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Preface

The present PhD thesis comprises the results of the accomplished research based on the
development and application of conventional and innovative chromatographic techniques,
and ambient mass spectrometry on different food matrices.

The herein applied analytical chemistry techniques have shown their efficiency to provide
potentially advantageous information regarding traceability, authenticity and salubrity due to
the presence of potentially beneficial compounds for human health in the studied matrices.
In particular, conventional liquid and gas chromatography were initially employed in a low-
scale study in 2018, focused on the evaluation of the relationship between the geographic
origin of virgin olive oils (VOOs) from 5 different Moroccan regions and their content in
phenolic compounds, vitamin E, and fatty acid methyl esters (FAMES). In 2018 and 2019, a
similar study was conducted on extra virgin olive oils (EVOOs) in 19 Moroccan regions,
including pedoclimatic factors. The achieved results were assessed through different
chemometric analyses performed on both studies to discriminate olive oil, bioactive
compounds, and different studied regions by clusters. The biological compounds (phenolic
compounds, vitamin E, and fatty acid methyl esters) in EVOOs highlighted by different
analytical techniques, may be considered as markers for the traceability and the salubrity of
EVOOs in the studied Moroccan regions.

High-performance liquid chromatography coupled to mass spectrometry was also applied for
the analysis of bioaccessible polyphenols of Hibiscus sabdariffa L. in simulated in vitro
human digestion.

Finally, a chemical characterization of Brassica juncea L. extracts was also carried out by the
employment of liquid and gas chromatography coupled with mass spectrometry.

The last part of the thesis shed light on the employment of ambient mass spectrometry, where
rapid evaporative ionization mass spectrometry (REIMS) was employed, along with
conventional liquid chromatography, for the discrimination of Moroccan Lamiaceae species.
| would like to acknowledge the National Operational Program on Research and Innovation
(PON) for the valuable sustainment and funding of the research works and scientific

contributions.

Yassine Oulad ElI Majdoub
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CHAPTER 1

Advanced food analytical methods based on chromatographic and
mass spectroscopic techniques

1.1 Hyphenated techniques in food analysis

The hyphenated techniques are derived from the combination between separation techniques
and on-line spectroscopic detection system. During the recent past decades, hyphenated
analytical methods have undergone remarkable improvements which have considerably
enlarged their employments in the analysis of biological materials, particularly natural
products, which are considered very complex matrices. Food matrices contain in addition to
major constituents such as proteins, lipids, and carbohydrates, a comprehensive minor
component including phenolic compounds, vitamins, pigments, and volatile compounds.
Furthermore, food matrices may contain contaminants and other hazardous compounds under
certain conditions. To acquire a thorough profile regarding the chemical composition of a
complex food product, the following hyphenated techniques (Figure 1.1) e.g., CE-MS, GC-
MS, LC-MS, and LC-NMR are largely employed.
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Figure 1.1. Hyphenated analytical techniques employed in food complex matrix [1].

HPLC is most employed separation technique for quantitative and qualitative characterization

of unknown compounds in complex extracts or fractions of food products. Related



hyphenated techniques such as HPLC-MS and HPLC-NMR improve the sensitivity and
specificity of the system resulting in a great capability of unknown compounds determination.
Particularly, LC-MS technique allows the analysis of a wide range of polar and nonpolar
constituents of food products, besides its application on a large scale of molecular weight,
including proteins, oligosaccharides, and tannins. Recently, the multiple hyphenated
technique LC-PDA-NMR-MS has also shown an increasing interest in the analysis of food
product matrices.

There is no requirement that the hyphenation always occurs between only two techniques; in
some instances, the coupling of separation and detection techniques may involve more than
one separation or detection technique, such as, LC-PDA-MS, LC-MS-MS, LC-NMR-MS,
and LC-PDA-NMR-MS. The on-line coupling of solid phase extraction (SPE) with solid-
phase microextraction can be incorporated to create a more powerful integrated system, e.g.,
SPE-LC-MS, for trace analysis and analyte enrichment [1]. Nevertheless, when it comes to
analyzing the most important natural and contaminant substances in food, the sample
preparation process plays an important role in obtaining required parameters.

Regarding the analysis of lipids, it has been demonstrated that both LC-APCI-MS and LC—
APPI-MS can be applied to the analysis of mixtures of neutral lipids, such as triacylglycerols
and sterols. Where an appropriate choice of ionization source plays a powerful role in the
analysis of large neutral lipids, which have turned out to be problematic by employing other
techniques such as GC-MS and LC-ESI-MS [2,3]. On the other hand, LC-ESI-MS and LC-
APCI-MS are the most suitable techniques for polar lipids analysis such as phospholipids.
Whereas GC-EI-MS is chosen mainly for the analysis of acylglycerol and sterol fractions of
lipids [2,3,4]. As regards the characterization of peptides and proteins, the prevalent
hyphenated approaches appropriate proteomics include MALDI-TOF-MS and LC-ESI-MS.
Where MALDI-TOF-MS represent an accurate and rapid technique allowing the acquirement
of a fingerprint of the protein composition obtained from different food products. Moreover,
tandem hyphenated techniques such as MALDI-TOF-TOF or LC-ESI-MS-MS allow the
analysis of low-molecular mass peptides for the purpose of interpretation of the protein
structure [5]. Hyphenated techniques are also applied in the analysis of saccharides. Where
MALDI-TOF-MS MS techniques employing different ionization modes and the hyphenated
techniques is of great importance to elucidate the structure of sugars. In addition, LC-MS
supplied with fast atom bombardment (FAB) interface, has proven effective for accurate
determination of saccharides isotopes and for their structural elucidation. GC-MS was also
employed for the analysis of mono- and oligosaccharides after a required derivatization

procedure to rend the compounds amenable with GC analysis [2]. GC-MS has shown a



substantial capacity in the analysis and determination of food volatile compounds. The ability
of this method can be improved by the employment of solid phase microextraction (SPME)
which stands for a sample preparation technique that extract and concentrate the volatile
compounds. Over the last few years, GC-MS supplied with several analyzers, such as
quadrupole and ion trap, consented the acquirement of information on volatile compounds
[6]. In addition, the application of high-speed TOF mass analyzer combined with
comprehensive two-dimensional (GCxGC) has been used as a tool for rapid and
comprehensive analysis of these compounds [7,8]. Typically, Electron impact (El) is favored
for the analysis of volatile compounds, since it allows library searching based on the EI mass
spectra. Chemical ionization (CI) is used mostly to confirm molecular weight (MW) of the
compounds of interest. Worth noting that under certain conditions, the use of retention
indexes is important for identification and confirmation of aroma and flavor compounds.
1.2 Multidimensional liquid chromatography

The development of liquid chromatography (LC) over many decades has led to recent
technological advances (e.g., sub-2 um and core—shell particles, high pressure, and lower
dispersion instrumentation). However, one-dimensional liquid chromatography (1D-LC)
often is unable to rapidly separate mixtures of interest, despite decades of development.
Failures of 1D-LC typically involve two distinct types of problems: (A) mixtures that are
excessively complex in a general sense (such as thousands of metabolites present in biological
samples) and thus beyond the ability of 1D-LC to separate the mixture into distinct
components (i.e., singlet peaks) (B) The mixtures do not necessarily contain complex
compounds per se but contain several species of interest that are extremely difficult to resolve
due to either the presence of too many compounds or the presence of closely related
compounds (for example, enantiomers and structural isomers).

Two-dimensional liquid chromatography is an important addition to the family of liquid
chromatography techniques, which includes one-dimensional isocratic and gradient elution
LC. A multidimensional separation can offer a great improvement in resolving power over
conventional one-dimensional liquid chromatography (1D-LC) when used appropriately.
Figure 1.1 shows the operational setup of a 2D-LC system and its relation to a 1D-LC system.
The first dimension (*D) column is used for conventional separations, which may be
performed in an isocratic separation or a gradient elution separation. The effluent from the *D
column is then transferred to a 2D column with a very different separation selectivity than the
1D column in order to have any real impact on the overall chromatographic resolution of the

samples.



In practice, the 2D separation column and its associated detector perform chemical analysis
on the effluent from the D column. Due to the different selectivity of the second column from
the first, there is a greater likelihood that peaks that are partially or totally overlapping
neighbors on the D column will separate on the 2D column. The resolving power of the
second dimension does not simply add to that of the first dimension, but actually multiplies
it so long as there is no (or minimal) alteration of the compounds separated in the D column

during the sampling process.
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Figure 1.1. Schematic representation of two-dimensional liquid chromatography (2D-LC)
technique.

1.2.1 Classification of 2D-LC

Temporal application

Based on temporal application 2D-L.C can be classified in online and off-line forms. An online
2D-LC procedure consists of injecting effluent from the *D column into the 2D column as
soon as it is collected. In this form of 2D-LC, the process is fully automated and does not
require any operator intervention at least until all of the data has been collected. Using an
autosampler in the first dimension enables the analysis of multiple samples. The main
limitation of online 2D-LC is that the theoretical maximum resolution is not as high as it
would be in an offline mode. Nevertheless, the resolving power per unit run time is usually
higher with online LCXLC than with offline LCXLC. As fractions of the D effluent are

immediately transferred from one column to another in online LCXLC, the analysis time of



the 2D fraction must be equal to the sampling time. In order to keep the total 2D LC analysis
time reasonable, this means that samples must be collected frequently and each 2D separation
performed on a fast time scale. This in turn severely limits the resolution of any 2D separation.
In the offline form of 2D-LC, fractions of the D effluent are collected and stored before
undergoing 2D separation. This naturally leads to a longer total analysis time than with online
chromatography; However, the 2D analysis time no longer needs to equal the sampling time
and is usually much greater. As a result, a higher resolving power in the second dimension
and thus an overall increase in the resolving power of the two-dimensional methodology can
be achieved.

Since the D separation in offline 2D-LC is in continuous run, storing samples until they
undergo 2D separation can result in the loss of some trace species in the collection vessel and
the possibility of contamination or degradation, or both. Eluent may be removed in part or in
whole depending on the operation. It is a much more tedious method than online LCXLC and
frequently requires considerable operator attention. Hence, the manual steps required make it
prone to errors.

There is an intermediate mode known as stop-flow. Usually, there is no sampling loop in this
mode, as the fractions are directly transferred from the D column to the head of the 2D
column. Fractions injected to the 2D column are analyzed while the flow in the 1D column is
paused. As the 2D analysis time is not limited, the peak capacity of this approach is
significantly increased. This method suffers from solvent compatibility issues as well as being
more time consuming than the on-line approach.

Number of targeted peaks

The 2D-LC approach can be further divided into two forms: comprehensive (LCxLC) and
heart cutting (LC-LC). A comprehensive LCXLC separation entails the separation of all
effluent from the first column by a second column. The second column has a limited analysis
time as each fraction must be removed from the column before the next fraction is injected to
avoid mixing. This means that the second column is usually operated under ultra-high
pressure (UHPLC) conditions, which can complicate the subsequent MS coupling. However,
it allows full characterization of complex samples and is very popular for such applications.
In heart-cutting chromatography, peaks are selectively targeted, and a fraction of a given peak
is collected and injected onto a second column. Heart-cutting 2D-LC is very useful for not
too complex samples containing compounds with very similar retention behavior. The system
and method set-up are typically less complex, and the cost of operation is lower compared to
full 2D-LC. In addition, multiple peaks can be sampled from the first dimension for further

separation in the second dimension, depending on the analysis time in the second dimension.



Multiple heart-cutting (mLC-LC) setups that employ more than one sampling loop might be
recommended in order to sample more peaks from the first dimension without causing

temporary overlap with the second-dimension analysis (Figure 1.2).

1.2.2 Theoretical aspects
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Figure 1.2. Different modalities of 2D LC analyses [9].

The separation efficiency of liquid chromatography under gradient conditions is well

described by a peak capacity, which refers to the maximum number of peaks that can fit
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within the separation window based on the time between the latest eluting peak and the
earliest eluting peak [10]. According to Giddings, the two-dimensional comprehensive
technique yields better results in terms of resolving power; in fact, he highlighted that the
peak capacity can be considerably increased by coupling columns with different retention
mechanisms (i.e., orthogonality) [11,12]. Ideally, for totally orthogonal systems, the total
peak capacity is equal to the product of the peak capacity in the first and second dimensions
(Figure 1.3):

Ne2p = Ne1X Ne2 [Eq. 1]
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Figure 1.3. Schematic illustration of peak capacity in 2D-LC [13].

High resolution systems have a nc value of several hundred, indicating the separation of about
100 peaks. To achieve a maximum resolving power, the separation of the peaks should occur
at their maximum density, but in complex real samples it is a rare event considering the
different coelutions and the random distribution of the peaks in the chromatogram; for this
reason, the number of separate compounds is largely lower than the theoretical peak capacity.
As it has been highlighted by Giddings, the peak capacity can be increased using
multidimensional techniques and this is of considerable utility for samples consisting of
complex mixtures.

The effective area occupied by the analytes or their 2D space, should be considered. In theory,
peak capacity equations assume that peaks from the samples under investigation cover the
entirety of the 2D separation space (100% surface coverage). This is seldom the case,

however, with real LCxLC systems. The distribution of peaks in the 2D separation space is
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influenced by a wide range of factors, including the sample composition, the method used,
the gradient time, plate count, initial and final compositions of the mobile phase, and the flow
rate. In practice, some parts of the 2D separation space are not occupied by analytes, which
effectively decreases the peak capacity of this dimension. For this reason, instead of the
theoretical peak capacity, the practical peak capacity was introduced to evaluate well the
performance of 2D-LC separations, since it takes into account both the effects of
orthogonality (effective surface coverage (fc) and D undersampling [14].

The practical peak capacity is determined by equation 2 as follows:

Inx2n ¢xf,

Neop = 5 [Eq. 2]

Where:
f. refers to the orthogonality.
In ¢ refers to the theoretical peak capacities of first dimensions.

2n < refers to the theoretical peak capacities of second dimension.

The B parameter accounts for 1D undersampling and is defined by equation 3.

1 1, C 2
B= [1+335 (ﬂ> [Eq. 3]

1tg

Where:

Lt ¢ refers to the sampling time.

1.2.3 Application of 2D-LC in complex food products

The use of two-dimensional liquid chromatography can significantly improve the amount of
compounds that can be analyzed, separated, and quantified within a single analytical
procedure. The potential of 2D-LC is elevated, and it can be applied in both academic and
industrial fields to solve several real analytical problems and achieve outstanding results. The
areas of application include pharmaceuticals, natural products, polymers, forensic, and omics
(lipidomics, metabolomics, and proteomics). Since 2D-LC has an increased peak capacity,
simple pretreatment, and good separation efficiency, it resulted suitable for the analysis of

complex food samples. Considering its high sensitivity, it is able to separate target substances
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more effectively in samples with complex matrices, particularly samples containing a greater
amount of proteins [15]. 2D-LC was also used to separate protein from soybean samples by
using a stop-flow method combined with a dual-switching valve system and a short C4
analytical column [16]. By using this method, the incompatibility of the solvent composition
and pH value is overcome, and the analytical performance of the second chromatographic
column is improved. Besides entire protein separation, 2D-LC was also employed for the
detection of milk peptides which present the result of milk protein degradation, thus
generating large number of peptides. Identifying and characterizing these complex samples
requires effective analytical techniques. An online integrated LCxLC technique was applied
to analyze the soluble peptides in milk, which was equipped with two sub-columns to evaluate
their performance and behavior by using two different pH responses [17]. Consequently, a
great 2D-LC separation and high peak capacity were achieved.

2D-LC was further applied in oil matrix, which is considered a fundamental part for most
foods, with important economic and nutritional impact. Natural samples contain a large
number of fatty acids, which results in a variety of labels [18]. Generally, oil samples contain
complex compositions with variations in their fatty acyl chains, the number of double bonds,
their positions, and their cis/trans configurations, all of which have a significant effect on
their biological and nutritional characteristics [19]. Hence, it represents a complex matrix and
difficult to analyze the composition of triacylglycerides (TAGs). Furthermore, to distinguish
adulterated oil, it is necessary to identify the source of edible oil. In order to accomplish this,
a novel 2D-LC technique was developed by combining the features of a silver-ion packed
column with those of a C8 column [20]. It has also demonstrated and improved efficiency
and selectivity towards TAGs. As a result of this method, biomarkers in peanut oil, corn oil,
and soybean oil can be quickly characterized and quantified, thereby providing an efficient
and convenient chromatographic technique. To complete the quantitative analysis of TAGs,
Wei et al. combined 2D-LC and atmospheric pressure chemical ionization mass spectrometry
(APCI-MS) [21]. As a consequence, this method has potential for routine quality control of
edible oils as well as for tagging other fats, foods with a high lipid content, and even biological
samples containing a high amount of fats.

2D-LC was also largely applied in the analysis of bioactive compounds such as phenolic
compounds, which are omnipresent in the plant kingdom. Comprehensive (LCXLC)
technique was applied for the analysis of polyphenolic contents in 4 samples of pistachio
kernels from various geographic regions [22]. In the D separation a cyano column was
employed, whereas a C18 silica column was used in D separation. A shift gradient elution

was employed in the second dimension in order to increase the orthogonality the peak
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capacity, resulting in the achievement of good linearity, sensitivity, accuracy and precision,
and detection of 51 different polyphenolic compounds, where 18 of them are reported here
for the first time.

Since 2D-LC technology is relatively easy to operate today and the high-pressure capability
of modern instruments enables high flow rates and correspondingly fast analyses, the number
of applications in this field is likely to continue to grow.

1.3 Ambient mass spectrometry

Mass spectrometry has been widely used as a detector when combined with separation
techniques due to its high sensitivity and ability to provide a large amount of structural
information. Therefore, it lends itself to both qualitative and quantitative analyses. Although
several MS ionization sources have been developed, the use of these traditional techniques
for some applications is sometimes limited by certain problems, such as low ionization
efficiency, incompatibility with buffers commonly used in liquid chromatography mobile
phases and possible contamination of the sources.

The approach of ambient ionization for mass spectrometry (MS) was established in 2004 by
Cooks and co-workers [23], which refers to the handling of samples directly for mass spectral
analysis without the need to prepare or pre-treat the samples before analysis. Ambient
ionization refers to both desorption and ionization procedures that are conducted at
atmospheric pressure.

Ambient ionization MS has first introduced with the solvent-based desorption electrospray
ionization (DESI) technique [23], immediately followed by the publication of the plasma-
based direct analysis in real-time (DART) technique [24]. Consequently, improvements have
been made in the analytical performance and design of both methods in order to enable their
use in a variety of applications. Alongside, in recent years, there have been tens of new
ambient ionization MS techniques developed which employ other physical-chemical
processes such as laser ablation, thermal desorption, and vibrational excitation to directly
probe and/or ionize several samples in their natural environment. Since this field has
diversified to include a wide range of methodologies, ambient ionization MS has evolved to
include the analysis of samples which have been subjected to offline preparation before being
directly analyzed by ambient ionization MS [25,26].

Since ambient ionization techniques in mass spectrometry include all those ionization
methods that occur under ambient pressure and temperature conditions, with minimal or no
sample preparation, nor chromatographic separation, they represent an ideal means to study
tissue samples in their native form without any chemical modification, ideally in vivo, giving

exceptional significance to these methods in the biological and above all medical fields [27].
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Applications beyond the biomedical field include food safety [28,29], bacterial species
analysis [30], environmental and chemical contaminant characterization [31], including
agrochemicals [32] and drugs of abuse [33].

Mass ambient techniques can be classified into three groups according to their ionization
mechanism:

* Spray or jet ionization techniques such as DESI where the charges are produced by a high-
voltage electrospray needle;

» Ambient ionization techniques with electrical discharge, such as DART (Direct Analysis in
Real Time) where metastable ions, electrons and atoms are produced using He/N> and a
corona discharge;

» Gas, heat or laser-assisted desorption/ionization techniques such as REIMS (Rapid
Evaporative lonization Mass Spectrometry) where a solid or liquid sample is ionized at
atmospheric pressure between 300° and 500° C [34].

Briefly, only two ambient mass spectrometry DART and REIMS techniques are described in
greater detail.

1.3.1 Direct Analysis in Real Time (DART)

DART is a technique in which the use of solvents is not expected to support the ionization
process. Hence, it is considered a "dry" technique because no traces of liquids are detected on
the surfaces at the end of the analysis. The process of DART depends on the collision of a gas
stream with the surface to be ionized which usually flows at a speed of 1 L/min and this gas
carries species activated by an electric glow discharge, causing desorption and ionization of
the analytes of interest. The DART source consists of multiple compartments through which
nitrogen or helium flows. The voltage applied in the first compartment between the needle
electrode and the first perforated disk electrode caused the electric glow discharge which
leads to the production of excited ions, electrons and neutral atoms [35,36]. However, as the
gas flows to subsequent compartments, separate electrodes within the DART source filter
cations to the second compartment and anions and electrodes to the third compartment and

allow only the excited neutral species across. The passage of the excited neutral gas through
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Figure 1.1. Diagram illustrating the DART technique [37].
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the third compartment can optionally be heated as it passes through the electrode grid before
being directed to the sample surface and the inlet of the mass spectrometer (Figure 1.1).
Different ionization mechanisms have been proposed in DART and these depend on the type
of carrier gas, the concentration, and the polarity of the analytes.

The first theory tends that the atoms or molecule of excited neutral gas (metastable species
(N*)) act according to Penning ionization, in which their energy is transmitted to the analytes
(M), leading to the formation of molecular ions (Eg. 1). This occurs when the analyte
molecule has ionization energy (IE) to a lesser extent than the internal energy of the excited
gaseous molecules. The use of nitrogen is limited since its excited state is at very low energy,
insufficient for the ionization of the analytes.

N*+M — N+ M*"+e [Eq. 1]

On the other hand, helium, which is the most widely used gas, mainly produces the metastable
23S electronic excited state which has higher internal energy than the IE of atmospheric gases
such as nitrogen, oxygen, or water. Consequently, the ionization of neutral water molecules
in a cascade leads to the formation of clusters of protonated water molecules. Finally, the
protons are transferred to analytes of higher proton affinity forming the protonated molecules
(Eg. 2 and 3).

He(23S) + nH,0 — [(H20, )H]* + OH™ + He(11S) [Eq. 2]

[(HZOIH)H]* +M—[M+ H]++nH20 [Eq. 3]

DART mainly produces charged species [M+H]" from polar analytes and [M+'] from non-
polar analytes. However, unlike DESI, it requires the sample to have a certain degree of
volatility and is unable to ionize larger molecules such as proteins. Additionally, the
formation of metal adducts or multi-charged ions is not normally observed with DART.
However, the DART failed to detect disaccharides such as lactose and sucrose, which were
detected by the DESI. Differences in ionization mechanisms could justify this observation.
The DART source was also combined with a quadrupole analyzer and its performance in
analyzing small drug molecules was compared with that of LC/UV/ESI/MS [38]. The same
compounds were ionized with both techniques in both positive and negative ionization modes,

generating nearly identical spectra. In general, the signal intensities for the ions produced by
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the ESI were about one to two orders of magnitude higher than that of the DART. Although
it is a faster technique than ESI, DART could not ionize -estradiol and terbutaline in negative
ionization mode. In general, the use of DART for the quantification of liquid samples holds
more promise than solid matrices despite the irreproducibility in liquid sample placement.
The most accessible tactic for accurate and precise quantification is the use of internal
standards with or without sample preconcentration allowing to achieve a sensitivity between
nanograms per millimeter and micrograms per milliliter (ppb to ppm). Other improvements
have been introduced to enable current sample placement and a reproducible
desorption/ionization process, including the introduction of different sampling devices to
choose from depending on sample type (solid or liquid), required sensitivity and the purpose
(for the application of statistical analyzes and the construction of spectral databases it is
necessary to use devices which allow the greatest number of analyzes to be carried out in the
most automatic way possible).

Application of DART in food products

DART has demonstrated its advantages when it is applied to food products for the purpose of
determining authenticity and adulteration. There are several parameters that affect the quality
and safety of food. One of the most important parameters is authenticity, which indicates
whether or not there has been fraud in the production of the food. A food quality grade is
inherently labelled as a means of characterizing food authenticity, but most food safety issues
result from intentional mislabeling or adulteration. Moreover, a number of food additives
have been introduced, both natural and synthetic. There are several reasons why food
additives can be added to foods, such as improving taste and appearance, protecting food from
contamination by microbes or enzymes, and preventing the oxidation of oil that contains
unsaturated fatty acids. As a result, overdoses or off-label usage of food additives and
adulterants may constitute intended food contaminants.

DART technique was employed to discover the adulteration of extra virgin olive oil (EVOO),
which is considered to be the most valuable of all kinds of olive oil due to its unique taste and
flavour. There is the possibility, however, of adulteration with hazelnut oil or lower-quality
grade olive oil, which requires the development of a suitable method of differentiation. The
DART-TOF-MS was used to obtain comprehensive profiles of non-polar TAGs diluted in
toluene and polar compounds extracted in a methanol-water mixture.

When TAGs are subjected to the DART ionization, insource fragmentation occurs, leading to
DAG fragment ions [M+H-R;-CO-H]*, monoacylglycerol fragment ions [M+H-R;-CO2-R;-
COJ", and acylium ions [RCO]*. In addition to distinguishing diverse products of olive oil

(EVOO, olive oil pomace, olive oil), as well as revealing EVOO adulteration with hazelnut
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oil at 6% and 15% (v/v), the use of linear discriminant analysis (LDA) allowed evaluating
profiles of polar compounds and TAGs [39].

Furthermore, DART was also applied in dairy products to reveal suspected adulteration of
mixing milk obtained from various farm animals (cow, goat, and sheep) and the supplement
of dairy products (sot cheese) with vegetable oil. Based on the obtained label profiles, two
simple procedures were assessed, namely milk dilution with methanol and milk extraction
with toluene. In addition to TAGs, low molecular weight compounds such as lactic acid and
FFAs were detected as negative [M-H]- ions. Despite a low sensitivity in the detection of
doped milk from different species, the DART-orbitrap-MS method was able to distinguish
milk mixtures at a level of adulteration of 50% (v/v). In light of the significant differences
between TAGs in milk fat and vegetable oil, relative intensities can serve as a reliable
authenticity detection indicator, as evidenced by the fact that soft cheese was adulterated with
vegetable oils (rapeseed, sunflower, and soybean) at levels of up to 1% (w/w) [40].

1.3.2 Rapid Evaporative lonization Mass Spectrometry (REIMS)

Rapid evaporative ionization mass spectrometry (REIMS) was first described in 2009 as a
direct use of surgical diathermy for the ionization of biological tissue constituents in vivo
[41]. Surgical diathermy is a tool universally used for the dissection of tissues and hemostasis
of vessels through the use of radiofrequency alternating electric current, which determines
the heating and thermal ablation of the tissues during surgical dissection. In the course of
diathermic manipulation (also known as electrosurgery), the patient becomes part of the
electrical circuit and the electrical current flowing through the tissue induces heat dissipation
due to the high impedance of biological tissue (impedance measures the ease with which an
alternating current pass in an electric circuit). Surgical diathermy is used in two different
ways. In the case of the so-called monopolar electrosurgery, the patient lies on a large surface
electrode, while the surgeon operates with a sharp handpiece which acts as another electrode
for the section. When the circuit closes, the current density reaches its maximum value at the
point of contact of the handpiece with the tissue surface, becoming sufficiently high for
abrasion and thermal evaporation of analytes desorbed from the surface of the sample. The
REIMS instrumental set-up is based precisely on the detection of the molecular vapors
produced during the diathermic process (Figure 1.2).

Surgical diathermy has shown a physicochemical analogy with some ionization methods in
mass spectrometry (with particular attention to laser desorption and thermospray ionization),
has been tested as a potential source of ions in mass spectrometry and has been found capable

to produce organic ions associated with the structural lipid content of the tissues.
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The molecular vapors are then introduced thanks to a venturi pump. Aerosol sampling was

implemented using an orthogonal MS inlet tube to exert a certain level of momentum for the

sampled particles and keep the lipid droplets out of the vacuum air of the instrument. It has

been discovered that the ion formation detected by the mass spectrometer takes place in the

ambient interface of the instruments through a collision phenomenon on the surface of the

droplet, consequently, a further refinement of the technique has been made which led to the

introduction of a heated collision surface in the system, which is an integral part of the model

commercialized by Waters Corporation (Milford, USA). This has led to greater

reproducibility and sensitivity by lowering the detection limits of the technique.

iKnife
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Xevo® G2-XS Qlof
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StepWave™ lon guide
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R

Figure 1.2. Schematic illustration of REIMS technique [42].

The coupling of the electrosurgical pencil with REIMS technology is often referred to as an

“iKnife” or intelligent surgical device.

Surgical applications are mainly focused on neoplastic specimens in the strict sense, for the

purpose of identifying unknown tissues for diagnostic purposes. During in vivo and ex vivo
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applications, operators use an electrosurgical pencil (also known as a "pencil") equipped with
an aerosol evacuation line, which is connected to the mass spectrometer via a (PTFE) tube
remote from the operating table about 2-3 cm. At the time of tissue dissection, the aerosol is
aspirated by the instrument and subsequently analyzed. The resulting mass spectra are
recalibrated, background subtracted, normalized, and subjected to multivariate statistical
analysis. The last step involves the localization of the data with respect to a previously
constructed statistical model, which in the surgical field could translate into the immediate
distinction between healthy tissue and tumor tissue or into a precise histological classification
of the type and degree of cancer. Although REIMS technology was originally developed for
intraoperative tissue identification, other laboratory applications have more recently been
introduced. These applications include the analysis of ex vivo tissue samples from surgical
dissections and the analysis of in vitro tumour tissue models. The main rationale is to create
a database containing reference data for in vivo tissue identification; however, the same
approach can also be used for the rapid diagnosis of specimens obtained from tissue
dissection.

Application of REIMS in food products

REIMS technology has also found a place recently for application in the food sector, in
particular for identifying animal species or meat quality [28,43,44] and fish products [29].
The application of meat and fish samples was successful because the samples were solid and
easy to cut. Moreover, they are juicy and conductors of electricity. REIMS has several
advantages as a valid direct analysis technique for determining food authenticity. As a result,
the analysis can be completed within two seconds, significantly reducing the time scale. With
REIMS and high-resolution mass spectrometry (HRMS), a wide variety of food products can
be characterized with in situ samples while untargeted mass spectral profiles can be generated.
Using multivariate statistical analysis algorithms, it is possible to train and validate
chemometric models using the spectral profiles of authentic food samples. By comparing the
spectral profiles of "unknown™ samples with the validated model via similarity scoring, it is
possible to make near-instantaneous classification decisions (Figure 1.3). Moreover, this
technique was recently also applied to extra virgin olive oils and pistachio, the common
objective, in this case, was to be able to extend the applicability and advantages of this
technique as a useful means against fraudulent activities to the detriment of producers
operating in the food chain and consumers. Italy, in particular, represents one of the countries
most subject to such phenomena which aim, for example, to imitate some of the prestigious
Made in Italy products, and this is above all linked to the significant number of PDO

(Protected Designation of Origin), PGl (Protected Geographical Indication), and DOCG
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(Denominazione di Origine Controllata e Garantita) present in the area. REIMS was
employed for the evaluation of the authenticity and geographical origin of pistachio samples,
in order to safeguard the PDO Bronte pistachio, subject to adulteration given its high cost on
the market [45].
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Figure 1.3. Workflow diagram of REIMS combined with integrative chemometrics.

Furthermore, discrimination at the level of Italian olive oil was also carried out by REIMS.
Despite the great variability within the same class (different cultivars, different producers)
and the close geographical proximity of all classes, the results demonstrated very promising
discrimination of EVOOs. Particularly, the PDO model required an expanded sample set
including all possible variables (harvest year, producer and production lot, production and
harvest area, cultivars employed), in contrast to the mono cultivar model, which had higher
correctness scores after a limited number of analyses. Consequently, the olive cultivar may
play a significant role in the discrimination process. The combination of a suitable sampling
device with MS and chemometrics provided a powerful and unified tool for authenticating
products and tracing them even within the same country, as well as preserving consumers as
well as the competitiveness, namely, the global market [46].

REIMS was also employed for the authentication of honey samples from different botanical
species. The technique has been shown to be able to discriminate between monofloral and
polyfloral honey and to detect adulterations due to the preparation of mixtures of high-quality

honey with a low-quality product up and about 5% of poor-quality honey [47]. An even more
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recent use of the technique has involved the elucidation of the majority of components of the
fruit of the Kigelia africana, thus extending the applicability of this technique to the study of
phytochemical components, such as phenolic compounds [48]. By exploiting the coupling of
the REIMS source with a high-resolution hybrid analyzer, a detailed screening of this
botanical species has been obtained, thanks to accurate mass data that have been compared
with metabolomics and lipidomics databases also available online and with MS experiments
IMS for the elucidation of the chemical structure of isobaric species. Also, in the latter case,
it is possible to compare the experimental spectra obtained with those present in some
databases accessible for free online (Humane metabolome database). The characterization of
this species is particularly interesting in light of its use in traditional African medicine and
the growing interest of pharmaceutical companies in the use of these botanical species for
therapeutic purposes or for the isolation and purification of their active ingredients. In
particular, the native lipid composition of Kigelia africana was characterized for the first time
using the iknife technique, opening up potential practical implications in the evaluation of

therapeutic activity [48].
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CHAPTER 2

Characterization of phenolic compounds, vitamin E and fatty
acids in monovarietal extra virgin and virgin olive oils “Picholine
marocaine” by Liquid and Gas Chromatography coupled to Mass
Spectrometry

2.1 Introduction

Moroccan olive cultivation accounts for 5% of the agricultural gross domestic product and
15 % of its agricultural food exports [1]. In terms of tree-growing areas, olive trees cover 65%
(1,045,186 ha), of which 37% (384,528 ha) are irrigated and 63% (660,658 ha) are not
irrigated. The majority of olives produced are pressed, 25% are canned, and 10% are lost or
consumed locally. In 2017, Morocco exported over 76% of its table olives (70,000 tons), 14%
of its olive pomace (128 tons) and 10% of its olive oil (88 tons) 2017 [2]. Additionally,
Moroccan olive oil is mainly exported to Spain, Portugal, Holland, Italy, the USA, and Asia
[2]. However, olive oil quality and composition are not adequately represented in a database.
Noncompliance with the international olive oil council requirements could have adverse
consequences for the commercialization of Moroccan olive oils [2]. Three extraction
processes are employed to extract olive oil: the traditional discontinuous press process, the
two-phase decanter process, and the three-phase decanter process.

The traditional discontinuous olive pressing involves picking olives, removing leaves,
washing, crushing, kneading (paste) with warm water (38°C) and pressing (pomace and
wastewater from olive mills) [3]. The olive pomace is then centrifuged vertically or decanted
after centrifugation to obtain the olive oil. In a two-phase decanter process, naturally
occurring olive water is used to create both olive oil and olive mill waste (liquids and solids).
In a three-phase decanter process, three different products are obtained, after beating and the
addition of the water during the centrifugation process, olive oil, olive mill wastewater and
olive solid mill wastes (olive cakes) [3,4]. The two-phase decanter extraction process is
primarily used in Morocco for olive oil extraction. The north-central region of Morocco is
well-known for several major olive-growing areas: Fes-Meknes (346,000 ha), Marrakech-
Safi (215,000 ha), Tanger-Tetouan Al-Hoceima (163,000 ha), Oriental (122,000 ha), Beni
Mellal-Khenifra (80,000 ha), Rabat-Salé-Kenitra (66,135 ha), Souss-Massa (19,455 ha),
Daraa-Tafilalet (16,000 ha), Casablanca-Settat (15,000 ha), and Guelmim-Oued noun (2000

ha) [2]. Furthermore, within these regions, the provinces of Touanate, Taza, Chefchaouen,
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Beni Mellal and Errachidia have a stronger vocation to olive cultivation, occupying
productive olive areas of 131,000 ha, 55,000 ha, 43,000, 14,000 ha and 3,000 ha respectively
[5].

Olive cultivation is dominated by the Picholine marocaine variety (up to 96%), due to its
high adaptability to bioclimatic stages (plains, mountains, aridity, and Sahara), organoleptic
characteristics (medium-green fruitiness, bitterness, and balanced spiciness), the richness of
the chemical and aromatic profiles and dual purpose (production of olive oil and preserved
olives).

Moreover, as a part of the Green Moroccan Plan, cultivar diversification is encouraged, which
includes Dahbia, Haouzia and Menara varieties, as well as Spanish and Italian-introduced
cultivars (Picual, Frantoio, Manzanilla, Gordal, Arbequina, etc.).

Functional foods such as olive oil include several components that contribute to its overall
sensory properties and health benefits. Many bioactive substances in olive oil contribute to
its nutritional value, such as phenolic compounds, vitamin E, fatty acids, carotenoids, and
phytosterols [6].

Polyphenols are among a wide variety of secondary metabolites which are produced in plants,
including flavonoids, isoflavonoids, phenolic acids, proanthocyanidins, tannins, and lignans
[7]. Phenolic compounds are naturally distributed in drupes, basically during the extraction
of olive oil around 90% of such polyphenols, which present hydrophilic properties, are
finished into pomace and mill wastewater [8-10]. The main phenolic compounds which occur
in olive oil are phenolic acids (e.g., hydroxytyrosol and tyrosol), secoiridoids (e.g.,
oleuropein) and lignans (e.g., pinoresinol) [11-13]. The health benefits of phenolic
compounds have been widely acknowledged due to the claims about their protection against
low-density lipoproteins (LDL), maintenance of normal blood pressure and healthy high-
density lipoproteins (HDL) concentration, anti-inflammatory properties, contribution to the
upper respiratory system health, and upkeep of normal function of the gastrointestinal system
[14].

Phenolic compounds play an important role in the stability of olive oils against autooxidation
as well as their involvement in organoleptic characteristics such as bitterness, pungency, and
astringency [15-18]. In addition, lipophilic bioactive compounds such as vitamin E occur
naturally in olive oil, comprising four different forms of tocopherols (a, B, y, 6) and four
different forms of tocotrienols (o, B, v, 6), along with a-tocopherol as the major powerful
antioxidant component of vitamin E. a-tocopherol is the dominant antioxidant component of
vitamin E; its antioxidant capacity is attributed to its scavenging ability towards reactive

oxygen species (ROS) generated by the endogenous system, thus contributing to the body's
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defences. Moreover, a-tocopherol contributes as well to the protection against the oxidation
of polyunsaturated fatty acids (PUFAs) within membrane phospholipids (preserving
membrane integrity and stability of the erythrocytes and the conductibility of nerves,
preventing haemolytic anaemia, neurological symptoms, ataxia, peripheral neuropathy,
myopathy, and pigmented retinopathy) and plasma lipoproteins [19].

Olive oil contains a high percentage of triacylglycerol (99%), which is composed of
monounsaturated fatty acids such as oleic and palmitoleic acids, saturated fatty acids such as
palmitic acids, and polyunsaturated fatty acids such as linoleic acids.

Compared to other vegetable oils, olive oil contains a reduced amount of free fatty acids (1%),
monoglycerides, diglycerides, phosphatides, waxes, and sterol esters [20]. It is important to
note that olive oil's chemical composition is influenced by several factors, including the olive
cultivar, agronomics (irrigation and fertilization), cultivation practices (harvesting and
maturity), technological specifications (storage and extraction system), and geographical
features (altitude, latitude, edaphology characteristics) [21-25].

The present study aimed to investigate initially, through a small-scale study performed on the
following studied regions Chefchaouen, Taounate, Errachidia, Beni Mellal, and Taza in 2018,
the relationship between the chemical composition of the virgin olive oils (VOOs) of
Picholine marocaine. The investigation aims to analyze phenolic compounds, vitamin E, and
fatty acids using reversed-phase liquid chromatography coupled with photodiode arrays and
electrospray ionization mass spectrometry (HPLC-PDA/ESI-MS), a normal-phase liquid
chromatography coupled to a fluorescence detector (NP-HPLC/FLD), and gas
chromatography coupled with flame ionization detection and with mass spectrometry (GC-
FID/MS), respectively. As part of the investigation objective, a large-scale study was
sequentially conducted on 38 samples of EVOO collected from 19 Moroccan regions during
two successive years 2018 and 2019. This later study, besides the analysis of polyphenols and
vitamin E in EVOO, has also implemented the study of the influence of the crop year and
pedoclimatic conditions on the quality of EVOO.

2.2 Materials and methods

2.2.1 Chemicals and reagents

Polyphenol commercial standards such as caffeic acid (>98%), gallic acid (>97.5%), ethyl
gallate (>96%), oleuropein aglycone (3,4-DHPEAEA) (>98%), luteolin (>97%), vanillic acid
(>95%), apigenin (>99%), tyrosol (p-HPEA) (>95%) and hydroxytyrosol (3,4-DHPEA)
(>90%) were obtained from (Merck KGaA, Darmstadt, Germany). The employed formic acid

and organic solvents such as acetonitrile, water, n-hexane, ethanol, and methanol were all
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HPLC grade and were obtained from Merck Life Science (Merck KGaA, Darmstadt,
Germany). Diethyl ether, sodium hydroxide, sodium methanolate methanol, boron trifluoride,
n-heptane and phenolphthalein were purchased from (Merck KGaA, Darmstadt, Germany).
Tocopherols (a, B, vy, 8) and tocotrienol (a, B, vy, &) standards were acquired from

Extrasynthese (GenayCedex, France).

2.2.2 Sample collection and preparation

In the low-scale study, VOO samples were purchased from local markets in four different
Northern Moroccan regions: Fes-Meknes (Taounate and Taza), Draa-Tafilalet (Errachidia),
Tanger-Tetouan-Al Hoceima (Chefchaouen), and Beni Mellal-Khenifra (Beni Mellal) [26].
VOO were obtained from olives of Picholine marocaine cultivar which were harvested

between October and December 2018.

In the large-scale study, thirty-eight Moroccan EVOO samples of Picholine marocaine
cultivar were obtained from nineteen Moroccan mills located in the regions of EVOO
production (Figure 2.1). The collection was carried out during two consecutive productive
seasons 2018 and 2019. During the productive season of 2018, 19 EVOO samples were
collected from 19 olive oil mills in the North-Center-West Moroccan area as follows: 2
samples from Tangier-Tetouan-Al Hoceima (Spl, Sp2), 1 sample from Rabat-Sale-Kenitra
(Sp3), 7 samples from Fes-Meknes (Sp4-Sp10), 4 samples from Beni Mellal-Khenifra (Sp11-
Sp14) and 5 samples from Marrakech-Safi region (Sp15-Sp19). In the successive crop year
of 2019, EVOO samples were collected from the same previous mills. The collected EVOO
samples were well stored in ambered and tightly closed bottles, in order to protect the oil from
oxygen and light. Soil sampling was performed in November 2018 with the means of

Edelman'’s Auger equipment, on the earth depth range of (0-60 cm).

Determination of acidity

A mixture of diethyl ether and ethanol was used to dissolve five grams of each olive oil (VOO
or EVOO) (50:50, v/v). Subsequently, an indicator of phenolphthalein was added to 50 mL of
titrated sodium hydroxide 0.1M [27]. Acidity is expressed as follows:

. MXxVxM
Acidity (%) = — X 100
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where: M: molarity of NaOH solution (0.1 M); V: volume of titrated NaOH (mL), m: the
weight of olive oil (g); M’: the molar weight of oleic acid (282 g/mol).
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Figure 2.1. The geographic distribution with information about longitude and latitude
of the studied sampling sites of EVOO in Morocco, green polygons represent the
province of origin and small spots correspond to the 19 locations with ordered
distribution from north to south, Sp1 to Sp19.

2.2.3 Chromatographic analyses of chemical compounds in olive oil

Phenolic compounds extraction

Phenolic compounds were extracted from VOO following a protocol described previously
[26,28,29]. In brief, an amount of one gram of each olive oil (VOO or EVOO) was dissolved
in one mL of n-hexane, followed by the addition of 1 mL of methanol:water (60:40, v/v), the
mixture is then vortexed for 5 min, sonicated in an ultrasound bath (60 W, 25 -C, 37 Hz) for
2 min, and centrifuged for 10 min at 3000 rpm. The aqueous phase of 1 mL was collected and
washed with 1 mL of n-hexane to discard the remained oil fraction. A volume of 20 uL (1000

ppm) of ethyl gallate was added to each extract prior to the injection to HPLC-PDA-ESI-MS.

HPLC-PDA-ESI-MS analysis of phenolic compounds
HPLC analysis was conducted on a Shimadzu instrument (Kyoto, Japan), which consisted of
binary solvent pumps (LC-20AD), SPD-M20A photodiode array, and LCMS-2020 mass

spectrometry (MS) detector. The instrument was equipped with an electrospray ionization
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(ESI) source and conducted in negative ionization mode. In order to acquire data, Shimadzu
LabSolution Ver. 5.91 software was employed (Kyoto, Japan).

Separation of phenolic compounds was performed on an analytical column Ascentis Express
C18 (150 x 4.6 mm, 2.7 um) (Merck Life Science, Merck KGaA, Darmstadt, Germany).
The employed mobile phases were as follows: A (H20) and B (acetonitrile) both acidified
with 0.1% HCOOH; with a flow rate of 1 mL/min. The elution gradient was: 0.1 min 10% B,
4 min 35% B, 12 min 47% B, 12.5 min% B, min 60% B,16 min 75% B, 21 min 100% B and
the injection volume was 5 pL. ESI-MS was performed with the optimized conditions as
follows: capillary temperature 400 °C, capillary voltage 3500 V, nebulizer N2 pressure 45 psi,
drying N2 flow rate 12 L/min, mass scan range (m/z 100-1000); the volume injection was 200
ML.

Validation of the chromatographic method included determination of the linearity,
repeatability and recovery of the extraction at two levels of fortification; limits of detection
(LODs) and limits of quantification (LOQs) were assessed based on 3:1 and 10:1 (signal-to-
noise ratio). All the analyses and the calibration curves of the following compounds were
acquired in single ion monitoring (SIM): gallic acid, hydroxytyrosol, tyrosol, caffeic acid,
oleuropein, luteolin and apigenin. Their calibration curves were established at four different
concentrations (1 mg/L, 25 mg/L, 50 mg/L and 100 mg/L), with 5 repetitions for each
standard. Oleuropein calibration curve was provided for the quantification of the following
compounds: derivatives and isomers of oleuropein, elenolic acid and oleacein.
Hydroxytyrosol was employed for the quantification of verbascoside isomers and
acetoxypinoresinol. Tyrosol and ligstroside aglycone were quantified with the calibration

curve of tyrosol.

NP-HPLC/FLD analysis of tocopherols and tocotrienols

HPLC analyses were performed on a Shimadzu Nexera-X2 system (Shimadzu, Kyoto, Japan)
composed of an online degasser (DGU-20ASR), an autosampler (SIL-30 AC), two dual-
plunger parallel-flow pumps (LC-30AD), a column oven (CTO-20AC), and a fluorescence
detector (RF-20AXS). Separation of tocopherols (a, B, v, 6) and tocotrienols (a, B, y, 8) was
carried out on an Ascentis Si column (250 x 4.6 mm I.D., particle sizes of 5 um, Merck
KGaA, Darmstadt, Germany). VOOs samples were diluted in n-hexane (1:15 or 1:50) before
their injection (5 pL) into the normal phase high-performance liquid chromatography (NP-
HPLC) system coupled to a fluorescence detector with the following excitation and emission

wavelengths of 290 and 330 nm, respectively. The employed mobile phase n-hexane-
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isopropanol was run in isocratic mode (99:1, v:v), with a flow rate of 1.7 mL/min. Generated
data were acquired through LabSolution Ver. 5.85 software (Shimadzu, Kyoto, Japan).
Fatty Acid Methyl Esters Extraction (FAMES)

10 mg of virgin olive oil was mixed with 500 pul of sodium methoxide-methanol (0.5%, w/v).
The solution was then stirred at 2000 rpm for 2 min and heated to 95°C for 15 min.
Successively, 50 pL of boron trifluoride diluted in methanol (14% w/v) was added to the
reaction mixture and the solution was mixed for 2 min at 2000 rpm and heated to 95°C for 15
min. After cooling, 350 pL of n-heptane and 300 pL of a saturated NaCl solution were added
to the solution and vortexed at 2000 rpm for 2 min. Finally, the n-heptane FAME layer was

extracted and injected into the gas chromatographic systems.

GC-MS/FID Analysis of FAMEs

FAMEs analysis was performed by GC-MS using a GCMS-QP2010 (Shimadzu, Duisburg,
Germany) supplied with a split/splitless injector and AOC-20i autosampler. A SLBII60i
capillary column (30 m x 0.25 mm id, 0.20 um film thickness) was employed for
chromatographic separation (Merck KGaA, Darmstadt, Germany). The column oven
temperature was programmed in the range of 50 to 280 °C with a rate of 3 “C/min. The
temperature of injection was 280 °C/min, with an injection volume of 0.2 pL, using a split
ratio of 1:50. The employed carrier gas was helium with a linear velocity of 30 °C/cm and an
inlet pressure of 26.6 kPa. The mass spectrometry conditions were set as follows: mass range
of 40-550 m/z, electron ionization of 70 eV, ion source temperature of 250 °C, interface
temperature of 200 °C, and detector voltage of 0.98 kV. FAMEs identification was facilitated
by the employment of linear retention indices (LRIs) calculation, using C4-C24 standard
solution. Peak assignments were accomplished by the means of MS similarity spectra (over
90%) and the comparison of LRI to the database values of lipids (LIPIDS Mass Spectral
Library, Shimadzu, Kyoto, Japan).

GC-FID analyses were performed using a GC-2010 instrument (Shimadzu, Duisburg,
Germany) equipped with a split/splitless injector, AOC-20i autosampler and FID detector.
The utilized column and temperature program have remained the same as described for the
GC-MS analysis. The FID parameters were as follows: FID temperature at 280°C, hydrogen
flow at 40 mL/min, makeup flow (N2) at 30 mL/min, and air flow at 400 mL/min. All

experiments were performed in triplicate.

2.2.4 Characterization of soil physicochemical properties
The collected soil samples were dried in the open air to restrain microbial activity. Dried

samples were subsequently ground to separate soil from gravel and pebbles prior to being

34



reduced into a homogeneous powder. After that, soil powder was sieved manually with 0.2
and 2 mm mesh, respectively. The active soil acidity (pH water) was determined using a pH
meter according to the soil:water ratio of (1:2.5), and the conductivity by employing a
conductivity meter. Total limestone (CaCOs) was evaluated using Bernard's Calcimeter
Method, total organic carbon and organic matter by the Walkley and Black method. Total
nitrogen was also assessed using the Kjeldahl method. Furthermore, the available potassium
was extracted with standard ammonium acetate and then quantified with a flame photometer.

Each sample was analyzed in duplicate.

2.2.5 Statistical analysis

The obtained results of both low and large-scale studies were expressed as mean values +
standard deviation (SD). All data were subjected to principal component analysis (PCA) and
were included in a heat map. Geographical origins of olive oils and pedoclimate were
considered as the variables in these plots and the different biological compounds (phenolic
compounds, vitamin E, and fatty acids), as treatments. PCA was applied to examine the
relationship between the studied geographical origins, pedoclimatic conditions and different

biological compounds.
2.3 Results and discussion

2.3.1 Study of VOOs of Picholine marocaine in 5 Moroccan provinces

A variety of phenolic compounds, vitamin E, and fatty acids were identified and quantified
in the VOOs of Picholine marocaine obtained from samples collected from five Moroccan
provinces (Taounate, Errachidia, Chefchaouen, Beni Mellal and Taza), as indicated in Tables
2.1 and 2.2. Since the investigated VOOs were commercial samples, their acidity was
assessed in accordance with [27]. All 5 studied olive oils were classified as virgin olive oils
according to the obtained acidity range from 1.1 to 2.0%.

The most abundant vitamin E was a-tocopherol in all analyzed EVOO samples (ranging from
38.38 mg/kg to 100.36 mg/kg), whereas d-tocopherol has shown a lower content below the
limit of quantification (LOQ) in all EVOO samples. The VOO obtained from Taounate (Fes-
Meknes region) represented the richest value of vitamin E (107.63 mg/kg); on the other hand,
the poorest sample was denoted in Taza, which belongs to the same region (46.07 mg/kg).
Beni Mellal VOO has presented the highest content of a-tocotrienol with (7.60 mg/kg); on
the other hand, a-tocotrienol content in Taounate and Errachidia was below the LOQ. A
similarity in the qualitative and quantitative profiles of vitamin E in Errachidia and
Chefchaouen was revealed.
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The present results are consistence with Zarrouk et al. findings [33] conducted on Moroccan,
Tunisian and Spanish olive oils, where a-tocopherol and y-tocopherol were presented at levels
of 30 mg/kg and 5 mg/kg, respectively. Moreover, a-tocopherol content in the studied VOO
samples corresponds to the average content recommended by the United States Department
of Agriculture (USDA) [34].

VOO were characterized by the presence of different classes of phenolic compounds,
including phenolic alcohols (tyrosol and hydroxytyrosol), phenolic acids (caffeic acid, ferulic
acid and elenolic acid), secoiridoids (oleuropein aglycone, 10-hydroxy-oleuropein aglycone
and ligstroside aglycone, oleocanthal and oleacein) and flavonoids (luteolin, luteolin
glucoside, apigenin). As reported in Table 2.1, VOO from Chefchaouen was found to have
the highest phenolic content (723.47 mg/kg), in contrast, the lowest phenolic content was
represented by the Errachidia (17.99 mg/kg). The content of different classes of bioactive
compounds in VOO from the five studied regions was distributed as follows: phenolic
alcohols (<LOQ-340.6 mg/kg), phenolic acids (13.06-89.55 mg/kg), secoiridoids (3.86—
314.04 mg/kg) and flavonoids (1.07-17.96 mg/kg). As regards secoiridoids, the highest
content was obtained from Taounate (314.04 mg/kg) and Chefchaouen VOOs (285.39
mg/kg). Whereas the highest amount of phenolic acid was attained in VOOs from
Chefchaouen with 89.55 mg/kg, while the highest flavonoid content was noticed in VOO
from Beni Mellal (17.96 mg/kg) followed by Taza (11.69 mg/kg). VOOs collected from the
same region of Fes-Meknes, have shown an interesting difference in terms of bioactive
molecules content. The vitamin E content in Taounate VOO was more than double that in
Taza VOO, while the phenol content was seven times higher. This could be due to bottling or
storage conditions that may have affected the VOO acidity level and consequently the level

of bioactive molecules.
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Table 2.1. Determination of phenolic compounds and vitamin E content in virgin olive oils (VOOs) of Picholine marocaine cultivar from five studied
provinces. Results are expressed as average (mean + SD) in mg/kg.

Draa-Tafilalet Tanger-Tetouan-Al Beni Mellal-Khenifra

Compounds\Region (Provinces) Fes-Meknes (Taounate) Fes-Meknes (Taza)

(Errachidia) Hoceima (Chefchaouen) (Beni Mellal)
a-tocopherol 100.4 £ 0.14 55.8 +0.10 55.3+0.27 38.4+0.10 39.9+0.24
a-tocotrienol <LOQ <LOQ 2.92 £0.07 1.97 £ 0.05 7.60£0.04
B-tocopherol 2.1+£0.07 1.9+ 0.07 2.1+£0.06 1.6 +0.07 1.7+ 0.05
y-tocopherol 5.2 £0.06 4.2 £0.05 45+0.08 41+0.10 4.3 £0.06
d-tocopherol <LOD <LOD <LOD <LOD <LOD

Tyrosol <LOD <LOD 300.6 + 11.26 <LOD 186.2 £ 2.58
Hydroxytyrosol 6.4 £ 0.54 <LOD 40.0 + 1.46 2.8+0.15 4.6 £0.07
Caffeic acid <LOQ <LOD <LOD <LOD 3.5+ 0.06
Ferulic acid <LOD 4.4 +0.43 3.9+£0.07 2.0£0.03 0.8+£0.04
10-hydroxy-oleuropein aglycone ? 25.4 +0.09 1.2+0.18 65.7 + 3.81 0.3+0.00 1.4+0.24
Oleocanthal 2 <LOD <LOD <LOQ <LOQ 0.8 £0.00
Luteolin <LOQ <LOQ 6.4 +0.19 7.8+0.72 6.3+£0.13
Oleacein 3.1+£0.15 0.2+£0.02 33.3+1.91 2.3+0.01 3.5+£0.17
Apigenin <LOQ <LOQ <LOQ <LOQ 6.1+ 0.00
Oleuropein aglycone ? 231.3+4.45 1.9+0.00 198.3 +13.17 18.6 £ 0.00 20.6 +1.24
Luteolin glucoside 2.5+0.03 1.1+051 1.5+0.03 3.9+0.22 55+£1.79
Elenolic acid 31.3+2.00 8.7+£0.81 85.6 £ 2.67 13.7 £0.26 19.6 £1.63
Ligstroside aglycone P 57.3+£2.92 0.7 £0.04 21.4+0.39 1.2 +0.07 3.9+0.19
Acidity% 1.3% 2.0% 2.0% 2.0% 1.1%
¥ Vitamin E 107.6 * 61.9 64.8 46.1 535
¥ Phenolic alcohols 6.4 <LOD 340.6 2.8 190.8
¥ Phenolic acids 31.3 13.1 89.5 15.8 24.0
¥ Secoiridoids 314.0 3.9 285.4 20.1 26.6
¥ Flavonoids 2.5 11 7.9 11.7 18.0
X Phenols 354.2 ** 18.1 723.4 ** 50.4 259.4 **

Quantitative determination was carried out according to the following standard compounds:  oleuropein; ® verbascoside; * values reported are above 90 mg/kg complying

with Regulation 432/2012 of European Union [30]; ** values reported are above 250 mg/kg complying with the EU Health Claim [31].



Table 2.2. Average of relative quantification of fatty acid methyl ester extractions (FAMES) in Picholine marocaine VOOs collected from five

studied regions.

Mass Experimental Tabulated Taounate Errachidia Chefchaouen Taza Beni
. Spectral LRI LRI % % % % Mellal
Fatty Acid SirFr)ﬂIarity o oo v 08 (%)
(%)
Palmitic acid (C16:0) 95 1600 1600 9.99 9.63 8.60 7.66 7.75
Hypogeic acid (C16:1n9) 91 1605 1605 0.31 0.33 0.32 0.32 0.37
Palmitoleic acid (C16:1n7) 96 1615 1616 0.65 0.61 0.47 0.32 0.33
Margaric acid (C17:0) 90 1694 1694 0.03 0.04 0.04 0.04 0.04
Margaleic acid (C17:1n7) 91 1707 1711 0.05 0.05 0.05 0.06 0.06
Stearic acid (C18:0) 95 1802 1801 2.08 2.95 2.42 2.35 2.49
Oleic acid (C18:1n9) 91 1812 1808 75.89 69.79 76.94 79.39 78.15
Cis-vaccenic acid (C18:1n7) 96 1816 1816 2.80 2.33 2.32 2.31 2.19
linoleic acid (C18:2n6) 95 1839 1838 6.71 12.67 7.41 6.25 7.29
a-linolenic acid (C18:3n3) 96 1883 1883 0.83 0.93 0.80 0.67 0.69
Arachidic acid (C20:0) 94 1999 2000 0.27 0.28 0.27 0.26 0.26
Eicosenoic acid (C20:1n9) 91 2014 2015 0.26 0.31 0.28 0.28 0.30
Behenic acid (C22:0) 92 2199 2201 0.07 0.06 0.06 0.07 0.06
Legnoceric acid (C24:0) 90 2400 2400 0.04 0.03 0.03 0.02 0.03
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Quantitative variations in phenolic compounds can be attributed to various factors including
environmental conditions (temperature, pH, moisture, soil, microorganisms etc.), harvesting
method, fruit ripeness, extraction, or storage processes [35-37]. Results of the present study are
in agreement with findings reported by Bajoub et al. [38], where secoiridoid content was present
in high concentration with respect to the low concentration presented by flavonoid and phenolic
alcohol (except Taounate province). The amount of tyrosol obtained in Chefchaouen VOOs
(300.57 mg/kg) and Beni Mellal (186.17 mg/kg) is much higher compared to the average content
in commercial extra virgin olive oils (EVOQOSs) present on the Italian and European markets (56
mg/kg) [28], This can be explained by the hydrolysis of oleuropein and oleacin [13]. The obtained
values are not in agreement with the reported ones by Bajoub et al., where the concentration of
tyrosol in VOOs of Picholine marocaine from Chefchaouen, Taounate and Taza varied from 4.43
mg/kg to 7.46 mg/kg [38]. Similarly, in terms of hydroxytyrosol Bajoub et al. have reported an
amount that ranges from 5.10 to 5.86 mg/kg, which is different from the values attained in the
present study (<LOQ-40.03 mg/kg). Regarding secoiridoids, oleuropein aglycone (1.94-231.34
mg/kg), ligstroside aglycone (0.72-57.27 mg/kg) and 10-hydroxy-oleuropein (0.26-65.73
mg/kg) were obtained in the highest amount, while the lowest amount was achieved for oleacein
(0.20-33.27 mg/kg) and oleocanthal (<LOQ-0.76 mg/kg). In comparison to the study led by
Bajoub et al., the amount value of secoiridoids in VOOs of Picholine marocaine obtained from
Meknes ranged from 504.12 to 1106.96 mg/kg for the crop season of 2011-2013 [39]. Moreover,
oleuropein aglycone has shown the highest amount in VOO of Picholine marocaine from
Chefchaouen and Taounate, where the lowest amount was found in Errachidia VOO. Similarly,
ligstroside aglycone amount was very low in VOO from Errachidia, while the maximum amount
was achieved in VOO from Taounate [38]. Elenolic acid was the most abundant phenolic acids
in VOO with an average range from 8.7 to 85.6 mg/kg; where the highest amount was found in
VOO from Chefchaouen (85.61 mg/kg), followed by Taounate (31.28 mg/kg) and Beni Mellal
province (19.65 mg/kg). According to a study performed on Picholine marocaine VOO collected
during the crop season (2011/2012), phenolic acids ranged from 0.13 to 0.22 mg/kg [40]. In
contrast Bajoub et al. who have reported the highest amount of elenolic acid in VOO from
Taounate, whereas Chefchaouen and Taza VOOs represented the lowest amount [38]. Regarding
flavonoids, the average content of luteolin and apigenin in VOOs was in the range of (<LOQ -
7.80 mg/kg) and (<LOQ - 6.09 mg/kg), respectively. The achieved data on flavonoids are
consistent with recently reported data through studies performed on Picholine marocaine VOOs,
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where average contents of luteolin and apigenin varied between 3.20 mg/kg in Errachidia and
7.5 mg/kg in Meknes, respectively [33,40].

Regarding fatty acid methyl esters (FAMES), which were analyzed only in the low-scale study
on VOOs, 14 FAMEs were identified using GC-FID/MS. Qualitatively all the VOOs presented
an equivalent profile in Table 2.2, whereas some distinctions were discovered at the quantitative
level in the percentage composition of FAMEs. Where, the most abundant FAMEs were
represented by oleic acid with a range of 69.79%-79.39%, followed by palmitic acid (7.76-
9.99%), and linoleic acid (6.25-12.67%). In terms of oleic acid, the highest content was found
in Taza (79.39%), followed by Beni Mellal (78.15%), Chefchaouen (76.94%), Taounate
(75.89%) and Errachidia (69.79%). According to a previous study led on Picholine marocaine
VOOs, Errachidia and Marrakech VOOs have presented the lowest percentage of oleic acid,
while the highest content was found at the level of palmitic acid and linoleic acid [41]. Based on
the results of the present study, the VOO from the Errachidia province showed a slightly different
content of oleic and linoleic acids.

The concentration of linoleic acid exhibited a value of 12.67%, which is approximately double
the concentration of the other studied VOOs; however, the concentration of oleic acid was 10%
lower than the VOO with the highest content, viz. Taza. The reasons for such variations across
regions could be largely related to the crop season (climate), the stage of maturity, and the
geographic location, e.g., the desert area where olive trees grow [42].

To provide better visualization of the correlation of VOO chemical composition with the five
different studied provinces, a heat map was drawn up (Figure 2.2). The relationships found
between VOOs chemical compounds and geographic origins are presented in the form of clusters.
Tyrosol, hydroxytyrosol, oleacein, elenolic acid, and 10-hydroxy-oleuropein aglycone
distinguish the VOO from Chefchaouen, where a- and -tocopherols, fatty acids, e.g., palmitic
(C16:0), cis-vaccenic acid (C18:1n7), behenic (C22:0) and lignoceric (C24:0) are the
characteristic compounds of Taounate province. Errachidia can be distinguished by the following
compounds: hypogeic (C16:1n9), stearic (C18:0), eicosenoic (C20:1n9), linoleic (C18:2n6),
arachidic (C20:0) and a-linoleic (C18:3n3) acids, beside the ferulic acid. The characteristic
bioactive compounds of Beni Mellal province comprise apigenin, caffeic acid, oleocanthal,
luteolin glucoside and a-tocotrienol. Lastly, Taza province is characterized by the presence of

luteolin and luteolin glucoside, oleic (C18:1n9) and margaric acids (C17:0).
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Figure 2.2. Heat-map and dendrogram visualization of different bioactive
compounds; phenolic compounds, fatty acids, and vitamin E in Picholine
marocaine VOOs from five Moroccan provinces. Green boxes refer to a
higher concentration than the mean value among the studied samples. Red
boxes refer lower concentrations.

The principal component analysis (PCA) approach was applied in the present study, in order to
approve the relationships between the descriptive variables, phenolic compounds, vitamin E and
fatty acids, and the studied VOOs from the five provinces.

A value of 71.2% was explained by the first two principal components (F1 and F2), whereas a
value of 60.8% was explained by F1 and F3. PCA yielded results similar to those obtained by
the heat-map. As it is shown in Figure 2.3a, a positive correlation was attended between Taza
and Beni Mellal; on the other hand, in both Figures 2.3a, and b, a negative correlation between
Beni Mellal and Taounate was observed. Furthermore, a negative correlation was highlighted
between the following provinces: Errachidia—Beni Mellal, Chefchaouen-Tauonate, and
Chefchaouen—Beni Mellal. Also, as shown in Figure 2.3a, no correlation was established

between Errachidia and Taounate.
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2.3.2 Study of EVOOs of Picholine marocaine in 19 Moroccan provinces

In the large-scale study executed in Morocco during 2018 and 2019 on Picholine marocaine
EVOO, 23 hydrophilic polyphenols classified into four major classes were ascertained: phenolic
acids, phenolic alcohols, flavonoids, and secoiridoids and derivates. Table S2.1 shows that total
phenol content ranges from 110.1 mg/kg (Sp6) to 4105.7 mg/kg (Sp2) and from 52.8 mg/kg
(Sp10) to 1420.8 mg/kg (Sp5) for both crop seasons 2018 and 2019, respectively. Essentially,
almost all the analyzed EVOO samples present an amount of phenolic compounds that falls
within the average (250 mg/kg), which is recommended by the European Commission Regulation
[43]. A similar range (50-1000 mg/kg) for the levels of total polar phenols in EVOO is reported
in the book of Boskou [44].

In an investigation conducted by Diamantakos et al. [45] for 11 years, 5764 samples of olive oil
from Greece of more than 30 varieties were analyzed by gNMR for their phenolic content.

A maximum amount of 4003 mg/kg of total phenols was achieved in oils produced in September
2017 from the variety Kalamon, indicating a significant correlation between the crop year and
phenols. Another study investigated 44 varieties of olive oil throughout 3 years, and has shown
a range (260 - 4497 mg/kg) of total phenolic compounds content during the 2017—-2018 crop
season [46].

Concerning the main represented classes of phenolic compounds in olive oils, secoiridoids and
derivates represent the main class with an average of 1112.3 (for 2018) and of 705.85 mg/kg (for
2019), followed by the class of phenolic alcohols with a total average of 86.69 and 20.45 mg/kg
for 2018 and 2019, respectively. The penultimate class is represented by phenolic acids in the
range from 6.00 (Sp3) to 48.10 (Sp1) mg/kg for 2018, and from 3.54 (Sp18) to 34.33 (Sp3) for
2019. Flavonoids represent the minor class in the studied EVOOs with an average of 10.25 and
9.54 mg/kg for 2018 and 2019, respectively.

The exceptional resistance to oxidation of EVOOs is primarily due to the dialdehydic form of
elenolic acid linked to 3,4-DHPEA (3,4-DHPEAEDA), decarboxymethyl 3,4-DHPEAEA, and
3,4-DHPEA. However, p-HPEA, lignans, and p-HPEA-EA were proved as weaker antioxidants
[44]. According to Tuck and Hayball [47], oleuropein glycoside (heteroside of elenolic acid),
3,4-DHPEA and p-HPEA represent the highest amount (around 90%) of phenolic compounds in
EVOO. As confirmed in the present study, 3,4-DHPEAEA appeared in good quantities with an
average of 615.83 and 367.01 mg/kg, followed by elenolic acid 166.66 and 184.49 mg/kg and p-
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HPEA-EA with a total average of 136.92 and 89.90 mg/kg in EVOO for 2018 and 2019,
respectively.

In agreement with Moroccan findings [39,48], our analysis of the two crop years indicated higher
levels of p-HPEA than 3,4-DHPEA as phenolic alcohols.

Generally, such an aspect is related to the storage period of olive oil [49], this results in the
formation of hydrophilic compounds from secoiridoids.

In terms of flavonoids, luteolin was the most abundant compound (7.06 and 9.32 mg/kg for 2018
and 2019, respectively), followed by luteolin glucoside (4.32 and 1.12 mg/kg, respectively for
2018 and 2019).

Tocopherols (Vitamin E)

Five vitamin E isomers (a, B, v, & tocopherol and a-tocotrienol) were characterized in the EVOO
samples examined in this work. The total content of vitamin E varied between 38.4 (Sp10) and
213.0 mg/kg (Sp14) in the crop year of 2018 and between 48.4 (Sp2) and 147.3 (Sp7) in the crop
year of 2019, with a total average of 139.8 + 36.46 and 92.60 £ 30.00 mg/kg, respectively. a-
tocopherol was the most abundant isoform (91.5% and 87% of total vitamin E, respectively for
2018 and 2019) with an average of 122.7 + 36.84 and 80.39 + 27.68 mg/kg, a range of 32.9 £ 0.4
(Sp10)-201.1 + 0.08 (Sp14) and 33.9 + 0.4 (Sp10)-129.2 + 0.4 (Sp7). It was followed by -
tocopherol (7 and 6.5%) with a total content average of 6.6 + 1.46 and 6.06 + 2.48 mg/kg, for
2018 and 2019, respectively. On the other hand, the abundance of B-tocopherol and a-tocotrienol
was different between the 2 successive crop years; in 2018 p-tocopherol content was more
abundant than a-tocotrienol (1%). Whereas the abundance of both vitamin E was inverted in
2019, 5-tocopherol was found in trace, with an average of 0.66 + 0.15 and 0.47 + 0.34 mg/kg for
2018 and 2019, respectively.

The attained results regarding the average content of a-tocopherol are consistent with the
recommended amount by USDA [50]. Moreover, a wide range of a-tocopherol content has been
reported in different Mediterranean olive oils, such as Italian, Spanish, and Greek oils, with
typical content values that range from 100 to 250 mg/kg oil [44]. The obtained results are
consistent with those performed on Italian EVOO by Roézanska et al. [28], where the total content
of vitamin E was in the range of 70.2 and 232.2 mg/kg, with an average of 169.0 + 37.7 mg/kg,
as well, a-tocopherol was the main and abundant tocopherol isomer. Additionally, 5-tocopherol
content appears to agree with that of the “Picholine marocaine” [51], where the content of o-

tocopherol was reported as 0.5 mg/kg. As well, Bedbabis et al. [52] have reported similar content
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of 6-tocopherol in olives irrigated with well water and treated wastewater of 0.42 and 0.35 mg/kg
in oils, respectively. Whereas, in Greek VOO, Psomiadou et al. [53] have reported an average

content of 6-tocopherol of 4 mg/kg.

Pedoclimatic conditions

Climatic and edaphic information regarding the studied geographic sites is reported in Table
S2.2. EVOO Sp10 was collected from a heavy rainfall site (639 mm); whereas, Sp18 received
the lowest value of precipitation (145 mm). The yearly temperature average was between 14.04
and 18.22 °C and the wind speed was within 1.7-4.34 m/s.

Particle size is a key variable in agriculture. The percentage of sand in the studied samples ranged
between 1.64% (Sp2) and 57.19% (Sp11), which is within the values (< 75%) established by the
IOC [54], while silt and clay fractions were above the standard values. Thoroughly, 53% of the
samples were silt loam, 21% are silty clay loam, 16% were clay loam, and about 5% were sandy
loam and silty clay textures. Olive trees’ growth appears to be favoured by such balanced
proportions.

Results regarding soil physicochemical parameters have shown important reliability to olive tree
growth, in particular, pH (except for Spl), electrical conductivity (EC) and limestone, were
within the optimal values for olive-growing areas [54], where pH varied in a range between 5.43
(Spl) and 8.84 (Sp16) and the EC values did not exceed 2 dS/m. In addition, organic matter
ranged from 0.57 to 3.29% with 84% of samples >1% (the optimum). Potassium levels ranged
from 40.68 to 393.32 ppm, and C/N ratios from 5.35 to 32.38 indicating large variation between
sampling sites.

The influence of geographical origin

Three main parameters comprise geographical origin; location (latitude, longitude, and altitude),
soil composition, and climate which encompasses temperature, rainfall, humidity, and wind
speed. The soil provides plants and microorganisms with organic and mineral components that
they need to grow and thrive. Since the latter plays a prominent role in the nutrition of plants, its
texture is essential for tree roots and water infiltration.

Hence, variability in soil composition could affect the olive tree, fruit and thus EVOO quality.
Taking into account the variability of all these parameters, we attempted to study their impact on
the bioactive profile of VOO by the correlation test and the PCA.
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In effect, a thorough study including the impact of pedo-climatic factors, requires an accurate
collection of EVOOs samples from different geographical sites characterized by the distinct
location and climates, the same cultivar Picholine marocaine, and during the same period
(November 2018). Fruit ripeness and geographic origin’s climate present a tight relationship
according to Bajoub and his co-authors [55,38] who disregarded the ripening index while
examining the geographic origin discrimination in EVOOs from “Picholine marocaine” in a large
Northern Moroccan area.

Principal component analysis (PCA)

Five main components were extracted because their cumulative variance was 54.4% PC1x PC2
and PC1 x PC3 were plotted as they were sufficient for the interpretability of the main correlative
links between the variables studied. The first two eigenvectors carry 43.8% of the dataset
information, dimensions 1 and 2 had 26.2 and 17.6% of affinity between EVOO phytochemical
compounds, soil, climate and geographic origin parameters, respectively. Together, Dim 1
(26.2%) and Dim 3 (10.6%) carried 36.8% of the information. The relatively small fluctuations
in the data described by PC1 and PC2 could be caused by the low variability of the parameters.
The two first components PC1 and PC2 have shown a good distribution of the studied variables,
with a negative correlation between the following pedoclimatic parameters; latitude, rainfall,
longitude, and bioactive compounds; a-tocotrienol and flavonoids (luteolin, apigenin, and
luteolin glucoside) Figure 2.4. on the other hand, these latter bioactive compounds were
correlated positively with conductivity. According to an investigation led by Guerfel et al.
regarding the effect of three different geographic origins on two Tunisian VOO cultivars
“Chemlali” and “Chétoui” [56], a considerable difference in EVOO characteristics were
highlighted in the three studied locations. Likewise, Romero et al. have concluded that Latitude
reinforces the effect of geographic origin [57]. Other studies performed on other matrices have
confirmed the relationship between salinity (conductivity) and phenolic compounds, particularly
flavonoids [58]. Moreover, Talhaoui et al. have confirmed that salinity stress combined with high
sunlight exposes the plant to an overproduction of phenolic compounds, particularly flavonoids
[59].

Furthermore, relative humidity, wind speed, and C/N ratio have shown a positive correlation with
flavonoids and a-tocotrienol, as well, as with methyl 3,4-DHPEA-EA. Whereas a negative
relationship was observed with the following compounds: hydroxy decarboxymethyl 3,4-
DHPEA-EA, a, B, and y-tocopherol. Through the study of PC1 x PC3 components, a negative
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impact of the percentage of soil limestone (CaCOz) on the é-tocopherol amount was detected.
Similarly, soil parameters (pHwater and available potassium) have shown a negative relationship
towards hydro decarboxymethyl elenolic acid and gallic acid. Fundamentally, soil pH is the most
significant factor since it affects almost all parameters of soil [60]. An investigation on the impact
of soil pH on the stability of phenolic compounds was led by Friedman and Jirgens, where gallic
acid was unstable in an alkaline medium [61], thus a high concentration of gallic acid in VOO
sample from Sp1 was explained by the slight acidity of the soil (5.43 £ 0.13).

Considering climatic factors, according to the obtained results in this present study, rainfall
occurs to affect considerably the content of phenolic compounds, which was consistent with the
literature [62]. Furthermore, different phenolic profiles were detected in a study led on olive tree
cultivation areas, where it was supposed to be affected by the climate condition, particularly
rainfall [56]. On the other hand, Proietti et al. have stated that EVOO phenols content was greatly
influenced by olives produced in high temperatures during summer and autumn with respect to
olives growth in the cold atmosphere [63], whereas, Romero et al. have reported the influence of
low temperatures during the harvest period on a-tocopherol yield [62]. Though, no relationship
was observed between temperature and bioactive compounds.

In addition to PCA, and according to the correlation matrix a positive impact was observed (r =
0.51, p < 0.05) and (r = 0.53, p < 0.05) between the percentage of slit and a and B-tocopherol,
respectively. Conversely, the slit percentage has shown a negative correlation (r = —0.58, p <
0.01) with decarboxymethyl elenolic acid dialdehyde (DEDA). The obtained results on the effect
of soil parameters on the quality of EVOO reflect literature findings, where Rouas et al. have
suggested that the variation in soil limestone percentage has had an impact on total EVOO
bioactive content [64]. Whereas Rached et al. have observed the impact of soil type on the total
content of phenolic compounds in EVOO [65].

Furthermore, the PCA results have shown a considerable positive correlation (r = 0.61, p < 0.01)
between dehydro 3,4-DHPEA-EA and altitude. To some extent, the obtained results agree with
literature findings where phenolic compounds are positively correlated with the altitude of the
olive tree [66]. On the other hand, “Mastoides” olives have shown a negative correlation between

phenol compounds and altitude [67].
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Figure 2.4. PCA principal component analysis of EVOO variable components; phenolic
compounds, vitamin E, and pedo-climate parameters. Top (PC1 x PC2) and bottom (PC1 x
PC3).

Elenolic acid, Lut: luteolin, Api: apigenin, HY-Decarboxymethyl-Ol.Ag: hydroxy
decarboxymethyl 3,4-DHPEAEA, Dehydro. Ol.Ag: Dehydro 3,4-DHPEA-EA, DEDA:
decarboxymethyl elenolic acid dialdehyde, Methyl-Ol.Ag: Methyl 3,4-DHPEA-EA, A-
tocopherol: a-tocopherol, B-tocopherol: B-tocopherol, G-tocopherol:Y'-tocopherol, D-
tocopherol: 6-tocopherol. Cond: conductivity, CaCOs: limestone, K: available potassium,
WS.2 M: wind speed at 2 m, RH.2 M: Relative humidity at 2 m.

48



In summary, several correlations were observed through PCA: all vitamin E and isomers, two
phenolic acids (gallic acid and hydroxydecarboxymethylelenolic acid), flavonoids (luteolin,
apigenin, luteolin glucoside), and four secoiridoids and derivatives (dehydro 3,4- DHPEA-EA,
methyl-3,4-DHPEA-EA, Hydroxydecarboxymethyl-3,4-DHPEA-EA, Decarboxymethylelenolic
acid dialdehyde (DEDA) were correlated with geographic parameters (latitude, longitude and
altitude), climate (except for temperature) and some soil parameters: texture (amount of silt ),
water pH, conductivity, available soil potassium, limestone (CaCO3) and C/N ratio. However,
phenolic alcohols have shown no correlation with other studied variables.

Hierarchical cluster analysis of principal components (HCPC)

To categorize the sampling sites, a cluster dendrogram was employed to characterize EVOO
samples which share similarities at the level of bioactive compounds as well as geographic
parameters. 5 clusters were distinguished based on the dendrogram (Figure 2.5). The first
cluster consists of one sampling site (Sp10), characterized by the highest content of C/N
ratio, methyl 3,4-DHPEA-EA, and limestone (CaCO:s), as well the lowest quantities of a, B
and y-tocopherol. Where cluster 2 which includes (Sp1, Sp9, and Sp11) was characterized

Cluster Dendrogram

Height

Figure 2.5. Dendrogram of the hierarchical cluster analysis of principal components (HCPC)
using Ward’s criterion on the first and the second principal components. The grey dashed
rectangles point out the cut in the tree, resulting in five clusters: (1, Red), (2, Yellow), (3,
Green), (4, Blue), and (5, Purple).
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by the presence of hydroxy decarboxymethyl elenolic acid, dehydro 3,4-DHPEA-EA, gallic
acid, and available potassium.

The third cluster consists of seven sampling sites (from Sp2 to Sp8) that are mainly distinguished
by heavy rainfall and low altitudes. The cluster was further divided into two substantial sub-
clusters. Where Sp2 and Sp8 included a high percentage of CaCO3z and Decarboxymethyl
elenolic acid dialdehyde showed no value. Besides, high similarity in sand percentage was shown
in Sp3, Sp5, and Sp7. Cluster 4 comprised two important sub-clusters and six sampling sites
(from Sp13 to Spl7), where Spl3 and Spl4 disclosed the highest content of hydroxy
decarboxymethyl 3,4-DHPEA-EA among all examined locations. Further, Sp12 and Sp16 have
reported the lowest percentage of CaCOz and f-tocopherol among all the studied locations. In
general, this cluster is characterized by a high content of p-tocopherol,
hydroxydecarboxymethyl-3,4-DHPEA-EA and a-tocotrienol. In contrast, CaCOs, rainfall and
relative humidity have shown a low value. Based on the comparison of averages of variables of
the fifth cluster to the overall averages, a high rate of wind speed, apigenin, luteolin glucoside,
methyl-3,4-DHPEA-EA, conductivity and a low amount of y-tocopherol and rainfall were

revealed.

Overall, most classified groups showed very close geographic proximity; With the exception of
cluster one and two, fifteen sampling sites were well clustered geographically. Briefly, Moroccan
EVOO quality is strongly influenced by the production zone as evidenced by the substantial
differences observed in phytochemical composition between sampling areas. Remarkably, the
achieved results could provide geographic traceability of the quality of EVOO in Morocco.

Crop season impact

As reported in various studies, the crop year could significantly influence the quality of the
EVOO. Accordingly, the impact of the crop year on the quality of Moroccan “Picholine
marocaine” EVOO was assessed through the analysis of bioactive compounds content in 2018
and 20109.

The histograms in Figure 2.6 show a comparative analysis between the two crop seasons which
demonstrate that the phenol groups and vitamin E levels were significantly different in the two
crop seasons. With the exception of flavonoids, all other classes showed significant variability.

Moreover, a two-way ANOVA analysis was performed with a post hoc test have confirmed these
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observations; the effects of crop seasons, sampling sites and their interaction with vitamin E and
phenolic compounds were significant (p < 0.0001).

Furthermore, remarkable differences can be seen clearly in the histogram where a two-way
ANOVA statistical test was applied Figure S2.1. An important difference in the level of
polyphenol content in EVOO from Ouazzane (Sp2) was noticed between the 2018 and 2019 crop
years. Similarly, EVOOs from Azilal (Sp14) have shown significant differences regarding
tocopherols. On the other hand, EVOOs from different geographic locations have shared
quantitative similarity in the same crop year as regards phenolic compounds content, such as Fes
and Azilal, Essaouira and Khenifra, and Chefchaouen, Marrakech, and Sefrou were similar in
2018 crop year, whereas values from Chefchaouen, Taza and Taounate were similar for 2019
season. Regarding tocopherols, Beni Mellal, Sefrou, Essaouira and Fes shared a similar quantity

in 2018, whereas El Kelaa des Sraghna, Khenifra, and Sefrou were similar for the 2019 crop

season.
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Figure 2.6. Classes of bioactive fractions (tocopherols, phenolic alcohol, phenolic acid,
flavonoids and secoiridoids and derivates) amount expressed in (mg/kg) of the
Moroccan EVOO during two successive crop seasons 2018 and 2019.

Although the harvest times for the two successive years were different, considering that the two
consecutive years were conducted in November and December, respectively, it is possible to

explain at least in part the dissimilarity observed by the different harvest times for the olive trees.
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Previous studies have demonstrated a significant relationship between bioactive compounds and
the season in which they are produced, with the evaluation of the quality differences between
three Moroccan varieties of EVOO (Arbequina, Arbosana, and Koroneiki) grown over two crop
seasons, Mansouri et al. [68] have concluded that phenols and oxidative stability were correlated
to the production crop season, a considerable variability with a significant effect of the year (p <
0.001) was noticed by Romero et al. [62], as well as, Bajoub et al. [39]. On the other hand, some

other authors have observed a minor influence on the crop season.

However, they have suggested that rather than seasonal weather variations, harvest times in each
season may affect antioxidant conditions, which decrease as the olive fruit ripens [69].
Interestingly, tocopherol and phenolic compounds levels are reported to decrease in ripened fruits
[70,71].
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2.4 Conclusion

In the first part of this study, bioactive compounds including phenolic compounds, vitamin E and
fatty acids of Picholine marocaine VOO obtained from 5 Moroccan provinces were assessed by
HPLC-PDA/ESI-MS, NP-HPLC/FLD and GC-MS/FID, respectively. Among the Picholine
marocaine VOOs tested, a variable amount of phenols was found, including tyrosol,
hydroxytyrosol, oleuropein aglycone, and vitamin E. According to current international
regulations, the phenolic content of three provinces, namely Taounate, Chefchaouen and Beni
Mellal, coincide with the established limit values [30]. Whereas, in terms of vitamin E, only
Taounate which was conformed with Regulation 432/2012 of the European Union [31]. As
regards fatty acids content, all five studied provinces have satisfied the limits stated by COI 2001
[32].

The principal component analysis and heat-map permitted the clustering of the studied 5
provinces according to the VOO chemical composition, which facilitates the characterization of
samples of different provinces based on their bioactive compounds. These results were
considered preliminary ones for the second part of the study, which included EVOO from 19
different Moroccan provinces during two consecutive harvest years 2018 and 2019. Aiming to
determine the effects of edaphic, climatic conditions and harvest year on the levels of bioactive
EVOO compounds. The examined EVOO samples have disclosed 23 hydrophilic and 5 lipophilic
phenolic compounds, where geographic origin has shown an important influence. Substantially,
PCA has emphasized the established correlations between some bioactive compounds and
different geographic factors, particularly pedo-climatic parameters. Moreover, crop year has also
shown an important impact on phenolic compounds and vitamin E content. In particular, harvest
time can influence significantly the phenolic fraction of EVOO. Eventually, the achieved

findings support the impact of pedoclimatic conditions on EVOO quality.
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Figure S2.1. Graphical presentation of polyphenol and tocopherol content expressed in mg/kg
during two successive crop years 2018 and 2019 from 19 Moroccan geographical sites. Values
represent average + standard deviation (n= 3). Similar letters indicate no significant (p> 0.05)
difference between treatments, whereas all parameters have shown a significance with (p <0.0001).
Two-way ANOVA was performed to evaluate crop year, geographical site, and their interaction.
sampling [Chefchaouen (Spl), Ouazzane (Sp2), Sidi Kacem (Sp3), Meknes (Sp44, Sp5), Taounate
(Sp6), Taza (Sp7), Fes (Sp8), Sefrou (Sp9), Boulmane (Sp10), Khenifra (Sp11), Beni Mellal (Sp12,
Sp13), Azilal (Sp14), Kella di Sraghena (Sp15, Sp16), Marrakech (Sp17), Chichaoua (Sp18) and
Essaouira (Sp19)].
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Table S2.1. Quantification of polyphenols and tocopherols contents expressed as average (mg/kg) + SD in Moroccan extra virgin olive oil
of “Picholine Marocaine” collected from 19 Moroccan geographical sites.

Compounds Crop season

Phenolic alcohols

Tyrosol 2018/2019 36.9:008  49.0:052  19.2:058 160001 12.1%0.06 732027 82:026  23.7:114 22.7:086 40001 321028 155:013 231029 2606121 163021 11.0:0.20 1442048
2019/2020 125:036 352028 59:051  106£0.68 141060 106:0.04  122:026 108:0.63 155:0.68 25:014 164171 1342098 1.320.10 150093 882094 126049 85:0.15
Hycroxytyrosol 2018/2019 88.1:528  136.7:7.81  34.4:127 62.8:0.19 27.00.70 115:0.02  269:050 6502256 1156:10.( 17.6:093 90.0:39  34.7£0.33 64.0£4.68 131.1x0.02  50.60.95  76.60.27 23.1+119 350:184  127.9:2.88
2019/2020 10.3:0.46__<LOD 201:440 <LOQ  63:032  266:4.18  43:026 <LOD  17.0:055 57008 22013 _ 22.0+185 97:025 _ 45:0.15 1932021 93:050 12.4£242 11.0:0.93  7.520.26
Phenolic acids
Caffeic acid 2018/2019 <Lob <Lob 205012 582035 1820038 172014 495020 <lOD __ 46:014 <LOQ _ 13#004 <LOD __ 14%010 212013 7.72003 112002 _<LOQ __ <LOD <Lob
2019/2020 <LoD <LoD 41:109  <LOQ _ 05:0.12 602005 <LOD __ <LOD __ 33+00L <LOQ __ <LOQ __ 2.9+0.04 18+040 _ <LOD 4.2:026 <l0Q  <LOQ _ 15:010 _ 1.0:0.13
Ferulic acid 2018/2019 <Lob <Lob 370:037 7.53:0.07 16.87+0.6¢ 7.66:0.11 _ 182:011 <LOD __ 290:001 3.73:004 <LOD __ <LOD _ 15:002 _39:0.12 9.8£0.29 15002 07003 _<LOD 312016
2019/2020 435005 3.3:050 12.9:056  58:053 408004 146:001 16006 16£005 58001  0.2:0.01 10:0.06 482001 _ 3.720.01 502036 21006 122:081 19008 6.7%0.13
Gallc acid 2018/2019 4811126 34.4:456  <LOD _ 103+0.65 104%053 142:146  <LOD _ 100:203 13.2:223 7.5:025 B85:204 187173 93:022 _ 6.020.39 1531535 150:028 20.3:281  22.2%3.33
2019/2020 1245171 3.9+L47 17.0:415 138:321 6.0:014 _ <LOD 1686528 114060 13.3£335 7.0:221 21.04106 1662338 <LOD __ 8.5:2.00 <LoD <lOD __ <LoD __ <LOD
Flavonoids
L uteolin 2018/2019 <L0Q 8.6£0.44 31003 712010 702009 082003 57:022  12.7:056 598042 324004 102+031 35:018  10.42047 6.4%0.08 1132080 6.64016 854010 1924136 402015
2019/2020 641015 241022 54002 66:0.79  16.1#0.03 028043 21006 12£003  123:009 8.2:009 9.0:005 131009 50¢0.5 _ 9.020.25 1265004 2042001 16.9:061 151¢0.64  5120.26
Apigenin 2018/2019 <LOD <L0Q <l0Q _ <L0Q __ <L0Q _ <LOQ <L0Q _ <LoD __ <LOQ _ <LOQ _ <LOQ __ <LOQ _ <LOQ __ <LOQ <L0Q <L0Q _ <LOQ __ 2.9+051 __ <LOQ
2019/2020 <L0Q <LoQ <0Q  <loQ _ <loQ _ <LoQ <0Q  <l0Q  <loQ  <L0Q _ <L0Q _ <Ll0Q  <L0Q _ <LOQ <L0Q <L0Q  <loQ __ <L0Q <L0Q
Luteolin gluc 2018/2019 <LOD 6.00.63 42014 28+001 162008 232031 48:019 <LOD __ 0.¥003  09+0.13 <LOQ __ 4.9t050 0.%00L _<LOQ 8.3£0.27 <L0Q 03010  135:057 _ 6.040.10
: 2019/2020 <L0Q <LoQ <l0Q  <l0Q  <L0Q 17018 <l0Q  <l0Q  <lOQ _ 16008 <LOQ 002000 <LOQ _ <LOQ <L0Q <l0Q  <loQ __ <LoQ <L0Q
Secoridoids and derivate
10-Hydroxy 2018/2019 4795130 891012 359072 358+133 89.4%0.93 632037 156022 510£178 73.3£346 702+175 183.0+2.9¢ 173106 1243+0.1] 12343050 4658220 381153 1240+1.0¢ 50.3£201 _ 20.0£0.77
3,4-DHPEA-EA 2019/2020 10.4£007 _ 1.8+0.05 1214046 19:019  549:326 4808327  17.6:052 9.1+028  3L4+061 <LOQ  16.1+0.08 24.130.05 248+0.11 6.2:064 138002 584010  34.9+103 10.640.23 _ 9.730.23
2018/2019 624.3:17.11 2450085456 48652572 425.1+4.2 1405+16¢ 225106  78.0:0.85 16055¢13 1218410 638.0£6.6¢ 268.3t2.7 583.9+2.0( 10414022 324.2+7.47  496.9+4.2 513.044.9; 3257+20.53 94212938
3,4-DHPEA-EA 410.6+ 94.8+ 7712+ 397.5+ 395.2+ 80.9+ 3.4+ 427.9+ 258.7+ 540.3+ 90.1+ 621.3+ 462.7+ 646.0+ 390.6+ 382.9+
2019/2020 5218616 498131 g 173 26.71 126 0.47 0.69 0.01 14.29 0.46 17.38 121 582 177 1258 8.00 10.88
b-HPEAEDA 2018/2019 <LoD <Lob 11$023 202010 042012 _ 002000 02£000 <LOD _ 06:052 <LOD _ 13006 <LOD _ 08:0.04 <LOQ 35228 0.8£006 01005 _ <LOD 0.2£0.00
2019/2020 <LOD <LoD <L0Q 012014 012001 _<LOQ <L0Q _ <LOQ _ 0.7#002 <LOQ __ <LOQ __ <LOQ __ 0.%0.03 _<LOQ 1.640.00 03009 058003 0.8£010 __ 0.1x0.02
34.DHPEAEDA 2018/2019 48.7:044 18568427 11195281 290:0.18 14.7+0.64 032007 0.9:010 _ 163.4:00: 319:065 6.6£0.11 22.9+061 251046 1820412 1829007 _ 957+178  06.10.82 137.840.3 87.0:283 _ 559034
t 2019/2020 46.8:023  3.3:002 6.3:020  01:003 192013 172002 35:009 03003 14:010 <LOQ 251020 0.1+0.01 23+0.06  1.7+0.06 4.5:024 47.6:301 50.3:366 70.4£097 856207
Spp—— 2018/2019 163.9:5.28  666.1£17.93 © 04.7%047 301067 4.6£036 02:031 3088:05( 935:138 14,3044 150.6+45( 56.6£108 121483, 179.9+4.41  411%247  653:0.74 200.348.1; 27.5:220 15362942
2019/2020 170.7614.82  49.7%L.76 10.820.10 162.16.3( 37.842.18  299.642.3 123.342.1% 03.1:0.06 4.4£004 2322:8.7¢ 10.0£003 1063:17¢ 19.1x157  99.720.82 B 257049 39.3174
Hydroxy decarboxymethyl _2018/2019 <Lob 15.6£2.37 <LOD 08022 _<LOD <LOD _ 103:010 35:106 <LOD _ 7.14052 <LOD 2224055 151¢1.76 962033 <Lob <Lob
3,4-DHPEA-EA 2019/2020 05:0.26 _ <LOD <LOD __ <LOD __ <LOD <LOD __<LOD __ <LOD __ <LOD __ <LOD __ <LOD __ <LOD __ <LOD <LOD <LoD <LoD
Dehydro 34 DHPEAEA 201812019 79:313 53221 12143 072009 082016 _<LOD <LOD 30006 41049 66002 51027 15:002 13+0.15  3.6:0.17 <Lob 212025 <LOD <Lob
; 2019/2020 2612034 9.6£0.39 <LOD _ <LOD _ <LOD _ 203:115 _ <LOD __ 49:025 335:188 <LOD _ <LOD __ <LOD _ <LOD __ 18:0.53 <LoD <LoD __ <LOD <LoD
Decar hyl 2018/2019 942025 <LOD 6.0:091  23:018 782024 6.7:041 120:113 <LOD __ B85:103 23:035 042037 89:033 16:043 11031 <Lob 414:007 16£030 32021 9.8+198
Z'iearl‘g'e';yfe'd 2019/2020 06£0.32  0.5:0.11 09:015 12018 <LOD 53050 40£012 112026 4.9:029 31%047 142030 12$000 <LOD  <LOD <Lob <LOD  43:105 10017  16£0.16
Hydroxy tyrosol 2018/2019 <Lob <Lob <lOD __ <LOD __<LOD __ <LOD <lOb __ <lOb __<LoD __<LOD __ <LOD __ <LOD __ <LoD __ <LOD <Lob <[ob __ <lob __<Lob <Lob
acetate 2019/2020 <LoD <LoD 6.3:083 <LOD _ 92:0.67 51135 <LOD __<LoD __<LOD __ <LOD __ <LOD __ <LOD __ <LOD __ <LOD <LoD <LOD __ <LoD __ <LOD <LoD
Methyl 2018/2019 <LoD 4.9:0.79 33:462  15:015 <LOD __ <LOD <LOD __ 15:018 11009 <LOD __ <LOQ __ <LOD __ <LOD __ 1.1:0.02 <Lob <lob __ <Lob __<Lob <Lob
giﬁ;ﬂ%"é}:‘_ﬁ?‘ 2019/2020 <LoD <LoD <LoD <loD  <LOD  <LOD <LlOD  <LOD  <LOD  <LOD  <LOD  <LOD <LOD <LOD <LOD  <LOD  <LOD <LOD
e p——. 2018/2019 20:040 __ <LOD <(ob __ <lob __ <Lob <Lob 42003 0. 1062092 <LOD _ <LOD 062029  30%053 21 09 50075 10,9070
; 2019/2020 47.1+1.42 __ <LOD . <LOD 68008  9.9:237 74£003  2.080.77 _258£130 <LOD __ <LOD __ <LOD __ 5.7#0.12 _ <LOD 12.122.24 42052 8103 <LOD
2018/2019 2122:171 451650413 103.2:541 106.6£68 328074 132:005  612:029 169.3:9.8( 3065:7.0 78.8£074 3213+41, 7L1x123 154,058 300.8£038  89.1+7.03  151.305. 117.7¢851 14514530
EreiE et 2019/2020 G06:L75  475:L33 40014243 B60:773 3128:227 26008054 130229 7408236 2766416¢ 1313056 21BGHL0E 172360 346HOI st 329,06 wron2 M aarsse Laagee
Hydroxy 2018/2019 2065115 1435090 19003 002073 482072 _ 3.0%004 312071 53%075  27.6:337 00012 22.8£149 28:010 53%054 _ 95:0.07 7.9:1.71 642164 50£080 38078 10.92053
edle:r;’l'i’c"’a"c’i’gemy' 2019/2020 131022 0.8£0.49 124045 224033 45:030 31061 05:004 25:006 7.2¢6058 <LOD 07020 38+0.14 294086 <LOD 38038 11001 084025 042046  <LOD
Hydroxy 2018/2019 30052450  27.7£049 97071  173¢121 3074020 6.720.00 1682031 642020 1034590 2924040 3274041 73:100 1332042 1442178 1595050  46£022 300£049 17.2£306 594032
elenolic acid 2019/2020 10014 1451026 115+256 110:002 49.7:018 17.1:017  6.4%035 33.9:433 184216 23:0.06 8.8:0.10 100:0.84 9.7:0.75  52:009 13.0:018 564017 151005  7.7¢125  2.720.06
Doy elonolic acid 2018/2019 <LoD <LoD <lOD _ <LOD __ <LOD 0862041 _ <LOD _ <LOD __ <LOD __ <LOD _ <LOD __ <LOD 0142005 <LOD <LoD <lOD __ <LoD __<LOD <LoD
2019/2020 <LoD 0443009 <LOD __ <LOD __ <LOD __ <LOD <LOD __ <LoD __ <LOD __ <LOD _ <LOD _ <LOD _ <LOD 3243032 _ 407:009 _ <LOD _ <LOD __ <LOD <LoD
Vitamin E
w-tocopherol 2018/2019 1042+1.36 133.6:0.39 _ 106.0:0.6( 116.3£0.5 B9.36+10. 113430.63  80.50:4.5 15315+l 156.90%0. 32.93:0.4 116.13:0. 156.26:0. 158.5:10 201.1+0.08  1143+0.50  119.1%0.91 1303+L9( 94.96070 _ 154.3£0.50
2019/2020 1165506 39.8£05  523£03 702:34 729:53 1180:17  1202:04 720:09 858:02 33.9:04 86.9:12 58024 740:50 825:23  851:08  062:60 125126 49.9:04  77.3:06
tocotrienol 2018/2019 <L0Q <L0Q <LOQ  25:010 282010 <LOQ <L0Q  <lOQ  <LOQ  <LOQ  238+0.19 3812017 25:002 <LOQ 313:0.2 27:001  4.0:001  3.0:010  3.4%0.20
2019/2020 29:020  22:010 26:010 312001 842020 133:001 _ 50:030 <LOQ __ 7.0:050 41010 <lOQ _ <L0Q _ <L0Q __ <L0Q <L0Q <l0Q  <lOQ _ 54020 _ 512010
ptocapherol 2018/2019 242012 2.8:0.15 2613026 2.56:0.09  2.84:0.18 2.26:010 2.78+0.50 143:0.10 2.40:0.09 2.24+013 30:0.02 _ 3.2:0.01 360010 26201 32802  2.5:01 2.7:0.1
2019/2020 256010 22010 ! ] 23:010 _ 3.6:001 32:010 19:010 23010 36030 2.2+010 _ 41%0.20 _2.0:0.10 _ 3.0£0.10 250,60 <LOQ 36010 22010 _ 3.2:0.0
+tocopheral 2018/2019 75+013 904007 __ 6.0+013 66020 813+053 7.04+011  7.36+03f 648+03 7.50£0.20 355:0.1C 7.130.15 6.99%0.2; 68002 79002 _ 7.2+030 65010 44+010 342010  5820.01
2019/2020 6.5:040 372010 485010 50:0.30 430,10 _ 50%0.00 90:010 32:010 52010 65040 45:010 _ 67:0.10 3.8:0.10 54001 45040 7.8:020 1412040 54:020 _ 8.0%0.70
s-tocopherol 2018/2019 06+005  0.6:004 112005 06200 054£00 047002  051%00: 046+0.1 0.68+0.1 048200 0.6620.05 07600 07001 08200 06500  07%00L 08400l 072001 _ 0.80.01
2019/2020 0.7:001 __ 0.6£001 08:001 _<LOQ 072001 _ 09001 09:001 06001 _ 07:001 08001 09010 <LOQ _ <LOQ 032001 0.3:0.01 02:001 <LOQ _ 0.3x001 __ 0.3%0.01
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ZPhenolic alcohol
ZPhenolic acids
2Flavonoids
ZSecoridoids and derivate
Vitamin E

Zphenolic compounds

2018/2019 125.1 185.8 53.7 78.8 40.0 189 35.2 88.7 1384 216 1221 70.0 79.8 154.2 76.7 929 34.1 49.5 180.7
2019/2020 228 3.6 26.1 10.6 20.5 37.2 16.5 10.8 325 8.2 18.6 34.1 23.1 5.9 34.5 18.2 25.0 20.4 19.0
2018/2019 48.1 34.4 5.9 23.7 29.0 23.6 6.7 19.9 20.8 112 9.8 18.7 123 12.8 329 17.9 210 22.2 16.5
2019/2020 16.8 7.2 34.3 19.6 10.6 20.6 18.4 13.0 22.5 8.1 22.1 24.4 5.6 111 9.2 2.1 122 35 7.7
2018/2019 0.0 147 7.3 9.9 8.6 31 105 127 6.1 4.2 10.2 8.4 10.6 71 19.6 6.6 8.5 35.7 10.0
2019/2020 6.4 2.4 5.4 6.6 16.1 10.9 21 12 12.3 9.8 9.0 13.1 5.9 9.0 12,6 20.4 16.9 15.1 5.1
2018/2019 11771 3919.7 8729 744.4 353.1 64.4 197.6 2415.2 1165.7 3415 1395.6 459.6 12116 2025.6 636.2 8743 1286.0 637.5 1354.8
2019/2020 887.5 1717 916.4 208.5 1373.5 815.3 873.8 332.4 897.7 26.6 908.6 490.5 1037.1 246.7 1099.1 7978 914.3 760.0 647.1
2018/2019 114.8 146.0 1154 128.2 130.45 1233 177 162.3 167.8 38.3 128.6 170.0 1716 213.0 128.9 131.7 142.7 104.5 166.8
2019/2020 129.1 48.4 63.1 81.3 88.6 1424 147.3 77.6 101 48.9 94.5 69.7 79.8 91.2 92.1 104.4 142.8 63.2 94
2018/2019 1350.4 4154.7 940.0 857.0 430.96 110.1 250.1 2536.6 1331.2 378.7 1537.9 556.9 1314.4 2199.9 765.5 991.9 1349.7 745.1 1562.2
2019/2020 933.7 1911 982.3 2455 1420.8 884.2 911.0 357.6 965.1 52.8 958.4 562.2 10719 272.7 1155.6 838.7 968.5 799.2 679.1
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Table S2.2. Geographic information about the 19 studied geographical sites of Morocco.

Code

Regions

Latitude

Longitude

Altitude: (m.)

Spl Tangier-Tetouan-Al Hoceima 35.04756959 -5.18966503 795.05
Sp2 Tangier-Tetouan-Al Hoceima 34.96390882 -5.55752702 215.6

Sp3 Rabat-Sale-Kenitra 34.32704667 -5.67162167 40.65

Sp4 Fes-Meknes 34.0959468 -5.69841077 178.62
Sp5 Fes-Meknes 34.06255139 -5.35884381 261.42
Sp6 Fes-Meknes 34.29534608 -4.68761767 225.23
Sp7 Fes-Meknes 34.14988513 -4.34951846 281.1

Sp8 Fes-Meknes 34.03218803 -4.8799319 256.18
Sp9 Fes-Meknes 33.86045216 -4.85226809 814.25
Sp10 Fes-Meknes 33.6024198 -4.5599905 947.11
Spill Beni Mellal-Khenifra 32.82915307 -5.61550233 831.16
Spi12 Beni Mellal-Khenifra 32.6203184 -5.97855724 752.17
Sp13 Beni Mellal-Khenifra 32.37114167 -6.32796833 521.9

Spl4 Beni Mellal-Khenifra 32.22453333 -6.53560333 456.8

Sp15 Marrakech-Safi 32.1467413 -7.2855471 411.59
Sp16 Marrakech-Safi 31.84095341 -7.33884281 628.87
Sp17 Marrakech-Safi 31.68413572 -8.13066243 388.78
Spl8  Marrakech-Safi 31.58301034 -9.03087293  382.92
Sp19 Marrakech-Safi 31.60415187 -9.52250093 203.41
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CHAPTER 3

Assessment of bioaccessibility of Hibiscus sabdariffa L.
polyphenols in simulated in vitro human digestion model by means
of liquid chromatography coupled to mass spectrometry

3.1 Introduction

Hibiscus sabdariffa (H.s.) which is commonly known as roselle, bissap, or karkade belongs
to the Malvaceae family. It is commonly grown in tropical and subtropical areas such as India,
Mexico, Thailand, and Egypt. H.s. used to be consumed traditionally as a cold beverage or
hot tisane. It is known by its red colour owing to the presence of anthocyanins, which are
water-soluble flavonoids present in their glycosylated form. [1-5]. In addition to their
antioxidant properties, anthocyanins increase a wide variety of biological functions after
consumption.

Cyanidin-3-O-sambubioside (C3S) and delphinidin-3-O-sambubioside (D3S) are the main
anthocyanins present in H.s. [6] alongside several bioactive compounds, which are
responsible for numerous physiological and pharmacological effects. All bioactive
compounds have a strong relationship to their availability at the site of action in terms of their
in vivo biological activity. The bioaccessibility of polyphenols and their consequent
absorption in the gastrointestinal tract (GIT) along with their biotransformation by enzymes
from the gut microbiota represent one of the key limiting factors affecting their beneficial
effects [7]. Bioaccessibility refers to the percentage of nutrients or phytochemicals that are
released during digestion from complex food matrices and, therefore, likely available for
absorption in the upper gastrointestinal tract. In earlier studies, the release of proteins, lipids
and polyphenols from natural and blanched skins of almonds were examined during the
simulated human digestion [8] and explained the influence of polyphenols bioaccessibility by
the nature of food matrix during simulated human digestion [9]. Moreover, based on
simulated human digestion of pistachio polyphenols, tocopherols, and xanthophylls, it was
determined that a significant percentage of polyphenols were released during the gastric
phase, whereas protocatechuic acid and luteolin were less bioaccessible in the presence of
(muffin) as food matrix [10].

Based on a previous in vivo study conducted on the colonic fermentation of H.s. anthocyanins
[6]. The present study is focused on the investigation of the bioaccessibility of H.s.
polyphenols in vitro using a simulated human digestion model at the stomach and duodenum

level [11]. In vitro bioaccessibility was performed on the dried extract of H.s. polyphenols,

67



and all the attained aliquots from gastric and duodenal digestion, besides the raw H.s. extract
were analyzed using high-performance liquid chromatography coupled to photodiode array
and mass spectrometry detection (HPLC-PDA-MS/MS).

3.2 Materials and methods

3.2.1 Chemicals and reagents

All employed acetonitrile (ACN), methanol (MeOH), water, ethyl acetate, trifluoroacetic acid
(TFA), and formic acid were LC-MS grade and purchase from Merck KGaA, Darmstadt,
Germany. Polyphenols standards used for the quantification comprise cyanidin-3-O-
glucoside, quercetin, caffeic acid, coumarin, and kaempferol (purity >95.0%) were also
obtained from Merck KGaA, Darmstadt, Germany. Each standard was prepared by dissolving
10 mg in 10 mL of methanol to prepare stock solution s of 1000 mg/L.

In the present study, all the employed enzymes and chemical reagents in the in vitro digestion
are as follows: potassium chloride (KCI), sodium chloride (NaCl), calcium chloride (CaCly),
urea, cholesterol, zinc sulphate heptahydrate (ZnSO4-7H20), sodium phosphate monobasic
(NaH2PO4), a-amylase from human saliva type X1 (A1031-1KU), egg-phosphatidylcholine
(PC, 840051P), pepsin from porcine gastric mucosa (P6887), trypsin type IX-S from porcine
pancreas (T0303), lipase type VI-S from porcine pancreas (L0382), a-chymotrypsin type 11
from bovine pancreas (C4129), colipase from porcine pancreas (C3028), a-amylase type VI-
B from porcine pancreas, sodium glycodeoxycholate (G9910), and taurocholic acid sodium
salt hydrate (T4009) were purchased from Merck KGaA (Darmstadt, Germany). Whereas the
gastric lipase employed in this work was fungal lipase analogue (F-AP15) purchased from
Amano Enzyme Inc. (Nagoya, Japan).

3.2.2 Sample preparation

The dried samples of H.s. calyces were purchased from a market in Morocco, particularly in
Meknes.

The plant material identification was accomplished by a botanist at the Department of
Biology, Faculty of Sciences, University of Moulay Ismail, Meknes, Morocco.

The dried calyces of H.s. were reduced into powder before the preparation of the extract for
the in vitro simulated human digestion (Figure 3.1). A decoction was prepared for H.s. by
weighing 10 g w/w of dried H.s. calyces (dry matter of 93% (RSD = 0.11%)) into an
Erlenmeyer flask with the addition of cold distilled water. Decoction lasted for 10 min and
was filtered through a muslin cloth in 250 mL conical flasks, the extract was then centrifuged
for 10 min at 2060x g and filtered through an Acrodisc nylon membrane of 0.45 pum (Merck

Life Science, Merck KGaA, Darmstadt, Germany) [6]. The aqueous extract obtained was
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dried and stored for 48 h at +4°C in darkness to be employed for simulated in vitro digestion
and HPLC-PDA/MS analyses.

3.2.3 In vitro simulated human digestion
The present study aims to evaluate the bioaccessible polyphenols extracted from H.s. through

an in vitro simulated human digestion in the duodenum and the stomach levels [12].

HPLC/MS-MS
H. sabdariffa
Polyphenols Anthocyanin
- -
L)
SPE (C18)
Decoction (\ \ m 4
i - o & |mEm
< — —_— 4
V \9 Filtration \_/ A : 5
Centrifugation EZ 2 Envi
Evaporation

Figure 3.1. The extraction process of H.s. dried calyces, solid phase extraction of
polyphenols and anthocyanins, and their analysis by liquid chromatography.

Gastric digestion

1 g of H.s. dried extract was put into a falcon plastic tube of 50 mL and mixed with 10 mL of
a solution of simulated gastric acid containing NaCl (58 mM), KCI (30 mM), NaH2PO4 (0.864
mM), CaCl> (0.5 mM), and egg-phosphatidylcholine (0.127 mM). In order to adjust the pH
of the gastric solution to 2.5, 1 M HCI was added, and porcine gastric mucosa pepsin and
gastric lipase were dissolved at a final concentration of 9000 U/mL and 60 U/mL,
respectively. An incubation of samples at +37 °C for 2 h with constant agitation (170 rpm)
was achieved by using Innova 4000 Benchtop Incubator Shaker (New Brunswick Scientific,
Edison, NJ, USA). During the digestion process, two aliquots were collected each 20 min. 1
M NaOH was added to the first aliquot in order to raise the stomach pH to 7.5 to terminate
gastric reactions, consequently, was filtered through a 0.45 um membrane filter and stored
for chromatographic analyses. Whereas the second gastric digestion aliquot of 5 mL

proceeded for the duodenal digestion.
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Duodenal digestion

The 5 mL of the second aliquot that contains almost 0.5 g of extract was transferred to a
different falcon plastic tube of 50 mL for 30 min under duodenal digestion conditions. This
later is composed of a 4.33 mL simulated bile solution containing 12.5 mM sodium
taurocholate, 12.5 mM sodium glycodeoxycholate, 6.5 mM dried lecithin, and 4 mM
cholesterol, besides 12.17 mL of pancreatic enzyme solution consisting of NaCl (125.0 mM),
CaCl; (0.6 mM), MgCl. (0.3 mM), ZnSO4-7H20 (4.1 pM), porcine pancreatic lipase (590
U/mL), porcine colipase (3.2 U/mL), porcine trypsin (11 U/mL), bovine a-chymotrypsin (24
U/mL), and porcine a-amylase (300 U/mL). The duodenal aliquot was incubated for 30 min
at 37 “C under shaking conditions of 170 rpm. Every 10 minutes, an aliquot was harvested
from the duodenum during digestion. All post-duodenal aliquots were filtered independently

through a 0.45 um membrane filter and kept at —80 “C for further analyses.

In vitro simulated digestion
(Stomach & duodenum)

Redissolution / Filtration @./ Extraction PP
. sabdariffa

Evaporation Centrifugation
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== -

@ — i —— =
-~ ” ® ‘ ' - \_/ Redissoluiton
\9 sp‘z (c18) Anthoaanin Evaporation

Centrifugation

HPLC-MS/MS

Figure 3.2. Procedure of extraction of H.s. polyphenols from in vitro human simulated digestion
aliquots.

Polyphenols extraction after simulated digestion

As a result of gastric and duodenal simulated digestion, all the obtained aliquots of different
samples were centrifuged and supernatant fractions that contain polyphenols were collected.
All H.s. raw extract and aliquots supernatants were evaporated through Ez-2 and the obtained
dried extracts were redissolved in 1 mL of acidified milli-Q water with 0.3% Formic acid.
The aliquots were applied on solid phase extraction (SPE; Sep-Pak Vac C18 Octadecyl
cartridge (3 mL, 200 mg), VWR International Srl, Milan, Italy) to dispose of undesirable
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products (e.g., proteins, enzymes, and carbohydrates) according to the previously cited study
[6] (Figure 3.2).

3.2.4 Instrumentation and method validation

Analysis of phenolic compounds by HPLC-PDA-MS

The phytochemical investigation of H.s. extracts and digestion aliquots was performed on
HPLC-PDA-MS using a Shimadzu Prominence LC-20A (Shimadzu, Kyoto, Japan),
composed of a CBM-20A controller, two LC-20AD dual-plunger parallel-flow pumps, a
DGU-20 A5 degasser, an SPDM20A photodiode array detector, a CTO-20AC column oven
at 25 °C, a SIL-20A auto-sampler and an Ascentis Express C18 column (150 x 4.6 mm, 2.7
pm) (Merck Life Science, Merck KGaA, Darmstadt, Germany). Triple quadrupole mass
spectrometer LCMS-8050 supplied with an electrospray ionization source (ESI) was
employed in both negative and positive ionization modes, employing the previously reported
parameters [6]. Data acquisition was acquired using Shimadzu LabSolutions software (Ver.
5.65, Shimadzu, Kyoto, Japan).

Calibration curves and Limits of Detection (LoD) and Quantification (LoQ)

The following phenolic standards were employed in this study: cyanidin-3-O-glucoside,
dissolved in acidified methanol with 0.1% HCI [13]; quercetin, caffeic acid, coumarin, and
kaempferol, were all dissolved in methanol. 1000 mg/L of all stock standards solutions were
prepared with six concentrations. A linear regression was generated by making three
injections for each level. All cyanidin-3-O-sambubioside and delphinidin-3-O-sambubioside
were acquired within the linear range of the standard curve of cyanidin-3-O-glucoside with
R? = 0.998. The anthocyanin compounds were semi-quantified at a wavelength of 520 nm
and expressed in pg/g of dried extract.

The HPLC analytical method for cyanidin-3-O-glucoside was validated using triplicate
injections in the range of 1-100 mg/mL for cyanidin-3-O-glucoside as an external standard
compound of anthocyanins. Accordingly, the LoD and LoQ values were determined using a
standard deviation of blank response and slope of 3 and 10, respectively.

Analysis of H.s. anthocyanins

The mobile phase consisted of water/formic acid (90:10 v/v, solvent A) and water acetonitrile—
formic acid (40:50:10 v/v/v) (solvent B) with the following gradient: 0 min, 12% B; 35 min,
30% B; 36 min, 100% B [14]. PDA acquisition was in the range of 200-550 nm; the H.s.
anthocyanins in aqueous extracts were monitored at 520 nm (sampling frequency: 12.5 Hz;

time constant: 0.08 s). The injection volume of the anthocyanins was 5 L.
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Analysis of H.s. polyphenols

The mobile phase containing water/formic acid (99.9/0.1 v/v, solvent A) and acetonitrile
(solvent B) was used with the following gradient: 0 min, 0% B; 5 min, 5% B; 15 min, 10%
B; 30 min, 20% B; 60 min, 50% B; and 70 min, 100% B. The flow rate of 1 mL/min was split
by a T-piece to 0.2 mL/min after PDA and before MS detection. The injection volume was 5
pL. PDA acquisition was in the range of 200-400 nm (sampling frequency: 12.5 Hz; time
constant: 0.08 s).

3.2.5 Statistical analysis

The Shapiro-Wilk test was used to determine the normality of the data and residuals; the white
test was used to determine heteroscedasticity after the nonparametric regression was
performed. Since the normal distribution was not verified, a comparison between the effect
of the digestion phase and time on polyphenol release was performed employing Friedman's
test (nonparametric repeated measures comparisons). Dunnett's and Nemenyi's tests were
used when statistically significant differences were detected. Statistically significant effects
were accepted at the 95% level. Data are presented as means £ SD. All statistical analyses
were performed in Xlstat (version 2019.2.2).

3.3 Results and discussion

3.3.1 Identification of polyphenols in the extract of H.s.

The polyphenolic profile of H.s. has been investigated in previous studies [15-22]; It is,
however, important to note that no characterization studies have been performed for this
species in Morocco to date.

Figure 3.3 shows the polyphenolic profile of dried calyces of H.s., achieved by HPLC-PDA-
MS/MS. In total, up to twenty-three polyphenolic compounds were detected and among them,
twenty-one were positively identified according to retention times, MS, and literature data
(Table 3.1). Peak N°. 1 (tr= 1.74 min, Amax = 260) was identified as hibiscus acid, based on
the UV-vis spectrum, deprotonated molecule [M-H] at m/z 189, and mass fragment at m/z
127 derived from the typical losses of water and carbon dioxide from the main ion. Such a
compound was reported in all previous studies, and it represents a lactone of hydroxycitric
acid.

Amongst phenolic acids, hydroxycinnamic acids are the most characterized with twelve
compounds positively identified (peaks N°. 6-8,10,11,13-16, and 18-20). Peaks N°. 8, 11,
13, and 14 reported a characteristic Amax = 325, a deprotonated molecule [M-H] at m/z 353,

and mass fragments at m/z 191 and 179 and were consequently identified as caffeoylquinic
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acids; on the other hand peaks 10,15, and 16 showed a Amax = 310 nm, a deprotonated
molecule [M-H] at m/z 337, and a mass fragment at m/z 191 and were identified as
coumaroylquinic acids. Concerning flavonoids peaks N°. 17,21,22, and 23 showed a Amax =
319, 345, 353, and 350 nm with deprotonated molecules [M-H] at m/z 449, 595, 609, 593,
595, and 609, and mass fragments at m/z 317, 301, and 285 (corresponding to the loss of sugar
moieties); such compounds were positively identified as myricetin-arabinoside, quercetin-
sambubioside, quercetin-rutinoside, and kaempferol-rutinoside. Finally, peaks N°. 3 and 4,
Amax = 520 nm, deprotonated molecules [M-H] at m/z 597 and 579, and mass fragments at
m/z 303 and 287 were positively characterized as delphinidin-sambubioside and cyanidin-
sambubioside.

3.3.2 Release of phenolic compounds and flavonoids from H.s. during in vitro

Figure 3.3 Profile of polyphenolic compounds in the aqueous extract of dried calyces
of H.s. (A =280 nm). The inset illustrates the unzoomed chromatogram.

digestion

In vitro gastric digestion and gastric + duodenal digestion resulted in a decrease in certain
compounds. Particularly peaks No. 8, 11, 13, and 14 assigned as caffeoylquinic acids began
to decrease following stomach digestion of 20 minutes. Similarly, peaks No. 10, 15, and 16
identified as coumaroylquinic acids only persisted for a short time during the simulated
human digestion due to the apparent degradation occurring in the gastric and duodenal
compartments, as was reported previously [8]. As reported in Table 3.1, quinic acid was
present only in samples obtained during duodenal digestion, suggesting that this compound

was derived from the degradation of more complex caffeoylquinic and coumaroylquinic
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acids. It was expected that hibiscus acid would be present in undigested extracts and persist
throughout the simulation digestion, albeit at lower concentrations. Remarkably, all peaks
eluted on or after 23 min were completely solubilized after 20 min of gastric incubation.

H.s polyphenols were primarily released through the stomach (23%), with a slight increase
during gastric and duodenal digestion (31%, Figure 3.4). This can be explained by a rapid
loss of polyphenols from the gastric compartment, which reduced the rate at which
polyphenols were released (Figure 3.5).

It was previously stated that cell walls play a key role in regulating bioaccessibility of lipids,
proteins, and vitamin E released from almond seeds during digestion [11]. According to a
dynamic gastric model of digestion, over 90% of the polyphenols from pistachio seeds were
released in the gastric compartment, with a virtual total release in the duodenal compartment
[10].
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Figure 3.4. Evaluation of total polyphenols content in pg/g in the extract at
the end of gastric and duodenal digestion. Values are given as the amount of
polyphenols in the undigested extract (baseline) and in the soluble extract
released during in vitro gastric and gastric + duodenal digestion. Values
represent averages (xSD) of triplicate measurements. RSD was always <10%.
Statistically significant differences were observed (Friedman’s test followed
by post hoc comparison with one-tailed Dunnett’s test) and are characterized
by the * symbol. Statistically significant differences were observed between
the end of gastric and duodenal digestions and undigested extract (p < 0.001)

(***) .
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Currently, there is no data available on the behaviour of individual health-promoting
components in natural extracts, as well as their biotransformation by microbiota enzymes in
the gut. This poses a significant challenge to understanding the role of individual health-
promoting components in natural extracts. [7]. The impact of digestion conditions, such as
pH, temperature, bile salts, gastric, and pancreatic enzymes on the bioaccessibility of specific
polyphenols has also been reported [23,24]. Polyphenols are capable of binding proteins,
resulting in possible protein denaturation (e.g., trypsin, amylase, lysozyme) that lowers
digestibility in the upper GI tract and protects the large bowel against oxidative reactions
[25,26]. Consequently, the health benefits associated with polyphenol intake depend on a
variety of factors, including their release in the upper gastrointestinal tract, the food matrix,

as well as the degree of bacterial fermentation in the large intestine [27].
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Figure 3.5. Dynamic evaluation of the release of polyphenolic compounds content during the
in vitro simulated human digestion. Values represent averages (£SD) of triplicate

measurements. RSD was always <10%.
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Table 3.1. Characterization of the bioaccessible polyphenols in the extract of H. sabdariffa throughout the simulated human digestion. x indicates the presence
of the compound in the extract. — indicates the absence of the compound in the extract.

tr Amax Undigested
Peak [M-H]; MS/MS Tentative identification Gastric digestion Duodenal digestion Ref.
(min) (nm) extract
20 min 40 min 60 min 10 min 20 min 30 min

1 1.74 260 189,127 Hibiscus acid x x X x x x X [15-22]
2 3.53 280 387 Quinic acid - - - - X X X
3 4.03 520 597,303* Delphinidin-sambubioside x x X X x x X [15-20,22]
4 6.35 520 579,287* Cyanidin-sambubioside X X X X X X X [15-20,22]
5 8.11 286 253 Unknown X X - - - - - -
6 8.89 314 315 Chlorogenic acid quinone X X - - - - - [16]
7 10.15 317 368,191 Caffeoyl-hydroxycitric acid x - - - - - - [16,18]
8 12.34 325 353,191,179 Caffeoylquinic acid x X X X X X X [20-22]
9 13.13 287 297 Unknown X - - - - - - -
10 15.06 310 337,191 Coumaroylquinic acid X X X X x x X [16,18]
11 16.28 325 353,191,179 Caffeoylquinic acid isomer X x X X x x X [19-22]
12 17.23 326 367 Unknown X X X x X X X -
13 17.61 325 353,191,179 Caffeoylquinic acid isomer X x X X x x X [19-22]
14 19.74 325 353,191,179 Caffeoylquinic acid isomer X - - - - - - [21]
15 20.58 309 337,191 Coumaroylquinic acid isomer X X X X X X X [18,20]
16 21.16 308 337,191 Coumaroylquinic acid isomer X X X X X X X [10,20]
17 21.38 319 449,317 Myricetin-arabinoside X X - - - - - [15,17,18]
18 22.97 329 367,193 Feruloyl quinic acid derivative X X X X X X X [19]
19 24.33 326 335,179 Caffeoylshikimic acid X - - - - - - [15-18, 20]
20 26.29 329 367,193 Feruloyl quinic acid derivative X x X X x x X [19]
21 27.88 345 595,301 Quercetin-sambubioside x - - - - - - [15-18,20]
22 29.18 353 609,301 Quercetin-rutinoside X - - - - - - [15-18,20-22]
23 32.27 350 593,285 Kaempferol-rutinoside X - - - - - - [15-18,20,22]

*Acquired in [M+H]*
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3.3.3 Release of anthocyanins from H.s. during in vitro digestion

Besides organic acids, polysaccharides and flavonoids, anthocyanins, mainly delphinidin-
sambubioside and cyanidin-sambubioside, represent the major constituents of H.s., which are
important for nutraceutical and pharmaceutical industries. Figure 3.6 describes the content
of delphinidin-3-sambubioside and cyanidin-3-sambubioside in the undigested extract of H.s.
and throughout simulated human digestion. Regarding flavonoid release, most of the
anthocyanins were bioaccessible in the gastric compartment, with a slight further increase in
the duodenal phase. Overall, 49% (26% after 20 min gastric phase, 14% after 40 min gastric
phase, and 9% after 60 min gastric phase) and 77% (31% after 20 min gastric phase, 25%
after 40 min gastric phase, and 21% after 60 min gastric phase) of delphinidin-3-sambubioside
and cyanidin-3-sambubioside were released in the gastric compartment, respectively.
Additionally, 3% and 10% of delphinidin-3-sambubioside and cyanidin-3-sambubioside were
solubilized in the small intestine, respectively. Recent research has demonstrated the
feasibility of encapsulating anthocyanins in jelly candy using microparticles: up to 73% of

the bioactive compounds of hibiscus extract were retained after encapsulation [28].

10.00
8.00
= @ Cyanidin-3-O-sambubioside
00
-
g 6.00
% O Delphinidin-3-O-sambubioside
g
g, 4.00
o
a 2.26
2.00 :
001 : 123
e LY/ 1 44 I
- D 7 pFl cuws emen ow o
Undigested Gastric after Gastric after Gastric after Duodenal Duodenal Duodenal
extract 20 min 40 min 60 min  after 10 min after 20 min after 30 min

Figure 3.6. Quantification of anthocyanins in the raw extract and during
in vitro gastric and duodenal digestion.

Anthocyanin release in the present study followed a similar trajectory to that of polyphenol
release in terms of gastric and duodenal distribution, although at higher release levels.

On the other hand, de Moura et al. [28] have reported that in comparison with polyphenols,
anthocyanins have exhibited lower release values, which may be due to their solubility and to
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the employed enzymes. Anthocyanin bioavailability was examined by Elker et al, along with
the possible implications for inter-individual variability [29]. As dietary bioactive
compounds, anthocyanins have been demonstrated to provide beneficial effects against
cardiovascular, neurological, and eye conditions. However, factors such as food matrix and
food processing, enzymes involved in their metabolism and transport, as well as gut
microbiota that metabolize anthocyanins may be responsible for the high inter- and intra-

variability found in bioaccessibility studies.

3.4 Conclusion

The present study demonstrated that the polyphenolic compounds in H. sabdariffa are rapidly
accessible in the stomach, thus maximizing absorption into the upper small intestine and
contributing to the positive relationship between hibiscus consumption and health-related
outcomes. In order to validate these in vitro findings regarding the release of bioactive
compounds from the hibiscus and the metabolism of the undigested polyphenols by the gut

microbiota, further clinical studies are needed in humans.
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CHAPTER 4

Chemical characterization of three cultivars of Brassica juncea L.
extracts from different plant tissues by Gas and Liquid
chromatography coupled to mass spectrometry

4.1 Introduction

A large portion of the human diet consists of cruciferous vegetables, known as Brassicaceae,
which contain an abundance of health-promoting substances that may help to reduce the risk
of disease. This family is considered a potential source of glucosinolates, carotenoids, amino
acids, vitamins (C and E), and phenolic compounds [1-13]. Among the vegetables consumed
the most is Brassica oleracea L., a plant with many different forms, including kale, cabbage,
broccoli, brussels sprouts, cauliflower, and many others. One of the most famous species,
Brassica juncea (L.) Czern. (B. juncea), is well known for its green vegetable, also called
Indian mustard or brown mustard. It is also consumed as a root and leaf vegetable in China
and as a spice in Europe and America.

Generally, it has been stated that a high intake of Brassicaceae vegetables is correlated to the
prevention of various types of cancer, such as colon and lung cancers [14]. Particularly, B.
juncea leaf extract has demonstrated through in vitro studies anticancer activity against colon
and lung cancer [15], antioxidant activities [16], a reduction in lipid peroxidation under
diabetic oxidative stress [17] and inhibiting the accumulation of body fat [18]. Furthermore,
polyphenols from B. juncea have also been shown to be beneficial in the treatment of
cognitive disorders caused by diabetes [19].

Bioactive molecules present in Brassica species include flavonoids and phenolic acids. Where
flavonoids consist of two aromatic benzene rings separated by an oxygenated heterocyclic
ring, with differences in the number, distribution, and substitution of phenolic hydroxyl
groups across the molecules [20]. Flavonoids protect plants from UV radiation, pathogenic
microorganisms, insects and herbivorous. The most prevalent subclass of flavonoids in plant
foods and Brassica plants in general are flavonols, with the most important aglycones,
quercetin, kaempferol and isorhamnetin, present in the glycosidic form (O-glycosides), while
myricetin is less common. Typically, flavonoids are present in plant tissues as complex
conjugates containing one to five sugar moieties bound to the aglycones, and they are

typically acylated with hydroxycinnamic acids.
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There are several factors that affect polyphenol content in plants, including: cultivar, climate,
post-harvest treatments, and agricultural practices and the environment [1].

The nutritional value of Brassica plants is relatively linked to their polyphenolic content,
which can vary greatly between species and even between plants of the same species. The
polyphenolic composition of different Brassica species has shown distinctive qualitative and
quantitative profiles [21]. It has been reported that the total polyphenol content in edible parts
of B. oleracea L. is twice that in brussels sprouts, cauliflower, and broccoli [22]. Where
flavonol aglycones content was reported in detail [23-25].

In addition, it has been previously reported that volatile compounds present in plant foods, in
addition to being responsible for organoleptic properties, have beneficial properties for human
health [26]. A variety of volatile compounds have already been characterized in B juncea,
including alkanes, ketones, and isothiocyanates [27-29].

The present study aims to evaluate the metabolite content of various portions (leaves, stems,
roots, flowers and seeds) of three cultivars of B. juncea, ISCI 99 (sample A), ISCI Top
(sample B), and ISCI “Broad-leaf” (sample C), through the use of HPLC-PDA/ESI-MS, in
order to be furtherly employed as nutraceuticals in different food matrices. In addition, GC-
FID/MS was also used to analyze the volatile content of the most complex sample, namely
leaves, along with chemical analysis of defatted seed meals (DSM).

Sample A, one of the initial samples selected at CREA-CI (Bologna, Italy) [30,31] was
selected based on the richness of tissues in glucosinolates, which are commonly induced by
biofumigation in greenhouse environments. Moreover, the present plant is known by its short
cycle and early summer flowering period, with good adaptation to different pedoclimatic
conditions. Like the other small-seeded Brassicaceae, sample A can be seeded in both fall
and spring season with refined soil as preference, although it can afford a turf seed. Sample
B was newly listed in the Plant Variety Protection Office (PVPO) through a USDA PVP
certificate (https://apps.ams.usda.gov/CMS/CropSearch.aspx). This cultivar was bred and
selected at CREA-CI (Bologna, Italy) for biofumigation reasons, and was applied as green
fertilizer by soil incorporation. The Sample C line shows some interesting characteristics in
comparison with the other varieties, including high biomass production and a distinctive
broadleaf, despite being more susceptible to low temperatures, pests, and diseases.

To date, only scarce information on both volatile and non-volatile compositions of the B.
juncea species is available in the literature. The chemical composition of the three cultivars
of the B. juncea was furtherly studied using comprehensive two-dimensional liquid

chromatography coupled with a photodiode array and mass spectrometry detection [32].
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4.2 Materials and methods

4.2.1 Chemical and reagents

All employed organic solvents; water, methanol, acetonitrile, and acetic acid were LC-MS
grade and were acquired from Merck Life Science (Merck KGaA, Darmstadt, Germany).
Kaempferol-3-0-glucoside (Km 3-O-glucoside), Isorhmanetin-3-O-glucoside (Is 3-0O-
glucoside), and Quercetin-3-O-glucoside (Qn 3-0O-glucoside) were purchased from Merck
Life Science (Merck KGaA, Darmstadt, Germany). Stock solutions of 1000 ppm were
prepared for each standard by dissolving 10 mg of each standard in 10 mL of methanol.
4.2.2 Sample preparation

B. juncea samples were provided from the Brassica seed collection of CREA-CI [33]. Which
were harvested in autumn on 15 October 2017, each in a 30 m? plot, at the CREA
experimental farm located at Budrio (Bologna) in the Po Valley area (Emilia Romagna
region, 44°32°00%° N; 11°29°33% E, altitude 28 m a.s.1.). It consists primarily of flat land with
alluvial deep loamy soil, with medium levels of total nitrogen and organic matter. The
cultivation took place without fertilization, and no further agronomic inputs were required
until harvest. Plant samples were collected at three different phenological phases: (i) the first
phase, 12 + 3 cm (Sample A) to 23 + 3 cm (Sample B and Sample C) tall, the edible salad
phase; (ii) the second phase, 18 £ 2 cm (Sample A) to 33 £ 4 cm (Sample B and Sample C)
tall, the edible salad phase as the climax, when stems and leaves began to be of equal weight;
and (iii) the third phase, when the inflorescence was fully developed. At each sampling time,
six plants were manually harvested, and brushed (in order to remove soil debris physically),
ensuring that different tissues were distinguished from one another (leaves, stems, roots,
flowers. Samples were immediately frozen and lyophilized for storage in glass vacuum
desiccators. Lyophilized tissues were finely pulverized to 0.5 um size for analysis.

Seed cake preparation and characterization

B. juncea seed cake is the main by-product of this oilseed crop, and to date, oil yield is its
primary economic value [34]. Seeds were subjected to extraction with n-hexane (1:10 w/v) in
a rotary shaker overnight at room temperature. The aim was to obtain the largest possible
number of bioactive molecules. Seed cake was crushed in a mortar and allowed to dry at 40°C
to constant weight and finally ground to 0.5 mm size. The B. juncea defatted seed meals
(DSMs) were analyzed for the determination of moisture, nitrogen, residual oil, and
glucosinolate (GSL) content. Moisture content was controlled by determining the difference
between its weight before and after oven drying at 105°C for 12 hours. Total nitrogen content

was assessed in accordance with the American Society for Testing Materials (ASTM D5373
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2016) [35], and the crude protein content has been expressed as a percentage of dry matter
and calculated using the conventional soy protein factor of 6.25 as the basis for calculation
[36]. The residual oil was extracted by n-hexane using a standard automated continuous
extraction according to the Twisselmann principle using an E-816 Economic Continuous
Extraction (ECE) unit (BUCHI Labortechnik AG, Flawil, Switzerland). GSL content and
profiles were evaluated by HPLC-UV analysis of desulfo-GSLs following the ISO 9167-1
method (ISO 9167-1:1992/Amd 1:2013) [37]. The desulfo GSLs were detected by monitoring
their absorbance at 229 nm and identified based on their UV spectra and retention times
[38,39]; Sinigrin was employed as external standard for the quantification of GSL amount.
Each extraction and analysis were carried out in triplicate.

Sample preparation for HPLC-PDA-MS

The extraction of the metabolite content was performed based on the following slightly
modified protocol [7]. All samples were spiked before the extraction with 50 pL of apigenin
(1000 ppm), which was evaporated with the use of nitrogen. The powder of different plant
parts (seed, root, stem, leaf and flower) of B. juncea was weighed in 100 mg in addition to
the DSM of the three different cultivars. Samples extraction was performed in duplicates
using 5 mL of a mixture of methanol:water (60:40, v/v) for 30 min in a sonicator followed by
a centrifugation at 1000x g for 15 min. The obtained supernatant was then filtrated through
0.45 um filter paper; Merck Life Science (Merck KGaA, Darmstadt, Germany). The obtained
extracts were evaporated using EZ-2 evaporator and redissolved in 1 mL of the same solvent
mixture of extraction. A volume of 10 pL was injected into HPLC. The extraction process is
illustrated in Figure 4.1.

Sample preparation for GC-FID/MS

The extraction of the volatile compounds was accomplished with the use of a 50/30 um
DVB/CAR/PDMS (SPME fiber) (Merck Life Science, Merck KGaA, Darmstadt, Germany).
SPME fiber was conditioned following the recommendation described by Merck Life
Science, by the insertion of SPME into the GC injector at 270 “C for 30 min. In a 20 mL
sealed vial with a magnetic cap and silicone/PTFE septum (Agilent Technologies, Santa
Clara, CA, USA), 250 mg of each B. juncea sample was placed. The sample was stirred at
170 rpm for 45 min at a temperature of 70°C. The SPME fiber was exposed to the GC injector
at a temperature of 260°C for 1 min, followed by 45 min exposure of the fibers to the
headspace under the same conditions mentioned above. The extracted volatile compounds

were injected into GC following a thermal desorption.
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Figure 4.1. Extraction and analysis procedures of volatile and non-volatile compounds of B.
juncea cultivars.

4.2.3 Instrumentation and method validation

GC-FID/MS

The chemical characterization of volatile compounds was performed on a GCMS-QP2010
system (Shimadzu, Kyoto, Japan) supplied with a split-splitless injector. Data files were
furtherly elaborated by using Shimadzu “GCMS solution” software (version 4.45) (Kyoto,
Japan).

The quantification of volatile compounds was carried out on a GC2010 system (Shimadzu,
Kyoto, Japan). Where Data elaboration was conducted on a Shimadzu LabSolutions software
(version 5.92) (Kyoto, Japan).

The analyses were performed on a GC-MS system equipped with an SLB-5ms fused-silica
capillary column (30 m x 0.25 mm i.d. x 0.25 um df film thickness) (Merck Life Science,
Merck KGaA, Darmstadt, Germany). The injection was performed in splitless mode, at the
temperature of 260 “C. Helium was kept at the linear velocity of 30.0 cm/sec corresponding
to an inlet pressure of 24.2 KPa. The oven temperature program was set at 40 “C (held for 1
min); it was ramped up to 350 ‘C (held for 5 min) at a rate of 3 *C/min. The electron impact

(EI) source temperature was maintained at 220 °C and the interface was set at the temperature
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of 250 “C. Mass range acquisition was made in full scan mode in the mass range of 40—660
m/z, with an event time of 0.2 s. Compounds were identified with the support of “FFNSC
4.0” (Shimadzu Europa GmbH, Duisburg, Germany), which consisted of a library of volatile
compounds obtained and stored by GC-MS separation and “W11N17” (Wiley11-Nist17,
Wiley, Hoboken, NJ, USA; Mass Finder 3). Identification was performed applying a spectral
similarity filter (match over 85%) using also linear retention indices (LRI) that were
calculated using a C7-C30 saturated n-alkane homologue series (1000 g/mL, 49451-U)
supplied by Merck Life Science, Merck KGaA, Darmstadt, Germany.

A GC-FID system was used to quantify the volatile compounds using the same capillary
column and temperature program used in the qualitative analysis. The carrier gas (helium)
was kept at the linear velocity of 30.0 cm/s corresponding to an inlet pressure of 97.4 KPa
and the split mode of the injector was set to splitless. The flame temperature was set at 350
°‘C (sampling rate 200 ms). Makeup flow, hydrogen, and airflow were set as follows 40
mL/min, 30 mL/min, and 400 mL/min, respectively.

HPLC-PDA-MS

Analyses were performed on a Shimadzu system (Kyoto, Japan), consisting of a CBM-20A
controller, two LC-30AD dual-plunger parallel-flow pumps, a DGU-20AsR degasser, a CTO-
20AC column oven, a SIL-30AC autosampler, and an SPD-M30A PDA detector (1.0 uL
detector flow cell volume). The LC system was hyphenated to an LCMS-8050 triple
quadrupole mass spectrometer through an ESI source (Shimadzu, Kyoto, Japan). For data
handling, the Shimadzu LabSolutions software (version 5.93) (Kyoto, Japan) was employed.
Analyses were performed on an Ascentis Express RP C18 column (150 x 4.6 mm, 2.7 um
I.D., Merck Life Science, Merck KGaA, Darmstadt, Germany).

The mobile phase consisted of water/acetic acid (99.85/0.15 v/v, solvent A) and acetonitrile
(solvent B), with the following gradient elution: 0-5 min, 5% B, 5-15 min, 10% B, 15-30
min, 20% B, 30-60 min, 50% B, 60 min, 100% B.

Photodiode array detector was applied in the range of A= 200-450 nm, where B. juncea
polyphenols were detected at A = 330 nm (sampling frequency: 12.5 Hz, time constant: 0.16
s). The flow rate was set at 1 mL/min and the injected volume was 10 pL.

MS analysis was performed in negative and positive mode and scan range was set at m/z 100—
1400; scan speed of 2727 amu/s. The conditions of ESI were as follows: event time 0.5 s;
nebulizing gas (N2) flow rate 3 L/min; drying gas (N2) flow rate, 10 L/min; interface
temperature: 300 °C; heat block temperature: 400 °C; DL (desolvation line) temperature: 250
°C; DL voltage: 1 V; interface voltage: —3 kV; Qarray DL voltage 0 V, Q3 pre-rod bias 15 V.
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Calibration curves

Owing to the unavailability of commercial standards for all identified polyphenols, a semi-
quantification was carried out by employing three polyphenolic standards of the main
representative phenolic compounds: Km 3-O-glucoside, Is 3-O-glucoside and Qn 3-O-
glucoside. Calibration curves were prepared at five different concentration levels within the
range of 0.1-100 mg/L. Triplicate injections were made for each level, and a linear regression
was generated. The calibration curves with the external standards were obtained using
concentration (mg/L) with respect to the area obtained from the integration of the PDA peaks
acquired at a wavelength of 330 nm. The amount of the compound was finally expressed in
1g/100 mg DW.

4.3 Results and discussion

4.3.1 Characterization of non-volatile compounds in B. juncea cultivars by HPLC-
PDA/ESI-MS

The chemical composition of non-volatile compounds in Brassica vegetables were previously
examined [2-8,25,32], where the glycosylated flavonols was reported as the main class
present in Brassicaceae, including O-glycosides of quercetin, kaempferol, and isorhamnetin.
The sugar moiety presents in Brassicaceae is glucose, occurring as mono-, di-, tri-, tetra-, and
pentaglucosides, also frequently occurred acylated by different hydroxycinnamic acids.
Furthermore, phenolic acids are also present in Brassica vegetables, where the most common
compounds are p-coumaric, caffeic, sinapic, and ferulic acids. Figure 4.2 and Table 4.1
report the phytochemical characterization of the flower extracts of the three B. juncea
cultivars, where flowers parts turned out to be the most complex ones among the samples
examined.

The polyphenolic identification was based on retention time, UV, ESI-MS spectra, besides
literature data. For instance, Km 3-diglucoside-7-glucoside (peak 3) and Km glucoside (peak
30) had shown a typical UV Amax around 265 and 345 nm, whereas Qn-3-diglucoside (Peak
14) or Is-3,7-diglucoside/Is-glucoside (peak 23/peak 29) exhibits a UV absorption around
256 (with a shoulder around 266 nm) and 354 nm. The binding of a hydroxycinnamoyl group
with the glycosyl function leads to a shift of UV absorption maxima to 326-340 nm, while
the molecular ion was increased by 162, 176, 192, and 206 Da (or the sum of two acyl groups
when they occur in the glucoside) for caffeoyl, feruloyl, hydroferuloyl, and sinapoyl groups,
respectively [6].
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The first eluted compounds were represented by malic acid and citric acid. Whereas sinapic
acid and ferulic acid derivatives were the principal phenolic acids occurred as aglycones in
13 phenolic compounds derivatives. As regards flavonoids, kaempferol derivatives were the
most representative aglycones (occurred in 11 polyphenols), followed by quercetin (5) and
isorhamnetin (2). Except for isorhamnetin glucosides and quercetin-3-diglucoside, all other
flavonoids occurred acylated by different hydroxycinnamic acids. The sugar moiety was
present in the form of by glucose or sophorose in the form of mono-, di-, tri-, and tetra-
glucosides [2-8,25,32].

Regarding the quantification, generally, the evaluation of the phenolic compounds content in
Brassica spp. is performed after acidic and/or alkaline hydrolysis, due to the unavailability
of commercial standards [2,4,5]. Following the approach employed in our previous work,
limited to only three samples of the different cultivars [31], semi-quantification of the native
flavonoid composition of all thirty-six samples analyzed, the three cultivars of B. juncea was
performed on the RP-HPLC system coupled to PDA detection. Particularly, due to the
unavailability of corresponding reference materials, three selected standards, representatives
of the distinct chemical classes, namely, Km 3-O-glucoside, Is 3-O-glucoside, and Qn 3-O-
glucoside, were adopted, and corresponding calibration curves were prepared. Table 4.2
describes information regarding calibration curves, correlation coefficients (R?), limits of
detection (LoDs), limits of quantification (LoQs), and relative standard deviations (RSDs) of
the peak areas for each standard selected. R? values ranged from 0.9939 to 0.9963, LoQ and
LoD values ranged from 13 to 48 ppb and from 43 to 159 ppb, respectively, whereas RSD

values were lower than 0.41%.
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Figure 4.2. Chromatographic profiles of the polyphenolic fraction characterized in the
flowers of the three B. juncea. (A) B. juncea ISCI 99; (B) B. juncea ISCI Top; (C) B.
juncea ISCI “Broad-leaf™.
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Table 4.1. Characterization of polyphenols in the extracts of flowers of three B. juncea cultivars by HPLC-PDA-ESI-MS.

(ng/100 mg DW)

No Tentative ID A max tr(min) [M-H]" MS?ions
(nm) Sample A SampleB  SampleC
1 Malic Acid 215; 260 1.34 133.0 - * * *
2 Citric acid 215; 260 1.53 191.0 - * * *
3 Km 3-diglucoside-7-glucoside 265; 345 4.20 771.2 609 * * *
4 Feruloylglucose 236;285  13.40 355.2 193 Nd Nd Nd
5 Qn 3-sophoroside-7-glucoside 257;352  13.90 787.2 625 9.73*0.31 2.85%0.64 3.63*0.07
6 Rhamnosyl-ellagic acid 283;313  14.28 447.0 - Nd Nd Nd
7 Rhamnosyl-ellagic acid 283;313  14.55 447.0 - * * *
8 Qn 3-hydroxyferuloylsophoroside-7- 247;335  15.07 979.2 625 65.60*0.50 11.17*2.12 6.60*0.92
glucoside
9 Km 3-sophoroside-7-glucoside 266; 343  15.33 771.2 609 5.25*0.06 6.60 *0.86 19.05*
0.55
10  Qn 3-caffeoylsophoroside-7-glucoside 242;330  15.77 949.2 625 22.04*0.75 9.69*2.32 5.53*0.17
11  Km 3-hydroxyferuloylsophoroside-7- 232;330  16.65 963.2 609 35.52*0.07 8.16*2.22 6.58 *0.00
glucoside
12 Feruloylglucose 236; 326  16.88 355.2 193 * * *
13 Km 3-caffeoyldiglucoside-7-glucoside 233;330 17.57 933.2 - 5.20*0.10 491+1.21 8.57*0.04
14 Qn 3-diglucoside 256;360  17.76 625.1 463;301 71.75*3.11 31.12*8.80 40.05*
0.60
15  Qn 3-sinapoyltriglucoside-7-glucoside 238;330  17.90 1155.3 993 Nd Nd 21.86 *
0.34
16  Qn 3-sinapoyltriglucoside-7-glucoside 245;340  18.03 1155.3 993 49.06 *0.89  18.83*3.89 Nd
17 Km 3-hydroxyferuloylsophoroside-7- 254;338 1851 963.2 625 35.62*0.08  9.87*2.66 5.93*0.06
glucoside
18  Km 3-hydroxyferuloylsophorotrioside-7- 268; 330  18.53 1125.3 963 Nd Nd Nd

glucoside
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19

20

21
22

23

24
25
26
27
28
29

30
31
32
33
34
35

Km 3-sinapoylsophorotrioside-7-glucoside
Km 3-sinapoylsophorotrioside-7-glucoside

Km 3-sinapoylsophoroside-7-glucoside
Km 3-feruloylsophoroside-7-glucoside

Is 3,7-diglucoside

Feruloyl malate

Sinapic acid

Sinapoyl malic acid
Sinapoyl-feruloyl-triglucoside
Sinapoyl-hydroxyferuloyl-diglucoside
Isorhamnetin glucoside

Km glucoside
Disapoyl-gentiobiose
Sinapoyl-feruloyl-gentiobiose
Diferuloyldiglucoside
Trisinapoylgentiobiose
Feruoyl-disapoyl-gentiobiose

268; 330

268; 330

268; 333
266; 341

252; 352

242; 323
270; 326
240; 326
280; 325
244; 330
256; 351

269; 330
240; 330
240; 330
240; 326
240; 326
240; 326

18.78

19.29

19.50
20.26

21.20

24.23
24.27
25.05
25.21
29.46
31.94

31.49
33.32
34.20
34.82
36.53
37.28

1139.3

1139.3

977.2
947.2

639.1

309.1
223.1
339.1
885.3
739.2
477.1

447.0
753.2
723.2
693.1
959.3
929.3

771

771

609; 815
609

477; 315

179
223
499
515

529; 499
529; 499
499
735; 529
705; 511

Nd

1.80*0.06

18.69 *0.10
72.18*0.08

683.62 *
1.14

*

Nd

*

Nd

*

48.63*0.10

Nd

& % ok %

14.12+3.33

7.85*2.02

5.36 *1.30
29.23*8.00

433.65*2.94

*

Nd

*

Nd

*

30.37*8.49

23.17+*
0.55
10.72*
0.11
5.29*0.00
25.17*
0.50
644.43 *
0.63

*

Nd

*

Nd

*
4987 *
0.07

& ok ok

Nd: not detected. * Not quantified in absence of standard. DW: Dry weight.
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Table 4.2. External standards employed for the semi-quantification of flavonoids in B.

junceae.
Phenolic LoD LoQ Precision
Standard Curve R?
Standards (ng/mL)  (png/mL) (RSD %)
Qn 3-O-glucoside  y =13,424x + 898.59 0.9939 0.013 0.043 0.41
Is 3-O-glucoside  y =14,948x ~2966.9 0.9963 0.048 0.159 0.34
Km 3-O-glucoside y=17,660x —10,681 0.9963 0.021 0.072 0.36

The characterized flavonoids in the three B. juncea cultivars are reported in Figure 4.3, and
Table 4.1. Among all samples of three B. juncea cultivars analyzed, the flowers were the
richest part in flavonoids (sample A, 1124.69 pug/100 mg dry weight (DW); sample B, 623.78
H1g/100 mg DW; sample C, 876.45 pug/100 mg DW). Isorhamnetin derivatives accounted for
the highest content in the three cultivars: sample A (732.24 pug/100 mg), sample C (694.30
1g/100 mg), and sample B (464.02 ug/100 mg). Remarkably, the most abundant flavonoid in
all cultivars examined was Is 3,7-diglucoside (683.62 ug/100 mg DW in sample A, 433.65
[1g/100 mg DW in sample B, and 644.43 ug/100 mg DW in sample C), followed by Km 3-
feruloylsophoroside-7-glucoside (72.18 pg/100 mg DW) in sample A, Qn 3-diglucoside
(31.112 pg/100 mg DW) in sample B, and Is glycoside (49.87 ug/100 mg DW) in sample C.
4.3.2 Determination of volatile compounds in B. juncea cultivars using GC-FID/MS
In recent years, there has been a greater interest in the identification of organic compounds
from plants and plant material so as to determine their potential biological activity [29].
Bioactive compounds that are volatile and semi-volatile are most effectively analyzed by
GC-MS [40]. In general, it is not recommended to use % abundance (% area) when using an
MS detector in scan mode, due to the narrow linear dynamic range of this detector. However,
there is also the option to quantify in the Selected lon Monitoring (SIM) mode, where selected
ions are calibrated with external standards. In the present study all samples were analyzed
using GC-MS for compounds identification as well as FID for peak quantification [41,42].
Figure 4.4 describes the GC-MS profiles of the volatile content in the leaves of three B.
juncea cultivars harvested at the edible salad phase where plants were about 15-20 cm tall.
It can be seen how all extracts from the three B. juncea cultivars are distinguished by mixtures

of various types of organic compounds.
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A wide variety of compounds have been identified, including alcohols, aldehydes, esters,
fatty acids, ketones, sulfur compounds, and others. B. juncea L. leaf extracts from three
cultivars contained benzenepropanenitrile as the major volatile constituent (34.94% in sample
B, 8.16 % in sample A, 6.24% in sample C) followed by benzofuranone (8.54% in sample A,
6.32% in sample C, 3.64% in sample B), and phytone (3.77% in sample B, 2.85% in sample
A, 1.01% in sample C) [29,43]. The concentration and profile of different compounds in
Brassica genus vary according to cultivar and stage of development [44]. The most abundant
alcohol in all cultivars was phenethyl alcohol (4.16% in sample A, 2.68% in sample C, 2.39%
in sample B). Among the esters examined, methyl benzoate (0.42% in Sample B, 0.27 in
Sample C, and 0.22% in Sample A) was the most abundant. Whereas n-Nonanal in sample B
(1.24%) and sample B (1.13%) were the most abundant aldehydes [45], while safranal
(1.80%) was the most abundant in sample C. Among the fatty acids (Z,Z,2)-9,12,15-
Octadecatrienoic acid was the most abundant and was detected only in sample C (0.51%) and
sample A (0.11%). As a matter of interest, selected sulfur compounds (isothiocyanates, ITC)
were also found to be major secondary metabolites in Brassicaceae species. Among the ITCs
detected, 2-propenyl-isothiocyanate was the most prevalent derived from aliphatic
glucosinolates (2.07% in sample B, 0.74% in sample A, and 0.61% in sample C). A variety
of factors may influence the ITC content, including the plant species studied, side-chain

substitutions, cellular pH, and iron concentration [46,47].
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Figure 4.4. Characterization of the volatile compounds by GC-MS in the leaves extracts
of three B. juncea cultivars harvested at the edible salad phase. (A) B. juncea ISCI 99;
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4.4 Conclusion

An extensive characterization of the chemical profile of various tissues of B. juncea cultivars
has been reported. Particularly, flowers, leaves, stems, and roots of B. juncea were subjected
to analysis by HPLC-PDA/ESI-MS. In addition, the leaf extracts with the largest number of
volatile compounds were analyzed by GC-FID/MS, as well as a chemical characterization of
defatted seed meals (DSM). Approximately 179 chemical constituents were identified in
terms of the volatile content; however, 35 metabolites were identified in terms of the non-
volatile content, revealing a large number of highly glycosylated and acylated isorhamnetin,
quercetin, and kaempferol derivatives. Interestingly, proteins represented 44.0% DW, 37.4%
DW, and 36.8% DW among DSMs for Sample A, Sample B, and Sample C, respectively.
According to the phytocomponents identified, this crop may have significant pharmaceutical
and nutraceutical applications. Additionally, cultivar selection and validation are important
due to the differences between varieties and plant tissues. The bioactivity and toxicity profile
of materials derived from the most promising varieties need to be evaluated using both in

vitro and in vivo models.
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CHAPTER 5

Discrimination of Moroccan Lamiaceae species by analysis of
polyphenol compounds using Liquid Chromatography (HPLC-
PDA-MS), and Rapid Evaporative lonization Mass Spectrometry
(REIMS) approaches

5.1 Introduction

Medicinal and aromatic plant has raised significant interest in recent decades due to the
growing demand for health and well-being products [1]. The family of Lamiaceae is
considered one of the most employed plants in traditional medicine due to their therapeutic
and various health-beneficial effects [2]. Lamiaceae includes over 245 genera with 7886
species, commonly distributed in temperate and tropical regions, including Mediterranean
regions, Asia, Europe, the United States, and Australia [3]. Species of this family contain
considerable phytochemical compounds, including volatile ad non-volatile components, such
as phenolic acids, flavonoids, terpenoids, and terpenes. These compounds are responsible for
many biological activities such as antioxidant, antitumor, anti-inflammatory, and
antimicrobial [4,5]. Moreover, certain Lamiaceae species are considered endemic due to their
tight relationship with specific pedoclimatic factors [6]. Recently, different Lamiaceae
derivative products such as essential oils, herbal spices, perfumes, cosmetics, and beverages
are highly commercialized at the industrial level [7,8]. Consequently, a matter of economic
interest may give rise to eventual unlawful practices expected through the use of worthless
plants, and misleading or incorrect labelling products.

As a result of the interest that these plants have received for both their economic and scientific
value, recent research has focused on the development of innovative analytical techniques in
order to investigate the phytochemical profile and to determine discriminative compounds of
different botanical species. Moreover, chemometrics was also involved in the creation of
classification models.

Chromatographic methods and mass spectrometry (MS) are typically employed to investigate
phytochemical composition, whereas a majority of applications involving the detection of
fraud rely on fast fingerprinting techniques, such as infrared spectroscopy [9-16]. A wide
variety of chromatographic techniques such as liquid chromatography (LC), or gas
chromatography (GC) had been commonly used for the analysis of phytochemical

compounds, aiming to identify and quantify volatile and non-volatile bioactive components
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[17-23]. While LC and GC techniques offer the advantage of allowing a thorough
metabolomic profile of the investigated plants to be elucidated in detail, pre-analysis sample
preparation needs to be performed in an orderly manner prior to the injection of the targeted
analytes. Moreover, for a comprehensive profile of all metabolites, volatile and non-volatile,
both LC and GC methods are required, which render the total analytical workflow laborious
and time consuming.

In addition, a powerful combination between ambient mass spectrometry data and
chemometrics has been usefully employed, allowing for the simultaneous identification of
molecular markers, as well as their differentiation, through statistical analysis [24,25].
Generally, fingerprinting achieved with spectrometric instruments is limited to major
compounds [26,27].

Besides spectroscopic technologies which are also employed for the investigation of authentic
species, such as infrared spectroscopy (IR), Nuclear Magnetic Resonance (NMR) [26, 28,29],
direct mass spectrometry approaches coupled with chemometrics are of great importance and
reliable for the identification of authentic species [30,31]. Rapid evaporative ionization mass
spectrometry (REIMS) represents an innovative ambient mass spectrometry technique
employed for fingerprinting. REIMS has already been applied to a variety of vegetable
materials, such as determining the geographical origin of pistachios [32], identifying the
botanical origins of honey [33], as well as distinguishing extra virgin olive oils, according to
a trademark or cultivar of olives that is protected under the PDO (protected designation of
origin) denomination, considering both technological processes as well as pedoclimatic
conditions as well as genetic factors [34].

The present research aims to evaluate the metabolome of Lamiaceae species by employing
the innovative approach of REIMS which takes place directly on raw samples under natural
atmospheric conditions, in combination with integrative chemometrics, and conventional
chromatographic technique HPLC-MS to confirm the identification of polyphenol markers of

each plant species.
5.2 Materials and methods

5.2.1 Chemicals and reagents

Methanol, water, acetonitrile, 2-propanol, and formic acid were all LC-MS grade, and were
purchased from Merck life Science (Merck KGaA, Darmstadt, Germany). Reagent grade
sodium chloride (NaCl) was also obtained from Merck life Science (Merck KGaA,

Darmstadt, Germany).
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5.2.2 Plants material

All six Lamiaceae species employed in the present study were harvested from two different
Moroccan geographical sites, and assigned as follows: Thymus zygis, Mentha suaveolens and
Sideritis incana were obtained from Ifran (Middle Atlas Mountain). Whereas Melissa
officinalis, Mentha pulegium, Calamintha officinalis were collected from Ouazzane (North of
Morocco).

5.2.3 Sample preparation

All plant materials were left to dry in the air under darkness and reduced into powder. For
polyphenols analysis with the conventional HPLC technique, a suitable extraction is required.
One gram of each plant was dissolved in 20 mL of MeOH:H20 (80:20 v:v). The mixture was
sonicated in an ultrasonic bath at 37°C for 30 min, centrifuged at 3000 RCF for 20 min and
the obtained supernatant was evaporated using EZ-2. The dried extract was redissolved in the
same organic solvent mixture of extraction, filtered through a 0.2 pm Acrodisc nylon
membrane (Merck Life Science, Merck KGaA, Darmstadt, Germany) and injected into
HPLC-PDA-MS.

For the untargeted analysis by REIMS, 0.5 g of each dried plant sample was mixed with
sodium chloride at 0.9% for electrical conduction improvement in order to facilitate REIMS
burns.

5.2.4 LC-MS instrumentation and analytical conditions

Phenolic compounds were analyzed using high-performance liquid chromatography coupled
to a photodiode array detector and electrospray ionization-mass spectrometry (HPLC-
PDA/ESI-MS) (Shimadzu, Kyoto, Japan), which comprises two LC-20 AD binary pumps, a
DGU-20A3 degasser, an SPD-M20A photodiode array detector (PDA), a CBM-20A
controller unit and an LCMS-2020 mass spectrometer, supplied with an electrospray (ESI)
interface.

Chromatographic separation was performed on C18 reversed-phase column Ascentis Express
with the following dimensions and operated as follows: 150 x 4.6 mm, 2.7 um, obtained from
Merck Life Science (Merck KGaA, Darmstadt, Germany), and kept at 30 °C; the employed
mobile phase comprises water (mobile phase A) and acetonitrile (mobile phase B) both
acidified with 0.1 % formic acid, with a flow rate of 0.8 mL/min, and gradient elution using
the following program: 0-5 min (5 % B), 5-15 min (10 % B), 15-30 min (20 % B), 30-60
min (50% B), 60 min (100 % B). The sample injection volume was 5 puL and the PDA

wavelength acquisition ranged between 100 and 400 nm. The eluted compounds were
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subsequently analyzed by mass spectrometer in both negative and positive ionization modes,
using the following conditions:

m/z scan range 100-800, nebulizing gas (N.) flow rate: 1.5 L/min, drying gas (N2) flow rate:
15 L/min, interface temperature: 350 °C. The acquisition was performed by the LabSolutions
software ver. 5.92 (Shimadzu, Kyoto, Japan).

5.2.5 REIMS instrumentation and analytical conditions

REIMS instrument was equipped with an electrosurgical diathermy apparatus for sampling.
It consists of a monopolar electrosurgical handpiece (iknife) connected to a high-frequency
electrical current generator (Erbe VIO 50 C, Tubingen, Germany). Two different cut
modalities are possible; forced coagulation cut (FC) and dry cut (DC), with an examined
power range of 10-40 W. The DC mode and power of 20W were adopted for the present
study. The generated aerosols by the surgical iknife from the samples due to the joule effect
are then aspirated by a Venturi device through a PTFE tube (4 m x 4.11 mm o.d., 2.53 mm
i.d) to reach the mass spectrometer system Xevo G2 XS qTOF (Waters Corporation,
Wilmslow, UK) supplied with REIMS source. This later is supported by a spiral ribbon
collision surface heated by a constant current power supply 4.5 A and a voltage of 4.2 V
(Kanthal D 1.0 x 0.1 mm) to reach a temperature of almost 800 °C. The instrument was also
coupled to a syringe pump (fixed Luer lock LC pump priming syringe by Trajan Scientific,
Crownhill, UK) for the infusion of 2-propanol inside the REIMS source at a constant flow
rate of 50 puL/min to ensure that the source remains clean and to aid in the transfer of molecular
species to the heated surface as well as their ionization.

Instrument calibration was executed ahead of the analysis, by introducing 0.5 mM of sodium
formate (CHNaO2) in 2-propanol. The mass range of acquisition was set between 100 and
1000 m/z at a scan rate of 0.5 sec and was performed in both negative and positive modes.
5.2.6 Chemometrics processing

Raw data profiles of untargeted analyses obtained by REIMS-TOF through the platform
MassLynx v. 4.1 (Waters Corporation, Wilmslow, UK), were furtherly processed applying
the following steps: Lock mass correction of the acquired mass spectra by REIMS-TOF using
as endogenous matrix 135.0440 m/z which belongs to 4-ethenylbenzene-1,2-diol in
deprotonated form, besides rosmarinic acid (360.31 g/mol) as a referential compound of the
Lamiaceae matrix. All obtained spectra in the region of interest (ROI) were combined to
produce a single spectrum, further background chemical reduction was applied by the means
of an adaptive background subtraction algorithm (ABS). Moreover, all spectra were

normalized by the acquisition in total ion current (TIC). All obtained data were furtherly
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processed automatically through the integrative multivariate statistical software LivelD
(Waters Corporation, Wilmslow, UK). Both principal component analysis (PCA) and linear
discriminant analysis (LDA) were applied to generate statistical models, which allows us to
discern the similarities and differences between the Lamiaceae samples. Consequently, a
database was created based on the acquired characteristic spectra of each sample.

To evaluate the predictive capacity and robustness of the statistical model, the PCA/LDA
classifiers were tested using 5-fold cross-validation according to 20%-out strategy.

Finally, real-time and playback recognition were tested to distinguish each class of the
generated models.

Furthermore, the created model by LivelD of Lamiaceae species was subjected to the
verification of its robustness by testing a Lamiaceae plant of Italian origin (Thymus vulgaris),

which is not included in the built model.
5.3 Results and discussion

5.3.1 LC-MS targeted analysis of polyphenols in Lamiaceae plants

The obtained phenolic profiles of the six different extracts from the aerial parts of Lamiaceae
species performed on the high-performance liquid chromatography coupled to mass
spectrometry are shown in Figures 5.1 and 5.2, and their corresponding phenolic compounds
are listed in Tables S5.1 - S5.6.

A qualitative difference has been observed in the chromatographic profiles of all six
Lamiaceae species studied. Over 48 different phenolic compounds were detected, where T.
zygis was the richest sample with 36 compounds positively detected, followed by C.
officinalis (33 compounds), M. officinalis (28 compounds), M. pulegium (23 compounds), M.
suaveolens (16 compounds), and S. incana as the poorest sample with only 13 positively
detected.

Polyphenol identification was accomplished based on retention times, maximum wavelength
absorbance, MS spectra, and literature data.

In the six species studied, polyphenolic compounds were distributed as follows:

T. zygis (Figure 5.1. A) was characterized by the presence of flavonoids (apigenin and its
derivatives, luteolin and its derivatives, quercetin derivatives, eriodictyol, chrysoeriol,
naringenin derivatives, danshensu, hispidulin, and cirsimaritin) and phenolic acids (quinic
acid, caffeic acid, salvianolic acid isomers, rosmarinic acid, hydroxyjasmonic acid-hexoside
isomers, and feruloylquinic acid). Only four major peaks were present at high concentrations,
notably apigenin-(6,8)-C-diglucoside. rosmarinic acid, salvianolic acid K and luteolin-7-O-
glucuronide isomer. Whereas C. officinalis (Figure 5.1. B) has shown a common profile rich
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in usual flavonoids (apigenin and quercetin derivatives e.g., quercetin-O-acetylhexoside and
6,8-C-dihexosylapigenin, and hydroxydaidzein-8-C-glucoside) and phenolic acids (caffeic
acids and its derivative e.g., caffeoylquinic acid, rosmarinic acid, and coumaroylquinic acid)
with caffeoylquinic acid as the main compound. On the other hand, M. officinalis (Figure
5.1. C) contained only one flavonoid (luteolin-3'-O-glucuronide) and specific phenolic acids
besides the usual ones, salvianolic acid L and H, lithospermic acid A. In particular, rosmarinic
acid-O-hexoside, rosmarinic acid, lithospermic acid A, salvianolic acid H/I (isomer), and
salvianolic acid C derivative occurred as the main concentrated compounds. Likewise, M.
pulegium (Figure 5.2. A) has shown a different polyphenolic profile, with the presence of
some similar flavonoids and phenolic acids with different intensities with respect to the five
other studied species. Furthermore, some characteristic compounds such as salvianolic acid
W and medioresinol-O-hexoside, and diosmin also occurred. Where 3- and 5-O-
caffeoylquinic acid, luteolin-7-O-rutinoside, quercetin-O-rhamno-hexoside, and rosmarinic
acid were the most important 5 peaks in this specie. M. suaveolens (Figure 5.2. B) was
characterized by flavonoids (apigenin and luteolin derivatives, jaceosidin, and dihydroxy-
tetramethoxyflavone) and phenolic acids (quinic acid, salvianolic acid isomers, and caffeic
acid derivatives such as rosmarinic acid, salvianolic acid and caffeoylquinic acid). M.
suaveolens polyphenolic profile was characterized by three main concentrated polyphenols,
rosmarinic acid, luteolin-7-O-glucuronide, and salvianolic acid A. The poorest qualitative
profile among the six studied species belongs to S. incana (Figure 5.2. C), which was
considerably characterized by the presence of phenylethanoid glucosides (verbascoside and
leucoseptoside A), and some particular flavonoids such as hypolaetin and isoscutellarein
derivatives, besides two common phenolic acids (two caffeoylquinic acids). Where only four
main polyphenols were presented with high intensity, 5-O-caffeoylquinic acid, hypolaetin 7-
O-allosyl-(1—2)-[6"-O-acetyl]-glucoside, isoscutellarein 7-O-allosyl-(1—2)-[6"-O-acetyl]-
glucoside, and 4'-O-methylhypolaetin 7-O-[6"-O-acetyl]-allosyl (1—2) glucoside.
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Figure 5.1. Profile of phenolic compounds in hydromethanolic extracts of Lamiaceae
species extracted at 280 and 330 nm; A. Thymus zygis, B. Calamintha officinalis, C.
Melissa offcinalis.
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5.3.2 REIMS untargeted analysis and model validation

Mass spectra

The REIMS technique applied to the exploration of botanical species allows the identification
of both non-volatile compounds, particularly phenolic compounds and fatty acids, and volatile
components. On the contrary, the targeted conventional approach by using the liquid
chromatographic technique showed a determined profile of phenolic compounds. The
comparison with a conventional technique was useful during the REIMS optimization phase
to evaluate which experimental conditions provide a more likely qualitative-quantitative
profile. It is well-known that the chemical composition of Lamiaceae botanical species is
constituted by polyphenols (flavonoids and phenolic acids derivatives), chlorophyll (a and b),
proteins, fatty acids (SFA, MUFA, PUFA) (e.g., linoleic acid, palmitic acid, and linolenic
acid), and mono, di, and sesquiterpenes [35-37].

Since the REIMS technique provides an untargeted approach, a complex profile containing
all the chemical compounds in the studied samples is expected. Figure 5.3 reports the
acquired total ion current spectra in negative ionization mode by iknife-REIMS of two
Lamiaceae botanical species, A. T. zygis and B. M. pulegium. Only the main compounds are
reported.

The obtained spectra were generated by 20 consecutive cuts of Lamiaceae samples, which
are considered sufficient replications to be implemented in a statistical model.

The investigated mass range (100—750 m/z) allowed the detection of polyphenols, fatty acids,
and terpenes and terpenoids. For the purposes of building the statistical model, the mass range
was reduced, in order to attain the greatest degree of correctness during the execution of the
validation test with the LivelD software. Furthermore, a 6-million peak detection threshold
was set in order to improve the quality of the spectra.

In this regard, the total metabolome can be more significant than a single class of analytes
since it takes into account all factors, both genetic and pedoclimatic. The proportions between
the various chemical classes can in fact be fundamental for differentiating species belonging

to the same genus.
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Figure 5.3. Comprehensive total ion current (TIC) profiles acquired by REIMS-TOF in
negative ionization, with application of dry-cut mode and 20 W, for two Lamiaceae species,
A. T. zygis and B. M. pulegium.

Model building validation

The purpose of this study was to evaluate the results obtained through the analysis of six
botanical species using a REIMS source coupled with a high-resolution mass spectrometer.
In order to create two distinct PCA/LDA models, multivariate statistics were applied to the
MS data (“training set”). To establish the training models, spectral libraries were compiled
from 290 REIMS-TOF files acquired in negative ionization mode in a mass range (100 - 750
m/z). Furthermore, initial REIMS models were established by MS spectra acquired in a
complete mass range (100-950 m/z), which was reduced to 100-500 m/z including the most

intense signals present in this mass range, such as rosmarinic acid, caffeic acid and its
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derivatives. To improve the discrimination of species in the statistical analyses, some
discriminative compounds such as salvianolic acids were also included by extending the mass
range to 750 m/z. The generated spectra were employed in principal component analysis
(PCA) for a reduction of model dimension to 50. Using this approach, significant variances
could be visualized, and correlation between the studied spectral data. Three-dimensional
PCA plots have shown a clear clusterization which can be explained by the separative
potential of iKnife technique, describing the distribution of the studied species alongside the
second principal component PC2 (data not shown). After PCA, data were supervised with the
application of linear discriminant analysis (LDA), which was conducted without further
reduction of dimensions with the aim of obtaining a valid method for identifying unknown
samples within well-defined classes. In Figure 5.4, three-dimensional representations of the
resulting PCA/LDA statistical models have reported similar discrimination of the species with
a clear spatial distribution, in such cases, it is possible to clearly distinguish the separated
botanical species T. zygis and S. incana alongside LD2 (highlighted in red and brown).
Whereas the four remained botanical species were clusterized well along LD1. In the real-
time recognition step, which aims to classify the MS spectra of unknown samples (“testing
set”) into one of the defined classes. The established discrimination was perfectly assigned to
each specific specie within the same botanical family (Figure 5.5), based on their
characteristic phytochemical profile. iknife technique has provided its potential to generate
distinctive models as a result of its sensitivity and ability to reveal not only the major
components characterized by polyphenolic compounds, such as caffeoylquinic acid,
rosmarinic acid, and salvianolic acid and derivatives. But also, the minor components which
are likely responsible for the resulting discrimination, in particular organic acids, glycosylated
flavones, and some other volatile components.

The validation results shown in Table 5.1, confirmed that the iKnife model revealed higher
correctness score values and offered a method of evaluating its predictive potential.
Furthermore, the created model by REIMS-TOF has classified properly the tested Lamiaceae
plant of Italian origin (Thymus vulgaris) as an outlier (Figure 5.6). It can be concluded from
the present results the robustness of the created model and the discriminative efficiency of
iKnife technique.
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Figure 5.4. 3D supervised spatial clusterization of six Moroccan Lamiaceae species
involving Linear Discriminant Analysis (PCA/LDA) generated by LivelD including 290
REIMS spectra acquired in negative ionization mode.

Table 5.1. validation model of six Lamiaceae botanical species using matrix
confusion.

Spectra Passes Failures Owtliers Correctne ss score

Total 340 292 12 30 85.88%

Confusion matrix

Mentha Mentha Melissa Calamintha Thymus Sideritis Owtlier Total
pulegium Suaveolens Officinalis officinalis Zygis Incana
Mentha 50 o o 10 o o o 60
pule gium
Mentha o 50 1] 1] o o 4 54
Suaveolens
Melissa 2 o 53 o o o o 55
Officinalis
Calamintha 1] 0 o] 54 o o] o 50
officinalis
Thymus £ygis ] o o o 44 ] 3 av
Sideritis o] 0 o] o] o 41 13 54
Incana
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Figure 5.5. Identification of M. pulegium and S. incana by LivelD based
on the built model.

B) Result History

Outlier Start End

Lockmass Decision Confidence Measure Scan Scan

O outier - 80.30 250 277
O outier - 88.79 187 223

O outier - 86.23 132 168 Oulier
O outiier - 8202 73 116 (@ng%)

Figure 5.6. Robustness validation of the built REIMS model for commercial Thymus
vulgaris of Italian origin.
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5.4 Conclusion

The results obtained from the innovative iknife technique described in the present study, have
proven its potentiality in the successful discrimination of Lamiaceae botanical species.
Discrimination can be assigned to both major and minor biomarkers of authenticity, which
are highlighted as discriminant features for chemometric analysis. The comparison with
conventional chromatographic techniques enabled the identification of biomarker candidates
with a high degree of reliability. This technique can be considered a promising shotgun
approach to the exploration of traditional medicine, and to the analysis of plants with more

significant economic influence.
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General conclusion

In conclusion, several factors may affect the chemical composition of food products and
accordingly have a considerable impact on the nutritional, and bioactive properties of food.
Some of these factors include geographical origin, climate, and manufacturing practices. To
ensure the authenticity and traceability of food products, reliable, and powerful analytical
methods are required.

In this regard, chromatographic analytical techniques employed in the investigation of
monocultivar Moroccan olive oils “Picholine marocaine “, including HPLC-MS and GC-MS
have proven their effectiveness and specificity for the characterization of both volatile and
non-volatile chemical compounds in olive oils during two consecutive harvest years 2018 and
2019 in 19 Moroccan provinces. Additionally, the combination of chemometrics with the
applied methodology could be considered a useful tool for the authentication of the Moroccan
olive oil origins and/or detection of possible fraudulent mixtures.

Furthermore, hyphenated liquid chromatography coupled with mass spectrometry has also
shown its usefulness in the assessment of the nutraceutical effect of polyphenols from H.
sabdariffa through the characterization of the bioaccessible compounds in the stomach.
Moreover, the comprehensive chemical characterization of volatile and non-volatile
functional compounds in different cultivars of Brassica juncea L. was evaluated by means of
liquid and gas chromatography techniques coupled with mass spectrometry which enabled
interestingly the identification of approximately 215 metabolites.

On the other hand, ambient mass spectrometry, through the iKnife technique has
demonstrated a simplified approach which allows a thorough characterization of the chemical
composition of Lamiaceae plants from Morocco. Consequently, through the constructed
profiles and the integrative chemometric tools, iKnife approach resulted to be a high potency
approach to verify the authenticity of Lamiaceae botanical species based on polyphenols as
biomarkers.

Finally, the appropriate choice of the advanced analytical techniques result indispensable for
a comprehensive characterization of biological compounds in food products. Alongside the
implementation of suitable chemometric demonstrated their effectiveness in the

authentication, discrimination, and traceability of food products.
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Table S5.1. Characterization of phenolic compounds in C. officinalis extract by HPLC-PDA-

MS.

Peak

Compound (Tentative identification)

tr (mMin)

UVmax (Nm)

[M-H] m/z

[M+H]* m/z

1 3-O-caffeoylquinic acid 12.20 324 353 181
9 Caffeic a_(:ld glucuronide 13.50 313 355
(isomer)
3 Dicaffeic acid 13.85 325 341 (281)
4 4-0O-caffeoylquinic acid 14.34 319 353
5 Dicaffeic acid (isomer) 14.86 325 341
6 5-O-caffeoylquinic acid 15.06 324 353 (191)
7 Caffeoylquinic acid (isomer) 15.76 323 353 181
8 Caffeic acid 16.40 292 : 325 179
9 Caffeoylquinic acid (isomer) 18.19 326 353 181
10 6,8-C-dihexosylapigenin 18.40 271 ;334 593 595
11 Quercetin 3—O—rhamr_103yl—rhamnosyl— 20.76 254 - 348 755 303
glucoside
12 4-p-Coumaroylquinic acid 22.05 335 337 (173)
13 Rutin 22.72 254 ; 353 609 303
14 Feruloylquinic acid 24.19 325 367
15 Quercetin-O-rhamno-hexoside 25.29 354 609 303
16 Unknown 26.25 330 755
Quercetin-3-O-[67-0-(3-hydroxy-3- 607 (463 ;
17 methyl-glutaroyl )] hexoside 26.50 347 301)
18 Verbascoside 27.27 329 623
S I , 715 (671 ;
19 Salvianolic acid C derivative 29.23 289 ;324 339, 191)
Isoscutellarein 7-O-allosyl-(1—2)-[6"- 651 (505 ;
20 O-acetyl]-glucoside 29.64 338 477)
21 Quercetin-O-acetylhexoside 32.56 348 505 303
, 1073 (649 ;
22 Unknown 32.91 287 ; 329 339, 191)
Quercetin-3-O-[67-O-(3-hydroxy-3-
23 methyl-glutaroyl )] hexoside (isomer) 3348 344 607
24 Rosmarinic acid 34.49 329 359
L _ 895 (681 ;
25 Caffeic acid pentamer 34.87 287 : 325 447 ; 191)
26 Ferulic acid derivative 35.28 2674 ; 335 489
. . . ) 717 (519 ;
27 Salvianolic acid B 37.44 287 : 329 359 ; 191)
28 Unknown 38.02 268 ; 347 649 (285) 651
. , 1075 (537 ;
29 Caffeic acid hexamer 38.84 286 ; 330 359 ; 191)
30 Unknown 39.42 285,329y, | 665 (411)
31 Unknown 39.86 286 ; 325, 553
L . _ 1075 (879 ;
32 Caffeic acid hexamer (isomer) 40.17 286 ; 330 537 ; 359)
33 Unknown 41.04 268 ; 335 633 (285)
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34 Unknown 41.39 285 ; 328 896
35 Unknown 41.85 341 663
36 Caffeic acid hexamer (isomer) 42.94 284 ; 331y, | 1075 (691)
37 Jaceosidin 44.67 290; 334 329
38 Unknown 45.83 287 ; 344 327
39 Jaceidin (isomer) 49.69 281 ; 346 359
40 Unknown 51.87 289 ; 341 737 (309)
41 Cirsilineol 52.59 278 ; 341 343
42 Unknown 53.83 317 307
43 Methyl rosmarinate 55.76 279 ; 344 373
44 Hydroxydaidzein-8-C-glucoside 58.42 276 - 341 431 (311)

(isomer)
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Table S5.2. Characterization of phenolic compounds in M. officinalis extract by HPLC-PDA-
MS.

Compour]o_l (T_entative tr UV max [M-H] m/z [M+H]*
identification min)  (nm) m/z
L dihyém?}ﬁé@nﬁ Soioacia | 1025 | 280 395; 197
2 Caftaric acid 12.54 327 311;179
3 p-Hydroxybenzoic acid 13.3 279 ; 312 137
4 Caffeic acid-O-hexoside 14.88 | 280; 318 341 ;179 181
5 3-0O-caffeoylquinic acid 15.22 323 353 355
6 Unknown 16.05 270 538 540
7 Caffeic acid 16.59 323 179
8 Unknown 17.32 272 433
9 Unknown 19.33 327 377 (295 ; 179)
10 Salvianolic acid H/I 22.38 | 276 ; 322 537
11 Caftaric acid hexoside 24.00 328 473 (11419) 179; 475
12 Rosmarinic acid-O-hexoside 28.72 319 521 (359)
13 Salvianolic acid B 29.38 | 280; 316 717 754
14 Sagerinic acid 32.63 282 719
15 Rosmarinic acid 34.45 322 359
16 Luteolin-3'-O-glucuronide 36.05 337 461 (285)
17 Unknown 37.44 | 287,323 683
18 Lithospermic acid A 37.85 | 289, ;323 | 537 (493 ; 295)
19 Salvianolic acid H/I (isomer) 39.83 | 285 ; 323 >3 (42%35) =
20 Salvianolic acid C derivative 40.14 323 829 (%16?7) 311
21 Salvianolic acid B 41.75 277 mr (25%%) 3593
22 Lithospermic acid A (isomer) 42.11 | 282; 326 537 (493)
23 Salvianolic acid C derivative 42.45 269; 318 813 ;535
24 Salvianolic acid L/l 4278 | 2783235 | ' (3%%97) 293
25 Sagecoumarin 43.07 | 284 ;330 535
26 Salvianolic acid B (isomer) 43.35 | 287;330 | 717 (519; 293)
27 Methyl isolithospermate 44.08 | 285, 326 551
28 Salvianolic acid C derivative 44.86 321 715 (535)
29 Salvianolic acid 45.49 | 287 ;3224 | 717 (519 ; 359)
30 Methyl isolithospermate 46.54 330 551
31 Salvianolic acid L 46.89 | 289; 317 895
32 Salvianolic acid C 53.93 317 849 ; 307
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Table S5.3. Characterization of phenolic compounds in M. pulegium extract by HPLC-PDA-

MS.
[M+H]* m/z

1 3-O-Caffeoyl quinic acid 11.83 325 353 355; 181
2 Dicaffeic acid 13.35 325 341 181

3 Dicaffeic acid isomer 14.36 325 341 181

4 4-O-Caffeoyl quinic acid 14.58 325 353 355

5 5-O-caffeoylquinic acid 15.35 325 353 355; 181
6 Caffeic acid 16.05 324 179

7 Luteolin-7-O-rutinoside 17.74 271,334 593 595

8 Unknown 17.86 329 377

9 Quercetin 3-Oé]rlﬂigws?g:yl-rhamnosyl- 19.78 355 755 611 : 303
10 Rutin 21.72 354 609 611 ; 303
11 Quercetin-O-rhamno-hexoside 24.00 353 609 611 ; 303
12 Quercetin 3-O-glucoside 25.31 349 463 465 ; 303
13 Unknown 25.92 322 511 ;419 535
14 Quercetin 3-O-(6"-malonyl-glucoside) 28.56 348 549 ; 505 303
15 Luteolin-7-O-glucoside 29.83 331 447 ; 285 449
16 Unknown 31.29 349 561 ; 505 507
17 Diosmin 31.79 339 607 609
18 3,4-Dicaffeoyl quinic acid 33.35 325 515 517
19 Rosmarinic acid 33.59 329 359

20 Unknown 34.34 287 ; 313 896.0 535 ; 359
21 Medioresinol-O-hexoside 35.16 323 549

22 Salvianolic acid B 36.96 288 ;331 717 359
23 Isosalvianolic acid B 38.82 286 ; 330 537 359
24 Salvianolic acid W 40.34 286 ; 330 537 359
25 Unknown 42.50 284 ; 329 895 359
26 Unknown 42.79 285 ; 330 716 359
27 dimgfgéiy}:g\]/ﬁ:)gafégsidin) 44.19 | 293,334 329 33l
28 Unknown 45.23 288 ; 347 327 361
29 Jaceidin 49.36 279, 349 359 361
30 Unknown 51.48 289 ; 343 728 ; 555 375
31 Unknown 54.49 288 ; 334 343 345
32 Dihydroxy-tetramethoxyflavone 55.54 280 ; 348 373 375
33 Unknown 58.22 276 ; 340 311 359
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Table S5.4. Characterization of phenolic compounds in M. suaveolens extract by HPLC-
PDA-MS.

Peak Compound (Tentative identification) tr (min) UV rrrr:ax [M-HI'm/z [M+H]" m/z
1 Quinic acid 1.95 191
THDBCHMCA: 1,2,6,7-tetrahydroxy-
2 5H-dibenzo[a,d]cycloheptene-5- 15.18 313 295
methyl-11-carboxylic acid

3 Luteolin-7-O-rutinoside 25.66 348 593 595
4 Luteolin-7-O-glucoside 26.79 346 447 449
5 Luteolin-7-O-glucuronide 27.07 347 461 463
6 Apigenin 7-O-rutinoside 30.47 324 577 579
7 Apigenin 7-O-glucoronide 33.20 267 ; 334 445 ; 269

8 Salvianolic acid B 33.63 284 ; 336 717 323
9 Rosmarinic acid 34.42 328 359

10 Luteolin-O-glucuronide 35.80 268 ; 336 461 ; 285 463
11 Salvianolic acid J 37.60 323 537 341
12 Dihydroxy-tetramethoxyflavone 40.02 284 ; 323 373

13 Salvianolic acid A 41.22 288 ; 322 493 359
14 Salvianolic acid A isomer 42.42 288 ;320 493 359
15 dimgt’lzz)iyg::zfrjg?%fe’gsidin) 44.52 284 ; 323 329 33l
16 Salvianolic acid B/E 45.00 285 ;319 717 ;519

Table S5.5. Characterization of phenolic compounds in S. incana extract by HPLC-PDA-
MS.

Peak Compound (Tentative identification) ts (Min) UX]::;‘X [M-H]I'm/z | [M+H]* m/z
1 5-O-caffeoylquinic acid 15.18 325 353; 191
2 4-O-caffeoylquinic acid 15.91 325 353;191
3 Hyplaetin 7-O-allosy (1—2) glucoside 25.09 276 ; 341 625 ; 463
4 Verbascoside 27.19 330 623 ; 461
5 Isoscutellarein 7-Q-allosyl(1—>2) 29.17 277 ;305 ; 609 : 285 611
glucoside 325
Hypolaetin 7-O-allosyl-(1—2)-[6"-O- 276 ; 298 ;
6 acetyl]-glucoside 32.03 340 667 669
7 Leucoseptoside A 33.47 330 637
8 Unknown 35.38 335 649 651
Isoscutellarein 7-O-allosyl-(1—2)-[6"- 277 ; 306 ;
; O-acetyl]-glucoside 36.36 326 651 287
3'-O-Methylhypolaetin 7-O-[6"-O- _
10 acetyl]-allosyl (1—2) glucoside 36.75 277 ; 338 681
11 4'-0O-Methylhypolaetin 7-O-[6. -O- 3759 277 - 338 681
acetyl]-allosyl (1—2) glucoside
12 | Hypolaetin 7-O-[2" 6%-di-O-acetyl]- | 41 55 | 977336 709 711
allosyl (1—2) glucoside
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4'-0-Methyllsoscutellarein 7-O-[6™-O- .
13 acetyl]-allosyl (1—2) glucoside 43.25 2175325 665 667
Isoscutellarein 7-O-[6"-O-acetyl]- 277 ;307 ;
14 allosyl (1—2) [6"-O-acetyl] glucoside 43.68 325 693 695
15 Unknown 44.94 314 313 315

Table S5.6. Characterization of phenolic compounds in T. zygis extract by HPLC-PDA-MS.

Peak Compound (Tentative identification) tr UV max [M-H] m/z [M+H]"

(min) (nm) m/z

1 Quinic acid 1.99 191 193

2 Unknown 8.70 301 455

3 Unknown 8.78 301 455

4 Danshensu 10.71 281 197

5 Salvianolic acid A-O-hexoside 13.66 282 359 383

6 Caffeic Acid 17.01 323 179 181

7 Naringenin-O-glucoside 17.42 274 433 611

8 5'-Hydroxyjasmonic acid-O-hexoside 17.85 278 387

9 Unknown 18.25 325 437

10 Dihydroxy-tetramethoxyflavone 18.75 283 373

11 Apigenin-(6,8)-C-diglucoside 18.93 271 ;335 593 ; 269 595

12 Unknown 19.05 282 377

13 6.8-Di-C-hexosylapigenin 19.37 324 593 ; 503

14 Eriodictyol-7-O-glucoside 19.58 282 449 ; 287

15 Feruloylquinic acid 20.13 286 ; 324 367 317

16 Salvianolic acid F derivative 20.40 286 ; 318 375 359

17 Eriodictyol-7-O-glucoside 20.73 283 449 289

18 Luteolin acetyl pentosyl-hexoside 20.96 268 ; 319 621 623

19 5'—Hydr0xyjasm0nic acid-O-hexoside 2183 286 387

isomer

20 Unknown 22.60 282 421

21 Quercetin-O-hexoside 23.06 282 ; 345 463 ; 301

22 Luteolin-7-O-glucoside 24.23 339 447 ; 285

23 Unknown 25.89 288 303

24 Luteolin-(6,8)-C-diglucoside 26.70 269 ; 344 593 595

25 Unknown 27.40 269 ; 344 415

26 Luteolin-5-B-O-glucoside 27.78 252 ; 347 447 449

27 Luteolin-7-O-glucuronide 28.13 252 : 347 461 463

28 Unknown 29.90 283 471 495

29 Chrysoeriol-7-p-O-glucoside 32.58 338 461 301

30 Apigenin-7-3-O-glucuronide 34.15 267 ; 335 445

31 Rosmarinic acid 35.27 329 359 ;197 181

32 Salvianolic acid k 36.34 286 ; 324 555 ; 359 181

33 Luteolin-7-O-glucuronide isomer 36.44 269 ; 335 461 ; 285
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537 ; 493;

34 3'-0-(8"-z-caffeoyl)-rosmarinic acid 38.16 289 ; 324 357
35 Unknown 39.37 286 ; 330 505
36 Eriodictyol 40.01 286 287 289
37 Luteolin 41.38 346 285 287
38 Salvianolic acid B 42.13 287 ; 330 717 ; 519 521
39 Trihydroxy-dimethoxyflavone 43.26 283 ; 336 329 331
40 Naringenin 45.09 288 271 273
41 Apigenin 45.64 330 269 271
42 Hydroxy-trimethoxyflavone 45.85 325 327
43 Hispidulin 46.86 329 299 301
44 Cirsimaritin 51.73 275 ;334 313
45 Unknown 52.66 275 ; 345 343 345
46 Unknown 54.78 330 343 345
47 Unknown 55.78 282 ; 344 373 375
48 Unknown 58.01 275 519
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