligomers (Bravo, 1998). 

Lignans are high-molecular-weight phenolic compounds, constituted by two units of 

phenylpropanoids (C6-C3) joined together by the central carbons of their side chain. They can be 

divided into lignans, lignolides, monoepoxylignans and biepoxylignans (Shahidi, & Naczk, 2003). 

 

1.4.2. Biosynthesis of phenolic compounds 

Phenolic compounds are produced by two different biosynthetic pathways, namely the 

shikimate/chorizmate or succinylbenzoate pathway, which yields phenylpropanoid derivatives (C6-

C3), and the acetate/malonate or polyketide pathway, which produces high-molecular-weight 

phenylpropanoids (C6-C3-C6). 

The shikimate pathway, used by bacteria and plants but not by animals, is a seven-step metabolic 

route yielding aromatic amino acids such as phenylalanine, tyrosine and tryptophan (Bentley, & 

Haslam, 1990). Specifically, their synthesis starts with erythrose-4-phosphate, deriving from the 

pentose phosphate pathway, and phosphoenolpyruvate, produced during glycolysis, which combine 

to form a seven carbon sugar, 3-deoxy-O-arabino-heptulosonate phosphate (DAHP), which is then 

cyclized to form 3-dehydroquinate (DHS) and reduced to form shikimate (Figure 1.17; Shuab et al., 

2016). From here, metabolites can yield low-molecular-weight phenolic compounds (e.g., phenol, 

benzoic acids and chlorogenic acids) or proceed to generate either L-tryptophan or L-arogenate. The 

latter is the starting point for production of L-phenylalanine and L-tyrosine, which are the main 

building blocks for both protein and phenylpropanoid synthesis (Cohen, & Kennedy, 2010).  

The genesis of more complex phenols starts with amino acid deamination, which aims to introduce 

a double bond in the non-aromatic side chain and is performed by specific enzymes. Phenylalanine 

ammonia lyase (PAL) generates cinnamic acid, which is then converted into coumarin or p-

hydroxycinnamic acid, while tyrosine ammonia lyase (TAL) produces p-hydroxycinnamic acid 

directly (Figure 1.17; Shuab et al., 2016). The latter phenolic acid can subsequently be transformed 

into different cinnamate derivatives, such as ferulic, caffeic and sinapic acids through hydroxylation 

and methylation (Shuab et al., 2016), converted in the corresponding alcohols in order to produce 

lignins and used as precursors of flavonoids (Figure 1.17; Le Roy et al., 2016).   

Flavonoids derive from the condensation of hydroxycinnamoyl CoA, provided from the shikimate 

pathway, with malonyl CoA, produced in the acetate/malonate pathway from the carboxylation of 

acetyl CoA and used for C2 chain elongation (Saito et al., 2013). Specifically, the product of 
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condensation is a triketide that spontaneously cyclizes, forming naringenin chalcone (Saito et al., 

2013), and can then be converted into flavanones and dihydroflavonols (Figure 1.17; Vickery, & 

Vickery, 1981). Flavanones deriving from chalcone isomerization can yield flavones through 2,3-

dehydrogenation and isoflavones through ring migration, as a consequence of flavanone oxidation 

(Vickery, & Vickery, 1981). Dihydroflavonols can be converted into flavonols through the 

formation of α-hydroxychalcone, into flavan-3,4-diols and then flavan-3-ols by reduction of the 

keto group, and into anthocyanidins through the formation of several intermediates (Figure 1.19; 

Vickery, & Vickery, 1981). Therefore, the flavonoid A ring derives from the acetate/malonate 

pathway and the B and C rings from cinnamic acids (Vickery, & Vickery, 1981), while further 

modification of the flavonoid scaffold can be attributed to tailoring reactions carried out by 

glycosyltransferases, methyltransferases and acyltransferases (Saito et al., 2013). 

 

Figure 1.19. Biosynthetic pathway of phenolic compounds. 

The biosynthetic pathway described for flavonoids can also generate stilbenes, splitting off one 

carbon atom of the phenylpropane after the introduction of the second phenyl moiety (Shahidi, & 

Naczk, 2003). 

Cinnamic acids are also the precursors of benzoic acids and coumarins. The former are produced by 

a β-oxidation of the propenyl side chain of cinnamic acids, which occurs after ester formation with 

CoA (Vickery, & Vickery, 1981), and can be converted into different hydroxybenzoic acids by 
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hydroxylation and methylation (El-Basyouni et al., 1964; Shahidi, & Naczk, 2003). Furthermore, 

the decarboxylation of benzoic and cinnamic acids yields simple and vinyl-substituted phenols, 

respectively, while their reduction can produce the corresponding aldehydes (Shahidi, & Naczk, 

2003). As regards coumarins, biosynthesis starts with the introduction of an o-hydroxyl group into 

cinnamic acid derivatives and its subsequent glycosylation, which can induce isomerization of the 

propenyl chain from the trans to the cis form. Then, after sugar hydrolysis, spontaneous cyclization 

occurs (Vickery, & Vickery, 1981).  

 

1.4.3. The role of phenolic compounds in plants 

Phenolic compounds are widespread in the plant kingdom, but their presence and distribution 

depends closely on environmental conditions and natural selection (Lattanzio et al., 2006). 

Generally, they are involved in plant defence, pigmentation and growth, or act as antioxidants, 

metal chelators, signalling agents and UV light screens. Phenolic compounds can be pre-

synthesized during plant growth and stored in specific sites (e.g. the vacuole of guard, epidermal or 

sub-epidermal cells), or expressly produced after intense stress such as infection, a high 

concentration of heavy-metal salts, UV-irradiation and temperature (Lattanzio et al., 2006).  

When stored within the epidermal cell layer, phenolic compounds protect plants from the harmful 

ultraviolet radiation of the sun (280-320 nm), which can damage DNA, proteins and membranes or 

generate reactive oxygen species (ROS). Consequently, depending on sun exposure and excess 

light, the occurrence of phenolic compounds can also vary with the latitude and altitude of the 

growing area. All phenolic compounds absorb UV radiation due to their aromatic ring, but each 

class can be distinguished on the basis of distinctive spectral maxima. For example simple phenols 

and hydroxybenzoic acids exhibit intense absorption in the range of 250-290 nm, hydroxycinnamic 

acids in the range of 290-330 nm and flavones and flavonols at about 250 and 350 nm (Lattanzio et 

al., 2006). Other phenolic compounds are colored and consequently show strong absorption in the 

visible region, such as anthocyanins, which show a spectral maximum in the range of 475-560 nm. 

These compounds play a significant role in plant pigmentation, attracting pollinators to flowers and 

inducing animals to eat fruit and disperse seeds (Lattanzio et al., 2006). Phenolic compound co-

pigmentation with other molecules (e.g. purines, alkaloids and metallic cations), together with 

temperature and pH inside the vacuole, intensify and modify the original color of pigments. The 

most widely occurring colored phenolic compounds are anthocyanins, flavones, flavonols and 

quinone derivatives.   
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Phenolic compounds can influence rates of decomposition and nutrient cycling, directly stimulating 

or inhibiting germination and the growth of microorganisms, or contribute to plant growth, acting as 

a reservoir of phenylpropanoid units for lignin biosynthesis (Lattanzio et al., 2006). 

Many phenolic compounds have a key role in plant defence against fungi, bacteria and nematodes 

(Bennett, & Wallsgrove, 1994). Their defence capability mainly depends on the speed of phenol 

biosynthesis at the moment of attack, rather than the concentration. However, although some of 

them are stored in plant cells as inactive compounds and readily activated by enzymatic hydrolysis 

in response to pathogen attack, their level increases through specific synthesis when needed 

(Lattanzio et al., 2006). Phenolic compounds can act directly as toxins, as in the case of 

phytoalexins or free radicals produced by lignin degradation, or can form barriers, as in the case of 

lignin (Bennett, & Wallsgrove, 1994). Lignification is indeed considered to be a resistance 

mechanism, since the occurrence of lignin increases in the event of plant disease and its presence 

prevents enzymatic hydrolysis and mechanical penetration of plant tissue by pathogens.  

Finally, the poor palatability of many phenolic compounds, such as tannins, is responsible for their 

use as feeding deterrents for herbivores. These are indeed less attracted by plants rich in high-

molecular-weight phenols, due to their astringency and poor digestibility (Bennett, & Wallsgrove, 

1994).  

 

1.4.4. Phenolic compounds in food 

Phenolic compounds are present in almost all foods (vegetables, cereals, legumes, fruit, cocoa, nuts, 

etc.) and beverages (wine, cider, beer, tea, etc.) of plant origin, and therefore represent an important 

part of animal diet. Their levels depend on genetic factors such as the cultivar, the site of 

accumulation in the plant, crop treatments and environmental conditions (Bravo, 1998). However, 

qualitative and quantitative information about phenolic compound occurrence in plants reported in 

the literature is sometimes contradictory and difficult to compare, since the content is also affected 

by preparation and extraction procedures, technological treatments, storage and food processing 

(Escarpa, & Gonzalez, 2001).  

Of the different phenolic compounds, flavanols, flavonols, hydroxycinnamic and hydroxybenzoic 

acids are the most widespread in food and beverages, while anthocyanins, isoflavonoids, flavanones 

and stilbenes are less common (Pérez-Jiménez et al., 2010). However, on comparing the total 

content of each class of these compounds in food and beverages (Table 1.3), anthocyanins and 

flavanols are shown to be the most abundant, while flavonols, flavones and stilbenes are present in 

lower amounts. Particular attention has been paid to lignans, which are present in a small number of 

foods, such as sesame seed oil, flaxseed and sesame seed meal, but always at very high levels. 
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Phenolic compounds 

Content*  

in foods  

(mean ± SD) 

Richest foods (content*) 

Anthocyanins 115±259 black elderberry (1316), black chokeberry (878), black currant (595) 

Flavanols 180±560 cocoa powder (3410), dark chocolate (1589), hazelnut (495) 

Flavanones 23±25 pure blood orange juice (51), pure grapefruit (46), pure blond orange juice (38) 

Flavones 4±12 whole-grain common wheat flour (73), globe artichoke heads (58), black olive (27) 

Flavonols 11±21 red onion (158), spinach (119), shallot (112) 

Isoflavonoids 66±106 soy flour (466), roasted soy bean (246), soy tempe (148) 

Hydroxybenzoic acids 29±121 chestnut (1215), walnut (449), red raspberry (121) 

Hydroxycinnamic acids 35±78 coffee (278), red chicory (203), globe artichoke heads (202) 

Stilbenes 0.7±1.1 red wine (3.4), lingonberry (3.0), red currant (1.6) 

Lignans 550±625 sesame seed oil (1294), flaxseed meal (867), sesame seed meal (776) 

*expressed as mg/100 g or mg/100 mL; SD=standard deviation. 

Table 1.3. Main phenolic compound content in food and beverages (adapted from Pérez-Jiménez et 

al., 2010). 

1.4.4.1. Occurrence of low-molecular-weight phenols in food 

Of low-molecular-weight phenolic compounds, phenolic acids are the most widespread in food and 

beverages (Pérez-Jiménez et al., 2010).  

The most common hydroxybenzoic acids are gallic acid (principally found in nuts, chicory, some 

berries, tea and wine), ellagic acid (in nuts and berries), 4-hydroxybenzoic acid (in olives, loquats, 

some berries and carrots), vanillic acid (in dates, some berries, olives, rye flour, Swiss chard and 

cocoa), and syringic acid (in nuts, olives, dates, pumpkin and cauliflower). The food and beverages 

with the highest hydroxybenzoic acid content are chestnuts (1215 mg/100 g), with ellagic acid and 

gallic acid predominating (735 mg/100g and 480 mg/100 g respectively), raspberries (121 mg/100 

g), pomegranate juice (55 mg/100 mL) and blackberries (50 mg/100 g). Content ranging from 5 to 

50 mg/100 g or mg/100 mL is typical of olives, tea, wine, different berries and dates. Furthermore, 

hydroxybenzoic acids are also present as esters with quinic acid, such as 5-O-galloylquinic acid in 

tea, or esterified in ellagitannins such as punicalagin in pomegranate juice or sanguiin H-6 and 

lambertianin C in raspberries (Pérez-Jiménez et al., 2010). 

Hydroxycinnamic acids are mostly present as quinic acid esters, with the exception of p-coumaric 

acid, present in free form in olives, and sinapic acid, found as an aglycone in olives and cauliflower 

(Pérez-Jiménez et al., 2010). The most common esters are chlorogenic acid (an ester of caffeic and 

quinic acids mainly present in coffee, berries, pome and drupe fruits such as plums, sweet cherries, 

apples, peaches, pears, nectarines, quinces and apricots, vegetables such as artichokes, chicory, 

carrots, broccoli, lettuce and tomatoes, olives and potatoes), caftaric acid (an ester of caffeic and 

tartaric acids, mainly present in grapes and wine), chicoric acid (an ester of tartaric acid with two 

molecules of caffeic acid, mainly present in chicory), O-feruloylquinate (an ester of ferulic and 

quinic acids, mainly present in coffee) and O-coumaroylquinate (an ester of coumaric and quinic 
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acids, mainly present in sweet cherries and apples). The foods with the highest concentrations of 

hydroxycinnamic acids are coffee (212 mg/100 mL), artichokes (202 mg/100 g), prunes (192 

mg/100 g), red chicory (183 mg/100 g), blueberries (135 mg/100 g), green chicory (108 mg/100 g), 

green olives (104 mg/100 g), black olives (96 mg/100 g), plums (89 mg/100 g) and sweet cherries 

(88 mg/100 g). 

Of low-molecular-weight phenolic compounds present in a restricted number of foods and 

beverages, the most abundant are tyrosol derivatives and alkylresorcinols. The first are mainly 

present in black olives (266 mg/100 g) and olive oil (60 mg/100 g), while alkylresorcinols are 

present in the highest amounts in cereal bran (286 mg/100 g), rye whole-grain flour (69 mg/100 g) 

and wheat whole-grain flour (64 mg/100 g;). Finally, stilbenes are mainly present in red wine, 

lingonberries and red-currants, but always at a lower level (1-5 mg/100 mL and mg/100 g; Pérez-

Jiménez et al., 2010). 

 

1.4.4.2. Occurrence of flavonoids in food 

Of the most diffuse flavonoids in food and beverages, flavanols are also the most abundant (Table 

1.3). The richest sources are cocoa (3411 mg/100 g) and dark chocolate (1590 mg/100 g), followed 

by black chokeberries (659 mg/100 g), nuts (181-496 mg/100 g), blueberries (330 mg/100 g), 

strawberries (148 mg/100 g), black-currants (139 mg/100 g) and apples (111 mg/100 g). Other 

important sources of flavanols are black tea, green tea and red wine (Pérez-Jiménez et al., 2010).  

Flavonols, another widespread class of flavonoids, are generally present at lower levels. Higher 

concentrations are found in onions and shallots (73-158 mg/100 g), spinach (119 mg/100 g) and 

black chokeberries (88 mg/100 g), while lower amounts characterize green tea, black tea, dark 

chocolate, and various fruits, vegetables and nuts. 

Of the flavonoids detected in a restricted number of food sources, isoflavonoids are those found in 

higher amounts (Table 1.3). The principal sources are soy foods, with the highest content (>100 

mg/100 g) in soy flour, soy nuts and soy tempeh.  

Flavones are mainly present in whole grain wheat flour (80-100 mg/100 g), black olives and 

artichokes (40-60 mg/100 g), and at lower levels in tea, orange juice, lemon juice and olive oil. 

Finally, flavanones are present at relatively high levels in grape juice (46 mg/100 mL), orange juice 

(38 mg/100 mL) and lemon juice (33 mg/100 mL), and at trace levels in beer, wine or tomatoes 

(Pérez-Jiménez et al., 2010). 
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1.4.4.3. Occurrence of tannins, lignans and other phenolic compounds in food 

Tannins are mainly present in food and beverages as high-molecular-weight polymers (Nutrient 

Data Laboratory. USDA, 2004). Dimeric tannins are mainly present in chocolate (>300 mg/100 g) 

and baking chocolate (>200 mg/100 g), while trimers are found in spices (>1200 mg/100 g). 

Tannins with 4-6 condensed units are mainly present in cocoa beans (>2700 mg/100 g), spices 

(>2600 mg/100 g), grain bran (>650 mg/100 g), chocolate (>400 mg/100 g), baking chocolate (332 

mg/100 g) and beans (125 mg/100 g). Tannins with 7-10 condensed units are mainly present in 

cocoa beans (>2200 mg/100 g), spices (>1400 mg/100 g), grain bran (>780 mg/100 g) and beans 

(135 mg/100 g). Finally, tannins with more than 10 condensed units are mainly present in grain 

bran (>2900 mg/100 g), spices (>2500 mg/100 g), cocoa beans (>1500 mg/100 g), grain (>1400 

mg/100 g), choke berries (>540 mg/100 g), baking chocolate (>500 mg/100 g), beans (>450 mg/100 

g), nuts (80-320 mg/100 g) and blueberries (130-260 mg/100 g).  

Lignans are mainly present in sesame seed oil (1295 mg/100 g), flaxseed meal (867 mg/100 g) and 

sesame seed meal (776 mg/100 g), while in all other sources they do not exceed 3 mg/100 g. In 

sesame seed meal and oil, and in olives and olive oil lignans are found in the free form, while in 

other sources they are bound to complex organic molecules and do not exceed 1 mg/100 g (Pérez-

Jiménez et al., 2010). 

Hydroxyphenylpropenes are mainly present in spices (Neveu et al., 2010) and the most abundant 

are eugenol (e.g. >12000 mg/100 g in cloves), anethole (e.g. 5400 mg/100 g in star anise), acetyl 

eugenol (e.g. 2075 mg/100g in cloves) and gingerol (e.g. 187 mg/100 g in ginger). Curcuminoids, 

such as curcumin and methoxyderivatives, are mainly present in spices (285-2213 mg/100 g). 

Finally, phenolic terpenes are mainly present in seasoning herbs and the most common are carnosic 

acid (e.g. 672 mg/100 g in rosemary and 526 mg/100 g in common sage), rosmanol and carnosol 

(e.g. 124 and 53 mg/100 g respectively in rosemary).  

 

1.4.5. Nutraceutical and biological effects of phenolic compounds 

Phenolic compounds are considered to be fundamental constituents of the human diet, since their 

high occurrence in fruits and vegetables is correlated with staying healthy and disease prevention 

(Gutiérrez-Grijalva et al., 2016). At low levels, they mainly act as anti-ageing, anti-inflammatory, 

antioxidant and anti-proliferative agents, while at high concentrations they can interact with 

proteins, carbohydrates and minerals, reducing their adsorption (Karakaya, 2004).  

The involvement of phenolic compounds in the prevention of degenerative diseases, such as 

cardiovascular disease, cancer and chronic inflammation, is ascribable to their antioxidant activity 

and their role as radical scavengers or chelators of metal ions (Bravo, 1998). Phenolic compounds 
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prevent the oxidation of other molecules by intercepting radicals with transfer of a hydrogen atom 

(Figure 1.20. a-b) or by acting as terminators of the propagation route in the form of phenoxy 

radicals (Figure 1.20. c-d). However, if they occur at high levels and in the presence of iron and 

high pH, phenolic compounds can lead to auto-oxidation and act as pro-oxidants (Shahidi et al., 

1992).   

 

Figure 1.20. Mechanism of reaction of phenolic compounds as radical scavengers (ROO·, RO· and 

PP· = radicals; PPH = phenolic compounds). 

The antioxidant properties of phenolic compounds depend closely on their chemical structure. In 

particular, the number of hydroxyl groups and their relative position (e.g. ortho- and para-

diphenolic compounds), together with the substitution of hydrogens with ethyl- or butyl groups, 

generally positively affect antioxidant activity. Therefore, hydroxycinnamic acids are more 

effective antioxidants than hydroxybenzoic acids (Shahidi et al., 1992). In the case of flavonoids, 

the antioxidant effects increase in particular with the presence of o-diphenolic groups in the B ring, 

a 4-oxo-conjugated double bond in the C ring and hydroxyl groups in positions 3 and 5, while they 

decrease with the number of sugar residues in the glycosylated derivatives (Bravo, 1998).   

As regards oligo- and polymeric phenolic compounds with a high degree of hydroxylation, the main 

property is the capacity to bind and precipitate proteins through the formation of complexes kept 

together by hydrogen bonds and hydrophobic interactions, rather than by covalent or ionic bonds 

(Hagerman, 1992). As a consequence, the presence of high-molecular-weight phenolic compounds 

in food is associated with reduced digestibility of proteins and with enhanced elimination of 

endogenous ones, such as the enzymes involved in digestion (Bravo, 1998). Although this behavior 

generally leads to labelling of high-molecular-weight phenolic compounds as anti-nutrients in the 

human diet, when enzymatic inhibition affects glucosidases and amylases, the risk of metabolic 

syndrome and type 2 diabetes can be considerably reduced. Indeed, when the enzymes involved in 

dietary carbohydrate digestion are inhibited, the post-prandial glycemic response decreases and the 

lipid metabolism is modulated. Pancreas β-cell function, insulin secretion and adipose tissue 

metabolism are improved, hyperglycemia, dyslipidemia and insulin resistance are attenuated, and 

oxidative stress and inflammatory processes are alleviated. Furthermore, the ingestion of high-

molecular-weight phenolic compounds through the diet reduces the risk of long-term diabetes 

complications, such as cardiovascular disease, neuropathy, nephropathy and retinopathy (Lin et al., 
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2016). As regards lipid metabolism, dietary intake of phenolic compounds induces an increase in 

the plasma level of high-density lipoprotein (HDL) cholesterol and a decrease in that of low-density 

lipoprotein (LDL) cholesterol. This is principally due to reduced intestinal absorption of cholesterol 

and enhancement of reverse-cholesterol transport and bile acid excretion (Bravo, 1998). 

Finally, phenolic compounds, and in particular hydroxycinnamic acids, can stop the synthesis of 

leukotrienes acting in immunoregulatory diseases and allergic reactions, have antitumoral effects on 

colon carcinogenesis, and can inhibit retroviral integrase produced by human immunodeficiency 

virus type 1 (HIV-1) and an activator protein involved in the control of inflammation, cell 

differentiation and proliferation (Robbins, 2003). 

 

1.4.6. Analysis of phenolic compounds 

Analysis of phenolic compounds is hindered by the high heterogeneity of their chemical properties 

(e.g. size, polarity and solubility) and the concentration levels at which they occur in natural 

samples, as well as by the variability of samples analyzed (Motilva et al., 2013). Consequently, 

numerous methods (Dai, & Mumper, 2010) have been described for the determination of phenolic 

compounds and none of them is all-encompassing.  

Some analytical approaches, such as the Folin-Denis method, Folin-Ciocalteu method, 

permanganate titration, colorimetry with iron salts, ultraviolet absorbance and protein binding (for 

both condensed and hydrolysable tannins), allow determination of total phenol content. They are 

widely employed for quality control by industry, because they are simple and time-saving 

approaches, use inexpensive reagents, show high repeatability and reproducibility, do not require 

sophisticated equipment and can be used for different matrices (Granato et al., 2016). However, 

these methods can lead to different and often non-comparable results, due to the different reactivity 

of phenolic compounds towards assay reagents (Dai, & Mumper, 2010). 

The recent development of chromatographic techniques, both gas and liquid chromatography, and 

their hyphenation with modern HRMS offers new tools for improving the analysis of complex 

matrices and for quantifying even a single phenolic compound. GC is rarely used due to the low 

volatility of phenolic compounds, which is principally due to their hydrogen bonding capability, 

which increases the melting point (Stalikas, 2007). On the other hand, LC is the most suitable 

approach for qualitative and quantitative analysis of phenolic compounds, since it is able to 

simultaneously detect all compounds of interest and their potential sub-products (Dai, & Mumper, 

2010). Depending on the number and chemical properties of the phenolic compounds studied and 

the nature of the matrices, different stationary phases, solvents and elution gradients can be used 

(Motilva et al., 2013). Reversed-phase columns are the most widely employed, although they can be 
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modified with different embedded or end-capping groups. Acetonitrile (ACN) and methanol 

(MeOH), or a mixture of these, are the most common organic modifiers, while water is usually 

acidified with a small amount of formic, acetic or trifluoroacetic acid at a concentration generally 

ranging from 0.05% to 0.2%. As regards detection, the approaches described in the literature 

include UV/VIS, photodiode array (PDA), UV-fluorescence, electrochemical detector (ECD) and 

electro-array detector (EAD), together with the voltammetry technique, chemical reaction detection 

technique, MS and NMR (Dai, & Mumper, 2010). However, in the last few years the LC-MS 

approach has gained widespread acceptance thanks to its high selectivity and sensitivity of 

detection, and because it allows detailed structural elucidation of phenolic compounds (Granato et 

al., 2016). 

When analyzing phenolic compounds using LC-MS methods, ESI source is the most commonly 

used and ionization is usually performed in negative ion mode, since the molecular ion generated is 

more intense than in the positive polarity (Motilva et al., 2013). The only exceptions are 

anthocyanins, in themselves positive ions, and isoflavones, which are generally methoxylated and 

thus lack hydroxyl groups ionizable in negative ion mode.  

In the case of quantitative analysis, it is necessary to use the corresponding calibration curve for 

each compound, since ionization can vary with the molecular structure, and to reduce the matrix 

effect. The latter causes suppression or enhancement of analyte ionization, is attributed to co-elution 

of matrix interference with the analytes of interest and strongly affects the linearity and accuracy of 

the method. The matrix effect can be evaluated by comparing the analyte response in standard 

solution and spiked samples at the same concentration, and can be reduced with efficient LC 

separation or adequate clean-up procedures for samples. Alternative approaches for reducing signal 

variability and improving method accuracy are the use of stable isotope-labelled internal standards 

(IS), which have similar ionization properties to the analytes studied, and the use of matrix-

calibration curves (Motilva et al., 2013).     
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2. Experimental section and results 
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2.1. Non-targeted screening analysis 

2.1.1. Non-targeted glycosidic profiling of international wines using Neutral Loss-high resolution 

mass spectrometry. 

  



   

64 
 

SECTION 2.1.1. 

 

Non-targeted glycosidic profiling of international wines using Neutral Loss-high resolution 

mass spectrometry 

 

Chiara Barnabaa, Eduardo Dellacassab, Giorgio Nicolinia, Tiziana Nardina, Michele Serraa, Roberto 

Larchera* 

 

Submitted Journal of Chromatography A, May 2017 - (minor revision) 

 

Author affiliations 

a Edmund Mach Foundation, via E. Mach 1, 38010 San Michele All’Adige, Trento, Italy. 

b Universidad de la Republica Uruguay, Facultad de Quimica, Gral. Flores 2124, C.P. 11800, 

Montevideo, Uruguay. 

* Corresponding author: roberto.larcher@fmach.it. 

 

 

 

 

 

  



   

65 
 

Aim of the work 

Many metabolites naturally occur as glycosides, since sugar moieties can be crucial for their 

biological activity, can temporarily reduce their chemical reactivity, as in the case of stored toxins, 

and can increase their water solubility (Xu et al., 2016). In the plant kingdom they can occur as 

glycosides or sugar esters, depending on the precursor’s chemical structure (Harborne, 1964), and in 

wine they have traditionally attracted attention due to their organoleptic properties, such as 

astringency and bitterness, and because they affect the color and aroma of wines (Hjelmeland, & 

Ebeler, 2014). 

The aim of this work was to investigate Neutral Loss experiments as an instrument for non-targeted 

screening analysis of glycosides, using liquid chromatography coupled to high resolution tandem 

mass spectrometry (Q-Orbitrap). Furthermore, the applicability of this approach to detailed 

glycosidic profiling of a wide selection of monovarietal wines was evaluated. 
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Supplementary Fig. 1: Example of distinction between O-glycosides and sugar esters, through MS/MS 

spectrum 
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Supplementary Fig. 2: Example of terpinol-glycosides tentative identification through a specific MS/MS 

spectrum. 
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Conclusion 

In this work, NL experiments proved to be an efficient tool for tentative identification of glycosides 

with a non-targeted approach. Indeed, false positives attributed to the neutral loss of sugar-isobaric 

fragments could certainly be excluded by the absence of k,lAi fragments in the MS/MS spectrum of 

the selected precursor ion, while those caused by low-resolution isolation of the quadrupole were 

rejected due to an inappropriate mass difference between the precursor and product ion. 

Furthermore, the occurrence of false positives was also strongly reduced by isolation of the 

glycosidic fraction during SPE sample pretreatment.  

However, the greatest limit of the NL approach was the impossibility of detecting glycosides if 

either the precursor or product ion did not ionize, or if the precursor ion was chemically unstable in 

source conditions, undergoing hydrolysis. Indeed, in the first case, it was impossible to associate 

precursor and product ions by comparing full MS and AIF scans if one of them was not detected. In 

the second case, the precursor ion could be reduced and its ionization intensity in the full MS could 

be lower than the intensity threshold required to trigger the NL dd-MS/MS experiment. Obviously, 

the impossibility of defining sugar stereochemistry is not a limitation of the NL approach, but is 

closely related to the inability of LC-MS analysis to assign regio- and stereochemistry to sugars.  

Finally, despite the difficulty in defining the chemical structure of a compound using only its 

MS/MS spectrum, almost half of the detected glycosides were tentatively identified, allowing good 

characterization of the wines studied. 
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2.2. Suspect and targeted screening analysis and technological applications of all HRMS 
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Aim of work 

Among the Uruguayan wines, those elaborated from Vitis vinifera cv Tannat are the most known, 

being this varietal representative of the country wines between international consumer. 

Nevertheless, work is being carried out to improve quality in order to obtain premium wines, and 

other less frequent grape varieties are now being introduced and employed in the wine production 

because, for example, of their colour contribution to wines.  

To our knowledge, only few previous studies have been focused on the polyphenolic profile for 

these varieties, even when they are cultivated by their color contribution to wines. In addition, most 

of the studies were performed on the wines produced. However, in order to evaluate the color 

expression on grapes, the study of the corresponding wines, even monovarietal ones, should not 

substitute the study of the polyphenolic profile in the corresponding grapes. 

The aim of this study was to determine, by means of HPLC-DAD and HPLC-MS (Orbitrap), the 

polyphenolic profiles of five red Vitis vinifera L. grape varieties cultivated in small vineyards in 

southern Uruguay in the 2016 and 2017 vintages. The selected varieties were: Ancellota, Aspiran 

Bouschet (Aramon × Teinturier du Cher × Aspiran), Marselan (Grenache × Cabernet Sauvignon), 

Arinarnoa (Tannat × Cabernet Sauvignon), Egiodola (Abouriou × Tinta Negra Mole) and Caladoc 

(Malbec × Grenache). 
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Conclusion 

This work allowed defining for the first time, as far as we know, the profile and the abundance of 

anthocyanins in the selected color-rich Vitis vinifera red grapes potentially important for Uruguayan 

vitiviniculture. Furthermore, it confirmed the efficiency of NL experiment in tentatively identifying 

glycosides of low molecular-weight phenolic compounds and its compatibility with suspect 

screening analysis of free phenols. The occurrence of false positives was prevented by comparing 

the MS/MS spectra of selected precursor ions with those reported in literature for other matrices and 

by verifying the presence of the k,lAi fragments in the case of glycosidic compounds. 

However, the greatest limit of this approach was the impossibility of detecting possible free and 

glycosylated phenolic compounds that did not ionize very well or that were chemically unstable in 

source conditions. In this case in fact, due to the low ionization intensity of precursor ion or to its 

complete absence in the full scan spectrum respectively, the MS/MS experiment cannot be 

performed and no enough spectral information were available to proceed with the tentative 

identification of phenolic compounds. 
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Aim of work 

Natural phenolic compounds constitute a wide and complex group of plant secondary metabolites, 

known for their major contribution to the color and aroma of fruit and plant derivatives and for their 

anti-inflammatory, antioxidant, cardio-protective and many other remarkable physiological effects 

(Bravo et al., 1998).  

The aim of this study was to develop a new comprehensive method to analyze a larger number of 

low-molecular-weight phenolic compounds using ultra high-performance liquid chromatography 

coupled with quadrupole/high-resolution mass spectrometry (Q-Orbitrap), since many of them are 

particularly appreciated because they act as antioxidant agents and reduce LDL-C oxidation. 

Furthermore, online SPE clean-up was evaluated as an instrument preventing the matrix effect on 

analyte ionization, in order to allow the method to be applied to different matrices. Finally, the 

occurrence of free phenolic compounds in wine, vinegar and distillates was investigated. 
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Conclusion 

In this work, ultra high-performance liquid chromatography (UHPLC) coupled with high resolution 

mass spectrometry proved to be a very powerful analytical technique, because it combined the 

separation power of UHPLC with the sensitivity and selectivity of MS. HRMS proved to be a solid 

approach in targeted analysis, since it allowed simultaneous identification of over 50 analytes with 

different physical-chemical properties and provided the high-resolution MS/MS spectra used for 

confirmative purposes. Furthermore, thanks to the high selectivity and sensitivity of HRMS, analyte 

identification was performed with an accuracy of four decimal figures and an error of less than 5 

ppm, while quantification was possible up to 0.0001 g/mL. 

However, major drawbacks to LC-HRMS were the susceptibility of the electrospray source to 

matrix-related ionization and the possibility of detecting isobaric interference, which required real 

samples to undergo time-consuming pretreatment steps. Use of the SPE column and the application 

of online SPE-LC column switching allowed a fully automated analytical system with less 

likelihood of sample loss, reducing the exposure of operators to toxic solvents or biohazardous 

samples, and enhancing reproducibility and the elimination of human error. Furthermore, this clean-

up approach allowed the analysis of different matrices, such as red and white wine, spirits and 

common and balsamic vinegar, showing itself to be an innovative and well-performing method for 

routine quantification of low-molecular-weight phenolic compounds. 
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Aim of work 

Vitis vinifera is one of the most widely used grapevines around the world for high quality wine 

production. More resistant interspecific hybrid vine varieties (Burns et al., 2002; Slegers et al., 

2015) developed from crosses between Vitis vinifera and other Vitis species have gained attention 

since they can be an environmentally-friendly alternative to more unsustainable production (Sun et 

al., 2011). However, varietal differences between interspecific hybrids and the composition of wine 

from hybrid grapes have not yet been well defined. Low-molecular-weight phenols in wines, where 

the glycosylated forms can be transformed into free forms during winemaking, have also attracted 

wine consumers’ interest, due to their role as antioxidants in human health (Middleton et al., 2000).  

The aim of this work was to combine targeted and suspect screening approaches in the same 

analytical method, in order to contemporaneously investigate the occurrence and distribution of free 

and glycosylated low-molecular-weight phenolic compounds in different parts of the berries – skin, 

pulp and seeds – of hybrid and Vitis vinifera grapes. In particular, it evaluated the possibility of 

developing a suspect screening approach consisting of searching for and tentative identification of 

low-molecular-weight phenolic glycosides based on a database of exact masses and fragments 

collected from spectral data in the literature or surmised theoretically. In the latter case, different 

combinations of free phenols, phenols detected in the targeted approach, and sugars, in the form of 

hexose, pentose, dihexose, hexose-pentose, pentose-hexose and dipentose, were used to 

theoretically calculate exact masses. As regards fragmentation, that observed for free compounds 

was presumed to be characteristic of the same aglycones, once released by glycosides during 

collision-induced dissociation. Finally, matching of experimental and theoretical isotope patterns 

was used for confirmative purposes. These theoretical suppositions were evaluated by studying the 

mass behavior of 7 glycosylated low-molecular-weight phenols commercially available as 

standards. Furthermore, the latter were also included in the targeted approach, together with over 50 

free phenols. 

It is well known that the winemaking process can affect the extraction of phenolic compounds from 

crushed grapes and their transfer to wines, and that many factors, such as the microbiological, 

chemical and physical states of the matrix, can induce modification in the structure and 

concentration of phenolic compounds during fermentation, fining and storage of wine  (Giovinazzo, 

& Grieco, 2015). Consequently, another objective of this work was to investigate the effects of 

alcoholic fermentation on the free and glycosylated low-molecular-weight phenolic profile of wines 

produced from grapes of hybrid varieties. 
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Supplementary Fig. 1: Example of distinction of isobaric compounds through their different typical fragmentation 

spectrum. 

 

Supplementary Fig. 2: Example of the impossibility to distinguish isobaric compounds through their fragmentation 

spectrum, if parent and product ion are all isobaric. 
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Conclusion 

In this work, the suspect screening approach developed proved to be an efficient tool for tentative 

identification of low-molecular-weight phenolic glycosides. Indeed, evaluation of the mass behavior 

of commercially available standards confirmed the possibility of basing tentative identification of 

suspect phenolic glycosides on the matching of accurate masses, experimental fragmentation and 

experimental isotope patterns with data reported in the literature or theoretically surmised. 

However, the greatest limit of this approach was the impossibility of tentatively identifying low-

molecular-weight phenolic glycosides, which completely lost the sugar moieties in the source, since 

it was impossible to distinguish the source-released aglycone from that already occurring in the free 

form in the matrix in the absence of an analytical standard.  

As regards sample pretreatment, solid samples (skin, pulp and seeds) underwent solvent extraction, 

paying attention to prevent sample fermentation and analyte oxidation or hydrolysis. The use of an 

online SPE clean-up procedure ensured the elimination of matrix interference and allowed the 

analysis of different matrices, such as berry fractions and red and white wines.  

On comparing the free and glycosylated low-molecular-weight phenolic profile of berry fractions 

(pulp, skin and seed) with those of wines produced with the same grapes of selected hybrid 

varieties, it emerged that the possibility of detecting compounds already detected in grapes as a 

consequence of plant biosynthesis in wine, depends closely on the vinification process. Indeed, 

several phenols detected only in the pulp and seed can also be detected in wines, but only in the 

event of skin contact maceration. In contrast, compounds detected in larger amounts in wine were 

related to yeast production during alcoholic fermentation or to oxidation reactions. 
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Aim of work 

Tannins are polyphenolic compounds extensively present in plants and used by the food industry as 

processing aids (Codex Alimentarius, 2014). They are extracted from different botanical sources 

and are authorized by the International Organization of Vine and Wine (OIV) as clarifiers of musts 

and wines due to their affinity for binding proteins. In the last few years, different approaches 

aiming at correctly identifying the botanical origin of tannins have been developed, in order to 

satisfy the industry’s request to verify product labels. However, despite the wide botanical 

variability of tannins, there is little information about their glycosylated phenolic profile.  

Starting from recent evidence about the role of free low-molecular-weight phenols in distinguishing 

the origin of tannins (Malacarne et al., 2016), this work aimed to characterize the profile of low-

molecular-weight phenolic glycosides in tannins of different botanical origin, in order to investigate 

the potential of glycosylated phenols as effective markers for tannin traceability.  
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Conclusion 

In this work, the suspect screening approach proved to be an efficient and well-performing 

analytical method for investigation of the nature and occurrence of low-molecular-weight phenolic 

glycosides in tannins of different botanical origin. Several tannin varieties were characterized by a 

specific profile for the selected glycosides. Consequently, in the event of availability of analytical 

standards, the proposed approach could become a useful tool for tannin classification and routine 

investigation and checking of tannin origin.   

Furthermore, solid samples underwent solvent extraction in a wine-like solution, therefore the 

glycosides tentatively identified were those that could be transferred from tannins to wine during 

winemaking procedures or fining, contributing to defining its taste and aroma. This could be the 

case during the transfer of glycosides whose aglycone is directly related to wine defects, such as 4-

ethylphenol, 4-ethylguaiacol, 4-vinylphenol and 4-vinylguaiacol, or there is consideration of their 

precursors, such as hydroxycinnamic acids, which can generate the previously mentioned volatile 

phenols if microbiological contamination of wine occurs.    
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Aim of work 

Wine ageing can occur in wood barrels, in particular if high quality wines are produced. 

Considering that many free low-molecular-weight phenolic compounds can be generated from the 

degradation of lignin (Bennett, & Wallsgrove, 1994), during wood heat-treatments they can be 

produced and then transferred to wines during fining. For this reason, one objective of this work 

was to investigate the nature and occurrence of free phenols in wine during the first three months of 

wood barrel ageing, in order to study the kinetics of transfer. Furthermore, considering that wood 

barrels undergo sanitation treatments in order to control spoilage microflora, this work also aimed 

to define the best sanitation procedures and evaluate their corresponding effects on the transfer of 

free phenolic compounds from wood to wine. 
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Conclusion 

In this work, the targeted approach allowed study of the free phenolic composition of wood barrels, 

in order to evaluate phenolic enrichment during ageing. Many monitored compounds increased 

during ageing, showing that a relevant transfer from wood to wine occurred. Others, mainly 

representatives of flavan-3-ols, phenolic acids and benzoketones, decreased during ageing, probably 

because they underwent oxidation, condensation or polymerization reactions. 

As regards sanitation treatments and their effect on the phenolic composition of wine, ozone proved 

to be an effective agent against spoilage microflora and did not affect either the phenolic or 

sensorial profile of wines. In particular, this sanitation procedure seemed to affect the phenolic 

profile of wine less than the duration of ageing, although compounds with a possible impact on 

wine aroma – such as vanillin derivatives –were generally higher in wines aged in barrels treated 

with ozone.  
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Aim of work 

In food, phenols act as free radical scavengers (FRS), decreasing rancidity development and 

retarding the formation of toxic oxidation products (Shahidi, & Ambigaipalan, 2015). In wine, 

phenolic compounds have traditionally attracted attention due to their organoleptic properties, such 

as astringency and bitterness, their role in terms of wine colour and the different functions they have 

for plants and bacteria (Lesschaeve, & Noble, 2005). Furthermore, the taste and aroma of wines can 

also be partially influenced by the occurrence and levels of glycosidic precursors accumulated 

during grape maturation (Tamborra, & Esti, 2010), whose chemical hydrolysis can be significantly 

impacted by pH during ageing (Versini et al., 2002) or treatment with β-glucosidase (Nicolini et al., 

1994). 

The aim of this work was to characterize the nature and occurrence of free and glycosylated low-

molecular-weight phenols in two wood-aged southern Italian wines – Primitivo di Manduria and 

Negroamaro – and evaluate the effect of wine ageing on selected compounds. 
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Conclusion 

In this work, the availability of an analytical method able to simultaneously quantify and tentatively 

identify free and glycosylated low-molecular-weight phenolic compounds made it possible to define 

the occurrence and profile of these compounds in red wines of different vintages. As regards the 

targeted approach, it was not possible to find phenolic compounds able to distinguish the two 

selected varieties, in agreement with what has been reported in the literature. However, it was 

possible to confirm that wine ageing can affect the phenolic profile through oxidation, condensation 

or polymerization reactions, since flavan-3-ols in particular decreased when comparing recent and 

older vintages. As regards the suspect screening approach, for the first time, as far as we know, this 

allowed structural characterization of low-molecular-weight phenolic glycosides occurring in 

selected wines. The profile did not seem to be affected by wine ageing and thus potential hydrolysis 

would seem to be general and widespread. 
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Aim of work 

In order to extend the focus of my work to non-oenological food matrices, attention was paid to 

cocoa beans, since they are a worldwide commodity and the raw material of many cocoa-derived 

food products. 

Different studies have revealed that consumption of cocoa-based products has positive effects on 

human health, because cocoa is considered a major dietary source of antioxidants due to its high 

content of phenolic compounds (Lamuela et al., 2005; Tomás-Barberán et al., 2007).  

Considering that almost all the works about cocoa phenolic content reported in the literature 

concern flavonoids, the aim of this work was to investigate the nature and occurrence of free and 

glycosylated low-molecular-weight phenolic compounds in a wide selection of one of the most 

widespread global varieties of cocoa beans. Furthermore, the work aimed to evaluate the possibility 

of using selected compounds as markers for cocoa bean traceability.  
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Conclusion 

In this work, the availability of a comprehensive method based on both a targeted and suspect 

screening approach allowed broad characterization of a wide selection of Forastero cocoa beans 

produced in 5 international macro-areas. In particular, it was possible to define their low-molecular-

weight phenol content, together with their glycosylated phenolic profiles.  

As regards sample preparation, cocoa beans underwent solvent extraction and were then directly 

analyzed, since use of an online SPE procedure ensured the elimination of matrix interference. This 

clean-up approach again proved to be an effective and well-performing tool for general application 

of the proposed analytical method, without any limitation in terms of analyzable matrices.  

Finally, while the free phenolic profile allowed characterization of 4 out of 5 cocoa bean production 

macro-areas, the glycosylated profile distinguished all 5 macro-areas. Consequently, in the event of 

availability of analytical standards for low-molecular-weight phenolic glycosides, the proposed 

method could be used for routine investigation of cocoa bean and sub-product origin. 
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Aim of work 

Another attempt to extend the focus of my work to other non-oenological food matrices consisted in 

investigating the floral origin and the phenolic profile of several honeys typical of Uruguayan native 

plants. Honey composition is affected by the soil type and the climate condition of the area of 

production and its purity (mono-floral honey) is associated with major quality and highest 

commercial prices (Li et al., 2017).     

Honey is essentially a mixture of glucose, fructose, organic acids, amino acids, proteins, 

polyphenols, minerals and other less abundant compounds (Kečkeš et al., 2013). However, its 

bioactivity is principally related to the presence of polyphenolic compounds that are commonly 

appreciated for their health-promoting effects (Bravo, 1998).  

The aim of this work was to define the floral origin of selected Uruguayan honeys and to investigate 

the profile of free and glycosylated low-molecular weight phenolic compounds, by combining the 

Neutral Loss experiment with the suspect screening analysis.  
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Conclusion 

In this work it was possible to define the floral origin of selected Uruguayan honeys through the 

pollen analysis, and to describe their free and glycosylated low-molecular weight phenolic profile 

through the combination of the Neutral Loss experiment and the suspect screening analysis.  

The limit of this study was the impossibility to detect low abundant phenolic compounds or those 

with low ionization intensity, not for an intrinsic limit of the MS approach but for a problem caused 

by samples themselves. The composition of honeys and in particular the abundance of sugars 

caused a polarization of S-lens in the Q-Exactive instrument and a consequent reduction of its 

sensitivity (only the intervention of Service instrument solved the problem). Ionization in the 

negative polarity in fact is more instable than that in the positive polarity and is more affected by 

instrument cleaning status. For this reason, a general lowering of the ionization signal was observed 

in all samples, limiting the tentative identification of phenolic compounds only to those more 

abundant or with a higher ionization intensity. For the same reason, quantification of free phenolic 

compounds was prevented because the complexity of honey matrices caused suppression. The only 

way to overcome the problem was to normalize the ionization intensity of each signal to the 

ionization intensity of the total chromatogram. In this way in fact, the suppression effect of matrices 

was eliminated as well as the suppression caused by S-lens polarization. Consequently, this work 

could be considered a preliminary qualitative study about the free and glycosylated phenolic profile 

of selected Uruguayan honey, and so a starting point for a more promising study aiming at the 

quantification of markers for honey traceability in case of availability of standards and of more 

appropriate analytical condition 
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Aim of work 

In all previously reported works, tentative identification performed with the suspect screening 

approach was based on matching the experimental and theoretically supposed fragmentation and 

isotope pattern, together with detection of accurate mass with an error lower than 5 ppm. The aim of 

this work was to investigate an alternative suspect screening approach in which the tentative 

identification of compounds of interest was based on their detection in matrices known to be 

particularly rich in them in the literature. In particular, alkaloids in alpine herbal extracts were 

studied, since they are a group of nitrogenous basic compounds with hepatotoxic, mutagenic, and 

cancerogenic effects (Yanga et al., 2009; Schulz et al., 2015). 
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Supplematary Figure 1: Example of typical chromatogram in case of analysis of herbal extract, known to be particularly rich 

in several ALKs. 
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Supplematary Figure 2: Typical fragmentation spectra of ALKs never previously documented in literature (obtained by the 

analysis of 8 known herbal extracts). 

 

 



   

189 
 

Conclusion  

In this work, both the targeted and suspect screening approaches were employed to characterize the 

alkaloidic profile of alpine herbal extracts. In particular, tentative identification with the suspect 

screening approach was shown to be achievable both through matching of experimental and 

theoretically supposed fragmentation and isotope patterns, and through comparison of retention 

times with those of certainly-identified peaks in matrices particularly rich in the compounds studied. 

Obviously, in both cases detection of accurate masses is always required. 

Furthermore, this work showed that the HRMS screening approaches can also be well employed in 

positive polarity and allow the detection of chemically very different compounds. 
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Aim of work 

In this work it was intended to give chemical answers to questions related to the use of a reputed 

plant capable to neutralize the effects of snake venom. In Corrientes Province (Argentina) local 

knowledge justify the use of Cissampelos pareira extracts on envenomation induced by Bothrops 

diporus snake venom. But, even traditional healers continue to play an important role in primary 

snake venom treatment in the rural areas, there was not previous biological nor chemical evidence 

about. Our research group, multidisciplinary in nature, investigated if C. pareira extracts possesses 

inhibitory effects in both in vitro and in vivo models against the venom of B. diporus. Moreover, the 

UHPLC-MS data allowed examination that certain flavonoids may mitigate some venom-induced 

local tissue damage.  
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Supplementary Fig. 1: Chemical structure of flavonoidic glycosides tentatively identified in sample and one 

specific chromatographic peak and MS/MS spectrum, as example. 
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Conclusion  

The results found in this work showed how natural products (the so-called secondary metabolites) 

can be held responsible for the neutralizing effect of C. pareira against the action of snake venoms, 

in popular use. The evidence is relevant scientifically explaining the ethnobotanical use of C. 

pareira identifying the compounds responsible for the alexiteric activity. 

Moreover, the correlation between the activity results and chemical profiles followed by the HRMS 

screening approaches suggests that collection of this species should be performed in spring-

summer. The results found in this work showed how natural products (the so-called secondary 

metabolites) can be held responsible for the neutralizing effect of C. pareira against the action of 

snake venoms, as stated in popular use. The evidence is relevant scientifically in explaining the 

ethnobotanical use of C. pareira identifying the compounds responsible for the alexiteric activity. 

Moreover, the correlation between the activity results and chemical profiles followed by the HRMS 

screening approaches suggests that collection of this species should be performed in spring-

summer. Suggesting, in addition, that extract of aerial parts of the plant has potential to form a 

phytopharmacological product that could be used for first aid in snakebite accidents. 
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3. Conclusions to the thesis 

This work allowed the development of new analytical strategies, one for each HRMS approach, for 

the investigation and characterization of several of the most widespread food commodities globally, 

such as grape, wine, spirits, vinegar, cocoa and honey. It focused on this analytical technique in 

view of its increasing and noteworthy role in food safety and quality control, and led to three new 

analytical methods: The first was based on a non-targeted screening approach, while the others 

combined suspect and targeted screening analysis. However, in all cases the possibility of studying 

analytes characterized by considerable chemical and structural diversity was related to the high 

sensitivity and selectivity of HRMS detection. In particular: 

• The Neutral Loss experiments proved to be a valid and well-performing analytical tool for non-

targeted investigation of glycosidic compounds, despite the great variability of corresponding 

aglycones and sugar moieties. Only in-source non-ionizable or instable glycosides could not be 

detected with the current method, due to the lack of precursor/product ion association; 

• Suspect screening analysis proved to be an efficient method for profiling compounds of interest 

in many different matrices, despite their chemical differences and regardless of ionization 

polarity. It allowed tentative identification both by matching accurate masses and experimental 

MS/MS fragmentation and isotope patterns with those reported in the literature or theoretically 

surmised, and by matching retention times, accurate masses and experimental MS/MS 

fragmentation with those detected in natural matrices known to be particularly rich in the 

analytes studied; 

• The targeted approach allowed the development of comprehensive analytical methods for the 

quantification of low-molecular-weight phenolic compounds and naturally occurring alkaloids. 

It provided fast, efficient and sensitive routine procedures for quality control and safety 

assessment of a large selection of natural matrices; 

• In all the analytical approaches developed, SPE sample pre-treatment proved to be an efficient 

clean-up procedure for removing matrix interference and isolating the compounds of interest. 

In the non-targeted approach it allowed isolation of the glycosidic fraction of each sample, 

contributing to reducing false positives. With the suspect and targeted screening approaches, 

the use of online SPE clean-up improved the selectivity and sensitivity of detection and reduced 

the risk of false negatives attributed to matrix suppression.   

Organic analysis of a wide selection of oenological matrices, cocoa beans, honeys, alpine herbal 

extracts and Argentine flowering plant extracts led to broad characterization of content and a 
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detailed profile of the nature and occurrence of the compounds of interest in selected samples. In 

particular: 

• The non-targeted approach allowed detailed description of glycosides naturally occurring in 

several international monovarietal wines and provided an innovative tool for their 

characterization and classification; 

• Application of non-targeted and suspect screening approaches to the analysis of Vitis vinifera 

color-rich grapes potentially important for the Uruguayan viti-oenology allowed a first, as far 

as I know, description of  their free and glycosylated low-molecular-weight phenolic profiles; 

• The targeted approach furnished a comprehensive description of the low-molecular-weight 

phenolic content of several matrices ascribable to the oenological industry, such as wine, spirits 

and vinegar; 

• Application of suspect and targeted screening approaches to the analysis of hybrid and Vitis 

vinifera grapes and wines produced from hybrid grapes provided in-depth characterization of 

their free and glycosylated low-molecular-weight phenolic content and profiles. In addition, it 

allowed comprehension of the impact of alcoholic fermentation on the occurrence and 

distribution of the compounds examined;  

• Study of tannins of different botanical origin though the suspect screening approach furnished a 

detailed description of the nature and occurrence of low-molecular weight phenolic glycosides. 

Consequently, it supplied a new instrument for botanical classification of tannins and a useful 

tool for satisfying the industry’s request to verify product labels. Furthermore, it constituted a 

suitable instrument for evaluating the possible impact of tannin on the phenolic profile of wine 

before its addition, and its contribution towards increasing the natural glycosylated stock of 

low-molecular-weight phenolic compounds;  

• Targeted screening analysis performed on wines during 3-month ageing in barrels allowed the 

evolution of the phenolic profile of wines to be studied, both in terms of the kinetics of 

exchange between wine and wood, and the quantitative and qualitative composition of the 

finished wines. Furthermore, the results also provided confirmation that barrel ozone treatment, 

as well as being effective in eradicating spoilage microorganisms, did not affect the aroma 

profile of wines or alter their phenolic profile; 

• Application of suspect and targeted screening approaches to the analysis of two principal 

varieties from southern Italy – Primitivo di Manduria and Negroamaro wines – made it possible 

to define the free and glycosylated low-molecular-weight phenolic profile of selected wines for 
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the first time and to describe the compounds that could be released after acidic hydrolysis 

during ageing;   

• In the case of cocoa bean investigation, the use of both suspect and targeted screening methods 

provided a broad profile of free and glycosylated low-molecular-weight phenolic compounds 

for each international area of production. Consequently, this analytical approach could be an 

efficient and well-performing tool for cocoa bean classification and for checking their origin; 

• Application of non-targeted and suspect screening approaches to the analysis of honeys of 

Uruguayan production allowed a deep characterization of free and glycosylated low-molecular-

weight phenolic profile for each mono-floral variety, and furnished interesting tool for honey 

traceability; 

• In the case of alpine herbal extract analysis, the application of suspect and targeted screening 

approaches furnished a detailed description of the nature and occurrence of different classes of 

alkaloids, providing a useful tool for plant food safety control; 

• In the case of Argentine flowering plant exctract analysis, the use of the suspect screening 

approach allowed to define the flavonoidic profile of C. pareira extracts and demonstrating that 

certain flavonoids may mitigate some venom-induced local tissue damage. 

The high selectivity of high resolution mass spectrometry in terms of compound identification and 

the efficiency and time-saving of online SPE clean-up in reducing matrix interference allowed 

definition of broad free and glycosylated phenolic profile for a wide selection of matrices and 

samples. Despite the changing chemical characteristics of the compounds under investigation, the 

approaches considered can be tuned and optimized in order to correctly identify, and when possible 

quantify new molecules, as in the case of alkaloids. Finally, by combining non-targeted, suspect 

and targeted approaches it was possible to obtain efficient research tools and a broad description of 

different oenological and food products. 
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