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el estudio es en si mismo un acto de esperanza
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PREFAZIONE

La presente Tesi di Dottorato di Ricerca riporta una parte delle acopigziei progressi a
livello analitico che sono stati ottenuti nel corso di diversi anni, a partire daitpateffettuati
verso la fine del 2003, presso I'lstituto di Scienze dell’Alimentazione del Gmnbigzionale delle
Ricerche di Avellino e il Dipartimento di Scienza degli Alimenti, Facoltagtaria, Universita di
Napoli “Federico II". La gran parte dei dati presentati € comunque ilateulel lavoro effettuato
nel corso del triennio di Dottorato di Ricerca.

Quando - oramai quasi dieci anni fa - il Prof. Francesco Addeohrase di provare a
distinguere con la tecnica di spettrometria di massa (MS) MAILOF la composizione di alcuni
olii vegetali, accolsi la sua proposta con perplessita. LaofiaZiipidica di interesse alimentare e
studiata e oramai ben conosciuta da decenni, e mi chiedevo quali nuovelipsgilssizioni lui
stesse immaginando.

La tecnica MALDI, che io utlizzavo da qualche anno per [lidentficae e
caratterizzazione di peptidi e proteine, ha il grande vantagdia depidita di analisi. Eppure
I'ottenimento di uno spettro realmente informativo e la sua compmié¢apretazione richiese
gualche mese di impegno e di prove. All'epoca, i pioneristici lalidetteratura relativi all’analisi
di grassi alimentari con la tecnica MALDI non erano moltipdi delle dita delle mani e le
procedure analitiche tra I'altro piuttosto nebulose e controversestti risultati sull’applicazione
della tecnica MALDI MS per discriminare i grassi di depositdmale e per ottenere un rapido
profiling della complessa miscela lipidica del latte, pubblicati suM&ta European Journal of
Lipid Science and Technologkd. Wiley) nel 2007, mostrano con ogni probabilita i primi spettri
MALDI-TOF MS di queste miscele lipidiche comparsi in letteratura sifiest
L’assenza del supporto - o meglio del “conforto” - di altrerdbe effettuate sull’argomento, mi
rendeva vagamente incerto sull’affidabilita dei dati pubblicati, nontestavessi ripetuto le analisi
decine di volte e i risultati fossero piu che plausibili, considecae la composizione di queste
miscele lipidiche era caratterizzata in dettaglio gia deew®. Cosi, quando poco dopo la
pubblicazione mi fu recapitata una e-mail con la richiesta drepnint dell’articolo, rimasi di
ghiaccio di fronte allo schermo del computer. La richiesta enpada del Prof. Paul Finch della
Royal Holloway University of Surrey (UK), il quale dopo una serie di complinrel#tiivi al lavoro
di ricerca concludeva testualmententpe to try your technique on lipid extracts of potteogsia
“spero di potere testare la sua tecnica sugli estrattiidiplella ceramica”. Non ero sicuro di aver
compreso e verificai su piu di un dizionario di lingua inglesegiificato del termine “pottery”...
Gli estratti lipidici della ceramica!!...Quella richiestai sembro immediatamente una sarcastica
bocciatura dei risultati pubblicati nonché una pungente and insolente pravmcdiistinto pensai
di rispondergli male, o almeno chiedere spiegazioni. Poi una rapidaarige internet mi fece
raggiungere la pagina web di Paul Finch. Era un Professore Emaitionico-analitico che stava
cercando di mettere a punto un metodo analitico rapido e sensibileafadterizzare i grassi
alimentari residui in vasi antichi di terracotta rinvenuti nel corso di scelealogici.

Ovviamente, I'inedita prospettiva applicativa che assumeva la dicdmesta del Prof. Flinch mi
inorgogli e rappresentava un esempio fulgido di come il mate dehoscenza sia fatto di gocce
che seguono il loro imponderabile percorso e vanno a bagnare lidi assolutamente impensat

La successiva messa a punto delle metodologie di preparazionang@bie e di analisi
strumentale, combinate alla mole di letteratura scientifieaveniva via via prodotta sull'impiego
della tecnica MALDI-TOF MS in vari campi dellaystem-biology mi hanno permesso di
apprezzare appieno il suo elevato livello informativo e gli enormtagmi nelle applicazioni ai
lipidi, in termini di messe di informazioni composizionali e strattuottenibili, in relazione
all'esiguita dei tempi di preparazione del campione. Negli ardivéntato gradualmente evidente
che questa tecnica & potente e versatile dato che la sua Bappie razionale puo contribuire a
decifrare una serie pressoché illimitata di problematiche amhalitic



L’intuito e l'esperienza del Prof. Addeo avevano in qualche modeopse i tempi,
considerando che nell'ultimo decennio il numero di studi “lipidomici’cin si fa un utilizzo
esclusivo o comunque sostanziale della tecnica MALDI € cres@autotmi esponenziali.
L’applicazione di una tecnica innovativa a campi anche oramai congotidate quello dello
studio della frazione lipidica degli alimenti, apre nuove prospetgvespalanca orizzonti
imprevedibili.

Grazie anche al progresso degli apparati strumentali sugborto del “data mining”
bioinformatico, attualmente la tecnica MALDI MS e, quale metodolagiaé stante o quale
strumento complementare, una deil@e technologieselllambito di quelle che si sono oramai
affermate quali “piattaforme di analisi lipidomica”.

Le tecniche evolute di MALDI “imaging” che, monitorando la disizione spaziale di
organo, sono la prova eclatante della realizzazione di quanto sareb@tsefantascienza solo
gualche anno fa.

Questa Tesi rappresenta una goccia nel mare attuale dell’ “dipadismica”.

Gianluca Picariello

Marzo 2013



LIST OF ABBREVIATIONS

9-AA 9-aminoacridine SM sphingomyelin

AA arachidonic acid - C20: 4)-6 STM synthetic TAG mixture
APCI atmospheric pressure chemical ionization TAG triacylglycerol

API atmospheric pressure ionization TLC thin layer chromatography
CHAC a-cyano-4-hydroxy cinnamic acid TOF time-of-flight

CI chemical ionization TPC total polar compounds
CID collision induced decay SM sphingomyelin

CN carbon number

DAG diacylglycerols

DE Delayed Extraction

DHA docosahexaenoic acid C22:63

DHB 2,5-dihydroxybenzoic acid

El electron ionization

EPA eicosapentaenoic acid - C201®3

ESI electrospray ionization

EVO oll - extra-virgin olive oll

F20TPP mesotetrakis pentafluorophenyl
porphyrin

FA fatty acids

FAB fast atomic bombardment

FID flame ionization detector

FT-ICR Fourier transformen cyclotron resonanc

GC gas chromatography

GP glycerophospholipid

HAP hydroxyapatite

HPLC high performance liquid chromatography

HP-SEC high performance-size exclusion
chromatography

IT ion trap

LC-MS liquid chromatography-mass spectrometry

LIT orLTQ lineari on trap

MAG monoacylglycerols

MALDI matrix-assisted laser desorption ionizatic

MS mass stectrometry

MS/MS tandem massspectrometry

MUFA monounsaturated fatty acids

NC nitrocellulose

NMR nuclear magnetic resonance

PC phosphatidylcholine

PE phosphatidylethanolamine

Pl phosphatidylinositol

PL phospholipid

PS phosphatidylserine

PSD Post-Source Decay

PTV programmed temperature vaporizer

PUFA polyunsaturated fatty acids

Q quadrupole



ADVANCED APPLICATIONS OF MATRIX ASSISTEDL ASER
DESORPTION IONIZATION —TIME OF FLIGHT (MALDI-TOF)
MASSSPECTROMETRY IN FOOD L IPIDOMICS



ABSTRACT

The application of matrix assisted laser desorption ionizatioa-tinflight (MALDI-TOF) mass
spectrometry (MS) to the study of lipids has been long underdstindae to a series of intrinsic
limitations associated to the technique, including the interferenceatfx ion signals in the low
m/zregion, the natural tendency of lipids to fragment even under th isoization conditions of
MALDI, the scarce reproducibility of the analysis, the inability discriminating positional
regioisomers or to characterize structural details such asopoand geometry of double bonds in
unsaturated lipids. In the last decade, because of several téémpoavements, both the single-
lipid targeted and the lipidome-wide extended investigations,ecaaut with the exclusive use or
the substantial support of MALDI MS, have exponentially increased. MAIOF has become one
of the core tools of the recently born “lipidomics” and has proved tot lzossries of unarguable
advantages in the analysis of complex lipid mixtures, such mimal sample handling; ii) no
derivatization needed; iii) short analysis time required (1-2 miw);very high specificity,
resolution and reliability; v) high sensitivity and dynamic range; relative straightforward
assignment of signals in the mass spectra; vii) possibilipedbrming analysis in mixture, without
any previous chromatographic step.

We have explored the possibility of extending the application of MALOF MS to food-
related analytical concerns, with progressively increasirallesiges. Several quick strategies of
sample pre-treatment have been developed to significantly enhanceaphbilities and the
analytical applicability of MALDI-TOF in food lipidomics, espellyaaimed to the analysis of
triacylglycerols (TAG) in edible oils and fats. For instanceyntine addition to double bonds
isolates the contribution of saturated TAGs from animal fatthé mass spectra. Similarly, the
catalytic hydrogenation of TAGs allows to profile the pattefrthe TAG families in complex
mixtures (i.e. milk fat, fish oils) and to detect very low-abundans@ Tlasses. The silica gel pre-
fractionation prevents ion suppression, allowing to profile polar separatatyiion-polar fractions.
This analysis has allowed to identify several categories offarated components in thermo-
oxidized edible vegetable oils (sunflower and virgin olive oil) whigiderwent deep-frying
conditions, as well as to discover TAG-derived species non detesfige bSilica gel pre-partition
has been preliminarily utilized also to investigate lipolysifemrmented meat products such as
salami.

Several successful tests were also performed to isolate alydeaby MALDI-TOF MS
non-TAG lipids. To this purpose, phospholipids have been selectively enricmeaddmplex food
lipid mixtures, using hydroxyapatite as an innovative support for solid-phasetextra

A very promising strategy of sample deposition, that consisteeotto-crystallization of
lipids and matrix over a thin nitrocellulose (NC) substrate filrmimizes or completely abolishes
TAG fragmentation. In addition, NC MALDI-TOF MS suppresses matmization and improves
the analytical repeatability. These aspects enable MALBItMthe reliable quantitative evaluation
of TAG and TAG-related species which derive from oxidative aydtdiytic scission, provided
that suitable internal standards are selected.

Although the strategies outlined in this Thesis are virtually erfiegal applicability in
lipidomics, they have been specifically tailored for addressintytacs issue related to the study
of food lipids. The rationale and targeted application of the MALDI B4Sed strategies exhibits
wide applicative capabilities to support the food science and technalodgr several aspects
which include food quality, traceability, authenticity, nutritional prtipsr legal purpose
assessment and monitoring of the modification induced by technological treatmdéotslstuff.



1 GENERAL INTRODUCTION

1.1Lipid classification

The “lipid” family embrace a huge class of compounds, manyhiéiwhaving chemical structures
mutually not related. The class of lipids is so heterogeneous\vbatan exhaustive definition does
not actually exist. Some estimates place the number of disatgrally occurring chemical entities
within the lipid class between 10000 and 100000. Lipids have been |laesfigigd as biomolecules
that are generally hydrophobic in nature and in many cases sahubkganic solvents (Smith,
2000). Such a definition is not universally accepted and does not include etiiponents that are
normally classified as lipids. Indeed, while lipids are usually extrdoded the biological source by
organic extraction, without special precautions some lipid familsegh as the very polar
phosphoinositides) can escape into the aqueous phase during phase partitioning (Wenk, 2005).
A more accurate definition is possible when lipids are consideoed & structural and
biosynthetic perspective, and many different classification sebdrave been used over the years.
In this sense, lipids can be defined as hydrophobic or amphipathic smoltules that may
originate entirely or in part by carbanion-based condensatidhgoekters (fatty acids, polyketides,
etc.) and/or by carbocation-based condensations of isoprene units (mtarols, etc.) (Fahy et al.,
2005). According to the most widely used classification lipids atalagued into eight classes:
fatty acyls, glycerolipids, glycerophospholipids, sphingolipids, sterpiddj prenol lipids,
saccharolipids and polyketides (Fahy et al., 2005).
Fatty acyls constitute structurally the simplest subclaskjdimg fatty acids (FAs), fatty alcohols,
fatty aldehydes, fatty esters, fatty amides, fatty e#riffatty ethers, eicosanoids and hydrocarbons.
Many components of this class, especially the eicosanoids derneed h-6 and n-3
polyunsaturated FAs, have potent biological activities. FAs aretla¢sbuilding blocks of lipids
with a higher level of structural complexity, such as glycprddi, i.e. monoacylglycerols,
diacylglycerols, and triacylglycerols (TAGs) that, accordiogan obsolete nomenclature, were
commonly referred to as triglycerides. In acylglycerols, Baiegs attached to a glycerol moiety
through an ester bond, but ether bonded FAs can be also found in glycalipidsor amounts.
Glycerophospholipids (GPs) are key components of cellular membediesigh they are also
involved in distinct functionalities such as metabolism and signalimg. adldition to
phosphatidylglycerol, in which a glycerol position is esterifig@lsimple phosphoryl group, in the
most abundant GPs of biological membranes, phosphate group can be baorairtmo-alcohol,
as in phosphatidylcholine (PC), phosphatidylethanolamine (PE) and phdgjs®aine (PS). The
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glycerol-phosphate group binds a poli-alcohol in phosphatidylinositols. (Bpé)ingolipids are a
complex class of lipids that share a sphingoid base backbone a®rtireon structural trait.
Sphingomyelins (SMs) and ceramides are classified within thenggipid family and are
constituents of cellular membranes as well. Overall, SMs dnsl &e commonly referred to as
phospholipids (PLs) due to a phosphate group in the headgroup. The polar phosphatenfers
PLs the typical amphipatic chemico-physical features. Stemitin the cholestan core made of
four condensed cycles. Cholesterol is the primary sterol lipid madrat. It is the precursor of bile
acids and sexual hormones and play a critical structural role in the lipid nmembra

A gross classification and the exemplificative scheme ob#sec structures of each lipid class is
reported inTable 1

Table 1. Lipid categories, abbreviations, sub-categories and exemplificative structures

Categiry Allsre i a tion Sub-categine

Fatty acyls FA Falty acih and conjugates [FAD]
Octadecanokds [FADZ|
Hermanaih [FAD3]
WN\-/«J“ F"'I'r,""':"l'f [ {16 Descemansngs [FADA|
Palmitic acid Fafty alcobals [FAGS)
Famy aldelnsdes [FADR]
Fafy esten |[FADT]
Cobyoerd i pids L
Monoacyighrocernis (G101

Diacyighyoerols  pGLOZY

A T Glyesroliphls [DAG SANBLBZ)) Triscylghyoerds 1GLO3]
WM 1-palmboyd-2oleoyl-sn-ghyecenal

Phesphatidic acds [GP1O]

Phacegabuatichy be ooalf s [P0
Phacesguluati oy Jsesrf neess. (IR0

A hy o g sl e e L 1"t h.;.-l'«.illd!.'l:i_!h—tl“l:-h [P |

i £ :lh:]'-"-":"Ph“"P‘h"“'Pdﬂ“ lllmli:lﬁ:l" Phaepluatidy ledhanolamines [(GPO2)
1 ] R Fhiagtremphaphichnling Phcegulratichy linositnls. [GPOR]
Wm'ﬁ' i L Phorgelatichy limositickes. [CPO7 (|
N N N S N T= aligins (G2
¥ ! Cardinlgnns (L4 2]
St gzl i s by Spohuiegn kd beased |SP01)
Ceramidas, [5R02]
1] n r.d""' |'|'xm.l!:~:l-.,'.-|'~||‘-g-:.-|g:-|-::'1. (AR EEY |
e 2 ﬁi.dﬁ_ﬁ”m! Phosphanasgabin gol iplds |SPO4]
1z Ay whul i el [5]A05
e i e o Sihingaltpidsi (Taw-tT-CotelS0625100] eral glyeosphigoliplds [5P05]
) M-k 1|+ rocypbing i-pheaphn  Actdic ghyoosghingolgids [SP06|
- 0" rwpre-i nrusdnd)
Sperel Hpids 51 Sheraals | STIN )

Seraids | 5TO2|
el L [ " Seqrmensids [STO3]
el 1 IR
EI'FII-IE,I'.",.'EIE,ﬁic..HqI Bile acicls anad aherivatboes |ST04|

leprenaldds [PROT]

Tad 3
Frenol ptds i Ol amd Trghroogui nomes | PROZ2)

#J%;W_Jﬁw Press] Lipids: [Farnesol] Peshyprenals. [PRO3|

2E8E-[arness]
.-’v!.\l.ll.llrlll'.chl.-_._e_ll'. I%LET]

saocharolipids 5l Acylaminosugar glycans [SL02|
Agy rehaloses |50L03]
Acyiireluless glycans [SL04]

Poly ke tides K g | . W st rolide pokyletdes [FKOT)]
o LA Aromatic polyketides |PKO2|
P T rom-rilsomorial et lndaids [PRIG|
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Biosynthesis of lipids does not occur under a genic control. Nevesshelipids are
produced, transported and recognized by the concerted actions of numezgoses binding
proteins, and receptors that are influenced by endogenous and exogenousdigt and
temperature) factors. Although it is unclear how and why natenergtes and perpetuates this
incredible diversity, there is an increasing awareness of ritieat importance of lipids in all
aspects of life.

The need of analytical tools that can readily tackle such a camafege of molecular
diversity is one of the key reasons why the systematic sitiligids has lagged behind the related
system-biology “omic” disciplines, such as genomics and proteorhicwever, the impressive
technical advances introduced in the last decade have promotednitherditzation degree of lipid
analysis at levels that are comparable with those of gencamidsproteomics, consequently

moving extraordinarily forward the current knowledge about lipids.

1.2 Lipidomics

In analogy to the definition of other biomolecular subsets (e. g. genomemetmetabolome),
the entire repertoire of chemically distinct lipid specrea biochemical system has been referred to
as a “lipidome”, which first appeared into the literature in 200%H{knoto et al., 2001). Therefore,
lipidomics has to be intended as the comprehensive characteriaatioa lipid entities within a
biochemical system. With the term lipidomics, however, it is Wguradicated also the array of the
analytical platforms that have been developed for the systematic, higigtiprd analysis of lipids.

In general, following the track of the recently-borne “systeatelgly” approach, lipidomics goes
well beyond the simple complete characterization of lipid molednl@sbiological system, but it
also includes the understanding of the functions that lipids carry ithihvea biological system,
taking into account their primary role in cell signalling, membrarchitecture, transcriptional and
translational modulation, cell-cell and cell-protein interactions #r&l dynamic response to
environmental changes. The complete definition of these aspects is tp@ousy challenging
task, but the basic knowledge of the lipidomic profile entails thesic characterization of the
lipid components of a given system. Like proteomics, lipidomics msulgect which is both
technology driven and technology driving as it has prompted the apeweht of a series of
dedicated analytical platforms and tools for data mining. Lipidosnpart of the metabolome,
intended as the complete panel of the primary and secondary metabbliegiven biological
apparatus. In consideration of the relevance of lipids for biologicdaesg and of the specific
methodologies that are progressively developed, lipidomics is argeagi self-a standing “omic”

science from the wider perspective of metabolomics (Grifeihd Wang, 2009). One of the most
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promising and appealing purposes of the lipidomic investigationsiraed ao identify potential

biomarkers for establishing preventive or therapeutic approacheseveral diseases, including,
among the others, diabetes, obesity, atherosclerosis and Alzheilisegse (Hu et al., 2009).
Current research on lipids tends to shift the subject of invastigaffrom determining the

molecular structures of single lipids in biochemical sampleshtracterizing global changes of
lipid metabolites in a systems-integrated context, with an oagpr that might be defined
“functional lipidomics” (Feng and Prestwich, 2006). The pattern recognition metupes| such as
nuclear magnetic resonance (NMR) and the up-to-date mass spadiraechniques, enable the

so-called “molecular profiling” that represents inclusive snapshots of tine lpd complements.

1.3 Food lipidomics

Foods are in general heterogeneous matrices of very differentceh@mmpounds and reflect
the complexity of the animal or vegetal organism they arise fdost.like for any other biological
system, the recently born “omic” sciences, intended as thensgit definition of subsets of
specific biomolecules, are finding applications also to foods. Thusnstairice, food proteomics
include the complete cartography of the proteins, while metabolstdies the panel of small
molecules (low molecular weight arbitrarily assigned below KWDa) of a food product. The
specific topic of food lipidomics only slightly differs from thergeral aspects of lipidomics, taking
into account that alimentary lipids, once regarded simply agein@reservoirs, do have biological
and nutritional roles, many of which are now well established. Furthermohe majority of foods
the lipids and their interaction features drastically affeetdverall physical characteristics, such as
flavor, texture, taste and appearance. Under a different perspéotiddipids “hold the memory”
and reflect the history of the technological treatments foodstuff has undergone.

Generally, food lipids are largely dominated by TAGs. Food-derive@s &re major sources of
energy and provide essential lipid nutrients. This is the cadétbkaregetable oils, such as those
from olive, corn (maize), palm, soybean and sunflower as welhmsal fats, such as tallow, lard
and butter, and commercial products such as ghee or margarines. ISesatwally serve as a
source of energy and structural fatty acids for the developmygy®. The most abundant animal
TAGs are depot fats (from adipose tissue) or milk fats, amshyncase their main function may be
as a store of energy. Partial glycerides such as diacglglygc (DAGs) and monoacylglycerols
(MAGS), FAs and other minor components, like PLs and sterols, comtribuhe lipid fraction of
foods at a much lower extent. The lipid fraction of foods may lgreaty as a results of a series of
dynamics. Variability factors of the edible oil composition incliadaong the others genetics,

meteorological conditions, geographical origin and technological p&esneuch as extraction
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methods and storage. Similarly, the composition of animal fatéeistedl by a series of endogenous
and exogenous effects, these latter including feed and season.

The TAG fraction, in turn, is far to be an homogeneous set of componefast flood TAGs
and consist of complex mixtures differing by several basicbates: (i) carbon number (CN),
depending on the FAs esterified to glycerol; (ii) the degree ddturation, considering that FAs
can be saturated, mono- or poly-unsaturated; (iii) the positiorcigftdans configuration of FA
double bonds; (iv) the regioisomerism of FA on the glycerol backlsr2, 6n-1/sn-3); and (v) the
enantiomeric asymmetry at tise-2 glycerol position when primary glycerol hydroxyl groups are
esterified with different FAs. In fact, asymmetric TAG$ clisplay optical activity, though this is
usually too low to be measured. The conventional D/L or R/S sgstmuld designate such
enantiomers without ambiguity with simple molecules, but problense ani application to the
complex mixtures of naturally occurring TAGs. Such problemspageented by describing the
stereochemistry of TAGs and other glycerolipids with the "steredgpeambering” én) system as
recommended by a IUPAC-IUB commission (IUPAC-IUB Commission Biochemical
Nomenclature, 1967).

Because of the lipogenesis mechanisms, in which aceyl-CoRplsited as building block to
progressively construct the aliphatic chain, the most abundant FAsrcant even number of CN.
However, especially animal fats or fish oils can contain odd-numdéfe, which derive from
rumen bacteria or water microorganisms, respectively. Someypartfats or some oils, such as
castor oil, can also contain hydroxylated FAs (e. g. ricinoleid: 4 2-hydroxy-9eis-octadecenoic
acid).

Due to a similar complexity, the comprehensive and complete charation of a food TAG
mixture is often technically challenging. On the other hand a ggetetermination of the lipid
composition of a food product is of primary importance for the knowledgtheoffoodstuff
composition, for assessing the nutritional properties and for seeastins, some among which are
listed below:

« Legal. Government regulations often demand that the amounts of saturated, uedatuneht
polyunsaturated lipids, as well as the amount of cholesterol, be specified on food labels

« Nutritional. The amount of specific FAs (e. g. saturatettrans-FAS) has to be maintained below
opportunely defined threshold values. On the other hand higher relative ambpaolgunsaturated
FAs are often desiderable.

- Food Quality. Many desirable physical characteristics of foods, such as amgearflavor,

mouthfeel and texture, depend on the type of lipids present.
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« Lipid oxidation.Foods which contain high concentrations of unsaturated lipids areybentty
susceptible to lipid oxidation, which can lead to the formation of uratdsi off-flavors and
aromas, as well as potentially toxic compouredg (cholesterol oxides and hydroxynonenal)

- Adulteration. Adulteration of fats and oils can be disclosed by targeting thd figiction,
referring it to the profile expected for a genuine sample.

- Food Processing and traceabilityProcessing conditions of many foods affect the lipid
composition, that determines important quality parameters of the food products.

“Lipidomics” has been practiced for years with differingthoglologies with increasing degrees
of analytic refinement (Han et al., 2012). Actually, in considenatif the complexity of the food
lipid systems and of their technological and nutritional relegam the years many analytical
protocols have been used for specifically addressing the issuasothatan be comprehensively
embraced by the “food lipidomics” topic. The analytical appneacare now progressively

evolving toward the platforms of the modern lipidomics.

1.4 Analytical methods in lipidomics

Unlike other classes of biomolecules that can be considered as g@omsiton a common and
finite set of monomers (e.g., proteins and oligonucleotides), comiples,Isuch as for example
glycerophospholipids and sphingolipids, are constituted of a large nurbaiding blocks that
can give rise to an astonishing array of combinations. Permutatianarise only from common
eukaryotic lipid motifs may give rise to more than 180,000 phospholipidtstescthat could be
present in a given cell or tissue extract. This number does hadénather sources of heterogeneity
introduced by isomeric lipids that differ in double-bond position, backbone tsuiosti
regioisomerismsn-stereochemistry ocis and trans geometry ofdouble bonds. The challenging
ultimate aim of lipidomics can be achieved only if robust and -thgbughput analytical and
bioinformatic tools are made available.

Traditional methods for analyzing lipids rely on preliminar stepgrefractionation into
lipid classes or polar and nonpolar lipids. Historically, gas chregnaphy (GC) also coupled to
mass spectrometry (MS) detection has been by far the domiohnigee in lipid researciRffhage
and Stenhagan, 1960; Sjovall, 2D0GC has successfully contributed to most of the current
knowledge about lipids and allows to overcome the specificity problemthea great part of
compounds in a sample can be resolved and detéatethe other hand, GC-based analysis suffer
from several shortcomings, primarily due to the relative low Jiatf some lipid classes, that
render sometime insufficient to tackle the extreme complexXitige current lipidomic questions. In

fact, lipid samples require handling pre-fractionation and d&atain steps that are time
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consuming and rise the issue of sample “integrityipid oxidation occurring over the time course
of the analysis is also of concern and can greatly diminish santptyity (Lerno et al., 2010).
Chromatography-based lipid separations, either GC or high perfornigna® chromatography
(HPLC), especially with classical systems, also delivaitéid resolution and can rarely resolve all
the components of complex lipid mixtures. The lost of information aboattimative lipid
molecules, for instance in food samples containing simultaneously 8AGgartial acylglycerols,
is one of the main pitfalls of the GC based analysis.

Other analytical techniques have been applied to lipid analydisvailying degrees of success,
primarily Fourier transform infrared spectroscopy, NMR and M €t al., 2009; Carrasco-
Pancorbo et al. 2009). While each of these methods has its own stmgjtiveaknesses, the most
recently developed MS methods based on atmospheric pressureioan(geR®l), electrospray
ionization (ESI) (Han and Gross 2003; Han and Gross 2005; Schwudke et a).ag@0matrix-
assisted laser desorption ionization (MALDI) (Fuchs and Schil@g®9) have emerged as the most
powerful platforms for lipidomics.

1.5 The role of Mass Spectrometry in lipidomics

Recent advances in MS and progresses in chromatographic methcslblaggelargely driven the
development of lipidomics. In turn, the analytical “issues” relatedhe omic sciences, also
including lipidomics, have prompted MS technology and MS-related bioiafiizen to push
forward. Therefore, omics and omic platforms have evolved adime rate. The greatest impulse
to the borne of the omics has been undeniably prompted by the “softedh8iques, i. e. ESI
(Fenn et al., 1989) and MALDI-TOF MS (Karas and Hillenkamp, 1988t,have been introduced
almost simultaneously in the late 1980s. Unlike conventional ionizatiomesxyusuch as electron
ionization or chemical ionization, the soft ionization techniques B&INALDI yield minimal or
very limited in-source fragmentation under ordinary operating comgitiBy this way, ESI and
MALDI generate spectra that are of straightforward assignnasntirtually each signal correspond
to a single component or to a set of isobaric compounds, and preserméotheation about the
intact molecules. This latter aspect has important nutritionglications when edible oils/fats are
investigated, as many nutritional properties seem to dependo on hoWAtltemponents are
grouped together as DAGs or TAGs rather than on the overall FAaohon (Murase et al., 2001;
Mu and Porsgaard, 2005). Both the techniques do not necessarily reqewventpe
chromatographic separation and provide very quickly a profiling of complex lipigiras
Nevertheless, analytical protocols in lipidomics are still farbe standardized. The initial

enthusiasm of being able to harvest a great amount of compositidaavitabiochemical interest
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is being gradually replaced by the demand for enhanced analytemasipn and more accurate
consistency (Shevchenko and Simons, 2010). It is not uncommon that lipidortacsoddict
among from different laboratories. It also sounds unpractical or umaizg to impose “golden
standard” MS devices and related software for automation angeatassing. In fact, due to the
large diversity in molecular structures there is no singlssnsgectrometric approach which could
cover an exhaustive molecular characterization of the whole lipiddraa organism, but usually
techniques are selected on the basis of specific analsgipaésts and often different experimental
platforms have to be combined.

The Lipid Metabolites and Pathways Strategy (LIPID MAPSjanve constitutes the first broad
scale attempt of overcoming those hurdles that still hinder lipickona become a true systems
biology approach on par with the other “omic” disciplines. A new m@imensive classification
system for lipids, along with a recommended nomenclature amctistl drawing representation,
and the adoption of advanced MS techniques as the instrumental platiorasiigate lipidomics,
are among the aims of LIPID MAPS (Schmelzer et al., 2007).

1.6 Basics of Mass Spectrometry

MS-based platforms constitute the core technologies in curredbiipes. The use of MS for
analyzing lipids is not new as the classical electron ianizgiEl) and chemical ionization (CI)
techniques have largely been utilized, since the to elucidatstrineture of relatively volatile
lipids. However, far from all the lipids are amenable for iid &1 analysis because of the absolute
requirements that the molecule must be insensitive to heat ané Isawcient vapour pressure to
enter as a gas into the ion source of the mass spectrometausBex their characteristics, EI and
Cl are frequently used in combination with GC separation methods (GC-MS).

A massive impact on our understanding of the complex nature of the dggnponents of
biochemical systems has been produced by the recent evolution oftM®ltegies. Modern MS
enables a rapid, accurate, reproducible, highly-sensitive and higlidfismmnalysis of either a
chromatographically separated or even a crude complex lipidcex8imce some decades, MS is
actually emerging as a new self-standing science on the borttezdmechemistry and physics,
whose field of investigation is the behaviour of ions in the gas phma®ed, to analyze a molecule
by MS it has to be both volatilized and ionized. These two conditienachieved by the source of
a mass spectrometer. The gas phase ions produced in the sowedemreaccording to them/z
(mass-to-charge ratio) in the mass analyzer. Finally, iondedeeted and processed by elaborating
systems that yield the “mass spectrum”, i. e. a two-dimerisfgoa of ion-abundancers. m/z

values. Therefore, a mass spectrum provides an highly acoueatirement of tha/zratio of the
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ions, from which it is generally immediate to infer the molecoiass of the individual compounds
in a sample. The measurement of thvz of ion fragments, which are naturally produced in the El
source or generated by collision induced decay (CID) in the tandeniW38VIS) experiments,
yields structural information. Importantly, under opportunely controletitions MS can deliver
guantitative data.

Typically, a mass spectrometer can be schematized as a device ogritaiee main blocks which
are an ionization source, a section of mass analyzers, and an ion d&igctar 1). These

components are operated by electronics and a computer.

GC DATA

HPLC ANALYSIS
Direct injection

ION SOURCE j ANALYZER —»e

El . ION TRAP ELECTRON MULTIPLIER
ESI . QUADRUPOLE |
APCI . TOF

. MALDI i FTIICR/ORBITRAP  ERVINGEINIY
PUMPS

Figure 1. Block diagram of a typical mass spectrometer. MS/MS configuration contains more than one analyzer
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1.6.1 Mass spectrometry ion sources

Currently, the ESI interface is the principal source enableurtology for tackling complex
lipidomes. Increasing evidence is demonstrating that MALDI soisraeery useful in lipidomic
research alone or complementarily to the ESI methodSI generates gas phase-ions at
atmospheric pressure from a liquid solution that is forced througpilary, made in conductive
material, at a low flow rate (0.2-2Q0/min). The application of a strong electric field (0.8-5 kV)
results in a fine spray of charged droplets with the same fyoithe applied voltage. As these
charged particles move, the solvent continues to evaporate, thecedgsing the internal electric
field density. When the mutual repulsive force of the chargesedscthe liquid surface tension,
then fission occurs. Essentially, two models have been proposed tanekgdt S| production of
gas phase ions, i. e. the charged residue and the ion evaporation roade|s2010). The real
process is a merge of these two extreme models as a skfission events and a continuous
expulsions from distorted liquid droplets (Taylor cone), ultimatelgldyng “naked” charged
isolated (gas phase) ions.

ESl-ionized molecules preserve almost unmodified the charges stegy had in solution. Thus,
molecules are ionized primarilya protonation (in positive ion mode) or deprotonation (in negative
ion mode), owia the formation of adduct cations.¢.ammonium alkali metals) or adduct anions
(e.g.Cl"). Poly-electrolytes, such as proteins or peptides, ionize chasticadly as multi-charged
ions in an ESI MS spectrum. Aside from rare exceptions (de Soata 2009; Liang et al., 2007),
ESl-ionized lipids are singly-charged species. Atmospheric peessiemical ionization (APCI),
that is an additional source used in lipidomics, vaporizes solvent arplesanolecules by spraying
the sample solution into a heater using a inert gas, such) asile molecules are ionized through
corona discharge. APCI has for many aspects a source desitar 8 ESI. Unlike MALDI which

is a pulsed, ESI is a continuous ion source that is well suitalble itaterfaced on-line with HPLC
separation (HPLC-ESI MS).

The MALDI source is somehow an evolution of the fast atom bombard(R&®) that firstly
allowed to directly analyze non volatile lipids such as PLs (dees$eal., 1987; Murphy and
Harrison, 1994). Although, fast atomic bombardment (FAB) afforded a roajuribution to lipid
MS, it suffered from several drawbacks such a@sldqw overall sensitivity; If) the presence of
interfering matrix ions; d) significant source fragmentation that biased quantification. kier t
reason FAB has fallen into disuse.

In the case of MALDI, analytes, homogeneously dispersed in psigeents, are mixed with a
solution of an opportune ultraviolet absorbing species - the so-catlattix” — and are deposited

on an apposite steel target and then let dry. One microliter or less of the aonélyion is generally
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employed. The target is placed in the instrument source thattegpenader vacuum conditions. A
pulsed laser beam (usually a lser emitting ah=337 nm) is tuned to the appropriate energy and
is directed in order to hit the co-crystals. Laser pulses graasft elevated energy density to the
analyte-matrix system, which in turn results in desorption subsedaeat sublimation at a
temperature that has been estimated to range between 409 and 3tgvdagon et al., 2000). The
high matrix to analyte ratio ensures that most of the ensr@ysorbed by the matrix and minimizes
direct irradiation of the analyte. In fact, one of the primeffgct of the matrix is to create a plume
that adsorbs most of the laser energy, thereby preventingtardgisociation. Therefore, the
MALDI process of desorption (to the gas phase) and ionization #tamtsa “solid solution” of the
analyte in the matrix. Most of the used matrix are weak orgacids €.g. a-cyano-hydroxy-
cinnamic acid; 2,5-dihydroxybenzoic acid; sinapinic acid) that &fe @ charge the analytes
through a proton transfer due to the laser-induced molecular vibratholeed, the MALDI effect
depends upon the close proximity of the sample and matrix in the expayatingoud. In other
cases, molecules can be ionized by different mechanismssatét case of the formation of metal
ion adducts (exchange of metal ions) or the negative analysis rpoaten( abstraction). The
analyte ions produced are called “adducts” or ‘“quasimolecular” igegemetimes the term
“pseudomolecular” ions may be also found, although IUPAC discouragesa)s Analytes with
oxygen functionality are readily cationized with alkali megalts like LiCl, NaCl, KCI, while
analytes with unsaturated hydrocarbon functionality are readilgniz¢d with transition metals
like silver and copper. Due to protonation or formation of metal adaactgding positive-ion
mode spectra is much more common. It even seems that MALDI detection of negeatilemuch
less sensitive than positive ones (Fuchs et al., 2010). However, saddregtionization of lipids is
not a trivial task and it is a critical part of the sample preparation method.

The MALDI source almost exclusively produces singly-charged i&asaé et al., 2000).
The reason why even very large proteins, poly-electrolites rotomable polymers are
predominantly (or exclusively) singly-charged it is not perfectlyar. In any case, the precise

mechanism(s) of the MALDI ionization is far to be completely elucidated (Chaalg 2007).

1.6.2 Mass analyzers

ESI and MALDI sources are combined in various ways with a number of masseasayarrently,
four types of mass analyzers are routinely used: quadrupole d@}rap (with its variants
guadrupole ion-trap, QIT; linear ion trap, LIT), time-of-flight (TO&nd Fourier transform-ion
cyclotron resonance (FT-ICR) mass analyzers. The structofatmation or the definitive
identification about a selected ion can be obtained by tandem MSINK ion of interest is
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subjected to collision-induced dissociation by interaction with asaoil gas. In tandem mass
instruments, the first mass analyzer is used for the selestitdme ion of interest, which is then
fragmented in the collision cell; a second mass analyzee@tosseparate the fragment ions on the
basis of theim/z values, thus creating a product MS/MS spectrum where the ion isopiatted
against then/zof “daughter” ions. An MS/MS spectrum affords structural infdromaand can be
utilized for either structural confirmation ole novoassignment. Complex hybrid multiple-stage
mass analyzers such as triple Q (QQQ), hybrid Q-TOF amtkta TOF (TOF-TOF) instruments
have been combined for the purpose of MS/MS experiments. A typical iQ&3Q spectrometry in
both full-scan or tandem MS (MBconfigurations is chematized fiigure 2.

no gas into Q2

ESI (collision cell)
Syringe pump ~ Source Q1 1 Q3
; If 080000000008 O 0e00R0S000000E O O#000R0000008 |I
A
Gas inlet into Q2
ESI (collision cell)
Syringe pump ~ SOUrce Q1 1 Q3

|

T uuuuqu q‘iéﬁg‘;}ﬁﬁ'ﬁ}i,ﬁﬂ@ LT TN T NI =

B

Figure 2. Typical triple quadrupole (QQQ) instrument in Q1 full scan (A) and tandem mass spectrometry (B)
configurations. In full scan Q1 or Q3 are the scanning analyzers. In MS/MS configuration, Q1 and Q3 quadrupoles are
operating as mass analyzers, and Q2 is operating as a collision cell. The precursor ion of interest is selected by Q1 and
filtered to enter the collision cell (Q2), where it is fragmented by collision-induced dissociation (CID). The fragments are
m/z scanned by Q3

One of the primary characteristics of an analyzer isas®lving power that is quantified
through the resolution (R), whose most accepted definition is: iR AM, wherem is the lower
value of two adjacent mass spectral peaks Avdis the mass difference between two adjacent
mass spectral peak of about equal height, with an overlay (valle})%. Q-TOF instruments

deliver high resolution (up to 40,000) and mass accuracy of bettebthpm, which is sufficient
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for obtaining many of lipidomic compositional details. In addition, T@DBlyzers have a very high
scan rate to acquire full product ion spectra at a very fast Faurier transform ion cyclotron
resonance mass spectrometry (FT-ICR) MS offers a virtuailymited mass resolution (even
>500,000) and sub-ppm mass accuracy. Owing to the extremely high @gcorany lipid
structures can be assigned even in the absence of MS/MS spedatcambination with a linear ion
trap (LTQ-FT) has become a upper edge standard instrunoentatiproteomics, but its use is
limited by the cost-effectiveness and by the often problernraicument maintenance. Thus, very a
few groups use it in lipidomic research. Triple Q instrumentwali as recent commercial
configurations of Q hybrid instruments, are particularly adequateg@iantitative analysis and
allows the targeted monitoring through the selected reaction magi{@&@RM) or multiple reaction
monitoring (MRM) MS mode. The performances of mass analyzeysivaensitivity, resolution,
mass accuracy and ability to produce high quality MS and MSfMSt®. A special mention is
deserved by a recently introduced type of hybrid instrument, bédeta the Fourier-transform
technology (commercially the LTQ-Orbitrap system), becausts digh resolution (up to 150,000)
and accuracy in molecular mass determination, although amore aratsicument management if
compared to LTQ-FT instruments.

All the mass analyzer and ion detector sections (in MALDd #te source) operate at low
pressures (I9-107 Torr) to prevent perturbed transmission and detection of the gas iphase
While ESI is better interfaced with Q or IT analyzers, MALs generally interfaced to a TOF, that
suites the pulsed nature of the MALDI source. Furthermore, TOR haarly unlimited mass range
and this matches the MALDI production of singly-charged ions, ceslhe when larger
biomolecules are to be analyzed. The recent improvement of thenpanices of the analyzers,
such as advanced TOF speed acquisition have prompted also performanmeement in the
“ancient” MS methods such El, enabling the introduction of ancilleeiiriiques such as the GC x
GC two dimensional separation, that permit permits, at leassome cases, thde novo
identification of lipids from El mass spectra, even within a \aamplex matrix (Mondello et al.,
2008).

1.7 ESI MS approaches in lipidomics

The approaches that have been developed to deal with complex mixtdiigisisotan basically
divided in two categories: the first one involves little, if apse-separation of the lipids other than
by simple solvent extraction, followed by direct infusion of the compi&ture of many different
lipid classes in the mass spectrometer. This approach has beeedréo as “shotgun” method and

certainly has many advantages as well as some limitations.
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The shotgun lipidomics arises from the intrinsic soft-ionization eatdrESI. It is particularly
effective for polar lipids because these species readily undergtonation [M+H] or
deprotonation [M-H], depending on their molecular structure. Negative ion mode shotgun
lipidomic analysis is also very informative for the analysiglg€erophospholipids. Under typical
ESI conditions each lipid in a mixture corresponds to an ion in the spectrum. The resdttrgm
represents, therefore, a “profile” of the lipids in the extrébe major concern with the shotgun
lipidomics is ion suppression, especially if very complex crude kpilact containing a broad
range of lipids classes is directly infused into the mpsesteometer. However, ion suppression can
be prevented with several strategies, including pre-fractionbgiatifferential extraction of lipid
classes.

The second lipidomic approach makes use of chromatographic sepafatrade lipid extracts to
isolate specific lipid classes prior to analysis with or withfomther separation of the individual
molecular species. This approach is substantially the HPLOVESS&nalysis of lipids. HPLC-ESI
MS is the technique of choice when low abundant compounds, such as ggliaillis, are to be
detected. By this way, suppression events are minimized by degr¢las number of competing
analytes entering the MS ion source at the same time and anoueate characterization and
guantification is possible. In addition, the LC part of an LC-MS ofM&/MS method can, within
certain limits, enables the separation of the isobaric and isotiped species (Hu et al., 2009). The
time-consuming concern has been limited by the introduction of glrgdressure LC (with run
times of~10 min) with improvements also for the sensitivity and resolution. rRet®/elopments
of nanospray technologies have further increased the sensitivitglpaid chip-based nanospray-
array devices have further significantly increased sample throughput &éHu2009).

The LC-ESI MS methodologies are well suited for targeted tietecmonitoring and
guantification of selected lipid markers in complex mixtures. @iten does not know what precise
lipid components can be present or formed under particular conditions, filsusurveys are
generally exploratory “untargeted” readouts and are followedplmgressively refined targeted
analyses. As these approaches generate a huge amount of dafarrbaiics gives an invaluable
contribution to “systems biology” initiatives that may help furtadvance into our understanding

of biological systems.

1.8 MALDI-TOF MS for lipidomics

Since the very first “lipidomics” paper in 2003 (Han and Gross, 2008),number of papers

dedicated to this topic is steadily increased.
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Figure 3. Yearly histogram of lipidomics-related scientific articles obtained by Scopus with “lipidomics” as a
keyword (March 2013).

A simple inspection of a yearly histograph of the literature pbbt in last eight yeargigure 3)
with Scopus database with “lipidomics” as a keyword displayedpallyaincreasing rate of
publications, which now numbers more than 200 annually. Although the numbepidbrics”
papers is much lower than papers dealing with genomics (~ 25000) aednpics (~13000), this
demonstrates the significantly increased interest in lipsareh during the last decade. In
particular, the applications of MALDI MS to lipidomics, are gaining extdndeerest.

In a review of 2004, Schiller et al. verbatim stated: “It is ssmpg how little attention MALDI-
TOF MS has so far attracted in the field of lipids” (Schiderl., 2004). In effect, for many years,
the potentiality of MALDI MS in lipidomics has been largely urestimated due to several
intrinsic drawbacks that include: (a) interference of clustenatiix signals in the lown/zregion;
(b) ion suppression: most intense signals suppress the lower onesicatnplthe detection of
minor components. In this sense, a major concern is the detection of pimdphdiasses in
mixture (Pektovic et al., 2001); c) natural tendency of lipid émrfrent, even under the “soft”
ionization conditions of MALDI, thereby biasing quantitative deternnomat (d) no capability in
discriminating positional regioisomers or to characterize witralc details such as position and
geometry of double bonds in unsaturated lipids; (e) cost of the M8nmestts Figure 4 reports the
number of yearly published articles containing the words MALDI apdl lor phospolipids,

demonstrating the continuously increasing interest in MALDI-MS applicaiioliygid analysis.
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Figure 4. Number of scientific papers containing the term “MALDI" and the term “lipid” or “phospholipid”. Figure adapted
from: Fuchs B, Suss R, Schiller J. An update of MALDI-TOF mass spectrometry in lipid research. Prog Lipid Res.
2010;49(4):450-75. Review

Indeed, it has turned clear that MALDI MS can offer a seoieselevant advantages if
compared to other techniques, mainly consisting of: (a) minimagblsanandling; (b) no need for
hydrolysis or derivatization prior to analysis, so that the infdonadbout the intact molecules is
preserved; (c) profile of an entire lipid fraction in timelesaanging from seconds to minutes; (d)
relatively high tolerance to buffer and polar contaminants in th@lsaife) relative straightforward
assignment of lipid components, due to production of unique or a few ion ssifprakach
compounds; (f) high sensitivity, in the range of pico-femtomotgshigh dynamic range, as under
controlled conditions of analysis low-abundance components can be deteuiddneously with
the very-high abundance ones. Owing to its speediness, MALDI-TOks MSeful for the routine
analysis of a large number of samples. In addition, provided thainstreiment is available,
MALDI analyses are to be considered relatively inexpensive if compareddiodnical assays.

As already stated above, MALDI MS- based procedures for thb/sas of lipids are far
from the degree of standardization they have reached in thgsianaf peptides and proteins.
Nevertheless, a fervent research in the last decade hasanwilt#ble several convenient protocols
for the MALDI analysis of both non-polar and polar lipids. The researthis field is also finding
renewed motivations because of the successful application of MAOM-MS to tissue imaging,
through the monitoring of lipids-derived ions (Murphy et al. 2009; Gode anch&rpR013). The
specific issue of the MALDI imaging is beyond the scope of this thesis.

Two major improvements have to be considered the milestones thaadwaueced the use

of MALDI MS in the analysis of lipid mixtures:
25



1) the use of proper matrices. Dozens of matrices have been prdposée MALDI
analysis of lipids. However, only a handful are practically andnmelytused. Primary requirements
of a “good” matrix are its absorption properties at the laseelgagth and efficient mixing
properties with the analyte to give homogeneous co-crystallizatlm amalysis of lipids that are
characterized by rather low molecular weights (in comparison ptoteins, polymers,
polynucleotides) requires additional properties of the matrix, sudihesow yield of matrix ions.
Matrices derived from cinnamic acid such as a-cyano-4-hydnomgonic acid and sinapinic acid,
tend to undergo gas phase clustering, producing many interferindgssigitain the operatingn/z
values. These strong signals also provoke suppression and detectatiosat DHB (2,5-
dihydroxybenzoic acid) is the most widely used and seems to Inedsteappropriate matrix for the
analysis of lipids. DHB is a “cold” matrix, that reduce the promggource fragmentation of lipids,
which is particularly intense in the case of “hot” matrixesthWDHB both positive and negative
ion mass spectra can be recorded from the same sample. Diyfepenitroaniline (Estrada and
Yappert, 2004) and recently, 9-aminoacridine (9-AA) have been proposdtdrasitive matrices of
choice to record negative ion MALDI mass spectra (Fuchs,&2@9). Other matrices, such as, 4-
chloro-a-cyano-cinnamic acid (Jaskolla et al., 2008), 2,4,6,trihydroxyacetophentiriegés® and
Belgacem, 2007) and-cyano-2,4-difluorocinnamic acid (Teuber et al., 2010) have been proposed
as convenient MALDI matrix in lipidomics. Laser/desorption ionaatiof TAGs has been
demonstrated possible even in the absence of matrix (Calvano etO&l), 2Be properties of the
most used matrices, including advantages and pitfalls in the mnafypids, are summarized in
Table 2

2) the progress of electronics with the introduction of refleGtOF analyzers and the
Delayed Extraction (DE) technology. Following their formation, iares accelerated by an electric
field (typically of the order of 20 kV). After passing a chedggrid, the ions drift in a field-free
region, the tube of flight, where mass separation occursmtaseach the detector faster than high
m/zions. This is the typical simple “linear” geometry of a H@nalyzer. Resolution and peak
widths may be improved by using a reflectron, which by meams“efectric” mirror that deflects
and reverses the ion beam, enlarges the path length. The linearflaotbrgyeometries of the
MALDI-TOF mass spectrometers are schematizedrigure 5. The DE consists in a delayed
(within the range of nanosecods) and a pulsed rather than a continuagsi@xif ions from the
source to the analyzer. By this way, through mutual collisionsavesage the root mean speed and

compensate the relatively broad kinetic energy distribution due to the ablatioasproce
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in mixture (Stubiger et al., 2007)

So far most largely used matrix
in lipid research. Suitable for
positive- and negative-ion
detection.

Lower background in the case of
positive-ion

spectra

Due to its basicity, most suitable
for negative-ion detection. Can
selectively detects certain PLs
(Estrada and Yappert, 2004). Not
completely stable under high-
vacuum conditions

Very promising matrix for lipid
research. Particularly indicated
for negative ion detection.
Higher sensitivity than DHB, but
spectra are affected by the
solvent systems.

Table 2. Overview of the most common matrices used folMiA¢ DI-MS analysis of lipids
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The combined effect of reflector and DE enables a much better ion separationsticdllyra

enhances both accuracy and resolution.
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Figure 5. Schematic representation of the linear and reflector ion MALDI-TOF process
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1.9 General aims of the Doctoral Thesis

As a prosecution of a research activity undertaken some ygais aollaboration with the
supervisor Prof. Francesco Addeo, the current Doctoral Thesis hasd & develop a series of
analytical strategies in order to contribute to the standardizafi the operative practices and to
expand the informative level of MALDI-TOF MS analyses in fooddgpnics. For the most part,
these methodologies have been applied to the analysis and atieaiote of many food TAG
mixtures of both plant and animal origin, addressing a variety of tes@lgnquiries. A significant
section concerns the MALDI-based profiling of thermo-oxidizedcejlglipids in edible oils.
Preliminary experiments have been carried out to investigat@rtdiges of lipolysis-generated
species as well as to isolate GPs in order to detect thgamasely from non-polar lipids in complex
food lipid matrices.

The developed strategies essentially consist of sample prepgpeditreatment methods
and operative procedures, that have been designed with the atteqnuvioing responses to
specific analytical issues, including:

(&) mass spectral isolation of the contribution of saturated TA#k, respect to the
unsaturated counterparts;

(b) simplified profiling of very complex lipid mixtures and enhancetecteon of minor
TAG families, such as very low or very high carbon number (CN) TAGs;

(c) pre-fractionation and analysis of very complex mixturesegated by thermo-oxidation
of edible oils or by lipolysis during ripening of fermented food products;

(d) minimization of the in-source prompt fragmentation of TAGs in rotdesimplify the
detection of low MW components and to reduce the bias in quantitative determinations;

(e) reduction of the matrix background, especially in the naf@range, to include in the
TAG profiling the informative spectral range witi’z< 500;

() application of already described MALDI MS-based methodolo@giegrinde et al.;
2000; Hlongwane et al., 2001) to saponified oils and fats, in order to reépteeonsuming GC
analysis of fatty acids;

(g) attempts to develop fast procedures, based on the MALDI Mif8ing, to assess the
authenticity of dietary oils/fats, such as butterfat, and to detect possibleatihdtépids;

(h) fast selective enrichment/isolation of the GPs from th& Traction that almost always
largely pre-dominant in foods.

Importantly, the procedures that have been set up are easy, inegpand of general
applicability, even relevant for non food-related lipid mixtures.s€&hmethodologies have been

tested and validated for a large number of oils or fats. Howéwethe sake of briefness only
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selected applications will be shown and discussed to exemplify the main estaachthe extended
capabilities of MALDI-TOF MS-based analysis.

It has to be underlined that the potentialities of MALDI MS areexpiected to exceed those
of other lipidomic techniques, such as HPLC-ESI MS which at the mioinae to be considered the
“golden standard” in the field of lipid analysis. Nevertheless, LIAA either alone or
complementary to ESI MS-based methods, can afford a major contribution to theesizaan of
complex lipid mixtures and in general to the field of food sciemzk tachnology, especially if

opportune standardized procedures will be set up and rationally tdibobeidge specific analytical

gaps.
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2 MATERIALS AND METHODS

A large number of edible oils and fats have been used to test and to tune the numdrBusM8A
based methodologies, that in turn were designed to meet thdicspeguirements of the lipid
mixtures.

Anhydrous bovine milk fat BCR-519 certified material was fromItisitute for Reference
Materials and Measurements (Geel, Belgium). This referenitle fat certifies a single TAG
percentage. Lard and tallow body fat samples were obtained frahféoens and were each a
mixture (in weight) of ten bulk samples. Two months-ripened Napoli sgié@mi was obtained
from a local farm. Refined sunflower oil, hazelnut, walnut, castorand grape seed oil were
obtained from the local market. Extra-virgin olive (EVO) oil sagsplobtained by only cold
pressing of olives, were furnished by a local oil mill (Avelliftaly). Fish oils (including tuna,
salmon, squid) and two fish oil based mixtures, used as dietary s@mptemamed Eskimo-3
(mainly anchovy oil) and Pikasol (anchovy oil partially trans+dgd with ethanol), were
purchased from Pharma Marine (Norway).

Human milk samples were obtained from 10 health donors, at lactagenin the 7-90 gg.
Analytical standard TAGs including triolein, tripalmitin, trilamyiand tricaprine, were purchased
from Sigma-Aldrich (Milan, Italy). Standard 1-monoolein and 1,3-distearere furnished by
Larodan AB (Malmo, Sweden).

All solvents and reagents were of the highest grade commegraialllable and were for the
most purchased from Carlo Erba (Milan, Italy). Acetic acictiglaand methanol were from J.T.
Baker (Deventer, The Netherlands). All aqueous solutions were pdepsireg Milli-Q (Millipore,
Bedford, USA) water. Rhodamine 6G and fatty acid (palmitateg warchased from Sigma. Thin-
layer chromatography (TLC) plates (No. 11845; 20636 20 cm) were Menmck (Darmstadt,

Germany).

2.1 Fat/oil bromination

Bromination was carried out by drop-wise addition of 5% (Btv) in CHCkto TAG mixtures (10
mg/1l mL of CHC} or CHCL) until solution turned to red. The glass tubes containing the TAG
solutions were kept in an ice cold bath during the bromine addition. Alftdswbromine excess
was reduced with 10% aqueous sodium thiosulphate e vigorous vortexinggUdaus phase was

discarded and fat/oil solutions used for MS analysis.

2.2 Fat/oil hydrogenation
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For TAG hydrogenation 10 mg of fat/oil were dissolved in 1 mL BIGG in the presence of a
catalytic amount of platinum powder, under 1 barptessure. Reaction proceeded 2h at room
temperature. After hydrogenation lipid solutions were paperditt, dried under a nitrogen stream

and stored at -20 °C until use.

2.3 Thermo-oxidation of sunflower and extra-virgin olive oil

To simulate a deep-frying process, refined sunflower oil and exktyer olive (EVO) oil were
continually heated at 180°C for 6 h, respectively, using a thernwostatsehold-frying bath (Tefal,
Milan, Italy). Oil samples were collected in duplicate atedight times during the heating; O (initial
time), 60, 120, 240, and 360 min, and stored in glass bottles at -20°C until analyzed.

2.4 Separation of polar and non-polar fraction of thermo-oxidized oils

Polar and non-polar fractions were separated by chromatography @ geli according to the
official IUPAC procedure for the determination of the total potampounds (IUPAC:
Determination of polar compounds in frying fats, 1992). Briefly, 10 mgiloflissolved in 2 mL
hexane-diethyl ether 90:10 (v/v) was loaded onto a hand packed silicalg®in (onto a Pasteur
pipette plugged with a wisp of cotton wool). The non-polar fraction priynaontaining the
unoxidized TAGs was eluted with hexane-diethyl ether 90:10 (v/v), argbthient was evaporated.
The polar compounds were then eluted by diethyl ether and finalty. dife efficacy of separation
was checked by thin layer chromatography (TLC), using preedositica gel plates eluted with
hexane-diethyl ether-acetic acid 80:20:1 (v/v/v) visualized by expdsurodine vapors. A neat

separation between the two fractions was achieved by silica gel chroapditpgr

2.5 Separation of polar and non-polar lipid fractions from Napoli type salami

Lipids pieces of Napoli type salami were separated front osag a scalpel and suspended (100
mg/mL) in CHCh/methanol 2/1. Suspension was kept 1 h an ultrasonic bath, vigorously dortexe
and finally centrifuged (Minifuge centrifuge, Heraeus, Ostero@ermany, 8000 rpm, 10 min
15°C). The supernatant was dried under a nitrogen stream and lipielsesgissolved in CHGI
prior to chromatography separation on silica gel. Chromatographic stepawaed out as described

above for the separation of polar and non-polar fractions of thermo-oxidized oils.
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2.6 Preparation of TAG samples for mass spectrometric analysis

To address the preferential cationization of TAGs as sodium addipaisin CHCk or CH,CI,
solution (generally at the approximate concentration of 5 mg/mk¢ wetensively debated on a
Vortex mixer with 0.5 M sodium acetate solution (1 mL). In testd.idfcationization, triolein
solution was debated with a 0.5 M LiCl agueous solution. The agueous pissieen discarded

and the organic layer used for the MS analysis.

2.7 Hydroxyapatite chromatography enrichment of phospholipids

Preliminary tests based on the hydroxyapatite (HAP) chronggibgrwere carried out to enrich
phospholipids from both bovine and human milk. Total lipid extraction from besily collected
bovine and human milk was performed by adapting the method by Blighwerd(1959). Lipid
fraction was obtained by milk centrifugation, followed by 5 min @aon hardening at -20°C and
removal with a spatula. Approximately 0.1 mL of the floating creaomtaining intact milk fat
globule membranes (MFGM), were re-suspended with water ilass gube to 0.2 mL. To this,
0.750 mL of CHCJ/methanol 1/2 (v/v) was added and the resulting suspension was vigorously
debated. He solution was finally adjusted to the final GH@thanol/water 1/1/0.9 (v/v/v) ratio by
addition of 0.250 mL of pure chloroform and 0.250 mL of water. The final biplsgstem was
allowed to separate into two layers. The lower (chloroform) phsase washed three times with
milliQ water and dried under a nitrogen stream. The lipid ektnas re-dissolved in 0.5 mL of
CHCls/methanol 2/1 (v/v) and used for HAP chromatographic separation.géAmBio-gel HTP,
Biorad, Milan, Italy) was suspended in CHCL gr. in 5 mL) and packed by gravity onto a Pasteur
pipette plugged with a small wisp of cotton wool. TAGs were washe/ by stepwise flushing 3
mL of CHCk and 3 mL ofCHCly/methanol 2/1 (v/v). Phospholipids were eluted with a ternary
mixture CHCh/methanol/1 M sodium phosphate 6/3/1. The eluates were directly usddefor
MALDI MS analysis.

2.8 MALDI-TOF MS spectrometry analysis

MALDI-TOF MS experiments were carried out on a PerSeptieSistems (Framingham, MA,
USA) Voyager DE-Pro instrument, equipped with anl&ser (337 nm, 3 ns pulse width, 20 Hz
repetition rate). In every cases, mass spectra have been ddquine reflector positive ion mode

using Delayed Extraction technology with a delay time of 158pmdied between laser pulses and
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activation of the ion-extracting high voltage. The instrument operaithdan accelerating voltage
of 20 kV. Even if several matrices have been tested (including CH&E® and THAP), in
agreement with most of the literature, DHB provided clearly sopeerformances. The matrix
solution was prepared by dissolving 10 mg of crystalline 2,5-dihydrowygie acid (DHB) (Sigma,
St. Luis, MO, USA) in 1 mL methanol containing 0.1% trifluoroacetic §€FA, Sigma, Milan,
ltaly). Alternatively, especially in the cases when addother than N&ones €. g.K"), were
detected, matrix was 10 mg/mL DHB in 50% aqueous acetonitrile ¢atviaining 5 mM sodium
acetate. The fat/oil solutions (L) was mixed (1/1, v/v) with UL of the matrix directly onto the
apposite stainless-steel plate (Perseptive BioSystems) aeddeal. Spectra of the phospholipid
enriched fraction were acquired in the same conditions, using DHB in &@36nitrile/5 mM
sodium acetate as the matrix. Typically, 250 laser pulses or wene acquired for each mass
spectrum. In order to minimize source fragmentation, the laser poagegenerally kept at a value
not higher than 10% above threshold. External mass calibration wasnpsifovith a separate
acquisition using a mixture of standard TAG (obtained from Sigma)l@awdmass standard
peptides. To check for the repeatability, samples have been analykeabt in triplicate. Mass
spectra were analyzed using the Data Explorer 4.0 software (PerS&ipBystems).

Post-Source Decay (PSD) MALDI ion spectra were acquiredr as@ation of the
appropriate TAG precursor ions using timed ion selection. Fragmestwere refocused onto the
final detector by stepping the voltage applied to the reflectdrpsicursor ion segments were
acquired at low laser power to avoid saturating the detectoragbe power was increased for all of
the remaining segments of the PSD acquisitions. Typically, 2@0 $i®ts were acquired for each
fragment-ion segment. The individual segments were finallyhstitctogether using software

developed by PerSeptive BioSystems.

2.9 Nitrocellulose MALDI TOF MS experiments

The nitrocellulose (NC) solution (1-20 mg/mL) was obtained by dissglaipiece of Transblot-NC
pure membrane (Biorad, Milan, Italy) with either acetoneher dcetonitrile/methanol 7/3 (v/v)
mixture. Five-eight mg/mL was established as the optimalcd@centration range for MALDI
analysis. NC solution (1 pL) was dropped to individual wells ofstaaless steel MALDI target.
The solvent almost instantaneously evaporated leaving a thin and homogineaavering the

area of the well over which matrix and analytes were spotted.
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Matrix was DHB 10 mg/mL in 35% acetonitrile (v/v)/5 mM sodiumetate. Matrix solutions
containing percentaged acetonitrile higher than 50% in part re-dissolved the NErlagielding
detrimental effectsn the spectrum.

Since the ability to obtain good mass spectra strongly dependedenalsfactors among which the
crystal formation, different protocols were tested for various types of samples

We tested three methods to sfiw TAG solutions, essentially based on the following procedures:
1. the “dried droplet” method: a premixed solution of matrix (1 whd aample (1 puL) was
deposited over a thin preformed NC layer;

2. the “sandwich” method: sample (1 puL) was spotted over the ptedcaad solvent free NC layer
on which matrix (1 pL) was applied and allowed to evaporate.

3. the “multilayer” method: matrix (1 puL) was applied over the qmated NC and let to dry;
finally, sample solution (1 pL) was applied and allowed to evaporate.

Alternatively, the “dried droplet” spotting method was tested witHBDdissolved in ethanol
containing 5 mM sodium acetate. The most convenient spotting procedussmis of reduced
fragmentation, sensitivity, repeatability and mass accurasyiteel the “multilayer” deposition
method. This finding is in agreement specific spotting methods ta been tested for the
MALDI-TOF MS characterization of wax esters (Vrkoslav |t 2009). For comparison, the same
matrix and spotting procedures described above without using NC preecogdre employed to
acquire MALDI-TOF spectra.

2.10 NC MALDI-TOF MS based quantitative determinations

The point-to-point and shot-to-shot repeatability was evaluated by gl replicated point-to-
point and 10 spot-to-spot NC MALDI-TOF MS and MALDI-TOF MS spaadf EVO oil. The
variability was evaluated from the relative standard deviatiorthef intensities of the most
representative signals of EVO oiin{z 853.7, 855.7, 877.7, 879.7, 881.8, 903.8, and 905.8)
normalized with respect to time/z907.8 base peak of the triolein.

Tripalmitin was used as internal standard (IS) to spike EV@a@kveral quantitative ratio in the
exemplifying quantitative analysis of triolein in EVO oil. Thikoice is justified by the complete
absence or presence in undetectable amounts of tripalmitin in HVTheitripalmitin-to-EVO oil
ratio varied in the range of 1:50 to 1:1 (w/w), with the IS randmg 0.1 to 10ug/mL. The
tripalmitin-to-triolein signal intensity rationfz 829.7-907.8) - an average of 10 measurements —
versus the tripalmitin-to-EVO oil (w/w) ratio demonstratedreedir relationshipR¢ = 0.995) over

the explored concentration range. The regression analysis altbeedeasurement of the amount
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of each TAG occurring in the oil sample, taking into account thesig®al according to the
following equation: \Mrac/Wheit ) (Itac/lis) (Wis/Woi) (MWrac/MWs) R, whereW is the weight,
ltac andl,s are the relative signal intensities of TAG and IS read filmenspectrum, respectively,
and MW is the molecular weighR; is a correction factor that takes into account the ionization
efficiency of the target TAG relative to the IS. In tlese of trioleinR, was 0.82. This correction
factor needs to be determined empirically, also taking into consaerthat it may non linearly

vary when unequal TAG amounts occur simultaneously in the samples.

2.11 MALDI-TOF MS analysis of fatty acids deriving from saponified milk fat andolive oll

Saponification of human milk fat and EVO oil was carried out escidbed by Ayorinde et al.
(2000) and Hlongwane et al. (2001) with minor modifications. Briefly,af §aOH pellets in 20
mL of methanol were refluxed in a 50 mL round-bottomed flask equippedawitdter condenser,
until complete dissolution. Lipid mixtures (200 mg) were includedéohtot methanolic solution.
The resulting brownish solution was stirred with a magnetiddyra45 min. The mixture was then
transferred to a clean bottom flask containifigg of cruched ice. The gelatinous soap obtained
was paper-filtered, air dried and ground into a fine powder which teesdsat -20 °C until used.
Prior to analysis saponified fats/oils were dissolved 20 mg in 1 mL of methatesl{dL, v/v).

For the MALDI-TOF MS analysis of fatty acids 10 mg/mL in aioform of meso-
tetrakis(pentafluorophenyl)porphyrin (F20TPP) with MW 974 (Sigma) wsed as the matrix.
Samples (1 pL) and matrix (1 pL) were mixed directly ontoM#d_DI target and dried under

vacuum.

2.12 Gas chromatography analyses

TAGs from human milk fat and fish oil samples (1% w/v in n-hexamere analyzed by GC-
chromatography, in order to verify the consistency of the MALWDS-based quantitative
determinations. GC analyses of TAGs were carried out withiemtg850 II-series (Palo Alto,
CA, USA) instrument, equipped with a flame ionization detector REiRd a PTV (programmed
temperature vaporizer). TAGs were separated with a cyanoprailyhsilicon (Quadrex 0-07-
23) capillary column (50 m, 0.25 um i.d.; 0.25 pum film thickness) frQumafirex corporation,
CT, USA) . High-purity helium was as a gas carrier at 1.2 mL/ifhe injection was performed
with a split ratio of 1/60 and a heating program of 50 °C for 0.1 foilowed by a 400 °C/min
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increase to 370 °C with a 5 min hold. The column oven temperature pragard50 °C for 2
min, followed by an increase of 6 °C/min to 360 °C for 10 min.

Fatty acid composition of TAGs was determined by analyzitty &cids methyl esters (FAME)
after TAG trans-esterification with KOH in anhydrous methafa. this purpose 100 mg of
extracted oil/fat in a 10 mL glass-stoppered test-tube waslelssin 2 mL n-hexane. A solution
of 2 N potassium hydroxide (KOH) in methanol (300 pL) was added. The tube was vortexed for 30
s and allowed to react for 4 min at room temperature. Aliquogd_jlof the upper organic phase
were analyzed by high-resolution gas chromatography.

GC of FAME were carried out using a Perkin Elmer Auto-sys&nmmodel gas chromatograph
equipped with a PTV, a FID detector and a fused silica capitlalymn (Supelco Bellofonte,
USA) (100 m, 0.25 pm i.d.; 0.20 um film thickness; mod. SP 2380). The oven twasasenitial
temperature of 100 °C for 5 min. The temperature was then incretagedta of 3 °C/min to 165
°C and held for 10 min. This procedure was followed by a second inene@seperature at a rate
of 3 °C/min to a final temperature of 260 °C, held for 28 min. The syl selected was 1:30.
Helium with a linear velocity of 20 cm/s was the carries.gehe FID conditions were a 10:1 ratio
of air:hydrogen and temperature 260 °C. Chromatographic peaks wigmeedssnd quantified by
comparison with external analysis of the standard Supelco 37 ComponkttE Wix (Supelco
Bellofonte, PA, USA). All the GC analysis were carried outhe taboratory of Prof. Raffaele

Romano, University of Naples “Federico 11", Portici (Napoli).

2.13 C Nuclear Magnetic Resonance spectroscopy-based detection ®fnthetic TAGs
adulterating butterfat.

MALDI-TOF MS was tentatively used to detect foreign synth@#dGs in authentic butterfat. A
synthetic TAG mixture (STM) mimicking the saturated short- aretlium-Cn TAGs of butter fat
was obtained by adapting the strategy of Neises and StedBa®)( according to which FA are
esterified to glycerol by activation with odiimide in the presgeot4-dimethylaminopyridine. STM
was prepared by Dr. Olga Fierro of the Institute of Food Segnltalian National Research
Council (CNR) in Avellino, Italy. As explained below, MALDI-TOF $profiling, as a “pattern
recognition technique” was insufficient to reliable detect the taadiof synthetic TAGs at
percentage lower than 30% (w/w). Therefore, in collaboration withh. Raffaele Sacchi of the
University of Naples “Federico II”, Portici (Naples)"C-NMR strategy was set up to assess the
authenticity of butterfat and to disclose possible adulteration with synthaBe.T

High-resolution natural abundand¥-NMR spectra, acquired at the NMR Service of Istituto di

Chimica Biomolecolare ICB of CNR (Pozzuoli, Italy) by Dr. Doimgue Melck, were recorded on a
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Bruker DRX-600 spectrometer, equipped with an inverse TCl CryoPfo{®ruker BioSpin,
Rheinstetten, Germany) fitted with a gradient along the Z-aiis probe temperature of 27°C,
operating at 150.90 MHZC frequency. TAG samples (25 mg) were dissolved in 0.7 mL of €DCI

and transferred to 5 mm NMR tubes. Each free induction decay was acquired6vdfiaspectral

width using a 90° pulse of 141& and inverse-gated decoupling to avoid the nuclear Overhauser

effect of the signals. Chemical shifts were compared to ¢B€the internal standard, which was

assumed to resonate & = 77.00 ppm. Carbonyl resonances were assigned on the basis of

chemical shifts recorded on standard triacylglycerols (Flukatz&wand) and of literature data
(Andreaotti et al, 2000; Wellenberg, 1990). For the determination of thiedfrdetection (LOD) and

the limit of quantification (LOQ), at least n=5 replicate saapf reference butterfat spiked with
variable amount of STM were analyzed. Signals were manuélgrated and the linearity of the

calibration curve was confirmed by linear regression analysis.
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3 RESULTS AND DISCUSSION

3.1 Potentiality of MALDI-TOF MS as a pattern recognition techngue for profiling edible
triacylglycerols

3.1.1 Premises and aims

After performing a number of preliminary tests to establistsed of operative procedures,
substantially in order to find the best analytical conditions imgeof sensitivity, resolution and
reproducibility, the MALDI-TOF MS techniques have been exploited ddilpra large varieties of
edible oils and fats of both animal and plant origin. The MALDI-T@% optimized methods were
demonstrated capable of addressing several analytical con@rishave been applied to a
progressively increasing degree of research challenges wigintiseof defining the boundaries of

their capabilities and pitfalls in food lipidomics.

3.1.2 Optimization of the cationization conditions

In MALDI MS-based analyses, TAGs are generally detectedadion adducts of alkali metals
(most commonly Na or K'). Under typical conditions, no signals for protonated TAGs are
observed. It has been suggested that [TAG+sflecies do form, but undergo a fast gaseous
hydrolysis, that provokes the appearance of several fragnmengagjnals in the MALDI-TOF MS
spectrum. In contrast, [TAG+M]adducts, where Mrepresents an alkali-metal ion, did also
fragment, but over time scales longer than the drift time in @i tObe (Al Saad et al., 2003), and
therefore can be detected. Ammoniated triacylglycerols aedyrabserved in MALDI-TOF mass
spectra. MALDI ionization of TAGs is accompanied almost invaridijya certain degree of
prompt in-source fragmentation, which is particularly intense ircéise of “hot” matrixes. Prompt
fragmentation of protonated TAGs gives rise to artefact “digpgerol (DAG)-like” ions, arising
from the loss of the metal salt of a fatty acid. The commamgepted mechanism of TAG
fragmentation is reported Figure 6.

Fragmentation has detrimental effects of the informative lefvéle spectra, especially because it
increases the number of signals in the lmz region and it biases quantitative inference. The
extensive TAG fragmentation due to the laser fluence wabwttd by the pioneering investigators
at least in part to the incompatibility of the solvents for lipadsl those normally used for
dissolving matrices (e. g. aqueous 50% acetonitrile) (Asbury et al., 1999).
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Figure 6. Mechanism of prompt fragmentation of protonated TAG. A similar
pathway underlies the fragmentation patterns observed in collision induced

decay or in Post-Source Decay (PSD) MS spectra. Figure adapted from

Al Saad et al. Matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry of lipids: ionization and prompt fragmentation patterns. Rapid

Commun Mass Spectrom. 2003;17(1):87-96.

These limitations have been overcome to some extent through the ‘sedte@f’ matrixes
(for instance, DHB#-nitroaniline) and/or by optimizing the procedures for sample preparation.

The nature of TAG adducts has critical importance on the qualitthefMALDI MS
detection. The cationization with alkali-metal ions promotes an entaw®tection of TAGs for the
reasons explained above. Thé atlducts seem to be the most stable and have a lower tendency to
fragmentation (Cvacka and Svatos, 2003). The strength of the dative bond betweearidPakall
metals or NH' cations vary in the order of Lb Na > K" > NH;" (Adams and Gross, 1986). The
stronger bond with Lireduces partly the phenomenon of the “mobile charge” that undéréies t
remote-charge fragmentation mechanism. Nevertheless, the ughiwh salts as cationizing
agents or for the production of “doped” matrices (Cvacka and Svatos, l2@)8mained boundary
because of several reasons: i) lithiation does not completelyslabiohgmentation; ii) almost
always N& adducts are also detected, so complicating the spectra.timigtiple cationization
leads to ambiguity in identifying the individual lipid species omplex mixtures: iii) lithium
naturally occurs with two isotopes, namélyi and ‘Li (natural abundances 7.5% and 92.5%,
respectively), thus introducing a novel source of signal dispersiorhetetlogeneity as well as
possible interferences in the mass spectra.
In Figure 7 the MALDI-TOF spectra of standard triolein (MW 884.8, monoisotopa&)ied out
after addressing Na(panel A) and Li (panel B) cationization are compared. Although
fragmentation of Na+-trioleim(/z907.8) is more pronounced (signahaiz603.5), spectrum of the
Li+-triolein (m/z 891.7) is complicated by the presence of interfering significagmals of
contaminating N& and K'-adducts i1/z923.8) and by the simultaneous cationization with°the
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natural isotopeni/z 890.7). Note that at the operating resolution tHea#ducts if/z 923.8) is
undistinguishable on the basis of the nominal mass from possibladdact of oxidized triolein. In
fact, the difference between atomic weight of Na and K (16.1093)y<ciase to the atomic weight
of oxygen (15.9994).
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Figure 7. Comparison of MALDI-TOF MS spectra of standard triolein (MW 884.8, monoisotopic)
cationized with Na (panel A) and Li (panel B) salts. Fragmentation of Na*-triolein (m/z 907.8) is
more pronounced (m/z 603.5). Nevertheless spectrum of the Li*-triolein (m/z 891.7) is complicated
by the presence of interfering significant signals of contaminating Na*- and K*-adducts (m/z 923)
and by the simultaneous cationization with the °Li natural isotope (m/z 890.7).

The selective cationization with N@rovides the best compromise between clean spectra
and low TAG fragmentation. Thus, in our analysis we have pragtiehllays addressed the
cationization of TAGs with sodium salts. A complete cationizatsonritical to avoid confusion
between possible oxidized TAGs and-#&dducts of TAGs. For this reason, in addition to debating
organic solution of TAGs with solution of sodium salts, in most of casatrix also contained 5
mM sodium acetate. Differently form other reports, no major avgments were observed in the
spectral quality when DHB, the matrix that we have most wided in these investigations, was
dissolved in a non-polar compatible solveaiy( ethanol, acetone) instead of a water/acetonitrile
system.

3.1.3 MALDI-TOF MS as a pattern recognition techniques: lipid profiling

MALDI-TOF MS has been widely used in the past as a patteognéon technique to profile oils
and fats. The MALDI profile offers an immediate survey of &G families occurring in the
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sample clusterized according to their CN.FHigure 8 an exemplificative spectrum of EVO oil is
reported. The TAG families are easily distinguished becaue @ignals that differs byof 26 or 28
mass units (28 corresponds to -£SEH, ethylene insertion, while 26 reflects also a different
unsaturation degree). The information about naturally occurring DA@sasmmediately deduced
(low m/z region). This spectrum has been acquired with the NC MALDI-MH- method (see
below); the DAG signals are real species in the mixture and'DAG-like” artefacts due to
fragmentation. Within each cluster, the TAGs with the same CNwittht different degrees of
unsaturation can be easily distinguished, because of the differer&cenass units/double bond.

TAG and DAG ones occur as Nadducts in the spectrum.
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Figure 8. MALDI-TOF spectrum of EVO oil. Pnnupal TAGs are assigned. The expanded region
evidences within each family cluster several TAGs differing by the unsaturation degree. Spectrum
has been acquired with the NC MALDI-TOF MS method (see below).

Figure 9 exemplifies the easy differentiation of two common edible eilg,EVO and sunflower
oil, on the basis of the higher amount of polyunsaturated fatty &idlSA) in sunflower oil. The
most prominent signals of sunflower oil are C54:5 and C52:4 in thectespelusters, while in
EVO oil the triolein (C54:3) and C52:2 are prevalent due to the hogkent of monounsaturated
fatty acids (MUFA), primarily oleic acid. Obviously, the MW mseeement alone does not give
information about the regioisomerism of the TAGs (for example, R&G{OOPOM/z881.8, where
P= palmitate and O= oleate, are undistinguishable), as welt &s not possible to obtain
information about position and geometry of the double bonds in unsaturated FAs.
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Spectra ofFigure 9 were subjected to a software assisted automatic “deisotoptimaf’,is a
procedure for selecting only the monoisotopic signals. The remaingmglsi of the isotopic
distribution, arising because of the 1.1% natural occurrencé’@fisotopes, are removed.

Deisotoping renders a cleaner spectrum of very straightforward intéigmeta
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Figure 9. MALDI-TOF MS based comparison of high CN TAGs from olive and sunflower oils. It is clearly
appreciated the higher content of PUFA in sunflower oil while MUFA prevail in olive oil. Spectra have
been deisotoped.

In the current study, we have profiled many edible oils and fab®tbf common and uncommon
utilize. Some selected examples are shown in the followingigure 10 are compared the spectra
of beef tallow (bovine deposit fat) and lard (swine deposit fat). IARLOF MS analysis enables a
clear and immediate distinction between these two fats. Thoavtaltofile is more complex as it
contains TAG families substantially in a wider range (C46-C54)leward has exclusively C50-
C54 TAGs. Averagely, lard has a “more unsaturated” charact@\@s with a higher number of
double bounds are prevailing. This observation is in agreement witbwiee average content of
saturated FAs in lard#0%) if compared to tallow#4-48%) and the higher amount of MUFA in
lard ((b5%) with respect to tallow 60%) (data from: Christie at al., 1986). To this purpose, highly
unsaturated C52:5, C54:5 and C54:6 TAGs were detected exclusively in lard. Sigrsigauling
to C55:0, C55:1, C55:2 and C54:0 TAGs typified tallow. Interestinglygwationtains appreciable
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odd-numbered CN TAGs, that are produced by ruminants according to thengooeid
biosynthetic pathway. The odd-numbered CN TAGs are almost compteeding in monogastric
animal species.
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Figure 10. MALDI-TOF MS comparison of bovine (A) and swine (B) deposit
fat. The profile of tallow is more complex due to the presence of TAGs in the
C46-C54 range, while only C50-C54 TAGs occur in lard. Tallow also
contains appreciable odd numbered-CN TAGs. Lard has averagely a “more
unsaturated” character. Spectra have been automatically deisotoped.

As further examples of MALDI-TOF MS oil/fat profiling, iRigure 11 are shown the spectra of
coconut butter, that has plenty of short- and medium-chain saturatbef@gying to low-medium
CN saturated TAGs.

The MALDI-TOF MS spectrum of hazel nut offiQure 12A) is a quite interesting case of study as
it shows a TAG profile that, as it is already known, is diosamilar to that of EVO oil, with the
base peak due to triolein, arising from the high MUFA content. Herrdason hazelnut oil is
frequently employed to deceptively adulterate the more expensi@eot. Spectra of EVO oil will
be shown in other sections of this thesis. Several MALDI or Gfedaleterminations of the
differential TAG content, combined with mono- or multivariate sta$, have been proposed even
recently to detect hazelnut oil in EVO oil (Yang et al., 2013).
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Figure 11. MALDI-TOF MS profiling of coconut butter, containing exclusively
saturated low-/medium-CN TAGs

However, quantitative determinations by MALDI are quite complaiato it should be more

reliably used for monitoring specific “on/off” markers or dr#fat profiles of target compounds,

rather than discrepancies in the amount of single compounds.

the most promising strategies seem to rely on MALDI MS giffgal analyses which target
compounds other than TAGs, such as polar unsaponifiable species (Calvaho2610) or
phospholipids (Calvano et al., 2012). These methods enable the detectiorodf%mhazelnut in
EVO oil. Walnut oil has a definitely different TAG profile witlespect to hazelnut and EVO oil

(Figure 12B).
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Figure 12. MALDI-TOF MS profiling hazelnut (A) and walnut (B) oils.
Due to the high content of oleic acid, hazelnut has a TAG profile closely
resembling that of EVO oil. Walnut has a different TAG content, with a
“more unsaturated” character. Spectra are automatically deisotoped.
Inset shows the non-deisotoped C54 TAG cluster of walnut.

The last example of MALDI-TOF TAG profiling is that of castRicinus commun)soil (Figure
13), used in food industry as a food additive and a mould inhibitor. This fellsoén interesting
example of TAGs containing hydroxylated FASB% ricinoleic acid). Data are substantially in
agreement with a previous MALDI determination of castor oildyde et al., 2000), that showed
triricinoleic (RRR) as the predominant speciggz955.8) and lower intensity signals of RR&/%
941.7, S= stearate), RRQOMfz 939.7), RRL n/z 939.7, L=linoleate), RRP n{/z 913.8).
Interestingly, we detected a low-intense signamét 953.8, indicative of the occurrence of a di-

insaturated derivative of ricinoleic acid (“ricinolinoleic acid”), thas Imat been described before.
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Figure 13. MALDI-TOF MS analysis of castor (Ricinus communis) oil. The most
intense signal corresponds to triricinolein. Ricinoleic acid is an example of
hydroxylated FA.
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3.1.4 Capabilities and pitfalls of MALDI-TOF MS lipid profiling: iden tification of milk from
several species

As emphasized before, the MALDI MS-based profiling is a poweidol for discriminating
typologies or oils and fats. However, the MALDI MS monitoring deg reliable a analytical
response principally when specific (“on/off”) monitorable marklkeese been already assessed.
Figure 14 shows the MALDI MS based comparison of the milk fat profilesnfloovine Figure
14A) and ewe milk Eigure 14B). The TAG patterns enable a clear distinction between thdaivo
mixtures. More in detail, the bovine milk fat exhibits the typidainfodal” pattern that is also
characteristic of the GC based separation of TAGs. On the pgnéae milk TAGs exhibit a
distinct monomodal pattern. In addition, owing to a higher content of shairt €As if compared
to the bovine counterpart, ewe milk exhibits more intense signals in the/loange.

Although the two milk fat are easily distinguished as pure fatsdétection of their blends even
arising from addition of as abundant as 50% of cheaper bovine milk tmikyas problematic. In
this sense, direct MALDI-TOF MS analysis is not reliable to discloselgessilulterations.

The extreme condition of this shortcoming is the failure in themfftiation between water buffalo
and bovine milk fats. Also due to a certain fluctuation in the TAG oconiieat adds to the
variability of MALDI MS response, pure water buffalo and bovine maksfare practically
indistinguishable by MALDI profiling. We have carried out sevemttempts with mono- and
multivariate statistical treatments of the signal intgndistributions to discriminate these two fats
only on the basis of the MALDI MS, but every efforts have failed.cBpeof water buffalo and

bovine milk fat are reported iigure 15.
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Figure 14. MALDI-TOF MS comparison of TAGs from bovine (A) and ewe (B) milk
fat. The bovine TAGs exhibit the typical bimodal pattern observed also in the GC
separations. In constrast ewe milk has a monomodal patter and exhibits higher
intensity signals for low CN TAGs. Spectra acuired with the NC MALDI MS method
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Figure 15. water buffalo (A) and bovine milk fat (B) are undistinguishable by the
MALDI-TOF MS analysis of TAGs

On the other hand, also the capillary GC analyBigufe 16) was inadequate to discriminate

between bovine and buffalo milk fat due to their very close compositsaméharity. GC analyses

have been carried out of the laboratory of Prof. Raffale Romano, WitywéFederico 11" of

Naples. Intensity of MALDI signals and GC pear areas are gatvely correlated, aside from the

MALDI underestimation of saturated TAGs owing to the reducHitiency to ionization of

saturated TAGs if compared to the unsaturated counterparts.

bovine milk TAGs

twny

Figure 16. Capillary GC comparison of TAGs from bovine (A) and ewe (B)
milk fat, demonstrating the close similarity of the two fats typologies. In
order to average the fluctuations of TAGs in milk fat, bovine milk fat was
the EU CRM-519 standard and buffalo counterpart was collected from a
bulk milk of at least 50 individuals.
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3.1.5 Capabilities and limits of MALDI-TOF MS profiling: detection of synthetic TAGs in
butterfat

Because of its relatively high price, butter is frequentlgrget of adulteration, that are generally
realized by adding less expensive deposit animal fats or vegetabfarine. According to the EU
normative, edible spreadable fats have to be classified acgdadtheir dairy and non-dairy origin
and labels must comply with the origin of the lipid materiaby@cil Regulation (EC) No.
2991/94). The adulteration with plant oils or with deposit fats, thatbeadetected at very low
levels with GC-based methods, such as the official Precht me@wdnjission Regulation (EC)
No. 213/2001; Precht, 1992), some decades ago (Parodi, 1971), as welhtyg, mteanalytical
problem arose when high proportions of synthetic TAGs, even enzytyatarachemically
esterified with high proportions of animal fats (mainly tallow)ere used to create a butter
surrogate. Such a fat can be produced in order to reflect the @loygmical macroscopic
properties of butterfat (van Ruth et al., 2009). To investigate thebgigf using MALDI-TOF
MS for disclosing possible adulteration of butterfat with synth@&i¢6s, we spiked authentic
butterfat (standard anhydrous milk fat BCR CRM-519) with an opportumietyjc TAG mixture
(STM).

The STM was synthesized by Dr. Olga Fierro of the Instibfiteood Sciences - National Research
Council of Italy (CNR), Avellino, Italy, by esterifying glyad with short- and medium-chain FAs,
in order to reproduce their average content in authentic milk fatekglorative purpose, only
saturated FAs were used to prepare the STM. The MALDI MS rspeadf STM is shown in
Figure 17, along with the spectrum of EU BCR-519 spiked with STM (3:1, w/vecaBise the
STM only contains low- and medium-CN TAGs, the spectrum of therbsTidl blend exhibited
more intense signals of C20-C36 TAGs compared to genuine butterefulcaispection of the
MALDI spectrum, especially if combined to the statistical leaion of the signal intensities,
allows for the qualitative assessment STM in butter.

However, the detection of percentages as low as 15-20% of STMténfauwas quite problematic.
Therefore, also in this case the MALDI-TOF MS, as a pattecognition technique, suffers from
intrinsic pitfalls in resolving the constituents of a multi-comporignd mixture. Furthermore, on a
larger scale the composition of butter TAGs can be mimicked mosely by mixing proper
amounts of interesterified saturated and unsaturated FAs. In ldesdbese and in absence of
structural data that might be afforded by complex MS/MS mx@ats and sophisticated

instrumentations, MALDI MS is insufficient to provide analytical response.
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Figure 17. MALDI-TOF mass spectra of (A) synthetic
mixture of TAG-Na* adducts, (B) EU BCR CRM-519
spiked with STM (3:1, w/w)

In collaboration with Prof. Raffaele Sacchi of the Universityd&mco II” of Naples and
with Dr. Dominique Melck of the Institute of Biomolecular Chenyistr CNR, Pozzuoli (Naples),
we developed &C NMR spectroscopic methods to overcome the analytical shortconeiegant

to the issue of detecting synthetic TAGs in authentic butterfat.
3.1.6"°C-NMR spectroscopy based detection of synthetic triacylglycerols in ker

Milk fat TAGs are well-known to have a non-random distribution of BAthe glycerol backbone,
having C6-C8 FAs preferentially and C4 exclusively located atsth& 3 position ¢ and o’
position) (Breckenridge and Kuksis, 1968; Kuksis et al., 1973). In synih&@Gs the distribution
of FAs on the glycerol backbone is randomized.

Thus, the determination of the regioisomeric distribution of butyf24¢ ¢n the glycerol backbone
provides a diagnostic indicator to differentiate genuine butter froxtures with synthetic TAG.
Both *H and**C high resolution (HR) NMR have been long established as powedis! for the
study of the TAG regiosiomerism, offering significant advantaxyes other methods (Pfeffer et al.,
1977; Gunstone 1993; Kalo et al., 1996). In particaf@sNMR has been successfully exploited to
establish the positional distribution of FAs in butter TAGs (Vaisteéren et al., 1996). Natural
abundancé3C NMR, in particular, is more undemanding because of the widge rainchemical
shifts and of the simpler spectra due to the lacR®f*C spin-spin couplings.

The expanded view of the carbonyl regions in’fi@&NMR of BCR-519 standard butterfa&igure
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18) clearly evidences that thg €hemical shifts are separated into two clusters corresporulthg t
sn1,3 andsn2 positions. The Cresonances of saturated (S) and unsaturated (U) FAs ang easil
distinguishable. Chemical shifts were assigned on the basisratlite data (Andreotti et al., 2000)
and by acquiring spectra of standard TAGs such as tributyrineexidiesive diagnostic resonance
at 173.04 ppm confirms the specific occurrence of C4 asthe3 position in authentic butter
(Figure 18A). By contrast, no signal was detected at ~172.66 ppm that is diggti@ginostic of

C4 esterified in then2 position. The spectrum of standard tributyiig(re 18B) confirmed the
assignment of the butyrate; @sonances. The STM exhibited chemical both chemical shifts at
173.29 and 172.87 ppm, indicative of C4 esterified atsthg,3 andsn2 positions, respectively
(Figure 18C), with area ratiosn1,3kn2 ~2/1 close to the random occupancy of @éheand 3-
glycerol positions. Thé*C-NMR spectrum of the BCR-519 standard butterfat previously spiked
with 2.5% STM exhibited the expected 173.25 ppm resonance correspondnegGoof butyrate

in thesn1,3 position as well as a clearly detectable signal at 172.82 ppho do® esterified C4

in synthetic TAGs Figure 18D). In these conditions the signal sif2 esterified C4 was still
integrable and exhibited a value 2.8%, in good agreement with the ekpattes. ¢ carbonyl
signal ofsn-2 esterified C4 was still detectable at spiking percentaf8o, although not reliably
integrable. Therefore limit of quantification (LOD) and limit @étection (LOD) of the method

were gquantified as 2.5% and 1% respectively.
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Figure 18. Proton decoupled natural abundance *3C-
NMR spectra expanded at the carbonyl region of (A)
authentic butterfat BCR-519; (B) standard tributyrin; (C)
STM; (D) BCR-CRM519 butterfat spiked with 2.5%
(w/w) of STM. The resonances corresponding to
saturated (S), unsaturated (U) and C4 (B) FAs esterified
at the sn-1,3 and sn-2 positions are assigned in the
figure.
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3.1.7 Conclusions

MALDI-TOF MS is a powerful method to obtain rapid indications abafutnative” TAGs from
edible oils and fats. It furnishes accurate profiles that ameost of cases useful to infer the overall
TAG composition. Exploiting the relatively high resolution of théeetbr mode MALDI-TOF with
clear detection of the molecular isotopic distribution, the TAG oubds (in reality, a set of isobaric
regioisomers) within each TAG family, differing only by theigdees of unsaturation, can be easily
assigned. On the other hand, by providing exclusively the MW (andveskgnal intensities) of
the single species, MALDI analyses are not capable of regplthie constituents of a multi-
component lipid mixture, especially when one oil/fat component is highdyalent over the
other(s). Thus, MALDI measurements are insufficient in detectngi amounts of foreign lipids
in an oil/fat blend. Furthermore, MALDI MS does not provide informatibout structural details
of TAGs, such as regioisomerism at the glycerol positions or gegfposition of double bonds in
unsaturated FAs. In cases like these, when these structuras éetadiagnostic of nature of lipids
or treatments they have undergone, MALDI needs to be replacagported by other specific

techniques, such as for instance NMR.

3.2 MALDI-TOF MS for the determination of fatty acids in saponified oil andfat TAGs

3.2.1 Premises and aims of the MALDI MS-based determination of FAs

One of the major factors that have limited an extended applicafithe MALDI-TOF MS to the
analysis of small molecules resides in the fact thatdinemon matrices produce strong ion signals
that interfere with the detectiamf the low MW analytes. Matrix ions suppress analyte sigmals a
due to the formation of non covalent cluster and several adducts, fudiseure” the lowm/z
spectral region. Ayorynde et al. (2000) proposed the use ah#ésstetrakis(pentafluorophenyl)
porphyrin (F20TPP) as the matrix for the ionization of small oés including FAs and amino
acids. F20TPP has a MW = 974 and does not produce interfering ions lmwtheass region.
According to the previous studies (Ayorinde et al., 2000; Hlongwaak, &001) the MALDI-TOF
MS analysis of FAs were proved to superior to the GC-based deation of FAME, especially
because of the lack of baseline resolution between FAME with the €N but with different
degree of unsaturation. In contrast, the resolution of MS at row achieve unparalleled
performances. We applied the already described procedure, withettise purpose of targeting the
very low-abundance long chain-PUFA in breast milk fats.
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3.2.2 Determination of FAs in virgin olive oil and human milk fats

Preliminarly, we tested the methodology described by Ayorindd. €2000) on FAs arising from
saponification with 2 N NaOH in methanol of olive diigure 19), and clearly observed all the
expected FAs with optimal resolution. FAs are detected as sodiatkum carboxylates adducts
[RCOONa + Nal.

It has been demonstrated by GC analysis of FAME that the MALDI signabitytés quantitatively
related to the FA relative abundance (Hlongwane et al., 2001).c@irelation is particularly
accurate if isotopic contributions and response factors of the MAdmalysis are taken into

account.
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Figure 19. MALDI-TOF MS analysis of FAs of EVO oil. FAs are detected as sodiated
sodium carboxylates [RCOONa + Na]* adducts. The main FAs are assigned in figure.

Therefore, we addressed this methodology to the study of the Fdosdian of human milk fat,
and in particular to the detection of essential long chain-PUFA, asiarachidonic acid (AA, C20:
4, w-6), eicosapentaenoic acid (EPA, C20uB3) and docosahexaenoic acid (DHA, C22ue3),
that seem associated to a correct development of brain andafetieanewborn, even though their
nutritional significance has been recently questioned (Keim et2@l2) . Considering the
variability in the FA content in human milk, that depends on a large nuafldactors, including
stage of lactation, pre-term or full-term delivery, mother agd diet, we analyzed ten mature
breast milk samples deriving from full-term donors. The MALDI-TOFS analysis of a

representative sample of human milk FAs, along with the assigroh€#ts, is reported ifrigure
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20. The expected most abundant FAs of human milk (C10-C18) occurred aso#teintense
signals in the spectrum. A signal likely corresponding to traweuats of C81f/z189.2) occurred
as well. AA, EPA and DHA were detected as minor species, flleked by several possible
interfering signals. Although their detection was clegprictically all of the ten samples analyzed,
their precise quantification was hindered by the very low amounbwride production of signals
only slightly higher (signal-to-noise ratio ~2-5) than the noiselbves The approximate relative
amount of the long-chain PUFA was estimated to range between @.Q. 2%, in line with the

values reported by other authors (Fleith and Clandinin, 2005).
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Figure 20. MALDI-TOF MS analysis of FAs in human milk. AA (C20: 4, w6, m/z 349.2),
EPA (C20:5, w-3, m/z 347.3) and DHA (C22: 6, w3, m/z 373.3) were detected, but not
quantifiable.

3.2.3 Conclusion

MALDI-TOF MS can be exploited as a powerful and rapid tool to etaltlae “gross” FA
composition of a lipid mixture and as a method alternative to GQibases. Although MALDI
signal intensities is related to the quantitative amount of KAk raliable estimations can be
inferred (Hlongwane et al., 2001), the determination of very low-almincamponents is quite

problematic.
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3.3 Strategies of sample pre-treatments for increasing thaformative level of the MALDI MS
analysis of specific TAG classes
3.3.1 Premises and aims

The global profiling of a complex lipid mixture can be complicatgdhe effects of ion
suppression, that are well described for MS techniques in geNarakly, most abundant ions can
suppress the ionization of less abundant molecules, compressing thadsarege of the analysis.
A further important concern that hinders the comprehensive detecfi the components in a
complex lipid mixture is related to the structure-dependent ionizationesftigj sometimes referred
to as “response factor”. Specific software-assisted procedueelde®n developed to compensate
the effects of different response factors, that however nedak tempirically established, and
corrective parameters to compute the isotopic contribution, for quavgitatrposes (Guyon et al.,
2003). Similarly to ESI (Han and Gross 2001), in MALDI the ionizatiditiehcy is inversely
correlated to the equivalent CN of TAGs. Furthermore, unsaturatésls Tave a significant
stronger tendency to be desorbed, if compared to the saturated cotmig&yparynde et al., 2009).
Therefore, the ionization of completely saturated TAGs in dnfata, per seintrinsically not
predominant, is suppressed for the most part. The signals of edtUiAGs is often difficult to
isolate, especially when it is very poorly intense, as itfann the isotopic distribution of the
mono-unsaturated species. Nevertheless, the identification oftedtirAGs in foods is a very
relevant subject under a nutritional standpoint, as these compounds are tndnenstrictly
associated to a number of cardio-vascular diseases and metabolic disorders.

A different complication arises when the components of very compigiures of poly-
unsaturated oils, such as for instance fish oils, are to be assigreoccurrence of a large number
of TAGs covering a wide range of degree of unsaturationsesaoverlapping between adjacent
signal clusters. In cases such as these, a straightforwardicaéinn of the individual TAGs is
challenging, when not impossible. The different degree of unsatusatlso produces signal
dispersion, with the result that very low abundant TAG families may escagtiolet

To overcome these concerns and to enlarge the informative leved GIALDI analyses,
we developed two simple strategies of sample pre-treatnf@atsbined with the spectra of the
“native” oil/fat mixtures, these methods provide a more detddedpshot” of the sample under

examination.
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3.3.2 Spectral isolation of saturated TAGs: bromination of animal fats

Completely saturated TAGs were barley or even not at alitedblin the MALDI-TOF MS spectra
of bovine (tallow) and swine (lard) deposit animal fégggre 10), in spite of their already
established presence. Tri-saturated TAGs of lard and tatewestimated to be 2.50 and 14.5%,
respectively (Luddy and Riemenschneider, 1946). Thus, they occurgaiifecative percentage, at
least in tallow. To bridge this gap we performed tallow and lard imetion prior to MALD-TOF
MS analysis. Bromination consists of a fast and quantitative addifielemental bromine (Brto
double bonds. Reaction requires not more than 5 minute. Excess dractivated with agqueous
sodium thiosulfate, while fats remain dissolved in chloroform or diomethane, kept in an ice
cold bath. Debating organic phase with sodium thiosulfate also induceahi@nization, so that
samples can be directly analyzed. Bromine naturally occur inigetopes, i.e’°Br and®'Br, at
nearly the same abundance. Because of bromination the MW of unghtlia@s shifts of
[1160/double bonds. In contrast saturated TAGs are unaffected; ad@ition and their MW does
not change. By this way, the detection of saturated specha” aglducts becomes straightforward
as signals do not undergo signal suppressidiisotopic effects arising from mass proximity to
unsaturated species. The MALDI spectra of brominated tallow and lard apam@hinFigure 21
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Figure 21. Tallow (A) and lard (B) were brominated prior to MALDI MS
analysis. While unsaturated TAGs shifted of 160Da/double bonds,
saturated TAGs were unaffected and easily detected. Insets show the
typical isotopic patterns of brominated TAG.

Tallow was confirmed to possess a “more saturated” chargategr iodine number) and a TAG

content slightly more disperse than lard (C46-G584C48-C54). While in tallow prevailed the

C50:0, related to a higher content of palmitate (C16), in lard waslpre the C52:0 due to a high
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percentage of C18 FA. It was confirmed the occurrence of odd-nuthb@&@s in tallow (C47-
C51), in contrast to lard in which they were almost completely missing.

The assignment of brominated TAGs is not as linear as tlihe afative TAGs. Brominated TAGs
have low ionization efficiency, tends to fragment and signals amedied because of the two
naturally occurring Br isotopes (Picariello et al., 2007). The ifiemtion of poly-unsaturated
TAGs are even more tricky, because of a linear overlappinigotdpic ions ensuing when the
combination among several Br isotopes increases (inségofe 21).

Bromination of butterfat evidenced the expected distribution of satufa&s ranging from very
low- to high-CN Figure 22). Also in butter, because of its ruminant origin, odd-numbered TAGs
did occur. It has to be underlined that, likely because of a suppresi$ect, brominated TAGs

arising from unstaturated species were almost not detected at all petteum.
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Figure 22. MALDI-TOF MS analysis of brominated butterfat.

3.3.3 Detection of the very-low abundant TAG families: the case study of fisHi

Depending on the degree of unsaturations, in many oils/fats TAfkefa are distributed
on a more or less large range. The signal dispersion in the MAOB MS spectra reflects the
level of such a distribution that in many cases can be also very pronouncedtdrareng fish oils
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co-exist a huge number of unsaturated TAGs, whose number of double bondslarsignal
clusters to overlap, so to hinder the assignment of individual TAGsalSlispersion also reduces
the possibility of assessing the presence of low abundant TAG families.

Hydrogenation of TAG is a widely performed reaction, utilizeh @t an industrial scale. It
IS an easy reaction to carried out at a laboratory scale and does not requinéapakills.
By hydrogenating TAGs, the information about the unsaturation goesQosthe other hand
spectra are very simplified because only saturated TAGs, lysddfering by 28 units
corresponding to an ethylene group (or by 14 due to a methylene,dagbef odd-numbered CN
TAG), are observed. IRigure 23the spectrum of native tuna oil is compared with its hydrogenated
counterpart. The spectral simplification is evident, so that theeediBtribution of TAG families
can be easily elucidated.
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o tuna oil
i C52
£ C50 C58 c62
w Cc48
2 C46
10: 0 C58§) C54 960 1030 1100
= c50 C56 hydrogen_ated
= tuna oil

Figure 23. MALDI-TOF analysis of native and hydrogenated tuna oil

The effect of “coalescence” of the unsaturated species toth@despective saturated TAGs
enhances the signal detection. In this way it is possible totaisctre occurrence of less abundant
TAG families, generally at very low- or very high-CN. Afteydnogenation low abundance very
high-CN TAG (C64) were detected in tuna oil, and the presence ofwdbeared TAGs, probably
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arising from the plankton metabolic pathways, became evident. Oweradnalyzed ten distinct
fish oil samples, purchased from a Norwegian farm. We could obsé&@efdmilies as long as up
to C66 in seal oil (not shown).

In the case study of fish oils, the relative intensity of NDAlsignals was compared to the
GC determinations carried out by capillary GC analysis of TAGs.
For the sake of briefness and for immediate inspection, quarditdgterminations have been
drawn in histograms, rather than tabulated. It has to be underlined A& INcarried out with the
NC MALDI methods, see below) and GC-based evaluations were inagposement. Interestingly,
based on the peak area of GC or on the signal intensity of MAdetta, no TAG species
overcame the relative amount of 6 %.Hgure 24 the relative abundance of TAGs obtained for
tuna and seal oils by GC are plotted. Histograms closely dsd¢he MALDI-TOF MS patterns of
respective oils.
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Figure 24. Relative abundances of TAGs in tuna and seal oil,
determined by GC. Histograms closely resemble the NC MALDI-
TOF MS patterns of respective oils

We also utilize hydrogenation for analyzing several oils/t#t different origin, including
deposit animal fats and bovine and human milk fat. After hydrogenatiotterfat sample prior to
MALDI MS analysis we were able to extend the range ofTtA& families also in milk fat to the
C20-C60 range. In fact low intensity signals were detected for@220and C56-C60 TAGs
(Picariello et al., 2007). It is worth of note that the very low-CR2 and C20 TAGs had not been
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described before in bovine milk. C56 and C58 TAGs were alsotddtec MALDI-TOF MS
spectra of hydrogenated lard and tallow (Picariello et al., 2007).

3.3.4 Post Source Decay (PSD)-MALDI-TOF MS of hydrogenated TAGs

As an additional benefit, the hydrogenation of oils/fats enables tlsébpity of easily carrying out
PSD-MALDI-TOF MS experiments.

Although MALDI MS is a “soft” ionization source, a certain lewdl fragmentation can
variably occur as a consequence of the high energy excesshafteigh-power transfer by laser.
Fragment ions are mainly formatted through an unimolecular gas-phes#ganism of
decomposition, after the ions are accelerated by the high-potgntalUsually, fragmentation
happens after the ions enter the tube of flight (post-source). Thebddsons have a Gaussian
distribution of the initial internal energy. Generally, relatyalfew ions contain enough energy to
fragment during their lifetime. After being acceleratedhim field-free region of the mirror (tube of
flight) precursor and fragment ions have the same velocity (v),ithaslinear mode experiment
they would heat the detector simultaneously, without any possilalibe tdifferentiated. Due to a
different mass, precursor and fragment ions have a differentdiergirgy (1/2 nf) and exhibit
different degree of “penetrating” the reflector ion mirror. Thug to the reflector deflection, they
can be discriminated according to their mass. Roughly, PSD expesirhentsh information
similar to the MS/MS experiments. The ions entering the mianrbe chosen through a “timed ion
selected”.

PSD can be convenient for the analysis of TAGs, that, due to titeirsic properties, have a
significant ion production in the source. However, PSD has not been ggtgnssed for routine
experiments due to difficulty of selecting only a specific ibotlf excluding or including its
isotopic distribution) through the timed ion selector. The slit of dimeselector can be modulated,
but it is not so effective to discriminate ions that differ b§ fnass units. Therefore, selecting a
TAG ion in a cluster, makes also the closer ion TAGs, diffebpdghe degree of unsaturation, to
enter the mirror, thereby complicating much the final PSD spectrum.

In hydrogenated lipids, unsaturations have been compacted in a uigigalecsrresponding to the
saturated species and in this way time ion selection isaabgffective. Thus, by PSD experiment
it is possible to deduce the length of the different FAs that constitute a TAG.

The comparison of the PSD MALDI MS spectra of the maz 885.8 (C52:0) from hydrogenated
milk fat and lard Figure 25), demonstrates that, while constituting FAs of lard are only C16 and
C18, in milk fat there is an additional minor contribution of the C14 andF22&0 Fragmentation

happens with the loss of FA carboxylate anions following two cooperateahanisms according
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to which Nd ions can be alternatively lost or retained (Al Saad et al.,)26®8gment ions are
assigned inTable 3 Obviously, the information about the double bonds is lost because of

hydrogenation.
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Figure 25. MALDI-PSD fragmentation spectra of the selected ion
m/z = 885.8 (sodiated 52:0) from hydrogenated milk fat (A) and lard
(B). Assignment of fragment ions is reported in Table 3. Figure
adapted from Picariello et al. 2007.

Measured mass of ~ Theoretical mass of ~ Residue loss by the sodiated G,
fragment (m/2) fragment (m/2)
MILK FAT
552.6 551 arachidate + Na
580.1 579 stearate + Na
602.7 601 stearate
608.0 607 palmitate + N&
629.8 629 palmitate
636.7 636 myristate + Na
LARD

580.4 579 stearate + Na
602.1 601 stearate
608.0 607 palmitate + Na
630.5 629 palmitate

Table 3. Assignment of the peaks arising from the

MALDI-PSD fragmentation of C52:0 TAG from

hydrogenated milk fat and lard
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3.3.5. Conclusions

Two simple and fast strategies of sample pre-treatmemtrgenlthe informative power of the
MALDI MS when complex lipid mixture are to be analyzed. Bromoratenables the spectral
isolation of tri-saturated TAGs. It is particularly effectivehen animal fats are to be
comprehensively profiled, while it is obviously useless to analgrenon edible plant oils, in

which tri-saturated TAGs are completely missing. Hydrogenatf TAGs compacts the signals of
the differently unsaturated TAGs to the corresponding tri-saturafeecies, simplifying the

assignment of the same CN TAG families and enhancing thdiggynsoward very low-abundance

TAG classes. As the information about the unsaturation of the lipittssi, these two strategies
require to be combined to the MALDI MS analysis of the native mixtures.

Through the possibility of performing PSD MALDI spectra, hydrogjenaenables to access

information about the length of the carboxylic FAs constituting TAGS.

3.4 Sample pre-fractioning prior to MALDI analysis of polar and non-polar lipids

3.4.1 Premises and aims

Both MALDI and ESI MS suffer from strong ion suppression effedten analyzing complex lipid
mixtures, in which the components also cover a high range of cortmamgréPetkovicet al. 2001;
Byrdwell and Neff, 2004). Polar and non-polar lipids have a significaiféreint ionization
efficiency, with non-polar ones generally much more detectable tite polar species. TAGs,
which are generally prevalent, suppress the ionization of minor asmofinixidized TAGs or
phospholipids in complex mixture. For this reason, in order to comprehgnpradile oils/fats
containing polar lipids, the lipid mixture needs to be pre-fractionedopiimized the conditions of
pre-fractioning and MALDI MS analysis of oxidized/hydrolyzed TABsn several mixtures, such
as thermal stressed vegetable oils and lipids of a fermenisdgga Preliminary attempts have been
carried out to chromatographically partition TAGs and minor amounts oppblysids in human

milk.

3.4.2 Pre-partition and MALDI-TOF MS analysis of polar and non-polar lipids: the case
study of thermo-oxidized oils

Thermal stress provokes drastic modifications in unsaturatedabdgeils, with consequent loss of
nutrients and sensory attributes (Frankel, 1998). In overheatedfii®dhe radical-mediated
autoxidation of unsaturated/polyunsaturated TAGs leads to the formetidrydroperoxides,

preferentially from conjugated FAs. Hydroperoxides, that are pyimeoducts of lipid oxidation,
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are unstable at frying temperatures, and spontaneously undergo horholgéeage of O-O bonds,
forming peroxy and alkoxy radicals. The radicals in turn decompose&videavariety of secondary
oxidation products. A series of decomposition TAG reactions (e.g., hydrolysis, pizigtioer,
cyclization, and cracking) could occur to form a varieties ofsgda of compounds, includirfig
scission products, cyclic fatty acids, DAGs, MAGs and monomerligomeric oxidized TAG
(Figure 26).
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Figure 26. Scheme of the auto-oxidation and formation of hydroperoxides (A) and subsequent scission of
hydroperoxides (B) that leads to a large series of products of the oxidative scission. Adapted from Picariello
et al., 2009.

Both non-volatile and volatile compounds are formed during deep fryiranKet, 1982). The
degree of the thermally-induced damage strongly depend on thé&yséesnperature and time) of
the thermal stress, in addition to other factors such as moistetal, ions, frying foodstuff, oxygen
accessibility. While most of volatile fried-flavors and d#isors escape from the frying medium,
non-volatile products, including non-polar non-oxygenated and polar oxygenated catspone
gradually accumulate in the oil, are absorbed by the fried foods and could beifigatiied.

The total polar compounds (TPC) amount is the most objective indi¢atdise evaluation of the
thermal damage (Dobarganes et al., 2000). Genet@b%o by weight is considered by IUPAC to
be the safe upper limit of TPC (IJUPAC. Determination of potangounds in frying fats 2.507,
1992). TCP are gravimetrically measured after selectivetigonlan silica gel. Products of oil
thermo-oxidation have been characterized with a large varietyedafnigues including high
pressure-size exclusion chromatography (HP-SEC) (Dobargemeslarquez-Ruiz, 1995), NMR
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(Adhvaryua et al., 2000) and HPLC-ESI (or APCI) MS (Byrdwell &ledf, 2002; Byrdwell and
Neff, 2004). Preliminary attempts carried out by MALDI-TOF N&:hiller et al., 2002) were not
sufficiently satisfactory due to the effects of suppression.

We exploited MALDI-TOF MS for comprehensively profile TAGs deep-fried sunflower and
EVO oils (4h, 180 °C and 6h, 180 °C, respectively), after pre-fractioninmplaf and non-polar
components by silica-gel chromatography. Polar and non-polar fractenesseparated according
to the official IUPAC procedure for the determination of TCPRAC. Determination of polar
compounds in frying fats 2.507, 1992).

100- 643.5
=+
DAGs and ox-DAGs il
A ]
90 —_— 9
80
l,
704 580 T 700
% 60 ; e p— scission products “core aldehydes”
2 o 8 ©
£ © o
® 504 > O
404
] 0
Do & .
30 B ] oxygenated dimers
o T
N
2015 o 23
- ©d -
P g
10 ( ER 1e4s
W
04 ‘ e, ‘ ; 2
350 1410 1940 2470 3000
Mass [miz]
207 TAGs + hYdrocarbon TAG dimers
1007 @ o fragments w1787 1aG di <
B o > 1= . o imers 3
© o 2 p— scission |~ + w
901 ano( 1 from N o g 18087 hydrocarbon i
ge | dimmers (@ o fragments
TAGs — 2 Q8w
80 2
o =
o8
70 ~ =
= =
g 60 s ol |13
s B— scission ol |§e ]
= ol
= roducts =||=a
= 501 P 2 =T 1
3
40 r~ T T T T T
g 950 1070 1190 1550 1750 1950
[=4]
30
TAG trimers
| ~ @
3] oo @
3 =
o HE
@ & N(/
g | ‘ ‘ ] :
350 880 1410 1940 2470 3000
Mass [miz]

Figure 27. MALDI-TOF MS analysis of the polar (A) and non-polar (B) fractions of thermally stressed EVO
oil. The insets are expanded views of spectral regions. The Figure has been adapted from the same mass
spectra of the original figure in Picariello et al. 2010.

In Figure 27 are shown the spectra of the polar and non-polar fractions of thgstrabsed (4h,
180°C) EVO oil. In the polar fraction it is evident the presence adtiyn oxygenated products,
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including mono or poly-oxygenated TAGs, DAGs (formed thorugh hydrolytiss®n) and
oxidized DAGSs, 3-scission products (“core aldeheydes) arising from TAGs but alslower
amount from DAGSs, and oxygenated dimers. It has to be underlinechtisatof these compounds
are not detected if the analysis is carried out without previous chromplgsteps, because of the
TAG-induced suppression.

In the non-polar fraction there is a huge variety of products belongisgveral classes such as,
non-oxygenate@-scission products, native TAGs, inter-molecular covalent adduct& @& Wwith
low MW aliphatic hydrocarbons which derive from the scission of off&G molecules, TAG
dimers along with corresponding scission products and adducts with lsydaticarbons, TAG
trimers. An exhaustive assignment of most of the individual sphae$®een already published by
us (Picariello et al. 2009). To the best of our knowledge, theramavagsevious evidence of minor
[B-scission products of dimeric TAGang 1602.5-1668.5), although they were predictable.
Similarly, the expected adducts of TAG dimers with low M\Agments Yz 1890.8-1975.8) were
first time disclosed together with the expected non-oxidized dimfekiGs (n/z 1708.6-1822.7). It
needs to be emphasized that these spectra have been acquireceftecha ion mode (with the
NC method, see below), and all the species, even belonging to tkeotlagmers, have been
singled out. Obviously, isobaric species can not be discriminateddtance, it is not possible to
distinguish between TAGs joined by an ether linkage with a bridggeoxynd dimers linked
through a C-C bond in which one TAG carries an alcohol function. Inrtearlion mode MALDI-
TOF MS could be even more sensitive toward the low-abundance spmdiegith compromised
resolution. The MALDI-TOF MS analysis of the polar and non-polactiivas of sunflower oil
evidenced a more severe thermal damage, as sunflower oil undergthémmudl stress (instead of
4h for EVO oail), as well as because of the higher content ofAP&ie the absence of anti-oxidants

such polyphenols or tocopherols that in contrast occur in EVO oil.

3.4.3 Pre-partition and MALDI-TOF MS analysis of polar and non-polar lipid fractions:
lipolysis in Napoli type salami

The pre-patrtition followed by MALDI-TOF analysis can be exigdifor analyzing the products of
TAG modification during ripening of fermented foods. We have appliedriagtical procedure to
the study of lipolysis and lipid oxidation in a two-month ripened Nagyple salami. Total lipid

fraction has been extracted from manually excised lipid spotsg tilse procedure of Bligh and
Dyer (1959) and were subjected to successive partition on silicaojehn chromatography.
Chromatography has been carried out as previously reported feeplagation of polar and non-

polar lipids from heated oils. Just like in that case, the chromegibg fractionation was carried
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out on a small scale and therefore implied a minimal consumptiternms of time, efforts and
solvents. MALDI-TOF MS spectra of polar and non-polar are compareigune 28.

While the non-polar fraction is substantially composed only by unmddifigh-CN TAGs, also
found in lard, and very low amounts of DAGs (probably arising from an upletensilica gel
selection), the polar one is more complex, being represented byemdtdAGs, major amounts of
DAGs arising from hydrolytic lipolysis and by a complex séfproducts of3-scission products.
Importantly, the3-scission products (“core aldehyde”-type), arising from the oxieldtreakdown
of mainly mono- and poly-unsaturated TAGs, are the non-volatile coraptany moieties of the
volatiles that play a key role in the development of flavors tteaappealing for human consumers.
These aroma compounds, along with biogenic amines that derive frocatti®lic pathway of
amino acids, concur to confer many organoleptic traits to fermenéad products (Singh et al.,
2012). The identification of the individual non-volatile scission products waelidteresting, but it
is technically challenging and it would require a higher resmiuseparation step prior to MS
analysis. By a quantitative standpoint the accumulation of lipgbytiducts is expected to be much
less pronounced than in thermally stressed oils/fats. Due toeagoomplex lipid raw material, the

study of lipolysis in dairy products by MALDI-TOF MS is expected to be even maiknging.

619.5 p—scission

765.0
TEES B05.0
BE.0

75 gzB.0

685.4

90 DAGs

l 82.8

% Intensity
(4]
2

% Intensity
h
(=]

551.0
619.5 6854

. -0
480 584 688 792 896 1000
Mass (m/z)

Figure 28. MALDI-TOF MS analysis of polar and non-polar fraction from a ripened Napoli tyoe
salami.
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The outcomes here presented are preliminary and need to be vdhgaedmparative GC
analysis. Nevertheless, once optimal analytical conditions willdimed, the MALDI-TOF MS
analysis of lipolytic products have a wide array of possiblenlogical applications to foods, as
they may allow to assess the ripening time, or to find lipidnaigres” associated to specific
fermenting agentse(g. autochthonous lactic acid bacteria, starters). Hence, they can stipport
process of typifying traditional productions or protected food prapasatThe method can also
contribute to the acquisition of basic knowledge about the lipolytic psotieat, under several
perspectives, is still to be elucidated. The utilize of MAIf@Yl the study of oxidative modifications
in lipids has been recently reviewed (Fuchs et al. 2011). Despiteploetance of the issue for the
food and lipid science, to the best of our knowledge, this is the tieshpt in studying by MALDI

MS the lipolysis in ripened meat products.

3.4.4 MALDI-TOF MS analysis of non-TAG lipids: selective enrichment ophospholipids

Phospholipids (PLs) have been long considered the packing material of celéss&mne decades, it
has progressively became clear that PLs have a central otheanical mediators in signal
transduction, prostaglandin synthesis, lipoprotein secretion and intebgithlabsorption. Of
particular relevance is the study of oxidized cell PLs, bectiusehe ultimate effect of oxidative
stress. Although the specific features are still under studyeed to be completely elucidate, PLs
have also very relevant nutritional properties. Indeed, PLs are tamparonstituent of aliments,
also used at an industrial level as additives, that concur to camfetidnal properties to the
foodstuff. In consideration of their relevance, many efforts hawn lmarried out to develop
strategies aimed to the comprehensive characterization oPltheepertoire. MALDI-TOF is
emerging as one of the most helpful tools for studying PLsspite of a series of currently
established protocols, the analysis of PLs remains rather tuitley to their amphipatic physico-
chemical properties. In fact, owing to the different chemistiigs, often difficult to characterize
“one-step” more classes of lipids.

In foods the detection of PLs is often masked by the overabundant d@ooents. Thus, many
strategies have been proposed to isolate or selectively etusciith respect to the neutral lipids.
For instance, Calvano et al. (2009) proposed a solid-phase microtiextran TiQ beads that
exploits the affinity of phosphate-containing molecules for tlaaitiim dioxide. Similarly, Emerson
et al. (2010) have proposed the use of solid-phase florisil extnacblumns to separate PLs from
TAGs. Also when the PL fraction has been effectively isolated]ewvant concern is raised by the

much higher ionization efficiency of PCs with respect to otHes @Petkovic et al., 2001). The
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discrepancies in the detectability can be also very importauan @xample, the detectability of PEs
is 2% of PCs (Fuchs et al., 2010).

Recently, we have investigated the use of hydroxyapatite YH&Pisolating phosphopeptides
(Mamone et al., 2010). The method has been proved very effective lantivee due to the high
affinity of phosphate-containing molecules for HAP, so that sevesaarch groups have applied
the techniques also to analyze even cell system-wide exteptedphopeptidomes” (Fonslow et
al. 2012). HAP is a crystalline form of calcium phosphate with amate formula of
Caio(POy)s(OH),, which has been used since a long time for the separation of phospmspaiei
nucleic acids. It is known to have high affinity for phosphorylated epeciherefore, we have tried
to extract selectively PLs by using solid-phase HAP geltarelute in this way PLs from neutral
TAGs that do not bind HAP. Our results are still preliminary @etgiire several additional tests to
establish the capabilities, the advantages and the drawbacks ofethisdnwith respect to those
already published.

In any case, our preliminary tests seem to work. The bottle-step remains the release of PLs
from HAP, due to a very strong complexationsFlgure 29 is shown the spectrum of PLs from
human milk, eluted from HAP after an extensive washing of the hdufas with CHCE and then
CHCls/methanol 2/1 (v/v). It is evident the complete absence of TAGshendresence of signals
that have been tentatively assigned to PCs, PEs and SMs. The ajppemdlative contents of PL
classes in human milk is: PCs ~ 30%; PEs ~ 26%; PSs ~ 6%;48%0; SMs ~30-32% (Jensen et
al. 1978) We did not detect PSs and PlIs probably because of theiréatere abundance and of
the suppression effects by PCs. However, a TLC separation priM&tanalysis is expected to
enlarge the coverage of the PL classes.

3.4.5 Conclusions

Lipids have physico-chemical traits very variegated. Thergeftire entire characterization of
complex lipid mixtures, containing several lipid classes is oftgoracticable. The superiority of
ESI MS in lipidomic studies originates for the most from thesgalgy of on-line interfacing ESI
with high resolution separation chromatography. Several HPUE aitomatic off-line MALDI
spotter have been commercialized, but they have not paralleled tsatifbf the HPLC-ESI MS
systems, because of their lower versatility and compliance. On the othepppardunely designed
fast pre-fractionation steps for partitioning the lipid in clasggeatly enlarges the MALDI-TOF
MS coverage of an entire “lipidome”. The application of simpletesfias of pre-fractioning has
enabled the access to analytical details never penetrated, efarethe case of the profiling of

thermo-oxidized oils.
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Figure 29. MALDI TOF MS analysis of phospholipids selectively extracted by HAP from
human milk. Assigments are only tentative, as several isobaric compounds are expected
to occur.

The use of HAP as a pre-fractioning step for isolating phospholipass interesting
perspectives if protocols will be standardized. Under opportune elutionticosdiit can be
envisaged that HAP is able to sub-fractionate PLs, for instarooedang to the phosphate heads on
the basis of a possible their different binding affinity, in ordeprevent the effect of MS ion
suppressions among different PL typologies. This aspect will babjket of specific investigations

in a next future.

3.5Use of MALDI-TOF for quantitative applications: nitrocellulos e (NC) MALDI-TOF MS

3.5.1 Premises and aims

Under typical conditions no signals of protonated species are obsartied MALDI-TOF MS
spectra of TAGs ([TAG+H). Harvey (1995) suggested that this the results of a fast gas-pha
hydrolysis of protonate TAGs. Fragmentation appeared to be strdegendent on the nature of
the matrix and solvent systems and on the presence of water irathee solvent. Fragmentation
has a drastic negative impact on the quality of the MALDI a@lysis of lipid mixtures, as it
introduces ambiguity n the characterization of the individual componentdtameentation degree
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is variable, and for this reason, any attempts in inferring qatwétdata of strongly biased. In
addition, the presence of fragment “DAG-like” ions at the low rafmye, where also matrix ion
occur, heavily hinder to get information about low MW species. Samgliexrco-crystallization
has also a critical impact on the reproducibility of the signal integsdieissue that is related to the
possibility of inferring MALDI quantitative data. Thus, we hawmed to find simple strategies to
prevent fragmentation and enhance reproducibility in order to clweckdssibility of exploiting
MALDI-TOF MS for the quantitative determination of TAGs.

3.5.2. Nitrocellulose (NC) minimizes fragmentation of TAGs in MALDI-TCF MS

Several methods have been proposed to reduce fragmentation astdoncenthe utilization of
LiDHB matrix (Cvacka, Svatos, 2003). For a series of reasornadgirexplained above, the use of
LiDHB has been abandoned. Gidden et al. (2007) found a strict camelaétween TAG
fragmentation and acidity of the solvent/matrix system. Thezethey suggested the addition of
NaOH, NaHCQ, or NH;, which act as “H+ scavengers”, to the TAG solution for lirmtat
fragmentation. However, Al-Saad et al. (2003) demonstrated tigatdraation does not arise only
from protonated TAGs, but on a longer time scale also alkakimen adducts do fragment,
according to two concurring mechanisms in which the alkali neataleither be lost or retained.
These mechanisms become important especially when analyherstlodn TOF are used, due to
the long time scale of the ion paths.

A couple of previous studies have demonstrated that with the uggreffarmed NC substrate film
prior to sample and matrix deposition, it is possible to enhancenhgdld in the MALDI MS of
proteins/peptides and DNA, as well as improve the shot-by-shot anglestrysample
reproducibility (Jonson et al., 1986; Tonkinson and Stillman, 2002; Preston £9%3). NC also
enhanced the sensitivity of peptide analysis up to the low attomad (dfitiotis et al. 2002). The
application of polymers intercalating MALDI matrices foralyzing even very small molecules,
such as CHAC, was not new (Donegan et al., 2006). It was already kheweffect of NC in
suppressing the matrix ionization and preventing detector saturation by roag;xeven though the
underlying mechanism is not clear.

Thus, we applied the use NC substrate layers to the MALDI-TCH aMalysis of TAGs.
Previously, we tested several procedures of a sample depositidiownd the best performances
with a strategy that consists in the sequential deposition obxnaaid TAG over the stainless steel
target pre-coated with a thin layer of NC.

NC MALDI-TOF spectra of TAG are almost completely freeni interfering fragment and matrix

ions at lowm/z
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When applied to MALDI-TOF analysis of TAGs, outcomes were excelleca(iello et al., 2010)

As an example, it is shown Figure 30the MS spectrum of TAGs from human milk. Human milk
contains medium- and high-CN TAGs because of the exclusive presenoedium- (C10-C14)
and long chain (C16-18) FAs. The almost complete absence of “D&Gibns allows to easily
appreciate the occurrence of minor amounts of physiologicatiyed DAGS in/z617 and 643).
The performances of the NC MALDI-TOF MS were particulastyiking when a more complex
mixture such as bovine milk fat (CRM-519) was analyZgdure 31).

In this case a complete “profiling”, including the charactermatf variously unsaturated, low-,
medium-, and high-CN and odd-CN TAG, were “one-step” obtained. Becdube absence of
fragment and matrix ions, the smaillzrange was completely clean, so that very low-CN TAGs up
to C22 and C20, and probably even C18, were clearly identified.

The application of NC MALDI-TOF MS to the analysis of the pdtaction of EVO oil, evidenced
the occurrence of low MW hydrolytic compounds, up to MAGs (Picariello et al., 2010).

The comparison between ordinary and NC conditions of MALDI analysistandard MAGs,
DAGs and TAGs demonstrated an almost complete absence of both fragment antnsatwhen
analytes were co-crystallized on NC substrates (Picariello et al.,.2010)

The mechanisms underlying the almost complete absence of fragm&mthen using NC have not
been investigated. As a pure speculation, it is possible hypothiesizbe metal plate could have a
role in the prompt fragmentation of TAGs, catalyzing some how kasér-induced hydrolysis. The
The NC has an effect of isolating TAGs from the contact with the megggttarhe hypothesis of an
enhanced desorption in the presence of NC seems to be not realthes,presence of NC, a
significant increase in the laser power in required by TAGs to be desorbed (igaéex.

3.5.3 NC MALDI TOF MS enables reliable quantification of TAGs

Although well documented and exploited, the use of MALDI as a ga#wéttechnique is still

debated. MALDI MS is in fact considered to be an unreliable tgaenidue to a series of
associated concerns, including linearity and precision of the atagaisition system, sample
preparation and signal reproducibility. The main shortcoming in quiéwvgitMALDI is sample

preparation from which derives the sample-to-sample, point-to-point antossiodt experimental
reproducibility. The use of an internal standard (1S), opportunelytsdleavercomes in part this
concern. Aside from the negligible fragmentation, the NC substratified the crystallization of
matrix/analyte solution and allowed for more even sample-maftystallization that can be
appreciated also by naked eye inspection. The even sample depasitaotes the shot-by-shot
and sample-by-sample reproducibility, enlarging the potential 8iLM-TOF MS to semi-
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guantitative and quantitative determinations. We tested the reprodycant the linearity of the
response in terms of ion production using standard TAGs, in partidpkniitin and triolein. The
tripalmitin-to-triolein signal intensity rationfz 829.7-907.8) - an average of 10 measurements —
versus the tripalmitin-to-virgin olive oil (w/w) ratio demonstchi linear relationshipRf ) 0.995)
over a wide concentration range. As expected on the basigratuite data, equimolar amount of
tripalmitin and triolein did not give a balanced MALDI ion productiothwhe unsaturated TAG
having higher ionization efficiency. In this conditions we asseisegossibility of quantifying
triolein in EVO oil, using tripalmitin as the internal standar8)(IThe relative amount of the

selected TAG in the mixture was calculated according to the followingiegquat

Wrac/Woil = (Itac/lis) (Wis/Woi)) (MW Tac/MW s) R,

whereW is the weightltac andl,s are the relative signal intensities of TAG and IS obtaineh f
the spectrum, respectively, and MW is the molecular wekhts a correction factor that depends
on the different ionization response of the target TAG relativibe IS. In the case of trioleiR,,
determined empirically, was 0.82 but it may non-linearly varh whe TAG-to-IS ratio. In test
EVO oil samples, triolein was estimated to be 33-35 %, a range loésvéhat are in good
agreement for the expected ones.

3.5.4 Conclusions

A precoated NC film on the MALDI target minimizes fragmeditn in the analysis of TAGs and
suppresses interfering matrix ion signals. These interesting advaatedds NC MALDI-TOF MS
to profile complex mixtures of acylglycerols, even in the preseot low MW hydrolytic
compounds such as MAGs. The method extends the dynamic range of L ki#alysis applied
to acylglycerols. NC also induces a radical improvements of ¢peatability of the MALDI
measurements, especially through an homogeneous matrix-samplallizeyon, thereby
proposing MALDI MS as a good alternative to GC-based techniquelsd@avialuation of TAGs in

fats and oils. Quantification is particularly reliable provided that a suit8hkeselected.
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Figure 30. NC MALDI-TOF MS spectrum TAGs from human milk, showing no or very little fragmentation. Quantitation of TAGs is
in good agreement with GC-based determinations
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Figure 31. De-isotoped NC MALDITOF MS of butterfat. Because of the absence of matrix interfering and fragment ions
very low-CN TAGs up to C22-C20 and probably C18 (needs to be confirmed) were identified. The typical bimodal pattern
and the occurrence of odd-numbered CN TAGs was evident
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4 CONCLUDING REMARKS AND PERSPECTIVES

The astonishing advances in food science have prompted the developmenttllgf riew
(bio)technological processes for food preparations. The growing knowledhgeit food
functionality, bioactivity and toxicity is rising novel and urgent ques and is mirroring the
increased awareness of consumers. The “omics”, alternativehded as sciences or technological
platforms that are aimed to the comprehensive characterizatidmoofolecular classes, are
“holding the promises”, by demonstrating themselves capabledkiet the challenge of the
complexity.
Mass spectrometry (MS) techniques, also including the recent advancéd bil MS, are the core
tools of the “omics”, “lipidomics” included. MS is not a unique technidug,an array of tools and
strategies that can be variously combined, also hyphenatbedotier methodologies, enabling
analytical access to many information levels. The larggeraf MS-based analytical procedures
requires the deep familiarity with the potentiality and pisfalf each approach in addition to a case-
by-case application, carefully designed as a function of the analytioalndie
Due to degree of specialization that food analysis and food technb&gy attained, these two
fields sounds only apparently separated. MALDI MS, for instancesthieasapabilities to afford
major contribution to the filed of food science and technology, prdvidat the competencies of
researchers skilled in the technique are combined with those warkif@pd technology and
biotechnology. For advanced application it would also required relevamtfdsioatic support,
finalized to data acquisition and data processing. Synergistictrand-disciplinary efforts are
needed to provide solutions for the requirements of producers, food industiataegagency as
well as for consumers in order to improve food quality, functionalitgt atorability, and to
optimize the effects of technological processes on food componéhtthe ultimate objective of
promoting not only knowledge and the process optimization, but above all hueadth and
wellness. In terms of technology, it means that significant impnewts are to be achieved to
define a panel of specific target compounds (or categories of compauntito make the detection
and quantification more robust, automated and comprehensive. For many répstsnareamong
the ideal probes to assess the sensory/nutritional traits of a food or to trads Baiskory”.
The instrumentation and maintenance costs and the required operdksvarekhmong the primary
factors that have currently prevented MS from a wider appitato protocols of food monitoring
and control. These shortcomings could be at least in part overcorbbsbstg unified analytical
centers and realizing an appropriate policy of resource rationalization.

While several years will be still necessary to standarttizeanalytical procedures and to

include MS in routine application protocols, it can be envisaged tBatel8pecially MALDI-based
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MS due to the relative easy and quick utilization, will become ineat future a virtually
irreplaceable tool to guarantee the safety of foods for consutoerstablish the nutritional role of
food formulations or to sustain the development of new functional foods amdligts for various

application, not necessarily limited to the food industry.
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Francesco Addeo®? an'mal fat by MALDI'TOF MS

® Istituto di Scienze Comparative characterization of milk fat, lard, and beef tallow triacylglycerols (TAG)
dell’Alimentazione - CNR, has been achieved by using matrix-assisted laser desorption/ionization—time-of-flight

bA'_..rellm_o, ttaly (MALDI-TOF) mass spectrometry (MS). The samples formed characteristic patterns,
gépa“'}l?n‘ig:?ﬁd' Selarea with major TAG signals differing in quantity and intensity according to the fat. In milk fat,
Un?versity o Nipiss the significant contribution of short-chain fatty acids (C,—C,,) extends the TAG number
“Federico I, 1o the CuCay, range. In lard and beef tallow, C,,~C, 4 Tatty acids restrict the range to
Portici, Italy Cas—Csy, also typical of vegetable oils. Fats originating from ruminants contain odd TAG

missing in lard. Signature TAG were identified for each animal fat. C.—C.. specifically
fingerprint milk fat; 52:5, 54:5 and 54:6 TAG mark lard; and 55:0, 55:1, 55:2 and 54:0
TAG typify beef tallow. Fats were also analyzed after hydrogenation or bromination;
hydrogenation helped to fingerprint the low-abundant long-chain TAG and to distin-
guish short-chain native TAG from collision-induced fragments; bromination allowed
clear separation of saturated and unsaturated TAG. Differences in the fatty acid com-
position amongst homologous iscbaric TAG of different structures were identified by
post-source decay analysis of hydrogenated precursors. MALDI-TOF has proven
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Keywords: Triacylglycerols, milk fat, lard, beef tallow, MALDI-TOF mass spectrometry.
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MALDI-TOF Mass Spectrometry Profiling of Polar and Nonpolar
Fractions in Heated Vegetable Oils

¥ ¥
GianLuca PicarieLLo,*! ANToNELLO Papuano,? RAFFAELE SaccHL? AND
. +*
Francesco Appeo®T#
Mstituto di Scienze dell Alimen tazione, Consiglio Nazionale delle Ricerche, Via Roma 64, I-83100

Avellino, Ttaly, and "Dipartimento di Scienza degli Alimenti, Universita di Napoli “Federico ",
Parco Gussone, 1-8005 5 Portici (NA), Ttaly

Triacylglycerol oxidation of thermally stressed (6 h at 180 °C, simulating deep-frying conditions)
edible vegetable oil (sunflower and olive) was studied using matrix-assisted laser desomption
ionization-time-of-flight mass spectrometry (MALDI-TOF MS). Chromatographic separation of the
nonpolar and polar components from the heated oil performed on silica gel prior to MS analysis
significantly enhanced the detection of oxidized components. The spectra contained signals that
were assigned to triacylglycerols (TAG), diacylglycerols (DAG), friacylglycerol oxidative dimers,
oxidized TAG, and TAG fragments arising from the homolytic S-scission of linoleyl, peroxy, and
alkoxy radicals. Enrichment of the polar compounds prevented mass spectrometric ion suppression,
thus allowing the detection of minor species originating from thermal oxidation. In addition, this
allowed the monitoring of polar compounds in vegetable cils undergoing mild thermal treatment. As
such, chromatographic separation coupled with MALDI-TOF MS analysis provided a rapid, sensitive,
and specific tool to assess the thermal oxidation of vegetable oils.

KEYWORDS: Sunflower oil; virgin olive oil; thermo-oxidation; polar and nonpolar fractions; MALDI-TOF MS
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Nitrocellulose Film Substrate Minimizes
Fragmentation in Matrix-Assisted Laser Desorption
lonization Time-of-Flight Mass Spectrometry
Analysis of Triacylglycerols
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The petential of matrix-assisted laser desorption ionization
time-of-fhight (MALDI-TOF) mass specirometry (MS) for
the analysis of intact triacviglycerols (TAGS) s generally
lumiated by the extessive m-source prompt fragmentation.
The sequential deposition of matrix and TAGs over the
stamless steel target precoated with a thin layer of
nitrocellulose (NC) drastically reduced fragmentation in
the MALDI-TOF MS profiling of oils and fats. The NC
MALDI-TOF MS profiles of native and thermally stressed
virgin olive il and bufter are reported as case studies,
along with test analyses of a standard mixture of mono-,
di-, and triacylglvcerols. Mass spectra were almost com-
pletely devoid of both fragment and matrix o signals,
thus disclosing relevant information, especially in the low
molecular mass cange. The detection of several partial
acvighveerols of low abundance and minor TAGs that are
barely observed with other techmiques also provided
evidence for an mereased dynamic range of NC MALDI-
TOF MS that was due to the minimization of suppressive
effects. The NC film substrate also improved the shot-to-
shot and sample-to-sample reproducibility of the iom
production through the exhibntion of a more homogenoous
matrx/analyte cocrystallization, thus emablmp MALDI-
based measurements to a consistent quantification of
TAGs.

derivatization prior to analysis, (¢} acquisition fime scales ranging
from seconds to minutes, (d) relatively high lolerance to buffer
and salt contaminants in the sample, (¢) production of unique ion
sipnals for specific TAG—metal addicts, which simplifies the
analvsis and alkows rapid profiling of complex TAG mixtures, and
{f} Mgh sensilivity in the range of femtomodes or lower. Recenl
pivances 0 MALDI MS/MS have made it possible lo oblain
structural information regarding lipeds in a way that i3 similar or
complementary to ESEMS or APCEMSS =

In comparison 1o the analysis of peptides and proteins,
standardized protocols for the MALDL M5 analysis of TAGS are
far from being establizhed, and varous matrix svsiems and sample
preparation strategies have been developed. In prictice, many
matrixes are inadequate because of inhomogenenus crystallization
(the so-called “sweet-2pot phenomenon”™).® MALDY fonization of
TAGs is penerally accompanied by prompt m-source fragments-
tivn, which i particularly intense in the case of “hot™ matrixes.™
I addition to matrix-derived lons, spurious signals derived from
TAG breakdown can inderfere with the detection of components
with molecular masses lower than 700 Da” Additional shorlcom-
ings such as suppressive effects degrade sensilivity and repeat-
ability of the method and, combined with the currenl commercial
unavailability of suifable ifernal standards (15), hinder the use
of MALIM MS for TAG evaluation® The intrinsic limilations of
the technique can be overcome to some extent through the wse
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Summary

The revelution of 'omic’ sdences has introduced integrated high-throughput appmoaches
tn address the understanding of the biochemical systems and of their dynamic evoh tion.
In the field of food research, ‘omics’ are depicting a compmehensive view which largely
overcomes the merly descriptive approaches of the early protenmic and metabolomic era.
Thus, the recently horn 'foodomics’ is to be intended as a global perspective of lmowledge
about foods, which covers the assessment of their composition, the etffects of (biojtechno-
logical processes for their production, their modifications over time and the impact that
food consumption has on human health. Food proteomics and metabolomics, along with
their derived ‘omic’ branches such as peptidomics, lipidomics and glycomics, are still evolv-
ing technologies capable of tackling the natume and the transformations of foods. In the
development of the advanced ‘omic’ platforms, because of their potential o profile com-
plex mintures of biomolecules, mass spectrometry techniques have assumed an unquestion-
able role. Because proteina are central molecules in all hiological systems, proteamic plat-
forms are pivotal among the foodomic tools, as the proteomes and related peptidomes
provide biomolecular subsets mostly intormative about the history of a food product. Simi-
larly, food interactomics and metabonomics aim to study the dynamics that oocur in food-
stuff. The ultimate aim of foodomica is the pmduction of high-quality and safe food
products for improving human health and wellbeing. [n this review we critically present
the recent research outcomes in the field of food sdences that have been achieved through
the contribution of the "omic’ methodologies relying on mass spectrometTy.

Key wards: proteomics, peptidomics, metabolomics, interactomics, mass spectrometry; food
proteins and peptides, food quality, food satety, food technology



