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Abstrakt (CZ)

Mazek (vernix caseosa) je bily syrovity krém na povrchu téla novorozence,
ktery je produkovan kizi plodu v poslednim trimestru t€hotenstvi a chrani jej pred
vnéj§imi vlivy v dobé pfed porodem a novorozence v prvnich sedmi az CEtrnacti
dnech Zivota. Vernix caseosa ma impregnacni a termoregulacni vlastnosti, poskytuje
ochranu proti infekcim a pomahéa dokoncit vyvoj klize a gastrointestinalniho traktu.
Pfedcasné narozeni jedinci maji mazku jen velmi malo nebo jim Uplné€ chybi a jsou
tak Spatné€ chranéni proti vnéj$im vliviim. Proto je dulezité dikladné poznat sloZeni
mazku a nalézt jeho vhodnou nahradu pro pfed€asné narozené novorozence. Mazek
obsahuje lipidy, proteiny a 80 % vody.

Tato prace je zamétfena na lipidy, které tvoii pfiblizné 10 % vernixu. Byly
zavedeny metody zdkladniho zpracovéani vernixu. Byla zoptimalizovadna izolace,
separace a transesterifikace lipidd. Pro separaci byla zvolena tenkovrstva
chromatografie. Lipidy byly detekovany pomoci MALDI-TOF MS a vysledky
ovéfeny pomoci fragmentacnich spekter a transesterifikace. Esterifikované lipidy
byly meéfeny pomoci plynové chromatografie s hmotnostni detekci. Pro velké
mnozstvi lipidd byla jako nejvhodnéjSi zvolena extrakce podle Folche. Lipidovy
extrakt byl separovan pomoci kolonové chromatografie.

Optimalizované metody byly aplikovany na sérii 20 vzorkl vernixu. Ve
vzorcich byl zjistén rozdil ve voskovych esterech a triacylglycerolech v zavislosti na
pohlavi ditéte. N¢kolika piistupy bylo prokdzano, Ze divky maji vEét§si mnozstvi
delsich fetézct mastnych kyselin nez chlapci.

Tato prace je zakladnim stavebnim kamenem pro dals$i vyzkum vernixu a
byly vni popsany analytické metody vhodné pro vernix caseosu. Dale byly
charakterizovany ¢tyfi méné polarni lipidové tfidy, které byly v intaktnim stavu
meéfeny pomoci hmotnostni spektrometrie. Soucasné s novymi poznatky o vernixu

vyvstaly 1 otdzky, které mohou urc¢it smér dal§iho vyzkumu.



Abstract (EN)

Vernix caseosa is a white creamy substance that covers the skin of a newborn.
It 1s produced during the third trimester by the skin of the baby and remains there
until the age of one or even two weeks. It is uniquely human. In utero, vernix
protects the skin from maceration, during the birth it serves as a lubricant and after
the delivery it protects the baby against infection and regulates the temperature. As
vernix is produced in third trimester, prematurely born infants lack it and this may
lead to, among other things, suffering from desiccation and therefore heat loss. It is
important to study it thoroughly and to find a suitable substitute of vernix for the
preterm infants. Vernix consists of lipids, proteins and 80 % water.

This project is aimed at the lipids. Vernix is composed of 10 % of lipids.
Basic analytical methods of pocessing vernix were searched. The methods of
isolation, separation and transesterification have been optimized for the lipids. For
separation, thin-layer chromatography has been chosen. The method of the lipid
analysis of intact molecules by MALDI-TOF MS has been optimized for these lipids.
The results were confirmed using fragmentation spectra and transesterification.
Esterified lipids were measured by gas chromatography coupled with mass
spectrometry detection. For a large amount of lipids, the extraction according to
Folch has been adopted. The obtained lipid extract was separated using the column
chromatography.

The above described methods were used for the series of 20 vernix samples.
Gender-related differences were found in the spectra. Different quantitative patterns
of wax esters and triacylglycerols in male and female samples were observed. It was
proved that the longer-chain fatty acids are more abundant in girls.

This study is the cornerstone of further vernix research. Suitable analytical
methods for vernix have been described. Furthermore, four less polar lipid classes of

vernix were characterized by means of mass spectrometry. Along with better



knowledge, new questions about vernix caseosa have arisen that may define further

studies of the subject.
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Seznam zKratek

[A+H]"
[A-H]
4NA
ONA
BHT
Cer
DG
DHB
Di

DIT
Exin
ESI
ESI-Orbitrap MS

FA
FFA
FFA:1
GBS
GC-MS
HPA
Chol
LiDHB
M/x
m/z
MG
MALDI

Protonovany molekulovy iont
Deprotonovany molekulovy iont
4-Nitroanilin

9-Nitroanthracen
2,6-Di-terc-butyl-4-methylfenol

Ceramidy

Diacylglyceroly

Kyselina 2,5-dihydroxybenzoova

Diestery diol

Dithranol

Kineticka energie iontu

Ionizace elektrosprejem

Hmotnostni spektrometrie s elektrosprejovou ionizaci a orbitalni
pasti

Mastné kyseliny

Volné mastné kyseliny

Jedenkrat nenasycené volné mastné kyseliny
Test na ptitomnost Streptokoka Agalactiae
Plynova chromatografie s hmotnostni detekci
Kyselina 3-hydroxypikolinova

Cholesterol

Lithna sil kyseliny 2,5-dihydroxybenzoové
Nanaseni ptekrytim vzorku matrici

Pomér hmotnosti k ndboji
Monoacylglyceroly

Desorp¢ni ionizace laserem za Gcasti matrice
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MALDI-TOF MS

MBT
MS
MS/MS
MTBE

NaDHB
OHFA
PA
PCA
PEG
PEGS
PL

PS
QQQ
Q-TOF
RDA
R

s.C.
SA
SD
SE
SE:1
SE:2
SE:3
SQ

TG
TCNQ

Hmotnostni spektrometrie s desorp¢ni ionizaci laserem za ucasti
matrice a analyzatorem doby letu
2-Merkaptobenzothiazol

Hmotnostni spektrometrie

Tandemova hmotnostni spektrometrie
Methyl-terc-butylether

Nanaseni po predchozim smichani matrice se vzorkem
Sodna stl kyseliny 2,5-dihydroxybenzoové
o-Hydroxy-mastné kyseliny

Kyselina pikolinova

Analyza hlavnich komponent
Polyethylenglykoly
Polyethylenglykolsulfat

Fosfolipidy

Proton-sponge®, N,N,N’,N'-tetramethyl-1,8-nafthalendiamin
Trojity kvadrupol

Kvadrupol s analyzatorem doby letu
Analyza redundance

Reten¢ni faktor

Délka priletové trubice

Porod cisafskym fezem

Kyselina sinapova

Smérodatna odchylka

Sterolestery, cholesterylestery

Jedenkrat nenasycené sterolestery

Dvakrat nenasycené sterolestery

Ttikrat nenasycené sterolestery

Skvalen

Cas

Triacylglyceroly
7,7,8,8-Tetrakyanoquinodimethan
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THAP
TLC

TOF
TOF/TOF

Vernix
WE
WE:1
WE:2
WE:3
x/M

o-toko

2,4,6-Trihydroxyacetofenon
Tenkovrstva chromatografie
Analyzator doby letu

Tandemova hmotnostni spektrometrie se dvéma analyzatory
doby letu

Vernix caseosa, mazek

Voskov¢ estery

Jedenkrat nenasycené voskové estery
Dvakrat nenasycené voskové estery
Ttikrat nenasycené voskové estery
Nanaseni piekrytim matrice vzorkem

o-Tokoferol
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1. Cil prace

e Optimalizace izolace lipidii novorozeneckého méazku
e Separace lipidovych tiid vernixu pomoci tenkovrstvé chromatografie

e Optimalizace analyz na MALDI-TOF MS: urc¢eni vhodné matrice, zpisobu

nandSeni vzorku a nastaveni podminek méteni

e Analyza intaktnich lipidd jednotlivych vzorkd vernixu pomoci MALDI-TOF
MS a MALDI-TOF/TOF MS a vyhodnoceni spekter, porovnani vysledk,
sledovani souvislosti mezi jednotlivymi vzorky z riiznych aspektl a ovéteni

vysledkii pozorovani
e Optimalizace extrakce velkého mnozstvi lipidli vernixu caseosy

e Separace vyextrahovanych lipidi pomoci kolonové chromatografie a

vyhodnoceni vysledka

Cilem této prace bylo zavést analytické metody izolace a separace lipida
vernixu pro jednotlivé vzorky vernixu od kazdého ditéte zvlast, aby zustala
zachovana identita kazdého vzorku a bylo mozné je mezi sebou porovnat. Dale
charakterizovat a identifikovat intaktni lipidy pomoci MALDI-TOF MS, ¢emuZz
nezbytné predchdzi optimalizace metody pro lipidy vernixu.

Druhym hlavnim cilem byla extrakce a separace smésného vzorku vernixu ve
velkém mnozstvi, aby bylo mozné pozorovat i lipidové tfidy, které jsou ve vernixu

zastoupeny v mens$im mnozstvi a je obtizné je separovat z jedin¢ho vzorku.
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2. Uvod

Pti narozeni je kazdy lidsky jedinec vybaven né€kolika riznymi mechanismy,
kter¢é mu pomahaji adaptovat se na nové, vnéjsi prostfedi. Jednim z dalezitych
ochrannych systémi u novorozence je pokryti jeho téla latkou, kterd se tvofi
v prenatalnim obdobi na ktzi plodu a ktera je unikatni pro ¢lovéka. Tato latka se
nazyva vernix caseosa (vernix) podle své bélavé barvy a syrovité konzistence, nebo
C¢eskym ndzvem madazek. Vernix je produkovéan kiazi plodu ve tfetim trimestru
téhotenstvi a ziistava na povrchu téla novorozence jeden az dva tydny po narozeni.

Prestoze pocatky vyzkumu vernixu caseosy sahaji az do 19. stoleti, nebylo o
této substanci znamo mnoho aZz do 60. let 20. stoleti, kdy bylo publikovano vétsi
mnozstvi praci, které se timto tématem zabyvaji [1 — 3]. V 80. a 90. letech se vyzkum
vernixu témef uplné odmlcel. AZ v poslednich deseti letech vyslo opét n¢kolik praci,
které zkoumaji mazek novymi metodami, a to jak z hlediska chemického sloZeni, tak
fyzikaln&-chemickych vlastnosti.

Vernix je tvofen bunkami v lipidové matrici. Chemicky je slozen z lipidd,
proteini a vody, kterd je obsazena v buiikdch. Struktura vernixu byla studovéana
riznymi metodami [4 — 6]. Byly zkoumany funkce a jejich zéavislost na struktuie
vernixu a na chemickém sloZeni. Naptiklad byly prokézany antiinfekéni vlastnosti
nekterych proteint a lipidd mazku [7, 8]. Byly také popsany odlisnosti ve slozeni
vernixu a sekretu na pokoZce dospélého cloveéka [3, 9 — 11]. Tento rozdil byl
pozorovan zejména u lipidového sloZeni.

Tato prace je zaméfena na vyzkum lipidové c¢asti vernixu, ktera tvofi
priblizné 10% jeho celkové hmotnosti. Pro vernix je charakteristické ptredevsim
Siroké rozpéti délek lipidovych fetézii a polarit lipidovych tfid, od nepolarniho
skvalenu az po vysoce polarni fosfolipidy. V minulosti byly studovany mastné
kyseliny jednotlivych tiid lipida [1, 12, 13], dosud vSak nikdo neidentifikoval

intaktni lipidy vernixu. Ptfekvapivé se také velmi malo studii [14, 15] zabyva
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odliSnostmi ve slozeni vernixu v zavislosti na pohlavi, pfestoze lze tento rozdil
predpokladat vzhledem k faktu, Ze produkce vernixu je fizena hormonalné [16].

Jako vystupni méfici metoda pro identifikaci intaktnich lipidit byla zvolena
desorp¢ni ionizace laserem za i¢asti matrice s analyzatorem doby letu (MALDI-TOF
MS). Tato metoda hmotnostni spektrometrie se bézné¢ pouziva pro ur€ovani proteini
a jinych velkych molekul, ale zvlasté v posledni dobé se jeji uziti rozsifilo i na malé
molekuly a mezi nimi také lipidy. Vyhodou je rychlost a nenaro¢nost méfeni a
interpretace spekter, vysoka citlivost a odolnost vii¢i kontaminacim, dale pak
moznost detekce intaktnich molekul bez predchozi modifikace. Metodu je potieba
pro lipidy optimalizovat. Zvlaste diilezité je zvolit vhodnou matrici, polaritu méteni a
intenzitu laseru.

Jednim z hlavnich diivodl vyzkumu vernixu caseosy je syntéza jeho nahrady
pro novorozence, kteti mazek postradaji, nebot’ jeho nedostatek muize vést k vaznym
zdravotnim komplikacim nebo, ve spojeni s dal§imi faktory, dokonce k timrti ditéte
[17]. Studium vernixu také poméahd posouvat hranice medicinského poznani.
Z pochopitelnych pficin je velmi obtizné zkoumat detailné prenatalni vyvoj plodu.
Diky vernixu mizeme nepiimou metodou ziskat piesnéj$i obrazek o vyvoji kiize
plodu a vysledky poté aplikovat naptiklad v Iékatské diagnostice.

Tato prace je prvnim krokem ve vyzkumu vernixu na Ustavu organické
chemie a biochemie AV CR. Byla zapodata spoluprice s Gynekologicko-
porodnickou klinikou 1.LF UK a VFN a ziskan souhlas Etické komise s odbérem a
zpracovanim vzorkd. Vzhledem k pocate¢ni fazi vyzkumu vernixu je tato studie
zaméfena na vyvoj a optimalizaci analytickych metod vhodnych pro tento neobvykly

biologicky materil a zdkladni charakteristiku lipid vernixu.
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2.1. Vernix caseosa

Vernix caseosa je bila az nazloutla latka s konzistenci podobajici se tavenému
syru. Pokryva télo plodu v posledni tietin¢ t¢hotenstvi a novorozence jeden az dva
tydny po narozeni. Vyskytuje se v rizném mnozstvi. Nékdy je pozorovatelna v tlusté
vrstvé po celém téle novorozence, jak je ukdzdno na obrazku 1, nebo jen na
nekterych c¢astech téla, napiiklad na zadech, v oblasti krku, podpazi a tiisel. Jindy
tvoii na kizi pouze tenky film. Doposud nebyl vernix prokazan u zadného jiného

zivocisného druhu, 1ze tedy predpokladat, Ze je unikatni pro ¢lovéka.

Zdroj:http://media.photobucket.com/image/vernix/momster_gina/Lachlan/lach-vernix.jpg

Obrazek 1 Novorozenec pokryty vernixem.

2.1.1.  Vznik vernixu

Prvni jednovrstevna pokozka se objevuje ve tietim tydnu téhotenstvi [7].
V jedenéactém tydnu ma pokozka jiz tii vrstvy: bazalni, stfedni a svrchni (periderm).

Na konci ctvrtého mésice téhotenstvi se pokozka pod peridermem zacina
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stratifikovat, dochdzi k diferenciaci bunck a tvofi se Ctvrtd vrstva pokozky, stratum
korneum. Periderm poskytuje pokozce ochranu pted plodovou vodou, ale zaroven
zajistuje komunikaci s okolim aktivnim transportem.

V 21. tydnu je jiz periderm plné¢ odlouen a nahrazen stratem korneem
tvofenym korneocyty, které se také postupné odlucuji. Odloucené buiky peridermu a
korneocyty se misi se sekretem mazovych zladz a tvoifi vernix. Vrstvy pokozky a

odlucujici se korneocyty jsou znazornény na obrazku 2.

http://highered.mcgraw-hill.com

Obrazek 2 Vrstvy pokozky.

Aktivita mazovych Zlaz je regulovana hormondlné piisobenim pohlavnich
hormontl, androgent a estrogend [18, 19]. Studie provedend na krysach prokazala, ze
estrogen urychluje vyvoj kozni bariéry a testosteron ji naopak zpomaluje [20]. Ve
tfetim trimestru téhotenstvi je ¢innost mazovych z1az v pokozce v maximu a zvysSuje
se tedy 1 tvorba vernixu. Intenzita produkce seba v tomto obdobi je srovnatelna se
zvySenim aktivity mazovych Zlaz v puberté. V poslednim trimestru se také nejvice
vyvijeji plice, z nichz se do plodové vody uvolnuje surfaktant, ktery rozrusuje povrch

vernixu. Stejny efekt ma 1 moc¢ pfitomna v plodové vodé. Vernix se uvoliluje a
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zvySuje hustotu plodové vody. S ni se pak vernix dostdva do gastrointestindlniho

traktu, kde vyzivuje stievni sliznici a pomahéa dokoncovani jejiho vyvoje [7, 21].

2.1.2. Funkce vernixu

Vernix caseosa je jakysi doCasny imunitni systém novorozence, ktery ditéti
pomaha v prvnich dnech po narozeni, nez si vytvoii svou vnitini imunitu a pfivykne
na suché oxidac¢ni prostfedi. Vernix hraje dilezitou roli v termoregulaci novorozence
tim, Ze omezuje odpafovani vody z pokozky a brani tak ztraté tepla v suchém
prostiedi, zaroven vSak propousti pifebytecnou vodu, aby byla zajisténa stala uroven
hydratace pokozky a to 1 v prostiedi plodové vody [22, 23]. Funkce udrzovani stalé
vlhkosti pokozky je tedy aktivni jak v prenatalnim obdobi, kdy je ptredevSim
zabranéno maceraci, tak postnatalné, kdy vernix pomaha udrzovat stalou teplotu téla
[24]. Mazek dale obsahuje latky zvané ptirozené zvlhcujici faktory, které udrzuji
poddajnost a vlacnost pokozky.

Kromé¢ jiz zminéného efektu na vyvoj travici soustavy usnadiiuje vernix
priuchod ditéte ven z délohy snizenim tfeni a pisobi jako bariéra proti bakteriim
pfitomnym na rodidlech matky. RovnéZ zajiStuje mirné kyselé pH, takZe se na
povrchu téla novorozence nemnozi patogenni bakterie. Vernix zajistuje bakterialné
stalé prostredi také v dychacich cestach, nebot’ obsahuje imunitni proteiny. Dale se
predpoklada ptritomnost feromont, které pfitahuji k ditéti jeho pecovatele, jako je
tomu u matefského mléka [21]. Jejich pfitomnost ve vernixu ale dosud nebyla
prokézana.

U vernixu byly prokazany také antioxidaéni vlastnosti zplisobené piitomnosti
vitaminu E a melaninu, které pomahaji ditéti piekonat oxidaéni stres z porodu a
pfechod do oxida¢niho prostfedi. Vernix caseosa poskytuje novorozenci
mechanickou 1 chemickou bariéru proti bakteriim a také proti praniku
chymotrypsinu, ktery se dostava do plodové vody s mekoniem [25 — 28]. U mnoha

proteind obsazenych ve vernixu byly prokazany antiinfek¢ni G€inky [29].
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V neposledni fadé¢ byly prokdzany vyznamné hojivé a regeneracni ucinky,
které se projevuji diky zvySenému metabolismu, ktery vernix zplsobuje. Pokud by se
podatilo zachovat tyto vlastnosti u syntetické nahrady vernixu, dalo by se jich vyuzit
naptiklad pfi lécbé popalenin a nckterych onemocnéni kize [30 — 35]. Dalsi
mnohokrat ovéfenou funkci vernixu je jeho Cistici G¢inek na pokozku, ktery je
pfiblizné stejny jako u mydla [36]. Vzhledem k vySe uvedenym vlastnostem a
uc¢inkim se dnes jiz doporucuje ponechat vernix na povrchu téla novorozence, dokud

se sam neodlouci [28].

2.1.3. Slozeni vernixu

Vernix caseosa obsahuje pfiblizné 80% vody, 10% proteintt a 10% lipida.
Voda je v bunikach, korneocytech, kterymi je mazek tvofen. Zminéné hydratacni
vlastnosti jsou zprostiedkovany pravé témito bunikami, které jsou schopné vodu
absorbovat z prostiedi a v pfipadé potieby pokozku hydratovat. Zaroven korneocyty
zabranuji maceraci tim, ze prebytecnou vodu absorbuji a piedavaji do prostiedi.
Korneocyty vernixu nejsou propojeny desmosomy, a proto nema stabilni strukturu a
je mozné jej z povrchu téla otfit.

Proteiny nalezené ve vernixu maji rizny piivod. Na povrch kiize se dostavaji
z plodové vody, plic, tvofi se v kiizi a v aktivnich keratinocytech. Nékteré proteiny se
mohou do vernixu dostat s krvi, kterou mlze byt kontaminovan. Pfiblizné¢ 40 %
identifikovanych proteinii tvofi vrozenou imunitu novorozence (napf. lysozym a
laktoferrin) a asi 30 % proteini ma antimikrobidlni vlastnosti (napf. psoriasin,
ubiquitin, kathelicidiny, alfa-defensiny, kalprotektin, ribonukleasa 7 a annexin 1).
Vernix je také spojovan se surfaktantovymi proteiny A a D, které zajiStuji
bakteridlné stalé prostfedi v dychacich cestach novorozence. Podrobnégjsi informace
o proteinovém slozeni a funkcich jsou publikovany v praci Dr. Tollin [37 — 39].

Lipidy vernixu pochazeji ze dvou zdroju, kterymi jsou mazové zlazy a

stratum korneum [10, 40, 41]. Mazovymi Zlazami jsou produkovdny méné polarni
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lipidy: voskové estery (WE), sterol estery (SE), acylglyceroly, skvalen (SQ) a
diestery diolt (Di) [31, 42], které jsou majoritnimi slozkami lipidd vernixu. Nejvétsi
cast tvoii voskové estery a sterol estery, a to 45 % (w/w) z celkového mnoZstvi
lipidd, dale pak triacylglyceroly (kolem 35 %), skvalen (témé&f 7 %) a diestery diolt
(asi 5 %). Lipidy tvofené ve stratu korneu jsou znacné polérni a nazyvaji se bariérové
lipidy [43, 44]. Zaujimaji pfiblizn€ 10 % z celkové hmotnosti lipidii vernixu. Jsou
jimi ceramidy (Cer), fosfolipidy (PL), volné mastné kyseliny (FFA) a cholesterol
(Chol). Grafické znazornéni sloZeni vernixu a zastoupeni jednotlivych lipidovych
tftid je na obrazku 3. Uvedené zastoupeni lipidii je pouze pfiblizné vzhledem
k vysoké variabilit¢ mezi vzorky. Hodnoty publikované v odborné literatufe byly

vetSinou ziskany analyou smésného materialu ziskaného z nékolika novorozenct.

Obrazek 3 Slozeni vernixu a zastoupeni jednotlivych lipidd.

2.1.4. Metody analyzy lipidi vernixu

Ve vétsiné praci zabyvajicich se lipidy vernixu caseosy byl vzorek mézku
rozpustén ve smeési chloroform/methanol 2:1 (v/v). V nékolika ptipadech byla

provedena extrakce lipidii podle Folche [1, 8, 45] a také byla vyzkouSena extrakce
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podle Bligha a Dyera [5, 43, 46]. Obé metody byly vyvinuty pro extrakci lipidi
z tkéani, jako je mozek nebo sval, a lisi se hlavné v poméru chloroformu a methanolu.
Proto musely byt pro vernix upraveny, nebot’ konsistence vernixu je jen obtizné
srovnatelna s jinymi tkanémi. Jak jiz bylo popsano vySe, vernix obsahuje buriky, ale
nikoli desmosomy, tudiz nema stabilni strukturu. Popraskané korneocyty maji
enormni schopnost nasavat vodu a diky mobilni struktufe neomezeny prostor k
bobtnani, coz znemoziiuje pouziti obvyklého postupu Folchovy extrakce.

Jako separa¢ni metody lipidovych tfid vernixu byly uzity rizné typy
chromatografie. Nej€astéji to byla tenkovrstva chromatografie (TLC) [1 -3, 5, 8, 13
- 15, 43, 45 — 50] s pouzitim rtznych staciondrnich a mobilnich fazi, dale pak
plynovd chromatografie [2, 13, 42, 45, 48 — 50] splamenovym ionizacnim
detektorem [1, 8, 47] nebo s hmotnostni detekci [12, 47] a kapalinova chromatografie
[1, 5, 13, 47]. V nekolika publikacich je pouzita rentgenova difrakce [5, 44] a
infracervena spektroskopie [45, 50]. Detailngj$i analyza lipidovych tiid byla
provadéna po piedchozi transesterifikaci mastnych kyselin kyselou nebo alkalickou
hydrolyzou [1, 2, 8, 12, 13, 45, 48 - 51]. Bylo urCovano relativni zastoupeni
mastnych kyselin, rozpéti délek uhlikovych fetézci, jejich vétveni a pocty a polohy
nasobnych vazeb. Ddle bylo zjiStovano mnozstvi neesterifikovatelnych lipidd,
skvalenu, alkohol a cholesterolu. Ceramidy byly analyzovdny pomoci protonové
nukledrni magnetické rezonance [47]. Déle byly porovnavany lipidy vernixu s

lipidy rGznych Zivoc¢iSnych druht [45].

2.1.5. Nemoci spojené s vernixem

Vernix je spojovan také s nékterymi nemocemi a zdravotnimi komplikacemi.
Lze diky nému diagnostikovat napfiklad rupturu délohy podle vyskytu vernixu v
moci (vernixurie) [52, 53]. Vernix je mozné diagnosticky vyuzit také nepiimo. Podle

jeho mnozstvi na pokozce po porodu, ptipadné podle jeho mnozstvi v plodové vodé
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pfed porodem, se dd usuzovat, vjakém stadiu vyvinu se novorozenec v daném
okamziku nachazi [54].

Nekteré zdravotni problémy mlze vernix naopak zptisobit. Pii ultrazvukovém
zjisténi velkého mnozstvi vernixu v plodové vodé je zvysené riziko, ze se u ditéte
projevi vernix caseo-granulomatézni meningitis [7]. Dale byly popsany vernix
caseosa granuloma a vernix caseosa peritonitis jako vzacné, ale zavazné poporodni

komplikace u matek, které rodily cisatskym fezem [55 — 60].

2.1.6. Proc€ analyzovat vernix caseosu?

Diilezitost vernixu pro plod a novorozence jiz byla nastinéna vySe pii
popisovani jeho vlastnosti, funkci a sloZzeni. Protoze je vernix unikatni pro ¢lovéka,
neexistuje Zadny modelovy Zivo€isny druh, na némz by bylo mozné jej pozorovat a
zkoumat. Ze stejného ditvodu je dilezité syntetizovat vhodnou nadhradu vernixu pro
novorozence, ktefi vernix nemaji nebo ho maji velmi malo.

Nedostatek vernixu se vyskytuje u déti ptfedCasné narozenych, jejichz
pokozka neni dostate¢né vyvinutd, aby mohla vernix produkovat. Nasledkem je
ztraita nebo omezeni jednoho ze systéml vrozené imunity a tedy nachylnost
k riznym infekcim, vysychdni pokozky, ztrata tepla, travici obtize a mnoho dalSich.
Aby mohla byt vytvofena latka, ktera ma vlastnosti podobné vernixu, je nutné vernix
detailné poznat a popsat.

Diky jedine¢nym hydrata¢nim, antioxida¢nim a ¢isticim G¢inkiim na pokozku
by bylo mozné vysledky vyzkumu vyuzit také v kosmetickém primyslu pro vyvinuti
vysoce ucinnych ptipravkl proti starnuti a k 1é¢bé koznich nemoci a popalenin.
V neposledni fadé¢ by analyza sloZzeni vernixu mohla napomoci v mediciné pfi
diagnostice nemoci s nim spojenych, usnadnit pfedporodni vySetieni a zpiesnit
informace o plodu. Bylo by napfiklad mozné prokazat souvislost mezi pohlavim
plodu a nékterou slozkou vernixu. Stejné¢ tak mizeme hledat souvislost mezi

sloZenim vernixu a rliznymi nemocemi, které jsou u novorozence obtizné
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diagnostikovatelné. Podminkou vSech téchto vystupli je ovSem podrobné analyza

vSech slozek vernixu a jejich vlastnosti.

2.2. Izolace a separace lipidi

2.2.1. Lipidy — klasifikace

Podle fyzikalnich vlastnosti jsou jako lipidy oznacovany organické latky
nerozpustné ve vodé [61, 62]. Chemicka definice tuto skupinu omezuje na tzv.
zmydelnitelné lipidy, které jsou tvofeny estery vySSich mastnych kyselin a alkohol
nebo jejich derivati. Nezmydelnitelné lipidy se nazyvaji isoprenoidy (skvalen,
cholesterol). Lipidy mlizeme také dé€lit na jednoduché a slozené. Mezi jednoduché
lipidy se fadi zejména malo polarni acylglyceroly a vosky a jako slozené lipidy
oznacujeme hlavné poléarni fosfoacylglyceroly a sfingolipidy.

Zakladni soucasti vétSiny molekul lipidi jsou alifatické mastné kyseliny
s jednou karboxylovou skupinou. Mohou byt vétvené i nevétvené, nasycené nebo az
neékolikandsobné nenasycené. Mastné kyseliny obsazené v lipidovych molekulach
maji razné délky uhlikovych fetézci, obvykle je vSak pocet uhlikii sudy. Druhym
zakladnim stavebnim kamenem lipidl jsou esterové vazané alkoholy. NejbéZznéjSim
lipidovym alkoholem je glycerol a déale pak sfingosin, aminoalkohol s jednou
dvojnou vazbou.

Nejpocetnéjsi lipidovou tfidou jsou acylglyceroly, mezi nimi pak pfevazuji
triacylglyceroly. Patii do skupiny nepolarnich lipidi spolu s voskovymi estery a
sterol estery. Voskové estery jsou estery mastnych kyselin a alkoholi s dlouhymi
alifatickymi fetézci. Pokud je misto alkoholu na kyselinu navdzan néktery sterol,

jedna se o sterolestery. Mezi nepoléarni lipidy se fadi také diestery diold. Z nazvu této
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tiidy vyplyva, Ze na fetézci se dvéma alkoholovymi skupinami jsou esterovou
vazbou navazany dvé mastné kyseliny.

Polarni lipidy obsahuji kromé& hydrofobni slozky také hydrofilni cast.
Klasifikace je rtzna. RozliSujeme fosfoacylglyceroly, odvozené od glycerolu, a
sfingolipidy, odvozené od sfingosinu. Nebo podle obsahu kyseliny fosfore¢né délime
polarni lipidy na fosfolipidy a lipidy bez kyseliny fosfore¢né. Do fosfolipidi patii
tedy fosfoacylglyceroly 1 sfingomyeliny, jako nejpocetné;jsi skupina sfingolipidii.

2.2.2. Fyzikalni a chemické vlastnosti lipida

Jak je patrné z pfedchazejici kapitoly, lipidy jsou latky velmi rdznorodé.
Spojuje je vSak jedna vlastnost, a tou je hydrofobnost. Az na vyjimky, kterymi jsou
nékteré slozené lipidy, jsou tedy nerozpustné ve vodé. Rozpoustéji se v organickych
rozpoustédlech, napf. etheru, chloroformu, tetrachlormethanu a kapalnych
uhlovodicich.

Za urcitych podminek u nich dochézi k samovolné oxidaci neboli Zluknuti.
Tato reakce probihd na dvojnych vazbach nenasycenych mastnych kyselin, které jsou
nasledné rozstépeny. Piikladem nesamovolné reakce nékterych lipidd je hydrolyza.
Vzhledem ktomu, Ze lipidy svodou nereaguji, probihd tato reakce pouze
v pfitomnosti anorganickych kyselin (kyseld hydrolyza) nebo alkalickych hydroxidi
(alkalicka hydrolyza — zmydelnéni). Kyselou hydrolyzou vznikaji mastné kyseliny a
glycerol. Produkty alkalické hydrolyzy jsou glycerol a soli mastnych kyselin,

nejcastéji sodné a draselné.
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2.2.3. Metody i1zolace lipidi

Izolaéni metoda by méla spliiovat nékolik pozadavki. Mély by byt izolovany
pouze lipidy. Dale by meéla byt zachovana nativni struktura lipid, vcetné
nenasycenych mastnych kyselin, a v neposledni fadé omezena autooxidace lipidi.
Nejcastéji se pouziva smés nepolarniho a polarniho rozpoustédla. Nepoldrnim
rozpoustédlem je vétSinou uhlovodik, ktery prerusi hydrofobni a van der Waalsovy
interakce s matrici. Polarnim rozpoustédlem byva alkohol, ktery pierusi vodikové a
iontové vazby.

Zpusob izolace lipidl je ur¢en materidlem a mnozstvim lipidi a vody v ném
obsazenych. Pro vysoky podil lipid se pouziva Soxhletova extrakce [63, 64].
Materidl je nejprve zhomogenizovan, a poté extrahovan né€kolik hodin v Soxhletové
nebo Twisselmannové extraktoru pomoci vhodného rozpoustédla.

Pro materidly s vysokym obsahem vody a bilkovin je vhodn4d metoda podle
Folche, kdy je vzorek homogenizovan v pribéhu extrakce [65]. Rozpoustédlem je
zde smés chloroformu a methanolu v poméru 2 : 1. Nasleduje filtrace a reextrakce
vodou. Tato metoda je velmi rozSifena a pouziva se v mnoha upravach [66, 67].
Obdobou je extrakce podle Bligha a Dyera, kterd pouziva opa¢ny pomér chloroformu
a methanolu, k nimz se pfidava dalsi chloroform a voda. Poté je smés zfiltrovana.
Alternativou je extrakce pomoci methyl-terc-butyl etheru (MTBE), kde je
chloroform nahrazen MTBE [68]. Grossfeldova metoda a metoda podle Réseho a

Gottlieba vyuZzivaji kyselé hydrolyzy a jsou vhodné zejména v potravinatstvi [63].

2.2.4. Separace lipidi

Pro separaci jednotlivych tfid lipidd se pouZzivaji rizné chromatografické

techniky. Nejcastéji je to tenkovrstva nebo kolonova chromatografie [69 — 71].
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Nékdy Ize pouzit i plynovou chromatografii, pokud je cilem analyzy pouze sloZeni
mastnych kyselin [72].

Pro preparativni ucely v malych objemech je vhodnéjsi tenkovrstva
chromatografie vzhledem k jednoduchosti, variabilité a rychlosti provedeni. Pro vétsi
objemy lipidl je nutnd kolonova chromatografie [73]. K identifikaci jednotlivych
lipidovych tfid slouzi v obou piipadech analytickd tenkovrstvd chromatografie se
standardy. Pro jednoduché smési nékolika lipidi lze pouzit 1 vysokoucinnou
kapalinovou chromatografii.

Vybér stacionarni a mobilni faze zalezi na slozitosti lipidové smési, polarité
lipidi a na tom, které lipidové tfidy potiebujeme oddé¢lit. Pro kapalinovou
chromatografii na normalni fazi se pouziva polarni stacionarni faze a nepoléarni
mobilni faze. U reverzniho uspotfadani je tomu naopak. Nejrozsifengjsi stacionarni
fazi je silikagel. Mobilni faze jsou naopak velmi riznorodé. Nejcastéji jsou to smeési
dvou a vice rozpoustédel v riznych pomérech. Pfi tenkovrstvé chromatografii lze
desky vyvijet pouze v mobilni fazi o pevné daném sloZeni. Piipadné¢ je mozné vyuzit
dvoukrokové metody vyvijeni. Ptfi kolonové chromatografii se casto vyuziva

gradientové eluce.

2.3. Detekce lipidii pomoci MS

2.3.1. Hmotnostni spektrometrie

Hmotnostni spektrometrie (MS) je pomérné nové odvétvi analytické chemie,
kde je analyzovana latka identifikovana urenim jeji molekulové hmotnosti,
zjisténim elementarniho slozeni, fragmentacnimi spektry a porovnanim s knihovnou
spekter [74]. Pouziva se zejména pro strukturni analyzu organickych molekul a

biomolekul, ale také v anorganické chemii. Casto je spojovana s riznymi
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separacnimi technikami, napiiklad s plynovou, kapalinovou ¢i tenkovrstvou
chromatografii nebo s kapildrni elektroforézou. Nutnou podminkou je
ionizovatelnost zkoumanych molekul. Hmotnostni spektrometrii 1ze analyzovat latky
pevné, kapalné 1 plynné, vriznych biologickych matricich nebo organickych
rozpoustédlech. Pomoci v souc¢asné dob¢ dostupnych piistroji 1ze dosdhnout témér

neomezeného rozliseni.

2.3.1.1. Ionizace

Hmotnostni spektrometr se sklada ze tfi zadkladnich casti: iontového zdroje,
analyzatoru a detektoru. V iontovém zdroji jsou molekuly vzorku ionizovany, aby se
s nimi dalo sndze manipulovat pomoci elektrod. lonty jsou pfivedeny do analyzatoru,
kde jsou rozdéleny podle poméru m/z (hmotnost/ndboj). Separované ionty jsou
detegovany a jejich signal, v¢etné relativniho zastoupeni, je pieveden na vysledna
data v podobé hmotnostniho spektra. Aby se ionty mohly pohybovat, aniz by se
srazely s molekulami vzduchu, je nutné udrZovat analyzator a detektor pod vysokym
vakuem. U iontového zdroje tato podminka neplati vzdy.

Ionizac¢ni techniky se déli na mékké a tvrdé podle mnozstvi energie pouzité
k ionizaci. Déle je 1ze rozdélit podle toho, zda ionizace probiha ve vakuu ¢i nikoli,
nebo zda jsou ionty generovany kontinudlné¢ nebo pulsné. Piehled zakladnich
ionizacnich technik je v tabulce 1. Pro organické molekuly a biomolekuly se
nejcastéji vyuziva elektrosprejové ionizace (ESI) a desorpéni ionizace laserem za
ucasti matrice (MALDI).

ESI je jedna z mé&kkych ionizaci za atmosférického tlaku, kterd je urcena
hlavné pro polarni molekuly a umoziiuje méfeni v Sirokém rozmezi molekulovych
hmotnosti  (~100 —1 000 000 Da). Vzorek rozpuStény v t€kavém polarnim
rozpoustédle je kovovou kapilarou veden do iontového zdroje. Na konci kapilary je
vloZzeno vysoké napéti, diky némuz se kapalny vzorek rozptyli v aerosol, jehoZz

kapicky nesou vysoky naboj. Rozpoustédlo je odpateno proudem dusiku, ¢imz dojde
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k uvolnéni iontl z roztoku. ESI je velmi citliva technika, kterd je ovSem velmi malo

tolerantni k nepolarnim rozpoustédliim a jinym kontaminacim.

Tabulka 1 Zakladni ioniza¢ni techniky v hmotnostni spektrometrii, jejich nejcastéjsi
pouziti a charakter ionizace.

Charaktristika

lonizacni technika Vzorek Rozsah hmot
metody
Malé molekuly,
Elektronova ionizace do 1000 Da Tvrdd ionizace
tékavé
Malé molekuly,
Chemicka ionizace do 1000 Da Mékka ionizace
tékavé
Peptidy, proteiny,
lonizace elektrosprejem do 200 000 Da Mékka ionizace
netékavé
Uhlovodiky,
lonizace urychlenymi
organokovy, do 6 000 Da Mékka ionizace

atomy
peptidy, netékavé

Peptidy, proteiny,
MALDI do 500 000 Da Mé&kka ionizace
nukleotidy, lipidy

2.3.1.2. Separace iontit

Ionty jsou rozdé€leny v analyzatoru podle hodnoty m/z. Analyzatory pracuji na
zaklad¢ raznych principli, od magnetického a elektrického pole az po méfeni doby
letu (TOF), a dosahuji rizného rozliSeni. Nejznaméjsi analyzatory jsou uvedeny
v tabulce 2. VSechny analyzatory vyzaduji vysoké vakuum. Lze je rozd¢lit na pulsni
a kontinualni. Jednotlivé druhy analyzatori umoziuji méfeni v riznych

hmotnostnich rozmezich. Pro ziskani pfesnéjSich informaci o struktufe analyzované
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latky miZze byt fazeno za sebou vice analyzatorti (obvykle 2 az 4). V tom piipadé se
jedna o tandemovou neboli MS/MS hmotnostni spektrometrii, kde se vyuzivd mozné
fragmentace iontl. Analyzatory fazené za sebou mohou byt stejného druhu

(TOF/TOF, QQQ) nebo rtzné, tzv. hybridni ptistroje (Q-TOF).

Tabulka 2 Zéakladni analyzatory v hmotnostni spektrometrii

Analyzator Podstata separace
Magneticky sektor Magneticky moment
Elektricky sektor Kinetickd energie
Kvadrupdl Stabilita trajektorii
lontova past Rezonancni frekvence
Orbitrap Rezonancni frekvence
Analyzator doby letu Doba letu

lontova cyklotronova rezonance Rezonancni frekvence

2.3.1.3. Detekce iontu

Ionty jsou zaznamenavany v detektoru, znasobeny a signal je pfeveden na
data, ktera jsou zaznamenana v podob¢é hmotnostniho spektra. Spektrum poskytuje
informaci o poctu slozek vzorku, jejich molekulové hmotnosti a relativnim
zastoupeni. Proti m/z je vynesena intenzita signdlu. Nejb&zné&jSimi detektory jsou
elektronasobice. Elektrondsobi¢e jsou bud s destiCkovymi dynodami, nebo
s kontinualni dynodou (trubicové). Neékdy se pouzivd i mikrokanalova desticka

(TOF). Typ detektoru zavisi na zvoleném analyzatoru.
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2.3.2. MALDI-TOF MS

Desorp¢ni ionizace laserem za Gcasti matrice je m&kka ioniza¢ni technika, pfi
niz vétSinou nedochdzi k vyrazné fragmentaci [75]. Tradicné¢ se pouziva
v proteomice, ovSem jeji pole pisobnosti se za poslednich 20 let rozsifilo 1 do oblasti
lipidomiky, anorganiky a dokonce i celych objekt [76 — 79]. Vyhodou je zejména
rychlost a jednoduchost méfeni, dale snadné ovladdani pfistroje a vyhodnoceni
spekter. Tato metoda je velmi odolna vic¢i kontaminacim a je téz velmi citliva a
nevyzaduje velké mnozstvi vzorku. Nevyhodou je ne pfili§ vysoka
reprodukovatelnost, kterd zavisi na homogenité¢ krystalti, které tvoii matrice
s analytem. Vzhledem k tomu, ze se MALDI nepouzivé v lipidomice tak dlouho jako
v proteomice, je nalezeni vhodnych matrici pro lipidy pfedmétem soucasného

vyzkumu.

2.3.2.1. Princip metody

MALDI metoda spociva ve smichani analytu s matrici, ktera absorbuje zareni
v ultrafialové oblasti. Vzorek s prebytkem matrice je nanesen na ocelové desce na
tzv. spotu, kde po odpateni rozpoustédla dochazi ke kokrystalizaci matrice a analytu.
Na rozdil od vétSiny metod hmotnostni spektrometrie je zde ionizovan vzorek
v pevném stavu. Spot je poté ostfelovan pulsnim laserem. Energie laseru je
absorbovana matrici, ktera se nasledné desorbuje z povrchu desky a strhava s sebou i
molekuly analytu. Na né se z matrice prenasi naboj a vznikaji ionty.

Matrice nejen absorbuje energii laseru, aby ji mohla pfenést na analyt, ale
zarovenn oddéluje molekuly vzorku a tim zamezuje vzniku klastrii. Diky
sekundarnimu pienosu naboje na analyt témét nedochazi k jeho fragmentaci, nebot’
vzorek je chranén matrici. Méfeni lze provadét bud’ v pozitivnim modu, kdy jsou
vysledkem ionizace kationty, nebo v modu negativnim, kdy jsou generovany anionty.

Nejcastéji vznikaji protonované ionty, kdy se proton pienasi z mirné kyselé

matrice. lonty jsou obvykle jednou nabité, vicekrat nabité ionty jsou detegovany
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v mensi mife. Velice Casto vznikaji také adukty sionty kovl. Pokud je vzorek
pfipravovan ve sklenéné nadobé, tvoii se vétSinou sodné a draselné adukty. Nékdy se
na analyt naaduje i cela molekula matrice nebo dokonce jeji dimer. K tomu dochazi
hlavné u matrici s nizkou molekulovou hmotnosti.

Vzniklé ionty jsou urychleny elektrickym polem do priletového analyzétoru,
ktery pracuje na principu méteni doby letu a kde jiz napéti vlozeno neni. Leh¢i ionty
leti rychleji a b&hem letu trubici analyzatoru se oddéli od t&zsich. Cim delsi je
vzdalenost, kterou museji ionty urazit, tim vyssi je rozliSeni spekter. Proto se Casto
vyuziva reflektron neboli tzv. elektrostatické zrcadlo, které zdvojnasobi drahu iontd.
Reflektron je soustava miizek napdjenych vysokym napétim opacné polarity nez
maji nabité Castice. lonty jsou pfitahovany k reflektronu, jejich drédha se zaktivuje,
prodluZuje se doba letu a tim se zvySuje rozliSeni. lonty s vySsi energii pronikaji
hloubéji do zrcadla, ¢imz se dale prodlouzi doba letu. Takto Ize dosdhnout vyrazné
lepsiho rozlisSeni vysledného spektra, coz v linearnim modu neni mozné. Dal$im
zpusobem jak zvysit rozliSeni, které neni v porovnani s jinymi detekénimi metodami
prilis vysoké, je pouziti zpozdéné extrakce (tzv. delayed extraction). Ta umoziuje
snizit rozdily v kinetickych energiich ionti pfichazejicich do analyzatoru. Obvykla
délka analyzatoru je 1,5 — 3 m.

Na konci praletového analyzatoru je detegovan signal kazdé skupiny
separovanych iontl. Signal je zaznamenan jako funkce casu (¢). Hodnota m/z je poté
odvozena podle nasledujici rovnice, kde s je délka priletové trubice, m hmotnost

iontu, z jeho naboj a Ey;, je kineticka energie iontu:

m/z=2Eu, ({/s") (1)

2.3.2.2. NanaSeni vzorku

Jednim z vyznamnych faktorti ovliviiujicich reprodukovatelnost méteni

metodou MALDI-TOF MS je homogenita a velikost krystalti, které tvofi matrice
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s analytem. Kromé vybéru vhodné matrice lze kvalitu a reprodukovatelnost spekter
nejsnaze ovlivnit vhodnym zplisobem nanaseni matrice a vzorku. Abychom ziskali
co nejmensi a nejhomogenné;jsi krystaly, je tfeba rozpoustédlo z desky odpatit velmi
rychle. K tomu je mozné pouzit proud teplého vzduchu, napiiklad z fénu, nebo také
slabé vakuum.

Jednim ze zplsobl nanaseni je metoda tzv. rychlého odpateni. Na desku je
nejprve nanesen roztok matrice a po odpafeni rozpoustédla je pfidan roztok vzorku.
Po uschnuti mtizeme hned vlozit desku do piistroje a méfit. Tato metoda se vyuziva
u jednorazovych desek dodavanych vyrobcem jiz s vrstvou matrice.

Nejstarsi je metoda tzv. suché kapky, kdy je matrice smichana se vzorkem a
poté je smés obou nanesena na desku. Tento zplisob se né¢kdy kombinuje s metodou
rychlého odpateni. V tom ptipad¢ je vrstva matrice piekryta smési matrice a vzorku.
Obdobou této metody je tzv. “sandwichova® metoda, kdy je vrstva matrice prekryta
vzorkem a pak je pfidana dalsi vrstva matrice.

Velmi ¢asto pouzivanou metodou je zptisob zvany ,,quick & dirty*. Do kapky
vzorku se pfida kapka matrice a promichaji se pfimo na desce pohybem sklenéné
kapilary. Tento zplsob je velmi rychly, ale homogenita krystali se v tomto ptipadé

jen obtizné kontroluje.

2.3.2.3. Matrice

vvvvvv

MALDI je bezpochyby vybér vhodné matrice. ProtoZe lipidomika objevila tuto
metodu relativné neddvno, nebyly zatim nalezeny odpovidajici matrice pro vSechny
lipidy. Na rozdil od proteomiky jsou na matrice v lipidomice kladeny vys$si naroky
zejména proto, Ze se jedna o pomérné malé molekuly. Casto se stava, ze matrice sice
vyborné ionizuje dany lipid, ale signal matrice interferuje s piky analytu. Aby mohla
matrice se vzorkem tvofit krystaly, musi s nim byt velmi dobfe misiteln4, nesmi
snim reagovat a musi byt rozpustnd ve vhodném rozpoustédle. Samoziejmou

podminkou dobré matrice je absorpce zafeni o vinové délce pouzitého laseru [80].
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Matrice ma v MALDI piedevSim dva ukoly: absorbovat energii laseru a
oddélovat od sebe molekuly analytu. Proto je aplikovdna ve znacném prebytku.
Zatimco vzorku staci obvykle 1 pg, matrice byva ptipravovana jako nasyceny roztok.
Tim se zabrani pfimému ostielovani molekul analytu a energii laseru vstfeba matrice.

Zdaleka nejpouzivanéjsi matrici v lipidomice je kyselina  2,5-
dihydroxybenzoova (DHB) [81 — 84]. Je schopna ionizovat mnoho tfid lipidd,
piestoze s riznou citlivosti, a lze ji pouzit pro métfeni v kladném 1 zdporném modu.
Tato matrice netvoii mnoho iontli vznikajicich fotochemickymi reakcemi a tedy
nezahlcuje detektor.

Jedna matrice ovSem rozhodné nemtiZe stacit pro ionizaci vSech lipidi. Proto
byla testovana fada dalSich Casto piivodné pouzivanych v proteomice. Piestoze
existuje n€kolik klicl, jak vytipovat matrici, ktera by mohla v lipidomice fungovat, je
nezbytné ovéfit teorii v praxi. Casto se stava, ze matrice neodpovidaji predpokladiim.
Tato skutecnost plati obousmérné, takze i matrice teoreticky urcené pro proteomiku
nékdy vyborné ionizuji lipidy. Proto je skutecné obtiZzné vybrat matrice pro dané
méfeni a vice ¢ méné se jedna o systém “pokus — omyl*, ptipadné 1ze ziskat néjaké
informace z literatury.

Matricemi testovanymi jinymi autory jsou napiiklad 4-nitroanilin (4NA) nebo
grafit [85]. V proteomice pouzivané kyseliny a-kyanohydroxyskoficova, 3-
hydroxypikolinova (HPA), pikolinova (PA) a sinapovéa (SA) patii k matricim, které
néktefi autofi pro lipidy doporucuji a jini zase odmitaji, nebot” maji tendenci
k oligomerizaci [86 — 88].

V soucasné dobé je vyvoj matric na vzestupu. Testuji se rizné latky, které
maji predpoklady k dobré ionizaci lipidii. Dale jsou nové syntetizovany matrice
pfimo urcené pro konkrétni lipidy, které jsou z riznych divodi v poptedi zajmu.

Jedna se pfedevsim o lipidy medicinsky vyznamné [89 — 92].
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2.3.2.4. Méreni a spektra

Pii analyze je potfeba nastavit urCité parametry, jako je intenzita laseru,
nap¢ti na zdroji, pocet laserovych pulsii a potlaceni matri¢nich iontd. Intenzita laseru
nesmi byt pfili§ vysokd, aby nedochdzelo k tepelnému rozkladu vzorku. Optimalni
hodnota je ptiblizn€ o 10 % vys$si nez prahova energie laseru. Pro zvySeni rozliseni je
mozné pouzit zpozdénou extrakci a reflektron. Hmotnostni spektra 1ze naméfit ruéné
nebo automaticky pomoci sekvence.

Pro kalibraci pfistroje se pouzivaji hlavné smési peptidii nebo proteint.
V ptipadé méteni lipidovych vzorkii jsou to polyethylenglykoly (PEG), pifipadné
samotna matrice. Kalibruje se pouze osa x, hodnoty na ose y jsou normalizované.
Nejvyssi pik ve spektru ma tedy vzdy hodnotu 100 %.

Meéteni se provadi nejCastéji v pozitivnim modu, kdy dochazi prevazné
k tvorbé protonovanych molekul [A+H]". Dale se ve spektru mohou objevit
vicenasobné nabité molekulové ionty, dimery, adukty s alkalickymi kovy, adukty
s matrici, iontové klastry a fragmenty matrice a analytu. Pfi méfeni v negativnim

modu vznikaji deprotonované molekuly [A-H]".
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3. Experimentalni ¢ast

3.1. Pristroje

Pro meéfeni byly pouZzity hmotnostni spektrometry Reflex IV a
UltrafleXtreme™ od firmy Bruker Daltonics (Bremen, Némecko) a LTQ Orbitrap
XL od firmy Thermo Fischer Scientific (Waltham, MA, USA). Plynova
chromatografie s hmotnostni detekci (GC-MS) byla realizovana na pfistroji Agilent
6890N-5975B MSD od firmy Agilent Technologies (Santa Clara, CA, USA).

Vzorky, standardy a matrice byly vazeny na vahach XS 105 DualRange od
firmy Mettler Toledo (Greifensee, Svycarsko). Od stejného vyrobce byly piedvazky
AG 204, na kterych byl odvazovan silikagel pro nalévani TLC desek. Pro vizualizaci
zon na TLC deskach byla pouzita UV lampa Camag (Muttenz, Svycarsko)
s vlnovymi délkami 254 a 366 nm a horkovzdusna pistole Einhell (Landau,
Némecko). Pro michdni ve vialkach byl pouzit vortex ZX3 od Velp Scientifica
(Usmate, Italie). Pro rychlejsi rozpu§téni vernixu byly vzorky michany na tfepacce
T22 vyrobené firmou VD Lovéna Praha (Praha, Ceska republika). Matrice pro
MALDI byly rozpoustény za pomoci sonikatoru T 460 H od firmy Elma (Singen,
Svycarsko). Pii izolaci lipida byla rozpoustédla ze vzorkli odpafovana na rotaéni
vakuové odparce 350 s vodni ldzni 356H od firmy Unipan (Warszawa, Polsko).
Deionizovana voda byla pfipravena pomoci piistroje Milli Q system (Millipore,

Milford, MA, USA).
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3.2. Chemikalie

Hexan, chloroform, diethyl ether, aceton, toluen a ethanol v analytické Cistoté
byly potizeny od firmy Merck (Darmstadt, Némecko) a/nebo Penta (Chrudim, Ceské
republika). VSechna rozpoustédla byla pted pouzitim piredestilovana ve sklenéné
aparatufe. Chloroform byl stabilizovan 1 % ethanolu. Methanol byl zakoupen od
firmy LachNer (Neratovice, Ceska republika).

2,6-Di-terc-butyl-4-methylfenol (BHT), acetonitril, Florisil® pro TLC a acetyl
chlorid byly pofizeny od firmy Fluka (Buchs, Svycarsko). Siran hofe¢naty, kyselina
trifluoroctovd, MTBE, chlorid sodny, kyselina sirova, ethylvanilin, PEG a
polyethylenglykol sulfat (PEGS), primulin a rhodamin 6G byly zakoupeny od firmy
Sigma-Aldrich (St. Louis, MO, USA). Silikagel 60 G s 12 % sadry a silikagel bez
sadry byly pofizeny od firmy Merck a uhli¢itan stfibrny od firmy Lachema (Brno,
Ceska republika).

Vysoce cisté lipidové standardy byly koupeny od firmy Sigma-Aldrich
(skvalen — SQ, stearyl behenat), Larodan (Malmo, Svédsko; cholesterol — Chol,
cholesteryl oleat, cholesteryl linoleat, tristearin, distearin, palmitolein), Nu-Chek
Prep (Elysian, MN, USA; kyselina stearovd) a Matreya LLC (Pleasant Gap, PA,
USA; fosfatidylcholin).

Matrice pro MALDI-TOF MS byly od firmy Fluka (DHB; 2-
merkaptobenzothiazol — MBT; 7,7,8,8-tetrakyanoquinodimethan — TCNQ; 4NA; PA;
dithranol — DIT; Proton-sponge® — PS, N,N,N’,N’-tetramethyl-1,8-nafthalendiamin)
a Sigma-Aldrich (THAP, 9-nitroanthracen — 9NA). NaDHB a LiDHB byly

syntetizovany, jak je popsano v publikaci II
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3.3. Zpracovani vernixu

3.3.1. Odbér vzorka

Vzorky vernixu byly odebrany s pisemnym informovanym souhlasem rodict
ditéte a se souhlasem Etické komise VFN. Odbér byl proveden tak, aby vzorek
neobsahoval krev, a to okamZité€ po porodu do sklenéné vialky s teflonovym vickem.
Vsechny vzorky vernixu byly ihned po odbéru zmrazeny na —20 °C. Po rozmrazeni
byl kazdy vzorek zvadZen a poté zné&j byly vyizolovany lipidy. Takto odebrané
vzorky byly pouzity pro prace popsané v publikacich I, III a IV.

Vzorky byly doprovazeny informacemi o ditéti, stavu ditéte a matky pred a
beéhem porodu, pribéhu porodu, misté odbéru a stavu kuze ditéte pii propusténi
z porodnice. Tyto informace neobsahovaly zadné identifikacni Udaje ditéte ani
matky. Aby byla zachovana anonymita, vzorky byly oznac¢eny pouze ¢islem. Vzorek
byl zahrnut do analyzy, pouze pokud byly spolu s nim dodany informace o datu
narozeni, pohlavi, rase, gesta¢nim véku, zptisobu porodu a misté odbéru. Pro
ptfipadny dal$i vyzkum a statistické vyhodnoceni byly dédle zaznamenany tdaje o
cetnosti gravidity, parité, hmotnosti a délce ditéte, trofice, adaptaci ditéte po porodu,
vrozenych vyvojovych vadach, pfipadné medikaci matky pfed porodem, mnoZstvi
plodové vody a ptipadné hypoxii ditéte béhem porodu. Dale byla evidovana bézna
onemocnéni u matky: gestacni diabetes mellitus, gestacni hypertenze, hepatopatie,
koagulopatie, pozitivita na Streptococcus Agalactiae v porodnich cestach matky,
ktery je nejcastéj$im zdrojem sepse u novorozencu, a piipadnd dal$i onemocnéni.

Kompletni seznam informaci sbiranych ke kazdému vzorku je uveden v tabulce 3.
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Tabulka 3 Seznam dat sbiranych spolu se vzorky a zdznam jednoho ze vzorkd.

Vysvétleni pojmu je uvedeno piimo v tabulce.

Cislo vzorku 18
Datum odbéru (porodu) 28.4.2009
Misto odbéru zada
Rasa bila
Stav klzZe pfi propusténi normalni
Jiné silné zkalend
plodova voda,
tenky pupecnik
perinatdlni Pohlavi muzské
anamnéza
Cetnost gravidity (gravidita/parita) /1
Gestacni vék 40+2
Hmotnost ditéte (g) 3360
Délka (cm) 48
Trofika (vztah gest. véku a hmotnosti ditéte) eutroficky
Porod s.c. pro hrozici
hypoxii
Adaptace po porodu dobra
prenatalni Vrozené vyvojové vady ne
anamnéza
Léky/drogy spinalni anestezie
Oligo-/polyhydramnion (mnozstvi plovdood\;e) norma
Perinatdlni hypoxie mirna
onemocnéni Gestacni diabetes mellitus 0
matky
Gestacni hypertenze (eklampsie) 0
Hepatopatie 0
GBS - pritomnost Streptokoka Agalactiae negativni
Koagulopatie 0
3.3.2. Izolace lipidil vernixu

Vernix byl rozpustén ve 20 az 30 ml smési chloroform/methanol 2:1 (v/v)

s 0,05% BHT. Vznikla suspenze byla piefiltrovana na kolonce s extrahovanou vatou
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a silikagelem (vrstva asi 0,5 cm), abychom se zbavili bunék a dalSich koznich
derivatl, které vernix obsahuje. Filtraci je odstranéna i vétSina proteinti, protoze ty
jsou z vEétsi Casti v buiikkach. Kolonka byla jest¢ promyta smési chloroformu a
methanolu. ProtoZe vernix obsahuje 80 % vody, byl do filtratu pfidan jako suSidlo
vyzihany siran hotecnaty. Po opétovné filtraci na kolonce byla smés rozpoustédel
odpafena na vakuové odparce a izolované lipidy pfeneseny do vialky s teflonovym
septem. Malé¢ mnozstvi rozpoustédla bylo odpafeno pod proudem argonu do
konstantni hmotnosti a vzorek lipidi byl zvazen. Poté byly lipidy rozpusStény opét ve
smési chloroform/methanol na koncentraci 100 mg/ml. Lipidy v roztoku byly
uchovavany v mrazdku pfii teplot¢ —20 °C. Na obrazku 4 jsou fotografie vernixu
pied izolaci a izolované lipidy pfed rozpuSténim. Lipidy izolované touto metodou

byly pouZity pro analyzy v publikacich I, Il a IV.

<

Autor fotografie vernixu: Josef Cvacka

Obrazek 4 Izolace lipidi vernixu caseosy. Vlevo vernix (mnozstvi odebrané

z jednoho ditéte), vpravo izolované lipidy.
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3.3.3. Extrakce lipidii vernixu

3.3.3.1. Extrakce pomoci methyl-terc-butyletheru (MTBE)

Vernix obou pohlavi byl smichan v tfeci misce v hmotnostnim poméru 1:1.
200 mg vernixu bylo suspendovano v 1,5 ml methanolu za pomoci vortexu. Poté
bylo pfiddino 5 ml MTBE a suspenze byla michdna 1 hodinu na tfepacce pfi
laboratorni teploté. Déle bylo pfidano 1,25 ml vody a po 10 minutich stani byla
suspenze 10 minut centrifugovana pfi 1000g. Horni organicka faze byla odebrana a
dolni reextrahovana 2 ml smési MTBE/methanol/voda 20:6:5. Po centrifugaci byla
horni organickd faze smichdna s prvni a rozpoustédla byla odpafena na vakuovém

centrifuga¢nim koncentratoru.

3.3.3.2. Extrakce podle Folche

200 mg smési vernixi obou pohlavi bylo suspendovano v 1,5 ml methanolu
pomoci vortexu. Byly ptfidany 3 ml chloroformu a suspenze byla michana 1 hodinu
na tfepacce za laboratorni teploty. Po ptidani 1,25 ml vody a 10 minutach stani byla
suspenze 10 minut centrifugovéana pifi 1000g. Spodni organické faze byla odebrana a
zbyld vodna faze byla reextrahovana 2 ml smési chloroform/methanol/voda 86:14:1.
Po centrifugaci byla spodni organickd faze opét pfidana k té prvni a rozpoustédla

byla odpafena na vakuovém centrifugacnim koncentratoru.

3.3.3.3. Extrakce bez centrifugy (Folch a MTBE)

Pii extrakci velkého mnozstvi vernixu neni mozné pouzit k oddéleni fazi

centrifugu, proto byly obé metody upraveny. Po pfidani vody a 10 minutach stani
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byla celd smés prefiltrovana pies extrahovanou vatu a malé mnozstvi silikagelu. Vata

a silikagel pak byly zahrnuty do reextrakce.

3.3.3.4. Extrakce velkéeho mnoZstvi vernixu

15 g vernixu obou pohlavi v hmotnostnim poméru 1:1 bylo suspendovano
v 337,5 ml smési chloroform/methanol 2:1 v 1L konické barce. Suspenze byla 1
hodinu michéna na tfepacce, poté bylo pfidano 93,75 ml vody. Po protiepani a 10
minutach stani byla suspenze piefiltrovana pies extrahovanou vatu se silikagelem.
Nejprve byla filtrovana organicka faze a nasledné vodna, pfi jejiz filtraci byl pouzit
pretlak vytvotfeny nad hladinou v kolonce proudem vzduchu pomoci silikonové
hadicky a zabrusu na silnosténné kolonce specidlné vyrobené pro tento tcel.

K husté ¢asti suspenze s konzistenci krupicné kaSe, kterou nelze ptefiltrovat,
byl pfidan obsah kolonky po filtraci a horni vodna faze filtratu. Spodni organicka
faze byla pfevedena do dvou 250ml bané¢k srdcovitého tvaru a nechana stat pfes noc
v mrazéku pii teploté¢ -20 °C, aby se oddélila zbyla vodna faze. Poté byl extrakt
z obou ban¢k odsat do jinych ban€k srdcovitého tvaru a ¢ast rozpoustédel byla
odpafena na rotacni vakuové odparce pii 200 mbar a 30 °C, piicemz byl extrakt
pfeveden do jedné banky.

Vodna faze v kénické baiice byla reextrahovana smési
chloroform/methanol/voda 86:14:1. 240 ml smési byly vyplachnuty vSechny pouzité
banky a vSe bylo pfidano do koénické baiiky s vodnou fazi, protfepano a nechano 10
minut stat. Do 56,25 ml vody pro reextrakci bylo pfiddno 8,7 g NaCl tak, aby
vysledna koncentrace NaCl ve vodné fazi byla 1 mol/l. Organickd faze byla
zfiltrovana na kolonce s extrahovanou vatou a silikagelem. Do vodné faze bylo
pfidano 150 ml reextrakéni smési a po protiepani a 10 minutach stani byla organicka
faze zfiltrovana a piidana k té z predchozi reextrakce.

Extrakt byl uloZzen ptfes noc v mrazadku a poté byla organicka faze odebrana a
odpafena na odparce (200 mbar, 30 °C) témét dosucha. Extrakt byl pfeveden do
banky s lipidy z prvni extrakce. Cely postup byl opakovan jesté dvakrat s 15 g a
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13,5 g vernixu, pficemz snizené mnozstvi vernixu nebylo pfi extrakci zohlednéno.
Cely extrakt byl zakoncentrovan pomoci odparky a ponechan v mrazaku pfi teploté -

20 °C az do dalsiho zpracovani.

3.4. Separace lipidi vernixu

3.4.1. Prtiprava desek pro tenkovrstvou chromatografii

Sklenéné desky pro tenkovrstvou chromatografii musely byt pro separaci
lipidi vernixu pfizpisobeny. Rozpéti polarit lipidi je pomérné Siroké a desky o
béznych rozmérech (6,5 x 8 cm nebo komeréné dostupné 10 x 10 cm) pro jejich
dostatecnou separaci nestaci. Byly vyzkouSeny také desky o rozmérech 20 x 20 cm,
tyto desky vSak byly zbytecné velké, chromatografie byla pomald a zény se
rozmyvaly. Diky zdlouhavé separaci na dlouhych deskach hrozila také oxidace
nékterych lipidi. Nakonec byly pro separace pouzity desky o rozmérech 9 x 12 cm a
dvoji vyvijeni v mobilni fazi, aby bylo dosaZeno lepsi fokusace jednotlivych zén
lipidi a tim lepSiho rozd¢leni.

Separaci lipidl pfedchazela ptiprava TLC desek pro preparativni ucely.
Mnozstvi pouzitého silikagelu se sadrou bylo optimalizovano na 45 g silikagelu na
100 ml deionizované vody. Pfi tomto poméru bylo dosazeno optimalni hustoty
suspenze. Na hustotu ma také podstatny vliv doba michani silikagelu s vodou.
Nejvhodnéjsi doba michani je 20 az 30 vtefin. Suspenze se musi michat dikladné ale
opatrné, aby se v suspenzi nevytvofily bublinky. K tomuto uUcelu byla pouzita
Erlenmeyerova barka o objemu 1 L.

Vlastni nalévani desek bylo provadéno na sklenéném “prkné* s listami podél
jedné dlouhé a jedné kratké strany. Na “prkno* byly naskladany cisté navlhéené

desky tak, aby mezi nimi nebyly mezery a aby pokryly co nejvétsi plochu “prkna®,
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aby silikagel po naliti nestékal. Suspenze byla nalita do specidlniho valce pro
nalévani TLC desek a po jeho otoceni byly timto valcem rychlym, ale plynulym
pohybem piejety piipravené desky. Ihned po naliti desek je nutné “prkno* s deskami
na jedné strané¢ na okamzik nadzdvihnout a jemné jim zatfast, aby se odstranily
mozné vinky na povrchu silikagelu, které vznikly nerovnomérnym piejetim valce
nebo nerovnostmi na hran¢ “prkna“, po které valec piejizdi. Sklenéné “prkno* a

valec jsou na obrazku 5.

Obrazek 5 Sklenéné “prkno* a valec na nalévani TLC desek.

Takto nalité desky byly ponechany na “prkné* asi 40 az 50 min, aby ¢éaste¢né
oschly, a poté byly hrany kazdé desky opatrné otfeny Cistym ubrouskem tak, aby po
uplném uschnuti silikagelu nedochazelo k jeho odpadavani pfi manipulaci s deskami.
Desky byly polozeny na tac s filtracnim papirem a ponechany ptes noc, aby uschly.
Pro tspésné naliti desek bylo nezbytné, aby vSechny desky mély stejnou tloust’ku,

aby jel véalec rovhomérné a aby silikagel nestékal z vysSich desek. Velice dilezité
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bylo docilit vhodné tloustky vrstvy silikagelu na desce. Musela byt co nejvétsi, ale
ne takova, aby byla ovlivnéna separace lipidi. Diky vysoké vrstvé silikagelu bylo
mozné rozdélit na jedné desce vEétsi mnozstvi vzorku, takze pro ziskani optimalniho
mnozstvi nejméné zastoupenych lipidovych tiid stacily tii desky s vrstvou silikagelu
vysokou pfiiblizné 1 az 1,2 mm. Co nejmensi pocet desek pouzitych pro separaci je

podstatny pro rychlé zpracovani vzorku tak, aby nedochazelo k oxidaci lipida.

3.4.2. TLC separace lipida

Kazda deska byla pfed nanesenim vzorku promyta nejprve smési chloroformu
a methanolu v poméru 2:1 (v/v) a poté ¢istym hexanem. Po Gplném vyschnuti desky
byl nanesen vzorek a po odpateni rozpoustédla z povrchu desky byla jeji spodni ¢ast
ponofena do malého mnozstvi mobilni faze. Byla pouzita mobilni faze
hexan/diethylether 93:7 (v/v). Deska byla v této mobilni fazi vyvinuta do tfi ¢tvrtin a
pak bylo vyvijeni pferuSeno a deska byla vysuSena proudem vzduchu. Sucha deska
byla znovu vyvijena v Cerstvé nalité mobilni fazi o stejném sloZeni, tentokrat az do
konce desky.

Po uschnuti byly separované zoény vizualizovany. Pokud nebyla deska
vyvijena pro preparativni ucely, byla vizualizace provedena koncentrovanou
kyselinou sirovou s 0,05 % ethylvanilinu. Deska byla posttikana a pak byla kyselina
spalena proudem vzduchu z horkovzdus$né pistole.

Pro preparativni ucely byly lipidy vizualizovany postiikanim roztokem 0,05%
rhodaminu v ethanolu. Lipidové zény byly osvétleny UV lampou a vyznaceny
Spachtli. Poté byly seSkrabany do sklenénych kolonek s extrahovanou vatou a
trochou silikagelu. Lipidy byly ze silikagelu obarveného rhodaminem vymyty
ptiblizn¢ 30 ml diethyletheru. Rozpoustédlo pak bylo odpateno pod proudem argonu
do konstantni hmotnosti. Poté byly lipidy zvazeny a rozpustény v chloroformu na
koncentraci 1 mg/ml. Roztoky lipidi byly uchovavany pfi teplot¢ —20 °C. Lipidy
separované touto metodou byly pouZity v publikacich I, Il a I'V.
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3.4.3. Ptiprava kolonové chromatografie

3.4.3.1. Aktivace silikagelu

Silikagel byl vysypan na Cisty plech, vhodny pro pouziti v susarng, a susen
pti 120 °C po 26 hodin s pfestavkami. Po ¢astecném zchladnuti po 1,5 h byl silikagel
presypan zpét do lahve a zvazen (875 g). Poté bylo pfidano 10 % vody (97 ml).
Silikagel byl po nékolik tydni promichavan a protfepavan, prvni tyden denné,
v dalSich tydnech jen obcas. Zabrus ldhve byl promazan tukem na bazi cyklodextrinu

a zatka prekryta igelitem.

3.4.3.2. Priprava vzorku na kolonu

V prvnim kroku byl zméfen objem extraktu (86 ml) a poté 10 ml bylo
odebréno, odpafeno do sucha a zvéazeno (0,61930 g). Hmotnost lipidit v celém
extraktu tedy byla 4,7067 g. Do extraktu byl pfidan silikagel v mnozZstvi Sestindsobku
hmotnosti lipidi (28,24008 g). Poté byl vzorek odpafen do sucha na odparce
(150 mbar, 28 °C).

3.4.3.3. Priprava kolony

Na fritu umyté a vysusené kolony o primeéru 4,48 cm bylo polozeno kolecko
extrahovaného filtraéniho papiru. Kohout frity byl namazan cyklodextrinovym
mazadlem. Pfipraveny silikagel (320 g) byl smichan s hexanem tak, aby byl hexan
v piebytku. Suspenze byla evakuovana pomoci vodni vyvévy. Do kolony bylo nalito
malé mnozstvi hexanu (cca 100 ml), poté byla opatrné piidana i suspenze silikagelu.
Silikagel byl usazen pomoci vibra¢niho zafizeni pfilozeného k okraji kolony.

Vysledna vyska sloupce byla 41 cm. Na povrch silikagelu byl polozen propichany
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filtra¢ni papir, na n¢j byl do roviny nasypan pfipraveny lipidovy vzorek a poté byl
polozen dalsi propichany filtra¢ni papir. Na filtrani papir byly nasypéany piecisténé

sklenéné kulicky (asi 1,5 cm).

3.4.4. Kolonova chromatografie

Na kolon¢ byla provedena kapalinovd chromatografie s normalni fazi a
gradientovou eluci. Jako stacionarni faze byl pouzit silikagel a jako mobilni faze
hexan a diethylether. Gradient mobilni fdze je uveden v tabulce 4.

Nejprve bylo na kolonu postupné nalito 300 ml hexanu a potom byla zapocata
gradientova eluce. Frakce byly jimany hned po té, co byl na kolonu nanesen vzorek.
Prvnich 300 ml byly tzv. nulté frakce, ve kterych by nemély byt jesté¢ zadné lipidy.
Dalsi frakce byly jimany do dvaceti 100 ml ban€k srdcovitého tvaru (po cca 80 ml) a
pak do deseti 250 ml banék stejného tvaru.

Po dokonceni gradientové eluce byla kolona vymyta 1,6 L smési chloroform
methanol 2:1. Tyto frakce byly oznaceny fimskymi €islicemi. Tteti aZ osma frakce
po vlozeni smé&si chloroform/methanol obsahovaly vodu vymytou ze silikagelu. Tato
voda byla reextrahovana vySe popsanym zplisobem a extrakt pfidan do tieti frakce
stejné jako organicka Cast ¢tvrté a dalSich frakci.

Nulté frakce byly odpafeny na odparce (150 mbar, 30 °C, ne do sucha),
otestovany na TLC desce a vyfazeny z dal§iho zpracovani. VSechny ostatni frakce
byly odpateny, pfevedeny do 12 ml centrifugacnich zkumavek, odpafeny do sucha a
zvazeny. Organické Casti frakci I az VIII byly smichany, odpafeny a zvazeny.
Vsechny frakce byly zifedény na koncentraci 1 mg/ml. Prvnich 26 frakci bylo

rozpusténo v hexanu a dalsi v methanolu.
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Tabulka 4 SloZeni gradientové mobilni faze pii kolonové chromatografii

diethylether (ml)  hexan (ml) | diethylether (ml) hexan (ml)
0 200 28 172
2 198 32 168
4 196 36 164
6 194 40 160
8 192 50 150
10 190 60 140
12 188 70 130
16 184 80 120
20 180 90 110
24 176 100 100

3.5. Transesterifikace

Pro transesterifikaci byla pouzita metoda podle pana Dr. Stranského [93 —
95]. Ze sklenénych trubicek o délce piiblizné 15 cm a priméru 4 mm byly zatavenim
jednoho konce vyrobeny ampule. 100 pl lipidového vzorku o koncentraci 10 mg/ml
v hexanu bylo davkovéano do ampule. Hexan byl odpafen pod argonem. Bylo pfidano
250 pl smési methanol/chloroform 3:2 a 34 pl acetylchloridu po kapkach, za
chlazeni. Poté byl konec ampule se vzorkem zmraZen v suchém ledu a druhy konec
ampule zataven. Uzaviena ampule se vzorkem byla zahtivana 30 min pii 70 °C. Po
zchladnuti byla ampule oteviena a obsah zneutralizovan uhli¢itanem stfibrnym. Dale
byl vzorek zcentrifugovan a odebran supernatant.

Takto pfipravené methylestery byly analyzovany pomoci GC-MS. Do
plynového chromatografu byl davkovan 1 ul vzorku pfi splitu 100:1 a pritoku
1 ml/min. Teplotni program byl nastaven takto: pocatecni teplota 40 °C, poté
zahiivani rychlosti 50 °C/min az na 140 °C a dale rychlosti 3 °C/min az na 320 °C.
Tato teplota byla udrzovana po 20 minut. Tato metoda byla pouzita pro piipravu

methylesterti v publikacich I a II.
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3.6. MS analyza a vyhodnoceni lipidi

3.6.1. Analyza frakci pomoci ESI-Orbitrap MS

Jednotlivé frakce ziskané z kolonové chromatografie byly analyzovany na
pfistroji Orbitrap [96]. Vzorky byly zfedény methanolem na koncentraci 0,1 mg/ml.
Jako mobilni faze byla zvolena smés methanol/voda 90:10 s pritokem 100 pl/min.
Kazdy vzorek byl zméten trikrat. Tyto analyzy nebyly dokonceny z diivodu ukonceni

prace na ustavu.

3.6.2. Optimalizace matrice a analyza pomoci MALDI-
TOF

MALDI matrice pro jednotlivé tfidy lipidl vernixu byly optimalizovany
pomoci standardii uvedenych v tabulce 5. Standard diesteri dioll jako jediny neni
komerén€ dostupny, proto byly pouzity diestery diolti vyizolované z vernixu.
Roztoky standardii v chloroformu mély koncentraci 1 mg/ml. Otestovano bylo
13 matric. Jejich seznam, koncentrace a rozpoustédla jsou uvedeny v tabulce 6.
Latky byly rozpustény podle doporuceni v literatuie, piipadné¢ byl pfipraven
nasyceny roztok, pokud nebyly dostupné informace o pouZité koncentraci.

Pted pouzitim byla MALDI deska ocisténa postupné chloroformem,
methanolem a acetonem, 20 minut ultrazvukovana ve smési methanolu a vody
1:1 (v/v), oplachnuta Cistym methanolem a ponechdna na vzduchu, aby oschla.
Kazda matrice byla vyzkouSena na standardy lipidd identifikovanych ve vernixu
pomoci TLC. Vzorek a matrice, kazdy o objemu 1 pl, byly nanaSeny tfemi zplsoby.

Bud’ byla matrice ptekryta vzorkem, vzorek matrici, nebo byla smichana matrice se
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vzorkem pied nanesenim na desku. 1 pl byl odméfovan pomoci automatické pipety.

Aby se zabranilo kontaminaci ftalaty, byly na plastové $picky automatické pipety

pritaveny sklenéné kapilary. Nanesené vzorky a matrice uschly na vzduchu béhem

nekolika sekund az minut. Pfed meéfenim byla deska snanesenymi vzorky

uchovavana v exsikatoru. Metoda nanaseni vzorku a matrice na desku je popsana

v publikacich I a II.

Analyza pomoci MALDI-TOF byla provedena v pozitivhim 1 negativnim

modu. Pfistroj byl kalibrovan pied kazdym meéfenim, pomoci PEG (s NaDHB

v acetonu) v pozitivnim modu a PEGS (s DHB v methanolu nebo PS v acetonu)

v negativnim modu. Z kazdého mista byla sbirana spektra 1000 laserovych pulzi.

Tabulka 5 Standardy lipidd, jejich zkratky a metody, pfi kterych byly pouZity

zkratka nazev (délka uhlikového retézce) Mr metody

Chol cholesterol 386,7 TLC, MALDI

SQ skvalen 410,7 TLC, MALDI

MG palmitolein (C16:1) 328,5 TLC, MALDI

DG distearin (C18:0/18:0(1-2;1-3)) 625,0 TLC, MALDI

TG tristearin (C18:0/18:0/18:0) 891,5 TLC, MALDI

WE stearylbehenat (C22:0/18:0) 593,1 TLC, MALDI, WE/SE
separace

WE:1 oleyloleat (C18:1/18:1) 532,5 WE/SE separace

WE:2 linoleyloleat (C18:1/18:2) 530,5 WE/SE separace

WE:3 linolenylstearat (C18:0/18:3) 530,5 WE/SE separace

SE cholesterylstearat (C18:0) 653,1 TLC, MALDI, WE/SE
separace

SE:1 cholesteryloledat (C18:1) 650,6 WE/SE separace

SE:2 cholesteryllinoledat (C18:2) 648,6 WE/SE separace

SE:3 cholesteryllinolenat (C18:3) 646,6 WE/SE separace

FFA kyselina stearova (C18:0) 284,5 TLC, MALDI

FFA:1 kyselina olejova (C18:1) 282,5 MALDI

PL fosfatidylcholin (C18:0) 789,1 TLC, MALDI

a-toko a-tokoferol 430,7 TLC

w-OH kyselina w-hydroxyeikosanova 330,5 TLC

(C20:0)
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Tabulka 6 Seznam latek vyzkouSenych jako matrice, pouzitd rozpoustédla a

molekulové hmotnosti téchto latek

Matrice Rozpoustédlo M.,

4-nitroanilin ] I
ANA ’Q 0 methano 138,043

9-nitroanthracen

9NA [ 1) aceton 223,063

o
AN
o~ o

kyselina 2,5-dihydroxybenzoova

DHB 1 .. methanol 154,027

dithranol
pr I 0T chloroform 228,079

kyselina 3-hydroxypikolinova

HPA oL methanol 139,027
]
lithna sal kyseliny 2,5-dihydroxybenzoové
LiDHB 3 o aceton/chloroform 2:1 160,035
2-merkaptobenzothiazol Hanol
MBT @N\ methano 166,986
— ,

sodna sul kyseliny 2,5-dihydroxybenzoové

o OH
NaDHB on aceton 176,009
Na” o

kyselina pikolinova da/ ieril 2:1
0y OH voda/acetonitril 2:1 +
PA L 0,1% TFA 123,032

N,N,N’,N'-tetramethyl-1,8-naftalendiamin
(proton sponge)

PS  mey o aceton 214,147
kyselina sinapova
SA 7 methanol 224,068

HO

H,C—0
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Matrice Rozpoustédlo M.

7,7,8,8-tetrakyanoquinodimethan

TCNQ \\> ~ <// toluen 204,044
Vi AN

N N

2,4,6-trihydroxyacetofenon
OH [¢]

voda/acetonitril 1:1 +
THAP dLCHa 0,1% TFA 168,042
HO OH

Po optimalizaci podminek pro pouziti jednotlivych latek jako matrice pomoci
standardl lipida byly vysledky aplikovany na lipidy vernixu a analytickd metoda
dale upravena. Tato optimalizace byla provedena za stejnych podminek méteni jako
se standardy. Poté byly zméfeny separované a vyizolované lipidové tiidy 20 vzorkl
vernixu, kazdy ve tfech opakovanich. Jednotlivé piky v hmotnostnich spektrech byly
identifikovany a ru¢né oznaceny tak, aby se do vyhodnoceni nedostaly zadné piky
zmatrice a aby spektra byla navzajem porovnatelnd. U kazdého spektra bylo
odecteno pozadi.

Fragmentace byla provedena pomoci LIFT cely [97]. Pifi méfeni
fragmentacnich spekter bylo sbirano 20 000 laserovych pulzl. Fragmentaéni okno
bylo nastaveno na nejuz§i moznou $itku. Pro nasledné statistické vyhodnoceni byly
absolutni hodnoty intenzit pikli pfevedeny na relativni. Takto ziskanid a upravena

data byla pouzita pro statistické zpracovani vysledki v publikaci 1.

3.6.3. Statistické vyhodnoceni

Chemickd diverzita a pohlavni specificita lipidovych tiid vernixu byly

studovany pomoci analyzy hlavnich komponent (PCA) a analyzy redundance (RDA)
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s pouzitim statistického balicku Canoco 4.5 (Biometrics, Plant Research). Tyto
anylyzy provedl RNDr. Robert Hanus, Ph.D.

Intenzity MALDI-TOF signalti pro jednotlivé lipidy byly pfevedeny na
relativni proporce kazdé latky v ramci pfisluSné tiidy lipidi. Diverzita jejich
kvantitativniho zastoupeni pak byla zobrazena pomoci PCA jako faktorové skore
prvnich dvou komponent pro kazdy subjekt.

V nasledujicim kroku byla tatdz relativni data analyzovdna pomoci RDA, v
niz bylo pohlavi ditéte definovano jako kategoridlni prediktor. RDA model pak byl
podroben Monte Carlo permutacnimu testu (999 permutaci) s cilem testovat
statistickou vyznamnost celkovych rozdili v chemickych profilech mezi obéma
pohlavimi. S pomoci CanoDraw modulu bylo vybrano Sest triacylglycerolti a Sest
voskovych estert, které byly nejvice korelovany s RDA modelem a tedy nejvice
pfispivaji k rozdilim mezi pohlavimi. Tyto vybrané latky byly dale fragmentovéany a
vysledna fragmentacni spektra zpracovana identickym zpiisobem, jako je popsano

vyse pro intenzity jednotlivych lipidi.
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4. Vysledky a diskuse

4.1. Odbér vernixu a izolace lipidi

Pti zpracovani vzorkl vernixu bylo posuzovano nekolik aspektti. Hlavnim
divodem pro vyfazeni vzorku byla kontaminace krvi. Takto byla vyloucena témér
tretina vzorkd. Dal$i vzorky musely byt vyfazeny kvili netplnosti doprovodnych
informaci. Pro sérii jednotlivych vzorkli a pro kolonovou chromatografii byly
pouzity stejnym dilem vzorky obou pohlavi. Zplsob porodu byl spiSe doplitkovou
informaci. Spontanni porod 1 cisaifsky fez (s.c. — sectio caesarea) byly zastoupeny
témet rovnomerne.

U mista odbéru bylo dulezité, aby vzorek nebyl odebran z dlani, chodidel a
hlavy, kde je jiné mnozstvi mazovych a potnich zlaz [26, 98]. Ze stejného divodu
byly pouzity pouze vzorky europoidni rasy. Gesta¢ni vék se ukazal byt dilezitym
faktorem pro slozeni lipid vernixu, coz bylo zjisténo pii vyhodnoceni série dvaceti
jednotlivych vzorkl (viz dale). V tabulce 7 jsou uvedeny zminéné parametry pro
tuto sérii. Vzhledem k variabilité jednotlivych parametri a omezenému poctu vzorki
nebyly ostatni aspekty vzorku do této studie zaclenény, byly vSak shromazd’ovany
kvali vylouceni jakychkoli abnormalit a pro pfipadné budouci statistické
vyhodnoceni.

Vysledky izolaci série jednotlivych vzorkl jsou téZ uvedeny v tabulce 7.
Hmotnost vzorku zavisi na tom, kolik vernixu se podatfilo z ditéte odebrat,
vyizolovany pak byly lipidy z celého vzorku. Primérny procentudlni vytézek v ramci

série byl 10,2 %, jednotlivé vzorky se ale do jisté miry lisi.
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Tabulka 7 Série vzorkl vernixu, jejich parametry a vysledky izolace lipidi. Kazdy

vzorek je oznacen Cislem, které odpovida potfadovému ¢islu odbéru. Gestacni vek je

vyjadien po¢tem tydnii + poctem dnti. Hmotnosti vzorki a vyizolovanych lipidi jsou

uvedeny v mg.

20
21
22
23
30
37
42
43
44
45
46
47
48
49
50
54
56
57
58
60
52

, tacni y ist . .o . .o
pohlavi sgi acni :r::;zz :)ndlsb(:’ru mvzorku m lipidd % lipidt
+ s.C. zada, stehno , , )
4145 ad h 1241,51 71,83 5,8
+ s.C. zada ) ) )
Q 39+3 Ad 2059,38 261,51 12,7
+ spontanni zada , , ,
3 40+6 pontanni zad 1164,94 151,12 13,0
+ spontanni zada, hyzae , , ,
41+1 anni  zada, hyzdé  1265,03 149,27 11,8
+ spontanni tfisla , , ,
3 40+0 anni  trisl 875,47 105,90 12,1
+ spontanni zada , , ,
3 36+5 pontanni zad 1071,94 121,01 11,3
+ s.C. zada ) ) )
Q 38+1 Ad 950,57 84,8 8,9
+ spontanni noha , , ,
3 38+0 pontanni h 901,59 82,06 9,1
3 38+0 s.C. ruka 295,84 24,78 8,4
Q 40+1 spontanni zada 995,47 78,09 7,8
Q 41+2 spontanni zada 426,06 28,30 6,6
3 38+4 s.C. noha 1197,32 115,02 9,6
3 39+0 s.C. zada 424,23 51,08 12,0
Q 41+2 spontanni hyzdé 1191,87 114,13 9,6
3 40+0 s.C. zada 1038,75 178,28 17,2
3 40+3 s.C. noha 1050,94 135,66 12,9
3 39+5 spontanni zada 1098,87 105,11 9,6
Q 40+0 spontanni zada 361,13 42,17 11,7
Q 38+4 spontanni zada 990,51 66,76 6,7
Q 41+2 spontanni hyzdé 604,24 41,72 6,9
Q 35+1 s.C. zada 468,20 58,16 12,4
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4.2. TLC separace lipidu

Lipidy vernixu byly separovany tenkovrstvou chromatografii. Po optimalizaci
byly zvoleny desky o rozmérech 9x12 cm. Vysledkem optimalizace mobilni faze
byla smés hexanu a diethyletheru v objemovém pomeéru 93:7. Timto zptisobem bylo
separovano a identifikovano sedm lipidovych tfid. Pro identifikaci byly pouzity
standardy a data z literatury. Jedinou lipidovou tfidou, pro kterou se nepodafilo
opatfit standard, byly diestery diolli, a proto mohly byt identifikovany vylucovaci
metodou a porovnanim s udaji z literatury. Pro ucely identifikace byla pouzita velka
TLC deska (20x20 cm) a standardy vSech lipidi uvedenych v literatufe v souvislosti
s vernixem. Tyto standardy jsou uvedeny v tabulce 5 na stran¢ 50. Pro dalsi
optimalizaci byly pouzity pouze standardy, které byly ve vernixu identifikovany.
Dale byly separované a vyizolované lipidové zoény ovéfeny pomoci hmotnostni
spektrometrie.

Na obrazku 6 je TLC deska separace lipid. Prvni zoénu shora tvoii pouze
skvalen (Rf 0,89 — 0,94), ve druhé byly identifikovany voskové estery a sterolestery
(R 0,66 — 0,74), ve treti diestery dioll (Rr 0,46 — 0,52) a v dalsi triacylglyceroly (R
0,19 — 0,27). Mnohem mén¢ intenzivni zony polarnich lipidd byly identifikovany
jako volné mastné kyseliny (R¢ 0,10 — 0,13) a cholesterol (R¢ 0,06 — 0,08). Na startu
zustaly monoacylglyceroly a fosfolipidy (Rf 0,00 —0,01).

Vzhledem k intenzitdm separovanych zén byla pozornost nadile vénovéna
méné polarnim lipidim od voskovych esterii po triacylglyceroly. Skvalen nebyl
zahrnut do podrobnéjsiho zkoumani vzhledem k tomu, Ze se jedna o jedinou latku a
nikoli o lipidovou tfidu. VySe popsané metody zpracovani vernixu byly dale pouZity
v publikaci I, III a IV. Publikace III se zabyva skupinou triacylglycerolll a ur€ovanim
polohy dvojnych vazeb v nich obsazenych. Publikace IV je zaméfena na skupinu
diesterd diold, které jsou v ni detailné popsany. V této praci se zaroven podafiilo

syntetizovat standard diesteru diolu.
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Obrazek 6 TLC deska (9x12 cm) separace lipidi vernixu, SQ: skvalen; WE:
voskové estery; SE: sterolestery; Di: diestery diolli; TG: triacylglyceroly; FFA: volné
mastné kyseliny; Chol: cholesterol; MG: monoacylglyceroly; PL: fosfolipidy

Dale bylo nutné nalézt metodu pro separaci voskovych estertl od sterolestert.
PrestoZe v literatuie je popsano n€kolik takovych metod zaloZenych na oxidu nebo
hydroxidu hotfe¢natém, pouzité stacionarni faze jiz dnes nejsou komeréné dostupné
v pozadované kvalité [99, 100]. Po otestovani téchto metod s vyuzitim dostupnych
chemikalii nebylo dosazeno pozadovaného rozd¢leni. Jako alternativa byl vyzkousen
florisil, stacionarni faze na bazi kiemicitanu hotecnatého. Byly pouzity TLC desky
20x10 cm, které byly pfedem aktivovany v peci 1 hodinu pfi teploté 120 °C. SloZeni
mobilni faze bylo zoptimalizovdno na smés hexanu a diethyletheru v poméru

90:10 (v/v). Touto metodou se podatilo voskové estery od sterolesterti ipln¢ oddélit.
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Retenéni faktor voskovych esterit byl 0,54 — 0,68 a sterolesterti 0,32 — 0,48. Tyto
vysledky jsou pouzity v publikaci L.

4.3. Transesterifikace

Béhem projektu, ktery pfedchazel vyzkumu vernixu, byla optimalizovana
metoda transesterifikace podle Stranského. Pfi ni se podatilo pfenést celé provedeni
zruéné zhotovovanych ampuli do vialek. Ampule byly pouzity, aby se zabranilo
uniku ester s velmi kratkym fetézcem pii zahfivani. Vyroba ampuli vyZaduje
pomérné velkou zru¢nost, aby se omezil vznik mikropéru v misté zataveni, a zdroven
rychlost pfi zatavovani vzorku do ampule, aby nedoslo k odpateni vzorku. Provedeni
ve vialkach celou transesterifikaci zna¢né zjednodusilo a porovnanim vysledkli obou
metod bylo prokazano, Ze se kratsi fetézce estert (14 uhlikl) ptes vicko pii zahfivani
neodparuji. Zaroven se usnadnila i neutralizace, protoze ve vialce se vzorek lépe
promichava.

Tato metoda byla vyuzita k ovéfeni vysledkii mérenych na MALDI-TOF MS.
Tato prace se zabyva voskovymi estery a je popsdna v publikaci II. Dale byly
transesterifikovany 1 lipidy vernixu. Transesterifikaci lipidi série 20 vzorkd, jejiz
vysledky jsou uvedeny v publikaci I, provedla Mgr. Eva Hakova po skonceni mé

prace na ustavu.
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4.4. Analyza pomoci MALDI-TOF MS

4.4.1. Optimalizace matrici

Vtéto casti prace bylo testovano 13 latek jako matrice, 3 razné zpisoby
nanaSeni na MALDI desku, pozitivni i negativni mod méfeni a to vSe pro vSechny
standardy lipidl identifikovanych ve vernixu. Vysledky optimalizace jsou shrnuty
v tabulce 8. Kyseliny 3-hydroxypikolinova, sinapova a dithranol nefungovaly jako
matrice na zadny z lipidd, proto v prehledu vysledkii nejsou uvedeny.

Matrice byly vyhodnoceny na zakladé intenzity signalu a pfipadné
pfitomnosti interferen¢nich pikd. Pro kazdou lipidovou tfidu byla nalezena nejméné
jedna vyhovujici matrice. Na zaklad¢ vysledkli optimalizace se standardy byly
vybrany matrice pro jednotlivé lipidové tiidy.

Dale byly tyto matrice optimalizovany pro Ctyfi nejintenzivngjSi lipidové
ttidy izolované z vernixu: voskové estery (WE), sterolestery (SE), diestery diola (Di)
a triacylglyceroly (TG). Jako vyhovujici matrice byla pro WE a Di ur€ena matrice
LiDHB a pro SE a TG vyhovovala matrice NaDHB.

Nejvhodngj$im zpisobem nandSeni na MALDI desku je pro WE prekryti
matrice vzorkem a pro SE, Di a TG smichani vzorku a matrice pfed nanesenim.
Vsechny ¢tyfi lipidove tfidy byly meéfeny v pozitivnim modu a byly u nich

pozorovany sodné nebo lithné adukty v zavislosti na pouzité matrici.
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Tabulka 8 Vyhodnoceni optimalizace testovanych latek jako matrice. +++ vysoka
kvalita signalu, z4dna interference s matri¢nimi ionty; ++ dobra kvalita signalu,
mozna interference s matricnimi ionty; + nizk4 kvalita signdlu. x/M nanaSeni
prekrytim matrice vzorkem; M/x ptekryti vzorku matrici; Mx smichéni matrice se

vzorkem pted nanesenim.

Lipid Matrice stVe Ilttr% Nanaseni Mod Adukt
DHB ++ x/M poz. [M+Na]*
sQ LiDHB ++ x/M poz. [M +Li]*
PA ++ M/x poz. [M+matrice]”
TCNQ +++ Mx neg. [M + Na]
4ANA + x/M poz. [M+matrice]”
SE DHB + x/M [M +Na]*
NaDHB ++ Mx poz. [M+Na]*
LiDHB +++ x/M poz. [M+Lil*
4ANA + x/M poz. [M+matrice]”
WE DHB + x/M poz. [M +Na]*
NaDHB ++ Mx poz. [M +Na]*
LiDHB 4+ x/M poz. [M + Li]"
CHol DHB ++ M/x neg. [M]
4ANA + x/M poz. [M+Na]*
DHB +++ Mx poz. [M +Na]*
MBT ++ Mx poz. [M +Na]*
TG NaDHB +++ Mx poz. [M+Na]*
PA ++ x/M poz. [M +Na]*
TCNQ ++ x/M poz. [M+Na]*
THAP ++ M/x poz. [M + Na]*
ANA ++ M/x poz. [M + Na]*
9NA + Mx poz. [M+Na]*
DHB +H+ M/x poz. [M + Na]*
DG MBT ++ M/x poz. [M+Na]*
NaDHB +H+ Mx poz. [M + Na]*
PA ++ M/x poz. [M + Na]”*
TCNQ + x/M poz. [M+Na]*
THAP ++ x/M poz. [M + Na]*
MG DHB ++ x/M poz. [M+Na]*
NaDHB + Mx poz. [M + Na]*
NaDHB ++ x/M neg. [M]
FEA PA +4++ M/x neg. [MT
PS +++ M/x neg. [MT
TCNQ ++ x/M neg. [M]
NaDHB + x/M neg. MY
. PA ++ M/x neg. MY
FFA:L PS +++ x/M neg. [MT
TCNQ + x/M neg. [M]

60



Lipid Matrice stve “ttr% Nanaseni Mod Adukt

DHB ++ Mx poz. [M +Na]*
MBT +++ x/M poz. [M +Na]*
PL NaDHB ++ M/x poz. [M +Na]*
TCNQ ++ M/x poz. [M +Na]*
THAP + M/x poz. [M +Na]*

4.4.2. MALDI spektra intaktnich lipidl vernixu

Ve spektrech vSech métenych lipidovych tfid, kromé skvalenu, bylo
pozorovano velké mnozstvi pikl. Spektrum skvalenu obsahovalo podle ocekavani
pouze jediny signal. Nutno zdiaraznit, ze kazdy pik v MALDI spektru mize
reprezentovat ncékolik raznych lipidit o stejném elementdrnim slozeni, které neni
mozno touto technikou od sebe rozliSit. Proto byl kazdy pik charakterizovan poctem
uhlikovych atomt a dvojnych vazeb.

Ve frakci voskovych esterti byly nalezeny fetézce o délce 26 az 46 uhlikd,
které jsou az trikrat nenasycené. Nejvyssi signdly odpovidaji molekuldm s jednou
dvojnou vazbou. Retézce mastnych kyselin naméfenych sterol estert obsahuji 14 az
32 uhlikt a az dvé dvojné vazby. Diestery diolil izolované z vernixu obsahuji 46 az
64 uhliki a az tf1 dvojné vazby. Ve frakei triacylglycerolt byly naméfeny molekuly
s39 az 69 uhliky v mastnych kyselindch, které jsou az cCtyfikrat nenasycené.

v

Nejintenzivnéjsi jsou piky s jednou nebo dvéma dvojnymi vazbami.

4.4.3. Rozdily v intaktnich lipidech

Spektra byla porovnavéna kvalitativné 1 kvantitativné podle riznych aspekti,

jako gestacni vek, pohlavi, misto odbéru a dalsi parametry. Nebyly nalezeny Zadné
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kvalitativni rozdily. Kvantitativni rozdily v lipidech byly pozorovany mezi divkami a
chlapci.

Déle bylo statisticky porovnavano relativni kvantitativni zastoupeni
vybranych latek u ¢ty blize studovanych lipidovych tfid vernixu s ohledem na
pohlavi ditéte. K tomu byly pouzity metody PCA a RDA. U sterolesterti a diesterti
diolll nebyly prokazany vyznamné rozdily v jejich kvantitativni distribuci. Tento
zaver byl potvrzen 1 statisticky nevyznamnym Monte Carlo permuta¢nim testem v
RDA analyze. Naopak rozdily ve spektrech voskovych estert a triacylglyceroli bylo
mozné pozorovat pouhym okem, jak je vidét na obrazku 7.

Spektra voskovych estert a triacylglycerolii u divek vykazovala mnohem
vysSi intenzity pikt delSich fetézcl mastnych kyselin. U chlapct byly naopak vice
zastoupeny kratSi fetézce. I nasledné PCA statistické vyhodnoceni prokazalo
markantni rozdily v kvantitativnim zastoupeni téchto dvou skupin, u nichz byl
pozorovan jen nevyznamny piekryv. Spektra voskovych esterti a triacylglycerolt
jsou uvedena v publikaci I spolu s grafickym vyjadifenim vysledki PCA metody.
Tyto vysledky byly dale potvrzeny analyzou redundance (F = 6,9; p = 0,008).
Procentudlni piispévky jednotlivych voskovych esteri, resp. triacylglyceroli

k celkovému rozdilu jsou uvedeny v tabulkach 9 a 10.
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Obrazek 7 MALDI-TOF spektrum voskovych esteri vernixu divky (nahoie) a

chlapce (dole). Intenzity signald delSich fetézcii v pravé Casti spektra jsou zietelné

vys$si u divky.
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Tabulka 9 Vysledky analyzy redundance voskovych estert (WE) z vernixu caseosy

pro vyhodnoceni rozdilu v pohlavi. Procentudlni ptispévky jednotlivych voskovych

esterti k celkové odlisnosti se standardni odchylkou (SD).

WE ¢ SD Q SD WE &  SD Q sD
30:1 1,79 + 0,50 1,44 + 0,96 38:1 7,47 + 1,24 897 + 2,60
30:0 0,32 + 0,14 0,24 + 0,13 38:0 1,78 + 0,85 2,67 + 1,50
31:1 1,30 + 0,52 1,30 + 0,70 39:2 0,55 + 0,19 090 + 0,26
31:0 0,48 + 0,19 0,31 + 0,17 39:1 2,95 + 0,81 4,49 + 1,39
32:1 7,20 £ 1,95 3,98 + 2,54 39:0 1,30 + 0,63 1,73 = 0,92
32:0 0,91 + 0,27 0,59 + 0,33 40:2 1,80 + 054 2,83 + 0,81
33:1 4,40 + 1,18 2,39 £ 1,60 40:1 3,86 + 1,36 6,10 + 1,69
33:0 0,81 + 0,25 0,55 + 0,21 40:0 0,89 + 0,65 1,56 * 1,30
34:2 1,68 + 0,37 1,30 + 0,78 41:2 021 + 0,08 054 + 0,27
34:1 10,34 + 2,97 6,27 + 3,26 41:1 1,27 + 0,76 2,45 + 1,00
34:0 1,84 + 0,43 1,78 + 0,53 41:0 047 + 049 0,78 + 0,57
352 0,72 + 0,31 0,66 + 0,37 42:2 0,76 + 057 1,82 + 0,87
35:1 4,53 + 1,29 3,43 + 1,43 42:1 2,00 + 1,42 3,72 + 1,53
35:0 1,95 + 0,61 2,26 + 0,57 42:0 0,36 + 046 0,57 + 0,47
362 6,84 + 1,32 4,66 + 2,10 43:2 0,06 + 0,04 0,20 + 0,15
36:1 13,32 + 2,99 10,90 + 2,44 43:1 058 + 053 1,15 + 0,66
36:0 2,77 + 0,90 3,42 + 0,98 43:0 0,15 + 026 021 + 0,17
37:2 1,40 + 0,37 0,98 + 0,36 44:2 025 + 024 0,69 + 0,42
37:1 530 + 0,89 5,57 + 0,94 44:1 0,71 + 0,72 1,37 + 0,69
37:0 1,92 + 0,84 2,58 + 0,87 44:0 0,08 + 0,13 0,12 + 0,11
38:2 3,66 + 0,59 3,66 + 0,45
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Tabulka 10 Vysledky analyzy redundance triacylglycerolt (TG) z vernixu caseosy
pro vyhodnoceni rozdilu v pohlavi. Procentualni piispévky jednotlivych

triacylglycerolti k celkové odlisnosti se standardni odchylkou (SD).

TG 4 SD ) TG 4  SD )

39:0 023 + 006 021 + 005 524 024 t 012 023 * 0,04
40:0 032 + 0,10 026 * 0,09 523 08 + 064 088 % 0,15
41:1 029 + 008 027 + 006 5222 167 + 1,17 2,74 * 0,94
41:0 054 + 0,14 042 + 019 521 1,18 + 043 2,70 0,56
42:2 0,16 + 005 0,18 * 005 520 053 + 0,16 0,79 % 0,19
42:1 059 + 0,16 048 * 021  53:3 021 + 005 0,32 * 0,08
42:0 1,70 + 023 074 + 041 532 035 + 006 065 + 0,20
43:2 022 + 006 022 * 006 531 045 + 006 0,75 t 0,17
43:1 1,10 + 021 084 + 039 530 039 + 009 058 0,14
43:0 1,79 + 028 124 + 0,59  54:4 021 + 0,18 0,20 * 0,04
442 050 + 0,15 043 £ 0,18 543 037 + 037 045 % 0,13
44:1 256 + 023 176 + 0,83  54:22 042 + 021 0,68 * 0,16
44:0 3,60 + 034 210 + 0,70 541 0,553 + 0,12 0,80 t 0,17
45:2 0,80 + 0,19 064 % 0,29  54:0 051 + 0,16 0,74 * 0,20
45:1 367 + 031 261 £ 09 552 0,18 + 004 0,26 * 0,07
45:0 3,79 + 064 276 + 061 551 039 + 0,06 059 % 0,15
46:3 0,24 + 007 021 + 007 550 048 * 0,13 075 + 0,22
46:2 250 + 030 147 * 062  56:2 023 + 0,05 0,30 % 0,09
46:1 6,29 + 0,77 434 t 1,13  56:1 0,56 + 0,14 0,83 0,19
46:0 4,75 + 0,77 350 % 047  56:0 059 + 024 085 % 0,31
47:3 0,28 + 0,09 024 + 008  57:2 017 + 004 023 + 0,05
47:2 223 + 030 167 * 062  57:1 0,40 + 0,08 0,66 * 0,18
47:1 6,70 + 1,40 473 £ 0,79  57:0 043 + 0,12 0,66 * 0,22
47:0 416 + 0,87 3,41 % 037 582 020 + 005 028 * 0,08
48:3 0,76 + 020 057 + 024 581 045 * 0,17 0,79 + 0,23
48:2 391 + 0,40 290 % 0,78 580 039 + 0,16 0,60 * 0,24
48:1 7,33 £ 1,10 657 + 089 592 0,13 £ 003 021 t 0,06
48:0 369 + 056 352 + 051  59:1 027 + 007 052 t 0,17
49:3 0,51 + 0,14 046 + 017 590 022 +* 007 039 # 0,13
49:2 239 + 029 228 * 046  60:2 0,15 + 0,04 024 * 0,08
49:1 436 + 055 511 + 074  60:1 026 + 0,12 048 + 0,19
49:0 1,98 + 033 221 £ 036  60:0 021 + 0,09 033 % 0,12
50:4 0,19 + 0,05 0,18 % 005  61:2 0,10 * 0,03 0,15 % 0,05
50:3 1,00 * 024 0,88 + 022  61:1 015 * 004 029 # 0,11
50:2 3,18 + 056 3,72 + 062  61:0 0,13 + 003 021 * 0,08
50:1 4,24 * 091 641 + 238  62:2 0,10 * 0,03 0,19 0,08
50:0 1,40 + 0,26 1,93 £ 048  62:1 0,15 * 0,06 0,31 % 0,12
51:3 045 * 011 053 + 0,10  62:0 0,13 % 0,05 0,19 + 0,08
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TG 4  SD ) TG 4  SD )

51:2 1,17 + 0,16 1,92 £ 0,34 63:1 0,10 + 0,03 0,20 + 0,08
51:1 1,40 <+ 0,15 2,45 + 0,63 64:2 0,08 + 0,03 0,17 + 0,07
51:0 0,61 <+ 0,12 0,90 = 0,21 64:1 0,11 + 0,04 0,20 + 0,09

4.4.4. Fragmentacni spektra lipidd riznych tiid

Dale byly zkoumany lipidové tfidy vernixu, u nichZ byl prokazéan statisticky
vyznamny rozdil v pohlavi. Jak jiz bylo feceno vySe, kazdy pik hmotnostniho spektra
muze obsahovat vice izomert. Nebylo tedy jasné, zda vysledna rozdilnost plyne
z odliSného kvalitativniho nebo kvantitativniho zastoupeni jednotlivych lipidi. Pro
ziskani detailngjSich informaci byla naméfena fragmentacni spektra Sesti voskovych
estert (WE 32:1, WE 34:1, WE 36:2, WE 40:1, WE 41:1, WE 42:1) a Sesti
triacylglycerolti (TG 45:0, TG 45:1, TG 46:1, TG 52:1, TG 62:1, TG 64:1), které se
nejvice podilely na celkové odliSnosti. Tato spektra byla méfena pomoci MALDI-
TOF/TOF MS. Piky byly identifikovany a spektra byla opét porovndna analyzou
redundance.

U voskovych esteri bylo ve fragmentacnich spektrech pozorovano a
identifikovano pouze pét signali patficich lithiovanym mastnym kyselindm (FA)
téchto estera  ([FA14:1+Li]", [FA15:0+Li]" [FA16:1+Li]" [FA17:1+Li]"
[FA18:1+Li]"). Té&chto pét signdli tvofilo vice nez 95 % celkové intenzity.
Kvalitativné se spektra vSech Sesti voskovych esteri u obou pohlavi nelisila.
Vyznamné kvantitativni rozdily v pohlavi byly nalezeny pomoci analyzy redundance
u vSech fragmentovanych voskovych esteri. Ve fragmentacnich spektrech chlapcii
byl vyznamné intenzivnéjsi signal [FA16:1+Li]", kdezto u divek to byl fragment o
dva uhliky del3i [FA18:1+Li]".

Lipidova tfida triacylglycerolii je o néco bohat$i a fragmentacni spektra
mefené Sestice se mezi sebou v rdmci jednoho vzorku do jisté miry li$i na rozdil od

voskovych esterii, kde bylo identifikovano pét fragmentl stejnych pro kazdy
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z méfenych voskovych estert. Fragmenty triacylglycerolti byly identifikovany jako
neutralni ztraty mastnych kyselin a jejich sodnych soli. Tyto fragmenty se objevuji
v klastrech liSicich se od sebe poctem uhliki. Pro dal§i vyhodnoceni byl pouzit
nejintenzivnéjsi sodikovany fragment z kazdého klastru. Tyto fragmenty a jejich
prekurzory jsou uvedeny v publikaci I. Ani zde nebyly pozorovany kvalitativni
rozdily mezi obéma pohlavimi, ale, stejné jako u voskovych esteri, byly prokazany

vyznamné rozdily v zastoupeni dominantnich fragmentu triacylglycerold.

4.4.5. Slozeni vernixu v zavislosti na pohlavi

Vysledky série 20 vzorkli potvrzuji hypotézu, ze se lipidy vernixu lisi
v zavislosti na pohlavi ditéte. Tento fakt byl patrny jak z méfeni intaktnich lipidd, tak
1 z fragmentacnich spekter, kde byl pozorovan statisticky vyznamny rozdil u
voskovych estert a triacylglycerold. Tento predpoklad byl déle potvrzen porovnanim
transesterifikovanych mastnych kyselin lipidového extraktu vernixu. Toto méfeni
provedla Mgr. Eva Hakova po ukonceni mé prace na tstavu.

Biologické pozadi této odliSnosti je znamé jen do urcité miry. Produkce
mazovych 714z je fizena hormonaln¢, konkrétné sexualnimi hormony, estrogenem a
testosteronem. Studie na krysach prokazala schopnost estrogenu urychlovat produkci
seba a testosteronu ji zpomalovat. Voskoveé estery a triacylglyceroly, u kterych byl
prokazan rozdil v pohlavi, pochéazeji z mazovych zlaz [41, 101].

Do série porovnavanych vzorkl nebyl zafazen vzorek mazku divky, kterd se
narodila predCasné ve 35. tydnu, tedy vice nez o mésic diiv. Jeji vzorek byl ale
zpracovan a méfen spolu s touto sérii. Zatimco profilem voskovych esterd spadla
mezi v terminu narozené chlapecky, v triacylglycerolech se lisila od celé série.

Na zéklad¢ uvedenych skutecnosti lze usuzovat, ze odliSnosti v lipidech
vernixu jsou vysledkem rozdilné dynamiky prenatalniho vyvoje kiize, a to zejména
jeji povrchové bariéry. Bylo by zadouci roz$ifit studium vernixu o sérii

nedonoSenych déti. Tento plan je ovSem velmi tézko proveditelny kvili nedostatku
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vhodnych vzorkl. Pfed¢asné narozené déti na sob¢ maji vernixu jen velmi malo,
nebo zadny nemaji. Navic ty které ho maji, jsou témét vzdy hol¢icky, u kterych je
vernixu piirozené vice nez u chlapeckti. U dostupnych vzorki by se ovSem mohla

sledovat zavislost lipidového slozeni vernixu na gestacnim véku ditéte.

4.5. Zpracovani velkého mnozstvi vernixu

4.5.1. Optimalizace extrakci

Pted provedenim kolonové chromatografie velkého mnoZstvi lipidii vernixu
bylo potfeba najit nejvhodnéjsi zplisob extrakce s co nejvetsim vytézkem. Izolace,
ktera byla pouzita na jednotlivé vzorky, neni vhodné pro pouziti ve velkém métitku,
nebot’ suseni vzorku siranem hofe¢natym se pouziva u malého mnozstvi vzorku.
Byly tedy testovany extrakce podle Folche a extrakce pomoci MTBE. Ob¢ metody
musely byt pro vernix upraveny, jak je popsano v experimentalni Casti.

Vysledky byly porovnavany pomoci ESI-Orbitrap-MS a celkového mnozstvi
vyextrahovanych lipid. Méfeni na ESI-Orbitrap-MS bylo provadéno formou
pfimého nastiiku. Po softwarovém odstranéni izotopli byla spektra porovndna na
zakladé poctu pikt. Vyhodnoceni podle poctu pikil neupiednostnilo Zadnou z metod.
Spektra a pocty piki obou metod jsou na obrazecich 8 a 9.

Také vytézky obou extrakci se ukdzaly byt rovnocenné, jak je ukazano
v tabulce 11. Pro extrakci velkého mnozstvi lipidi vernixu byla nakonec zvolena

Folchova metoda kvili jednodussimu technickému provedeni.
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Tabulka 11 Porovnani mnozstvi lipidi vyextrahovanych metodou podle Folche a

pomoci MTBE.
Folch

m (mg) m (mg) MTBE

F1
F2
F3
F4
F5

25,28 21,06 M1
25,73 22,41 M2
27,71 23,92 M3
22,87 32,80 M4
23,50 23,25 M5

prameér
SD

FC1#450-66 RT. 1.47-1.96 AV. 17 NL: 3.05E5
T. FTMS + p ESI Full ms [150.00-2000.00]

<6
100 Q??‘ \ 827.7
90 C\\o
807 386.4
7 8417

855.7

Relative Abundance
o
[=]

25,02 24,69 pramér
1,72 4,17 SD

Extrakce podle Folche (pozitivni méd)
Pocet pik(: 4348 + 196

<G
N
&
1605.4 1619.4
1661.5

1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
miz

mc1 #55-68 RT. 1.62-2.01 AV. 14 NL: 6.54E5
T: FTMS + p ESI Full ms [150.00-2000.00]

Relative Abundance
42N W s a0 N @ ©

5130 110 6736

400 500 600 700 800 900

O

892.8

Extrakce pomoci MTBE (pozitivni mod)
Pocet pika : 4443 1 342

5 16054

1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
miz

Obrazek 8 Hmotnostni spektra lipidi vernixu extrahovanych podle Folche a pomoci

MTBE v pozitivnim moédu.

69



FE1#24-35 RT:068-1.00 AV: 12 NL: 2 68E&

T FTMS - ESIFUlms [150/60-2000 06) Extrakce podle Folche (negativni méd)

3674
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70 3954
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me1#24-34 RT. 0.68-0.67 AV: 11 NL 3.4TE6
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T4

2

C“o\

3954
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m/z

Obrazek 9 Hmotnostni spektra lipidli vernixu extrahovanych podle Folche a pomoci

MTBE v negativnim moédu.

4.5.2. Kolonova chromatografie

Pro extrakci velkého mnozstvi lipidi bylo pouzito 43,5 g vernixu obou
pohlavi v poméru 1:1. Timto zpisobem bylo ziskano 4,7 g lipidt, které¢ byly dale
separovany na kolon¢ se silikagelem. Celkem bylo najimano 33 frakci, znichz
posledni tfi pochdzeji z vymyvani kolony smési chloroform/methanol 2:1 po
ukonceni gradientu hexan/diethylether a jsou oznaceny fimskymi ¢islicemi. Mnozstvi

lipidi v kazdé frakci je uvedeno v tabulce 12. Frakce 1 az 26 byly rozpustény
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v hexanu na koncentraci 1 mg/ml. Ostatni frakce se nepodafilo rozpustit a byly

ponechany stranou.

Tabulka 12 Mnozstvi lipidi v jednotlivych frakcich ziskanych separaci na koloné.

Rimskymi ¢islicemi jsou oznageny frakce z vymyvani kolony po ukonceni gradientu.

frakce m(mg)| frakce m(mg)| frakce m (mg)
1 22,71 12 22,35 23 173,78
2 192,50 13 10,91 24 150,05
3 53,60 14 35,20 25 32,78
4 10,40 15 114,84 26 4,20
5 8,39 16 111,63 27 2,19
6 108,26 17 268,69 28 2,74
7 388,90 18 177,62 29 4,16
8 477,87 19 108,68 30 2,21
9 590,51 20 32,38 I 3,43
10 588,50 21 40,35 Il 15,21
11 75,64 22 69,80 [l 232,32

V dal§im kroku bylo 26 frakci dale separovano na TLC deskach riznymi
mobilnimi fazemi. Prvnich 6 frakci bylo separovéano ¢istym hexanem. Pro 6. az 11.
frakci byla pouzita smés hexan/diethylether 95:5, pro 11. az 21. frakci stejnd smés
v poméru 90:10 a pro 21. az 26. frakci stejnd smés v poméru 80:20. Na desky byly
kromé frakci naneseny i standardy ptedpokladanych lipidovych ttid.

V prvnich ¢étyfech frakcich byl identifikovan skvalen. V paté frakci byl SQ
spolu s WE a SE, které se od sebe na silikagelu nedéli. V 6. az 8. frakci byly
nalezeny pouze WE a SE. Ve frakcich ¢islo 9 a 10 byly kromé WE a SE pozorovany
1 Di. V 11. frakci se objevily tfi skvrny, z nichz jedna patii WE a SE, druha Di a teti
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TAG. Ve 12. frakci jsou Di a TG. Frakce 13 az 19 obsahuji pouze TG. Ve frakcich
20 a 21 byla nalezena kromé TG jest¢ dalsi lipidova skupina, ktera nebyla
identifikovana. Frakce 22 obsahuje 4 lipidové skupiny, znichz dvé byly
identifikovany jako FFA a Chol. U 23. frakce byla krom¢ FFA a Chol nalezena
pouze jedna neidentifikovand lipidova skupina, ktera se shoduje snezndmou
lipidovou skupinou v ptedchozi frakci. Ve frakci 24 az 26 byl pozorovan cholesterol
spolu s dal§imi polarnéjSimi lipidy. TLC desky vSech frakci jsou ukézany na

obrazku 10.
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Obrazek 10 TLC desky 26 lipidovych frakei z kolonové chromatografie. Desky byly
vyvinuty v ¢istém hexanu (a), ve smési hexan/diethylether 95:5 (b), ve smési
hexan/diethylether 90:10 (c,d) a ve smési hexan/diethylether 80:20 (e). Pouzité

standardy jsou fadn¢ oznaceny.
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5. Zavér

Touto praci byl zapocat novy projekt, ktery se zabyva lipidomikou vernixu
caseosy. V ramci projektu byla navazana spoluprace s porodnici a ziskan souhlas
etické komise s odbérem a zpracovanim vzorkil vernixu.

Béhem prace byla zoptimalizovana metoda izolace lipidii z jednotlivych
vzorklli vernixu. Primérny vytézek takto ziskanych lipidad (10,2 %) odpovida
predpokladanému mnozstvi. Vyizolované lipidy se podafilo separovat pomoci
tenkovrstvé chromatografie ve dvou krocich. V prvnim kroku byl jako stacionarni
faze pouzit silikagel. Ve druhém kroku byly separovany voskové estery a sterolestery
pomoci florisilu. Optimalizace byla provedena také pro metodu transesterifikace
lipidt, ktera byla zjednodusena. Estery byly méfeny pomoci GC-MS.

Dale byla optimalizovana metoda detekce lipidi pomoci MALDI-TOF MS.
Pro tuto techniku byly urceny vhodné matrice pro jednotlivé lipidové tiidy
identifikované ve vernixu, vhodny zplGsob nanaSeni vzorku a matrice a dalsi
podminky méteni.

Vysledky téchto optimalizaci pak byly aplikovany na sérii 20 vzorkl vernixu.
Tato prace byla zaméfena na Ctyfi méné polarni lipidové tiidy: voskové estery,
sterolestery, diestery diola a triacylglyceroly. Vysledna spektra byla porovnana a
u voskovych esteri a triacylglycerolti byl nalezen rozdil mezi spektry divek a
chlapcii. Diverzita byla ovéfena statistickym zpracovanim dat a fragmentacnim
métenim na MALDI-TOF/TOF MS. Dale byly vysledky potvrzeny transesterifikaci
vernixu a jejich analyzou na GC-MS.

DalSim pfistupem ve vyzkumu vernixu caseosy byla extrakce a separace
velkého mnozstvi lipidi ze smési mnoha vzorkil vernixu. V této Casti prace byly
vyzkouSeny rizné zpusoby extrakce a na zdkladé vytézku extrakce, poctu piki

v hmotnostnim spektru a technického provedeni metod byla uréena extrakce podle
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Folche jako nejvhodnéjsi. Vyextrahované lipidy byly separovany pomoci kolonové
chromatografie a ziskané frakce identifikovany pomoci tenkovrstvé chromatografie.
V této praci byly zavedeny a zoptimalizovany metody zakladniho zpracovani
vzorkll vernixu od odbéru vzorku po méteni jednotlivych lipidovych tfid pomoci
MALDI-TOF MS, a tim byly poskytnuty zdklady pro dal$i vyzkum tohoto

unikéatniho a velmi dtilezitého ptirodniho materialu.
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Abstract

Vernix caseosa protects the skin of a human fetus during the last trimester of pregnancy and of a newborn after the delivery.
Besides its cellular and proteinaceous components, an important constituent and functional agent is a complex lipid
fraction, implicated in a multitude of salubrious effects of vernix caseosa. Little is known about how the chemical
composition of vernix caseosa lipids is affected by various biological characteristics of the baby, such as the gestational age,
birth weight, and, last but not least, the gender of the newborn. This study reports on the chemical variability of lipids
contained in the vernix caseosa of twenty newborn girls and boys and shows that the quantitative patterns of the lipids are
sex-specific. The specificity of lipids was investigated at the level of fatty acids in the total lipid extracts and intact lipids of
several neutral lipid classes. Hydrocarbons, wax esters, cholesteryl esters, diol diesters and triacylglycerols were isolated
using optimized semipreparative thin-layer chromatography, and the molecular species within each class were
characterized using matrix-assisted laser desorption/ionization mass spectrometry. Statistical evaluation revealed significant
quantitative sex-related differences in the lipid composition of vernix caseosa among the newborns, pronounced in the two
lipid classes associated with the activity of sebaceous glands. Higher proportions of wax esters and triacylglycerols with
longer hydrocarbon chains were observed in newborn girls.
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Introduction yet fully characterized despite the efforts of numerous researchers
[14-19]. The most abundant lipid classes (wax esters — WE,
cholesteryl esters — CE, diol diesters — DD and triacylglycerols —
TG) are known, but they are characterized typically only with
respect to their fatty acids (FA) composition, investigated from
hydrolyzed lipid fractions.

Virtually nothing is known about the chemical variability of VC
lipids depending on the gestational age and health conditions, the
changes in the chemical composition during fetal development or
the possible diagnostic value of VC components. All this
information is of importance for current neonatology and
medicine in general. Sex-related aspects of the ecarly skin
development are not well understood either. Certain differences
between VC lipids of newborn boys and girls were reported in
carly eighties [15,20] using analytical methodology available at
that time and a limited number of samples. The data relied either
on semi-quantitation of lipid classes separated by thin layer
chromatography (TLC) or lipid hydrolysis followed by analysis of
fatty acid methyl esters (FAME). The structures of intact lipids
involved in sex-related differences have not been disclosed. Recent
advances in analytical instrumentation, namely in mass spectrom-

Vernix caseosa (VC) is a white creamy substance which coats
the skin of a human fetus and of a newborn [1] and which is
produced during the third trimester of gestation [2]. In utero, it
serves as a waterproofing film and modulator of transepidermal
water flux [3], facilitates the final stages of the skin and
gastrointestinal system development and protects the skin from
some of the agents present in amniotic fluid [4]. After the birth, it
acts as an antibacterial shield [5,6] and helps the neonate to adapt
to the dry environment [7]. Very low birth-weight preterm infants
lack VC and are susceptible to invasive infections because of
insufficient formation of the stratum corneum [8,9]. The skin of
prematurely born babies suffers from excessive water loss, resulting
in dangerous dehydration and heat loss [10,11]. VC also shows a
remarkable ability to enhance wound healing, which promises new
therapies for patients with altered skin integrity after burn injuries
or skin diseases. Because a therapeutic use of native VC from
mature newborns is impossible, clinically relevant artificial
substitutes of VC are to be developed [12,13].

VC is a complex biofilm composed of water in hydrated
corneocytes (80%), surrounded by a matrix of lipids (10%) and
proteins (10%) [1,2]. The lipid fraction is extremely rich and not
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etry, allow us to have a closer look at the chemistry of vernix
caseosa and the human skin ontogeny from a different perspective.

Matrix-assisted laser desorption/ionization mass spectrometry
(MALDI MS) is a powerful tool in protein and peptide analytics,
increasingly utilized also in lipidomics [21-24]. The method allows
intact lipids to be detected without previous modification and may
yield quantitative results [25]. Modern MALDI MS setups also
make it possible to fragment selected peaks, e.g., by tandem time-
of-flight (TOF/TOF) instrumentation and thus to obtain more
detailed structural information [22-26].

In this paper, we investigate sex-related differences in the lipid
composition of VC in twenty newborn boys and girls at the level of
FAME and intact, non-hydrolyzed lipids using MALDI MS. Since
the cutancous barrier formation and sebaceous gland activity are
controlled by sex hormones [27-29], we test a hypothesis that the
composition of VC lipids is gender-related. For this purpose, we
have developed a method for a detailed characterization of intact
lipids in VC. The lipids were isolated, separated into neutral lipid
classes and the molecular species within the lipid classes were
analyzed using MALDI-TOF MS and MALDI-TOF/TOF MS.
The resulting data were statistically evaluated with respect to the
sex specificity.

Materials and Methods

Chemicals

Analytical-grade hexane, chloroform, diethyl ether, acetone and
cthanol were purchased from Merck (Darmstadt, Germany) or
Penta (Chrudim, Czech Republic) and distilled in glass before use.
Chloroform was stabilized with 1% of ethanol. Gradient-grade
methanol was bought from LachNer (Neratovice, Czech Repub-
lic). 2,6-Di-terc-butyl-4-methylphenol (BHT), Florisil® for TLC
and acetyl chloride were obtained from Fluka (Buchs, Switzer-
land). Magnesium sulfate (p.a.), polyethylene glycols (PEG,
reagent-grade), primuline and rhodamine 6G were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Silica gel 60 G with
gypsum (12%) was obtained from Merck and silver carbonate was
from Lachema (Brno, Czech Republic). Deionized water was
manufactured by the Milli Q system (Millipore, Milford, MA,
USA). Lipid standards (99% purity) were bought from Sigma-
Aldrich (squalene - SQ, stearyl behenate), Larodan (Malmo,
Sweden; cholesterol — Chol, tristearin, distearin and palmitolein),
Nu-Chek Prep (Elysian, MN, USA; stearic acid) and Matreya LLC
(Pleasant Gap, PA, USA; phosphatidylcholine). MALDI-TOF MS
matrices were supplied by Fluka (2,5-dihydroxybenzoic acid —
DHB; 2-mercaptobenzothiazole — MBT; 7,7,8,8-tetracyanoquino-
dimethane — TCNQ)j; 4-nitroaniline — 4NA; picolinic acid — PA)
and Sigma-Aldrich (2,4,6-trihydroxyacetophenone — THAP). The
sodium salt of 2,5-dihydroxybenzoic acid (NaDHB) and the
lithium salt of 2,5-dihydroxybenzoic acid (LiDHB) were synthe-
sized and prepared as described previously [26].

Sample collecting

Healthy male (10) and female (10) subjects (Table S1) delivered
at full term were included in this study. VC samples (1-2 g) were
collected immediately after the delivery into glass vials and stored
at —25°C. The exact location of sampling (back, buttocks, groins,
legs, arms) varied depending on the VC layer thickness. Blood-
contaminated samples were discarded. The samples were collected
with written informed parental consent and the work was
approved by the Ethics Committee of the General University
Hospital, Prague (910709 S-1V); the study was performed
according to the Declaration of Helsinki.
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Isolation of lipids and their TLC separation

The VC samples were suspended in 50 ml of chloroform:-
methanol 2:1 (V/V) with 0.05% BHT. The suspension was
cleared of epithelial cells by filtration through a column containing
purified cotton-wool and silica gel (60-120 pm, ca 0.2 g).
Anhydrous MgSOy (ca 5 g) was added to absorb water, and the
suspension was filtered again. The solvents were removed by a
rotary evaporator (35°C, 170 mbar) and a stream of argon. The
isolated lipids were stored in glass vials at —25°C.

The lipids (ca 20 mg) were separated on 9x12 cm glass TLC
plates coated with silica gel using hexane:diethyl ether (93:7, V/V)
as a mobile phase. Each plate was developed twice to focus the
zones (in the first step to 3/4 of the plate height and then, after air-
drying, to the top). The zones were visualized under UV light after
being sprayed with rhodamine 6G (0.05% in ethanol); an example
of the thin layer chromatogram is shown in Figure S1. The zones
corresponding to particular lipid fractions (classes) were identified
using standards and published data [19] as follows: SQ (R 0.89—
0.94), WE + CE in one zone (R 0.66-0.74), DD (R 0.46-0.52),
TG (Rf 0.19-0.27), free fatty acids - FA (R¢ 0.10-0.13), Chol (R¢
0.06-0.08) and highly polar lipids (Ry 0.00-0.01). Only neutral
lipids (SQ, WE, CE, DD and TG) were further isolated and
analyzed in this study. Each zone was scratched off into a column
with purified cotton-wool and silica gel; neutral lipids were eluted
using diethyl ether. The solvent was evaporated under a stream of
argon; the separated lipids were dissolved in chloroform:methanol
2:1 (V/V, 1 mg/ml) and stored at —25°C.

Due to their similar polarities, WE did not separate from CE on
silica gel sorbents; their separation required magnesium-based
materials to be used [30,31]. Therefore, we separated WE (R
0.54-0.68) from CE (Rf 0.32-0.48) using 20x10 cm glass TLC
plates coated with Florisil (activated magnesium silicate) with a
hexane:diethyl ether (90:10, V/V) mobile phase [32]. The plates
were activated at 120°C for 1 h before the separation. The zones
were visualized using primuline in methanol:water 1:1 (V/V)
under UV radiation (366 nm). WE and CE were extracted from
the plates as described above.

Transesterification and GC/MS of FAME

Total lipid extracts of VC were transesterified using a method
described by Stransky and Jursik [33]. Briefly, lipids were dissolved
in chloroform:methanol (2:3, v/v) in a small glass ampoule. After
adding acetyl chloride, the ampoule was sealed and placed in a
water bath at 70°C. After 60 min the ampoule was opened, the
reaction mixture was neutralized with silver carbonate and
injected onto GC column. FAME were analyzed using a 7890N
gas chromatograph (Agilent, Santa Clara, CA, USA) coupled to a
5975C quadrupole mass spectrometer and equipped with a fused
silica capillary column DB-wax (30 mx0.25 mm, 0.25 um, J&W
122-7032). The carrier gas was helium at 1.5 mL/min. The
injector was held at 250°C and operated with a split ratio of 1:20;
2 uLL of sample solution (chloroform:methanol (2:3, v/v)) was
injected. The temperature program: 140°C (0 min), then 5°C/min
to 250°C (50 min); total run time was 72 min. 70 ¢V EI mass
spectra were recorded in the mass range of 25-600 u; 3 min
solvent delay was used. Temperatures of the transfer line, ion
source and quadrupole were 250°C, 230°C and 150°C, respec-
tively. The chromatographic peaks representing FAME were
identified based on the presence of m/z 74 and m/z 87 in their
mass spectra. FAME were relatively quantified from their peak
areas integrated in the total ion current chromatograms.
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MALDI MS

MALDI-TOF MS measurements were performed on a Reflex
IV (Bruker Daltonik GmbH, Bremen, Germany) operated in the
reflectron mode with an acceleration voltage of 20 kV and an
extraction pulse of 200 ns. A nitrogen UV laser (337.1 nm, a 4 ns
pulse of 300 pJ, a maximum frequency of 20 Hz) was utilized for
desorption and ionization. Matrix ions were suppressed below m/z
200. The mass spectra were externally calibrated using PEG
oligomers. The MS spectra were averaged from 1,000 laser shots
collected at various places across the spot. Fragmentation was
performed using ultrafleXtreme equipped with smartbeam laser
(Bruker Daltonik GmbH, Bremen, Germany). A MS/MS LIFT
method for small molecules mode with an ion source and LIFT
acceleration voltage set to 7.5 kV and 19 kV, respectively was
utilized for the fragmentation. Precursor ions were selected by ion
selector mass window =1 Da. The spectra were averaged from at
least 20,000 shots. The data were collected and processed using
FlexAnalysis 3.0 or 3.3 (Bruker Daltonik GmbH).

The choice of the matrix is crucial for successful MALDI MS.
Therefore, a study was undertaken to select suitable matrices for
lipid classes studied in this work. Because of the neutral character
of the analytes lacking easily ionizable groups, matrices permitting
ionization via metal-ion attachment were needed. The matrices
were selected based on 1/their ability to ionize the analytes at low
laser fluencies, 2/the absence of analyte-fragment ions in the
spectra, 3/the simplicity of the isotope clusters, and 4/the low
interference of the matrix background ions with analyte signals.
The investigated matrices were prepared as saturated solutions in
the solvents specified in Table S2 and co-deposited with the
samples on the MALDI plate (MTP 387-position ground steel
target; Bruker Daltonik GmbH) by mixing the sample with the
matrix before application (CE, DD, TG) or by covering the matrix
with the sample (WE).

In agreement with previous findings [26], LiDHB, providing
[M+Li]" adducts, proved to be the most suitable matrix for SQ
and WE. The same matrix appeared to work well also for CE and
DD; LiIDHB was found to be more suitable for CE than the
previously suggested DHB [22,34,35]. To the best of our
knowledge, DD have not been previously analyzed by MALDI
MS. NaDHB ionized easily TG giving [M+Na]* molecular
adducts, similarly like DHB, MBT and THAP, suggested by
other authors [36-38]. The overview of performance of the
matrices is given in Table S2.

For further data processing, the intensities of the MALDI MS
peaks corresponding to molecular adduct were converted into
relative percentages. As only lipids of the same lipid class were
ionized during the MALDI MS analysis, the signal suppression by
other components was considered negligible. The peak intensities
were not corrected by any response factors.

Data treatment

The chemical diversity and sex-specificity of the VC samples
were evaluated using principal component analysis (PCA) and
redundancy analysis (RDA) performed in the Canoco 4.5 package
(Biometrics, Plant Research). The intensities of the MALDI-TOF
MS responses for particular lipids within each lipid class were
converted into relative percentages and the diversity of their
quantitative patterns visualized using PCA. Subsequently, RDA
analyses of standardized variables with sex as a categorical
predictor and a Monte Carlo permutation test (unrestricted
permutations, 7=999) were performed in order to test the
significance of the differences between the relative patterns in
the two sexes. Six selected TG and six selected WE with an
important contribution to the differences between the two sexes
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were further fragmented and the relative intensities of their
dominant fragments treated using the same approach. The relative
proportions of 167 FAME obtained from the hydrolyzed VC lipids
were arcsine transformed and subjected to PCA and RDA as
described above. The differences corresponding to a p-value below
0.05 are reported as significant for the RDA and Monte Carlo
permutation tests.

Results and Discussion

GC/MS of VC fatty acids

Using a set of samples of 20 newborn subjects we investigated
variability of VC lipids at the fatty acids level. We detected 167
distinct FAME species, mostly with saturated and branched
chains, which is in agreement with recent report [39] showing 133
FAME in VC. FAME contained 11-31 carbons and exceptionally
up to 4 double bonds (Table S3). Representative chromatograms
are shown in Figure 1. When carefully inspecting chromatograms
and peak lists, minor differences between boy and girl data were
noticed. Visualization by means of PCA (Figure 2) using the first
two principal components clearly showed that the samples were
separated into two groups according to the sex of newborns. A
redundancy analysis confirmed that the patterns of the relative
abundances of FAME were significantly different between the
male and female samples (I'=3.2; p=0.002). The contributions of
individual FAME to the observed overall differences are listed in
the Table S3 as percent fits of each compound with the predicted
RDA model with sex as categorical predictor. The sex specificity
of the FAME composition consisted in both qualitative and
quantitative differences in relative abundances. Among the FAME
fitting the best the RDA model, monoenic or saturated species
with typically more than 20 carbons occurred, but some middle-
chain FAME with 14-19 carbons were also involved in sex
differentiation (Figure 3 and Table S3). The most important
species in this respect were FAME 21:1 (peak No. 116) and FAME
22:1 (peak No. 123) detected in non-negligible quantities only in
the girl and boy samples, respectively. Nevertheless, the sex-related
differences could not have been reduced to a list of only a few
important species, the differences in quantitative patterns being
complex. Encouraging results with hydrolyzed total lipid extracts
showing differences between male and female subjects prompted
us to study the chemical composition of intact lipids in boy and girl
samples.

MALDI MS of intact VC lipids

All lipid fractions obtained from VC samples provided rich
MALDI spectra with series of peaks. The spectra of the SQ) zone
were an exception, as only a single signal of squalene was present.
It is important to note that in general the peaks in the spectra
could represent mixtures of lipid species having the same
elemental composition. Like in all direct MS approaches (without
chromatographic separation), the isomeric species cannot be
distinguished by mass. Therefore, each peak was characterized
by the total number of carbons and double bonds in the chains. An
inspection of the mass spectra did not reveal any qualitative
gender-related differences in the lipid composition of the studied
fractions.

In the WE fraction (Figure 4 and Table S4), we observed wax
esters with 2646 carbons and up to three unsaturations; the most
prominent peaks corresponded to molecules with one double bond
in the chains. The CE fraction contained a series of cholesteryl
esters with 14-32 carbons in the FA chain and between zero and
two double bonds. In the DD fraction, we detected diol diesters
with 46-64 carbon atoms, containing up to three unsaturations.
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Figure 1. Chromatograms of the total lipid FAME. Characteristic reconstructed chromatogram (m/z 74) of FAME obtained by transesterification

of vernix caseosa total lipid extract of a newborn boy (A) and girl (B).
doi:10.1371/journal.pone.0099173.g001

TG with 39-69 carbons in the FA chains and with up to four
double bonds were detected in the TG fraction (Figure 5 and
Table S5). Dominant peaks represented molecules with either one
or two unsaturations.

Sex-related differences in intact lipids

Quantitative patterns of the relative intensities of particular
compounds in each studied class (except for SQ) were compared
using PCA and RDA with sex as a categorical predictor. The
quantitative diversities within the DD and CE fractions were
broadly overlapping in the two sexes and no significant gender-

related differences could have been proved using RDA and Monte
Carlo permutation tests.

On the contrary, even a simple visual inspection of the mass
spectra of WE and TG fractions made it possible to discriminate
between the spectra of boys and girls (Figures 4 and 5). In both
classes, the compounds with a higher carbon number seemed to be
over-represented in female samples while shorter carbon chains
were relatively more abundant in the spectra of males. When
visualized by means of PCA, depicted in Figure 6 as the first two
principal components of the WE and TG samples, the two sexes
were separated into two slightly overlapping groups. A redundancy
analysis confirmed that the pattern of the relative abundances of
WE was significantly different between the male and female

FAME
10

Factor 2: 14%
o

-10

-10 -5 0 5
Factor 1: 26%

10

Figure 2. Quantitative pattern of vernix caseosa fatty acids in newborn boys () and girls (Q). Graphic representation of the first two
components of PCA calculated from the relative intensities of fatty acid methyl esters obtained from hydrolyzed vernix caseosa lipids.

doi:10.1371/journal.pone.0099173.9002
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Figure 3. Comparison of relative abundances of fatty acid methyl esters from hydrolyzed vernix caseosa lipids obtained from
newborn boys and girls. Relative abundances were calculated from peak areas in gas chromatograms (mean = SD). Twenty compounds
contributing the most to the sex-related differences are shown. The percentages below the peak assignments indicate the percent fit of individual
variables with the model predictions of RDA with sex standing as categorical predictor.
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samples (FF'=6.9; p=0.008). The contributions of individual WE relative intensities differed significantly between males and females
to the observed overall differences are listed in the Table S4 as (F=8.8; p=0.002). Higher chain lengths were relatively more
percent fits of each compound with the predicted RDA model with abundant in females while the relative proportions of TG were
sex as categorical predictor. The WE with higher chain lengths shifted towards shorter chain lengths in males, as shown in the
proved to be relatively over-represented in females, and vice versa, Table S5.

the short-chain WE were relatively more abundant in males.
Similar conclusions were drawn for TG. The overall pattern of
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Figure 4. Mass spectra of the wax esters. Characteristic MALDI spectrum of the wax esters isolated from the vernix caseosa of a newborn boy (A)
and girl (B). A LIDHB matrix was used and the signals correspond to molecular adducts with lithium ions [M+Li]".
doi:10.1371/journal.pone.0099173.g004
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Fragmentation spectra of WE and TG

In light of these results, as several isomers can be found at the
same m/z values, a question has arisen as to whether the observed
differences in the WE and TG relative intensities reflect qualitative
differences in the constituents of these WE and TG in boys and
girls or rather quantitative differences in their production or
selective sex-dependent incorporation of particular FA. To answer
this question, we further fragmented twelve peaks from those most
significantly contributing to the sex-specificity of TG and WE
profiles and studied their identity and relative intensities of
fragments in all samples using MALDI-TOF/TOF MS. Subse-
quently, the sex-specificity in the relative proportions of particular
fragments in each fragmented compound was once again tested by
means of RDA.

In the case of WE, the fragmentation spectra showed lithiated
fatty acids originating from the acid parts of esters [26]. The
spectra were qualitatively identical in all of the six peaks (WE 32:1,
WE 34:1, WE 36:2, WE 40:1, WE 41:1, WE 42:1) and both sexes;

the spectra were dominated by five signals representing over 95%

of the total intensity, i.e. [FA 14:1+Li]", [FA 15:0+Li]", [FA 16:1+
Lil*, [FA 17:14Li]* and [FA 18:1+Li]*. On the other hand, a
RDA revealed significant gender-related differences in the relative
intensities of these five fragments in all six fragmented peaks.
Among the fatty acids contributing the most to the sex-related
differences, the relative intensities of the fragments [FA 16:1+Li]*
and [FA 18:1+Li]" were systematically over-represented in male
and female subjects, respectively, with 37-75% fit with the
predicted model for [FA 16:1+Li]" and 36-74% fit for [FA 18:1+
Li*.

The fragmentation spectra of the six TG peaks (sodium adducts
of TG 45:0, TG 45:1, TG 46:1, TG 52:1, TG 62:1, TG 64:1)
showed signals consistent with neutral loss of fatty acids and fatty
acid sodium salts. The fragments appeared in clusters differing
from each other by the number of carbons. The most intense peak
of each cluster corresponding to neutral loss of fatty acid sodium
salt (Table 1) has been chosen for further study. There were no
qualitative differences in the dominant fragments between the two
sexes. However, like for WE, we detected significant differences
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Figure 6. Quantitative pattern of vernix caseosa lipids in newborn boys and girls. Graphic representation of the first two components of
PCA calculated from the relative intensities of the wax esters (A) and triacylglycerols (B) isolated from the vernix caseosa of newborn boys (o) and
girls (@).

doi:10.1371/journal.pone.0099173.g006
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Table 1. MALDI-TOF/TOF data for VC triacylglycerols.

Lipid Composition of Vernix Caseosa

Precursor [M+Na]" Main fragments (m/2)

Neutral loss (RCOONa)

TG 45:1 (m/z 785.7)
TG 45:0 (m/z 787.7)
TG 46:1 (m/z 799.7)
TG 52:1 (m/z 883.8)
TG 62:1 (m/z 1023.9)
TG 64:1 (m/z 1051.8)

481, 495, 509, 521, 535, 549, 563
481, 495, 509, 523, 537, 551, 565
495, 509, 523, 535, 549, 563, 577
495, 509, 523, 535, 549, 563, 577
523, 549, 577, 605, 717, 745, 773
523, 551, 577, 605, 745, 773, 801

FA 18:1, FA 17:1, FA 16:1, FA 15:0, FA 14:0, FA 13:0, FA 12:0
FA 18:0, FA 17:0, FA 16:0, FA 15:0, FA 14:0, FA 13:0, FA 12:0
FA 18:1, FA 17:1, FA 16:1, FA 15:0, FA 14:0, FA 13:0, FA 12:0
FA 24:1, FA 23:1, FA 22:1, FA 21:0, FA 20:0, FA 19:0, FA 18:0
FA 32:1, FA 30:0, FA 28:0, FA 26:0, FA 18:0, FA 16:0, FA 14:0
FA 34:1, FA 32:1, FA 30:0, FA 28:0, FA 18:0, FA 16:0, FA 14:0

doi:10.1371/journal.pone.0099173.t001

between males and females in the relative proportions of the
dominant fragments of the six fragmented TG.

Sex-specificity of VC lipid composition

Our results strongly support the hypothesis that the composition
of VC lipids is gender-related. We showed statistically significant
differences between male and female samples both at the level of
fatty acids in the total lipid extracts and at the level of intact lipids
in two lipid classes. At the current stage of our knowledge, we can
only hypothesize the biological aspects underlying these differenc-
es. First, the differences in VC chemistry may result from
differential temporal dynamics in the skin development in boys
and girls controlled by steroid hormones; previous studies in rats
have documented that the formation of the cutaneous barrier is
accelerated by estrogen and delayed by testosterone [40]. VC of
human male fetuses was previously shown to contain more sebum
than that of female fetuses, which has a higher proportion of
epidermal lipids [15]. We found the differences in WE and TG,
1.e., lipid classes that are of sebaceous origin [1]. Therefore, the
observed sex-related differences are likely associated with the
activities of sebaceous glands in the skin of the fetus. Interestingly,
when we analyzed VC obtained from a girl prematurely born in
the 35™ week, the lipid profiles gready differed from those of full-
term girls and were rather similar to that of full-term boys. This
accidental observation further supports the hypothesis of differen-
tial dynamics in VC production between the two sexes.
Alternatively, permanent and fixed differences in the chemistry
of the storage pool of FA, shifted towards longer carbon chains in
some lipid classes in females, can account for the observed sex
specificity of VC lipids.

The quest for an unambiguous verification of these hypotheses
prompts further studies aiming at dynamics in VC production and
composition involving newborn males and females of varied
gestational age. Because of extreme complexity of VC lipids,
lipidomics approaches based on cutting edge analytical chemistry
are desirable.

References

1. Hoath SB, Pickens WL, Visscher MO (2006) The biology of vernix cascosa.
Int J Cosmetic Sci 28:319-333.

2. Singh G, Archana G (2008) Unraveling the mystery of vernix caseosa.
Indian ] Dermatol 53:54-60.

3. Youssef W, Wickett RR, Hoath SB (2001) Surface free energy characterization
of vernix cascosa. Potential role in waterproofing the newborn infant. Skin Res
Technol 7:10-17.

4. Tansirikongkol A, Wickett RR, Visscher MO, Hoath SB (2007) Effect of Vernix
Cascosa on the Penetration of Chymotryptic Enzyme: Potential Role in
Epidermal Barrier Development. Pediatr Res 62:49-53.

PLOS ONE | www.plosone.org

Conclusions

In the present study, we show that the quantitative pattern of
lipids contained in the vernix caseosa of full-term newborns is sex-
specific, namely because of the higher proportions of wax esters
and triacylglycerols with longer hydrocarbon chains in newborn
girls. These results pave the way to further investigations of the
vernix caseosa, aiming at both structural and dynamic patterns of
the lipid constituents and biological determinants underlying these
patterns.

Supporting Information

Figure S1 Image of semipreparative thin layer silica gel plate
with separated zones of vernix caseosa lipids.

(PDF)

Table S1 List of subjects, their basic biological characteristics
and sampled body parts.

(PDF)

Table $2 Suitability of the MALDI matrices for neutral lipids of
Vernix caseosa.

(PDF)
Table S3
(PDF)

Relative peak areas of fatty acid methyl esters.

Table S4 Relative intensities of wax esters in vernix caseosa of
newborn boys and girls.

(PDF)

Table 85 Relative intensities of triacylglycerols in vernix caseosa
of newborn boys and girls calculated from MALDI spectra (mean
+ SD).

(PDF)

Author Contributions

Conceived and designed the experiments: RM VV RH AD JC. Performed
the experiments: RM EH VV. Analyzed the data: RM EH VV RH PC.
Contributed reagents/materials/analysis tools: ZH RP AD. Wrote the
paper: RM VV RH PC ZH RP JC.

w

. Yoshio H, Tollin M, Gudmundsson GH, Lagercrantz H, Jornvall H, et al. (2003)
Antimicrobial Polypeptides of Human Vernix Caseosa and Amniotic Fluid:
Implications for Newborn Innate Defense. Pediatr Res 53:211-216.

6. Tollin M, Bergsson G, Kai-Larsen Y, Lengqvist J, Sjovall J, et al. (2005) Vernix
caseosa as a multi-component defence system based on polypeptides, lipids and
their interactions. Cell Mol Life Sci 62:2390-2399.

7. Visscher MO, Narendran V, Pickens WL, LaRuffa AA, Meinzen-Derr J, et al.
(2005) Vernix cascosa in neonatal adaptation. J Perinatol 25:440-446.

8. Bautista MI, Wickett RR, Visscher MO, Pickens WL, Hoath SB (2000)

Characterisation of Vernix Caseosa as a Natural Biofilm: Comparison to

Standard Oil-Based Ointments. Pediatr Dermatol 17:253-260.

June 2014 | Volume 9 | Issue 6 | 99173



20.

21.

22.

23.

25.

Nopper AJ, Horii KA, Sookdeo-Drost S, Wang TH, Mancini AJ, et al. (1996)
Topical ointment therapy benefits premature infants. J Pediatr 128:660-669.
Tansirikongkol A, Visscher MO, Wickett RR (2007) Water-handling properties
of vernix caseosa and a synthetic analogue. J Cosmet Sci 58:651-662.

. Agren J, Zelenin S, Hakansson M, Eklof AC, Aperia A, et al. (2003)

Transepidermal Water Loss in Developing Rats: Role of Aquaporins in the
Immature Skin. Pediatr Res 53:558-565.

Rissmann R, Oudshoorn MH, Kocks E, Hennink WE, Ponec M, et al. (2008)
Lanolin-derived lipid mixtures mimic closely the lipid composition and
organization of vernix caseosa lipids. Biochim Biophys Acta 1778:2350-2360.
Rissmann R, Oudshoorn MH, Zwier R, Ponec M, Bouwstra JA, et al. (2009)
Mimicking vernix caseosa—Preparation and characterization of synthetic
biofilms. Int J Pharm 372:59-65.

Kirkkainen J, Nikkari T, Ruponen S, Haahti E (1965) Lipids of vernix cascosa.

J Invest Dermatol 44:333-338.

Nazzaro-Porro M, Passi S, Boniforti L, Belsito F (1979) Effects of aging on fatty
acids in skin surface lipids. J Invest Dermatol 73:112-117.

Rissmann R, Gooris G, Ponec M, Bouwstra J (2009) Long periodicity phase in
extracted lipids of vernix caseosa obtained with equilibration at physiological
temperature. Chem Phys Lipids 158:32-38.

Ansari MN, Fu HC, Nicolaides N (1970) Fatty acids of the alkane diol diesters of
vernix caseosa. Lipids 5:279-282.

Nicolaides N, Apon JM, Wong DH (1976) Further studies of the saturated
methyl branched fatty acids of vernix caseosa lipid. Lipids 11:781-790.
Rissmann R, Groenink HW, Weerheim AM, Hoath SB, Ponec M, et al. (2006)
New Insights into Ultrastructure, Lipid Composition and Organization of
Vernix caseosa. J Invest Dermatol 126:1823-1833.

Stewart ME, Quinn MA, Downing DT (1982) Variability in the fatty-acid
composition of wax esters from vernix-caseosa and its possible relation to
sebaceous gland activity. J Invest Dermatol 78:291-295.

Schiller J, Siiss R, Fuchs B, Muller M, Zschornig O, et al. (2007) MALDI-TOF
MS in lipidomics. Front Biosci 12:2568-2579.

Fuchs B, Schiller J (2009) Application of MALDI-TOF mass spectrometry in
lipidomics. European Journal of Lipid Science and Technology 111:83-98.
Schiller ], Siiss R, Arnhold J, Fuchs B, Lessig J, et al. (2004) Matrix-assisted laser
desorption and ionization time-of flight (MALDI-TOF) mass spectrometry in
lipid and phospholipid research. Prog Lipid Res 43:449-488.

. Murphy RC, Fiedler J, Hevko J (2001) Analysis of nonvolatile lipids by mass

spectrometry. Chem Rev 101:479-526.

Asbury GR, Al-Saad K, Siems WF, Hannan RM, Hill HH (1999) Analysis of
triacylglycerols and whole oils by matrix assisted laser desorption/ionization
time of flight mass spectrometry. J] Am Soc Mass Spectrom 10:983-991.

PLOS ONE | www.plosone.org

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

Lipid Composition of Vernix Caseosa

Vrkoslav V, Mikova R, Cvacka J (2009) Characterization of natural wax esters
by MALDI-TOF mass spectrometry. ] Mass Spectrom 44:101-110.

Zouboulis CC, Baron JM, Bshm M, Kippenberger S, Kurzen H, et al. (2008)
Frontiers in sebaceous gland biology and pathology. Exp Dermatol 17:542-551.
Pochi PE, Strauss JS (1974) Endocrinologic control of the development and
activity of the human sebaceous gland. J Invest Dermatol 62:191-201.

Smith KR, Thiboutot DM (2008) Sebaceous gland lipids: friend or foe? J Lipid
Res 49:271-281.

Stewart ME, Downing DT (1981) Separation of Wax Esters from Steryl Esters
by Chromatography on Magnesium Hydroxide. Lipids 16:355-359.
Nicolaides N (1970) Magnesium Oxide as an Adsorbent for the Chromato-
graphic Separation of Molecules According to their Degree of Flatness, e.g. the
Separation of Wax Esters from Sterol Esters. J Chromatogr Sci 8:717-720.
Carrol KK (1961) Separation of lipid classes by chromatography on florisil.

J Lipid Res 2:135-141.

Stransky K, Jursik T (1996) Simple Quantitative Transesterification of Lipids.
Introduction. Fett/Lipid 98:65-71.

Hidaka H, Hanyu N, Sugano M, Kawasaki K, Yamauchi K, et al. (2007)
Analysis of Human Serum Lipoprotein Lipid Composition Using MALDI-TOF
Mass Spectrometry. Ann Clin Lab Sci 37:213-221.

Zschornig O, Pietsch M, Siiss R, Schiller J, Giitschow M (2005) Cholesterol
esterase action on human high density lipoproteins and inhibition studies:
detection by MALDI-TOF MS. J Lipid Res 46:803-811.

Astigarraga E, Barreda-Gémez G, Lombardero L, Fresnedo O, Castafio I, et al.
(2008) Profiling and Imaging of Lipids on Brain and Liver Tissue by Matrix-
Assisted Laser Desorption/Ionization Mass Spectrometry Using 2-Mercapto-
benzothiazole as a Matrix. Anal Chem 80:9105-9114.

Fuchs B, Siiss R, Schiller J (2010) An update of MALDI-TOF mass spectrometry
in lipid research. Prog Lipid Res 49:450-475.

Stiibiger G, Belgacem O (2007) Analysis of Lipids Using 2,4,6-Trihydroxyace-
tophenone as a Matrix for MALDI Mass Spectrometry. Anal Chem 79:3206—
3213.

Hauff'S, Vetter W (2010) Exploring the fatty acids of vernix caseosa in form of
their methyl esters by off-line coupling of non-aqueous reversed phase high
performance liquid chromatography and gas chromatography coupled to mass
spectrometry. J Chromatogr A 1217: 8270-8278.

Hanley K, Rassner U, Jiang Y, Vansomphone D, Crumrine D, et al. (1996)
Hormonal Basis for the Gender Difference in Epidermal Barrier Formation in
the Fetal Rat. J Clin Invest 97:2576-2584.

June 2014 | Volume 9 | Issue 6 | 99173



O

. MASS
Research Article SPECTROMETRY

Received: 26 March 2008 Accepted: 11 July 2008 Published online in Wiley Interscience: 29 September 2008

(www.interscience.com) DOI 10.1002/jms.1476

Characterization of natural wax esters by
MALDI-TOF mass spectrometry

Vladimir Vrkoslav, Radka Mikova and Josef Cvacka*

The applicability of matrix-assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF MS) to the
analysis of wax esters (WEs) was investigated. A series of metal salts of 2,5-dihydroxybenzoic acid (DHB) was synthesized
and tested as possible matrices. Alkali metal (Li, Na, K, Rb, Cs) and transition metal (Cu, Ag) salts were studied. The matrix
properties were evaluated, including solubility in organic solvents, threshold laser power that should be applied for successful
desorption/ionization of WEs, the nature of the matrix ions and the mass range occupied by them, and the complexity of
the isotope clusters for individual metals. Lithium salt of dihydroxybenzoic acid (LiDHB) performed the best and matrices
with purified lithium isotopes (°LiDHB or 7LiDHB) were recommended for WEs. Three sample preparation procedures were
compared: (1) mixing the sample and matrix in a glass vial and deposition of the mixture on a MALDI plate (Mix), (2) deposition
of sample followed by deposition of matrix (Sa/Ma), and (3) deposition of matrix followed by deposition of sample (Ma/Sa).
Morphology of the samples was studied by scanning electron microscopy. The best sample preparation technique was Ma/Sa
with the optimum sample to matrix molar ratio 1:100. Detection limit was in the low picomolar range. The relative response
of WEs decreased with their molecular weight, and minor differences between signals of saturated and monounsaturated WEs
were observed. MALDI spectra of WEs showed molecular adducts with lithium [M + Lil*. Fragments observed in postsource
decay (PSD) spectra were related to the acidic part of WEs [RCOOH + Lil* and they were used for structure assignment. MALDI
with LiDHB was used for several samples of natural origin, including insect and plant WEs. A good agreement with GC/MS data
was achieved. Moreover, MALDI allowed higher WEs to be analyzed, up to 64 carbon atoms in Ginkgo biloba leaves extract.
Copyright () 2008 John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article.
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Introduction meibomian gland at the rim of the eyelids. WEs in the meibomian
gland secretion are important in eye protection and prevention of
dry eyes or blepharitis.!'?

Natural WEs are mixtures where individual molecular species
differ in chain length and number of double bonds in both acidic
and alcoholic parts of the molecule. Reliable analytical methods
are necessary for thorough characterization of the mixtures.
WEs are usually analyzed by GC often with MS detection.!'! 13!
However, low volatility of long-chain WEs does not allow them
to be directly separated by GC. WEs are then hydrolyzed and the
reaction mixtures are injected onto a GC column.[*=1®! Overall
composition of FAs and alcohols is obtained, but information
about structures of the original WEs is lost. Moreover, such
procedures are laborious, time consuming, and require larger
amounts of samples. High-temperature GC is a more appropriate
technique for WEs analysis.'”'® A limited number of papers
has been published on high-performance liquid chromatography
mass spectrometry (HPLC/MS) analysis of WEs. WEs from hairl'”!
and human meibum!?” were analyzed by atmospheric pressure
chemical ionization (APCl) and electrospray ionization (ESI),
respectively. Liquid chromatography mass spectrometry (LC/MS)

Wax esters (WEs) are an important class of lipids consisting of
long-chain fatty alcohols esterified with long-chain fatty acids
(FAs). They are the main constituents of waxes, the commercial
products of natural or synthetic origin used in large quantities
in cosmetics, polishes, lubricants, surface coating, and many
other applications. Almost all organisms biosynthesize WEs.!"!
They are important storage lipids in some prokaryotes, e.g. strains
of Acinetobacter produce and store enormous amounts of WEs
under nitrogen-limiting conditions.! WEs in plants are found in
epicuticular layer that restricts nonstomatal water loss, protects
against ultra-violet (UV) radiation, and reduces water retention
on the surface.’) Plant waxes (e.g. oil from seeds of jojoba or
wax from leaves of the carnauba palm) are important industrial
raw materials. Insects are protected against desiccation, wear,
and microbial penetration by cuticular waxy layer.! Some insect
waxes are used commercially, e.g. Chinese wax produced by certain
scale insects in China, India, and Japan, or beeswax secreted by
young worker bees of the genus Apis. WEs are also important
components of oil produced by the uropygial gland of birds."”!
In terrestrial mammals, they are mostly associated with the skin.
Lanolin from wool-bearing animals has been used since very
ancient times. In humans, WEs are found in sebum produced | —

by sebaceous glands that protect and waterproof hair and skin. * Correspondence to: Josef Cvacka, Institute of Organic Chemistry and Biochem-

Sebaceous glands are involved in skin problems such as acne istry, Academy of Sciences of the Czech Republic, Flemingovo ndm. 2, CZ-166
6] . . 10 Prague, Czech Republic. E-mail: cvacka@uochb.cas.cz

or seborrhea.'® Earwax (cerumen) plays an important role in the

human ear canal, assisting in cleaning, lubrication, and protection Institute of Organic Chemistry and Biochemistry, Academy of Sciences of the

against bacteria.l”8! A special kind of sebaceous glands is the Czech Republic, Flemingovo ndm. 2, CZ-166 10 Prague, Czech Republic
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and APCI™ or ESI with Ag™ cationization (coordination ion spray
MS)22 were used for analysis of jojoba oil. Lithium adducts of
WEs were generated in ESI source to characterize waxes from ivy
leaves.[?*!

Matrix-assisted laser desorption/ionization mass spectrometry
(MALDI-MS) is a powerful technique which becomes increasingly
important also for the analysis of compounds of low polarity,
i.e. neutral lipids or hydrocarbon polymers.?4-3%1 Protonation
of low or nonpolar compounds is not favored, but they can
be ionized using various metal ions. MALDI-MS is often used
for profiling and analysis of triacylglycerol (TAG) mixtures.26-2°]
TAGs are easily ionized with alkali metal ions even if there is
no metal salt added.’®) The most frequent matrix for TAGs
is 2,5-dihydroxybenzoic acid (DHB). Other compounds, e.g.
2,4,6-trihydroxy-acetophenonel?®! or a-cyano-4-hydroxycinnamic
acid?® was used as well. MALDI of entirely nonpolar hydrocarbons
(HCs) or HC polymers is considerably more challenging. The use of
silver ions for cationization of HCs was demonstrated in 199653
and adopted in several other papers.3'-33] Later, a convenient
method utilizing lithium cationization was introduced.? The
matrix and the cationization reagent were combined in one
compound, lithium 2,5-dihydroxybenzoate (LiDHB). The method
was applied for the analysis of an insect’s cuticular HCs.1>*) LiDHB
was found to provide lithium adducts also with other nonpolar
lipids, including WEs.34

The present study was undertaken to explore the utility of
MALDI-TOF for analysis of WEs and their mixtures. The objectives
were (1) to test DHB and various DHB metal salts as possible
matrices/cationization agents for WEs, (2) to optimize sample
preparation procedure, (3)to learn about the morphology of
sample/matrix deposits, and (4) to report on the performance and
applications of the method.

Experimental
Abbreviations and nomenclature of WEs

In this work, a simple abbreviated nomenclature for an unambigu-
ous naming of WEs was adopted.""! The first part of the abbrevi-
ations refers to the alcoholic segment of the molecule, whereas
the second part indicates fatty acid. Thus, for instance, an ab-
breviation 18:0-22:0 is used for octadecyl docosanoate (stearyl
behenate), 22:0-18:0 is used for docosanoyl octadecanoate
(behenyl stearate), and 22:0-18:1n-9 is used for docosanoyl
(9Z)-octadecenoate (behenyl oleate).

Chemicals

Standards of WEs (purity 99%) were purchased from Nu-Chek-Prep
(Elysian, MN, USA) or Sigma-Aldrich. Polyethylene glycols (PEGs)
(PEG 400, PEG 600, PEG 1000), DHB, and metal salts (reagent
or analytical grade) were from Sigma-Aldrich, Fluka, or Lachema
(Brno, Czech Republic). Solvents used for sample and matrix
preparation (chloroform, diethyl ether, hexane, acetone, and
methanol) were distilled in glass from analytical-grade solvents.
Deionized water purified in a Milli-Q system (Millipore) was used
for synthesis of matrices.

Matrices

Matrices — metal salts of DHB - were synthesized by neutralization
of DHB dissolved in water with hydroxides (°LiOH, 7 LiOH, RbOH),

carbonates (Li,COs3, Cs,CO3), bicarbonates (NaHCOs3;, KHCO3),
or basic carbonate (CuCOs - Cu(OH),). Reaction conditions for
synthesis of LiDHB were as follows: DHB (0.50 g; Fluka, Product
No. 37550) was dissolved in water (10ml) at 40°C and the
stoichiometric amount of Li;CO3 (0.12 g; Lachema Brno, reagent
grade) was added. The pH of the reaction mixture had to
be kept in acidic or neutral range to prevent formation of
colored oxidized products. The volume of the solvent was
slowly reduced to 1 ml by evaporation on a hot plate and the
reaction mixture was cooled in a refrigerator (4 °C). Crystallization
was initiated by scratching the walls of the vessel with a
glass rod. White, needle-like small crystals were separated by
filtration and washed with 1 ml of CHCl;. The crystals were
placed in a desiccator for 36 h to remove residual water. Other
DHB salts were prepared in an analogous way except silver
2,5-dihydroxybenzoate which was precipitated from aqueous
solutions of DHB and AgNO;. The photosensitive product was
quickly separated and air-dried in the dark. Preparation of copper
(1) 2,5-dihydroxybenzoate required heating the reaction mixture
to a temperature close to the boiling point for 3 h. The matrices
crystallized from water solutions as hydrates. The number of
molecules of water of crystallization was determined by classical
elemental analysis using 2400 Series Il CHNS/O Analyzer (Perkin-
Elmer, Waltham, MA, USA). The matrices were abbreviated as
follows: lithium 2,5-dihydroxybenzoate tetrahydrate as °LiDHB,
7LiDHB, LiDHB; sodium 2,5-dihydroxybenzoate pentahydrate as
NaDHB; potassium 2,5-dihydroxybenzoate dihydrate as KDHB;
rubidium 2,5-dihydroxybenzoate dihydrate as RbDHB; cesium
2,5-dihydroxybenzoate hemihydrate as CsDHB; copper (Il) 2,5-
dihydroxybenzoate tetrahydrate as Cu(DHB),; and silver 2,5-
dihydroxybenzoate hemihydrate as AgDHB.

WEs samples

Samples of WEs were isolated from the wings of the gray flesh
fly Neobellieria bullata, the leaves of the maidenhair tree Ginkgo
biloba and virgin beeswax. Wings of N. bullata flies (180 indiv.)
were carefully separated and extracted three times with CHCl3
(2 ml). G. biloba leaves (5 nos.) were extracted three times with
10 ml of CHCl3 and the combined extracts were dried with
anhydrous MgSO,. Honeycomb beeswax (10 mg) was dissolved
in 100 pl of CHCls. Crude extracts of all samples were evaporated
almost to dryness and separated on precleaned glass thin layer
chromatography (TLC) plates (36 mm x 76 mm) coated with
Adsorbosil-plus [Applied Science Labs; layer thickness 0.2 mm
with gypsum (12%)] using hexane : diethylether (93 : 7, v/v) mobile
phase. TLC zones were visualized by spraying with rhodamine
6G solution (0.05% in ethanol) and inspected under UV light
(254 nm). WE standards (22:0-18:1n-9, 22:0-20:0) got eluted
with Rg = 0.75. The areas corresponding to Rg = 0.70-0.80 were
scraped off the plates and extracted with 8 ml of freshly distilled
diethyl ether. Solvent was evaporated off under a stream of argon.
Residues were weighed, dissolved in CHCl; to a concentration of
2.5mg/ml, and stored in sealed glass vials at —18°C. Plastic
equipment was avoided during all manipulations with the
samples and solvents to prevent possible contamination. Trans-
esterification of WEs was performed according to a published
method.

MALDI mass spectrometry

MALDI-TOF experiments were performed on Reflex IV (Bruker
Daltonik GmbH, Bremen, Germany) operated in the reflectron

www.interscience.wiley.com/journal/jms

Copyright (© 2008 John Wiley & Sons, Ltd.

J. Mass. Spectrom. 2009, 44, 101-110



Analysis of natural wax esters by MALDI-TOF MS

MASS
SPECTROMETRY

mode with the acceleration voltage of 20 kV and 200 ns extraction
pulse. Desorption and ionization were achieved using a nitrogen
UVlaser(337.1 nm,4 ns pulse of 300 pJ, maximum frequency 20 Hz,
adjustable laser power 0-100%). Matrix ions were suppressed
below m/z 300 with the exception of fragmentation and matrix
ions studies. Data were collected and analyzed using FlexAnalysis
3.0 software (Bruker Daltonik GmbH, Bremen, Germany). Spectra
were averaged from 400 to 1000 laser shots. Postsource decay
(PSD) spectra were recorded by stepping the reflectron voltage
and stitching spectra together in the individual segments (200
laser shots for each segment). Precursors were selected using an
ion selector with 20 mass units window. Before use, the MALDI
plates (MTP 387-position ground steel target; Bruker Daltonik)
were thoroughly cleaned by sonication in methanol : water (1:1
v/v) and CHCl3, rinsed with CHCl3, and air-dried. Samples dissolved
in CHCl3 were spotted on the target using three techniques as
follows:

1. Mix technique: Sample (0.8 ul) and matrix (0.8 pl) were mixed
together in a small glass vial. The mixture was spotted on the
MALDI plate and allowed to evaporate.

2. Sa/Ma technique: Sample (0.8 ul) was spotted on the MALDI
plate. The solvent was left to dry. Matrix (0.8 ul) was applied
on the top of the sample and allowed to evaporate.

3. Ma/Sa technique: Matrix (0.8 ul) was spotted on the MALDI
plate. The solvent was left to dry. Sample (0.8 pl) was applied
on the top of the matrix and allowed to evaporate.

The mass spectra were externally calibrated using a mixture
of PEG 400, 600, and 1000. For thorough method evaluation,
the instrument was set in ‘auto’ mode and the spectra were
averaged from 1000 laser shots (10 x 100 shots). At least 15
measurements were performed in parallel for reliable statistical
data evaluation.

Scanning electron microscopy

The morphology of MALDI samples was examined by scanning
electron microscopy (SEM) using JSM-6380LV instrument (JEOL,
Japan). The samples were deposited on small, round stainless
steel plates (diameter 35 mm, thickness 2 mm) and sputtered with
gold. The roughness of the plate surface was modified by abrasive
powder (Al;03, 1000 grit, Carborundum Electrite, Czech Republic)
to obtain a surface of morphology similar to Bruker’s ground steel
MALDI plate. SEM images were taken using acceleration voltage
10-15 kV and spot size 52-38.

Gas chromatography/mass spectrometry

GC/MS analyses were performed on a 6890N gas chromatograph
coupled to a 5975B mass spectrometer, equipped with El and
quadruple analyzer (Agilent Technologies). WEs (1 ul, 0.25 mg/ml
in CHCl3) were injected manually in splitless mode. The injector
temperature was 260 °C. An HP5-MS fused silica capillary column
(30m x 250 um; film thickness 0.25 um; Agilent Technologies)
was used for separations. The carrier gas was helium at a constant
flow rate 2.5 ml/min. Temperature program: 60 °C (2 min), then
10°C/minto 260 °C, then 2 °C/min to 320 °C (70 min). Mass spectra
were recorded from m/z 25 to 900; El source temperature was
230°C. Trans-esterified mixtures of WEs were analyzed using
the same instrument. The temperature program: 40°C (0 min),
50°C/min to 140 °C, then 3 °C/min to 320 °C (20 min); the carrier
gas flow rate was 1 ml/min. Fatty acid methyl esters (FAMEs)
and alcohols were identified based on their mass spectra and/or
co-injection with standards.

Results and Discussion

Evaluation of matrices
Matrix ions

Alkali metal (Li, Na, K, Rb, Cs) and transition metal (Cu, Ag)
salts of DHB were examined to learn about the nature of matrix
ions and to determine mass ranges occupied by them. Matrices
were dissolved in MeOH/H,0 (1:1, v/v) at a concentration of
10 mg/ml and deposited (0.8 ul) on a stainless steel target. For
the insoluble AgDHB, a suspension in MeOH/H,O was used.
When irradiated with a laser pulse, the matrices offered complex
mixtures of ions. Several common features were found for all
matrices. All matrices provided singly charged metal ion [Metal] ™.
In addition, metal ion clusters [Metal,]* were observed, where
n typically equaled 2 for alkali metals and reached up to 5 for
silver. Singly charged metal adducts of DHB ([DHB + Metal]*)
were found in all matrices with the exception of RbDHB and
CsDHB. Metals also readily replaced hydrogens in —OH groups,
forming series of [DHB — H + 2Metal]™, [DHB — 2H + 3Metal]™,
and [DHB — 3H + 4Metal]™ ions. lons formed after neutral loss
of water from [DHB + Metal]* were observed in matrices with Li,
Cu, and Ag. Silver and copper matrices also provided adducts of
two DHB molecules, [2DHB + Metal]* and ions after loss of water
from these species ([2DHB — H,0 + Metal] ™). Besides the ions
described here, other ions with so far unknown structures have
also been detected, particularly in the case of RoDHB and CsDHB.
Very complex mixtures of ions were generated from all matrices
in a very short period after irradiation.>*!

These ions were not studied in detail as they disappeared
quickly and did not interfere with the MALDI analysis. From
the practical point of view it was important to know mass
ranges which are free of matrix ions. Interestingly, m/z ranges
occupied by the matrix ions increased with the size (atomic
number) of the metal cation (Table 1). The MALDI spectra of all
2,5-dihydroxybenzoates considered in this study are available in
Supporting Information.

Applicability of matrices for WEs

A solution of 16:0-18:1n-9 in CHCl; (2.5 mg/ml, 0.8 ul) was
mixed with matrix (10 mg/ml, 0.8 ul) and spotted on the target
plate. Solvent mixtures for each matrix were optimized to ensure

Table 1. Properties of the matrices

Matrix Solvent® acetone/
Matrix ions? CHCl3/MeOH
DHB 0-420 2:1:0
6LiDHB, ’LiDHB, LiDHB 0-200 2:1:0
NaDHB 0-250 5:3:1
KDHB 0-310 5:3:2
Cu(DHB), 0-380 2:1:0
RbDHB 0-550 5:3:3¢
AgDHB 0-650 -d
CsDHB 0-750 5:3:2
@ Mass range, where matrix cluster ions occur.
b Optimized composition of solvent for dissolution of matrix
(10 mg/ml).
¢ Saturated solution.
d AgDHB is insoluble. Suspension in MeOH/H, 0 (1: 1) was used.

J. Mass. Spectrom. 2009, 44, 101-110
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Figure 1. MALDI spectra of 16:0-18: 1n-9 (FW 506.9) measured in °LiDHB
(a) and AgDHB (b) matrix.

sufficient solubility and miscibility with the sample dissolved in
CHCl3 (Table 1). AgDHB was used as suspension in MeOH/H,O.
Except for CsDHB, all 2,5-dihydroxybenzoates provided molecular
adduct [M+Metal]™ with the expected isotope cluster (Supporting
Information). In the case of DHB, only sodium adducts were
detected but no protonated molecular ions. MALDI spectra
of 16:0-18:1n-9 in °LiDHB and AgDHB matrices are shown
in Fig.1. The relative values of threshold laser power that
needs to be applied for successful desorption/ionization of WEs
were compared. The lowest relative laser power (100% - laser
attenuation) was required for ionization from AgDHB (25%).
Cu(DHB), and all matrices with lithium needed 40%. NaDHB and
DHB containing traces of sodium required relative laser power of
50%. The ionization was, however, more efficient with NaDHB and
also fewer matrix cluster ions were formed when compared with
DHB. Considerably higher laser powers were required forionization
from KDHB (70%). Besides the expected adduct [M + K]T, the
spectra also showed chromium adduct [M + Cr] ™. A likely source
of chromium was stainless steel MALDI target which was exposed
after quick ablation of sample. When chromium (l1l) chloride was
intentionally added, the intensity of [M+Cr]™ increased. Threshold
laser power of 70% was needed for RoDHB, but only a weak signal
of [M + Rb]™ was observed for unsaturated WEs. Saturated WEs

did not provide any molecular adducts with Rb. CsDHB was
useless for MALDI of WEs, as no molecular adducts with Cs were
detected.

The complexity of the isotope clusters is also an important
parameter to be considered, particularly concerning mixture
analysis. Sodium and cesium were the only monoisotopic elements
among the tested metals. Other elements exist in nature as
mixtures of two or more isotopes, e.g. '%Ag/'%°Ag (51.35/48.65),
63Cu/%Cu (69.09/30.91), or 3°K/4°K/4'K (93.08/0.01/6.91). The
most abundant isotopes differ by two mass units, which is
the same difference as in a pair of unsaturated and saturated
WE. In consequence, interpreting the spectra is troublesome.
Natural lithium is a mixture of two isotopes differing by
one mass unit, °Li (7.52%) and ’Li (92.48%). When used for
cationization, MALDI spectra are more easily interpreted. However,
matrices with purified lithium isotopes (°LiDHB, ’LiDHB) offer
the most straightforward spectra interpretation. They combine
good ionization properties of lithium and the advantages of a
monoisotopic element.

Taken together, lithium-based DHB matrices performed best
for analysis of WEs. They facilitated efficient cationization of
WEs at relatively low laser powers. Purified lithium isotopes did
not complicate isotopic patterns of molecular adducts, which
enabled straightforward assignment of the molecular weights.
Matrix clusters did not interfere with WE signals in the mass range
starting from m/z 200. The matrices were soluble in solvents of
low polarity, thus ensuring a good mixing with samples. For the
next experiment °LiDHB was selected, but similar results can be
expected for ’LiDHB.

MALDI of WEs with SLiDHB matrix
Morphology of the sample deposits

Sample preparation is a crucial step, which affects signal intensity
and reproducibility to a great extent. Three protocols (Mix,
Sa/Ma, and Ma/Sa; see Experimental Section for details) were
thoroughly tested using a mixture of saturated WEs (16:0-16:0,
18:0-18:0, 20:0-20:0, 22:0-22:0; 2.5mg/ml in CHCl3) and
SLiDHB (10 mg/ml in acetone/CHCl3, 2: 1, v/v).

A drop of matrix solution (0.8 pl) was left to dry on a stainless
steel target. The solvent quickly evaporated. SEM revealed thin
crystals adhering to the plate (Fig. 2(a)). The crystals were evenly
distributed across the spot, although those on the rim were larger.
The overall appearance of the spot changed when WEs were
added. The morphology of the deposits was highly dependent on
the sample preparation protocol. In general, matrix crystals were
bladed or formed as rosettes. They appeared to be covered
by a waxy film (Fig.2(b)). Crystal sizes differed substantially
with the sample preparation (Fig.3). The largest crystals or
cluster of crystals were observed for the Mix procedure. Their
dimensions were at least 100 um and reached up to 500 um
in some samples. Large crystals were probably formed because
of the substantial time available for their development. Upon
deposition on the target, a thin crust of wax was quickly formed on
the drop surface thus preventing rapid evaporation of solvent.
Similar to the Mix technique, large crystals (~100um) were
formed also in Sa/Ma protocol. The solvent used for matrix
dissolution (acetone/chloroform 2:1) dissolved WEs, at least
partially. A waxy crust was formed enabling large crystals to
be developed. By contrast, the crystals in Ma/Sa technique were
formed rapidly, as no barrier hampered the quick evaporation
of the solvent. Subsequent deposition of WEs in CHCl3 did
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Figure 2. SEM image of SLiDHB crystallized on a stainless steel target
from CHCl3 [(a) magnification of 300x] and a detail of a large group of
SLiDHB crystals in the sample of saturated WEs (16:0-16:0, 18:0-18:0,
20:0-20:0,22:0-22:0) prepared by Sa/Ma technique [(b) magnification
of 600x].

not affect them, because °LiDHB is poorly soluble in CHCls.
Small crystals up to 10 um were formed. The Ma/Sa technique
provided morphologically the most uniform samples for MALDI
analysis.

Evaluation of the sample preparation protocols

The mass spectra of samples prepared by the above-mentioned
sample preparation protocols were compared. The instrument was
operated in ‘auto’ mode which ensured unbiased measurement
of data. For each protocol, 30 spectra (averaged from 10 x 100
shots) were recorded from several distinct spots. The results for
18:0-18:0 are given in Table 2. The Mix technique provided
signal of the lowest intensity, which is partially explained by
the loss of sample when transferred from a small glass vial
to the MALDI plate. Note that direct mixing of sample and
matrix on the MALDI target is not possible because of very
fast evaporation of organic solvents. The lithium molecular
adducts were detected only in ~1/3 of all measurements.

Table 2. Statistical evaluation of lithium adduct of 18:0-18:0 (m/z
542.6) obtained using various sample preparation techniques?

Relative

standard
Spotting Signal deviation Spectra without
technique intensity (a.u.) (RSD)(%) signal (%)
Mix 4800 162 30
Sa/Ma 15600 63 3
Ma/Sa 25400 48 3

@ All data calculated from 30 MALDI spectra, each spectrum summed
from 10 x 100 shots.

Their intensities were poorly reproducible, obviously because
of the strong tendency to ‘sweet spot’ formation. The Sa/Ma
procedure gave more intense and reproducible signals. The best
values were obtained for Ma/Sa technique, offering the most
intense signal, best reproducibility, and low percentage of spectra
without any signal. The spectral quality correlated well with the
morphology of the samples. Ma/Sa sample preparation procedure
was previously shown to work well also for other lipid classes,
including TAGs.12¢!

The thickness of the matrix layer is another important parameter
in Ma/Sa method affecting spectral quality. It can be modified
using solvents with different properties. Surface tension and
volatility affect spread of the drop (spot diameter, crystal size)
and speed of evaporation (crystal size). Three solvents were
used for preparation of matrix solution (10 mg/ml): (1) methanol,
(2) acetone/chloroform (2:1, v/v), and (3) methanol/water (1:1,
v/v). Methanolic solution of °LiIDHB spreads over a large area
leaving only a very thin layer of fine crystals. The sample was
consumed rapidly and the signal also faded away quickly. Addition
of water (1: 1) resulted in a thick layer of large crystals concentrated
on a very small area (2 mm?). Deposits of an optimal thickness
and size were formed from acetone/chloroform (2:1) mixture.
The matrix solution remained in a single well on the MALDI plate
(10 mm?) and small crystals were formed. The relative intensity
of [M + SLil™ prepared by Ma/Sa with various matrix solvents
decreased in the order: acetone/chloroform (100%) > methanol
(42%) > methanol/water (33%).

Analytical figures of merit

An optimum ratio between sample and matrix was determined
for Ma/Sa protocol. Matrix solution (0.8 ul, 10 mg/ml) was spotted
on the MALDI plate and the solvent was left to dry. A mixture of
WEs (16:0-16:0,18:0-18:0,20:0-20:0,22:0-22:0) dissolved
in CHCl5 (0.8 ul) was applied on the top of the matrix deposit.
Concentrations of WEs were 0.031, 0.063, 0.125, 0.250, and
0.500 mg/ml, which corresponded to ~35-850 pmol of each WE
in the spot. Intensity of the signal was averaged from 400 spectra.
The maximum signal was achieved for sample concentration of
0.250 mg/ml, which corresponded to the matrix/sample molar
ratio 100:1. Detection limits (S/N = 3) ranged from 1 pmol
(16:0-16:0) to 3 pmol (22:0-22:0).

Relative responses of WEs differing in chain length and
number of double bonds were compared. MALDI spectra of
equimolar mixtures of saturated WEs (16:0-16:0, 18:0-18:0,
20:0-20:0, 22:0-22:0) were recorded. The averaged relative
intensities of [M + SLi]* were as follows: 16:0-16:0 (100%), 18:
0-18:0 (70%), 20:0-20:0 (46%), 22:0-22:0 (40%). Apparently,
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Figure 3. SEM images of samples prepared by Mix (a,b), Sa/Ma (c,d), and Ma/Sa (e,f) technique using ®LiDHB matrix and mixture of saturated WEs
(16:0-16:0,18:0-18:0,20:0-20:0, 22:0-22:0). Magnification of 45 x (left column) and 600x (right column).

the response decreased with the molecular weight. Similar
observations have already been described for TAGs.?®! In the
next experiment, an equimolar mixture of saturated (20:0-20:0)
and unsaturated (22:0-18:1n-9) WE was repeatedly analyzed.
The monounsaturated WE provided a signal higher by 10% on
average than the saturated one. The results showed that the chain
length and number of double bonds affect the ion intensities.
WEs with shorter chains and/or double bonds were preferentially
ionized.

MALDI spectra of WEs

MALDI spectra of WE standards (RCOOR’) showed molecular
adducts with lithium [M + SLi]* (Fig. 4(a)). After an increase of

the laser power (50%), low intensity ions appeared at lower m/z
values. They were identified as lithiated FAs ([RCOOH + SLi]*,
[RCOOSLi + SLil*) and alcohols ([R'OH + SLil*, [R'OSLi + °LiI*).
To exclude the possibility that FAs and alcohols were already
present in the standards, the experiment was repeated with
WEs purified by TLC. The same ions were detected, which could
be explained by the hydrolysis of WEs caused by traces of
water of crystallization from °LiDHB. To prove the hypothesis,
a sample was prepared using matrix dissolved in water. The
same fragments were observed, but their intensities increased
several times. In addition, standards of FAs and alcohols provided
MALDI spectra with the same type of ions: octadecanoic
acid provided m/z 290.3 ([RCOOH + °Lil*) and m/z 295.4
(IRCOO®Li+°Lilt); octadecanol gave m/z 276.3 (IR'OH+Lil™) and
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Figure 4. MALDI (a) and PSD (b) spectrum of 22:0-18:0
(FW 593.0). The sample was prepared using Ma/Sa technique with
SLiDHB matrix.

281.4 ([R'0°Li + SLi]*). Lipid hydrolysis under MALDI conditions
was previously reported by Harvey.?”! Fragmentation of WEs
was further studied by PSD. The only fragment in the spectrum
of 22:0-18:0 (m/z 290) was identified as lithium adduct of
stearic acid (Fig.4(b)). Both saturated and unsaturated WEs
provided [RCOOH + SLi]* fragments. They were presumably
formed by elimination of alkene from [M + SLil*. lons of
the same structure ([RCOOH + Lil*) were the only fragments
observed in ESI-MS/MS spectra of lithium adduct of WEs.[?*
Analogous fragments, [RCOOH + HI* are known from CIB8! or
APCI-MS/MSRY spectra of WEs. When ionized with silver ions, WEs
provided [RCOOH + Agl*™ under collision induced dissociation
(CID) conditions.!??

Analysis of natural WE mixtures

WEs isolated from plant and insect samples were analyzed by
MALDI-TOF. The mass spectrum of epicuticular WEs from G. biloba
leaves is given in Fig. 5(a). It shows many WE molecular species
with 30-64 carbon atoms. Most of them were saturated and
contained an even number of carbons. WEs with odd number of
carbons either in acidic or alcoholic part of the molecule were
detected at considerably lower levels. Unsaturated WEs appeared
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Figure 5. MALDI spectrum of epicuticular WEs from Ginkgo biloba leaves
(a) and cuticular WEs isolated from wings of flesh fly Neobellieria bullata (b).
The samples were prepared using Ma/Sa technique with ®LiDHB matrix.

mostly below m/z 650. MALDI-TOF with SLiDHB matrix detected
WEs almost up to m/z 950. When the same mixture was analyzed
by GC/MS, the peak eluted last consisted of 52 carbons (m/z 760.8)
and its retention time was 108.8 min. G. biloba sample was also
trans-esterified and the resulting mixture of FAMEs and alcohols
was analyzed by GC/MS. The compounds with the longest chains
were geddic acid (tetratriacontanoic, C34) and melissyl alcohol
(triacontanol, C30). When combined, they gave WE with molecular
weight of 929, which corresponded well with the signal in MALDI
spectrum at m/z 935 ([M + SLi]*). The epicuticular waxes from
carnauba palm (Coperniciacerifera) were studied previously.2?4 The
elemental composition of lithium adducts of WEs was confirmed
from the spectra internally calibrated with PEGs. Another example
of natural WE mixture is shown in Fig.5(b). WEs with 34-54
carbon atoms were isolated from the wings of gray flesh fly N.
bullata. Unlike G. biloba WEs, most of them were unsaturated
with 1-2 double bonds. The structure of WEs from beeswax
was studied by PSD. Both saturated and unsaturated WEs with
40-52 carbon atoms were detected (Fig. 6(a)). Figure 6(b) shows
a PSD spectrum (No.1) of [M + SLil* at m/z 598.6. The fragment
at m/z 262 is lithium adduct of palmitic acid. The alcoholic part
of the WE was calculated from the mass difference between
[M + °Li]* and [RCOOH + °Lil*. The structure of this particular
WE was thus determined to be 24:0-16:0. PSD spectrum no.
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Table 3. WEs identified in beeswax
MALDI-TOF MS GC/MS

[M + °LiT™ [RCOOH + SLiI™ M
WE (m/z) (m/z) FA Alcohol? tr (min) (m/z)
24:0-16:0 598.6 262 16:0 24:0 49.4 592.6
24:0-18:1 624.6¢ - - - 53.3 618.6
26:0-16:0 626.6 262 16:0 26:0 53.8 620.6
26:0-18:1 652.7¢ - - - 58.9 646.7
28:0-16:0 654.7 262 16:0 28:0 59.5 648.7
28:0-18:1 680.7 288 18:1 28:0 66.5 674.7
30:0-16:0 682.7 262 16:0 30:0 67.2 676.7
30:0-18:1 708.7 288 18:1 30:0 77.2 702.7
32:0-16:0 710.7 262 16:0 32:0 78.0 704.7
32:0-18:1 736.8 288 18:1 32:0 92.0 730.8
34:0-18:1° 764.8¢ - - - - -
2 Calculated from difference between [RCOOH + °Li]*™ and [M + SLi]*.
b Expected composition.
¢ Too low intensity for PSD.
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Figure 6. MALDI spectrum of WEs isolated from beeswax (a) and PSD
spectra of m/z 599 (spectrum no. 1) and 711 (spectrum no. 2). The samples
were prepared using Ma/Sa technique with °LiDHB matrix.

2 in Fig. 6(b) shows simultaneous fragmentation of two ions at
m/z 708.8 and 710.8. The fragments at m/z 262 and 288 were
associated with palmitic and oleic acids, and the corresponding
alcohols were triacontanol and dotriacontanol, respectively. Note
that it is the only possibility, as the reversed combination, i.e. m/z
288 related to 710.8 did not provide any meaningful result. In the
beeswax sample all unsaturated WEs contained oleic acid, whereas
saturated molecular species were composed of palmitic acid.
MALDI spectra correlated well with ours (Table 3) and previously
published!" GC/MS data.

Conclusions

In conclusion, lithium salt of DHB performed the best among
the matrices tested for WEs. The samples for MALDI analysis
were best prepared by Ma/Sa technique (deposition of matrix,
solvent evaporation, and deposition of WE sample). This sample
preparation ensured formation of small crystals evenly distributed
across the spot with minimum tendency to ‘sweet spots’ formation.
The best signal was obtained for sample to matrix molar ratio
1:100 and the detection limit was in the low picomolar range.
The interpretation of spectra was simplified when matrices with
purified isotopes (°LiDHB or ’LiDHB) were used. PSD spectra
of lithium adducts provided structure-related fragments that
were used for identification of components in natural WE
mixtures.

MALDI-MS has a potential to become a routine analytical tool
for WE analysis. It suits well for rapid WE mixtures profiling and for
detailed structural analysis of individual molecular species. Sample
preparation is fast and easy, as matrix and cationization reagent
are combined in a single substance. When compared with GC/MS,
MALDI-MS offers analysis of WEs with higher molecular weights.
The usefulness of the newly developed method was demonstrated
in several samples of natural origin.

Supporting information

Supporting information may be found in the online version of this
article.
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Abstract A method for localizing double bonds in triacyl-
glycerols using high-performance liquid chromatography—
tandem mass spectrometry with atmospheric pressure chemi-
cal ionization (APCI) was developed. The technique was
based on collision-induced dissociation or pulsed Q
collision-induced dissociation of the C;HsN " adducts ([M +
55]") formed in the presence of acetonitrile in the APCI
source. The spectra were investigated using a large series of
standards obtained from commercial sources and prepared by
randomization. The fragmentation spectra made it possible to
determine (i) the total number of carbons and double bonds in
the molecule, (ii) the number of carbons and double bonds in
acyls, (iii) the acyl in the sn-2 position on the glycerol back-
bone, and (iv) the double-bond positions in acyls. The double-
bond positions were determined based on two types of frag-
ments (alpha and omega ions) formed by cleavages of C—C
bonds vinylic to the original double bond. The composition of
the acyls and their positions on glycerol were established from
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Vernix caseosa.
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Introduction

Triacylglycerols (TGs) are the main storage lipids in animal
and plant tissues and consequently they are the major fat in the
human diet [1]. The TG molecules contain a glycerol back-
bone, to which three fatty acids are esterified; the variety of
fatty acids distributed among the sn-1, sn-2, and sn-3 positions
of glycerol often makes TG mixtures very rich. The structure
of TGs affects their physico-chemical properties and metabol-
ic fates. Therefore, analytical tools which make it possible to
elucidate their molecular structures are of great importance for
various branches of life science and industry.

A complete structural characterization of TGs in their mix-
tures is not an easy task. The molecular species of TGs typi-
cally need to be separated from each other before elucidating
their structures. Chromatographic separations are mostly car-
ried out in various systems based on (U)HPLC in reversed-
phase [2-5], silver-ion [4, 6, 7], and chiral [8] modes. Because
of entirely different separation mechanisms, they can be com-
bined in 2D systems [9, 10]. Retention parameters are useful
for TG characterization, especially when standards are avail-
able for comparison [11]. However, the structures of TGs are
usually deduced from their mass spectra. Various methods are
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used for ionizing TGs, including electrospray ionization (EST)
[5, 12—14], atmospheric pressure chemical ionization (APCI)
[24, 6, 7, 15], atmospheric pressure photoionization (APPI)
[16], matrix-assisted laser desorption/ionization (MALDI)
[17—-19], desorption electrospray ionization (DESI) or desorp-
tion atmospheric pressure photoionization (DAPPT) [20], fast
atom bombardment (FAB) [21], electron ionization (EI) [22],
chemical ionization (CI), and field desorption (FD) [23]. Ion-
ization methods permitting on-line coupling with liquid chro-
matography are more convenient and often indispensable for
complex TG mixtures. The first-stage mass spectra usually
provide information on molecular weight, i.c.. the total num-
ber of carbons and double bonds in TG molecules. Depending
on the ionization used, the spectra may already contain frag-
ments useful for the structure elucidation, for instance ions
formed by a neutral loss of fatty acids. In other cases,
collision-induced dissociation (CID) of the molecular adducts
or ions is used for the structure elucidation.

To date, several mass spectrometry-based strategies have
been demonstrated for the localization of double bonds in TGs
[12, 18, 21, 24-30]. In principle, a double bond can be local-
ized either by direct fragmentation of unsaturated chains uti-
lizing charge-remote fragmentation (CRF) channels, or by
charge- or radical-driven fragmentations of specific products
formed by reactions at the site of a double bond. The CRF of
TGs can be achieved using high-energy CID on double-
focusing or four-sector mass spectrometers and tandem time-
of-flight instruments [18, 21]. Molecular adducts with ammo-
nium ions or sodium ions generated by ESI, FAB, or MALDI
and activated at several keV provide a series of CRF ions by
the elimination of C,H,,.; and C,H,,., from the precursor
ions. The double bond in the chain becomes evident from the
irregularities of the CRF-ion intensities. The CRF can also be
achieved using low-energy CID in triple quads and ion traps
utilizing lithium adducts of TGs [12, 27]. In the fundamentally
different approaches, TGs are chemically derivatized on the
double bond to create products that provide fragments indicat-
ing the original position of the double bond. Such reactions
are preferably performed in the gas phase. A reaction with
ozone introduced into an electrospray ion source (OzESI-
MS) has been used for an on-line analysis of unsaturated
TGs [24]. Ozone-induced fragments bearing an aldehyde
and an a-methoxyhydroperoxide group enabled the localiza-
tion of a double bond. The method was later modified and the
reaction was carried out in an ion-trap analyzer with mass-
selected precursors (OzID) [26], which was also effective for
the identification of double-bond positions in polyunsaturated
TGs [28]. Radical-driven fragmentations promote intrachain
cleavages, which can also be used for localizing double bonds
in TGs. This approach has recently been demonstrated using
bifunctional reagents containing a lipid-adducting group and a
photocaged radical initiator such as 4-iodoaniline [30]. The
reagent is noncovalently attached to a TG molecule; the
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adduct is isolated in an ion trap and irradiated by a UV laser.
The nascent radical unmasked by photodissociation presum-
ably adds to the double bond of TG. Subsequent CID of the
product gives rise to radical-directed dissociation of the unsat-
urated acyl chains.

The double bonds in lipids can also be localized using gas-
phase chemistry of acetonitrile. These approaches are poten-
tially advantageous and convenient for TGs, because acetoni-
trile is commonly used in mobile phases for HPLC separations
and the reactions can be performed directly in the APCI
sources. Common mass spectrometers without any modifica-
tion can be used for this purpose. The acetonitrile gas-phase
reactions were initially utilized for the localization of double
bonds in CI mass spectrometry [31-43]. The lipids reacted
with (1-methylenimino)-1-ethenylium (C3H4N") generated
by an ion-molecule reaction between C,H,N" and neutral
acetonitrile [32, 44]. The [M + C;H4N]" covalent adduct
formed by a [2+2]cycloaddition reaction provided fragments
indicative for the position of a double bond [35]. The method
was mostly applied for fatty acid methyl esters (FAMEs), in-
cluding methylene-interrupted and non-methylene-interrupted
polyunsaturated FAMEs [35-43]. This approach has also been
adapted for APCI and applied for monoene- and diene-
containing TGs [25]. Similarly to CI, the C;H,N " ions reacted
with unsaturated TGs, yielding [M + 54]" covalent adducts.
The CID of [M + 54]" in a triple-quadrupole linear ion trap
provided ions corresponding to cleavage either vinylic or al-
lylic to the site of the double bond. Other acetonitrile-related
adducts, namely [M + 40]", [M + 8177, and [M + 95]", were
formed as well, and these ions were also useful for the local-
ization of double bonds. We have previously demonstrated the
use of APCI and acetonitrile gas-phase chemistry for the lo-
calization of double bonds in various unsaturated neutral
lipids [29, 45, 46]. For the investigated lipids, we have ob-
served the formation of radical cations [M + 551" ([M +
C5HsN]™) rather than [M + 54]" (M + C5H4NT]"), described
for TGs [25]. When fragmented by CID, the [M + 55]" pro-
vided useful diagnostic fragments for the localization of dou-
ble bonds [29, 45, 46]. Moreover, the ion-source conditions
were fully compatible with the high flow rates of solvents
typically used for HPLC/APCI-MS.

Here, we discuss the advantages and limitations of the lo-
calization of double bonds in TGs using ion-trap CID and
pulsed Q collision-induced dissociation (PQD) of [M + 55]*
formed in the presence of acetonitrile. The CID and PQD
fragmentation spectra were measured for a large series of
TG standards differing by the number, position, and geometry
of double bonds to investigate the usefulness of this approach.
The spectra obtained in this way were compiled into an anno-
tated library with 125 entries. The existing methods for the
analysis of TGs based on HPLC/APCI-MS have been modi-
fied by adding a fragmentation step to obtain additional infor-
mation on the double-bond position. The practicability of
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these methods was demonstrated for olive oil and unsaturated
TGs from vernix caseosa.

Material and methods
Chemicals and reagents

MS grade acetonitrile and propan-2-ol (Sigma Aldrich, St.
Louis, MO, USA) were used as received. The other solvents
(chloroform, hexane, diethyl ether; all from Penta,
Czech Republic) were distilled in glass from analytical-
grade solvents. Sodium methoxide and Rhodamine 6G were
from Sigma Aldrich; 4',5'-dichlorofluorescein was purchased
from Fluka (Buchs, Switzerland). The TG standards (purity:
99 %) were obtained from Nu-Chek-Prep (Elysian, MN,
USA) and their standard solutions were prepared in chloro-
form (20 pg/mL).

Synthesis of TGs by randomization

The randomization (interesterification) procedure [7] was
downscaled as follows: two standards of TGs (5 mg of each)
and sodium methoxide (5 mg) were weighed into a dry glass
ampoule. Hexane (200 pL) dried over molecular sieves (4 A,
pellets 3.2 mm, Sigma Aldrich, USA) was added, the ampoule
was sealed and heated in a water bath at 80 °C for 30 min.
Randomized TGs were isolated by semi-preparative thin-layer
chromatography (TLC) on glass plates (36 mm x 76 mm) coat-
ed with 0.2 mm of Adsorbosil-Plus (Applied Science Labs;
with gypsum (12 %)) using hexane/diethyl ether (80:20, v/v)
mobile phase. TLC zones were made visible by spraying Rho-
damine 6G solution (0.05 % in ethanol). A zone correspond-
ing to TGs (R=0.45-0.55) was scraped off the plate and ex-
tracted with freshly distilled diethyl ether. The solvent was
evaporated to dryness under nitrogen stream. The randomized
TGs were reconstituted in chloroform (300-500 pg/mL).

Samples of natural TGs

Olive oil (extra virgin, Frantoio Larocca, Italy) was dissolved
in acetonitrile/propan-2-ol/hexane (1:1:1, v/v/v) at a concen-
tration of 10 mg/mL and used without any further purification.
Vernix caseosa was obtained from a healthy female subject
delivered at full term. The sample was collected with a written
informed parental consent and the work was approved by the
Ethics Committee of the General University Hospital, Prague
(910/09S-1V). Vernix caseosa (1 g) was suspended in 50 mL
of chloroform:methanol (2:1, v/v) with 0.05 % of 2,6-di-tert-
butyl-4-methylphenol. The suspension was filtered, treated
with anhydrous MgSQOy to eliminate water, and filtered again.
The solvents were removed by a rotary evaporator and the
total lipid extract (20 mg) was separated on 90 mm x

120 mm glass TLC plates coated with a 0.2 mm layer of silica
gel 60 G (Merck, Darmstadt, Germany) using hexane:diethyl
ether (93:7, v/v) as a mobile phase. The plate was developed
twice to focus the zones (in the first step to 3/4 of the plate
height and then, after air-drying, to the top). The zone corre-
sponding to TGs (R;=0.19-0.27; identical with R; of triolein)
was scraped off into a column with purified cotton-wool.
Lipids were eluted with diethyl ether and the solvent was
evaporated under a stream of argon. Vernix caseosa TGs were
further separated using argentation TLC to obtain a fraction of
unsaturated TGs. Argentation TLC was performed on glass
plates (36 mmx76 mm) coated with a 0.2 mm layer of silica
gel with 10 % of silver nitrate (Sigma) and 12 % of gypsum.
The mobile phase consisted of chloroform:methanol (99:1,
v/v). The zone of unsaturated TGs (Ry=0.35-0.83) visualized
under UV light after the plates were sprayed with 4',5'-
dichlorofluorescein (0.1 % in methanol) was scraped off the
plates and extracted with chloroform. The solvent was evap-
orated and TGs were reconstituted in chloroform at a concen-
tration of 3.0 mg/mL.

APCI-MS and HPLC/APCI-MS

The experiments were performed using a system consisting of
a Rheos Allegro UHPLC pump, an Accela autosampler with
an integrated column oven and a LCQ Fleet ion-trap mass
spectrometer equipped with an APCI source; the system was
controlled by Xcalibur software (all provided by Thermo Fish-
er Scientific, San Jose, CA, USA). For direct infusion exper-
iments, TGs dissolved in chloroform (20 pg/mL for commer-
cial standards; 300-500 pg/mL for randomized TGs) were
delivered by a syringe pump (a flow rate of 20 puL/min) to a
low-dead-volume T-piece, where they were mixed with the
mobile phase (acetonitrile, 0.5 mL/min). The APCI vaporizer
and heated capillary temperatures were set to 250 and 180 °C,
respectively. Nitrogen served both as the sheath and auxiliary
gas at a flow rate of 60 and 45 arbitrary units, respectively. The
MS spectra of the positively charged ions were recorded from
250 to 1050m/z. The precursors were selected with an isola-
tion width of 0.4-2.4 Da and fragmented using CID or PQD;
the mass spectra were averaged from 2—10-min records. The
TG mixtures were separated using Nova-Pak C18 columns
(300+ 150 mmx 3.9 mm, particle size: 4 um; Waters, Milford,
MA, USA) with a C18 pre-column (4 mmx2 mm,
Phenomenex, USA) at 30 °C. The gradient program for olive
oil: 0 min: 100 % acetonitrile; 106 min: 31 % acetonitrile/
69 % propan-2-ol; 109 min: 100 % acetonitrile [47]; the
mobile-phase flow rate was 0.8 mL/min and the injected vol-
ume of the sample was 10 pL. The gradient program for
vernix caseosa TGs: 0 min: 100 % acetonitrile, 0.8 mL/min;
99 min: 34 % acetonitrile/66 % propan-2-ol, 0.8 mL/min;
114.5 min: 24 % acetonitrile/76 % propan-2-ol, 0.55 mL/
min; 142 min: 5 % acetonitrile/95 % propan-2-ol, 0.3 mL/

@ Springer



5178

E. Hakova et al.

min; 165 min: 5 % acetonitrile/95 % propan-2-ol, 0.3 mL/min;
the injected volume of the sample was 25 pL. The flow rate of
the mobile phase had to be lowered in the course of the anal-
ysis to avoid excessive column back pressure at high concen-
trations of propan-2-ol. The CID MS? spectra of [M + 55]"
were collected using data-dependent analysis with an isolation
width of 2 Da and a normalized collision energy of 33-34 %.
The masses of the acetonitrile adducts for fragmentation were
calculated as higher partners of the base peaks (m/z of [M +
H]" + 54 Da).

The nomenclature and notation of fragment ions

The TGs in this work are abbreviated as “TG” followed by
three fatty acyls expressed as the number of carbon atoms:the
number of double bonds. The fatty acyls are separated either
by an underscore character (when their positions are not
known or when they are distributed randomly) or by a slash
(when the positions are proven) [48]. The positions of the
double bonds are given in the n—x nomenclature. Unless stated
otherwise, cis double-bond geometry and methylene-
interrupted double bonds in polyunsaturated chains are as-
sumed. Thus, for instance, “TG 18:1(n—9)/16:0/16:0” indi-
cates 1-oleoyl-2,3-dipalmitoyl-glycerol or 1-olein-2,3-
dipalmitin. The fragments of [M + 55]" originated by the
cleavages of the C—C bonds next to the double bond are la-
beled as “o” if they contain ester moieties, or “w” if they
carry the terminal-carbon end and do not include an ester
group. Ifneeded, “a” and “w” fragments have been specified
with a subscript indicating a double bond within a chain and/
or by a superscript indicating the chain within a TG. For in-
stance, o, ' refers to an « fragment corresponding to an
n—6 double bond on an 18:2 acyl in a TG. The ECN stands for
the equivalent carbon number (ECN=CN-2DB, where CN
and DB are the total numbers of the carbon atoms and double
bonds, respectively).

Results and discussion
The preparation of TGs with randomized acyls

The offer of commercially available TG standards is limited
mostly to monoacid TGs having the same acyls in all three
glycerol positions. In order to study the mass spectra of struc-
turally diverse TGs occurring in nature, we prepared a set of
standards using chemical interesterification, also called ran-
domization [49]. This process causes fatty-acid redistribution
within and among TG molecules according to the laws of
probability. The randomization reactions were performed with
two monoacid TGs (AAA, BBB) having up to six double
bonds in acyls. This made it possible to obtain mixtures of
TGs combining two fatty acyls. Besides the reactants (AAA,
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BBB), two new signals appeared in the APCI spectra of the
randomized samples: the first one for regioisomers with one
“A” chain and two “B” chains (ABB, BBA, BAB) and the
second representing regioisomers with two “A” chains and
one “B” chain (BAA, AAB, ABA). The randomized TGs
were used for MS? experiments directly, without their chro-
matographic separation. In compliance with the nomenclature
used in this work, the randomized standards were abbreviated
with underscore separators (i.e., TGA B BorTGB_A A).

The formation of [M + 55]" ions

As already discussed in our previous work [29], direct infu-
sion of unsaturated TGs into the APCI source in the presence
of acetonitrile promoted the formation of acetonitrile-related
adducts. For instance, 1,2-palmitin-3-olein (TG 16:0/16:0/
18:1(n—9)) provided a spectrum shown in Fig. la. The
acetonitrile-related adducts were observed at m/z 871.6 ([M
+ 391", m/z 874.0 (IM + 41]™; likely with a contribution of
[M +42]", as the mass was slightly shifted), m/z 887.4 (M +
5517, m/z 913.5 (M + 811" and m/z 927.4 (M + 95]%). The
relative intensity of the acetonitrile-related adducts varied de-
pending on the TG structure as well as the settings of the ion
source. For instance, the [M + 41]™ ion (not useful for the
localization of double bonds in TGs) was highly abundant in
the spectra of TGs with monounsaturated chains and low for
polyunsaturated TGs. Lowering the acetonitrile flow rate sig-
nificantly decreased the formation of this ion. Concerning the
[M + 551", monounsaturated TGs provided somewhat more
abundant signals than the polyunsaturated species and the ion
intensity was not significantly dependent on the acetonitrile
flow rate. The intensities of [M + 55]"" were rather low, typ-
ically 1-5 % with regard to [M + H]". Our attempts to increase
the signal intensity by changing the ion-source parameters
were successful only partially; higher [M + 55]" signals were
achieved at lower vaporizer temperature with the optimum
around 250 °C. Despite the relatively low abundance of [M
+55]", the quality of the MS/MS spectra was generally good.

The other peaks in the spectrum shown in Fig. la
corresponded to a protonated molecule (m/z 833.4) and diac-
ylglycerol fragments originated after the loss of oleic acid (m/z
551.4) and palmitic acid (m/z 577.4).

MS? of [M + 55]"": TGs with monounsaturated chains

The MS? spectra of the [M + 55]"" ions were investigated for a
large series of TGs obtained from commercial sources or pre-
pared by randomization reactions. The resonance excitation
CID mass spectrum of 1,2-palmitin-3-olein is shown in
Fig. 1b. The spectrum basepeak at m/z 774.4 was an « frag-
ment formed by the cleavage of the C—C bond vinylic to the
original double bond. A neutral loss of palmitic acid from the
precursor yielded m/z 631.5 ([M + 55-FA;¢.0] ). Note that a
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Fig. 1 The full-scan APCI mass spectrum (a), the APCI CID MS? spec-
trum of the [M + 55]" adduct (b) and the APCI PQD MS? spectrum of the
[M + 551" adduct (¢) of TG 16:0/16:0/18:1(n—9) (1,2-palmitin-3-olein).
The standard solution (20 pg/mL in chloroform) delivered by a syringe
pump (20 pL/min) was mixed in a T-piece with acetonitrile (0.5 mL/min)
and infused into the ion source (the spectra averaged from 0.5-, 2.0-, and
4.0-min records, respectively)

neutral loss of oleic acid was not observed, obviously because
oleyl was covalently modified with CsHsN"". The diagnostic
fragment formed by a cleavage of the C—C bond on the oppo-
site side of the original double bond (w fragment) was not
detected because of the low-mass cut-off of the ion trap. This
problem can be circumvented with PQD, which activates ions
at high Q values and collects fragments at low Q values,
resulting in spectra similar to CID containing also low m/z
fragments. PQD also helps to access higher-energy dissocia-
tion channels. The main drawback of PQD is less effective ion
fragmentation relative to CID, which results in spectra of low-
er overall intensities. A PQD spectrum of 1,2-palmitin-3-olein

is shown in Fig. 1c; both diagnostic fragments were detected
(x at m/z 774.5 and w at m/z 194.3). The spectra also showed
smaller peaks accompanying the « and w fragments (14 Da
difference; +(CH,),,) created by less probable cleavages of the
more distant C—C bonds with regard to the double bond. Al-
though PQD provided both diagnostic fragments and the CID
only one, both types of activation afforded spectra allowing
for an unambiguous assignment of the double bond to the n—9
position on the 18:1 chain. A regioisomer 1,3-dipalmitin-2-
olein (TG 16:0/18:1(n—9)/16:0) provided very similar spectra,
with slightly modified ion abundances (Spectrum S7). The
spectra of other TGs with one monounsaturated acyl (see more
examples in the Electronic Supplementary Material (ESM))
provided analogous spectra, facilitating straightforward local-
ization of the double bond.

The MS? spectra of TGs with two or three identical mono-
unsaturated chains were found to be analogous to the previ-
ously discussed ones. The covalent attachment of C3HsN™
occurred randomly on one of the unsaturated chains and the
remaining chains stayed unmodified. For instance, CID of 1,
3-olein-2-palmitin (TG 18:1(n—9)/16:0/18:1(n—9)), see
Fig. 2a, provided mainly an o ion at m/z 800.5 and fragments
consistent with the neutral loss of palmitic acid (m/z 657.2; [M
+55-FA 6:0] ™) and oleic acid (m/z 631.5; [M + 55-FA;g.4]").
The CID of triolein (TG 18:1(n—9)/18:1(n—9)/18:1(n—9)) pro-
vided an o fragment at m/z 826.5 and [M + 55-FA18:1]" at m/
2657.6 (Fig. 2b). The PQD MS? spectrum of triolein (Fig. 2¢)
showed also an w fragment at m/z 194.3 and relatively high
abundant ions at m/z 318.4 and m/z 332.5. These fragments,
which are not straightforward to rationalize, were also present
as small peaks in the CID spectrum (Fig. 2b). We speculate
that these fragments did not originate from a precursor with
just one double bond modified with CsHsN ™" but rather from a
cross-linked precursor, where C;HsN'" bridges two double
bonds on neighboring chains. The fragments might be ratio-
nalized by C—C bond cleavages at the positions which are
vinylic to the site of the former double bonds on both chains
(m/z 332.5) and cleavages yielding a product that is one meth-
ylene group shorter (m/z 318.4). Hence, the masses of these
even electron products containing a nitrogen atom but no ox-
ygen must depend on the positions of double bonds. This was
indeed observed in the spectra of other monoacid TGs con-
taining C18:1 acyls with different double-bond positions. The
above-mentioned fragments were shifted by 56 Da (4 methy-
lene units) towards lower m/z values in trivaccenin (TG
18:1(n—7)/18:1(n—7)/18:1(n—7)), see Spectrum S32, and by
84 Da (6 methylene units) towards higher m/z values in
tripetroselinin (TG 18:1(n—12)/18:1(n—12)/18:1(n—12)), see
Spectrum S28. No shifts of the fragment masses were ob-
served in the spectrum of trielaidin (TG 18:1(n—9 t)/
18:1(n—9 t)/18:1(n—9 t)), see Spectrum S3 1, which has double
bonds at the same positions as triolein, but their geometry is
trans. Unfortunately, we were not able to record MS® spectra
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Fig. 2 The APCI CID MS? spectrum of the [M + 551" adduct of TG
18:1(n—9)/16:0/18:1(n—9) (1,3-olein-2-palmitin) (a) and 18:1(n—9)/
18:1(n—9)/18:1(n—9) (triolein) (b). The APCI PQD MS? spectrum of
the [M + 55]" adduct of TG 18:1(n—9)/18:1(n—9)/18:1(n—9) (triolein)
(c). The standard solution (20 pg/mL in chloroform) delivered by a sy-
ringe pump (20 pL/min) was mixed in a T-piece with acetonitrile
(0.5 mL/min) and infused into the ion source (the spectra averaged from
a 2-min record)

and reliably measure the exact masses to confirm our hypoth-
esis further.

The fragmentation spectra were noticeably different for
TGs with the double bond located at the chain terminus
(n—1 position). In the CID spectrum of triundecenoin (TG
11:1(n—1)/11:1(n—1)/11:1(n—1)) (Fig. 3a), the most abundant
fragment at m/z 630.5 corresponded to the loss of methyl
radical. The PQD spectrum (Fig. 3b) showed m/z 96.2 as a
basepeak, indicating C—C bond cleavage at a position that is
allylic to the site of the former double bond. Analogous diag-
nostic fragments ([M + 55-CH;]" and m/z 96) were also found
in the randomized TGs with one or two 10Z-undecenoyls
(Spectra S1, S11, S107, and S111).
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Fig. 3 The APCI CID (a) and PQD (b) MS? spectra of the [M + 55]
adduct of TG 11:1(n—1)/11:1(n—1)/11:1(n—1) (triundecenoin). The
standard solution (20 pg/mL in chloroform) delivered by a syringe
pump (20 pL/min) was mixed in a T-piece with acetonitrile (0.5 mL/
min) and infused into the ion source (the spectra averaged from 3- and
5-min records, respectively)
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As regards the double-bond geometry, no significant dif-
ferences between fragmentation spectra were observed. The
ion abundances were similar for the cis and frans isomers, see
Spectra S2/S3 and S4/S5.

In all TGs with one or more identical monounsaturated
chains, the diagnostic fragments reliably and unambiguously in-
dicated the position of double bond(s). However, TGs can consist
of two or three monounsaturated chains with different positions
of the double bond. For such TGs, the MS? spectra did not allow
the assignment of the double-bond position to a particular chain.
In principle, MS? spectra can be used in these cases. In diolein-
palmitolein (TG 18:1(n—9)_18:1(n—9)_16:1(n—7)), for instance,
two o ions were recorded: o, at m/z 826.4 and «,,o at m/z
798.6 (Fig. 4a). We, of course, know that the palmitoleyl has an
n—7 double bond and the oleyl an n—9 double bond, but one
cannot say that from the spectrum. Supposedly, MS® of the «
ions should show a neutral loss of 18:1 acid (if we fragment an
ion derivatized on the 16:1 chain) or a loss of both 16:1 and 18:1
acids (if we fragment an ion derivatized on the 18:1 chain). This
is indeed true; the fragmentation of &,, o gives [, o-FA g.1]" (m/
2 516.5) and [0y, o-FA 6.1]" (m/z 544.5) (Fig. 4b), whereas the
fragmentation of o, ; gives mostly [ot, 7-FA g.1]" (m/z 544.5)
(Fig. 4c). Therefore, an n—7 double bond must be in a 16:1 chain,
whereas an #n—9 double bond in an 18:1 chain. However, this
approach was found to be somewhat limited by low specificity.
In the MS® spectrum of «,, -, we also detected a small but
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Fig. 4 The APCI CID MS? spectrum of the [M + 55]™ adduct of TG
18:1(n—9) _18:1(n—9) 16:1(n—7) (a),the Ms? spectrum of o ions
corresponding to the n—9 double bond (911.9 — 798.6) (b) and the
MS? spectrum of « ions corresponding to the n—7 double bond (911.9
— 826.5) (¢). The standard solution (20 pg/mL in chloroform) delivered
by a syringe pump (20 pL/min) was mixed in a T-piece with acetonitrile
(0.5 mL/min) and infused into the ion source (the spectra averaged from a
2-min record)
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significant peak [, -FA6.]" (m/z 572.4), which in theory
should not be formed. The presence of this peak can be explained
by (i) the co-isolation of an «-like ion derivatized on the 18:1
chain but cleaved in a propenylic C—C bond or (ii) the scrambling
or migration of the C3HsN "™ modification. The MS® spectra of
[M + 55-FA]"™ also provided fragments indicating the double-
bond positions (analogous to « fragments; the loss of hydrocar-
bon radical), but at unusably low intensities.

MS? of [M + 55]"": TGs with di- and polyunsaturated chains

With the increasing number of double bonds in acyls, the frag-
mentation spectra of [M + 55]" become more complex. The
covalent adduct formation took place on each double bond of

the chains, which increased the structural variability of the [M +
55]" precursors. Upon fragmentation, each double bond-site pro-
vided specific fragments (cleavages vinylic (or allylic) to the site
of the double bond), together with unspecific fragments (cleav-
ages on more distant C—C bonds from the site of the double
bond). Consequently, the diagnostic ions became less pro-
nounced and somewhat hidden among other fragments. We have
noticed that the efficiency of adduct formation (or cleavage)
depends on the double-bond position. Thus, for instance, the
spectrum of distearin-linolein (TG 18:0 18:0 18:2(n—06))
showed a significantly more abundant o-ion corresponding to
the n—6 double bond (o, at m/z 866.5) when compared to
the o-ion corresponding to the #—9 double bond (x,,— at m/z
826.6) (Fig. 5a). It can be explained by the easier accessibility of
the double bonds closer to the chain termini and/or by electronic
effects. The same trend was also observed for other TGs with
polyunsaturated chains, see for instance distearin-x-linolenin
(TG 18:0_18:0_18:3(n—3)), Spectrum S21. For all three identical
polyunsaturated acyl chains, the diagnostic fragments were easier
to distinguish among other ions, like in the case of trilinolein (TG
18:2(n—6)/18:2(n—6)/18:2(n—06)), see Fig. 5b. Although the inten-
sities of o and w ions generally decreased with the distance of
the double bond from the unsaturated chain terminus, some TGs
showed enhanced intensities of o ions corresponding to the sec-
ond (or third) double bond counting from the chain terminus (see
for instance tri-o-linolenin, Spectrum S87). The most polyunsat-
urated TG investigated in this work was tridocosahexaenoin (TG
22:6(n—3)/22:6(n—3)/22:6(n—3)), Fig. 5c. Even in this com-
pound, the o-ions corresponding to all double bonds were rela-
tively easily recognizable. We can conclude that the localization
of double bonds in TGs with one or more identical di- and
polyunsaturated chains can be achieved. At least, the double
bonds close to chain termini provided signals reliably indicating
their positions.

The spectra of TGs with all the acyls unsaturated and/or poly-
unsaturated in various positions were challenging to interpret.
The intensities of diagnostic ions indicating double bonds closer
to glycerol in polyunsaturated chains were significantly sup-
pressed. The spectra usually clearly showed only diagnostic ions
corresponding to a double bond in the monounsaturated chain(s)
and the outermost double bond in polyunsaturated chain(s). For
instance, in the CID spectrum of dipetroselinin-linolelaidin (TG
18:1(n—12) 18:1(n—12) 18:2(n—6 t)), Fig. 6a, the double bond
on the monounsaturated petroselinyl chain provided easily dis-
tinguishable 0,10 51 at miz 782.6, similarly to the n—6 double
bond in the diunsaturated linolelaidinyl chain («, ¢'** at m/z
866.7). The o, '%? ion reflecting the n—9 double bond in the
linolelaidinyl chain was detected at m/z 826.6, but its inten-
sity did not exceed the surrounding ions. The polyunsaturat-
ed chains frequently contain double bonds on the same po-
sitions counting from the chain termini (“n—3” or “n—6”
fatty chains). In these cases, the diagnostic fragments had
the same mass and their intensities were enhanced. For
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Fig. 5 The APCI CID MS? spectra of the [M + 55]" adduct of distearin-
linolein (TG 18:0_18:0_18:2(n—6)) (a), trilinolein (TG 18:2(n—6)/
18:2(n—6) 18:2(n—6)) (b) and tridocosahexaenoin (TG 22:6(n—3)/
22:6(n—3)/22:6(n—3)) (c¢). The standard solution (20 pg/mL in chloro-
form) delivered by a syringe pump (20 pL/min) was mixed in a T-piece
with acetonitrile (0.5 mL/min) and infused into the ion source (the spectra
averaged from 4-, 2-, and 2-min records, respectively)

instance, the o fragments in di-o-linolenin-docosahexaenoin
(TG 18:3(n—3)_18:3(n—3) 22:6(n—3)) were for all chains at
the same m/z values (o, 5>>° and «,3'%> at m/z 948.7;
062 and o, 60" at m/z 908.7; x,o->° and oy, o' at
m/z 868.7), see Fig. 6b. The remaining (inner) double bonds
on docosahexaenoyls provided small « fragments almost

indistinguishable from the background.
Fragment intensity ratio in regioisomers
The intensities of the diacylglycerol fragments in the APCI

mass spectra of TGs ([M + H-RCOOH]") are known to indi-
cate acyl positions on the glycerol [50]. The elimination of
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is less probable to cleave (the corresponding fragment is the
least intense). Therefore, one can distinguish the acyl in the
sn-2 position from those attached to the sn-1/sn-3 positions by
comparing the fragment intensities. It is important to note that
the fragment intensities are also affected by the chain-length
and the degree of unsaturation of the cleaving fatty acid,
which can lead to an incorrect assignment of the chain posi-
tions in some cases [51, 52]. Our results have indicated that
the elimination of fatty acid in sn-2 position is less probable
also in the case of the CID of [M + 55]*". Hence, the intensities
of the [M + 55-FA]" fragments could be useful for the acyl-
position assignment like the intensities of the [M + H-FA]"
ions in the APCI full-scan mass spectra. However, the inten-
sities of [M + 55-FA]"" cannot be used exactly in the same way
as the intensities of [M + H-FA]", because the acyl with the
double bond modification is not cleaved. To test the hypothe-
sis, the MS? spectra of [M + 55]" were repeatedly measured
for TG regioisomers and the ratios of the fragments were
calculated (Table 1). Figure 7 shows zoomed spectral regions
with fragments of 1-arachidin-2-olein-3-palmitin (TG 20:0/
18:1(n—9)/16:0; AOP) and 1-palmitin-2-arachidin-3-olein
(TG 16:0/20:0/18:1(n—9); PAO) regioisomers. The oleyl chain
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Table 1 The ratio ofthe [M +55-
FA]"-fragment intensities in the
CID MS? spectra of isomeric TGs

? The values have been averaged

TG Fragment no. 1 Fragment no. 2 Fragment intensity ratio
Frg. 1/Frg. 2°
TG 18:1(n—9)/16:0/18:1(n—9) [M + 55-FA 15,1 [M + 55-FA 6] 1.7£0.1
TG 18:1(n—9)/18:1(n—9)/16:0 0.4+0.0
TG 20:0/18:1(n—9)/16:0 [M + 55-FAx.] [M + 55-FA 0] 0.8+0.0
TG 16:0/20:0/18:1(n—9) 0.3+0.0
TG 18:1(n—9)/18:2(n—6)/18:1(n—9) [M + 55-FA g.0] " [M + 55-FAg.4]"" 0.2+0.0
TG 18:1(n—9)/18:1(n—9)/18:2(n—6) 0.4+0.0

from five measurements (2-min
records)

was modified with CsHsN'". Therefore, only the two saturated
acyls were cleaved off as neutral fatty acids (or ketenes as
minor peaks). In the case of the regioisomer with both satu-
rated chains in the outer positions (AOP), the intensity of [M +
55-FAs.0] " and [M + 55-FA;4.0]" was roughly the same
(Fig. 7a), whereas the isomer with arachidyl in the middle
(PAO) eliminated arachidic acid less efficiently (Fig. 7b). In
the full-scan APCI spectra of these regioisomers, the fragment
intensities reflected the acyl positions as expected; the frag-
ments corresponding to the acyl in the sn-2 position provided
peaks of the lowest intensities (Fig. 7c, d). Interestingly, the
peak intensity ratio [M + 55-FAq.0] /[M + 55-FA;¢.0]"
(Table 1) was exactly the same as the [M + H-FA(.q] /[M +
H-FA ] ratio calculated from the full-scan APCI spectrum

(the intensity ratio [M + H-FA,(.o] /[M + H-FA 4.0] " was 0.8
for AOP and 0.3 for PAO). In a regioisomeric pair 1,3-diolein-
2-palmitin (TG 18:1(n—9)/16:0/18:1(n—9); OPO) and 1,2-
diolein-3-palmitin (TG 18:1(n—9)/18:1(n—9)/16:0; OOP),
Spectra S17 and S18, one of two oleyls was modified with
C3HsN™, likely with similar probability. Again, the neutral
loss from the sn-2 position was less efficient as the ratio [M
+ 55-FA 5] "/[M + 55-FA 6.0] " was significantly higher for
OPO with both oleyls in the outer positions on glycerol
(Table 1). Not surprisingly, the corresponding fragment inten-
sity ratio was also significantly higher for OPO in the full-scan
APCI spectra (the intensity ratio [M+H-FA 5.;]"/[M+H-
FA 6] was 7.7 for OPO and 1.7 for OOP). The position of
acyls on the glycerol backbone was also possible to follow in

Fig.7 The zoomed regions of the a [M+55-FA.q,]” b [M+55-FA. ;]
APCI CID MS? spectra of the [M 100 [M+55-FA,,]" 687.6 100 687.5
+ 551" adduct of 1-arachidin-2- E 6315 ]
olein-3-palmitin (TG 20:0/ 03 op ' 90 PAO
18:1(n—9)/16:0) (a) and 1- g 801 g 807
palmitin-2-arachidin-3-olein (TG g 704 g 704
16:0/20:0/18:1(1-9)) (b). The S 60 S 607
zoomed regions of the APCI full- 2 501 £ 501 [M+55-FA,,, 1"
scan spectra of 1-arachidin-2- L 401 2 401 6315
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the CID spectra of polyunsaturated TGs like in 1,2-olein-3-
linolein (TG 18:1(1n—9)/18:1(n—9)/18:2(n—6); OOL) and 1,3-
olein-2-linolein (TG 18:1(n—9)/18:2(n—6)/18:1(n—9); OLO)
(Spectra S42 and S43). However, as the probability of the
C3HsN™ adduct formation might be different for individual
double bonds in various (poly)unsaturated chains, the
fragment-ion ratios should be interpreted with caution. In this
particular example, the neutral loss of linoleic acid was more
efficient in the case of OOL (Table 1), which is again in agree-
ment with the less efficient neutral loss from the sn-2 position.

Applications

The applicability of HPLC/APCI-MS? with [M + 551" frag-
mentation in the ion trap for the comprehensive structural
characterization of TGs in mixtures was assessed using olive
oil and unsaturated TGs isolated from vernix caseosa. The TG
molecular species were resolved using a proven method based
on Nova-Pak C18 columns and an acetonitrile/propan-2-ol
gradient [47, 19, 53]. There was no need to modify the sepa-
ration conditions as acetonitrile in the mobile phase afforded
the formation of the [M + 55]" adducts. The full-scan spectra
provided molecular adducts and fragments useful for deduc-
ing the total number of carbons and double bonds in TG acyls
[54]. The same information was possible to extract also from

the CID spectra of [M + 55]"". The masses of the precursors
determined the total number of carbons and double bonds.
The fatty-acid neutral loss ions (M + 55-FA]"") were used
for the determination of the number of carbon atoms and dou-
ble bonds in acyls and the relative proportions of these ions
reflected the positions of acyl on the glycerol backbone, like in
case of [M + H-FA]" in the full-scan spectra. Moreover, the
CID MS/MS spectra provided information on the double-
bond positions.

Table 2 shows the results on the olive oil sample obtained
by the interpretation of the CID spectra of [M + 55]" only; the
full-scan data were not used. For comparison purposes, the
data were also interpreted in a classical way using the full-
scan APCI spectra; the results summarized in the ESM
(Table S1; Fig. S1) were in excellent agreement with a previ-
ously published report [47]. The interpretation of the CID
spectra of [M + 55]"" allowed us to gain information on
double-bond positions in 20 TGs. Those were the most abun-
dant TGs in the sample (93 % of the sample based on the peak
areas); the spectra were interpretable even for TGs with the
relative peak areas as low as 0.1 % in some cases. In the
interpretation procedure, we focused on « ions labeled relative
to the precursor ([M + 55]"") mass. The o ions thus appeared
at —29 Da, —43 Da, —57 Da, —71 Da, —85 Da, —99 Da,
—113 Da etc., and indicated double bonds in the positions

Table 2 The unsaturated TGs identified in olive oil using CID of [M + 55]"

R, [min] M+ 551" Fatty acid (neutral loss) Double-bond position TG* ECN
65.0 933.5 1822 =6, n—9 18:2(1—6,9)/18:2(1—6,9)/18:2(n—6.9)° 42
65.8 933.5 =9, n—6, n—3 18:1(1-9) 18:3(n1-3,6,9) 18:2(n—6,9)° 42
71.2 935.8 18:1, 182 -9, n—6 18:1(1-9) 18:2(1—6.9)_18:2(n—6.,9)° 44
71.7 909.8 16:1, 18:1, 18:2 n=9, n—7, -6 16:1(1—9)_18:1(1=9)_18:2(1—6.9) 44
71.9 935.6 18:1, 183 n-9, n-3 18:1(1-9)_18:1(1-9)_18:3(n-3.6.9) 44
72.6 909.5 16:0, 18:2 n-9, n—6 16:0_18:2(n—6, 9)_18:2(n—6, 9)° 44
73.4 909.6 16:0, 18:1, 18:3 n—9, n—3 16:0 18:1(n—9) 18:3(n—3,6,9) 44
77.0 937.7 18:1, 182 -9, n—6 18:1(—9) _18:1(1=9)_18:2(n—6,9) 46
77.6 9116 16:1, 18:1 n-9, n-7 16:1(n=7)_18:1(1-9)_18:1(n-9) 46
78.5 911.6 16:0, 18:1, 18:2 n—9, n—7 16:0_18:1(n—9) 18:2(n—6, 9) 46
80.3 925.8 17:1, 18:1 -9, n—8 17:1(1—8)_18:1(1—9) 18:1(n-9) 47
81.8 899.9 17:1 n-9, n—8 16:0_17:1(n—-8)_18:1(n=9) 47
82.7 939.6 18:1 n-9 18:1(1=9)/18:1(1=9)/18:1(n—9)° 48
83.9 939.9 n-9, n—6 18:0_18:1(n=9)_18:2(n—6, 9)° 48
84.3 913.5 16:0, 18:1 n-9 16:0_18:1(n=9)_18:1(n-9)° 48
87.9 967.7 18:1, 20:1 n-9 18:1(n—9)_18:1(1=9)_20:1(n—9)" 50
89.1 967.7 18:1, 20:0 n—9 18:1(n—9) 18:2(n—6,9) 20:0 50
89.7 941.7 n-9 18:0_18:1(n-9)_18:1(n—9)° 50
94.6 969.7 18:1, 20:0 n-9 18:1(n-9)_18:1(n-9)_20:0° 52

#The most likely structures of TGs identified from the spectra

® Unambiguously identified

¢ The missing information on acyl composition has been taken from the full-scan spectrum
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n—=3, n—4, n—=5, n—6, n—7, n—8, n—9, respectively. When the
neutral radical already carried one double bond (i.e., another
double bond existed closer to the chain terminus), the values
were 2 mass units shifted. In the case of methylene-interrupted
double bonds, the distances between « ions in the spectra
were 40 Da. We clearly detected o ions corresponding to
double bonds in monounsaturated acyls. In the case of poly-
unsaturated chains, we frequently observed only « ions indi-
cating the outermost double bonds. If methylene-interrupted
acyls were expected, this information was sufficient. Howev-
er, an unequivocal interpretation of the spectra was not always
possible even for a complete set of o ions. It is important to
realize that the MS? spectra afforded cumulative information
on double bonds in all three chains, without direct information
on which chain the double bond existed. The double-bond
assignment to a particular chain would be possible using
MS? performed with o ions or [M + 55-FA]"" ions. Unfortu-
nately, the MS>-spectra intensities were low, which makes
their practical use hard to imagine. Nevertheless, the MS?
alone might be sufficient for unambiguous double-bond local-
ization in some cases. For instance, the peak in 71.2 min rep-
resented TG with one 18:1 and two 18:2 acyls (based on
the[M + 551" and [M + 55-FA]"" masses) with the 18:2 chain
in the sn-2 position (based on the [M + 55-FA]™ fragment
intensity ratio), see Fig. 8a. The « ions appeared at m/z
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Fig. 8 The APCI CID MS? spectra of the TG [M + 55]™ adduct taken
across the chromatographic peak (1g=71.2 min) in the olive oil sample
and interpreted as 18:1(n—9) 18:2(n—6,9) 18:2(n—6,9) (a) and the
chromatographic peak (1g=70.0 min) in the vernix caseosa sample (b).
For experimental conditions, see the “Material and methods” section

864.7 (=71 Da, n—6), m/z 822.6 (—113 Da, n—9), and m/z
824.6 (111 Da, n—9 in an acyl with one additional double
bond closer to the chain terminus). In this case, the interpre-
tation was unequivocal: the double bonds n—6 and n—9 were
in the doubly unsaturated acyls and #»—9 is in the monounsat-
urated acyl. Therefore, the spectrum represented olein-
dilinolein with linoleic acid in the sn-2 position (cis double
bonds assumed). The spectral interpretation was also straight-
forward in the case of TGs with identical unsaturated acyls
(e.g., the most abundant peak at the 82.2nd min with all dou-
ble bonds in #—9, identified as trioloein, or the peak at the
84.3rd min with one C16:0 and two n—9 C18:1 chains,
interpreted as palmitin-diolein). In several minor TGs, we
were not able to detect the [M + 55-FA]"" fragments reliably,
but we clearly saw « ions, enabling us to localize the positions
of double bonds.

Vernix caseosa lipids are known as an extremely complex
mixture of various lipids with branched and unsaturated
chains [55]. TGs of vernix caseosa consist of an exceptionally
large number of molecular species, which makes their analysis
particularly challenging. A comprehensive analysis of all TGs
in vernix caseosa was not attempted in this work and the data
were interpreted only partially. The « fragments mostly
showed a double bond up to n—12, but small peaks in some
spectra also indicated double bonds at more distant positions
from the chain termini. Figure 8b shows a spectrum for a peak
at the 70.0th min (see the basepeak chromatogram in ESM
Fig. S2). The spectrum represents a mixture of TGs with two
saturated fatty acyls (14:0, 15:0, or 16:0) and one monounsat-
urated acyl (14:1, 15:1, 16:1, or 17:1) with double bonds
mainly in #n—10 and #»—8. The results indicated the feasibility
of the localization of double bonds in the TGs of vernix
caseosa; however, a reliable and comprehensive analysis can-
not be achieved without substantial improvement of the sepa-
ration method. As the concentration of acetonitrile in the mo-
bile phase gradually decreased in the course of the analysis,
TGs with high ECN values were ionized at low concentrations
of acetonitrile. Consequently, the efficiency of the [M + 55]*"
formation was reduced and the MS? spectra were of rather
poor quality at higher retention times. The concentration of
acetonitrile during ionization might be increased by a post-
column addition of acetonitrile, but this approach was not
tested in this work.

Conclusions

The results in this work have proven that acetonitrile-related
[M + 55]" ions formed in APCI source are useful for the
structure elucidation of TGs. The fragmentation spectra of
these ions provided information on (i) the total number of
carbons and double bonds in the whole molecule (the mass
of the [M + 55]" precursor), (ii) the number of carbons and
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double bonds in acyls (masses of the [M + 55-FA]" frag-
ments), (iii) the acyl in the sn-2 position on the glycerol back-
bone (the intensity ratios of the [M + 55-FA]"" fragments), and
(iv) the double-bond positions in acyls (the masses of the «
and w ions). The [M + 55]" ions were generated under the
common conditions used for the separation of TGs on classi-
cal HPLC columns, i.e., in the mobile phases containing ace-
tonitrile and submilliliter per minute flow rates. Therefore, it is
not difficult to adapt the existing HPLC/APCI-MS methods
for the localization of double bonds. The fragmentation of [M
+55]" was achieved in the ion trap using either CID or PQD.
Although PQD afforded for each double bond two diagnostic
ions and CID only one, the CID was preferred because of its
higher sensitivity. Although the fragmentation spectra of [M +
551" usually provide all information for characterizing TG
structures, such spectra are better to be used for double-bond
localization only; all the other information is more easily ac-
cessible from the full-scan spectra. The MS? spectra of [M +
55]" generally contained diagnostic peaks for all (or most) of
the double bonds in the molecule. Yet in the case of un-
knowns, the interpretation was not always straightforward.
The MS? spectra contained cumulative information on all
double bonds in all three acyls, which complicated or even
hindered a correct assignment of particular signals. This lim-
itation would likely have been solved by the use of MS?, but
the sensitivity was an issue. Despite the limitations discussed
above, the method is an easy way of determining double
bonds in TGs, which has been demonstrated with a large set
of standards and also for natural samples.
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Fatty acid diesters of long-chain 1,2-diols (1,2-DDE), or type Il wax diesters, were analyzed in the vernix
caseosa of a newborn girl. 1,2-DDE were isolated from the total lipid extract by the semipreparative
TLC using plates coated with silica gel. Chromatographic separation of the 1,2-DDE molecular species
was achieved on the non-aqueous reversed-phase HPLC with two Nova-Pak C18 columns connected in
series (a total length of 45cm) and using an acetonitrile-ethyl acetate gradient. 1,2-DDE eluted from
the column in the order of their equivalent chain number. The analytes were detected as ammonium

Isﬂii/rm?;?;s adducts by an ion-trap mass spectrometer equipped with an atmospheric pressure chemical ionization
Neutral lipids source. Their structures were elucidated using tandem mass spectrometry with MS, MS? and MS? steps
Lipidomics in a data-dependent mode. More than two thousand molecular species of 1,2-DDE were identified in 141

chromatographic peaks. The most abundant 1,2-DDE were monounsaturated lipids consisting of a C22
diol and a C18:1 fatty acid together with C16:0, C14:0 or C15:0 fatty acids. The positions of double bonds

Mass spectrometry
Double-bond position

were characterized by the fragmentation of [M+CsHsN]** formed in the ion source.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Fatty acid diesters of long-chain 1,2-diols (1,2-DDE), or type II
wax diesters, are condensation products of two fatty acid molecules
with a long-chain 1,2-diol. These lipids are widely associated with
the skin of mammals; they are frequently found in sebum, a species-
specific mixture of relatively neutral lipids synthesized de novo
by sebaceous glands [1]. The first reports on 1,2-DDE appeared in
the literature in the 1960s [2-5], about a decade after the struc-
tural characterization of 1,2-diols in wool wax [6,7]. Since then,
1,2-DDE have been identified in the skin surface lipids of many
mammalian species. 1,2-DDE have been detected in the skin of
rodents such as the mouse, rat, guinea pig, golden Syrian hamster or
gerbil [2,5,8-10], as an abundant lipid class forming 14-61% of the

* Corresponding author. Tel.: +420 220183303; fax: +420 220183583.
E-mail address: cvacka@uochb.cas.cz (J. Cvacka).

http://dx.doi.org/10.1016/j.chroma.2014.11.075
0021-9673/© 2014 Elsevier B.V. All rights reserved.

total lipids. The ventral gland secretion of a male dwarf hamster
was found to contain 1,2-diols and their monopentanoates [11].
An analysis of the rat 1,2-DDE has shown that 1,2-diols (having
the chiral center on carbon 2) exist in the D form [12]. Further
experiments with the lipase hydrolysis of 1,2-DDE from the golden
Syrian hamster and the mouse have revealed that fatty acids in
the positions 1 and 2 are not distributed randomly [13]. Canine
skin lipids were reported to comprise 32% of the 1,2-DDE con-
stituting branched diols esterified with long-chain fatty acid and
isovaleric acid [14]. The skin of cows was found to produce 8%
of diol diesters [15]. In primates, 1,2-DDE formed 21% of the skin
lipids of the baboon [8]. Two types of 1,2-DDE were found in the
skin lipids of the macaque: the less abundant type (17%) with
two long-chain fatty acids and the second type (40%) with short
branched-chain acids (mostly isovaleric acid) in the position 1 of
the diol [16]. Concerning the human species, 1,2-DDE are almost
missing in the adult skin [17], but they are produced in the early
stages of skin development. 1,2-DDE are present in vernix caseosa,
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a uniquely human proteolipid film coating the skin of the fetus
in the last trimester of pregnancy and protecting the embryonic
skin from amniotic water. Vernix caseosa has remarkable hydra-
tion, waterproofing, anti-infective, antioxidant and wound-healing
properties [18]. 1,2-DDE constitute 3-9% of the total lipids in vernix
caseosa [3,19]. Although vernix caseosa diols have been found to
be mostly methyl-branched (iso, anteiso) and saturated straight-
chain 1,2-diols with 20-25 carbons [3,4], shorter chains (C14-C19)
have been detected as well [5]. Fatty acyls have been identified
as saturated straight-chain or methyl-branched (iso, anteiso) and
unsaturated straight-chain, mostly monoenic. The most abundant
saturated chains appeared to contain 16 carbons (both straight
and iso-methyl branched chains) and the predominant unsaturated
acids were C18:1n-7 and C18:1n-9 [19]. The biosynthesis of human
1,2-DDE was found to involve catalysis by acyl CoA:diacylglycerol
acyltansferase DGAT1, an enzyme highly expressed in the skin [20].
1,2-DDE are rare in other biotas. They have been reported in uropy-
gial (preen) gland secretions of some birds [21-23], where isomeric
2,3-DDE are usually found. In the plant kingdom, long-chain 1,2-
diols have been discovered in the skin wax of apples [24] and,
together with their monoacetates, in the cuticular wax of Mexi-
can aster petals [25]. Alkane-1,2-diol-based glycolipids have been
found in hot spring microbial mats [26,27].

1,2-Diols and 1,2-DDE are utilized in cosmetic and pharmaceu-
tical products. Non-esterified 1,2-diols are frequently used as skin
and hair conditioning agents, viscosity- and foam-increasing agents
[28-30]. They have bacteriostatic activities against a broad range
of strains, which makes them useful as a treatment of skin diseases
caused by bacteria, such as acne [31-33], and they are also sug-
gested as a prophylaxis and/or treatment of fungal skin infections
[34]. Recently, 1,2-diols have been patented as antispasmodics to
relieve the spasms associated with pain [35], and they can also serve
for controlling underarm and foot odor [31]. Esters of 1,2-diols are
used less frequently. Monoesters of 1,2-diols can be used for the
treatment of acne or seborrheic dermatitis [36]. 1,2-DDE have been
suggested as edible fat with substantially fewer calories than com-
monly used triacylglycerols [37]. Mixtures of mono- and diesters
of propane-1,2-diol are utilized as emulsifiers and aerating agents
for bakery products (food additive E477).

Taking into account the large variability of the fatty acids biosyn-
thesized by the mammal skin, the total number of 1,2-DDE might
be enormous. The theoretical number of the 1,2-DDE that can be
formed from N diols and n fatty acids equals N x n2. We have
reported previously that vernix caseosa lipids contain at least 167
different fatty acids [38], which, even for a low number of diols,
gives 10%-10° possible combinations. The complexity of 1,2-DDE
thus compares with extremely rich mixtures of triacylglycerols
(where the number of theoretically formed species equals n3). Not
surprisingly, a comprehensive characterization of 1,2-DDE mix-
tures at the level of intact molecular species has not been published
so far. 1,2-DDE with very short-chain diols were earlier analyzed
by electron ionization MS [39], but the method is not applicable
for mixtures and lipids with long-chain diols. Previously published
methods for skin 1,2-DDE mostly relied on saponification or trans-
esterification, i.e. procedures that release fatty acids and alcohols.
Fatty acids and diols released from 1,2-DDE were investigated using
GC, often preceded by various chemical derivatizations including
the formation of trimethylsilyl, acetyl, isopropylidene or acetonide
derivatives, hydrogenation or oxidation [4,19,40]. Although these
approaches have enabled the structural characterization of fatty-
acid and diol building blocks, the structures of intact 1,2-DDE have
not been disclosed yet.

In this work, we analyzed the 1,2-DDE of vernix caseosa using
non-aqueous reversed-phase HPLC/APCI-tandem MS. The method
was carefully optimized to achieve good chromatographic reso-
lution and obtain reliable information on the molecular species

structure. More than 2000 molecular species have been identified
and their retention behavior has been studied.

2. Experimental
2.1. Sample collection

The vernix caseosa sample (1.0 g) was collected from the skin of
a full-term healthy female neonate immediately after spontaneous
vaginal delivery and stored at —25°C in an amber glass vial. The
sample was collected with informed parental consent and the work
was approved by the Ethics Committee of the General University
Hospital, Prague (910/09 S-IV); the study was performed according
to the Declaration of Helsinki.

2.2. The isolation of 1,2-DDE

The sample was suspended in 50 mL of chloroform:methanol
(2:1, v/v) with 0.05% of butylated hydroxytoluene (2,6-bis(1,1-
dimethylethyl)-4-methylphenol; an antioxidant). The suspension
was cleared of epithelial cells by filtration through a column con-
taining purified cotton wool and silica gel (60-120 m, ca 0.2 g).
Anhydrous magnesium sulfate (ca 5 g) was added to absorb water,
and the suspension was filtered again. The solvents were removed
by a rotary evaporator (35°C, 170 mbar) and a stream of argon,
yielding 78 mg of the total lipid extract. The extract (ca 20 mg)
was separated on 9cm x 12 cm glass TLC plates coated with silica
gel using hexane:diethyl ether (93:7, v/v) as a mobile phase. Each
plate was developed twice to focus the zones (in the first step to
3/4 of the plate height and then, after air-drying, to the top). The
zones were visualized under UV light after being sprayed with rho-
damine 6G (0.05% in ethanol). The zone corresponding to 1,2-DDE
(Rp=0.46-0.52) was scraped off the plate into a small glass col-
umn with purified cotton wool and silica gel; lipids were eluted
with diethyl ether. The solvent was evaporated under a stream of
argon; the residues were dissolved in chloroform:methanol (2:1,
v/v; 10 mg/mL)and stored at —25 °Cin the dark. Prior to HPLC analy-
sis, the sample was diluted by acetonitrile:chloroform (10:9, v/v) to
a concentration of 1 mg/mL (compound identification) or concen-
trated to a concentration of 25 mg/mL (the localization of double
bonds).

2.3. Chemical synthesis of standards

Fatty acid chloride (or an equimolar mixture of fatty acid chlo-
rides) was added dropwise to a stirred solution of alkane-1,2-diol
in 10mL of anhydrous pyridine at 0°C. After stirring for 72h
at ambient temperature, the mixture was diluted with diethyl
ether (100 mL), washed with 10% hydrochloric acid (2x 100 mL),
a saturated solution of sodium hydrogen carbonate (2x 100 mL),
brine (100mL), and dried over sodium sulfate. The solvent was
evaporated in vacuo and the oily residue was purified by flash
chromatography (150 g of Merck Kiesegel 60; the mobile phase
hexane:ethyl acetate (95:5, v/v)) to give 1,2-DDE. The reactant
weights and the reaction yields are specified in the Supplementary
Information.

2.4. Chemicals

Acetonitrile, ethyl acetate and methanol (purity: for MS,
Sigma-Aldrich, St. Louis, MO, USA) were used as received; the
other solvents (chloroform, hexane, dichloromethane; all from
Penta, Czech Republic) were distilled in glass from analytical-grade
solvents. Ammonium formate (Fluka, Buchs, Switzerland), magne-
sium sulfate (Sigma-Aldrich), rhodamine 6G (Sigma-Aldrich) and



10 L. Subcikovd et al. / J. Chromatogr. A 1378 (2015) 8-18

butylated hydroxytoluene (Fluka) were of reagent grade and used
as purchased.

2.5. HPLC/APCI-MS

The liquid chromatograph consisted of a Rheos 2200 quar-
ternary gradient pump (Flux Instruments, Reinach, Switzerland),
a PAL HTS autosampler (CTC Analytics, Zwingen, Switzerland),
a DeltaChrom CTC 100 column oven (Watrex, Prague, Czech
Republic) and an LTQ Orbitrap XL hybrid FT mass spectrometer
equipped with an Ion Max source with an APCI probe installed
(Thermo Fisher Scientific, San Jose, CA, USA); the system was
controlled by Xcalibur software (Thermo Fisher Scientific). Two
Nova-Pak C18 stainless-steel columns connected in series (150 and
300 mm x 3.9 mm, particle size: 4 wm; Waters, Milford, MA, USA)
were used at a column temperature of 30 °C. The mobile phase flow
rate was 0.7 mL/min. The autosampler injected 10 L of the sample
and the injection system was washed with chloroform/acetonitrile
(1:1, v/v). The mobile phase was mixed from acetonitrile (A) and
ethyl acetate (B). The linear gradient program was as follows: 0 min:
70% of A and 30% of B; 100 min: 100% of B; 130 min: 100% of B.
Ammonium formate (50 mM solution in 2-propanol/water 9:1, v/v;
9 pl/min) was added to the effluent. The APCI vaporizer and heated
capillary temperatures were set to 270 °C and 170 °C, respectively;
the corona discharge current was 7 pA. Nitrogen served both as
the sheath and auxiliary gas at a flow rate of 32 and 17 arbitrary
units, respectively. The MS method encompassed eight scan events
for a linear ion trap: (1) the full scan in the 400-1500 m/z range;
(2) CID MS/MS of the Nth most intense ion from the parent mass
list with a normalized collision energy of 28-30% and isolation
with 2Da; (3-8) CID MS? from the first to sixth most abundant
fragments recorded in the previous event using a normalized col-
lision energy of 32% and isolation with 2 Da. The same sample was
analyzed six times; the N in the second scan event was gradually
increased from N=1 (the MS/MS of the most intense ion from the
parent mass list in the MS spectrum) to N=6 (the MS/MS of the
sixth most intense ion from the parent mass list in the MS spec-
trum). The parent mass list was calculated for [M+NH4]* ions of
all possible 1,2-DDE with the total number of carbons and double
bonds in the range of 49-91 and 0-4, respectively. Two additional
HPLC runs were used to localize the positions of double bonds using
[M+C3HsN]** formed in the APCI source [41] under the same sepa-
ration conditions as described above. In both runs, the MS method
consisted of two scan events; the first scan event was the full scan
in the 400-1500 m/z range and the second scan was either ion-trap
CID of the most intense [M+C3HsN]** ion from the parent mass
list with the normalized collision energy of 29-33% and isolation
with 2 Da or quadrupole HCD of the most intense [M+C3HsN]** ion
from the parent mass list with the normalized collision energy of
18-21% and isolation with 2 Da. The isolation width of 2 Da used
throughout this work enabled us to achieve high signal intensity
while maintaining monoisotopic precursor selection. The parent
mass list was built for mono- and diunsaturated 1,2-DDE. 1,2-DDE
standards dissolved in the mobile phase were also directly infused
into the mobile phase flow via a T-piece using a syringe pump of
the instrument. The exact masses were recorded by the Orbitrap
at a resolution of 100,000. The HPLC/MS? data were interpreted
manually.

2.6. The 1,2-DDE abbreviations and nomenclature

Anabbreviated nomenclature for 1,2-DDE was used in this work.
The aliphatic chains were expressed by the number of carbons and
the number of double bonds. The position of the double bond (or a
group of m ethylene-interrupted double bonds) was indicated as n-
x, where x is the distance from the terminal end of the hydrocarbon

chain. Unless stated otherwise, the cis double-bond geometry was
assumed. The abbreviation first specifies 1,2-diol and then fatty acid
chains. For instance, the abbreviation 10:0//18:1n-9/16:0 is used
for 2-(palmitoyloxy)decyl oleate or 2-(hexadecanoyloxy)decyl (Z)-
octadec-9-enoate. The underscore character between fatty acids
(10:0//18:1n-9.16:0) indicates that the positions of the fatty acids
are not known [42]. The ECN stands for the equivalent carbon num-
ber (ECN=CN - 2DB, where CN and DB are the total numbers of
the carbon atoms and double bonds, respectively). The diagnostic
fragments indicating the position of a double bond in the MS/MS
spectra were labeled either « (for the fragments containing a diester
moiety) or w (for the fragments carrying the terminal-carbon end).

3. Results and discussion
3.1. The mass spectra of 1,2-DDE

The APCI mass spectra of 1,2-DDE were studied using standards
prepared synthetically. The full-scan APCI mass spectra showed
signals of protonated molecules, partially overlapping with radi-
cal cations [M]**. The addition of ammonium formate promoted
the creation of ammonium adducts. A full-scan mass spectrum
of 16:0//18:1n-9/18:1n-9 (Fig. 1A) showed mostly [M+NH4]* at
m/z 804.6 (the spectrum base peak) and less abundant signals of
[M+H]* at m/z 787.1, [M+C3HsN]** [41,43] at m/z 841.8 and an
[M+H—FA]* fragment at m/z 505.5. Collision-induced dissociation
of the ammonium adducts in the ion trap (MS/MS) provided sig-
nals consistent with a neutral loss of ammonia ([M+NH4—NHs ], i.e.
[M+H]") and fatty acids ([M+H—-FA{]*, [M+H—-FA,]*). In the case of
monoacid 16:0//18:1n-9/18:1n-9, these ions appeared at m/z 804.4
(IM+NH4]*), m/z 787.7 ([M+H]*) and m/z 505.5 ([M+H—FA1g.1]*),
see Fig. 1B.In the case of diacid 10:0//16:0.18:1n-9, two signals cor-
responding to a neutral loss of fatty acids were detected at m/z395.4
and m/z 421.4 (Fig. 2A). Further fragmentation of [M+H—FA]" ions
(i.e. MS3) allowed us to detect fragments related to the second fatty
acids and thus complete the information on the number of carbons
and double bonds in diol and fatty acid chains. MS3 spectra showed
a loss of a doubly dehydrated diol, i.e. alkadiene in the case of 1,2-
DDE with a saturated diol chain. The second fatty acid appeared
as a protonated molecule [FA+H]|* accompanied by its dehydra-
tion products [FA+H-H,0]* and [FA+H-2H,0]*. These ions for
16:0//18:1n-9/18:1n-9 were detected at m/z 283.2, m/z 265.3 and
m/z247.3, respectively (Fig. 1C). The MS3 spectrum base peaks were
[FA+H]* for saturated FA (Fig. 2B), whereas, in the case of monoun-
saturated FA, the most abundant ions were typically [FA+H—H,0]*
(Fig. 2C). For a general fragmentation scheme of 1,2-DDE, see Fig. 3.
The MS? of [M+C3HsN]** made it possible to the establish the posi-
tion of the double bond based on two fragments corresponding to
the cleavage of the C—C bonds next to the site of the double bond.
The covalent adducts [M+C3HsN]*® can be generated by gas-phase
reactions in the APCI sources in the presence of acetonitrile, and
we have shown that these ions are useful for the localization of
double bonds in various lipids [41,43]. The CID fragmentation of
m/z 841.8 ([M+C3HsN]** of 16:0//18:1n-9/18:1n-9) in the ion trap
gave a prominent fragment m/z 728.7 («-ion), which can be ratio-
nalized by the loss of octane radical, and indicated the n-9 position
of the double bond (Fig. 4A). The CID spectra also contained satel-
lite fragments resulting from the cleavages of the C—C bonds more
distant from the site of the double bond (mostly +14 Da, m/z 714.6
and m/z 742.7) [41,43]. A cleavage from the opposite side of the
double bond (the w-ion at m/z 194, the elimination of C4,H7904°)
was not observed due to a low mass cutoff of the ion trap. The
CID spectrum showed also fragments not related to the double-
bond position, e.g. the relatively abundant neutral loss of fatty acid
(IM+C3H5N—FA]**) at m/z 559.5. In contrast, the quadrupole HCD
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Fig. 1. The APCI mass spectra of 16:0//18:1n-9/18:1n-9; the full-scan MS (A), the
ion-trap CID MS? of m/z 804.6 (the fragmentation of [M+NH4]*) (B), and the ion-trap
CID MS? of m/z 505.5 (the fragmentation of [M+H—FAg.1]*) (C).

spectra were less complicated, showing only w and « diagnostic
fragments accompanied by small satellite ions at +14 Da (Fig. 4B).
The difference between the appearance of the CID and HCD spec-
tra was presumably caused by different collision energies and the
activation time scales. Whereas HCD is a beam-type collision dis-
sociation imparting one or two higher-energy collisions, the ion
trap CID slowly heats the precursor with many low-energy colli-
sions, which causes extensive isomerization of the precursor. The
lack of 1,2-DDE standards with a double bond in the diol chain
did not make it possible to investigate whether MS? spectra are
useful for distinguishing between isomers whose double bond is
located either in diol or fatty acid chains. The elemental composi-
tion of all ions discussed in this chapter was confirmed by an exact
mass measurement on an Orbitrap mass analyzer (Table S1 in the
Supplementary Information).

3.2. The optimization of chromatographic separation

In order to achieve a good separation of the extremely rich
mixture of 1,2-DDE, a thoroughly optimized HPLC method was
required. The unavailability of 1,2-diols with appropriate chain
lengths made it impossible to synthesize standards with the same

Fig. 2. The APCI mass spectra of 10:0//16:0_18:1n-9; the ion-trap CID MS? of m/z
694.3 (the fragmentation of [M+NH4]*) (A), the ion-trap CID MS? of m/z 395.4 (the
fragmentation of [M+H—FA;s.1]*) (B), and the-ion trap CID MS? of m/z 421.5 (the
fragmentation of [M+H—FA6.0]") (C).

chain length as in the sample. Therefore, the separation conditions
were optimized directly with the 1,2-DDE isolated from vernix
caseosa. Based on experience with other neutral lipids such as
triacylglycerols, wax esters or fatty acid methyl esters [43-45], a
non-aqueous reversed-phase system with a NovaPak C18 column
with a total column length of 45 cm was selected. The quality of
separation in terms of peak-to-peak resolution and peak shape
was investigated in binary solvent systems containing methanol,
acetonitrile, propan-2-ol, ethyl acetate or toluene. Good peak-to-
peak resolutions were achieved in systems combining acetonitrile
and either 2-propanol or ethyl acetate. The use of 2-propanol was
limited because of its high viscosity causing excessive column
back pressure. Similar chromatographic systems with acetonitrile
replaced with methanol provided a notably lower chromatographic
resolution. Acetonitrile/toluene appeared to be an inappropriate
solvent system for the separation of 1,2-DDE because of poor
chromatographic resolution and significant signal suppression. The
highest separation efficiency was achieved using a linear increase
of ethyl acetate in acetonitrile for 100 min (Fig. 5A). The molecular
species of 1,2-DDE eluted between 62 and 101 min. The peak width
atits half maximum measured in the chromatograms reconstructed
for [M+NH4]* was typically 0.4 min.
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1 or 2 of the diol. In the next step (MS?), the neutral molecule of hydrocarbon (a former aliphatic chain of 1,2-diol) is cleaved, yielding protonated fatty acid. The R, R?, R®

are aliphatic chains.

This separation method was also tested with a mixture of 1,2-
DDE standards with shorter chains (Fig. 5B). The chromatogram
showed good separation of 1,2-DDE differing by ECN and a vari-
able degree of separation of the molecular species with the
same ECN. In the group of standards with ECN=42, the isomers
differing just by the position of double bonds (10:0//18:1n-
7/18:1n-7, 10:0//18:1n-9/18:1n-9 and 10:0//18:1n-12/18:1n-12)
were separated from each other (peaks no.1, 2 and 3). Saturated
10:0//16:0/16:0 eluted with the highest and distinct retention time
(peak no. 5), whereas 10:0//18:1n-9_16:0 (peak no. 4) co-eluted
with 10:0//18:1n-12/18:1n-12.Baseline separation was reached for
the 1,2-DDE differing by ECN values, i.e. for 10:0//18:0/18:0 (peak
no. 6, ECN=46) and 16:0//18:1n-9/18:1n-9 (peak no. 7, ECN=48).
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Fig.4. The APCIMS? of the C3HsN adduct of 16:0//18:1n-9/18:1n-9 (the fragmenta-
tion of [M+C3HsN]** at m/z 841.8); the ion-trap CID spectrum (A) and the quadrupole
HCD spectrum (B).

3.3. Analysis of 1,2-DDE from vernix caseosa

As vernix caseosa contains many lipid classes, we first ver-
ified the structure of isolated lipids using high-resolution mass
spectrometry and tandem mass spectrometry. Within the above-
mentioned elution range, the masses were consistent with the
ammonium adducts of 1,2-DDE (of the elemental compositions
CaHonsx)04N, where x=2, 0, -2 or —4 depending on the number
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Fig. 5. The base-peak chromatograms (m/z 400-1500) of 1,2-DDE isolated from
vernix caseosa (1mg/mL; A) and 1,2-DDE standards (ca 0.1 mg/mL each; B).
The mobile-phase gradient:0 min:70% of acetonitrile and 30% of ethyl acetate;
100 min:100% of ethyl acetate; 130 min:100% of ethyl acetate. The peak identity:
10:0//18:1n-7/18:1n-7 (1), 10:0//18:1n-9/18:1n-9 (2) 10:0//18:1n-12/18:1n-12
(3), 10:0//18:1n-9-16:0 (4), 10:0//16:0/16:0 (5), 10:0//18:0/18:0 (6), 16:0//18:1n-
9/18:1n-9 (7).
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of double bonds). The MS/MS spectra were analogous to those
of synthetically prepared standards. They showed the elimina-
tion of ammonia and fatty acids (of the elemental compositions
CnHgon_y)02, where y=1, 3, 5 or 7 depending on the number
of double bonds). The typical mass errors were in the range of
0.5-1.5 ppm. These data together with the fact that the R on silica
TLC matched the Rr of the synthetic standards of 1,2-DDE strongly
indicated that the lipids were indeed 1,2-DDE. Although the isola-
tion procedure (two-step TLC) was carefully optimized, the method
selectivity appeared to be insufficient for the complete removal of
unwanted lipids. The sample was found to be contaminated by an
unknown lipid class exhibiting polarity very similar to 1,2-DDE. In
our reversed-phase chromatographic system, these lipids eluted
mostly at higher retention times and did not interfere with the
analysis of 1,2-DDE (Supplementary Fig. S1). High-resolution mass
spectra showed that the molecular species of this unknown lipid
class contained four oxygen atoms and a sterol part. The molecular
weights were considerably larger than those of 1,2-DDE and exhib-
ited the maximum signals around m/z 1100. These lipids were not
further explored.

As regards 1,2-DDE, the chromatographic data showed a high
number of peaks partially overlapping in the base peak trace
(Fig. 5A). The chromatograms reconstructed for m/z values of par-
ticular ammonium adducts typically showed several peaks. The
compounds represented by these peaks had the same total number
of carbons and double bonds, i.e. the ECN value. Saturated 1,2-DDE
provided three or four peaks (Fig. 6A), with the second peak in
the distribution being the most abundant and the fourth one of
very low intensity. The separated peaks likely represented groups
of molecular species differing in the number of methyl branches.
Based on the analogy with wax esters [45], we speculate that the
most retained species contained straight chains and each addi-
tional methyl branch shortened the retention time. Unfortunately,
no standards of methyl-branched 1,2-DDE were available to prove
this hypothesis. The MS? spectra taken across the peaks differed
by the intensity of the fragments, which indicated different distri-
butions of the chain lengths (Fig. S2). Monounsaturated 1,2-DDE
showed up to three peaks in their reconstructed chromatograms
(Fig.6B). When compared to saturated 1,2-DDE, the peaks tended to
be broader and less resolved. The explanation might be a combined
effect of various positions of the double bond, cis-trans isomerism
and chain branching. We hypothesize that the peak broadening was
caused by retention time variations of the species with a different
double-bond position. The observed separation of the peaks was
likely caused by methyl branching or cis-trans isomerism rather
than by the double-bond position, as the MS data showed a sim-
ilar distribution of double-bond positions in the separated peaks
(Table 1). Note that the double bond might be present either in a
diol chain or fatty acyls. Since the number of separated peaks of
monounsaturated 1,2-DDE was lower (by one) than in the case of
saturated species, we speculate that the monounsaturated chains
were not branched, whereas the remaining saturated chains were
branched like the chains in fully saturated 1,2-DDE. The chromato-
graphic resolution of the peaks representing doubly unsaturated
1,2-DDE (Fig. 6C) was even worse than in previous cases. The peak
broadening was likely caused by an increased number of variations
of double-bond positions. Double bonds could be located either
in the diol chain and one fatty acyl, or in both fatty acyls, or all
the double bonds could be present in a single chain, either diol or
acyl. Moreover, the double bonds could be found in various pos-
itions within the chains. Like in less unsaturated 1,2-DDE, the MS?
spectra revealed differences in the intensities of the fragments (Fig.
S2)indicating variabilities in chain distribution. 1,2-DDE with three
double bonds were detected only in trace concentrations. In gen-
eral, 1,2-DDE eluted from the column in the order of increasing
chain length as shown in Fig. S3. When recalculated to ECN values
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Fig. 6. The chromatograms of vernix caseosa 1,2-DDE reconstructed for selected
saturated (A), monounsaturated (B) and diunsaturated (C) species: C56:0(A1); C57:0
(A2); C58:0 (A3); C56:1 (B1); C57:1 (B2); C58:1 (B3); C56:2 (C1); C57:2 (C2); C58:2
(C3). The experimental conditions were the same as in Fig. 5.

and plotted against retention time, all molecular species appeared
on a band almost linearly rising with the retention time (Fig. 7).
Such behavior indicates the validity of the ECN concept assum-
ing the same effect of a double bond as that of the shortening of
the chain by two methylene groups. The ECN concept is valid for
reversed-phase separations of many lipid classes including triacyl-
glycerols, wax esters, fatty acid methyl esters or glyceroglycolipids
[45-47] and used as an independent criterion for the validation of
the structures assigned from LC/MS data.

The APCI-tandem MS detection with data-dependent scanning
was used to identify the molecular species of 1,2-DDE. Because
of the finite speed of the MS analyzer, the sample had to be re-
measured several times to obtain good-quality spectra also for
minor components. The total number of carbons and double bonds
was deduced from the full-scan spectra showing the [M+NH4]* of
1,2-DDE. The ammonium adducts were fragmented in the MS? step.
The first fatty acid (attached either to the carbon 1 or 2 of the diol)
was cleaved off (neutral loss) and the fragment was subjected to
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Table 1
The 1,2-DDE identified in vernix caseosa.
tr (min) m/z of [M+NH4]* Peak area % CN:DB ECN Identification? Double-bond position”
61.73 804.4 0.04 52:2 48 - n-7,n-5
62.52 778.4 0.02 50:1 48 - -
62.59 804.4 0.22 52:2 48 20:0//16:1-16:1 [+6] n-7,n-5
63.15 778.4 0.18 50:1 48 20:0//16:1.14:0 [+12] n-7,n-5
63.54 804.4 0.10 52:2 48 22:1//16:1.14:0 [+4] n-7, n-6, n-5, n-9, n-10
63.76 752.4 0.06 48:0 48 - N/A
63.98 844.5 0.07 55:3 49 - -
64.53 7784 0.06 50:1 48 20:0//16:1.14:0 [+4] n-7,n-5,n-10, n-9
64.57 818.4 0.10 53:2 49 17:0//16:1.20:1 22:1//16:1.15:0 [+9] n-7, n-6, n-5
64.57 844.5 0.12 55:3 49 27:0//18:2.10:1 [+1] -
64.98 752.4 0.05 48:0 48 - N/A
65.13 792.4 0.05 51:1 49 22:1//14:0.15:0 [+9] -
65.22 818.4 0.30 53:2 49 21:0//16:1.16:1 [+15] n-7,n-6, n-5
65.85 7924 0.24 51:1 49 20:0//16:1.15:0 21:0//16:1.14:0 [+19] n-7,n-5
66.40 752.4 0.02 48:0 48 - N/A
66.41 792.4 0.11 51:1 49 21:0//16:1.14:0 [+13] -
66.43 766.4 0.20 49:0 49 20:0//14:0-15:0 [+10] N/A
66.45 818.4 0.11 53:2 49 20:0//18:2.15:0 [+8] -
66.45 858.6 0.35 56:3 50 24:1//16:1.16:1 [+8] -
66.99 832.5 0.35 54:2 50 22:1//14:0.18:1 [+10] n-7,n-5,n-9
67.11 792.4 0.15 51:1 49 20:0//16:1.15:0 21:0//16:1.14:0 [+10] -
67.24 858.6 0.30 56:3 50 22:1//18:2.16:0 [+8] -
67.70 858.6 0.11 56:3 50 21:3//16:0.19:0 [+6] -
67.72 832.5 1.35 54:2 50 22:0//16:1.16:1 [+39] n-7,n-5,n-9, n-10
67.75 766.4 0.17 49:0 49 20:0//14:0.15:0 [+10] N/A
67.77 806.5 0.08 52:1 50 - -
68.41 806.5 1.38 52:1 50 20:0//14:0.18:1 [+41] n-7,n-9, n-5
68.59 832.5 0.55 54:2 50 20:0//18:2.16:0 [+22] -
68.95 872.6 0.16 57:3 51 23:0//16:1.18:2 [+5] -
69.08 766.4 0.05 49:0 49 - N/A
69.15 780.5 0.56 50:0 50 22:0//14:0.14:0 [+12] N/A
69.65 846.5 0.37 55:2 51 24:1//15:0.16:1 [+20] -
69.71 872.6 0.20 57:3 51 29:0//10:1.18:2 -
69.82 806.5 1.13 52:1 50 20:0//14:0.18:1 20:0//16:1.16:0 [+31] n-7,n-9, n-5
70.28 846.5 143 55:2 51 21:0//18:1.16:1 [+40] n-7,n-9, n-6, n-10
70.29 820.5 0.13 53:1 51 - -
70.42 780.5 0.58 50:0 50 20:0//14:0.16:0 [+18] N/A
70.43 766.4 0.01 49:0 49 - N/A
70.96 820.5 2.24 53:1 51 21:0//14:0.18:1 [+57] n-7,n-9, n-10, n-5, n-8, n-6
71.07 806.5 0.15 52:1 50 20:0//16:1.16:0 [+7] -
71.07 846.5 0.54 55:2 51 21:0//18:2.16:0 [+17] -
71.33 886.6 0.63 58:3 52 24:1//16:1.18:1 [+23] -
71.70 794.4 1.03 51:0 51 22:0//14:0.15:0 [+19] N/A
71.80 780.5 0.21 50:0 50 20:0//14:0.16:0 [+6] N/A
71.88 886.6 0.43 58:3 52 28:3//16:0.14:0 [+7] -
71.98 860.6 0.71 56:2 52 24:1//18:1.14:0 [+15] n-7,n-5
72.13 806.5 0.04 52:1 50 - -
72.24 820.5 1.36 53:1 51 21:0//14:0.18:1 [+42] n-7,n-9, n-5, n-6, n-10
72.69 860.6 249 56:2 52 22:0//16:1.18:1 [+51] n-7,n-9, n-5
72.94 820.5 0.24 53:1 51 21:0//16:1.16:0 [+15] -
72.97 8345 0.20 54:1 52 22:0//18:1.14:0 [+12] -
73.09 794.4 1.16 51:0 51 22:0//15:0.14:0 [+21] N/A
73.23 780.5 0.04 50:0 50 - N/A
73.24 860.6 1.62 56:2 52 22:1//18:1.16:0 [+23] -
7342 834.5 4.62 54:1 52 22:0//14:0.18:1 [+45] n-7, n-9, n-8, n-5, n-6, n-10
74.02 860.6 0.64 56:2 52 22:0//18:2.16:0 [+34] -
74.26 808.5 1.11 52:0 52 22:0//14:0.16:0 [+20] N/A
7431 794.4 0.24 51:0 51 21:0//14:0.16:0 [+9] N/A
74.31 874.6 0.34 57:2 53 24:1//18:1.15:0 [+7] -
74.86 834.5 2.72 54:1 52 20:0//16:0-18:1 [+57] n-7,n-9, n-5, n-10, n-8§, n-6, n-11
75.14 874.6 1.58 57:2 53 23:0//16:1.18:1 [+24] n-7,n-9,n-8,n-11
75.60 808.5 2.01 52:0 52 22:0//16:0.14:0 [+20] N/A
75.79 848.5 4.36 55:1 53 22:0//18:1.15:0 [+60] n-7,n-9, n-8, n-10, n-5, n-6
75.80 794.4 0.04 51:0 51 - N/A
75.87 8345 0.60 54:1 52 22:0//16:0.16:1 [+26] -
76.43 874.6 0.42 57:2 53 23:1//18:1.16:0 [+18] -
76.66 888.6 0.37 58:2 54 24:1//18:1.16:0 [+2] -
76.69 8225 121 53:0 53 22:0//16:0.15:0 [+25] N/A
76.89 808.5 0.82 52:0 52 20:0//16:0.16:0 [+13] N/A
77.11 848.5 433 55:1 53 21:0//16:0.18:1 [+52] n-7,n-9, n-8, n-10, n-5, n-6
77.34 888.6 0.95 58:2 54 22:0//18:1.18:1 [+12] -
77.89 888.6 1.79 58:2 54 24:1//18:1.16:0 [+60] n-7,n-9, n-5, n-10
77.96 822.5 2.44 53:0 53 22:0//16:0.15:0 [+28] N/A
78.03 848.5 0.24 55:1 53 21:0//16:0.18:1 [+15] -
78.09 862.6 3.43 56:1 54 22:0//16:0-18:1 [+50] n-7,n-9, n-8, n-5, n-10
78.19 808.5 0.11 52:0 52 - N/A
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Table 1 (Continued)

79.07 836.5 0.93 54:0 54
79.29 822.5 0.91 53:0 53
79.38 862.6 7.36 56:1 54
79.48 902.7 1.06 59:2 55
80.32 876.6 2.12 57:1 55
80.33 836.5 2.25 54:0 54
80.49 822.5 0.03 53:0 53
80.54 862.6 0.37 56:1 54
81.28 916.5 0.11 60:2 56
81.32 850.6 0.68 55:0 55
81.54 876.6 3.99 57:1 55
81.60 836.5 1.43 54:0 54
82.58 890.6 1.48 58:1 56
82.59 850.6 1.43 55:0 55
82.71 876.6 0.15 57:1 55
82.89 836.5 0.11 54:0 54
83.39 930.7 0.17 61:2 57
83.55 864.6 0.30 56:0 56
83.57 890.6 1.46 58:1 56
83.77 850.6 0.56 55:0 55
84.00 930.7 0.10 61:2 57
84.66 904.7 0.77 59:1 57
84.79 864.6 0.86 56:0 56
84.81 890.6 0.28 58:1 56
85.06 850.6 0.05 55:0 55
85.29 944.7 0.38 62:2 58
85.55 904.7 0.67 59:1 57
85.68 878.6 0.49 57:0 57
85.99 864.6 0.54 56:0 56
86.31 918.7 0.21 60:1 58
86.71 918.7 0.45 60:1 58
86.86 878.6 0.56 57:0 57
87.22 864.6 0.05 56:0 56
87.44 918.7 0.42 60:1 58
87.62 892.7 0.50 58:0 58
88.07 932.6 0.10 61:1 59
88.15 878.6 0.22 57:0 57
88.70 932.6 0.32 61:1 59
88.99 892.7 0.65 58:0 58
89.27 932.6 0.16 61:1 59
89.55 906.7 0.43 59:0 59
89.97 946.7 0.13 62:1 60
90.17 892.7 0.18 58:0 58
90.60 946.7 0.41 62:1 60
90.78 906.7 0.55 59:0 59
91.15 946.7 0.19 62:1 60
91.40 920.7 0.46 60:0 60
91.80 906.7 0.04 59:0 59
92.83 920.7 0.39 60:0 60
93.26 934.6 0.41 61:0 61
93.86 920.7 0.09 60:0 60
94.37 934.6 0.52 61:0 61
94.96 948.7 0.37 62:0 62
95.45 934.6 0.08 61:0 61
96.10 948.7 0.50 62:0 62
96.67 962.7 0.25 63:0 63
97.21 948.7 0.08 62:0 62
97.80 962.7 0.40 63:0 63
98.19 976.7 0.20 64:0 64
98.77 962.7 0.06 63:0 63
99.30 976.7 0.30 64:0 64
99.78 990.7 0.12 65:0 65
100.30 976.7 0.05 64:0 64
100.86 990.7 0.09 65:0 65
101.70 990.7 0.03 65:0 65

22:0//16:0.16:0 [+22] N/A
21:0//16:0-16:0 [+20] N/A
22:0//16:0.18:1 [+38] n-7,n-9, n-10, n-8, n-5, n-6
23:0//18:1.18:1 [+29)] -
23:0//16:0-18:1 [+37] n-7,n-9, n-8, n-10, n-5
22:0//16:0-16:0 [+28] N/A

N/A

22:0//16:0.18:1 [+22] -
24:0//18:1.18:1 [+15] -

23:0//16:0.16:0 [+23] N/A
23:0//16:0.18:1 [+31] n-7,n-9, n-8, n-10, n-5, n-6
22:0//16:0-16:0 [+16] N/A
22:0//16:020:1 [+38] n-7,n-9, n-5, n-11
23:0//16:0.16:0 [+26] N/A
23:0//16:0-18:1 [+11] -
22:0//16:0-16:0 N/A
19:0//18:1.24:1 [+1] -
24:0//16:0-16:0 [+17] N/A
22:0//16:020:1 [+34] n-7,n-9, n-10, n-5
23:0//16:0.16:0 [+14] N/A
23:0//16:0-20:1 [+29] n-7,n-9
23:0//16:0.17:0 24:0//16:0.16:0 [+25] N/A
24:0//16:0-18:1 [+7] -

- N/A
24:1//18:1.20:0 [+2] -
23:0//20:1.16:0 [+11] n-7,n-9
22:0//14:021:0 [+23] N/A
22:0//16:0.18:0 24:0//16:0.16:0 [+16] N/A
24:1//20:0.16:0 [+2] -
22:0//16:122:0 [+19] n-7,n-9, n-10, n-5
24:0//16:0.17:0 [+20] N/A

- N/A
24:1//20:0.16:0 [+11] n-7,n-5, n-9
22:0//14:0.22:0 [+14] N/A
23:0//16:0-18:0 [+12] N/A
23:0//16:1.22:0 [+14] n-7,n-5,n-9
22:0//16:0.20:0 [+25] N/A
24:1//16:0-21:0 [+2] n-7,n-5, n-6, n-9, n-10
21:0//14:0.24:0 [+17] N/A
24:1//14:024:0 [+4] n-7,n-5
22:0//16:0-20:0 [+6] N/A
22:0//16:124:0 [+25] n-7,n-5, n-9
23:0//16:0.20:0 [+17] N/A
23:1//16:0-23:0 [+3] n-7,n-5,n-9
22:0//14:0.24:0 [+15] N/A
20:0//16:0-23:0 [+1] N/A
22:0//16:0-22:0 [+17] N/A
22:0//14:025:0 [+16] N/A
22:0//16:0.22:0 N/A
22:0//16:0-23:0 [+17] N/A
22:0//15:0-25:0 23:0//15:0.24:0 [+11] N/A

- N/A
22:0//16:0-24:0 [+16] N/A
22:0//15:0-26:0 [+10] N/A

- N/A
22:0//16:0-25:0 [+9] N/A

- N/A

- N/A
22:0//16:0-26:0 [+8] N/A

- N/A

- N/A

- N/A

- N/A

" A full version of this table can be found in the Supplementary Information (Table S2).

2 The numbers in brackets indicate the number of additional identified 1,2-DDE; see the Supplementary Information (Table S2) for their structures.

b Based on the MS/MS of [M+C3HsN]**; the double-bond positions are listed in the order of the corresponding peak intensities. The double bond positions identified from
the ion trap CID spectra (based on the «-ions) are given as unformatted text and the double-bond positions identified from the quadrupole HCD spectra (based on the w-ions)
are displayed in italics; the double-bond positions identified in both types of spectra are bolded.

another fragmentation reaction. The MS? spectra showed the elimi-
nation of diols (a neutral loss of diene) and the resulting fragments
were protonated second fatty acids accompanied by their dehy-
dration products ([FA+H—H,0]* and [FA+H-2H,0]") in the case
of unsaturated species. By manual interpretation of the data, we

identified 2250 molecular species of 1,2-DDE in 141 chromato-
graphic peaks. Although the separation conditions were optimized
very carefully, the chromatographic peaks still represented mix-
tures with up to 61 identified molecular species of 1,2-DDE (with
the same number of carbon atoms and double bonds, but differently
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Fig. 7. The plot of calculated ECN values vs. retention times for 1,2-DDE identified
in the vernix caseosa sample.

distributed among the chains). A short summary of the identified
lipids is given in Table 1; for the full version with all 2250 species,
please refer to the Supplementary Information (Table S2).

The molecular species of 1,2-DDE could not be quantified
because of extensive co-elution and unavailability of standards.
As lipid response factors depend on the number of double bonds
and chain length [48], it was possible to make only a rough esti-
mate of the real proportions based on relative peak areas. The
peak areas used for the calculations were integrated in the full-
scan chromatograms reconstructed for [M+NHg4]*. In this way, we
found that the peak area of all saturated 1,2-DDE corresponded to
30% of the total integrated signal. Monounsaturated, diunsaturated
and triunsaturated lipids accounted for 49%, 18% and 3%, respec-
tively. As the direct quantitative evaluation of the distribution of
diol and acid chains among the identified 1,2-DDE species was not
possible because of coelutions, we used a different approach based
on counting their relative frequency of occurrence. Obviously, this
way of counting systematically underestimated the most abundant
chains and overestimated the least abundant ones. Nevertheless, it
allowed us to identify the most abundant chains occurring in 1,2-
DDE. The plots of the relative frequency of occurrence are shown in

e
100 [~ ° vmo A
se 'S
80 ‘g N
| =) e
60 - ‘ - u.s°|\°
o ~ © N
- & 9‘ N ]
— =
X 40f ;2 / 2
[ o
PO A S
o S % - S o
s =1, S22 | [ < g
3 il Li
o ‘ . I I el
g— 0°° ‘ﬂ-‘:[ﬂ i ‘ig AL | 1T
o =
& 100 - & B
(0] e
= /
g op g
2 | L
60 [- ° 7 0T
®
40 ° o
28 = S
20F <9882 R
e == T L S S833 a
> NNNN
0

Fig. 8. The relative frequencies of occurrence for 1,2-diols (A) and fatty acids (B) in 1,2-DDE identified in the vernix caseosa sample.
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Fig. 9. The overlay plot of the chromatograms of vernix caseosa 1,2-DDE reconstructed for molecular species with the double bond in the positions n-5 (m/z 138.13; solid
line), n-7 (m/z 166.16; dotted line) and n-9 (m/z 194.19; dashed line). Based on quadrupole HCD MS/MS data, the experimental conditions were the same as in Fig. 5 (the

sample concentration was 50 mg/mL).
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Fig. 8A (diols) and Fig. 8B (fatty acids). Diol chains appeared to be
mostly saturated with 8-34 carbons and the distribution of their
chain length had a maximum around C22:0 (Fig. 8A). Monoun-
saturated diols were also present, particularly C24:1, C22:1 and
C23:1; diunsaturated diols were infrequent. The results were in
agreement with literature data. In the total lipids of vernix caseosa,
Nikkari [5] reported mostly saturated and branched C14-C26 diols;
almost 95% of them contained 20-24 carbons, with C22 being
by far the most abundant. These diols were also identified four
years earlier by Karkkdinen et al. [3]. Fu and Nicolaides [4] ana-
lyzed the diol diester fraction and found C20-C25 1,2-diols, mostly
iso- and anteiso-branched. Our results confirmed these observa-
tions and additionally showed the presence of both shorter-chain
(C8-C13) and longer-chain (C27-C34) 1,2-diols. As regards fatty
acyls, we detected chains with 8-32 carbons, roughly in the same
range as in the case of 1,2-diols. However, the most frequently
occurring fatty acyl chains were noticeably shorter than those of
1,2-diols (Fig. 8B). The most frequently occurring acyls were satu-
rated C14-C16 together with monounsaturated C16:1 and C18:1.
The most significant doubly unsaturated acyl was C18:2. These
results were in agreement with the report of Ansari et al. [19], who
found straight-chain, iso- and anteiso-branched saturated acids
and straight-chain monoenic acids with 12-36 carbons. The most
abundant acyls appeared to be C16:0 and C18n-7, C18n-9. Simi-
lar results were obtained earlier by Karkkdinen et al. [3], who also
showed the presence of C18:2 and C18:3. As regards the molecular
species of 1,2-DDE in the vernix caseosa sample, their ECN values
ranged between 48 and 65 with the maximum around 54-56 (Fig.
S4). The most abundant 1,2-DDE were monounsaturated species
combining a C22 diol and a C18:1 fatty acid together with a C16:0,
C14:0 or C15:0 fatty acid (Table 1 and Table S2). The position of
double bonds in the unsaturated chains was deduced from the MS?
spectra of the [M+C3HsN]** formed in the APCI source. Both ion-
trap CID and quadrupole HCD data revealed double bonds in several
positions within the chain in the chromatographically separated
peaks. It is important to note that, without the separation of the
molecular species, the double bond could not be assigned to indi-
vidual 1,2-DDE. Neither was it possible to distinguish between the
double bond in the acid and the diol chain. Ion-trap CID appeared to
provide good-quality spectra even for low abundant compounds,
but the interpretation was complicated by the presence of satel-
lite fragments formed by cleavages of other neighboring bonds.
Therefore, strict rules regarding ion abundances were applied to
distinguish between signals of diagnostic fragments («-ions) and
their satellites to avoid false positive results. Consequently, the less
frequently occurring double-bond positions were possibly unde-
tected. The interpretation of the quadrupole HCD spectra was much
more straightforward, as the formation of satellites was signifi-
cantly lower. Unfortunately, very low abundant 1,2-DDE provided
spectra of poor quality, likely because of ion-beam losses during the
transfer of the precursors to the HCD cell and the products to the
Orbitrap via C-trap. Nevertheless, both fragmentation techniques
allowed for the localization of double bonds in moderately and
highly abundant peaks of 1,2-DDE. The data showed that double
bonds were located mostly in n-7 and n-9, less frequently in n-5 and
other positions (Table 1 and Table S2). The quadrupole HCD data
allowed us to make reconstructed chromatograms for each double-
bond position. The overlay plot (Fig. 9) shows that the peak maxima
were shifted, i.e. the retention times depended on the position the
of double bond. The retention times of n-9 peaks were typically
higher than those of n-7, which was also consistent with the rela-
tive retention of 10:0//18:1n-7/18:1n-7 and 10:0//18:1n-9/18:1n-9
(see Fig. 5). The observed variations in the retention times caused
by the double-bond positions also explain the broadening of the
chromatographic peaks of unsaturated 1,2-DDE. Based on the inte-
gration of the peak area in the reconstructed chromatograms, the

relative proportions of the chains with different double-bond pos-
itions appeared to be as follows: n-7 (61%), n-9 (30%), n-5 (8%)
and n-11 (2%). The double-bond positions determined here were
in agreement with the structure of the 1,2-DDE fatty acyls reported
previously. The most abundant unsaturated fatty acyls in the 1,2-
DDE fractionidentified by Ansarietal.[19] appeared tobe C18:1n-7,
C18:1n-9,C16:1 n-7,C18:1n-10, C16:1n-5, C16:1n-10 and C20:1n-
7, fatty acyls unsaturated in other positions were detected as well.
As regards 1,2-diols, to the best of our knowledge no information
about the positions of double bonds in their chains has been pub-
lished so far.

4. Conclusions

Using HPLC/APCI-tandem MS, we detected more than 2000
molecular species of 1,2-DDE. The actual number of distinct 1,2-
DDE in vernix caseosa is probably much higher taking into account
chains with various positions of double bonds and/or methyl
branching as well as regioisomers not distinguished by our method.
1,2-DDE detected in this work contained 72 diols and 62 fatty acids
differing in the number of carbons and double bonds. Theoret-
ically, one could combine them into 276,768 different 1,2-DDE.
As the number of detected lipids was about two orders of mag-
nitude lower than it could theoretically be, we assume that the
human skin in its early stages of development synthesizes 1,2-DDE
non-randomly, preferring only certain combinations. The number
of detected 1,2-DDE is still astonishing, especially when consid-
ering that 1,2-DDE constitute only a small part of vernix caseosa
lipids and many other classes, likely with a similar degree of com-
plexity, are biosynthesized as well. This work also points out the
limitations of the current separation technology. Nowadays, one
can hardly imagine a separation system, even multidimensional,
capable of separating thousands of structurally similar molecular
species, particularly lipids associated with the skin of mammals.
A comprehensive characterization of the molecular species in the
skin lipidome is a challenging task for scientists.
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