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ABSTRACT

The research works presented in this Ph.D. thesis are based on the nutraceuticals and
functional foods research.
The first part of the thesis deals with three main topics:
1. Structural characterization of new HMG-flavonoids in bergamot juice
Two unknown 3-hydroxy-3-methylglutaryl flavanone glycosides were identified and
characterized by the combination of liquid chromatography and tandem mass
spectrometry experiments.
2. Preparation of extracts enriched in HMG-flavonoids
A novel food-grade procedure to obtain HMG-flavonoids enriched extracts with an
high purity grade was developed. The purification procedure was tested on different
citrus fruits, i.e. bergamot, sour orange and chinotto.
3. Development of a new procedure for the enrichment of foodstuffs in
hydroxytyrosol
New functional foods are presented. They were obtained by the enrichment of
foodstuffs generally used in daily diet, i.e. flour, whole wheat flour and sugar, with
the nutraceutical compound hydroxytyrosol.
The second part concerns the development of advanced mass spectrometric analytical
procedure for quality assessment of foods, through the quantification of nutraceutical
compounds and the determination of target quality molecules.
The works presented in this field are the following:
1. Determination of Hydroxytyrosol and Tyrosol derivatives compounds in
Extra Virgin olive oil by Microwave Hydrolysis and LC-MS/MS analysis
A novel method to determine the absolute amount of hydroxytyrosol and tyrosol
derivatives in EVOO samples was developed. The procedure consists in a simple
and fast microwave assisted acidic hydrolysis reaction, combined with the use of
liquid chromatography- tandem mass spectrometry analysis.
2. Absolute Evaluation of Hydroxytyrosol in Extra Virgin Olive Oil by Paper

Sray Tandem Mass Spectrometry



A novel and fast methodology for the evaluation of the absolute amount of

Hydroxytyrosol in extra virgin olive oil was set up. The method is based on the

exploitation of paper spray ionization (PS) tandem mass spectrometry (MS/MS).

3. Discriminant Analysis of Vegetables Oils by Paper Spray Mass Spectrometry
and Statistical Approach

An innovative approach for the characterization of triacylglycerols profile of different

vegetable oils was developed. The method employs the paper spray ionization

technique that in combination with chemometric analysis has allowed to discriminate

the extra virgin olive oil from the others vegetable oils commonly used as adulterants.

4. Quantitative Evaluation of Caffeine in beverages and drugs by Paper spray
tandem Mass Spectrometry

A simple and fast method for the quantification of caffeine in beverages and drugs is

presented. Also this analytical procedure is based on the use of paper spray tandem

mass spectrometry.
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CHAPTER 1: Introduction

1. NUTRACEUTICALS AND FUNCTIONAL FOODS

In the last decades, there has been a great deal of attention toward the field of food
chemistry, because many research studies have highlighted the existence of a strong
relationship between daily diet and human health. Current scientific knowledge supports
the hypothesis that diet may modulate various functions in the body and play a key role in
the prevention of some diseases. (1)

Nutraceutical is the hybrid term of nutrition and pharmaceutical. It was used for the first
time in 1989 by De Felice and the Foundation for Innovation in Medicine. (2) Its definition
was clarified in 1994 as “any substance that may be considered a food or part of a food
and provides medical or health benefits, including the prevention and treatment of disease.
Such products may range from isolated nutrients, dietary, supplements and diets to
genetically engineered ‘designer’ foods, herbal products, and processed foods such as
cereals, soups, and beverages.” (3)

Today, foods are not considered necessary only to satisfy hunger but also to make
available same active principles that improve physical and mental well-being of the
consumers and prevent different diseases. (4,5) In this regard, functional foods play a
specific role.

The term “functional food” is related to nutraceuticals. It was introduced for the first time
in Japan in 1984 and defines a food product fortified with nutraceutical compounds that
produces positive effects on the general body condition decreasing the risk of some
diseases. (6,7)

In the 1990s, it was given a formal legislative category called FOSHU (FOod for Specified
Health Uses). (8-10) Generally, a “functional food” must contain an ingredient with
specific health properties (11), but there is not a single definition for this food category.

In Europe, there is not a formal legislative definition for “functional foods". According to
the European Commission Concerted Action on Functional Food Science in Europe
(FUFoSE), the food product can be considered functional, if it has the basic nutritional
properties and beneficial effects on one or more functions of the human organism,
improving the general and physical conditions or/and decreasing the risk of the diseases.
(12) The government agencies in USA, FDA (Food and Drugs Administration) and USDA
(United States Department of Agriculture) have proposed a different definition of this food

category.
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Today, the accepted definition is the following: “Natural or processed foods that contain
known or unknown biologically-active compounds; which, in defined, effective non-toxic
amounts, provide a clinically proven and documented health benefit for the prevention,

management, or treatment of chronic disease”. (13)

The Mediterranean diet is rich in nutraceutical components which have functional features
with positive effects on health and wellness. Mediterranean diet is mostly characterized by
the consumption of cereals, legumes, vegetables, fruits and olive oil; it also includes fish or
seafood, white meat and eggs, small amount of poultry and dairy products. Therefore, the
importance of this diet resides not only in the nutritional values of the constituents but also
in their content of pharmacologically active principles. These discoveries have increased
the consumer awareness of the potential benefits of compounds naturally present in foods
and plants for human health promotion and maintenance. Today, research studies in
nutraceuticals, functional foods and natural products are hot topics. (14-17)

Natural products, such as plants extract or pure compounds, provide unlimited
opportunities for new active principles discoveries because of the unmatched availability
of chemical diversity. The compounds present in natural products are called
phytochemicals (“phyto” means “plant”) because they are produced by plants, fruits,
vegetables, spices and traditional herbal medicinal plants. In recent years, many studies
have shown that many foodstuffs in our diet contain a high content of phytochemicals, and
can provide protection against various diseases. Foodstuffs such as fruits, citrus fruits and
vegetables are considered functional foods. The protective effects of these diet components
were found for cancer and also for chronic diseases such as cardiovascular diseases. (18-
22) Antioxidants such as Vitamins C and E are essential for the protection against ROS,
but the majority of the antioxidant activity of foodstuffs such as fruit or vegetable, may be
from polyhydroxylated phenolic compounds. Intake of controlled diets rich in fruits and
vegetables significantly increased the antioxidant capacity of plasma. (23-26)

As already mentioned, among the constituents of Mediterranean diet, olive oil is
considered another essential functional food, because of its constant intake may provide
potential health benefits to humans, lowering the incidence of cardiovascular disease. (27-
29) It was suggested that this effect is due primarily to the antioxidant properties of
polyhydroxylated aromatic molecules present in the oil as minor compounds.
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Antioxidant compounds such as phenolic molecules are therefore the focus of many recent
studies. Their antioxidant activity is predominantly determined by their structures, in
particular by the electron delocalization over an aromatic nucleus. When these compounds
react with a free radical, the delocalization of the electron over the aromatic nucleus allows
the formation of a stable radical which prevents the continuation of the free radical chain

reaction.

Today, the research in the functional foods field is continuously increasing.

Isolation and structural characterization of unknown active principles from daily foodstuffs
have became very interesting in order to understand how diet can affect human health, and
how these pharmacologically active principles can be used as an alternative to the classical
and commercial drugs. In vitro and in vivo experiment, followed by clinical trials are
necessary to demonstrate the effectiveness of bioactive compounds. Clinical trials directed
towards understanding the pharmacokinetics, bioavailability, efficacy, safety and drug
interactions of newly developed bioactive compounds and their formulations (extracts)
require a careful evaluation. They must be carefully planned to safeguard the health of
participants and to evaluate their positive and side effects both immediate and long-term.
Therefore, research studies are focused on the development of advanced analytical
procedure to determine the quality and the safety of food, through the accurate

quantification of nutraceutical molecules.
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1.1 FLAVONOIDS IN PLANT SOURCES

Flavonoids are very common and widespread secondary metabolites of plants with a
variable phenolic structure and are formed by a series of condensation reactions between
hydroxycinnamic acid and malonyl residues, giving rise to a chemical structure of 15
carbons. The carbon skeleton consists in two benzene rings (A and B ring) linked by a
three carbon chain, and their structure is also referred to as C6—C3—C6. The three-carbon
bridge between the phenyl rings is commonly cyclized to form a third ring (C-ring).
According to the cyclization and the degree of unsaturation and oxidation of the three-
carbon segment, they can be classified into several groups. The basic structures of the main

classes of flavonoids are shown in Figure 1.
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Figure 1 Basic structure of the main classes of flavonoids. Common C- and O- glycosylation positions are
indicated with an arrow

In plants, flavonoids may occur in various modified forms corresponding to additional
hydroxylation, methylation and, most importantly, glycosylation. Flavonoids commonly
occur as flavonoid O-glycosides, in which one or more hydroxyl groups of the aglycone
are bound to a sugar with formation of a glycosidic O—C bond, which is an acid-labile
hemiacetal bond. The glycosylation makes the flavonoid less reactive and more water
soluble, It can be seen as an essential form of protection in plants to prevent cytoplasmic
damage and to store the flavonoids safely in the cell vacuole.(30) In principle, any of the
hydroxyl groups can be glycosylated but certain positions are favored: for example, the 7-

hydroxyl group in flavones, flavanones and isoflavones, the 3- and 7-hydroxyls in

4
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flavonols and the 3- and 5-hydroxyls in anthocyanidins are common glycosylation sites
(Fig. 1). Glucose, galactose and rhamnose are the most common sugars, while arabinose,
mannose, fructose, and the glucuronic and galacturonic acids are less frequent.
Disaccharides are often found in association with flavonoids, the most commons are
rutinose (rhamnosyl-(a1—6)-glucose) and neohesperidose (rhamnosyl-(a1—2)-glucose);
occasionally tri- and even tetrasaccharides may be found as conjugates with flavonoids.
Acylated glycosides, in which one or more sugars hydroxyls are esterified with an acid,
also occur. Glycosylation may also take place by direct linkage of the sugar to the
flavonoid’s basic nucleus, via an acid-resistant C—C bond, to form flavonoid C-
glycosides. Flavonoid C-glycosides are commonly further divided into mono-C-
glycosylflavonoids, di-C-glycosylflavonoids and C-glycosylflavonoid-O-glycosides. (31)
In the last category, a hydrolyzable sugar is linked either to a phenolic hydroxyl group or a
hydroxyl group of the C-glycosyl residue. To date, C-glycosylation has only been found at
the C-6 and/or C-8 position of the flavonoid nucleus (Fig. 1). (30,31)

Flavonoids are an integral part of human and animal diet. Being phytochemical compound,
flavonoids cannot be synthesized by humans and animals. Flavonoids in food are generally
responsible for color, taste, prevention of fat oxidation, and protection of vitamins and
enzymes.

Available reports tend to show that flavonoids are responsible for a variety of
pharmacological activities. Their activities are structure dependent. The chemical nature of
flavonoids depends on their structural class, degree of hydroxylation, other substitutions
and conjugations, and degree of polymerization. (32)

Recent interest in these substances has been stimulated by the potential health benefits
arising from their antioxidant activities. Functional hydroxyl groups in flavonoids mediate
their antioxidant effects by scavenging free radicals and/or by chelating metal ions. The
chelation of metals could be crucial in the prevention of radical generation, which damage
target biomolecules. As dietary components, flavonoids are thought to have health-
promoting properties due to their high antioxidant capacity demonstrated both in vivo and
in vitro systems. Several studies have suggested protective effects of flavonoids against
many infectious (bacterial and viral diseases) and degenerative diseases such as

cardiovascular diseases, cancers, and other age-related diseases. (26, 32-37)
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1.2 HMG-FLAVONOIDS IN CITRUS FRUITS

In 2009 two new flavonoids were isolated and characterized from bergamot juice (Fig. 2),
as HMG conjugates of neohesperidin and naringin namely, Melitidin (naringin 7-(2”-a-
rhamnosyl-6"-(3””’-hydroxy-3""’-methylglutaryl)-B-D-glucopyranoside) and Brutieridin
(neohesperidin 7-(2”-a-rhamnosyl-6"-(3”’-hydroxy-3"""-methylglutaryl)-p-D-
glucopyranoside). (38)

‘ | HO /\[s/
Figure 2 Chemical structure of a- Brutieridin and b- Melitidin

Bergamot, Citrus Bergamia Risso, belongs to the family Rutaceae, subfamily Esperidea,
and is widespread in the Mediterranean area. The natural habitat of this tree is restricted to
the coastal region of the lonian Sea in the southern Calabrian region of Italy. (39)

Its volatile fraction is still used in the cosmetic and perfumery industries, and for many
years, bergamot juice was considered a secondary product and waste from the essential oil
extraction. Furthermore, because of its organoleptic properties and its bitter taste, it did not
reach the popularity of other citrus juices, but it was used to fortify other fruit juice or
beverages instead of synthetic additives.

The true peculiarity of this fruit is the abundance and variety of flavonoid glycosides
present. Naringin, neohesperidin, neoeriocitrin, melitidin and brutieridin are present in
juice and in other compartments of fruit, in the order of several hundreds of ppm Other
flavonoids, as rhoifolin, neodiosmin and poncirin are present at lower concentration. (40-
42)
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Melitidin and brutieridin are considered two statin-like flavonoids able to inhibit the HMG-
CoA reductase, the rate-limiting enzyme which catalyzes the conversion of HMG-CoA
into mevalonate, the cholesterol precursor. (43,44)

To evaluate the potential effects of these new flavonoids bearing the 3 hydroxy-3-methyl-
glutaric acid (HMG) moiety, a series of studies were performed. It was performed an in
vitro study in which their inhibitory effect on HMG-CoA reductase, was compared, against
commercial statin drugs with excellent results. (45)

Results obtained by a recent in vivo study on animals, have demonstrated that the effect of
bergamot extract containing HMG- flavonoids is similar to that obtained by simvastatin on
the lipid profile and, more important, increase the HDL levels. At last, the extract is
cytitoxic only at very high doses and no genotoxic effects have been found. (46) Moreover,
computational studies based on density functional theory have demonstrated that both
molecules, Melitidin and Brutierdin, bind efficiently to the catalytic site of HMG-CoA
reductase. (47) 3-hydroxy-3-methyl glutaryl flavanone glycosides were also found in other

citrus fruit like bitter orange and chinotto. (48,49)

1.3 PHENOLIC COMPOUNDS IN OLIVE OIL

Olive oil is a product of the mechanical extraction from the fruit of Olea europeae L.
(Oleaceae family). It is composed by a triacylglycerol fraction, constituting approximately
98-99 %, and by an unsaponifiable fraction (0,4-5 %).

Olive oil is an important constituent of the Mediterranean diet; it is considered a functional
food for its beneficial effects as regards breast and colon cancer, diabetes accompanied by
hypertriacylglycerolaemia, inflammatory, and autoimmune diseases such as rheumatoid
arthritis. (50,51)

The beneficial effects can be attributed not only to the high ratio between unsaturated and
saturated fatty acids of olive oil, but also to the antioxidant property of its phenolic
compounds. The pulp of olives contains these hydrophilic compounds at high
concentration, but they are also transferred to the oil during the production.

The phenols present in olive oil includes numerous substances: simple phenolic
compounds such as vanillic, gallic, coumaric and caffeic acids, tyrosol and hydroxytyrosol
and more complex compounds like the secoiridoids (oleuropein and ligstroside), and the

lignans (1-acetoxypinoresinol and pinoresinol). Other phenolic compounds are flavonoids.
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The secoiridoids oleuropein and ligstroside, the main complex phenols in virgin olive oil,
are secondary metabolites characterized by the presence of elenolic acid in its glucosidic
form. Oleuropein is the ester between 2-(3,4-dihydroxyphenyl) ethanol (hydroxytyrosol)
and the oleosidic skeleton common to the glycosidic secoiridoids of the Oleaceae, while
ligstroside is the ester between 2-(p-hydroxyphenyl) ethanol (tyrosol) and the oleosidic
skeleton. (52)

Moreover, the ligstroside and the oleuropein aglycone, and their deacetoxylated
homologues such as oleocanthal and oleacin can be found in the olive oil.

Hydroxytyrosol and tyrosol, the main simple phenolic compounds, can be present as a free
or esterified phenols with elenolic acid, forming oleuropein and its derivatives, or

ligstroside and its derivative compounds (Figure 3).
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Figure 3 Chemical structure of the main phenolic compounds present in olive oil

Hydroxytyrosol [3,4-dihydroxyphenylethanol (Htyr)] is one of the main phenolic

compounds in olives, virgin oil and waste water obtained during the production of olive
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oil. In fresh virgin oil, hydroxytyrosol mostly occurs as ester, even if with the aging the
non-esterified form prevails due to hydrolytic reactions. (53,54)

Hydroxytyrosol is the only phenol that has been recognized by the European Food Safety
Authority (EFSA) as a protector of blood lipids from oxidative damage. (55) In order to
support this health claim, 5 mg of hydroxytyrosol and its derivatives (e.g. oleuropein
complex and tyrosol) in olive oil should be consumed daily. These amounts can be easily
consumed in the context of a balanced diet (EFSA Panel on Dietetic Products Nutrition and
Allergies 2011). (56)

Besides the cardio-protective effects (57,58), numerous studies, mostly performed in vitro
or using animal models, have shown the potential of HT for preventing additional diseases.
These include protection against metabolic diseases (59-61), anti-carcinogenic activity (62-
66), anti-inflammatory activity (67), protection against digestive disorders (68) and
antimicrobial activity (69).

The accumulating disease-preventing evidence and the fact that hydroxytyrosol has no
known toxic effects (70) emphasize the potential of this compound as a nutraceutical in

functional foods, food supplements and even medicine.

2. MASS SPECTROMETRY IN NUTRACEUTICALS RESEARCH

Today, nutraceutical compounds are considered quality markers of food, and the
development of advanced analytical procedures to quantify these marker compounds has
became indispensable in nutraceutical research. It includes the identification of new
nutraceuticals, chemical structure characterization, and quality control of foods through
their quantification. Due to the complexity of these natural matrices, the use of advanced
analytical techniques is necessary.

Mass spectrometry technique is one of the most important tools within this field because it
Is now recognized as an extremely specific and sensitive technique for the analysis of food
products with superior accuracy and higher throughput.

In the last few years, the role of mass spectrometry (MS) and related techniques is
increased as an enabling tool in food analysis and quality control. Improvement in
instrumentations, online separations techniques and data processing have contributed to
determine the great expansion of MS in food-related analysis. A large variety of analytical
approaches are used in food chemistry, with different aims and using complementary

methodologies.
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The chromatography combined with mass spectrometry (MS) is considered one of the most
sensitive and selective analytical techniques. Among hyphenated methodologies, today
HPLC-MS procedure is most widely used for food analysis. Liquid chromatography
coupled with mass spectrometry (MS) offers a powerful tool due to its specificity, which
also allows the identification of even co-eluting compounds. The use of tandem mass
spectrometry (MS/MS) provides a wealth of structural information, and at the same time it
increases selectivity allowing an excellent quantification. (71-79)

Different mass spectrometer can be used in combination with liquid chromatography.

For quantitative purposes, the analyzers able to perform tandem mass spectrometric
analysis (MS/MS) in time (ion trap) or in space (quadrupole) are the most employed.

To determine the molecular accurate mass and the elemental formulas of unknown
compounds high-resolution analyzers are used.

The most employed analyzers in this field are the following:

Quadrupole: this mass analyzer (Q) is considered a “mass filter”. Combined DC and RF
potentials on the quadrupole rods can be set to pass only a selected mass-to-charge ratio.
All other ions do not have a stable trajectory through the quadrupole mass analyzer and
will collide with the quadrupole rods, never reaching the detector. Quadrupole can have
other functions besides its use as a mass filter. An RF-only quadrupole acts as an ion guide
for ions within a broad mass range. While, a DC-only quadrupole is used as a lens element
in some ion optic designs.

Triple quadrupole (QgQ) is a tandem MS analyzer in which the first and third quadrupoles
work as mass filters and the second works as collision cell in RF-only mode, causing
fragmentations of the analyte through interaction with a collision gas. Triple quadrupole
(Q9Q) allows to work in different scan mode: 1- full scan, 2 — product ion scan, 3 —
precursor ion scan, 4- neutral loss scan and 5 — selected ion monitoring (SRM) or multiple
reaction monitoring (MRM). The Figure 4 shows the scan modes in tandem mass

spectrometry with QgQ instrument.
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Figure 4 Scan modes of triple quadrupole

Triple quadrupole (QgQ) is simple, robust and often used for quantitative purposes when
higher sensitivity and specificity is required. This instrument, together with other multi-
stage analyzers, is capable of multiple reaction monitoring (MRM), which improves
selectivity and sensitivity of the determination if compared to single stage MS. This
scanning mode has unique capability for simultaneous monitoring of large number of

compounds in complex mixtures. (80)

lon Trap: two types of ion trap instrument exist, quadrupole ion trap and linear ion trap.
The first consists in three electrodes, two end-cap electrodes that normally are at ground
potential and between them a ring electrode to which a radio frequency (RF) is applied to
generate a quadrupole electric field. In the linear ion trap (LIT) ions are confined radially
by a two-dimensional (2D) radio frequency (RF) field, and axially by stopping potentials
applied to end electrodes. The ion trap analyzers are employed to store ions and
characterize their properties in the isolated state. They allow to perform MS/MS
experiments through three sequential steps: isolation of the parent ion, its dissociation to
give characteristic products, and their identification using a second stage of mass analysis.
(80,81)

lon trap and quadrupole analyzer are used specially for quantitative purpose, because their

high selectivity.

The most used analyzers for high resolution mass spectrometry analysis are the following:

11
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Time-of-flight TOF analyser measures the mass-dependent time it takes ions of different
masses to move from the ion source to the detector. This requires that the starting time (the
time at which the ions leave the ion source) is well-defined. Therefore, ions are either
formed by a pulsed ionization method (usually MALDI), or various kinds of rapid electric
field switching are used as a 'gate' to release the ions from the ion source in a very short
time. The ions leaving the ion source of a time-of-flight mass spectrometer have neither
exactly the same starting times nor exactly the same kinetic energies. To compensate for
these differences, various time-of-flight mass spectrometer designs were developed. The
most TOF analyzer used is TOF-Reflectron which has an ion optic device (reflectron). lons
in a time-of-flight mass spectrometer pass through a "mirror” or "reflectron” and their
flight is reversed. This process allows ions with greater kinetic energies to penetrate deeper
into the reflectron than ions with smaller kinetic energies. The ions that penetrate deeper
will take longer to return to the detector. If a packet of ions of a given mass-to-charge ratio
contains ions with varying kinetic energies, then the reflectron will decrease the spread in
the ion flight times, and therefore improve the resolution of the time-of-flight mass
spectrometer. Time of flight (TOF) mass spectrometer has the advantage of high mass
resolution. It allows to determine the elemental formulas of unknown compounds through

their accurate mass. (80)

FT-ICR Fourier transforms ion cyclotron resonance (FT ICR) mass spectrometer,
introduced by Comisarow & Marshall (1974a) is based on the measurement of the
frequency of ion rotation in the magnetic field — cyclotron frequency. lon mass to charge
(m/qg) ratio is inversely proportional to the cyclotron frequency and it is possible to
determine the m/q ratio if its frequency and the magnetic field strength B are known. The
main part of the FT ICR spectrometer is a measuring cell in which ions get trapped by
electric field in the direction along magnetic field vector and by magnetic field in
perpendicular direction. By applying RF electric field containing resonant frequency in the
plane of ion cyclotron motion we are exciting their synchronous cyclotron motion.
Rotating ions induce image current which is digitized and converted using Fourier
transform into the frequency domain and then in mass spectra. This analyser offers highest
resolving power and mass measurement accuracy among all types of mass spectrometers.
(80)

12
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Orbitrap: The Orbitrap mass analyzer consists essentially of two outer electrodes and a
central electrode, which enable it to work as both an analyzer and detector. When voltage
is applied between the outer and the central electrodes, the resulting electric field is strictly
linear along the axis and thus oscillations along this direction will be purely harmonic. At
the same time, the radial component of the field strongly attracts ions to the central
electrode. lons are injected into the volume between the central and outer electrodes. With
voltage applied between the central and outer electrodes, a radial electric field bends the
ion trajectory toward the central electrode while tangential velocity creates an opposing
centrifugal force. With a correct choice of parameters, the ions remain on a nearly circular
spiral inside the trap. At the same time, the axial electric field caused by the special conical
shape of electrodes pushes ions toward the widest part of the trap initiating harmonic axial
oscillations. Outer electrodes are then used as receiver plates for image current detection of
these axial oscillations. The digitized image current in the time domain is Fourier-
transformed into the frequency domain in the same way as in FTICR and then converted
into a mass spectrum. (80,82)

Often, hybrid analyzer are used; for example QqTOF or LTQ — Orbitrap, which provide
high mass resolution, sensibility and selectivity thanks to the physic of mass analyser and
its capability to perform tandem mass spectrometric experiments.

Among the various ionization techniques, electrospray source (ESI) and atmospheric
pressure chemical ionization (APCI) are the most used in combination with liquid
chromatography. ESI source works in negative and positive ionization mode, and it is
excellent for analysis of polar, ionized and ionizable molecule. Sensitivity depends on the
molecular structure, in fact, ESI ionization is not efficient for compounds of low polarity.
For these compounds APCI and APPI (atmospheric pressure photo-ionization) techniques

may be used. (80)

ESI: It is a soft ionization technique which produces very little fragmentation. The ESI
interface is recommended for use with highly polar and is suitable for thermolabile
analytes and macromolecules. In the ESI source, the HPLC eluent passes through a heated
capillary tube. A potential difference (typically 3-5 kV) is applied to the nebulizer spray-
tip, adding a charge to analytes in the mobile phase. The mobile phase is sprayed out of the
end of the tube and into the heated interface, where the solvent evaporates, leaving ions in

13
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the gaseous state. These ions are generated by ‘coulomb explosion’ of electrically charged
droplets and may be of various charge states. In some models the charged capillary is
surrounded by another capillary containing a nebulizing inert gas to aid in final

evaporation by reducing surface tension. (74-78,80)

APCI: The APCI ionization technique is typically used for compounds that do not ionize
well with ESI, often more stable, with lower molecular weight compounds and also non-
polar molecules. Chemical ionization is the first ionization mechanism in APCI, the mobile
phase is evaporated and the ions are generated by corona discharge. In particular, the
electrons ionize the auxiliary gas which reacts with the solvent molecules. Charged solvent
species are formed through a series of gas-phase reactions. In positive ion mode, analyte is
protonated by solvent ions. While in negative ion mode the abstraction of a proton from
analyte occurs. This technique is typically not suitable for thermo-labile analytes, because
APCI source operates at high temperature (350-550°C), leading to increased risk of analyte
degradation. (74-78, 80)

Today, the development of novel ionization techniques allows to perform mass
spectrometric analysis without a chromatographic separation step. This new class of
ionization methods belong to the ambient ionization technique family requiring no sample
preparation or a minimal preparation step. This ionization process is advancing the
analytical sciences, because it allows the analysis of complex systems without previously
chemical separations or purification.

The most used ambient ionization techniques are DESI — desorption electrospray
ionization, and DART - direct analysis in real time, together other complementary
techniques. Ambient ionization methods are characterized by operating in the open air, at
atmospheric pressure and temperature conditions. Whereas the conventional atmospheric
pressure ionization methods (ESI, APCI or MALDI) require a sample preparation step,
ambient MS allows the analysis of sample in its native state or without laborious
purification procedure. (83-87)

The capabilities of ambient ionization mass spectrometry have been demonstrated with the
direct analysis of natural and pharmaceutical drug compounds, monitoring of illicit
chemicals ,characterization of biological molecules, and sampling of complex matrices on

surfaces, food, urine, blood, and tissue. (88-94)
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Paper Spray ionization Among ambient ionization tecniques, paper spray ionization

represents a solution to fast qualitative and quantitative analysis at extremely low cost of
consumables. It was recognized previously that paper can be used for electrospray. (95) In
this kind of ionization process, a sample is loaded onto a piece of paper and ions are
generated directly for MS analysis by applying a high voltage to the wetted paper.

Paper, typically made from cellulose, is a hydrophilic porous material that can hold a
certain amount of liquid. Wetted paper is conductive, and the network of cellulose offers
micro-channels for liquid (including dissolved analyte) transport. Presumably, the high
electric potential applied between the paper triangle and MS inlet generates an electric
field that induces a charge that accumulates at the apex of the paper triangle. Similar to
electrospray, the Coulombic force breaks the liquid to form charged droplets, which
undergo subsequent desolvation processes to generate dry ions.

Paper spray ionization does not require sheath gas, and it works well even when the MS
inlet capillary temperature is set to room temperature. When few microlitres of a polar
solvent are applied to the paper triangle as spray solvent, a Taylor cone is observed at the
tip when examined under a microscope. The mist of fine droplets formed is clearly visible
under strong illumination. The Taylor cone and the spray typically disappear after about 1
min, presumably because of the loss of solution via the spray as well as the evaporation of
solvent. (96)

In comparison with traditional ESI or nano-ectrospray ionization sources, a distinct
advantage of using paper for spray ionization is the potential for making disposable sample
cartridges for MS analysis. Although some other porous materials potentially could also be
used for spray ionization, the commercial availability at low cost and the ease of
fabrication and chemical modification of paper make it a superior candidate for producing

sample cartridges that have multiple functions for simple sample treatment and ionization.
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l. STRUCTURAL CHARACTERIZATION OF NEW HMG-FLAVONOIDS
IN BERGAMOT JUICE

1. INTRODUCTION

Analytical separation and structural characterization of flavonoids: an overview
Liquid chromatography based methods are the most used analytical techniques in the
flavonoids determination. HPLC analysis of flavonoids is usually performed in reverse-
phase (RP) mode, using C8- or C18-bonded silica columns, with an i.d. ranging from 3 to
4.6 mm. In some cases, also other stationary phases, such as silica, Sephadex and
polyamide are used. The choice of the RP stationary phase is more important for the
quality of the analysis. Generally, a C18-RP column that is well end-capped is preferred,
because residual silanol groups could cause worsening of the flavonoid separation.
Gradient elution is generally performed with binary solvent systems, composed by water
containing acetate or formate buffer, and methanol or acetonitrile as organic solvent.
Phosphate buffers is not preferred, especially in LC-MS analysis. LC analysis is usually
performed at room temperature. Run time range from 30 min to lhour is sufficient to
separate the flavonoids from an extract, but in case of extreme complexity of the
flavonoids fraction, run time until 2 hours could be required. (1-5)

Moreover, comprehensive two dimensional liquid chromatography (LCxLC) is very used
because this technique offers much higher peak capacities than separations in a single
dimension. Gas chromatography is not widely used in flavonoid analysis because of the
limited volatility of flavonoid glycosides. (6,7)

The UV spectrophotometry is a popular technique to detect and quantify flavonoid
glycosides and aglycones, as, generally, the concentration of the flavonoids is rather high,
in the order of hundreds mg/L. Multiple-wavelength or diode-array UV detection is a full
satisfactory tool in screening and quantification studies. (8) The first maximum of
absorbance is within 240-285 nm range, and it is due to the A-ring; while the second
maximum, in the 300-550 nm range, is due to the substitution pattern and conjugation of
the C-ring. The presence of sostituents such as methyl, methoxy and hydroxyl group, does
not significantly alter the maximum of absorbance.

Mass spectrometry is the most used detection technique in LC analysis of flavonoids.
Generally, flavonoids are part of a complex mixture within a plant extract, and in most

cases, to identify them, single stage MS is used in combination with UV detection. (9) LC-
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UV/MS analysis, with the aid of standard and reference data, facilitates the confirmation
and identification of flavonoids in a sample because provides the molecular mass of the
different constituents. In this type of analysis, therefore, the UV signal is also employed for
quantitative analysis. For the identification of unknowns flavonoids tandem mass
spectrometry (MS/MS and MS") is used.

The interfaces used in LC-MS analysis of flavonoids are the atmospheric pressure
ionization techniques, i.e. atmospheric pressure chemical ionization (APCI) and
electrospray ionization (ESI). Both positive and negative ionization are used. ESI is more
frequently used in this type of analysis, but APCI is gaining in popularity. According to
most studies, for both APCI and ESI, the negative ion mode provides best sensitivity.
Generally, positive ionization is used for complementary information to identify unknown
compounds. Negative ionization provides the highest sensitivity, and it is most suited to
infer the molecular mass of separated flavonoids, especially in cases of low concentration.
The most used analyzers are quadrupole, ion trap and the TOF analyzer used to perform
high resolution experiments. The mass spectra obtained from quadrupole and ion trap are
very similar in the fragmentation pattern, even if relative abundances of fragment ions and
adducts can show differences. Obviously, the main advantage of the ion-trap instrument is
the possibility to perform MS" experiments to confirm the flavonoid structure. As well ESI
and APCI ionization techniques, chemical ionization, fast atom bombardment (FAB), and
matrix-assisted laser desorption ionization (MALDI) are also used. (10-14)

Structural characterization of flavonoid glycosides

As mentioned above, LC-UV/MS analysis is the most employed technique in flavonoid
studies, but this type of experiments provide solely information on the molecular mass and
retention time of the sample constituents. For the full structural characterization of
flavonoids, tandem mass spectrometry experiments in low and high resolution mode (LC-
MS/MS and MS/MS, HR MS and HR MS/MS), must be performed.

The fragmentation of flavonoid glycosides is generally described according to the

nomenclature proposed by Domon & Costello (1988) for glycoconjugates (Figure 1). (12)
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Figure 1 Fragmentation nomenclature used for MS analysis of flavonoid glycosides. the figure shows the
apigenin-7-O-rutinosede (12)

lons containing the aglycone are labeled “'X;, Y; and Z;. The subscript j denote the number
of the interglycosydic bond cleaved, counting from the aglycone, while the superscripts k
and | indicate cleavages within the carbohydrate rings. The glycosydic bond linking the
glycan part to the aglycone is numbered 0. lons containing the carbohydrate residue are
designed by “'A;, B; and C; where i valuerepresents the number of the glycosydic bond
cleaved, counting from the non-reducing end. When more than one glycosylation position
are involved, an additional superscript m, which denotes aglycone substitution, is used for
ions “'X™;, Y™,

¢ Flavonoid O-glycosides
For flavonoid O-glycosides, ESI (+) MS/MS is usually performed in low collision energy
mode. The fragmentation obtained by cleavage of the glycosidic O-linkage with
concomitant H-rearrangement, leads to the elimination of the monosaccharide residue, i.e.
loss of 162 amu (hexose), 146 amu (deoxyhexose) or 132 amu (pentose), and to the
formation of corresponding Y, aglycone ion. (13,14) In negative ionization mode, the
fragmentation pattern shows in addition to the aglycone ion [Yo], an abundant radical
aglycone [Yo-H]". This radical ion was observed in the high-energy CID spectra of
quercetin O-glycosides (14), and it is formed by a homolytic cleavage of the glycosidic
bond between the aglycone and the glycan residue. (15)
Flavonoid O-diglycosides are also frequently encountered. The  most common
disaccharides include rutinose [rhamnosyl-(al1—6)-glucose] and neohesperidose
[rhamnosyl-(a1—2)-glucose]. These flavonoids are characterized by the presence of the
interglycosidic linkage between the glucose and rhamnose units. ESI (+) MS/MS provides

Y:" and Yo" fragment ions which correspond to losses of the terminal rhamnose unit and
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the rhamnosylglucose residue, respectively. MS/MS with higher collision energies promote
the formation of the aglycone fragment ion Y,". In some cases, the complementary
monosaccharide ions [B1]" (m/z 147) and[B,]" (m/z 309) can also be detected. (13,14) A
[Y*]+ ion, corresponding to the loss of the inner glucose residue ([M+H-162]"), is formed
by the migration of a hydrogen from the hydroxyl group at C5 of the aglycone to the
terminal rhamnose and a rearrangement reaction. The rearrangement entails migration of
the glucose acetalic oxygen to the terminal rhamnose anomeric carbon, losing the internal
glycoside residue. Formation of the [Y*]" ion is favored at low collision energies and this
ion can reach very high relative abundances. (16)

Flavonoid di-O-glycosides are flavonoids containing two monosaccharides linked to
different hydroxyl groups of the aglycone. ESI (+) MS/MS experiment provides the ions
[Y*o]" andlor [Y'o]*, and also the [Y*,Y'o]*, formed by the cleavage of both sugar-
aglycone linkages at C3' and C7 of flavone ring. The position of glycan substituents of
different mass can easily be located in flavonol-3,7-di-O glycosides because the protonated
molecules more readily lose a glycan substituent at the C3 position compared to the C7
position. (19) The susceptibility of the sugar-aglycone bond to acid hydrolysis certainly
depends on the position of the sugar, while, the nature of the sugar only has a negligible
effect on the strength of the sugar-aglycone bond. (14)

¢ Flavonoid C-glycosides

In flavonoid C-glycosides, glycosylation occurs by direct linkage of the sugar to the basic
flavonoid nucleus with the formation of a C-C bond. These flavonoids are divided in three
classes mono-C-glycosyl-, di-C-glycosyl- and O,C-diglycosyl-flavonoids. It is necessary
an higher collision Energy than O-glycosides to fragment C-glycosides, because of the
absence of the acid-labile bond. (13) The main fragmentations of mono-C-glycoseides
concern cross-ring cleavages of the saccharide residue and the loss of water molecules.

(13,14) Other fragment ions are shown in the figure 2.
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Figure 2 characteristic fragmentation of C-glycosides. Cross-ring cleavage of glucose moiety (12,13,14)
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The O,C-diglycosyl flavonoids present UV-vis spectra identical to their equivalent O- and
C-glycosides, but they can be distinguished through ESI(+)-MS/MS spectra. Protonated O-
diglycosides produces Y;" and Y," ions, whereas C-glycosides only yield [M + H]+ ions
together with cross-ring cleavages of the sugar residue and loss of water molecules. At low
collision energies protonated O,C-diglycosides only produces Y;" ions, formed by
fragmentation at the interglycosydic linkage. At higher collision energies, however,

protonated O,C-diglycosides exhibit both types of fragmentations. (13)

2. MATERIALS AND METHODS

2.1 Chemicals

HPLC grade solvents were purchased from Carlo Erba (Milan, Italy). Standard flavonoids
were purchased from Extrasynthese (Gnay, France) and other chemicals were from Sigma-
Aldrich (St. Louis, MO).

2.2 Plant materials

Bergamot fruits (Citrus Bergamia) were collected by Unionberg Association, located at
Condofuri Marina (RC, Italy), and stored at -20°C.

2.3 Isolation of flavonoids by HPLC-UV/MS

After fruit squeezing, the juice was centrifuged at 6000 rpm, filtered on a Buchner funnel,
and passed through a Cyg cartridge (Supelclean LC-18, 60 mL, 10 g; Supelco, St. Louis,
MO), previously activated with MeOH and washed with water. After loading, the cartridge
was washed with 15 ml water and then eluted with 2 x 15 ml of MeOH. The eluate was
evaporated under vacuum to dryness, recovered in water and finally lyophilized. For the
screening of flavonoids fraction, a solution of 1000 mg/l of the extract was injected in
HPLC system and analyzed in analytical mode. LC-UV/MS analysis was performed using
a Waters Fraction-Lynx system (Milford, MA) composed by an autosampler/collector
Waters 2767 Sample Manager, a 600E pump working in analytical mode, a 486 UV
detector and a ZMD quadrupole mass spectrometer equipped with an electrospray

ionization (ESI) source.
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The chromatographic separation was carried out using a Cig reversed-phase column, Luna
(250 x 4.6 mm, 5 um, Phenomenex), injecting a volume of 20 pl. The run time was 70
min, the flow rate was 1 ml/min, and the gradient was built using 0.1% HCOOH in H,0O
(solvent A) and MeOH (solvent B) as mobile phase. The elution gradient was composed of
the following step: isocratic elution 80% A for 7 min; linear gradient from 80% A to 40%
A in 33 min; isocratic elution 40% A for 5 min; linear gradient from 40% A to 20% A in 5
min; isocratic elution 20% A for 7 min; linear gradient from 20% A to 80% A in 5 min;
equilibration of the column for 8 min.

The MS conditions were the following: capillary voltage -3.15 kV, cone voltage -3 V,
extractor -2 V, RF lens -0.34 V, source block and desolvation temperature 120, 250 °C
respectively, ion energy 0.5V, LM resolution 14.5, HM resolution 15.0 and multiplier 650
V. The nebulizer gas was set to 650 L/h

To isolate the unknown flavonoids, 400 mg of the purified juice containing flavonoid
fraction were dissolved in 1 ml of water and submitted to a first step of purification by
semipreparative chromatography, with a Cyg reversed-phase column, Synergy Fusion-RP
80 A (100 x 21.20 mm, 5 pum, Phenomenex). Semipreparative run was performed at 21
ml/min flow rate, using 0.1% HCOOH in H,O (solvent A) and MeOH (solvent B). It
consisted in an isocratic run of 17 min (60%A, 40% B). In order to verify the separation,
each collected fraction was injected in the HPLC system. The fractions of interest were
mixed, lyophilized and dissolved again (50 mg in 30% of EtOH) for the second
purification step, which was carried out to obtain the pure compounds. Second
semipreparative chromatography consisted in an isocratic run of 4.5 min, using 30% of
EtOH, at 21 ml/min using the same Cig reverse-phase column. In the two steps of the
semipreparative purification, fractions were collected every 18s. All the fractions
corresponding to the same UV and mass signal were mixed and the solvent was evaporated
under vacuum. The residual water was lyophilized to obtain the powdered compounds. The
semipreparative purifications were repeated until an appropriate amount was reached to

perform the other experiments for characterization.
2.4 High resolution mass spectrometry

High resolution mass spectrometry experiments were carried out with an hybrid Q-Star
Pulsar-i (MDS Sciex Applied Biosystems, Toronto, Canada) mass spectrometer equipped

with an electrospray ion source. Solution samples containing the purified flavonoids were
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introduced into MS instrument by direct infusion (5ul/min) at the optimum ion spray
voltage of 4800 V (-4800 in negative ionization mode). The HR (+) ESI-MS and the HR (-
) ESI-MS spectra were acquired by the time-of-flight analyser. The molecular formula was
retrieved by Analyst™ QS software (MDS-Sciex, Applied Biosystems, Toronto, Canada).

The MS/MS experiments were performed in the collision cell g on the selected precursor
ion by keeping the first quadrupole analyser at unit resolution, and scanning the time-of-
flight (TOF) analyser. The experiments were conducted in a range of collision energy from
20 to 40 eV for positive mode, and from -20 to -40 eV for negative mode, using N as

collision gas.
2.5 Enzymatic and chemical hydrolysis

Basic hydrolysis were performed by treating the pure compound with sodium hydroxide.
Enzymatic hydrolysis were carried out using hesperidinase; in particular 1 mg of purified
compound and 1 mg of enzyme were dissolved in 1 ml of Mcllvaine’s buffer at pH 3.5.
During the reaction the temperature was maintained at 37°C. Both hydrolysis reactions
were monitored by HPLC-UV/MS analysis.

2.6 NMR measurements

NMR spectra were recorded at 25 °C on a Bruker Avance 500 MHz (11.74 T) instrument
(Rheinstetten, Germany), dissolving purified samples in CD30D.

3. RESULTS AND DISCUSSION

In the present work, the structure of two unknown HMG-flavonoids present in bergamot
juice was elucidated.

The screening of flavonoid fraction in bergamot juice by HPLC-UV/MS analysis was the
first step of the study. The UV chromatogram showed the presence of two peaks
corresponding to unknown flavonoids; their molecular mass were obtained by the mass

peaks in total ion current chromatogram (TIC) (Figure 3).
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Figure 3 UV profile obtained by LC-UV/MS analysis of bergamot juice and the chromatogram of the
extracted ion current of unknown compounds

The total ion current chromatogram was acquired in negative ion mode; compound 1, rt
37.92 min, showed the deprotonated molecule [M-H] at m/z 739, while for the compound
2 at rt 34.17 min, the deprotonated molecule was at m/z 885.

The others main peaks in the UV-chromatogram are relative to neoeriocitrin (rt 31.07
min), neohesperidin (rt 34.72 min), naringin (rt 36.27 min), melitidin (rt 40.79 min) and
brutieridin (rt 41.81 min), identified by the pseudomolecular [M-H] ions and by the
comparison with the retention time of standards.

In order to gather information about their accurate molecular mass and their elemental
composition, the solutions of the unknown compounds, collected from chromatographic
analysis, were submitted to high-resolution mass spectrometry experiments using a
ESI/QTOF instrument. The full MS spectra in positive ionization mode showed the
following ions: m/z 904.3097, which corresponds to the elemental composition
C39Hs54NO23 with 1.7534 ppm accuracy; m/z 741.2245 with the elemental composition
Cs3H41019 and an accuracy of 1.1383 ppm (Table 1).
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Table 1 Accurate mass and elemental composition of unknown compounds

rt Accurate mass Accuracy Elemental
(min) (ppm) composition

Compound 1 37.92 741.2245 1.1383 Ca3H41049
Compound2 45, 904.3097 1.7534 CagHssNO33

A semi-preparative chromatography was performed to obtained an appropriate amount of
pure compounds for further experiments of structural characterization.

The molecular structures were confirmed by high-resolution MS/MS experiments both in
positive and negative ionization mode.

Structural characterization of compound 1: Peripolin

For the unknown compound 1, the hypothesized structure is shown in figure 4:

HO

OH
(0]
OH
OH
HO
(0] (0) [0) OH
(0] OH
HO (0]
OH (o) 0]
OH 0]

Figure 4 proposed structure of peripolin
The new flavonoid may be the 3-hydroxy-3-methylglutaryl conjugates of the already
known neoeriocitrin flavanone.

The Figure 5 displays the mass spectrum obtained by HR ESI (+) MS/MS experiment
recorded with a CE of 30 eV.
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Figure 5 Low energy CID-QqTof-MS/MS (CE 30 eV) of the precursor protonated molecule obtained from
compound 1

The CID-MS/MS of the precursor protonated molecule at m/z 741 showed the presence of

the following product ions: the formation of aglycone moiety ion Y," at m/z 289.0800

(base peak) that corresponds to [(M-Rha-Glc-HMG)+H]" , which is a characteristic

fragment ion of flavonoid O-glycosides. The elemental composition gathered from the

signal at m/z 289.0800 is C35H1306, Which corresponds to the molecular formula of the

protonated eriodictiol. The product ion at m/z 271.0862 comes from a consecutive

reaction, which eliminates a formal water molecule from m/z 289. In addition, the product

ion at m/z 595.1774 corresponds to the fragment Y;" ion, assigned as ([(M-Rha)+H]"),

formed by the loss of the terminal rhamnose unit from the precursor ion at m/z 741 (Figure

6). This product ion suggests that the HMG moiety may be located on the glucosyl moiety.
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Figure 6 Main product ions in positive ion mode MS/MS experiment for compound 1

The figure 7 shows the major fragmentation routes.
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0
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Figure 7 Proposed fragmentation pathways observed for the MS/MS spectrum of the selected protonated
compound 1 at m/z 741
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The peak at m/z 477.1465 corresponds to the ion [(M-CioH10g)+H]", which results by

cross-ring cleavages of the glucose residue (Figure 8).
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Figure 8 Proposed fragmentation pathway for the formation of the fragment ion at m/z 477

The Figure 9 displays the HR ESI (-) MS/MS spectrum of the deprotonated compound 1,

acquired with a collision energy of 30 eV.
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Figure 9 Low energy CID-QqTof-MS/MS (CE 30 eV) of the precursor deprotonated molecule obtained from
compound 1
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The product ion observed at m/z 595.1821, was formed by the elimination of 3-hydroxy-3-
methyl glutaryl moiety from the precursor deprotonated molecule [(M-C¢HgO4)-H] . The

product ion at m/z 595 corresponds to the deprotonated molecular mass of neoeriocitrin;
this may confirm that the compound 1 is its HMG-conjugate.

The product ion at m/z 677.2296 is related to the formal loss of CO, and water from the
deprotonated molecule [(M-CO,-H,0)-H]’; the product ion at m/z 637.1938 corresponds to
[(M-C4HsO3)-H]'; and the product ion at m/z 287.0627 was assigned as ([(M-Rha-Glc-
HMG)-H]’), which was the aglycone ion moiety Yo (Figure 10).

oH -H

m/'z 637 o

nIJ.-'z 287

OH o}

Figure 10 Main product ions formed by the product ion scan (- ion mode) of the precursor deprotonated
molecule obtained from compound 1

Compound 1 showed a fragmentation pattern similar to that already known flavanones
HMG-conjugates. The figure 11 displays the major fragmentation pathways.
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Figure 11 Proposed fragmentation pathways observed for the MS/MS spectrum of the selected deprotonated
compound 1 at m/z 739

In order to confirm the proposed structure of this new HMG flavanone glycoside,
hydrolysis reactions were conducted. Pure compound were submitted to basic hydrolysis to
confirm the glutaric ester linkage. The compound was treated at ambient temperature with
a 0.1 M sodium hydroxide solution. Reaction products were identified by HPLC-UV/MS
analysis (Figure 12).

After one hour, LC-UV chromatogram displayed the almost complete disappearance of
HMG-flavonoid signal and the formation of a product with deprotonated molecular ion at

m/z 595. Its retention time is the same of the neoeriocitrin standard.
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Figure 12 A-LC-UV chromatogram of reaction products after 1 hour; B-extracted ion chromatogram of the
ion at m/z 739; C-extracted ion chromatogram of the ion at m/z 595

The presence of neoeriocitrin aglycone in the molecule was also confirmed by enzymatic
hydrolysis. This reaction was carried out on the unknown flavonoid solution in the
presence of hesperidinase and monitored by HPLC-UV/MS analysis at the same condition
of the first experiment. LC-UV/MS chromatogram (Figure 13) highlighted the
deprotonated molecular ion at m/z 593 (first peak), which corresponds to the starting

molecule deprived by the rhamnose sugar, after the hydrolysis of glycosidic bond Rha-Glu.

1

Figure 13 A-UV-chromatogram of hydrolysis products; B-extracted ion current of the ion at m/z 593
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After 24 hours of reaction, the predominant product is the aglycone, shown by the presence
of the peak of its deprotonated ion at m/z 287.

Since the HPLC semipreparative procedure allowed to obtain a high amount of the pure
compound, it was possible to perform high resolution NMR experiments. NMR data
provided evidence of the existence of two stereoisomers of the peripolin in bergamot juice.
As all the flavanones, peripolin presents the unique characteristic of possessing a chiral
center at the C-2 position (Figure 14), which potentially leads to the existence of two
stereoisomeric forms. The existence of stereoisomeric form of flavanones was observed

also in other natural compounds. (17)

@) OH @)
CH3
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Figure 14 Molecular structure of peripolin highlighting the chiral center at the C-2 position

'H NMR experiment has provided a spectrum (Figure 15) in which it can be observed the
splitting of particular signal. The splitting highlights the presence of the two
diastereoisomers, which probably are two epimers, differing in the configuration of the

stereogenic center, at C-2.
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Figure 15 *H NMR spectrum of peripolin

The figures 16 shows a particular of the NMR spectrum in the chemical shift range oy
3.35- 3.40, in which it can be observed the signals of the protons H-4’’ and H-4""’. Each
signal shows the splitting pattern, which can be detected also for the protons H-3"’ and H-
3”’, H-2>> and H-2""".

Figure 16 Signals of protons H-4"> and H-4""’

The protons of the sugar rings were assigned by 2D NMR experiments.
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The 'H and *C NMR data were summarized in the table 2.

Table 2 'H and **C NMR spectroscopic data for peripolin

Position Oy (Jupin H2) dc (Je.nin H2)
6 1.26s 27.81, CH3, q (126.98)
6’ 1.29 d (6.50) 18.24, CH3, q (126.28)
4 2.52-2.60 m 46.37, CH2, t (123.65)
277 2.63-2.71m 44,37, CH2, 1 (124.17)

3b 2.74 dd (17.3, 2.60) 4411, CH2,1(131.01)
3a 3.13dd (17.56, 12.90)
4” 3.35dd (9.80, 8.00) 71.70, CH, d (142.93)
4> 3.40 dd (9.80, 9.65) 73.95, CH, d (144.16)
3” 3.58 dd (9.48, 8.00) 72.20, CH, d (146.26)
3 3.59.dd (3.20, 9.65)
2”7 3.64 dd (7.63, 9.48) 78.86, CH, d (142.06)
57 3.68 ddd (9.80, 2.07, 7.09) 75.43, CH, d (142.05)
5 3.87 qd (6.52, 9.80) 70.02, CH, d (145.22)
2 3.92 dd (1.60, 3.20) 78.95, CH, d (147.72)
6b”’ 4.20 dd (11.90, 7.09) 64.55, CH2, t (148.38)
6a”’ 4.43 dd (11.90, 2.07)
1” 5.09d (7.63) 99.29, CH, d (158.27)
1 5.24 d (1.60) 102.54, CH, d (171.70)
2 5.34 dd (12.80, 2,80) 80.76, CH, d (147.32)
6 6.14 d (2.08) 97.97, CH, d (137.17)
8 6.15d (2.08) 96.82, CH, d (142.93)
5 6.76-6.84 m 116.34, CH, d (158.27)
6’ 119.35, CH, d (160.19)
2’ 6.93 d (1.80) 114.79, CH, d (155.40)

Structural characterization of compound 2: glucosyl-melitidin

Structural characterization of the second unknown flavonoid was carried out by the same

procedure used for compound 1. The proposed structure is reported in figure 17.
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Figure 17 Proposed structure of compound 2
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The figure 18 shows the ESI-QQTOF (+ ion mode) which indicate the presence of
[M+NH,] adduct ion and the protonated molecule [M+H'], at m/z 904 and m/z 887,

respectively.

725.2575
1CII.'.I".»|’..

579.2028

%) WPy

273.0918
|
| 1]
T T T T | I
M00 150 200 250 300 350 400 45
mJfZ, amu

Figure 18 ESI-QqTOF-MS/MS (+ ion mode) of compound 2
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The product ion at m/z 725.2575 is originated by the loss of glucose moiety [(M-Glu)+H]"

and, formally, corresponds to the protonated molecule of the already known HMG —
flavonoid melitidin. The product ion at m/z 579.2028 represents the ion resulting from the

subsequent loss of rhamnose moiety. These product ions confirm that the glucose and

rhamnose moieties are linked to the external part of molecule. The Figure 19 displays the

proposed fragmentation routes for the formation of the ions at m/z 725 and m/z 579.
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Figure 19 Proposed fragmentation pathways observed for the ESI (+) MS/MS spectrum of the compound 2

Finally, the mass spectrum showed the protonated ion of the aglycone moiety Yo" at m/z

273.0918.

The low-energy CID-MS/MS of the deprotonated molecule at m/z 885 shows a similar

fragmentation pattern of Melitidin (Figure 20).
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Figure 20 ESI-QqTOF-MS/MS (- ion mode) of compound 2

The product ion at m/z 621.1516 is assigned to [(M-C1oH160s)-H] and arises from the
cross-ring cleavage of the glucose and the loss of 3-hydroxy-3-methyl glutaryl moieties;
the base peak at m/z 579.1434 results from the loss of the terminal glucose moiety and
from the cleavege of Glu-HMG bond [(M-C12H1509)-H]’; the product ion at m/z 459.0997
is generated by the loss of terminal glucose unit and from the cross-ring cleavage of
internal glucose moiety. Finally the product ion at m/z 271.0595 is related to the
deprotonated molecule of naringin, the aglycone moiety.

In figure 21, the structure of product ions in negative ion mode MS/MS experiment are

shown.
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Figure 21 structure of the product ions observed in the ESI (-) MS/MS spectrum of the compound 2

Molecular structure of compound 2 is similar to that of Melitidin, except for the presence
of one more glucose moiety.

In order to confirm the structure and especially the position of glucose in the molecule, the
pure compound was submitted to enzymatic hydrolysis with B-glucosidase, which
catalyzed the hydrolysis of glycosidic bonds to terminal residues in beta-D-glucosides and
oligosaccharides.

After 2 hours, LC-UV/MS chromatogram highlighted the formation of the hydrolytic
product, identified by the ion at m/z 723 corresponding to the deprotonated molecule of
Melitidin. This product confirmed that the glucose moiety is linked externally to the

molecule (Figure 22).
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Figure 22 A- LC-UV chromatogram of hydrolysis product, B- extracted ion current of the ion at m/z 723 (rt
42.82)

The Figure 23 displays the hydrolysis products obtained by the experiment with
hesperidinase.
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Figure 23 LC-UV chromatogram of reaction products; ion at m/z 577 (XIC rt 42.91) and ion at m/z 271
(XIC rt 46.12)

After 4 hours two chromatographic peaks were observed, corresponding to compounds

with a deprotonated molecular ion of 577 amu and 271 amu. The first peak was related to
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the starting molecule less a rhamnose and glucose moiety; the second to naringenin
aglycon moiety. After 24 h of reaction, the predominant product was the aglycone (rt
46.12).

In this case, it was not possible to perform NMR experiments because the amount of this
flavonoid collected from bergamot juice was very low, due to the difficulty of the
purification procedure.

4. CONCLUSIONS

The combined use of HLPC separation, assisted by simultaneous UV and mass
spectrometric detection has allowed the identification and isolation of two new 3-hydroxy-
3-methylglutaril flavanone glycosides from bergamot juice. The structural characterization
was performed by high-resolution tandem mass spectrometry experiments in combination

with hydrolysis reactions.
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1. PREPARATION OF EXTRACTS ENRICHED IN HMG-FLAVONOIDS

1. INTRODUCTION

The use of bioactive compounds in different commercial sectors such as pharmaceutical
and food industries denotes the need to develop an appropriate method to extract these
active components from plant materials, or to prepare extracts enriched with different
active principals. (1,2) Isolation of compounds from natural sources is considered the most
important, difficult and time-consuming step in natural product research and development.
However, to evaluate the activity of a single natural compound or phytocomplex
containing different compounds, it is necessary to perform in vitro and in vivo studies and,
possibly, clinical trials. For these purpose, it is important to develop a green methodology
to purify the active principles. Three major solutions were identified to design and
demonstrate green process on laboratory and industrial scale to approach an optimal
consumption of raw materials, solvents and energy: improving and optimization of existing
processes; using non-dedicated equipment; and innovation in processes and procedures but
also in discovering alternative solvents. Extraction and purification procedure, according to
the principles of green chemistry, are new concepts to protect both the environment and
consumers, and in the meantime enhance competition of industries to more ecologic,

economic and innovative processes. (1-4)

This section of the thesis deals with development of a new food-grade methodology to
prepare enriched extracts containing 3-hydroxy-3-methyl glutaryl flavanones (HMG-
flavonoids) from bergamot fruit (Citrus bergamia Risso) and leaves, or bitter orange leaves
(Citrus aurantium L.), or chinotto leaves (Citrus Myrtifolia). The methodology allows to
obtain HMG-flavonoids phytocomplexes with different purity degrees. It’s based on the
absorption/desorption of flavonoid fraction on two polymer resins, both food grade, using
green solvents, as ethanol 96% and water. The developed method can be seen as a filtration
process through the resins, being different respect to a classic separation procedure. Thanks
to the chemical properties of polymer materials, the extract obtained by the absorption on
the first resin, contains up to 40% HMG-flavonoids, while the second polymer resin allows
to purify up to 95%.

The following procedure will be not described in details, due to non-disclosure restrictions.
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2. MATERIALS AND METHODS

2.1 Chemicals

HPLC grade solvents were purchased from Carlo Erba (Milan, Italy). Standard flavonoids
were purchased from Extrasynthese (Gnay, France) and other chemicals were from Sigma-
Aldrich (St. Louis, MO).

2.2 Plant materials

Bergamot fruits and leaves were furnished by Unionberg Association, Condofuri Marina
(RC, ltaly), and stored at ambient temperature. Sour orange and chinotto leaves were

collected in Cosenza (ltaly).
2.3 Purification process

2.3.1 Preparation of starting materials

Bergamot, sour orange and chinotto leaves were dried and stored at -20°C. After grinding
of the dried leaf material, an appropriate amount was extracted for 1h with distilled water
or drinking water. Water extracts were freeze-dried by lyophilization process.

Bergamot juice was obtained by squeezing the fruit, filtered and stored at -20°C; while the
pulp and the squeezing residues were extracted with water in the same condition of leaves,

and after lyophilization the final extracts were stored at -20°C.
2.3.2 Developed methodology

The process consisted of two steps of purification. In the first step, an macroporous resin
was used. The starting materials (bergamot juice, or a water extract of bergamot fruit, or a
water extract of bergamot leaves, or sour orange leaves, or chinotto leaves) was absorbed
through contact by the resin. The time of contact can ranged from 30 min to 1h. After
absorption, the resin was filtered to eliminate the solution containing non-absorbed
constituents, and then washed with water. Finally, the adsorbed compounds (glycosilated
flavonoids) were eluted by food-grade ethanol (95-96% ethanol). The solution was
evaporated under vacuum and lyophilized to obtained a dried extract.

The next purification step was characterized by the use of a second resin as absorbent

material. The extract obtained by the first resin was dissolved in acid water, and through
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the contact with the resin, flavonoids fraction was absorbed. The resin was washed by
water to remove flavonoids non-HMG conjugates, and finally washed with a mixture of

basic ethanol. The figure 1 shows the workflow of the purification procedure.

Bergamot juice
Pulp and squeezing residues of bergamot fruit
Bergamot leaves
Sourorange leaves
Chinotto leaves

|

. ) *Washing with water
First resin

*Elution with food-grade EtOH

l *Removing of EtOH
*Re-dissolvedin acid water

Extractat 27-35% ofHMG-flavonoids

|

] *Washing with water
[ Secondresin ] *Elution with EtOH/NH40OH
l *Removing of EtOH/NH40H

Extractat 75-90% of HMG-flavonoids

Figure 1 Layout of purification process

2.4 HPLC-UV/MS analysis

Analysis of extracts and purification products were performed by HPLC-UV/MS system,
using a Waters Fraction-Lynx instrument (Milford, MA) equipped with a ZMD mass
spectrometer and a 486 UV detector. The chromatographic separation was carried out
using a 250x4.6 mm 5um reversed-phase Cig Luna — Phenomenex column at a flow rate of
1 ml/min. The run time was 70 min and the gradient was performed using HCOOH 0.1%
in water (solvent A) and MeOH (solvent B) as eluting phase. The solvent run was the
following: isocratic elution 80% A for 7 min; linear gradient from 80% A to 40% A in 33
min; isocratic elution 40% A for 5 min; linear gradient from 40% A to 20% A in 5 min;

isocratic elution 20% A for 7 min; linear gradient from 20% A to 80% A in 5 min;
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equilibration of the column for 8 min. For each analysis, a solution of 1000 mg/L of

extracts and purification products was prepared.

3. RESULTS AND DISCUSSION

The aim of this work was to develop a new process to obtain phytocomplex containing 3-
hydroxy-3-methyl glutaryl flavanones, for applications in clinical studies. For this purpose,
a food-grade methodology was set up. The purification procedure was based on the use of
polymeric resins. Several research studies has demonstrated their efficiency in purification
of different pharmacologically- natural active principles from plant source. (5) The
developed purification method is wholly food—grade, because to the use of only water and
ethanol, which are nontoxic solvents. The best condition to purify the compounds of
interest were found by varying different variables, i.e. amount of water extracts or
bergamot juice, pH value, volume of washing water, volume of eluting solvents and
amount of resin employed were studied.

Macroporous polymer, used as the first resin in the purification process, is characterized by
the presence of cove on internal surface of its constituent particles, which has allowed the
selective absorption of the flavonoid glycosides. The washing step with water was
necessary to remove other minor phenolic compounds, such as aminoacids, amines and
sugar from the resin surface. The final elution with ethanol has allowed the desorption of
flavonoid fraction. The resulting product was obtained with a purity degree ranged from 27
to 40% of HMG-flavonoids, and from 55 to 60% of the other flavonoids, such as
neoeriocitrin, naringin and neohesperidin. Therefore, a product containing the whole
flavonoid fraction also up to 90% was obtained. In the first step of procedure, it was
important the optimization of amount of resin employed, amount of starting material (juice
and water extracts), the volume of water for the washing and the volume of ethanol for the
final elution. Ethanol removed from product solution could be used again as fresh solvent
in a further purification. This is a fundamental aspect, for example, for an industrial
procedure. Finally, the amount of the resulting extract depends on the amount and type of
starting materials.

In the second step of procedure a polymeric resin was used , which has diverse chemical
features than the macroporous resin. Also in this case, the process can be seen as a

filtration through the material.
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To optimize the purification through this resin, it was necessary also to study the pH value
influence, as well as the above mentioned variables. In this case, a strong relationships
between the separation efficiency of resin and the pH conditions was demonstrated. The
product previously obtained and containing the total flavonoid fraction was re-dissolved in
acid water, and the best absorption conditions were found using a pH value ranging from 2
to 3. Also the second resin adsorbs all flavonoid fraction, but the elution with different
mixture of water/ethanol has allowed the fractionation of different flavonoid glycosides. In
particular, simple flavonoid glycosides were desorbed with a mixture of water/ethanol or
also with an appropriate volume of water; while the HMG-conjugates were desorbed using
a basic ethanol (food grade). An enriched extract of simple flavonoid glycosides
(neoeriocitrin, naringin, neohesperidin, etc) was obtained by first elution with
water/ethanol or only water. Second elution has allowed to obtain an extract containing 3-

hydroxy-3-methyl glutaryl flavanones with a purity ranging from 70 to 95%.

Bergamot fruit

In bergamot juice, the amount of 3-hydroxy-3-methyl glutaryl flavanones was found
ranged from 0,05 to 0,3 %, in addition to the others flavonoid glycosides, other phenolic
compounds, sugar etc. The figure 2 displays the UV chromatogram of the bergamot juice.

20.48

2829

18.52 2095

T T T T T T T T T T T T T T T T T T T T f T g T T T 1 Time
0.00 5.00 10.00 1500 20.00 25.00 30.00 35.00 40.00 45.00 50.00 55.00 60.00 65.00 T0.00

Figure 2 LC-UV chromatogram of flavonoid fraction in bergamot juice; 1- brutieridin, 2- melitidin, 3-
peripolin
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The purification process using the macroporous resin, allowed to obtain a first extract with
a concentration of HMG-flavonoids ranged from 27 to 40%, with other flavonoids at 55-

60% (Figure 3). From 400 ml of bergamot juice, 1g of dried extract was recovered.
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Figure 3 LC-UV chromatogram of the fraction obtained from macroporous resin process

The contact between the dissolved first extract and the second resin permitted to get an
extract with a concentration of flavonoids HMG-conjugates ranging from 85-95%. The
Figure 4 shows the UV chromatogram of the last extract, in which only the relative signals

of the flavonoids HMG-conjugates are present.
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Figure 4 LC-UV chromatogram of HMG-flavonoids fraction obtained from second purification step
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The same procedure was developed for the water extracts of pulp and squeezing residues,
because also these parts of bergamot fruit are rich in flavonoids and flavonoid HMG-
conjugates.

The extract obtained by first purification procedure contains 20-30% of HMG-flavonoids.
This fraction was dissolved in acid water and subjected to the second purification step by
polymeric material, to obtained a final dried extract with a concentration of HMG-

flavonoids ranged from 60% to 75%.

Bergamot, sour orange and chinotto leaves

As already mentioned, crude extracts of citrus leaves were obtained by a simple and fast
extraction process, using distilled or drinking water.

The purification procedure was the same for all type of citrus leaves. Crude extract,
dissolved in water, was in contact with macroporous polymeric material for 1h, to allows
the absorption of flavonoids fraction. After filtration and washing the resin with water,
elution with food-grade ethanol has enabled to get an HMG-flavonoid extract with
different purity degree, also containing the other flavonoid glycosides.

Crude extract of sour orange leaves contains an higher amount of flavonoids HMG-
conjugates, ranging from 5% to 9%. The product obtained by the first purification step
contains 35-40% of flavonoids HMG-conjugates, and 50-55% of other flavonoids. The
final product obtained with the second purification process has a higher concentration of
HMG-flavonoids, ranging from 85% to 95%.

Chinotto and bergamot leaves contain a less amount of these flavonoids than bitter orange
leaves. In particular, 3-5% and 4-7% respectively.

For chinotto leaves, the first purification product was obtained at 20-25% of HMG-
flavonoid and 60-75% of flavonoid glycosides. After second process, the purity of final
product was at 65-70%.

Finally, the first extract of bergamot leaves was characterized by a purity degree in the
range 15-20% of flavonoid HMG-conjugates, and 60-65% of the others. The second
purification product was obtained at 60-64% of HMG-flavonoids.
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Hypocholesterolaemic activity of 3-hydroxy-3-methyl glutaryl flavanones enriched extract

form sour orange leaves

As already performed on bergamot enriched extracts (6), it was investigated the
hypocholesterolaemic effects of 3-hydroxy-3-methylgutaryl flavanones enriched extract
form sour orange leaves, obtained by the developed procedure. The study was conducted at
the Department of Pharmacy of the University of Calabria.

Its activity was compared with one of the most used cholesterol lowering statins, i.e.
simvastatin, in a rat model. Before the experiment, the animals received the
hypercholesterolaemic diet for 3 weeks, and then were divided in three groups. For a time
of 4 weeks, the group 1 was the untreated control, the group 2 was treated with simvastatin
(60 mg/kg bw/day), and the group 3 with HMG-flavonoids (60 mg/kg bw/day). The results
of the study have highlighted that the HMG-flavonoids extract reduced the total cholesterol
(TC), triacylglycerols (TG) and low-density lipoproteins levels (LDL), while an increase of
the high-density lipoproteins (HDL) content was observed exclusively in the rats treated
with the HMG-flavonoid extract. The results of the experiment are shown in figure 5, 6, 7,
8.
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Figure 5 Effect of simvastatin and HMG-flavonoid extract on the Total Cholesterol values
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Figure 6 Effect of simvastatin and HMG-flavonoid extract on the Triglycerides values
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Figure 7 Effect of simvastatin and HMG-flavonoid extract on the LDL-cholesterol values
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Figure 8 Effect of simvastatin and HMG-flavonoid extract on the HDL-cholesterol values

4. CONCLUSIONS

A new methodology to prepare enriched extracts in 3-hydroxy-3-methyl glutaryl
flavanones was developed. For all starting natural matrices, the final enriched extract
was obtained with a high purity degree. The use of food-grade adsorbent materials and
non toxic solvents, as water and ethanol has allowed to get a safe and high quality
extract, which can be used for clinical trials. Therefore, the methodology is a very

simple “filtration”, which does not need of any particular equipment.
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I11.  FUNCTIONAL FOODS: NEW PROCEDURE FOR THE
ENRICHEMENT OF FOODSTUFFS IN HYDROXYTYROSOL

1. INTRODUCTION
Over the past few decades, many non-nutrient compounds were identified in different food
products. Olive oil for example, is considered a functional food of Mediterranean diet
thanks to the presence of minor amounts of active principles, belonging to the
nutraceuticals family, such as polyhydroxylated aromatic compounds. In particular,
Hydroxytyrosol (3,4 dihydroxyphenilethanol - Htyr) is one of the most important phenolic
compound of olive oil, which has a strong antioxidant effect. (1,2) Numerous studies have
shown its protection activity against metabolic diseases (3) and digestive disorders (4), its
anti-carcinogenic (5), anti-inflammatory (6) and antimicrobial activity (7). Furthermore,
Hydroxytyrosol has no-genotoxic and no-mutagenic effects (8); this enhance its potential
as nutraceuticals for functional foods. Recently, also the European Food Safety Authority
(EFSA) recognized beneficial properties of olive oil phenolic compounds and in particular
of Hydroxytyrosol, authorizing a health claim that may be used only for olive oil which
contains at least 5 mg of hydroxytyrosol and its derivatives (e.g. oleuropein complex and
tyrosol) per 20 g of olive oil (COMMISSION REGULATION (EU) No 432/2012). (9)
Several studies have shown that the concentration of simple phenols, such as
hydroxytyrosol increase during the storage of olive oil because of the degradation of their
derivatives. In particular, the degradation of oleuropein, its aglycone and oleacin causes a
simultaneous increase of hydroxytyrosol. (10-13) However, it is fundamental to remember
that during the storage, olive oil is subjected to the lipid oxidation process. This oxidation
was recognized as the major problem affecting edible oils because it is the cause of
important deteriorative changes in their chemical, sensory, and nutritional properties. Even
if the olive oil is considered to be resistant to oxidative degradation due the presence of
natural antioxidant such as phenolic compounds, this degradation is also in the case of
olive oil, the most important cause of the loss of its nutritional properties. (14)
Therefore, an aged olive oil which has lost its sensory and nutritional features could be
used as source of simple phenolic compounds, such as hydroxytyrosol.
According to EFSA health claim, the beneficial effects can be obtained with a daily intake

of 20g of olive oil contains at least 5 mg of hydroxytyrosol and its derivatives. Hence,
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another effective approach to increase the intake of hydroxytyrosol and its derivatives may
be the enrichment of frequently consumed foods with the active principle from olive oil.

The goal of this work was to develop a new methodology to create enriched foods with
hydroxytyrosol using aged olive oil as starting material.

The developed method was tested on foodstuffs usually consumed in daily diet, as flour,
whole wheat flour and sugar. The methodology can be considered an innovative procedure
to enrich foods, because it is not based on the addition of a standard or purified compound,
but on the transfer of hydroxytyrosol from oil to food matrices with a simple contact. To
remove the fat constituents of oil, the mixture was submitted to supercritical CO, fluid
extraction, obtaining an enriched food indistinguishable from original food (non-enriched).
Finally, the antioxidant activity of the new food products was evaluated by DPPH test. The
results highlighted that the enriched foods have a higher capability for scavenging the free
radicals than the original matrices.

2. MATERIALS AND METHODS
2.1 Food Samples

Commercial food products: flour, whole wheat flour, sugar and olive oil were purchased
from local market and stored at ambient temperature.

2.2 Chemicals

Analytical grade methanol, ethanol, formic acid and DMSO were supplied by VWR
International (Radnor, Pennsylvania, USA). Ultrapure water was obtained from Milli-Q
plus system (Millipore, Bedford, MA). Hydroxytyrosol was purchased from Extrasynthese
(Genay Cedex, France), and d,-hydroxytyrosol was obtained in our laboratory by literature
method (15)

2.3 Enrichment procedure

24 g of each food sample were mixed with 6 g of olive oil using an agate mortar for 5
minutes to allow a homogeneous dispersion of oil in food matrix. The mixture was

subjected to supercritical fluid extraction using carbon dioxide as solvent. The extraction
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was carried out by a Spe—ed SFE 2 system (Applied Separation, Allentown, PA), which
consisted of a CO, tank, a pump to pressurize the gas, an oven with two extractor vessels, a
restrictor to maintain a high pressure in the extraction system, and a flow meter for
collection of samples. The previously prepared mixture was placed in a 50 ml extractor
vessel. Supercritical process was performed in combined mode, with 60 min in closed
system at 40°C with a pressure of 100 bar, and 30 min in open system at 40°C and 300 bar.
The supercritical CO, flow was set at 5 ml/min and the restrictor temperature at 120°C.
Food products and olive oil obtained after the process were submitted to LC-MS/MS

analysis to verify the hydroxytyrosol transfer from the oil to the selected foodstuffs.

2.4 LC- UV/MS analysis

Sample preparation 1 g of oil sample was extracted with 10 ml of MeOH. n-hexane was
used to completely remove the lipid fraction from the solution . The methanolic extract
was concentrated under vacuum, dissolved in 300 pl of extraction solvent and finally
analyzed by HPLC-MS/UV.

For food matrices, 4 g of each sample were extracted with 20 ml of MeOH. After
centrifugation, the methanolic extract was directly analyzed.

Instrumental analysis LC-ESI-MS/UV analysis was performed using a Waters
FractionLynx system (Milford, MA) working in analytical mode, equipped with a Acquity
QDa mass spectrometer and a 2489 UV/visible detector. The chromatographic separation
was carried out using a Cig reversed-phase column, Luna (250 X 4.6 mm, 5 um,
Phenomenex), at a flow rate of 1 ml/min, injecting a volume of 20 pl. The run time was 70
min, and the gradient built using 0.1% HCOOH in H,0 (solvent A) and CH3OH (solvent
B) as mobile phases. The elution gradient was composed of the following step: isocratic
elution 95% A for 7 min; linear gradient from 95% A to 60% A in 33 min, linear gradient
from 60% A to 40% A in 5 min, linear gradient from 40% A to 10% A in 5 min; isocratic
elution 10% A for 7 min; linear gradient from 10% A to 95% A in 5 min; equilibration of

the column for 8 min.
2.5 Mass Spectrometry analysis

Sample preparation Twenty microlitres of a solution of labeled internal standard at 500

mg/L were mixed to 1 g of olive oil. The mixture was homogenized by vortex for three
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minutes and then 100 mg were extracted with 900 pl of MeOH. After the extraction the
supernatant was opportunely diluted with MeOH and injected into the instrument.

For each food samples, 1 g of sample was added with twenty microlitres of a solution of d,
— Hydroxytyrosol at 50 mg/L, mixed by vortex for three minutes and finally extracted with
10 ml of MeOH. The extract solution was directly analyzed.

Instrumental analysis LC-MS/MS analysis was carried out using a system from Thermo
Scientific composed by a UHPLC Accela pump coupled to a TSQ Quantum Vantage
triple-stage quadrupole mass spectrometer (Thermo Fisher Scientific, San José, CA). The
chromatographic analysis was performed with a C;g reversed-phase column, Hypersil (2.1
x 50mm, 3 um particle size, Thermo Fisher Scientific). H,O (A) and ACN (B) were used
as solvent for chromatographic separation and the elution gradient was the following: at t =
0.0min, 100% A, att = 1.0 min, 100% A; att = 6.0 min, 10% A and 90% B; at t = 8.0 min,
10% A and 90% B; at t = 9.0 min, 100% A; at t = 12.0 min, 95% A and 5% B. The flow
rate was set at 0.3 mL/min, and the sample injection volume was 10 pL. A further
switching valve located on the mass spectrometer was used to divert the LC flow to waste
for the initial 1 min as well as the final 4.70 min of each injection to allow the protection of
the MS source from contamination. Mass spectrometry was performed acquiring spectral
data on a triple-quadrupole mass analyzer equipped with a heated electrospray ionization
(HESI 11) source operating in negative ion mode with the following conditions: spray
voltage, -3.5 kV; vaporizer and capillary temperatures, 280 and 270 °C, respectively;
sheath and auxiliary gas at 40 and 46 arbitrary units (au), respectively. Quantitative
analysis was performed by multiple reaction monitoring (MRM) scan mode following two
transition; the first one for quantification, and second one for validation. In particular: m/z
153 > m/z 123 (assay, CE = 25 eV) and m/z 153 - m/z 122 (confirmation, CE = 17 eV).
In analogy for d, — hydroxytyrosol m/z 155 - m/z 123 (CE = 25 eV) and m/z 155 > m/z
122 (CE = 17 eV). The collision induced argon pressure (CID) was set at 1.0 mTorr, and
the mass resolution at the first (Q1) and third (Q3) quadrupoles was set at 0.7 Da at full
width at half maximum (FWHM). The S-Lens values ranging from 50 — 60 eV, whilst CE
values ranging from 17 to 25 eV. All valve positions and instrument parameters were
controlled by Xcalibur software, version 2.0.0 (Thermo Fisher Scientific). The total LC-

MS/MS method run time was 12 min.
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2.6 Antioxidant capacity assays

Sample preparation 4 g of each food products were extracted with 20 ml of methanol. The
resulting mixture was stirred by vortex for 5 min and then it was centrifuged at 6000 rpm
for 5 min. The methanolic extract was filtered, concentrated using a rotary evaporator and
dissolved in 1 ml of DMSO.

DPPH radical scavenging activity DPPH radical scavenging activity was determined
spectrophotometrically at 517 nm measuring the DPPH concentration after the reaction
with an antioxidant. (16) Briefly, 100 ul of extracted sample in DMSO were mixed with
800 pl ethanolic solution of DPPH radical (40 mg/L) into a cuvette. The DPPH absorbance
was measured every 30 seconds for 30 minutes. Lower absorbance values of the reactive
mixture indicate a higher free radical scavenging activity. The results of the DPPH
experiments were expressed as percent of inhibition of DPPH solution, calculated as
following: 1% = [(Acontrot = Asample) / Acontrot] *100, where Acontrol is the absorbance of 800 pl
of DPPH solution with 100pl of DMSO and Asampie IS the absorbance of DPPH in the
presence of food samples.

Spectrophotometric analysis were carried out using a spectrophotometer Evolution 600 —

Thermo (Thermo Fisher Scientific, San José, CA)
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3. RESULTS AND DISCUSSION

In this section a novel method to produce new functional foods is presented. This
methodology use the supercritical CO, fluid extraction to enrich foodstuffs generally
consumed in daily diet with hydroxytyrosol, an important nutraceutical phenolic

compound contained in olive oil. The Figure 1 shows the step of enrichment procedure.

Figure 5 Workflow of enrichment process: a) starting materials b) mixture of starting materials c)
supercritical CO, extractor d) enriched flour after process

The starting materials were mixed to allow the dispersion of the oil in the food matrices,
and then submitted to the supercritical fluid process to obtain the final hydroxytyrosol
enriched and fat free product.

Carbon dioxide becomes supercritical at temperature of 31.2 °C and pressure of 72.9 atm.
In this state it is compressible such us a gas but possessing a density and a solvating power
similar to a liquid; it has a low viscosity, an high diffusivity, and diffuses easily through
solid materials providing faster extraction yields. Furthermore, supercritical CO; is a non-
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toxic solvent. For all of these reasons today, supercritical fluid extraction is considered an
important green technology which can be used in alternative to the traditional extraction
methods. (17)

In this work, the process was not used in the traditional way, i.e. to extract apolar
compounds, but to remove the fat constituents from mixture prepared by the olive oil and
the selected foods. However, the use of supercritical CO, assists the selective absorption of
hydroxytyrosol to food products.

The procedure was optimized to obtain a fast and quantitative transfer of hydroxytyrosol
from oil to foodstuffs. Several experiments were performed on the flour matrix using an
olive oil sample spiked with hydroxytyrosol standard at concentration of 100 mg/L. The
experiments were carried out varying the supercritical process conditions, i.e. the
temperature, pressure and the time of whole process. These tests were needed because,
generally, the solubility of an analyte in a solvent is highly influenced by the density of the
solvent; and the density of a fluid state is particularly sensitive to small changes in pressure
and temperature (18,19).

The first experiments were performed at a pressure of 400 bar, and varying the temperature
(from 40°C to 70°C) and the time (from 1 hour to 3 hours). It was observed that the
temperature rise does not improve the transfer of hydroxytyrosol to the flour matrix.
Therefore, the subsequent experiments were carried out at the minimum values of
temperature and pressure: 40°C and 100 bar, varying the time from 1 hours to 3 hours. The
results of these experiments have highlighted that the quantitative transfer of
hydroxytyrosol is achieved after 3 hours. In order to decrease the time of process, other
experiments in combined mode were performed. In particular, in the first step the system
worked in static mode (closed system), at constant values of temperature and pressure
(40°C, 100 bar) and subsequent in dynamic mode (open system) increasing the pressure up
to 300 bar. The best results were obtained with the following conditions: static mode at
40°C and 100 bar for 1 hours and dynamic mode at 40°C and 300 bar for 30 minutes.

The Figure 2 shows the LC-UV chromatograms of flour extract and enriched flour extract

obtained after the supercritical CO, process in the latest experimental conditions
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Figure 6 HPLC-UV chromatograms of flour after (A) and (B) before enrichment procedure

The chromatogram A shows clearly the presence of the hydroxytyrosol signal in the
extracted flour. The quantitative assay performed by LC-UV analysis with external
standard method have highlighted the quantitative transfer of hydroxytyrosol from the oil
to the flour.

Probably, in the first 60 minutes of experiment, the closed system promotes the
establishment of an equilibrium between the matrix and the supercritical fluid. This
equilibrium improves the fat solubility in the supercritical CO, and the complete adsorption
of hydroxytyrosol in the food matrices.

After the conditions optimization, the procedure was applied on the selected foods: flour,
whole wheat flour and sugar, after homogenization with a commercial olive oil with a
concentration of 14 mg/kg of hydroxytyrosol.

At the end of enriched process, each sample was extracted and analyzed by LC-MS/MS
under MRM conditions following the optimized transition for hydroxytyrosol and d,-
hydroxytyrosol. (20) The Figure 2 shows a representative MRM chromatogram of an
enriched sample revealing the signals of hydroxytyrosol and labeled internal standard

transitions.
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Figure 7 MRM chromatogram of followed transitions for hydroxytyrosol and d,-hydroxytyrosol

The Table 1 discloses the amount of hydroxytyrosol found in enriched foods and the

recovery values.

Table 1 Amount of hydroxytyrosol transfer to food samples and recovery values

Amount of Htyr Amount of Htyr
per 6g of olive oil Enriched foods per 24g of foods Recovery %
(ng) (ng)
Flour 80.20 97.42
82.32 Whole wheat flour 81.20 98.64
Sugar 81.92 99.51

The recovery values are near 100%, this means a complete transfer of hydroxytyrosol from
olive oil to food products.

To verify that the enriched food products can be really used in daily diet, it was simulated
the preparation of a pizza/bread dough using the enriched flour. The dough was submitted
to a simple procedure cooking at 180°C for 30 minutes.

At the end of cooking the outer and the inner parts of the “enriched bread” (Figure 4) were
extracted and analyzed by HPLC-MS/MS, in order to verify that no degradation of
hydroxytyrosol occurs.
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Figure 8 Bread obtained from enriched flour

The table 2 shows the amount of hydroxytyrosol in “bread” obtained from enriched flour.

Table 2 Amount of hydroxytyrosol found in “enriched bread”

Amount of Htyr Amount of Htyr Amount of Htyr
per g enriched four per g of bread outside Recovery % per g of bread inside Recovery %
(rg) (ng) (ng)
13.72 12.95 94.38 13.23 96.43

Also in this case, the recovery values are near 100%, this highlights that no degradation of
hydroxytyrosol occurs.

Finally, it was evaluate the ability of the enriched novel food for scavenging of free
radicals by means the DPPH test.

There are several methods to evaluate the antioxidant activity of compounds, plant extracts
and foods, such as FRAP (ferric reducing antioxidant power), ORAC (oxygen radical
absorbance), CUPRAC (cupric reducing antioxidant capacity), but the most popular and
employed method is the DPPH. (21-23)

In this work, the antioxidant capacity of enriched foods was determined by DPPH assay.
This test involved the measurement of DPPH radical absorbance at 517 nm during the
reaction with antioxidant compounds present in foods. DPPH radical is an organic nitrogen
radical with a deep purple color, and when it is mixed with an antioxidant/reducing
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compound its color changes from purple to yellow which indicates to the formation of
hydrazine.

For each food sample two independent assays were performed; the first on original
matrices and the second on enriched foods. Different conditions can be used for this assay,
but in the experiments an excess of DPPH was used in order to exhaust the H-donating
capacity of antioxidant compounds. The spectrophotomentric measurements were
performed for 30 min until the reaction has reached the equilibrium. The Kinetic curves

were obtained plotting the DPPH radical absorbance against the time of experiment (Figure

4,5, 6).
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Figure 4 The kinetic curves of the scavenged DPPH by flour (blue) and enriched flour (red)
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Figure 5 The Kinetic curves of scavenged DPPH by whole wheat flour (blue) and enriched whole wheat
flour (red)
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Figure 6 The kinetic curves of scavenged DPPH by sugar (blue) and enriched sugar (red)

The kinetic behaviour showed a lower DPPH absorbance value for fortified foods at the
end of reaction compared to the original products. In particular, the Kkinetic curve of
fortified flour shows that the disappearance of DPPH radical is faster than the original
sample, and the same effect is observed for whole wheat flour sample. For sugar, the
absorbance difference between the two samples is much higher, because the original sugar
matrix doesn’t show any radical scavenging activity (Figure 4). For all experiments, the
reaction with DPPH was biphasic, with a fast decay in absorbance in the first few minutes
and a slower step in which the equilibrium was reached, when the DPPH reagent was
degraded. The results were expressed in terms of reduction percentage of DPPH solution or
percent of inhibition, through the absorbance values at the beginning and after the time of
30 min (Table 3).

Table 3 percent of inhibition of foodstuffs

% Inhibition
Flour 38.80
Enriched flour 64.38
Whole wheat flour 74.65
Enriched whole wheat flour 86.11
Sugar 2.55
Enriched sugar 58.28
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These values display a higher radical scavenging activity for fortified foods.

4. CONCLUSIONS

The developed procedure based on the use of supercritical CO; fluid extraction, allows to
create new functional foodstuffs enriched in hydroxytyrosol which may increase the daily
intake of this nutraceutical compound. The results obtained have highlighted that the
transfer of hydroxytyrosol from olive oil to food matrices is quantitative, and the new
product can really used in diet because the hydroxytyrosol doesn’t not suffer any
degradation under cooking conditions.

Supercritical carbon dioxide is economic, non-toxic solvent with a high extraction
efficiency. Therefore, the processes using the supercritical CO, fluid are considered the
most important green technology in the industrial production.

The presented procedure can be used to enrich food products with other similar active

principle.
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CHAPTER 3: Mass Spectrometric Advanced Approaches for Quality Assessment of Foods

. Determination of Hydroxytyrosol and Tyrosol derivatives compounds in
Extra Virgin olive oil by Microwave Hydrolysis and LC-MS/MS analysis

1. INTRODUCTION

Extra virgin olive oil is a fundamental ingredient of Mediterranean diet. It is considered a
functional food for the presence of polyhydroxylated aromatic compounds, which may act
as nutraceuticals. Its constant intake may provide potential health benefits to humans,
lowering the incidence of cardiovascular and metabolic diseases. It was suggested that this
effect is largely due to the antioxidant properties of the phenolic compounds present in the
oil. (1-3)

Among those, hydroxytyrosol and tyrosol present in olive oils either in the free form or as
conjugates play an important role in the prevention of certain diseases. (4-8)

Recently, the European Food Safety Authority approved a health claim on olive oil

polyphenols (Commission Regulation (EU) 432/2012) which states that:

Olive oil polyphenols contribute to the protection of blood lipids from oxidative stress. The
claim may be used only for olive oil, containing at least 5 mg of hydroxytyrosol and its
derivatives (e.g. oleuropein complex and tyrosol) per 20 g of olive oil. In order to bear the
claim information shall be given to the consumer that the beneficial effect is obtained with

a daily intake of 20 g of olive oil. (9)

This may be an important tool for the oil makers, which intend to raise the economic value
of their extra virgin olive oil if it contains these quality markers; in fact, it is possible to
report this sentence directly on the label of the oil packaging: nevertheless, it is necessary
to use an accurate and reliable analytical method to evaluate the exact amount of these
compounds.

To date, there are not trustworthy methods to determine the absolute amount of
“polyphenols” in olive oil. The International Olive Council (IOC) recommends the use of a
classical procedure, which consists in a HPLC analysis, which uses the UV detection and
tyrosol and syringic acid as internal standards. Unfortunately, the method is neither
selective nor accurate, because the analysis relies on retention times and on the absorbance

values recorded at 280 nm. (10)
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The method developed in this section allows to determine the absolute amount of
hydroxytyrosol and tyrosol derivatives, through a simple and fast microwave assisted
acidic hydrolysis reaction. The instrumental analysis is based on the use of liquid
chromatography combined with tandem mass spectrometry using isotope dilution method.
Mass spectrometric analysis in MRM scan mode and labeled internal standards provide
high specificity and accuracy to the method.

2. MATERIALS AND METHODS

2.1 Chemicals

Chemicals and reagents were commercially available (Sigma—Aldrich, St. Louis, MO).
Hydroxytyrosol, tyrosol and oleuropein standards were purchased from Extrasynthese
(Genay Cedex, France). Labelled standards, d>-Hydroxytyrosol and d,-Tyrosol were
obtained by slightly modified literature methods. (11)

2.2 Synthesis and purification of d,-Tyrosol standard

A stirred suspension of methyl 4-hydroxyphenilacetate (1g, 6 mmol) in D,O (18 ml) was
treated with NaBD, (1.88 g, 45.13 mmol) under stirring for 8 h at room temperature. 5 ml
of a 2 N solution of HCI was added under ice-cooling for the decomposition of the excess
reagent, and then the mixture was extracted with Et,O. The organic layer was washed with
brine and concentrated under vacuum. The purification of reaction residue was performed
by semi-preparative chromatography, using a C18 reversed-phase column, Luna (250 x 10
mm, 5 um particle size, Phenomenex), with an isocratic run using (A) ACN 7% and (B)
H.0 (0.1% HCOOH) us solvents. The flow rate was fixed at 4.7 ml/min and the volume

injected was of 1 ml.
2.3 Synthesis and purification of d,-Hydroxytyrosol standard

0.66 g (15.84 mmol) of NaBD, were add in about 1 minute to 7 ml of ice labelled water
(D20). A solution of 0.8 g (4.4 mmol) of methyl 3,4-hydroxyphenilacetate in 10.5 ml of
D,0 was add to the mixture, and stirred was continued for 6.5 hours at room temperature.
The reaction mixture was cooled to 0 °C and 21 ml of 2 N HCI were added drop by drop in
15 minutes. The mixture was extracted with 100 ml of ethyl acetate for six times. Each

extract was washed with 50 ml of half saturated ammonium chloride solution, combined
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and dried over sodium sulphate, and finally concentrated under vacuum. The purification
of standard was performed by semi-preparative chromatography, using a C18 reversed-
phase column, Luna (250 x 10 mm, 5 um particle size, Phenomenex), with an isocratic run
using (A) ACN 7% and (B) H,O (0.1% HCOOH) as solvents. The flow rate was 4.7

ml/min and the volume injected was of 1 ml.
2.4 Extra virgin olive oil samples

Ten extra virgin oils were obtained from local oil producers and stored in amber glass

bottles at 4°C until analysis.
2.5 Sample preparation
2.5.1 Determination of free Hydroxytyrosol and Tyrosol

Each olive oil sample was added to 50 uL of a solution of d,-Hydroxytyrosol at 75 mg/L
and 30 uL of a solution of d,-Tyrosol at 250 mg/L up to a weight of 1.5 g. The mixture
was stirred by ultra-turrax for three minutes to allow the homogeneous distribution of the
standards; then 1 g was extracted using 1 ml of H,O (0,1% HCOOH)/EtOH 3:7 v/v. The
resulting mixture was centrifuged at 12000 rpm for three minutes, and the supernatant was
diluted (1/10) with a solution of H,O (0,1% HCOOH)/EtOH 3:7 v/v and analyzed by LC-
MS/MS.

2.5.2 Determination of total Hydroxytyrosol and Tyrosol

Each olive oil sample was added to 50 pL of a solution of d,-Hydroxytyrosol at 1000 mg/L
and 40 pL of a solution of d,-Tyrosol at 1000 mg/L up to a weight of 2 g. The mixture was
homogenized vigorously by ultra-turrax for three minutes, and then 1 g was extracted using
a solution 1 mL of H,O (0,1% HCOOH)/EtOH 3:7 v/v. After the extraction 500 uL of
supernatant were added to 500 uL of HCI 2M in a closed pyrex vessel, and submitted to
acid hydrolysis for 4 minutes in a microwave Anton Paar Multiwave 3000 provided with a
rotor 4x24 MC, operating at a temperature of 140 °C at the maximum power of 1400 W.
The reaction mixture was then stirred to vortex for 1 minute, diluted (1/50) with H,O
(0,1% HCOOH)/EtOH 3:7 v/v and finally injected into the instrument.
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2.6 Mass Spectrometry

LC-MS/MS analysis was performed using a LC/MSMS system from Thermo Scientific
composed by a UHPLC Accela pump coupled to a TSQ Quantum Vantage triple-stage
quadrupole mass spectrometer (Thermo Fisher Scientific, San Jos¢, CA). The HPLC
separation was carried out using a C;g reversed-phase column, Hypersil (2.1 x 50mm, 3
um particle size, Thermo Fisher Scientific), injecting 10 uL of sample solution. The flow
rate was set at 0.25 mL/min using (A) H,O and (B) ACN as elution solvents. The
following gradient program was used: t = 0.0 min, 95% A and 5% B; t = 1.0 min, 95% A
and 5% B; t = 6.0 min, 10% A and 90% B; t = 8.0 min, 10% A and 90% B; t = 9.0 min,
95% A and 5% B; equilibration time 3 min. A further switching valve located on the mass
spectrometer was used to divert the LC flow to waste in the first minute and from 7 to 12
min to protect the ion source from contamination. Mass spectrometer was equipped with a
heated electrospray ionization (HESI II) source operating in negative ion mode. The
working conditions were: spray voltage, -3.5 kV; vaporizer and capillary temperatures, 280
and 270 °C, respectively; sheath and auxiliary gas at 40 and 46 arbitrary units (au),
respectively. The collision gas pressure (Ar) in the collision cell (Q2) was set at 1.0 mTorr,
and the mass resolution at the first (Q1) and third (Q3) quadrupole was set at 0.7 Da
(FWHM). The S-lens rf amplitude and the collision energy (CE) were both optimized
individually per compound.

For quantification purposes, MS/MS analysis was performed in multiple reaction
monitoring (MRM) scan mode following two transitions per compound, the first one used
for the quantitative analysis and the second used for confirmation. In particular, for Htyr
m/z 153 — m/z 123 (assay, CE=17eV) and m/z 153 — m/z 122 (confirmation, CE=25eV),
while for Tyr m/z 137 — m/z 106 (assay, CE=18eV) and m/z 139 — m/z 106
(confirmation, CE=18eV). (12)

Instrument control and data processing were carried out by means of Xcalibur software.

The total LC-MS/MS method run time was 12 min.

83



CHAPTER 3: Mass Spectrometric Advanced Approaches for Quality Assessment of Foods

2.7 LC-MS/UV analysis

LC-ESI-MS/UV analysis was performed using a Waters FractionLynx system (Milford,
MA) working in analytical mode, equipped with a Acquity QDa mass spectrometer and a
2489 UV/visible detector. The chromatographic separation was carried out according to
IOC methodology®, using a C18 reversed-phase column, Luna (250 x 4.6 mm, 5 pm,
Phenomenex), at a flow rate of 1 ml/min. The run time was 82 min and the injection
volume 1 ml. The gradient was built using 0.1 % HCOOH (A), MeOH (B), ACN (C) as
mobile phase, The elution gradient was composed of the following steps: at t = 0.0 min,
96% A, 2% B and 2% C; at t = 40 min, 50% A, 25% B and 25% C; at t = 45 min, 40% A,
30% B and 30% C; at t = 60 min, 0% A, 50% B and 50% C; at t = 70 min, 0% A, 50% B
and 50% C; at t = 72 min, 96% A, 2% B and 2% C; at t = 82.0 min, 96% A, 2% B and 2%
C.
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3. RESULTS AND DISCUSSION
Hydroxytyrosol and Tyrosol are present in olive oil in part per million in their free form,
The most abundant form are present as esters of elenolic acid at hundreds of part per
million concentration (Figure 1). Oleuropein and ligstroside, the glycoside derivatives may

be found at part per billion concentration.
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Figure 1 Chemical structure of tyrosol and hydroxytyrosol derivatives present in EVOO

The aim of the developed procedure is to determine the absolute content of hydroxytyrosol
and tyrosol derivatives in extra virgin olive oil, according to the health claims of 432/2012
EU regulation. (9)

The method consists in a first assay of the free form of Htyr and Tyr, and in a second
guantitative determination of their total amount, including their esterified forms that are the
most abundant polyhydroxylated aromatic compounds present in extra virgin olive oil. For
both analysis, the quantitative assay is carried out by LC-MS/MS and stable isotope
dilution analysis, using d,-Tyr and d,-Htyr as deuterated internal standard, directly added

to the samples. The analyzer was set in MRM mode following the optimized transition for
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Tyr, Htyr, do-Tyr and dp-Htyr, in order to obtain the best selectivity of analytes. (12) In
particular, in the case of Htyr the monitored transition are: m/z 153 — m/z 123 for the
hydrogenated compound and m/z 155 — m/z 123 for the deuterated standard; both
reactions originate from the loss of formaldehyde from the deprotonated molecule [M-H]".
The transition related to tyrosol are the following: m/z 137 — m/z 106 for the lightest
analyte and m/z 139 — m/z 106 for the heaviest one, which arise from the loss of a
methoxy radical from the negative pseudomolecular ion [M-H]".

The calibration curve for each analyte was obtained by injecting standard solutions at
known concentration of the analyte and the internal standard.

For the free fraction, calibration curves were obtained as follows: the concentration of
standard ranged from 0.125 to 0.750 mg/L for Hydroxytyrosol, with the internal standard
at 0.250 mg/L; the concentration of standard Tyrosol ranged from 0.375 to 1 mg/L, with
the concentration of the isotopomer internal standard fixed at 0.5 mg/L. The correlations
obtained (y = 0.9488x + 0.0556; R?=0.9956) for Tyr and (y = 1.0295x + 0.0506;
R?=0.9991) for Htyr, showed good linearity.

Similar solution were prepared for the analysis of the total fraction; in this case the
concentration of Hydroxytyrosol standard solution ranged from 0.125 to 1.2 mg/L, while
that of internal standard was fixed at 0.25 mg/Land the concentration of tyrosol standard
solution ranged from 0.150 to 0.800 mg/L, while that of internal standard was fixed at 0.2
mg/L. Also in this case, the curves obtained (y = 1.0671x + 0.2782; R?*=0.997) for tyrosol
and (y = 1.1165x + 0.1667; R?=0.997) for hydroxytyrosol, showed good correlation.

To evaluate the amount of compounds in their free form, oil samples were submitted to the
extraction of phenols with a mixture of ethanol and acid water and directly analyzed by
LC-MS/MS, while the quantification of the total content of Htyr and Tyr was carried out
through acidic hydrolysis.

Recently, some hydrolysis methods were developed to convert Tyr and Htyr derivatives in
their simplest phenylethanol form. Mulinacci et al. proposed a hydrolysis reaction on the
extracted phenolic fraction with H,SO,4 for 2 hours at 80°C (13). In a more recent works,
the acid hydrolysis was performed directly on the oil or on extracted solution of phenolic
fraction using HCI. (14,15) These approaches present some disadvantage: for example, in
the methodology proposed by Mulinacci et al., the sample preparation steps are laborious
and the whole procedure (including instrumental analysis) takes a long time. While the
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latter two mentioned methods are not based on mass spectrometry and internal standard
calibration, causing loss in accuracy and selectivity.

In this study, a new and fast microwave assisted hydrolytic procedure was developed. The
hydroalcoholic extract containing the phenolic fraction is diluted with hydrochloric acid
2M and submitted to hydrolysis reaction using a microwave oven in a closed vessel.

In order to optimize the hydrolysis reaction, several experiments were performed on a corn
oil sample fortified with standard tyrosol, hydroxytyrosol and oleuropein at concentration
of 100, 150 and 150 mg/kg, respectively, to simulate a high content phenols olive oil.

The tests were carried out varying the reaction conditions, i.e. time of reaction, watt power
and temperature in the oven. After each hydrolysis reaction, the samples were opportunely
diluted and analyzed by LC-MS/MS under MRM condition following the optimized
transition for Tyr, Htyr, d,-Tyr and d,-Htyr.

It was demonstrated that the completeness of the reaction is obtained in 4 minutes with a
temperature of 140°C and an oven power of 1400 W.

Figure 2 highlights the influences of the three variables on the reaction yield.

120 4

100

Htyr

60
uTyr
40 +
i I
0 -+ ; |

80 °C, 500 W 80°C, 1000 W 80°C, 1400 W 100 °C, 1400 W 120 °C, 1400 W 140°C, 1400 W 140 °C, 1400 W, 6 min

Figure 2 Variation of hydrolysis reaction accuracy depending on the different condition of temperature,
power watt and time, employed to the microwave experiment.

The time of hydrolysis reaction was set at 4 minutes. In the first three experiments the
temperature was fixed at 80°C as recommended by Mulinacci et al. method (13), and
varying the watt power from 500W to 1400W. The amount of hydrolysis products
increased from 500 W to 1000 W, remaining similar at 1400 W. For this reason, the next
experiment was performed at the fixed value of power (1400W), increasing the
temperature of microwave oven, from 80°C to 140°C. The best results indicated by the
completeness of reaction, were obtained at a temperature of 140°C. Moreover, it was

demonstrated that an increase in reaction time did not bring improvements.
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Therefore, the best condition of hydrolysis reaction were the following: 140 °C, 140 Watt

for 4 min.

After the optimization of hydrolysis procedure and before applying the method to real
samples, some experiments were performed to calculate the accuracy of the methodology.
Firstly, to verify that the acidic hydrolysis reaction did not affect the free form of Tyr and
Htyr, the reaction was tested onto a standard mixture containing 20 mg/L of Tyr and 25
mg/L of Htyr. Internal standards (d,-Tyr and d,-Htyr) was added to the mixture, and the
assay of analytes provides an accuracy of 104% and 100%, respectively after hydrolysis
procedure (Table 1).

Table 3 Accuracy values performed on standard solution mixture

Spiking Found RSD
. . Accuracy
concentration concentration (%) (%)
(1)

(mg/kg) (mg/kg)

Tyr 20 20.89 £ 0.46 104 2.20

Standard mixture
Htyr 25 25.12+0.61 100 2.43

Then, two corn oil fortified with Htyr, Tyr and Oleuropein, at two concentration levels
were prepared. The first oil sample was prepared at 40 mg/kg Tyr, 30 mg/kg Htyr and 30
mg/kg oleuropein, to simulate a low content phenols olive oil, and the second sample at
100 mg/kg, 150 mg/kg and 150 mg/kg, representatives of a high content phenols olive oil.
Table 2 shows the accuracy values obtained after hydrolysis procedure.

Table 2 Accuracy values performed on fortified soybean oils

Spiking Found Accurac RSD
Fortified sample concentration concentration ((l; ) y (%)
(1)
(mg/kg) (mg/kg)
Tyr 40 40.73 £ 1.84 102 4.52
Corn oil
Htyr 30
(low content of phenols) 38.08 + 0.77 99 2.02
Oleuropein 30
Tyr 100 99.02 £ 1.95 99 1.97
Corn oil
. Htyr 150
(high content of phenols) 194.58 + 2.5 103 1.16
Oleuropein 150
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The accuracy values are near to 100%; this means that the hydrolysis procedure is
complete and no collateral reactions occur. The RSD % values, calculated after three
different preparation, show a good reproducibility.

In order to simulate the extra virgin olive oil matrix, the methodology was also tested onto
a fortified pomace oil sample. Firstly, it was verified the absence of phenolic compounds in
this type of oil by LC-MS/MS analysis, and then the sample was fortified with the
following concentration of analytes: 100 mg/kg of Tyr, 150 mg/kg of Htyr and 150 mg/kg

oleuropein. Table 3 shows the accuracy values obtained after hydrolysis reaction.

Table 3 Accuracy values performed on fortified pomace oils

Spiking Found Accurac RSD
Fortified sample concentration concentration (%) Y (%)
(mg/kg) (mg/kg)
Tyr 100 102.76 £+ 1.82 103 1.77
Fortified pomace oil Htyr 150
181.32 £+ 3.65 96 2.01
Oleuropein 150

Also in this case, the accuracy values are near 100% and RSDs % highlight a good
reproducibility.

LOQ and LOD values were calculated using the average signal given by the blank (pomace
oil) sample plus its standard deviation multiplied by three times and ten times, respectively
(Table 4).

Table 4 LOD and LOQ values

LOD (mg/kg) LOQ (mg/kg)
Tyr 0.041 0.043
Htyr 0.005 0.011

Limit of detection and quantification values highlight a good sensitivity of methods.
Finally, real EVOO samples were submitted to the developed methodology.

The figure 3 shows the LC-UV chromatograms of extracted phenols solution of an extra

virgin olive oil sample before and after microwave assisted hydrolysis reaction.
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Figure 3 LC-UV chromatogram of a representative EVOO sample before and after hydrolysis procedure

The UV-chromatogram B shows, clearly, an increasing of the signals intensity relative

to

Htyr and Tyr and, at the same time, the complete disappearance of the other signals present

in the UV-chromatogram, representative of their derivatives.

As indicated above, each EVOO sample was submitted to extraction procedure for the

quantification of Htyr and Tyr in their free form.

Table 5 discloses the amount of Htyr and Tyr in their free form with RSD % values.

Table 5 Amount of free Htyr and Tyr in real samples

EVOO sample Htyr (mg/Kg) RSD (%) Tyr (mg/Kg) RSD (%)
0-1 2.96 +0.01 0.48 5.82+£0.15 2.66
0-2 Not detected - Not detected -
0-3 7.11+0.04 0.50 7.68 £0.06 0.82
O-4 21.19+0.92 0.90 23.56 £ 0.21 0.90
0-5 0.98 £ 0.03 2.84 5.01+£0.14 2.84
0-6 6.48 £ 0.09 1.39 21.16 £ 0.16 0.76
O-7 1.97 £ 0.02 1.01 16.14 £ 0.23 1.43
0-8 10.71 +£0.12 1.12 11.67 +0.68 3.26
0-9 3.60+£0.04 111 4.07+0.10 2.46
0-10 Not detected - 10.52 £ 0.60 5.70
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The amount of total Htyr and Tyr obtained after hydrolysis procedure are reported in Table

6.

Table 6 Amount of free Htyr and Tyr in real samples

EVOO sample Total Htyr RSD (%) Total Tyr RSD (%)
(mg/Kg) (mg/Kg)
0-1 113.79 £ 4.17 3.67 86.15+ 1.38 1.60
0-2 92.19+5.35 5.80 83.63 +£2.28 2.72
0-3 80.74 + 1.36 1.69 55.10 + 3.58 6.49
0-4 91.12 +£3.82 4.19 83.24 + 4.15 4.98
0O-5 40.07 £ 1.22 3.05 78.30 £ 1.87 2.38
0-6 22.63 +0.64 2.84 41.61+0.32 0.77
0-7 14.25+0.13 0.94 61.97 £ 1.57 2.54
0-8 46.70 £ 0.34 0.72 55.49 + 1.82 3.28
0-9 20.09 £ 0.29 1.42 23.85+1.59 6.65
0-10 1.72+0.06 3.67 76.15+1.23 1.62

The figure 4 displays the MRM chromatogram relative to the transitions of the analytes

and their labeled internal standards, in a EVOO sample after hydrolysis reaction.
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Figure 4 Representative MRM chromatogram of an EVOO sample revealing the signal of labeled and

unlabeled standards after the hydrolysis reaction.
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It is important to note that the total amount of Htyr and Tyr is the sum of their free form
and their ester conjugates compounds. To evaluate the amount of phenylethanoid
conjugates a correction on the molecular weight must be performed. First, the
concentration of ester conjugates compounds are calculated subtracting the free form
concentration from the total concentration (free and ester conjugates compounds) obtained
from the two experiments described above. For Htyr derivatives, the result will be divided
by the molecular weight of the hydroxytyrosol and multiplied by the average molecular
weight of the Htyr ester aglycones, i.e. oleacin and oleuropein aglycone (see figure 1).
While for the Tyrosol derivatives, the average molecular weight will be calculated using
the molecular weight of oleocanthal and ligstroside aglycone. The secoridoides oleuropein
and ligstroside were not considered in the calculation because of their trace concentrations
in extra virgin olive oil. (18)

The value obtained above must be added to the amount of Htyr and Tyr in their free form,
respectively in order to address the EU regulation.

The final results represent the amount of phenolic compounds present in EVOO, as
required by EU directive 432/2012. (2) (table 6).

Table 6 Total amount of Htyr and Tyr per 20 g of oil

Total amount Htyr and

EVOO sample Total H(tryr/];/c:(egr)ivatives Total 'I;;r/nrg(/dﬁg;vatives Tyr (free and derivatives)
per 20 g of EVOO
0-1 254.13 199.66 9.07
0-2 208.92 201.80 8.21
0-3 173.97 122.11 5.92
0-4 179.67 167.57 6.94
0-5 89.56 181.86 5.43
0-6 42.97 70.35 2.27
O-7 29.72 126.39 3.12
0-8 92.03 117.09 4.18
0-9 40.86 51.65 1.85
0-10 3.89 168.41 3.45
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4. CONCLUSION

A fast and reliable methodology to evaluate the amount of free and total hydroxytyrosol
and tyrosol in extra virgin olive oil sample was developed. The main features of this
method regard the rapidity of the whole experiment procedure, and the accuracy and
sensitivity obtained thanks to the use of tandem mass spectrometry and isotope dilution
analysis. The use of this methodology allows to assay the exact amount of nutraceutical
compounds, providing added value to the oils that contain the amount requested by the EU
directive 432/2012.

93



CHAPTER 3: Mass Spectrometric Advanced Approaches for Quality Assessment of Foods

REFERENCES

1.

Owen RW, Giacosa A, Hull WE, Haubner R, Wurtele G, Spiegelhalder B &
Bartsch H (2000). Olive-oil consumption and health: the possible role of
antioxidants. Lancet Oncology 1, 107-112.

Alarcon de la Lastra C, Barranco MD, Motilova V & Herrerias JM (2001)
Mediterranean diet and health: biological importance of olive oil. Current
Pharmaceutical Design 7, 933-950.

Bianco A & Uccella N (2000) Biophenolic components of olives. Food Research
International 33, 475-485.

Victor R. Preedy, Ronald Ross Watson. (2010) Olives and Olive Oil in Health and
Disease Prevention. Technology & Engineering

Bali EB, Ergin V, Rackova L, Bayraktar O, Kucukboyaci N, Karasu C (2014) Olive
leaf extracts protect cardiomyocytes against 4-hydroxynonenal-induced toxicity in
vitro: comparison with oleuropein, hydroxytyrosol, and quercetin. Planta Med
80(12):984-992

Bulotta S, CelanoM, Lepore SM, Montalcini T, Pujia A, Russo D (2014) Beneficial
effects of the olive oil phenolic components oleuropein and hydroxytyrosol: focus
on protection against cardiovascular and metabolic diseases. J Transl Med
12(1):219

Caruso, D., Berra, B., Giavarini, F., Cortesi, N., Fedeli, E., & Galli, G. (1999).
Effect of virgin olive oil compounds on in vitro oxidation of human low density

lipoproteins. Nutrition, Metabolism and Cardiovascular Diseases, 9, 102-107.
De la Puerta, R., Ruiz-Gutierrez, V., & Hoult, J. R. (1999). Inhibition of leukocyte

5-lipoxygenase by phenolics from virgin olive oil. Biochemical Pharmacology, 57,
445449,

94



CHAPTER 3: Mass Spectrometric Advanced Approaches for Quality Assessment of Foods

9. COMMISSION REGULATION (EV) No 432/2012: http://eur-
lex.europa.eu/LexUriServ/LexUriServ.do?uri=0J:L:2012:136:0001:0040:EN:PDF

10. http://www.internationaloliveoil.org/documents/viewfile/4141-met29eng

11. Kuwajima, H.; Takai, Y.; Takaishi, K.; Inoue, K. (1998). Synthesis of **C-labeled
possible intermediates in the biosynthesis of phenylethanoid derivatives, cornoside
and rengyosides. Chem. Pharm. Bull. 46 (4), 581-586.

12. Mazzotti, F.; Benabdelkamel, H.; Di Donna, L.; Maiuolo, L.; Napoli, A.; Sindona, G.
(2012) Assay of tyrosol and hydroxytyrosol in olive oil by tandem mass spectrometry and
isotope dilution method. Food Chem. 135 (3), 1006-1010.

13. Mulinacci, N.; Giaccherini, C.; leri, F.; Innocenti, M.; Romani, A.; Vincieri, F.
(2006) F. J. Sci. Food Agric. 86 (5), 757-764

14. Romero, C.; Brenes, M. (2012). Analysis of total content of Hydroxytyrosol and
Tyrosol in olive oil. J. Agric. Food Chem. 60 (36), 9017-9022.

15. Purcaro, G.; Codony, R.; Pizzale, L.; Mariani, C.; Conte, L. (2014) Evaluation of
Total Hydroxytyrosol and Tyrosol in Extra Virgin Olive Oils. Eur. J. Lipid Sci.
Technol. 116, 805-811.

95


http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2012:136:0001:0040:EN:PDF
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2012:136:0001:0040:EN:PDF
http://www.internationaloliveoil.org/documents/viewfile/4141-met29eng

CHAPTER 3: Mass Spectrometric Advanced Approaches for Quality Assessment of Foods

APPLICATIONS OF PAPER SPRAY IONIZATION MASS SPECTROMETRY
FOR RAPID QUALITY ASSESSMENT OF FOOD

The following analytical methodologies are based on the use of the paper spray mass
spectrometry (PS-MS), developed by a paper spray source implemented in house.

PS-MS analyses were carried out using a triple-quadrupole mass spectrometer MS 320
from Varian (varian Inc., Palo Alto, Ca), originally equipped with an ESI source. The ESI
source was removed and it was replaced by an in house built source consisting in a high
voltage clip and a metallic stage for supporting (Figure 1a).

Whatman paper with a pore size of 11 um was used to shape triangles, as solid support for
sample manual spotting, with the following dimensions: 150 mm base, 250 mm height.
The paper triangles were positioned in front of the mass spectrometer inlet similarly to the
ESI source needle. The application of a high voltage and few microlitres of polar solvent
such as methanol, allows the accumulation of charges at the apex of the paper triangle and
the formation of a spray containing charged droplets. The latters, after solvent evaporation

generate dry ions (Figure 1b).

Figure 1 a) picture of in house implemented open source for PS-MS analysis, b) picture of manual spotting of

solvent onto the paper triangle allowing the ionization of analytes
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1. Absolute Evaluation of Hydroxytyrosol in Extra Virgin Olive Oil by Paper
Spray Tandem Mass Spectrometry

1. INTRODUCTION

A novel approach for the evaluation of the absolute amount of Hydroxytyrosol in extra
virgin olive oil has been set up. The method is based on the exploitation of paper spray
ionization (PS) tandem mass spectrometry (MS/MS), which allows a fast assay of this
active principle. (1-5) Also in this case, the total amount of Htyr has been evaluated
summing the content of its free and esterified form.

The quantitative assay was based on the use of tandem mass spectrometry and isotope
dilution method, and it was performed in multiple reaction monitoring (MRM) scan mode,
following the transition m/z 153 — m/z 123 for hydroxytyrosol and m/z 155 — m/z 123
for labeled internal standard (d,-hyroxytyrosol). (6)

Unlike the procedure described above, the determination of free form of Hydroxytyrosol
was performed directly in matrix, without any extraction step, although, also in this case, to
evaluate the total amount of Htyr the hydrolysis procedure was necessary.

The reliability and the accuracy of the proposed approach was evaluated testing the method
onto a sample of seed oil spiked with a known amount of hydroxytyrosol and oleuropein.

The accuracy values obtained ranged from 92% to 102%.

2. MATERIALS AND METHODS
2.1 Chemicals

Solvents and reagents were commercially available (Sigma-Aldrich, St. Louis, MO).
Labeled internal standard d,-hydroxytyrosol was obtained by the same synthetic procedure
described in the LC-MS/MS above described. (7)

2.2 Olive oil samples

Five extra virgin olive oil samples were purchased in a local market and stored in amber

glass bottles at room temperature before the analysis.
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2.3 Sample preparation
2.3.1 Determination of free Hydroxytyrosol

Extra virgin olive oil samples were added to 30 uL of a solution of d,-Hydroxytyrosol at
350 mg/L up to a weight of 1g. The mixture was homogenized by ultra-turrax for three
minutes, and directly spotted (15 pL) onto the paper triangle for PS-MS/MS analysis of the
free fraction.

2.3.2 Determination of total Hydroxytyrosol

Each extra virgin olive oil sample was added to 30 uL of a solution of d,-Hydroxytyrosol
at 500 mg/L up to a weight of 2 g. The mixture was homogenized vigorously by ultra-
turrax for three minutes, and then 1 g was extracted using a solution 1 mL of H,O (0,1%
HCOOH)/EtOH 3:7 v/v. After the extraction step, 500 uL of supernatant were added to
500 uL of HCI 2M in a closed pyrex vessel, and submitted to acid hydrolysis for 4 minutes
in a microwave Anton Paar Multiwave 3000 provided with a rotor 4x24 MC, operating at a
temperature of 140 °C at the maximum power of 1400 W, for 4 min. The reaction mixture
was then stirred to vortex for 1 minute, diluted (1/1) with H,O (0,1% HCOOH)/EtOH 3:7
v/v and finally spotted (15 uL) onto the paper triangle for PS-MS/MS analysis.

2.4 Paper spray mass spectrometry analysis

Mass spectrometry analyses were carried out in negative ionization mode using a LC 320
triple-stage quadrupole mass spectrometer (Varian Inc., Palo Alto, CA, USA), in-house
implemented for PS-MS application (see above).

15 uL of each sample were spotted onto a paper triangle and left to dried for 1 min. The
same volume of methanol was added to allow the spray desorption every 30 s for a total
run time of 2 min.

The MS working conditions were optimized as following: needle voltage -4500 V; shield -
400 V; capillary -90 V; housing temperature 35 °C, and the detector fixed at 1400 V.
Collision gas was argon used at a pressure within the collision cell (Q2) of 2 mTorr, while
the mass resolution at the first (Q1) and third (Q3) quadrupoles was set at 0.7 u at full
width at half-maximum (FWHM). Scan time was set at 0.060 s. Collision energy (CE) was

optimized and then set at 22 eV. MRM scan mode was used to quantify the analytes; in
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particular, the transition m/z 153 — m/z 123 for hydroxytyrosol and m/z 155 — m/z 123
for the labeled internal standard were monitored. The ion current of each monitored

transition, averaged over the total acquisition time, was used for the quantitative analysis.

2.5 LC-ESI-MS/UV analysis

LC-ESI-MS/UV analysis was performed using a Waters FractionLynx system (Milford,
MA) working in analytical mode, equipped with a Acquity QDa mass spectrometer and a
2489 UV/visible detector. The chromatographic separation was carried out using a C18
reversed-phase column, Luna (250 x 4.6 mm, 5 um, Phenomenex), with a flow rate of 1
ml/min. The run time was 50 min and the flow rate was fixed at 1 ml/min, injecting a
volume of 1 ml. The eluents were 0.1 % HCOOH (A) and ACN (B). The following linear
solvent gradient was applied: from 100% to 85% A in 5 min, to 70% A in 10 min and a
plateau of 5 min, to 55% A in 7 min and a plateau of 5 min, to 100% B in 5 min and a final

plateau of 3 min. (8)

3. RESULTS AND DISCUSSION

Paper spray is a simple and fast tecniques which allows a direct ionization of analytes with
minimum sample treatment and at ambient conditions. Furthermore, the isotope dilution
method combined with paper spray tandem mass spectrometry is a powerful tool for the
quantification of analytes in complex natural matrices. The reliability of this method was
highlighted for several food safety and quality applications. (9-11)

The use of stable isotopes as internal standards in MS assay represents an extremely
accurate method for quantification, and the MS/MS experiment in MRM mode assure the
greatest specificity.

The mass spectrometry experiment was performed in negative polarity mode according to
previous studies on the ionization of this kind of molecules. (12) The transitions monitored
were the following: m/z 153 — m/z 123 for dy-hydroxytyrosol and m/z 155 — m/z 123 for
d,-hydroxytyrosol. These transitions were chosen basing on previous MS/MS experiments.
(12) The hydroxytyrosol MS/MS spectrum, in negative ion mode, is characterized
basically by a single diagnostic product ion at m/z 123, also present in the MS/MS
spectrum of labeled internal standard dy-hyroxytyrosol. This product ion results from the

formal loss of a formaldehyde unit (Figure 2). (12)
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Figure 1 ESI (-) MSMS spectra of compound Htyr (A) and labelled Htyr (B).

The possible mechanism of the fragmentation is reported in Figure 2.

Figure 2 Fragmentation pattern of Hydroxytyrosol. (12)

In the PS-MS experiments, the center of the paper triangle was embedded with the sample

solution or directly with few microlitres of sample; after the application of a high voltage,

and few microlitres of methanol solvent, a sort of spray of charged droplets was generated
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from the tip of the paper. The charged droplets after desolvation process generated dry
ions, which were analyzed by mass spectrometer.

For the quantification of the free form of hydroxytyrosol, calibration curve was obtained
by artificially adding to corn oil the analyte (Htyr) at concentration ranging between 2.5
and 15 mg/L and the internal standard (d,-Htyr) at a fixed concentration of 7 mg/L (in
matrix calibration curve). The equation obtained (y = 0.8047x + 0.1742 R?=0.9951) by
analyzing in triplicate each standard solution showed good linearity.

Figure 3 shows the ion current generated by the monitored gas-phase reactions from the
standard solution of Htyr and labeled Htyr at the highest concentration (15 mg/L, Htyr and
7 mg/L, dp-Htyr). The average ion currents over the total scan, were used for quantitative

analyses.

kCounts] 153.0-123.0(-) [22 0V]
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Figure 3 lon current of MRM monitored transitions, respectively for Htyr (red) and d,-Htyr (green) in the
calibration curve sample at higher concentration

The accuracy values for the quantification of Htyr in its free form, was calculated
preparing two fortified corn oil samples at two level of analyte concentration, 4 mg/kg and
16 mg/kg respectively, which represent the upper and the lower limits of the calibration
curve. The accuracy values ranged from 93% to 103%, and the RSD values, lower than
7%, highlighted the precision of the methodology (Table 1).
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Table 1 Accuracy values performed on spiked seed oils

Spiked samples confe(;lli;lgtion Accuracy 1(131))
(1)
(mg/kg) (g/ke) (%)
S14 mg/kg 3.72+0.22 93.00 6.14
S2 16 mg/kg 16.42 £0.78 102.63 4.73

Hence, the developed method was applied to five real samples purchased from different
local oil producers. After the addition of an opportune amount of labeled internal standard,
the samples were directly submitted to PS-MS/MS analysis. The results are reported in
Table 2.

Table 2 Amount of free Htyr in real samples

o,
EVOO samples Amount of free Htyr RSD (%)

(mg/kg)
Oil'1 2.81+0.07 2.40
Oil 2 5.84+£0.13 2.20
Oil 3 6.35+0.18 2.76
Qil 4 245+ 0.11 4.50
Oil 5 Not detected -

The limit of detection (LOD) and the limit of quantitation (LOQ) were calculated
following the directives of IUPAC and the American Chemical Society’s Committee on
Environmental Analytical Chemistry, using the following equations:

SLop = Srs + 30rB

Siog = Sre *+ 100rE

where Siop is the signal at the limit of detection, S, oq is the signal at the limit of
guantitation, Sgg Is the ratio of the signals given by the transitions of the analyte and of the
internal standard from the blank sample (corn oil), and org is its standard deviation.

The concentrations were calculated by the standard curve (Table 3).
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Table 4 Limit of detection and quantification values

mg/kg
LOD 0.04
LOQ 0.81

Limit of gquantification and limit of detection values demonstrate the sensitivity of the

proposed method.

For the quantitative assay of total amount of hydroxytyrosol, oil samples were submitted to
the same hydrolysis procedure described previously above. After the addition of the
internal standards, 1g of each sample was extracted with 1 mL of acidic EtOH/H,0; the
final solution was diluted 1/1 with 2M hydrochloric acid for the microwave assisted
hydrolysis reaction.

After the hydrolysis experiment, the solution obtained was directly spotted onto the paper
triangle for PS-MS analysis, which was carried out at the same conditions used for the
quantification of hydroxytyrosol in its free form.

Calibration curve was obtained by injecting standard solutions of analyte and internal
standard. The concentration of the analyte in the standard solution ranged from 2.5 and 15
mg/L, while that of the internal standard (d,-Htyr) was fixed at 5 mg/L. The equation
obtained (y = 1.4621x — 0.1591 R?=0.9984) by analyzing in triplicate each solution showed
good linearity.

In order to verify the accuracy of the proposed method, a corn oil sample was fortified with
Htyr and oleuropein. In particular, corn oil was prepared at 20 mg/kg of Htyr and 300
mg/kg of oleuropein. The sample was submitted to the hydrolysis reaction, opportunely
diluted and directly analyzed by PS-MS. The accuracy value obtained is reported in Table
4,
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Table 5 Accuracy values for hydrolysis procedure, preformed on fortified corn oil sample

Spiking RDS (%)
concentration Accuracy (%)
(mg/Kg)
Htyr 20 6.25
Fortified corn oil 95.51
Oleuropein 300

The calculated values (Table 5) of LOQ and LOD, corresponding to 4.63 mg/kg and 3.51
mg/kg, also in this case show that the method for the quantification of total amount of Htyr

in olive oil provides a good sensitivity.

Table 6 LOD and LOQ values for assay of total amount of Htyr

mg/kg
LOD 3.51
LOQ 4.64

Total hydroxytyrosol amounts found in real samples are summarized in Table 6.

Each EVOO sample was analyzed in triplicate.

Table 7 Amount of total Htyr in real samples

o,
EVOO samples Amount of total Htyr RSD (%)

(mg/kg)
Qil 1 7778 +1.95 2.50
Qil 2 28.55 + 1.94 6.80
Qil 3 38.08 +0.88 2.33
Qil 4 19.26 + 1.68 8.72
0il 5 5.04 + 0.64 12.70

For all the analyzed samples, and for both free and total Htyr, the RSD % values were
lower than 13%, confirming the good repeatability of the developed approach.

The reproducibility of the measurements was evaluated by analyzing two samples in
triplicate over a period of one week, ad also in this case the RSD % values were lower than
13%
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Finally, to demonstrate the validity of the PS-MS/MS method, the real samples were also
submitted to a classical HPLC-UV analysis. The results obtained were very similar to those
obtained by PS-MS/MS analysis (Table 7).

Table 8 Amount of total Htyr obtained by PS-MS/MS and LC-UV analysis

EVOO samples Amount of total Htyr

(mg/kg) PS-MS/MS LC-UV
analysis analysis
Oil 1 77.78£1.95 83.36
Oil 2 28.55 +1.94 26.74
Oil 3 38.08 + 0.88 38.10
Oil 4 19.26 £ 1.68 21.52
Oil 5 5.04 £ 0.64 Not detected

4. CONCLUSION

In conclusion, a fast and reliable method for the quantification of free and total
hydroxytyrosol in extra virgin olive oil was developed. The results obtained highlighted
that the methodology may be a valid and more rapid alternative to the commonly used
analytical method, such as HPLC-UV technique. The working time for each sample
analysis, including sample preparation step, is shorter than 15 min, considering that the
acquisition time for the MRM experiment is 2 min. The analytical parameters and the
direct comparison with HPLC-UV analysis confirm the reliability and accuracy of the
developed PS-MS/MS method.
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I11.  Discriminant Analysis of Vegetables Oils by Paper Spray Mass
Spectrometry and Statistical Approach

1. INTRODUCTION
As already discussed, extra virgin olive oil is considered a functional food and a most
popular ingredient of the Mediterranean diet; its success is due to its potential health
benefits and its unique taste and flavour. (1,2)
The authenticity of olive oil is associated with genetic variety, geographical origin, and/or
quality grade. (3) As regards of the latter aspect, various types of olive oils can be
distinguished. The European Union Regulation defines several categories of virgin olive
oil: extra virgin olive oil (EVOO), virgin olive oil (VOO), and lampante virgin olive oil
(LVOO). Additionally, refined olive oil (ROO, refined VOO), and olive oil (OO, a mixture
of ROO and VOO) are recognized. Olive pomace oils are classified as crude olive pomace
oil (COPO, solvent-treated olive pomace), refined olive pomace oil (ROPO, refined
COPO), and olive pomace oil (OPO, a mixture of ROPO and VOO). (4)
Extra virgin olive oil is much more expensive than other vegetable oils and, certainly, this
Is the cause of adulteration with lower grade seed, nut, pomace and refined oils.
Vegetable oils are a complex mixture containing a wide range of compounds, but
principally, they are composed of triacylglycerols (TAGs) which represent the 95-98% of
the whole oil composition and lower amount of diacylglycerols, free fatty acids (FAS),
phospholipids and other minor component. TAGs consist of a glycerol molecule linked to
three chain fatty acid residues. The variability of TAGs composition is due to the number
and kind of free fatty acid combinations on the glycerol skeleton and the occurrence of
positional isomers. TAGs profile can represent a fingerprinting of the vegetable oil, and the
variation in TAGs composition after adulteration process can be used to evaluate the
quality and the authenticity of the oil. (5,6)
Different analytical methods were developed for qualitative and quantitative determination
of triacylglycerols in vegetable oils; classical spectroscopy methods such as Raman
spectroscopy, nuclear magnetic resonance and infrared, liquid and gas chromatography
techniques hyphenated with mass spectrometry. (7)
The latter, often require a laborious sample preparation step and a long time of analysis due
to the complexity of TAGs composition. Today, there is continuing need for improved
methods for assessing the adulteration in a fast and reliable way. Recently for example,
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direct infusion MS methods using ESI and APCI sources with triple quadrupole (QqQ),
quadrupole—time-of- flight (Q-TOF), or ion trap as mass analyzers have been developed.
(7,8) In addition to the latter, also ambient mass spectrometry method using DART
ionization was proposed. (9) Although the use of direct infusion methods allows
eliminating the chromatographic separation step, the sample needs to be treated and
purified before the analysis. Whereas, the ambient ionization source involves minimal or

no sample preparation step.

In this study the ability of paper spray mass spectrometry to characterize the TAGs profile
of different vegetables oil was investigated. Some encouraging data were obtained in
combination with the chemometric analysis (Linear Discriminant Analysis — LDA and Soft
Independent Modeling of Class Analogy — SIMCA) which have allowed to discriminate
the extra virgin olive oil from the others vegetable oils commonly used as adulterants.
Figure 1 shows the workflow of presented procedure: vegetables oils were submitted to
PS-MS analysis, the TAGs profiles were used for chemometric analysis which has allowed

the discrimination between the oils.

ﬁf

TAGs profiling
‘v | &
EVOO
-
e
PS-MS experiment
Chemometric analysis

Figure 1 Workflow of developed methodology

109



CHAPTER 3: Mass Spectrometric Advanced Approaches for Quality Assessment of Foods

2. MATERIALS AND METHODS
2.1 Chemicals
Reagents and solvents were commercially available (Sigma-Aldrich, St. Louis, MO).
2.2 Vegetable oil samples

The methodology was tested on N=10 samples of EVOO; N=10 samples of four different
seed oils: corn, sunflower, peanut and soybean oils; N=10 samples of four cultivars from
Puglia region (Southern of Italy): Peranzana, Coratina, Ogliarola, Cima di Mola. Seed oils
sample were purchased in the local markets, while sample of extra virgin olive oil was
obtained from the Research centre for Olive Growing and olive Oil Industry — CREA —

Rende, Italy
2.3 Sample preparation

100 mg of each oil sample was treated with 200 mg of ammonium acetate, and then 500 pl
of acetone was added to the mixture. The solution was stirred by vortex for 30 sec and 15
pL of the supernatant was directly deposited (manual spotting) onto the paper triangle, left

to dry for 30 sec and analyzed by PS-MS.
2.4 Paper spray mass spectrometry analysis

Vegetable oils were analyzed using a triple quadrupole mass spectrometer MS 320 from
Varian (Varian Inc., Palo Alto, Ca), equipped with a paper spray source developed in
house.

15 uL of each sample were spotted onto a paper triangle and left to dry for 1 min. The
same volume of methanol was added to allow the spray desorption every 15 s for a total
acquisition time of 2 min.

The MS working conditions were the following: needle voltage 5000 V; shield 800 V;
capillary 100 V; housing temperature 35 °C. Measurements were performed in full scan
mode within 800 -1100 mass range, using positive polarity, with the detector fixed at 1400
V. For ESI (+) MS/MS investigations, collision energy was set at 25-35 eV, collision gas
was argon used at a pressure within the collision cell (Q2) of 2 mTorr.
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The mass resolution at the first (Q1) and third (Q3) quadrupoles was set at 0.7 u at full
width at half-maximum (FWHM). Scan time was set at 0.1 sec.

2.5 Statistical analysis

Classification was performed by two multivariate chemometric techniques: linear
discriminant analysis (LDA) and soft independent modeling of class analogy (SIMCA).
LDA was carried out by Statistica 7.1 (StatSoft 2005 edition), and SIMCA was executed
by V-Parvus 84 2004.

3. RESULTS AND DISCUSSION
Paper spray mass spectrometry was developed as a direct, fast and low-cost sampling and
ionization method for the analysis of complex mixtures. This MS technique is now applied
for the first time to the analysis of triacylglycerols profile for the identification and
discrimination of vegetables oils.
Each oil sample was treated with ammonium acetate and then extracted with acetone.
Ammonium acetate is a charge-transfer dopant, and its use is necessary because provides a
significant improvement of TAGs signals compared to the intensity of the protonated
molecules [M+H]" which are very low.
Several experiments were performed for the optimization of the weight ratio between oil
and ammonium acetate to obtained a better ionization efficiency. The best result was
obtained using a weight ratio of 1:2 preparing the sample as following: 50 mg of vegetable
oils, 100 mg of ammonium acetate and 250 pl of acetone.
The sample preparation step is very simple and fast, considering that the homogenization

and extraction time is 2 min, and there is no need for centrifugation.

The second part of the experiment was designed to optimize PS-MS experiment
conditions. In particular, the voltage applied to the paper triangle, capillary voltage and
scan time, which were set at 5000 V, 100 V and 0.1 s/scan, respectively.

PS-MS measurements were carried out in full scan mode, using positive polarity. 15 pl of
acetone solution containing triacylglycerols fraction, were spotted onto the center of paper

triangle, and after drying, 15 pl of methanol were spotted each 15 s for 2 min, to obtained
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the desorption of ions. The total acquisition time was 2 min, and including the sample
preparation, the whole experiment time is 5 min.

Ten samples of each different oils were analyzed by PS-MS: extra virgin olive oil, corn oil,
soybean oil, sunflower oil, peanut oil.

The MS spectra were recorded in positive polarity within 800-1100 Da mass range
showing the NH;" adduct ions of TAGs. PS-MS profiling produces mass spectra
highlighting similarity and differences among vegetables oils.

The Figure 2 shows the PS-MS mass spectrum of extra virgin olive oil. The full scan
spectrum displays an almost unique molecular profile in the investigated mass range; the

most intense TAGs ammonium adducts present are at m/z 850, m/z 876, m/z 902.
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Figure 2 PS (+) -MS spectrum of TAGs profile in a representative EVOO sample

PS-MS TAGs fingerprinting of others vegetable oils, considered potential adulterants are
shown in Figure 3.
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Figure 3 TAGs profile of different seed oils

The TAGs profile of vegetable oils which can be used as adulterants, such as sunflower,
soybean and corn oil, show different most intense peaks respect to the olive oil. For
example, the most intense TAGs ammonium adducts ions for soybean oil are at m/z 872,
m/z 896 and m/z 898. Whereas, the TAGs mass spectrum of peanut oil highlights many
similarity with the mass spectrum obtained from the olive oil; in fact the main
representative ions are at m/z 876 and m/z 902.

Although not necessary for vegetable oils classification, PS (+) MS/MS experiments were
performed to identify the diagnostic quasi molecular ions of each oil sample from their
fragmentation pattern. MS/MS experiments were performed in a range of collision energy
(from 25eV to 40eV) in order to obtained structural information.

Figure 4 displays the PS (+) MS/MS spectrum of the diagnostic ion at m/z 902 identified
as triolein OOO, trioleoylglycerol. This ions is the most abundant in the MS spectrum of

EVOO samples and peanut oil samples.
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Figure 4 PS-MS/MS spectrum of triolein

As in the case of triolein, the MS/MS spectra of monoacid TAGs are relatively simple,
because contain single diacylglycerol fragment ion and a single acylium ion. For the
triolein in fact, the main ions present are that at m/z 603 that corresponds to the
diacylglycerol ion [OO]", and the acylium ion at m/z 265, O".

The MS/MS of TAGs containing two different fatty acids, shows two diacylglycerol ions,
as well as two acylium ion. While, the tandem mass spectrum of isobaric TAGs shows the
presence of at least four diacylglycerol ions. For example, the ion at m/z 874 corresponds
to two TAGs, OOPo and LOP (Figure 6).
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Figure 6 Diacylglycerol ions obtained by PS-MS/MS experiment of ion at m/z 874
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Table 1 displays the most abundant triacylglycerols found in the vegetable oils, identified

by paper spray tandem mass spectrometry experiments.

Table 1 Diagnostic [M+NH,]" ions observed from the PS-MS/MS spectra

[M+NH,4]" TAG Vegetable oils
m/z
850 POP EVOO
corn oil
LLP
872 sunflower oil
LnOP
soybean oil
LOP EVOO
874
OOPo
EVOO
876 OOP
peanut oil
896 LLL soybean oil
LLO corn oil
898
OLnO sunflower oil
corn oil
900 OoLO sunflower oil
soybean oil
EVOO
902 000
peanut oil

P= Palmitic, Po= Palmitoleic, L= Linoleic, Ln= Linolenic, O= Oleic
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These experiments confirm the ability of paper spray mass spectrometry technique not only
to obtain fast molecular fingerprinting, but also for the molecular identification through

tandem mass spectrometry experiments.

Statistical analysis

In order to differentiate the extra virgin olive oil from others vegetable oils considered
potential adulterants, it is important to find a systematic, reproducible, and reliable method.
This goal can be achieved by using multivariate statistical analysis.

In particular, in this work statistical analysis was carried out by two supervised
chemometric tecniques: Linear Discriminant Analysis — LDA and Soft Independent
Modeling of Class Analogy — SIMCA. The two approaches allowed to obtain classification
rules to distinguish EVOO from other vegetable oils.

The two chemometric techniques were applied to the data matrix of the abundances of all
ions acquired in the mass range m/z 800-1100. In particular, total ion current of each
analysis was averaged over the total scan, and the absolute abundance of each ion was
normalized to the sum of the abundances of all the ions in the range.

Linear discriminant analysis (LDA) is one of the most commonly used classification
techniques. It defines a set of delimiters (depending on the number of considered
categories) so that the multivariate space of the objects is divided in as many subspaces as
the number of classes. Discriminant functions are obtained as a linear combination of
descriptor that maximizes the ratio of variance between categories to variance within
categories. In classification techniques such as LDA, even if the samples that will be
predicted by LDA did not belong to any of the categories of the model, each object will be
assigned anyway to one of them. Moreover, each object can fall into one and only one
category because the multidimensional space is divided into many subspaces as classes.
LDA analysis were applied by considering all the ions in the acquired mass range (m/z
800-1100). Nevertheless, it means that several noise variables could be considered in the
construction of the models. For this reason LDA class-modeling technique was again
evaluated after a preliminary selection of relevant variables by means of stepwise linear
discriminant analysis (S-LDA).

In this technique, the most significant variables involved in sample differentiation were
selected using a Wilks’ 4 as a selection criterion. Accordingly, selection of the variables
was performed by Stepwise LDA to discard redundant information and to select only those
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variables that actually contributed to increase of classification ability. Again, the cross-
validation procedure was performed in order to verify the goodness of the method in terms
of prediction ability. (10-14)

Soft Independent Modeling of Class Analogy (SIMCA) is a class modeling technique in
which an object can belong to one category, to more than one class simultaneously or to
none of the categories. An important consequence of this feature is that SIMCA is able to
detect the number of false positives/negatives for each class. Therefore, two parameters to
validate the classification can be defined: sensitivity (SENS) and specificity (SPEC). SENS
of a class is referred to the percentage of objects belonging to the class correctly accepted
by the class model. SPEC of a class corresponds to the percentage of objects not belonging
to the class correctly rejected by the class model. (15) In this work SIMCA analysis was
performed using the variables selected by means of S-LDA.

The 2D — LDA plot calculated from PS-MS spectral data for different vegetables oils is

shown in Figure 7.
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Figure 7 2D-LDA score plot of different vegetable oils

The Stepwise-LDA has retained 11 variables: the ion at m/z 850, 894, 873, 897, 886, 875,
899, 849, 881, 892, 907. Not all 11 variables were identified by tandem mass spectrometry
but they can be ascribed to the vegetables oil molecular composition because these ions
were not detected within the blank paper experiment, performed out using just solvent.

Again, the cross-validation procedure was performed in order to verify the goodness of the

method in terms of prediction ability. The model has correctly predicted all samples for
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each category and this suggests that the presented method may be a potential choice for
discriminating EVOO from other vegetable oil as peanut oil, corn oil, soybean oil and

sunflower oil. (Table 2).

Table 2 Number of correctly classified pure vegetable oil samples (prediction matrices) for Stepwise LDA

Stepwise LDA?

Peanut Corn Sunflower Soy Olive
Peanut 10 0 0 0 0
Corn 0 10 0 0 0
Sunflower 0 0 10 0 0
Soy 0 0 0 10 0
Olive 0 0 0 0 10

11 variables retained after S-LDA (m/z 850, 894, 873, 897, 886, 875, 899, 849, 881, 892, 907 in decreasing order of
discriminating capacity)

SIMCA analysis were based on 8 variables selected by means S-LDA, which in this case
are the ions at m/z 850, 894, 897, 886, 875, 899, 849, in decreasing order of discriminating
capacity. Validation of the model was carried out by a 5-fold cross-validation procedure.
The SIMCA model has allowed the correct classification of all samples for each category
and, moreover, has provided excellent sensitivity (100%) and specificity (100%) (Table 3).

Table 3 Number of correctly classified pure vegetable oil samples (prediction matrices) for SIMCA

SIMCA performed using the variables selected by means of S- LDA"

Peanut Corn Sunflower Soy Olive SENS(%) | SPEC(%)
Peanut 9 1 0 0 0 100 100
Corn 0 10 0 0 0 100 100
Sunflower 0 0 10 0 0 100 100
Soy 0 0 0 10 0 100 100
Olive 0 0 0 0 10 100 100

P 8 variables retained after S-LDA (m/z 850, 894, 873, 897, 886, 875, 899, 849 in decreasing order of discriminating
capacity)

The next step was used to verify if the presented method can be applied for recognizing the
adulteration of extra virgin olive oil. For this purpose, ten mixture samples of EVOO and
different seed oils were prepared. In particular, PS-MS analysis were performed on N=10
samples consisting of olive oil 80% - peanut oil 20%, N=10 samples of olive oil 80% -
soybean oil 20%, N=10 of olive oil 80% - corn oil 20%, and N=10 samples consisting of

olive oil 80% - sunflower oil 20%.
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2D-LDA plot obtained by PS-MS spectra of pure olive oil and mixture is shown in Figure
8. Also in this case the cluster corresponding to EVOO samples is well distinguished by

other clusters.
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Figure 8 2D-LDA score plot pure olive oil and adulterated oil

In this experiment, the Stepwise-LDA has retained 10 variables: the ion at m/z 894, 896,
918, 872, 900, 847, 898, 922, 859, 925, in decreasing order of discriminating capacity.

With the cross-validation procedure, the model has classified correctly all the extra virgin
olive oil, and almost of mixture oils, only two mixture of peanut oil samples were includes

in the mixture of corn oil category (Table 4).

Table 4 Number of correctly classified pure vegetable oil samples (prediction matrices) for Stepwise LDA

Stepwise LDA?

Olive 80% Olive 80% Olive 80% Olive 80% Pure olive
peanut 20% corn 20% sunflower 20% soy 20% oil
i [0)
peant 2006 ; 2 0 0 0
i [0)
o | o | w : : :
i [0)
suri‘zg/ve\zle?rOZ/(;J% 0 0 10 0 0
C;g;ezgg/‘jf’ 0 0 0 10 0
Pu r(e) ;)Ilive 0 0 0 0 10

210 variables retained after S-LDA (m/z 894, 896, 918, 872, 900, 847, 898, 922, 859, 925 in decreasing order of discriminating capacity)
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SIMCA analysis has provided also in this case, excellent sensitivity and

specificity. (Table 5)

Table 5 Number of correctly classified pure vegetable oil samples (prediction matrices) for

SIMCA
SIMCA performed using the variables selected by means of S-LDA"
Olive 80% | Olive 80% Sljir]\:‘e;o?/(\/)z) O;(;‘;/%S;);A) Pure _oIive SENS(%) | SPEC(%)
peanut 20 | corn 20% 20% 20% oil
p?::\ir\ﬁ . 9 0 1 0 0 90 100
Ofive 06 0 10 0 0 0 100 100
L ove 80% 0 0 10 0 0 100 100
Sg/g‘égf%ﬁ, 9 0 0 0 10 0 100 100
Pure olive oil 0 0 0 0 10 100 100

b 8 variables retained after S-LDA (m/z 894, 896, 918, 872, 900, 847, 898, 922 in decreasing order of

discriminating capacity)

Even in this case, the value of sensitivity and specificity are considered excellent. Almost

the samples were classified correctly, only one sample of mixture olive oil 80% - peanut

oil 20% was included in the soybean mixture category.

The same approach was tested to discriminate EVOO belonging to four Cultivar produced

in Puglia region (Southern of Italy). Ten samples for each cultivar were analyzed: N=10

for Peranzana cultivar, N=10 for Ogliarola, N=10 for Cima di mola, and N=10 for

Coratina. For this initial study, sample were taken from the north-western part of the region

(Figure 9)

Google earth

Figure 9 Maps of sample oils chosen; Peranzana (orange), Ogliarola (yellow),Cima di mola (green), Coratina

(red)
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Figure 10 displays the 2D-LDA plot for the EVOO from different cultivars.
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Figure 10 2D-LDA score plot EVOO samples from different cultivar

Stepwise-LDA has retained 18 variables and the model has classified correctly all samples
of monovarietal oil; only one sample belonging to Ogliarola cultivar was classified as

Cima di mola sample (Table 6).

Table 6 Number of correctly classified pure vegetable oil samples (prediction matrices) for Stepwise LDA

Stepwise LDA?

Peranzana Coratina Ogliarola Cima di Mola
Peranzana 10 0 0 0
Coratina 0 10 0 0
Ogliarola 0 0 9 1
Cima di Mola 0 0 0 10

# 18 variables retained after S-LDA (m/z 873, 879, 919, 893, 906, 912, 874, 905, 890, 903, 904, 880, 876,
884, 911, 883, 895, 907 in decreasing order of discriminating capacity)

The SIMCA analysis was performed using the 18 variables selected by S-LDA. The
number of correctly classified sample were less than the S-LDA model, probably because
in the case of monovarietal oils it is necessary to have a large number of samples to create
a robust model. Table 7 shows the number of correctly classified sample and the values of
specificity and sensitivity. The latter is less than 100%
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Table 7 Number of correctly classified pure vegetable oil samples (prediction matrices) for SIMCA

SIMCA performed using the variables selected by means of S-LDA®

Peranzana | Coratina Ogliarola Cima di Mola | SENS(%) | SPEC(%)
Peranzana 9 1 0 0 90 100
Coratina 0 10 0 0 80 100
Ogliarola 0 0 7 3 80 100
Cima di Mola 0 1 1 8 90 100

P18 variables retained after S-LDA (m/z 873, 879, 919, 893, 906, 912, 874, 905, 890, 903, 904, 880, 876, 884, 911, 883,
895, 907 in decreasing order of discriminating capacity)

4. CONCLUSIONS
In conclusion, the presented method has highlighted that the combination of PS-MS
measurements and chemometric approach can generate information to discriminate
different vegetable oils.
Paper spray mass spectrometry approach offers several advantages: the rapidity of analysis,
the minimum sample pre-treatment and the data processing easy and fast. For this reason,
PS-MS is considered probably as one of the most rapid, economic and sensitive technique
for quality control.
Multivariate statistical analysis has shown the capability of PS-MS TAGs profile to act as
marker for the classification of vegetable oils. LDA and SIMCA has highlighted that olive
oil can be clearly distinguished from other oils which are commonly used as adulterants,
including soybean, corn, sunflower and peanut oil.
Furthermore, also the preliminary results obtained for classification of EVOO from
different cultivars are encouraging and suggest that the developed approach can be used to

investigate cultivars and regional origin.
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IV.  Quantitative Evaluation of Caffeine in beverages and drugs by Paper spray
tandem Mass Spectrometry

1. INTRODUCTION

Caffeine is an alkaloid found in plant species predominantly growing in the tropic or
subtropic regions of the world. Plants use caffeine as a natural pesticide since it is toxic to
insects. Caffeine is naturally found in more than 60 plants, including tea leaves, coffee
beans, kola nuts. Most of them are used to flavor soft drinks such as colas and cacao pods,
and to prepare chocolate products. (1) Caffeine is an ingredient of some energy drinks; it is
often added in combination with synephrine in foods or food derivate usually used to
induce weight loss or to increase sport performances. Moreover, some drugs and cosmetics
contain caffeine. (2) Caffeine, like other natural compounds shows pharmacologic effects
in humans, such as central nervous system stimulation, diuresis, and stimulation of cardiac
muscle. This alkaloid is able to cause insomnia and increases blood pressure. (3-5)

Recently, the European Food Safety Authority (EFSA) recommended the daily dose of
caffeine for an adult: for a safe intake, the suggested caffeine amount is 400 mg per day,
corresponding to about four cups of coffee. Further, the maximum recommended dose for
pregnant women is 200 mg. (6) Currently, several analytical methods for the quantification
of caffeine within complex matrices are reported in literature, based on liquid and gas

chromatography analysis, electrochemical analysis, and mass spectrometry. (7-11)

In this section, a simple and fast method based on the use of paper spray mass
spectrometry to quantify caffeine in beverages and drugs is presented.

The quantitative assay was performed by isotope dilution method and tandem mass
spectrometry in MRM mode, monitoring the following transitions: m/z 195 — m/z 138 for
caffeine and m/z 198 — m/z 140 for the labeled internal standard. The reliability of the
proposed method were calculated analyzing fortified samples, which have provided
accuracy values near to 100%. LOQ and LOD value calculated suggest a good sensitivity
of the method. Furthermore, the capability of PS-MS measurements was confirmed by

classical HPLC-UV analysis performed on the real samples.
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2. MATERIALS AND METHODS
2.1 Chemicals
Chemicals and reagents were commercially available (Sigma—Aldrich, St. Louis, MO).
2.2 Beverages and drugs samples
Beverages were purchased in a local market and drugs in a pharmacy.

2.3 Sample preparation

Beverages were centrifuged at 12000 rpm and for 3 min, and 30 pL of the internal standard
solution at a concentration of 1000 mg/ L were added to 470 pL of each beverage sample.
The solutions were homogenized by vortex for 30 sec, diluted 1/10 with water and directly
spotted onto the paper triangle for PS-MS analysis.

Drugs were ground and extracted with 1 mL methanol. 60 uL of the internal standard
solution at 100 mg/mL were added to 940 uL of extraction solution and mixed form 30 s
by vortex.

The same samples were diluted and were submitted to HPLC-UV analysis.

2.4 Paper spray mass spectrometry analysis

Mass spectrometry analyses were performed in positive ionization mode with a MS 320
triple-stage quadrupole mass spectrometer (Varian Inc., Palo Alto, CA, USA), in-house
implemented for PS-MS application.

15 uL of each sample were spotted onto a paper triangle and left to dried for 1 min. The
same volume of methanol was added to allow the spray desorption every 30 s for a total
run time of 2 min.

The MS working conditions were the following: needle voltage 5250 V; shield 800 V;
capillary 60 V; housing temperature 35 °C, and the detector fixed at 1400 V. Collision gas
was argon used at a pressure within the collision cell (Q2) of 2 mTorr, while the mass
resolution at the first (Q1) and third (Q3) quadrupoles was set at 0.7 u at full width at half-
maximum (FWHM). Scan time was set at 0.1 s. Collision energy (CE) was optimized and
then set at 14 eV. MRM mode was used to quantify the analytes; in particular, the
transition m/z 195 — m/z 138 for caffeine and m/z 198 — m/z 140 for the labeled internal
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standard were monitored. The ion current of each monitored transition, averaged over the
total acquisition time, was used for the quantitative analysis.
2.5 LC-UV analysis

LC analysis were carried out using an HPLC 1100 (Agilent Technologies, Waldbronn,
Germany) equipped with a quaternary pump and a UV detector. Separation was achieved
by using a reversed phase C18 column (Luna, Phenomenex, Torrance, CA, USA), using a

flow rate of 1 mL/min and the detector set at 280 nm using a gradient water/methanol. (12)

3. RESULTS AND DISCASSION

Quantitative assay was performed using a combination of paper spray mass spectrometry
and isotope dilution analysis; the isotopomer standard was caffeine-(trimethyl-*Cs)

(Figure 1).
v CHj i 13/CH3
HBC\N N/ H313C\N N
I r, Ao
@] N N © T "
|

CHs FeHs

. 2. Caffeine-(trimethyl-1*C5)
1. Caffeine CC N0 3
CsH,oN,0, s C3H N0,
MW 194 MW 197

Figure 1 Chemical structure of analyte (1) and labeled internal standard (2)

Tandem mass spectrometry experiments were carried out in positive ion mode monitoring
the transition m/z 195 — m/z 138 for caffeine and m/z 198 — m/z 140 for the labeled
internal standard. These transitions were chosen according to ESI (+) MS/MS experiments.
The MS/MS spectrum of caffeine, in fact, is characterized by few diagnostic fragments; in
particular, the ion at m/z 138, which represents the base peak of the spectrum. The same
fragment, showing a m/z value increased of 2 Da was recorded in the MS/MS spectrum of
the labeled standard, caffeine-(trimethyl-'*Cs); this ion probably is probably generated by

the internal breakage of the six-membered ring of the molecule (Figure 2).
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Figure 2 ESI-MS/MS spectra of caffeine (A) and caffeine-(trimethyl-**C;) (B)

For the PS-MS experiment, a high voltage was applied to the paper triangle embedded with
15 pL of sample and left drying; the same volume of methanol was spotted onto the paper
every 30 sec, to allow the desorption of the ions. The acquisition time was 2 min.

The calibration curve was obtained by sampling five solutions of analyte at different
concentrations, from 2 mg/L to 16 mg/L, mixed with the solution of labeled internal
standard at ac concentration of 6 mg/L. Each solution was analyzed in triplicate. The
equation obtained showed a good linearity (y = 0.8047x + 0.1742 R?=0.9884). The ion
currents averaged over the total acquisition time, were used for quantitative analyses

(Figure 3). Each solution was analyzed in triplicate.

uuuuuu <] 195.0>137.9 [-14.0v)
B ~139.9 [-14.0V]

150 ' E

ojg]
¥

Figure 3 lon current of MRM monitored transitions, respectively for Caffeine (red) and internal standard
(green) in a calibration curve solution
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The accuracy of the analytical method was determined by two spiked samples prepared by
adding known amount of the caffeine to blank samples (soda drink). In particular the
spiked samples were prepared at two different concentration of analyte, representing the

limits of the calibration curve. In both cases the accuracy was near to 100 % (Table 1).

Table 1 Accuracy value calculated on fortified blank sample

Spiked samples Found . Accuracy ROSD

(mg/L) concentration (%) (%)
(mg/L)

S15 mg/L 5.02+0.69 100.40 13.70

S2 15 mg/L 14.60 £ 0.43 97.00 2.94

After evaluating the accuracy of the method, the real samples were submitted to the PS-

MS/MS analysis. Table 2 shows the amount found in different matrixes.

Table 2 Amount of caffeine in real samples

i D)
Real samples Amount of Caffeine RSD (%)

(mg/L)

Cola 115.90 + 8.2 4.14
Coffee 1 6887.8 £ 203.9 3.38
Coffee 2 49.21+154.1 3.13
Coffee 3 4074 + 201.5 4.94
Coffee 4 7864 + 305.6 3.9
Coffee 5 6742 + 287.2 4.2

Tea 119.7+£15.3 12.7

Energy drink 381.5+12.0 3.15
Drug 1 126.8 + 8.9 7.03
Drug 2 164.3+9.5 9.48

For all the analyzed samples, the RSD % values were lower than 13 %, confirming the
good repeatability of the PS-MS/MS measurements.

The limit of detection (LOD) and the limit of quantification (LOQ) highlighted the
sensitivity of the developed method (Table 3).
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Table 3 Limit of detection and quantification values for both beverage and drugs

mg/L mg/L
for beverages for drugs
LOD 1.2 1.2
LOQ 1.6 1.5

Also in this case, to prove the consistency of the PS-MS/MS measurements, the real
samples were submitted to HPLC-UV analysis. Results were very similar that those
obtained by PS-MRM measurements (Table 4)

Table 4 Amount of caffein obtained by PS-MS/MS and LC-UV analysis

Amount of Caffeine Amount of Caffeine

Real samples PS-MS/MS LC-UV

(mg/kg) (mg/kg)
Cola 115.90 123
Coffee 1 6887.8 6435
Coffee 2 49.21 4650
Coffee 3 4074 4190
Coffee 4 7864 8177
Coffee 5 6742 6600
Tea 119.7 378
Energy drink 3815 121
Drug 1 126.8 122
Drug 2 164.3 165

4. CONCLUSION

A new analytical procedure for quantitative assay of caffeine in drinks and drugs has been
developed. The method is based on PS-MS and isotope dilution method. The values of
accuracy and LOQ and LOD show the reliability and the sensitivity of the procedure, and
suggest a possible use of paper spray ionization technique for quantitative analysis in a

rapid and convenient way.
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GENERAL CONCLUSIONS

The strong relationship between the daily diet and human health, highlighted by many
research studies, depends to the presence of several nutraceutical compounds in the
foodstuffs. Current scientific knowledge supports that the active principles present in
certain foods can modulate different body functions and prevent some diseases. In this
field, it becomes fundamental the characterization of new potential active principles and
the development of methodologies for their purification and enrichment.

In the first part of this thesis, two new flavanone glycosides 3-hydroxy-3-methylglutaril
conjugates were identified from bergamot juice and structurally characterized. As the other
HMG-flavonoids known (melitidin and brutieridin), these new molecules can be seen as
statin-like compounds. For this reason, it was developed an innovative, fast and green
methodology to obtain enriched extracts, containing the flavonoids HMG conjugates with a
high purity degree (also up to 90 %), from different citrus fruits (bergamot, bergamot sour
orange and chinotto leaves). The enriched extracts obtained through this methodology can
be considered safe and highly quality. It was investigated the hypocholesterolaemic effect
of HMG-flavonoids enriched extract respect to the activity of simvastatin, in a rat model.
The study has provided excellent results on lowering total cholesterol level in blood, LDL
and triglycerides level. The prospective for the future is to test the activity of the extracts
through clinical trials.

New functional foods are obtained by the enrichment of frequently consumed foods with
the hydroxytyrosol, an active principle of the olive oil. The methodology is an innovative
procedure to enrich foodstuffs, because it is not based on the addition of a standard or
purified compound, but on the transfer of hydroxytyrosol from oil to food matrices with a
simple contact. The procedure is based on the use of supercritical CO, fluid extraction
which allows the selective absorption of hydroxytyrosol on the food matrices. The
antioxidant activity of new food products was evaluated by DPPH test. The results
highlighted that the enriched foods have a higher capability for scavenging of free radicals
than the original matrices.

Nutraceutical compounds are therefore considered quality markers of food, and the
development of advanced analytical methodologies to quantify these marker compounds

has became indispensable in this research field. The proper quantification of the
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nutraceuticals can give an added value to the foods; hence, the use of advanced analytical
techniques is necessary. In this field, mass spectrometry technique is one of the most
important tools for its specificity and sensitivity features.

In this thesis, some innovative mass spectrometry-based approaches for the quantification
and determination of target molecules were presented.

Novel, fast and reliable methodologies to evaluate the amount of polyhydroxylated
aromatic compounds in extra virgin olive oil were developed. In particular, the first
presented method was based on a fast microwave hydrolysis reaction followed by the LC-
MRM analysis using labeled internal standard. The second approach has provided for the
use of paper spray mass spectrometry technique. The results of the experiments have
shown the accuracy of the procedures, and the analytical parameters have highlighted the
sensitivity and reproducibility of the developed methods.

Also the analytical procedure for quantitative assay of caffeine in drinks and drugs was
based on PS-MS and isotope dilution method. The values of accuracy and LOQ and LOD
displayed the reliability and the sensitivity of the method.

The analytical methodologies developed by the exploitation of paper spray mass
spectrometry suggest a possible use of this ionization technique for quantitative analysis in
a rapid and convenient way.

Paper spray ionization technique was also used to discriminate different vegetable oils
through the TAGs profile. The combination of PS-MS measurements and multivariate
statistical analysis has shown the capability of PS-MS TAGs profile to act as marker for

the classification of vegetable oils.
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Abstract

A rapid and reliable method to assay the total amount of tyrosol and hydroxytyrosol derivatives in extra virgin olive oil has been
developed. The methodology intends to establish the nutritional quality of this edible oil addressing recent international health
claim legislations (the European Commission Regulation No. 432/2012) and changing the classification of extra virgin olive oil
to the status of nutraceutical. The method is based on the use of high-performance liquid chromatography coupled with tandem
mass spectrometry and labeled internal standards preceded by a fast hydrolysis reaction step performed through the aid of
microwaves under acid conditions. The overall process is particularly time saving, much shorter than any methodology previ-
ously reported. The developed approach represents a mix of rapidity and accuracy whose values have been found near 100% on
different fortified vegetable oils, while the RSD% values, calculated from repeatability and reproducibility experiments, are in all
cases under 7%.

Keywords Olive oil - Isotope dilution mass spectrometry - Microwave hydrolysis - 432/2012 EU regulation - Hydroxytyrosol -

Phenolic compound

Introduction

The extra-virgin olive oil (EVOO) is believed to be one of the
healthiest edible fat. The EVOO beneficial effects derive from
its particular chemical composition which includes a high per-
cent of triacylglycerols containing monounsaturated omega-9
fatty acids (above 70%), a good amount of triacylglycerols
bearing omega-6 and -3 fatty acids, vitamin E, K and an ap-
preciable presence of phenols. Each of these chemicals is
known to exert different activities: for example, phenols are
related to the protection and the improvement of the endothe-
lium function [1], and may delay atherosclerosis [2]; triacyl-
glycerols containing oleic acid moiety inhibit the formation of
blood clots [3], and vitamin E may prevent the oxidation of
cells-membrane lipids and plasma lipoproteins [4]. Phenols, in
particular, possess antioxidant and anti-inflammatory activity
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Dipartimento di Chimica e Tecnologie Chimiche, Universita della
Calabria, via P. Bucci, cubo 12/D, 87030 Rende, CS, Italy
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[5, 6] as certified by the recent Regulation 432/2012 of the
European Union [7]; the latter, with regard to olive oil, autho-
rizes to report on the label of the food that “Olive oil polyphe-
nols contribute to the protection of blood lipids from oxidative
stress” and “that the beneficial effect is obtained with a daily
intake of 20 g of olive oil...which contains at least 5 mg of
hydroxytyrosol and its derivatives (e.g. oleuropein complex
and tyrosol) per 20 g of olive oil” (Fig. 1).

It is essential, therefore, to use reliable analytical methods
to determine the exact amount of the above mentioned com-
pounds, in order to raise the value added of the extra virgin
olive oil. To date, there is no official analytical method pro-
vided by the IOC (the International Olive Council) and ap-
proved by the EU legislation; a methodology commonly used
to determine the “biophenols” in EVOO is based on HPLC
coupled to UV detection together with tyrosol and syringic
acid as internal standard. The method, however, lacks of se-
lectivity because it relies on retention times and 280 nm UV
absorbance [8]. Other methods, based essentially upon LC-
MS/MS, have been developed to quantify the tyrosol (Tyr)
and hydroxytyrosol (Htyr) derivatives. The latest one de-
scribes the assay of the dialdehydic form of Htyr and Tyr
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Fig. 1 Scheme of the tyrosol and
hydroxytyrosol conjugates
present in EVOO
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(oleacein and oleocanthal, 3,4) using purified standards [9].
Further procedures use the derivatization chemistry prior the
mass spectrometric analysis [10—12], while recently, great at-
tention was directed towards the use of hydrolysis reactions to
convert all Tyr and Htyr derivatives (3—8) to the simplest form
of the phenyl ethanoids (1,2) and their subsequent analysis.
Mulinacci et al. [13] proposed a reaction with H,SO, for 2 h at
80 °C performed on the extracted moiety of phenols, which
was adopted by Mastralexi et al. [14] for the assay of the
phenolic moiety, while a more recent approach is based on
the use of HCI either directly on the oil [15] or onto the polar
fraction [12]. The above described procedures have been
shown to be reliable, however they involve a sample prepara-
tion step and instrumental analysis experiments that are often
laborious and time consuming; on the other hand, when
employing mass spectrometry, often the accuracy is not ade-
quate unless a labeled internal standard is used [16, 17].
Here we present a fast and all-inclusive method to deter-
mine the amount of tyrosol and hydroxytyrosol derivatives,

@ Springer

L|gstr03|de aglycon (6) MW 362

OH

Oleuropein (7) MW 540

OH

ligstroside (8) MW 524

fulfilling the requirements of the legislation [7]; this novel
method is based on microwave chemistry and isotope dilution
mass spectrometry. The extracted molecules 3-8 (Fig. 1) are
reduced to simple phenols by microwave digestion under
acidic condition and then the total hydroxytyrosol and tyrosol
amount were determined by LC-MS/MS using the selected
reaction monitoring mode, in the presence of a deuterated
internal standard.

Experimental
Chemicals

Chemicals and reagents were commercially available (Sigma—
Aldrich, St. Louis, MO). Hydroxytyrosol, tyrosol and oleuropein
standards were purchased from Extrasynthese (Genay Cedex,
France). Labeled standards, d>-Hydroxytyrosol and d,-Tyrosol
were obtained by slightly modified literature methods [18].
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Synthesis of d,-tyrosol

A stirred suspension of methyl 4-hydroxyphenylacetate (1 g,
6 mmol) in D,O (18 mL) was treated with NaBD, (1.88 g,
45.13 mmol) under stirring for 8 h at room temperature. 5 mL
of'a 2 N solution of HCI was added under ice-cooling for the
decomposition of the excess reagent, and then the mixture was
extracted with Et,O. The organic layer was washed with brine
and concentrated under vacuum.

Synthesis of d,-Hydroxytyrosol

0.66 g (15.84 mmol) of NaBD, were slowly added to 8 mL of
D,O cooled in an ice bath. A solution of methyl 3,4-
dihydroxyphenylacetate (0.8 g, 4.4 mmol) in 10.5 mL of
D,O was added to the mixture, and the reaction mixture was
stirred for 7 h at room temperature. The reaction mixture was
cooled at 0 °C and HCI 2 N (21 mL) was added drop wise in
15 min. The residue was extracted with ethyl acetate
(100 mL x 6). Each extract was washed with saturated ammo-
nium chloride (50 mL), combined and dried using Na,SOy,
and finally concentrated under vacuum.

Purification of standards

The final purification of d,-tyrosol and d,-hydroxytyrosol was
performed by a Fractionlynx (Waters, Milford, MA) semi-
preparative chromatography system, using a C;g reversed-
phase column, Luna (250 x 10 mm, 5 um particle size,
Phenomenex, Torrance, CA), with an isocratic run using
0.1% HCOOH in water (93%) and CH3;CN (7%) as mobile
phase. The flow rate was set at 4.7 mL/min and the volume
injected was 1 mL. The collected fraction were evaporated
under vacuum and then lyophilized. Deuterated standards
were obtained at 99% purity.

Oil samples

Ten extra virgin olive oils were obtained from local oil-makers
and stored in amber glass bottles at 4 °C until analysis.

Standard solution

Stock standard solutions of 2000 mg/L of hydroxytyrosol and
tyrosol were prepared by dissolving the analytes in methanol.
Stock solutions of d,-hydroxytyrosol and d,-tyrosol were pre-
pared accordingly. The calibration curves were obtained using
the following concentrations (mg/L) of analytes and internal
standards: 0.125-0.250-0.500-0.750-1.200, hydroxytyrosol
and 0.250 d,-hydroxytyrosol; 0.200-0.400-0.600-0.800
tyrosol, 0.200 d>-tyrosol.

Determination of free hydroxytyrosol and tyrosol

1.5 g of each extra virgin olive oil sample was mixed with
30 uL of a d>-hydroxytyrosol solution at 125 mg/L and 30 uL
from a d>-tyrosol solution at 100 mg/L. The mixture was
stirred by ultra-turrax for 3 min to allow the homogeneous
distribution of the standards; then 1 g was extracted using
1 mL of H,O (0.1% HCOOH)/EtOH 3:7 v/v. The resulting
mixture was centrifuged at 13000 g for 3 min, and the super-
natant was diluted (1/10) with a solution of H,O (0.1%
HCOOH)/EtOH 3:7 v/v and analyzed by LC-MS/MS.

Determination of total hydroxytyrosol and tyrosol

2 g of each extra virgin olive oil sample were mixed with
25 uL of a d,-hydroxytyrosol solution at 2000 mg/L and
20 pL from a d>-tyrosol solution at 2000 mg/L. The mixture
was homogenized vigorously by ultra-turrax for 3 min, and
then 1 g was extracted using a solution 1 mL of H,O (0,1%
HCOOH)YEtOH 3:7 v/v. After the extraction 500 uL of super-
natant were added to 500 pL of HCI 2 M in a closed pyrex
vessel, and submitted to acid hydrolysis for 4 min in a micro-
wave Anton Paar Multiwave 3000 provided with a rotor 4 x
24 MC, operating at a temperature of 140 °C at the maximum
power of 1400 W. The reaction mixture was then stirred to
vortex for 1 min, diluted (1/50) with H,O (0.1% HCOOH)/
EtOH 3:7 v/v and finally injected into the instrument.

Mass spectrometry

LC-MS/MS analysis was performed using an instrument from
Thermo Scientific composed by a UHPLC Accela pump
coupled to a TSQ Quantum Vantage triple-stage quadrupole
mass spectrometer (Thermo Fisher Scientific, San José, CA).
The HPLC separation was carried out using a C;g reversed-
phase column, Hypersil (2.1 X 50 mm, 3 um particle size,
Thermo Fisher Scientific), injecting 10 uL of sample solution.
The flow rate was set at 0.3 mL/min using (A) H,O and (B)
ACN as elution solvents. The following gradient program was
used: r=0.0 min, 100% A; t=1.0 min, 100% A; t=6.0 min,
10% A; t=8.0 min, 10% A; t=9.0 min, 100% A; equilibra-
tion time 3 min. A further switching valve located on the mass
spectrometer was used to divert the LC flow to waste in the
first minute and from 7 to 12 min to protect the ion source
from contamination. Mass spectrometer was equipped with a
heated electrospray ionization (HESI II) source operating in
negative ion mode. The working conditions were spray volt-
age, — 3.5 kV; vaporizer and capillary temperatures, 280 and
270 °C, respectively; sheath and auxiliary gas at 40 and 46
arbitrary units (au), respectively. The collision gas pressure
(Ar) in the collision cell (Q2) was set at 1.0 mTorr, and the
mass resolution at the first (Q1) and third (Q3) quadrupole was
set at 0.7 Da (FWHM). The S-lens rf amplitude and the
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collision energy (CE) were both optimized individually per
compound (Table 1).

The multiple reaction monitoring (MRM) mode was used
to quantify the analytes: the assay was performed following
two transitions per compound, the first one for the quantitative
analysis and the second for validation (Table 1). Instrument
control and data processing were carried out by means of
Xcalibur software. The total LC-MS/MS method run time
was 12 min.

LC-ESI-MS/UV analysis was performed using the
FractionLynx system from Waters (Milford, MA) working in
analytical mode, equipped with a Acquity QDa mass spec-
trometer and a 2489 UV/visible detector. The chromatograph-
ic separation was carried out according to IOC methodology
[8], using a C, g reversed-phase column, Luna (250 % 4.6 mm,
5 uwm, Phenomenex), at a flow rate of 1 mL/min. The run time
was 82 min and the flow rate was fixed at 1 mL/min, injecting
a volume of 20 ul.

Results and discussion

The methodology here described aims at determining the con-
tent of Htyr and Tyr derivatives in the extra virgin olive oil, to
address the claims described in the 432/2012 EU Regulation.
The method consists of two steps: the first step concerns the
assay of the free form of Htyr and Tyr naturally present in the
EVOO, while the second step intends to determine the amount
of the linked form of the phenylethanoids that are present for
the most part as ester derivatives according to previous ap-
proaches [14].

Both analyses rely on the use of d>-Tyr and d,-Htyr isoto-
pic standard diluted directly in the extra virgin olive oil; the
homogenization step of the internal standards in the oil is
crucial in order to obtain their best distribution in the matrix.
Whereas the analysis of the free phenols may be performed by
directly analyzing the solution of the olive oil extracted with a
mixture of ethanol and acid water, the second determination is
achieved by a hydrolysis step of the bound forms. We devel-
oped a fast hydrolysis reaction using a microwave oven in a
closed vessel: in particular, the phenol solution, previously
extracted from the standard enriched olive oil, is diluted with

2 M hydrochloric acid. The acid hydrolysis has been opti-
mized by following the reaction on a spiked corn oil sample.

The corn oil, naturally missing of any phenols has been
fortified with standard tyrosol, hydroxytyrosol and oleuropein
at concentration of 100, 150 and 150 mg/kg, respectively,
simulating a high content phenols olive oil: the trial experi-
ments were performed varying the time of reaction, the power
and the temperature parameters of the oven. At the end of the
reaction, the samples were suitably diluted and analyzed by
LC-MRM following the optimized transition for Tyr, Htyr, d>-
Tyr and d,-Htyr (Table 1) [16]. Figure 2 shows how the three
variables influence the reaction. In particular, the complete-
ness of the reaction was accomplished at 1400 W, 140 °C and
4 min in the oven.

Figure 3 emphasizes the difference of the extracted phenols
solution of an EVOO sample before and after the hydrolysis
reaction analyzed by HPLC-UV using the gradient of the IOC
method (see methods). In particular, Fig. 3B shows the com-
plete disappearance of the Tyr and Htyr ester signals, and the
increase of the free from peaks.

For both free and total Tyr and Htyr analysis the determi-
nation is based on the use of electrospray triple quadrupole
mass spectrometry coupled to an HPLC; the analyzer is set in
MRM mode in order to obtain the best selectivity for the
analytes (Table 1).

The selected gas-phase transitions are those leading to the
loss of methoxy radical (m/z 106) and formaldehyde (m/z 123)
from the negative pseudomolecular ions [M-H] of Tyr and
Htyr, respectively [16]. In the case of d, standards the neutral
mass lost is increased by 2 Da. Those transitions, which are
the most abundant in term of signal, have used for the assay.
Furthermore, Table 1 describes other gas phase reactions, used
to validate the analysis; these are due to the loss of a formal
molecule of water from the molecular ion of tyrosol and to the
loss of a methoxy radical from the [M-H] ion of
hydroxytyrosol.

Table 2 discloses the values of accuracy of two fortified
corn oils, representatives of a low and a high content phenols
olive oil, after the microwave hydrolysis under the final reac-
tion conditions. As shown, the accuracies are near 100%.
These indicates that (i) the hydrolysis does not affect the free
form of Tyr and Htyr, (ii) the hydrolysis of the ester is com-
plete, and (iii) no side reaction takes place on the mixture of

Table 1 Optimized transition,

collision energy and S-lens values Analyte Transition (quantitative) Transition (confirmative) Collision energy (eV) S-lens (V)
for the analysis of Tyr and Htyr
quan conf
Tyr m/z 137 — m/z 106 m/z 137 — m/z 119 18 20 50
Htyr m/z 153 — m/z 123 m/z 153 — m/z 122 17 25 60
dy-Tyr m/z 139 — m/z 106 m/z 139 — m/z 120 18 20 50
d-Htyr m/z 155 — m/z 123 m/z 155 — m/z 122 17 25 60
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Fig. 2 Variation of accuracy 120
depending on the different Htyr
conditions employed to the = Tyr
microwave hydrolysis 100
experiment. The reaction time
was 4 min except where expressly 30
stated. The experiments were
performed on a fortified corn oil
containing Tyr, Htyr, and % 60
Oleuropein at 100, 150, and
150 mg/kg, respectively
40—
0
80°C 80°C 80°C 100° C 120° C 140° C 140° C
SOOW 1000W 14OOW 1400W 1400W 14OOW 1400w, 6 min

standards. Table 1 includes also the reproducibility results
after three different preparations.

The reaction was tested also onto a standard mixture of Tyr,
Htyr, d>-Tyr and d>-Htyr to ensure that the concentration of
the four compounds remained unchanged after the reaction. In
particular, the assay of an acidic solution at 20 ppm of Tyr and
25 ppm of Htyr after the microwave hydrolysis provided an
accuracy of 104% and 100% respectively (Table 2). We tested
the method also on a sample of fortified pomace olive oil in
order to simulate at most the extra virgin olive oil matrix.
Firstly we examined the presence of compound 1-8 in the
pomace oil by submitting the polar extract to hydrolysis.
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These allowed us to calculate the LOQ and the LOD that, in
principle, may be influenced by the reaction (Table 2).
Ascertained the absence of phenols in the pomace oil
(Fig. 4), the sample has been fortified with Tyr, Htyr and
Oleuropein at concentration of 100, 150 and 150 mg/kg,
respectively.

After hydrolysis and LC-MS/MS analysis we obtained a
value of 102.76 and 185.06 mg/kg for Tyr and Htyr giving an
accuracy of 103 and 96%, respectively. The results are sum-
marized in Table 2.

At the end, we proceeded with the analysis of ten extra
virgin olive oils collected from local oil-makers (Fig. 5).
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Fig. 3 Representative HPLC-UV chromatogram describing the signal of the olive oil phenols before (A) and after (B) the 4 min microwave hydrolysis

reaction (sample DD)
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Table 2 Accuracy values

performed on fortified corn and Fortified sample Spiking Found Mean RSD?
pomace oils and standard solution concentration concentration accuracy (%)
mixture (mg/kg) (mg/kg) (%)
Low phenols Tyr 40 40.73 +1.84 102 4.52
content com ol pypyy 30 38.08+0.77° 99 2.02
Oleuropein 30 -
High phenols Tyr 100 99.02+1.95 99 1.97
content com ol pypyy 150 194.58 +2.25° 103 1.16
Oleuropein 150 -
Standard mixture Tyr 20 20.89+0.46 104 2.20
Htyr 25 25.12+0.61 100 243
Fortified pomace Tyr 100 102.76 £ 1.82 103 1.77
oil Htyr 150 185.06+3.65° 96 1.97
Oleuropein 150
LOD (mg/kg)’ LOQ (mgkg)®
Fortified pomace Tyr 0.041 0.043
oil Htyr 0.005 0.011

#The reproducibility of the measurements were performed by analyzing each sample three times every 7 days

°LOD and LOQ values were calculated using the average signal given by the blank sample plus its standard
deviation multiplied by three times and ten times, respectively

©The concentration of Htyr found in the oleuropein fortified samples is the sum of the contribution of free Htyr
and linked Htyr

The results are described in Table 3, which also contains 3 weeks. It is worth to note that the data reported in Table 3
data on the reproducibility of the experiments over a period of ~ refers only to the free and the total content of Tyr and Htyr,
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Fig. 4 SRM chromatograms relative to the hydroxytyrosol transitions of the pomace olive oil after hydrolysis. The signals were used to calculate LOD
and LOQ
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Fig. 5 Representative MRM chromatogram of the CA extra virgin olive oil sample revealing the signal of labeled and unlabeled standards after the

hydrolysis reaction

keeping in mind that the total content is the sum of the free and
the ester conjugate form of each compound. Hence, to evalu-
ate the amount of the phenylethanoid conjugates (3—8) a cor-
rection on the molecular weight must be performed [14]. For
example, the concentration of the Htyr released from the con-
jugated compounds after the hydrolysis reaction will be given
by the total Htyr concentration minus the free Htyr concentra-
tion found in the two experiments above described. This result
should be divided by the MW of the hydroxytyrosol and mul-
tiplied by the weighted average MW of the Htyr esters. The

latter may be calculated as the average molecular weight of
oleacein (3) and oleuropein aglycone (4), since the oleuropein
(7) is present at trace amount in EVOO [19]. The number
obtained is then added to the concentration of the free Htyr
moiety. The final result should represent the concentration of
the Htyr compounds in the EVOO as requested by the EU
Regulation [7]. Similar calculation should be done for the
Tyr derivatives. The EU Regulation conditions will be ad-
dressed by the sum of the two concentration obtained.
Table 4 summarizes these values.

Table 3 Amount of free and total

tyrosol and hydroxytyrosol in EVOO sample  Free Htyr Free Tyr Total Htyr RSD* (%)  Total Tyr RSD? (%)

selected extra virgin olive oils (mg/kg) (mg/kg) (mg/kg) (mg/kg)
DD 2.96+0.15 5.82+£0.21 113.79+4.17  3.66 86.15+1.38  1.60
BR Not detected ~ Not detected 92.19+535 5.80 83.63+2.28 272
PI 7.11£0.38 7.68+£0.26 80.74+1.36 1.68 55.10+3.58  6.49
OL 21.1940.92  23.56+1.02 91.12+3.82 4.19 83.24+£4.15 498
CA 0.98+0.03 5.01+0.14 40.07+1.22 3.04 7830+ 1.87 2.39
LA 6.48 +0.09 21.16+0.16 22.63+£0.64 2.83 41.61+032 077
oC 1.97+0.02 16.14+0.23 1425+0.13 091 61.97+1.57 253
LU 10.71+0.12  11.67+0.68 4670+ 034  0.73 5549+1.82 328
RU 3.60+0.04 4.07+0.10 20.09+0.29  1.39 2385+1.59 6.67
BE Not detected ~ 11.67+0.68 1.72+£0.06  3.49 76.15+1.23  1.61

 The reproducibility of the measurements was obtained by repeating the experiment for each sample three times
(seven for sample CA) every seven days
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Table 4 Total amount of tyrosol

and hydroxytyrosol derivatives EVOO sample Total Htyr derivatives® Total Tyr derivatives® Total amount of phenyl
found in extra virgin olive oils (mg/kg) (mg/kg) ethanoids per 20 g of EVOO®

DD 254.13 199.66 9.08

BR 208.92 201.80 8.21

PI 173.97 122.11 5.92

OL 179.67 167.57 6.94

CA 89.56 181.86 543

LA 43.08 70.51 227

ocC 29.80 126.73 3.13

LU 9227 117.41 4.19

RU 40.97 51.80 1.85

BE 3.90 167.26 342

#The total concentration of each analyte X is calculated using the formula (X-Xy) x ¢¢+ Xy, where X, is the total
concentration of the species, X is the free concentration of the species and c; is the ratio between the average
molecular weight of the ester conjugate (3,4 and 5,6) and the molecular weight of X

® Total amount of species reported as indicated by the EU directive 432/2012, i.e., sum of total amount of Htyr and
Tyr derivatives expressed as mg per 20 g (EU regulation, 2012)

The calculation above performed are necessary because of
the generic sentence reported in the official directive.
Folkloristic definition of the active molecules aside [7], the
document raises the problem on how to irrefutably determine
the amount of both hydroxytyrosol and tyrosol and their con-
jugated, considering that this information can be reported on
the label of the food; we strongly recommend to modify the
claim reporting not the minimum concentration in mg/kg of
the whole family of Htyr and Tyr compounds, but at least the
minimum molar concentration, or in alternative the minimum
amount per g, expressed as Tyr and Htyr concentration equiv-
alent as suggested previously [15].

Conclusions

In conclusion a fast and reliable method to determine the
amount of free and total tyrosol and hydroxytyrosol has been
developed. The procedure meets the requirement of a recent
EU Regulation on health claim which gives the opportunity to
transform the extra virgin olive oil into a nutraceutical.
Besides, the working time of the analysis (from the sample
preparation to the analysis time) is limited to less than 30 min,
much shorter than any previous methodology reported in the
literature. The reliability of the method is assured by the use of
LC-MS/MS and labeled internal standards, while the rapidity
of the experiments is provided by the fast hydrolysis per-
formed with the aid of the microwave chemistry. The devel-
oped methodology represents an unprecedented mix of rapid-
ity and accuracy.
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to evaluate the competition of naringin for the Al(m) and H* ions. Speciation analysis made by

potentiometric titrations and supported by UV data shows that a complexation occurs at a 1:1 ligand-
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Introduction

Several biological effects, including radical scavenging and
metal chelation, are ascribed to polyphenolic compounds.
Numerous epidemiological studies have shown a correlation
between high dietary intakes of phenolics and reduced risk of
cardiovascular disease and cancer.*”® Flavonoids, which contain
a large group of polyphenolic phytochemicals with great ther-
apeutic properties, have received much attention in the treat-
ment of some diseases such as cancer, viral infection and
inflammation. Most of their pharmacological activities are
associated with enzymatic inhibition, anticancer and antioxi-
dant activity and interference with reactions such as the
formations of free radicals.®” Flavonoids are naturally present
in vegetables, fruits, and beverages such as tea and wine. In
vitro, flavonoids inhibit the oxidation of low-density lipoprotein
and reduce thrombotic tendency, but their effects on athero-
sclerotic complications in human beings are unknown. Nar-
ingin (4',5,7-trihydroxy flavanone, HL, Scheme 1) is the major
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Scheme 1 Chemical structure of naringin.
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f Electronic supplementary information (ESI) available: Fig. S1 relative to the
further tandem mass spectrometry experiment performed on the isolated
species at m/z 1185. Fig. S2 relative to the MS/MS spectrum of the other stable
species at m/z 621. See DOI: 10.1039/c7ra12281k
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to-Al(m) stoichiometric ratio. Notably, these data combined with mass spectrometry results indicate that
the complexation site is located on the B-hydroxy ketone moiety.

flavonoid in grapefruit; due to its metal chelating, antiulcer,
antioxidant, superoxide scavenging and anti-inflammatory
properties, this compound has attracted scientific interest.'***

In our continuous investigation on the complexation
behaviour of biological ligands towards some bioavailable
metal cations," ™ the purpose of this work was to study the
sequestering ability of naringin with respect to aluminium
cation under physiological conditions (i.e., 37 °C and in
0.16 mol L™" NaCl). Solubility as well as acidic constant of
naringin were determined under the same experimental
conditions, too. Although the interaction of this compound
with water is important because of its antioxidative activity in
biological media involves water as the natural solvent, most of
the studies reported in literature refers to measurements
carried out in mixed solvents due to its low solubility in
water.”*>?

The reason for choosing the aluminium cation is mainly due
to the fact that human exposure to aluminium does not serve
any essential function in human biochemistry. The aluminium
cation can enter the brain where it persists for a long time
causing neurotoxicity.>® Some of the aluminium toxicity can be
reduced by chelation, for this reason it was interesting to
explore the sequestering ability of a natural product such as
naringin to coordinate the Al(ur) ion.

Experimental
Materials

The hydrochloric acid and the sodium chloride stock solu-
tions, and the sodium hydroxide titrant solutions were
prepared and standardized as described in a previous work.>*
Aluminium(u) chloride stock solution was prepared and
standardized as previously reported.”® Naringin (Sigma-
Aldrich, =95%), used without further purification, was kept
in a desiccator over silica gel. All solutions were prepared with
bidistilled water.
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Apparatus and experimental procedure

The potentiometric apparatus and Ag/AgCl electrodes were
prepared as defined in a previous work.* The glass electrodes,
manufactured by Metrohm, acquired a constant potential
within 10 min, after the addition of the reagents, that remained
unchanged within £0.1 mV for several hours. The titrations
were carried out with the same tool described in a previous
work.” To avoid the carbonate interference a slow stream of
nitrogen gas was passed through three bottles (a—c) containing:
(a) 1 mol L™" NaOH, (b) 1 mol L™" H,S0, and (c) 0.16 mol L. "
NaCl, and then into the test solutions, stirred during titrations,
through the gas inlet tube. During the EMF measurements, the
cell assembly was placed in a thermostat kept at (37.0 & 0.1) °C.

The HPLC/UV analysis for the solubility measurements were
performed by using a Fractionlynx HPLC system (Milford, MA)
working in analytical mode equipped with a 2489 UV/Visible
detector.”® 20 pL of naringin saturated solutions were injected
into a C18 reverse phase Luna column 4.6 x 250 mm from
Phenomenex (Torrance, CA). The run time was 25 min, and the
elution gradient comprises the following step (mobile phase:
solvent A: 0.1% HCOOH/H,O, solvent: B CH3OH): isocratic
elution 80% A for 2 min; linear gradient from 80% A to 40% A in
10 min, isocratic elution 40% A for 2 min, linear gradient from
40% A to 20% A in 3 min; isocratic elution 20% A for 2 min;
linear gradient from 20% A to 80% A in 3 min; equilibration of
the column: 3 min. The area of the signal recorded at 280 nm
wavelength, was matched to a calibration curve built analysing
five standard solutions whose concentration ranged from 37.5
to 300 mg L~ " in order to calculate the unknown concentration.

Information about the structure of complexes was gathered
by recording the ESI MS and MS/MS spectra.’® These were
acquired by direct infusion of the solution (i.e., naringin-
aluminium complex at 60 mg kg ' concentration) into
a Thermo Scientific TSQ Quantum Vantage triple-stage quad-
rupole mass spectrometer (Thermo Fisher Scientific, San José,
CA). The mass spectrometer was equipped with a heated elec-
trospray ionization (HESI II) source operating in positive ion
mode. The experimental conditions were the following: spray
voltage, 3.5 kV; vaporizer and capillary temperatures, 280 and
270 °C, respectively; sheath and auxiliary gas: 40 and 46 arbi-
trary units (au), respectively. The collision gas pressure (Ar) in
the collision cell (Q2) was set at 1.0 mTorr, and the mass reso-
lution at the first (Q1) and third (Q3) quadrupole was set at
0.7 Da (FWHM). The S-lens rf amplitude and the collision
energy (CE) were 110 V and 50 eV, respectively.

Results and discussion

The complex formation equilibria between Al(u) and naringin
were studied by measuring with a glass electrode the competi-
tion of the ligand for the aluminium(m) and H' ions, using
bidistilled water as solvent at 37.0 °C and in 0.16 mol L™" NaCl.
The present study has provided, at first, the determination of
the solubility and of the acidic constant of ligand under the
selected experimental conditions. To evaluate the influence of
ionic strength and ionic media on the solubility of naringin,
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values at 37 °C were determined in pure water, in 1.0 and
3.0 mol L™ ! NaCl and in 0.5, 1.0 and 3.0 mol L™* NaClO,, also.
This knowledge is necessary when modelling the dependence of
equilibrium constants on the ionic strength.

Solubility measurements

Solubility studies allow the determination of activity coefficients
for nonelectrolyte solutes in aqueous solutions containing
a large excess of salts, whose knowledge is necessary when
modelling the dependence of equilibrium constants on ionic
strength. It is well known from literature that the low solubil-
ities in water of some solutes can be modified by the presence of
cosolutes, such as inert salts, or by increasing the tempera-
ture.>”*° Two different phenomena related to solubility changes
caused by the presence of cosolutes can be observed: salting-in
and salting-out effects.>® Saturated naringin solutions were
prepared as already described in a previous work.*” Briefly, solid
was wrapped up in a highly retentive filter paper (Whatman 42)
bag and then was kept in a glass cylinder containing pure water
as well as sodium chloride aqueous solution at pre-established
ionic strength values (i.e., 0.16 mol L"), under continuous
stirring with a magnetic bar. The cylinders were then placed in
a thermostatic water bath at (37.0 £ 0.1) °C, and the naringin
concentrations were monitored over time, until it reached
a constant value, which usually occurred in about (7 to 10) days.
Finally, the solubility values were obtained by analysing nar-
ingin saturated solutions by HPLC/UV. Results obtained at the
different ionic strengths and media are reported in Table 1.
As can be seen in Table 1, the solubility of naringin in
NaClO, is higher than those in NaCl. In particular, naringin
exhibits a salting out effect in NaCl medium, being the solu-
bility in water higher than those in sodium chloride. On the
contrary, a salting in effect is observed when the inert salt is
NaClOy,, the solubility increasing with the ionic strength. It was
not possible to compare our results with literature data, whose
are referred to measurements performed in non-aqueous

solvent.**?2

Potentiometric and mass spectrometric measurements

The metal (Cy) and ligand (Cp) concentrations were ranged
from 0.5 x 107> to 1.5 x 10 ° mol L™*. The upper limit was
imposed by the low solubility of ligand under our experimental

Table 1 Solubility at 37.0 °C of naringin in water and in aqueous
solutions of NaCl and NaClO, at different ionic strength. The uncer-
tainties represent standard deviation

I, mol L* S x 10°, mol L™*
Pure water 1.015 4+ 0.002
0.16 NaCl 0.999 + 0.004
1.0 NaCl 0.932 £ 0.004
3.0 NaCl 0.775 £ 0.003
0.50 NaClO, 1.539 £ 0.003
1.0 NaClO, 1.769 +£ 0.003
3.0 NaClO, 2.333 £+ 0.008
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conditions. The ligand-to-metal ratio was varied between 1 and
3. The hydrogen ion concentration was ranged from 3.15 X
107> mol L™" (pH 2.5) to incipient precipitation of basic salts
which takes place in the range [H'] = 0.32-0.032 x 10> mol L ™"
(pH 3.5-4.5) depending on the specific ligand-to-metal ratio.
The general equilibrium can be written as follows:

pAP" + HL 2 ALH_(HL),*"™® + gH", 8,,, (1)

which takes into account the possible formation of simple (g =
r), mixed (g # r), mononuclear (p = 1) and polynuclear (p > 1)
species. The most probable p, ¢ and r values and the corre-
sponding constants §,, were obtained by a least squares fitting
of the potentiometric data.*® In the numerical treatments, the
acidic constant of naringin (equilibrium 2), determined by
potentiometric measurements under the same experimental
conditions (i.e., 37.0 °C and in 0.16 mol L' NaCl) in the
absence of metal ion, was maintained invariant:

HL 2 L™+ H", log K, = —8.18  0.03 @)

the uncertainty on this constant represents 3¢. The reproduc-
ibility and reversibility of the latter equilibrium were verified by
performing titrations in acidic and in alkaline directions. No
attempts were made to evaluate the second acidic constant due
to the ligand oxidation reaction which occurs at a pH value
greater than 8.5. Like many other cations, AI** can be hydro-
lysed to form solutions of mononuclear as well as polynuclear
hydroxide complexes which can be stable indefinitely. The
species AI(OH)** and AI(OH),” were considered the predomi-
nant hydrolysis products under our experimental conditions.**
The relative equilibrium constants were taken from literature®
and were unchanged during the numerical evaluation, whose
details are reported below (Table 2). Experimental data
comprised 4 titrations with 78 data points.

The complexes of Al(m) with naringin were characterized by
the (1,-1,1) and (1,—3,1) stoichiometries. No other species,
introduced to improve the fit, was retained. In order to visualize
our results, the refined equilibrium constants were used to
represent the distribution of AI*" in the different species (Fig. 1).
All proposed species reached concentration levels no lower than
25% with respect to the total metal amounts. Consequently,
meaningful concentrations were obtained for each species,
allowing a correct definition of the respective equilibrium

Table 2 Survey of the log Bpq, £ (30), according to the general equi-
librium 1, for aluminium(in)—naringin complexes obtained by numerical
procedure

(qurr) log ﬁpqr + 30
(1,-1,1) 1.01 + 0.09
(1,-3,1) —8240.2

o 0.30
x> 4.28
U 3.14
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Fig. 1 Distribution diagram of aluminium cation in the presence of
naringin (Cy = 0.5 x 103 molL Yand C, = 1.5 x 10> mol L ™).

constants. In the whole pH range investigated the predominant
species is the complex with stoichiometry (1,—1,1), while the
species with (1,—3,1) stoichiometry reaches significant
percentages at a less acidic pH range (from 4.0 to 4.5). As can be
seen the species generated by the metal hydrolysis reach
concentration levels no higher than 10% confirming that the
sequestering ability of naringin towards Al(m) is competitive
with water.

To gain additional insight on the complexes formation, we
have compared the UV-vis spectra of the free and bound ligand
(Fig. 2). The naringin absorption spectrum displayed three
bands (i.e., 330, 282 and 225 nm); with an increase on metal
cation concentration the absorption maxima were red shifted
(385 and 307 nm) indicating that the complexation occurs. The
bathochromic shift in the absorption spectra confirms that
deprotonation takes place at the hydroxyl group which gives red
shifted absorption and maxima.

Mass spectrometric methodologies provide a rapid and
sensitive tool for the identification and characterization of the
species in terms of structure and stoichiometry.*>*® Therefore,
the equilibrium behaviour and the speciation models were
verified by analysing a naringin-aluminium solution, at pH 3.5
and in a stoichiometric ratio 1 : 1, with mass spectrometry in
aqueous medium. The mass spectrum of the ions generated in
source by ESI shows different species (Fig. 3). In particular, the
molecular ions at m/z 1185 and m/z 623 correspond, respec-
tively, to the aluminium complex bound to two and one mole-
cules of deprotonated naringin. The further tandem mass
spectrometry experiment performed on the isolated species at
m/z 1185 shows a clear fragmentation pattern (Fig. S11): the ion

L \ SN2
X
0 : ; ; :
200 250 300 350 400
Wavelength (nm)

S—

Fig.2 UV-vis spectra of the free ligand 0.1 x 10~ mol L™* (line 1) and
of the complexes formed between naringin and Alln) 0.1 x
103 mol L™* (line 2).
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Fig. 3 ESI (+) MS spectrum of stable ion of the naringin—aluminium
solution.

at m/z 1039 corresponds to the formal loss of one rhamnose unit
from a naringin moiety, which subsequently fragment at the
aglycon site generating the species at m/z 877 (loss of glucose
unit).

Other diagnostic ions are those at m/z 731 and m/z 569,
which are related to the loss of the rhamnose and glucose
moieties from the second naringin molecule. The latter ion,
present also as minor signal in the spectrum of stable ions
(Fig. 3) and which contains two molecules of the aglycon nar-
ingenin linked to Al, indicates that the complexation site is on
the aglycon moiety. By performing a MS/MS experiment on this
ion (Fig. 4), it is possible to observe a particular fragmentation
that leads to the formation of two complementary ions at m/z
463 and m/z 406 (Scheme 2), which suggests that the complex-
ation site is located on the B-hydroxy ketone moiety. The MS/MS
spectrum of the other stable species at m/z 621, which corre-
spond to the complex (1,-1,1) shows significant fragment
species at m/z 605 [M — L], due to the loss of a formal unit of
water, and m/z 459, which is generated by the subsequent loss of
the rhamnose unit (Fig. S27).

By combining results from potentiometric and MS
measurements we can assume that, according to the stoichio-
metric coefficients (1,—1,1) and (1,—3,1), the structure of these
species is AIL** and Al(OH),L, respectively, the other coordina-
tion sites of aluminium being occupied by water molecules.

No comparison with the literature data was possible. The
only evaluation concerns the interactions between naringin and
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Fig. 4 ESI (+) Tandem mass spectrum on the isolated species at m/z
569.
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Scheme 2 Fragmentation of the ion at m/z 569.

other metal ions.*”"** In particular, as concern iron(u) ions, the
formation of a single species of 1:1 stoichiometric ratio is
studied from a kinetic point of view. Therefore, only a qualita-
tive comparison between this data and our results is possible.
The iron(m)-naringin complex contains a stable six-membered
ring, according to the structure proposed for the aluminium-
naringin complexes (Scheme 2).

Conclusions

In this study, the first under physiological conditions, the
complexation of naringin with the Al(m) ion is reported. The
speciation models and the formation constants proposed on
the basis of potentiometric results were in agreement with
Al(m)-naringin system MS data. The latter provided information
regarding the structure of the complexes. From our results the
following conclusions can be drawn:

- an accurate speciation study of this system by potentio-
metric measurements allowed us to clearly identify the stoi-
chiometry of the complexes. This was the starting point
necessary for understanding the relative structures;

- in the pH range investigated complexes with 1:1 stoi-
chiometric ratio between aluminium and naringin, i.e., AIL*>*
and Al(OH),L, are possible;

- in agreement with previous data® the complex formation
induces a bathochromic shift of the UV-vis absorption bands;

- as confirmed by mass spectrometry results the complexa-
tion site is located on the B-hydroxy ketone moiety.
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Abstract A simple and fast method based on paper spray
mass spectrometry for the determination of caffeine in
commercial beverages and drugs has been developed; the
analyses were carried out in MRM mode, monitoring the
transitions m/z 195 — m/z 138 for caffeine and m/z 198 —
m/z 140 for the labeled internal standard. To verify the
reliability of the proposed approach, a spiked sample (soda
drink and paracetamol tablet) with a known amount of
caffeine has been prepared and analyzed by PS-MS, pro-
viding accuracy values about 100 %; the LOQ and LOD
values were calculated at 1.2 and 1.6 pg/mL, respectively.
Both beverages and drugs were also analyzed with the
classic analytical method based on LC-UV measurements,
showing consistent results between the two approaches,
thus confirming the reliability of the developed ambient
MS determination.

Keywords Caffeine - Paper spray - Mass spectrometry -
Multiple reaction monitoring - Quantitative assay

Introduction

Caffeine is an alkaloid found in plant species predominantly
growing in the tropic or subtropic regions of the world. Plants
use caffeine as a natural pesticide since it is toxic to insects.

< Fabio Mazzotti
fmazzotti@unical.it

Dipartimento di Chimica e Tecnologie Chimiche, Universita della
Calabria, Via P. Bucci Cubo 12/C, 87036 Arcavacata di
Rende, Cosenza, Italy

Caffeine is naturally found in more than 60 plants, including
tea leaves, coffee beans, kola nuts. Most of them are used to
flavor soft drinks such as colas and cacao pods, and to prepare
chocolate products [1]. Furthermore, caffeine is an ingredient
of some energy drinks; it is often added in combination with
synephrine in foods or food derivate usually used to induce
weight loss or to increase sport performances. Moreover,
some drugs as well as cosmetics contain caffeine [2].
Caffeine, like other natural compounds [3], shows pharmaco-
logic effects in humans, such as central nervous system stim-
ulation, diuresis, and stimulation of cardiac muscle. This al-
kaloid is able to cause insomnia and increases blood pressure
[4-8]. Caffeine is metabolized within the liver: about 200 mg/
dose of caffeine would take not less than 40 h to be completely
excreted. However, the greatest perceived effects of caffeine
consumption are experienced during the first 4-6 h. Recently,
the European Food Safety Authority (EFSA) recommended
the daily dose for an adult: for a safe intake, the suggested
caffeine amount is 400 mg per day, corresponding to about
four cups of coffee. Further, the maximum recommended dose
for pregnant women is 200 mg [9]. Currently, several analyt-
ical methods describing the quantitative determination of caf-
feine within complex matrices are reported in literature.
Different techniques and sample preparation protocols are
used (e.g., HPLC, gas chromatography, electrochemical anal-
ysis, and mass spectrometry (MS) [10—18]. The latter is an
analytical technique that employs ionization of compounds
and their mass analysis in order to determine their formula,
structure, and amount [19-25]. In particular, ESI-MS is one of
the most versatile ion sources used in a wide range of analyt-
ical applications [26, 27]. Recently, a new family of MS ion-
ization sources have been developed, allowing ions to be gen-
erated under ambient conditions and then collected and ana-
lyzed by MS [28-30]. Ambient mass spectrometry is a tech-
nique able to record mass spectra on ordinary samples, in their
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native environment, with minimum sample pretreatment by
creating ions outside the instrument [31]. Many of these mod-
ern MS techniques are developed to work directly on the sam-
ples (e.g., biological tissue, fruits, leaves, or biological fluids)
or on samples deposited on solid supports rather than on ex-
tracts obtained after several purification steps [32-34]. Paper
spray mass spectrometry (PSMS) is a simple technique for
introducing unprocessed samples of fluids to the mass spec-
trometer. Analyte ions are generated at room temperature and
atmospheric pressure out of the spectrometer by applying a
high voltage and a few microliters of spray solvent onto a
porous substrate, such as a piece of paper; Fig. 1 schematically
shows the operation of PS-MS.

Samples, depending on the experiments (qualitative,
quantitative, derivatization chemistry), can be preloaded
onto the paper or mixed into the spray solution. Paper
spray ionization has been applied for the analysis of crude
biological samples [35]. Application of PS MS was dem-
onstrated with urine, blood, tissue samples, leaves (also
called as leaf spray MS), and others [36, 37]. The geom-
etry of the paper (usually a triangle) and the method of
supplying the necessary internal standard for data normal-
ization or perform an assay are important factors that af-
fect the ionization efficiency as well as the sensitivity and
accuracy of the spectrometric data. Moreover, changing
the angle of the paper tip, the spray plume, the total spray
current, and the electric field intensity at the tip all change
accordingly, resulting in significant signal intensity differ-
ences. Furthermore, the sample loading procedure is im-
portant for obtaining stable ion current and, consequently,
accurate analyses. Paper spray approach can be imple-
mented for a high throughput analysis using an individual
device [38, 39].

Furthermore, ambient mass spectrometry analysis is
usually faster than the classic techniques: seconds to few
minutes are usually needed to record MS and/or MS/MS
spectra by the use of few microliters of a proper solvent or
solvent mixture [40—43]. The use of labeled internal stan-
dards improves both precision and accuracy of the mea-
surements by reducing drawbacks arising from the calibra-
tion procedure, sample preparation, and matrix effects; this

P —
@ O/

Mass Spec

A

V Paper triangle
i

Fig. 1 Paper spray ionization mass spectrometry
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approach is successfully adapted to the paper spray, where
further problems may be due also to the paper triangle used
as support for the sample handling [44]. The present study
reports a paper spray mass spectrometry method for the
rapid determination of caffeine in beverages and drugs
based on multiple reaction monitoring (MRM) and isotope
dilution method using as internal standard
caffeine-(trimethyl-'>C5) (Fig. 2).

Experimental
Sample preparation

Samples were purchased in a local store (beverages) and in
a pharmacy (drugs). For PS-MS analysis, beverages (N=28)
were first centrifuged (3 min, 12,000 rpm); 30 puL of the
internal standard solution at a concentration of 1000 pg/
mL were added at 470 uL of each beverage sample,
vortexed for 30 s, diluted 10 times with water, and then
directly spotted onto the paper triangle for PS-MS analysis.
Drugs (N=2) were first ground and then extracted using
1 mL of methanol (7 mg and 3 mg, respectively); the in-
ternal standard solution was added (60 uL of a solution of
100 png/mL). The same samples, properly diluted and with-
out the internal standard, were submitted to LC-UV
analysis.

Mass spectrometry

The MS analyses were carried out in positive ion mode
with a LC 320 triple-stage quadrupole mass spectrometer
(Varian Inc., Palo Alto, CA, USA), in-house implemented
for PS-MS application. A volume of 15 pL of sample was
spotted onto a triangular shaped paper matrix and, once
dried (1 min), the same volume of methanol was added to
allow the spray desorption every 30 s for a total run time of
2 min. The following working conditions were applied:
needle voltage 5250 V; shield 800 V; capillary 60 V; hous-
ing temperature 35 °C, and the detector fixed at 1400 V.
Collision gas was argon used at a pressure within the col-
lision cell (Q2) of 2 mTorr, while the mass resolution at the
first (Q1) and third (Q3) quadrupoles was set at 0.7 u at full
width at half-maximum (FWHM). Scan time was set at
0.1 s. Collision energy (CE) was optimized and then set
at 14 eV. MRM mode was used to quantify the analytes; in
particular, the transition m/z 195 — m/z 138 for caffeine
and m/z 198 — m/z 140 for the labeled internal standard
were monitored. The ion current of each monitored transi-
tion, averaged over the total acquisition time, was used for
the quantitative analyses.
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1. Caffeine

LC-UV analysis

LC analysis were carried out using an HPLC 1100 (Agilent
Technologies, Waldbronn, Germany) equipped with a quater-
nary pump and a UV detector. Separation was achieved by
using a reversed phase C;g column (Luna, Phenomenex,
Torrance, CA, USA), using a flow rate of 1 mL/min and the
detector set at 280 nm using a gradient water/methanol [45].
The reported analytical parameters of LOD and LOQ for caf-
feine are 4.2 and 14 ug/mL, respectively [14].

Analytical parameters

The limit of detection (LOD) and the limit of quantitation
(LOQ) were calculated following the directives of TUPAC
and the American Chemical Society’s Committee on
Environmental Analytical Chemistry, i.e., as follows:

Stop = Sre + 3 0rB
Stoq = Sre + 100rB

where Sy op is the signal at the limit of detection, Sy oq is the
signal at the limit of quantitation, Sgp is the ratio of the signals
given by the transitions of the analyte and of the internal
standard from the blank sample, and oRB is its standard de-
viation. The concentrations were calculated by the standard
curve.

Results and discussion

Paper spray is a simple and fast ambient MS technique for
introducing unprocessed liquid samples within a mass spec-
trometer. Paper spray ionization incorporates adsorption chro-
matography and/or solid phase extraction steps directly into
the ionization process, allowing direct analysis of analytes
from different matrices. The MS/MS spectrum of caffeine is
characterized by few diagnostic fragments; in particular, the
ion at m/z 138, representing the base peak of the spectrum.

2. Caffeine-(trimethyl-13C;)

The same fragment, showing a m/z value increased of 2 u was
recorded within the MS/MS spectrum of the labeled standard,
caffeine-(trimethyl-'>C5); this ion more probably is generated
by internal breakage of the six-membered of the molecule
(Fig. 3).

The use of stable isotopes as internal standards for the MS
analytes assay within complex mixtures represents an ex-
tremely accurate method of quantitative chemical analysis
[46]. The quantitative method presented here is based on the
coupling of the isotope dilution method and the paper spray
mass spectrometry. Tandem mass spectrometry was chosen to
ensure the greatest specificity, using MRM scanning mode
with the paper spray to speed up both the sample pretreatment
and the analysis total time. When the solvent is spotted onto
the center of the paper triangle embedded with the beverage or
the drug extract and high voltage is applied, a sort of spray of
charged droplets is generated from the tip of the paper triangle.
So, considering that the sample once deposited onto the trian-
gle is allowed to dry for 1 min, and the acquisition time for the
MRM experiment is 2 min, (spotting 15 pL of methanol each
30 s), the total time of the whole process is very short. The
calibration curve, built by sampling in triplicate each of the
five solutions at different concentrations, showed a good lin-
earity (y=1.4449x —0.1921; R*=0.9952). The concentrations
of'the analyte in the standard solutions ranged from 2 to 16 pg/
mL (2, 4, 6, 8, 16, ug/mL), whereas that of the internal stan-
dard was fixed at 6 pg/mL. The beverage samples were ana-
lyzed without any treatment, whereas drug samples were
quickly extracted with methanol; for all the samples, the
internal standard solution was added before the dilution
step (see Experimental). The PS-MS/MS method, de-
scribed here, was applied to real samples (beverages and
drugs) and spiked samples (soda drink and paracetamol
tablet). The latter were used for the analytical parameters
calculation. The accuracy of the method was determined
from samples prepared by adding known quantities of the
caffeine to blank samples. In the two spiked samples
(Table 1), prepared at concentrations representing the
limits of the calibration curve, the accuracy was higher
than 97 %.
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For all the analyzed samples, the RSD % values were
calculated lower than 13 %, confirming the good repeat-
ability of the PS-MS/MS measurements. Furthermore, the
calculated analytical parameters of LOD, LOQ, as well as
accuracy and reproducibility, confirmed the integrity of the
proposed approach. The detection and the quantification
limits ranged from 1.2 to 1.6 pug/ml, confirming the good
sensitivity of the proposed. The recovery of the whole pro-
cess related to the beverages was quantitative because no
extraction step was involved within the beverages sample

Table 1  Analytical parameters of accuracy, LOQ, LOD, and
reproducibility® (RSD %) of the proposed method

Spiked samples Calculated ~ RSD % Accuracy %
amount
pg/mL
Beverages
S15 pug/mL  5.02+0.69 13.7 100,4
S2 15 pg/mL 14.6+043 294 97.0
Drugs
S15 pug/mL  491+0.61 124 101.3
S2 15 pg/mL 152+0.51  3.36 97.0
LOD pg/mL LOQ pg/mL Reproducibility RSD%"
Beverages 12 1.6 Cola 13.9
Drugs 12 1.5 Drug 1123

#The reproducibility of the measurements was obtained by analyzing
each sample three times over a period of 1 week

@ Springer

preparation. Since caffeine enriched drugs are on the mar-
ket in a solid form (tablet or granulated powder), they were
quickly solvent extracted. In any case, the recovery was
quantitative. Caffeine amounts obtained from N=8 com-
mercially available beverages and N=2 drugs are summa-
rized in Table 2. Moreover, to further demonstrate the con-
sistency of our presented PS-MS/MS methodology with
the common methods reported within the literature, LC-
UV analyses were carried out injecting the same samples,
properly diluted [42]. Results were similar to the PS-MS/
MS measured caffeine amounts. All the measured values
are reported in Table 2.

Table 2 Amount of caffeine found in real samples
Samples Caffeine found RSD % HPLC analysis
(PS-MS) pug/mL pg/mL

Cola 115.9+8.2 4.14 123
Coffee espresso 1 6887.8+203.9 3.38 6935
Coffee espresso 2 4921+154.1 3.13 4650
Coffee espresso 3 4074+201.5 4.94 4190
Coffee espresso 4 7864+305.6 39 8177
Coffee espresso 5 6742+287.2 4.2 6600
Energy drink 381.5+12.0 3.15 378
Tea 119.7£15.3 12.7 121
Drug 1 126.8+8.9 7.03 122
Drug 2 1643+9.5 9.48 165
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Conclusions

A reliable, fast, and “green” method for the assay of caffeine
present in commercial beverages and drugs has been devel-
oped. The presented strategy appears as an alternative and
faster method to the classic approaches for quantitative anal-
ysis commonly used and reported in literature, such as LC-UV
methods. The analytical parameters and the direct comparison
with the LC-UV measurements support the reliability of the
PS-MS technique. The use of labeled internal standard is
needed for quantitative analysis by PS-MS. Since ambient
MS is quite adaptable to rapid and reproducible molecular
screenings and semiquantitative and quantitative analyses,
the method could be extended to the assay of caffeine metab-
olites within biological fluids, directly or after a simple step of
sample preparation.
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