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« C’est une folie de hair toutes les roses parce qu’une épine vous a piqué,
d’abandonner tous les réves parce que ['un d’entre eux ne s’est pas réalisé,
de renoncer a toutes les tentatives parce qu’on a échoué.

C’est une folie de condamner toutes les amitiés parce qu 'une vous a trahi,
de ne croire plus en [’amour juste parce qu’'un d’entre eux a été infidéle,

de jeter toutes les chances d’étre heureux

juste parce que quelque chose n’est pas allé dans la bonne direction.

Iy aura toujours une autre occasion,

un autre ami, un autre amour, une force nouvelle.

Pour chaque fin il y a toujours un nouveau départ. »

Antoine de Saint-Exupéry
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Abstract

Abstract

In the last years, the research in food science and nutrition has grown parallel to the
consumers’ concern about the quality and safety of the food they eat. As a result, ensuring
food safety, food quality and investigating on nutrition has never been more necessary than
today. More powerful analytical procedures are now required to detect and identify
undesired and toxic compounds. Moreover, consumers demand is now moving toward the
valorization of food with potential health benefits. The identification of bioactive
compounds is crucial to provide customers a healthy diet. Finally, one of the main challenges
is to improve our limited understanding of the roles of nutritional compounds at molecular
level. Food scientists have to face a large number of challenges to adequately answer the
new emerging questions of food science. In this context, mass spectrometry showed to be a
powerful tool for the investigation on food quality, safety and nutrition.

The technical developments of chromatography coupled to mass spectrometry allowed
several progresses for the detection of both endogenous compounds and contaminants in
food. However, the main progress was due to high resolution mass spectrometry, a promising
technique that has opened new horizons in screening and identification of a wide range of
unknowns compounds. Mass spectrometry-based metabolomics is a key tool that has been
involved, nowadays, in the study of the food and nutrition domains. As per definition,
metabolomics includes the exhaustive study of the whole small metabolite composition of a
particular system, the food metabolome is not an exception, being rich of endogenous and
exogenous compounds with different properties and abundances. Nowadays, three main
approaches for the screening of substances can be pointed out: targeted screening (analysis
of few known compounds), suspected screening (analysis of a class of expected compounds)
and untargeted screening (analysis of a wide range of unknown and unexpected compounds).

In this thesis, the three approaches have been studied in details to understand their
difficulties, advantages and disadvantages for the analysis of food metabolome. Several steps
have been proved to be necessary for the development of a reliable analysis such as sample
preparation, chromatographic and mass spectrometric method, data analysis and
identification. The thesis is then divided in three main sections: targeted approach for food
safety, suspected approach for food quality, untargeted approach for nutrition. In each

section, one of the three main approaches used in food metabolomics has been studied for
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its application on one of the three different food analysis fields. Moreover, each topic has
been treated focusing the attention on a specific step of the method development.

The topic of metabolomics for food safety has been studied in a targeted approach by
developing a method for the analysis of secondary metabolites of fungi, namely mycotoxins,
in food (Paper | and Il). A particular material for the clean-up of mycotoxins for their
quantification in milk and cereals was presented.

The topic of metabolomics for food quality has been treated in a suspected approach by
developing a method for the analysis of several classes of secondary metabolites of plants
such as phenolic acids, flavonoids, and glucosinolates in food (Paper Ill, IV and V). The
development of a chromatographic and mass spectrometric method for the metabolic
profiling of strawberry and cauliflower was presented.

The topic of metabolomics for nutrition has been treated in an untargeted approach by
developing a method for the analysis of the human urinary metabolome after the
consumption of meat and dairy products. Several data analysis approaches have been shown
for the investigation of the whole urinary metabolome.

Ultimately, it has been shown how several aspects should be taken into account when
analyzing complex matrices like food through different approaches. Sample preparation,
chromatographic and mass spectrometric methods and data analysis have to be treated in
different ways based on the used approach. In each case, the advantages of each technique
can be exploited based on the purpose of the study. However, aside from the challenges that
have to be faced, mass spectrometry-based metabolomics can definitely represent a powerful

tool for food safety, quality and nutrition.
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Chapter 1: Background

1 Food safety, quality and nutrition

In the last years, the awareness of the impact of food on health has led to an increased
interest on food safety and quality assessment. Research in food science and nutrition has
grown parallel to the consumers’ concern about the safety of the food they eat. The
complexity of this issue is due to the globalization and the movement of food and related
raw materials worldwide generating several contaminations. Moreover, many products
contain multiple and processed ingredients, which are often shipped from different parts of
the world, and share common storage spaces and production lines. As a result, ensuring the
safety, quality, and traceability of food has never been more complicated and necessary than
today.

The first goal of food science has traditionally been, and still is, to ensure food safety.
The new European regulations in the European Union countries (e.g., Regulation EC 258/97
or EN 29000 and subsequent issues), the Nutrition Labeling and Education Act in the USA,
and the Montreal Protocol have had a major impact on food laboratories. Consequently, more
powerful, cleaner, and cheaper analytical procedures are now required by food chemists to
detect and identify undesired compounds such as toxic or dangerous contaminants. Several
classes of contaminants of both natural and synthetic origin can be detected in food.
Detection and quantification at low levels of these contaminants is crucial for the assessment
of the safety of the food available on the market [1].

Aside from the detection of toxic compounds, consumers demand is now moving toward
the valorization of food with potential health benefits. Today, food is considered not only a
source of energy but also an affordable way to prevent future diseases. The importance of
the relationship between food and health is demonstrated by the development of several
scientific fields such as nutraceutics. The characterization of food and the identification of
compounds believed to benefit human health is crucial for both the food and the dietary
integrators market, to provide customers with a healthy, balanced diet. To give an adequate
answer to the rising consumer demands, food and nutrition researchers around the world are
facing increasingly complex challenges that require the use of the best available science and
technology. The new methodologies and the new generated knowledge derived from this
trend is impressive and it includes, for example, the possibility to account for food products

tailored to promote the health and well-being of population [1, 2].
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Food scientists and nutritionists have to face a large number of challenges to adequately
answer the new questions emerging from this new field of research. One of the main
challenges is to improve our limited understanding of the roles of nutritional compounds at
molecular level. Interaction of modern food science and nutrition with disciplines such as
pharmacology, medicine, or biotechnology provides impressive new challenges and
opportunities. Researchers in food science and nutrition are moving from classical
methodologies to advanced analytical methodologies such as “omics” approaches and
bioinformatics, frequently together with in vitro, in vivo, and/or clinical assays to investigate

topics in food science and nutrition that were considered unapproachable few years ago [1].

2 Food safety

The Food and Agriculture Organization (FAO) and the World Health Organization
(WHO) define the concept of "food security™ as "physical and economic access by all people
at all times to sufficient, safe and nutritious food to cover their dietary needs and food
preferences for an active and healthy life" [3].

In developed countries, where access to enough food seems guaranteed, it is the aspect
related to food safety the matter of concern. At the beginning of the century, the safety of
the food became a priority for both consumers and public administrations. This was mainly
due to the incredible change in production systems, technologies and eating habits. Intensive
land use and industrial production led to the presence of chemical contaminants in food due
to both environmental pollution and industrial food processing.

Although the main source of food contamination is due to abiotic pollution, resulting from
the presence of chemicals and their metabolites, biotic contamination can also strictly affect
food safety. Bacteria or fungus can indeed produce some dangerous toxins that could
contaminate several kinds of foods.

In the next paragraphs, a brief overview of the typical contaminants that are often

investigated in the area of food safety will be presented.



Chapter 1: Background _

2.1 Abiotic contaminants

Scientific and technological advances have led to the development of new chemical
compounds that, despite offering benefits in various areas, could also be potentially toxic.
All these chemical compounds may enter into the environment in different ways and, being
able to resist to photochemical and biological degradation, they persist in the environment
and they bioaccumulate in living systems.

Environmental contaminants can be present in air, water or soil, then easily entering the
food chain, posing an acute health risk if present at high concentrations. The major concern
related to the presence of environmental contaminants in foods is their potential endocrine
disruption, carcinogenic and other chronic effects.

Traditionally, attention to chemical contamination has focused on conventional
pollutants, i.e., those regulated due to the large volume in which they are issued. However,
it is noteworthy that another large group of chemical contaminants, not being present in the
environment at high concentrations, have harmful effects on it and on the health of living
systems. These pollutants are included within the so-called "emerging contaminants”, a term
that refers to all those pollutants that are not currently regulated by law in full, but might be
candidates for a future regulation since it is believed or intuited that could be potentially
harmful for environment or health [4, 5]. Within the chemical pollutants we can find different
groups such as for example pharmaceuticals, personal care products, drugs of abuse,
hormones, surfactants, heavy metals, polyfluorinated compounds, polycyclic aromatic
hydrocarbons, brominated flame retardants, organochlorine compounds, plasticizers and
additives[6]. Among all these classes of chemical pollutants, pesticides and veterinary drugs
are two of the classes of major concerns when dealing with food safety.

The use of pesticides has become an integral part of modern agriculture to increase crop
yields and quality by controlling various pests, diseases and weeds. Although pesticides are
crucial for fighting hunger and disease, it cannot be ignored their toxicity to living organisms
that can undergo their harmful effects through the environment or food treated with these
compounds. The toxic effects of pesticides depend on the dose, route of exposure and
exposure time. Approved uses of pesticides following good agricultural practices should
result in pesticide residues below maximum residue limits established in a given country.

Several compounds belonging to the class of veterinary drugs can be detected in animal

derived food. These drugs, which are administered to live animals, can remain as residues in
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animal tissues. The major classes of veterinary drugs include antibiotics, anthelmintics,
coccidiostats, nonsteroidal anti-inflammatory drugs, sedatives, corticosteroids, beta-agonists
and anabolic hormones. Some of these drugs are carcinogenic, some other show endocrine-
disrupting effects, certain antibiotics can cause severe allergic reactions in sensitive
individuals and increase the risk that pathogenic microorganisms become resistant to
antibiotics. Therefore, parent drugs and in some instances, their metabolites are either
banned in animal-derived foods or regulated as maximum limits when the drugs are
approved for use.

Finally, other contaminants in food could be derived from processes like food processing,
migration of contaminants from packaging to food or food additives and food adulteration.

2.2 Biotic contaminants

Toxins are naturally occurring substances that can be classified in several groups based
on the organisms they are produced by. They can be either plant toxins, bacterial toxins,
marine biotoxins (phycotoxins) or fungal toxins (mycotoxins). While the bacterial/fungal
contamination can be eliminated with heat treatment, the toxins can remain permanently in
the food product as contaminants, representing one of the major concerns in foods.

Among plant toxins there is a large number of structurally similar compounds such as the
about 500 pyrrolizidine alkaloids. Plant toxins are still analytically interesting because
several studies showed their presence in several foods[7]. Also, marine biotoxins, highly
toxic compounds produced by phytoplankton, are monitored and regulated by certain limits
because of their toxicity to humans. Finally, mycotoxins are secondary metabolites produced
by filamentous fungi (molds) that can colonize various crops, resulting to be pose a health
concern for humans.

Mycotoxins are formed frequently in field crops during the growing season and are
unavoidable as a result of our inability to control the environmental and crop susceptibility
factors that allow for their production by toxigenic, plant pathogenic fungi. They are of
concern mainly in cereals, nuts, infant formula, milk, dried fruit, coffee, fruit juice and
wine.[8] Fungal toxins comprise one of the major sources of food poisoning in humans,
agricultural animals and wildlife. The impacts of these naturally occurring toxins range from

acute disease and deaths to chronic disease with production of tumors and significant
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immunosuppression underlying the occurrence of other infectious bacterial and fungal
diseases. The risks associated with these mycotoxins occurring in field crops, foods, feeds
and animal products impacts both food safety and economic aspects of the marketing of
grain for food and feed (Figure 1.1). Thus, food and feed manufacturers have a great concern
for the occurrence of mycotoxins in the commodities used in their products. There are many
mycotoxins, but only a few are currently regulated, with the European Union, having a more
comprehensive list than most other countries, which includes aflatoxins, ochratoxin A,
patulin, deoxynivalenol, zearalenone, fumonisins and T-2/HT-2 toxins[9]. Despite the
limited number of regulated mycotoxins, there is considerable interest in a more widespread
screening, as there is evidence to suggest that a wide range of fungal metabolites and

conjugates can occur naturally in foods.

Effects of Mycotoxins

T-2 Toxin, DON, AFB, B et | DON - Deoxynivalenol

o Gastroanteritis 4 liﬁ A S R ZEN - Zearalenone
Impaired thermoregulation

» Intestinal hemorrhages « Convulsions AFB, - Aflatoxin B,

» Impaired rumen function i - i T-2 Toxin

_» Diarrhea

: Kéqisls Ergots - Ergot Alkaloids

Endotoxins

~ ZEN, Ergots
« Irregular heats:
* Low conception rates.

» Ovarian cysts i X 5
* Embryonic loss b T-2 Toxin, DON, Ergots
* Abortions * Decreased feed intake

« Low testicular development

* Decreased feed efficiency
* Low sperm production 1

'AFB,, T-2 Toxin, DON
‘* Milk contamination
~» Decreased milk production
‘» Mastitis

DON, Ergots, Endotoxins
+ Laminitis (lameness)

mycofix.biomin.net

Figure 1.1: Mycotoxins effects on cows when fed with contaminated feedings [10].

3 Food quality

The term “food quality” includes multiple aspects of food such as composition, aroma,

flavour, taste, or food properties like bioactivity. One of the key aspects in assessing food
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composition is aroma determination, due mostly to volatile compounds, and taste
determination, due mostly to non-volatile compounds. Compounds contained in foods are of
great importance as they are highly relevant for the perceived overall quality of a particular
product. Besides the sensorial aspects, assessing the composition of food is important to
obtain a comprehensive profiling of a specific food product, that it is essential in order to
assess food variety and origin. Finally, the comprehensive profiling of a food product,
together with an investigation on the relationship between its composition and the effect on
human health, has an important role in the assessment of food quality. The detection and
identification of bioactive compounds can be really helpful for nutraceuticals isolation or
production.

3.1 Bioactive compounds

In the recent years, several studies showed that food does not only provide adequate
nutrients to meet the metabolic requirements of the body, but it can also contribute to the
improvement of human health. The identification of compounds believed to benefit human
health is crucial to provide a healthy balanced diet.

These compounds are usually referred to as bioactive compounds or nutraceuticals.
Biesalski et al. [11] defined as bioactive those “compounds that are essential and
nonessential (e.g., vitamins or polyphenols) that occur in nature, are part of the food chain,
and can be shown to have an effect on human health”. More specifically, the compounds
showing positive effects instead should be designated by the term “nutraceuticals” [12].
Nutraceuticals can be found in foods of both animal and vegetal origin (the latter being
currently referred to as “phytochemicals”). The term “phytochemicals” refers to plant-
derived compounds that are not considered essential nutrients, but have been demonstrated
to have beneficial health effects. Plants synthesize a vast range of organic compounds that
are traditionally classified as primary and secondary metabolites. Primary metabolites are
compounds that have essential roles associated with photosynthesis, respiration, and growth
and development. These include phytosterols, acyl lipids, nucleotides, amino acids and
organic acids. Other phytochemicals are referred to as secondary metabolites and their
function appears to have a key role in protecting plants from herbivores and microbial

infection, as attractants for pollinators, as UV protectants, etc. Secondary metabolites are
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also of interest because of their use as dyes, fibers, glues, oils, waxes, flavoring agents, drugs
and perfumes, and they are viewed as potential sources of new natural drugs, antibiotics,
insecticides and herbicides [13] [14]. In recent years, the role of some secondary metabolites
as protective dietary constituents has become an increasingly important area of human
nutrition research. There is an increasing evidence that modest long-term intakes of some
phytochemicals can have favorable impacts on the incidence of cancers and many chronic
diseases, including cardiovascular disease and Type Il diabetes. Based on their biosynthetic
origins, plant secondary metabolites can be divided into three major groups: flavonoids and
allied phenolic and polyphenolic compounds, nitrogen-containing alkaloids and sulphur-
containing compounds and terpenoids [15].

3.1.1 Phenols, phenolic acids, polyphenols

Plant phenolics are biosynthesized almost exclusively via the shikimate pathway (Figure
1.2). The shikimate pathway is an essential metabolic route by which plants, fungi and
bacteria synthesize the aromatic amino acids phenylalanine, tyrosine and tryptophan, as well
as a number of other aromatic compounds which are critical to sustaining the primary
functions of living organisms. The intermediates of the shikimate pathway also serve as
starting points for biosynthesis of a vast number of plant and microorganism secondary
metabolites which, although not critical to the immediate survival of the producing
organism, however help it in different ways to maintain its position in ecological
environment [16]. The majority of these shikimate-derived substances are formed from the
end products of the shikimate pathway, i.e. the aromatic amino acids. Phenolics are one of
the most important groups of secondary metabolites in plants. From a structural point of
view, phenolic compounds include a wide range of substances: simple phenols, phenolic
acids, phenylpropanoids, coumarins, quinones, flavonoids, tannins, and other miscellaneous
phenols [17]. Phenolics having a basic structure of a three-carbon side chain on an aromatic
ring (C6-C3 skeleton) are known collectively as phenylpropanoids and are probably the most
common shikimate metabolites. In plants, phenylalanine ammonia lyase converts
phenylalanine to trans-cinnamic acid, which is the precursor of thousands of phenolic
compounds, including simple phenolics, phenylpropanoids, and flavonoids. Hydroxylation

of cinnamic acid produces p-coumaric acid, which can be further hydroxylated and
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methylated to form caffeic, ferulic, and sinapic acids. These simple phenylpropanoids are
the building blocks of the complex polymers such as suberins and lignins. Stilbenes and
flavonoids are formed by condensation of a phenylpropane unit with a unit derived from
acetate via malonyl-coenzyme A. Flavonoid metabolism (Figures 1.2 and 1.3) is composed
of a number of branch pathways leading to isoflavonoids, flavonols, proanthocyanidins

(condensed tannins), and anthocyanins [18].

Shikimic acid pathway
Acetate pathway
Phenylalanine C3 /
3 Acetyl CoA +3 CO2
l PAL /
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acid 3
Simple phenols
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Figure 1.2: End products of shikimate and acetate pathways.
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Phenolic acids are organic acids containing two distinguishing constitutive carbon
frameworks: the hydroxycinnamic and hydroxybenzoic structures. Even if the basic skeleton

remains the same, the numbers and the positions of the hydroxyl groups on the aromatic ring

create the variety [17].
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Figure 1.3: Flavonoid biosynthesis
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Hydroxycinnamic acids are ubiquitously found in fruits, vegetables, and cereals [19], and
the major are p-coumaric, caffeic, ferulic, and sinapic acids.The benzoic acid derivatives,
such as gallic, syringic, vanillic, and salicylic acids, although not strictly phenylpropanoids
themselves because they lack the three carbon side chain, originate from the
phenylpropanoids cinnamate and p-coumarate [20]

Flavonoids are polyphenolic compounds comprising fifteen carbons, with two aromatic
rings (rings A and B in Figure 1.3) connected by a three-carbon chain that forms a closed
pyran ring (heterocyclic ring containing oxygen, the C ring) with ring A. Therefore, their
structure is also referred to as C6-C3-C6. They can be subdivided into different subgroups
depending on the carbon of the C ring on which B ring is attached, and the degree of
unsaturation and oxidation of the C ring. Flavonoids in which B ring is linked in position 3
of the ring C are called isoflavones; those in which B ring is linked in position 4,
neoflavonoids, while those in which the B ring is linked in position 2 can be further
subdivided into several subgroups on the basis of the structural features of the C ring. These
subgroup are: flavones, flavonols, flavanones, flavanonols, flavanols or catechins and
anthocyanins. Finally, flavonoids with open C ring are called chalcones. In each subgroup
flavonoids can be differentiated based on the substituents on rings A and B [21]. Hydroxyl
groups are usually present at the 4, 5 and 7 positions. Sugars are very common with the
majority of flavonoids existing naturally as glycosides. Whereas both sugars and hydroxyl
groups increase the water solubility of flavonoids, other substituents, such as methyl groups,
make flavonoids lipophilic. Their biological activities depend on the structural features of
the ring B and the patterns of glycosylation and hydroxylation of the three rings, making the
flavonoids one of the most diversified groups of phytochemicals [22]. Although flavonoids
are ubiquitous in higher plants, their substitution with specific groups may be peculiar to
certain species.

Tannins are a group of polyphenols possessing 12+16 phenolic groups and 5+7 aromatic
rings per 1000 units of relative molecular mass [23]. This feature, together with their high
molecular weight, clearly makes the tannins and similar phenolic polymers different both in
structure and properties from the low-molecular-weight phenolic acids and monomeric
flavonoids [24]. The observation that many tannins can be fractionated hydrolytically into
their components led to the classification of such tannins as ‘hydrolyzable tannins’, whereas
nonhydrolyzable tannins are classified as condensed tannins. Ellagitannins (ETs), which

belong to the hydrolyzable tannin class of polyphenols, are complex derivatives of ellagic
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acid. Hydrolysis of ETs with acids or bases yields hexahydroxydiphenic acid (HHDP),
which spontaneously lactonizes to ellagic acid (Figure 1.4). ETs constitute a complex class
of polyphenols characterized by one or more HHDP moieties esterified to a sugar, usually
glucose and usually linked to galloyl residues. ET compounds have an enormous structural
variability due to the different possibilities for the linkage of HHDP residues with the
glucose moiety, and to their tendency to form oligomeric derivatives. The antioxidant
efficiency of ETs and ellagic acid is directly correlated with their degree of hydroxylation
and decreases with the presence of a sugar moiety. They are abundant in some fruits, nuts

and seeds such as pomegranates, raspberries, strawberries and almonds [25].

O

C‘() ()H
HHDP
HO OH
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HO £ o-c.
"o
Peduncalagin Ellagic acid

Figure 1.4: Hydrolysis and spontaneous lactonization of HHDP in ETs [26].

Proanthocyanidins (PAs) belong to the class of condensed tannins. They can be divided
into several classes based on the hydroxylation of their constitutive units (flavan-3-ols) and
the linkages between them. The most common constitutive units are (epi)catechins,
(epi)gallocatechins, and (epi)afzelechins, leading to procyanidin, prodelphinidin, and
propelargonidin structures, respectively (Figure 1.5). Flavan-3-ol units are most frequently
linked via B-type bonds, that is, C4-C8 or C4-C6 linkages. Occasionally, an additional C2-
O7 or C2-05 linkage may exist, leading to doubly bonded A-type PAs. The physical,
chemical, and biological features of PAs depend largely on their structure and particularly
on their degree of polymerization. PAs are powerful antioxidants, but they have also been

reported to demonstrate antibacterial, antiviral, anticarcinogenic, anti-inflammatory, and
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vasodilatory activities. They are widely present in the plant kingdom, for example, in fruits,
berries, nuts, seeds, and bark of pine trees [27].

Ri,R;=H propelargonidin
Ry=H.R;=0H  procyanidin
Ry, R, =0H prodelphinidin

R:=0H non-esterified
R: = galloyl esterified

Figure 1.5: Typical structure of an oligomeric PA [27].

3.1.2 Glucosinolates

Glucosinolates (GLSs) have been found mainly in the order Capparales, which includes
broccoli, rape and most notably salad and herb species, such rocket salad or rucola, of the
Brassica genus [28, 29]. They are nitrogen- and sulfur-containing secondary metabolites
playing crucial roles in plant development as well as in the interaction of a plant with its
biotic and abiotic environment. GLSs, also known as (Z)-N-hydroximinosulfate esters,
consist of a common glycone group and a variable aglycone side chain (R) derived from
amino acids, in particular methionine, phenylalanine, tyrosine, and tryptophan [30]. The
glycone is characterized by a thioglucose and a sulfonated oxime group, both attached to the
C-2 carbon of the parental amino acid. The thioglucose can be conjugated to some phenolic
acids such as cinnamic acid, coumaric acid, etc. All GLSs are permanently negatively
charged as a common sulfate moiety is present (Figure 1.6). To date, more than 120 different
GLSs have been identified and classified as aliphatic, aromatic, v-methylthioalkyl and

heterocyclic (e.g., indole) according to the type of side chain (R) [29]. GLSs are hydrolyzed
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by endogenous thioglucosidases, called myrosinases, to produce a wide range of degradation
products (isothiocyanates, nitriles, epithiocyanates, oxazolidine- 2-thiones, and
thiocyanates) with diverse biological activities. Frequent consumption of high-GLS-content

vegetables is associated with a lowered risk of cancer and cardiovascular disease [31].
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Figure 1.6: Typical structure of a generic GLSs, where the —R moiety can be substituted
by a wide class of groups.

4 Food and nutrition

Nowadays, food is investigated not only as a source of energy but also as a potential
health promoter. Interest in nutrition and health has grown considerably, as evidenced by a
rapid proliferation of studies examining nutritional exposures in relation to several diseases
[32].

The first studies on diet and health evaluated correlations between country-specific
diseases rates and food consumption patterns. These ecologic studies utilized aggregate data
to identify possible relationships and generate hypotheses. However, ecologic studies are
highly susceptible to confounding, where the observed relationship between two factors is
actually caused by a third (or more) factor(s). Case-control studies, in which diseases cases
are compared, for a limited period, with healthy controls derived from the same source
population from which the cases arose, improve on ecologic studies. However, even this
approach is problematic because dietary assessment occurs after diagnosis. A key
development in nutritional epidemiology over the past two decades has been the increase in
results from large prospective cohort studies. In these studies, a cohort of healthy individuals
is assembled and exposures are assessed at baseline, then the cohort is followed over time
and diseases cases are identified as they develop. A disadvantage of cohort studies is that
they must be very large and have long follow-up time to accrue sufficient numbers of disease

cases. In addition, many dietary factors are consumed together, which can make it difficult
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or impossible to isolate the effect of one specific factor. In contrast to observational studies,
in experimental studies the investigator controls the assignment of subjects to the treatment
or control group. Randomized clinical trials are often considered the “gold standard” when
testing hypotheses because proper randomization theoretically results in treatment and
control groups that are similar in all ways except the intervention, and observed associations
can be directly attributed to the intervention. However, a randomized clinical trials can only
test a specific intervention, in a specific population, over a relatively short period of time. A
common approach in nutritional epidemiology has been to use results of observational
studies to identify nutrients or other dietary factors that modify the risk of diseases, and then
test these factors in a clinical trial. Observational and experimental studies both contribute
to our knowledge of nutrition and health, and no single study can provide a definitive answer.

Finally, measurement error is another considerable problem for both case-control and
cohort studies of diet. There are three main methods of assessing diet in epidemiologic
studies: the food diary (participants record what they consume over a period of time); the
dietary recall (participants report what they consumed during a preceding period); and the
food frequency questionnaire (listing of foods for which participants report the usual
frequency and amount of consumption)n. Dietary assessment relies on the ability of
individuals to recall a complex collection of exposures and is known to contain measurement
error. The use of food frequency questionnaires in studies of diet and diseases and the
possible impact of measurement error, needs to be considered when interpreting results of
observational studies. Due to this complexity it is probably too early to conclude on the
relationships between many substances and health. Several of the health benefits assigned to
many dietary constituents are still under controversy as can be deduced from the large
number of applications rejected by the European Food Safety Authority (EFSA) [33] about
health claims of foods and ingredients [34]. More scientific evidences are needed to

demonstrate the claimed beneficial effects of the constituents of food.
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1 Liquid chromatography-mass spectrometry
developments

Over the past 20 years there have been a number of key developments in mass
spectrometry (MS) which have led to step-changes in the way food analysis has been
conducted [35].

The development of electrospray (ESI) and atmospheric pressure chemical ionization
(APCI) interfaces, together with progressive improvements in MS designs, opened up liquid
chromatography-mass spectrometry (LC-MS) to the wider analytical community, because
of the possibility of ionize and detect the widest range of molecules. Latterly, further
improvements have seen movement from LC-MS to LC tandem MS (MS/MS), which has
now become the standard approach to characterize the molecular structure of the analytes.
Another step change has been the development of high-resolution mass spectrometry
(HRMS) through time-of-flight (TOF) instruments in the form of LC-TOF MS in various
configurations [36], together with the development of Orbitrap technology [37], that allowed
the detection of masses until 1-2 ppm of error, thus giving the possibility of identify
unknown compounds. The same trend with HRMS has been shown, in the last few years, in
terms of software being progressively improved. HRMS together with dedicated software
for data analysis allowed a more comprehensive analysis and characterization of complex
matrices. Finally, the coupling of MS with ultra-high performance liquid chromatography
(UHPLC) also allowed to obtain new important results for the analysis of complex biological
matrices, such as food products. Several advantages and limitations of the different LC-MS
techniques in their application to food safety and quality have been assessed [38].

In the next paragraphs, LC and MS techniques will be discussed in detail, together with

their application in food safety, quality assessment and in nutrition.

2 Liquid chromatography

When analysing complex mixtures by means of MS, a good upstream separation process
is critical for detection of as many compounds as possible. Chromatographic separation is

needed when using ESI, to avoid the ionization suppression observed when too many
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substances are present in the ionization source simultaneously (see the next paragraphs). In
this context, chromatographic techniques are the most suitable for small molecules
separation because several differences among molecules can be exploited, such as
differences in hydrophobicity and charge. The LC is probably the most widely used
separation technique in both analytical and research laboratories. It is used for the separation
and determination of compounds in very different areas of science such as food analysis.

The fundamental chromatographic principle involves the different affinity of a
compound to two phases, one stationary and one mobile phase located within a separation
column. Analytes move through the chromatographic column by means of a certain flow of
mobile phase. The column contains a stationary phase, sometimes in the form of polymerized
monoliths or, more often, small particles which carry functional groups. Each compound
undergoes a different deal between the stationary phase and the mobile phase. If the analyte-
stationary phase interaction is stronger than the analyte-mobile phase interaction, the analyte
will be attracted to the stationary phase and will thus be retained, otherwise it will be eluted
by the mobile phase. In practical terms, the stationary phase is kept constant, whereas the
mobile phase composition is varied in a gradient over time. Hence, physicochemical distinct
molecules can be separated in timely manner by sequential elution off the column.

Depending on the interaction phenomenon that occurs with the stationary phase, it is
possible to differentiate various types of LC: distribution, ion exchange, adsorption,
molecular exclusion, affinity or chiral. Given the high resolving power and volatile solvent
components compatible with online coupling to the mass spectrometer, the stationary phase
generally used in LC-MS setups is reversed-phase. In the typical reversed-phase
chromatography setup, columns are packed with silica beads which are functionalized with
hydrophobic C18 alkyl chains. In reversed-phase the elution is based on hydrophobicity, and
it is achieved by increasing the concentrations of the organic modifier (e.g. acetonitrile ACN)
in the mobile phase.

Among the major drawbacks of conventional LC, despite its high popularity, there are
the high consumption of solvents and sample needed to perform the chromatographic
separation and the low sensitivity obtained with some detection systems due to dilution of
the sample in the mobile phase. These drawbacks can be largely resolved by
chromatographic columns of reduced internal diameter and packed with smaller sized
particle. This LC mode, known as UHPLC, allowed to obtain several advantages such as:

lower consumption of sample, mobile phase, and stationary phase; increased thermostatting
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capacity, which allows maintaining a certain constant temperature throughout the column;
increased sensitivity due to the fact that the lower volumes of mobile phase used (due to the
smaller internal diameter of columns) make a smaller dilution of the sample and thus a more
concentrated sample reaches the detector; increased efficiency because of a greater number
of theoretical plates and thus decreased peak width; higher permeability achieved with the
use of smaller particles. Moreover, UHPLC chromatography also makes easier to interface
the chromatographic system to the mass spectrometer. UHPLC development has required
several modifications of the classical HPLC instrumentation. The most obvious is the
construction of systems capable of handling the increased pressure. The new UHPLC
instruments are capable of operating at pressures up to 1500 bar, compared to about 200 bar
for traditional HPLC. It is also important to reduce the dead-volume sites in the system, to
limit peak broadening. Electronics have also been upgraded to accommodate faster data
collection as the peak widths can be as much as 10 times smaller than that seen with
traditional HPLC systems, thus requiring a much more rapid data collection interface[39,
40].

3 Mass spectrometry

MS is a highly sensitive instrumental technique and its use as a detector offers clear
advantages over detectors traditionally used in LC. Firstly, the high sensitivity allows to
determine compounds usually present at very low concentrations. Secondly, the possibility
of determine the mass of the analytes, together with the fragmentation pattern, provides the
unambiguous identification of the compounds of interest.

MS fundamental task is the separation of previously ionized molecular or atomic particles
according to their mass to charge ratio (m/z). The process occurring in a mass spectrometer
comprises three stages, as shown in Figure 2.1: sample ionization to charge the analytes, that
takes place in the ion source; acceleration of the ions by an electric field and separation
according to their m/z ratio, that takes place in the analyzer; detection of ions and production

of an electrical signal taking place in the detector [41].
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In the next paragraphs, a brief overview of the instruments that will be mentioned in the

next chapters will be presented.
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Figure 2.1. Basic scheme of a mass spectrometer[42].

3.1 Ionization sources

The main ionization sources available for the analysis of polar-medium polar compounds
are matrix assisted laser desorption ionization (MALDI), APCI, and ESI. In the present

work, only ESI source has been employed.

3.1.1 ESI

Despite numerous sources currently available for ionization, ESI ionization is the
technique that allows the ionization of the widest range of molecules, therefore it is the most
commonly used. In Figure 2.2 the ESI ionization process is schematically shown.

In the initial step of the ionization process, the analyte solution passes through a thin
conductive capillary to which a voltage of a few kV is applied. The influence of the electric
field on the liquid on the tip of the capillary, in conjunction with the surface tension, causes
the formation of a Taylor cone. The potential difference between the capillary and the
counter electrode pulls the positive ions to the surface of the solvent. Once the electric field
overcomes the surface tension, the Taylor cone emits a solvent jet. The tip of the jet is
inherently unstable and collapses into charged droplets. A number of parameters, including
the applied potential, the solution flow rate and solvent properties, influences the diameter

of the formed droplets.
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Solvent evaporates from these droplets until the charge density on the surface of the
droplets reaches the Rayleigh limit. Once this limit is passed, the Coulombic repulsion force
is greater than the surface tension causing the droplet to undergo fission into smaller droplets,
the so called Coulombic explosion. These small, highly charged droplets will continue to
lose solvent, and when the electric field on their surface becomes large enough, desorption
of ions from the surface occurs. As ESI is a soft ionization source, gaseous ions formed are
generally protonated or deprotonated molecules depending on selected ionization polarity
mode [43]. Once the compounds are ionized, they can be separated according to their m/z

ratios in the mass analyzer.
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Figure 2.2. ESI ionization process [44].

ESI ionization is a liquid phase ionization because the ionization takes place in the
solution itself. This is one of the main advantages of this ionization technigue, since it enable
the on-line coupling of LC to a mass spectrometer. As mentioned before, the upstream
chromatographic separation is required to be efficient. Indeed, when too many analytes are
ionized simultaneously, whether it is due to more abundant molecules or contaminants, only
the most hydrophobic molecules are ionized [45]. Thus, a good separation is needed to avoid

the ionization suppression and allow an efficient ionization of the analytes of interest.
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3.2 Mass analyzers

Several mass analyzers have been proposed during history such as ion trap (IT),
quadrupole, Fourier transform (FT), TOF and Orbitrap. Among the different analyzers,
Triple quadrupole (QgQ), Orbitrap and quadrupole-TOF (qTOF) were used in the PhD
project, therefore a detailed description of these instruments will be given in the following

paragraphs.

3.2.1 Triple quadrupole

The quadrupole analyzer is a device that uses the stability of the trajectories of ions in
oscillating electric fields to separate them according to their m/z ratios.

Quadrupole analyzers are made up of four perfectly parallel cylindrical rods serving as
electrodes as shown in Figure 2.3. A direct current is applied to the four rods, whilst a
variable radiofrequency is applied to each pair of bars. Therefore, ions are subjected to the
influence of a total electric field made up of a quadrupolar alternative field and a constant
field. When a positive ion enters the space between the rods it will be drawn towards a
negative rod. If the potential changes sign before it discharges itself on this rod, the ion will
change direction. Adjusting the potentials of the direct current and the variable
radiofrequency, only ions with a specific m/z will be able to pass the quadrupole without
touching the rods.

IONS WITH STABLE PATH (DETECTED)

IONSWITH NO STABLE PATH (NOT DETECTED)

T

Figure 2.3. Diagram of a quadrupole.
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Therefore, when the ions coming from the ionization source reach the quadrupole, only
those ions having a certain m/z, and then a stable trajectory between the four bars, will reach
the detector[41].

The quadrupole is the most simple, economical, compact and robust analyzer. However,
it is a low-resolution instrument, meaning it is only able to distinguish ions differing by one
unit mass. Moreover, quadrupole sensitivity is quite low when monitoring a large number of
ions. However, if only one ion, or a limited number of ions, is analyzed, the sensitivity of
the detector can increase. In this context, the use of MS/MS can largely increase the
selectivity, thus increasing signal to noise ratio.

When three quadrupoles are combined together, in the configuration QgqQ, MS/MS
experiments can be performed. Figure 2.4 shows the general scheme of a QqQ system that
consists of two quadrupoles as analyzers and a quadrupole in the centre that acts as collision
cell for the fragmentation of the ions. In the first quadrupole a specific ion which is known
as "precursor ion" is selected; the precursor ion passes into the second quadrupole which, by
means of collision of molecules of an inert gas (He, N2 or Ar) with the precursor ion,
fragments it in "product ions"; product ions are then separated in the third quadrupole and

detected generating an MS/MS spectrum.

Ionization Analysis Fragmentation  Analysis Detection

Ionization Q1 q2 Q3 Detector
source

Figure 2.4. QqQ mass spectrometer.

The main advantage of MS/MS experiments is the improvement in selectivity and
sensitivity, thus making the QgQ the most versatile analyzer for quantitative analysis. This
analyzer has the inherent qualities of a quadrupole, such as easy handling and control, small
size and relatively low cost. The QqQ analyzer offers a great versatility of acquisition modes

as shown in Figure 2.5:
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Figure 2.5. Acquisition modes of a QgQ instrument.

-Full Scan acquisition mode consists in the scanning over a whole range of m/z values,
detecting all ions that pass through the spectrometer.

-Single lon Monitoring (SIM) consists in the selection of a specific m/z ratio ion in the first
analyzer. Only the selected ion will be detected. The absence of scanning allows to focus on
the precursor over longer times, increasing the sensitivity compared to the Full Scan mode.
-Selected Reaction Monitoring (SRM) or Multiple Reaction Monitoring (MRM) consists of
selecting a fragmentation reaction. An ion with a specific m/z ratio is selected in the first
analyzer, fragmented in the collision cell, and only a specific ion produced by the
fragmentation of the precursor will be selected and detected. The ions selected by the first
mass analyzer are only detected if they produce a given fragment. The absence of scanning
allows to focus on the precursor and fragment ions over longer times, increasing the
sensitivity as for selected ion monitoring, but this sensitivity is now associated with a high
increase in selectivity.

-The Product lon Scan (PIS) consists of selecting a precursor ion of a chosen m/z ratio and

determining all the product ions resulting from fragmentation.
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-The Precursor lon Scan consists of choosing a product ion and determining the precursor
ions. This scan requires the focusing of the second spectrometer on a selected ion while
scanning the masses using the first spectrometer. All the precursor ions that produce ions
with the selected mass through fragmentations thus are detected.

-The Neutral loss scan consists of selecting a neutral fragment and detecting all the
fragmentations leading to the loss of that neutral. This scan requires that both mass
spectrometers are scanned together, but with a constant mass offset between the two. Thus,
for a mass difference a, when an ion of mass m goes through the first mass spectrometer,
detection occurs if this ion has produced a fragment ion of mass (m—a) when it leaves the
collision cell.

Each of these modes of acquisition has characteristics that make it suitable for a particular
purpose. However, the acquisition in MRM mode is the most used in quantitative analysis,
to determine a large number of compounds while minimizing the presence of interfering

substances.

3.2.2 Orbitrap

The Orbitrap mass analyzer consists of an inner spindle-shaped central electrode
surrounded by a pair of bell-shaped outer electrodes (Figure 2.6). The electric field created
by both electrodes traps the ions inside the analyzer. The ions rotate around the central
electrode and oscillate along its axis. The movement is harmonic and the frequency ®

depends only on the m/z ratio and an instrumental constant k:

[ze
w= |—xk
m

The oscillation induces an image current in the outer halves of the Orbitrap. The image
current is then transformed in a mass spectrum by FT[41].

Orbitrap instruments are always hybrid mass spectrometers. Several hybrid instruments
are available in the market in which the combination of different analyzer allows several
possibilities. In the works described in this thesis a Q Exactive Orbitrap mass spectrometer

has been employed.

The Q Exactive mass spectrometer is usually equipped with an ESI source and includes,

a stacked-ring ion guide (S-lens) in the source region, a quadrupole mass filter, a C-trap, an



Chapter 2: Liquid chromatography-mass spectrometry for food safety, quality and nutrition.

higher-energy collisional dissociation (HCD) cell, and an Orbitrap mass analyzer as shown
in Figure 2.7. lons are formed in the ion source, pass through the ion transfer tube where the
pressure is gradually reduced from the atmospheric values of the source to void of the mass
spectrometer. lons pass from the transfer tube to an S-lens described and then via an injection
multipole into a bent flatapole. The bent flatapole is oriented in such a way that the line of
sight from the S-lens is open for clusters and droplets to fly unimpeded out of the flatapole.
lon optics use a combination of direct current, radio frequency voltage and a vacuum
gradient to guide the ions towards a hyperbolic quadrupole, capable of isolating ions down
to an isolation width of 0.4 Th at m/z 400. A short octapole then brings ions into the C-trap.
The C-trap is the key of the instruments, because allows accumulation of ions, before
injection into the Orbitrap and permits to interface continuous ion sources (like ESI) to a
discontinuous analyzer. The c-trap is also interfaced to an HCD cell. In the gas-filled HCD
cell, fragmentation of ions is achieved by adjusting the voltage offset of the rods and the
axial field to provide the required collision energy. As long as this offset remains negative
relative to the C-trap, all fragments remain trapped inside the HCD cell. The fragments can
be then transferred back into the C-trap, ejected into the Orbitrap analyzer and analyzed in a

single Orbitrap detection cycle.

Figure 2.6: Orbitrap analyzer[46].

The mass range covered by the instrument is m/z 50-4000. Acquisition speed ranges from
12 Hz for resolving power 17,500 at m/z 200 to 1.5 Hz for resolving power 140,000 at m/z
200[47].

The quadrupole and the Orbitrap are two independent MS detectors. The quadrupole has

the function of isolating the ions and sending them to the Orbitrap to be analyzed. However,
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after the isolation process, the ions can be either ejected and analyzed from the Orbitrap, or
subjected to fragmentation to yield product ions and then ejected and analyzed from Orbitrap

again.
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Figure 2.7: Diagram of a Q-Exactive mass spectrometer [47].

Due to the characteristic of this hybrid mass spectrometer several acquisition mode are
available such as Full Scan, SIM, Product ion, Neutral Loss etc. However, two acquisition
modes in particular make the difference compared to other instruments:

- data dependent acquisition (DDA) is the most commonly used approach. In a first scan
the instrument is operated in Full Scan mode to detect and analyze all the ions coming from
the source. In the next scan, the most abundant ions (it is possible to choose from 5 to 20
ions usually referred to as TOPN fragmentation) are then selected from the quadrupole, and
ejected to be fragmented in the collision cell. After the fragmentation the ions are analyzed
by the Orbitrap. In order to avoid resampling of earlier selected precursors, a dynamic
exclusion list is used. Additionally, it is possible to use an inclusion list, which forces the
instrument to select a desired peak for fragmentation, regardless of its abundance, to ensure
the identification.

-data independent acquisition (DIA) or all ion fragmentation (AIF) has been introduced
in the last years. In this case no precursor selection is performed, rather all present

precursors of a distinct mass window are co-fragmented.
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In the case of targeted approaches, in which a specific class of compounds have to be
analyzed, it is also possible to work in MRM mode. The major limitation of MRM is that it
is important to validate targeted masses and its transitions, prior to the experiment; while
DDA has the limit of a stochastic and irreproducible selection of precursors for
fragmentation, compromising the reproducibility (mainly of less abundant ions). This is the
reason why the use of DIA is continuously increasing.

However, in both DDA and DIA, the ability to fill the HCD cell or the C-trap with ions
while a previous Orbitrap detection cycle is still ongoing is an important innovation that
allows to significantly increase the acquisition speed and quality of spectra. The advantage
of this configuration is the possibility of working in parallel with precursor master scans in
the Orbitrap and fast acquisition of fragmentation spectra on selected ions in the HCD cell.
Moreover, fragment ions are analyzed in the Orbitrap, allowing their detection with a good
mass accuracy, a quite important feature because errors in the determination of fragments
m/z values affects the final identifications.

Finally, two fragmentation techniques can be used in Q-Exactive: Collision-induced
dissociation (CID) and HCD. CID and HCD use an inert gas for fragmentation: the energy
acquired during the collisions of the intact molecule with the gas molecules (for example
He) leads to the breakage of chemical bonds. Depending on the fragmentation technique,
different fragments are created.

3.2.3 Time-of-flight (TOF)

The TOF analyzer separates ions, after their initial acceleration by an electric field,
according to their velocities when they drift in a free-field region that is called a flight tube.
lons are expelled from the source and then accelerated towards the flight tube by a difference
of potential applied between an electrode and the extraction grid. As all the ions acquire the
same kinetic energy, ions characterized by a distribution of their masses present a
distribution of their velocities. When leaving the acceleration region, they enter into a field-
free region where they are separated according to their velocities, before reaching the
detector positioned at the other extremity of the flight tube. The m/z ratios are determined by

measuring the time that ions take to move through a field-free region between the source and
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the detector. Considering V is the potential applied to accelerate the ion with m/z, the time t

needed to cover the distance L before reaching the detector is given by

tz_m L2
oz \2eV

In principle, the upper mass range of a TOF instrument has no limit, which makes it
especially suitable for soft ionization techniques. Another advantage of these instruments is
their high transmission efficiency that leads to very high sensitivity. However, the most
important drawback of the first TOF analyzers was their poor mass resolution. Mass
resolution is affected by factors that create a distribution in flight times among ions with the
same m/z ratio, such as the variation of the initial kinetic energy of the ions (kinetic energy
distribution). A way to improve mass resolution is to use an electrostatic reflector also called
reflectron. The reflectron corrects the kinetic energy dispersion of the ions with same m/z
leaving the source. lons with more kinetic energy and hence more velocity will penetrate the
reflectron more deeply than ions with lower kinetic energy. Consequently, the faster ions
will spend more time in the reflectron and will reach the detector at the same time than
slower ions with the same m/z. The reflectron performance may be improved by using a two-
stage reflectron that enables the beam to traverse the flight tube twice (Figure 2.8). This
doubling of the flight path enables the increase of the resolution [41].
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Figure 2.8: Schematic diagram of VV-mode and W-mode ion optics.
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To allow the coupling of TOF analyzer with continuous ionization techniques, such as
ESI or API, the orthogonal acceleration (oa) technique has been developed. The sample is
continuously ionized in the ion source. lon optics focus the resulting ions into a parallel beam
and direct it to the orthogonal accelerator. Applying a potential to the accelerator the bean
will be directed toward the flight tube and then set again to 0. During the time that the ions
continue their flight, the orthogonal accelerator is refilled with new ion beam. Another flight
cycle will begin by reapplying a pulse voltage to the plate[41].

TOF analyzers are nowadays always hybrid mass spectrometers. The combination of
different analyzers allows several possibilities. In the work described in this thesis a qTOF
premier orthogonal mass spectrometer has been employed. The qTOF Premier is a hybrid
quadrupole-orthogonal acceleration TOF mass spectrometer (Figure 2.9). It is provided with
a reflectron to reflect ions back again towards the detector (V-optics) allowing a resolution
of 10 000 FWHM (full width at half maximum), but is also equipped with a second reflectron
that enables the beam to traverse the flight tube twice (W-Optics) enabling a resolution of
17,500 FWHM.
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Figure 2.9: Schematic diagram of a Premier orthogonal QTOF
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The hybrid configuration of gTOF premier enables automated exact mass measurement
of both precursor and fragment ions. Indeed, gTOF technology provides both quadrupole
and TOF mass analyzers, with an intermediate collision cell for fragmentation, if required.
This powerful combination allows ions to be selected from the quadrupole, individually
fragmented in the collision cell, and then measured to a high degree of mass accuracy by the
TOF. The quadrupole can be operated in several modes:

-Full scan mode, in which the ions in a wide range of m/z pass through the quadrupole and
are accurately measured by the TOF.

-The quadrupole can either be parked on one specific mass (TOF MS/MS) or can be made
to scan through a wide mass range in search of candidate ions for fragmentation (parent ion
scanning).

-DDA mode when the instrument automatically switching between full scan and

fragmentation of the most abundant ions detected during the full scan acquisition.

3.2.4 Resolving power

Resolution or resolving power is the ability of a mass analyzer to yield distinct signals for
two ions with a small m/z difference. The exact definition of these terms is one of the more
confusing subjects of MS terminology that continues to be debated. Two peaks are
considered to be resolved if the valley between them is equal to 50% of the weaker peak
intensity when using quadrupoles, IT, TOF, and so on. If Am is the smallest mass difference
for which two peaks with masses m and m+Am are resolved, the definition of the resolving
power R is R=m/Am. Therefore, a greater resolving power corresponds to the increased
ability to distinguish ions with a smaller mass difference (Figure 2.10 a). The resolving
power can also be determined with an isolated peak. Based on the definition of Marshall
[41], indeed, the resolving power is determined using the peak width Am at 50% of the peak
height, FWHM. Therefore, the narrower the peak width, the higher the resolution[41] (Figure
2.10 b).

Mass accuracy indicates the accuracy of the m/z provided by the mass analyzer. It is the
difference that is observed between the theoretical m/z (m theoretical) and the measured m/z
(m measured). It can be expressed in millimass units (mmu) but is often expressed in parts

per million (ppm). Mass accuracy is largely linked to the stability and the resolution of the
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analyzer. A low-resolution instrument cannot provide high accuracy. Indeed, the precision
obtained on the mass of the analyzed sample depends also on the determination of the
centroid of the peak[41].

a b)
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Figure 2.10: Resolution calculation based on the Marshall definition (a) and on the
FWHM definition (b).

Low resolution (LR) or high resolution (HR) is usually used to describe analyzers with a
resolving power that is less or greater than about 10 000 (FWHM), respectively. However,
there is no exact definition of the boundary between these two terms. LR mass spectrometers,
such as QgQs and quadrupole, operate at unit resolution that is a resolution that is sufficient
to separate two peaks one mass unit apart. TOF instruments are now generally capable of
20,000 resolving power. Orbitrap instruments are capable of HR up to 140,000.

In TOF analyzers the resolution depends on the capacity of the instrument of eliminating
the initial spread of kinetic energy of the injected ions, this makes resolution independent
from detection time (Tq) or m/z. In Orbitrap analyzers resolution depends on the ratio of the
detection time (Tq) to the period of main oscillations (T,). Because the ion motion is
determined by the electrostatic field, T, is proportional (and resolution inversely
proportional) to the square root of m/z. Finally, TOF resolution is largely independent from
m/z also in the MS/MS mode, whereas in the Orbitrap analyzer the resolution in MS/MS
mode is often sacrificed to increase scan speed[2]. However, the highest resolution available
in commercial TOF devices is several times lower than the highest resolution in Orbitrap.
The FTICR and Orbitrap analyzers outweigh any other mass analyzer with respect to the

achievable maximum mass resolution and accuracy.
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4 Low-resolution versus high-resolution mass
spectrometry

The development of chromatography coupled to MS allowed several progresses for the
identification and quantification of both endogenous compounds and contaminants in
complex matrices, such as food. Several methods have been developed for the analysis of
several classes of compounds. Several advantages and disadvantages has been shown
depending on the use of HR or LR mass spectrometers for the identification and

quantification of analytes.

4.1 Identification

The methods used for the analytes identification change considerably when operating
with LR mass spectrometers compared to HR mass spectrometers.
LR mass spectrometers allow to determine the nominal mass of compounds. Therefore, to
discriminate between compounds with isobaric masses is necessary to perform MS/MS. For
a large range of compounds, SRM of precursor-product ion transitions by using QqQ allows
to identify compounds at low concentrations. A range of studies have shown, however, that
monitoring only one transition might result in false positive identifications for individual
compounds and thus at least two transitions are required[48]. However, several limitations
become evident: (i) Under the constraints of at least two transitions for the identification,
SRM methods are typically limited to about 100-150 target analytes depending on
chromatographic separation, as otherwise accuracy or sensitivity deteriorate due to an
insufficient temporal peak resolution or too short acquisition times for the individual MS/MS
transitions, respectively. (ii) For some analytes, only non-specific transitions such as the
neutral loss of H2O or CO2 might occur, which are common also for matrix interferences.
(iii) Some analyte ions, particularly those of low molecular weight, show only one transition.
These limitations, together with the impossibility of LR mass spectrometers to determine the
accurate mass of analytes, do not allow the certain identification of unknown compounds.
For instance, two isomeric compounds, showing same nominal mass and same transitions,

cannot be distinguished and identified. In these cases, it is necessary to compare the retention
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time (RT) and MS/MS spectra of the analytes with those of a reference standard for the
unambiguous identification[49].

HRMS analysis offers promising solutions to these limitations. All compounds present in
a sample can be determined simultaneously with HRMS instruments operating in full-scan
mode, and fragmented by means of acquisition modes such as DDA, making no preselection
of compounds and associated SRM transitions necessary. Additionally, HR mass
spectrometers allow the determination of accurate mass, and consequently, ions with slightly
different m/z ratios can be distinguished from one another. The most important feature of
HRMS is the capacity to determine analytes molecular formula from accurate mass
measurements. The accurate mass together with the fragmentation obtained by means of
MS/MS experiments allow the certain identification of unknown compounds. In theory, the
presence of an unlimited number of compounds can be investigated at proper sensitivity,
without requiring the preselection of analytes or even without having reference standards
available. Moreover, the possibility to store a high volume of full-scan and MS/MS data of
high mass accuracy, allows to carry out also retrospective analysis without the necessity to
re-running samples.

Due to the high quality information by combining sensitive full-spectrum data and high
mass accuracy, HRMS is a promising technique that has opened new horizons in screening
and rapid identification of a wide range of compounds and unknowns identification.
Nowadays, three main approaches (see Figure 2.11) for the screening and identification of
substances can be pointed out[49]:

-Target screening involves the use of a reference standard for identification and
quantification of a compound or a class of compounds. RT, MS and MS/MS spectra of the
analyte have to be compared with those of the reference standard, measured under the same
analytical conditions. This approach imply the previous knowledge of the compounds
possibly present in the matrix of interest, and it requires the availability of the relative
standard that, in the case of some contaminants or natural compounds, can be difficult.

-Suspect screening is performed when prior information from various sources indicates that
a given structure may be present in the sample. But, in contrast to target analysis, the suspects
screening approach does not rely on reference standards for identification. Indeed, the exact
mass and isotopic pattern can be used to screen for the investigated substances in the sample.
-Non-target screening involves the study of all compounds detected in a sample where no

prior information on the composition is available. As no structural information is available
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in advance, a full non-target identification starting from the exact mass, isotopic pattern,
adducts and fragmentation information needs to be performed.
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Figure 2.11. Target, suspect and non-target analysis approaches

4.2 Quantification

As previously mentioned, the identification and quantification of compounds at low
concentrations requires both a high sensitivity and selectivity against complex matrix
backgrounds. For a large range of compounds, SRM of precursor-product ion transitions by
using QQQ fulfils these prerequisites. However, as explained before, under the constraints
of at least two transitions for the quantification, SRM methods are limited to about 100-150
target analytes, as otherwise sensitivity deteriorate. When the number of target analytes is
limited the problem can be overcome. In this case, indeed, QqQ analyzer in its MRM mode

results the most adequate one for quantitative methods. However, although LR mass
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spectrometers such as QqQ result to be very robust and allow a reliable quantification of
known compounds, they do not allow the certain identification of unknown compounds.

HRMS target analysis offers promising solutions to the limitations of SRM analysis. All
compounds present in a sample can be determined simultaneously operating in full-scan
mode, making no preselection of compounds and associated SRM transitions necessary.
However, on qTOF instruments, these capabilities are impaired by the limited sensitivity,
which is about 1-2 orders of magnitude lower than those of QgQ instruments in SRM mode,
and the limited dynamic range which is about 10-fold below that of QqQs. Thus, qTOF
instruments have been used only occasionally for quantification and one established strategy
is to use QgQ for quantification and a separate qTOF analytical run for confirmation. The
Orbitrap instrument offers a better dynamic range and a sensitivity close to that of many
QqQ instruments, thus allowing for quantification and confirmation in a single analytical
run[49].

However, several publications describing the new generation of HRMS systems and
highlighting differences between LR MS and HR capabilities[50, 51] in target quantification
are available. The biggest difference between low and HR mass spectrometers, although, is
the relative quantification of thousands of compounds in untargeted analysis. The untargeted
analysis deals with detection and identification of the greatest possible number of
compounds present in the sample, usually with the purpose of a (semi)quantitative
comparison of different groups of samples[52].

The current trend in untargeted workflows is the analysis of large sets of samples to obtain
representative information from the biological system under investigation. Thus, most
studies require long periods to analyze samples in which the quantitative response can
fluctuate by alteration of the instrument performance owing to accumulation of matrix
components in different instrumental zones or simply by periodic practices such as
instrument calibration or cleaning protocols. These sources of instrumental variability are
generally corrected in targeted analysis by using isotopically labelled internal standards.
However, this is not viable in untargeted analysis owing to the wide chemical heterogeneity
of metabolites. The most common practice to monitor experimental variability (including
instrumental variability) in untargeted analysis is the implementation of quality control
samples (QCs), periodically inserted in the sequence of analyzes programmed for each batch
of samples. A cut-off value in terms of variability is set to filter molecular entities or

metabolites in the final data set. Other tools classify the metabolites according to their
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behaviour along the sequence of analyzes and use correction functions for each group to

correct instrumental variability.

4.3 Data analysis

In contrast to targeted approach and suspected approach, in which a small range of known
molecules have to be analyzed, in a typical large-scale untargeted experiment a large number
of unknowns have to be analyzed at the same time. The main difference between these
approaches, which is basically dealing with known or unknown molecules, leads to
differences in the way data analysis is accomplished. Whereas in target or suspected analysis
the presence or absence of each substance is determined individually using the extracted ion
chromatogram (XIC), in non-target methods a screening of detected compounds can be
performed by means of dedicated software for the data pre-processing and statistical
analysis. Several approaches are discussed in the literature [53, 54] reporting the following
key steps: (i) an automated peak detection by exact mass filtering from the chromatographic
run by means of several pre-processing tools (MZmine, XCMS etc); (ii) an assignment of an
elemental formula to the exact mass of interest by means of pre-processing tools or online
available tools (PredRet etc.); and (iii) a database search of plausible structures for the
determined elemental formula (available databases such as Chemspider, Metlin, human
metabolome database etc.); (iiii) the investigation of MS/MS spectra to elucidate the
structure and comparison with available databases (such as Mass Bank, or MZCloud).
Sometimes, also in silico fragmentation prediction tools can be used, such as Met Frag or
Mass Frontier[55]. These algorithms match the experimental precursor masses and their
MS/MS spectra to those generated by in-silico fragmentation; the statistical analysis of the
comparison between the experimental spectrum and the theoretical one provides an ion score
for the match, which is calculated on the basis of the percentage of fragmentation matching.

However, the identification of a compound requires several information to be investigated
including the isotopic pattern, presence of additional adducts, RT, fragmentation
information. Several papers discuss this in greater detail [56, 57] and introduce the concept
of “identification levels” in HRMS analysis. The concepts of identification strategy and
confidence are merged in Figure 2.12, showing that target, suspect and non-target

compounds start by definition at Levels 1 (reference standard available), 3 (tentative
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candidate(s)) and 5 (no information), respectively. If sufficient MS (exact mass, isotope,
adduct), MS/MS (i.e., fragmentation) and experimental information (e.g. retention
behaviour, presence of related substances) is available, suspect and non-target components
can gain in confidence through to Level 2 (library match and/or diagnostic fragments) and
even Level 1 following purchase of the corresponding standard for identifications (green

arrows in Figure 2.12).
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It is important to note that this elaborate matrix of confidence is necessary with soft
ionization HRMS/MS analysis at this stage for one main reason: the lack of comprehensive
spectral libraries for soft ionization techniques due to the lack of reproducibility between
soft ionization instruments and various settings and the relative newness of the technique
[58]. As a consequence, the identification of “unknown” substances measured with soft
ionization techniques are quite complicated. This is the reason why, before starting with the
identification of unknowns, it is really important the selection of the candidates of interest
for the topic under investigation.

A number of strategies for the selection of candidates for suspected and non-target

screening using HR-MS/MS information have been developed. Suspect screening has been
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performed using predicted transformation products [59] or metabolites of interest. For non-
target identification, a differential analysis is usually performed between several groups of
samples in order to select the most significantly different compound to identify[60]. Different
chemometric tools can be used to statistically assess possible differences among samples.
Multivariate analysis is often used, although the particular statistical approach to be used

will largely depend on the objectives of the study.

5 Metabolomics for food safety, quality and nutrition

The always more-demanding fields of food safety, quality and nutrition are continuously
fostering the development of robust, efficient, sensitive and cost-effective analytical
methodologies. MS-based metabolomics is a key tool nowadays with great potential in many
analytical fields and has been demonstrated to be capable of facing some important
challenges related to the food science domain[61].

Metabolomics, together with genomics, transcriptomics and proteomics, is involved in
the study of the food and nutrition domains through Foodomics approaches. As per
definition, metabolomics includes the exhaustive study of the whole small metabolite
composition (molecular weight below 1500 Da) of a particular system. In practice, this aim
is difficult to achieve, because it implies the development of a universal approach to analyze
metabolites belonging to very different chemical classes and present in a very wide dynamic
range. In this regard, the food metabolome is not an exception as quite diverse compounds,
such as carbohydrates, lipids, proteins, amino acids, amines, steroids, phenolic compounds,
carotenoids, alkaloids, among others are frequently present.

There are three basic approaches that can be used in metabolomics: target analysis,
metabolic profiling, and metabolic fingerprinting. Target analysis aims the quantitative
measurement of selected analytes, such as specific contaminants, reaction products,
bioactive compounds or biomarkers by using authentic standards. The resulting data can be
used to distinguish different sample classes, however, most of the metabolite information of
complex samples is lost. Metabolic profiling is a suspected screening that focuses on the
study of a group of metabolites related to a specific metabolic pathway. Metabolic profiling
refers mainly to the analysis of metabolites often belonging to the same chemical class,

which are frequently identified and quantified [62, 63]. Finally, metabolic fingerprinting is
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referred to the analysis of as many compounds as possible within a system, including their
detection and the subsequent statistical treatment of the obtained results. Under this
approach, the identification and quantification of the detected metabolites may not be a
necessity. Fingerprinting aim is not to identify all metabolites, but to compare the patterns
of metabolites that change in response to external factors.

In any case, as the complexity of the set of metabolites to be analyzed is quite high,
suitable analytical techniques are needed. Firstly, a proper sample treatment methodology is
required. Food are usually quite complex matrices full of potentially disturbing components
for the analysis of metabolites. It is important to extract the analytes of interest but, as a
universal sample treatment directed to the extraction of the full metabolome does not exist,
some components may be lost during this phase. Secondly, a proper separation technique is
required prior to the detection. The technique of choice in metabolomics is mostly LC that
can be operated in several separation modes, increasing its versatility towards different
metabolites. Particularly, in the last years, methods based on the use of UHPLC have gained
considerable popularity thanks to the advantages that this technique can provide. Finally, a
good detection method is essential for the coverage of the whole metabolome. In the last
years MS has gradually substituted the use of NMR because of the possibility for coupling
with a separation technique, as well as the development and improved affordability of
HRMS instruments. HR instruments allowed to significantly enhance the capabilities for the
identification of unknown metabolites and thus developing the metabolomics field. As a
direct consequence of the improvement of the available analytical tools, samples with higher
complexity can be analyzed. The datasets generated after sample analyzes in a typical
metabolomics study is of extremely great complexity, requiring the development of
dedicated bioinformatics tools. However, the particular statistical analyzes made are usually
different depending also on the topic of the study, i.e., food and health relationships,
biomarker discovery, food quality, food safety or traceability, among others.

5.1 Metabolomics for food safety

Food safety is one of the most-important topics within food analysis. In this context, the
use of MS within metabolomics-based approaches has allowed significantly raising the level

of the analytical determinations possible nowadays in this field[61].
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The first part of any MS-based metabolomics study for the detection of food contaminants
Is sample preparation. As foods may be considered as very complex matrices, suitable
sample preparation steps are needed in order to allow a proper detection of contaminants
which will surely be present in very low amounts. Different methods such as solid-liquid
extraction (SLE) or liquid-liquid extraction (LLE), solid-phase extraction (SPE) have been
widely used to extract and/or concentrate the analytes of interest. However, following the
latest trends regarding the application of “Green Chemistry” principles, other miniaturized
protocols limiting the volumes of solvents employed have been also proposed and employed
in the last years such as solid-phase microextraction (SPME) [64] and QUEChERS (Quick,
Easy, Cheap, Effective, Rugged, and Safe) methods[65].

Methods directed to quantification of chemical contaminants in food are strongly
influenced by current international legislation, which is generally directed to the
establishment of maximum residue levels (MRLSs) on certain substances, and to specify the
banned compounds that cannot be present at any concentration. MRLs for pesticides,
veterinary drugs and contaminants are available[9]. The most frequent analytical approach
to determine contaminants in foods relies on the use of QqQ analyzers under SRM. Two
transition are monitored: the most-intense one is used for quantification whereas the second
is employed for qualification purposes. This detection procedure allows complying with
European legislation on banned and controlled substances in foods. This regulation
establishes the requirements that an analytical method must meet for an unequivocal
identification and quantification of a controlled substance in a food sample, which means at
least four identification points: one identification point is gained by RT confirmation with a
commercial standard, whereas additional 1.5 identification points are gained for each ion
transition successfully confirmed.

In the last years, the use of QqQs in MRM maode is still the most-extended approach, even
though the use of HRMS in the field of food safety is increasing. In fact, the use of the above
described targeted approach has important limitations, which are mainly related to the
determination of unknown compounds as well as the need of reference commercial
standards. For this reason, the use of non-targeted analysis of contaminants is increasingly
proposed [66]. HRMS also help to discover and identify new or unexpected chemical
contaminants. This technique is clearly more capable of discovering new safety hazards
beyond the use of the regulated compounds and contaminants. Every year new compounds

are individuated as potential chemical pollutants and in conclusion the number of illegal
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compounds is in continuous growth. However, the use of these diverse non-targeted
methodologies is still somewhat limited compared to the targeted approach. This is the case,
for example, of natural toxins. For the detection and quantification of toxins in foods, similar
approaches to those already described for chemical contaminants are widely employed.
However, in this case, the natural toxin variability potentially present in a particular food
product mean that less compounds have to be analyzed, and thus, advanced metabolomics-

based approaches are not required.

5.2 Metabolomics for food quality

Nowadays, food quality is one of the major concerns of the food industry. Its evaluation
is a complex task due to the multiple aspects that may be considered to achieve an
appropriate food quality. Food composition, aroma, flavour, or nutritional properties are
among the most important aspects that may be evaluated in food quality assessments. MS
based metabolomics approaches are gaining attention due to their demonstrated capability
to establish links between the chemical composition and food quality, to control food
authentication and adulteration, or to differentiate food samples according to their
variety[61]. The ultimate goal of these researches is to determine relevant compounds that
may be selected as quality markers. However, one of the main strategies to evaluate food
quality is the investigation of the relationship between composition and bioactivity. Diet is
a source of bioactive compounds able to contribute to the improvement of human health.
Consequently, the identification of such compounds is crucial to provide customers with a
healthy, balanced diet. Bioactive compounds are being studied in the prevention of cancer,
heart disease, and other diseases. In this context, the vegetable kingdom is a primary source
of such phytochemicals with potential health benefits. At present, researchers have identified
hundreds of compounds with health-promoting, disease-preventing, or curative properties,
and new discoveries concerning the complex interactions between secondary metabolites in
plants and health are continually made [67].

The advent of metabolomics, which is a powerful approach enabling the comprehensive,
qualitative and quantitative analysis of all metabolites [68], prompted research in this field;
HRMS coupled to UHPLC is increasingly used in metabolomics. The recent innovations in

instrumentation and informatics currently allow performing a comprehensive analysis of
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metabolites. However, rigorous methodologies are required. The development of powerful
analytical techniques is essential for the advancement in bioactive compounds research. For
more details on the modern analytical approaches, based on HPLC and UHPLC coupled with
HRMS and MS/MS, employed to characterize and/or identify bioactives in food a review,
specifically on phytochemicals analysis by means of HRMS, has been reported in this thesis
(Appendix). In the review all the relevant steps to assess food quality by MS-based
metabolomics, such as proper sample preparation procedures separation techniques and

mass spectrometric approaches, will be discussed.

5.3 Metabolomics for nutrition

In the last years, the interest in establishing clear relationships between diet and health is
continuously growing. However, it is interesting to remark that several of the health benefits
assigned to many dietary constituents are still under controversy as can be deduced from the
large number of applications rejected by the EFSA about health claims of foods and or new
ingredients[33, 34]. More sound scientific evidences are needed to demonstrate the claimed
beneficial effects of these foods and constituents.

Understanding the roles of nutritional compounds at molecular level (i.e., their interaction
with genes, proteins and metabolites) is the main challenge that food scientists and
nutritionists have to face to adequately answer the new emerging questions. Nutrients can
be considered as signaling molecules that are recognized by specific cellular-sensing
mechanisms. However, unlike pharmaceuticals, the simultaneous presence of a variety of
nutrients with diverse chemical structures and concentrations and having numerous targets
with different affinities and specificities increases enormously the complexity of the
problem. Therefore, it is necessary to look at hundreds of test compounds simultaneously
and observe the diverse temporal and spatial responses.

In this sense, new strategies seem to be essential to understand how the bioactive
compounds from diet interact at molecular and cellular levels, and their crucial influence on
the transcriptome, proteome and the metabolome. The combination of the information from
the three expression levels (gene, protein, and metabolite) can be crucial to adequately
understand and scientifically sustain the health benefits from food ingredients[1].
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Metabolomics is nowadays considered an adequate strategy to investigate the complex
issues related to prevention of future diseases and health promotion through food intake. It
can be a major tool for detecting small changes induced by food ingredient(s) at the
metabolic level, making possible new investigations on food bioactivity and its effect on
human health at molecular level. The analysis of metabolic patterns and the changes in the
metabolism in the nutrition field can be, therefore, very interesting to locate; for example,
variations in different metabolic pathways due to the consumption of different compounds
in the diet. The recent years have therefore seen an increased application of metabolomics
to monitor specific food intake and dietary patterns in humans and to investigate food-related

diseases via the discovery of dietary biomarkers[69].

5.3.1 Dietary intake of foods

Generally, food frequency questionnaires or multiple days of diet records have been used
as the routine methods for collecting dietary intake data to evaluate positive or negative
effects of certain foods or diets on large population cohorts [70]. However, these methods
have many limitations, such as high cost and time consumption, recall bias and measurement
error, the misreporting or underreporting of dietary intake, difficulty in determining accurate
portion sizes and inappropriateness for some populations with cognitive impairment [71].
To overcome such limitations of these conventional data-collecting methods, metabolomics
has been used as an alternative for evaluating the positive or negative consequences of
certain foods or diets and for analyzing the dietary patterns by identifying new biomarkers
of food intake. Many studies have identified novel biomarkers associated with the intake of
specific foods such as juice, fruits, vegetables, grain, fish, wine and coffee and complex
intakes following dietary patterns [72—74]. These results have shown that specific foods or
dietary patterns significantly affect various metabolisms such as amino acid and lipid
metabolism connected with human health. These studies have demonstrated that
metabolomics is an effective and useful tool to reveal metabolic changes after specific food
consumption and to analyze dietary patterns for nutritional epidemiological studies.
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5.3.2 Food and health relationship

Epidemiological studies have reported that diet is related to certain diseases. To obtain
more persuasive and reliable results about diet-related diseases, metabolomics has been used
to reveal metabolic alterations associated with diet-related diseases and the results of diet
intervention. The relationship between green tea consumption and obesity prevention has
been elucidated by metabolomic analysis[75]. Additionally, metabolomics analyzes of the
serum metabolites produced after coffee consumption have revealed that caffeine-related
metabolites are inversely associated with colorectal cancer[76]. The metabolomic study of
dietary curcumin, found that it partially recovered metabolic disorders of the glycolysis and
fatty acid metabolism in hyperlipidemia[77]. Furthermore, metabolomics has been used to
identify biomarkers of human diseases and to understand metabolisms of human diseases[78,
79]. Recently, the human gut microbiota has received increased attention, since
microorganisms in the human intestinal along with the metabolites they generated were
found to play an important role in human health and diseases. The composition of the human
gut microbiota is affected by food intake and its manipulation by food intake can be a
potential therapy of certain diseases. Therefore, it is necessary to understand the metabolism
and functional status of the human gut microbiota and its interaction with the host, factors
that metabolomics can be a powerful tool for characterizing[80].
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6 Aim of the thesis:

In the previous paragraphs we focused the attention on several topics concerning
metabolomics for food analysis. Firstly, the importance of the assessment of food safety,
food quality and nutrition. Secondly, the importance of MS and the overall approaches
available to face the food analysis issue such as targeted, suspected and untargeted
approaches. All the methods have been studied in details to understand the difficulties, the
advantages and disadvantages of the mentioned approaches. Several steps have been proved
to be necessary for the development of a reliable analysis of food such as sample preparation,
chromatographic and mass spectrometric method, data analysis and identification.

In this thesis, the potentialities of MS have been exploited from several points of view in
order to give an overview of its application on the field of food metabolomics. All the
aspects concerning the development of a reliable method for food analysis have been treated
and critically discussed.

The thesis is divided in three main sections: targeted approach for food safety, suspected
approach for food quality, untargeted approach for nutrition. In each section, one of the three
main approaches (targeted, suspected, untargeted) used in food metabolomics has been
studied for its application on one of the three different food analysis fields (safety, quality,
nutrition). Moreover, each topic has been treated focusing the attention on a specific step of
the method development (sample preparation, LC-MS, data analysis) (Figure 2.13).

The topic of metabolomics for food safety has been studied in a targeted approach by
developing a method for the analysis of secondary metabolites of fungi, namely mycotoxins,
in food. In Paper I, the development of a particular material for the clean-up of mycotoxins
from milk extracts is presented. In Paper |1, an application of the material developed in paper
I has been shown for the analysis of mycotoxins on a different matrix, i.e. cereals. In the two
works, a typical workflow for the targeted identification and quantification of analytes in
food by means of MS is presented. However, particular emphasis has been given to the
importance of a proper sample preparation for the development of an efficient method. The
topic of metabolomics for food quality has been treated in a suspected approach by
developing a method for the analysis of several classes of secondary metabolites of plants
such as phenolic acids, flavonoids, PAs, ETs and GLSs in food. In Paper Il1, is presented the
development of a chromatographic and mass spectrometric method for the profiling of
strawberry. In Paper 1V, is presented a columns evaluation for the profiling of strawberry.
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Paper V is focused on a chromatographic method evaluation for the profiling of GLSs in
cauliflower. The three works present the typical workflow of a suspected analysis for the
metabolic profiling of specific classes of compounds in food. However, the main theme of
the papers is showing how a chromatographic and mass spectrometric method development

Is essential for the comprehensive profiling of a complex matrix.

Method
development

Food safety g T et e BRI

Food quality ===  Suspected

Nutrition === Untargeted [==e Data analysis

Figure 2.13: Diagram showing the thesis structure

Topic Approach

The topic of metabolomics for nutrition has been treated in an untargeted approach by
developing a method for the analysis of the human urinary metabolome after the
consumption of meat and dairy products. “Paper V17, not published yet, is focused on the
identification of urinary biomarkers after the consumption of meat either dairy products. In
this section, a typical untargeted workflow is presented, focusing in particular on the
importance of the data analysis and identification step on the investigation of the whole
metabolome.

Finally, a review on bioactive compounds in vegetables and fruits by means of HRMS is
reported in the Appendix to have more detailed information on MS and the approaches used
in food metabolomics.
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1 Mycotoxins targeted analysis in food

The first section of the thesis concerns the application of a typical targeted approach for
the analysis of mycotoxins in food. Two papers, strictly related to each others, will be
presented in the next paragraphs, developing a method for the analysis of different classes

of mycotoxins in two different matrices.

1.1 Background

As previously reported (Chapter 1, paragraph 2.2), mycotoxins can be found on different
crops, in particular cereal grains. However, human exposure might occur not only directly
through the intake of contaminated agricultural products, but also indirectly through the
consumption of products of animal origin obtained from animals that were fed with
contaminated feed[8]. In Paper | and Paper Il different matrices, i.e., milk in Paper | and
corn meal and durum wheat flour in Paper 11 have been analyzed for the detection of several
classes of mycotoxins. In particular, Zearalenone (ZEN) and its derivatives, namely o-
zearalenol (a-ZEL), a-zearalenol (a-ZEL), a-zearalanol (a-ZAL), B-zearalanol (f -ZAL),
and zearalanone (ZAN), that are classified as mycoestrogens[81] because of their ability to
bind the estrogen receptor [82], have been analyzed in Paper I. Whereas the main four
aflatoxins (AFB1, AFB2, AFG1, AFG2), ochratoxin A (OTA), and ZEN have been analyzed
in Paper II.

Milk, as well as cereals, is a complex food matrix, therefore, sample pre-treatment and/or
clean-up and enrichment steps are generally required to reduce matrix effects (MEs), i.e.,
ion suppression, and/or to preserve LC columns. Although analysis time and cost are
increased in this case, the analytical method benefits from increased sensitivity and
robustness (e.g., reducing column blockage and contamination). After a preliminary pre-
treatment of the matrix, the mycotoxin extract is generally cleaned up/enriched by SPE.
Recently, dispersive SPE in a magnetic mode using nanoparticles is attracting increasing
scientific interest [83, 84]. The mechanisms occurring in magnetic SPE (mSPE) are
analogous to those observed in classical on-column SPE, where the interactions between
target molecules and adsorbent functional groups determine the efficiency of the system. In

mMSPE, the dispersion of the magnetic material into the solution containing the target
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molecules assures a continuous and dynamic contact with the adsorbent surface, leading to
a more efficient analyte retention. The separation of the magnetic material with the adsorbed
analytes from the solution is then realized by applying a magnet outside the vessel, avoiding
centrifugation or filtration steps. Finally, after eventual washings, analytes are eluted from
the magnetic material by a proper solvent mixture. Magnetic SPE presents various
operational advantages over classical SPE and, moreover, magnetic nanoparticles (MNPS)
are easy to prepare, and various materials can be used in their synthesis. In both Paper I and
Paper 1, a magnetic graphitized carbon black (mGCB) was chosen as the adsorbent. Indeed,
as graphitized carbon black (GCB) as adsorbent in SPE had already shown selectivity
towards estrogenic compounds and mycoestrogens in milk [85], it was reasonable testing it
in the magnetized form for mycoestrogens. Moreover, due to the promising results obtained

in Paper I, in Paper Il the same material was also tested for mycotoxins in cereals.

1.2 Magnetized graphitized carbon black

GCB may establish different types of interaction with the organic molecules, acting both
as reversed-phase and anion-exchanger sorbent. Indeed, the planar graphitic surface allows
the hydrophobic interaction with analytes by polarizable bonds and m interactions;
furthermore, some polar and positively charged chemical heterogeneities (e.g., oxonium
groups) on its surface allow the GCB to establish anion—exchange interactions and hydrogen
bridges between protonated functional groups of the analytes and carbonylic groups of GCB
or vice versa. GCB is a non-porous material whose surface area varies among the diverse
commercially available products.

Because of the lack of proper functional groups on their surface, some carbonaceous
materials require an oxidation step to improve the wettability and dispersion in water. GCB,
even possessing some polar functionalities in its structure, was previously treated with HNO3
in mild conditions, which led to an only 1% oxidation. This is because in preliminary
experiments with non-oxidized GCB (data not shown), elution of the analytes from MNPs
required a high volume of eluent, which could be reduced only after oxidation.

The graphitized carbon black, previously treated with HNO3, was magnetized with FezOg,
which was confirmed by the characterization analyzes. The GCB material was fully
characterized before and after oxidation with nitric acid, as well as after magnetization, to
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observe changes in morphology or in structure. The starting material was a GCB with
particle size of 120-400 mesh and a surface area of 100 m?/g. After magnetization, the
available surface area and the pore volume were half as much. Termogravimetric analysis
showed that the starting GCB, as well as the material after oxidation, was free of organic
impurities but, after magnetization, the inorganic components showed a significant increase
to 55%. The FTIR analysis showed signals belonging to OH, C=0 and C-O after the
oxidation and to typical Fe—O bond after magnetization. Finally, the morphological structure
of the materials was monitored by TEM analysis, which showed that after magnetization

spherical nanoparticles (100-300 nm) were grown on the GCB surface (Figure 3.1).

Figure 3.1: TEM images to characterize GCB during the various preparation steps: a) GCB
starting material; b) GCB after treatment with HNO3; C) GCB after magnetization.

1.3 Chromatographic and mass spectrometric method

Once characterized the material, a pre-treatment step and the clean-up step for the
extraction of mycoestrogens from milk and mycotoxins from cereals had to be performed.
The evaluation of the pre-treatment and clean-up procedures was performed, in both Paper
I and Paper Il, by means of a targeted analysis of the standards of the above mentioned
mycotoxins by means of UHPLC-MS/MS.

An UHPLC coupled by means of an ESI source to a QqQ TSQ Vantage was used. The
electric (e.g. S-lens) and MS and MS/MS acquisition parameters (precursor ions, SRM
transitions, and collision energy) were optimized by directly infusing each analyte standard

solution. Gas pressures, temperatures, and spray voltage parameters of ESI source were
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optimized by introducing simultaneously, through a tee-junction, the analyte standard
solution at 300 pL/min. The chromatographic conditions were slightly different in Paper |
and Paper |1, whereas in both papers a 10 cm long column namely C18 Cortecs was chosen.

Spectra were acquired in SRM mode, monitoring two transitions of the deprotonated
molecule [M—H] for each compound. For each analyte, the unambiguous identification was
based on comparison with the authentic standard (RTs, relative intensity ratios of MRM
transition pairs) following the criteria reported in the Decision 2002/657/EC[86]. Recovery
(RE), ME, and Process efficiency (PE) were determined as follows: blank matrix spiked with
standards before (set 1) and after (set 2) extraction procedure, and neat solution standards
(set 3) were prepared; Analyte response was measured as absolute peak area. RE was
assessed by the ratio between the peak area of sample set 1 and sample set 2 according to

the formula:
RE(%) = (Areasetl/Areaset2)x100

ME was estimated by the ratio between the peak area of sample set 2 and sample set 3

according to the formula
ME(%) = (Areaset2/Areaset3)x100

PE was estimated by the ratio between the peak area of sample set 1 and sample set 3, (i.e.,

the product between PE and RE), according to the formula:

PE(%) =(Areasetl/Areaset3)x100

1.4 Sample pre-treatment and clean-up

Once chosen the best chromatographic and mass spectrometric condition, the pre-
treatment and clean-up method was evaluated. Certainly, the matrix composition affects both
the pre-treatment and the selection of the best parameters for the clean-up steps [84].
Therefore, two completely different protocols were used in Paper | and Paper |1 starting from
two different matrices and analysing two slightly different classes of compounds. Several
different pre-treatment techniques were tested and several mSPE clean-up protocols were

tested to evaluate the efficiency of the whole methods.
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As explained in Paper I, to reduce MEs, usually milk deproteinization step is performed
before extraction by adding an organic solvent, such as methanol (MeOH) or ACN [87, 88].
Three different solvents (MeOH, ACN, acidic MeOH) were tested, but measurements of the
PEs showed very low values for all the solvents. Also a QUEChERS- like procedure was
evaluated for sample pre-treatment with NH4SO4, ACN and hexane, but the RE resulted to
be 4-16%. Finally, the milk sample was diluted in phosphate buffer at different ratios without
any protein removal, showing the best results in term of PE in particular with 1:5 sample to
buffer ratio. After chosen the best pre-treatment step, the optimization of the clean-up
conditions was carried out.

The diluted skimmed milk were added to GCB MNPs, previously conditioned. After the
adsorption of the analytes onto the MNPs, supernatant was removed by means of magnetic
decantation. Resorcylic acid lactones were eluted from the sorbent material. The amount of
MNPs (100 mg) required to achieve an efficient MSPE procedure was chosen on the basis
of previous experience[89]. Magnetic decantation time depended on the medium solvent (15
min in aqueous medium, 5 min in organic solvent). Initially, ACN was used as elution
solvent; however, REs were not satisfactory for a-ZEL, ZAN, and ZEN. Therefore, the
mycoestrogens were eluted with the mixture CH.Cl,/MeOH 80:20 v/v neutral or containing
0.1% and 1% v/v HCOOH. Considering the PE, the neutral one gave the best results and
was chosen as elution mixture. Therefore, in the final optimized conditions, aliquots of 8 mL
of milk diluted with phosphate buffer in a sample-to-buffer ratio 1:5 were adsorbed onto the
GCB MNPs and eluted with the mixture CH.Cl2/MeOH 80:20 v/v, then dried and
reconstituted with H.O/MeOH 50:50 v/v.

Of course, the optimized pre-treatment steps and clean-up steps were different for the
analysis of mycotoxins in cereals in Paper Il. Most steps of the analytical method were
developed using corn meal samples, and only successively validated for wheat flour samples.
Generally, ACN/water mixtures are used to extract mycotoxins from cereal samples; in some
cases, acetic or formic acid up to 1% (v/v) is added to the mixture[8]. In Paper II, corn meal
and durum wheat flour samples were extracted with ACN/water/formic acid 80:19.8:0.2
(v/iv/v). Once the corn meal and durum wheat for samples were extracted the clean-up
procedure, with the same material and procedure as in Paper | was carried out. However, the
optimization of the parameters gave different results. Different sample to mGCB ratios were
tested keeping the magnetic material amount to 50 mg, and using 1000 mg, 500 mg, and 250

mg of maize meal. Results, showed that the smallest sample amount allowed obtaining the
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best PE values for most mycotoxins. Five mL of dichloromethane/MeOH 80:20 (v/v)
containing 0.2% formic acid was used to elute the retained analytes from mGCB. A mixture
dichloromethane/MeOH, either neutral or containing up to 0.2% of a weak acid, was
generally used to elute the analytes from GCB in classical SPE mode. Because in the analysis
of maize samples, ZEN and its derivatives were eluted a neutral mixture[90], while AFs with
and acid mixture the elution conditions were chosen to enhance the REs of the AFs, which
are the natural least abundant and most toxic mycotoxins. The eluted sample was dried and
reconstituted with 250 uL of MeOH/water 80:20 (v/v) containing 5 mmolL* ammonium
formate. The choice of this reconstitution mixture was preferred to a mixture of ACN/water

because of better REs very likely due to solubility issues.

1.5 Method validation

Once optimized the extraction and clean-up methods for mycoestrogens in milk and
mycotoxins in cereals, the methods validation has been performed. To assess the
performance of the developed analytical method, overall PE, trueness and precision (both
intra-day and inter-day precision), limits of detection (LODSs), and limits of quantification
(LOQs) were considered.

For each analyte two calibration graphs, named “standard” and “matrix matched,”
respectively, were constructed. To construct the standard calibration graphs of the analytes,
standard solutions were prepared at five and six concentration levels for Paper | and I,
respectively, and adding the same amount of internal standard (IS). To construct the matrix-
matched calibration graph for each analyte, matrix-matched solutions were prepared at five
and six concentration levels for paper | and paper I, respectively, by spiking analyte free
sample before the extraction to obtain in the final extracts the same nominal concentrations
used for standard calibration, adding the same amount of IS in the final extract, and following
the optimized extraction protocol. For each analyte, the analyte to IS peak area ratio versus
the analyte concentration was plotted, considering the sum of both SRM transitions to
measure the areas. Unweighted regression lines for calibration graphs were calculated.

Method trueness was estimated by analyte apparent recoveries, calculated by comparing
the analyte to IS peak area ratios in free-analyte samples spiked before and after the

extraction procedure.
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Area analyte set 1/Area IS set 1
Apparent RE (%) =

Area analyte set 2/Area IS set 2

Within laboratory precision of the method was estimated as both intraday (repeatability)
and interday (reproducibility). The intraday precision was expressed as relative standard
deviation r (RSD) of the RE values of six spiked samples, for each concentration level,
analyzed in the same day. The interday precision was expressed as RSD of the RE values of
six spiked samples, for each concentration level, analyzed in six consecutive days.

The estimation of LOD and LOQ was conducted as already reported [13, 28, 31, 32]. Briefly,
a first LOD and LOQ estimation was performed considering the SD of the intercept () and
the slope of the calibration graphs (S), according to the formulas

LOD=3§ LOQ=10§

The standard calibration curve was used for the instrumental LODs and instrumental
LOQs, whereas the matrix-matched calibration curve was used for the method (M)LODs
and MLOQs. Only data generated from regression statistics obtained from calibration points
in the range of the lower concentrations were employed to assess these values. The peak area
of the second most intense SRM transition and the sum of the two SRM transitions were
used to determine LOD an LOQ values, respectively. To verify MLODs and MLOQs, milk
samples in Paper | and corn meal and wheat flour samples in Paper 11 were fortified with the
analytes at the extrapolated values, and the samples were handled as reported above. For
MLODs and MLOQ confirmation, S/N >3 and >10 were set, respectively.

Method validation results are shown in detailed in the published papers and
supplementary materials. However, the results are summarized below.

In Paper | REs were >69% and MEs ranged between 67 and 115%, giving overall PEs
>52%. Both standard and matrix-matched calibration graphs were linear over the explored
range (R? >0.9989 and for R? =0.9956-0.9996, respectively). Apparent recoveries were >
75%. Within laboratory precision was 2-16 and 8-22% for intra-day and inter-day
experiments, respectively. Calculated MLODs and MLOQs in Paper 1 resulted to be lower
compared to other papers published in the literature. In a previous work of our group[85],
using classical GCB-SPE, only for ZAN a lower MLOQ was obtained.
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Table 3.1: RE, ME, PE obtained analyzing 8 mL milk samples spiked at 31.2, 156.2, and
312.5 ng/L

Analyte Spiking level

31.2ng/L 156.2 ng/L 312.5 ng/L

RE ME PE RE ME PE RE ME PE
B-ZAL 70 115 80 79 106 84 89 115 102
B-ZEL 79 88 70 77 112 86 84 111 93
a-ZAL 76 79 60 7 88 62 72 112 81
a-ZEL 77 67 52 82 87 n 87 68 59
ZAN 91 91 83 79 90 n 74 103 76
ZEN 88 72 63 69 96 66 73 106 77

Results are obtained by comparing analyte area without normalization to that of IS. The experiments were replicated six times. For RE and
ME calculation, see text.

In Paper 11 REs were >67% at the lowest fortification level. The MEs of signal suppression
affected in particular AFB1 and OTA. The only signal enhancement ME was observed for
ZEN, however it cannot be excluded that this signal enhancement was due to a natural
contamination below method detection limit (MLOD). The apparent REs were higher for
OTA and ZEN compared to the others analytes. Compared to the work by Hashemi et al.
[91], the MLOQs obtained in the present work for AFB2 are slightly higher. Compared to
the work by Mashhadizadeh et al. [92], the limits for OTA are three times higher. However,
both these works used HPLC-FD for determination, thus the criteria for MLOD and MLOQ
estimation are different, and they analyzed from one up to two mycotoxins. In other papers
using coated nanoparticles [93] instead, the MLODs values were comparable to those

obtained in the present work, whereas the MLOQs were higher.

Table 3.2: RE, ME for AFs, OTA and ZEN in corn meal and durum wheat flour samples.
Fortification levels were maximum limit (ML), 0.5 X ML and 2 X ML

0.5 x ML ML 2 X ML
Analyte Corn Durum Wheat Corn Durum Wheat Corn Durum Wheat
RE ME RE ME RE ME RE ME RE ME RE ME
AFG2 78 76 74 86 67 79 69 79 71 84 67 88
AFG1 71 75 74 79 66 73 74 75 68 78 73 84
AFB2 69 76 68 78 63 85 76 86 74 89 71 76
AFB1 73 68 71 70 74 69 73 68 72 69 69 73
OTA 67 72 73 67 83 68 76 71 79 69 81 68

ZEN 78 87 79 102 89 94 82 116 84 104 88 108
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1.6 Method application

One of the problems arising during method development in Paper Il was to find samples free
of ZEN, which, indeed, contaminates most of the corn meal samples[94]. OTA was also
detected in some samples at concentrations below MLOQ. In a short survey carried out on
10 corn meal samples, OTA was detected in one sample at 1.3 ug kg™ level, whereas it was
detected at values >MLOD but <MLOQ in the other two samples. In eight out of 10 samples,
ZEN was detected at values >MLOD but <MLOQ, and in one sample at 72.9 1.3 ug kg*
level. Quantification was made by matrix-matched calibration. None of the investigated
mycotoxins were detected in the five durum wheat flour samples. Indeed, the maize plant is
very susceptible to contamination by Fusarium species [94], so it is generally more affected
by certain mycotoxin contamination than wheat (in particular ZEN contamination).

1.7 Conclusions

In Paper 1 is shown that the overall PE ranged between 52 and 102%, with ME below
33%. The obtained method limits of quantification were below those of other published
methods that employ classical SPE protocols. The MLOQs ranging between 8 and 15 ng/L
make the present method able to determine the compounds of interest in milk samples at
reasonable contamination levels. Moreover, the employment of MSPE instead of SPE
allowed to extract a turbid sample as milk avoiding possible clogging of SPE cartridge frit,
as well as decreased RE due to colloid—analyte interaction. Although the equilibration time
(NPs-analytes interaction time 30 min) could appear long, it should be considered that, on
the contrary of SPE, a large number of samples can be processed simultaneously, and the
time needed for analyte retrieval is about the same as in the classical SPE.

Due to the positive results obtained for this method development applied to
mycoestrogens in milk, we decided to use the same material on a different class of
mycotoxins in cereals. In Paper Il is shown that REs were >60% in both cereals analyzed,
even if the MEs were not negligible. The LODs were comparable to or higher than those of
other mSPE methods. Firstly, the different detection techniques used in the other works make

MLOQ calculation modes not really comparable Secondly, this method, on the contrary of
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the previous works, allows the simultaneous investigation of a larger number of mycotoxins
belonging to three different chemical classes.

These results show that several aspects, related to sample preparation, have to be
considered when developing a method for a targeted analysis: recoveries, time, costs, and
applicability to different matrices or to a wide range of diverse compounds. The overall
process efficiency of the developed method has to be a compromise between performance
and easiness and rapidity of application. The trend in contaminants analysis in food is
moving toward the development of multi-residual analysis, consisting in the analysis of a
wide range of compounds (which is difficult because of the different chemical properties) in

an effective and low time consuming process.
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2 Paper |

Mycoestrogen determination in cow milk:
Magnetic solid-phase extraction followed by liquid
chromatography and tandem mass spectrometry
analysis
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Research Article

Mycoestrogen determination in cow milk:
Magnetic solid-phase extraction followed
by liquid chromatography and tandem mass
spectrometry analysis

Recently, ragneticsolid-phase extraction has gained interest because it presents various op-
erational advantages over classical solid-phase extraction. Furthermore, magnetic nanopar-
ticles are easy to prepare, and various materials can be used in their synthesis. In the
literature, there are only few studies on the determination of mycoestrogens in milk, al-
though their carryover in milk has occurred. In this work, we wanted to develop the first (to
the best of our knowledge) magnetic solid-phase extradion protocol for six mycoestrogens
from milk, followed by liquid chromatography and tandem mass spectrometry analysis.
Magnetic graphitized carbon black was chosen as the adsorbent, as this carbonaceous ma-
terial, which is very different from the most diffuse graphene and carbon nanotubes, had
already shown selectivity towards estrogenic compounds in milk. The graphitized carbon
black was decorated with Fe;Oy, which was confirmed by the characterization analyses.
A milk deproteinization step was avoided, using only a suitable dilution in phosphate
buffer as sample pretreatment. The overall process efficiency ranged between 52 and 102%,
whereas the matrix effect considered as signal suppression was below 33% for all the
analytes even at the lowest spiking level. The obtained method limits of quantification
were below those of other published methods that em ploy classical solid-phase extraction
protocols,

Keywords: Dispersive solid-phase extraction/ Graphitized carbon black/ Magnetic
nanoparticles / Mycoestrogens / Resorcylic acid lactones
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classified as mycoestrogens 1] because they are able to hind
the estrogen receptor and consequently lead to problems in

Zearalenone (ZEN), a macrocyclic B-resorcylic acid lactone, is
a mycotoxin produced by several filamentous fungi of Fusar-
ium species, ZEN and its metabolites and derivatives, namely
azearalenol (w-ZEL), B-zearalenol (B-ZEL), c-zearalanol (o-
ZAL), P-zearalanol (B-ZAL), and zearalanone (ZAN), are
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Abbreviations: CNT, carbon nanotube; GCB, graphitized car-
bon black; 1S, internal standard; MLOD, method limit of detec-
tion; MLOQ, method limit of quantification; MNP, magnetic
nanoparticle; MSPE, magnetic solid-phase extraction; ME,
matrix effect; pDA, polydopamine; PE, process efficiency; RE,
recovery; SRM, selected reaction monitoring; TGA, thermo-
gravimetric analysis; ZAN, zearalanone; ZEN, zearalenone;
w-ZEL, w-zearalencl; f-ZEL, B-zearalenol; a-ZAL, a-zearalanol;
p-ZAL, p-zearalanol; ZEN-d6, deuterated zearalenone
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the mammalianreproductive systern 2], In particular, a-ZAL
is used as a growth promotor and to reduce stress in cattle
inthe USA and several other countries, whereas it has been
banned in the European Union (EU) since 1985 |3],

Mycotoxins can be found on different crops, in partic-
ular cereal grains. However, human exposure might occur
not only directly through theintake of contarninated agricul-
tural products, but also indirectly through the consumption
of products of animal origin (e.g. meat, milk, eggs, etc.) ob-
tained from animals that were fed with con taminated feed [4].
Indeed, carryover of ZEN and jor its meta bolites into cow milk
has been reported | 2], since in marnrnals, ZEN is mainly bio-
transformed in B-ZEL and o-ZEL [5].

Due to their toxic effects, Council Directive 96/23/EC[6]
lists resorcylic acid lactones in group A, substances hav-
ing anabolic effect and unauthorized substances, which
have to be monitored in live anirnals, and animal products.
Moreover, in 2000, the Joint FAO/WHO Expert Commit-
tee on Food Additives has recommended a total provisional
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maximurn tolerable daily intake of 0.5 pg/kg bw. for ZEN
and its metabolites. Resorcylic acids are not listed among the
substances to be detected in milk [6]. Although the limited
data available seem to mndicate that in milk this mycotoxin
class does not pose a serious danger to humans [2], never-
theless it has to be considered that the effect of estrogenic
substances might be additive or synergic, and the knowledge
of every estrogenic compound source is important for human
health protection. Therefore, the availability of rapid and re-
liable analytical methods for the determination of resorcylic
acid lactones in animal-derived matrices is highly important
for food safety assurance [7].

SPE followed by LC coupled to MS are the techniques
of choice for the analysis of mycoestrogens in milk [5, 8],
that are analyzed alone (9] or more frequently together with
other mycotoxins (10, 11] or estrogenic compounds [3, 12].
Nevertheless, even using a such selective technique, an ade-
quate sample pretreatment is required for the elimination of
matrix interferences and for the enrichment of the selected
analytes [8]. To reduce matrix effects (MEs), i.e., ion suppres-
sion or enhancement typically observed when an ESIsource is
used, and/orto preserve SPE or LC columns, usually milk de-
proteinization step is performed before extraction by adding
an organic solvent, such as MeOH or ACN [8, 14]. However,
in this case, the resulting solution possesses a too high or-
ganic content to be retained, for example, on a conventional
RP SPE column and requires a suitable aqueous dilution [15].

Recently, magnetic nanoparticles (M NPs) have been pro-
posed as sorbents for dispersive SPE; their advantages over
classical SPE sorbents have been already reported in several
reviews [16, 17). The magnetic core of MNPs, usually consti-
tuted by an iron oxide such as magnetite (Fe;04), can be
grafted or wmated with organic or inorganic layers, to en-
hance MNP stability and selectivity [18]. Silica is the ma-
terial most used for coating, but also carbonaceous materi-
als are gaining interest. In other cases, Fes0, is deposited
onto the structure of a carbon-based material [19], such as
graphene [20] and graphene oxide [21], multi-walled carbon
nanotubes (CNTs) [22], (nano)porous carbon [23,24], and car-
bon nanofibers [25].

As in dassical SPE, the separation mechanism occurring
in magnetic (M)SPE depends on the type of sorbent, and
is conneded with the interaction of analyte molecules with
the functional groups of the MNPs. The choice of the right
sorbent also depends on the nature of the sample being tested
17).

MSPE has never been used for mycoestrogens determi-
nation in milk, whereas M NPs with various coating have been
emnployed for extracting estrogens frommilk: polypyrrole[14],
CNTs [26], and cetyltrimethyl ammonium bromide [27).

In a recent work [28], we exploited the ability of MNPs
coated with polydopamine (pDA) to seledively retain estro-
gens, mycoestrogens and phyloestrogens from water sam-
ples. The Fe;Oy@pDA particles gave high recoveries for
the analytes when used in water samples, nevertheless they
failed when applied to milk samples, because ME dramatically
increased.
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In this work, we wanted to test the capability of magnetic
graphitized carbon black (GCB) in mycoestrogen extraction
from milk samples. For this purpose, GCB, previously treated
with HNOy, was magnetized and used as MSPE sorbent be-
fore UHPLC-MS/MS analysis. To author’s best knowledge,
this is the first application of MSPE for mycoestrogens in
milk, as well as the employment of magnetic GCB in a food
matrix.

2 Materials and methods
2.1 Chemical and reagents

Farmic acid, nitric acid, ethylene glycol, iron(111) chloride hex-
ahydrate, trisodium citrate, sodium acetate, and organic sol-
vents of analytical grade were obtained from Sigma-Aldrich
(St. Louis, M1, USA). For LC-MS5 analysis, only ultrapure
water and ACN Optima LC/MS grade from Fisher Scientific
(Ikirch, France) were used.

Standards of the analytes (purity >99%) ZEN, o-ZEL,
[B-ZEL, ZAN, w-ZAL, B-ZAL were purchased from Sigma-
Aldrich (St. Louis, M1, USA). The pure standard of the com-
mercially available deuterated zearalenone-d6 (ZEN-d6) was
acquired from Wellington Laboratories (Toronto, Ontario,
Canada) and was used as internal standard (15).

For each analyte and the IS, an individual stock stan-
dard solution at 200 pg/mlL concentration was prepared by
dissolving the suitable amount of standard in MeOH. A com-
posite working standard solution was prepared by combining
aliquots of the individual solutions of the six analytes and di-
luting with MeOH to obtain the required concentration. This
rnixture was renewed weekly. All the solutions were stored in
the dark at —20°C and brought to room temperature before
use.

2.2 Preparation of graphitized carbon black
magnetic nano particles

The GCB MNPs were prepared following a literature prepa-
ration of magnetic carbon nanotubes, with some modifica-
tions [29]. Four-hundred mg of the commerdal GCB Supel-
clean ENVI-Carb (Sigma-Aldrich, St. Louis, MO) was initially
activated by stirring the materialin 50 mLof concentrated ni-
tric acid at room termmperature for 7 h. At the end of this step,
and after extensive washings with water until neutral pH, the
material was dried overnight at 50°C. Finally, 150 mg of the
activated GCB were dispersed into 40 mL of ethylene gly-
col and added with FeCly-6H, O (810 mg), trisodium citrate
(150 mg), sodiurm acetate (3.6 g), and PEG 10k (1.0 g). The
mixture thus obtained was sonicated for 3 h and then sealed
in a 125 mL autoclave for 10 h at 200°C.

After woling to room ternperature, the obtained GCB
M NPs were washed with water and ethanol and dried; finally,
they were stored sealed in a glass flask at 4°C in the dark.

WWwWw. jssjournal.com



4796 A, L. Capriotti et al.

2.3 Characterization of graphitized carbon black
material

The GCB material was characterized before and after treat-
ment with nitric acid, and after magnetization. TEM images
were obtained with a Philips EM 208 transmission electron
microscope with a standard loop filament, Olimpus Morada
2K x 2K CCD camera. Porosimetry and specific surface area
were assessed by an 3Flex Surface Characterization Ana-
lyzer (Micromeritics Instrument Corporation, Norcross, GA,
USA). The FTIR spectra were recorded on Perkin Elmer
2000 spedrophotometer. All the spectra were collected in
the range 4000400 cm . Thermogravime tric analysis (TGA)
was performed on TA Instruments TGA Q500 under an air
flow of 90 mL/min with a ramp of 10°C/min from 100 to
800°C. Raman spectra were recorded on a Renishaw instru-
ment, model Invia reflex equipped with 532 laser operating
at22.5 W,
All the analyses were duplicated.

2.4 Samples and sample preparation

Pasteurized whole milk packages of the most widespread
brands of the area were acquired in local markets in Rome.
As reported on the label, composition was 3.6 g of fat and
3.3 g of protein per 100 mL; original pH ranged between 6.6
and 6.8,

Whole milk was previously skimmed by centrifugation
at 12 700 x g at 4°C for 15 min; afterward, cream was re-
moved from the surface and the underlying milk was used
for experiments.

A total of 8 mL of skimmed milk was placed in a 50 mL
polypropylene centrifuge tube and added with 40 mL of
60 rnrnol (L phosphate buffer (pH 7). After that, 100 mg
of GCB MNPs, previously conditioned with 10 mL MeOH
followed by 5 mL H;O, were added to the mixture. Af-
ter 1 min vortexing, the solution was kept under agita-
tion for 30 min to allow the adsorption of the analytes
onto the MNPs. Before removing the supernatant, a perrma-
nent magnetic disk composed Nd-Fe-B of 25 mm = 5 mm
from Supermagnete (Gottmadingen, Germany) was placed
on the bottorn of the polypropylene tube for 15 min to sed-
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iment the GCB MNPs. To remove residual water, 500 L
MeOH were added in the tube and then the supernatant was
discarded.

Resorcylic acid lactones were eluted from the sorbent
material by 10 mL CH,;ClL/MeOH 80:20 v/v under slight
agitation for 5 min, and then by 5 min magnetic decantation.
The extract was collected in a 20 mL round bottorn glass vial
and evaporated under a gentle nitrogen stream in a water
bath at 37°C, and the residue was reconstituted with 250 pL
of H;0/MeOH 50:50 vfv. Before injection, the extract was
filtkered with 13 mm GHP membrane syringe filters (0.2 pm,
Pall, MI, USA).

2.5 LC-MS/MS analysis

The mass spectrometer was a TSQ Vantage EMR triple
quadrupole (Thermo Fisher Scientific, Bremen, Germany),
provided with aheated ESI source. Itwas interfaced to an UH-
PLC system Ultimate 3000 binary pump (Thermo Fisher Sci-
entific) equipped with thermostatted column compartment
and microwell-plate autosampler.

Analytes were separated onto a Cortecs UHPLC C184
column (100 mm x 2.1 mm id, 1.6 pm particle size), pro-
vided with a Cortecs UHPLC C184 VanGuard pre<olumn
(5mm x 2.1 mmid, 1.6 pm particle size), both from Waters
(Milford, MA, USA). The column was maintained at 40°C in
the thermostatted oven of the LC apparatus, and it was oper-
ated at 300 pL/min flow rate; sample aliquots of 10 pL were
injected. Using water (A) and ACN (B} as mobile phase, the
elution gradient consisted in an isocratic step at 15% B for
2 min, followed by a linear increase of B to 6026 within
14 min; then B was brought ta 999 in 4 min, and held con-
stant for 10 min to rinse the column. Equilibration time at
15% B lasted 10 min.

The ESI source was operated in negative ion mode:
spray voltage was set at —2.8 kV; vaporizer and capillary
temperatures were set at 250 and 220°C, respectively; gas
pressures were 40 and 20 {arbitrary units) for sheath and
auxiliary gas, respectively. Spectra were acquired in selected
reaction monitoring (SEM) mode, monitoring two transitions
ofthe deprotonated molecule [M-H] for each compound (see
Table 1).

Table 1. Full names, acronym, chromatographic retention time, precursor ion, product ions with the relative collision energy (CE), and
S-lensof the target analytes and the deuterated internal standard (1S)

Analyte Abbraviation Retantion Pracursor ion Product ion (m/z) (CE, aV) S-lans
time (min) [M-H] ™ {myz)
B-zearalanol B-ZAL 10.7 3.0 161.1132); 277.2(23) 125
B-zearalenal B-ZEL 104 3191 188.0 (30); 275.1 (23) 150
we-zearalanol o-Z AL 1na 3210 132.9 (38); 161.2(32) 125
we-zearalenol a-ZEL 121 3191 160.0 (36); 275.1(23) 150
rearalanone ZAN 135 3191 275.2 (22); 161.1 (249) 125
rearaleno ne-dé ZEN-d6 (I15) 136 3230 161.1 (34);175.1 (28) 125
zearalenone ZEN 136 30 131.1133); 1751 (29 150

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

W, jss-journal.com



J. Sep. Sei. 2016, 39, 47944804

Once per month, the manufacturer solution {mass range
69 to 2800 m /z) was used for mass calibrations and resolution
adjustments on the resolving lens and quadrupoles.

The entire LC-MS systern was managed by software
Xealibur™, v2.2 (Thermo Fisher Sdentific).

2.6 Evaluation of analytical method performance

Performance of the optimized analytical method was as
sessed through overall process effidency (PE), trueness and
precision (both intraday and interday precision), LODs, and
LOQs.

26.1 Standard and matrix-matched calibration
graphs

Two calibration graphs, named “standard” and “matrix-
matched,” respectively, were construded. Standard solutions
were prepared at five concentration levels (0.5, 1.0, 2.0, 5.0,
and 10 pg/pL) by appropriate dilution of the composite work-
ing standard solution in H,O/MeOH {50:50,v/v), and adding
the same amount of 1S (2 pg/p L). These solutions were used
to construct the standard calibration graphs of the analytes.

Matrix-matched solutions were prepared at five concen-
tration levels (15.6, 31.2, 62.5, 156.2, 312.5 ng/L) by spiking
analyte-free milk samples, to obtain in the final extracts the
same nominal concentrations used for standard calibration,
adding the same amount of 15 (2 pg/pL in the final extract,
corresponding to 62.5 ng/L in milk) and following the opti-
mized extraction protocol. These solutions were used to con-
struct the matrix-matched calibration graph for each analyte.

Each solution was prepared in duplicate and injedted
twice, starting from the lowest up to the highest concen-
tration level; finally, the results were averaged to give rise to
a single calibration graph.

For each analyte, the combined ion current profile for
the seleded transiions was extracted from the LC-SRM
dataset; the resulting traces were smoothed (Gaussian type,
7 points) by applying the automatic processing smoothing of
Xealibur™ software,

The analyte to 18 peak area ratio versus the analyte con-
centration was plotted, considering the sum of both SRM
transitions to measure the areas. Unweighted regression lines
for standard and matrix-matched calibration graphs were
calculated using Xcalibur™ QuanBrowser (Thermo Fisher
Scientific).

2.6.2 Recovery, matrix effect, and overall process
efficiency

Recovery (RE), ME, and PE were determined following Ma-
tuszewski approach [30], as also reported in a previous work
[28]. For this purpese, blank matrix spiked with standards
before (set 1) and after {set 2) extraction procedure, and neat
solution standards (set 3) were prepared. Analyte response
was measured as absolute peak area.

201 6 WILEY -VCH Verdag GmbH & Co. KGaA, Weinhaim
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RE was assessed by the ratio between the peak area of
sample set 1 and sample set 2 according to the formula:
RE(%) = (Area,q[Area, ;) > 100. ME was estimated by the
ratio between the peak area of sample set 2 and sample set
3 according to the formula ME(%) = (Areag. [Area,.; )= 100,
PEwas estimated by the ratio between the peak area of sample
set 1 and sample set 3, according to the formula: PE(%) =
(Area e Area ;) x 100, (Le., the product between PEand RE).

Three different fortification levels were prepared by
adding the suitable volume of the composite working stan-
dard solution of the mycoestrogens to the sample sets. The
levels were 31.2, 156.2, and 3125 ng/L in milk samples,
corresponding to 1, 5, and 10 pg/pl in the neat stan-
dard solutions. For each spiking level, six replicates were

performed.

2.6.2 Tueness and precision

Method trueness was estimated by analyte apparent recover-
ies, calculated by comparing the analyte to IS peak area ratios
in free-analyte milk samples spiked before and after the ex-
traction procedure, Resorcylic addlactones fortification level s
were 31.2, 156.2, and 312.5 ng/ L, whereas the concentration
level of 1S was 2 pg/iL in the final extract (i.e, 62.5 ng/Lif
referred to milk) in all samples. Six replicates were carried on
for each spiking level.

Within laboratory precision of the method was estimated
as both intraday (repeatability) and interday (reproducibil-
ity). The intraday precision was expressed as RSD; of the
recovery values of six spiked samples, for each concentration
level, analyzed in the same day. The interday precision was
expressed as RSDy of the recovery values of six spiked sam-
ples, for each concentration level, analyzed in six consecutive
days.

2.6.4 Limits of detection and quantification

The estimation of LOD and LOQ was conducted as already
reported [13,28,31,32]. Briefly, a first LOD and LOQ estima-
tion was performed considering the SD of the intercept (o)
and the slope of the calibration graphs (§), according to the
formulas LOD = 3 o/S and LOQ = 10 «/S. The standard
calibration curve was used for the mstrumental LODs and
instrumental LOQs, whereas the matrix-matched calibration
curve was used for the method (M)LODs and MLOQs.

Only data generated from regression statistics obtained
from standard and matrix-matched calibration points in the
range of the lower concentrations were employed to assess
these values, The peak area of the second most intense SRM
transition and the sum of the two SRM transitions were used
to determine LOD an LOQ values, respectively.

To verify MLODs and MLOGs, milk samples were for-
tified with the analytes at the extrapolated values, and the
samples were handled as reported above. For MLODs and
MLOQ confirmation, §{N =3 and =10 were set, respectively.
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For each processed sample batch, a blank sample was
randomly injected. However, neither contamination nor
carryover was detected during method development and

validation.

3 Results and discussion
3.1 LC-MS/MS conditions

The electric {e.g. S-lens) and MS and MS{MS acquisition
parameters (precursor ions, SRM transitions, and collision
energy) were optimized by directly infusing each analyte
standard solution at 1 ngfpl in H O/ ACN (50:50, w/v).
Gas pressures, ternperatures, ard spray vt]ltage parameters
of ESI source were optimized by introducing simultane-
ously, through a tee-junction, the analyte standard solution at
1 ng/pl and H,O/ACN (50:50, v/v) at 300 pL{min. The main
MS and MS/MS parameters are reported in Table 1.

For chromatographic mobile phase, ACN was used as
organic modifier on the basis of previous experience [13],
where ACN resulted better than MeOH in terms of S/N.
No additives were added to the mobile phase. Initially, a
5 em long column was used, however, to better separate the
analytes from some coeluting interferences, a 10 cm long
column (see Subsection 2.5) was preferred. Indeed, injecting
the same blank extract spiked with the analytes onto the two
chromatographic columns, with the longer one MEs were
less pronounced (from 35-61% to 55-84%).

3.2 Choice of magnetic graphitized carbon black as
adsorbent material

In MSPE, the choice of the suitable sorbent depends not
only on the analyte nature, but also on the composition of
the matrix, because interfering substances could affect the
strength of the interaction of the analyte with the sorbent
[17). Moreover, the nonselective adsorption on the MNPs of
matrix components could lead to a pronounced ME. Another
important parameter is the elution solvent that should have a
suitable elution strength to quantitatively rermove the analytes
from the surface of the sorbent.

Several carbonaceous nanomaterials have been proposed
as adsorbents in the analytical chemistry field, induding
for MSPE applications [19]. The most successful ones are
graphene that has shown excellent properties, espedally in
oxide form (33], and CNTs [16, 34].

Starting from this point, we decided to exploit the per-
formance of GCB in MSPE. The peculiar characteristic of
GCB material, making it a suitable adsorbent for both po-
lar and nonpolar molecules, have been deeply described in
previous works [35,36]. Briefly, GCB may establish differ-
ent types of interaction with the organic molecules, acting
both as RP and anion-exchanger sorbent. Indeed, the planar
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graphitic surface allows the hydrophobic interaction with an-
alytes by polarizable bonds and = interactions; furthermore,
some polar and positively charged chemical heterogeneities
(e.g., oxonium groups) on its surface allow the GCB to es
tablish anion-exchange interactions and hydrogen bridges
between protonated functional groups of the analytes and
carbonylic groups of GCB or vice versa, GCB is a non-porous
material whose surface area varies among the diverse com-
mercially available produds.

Taking into account that our group has already success-
fully employed GCB as adsorbent in SPE of free and conju-
gated estrogens [37] and estrogens and mycoestrogens from
milk [13], we decided to test GCB M NPs for the extraction of
mycoestrogens from milk.

Because of the lack of proper functional groups on their
surface, some carbonaceous materials require an oxidation
step to improve the wettability and dispersion in water, as in
thecase of graphene, veryoften used in its oxide form [38), and
multiwalled CNTs [22]. GCB, even possessing some polar
functionalities in its structure, was previously treated with
HNO; in mild conditions, which led to an only 1% oxidation.
Thisis because in preliminary experiments with non-oxidized
GCB (data not shown), elution of the analytes frorm MNPs
required a high volume of eluent, which could be reduced
only after oxidation.

3.3 Characterization of graphitized carbon black
material

The GCB material was fully characterized before and after
oxidation with nitric acid, as well as after magnetization, to
observe changes in morphology or in structure.

The starting material was a GCB with particle size of
120-400 mesh and a surface area of 100 m* g, as declared
by the manufacturer. The porosimetry analysis confirmed
these data, providing a surface area of 98.0 & 1 mzfg. Addi-
tionally, inthe starting material a mesopore structure was ob-
served, with atotal pore volume of 0.60 em’/g diameters inthe
range 20-35 and 80-800 A (largest population, maximum at
460 A). After magnetization, the available surface area and
the pore volume were half as much, 55.0 £+ 0.5 m?%/g and
0.30 cm’/g, respectively. The mesoporous structure showed
no significant changes in the pore diameters (20—40 and 80—
800 Aj, but the distribution was affected and the first range
was representative of half the population.

The increase of inorganic spedes in the material was
monitored by TGA in air (See Supporting Information
Fig. 81). The starting GCB was found free of organic im-
purities (no weight loss was observed at low temperatures)
or inorganic impurities (no loss above 720°C), whereas the
sharp weight loss in the 650-720°C range confirmed high
homaogeneity of the graphitic structure, After oxidation, such
prt)ﬁle was maintained, with only a 2%weight loss at GOOC as
aresult of the chemical oxidation. After magnetization, how-
ever, theinorganic components showed a significantincrease
to 55%.
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Table 2. Recovery IRE), matrix effect (ME), and overall process efficiency (PE, product of RE and ME) obtained by the analysis of milk
sample fortified at 100 ng/L with the analytes by varying the sample pretreatment: (i) protein precipitation with cold MeOH; (i)
protein precipitation with ACN; (iii) protein precipitation with acidic MeOH; (iv) phase partition with ACN and hexane

Anabyta MeOH ACN Acidic MaOH ACN+hexane

RE ME PE RE ME FE RE ME PE RE ME PE
B-ZAL 1n2 18 i} 68 an n 59 a2 bi] 7 1n2 ]
B-ZEL 51 15 # 65 4 n 45 a x 0 a7 10
o-ZAL 9 16 15 55 35 19 70 3 n 4 105 [
w-ZEL 49 17 i 46 44 20 54 43 Y] 13 107 14
ZAN 96 13 12 76 38 pall 62 38 4 16 103 16
ZEN 83 12 10 85 a7 k1| 62 a7 Y] 14 109 15

Results are reported as average from duplicate experiments. For RE and ME calculation, see text.

The FTIR analysis of the starting GCB was consis-
tent with a graphitic structure and showed the typical C-H
stretching (2880 and 2865 cm™'), rocking (1350 em™'), and
scissoring (1430 am™'). After oxidation, additional signals
were monitored, namely a broad band for the OH stretch
{3000-3600 cm™'), and signals indicating C=0 and C-0
bonds (1400-1700 and 1000-1300 an™'). After magnetiza-
tion, signal from magnetite nanoparticles were observed be-
low 600 em™', induding the typical Fe-O bond signal at
590 em !,

The Raman analysiswas consistent with a pure graphitic
structure, with typical D, G, and 2D bands at ca. 1350, 1580,
and 2700 cm1! respectively {1D/1G of 0.72), which remained
unaffected affer oxidation. Presence of magnetite was next
confirmed by the signal at ca. 670 an™' (See Supporting
Information Fig. 52).

The maorphological structure of the materials was
monitored by TEM analysis, which showed that after
magnetization spherical nanoparticles {100-300 nm) were
grown on the GCB surface (See Supporting Information
Fig. 83).

34 Sample pretreatment

34.1 Milk deproteinization by organic solvents

For milk deproteinization, three different solvents were
tested: (i) MeOH; (i) ACN; (iii) acidic MeOH (by adding an
HCOOH amount able to lower pH value to 4.6 in the same
volume of H,0).

For protocol (i), 1 mL of skimmed milk was fortified at
100 ng/L with the analytes, added with 5 mL of cold MeOH
and kept at —20°C for 30 min to allow both protein and all
lipid precipitation. After centrifugation at 7200 = gat 4°C for
15 min, the supernatant was collected and diluted to 25 mL
with ultrapure H,O. Then, the MNPs were added following
the extraction procedure reported in the Experimental sec-
tion, with the only difference that elution from MNPs was

© 2016 WILEY-VCH Viedag GmbH & Co. KGaf, Weinhaim

achieved by 5 mL ACN. However, a pronounced ME (signal
suppression) was observed.

The procedure was analog by using (i) ACN and (iii)
acidic MeOH for milk deproteinization. By adding the three
different solvents, similar results were obtained (see Table 2).
With the use of ACN, lipids were not removed from the sam-
ple, however the M E was less pronounced than that observed
by using MeOH, and very similar to that observed by adding
acidic MeOH. Considering the PEs, ACN performed better
than MeOH and acidic MeOH; however, the very low values
obtained even with this solvent (19=PEs<31), led usto look
for a sample treatrment different from deproteinization.

3.4.2 Phase partition with acetonitrile and hexane

For the extraction of resorcylic acid lactones, also a
QuEChERS-like proced ure was evaluated for sample pretreat-
ment. In this case, 5mLof skimmed milk was spiked with the
analytes at 100 ng/L and was added with 3.5 g of NH,50,,
5 mL ACN, and 5 mL hexane. After 2 min vortexing, the
solution was centrifuged at 7200 x g at 4°C for 15 min, ob-
taining the separation in three phases, on the top hexane, in
the middle ACN and on the bottom aqueous phase. The ACN
layer was cllected and diluted to 25 mL with H,O. After that,
100 mg of magnetic GCB was added; after 30 min shaking,
elution was carried on with 10mL ACN. The recovery ranged
between 4-169%, even if ME was negligible (see Table 2).

3.4.3 Dilution in phosphate buffer

Finally, the milk sample was diluted in phosphate buffer
{as described in Section 2) without any protein re
moval, as reported by other authors [14] for the MSPE
of estrogens from milk. Following this protocol, Gao
et al. (14 obtained performance comparable with those
of other published SPE-based methods invelving protein
removal step.

Therefore, 2 mL skimmed milk samples forti fied with the
analytes at 100 ng/ L were added with 60 mmeol/L phosphate
buffer, in thesample to phosphate buffer ratios 1:2, 1:4, 1:5,

WWW. jss journal.com
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Table 3. Recovery (RE), matrix effect IME), and overall process efficie ncy (PE, product of RE and ME) abtained by the analysis of 2 mL milk
samples fortified at 100 ng/L with the analytes by varying the sample to phosphate buffer ratio

Analyte Milk sampla:phosphate buffer

12 1:4 1:5 1:10

RE ME PE RE ME PE RE ME PE RE ME PE
B-ZAL 82 144 18 82 105 86 84 M 118 89 142 126
B-ZEL L ni 102 46 110 50 93 79 73 75 82 36
o-ZAL B 83 36 80 51 Ll 89 69 61 56 99 56
o-ZEL IE] n 56 58 33} 3 [:3] 76 49 51 % 49
ZAN 2 105 34 61 B4 k] 5 97 51 67 a B4
ZEN 50 74 k1) 48 B8 n a7 80 B 62 B 58

Phospahte buffer concentration was 60 mmaol/L and the sample to buffer ratios were 1:2, 1:4, 1:5, and 1:10. Elution was obtained by ACN.
Results are reported as average from duplicate experiments. For RE and ME calculation, see text.

Table 4. Recovery (RE), matrix effect (ME), and overall process efficiency (PE, product of RE and ME) obtained by the analysis of milk
samples fortified at 50 ng/L with the analytes by varying the acidity of the elution mixture CHy Cla/MaOH 80:20 (wv): (i) neutral;
containing 0.1% {wi) HCOOH; (i) containing 1% (w4) HCOOH

Analyte Elution mixture

CH;Cly/MeCH 80:20 CH3Cly/MeOH 80:20 with 0.1% HCOOH CH;ClyMeOH &0:20 with 1% HCOOH

RE ME PE RE ME PE RE ME PE
B-ZAL ] 112 100 Ell 60 55 85 58 49
p-ZEL m 17 90 98 54 53 108 55 58
o-ZAL 69 114 79 il 69 56 ] 76 52
o-ZEL 7 74 57 90 7 69 B4 75 63
ZAN 70 1m 7 & 84 75 23] 79 67
ZEN 70 m 78 94 81 78 @ 7 n

Results ara reportad as average from duplicate experiments. For RE and ME calculation, see text.

Table 5. Recovery (RE), matrix effect (ME), and overall process efficiency (PE, product of RE and ME) obtained analyzing 8 mL milk samples
spiked at 31.2, 156.2, and 312.5 ng/L

Analyte Spiking level

31.2 nglL 156.2 ng/lL 3125ng/L

RE ME PE RE ME PE RE ME PE
B-ZAL n 15 B0 7 106 B4 LE] 115 102
B-ZEL 79 B8 70 7 n2 BE B4 m 93
o-ZAL 6 7 60 n B8 62 72 12 B
o-ZEL m 67 52 2 &7 mn 87 68 59
ZAN 9 9 83 79 90 mn 74 103 76
ZEN 88 72 63 69 96 66 73 106 n

Results are obtained by comparing analyte area without normalization to that of 15, The experimants wema replicated six times. For RE and
ME calculation, see text.

and 1:10. The different ratios were tested to red uce the sample Among sample pretreatments, the phosphate buffer di-
volume before adding MNPs and thus facdlitate the analyte— lution gave the best results in terms of PE (see Table 3), in
adsorbent interactions, Then, 100 mg MNPs were added and particular with the 1:5 sample to buffer ratio.

after 30-min shaking, the elution was achieved with 10 mL We used a buffer concentration of 60 mmol/L instead
ACN, of 10 mmol/L in a sample-to-buffer ratio 1:9 used by Gao

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.jss-journal.com
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Tabla 6. Trueness, measured by apparent recoveries obtained at three spiking levels: 31.2, 156.2, and 312.5 ng/L, maintaining the amount
of the IS at 2 pg/pL in the final extract, corresponding to 62.5 ng/L in milk; within laboratory precision, reported as intraday and
interday RSD, and RSDg, respectively (n = 6); method limit of detection (MLOD) and method limit of quantitation (MLOQ)

Analyta Trugness
31.2ng/L 166.2 ng/L H25ngilL Intraday RS0 Interday RSD g MLOD ing/L) MLOQ ing /L)
B-ZAL 97 95 102 9 ¥l ] 13
B-ZEL 98 106 a7 2 8 5 13
a-ZAL 93 96 94 5 12 3 9
w-ZEL 103 107 108 ] 10 ] 15
ZAN 98 102 99 7 17 ] 14
ZEN 101 99 104 16 22 3 8
AT: 6,00 - 19.00 AT 6.00 - 19.00
3 NL:2.38E2 o o NL:3.01E3
« | wn T
LM, 1 T
t MIIJLJL\J_JUMJ | 1) H ll'i Juh |_r ; ;i ﬁn "rlr\ﬂblill'l m— | \_J \.,_J k-_%
oy NL:3.03E2 T aZEL_ 'a“m NL:3.06E3
= & |
" T 1‘ |¢‘n . I
s i o W - WAL
§“’°’ dH NL:4.92E2 E'm' Zﬂ_‘ s NL:5.80E3
I Ml E \\
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e NL:4,94E2 o, . W G NL:4.33E3
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Figure 1. LC-SRM mass chromatograms of the six analytes obtained by the analysisof a blank milk sample (left panel) and a milk sample

spiked at 62.5 ng/L before extraction (right panel ).

et al. [14], to reduce the added volurne of buffer. However,
the role of phosphate buffer is not clear; the simple dilution
in water was not effective in reducng ME.

35 Optimization of the extraction conditions

The amount of MNPs (100 mg) required to achieve an effi-
cient MSPE procedure was chosen on the basis of previous
experience (28] and from preliminary experiments {data not
shown). Magnetic decantation time depended onthe medium
solvent: at least 15 min were necessary for a complete MNP
deposition in aqueous medium, whereas 5 min was enough

2016 WILEY-VCH Viedag GmbH & Co. KGaA, Weinhaim

when the medium was an organic solvent, as in the elution
step.

3.5.1 Elution solvent

Initially, ACN was used as elution solvent; however, even after
sarple prefreatment optimization, REs were not satisfactory
for a-ZEL, ZAN, and ZEN (see Table 3), very likely because
10 mLACN wasnotableto completely elute the analytes from
magnetic GCB. This hypothesis was indirectly verified by
analyzing the loading solution in which analytes were below
LOD (datanot shown).

www jss-journal.com
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Therefore, 2 mL skimmed milk samples were spiked at
50 ng/ L with the analytes, diluted in phosphate buffer (1:5
sample to buffer ratio) and, after adding MNPs and 30-min
shaking, the mycoestrogens were eluted with the mixture
CH,Cl;/MeOH 80:20 vjv neutral or containing 0.1% and
1% v/v HCOOH. Considering the PE, the neut ral one gavethe
best results (see Table 4) and was chosen as elution mixture.

352 Sample amount

In the final optimized conditions, aliquots of 8 mL of milk
samples diluted with phosphate buffer in a sample-to-buffer
ratio 1:5 were handled. Indeed, the higher ME observed han-
dling higher sample volume was counterbalanced by im-
proved MLOD and MLOQ values.

3.6 Method performance

Table 5 shows REs, MEs, and PEs obtained analyzing in the
optimized conditions 8 mL milk sample fortified at three
different levels, REs were =69% and MEs ranged between 67
and 115%, giving overall PEs =52%

Both standard and matrix-matched calibration graphs
werelinear over the explored range. For all the six analytes, co-
efficients of determination R? of unweighted regression lines
were =0.9989 for the standard calibration curve and between
0.9956-0.9996 for the matrix-rmatched calibration airves (see
Supporting Information Fig. 54).

Trueness and precision were estimated by analyzing
analyte-free samples spiked before and after MSPE protocol
at three different concentration levels; in this case, normal-
ization to IS was used for quantitation. As can be seen in
Table 6, apparent recoveries were = 75%. Within laboratory
precision was 2-16 and 8-22% for intra-day and inter-day
experiments, respectively. Table 6 also reports the MLODs
and MLOQs calculated after verification of the extrapolated
values. Figure 1 reports the LC-SRM mass chromatograms
of the six analytes obtained by the analysis of a blank milk
sample and a spiked milk sample.

Com pared to other papers published in the literature for
the determination of mycoestrogens in milk, the MLOQ val-
ues obtained in the present work are lower. In a previous
work of our group [13], using dassical GCB-SPE, only for
ZAN a lower MLOQ was obtained, whereas using an OASIS
MAX cartridge, Xia et al. [9] obtained similar values only for
ZAN and ZEN. Socas-Rodriguez et al. [39] used multiwalled
CNTs for dispersive SPE from milk infant formula, obtaining

MLOQs ranging 8137 pg/L, i.e., three orders of magnitude
higher than those obtained in the present work.

4 Concluding remarks

The MSPE technique possesses several advantages if com-
pared to classical SPE. Nevertheless, the problem consists in

© 2016 WILEY-VICH Verlag GmbH & Co. KGaf, Weinheim
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the choice of the right sorbent for the selected analytes in a
certain matrix.

In the present work, an effective MSPE protocol for the
extraction of resorcylic add lactones from milk is presented.
To the best of our knowledge, this is the first application of
MSPE for myceestrogens in this matrix. Moreover, also the
use of magnetic GCB is still unexplored in this field. Differ-
ently from most of the MNPs used in MSPE, possessing a
magnetic core grafted with a suitable organic or inorganic
layer, in this case GCB was decorated by Fe; 0y, as already re-
ported in the literature for other carbonaceous materials. In
the optimized conditions, overall process efficiency ranged
between 52 and 10296, whereas apparent recovery was =>93%
for alltheinvestigated analytes. The MLOQs ranging between
8 and 15 ng/L are lower than those reported in the few pub-
lished works on the LC-MS determination of myceestrogens
in milk; moreover, these MLOQ values make the present
method able to determine the compounds of interest in milk
samples at reasonable contamination levels, Finally, the em-
ployment of MSPE instead of SPE allowed to extract a turbid
sample as milk avoiding possible clogging of SPE cartridge
frit, as well as decreased recoveries due to colloid-analyte
interaction. Although the equilibration time (30 min) could
appear long, it should be considered that a large number
of samples can be processed simultaneously, and the time
needed for analyte retrieval is about the same as in the classi-
cal SPE.
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3 Paper II:

A rapid magnetic solid phase extraction method
followed by liquid Chromatography-Tandem mass
spectrometry analysis for the determination of
mycotoxins in cereals

Figure 3.2: Graphical abstract of Paper Il
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Abstract: Mycotoxins can contaminate various food commaodities, including cereals. Moreover,
mycotoxins of different classes can co-contaminate food, increasing human health risk. Several analy tical
methods have been published in the literature dealing with mycotoxins determination in cereals.
Nevertheless, in the present work, the aim was to propose an easy and effective system for the
extraction of six of the main mycotoxins from corn meal and durum wheat flour, i.e., the main four
aflatoxins, ochratoxin A, and the mycoestrogen zearalenone. The developed method exploited
magnetic solid phase extraction (SPE), a technique that is attracting an increasing interest as
an alternative to classical SPE. Therefore, the use of magnetic graphitized carbon black as
a suitable extracting material was tested. The same magnetic material proved to be effective in
the extraction of mycoestrogens from milk, but has never been applied to complex matrices as cereals.
Ultra high—performance liquid chromatography tandem mass spectrometry was used for detection.
Recoveries were >6(% in both cereals, even if the matrix effects were not negligible. The limits
of quantification of the method results were comparable to those obtained by other two magnetic
SPE-based methods applied to cereals, which were limited to one or two mycotoxins, whereas in this
work the investigated mycotoxins belonged to three different chemical classes.

Keywords: mycotoxins; aflatoxins; ochratoxin A; zearalenone; magnetic solid phase extraction;
graphitized carbon black; liquid chromatography-tandem mass spectrometry; cereals; wheat; maize

1. Introduction

My cotoxins are secondary metabolites produced by various filamentous fungi, mainly species
of Aspergillus, Fusarium, and Penicillium, but also Claviceps and Alternaria [1]. These molds may grow
under a wide range of climatic conditions on several agricultural commodities, including cereals,
oleaginous seeds, spices, and coffee, both pre- and post-harvest (e.g., during storage) [2]. Some fungi
produce a single mycotoxin, whereas others may produce many toxic compounds, which may be
shared across fungal genera.

There are about 400 known mycotoxins that exhibit a great structural diversity [2]. However,
only a few of them are considered to be of agricultural importance [3]. Indeed, the main three genera
of fungi, Aspergillus, Fusarium, and Penicillium, produce mycotoxins belonging to five relevant groups
to the food industry: aflatoxins (AFs) produced by Aspergillus species, ochratoxin A (OTA) produced
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by both Aspergillus and Penicillium species, and fumonisins—specifically trichothecenes and resorcyclic
lactones (zearalenones)—all produced mainly by Fusarium species [4-6].

Human exposure to mycotoxins occurs mostly through the intake of contaminated food and
beverages, and to a minor extent through dermal contact and inhalation [1]. Mycotoxin occurrence in
food is due to direct contamination of plant materials or products, or due to carry over of mycotoxins and
their metabolites in foods (e.g., meat, milk, eggs) obtained from animals fed with contaminated feed [2].

The consumption of mycotoxin-contaminated food rarely determines acute toxicity [7];
nevertheless, a wide range of adverse effects for human and animal health, including carcinogenic,
mutagenic, estrogenic, and immunosuppressive effects, has been demonstrated [8,9]. According to the
International Agency for Research on Cancer system of classification, AFs are carcinogenic to humans
(group 1) [5,10], whereas OTA is possibly carcinogenic to humans (group 2B), and zearalenone (ZEN)
is not carcinogenic to humans (group 3) [5]. However, ZEN is well known for its estrogenic effect.
Furthermore, OTA exposure has been related to nephropathies and other adverse health effects [11].
Finally, various mycotoxins might co-contaminate food, with possible detrimental additive and /or
synergic effects on human and animal health [12].

In order to limit mycotoxin exposure and protect consumer and animal health from adverse
effects, many countries have adopted regulations and maximum admissible levels (MLs) for the
most prevalent and hazardous mycotoxins in certain commodities that are more prone to fungal
proliferation [6,7]. Mycotoxins also have a negative impact on world trade: according to the annual
report of the Rapid Alert System for Food and Feed [13], mycotoxins were the main hazard category
for border rejection notifications in the European Union (EU) in 2015. Most of the notifications on
mycotoxins in food were related to the presence of AFs (421/475 notifications), with a significant
increase compared to 2014, whereas 42 notifications were due to OTA occurrence and the others
(mainly to fusariotoxins).

Cereals, especially maize and bakery products, are one of the commercial categories frequently
affected by mycotoxin presence [6]. The EU has fixed MLs for some my cotoxins in cereals and derived
products, namely 2 and 4 ug kg ! for AFB1 and the sum of the 4 AFs (AFB1, AFB2, AFGI1, and AFG2),
respectively, and 3 pg kg ! for OTA. For ZEN, an ML of 75 ug kg ! has been set for cereals and cereal
flour, with the exception of maize, for which the ML is 100 ug kg 114].

Methods for mycotoxin determination may roughly be classified as chromatographic-based,
immunological-based, and sensor-based [3]. Chromatographic methods are generally used for
confirmation purposes, whereas the other two method categories are often employed for screening
analysis. Liquid chromatography, including ultra-high performance liquid chromatography (UHPLC),
is generally preferred to gas chromatography for its versatility and is now considered the standard
separation technique for mycotoxin analysis [3]. For detection, mass spectrometry (MS) and
fluorescence (FD) are the gold standard against which all other methods are compared. In particular,
tandem mass spectrometry (MS/MS) is the technique of choice for most authors [1].

Cereals are complex food matrices. Therefore, sample pre-treatment and/or clean-up and
enrichment steps are generally required for most chromatographic methods. Although analysis
time and cost are increased in this case, the analytical method benefits from increased sensitivity
and robustness (e.g., reducing column blockage and contamination) [3]. After a preliminary solvent
extraction from the solid matrix (generally with a mixture of acetonitrile or methanol and water),
the mycotoxin extract is generally cleaned up /enriched by solid phase extraction (SPE). A wide
variety of solid phases has been used, from the common C18-siclica bonded materials to the specific
immunoadsorbent materials [3]. Recently, dispersive SPE, in a magnetic mode using nanoparticles,
is attracting increasing scientific interest [1516]. The mechanisms occurring in magnetic SPE (mSPE)
are analogous to those observed in classical on-column SPE, where the interactions between target
molecules and adsorbent functional groups determine the effidency of the system. Certainly, the matrix
composition also affects the selection of the best combination adsorbent—elution mixture [16]. In mSPE,
the dispersion of the magnetic material into the solution containing the target molecules assures
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a continuous and dynamic contact with the adsorbent surface, leading to a more efficient analyte
retention. The separation of the magnetic material with the adsorbed analytes from the solution is
then realized by applying a magnet outside the vessel (e.g., on the bottom), avoiding centrifugation or
filtration steps. Finally, after eventual washings, analytes are eluted from the magnetic material by
a proper solvent mixture.

The mSPE technique followed by HPLC-FD analysis was already employed to extract mycotoxins
from cereals. Magnetic nanoparticles coated by 3-(trimethoxysilyl}1-propanethiol and different
functionalizations were used to extract OTA from cereals [17] and AFB1 and AFB2 [18] from corn and
rice samples.

In a previous study [19], the capability of magnetic graphitized carbon black (mGCB) in
mycoestrogen extraction from milk samples was successfully tested. To this study’s authors’ best
knowledge, that was the first application of mGCB in milk. In the present work, the same magnetic
adsorbing material was employed to extract the main and most dangerous mycotoxins (namely AFB1,
AFB2, AFG1, AFG2, OTA, and ZEN) from corn (Zea mays) meal and durum wheat (Triticum durum)
flour. The extract was then analyzed by UHPLC-MS/MS with an electrospray (ESI) source. The me thod
was suitably modified and validated in the new complex matrices. It was rapid and provided satisfying
process efficiency (PE) and suitable limits of quantification (LOQs).

2. Results and Discussion
2.1. The Magnetic GCB Adsarbent Material

mGCB was chosen based on previous work [19], where its suitability for the extraction of
mycoestrogens from milk was demonstrated. Moreover, in the past, GCB was also used in classical
SPE mode to extract ZEN [20] and the four AFs [21] from maize.

Generally, most of the carbon-based materials used in aqueous environment need an oxidation
step to improve their wettability and limit aggregation phenomena [22,23]. GCB is easily dispersed in
water because of the presence of polar heterogeneities in its structure; nevertheless, a mild oxidation
(1%, w/w) helped in reducing the elution solvent volume [19]. However, when treated in stronger
oxidizing conditions, up to obtaining a 10% (w/w) oxidation, GCB lost most of its retention capability
(data not shown).

The GCB characteristics before and after magnetization, as well as batch-to-batch preparation
reproducibility, were previously assessed [19].

2.2, Samples

Most steps of the analytical method were developed using corn meal samples, and only
successively validated for wheat flour samples. These two cereal flours contain nearly the same lipid
amount, whereas protein and carbohydrate contents are significantly different (see Supplementary
Table 51). Therefore, s-lensthe ESI matrix effects (MEs) on the analytes could also differ. Furthermore,
the maize plant is very susceptible to contamination by Fusarium species [24], so it is generally
more affected by certain mycotoxin contamination than wheat (in particular ZEN contamination) [6].
Indeed, during method development, the problem of finding blank samples emerged, since large
amounts of ZEN were detected in most corn meal samples, thus leading to recovery (RE) and ME
overestimate (up to 300%). Therefore, before matrix spiking, blank analysis of every new sample batch
was performed to verify the absence of the ]'_m-'estigated my cotoxins Moreover, for each new sample
set, a blank sample was randomly injected to verify the absence of possible carryover.

2.3, Sample Preparation

Generally, acetonitrile/water mixtures in the v/ v ratios ranging from 75:25 up to 85:15 are used to
extract mycotoxins from cereal samples; in some cases, acetic or formic acid up to 1% (v/v) is added
to the mixture [1]. In the present work, before the mSPE procedure, corn meal and durum wheat
flour samples were extracted with acetonitrile /water/formic acid 80:19.8:0.2 (v/v/v). In preliminary
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experiments, a neutral mixture and a mixture containing 1% formic acid were employed. However,
high acid amounts had a detrimental effect on AF REs, whereas neutral mixture caused a slight
decrease in the REs of OTA and ZEN (data not shown).

Different sample to mGCB ratios were tested, to obtain the highest overall PE values, i.e., taking
into account both RE and ME. Keeping the magnetic material amount to 50 mg, experiments
(three replicates for each condition) using 1000 mg, 500 mg, and 250 mg of maize meal were performed.
In all three cases, the spiking level was 5ng g ! for the four AFs and OTA and 250 ngg ! for ZEN.
Results, which are reported in Supplementary Table 52, showed that the smallest sample amount
allowed obtaining the best PE values for most mycotoxins. Moreaver, with the lowest sample to
adsorbent ratio, signal suppression for OTA was significantly reduced; the ME led to a moderate signal
enhancement only for ZEN.

Five mL of dichloromethane/ methanol 80:20 (z/v) containing 0.2% formic acid was used to elute
the retained analytes from mGCB. A mixture dichloromethane /methanol, either neutral or containing
up to 0.2% of a weak acid, was generally used to elute the analytes from GCB in classical SPE mode.
In the analysis of maize samples, ZEN and its derivatives were eluted from GCB using a neutral
dichloromethane /methanol 80:20 (v/7) mixture [25], while AFs were extracted with the same mixture
containing add [21]. In this case, the elution conditions were chosen to enhance the REs of the AFs,
which are the natural least abundant and most toxic mycotoxins among, the selected ones. Furthermore,
the presence of acid in the elution mixture could also enhance the REs of compounds, such as OTA,
establishing electrostatic interactions with the GCB surface [26].

At the end of the sample preparation procedure, the solvents were removed by evaporation from
the eluate, and the residue was reconstituted with 250 pL of methanol /water 80:20 (v/v) containing
5mmol L' ammonium formate. The choice of the reconstitution mixture appeared to be a critical
point. Initially, a mixture of acetonitrile/water 50:50 (v/v) containing ammonium formate was used.
However, REs were low for most of the analytes (see Table 1), very likely due to solubility issues.
A larger amount of acetonitrile did not significantly improve such results, since the little RE increase
was associated with worse MEs. Finally, the replacement of acetonitrile with methanol gave the best
results, also in terms of chmmatagmphic peak brnadening.

Table 1. Recovery (RE, %) and matrix effect (ME, %) obtained from the extraction of corn meal samples
spiked with 05 pg kg ™! of each AF 1.5 pg kg~ ! of ochratoxin A (OTA) and 375 pg kg~ of zearalenone
(ZEN). The residue was recorstituted with three different mixtures containing 5 mmol L~ ammonium
formate: (1) acetonitrile fwater 50050 {2/ v); (I1) ace tonitrile / water 8% 20 (v/ v II); me thanol /fwater 80:20 (v/ ).

ACN/H,0 5050  ACN/H,0 80:20  MeOH/H 0 80:20

Analyte
RE ME RE ME RE ME
AFG2 4 74 55 64 &1 72
AFG1 53 74 50 73 61 70
AFB2 49 77 62 [ 53 Th
AFB1 45 73 67 Sa B a5
OTA (518 63 o4 [55:3 5a 5553
ZEN 83 86 78 82 81 59

2.4, Liguid Chromatography-Tandem Mass Spectrometry Analysis

Analytes were separated onto a reversed-phase C18 chromatographic column. In the first experiments,
a Thermo Fisher Hypersil Gold C18 column (50 x 2.1 mm id.,, 1.9 um particle size) was used,
and different elution gradients were tested to reduce signal suppression due to MEs. However, in corn
samples, OTA ME was ca. 50% in all the chromatographic conditions (data not shown), even reducing
the gradient rate or eluting the analyte in isocratic conditions. Such large ME was attributed to the effect
of some coextracted lipids eluting at retention times very close to that of OTA. Indeed, in previous
works on mycotoxin determination in maize meal [2527], the extract was filtered through a C18
cartridge before GCB SPE clean-up to retain phospholipids and most triglycerides. In the present
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work, lower MEs were obtained only by using a longer column, namely a 100 mm Cortecs UPLC C158+
column by Waters (see Supplementary Table S3). Figure 1 shows the extracted ion chromatograms
relative to the six investigated analytes in a corn meal extract, whereas Figure 51 shows the extracted
ion chromatograms relative to the six investigated analytes ina wheat flour extract.

4.9 M5’ 331.00
B

1.6E4

E Pl 1888010820
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20E4 F 51 ME 528,00
| - 214.80-215.30
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Figure 1. Extracted ion chromatograms (sum of three transition pairs for each analyte) of a corn meal
sample spiked with the analytes at 0.5 = ML.

Analyte-specific acquisition parameters (e.g., Slens, precursor ions, MRM transitions and
collision energy) were optimized by directly infusing 1 ng uL 1 individual mycotoxin standard
solution prepared in water/methanol 50:50 (v/v) at 10 pL min~! (see Table 2). General ESI source
tune parameters (i.e., spray voltage, gas pressures, and source temperatures) were optimized by
simultaneously introducing, through a tee-junction, the same 1 ng pL. ! individual mycotoxin standard
solution at 10 pL min~! and water/methanol 50:50 (v/v) containing 5 mmol L 1 ammonium formate
and 0.1% formic acid at 300 uL min~! flow-rate. The chosen parameters were a compromise between
the optimal ones determined for each analyte.

Table 2. Mycotoxin detection parameters.

. Retention Time  Precumsorlon Product Ion ! (m/z)
Mycotoxin (Min) (mlz) (CEZ2, eV) §-Lens (V)
Positive polarity M +H]*
ARG2 19 31 189 (42), 245 (31), 313 (25) 145
AFMI (15) 5.1 329 250 (34), 273 (25) 145
AFG1 54 329 215 (33), 243 (27), 283 (24) 145
AFB2 56 315 205 (36), 259 (33), 287 (24) 155
AFB1 16 313 201 (30), 270 (26), 285 (23) 150
OTA-d5 (1) 77 409 63 (25), 239 (27)
OTA 7.7 404 221 (36), 239 (26), 348 (13) 110
Negative polarity M -HI~
ZEN-d6 (IS) 77 an 131 (33), 175 (25) 140
ZEN 7.7 317 131 (33), 160 (34), 175 (25) 150

! Inbold, the most intense transition;? CE, collisionenergy:
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For each analyte, the unambiguous identification was based on comparison with the authentic
standard (retention times, relative intensity ratios of MRM transition pairs) following the criteria
reported in the Decision 2002/657 /EC [28].

2.5. Reuse of MGCB

As in a previous work on magnetic nanoparticles coated with polydopamine [29], the reuse of
mGCB was evaluated, but it was not convenient due to the large amount of solvent required for mGCB
effective washing and the loss of material during such operation.

2.6. Method Performance

The MLs fixed by EU for AFs in cereals are 2 pg kg ! for the most dangerous and widespread
AFBl and 4 ug kg ! for the sum of AFB1, AFB2, AFG1 and AFG2. For method development, the worst
scenario was prospected, i.e., each of the four Als at 1 pg kg ! concentration.

Far laboratory me thod validation, RE and ME were determined at three spiking levels in both corn
meal and durum wheat flour samples, according to Equations (1) and (2) (see Table 3). The product of
RE and ME provides the overall PE (Equation (3)). The RE relative standard deviations were below
17% for all the analytes.

Table 3. Recovery (RE, %, n = 6) and matrix effect (ME, %) for AFs, OTA and ZEN incorn meal and
durum wheat flour samples. Fortification levels were maximum limit (ML, ie., 1 ug ]-cg‘1 for each AF
3 g kg~ for OTA and 750 pg kg~ ! for ZEN), 0.5 x MLand 2 x ML.

0.5 x ML ML 2 x ML
Analyte Corn Durum Wheat Corn Durum Wheat Corn Durum Wheat

RE ME RE ME RE ME RE ME RE ME RE ME
AFG2 78 76 74 B6 67 79 9 79 71 B4 67 B8
AFG1 71 75 74 79 [303] 73 74 75 68 78 73 B4
AFB2 ] 76 68 78 63 85 76 86 74 39 71 76
AFB1 73 et} 71 70 74 69 73 e 72 a9 H9 73
OTA a7 72 73 67 83 68 76 71 79 /9 81 (8
ZEN 78 87 79 102 89 94 82 116 54 104 588 108

Recoveries were >67"% at the lowest fortification level. The MEs of signal suppression affected in
particular AFB1 and OTA. The only signal enhancement ME was observed for ZEN, however it cannot
be excluded that this signal enhancement was due to a natural contamination below method detection
limit (MLOD).

The trueness of the method was assessed by means of apparent REs (Equation (4)) at three
different fortification levels, whereas intra-day and inter-day laboratory precision were determined
by performing recovery experiments (i = 6) at 0.5 » ML in the same day and in six consecutive days,
respectively (see Table 4). Apparent REs were higher for the two mycotoxins whose deuterated 15s
were available, i.e., OTA and ZEN, whereas for the four AFs, the hydroxylated Phase I AFB1 metabolite,
namely AFM1, was used as I5.

The equations and coefficient of determination (R?) obtained for the standard and the
two matrix-matched calibration graphs are reported in Supplementary Table 54.

The MLODs and MLOQs were determined as described in the Experimental section (see Table 5),
since by operating in MREM mode with the last generation triple quadrupole mass spectrometers, it is
quite common to obtain MEM signals without noise [8]. The mSPE technique was used to extract AFB1,
AFB2 [18] and OTA [17] from cereals. Compared to the work by Hashemi et al. [18], which obtained
MLOQs around 0.2 and 0.05 ng kg ! for AFB1 and AFB2, respectively, the MLOQs obtained in the
present work for AFB2 are slightly higher. Compared to the work by Mashhadizadeh et al. [17],
the limits for OTA are three times higher. However, it should be considered that both these works used
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HPLC-FD for determination, thus the criteria for MLOD and MLOCQ) estimation are different, and they
analyzed from one up to two mycotoxins.

Table 4. Trueness, intra-day and inter-day laboratory precision obtained by analyzing corn meal
and durum wheat flour samples spiked with aflatoxins (AFs), OTA, and ZEN at maximum limit
(ML, ie., 1 ug kg~ ! foreach AF, 3 pg kg~! for OTA and 750 pg kg~ for ZEN), 0.5 x MLand 2 x ML.
Results are averaged from n = 6, performed in the same day and insix consecutive days.

Trueness Precision (0.5 = ML)
Analyte 0.5 % ML ML 2 x ML Intra-Day Inter-Day
Corn Wheat Cormm Wheat Corn Wheat Corn Wheat Corn Wheat
AFG2 94 98 495 96 92 91 9 10 17 14
AFGI 93 99 97 95 98 96 8 12 7 9
AFBE2 B9 91 a4 59 103 99 5 3 10 B
AFBI1 90 93 Qg 90 106 101 10 7 B 10
OTA 99 97 98 100 G5 97 7 4 11 9
LEN 103 99 101 98 104 106 11 3 16 20

Table 5 Method limits of detection (MLODs) and quantification (MLOQs) estimated (est.) according
to Equations (5) and (6) and confirmed (conf.) according to Equations (7) and (8).

MLODs (pg kg~ MLOQs (ug kg~ ")

Analyte
Comn Durum Wheat Corn Durum Wheat
Est. Conf. Est. Conf. Est Conf. Est Conf.
AFG2 0.11 0.05 012 0.05 0.38  0.20 043 0.15
AFG1 008 010 0.13 005 027 0.20 0.23 0.15
AFB2 009 005 0.14 005 0.29 0.0 043 0.10
AFBI1 0.11 0.10 0.23 0.10 036 0.10 0.23 0.10
OTA 0.48 10 0.25 0.20 1. 600 0.30 079 0.30
ZEN 10.2 1.0 4.2 2.2 33.8 1.0 346 2.2

Moreno et al. [30] used magnetic nanoparticles coated with a layer of octadecyl group-modified
silica containing multiwalled carbon nanotubes to extract ZEN and its derivative from maize, followed
by LC-MS analysis. They used only 5 mg of magnetic nanoparticles; however, a comparison with this
method is difficult, since it is not clear if 6 g or 10 g sample aliquot was used in the sample preparation
procedure. Moreover, LODs and LOQs are provided in pg L |, thus the concentration is not clearly
referred to maize amount. Ethylene glycol bis-mercaptoacetate modified silica coated magnetic
nanaparticles were also used to extract AFs from wheat before spectrofluorometric analysis [31];
the MLODs (0.07 ug kg ly were comparable to those obtained in the present work, whereas the
MLOQs (0.24 pg kg ') were higher.

2.7, Sample Analysis

One of the problems arising during method development was to find samples free of ZEN,
which, indeed, contaminates most of the corn meal samples [24,25]. OTA was also detected in some
samples, though at concentrations below MLOQ. In a short survey carried out on 10 corn meal samples,
OTA was detected in one sample at 1.3 pg kg I level, whereas it was detected at values >MLOD but
<MLOQ in the other two samples. In eight out of 10 samples, ZEN was detected at values >MLOD
but <MLOQ, and in one sample at 72.9 ng kg ! level. Quantification was made by matrix-matched
calibration (results are shown in Table 55). None of the investigated mycotoxins were detected in the
five durum wheat flour samples.
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3. Conclusions

In this work, the suitability of mGCB for the extraction of AFB1, AFB2, AFG1, AFG2, OTA,
and ZEN from corn meal and durum wheat flour samples was demonstrated. The overall process
efficiency of the developed method was a compromise between performance and easiness and rapidity
of applicatinn. Cnmpar'ed with a classic on-column SPE, the time quuined fora single extraction was
about the same. Nevertheless, mSPE was less labor intensive, and more than ten extractions can be
managed simultaneously.

Even if in the present work, the limits of quantification were comparable to or higher than those
of ather mSPE methods. However, this method allows for the simultaneous investigation of a larger
number of mycotoxins. Moreover, due to the different detection technique (fluorescence in the other
works and tandem mass spectrometry in the present one), MLOQ calculation modes are very different.

This is the first application of mGCB in an mSPE procedure for extraction of mycotoxins from
cereals. The potentiality of this material has been exploited before for the extraction of mycotoxins
belonging to the same chemical class, but from milk.

4. Materials and Methods

4.1. Chemicals and Reagents

Organic solvents of analytical grade, formic acid, nitric acid, ammonium formate, hydrochloric
acid (reagent grade), iron (IIT) chloride hexahydrate, ethylene glycol, trisodium citrate, sodium acetate,
poly(ethyleneglycol)- 10k, and GCB (Supeldean ENVI-Carb, surface area: 100 m?2/ g, particle size:
120/400 mesh) were obtained from Sigma-Aldrich (St. Louis, MO, USA). LC-MS grade methanol
and ultrapure water (resistivity 18.2 M() cm) were obtained from Sigma Aldrich and used for LC
mobile phase.

Pure (purity >98%, unless differently specified) standards of the analytes AFB1, AFB2, AFG],
AFG2, OTA, and ZEN (purity >99%) were purchased from Sigma-Aldrich. The standards of aflatoxin
M1 (AFM1) and deuterated OTA (OTA-d5) acquired from Sigma-Aldrich, and deuterated ZEN
(ZEN-d6) acquired from Wellington Laboratories (Toronto, ON, Canada) were used as internal
standards (ISs).

Individual stock standard solutions of the analytes were prepared at 200 ng uL 1in methanol.
A composite working standard solution of the six analytes was prepared in methanol at 10 pg ul. L
for AFB1, AFB2, AFGI1, and AFG2, 30 pg uL. 1 for OTA, and 750 pg ul Ifor ZEN. This mixture was
renewed every two weeks. All the solutions were stored in the dark at —20°C and brought to room
temperature before use.

Safety Considerations

AFs and OTA are carcinogenic and possibly carcinogenic compounds to humans, respectively.
Therefore, handling standard solutions and extracts requires extreme care. Gloves and other protective
clothing were wornas a safety precaution during the handling of the mycotoxins. Solid AF standards
were handled in a glove box. Glassware used for standards or samples was soaked in 3% aqueous
sodium hypochlorite to destroy mycotoxin residue before cleaning and re-use. When possible,
disposable plastic material was used. To avoid degradation, mycotoxins were protected from daylight
during sample preparation and the standard solutions were kept in amber vials.

4.2. Magnetic Graphitized Carbon Black Preparation

Asin a previous work [19], mGCB was prepared by adapting a literature protocol for carbon
nanotubes magnetization [32]. Briefly, 0.40g of GCBwas first added to 50 mL of concentrated nitric acid
under agitation for 7 h at room temperature. After that, the material was washed with distilled water
until the discarded water reached neutral pH, and then dried overnight at 50 °C. For magnetization,
0.30 g of GCB was dispersed into 80 mL of ethylene glycol and added with 1.62 g of iron (IIT) chloride
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hexahydrate, 0.30 g of trisodium citrate, 7.20 g of sodium acetate, and 2.00 g of poly(ethylene glycol).
After 3 h sonication (with a 37 kHz Elmasonic S 60 H by Elma, Singen, Germany), the obtained mixture
was sealed in an autoclave for 10 h at 200 “C. The resulting mGCB microparticles were allowed to cool
at room temperature for 3 h, then washed with 30 mL ethanol followed by 30 mL distilled water six
times. Finally, the mGCB was dried in an oven at 80 °C for 3 h; after cooli.ng, it was stored in a glass‘
flask at room temperature until use.

4.3, Characterization of Graphitized Carbon Black Material

Transmission electron microscopy, Fourier transform infrared spectroscopy spectra,
thermogravimetric analysis, porosimetry, and specific surface area analysis were used to characterize
the GCB material at each preparation step, i.e., before and after treatment with nitric acid, and after
magnetization [19].

4.4. Samples and Extraction Protocol

Samples of Triticum durum flour and Zea mays meal were obtained from local markets of the Lazio
region (Italy).

Sample aliquot of 250 mg was placed in a 15 mL-polypropylene centrifuge tube and added with
25 mL of the extracting mixture constituted by acetonitrile /water /formic acid 8(t19.8:0.2 (v/v/v).
The tube was vortexed (with a Digital Vortex-Genie 2 by Scientific Industries, Bohemia, NY, USA) at
2000 rpm for 3 min, then placed in an ultrasonic bath for 10 min, and finally centrifuged at 12,500 g
for 15 min at 4 “C. After that, the supernatant was transferred to a 50mL-poly propylene centrifuge tube
containing 50 mg of mGCB previously conditioned. The conditioning procedure consisted in adding to
the weighted material 5 mL of methanol followed by 5 mL of ultrapure water. Each time, after vortexing
for 30 s, the material was allowed to settle down by magnetic decantation (using a permanent
magne tic disk Nd-Fe-B, 25 mm x 5 mm, by Supermagnete, Gottmading\?n, Germany ), and the solvent
was removed.

The mixture extract-mGCB was diluted with 22.5 mL ultrapure water and vortexed at 900 rpm
for 30 min to promote the analyte adsorption onto the magnetic microparticles. At this point, as well
as during the following protocol steps, the solvent was removed by magnetic decantation with
a permanent magnetic disk placed on the bottom of the tube; the mGCB was washed with 4 mL of
ultrapure water by vortexing for 30 s at 2800 rpm. Water was removed and 250 pL of methanol was
added to eliminate residual water. After 30 s-manual shaking, methanol was removed. Mycotoxins
were eluted from mGCB by 5 mL of dichloromethane/ methanol 80:20 (v/ v) containing 0.2% formic
acid under vortexing for 3 min at 2000 rpm. The supernatant was collected in a clean 20 mL round
bottom glass vial and the solvent was removed by a gentle nitrogen stream in a water bath at 37 °C.
When required, the three ISs were added to the extract before solvent removal. Finally, the residue was
reconstituted with 250 L of methanol /water 8(:20 (v/ ) containing 5 mmol L I ammonium formate;
after 30 s vortexing, the solution was placed in an ultrasonic bath for 10 s (3 times). Before transferring
the extract in an autosampler vial, it was centrifuged (by a MicroCL 21R centrifuge, Thermo Scientific,
Waltham, MA, USA) at 21,000 g for 5 min to eventually sediment suspended particles and /or remove
residual fats.

To artificially fortify mycotoxin-free samples before extraction (e.g., for preparation of the
matrix-matched calibration solutions and RE experiments), and promote analyte dispersion onto
the whole sample, the procedure was as follows. Two hundred and fifty mg of durum wheat flour or
corn meal was soaked in 250 uL of acetone containing, the required amount of the analyte working
standard mixture. Then, the sample was placed for 1 hin a ventilated oven at 40 °C to let the organic
solvent evaporate. Finally, the spiked sample was extracted as reported above. The fortification levels
were at ML, i.e., 1 ug kg ! for each AF, 3 pg kg ! for OTA and 750 ug kg ! for ZEN (obtained by
adding 25 uL of the working solution, 10 pg puL~! each AF, 30 pg uL.=! OTA, and 750 pg uL~ ! ZEN),
and its multiples or fractions.
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4.5. Liguid Chromatography-Tandem Mass Spectrometry Conditions

The UHPLC /ESI-MS/MS system was from Thermo Fisher Scientific (Bremen, Germany) and was
constituted by a triple quadrupole mass spectrometer, mod. TSQ (triple stage quadrupole) Vantage
EMR™ {enhanced mass range), coupled to an UHPLC system Ultimate 3000 binary pump via a heated
ESI source. The software Xcalibur™ 2.2 (Thermo Fisher Scientific, Bremen, Germany) was used for
LC-MS data acquisition and processing.

Sample aliquots of 10 pl. were injected via the UHPLC autosampler. The six mycotoxins were
separated onto a reversed-phase Cortecs UPLC C18+ column (100 mm < 2.1 mm i.d,, 1.6 um particle size),
preceded by a VanGuard pre-column (5 mm = 2.1 mm i.d.) packed with the same stationary phase
(Waters Milford, MA, USA). The column was thermostatted at 40 °C. The mobile phase was water (A)
and methanol (B), both containing 5 mmol L T ammonium formate and 0.1% formic acid; the flow-rate
was 300 pL min . The elution gradient was the following after (L5 min at 15%, B was linearly
increased to 35% in 1 min, then to 68% in 3.5 min, and finally to 75% in 3 min. To rinse the column,
B was brought to 98% in 1 min, and held constant for 3 min. After bringing B back to 15% in (.5 min,
the column was allowed to equilibrate for 5.5 min.

MS Data were acquired in multiple reaction monitoring, (MRM) mode, by operating ESI source
in both positive (for the four AFs, OTA, and the corresponding ISs) and negative (for ZEN and its IS)
ionization mode. The tune parameters were set as follows: spray voltage, +3.2/ —2.8 kV; vaporizer
temperature, 280 °C; capillary temperature, 220 “C; sheath gas pressure, 50 (arbitrary units, a.u.);
sweep ion gas pressure (+) 0/(—) 1 (a.u.); auxiliary gas pressure, 25 (a.u.). For each compound, from
two to three MRM transitions were monitored (see Table 1).

Monthly, the calibration solutions provided by Thermo Fisher Scientific (range m/z 69-2800)
were injected in infusion mode for mass calibration and resolution adjustments of the resolving lens
and quadrupole.

4.6. Analytical Method Performance

To assess the performance of the developed analytical method, overall PE, trueness and precision
(both intra-day and inter-day precision), MLODs, and MLOQs were considered.

4.6.1. Process Efficiency (Recovery and Matrix Effect)

RE, ME, and PE were evaluated as in a previous work [29]. Blank matrix solutions spiked
with mycotoxin standards before and after extraction were named as sample set 1 and set 2,
respectively, whereas neat standard solutions prepared in pure solvents were named as sample
set 3. For each analyte, the absolute peak area was measured. The RE was assessed according to the
following equation:

RE (%) = (Area setl/ Area set2) = 100 (1)

ME was estimated according to the following equation:
ME (%) = (Area set2/ Area set3) = 100 (2)
PE, which is the product between RE and ME, was estimated according to the following equation:
PE (%) = (Area setl/Area set3) = 100 (3)

The fortification levels used to assess PE were three (n = 6 for each level). For matrix solutions
(sample sets 1 and 2), the levels were: ML, 0.5 x ML and 2 x ML. For standards solutions (sample set 3),
these levels corresponded to 1 pg pl.~! of the four AFs, 3 pg uL ! of OTA, and 75 pg pl. ! of ZEN,
defined as standard ML (sML), (L5 =« sML and 2 = sML.
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4.6.2. Calibration Graphs

For each mycotoxin, both six-point standard and matrix-matched calibration graphs were
constructed. Standard solutions were prepared in water/methanol (50:50, v/v) at (.2 x sML, 0.3 = sML,
0.5 = sML, sML, 2 x sML, and 4 < sML concentration levels. Matrix-matched solutions were prepared
by spiking analyte-free samples before extraction at .2 x ML, 0.3 x ML, 0.5 » ML, ML, 2 x ML,
and 4 » ML levels. The same amount of the three ISs was added to all the solutions, i.e., 2 pg ul. 1 for
AFM1, 6 pg uL.~! for OTA-d5 and 150 pg uL.~! for ZEN-dé.

Each solution was prepared in duplicate and injected twice, starting from the lowest up to the
highest concentration level; finally, the results were averaged to give rise to a single calibration graph
for each mycotoxin.

For each analyte, the combined ion current profile for the selected transitions was extracted from
the LC-MRM dataset; the resulting traces were smoothed (Gaussian type, 7 points) by applying the
automatic processing smoothing of XcaliburTM software.

The analyte to the corresponding, IS peak area ratio versus the analyte concentration was plotted,
considering the sum of all the MRM transitions to measure the areas. Unweighted regression lines
for standard and matrix-matched calibration graphs were calculated using XcaliburTM QuanBrow ser
(Thermo Fisher Scientific).

4.63. Trueness and Precision

To assess the trueness of the developed method, each my cotoxin apparent recovery was calculated
according to the following equation:

Apparent RE (%) = [(Area analyte set 1/Area [Sset 1)/ (Area analyte set 2/Area IS set 2)] < 100 (4)

ie., by comparing the analyte to [S peak area ratios in free-analyte flour samples spiked before and
after the extraction procedure. The samples were spiked at the same levels used for PE assessment;
the amounts of the three ISs was the same used in the calibration experiments. For each spiking level,
six replicates were performed.

Intra-day (repeatability) and inter-day (reproducibility) were used to evaluate within laboratory
precision of the developed analytical method. The relative standard deviation of the apparent
recovery values of six spiked samples, at 0.5 x ML concentration, analyzed in the same day (RSDr)
and in six consecutive days (RSDg) were used to estimate the intra-day and inter-day laboratory
precision, respectively.

4.6.4. Method Limits of Detection and Quantification

MLODs and MLOQs of the analytes were assessed as reported in previous works [8,33].
Briefly, a first estimation was done in the classical way, i.e., according to the following equations:

MLOD =3 % o/5 (5)

and

MLOQ=10 % a/§ (6)

where o is the standard deviation of the intercept and 5 the slope of the matrix-matched calibration
graph. For MLOQ calculation, the peak area obtained by the sum of all the MRM transitions was
used, whereas for MLOD calculation, the peak area obtained only by the second most intense MEM
transition was considered.

After those calculations, the MLOD and MLOQ values obtaired according to Equations (5) and (6),
respecﬁvely, were verified. Therefore, corn meal and wheat flour samples were spiked with the
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six mycotoxins at levels very close to the extrapolated MLOQ values, and subject to the whole
analytical proced ure. For limits confirmation, the fnlluwing equations were used:

MLOD =3 % §/N (7)

and

MLOQ= 10 x §/N (8)

where 5/N is the signal to noise ratioc manually estimated by the LC-MRM data set, since the 5/N
provided by Thermo Xcalibur Qual Browser software by both INCOS noise method and manual noise
region selection, was unlikely high.

Supplementary Materials: The following are available online at www.mdpi.com/2072-6651,/9/4/147 /51,
Table 51: Zea mays meal and Triticum durwm flour composition, Table 52: Recovery, Matrix Effect, and Process
Efficiency using different corn meal amounts, Table 53: Matrix effects using two different C18 chromatographic
columns, Table 54: Equations and coefficient of determination relative to standard and matrix-matched calibration
curves, Table 55: Results of 10 corn meal sample survey, Figure 51: Extracted ion chromatograms (sum of three
transition pairs for each analyte) of a wheat flour sample spiked with the analytes at 0.5 x ML.
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1 Phytochemicals suspected analysis in food

In the second section of the thesis the application of a suspected screening for the analysis
of phytochemicals in food is discussed. In the next paragraphs, three papers about a method
development for the analysis of polyphenols (Paper Ill and 1V) and GLSs (Paper V) in

strawberries and cauliflowers, respectively, will be presented.

1.1 Background

As previously largely explained (Chapter 1, paragraph 3.1.1), phytochemicals are
bioactive secondary metabolites synthesized by plants. Their characterization in complex
biological matrices, such as food, can result very important for the assessment of a
relationship between such metabolites and the bioactivity of a specific product. Polyphenols
and GLSs are two classes of compounds that showed several positive effects on health,
therefore, in Paper 111, IV and V a metabolic profiling, i.e. the quantitative and/or qualitative
determination of a defined group of related compounds or of specific metabolic pathways,
of these classes of phytochemicals will be presented.

A suspected screening approach has been used in order to detect and identify the highest
number of polyphenols in Paper 11l and IV and GLSs in Paper V. To achieve this goal, a
chromatographic and mass spectrometric method development has been carried out. Indeed,
in contrast to targeted methods where the identification is usually limited to metabolites for
which authentic reference standards are available, suspected/untargeted profiling methods
try to find analytical features of all detectable compounds to achieve the widest possible
metabolic coverage[95]. Metabolite profiling is a difficult challenge because of the huge
chemical diversity of substances to analyze and the wide variation in abundance of the
metabolites present in a complex matrix.

With HRMS the metabolic profile of a complex biological sample can be significantly
extended. However, MS should be coupled with a separation technique, which is necessary
to separate the compounds in a complex mixture. A good separation technique provides the
individual compounds RTs, which are later used to support their identification, and is
especially needed for isomeric metabolites, which are otherwise indistinguishable [96]. In

complex phytochemical mixtures there are a wide variety of positional isomers (e.g.,
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flavonoid glycoconjugates [97]). Low-quality peaks could interfere with peak picking during
data processing, strongly reducing the number of detected metabolites. Therefore,
optimization of the chromatographic conditions in a suspected/untargeted analysis it is
crucial for the coverage of the broad spectrum of metabolites.

However, metabolites separation is not the major bottleneck in suspected/untargeted
metabolomics workflows. Once detected, metabolites have to be identified and, usually,
tentative metabolite annotation by studying the m/z and deriving the molecular formulae
does not provide a single confident identification, particularly when the sample contains a
large number of isomers. To provide the real identity of the detected metabolite isomers,
MS/MS experiments are used to ascertain structural information about the molecules[98].
Current metabolomics studies focus on the development of several approaches to obtain the
MS/MS information, such as using DDA. However, DDA, as currently applied, is often not
optimal to maximize the number of metabolites for which MS'MS data are acquired in a
single run. Moreover, several parameters when setting a MS method should be taken in into
account based on the class of analytes to analyze. Therefore, the optimization of the mass
spectrometric conditions in a suspected/untargeted analysis could result in a less time-
consuming method and more informative data for the identification of a larger number of
compounds.

In Paper 111, 1V and V, a typical suspected analysis approach is presented, showing how
different chromatographic and mass-spectrometric conditions can affect the metabolic
profiling of polyphenols in strawberry for Papers I1l and IV and of GLSs in cauliflower in

Paper V.

1.2 Sample extraction

One of the relevant points to assess food quality by MS-based metabolomics is the choice
of proper sample preparation procedures. In any case, to prevent any substantial loss of
possible relevant metabolites, minimum sample preparation is preferable. Moreover, when
hundreds of compounds have to be analyzed, the extraction protocol should be the right
compromise for the extraction of all the compounds belonging to the class of interest. For
this reason, the protocols chosen for the suspected analysis of both polyphenols in strawberry
and GLSs in cauliflower are quite simple and rapid protocols.
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In Paper 111 and 1V the extraction protocol of polyphenols from strawberry was chosen
on the basis of the work by Kajdzanoska et al.[99] showing that the best extraction mixture
for the whole spectra of antioxidant compounds in strawberries (i.e., flavonoids, cyanidins,
ETs, etc.) is CH3COCH3/CH3COOH (99:1 v/v). However, on the contrary of the mentioned
work, in our case the starting material was lyophilized. Therefore, 30 % of water was added
to extract the more polar compounds.

For GLSs extraction, a rapid comparison between two different extraction protocols was
carried out in Paper V. Indeed, knowing that GLSs are naturally hydrolyzed by myrosinase
when heated at 55-65 °C [100], it is important to choose an extraction protocol that could
reduce myrosinase activity. The myrosinase is denatured in organic solvent and heating, so
most part of extractions are performed at 70 °C [28, 101, 102]. However, several other
extractions performed at room temperature have been published [103, 104]. In order to
clarify this ambiguity we decided to test two simple extraction protocols varying from each
other for the set temperature (70 °C either 25°C). In contrast to the most part of the papers
but the work of Doheny-Adamns et al. [105], the comparison showed better performances
for the protocol at 25 °C. Based on these results, the extraction at room temperature was

chosen as the best extraction protocol.

1.3 Chromatographic and mass spectrometric methods evaluation

As previously mentioned, the chromatographic and mass spectrometric method could be
crucial for a comprehensive profiling of a complex matrix. Paper Ill, IV and V are focused
on different aspects of the method optimization. In paper Ill, both a chromatographic and
mass spectrometric evaluation was accomplished onto an UHPLC-(ESI)-MS/MS system.
Indeed, the coupling of a specific HPLC to a specific mass spectrometer requires a proper
optimization in order to explore the whole potentialities of the coupling of such specific
instruments. In paper 1V, while keeping constant the spectrometric method optimized in
paper 111, a chromatographic comparison of different column systems was performed on both
a standard mixture and a real sample. The aim of this evaluation was both showing the
importance of the chromatographic evaluation prior to a suspected screening analysis, and
showing the importance of performing this evaluation on a real sample rather than a

simulated system such as a mixture of standards. Finally, in paper V a chromatographic
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evaluation on a different class of compounds (GLSs) was accomplished by varying both
phases and columns, to show how different conditions can affect both chromatographic and
mass-spectrometric performances.

In all papers, a Vanquish UHPLC was coupled by means of ESI to a QExactive mass
spectrometer. In Paper 111, a Kinetex C18 column (100 x 2.1 mm?, 2.6 um particles) was
used to test the conditions summarized in Table 4.1. In Paper IV, using the same
chromatographic and mass spectrometric method optimized in Paper Il (phases,
temperature, gradient, mass spectrometers parameters), four chromatographic systems were
tested: (a) one Kinetex C18 column (100 x 2.1 mm2 2.6 um particles); (b) one Kinetex C18
column (100 x 2.1 mm2 ,1.7 um particles); (c) two Kinetex C18 columns (100 x 2.1 mm2 ,
2.6 um particles) connected in series; (d) two Kinetex C18 columns (100 x 2.1 mm2 , 2.6
um particles) connected in series. Finally, in Paper V, four different columns were tested (1)
one column Luna Omega polar C1g (100 mm x 2.1 mmi.d., 1.6 pum particles); (2) one column
Kinetex ™ Biphenyl (100 mm x 2.1 mm i.d., 1.7 um particles); (3) one column Kinetex™
core-shell XB-C1s (100 mm x 2.1 mm i.d., 2.6 um particles); (4) two columns Kinetex™
core-shell XB-Czg (100 mm x 2.1 mm i.d., 2.6 um particles) connected in series with four
different phases a) HCOOH 0.1% in both H>O (A) and ACN(B); b) HCOOH 0.2% in both
H>0 (A) and ACN(B); ¢) HCOONH4 5 mM in both H20 (A) and ACN(B); d) HCOONH4
10 mM in both H20 (A) and ACN(B). All the chromatographic systems were tested using a
mass spectrometric method appropriate for the analysis of GLSs.

The performances of the several systems under investigation were evaluated by means of
a suspected screening approach, in which the number of features was the parameter mainly
used for the evaluation. In untargeted metabolomics, indeed, the number of detected features
is the most commonly used parameter for the selection of an optimal LC-MS method. A
feature is considered as a peak with a specific RT and m/z ratio that probably represents a
real molecule. The feature number parameter is not free from misinterpretations, indeed, the
main drawback of this approach is that false positive features (caused by poor
chromatographic signals, MS signals not generated by proton adduct, in-source fragments,
complex ions, such as dimers 2 M+ H, and salt cluster ions) could be included in the
count[96]. However, feature numbering allows rapid comparison of different methods,
avoiding the time-consuming identification step. Moreover, several methods can be used to
avoid false positives, mainly using some pre-processing data analysis tools such as MZmine

software.
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Table 4.1: LC-MS parameters for methods tested in Paper 11l

method  phase A, phase B, gradient (%B) t(°C) m/z data  exclusion dynamic NCE
H,0:HCOOH ACN:HCOOH range dependent list  exclusion
(N) (sec)
a 99.9:0.1 99.9:0.1 5%- 60%in19min 40  150-1000 5 yes 1 40
b 99.9:0.1 99.9:0.1 5%-50% in 19 min 40  150-1000 5 yes 1 40
c 99.9:0.1 99.9:0.1 5%-40% in 19 min 40  150-1000 5 yes 1 40
d 99.9:0.1 99.9:0.1 5%-60% in38min 40  150-1000 5 yes 1 40
e 99.9:0.1 99.9:0.1 5%-15% in 10 min, 40  150-1000 5 yes 1 40

15%-35% in 15 min,
35%-50% in 5 min
f 9971 9971 5%-15% in 10 min, 40  150-1000 5 yes 1 40
15%-35% in 15 min,
35%-50% in 5 min
g 9971 9971 5%-15% in 10 min, 50  150-1000 5 yes 1 40
15%-35% in 15 min,
35%-50% in 5 min
h 99.9:0.1 99.9:0.1 5%-15% in 10 min, 40  150-1000 5 yes 3 40
15%-35% in 15 min,
35%-50% in 5 min
i 99.9:0.1 99.9:0.1 5%-15% in 10 min, 40  150-1000 5 yes 1 25-55
15%-35% in 15 min,
35%-50% in 5 min
| 99.9:0.1 99.9:0.1 5%-15% in 10 min, 40  150-1000 10 yes 3 40
15%-35% in 15 min,
35%-50% in 5 min
m 99.9:0.1 99.9:0.1 5%-15% in 10 min, 40  150-1000 10 yes 1 40
15%-35% in 15 min,
35%-50% in 5 min
n 99.9:0.1 99.9:0.1 5%-15% in 10 min, 40  150-1000 10 no 3 40
15%-35% in 15 min,
35%-50% in 5 min

For each chromatographic run, accurate mass ion chromatograms were imported into
MZmine and, for each scan, a list of ions was generated. After noise filtering, a
chromatogram was built for each mass that could be detected continuously over the scans.
Later, the built chromatograms were deconvoluted into individual peaks and the isotopic
peaks were removed from the peak list. The peak lists obtained for the replicates and the
blank were aligned and peaks coming from the blank were subtracted. Only peaks found in
all replicate analyzes were kept. LC-MS features were filtered out if the RSD of the

integrated peak areas was greater than 25%. An additional step to remove in-source



Chapter 4: Suspected approach and food quality

fragments and adducts was also carried out in Paper IV and V. The data pre-treatment
allowed to obtain the final number of features. Whereas the number of features was the
parameter mainly used to evaluate the different methods in all the three papers, some other
different strategies were used in each case.

In Paper 11, the highest number of features was compared with the average number of
data points counted for each detected feature. The condition with the highest number of
features and highest minimum number of data point per peak was chosen as the best
chromatographic condition. Once chosen the best chromatographic method, several mass
spectrometric conditions were tested and compared my means of the number of fragmented
features. The method that allowed to obtain the highest number of fragmented features was
chosen as the best method. The final optimized chromatographic and mass spectrometric
method was applied for the final identification that will be discussed in the next sections.

In Paper 1V, at first an evaluation of chromatographic systems was carried out by
comparing the shape and the repeatability of the peaks of the analyzed standard compounds.
A second evaluation was carried out in a suspected screening approach taking into account
the highest number of features and also the highest number of tentatively identified
compounds to choose the best chromatographic system.

Finally, in Paper V, a first evaluation between the different phases used on each column
was carried out by taking into account the highest number of features. Once chosen the best
phase for all the columns, a comparison among columns was accomplished by taking into

account the highest number of tentatively identified compounds.

1.4 Results of the methods evaluation

As mentioned in the previous paragraphs, Paper Il consisted in the evaluation of several
chromatographic and mass spectrometric conditions for the profiling of polyphenols in
strawberries. Operating in DDA mode, the instrument alternates between MS and MS/MS
scans, and it is necessary to ensure the highest number of detected peaks while
simultaneously acquiring fragmentation data required for metabolite identification [106]. To
achieve this, the acquisition of a sufficient number of data points across a chromatographic
peak is necessary. Since the Orbitrap mass analyzer does not possess the high scan speed
typical of a TOF mass analyzer, it was necessary to find a compromise between the

performance of the UHPLC and MS systems.
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Several chromatographic conditions, as summarized in Table 4.1, were tested. In
chromatographic methods a—e the elution gradient was progressively slowed to increase the
number of data points per chromatographic peak. The minimum number of data points
required to properly define the chromatographic peak apex and shape was fixed at ten, and
it was obtained with method (e). This minimum number of data points was considered for
all compounds but the anthocyanins, which exhibit a peculiar chromatographic
behaviour[107]. Anthocyanins exhibit a typical chromatographic peak broadening due to the
coexistence of different forms[108], and thus more acidic mobile phases containing 1% (v/v)
HCOOH and a higher column temperature were tested in methods (f) and (g) to stabilize the
flavylium cationic form. Asshown in Figure 4.1, however, the number of features decreased
probably because the higher acidity had a negative effect on the intensity of the signals of
non-anthocyanin compounds, and also a higher column temperature (50 °C) did not
significantly increase the chromatographic efficiency of anthocyanin separation.

After the method (e) was chosen as the best method, the capability of the UHPLC—
MS/MS system was tested to simultaneously acquire the required fragmentation data.
Several parameters were varied to obtain the highest number of fragmented precursor ions
(i.e. fragmented features). Firstly, the maximum number of the most abundant precursors to
be selected for data-dependent MS/MS acquisition was set to 5 (TOP 5 acquisition) and 10
(TOP 10 acquisition), and the other parameters were kept unchanged. The TOP 5 acquisition
gave the best result; in the TOP 10 acquisition mode, the scan rate is slower, which in turn
implies that a smaller number of ions are fragmented. Secondly, the dynamic exclusion
parameter was set to prevent the same precursor ion from being redundantly selected for a
DDA scan within a certain time span. The dynamic exclusion duration was changed between
1 s and 3 s to promote the fragmentation of the less abundant ions, and the best result was
obtained with 3 s. Thirdly, the normalized collision energy (NCE) was studied. If more than
one NCE value is set, the QExactive mass spectrometer performs a stepwise fragmentation
on the precursor at several NCEs. Although this could allow having a more comprehensive
fragmentation pattern, it results in a lower number of fragmented features probably due to a
short time delay in switching from one NCE value to another, which in turn leads to a slower
scan rate. Fourthly, an exclusion list created by the user containing the most intense 500 ions
detected in the blank was used. These ions were selected for the MS/MS scan, obviously
leading to an increase of the number of fragmented features. At the end of the optimization,

the best mass-spectrometric method (h), consisting of a TOP5 acquisition, with a dynamic
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exclusion of 3 s, a one-step NCE fragmentation, and an exclusion list, allowed to avoid
performing redundant MS/MS experiments on the same ions, maximizing the number of

fragmented features.
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Figure 4.1: Left: Minimum number of data points per peak and detected features for
methods (a)-(g). Right: Number of fragmented featured for method (h)-(n)

In Paper IV, starting from the optimized chromatographic and mass spectrometric
conditions obtained in Paper Il1, four different chromatographic systems were compared to
evaluate the effect of column length and particle size on the analysis of a complex
phytochemical mixture. At first, a targeted approach was used for the comparison. The
mixture of standards contained a range of flavonoids, chosen because representative of the
phenolic compounds usually found in vegetable matrices. For each compound, the
repeatability of the RT and the peak area were calculated, and an additional visual inspection
of peak shapes was performed for each chromatographic condition. All metabolites were
categorized into “unacceptable” if the shift of RTs and peak area was >25% and if the peak
shape was affected by broadening. Peaks were classified as “acceptable” if the shift of RT
and peak area was between 10 and 25% and if the peak was splitting or tailing. Finally, peaks
were classified as “good” if the shift of RT and peak area was <10% and if they showed
narrow and symmetric peaks.

At first glance, the performance of all the chromatographic systems was poor for most
anthocyanins due to the typical peak broadening of anthocyanins. On the contrary, a very
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strong difference among the chromatographic systems could be appreciated for some
flavonoids belonging to the class of flavonols. These compounds resulted unacceptable in
both the chromatographic systems with 1.7 um sized particles compared to the 2.6 um sized
particles. Moreover, there was not such a difference between the one-column and the two-
columns systems, regardless of the particle size.

To confirm or disprove the targeted analysis results and evaluate the effects on the
analysis of a more complex matrix, we proceeded with the untargeted approach. The systems
were compared at several levels as shown in Figure 4.2. Whereas a first result pointed out
that the total number of detected features was larger for the chromatographic systems with
1.7 um particle size than for the 2.6 um particle sized ones, when the repeatable features
have been taken into account the 1.7 sized columns showed a dramatic cut-off of detected
features. This suggest that, regardless of the column lengths, the 1.7 um sized particles
columns performed worse than the 2.6 um sized particles columns. Moreover, repeatability
greatly benefits from a longer column setup. To confirm these results, however, the different
systems were evaluated at a third more reliable level, that of the tentatively identified
features. Non proton adducts complex ions and in-source fragments were identified using
MZmine removed and assigned to the related molecular ion. The remaining features were
searched against a home-made database then further investigated by a closer inspection of
the MS/MS spectra resulting in the tentative identification of several compounds. Even at
this level, the 2.6 um sized particle columns performed better than the 1.7 um sized particle
columns, and the performance could be improved by the coupling of two columns. In
conclusion, two main results are shown: the longer the column, the higher the number of
repeatable detected and identified features; the smaller the particles size, the lower the
number of repeatable detected and identified features. The first result was not highlighted in
the targeted analysis because of the low complexity of the standard mixture compared to the
strawberry extract, implying the strong importance of a chromatographic evaluation on a
real matrix before an untargeted profiling. In the case of the second totally unexpected result,
both targeted and untargeted analyzes suggested that 2.6 um sized core-shell particles
columns performed better than the 1.7 um sized core-shell particles columns. This could be
explained by the effect of temperature gradients through the columns. Indeed, when columns
packed with very fine particles are operated at high mobile phase velocities, the friction of
the mobile phase percolating through the column bed generates heat, and the band velocity

IS not constant across the column resulting in band broadening[109, 110]. Band broadening
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could be accounted for the worse result observed for the Kinetex 1.7 um sized particles
packed columns in this study.
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Figure 4.2: (A) Number of detected, repeatable, and tentatively identified features for the
four chromatographic conditions; and (B) tentatively identified features after manual
inspection with relative identification confidence level for the four chromatographic
conditions: 1) match with standards, 2) match with MS/MS from literature, 3) match with
some fragments from literature, 4) match with the accurate mass.

Finally, in Paper V, an evaluation of several chromatographic conditions was carried out
on a completely different matrix and on a different class of compounds, i.e. GLSs, because,
although widely studied, it is a class of compounds still generating increasing interest.
Indeed, chromatographic separation of intact GLSs was historically a technical challenge
that required several techniques such as ion pairing HPLC [111] or HILIC chromatography
[112, 113], because of the poor retention of GLSs with hydrophilic side chains. In the last
years, it has been shown that both trifluoroacetic acid (TFA) [114] and formic acid [28]
induce sufficient adsorption of GLSs to reversed phase HPLC columns. However, when
coupling HPLC with MS, besides a good chromatographic separation, effects such as ion
suppression should be taken into account when using this compounds as additive in the
phases. While it is known that TFA can give ion suppression during the ionization process,
formic acid and ammonium formate, below certain concentration limits, should be

compatible with MS. Therefore, we wanted to test formic acid and ammonium formate at
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different concentrations in the chromatographic phases, for different columns, to obtain the
best compromise between an efficient separation and a good ionization. Four different
columns were evaluated with four different phases for a total of 16 different chromatographic
conditions. The comparison of the different phases on each column was accomplished by
the number of detected features that matched against a home-made database (i.e. level 4
identification) [102]. Looking at the table shown in Figure 4.3, it is possible to see that, in
all cases, the phases with a percentage of formic acid give better results compared to the
phases with ammonium formate. The obtained result, repeated for all the columns, suggests
that the improved number of features is mostly due to an improvement in the ionization
process rather than a real gain in chromatographic separation. When comparing different
concentration of formic acid, it was shown a slightly increase of features number when using
0.1% compared to 0.2% of formic acid. Apparently, weather the peak shape was slightly
better with 0.2% formic acid, the intensity of the peaks was sometimes decreased, losing the
detection of the less abundant compounds. Based on these results, we decided that 0.1%
formic acid phase was the good compromise between separation improvement and effective
ionization. Once chosen the best phase for the four columns, we proceeded with the
evaluation of the chromatographic performances among the columns. The four columns
were compared after a visual inspection of the MS/MS spectra, thus based on the number of
compounds identified at level 3. As shown in the Venn diagram, the number of tentatively
identified GLSs was higher for the 2 Kinetex in series compared to the other systems. By a
visual inspection of the chromatograms it could also be observed that the Luna column and
the 2 Kinetex showed the best results in term of peak shape and repeatability. The similar
peak shape together with the slightly difference in the number of features obtained with the
Luna column and the 2 Kinetex pose a question about the choice between these two
chromatographic systems for the analysis of GLSs. The obtained better result for the 2
Kinetex columns it is likely due to the higher retention of two coupled columns in series
rather than an effective interaction of the analytes and the stationary phase. Indeed, when
comparing one column Kinetex with one column Luna polar, the number of the identified
compounds is higher and the shape of the peaks is better in Luna column compared to
Kinetex column. This could be due to the fact that, while the C18 chains provide
hydrophobic interactions, a polar modifier on the Luna column particle surface enhances the
retention of the highly polar compounds. Luna Polar C18, allowing a more balanced

retention of polar and hydrophobic compounds, is considered to be suitable for a class of
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compounds such as GLSs, showing both high polarity (due to the sulfate moiety) and high
heterogeneity in terms of hydrophobicity due to the variability of the —R side chain and the

possible acylation of the thioglucose.
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Figure 4.3: Table showing the number of repeatable tentatively identified features at
confidence level 4 for all the conditions, Venn diagram showing the number of tentatively
identified GLSs at confidence level 3 for four columns in the best chromatographic
conditions, i.e. phases with HCOOH 0.1%.

This would suggest that the coupling of two Luna columns could give much better
performances then the coupling of two Kinetex columns. In general, coupling two columns
could be advantageous for a complete and comprehensive profiling of a matrix. However,
when dealing with a large number of samples, and, when the differences between column
performances are so slightly, a system implying the use of a single column should be
preferred, in order to reduce the time and costs of the analysis. Due to the purpose of Paper
V, namely obtaining a comprehensive profiling of GLSs in cauliflower, however, the two
columns Kinetex in series were chosen as the best system for the final identification.

1.5 Identification

The identification is the bottleneck of suspected approaches. Several information have to
be taken into account for the unambiguous identification of compounds, in the absence of
standards. In Paper Ill, 1V and V the identification of polyphenols and GLSs has been
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accomplished by means of the investigation of the acquired MS/MS spectra. In Paper 111 and
V, the method resulted to show the best performances was used for a final accurate
identification, whereas in paper IV for all the tested conditions a tentative identification was
performed in order to give a reliable method comparison.

In Paper 111, on the basis of previous evaluations, the best chromatographic methods and
mass spectrometric method was chosen for the identification. However, other settings
needed to be optimized for each chemical class under investigation, since the mass-
spectrometric and fragmentation behaviour strictly depend on the molecular structure. In this
regard, the compounds reported in strawberry extracts, mainly belonging to the chemical
classes of flavonoids, phenolic acids, dihydrochalcones, PAs and ETs[115] were treated
differently by use of different mass-spectrometric parameters.

Flavonoids, usually present as glycoconjugates, show a particular behaviour in MS. The
general trait of their mass spectra in full scan mode consists of ion signals corresponding
both to the protonated glycosylated molecule and to the protonated aglycone formed during
the ionization process. Some source parameters can promote in-source fragmentation before
the ions reach the analyzer [97]. Because of this phenomenon the analysis of flavonoid
glycoconjugates was performed with an NCE of 40 to break the glycosidic bond and obtain
the aglycone residue. To investigate the structure of the aglycone, further acquisitions were
performed with use of the source ion dissociation (SID) option and an NCE of 80. In this
way, the glycoside group was removed before the ions entered the mass analyzer, allowing
the aglycone moiety to be further fragmented to obtain a pseudo MS? spectrum and elucidate
its structure. Finally, the alignment between the standard mass spectra and the SID mass
spectra allowed the complete structure reconstruction.

The other two important classes of compounds found in strawberries are PAs and ETs.
For these two classes, spectra were acquired in the m/z 500-1500 range under milder
collision conditions (i.e., NCE of 20) to avoid loss of structural information. Moreover, an
NCE of 20 was found to yield diagnostic ions similar to those in studies commonly found in
literature, in which usually PAs and ETs are fragmented by CID. ldentification of the
phenolic compounds was based on the chromatographic behaviour, RT, accurate mass
measurements, and MS/MS spectra. If authentic standards were not commercially available,
the aforementioned parameters were compared with those in the MassBank database, the
mzCloud database, and a homemade database; in all other cases, data were compared with

literature data [115, 116]. Three identification levels were associated at each metabolite
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according to Schymanski et al. [56]. On the contrary of previous works on strawberry
profiling, the chromatographic and mass spectrometric optimization allowed the
identification and tentative identification of 18 and 113 compounds respectively, including
anthocyanins, other flavonoids, phenolic acids, PAs, and ETSs.

Whereas in Paper Ill a comprehensive metabolic profiling of strawberry was
accomplished, the aim of Paper IV was giving a reliable comparison of 4 systems. Therefore,
the identification step, in this case, was carried out using a single acquisition for the analysis
of all the classes of compounds present in strawberry. The acquisition consisted in a DDA
acquisition mode, in the range 100-1000 m/z with a NCE 80. Using a NCE of 80 for all
compounds, the typical fragments of ETs and PAs were not found. However, the
identification was carried out exploiting the information obtained by the in source fragments
found in the MS spectra. The best chromatographic condition, i.e. in series 2.6 um particles
sized packed columns (c), provided the largest number of identified compounds including
anthocyanins, dihydrochalcones, dihydroflavonols, dihydroflavanols, flavanones, flavan-3-
ols, PAs, and ETs. Also in this case identification levels according to Schymanski were
assigned to the tentatively identified compounds (Figure 4.2).

In Paper V, on the basis of previous evaluations, the best chromatographic methods and
mass spectrometric method was chosen for the identification. GLSs consist of a common
glycone group and a variable aglycone side chain (R1). The glycone is characterized by a
sulfonated oxime group and a thioglucose that can be conjugated to some acyl groups (R2)
namely phenolic acids such as cinnamic acid, coumaric acid, etc. Due to the presence of a
sulfonate moiety, glucosinolates, naturally occur in anionic form as [M-H], thus being
identified in negative mode. Typical MS fragmentation patterns of glucosinolates have been
widely investigated in CID [102, 104, 117], showing the presence of both product ions
common to all GLSs and highly specific fragments due to the variability of the side chain
(R1) and of the acyl group (R2). The major common fragmentation pathway [117] includes
ions [HSO4]-, [C2H305S]-, [HO4S2]-, [C2H204NS]-, [SO3]™, [C2H30S] and [C2H4OsNS] at
m/z 97, 139, 129, 136, 80, 75, 154, respectively. The three most intense ions (97, 75, 80)
typical of the GLSs fragmentation pattern were used for a rapid screening of features in the
step of columns comparison. Once chosen the best system, consisting of two Kinetex 2.6 in
series, a deeper investigation on GLSs structure was carried out. Features selected by the
rapid screening were studied and fragments resulting specific of the R1 or R2 side chains of

GLSs were searched in the MS/MS spectra. GLSs were identified at different levels of
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confidence: level 1 was associated to compounds identified by comparison with an authentic
reference standard, level 2 was associated to compounds tentatively identified by means of
typical MS/MS fragments already reported in the literature[102] (fragments derived from
the R1 or R2 side chain), level 3 is associated to compounds that show some informative
fragments, not already reported, or not enough specific to tentatively identify the compound
but, sufficient to recognize the class the compound belongs to (level 3a and 3b if they could
be associated to non-acylated or acylated GLSs, respectively.) On the contrary of previous
works, in which a maximum of about 30 GLSs was found at the same time[28], in this work
we could tentatively identify (at level 2, 3a and 3b) 51 GLSs, 24 of which have never been
identified in cauliflower. This result show how a careful evaluation of the chromatographic
system, coupled with an accurate identification, allows to extend the metabolic coverage of

complex matrices.

1.6 Conclusions

Paper 11, IV and V were focused on different aspects of the method optimization. As it
was shown, several parameters have to be taken into account when performing a suspected
or an untargeted screening. Firstly, the sample preparation should be simple in order to avoid
eventual loss of metabolites and, at the same time, suitable for the extraction of the widest
range of compounds. Secondly, as shown in all the presented papers, the chromatographic
behaviour strictly affects the detection of compounds, therefore, phases, gradient,
temperature should be optimized in order to achieve the best separation of the compounds
present in a complex mixture. Thirdly, several factors have to be taken into account
considering the coupling of the chromatographic system to the ESI source to allow an
effective ionization, such as phases, as it was shown in Paper Il and Paper V. Fourthly, the
right chromatographic parameters and mass spectrometric parameters have to chosen to
obtain the better outcome from the coupling of the separative instrumentation and the
detector, such as the minimum number of data points or the number of fragmented
precursors, as shown in Paper Il1. Fifthly, when dealing with different classes of compounds,
particular attention has to be paid on the mass spectrometric parameters in order to allow the
best fragmentation performances, as shown in Paper Ill and Paper V. Moreover, two main

considerations can be done: an evaluation of the real system is always preferable compared
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to an evaluation on a simulated systems such as a mixture of standards, as shown in Paper
IV; a compromise between performances of the system and time and cost consume has
always to be taken into account, of course depending on the aim of the study.

As clearly shown, the complexity of the food matrix, together with huge diversity of the
metabolites in term of chemical properties pose serious difficulties in the accomplishment
of a comprehensive metabolic profiling. Moreover, the lack of available databases and mass
libraries on natural products, and software, adds major difficulties. However, several
improvements in the techniques, and in the available software is showing the increasing

potentialities of suspected approach for metabolic profiling (see also Appendix).



Chapter 4: Suspected approach and food quality

2 Paper III

Comprehensive polyphenol profiling of a
strawberry extract (Fragaria x ananassa) by ultra-
high-performance liquid chromatography coupled
with high-resolution mass spectrometry


https://www.scopus.com/record/display.uri?eid=2-s2.0-85009291796&origin=resultslist&sort=plf-f&src=s&st1=la+barbera&st2=giorgia&nlo=1&nlr=20&nls=count-f&sid=B6C6A29F44FCEC4CC035DE3DA45A7A62.wsnAw8kcdt7IPYLO0V48gA%3a53&sot=anl&sdt=aut&sl=40&s=AU-ID%28%22La+Barbera%2c+Giorgia%22+56383786900%29&relpos=2&citeCnt=1&searchTerm=
https://www.scopus.com/record/display.uri?eid=2-s2.0-85009291796&origin=resultslist&sort=plf-f&src=s&st1=la+barbera&st2=giorgia&nlo=1&nlr=20&nls=count-f&sid=B6C6A29F44FCEC4CC035DE3DA45A7A62.wsnAw8kcdt7IPYLO0V48gA%3a53&sot=anl&sdt=aut&sl=40&s=AU-ID%28%22La+Barbera%2c+Giorgia%22+56383786900%29&relpos=2&citeCnt=1&searchTerm=
https://www.scopus.com/record/display.uri?eid=2-s2.0-85009291796&origin=resultslist&sort=plf-f&src=s&st1=la+barbera&st2=giorgia&nlo=1&nlr=20&nls=count-f&sid=B6C6A29F44FCEC4CC035DE3DA45A7A62.wsnAw8kcdt7IPYLO0V48gA%3a53&sot=anl&sdt=aut&sl=40&s=AU-ID%28%22La+Barbera%2c+Giorgia%22+56383786900%29&relpos=2&citeCnt=1&searchTerm=
https://www.scopus.com/record/display.uri?eid=2-s2.0-85009291796&origin=resultslist&sort=plf-f&src=s&st1=la+barbera&st2=giorgia&nlo=1&nlr=20&nls=count-f&sid=B6C6A29F44FCEC4CC035DE3DA45A7A62.wsnAw8kcdt7IPYLO0V48gA%3a53&sot=anl&sdt=aut&sl=40&s=AU-ID%28%22La+Barbera%2c+Giorgia%22+56383786900%29&relpos=2&citeCnt=1&searchTerm=

Anal Bioanal Chem (2017) 409:2127-2142
DOT 10,1007 500216-016-0159-8

Chapter 4: Suspected approach and food quality

@ CrossMark

RESEARCH PAPER

Comprehensive polyphenol profiling of a strawberry extract
(Fragaria x ananassa) by ultra-high-performance liquid
chromatography coupled with high-resolution mass spectrometry

Giorgia La Barbera '+ Anna Laura (Ialp-rinttil - Chiara Cavaliere" Susy Piovesana'+
Roberto Samperi ' « Riccardo Zenezini Chiozzi® « Aldo Lagana

Received: 17 September 2016 /Revised: 25 November 2016/ Accepted: 15 December 2016 /Published online: 11 January 2017

) Springer-Verlag Berlin Heidelberg 2017

Abstract The aim of metabolic untargeted profiling is to de-
tect and identify unknown compounds in a biological matrix
to achieve the most comprehensive metabolic coverage. In
phytochemical mixmtures, however, the complexity of the sam-
ple could present significant difficulties in compound identi-
fication. In this case, the optimization of both the chromato-
graphic and the mass-spectrometric conditions is supposed to
be crucial for the detection and identification of the largest
number of compounds. In this work, a systematic investiga-
tion of different chromatographic and mass-spectrometric
conditions is presented to achieve a comprehensive untargeted
profiling of a strawberry extract (Fragaria * ananassa). To
fulfill this aim, an ultra-high-pressure liquid chromatography
system coupled via an electrospray source to a hybrid quad-
rupole—Orbitrap mass spectrometer was used. Spectra were
acquired in data-dependent mode, and several parameters
were investigated to acquire the largest possible number of
both mass spectrometry (MS) features and MS” mass spectra
for unique metabolites. The main classes of polyphenols stud-
ied were flavonoids, phenolic acids, dihydrochalcones,
cllagitannins, and proanthocyanidins. Method optimization
allowed to us identify and tentatively identify 18 and 113
compounds, respectively, among which 74 have never been re-
ported before in strawberries and, to the best of our knowledge, 22
of them have never been reported before. The results show the
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importance of an extended investigation of the chromatographic
and mass-spectrometric method before a complete untargeted
profiling of complex phytochemical mixtures.

Keywords Liquid chromatography - High-resolution mass
spectrometry - Polyphenols - Strawbemry - Untargeted profiling

Introduction

Metabolomicsis one of the youngest “omics™ sciences [ 1].and in
the last decade it has found application in several fields, such the
life sciences, environmental science, forensic science, and food
science [2]. In the past few years, metabolomics has gained an
important role in food authentication, safety, and quality assess-
ment [3] and in the investigation of the health effects of food
intake [4].

In contrast to targeted methods, where the identification is
usually limited to metabolites for which authentic reference stan-
dards are available, untargeted profiling methods try to find ana-
lytical features of all detectable compounds to achieve the widest
possible metabolic coverage [ 5]. Untargeted metabolite profiling
is amajor challenge in metabolomics because of the huge chem-
ical diversity of unknown substances and the wide vanation in
abundance of the metabolites in a complex matrix.

Nowadays, because of the recent rapid development of
high-resolution mass spectrometers, which are able to provide
the accurate mass of unknown compounds, the metabolic pro-
file of a complex biological sample can be significantly ex-
tended. High-resolution mass spectrometry (HRMS) is usual-
ly coupled with a separation technique, which is necessary to
separate the compounds in a complex mixture and provide
their individual retention times, which are later used to support
their identification, and is especially needed for isomeric me-
tabolites, which are otherwise indistinguishable [6]. In
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complex phytochemical mixtures there are a wide variety of
positional isomers (e.g., flavonoid glycoconjugates [7]).
Among the different separation techniques, liquid chromatog-
raphy (LC) demonstrates the best characteristics in terms of
the requirements for sample preparation, reproducibility, and
metabolic coverage range [6]; it is usually used as a separation
technique in HRMS-based metabolomics studies.

In untargeted metabolomics, the number of detected me-
tabolites is the most important parameter in the selection of an
LC—mass spectrometry (MS) method. Low-quality peaks
could interfere with peak picking and alignment during data
processing, consequently strongly affecting the resulting num-
ber of detected features. Therefore, optimization of the chro-
matographic conditions in an untargeted analysis could be
crucial for maximization of the namber of compounds detect-
ed in a complex matrix. In this way, untargeted metabolomics
analysis allows the detection of thousands of metabolite fea-
tures from a single experiment. However, the complexity of
the sample could represent a significant difficulty in com-
pound identification, and this process is a major bottleneck
in metabolomics workflows. Tentative metabolite annotation
by study of the mass-to-charge (m/z) ratio (measured with a
mass accuracy of less than 5 ppm) by application of the seven
golden rules [8] and by the deriving of the molecular formulae
usually does not provide a single confident identification, par-
ticularly when the sample contains a large number of isomers.
To provide the real identity of the detected metabolite isomers,
MS? experiments are used to ascertain structural information
about the molecules [9]. Cument metabolomics studies typi-
cally consist of a multistep work flow in which a first profiling
is done in M8 mode to reveal the features of interest. These
features are then fragmented in a second step to complete the
identification. This time-consuming process has recently been
shortened in a single workflow, in which data-dependent ac-
quisition (DDA) allows the simultancous acquisition of
HRMS and MS” data, ensuring an efficient profiling and iden-
tification. DDA consists in the acquisition of MS” data for the
most intense ions observed during the full scan profiling in the
selected mass range; specific parameters can be set to avoid
redundant MS? experiments. However, DDA, as currently ap-
plied, is often not optimal to maximize the number of unique
metabolites for which M$? data are acquired, requiring further
acquisition to elucidate the structure of not-fragmented com-
pounds. Improvements in DDA have the potential to provide a
larger amount of fragmentation data to be compared with ref-
erence MS data sets, such as spectral libraries [9]. On the
basis of these considerations, optimization of the mass-
spectrometric conditions in an untargeted analysis could result
in a less time-consuming method and more informative data
for the identification of a larger number of compounds. Also
the chromatogram quality has a crucial ole in data processing.

Few studies on column evaluation and chromatographic
method optimization have been presented in LC-HRMS-
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based metabolomics [6, 10—12]. Moreover, there are few arti-
cles focused on the investigation of the optimal DDA setting
for routine applications by Orbitrap mass spectrometers [9].

In this work, a systematic investigation of different chro-
matographic and mass-spectrometric conditions is presented
to optimize the untargeted analysis of a complex phytochem-
ical mixture. Strawberry extract was used as a test system
because of the known complexity in terms of isomeric antiox-
idant compounds [7]. We investigated the chromatographic
conditions and the integrated acquisition of full-scan and
higher-energy collisional dissociation (HCD) fragmentation
data by an ultra-high-performance LC (UHPLC) system
coupled via electrospray ionization (ESI) source to a hybrid
quadrupole—Orbitrap mass spectrometer. From the results of
the investigation, the best chromatographic and mass-
spectrometric conditions were chosen for the final acquisition.
Finally, the data were analyzed by our searching both home-
made and online spectral databases. In contrast to previous
work on identification of strawbemy antioxidant compounds
[13, 14], in which about 70 compounds were tentatively iden-
tified, in the present study the identification and tentative iden-
tification of 18 and 113 compounds respectively was
achieved, 74 of which have never been found before in straw-
berries. showing the importance of a thorough investigation of
the best instrumental parameters before the untargeted profil-
ing of complex phytochemical mixtures.

Materials and methods
Chemicals and reagents

Strawbemies (Fragaria * ananassa ‘Elsanta’) were bought from a
local farm. The fruits were washed with distilled water, cut into
quarters, freeze-dried and kept at —80 °C until use. LC-MS grade
water was purchased from Fisher Scientific (Rodano, Italy). LC—
MS grade methanol (MeOH) and acetonitrile (ACN) were pur-
chased from VWR International (Milan, Italy). Formic acid and
acetone were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Callistephin chloride (pelargonidin 3-O-glucoside),
cyanidin chloride, epicatechin, flavone, kaempferol, kuromanin
chloride (cyanidin 3-O-glucoside), naringenin, pelargonidin chlo-
ride, peonidin 3-O-glucoside chloride, procyanidin B1, quercetin
dihydrate, quercetin 3-0O-glucoside, rutin (quercetin 3-0-
rutinoside), and taxifolin analytical standards were purchased from
Sigma-Aldrich. Catechin, isorhamnetin, morin, and phloretin an-
alytical standards were purchased from Extrasynthese (Lyon.
France).

Sample preparation

Phenolic compounds were extracted following the protocol of
Kajdzanoska et al. [15] with some modifications. Three



Comprehensive polyphenol profiling of a smawberry

Chapter 4: Suspected approach and food quality

2129

hundred milligrams of freeze-dried strawberry samples was
extracted in 9 mL of CH3COCH:-H:0-CH3COOH
(70:29.5:0.5 v/v/v). The extracts were sonicated for 15 min
in an ice bath and then centrifuged for 10 min at 2000 ¢ at
15 °C. The supernatant was collected. The extraction was
repeated once. The supernatants were mixed and concentrated
to 2.5 mL under a gentle nitrogen flow in a water bath at
37 °C. The sample was then added to 250 pL of MeOH.
The final extract solution (H,O-MeOH, 90:10 v/v) was cen-
trifuged for 5 min at 2300 g at 25 °C. Before analysis, the
supernatant was filtered through a 13-mm Acrodise syringe
filter with a 0.2-pm GH Polypro membrane (Pall, Ann Arbor,
MI, USA). The extract was divided into aliquots and stored at
20 °C for further analysis.

UHPLC-ESI-MS? analysis

A Vanquish binary pump H (Thermo Fisher Scientific, Bremen,
Germany), equipped with a thermostatted autosampler and a
thermostatted column compartment, was used for sample chro-
matographic separation on a Kinetex core-shell Cg column
(100 mm * 2.1 mm) with particles size of 2.6 um (Phenomenex,
Tomance, CA, USA) at a flow rate of 600 pL min "

Several elution gradients and conditions and two mobile
phases were tested to analyze strawberry extracts and the mix-
ture of 18 standards at 0.5 ng L™ in HyO-MeOH (90:10 v/
v). For details, see methods a—g in Table S1. The injection
volume was 5 uL. All samples were run in triplicate followed
by the injection of the standard mix and a blank sample of
H>O-MeOH (90:10 viv). Method e was chosen as the best
chromatographic method on the basis of the number of fea-
tures and the number of data points (see “Optimization of
chromatographic and mass-spectrometric conditions”™). For
method e, the column was thermostatted at 40 °C and the
mobile phase was H;O-HCOOH (99.9:0.1 w/v; solvent A)
and ACN-HCOOH (99.9:0.1 v/v: solvent B): the elution gra-
dient was as follows: 5% solvent B to 15% solvent B in
10 min, 15% solvent B to 35% solvent B in 15 min, 35%
solvent B to 50% solvent B in 5 min. The chromatographic
system was coupled to a Q Exactive hybrid quadrupole—
Orbitrap mass spectrometer (Thermo Fisher Scientific) with
a heated ESI source. The ESI source parameters were as fol-
lows: capillary temperature 275 °C in positive mode, 350 °C
in negative mode: sheath gas 50 arbitrary units (a.u.) in posi-
tive mode, 55 a.u. in negative mode; auxiliary gas 15 aw;
sweep gas 2.25 au. in positive mode, 3 a.. in negative mode;
spray voltage 3500 V in positive mode, 2500 V in negative
mode: auxiliary gas heater temperature 450 °C in positive
mode, 300 °C in negative mode; S-lens RF level 50%.

For all the chromatographic methods investigated, detec-
tion was conducted in HRMS DDA mode. MS data were
acquired in the m/z 150-1000 range in positive ionization
mode with a resolution (full width at half maximum,

FWHM, at m/z 200) of 35,000. The automatic gain control
(AGC) target value was 200,000 in full-scan mode. The max-
imum ion injection time was 100 ms. The isolation window
width was 2 m/z. MS® fragmentation was performed on the
five most intense ions detecied in full-scan mode with a reso-
lution FWHM of 17,500. The AGC target value was 100,000,
Dynamic exclusion was set to | s. An exclusion list was set
containing the ions most commonly detected in the blank.
Fragmentation was achieved in the HCD cell at a normalized
collision energy (NCE) of 40.

After the best chromatographic method (method e) had
been chosen, several parameters were investigated to obtain
the largest number of fragmented features. For more details,
see methods h—n in Table S1. For each method, the sample
was run in triplicate followed by the injection of the standard
mix and the blank H,O-MeOH (90:10 v/v). Method h was
chosen as the best method on basis of the number of
fragmented features (see “Optimization of chromatographic
and mass-spectrometric conditions”). It consists of a TOPS
DDA, with an exclusion list, the dynamic exclusion set at
3 s, and a one-step fragmentation at an NCE of 40.

On the basis of the chromatographic and mass-
spectrometric method optimization, the best conditions (meth-
od h) were chosen and used for the final acquisitions. Four
final acquisitions at different mass ranges, NCEs, and polari-
ties were performed to identify all classes of compounds under
investigation: m/z 150-1200, NCE 40, positive and negative
polarities (method o); m/z 150—1200, source-induced dissoci-
ation (SID) fragmentation (40 eV), NCE 80, positive and neg-
ative polarities (method p); m/z 50021500, NCE 20, positive
and negative polarities (method q); (r) m/z 1500-2500, NCE
20, negative polarity (method g).

Data analysis

For each chromatographic method, accurate mass ion chromato-
grams obtained from three consecutive injections and from the
blank were processed by the open source software program
MZmine version 2.9 (http://mzmine.sourceforgenet/) [16].
Briefly, the accurate mass LC-MS data were imported, and for
each scana listof ionswas generated withuse ofa mass-detection
module (Exact mass algorithm with noise of 10™). A filter was
applied to correct the false signals around m/z peaks called
“shoulder peaks ™ that are residues of the Fourier transform func-
tion (Gaussian peak model function ). Then mass lists generated
and filtered for each MS scan were used to build a chromatogram
for each mass that could be detected continuously over the scans
by means of the chromatogram builder tool (minimum time span
0.1 min; minimum height 10°; m/z tolerance 0.001 or 2 ppm).
Later, the deconvolution module deconvoluted these chromato-
grams into individual peaks (local minimum search algorithm
with chromatogmphic threshold 30; minimum retention time
range (.03 min; minimum relative height 0%: minimumabsolute
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height 10, minimum top/edge 1.5; peak duration 2.5 min). With
the isotopic peak grouper algorithms, the isotopic peaks were
removed from the peak list, keeping only the highest peak (m/z
tolerance 0.001 or 2 ppm; retention time tolerance 0; maximum
charge 2; most intense representative isotope). The peak lists
obtained for the replicates and the blank were normalized for
retention time (m/'z tolerance 0.001 or 5 ppm; retention time tol-
erance (.05 min; minimum intensity standard 10 and aligned
with the Ransac alignment module (m/z tolerance 0.001 or
5 ppm; retention time tolerance 0.05 min; retention time after
correction 0.05 min; Ransac iterations 0; minimum number of
points 20; threshold value 4). Peaks coming from the blank were
subtracted. Only peaks found in all replicate analyses were kept.
LC-MS features were filtered out if the relative standard devia-
tion (RSD) ofthe integrated peak areas was greater than 25%. The
resulting peaks represent the number of features as shown in
Fig. 1 foreach method.

For each mass-spectrometric method, raw data obtained from
three consecutive injections and from the blank were processed to
generate a list containing all the fragmented precursor ions (i.e., the
fragmented features). By use of the MS” peak picker module (m/'z
tolerance 0.005 or 5 ppm; refention time tolerance 0.1 min) a list of
chromatographic peaks for which at least a fragmentation scan had
been acquired wasbuilt. Then, the peak extendermodule extended
the peaks inboth directionsofthe retention time to add missing data
points (m/z tolerance 0.005 or 5 ppm; minimum height 10%). Once
the chromatograms had been obtained, the deconvolution, the
deisotoping, and the alignment steps were repeated as previously
described. A gain the interference from the blank was removed, and
only peaks found in all replicate analyses with an RSD on the
integrated areas less than 25% were kept. The resulting peaks,
characterized by MS” fragmentation spectra, represent the number
of fragmented features, as shown in Fig. 1 for each method.

Theanalysis of the final acquisition spectraand the calculation
ofelementalcompositions were performed with Qual Browser of
Xecalibur 2.2 {Themmo Fisher Scientific). The compounds were
putatively identified on the basis of accurate mass (5 ppm) by
both homemade and online spectral databases (MassBank,
mzCloud). When databases were lacking, phenolic compounds
were identified according to the charcteristic fragmentation
spectra and retention time by comparison with literature data.

Finally, Qual Browser of Xcalibur 2.2 was used to visualize
standard mix solution runs for each method tested. Data points
across the chromatographic peaks were observed for all the
flavonoid standards but not the anthocyanin ones.

Results and discussion
Extraction procedure

The extraction protocol was chosen on the basis of the work
by Kajdzanoska et al. [15] showing that the best extraction
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mixture for the whole spectra of antioxidant compounds in
strawberries (i.e., flavonoids, cyanidins, ellagitannins, etc.) is
CH:COCH:—CH:COOH (99:1 v/v). However, in our case the
starting material was lyophilized strawberries instead of fresh
ones (this, in turn, was so we could homogenize the starting
sample and use it for all experiments). Therefore, considering
that the freeze-dried sample lost 95% of its initial weight,
300 mg of strawberries was extracted in 9 mL of
CH,COCH;-H,0-CH;COOH (70:29.5:0.5 v/viv), where
H>0 was needed to extract the more polar compounds.

Optimization of chromatographic and mass-spectrometrie
conditions

For both positive ionization mode, and negative ionization
mode, the ESI parameters were previously optimized by direct
injection into the source of the individual standard solutions of
six analytes (belonging to either aglycone and glycosylated
flavonoids) at 2 ng 1.|L_l in HO-MeOH (90:10 w'v) together
with HxO-ACN-HCOOH (79.9:20:0.1 w/v/v) at a rate of
600 uL min~' through a high-performance LC tee splitter.

Operating in DDA mode, the instrument alternates between
MS and MS” scans, and it is necessary to ensure the highest
number of detected peaks while simultaneously acquiring
fragmentation data required for metabolite characterization
[17]. To achieve this, the acquisition of a sufficient number
of data points across a chromatographic peak is necessary.

Since the Orbitrap mass analyzer does not possess the high
scan speed typical of a time-of-flight mass analyzer, it was
necessary to find a compromise between the performance of
the UHPLC and MS systems. For the Orbitrap, the higher the
resolution is set, the slower the scan rate is, even if the effec-
tive scan rate also depends on other settings (e.g., AGC inten-
sity and ion accumulation time). Therefore, the resolution was
set at 35,000 (FWHM at m/z 200) for the MS scan and at
17,500 for the MS? scan; the mass error was less than
3 ppm. Higher resolution settings for the MS scan did not
significantly reduce the mass error.

Starting from this mass-spectrometric configuration, we
tested several chromatographic conditions on the same core—
shell C,5 column, as described in “UHPLC-ESI-MS§?
analysis.” In chromatographic methods a—e the elution gradi-
ent was progressively slowed to increase the number of data
points per chromatographic peak. The minimum number of
data points required to properly define the chromatographic
peak apex and shape was fixed at ten, and it was obtained with
method e. This minimum number of data points was consid-
ered for all compounds but the anthocyanins, which exhibit a
peculiar chromatographic behavior [ 18]. Anthocyanins exhib-
it a typical chromatographic peak broadening due to the co-
existence of different forms [19], and thus more acidic mobile
phases containing 1% (v/v) HCOOH and a higher column
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Fig. 1 Leff: Summary of the minimum number of data points to define a peak and the detected features for methods a-g. Righr: Number of fragmented

features for methods e and h-n. NCE normalized collision energy

temperature were tested in methods fand g to stabilize the
flavylium cationic form.

Figure 1 shows, for each of the LC-MS® methods tested,
the number of data points per peak and the number of features
that showed an RSD on the peak area of less than 25% for the
three technical replicates. The feature number parameter is not
free from musinterpretations; indeed, the main drawback of
this approach is that false positive features (caused by poor
chromatographic signals, MS signals not generated by proton
adduct, in-source fragments, complex ions, such as dimers
2 M+ H, and salt cluster 1ons) could be included in the count
[6]. However, feature numbering allows rapid comparison of
different methods, avoiding the time-consuming identification
step. As shown in Fig. 1, the best results were obtained for
method e. The number of data points per peak and the number
of features increased when the gradient slope was lowered
from method a to method d, and further improvement was
obtained with method e, where the gradient slope was lowered
in the richest part of the chromatogram. In contrast, the higher
acidity had a negative effect on the intensity of the signals of
non-anthocyanin compounds, and also a higher column tem-
perature (50 °C) did not significantly increase the chromato-
graphic efficiency of anthocyanin separation. After the meth-
od had been assessed with the optimized number of detected
features, the capability of the UHPLC-MS? system was tested
to simultaneously acquire the required fragmentation data.
Several parameters were vared to obtain the highest number
of fragmented precursor ions (i.e. fragmented features).

Firstly, the maximum number of the most abundant precursors
to be selected for data-dependent MS? acquisition was setto 5
(TOP 5 acquisition) and 10 (TOP 10 acquisition), and the
other parameters were keptunchanged. The TOP 5 acquisition
gave the best result; in the TOP 10 acquisition mode, the scan
rate is slower, which in turn implies that a smaller number of
ions are fragmented. Secondly, the dynamic exclusion param-
eter was set to prevent the same precursor ion from being
redundantly selected for a DDA scan within a certain time
span. The dynamic exclusion duration was changed between
1 sand 3 s to promote the fragmentation of the less abundant
ions, and the best result was obtained with 3 s; longer dynamic
exclusion periods were incompatible with the narrow chro-
matographic peak width. Thirdly, the NCE was studied. This
dimensionless value is approximately equivalent to the HCD
collision energy (in electronvolts) for a reference ion of mass
500 v and charge 1. If more than one NCE value is set, the Q
Exactive mass spectrometer performs a stepwise fragmenta-
tion on the precursor ion and all fragments created in the steps
are analyzed during the same scan. Although setting several
NCEs during a single scan should not affect the number of
fragmented precursor ions, our results showed thata two-step
fragmentation gives a lower number of fragmented features
compared with the single-step fragmentation. This could be
due to a short time delay in switching from one NCE value to
another, which in tum leads to a slower scan rate. Fourthly, the
opportunity of using an exclusion list was investigated. The
exclusion list, created by the user, contains the most intense
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500 1ons detected in the blank; these ions will be not selected
for the MS® scan. Obviously, the presence of the exclusion list
increased the number of fragmented features. At the end of'the
optimization, the best mass-spectrometric method (method h)
allowed us to avoid performing redundant MS® experiments
on the same ions, maximizing the number of fragmented fea-
tures, and consisted of a TOPS acquisition, with a dynamic
exclusion of 3 s, a one-step NCE fragmentation, and an ex-
clusion list. The strawberry extract chromatogram acquired
with method h is shown in Fig. 2

Compound identification

On the basis of previous evaluations, the best mass-
spectrometric method was chosen. However, other set-
tings needed to be optimized for each chemical class un-
der investigation, since the mass-spectrometric and frag-
mentation behavior strictly depend on the molecular struc-
ture. In this regard, the compounds reported in strawberry
extracts, mainly belonging to the chemical classes of fla-
vonoids (flavanols, flavonols, anthocyanidins), phenolic
acids, dihydrochalcones, proanthocyanidins and
ellagitannins [13] were treated differently by use of dif-
ferent mass-spectrometric parameters and interpretations
of the spectra. Flavonoids are present as glycoconjugates.
Different sugars (mainly hexose, deoxyhexose, pentose,
polyglycoside), often acylated with aliphatic or aromatic
acidic groups, might be linked to flavonoid aglycones.
The general trait of glycoconjugate mass spectra in full-
scan mode consists of ion signals corresponding both to
the protonated glycosylated molecule and to the protonat-
ed aglycone formed during the ionization process. Some
source parameters (e.g., temperature, voltage, gas pres-
sure) can promote in-source fragmentation before the ions
reach the analyzer [7]. Because of this phenomenon, for
the analysis of flavonoid glycoconjugates, acquisition in
the m/z 1501200 range was performed with an NCE of

40 to break the glycosidic bond and obtain the aglycone
residue. To investigate the structure of the aglycone fur-
ther, acquisitions were performed in the m/z 150-1200
range, with use of the SID option (set to 40 ¢V) and an
NCE of 80. In this way, the glycoside group was totally
removed before the ions entered the mass analyzer,
allowing the aglycone moiety to be further fragmented
to obtain a pseudo MS* spectrum and elucidate its struc-
ture. Finally, the alignment between the standard mass
spectra and the SID mass spectra allowed the complete
(tentative) structure reconstruction. The same mass-
spectrometric conditions were used for the analysis of
phenolic acids and dihydrochalcones. Spectra were also
acquired in negative ionization mode to provide additional
information on phenolic acids. The other two important
classes of compounds found in strawberries are
proanthocyanidins and ellagitannins. For these two clas-
es, spectra were acquired in the m/z 500-1500 range
under milder collision conditions (i.e.., NCE of 20) to
avoid loss of structural information. Moreover, an NCE
of 20 was found to yield diagnostic ions similar to those
in studies commonly found in literature, in which usually
proanthocyanidins and ellagitannins are fragmented by
collision-induced dissociation. Spectra were acquired in
both positive ionization mode and negative ionization
mode to check the molecular masses. Two distinct runs
for each polarity mode were preferred to polarity
switching mode, to obtain a larger number of data points
per peak. Finally, an acquisition in negative ionization
mode in the m/z 1500-2500 range was performed to study
some high molecular mass ellagitannins.

Final spectra acquisition allowed the identification and
tentative identification of 18 and 113 compounds respec-
tively, including anthocyanins, dihydrochalcones,
dihydroflavonols, dihydroflavanols, flavanones, flavan-3-
ols, phenolic acids, proanthocyanidins, and ellagitannins.
Identification of the phenolic compounds was based on

Fig. 2 Mass chromatogram of a 2.0E9 4
strawberry extract acquired in )
positive ionization mode in the m/ :I
2 1501000 range with method h 1.5E9 ,;
= |
‘w 1.0E9
c |
)
= ) | ||
5.0E8 b { |
4 I| r } ||| | | | | ’
' WY -1. FL " b i
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the chromatographic behavior, retention time, accurate
mass measurements, and MS” spectra. If authentic stan-
dards were not commercially available, the aforemen-
tioned parameters were compared with those in the
MassBank database, the mzCloud database, and a home-
made database: in all other cases, data were compared
with literature data [13, 14, 20-33]. The identification
data for the tentatively identified compounds are
discussed in the following sections and summarized in
Tables 1, 2, and 3 with the related confidence level, ac-
cording to Schymanski et al. [34]. In particular, level 1
refers to compounds identified by the checking of the
standard retention time and MS® spectra; level 2a refers
to compounds tentatively identified by the matching of
MS? spectra data in the literature or in online spectral
libraries; level 2b refers to compounds tentatively identi-
fied by study of the diagnostic fragments in MS? spectra
but not supported by literature data. Coherently, the com-
pounds tentatively identified with identification level I or
level 2a have already been reported in the literature,
whereas the compounds tentatively identified with identi-
fication level 2b have never been reported in the litera-
ture, to the best of our knowledge.

Reference

[13]
[13]

Identification
confidence level®

2a
2a

Pentagalloyl hexose

Galloyl-diHHDP-hexose dimer
{agrimoniin)

Identity

1085.0763; 935.0815;

Interpretation of flavenoid, phenolic acid,
and dihydrochalcone spectra

1265.1403;

Seventeen standard compounds belonging to the classes
of flavonoids and dihydrochalcones were used to assist
the identification. The retention times of the aglycones
were used to confirm the identity of both the detected
aglycones and the respective glycosylated forms, which
were expected to be eluted earlier from the C,; column
since they are more polar. MS” spectra were acquired at
an NCE of 80 for aglycone standards to confirm the de-
tected aglycones and compare their fragmentation patterns
with those of the aglycones generated from glycosylated
compounds by SID plus HCD. Retention times and MS®
spectra of standards are summarized in Table 52. All com-
pounds for which authentic reference standards were
available were identified on the basis of their m/z ratio
(mass error less than 5 ppm) and retention time. When
standards were not available, compounds were tentatively
identified on the basis of whether (1) their m/z ratio was
measured with a mass error less than 5 ppm, (ii) the ac-
curate mass of their aglycone was found at the same re-
tention time as for the precursor, and (iii) the fragmenta-
tion pattern of the aglycone, obtained in the SID plus
HCD acquisition (pseudo MS?), was confirmed by com-
parison with standard MS? spectra or with spectra found
in MassBank, mzCloud, and in the literature, or by our
following the spectra interpretation guidelines for flavo-
noids [7, 35-37]. Identified and tentatively identified

T83.0677; 633.0740; 613.0485; 481.0643: 300.9995
169.0133

939 1118; T87.0982; Te9.0890; 617.07%: 599.0702; 447.0588;

3009988

1869.1426; 1567.1518;

pezks in MS®
483.0760

2

Molecular Polarity [M+ H]' confirming MS fragments®
structure fits the experimental M5™ information

439 CpHaOs
CyHuOag

341

(ppm) formula

A

“ Level 1, confirmed structures where a reference standard is available; level 2a, evidence by spectrum matching with a spectrum from the literature or a library; level 2b, diagnostic evidence where no other

4 Compound not found in strawberry extracts but found in strawberry secondary products or in other fruits and vegetables

* Confirming peaks are ions found in MS because of spontaneous in-source fragmentation

DHHDP dehydrohexahydroxydiphenic acid. HHDP hexahydroxydiphenic acid
PMS” fragments are referred to acquisition with HCD set to an NCE of 20,

Table 2 (contimued)
[M+H]"/
(min) [M—H]

13.54 1869.1426
1430 93491141
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flavonoids, phenolic acids, and dihydrochalcones are
listed in Table 1.

The interpretation of the spectra of glycosylated flavo-
noids and dihydrochalcones reported in Table | needs
further explanation. The SID fragments of the
polyglycosylated compounds were used to speculate on
the position of the sugar moieties in the aglycone. The
precursor ion [M + H]* at m/z 741.2233 (C33H,,0,0%) at
a retention time of 1.70 min, for example, was identified
as pelargonidin hexosyl-deoxyhexosyl hexoside. At the
same retention time, [M + H — hexose-deoxyhexose|" at
m/z 433.1129 and [M + H - hexose-deoxyhexose-hex-
ose|" at m/z 271.0600 were found, suggesting that the first
sugar of the glycosyl moiety linked to the aglycone is a
hexose, or that a hexose is linked to a hydroxyl group,
and the dimer hexose—deoxyhexose is linked to another
hydroxyl group [35]. Detailed information on the other
polyglycosylated flavonoids and dihydrochalchones is
given in the electronic supplementary material.

Interpretation of ellagitannin spectra

Ellagitannins, commonly found in strawberries [13], are
esters of hexahydroxydiphenic acid (HHDP) and glucose
(in some cases gallic acid). Typical neutral losses during
fragmentation of ellagitannins are a galloyl unit (152 u),
gallic acid (170 u), HHDP (302 u), galloyl-glucose (332
u), HHDP-glicose (482 u), and galloyl-HHDP-glucose
(634 u) [13]. Sometimes, two often reported fragment
tons—m/z 303 (+)/301 (=) and m/z 277 (+)/ 275
(—)—are observed. The first ion is the result of spontane-
ous dilactonization of HHDP to ellagic acid. The second
ion is the result of the partial lactonization of HHDP
followed by subsequent decarboxylation. Often the ions
miz 171 (+)/169 (=) and m/z 127 (+)/125 (-), characteris-
tic of gallic acid and its fragment, are detected [38].
Ellagitannins were identified on the basis of the typical
losses in the MS? scan and reported in Table 2. The de-
tected in-source fragments of the ellagitannins were used
to further confirm their structure. Detailed explanations of
the interpretation of ellagitannins spectra are given in the
electronic supplementary material.

Interpretation of proanthocyanidin spectra

Proanthocyanidins are polymers of flavanols, mainly cat-
echin, afzelechin, and gallocatechin, forming
procyanidins, propelargonidins, and prodelphinidins re-
spectively. As reported by Lin et al. [39], the most impor-
tant MS* fragments of proanthocyanidins are formed by
quinone methide fission: that is, the breaking of the
interflavan bond between the monomers to form the ter-
minal unit fragment [Mt — H]™ or [Mr + H]" ions and the

@ Springer

extension unit fragment [Mg — 3H] or [Mg + 3H]" ions
for B-type proanthocyanidins. Other typical
proanthocyanidin fragments are formed by retro-Diels—
Alder fission—that is, loss of the B—ring with C2 — C3
part of the C-ring (loss of 152, 136, and 168 u for cate-
chin, afzelechin, and gallocatechin respectively)—and by
heterocyclic ring fission—that is, loss of the A-ring (loss
of 126 u). Other product ions formed by the loss of H,0,
CO, etc., are also observed. On he basis of the typical
fragmentation pattern, 55 proanthocyanidins were tenta-
tively identified in strawberries and one, procyanidin BI,
was identified by the relative standard confirmation.
However, many of them were found at several retention
times because proanthocyanidins have many
regioisomeric and stereoisomeric forms. Each flavan-3-ol
unit has two chiral centers, which can result in four ste-
reoisomers. Moreover, units can connect to each other in
two ways, providing 64 possible isomers for a B-type
proanthocyanidin dimer. The formation of trimers and tet-
ramers leads to an increase in the possible number of
isomers that, at present, are indistinguishable by means
of LC-MS" methods [39]. All isomeric forms of the ten-
tatively identified proanthocyanidins are reported in
Table 3. The SID fragments of proanthocyanidins were
used to confirm their structures. Details on the interpreta-
tion of the spectra details are given in the electronic sup-
plementary material.

Conclusion

This is the first smdy in which a systematic investigation of
both chromatographic and mass-spectrometric conditions was
performed to optimize the untargeted analysis of a complex
phytochemical mixture. Exploring the capability of the cou-
pling of an UHPLC system to an HRMS? system allowed us
to select the best chromatographic and mass-spectrometric
parameters for a comprehensive profiling of a strawberry ex-
tract. In contrast to previous work on the identification of
strawberry polyphenol compounds, the identification and ten-
tative identification of 18 and 113 compounds respectively
was achieved. The UHPLC-HRMS analysis identified the
presence of a variety of anthocyanins, flavan-3-ols,
dihydroflavonols, proanthocyanidins, and ellagitannins. The
tentative identification of phenolic compounds revealed 74
interesting compounds newly found in strawberry and, as far
as we know, 22 of these compounds have never been reported
before. The results clearly show the importance of an exten-
sive optimization of chromatographic and mass-spectrometric
methods before the untargeted profiling of complex phyto-
chemical mixtures, suggesting this meticulous approach
should be used in all untargeted metabolomics analyses.
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Liguid chromatography coupled to hi gh-resolution mass spectrometry is the technique
of choice for the untargeted profiling of food matrices. Despite the high potential of
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high-resolution mass spectrometry, when dealing with complex mixtures, an efficient
separation technique is also needed. The novel core-shell chromatographic columns
packed with sub-2 pm sized particles are claimed to show very good resolution. How-
ever, the analy tes retention can be significantly altered when working under ultra-high
performance chromatographic conditions. In this work, an evaluation of four chro-
matographic systems, with either a single or two in-series Kinetex™ C,; columns,
either packed with 2.6 or 1.7 pm particles, is presented for the targeted analysis of
a standard mixture and the untargeted analysis of a strawberry extract. An ultra-high
performance chromatographic system coupled via an electrospray source to a hybrid
quadrupole-Orbitrap mass spectrometer was used. From the extensive comparison, a
surprising result was obtained, namely, that the system identifying the largest number
of features was the one with two in-series connected columns with the larger particle
size. The inconsistency among the theoretical assumptions and the applicative find-
ings points out the importance of an extensive chromatographic evaluation for the
comprehensive untargeted profiling of complex real samples.

KEYWORDS
core-she Il particles, high-resolution mass spectrometry, srawberry, untargeted profiling

1 [ INTRODUCTION

Over the past few years, metabolomics has found applica-
tions in several fields, such as in life sciences, environment,
and food [ 1-4]. Recently, metabolomics is playing an increas-
ingly important role in food quality assessment, due to the
strong relationship between the bioactive compounds found in
food and their positive health effects [5]. LC-MS is suitable
for qualitative and quantitative measurements of individual

Abbeviation: HRMS, high- esolution mass spe cliome iy
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metabolites, and has been widely employed in natural prod-
uct analysis [4,6-9]. However, only few of such investiga-
tions rely on an untargeted molecular approach due to the
high complexity of natural products matrices. Some criti-
cal issues, such as the concomitant presence of thousands
of metabolites with high chemodiversity and the lack of
available secondary metabolites databases, make the natu-
ral products untargeted profiling a challenging task [10].
Efficient analytical protocols are thus required for both
exhaustive detection and identification of novel bioactive
compounds.

High-resolution mass spectrometry (HRMS) provides
high sensitivity together with the possibility to distinguish
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compounds by their accurate m/z signals and to study their
fragmentation patterns in tandem HRMS mode. The Orbitrap
mass spectrometer, in particular, is able to provide excellent
resolution and mass accuracy <2 ppm [11].

Despite the high potentialities of HRMS, a major issue
in natural products analysis arises in the upstream process
of compounds separation. A separation technique, such as
UHPLC, should be coupled with HRMS to differentiate
metabolites by their retention times and provide additional
information for their identification. In the analysis of a com-
plex system, an efficient separation technique is especially
needed for the presence of a wide range of isomeric metabo-
lites. Positional isomers present in complex phytochemical
mixtures, such as glycoconjugated flavonoids [12], generally
elute together because of the similarity of their chemical prop-
erties. The coelution of isomeric metabolites makes them
indistinguishable and could generate ionization suppression
of the less abundant compounds. Therefore, optimizing the
chromatographic conditions in an untargeted analysis could
be crucial for maximizing the number of detected and conse-
quently identified compounds [13].

A critical point in the use of UHPLC-HRMS analytical
platforms is the choice of a suitable chromatographic sys-
tem. Among the several different high-efficiency chromato-
graphic columns now commercially available, the particle
morphology of the novel core-shell RP LC materials has been
recently attracting an increasing interest. The main advan-
tage of core-shell particles is a minor band broadening com-
pared to fully porous particles with the same diameter that
leads to an important efficiency improvement. Moreover, the
possibility of operating at higher flow rates at manageable
backpressures gives the opportunity to obtain higher peak
capacities together with shorter run times. The much lower
backpressure allows then to upgrade the efficiency and per-
formance of the chromatographic system by using sub-2 pm
particle packed columns. In this regard, the Kinetex™ C g
with 1.7 pm sized core-shell particles were the first of such
columns shipped to the market, and are claimed to show better
resolution, higher peak capacity, and greater efficiency com-
pared to the Kinetex™ C, ¢ 2.6 pm sized core-shell particles
packed columns [14]. However, several studies showed that
under UHPLC conditions the analytes retention can be sig-
nificantly altered by pressure and frictional heating related
events[15,16]. Theeffect of high pressures and high flow rates
on sub-2 pm sized particles packed columns could give some
unexpected results. Based on these considerations, evaluat-
ing from a practical point of view the performance of core-
shell columns with different lengths and particle sizes oper
ated under different pressure drops, could provide different
information leading to the identification of a larger number
of compounds and, in turn, to an improved comprehensive
metabaolic profiling.

To the best of our knowledge, no study, investigating the
effect of column length and particle size on the profiling of
complex phytochemical mixtures, was published, yet. To this
end, we present a thorough evaluation of several chromato-
graphic systems by means of an UHPLC system coupled via
an ESI source to a hybrid quadrupole-Orbitrap mass spec-
trometer. The four systems tested were the following: RPC,
columns with 2.6 pm sized core-shell particles or with 1.7 pm
sized core-shell particles, either single column or two con-
nected in series. The performance of the selected column sys-
tems was examined employing a test mixture of 45 polyphenal
standards in a targeted approach. The feasibility of the qualita-
tive and quantitative analyses was evaluated by a deep investi-
gation on peak shapes, retention times, and peak areas repeata-
bility. Moreover, to provide more insight into the performance
of the column systems, nontargeted profiling was carried out
on strawberry extracts, due to their well-known complexity
in isomeric antioxidant compounds content [13]. The chro-
matographic systems were evaluated based on the number of
detected features and, finally, on the putative identification of
some classes of poly phenol compounds.

2 | MATERIALS AND METHODS

2.1 | Chemicals and reagents

Strawberries (Fragaria x ananassa cvelsanta) were bought
in a local farm. The fruits were washed with distilled
water, cut into quarters, freeze-dried and kept at —80°C
until use. LC-MS-grade water was purchased from Fisher
Scientific. LC-MS-grade methanol and acefonitrile were
purchased by YWR International (Milan, Italy). Formic
acid and acetone were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Analytical standards of apigenin, api-
genin 7-0-glucoside, biochanin A, callistephin chloride
(pelargonidin 3-0-glucoside), catechin gallate, chlorogenic
acid hemihydrate, coumestrol, cyanidin chloride, daidzein,
daidzin (daidzein 7-0-glucoside), diosmetin, epicatechin,
epicatechin gallate, equol, flavone, formononetin, genistin
(genistein 7-0-glucoside), glycitein, hesperetin, kaempferol,
kuromanin chloride (cyanidin 3-0O-glucoside), malvidin
galactoside, myricetin, naringenin, pelargonidin chloride,
peonidin 3-O-glucoside chloride, procyanidin B1, pro-
cyanidin B2, primuletin, quercetin dihydrate, quercetin 3-
O-glucoside, resveratrol, rufin (quercetin 3-O-rutinoside)),
taxifolin, and trihydroxyisoflavone were purchased from
Sigma-Aldrich. Analytical standards of catechin, eriodictyol,
genistein, hesperidin (hesperetin 7-O-rutinoside), isorham-
netin, luteolin, luteolin 7-O-glucoside, malvidin chloride,
phloretin, and syringetin were purchased from Ex trasynthese
(Lyon, France ).
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2.2 | Standard sample preparation

Authentic standard stocks and the mix of 45 standards
were prepared in H,O/MeOH (50:50, vi/v) and diluted
to HoO/MeOH (90:10, v/v) to obtain a concentration of
0.5 ng/pL before LC-MS analysis.

2.3 | Sample preparation

Phenolic compounds were extracted following the pmoto-
col by Kajdianoska et al. [17] with some modifications.
Three hundred milligrams of freeze-dried strawberry sam-
ple was extracted in 9 mL of CH,COCH/H,0/CH,COOH
(T0:295:0.5, v/v/v)., The extract was sonicated for 15 min
in an ice-bath and then centrifuged for 10 min at 2000 x g
at 15°C. The supernatant was collected. The extraction was
repeated once. The supernatants were mixed and concentrated
to 2.5 mL under a gentle nitrogen flow in a water bath at
37°C. The sample was then added with 250 pL of methanol.
The final extract solution H,O/MeOH (90: 10, v/v) was cen-
trifuged for 5 min at 2500 x g at 25°C. Before analysis, the
supernatant was filtered through 13 mm Acrodisc syringe fil-
ter with 0.2 pm GHP membrane (Pall, Ann Arbor, MI, USA).
The extract was divided in aliquots and stored at —=20°C for
further analysis.

2.4 | UHPLC-ESI-MS/MS analysis

The UHPLC system was a Vanquish binary pump H (T hermo
Fisher Scientific, Bremen, Germany), equipped with a ther-
mostatted antosampler and a thermostatted column compart-
ment. The separation was carried out on four different chro-
matographic systems, all constituted by Kinetex™ core-shell
XB-C g (100 A pore size, Phenomenex, Torrance, CA, USA)
packing material: (a) one column (100 x 2.1 mm? id) with
2.6 pm particles size; (b) one column (100 x 2.1 m.m2 id) with
L7 pm particles size; (¢) two columns (100 x 2.1 mm? id)
with 2.6 pm particles size connected by means of a virtually
zero dead volume UHPLC fingertight fitting (T hermo Scien-
tific); and (d) two columns (100 x 2.1 mm? id) with 1.7 pm
particles size connected by means of a virmally zero dead vol-
ume UHPLC fingertight fitting. All columns were operated at
aflow rate of 600 pL/min.

The chromatographic method for systems (a) and (b) was
chosen based on the work of La Barbera et al. [13] Phase
B gradient was the following: 5-15% in 10 min, 15-35% in
15 min, 35-50% in 5 min, at 40°C (still air option), with
ACN/HCOOH (99.9:0.1, v/v) as phase B and H,O/HCOOH
(99.9:0.1, v/v) as phase A. The same conditions were kept for
systems (c) and (d) but with the following gradient: phase B
5-15% in 200min, 15-35% in 30 min, and 35-50% in 10 min.
For each condition, there is included a pre-equilibration step
of 5% B in 3 min, a washing step of 99% B in Sminat the end
of the gradient, and a re-equilibration step of 5% B in 8 min

after the washing step. The injection volume was 5 pL for both
the strawberry extract and the standard mix. Both the straw-
berry extract and the standard mix were run in triplicate fol-
lowed by the blank injection H,O/MeOH (90: 10, v/v).

The chromatographic system previously described was
coupled using a heated ESI source to a hybrid quadrupale-
Orbitrap mass spectrometer (JExactive (Thermo Fisher Sci-
entific). ESI source parameters in positive modes were as fol-
lows: capillary temperature 275°C; sheath gas 50 (arbitrary
units); auxiliary gas 15 (arbitrary units); sweep gas 2.25 (arbi-
trary units); spray voltage 3500 V; auxiliary gas heater tem-
perature 450°C; S-Lens RF level 50 (%). The source was
cleaned before running the mixture of standards and the straw-
berry samples for each column setup. The ionization efficacy
was monitored by running a mix of standards before and after
the samples for each chromatographic setup.

For all the investigated chromatographic conditions, the
detection was conducted in HRMS data-dependent acquisi-
tion mode, setting the appropriate parameters according to La
Barbera et al. [13]. Mass spectrometer data were acquired in
the range m/z 200-1200 in positive ionization mode with a
resolution (full width at half maxinum, m/z 200) of 35 000.
Automatic gain control target value was 200 000 in full scan.
Max ion injection time was 100 ms. Isolation window width
was 2 m/z. MS/MS fragmentation was performed on the five
most intense ions detected in full scan with a resolution (full
width at half maximum, @m/z200) of 17 500. Automatic gain
control target value was 100/000. Dynamic exclusion was set
to 3 s. An exclusion list containing the most common ions
detected in the blank was set. Fragmentation was achieved in
the higher energy collisional-dissociation cell at a normalized
collision energy of B0%.

2.5 | Data analysis
2.5.1 | Standard mix data analysis

The raw data obtained from the three replicates of the standard
mix solution were visualized on Qual Browser of Xcalibur 2.2
(Thermo Fisher Scientific). The average and the SD of each
peak were calculated, and the peak shape of each compound
was observed to establish the goodness of the four chromato-
graphic systems.

2.5.2 | Strawberry extracts data analysis

2.52.1 | Features extraction

For each chromatographic system, accurate mass ion chro-
matograms obtained from three consecutive injections
of strawberry extract and blank were processed by the
software MZmine version 2.19, an open-source software
(http#/mzmine sourceforge .net/) usually employed in the pre-
processing of metabolomics data [18]. Briefly, the accurate-
mass LC-MS data were imported, and a list of ions for each
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scan was generated using a mass detection module {(Exact
massalgorithm with noise 1E4). A filter was applied to correct
the false signals around m/z peaks, called “shoulder peaks"”
that are residues of the Fourier Transform function (Gaussian
peak model function). Then, mass lists generated and filtered
for each mass spectrometer scan were used to build a chro-
matogram for each mass that could be detected continuously
over the scans by means of the chromatogram builder tool
(minimum time span 0.1 min; minimum height 1ES; m/z toler-
ance 0.001 or 2ppm). Later, the deconvolution module decon-
voluted these chromatograms into individual peaks (local
minimum search algorithm with chromatographic threshold
30; minimum retention time 0.05 min for systems (a) and (b),
0.1 min for systems (c) and (d); minimum relative height 0%:
minimum absolute height 1E5; minimum top/edge 1.3; peak
duration 4 min). With the isotopic peak grouper algorithms,
the isotopic peaks were removed from the peak list keeping
only the highest peak (m/z tolerance 0.001 or 2 ppm; retention
time tolerance 0; maximum charge 2; most intense represen-
tative isotope). The peak lists obtained for the replicates and
the blank were normalized for retention time (mv/z tolerance
0.001 or 5 ppm; retention time tolerance (.05 min; minimum
intensity standard 10°) and aligned with the Ransac alignment
module (mvz tolerance 0.001 or 5 ppm; retention time toler-
ance (.5 min; retention time after correction 0.5 min; Ransac
iteration 0; minimum number of points 20; threshold value
4). Peaks coming from the blank were subtracted. Only peaks
commeon to all three replicates were maintained.

2522 | Identification

The first identification step consisted in the application of the
Fragment search module (Retention time tolerance (0.0 min;
m/z tolerance of ms2 data 0.001 or 5 ppm; maximum frag-
ment peak height 10000%; minimum ms2 peak height 5E3).
This module identifies fragment peaks present in the mass
spectrometer spectra due to the “in source fragmentation” pro-
cess [19]. In-source fragments are identified by two condi-
tions: (a) the retention time of the original ion and of the in-
source fragment ion should be the same: and (b) the MS/MS
pattern of the original ion must contain a peak with the same
mass as the in-source fragment ion. Such in-source frag-
ment ions were removed from the list of the detected features
because they do not representa compound but they were used
as additional information to identify their precursor.

The second identification step consisted in the Adduct
search ([M+Na]*, [M+K]*, [M+acetonitrile+H]*, retention
time tolerance 0.0 min; »/z tolerance 0.001 or 5 ppm; max-
imum adduct peak height 100%). This module identifies
adducts if the retention time of the original ion and the adduct
ion are the same.

The third identification step consisted in the Complex
search (ionization mode [M4+H]*, retention time tolerance
0.0 min; m/z tolerance 0.001 or 5 ppm; maximum complex

peak height 100%). This module attempts to identify ioncom-
plexes, i.e. pairs of ions, which appear together at the same
retention time such as dimers adducts.

Finally, the obtained features were searched against a cus-
tom database (m/z tolerance 0.001 or 5 ppm, retention time
not set) created by looking through the typical reported com-
pounds in fruit and vegetable matrices and combining all the
possible conjugated compounds which might be expected.
The tentatively identified compounds were filtered by consid-
ering retention time and MS/MS spectra information follow-
ing the rules reported in Sections 3.2 and 3.3.

31 RESULTS AND DISCUSSION

In this work, an evaluation of the effect of column length and
particle size on the analysis of complex phytochemical mix-
tures is proposed by means of both a targeted and an untar-
geted approach on a standard mixture and on a strawberry
ex tract, respectively. The chromatographic and mass spectro-
metric method, previously optimized by La Barberaetal. [13]
on a single Kinetex" ™ XB-C, column with 2.6 pmcore-shell
sized particle, was kept unchanged for systems (a) and (b) and
was adapted to systems (c) and (d) by doubling gradient time.
The temperature was set to 40°C and the flow rate was set
to 600 pL/min for all the chromatographic systems to achieve
the best efficiency, as suggested by the specification sheet. The
backpressures in the chromatographic starting condition (5%
B) were 450, 600, 800, and 1100 bar for the systems (a), (b),
(c), and (d), respectively.

3.1 | Chromatographic evaluation on
standards solution

The mixture of standards contained a range of flavonoids,
glycosylated flavonoids, anthocyanins, glycosylated antho-
cyanins, and proanthocyanidins, chosen because representa-
tive of the phenolic compounds usually found in vegetable
matrices and, particularly, in red fruits samples. The mix-
fure was lacking some glycosylated conjugates, proantho-
cyanidins, and ellagitannins, since they are not commercially
available. For each compound, the repeatability of the reten-
tion time and the peak area were calculated, and an addi-
tional visual inspection of peak shapes was performed for each
chromatographic condition. Finally, all metabolites were cat-
egorized into three groups based on the indication of Zhang
etal. [20]. The peaks relative toeach compound were classi-
fied as “unacceptable™ if the shift of retention times and peak
area was >25% and if the peak shape was affected by broad-
ening. Peaks were classified as “acceptable™ if the shift of
retention time and peak area was between 10 and 25% and
if the peak was splitting or tailing. Finally, peaks were clas-
sified as “good™ if the shift of retention time and peak area
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FIGURE 1 Classification of polyphenolic standands into good,
acceptable, and wnacceptable levels for the four chromatographic
conditions

was <10% and if they showed narrow and symmetric peaks.
Figure | shows the results for each chromatographic system.

At first glance, the performance of all the chromato-
graphic systems was poor for most anthocyanins. This can
be explained by the typical peak broadening of anthocyanins
due to the coexistence of different forms [21]. A more acidic
phase and a higher temperature could positively affect their
chromatographic behavior but, at the same time, negatively
affect the other flavonoids retention [22,23]. Therefore, phase
acidity and temperature were chosen as the best compromise
for all the classes of compounds [13]. In these conditions, a
very strong difference among the chromatographic systems
could be appreciated for some flavonoids belonging to the
class of flavonols, such as kaempferol, quercetin, isorham-
netin, myricetin, and syringetin. These compounds resulted
unacceptable in terms of shape and repeatability in both the
chromatographic systems with 1.7 pm sized particles and
2.6 pm sized particles ones. This result was really unex pected
taking into account the general better performance of sub-
2 pm chromatographic columns. Moreover, there was not such

a difference between the one-column and the two-columns
systems, regardless of the particle size. This result might sug-
gest that the length of the column did not affect the polyphe-
nols analysis; however, the relatively low complexity of the
examined standard mixture should be taken into considera-
tion and can be accounted for such result. To confirm or dis-
prove the targeted analysis results and evaluate the effects on
the analysis of a more complex matrix, such as a phytochem-
ical mixture, we proceeded on to the untargeted approach
investigation.

3.2 | Chromatographic evaluation on the
strawberry extract

To achieve a reasonable evaluation for the purpose of untar-
geted comprehensive polyphenolic profiling the chromato-
graphic systems were compared at several levels, as shown in
Fig. 2. The number of features (Section 2.5.2.1) represents the
number of peaks characterized by a unique m/z and retention
time and that probably correspond to real molecules. From
this analysis, 20 121 and 19 831 features were detected for the
single and double 1.7 pm particle size columns set up against
17 783 and 17 790 detected features for the 2.6 pm particle
sized one, respectively. In this regard, the results pointed out
that the total number of detected features was larger for the
chromatographic systems with 1.7 pm particle size than for
the 2.6 pm particle sized ones, re gardless of the column length
(Fig. 2A). To achieve reliable chromatographic results, how-
ever, the repeatable features were further taken into account.
In fact, in untargeted approaches, when dealing with thou-
sands of unknown signals, it is necessary to consider the
reproducibility of the whole UHPLC-HRMS system, toselect
and study only the signals corresponding to the analytes. The
repeatable features were calculated by filtering the features
with an RSD > 25% of the integrated peak areas. After appli-
cation of this repeatability filter, 30, 43, 19, and 31% of the
detected features were removed from the features ascribed
to the systems (a), (b), (c), and (d), respectively (Fig. 2A).
Thus, the feature number sensibly decreased for all the con-
ditions. However, both the chromatographic systems (b) and
(d) showed a more remarkable decrease than the correspond-
ing systems (a) and (c). The dramatic cutoff of detected fea-
tures for 1.7 pm sized particles columns could be ascribed
to the inaccurate integration of chromatographic peaks with
poor shapes, suggesting that, regardless ofthe column lengths,
the 1.7 pm sized particles columns performed worse than the
2.6 pm sized particles columns, as far as the peak shapes and
repeatability was concerned. One final consideration about
column coupling: other than for the simple detected features,
where no significant improvement could be appreciated by a
longer columns setup, in the case of repeatable features the
coupling of two columns added 1913 and 2229 detected fea-
tures for 2.6 pm particle sized columns and 1.7 pm particle
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FIGURE 2

identified features after manual inspection with relative identification confidence level for the four chromatographic conditions

sized columns, respectively. Thus, even though the total num-
ber of features was similar for the single-column and double-
columns setups at the detection level, repeatability greatly
benefits from a longer column setup.

To confirm these results, however, the different systems
were evaluated at a third more reliable level, that of the
tentatively identified features. In fact, the feature number is
not free from misinterpretations. Many false-positive features
can be caused both by poor chromatographic signals and by
mass spectrometer signals which are not generated by pro-
ton adducts, such as the case of complex ions (i.e. dimers
2M + H), salt cluster ions, and in-source fragments. In this
study, nonproton adducts complex ions and in-source frag-
ments were identified using MZmine (Section 2.5.2.2). Such
nonmolecular ion features were removed and assigned to the
related molecular ion. The remaining features were searched
against a home-made database resulting in the tentative iden-
tification of 514, 393, 617, and 470 compounds for systems
(a), (b), (c) and (d), respectively. Even at this level, the 2.6 pm
sized particle columns performed better than the 1.7 pm sized
particle columns, and the performance could be improved by
the coupling of two columns.

Finally, the compounds identity was further investigated
by a closer inspection of the mass spectrometer spectra, the
MS/MS spectra, and the retention times. Figure 2B shows the
total number of the tentatively identified features and their
classification into four different identification confidence lev-
els, according to Schymanski et al. [24]. In particular, level 1
refers to compounds identified by checking standards reten-
tion time and MS/MS spectra; level 2 to compounds tenta-
tively identified by checking MS/MS spectra data in the lit-
erature, in on-line spectral libraries or by studying diagnostic
fragments in MS/MS spectra; level 3 to compounds identi-
fied by their accurate mass and some fragments, which are not
sufficient for an univocal assignment: level 4 to compounds

o B 1 ctumn 2.6um 2 columns 2.6 pm
- [ratal 90} [total 612)
o g —
" § . —
W E
- § Levall WLevald lovel 1 W lowei 3
i mievelz miewld el lewed
w §
£
H
-1 1calumn 1.7 pm 2 eahumns 17 pm
E [tatal 353] [total 455)
=
) ‘ :
] ‘
Level 1 W lewe 3 Lewel 1 lowel 3

Ll 2w Lowod Ll 2 W e

(A) Number of detected, repeatable, and entatively identified feammes for the four chromatogrmphic conditions; and (B) tentatively

identified by accurate mass allowing to assign unambiguously
amolecular formula. As shown in Fig. 2A, the number of the
total tentatively identified features (514, 393,617, and 470 for
systems a, b, ¢, and d, respectively) is larger compared to the
total number of compounds identified after the visual inspec-
tion (499, 382,612, and 455 fnrsystems a,b, c, and d, respec-
tively, shown in Fig. 2B). In fact, after a closer inspection of
raw data, it was possible to identify several false metabolites
being minor fragments or adducts, which were not removed
by the previous MZmine filtering process. Nevertheless, the
overall data trend is confirmed.

In conclusion, after a detailed investigation on the straw-
berry extract by means of features extraction and tentative
identification, two main results are shown: the longer the col-
umn, the higher the number of repeatable detected and identi-
fied features; the smaller the particles size, the lower the num-
ber of repeatable detected and identified features. The first
result was not highlighted in the targeted analysis because of
the low complexity of the standard mixture compared to the
strawberry extract, implying the strong importance of a chro-
matographic evaluation on a real matrix before an untargeted
profiling. Most importantly, however, was the second unex-
pected result. In this case, both targeted and untargeted anal-
yses suggested that 2.6 pm sized core-shell particles columns
performed better than the 1.7 pm sized core-shell particles
columns. The Kinetex C, g with 1.7 pm sized core-shell par-
ticles should result in better resolution, higher peak capacity,
and greater efficiency than the Kinetex' Cig 2.6 pm sized
core-shell particles packed columns. However, based on our
evidences, when working on real systems, under UHPLC con-
ditions, the analytes retention can significantly be altered.
This could be explained by the effect of temperature gradi-
ents through the columns. Indeed, when columns packed with
very fine particles are operated at high mobile phase veloci-
ties, the friction of the mobile phase percolating through the
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column bed generates heat that dissipates radially and longi-
tudinally thmugh the entire chromatographic system [15,16].
The wall region of the column tends to be cooler than its center
and the band velocity is not constant across the column result-
ing in band broadening. This phenomenon takes place in all
columns, whatever the nature of the packing material, but the
amplitude of the thermal gradient increases with decreasing
the particle size. Band broadening could be accounted for the
worse result observed for the Kinetex' " 1.7 pm sized particles
packed columns in this study. However, a deeper investigation
on the mechanism of retention of these chromatographic sys-
tems is needed to shed light on this issue.

3.3 | Identification

Compounds usually identified in strawberry extracts mainly
belong to the chemical classes of flavonoids, dihydrochal-
cones, proanthocy anidins, and ellagitannins [25]. Flavonoids
in strawberry are usually found as glycoconjugates, often acy-
lated with aliphatic or aromatic acidic grmoups. The general
trait of glycoconjugates mass spectra in full scan is the pres-
ence of signals corresponding both to the protonated glyco-
sylated molecule [M+H]* and to the protonated aglycone
formed during the “in-source™ fragmentation processes before
the ions reach the analyzer [19]. Based on this phenomenon,
the in-source fragmentation was used to assess the glycosidic
moiety of flavonoids, whereas the MS/MS spectra allowed to
confirm the aglycone structure. The same analysis was used
for dihydrochalcones.

Ellagitannins are esters of hexahydroxydiphenic acid and
glucose (in some cases gallic acid). Typical ions found in
MS/MS spectra of ellagitannins are due to the loss of galloyl
units, hexahydrox ydiphenic acid units and conjugates of these
with glucose [22], gallic acid, and ellagic acid [26]. Some of
these fragments were found as a result of the “in-source” frag-
mentation process, others in the MS/MS spectra.

Finally, the last class of compounds analyzed was com-
posed by proanthocyanidins, polymers of flavanols such as
catechin, afzelechin and gallocatechin, forming procyani-
dins, propelargonidins, and prodelphinidins, respectively. As
reported by Lin et al., [27] the most important ms2 fragments
of proanthocyanidins are formed by the break of the interfla-
van bond between the monomers, by the loss of the B-ring
with C2-C3 part of the C-ring, and by the loss of the
A-ring. Some of these fragments were found because of
the “in-source” fragmentation process, others in the MS/MS
spectra.

The best chromatographic condition, ie. in
2.6 pm particles sized packed columns (system c), pro-
vided the largest number of identified compounds including
anthocyanins, dihydrochalcones, dihydroflavonols, dihy-
droflavanols, flavanones, flavan-3-ols, proanthocyanidins,
and ellagitannins. The identification data of tentatively

series

identified compounds for the 2.6 pm particles sized packed
columns are summarized in Table 1 with the relative level of
identification confidence. Based on the work of Schymanski
et al. [24], level 2a refers to compounds tentatively identified
by checking MS/MS spectra data in literature or in on-line
spectral libraries, and level 2b refers to compounds tentatively
identified by studying diagnostic fragments in MS/MS spec-
tra but not supported by the literature data. Coherently, the
compounds tentatively identified with identification levels 1
or 2a have been already found in the literature [13,25,28-33],
whereas the compounds with identification level 2b have
never been reported in the literature, to the best of our
knowledge. The final confirmation of individual metabolites
should be completed by comparison of retention times and
fragmentation patterns with authentic standard compounds.
For detailed information on the identification and on the
compounds identified by means of the other chromatographic
systems see the Supporting Information.

4 | CONCLUDING REMARKS

In this work, a systematic evaluation of the effect of column
length and particle size on the analysis of complex phyto-
chemical mixtures is proposed, first by a targeted analysis
on a standard mixture and then by an untargeted analysis
on a strawberry extract. The results showed that although
column length did not significantly affect the targeted anal-
ysis of the standard mixture, still it did significantly affect
the performance of a chromatographic system when deal-
ing with a real complex phytochemical mixture, highlight-
ing the importance of a chromatographic optimization before
the untargeted profiling. More importantly, despite the gener-
ally acknowledged better performance of sub-2 pm chromato-
graphic columns, the Kinetex  core-shell 1.7 pm sized parti-
cles packed columns did not perform as well as the Kinetex'
core-shell 2.6 pm sized particles packed columns, allowing to
detect and tentatively identify a lower number of compounds.
A possible reason for this unexpected result could be the effect
of high pressures and frictional heating on sub-2 pm sized
particles packed columns. However, further deeper investiga-
tions are needed to justify the obtained results. The inconsis-
tency among the theoretical assumptions and the applicative
findings clearly shows the importance of an extensive chro-
matographic system investigation before proceeding with the
untargeted profiling analysis of a complex matrix.
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ARTICLE INFO ABSTRACT

Keywords: The untargeted profiling is a promising approach for the characterization of secondary metabolites in biological

High resolution mass spectrometry matrices. Thanks to the recent rapid development of high-resolution mass spectrometry (HRMS) instrumenta-

Columns evaluation tions, the number of applications by geted approaches for biological samples profiling has widely increased

Glucosinolates in the recent years. Despite the high potentialities of HRMS, however, a major issue in natural products analysis

g:;?ﬁ:::m fling often arises in the upstream process of compounds separation. A separation technique is necessary to avoid phe-
nomena such as signal suppression, and it is especially needed in the presence of isomeric metabolites, which are
otherwise indistinguishable. Glucosinolates (GLSs), a group of secondary metabolites widely distributed among
plants, resulted to be associated to the prevention of some serious diseases, such as cancer. This led to the de-
velopment of several methods for the analysis of GLSs in vegetables tissues. The issue of GLSs chromatographic
separation has been widely studied in the past because of the difficulty in the analysis of this highly polar and
variable class of compounds. Several alternatives to reversed phase (RP) chromatography, sometimes not com-
patible with the coupling of liquid chromatography with mass spectrometry, have been tested for the analysis of
intact GLSs. However, the availability of new stationary phases, in the last years, could allow the re-evaluation
of RP chromatography for the analysis of intact GLSs.

In this work, a thorough evaluation of four RP chromatographic columns for the analysis of GLSs in cauli-
flower (Brassica oleracea L. var. botrytis) extracts by an ultra-high performance liquid chromatographic system
coupled via electrospray source to a hybrid quadrupole-Orbitrap mass spectrometer is presented. The columns
tested were the following: one column Luna Omega polar C,g one column Kinetex Biphenyl, one column Kinetex
core-shell XB-C,g, two columns Kinetex core-shell XB-C,s. Aftera previous optimization of the extraction method,
cauliflower extracts were analyzed testing four different mobile phases onto the four columns for a total of six-
teen different chromatographic conditions. The chromatographic systems were evaluated based on the number
of detected and tentatively identified GLSs. Luna Polar stationary phase resulted to be the most suitable for the
analysis of GLSs compared to Kinetex XB and Kinetex Biphenyl columns stationary phase. However, two in series
Kinetex XB columns increased the number of tentatively identified GLSs compared to one Kinetex XB, showing
the importance of column length in the analysis of complex mixtures. The data obtained with the best chromato-
graphic system were deeply analyzed by MS/MS investigation for the final identification, Fiflty-one GLSs were
tentatively identified, 24 of which have never been identified in cauliflower. Finally the linearity of the analytes
response over the analyzed range of concentration was checked, suggesting that the developed method is suitable
for both qualitative and quantitative analysis of GLSs in phytochemical mixtures,

Abbrevianions: AGC, Automatic gain control; (1D, Collision-Induced Dissociation; ESI, Electrospray lonization; FWHM, Full Width at Half Maxi GSL, Glucosinol H(D,
Higher-Energy Collisional Dissociation; HILIC, Hydrophilic Interaction Liquid Chromatography; HRMS, High Resolution- Mass Spectrometry; RP, Reversed Phase; RT, Room temperature;
IRMPD, Infrared Multiphoton Dissociation; TFA, Trifluoroacetic Acid.
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1. Introduction

Over the past few years, metabolomics has gained an important role
in food analysis and food quality assessment [1-3] due to the close re-
lationship between secondary metabolites and biological activity [3].
Among the several methods that have been used for the characteriza-
tion of plant secondary metabolites, the untargeted profiling approach
is thought to be the one allowing the widest metabolic coverage [4].
Indeed, in contrast to targeted methods, where the identification is usu-
ally limited to metabolites for which authentic reference standards are
available, the untargeted approach allows to detect, and possibly iden-
tify, thousands of analytical features. The recent rapid development of
high-resolution mass spectrometers coupled to ultra-high performance
liquid chromatography (UHPLC) systems had an important role in the
increase of the untargeted profiling applications on complex biologi-
cal samples [5,6]. High-resolution mass spectrometry (HRMS), indeed,
allows to distinguish compounds by their accurate m/z signals and to
study their fragmentation pattern in tandem HRMS mode for the final
identification. However, despite the high potentialities of HRMS, a ma-
jor issue in natural products analysis arises in the upstream process of
compounds separation. An efficient separation technique is necessary to
provide compounds individual retention times, which are later used to
support their identification, and it is especially needed in the presence of
isomeric metabolites which are otherwise indistinguishable [7]. In com-
plex phytochemical mixtures there is a wide variety of positional iso-
mers that generally elute together, making them indistinguishable. The
coelution of isomeric metabolites, together with the coelution of others
high abundant compounds present in the matrix, could generate ioniza-
tion suppression of the less abundant compounds. Therefore, optimiz-
ing the chromatographic conditions could be crucial for maximizing the
number of detected and consequently identified compounds [6,8].

Glucosinolates (GLSs) are a group of secondary metabolites widely
distributed in the plants of the order of Capparales, which includes the
family of Brassicaceae (syn. Cruciferae). Several epidemiologic studies
showed an association between GLSs intake and the prevention of some
serious diseases such as cancer [9-12]. The antitumor properties of cru-
ciferous vegetables is mostly due to the breakdown products of GLSs
[13]. During storage, food processing and cooking procedures, GLSs are
decomposed into isothiocyanates, thiocyanates, indole derivatives, and
nitriles in the presence of myrosinase enzyme [14-16]. The evidence
of an association between antitumor properties and GLSs is engender-
ing growing interest of researchers in their investigation and charac-
terization in vegetables tissues. GLSs exhibit a commen chemical struc-
ture of a [-thioglucose moiety, a sulfated oxime group, and a variable
~R aliphatic, aromatic or indolic group depending upon whether they
originate from the metabolism of aliphatic amino acids, aromatic amino
acids, or tryptophan, respectively [9,17,18]. The presence of the sul-
fate group, together with the high variability of the -R side chain, rep-
resent an issue in the GLSs chromatographic separation. In the past
years, the most common used approach was the conversion of the in-
tact GLSs into desulfo-derivatives, in order to decrease the polarity of
GLSs allowing an increased retention and a better chromatographic res-
olution. However, the desulfation step makes the sample preparation
more time-consuming [19], therefore, studying the development of new
methods for the analysis of intact GLSs is still an issue of interest. Sev-
eral alternatives to reversed phase (RP) chromatography such as hy-
drophilic interaction chromatography (HILIC) [20,21] or ion pairing
chromatography [22] have been tested for the analysis of intact GLSs.
However, these methods often require some additives that can lead to
strong ion suppression when coupling chromatography with mass spec-
trometry (MS). The availability of new stationary phases in the market
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could allow the re-evaluation of RP chromatography for the analysis of
intact GLSs. Few recent studies have been published on RP chromato-
graphic column evaluation for the analysis of GLSs [23-26]. The cou-
pling of an opt d chromatographic system with HRMS, that is con-
sidered the best technology for the structural elucidation of unknown
GLSs [23,27], could lead to the identification of a larger number of com-
pounds and, in turn, to a widest metabolic coverage.

For this purpose, in this work a thorough evaluation of four RP chro-
matographic columns for the analysis of GLSs in cauliflower (Brassica
oleracea L. var. botrytis) extracts was accomplished by an UHPLC sys-
tem coupled via electrospray (ESI) source to a hybrid quadrupole-Orbi-
trap mass spectrometer. After a previous optimization of the extraction
method, cauliflower extracts were analyzed testing four different mo-
bile phases onto four columns for a total of sixteen different chromato-
graphic conditions. The chromatographic systems were evaluated based
on the number of detected and putatively identified GLSs. The data ob-
tained with the best chromatographic system were deeply analyzed for
the final identification and for checking the linear response of GLSs in
cauliflower extracts.

2. Materials and methods
2.1. Chemicals and reagents

LC-MS grade water was purchased from Fisher Scientific. LC-MS
grade methanol and acetonitrile were purchased by VWR International
(Milan, IT). Formic acid, ammonium formate and acetone were pur-
chased from Sigma Aldrich (St. Louis, MO, US).

2.2. Sample preparation

Cauliflowers were bought in a local farm, washed with distilled wa-
ter and cut into quarters. The samples were freeze-dried, then ground
using liquid nitrogen. GLSs were extracted following the protocol by
Sun et al [23] with some modifications. The protocol was operated at
two different temperatures, namely room temperature (RT) and 70 °C,
to evaluate the effect of heating on the extraction. Briefly, 3 g-sample
was extracted in 30 mL of MeOH,/H;O 70:30 (v/¥). In one case the ex-
tract was stirred for 10 min and sonicated for 10 min at RT, in the sec-
ond case the extract was stirred for 10 min and senicated for 10 min at
70 °C. In both cases, the sample was centrifuged for 10 min at 6000:xg at
4 °C. The supernatant was collected. The extraction was repeated once
with 12 mL of MeOH/H,0 70:30 (v¢/v). The supernatants were mixed
and dried under a gentle nitrogen flow in a water bath at 37 °C. The
residue was reconstituted with 3 mL of HyO/ACN 90:10 (v/¥). The sam-
ple was filtered through 13 mm Acrodisc syringe filter with 0.2 ym GHP
membrane (Pall Co., Ann Arbor, MI, US). The extract was divided in
aliquots and stored at —20 °C for further analysis. Three experimental
replicates for each extraction protocol were done.

2.3. UHPLG-ESI-MS/MS analysis

The UHPLC system was a Vanquish binary pump H (Thermo Fisher
Scientific, Bremen, Germany), equipped with a thermostatted autosam-
pler and a thermostatted column compartment. The separation was car-
ried out onto four different chromatographic systems: (1) one column
Luna Omega polar Cyg (100 A pore size, Phenomenex, Torrance, CA,
US) 100 mm x 2.1 mm id. with 1.6 pm particles size; (2) one col
umn Kinetex core-shell Biphenyl (100 A pore size, Phenomenex, Tor-
rance, CA, US) 100 mm x 2.1 mm i.d. with 1.7 ym particles size; (3) one
column Kinetex core-shell XB-C,; (100 A pore size, Phenomenex, Tor-
rance, CA, US) 100 mm % 2.1 mm i.d) with 2.6 ym particles size; (4)
two columns Kinetex core-shell XB-Cy5 (100 A pore size, Phenomenex,
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Torrance, CA, US) 100 mm x 2.1 mm i.d. with 2.6 ym particles size con-
nected by means of a virtually zero-dead-volume UHPLC fingertight fit-
ting (Thermo Scientific). All columns were operated at a flow rate of
400 pL.min~! except for the two columns in series that were operated
at 600 pL min~ .

Several different phases were explored for all the columns: a)
H;O:HCOOH 99.9:0.1 (w/v) as phase A and ACN:HCOOH 99.9:0.1 (v/v)
as phase B; b) H,0:HCOOH 99.8:0.2 (v/v) as phase A and ACN:HCOOH
99.8:0.2 (v/v) as phase B; ¢) Hy0 5 mmol L~ HCOONH, as phase A and
ACN 5mM HCOONH, as phase B; d) H,0 10 mmol L~ HCOONH, as
phase A and ACN as phase B. The several chromatographic systems will
be referred in the text addressing to the number and the letter corre-
sponding to the used column and phases, respectively. For a summary
of the tested conditions see Table S1 in the Supplementary information.

The chromatographic gradient for systems (1-2-3) was the follow-
ing: 5% B for 2 min, 5-15% Bin 10 min, 15-95% B in 3 min, a washing
step at 95% B for 5 min and a re-equilibration step at 5% B for 13 min.
The chromatographic gradient for system (4) was the following: 5% B
for 4 min, 5-25% B in 40 min, 25-95% B in 10 min, a washing step at
95% B for 5 min and a re-equilibration step at 5% B for 15 min. In all
gradients, the columns were maintained at 40 °C using the still air op-
tion. The injection volume was 5 pL.

The chromatographic system previously described was coupled using
a heated ESI source to a hybrid quadrupole-Orbitrap mass spectrometer
QExactive (Thermo Fisher Scientific). ESI source parameters in negative
mode were as follows: capillary temperature 275 “C; sheath gas 50 (ar-
bitrary units); auxiliary gas 15 (arbitrary units); sweep gas 3 (arbitrary
units); spray voltage 3500 V; auxiliary gas heater temperature 450 °C;
S-Lens RF level 50 (%).

For all the investigated chromatographic conditions, the detection
was conducted in HRMS data dependent acquisition mode, setting the
appropriate parameters according to La Barbera et al. [6]. MS data were
acquired in the range m/z 150-1000 in negative ionization mode with
a resolution (full width at half maximum, FWHM, @my/z 200) of 70000.
Automatic gain control (AGC) target value was 200,000 in full scan,
with a max ion injection time set at 100 ms. Isolation window width was
2 m/z. MS/MS fragmentation was performed on the 5 most intense ions
detected in full scan with a resolution (FWHM, @m/z 200) of 17500.
AGC target value was 10,000. Dynamic exclusion was set to 2 5. An ex-
clusion list containing the most abundant ions commonly detected in
the blank was set. Fragmentation was achieved in the higher-energy col-
lisional-dissociation cell at 40% normalized collision energy.

The comparison of the extracts obtained at RT and at 70 °C was car-
ried out, prior to the columns comparison, with the chromatographic
system (la). Once the RT extraction protocol was chosen as the best
one, the chromatographic evaluation was carried out. The source was
cleaned at the beginning of the day before running the sample batch.
The samples were acquired in continuous during the day and within one
week to assure reproducible insoumental performance. On each day,
one phase was used for the four eolumns conditioning and chromato-
graphic runs. Before the injection of the extracts on each column, a
pre-conditioning step of 1 h was carried out. The cauliflower extracts
were run in triplicate followed by the blank injection (H;0:ACN, 90:10
(v/)) for each chromatographic condition,

2.4. Data analysis

2.4.1. Features extraction

Accurate mass ion chromatograms obtained from three consecutive
injections of cauliflower extract and blank for each condition were
processed by the software MZmine v2.26, an open source software
(http://mzmine.sourceforge.net,/) usually employed in the pre-process-
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ing of metabolomics data [28]. The pre-processing workflow was op-
timized for each column. Briefly, the accurate mass LC-MS data were
imported, and a list of ions for each scan was generated using a mass
detection module (Exact mass algorithm with noise 1E4). A filter was
applied to correct the false signals around m/z peaks, called "shoulder
peaks" that are residues of the Fourier Transform function (Gaussian
peak model function). Then, mass lists generated and filtered for each
MS scan were used to build a chromatogram for each mass that could
be detected continuously over the scans by means of the chromatogram
builder tool (minimum time span 0.05 min; minimum height 5E4; m/z
tolerance 0.0015 or 5 ppm). Later, the deconvolution module deconvo-
luted these chromatograms into individual peaks (local minimum search
algorithm with chromatographic threshold 30; minimum retention time
range 0.02 min for Luna, 0.04 min for one Kinetex XB, 0.03 min Kinetex
Biphenyl and two Kinetex XB columns); minimum relative height 0%;
minimum absolute height 5E4; minimum top/edge 1.3 for Luna, 1.1 for
Kinetex Biphenyl, one Kinetex XB and two Kinetex XB columns; peak
duration 2.5 min). With the isotopic peak grouper algorithms, the iso-
topic peaks were removed from the peak list keeping only the highest
peak (m/z tolerance 0.0015 or 5 ppm; retention time tolerance 0; max-
imum charge 2; most intense representative isotope). The peak lists ob-
tained for the replicates and the blanks were aligned with the Join align-
ment module (m/z tolerance 0.0015 or 5 ppm; retention time tolerance
0.1 min; weight for m/z 90; weight for retention time 10). Peaks coming
from the blank were subtracted. Only peaks common to all three repli-
cates were maintained (repeatable features).

2.4.2. Identification

The first identification step consisted in the application of the Frag-
ment search module (Retention time tolerance 0.0 min; m/z tolerance
of M52 data 0.001 or 5 ppm; max fragment peak height 100%; min MS2
peak height 5E3). This module identifies fragment peaks present in the
MS spectra due to the in-source fragmentation process. In-source frag-
ments are identified by two conditions: 1) same retention time for the
precursor and the in-source fragment ions; 2) presence in the precursor
ion tandem mass spectrum of a peak with the same m/z as the in-source
fragment ion. The second identification step consisted in the applica-
tion of the Adduct search module ([M-H-H;OT, [M+ Na-2H], [M+CIJ",
[M+FA-H], retention time tolerance 0.0 min; m/z tolerance 0.0015 or
5 ppm; max adduct peak height 100%). This module identifies adducts
if the retention time of the original ion and the adduct ion is the same.
Insource fragment ions together with the detected adducts were re-
moved from the list of the detected features because they do not repre-
sent a compound but they were used as additional information to iden-
tify their precursor. The third identification step consisted in searching
the obtained features against a custom database (m/z tolerance 0.0015
or 5 ppm, retention time not set) created by looking through the typical
reported compounds in vegetable matrices and combining all the pos-
sible conjugated compounds which might be expected [27]. The com-
pounds that matched with the in-house database were further investi-
gated by the inspection of the MS/MS spectra and classified according to
four levels of identification confidence. Based on the work of Schyman-
ski et al. [29], level 1 is associated to compounds identified by compar-
ison with an authentic reference standard, level 2 is associated to com-
pounds tentatively identified by typical MS/MS fragments, level 3 is as-
sociated to compounds that show some informative fragments, not suf-
ficient to tentatively identify one exact structure only, level 4 is associ-
ated to compounds to which a molecular formula can be unambiguously
assigned. Based on these indications, we classified as level 2 compounds
that showed R1 side chain specific fragments; as level 3 compounds that
showed a fragmentation pattern in common with all GLSs; as level 4
compounds associated to a specific molecular formula by means of ac-
curate mass. For more details on the identification see subsection 3.1 in
Section 3.
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2.4.3. Relative quantification for the comparison of the extraction methods
The chromatograms resulting from the analysis of the samples ob-
tained with the two extraction protocols were processed with MZmine,
setting the parameters previously described for Luna column. The areas
of the compounds identified at level 3 were compared between the two
groups of samples by the MZmine tools logratio and CV (coefficient of
variation). If Areag, and Areay; .. are the average of the areas obtained
for each metabolite over the 3 experimental replicates of the RT extrac-
tion and the 70 °C extraction, respectively, the log ratio is defined as:

In (Areawocfﬁream]
In (2)

logratio =

Moreover, CV, defined as the rato of the standard deviatdon to the
mean, has been calculated for each metabolite. In Fig. 1, logratio and
CV are shown for each metabolite.

2.5. Dynamic linear range

To assess the response linearity of GLSs in cauliflower extracts, the
sample was diluted 5, 10, 100, 1000, 10000 times with HyO/ACN:90/
10 (v/v) and analyzed with the best chromatographic system (4a). GLSs
identified at level 3 have been considered for the evaluation. The corre-
lation of GLSs levels with LG-MS peak areas was examined by calculat-
ing the Pearson correlation coefficient (R*) by means of Excel 2007.

3. Results and discussion

In this work, an evaluation of several chromatographic conditions
for the analysis of GLSs in a complex matrix is proposed by means of an
untargeted approach on a cauliflower extract.

At first, a rapid comparison between two different extraction pro-
tocols was carried out using the column Luna under the chromato-
graphic condition (la) prior to the columns evaluation. It is known
that GLSs are hydrolyzed by myrosinase when heated at high tempera-
tures [15,30,31]. Therefore, several precautions should be taken when
analyzing GLSs, such as storing them at — 20 °C until analysis and
choosing an extraction protocol that could reduce myrosinase activity.
The myrosinase is denatured in organic solvent and heating, so most of
the extractions are performed in ethanol/water (50/50) or methanol/
water (70,/30) at 70 °C [24,32,33]. However, several other extractions
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performed at RT have been published [23,34]. To clarify this point,
the same extraction protocol was tested on our cauliflower samples at
70 °C and RT, respectively. The comparison of the two extraction meth-
ods was accomplished by an untargeted approach, looking for the com-
pounds identified at confidence level 3 as explained in the Material and
Method section. Briefly, the compounds that matched against the data-
base (level 4) were further investigated checking the most intense frag-
ments in the MS/MS spectra. It is reported that GLSs fragmentation pat-
tern, beside the fragments depending on the ~R variable group, presents
some ions common to all the GLSs compounds [35]. When the com-
pounds of interest showed in the MS/MS spectra all three fragments
[HSO, T, [C,H,08], [SO,4]", corresponding to m/z 96.9596, 74.9904 and
79.9568, respectively, they were classified as level 3 identified GLSs and
selected for the comparison of the two extraction methods. The log fune-
tion of ratio of metabolites area in the extraction at 70 “C over metabo-
lites area over the extraction at 25 “C is shown in Fig. 1a. The CV plot,
highlighting the points having more significance in the log graph, is
shown in Fig. 1b. Between two variables the one with the smaller CV
is less dispersed than the variable with the larger CV. Although several
metabolites are not significantly different in the two extraction proto-
cols (red dots in Fig. 1b), it is evident that most of the significantly dif-
ferent metabolites (green dots in Fig. 1b) are more abundant in the ex-
traction carried out at 25 “C than in the extraction carried out at 70 “C
(green dots in Fig. 1a).

This result, in contrast with most papers in which a comparison of
several extraction methods has been carried out, is in agreement with
the work by Doheny-Adams et al [36], showing the better performance
of the extraction at RT in 80% MeOH compared to the boiling 80%
MeOH. Based on these results, cauliflower samples were extracted at RT
and used for the following chromatographic evaluation.

Chromatographic separation of intact GLS was historically a tech-
nical challenge that required several techniques such as ion pairing
HPLC [22] or HILIC chromatography [20,21], because of the poor re-
tention of GLSs with hydrophilic side chains. With the discovery that
moderately acidified eluents allow easy separation of intact GLSs on RP
columns [37], their separation is thought to be no longer a technical
challenge. Intuitively, it might be expected that acids with lower pKa
than that of the GLSs sulfate group (pKa ~ 2) would be required for
sufficient retention, but it has been shown that both trifluorcacetic acid
(TFA) (pKa 0.52) [37] and formic acid (pKa 3.74) [33] induce suffi-
cient retention of GLSs to RP HPLC columns. Ammonium formate has
also been used giving efficient ion pairing [38]. However, when cou-

550.0000
£15.0000 o

500.0000 |
4T5.0000 e e

4500000 | ® o

me

425.0000 || om . |
400.0000 : - o

3750000 o

350.0000
0.00 .00 6.00 9.00

Retention time

12.00 15.0

oo 006 00 048 020 0326 030 035 0.0 045

Logratio

Fig. 1. a) Flot of log ratio of metabolites area obtained from the room tem perature extraction and the 70 *C extraction and relative CV plot b).
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pling HPLC with MS, besides a good chromatographic separation, ef-
fects such as ion suppression should be taken into account when using
these compounds as additive in the mobile phase. While it is known that
TFA can give ion suppression during the ionization process, formic acid
and ammonium formate, within certain concentration limits, are com-
patible with MS. Therefore, we wanted to test formic acid and ammo-
nium formate at different concentrations in the chromatographic phases
to obtain the best compromise between an efficient separation and a
good ionization. Four different columns were evaluated with four differ-
ent phases for a total of 16 different chromatographic conditions (Table
51). The chromatographic and mass spectrometric method was kept un-
changed for columns (1) (2) and (3) and was adapted to system (4)
by doubling the gradient time. The temperature was set to 40 °C and
the flow-rate was set to 400 yL min ! for columns (1) (2) and (3) and
600 pL.min~! for column (4) to achieve the best efficiency, as suggested
by the specification sheet.

By a quick visual inspection of the chromatograms it was seen
that the difference in terms of retention time and peak shape was
larger when comparing different columns than when comparing differ-
ent phases on the same column. A large chromatographic retention time
shift and a big difference in peaks shape can severely affect the peak
picking and alignment steps in data analysis, sometimes giving distorted
results. Based on these considerations, we decided to analyze the ob-
tained chromatograms comparing the four phases for each column in
a single data analysis workflow and, once chosen the best phase for
each column, we proceeded with a visual inspection of the peaks to
compare the four columns. The comparison of the different phases on
each column was accomplished by the number of detected features that
matched against a home-made database (i.e., level 4 identification). Al-
though many false-positive features can be caused both by poor chro-
matographic signals and by non-molecular ions (i.e., dimers [2 M - HJ,
salt cluster ions and in-source fragments), in this study, adducts and
in-source fragments were identified using MZmine (see Material and
Method section). Such non-molecular ion features were removed and
the remained features were searched against a home-made database.
Looking at the table shown in Fig. 2a, it is possible to see that, in all
cases, the phases with a percentage of formic acid give better results
compared to the phases with ammonium formate. The obtained result,
repeated for all the columns, suggests that the improved number of fea-
tures is mostly due to an improvement in the ionization process rather

than a real gain in chromatograph

Luna  Biphenyl 1 Kinetex 2 Kinetex
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When comparing different concentration of formic acid, in all cases
it was shown an increase of detected GLSs when using 0.1% compared
to 0.2% of formic acid. Apparently, whereas the peak shape was slightly
better with 0.2% formic acid, the intensity of the peaks was sometimes
decreased, losing the detection of the less abundant compounds, Sen-
sitivity in LC-MS is dependent mainly on the single compound ioniza-
tion efficiency, and the magnitude of ionization in the ESI source varies
greatly with the chemical properties of the mobile phase composition.
Based on these results, we decided that 0.1% formic acid in the mobile
phases was the good compromise between separation improvement and
effective ionization.

Once chosen the best phase for the four columns, we proceeded
with the evaluation of the chromatographic performances among the
columns. Four different RP columns were evaluated. Indeed, although
several studies have been published in the past on RP columns for
the analysis of GLSs, few recent studies have been published [23-26].
Therefore, the availability of new stationary phases in the market could
provide better performances compared to the past. For this purpose,
we wanted to explore different particle morphologies, column lengths,
stationary phases that, based on the specification sheet of column ven-
dors, could be suitable for GLSs analysis. The Kinetex XB-C,g has some
protective butyl side chains that allow better peak shape and enhance
separation of basic compounds compared to normal C18 phases. How-
ever, also the retention of acidic compound results to be increased [39].
Based on these characteristics, this stationary phase was considered to
be suitable for the analysis of highly polar and acidic sulphated com-
pounds, such as GLSs. For the same reasons, Luna Omega Polar C18
has been selected for the analysis of GLSs. Indeed, while the C18 chains
provide hydrophobic interactions, a polar modified particle surface pro-
vides enhanced retention of the highly polar compounds. Luna Polar
C18, allowing a more balanced retention of polar and hydrophobic com-
pounds, was considered to be suitable for a class of compounds such
as GLSs, showing both high polarity and high heterogeneity in terms
of hydrophobicity due to the variability of the —R side chain and the
possible acylation of the thioglucose. The Kinetex Biphenyl instead, is
suitable for aromatic compounds separation. Therefore, an ameliorant
on the separation of aromatic and the indolic GLSs, representing one
of the most abundant classes of GLSs in cauliflower, was expected.
Finally, aside from the different surface chemistry, the columns un-
der investigation also present a different particle morphology. Indeed,
whereas the Luna column is packed with fully porous silica particles,
Kinetex XM-Cg4 and Kinetex Biphenyl are core-shell particles packed
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Fig. 2. a) Number of repeatable tentatively identified features at confidence level 4 for the 16 chromatographic conditions; b) Venn diagram of the tentatively identified features at
confidence level 3 for the four columns under the best chromatographic conditions showed in Fig. 2a).
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columns. The novel core-shell RP eolumns show minor band broadening
compared to fully porous particles, leading to an important efficiency
improvement. Moreover, the much lower back pressure of core-shell
materials allows to evaluate longer columns systems. Therefore, also the
coupling of two core-shell columns in series was evaluated to observe if
an improvement in the analysis of GLSs in a rich and complex extract,
such as the cauliflower extract, could be observed.,

Whereas the four phases were compared throughout each eolumn
by the compounds identified at level 4, the four columns, in their best
condition (a), were compared after the visual inspection of the MS/MS
spectra, thus based on the number of compounds identified at level 3.

As shown in the Venn diagram, the Kinetex Biphenyl column gave
the worst results among the 4 columns. The Kinetex Biphenyl column,
that was expected to show good results at least for indolic and phenyl
GLSs, resulted to show the worst peak shape and worst isomers sepa-
ration compared to the other columns, for all the classes of GLSs. As
shown in the Fig. 2b, the number of tentatively identified GLSs was
higher for the two Kinetex XB in series compared to the other systems.
By a visual inspection of the chromatograms it could also be observed
that the Luna Polar column and the two Kinetex XB showed the best
results in term of peak shape and repeatability (Fig. 51 and Fig. 52,
Supplementary information). The similar peak shape together with the
slightly difference in the number of tentatively identified GLSs obtained
with the Luna column and the two Kinetex XB columns pose a ques-
tion about the choice between these two chromatographic systems for
the analysis of GLSs. The obtained better result for the 2 Kinetex XB
columns is likely due to the higher retention of two coupled columns
in series and to a minor suppression of less abundant GLSs by coeluting
compounds present in the matrix rather than a more favourable chemi-
cal interaction of the analytes and the Kinetex XB stationary phase. In-
deed, when comparing one column Kinetex XB with one colimn Luna
Polar, the number of the identified compounds is higher and the shape
of the peaks is better for the latter. In Table $2, in the Supplementary
information, is shown the list of the GLSs located in each intersection
of the Venn diagram (Fig. 2), together with a classification of GLSs de-
tected by each column in order to find a correlation between column
chemistry and compound class. In general, some classes of GLSs re-
sulted to be better separated by Kinetex XB column such as saturated
aliphatic GLSs, methylthio substituted GLSs and indolic GLSs, whereas
other classes such as unsaturated aliphatic GLSs, phenyl substituted
GLSs, hydroxylated, sulfonyl and sulfinyl substituted GLSs resulted to be
better separated by Luna column. Finally, non acylated GLSs are better
retained by Luna column, likely because of their higher polarity com-
pared to acylated GLSs. In general, it is clear that Luna column pers
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forms better than Kinetex XB column in separation of more polar com-
pounds such as sulfonyl, sulfinyl, hydroxylated GLSs. This is probably
due to the polar modifier bonded on the surface of Luna Polar together
with the C18 chains that allow to retain a wide variety of polar com-
pounds. This would suggest that the coupling of two Luna columns
could give much better performances than the coupling of two Kinetex
XB columns. In general, coupling two columns could be advantageous
for a complete and comprehensive profiling of a matrix [8]. However,
when dealing with a large number of samples, and, when the differences
between column performances are so slight, a system implying the use
of a single column should be preferred, in order to reduce the time and
costs of the analysis. However, in order to present a comprehensive pro-
filing of GLSs in only one variety of cauliflower, in this work the two
columns Kinetex XB in series were chosen as the best system for the
final identification and linearity investigation. The extracted ion chro-
matograms of some of the tentatively identified GLSs are reported in
Fig. 3 for Luna Polar column and two in series Kinetex XB.

3.1. Identification

GLSs consist of a common glycone group and a variable aglycone
side chain (R1). The glycone is characterized by a sulfonated oxime
group and a thioglucose that can be conjugated to some acyl groups
(R2), namely phenolic acids such as cinnamic acid, coumaric acid, fer-
ulic acid and sinapic acid. Due to the presence of a sulfonate moiety,
GLSs naturally occur in anionic form as [M-HJ, thus being identified in
negative mode, Typical MS fragmentation patterns of GLSs have been
widely investigated [27,33-35], showing the presence of both product
ions common to all GLSs and highly specific fragments due to the vari-
ability of the side chain (R1) and of the acyl group (R2). The major com-
mon fragmentation pathway [35] includes the following ions: [HSO,]-
at m/z 97, [C;H,058] at m/z 139, [HO,S,] at msz 129, [C,H,0,NS]
at m/z 136, [SO3]~ at m/z 80, [C,H;08]" at m/z 75 and [C,H,05NS]"
at m/z 154. Although the most intense signal is at m/z 97, the bisul-
fate anion [HSO,] is not specific for GLSs because most organic sul-
phates form this anion [35]. Moreover, also the formation of an m/
z 80 [SO;]" product ion from m/z 97 by loss of a hydroxyl group is
not specific. Therefore, the detection of these two ions was not consid-
ered enough to classify the detected features as tentatively identified
GLSs. The three most intense ions (m/z 97, 75, 80), typical of the GLSs
fragmentation pattern, were used instead for a rapid screening of fea-
tures in the step of columns comparison. The features that showed in
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m/z 436.0403), methylthioethyl GLS (m/z 392,0148), benzyl GLS (Glucotropasolin, m/z 408.0426),

phenylethyl GLS (m/z 422,0581) and hexyl GLS (m/z 402,0895), acquired with Luna Polar Omega (a) and two in series Kinetex XB columns (b} in the best chromamgraphic conditions,

i.e phases with HCOOH 0.1%.

146




A.L Copriom ef al.

their MS/MS spectra the typical common GLSs fragmentation pattern
were classified as tentatively identified with confidence level 3.

Once chosen the best system, consisting of two Kinetex XB-C,g in se-
ries, a deeper investigation on GLSs structure was carried out: fragments
resulting specific of the R1 or B2 side chains of GLSs were searched in
the MS/MS spectra.

If the detected fragments were diagnostic of non-acylated or acylated
GLSs, the compounds were assigned to level 3a and 3b, respectively. In-
deed, non acylated compounds show some typical fragments due to the
thioglucose moiety: the ion at m/z 195 corresponds to the D-thioglu-
case group [CgH,,0:8]; the ion m/z 259 derives from the loss of R1-N
=C=§5; the loss of a water molecule from the ion 259 gives the ion at
m/z 241; the loss of R1-N=C =0 corresponds to the ion at m/z 275.
The last three ions are probably formed through an intramolecular re-
arrangements in which the sulfate group is transferred to the thioglu-
cose moiety. When these fragments were found in the MS/MS specira,
GLSs were considered belonging to the class of non-acylated GLSs and
thus classified as level 3a. On the contrary, in the acylated GLSs spec-
tra, fragments due to the thioglucose moiety exhibit m/z value increase
due to the acyl group mass. For instance, in sinapoyl GLSs a typical frag-
mentation pattern could show the ions at 481 = 275 + 206, 465 =
250 + 206, 447 = 241 + 206, and 401 = 195 + 206. Moreover,
ions at m/z 193, 147, 163, 223, and 207, corresponding to isoferuloy-
late ([CyoH50,41), cinnamoy late ([C;H;0,]), coumaroylate ([CyHA041),
sinapoylate ([Cy;H;,05]), and dimethoxy-cinnamoylate ([C;,H,;;,0,]")
can also be detected. Therefore, if either fragments typical of the acylth-
ioglucose moiety or fragments due to the acyl groups were found in the
MS,/MS spectra, GLSs were considered belonging to the class of acylated
GLSs and thus classified as level 3b.

Finally, some specific fragments due to the variable aglycone side
chain R1 can be detected and can be used to assign an unequivocal
structure to the specific GLS. Indeed, the loss of the R1 group by cleav-
age of the bond on either sides of the sulphur atom and with charge re-
tention on the sugar aglycone can be observed. Due to this phenomenon,
in both acylated and non acylated GLSs constant neutral losses of the
m/z values [M-196-H], [M-178-H], and [M-162-H], [M-162-S0;-H] ,
can be detected. Therefore, either acylated or non acylated GLSs that
showed the typical fragments due to their side chain R1 were classi-
fied as level 2, Of course, some of the accurate masses associated to the
R1 side chains, correspond to different isomeric structures. Therefore,
a comparison with reference standard would be requested for their un-
equivocal identification.

In Table 1 the compounds identified at level 2, 3a and 3b have been
reported together with the detected diagnostic fragments. Whereas the
diagnostic fragments allowed the identification of the accurate mass of
the R side chain of some GLSs, it was not possible to distinguish among
positional isomers. Therefore, in case in which several isomers have
been detected, the general name has been associated to the detected
isomers. Instead, whether one only isomer was detected it was associ-
ated to the GLSs isomer usually found in Brassicacee. For example, in
the case of the ion at m/z 434.0616, tentatively identified as methylth-
iopentyl GLS, only the peak at retention time 10.18 has been detected
and then associated to the most common isomer, namely, glucobert-
eroin. Whereas in the case of the ions at m/z 388.0373, because of the
detection of three isomers, none of them could be certainly associated
to the most commonly found one, namely (epi)progoitrin, but they were
referred to as hydroxyl-butenyl GLSs.

Several GLSs showed different isomers because of the different po-
sition of hydroxyl groups (i.e hydroxy-butenyl GLSs, hydroxyglucobras-
sicin), because of the different arrangement of the aliphatic chain (i.e.
pentyl GLS, isobutyl GLS) or because of the position of methoxyl groups.
For instance, the two isomers methoxyglucobrassicin and neogluco-
brassicin have been associated to the compounds at retention time
11.6 and 17.4 respectively, based on literature data where it is re-
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ported that neoglucobrassicin elutes later than methoxyglucobrassicin
[32,40]. Moreover, in the MS spectrum of neoglucobrassicin, the in
source fragment at m/z 447.0532 corresponding to glucobrassicin was
detected with high intensity (Fig. S4, Supplementary information). The
weakest bond between the methoxyl group and the nitrogen in neoglu-
cobrassicin could be responsible of the MS behaviour and be a fur-
ther confirmation of the assignment of these identities to the two com-
pounds. A similar behaviour was found for N-sulfoglucobrassicin. In-
deed, a very low intensity peak with accurate mass corresponding to
N-sulfoglucobrassicin was found in the MS spectra, whereas a very
abundant peak due to the in source fragment at m,/z 447 corresponding
to glucobrassicin was detected (Fig. S4, Supplementary information). It
is noteworthy that glucobrassicin was not found in the MS spectra of
cauliflower extracts, in contrast with several previous works on cauli-
flower GLSs profiling [15,40-45]. Nevertheless, only one of these works
confirmed the identity of glucobrassicin with an authentic reference
standard [43]. On the contrary, on the best of our knowledge, it is the
first time that N-sulfoglucobrassicin has been detected in cauliflower ex-
tracts, It is likely that, due to the ease of sulfate loss, less sensitive tech-
niques allowed only the detection of the more abundant in source frag-
ment ion instead of the less abundant precursor ion, leading to misin-
terpretation of the data and to the identification of glucobrassicin over
M-sulfoglucobrassicin. However, further identity confirmation should be
accomplished by means of standard compounds.

N-sulfoglucobrassicin was not the only compound to be detected for
the first time in cauliflower extracts. Indeed, the development of the
used method allowed the tentative identification (confidence level 2,
3a, 3b) of 51 GLSs, 24 of which have never been identified in cau-
liflower. However, among the identified compounds just few acylated
compounds have been identified at level 2. Indeed, just for few of the
detected compounds the typical fragmentation behaviour of acylated
GLSs was found. This could be due to the fact that previous works re-
porting the typical fragmentation pattern of acylated GLSs used differ-
ent fragmentation techniques. Moreover, few acylated GLSs have been
reported in the literature so far [24]. Compounds already found in cau-
liflower are highlighted by the reported reference in Table 1, whereas
for the compounds never found in cauliflower any reference has been
reported.

3.2. Linear response for GLSs in cauliflower extracts

Observing the obtained chromatograms, some of the most intense
peaks resulted to be wide, broadening or, sometimes, splitting. This
chromatographic behaviour suggested a possible saturation effect. In-
deed, if the functional C18 groups on column particles are saturated,
the remaining molecules interact with the not conjugated Si-OH, caus-
ing peak broadening or splitting. As well as a limited columns loading
capacity can be observed, a limited amount of compounds can be effec-
tively ionized by the ESI source for compounds present as major com-
ponents. Indeed, in many cases, a saturation effect, owing to the fact
that the total number of ions per time unit formed during ESI is about
constant, could also be observed. In this case, a sample dilution, de-
creasing compound concentrations, decreases the competition for ion
evaporation from the droplet surface in the ESI step, reducing remark-
ably the matrix effect on co-eluting analytes response [46]. Therefore,
for a suitable quantitative analysis, it is necessary to avoid, as much
as possible, any chromatographic as well as any ionization saturation
phenomenon. To check the linearity response of GLSs in cauliflower
extracts in the range of concentration used in this work, the sample
was diluted 5, 10, 100, 1000, 10000 times and analyzed with the best
chromatographic system 4a. The correlation of GLSs levels with LC-MS
peak areas was examined by calculating the Pearson correlation coef-
ficient (R%) for GLSs identified at level 3. Whereas the original sample
allowed the detection of 51 compounds, the following dilutions led to
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Table 1

C

is identified (c dence identifi
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level 2, 3a,3b) with two in series Kinetex XB columns in the best chromatographic conditions, Le phases with HCOOH 0.1%.

W
(min)

Identity

[M-H]*

Molecular
formula

(ppm)

MS/MS fragments

Identification
confidence
level Reference

080

081

088

093

101

1.02

132

137

147

149

175

175

181

185

methylsulfinylpropyl
GLS

methylsulfinylbutyl
GLS

methylsulfinylbutyl
GLS

methylsulfinylbutyl
GLS

Glucoconringiin
(hydroxy-methyl propyl
GLS)

Sinigrin (allyl GLS)

methylsulfinylpropyl
GLS

Glucoputranjivin
(methylethyl GLS)
hydroxybenzyl GLS

methylsulfinylpropyl
GLS

methylthioethyl GLS

Glucomatronalin
(dihydroxybenzyl GLS)

Gluconapin (Butenyl
GLS)

Hydroxyglucobrassicin
(hydroxy-
indolylmethyl GLS)
coumaroyl
glucocapparin (methyl
GLS)

methylsulfinylpropyl
GLS

422,0249

436.0403

436.0405

436.0403

390.0531

358.0265

4220257

360.0428

424.0378

422.0255

392.0148

372.0421

463.0485

478.0478

4220252

CiiHyy050NSs

CiaHa3050NSy

Ciab50;0NS,

CiaHy30,0NSs

Gy, 0,0NS;

Ciobh705NS,

Ci1Hy,040NS,

CiaH; 05 NSy

Ci4Hi90;0NS;
Gy Hy0;0NSy

CoHh 05 NS5

GiaHio0)5NS;

CoyHy J05NS;

CieHz0010N, S

Gi7HaOnNS,

Gy 00NS;

-135

-1.88

-142

—-1.88

-0.76

-1.91

0.54

-0.09

0.12

0.07

-0.27

-6.73

-1.97

-0.32

-1.07

-0.64

180.0148 (RICNHOS);
274.9897; 259.0123;
241.0023; 195.0323;
96.9588; 74.9897; 79.9560;
138.9696; 135.9699;
128.9309

194,0307 (RICNHOS);
259.0123; 274.9989;
195.0325; 96.9588;
74.9897; 79.9560; 138.9697
194.0308 (R1ICNHOS);
259.0124; 274.9990;
195.0327; 96.9588;
74.9897; 79.9560; 138.9697
194.0306 (RICNHOS);
259.0125; 274.9988;
195.0330; 96.9588;
74,9897; 79.9560; 138,9697
148.0425 (R1ICNHOS);
274.9895; 259.0131;
195.0319; 194.0124
(RICNO,S-H); 96.9588;
74.9897; 79.9560;
138.9691; 135.9698
116.0163 (RICNHOS);
274.9888; 259.0136;
241.0026; 195.0323;
161.9858 (R1ICNO,S-H);
96.9588; 74.9896;
138.9694; 79.9560
180.0151 (RICNHOS);
274.9897; 259.0132;
195.0318; 96.9588;
74.9897; 79.9560;
138.9697; 135.9699
118.0317 (R1ICNHOS);
195.0309; 96.9588;
74.9896; 139.0025;
79.9560; 129.0178; 79.9560
259.0121; 96,9588;
74.9897; 138.9691
180.0151 (R1ICNHOS);
274.9897; 259.0132;
195.0318; 96.9588;
74.9897; 79.9560;
138.9696; 135.9697
150.0041 (RICNHOS);
274.9899; 259.0134;
195.0316; 96.9587;
74.9897; 79.9559; 138.9693
274,9902; 241.0007;
96.9588; 74.9897; 79.9560;
138.9697

130.0319 (RICNHOS);
196.0293 (R1CNHOSS);
259.0136; 274.9888;
241.0031; 195.0320;
96.9588; 74.9896; 79.9560;
138.9694; 128.9309
274.9886; 96.9588;
74.9897; 79.9560; 138.9701

96.9588; 163.0388; 74,9898

180.0148 (RICNHOS);
274.9905; 259.0119;
195.0316; 96.9588;
74.9897; 79.9560;
138.9698; 128.9308

2 [40-42,47]

2 [40-42,47)

3a (43]

2 [40-42]

3a [23,40-42,47,48]

2 [23,40-42,47,48]

3a [23,40-42,47,48]

3b [23,40-42,47 48]

2 [40-42]
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Table 1 (Contmued)
Identification
[ Molecular A confidence
(min) Identity [M-H]" formula (ppm) MS/MS fragments level Reference
185 sinapoyl 669.1081 CyrHy 01N, S, 2.31 96.9588; 223.0604; 74,9899 3b [40-42]
hydroxyglucobrassicin
(hydraxy-
indolylmethyl GLS)
195 Hydroxyglucobrassicin 463.0482 Cy6Ha00;0N;S; -0.97 259.0146; 96.9588; 3a
(hydroxy- 74.9897; 79.9560
indolylmethyl GLS)
217 pentyl GLS 374.0578 CyyHz OGNS, ~1.83 132.0476 (R1ICNHOS); 2 [41,42,47]
274.9894; 259.0125;
195.0326; 178.0163
(RICNO,S-H); 96.9587;
74.9896; 79.9559
219 methylthiopropyl GLS 406.0296 Cyy Hyy Oy NS, -235 164.0198 (RICNHOS); 2 [40,42,47]
274.9898; 259.0129;
241.0018; 195.0322;
200.9801 (R1CNO4S-H);
96,9588; 74.9897; 79.9560;
138,9693; 128.9309
227 pentyl GLS 374.0578 Gy Hy OgNS, ~1.83 132.0477 (RICNHOS); 2 [40,42,47]
274.9893; 259.0123;
241.0020; 195.0321;
96.9588; 74.9896; 79.9560;
138.9695
227 Hydraxyglucobrassicin 463.0485 CyoHzg0; 0N S; -0.32 221.0382 (RICNHOS); 2
(hydroxy- 267.0087 (R1ICNO,S-H);
indolylmethyl GLS) 274.9908; 259.0124;
241.0020; 195.0326;
96.9588; 74.9897; 79.9560;
128.9316; 138.9701;
135.9699
234 coumaroy! 612.0834 CasHy7045NS; -277 288.0171 (RICNHO,S); 2 [23,40,41,47,48]
Dbenzyloxyethyl GLS 74.9896; 79.9560; 96.9587
254 glucasibarin 438.0534 Cy5Hz1050NS; 0.00 241.0016; 96.9588; 3a [23,40,41,47,48)
(hydroxyphenylethyl 74.9897; 79.9560; 138.9697
GLS)
263 pentyl GLS 374.058 Gy HyyOgNS, -1.29 132.0476 (R1ICNHOS); 2 [23,40,41,47,48]
274.9906; 259.0139;
195.0319; 96.9588;
74.9896; 79.9560; 138.9696
265 Methylthiopropyl GLS 406.0297 CyyHy,O5NS —211 164.0201 (RICNHOS); 2 [23,40,41,47,48)
274.9899; 259.0131;
241.0017; 195.0320;
96.9588; 74.9897; 79.9560;
138.9696
266 cinnamoyl eptyl GLS 546.1496 CasHs30, NS, 421 96.9589; 147.0439; 74.9897 b
270 Hydroxyglucobrassicin 463.0482 CioHag0; oNsS, -0.97 221,0382 (RICNHOS); 2
(hydroxy- 267.0087 (R1CNO,S-H);
indolylmethyl GLS) 274.9886; 259.0132;
241.0013; 195.0330;
96.9588; 74.9897; 79.9560;
138.9701
284 pentyl GLS 374.0581 Cy1Hyy00NS, -1.02 132.0476 (RICNHOS); 2
274.9906; 259.0139;
195.0319; 96.9588;
74.9896; 79.9560; 138.9699
333 Glucoraphanin 436.0408 Ci2Hy50;oNSs -0.73 194,0307 (RICNHOS); 2 [23,40-42,44,48)
(methylsulfinylbutyl 259,0124; 275.0001;
GLS) 195.0332; 96.9588;
74.9897; 79.9560; 138.9697
412 Hydraxyglucobrassicin 463.0485 CieHz005 0N S; -0.32 221.0379 (RICNHOS); 2 [23,40-42,44,48)
(hydroxy- 274.9886; 259.0127;
indolylmethyl GLS) 96,9588; 74,9897; 79.9560;
138.9701
422 Glucotropaeolin 408.0426 CyoHy 0NS, —0.57 166.0327 (RICNHOS); 2 [23,40-42,44,48]
(benzyl GLS) 230.0123 (RICNHO,S);

274.9903; 259.0125;
241.0027; 195.0324;
212.0009 (RICNOA4S-H);

96.9588; 74.9897; 79.9560;

138.9696; 128.9310
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Table 1 (Conrmued)
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Identification
Molecular A confidence
{min) Identity [M-H] formula {ppm) MS,/MS fragments level Reference
424 Glucobrassicanapin 386.0586 My Oy NS, 0.30 144,0484 (R1CNHOS); 2 [23,40-42,44,48]
(pentenyl GLS) 259.0142; 96.9587;
74,9896; 79,9560; 1389701
446 Glucoerudn 420,0457 CyaHy 300 NS ~1.20 174,0355 (R1CNHOS); 2 [23,40-42,44,48)
(methyl thiobutyl GLS) 274.98099; 259.0123;
241.0017; 195,0325;
224,006 (R1CNOS-H);
06,9588, 74,9897, 79,9560,
138.9695
449 hydroxybenzyl GLS 4240358 T, H, 40, NS, —4.59 182,0264 (RICNHOS); 2 [23,40,41,48]
259.0123; 195.0312;
G6.9588; 74.9897
500 N-sulfoglucobrassicin 527.0096 Cyg a0y 2NL 55 —1.80 447,0532 in source; 2 [41]
(N-sulfoindolylme thyl 205.0433 (R1ICNHOS);
GLSp 251.0132 (R1CNO,S-H);
250.0127; 274.9903;
241.0020; 195,0327;
06.9588; 74.9897; 79.9560;
1389694
788 coumaroyl 710.1939 [ SO —1.05 96,9587; 163.0389; 74,9807 3b [41]
benzylocynonyl GLS
830 Hydroxyglucobrassicin 4630485 CygHagDy oML 5, —0.32 274,9886; 259.0127; 3a
(hydreecy- 195.0330; 96.9588;
indolylmethyl GLS) 74.9897; 79.9560;
128.9316; 138.9701;
135.9699
940 phenylethyl GLS 422,0583 CysHyy Oy NS, —0.43 180.0483 (R1CNHOS); 2 [40-42,44,48]
274,9898; 259.0123;
241.0019; 195.0325;
096,9588; 74,9897, 79.9560;
138.9697
955 sinapoy] glicoerucin 626.1055 Ty Hy 50, NS, 221 74.99; 96.9588; 223.0604 3b
(methyl thiobutyl GLS)
1018 Glucoberteroin 434.0616 3 Hy 50, NS ~0.59 259,0124; 96.9588; 3a
(methyl thiopentyl 74.,9897; 79,9560
GLS)
1158 Methosxy glucobrassicin 477.0635 Oy a0y oML S, —1.67 235,0541 (RICNHOS); 2
(methoxy- 274.9898; 250,0127;
indolylmethyl GLS) 241,0015; 195.0325;
06,9588; 74.9897; 79.9560;
128,9308; 138,9694;
135.9699
1403 hexyl GLS 402,0895 G50 NS, -0.70 160.0789 (R1ICNHOS); 2
274.9905; 259.0125;
241.0021; 195.0324;
06,9588, 74,9897, 79,9560,
138.9694; 128.9311
1525 hexyl GLS 402.0805 €, H, 0,8, -0.70 160,0785 (R1ICNHOS); 2
259.0126; 96.9587;
74.9896; 79.9560;
138.9694; 128.9312
1736 Neoglucobrassicin (N- 477.0636 G a0y o5, ~1.46 4470532 in source; 2
methoxyindolyl methyl 205.0433 (R1ICNHOS);
GLSy 274.9905; 259.0127;
241.0022; 96.9588;
74,9897; 79.9560;
128,930% 138.9694;
1928 cinnamaoy] octyl GLS 560.1615 CpeHas0y oNS, —2.58 389.0674 (R2C4H, o048 ); b
96,9589; 74,9808
2331 eptyl GLS 416.1056 CyHyr 0,5, 0.40 274,9909; 259.0125; 3a
195.0330; 96,9588,
74.9897; 79.9560
3479 oetyl GLS 4301207 5 Hy g0y NS, —0.89 188,126 (R1ICNHOS); 2
06,9587, 74,9857, 79.9560
35,60 sinapoyl 644.0771 CyyHy 0, NS, ~1.86 96,9587; 223.0606; 74.9899 b
glucocheirolin
(methylsufonylpropyl
GLS)
47,07 einnamaoy] indolyl GLS 563.0796 CaeHy a0y oM, 5, —0.62 06,9587; 128.9318; 74,9897 b
48,08 cinnamaoyl indolyl GLS 5630798 e Hz 0 N, 5 -0.26 96,9587; 128.9318; 74,9897 b [23,41,42]

+ The reported fragments have been observed in the MS/MS spectra of the jon produced by means of in source fragmentation,

the decrease of the number of detected GLSs (51, 51, 40, 13, 12, 5
for 5, 10, 100, 1000, 10000 diluted samples, respectively). Therefore,
it was possible to caleulate the correlation coefficients for the first 13

compounds only. All the calculated R* resulted to be greater than 0.95
(Table §3, Supplementary information). The good linearity obtained
across the dynamic range, together with the evidence that further dilu-
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tion implied the loss of detection of the less abundant compounds, led
to the conclusion that the dilution used in this work is sufficient for
satisfying a metabolomics quantification studies. However, it has to be
taken into account that, although any saturation effect was shown re-
garding the ionization phenomenon, saturation at the chromatographic
level was observed for few peaks. For instance, the highly abundant al-
lyl GLS, i.e. sinigrin, showed broadening or splitting peaks at the highest
concentration level (Fig. S3, Supplementary information). Wide, broad-
ening or splitting peaks could lead to misinterpretation of the spectra
when a pre-processing software is used for data analysis, requiring a
mandatory visual inspection of the data. Therefore, in case of complex
mixtures analysis, in which a wide variability in terms of abundance is
observed, two distinet chromatographic runs for minor and major com-
ponent quantification is recommended.

4. Concluding remarks

In this work, an evaluation of a suitable extraction, chromatographic
and mass spectrometric method for the analysis of GLSs in cauliflower
extracts was carried out by means of an untargeted profiling approach.
Firstly, a RT extraction method was chosen because of the better results
compared to the commonly used method. Secondly, a systematic evalu-
ation of different chromatographic systems was carried out testing dif-
ferent phases and columns. The condition deriving from the addition of
0.1% of formic acid in both phases resulted the best for all the tested
columns showing the superiority of formic acid on ammonium formate
for the ionization of GLSs. Once chosen formic acid modified phases, a
comparison of the four tested columns in the above mentioned condi-
tion showed that Luna Omega Polar column is the best stationary phase
for the analysis of GLSs. The polar modifier linked to the surface of Luna
column particles together with the C18 chains allow a good separation
for a wide range of polar compounds, such as GLSs. However, when cou-
pling 2 Kinetex XB columns in series a larger number of compounds was
detected, probably due to the higher retention of a longer column setup
and to a minor suppression of less abundant GLSs by coeluting com-
pounds present in the matrix. Therefore, although Luna Polar column
was considered to be the most suitable column among Luna, Kinetex XB
and Kinetex Biphenyl, the coupling of two Kinetex XB columns was cho-
sen for the final identification. The identification of 51 compounds, 240f
which have never been found in cauliflower, was accomplished. More-
over, the linearity of the analytes response, in the range of concentration
analyzed in this work, also demonstrated that the method is suitable for
a quantitative analysis. However, in the cases of complex matrices in
which a high compounds variability in terms of abundance is observed,
different chromatographic runs at different dilution levels are suggested
in order to avoid peak broadening due to saturation effects and conse-
quently misinterpretation of results.

Finally, it has to be considered that, whereas the two in series col-
umn can be suitable for a comprehensive qualitative profiling of a com-
plex mixture, a single column setup can be preferred when a quantita-
tive analysis has to be carried out on a larger number of samples. Al-
though the two Kinetex XB in series showed better results compared to
one Luna Polar column, the slightly higher number of identified GLSs
does not justify the choice of a longer eolumn setup in terms of time and
costs (consumed solvents) when performing a comparative quantitative
analysis on a large number of samples. In conclusion, several aspects,
such as sample preparation, chromatographic separation and mass spec-
trometric method have to be taken into account when performing an un-
targeted profiling on complex mixtures. The obtained better results on
GLSs identification, compared to previous works on cauliflower analy-
sis, showed the developed method to be optimal for both qualitative and
quantitative analysis of GLSs in complex phytochemical mixtures.
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1 Untargeted analysis for nutritional biomarkers
discovery

The third section of the thesis concerns the application of a typical untargeted approach
for the identification of nutritional biomarkers. In the next paragraphs, a work about the
identification of intake biomarkers after meat and dairy products consumption will be
presented. The issue under investigation has been treated by means of an untargeted analysis,

focusing in particular on the development of a reliable data analysis approach.

1.1 Background

As already discussed, several epidemiological studies have reported that diet is strictly
related to certain diseases (Chapter 2, paragraph 5.3). However, proving a causal relationship
diet-disease is particularly difficult. Indeed, quantitative assessment of food intake is usually
accomplished by the use of food frequency questionnaires, 24-h recalls, and weighed food
diaries [118, 119]. These methods resulted to be very imprecise due to their subjective
nature[118-120], providing only moderately reliable information and not allowing to
certainly prove diet-disease relationships. Dietary biomarkers have been shown to be a
powerful tool for the assessment of dietary exposure in clinical and observational studies
[68, 121]. However, the detection and identification of a reliable biomarker is a particularly
difficult issue requiring that, study design, time of sampling and analytical method are
correctly set and, overall, that data analysis allows the selection of a biomarker fulfilling
some specific validation criteria. On the presented work, a data analysis workflow was
developed to identify valid and reliable meat and dairy intake biomarkers.

The interest in assessing meat and dairy intake biomarkers is due to the evidence that red
meat intake has been associated to increased risk of colorectal cancer [122], cardiovascular
diseases[123], type 2 diabetes[124] and mortality[123]. However, a causal relation between
red meat consumption and negative health outcomes is still controversial[125] because of
the difficulty in the identification of reliable meat intake biomarkers [126]. Indeed, meat
source and cooking methods strictly affects meat composition, moreover, the composition
of meat is very similar to that of human proteins as well as that of other foods rich of proteins.

As consequence, it is particularly difficult to distinguish between metabolites derived from
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endogenous proteins or other protein-rich foods and metabolites derived from meat. In this
work, an untargeted metabolomics workflow was developed in order to identify and

distinguish specific and reliable meat and dairy intake biomarkers.

1.2 Study design

Firstly, in order to identify reliable dairy and meat intake biomarkers, a proper study
design should be set. The cross-over intervention study is the most robust intervention study,
because in the data analysis step each subject is the control of himself, thus avoiding any
eventual effects due to the individual variability. Therefore, 17 men and women were
recruited and the study was performed as a randomized, controlled, cross-over single meal
intervention with 2 study periods of 1 day and a wash-out period of 7 days between periods.
The two periods consisted of a test day where subjects were served with either a test meal
with high content of milk protein or a test meal with high content of meat protein in
randomized order. Twenty-four hours before and after the intervention visits subjects were
asked to restrain from ingesting similar dinner meals.

Prior to and after the test meal, four urine samples were collected: (1) from 24 hours prior
the intervention visit (T 0), (2) from 0 until 2 hours following intake of the test meal (T 0—
2), (3) from 2 until 4 hours after the test meal (T 2—4), and (4) during the rest of the day for
24 hours (T 4-24).

1.3 Chromatographic and mass spectrometric method

Urine samples were centrifuged and diluted in a volume ratio 1:1 with aqueous 5% 30:70
(v/v) ACN:MeOH containing a solution with 7 Internal Standard as previously described
[127]. Attention has to be posed when performing an untargeted analysis, in order to control
the quality of the analytical platform and consequently the reliability of the obtained data.
Therefore, an external metabolite standard mixture with 44 different compounds [127] and
pooled samples, containing equal amounts of all urine samples analyzed, were prepared and

added to separate wells on all plates for subsequent control of batch drift in the data analysis.
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Moreover, to minimize intra-individual variation due to plate differences, samples from the
same person were randomized within one plate.

The urine samples were analyzed on an Acquity UHPLC coupled through ESI to a
orthogonal acceleration Premier gTOF mass-spectrometer. The chromatographic separation
was accomplished in reversed phase on a HSS T3 C18 column as described previously [127].
A full scan acquisition in both positive and negative polarity modes was done. Blanks and
external metabolomics standard mixtures were injected after every 30 samples, the pooled

samples were injected every 50 samples.

1.4 Data analysis

The obtained data needed a pre-treatment step as explained before (Chapter 4, paragraph
1.3). The features obtained with MZmine software were imported into Matlab® and further
filtered. Features present in the blank, features early or late eluting, features with low
intensity were excluded [128]. A further correction to remove inter-batch variation was
carried out. Finally, features were assigned as one unique feature group if they had good
correlation coefficients. The pre-treatment step was necessary in order to obtain a final
number of possibly reliable metabolites.

Once selected the compounds, the metabolites discriminating between the two diets had
to be selected. In order to achieve this goal, two different statistical approaches were applied.
The univariate analysis on the urine samples collected before the test meal (T 0), during the
first 2 (T 0-2), 4 (T 2-4) and 24 hours (T4-24) after the test meal was applied in order to
identify the features significantly different between the two meals and with a proper
excretion profile over the 24 hours[129]. The multivariate data analysis on the pooled 24-
hours urine samples was applied because twenty-four hours urine are usually the preferred
samples to monitor food intake in observational studies. Moreover, two different
multivariate data analysis approaches were compared on the 24 hours urine: Partial Least
Square-Discriminant Analysis (PLS-DA)[130] and Multilevel Partial Least-Squares
Discriminant Analysis (ML-PLSDA) [131]. The use of these two different multivariate
methods allows to distinguish those markers that are not affected by inter-individual
variation (PLS-DA) from those that are affected from the different individual response of
each subjects (ML-PLSDA). Compounds resulting significant for discriminating the two
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diets from univariate data analysis and at least one of the two multivariate approaches have
been selected as intake biomarkers. However, since the purpose of the study was the
achievement of a list of reliable biomarkers, a further and deeper investigation was carried
out to select those metabolites resulting even more robust.

Once the features were selected as possible biomarkers, their excretion profiles were
visually inspected and metabolites classified based on their kinetics: 1)early and fast
biomarkers, those markers that are excreted right after the consumption and quickly within
the 24 hours after the consumption; 2) early and slow biomarkers, those excreted after the
consumption but reaching the baseline in more than 24 hours; 3) late and slow biomarkers,
those excreted at least after 2 hours after the consumption and reaching the baseline in more
than 24 hours. Moreover, only the features which clearly increased after the intake of one
specific meal were kept for further investigation. The rest of the features were removed
because the excretion of the metabolites increased over the time in both groups that means
they were present in other food than the test meal. Figure 5.1 shows some typical excretion

kinetics profiles.
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Figure 5.1: excretion kinetics of A) a level 1 biomarker, B) a level 2 biomarker, C) a level
3 biomarker, D) an excluded biomarker.
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Whereas the kinetics classification is useful from a practical point of view (knowing the
collection time of the markers), the last constrain is essential in order to select only specific
biomarkers, i.e biomarkers not deriving from the intake of food other than that ingested
during the single meal test. The kinetic levels are reported in Table 5.1 and 5.2 for each

selected biomarker.

1.5 Identification

Once selected the candidate biomarkers, the final investigation was carried out. Firstly, a
search within an in-house database, containing retention time information and MS spectra
of reference substances, was carried out. Secondly, for unknown compounds MS/MS
fragmentation experiments were conducted in product-ion scan for their structural
characterization. The CID was set to 10, 20, and 30 eV to obtain a comprehensive
fragmentation pattern. Thirdly, searches of the fragments and parent ions were performed
on different databases such as Human Metabolome Database, Metlin, Chembank,
Chemspider, mzCloud and similar websites. Lastly, some of the metabolites were confirmed
with authentic standard compounds. Whether the standards were not commercially available,
they were chemically or biologically synthesized. The intake biomarkers were classified as
level I-1V in accordance with the criteria established by Sumner et al. as a standard for
metabolomics investigations[53]. Briefly, level | was assigned to compounds matched to
standards: level Il was assigned to compounds matched to a MS/MS spectrum published in
the literature; level 111 was assigned to compounds identified at the level of compound class
and level IV was assigned to unknown compounds. The resulting biomarkers are reported in
Table 5.1 and Table 5.2 for meat and dairy biomarkers, respectively, together with the
suggested identity, the identity confidence level, the significance at the multivariate data
analysis and the kinetics level.

The found biomarkers were searched in the literature to verify their plausibility as meat
or dairy biomarkers. Three detected metabolites, in particular Carnosine, Taurine and
Creatine, have been already found as meat intake biomarkers[126]. Tyramine-O-sulfate, and
phenyl lactic acid instead, has been already found as dairy biomarker[132]. Moreover,
several di or tripeptides have been found such as Hydroxyprolyl-Proline, Prolyl-
hydroxyproline,  Valyl-Proline,  Pyroglutamyl-Proline,  Leucyl-proline,  Leucyl-

158




Chapter 5: Untargeted approach and nutrition

Hydroxyproline. Di/Tripepetides are an incomplete breakdown product of protein digestion
or protein catabolism, therefore, they can likely be related to the consumption of protein-rich
foods. These dipeptides have not yet been identified in human tissues or biofluids. Other
found metabolites can be correlated to other metabolic pathways such as 3-Hydroxy-2-
methyl-butanoic acid (HMBA), that is a normal urinary metabolite involved in the isoleucine
catabolism[133]. Other found metabolites have not been correlated to any particular
metabolic pathway such as Methoxysalicylic acid or p-hydroxyphenylacetic acid that can be

found throughout all human tissues and biofluids.

Table 5.1. Markers of meat-based meal

Metabolite ( Level identification) Molecular MLPLSDA  PLSDA Excretion
formula kinetics
carnosine' CoH14N4O3 * * 1
taurine' C2H7/NOsS * 2
creating' C4HgN30, * * 2
Hydroxyprolyl-Proline'" CioH16N204 * * 3
Prolyl-Hydroxyproline" CioH16N204 * * 3
thiacremonone'V CeHsO3S * 3
Leucyl/Isoleucyl-Hydroxyproline'" C11H20N204 * * 3
Hydroxyprolyl-Leucine/Isoleucine" C11H20N204 * 1
Pro-Phe-Gly" Ci6H21N304 * * 3
acetyl leucine'V CgH15NO3 * 2
unknown'v C10H9gNOs * 2
unknown v * 1
methoxysalicylic acid sulfate " CsHg07S * * 2
Unknown sulfate'V Ci1sH24SNO~ * * 2
unknown'v C12H19NO3 * * 2
Unknown sulfate'V Ci1sH23SNO~ * * 2
Erythronilic acid v CsH1003 * * 2

Whereas some of the found metabolites showed some metabolic pathways that could,

possibly, be linked to the metabolism of meat and dairy intake, other found metabolites have
been correlated to other sources. Thiacremonone, for instance, is formed in the Maillard
reaction of 4-Hydroxy-2,5-dimethyl-3(2H)-furanone, that is a compound found in
strawberry. P-hydroxyphenylacetic acid can be found throughout numerous foods such as
Olives, Cocoa beans, Oats, and Mushrooms. Phenylacetylglycine, that is an acyl glycine,

could be a minor metabolites of fatty acids but also of fruits and vegetables[133].
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Cyclohexane carboxilic acid glycine and glutamine hydroxyphenylacetic acid have
already been found as biomarkers of strawberry[134] and plums respectively, suggesting
they are not specific of the dairy intake. Trimethylphenol is used as a food additive like

flavouring ingredient[133].

Table 5.2. Markers of dairy-based meal

Metabolite ( Level identification) Molecular MLPLSDA  PLSDA Excretion
formula kinetics
unknown'” * * 3
tyramine sulfate' CgH1:NO,S * * 2
Valyl-Proline" C10H1sN203 * 1
unknown' C14H17N304S * 3
unknown'v C1oH19NO3 * * 2
Pyroglutamine proline" C1oH14N204 * 3
glutamine hydroxyphenylacetic acid " Ci3H16N20s * 3
lle/Leu-Proline" C11H20N203 * * 2
4-hydroxyphenylacetic acid sulfate" CgHs06S * * 3
unknown' CisH17NO3 * * 2
unknown' Ci3H17NO3 * * 2
unknownv * * 2
4-hydroxyphenylacetic acid' CsHgO3 * 1
Phenylacetylglycine' C1oH11NO3 * * 1
unknown' CigH26N204 * * 2
phenyllactic acid' CoH1003 * * 2
Cyclohexane carboxilic acid glycine' CoH15sNO3 * 1
unknown' * * 2
3,5-dimethylphenol sulfate' CsH100 * * 3
Trimethylphenol sulfate'" CgH120 * * 3

The literature research is important to evaluate the plausibility of the tentatively identified
biomarkers. Some of the found information suggest that some biomarkers are correlated to
other kinds of food, and thus they cannot be considered as specific and robust biomarkers.
However, before stating such conclusions, a definitive identification by means of the
synthesis of the proper standards and the confirmation of retention times and fragmentation
should be accomplished. Moreover, more reliable studies should be carried out to observe

the dairy and meat intake effect over a longer period of test.
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1.6 Conclusion

As it has been shown, several aspects of the untargeted workflow should be considered
to allow a reliable biomarker detection and identification. Firstly, a robust study design
together with a suitable sample collection is needed. Secondly, a proper sample analysis
should be carried out, checking the method quality and stability over the time. Thirdly, a
strong data analysis should be carried out. In this section, all the aspects related to the
development of an untargeted approach have been treated but, particular attention has been
posed on the data analysis and the metabolites identification. The combination of the
univariate and multivariate data analysis allowed to obtain a list of reliable biomarkers.
However, by a deeper investigation on the kinetics profiles, it was possible to find some
markers deriving from the consumption of other kinds of food. Therefore, only those markers
being specific of the dairy either meat based diet were selected. Moreover, the identification
step allowed to select the markers that showed a reasonable biological meaning. Finally, the
comparison between PLSDA and ML-PLSDA allowed to distinguish those markers that are
not affected or affected from the different individual response.

Information like the plausibility of a biomarker, its specificity, its dependence on the
individual response, its Kinetics of excretion, are necessary for the choice of the suitable
biomarker in the observational and epidemiological studies on diet-disease relationship
investigation. In this thesis, it was shown how data analysis and identification are essential
to obtain these information and then to identify a reliable biomarker. However, further
improvements in data analysis tools and in the availability of complete databases are needed
in order to simplify the identification step that is, by far, the major bottleneck of untargeted

workflows.
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Conclusions

As shown in the previous sections, several aspects should be taken into account when
analyzing complex matrices like food by means of different approaches. Sample preparation,
chromatographic and mass spectrometric methods and data analysis have to be treated in
different ways based on the purpose of the analysis.

Whereas in targeted methods sample preparation should be as selective and specific as
possible towards the few analytes of interest, in suspected and untargeted methods it should
be comprehensive enough to extract the whole class under investigation or the whole
metabolome, respectively. For this reason, targeted approaches mainly focus on the
development of a proper sample preparation, clean-up and enrichment, in order to identify
and quantify a specific class of analytes. Of course, several aspects related to sample
preparation have to be considered: recoveries, time, costs, and applicability to different
matrices or to a wide range of diverse compounds. The overall process efficiency of the
developed method has to be a compromise between performance and application easiness
and rapidity.

The chromatographic and mass spectrometric method optimization is of course the key
step in both the targeted and suspected/ untargeted approaches. However, whereas in the first
case the method should be optimized for the few analytes of interest, in the suspected and
untargeted approaches should be, again, suitable for the analysis of a wide class of
compounds. The method optimization for a small class of compounds is of course easier
compared to a large class of compounds, that is the reason why few chromatographic
methods evaluations in suspected and untargeted approaches analysis have been published
so far. However, a chromatographic evaluation on the real system is always preferable
compared to an evaluation on a simulated systems such as a mixture of standards. The
chromatographic behaviour strictly affects the detection of compounds, therefore, phases,
gradient, temperature should be optimized in order to achieve the best separation of the
compounds present in a complex mixture. Also, the coupling of the chromatographic system
to the ESI source and to the mass spectrometer have to be considered. The right parameters
in order to have an effective ionization, detection and fragmentation should be chosen. Even

in this case, optimizing mass spectrometric parameters for a few analytes is different
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compared to a huge range of analytes. Therefore, some completely different methods are
applied in targeted and suspected/untargeted approaches. For instance, considering the mass
spectrometric acquisition, MRM and DDA are usually carried out in targeted and suspected
analysis, respectively. In untargeted analysis, instead, DDA acquisition or two steps
workflows, i.e. full scan acquisition and then selected ions fragmentation, are carried out.
Therefore, also in this case, the different purposes of the analysis imply some differences in
the way the analytical method is developed.

Finally, the data analysis and identification step is a particularly though issue. Luckily,
targeted approaches do not suffer from the difficulties of the time consuming data analysis
step that suspected and untargeted approaches have to face. Indeed, whereas in targeted
analysis the compounds to analyze are already known, in the case of suspected and, mostly,
untargeted approaches the data analysis and identification result the major bottlenecks.
Whereas in the suspected approach the only difficulty is in the identification of a wide range
of “expected” compounds, in untargeted approach both the step of the selection of the
markers of interest and the step of their identification require efforts and time. Further
improvements in data analysis tools and in the availability of complete databases are needed
in order to simplify the suspected and untargeted workflows and making them more
accessible to a wider researchers community.

In conclusion, food science finds in mass spectrometry a powerful tool for food safety
and quality assessment and for studies on nutrition. Several approaches are available and can
be exploited to accomplish different aims. The advantages of each approach can be exploited
based on the purpose of the study like, for instance, targeted for the quantification of traces
of contaminants in foods, suspected for metabolic profiling of food bioactive compounds,
untargeted for nutritional biomarkers discovery. Of course, whatever approach is used, a

previous method development and optimization is necessary to obtain the best results.
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ARTICLE INFO ABSTRACT

Keywords: The recent years witnessed a change in the perception of nutrition. Diet does not only provide nutrients to meet
Phytochemicals the metabolic requirements of the body, but it also constitutes an active way for the consumption of compounds
Food analysis beneficial for human health. Fruit and vegetables are an excellent source of such compounds, thus the growing

High resolution mass spectrometry

! 1T TS interest in characterizing phytochemical sources, structures and activities, Given the interest for phytochemicals
High resolution liguid chromatography

in food, the development of advanced and suitable analytical techniques for their identification is fundamental

:E:}l‘:uk for the advancement of food research. In this review, the state of the art of phytochemical research in food plants
Metabolomics is described, starting from sample preparation, throughout extract clean-up and compound separation techni-

ques, to the final analysis, considering both qualitative and quantitative investigations. In this regard, from an
analytical point of view, fruit and vegetable extracts are complex matrices, which greatly benefit from the use of
modern hyphenated techniques, in particular from the combination of high performance liquid chromatography
separation and high resolution mass spectrometry, powerful tools which are being increasingly used in the recent
vears. Therefore, selected applications to real samples are presented and discussed, in particular for the analysis
of phenols, polyphenols and phenolic acids. Finally, some hot points are discussed, such as waste character-

ization for high value-compounds recovery and the untargeted metabolomics approach.

1. Introduction

The increasing knowledge about the impact of diet on health is
changing the opinion on the role of nutrition. Diet does not only pro-
vide adequate nutrients to meet the metabolic requirements of the
body, but it can be a source of bioactive compounds able to contribute
to the improvement of human health. Consequently, the identification
of such compounds is crucial for both the food and the dietary in-
tegrators market, to provide customers with a healthy, balanced diet.
Bioactive compounds are being studied in the prevention of cancer,
heart disease, and other diseases (https//www.cancer.gov/
publications/dictionaries/cancer-terms?cdrid =703278). In this con-
text, the vegetable kingdom is a primary source of such phytochemicals
with potential health benefits, At present, researchers have identified
hundreds of compounds with health-promoting, disease-preventing, or
curative properties, and new discoveries concerning the complex in-
teractions between secondary metabolites in plants and health are
continually made (Weidner et al., 2012). Table 1, adapted from
(Sbrana, Avio, & Giovannetti, 2014), shows some of the phytochemicals
occurring in edible plants with health-promoting, disease-preventing,
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or medicinal properties. A considerable amount of data on dietary
phytochemicals accumulated over the past years has been collected and
stored in electronic databases (Scalbert et al.,, 2011). Additionally, the
advent of metabolomics, which is a powerful approach enabling the
comprehensive, qualitative and quantitative analysis of all metabolites
(Fiehn, 2002), prompted research in this field; high resolution mass
spectrometry (HRMS) coupled to (ultra)high performance liquid chro-
matography ((UJHPLC) is increasingly used in metabolomics. The re-
cent innovations in instrumentation and informatics currently allow
performing a comprehensive analysis of metabolites and reliably com-
pare samples in a semi-automated manner., However, rigorous meth-
odologies are required. Plants have a very large metabolome: about
200,000 phytochemicals are known so far and 20,000 of them have
been identified as originating from fruits, vegetables and grains;
moreover, they differ in molecular weight, physico-chemical char-
acteristics and dynamic range (Oz & Kafkas, 2017). Thus, despite the
potential, a fully exhaustive characterization in plant metabolomics
remains challenging.

Metabolomics is subdivided into targeted (Roberts, Souza,
Gerszten, & Clish, 2012) and untargeted (Vinayavekhin & Saghatelian,

to di Chimica, Sapienza Universith di Roma, Box no 34 - Roma 62, Piazzale Aldo Moro 5, 00185 Rome, Italy.
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Table 1

Health effect of some phytochemicals (adapted from (Sbrana et al, 2014) with the addition of new items and references).
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Phytochemicals Flant Health promoting activities References
Activity on metabolic diseases
Curcumin, capsaicin, catechins Curcuma, chili Antidiabetic (Leiherer, Miindlein, & Drexel, 2013)
Peppers, cocoa
Amorfruting Glycyrrhiza foetda Antidiabetic, lipid-lowering (Weidner et al., 2012)
oot
Proanthocyanidins Seed shells Antiobesity (Yokota, Kimura, Ogawa, & Akihiro, 2013)
Lutealin, phytosterols, isoflavones Artichoke, soy Hypocholesterolemic activity (Gebhardt, 1997; Mannarino, Ministrini, & Pirro, 2014)
Anticarcinogenic activity
Theaflavins, thearubigins Black teas Antiproliferative activity (Bhattacharya, Halder, Mukhopadhyay, & Giri, 2009)
Baicalein, baicalin, curcumin, Garlic, lemon, Antiproli ive action on leukemia, h (Cherng, Shieh, Chiang, Chang, & Chiang, 2007; Rai, Kaur,

quercetin, lutein carrot, basil, grape

Erythrodiol, uvaol, oleanolic, Olive fruits
maslinic acid
Isothiocyanates, dithiolethiones, Brassicaceae

sulforaphanes

Gamma-carotene, lycopene, lutein Cruciferous
vegetables

Other acnivities

S-allyl cysteine, allicin Garlic

Lutealin, kaempferol, apigenin,
myricetin
Beta-sitosterol and its glycosides

Teas, onions, apples

Legumes, cereals,
corn oil, nuts

Tocotrienols, tocopherols Palm oil

Phenalics in general, especially Figs and grape seeds
polyphenolics

Epicatechin, epigallocatechin, Grapes, berries,
epicatechin-gallate, cocoa, green tea,
epigallocatechin-gallate nuts

Carotenoids Carrots, omatoes

melanoma, breast, bladder, pancreas, uv‘m}', brain,
kidney, lung, colon, and stomach carcinoma cells
Cytotoxic effects on human bresst cancer cells

Inhibition of carcinogenesis by modulating carcinogens
metabolism and detaxification

Protection against uterine, prostate, breast, colorectal,
lung, and digestive tract cancers

Antihypertensive
Anti-inflammatory and antibacterial activities

Antioxidant activity, hypocholesterolemic adivity,
anti-inflammatory, antineoplastic, antipyretic, and
immune system-modulating sctivity

Antioxidant, antiproliferative and apoptotic activities,
preventing or reducing the risk of breast cancer
Antioxidant, amyloid disease prevention and therapy,
apoptotic on cancer cells

Reduction of dysregulations and degenerative
phenomena, anticarcinogenic effects

Antioxidants that might aid in the prevention of several
human chronic degenerative diseases, such as cancer,

Jacobs, & Singh, 2010; Russo, Nigro, Resiello,
D'Arienzo, & Russo, 2007; Shehzad, & Lee, 2013)
(Allouche et al., 2011)

(Ares, Nozal, & Bernal, 2013; Dillard & Bruce German,
2000; Tang et al,, 2010)
(Jian, Du, Lee, & Binns, 2005; Toniolo et al,, 2001)

(Shouk, Abdou, Shetty, Sarkar, & Eid, 2014)
(Dillard & Bruce German, 2000)

(Loizou, Lekakis, Chrousos, & Moutsatsou, 2010;
Woyengo, Ramprasath, &Janes, 2009)

(McIntyre, Brisld, Gapor, & Sylvester, 2000)

(Antunes-Ricardo et al., 2014; Ares et al.,, 2013; Lourengo,
Gago, Barbosa, De Freitas, & Laranjinha, 2008;

Stefani & Rigacci, 2014)

(Lambert & Elias, 2010; Yang, Lambert, & Sang, 2009)

(Bijttebier, D'Hondt et al., 2014)

cardiovascular diseases and age-related eye diseases

2010) approaches, In the targeted approach a set of selected, known
metabolites are identified and quantified by using authentic standards
or available databases (in the latter case a specific list of compounds is
screened but no reference compounds are available for confirmation).
The resulting data can be used as input for statistical analysis to dis-
tinguish sample classes with accuracy. In contrast, untargeted meta-
bolomics aims to obtain information about all detectable compounds
(no hypothesis is made on which compounds are present in the sample
and the aim is to analyze everything, to achieve the widest metabolic
coverage). Although this aim has not been reached yet, clear progress in
this direction is ongoing. Suspect screening is an intermediate ap-
proach, which relies on specific information on some compounds, such
as molecular formula and structure, suspected to be present in the
sample (Flamini et al., 2013). This approach is relatively much more
employed in the environmental analysis (Krauss, Singer, & Hollender,
2010; Scheibner, Squibb, Greco, & Steiner, 2016) than in phytochemical
research.

Sometimes only metabolites related to either specific metabolic
pathways or a class of compounds are investigated (Theodoridis, Gika,
Want, & Wilson, 2012; Wolfender, Marti, Thomas, & Bertrand, 2015).

Until recently, most of the plant metabolite studies relied on ana-
lysis /quantitation of selected biactive compounds. The development
of powerful analytical techniques is essential for the advancement in
phytochemical research. Due to the complexity of natural matrices,
hyphenated HPLC-HRMS techniques appear a powerful tool and have
been increasingly used in the recent years. Despite the very large
number of reviews dealing with phytochemical analysis by chromato-
graphy-MS (Ignat, Volf, & Popa, 2011; Khoddami, Wilkes, & Roberts,
2013; Valls, Milldn, Marti, Borras, & Arola, 2009; Wang, Zhang, Yan,
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Han, & Sun, 2014; Wu et al., 2013), none of them was devoted to
phytochemicals in food, neither were they focused on methodological
aspects peculiar to HRMS, nor on issues related to the chemical classes.
Considering all these aspects, the purpose of this review is to present
and discuss the modern analytical approaches, based on HPLC and
UHPLC coupled with HRMS and tandem mass spectrometry (MS/MS),
employed to characterize and/or identify phytochemicals in food of
plant origin. Decoctions, infusions and medicinal herbs in general will
not be included in this review. The advantages, as well as the limita-
tons of the various methods, are reported in order to provide an
overview of the most suitable approaches for class-specific or mult-
class analysis.

2. Sample preparation
2.1. General remarks

Sample preparation is a critical step, which determines the com-
pounds isolated and the accuracy of both qualitative and quantitative
results; therefore, all the aspects of the procedures should be considered
from the beginning. In principle, sample preparation methods for HRMS
do not differ significantly from traditional methods for low resolution
MS analysis (Kim & Verpoorte, 2010). However, in HRMS experiments
large sets of analytes are usually investigated, then the extraction
should be a general one able to extract them all. Due to the presence of
a wide variety of phytochemicals in plants, with very different pola-
rities, no single solvent or solvent mixture is suitable for this purpose.
Several extractions with solvents having different polarity (at least a
polar one and a non-polar one) are needed to cover the entire range of
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metabolite polarity. Moreover, very different chromatographic and MS
conditions are necessary for analysis; therefore, the “polar” and “non-
polar” compounds are usually extracted and analyzed separately.

2.1.1. Extraction of semi-solid and solid samples

As the first step, the vegetal sample is lyophilized and ground when
necessary, to ensure a homogeneous sampling from processing of small
powdered aliquots (Cavaliere, Foglia, Pastorini, Samperi, & Lagana,
2005). At this point, compounds should be extracted from the matrix.
The extraction is carried out under mixing and/or ultrasonication (see
column “Extraction” of Table 2). In some cases, to increase the rate of
dissolution, more drastic conditions can be used, such as homogeniza-
tion combined with accelerated solvent extraction (ASE) (Ares, Bernal,
Nozal, Turner, & Plaza, 2015; Bijttebier, Zhani et al., 2014), or Soxhlet
extraction (Pierson et al, 2014). In ASE, analytes are extracted at high
temperature (50-200 °C) and pressure (500-3000 psi) for a short time
(5-10min). This technique complies with the principles of green
chemistry, as it combines the benefits of high-throughput, automation
and low solvent consumption in closed systems, thus reducing the risks
for both operators and environment, but expensive equipment is re-
quired (Armenta & de la Guardia, 2015). Such drastic conditions need
to be evaluated carefully, since both time and energy transfer increase
the risk of artifacts. In this respect, ultrasonication represents the
mildest solution.

Solid samples with low water content, such as soybeans (Chang
et al., 2012), common beans (Bianco, Buchicchio, & Cataldi, 2015) and
wheat grains (Dinelli et al,, 2009, 2011) are usually ground and ex-
tracted with a solvent by sonication (Bianco et al, 2015; Chang et al.,
2012) or by blending (Dinelli et al., 2009, 2011). Solid fatty samples,
such as cocoa beans, are usually ground and defatted by means of an
organic solvent, such as hexane under stirring, prior to analyte ex-
traction (Kalili&de Villiers, 2009; Milev, Patras, Dittmar,
Vrancken, & Kuhnert, 2014; Patras, Milev, Vrancken, & Kuhnert, 2014).

Fruit samples, such as grape, tomato and berries, are frozen and
homogenized with the extraction solvent, keeping samples in the dark
and/or at low temperature when degradation may occur; in some cases
the extraction is assisted by sonication (see column “Extraction” of
Table 2).

Given the diversity in analyte features, solvent characteristics, sol-
vent-to-sample ratio, time of extraction and temperature are important
variables to be considered during extraction. A compromise should be
found but, when dealing with HRMS analysis, in only one work the
extraction variables were actually optimized by an experimental design
(Van Meulebroek, Vanden Bussche, Steppe, & Vanhaecke, 2014). This
would enable a strong reduction of the number of experiments needed
for optimization of the most relevant variables, taking into account the
selectivity of the extraction procedure in terms of interfering com-
pounds and matrix effect (ME). However, it should be pointed out that,
despite the advantage just described, an experimental design could be
useful only for relatively homogeneous matrices and for a class of
compounds with similar physico-chemical characteristics. In fact, the
solvent to be used for extraction strongly depends on the polarity of the
compound class(es) to be extracted. As an example, for extraction of
phenolics, mixtures of methanol (MeOH), ethanol or acetone and water,
either acidified or not, are commonly employed, whereas less polar
solvents, such as MeOH or MeOH/acetone are preferred for the ex-
traction of a larger set of phytochemicals. By using solvents with dif-
ferent polarities, sometimes it is possible to obtain extracts with dif-
ferent composition and complementary information (Navarro, Ninez,
Saurina, Herndndez-Cassou, & Puignou, 2014). For instance, for meta-
bolomic analysis in tomato juices, a series of liquid-liquid extractions
(LLEs), first with polar (MeOH) and then apolar (hexane/acetone
mixture) solvents were performed and fractions individually analyzed
(Cichon, Riedl, & Schwartz, 2017).

A final remark is necessary for bound compounds, which need a
chemical treatment to release them from the matrix. As an example, in

(Lozano-Sinchez et al,

(Garcia-Villalba et al,
2010)

(Garcia-Villalba et al,
2009)

2010)
(Ballus et al,, 2015)

Ref.

ESI —: 44 identified phenolics, 28 (Capriott et al,, 2014)

unidentified

66 compounds, 32 phenolics
ESI +: many unidentif. comp.
with a nitrogen atom.

75 compounds, most phenolics

18 (id entified) (quantified)

phenolics

18 ¢

Identification/validation/  Compounds

quantitation

validation for 7 phenolics

LOQs 2-4800ng L1
Tentative ident fcaton.

Targeted /untargeted
Identification
Cuantification and
Untargeted.
Quantification.
Untargeted.
Identification.
Quantification.
Targeted
Identification.
Validation for 6 comp.
Untargeted.
Identification.

No quantification

Q-TOF MS/MS

ESE
Q-TOF
MS/MS

MS

ESL-
TOF MS
ESL-
TOF MS
CZE
DAD
ESI+/—

ESL-
DAD

4.6 » 150mm, 1.8pm. Water 0.25% TOF MS
+ 0.1% formic acid. 30.1 min

acet. ac./MeOH ~ 35 min
4.6 » 150mm, 1.8pm. Water 0.25% TOF MS

Mane-LC: €18 BioSphere,
acet. ac./MeOH ~ 35 min

F5um * 10 cm, 3 pm. 0.5% acetic

acid/ACN. 45min.
4.6 =% 150mm, 1.8 pm. 0.5% acetic

acid/ACN. 33min
Semipreparative HPLC: Gemini C18

UHPLC: Zorbax Eclipse plus

10 = 250 mm, 5 pm. CE:

85 em % 50 pm; 40 mmol L7
NH.HCOs, pH 9.5, 10 min/fraction
UHPLC: Zorbax Eclipse plus
UHPLC: Zorbax Eclipse plus
UHPLC: Zorbax Eclipse plus

21 * 150mm, 1.8 pm. Water /ACN

Chromatography

LLE, optimized by experimental design.

Comparison with SPE

Semi-preparative HPLC: C18 Gemini
column, 10 = 250 mm, Spm. 17
LLE, partition between hexane and
MeOH.

fractions

SPE by diol phase
SPE by diol phase.
SPE by diol phase

Extraction

Cornicabra, Arbequina, Hojiblanca,

Picudo)

Manzanilla, Coratina, Frantoio and

1 Cornezuelo, 1 Manzanilla, 3
Koroneild, Arbosana, Grappolo,
MGS Mariense varieties

Extra VOO (cv Leceing, Frantoio,

Arbequina)
25 VOO samples from Arbequina,

Arbequina)
Carbmneella)

VOO (3 varieties: Pienal, Hojiblanea and
VOO (14 varieties: 2 Hojiblanca, 7 Picual,

VOO (6 varieties: Pienal, Lechin,

Table 2 (continued)

Matrix



G. La Barbera et al

whole grain bound phenolics could be determined only after basic and
acid hydrolysis (Dinelli et al., 2009, 2011). After each hydrolytic step,
free phenolics were extracted with ethyl acetate and were analyzed as
the free fraction.

2.1.2. Clean-up step

When utilizing targeted analysis or a predefined class profiling,
sample preparation can comprise a clean-up step, usually consisting in a
LLE or solid phase extraction (SPE). However, to avoid possible de-
gradation and to save time, it is important to maintain the procedure as
simple and rapid as possible. In this respect, the greater sensitivity in
full scan mode typical of the HRMS analyzers allows working with less
concentrated crude extracts with reduced ME, thus making a clean-up
step unnecessary in many cases.

This choice is obvious for metabolomic approaches and, in general,
when quantification is outside the scope of the work and only identi-
fication and confirmation of compounds are pursued; indeed, for a
quantitative determination, the ME could cause inaccuracy for many
matrices. However, a clean-up step is sometimes added to the procedure
also for non-quantitative investigations. LLE has been used as pre-
treatment either discarding the apolar phase for defatting purpose (Di
Donna, Mazzotti, Taverna, Napoli, & Sindona, 2014; Di Donna et al.,
2007; Mikotajezyk-Bator, Blaszezyk, Czyzniejewski, & Kachlicki, 2016;
Pierson et al, 2014; Ramirez, Zambrano, Sepilveda,
Kennelly, & Simirgiotis, 2015), or discarding the polar phase to elim-
inate polar compounds (Bijttebier, Zhani et al., 2014). Defatting can be
performed on extracts as well, as the case of walnut kernels; they were
first homogenized, then extracted with a polar solvent and the extract
defatted by LLE with hexane (Regueiro et al., 2014). As a whole, LLE is
not a very selective technique, thus a more refined matrix component
removal may be needed. In this regard, SPE is the technique of choice.
Besides, SPE provides an additional advantage over LLE, since the in-
vestigated compounds can be more selectively retained by the sta-
tonary phase and concentrated in the eluate. The classical C18 ad-
sorbent has been employed to isolate single classes of compounds
(Caprioli, Cahill, Vittori, & James, 2014; Hjelmeland,
Zweigenbaum, & Ebeler, 2015; Mikolajezyk-Bator et al., 2016) but also
to pre-fractionate complex extracts, by means of both disposable car-
tridges (Bai et al., 2014; Lai et al, 2013; Navarro et al., 2014; Passo
Tsamo et al., 2015) or semi-preparative columns (Di Donna et al., 2014;
Pierson et al., 2014). However, for SPE several phases are commercially
available and the choice among them depends on the physico-chemical
nature of the investigated compounds and on the matrix components
which need to be removed. For instance, mixed polar-non polar resins,
such as OASIS HLB, were employed to isolate anthocyanins (Lin, Sun,
Chen, & Hamly, 2011; Sun, Lin, & Chen, 2012; Willemse, Stander, & de
Villiers, 2013; Willemse, Stander, Tredoux, & de Villiers, 2014), while
the Amberlite XAD7 resin, a nonionic macroreticular resin that adsorbs
and releases ionic species through hydrophobic and polar interactions,
was employed for isolating both anthocyanins (Ramirez et al,, 2015)
and less polar phenolics (Simirgiotis, Ramirez, Schmeda
Hirschmann, & Kennelly, 2013). The mixed mode cation exchange
OASIS MCX was used to remove anthocyanins, while other phenolic
compounds were not retained (De Rosso et al., 2014). On the contrary,
OASIS MAX was used to retains phenolics, which then were selectively
recovered by an acidified eluent (Vallverdd-Queralt, Jauregui, Medina-
Remdén, Andrés-Lacueva, & Lamuela-Raventds, 2010; Vallverda-
Queralt, Juregui, Medina-Remoén, & Lamuela-Raventds, 2012). Size
exclusion chromatography was employed in proanthocyanidins ana-
lysis, which are present in plants and fruits as polymers (Kimura,
Ogawa, Akihiro, & Yokota, 2011).

2.2, Extraction of liquid samples

When dealing with liquid samples, extraction is usually avoided and
substituted by a simple filtration and/or degassing, depending on the
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sample characteristics.

Alcoholic beverages, including beer (Hughey, McMinn, & Phung,
2016; Quifer-Rada et al,, 2015) and wine (Alberts, Stander, & De
Villiers, 2012; De Villiers, Cabooter, Lynen, Desmet, & Sandra, 2011;
Greco, Grosse, & Letzel, 2013; Roullier-Gall, Lucio, Noret, Schmitt-
Kopplin, & Gougeon, 2014), and non-alcoholic beverages, such as fruit
juice  and syrup (Contreras, Arrdez-Romén,  Ferndndez-
Gutiérrez, & Segura-Carretero, 2015; Dugo, Giuffrida, Herrero,
Donato, & Mondello, 2009; Guo, Yue, Yuan, & Wang, 2013; Iswaldi
et al., 2012; Jiménez-Sinchez et al., 2015; Sommella et al., 2013), to-
mato sauce (Vallverdd-Queralt, Jiuregui, Di Lecce, Andrés-
Lacueva, & Lamuela-Raventds, 2011) and honey (Keckes et al., 2013)
have been treated in different ways before instrumental analysis. Beer
was first degassed by ultrasonication, and then filtered for metabo-
lomics study or an aliquot was cleaned-up by an OASIS MAX cartridge
for the selective extraction of phenolics. Wine was directly analyzed
without any pretreatment with good qualitative results, but quantita-
tion was outside the purpose of the work, therefore the ME was not
evaluated. Non-polar compounds, such as carotenoids, were extracted
from orange juice with a non-polar solvent mixture (Dugo et al., 2009).
For a broad polarity compound extraction, apple juice was repeatedly
extracted with ethyl acetate at two pH values (Guo et al., 2013), while
for the extraction of polar flavonoids from citrus juice, the sample was
first lyophilized, then extracted with MeOH under sonication
(Sommella et al,, 2013). Cranberry syrup concentrate, persimmon juice
and honey were simply diluted and filtered (Contreras et al., 2015;
Iswaldi et al., 2012; Jiménez-Sanchez et al., 2015; Ke¢ke$ et al., 2013).
For tomato sauce, an additional clean-up step by OASIS MAX was added
(Vallverd-Queralt et al., 2011).

Among the different liquid samples, a special attention should to be
paid to oils. Oil is a liquid fatty matrix with peculiar characteristics.
Virgin olive oil (VOO) is unique among the vegetable oils because it is
obtained from the olive drupes by solely mechanical means with no
other treatment, and thus it contains phytochemicals that are usually
eliminated from other vegetable oils during refining. Polar phyto-
chemicals can be extracted from the oily matrix by normal phase SPE on
diol modified silica or by LLE with a polar solvent, such as MeOH or
MeOH/water mixture. The SPE extraction is a well-established proce-
dure and uses a relatively large sample amount (60 mL) mixed with an
equal volume of hexane, During SPE fats are eluted with sample loading
and washing with hexane, whereas the compounds of interest are fi-
nally recovered with MeOH. The LLE works in a similar mode, but in
this case only 1g of oil, previously diluted with 1 mL of hexane, is
extracted with 2 mL of MeOH. Despite the disadvantage provided by
large volumes, SPE is the most widely used technique (Carrasco-
Pancorbo, Neusii?, Pelsing, Segura-Carretero, & Fernandez Gutiérrez,
2007; Fu et al, 2009; Garcia-Villalba et al, 2009, 2010; Lozano-
Sénchez et al., 2010), whereas only one study uses the classical LLE by
hexane/MeOH partitioning (Ballus et al., 2015). However, a recent
paper demonstrated some limitations of the diol SPE extraction method,
namely recoveries were lower than those obtained with MeOH/hexane
LLE for both the most and the least polar phenolic compounds
(Capriott et al,, 2014). Moreover, the silica-based diol phase irrever-
sibly adsorbs some presumably basic compounds, the nature of which
should be still elucidated and might be of importance in determining
the VOO characteristics,

2.3. Pitfalls in sample preparation of natural compounds

As a general rule, samples should be immediately frozen to avoid
enzymatic reactions. The most rapid and simple method is to place the
samples in liquid nitrogen to freeze them shortly after harvesting.
However, during all the analytical procedure steps, in particular during
sample handling and extraction, degradation or transformation of
analytes of interest could occur. For example, Feuereisen, Gamero
Barraza, Zimmermann, Schieber, and Schulze-Kaysers (2017)
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demonstrated that using pressurized liquid extraction at high tem-
peratures (> 75 °C), caused phenolic artifact formation. Another ex-
ample of natural compounds prone to degradation are the glucosino-
lates that are present in Brassicaceae family plants. Indeed, myrosinase
is the only known enzyme that cleaves a thio-linked glucose found in
nature; although myrosinase and glucosinolates are stored in separate
and different cell types, however they come into contact when plant
tissues are disrupted by mechanical treatments (chewing, chopping, or
cutting). Thus, in the presence of water, myrosinase hydrolyzes gluco-
sinolates to yield a variety of degradation products, including iso-
thiocyanates (Bell & Wagstaff, 2014; Lee, Lim, Kim, & Lee, 2017). For
this reason, glucosinolates extraction is generally performed with
MeOH, water or their mixtures at temperatures > 70 °‘C to inhibit
myrosinase activity (Ares, Nozal, Bernal, & Bernal, 2014).

In the analysis of olive oil, Karkoula, Skantzari, Melliou, and
Magiatis (2012) described the reactivity of oleocanthal and oleacein
with MeOH and water, which are commonly used both for the extrac-
ton of polyphenols and as components of mobile phase during their
liquid chromatography analysis, leading to the formation of several
artifacts. Therefore, even in the instrumental determination step, target
analytes can be transformed. This is also the case when large con-
jugated compounds are analyzed by electrospray ionization (ESI)-MS.
In fact, dealing with O-glycosylated flavonoids containing more sugar
moieties, ESI in-source fragmentation is easily observed (Cavaliere
et al.,, 2005), unless very mild conditions are chosen (e.g., low declus-
tering potential values, gas pressures etc.). In some cases, in-source
fragmentation can be favored to improve the MS/MS information on
the aglycone moiety (La Barbera et al., 2017).

2.4. Final remarks

It is noteworthy that in the majority of the reviewed works, espe-
cially in untargeted approaches, sample preparation was performed by
protocols based on consolidated experience, without any form of per-
formance evaluation. Obviously, it is objectively difficult to apply the
methodologies well established for the targeted analysis to samples
containing unknown compounds and determine recovery, ME and in-
termediate precision evaluation. Still, changing the matrix may greatly
affect the process yield, in targeted analysis as well. In this context,
recently a clear analysis of the effect of sample preparation was per-
formed in a very systematic manner (Bijttebier et al., 2016), taking as
starting point the observation that, despite the importance of the ex-
traction protocol design in obtaining accurate and reproducible data,
“Current extraction methods developed for plant metabolomics do not
allow collection of the entire plant metabolome, introducing inevitable
compromises”. The authors' purpose was to evaluate the currently
available methods for comprehensive extraction of plant metabolites
and, more importantly, to establish a validation procedure. For this
reason, they considered seven extraction procedures working on two
model samples. Then, the samples were analyzed under their best
condition and the relative process efficiency, repeatability and inter-
mediate precision were calculated. The authors concluded that none of
the selected procedures was suitable for the whole range of analytes.
Moreover, some discrepancies in process efficiency also indicated a
dependence on the original matrix. The possible formation of artifacts
was also considered and attributed to residual enzymatic activity. Most
importantly, it was established that, in the field of untargeted meta-
bolite analysis, high quality results strongly depend on validated
sample preparation methods. Thus, to conclude, the impression is that
researchers often underestimate the importance of the pre-instrumental

steps.
3. Liquid chromatography

The analysis of individual phytochemicals in complex extracts re-
quires efficient separation methods prior to their detection. In this
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regard, since the middle '80s HPLC was recognized as the most versatile
technique. The latest developments of HPLC, including very pH-stable
stationary phases, sub-2 pm particles and fused-core particles, have
considerably improved the performance of HPLC systems in terms of
resolution, peak capacity, reproducibility and ruggedness. Efficiencies
exceeding 80,000 plates and peak capacities over 600 can actually be
routinely attained; therefore, the gap with GC performances has been
considerably reduced, with the advantage of simpler sample prepara-
tion requirements,

Fully porous, high-quality packing material with diameter sub-2 pm
was introduced in the early 2000s and initially used for packing long
capillary columns that were used in a homemade, very high pressure
system (Mellors & Jorgenson, 2004). However, very soon both columns
and suitable liquid chromatography apparatuses become commercially
available. Two years later, UPLC coupled with both diode-array de-
tection (DAD) and MS,/MS was applied to phytochemical analysis for
the first time (Zhou, Xu, Xue, Zhang, & Liang, 2006).

3.1. UHPLC

UHFPLC, both with fully porous or fused-core particles, may re-
present the ideal complement to HRMS to achieve a broader coverage
of the compounds present in complex samples (Kaufmann, 2014).
However, some constraints should be considered for successfully cou-
pling  UHPLC  with  HRMS Gumy,
Veuthey, & Guillarme, 2012):

(Rodriguez-Aller,

* Mobile phase flow rate compatibiity with ESI source. Without the
technical solutions (modification of the source design, increase of
pneumatic assistance) available in the latest generation in-
strumentation, the optimum mobile phase flow rate of ESI sources is
generally between 50 and 300 pLmin~ ', The optimal flow rate for
21mm id. columns packed with 5pm particles is about
200 pL min~ ', whereas for columns packed with sub-2 um particles
in UHPLC-MS systems it is approximately 3 times larger.
Extra-column band broadening. Again, this problem is more severe in
older generation instruments, due to both instrument dead volumes
and MS detector dispersion (Grata et al., 2009). The new generation
instruments have very low dead volumes as well as improved source
design. However, the loss of peak capacity could be still = 30% for
short columns and fast gradients.

Frictional heating effect. This effect can be observed at elevated mo-
bile phase linear velocity; it causes additional pressure drop and
band dispersion due to a temperature gradient inside the column.
Acquisition rate. Peaks generated using UHPLC columns are narrower
than those generated in conventional HPLC in the same conditions.
As at least eight acquisition points are needed to define a chroma-
tographic peak with acceptable accuracy, faster acquisition speeds
are required.

Latest generation instruments have been designed to overcome
these constraints; liquid chromatographs are able to bear very high
maximum pressure limits (up to 1500 bar), and are equipped with a
thermostatted column compartment with mobile phase pre-heating.
These technical solutions (as well as the new generation ESI sources)
are compatible with 2.1 mm i.d. UHPLC columns. With older instru-
ments, a flow splitter between the column and the source could be in-
serted, provided that it is first ascertained this device does not introduce
additional band broadening. Alternatively, 1 mm i.d. columns can be
employed; however, this column size is not available by all suppliers
and/or for all the stationary phases. The last issue will be discussed in a
next paragraph.

Nevertheless, in the field of phytochemistry research several appli-
cations exploit UHPLC both with fully porous (Abu-Reidah, Contreras,
Arrdez-Romén, Ferndndez-Gutiérrez, & Segura-Carretero, 2014; Abu-
Reidah, Contreras, Arrdez-Romén, Segura-Carretero, & Ferndndez-
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Gutiérrez, 2013; Abu-Reidah et al., 2012; Alberts et al., 2012; Ares
et al., 2015; Ballus et al., 2015; Bijttebier, Zhani et al., 2014; Capriotti
et al., 2014; Chong, Mcghie, Heyes, & Stowell, 2013; De Paepe et al.,
2013; De Rosso et al., 2014; De Villiers et al., 2011; Dinelli et al., 2009,
2011; Farag, El-Ahmady, Elian, & Wessjohann, 2013; Flamini et al.,
2013; Fu et al., 2009; He et al, 2016; Hughey et al, 2016; Hurtado-
Ferndndez et al., 2011; Iswaldi et al., 2012; Jiménez-Sinchez, Lozano-
Sanchez, Rodriguez-Pérez, Segura-Carretero, & Ferndndez-Gutiérrez,
2016; Jiménez-Sdanchez et al., 2015; Kirlund, Hanhineva, Lehtonen,
Karjalainen, & Sandell, 2015; Keckes et al., 2013; Kimura et al., 2011;
Lin et al., 2011; Lozano-Sanchez et al., 2010; Mikotajezyk-Bator et al.,
2016; Morales-Soto, Goémez-Caravaca, Garcia-Salas, Segura-
Carretero, & Ferndndez-Gutiérrez, 2013; Passo Tsamo et al., 2015;
Roullier-Gall et al., 2014; Sun, Liu, Yang, Slovin, & Chen, 2014; Sun
et al,, 2013, 2012; Willemse et al, 2013) or fused-core particles
(Abranké, Nagy, Szilvdssy, Stefanovits-Bnyai, & Hegedus, 2015;
Bianco et al, 2015; Hjelmeland et al.,, 2015; Lipez-Cobo, Gémez-
Caravaca, Cerretani, Segura-Carretero, & Ferndndez-Gutiérrez, 2014;
Navarro et al., 2014; Sommella et al., 2013). In most of the cases, the
flow rates are lower than the optimal one for the column used, or higher
than the optimal one for the ESI source (only in few cases the flow was
split). When quantification is performed by UV and identification by
MS, the effluent from the column can be split in order to obtain a sui-
table flow rate for both detectors. Mobile phases are usually mixtures of
water/acetonitrile (ACN), acidified with small amounts of formic or
acetic acid, or formic acid and ammonium formate. To obtain better
peak shapes for anthocyanins and anthocyanidins, the formic acid
percentage should be increased up to 7.5% (Alberts et al., 2012; De
Villiers et al., 2011; Willemse et al., 2014). The slow interconversion
between carbinol-pseudobase and flavylium cationic species in solution
causes remarkable band broadening under conventional reversed phase
(RP)-LC conditions. An increase in acidity and temperature causes an
increase in transformation rate. Moreover, a very slow linear velocity
should be used to further improve resolution. When using hydrophilic
interaction chromatography (HILIC), a smaller percentage of a stronger
acid at lower concentration (0.4% trifluoroacetic acid) should be used
to avoid the drastic reduction of ty due to the excessive polarity of the
HILIC phase (Willemse et al., 2013). MeOH is rarely used as organic
modifier (Ballus et al, 2015; Jaiswal & Kuhnert, 2014).

An unusually low polarity mobile phase system, consisting of
5mmol L™ ' ammonium acetate/MeOH/ACN/ethyl acetate as weak
phase and ACN/ethyl acetate as strong phase, was used to elute very
hydrophobic compounds, such as xanthin diesters (Bijtiebier, Zhani
et al., 2014) or carotenoids (Bijttebier, D'Hondt et al., 2014). For se-
paration of carotenoids, a C30 column was used, with 2-methoxy-2-
methylpropane as the less polar modifier (Cichon et al., 2017) due to its
ability in separating cis/trans isomers, and it was compared to six
UHPLC C18 columns (particle size 1.7 or 1.8 pm) (Bijttebier, I'Hondt
et al., 2014); the authors concluded that while UHPLC analysis is more
suited for rapid screening of carotenoids, for analysis of complex mix-
tures, the HPLC C30 column gives better resolution. The advantage of
€320 column was offset by the fact that analysis on this column took
about four times longer than UHPLC (100 min vs. 23 min, respectively).
However, one must now consider that at the time when this comparison
was performed, UHPLC C30 columns were not available, while now
coreshell C30 columns with particle size 2.7 pm are commercially
available and might become a first choice for xanthin and carotenoid
separation.

3.2 HPLC

Although the advantages of UHPLC are fully recognized and this
technique has become popular since ca. 2010, traditonal HPLC
(3-5pm particle size) is stll widely employed (see column
“Chromatography” in Table 2). In this case, gradient times (including
re-equilibration) are generally longer than for UHPLC systems, usually
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between 20 and 100 min for HPLC and 7-45 min for UHPLC, with
significant exceptions. In few cases, conventional HPLC can be used to
fractionate complex mixtures, as the case of fractionation of crude ex-
tracts by semipreparative HPLC. This process increases the final number
of samples but decreases their complexity, thus fractions can be directly
infused into the HRMS system (Di Donna et al, 2007, 2014).

Nano-HPLC with 75 pm i.d. column, in the form of 100 mm long
column (Contreras et al., 2015; Garcia-Villalba et al., 2010) or 150 mm
chip (Chang et al, 2012), has been rarely employed. The 100 mm
column performances were compared to those of an UPLC column
(4.6 * 150 mm, 1.8 um particle size), highlighting its better limits of
detection but also pointing out the worse reproducibility.

3.3. Two-dimension chromatography

Despite the very high efficiency, sometimes one dimension LC does
not provide sufficient resolution for complex samples separation. Two-
dimension comprehensive chromatography (LC % LC) is a technique
involving two different separation processes exploited in sequence with
high level of orthogonality.

An on-line LC % LC system has been used for a better separation of
the complex pattern of epoxycarotenoids esters in orange juice (Dugo
et al.,, 2009). In this work, the first dimension fractionation was per-
formed by normal phase LC with a relatively long and small id.
column, working at a very low flow rate and a fast mobile phase pro-
gram. Two-minute fractions (20 pL) were automatically recovered and
re-injected by a switching valve into a larger i.d. RP monolithic column,
working with an elevate flow rate and very fast solvent program. In this
way, the analysis in the second dimension is completed (including re-
equilibration time) before the injection of a new fraction coming from
the first dimension. The very high flow rate of the second dimension
ensures compatibility between the mobile phases. The orthogonality of
the two techniques ensures better resolution than with an optimized
one-dimension method, although both columns do not work under their
best conditions.

Another on-line LC % LC orthogonal system was created by cou-
pling HILIC with RPLC. The rationale of column coupling was similar to
that reported above: proanthocyanidins were separated in the first di-
mension by a relatively long, small i.d. column working at very low
flow rate and fast mobile phase program, while the second dimension
was performed with a larger i.d. column and fast gradient (Kalili,
Vestner, Stander, & De Villiers, 2013). To ensure solvent compatibility,
only a fraction of the effluent collected from the first column was in-
jected into the second column by means of a splitter.

A serial coupling of RP (first dimension) with HILIC, which used a
simple T mixer, was exploited for better separation of polar and non-
polar phenols in wine. The flow rate of the RP column was ten times
lower than that of the HILIC column. In this way, the polar compounds,
eluted unretained from the first column with the water-rich phase, were
separated by HILIC with a mobile phase ten time richer in ACN, while
the less polar compounds, separated in the first dimension, travelled
unretained through the second dimension. Both solvent programs must
be accurately designed to avoid reverse gradients, with a consequent
peak broadening (Greco et al, 2013).

A different configuration (parallel instead of serial) was proposed by
Pyke et al, (2015) for a generic profiling of small molecules. In addition,
in this case the sample was injected into the RP precolumn at very low
% of ACN and flow rate. The very polar compounds were not retained
and were diluted to = 90% ACN before entering the HILIC column.
Then, the elution program started, while the RP column was still under
low flow rate at the initial conditions. The flow rate was increased and
the gradient started only after the elution from HILIC column was
completed. This configuration is very interesting, but it has never been
used for phytochemical analysis, yet.

Off-line LC ® LC was also performed for separation of proantho-
cyanidins (Kalili & de Villiers, 2009) and anthocyanins (Willemse et al.,
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2014). In both cases, HILIC was used for the first dimension and RP for
the second dimension. The off-line setting certainly facilitates the
coupling, overcoming a degree of rigidity of on-line systems. However,
the flow rate of the first column still needs to be maintained low and
only a small portion of the injected sample can be transferred to the
second separation, decreasing sensitivity.

Off-line HPLC x capillary zone electrophoresis (CZE) was also
achieved and applied to extra VOO extract (Garcia-Villalba et al.,
2009). Seventeen LC fractions were collected and then analyzed by
CZE-HRMS/MS.

4. High resolution mass spectrometry and tandem mass
spectrometry

A detailed discussion of this issue is outside the purpose of this re-
view. For a simple, but exhaustive overview, the reader may refer to the
feature article by Zubarev and Makarov (2013), the review by Forcisi
et al. (2013) and the tutorial by Scigelova, Hornshaw, Giannakopulos,
and Makarov (2011).

4.1. General remarks

Mass spectrometry has been used for a long time in a variety of food
applications. Recent years, however, have witnessed a remarkable in-
crease in the employment of high resolution mass spectrometers.
Depending on the physical principle of operation, high resolution
analyzers are classified into time of flight (TOF), Fourier transform ion
cyclotron resonance (FTICR) and Orbitrap (Zubarev & Makarov, 2013).
They could be further combined with quadrupole and quadrupole traps
to allow analysis of both intact ions coming from analytes and their
fragmentation pattern. Altemnatively, the same analyzer can perform
MS and MS?, MS" ~ 2, as for radiofrequency or static electromagnetic
FT ion traps.

The mass resolution is the measure of the ability to distinguish two
peaks of different m/z, and itis measured as full width at half maximum
(FWHM). The narrower the peak width, the higher the resolution. The
mass accuracy is the ratio of the m/z measurement error to the true m/z
value, and it is usually expressed in parts per million (ppm). The ad-
vantage of measuring a compound mass with a suitable high accuracy
arises from the fact that, in this way, it is possible to directly determine
its elemental composition or, at least, largely reduce the possible
combinations. Therefore, accurate mass acts as a powerful filter for
confirming the identity of a compound or for identifying an unknown
one, when such information is combined with that from different

TOF MS
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Fig. 1. S5cheme comparing the main features of HRMS
techniques (T is period of oscillation, R is resolving power,
DR is inspectrum dynamic range, Tae is duration of de-
tection per ane spectrum). Reprinted with permission from
(Zubarev & Makarov, 2013). Copyright (2013) American
Chemical Society.
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structural investigation techniques. Other aspects of the usefulness of
mass accuracy for small molecule analysis include isotopic pattern. An
accurate isotopic pattern determination can further reduce the possible
accurate mass matching for different elemental compositions up to
95%.

Resolution and accurate mass are strictly related to each other. High
resolution is needed because one cannot accurately perform mass
measurement if some compounds remain insufficiently resolved.
Moreover, there is an intrinsic relation between mass resolution and the
precision of mass measurement. In this context, the resolution settings
define the confidence interval within which the mass measurement
matches the exact mass of the analyte.

However, what do we intend for high resolution and mass accuracy,
today? There is no rule in this sense; moreover, also considering that
only few laboratories have the state-of-the-art instrumentation, we can
work out a reasonable lower limit, namely 15,000 FWHM and = 5
ppm, respectively. Obviously, better performances lead to a better
certainty of identification. Ultimately, the mass analyzers suitable for
high mass accuracy determination are the ion beam based TOF and the
image current based FTICR and Orbitrap instruments.

4.2, Fourier transform based instruments

The FTICR and Orbitrap analyzers outweigh any other mass ana-
lyzer with respect to the achievable maximum mass resolution and
accuracy. In both FT analyzers, resolution (R) depends on the ratio of
the detection time (Ty) to the period of main oscillations (T,,); however,
in FTICR ions orbit in the magnetic field of superconducting magnets,
therefore T, is directly proportional to m/z and R inversely propor-
tional to m/z. In the Orbitrap analyzer, the ion motion is determined by
the electrostatic field, which leads to T, being proportional (and R
inversely proportional) to the square root of m/z (Fig. 1). The con-
sequence of this difference is that, for any FTICR and any Orbitrap
device, there is a critical m/z below which the resolving power achieved
for the same T, is higher for FTICR but above which the Orbitrap
analyzer starts to show higher R. This value was about 4000 for the 15T
FTICR. and the standard Orbitrap, but became about 300 for the high
field compact Orbitrap.

In FTICR instruments, field uniformity of superconducting magnets
and very high accuracy of frequency ents lead to hed
mass resolution and mass accuracy (Fig. 1). Similarly to FTICR, in the
Orbitrap mass analyzer the image current is also transformed into the
frequency domain and then converted into a mass spectrum. However,
as only electrical fields are employed to trap ions, Orbitrap is a small
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size analyzer and makes it possible to use it in benchtop instruments,
justifying the wider spread of Orbitrap instruments over FTICR ones.
Besides, enhanced FT improves the performance and, for instance, of-
fers the choice of twice the speed at the same resolving power or twice
the resolving power at the same speed.

The combination of FTMS with ion selection and fragmentation
devices represents a very suitable approach for small molecules ana-
lyses. Even if in theory, the Orbitrap can be operated to perform MS/MS
operation, in practice it requires cycles of pressure changes inside the
trap, thus the need of a fragmentation device and the possibility of
working in data dependent mode. Initially, a linear trap quadrupole
(LTQ) was introduced, then it was substituted by a collision cell, which
enabled higher-energy collisional dissociation (HCD).

Improvement in Orbitrap technology comprise a new concept
Orbitrap (Exactive, 2008), which, in addition to high mass accuracy,
fast scanning, wide dynamic range as well as high sensitivity, is capable
of generating fragmentation information in a non-selective manner
(Bateman, Kellmann, Muenster, Papp, & Taylor, 2009). The last evolu-
tonof Orbitrap technology produced the Q-Exactive, whichis equipped
with a quadrupole analyzer, and Orbitrap Fusion, a three hybrid in-
strument in which a dual stage LTQ has been added after the collision
cell and offers unmatched flexibility (Fig. 2).

4.3. Time of flight based instruments

In TOF analyzers the time of flight of the ion depends on the square
root of its m/z, and resolution depends on the capacity of the instru-
ment of eliminating the initial spread of kinetic energy of the injected
ions. Since in TOF instruments detection is accomplished by secondary
electron multipliers, the maximum detection efficiency is reached at a
very high kinetic energy of ions; this makes R independent from de-
tection time (Ty) or m/z but makes dynamic range directly dependent
on Ty, therefore the shorter the acquisition time, the smaller the dy-
namic range (Fig. 1). Typically, the highest resolution available in
commercial TOF devices is several times lower than the highest re-
solution in Orbitrap and FTICR instruments. At the same time, TOF
resolution is largely independent from m/z also in the MS/MS mode,
whereas in the Orbitrap analyzer the resolution in MS/MS mode is often
sacrificed to increase scan speed. However, the higher resolution of TOF
instruments in MS/MS mode does not always engender higher mass
accuracy, due to the reduced transmission of TOF analyzers which
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employ orthogonal acceleration of continuously flowing ions.

4.4. Which is the best instrument?

A question of great interest is which of FT-based or TOF-based in-
struments is the most suited for plant metabolite studies, or whether
both may be equally suitable for that purpose. A comparison between
FT-based instruments (especially Orbitrap, which is supplanting the
FTICR in the majority of the applications) and the TOF-based ones is
neither simple nor straightforward. Seldom, the performances appear
similar when comparing instrument of the similar technological level.
Probably, for the instrument that can operate in MS/MS mode the true
positive identifications by Orbitrap are higher than those obtainable by
TOF, but chromatography can play a crucial role as well. However, at
best of our knowledge, only one paper reports a comparison between a
Q-TOF instrument and a single stage (Exactive plus) Orbitrap, and for a
specific application in differential metabolomics (Glauser, Veyrat,
Rochat, Wolfender, & Turlings, 2013) reaching the conclusion that
“Surprisingly, both systems provided very similar outputs in terms of
detected markers and sample classification”.

Thus, given that the chromatographic system coupled to the MS
instrumentation also influences the performance of this analytical step,
then familiarity with the technology may play a significant role on the
quality of the results. In this regard, modern hybrid high-resolution
instruments have several data acquisition options, the most commonly
employed being the so-called data dependent acquisition (DDA). In
DDA, tandem mass spectra are acquired only when some preselected
parameters, such as inclusion list, threshold intensity, charge state, ete.
are satisfied. Other not DDA acquisition modes, which could produce
more information, have been explored for proteomics (Chapman,
Goodlett, & Masselon, 2014; Geiger, Cox, & Mann, 2010), more rarely in
metabolomics (Rathahao-Paris, Alves, Junot, & Tabet, 2016). Given the
above, most of the papers on the analysis of phytochemicals in food do
not seem to fully test or exploit results provided by fields where HRMS
has been extensively investigated, and the data acquisition methods can
be even omitted at all. Besides, conventional MS is still the most em-
ployed approach and HRMS is seldom performed, mainly for con-
firmation of compound identity alone.

Fig. 2. Schematic representation of the structure of an Orbitrap
Fusion mass spectrometer. Reprinted with permission from
(Senko et al., 2013). Copyright (2013) American Chemical So-
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5. Application to real samples
5.1. Phenols, polyphenols and phenolic acids

Phenolics are by far the most investigated phytochemicals in food of
vegetal origin. Sometimes the analysis is restricted to only a subclass,
such as flavonols, isoflavones, stilbenes, anthocyanins, deox-
yanthocyanidins, oligomeric proanthocyanidins, flavonoids. Usually, a
comprehensive phenolics profiling is performed (see column
“Compounds™ in Table 2).

The quantitative analysis of phenolics content is really challenging;
for instance, in grapes it changed significantly depending on the kind of
water supply and supply rates, even for samples harvested in the same
vineyard (Capriotti et al., 2012). Moreover, another study performed on
grape berries evidenced that during preservation about half of the
polyphenol content was lost (Cavaliere et al,, 2008).

Both TOF- and, to a lesser extent, Orbitrap-based instruments have
been used. As previously stated, a comparison of the usefulness of the
two technologies is not possible, as instruments with very different
performances have been employed and no study ever dealt with this
issue.

5.1.1. Phenolics by single TOF analyzers
The simplest instrument used a single reflectron TOF analyzer, such
as the micrOTOF (Bruker Daltonics) and the LCT premier XE TOF
(Waters Micromass), which were benchtop robust instruments with a
mass resolution exceeding 10,000 FWHM, particularly suitable for
formula determination of small molecules by accurate mass (error <
5 ppm) and isotopic pattern measurements. Structural information is
not provided by this kind of instrument. With only the accurate mass
and isotopic abundance at hand, 34 phenolic compounds (104 taking
into account isomeric compounds) were tentatively identified in dif-
ferent wheat and durum wheat varieties (Dinelli et al., 2009, 2011).
The identification was supported by the data reported in the literature.
This kind of instrumentation was also used for phenolics identification
in VOO (Ballus et al., 2015; Carrasco-Pancorbo et al.,, 2007; Lozano-
Sénchez et al., 2010). Only 18 compounds were considered as identi-
fied, based on authentic standards or consolidated literature. This type
of approach, where the identification of compounds is based only on
accurate mass measurement and comparison with the literature, is
questionable and generally not accepted. In-source fragmentation
(pseudo MS/MS spectra) and UV spectra can help bypass such limita-
tion and acquire some useful structural information. Such an approach
was employed for anthocyanins, which can lose the glycosidic moiety.
In this way 31 anthocyanins were tentatively identified based on their
accurate mass, the aglycone in-source fragment accurate mass and UV
adsorption maxima; in addition, some compounds were confirmed by
comparison with available standards (Ramirez et al, 2015). MS"
technique can solve the above issue, by repeating the analysis with an
ion trap mass spectrometer and combining the formula obtained by the
TOF analyzer with a careful interpretation of the collision induced
dissociation MS" spectra (Fu et al, 2009; Jaiswal & Kuhnert, 2014;
Patras et al., 2014). This complementary information was used for the
identification of known and new flavonoids in raw fermented cocoa
beans (Patras et al., 2014), and phenolic acid glycosides in bottle gourd
(Jaiswal & Kuhnert, 2014), providing 14 new flavonoids and 12 simple

and complex phenolic acid glycosides.

5.1.2. Phenolics by hybrid TOF analyzers

In the recent years, the most widely used instrumentation comprised
Q-TOF hybrid mass spectrometers, namely instruments that, with re-
spect to single TOF analyzers, allow tandem mass spectra acquisition.
However, as the sensitivity in the MS/MS mode is generally lower than
that in simple MS, structural information for trace amount compounds
could be lost. This problem is less restrictive with the last generation,
more sensitive instruments. Based on their accurate mass, isotopic
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abundances and fragmentation pattern, 24 phenolics were identified in
whole potato (Lopez-Cobo et al., 2014), 73 in cucumber (Abu-Reidah
et al., 2012), 27 in cranberry (Iswaldi et al,, 2012), 47 in tomato-con-
taining sauces (Vallverdd-Queralt et al,, 2011). However, there is the
need for a more rigorous identification standard procedure to confirm
identifications.

As for methods based on Q-TOF technology, DAD is almost uni-
versally used because of the characteristic absorption wavelength of
different classes of phenolics. Additional supplementary information
was obtained by triple quadrupole (QqQ) mass spectrometer (Alvarez-
Ferndndez, Cerezo, Canete-Rodriguez, Troncoso, & Garcia-Parrilla,
2015; Vallverd-Queralt et al, 2010) or CZE instead of LC (Navarro
et al., 2014). In some cases, HRMS was also used in combination with
chemiometry to assess sample authenticity or sample origin (Ballus
et al., 2015; Guo et al., 2013; Ketkes et al., 2013; Lozano-Sanchez et al.,
2010; Navarro et al., 2014; Roullier-Gall et al., 2014).

Although less common, the IT-TOF hybrid mass spectrometer could
also be used for phenolics analysis. This instrumental configuration was
successfully used for the tentative identification of flavonoids in Citrus
bergamia juice by a 5 min-long chromatographic run (Sommella et al.,
2013). A total of 17 flavonoids were identified, with only two of them
based on comparison to authentic standards. Although some are very
expensive, a considerable number of phenolics standard are commer-
cially available and seldom 15-20 of them are used to confirm identi-
fications.

In some instances, samples were analyzed by both a Q-TOF and a
QqQ instrument, using product ion and neutral loss scans for con-
firmation, and multiple reaction monitoring (MRM) scan for quantita-
tion purpose when pure standard of some identified compounds are
available (De Rosso et al., 2014; Di Lecce et al., 2014; Vallverda-
Queralt et al., 2012). However, the neutral loss scan mode suffers from
a reduced sensitivity and relatively long scan times.

5.1.3. Phenolics by Orbitrap analyzers

Compared to TOF-based technology, Orbitrap-based one has been
much less employed for the identification of phenolics in food. The
capability for quantitative determination of phenolics in apple samples
by the Orbitrap Exactive was assessed by analyzing 39 phenolics, for
which the standards were available (De Paepe et al., 2013). The Ex-
active model can reach a resolution up to 240,000 FWHM at m/z 200
and was used in this work at scan speed of 2 Hz, which enables a still
good resolution (50,000) and the necessary scan time for peak defini-
tion. The instrumental method was fully validated in terms of trueness
and precision, as well as mass accuracy (< 2 ppm); however, structural
information was not available and isobaric compounds could not be
differentiated.

The LTQ-Orbitrap XL was used for the identification of 15 phenolics
in plantain (Passo Tsamo et al, 2015), 19 in sim fruit (Rhodomyrtus
tomentosa) (Lai et al, 2013), 207 in red mustard greens (Sun et al.,
2013), 167 in 5 Brassica species (Lin et al, 2011), 52 in diploid
strawberries (Sun et al., 2014), 56 in fermented strawberries (Alvarez-
Ferndndez et al.,, 2015), and 43 in honey (Kefkes et al., 2013). With this
Orbitrap model it is possible to determine the accurate mass of pre-
cursor ions by Orbitrap and fragment nominal masses by LTQ. As for all
Orbitrap models, with reduced scan speed it is possible to have the
accurate mass of both precursors and products. Eighteen compounds
were identified, with an error in accurate mass measurement < 3 ppm.
Compared to other papers, Sun et al. (2013) and Lin et al. (2011) re-
ported more identifications. However, it should be taken into account
that: a) both positive and negative ESI were employed; b) the ident-
fications are putative; ¢) a long time gradient was used; d) Brassicaceae
are phenolics-rich vegetables.

The LTQ Orbirap Velos was used to characterize polyphenols in
tomato (VallverdG-Queralt et al., 2010) and in beer (Quifer-Rada et al.,
2015) by the same research group. Thirty-eight phenolics were identi-
fied in tomato samples (Vallverdi-Queralt et al., 2010), only 10 of
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which by comparison to standards; this is about the same number (but
with only partial overlap) as in the work reported above (Vallverdi-
Queralt et al, 2012), in which a Q-TOF mass spectrometer was em-
ploved. For the beer sample analysis, the LTQ Orbitrap Velos was used
in both DDA mode, which resulted in the MS/MS acquisition of suffi-
ciently intense jons, and MS™ mode for some less intense signals that
were not selected in the DDA, Forty-seven phenolics were identified by
comparison to standards or to the literature, and spectra interpretation.
A considerably larger number of phenolics (120) was identified in
walnuts (Regueiro et al., 2014), This difference could be related to the
higher complexity of the sample, especially for tannins related com-
pounds and, possibly, to less restrictive identification criteria.

Orbitrap Q-Exactive has been rarely emploved (Guo et al., 2013; La
Barbera et al., 2017; Zenezini Chiczzi et al., 2017). La Barbera et al.
(2017) identified 113 compounds in strawberries at various confidence
level, some of them never identified in strawberries before or never
identified at all. This result was obtained by optimizing both the
chromatographic and MS conditions,

5.1.4. Proanthocyanidins and anthocyanins

Some classes of polyphenols are usually analvzed separately.
Proanthocyanidins  and  anthocyanins are  two  examples.
Proanthocyanidins, also known as condensed tannins, are polymeric
phenalic compounds formed through condensation of flavan-3-ol units
(Kalili &de Villiers, 2009; Kalili et al., 2013; Kimura et al., 2011).
Proanthocyanidins are a very complex mixture of oligomeric/isomeric
compounds and fragmentation patterns are very complex and difficult
to be interpreted. Anthocyanins are analyzed separately due to their
structural peculiarity (see above) and better ionization in positive ESI,
other than other phenolics for which negative ESI gives a better sen-
sitivity. Anthocyanins are glycosylated anthocyaniding and exist as
many isomeric compounds, The glycosidic moiety can be esterified in
various positions by acids, such as acetic, hydroxybenzoic, pyruvic, and
phenylpropanoics. The complementary information available from UV
detection is useful, because of the uncommon absorption wavelength at
about 500 nm, characteristic of these compounds. Examples of this type
of studies include 13 acylated anthocyanins determined in purple red
potatoes variety cultivated in China (He et al., 2016). Willemse et al.
detected up to 71 anthocyanins in various vegetal matrices, with red
grape the sample containing the largest variety of these compounds
(Willemse et al., 2013, 2014). A strong matrix dependence is also evi-
dent. Similarly to red grape, red wine is also very rich in anthocyanins
together with a variety of related compounds, such as diglucoside oli-
gomers, flavan-3-ols adducts and reaction products with unsaturated
compounds to form pyrancanthocyanins, which could be generated
during wine aging, Therefore, the anthocyanins determination in wine
is more complex than in grape and optimized chromatographic condi-
tions are mandatory, also considering the presence of isomers. De Vil-
liers and coworkers, using optimized UHPLC conditions, tentatively
identified 101 anthocyanins-related compounds in red wine on the
basis of accurate mass, fragmentation pattem and relative retention
time (De Villiers et al., 2011). In addition, 36 proanthocyvanidins were
also tentatively identified in the same run. The identification process
was improved due to the use of two chromatographic runs, one for the
QqQ analyzer in the neutral loss mode and one in product ion scan;
finally, a Q-TOF was employed for accurate mass confirmation (Alberts
et al,, 2012), In this way, 123 compounds were tentatively identified.

5.2, Other phytochemicals

5.2.1. Glucosinolates

Compounds different from phenolics have been investigated in ed-
ible fruits and vegetables to a much lesser extent. Glucosinolates pro-
filing in Brassicaceae was obtained by ESI-LTQ-FTICR (Lelario, Bianco,
Bufo, & Cataldi, 2012). The 7T FTICR was operated in MS mode at re-
solution of 100,000 at m/z 400 and allowed a mass error < 2 ppm. The
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identification of chromatographic peaks was based either on accurate
mass measurements and spectra comparison with those obtained from
pure standards, when commercially available, or on accurate mass
measurement and interpretation of MS/MS data, resulting in 24 iden-
tifications, In a later work, a Q-TOF mass spectrometer was used, but it
provided fewer identifications (Ares et al., 2015). This difference may
be due ta: a) analyte content dependence on sample origin; 2) different
extraction methods; 3) the higher resolution and accuracy of the FTICR
instrument which permitted separation of signals that otherwise
merged as a fused signal, and the small m/z windows that, in turn,
decreased S/N. Recently, a simple informatics tool named GLS-Finder
was introduced for rapid profiling and/or identification of glucosino-
lates in Brassicaceae (Sun, Zhang, & Chen, 2016). The strategy is based
on in-database searching of molecular formula, mass fragmentation
behavior, and isotopic distribution using data generated in lab by
UHPLC-HRMS". This program was applied to identify glucosinolates in
49 Brassica vegetable samples from data generated by a UHPLC-LTQ
Orbitrap and significantly improved the identification rate than in
previous works (reaching up to 146 identified compounds). Results
were also manually verified. Glucosinolates, because of their structure
and fragmentation behavior, are particularly suited for a relatively
simple data handling.

5.2.2. Saponins

Saponins are a large group of complex compounds the structure of
which consists of a triterpenoid moiety bonded to a complex variety of
sugar units. They can be found in a variety of vegetables, as well as in
some marine organisms belonging to the phylum echinedermata, and
exert several biological activities. Twenty-five saponins were identified
in amaranth species leaves by a combination of HPLC-TOF MS and
direct infusion ion trap MS" (Zehring et al., 2015). Putative identifi-
cations were based on MS" specira examination after selection of the
candidate compounds by HRMS in both positive and negative ESI,
considering that saponins can produce [M + NH,4]" and [M-H] ™ ions
in positive and negative ionization, respectively. In another study, 44
ecompounds were putatively identified in Beta vulgaris roots by UHPLC-
Q-Exactive Orbitrap MS/MS and supplementary information was ob-
tained by UHPLC ion trap MS" (Mikotajczyk-Bator et al., 2016). In this
case, only negative ESI was performed. Such a large number of com-
pound identifications, 27 of which identified for the first time, was
reached by analyzing an extract very rich in the target compounds,
obtained after a long pretreatment process. In addition, the identifica-
tion of saponins based solely on MS is not unequivocal, because many
isomers show similar fragmentation patterns.

Alkaloids and glycoalkaloids were analyzed in potato samples by
positive ESI-LTQ Orbitrap. The approach was targeted and two species-
characteristic glycosides (larger amount) and the corresponding agly-
cones (small amount) were identified and quantified by MRM in the
LTQ (Caprioli et al., 2014). The developed method was fully validated.

5.2.3. Carotenoids and other terpenoid compounds

Carotenoids are a large class of secondary metabolites that represent
the most diffuse plant pigments in nature and exert numercous biologieal
activities. Due to their non-polar nature, this class is usually analyzed
separately because it requires very different conditions for extraction,
separation and ionization before MS. Carotenoids were analyzed in red-
ripe and green tomato (Van Meulebroek et al., 2014), Five compounds
were determined quantitatively by QqQ in MEM mode and the method
was validated, using authentic standards, in positive atmospheric
pressure chemical ionization (APCI). The samples were also analyzed
by Orbitrap Exactive and, by comparison with a database containing
137 different chemical formulas, up to 97 positive matching hits were
found. Identification was solely based on the presence of two diagnostic
ions: the [M + H]" ion and the corresponding P isotopic ion. Al
though unequivocal identification cannot be guaranteed due to the
presence of isomers, this result demonstrates the feasibility of the
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approach. Epoxy compounds, which can be considered markers of
product aging, were analyzed in orange juice by positive APCI-IT-TOF
MS (Dugo et al., 2009). Carotenoids were analyzed in their intact, fatty-
acid esterified forms; the identification was based on the accurate mass
measurement (error < 11 ppm) and fragmentation pattern in the IT,
resulting in 30 putatively identified compounds including oxidized and
non-oxidized ones.

Monoterpenol glycosides in grape were identified and roughly
quantified by Q-TOF MS/MS (Hjelmeland et al., 2015). In this ap-
proach, an in-house database was first produced by summing up the
available MS information on this class of compounds. Then, compounds
present in the specific sample were identified by comparison with the
database, to which tgp, were also added. In this way, peak alignment
could be performed and the composition of different samples could be
compared.

5.2.4. Metabolomics of non-polar and polar fractions

Other published methods for the identification of phytochemicals in
edible plants are claimed to be or can be considered untargeted meta-
bolomics-based approaches (Abu-Reidah et al., 2013, 2014; Bijttebier,
Zhani et al., 2014; Chong et al., 2013; Farag et al., 2013; Hughey et al.,
2016; Hurtado-Ferndndez et al., 2011; Jiménez-Sinchez et al., 2016;
Kirlund et al, 2015; Milev et al.,, 2014; Nakabayashi et al., 2013;
Pierson et al., 2014; Simirgiotis et al., 2013). In metabolomics there is
no distinction between primary and secondary metabolism, but a
classification can be based on the polarity of the analyzed compounds.

From a practical point of view, only two papers deal with a generic
approach for the identification of non-polar compounds. The first
method was developed and tested with chili peppers (Bijitebier, Zhani
et al., 2014). The sample was extracted by ASE; then, non-polar com-
pounds were isolated LLE. Orbitrap Exactive was used for MS and only
the in-source fragmentation was used for structural information. Other
information was obtained from the UV spectra. By this method, about
50 carotenoids were identified also combining the spectral and MS in-
formation with comparison with standard, presence reported for the
phytogenetically affine species, and previous identification from the
literature. Moreover, other 70 later eluting compounds, mainly non-
polar phospholipids and acylglycerols, were also identified. In the
second method (Cichon et al., 2017), non-polar compounds in two types
of tomato juice were analyzed by Q-TOF. Of the 423 compounds de-
tected in the lipophilic fraction, 352 were found to be significantly
different. For the polar fraction 474 compounds were detected, and 346
were found to be significantly different. Among such large number of
detected phytochemicals, only few compounds were identified based on
authentic standards, accurate mass, and characteristic UV-visible
spectra.

Other procedures were used to analyze polar/semi-polar metabo-
lites extracted by MeOH or MeOH (EtOH)/water mixture. In all these
works, TOF-based instruments were used, and in many cases, the UV
spectra supported identifications, which were in large part tentative.
ESI ionization was performed in negative mode or in both positive and
negative mode (see Table 2); however, the number of compounds
identified did not appear related to this choice. Many compounds can
be identified in both modes. However, some compounds which can be
ionized only in positive mode were not detected at all if only negative
ionization was used (Fu et al, 2009). Surprisingly, unlike medicinal
plants, only few plants and fruits used for food have been analyzed with
a non-targeted metabolomic approach (see Table 2) and only one work
deals with the metabolomic characterization of a drink as popular as
beer (Hughey et al., 2016).

The isotopic ratio is one of the parameters usually considered for
compound identification. The reliability of this parameter could in-
crease as the number of C atoms increases. However, the number of
possible molecular formulae increases as well and some ambiguities
cannot be solved, even by the very high resolution and mass accuracy
achievable by FTICR instruments. The problem of determining
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unambiguously the number of C atoms of an ion was resolved by
growing the same plant in presence of natural CO, and '*CO, thereby,
the corresponding ions (if monocharged) will appear in the two mass
chromatograms at (m/z)s — (m/z); = n (m"C — m'C). This ex-
pedient was used to determine the formula of sulfur containing com-
pounds in onion (Nakabayashi et al., 2013). The isotopic ratio and re-
lative abundance are very informative and, combined with the number
of C atoms in the formula, MS/MS, and the very high resolution
(260,000) and mass accuracy (< 1 ppm) of the FTICR instrument, en-
abled the unambiguous formula extraction of 22 sulfur containing
compounds out of a dataset with 4693 features.

5.3, The quantification issue

A classical quantification method for phenolics is based on DAD,
which can be used on-line or off-line with the mass spectrometer (De
Paepe et al,, 2013; Di Lecce et al., 2014; He et al,, 2016; Lai et al., 2013;
Lopez-Cobo et al., 2014; Passo Tsamo et al, 2015; Simirgiotis et al.,
2013; Sommella et al, 2013) at different wavelengths, such as 260 nm
for isoflavones, 280 nm for benzoic acid derivatives, flavan-3-ols and
procyanidins, 320 nm for hydroxycinnamic derivatives, 350-365 nm
for flavonols, 500-520 nm for anthocyanins-anthocyanidins. The ad-
vantages of the absorbance-based approach are: the large linear range,
the negligible ME and the molar extinction coefficient, substantially
independent from the glycosidic moiety for many glycosylated com-
pounds. The disadvantage is that, in presence of possible coelution,
quantification is no longer possible.

Quantitative analysis is one of the most important and universal
applications of MS. However, only compounds for which the standards
are available may be quantified by MS. In addition, due to un-
predictable ME and unavailability of blanks, the standard addition
method is the most suitable one, as it circumvents the problem. MRM
acquisition with QqQ instruments is a well-established procedure which
has been also used for quantification when accurate mass was measured
by HRMS for compound identification (Abrankd et al., 2015; Blanch,
Alvarez, Sanchez-Ballesta, Escribano, & Merodio, 2012; Vallverdd-
Queralt et al., 2012).

TOF instruments suffered from poor reproducibility and reduced
dynamic ranges, requiring further mathematical algorithms, such as
time-to-digital converter, in order to extend the linear range. This ser-
iously limited the usability of TOF instruments for quantitative analysis.
However, the problem of poor reproducibility and small linear range
that affected the first high resolution TOF mass spectrometers has lar-
gely been overcome and good calibrations can be obtained with these
instruments. Although this capability has been exploited for the de-
termination of contaminants, such as pesticides in fruit and vegetables
(Goémez-Ramos, Ferrer, Malato, Agiiera, & Fernindez-Alba, 2013), the
same level of implementation was not reflected for endogenous phy-
tochemical analysis. Only in few studies TOF MS was used for quanti-
fication (Ares et al., 2015; Ballus et al., 2015; Chong et al., 2013; Farag
et al, 2013; Gareia-Villalba et al.,, 2009, 2010; Hurtado-Ferndndez
et al, 2011; Iswaldi et al., 2012; Lozano-Sénchez et al.,, 2010). Usually,
only those compounds for which standards are available were quanti-
fied; in some cases, when standards were not available (or are not
stable), such compounds were extracted and purified from a sample and
later used as standards for quantitation (Garcia-Villalba et al., 2009;
Lozano-Sdnchez et al, 2010). The Orbitrap-based instruments can
provide reproducible quantification results (at R = 50,000) and large
linear range calibration (Gémez-Ramos et al, 2013); nevertheless, they
are rarely exploited for quantification purpose (Bijttebier, Zhani et al.,
2014; Caprioli et al,, 2014; Guo et al,, 2013; Van Meulebroek et al.,
2014). One research reports a quantitative determination by both Or-
bitrap Exactive and UV (De Paepe et al., 2013). The best fit was ob-
tained with non-linear (1/x) curve, but this fact cannot be considered a
general rule. For complex ples, usually containing several similar
compounds (oligomers, homologues, isomers) for which standards are
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often not available, a complex quantification strategy has to be estab-
lished. This was devised for the quantification of carotenoids in red chili
peppers (Bijttebier, Zhani et al., 2014), where both UV and accurate
mass data were exploited. Compounds having the same polyene back-
bone have also the same molar extinction coefficient, therefore, in order
to determine the concentration in weight unit, the molecular mass was
determined by MS and the concentration by calibration performed with
only one standard belonging to one class. Compounds, for which
standards were available, were quantified by calibration with the ac-
curate mass provided by Orbitrap Q-Exactive.

When standards are not available, quantification by a standard with
a similar structure has been performed (Chong et al., 2013; Farag et al.,
2013). However, this operation should be handled with care as in many
cases the ion desorption in ESI may be significantly influenced by small
differences in structure. In comparison to this approach, more reliable
approach might be the quantification of compounds based on MS when
the standard is available and by UV for compounds with similar
structure (Hurtado-Ferndndez et al., 2011).

5.4. Waste products valorization

Vegetables, fruits, and oilseeds processing steps lead to high
amounts of waste materials, for instance peels, seeds, and oilseed meals.
Nowadays the disposal of these materials represents a huge problem
aggravated by legal restrictions. In fact, plant waste usually is subjected
to microbial spoilage; thus, a drying step is necessary before further
exploitation. The cost of drying, storage, and transport implies addi-
tional economical limitations to waste utilization. Therefore, agro-in-
dustrial waste is often utilized as feed or fertilizer. However, it is well
known that by-products represent an important source of sugars, mi-
nerals, organic acids, dietary fiber, as well as bioactive compounds,
such as the phenolic compounds. Thus, new aspects concerning the use
of these wastes as by-products for further exploitation on the produe-
tdon of high nutritional value food additives or supplements have
gained increasing interest because their recovery may be economically
attractive (Ravindran & Jaiswal, 2016). As an example, Fig. 3 portraits
an overview of the recovery of various dietary components from fruit
pomace (Djilas, Canadanovié-Brunet, & Cetkovi¢, 2009).

Grape is the largest fruit crop in the word; almost 80% of it is used
in wine making and produces a huge amount of waste. A small amount
is used for animal feed, or as fertilizers but, due to problems associated
with such use (Fontana, Antoniolli, & Bottini, 2013), most of this waste
still represents a disposal problem.

Apple production in the world is about forty millions of metric tons,
a remarkable portion of which is intended for the production of both
aleoholic and nonalcoholic beverages and generates a left-over biomass
in huge quantities. Production of olive oil is one of the fastest growing
agro-food sectors in the world. Only about 15-20% of the harvested
olives can be transformed into olive oil, while the remnant constitutes
the production waste.

The products reported above were the first to be addressed for the
reuse of agro-industries manufacturing wastes, but more recently many
other production residues were interested by the concept of green in-
dustry. The phytochemical characterization of byproducts is an im-
portant starting point to design waste reuse procedures. Nevertheless,
HEMS has experienced little attention in this field and only in the most
recent years, a relatively small number of investigations have been
carried out by this technique.

Method of extraction and determination of phenolics in grape po-
mace were recently reviewed (Fontana et al, 2013). Extraction
methods were very similar to that used for grape, starting preferably
from a lyophilized sample. Then, separation was performed by HPLC
and identification/quantitation were usually done by DAD or low re-
solution MS and MS/MS. HPLC-FTICR-MS was used to increase in-
formation about flavan-3-ols compositions (Rockenbach et al., 2012).
Flavan-3-ols are a very complex mixture of procyanidins and galloyl
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substituted procyanidins, and 251 compounds were tentatively identi-
fied by integrating the information from the three different approaches.
The analysis time was = 130 min. This is not surprising, considering
the long scan time needed by FTICR to maintain high resolution.

Anthocyanins composition was determined in wine grape pomace
by HPLC DAD /positive ESI Orbitrap XL MS® and fractionation followed
by MALDI-TOF (Oliveira, Alhinho Da Silva, Teixeira, De
Freitas, & Salas, 2015). MALDI TOF was used to confirm the presence of
anthocyanins dimers, as they can be generated in ESI but not in MALDI
ionization. The number of compounds identified was much lower than
that in wine (Alberts et al., 2012; De Villiers et al., 2011). This differ-
ence might be due to the low sensitivity of positive ESI and/or to the
increase of complexity during wine aging.

Olive pomace was qualitatively analyzed by HPLC-DAD-ESI~ TOF
MS/MS after ASE, giving rise to the putative identification of about 50
compounds, including those that are commonly found in olive oil ex-
tract and some of their glycosides (Peralbo-Molina, Priego-
Capote, & Luque de Castro, 2012). A very complete and complex in-
vestigation of all the matrices involved in olive oil processing, including
pomace and waste water, was performed by UHPLC-DAD-positive /ne-
gative ESI-TOF MS/MS. More than 80 phenolics were tentatively
identified, being some glycosylated compounds detected in both po-
mace and waste water (Jerman FKlen, Gole Wondra,
Vrhoviek, & Mozeti¢ Vodopivee, 2015). However, structures should be
confirmed, especially for newly identified compounds.

A method developed for the identification of phenolics in apple and
cider (Ramirez-Ambrosi et al., 2013) based on UHPLC-DAD-positive/
negative-ESI-TOF pseudo-MS? (in source fragmentation is not equiva-
lent to MS/MS) was also applied to pomace of the same apples, pro-
ducing the same identification with exception of two compounds: 51
compounds were tentatively identified, with the limitation that the
compounds for which standards were unavailable should be confirmed.

Phenolic compounds are highly present in byproducts from many
other vegetable and fruits and are thus a valuable source for valoriza-
ton toward phenolic-rich extracts; among them, Brassicaceae species
are the most studied. The cauliflower (Brassica oleracea L. var. botrytis)
leaves are a rich source of phenolics, however a considerable amount is
present in a bound, non-extractable form. Huynh, Smagghe, Gonzales,
Van Camp, and Raes (2014) studied how to release phenolic com-
pounds from outer leaves of cauliflower using two commercially
available polysaccharide-degrading enzymes, Viscozyme L cellulolytic
enzyme mixture and Rapidase vegetable juice, while in another study
non-extractable phenolics (NEP) were released from the matrix by al-
kaline hydrolysis followed by sonication (Gonzales, Smagghe,
Raes, & Van Camp, 2014). Both studies used the same method, which
consisted in sample clean-up by C18 SPE followed by UHPLC-DAD-
positive/negative-ESI-TOF MS/MS. In the same conditions 13 com-
pounds, mainly kaempferol conjugates, were identified and quantita-
tvely estimated. Hydrolysis systematically gave larger amounts of
phenolics than the non-hydrolyzed samples. In another study by the
same group (Gonzales, Raes et al., 2014), after methanolic extraction
under homogenization, the extract was subdivided in three aliquots:
one unchanged, whereas the other two were subjected to acid and al-
kaline hydrolysis, respectively. Then, the aliquots were cleaned up by
C18 SPE. Samples were analyzed by UHPLC-DAD-positive/negative-
ESI-TOF-ion mobility (IM)-MS,/MS. IM was added to separate positional
isomers, while other conditions were the same. Nine standards, 5 of
which were glycosylated, were used to study fragmentation. Hydrolysis
was used for structure confirmation, because acidic hydrolysis cleaves
the glycosidic bond, while alkaline hydrolysis cleaves the ester bond. A
total of 24 compounds was identified, including 5 suspected kaemp-
ferol-0-C glycosides. The same approach of Gonzales, Smagghe et al.
(2014) was applied to red cabbage and Brussels sprout wastes (Gonzales
et al., 2015). The conditions of alkaline hydrolysis were further im-
proved, while the instrumental setup was maintained. A total of 51
chromatographic peaks were tentatively identified, most of them being
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Fig. 3. Schematic diagram for fruit pomace handling
procedure. The diagram illustrates some procedures
for recovery of valuable compounds form fruit wastes,
(Adapted from reference (Djilas et al, 2009).)
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flavonoid glycosides and acylated flavonoid glycosides. However, some
phenolic acid derivatives, glucosinolates and anthocyanins were also
identified.

Finally, three more byproduct samples, such as mango, broad bean
and black carrot waste, were characterized for bioactive phytochemical
composition. Microwave assisted extraction was performed on mango
byproducts (peel and seed) after lyophilization. The extracted phenolic
compounds were analyzed by HPLC-ESI-Q-TOF MS and 30 compounds
were separated and tentatively identified based on their accurate mass,
isotopic abundances and fragmentation pattern; these compounds were
differently distributed among the three different varieties of mango
(Dorta, Gonzdlez, Lobo, Sinchez-Moreno, & de Ancos, 2014). Fresh
whole pods of large bean (Vicia faba) were lyophilized, then extracted
under sonication with a MeOH/water mixture; the analysis was per-
formed by UHPLC-negative ESI-Q-TOF MS/MS (Abu-Reidah et al.,
2014). An untargeted metabolomic approach for polar and semi-polar
compounds was used and 142 compounds were tentatively identified or
at least characterized (only 9 standards were available), including
phenolics, organic acids, amino acid and peptide derivatives, and ter-
penoids. The black carrot waste characterization problem was tackled
from two points of view: polyphenolic content and biocaccessibility
(Kamiloglu et al,, 2016). Extracts were analyzed by the same instru-
mental setup as previously deseribed, in addition an in vitro gastro-
intestinal digestion was simulated to determine the fraction available
for intestinal absorption. The aim was not the identification of a large
number of compounds, as the quantitative determination of the most
relevant compounds was much more important. It was found that, after
simulated digestion, the amount of bioavailable phenolics was higher
for pomace and peel than for commercial black carrots derived pro-
ducts, such as juice and fermented beverages. This suggests that
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unprocessed raw black carrot waste, such as pomace and peel, should
be used to enrich food products. However, it is difficult to imagine its
addition to any kind of food products without any further processing.
In conclusion, HRMS has been scarcely exploited in this field.
Probably, a detailed investigation might be considered not necessary,
but this is a questionable opinion. In fact, the authenticity of functio-
nalized food might at least be proved. In addition, a metabolomic ap-
proach can surely extensively characterize any agro-industrial waste,
suggesting the more appropriate processes to reutilize such waste.

5.5. Metabolomics: present and future

Targeted metabolomics is a well-established methodology focused
on the analysis of known compounds related to one or more metabolic
pathways. The purpose of this approach is to discover specific mod-
ifications, both qualitative and quantitative, in metabolites that may be
related to a particular condition, such as different genotypes, different
origin, cultural practices etc. By analyzing a sufficient number of
samples with the aid of simple chemometric tools, such as the principal
component analysis, targeted metabolomics enables to discriminate and
classify samples into groups. For this approach, HRMS is not strictly
necessary, but the connection with UHPLC enables high-throughput
analysis avoiding false positives.

Untargeted metabolomics produces datasets that should cover,
theoretically, the whole metabolome of a biological sample. In practice,
however, the huge amount of metabolites in the plant kingdom and the
great diversity of chemical and physical characteristics of such com-
pounds make, at present, impossible to acquire the entire metabolome
in a single experiment, despite the progresses in both chromatography
and MS. Metabolic profiles are restricted to a single pathway or class of
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compounds. Metabolic profiling of phytochemicals in food of vegetal
origin is not as much developed as in other fields, including medicinal
plants. This gap can be expected to be bridged within the next few
years. Suspect screening analysis is a mid-way approach, in which the
identification of compounds relies on specific available information,
such as their molecular formula and isotopic pattern. Thus, specific
databases should be available and providing confident identification
can be upgraded over time.

What is the state-of-the-art in HRMS-based plant metabolomics?
HRMS alone, without any fractionation step, has been employed spor-
adically using Direct Analysis in Real Time (DART), TOF-MS (Kim,
Park, & Jang, 2014; Prchalovd, Kovafik, Seviik, Citkova, & Rajchl,
2014) and in vivo nanoESI/Q-Orbitrap MS (Chang, Peng, Dan,
Shuai, & Hu, 2015). Direct HRMS is a very fast, high throughput tech-
nique; however, ME severely affects the ionization efficiency. There-
fore, only few most abundant compounds can be detected and quanti-
tation is almost impossible; only fingerprints of a sample for fast
classification can be possible. In this context, it is important to devise
new, more efficient ion sources to enable developments in this field.

As the objective of untargeted metabolomics is to obtain accurate,
detailed metabolic fingerprints, the role of the selectivity of the com-
bined LC-MS system is determinant in order to maximize the number of
identified metabolites (Ortmayr, Causon, Hann, & Koellensperger,
2016). Currently, most of MS setups employed in metabolomics are
based on DDA. However, this option is limited by the duty cycle ne-
cessary to acquire MS/MS spectra (Wolfender et al, 2015). In this
contest, the two steps cannot be optimized separately, and a compro-
mise is necessary to obtain the maximum possible number of MS/MS
features. By the way, it is possible to substantially increase the number
of putatively identified compounds still maintaining accurate and re-
producible peak areas (La Barbera et al., 2017). This approach is rela-
tively simple and it could be used in the future,

Data independent acquisition (DIA) mode is not limited to the de-
tection of a restricted number of MS,/MS features of selected (for ex-
ample most abundant) precursor ions in the spectrum. Without a pre-
vious selection, all the precursors are fragmented at any time of the
chromatographic separation.

This approach is much more complex but it has the advantage of
allowing a more comprehensive dataset and retrospective mining.
Although some different strategies have been developed (Wolfender
et al, 2015), it has never been applied to food phytochemicals. How-
ever, considering the inherent advantages, future developments could
be expected.

Comprehensive two-dimension LC combining orthogonal separation
techniques appears very attractive when both polar and non-polar
compounds have to be analyzed contemporaneously. However, it was
rarely used (see Section 3.3), mainly due to the fact that the two most

itable techniques for coupling, namely RPLC and HILIC, have mobile
phase compatibility issues, in addition to longer equilibration times for
HILIC than for RPLC (Ortmayr et al., 2016). Some combinations
RP » RP have been sporadically studied, however the extent of or-
thogonality is poor. For the future, owing the inherent resolving power,
improvements in both column and instrumentation technologies could
facilitate the diffusion of this technique.

IM-MS is not a new MS technique (Mason & Schamp, 1958); how-
ever, only recently it was implemented into a very performing HRMS
instrument. IM can be regarded as an orthogonal dimension to both LC
and MS, since it separates ions based on the difference in shape; in this
way, it is possible to separate isomeric compounds with the same m/z,
which otherwise cannot be separated by chromatography alone. For
basic principles of tme dispersive IM-MS, state-of-the-art in-
strumentation and some applications, the reader may refer to other
reviews (May & McLean, 2015; Ortmayr et al., 2016). One obstacle to a
larger diffusion of IM-HRMS could be the instrumentation cost. A
second obstacle is provided by very complex datasets which, though
very informative, are complicated as IM does separate also different
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adducts of the same compound; this may create difficulties in identifi-
cation which arise when adducts, in which the charge can be localized
in more than one position, form and when their interconversion is slow
compared to the drift time. When these two shortcomings will be
overcome, the inclusion of IM-MS in the workflow will be helpful for
elucidation of isomeric compounds, such as isomeric glycosides.

5.6, Compound identification challenges

Compound identification is considered the bottleneck of untargeted
metabolite profiling. The process of identification is complex and de-
pendent on the analytical platform, as well as the robusimess of the
method and databases. Therefore, confidence of identification can vary
widely. The first recommended minimum reporting standards for che-
mical analysis in metabolomics were established by the Chemical
Analysis Working Group (CAWG) in 2007 (Sumner et al., 2007). Four
levels of identification confidence were established:

level 1: identified compounds (using authentic standards);

level 2: putatively annotated compounds (verifying MS and MS/MS
spectra);

level 3: putatively annotated compound class (deciphering MS and
MS/MS spectra);

level 4: unidentified or unclassified metabolites (which can be dif-
ferentiated based on spectral data).

Moreover, authors should clearly differentiate and state the level of
identification rigor for all reported metabolites. This classification can
be considered still valid although, recently, a group of specialists in-
vited the metabolomics community to debate the assumption of more
articulated standards (Creek et al., 2014). In practice, this re-
commendation is often disregarded in the field that is the subject of this
review, Only mass accuracy and MS/MS fragments are reported, or
reference to other previous works (the confidence of the original
identification remaining unknown) or to the database containing the
similar MS,/MS spectrum, without score. It is desirable that in the near
future all researchers using a metabolomic approach will use the same
criteria.

The first step of HRMS data analysis is the selection of ions of in-
terest from the many signals in the spectrum, a process which involves
feature detection (defined as pairs consisting of the retention time and
the my/z value), alignment and normalization. The result is a dataset
(i.e., a list of ions with their m/z values, abundances and retention
tmes). Several computational tools can be used for this purpose
(Misra & van der Hooft, 2016; Rathahao-Paris et al., 2016).

To reduce the number of possible molecular formulas, different
heuristic filters can be applied including restrictions on the number of
elements and the elemental ratios of nitrogen, oxygen, phosphorus and
sulfur vs carbon. However, this strategy typically leads to multiple
putative identities for each detected compound. Fragmentation patterns
are highly informative and can be readily compared to the literature
data or dedicated databases, typically containing few hundreds of MS/
MS spectra. Proper usage and development of MS-based spectral data-
bases is essential for metabolomics to reach the status of other omic
sciences, In this sense, there were many challenges for software de-
velopers, but one of the most fundamental is the growing accessibility
of plant metabolite databases, since current databases are still not
comprehensive of all known metabolites, due to the relatively small
number of metabolites commercially available as pure standards, not to
mention the large number of metabolites with unknown chemical
structures that remain to be identified and characterized. As far as
phytochemicals is concerned, a suitable database mainly devoted to
plant metabolomics is ReSpect (Sawada et al., 2012), which is a curated
downloadable public database, which, however, contains at least 50%
data from QqQ instrumentation. For an updated discussion on data-
bases in metabolomics, please refer to (Gil de la Fuente, Grace
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Armitage, Otero, Barbas, & Godzien, 2017). However, this approach
might be invalidated because MS/MS spectra are instrument-depen-
dent. Other than in GC-MS techniques, the use of databases in LC-MS is
hindered mainly due to the lack of standardization of the processes of
ionization (ESI, APCI) compared to the EI (electron impact ionization)
analysis, resulting in significant differences in the spectra of the same
compounds acquired using different ionization conditions (Kachlicki,
Piasecka, Stobiecki, & Marczak, 2016). Despite these limitations, the
use of reference spectral databases is still one of the best approaches to
annotate the structure of known metabolites when full isolation and
structure determination by NMR or X-ray crystallography is not pos-
sible. In other cases, accurate databases are built by the users based on
their own set of available standards and instruments. Alternatively,
novel computational tools that heuristically predict MS fragmentation
patterns in silico have been developed to assist with identification of
metabolites for which tandem MS data are not available, vet.

Continuous improvements in data (prelprocessing software
(Rathahao-Paris et al., 2016) and MS/MS  database
(Makabayashi & Saito, 2013) make the untargeted metabolomics ap-
proach more and more affordable, therefore, an increasing application
of such an approach in food phytochemistry is also expected.

6. Conclusions

For a long time, the chemical analysis employing HPLC coupled to
low resolution MS" has been widely used for identification of phyto-
chemicals. However, the uncertainty of the technique required strin-
gent confirmation with pure standard or high informative com-
plementary techniques, such as NMR.

More recently, the tremendous technological progress in both HPLC
and MS greatly improved the probability of correct identification of a
compound, based on MS data alone. However, there are still difficulties
for mass analyzers to fully support the separation capability of UHPLC,
as the required chromatographic and mass spectrometric resolutions
essentially move in opposite directions. Although providing high re-
solution, TOF and FT instrumentations have very different designs.
Typically, the highest resolution available in TOF instruments is several
tmes lower than the ultimate resolution in the high field Orbitrap.
However, in practice, TOF is used at the maximum resolution of 40,000
and Orbitrap is used at the same resolution to reach the same scan
speed. Mass accuracy in MS mode is comparable for the two instru-
ments, although Orbitrap is more stable and with a wider dynamic
range. In MS/MS mode Q-TOF offers better accuracy but lower sensi-
tivity, thus the actual reported true positive identification rate achieved
with Orbitrap mass analyzers is probably the same as TOF. In the end,
both latest generation TOF and Orbitrap systems basically provide a
similar performance and both are suitable for plant phytochemical
analysis. However, both technologies are still evolving: as an example,
the latest commercialized Orbitrap Fusion, to our knowledge, has never
been used in this field.

Two different approaches with different levels of accomplishable
information could be carried out: target analysis and untargeted ana-
lysis. In the first approach, a very limited number of target compounds
is identified and/or quantified, and the comparison with standards is a
straightforward operation. When a large number of unknown com-
pounds should be identified, the main strategy for automatic identifi-
cation or peak annotation could be based on database search. In these
searches, MS, HRMS, MS/MS spectra are compared toa large number of
existing web databases. Chemical formula ents can be obtained
by matching the experimental accurate mass with the theoretical one
and comparing the observed isotopic distributions. Access to ultra-
HEMS is sometimes necessary to avoid false positive interpretations.
Even when mass accuracies < 1 ppm are obtained, a definitive mole-
cular formula determination remains a difficult task, particularly for
compounds with MW > 500 Da. Fragmentation patterns are highly
informative and can be readily compared to the literature data or
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dedicated databases, but this is currently hindered by the dependence
of MS/MS spectra on the employed instrument and lack of real bioin-
formatics tools, as developed for other fields, which allow automatic
compound identification without extensive manual check; thus, prac-
tically databases need to be built by the users based on their own set of
available standards.

Finally, from the examination of the literature, it can be concluded
that, with respect to medicinal plants and diet integrators, phyto-
chemical analysis in food of plant origin has been much lesser
exploited. Only phenolics in some fruits and plant-derived beverages
were quite extensively studied.

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.
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