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Abstract

I nvestigabLigogBadéd| Dnspédrn giuvea IMiguiogxtraction
Formation for Untargeted Lipidomi

Reza Maul ana

Li pitdomics is the study of Ilipids in biologic
toxic solvents and data harmonization. l oni c
compounds and biomolecula&s, notf f beempoernenal ve
| i pi domi cs. TFhveox3ymeltlhsy,l i mildaz ol i um hexafl uo
trihexyltetradecyl phosphonium hexafluorophosp
di spers-ivgul dgmi droexbtaasi andwspbkbrmetrhaBot h
towards | ipids of intermedi ate polarity, wi t |
| i pids. However, slight solubility of I Ls in
| i pi dds wtheeshnt eanal yzed wusi-mgss$i gpedt comemay ogoOuac¢E

Il Ls were unsuitable for untargeted | ipidomics
Il nternal standards guantommocaktyonsed Lot as gmi
el ectrospray ionization (ESI) differences bet

i mpact guanti fication accuracyi.pi @be gbdaoet o
sphingolipids, and sterol | ipids was studied
and murine | ioleasd iasdditect Widrhmant i on was consi s

for diglyceride adndpiahosluebsctlearsysle sesthneecessit at

Mi smatch between internal standard and endoge
phosphocholine, ceramide, triglyceride, digly
one of the f éwrt crhatvrairded. llintyeri n sodi um conce

sodium adduct f ormati on and coul d not be con

Finally, monoglycerides andetdatgd yackdu dtes iwrerES



Sp
Me

co

My

un

I
E k
t h

To
c h

L a

j o

Acknowl edgment s

would I'i ke to express mprde ®@e¢ @i agwhadcskdo v d €
wavering guidance and experti se giraavdeu abteeen i
hool

eci al myhahksisosupervi srr.y Ceomenrian ek inmenmebre reé

| i ssa fPars stalreeilrl ii,nsi ghtful feedback and cons:c

ntributed to the refinement of this thesis.

greppeesetiation goes to my parents for thei
derstanding during the highs and | ows of my

am grateful t o broyt hd ediecseétnesdk alndllo praatie sC,ar ol

ateri nankl Méksrak apstering a coll aborative and
at enriched my | earning experience.
snybl i ngs and, nelwbsenenepheagement sustai ne:t
all enges, | extend my sincere thanks
stly, |l want to expr ooy myl | appree logaoeoedd din nntetsh

ys and tribulations of this academic endeav



Contribution of Aut hor s

Chapter 3

This <chapter entitled Alnvestigation of Lipi
Quantificationbo aut hored byntReiz-Aa emaM@tu,| aAadr elLa
Ber gHoliman Blangnhaerde Pol o, Wal aa MlaahnmeRlet, e r Nsaoc
David,dmdbbBaj ana Vuckovic is the first draft

submitted for publication.

I performed all datterppedtswdnioOnandt hesuldtaft m
and revisions from DrandvuR&«joan peVYiLobkame dcoluigmiac
anaesoms LOritrap ¥HYélosamples despei bedmed ahi s
QTOF analyses destioomad Baghkbrs aehdp®déan Pete
straitnhset Udy ocforgpisnaanipl e s, and Hooman Bagher.i
collection and d,i sAsnencat idoen .P oD aov,i dWall aabab eh¢ ad me d i
resmpsi bl e for ani mal stachyl lcodkiemg eat muhe nef i
in this wo-AlmanAntaodnAn8teas Bergdahl wehree r es
study f ocusi ng -coanr btohhdy idepfief bekeceti sn odfi eltow t udy and
pl asma samples debBrcriVYedkowi thi,Bed€hdabke. Bes et
superandeslecured funding for all studies descH

Al | aut hors wi | | review and revise the final



¢rotS 2% /2ydSyda

ST S o I A - o B 0 SO = S PP PP UUPPPUPPPRR i. X

Li St 0. da D 8 S X0 i

T A o T O =S O 1 0 O o 1 o PP X1V

Li st of Abbr.ev..al. Q.S . XV
T S o T A o Y o N o PR 1
I R O o T o N0 I o O o ST PO PP UPP TR TPPPPPPO 1
.1.al assi ficadt..on..of. .. .Li.pi.ds. ... 2
1 R pidomi s WAELKELLLQIW e, 5
1. Bntarget ed..Li.pd. d.0.mMi.CSaiineenn 5]

. 2Li pid Extr a.c.t.i.on..Met.hods. ... 7
.2.Qonventional Lipi.d..Ex.t.r.ac.t.i.an. . Methods
1. 2. IMolnophasic Organi.c..Sal.v.ent..Extor.&8ction
1. 2. 1Li2g-bi qui d EXit.r.aCt b 0N, 8
1. 2. 1SBFPihdas e EXli.r.a.Ctlid 0., 10
S 2o T T O o T o I o ST 10
. 2.3i sper silviequLiidg uMidc..r..o.e.x.t.r..a.c.t..i..o.n........... 12

. 3LEGMS and Quantit at.i.o.n..i.n..Li.pi.daoami.c.sl4

. 3. liquid Chr.amat.ogr.aphy. ., 14
1. 3. 1Lilqui d Chr omat ogr.ap.hy..and..Li.p.i.dlodni cs
. 3. NMaS S SP e L O M L Y 16
1. 3. 2Malss Spectrome.t.r.y...Rr..nc..pl.es.....16
1. 3. 2QwWadr upeldfel ITI.te. .. 17
1. 3. 21.03N -OFr B Pld 3 R 19
1.3.2Madss Spectr ome.t.r.y..i.n..Li.p.i.domi.c.s2 2

.3.Blectrospray..l.oni.zat.i.on. .. (.ESL.).....23

1. 3. 3Ellectrospray Il.oni.z.at.l.o.n. . Rr.i.nc.i.pd3e
. 3. @urrent PraQuanonesffoatSemiof Li pl2d6s i n L

.3.5nt ernal...St.andar.d.S. . 28
.3.Bf forts to Har moni z.e..Li.p.i.d.omi.c.s...@BuWant it a
.dResear ch 0D . Bl il M S 31



2 Eval uathieoxBymef hyl i mi dazol i um Hexafl uorophospt
Trihexyl (tetradecyl )phosphoni umLHgxafdl uoropho
Mi croextraction Fao.r.ma.t..f.a.r...Li.p.i.d.aami.c.s..33

Y22 N o N S o T o O o A O o o SRR 33

2. 2EX P e I .MBIL.8 35
2.2.0Qhemical s and..Mat.er.d.al.s. ... 35
2. 2.Rreparation of Met.a.h.ol..t.e..St.andar3d Mi xt u
2.2.Breparation of Li.p.i.d..St.andar.d. . M.x3tbur e
2.2 . Rreparation of Pl asma Samp.l.es..us.i3m9g Sol v
2. 2.I5DLLME Pr 0.C. .0 Ul 40
2.2.Bvaluation o.f..Mat.r.ix. . .Ef.f.ecl.Sa........ 40
2. 2. TCMS AN a.l. Y. Sl S e 41
2. 2. Bat a Pr.0.C.e.S .Sl 4 4

2. 3Resul ts and..Di.S.CUS.S..0 N eees 45

2.3.Qomparison of |-Dolnb ME Lo fg uMedtsa bfool.ri..t14L5 St an d
2. 3.Qomparison of [|Dolnli ME Loifq uLiidpsi .df.oSt.al46ard M

2. 3. 2Prlocess Ef fi c..en.cy..Co.mp.a.r..s.0.n.... 4 6
2.3.2Matri x Effect aund..Rec.ov.er.y..St.udd9
2.3.Bvaluation of Matri x..Ef.f.ec.t..Re.ducbht2i on Me

2. 3. 3Efif ect of Temperature on .Sol.ubid32 ty of
2. 3. 3CI2etapn of Cont dRienNedPkF® Redmce Mab6i x Ef
2. 3.3%0l1l vent Mi svdiMjif]lPiftryds bdf BP4E.C..ooovvvvnveiiiiiieee, 60

2. 3.15DLLME Comparison of 1loni.c..Li.qgui.d® in HI

2.3.5Cdnventional protein precipitation usi

' i pi domi c ana.l.y.s..s..of...pl.asma............ 61
2.3.5C2Zmparison of Pr eodddE mfsMind)i gfPFap dof | L
[ P e]e[dsFf or Endog.eno.us..Li.pi.d.S ... 6 2

A o O o I o T o B U = O o 0 o R~ SO PPPTRRPPTN 6 3

3 I nvestigation of Lipid Adduct For mat.éédn f or

1C JY N N o T G o T o 0 U O o O R o Y TR 65
3. 2EX per i.me . a s 67
3.2.hemical s and.. Mat.erl.i.al. S i, 67

3.2.Rreparation of t.he..l.nt.eur.n.al...St.a.ndéarr ds



3.2.8ample Preparati.an..o.f.. . Huma.n..PRl.a.s.nba7

3.2.%ampl e Preparation of Mur.i.n.e...S.p.i.n6asl Cor d

3. 2.I5CMS AN Al .S S 6 8

3. 2.Mat @ Pr.Q.C.B.S.S o 6 9
3.3Results and.Di.S.ClUS.S..0N .. 70

3.3.Bvaluating Adduct Formation of Internal
Di ff er Nt . Mal i Lo S e 70
3.3.12nBat ch Variabilituy..ln. Adduct.. . FaoarZfBati on
3.3.183mpact of Biological V.ar..abi.l.i.t.y..802n Addu

. 3Evial uati on ofatmpaet oh WKHidghcit..8F30or mat i
. 3EWwVal uation of I mpact of Genetic Strain
i a85 | ity

.3CdBmparison of Technical and Bi.o8&gi cal
. . 3Efdaf ect of Diluti o.n..on.. . Adduc.t...FoXdmati on
3.3.Mdduct Formation Comparison of Human Pl a

Ww<ww
Cop - -
W W= Www

3.3.Bvaluation of Addu.c.t...Faor.ma.t.i..o.n..i..n3 8E S |

3.3.Betection of Monogl yc-eModalles...a.n.d...Di9g ycer o
3. 4AC 0O N Cl U Sl DS 103
4 Conclusions and.. .Eut.ur.e. ... Wo.rK. ... 105
4. L1C O N Cl U.SiliDidS it iece ettt e e e e e e e e e e e e s e e e e e e e 105
4. 2F Ut UT €. WVOLL K 108
R f B I B L B S s 110
Suppl ement ar.y...L.nf.or.mat. i.0n. ... 123



List of Figures

Figurenlerlal structure of (a) glycerolipids ar

gl ycerophospholipid classes are formed depend

Figurwarli,c2zus headgroups that can be attached t
gl ycerophosop.hol.i.pi.d. .l .as.5.€.S i ieeennnnns 3

Figur@enler3al structure of sphingolipids. Di f f e

depending on the..r.es..due..at..mo.i.et.y...X....4
FigurGorle 4structur.e..of..st.er.ol. . .l.i.pi.ds.....4
Figurle tlypsi cal wMSkased F b% F3.&mi..c.s.iiveennnn.! 6

Fi gur@ommon cations (top) and anions (bottom)
DT 0 C B3 U B St 11
FigurSchlenrati c di agr anofolfi ghtqumalsg sipop ecttn onmet e
from Cher nuwdvidvhi prereti sasli.on f r.am..J.ohn.Wi8ey &
Fi gurQr bli.t8r ap mass analyzer oper alWi tomapef mioss i
from the Royal Sa.c.i.et.y...af....Chemi.st.ry. ... 20
FigurSchlematic view of EtMS. LITnQa gler bcioturatpe sWe | cofs
ST o T = o T S T O o PSRRI 21

Figur&chem@ti c of the electrospray ionization
reproduced fr onfWWgtuhy epne ramids sScohnu gf r .a.m...J.o2hdn Wi | e
FigurGompalri son of the metabolit-BLEMEBEndatHd prc
ei t heir M LP Ber 6 J6[PI:F (n=3) . statissdgincai essamphéeter
t-t est at 95.%..Can i 0 B Col e 46

Fi gurRr 2ce2ss efficiency comparsMsBdhfBRNOhe | ipi
[P e]e[dFin ESI+ (n=3). [M+H] was used for MG (
LPC (17:0) and PC {1900/ D%G: 18:dnd6: My Nldnd PG
indicates stati st-$a&maptl essitlg naitf i 9cha%..cceo.naffit.déern ctew o
Fi gurRr 2ce3ss efficieiey MEompadi pom Mo MngdBF ds
anal yzeMS bhymtlLhC ESI modes (n=3). * indicates st

samptlestt at 95%..conf.i.dence...iiviviiiiinennn4 8



Fi gurRr ®2cedss effici ety MEompadi ponl ¢fct]efdPdHar ds
anal yzeMS biyn LiCot h ESI modes (n=3). * -indicates:s
samptlestt @dn fOISd . N.C.. e 49
FigurGompadr i maam i xf ef fect-DL b MEe v gMldwgfPdeend | L

[ P 6]s[dsFanBSLEnal ysi s i n-(mct3h....ES.l.+..and. . ESI
FigurGompari son of | ipid-DlhedMeyv aursgMIndbgfEFamdd aft
[P els[dsFanBSLEnal ysi s i n-(met3h....ESl.+...and.. . ESBI

Fi gurRr c2cefss efficiency-DdhdriEawvieDsubEDd khiaduvarg 81 ar
freezi ngMl g ifjirg-f p&@ES Llahal ysi s i n-(mct3h .ESI 4 nan o
statistical s-Bgmptfeectanwiet mfa%2% dovofi dence. DG

det ect ed il B S e 53
FigurRr o2ce8ss efficiency-DdhdriEanvieDsiubEDd khiaduvarg 81 ar
freezingslcbdsRpefRBBeah&l ysis in-(mect3h)h .ESI 4 nan dc a
statistical s-Bgmptfeectanwiet mfa%2% dovofi dence. DG
det ect ed il B S e 54
Fi gurkel @ .®0v erMla{ no/fz [10674 .gIn:48)i n E S]is+4 g(ntadp) and
(bottompfinegsDalLM&Engriok eldaur fwi.d.dz.i3ngh5

Figur &l Z. b0esledyf mdfz BB3.5058) glssiiggnnaall ((tboopt)t oam)
ESbf regubDadl MEngr ocelaur fwvi ¢ é.z.i3ng..i.n..ESH+
Figurd@lZ. pterlay of | ipid estpphdiaddmi x (red)
b ) MC M] ] PR D@ G K ) ittt nenan e 56
FigurdalZ. perl ay of | ipid-BlilaMBE a(rdl ubLd ME red ) I, |
ionic liquid ase,¢lecdF ardvliiVvg§@EkK..)......... a.).[.RP57
Figur &l Z£. p8er | ayDolf MEva(sthlew®elILIMEa nads IrLecei ved (b
a)el, Plsanad el I .. e s 58
Figur €ompadil s en dofst andard predMt M PREESEEiCVEedCyY
and wagvw e fJ[PE n=1) . PE (17:0/17:0) and 5MG (18:
Figur €ompabipsomescfs efficieaeanclyldoHad irpa dei wed na
washeds ]d[B{4Fn=1). PE (17:0.127:0) and PG (18:0/1

[ 0 I 0 ISR TR PRRRTT 59



Figur€ompaéi son of the number of endogenous |
precipitation with metbananbl obr 9Bs.b.p.po.d@Bobnam
Figurdh2. abundance of the detected | ipids for
efficiendMy MU PR®JI|Y BIFIDLL MEAas found (DG n=8, T
n=PE n=4, PS n=1, Pl n= 3, PG n=l...LRC6R=5, C
Figurfevedrralge adduct ratios of selected (a) LPC

' i pid species in QC samples from murine | iver
spinal cord tissue (n=20) and humsenpsasima (n
internal standard(s) and \l....ghter..shadi.lid repr
Figurfev e3raa2gdeuct ratios of various (a) CE and (
murine |iver tissue (n=12), murine plasma (n=
plasma (n=13) in ESI+. Darker shadimagdirmegprese
represent s..s.t.andal . d.( .S 77

FigurGompariavemaadagfeuct f or mati on in pooled QC s
Cer, CE,amMd&, TGG i pid subclasses in murine pl as
0O (QC n=14) and Week 6 (QC n=11). Both studie

and these studies were analyzed severrnaall mont h

I - N T - T U o A~ PSR 8 2

FigurfeddBucdt formation of selected | ipid speci e
sampl es obtained forrordVv mii ®d sf.ad..We.elkCHR8 4

FigurfeddBucit formation of selected | ipid speci e
and TG in different mice specimens within and
M1 EM3M5 Ko n=6, M3 n=6, M3 KO n=12, M3 M5 Ko n
muirne spi nal cord sample set. M and F .i88 sampl

Figur@Gompari son of mean adduct formation acr os
(n=13) samples for LPC, PE, PC, Pl , Cer , CE,

Darker shading repres.enit.s..t.he...nt.ernal.9%8t anda
Figur@Gomparri son of ™fR®Mhadfi olnM&aNMaloss bi ol ogi cal
against QC (n=13) samples for LPC, PE, PC, Pl

murine pl asma..S.ampl. .S 93



FigureddBucBt f or mati on comparison of LPC, PC, F
in human plasma anal y.z.ed...0n..QT.QF..and.086itrap
FigurDet3ecdti on of a) MG (18:30Q0jaonnd ibn) NOG T( 3AR M
1950 HOM BOS 1D 8 P 100

Figur ®e8etb®ed MGs and DGs in ClOOhdidfufce-r e mt ESad
mode on Orbitrap. Greeun...det.ect.ed.,. .. .r.ed:OOhot d
Figurdb8ntl@éomepari son obfE8iIi+faneénESh) DG and b
in Plasma NIST SRM..1950..s.amp.l.eS..................... 102



Tab
Tab
Tab
mi X
Tab
Tab
Tab
Tab
Tab
Tab

List of Tabl es

| Addutt ions formed in both!2ESL..mo.d26 for

|l €ompbsition of the met.ab.al..t.e..st.and@&r d mi

| kRe2ention time and adducts of detected me
L A <P 37

|l €ompdsition of the..l..pi.d..st.andar.d...3n8 xtur e
l4d&ke2 enti on time and adducts of dete®?ed |

| ©v2ryiew of the ewal.vat.ed..il.oni.c..l.ifqluids

|l d C2c®o®nditions for met.ab.al.omi.c.s...ex.pe2i ment
|l e .ctondi ti ons for..lL.i.pi.domi.c.s..ex.p.erd3ment s

| MS2 c®ndi ti ons for both metabol omics and |

................................................................................................................................ 4 3



Eq
Eq
Eq
Eq
Eq
Eq
Eq

at
at
at
at
at
at
at

Li sEquations

Mans sl .dccur acy..f.ormul.a..i.n..ppm......16

Rers dl. i
Rers dl. \Bi
fbrno Qe sls
Mat r2i. X
lotbL P MB
Adnd Bc t1

ng powedl..cal.cul.at.i.oN. ... 17
ng power-M8a.l.cwul.at.i.on. .. i.n. . T.0QPB
ef fi.ci.ency..f.or.mul.a. ... 44

effect cal.cwul.at..an. . . f.or..an.4anal yt e
anal yte r ec.ov.ery..cal.cul.at.bdaén
rat.i.a..fornmul.a..en... 70



@11 M] § PF

[

[ Ml M]

[ MH]

[ M+ @HO O]
[ M+ CI ]

[ M+H]

[ M+ HCOO]
[ M+K]

[ M+ Na ]

[ M+ MH

[ & 6]el duF
[ £ 6]6. 14
[ RIF

%CV

ACN

AJS
APCI
GNAD

C

CE

Cer

Cl D DDA
CL

COD

DC

DG

DI A
DLLME
DMSO
EI C

List of Abbreviations

l1-hex3yMet hyl i mi dazol i um h
I-hex3yMet hyl i mi dazol i um |
Deprotonated i on

AcC e taadtdas ¢ b

Chl oraddiuenl

Protonated 1 o0on

For neaddeu ¢ b

Pot asadidwm n

Sodiadccuwaen

Ammoniaduohuach

Tri hexyl tetradecyl phosph
Trihexyltetradecyl phospl
Hexafl uorophosphate i on
Coefficient of wvariance
Acetonitrile

Agi Jent Stream

At mo s pphreersiscur e chemi cal
Ni cotinamide adenine di:1
Chow di et

Chol esteryl ester
Cerami de
Col |l-i sdoned diatapemaeddy

Cardiolipins

Coefficient of dispersi¢
Direct current
Diglyceride

Data independent anal ysi
Di spersdl veguliidgumii d&¢r oextr
Di met hyl sul foxi de

Extracted ion chromatogt



ESI
FTI CR
FWHM
GCMS
HESI
HI LI C
HPLC
HRF S
HRMS

| iDLL ME

| STD
| UPAC
Hz

eMS
CHP

L E
PC
LRMS
m/ z
MCP
mD a
Me OH
ME W
MG
mmu
MS

r - - rr rr - X

El
Fo
Fu
Ga
He
Hy
Hi
Hi
Hi

L i
L i
Ly

ectrospray i1 onization
uri er

'l width at

transform i on c)
hal f
s chr omaa g rapdagt r o met

max i I
ated electrospray
drophilic interaction

gpher f orlmagruded chr omat og

ghesolution full scan
ghesolution mass spect
nic |iquid

nic |liquidlidgeiper i ¥ec
n monaisisi tsypectrometry
opropanol

ternal standard
ternational Un iGohne noi fs t1
| oHert z

guid chromatography
gui d chrmanas ogpapthtyo me
w c ar bloihgyld rohit et ei n
gui d extraction

g-bi qui d extraction
sophosphocholine

Lowesol utsipoenc trmaosnse t r vy

Ma
Mi
mi
Me
Ma
Mo
Mi
Ma

stse har ge
crochannel pl at e
[ I'i dal ton

t hanol

ss extraction window
noglyceride
|l ' i mass wunits

Sss spectrometry



MS
MTBE
NI ST
nmol / mg
N MR
NPLC
PA
PC
PE
PG
Pl
pp m
PS
QC
QaqQ
QTOF
RPLC
RTI L
S/ N
SF®™S
SI M
S M
SPE
SRM
TDC
TG
TI C
TOF
UHPLC
W

Singl e MS

Met hybutyylrtet her

Nati onal Sltmxtdiatr dtse amfd T
nanomol e per milligram
Nucl ear magnetic resonat
Nor mpahlase | iquid chromat
Ph
Ph

osphatidic acid
0
Phosphoet hanol ami ne
0
0

sphocholine

P h
P h

par tmi Ipleiron

sphogl ycerol
sphoinositol

Phosphoserine

Quality control

Triple quadrupol e
Quadrupoffée itgihme
Revaepbase | iqguid chromat
Room temperature ionic |
Si ghabi se

Supercricthircoanha tfolgsisdp by e c
Sinigbe monitoring
Sphingomyelin

Solpihdase extraction
Standard Reference Mateil
Ti mmedi gi tal converter
Triglyceride

Tot al i on chromatogram
Ti aoeff | i ght
Ul thriapler f or mance | i qui d

Hi glat di et



l ntroducti on

1. Li pidomi cs

Lipids are one of the main building blocks

vari embyecocules with differing structures and f
functions such as the formation of cellul ar n
Lipids are substances that arst soff ubdpeponinf inaolr
such as glycerides and phospholiptds, and non
The term Al i pi domPicns 02 Owda3s wdheefni ntehde ybp yu tHalni z e d
mass spectromestcray ef ot utdlye of angei ds at the sy
Li pi domi cssdasl e hcehadraacgteeri zati on and quantifi ¢
is desinbdéeé collection of all | ipid species f ol
involves determining |ipid structures, di scet
includindgi giigdidesgndadft ei pidnterdfygctnigonsandiguamal

and observing changes that occur in various

chemistry approaches and statistical anal ysi s

perturbations cagsedabygy tdhseasesrodment as an

composition of | ipid molecul a&™®species can be
Met abol omi cs i nvol ves t he comprehensi ve i n
composed of wvarious compound <cl asses, such as

Li pidomics caars uibieelvd ewwedmatsabol otmhmeusc.h Hia vwgehveer
hydrophobicity of I|lipids in comparison to oth
in -M&sed approaches which aids in annotation/
di stinct approaches thankiutvilewed as *afediadtoil o«
The i dentification and quantification of i nt
that there are tens of thousands of possi bl e |
to different cl asses andofs udbicflfaesrseenst whiepried tchlea
attomol e t o nanomol e *per mXximpgeamcomplpeaxt &
glycerophospholipids can have | arge numbers ¢
180,000 possible theoretical phospholipid str
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Sphingolipid spbaiesspbnhgondl|l bages as the
in Figure 1.3. Theysphesgeed bhesagscda heety

to various | ipid subclasses such as cerami de:¢
OH O/x
e AN
R1 NH
A
0

Fi ga3General structure of sphingolipids. Di f f e
depending on the residue at moiety X

Sterol I|lipids are characterized by the for
They can be cshuoblde svtiedreodl ianntdo i t s deri vatives,
their derivatives, and others. Cholesterol ar
subclass within mammalian systems.

HO
Figa4Gore structure of sterol i pi ds

Prenol , saccharolipids, and polyketides a
currently not extensively studied in 1ipido
precursors isopentenyl di phosphatce danmiuidil ige tvi
the mevalonic acid pathway. Saccharolipids a

|l inked to a!sugar backbone.



Li pi dsclcaasns ibfei ed further into three differe
properties. These are anioni-neutpiatdspowaak]! ypié
|l i pids contain at |l east one ncemgsa.t i v@arcdiaaolgiep it
phosphoglycerols (PG), phosphoinositols (PIl),
sul fati des, and their l ysolipids fall under
el ectrically newptHbuad ta li knap Wwenadkll yc arcriydi @ net ne
Phosphoet hanol amienset e(rFE)i,e d yfsaotPtEy, ancoinds and t h
ceramides fall undernetuhtirsalc altiepgiodrsy,. tWietyh dcoh amr
any pH coocdnsibott hafpdol-paol andl hphds. Phosphoch
(LPC), sphingomyel in (SM™M) , hexosyl ceramide,
triglycerol, and cholesterbfF-8&@nd its esters f

1. 1LRpidomics Workfl ow

Li pidomi cechasgiangeivieel d where new approache
on oanrg obiansgi s. One of the key analytical platfor
The advancdmearktts®!| pedM&oce the field of | ipidort
to data processing enabling deeper | ipid covVe
l i piddmestypical | i gmuaisds cshpreocnt et Schyartsdepgdip y (dLoOmi ¢ s
workflow is shown in Figure 1.5. The workfl ow

1. 1UBtargeted Lipidomics
Two approaches are cdaommerd vyl igmploonyed . i AT hM

|l i pidomics and untargeted |ipidomics, also kn
t ohar eeat/édogru ayna isfi ngl e | i pid, singl eorl ispulds estu ba
|l ipids within a |ipidome. Targeted anal ysis i
spectrometers which all ows for hi gher specifi

easily scalabl e. Krso veluecdhg ea so ft hteh ef rtaagrngeentt alt ii pir

time is required in targeted analysis.
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Unt argeted | ipidomiids, iadrenthd yotamaelr quamd , |

wi t hin

wi t hin

a

p

t

e

MS

a
c
d

p

g
h

A piod

Si gnmarst

obl ems.

sol ut
known
Si mp
rgete
al‘yt%®

a |ip
the b

i on i

comp

i dome. Unt argeted | ipidomics is p

i ological system at the expense of

twhegreea ed | i pidomics is performed tc
To

mitigate ambiguity in identifica
S required to increasedmassfpicog
ounds. Additionatldnyt,artdchet d d pa nda leyxd

l e and generic i ns mameefrotthoe olbitpaiidno me o

d |Iipidomics, extractiseal encetti fraed sy aaorfiee t

§°.

Extraction Met hods

.2Chnventional Lipid Extraction Met hods

h

X

S
¢
e
0
r
e
h

(0]

X
n
u

S

The

analy

ti aay Iwiopikddmiwcofstudy starts wit

e s ampBieo Im@&daimipat l.&« eawrchei rgihl y compl i cated so st

tract
anal
cel |
Il me mb
pends
|l ar f
oups
Xxane
at ar
l ar s
Thr e

tract

d Hiicquii d

tyl e

ed | a

t he
ysis.
s and
rane/

on t
uncti
such
and t
e mosr
ol ven
e mai

ion

t her
rgel vy

i pi dévadulodn ot herwicoempiommelde t he d
Lipids from biofluids are easier
ti ssues, which require prior ste
cell wall before extraction can h
he hydrophobic f att y hparceysle acchga ionfs
onal groups, sde hnats photspih@at polga
as triglycerides and chol esteryl
oluene and in moderately polar so
eg | pyoclearro pshuwocstp hao | i pi ds and sphingol
ts such as methanol and ethanol
n epproaetdefoarehe extraction of |

LE) : single organic solvent extra

extract-mosci(hiL&E)salsveamgt s opbtehtas ¢

( MTBE) . -pThhaes et heixrtdr aacptpiroona c(hS A Es) .s oTlh
dependdstiibm adai thii@on ditso otf he 1¢ eac @rs!

icroextraction methods can &alo0o be successfu



1. 2.MonlophCQrsgiacni ¢ Sol vent Extraction
Monophlhagiami ¢ sol vent extraction involves
but ammrolacetonitrile in excess volume to the |

centrifugation. This mentdoidmirtdestuehde,s rebatt pngt

can be wutilized fMonamme&kdivemenht ah Besabysdemina
monophasic system is desired and teolantilrieia
cl asses, is to be obtaodeds The asdwaphiageyopf
throughput that can be achieved. As a monopha
of phase separation is minimal which all ows f
measur ed.t hHoo wkeivseaadvant ages | i e in the fact t hg
can potentially interfere with the analysis
hydrophobic | ipids such as chol estemr®s$uletsitreg !

extractet. . *&Sbanpoammied t he performance of various

i sopropanol , and acetonitrile) and -MeOrdtidi ed
compmoroOplagiami ¢ phase extlriagawtiidone xa gpediatsseo nl i
extractions had better recovery as they did
extraction efficiency of polar | ipids.exMonopl
extract and were not found t ooweed shuigtha brleep rfoodri
usi nHY ISLCA comparison of the organic solvents
the extraction of hydrophilic |lipids whereas
hydr ophobt88®l adpii’deasb.mpar ed various solvents for
that i sopropanol performed best over other pr

acetorcil asibli @ehhsic extraptooi®®éd popt e paandorie mo v

repeatabl e and broad | ipid coverage where it

1. 2. UWUi.gdiidqui d Extraction

The moeguwetnitlliyzed met hod for sample prepar
common approaches for the ext-Dpeti ertobacti @nd
whiwthi chtes-métohanol as théhextFmachodgi sobhveas .
of chloroform/ methanol / water dtroan v&r4 03 s( bi\
sampl dhe majority of the I ipids are found in
>90% recovery. Li pids such as glycerides, sul



sphingomyelins, cerami des, chol esterol s, and
the middle and upper phases, ot her phosphol ir
phosphatidic acids, and phosphoglcyocveerraless. wlihe
50 %. The high extraction efficiency of many |
standard for | ipid extractionwhedmasér9 5%, oBlsi gohf &
Dyeémodi fied the method by using chloroform/ met
separation of phases allows for polar i mpuri:t
matrix during MS analysis. Fokdmpmeshddei soat
hi gher solvehTheéomaissdesaavaonsalgieew ohet hbeage
chl oroform, which is hazardous, and the fact

phase, making the recovery of the phase diffi

S possi bl e.

Several methods have been debaebegedxtsaahi
2008, Mafppaphaced chloroform with MTBE whereb:
of 5:1.5:1.45 (v/v/v) was uwteirlsiuse dwaotviedree fl @owe
collection of the Ilipids that would typically
t he organic ufphpigsr ttMfdBE pbasebl e contaminati on
and apabler aufTbmatdiemdvantage of the Matyash
soluble contaminants that can be found in the
reveal ed that MTBE was superior for the extr
untsar at eddé atvvhgraas chl oroform had better extr
and pl asmhelfggentad™dt roduced the BUME met hod wh
sol vent extr actphoans eanedx tlrlakc.t | Sormm gtsle ef ibri sotl ooga rcrai
using 300 OL butanol /.metEh aenxotirsaactthieonn3p dr fr art med
previ ousdmyehfacsremisdytsot e3M® 0 OL heptane/ eah3l00 acet :
OL of 1% acetic acid as as®ludbdlee .c dmti amimed rmtos
phase, but i1its disadvantage | ies in the diffi
are the main LLE met hods telxdtr aartae omnurorfentilpy duwst
ti ssue*$adamptl es.



1. 2.S90lBfhdase Extraction

Solpihdase extracusedn fcamelall g®d dminc £ esmhghatic
organic phase extraction or LLE or it can al
combination with other met hods when an- enric
abundance | ipid classes suchramsm etbesahbpdd a
can also be wutilized to“Asastabedtenneusr abhmaea
sol i ds prhiademian sel ectively retadifn nmalye cod IT & gh eb as:
type of SPE cartridges that are mophase mmiohi g
reveplsaegsle si leixccah,a nagnetl Filoeerb 8RE spr ot oc ol i's also
exampl e, the sol i d isnucplpuodret octahnecrb enaastoetfbihailesd | t q

1.2l @8nic Liquids

l onic |iquids (IlIL) havetoeaoae®mtotrygoenaéc gseodl vae
for the extraction and isolation of analytes.
whereas those wetbwmebomngempenasure are know
l i qui d$?qTRTEL)s due to the | arger size of the
l attice wwitchohagafelmessal drse more than one thou
with a | arge number being available commerci e
solvents in sampl &l pniepakribfubdstaceénahsesdubb
as different came¢ei oombiameddawhiohe retaining thei
desirablsepeacnidf itcaaskThe cati ons acroen tuasiunailn gy chbautlik
as imidazolium, pyridinium, pyrrolidinium, ph
h a | ebgaesne d organic or i nolrlgarhiedke fanuioornopaomd p h a:

trifluorP®deéteh asnoatceg ures of t he common cations



Tetraalkylammonium

I R
N Nt
<) O
\ |
# L
R2
Imidazolium Pyridinium
R|1 R|1
R3—N—R4 R3—P*
R2 R2

Tetraalkylphosphonium

R1

\/
O

Pyrrolidinium

R2

R4

cr

Chloride

Tetrafluoroborate

Hexafluorophosphate

o

Trifluoroethanoate

TrifluoromethylsulfonateBis[(trifluoromethyl)sulfonyl]imide

Fi gaéE@o mmon cations (top) and anions (bottom)
proce3u’?es

l onic |iqguids are known to have negligible
many showing stability *wifhéad teepmahbtstrabi bbby«
structure of the i1 onic |iquid, particularl y
coordinating anions are known to be more ther
more therbmédélhg castans al so play a role where
by the cation type. Of the common cations the
ammonbamed < i-mdadad ot i pinas®@ldonmiicum i qui ds ar e @
be very viscous which makes their utility a b
is dictated by the nature and size of the cat
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co
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mi

p h

hi gheAnvibebbhagtaftfect nvaitsucosnadtfontihgh @ rhee | a
d/ or unsymmetrical anions can |l eadftivwdbi ghe
seiot ubi |l ity tihre nwetreaarcwatoenrieiiadlrhsct at ed by t he s
gui Aniioonnss .pl ay ian parqsumbbwih e bt gamadmwem as hali
ns are hydrophilic whereas coordinating ani
e common anions i ncrbegaosm deByoinh & r i[dE K0 winn
trafluof &apxchaxafl oor ¢ p[hRB phiagter iifolhiNdgf)de i on
s((perfluoroeltBiyJATshuel foatyil dm mipday g a secon

creasing |l ength of the al kyl chain wil.l al s
teraction between the ionic |Iiquids and the
deedrmy both the anion iamdr ewetd B dsamavihlea re & rhie
nger |l ength of tHRe3*alkyl chain on the catio
l oni c l i qui ds have been successfully appl
chnegpesci ally i n micr oexpthraascet i noinc rfooerxmarta cstu cc

i gqluiicggui d microextracdirop MDckIFERt racd i ®inngl e

.2DBspersi-kequiduMdcroextraction

With the advent and push for green chemist

traction procleidauied ewtctrhta eagtesdunbc diildeakee ¢ and
ammabl e organic solvents. Graeiemo a readluyctei csadl |
nsumption, waste generation, a%Twied |lhas lhee

de possible by the miniaturization of the e

|l imited to 100 OL or less. Combining all t

iabl e when des3i'Qprei nogf LLhEe snyosrteempsopul ar met hod
iquids in the microexti+#dadaqtuiiadn miacrmaetxtiracdi o[

i mple, quick, and having high extraction eff

The first DLLME procedure *Aadgt pder Zteerrmeadr yb
mponent solventpodywyst em.t r et at,ndt faes ma gvueenct u si SS ac
ntaining the analytes with the help of a di
xes the three solvents together where the e

ase, gener at itnlgiamad i ccladt iedsy tshoel untiixonng of t he



alytes to rapidly partition from the aqueou
ntact area, allowing for the state of equil.i
n then be separated byomestedi mMmegatipbhmasel €@«
tractant solvent with the extracted anal yt e:
diemfemdase i s then°ttadkenexbraannbygssasel vent 1 s

v W o u o O O Y
o o @o© ®© X 99 O S

nsity and |l ow solubility in the aqueous pha
ould have good miscibility in both phases 1t ¢
eeo or acetYnitrile are used.

Traditi dOidIMEy utili zes chlorinated &$&alvent s

roven to be viable as a replacement in the pr

roperties. Alsi gtioesmts iltLys thhaavne wat er, this al so

p

p

available choices. The DLLME procedure which
di spers-lvgqul dgmi dr-DlexME )a cwh ® meD(LILhVE fpirroscte dlulr e
p
t

er f ordazredu b%ghd Baghdadi®? afddteShME i ptamdedur e i s

he conventional DLLME procedure with uduslee exc¢
of sil advant ageotultsesmrb e LdavkEi-gpseai ftioc beVariskus
anion combinations as well as the incorporati:
can be done to achievé Thestat!|l ewsratsi oo el v
and organic compounds for enhanced affinity ¢t
This is mainly dictated by the structure and i
regi opnosl acfity are formed in the ionic |4 quid

pol ar i dAteractions

The-DLLME prshoaebdeuerre extensively modified | e
which are (1)DLdawEv evhtiiconnadloelsL not wuse a-ny mod
controDLEME,lL(3)-astishtedypadsiicrieevaaeerr s-tveod t &k
DLL ME, amd It @@a)L MEA more recent trend is the ut

l i quids which allows for easier XelpatBMEi amdan
its various modifications have been utilized
envirommartyasles t he extraction of bot h i nor gat

tetracyclines i ft niylrket hergogisd paensdt?ih@indde/g iinrce wat

sampgid esAnal yti cal determinati onpgerdrog mdaryge cdli



chromatography wi t h vari ous-ardreayectdietd ectsiysrn e
spect Pomeesyi te all these applications and moc

the wutility of i1Tonic liquids for | ipidomics.

1. L CGMS and Quantitation in Lipidomics

A variety of instrumental approaches have
mass spectrometry, nucl ear magnetic resonance
popul ar umpemaitnd masws spectrometry which all o
in |lipid |levels at very |l ow concelntrations an

The rapid devel opment of chromatographic a
decade hla@MSmhdetechnique of choice when per:
techniques such as direevtS iad fl wbswvisorf oma & sh es pe@ta
and I somer s, reducti on of i on suppression,
physi cc@ahenproper tMS st. e cVharriigouuess LcCan be empl oye
reveplsaegsled | iquid chromatographgl (KRReéd€)bpeonhp
MS techniques such as hydrophilic phaeseatiigon
chromatogr daphdy (NPLC) .

1. 3LLgquid Chromatography

1. 3. Wi.quid Chromatography and Lipidomics

Liquid chromatography is the most utili zec
| i pidomics as it is easily coupled with- MS an
volatile | ipids. The main advanMSgies otf h ec oaulpil li
separate the various I|lipid classes in the sam

Hi eplrer f or mance | i q@QHHBLI G roonnea toofg rtalpeh yc o mmo n
that is wutilized due to its high separation e
process can easily be automated. The HPLC sys
environmentr,evwhnitc hs acnapnl ep degr adati on. The avai
makes HPLC a versatile method for various ap
utilizing c€l Omnsiwietdhapsaudifi c5l e®m iannsdt ewor ks at
(600000 psi ), in ahimplehbdr maowa hsqul drahr oma



which is increasingly becomingtmooeglppptul sens
and resolution by increasing the pehnhnmgactarpiaxci t
ef fsaotd peak .brlagadiesnionfgt en coupled with instru
such asLi QT A@Bwwoircksf dtoiwlsi zi ng UHPLC separation 1
addiasisviest éd°>"RPYYC.

NPLC and HILIC can separate |,i ppihd®Pckl@ass s e s
separates | ipids accoHodwenvge rt,o NPhLed rh ahsy dproooprh oco
the electrospray i onization procBP&ECasstharselt
the most wutilized chr olmat oaqgRRalpe ddce psaerpaatreast ilonp i

hydrophobicity, this allows for the predictio
the | ength andbonnudnsb eorn otfh ed Of balet bteye na d iodh @lsamen si.n
t he number of car boinnsc roema stehsea sf atettye na d yonn d h arien
increasing numberfatftgoablye bbadses. oRlytdhephobi
stationary phase | onger compared to more pol at
species which in turn allows for strughagsal e
cbumns are the most cpohmansoend yc oultuinhni sz efdd i elvieg isd
separation of the different |1t (poabuwmpekan es w@apdada
from high-l apusdhsianaed al so focatihen-dafs dbmamrey
abundanté>'4®i4i ds.

Ther e aardev amatnayges of coupling LC with MS.
reduced ion suppression from higher abundance
of contaminants that could appear aalasmaempllet
thus minimizing the backgrotu¥Yd addieiMiSen e¢theeeC
are also other separation -masbhnspeaeestsM®)me hiragrs (¢
mobi-madsy spectMSY)meduper(cdrM ti cal fmasisd splkrcd matme
( SAVMS) .



1. 3M2ss Spectrometry

1. 3.asls Spectrometry Principles

Mass spectrometry is an analytical technique
anal ysi s. 't -timelhsauges ( mMhz) mastsi o of i ons, an
el ectrical charge are not detvecmads Héran mas:
atomic scale, and z is the charge nurmber of t

Dependitrhe aresol ving power of the 1instrume

cl assi fireasalnutoi dmwmass speecrtersoomeuttriyo n( LnRaMSs) sapt

( HRMS) . LRMS measurement wutilizes the nominal
mass of the most abundant isotope of each el emg
HRMS similarly wutilizes the mass of the most .
m/ z is measured to four to tshex edxeaccitmanha spsl.a cTehs
di stinguish small differences in m/z allows fc
in their exact mass allowing for better i1ident
accuracy diefffeersen oe tthet ween the experimental n
It is often expressed as an absolute value su
a relative value t'n parts per million (ppm).
EquatliMaass accuracy formula in ppm

Y T o ) (o L

D Oidwwo i o 3 Ta p Tl

One of the most i mportant factors in mass

which is the ability of a mass analwywwerThe s
Il nternati onal Uni on of Pure and Applied Cher
di stinguish between ions differing in the quo

characterized by giving theppesgeavids ha measu
for at | east two pgiatsfohtyheepeakt apdcati €.
peak &€l ght



EquatlkRens ol ving power calcul ati on

a

Va

whemies t hem/amahiyst e¢ he wi dth of the peak at a s

Y

of the maximum peak height. FFlh€RmoJOF¢ommadn IOy
is 50% which is known as the®full width at ha

There are various acqui sition -rmeddloutsi oanv afi
scansFS)HRvhi ch wuse an untargeted approach to
sample, or for mosrienigdaer gnotnég d¢ oa fippnrgodaucsht eviss,c aM$S o
independent acquisition (DIA) #&rSeiavdihleaklxe r al
chromatograms (XI C or EIC), which construct a
with a narrow masexwrdthi onl Wweddowe( ME®WS, whi
m/ z and | ooks at ®HBhis® ealt lIhagewas nndfamstsh enii chedtoevc t ed f e
To further confirm the chemiSardali yeing idare sbe fp
to collect the fragmentat4dh spectra of the f

Any mass spectrometric analysis has- three

dependent i on separation, and ion detection.

such aosff Itiignmet , guadrupol e, and Fomuad@heer et raarnes f
various MS parameters to consider for perfor mi
accuracy, dynamic range, -M5d ecppabimeinty. t ®i P
i nstrumefnftesr wdilflf erent ipesTypimaalkley chlirglceeri a
accuracy translate to enhanced identificatio
separation batseeldarogne trhaet i massTwo of t he most

| i pi domi cs ar-efiguhatd r(u@ToOF)*tanmde Or bi trap.

1. 3. Quadrupo-b#FI| Tigme

QTOF has ipnocprudaasred yi nsi nce i t3QTOMMes cda aHy a
mass spectrometer that takes advantage of g u e
Quadrupole allows for rapid fragmentation eff

whereacsff tignet i s capabstpeed amgpildi gimamdss r esc
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FigarTSchematic diagranrofolfi ghtqumals sipop ecttn oneet e
from Cherentwsdaleavi qprer mi ssion forom John Wiley &

The scheanaytppiccadf QTOF i s shown in Figure
spectrometer after the ionization prfoicletsesr.i nTgh
system where ions aret<dhdrtgeeae erdatbiac.e dl toinn g hali g

in radio frequency (RF) mode where al i iiednds a
functions by <creating a potenti al wel | t hat
Additionally, oqgqguygdmopel epreradtRFa¢evar pr emisul i t

all ow for the collisional dampi ng?Tdfe isemodndn
guadrupole (Q2) functions as a collision cell
bombard the ions, fragmentingnduiuheend i chi s @aioaxtei
Similar to Q1, Q2 <canerael saod If uinocntsi ocanr ei na | R Fo wieodd e
the fragmentation process. An additional quad:!
for collisional damping and to focus i1 ons ent
Q2, t teheinoresnter the TOFreebeyubehi wahcecresl eqrhadtyed
orthogonally by the ion modul ator via pulsat:i
The ions wil/l have the same kifeetdri fethesggcea



separation occurs here based on the-od/la gaft ,t h
whereas heavier ions will take |l onger. | n mode
that corrects for anyns noftitahe vedmeimlyz spreaudl
same mass arriving at the detector at the san
plates (MCP) in a chevron configuration. The

t he anaodd.seThiss amplified and eventually trigg

tdigital (TDC) converter. The TDC registers t
stored in memory. Over the coumstehefditfhfee memtu
coll ected and stored, eventually forming a ma
the i on width peak and °*therefore affects mass

There are two methods for datal) aaqdi MSt MS&n
modeslut M6i zes bot homlupdmap®, exsl li awiRfFg al |l i oncs
an accurate mass scan of the precursor ions.
range to select specific mawSs eSS, knlown aust itlhiez
RFonly mass or as a mass filter to allow only
collision cellowsrf crl Df r algomesnteld i ons, known
unfragmented ions to pass theaaadbyffjarre heetceddtliisn.

QTOF benetiypschhtomesol ving power of over 1
for the ability to partially or completely re
Agil ent QTOF model wused in this *tFesis has a

EquatlBRemsol ving power-M8al cul ation in TOF

" a 0

Ya Yo
whementé rtehneass and f | i gdmanaame afh et hpee aikonwi dt hs
at t hleevbeOl% on t he mass and time scales, respec

1. 3.120mM tOrap t r ap
The Orbitrap mass ansalaxged ea«loencstirsdadse sofandvo
which functions-l ake aelceatrade sphatd!l olvdsa t he

dielecgpacd@resmn.dt wo most common types of traps



200/5 and thel dhigbmpact treapAimdtiredacedrirmn20]l

applied to the central el ectrode which cause:
Orbitrap. This is a combination of three cycl
the central akl emotrode, aadr adi axi al motion alc
inside the Orbitrap wil!l move in a circular o
central electric field. The centriliegladrif D0ormt:
and vertical directions along the centr al el e

ot her two electrodes which also function to d

the ionsé®>scill ati on.

Mass spectrum

C-Trap
IR | N

Frequency domain signal

I

>
>

1

A T High-Field
Orbitrap 1
A Mass Analyzer
Time-domain signal
‘ A
PreAmp
0 1000 2000 3000 ‘oms

Figa8Q@r bitrap mass analyzer opet 2%iomhaperf iniosvs i
from the Royal Society of Chemistry

Before ions can enter the Orbitrap mass an:
ions are captturapg wsitmg neheéaetprCoaymnamiec o§queez
increasing electrical field is applied -to squ



trap according to their m/ z rvalperleatieans Tvhiet s ghui
contumuoées$ the ions reach the desired radius w
centr al and outer electrodes. This process i :
Orbitrap mass analyzer comparednass oebkef ut oo

accuyfasxcyt.here is a |imit to the nuwWnbet rafp wbmns
ot herwise would Iimit its performance, a | ine:
which all ows for the storage of a ddfriamped Trhiem
accumul attelden ornesl eased as i1 on packets which re

traje¢t’dri es.

Once the ion packets, ions of the same m/ z,
along the axis, and the difference in image ¢c.
amplifier and amplified oter sditghieannazde dr, afi@er ioe
transform converdaemaicmo nyviegn-tso H hreg & i anemae s s pec

overview of the procées8sicagpi he apsgh uil ag @l guir e

i's obtained, wiovdrmedoli winn@achoweradl e on newer
| onger spectral scan times are used.
LTQ Velos Orbitrap
IEIe:lrnspravlunSDurce S-Lens Square Quadrupole Octopole High Pressure Cell  Low Pressure Cell Multipole C-Trap HCD Collision Cell
% :W#Q{%ﬁ%%%! I) | |
a ﬁ h | | | v
O e

ﬁ‘—
=3
Orbitrap Mass Analyzer /, Q\zﬂ

Figa9Schematic view of EtMS. LITnQa glr bcioturatpe sWe | cofs

Scientific

Figure 1.9 shows the schematic of a | inear
as the LTQ Orbitrap Vel os. The combination of
of fers sever al advantages suclhbnasolverghbrghcsgyg
and"dkSpability. Additionally, It also all owed



standal one. One of the main features -$ssanhhe a

the ion current within the mass range of i nt
number of I ons. This f eatjuercet,i oaal otnigmewi tahl | totwe
guantitative analyses and ensures stability a
mass analyzer. Since then, many advanéeméret s
LTQ Orbitrap Velos was introduced which-1i mpr o\
ski mmer interface of the classic LTQ Orbitrap

ring RF i on gui de/f owhdi chh fgeghtelre wérdacnfisencs 1 ean MS/
35fol d increase®Tmi $uild tstanOrsipietcta@a.model whi
studies in Chaph®©s bB8momdadtuhpilse dé mads iNeeG | | edt i on
higlkesolution full scan spectra and nTehmisoalk r e
for the determination of t he, ewhrimeat alt @ o MP © «
prodcdwpetcof umhe | ipodcohfinmerestidentification

1.3. MasAs Spectrometry in Lipidomics
Mass spectrometry has become the method of
due to its sensThendVv aliyc efqidd|rsdptedefe Midcp etdyo mac g e h

driven by advancements in MS technology. Vari
|l i pidomics. The twbnfmostopop8| aal asoekdowrcas
LCMSbased | t*pli*domi cs.

I n shotgun | ipidomics, there is no separat
remains constant throughout the runtime. This
than other methods. Shot gun | ippeicddmicc sl icpand bce
interest, i ncluding use of specific scan mod.
modi fications. 't is typically coupled with E

extract specifinm theid ghyusisesc beamiedalo proper
stability,Saondumedadtpiiwiotyj .cs al so often empl oy
which takes advantage of the differesobusteuct
separat-somrcénsepar ation takes adwanrtnage nafritn
el ectrical properties of the I|lipids affecting
The advantage of shotgun | ipidomics is that [

there Iis no chang@hi s &l po dp c o dieoeonissreat (hD/g\) sri



which all ows for accurate gquantitative analy
|l i pidomics is also prone to ion suppression a
result in the partial or conogl etel spppsesst an
capabilities. Il n addition, as shotgun | ipidor
complexity of sample prior to MS analysi s, it
requires motrrumpemwts fadch n®&s* QIO or Orbitrap.

LCGMSbased | ipidomics takes advantage of the
and the sensitive detection of analytes by MS
of I ow abundance | ipid speciiesatainan adfsondwel t
advantag&s ofs L€s good reproducibility, and hi

i pid classes such as glycerophospM®bdaspad s,
i pidomics al so ayddisncaonr peartatai g nreentse rotni dn t i m

for |ipid identification, alldmBégdihdened douwrsathav
di stinct advant ages anMSbdissad vlainptiadgoensi,c sh ohwaevvee
popul ar due to these advantages. Neverthel es
ionization to ionizeospeali ppdiaebtionhebesnhgwt
1. 3EBectrospr dy¥SlHHoni zati on

El ectrospray ioni apgpromacihs tthlae mesuspapdhloar
of biomolecules and |ipidomics. It is a soft |
from solution into the gas phase at atmospher
thesd of structur al information is mini mal 0 W
during the i onization pr oevcoelsast.i Ilet sbiadomad lietcyu lteos
phase makes it an i deal c hogiucees wshuecrh caosu pU G dar
el ectr ophdédreisi s.
1. 3.Bl.elctrospray lonization Principle

Il n -BMS)] a solution containing the analyte o
A high voltage, positive o0+ rke/gatdieype,ndiigngapml
The applied voltage <creatoes as dloarsgevi 4 ép & rheet i
repell ed away from the capil-fatyawhtbb tnguot:
also known as the Taylor cone. As time passes



which is the point when the Coulombic repul si
surface tension of the solution. This causes
the entrance of the mass sepeshaaotmetgas wityhpitd
g a*d .42

Before the ions can enter the mass spectr o
which they nardete ceowna mametded f or t-pbasens-ot bhgo
phase. A curtain of inert heated gas or a hea
this solvent. The main generall yphace pitegds mae
t he ESI process for smal.l mol ecul es is the io
as the dropl ett or etdhuec ehse aitni nsgi zeel ednueent t hat i s &
the droplet to reach the Rayleigh | imit whicl
forming progressiTheby pomabimenodr ephpaesaes si oumst i d

f or med.

Droplet desolvation &
decomposition
Droplet

Taylor cone
4 formation + +

To M3
From HPLC
— —
G—) ’—O @ Reduction
!
HV
Figatr@chematic of the electrospray ionization

reproduced fr onfMWgtuhy epne ramids sScohnugf rom John Wil e

There are several ways that t he asnoalluyttieo no,f
through redox reaction®hiasethandaphlioagh t hiee ]

i ons.


https://www.zotero.org/google-docs/?MPC25H

Often, the analytes of interest are alread

applied and charge separation occurs, this <ca
and wil |l eventually dischargefbromnghehaaygkdr
the primary method for inorganic species such
bi ol ogi cal mol ecul es with acidic or basic f
ammoni um, phosphoniewdm®> ¢dr oxonium moi et

I n the capillary tube, electrochemical oxi
domi nant method is oxidation, and in negati Ve
all ows for the charging of nefé&tral mol ecul es

A st hEeS | process occurs at atmospheric press
gamphase, charged solvent molecules are -also p
phase interactions between the dbhsere@bhamgl a
anal ytes in the gas phpahsaes eo-tpcraontsofnena i né gctt iho ms
phase, there is an inversion in the basicity

Mol ecul es with hiaghherg hbears iacfiftiyniwviyl It oomeavreds pr o

charged in solution wild.l yield their protons
themselves, which causes the%e neutral mol ecu

Adduct formation is a phenomenon in ESI wh
is observed in both ESI modes. The adduct for:i
formation is regarded as a dsaghatkaof o&SI| mak
adversely impacting analytical sensitivity as
can cause unpredictable ionization efficienci
can complicatandhaecspeate anal yte i denarief itchae
most commonlBSlobasleanwgdi dem t h®m, poddisws)n,u(mp Nd War]
ammoni um adddare @] MeNHrequaeannlegaohver mede, d

( [-M]) are commonly seen -@J)agn gfsordadeCt@M]l (ofradinrdat e d
acetate L HEOO}.s MTHeM extent and type of adduct
factors such as the mobile phase additives, s
sodiated ions in positive mode and c¢hlhecersienat e
factors. Table 1.1 shows t heromemdmdm adidaehc tE Sil o

common | i.91®8 cl asses



Mobil e phase modifiers or aevlSi tainvae sy saerse atsy
can i mprove chromatographic separation as wel |
typical &stailltes or weak aci ds. lpna i Ir @ ,n ga d ceiatgiend <
prodpucenceéatr al compounndesut rBhesccampdends t wi t h
stationary phase which reduces tailing, resul"

ti medn MB¢cl obeaddneg imelsi | e phacleumm dvanrauypioesind

better analyte signal and coverage. The 1 oni
efficiency can al so be i mprwivteltde ba/d dpirtoinoont i anfg
mobil e phase additives. Li pidomics methods

buffers to promote the format ESh+ahdpdepoonabea
acetate, orESlorimataa diidnoni,n t he wenatkrliyn saina ocnh acr
can be taken advantage of to be selectively i
suitable base such as I|lithium hydroxide whi cl
concentrations caneocaesethactkgaoumasknt def eet

concentrations of vol dt'i°t% acids or salts are

Tabll&dAdduct ions formed in bot hl!3ESI modes f or

Lipid C Positive N Negative Mod
LPC, PC [ M+H] [ M+ Na ] [ MH], [ M+ H,COONtE OB]
PE [ M+H] [ M+ Na ] [ M}

PG [ M+H] [ MY N& MF [ MH]
Pl [ M+H] [ MFNH [ MH]
CE [ M+ MH

Cer [ M+H] [ MY N& MF [ MH]
MG, DG, 1[ M+Na][ MFNH

1.3Cd4rrent PracQuametsi fiocatSieonm ofLiLpipdami dsn Un1

I n quantitative analysi s, i nt mu el udtidnaaed
Qual ity cotnlreedli abmns urt gs ofs ttahbainidibttyapnedudabal a
monitored. Quality coeootorigemld!| s & yspalcepshitecsah r ef eh en
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andarsinot¢ ectudiem mpbses &€i on aanrde ckonnocwenn.t rDautriionng t
nttimey are then anal-Y¥@ednpecti otdnee pl @i ihier s gr
alysis. Aside from quality control sampl es,
monitornd osri gonaaclk ganmodu any contaawmdrnati on r esu
Two main approachabsbobumgeaandt atl ahi aeequa
antitation, the amount of the I|lipid of inte
ch as nanomole per milligram (nmol/mg) of p
r f oframedt he analysis of |l i pid metabolism pat
chadWksens .performing absolute quantitation, |
pid falls within the |Iinear dynamic range, .
st common approach to absoldardguasnitng ast @aml
lution. Internal standards of known concent
e analyte of interest is compared against t|
al ythientt etramrmadarsd i s proportiiAmatt hdro arphper ccaomic ¢
performed is the wutilization of external S
enti cal to the analyte of i nterest and are

alyte to obtave oDhetbel shamaatdiaond. cdhe anal yt

ainst the established standard curve to qua
that the sample is analyzed separatrdlay fro
i ch may ¢ ausHo wevveerre,s teixmaetrinoanl. st andards ar e
hi ghly complex system such aMdSaanmnalpy diosneamd
eparation canttausc et mtuhfef ®rueesmpcoanss ei nand | oni z e
e analytes. Fact or sMSs uvachha | ayss i csa rarnydo vsearmpd uer ipnr
Il tiple steps can cause a“*®*l arge difference i
I n relative quantification, the actual con
stead, the irmttaroe otf kHetewdampitdwaofsampl es i s
r biomarker discovery or comparative studie:

comparing the intensity of the | ipid- betwe



MS systems where repeatabl e dat &actedrss csawnc hb

chromatographic separation or i1ionization cond

Quantitation in gl obal |l i pidomics requires
l'i pid class. However, this is stildl di fficul't
as wel | as the | arge numadelti pfdodmei cakitma@ati tc
account for all peesli bmedghunapnotdisf.i chautei otno itsh t yp
i nswhadleeadst one internal stdomdabespermcilicupiady
guanti Thieaeronalshsauwlnd abred exposed to similar io0
with the®itt®@r’'det | ipid.

When -geamnt it aasiaoglesingernal stanhdHeasdr ésul t

i poor accuracyandrt manwysd iogpfi desi f ferent interng:

al so severely | imit conmphaeg abatkt pyf ofabsalkat eac
| i pidomics also impedes the harmonization of
di fferent | abs. When relative quantitation i ¢
across di f foetr dlnag ettabyg campar ed. Thus, the i
overcome the challenge of standardization 1in
| aboratories. A major setback in the quantit
|l i pidomics community on the best approach. T |
phil osophical differences between different r
have different approaches anthiguitdel l nes domo c
abetter understanding of how intequahtstandan

required across di®f*f’érent biospeci men types.

1. 31 Bternal Standards

The intensity of an-M&nalsytad fearcalyzdyg wamirn@
sample preparation, mo bi | ei npshtarsueme njt @i in D anttikosne
competition for i onizaThese wi abt @tshecamol ead
intensities with subsequent anal yses which i
performing it at a different ti me, utilizing

repl i ceaxtpeertihment . Further mor e, the 1T ntensity



absolute concentration. Therefore, accurate q

and/ or ext érth 41 standar ds.

Il nternal standards that arenutoigleinoard il n pliidj
i nclude | icphiadisn wiattht yo dadc®-l dasb,e | deedu téanrgpadtglesdr,o Boern | i |
are primarily wutilized due to their | ower abdl
Theseenndoongenous | ipids are typically found w
mammal i an speci mawsbel tboodhi hhkelygher concentr
as the bDbrain, thues,I| ispoindeo nken opwloefdiglee olfa btehme o r t
anal ogues are preferred as they have similar
anal ogues making them ionize swhmillearnl oyt abnedi nagl
endogeinbbiucs yeafi merhtde rde st

|l nternal standards are adard 4o ulld Eehmpd ek
earliest step during sample preparation. This
the variations from the sample preparation u
depends on the analyte daloe cbuwel eansah oyzled eaintdh etrh
extremely | ow concentrations within the sampl
is its simplicitwalaypsli sacaeafurate asmalthwte aand |
simultaneousl! y. For polar 1lipid classes, t he
from method to method -MSb@a.setaroge tsehtbSthans eg | d ma
|l i pi domimebwherphase gradient is wused, three
account for wvariables ari sitrhgeord c ®emt rmeattird x cff f
speci es. Wheaolears Ifiopi dhoml asses, addibtei ounsaeld it
accoumt fferenti al il oni zation res‘fheasmist eoft h ens
recommendati ons, mo st l i pidomics studilAss curr
endogenous | ipid encomplasmgtbhesv,ar yongrkaponsac
be different. This effect is pronounced for n

and wax'Thetkask of a polar head group means t

the fatty acyl chain | ength and degree of wuns
di fferences IinAibhougédponhsesoanM8bsolute requli
di fficulty of using internal standards is the
di fferent | ipidomes will contain dif frergeuntr el i j



di fferent internal standards and at different
should have similar elution times to the endc
ionization efficiency. Il soadheéi wisem, tiontcomr malct
i on response as a result of factors such as

prol onged duriatitoh®> of anal ysi s.

1. 3E6forts to Harmonize Lipidomics Quantitatdi

To i mprove gquantitation wanhimt e&rhleab g rpa tdoorm
Bowdetn®*ads performed using the National | nstit
Standard Reference hVMestenmrdiad dt(hbaRd) Waltpds @rha T e s ¢
pl asmmasureeadc hbyparti ci patdt hg ftabulbndgd ocbmpheedi |
The results revealed | arge differences based
performed, which internal standard was wused f
was used.i pDidf fcelraesnsteasyj rhecednedhivisfeer ¢ hte parti ci pa
gl ycer op hcd sapshscelsi psiudch as LPC, PC, PE, and Pl s
to other |l ipid species with a coeffwerental sb
|l ipid classes that suffered from high COD val
This result indicates the need for better gui
guantitation more uniform.

Koel enef?devel oped the software tool, LipidN
redubheu man error of manuall yl maitahi amgd ieirdt £ & & d

this pbyouessg a trteamdktiompatsiycsatldny assigns an int

anal ytTeéi s i si @mppekraerdmotnoodcpu a mtni f i caei odfa.l Dr o
systematically comparredr nvaal rsizoaudsi eign teesr naasl gsuti adre
topic are stildl l acking.

Currently, there i1s stildl nNo consensus o0n
di fferent | abs uti |l imee ngwai Mbet ercto mamdduatppr a
guantitation are usi ngutmmadmoalt | | @Bt esuesbgi‘ad o d s C
compared the adduct formation of 48 DG Il ipid
t hat wvariations in the ratios of the detected

Bet ween the different matdrasewel I hasnumberanpfi c



was found to differ from matrix to matri x. T
variable in all the matrices. They perfor med :
suggested that at | east 86G%Wwaohetdhwi tboial takua:
Herteh,ey moni tored four adducts which were sodi
adduct-HO)MREyYy found that a combination of soc
which account od aflorad@3@u¥%adff oirmatthonquanti tati o
the adducts combined.

Hence, further investigation is required o
wel | as the selection of approprhadee ni rftoaurnrda It
|l ead to quantitation inaccuracies.

1. 4dResearch Objectives

Numerous studies have beenDLpluMH ifschre dt hoen rteh
of various organic cofmpodnids g iacsihdneed | s walsf areda m
cadmi’aacimd a’# s AArdidd t i-DblnlLaMB yhasl Lbeen successfully
matrices but ftdceussee dapparcaaocnigesa speci fic targe
compounds. Currently, there is s-DLLMEafbachkobd
met abol omics and | ipidomics. To the best of
publishesedtoempitch Therefore, the first objectiwv
ionic | ih @ x3yndlest, hy 11i mi daz ol i um h évMd avif] If] pd~r capnhdo s p
trihexyltetradecyl phosphoenmnilel 8ulff ,hexafrl udmae p do mj
met abol omics from-DulmdB. pl asma wusing |IL

Similarly, there is stildl a |l ack of Ilitera
quantitation ietliapveamiedst hBishoeg adduct for
species can vary across individual l i pid spec
were observed across the diglycerol l i pid cl a
mmnitored could have adverse effects on accur a
of this thesis is to el ucsdd#taes stehse wahd dcuhc ta rfeo rL

PI, MG, DG, TG, Cer, and Q@E ei mufmawmr pdiafsfmear, e mtu
murine spinal cord tissue, and murine |iver t
compared between the |ipid species of each cl



against the same | ipid species -imdiaviddddler\varti
geneti c Jpaancdk gdkioeutnd( e. g . highly | ipemic sampl e
examined and compared to technical variabil it
this thesis highlights the discoveryysofi na€&&t a

negative mode wutilizing ammonium acetate or a



Eval uafh exdyneft hyl i mi dazolium Hexafl uoroptl
Trihexyl (tetradecyl )phosphonium Hexafulidor op
Mi croextraction Format for Lipido

2. 1 ntroduction

l onic liquids are salts composed of | arge
and phosphoni um cations and organic or i n
hexafl uorophosphate. l onic |iquids arewgener

100AC. They have negligible vapor pressur e,
miscibility with water and organic solvents.
separation and extraction @lr owelsasteisl emsorad d reir o
their unique and tunable physicoc-heammabl er ap
nowol atile i1Tonic |liquids instead of traditiol

customizabihidrydodnitthe c@mnstoituents provides L

increasing their potenti al usage as they <can
hydrophilic for exampl e. These varhe uex tprraoteir
of various organic 2bffpounds and metal i ons.

l onic |iquid-ldgapédr mivcielDkkBEadnai enmn mpl e ext
technique that wutilizes a ternary component s
extraction solvent, a disperser solvent that I

sampl e, and an taagiureiorug tsoB lvlaMB | sclolmews | L or th

extraction of target anal ytes due to the | a
Additionally, the mini mal extraction solvent
| IDLLMEOcperdur e desirabl e. l onic |liquids are pal

as they can be selected to have higher densit.y
for better phase separation asdwé®pi’'e@ds?| ow vo

| hhlei t eratur e, il onic |iquids have been used
i norganic compounds from various sampl es. T h e
extraction of ioWgagscacodmpouohnhdmi nants from ve
foods and wurtihrmemowal wefl |l hasavy metals from wa:
publi shedRddr iBguigghhbwed t hatbaisneidd azoonliicunmh i qui ds



popul ar for DphMEc awimiotsnn $ t@ammloln paidabesh@F[ NT

Varying al kyl chain | engths have bédamsedsed
ionic liquids are the most wutilized. I n recen
and combinati ®LLME parocedsesrdarobdMedur ed fthese
utilization of magnetic ionic |liquids by si mu
such as supramol ekabamdsahtvtagesoWwhitdlke paoper:
extr 8BtTihcemre is still | imited -RlolvME aige lmino It g
matrices with most being®Hacd sgflfdomaspecific

To dat e, the utility of ionic |iquids for
systematically investigated. Previous researc
|l iquids to be viable for theDLdXMEr &ootrinoart . o fHi me
sho

extraction of metabolites and |lipids and that

wed that overall, increabasgdal bnicchagnoid

were particul arilnyg dfifpiiadisent at extract

Therefore, the objective of this research
hexafluor ppoephateri g i onic |Sgecidsihealulty i pt
of l-hex3ydet hyl i mi dazol i um h ¢ alf MR Foah o s phat

trihexyltetradecyl phosp®Rane ¢ nhRBxaMBE ufooom&éto s p
both metabol omi castamd al idp imd @inid oleu raand i prlasd s ma
eval ualWieM] § Pmwas found to be effective for the
Par sr alhe¢, e Je[ fsPwas sel ected for additional eva
al kyls cwhiiaoh i ncrease itsMhM]dfPPTRlbbs cshoulel tah
increase extraction efficieMlcM] ffPFvaNndsaddi pi 0
aquesooulsubi ity of this i onrnMIcM]IfiRgFut lus hdeld de dei
witbn suppressi oiDL LWMiEe nviMSh uapni@i I nygs il sL.

*Parsram Ralmraogwpi d LExtun acti on wMdthald wlno mi dd qafi dBIl. d saamas,| oz
Seminar



2. ZExperi ment al

2.2Chemicals and Materials

LGMS grade water, methanol, and isopropanol
(Ottawa, Oh, xBdetaldyal)i.mildazol i um hexafl uor ophos
and ammonium acetate wer e purchased atlapm Mi

Tri (hexyl )tetradecyl phosphonium hexafl uoropho

( Newburyport, MA , USA) . Li pid standards wer e
AL, USA) . Pooled human citratedomplla¥gma( Balst ipm
MD, USA). Table 2.1 summari zes the main prope

2. 2PReparation of Metabolite Standard MiXxtur e

|l ndi vi dual stock metabolite standard sol ut
each at 10 Og/mL, as |listed in Table 2.1, wer
200 ng/mL in 10% methanol. A paleédrfaromnt ltelr ma
standard mi xfotd serngladtWwation. The detecte

Table 2. 2.

2.2PBeparation of Lipid Standard Mixture

|l ndi vi dual stock I ipid standard solutions
2. 3, were mixed to prepare the |lipid standar
i sopropanol / 48. 3% water. A cali bmathenmetua vel
standard mi xtiwrled wxirngla dti wati on. The retent
standards are |listed in Table 2. 4.
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Tabadl€ompositthieo nmeotfabol i t.e

standard

mi xtur e

Met abol ite| For mu =Sl =S Log® Stock 3
m/ z m/ z Sol ve
3hydroxybut C4HsOs3 105.0% 103.0{-0.3 Met har
Adenine CsHsNs 136.04 134.0{-0.5 Wat er
Adenosi n| CibliNsOs 268.1(¢ 266. 0 -2. Wat er
Bi otin Cia 1 N20sS 245. 09 243.0{ 0. Wat er
Cholic A{ CoHi®s 409. 29 407. 2 .4 Wat er
Choline CsH1i N O 105.11 105. 1] 4. Met har
Cortisoll CoHs®s 363.21 361. 21 1.2 Methar
Creatini C4H7N3O 114. 04 1212. 0] -1. Wat er
Gl ucose CeH1 ©s 181.071 179. 0] -2. Wat er
Gl uc eshed s@ hl CeHi OoS 261.094 259. 0] -3. Wat er
Gl ut ami c CsHoN Q 148. 04 146. 0{ -3. ! Wat er
Glutathi |CibHiNOsS| 308. 09 306. 0] 4. Wat er
Hi st amin CsHolN3 112. 04 110. 0] 0. Wat er
Hi sti di n CsHoN3O2 156. 071 154. 0| -3. ¢ Wat er
Lysine CeH1 N20O2 147.11 145. 0] -3. ! Wat er
Mal ei c A C4H404 117.071 115.0{-0.4 Wat er
Ni coti nan GCgHsNO 123.09 121.0]-0. 3 Wat er
Phenyl al a CHiNQ 166. 084 164. 0| -1. ! Water
Taurochol il C2HsNGS 516.29¢ 514.2{-0.4 Methar
Thyroxin|CiHiuNQ 777.694 775.6| 3.7 HCI
Trypt oph]| CiHiNO 205. 09 203.0{ -1. Wat er
Gestradi Ci ¥z 02 273.14 271.1|1 3.7 Met har
Ni coti nami
dinucl eofCoH2NO1F2] 664. 1] 662. 11 -10 Wat er
(QAD)
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Tabd2&ket enti on ti me and adducons noeft adbeotl e cttee ds t naer
mi xtur e
Met abo Retenti (Observed |Obser ved
For mu
St anda (mi nut i n ESI i n -ESI
Adeni i CsHsNs 1.11 [ M+H] [ M]
Adenos| CitiNsOs 3.64 |[[ M+H] [ M%* [ MH]
Bi ot i | Cs1Hl1N203S 6. 33 [ M+H] [ M]
. [ M+ N,a ]
Cholic| CHi®s 125 3 [ M+ NH4] [ MH]
Cortig CoHz®s 9 65 [ M+H] [ MH]
Phenyl d CHiNQ 2.57 [ M+H] [ M%* [ M]
Tauroc [ M+H[] M+ N,4a
Aci d CoKHa N QS 1060 [ M+ NH4 ] [ MH]
[ M+H] [ M%
Thyrox| CtHilsNQ 10. 79 [ M+ NH4] [ MH]
Trypt o CiHiNO» 4. 47 |[ M+H] [ MY [ MH]
Gestra| Cik0 11. 88 [ M+H] [ MH]
Ni cot in
adenii. 1 NOi P, 1.14 | [ M+H] M+ N4 i
di nucl
(®AD)
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Tabad3€ ompositthieonl iopfi d

standard

mi xtur e

gl ya88ehosphad

Li pid Nam| Shorthg For mu ESI +| ES1 |[Log%?H
Synony m/ z m/ z
lhexadesmhggl MG (16| Ciblz8s 348. 31329.2 5. 27
lhept adsmdnyey LPC (1]CHsNQP| 510. 3/508. 3 6. 4(
3phosphochgqd
1, hept aslec| PE (17:|CH/NQP| 720.5/718.§ 12. 8
gl yeer o
phosphoet ha
1, 2i octaegenca PG (18:|CiHsO1P| 7950277 7.5 13. 3
gl yS3pho s(pBk'a
gl ycerol)
loctadexand DG (18: CsH7 ©s 614.5595.5 12.0
hexadesmghygyk
1,2i nonadsital PC (19:|CHNQGP| 88. 66/816. ¢ 14. 3
gl ya&8ephosphoc
1,2 octaedenca PA (18:| CHl7sP | 76.634703. 5 13. 2
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Tab24&ket enti on time and adducts of detected |
Li pid Na| Shorth Retent Obseryv Observ
Synony Ti me Adduct Adduct
(mi nut ESI + E S
l-hexades@an MG (1€ 12. 11 [ M+H] |[ M+ @@HOO
gl ycer ol [ M+ N,a ]
[ M+ MH
l-hept adseoal LPC (1 1029 [ M+H] |[ M+ @HOO
gl ye&er o [ M+ Na]
phosphoch
1,-Ri hept ase®(PE (17 2215 [ M+H] [ MH]
gl yeero [ M+ Na]
phosphoeth
1,2i oct aeenclPG (18 21. 44 [ M+H] [ MH]
gl ye883eho s(ph' [ M+ MH
syl ycero
loct adeZXx ar DG 248 6 [ M+H] |[ M+@HOO
hexadegs@an| (18: 0/ [ M+ N,a ]
gl ycer ol [ M+ NH
1,-®i nonads|PC (19] 24 . 6( [ M+H] |[ M+ @HOO
gl ye3er o [ M+ Na]
phosphoch
2. 2PdAeparation of Plasma Samples using Sol ven
Frozen citrated pooled human plasma was th
added to the thaw&dl huataino pdtfasmal aent : pl asm

centrifuged
HPLC

at 25,

viagll awist h nsert

800 g

s d

at 4

AC

analyzed

f or

by LC
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2. 2| DLLME Procedur e
[ Ml M] fl@*H & 6]6[dsF as showneaaoh Tadbd ea®d&d t o 1

a 1: 9 vritad)i make the i1ionic |iquid disperser sol
standard mi xture as |isted in Table 2.1 and T:
of 100 OL of the ionic |iquid ddi sfper 2e rmisnaltveesr

then centrifuged at 25,800 g at 4AC -M®.r 10 mi

Frozen citrated pooled human pl asma was t he
was added to the thawed human plasma at a 1: 1
then centrifuged at 25,800 g satt adk ArC d&md tllDe M
or isopropanol solvent was added at 3x the su
25,800 g at 4 AC for 20 minutes. T-M8.rAsbl ank

extract using watemg wWhe aslame pregaeadedeus

2.2E@6aluation of Matrix Effects

A mixture of 35% met hahwhy L pPeesp & Ahéed B awmdkt e |
extracti-DbMEswag performediobiycmixqugdO6ODsper
OL of the blank at a 1:10 ratio (v/v). The mi
25,800 g at 4AC for 10 minutes. 750 OL of the
250 OL of the of 727 nglenlorlei,pitd es tfalmdgdir ds omiaxe
t hi sextorsact bdmenktpectk edas 182 ng/ mL and was uUsSe:(
standard mi xture with t hex tsraabtetasgairkceedn tsraampiloen
standard solution prepared at t MBS saannmde ucscendc et
deter mi ne nmanttrrioxd uefefelchtifdE t pmrcdca@s sii ng to the
described begt Malkt uszewski
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Tabads®verview of the evaluated ionic |liquids
l oni c Tri (hexyl )tetrad|f 1lhex3net hyi |l i mi
hexafl uoropho hexafl uoroph
Shorth
Synond [ ® 6]6] duF [ el M] | PF
CHy F
el r A
Structl™ 7 S /ﬁ AN
S
N
Mol eot Cs Hle FeP> Ct bt FeNoP
Monol s 628.4700 312.1190
Ma s s
Cat mbmn 483.5058 167.1548
Anim/hz 144.9641 144.9641
Densi 1.013 g/ cm 1.243%g/ cm
Water_ Nosol ubl e Nosol ubl e
Sol ubi

2.2LEMS Analysi s

LGMS analysis was perfoimédnusiynglt  UHPAEI Ic
Agil ent 6545 i-FiunveldI|li ghua dsryusptoelme ( Agi |l ent Techn
USA) via a Dual Agilent Jet Stream (AJS) ESI

The UHPLC system was equipped with a G422c¢
and G1330B ther mal column compartment. The au
Met abol omics experiments wutilized the nmn. 1 x 1
(Agilent Technologies) with a 1.8 Om particle
utilized the 2.1 x 100 mm Agil ent Zorbax Ecl |
Xselect CSH C18 column (Waters,eMsiterdndMAS |
size. Appropriate guard columns were utilized
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5 mm, 1.8 Om) and Waters XSelect CSH C18 XP

respectivel y. LC conditions that were used fo
summari zed i n Tabllhe 2AgG |lemd TGlBI1OB2.i/sk.ocr ati c
internal calibration by the introduction of t
t hroughout al | anal yses. The reference mix s

199. 0363 am-0B8®P (m/z 92208MA2P7L6Kn i BAIESHuUuNt er
acquisition software (version BASOG6G.cO,i sbudiload .

conditions are summarized in Table 2. 8.

Taba6e C conditions for metabol omics experi ment

LC Par amg Conditions
Mobil e PH Water with O0.05% Aceti
Mobil e PH Acetonitrile with O0.05%
FI ow Rat 0.400 mL/ min
Run Ti mg¢ 30ni nutes
| njection 10 OL
Ti me ( mi %A %B
0 98 2
0.10 80 20
2 80 20
Mobil e Pha 3 35 65
16 5 95
24 5 95
25 80 20
32 80 20
Col umn Ten 35AC

4 2



Tabad7eL C conditions for. |lipidomics experiments
LC Par amet Conditions
Mobil e Pha 60% water/ 40% met hanol an
Mobile Pha90% i sopropanol/ 10% met han{(
FI ow Rat e 0.250 mL/ min
Run Ti me 50 minutes
| njection 10 OL

Ti me (m %A %B
0 80 20
2 80 20
4 70 30
25 20 80
M i P h
obile as 35 15 8 5
38 5 95
41 5 95
41.1 80 20
50. 1 80 20
Column Temp 55AC
Tabad8MS conditions for both met aibrol monti it SE&Indmad
MS Parameters Conditions
NoDrying Gas Temp 250
NoDrying Gas FI o\ 13
Nebulizer Press 30
Capi Vbhtgge (V] 3800
NozzIl e Voltage 1000
Fragmentor Vol 175
Scan Rate (spec 3
Mass Range ( m/ 561000

4 3



2.2Db8ta Processing

Data obtained were processed using Agil ent
10.0 Build 10.0.10305.0. In ESI+, protonated,
I n -ESdeprotonated and acetate addscbé warch mb
and metabolite standarpdpmvewiendext rtaoct ®ldt auisni na!
chromatogram. Al Il peak integrations were manu
both positiwwodasgd ESégatri leeti ot teecdhdas c ng, t he
greatest intensity was used.

Quantitative analysis was performed using
QTOF Version 10.0 Build 10.0.707.0. A retenti
alongside a 1/ x weighted linear c&bfibba®BonTh

process efficiewmetyd@amdc anlacd uli xt ed.f ect

EquatiPmocess efficiency formul a
e e o YOD 00 0 DA OXBE E OQEOT &
Vi &€ WADNNQW M E W7 5 GOt ol OB
0EE0dQUWBE € WQEOT W

0 Q¢
1,}211!?
€€
EquatvkMat ri x effect calculation for an anal yt e

0 QGEs® ) € Q@O | OOD NEOEED 0 0 Q¢ ¢ b
DQW@R Mp 0 WE QEIAD 0 Q€ ¢ P

0 0o 1'0ImQm O

EquatBlotBDLLME analyte recovery calculation
0 £ WAaWAADN QP QI &€ PO wWE O
0 QIR e GABONODL O O 0
0 Q@R @AHE OADH QI Qoo D QOB

4 4



2. Results and Discussion

2.3Comparisohiqti teblLiLoME Iolf Met abol ite Standa

To evaluate oMhdl] P Falnids M[BF f qrC met abol omi c:
DLLME procedure was performed using the metab
The procedure was perfobDmeMEiIi mr dadcegpurneawves AO
aqgueous | ayeusiwadS.anfaHe zieani ¢ | I gunijdedcitreegdetr | Y o
due to t bhadwnosloaotsiilteywrha tcihr € oafl dl damage the i n:

Figure 2.1 shows the results of the extrac
i quiMd M| flPRBd J§[BsF Out of 23 met alooltihtee sanett mato
standard mix as shown in TabhetBell|l i pihchhet abd
wergeuantitated-Mbsi nfgheClr8&suCts show that betw
[ &1 M] I PFhas better extract b ,ais] &sF ffioai etnhcey ntao nop
met abol i-samptl és tta®bdi% hconf i dence | evel showed t
significaenn dhéfpreaess &M Mi§fPamdy]{|HeR werenal IC
the metabolites asp=@e 39BHNAMBIOuU AarOhHal IAc d died a(q
i's being anal yzedi,caat e sowehratp elrecsesn toafget hendmet at
|l ayert handbetesnhacse exftulalcyt ed by tMleM]ifJoPnH € Mo ge i

hydrophil i c sce]bjplfalyr etdh & roe f[oR e, this results ir
[ MI M] §f PFE or hydrophilic metabolitean@MdAR.h as
For metabolites of intermedi d&eetpaddoitthyyosgsuan
both P onic |iquids show isfifneileanrpepr maeses se feffifadice
in Figure 2.1 caextrrautlitorri othheeibe tf a ly ahlrritataimed i/ otr o
presence of 1 oni ztahceed nu tsiuopnp roefs sainoan hyekueec atftad ont e
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anilotn.shoul d al &dee cbree ansoetse di nt hpartocess efficienc

into the ionic |Iliquid | ayer. However, this as

140

120
g 100
>
(8]
S so
S
&
w B0
(%]
@
o
[s]
& 40

) i' '

0

& N ¢ &
\o'”\ ‘-9 é‘\o < & & ’bb\o
b é‘ \\‘* & 3 © & I
v V'b (‘5‘0 “ 00..\\” &06‘0 &6\ ’\“8& in’
] ,\'b‘)
Metabolites
B [C¢MIM][PF¢] B [Pe g 614][PFe]

Fi g@XCGomparison of the metfBbol enPlylskMBnwigtr idL eir to
[ M1 M] §l PFsr 6 J6s[PAIRF (n=3) . statissd)inc &t €ea-s aepthedter 1t
at 95% confidence

2.3C@mparison of | eDnLiLcMEL iogfuildispifdorStlaindar d Mi

Li pids are ocncensafi tuleet maiwnmt hin human pl as
gl ycerophospholipids onfakphgsmag (@0 psadrdgeee i mar ttil
hydrophobliesclé[tdyF oift [Was hypot hesi zedsMtl M3 §] PtFhi s

for Iipid extraction.

2. 3.Pr.alcess Efficiency Compari son

To evaluate the interaction of | ipids with
used. Her e, a |lipid standard mi xture consi sti
glycerolipid and gldycesmndyrraspmoimepihdnol dssepr
35/ 16. 6/ Whis8i (VvEkeHdv)perdwadmaattdee tthveo i oni c | i gl
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Process Efficiency (%)
8 & B

B

5

B0
70
60

MG (16:0)* LPC (17:0)* PE (17:0/17:0)* PG (18:0/18:0)* DG (18:0/16:0)* PC(19:0/19:0)*
Lipids

u[C MIM][PF;] = [Ps,s,s,:l 4.] [PF,]

Figwe2e®rocess &efficiency sdampgar idsMInmM$d]f® a ir{dC | i
[P 6]e[dsFin ESI + (n=3). [M+H] was used for MG (:
(17:0) and PC (19: 0f/folr9: DG , ( B&:d0 /[ IM5+: NOH) and PG
statistical s-Bg mptfasith WS afotndri dtewma e

Figure 2.2 shows that dejsivdbEnst beerabl i mor ¢

at removing | ipiediIsM]afsRFcasnpanetkowwe d £myp ant of
remaining i n aque-9amptisespteaPvbi&dtheonf i Aebwe | evel
there i s a st atif $tairneatldlesy psriogcne sfsi ebafnM] § PEMdy b
[ P ec]s[dsFfor all of the detected |ipid standard

two fatty acyl chains such as PE (17:0/17:0),
have higher extraction efficfaentyesascgdbmpbhaned I
(16:0) andd .LPAO (olt7h:er words, i pids with hig!
extraction into IL | ayer.

The-DLLME process depends on the partition

|l ayer, in this case, the solvent which i s c¢comg
antdhreoomqueous | ayer which is the ionic |liquid.
prefer the ionic |iquid | ayelt[.dsFBest weaerne thhyd rtor
compar el Mol HREs it is composed of more and |

hypot hesd]z[eddF i[ P tkeenotvarngatl irpi dMdl MlofmpRRred to [ C
Figure 2.2 shows the process efficiency tal
2.3 and Figure 2.4 compare the process effici
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ESfFor | ipids that can ionize in both modes f ol
LPC (17:0), PE (17:0/2127:0), ahvdherCe asl 9P B /(1198 :0C
and DG (18:0/16:0) WNeréndé&@ct eéd: @as, [ MPOH(17
(19: 0/19:0) wer eCOdmheecrteeads aPsE [(MEACHB/: 07 :1B): 03 n dwm
detectéd ab>G [(M8: 0/ 16:0) -was not detected in E

Figure 2.3 compares t kMl M|r{oPcRlIsME eifrf i lto tem c K
moddé&s t hough the results for somgodf atghe elmemitd
results i s observed, withwhtihceh disf fwd remicnasl 5n% t
experimental -M8&r imehihloidtsy t eaifor m&ldi expeari ment al
di fferences between t hd hdewfof enceerce snaiyh ai&toigiax i
2.4, compared tosMi Mé §RPEd wmlrtgerseaard ffearen[fc@s i n
observed bet weesi[Pgsl]ef dsdn dFoESIi nst ance, MG (16:
had a difference of 30 and 32%, respectively
standards, on the ot heMl MlaghRIRvi hladbei mi mades es|
agreement. The di sagr emankens fbcert w@ n( 1E6S:I O+) aanrmdd
l'i kely arises from the difftemevdmSmodas.i ohhearadefic

fol-Uupwexperiments in the next secftfieat $ uirn heet

MG (16:0)* LPC (17:0)* PE (17:0/17:0)* PG (18:0/180)* DG (18:0/16:0) PC(19:0/19:0)
Lipid

100

90

80

Process Efficiency (%)
8 8 & 8 8 &

g

a

u [CsMIM][PFG|ESI+  m [C,MIM][PF,|ESI —

Fig@3Rrocess efficieidety MEompardi pond ¢Mia MinfdBF ds
anal yzeMS bymtlhC ESI modes (n=3). * indsawmplks st
t-t esstt 95% confidence
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100

90

8

70

60
40
30
20
10
D mE . -

MG (16-0)* LPC (17:0)* PE (17-0/17-0) PG (18:0/18:0) DG (18:0/16:0) PC(19:0/19-0)
Lipid

Process Efficiency (%)

o [Ps6,14] [PFs]ESI + B [Py 604] [PFG]ESI —

Fi g@4Rerocess efficiesddy MEo rogarlii pa d efset]rel dpga r d s
anal yzeMS biyn LliCot h ESI modes (n=3). * -sawdplceat es
t-t esstt 95% confidence

2. 3.NRat2iEif¥X ect and Recovery Study

Figur-2s42shAhow the process efficiencies of

was i mportant to delineate differences in rec
understand the overal/l perfoadmmgncenadcfri xheffwae
irfThe combined effect of alll components of the
of the quantity. I f a specific component <can
to as | ntOamref drygprec@d. matri x ef fiemnti ziant i mans snas e
This i s thefffi me@ afsi cg compounds within the sai

the target analyte and can eit he’™’Tchaeu seex aicdn
mechani sms of the i onization matrix effect ar
by the competition for charge and/ or access t.
The matrix effectd inusdti fbfe ceuMal uaot epd eedxi pcetr iamme r

One method that is utilizeadxttronaatisewss pihlee r
This method compares the signal intensities o
of the anal-gxter assgptiikeerd ipmotsa a bl ank matri x sam

di fference in signal I ntidreqittiife £ db atsweieonn tshuep
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enhancTnheinst . met hod is applicable to use in th
matrix effects -eaxrter apcrteisoenn ts.p iTkhee npeotshtod ut i | i z ¢
2.3.7akwihewre amount of | ipid standards is spik
through t heDLdMBp Ipertoec eldlur e. The matrix effect
Equation 2. 2. Hene, carrasgend$s B0 noreiagni fi

percentages bel ow 80% ara&ndeomentaged &abaveu,j

considered ion enhancement.
300
250
200
S
%150
s
100
50
H-lx HH . TR

MG (16:0) LPC (17:0) PE(17:0) PG (18:0) PC(19:0)
Lipid

™ [CaMIM][PFG]ESI —  W[P,1,][PFs]ESI— [CsMIM][PFG]ESI+  ©[Psg614][PF4]ESI+

Figa@sGompar imaam i xf ef fect-DL b MEe v gMldw]gfPdeend | L
[ P e]s[dsFanBSL&Enal ysis in-(met3h) ESI + and ESI

Figure 2.5 highlights the matrES|I €f &@dt ESELk
The results show simil-dwoirt ibeost hi n omotch | E§lu+ ds

(17:0/2127:0), the remaining | ipied Mt AUl s e
t hroughout the entire chromatographic run for
wher esas]s[[dPF el ut e-2i6n mi maat 2 range for i1ts cati
anion as shown ineFuguone Halnéd,K P&oc Dibeexplcadi n

suppressiomd M®C(XA4:700)ahave shorter retentio
surprisingly desp,ecfled dsretl utb @eiomg riamgeharpePstil |
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Figure 2.11, the ion suppression may be a res
with m/z 303.2845 is suppressing LPC (17:0) ai
iI's suppressisndg hMG e( 186 :abntkhneo emmegs| tw ¢i innt ge nwsiet h t hes
of i nRiemrelslty, both i1ionic |iquids cause the 1io0
modes aMil tMh J[PE ausi ng higher si@]o] degfh hBmice meeh a vt ihc
be causedaslt bt bgycfeaset hper es @ Imic @ iu lsaidnoyuenotfs P E

of sol ubi haeqzuesdd ulsL pdda §d eogren(ciei i n i onization be
surface tahpet esengeiaf | L ions.
Further investi gdtPiee] ddthownbhger psencéeobf in

contaminantlbomisnimnes heedi on \WiMIcM] flaREBec cmwer yo b s
el i minates the matrix effects from consideratd.i
in Figure 2. 2.

Figure 2.6 shows | ipDAdLMECwWivtel yt Teestuwod si as
LGMS analysis in both ESI modes. The data i s
as it 1is not postshldhl @ htacedi Maet ryesamalsyze t hi
ionic liquid is necessarily better than the o
|l iquids. Similar to the results in Figurde 2. 4,
very poor r etchoev ehryyd rwhpehroebaisc | i pi ds had high r
the i1 onic |iquids have higher selectivity to
However, data shown in Figure 2tiBeeglover gyhows N
and PC is considerabl yaploisghdid et spm kL10@%eirnodic
recovery calculation eliminates the influence
for a given | L whenL @S nagn abl oythsbiese.r ESi n Br g&ESé

this is not the case, with paomnd R@rfeemeatt lodass
i qui d. Finally, this recovery data is also
Figur-2s42.RRdeally, this experiment would have

down due to detepdtacre meaitl. ure and
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:E 150
E T
S 100 _
= =
50 = *
0 —_ - a 1D P —
MG (16:0) LPC (17:0) PE(17:0) PG (18:0) DG (18:0/16:0) PC(19:0)
Lipid
[CsMIM][PF5]ESI — [Ps.6,6,14] [PFg JESI — [CsMIM][PF,]ESI + [Ps 66141 [PFGESI +
FigaéeG@ompari son of | ipid-DlhdedMEyv asrsgMIndbdgfEFamd d af t

[ @ 6 ]6][ duF AGAIS anal ysi s in-(mest3h) ESI + and ESI

2.3E8aluation of Matrix Effect Reduction Meth

As both ionic Iiquids showed significant m
efforts have to be made -M$» armaluxsei £ heBlee emdier
observed matthesel xgbt feotsbisity of Vaomioaws!| imgu ihad
came wused to tfhseolt hleirl rteduefe I L in agueous pha
ionic liqguids onto magnetic Phhandtcilleiszithag fhan
hydrophobic i onic |iquids -DoLMBppovvie®iplbhha aadse
DLLME® I n this study, we hypot heeslszddEwohlhad hel
reduce matrix effects. However, our matrix ef"
thoubibon el ution pattern changed as]pi#diactesd
Il L present in the sample were still sufficien
| i pwidtshi n t he s anfeddeltu thigoane lsweinncdeo wo.f ot her i nte
contrtiouitdsaippr edMGi L 6: 0) and lePedtgadli7t 6) , t wan
[ P 6]6i 0an We next examined two adddcdrieasad nmnsatrraitxe
associ atsesds[ Wit h [ P

2. 3.Bf.flect of Temperature on Solwubility of 1L
The objective of this experiment was- to ev
DLLME procedur & hswoluubdi | li dtwrewqéedus ilnayer , enh,
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sepatrarntd oml ti mately resulstignmpltheteeadudcti esn aa

ionic |liquid phases would be easier to -separa
DLLME mi xt-810 eACnf tdhezer f-M8 8nhbwywsssprThbe sope
removed i mmeditateliyomied ol i qui d | ayer has thawt

to a r®fguM&r prbcedure as described in Section

120

100

LA

0

m |

- I

| " i e

MG (16:0) LPC (17-0) PE (17:0/17:0) PG (18:0/18:0) DG (18:0/16:0) PC(19:0/19:0)
Lipids

Process Efficiency (%)
3

' [C,MIM][PF, |ESI — W Freezer [C, MIM][PF,]ESI — u [C,MIM][PF]ESI + Freezer [C,MIM][PF,JESI +

Fi g@fRrocess efficiency-DdhdrmEawvieDsiudEId khiaduvarg 81 ar
freauwgsi nigl MICff P ef-MEeabh&l ysi s i n-(mect3h .ESI 4 nan ¢
statistical s-8g mptf evdttt rhc €9 584 tceobn@ ti (dbe8n:cOe/ 1 6: 0) w.
detected in ESI
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MG (16:0) LPC (17:0) PE (17:0/17:0) PG (18:0/18:0) DG (18:0/16:0) PC(19:0/19:0)
Lipids

B [Py 4.514][PF5 |ESI — u Freezer [P; ; 5.14][PF5]ESI — [Ps.5.6.1][PF5ESI + Freezer [Fs 5 5,15][PF;]ESI +

Fi g@8Rrocess efficieagyiDddEl vie® suNE d thiotuhr 3
freezing sle§dFpelfdMSe ab@l ysis in-pomtdh) .ESHT +i rmadid
statistical s rsgamipfl iewdth e 98t crob&E w8 ce/ 16: 0)
detected in ESI

Figures 2.7 and Figure 2. 8-Dtdmlita rweistuhh etsh e p
3hour freeziem batchubBES$ IsMimb|dleRSsR E i€ r especti v
The results show that there are noescegptififoal
mi nor differences observed for M&ThHhébeDdPrandt

addi ttihbeneezi ng stepredumathrgbeneffiectas. t Dhi s i

in Figure 2.9 and Figure 2.10, which show t
[ Ml M] | PRBd J{[EBF respecti vel yienoMiushifeare dazfivih g he ti
to enhance phase separation and reduce | L aqu

anions confirm that the freezing did not reduc
are nearly identiocdalof Trheedruecfionrge,t htehel isd owectnhy i g

MS analysis did not prove to be useful
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2. 3.Q3l.e2am Coofnt ami na[n® s]sff dsteon Reduce Matri x Effec
Anot her possible reason f @re]d[ldPe iosb stehrev epdr eis
of additional hlelo,ntperi mamgs sstelenmmir adu ¢ rioonn pr o cC «
bl ank and | ipid standpfdiFentdirhppaeesdnse dFCvefy
ions, other than I L anion and cation22nfmese i
andere diffedMéM] PRFTdE [a@G rFs gawe 626 ]d[HF HaPd
contaminant peaks that did ndtdanotlkendsiodgnn dlhe
t hes, ]FPi ouneéMI MC§ PFon t he ot her hand showed mini
retenti me > 5 mishs ¢ dPnrp aTrhebdd ePfaeols[effsF it i s not cl
much 1 on suppression is caused by I L anion an
ot heeal wtoi ng unknown i orx.peTivenedaffora, tion rteme vree
by fir stabplearnfko remxitnrgacti on using I L and discard

was thentheblsledEfmprocedure as previously desci

x107 |+ESITIC Scan Frag=175.0V 230216_POS_LipidMix_1.d

12 3 4 5 6 7 & 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 35 37 38 39 40 41 42 43 43 45 46 47 48 49
Counts vs. Acquisition Time (min)

x108 |+ESITIC Scan Frag=175.0V 230216_POS_LipidMix_1.d

{' b)

ol—'e N | A A
1 2 3 4 5 6 7 & 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 3 37 38 39 40 41 42 43 44 45 46 47 43 49
Counts vs. Acquisition Time (min)

g@rIBI C overlay of 1ipid 6 tahdildaddvhmbVy [fPrFe d)
| ac
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Figure 2.12 compares the-DIL®ExiIfng hieondii@ildi
recei vaeads H dllL L ME both i1 onic |liquids. The rest
intensities of the,sdg dPiFa nTihniasnti sp eeaskpse cfilodrl | [yP a
mi nute range of TIC indicating this was an ef
Similarly, the decr eas egMlriM]ifPtFeanss itthye itswoa |Isshoa r
can be se@nmianutéder dnge have reduced in inten
| i quitdhaepiprfopr i at e snoltvheen tr eddouecst ihoenl pofi cont ami
indicate that a eugpi tsitoenpasl asroel vreenguicrleedant o hel p
contaminants with retention times of >11 min.
asequence of wash steps such as water, foll owe

both polar and hydrophobic contaminants, resp

x107 |+ESITIC Scan Frag=175.0V 230216_POS_LipidMix_1.d

hvi

12 3 4 5 6 7 & 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 45 47 48 49
Counts vs. Acquisition Time (min)

x108 |+ESI TIC Scan Frag=175.0v 230216_FOS_LipidMix_14

| b)

1 2 3 4 5 6 7 & 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 38 35 3 37 38 39 40 41 42 43 44 45 45 47 48 49
Counts vs. Acquisition Time (min)

Figar&I C overlay of | iwmisdi dl@lit laME a( ol wieDd, ME red ) |,
ionicas$ i ge@hl avcld)s sl )F [aP éMIbV] [ F

Comparing the EI C signal intensities of th
washimngnikel iquid did ocMuMiEi ;anale.duThiinc odl & h
useful for analyiMéMbilgmtal coalcht e swiptoh afC Il i pi
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(16:0). Therefore, the appMirMnitgneaflf eiests |® nmittheed

signal didfnet tlaeuuwesechifmigC of the sfit8gaghat ar

overl aps as can be seen in Figure ¢ s6JsBdsF Thus,

have reduced, the actual peak of the cation

could be potentially wuseful for lei p]esisgrnelata .

t he efhfagctwoul d have come from t hel contami nan

:g; +E3 EICH483.5058) Scen Frag=1750V Z30276_POS_DLLMEPSEE1E_1.4
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Figar€omparil s@mdofst andard predMcBEg®EfIf eacedevned
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Figar®ompar ipsoresafs oeff fluespiiedgsc]y[@PeFs r eaxred ved

washe&ds ]Je[dsF(n=1). PE (17: 0.wle/meldt) daentde cPtGe d 1i8n Ok
mo d.e s

59



Figure 2.14 and Figure 2.15 compares the p
regul-Bt LMEL and t h-BLLMEISsSedMIhML § € Fa ned 6 ]4[ B:F
respectivel y. Differten@esam@anLP€& SEZNO) ni MGbot
| IDLLME procedure had higher process efficienc
| i pid standards have either not been extracte
shows et hcaaeatrhf the iPonic |ligqguids does reduce
interferecedlefeddF sampglPe in ESI + asMl Wélilgnas mwed e«
causes the signal of MG (16:0) andclLé&épn (did: 0)

| ower i on suppression for those two | ipids

2. 3Sd4l vent Mi sMIli M]i dR Raysdeo ][Rk
Af ter -DLILMEI pr ocedur ewaisnhjee cstuegheSrinnahteat net&d o f

ionic |iquid phase. This is maiamndy ndoute wvtool atthiel
maki ngi ncheempat i BMSe Wihtehr elf-dxrter,aca ilmaackpr ocedur e
extract the analytes i-MS oanaalcyosmpsa.t iTbhlee ssoollvveennt
form a biphasic | ayer altérx ttchaecti otnhe dn aluy tde ss
l iquid. Here, several:M@BEtr abteixames oldESEL) §yWwWes u
and chldueftoo mt hei ranl oewer ideansi tlhyy quh ds t o ea
super Tartamoour sol vent[sMiwM]rfeP B 8 det] g @»Fofno rb oftohr mi |
a biphasic | ayer. The results were not succes
l iquids and a biphas.i oMEkaygel vea tibkedansacettth-ebdeb & cokr

extraction procedure is cruci al in confirming
| ayer.
2. 3l DLLME Comparison of lonic Liquids in Huma
The wutility of the two ionic |iquids for t
in a simple matrix consisting only of Iipid s
tevaluate the wutility of the two ionic |iquid
consisting of numermtwssh ba © | pprga tcail n £,0 mpiopi ds, a
shown in the previous section show that bot h
hydrophobic | ipids and showed high recoveries
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next stepsDLLM&E pameeldure was applied to citra

results can be obtained for the extraction of

2. 3.GoanMventional protein precipitation using r
analysis of pl asma

The removal of proteins during sample preps:
met abol omics analyses for t-wopomai ne sbhpeaaddibanlgl:y (f
|l i pids and hydrophobic met abdloiuthels awhi oh it)ernt:q
sample complexi tuyp/addgmi o-iJ8idaumb nigs dsC. The mo
met hod that is used to pneorpgpabhatesptotatnsoi

ia3: 1 or 4:1 rati o.enfilbe umesdt foammdn ss @lur pose

i nclude met hamaol ,i saocpertogonaintorli.l e
Her e, t wo organic solvents wera3cbmpatied, C
sol wdmtssma. The solubility of many | ipids in a

was not considerd@dadtb®d| tdioif § semd reicmevetd.e t hen
both plasBapphepgiabdBlag{y These | i pids were check
by QuehenB%®i Pemwtein precipitation using isopr

where of the 98 | ipid species checked, 39 I|lip
29 | ipid species detected. | sopropa@moéf orse miotr
more effectively solubilizes hydrophobic | ipi

precipitation during the subsequentDLelvMaH uoaft i o
human plasma. The use 0§ awepsdpbdaobdedirmpli @i

effective techniquet.A®!| published by Sarafian
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FigwkoiéCompari son of t he number of endogenous
precipitation with metbaanbl obr 9Bsbppogdanobnam

2.3.Gomparison of ProDOesMEELBMDKEE BEKFa nodf | L
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Lipid Class
m [CgMIM][[PFq] ESI + ® [Ps6,6,14][[PFs] ESI + » [CeMIM][[PFg] ESI — = [Ps6,6,14][[PFs] ESI —
Figeté@he abundance of the detected | ipids f ol

efficiendly MU PrRgdI{]g BPAFIDLL MMEas found (DG n=8, T
n=7,n=PAE PS n=1, Pl n= 3,i nPGun¥aln, pLIPAG mma=5, Cer
Figure 2.17 shows the process effic$Ency f

using the two ionic | i qguisdsgs|idsF sbhootwhe dE Sole tnbhoedre se
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efficiency eMomp §REdsitnro |[a€ to | ipid standard

process efficiencies were higher, i ndicating
mi x, both iPonic |iquids had good selectivity
seen for glycerolipids as the more hydrophobi
showed poor extraction efficiencies similar t

Therefore,-DLhLMEd@amsnapadti cul arly selective t o\

The mai harheaoorer al | reduction in extractio
the partition coefficient between the aqueous
l iquid | ayer not having a differenca&ntt hiads ues

observe prominent phase sepaDlalt MB np rwea ed uorbes, e |

separation was |l ess prominent i n plliapind stsa rcda
mi x. I n addition, a c¢l| oudwhesnoltuhtei dm nwas | n agtu i fd:
t he human pl as ma. A cloudy solution is an 1 n
formed within the aqueous phase which facilitae

phase i ntolilheidophaséormaecdbhosdhcaodbiutti b@a i n
theteweasr titioning of the analytes towards t he
already soluble in humanh epfhbmmbhedhdy tbRerEered one
phase. These issues sewdrLeMEy ilni rhiutmatnh e | apsprai. c

2.4Concl usions

l oni c |eéMg Ml f ®FRan[dC]{d{d»F can be wused for extr
met abolites anedLILMPpi dor mati ng ForL extraction
[ &1 M] | PFproved to be more cesf]f[dPFt i Tlei scompabe
[ &I M] PR s more hydr ophei]d] @ ctohnupsa rreeds utla i [nR i r
extraction of mor e hydr ophiploil @ar inteyt almamlidi t leyd
met abdlPist]gfdPger for med bef @lrM]cfloPpar ed t o

A major i ssue when wutilizingMS oanal ysigqsui ids
matrix effect. Botihi ghhnien | s gqupdessiecmul etfedmomn
speci es asi de from PE (27:0/17:0), whi ch [

[ MI M] fRFthis ion suppressitooni sfcatusednbypnt be
| i pid standagdde] ddFn onesn terl aug-t24 wimRk hinhe s heand@e,
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LPC (17:0) and MG (16:0). However, these two
by s [eRe[ d»F-DLL ME whi ch wadpear eseseed bdfy ot her i nten
in this | L.

Two met hods were evaluated to reduce the m
t fr eezing step was added to attempt to furthe
i hhaegueous phase. This approach did not resul't
sowas not further considered. Secoa@dgyeous Wwq
cl euspn step could remove, sclofPiFa mi mant es dlotusrds h o
cl euapn pr o ade dduercer echise t he i ntensity of these <co
suppressing MG (L&n8k qairghhtdlr Cp rhadlc’e D) .ef f i ci enc
(16: 0) and Lw&Ls {HdDL:LME icro mipleaeseedc elidd tdhME whi c h
mi ght indicate that smaller matrix effects we

Last I-DJLLL MIEL of human plasma using both I Ls
including reduced extract  whatofwvag!l geemoli npit de
mi x, i1ssues with microdroplet formatiooannd hus
ineffective phase separation. The |l ack of
i mpracti ®OalL MET mieg hlold i s al so inappropriate fo

as neither | ysophospholipidsr samotredg!lfyrcemopi as
proposed method may have some wutility for ar
concludbadethaility of téMe M P Rain@a]id[cd«H | qaoi d$ he
extraction of |jipidd min edumadarmeplpasomaosed met hc
t heextraction of | ipids from more aqueous biosy

investigation.
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|l nvestigation of Lipid Adduct Formation for

3. ntroduction

LGMS has emerged as the most popul ar techn
resol ve i s omeerpsaraande icsoonbpaorusn,ds based on nonpol
predictable!™éRénepobadd i megui d chromatography
separation technique that is wused for | ipidom
det ect abtalbiuthyd amfcel o wpi ds and | ipids with | ow

i mprsovlei pi d!°HowernvaegwS LCpidomics also faces

har moni zati on amebtbhedbabéasaddf aerensts | ipidomi:
this in turn results in differeguartiintdy ngt |
obs ety ®9g103. 104

ESI is the most uti |-NM& efdori olniimiad ad ninc sme t hiofdf
wi || ioni ze differswotlbwytihn mbdles ameé ESIpically

coverage!®ofPAESIpipmlsocess can generate various
protonated/ dé¥ypiocmabdtgd mone. adducts are obse
mo d°é .

Additives are often used in mobile phases
pr onohfeer mati on of particular adduct ions. The
which changescdhrer ipmn@@ceéssi ng i onization. With
the i mpurities that are found withidmyt lbbeasmeb

depending on the solvents used,"Weakp racmidsi rsq ¢
acetic acid and formic acid are commonly use:q

ammoni um acetate and formate are also commonl

i oh%For exarnmpwiet,t erdmnic | ipids such as glycer
requiring the addition of vol atil g sdaduct by
i OZh,g.i?,lOS,lOG

The quantification of ' i pids iIs highly derg
internal % andandlusedndards can compensate f
the | ipidomic workfl ow, including |1 p-M8 extr:
anallysotshleatt er, interrdlutet amndair d hreudti pda of
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every |l ipid to be quantified, its stable isot

this is not very feasible in untargeted I|ipid
selection of internal asvtaardthatHdes itph adto md rces anerhm
commonl vy, one or two internal standaaidrs Ipemgtl
and degree of saturation between these intern
accuracy ofl3gWAn'Py énemali onlipid ionization eff
ac-ghain l ength wheckRaisn i mecs @tagi atgi oanc ywas f ol
respdn®8owWever, the extent of the i mpact of |
dependent, with glycerolipi‘dts and CEs more ex

Currently, there is stildl no clear consens
adduct t ogquuwtnitliitzhd igfiowmrc @n.t alaitfifoenr ent data analy
software may opt for different strategies. Thi
intense adduct within the i oni zat/i%oonwenvoedre fiotl
currently not known how the approach chosen a
publ i s heetd'lably. tLhe determination of ginkgolides
mul tiple ¢ddbuotnat edhignd s adnimatine ohad vear aadduicmpr ov e

repeatability of analyses and Renenfli gat Bosh
af? al so reperlteecd itomatoft medduct can cause dr as
|l i pidomics, and recommended using the sum of
of DGs. This study, however, did not eixcamine
classes such as phasghaoltiepiods | i pphisngol i pi ds

The objective of this stude twarsat wor adamae sex

variability of adduct formation of several [
murine plasma, murine |liver tissue, and murin
endogenous | ipidmppreed eagaviasstal stoe ci nt er nal ¢
Additionall vy, the effect of di fferent di et s &
Lastly, adduct tfyowmaat evral wart ieabiblet ween two di

Orbitrap, to verify whether the r &sienlsttsr uonbetnati

pl atform employed.
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3. Zxperimental

3.2Chemicals and Materials

Acetic acid, methanol, wateMS qrcede,niwearid et
from Fisher Scientific (OttawdMS QNad€anada. )OI
(l'i pase inhibitor) -wedei phir ¢BakedPdaloerd I$h ugnBean
citrated plasma was bought from BiolVT (Balti
standards were purchased from Avan#r-tmi ckRRolweerr eL i

obtained from Jackson Labor atserdi d0r( Bbare elda miga

3.2PReparation of the Internal Standards

Il nternal standards (1 STD) covering the 1|
sampl es. I nternal standards wer e grOéAfCar rped oirn t
their wuse. | STD mBiZxorl ,huamsan ipltéeddma nannlfdaibTi &b s @ m

was spiked at the beginning of the sample prerg
mi x |1, as S et eduman Talb® $nar amudr | Theeb Isea mp | e s,
i mmedi at el-MSpahnathyesamks Lf€Coor ci oni zati on matrix ef
The peetani ve st & REPr o fdewiceht iloSAT D was <cal cul

study samples to check the data quality.

3.2S@mpl e Preparation of Human Pl asma
Sampl es weateh rpae pdirfefder ent :rt ®onp etr eandufeCea tcwome
andAC WIOWAIC i ncubation for the protein precipitt

tested. To prepare the samples, Eppendorf tub
any contaminants, dried, and keptheatfeeéebher. r
plasma samples (n=6 replicates per condition)

vortexed for 1 minutiex.eddwi ®lh dfo OlLa sorha |vBalsD m
orlistat (0 OM, 5 OM, or 25 OM) and was then
10 minutes. 300 OL of isopropanol was added tc
wer e tcheedn oml @ shaker at 200 rpm for 1 hour at
or withou8O0OAlcakiAhy aswamples were centrifuged a
OL of the supernatant was t akenssanidnsterratn saned r
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(1:1 v/v) withESBmBl meks|l | 1000Lt be -fsoulpde rwiattha ne
mi x of methanol/isopropanol/water (13.15%/ 11.
HPLC vials with glass insertedSlataldy $iug e dA (Ac
QC was prepared by combi rixng a2t Obnof Eexcacte
prepared for each condition using water inste
procedure. The saimptl elsy wamaHWShedl hiesnimegi al C dur a
sample preparation was approximately 2 hours.

3.2Sdmpl e Preparation of Murine Spinal Cord a

Il ndi vi dual ti ssues were thawed on ice, we i
Table S3, was added (0.1 g/mL). The weights o
with the solvent. The tissues wer ed4d hoynolgeani af
seconds with 30 seconds of break). The temper
156 AC. The extracted samples were vortexed f

mi nutes before centri fnugatsi arn &tAC25 ,Th®O sxupeg rfn
FoESI +sampl es weoled dandutae dselcOond centri fugatio
for 20 minutes at 4AC. Hionall lwi,t ht HeSTsBhmp lxss | w
| i st ed S@n E®amoldee, samples were centrifuged at
and difloultde dwi5t h I STD mi x 11 at 100 ng/ mL.

3.2LEBMS Analysis

LGMS analyses for alll four matrices were p
coupl edOn i tLrTQp Vel os MS with a heated el ectr
The column used was a Waters Xselectd& CBadr 18
column Xselect CSH C18 XP Vanguard cartridge
was used to maintain the temperature of the ci
water/ met hanol (60/ 40, v/v) dMorbtidieniprhga slke0 BmMWa
of i sopropanol/ methanol (90/ 10, v+ vmowitk pba
A was water/ methanol (60/7 40, v/ v) with 0.02¢9
i sopropanol / met hanol (80étti0¢c @&civyg. wihdéd Ol O& %r ¢
with the following gr-adment i Socrbdét mi BES1 @ hbod 8
from3D0 B25 4min incr&@%eB-8B8b25i B0i socr aBBc at
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min i ncr e-®Osbe% fBrdolmd 88sSocr at i e5@.t1 9béw Bea®d .BlLr om
The autosampler was kept at 4AC and 10 OL of
The samples were analyzed in both ESI mode
for capillary temperature and source heater t
kV and 3.0 kV-mode<£SI|reaptiettSY RIFyfvoas hbéG8lh mo d e
The |l ock masses were 391.2843-, mtesaerdtB3VE] ¥6 840
m/ z rangek2Wkrmn/ 2282400 /020 f oratESE O, G@ rEeSd 0l vi
and automatic®gaM/ MSo nwarsod p eoff diteme d olpn ki géhd C
Di ssoci ati onAbapgedenf( CDBt BDA) with the foll ov
repeat duration of 12 seconds, exclusion dur a
ppm. Sampl esndwemiez erdunoridnerr aafter 3 extraction
(QC) injections to equilibrate the system. QC
run to confirm signal |l inearity and/ or detect
LEGMS analyses of human plasma were ad so pel
QTOF system with aTbheabhLhAed9nHBSIt i saosr as. descr
were used. The samplBESl +wearned TaBn&al |l cyazpeidl lianr yb ottehn
source heater temperatures were 250AC and 275
for both ESI modes, respec+lioNdl yn/ zThHeo rc hhod éehn E

3.2D&ata Processing

The raw data that was obt ai-QEAF fgyst etnh ewe
processed using Agilent MassHunter Qualitatiwv
a mass tolerance of 20 ppm. -Ormikei trraanp dVaetlao so bM
prcessed using Thermo Scientific Xcalibur 2.2
integration was manually checked.

Il n ESI + mdde[,MH{NMHM}f NHand "ifdMn-r Kddducts were |
whereas-mode H3pMd [ JOOHwere monitored. The adc
calcul ated by taking the proportion of each

speci es.
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EquatlAddduct ratio formul a
6 MO & Q@ EBIIN 6A &

0 QQOYEDO BE e,
YO&@ Do & Q& EMIXN QS CE |

3. Results and Discussion

This study systematical |l yt haavdayl uaaftfeedc ts € vi epri &

formation for glycerolipi dsandg]lsytceerroolp hloisppihdosl.i
included sample type, anal ysis batch, i nstrum
enetic strain. I n addition, the adduct f orn
ompared to t hloispi df. endogenous

3.3Etaluating Adduct Formation of Internal St
Different Matrices

The addition of internal standards is fregq

sampl e preparation and i hbgetsrtu maecnctuarla cayn aal nyds ipsr.e

anal ogues of each analyte should be used. I n
frequently uyoscreldy dDbtuan duasrudasl lpyer | i pid subcl ass
used t o pa@rufacint mt &teimd-p oiunsti ngalsiibnrgatei on and d
concentrations ofhitsheapypeprasaiahe ds dfifpardss. f rTom s

nternal standaddtkei wid$r &d |l ndti pcds -pohfasient er

i pidomicg hmygt hodh®tsaccurately be able to com

for alll l i pids in class; (ii) differences 1in

| i piadeerd unsaturation and acyl chain | ength ma
(iii) differences in standarpgsewaedtttdaeta pamp:;
| abs. I n addition to this, tahmentéfralt ofanmda

given study has not been examined and may r e

Fi ndglolry-gstleamt i t ati on, either a single adduct i
the sum of adduct i1ions is wused to calculate
i mpact of tthheuaohotaéei @om of many | ipids ot he
systematicaflf4y investigated.

Her e, the adduct formation of the internal
within the same | ipid class were evaluated in
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murine l,amdr murseaespi nal cord tissue. The ad
across four different matrices was compared t
analysis would affect adduct formabsent h&hdi &i
matrices were also compared. The aim was to d
remai ned consi stentanidn wthled fte sarsiwa uaddidmecttr ircaetsi o
consistent

Figure 3.1 shows the | ipid classes that we
across the |lipid species within the same |ip
formation of all the endogea@iusen i pli@ss than v

Suppl e
[ M+™H]

( a ) Murine Liver LPC
LPC (17:1)
LPC (17:0)
LPC (16:0)
LPC (16:0)
LPC (16:1)
LPC (18:0)
LPC (18:2)
LPC (20:4)
0% 25% 50%

75% 100%

Total Adduct Formation

Murine Spinal Cord LPC

LPC (17:0)
LPC (17:1)
LPC (16:0)
LPC (16:0)
LPC (16:1)
LPC (18:0)
LPC (18:2)
LPC (20:4)
0% 25% 50%

75% 100%

Total Adduct Formation

ment a-68.4Fi gur es

S1

[ M+'K]

Murine Plasma LPC

LPC (17:0)
LPC (17:1)
LPC (16:0)
LPC (16:0)
LPC (16:1)
LPC (18:0)
LPC (18:2)
LPC (20:4)
0% 25% 50%

75% 100%

Total Adduct Formation

Human Plasma LPC

LPC (17:0)
LPC (17:1)
LPC (16:0)
LPC (16:0)
LPC (16:1)
LPC (18:0)
LPC (18:2)
LPC (20:4)
0% 25% 50%

75% 100%

Total Adduct Formation
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(b

PC (17:017:0)

Murine Liver PC

PG (19:0/19:0)
PC (16:0/16:0)
PC (30:0)
PC (32:0)
PC (36:2)
PC (38:6)
PC (40:6)

0% 25% 50% 75% 100%

Total Adduct Formation

Murine Spinal Cord PC

PC (17:017:0)
PC (19:0119:0)
PC (16:0/16:0)
PC (30:0)
PC (32:0)
PC (36:2)
PC (38:6)
PC (40:6)

0% 25% 50% 5%

(c)

Total Adduct Formation

Murine Liver PE

PE (15:0115:0)
PE (16:0116:0)

PE (34:1)

PE (34:2)

PE (36:2)

PE (36:4)
100%

0% 26% 50% 75%

Total Adduct Formation

Murine Spinal Cord PE

PE (17:0/17:0)
PE (16:0/16:)
PE (34:1)
PE (34:2)
PE (36:2)
PE (36:4)

0% 25% 50% 75% 100%

Total Adduct Formation

100%

Murine Plasma PC

PC (17:017:0)
PC (19:0/19:0)
PC (16:0/16:0)
PC (30:0)
PC (32:0)
PC (36:2)
PC (38:6)
PC (40:6)

0% 25% 50% 5% 100%

Total Adduct Formation

Human Plasma PC

PC (17:0117:0)
PC (19:0/19:0)
PC (16:0/16:0)
PC (32:0)
PC (36:2)
PC (38:6)
PC (40:6)

0% 25% 50% 75% 100%

Total Adduct Formation

Murine Plasma PE

PE (12:0/13:0)
PE (15:0/15:0)
PE (16:0/16:0)
PE (34:1)
PE (34:2)
PE (36:2)
PE (36:4)

0% 25% 50% 75% 100%

Total Adduct Formation

Human Plasma PE
25%

0% 50% 75% 100%
Total Adduct Formation

PE (15:0/15:0)
PE (17:0/17:0)
PE (16:0/16:)
PE (34:1)

PE (34:2)

PE (38:2)

PE (38:4)

PE (40:4)

72



(d)

PI(17:0/20:4)

Murine Liver PI

Pl (16:0/16:0)
Pl (34:2)
PI(36:2)
Pl (36:4)
PI(38:4)

PI(38:5)

|

0

®

25% 50% 75% 100%

Total Adduct Formation

Murine Spinal Cord PI

P (17:0/20:4)
Pl (16:0/16:0)
Pl (34:1)
Pl (34:2)
PI(36:2)
Pl (36:4)
Pl (38:4)

Pl (38:5)

l

0% 25% 50% 75% 100%

(e)

Cer (18:1/17:0)

Total Adduct Formation

Murine Liver Cer

Cer (18:1/18:0)
Cer (18:0116:0)
Cer (18:1/16:0)
Cer (18:1118:0)
Cer (18:1/24:1)

Cer (18:2/24:1)

|

0% 25% 50% 75% 100%

Total Adduct Formation

Murine Spinal Cord Cer

Cer (18:117:0)
Cer (18:1/18:0)
Cer (18:0/16:0)
Cer (18:1/16:0)
Cer (18:1/18:0)
Cer (18:1/24:1)

Cer (18:2/24:1)

|

0% 25% 50% 5% 100%

Total Adduct Formation

Murine Plasma Pl

roro |

Pl (16:0116:0)
Pl (34:2)
PI(36:2)
PI (36:4)
Pl (38:4)
PI(38:5)

0% 25% 50% 75% 100%

Total Adduct Formation

Human Plasma Pl

PI (16:0116:0)
PI (34:2)
PI(36:2)
PI(36:4)
Pl (38:4)
PI(38:5)

0% 25% 50% 75% 100%

Total Adduct Formation

Murine Plasma Cer
Cer (18:1112:0)
Cer (18:117:0)
Cer (18:1/18:0)
Cer (18:0116:0)
Cer (18:1116:0)
Cer (18:1/18:0)
Cer (18:1/24:1)
Cer (18:2/24:1)

0% 25% 50% 75% 100%

Total Adduct Formation

Human Plasma Cer

Cer (18:1/17:0)
Cer (18:1/18:0)
Cer (18:0116:0)
Cer (18:1/16:0)
Cer (18:1/18:0)
Cer (18:1/24:1)
Cer (18:2/24:1)

0% 25% 50% 5% 100%

Total Adduct Formation

73



(1)

Murine Liver TG Murine Plasma TG

TG TG

(15:0/18:1-d7/15:0) (15:0/18:1-d7/15:0)

TG 16

(A7:0117:4/17:0)-d5 (17:017:1117:0-d5)

TG (48:0) TG (48:0)

TG (48:1) TG (48:1)

TG (50:2) TG (50:2)

TG (52:3) TG (52:3)

TG (56:6) TG (56:6)

0% 25% 50% 75% 100% 0% 25% 50% 75% 100%
Total Adduct Formation Total Adduct Formation
Murine Spinal Cord TG Human Plasma TG

G 16

(15:0118:1-d7/15:0) (17:017:A117:0-d5)
T6

(17:017:117:0-d5) 1G (48:0)
TG (48:0)

TG (48:1)
TG (48:1)

TG (50:2)
TG (50:2)

TG (52:3) TG (52:3)

TG (56:6) TG (56:6)

0% 25% 50% 5% 100% 0% 25% 50% 75% 100%
Total Adduct Formation Total Adduct Formation

Fi gBteverage adduct ratios of selected (a) LPC
|l i pid species in QC samples from murine |iver
spinal cord tissue (n=20) and humemtpl ashma (n
internal astdahdghtdés) shadi.ng represents standa

Within glycerophospholipid cl|l asmd RIlheshoawe
consi stent adduct f ormati on, whi ch al so mat c h:
cl ass. When two internal standards were used

showed good agreementf wrt RCemuwdu als hterre n dHso weevre

whereby sodium adduct formation for internal

| ipids for murine plasma and spinal cord, or
i ver. For TG leirpiad sulonldaggd,s tshenmiilmtr |l y showe
ot her and with endogenous | ipids. H edw/e/ v1ebr: ,0 )a n
in the murine |iver tissue where there appear

makekBi s standard unsuitable for wuse for this
and endogenous | ipid adduct formationt weas th
sphingolipid cl ass. As shown in Figure 3.1,

[ M+ Nafdlduct formation than aThye eandddougcetn ofucsr ntaetria

74



i nternal standar ds across t he di fferent mat r |

di fference between Cer (18:1/17:0) in murine |
formation between the Cer inhewsnal hat andiaedsal
can ionize differently compared to endogenous
which should be carefully considered during i

Within the same matri x, the adduct formati
|l i pids shown in Figure 3.1 showed good agr eeme

as LPC, m@,e aorbdseRBEZEed t o f'drom | dooveidn'ebrnyP I yWstpN&ag H E
form [4U+NIH owed "abnyd [[MAeHNG@d genous T&d Mpalgli es f o
foll owed "and[ vhi Mo améamd s|["M&tK]JveM+HM] ng ratios
di fferent matrices, a nnvde ee nodbosgeernvoeuds tCoe rf drinp i ddo |
foll owed "byTHiMss Nmdt ches what i s generally see
Caj ka al'fldn Foemmaltluary ,r st'ti © s o b fweefoMidséeicsy mpd ar e d
to what was repbwhiedhbmapBibbdoa result of diff
ofrn solvenMS awndtftem LC

Comparing the adduct formation across the
formation cdnfbersagnr'eaflht bsbehapyMeNalwas most
and Pl. The TG and Pl | i pid specadduexpebeewe
the different matrices compared to theedther |
consistent withiwitthhe < dme miuirpine clpasal cord
had high interfecrrameasiouhdthet sbdi pteder|l y me
el uti ng i(nSueprpfleerneenncteast Ays Fiilgluuwset rSa2t3eld) by t hese

nternal tdiltelnwemayr dalieangsi de the ,anaédctemanstsi oM

calculating the adduct formation provides a <c
of these | ipids. The deviations in adduct for
very consistent tcamfemencas ecapotemaoaulad be car e
anal ysis workfl ows.

Among the | ipid subclasses considered in t|
of t he adduct ratios within the <c¢cl ass, bet we

standards as highlighted i n fFargaumrte mat2r.i dceog [Cr
ion varied bBet wé¢ &ad\eHpvernNddi]meat om x and | i pid con
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internal standards #iat awer eCEut(ill7i:20d, fO®EF med.
[ M+ Na]Jfurther complicating the quantification
increasing chain I ength or number of 4Jtowrbl e b
[ M+tNa]This could be a possible reason as to w

form any] a[sM+#NH chai n | eagléahc ka mdy uwnosngotau readt itoon
endogenous CE | i pigdand Al MnNws]indbe [f M+ MMatnidon of
[ M+tKwas observed for several CE lipids. The f
di fferent matrices. For example,and h'takh pl a
detected whereas in murine spinal cord tissue,

human plasma samples had higherrisngnapi nalt eas

murine |liver tissue samples whi tabd dwocul.d expl a
+ +
[ M+*H] [ M+ Na [ M+ NH [ M+'K]
( a ) Murine Liver CE Murine Plasma CE
CE (C15-d7) CE (C15-d7)
CE (18:1) CE(18:1)
CE (18:2) CE (18:2)
CE (20:4) CE (20:4)
CE (226) CE (226)
0% 25% 50% 75% 100% 0% 25% 50% 75% 100%
Total Adduct Fermation Total Adduct Fermation
Murine Spinal Cord CE Human Plasma CE
CE (17.0) CE (18:1)
CE (18:1)
CE (18:2)
CE (18:2)
CE (20:4)
CE (20:4)
CE (22:6) CE (22:6)
0% 25% 50% 75% 100% 0% 25% 50% 75% 100%
Total Adduct Formation Total Adduct Formation
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( b ) Murine Liver DG Murine Plasma DG

DG (18:0116:0) ‘ DG (18:0/16:0)

AH8: |

DG (18:A18:1) DG (18:1/18:1)
DG (32:0)

DG (32:0)
DG (34:0)

DG (34:0)
DG (34:1)

DG (34:1)
DG (36:0)

DG (38:5) DG (36:0)

0% 25% 50% 75% 100% 0% 2% 50% % 100%
Total Adduct Formation Total Adduct Formation
Murine Spinal Cord DG Human Plasma DG

DG (15:0/18:1-47) DG (15:0/18:1-d7)

DG (18:0/16:0) DG (18:0/16:0)
|

DG (18:1/18:1) DG (18:1/18:1)

DG (32:0) DG (32:0)

DG (34:0) DG (34:0)

DG (34:1) DG (34:1)

DG (36:0) DG (36:0)

DG (38:5) DG (38:5)

0% 25% 50% 75% 100% 0% 25% 50% 75% 100%
Total Adduct Formation Total Adduct Formation

Fi gB2fpveragkuati os of various (a) CE and (b) D
murine |liver tissue (n=12), murine plasma (n-=
plasma (n=13) in ESI +. Dar ker sahndildg hntge rr esphr aedsi ¢

represents standard(s)

Hi gh variability of adduct formation can a

Comparing the adduct formation of the endogen

formation seems to |l argely depehdpodstbBechnds
showed similar adduct formation in three mat:H
hi gher variability. Aside from this, the adduc
did not agree witsh itnhet heen dotgleenro umatl i ipd a@s , Wi
formation observed. The internal sdt7g9 n daacrr b stsh a

di fferent matrices, showed relatively good ag
| i pi ds iinne tphleasmmuar and murine spinal cord sampl
sample set, the maximum difference in adduct

~10&% observed for DG (32:0), whereas, in the
di fference ~@Qiy8%@®e®r vPb& wasg8: 5) . Hadwevet , f o hm@ma f iMe N
(15:06d7)8 :wli t hin the human plasmacandi mhhrei ne olmi
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to endogenous | ipids, with 77% and 92% of S G
matrices, ©G)( ApPp&k/AaXI&: It o i orndtzhee rb ettif'eenr T faMs N HV

example highlights the |1 mportance of checkin
analyzed. I nt ernal st anmadtamradys ntohta tn epceersfsoarrm | we |v
ot her matrices. I n addition to internal st anc

(18: 0/16:0) was verifsamplwe theth, tdored htumias Pt a
agreement koD a(rlexddd/pl8: 1
Bi skopaeécently reported their findings on

species in 8 different matrices. Similarly t
exhibited high variability of adddoattfsotmati o
monitored for [wMFMH[MHKNa]d-HOM+H n our “sathwddy, |
[ M+~HOTwer e not detected at al |l “welrres tdeeatde c tmeidn o

murine samples for severalt hlait piwd t $1pd caisdmsa. @minhde
| i ver dat awassett,he MHoNmi]Jnant adsfand ['M+Ebmwmieldablyy
our findings s'hwanwsehder ¢ t ami h MrriNia § chceu cptl aisrma  f ol
[ M+ NMH However, for murine liver tig46ok] owad n
by [ M+Nahis may be a result of different work
batch differences in eto’datuarp coenct etnht atatfi oorn sDG Be
[ M+ Nah[dM+NMHadducts shoul d r lneotsitn ealcyc ubrea t les eqdu afnd
demonstrated the accuracy of thisewawa@palbabBGs us

I n sum, internal standards that have si mil
be used for quantification, and the adduct f o
against endogenous | ipids ial e;atchndmartds xweft a
adduct formation was generally observed for L
Cer ,,ak&E€ DG reswsgimiddri mdduct ratios so the qu
standards 9rodlodsmamgdt nfHke adduct as it can | e
concentrations of the endogenous | ipids. I n

produce highly variable adduct ratios such as

utilimedewhpossi ble to mitigate possible quan-
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3.3l BtBeart ch Variability in Adduct Formati on

The variability of adduct forB8tilomagcmros s
from two different sources: (i) different con
bi ol ogi cal matricoeas eatod a (siood)i udni fMrSerseeydtt eimn f OC
gi ven anal ytical batch, including di,fafner ent
gl asswar e. To examine which of B8hesemgarcdnr sy

studies of murine plaemawipgéer fbd romeadweaniklste hadp iasyatr
(Il abealsedWeek 0 and ®Welek Bhea nsammluese were extr
extraction methods antMSanabyredenonin ¢$é&eersalmem
comparison 1 s s @awmppreesparpeodo | ferdo n@@Cal | bi ospeci
study. The r esaslitgsnisfhiocwa ntth adti ftfheerreencies i n addu
studies for all tlhepekds6estepty BEowiWhM+aNconsi s
f or maTthiiosn.i ndi cates that external factors suct
and mobile phase preparation, appearEvtem Hert h
l i pid cl assesytfhoatmaft a vmoer a[dM+ NH on of control |

acetateatélWamMdonewa nnoturs sft fuideyi,ent to fully
Ther ef etroeay daamaa ticnht evari abil ity in sodium con
underappreciated f acectrooredc dan tfrfielr ietnicregg tac rtiolses (
| abs.

Compat handgd u c t formation of i nt ertnfredd dautcand a
for matasemsi stent for the majority of the 1ipi
internal standards and endogenous | ipids can
matecsh but i n week 6, higher variability can be
ratios can also be seen in Cer. Al t hough the

standards and endogéncciths flki wifds-,25& if gnihfei caad
bet ween week O and week 6 for the internal st
shifts slightly. This suggests-tdhagt aadatuait ef o

variability.
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[M++H]- [M+Na- [M+h]*H. [ M+*'K]

Week 0 LPC

LPC (17:0)
LPC (17:1)
LPC (16:0)
LPC (16:1)
LPC (18:0)
LPC (18:2)
LPC (20:4)
0% 25% 50% 75%

100%

Total Adduct Formation

Week 0 PC
PC (17:0117:0)
PC (18:0/19:0)
PC (30:0)
PC (32:0)
PC (36:2)
PC (38:6)
PC (40:6)
0% 25% 50% 75%

100%

Total Adduct Formation

Week 0 PE

PE (12:0/13:0)
PE (15:0/15:0)
PE (34:1)
PE (34:2)
PE (36:2)

PE (36:4)

0% 25% 50% 75% 100%

Total Adduct Formation

Week 6 LPC

LPC (17:0)
LPC (17:1)
LPC (16:0)
LPC (16:1)
LPC (18:0)
LPC (18:2)
LPC (20:4)
0% 25% 50% 75% 100%

Total Adduct Formation

Week 6 PC

PC (17:0/17:0)
PC (19:0/19:0)
PC (30:0)
PC (32:0)
PC (36:2)
PC (38:6)
PC (40:6)
0% 25% 50% 75% 100%

Total Adduct Formation

Week 6 PE

PE (12:0/13:0)

PE (15:0/15:0)

PE (34:1)

PE (34:2)

PE (36:2)

PE (36:4)

0% 25% 50% 5% 100%

Total Adduct Formation
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Week 0 PI

PI (17:0/20:4)
Pl (34:2)
PI(36:2)
Pl (36:4)
Pl (38:4)

Pl (38:5)

0%

25%

50% 75% 100%

Total Adduct Formation

Week 0 Cer

Cer (18:1/12:0)

Cer (18:1/17:0)

Cer (18:0/16:0)

Cer (18:1/16:0)

Cer (18:1/18:0)

Cer (18:1/24:1)

Cer (18:2/24:1)

Week 6 PI
Pl (17:0/20:4)
PI(34:2)
PI(36:2)
Pl (36:4)
Pl (38:4)
PI(38:5)

0.00% 25.00% 50.00% 75.00%
Total Adduct Formation
Week 6 Cer

Cer (18:1/12:0)

Cer (18:1117:0)

Cer (18:0/16:0)

Cer (18:1/16:0)

Cer (18:1/18:0)

Cer (18:1/24:1)

Cer (18:2/24:1)

0% 25% 50% 75% 100%
Week 0 CE
CE (C15-d7)
CE (18:1)
CE (18:2)
CE (20:4)
CE (22:6)
0% 25% 50% 75% 100%

Total Adduct Formation

0% 25% 50% 75% 100%
Week 6 CE
CE (C15-d7)
CE (18:1)
CE (18:2)
CE (20:4)
CE (22:6)
0% 25% 50% 75% 100%

Total Adduct Formation
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Week 0 MG
MG (18:1-d7)
MG (16:0)
MG (18:0)
MG (18:1)
MG (18:2)
0% 25% 50% 75% 100%

Total Adduct Formation

Week 0 DG
DG (15:0/18:1-d7)
DG (32:0)
DG (34:0)
DG (34:1)
DG (36:0)
0% 25% 50% 75% 100%

Total Adduct Formation

Week 0 TG

TG
(15:0/18:1-d7/15:0)
TG
(17:0/17:1/17:0-d5)
TG (48:0)

TG (48:1)

TG (50:2)

TG (52:3)

TG (56:6)

0% 25% 50% 75% 100%

Total Adduct Formation

Fi g883@ompar iasveraadgfeu c t
Cer, CE,amMmd, T®G i pi d

(QC n=14) and Week 6

and these studies

standard(s)

3.3I mpact of Biologi

wer e

Week 6 MG

MG (18:1-d7)
MG (16:0)
MG (18:0)
MG (18:1)

MG (18:2)

0% 25% 50% 75% 100%

Total Adduct Formation

Week 6 DG
DG (15:0/18:1-d7)
DG (32:0)
DG (34:0)
DG (34:1)
DG (36:0)
0% 25% 50% 75% 100%

Total Adduct Formation

Week 6 TG

TG
(15:0/18:1-d7/15:0)
16
(17:0117:1/17:0-d5)
TG (48:0)

TG (48:1)

TG (50:2)

TG (52:3)

TG (56:6)

0% 25% 50% 75% 100%

Total Adduct Formation

formation in poolPdd QC

subcl asses in muri
(QC n=11) .
anal yzed

cal Variability on

Sect3Bofh i nvaddiiogtan aettdihaene i ange pool ed QC

Thi s

replicate
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Murine Spinal Cord DG (32:0)
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3. 3.Bf.f4e Ditl wtfiAd d ufoir mat i on

Finally, the effect of dilution on adduct
diluted to form a dilution series, and the a
eval Wwatlewud.i on of the QC syst ecevantciecnatlrlayt i doenc roefa <
the samples which shoul i ocnasu steo tbhee |foowenra/thi iognh e
di | utfi otnhe adduct formation is sensitive to t
Whet her the dilute®nsocdicumasocens bstasmpd eeg eteydpse an

| evel s oa&pasrotdiicuumM arn batch offheoreent tssstioiwed

majority of the | ipids that were evaluated, t
the adduct formati on. This | sS29MFovrn CH ISiupipc
(Supplementary Figure S296), increasing®dilut|
i omMg. higher dilution | evel s, the chang-es 1in
detectimmoar oddauct i ons,deacsr dahded@dv tsh @ nlail mitnt @M

the instmwaimemntbserved forPls,evaendal MGPICi,piPC spec

3.3Adduct Formation Comparison of Human Pl asm

Nextaddhet ratios of endogenous | ipids wer.
consistency of the adductMS oplneattfi cornmsa,c rAgisl et n
and TherOndbilT@p Vel os. Same LC condi triiosnosn.and
Further data can be fou#@90n Suppl ementary Fi

QTOF LPC Orbitrap LPC

LPC (16:0) LPC (16:0)
LPC (16:1) LPC (16:1)
LPC (18:0) LPC (18:0)
LPC (18:2) LPC (18:2)
LPC (20:4) LPC (20:4)

0% 25% 50% 75% 100% 0% 25% 50% 75% 100%

Total Adduct Formation Total Adduct Formation
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Fi g88fkdduct formation comparison
in human plasma analyzed on QTOF and
Comparing the adduct formation from
formati on can be seen on QTOF compared
arise from several factors. On e fbaecttwoere ni

i nstrument s.
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€E LPEi dPCEI| at
Orbitrap

Or bi t r arpe sdoaltvai nwga sp ocwoelrl eocft e6dO ,woi Ot Oh
20, 000. On Orbitr

m/ 2 hewhiplpeo dortueQTOFhese di fferences
di observed

fferences in

was col beesebdviang of

ng
resul t i n
di

power
i ncreasi

nterferences fo

ng

fferent i

resol vi power and mass accur
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whereas in QTOF, the mass tolerance was 20 pp
adduct i ons. The higher variability in QTOF i
these factors. The other f a&atecirce sc a mterl iuldwet idni
source designs which also may <contribute to
variability of ESI process. Finally, sodium i
to the obser veldy sdasf feerr erchkeist rassp aanmd QT OF wer e
using different batches of solvents, and our
confounding factor. The r esulM+#sNog@gmM®FR,alld wt sthio
may be connected to that particular day of an
experiment needs to be repeated by using the

Gl ycerophospholipids such as LPC, PC, and |
formation at similar ratios between the diff
predomi nahatddyu cl[aNMriddlnso of ~96% faddwawtedi drys [ aMt+

rati o. Si mi wamrseadhdd wcnHoQVile&dFe 0 s t he adduct f or ma
species to another is much more varied, this

i nstruntrmtid.r a@ne dleR G schaodsliuctt etor mati on acr oss
owever onwdsloQF ,t tehicsase as it &dy anbd uwec tt hfaonr 2ebt%
be seen when comparing LPC (16:0) and LPC (16
to a | esser extent than for LPCs. Within PI

consistent withsguiddudao mif oa h’@mwed{ BoNjasy+ HPn QT OF
this same behavior is not seen a's | WMelNwatomi na
[ M+ MHadduct ions. As the Pl | ipids increase in

t he f or mataflioonn sofd gfcM+eNa™aendd, [ ArdH[sM+ H]cr ease. Thi
was not observed f oOr bRIt rlaippi disheardalffzadcnecsi nq
mi ght be a result of the abundance of the det ¢
for some adducts within this cl ass. Low abund.
to cemsanogn ratio, resulting in higher ratio var
ion and their depeseemceoomnBi cabmposuei dmnf fe
behavior between the two ESI sources are also
Cer showed similar behavior to LPC where i
[ M+H]Jol | owed " byOrf M3rNmijJt rap,i ohe t ait¢ mls Niag [ M*61%
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~ 4 %. On QTOF, this ratio is much more varied

~17%.

Within the glycerolipid class, TGs and DG
[ M+ MH ons foll owed bgpt hMiFNajruments and showe
the cl ass. On Orbitrap, DGy'iopsd$odl sdiedoimiyn
i oMs miammauftM+dHlnd ["MdKjuct i ons was observed. F
domi nant adduct was see4f’i oo ss ainficdinMr ddaehpeemd it rhc
the |l ipid species once again highlighting the
subcl ass.

For CEs, di fferences in adduct formati on
Orbitrap]ii oln+NH creased with increasing chain

was not seen in QTOF where allJ €kEdi samdtadddctoc
appeared to increase with increasing chain |e
variability on both instruments where in QTOF
Orbitrap, a difference uoef tuop tthoe -~sb5hli% twansg saedednu

the different | ipid species.

3.3E8aluation of Adduct Formation in ESI

I n -ES4l |l the | ipid classes were only detect
or acewdusseadciads t he modi fier, ani oniHda cachudc twe a
ions only, -nwehwetrreaals Icihmpirdge formed an adduct i on
in this case, acetate adduct, or did not ioni
neutr al l i pi ds. Liptdrelaads $gs-imuechk adbukee TGN aB&I

acidic protednesctamaeh @ddinity resulting from i
backbonmefaedy acid chai nexpThkéenserhe vp loen corie D
Il i pi ds iHoOweSler |, surprisingly we were able to
t wo cl asses. These results ar &6 adi stchuissseidoninz
phenomenon was further verified with standarc
pl atfor ms.

Il n conclusiashngbencenowhyg observed, cal cul

not poss-flwlreainy B%1 the | ipids considered i n t
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3.3D6tection of MonoglyceMode and
Here, we were able to detect the
acetic acid as 3tshheo wso dainf ieexrampHieg uorfe t he
ESI + and T TES8I presenacg@O®|fi ptide s[pMw@lg# s c onf iErSrhe d
comparing their retention time with
MS.
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o _
100 MA: 1274227
] Area
o) [MsMal 1274227
g og— WA 209753
2] Area
£ 504 +
T [MeNHL 209753
5 o .
® 100+
50-5
o _
100~ MA: 3694003
- /\ Area
0“] L L L L L L L B L r_["'f_'i_"'l LI I |":i. r ..[.“.I. .|.|—||. .|__1_]_|_|__r__r__|_|__|ﬁﬁ__
135 140 145 150 155 160 165 170 175  1¢
Time (min)

99



Fi gB89Det ection of a) MG (1830000fjaomd im) ND& T( BR:M
in -B8I Orbitrap.

o
N

=
<,

adz2NRy S

adzZNAYS {
adzZNRAyS tf
FigBi@®@etected MGs and DGs i n th@Oaddidfufcetr einnt Bk

mode on Orbitrap. Green: detected; red: not d

100








































































