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2. Wykaz skrotéow

2-HG ang. 2-hydroxyglutaric acid 2-hydroksyglutaran
2-0G ang. 2-oxyglutaric acid 2-oksyglutaran
5-ALA ang. 5-aminolevulinic acid Kwas 5- aminolewulinikowy
BHT ang. Butylated hydroxytoluene Butylowany hydroksytoluen
CACT ang. Carnitine-acylcarnitine Translokaza karnityno-
translocase acylokarnitynowa
CBS-MS ang. Coated blade spray mass -
spectrometry
CPT-1 ang. Carnitine palmitoyltransferase 1 Palmitoilotransferaza
karnitynowa 1
CPT-2 ang. Carnitine palmitoyltransferase 2 Palmitoilotransferaza
karnitynowa 2
CT ang. Computed tomography Tomografia komputerowa
CUSA ang. Cavitational ultrasonic surgical NGz ultradzwiekowy
aspiration
DESI-MS ang. Desoption electrospray Desorpcyjna  jonizacja przez
ionization mass spectrometry elektrorozpylanie potaczona ze
spektrometrig mas
ESI ang. Electrospray lonization Jonizacja przez elektrorozpylenie
FA ang. Fatty acids Kwasy ttuszczowe
FAO ang. Fatty acids oxidation Utlenianie kwaséw ttuszczowych
FDA ang. Food and Drug Agency Agencja Zywnosci i Lekow
GC ang. Gas chromatography Chromatografia gazowa
GL ang. Glycerolipids Glicerolipidy
GP ang. Glycerophospholipids Fosfolipidy
HGG ang. High grade glioma Wysoko-ztosliwy glejak
HIFa ang. Hypoxia induced factor a Czynnik indukowany hipoksjg a
HILIC ang. Hydrophilic interaction liquid Chromatografia oddziatywan

chromatography

15

hydroflowych



HLB ang. Hydrophilic-lipophilic balance Zréwnowazone hydrofilowo-
lipofilowe
HRMS ang. High resolution  mass Wysokorozdzielcza spektrometria
spetrometry mas
ICE ang. In-line cartridge extraction -
IDH ang. Isocitrate dehydrogenase Dehydrogenaza izocytrynianowa
IDHmM ang. IDH mutant Mutacja w IDH
IDHw ang. IDH wildtype IDH typu dzikiego
iMRI ang. intra magnetic resonance Srédoperacyjne obrazowanie
imaing rezoonansem magnetycznym
LC ang. Liquid chromatography Chromatografia cieczowa
LCAC ang. Long chains acylocarnitines Acylokarnityny o dtugim tarncuchu
acylowym
LCAD ang. Long-chain acylocarnitines Dehydrogenaza
dtugotanicuchowych acylo-coa
LC-HRMS ang. Liquid chromatography high Chromatografia cieczowa
resolution mass spectrometry potgczona z wysokorozdzielcza
spektrometrig mas
LGG ang. Low grade glioma Nisko-ztosliwy glejak
LPC ang. Lysophospholipids Lisofosfolipidy
MALDI-MS ang. Matrix-assisted laser Laserowa desorpcja/jonizacja
desorption/ ionization coupled with wspomagana matrycg potaczona
mass spectrometry ze spektrometrig mas
MEiN - Ministerstwo Edukacji i Nauki
MGMT ang. 0-6-methylguanine-DNA metylotransferaza 0O6-
tyl iny-DNA
methyltransferase metyloguaniny
MOI-MS ang. Microfluidic open interface -
mass spectrometry
MRI ang. Magnetic resonance imaging Obrazowanie rezonansem
magnetycznym
MS ang. Mass spectrometry Spektrometria mas
MTBE ang. Methyl tert-butyl ether Eter tert-butylowo-metylowy
MTIC ang. Methyl-triazenylimidazole- Metylo-triazenoimidazolo-
- karboksamid
carboximide
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NPLC ang. Normal phase liquid Chromatografia w normalnym
chromatography uktadzie faz

oCcT ang. Optical coherence tomography Optyczna koherencyjna

tomografia komputerowa

PA ang. Phosphatidic acid Kwas fosfatydowy

PC ang. Glycerophosphocholine Fosfatydylocholina

PE ang. Glycerophosphoethanolamine Fosfatydyloetanoloamina

PESI ang. Probe electrospray ionization -

PET ang. Positron emission tomography Pozytronowa tomografia emisyjna

PG ang. Glycerophosphoglycerol Fosfatydyloglicerol

P ang. Glycerophosphoinositol Fosfatydyloinozytol

PK ang. Polyketides Poliketydy

PR ang. Prenol lipids Prenole

PS ang. Glycerophosphoserine Fosfatydyloseryna

REIMS ang. Rapid evaporative ionization Szybka ewaporacyjno-jonizacyjna
mass spectrometry spektrometria mas

RPLC ang.  Reversed  phase liquid Chromatografia odwrdconych faz
chromatography

SCAC ang. Short acylcarnitine chains Acylokarnityny o krotkim taricuchu

acylowym

SL ang. Saccharolipids Sacharolipidy

SP ang. Sphingolipids Sfingolipidy

SPME ang. Solid phase microextraction Mikroekstrakcja do fazy statej

ST ang. Sterol lipids Sterole

T™MZ ang. Temozolomide Temozolomid

VEGF ang.Vascular endothelial growth Srédbtonkowy czynnik wzrostu
factor naczyn

WHO ang. World Health Organization Swiatowa Organizacja Zdrowia
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3. Streszczenie w jezyku polskim

Szybka i doktadna diagnostyka guzéw mdzgu moze byé jednym z kluczowych etapow terapii
pacjentéw. Ze wzgledu jednak na trudno dostepna lokalizacje zmiany w mdzgowiu, a takze
poZng manifestacje objawdw chorobowych diagnostyka jest czesto utrudniona. W zwigzku
z tym niezbedne sg interdyscyplinarne badania z pogranicza chemii analitycznej, diagnostyki
medycznej oraz inzynierii chemicznej majace na celu opracowanie nowych podejsé
diagnostycznych, ktére utatwityby analize zmian nowotworowych w médzgowiu. W ostatnich
latach opracowano rdézinego rodzaju narzedzia umozliwiajagce rdéznicowanie tkanki
nowotworowe] i zdrowej a takze charakterystyke metabolomiczng badanych tkanek. Jedna
z takich technologii jest mikroekstrakcja do fazy statej (SPME, ang. solid-phase
microextraction) nazywana rowniez biopsjg chemiczng. Wybér odpowiedniego narzedzia nie
jest jednak rozwigzaniem problemu. Istotnym bowiem jest takie wyselekcjonowanie
zwigzkow, ktore mogtyby wskazywac i roznicowac patofizjologiczne zmiany w badanej tkance
oraz umozliwia¢ dobdr odpowiedniej terapii. Zwigzkami, ktére coraz czesciej raportowane sg
za istotne w procesach nowotworowych sg lipidy.

Celem niniejszej rozprawy doktorskiej byto przetestowanie mozliwosci zastosowania sond
SPME w analizie guzéw mézgu. Ponadto, dokonano oceny profilu lipidowego glejakdéw
w zaleznosci od stopnia ztosliwosci, jak i obecnosci zmian genetycznych: mutacji w genie IDH
i kodelecji 1p/19q. Kolejnym celem niniejszej rozprawy doktorskiej byta ocena mozliwosci
zastosowania SPME w badaniach mézgu in vivo u ludzi.

Zastosowanie biopsji chemicznej w analizie guzéw mdzgu pokazato, ze profile lipidomiczne
nieztosliwych oponiakdw réznity sie od tych pozyskanych ze ztosliwych zmian jakimi sg glejaki.
Mozliwe byto takze potwierdzenie klasyfikacji prébek pobranych z tej samej zmiany na
podstawie wyekstrahowanego zestawu lipidéw, co wskazuje na wiarygodnos¢ uzyskanych
wynikéw. Badania glejakéw wykazaty, ze lipdom guzéw mdzgu zmieniat sie w zaleznosci od
stopnia ztosliwosci oraz statusu mutacji dla genu kodujgcego IDH.

Ze wzgledu na istotny udziat acylokarnityn w metabolizmie kwaséw ttuszczowych,
przeanalizowano ich profil w glejakach. Zaobserwowano, ze zawarto$¢ estréw karnityny
w tkance nowotworowej wzrasta w guzach o gorszym rokowaniu klinicznym, czyli zmianach
0 wyzszym stopniu ztosliwosci oraz probkach nieposiadajacych mutacji w genie dla IDH.
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Wytgczna detekcja zwigzkdw o potencjale diagnostycznym ex vivo nie jest wystarczajgca aby
opracowac klinicznie uzyteczng metode poboru prébki z mézgowia, ktéra umozliwi szybka
analize w trakcie zabiegu. W zwigzku z tym, zgodnie z nasza wiedzg, po raz pierwszy
opracowano i przetestowano sonde SPME w badaniach mdzgu cztowieka w warunkach
operacyjnych. Ze wzgledu jednak na rézng lokalizacje i heterogennos$¢ guzéw mozgu, badania
pilotazowe dotyczyty profilowania struktur mdzgu, a nie rdéznicowania tkanki zdrowej
i nowotworowej. Niniejsze badania miaty na celu scharakteryzowanie istoty biatej i szarej
mozgu z wykorzystaniem sondy SPME, ktéra umozliwiata pobranie prébki jednoczesnie z obu
struktur. W rezultacie mozliwe byto wyekstrahowanie zestawu metabolitéw o szerokim
zakresie witasciwosci fizykochemicznych. Na szczegdlng uwage zastuguja lipidy, gdyz ich liczba
i poziom byt najwyzszy. Uzyskane wyniki metabolomiczne i lipidomiczne nie wykazaty jednak
réznicowania prébek nalezgcych do istoty szarej i biatej, co prawdopodobnie wigzato sie ze
zbyt matg grubg badang i zbyt duzg zmiennoscig miedzyosobnicza.

Podsumowujac, badania przeprowadzone w ramach niniejszej rozprawy doktorskiej wskazujg
na uzyteczno$¢ sond mikroekstrakcyjnych w badaniach guzéw modzgu, a takzie
w lipidomicznym profilowaniu oponiakdéw i glejakédw z uwzglednieniem stopnia ztosliwosci
i genotypu. Zaobserwowano takze, ze biopsja chemiczna moze by¢ uzyteczna w badaniach
mozgu in vivo co pokazuje potencjat dla przysztych badan guzéw madzgu w trakcie zabiegow

neurochirurgicznych.

Stowa kluczowe: mikroekstrakcja do fazy statej, guz moézgu, diagnostyka, lipidomika
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4. Streszczenie w jezyku angielskim

Lipidomic analysis in the diagnosis of brain tumors

Fast and accurate diagnosis of brain tumors can be one of the key steps in patient therapy.
However, due to the hard-to-reach location of the lesion in the brain, as well as the late
manifestation of disease symptoms, diagnosis is often difficult. Therefore, interdisciplinary
research on the borderline of analytical chemistry, medical diagnostics and chemical
engineering is necessary to develop new diagnostic approaches that would facilitate the
analysis of neoplastic changes in the brain. In recent years, various types of tools have been
developed to enable the differentiation of neoplastic and healthy tissue as well as the
metabolomic profile of the examined tissues. One such technology is solid-phase
microextraction (SPME), also known as chemical biopsy. Although, the choice of the right tool
is not a sufficient to solve entire problem. It is also important to select compounds that could
indicate and differentiate pathophysiological changes in the examined tissue and enable the
selection of appropriate therapy. Lipids are the compounds which are recently more often
being reported as important in cancer processes.

The aim of this doctoral dissertation was to test the applicability of SPME probes in the analysis
of brain tumors. In addition, the lipid profile of gliomas was assessed depending on the degree
of malignancy and the presence of genetic changes: mutations in the IDH gene and 1p/19q
codeletion. Another goal of this doctoral dissertation was to assess the possibility of using
SPME in in vivo brain studies in humans.

The use of chemical biopsy in the analysis of brain tumors showed that the lipidomic profiles
of benign meningiomas differed from those obtained from malignant lesions such as gliomas.
It was also possible to classify samples taken from the same lesion on the basis of the extracted
set of lipids, which indicates the reliability of the obtained results. Studies of gliomas showed
that the lipidome of brain tumors varied depending on the grade of malignancy and IDH
mutation status.

Due to the significant role of acylcarnitines in the fatty acid metabolism, their profile in gliomas

was analyzed. It has been observed that the content of carnitine esters in neoplastic tissue
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increases in tumors with a worse clinical prognosis, that is in lesions with a higher degree of
malignancy, and in samples without mutations in the IDH gene.

Detection of compounds with diagnostic potential ex vivo is not sufficient to develop
a clinically useful method of brain sample collection. The desired one should also enable rapid
analysis during surgical procedures. Therefore, to the best of our knowledge, this is the first
time when SPME probe was optimized and tested under surgical conditions in the study of the
human brain. Although, due to the various localizations and heterogeneity of brain tumors,
the pilot proof-of-concept studies were focused on profiling of brain structures rather than
differentiating healthy and neoplastic tissue. This study was designed to characterize the
white and gray matter of brain using the SPME probe, which allowed simultaneous sampling
of both structures. As a result, it was possible to extract a set of metabolites with a wide range
of physicochemical properties. Still, the obtained metabolomic and lipidomic results did not
show differentiation between gray and white matter, which was probably due to too small
study group and too high inter-individual variability.

To sum up, the research conducted within this doctoral dissertation indicates the usefulness
of microextraction probes in the study of brain tumors as well as in lipidomic profiling of
meningiomas and gliomas, taking into account the degree of malignancy and genotype. It has
also been observed that chemical biopsy may be useful tool in in vivo brain research, what

provides a future direction for studies of brain tumors during neurosurgical procedures.

Key words: solid-phase microextraction, brain tumor, diagnostics, lipidomics
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5. Wstep

Pierwotne guzy modzgu to zmiany nowotworowe majgce swodj poczatek w osrodkowym
uktadzie nerwowym (OUN). Wsréd nich najwiekszy odsetek stanowig oponiaki wywodzace sie
z komoérek nabtonka pokrywajgcego pajeczynéwke [1]. Guzy te w wiekszosci przypadkéw sa
tagodne, a wyzsze stopnie ztosliwosci - 2 i 3 odnotowuje sie odpowiednio w ok. 28% i ok. 3%
przypadkéw [2]. Wsrdd ztosliwych pierwotnych guzéw mdzgu dominujg natomiast glejaki,
ktorych pochodzenia szuka sie w nerwowych komérkach macierzystych lub komodrkach
glejowych [3]. Glejaki mogg by¢ réznicowane na wiele typdw i podtypdéw na podstawie cech
histologicznych, jak i wynikdw badain genetycznych (np. mutacje w genie kodujgcym
dehydrogenaze izocytrynianowg (IDH, ang. isocitrate dehydrogenase) lub kodelecje
w chromosomie 1p/19q) [4]. Okoto 45% tych zmian klasyfikowane jest jako glejaki
wielopostaciowe, ktére sg jednymi z najbardziej Smiercionosnych nowotworéw, z 5-letnim

wzglednym wskaznikiem przezycia wynoszgcym 5% [5].

5.1. Klasyfikacja guzow mézgu

Guzy osrodkowego uktadu nerwowego charakteryzujg sie duzym zréznicowaniem
histologicznym i molekularnym, co ma odzwierciedlenie w ich klasyfikacji przygotowanej przez
Swiatowa Organizacje Zdrowia (WHO, ang. World Health Organization) [4]. W réznicowaniu
zmian bierze sie pod uwage nie tylko testy histologiczne i immunochemiczne ale takze wyniki
badan genetycznych [4,6]. W diagnostyce najczesciej wystepujacych guzéw — glejakdw,
najistotniejsze jest okreslenie statusu mutacji IDH oraz kodelecji 1p/19q [4]. W oponiakach

z kolei nie wykonuje sie rutynowo badan genetycznych [4].
5.1.1. Mutacja w genie kodujacych dehydrogenaze izocytrynianowa

Dehydrogenaza izocytrynianowa to enzym wystepujgcy w trzech izoformach i biorgcy udziat
w wielu waznych procesach biochemicznych takich jak cykl Krebsa, metabolizm glutaminy,
lipogenza i regulacja statusu redoks [7]. lzoforma IDH1 zlokalizowana jest w cytoplazmie
i peroksysomach, a IDH2 i IDH3 w macierzy mitochondrialnej [7]. IDH1 i IDH2 katalizujg
konwersje izocytrynianu do 2-oksyglutaranu (2-OG, ketoglutaranu) przy uzyciu fosforanu
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dinukleotydu nikotynamidoadeninowego (NADP+) i dwuwartosciowych jonéw: magnezu, lub
manganu [7]. IDH3 réwniez katalizuje przeksztatcenie izocytrynianu do 2-0G, ale jako kofaktor
wykorzystuje NAD+ zamiast NADP+ [7].

Mutacje obserwowane w enzymach IDH w glejakach dotyczg gtéwnie cytozolowego IDH1
i mitochondrialnego IDH2, najczesciej odpowiednio w kodonach R132 i R172 [7,8]. Skutkuje to
uzyskaniem nowej aktywnosci enzymatycznej, dzieki ktorej enzymy przeksztatcajg 2-0G w 2-
hydroksyglutaran (2-HG), ktéry uwaza sie za onkometabolit [8]. Synteza 2-HG powoduje
zubozenie cyklu Krebsa w weglowodany co kompensowane jest wykorzystaniem przemian
zwigzanych z glutaming i/lub glutaminianem, a takze modyfikacjami w metabolizmie lipidéw
i glutationu [9]. Dodatkowo, obnizenie stezenia 2-OG, bedacego substratem hydroksylaz
propylowych moze skutkowac réwniez zwiekszeniem aktywnosci czynnika indukowanego
hipoksjg a (HIFa, ang. hypoxia induced factor a) pomimo braku hipoksji [9]. Obserwuje sie
takze, ze w odpowiedzi na 2-HG dochodzi do metylacji w genach odpowiedzialnych za glikolize,
co skutkuje zaburzeniem tego procesu w komodrkach z mutacjg w obrebie IDH, a zarazem
zwolnionym rozrostem tych komodrek. Unieczynnione moga by¢ réwniez enzymy
odpowiedzialne za naprawe DNA, np. metylotransferazy O6-metyloguaniny-DNA (MGMT,
ang. 0-6-methylguanine-DNA methyltransferase). W 80% glejakéw z mutacjg w genie IDH1
obserwuje sie podwyzszony profil metylacji MGMT. Dla poréwnania dla glejakdw bez mutacji
IDH1 wartos¢ ta wynosi okoto 60% [10].

Mutacje IDH sg czesto obserwowane u pacjentdéw z nisko ztosliwymi glejakami i wystepuja
z czestoscig okoto 80%. Zaobserwowano, ze pacjenci posiadajagcy mutacje w genie dla IDH
charakteryzujg sie korzystniejszymi prognozami niz pacjenci ktdrzy nie posiadajg tej zmiany
genetycznej [11]. Moze by¢ to zwigzane ze zwolnieniem procesow metabolicznych

w komoérkach w ktérych produkowane sg duze ilosci 2-HG [7].
5.1.2. Kodecja 1p/19q

Kodecja 1p/19q jest dos¢ rzadkg aberracja chromosomalng w glejakach, ktéra obejmuje
catkowitg delecje krdtkiego ramienia chromosomu 1 wraz z delecjg dtugiego ramienia

chromosomu 19 [12,13]. Praktycznie wszystkie skgpodrzewiaki z delecjg 1p/19q maja mutacje
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w IDH1 lub w IDH2 co pokazuje, ze analiza tgcznie obecnosci kodelecji i statusu mutacji IDH1/2
moze pomdc w identyfikacji tych guzéw mozgu [4].

Wykazano, ze pacjenci z tg zmiang chromosomalng maja znacznie lepsze rokowanie
i catkowity czas przezycia w pordwnaniu z pacjentami bez niej [14]. Zaobserwowano takze, ze
pacjenci z skagpodrzewiakiem anaplastycznymi posiadajacy kodelecje 1p/19q charakteryzujg

sie lepszg odpowiedzig na chemioterapie [14].

5.2. Diagnostyka guzow mozgu

Wczesne wykrycie guza mdzgu jest trudne ze wzgledu na niespecyficzne objawy, takie jak bole
gtowy, zaburzenia widzenia, zmiany nastroju, zawroty gtowy, nudnosci a takze tendencje do
ujawniania sie symptomow w podzniejszym okresie rozwoju choroby [15]. Stad tez
w diagnostyce konieczne sg badania obrazowe, takie jak tomografia komputerowa (TK),
rezonans magnetyczny (MRI, ang. magnetic resonance imaging) czy pozytronowa tomografia
emisyjna (PET, ang. positron emmision tomography), ktére potwierdzg obecnos¢ zmiany
w mozgowiu [16].

Klasyfikacji guzéw modzgu dokonuje sie po ich wycieciu w trakcie zabiegu operacyjnego.
Wodwczas przeprowadza sie badania histologiczne, testy biochemiczne i immunochemiczne,
a takze wybrane testy genetyczne [17]. W uzasadnionych przypadkach przeprowadza sie
biopsje guza mézgu majaca na celu postawienie wstepnego rozpoznania i wybér odpowiedniej

formy leczenia [17].

5.3. Leczenie guzéw moézgu

W wiekszosci przypadkéw leczenie guzéw modzgu opiera sie na chirurgicznym usunieciu
zmiany, ale w zaleznos$ci od rozlegtosci resekcji chirurgicznej lub rodzaju guza moze byé
rowniez wskazana uzupetniajgca chemio- i/lub radioterapia [18]. Najpopularniejszym
chemioterapeutykiem stosowanym w tego typu przypadkach jest temozolomid (TMZ), ktory
ze wzgledu na lipofilne witasciwosci w ok. 20% przechodzi przez bariere krew-mozg [19].
Temozolomid to prolek, ktory po podaniu ulega przeksztatceniu do aktywnego metylo-

triazenoimidazolo-karboksamidu (MTIC, ang. methyl-triazenylimidazole-carboximide), ktory
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z kolei powoduje alkilacje w pozycji 06 oraz dodatkowo N7 guaniny skutkujgc btedng naprawg
adduktow metylowych i finalnie wywotujgc efekt cytotoksyczny [20-22]. Terapia TMZ nie
u wszystkich pacjentéw jest skuteczna, a za przyczyne opornosci na leczenie stawia sie miedzy
innymi  zmniejszong aktywnos¢ enzymu odpowiedzialnego za naprawe DNA:
metylotransferaze O6-metyloguaniny-DNA (MGMT) [21]. Stad tez pacjenci, u ktérych doszto
do deaktywacji MGMT w wyniku wysokiej ekspresji metylacji majg wieksze szanse na
dtugoterminowe przezycie po leczeniu TMZ[22,23]. Hipermetylacja promotora MGMT jest
obecnie jedynym biomarkerem odpowiedzi na TMZ u pacjentow z glejakami [22].

Innym lekiem zatwierdzonym przez amerykariska Agencje Zywnosci i Lekéw (FDA, ang. Food
and Drug Agency) do leczenia glejakdw jest bewacizumab, ktéry jest antyangiogennym
ludzkim przeciwciatem monoklonalnym [24]. Mechanizm dziatania polega na wigzaniu sie
przeciwciata do sréodbtonkowego czynnika wzrostu naczyn (VEGF, ang. vascular endothelial
growth factor), hamujgc w ten sposéb jego zdolno$¢ do wigzania sie z receptorami na
powierzchni komérek S$rédbtonka [24]. Zahamowanie aktywnosci VEGF powoduje
zmniejszenie waskularyzacji guza i finalnie zahamowanie jego wzrostu [24].

Rokowanie przezycia pacjenta rdézni sie w zaleznosci od podtypu nowotworu, przy czym dla
pacjentéw z rozpoznaniem glejaka wielopostaciowego wynosi jedynie kilka miesiecy (8-15)
[24]. Zte rokowania i wysoki wspotczynnik nawrotdw sg bezposrednio zwigzane z niskg
skutecznoscia dostepnych metod leczenia. Ponadto lokalizacja zmian w mdzgu czesto
utrudnia dostep do nich, co stanowi kolejng kluczowg przeszkode w skutecznej diagnostyce

i leczeniu.

5.4. Nowoczesne techniki szybkiej diagnostyki guzéw mozgu

Usuniecie zmiany jest zwykle jednym z najistotniejszych etapéw w schematach
terapeutycznych leczenia guzéw modzgu. Interwencja chirurgiczna ma na celu catkowite
wyciecie nowotworowo zmienionej tkanki z bezpiecznym marginesem zdrowe]. Niemniej
jednak, gdy ryzyko uposledzenia funkcji zyciowych pacjenta jest zbyt duze, zakres takich
operacji jest czesto ograniczony. W zwigzku z tym potrzebne sg narzedzia, ktdre umozliwig
doktadne, specyficzne iczute réznicowanie tkanek nowotworowych z nienowotworowymi,

a takze klasyfikacje guza jeszcze podczas operacji [25].
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Wsréd dostepnych klinicznie mozliwosci na szczegdlng uwage zastugujg: neuronawigacja,
mikroskopia fluorescencyjna i srédoperacyjny rezonans magnetyczny. Neuronawigacja opiera
sie na wykorzystaniu przedoperacyjnego skanu MRI w celu umozliwienia wizualizacji guza
i waznych struktur nerwowych podczas operacji [18]. Zastosowanie srédoperacyjnego MRI
(iMRI, ang. intra magnetic resonance imaging) moze by¢ korzystne, jednak takiemu podejsciu
towarzyszy znaczne wydtuzenie catkowitego czasu zabiegu i kosztu, a takze aparatura zajmuje
duzo miejsca na sali operacyjnej [26]. Ocene margineséw guza moze wspomadc wykorzystanie
fluoroscencyjnych wtasciwosci znacznikéw takich jak kwas 5-aminolewulinowy (5-ALA), ktéry
umozliwia wizualizacje tkanki o wysokiej aktywnosci metabolicznej ( zmiany nowotworowej)
[27].

Czasami intensywnie rozwijajace sie metody obrazowania/mikroskopii nie dajg odpowiedzi na
wszystkie pytania badacza odnosnie biochemii badanej tkanki. Stad tez opracowano
narzedzia, ktére sg wprowadzane w okolice guza lub bezposrednio w badang tkanke.
W ostatnich latach przetestowano szeroki wachlarz nowych narzedzi umozliwiajgcych szybkie
réoznicowanie tkanki nowotworowej i zdrowej a takze profilowanie guzéw madzgu. Detekcja
oparta jest o rézne zjawiska fizykochemiczne co ma tez wptyw na klasyfikacje tych metod,
a takze charakterystyke ich wad i zalet. Metody oparte na detekcji elektrochemicznej sg czesto
stosowane w neurobiologii, ale rzadko w neuroonkologii. W najnowszej literaturze znaleziono
jedynie jedno doniesienie gdzie réznicowano tkanke zdrowag i nowotworowg w oparciu
o rézne wartosci oporu elektrycznego [28]. Znacznie wiecej wzmianek znalezé mozna na temat
zastosowania biopsji optycznej, czyli urzadzen wykorzystujgcych detekcje opartg na
zjawiskach fizycznych towarzyszacym wigzce Swiatta. W ostatnich latach raportowane byty
sondy do Srdodoperacyjnej diagnostyki guzow mozgu oparte o optyczng koherencyjng
tomografie komputerowg (OCT, ang. optical coherence tomographu), ktére testowane byty w
trakcie zabiegéw operacyjnych do szczegdtowej lokalizacji guza [16]. W literaturze
raportowano takze sondy wykorzystujgce spektroskopie Ramana. Urzadzenia te umozliwiajg
profilowanie badanej tkanki bazujagc na widmach zzakresami spektralnymi
charakterystycznymi dla konkretnych zwigzkéw Ilub grup zwigzkéw, co daje wglad
w biochemie tkanki [29]. Znacznie doktadniejszg informacje na temat sktadu chemicznego

guza mogg wnies¢ techniki oparte o detekcje z wykorzystaniem spektrometrii mas (MS, ang.
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mass spectrometry), ktora oferuje wysoka specyficznos$¢ i czutos¢. Niestety konwencjonalna
aparatura jest droga i zajmuje duzo miejsca na sali operacyjnej. Innym kluczowym problemem
jest konieczno$¢ przygotowane prébki zanim zostanie ona przeanalizowana. Stad tez
poczyniono kroki w kierunku miniaturyzacji aparatury a takze modyfikacji technik pobierania
materiatu biologicznego oraz jego preparatyki zanim zostanie poddany analizie
instrumentalnej [30,31].

W wielu protokotach badang tkanke nalezy pobraé, a nastepnie wyekstrahowac zwigzki.
W badaniach prébek statych najczesciej przeprowadza sie homogenizacje po ktdrej nastepuje
ekstrakcja analitéw. W celu unikniecia procesu homogenizacji proponuje sie pobranie wymazu
z badanej tkanki [32,33]. Czasami wykorzystuje sie skrawki tkankowe przygotowane podobnie
jak do badan histopatologicznych. Osadzone na szkietku prébki moga nastepnie by¢
analizowane z wykorzystaniem laserowej desorpcji/jonizacji wspomaganej matrycy
potaczonej ze spektrometrig mas (MALDI-MS, ang. matrix-assisted laser desorption/ ionization
coupled with mass spectrometry) lub desorpcyjnej jonizacji przez elektrorozpylanie potgczonej
ze spektrometrig mas (DESI-MS, ang. desoption electrospray ionization mass spectrometry)
[34]. W pierwszej technologii na tkanke nakfada sie matryce, a nastepnie nakierowuje wigzke
lasera. Badane anality ulegajg jonizacji w obecnosci matrycy i trafiajg do spektrometru mas.
W DESI-MS natadowane czgsteczki rozpuszczalnika sg nakierowane na tkanke, gdzie powoduja
jonizacje analitdw, ktére nastepnie trafiajg do spektrometru mas [34].

Cze$¢ metod opartych o detekcje z wykorzystaniem spektrometru mas umozliwia tzw. analize
on-line, gdzie probka bezposrednio po pobraniu jest wprowadzona do spektrometru mas
(analiza w czasie rzeczywistym), a inne off-line bazujg na rozdzieleniu etapu pobrania tkanki
czy tez preparatyki probki z pdzniejszg analizg instrumentalng [31]. Pamieta¢ nalezy jednak,
ze kazda ze wspomnianych technologii ma wady i zalety. Metody takie jak rapid evaporative
ionization mass spectrometry (REIMS), umozliwiajg analize on-line, co zwigzane jest z tym, ze
podczas ciecia chirurgicznego opartego o elektrokausacje dochodzi do wytworzenia ,,dymu”
zawierajgcego zwigzki uwolnione z cietej tkanki [34,35]. Sg one bezposrednio skierowane do
spektrometru mas i analizowane. Detekcja jest przeprowadzona szybko, ale skutkuje
dezintegracjg tkanki, dlatego nie jest przydatna we wstepnej diagnostyce wykonywanej

podczas biopsji guza. Bardziej odpowiednie do takiej aplikacji jest zastosowanie
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rozwigzan oferujgcych mniejszg inwazyjnosc¢ tj. mikroekstrakcje do fazy statej (SPME), gdzie
do tkanki wprowadza sie cienkie wtdkno, lub nanoESI (nESI), w ktédrym z powierzchni tkanki
pobiera sie wymaz bibutkg [36—38]. Nalezy jednak pamietaé, ze takie analizy obarczone sg
op6znionym odczytem. Przy wyborze platformy analitycznej, poza szybkoscig uzyskania
wyniku i inwazyjnoscia, nalezy wzig¢ pod uwage wtasciwosci fizykochemiczne analizowanego
analitu. Przyktadowo, technika probe electrospray ionization (PESI) umozliwia wykrywanie
polarnych analitoéw, podczas gdy REIMS, inline cartige extraction (ICE) czy DESI-MS najlepiej
charakteryzujg profile lipidowe. PESI to technika w ktdrej na powierzchnie badanej tkanki
podaje sie roztwor (np. wody, etanolu), do ktérego ekstrahowane sg zwigzki z powierzchni
tkanki [39,40]. Nastepnie do roztworu wprowadzana jest igta PESI zamontowana w specjalnym
interfejsie umozliwiajgcym jej szybkie przemieszczanie sie miedzy tkanka a Zrédiem
spektrometru mas. Igta PESI pobiera krople roztworu, a gdy jest blisko wejscia do
spektrometru mas, przyktadane jest do niej wysokie napiecie i pobrane anality ulegaja
jonizacji. Z kolei ICE polega na umieszczeniu fragmentu tkanki w odpowiednio
zaprojektowanej kapilarze zamontowanej przy spektrometrze mas [41]. Badana tkanka
przemywana jest nastepnie odpowiednio zoptymalizowanym roztworem rozpuszczalnika,
ktory trafia bezposrednio do spektrometru mas. Ponadto uwzgledni¢ nalezy, ze niektdre
metody (np. PESI, rozmazy tkanki pobrane do analizy nESI) umozliwiajg analize powierzchni
guza, natomiast SPME i metody polegajgce na dezintegracji tkanek (np. REIMS) umozliwiajg

analize gtebszych czesci guza [32,35,36,39].

5.5. Mikroekstrakcja do fazy statej — biopsja chemiczna

Zasada metody mikroesktrakcji do fazy statej (SPME, ang. solid-phase microextraction) opiera
sie na interakcji miedzy analitami w badanym materiale biologicznym a sorbentem, ktéry
ekstrahuje czgsteczki, az do osiggniecia stanu réwnowagi [36,42]. W zaleznosci od wtasciwosci
fizykochemicznych badanego zwigzku czas potrzebny na osiggniecie tego stanu moze by¢
rozny [36,42]. Ze wzgledu jednak na ograniczenia czasowe, czesto pobranie prébki
prowadzone jest przed osiggnieciem rownowagi kosztem mniejszej wydajnosci ekstrakcji [43].
Do tej pory opracowano wiele narzedzi SPME o réznej geometrii, takich jak siatki, membrany

i blaszki w ksztatcie miecza [36,42]. Nadal jednak niklowo-tytanowe widkna powleczone
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sorbentem na jednym z koncoéw pozostajg najbardziej popularnym formatem SPME [36,42]
Jako warstwe ekstrakcyjng najczesciej wykorzystuje sie czgsteczki tzw. zréwnowazone
hydrofilowo-lipofilowo (HLB, ang. hydrophilic-lipophilic balance) lub oktadecylowe (C18) [36].
Srednica sondy SPME wynosi okoto 200 pm, co umozliwia pobranie analitéw bez istotnego
uszkodzenia badanej tkanki. Ekstrakcja bowiem zachodzi bez pobierania jej, stad SPME jest
czasami okreslane jako ,biopsja chemiczna” [44]. Wtékno bowiem wprowadzone jest do
tkanki, anality oddziatujg z sorbentem i finalnie sonda jest wyciggana z badanej struktury
[36,44].

Protokot biopsji chemicznej jest prosty i szybki (Rycina 1) [36,44,45]. Podczas pobierania
probki sonda jest wprowadzana do tkanki na okreslony czas, a nastepnie sptukiwana woda
w celu usuniecia potencjalnych pozostatosci tkanki lub ptynéw biologicznych. Sonda moze by¢
nastepnie przetransportowana do laboratorium i od razu desorbowana (transfer analitow
z sody do mieszaniny rozpuszczalnikdw) lub przechowywana do czasu analizy instrumentalne;j.
Ostatnim etapem jest analiza instrumentalna prébek. W przypadku aplikacji SPME do badan
in vivo istnieje mozliwos¢ sterylizacji sondy przed wprowadzeniem jej do probki. Testowane

byto zaréwno sterylizowanie z wykorzystaniem tlenku etyleny jak i pary wodnej [43,45].

AKTYWACJA EKSTRAKCJA DESORPCJA
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Rycina 1. Protokdt mikroekstrakcji do fazy statej (SPME)
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Oprécz minimalnej inwazyjnosci podczas pobierania prébek, wtékna SPME oferujg kilka innych
kluczowych cech, ktére sg przydatne w analizie tkanek. Po pierwsze, biopsja chemiczna jest
metoda niezubozajgcy, co oznacza, ze w danych warunkach pobierana jest tylko znikoma cze$é
wolnej frakcji analitow [36,45]. Dzieki temu nie dochodzi do zaburzenia procesow
metabolicznych podczas ekstrakcji. Umozliwia to wielokrotne wprowadzenie sondy do
materiatu biologicznego w celu uzyskania danych w réznych punktach czasowych [46,47]. Jest
to szczegdlnie wazine w badaniach in vivo, poniewaz system biologiczny jest w stanie
natychmiast sie zregenerowac (przywréci¢c rownowage). Inng wazing cechg SPME jest
mozliwos$¢ wygaszenia reakcji metabolicznej na sondzie po pobraniu prébki co wynika z tego,
ze sorbent pozwala na ekstrakcje jedynie matych czasteczek, a nie np. biatkowych
enzymow(42,45]. Dzieki tej cesze mozliwe jest analizowanie substancji biologicznie
niestabilnych, jak np. oksylipiny [48].

Bezsprzeczng trudnoscig w badaniach tkanek z wykorzystaniem biopsji chemicznej in vivo/in
situ jest analiza ilosciowa co wynika z braku mozliwosci dodania standardu wewnetrznego do
badanej prébki. Stad tez zaproponowano rézne podejscia w analizie ilosciowej. Jedynym z nich
jest ekstrakcja standardu wewnetrznego przed pobraniem prébki a potem przeliczanie ilosci
analitu wzgledem ilosci standardu wewnetrznego pozostatego na widknie [36,49]. Podejscie
to jednak moze byé ograniczone w badaniach u ludzi, poniewaz czes¢ standardu
wewnetrznego dostaje sie do badanego organizmu. Inng mozliwoscig jest przygotowanie
zastepczej matrycy, dodanie do niej standarddw i przygotowanie krzywej wzorcowej, ktéra
wykorzystuje sie do oceny stezenia analitu w probce [50,51].

SPME w badanach biomedycznych najczesciej tgczone jest z chromatografig sprzezong ze
spektrometria mas [36,52]. Ze wzgledu na labilnos¢ temperaturowg wielu biologicznie
dostepnych analitow to chromatografia cieczowa (LC, ang. liquid chromatography) jest
czesciej wybierana niz gazowa (GC, ang. gas chromatography), w ktérej to wykorzystuje sie
wysokie temperatury. Chromatografia umozliwia separacje badanych analitéw, co ma duzy
wptyw na mozliwosc okreslenia struktury badanego zwigzku, a takze réznicowania izomeréw
czy izobaréw [53]. Niemniej jednak, gtdwng wadg chromatografii jest dtugi czas analizy. Stad
tez interesujacg wydaje sie mozliwo$é potgczenia SPME z szybkg analiza bezposrednio

z wykorzystaniem spektrometru mas. Sonda jest wowczas montowana w odpowiednio
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zaprojektowanym interfejsie umieszczonym u wlotu spektrometr mas. Rozwigzanie takie
skraca czas analizy do kilku sekund. Istnieje wiele metod ktére mogg umozliwi¢ taka
diagnostyke a w zaleznosci od rodzaju prowadzonych badan powinna byé wybrana
odpowiednia platforma analityczna [54].

Przyktadowo stosujac najbardziej popularny format SPME- wtdkno, szybki odczyt wynikéw
moze byé przeprowadzony z wykorzystaniem microfluidic open interface mass spectrometry
(MOI-MS) [55,56]. Interfejs do tej technologii (Rycina 2) sktada sie z dwdch czesci: komory
w ktérej zachodzi desorpcja, a takze czesci ,przeptywowe]” sktadajgcej sie z trzech kapilar.
Roztwér desorpcyjny wypetnia komore do ktérej sie wktada wtdkno, a takze przeptywa przez
dwie zewnetrzne kapilary w ktorych po dodarciu do szczytu kierowany jest do srodkowej,
ktora prowadzi do spektrometru mas. Caty czas przeptywajacy roztwér desorpcyjny
gwarantuje stabilng jonizacje. Do komory desorpcyjnej wypetnionej roztworem natomiast
wprowadzone moze byé wtékno na kilka sekund- ok. 5s[56]. Po tym czasie na chwile
przerwany zostaje przeptyw cieczy w czesci cieczcowej co powoduje zaciggniecie do
spektrometru mas zawartosci komory desorpcyjnej. Prawidtowo zoptymalizowana metoda
umozliwia wznowienie przeptywu rozpuszczalnika zaraz po oprdznieniu komory. W kilka
sekund po oprdznieniu zawartosci komory desorpcyjnej mozna odczytaé¢ wynik: chronogram
w postaci piku. Metoda ta wykorzystywana byfa do oceny iloSciowej lekéw w materiale

biologicznym. Znaczng zaletg MOI-MS jest szybkos¢ analizy oraz prostota technologii [54].
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Rycina 2. Schemat przedstawiajqcy technike microfluidic open interface mass
spectrometry (MOI-MS) [55,56]

Inng technikg stosowang do analizy zwigzkéw pobranych z wykorzystaniem SPME
bezposrednio z uzyciem spektrometru mas jest DESI-MS [57]. Technologia ta pozwala na
ocene przestrzennej zawartosci badanych analitéw na catej dtugosci widkna. Wtdkno montuje
sie bowiem w interfejsie do DESI-MS i odczytuje sie wynik poprzez nakierowanie na sonde
spreju elektrycznie natadowanego rozpuszczalnika. Testy z wykorzystaniem takiej technologii
byty testowane przez Lendor i wspotpracownikow [57], ktdrzy oznaczali zawartosé wybranych

lekdw na catej dtugosci warstwy sorpcyjnej wtdkna.
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W badaniach guzéw mdzgu przetestowana zostata technologia w ktérej zamiast wtdkien
wykorzystuje sie blaszki w ksztatcie miecza, czyli tzw. coated blade spray mass spectrometry
(CBS-MS) (Rycina 3) [58,59]. Najpierw pobiera sie probke, a nastepnie montowana jest
w interfejsie umieszonym przy wlocie spektrometru mas. Nastepnie, na powierzchnie
sorpcyjng dodaje sie krople rozpuszczalnika co ma na celu desorpcje analitu, a po kilku
sekundach przyktada sie wysokie napiecie (3,5-5kV) - badane zwigzki sg jonizowane i trafiajg

do spektrometru mas, a po kilku sekundach mozna zaobserwowa¢ chronogram [58,59].

DESORPCJA

AKTYWACJA EKSTRAKCJA I ANALIZA
INSTRUMENTALNA

PLUKANIE PLUKANIE X ‘
. o'

'o

Rycina 3. Schemat przedstawiajqgcy technike coated blade spray mass spectrometry (CBS-
MS) [58,59]

5.6. Lipidomika

W ostatnich latach coraz czesciej wspomina sie nauki omiczne jako szanse na poszukiwanie
biomarkeréw zmian zachodzgcych w organizmie zywym. Zastosowanie podejs¢ biologii
systemowej, takich jak metabolomika, lipidomika i genomika, moze stanowic¢ przydatne
narzedzie do okreslania zwigzkdéw, ktdre mogtyby pomdc w diagnostyce, a takze wyborze
i monitorowaniu leczenia [60].

Lipidomika jest dziedzing metabolomiki, ktéra skupia sie na analizie zwigzkéw lipidowych, na
ich identyfikacji oraz analizie ilosciowej [9]. Peten zestaw lipidow w danej komodrce, tkance,

narzadzie czy organizmie nazywamy lipidomem [61].
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5.6.1. Podziati rola lipidow

Zgodnie z definicjg konsorcjum LipidMAPS, lipidy sg czasteczkami hydrofobowymi lub
amfipatycznymi (posiadajgcymi w swojej strukturze czes¢ hydrofilowg i hydrofobowg), ktore
mogqy pochodzi¢ catkowicie lub cze$ciowo z kondensacji tioestrow na bazie karboaniondéw
(takich jak: kwasy ttuszczowe, poliketydy) i/lub kondensacji jednostek izoprenowych na bazie
karbokationdw (takich jak: prenole, sterole) [9,62]. Ze wzgledu na budowe chemiczng zwigzki
lipidowe zostaty podzielone na osiem klas, a przyktadowe lipidy z kazdej z nich zamieszczono
na rycinie (Rycina 4) [62,63]:

1. Kwasy ttuszczowe (FA, ang. fatty acids), czyli kwasy karboksylowe. Stanowig one grupe
najprostszych strukturalnie lipidéw. Mogg wystepowac jako oddzielna grupa lub
wigzac¢ sie z innymi czgsteczkami, np. glicerolem tworzac bardziej ztozone zwigzki
lipidowe. Naturalne kwasy ttuszczowe zawierajg parzystg liczbe wegli i mogg zawierad
jedno lub kilka wigzan podwdjnych. tancuch acylowy naturalnie wystepujgcych
kwasow ttuszczowych sktada sie najczesciej z 12-20 atomdw wegla [9,61].

2. Glicerololipidy (GL, ang. glycerolipids) sg to zwigzki lipidowe sktadajace sie z glicerolu
i kwasow ttuszczowych. W zaleznosci od ilosci przytgczonych czgsteczek FA nazywamy
je mono-, di-, tréjglicerydami. Glicerolipidy biorg udziat w magazynowaniu energii,
metabolizmie energetycznym i transdukcji sygnatu [9,61].

3. Glicerofosfolipidy (GP, ang. glycerophospholipids) s to zwigzki lipidowe majgce co
najmniej jedng grupe hydroksylowg glicerolu zestryfikowang jedng grupg fosforanowg
lub fosfonianowa. Ze wzgledu na przytagczony podstawnik wyrdzniamy kilka rodzajow
fosfolipidéw, m.in.:  fosfatydylocholine  (PC, ang.  phosphatidylcholine),
fosfatydyloetanoloamine (PE, ang. phosphatidylethanolamine), fosfatydyloinozytol (PlI,
ang. phosphatidylinositol), fosfatydyloseryne (PS, ang. phosphatidylserine),
fosfatydyloglicerol (PG, ang. phosphatidylglycerol), kwas fosfatydowy (PA, ang.
phosphatidic acid), kardiolipine. Glicerofosfolipidy sg gtéwnymi sktadnikami bton
biologicznych [9,61]. Lipidy te przyczyniajg sie tez do uwolnienia drugorzedowych
przekaznikdw podczas sygnalizacji komdrkowej a takze biorg udziat w licznych szlakach

metabolicznych [9,61].
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4. Sfingolipidy (SP, ang. sphingolipids) to zwigzki lipidowe skfadajgce sie
z dtugotancuchowego sfingoidu, do ktérego moze byé przytgczona grupa acylowa,
cukrowa lub fosforanowa. Petnig one przede wszystkim wazng funkcje w utrzymaniu
struktury bfon biologicznych, a takze w transdukcji sygnatu [9,61,64].

5. Sterole (ST, ang. sterol lipids) s to zwigzki lipidowe posiadajgce szkielet weglowy
w postaci czterech sprzezonych pierscieni. Wsréd nich wyrdzni¢ mozna cholesterol i jego
pochodne, kwasy zétciowe, etc. Lipidy tej grupy moga petni¢ funkcje hormonalne
a takze sygnalizacyjne biorgc udziat w wielu procesach metabolicznych [9,61].

6. Prenole (PR, ang. prenol lipids) sg syntetyzowane gtdwnie w szlaku mewalonianowym
z piecioweglowych  prekursoréw  (difosforanu izopentenylu i difosforanu
dimetyloallilu). W tej grupie zwigzkéw lipidowych sklasyfikowano takie witaminy jak:
A, E, K czy ubichinon [9,61,65].

7. Sacharolipidy (SL, ang. saccharolipids), czyli zwigzki posiadajgce szkielet cukrowy
bezposrednio potaczony z kwasami ttuszczowymi. Moga one wystepowaé w postaci
glikanéw lub fosforylowanych pochodnych [9,61].

8. Poliketydy (PK, ang. polyketides) — sg to zwigzki, ktdre majg wtasciwosci podobne do
lipidéw. Wystepujg w drobnoustrojach i roslinach [9,61].

Lipidy sg gtéwnymi budulcami bton biologicznych, a takze biorg udziat w licznych procesach
komodrkowych takich jak: wzrost, proliferacja, rdéinicowanie isygnalizacja komodrkowa
[9,61,66]. Istniejg co najmniej trzy sieci metaboliczne, ktdre zwigzane sg bezposrednio
z gospodarka lipidowg [9]:

e metabolizm sfingolipidéow, gdzie w centrum przemian znajdujg sie ceramidy, ktore
mogg by¢ przeksztatcane na inne podklasy sfingolipidéw. Szlak ten ma znaczenie m.in.
w powstawaniu wysp lipidowych w btonach komodrkowych, czy tez sygnalizacje
apoptozy[9].

e metabolizm fosfolipidéw — odpowiednie funkcjonowanie komorki jest uzaleznione od
przebudowy tancuchéw acylowych fosfolipidéw co dzieje sie dzieki aktywnosci
transacylaz/acylotransferaz a takze procesowi hydrolizy [9]. Wspomniane przemiany
umozliwiajg utrzymanie odpowiedniej struktury bton biologicznych, a takzie

prawidtowej sygnalizacji komorkowej [9].
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e metabolizm  glicerolipidow —  zachowanie odpowiedniej homeostazy miedzy
monoacyloglicerolami, diacyloglicerolami i triacyloglicerolami jest istotne dla prawidtowego

funkcjonowania komarki, a kluczowym zwigzkiem w regulacji tej sieci metabolicznej jest acylo-

CoA [9].

Kwasy ttuszczowe, np. FA 16:0

Steroidy, np.
cholesterol
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Rycina 4. Struktury przyktadowych zwigzkéw lipidowych

36



5.6.2. Lipidom w komérkach nowotworowych

Komérki nowotworowe charakteryzujg sie wysoka plastycznoscia metaboliczng, ktdra
umozliwia im szybka proliferacje, wzrost i przetrwanie w niesprzyjajagcych warunkach [66]. Nie
jest jednak w petni wyjasnione w jaki sposéb dochodzi do przeprogramowania metabolizmu,
aby zaspokoié zapotrzebowanie na energie, a takze zachowac integralno$é [66].

Ze wzgledu na lokalizacje lipiddw w btonie komdrkowej, gdzie bezposrednio graniczg ze
srodowiskiem zewnetrznym komérek czy organelli, s3 one bezposrednio narazone na zmiany
biochemiczne srodowiska wewnatrz- i zewnatrzkomdrkowego [9]. Ponadto biorg udziat
w licznych procesach biochemicznych odpowiedzialnych za funkcjonowanie komorki, stad tez
uwaza sie, ze ich profil moze by¢ zaburzony w przebiegu procesu nowotworowego [9].

Szybki wzrost i proliferacja komoérek nowotworowych wymaga duzej ilosci lipidow m.in. do
budowy bton biologicznych czy tez wydatkdw energetycznych, stad tez dochodzi do nasilonej
lipogenezy de novo, a takze nasilonej produkcji cholesterolu w szlaku mewalonianu. Nasilona
aktywacja syntezy lipiddw moze powodowaé znaczg zmiane w sktadzie lipidowym btony
komadrkowej, np. zamieniajgc fosfolipidy nienasyone na nasycone i/lub jednonienasycone, co
prowadzi do zmian w biofizycznych wtasciwosciach btony komodrkowej wptywajgc na jej
ptynnosé, a takze mozliwos¢ transdukcji sygnatu [9].

Ze wzgledu na szybkie zmiany w mikrosrodowisku guza moze takzie dojs¢ do zmian
w dostepnosci substratdow niezbednych do utrzymania optymalnego bilansu energetycznego.
Zgodnie z efektem Warburga uwaza sie, ze komérki nowotworowe jako gtéwne zrédto energii
wykorzystujg glikolize. Zaobserwowano jednak, ze procesy te sg w niektérych typach
nowotwordw zastepowane przez inne przemiany, jak np. oksydacja lipiddw w mitochondriach
[9,66].

Bioaktywne lipidy, petnigc funkcje wtdrnych przekaznikdw i hormondéw, odgrywajg waznag role
w regulacji sygnalizacji. Na przyktad kwasy ttuszczowe, pochodne kwaséw ttuszczowych
i steroidow oraz eikozanoidy modulujg ekspresje gendéw poprzez wigzanie i aktywacje
jadrowych receptoréw hormondw, np. receptoréw aktywowanych przez proliferatory
peroksysoméw. Moze takze dojs¢ do zaburzenia dziatania hormondéw i czynnikdw wzrostu
pochodzenia lipidowego, takich jak prostaglandyny, leukotrieny, kwas lizofosfatydowy, czy

hormony steroidowe [9].
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5.6.3. Przygotowanie probki do analizy lipidomicznej

Materiat biologiczny do badan lipidomicznych moze stanowié krew petna, osocze, surowica,
mocz, fragmenty tkanek i inne [67]. Idealnym rozwigzaniem bytaby analiza prébek zaraz po
pobraniu, jednak ze wzgledéw organizacyjnych czesto jest to niemozliwe. W zwigzku z tym
powinny one byé¢ przechowywane w niskich temperaturach. Najlepiej aby zostaty szybko
zamrozone w ciektym azocie, a pézniej przechowywane w temperaturze -80°C do czasu dalszej
analizy [60]. Stabilno$¢ prébki mozna przedtuzyé, utrzymujac jg w srodowisku wolnym od
tlenu, jondw metali i nadtlenkdéw, a takze dodajgc przeciwutleniacze, ktére hamujg degradacje
lipidow (np. butylowany hydroksytoluen - BHT) [9,61,68]. Nalezy takze unika¢ cykli zamrazania
i rozmrazania poniewaz mogga one stymulowac hydrolize lipidéow [61].

Przygotowujgc probki do analizy lipidomicznej nalezy pamietaé, ze probki state, takie jak
tkanki, muszg by¢ odpowiednio spreparowane, aby mozliwe byto wyekstrahowanie analitéw.
Stad tez w pierwszym etapie przeprowadza sie homogenizacje [67]. W kolejnym kroku
ekstrahuje sie badane anality. W lipidomice wykorzystuje sie metody bazujgce na ekstrakcji
ciecz-ciecz, takie jak metoda Folcha czy tez Bligh i Dyer’a w ktérych wykorzystuje sie gtéwnie
chloroform jako czynnik ekstrakcyjny. Réwnie skuteczna jest metoda wykorzystujgca eter tert-
butylowo-metylowy (MTBE, ang. methyl tert-butyl ether[9,61].Istniejg réwniez doniesienia o
zastosowaniu innych metod przygotowania prébki takich jak ekstrakcja ciecz:ciato state (SPE,

ang. solid-phase extraction) czy tez SPME [44,69,70].

5.6.4. Platformy analityczne wykorzystywane w analizie lipidomicznej

Zmiany w obrebie lipidomu mozna analizowaé za pomocg wielu réznych platform
analitycznych, z ktdrych wiekszos$¢ opiera sie na detekcji i identyfikacji z wykorzystaniem
spektrometrii mas [9,67,71].

W poczatkowych latach analizy lipidomiczne prowadzone byty z zastosowaniem
bezposredniego nastrzyku/infuzji do spektrometru mas (tzw. shotgun lipidomics) [9,53].
Podejscie to charakteryzuje sie szybkoscig i prostotg procedury [72]. Tego typu analizy cechujg
sie jednak wysokim efektem matrycy a takze trudnosciami z okre$leniem struktury badanego
zwigzku [72]. Zastosowanie chromatografii cieczowej potgczonej ze spektrometriag mas
umozliwito separacje lipidéw skutkujgc zmniejszeniem efektu supresji/wzmocnienia sygnatu
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przez matryce, bardziej wiarygodng separacjg, a takze mozliwoscig rozréznienia izomerdéw czy
izobaréw [53]. W lipidomice najczesciej wykorzystuje sie chromatografie odwrdconych faz
(RPLC, ang. reversed-phase chromatography), w ktorej lipidy s rozdzielane na kolumnie
chromatograficznej na podstawie ich hydrofobowosci. W zwigzku z tym lipidy tej samej klasy
sg rozdzielane na podstawie dtugosci taricucha acylowego i liczby wigzan wielokrotnych,
poniewaz czas retencji rosnie wraz ze wzrostem liczby wegli i maleje wraz ze wzrostem liczby
podwdjnych wigzan acylowych [9]. Chromatografia w normalnym uktadzie faz (NRPL, ang.
normal-phase chromatography),) jest komplementarna do RPLC poniewaz umozliwia
separacje lipidow na podstawie ich grup funkcyjnych [9,61]. Niestety ten rodzaj chromatografii
jest mato kompatybilny z jonizacjg typu elektrorozpylenie (ESI, ang. electrospray ionization) ze
wzgledu na stosowanie niepolarnych rozpuszczalnikéw organicznych [9]. Chromatografia ta
zostata zastgpiona chromatografia oddziatywan hydrofilowych (HILIC, ang. hydrophillic
interaction chromatography), ktéra taczy cechy RPLC i NLPC [9,61]. Wykorzystuje ona bowiem
kolumne o normalnym uktadzie faz z eluentami podobnymi do tych stosowanych w RPLC.
Stosujgc chromatografie HILIC separuje sie lipidy na podstawie obecnosci hydrofilowej grupy
funkcyjnej badanych lipidow [61].

W zaleznosci od dobranej jonizacji mozna oznacza¢ nieco inne anality. Z wykorzystaniem
jonizacji pozytywnej mozna analizowaé szeroki zakres lipidéw, stad tez ten typ jonizacji jest
najczesciej wykorzystywany w badaniach lipidomicznych. Jonizacje ujemng wykorzystuje sie

przede wszystkim do analizy konkretnych klas lipidéw, jak np. PI, PS, PA [9].
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6. Cel rozprawy doktorskiej

Diagnostyka srddoperacyjna moze by¢ jednym z kluczowych krokéw do szybkiej i skutecznej
terapii pacjentéw ze zmianami nowotworowymi. Czesto jednak duzym problemem jest
pobranie prébki, ktére powinno by¢ jak najmniej inwazyjne a jednoczes$nie charakteryzowaé
sie dostatecznie wysokg wartoscig diagnostyczna. Problem ten amplifikuje sie szczegélnie
w badaniach zmian zlokalizowanych w trudno dostepnym miejscu lub tez obejmujgcych
heterogenng pod wzgledem morfologicznym i funkcjonalnym tkanke, np. mdzgowie.
W zwigzku z tym, celem niniejszej rozprawy doktorskiej byto przetestowanie narzedzia, sondy
mikroekstrakcyjnej, w badaniach guzéw mozgu.

Istotne jest, aby przy biochemicznej ocenie tkanki nowotworowej zwrdci¢ uwage na zwigzki
lipidowe, ktére biorg dziat w wielu fizjologicznych i patologicznych procesach biochemicznych.
W tym celu przeprowadzono pilotazowa niecelowang analize zwigzkéw lipidowych oraz
metabolitéw: estrow karnityny, biorgcych udziat w regulacji gospodarki kwasdéw ttuszczowych
w guzach mdézgu. Ze wzgledu na wysoka ztosliwos¢ i wystepowanie trudnosci w prowadzeniu
skutecznej terapii szczegdlnie istotna wydawata sie analiza glejakéw pod katem profilu
lipidomicznego w zaleznosci od stopnia ztosliwosci oraz obecnosci zmian w obrebie IDH,
a takze wystepowania kodelecji 1p/19q.

Docelowym zastosowaniem tzw. biopsji chemicznej jest analiza in vivo. W zwigzku z tym
jednym z celdw niniejszej rozprawy doktorskiej byta takie optymalizacja sond
mikroekstrakcyjnych i badania pilotazowe oceniajgce mozliwos¢ zastosowania SPME

u pacjentéw w trakcie zabiegéw neurochirurgicznych.
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7. Wyniki badan

7.1. Zastosowanie biopsji chemicznej do charakterystyki lipidomu guzéw

mozgu — P.1.

Opis dotyczy pracy: J. Bogusiewicz, B. Kupcewicz, P.Z. Gorynska, K. Jaroch, K. Gorynski,

M. Birski, J. Furtak, D. Paczkowski, M. Harat, B. Bojko: Investigating the Potential Use
of Chemical Biopsy Devices to Characterize Brain Tumor Lipidomes. International

Journal of Molecular Sciences, 2022, 23, 3518

Opracowanie szybkiej i doktadnej metody s$rddoperacyjnej, umozliwiajgcej rdznicowanie
zmian nowotworowych, wcigz stanowi wyzwanie w medycynie laboratoryjnej. Wazne zatem
jest, aby znalez¢ i zoptymalizowaé prostg i skuteczng platforme analityczng umozliwiajgca
wybér zwigzkédw charakterystycznych dla danego rodzaju guza, stopnia ztosliwosci czy tez
genotypu. Sondy SPME zostaty juz zaproponowane jako uzyteczne narzedzie w profilowaniu
metabolomicznym guzéw mozgu [73]. Nie oceniono jednak ich uzytecznosci w diagnostyce
lipidomicznej. Stad tez, celem niniejszej pracy jest ocena przydatnosci biopsji chemicznej
w analizie lipidomicznej guzéw modzgu. Analiza instrumentalna zostata przeprowadzona
z wykorzystaniem chromatografii cieczowej potaczonej z wysokorozdzielczg spektrometrig
mas (LC-HRMS, ang. liquid chromatography — high resolution mass spectrometry).

W pierwszym etapie przeprowadzono eksperyment majgcy na celu ocene wiarygodnosci
poboru prébki z tak heterogennej tkanki jakg jest tkanka nowotworowa, a takze oceniono
uzyteczno$é zaproponowanej platformy analitycznej w réznicowaniu histologicznie réznych
guzow: oponiakéw i glejakdw. Przeprowadzono nastepnie szczegdtowg analize glejakéw,
ktdra polegata na ocenie profili lipidomicznych tych zmian pod katem stopnia ztosliwosci,
statusu mutacji w genie kodujagcym dehydrogenaze izocytrynianowa 1/2 (IDH1/2) oraz
obecnosci kodelecji 1p/19q.

Zmiany nowotworowe sg strukturami heterogennymi na poziomie histologicznym, a takze
genomicznym, transkryptomicznym, epigenetycznym czy tez metabolomicznym.

Zrdznicowanie to wptywa na zmiennos$¢ guzow maézgu miedzy osobnikami, a takze wewnatrz
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guza. Heterogennos¢ ta wydaje sie by¢ duzym problemem w badaniach, gdzie ocenia sie tylko
wycinek zmiany poniewaz moze to wptywaé na wiarygodnos¢ uzyskanych wynikow.
Uzasadnione zatem sg watpliwosci dotyczgce pobierania prébek z wykorzystaniem sondy
SPME o S$rednicy ok 200um, poniewaz umozliwiaja one ekstrakcje analitow tylko
z niewielkiego obszaru wokét widkna. Stad tez konieczne byto przeprowadzenie badan
umozliwiajgcych ocene wiarygodnosci biopsji chemicznej w neuroonkologii. W tym celu
wprowadzono po 3 sondy do 8 guzéw mdzgu — 4 oponiakéw i 4 glejakéw. Zaobserwowano, ze
profile lipiddw pobrane z danej zmiany sg podobne i grupujg sie w zestawy odpowiadajace
danemu guzowi. Wyniki te sugerujg, ze pobrany profil lipidow uzyskany na wtdknach
wprowadzonych do danego guza jest charakterystyczny dla tej konkretnej zmiany, a profile
analitéw pobrane z badanego guza korelujg ze sobg. Dobdr sondy z wystarczajgco dtugim
sorbentem jest zatem dobrg opcjg do ekstrakcji zwigzkéw z catej zmiany umozliwiajgc
uzyskanie usrednionego profilu lipidomicznego.

Badanie guzéw moézgu przeprowadzone zostato ex vivo co uniemozliwiato badanie tkanki
zdrowej. Stad tez, aby oceni¢ dwie histologiczne rézne struktury wybrano guzy nieztosliwe jako
punkt poréwnania do ztosliwych zmian. Profile lipidomiczne oponiakdéw réznity sie od tych
pozyskanych dla glejakéw, co stanowito podstawe do wnioskowania, ze testowana platforma
analityczna moze by¢ przydatna w ocenie guzow mdzgu. Biorgc pod uwage te obserwacje
przeprowadzono szczegétowe badania glejakéw.

Analiza statystyczna potencjalnych lipidow wykazata, ze 17 z nich jest istotnie réznych
w glejakach o wysokim stopniu ztosliwosci (HGG, ang. high grade glioma) w pordwaniu
z glejakami o niskim stopniu ztosliwosci (LGG, ang. low grade glioma). Lizofosfolipidy (LPC, ang.
lysophospholipids) takie jak LPC P-16: 0, LPC P-18:0 oraz LPC 18:2 byty obecne w HGG w ponad
dwukrotnie wiekszym stezeniu niz w LGG. Zaobserwowano takze, ze ilos¢ SM 42:1;02 byta
mniejsza w bardziej ztosliwych zmianach. Analizy chemometryczne, umozliwity jednak
wyselekcjonowanie jedynie czterech potencjalnych zwigzkéw lipidowych, przy czym dla
dwdch z nich udato sie potwierdzi¢ strukture podczas fragmentacji. Wérdd tych analitéw byt
LPC P16:0, ktéry w HGG byt dwa razy wyzszy niz w LGG oraz SM 42:1;02, ktory byt nizszy

w bardziej ztosliwych zmianach.
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Wyniki pokazaty, ze guzy typu dzikiego (IDHw, ang. IDH wildtype) miaty znacznie zwiekszong
ilos¢ lizofosfolipidéw ( LPC O-16:0; LPC P-18:0; LPC 18:0) przy réwnoczesnym nizszym poziomie
fosfatydylocholin (PC 32:1, PC 32: 0 i PC 36:1). Istotnym moze by¢ rédwniez, ze pozom
fosfatydyloetanoloamin byt nizszy w IDHw niz w prébkach z obecng mutacja (IDHm, ang. IDH
mutant). Sfingolipidy natomiast nie ulegaty wiekszym zmianom w zaleznosci od statusu
mutacji IDH1/2. Zaobserwowano jedynie, ze SM 43:4;02 i LacCer 42:2;02, byty obecne na
podwyzszonych poziomach w préobkach bez mutacji IDH1/2. Ponadto w analizie
chemometrycznej udato sie wyselekcjonowac zestaw 16 potencjalnych zwigzkéw lipidéw,
ktére umozliwiajg réznicowanie glejakow na podstawie statusu mutacji IDH 1/2.

Lipidomy guzéw mdzgu o réznych statusach kodelacji 1p/19q charakteryzowaty sie podobnym
sktadem. Szczegétowa analiza wszystkich potencjalnych zwigzkéw lipidowych umozliwita
selekcje 36 analitdbw statystycznie istotnie réinych w probkach posiadajacych
i nieposiadajacych wspomnianej abberacji chromosomalnej (p<0.05). Ze wzgledu jednak na
stabe parametry modelu chemometrycznego nie byto mozliwe wybranie zestawu lipidow,
ktéry umozliwiatby dyskryminacje guzéw w zaleznosci od statusu kodelecji 1p/19q.
Podsumowujgc, zaobserwowano, ze lipidom badanych zmian nowotworowych réznit sie
w zaleznosci od stopnia ztosliwosci i statusu mutacji w genie kodujgcym IDH1/2. Nie wykazano
takiej zaleznosci dla préobek o réznym statusie kodelecji 1p/19q. Pomimo matej grupy badanej
zaobserwowac mozna, ze w zaleznosci od stopnia ztosliwosci jak i genotypu moze dochodzi¢
do zmian w obrebie lipidomu guzéw mébzgu, a biopsja chemiczna moze by¢ uzytecznym

narzedziem w ocenie tych zmian.
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Abstract: The development of a fast and accurate intraoperative method that enables the differen-
tiation and stratification of cancerous lesions is still a challenging problem in laboratory medicine.
Therefore, it is important to find and optimize a simple and effective analytical method of enabling
the selection of distinctive metabolites. This study aims to assess the usefulness of solid-phase mi-
croextraction (SPME) probes as a sampling method for the lipidomic analysis of brain tumors. To this
end, SPME was applied to sample brain tumors immediately after excision, followed by lipidomic
analysis via liquid chromatography-high resolution mass spectrometry (LC-HRMS). The results
showed that long fibers were a good option for extracting analytes from an entire lesion to obtain an
average lipidomic profile. Moreover, significant differences between tumors of different histological
origin were observed. In-depth investigation of the glioma samples revealed that malignancy grade
and isocitrate dehydrogenase (IDH) mutation status impact the lipidomic composition of the tumor,
whereas 1p/19q co-deletion did not appear to alter the lipid profile. This first on-site lipidomic
analysis of intact tumors proved that chemical biopsy with SPME is a promising tool for the simple
and fast extraction of lipid markers in neurooncology.

Keywords: brain tumor; glioma; SPME; heterogeneity; lipids; chemical biopsy

1. Introduction

Malignant primary brain tumors are one of the most life-threating neoplasms. The
majority of these tumors are classified as gliomas, which are divided into many types
and subtypes based on their histological features and the results of genetic testing (e.g.,
mutations in gene coding isocitrate dehydrogenase or co-deletion of the 1p/19q chromo-
some) [1]. The early detection of gliomas is challenging due to their non-specific symptoms
and tendency to manifest later in their development. In most cases, the excision of these
neoplastic lesions with appropriate margins is essential to improving the patient’s outcome.
This approach is generally followed by the application of chemo- and/or radiotherapy as
a complementary treatment method. A patient’s survival prognosis varies depending on
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the tumor subtype, with prognoses as short as a few months for patients diagnosed with
glioblastoma [2-4]. The poor prognoses and high recurrence rates for gliomas are directly
related to the lack of effective treatment methods. Moreover, the locations of brain lesions
often make them difficult to access, which is another key obstacle in the development of
new sampling approaches. As such, it is important to explore new opportunities offered by
translational research that link medicine and analytical chemistry [3]. Thus, the applica-
tion of “omics sciences” such as metabolomics, lipidomics, and genomics could provide a
useful tool for determining biomarkers that could help with the selection and monitoring
of treatments.

Lipidomics is a branch of metabolomics that focuses on lipid species, and findings have
shown that it can play an important role in the biomarker search workflow. Lipids perform
various functions in organisms, which can change as a result of carcinogenesis [5,6]. These
alterations can be analyzed using many different analytical platforms, with the majority
being based on mass-spectrometry detection and identification [7,8]. It is important to
note that solid samples such as tissues must be properly prepared prior to instrumental
analysis, which generally entails homogenization and analyte extraction. Not only are
these protocols time consuming and labor intensive, but they also preclude the use of the
sample for additional tests, as it has been permanently modified [9]. To avoid tissue disin-
tegration, researchers have worked to develop new approaches that do not require sample
homogenization, such as ambient mass-spectrometry methods (e.g., desorption electro-
spray ionization mass spectrometry (DESI-MS), matrix-assisted laser desorption/ionization
mass spectrometry (MALDI-MS)) [10]. However, such analytical methods still require
tissue to be excised and cut into thin slices. In contrast, solid-phase microextraction (SPME)
enables tissue analysis without any pre-treatment, which has led to its use in a wide range
of areas, including neuroscience, pharmacotherapy, and organ transplantation [11-21].

SPME is based on the interaction between analytes and a sorbent coating, which
extracts the targeted molecules until equilibrium is reached. However, in the case of un-
targeted clinical studies, optimizing the extraction time is the best compromise between
clinical practicality and extraction efficiency for the metabolites of interest. Furthermore,
SPME extraction does not require tissue consumption, as only small molecules are with-
drawn from the studied sample; hence, SPME is sometimes also referred to as “chemical
biopsy” [21]. Although a number of SPME geometries have been developed to date, includ-
ing meshes, membranes, and blades [11], coated fibers remain the most popular. SPME
fibers consist of a core made from a nickel-titanium alloy rod, and one end coated with
an adequate sorbent (e.g., hydrophilic-lipophilic balanced (HLB) or octadecyl (C18)). The
diameter of the SPME probe is approximately 200 um, which makes it thinner than a
classical brain biopsy needle (ca. 1.8 mm) and enables the sampling of analytes without
significantly disrupting the studied lesion or organ [11,12,20,22]. Apart from minimal
invasiveness during sampling, SPME fibers offer a few other key features that are useful in
tissue analysis. Firstly, chemical biopsy is a non-depletive method, which means that only
a negligible portion of the free fraction of analytes is sampled under given conditions. As a
result, metabolic pathways are not interrupted during sampling, which allows sampling
to be repeated multiple times to obtain temporal data, particularly in the case of in vivo
studies, as the biological system is able to immediately recover (re-balance) [21]. Secondly,
sampling via SPME facilitates the quenching of the metabolic reaction, as the sorbent only
permits the extraction of small molecules, which enables the analysis of even unstable sub-
stances [23]. Moreover, the chemical biopsy protocol is simple and fast. During sampling,
the probe is simply inserted into the tissue for a predetermined amount of time and then
rinsed with water to remove potential remnants of tissue or biological fluids that may be
loosely attached. The probe can then be transported to a lab and desorbed immediately or
stored until instrumental analysis [11,12].

SPME probes have been previously employed in metabolomic analyses of brain tu-
mors, but their use in in-depth lipidomic profiling has yet to be investigated [13,24]. There-
fore, the aim of the present study is to assess the utility of chemical biopsy in the lipidomic
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analysis of brain tumors. To this end, a proof-of-concept experiment was first carried
out to evaluate the utility of SPME probes in differentiating tumors with different histo-
logical origins (meningiomas and gliomas). This was followed by a detailed analysis of
gliomas, which entailed using SPME to assess the intra- and inter-tumor distribution of
lipids in neoplastic lesions The lipidomic profile of these lesions was also assessed with
respect to malignancy grade, isocitrate dehydrogenase mutation status, and the presence of
1p/19q codeletion.

2. Results
2.1. Assessing Tumor Heterogeneity Based on Lipidome Composition

The reliability of SPME probes for the analysis of heterogeneous tumors was assessed
by using three 7 mm C18 probes (Figure 1) to perform extractions from four meningiomas
and four high-grade gliomas, followed by lipidomic analysis.

SPME PROBE
length — ok 4 cm

SUPPORT
Nickel-titanum
fiber
ACTIVE PART
length = 7 mm
C18 particles ~200um
A B

Figure 1. Chemical biopsy probes: (A) SPME probe during the sampling of a brain tumor; (B) the
construction of the SPME probes.

It was observed that these histologically different tumors formed two distinct and
separate groups on a three-dimensional PCA plot built on all tentatively detected lipids
(Figure 2A). Nonetheless, diversity in each group was observed. A subsequent two-
dimensional PCA plot showed that samples obtained from the same tumor type were
situated close to each other (Figure 2B). Furthermore, a high degree of correlation was
observed in lipidome data obtained from the same tumor with all three probes. The correla-
tion plots for these data were presented in Supplementary Materials (Figures S1 and S2). In
addition, cluster analysis showed that the samples formed two groups that further divided
into subgroups corresponding to individual patients, indicating that intra-tumor variability
was significantly smaller than inter-tumor differences (Figure 2C). A quick review of the
variation in the results was then performed by examining the coefficients of variation for
lipid species with structures confirmed by MS/MS analysis (Table S2). We observed that, in
the majority of cases, the coefficient of variation (CV) for a particular tumor was below 30%.
The presence of HexCer was characterized by higher CV values and lower normalized
peak areas. Significantly higher variation was observed when calculating the average CV
value of a given lipid in a given tumor type, which was driven by inter-patient variability
(Table S1).
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Figure 2. (A) Three-dimensional principal component analysis plot; preprocessing of variables: log10
and autoscale. (B) Two-dimensional principal component analysis plot showing samples from the
same tumor; preprocessing of variables: log10 and autoscale. (C) Hierarchical clustering dendrogram
based on tentative lipids with a VIP score above 1.0; preprocessing of variables: log10 and autoscale.
Samples 36, 56, 59, and 75 were meningiomas, and samples 17, 39, 86, and 87 were gliomas. The
number after the lower dash denotes the replicate inserted into the same lesion.

2.2. Differentiation of Brain Tumors

Following the heterogeneity experiment, the lipidomic profiling of meningiomas
and gliomas was conducted using a bigger cohort. In addition, a more in-depth analy-
sis of gliomas that assessed their grade, IDH mutation status, and 1p/19q co-deletion
status was conducted. The proposed method enabled the extraction of a wide range
of tentative lipids, as well as the structural confirmation of 15 phosphatidylcholines
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(PC), 46 phosphatidylethanolamines (PE), 10 lysophosphatidylcholines (LPC), one phos-
phatidylethanolamine (LPE), 13 sphingomyelins (SM), 5 ceramides (Cer), 18 hexoylce-
ramides (HexCer), 2 lactosylceramides (LacCer), and one sulfatide (ST d42:2) via MS/MS
analysis. A list of identified lipid species is provided in Table S2. Lipid species with
MS/MS-confirmed structures received greater attention in further analyses than those that
were only identified tentatively.

2.2.1. Lipidomic Profiles of Brain Tumors with Different Histological Origins

The lipidomes of both types of tumors largely consisted of phospholipids, with PEs
as one of the major groups at approximately 49% and 46% for meningiomas and gliomas,
respectively (Figure S3A,B). PCs comprised the second largest group of lipids at 27% for
meningiomas and 24% for gliomas. The remaining lipid groups were made up of lyso-
forms of PCs and PEs, as well as sphingolipids. More in-depth analysis revealed that
gliomas had significantly higher levels of Cer and HexCer compared to meningiomas and
that both tumors had coefficients of variation that were higher than 100%. Gliomas also
contained increased levels of sphingolipids and phospholipids, but the CVs for these lipids
was lower than 50%. Notably, LPE and ST should not be analyzed separately, as only
one species of each group was identified in this experiment: LPE P-16:0 and ST 42:2,02,
respectively. A detailed account of the comparative statistical analysis results is provided
in the Supplementary Materials (Table S3).

Chemometric analysis of tentatively identified lipids with a VIP-score above 1.0
confirmed the good separation of meningiomas and gliomas that had been observed
previously (Figures 2 and 3). This analysis was confirmed through a positive permutation
test and acceptable errors. All of the parameters used in the chemometric analysis (Table S4)
and the PCA (Figure S4) are presented in the Supplementary Materials.
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Figure 3. Chemometric analysis of meningiomas and gliomas—partial least squares data analysis
(PLS-DA) performed on all detected features with a VIP above 1.0.

2.2.2. Lipidomic Differentiation of Gliomas with Different Grades

Tumor grade was not associated with significant variability in the lipidome. Detailed
statistical analysis of tentatively identified lipids revealed significant changes in 17 species
between high-grade gliomas (HGG) and low-grade gliomas (LGG) (Table S5). It should be
noted that the set of lysophospholipids with the highest alterations (i.e., LPC P-16:0, LPC
P-18:0, LPC 18:2) were present in HGG at over twice the level as in LGG. On the other hand,
among lipids with confirmed structures, lower concentrations of one SM were observed in
HGG. Nevertheless, based on the selection from all significantly altered tentative lipids, a
pattern of only four analytes enabled the differentiation of low-grade gliomas and high-
grade gliomas in the PLS-DA model with satisfactory parameters (Figure 4 and Table S4).
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Among those lipids was LPC P-16:0, which was present in HGG at twice the concentration
it was in LGG, and SM 42:1;02, which was present at lower levels in higher-grade samples.
The PCA can be found in the Supplementary Materials (Figure S5).
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Figure 4. Principal least squares data analysis (PLS-DA) of gliomas with different grades. HGG—high
grade glioma; LGG—low grade glioma.

2.2.3. Lipidomic Differentiation of Gliomas with Various IDH1/2 Mutation Statuses

IDH 1/2 mutation status is considered to be one of the most important factors in the
clinical diagnosis of gliomas and a good prognosticator of survival [25]. Therefore, an
attempt was made to profile the lipidomes of gliomas with and without IDH mutation.
The results showed that wildtype tumors (IDHw) had significantly increased LPCs (i.e.,
LPC O-16:0; LPC P-18:0; LPC 18:0) and lower levels of PCs such as PC 32:1, PC 32:0, and
PC 36:1 (Table S7). Notably, wildtype tumors also contained decreased levels of PEs with
confirmed structures. While sphingolipids levels generally remained unaltered, two of
them, SM 43:4;02 and LacCer 42:2;02, were present at increased levels in the wildtype
samples. Moreover, it was possible to select the set of 16 tentative lipid species that enable
differentiation of gliomas based on the IDH 1/2 mutation status (Figure 5 and Table 54).
Among these analytes were the phosphatydyloethanoloamines PE O-36:4, PE 38:4, and
PE 0-40:6, which were present at higher levels in the mutant samples. In contrast, LPC
0-16:0 and SM 43:4;02 were downregulated in the mutant samples (IDHm). The complete
set of differentiating tentative lipids (Table S6) and the PCA plot can be found in the
Supplementary Materials (Figure S6).

Scores on LV 2 (8 18%)
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Figure 5. Partial least square data analysis (PLS-DA) of gliomas with different IDH mutation statuses.
IDHm—isocitrate dehydrogenase gene mutant; IDHw—isocitrate dehydrogenase gene wiltype.
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2.24. Lipidomic Differentiation of Gliomas with Various 1p/19q Co-deletion Statuses

The lipidomes of neoplasms with different 1p/19q codeletion statuses were charac-
terized by similar lipid composition. Detailed analysis of all of the tentatively identified
lipids revealed that 36 were significantly altered in these two types of tumors (Table S7).
Specifically, the lysophospholipids LPC O-16:0, LPC P-16:0, LPC 18:0, and LPC P-18:0 were
present at higher levels in the non-co-deleted samples, while fully acetylated phospholipids
were mainly present at lower levels (Table S7). However, due to the weak parameters of
the model, it was not possible to select a set of lipids that could be used to discriminate
mutants from wildtype co-deleted and non-co-deleted samples with statistical significance
(Figure 6).
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Figure 6. Three-dimensional principal component analysis of brain tumors with different 1p/19q co-
deletion statuses. Autoscaling and logarithmic transformation were applied; del- 1p/19q co-deleted
samples; n-del- 1p/19q non co-delated samples.

3. Discussion

The biochemical analysis of cancerous tissue can be challenging; therefore, new ap-
proaches capable of simplifying this procedure and expanding the range of obtained
information are required. One such potential method is chemical biopsy, which combines
sampling and sample preparation into one step, making it easy to use in clinical applica-
tions. SPME probes have been previously applied to perform extractions from cell lines
and animal and human samples in biomedical studies aimed at examining various med-
ical procedures and diseases (e.g., therapeutic drug monitoring, organ transplantation,
malignant hyperthermia) [11,14,16,19,26]. However, only a few reports exist relating to
the use of SPME in cancer research. For instance, Goryriska et al. [13] were able to apply
SPME to select a distinctive set of metabolites to describe tumors with different histological
origins, grades, and genetic mutations. In addition, other findings have shown that the
acylcarnitine profile of gliomas changes based on the molecular and histological features of
a tumor, which could be related to changes in lipid composition [24]. Lipidome analysis via
SPME probes has also been investigated from an analytical perspective, as well as for its
usefulness in biomedical applications [18,27-29]. The results of the above studies provide a
solid foundation for the assessment of brain tumor lipidomes using chemical biopsy. Can-
cerous cells are characterized by their high proliferation rate and metabolic plasticity [30,31].
These features enable them to adapt well to changing conditions, which contributes to the
development of a wide range of changes in their structure and functions. These alterations
result in diversity at the inter-tumoral (between patients) and intra-tumoral (heterogeneity
within the same lesion) levels [32]. As such, the selection of a set of biomarkers that can
enable the stratification of tumors with satisfactory specificity, in addition to providing
accurate and fast assessment of patient outcomes, is highly challenging [33]. To address
this challenge, we analyzed how tumor heterogeneity—specifically, heterogeneity within
and between meningiomas and gliomas—impacts the reliability of lipidomic profiling via
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chemical biopsy. As expected, unsupervised analysis revealed clear separation between
the different histological types of brain tumor (Figure 2). Although inter-patient variability
was observed in both groups, the group containing glioma samples demonstrated higher
variability defined by PC2 (Figure 2A,B). In general, the inter-patient variability can be
explained by diversity among the patients with respect to the location of the tumor, age,
sex, lifestyle, and other environmental factors; nonetheless, the characteristics of the glioma
samples featured a much higher degree of molecular alteration overall.

Intra-tumoral diversity is an additional challenge associated with the use of SPME
probes, as these devices only extract analytes from a small area around the fiber. Various
approaches can be used to characterize the spatial heterogeneity of tumors on a histolog-
ical, genetic, transcriptomic, epigenetic, and metabolomic level [32,34,35]. Thus, there is
significant risk of obtaining false results due to sampling only a small area. However,
the inter-probe reproducibility results associated with the sampling of a given tumor
showed high correlation factors between the lipid profiles obtained by individual probes
(Figures S1 and S2). Ultimately, the data show that the set of extracted lipids for all fibers
will be characteristic of that particular lesion, and that eventual variances will be relatively
insignificant. As can be seen in the cluster analysis shown in Figure 2C, the samples from
specific tumors are closer to each other than they are to samples obtained from different
patients, despite being the same type of tumor (Figure 2C). Therefore, the diversity among
the samples can be largely explained by the diversity of the patients. Variations in the
level of analytes in the same tumor were acceptable in most cases, with the exception of
ceramides and their derivates; indeed, low levels of these lipids in the studied samples may
explain the high CVs that were obtained (Table S1). Another possible explanation could be
related to decreased levels of some lipids due to the partial degradation of samples during
storage between excision and their use for extractions [36]. Nevertheless, based on the cur-
rent findings, it can be concluded that long fibers are a good option for extracting analytes
from an entire lesion to obtain an average lipidomic profile. Alternatively, chemical biopsy
tools such as miniaturized SPME probes enable dot-sampling, which was developed by
Vasiljevic et al. [37], and can be employed to sample small target areas, such as profiling of
necrotic lesion or calcification region. Another tool that has been applied to obtain spatially
resolved data is an SPME device consisting of four fibers, which was successfully deployed
to extract analytes from grey and white matter during neurosurgical procedures [21]. In
addition, the ability of a single fiber to capture the average lipidome composition of an
entire lesion is valuable with respect to the future use of this technology in in vivo studies.
At present, there are numerous reports documenting the use of SPME probes on human
subjects during surgical procedures or biopsies [14,21]. The ability to insert a chemical
biopsy probe into a pathologically changed lesion followed by fast detection (e.g., with
microfluid open interface mass spectrometry (MOI-MS) or coated-blade-spray mass spec-
trometry (CBS-MS)) indicates this approach’s immense potential for use in intraoperative
diagnostics [38].

Next, investigations were conducted on larger group of meningiomas and gliomas
with more complex characteristics (different grades and mutations) (Table S8). Our results
detected two separate groups of meningiomas and gliomas (from 2nd to 4th grade), which
was consistent with the findings of other researchers who analyzed the metabolic profile
of these types of lesions using different platforms, such as DESI-MS and magnetic reso-
nance imaging (MRI) [13,39]. HILIC chromatography, which was employed to separate
hydrophilic lipids based on their representative polar head-group classes, enabled the detec-
tion of a wide range of phospholipids and sphingolipids (Table S2) [7,40]. Interestingly, the
results revealed that gliomas, which are higher malignancy neoplasms compared to menin-
giomas, contained higher amounts of ceramides and their derivates (i.e., HexCer), while
meningiomas contained higher levels of SMs, PCs, PEs, and LPCs (Figure S3 and Table S3).
These alterations did not align with previous reports on biochemical alterations in gliomas
compared to healthy tissue [6,41,42]; thus, further studies, possibly including spatially
resolved in vivo sampling of healthy and cancerous tissue, are required to investigate this
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discrepancy in greater depth. It must also be emphasized that the above-described compar-
ison was performed as a proof-of-concept to verify the proposed method’s applicability for
the differentiation of brain tumors, and that further in-depth biological interpretation and
discussion of these results was not undertaken, as currently available clinical tools already
enable the easy identification of these lesions [25]. Given the relatively easy diagnosis of
meningiomas compared to the high complexity resulting from the histological and molecu-
lar diversity in gliomas, further studies using chemical biopsy to examine the lipidomic
profiles of gliomas were performed to assess this method’s viability for future use in the
diagnostic process.

The ability to accurately assess the grade of a malignant tumor is critical in the
prognosis of a patient’s survival. However, histological examination is often difficult due
to the high diversity of glioma cells and the microenvironment of the tumor [32,35,43].
Examinations of a tumor via microscope are subjective and dependent on the pathologist’s
experience, which can result in misclassification [43]. The metabolomic or lipidomic
phenotype of a tumor reflects not only its histopathological information, but also contains
all of the information about the given sample. As such, it is possible to select the biochemical
features corresponding to the given characteristics of the sample (e.g., malignancy grade)
by comparing the metabolomic/lipidomic data with a reference. In the current study,
the PLS-DA comparing the lipidomic profiles obtained for gliomas and the histology
results for their malignancy grades shows two separate groups corresponding to LGG
and HGG (Figure 4 and Table S4). However, some slight overlapping was observed
among some samples, which could indicate that malignant neoplasms undergo dynamic
processes, and that strict assignment to specific grades can be questionable in some cases.
Therefore, it is difficult to determine whether instances of misclassification are due to the
lipidomic data or the histological assignment. Significant alterations were only observed
in a few lipidomic features between LGG and HGG. This can be explained either by the
relatively small size of the studied cohort and high diversity among the samples on the
one hand, or by the dynamics of the malignancy process on the other, which renders
differences in the levels of individual lipid species irrelevant (Table S5). Interestingly,
the upregulation of LPCs could indicate alterations in the pathway responsible for the
production of LPCs from PCs via the action of phospholipases [44]. In the next step,
the LPCs are further modified and are acetylated back to PCs via lysophospholipids
acetyltransferase. This cycle of hydrolysis and acetylation of phospholipids is known as
the Lands cycle [44]. Other alterations in the lipid profile are related to changes in cell
membrane composition and signal transduction [5,6]. Cells membranes consist of a bilayer
of lipids that are distributed unevenly [45]. The outer layer is mainly composed of PCs
and SMs, while the inner layer is largely comprised of PEs and phosphatidylserines (PSs).
During apoptosis, PSs are transferred to the outer layer and act as labels for the cells,
which undergo phagocytosis [46]. Moreover, since the membrane’s fluidity and ability
to adapt to dynamic changes is associated with changes in lipid composition, changes
in membrane composition may be an indicator of ongoing carcinogenesis [47]. It has
previously been reported that, apart from changes in the phospholipid content, neoplasms
also exhibit alterations in their sphingolipid content [42,48]. In our study, the HGG samples
showed significantly decreased levels of SM 42:1,02; however, the biochemical analysis
of this observation may be vague due to the detection of only one sphingolipid showing
statistically significant change (Table S5). SMs are responsible for the formation of lipid
rafts in membranes and signal transduction between the cells. Furthermore, higher SM
content, which leads to impaired cell-cell and cell-matrix interactions, is also often observed
in cancerous tissues [49,50]. Hence, although these reports do not support the observations
in this work, the lack of significant changes in other SMs and ceramides (being central
molecules in SM synthesis) do not merit further discussion of this phenomena [49].

IDH 1/2 mutation is one of the most important factors in the classification of gliomas,
as the detection of its presence is correlated with better patient prognoses [25]. Therefore,
we analyzed the lipidome composition in tumors with and without this mutation, with
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findings revealing a distinctive set of tentative lipids in the studied model (Figure 5,
Tables S4 and S6). This result may indicate that IDH 1/2 mutation not only leads to changes
in the tricarboxylic acid cycle (TCA) pathway and oncometabolite accumulation, but that
it may also initiate molecular alterations in the lipid profile [13,24,42,51,52] (Table S6).
Similar to higher-grade gliomas, our findings showed that patients with worse outcomes
(IDHw) had significantly upregulated LPCs, which can be related to alterations in the
Lands cycle [44]. Interestingly, this assumption is even stronger here than in the analysis of
the relationship between grade and lipidome composition because, along with the increase
of LPCs, the significant downregulation of PCs in IDHw samples can be observed (Table S6).
This downregulation indicates that the level of both forms of LPC and PC is interdependent.
The wildtype samples were also found to contain lower levels of all PEs, which could be also
explained by disruptions in the Lands cycle. However, changes in membrane composition
or signal transduction are also possible explanations for this observation. The literature
contains reports of alterations to the sphingolipid pathways in IDHm, which is consistent
with our observations [42]. Additionally, elevated levels of SM 43:4;,02 and LacCer 42:2,02
were also observed in the IDH wildtype samples. As mentioned earlier, SMs are responsible
for cell-cell and cell-matrix interactions. Cancerous tissue is usually characterized by the
upregulation of this lipid class, which causes the cell to lose control of its metabolism.
Increases in SM content are usually related to the downregulation of ceramides. Even
though no significant decrease in Cer was observed, the upregulation of LacCer was
detected. Cancerous tissue usually contains higher concentrations of LacCer due to the
higher activity of ceramide metabolic enzymes such as glucosylceramide synthase in these
tissues [53]. These enzymes change Cer into LacCer, which decreases the level of Cer and,
as a result, lowers the proapoptotic activity of ceramides. The higher levels of LacCer and
SM could be related to the aforementioned decrease in Cer levels. However, since the direct
alteration of Cer levels was not observed in this study, this relationship should be further
investigated via more comprehensive instrumental analysis (e.g., reversed-phase liquid
chromatography). Moreover, it should be noted that almost all LGG were IDHm, while the
majority of HGG were IDHw, which could be a limitation in drawing solid conclusions.
Thus, bigger study group should be employed to study this phenomenon.

Chromosomal aberrations in the 1p/19q positions can be used to differentiate oligoden-
drogliomas from astrocytomas, although its value is mainly diagnostic [25]. The literature
also contains reports of better radiotherapy outcomes for patients with this aberration;
however, evidence supporting these outcomes is not solid at present [54]. In the current
study, significant alterations in lipids were observed in samples with and without 1p/19q
co-deletion (Table S7). Among these lipids, the changes in phospholipids were particularly
notable, as they indicate transformations in membrane bilayer composition. However,
the PCA model created using tentatively selected lipids did not meet the validation cri-
teria and could not be used to differentiate tumors based on 1p/19q co-deletion status
(Figure 6). These observations could indicate that lipid metabolism is not directly related to
the presence of co-deletion; however, the small study group used in this study is a limiting
factor that prevents any solid conclusions. Notably, the intermediates regulating fatty acid
oxidation did not indicate a relationship between this group of lipids and the presence
of chromosomal aberration in previous studies profiling acylcarnitines in gliomas [24,30].
However, the literature contains studies wherein glioma samples are initially characterized
based on IDH mutation, followed by the division of subsets based on the presence/absence
of 1p/19q co-deletion [25,54-56]. This approach enables inter-tumoral heterogeneity to
be narrowed down and aids in the selection of important lipids. Unfortunately, such
analysis was not possible in the current study due to the small sample and the fact that
1p/19q co-deleted gliomas were all IDHm and only three non-1p/19q-deleted gliomas
were IDH-mutated. Furthermore, low differentiation power could indicate the need for
more complex grouping of molecular factors.
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4. Materials and Methods
4.1. Chemicals and Materials

All solvents (isopropanol, methanol, water, acetonitrile) and ammonium acetate used
in this research were liquid chromatography mass spectrometry (LC-MS) grade, and were
purchased from Merck (Poznan, Poland). External calibrant Pierce LTQ Velos ESI Positive
Ion Calibration Solution was obtained from Thermo Scientific (San Jose, CA, USA), and
fibers coated with octadecyl (C18) were kindly provided by Supelco (Bellefonte, PA, USA).

4.2. Biological Material

Brain tumors were obtained during neurosurgical procedures in 10th Military Research
Hospital and Polyclinic in Bydgoszcz. This study was approved by Bioethical Committee
in Bydgoszcz (KB 628/2015).

For the intra- and inter-tumor heterogeneity experiments, eight brain tumors (four
meningiomas and four gliomas) were obtained and stored at —30 °C until sampling and
instrumental analysis.

The lipidome profiling experiment comprised the analysis of samples from 36 patients
(22 females, 14 males) with a median age of 52 (minimum 24 and maximum 79). Of these
patients, 18 had been diagnosed with meningiomas (MEN) and 18 had been diagnosed
with gliomas. Sampling with the SPME probes was performed on-site directly after brain
tumor excision.

A detailed characterization of the patients included in these experiments is provided
in Table S8 in the Supplementary Materials.

4.3. Histological Data and Genetic Tests Results

The grades of the studied tumors were assessed by a histopathologist. Grade 1 and
2 tumors comprised the low-grade glioma (LGG) group, while Grade 3 and Grade 4 tumors
formed the high-grade glioma (HGG) group.

The IDH1/2 status and presence of 1p/19q codeletion were assessed using a SALSA
MLPA P088-D1 kit (MRC-Holland, Amsterdam, The Netherlands) in accordance with the
manufacturer’s protocol.

4.4. Chemical Biopsy (Solid-Phase Microextraction) Protocol

Solid-phase microextraction probes were used to conduct sampling on the excised
brain tumors, as shown in Figure 1. Before sampling, the fibers were trimmed to 7 mm in
length and preconditioned overnight in a methanol: water (1:1 v/v) solution to activate the
sorbent; the probes were then rinsed in water immediately before sampling. Extractions
were performed by inserting the probe into the sample for 30 min, followed by gentle
rinsing in water and storage in a freezer (—30 °C) until instrumental analysis. The fibers
were desorbed into 150l of an isopropanol:methanol (1:1 v/v) solution with the use of
silanized inserts. Desorption was conducted for 1 hour under agitation at 1200 rpm. A
more detailed account of this protocol, with minor modifications, has been published
elsewhere [57].

4.5. Liquid Chromatography-High Resolution Mass Spectrometry (LC-HRMS) Analysis

Liquid chromatography coupled with high-resolution mass spectrometry (Q Ex-
active Focus, Thermo Scientific, Bremen, Germany) was used for instrumental analy-
sis. The LC parameters were as follows: phase A—5 mM ammonium acetate in water;
phase B—acetonitrile; gradient—0-2 min at 96% B, gradual decrease of B until 80% B
at 15.0 min, and 15.1-21.0 min at 96% B; SeQuantZIC-cHILIC (Merck, Poznar, Poland)
3 um 100 x 2.1 mm column; mobile phase flow rate—0.4 mL/min; oven temperature—
40 °C; and injection volume—10 uL. The extracts obtained from the lesions sampled on-site
were analyzed in full-scan mode, with lipids being tentatively identified in full MS/dd-MS2
confirmation mode. All of the samples obtained from the intra- and inter-tumor hetero-
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geneity experiments were analyzed using full MS/dd-MS2 confirmation mode based on
the list of tentative lipids.

The MS parameters were as follows: positive ion mode scan range—m /z 100-1000;
acquisition via AGC (1,000,000 ions); spray voltage—1.5 kV; S-lens RF level—55%; S-lens
voltage—25 V; skimmer voltage—15 V; capillary temperature—325 °C; sheath gas—60 a.u.;
aux gas—30 a.u.; spare gas—2 a.u.; and probe heater temperature—320 °C. The structure
of the tentatively identified lipids was confirmed based on retention time and a mass accu-
racy of <3ppm. Finally, the fragmentation parameters were as follows: mass resolution—
35,000 FWHM; AGC target—2 x 10%; minimum AGC—8 x 10%; intensity threshold—auto;
maximum IT—auto; isolation window—3.0 m/z; stepped collision energy—20V, 30V, 40 V;
loop count—2; and dynamic exclusion—auto.

4.6. Data Processing

Data acquisition was performed using dedicated Thermo Scientific software, namely
Xcalibur 4.2 and Free Style 1.4 (Thermo Fisher Scientific, San Jose, CA, USA). The data for
the lipidomic studies was processed using LipidSearch 4.1.30 (Thermo Fisher Scientific,
San Jose, CA, USA) with its accuracy set to 3 ppm and intensity threshold set to 10,000. The
searched ion adducts included H*, NH4*, and Na*, with an m-score of 10 and a retention
time tolerance of 0.25 being used as the alignment settings. The obtained results were
then filtered using the following parameters: for extraction quality control (QC), an area
coefficient of variation (CV) below 30 and not equal to 0; the QC: extraction blank area
ratio above 20; and a peak quality factor above 0.85 for at least one of the studied groups.
Further information relating to these search parameters has been detailed in a previous
work [21]. After filtering the results, the peak areas for all of the detected tentative lipids
were normalized on the summary peak area of the probe, followed by the application of
statistical analysis.

4.7. Statistical Analysis

Statistical significance was calculated based on the Mann-Whitney U Test using
Statistica 13.3 PL (StatSoft, Inc., Tulsa, OK, USA) software. All chemometric calculations
were performed using PLS Toolbox (Eigenvector Research Inc., Manson, WA, USA) and
MatLab 2020b software (MathWorks, Natick, MA, USA). Principal component analysis
(PCA) was first applied to screen for the variability /diversity of the samples, followed by
the selection of discriminant analytes based on their p-value and variable importance in
projection (VIP) score. Partial least squares data analysis (PLS-DA) was also applied to
assess the discriminative power of selected variables. The validation parameters consisted
of calculating metrics such as root-mean-squares errors of calibration (RMSEC), cross-
validation (RMSECV), and R2. Permutation using the Wilcoxon test, significance test, and
Rand t-test was also applied. The model was considered to have passed permutation when
the p-value was lower than 0.05.

5. Conclusions

SPME probes have been successfully applied on previous occasions for in vivo brain
studies and the metabolomic profiling of brain tumors. The current study extends the
application of this simple sampling tool, which can readily and easily be applied in clinical
settings, to the analysis of brain tumor lipidomes. The resultant data shows high correlation
among the different probes that were applied to sample the same tumor. This finding
demonstrates the possibility of utilizing a longer coating to obtain information about
the lipidome of a given lesion, which is very promising with regards to potential future
in vivo applications. A wide range of phospholipids and sphingolipids were extracted
from meningiomas and gliomas, which enabled the clear differentiation of tumors with
various histological origins. Moreover, alterations detected in the lipidome were shown
to reflect the malignancy grade of the studied glioma samples, with the most important
alterations being observed at the genome level (i.e., IDH mutation). Considering the
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recent documentation of the use of SPME devices to simultaneously sample different brain
structures for metabolomic or lipidomic analysis, it can be assumed that this strategy can
be used for the concomitant sampling of neoplastic lesions and normal tissue. Eventually,
it will be possible to determine target biomarkers, both polar and lipid metabolites, on-site
by directly coupling SPME with mass spectrometry or other analytical instrumentation,
without the need for time- and solvent-consuming chromatographic separation.
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Figure S1. Plots presenting correlation factors of lipidome obtained using three different SPME probes
in four different meningioma samples. Blue dots - correlation of fiber 1 and fiber 2; orange dots -
correlation of fiber 1 and fiber 3; grey dots — correlation of fiber 2 and fiber 3. Axes represent normalized
peak areas for subsequent lipids extracted by studied probes.
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Figure S2. Plots presenting correlation factors of lipidome obtained using three different SPME probes
in four glioma samples. Blue dots - correlation of fiber 1 and fiber 2; orange dots — correlation of fiber 1
and fiber 3; grey dots — correlation of fiber 2 and fiber 3. Axes represent normalized peak areas for
subsequent lipids extracted by studied probes.
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Figure S3. Pie charts presenting lipidome profile of (A) meningiomas; (B) gliomas. CER — ceramides and
its deriviates; LPC — lysophosphatidylcholines; LPE — lysophosphatidylethanolamines; PC — phosphatidylcholines;
PE - phosphatidylethanolamines; SM — sphingomyelins
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Figure S4. Principal component analysis (PCA) of brain tumors with different histological type. HGG -
high grade glioma; LGG — low grade glioma; MEN — meningioma
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Figure S5. Principal component analysis (PCA) of gliomas with different grade. (A) Three-
dimensional principal component analysis of gliomas with different grade performed on significantly
altered features. (B) One-dimensional principal component analysis of gliomas with different grade
performed on significantly altered features with VIP above 1.0. HGG — high grade glioma; LGG ~ low
grade glioma
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Figure S6. Principal component analysis (PCA) of gliomas with different IDH 1/2 mutation status.
IDHm — isocitrate dehydrogenase gene mutant; IDHw — isocitrate dehydrogenase gene wiltype
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Table S1. The list of lipids with confirmed structure which were detected in heterogeneity test

Lipid Species

Shorthand Adduct m/z

LPE P-16:40
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HexCer 38:1; 02
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HexCer 42:2; 02
HexCer 432 02
HexCer 442; 02
LPC P-16:0
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PE O-36:4
PE P-38:6
PEP-385
PE 362
PE385
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PE P-40:7
PEP-382
PE P-40:3
PE 384
PE 381
PE P40
PE P-40:4
PE 406
SM a4 02
SM 43:4: 02
ST 42:2;02

“Na
+Na
*Na
+*Na
+H
+H
+H

Qc

MEN

HGG

36 56 59 75 MEN

17 39 86 87 HGG

160279

6466139 246E-04 16"
726.5878 340E-04 13
7566348 2.256-04 12%

98,6817

810.6817] 4.03E-04 10
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4943241
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CV|
521E-03 9%

LOE-03 6%
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368E-03 3%
LI2E02 7%
137E03 8%
361E-02 &%
1.50E-03 13
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A63E-02 11% 7A3E-02 9% SI13E-0222%751E02 7% 6.93E-02 M%
235602 9% 73SE03 19% S96E-03 42% IS2E-03 21% 1.09E-02 74%
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w|349E-02 17% 1LOIE02 7% 1.46E-02 37% 6.47E-03 23% 1.65E-02 73%

B4E-04 25% 9.33E-H4 43% 1LA4E-03 15% 1.59E403 7% 1L16E-03 47%
AT1E-03 30% B78E-03 4% 799E-03 14% 1.25E-02 48% S.10E-03 54%
406E-02 18% 4.39E02 8% 1A47E-0235% 2.16E<02 15% 3.02E-02 45%

6.I9E-04 35% 142603 14% 1.74E-03 12% 1.80E-03 9% 141E-03 36%
419603 44% 132602 13% LOIE-02 19% 1.73E402 27% 1.12E-02 49%
228E-03 38% 3.13E-03 19% 6.96E-03 17% 4.74E-03 37% 4.28E-03 49%
G11E03 48% 6SE02 23% 4.66E-0339% 220E02 15% L74E-02 82%
LSIE-02 45% L66E-02 90 787E-0312% 774E03 6% 1.26E-02 70%
BHO6E-03 47% 1.37E02 26% 6.29E-03 6% 1.24E-02 13% 9.62E-03 43%
HO6E03 47% LI7ED2 26% 6.29F-03 6% 139E02 2% 1.00E-02 45%
3S1E-02 38% 141E-02 10% 175E-02 78'% 9.92E-03 2% 1L99E-02 71%
3S4E03 41% S20E03 4% 1OGE-02 13% 1.0SE02 35% 8.36E-03 41%
3S5E03 41% S.20E03 10% 1.06E-02 13% 1.05E-02 37% 8.30E-03 42%
178E-02 39% 3.14E02 8% 1.99E-02 3% 321E402 24% 2.53E-02 34%
206E-02 34% 335EA2 36% 1ATE-0227% 1.96E-02 12% 221E-02 44%
I31E02 24% 505E-03 20% 6.65E-03 38% 3.80E-03 15% 7.15E-03 38%
132602 24% 5.32E-00 25% 6.74E-03 40% 383E-03 16% 7.28E-03 57%
550E-03 52% 1.61E2 16% S839E-03 16% 1.80E-02 32% 1.20E-02 52%
131602 9% 722E403 21% 837E-03 8% S.05E403 15% 9.18E-03 28%
159602 25% L4SE02 13% 188E-02 1'% 1.75E02 22°% 1.68E-02 18%
T19E-03 23% 4E7E-03 33% LO0SE-03 48% 266E-03 18% 4.70E-03 46%
S4TE-04 53% 7.32E-04 48% 14SE-03 10% 2.14E-03 78% 130E-03 74%
AB9E03 12% S.05E03 51% 49ME-0327% 4.36E03 46% 4.81E-03 32%
HAIENS 2% LOMED3 56% 2.19E-03 35% 117E03 22% 2.76E-03 88%
7SE04 14% 2.68E-06 173% 2.73E-04 77% 257E-04 131%

*Average peak area after on-fiber normalization

CV — coefficient of variation; HGG — high grade glioma; m/z — mass to charge ratio; MEN -meningioma; QC ~ quality control; RT — retention time
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Table S2. The list of lipid species identified with the use of MS/MS mode

m/z RT adduct Lipid Species Shorthand
620.5976 498 +H Cer 40:2,02
666.6395 4.96 +H Cer 42:1;03
646.6133 4.64 +H Cer 42:3;02
662.6446 293 +H Cer 43:2,02
674.6446 4.83 +H Cer 44:3,02
728.6035 3.01 +H HexCer 36:1;02
726.5878 5.31 +H HexCer 36:2;02
756.6348 32 +H HexCer 38:1,02
800.6610 492 +H HexCer 40:1;03
782.6504 493 +H HexCer 40:2;02
798.6817 2.89 +H HexCer 41:1;02
814.6767 4.99 +H HexCer 41:1,03
796.6661 4.85 +H HexCer 41:2,02
794.6504 5.16 +H HexCer 41:3;02
812.6974 2.77 +H HexCer 42:1;02
828.6923 4.95 +H HexCer 42:1;,03
810.6817 3.02 +H HexCer 42:2,02
810.6817 493 +H HexCer 42:2;02
826.6767 4.68 +H HexCer 42:2;,03
808.6661 4.74 +H HexCer 42:3;02
842.7080 4.87 +H HexCer 43:1;03
824.6974 2.62 +H HexCer 43:2,02
838.7130 257 +H HexCer 44:2;02
836.6974 492 +H HexCer 44:3,02
862.6250 8.25 +H LacCer 34:1,02
972.7346 7.92 +H LacCer 42:2;02
496.3398 8.57 +H LPC 16:0
482.3605 8.65 +H LPC O-16:0
480.3449 8.13 +H LPC P-16:0
4943241 8.27 +H LPC 16:1
524.3711 8.24 +H LPC 18:0
508.3762 8.56 +H LPC P-18:0
522.3554 8.38 +H LPC 18:1
520.3398 8.16 +H LPC 18:2
518.3217 8.65 +H LPC 18:3
544.3374 8.41 +H LPC 20:4
460.2798 9.7 +Na LPE P-16:0
634.4806 8.16 +H PC 26:1
728.5201 6.39 +Na PC 30:0
756.5514 6.39 +Na PC 32:0
754.5357 6.11 +Na PC 32:1
782.5670 6.65 +Na PC 34:1
744.5902 5.9 +H PC P-34:1
780.5514 6.24 +Na PC 34:2
756.5538 6.76 +H PC 34:3
738.5432 6.96 +H PC P-34:4
810.5983 6.46 +Na PC 36:1
808.5827 6.59 +Na PC 36:2
806.5670 6.27 +Na PC 36:3
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804.5514
832.5827
830.5670
742.5357
718.5381
740.5201

702.5432
724.5252
716.5225
738.5044
700.5276
716.5589
746.5694
768.5514
744.5538
764.5201
748.5252
724.5276
746.5095
766.5721
796.5827
756.5902
778.5721
768.5538
790.5357
752.5589
752.5565
766.5357
766.5381
788.5201
774.5408
750.5432
786.5044
772.5252
772.5252
748.5276
770.5097
746.5119
784.6215
804.5878
780.5902
802.5721

816.5514
778.5745
792.5538
800.5565
798.5408
774.5432
806.6058
809.6531
835.6688

5.88
6.27
5.94
7.25
7.10

7.25

7.35

7.14
712
7.20

7.16
7.08
6.79
7.05
6.78
6.99
7.05
6.88
741
6.90

6.98
6.89
6.93
7.01

7.00
7.01
7.12
7.02
6.83
6.87

6.80
6.87
6.84
6.95

6,89
6.67
6.95
6.74
6.85
6.69
6.87
7.42
7.27
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+Na
+Na
+Na
+Na
+H
+Na

+H
+Na
+H
+Na
+H
+H
+H
+Na
+H
+Na
+Na
+H
+Na
+Na
+Na
+H
+Na
+H
+Na
+H
+H
+H
+H
+Na
+Na
+H
+Na
+Na
+Na
+H
+Na
+H
+H
+Na
+H
+Na

+Na
+H
+H
+Na
+Na
+H
+H
+H
+H

PC 36:4
PC 38:4
PC 38:5
PE 34:0
PE 34:1

PE P-34:1

PE 34:2

PE P-34:2
PE P-35:1
PE 36:1

PE 36:2
PE 36:3
PE O-36:4
PE P-36:4
PE O-36:5
PE P-37:1
PE 38:1
PE P-38:2
PE O-38:3
PE 38:4

PE P-38:4
PE P-38:4
PE 38:5
PE 38:5

PE O-38:5
PE P-38:5
PE 38:6
PE O-38:6
PE O-38:6
PE P-38:6

PE P-38:7
PE P-40:2
PE O-40:4
PE P-40:4

PE 40:5
PE P-40:5
PE 40:6
PE O-40:6
PE P-40:6
PE P-40:7
PE P-42:5
SM 32:4;,02
SM 34:5,02



725.5592
753.5905
781.6218
801.6844
799.6688
§15.7001
811.6688
829.7157
827.7001
§23.6663
841.7157
890.6386

7.59
741
7.52
7.21
743
7.11
718
711
791
7.4

7.16
2.37

+H
+H
+H
+H
+H
+H
+H
+H
+H
+H
+H
+H

SM 36:4;02
SM 38:4;02
SM 40:4;,02
SM 41:1;02
SM 41:2;02
SM 42:1;,02
SM 42:3;,02
SM 43:1;,02
SM 43:2;02
SM 43:4,02
SM 44:2,02
ST 42:2;02

m/z — mass to charge ratio; RT — retention time
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Table S3. The lipidome composition of meningiomas and gliomas based on MS/MS confirmed groups
of lipids.

Lipid group Meningioma Glioma ratio [glioma: U Mann
Average* CV  Average* CV meningiomal Whitney test

Cer 230E-05  332%  1,16E-03  167% 50,42 0,02
HexCer 198E-03  274%  3,22E-02  150% 16,25 0,02
LacCer 4,06E-04  147%  3A47E-04 91% 0,85 0,77
LPC 3,16E-02  114%  2,13E-02  43% 0,67 0,23
LPE P-16:0  1,22E-03 37% 3,80E-03 76% 3,10 <0.01
PC 8,92E-02 10% 7,39E-02 30% 0,83 0,02
PE 1,60E-01 10%  1,36E-01  17% 0,85 <0.01
SM 4,24E-02 16% 2,68E-02 36% 0,63 <0.01
ST 42:2;02  2,61E-04 31% 8,71E-05 98% 0,33 <0.01

*Average peak area after on-fiber normalization

CV — coefficient of variation; Cer — ceramides; HexCer — hexosyl ceramides; HGG — high grade glioma; LacCer —
lactosyl ~ ceramides; LGG ~— low grade glioma; LPC - lysophosphatidylcholines; LPE -
lysophosphatidylethanolamines;  MEN -~ meningioma; PC -  phosphatidylcholines; ~PE -
phosphatidylethanolamines; QC — quality control; SM — sphingomyelins; ST — sulfatides

Table S4. Parameters for Partial least squares-discriminant analysis (PLS-DA ).

Paramter MEN vs glioma Glioma grade IDH mutation status
Classes MEN LGG+HGG LGG HGG IDHm IDHw
Variable inclusion VIP-score>1 p-value<0.05 p-value<0.05
paramters VIP-score>1 VIP-score>1
Data - Log10, Autoscale Log10, Autoscale togill Autoscale
preprocessing
N 18 19 7 12 10 9
Number of LV 5 2 2
RMSEC 0.084  0.084 0.260 0.260 0.184 0.184
RMSECV 0.225 0.225 0.322 0.322 0.263 0.263
R2(calibration) 0.972 0.972 0.710 0.710 0.864 0.864
R2(CV) 0.811 0.811 0.570 0.570 0.736 0.736
Permutation test wilcoxon test —<0.05 wilcoxon test —<0.05 wilcoxon test — <0.05
significance test —<0.05 significance test — 0.056 significance test — <0.05
rand t-test — <0.05 rand t-test — <0.05 rand t-test — <0.05

CV - coefficient of variation; HGG — high grade glioma; IDHm — isocitrate dehydrogenase gene mutant; IDHw —
isocitrate dehydrogenase gene wiltype; LGG — low grade glioma; LV — latent variables; MEN — meningioma; N —
number of samples; RMSEC— root mean square error of calibration; RMSECV — root mean square error of cross-
validation; VIP - Variable Importance in Projection
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Table S5. The list od significantly altered tentative lipids in differentiation of low and high grade
gliomas (p<0.05). In italic were given tentative lipid groups for detected m/z.

m/z Lipid Species Shorthand HGG/LGG ratio  VIP>1
480.34485 LPC P-16:0 2.66 &
502.32680 CerP, LPC 3.99 -
508.37615 LPC P-18:0 2.38 =
520.33977 LPC18:2 264 -
718.57448 Cer, CerP, LPC, LPE, PC, PE 2.74 -
720.55378 CerP, PC, PE 1.55
745.55727 HexCer 0.66 -
748.58269 BE 1.68 =
773.53031 PG 0.75 -
781.61940 SM, CerP 0.37 +
794.60341 CerP, PC, PE 290 -
794.60582 PC 292 -
796.61906 CerP 4.53 -
796.62147 CerP 4.72 -
800.55646 PE O-40:6 0.66 -
815.70005 SM 42:1; 02 0.37 +
818.60341 CerP 10.38 -

Cer — ceramides; CerP - ceramide phosphate; HexCer — hexosyl ceramides; HGG - high grade glioma; LGG - low
grade glioma; LPC — lysophosphatidylcholines; LPE — lysophosphatidylethanolamines; m/z — mass to charge ratio;
PC — phosphatidylcholines; PE — phosphatidylethanolamines; PG — phosphatidylglycerols; SM — sphingomyelins;
VIP - Variable Importance in Projection

Table S6. The list od significantly altered tentative lipids in differentiation of IDH mutant and wildtype
gliomas (p<0.05). In italic were given tentative lipid groups for detected m/z.

m/z Lipid Species Shorthand  IDHw/ IDHm ratio VIP>1
438.2979 LPE 1.98 -
460.2798 LPE P-16:0 0.56 -
482.36050 LPC O-16:0 6.15 +
502.32680 CerP, LPC 296 +
508.37615 LPC P-18:0 491 -
524.37107 LPC 18:0 1.89 -
628.60271 Cholesterol ester 1.79 +
700.5275 PE P-34:2 0.31 -
702.5432 PE P-34:1 0.54 -
706.5381 CerP, PC, PE 0.62 -
716.5588 PE P-35:1 0.27 -
717.59050 CerP, SM 1.80 +
718.5744 Cer, CerP, LPC, LPE, PC, PE 2.74 -
720.59017 Cer, CerP, LPC, PE, 246 .
723.5411 SM 1.93 -
724.5251 PE P-34:1 0.39 -
724.5275 PE P-36:4 043 -
725.53106 HexCer 1.96 +
728.52008 PC 30:0 0.47 -
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728.5224 CerP, PC, PE 0.48 -

729.5252 PG 0.46 -
729.59050 CerP, SM 2.78 -
734.5670 PC, PE 0.62 -
740.5200 PE 34:1 221 -
742.5721 PC 3.11 -
742.5745 PC 3.05 -
744.5513 PC 0.33 -
745.55727 HexCer 039 +
746.5694 PE 36:1 0.25 -
746.6057 Cer, CerP, LPC, LPE 249 -
747.6093 HexCer 249 -
748.52516 PE O-36:4 0.36 +
750.5432 PE O-38:5 047 -
751.57245 CerP, SM 255 +
754.53573 PC 32:1 0.59 -
755.5408 PG 052 -
756.55138 PC32:0 0.51 -
765.5252 PG 0.59 -
766.5745 CerP, PC 3.10 -
768.55378 PE 38:4 0.51 +
768.5877 CerP, PC, PE 4.08 -
768.59017 PC 4.01 +
774.5432 PE P-40:7 053 -
778.5721 PE O-38:3 3.38 -
785.65310 CerP, SM 2.03 +
786.5044 PE 38:6 0.35 -
787.6687 CerP, SM 1.81 -
790.5721 PC 7.39 -
792.5877 PC, PE 3.97 -
792.5901 PC 3.98 -
794.5670 PC, PE 048 -
794.5694 PC, PE 047 -
794.6034 CerP, PC, PE 317 -
794.6058 PC 317 -
796.58508 PC,PE 0.53 +
796.6190 CerP 5.74 -
796.6214 CerP 597 -
800.55646 PE O-40:6 0.78 +
810.59833 PC 36:1 0.60 -
812.6163 PC 1.53 -
813.6191 PG 1.58 -
814.5344 ST 0.35 -
814.5357 PC 0.38 -
814.5381 PE 0.37 -
818.6034 CerP 8,19 -
823.66635 SM 43:4; 02 1.92 +
972.73457 LacCer 42:2; 02 7.52 -

Cer — ceramides; CerP — ceramide phosphate; HexCer — hexosyl ceramides; LacCer — lactosyl ceramides; IDHm —
isocitrate  dehydrogenase gene mutant; IDHw — isocitrate dehydrogenase gene wiltype; LPC -
lysophosphatidylcholines; LPE - lysophosphatidylethanolamines; m/z — mass to charge ratio; PC -
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phosphatidylcholines; PE — phosphatidylethanolamines; PG — phosphatidylglycerols; SM — sphingomyelins; ST -
sulfatides; VIP - Variable Importance in Projection

Table S7. The list od significantly altered tentative lipids in differentiation of tumors with 1p/19q co-
deletion and withut this abberation (p<0.05). In italic were given tentative lipid groups for detected
m/z.

m/z Lipid Species Shorthand n-del/del ratio
438.2979 LPE 2.30
480.3448 LPC P-16:0 4.62
482.3605 LPC O-16:0 5.15
508.3761 LPC P-18:0 4.79
524.3710 LPC 18:0 2.08
700.5275 PE P-34:2 056
701.5592 CerP, SM 211
706.5381 CerP, PC, PE 0.66
716.5588 PE P-35:1 0.49
717.5905 CerP, SM 1.51
720.5901 Cer, CerP, LPC, PE, 215
723.5411 SM 231
728.5224 CerP, PC, PE 0.58
729.5252 PG 0.56
729.5905 CerP, SM 240
740.5200 PE 34:1 2.09
742.5721 PC 243
742.5745 PC 238
744.5513 PC 0.52
746.5694 PE 36:1 041
746.6057 Cer, CerP, LPC, LPE 1.79
747.6093 HexCer 1.79
748.5251 PE O-36:4 059
751.5724 CerP, SM 2.06
768.5877 CerP, PC, PE 293
768.5901 PC 285
770.6034 LPC 2.33
787.6687 CerP, SM 1.71
792.5877 PC, PE 376
792.5901 PC 3.77
794.5670 PC, PE 0.59
794.6034 CerP, PC, PE 3.19
796.6190 CerP 4.77
796.6214 CerP 472
798.5408 CerP, PE 0.59
818.6034 CerP 11.25

Cer — ceramides; CerP — ceramide phosphate; del — 1p/19q co-deleted samples; HexCer — hexosyl ceramides; LPC

1.

— lysophosphatidylcholines; LPE — lysophosp
co-delated samples; PC — phosphatidylcholines; PE — phosphatidylethanolamines; PG — phosphatidylglycerols; SM
— sphingomyelins

tidylethanolamines; m/z —mass to charge ratio; n-del- 1p/19q non
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Table S8. Patients characteristics.

Genetic Tests 2016 or 2021
No. Type “f:n';’q"“::::fn Final Diagnosis® Grade w"ﬂ?ﬂ:'“’“ Age  Sex Type of sampling
classification
17 HGG N N Clioblastoma, NOS 4 2016 M Stored tissue
36 MEN N N Meningioma 1 2021 53 F Stored tissue
39 HGG N N Glioblastoma, NOS 4 2016 72 F Stored tissue
56 MEN N N Meningioma 1 2021 80 M Stored tissue
59 MEN N N Meningioma 1 2021 62 F Stored tissue
75 MEN N N Meningioma 1 2021 55 F Stored tissue
8 HGG - - Glioblastoma, IDH-wildtype 4 2021 65 F Stored tissue
87 HGG - = Glioblastoma, IDH-wildtype Rl 2021 67 F Stored tissue
97 MEN N N Meningioma 1 2021 44 F  On-site sampling
98 MEN N N Meningioma 3 2021 72 F On-site sampling
101 MEN N N Meningioma 1 2021 59  F  Onsite sampling
102 LGG + + Oligodendrogli IDH-mutant, and 1p/19q codeleted 2 2021 33 F  On-site sampling
103 MEN N N Meningioma 1 2021 55 F  On-site sampling
14 LGG - + Astrocytoma, IDH-mutant 2 2021 2 M On-site sampling
105 MEN N N Meningioma 1 2021 41 F On-site sampling
106 MEN N N Meningioma 1 2021 70 F  On-site sampling
107 MEN N N Meningioma 1 2021 58 M On-site sampling
108 HGG - - Glioblastoma, IDH-wildtype 4 2021 52 F  Onesite sampling
109 MEN N N Meningioma 1 2021 64 M On-site sampling
110 HGG - - Glioblastoma, IDH-wildtype 4 2021 64 M Onssite sampling
11 HGG - - Glioblastoma, IDH-wildtype 4 2021 71 M Onsitesampling
112 LGG - + Astrocytoma, IDH-mutant 2 2021 40 F  Onesite sampling
114 MEN N N Meningioma 1 2021 64 F  On-site sampling
115 MEN N N Meningioma 1 2021 75 F On-site sampling
117 HGG + + Oligodendrogl IDH-mutant, and 1p/19q codeleted 3 2021 31 M On-site sampling
118 MEN N N Meningioma 1 2021 47 M On-site sampling
119 MEN N N Meningioma 1 221 79 F  On-site sampling
15

120 HGG - - Glioblastoma, IDH-wildtype 4 2021 50 M Onsite sampling
121 MEN N ] Meningioma 2 2021 42 M On-site sampling
122 LGG  + + Oligodendroglioma, TDH-mutant, and 1p/19q codeleted 2 2021 52 F  Onsitesampling
123 MEN N N Meningioma 1 1 42 F  On-site sampling
1235 LGG + * Oligodendroglioma, IDH-mutant, and 1p/19q codeleted 2 plirdl 54 M On-site sampling
126 MEN N N Meningioma 1 2021 51 F  On-site sampling
127 MEN N N Meningioma 1 2021 &b F On-site sampling
128 1LGG - Pilocytic astrocytoma 3 21 29 F On-site sampling
129 HGG - + Astroeytoma, IDH-mutan 4 2001 M F  Onesitesampling
130 HGG - - Glioblastoma, IDH-wildtype 4 221 64 M Onsile sampling
131 GG+ + Oligodendroglioma, IDH-mutant, and 1p/19g codeleted 2 2021 71 F On-site sampling
132 HGG = = Posterior fossa epend ymoma 3 2021 4 M On-site sampling
133 HGG  + + Oligodendroglioma, IDH-mutant, and 1p/19q codeleted 3 2021 42 M Onesitesampling
134 MEN N N Meningioma 1 2021 6 F On-sile sampling
135 HGG - - Glioblastoma, IDH-wildtype 4 2021 78 F Onsite sampling
136 HGG - - Glioblastoma, IDH-wildty pe 4 2021 60 M On-site sampling
137 MEN N N Meningioma : 071 3 F  Onesite sampling
13 HGG + + Oligodendroglioma, IDH-mutant, and 1p/19q codeleted 3 2021 39 F_ On-site sampling

“Tumor diagnoses were verified according to the 2021 WHO brain tumor classification. In some older cases before genetic testing was introduced into routine practice the
2016 WHO brain tumor classification was applied.

F — female; M — male; MEN - meningioma; N - not known; NOS - not nﬁ\emiﬁespetiﬁed; HGG - high grade glioma; LGG - low grade glioma; "+ - present;
=" = absent
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7.2. Profilowanie acylokarnityn w glejakach — P.2.

Opis dotyczy pracy: J. Bogusiewicz, K. Burlikowska, K. Jaroch, P.Z. Gorynska, K.

Gorynski, M. Birski, J. Furtak, D. Paczkowski, M. Harat, B. Bojko: Profiling of carnitine
shuttle system intermediates in gliomas using solid-phase microextraction (SPME).

Molecules, 2021, 26, 6112

Komodrki nowotworowe charakteryzuja sie zwiekszonym metabolizmem i zwiekszong
zdolnoscia adaptacji do szybko zmieniajgcego sie mikrosrodowiska. Od dtuzszego czasu tak
zwany efekt Warburga, w ktérym nasilona glikoliza prowadzona nawet przy obecnosci tlenu
powoduje zwiekszong produkcje mleczanu, wymieniany byt jako gtdwne Zzrédto energii
w glejakach i innych nowotworach. Ostatnie odkrycia sugerujg jednak, ze istotng role
w gospodarce energetycznej komdrek nowotworowych mogg stanowi¢ zmiany w procesie
utleniania kwaséw ttuszczowych (FAO, ang. fatty acids oxidation). Proces ten jest w gtdwnej
mierze regulowany przez enzymy odpowiedzialne za transport tancuchdw acylowych
w mitochondriach, takich jak translokaza karnityno-acylokarnitynowa (CACT, ang. carnitine-
acylcarnitine translocase), palmitoilotransferaza karnitynowa 1 (CPT-1, ang. carnitine
palmitoyltransferase 1), palmitoilotransferaza karnitynowa 2 (CPT-2, ang. ang. carnitine
palmitoyltransferase 2) i dehydrogenaza dtugofaricuchowych acylo-CoA (LCAD, ang. long-
chain acyl-CoA dehydrogenase). Rola tych biatek w procesie kancerogenezy byta szeroko
badana, ale nadal brakuje danych na temat zwigzkédw powstajgcych w trakcie procesu
oksydacji lipidow — acylokarnityn.

Acylokarnityny, czyli estry karnityny, stanowig jedno z istotnych spoiw analizy metabolitéw
oraz profilowania lipidomicznego. Stad tez w celu dopetnienia obrazu uzyskanego podczas
niecelowanej analizy lipidomicznej guzdw modzgu przeprowadzone zostato ich profilowanie.
Celem niniejszego eksperymentu bylo pogtebienie wiedzy na temat zmian w profilu
acylokarnityn w glejakach o réznym stopniu ztosliwosci i genotypie z wykorzystaniem danych
uzyskanych z niecelowanej analizy lipidomicznej glejakéw za pomoca platformy SPME-LC-
HRMS. W interpretacji wynikow szczegdlng uwage zwrdcono na stopien ztosliwosci guza,

a takze obecnos$¢ mutacji IDH i kodelacji 1p/19q.
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Przedstawione badania wykazaty, ze z wykorzystaniem platformy SPME-LC-HRMS mozliwym
byto wyekstrahowanie karnityny i jej 22 estréw. Ponadto zaobserwowano, ze zmiany w profilu
acylokartnityn mogg by¢ wazinym czynnikiem w procesie szacowania ztosliwosci glejaka
i oceny rokowania klinicznego pacjenta. Acylokarnityny o krétkim taricuchu acylowym (SCAC,
ang. short chain acylcarnitines) oraz acylokarnityny o dtugim taricuchu acylowym (LCAC, ang.
long chain acylocarnitines) utworzyty wyraznie oddzielone klastry korelacji. Moze to
wskazywac na rézne poziomy zaleznosci od enzyméw transportujgcych w mitochondrium,
poniewaz LCAC sg $cisle od nich zalezne, a SCAC mogg w pewnym stopniu by¢ transportowane
bez ich udziatu.

Analiza statystyczna wykazata istotnie rézne (p<0,05) poziomy AC C3:0, AC C9:0, AC C10:1,
ACC14:2 i AC20:3 miedzy HGG i LGG, byly to ponad dwukrotnie wieksze wartosci pola
powierzchni pod pikiem dla zmian o wyzszym stopniu zto$liwosci. Ponadto wyniki wykazaty
wyzszy poziom AC C12:0 w prébkach IDHw w poréwnaniu z prébkami zmutowanymi i nizszy
poziom AC C16:1. Zaobserwowano takze, ze powierzchnia piku dla AC C16:1 w prébkach bez
kodecji 1p/19q byta prawie dwukrotnie mniejsza (p<0,05) niz w probkach IDHw. Wyniki te
Swiadczg, ze ilosci karnityny i acylokarnityn byty zwykle wyzsze w guzach o wyzszym stopniu
ztosliwosci lub u pacjentdéw z gorszym rokowaniem klinicznym (pacjenci bez mutacji w obrebie
genu dla IDH1/2).

Biochemiczna interpretacja uzyskanych danych jest jednak obarczona niepewnoscig zwigzang
z matg grupg badang, duzg heterogennoscig uzyskanych wynikéw a takze brakiem mozliwosci
odniesienia do wynikéw uzyskanych metodami referencyjnymi (np. z wykorzystaniem
immunochemii do oceny aktywnosci enzymatycznej). Niemniej jednak, pomimo
wspomnianych ograniczen, przedstawione badania sg podstawg do wnioskowania, ze dalsza,
ukierunkowana analiza ilosciowa acylokarnityn z wykorzystaniem proponowanego protokotu
pobierania prébek SPME i metody LC-HRMS jest zasadna i moze byé cennym uzupetnieniem

innych testéw wykorzystywanych do oceny metabolizmu kwasow ttuszczowych.
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Abstract: Alterations in the carnitine shuttle system may be an indication of the presence of cancer.
As such, in-depth analyses of this pathway in different malignant tumors could be important for the
detection and treatment of this disease. The current study aims to assess the profiles of carnitine
and acylcarnitines in gliomas with respect to their grade, the presence of isocitrate dehydrogenase
(IDH) mutations, and 1p/19q co-deletion. Brain tumors obtained from 19 patients were sampled
on-site using solid-phase microextraction (SPME) immediately following excision. Analytes were
desorbed and then analyzed via liquid chromatography-high-resolution mass spectrometry. The
results showed that SPME enabled the extraction of carnitine and 22 acylcarnitines. An analysis
of the correlation factor revealed the presence of two separate clusters: short-chain and long-chain
carnitine esters. Slightly higher carnitine and acylcarnitine concentrations were observed in the
higher-malignancy tumor samples (high vs. low grade) and in those samples with worse projected
clinical outcomes (without vs. with IDH mutation; without vs. with 1p/19q co-deletion). Thus, the
proposed chemical biopsy approach offers a simple solution for on-site sampling that enables sample
preservation, thus supporting comprehensive multi-method analyses.

Keywords: glioma; cancer; carniting; acylcarnitine; solid-phase microextraction SPME; liquid
chromatography-mass spectrometry LC-MS

1. Introduction

Gliomas are among the most dangerous and insidious brain tumors due to their high
heterogeneity and the late manifestation of a wide range of non-specific symptoms, such
as seizures, headaches, nausea, dizziness, fatigue, vision problems, and numbness [1-5].
Delayed diagnosis favors tumor progression and leads to worse prognoses and, conse-
quently, a rapid decrease in the patient’s quality of life. As a consequence, the introduction
of accurate medical interventions, which often combine neurosurgery and chemo- or
radiotherapy, is necessary. The selection of the best treatment is mainly based on the
combined results of a histopathological examination and genetic and immunochemical
testing. Genetic testing—for example, those that analyze the status of O6-methylguanine-
DNA methyltransferase (MGMT) methylation, the presence of IDH mutation, or 1p/19q
co-deletion—serves as a complement to the diagnosis process and enables accurate clinical
prognoses [2,5]. Nonetheless, the survival rate of glioma patients is still low due to a lack of
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effective treatment methods [1-5]. Thus, it is critical to further expand our basic knowledge
about the metabolism of these tumors, as such information is indispensable in improving
clinical prognoses and the effectiveness of treatments.

Cancer cells are characterized by increased metabolism, which generates ATP, NADPH,
and other intermediates for tumor growth, as well as high adaptability to the dynamically
changing microenvironment [3,6]. For a long time, the so-called Warburg effect—wherein
increased aerobic glycolysis results in enhanced lactate production, rather than pyruvate
production—has been cited as the main source of energy production in gliomas and other
neoplasms [6]. However, recent findings suggest that altered fatty acid oxidation (FAO)
is also an important marker of glioma initiation and development [3,6-8]. This metabolic
pathway is mainly regulated by the carnitine shuttle system, which consists of enzymes
and protein transporters that are responsible for transporting fatty acids through the
mitochondrial membrane [6]. Although the expression and enzymatic activity of this
pathway’s protein components (e.g., carnitine: acylcarnitine translocase (CACT), carnitine
palmitoyltransferase I (CPT-1) or carnitine palmitoyltransferase Il (CPT-2), and long-chain
acylocarnitines dehydrogenase (LCAD)) have been extensively studied [3,6], the role and
fate of carnitine and the esters (also known as acylcarnitines) produced from transporting
fatty acids though the mitochondrial membrane remain unclear.

There are many methods that can be used to analyze changes in the chemical composi-
tion of tissues, such as homogenization followed by liquid-liquid extraction, microdialysis,
and solid-phase microextraction (SPME) [9-12]. SPME, which is based on the interaction
between an active sorbent and targeted substances dispersed in a given matrix, offers a
number of significant advantages. One of the most notable of these advantages is SPME’s
ultra-simple sampling procedure, which enables samples to be acquired directly from
tissues without any major structural disruption. In addition, the SPME protocol can be
implemented on-site (i.e., surgery room) by medical personnel who have no analytical
background. The most common SPME device is a thin nickel-titanium fiber coated with an
active sorbent to a final diameter of ca. 250 um. Under the SPME protocol, the probe is first
introduced into the tissue for a time period that has been predetermined to enable optimal
metabolite binding, followed by desorption of the analytes from the device into an organic
solvent. It should be emphasized that the extracted analytes do not require any additional
treatment prior to instrumental analysis on an LC-MS platform. This methodology has
been characterized in greater detail in the literature [9,13].

Our previous work on the untargeted metabolomic characterization of brain tumors
found characteristic differences in metabolome composition with regards to histological
type and genetic aberrations [13-15]. However, (semi)quantitative targeted analysis would
provide more accurate information about the biochemical changes in a cancerous tissue.
Therefore, this study aims to develop a more in-depth understanding of the intermediates
in a carnitine shuttle system using data acquired from untargeted lipidomic analyses of
brain tumors via SPME-LC-MS, with particular consideration given to tumor grade, the
presence of IDH mutation, and 1p/19q codeletion.

2. Results

The use of SPME-LC-HRMS for acylcarnitine analysis enabled identification of car-
nitine (C) and 22 simple-chain saturated and unsaturated acylcarnitines (AC) (Table 1):
five short-chain acylcarnitines (AC C2-AC C5, SCAC), seven medium-chain acylcarnitines
(AC C6-AC C12, MCACQ), and ten long-chain acylcarnitines (AC C14-AC C20, LCAC).
SPME extraction from intact tissue did not cause any damage to the collected tumor, which
precluded further performance of routine tests, i.e., histological or genotyping. Our find-
ings showed that the level of carnitine (C) was significantly higher in high-grade gliomas
(HGG) when compared to low-grade gliomas (LGG) with a ratio of 4.21, and in IDH wild-
type (IDHw) compared to IDH mutant (IDHm) tumors, with fold change 3.91. Although
no statistically significant difference was observed in the tumor carnitine levels of patients
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with and without the presence of 1p/19q co-deletion, the area under the peak was higher
for patients with tumors not featuring co-deletion (n-del:del ratio 3.37).

Table 1. Acylcarnitines identified in gliomas sampled via solid-phase microextraction (SPME). Table 1 represents identi-
fication details and ratios of normalized peak areas for detected analytes. AC—acylcarnitine; del—presence of 1p/19q
co-deletion; HGG—high-grade glioma; IDHm—IDH mutation, IDHw—IDH wild-type; LCAC—long-chain-length acyl-
carnitine; LGG—low-grade glioma; MCAC—medium-chain-length acylcarnitines; n-del—absence of 1p/19q co-deletion;
SCAC—short-chain-length acylcarnitines.

Chemical Formula M/Z IDHw:

Group AC [M + H*] M+ H*] RT [min] HGG:LGG IDHm n-del: del
AC C2:0 CoH1505N, 204.1231 12.46 0.87 097 093
AC C3:0 CoH200sN; 218.1387 11.00 2899 1.68 1.68
SCAC AC C4:0 Ci1H2204N; 232.1543 9.72 0.85 0.94 0.84
AC C5:1 C1oHO4N; 2441543 928 095 0.78 0.83
AC C5:0 C1aH24OsN; 246.1700 8.96 1.38 1.00 122
AC C6:0 C13H2604N; 260.1856 8.37 0.66 0.91 111
AC C8:0 Cy5H3004N 288.2169 7.79 1.20 1.04 0.95
MCAC AC C9:0 C16H305N; 302.2325 7.62 29.98 2 212 137
AC C10:1 Cy7H305N, 314.2326 7.52 3862 1.18 0.74
AC C10:0 C7H305N, 316.2484 748 1.53 1.09 093
AC C12:1 CigH304N; 342.2640 727 1.50 1.56 0.99
ACC12:0 C9H3304N, 344.2796 7.23 134 1.66° 122
AC C142 CH3s04N; 368.2797 712 2722 1.94 133
AC C14:1 Ca1HyO5N; 370.2953 7.07 1.06 1.19 1.02
AC C14:0 CaHpOsN 372.3108 7.10 0.89 1.08 0.96
e AC C16:1 CyHyOsN, 398.3266 6.96 0.82 060" 059¢
AC C16:0 Ca3HisOsN 400.3423 6.96 092 0.96 1.06
ACC182 CasHisOsN 4243422 6.89 1.05 0.79 0.86
AC C18:1 CasHysOsN; 426.3579 6.84 0.87 0.79 1.00
AC C20:4 CarHyOsN; 4483424 6.80 243 177 173
AC C20:3 CarHygOsN, 4503578 6.78 13.894 2.87 217
AC C20:1 CarHspOsN, 454.3891 6.71 071 125 11.19

2 the average normalized peak area for HGG is statistically significantly different from LGG, p < 0.05; ® the average normalized peak area
for IDHw is statistically significantly different from IDHm, p < 0.05; © the average normalized peak area for n-del is statistically significantly

different from del, p < 0.05.

To explore the relationship between carnitine and its particular esters in all of the ob-
tained glioma samples, correlation clustering analysis was performed The results revealed
a high correlation factor for specific patterns of acylcarnitines (Figure 1). The analytes
classified as SCAC represented one correlation cluster, with a correlation coefficient above
or equal to 0.63, while MCAC and LCAC were correlated with each other, with a minimum
factor of 0.51. Moreover, no clear correlation was observed between the metabolites with
short- and long-acyl-chain analytes (Figure 1).

The analysis of acylcarnitines with different acyl chain groups showed that the average
peak areas for SCAC, MCAC, and LCAC were larger for HGG than for LGG, although
statistical significance was observed only for SCAC (Figure 2A). Our findings revealed
also higher levels of these analytes in the IDH wild-type samples (versus the mutants),
although the difference was not statistically significant (Figure 2B). Similarly, the peak areas
for all acylcarnitines were not significantly higher in the samples without the chromosomal
aberration (Figure 2C).

In the next step, comparative analysis of the acylcarnitine profiles in the different
subgroups of the glioma samples was conducted. The groups considered cancer grade,
IDH mutation status, and the presence of 1p/19q co-deletion. A detailed list of calculated
values in all studied samples is given in Table S1. The analysis revealed that a statistically
significant difference between HGG and LGG was observed for AC C3:0, AC C9:0, AC
C10:1, AC C14:2, and AC 20:3, with peak areas over two times higher in higher-grade
lesions (Table 1). Moreover, the findings showed a higher level of AC C12:0 in the IDH
wild-type samples (versus the mutated samples) and a lower level of AC C16:1 (Table 1).

77



Molecules 2021, 26, 6112

4of11

With regards to 1p/19q codeletion status, it was observed that the peak area for AC C16:1
in the samples without codeletion was significantly lower than that in wild-type ones, and
the ratio between the studied groups (n-del:del) was 0.59 (Table 1). A detailed description
of the performed comparison is given in the Supplementary Materials (Table S2).
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Figure 1. Carnitine and acylcarnitines correlation network. Only statistically significant correlation factors were presented
(p < 0.05). AC—acylcarnitine; C—carnitine; SCAC—short-chain-length acylcarnitines; MCAC—medium-chain-length
acylcarnitines; LCAC—long-chain-length acylcarnitines.
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Figure 2. Ratios of SCAC, MCAC, and LCAC in the studied groups: (A) low-grade (LGG) and high-
grade glioma (HGG); (B) IDH mutation status—IDH mutant (IDHm) and IDH wild-type (IDHw);
(C) 1p/19q co-deletion—presence of deletion (del) and absence of deletion (n-del). AC—acylcarnitine;
del—presence of 1p/19q co-deletion; HGG—high-grade glioma; IDHm—IDH mutation, IDHw—IDH
wild-type; LCAC—long-chain-length acylcarnitine; LGG—low-grade glioma; MCAC—medium-chain-
length acylcarnitines; n-del—absence of 1p/19q co-deletion; SCAC—short-chain-length acylcarnitines;
? the average peak area for HGG is statistically significantly different from LGG, p < 0.05.

3. Discussion

The use of multiplatform studies combining various analytical methods—for exam-
ple, extending routine tests to -omic studies—has become more common in basic cancer
research [16], as such approaches are able to provide detailed analysis of the metabolic
pathways and identify tumor vulnerability [17]. However, combining various techniques
to analyze a single sample also faces limitations due to small amounts of the sample
and analyte instability. Given these limitations, it is critical to continue to explore other
approaches to sampling.

The methodology of profiling carnitine and its esters proposed herein is based on non-
sample-consuming sampling, which is an approach that could enable additional testing
of the obtained tissue (e.g., chemical biopsy followed by genetic testing or histopathology
examination of the same specimen). Moreover, due to its simplicity, the sampling combined
with the extraction of small molecules can be performed on-site (e.g., in the surgery room),
which makes it radically different than other protocols used for tissue preparation prior
to LC-MS analysis. Most of the currently used protocols include homogenization and
multi-step (multi-solvent) solid-liquid extraction [18,19]. The goal of the current study
was to verify if the extraction protocol dedicated to the untargeted screening of brain
tumor lipidome enables the extraction of a representative range of carnitine derivatives
and carnitine itself, thus observing dysregulation of small molecules in the carnitine shuttle
system. Indeed, the results indicated that carnitine as well as its 22 short-, medium-, and
long-chain acyl derivatives were extracted. The obtained data were then analyzed in the
view of their biological significance and compared with up-to-date literature reports to
verify findings. It needs to be emphasized here that the instrumental analysis was still
performed in the university laboratory; however, the presented sampling approach can
be combined directly with a mass spectrometer or other detector for fast quantitative
analysis [20-23].
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Carnitine is integral to the proper functioning of the enzymes (CPT-1, CPT-2, CACT)
involved in transporting long-chain fatty acids across the inner mitochondrial membrane.
Thus, this metabolite is considered a crucial regulator of the carnitine shuttle system [6,24].
Prior studies have examined levels of this metabolite in a variety of malignant neoplasms,
including glioma, hepatocellular carcinoma, breast cancer, and prostate cancer, with find-
ings showing higher concentrations in malignant tissues compared to histologically healthy
samples [6,11,12,25,26]. In our study, we did not compare healthy and cancerous samples;
rather, we compared cancerous samples with varying grades, with results indicating higher
carnitine content in higher-grade tumors. Furthermore, our results agreed with a prior
comprehensive metabolomic analysis of mutant and wild-type samples, which revealed
higher carnitine concentrations in glioblastoma cells without the IDH mutation [24]. The
higher levels of carnitine detected in HGG and IDHw could be related to the increased
metabolism of these tumors compared to LGG and IDHm, which is consistent with Melone
et al.’s [6] model of cancer metabolism. The carnitine shuttle system plays an important
role in cancer plasticity, and it enables the metabolic demands of proliferating cancer cells
to be fulfilled, even in adverse conditions.

The acylcarnitines identified in our study have also been observed by other researchers
in their work on different types of malignant neoplasms (e.g., kidney, or liver); however, these
prior works used sample preparation protocols that are more complex than SPME [11,27].
For instance, prior works have mainly used tissue homogenization, which is a sample-
consuming approach, followed by liquid-liquid extraction prior to instrumental analysis.
Thus, this method precludes the re-use of the sample with other diagnostic approaches.
Moreover, the SPME approach used in the present work combines sampling and extraction
into a single step, which greatly simplifies the sample preparation procedure. The utility
of this non-sample-consuming technique for tissue analysis has been widely reported
elsewhere [9,28-30].

The characteristic correlation clustering of SCAC and LCAC (in two separate clusters)
was observed (Figure 1). The MCAC correlation clusters did not show clear patterns. Lu
etal. [11] obtained similar results in their attempt to profile acylcarnitines in liver cancer,
namely, that LCAC and SCAC formed separate correlation clusters. This phenomenon
could be the result of the dependence of long-acyl-chain acylcarnitines on the enzymes
in the carnitine shuttle system. Due to their small size, acylcarnitines with short acyl
chains are able to pass through the mitochondrial membrane without the support of CPT-1,
CPT-2, and LCAD, whereas the passage of LCAC is strictly controlled by the carnitine
shuttle system [3]. The MCAC transport system is supposed to fall in between these two
regulations.

The first of the studied factors was tumor malignancy grade. It was observed that
the high malignancy status corresponded to a higher level of acylcarnitines (Table 1,
Figure 2A). This could be explained by activated proliferation and the higher rates of
metabolism in malignant lesions. The findings of Kant et al.’s [3] study of FAO in gliomas
showed that glioblastomas contained higher levels of acylcarnitines compared to low-
grade astrocytomas, which could be due to enhanced activity among carnitine shuttle
enzymes [3].

One of the main prognostic factors with respect to gliomas is the presence of a mu-
tation in the gene encoding isocitrate dehydrogenase (IDH) [2,5], which is the enzyme
responsible for catalyzing the oxidative decarboxylation of isocitrate to 2-oxoglutarate
in the tricarboxylic acid (TCA) cycle. During this process, nicotinamide adenine dinu-
cleotide phosphate (NADP*) is reduced to nicotinamide adenine dinucleotide phosphate
(NADPH) [31,32], which serves as a redox power for overcoming oxidative stress gen-
erated during cancerogenesis, as well as a co-enzyme in anabolic processes resulting in
cellular proliferation. FAO by production of acetyl CoA, which is the TCA substrate, can be
influenced by alterations related to IDH mutation [32]. This could explain our observations
of higher levels of carnitine esters in wild-type samples (Figure 2B), but the changes in
the levels of particular acylcarnitines are not consistent. Therefore, further investigation
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is needed to fully elucidate the data (Table 1). It is likely that IDH mutation leads to
changes in the activity of the carnitine shuttle system, which in turn results in the observed
metabolic changes. This assumption could help to improve the prognosis of IDHm patients,
as the down-regulation of fatty acid transport reduces the proliferation rate of cancer cells
and, ultimately, tumor malignancy [2,5,33]. A similar observation has been reported by
Miyata et al. [24], who also identified lower concentrations of carnitine and acetylcarnitine
in IDH-mutant gliomas compared to the wild-type variants. However, these reports are
not consistent because Kant et al. [3] did not observe any major differences in the amount
of detected carnitine and its esters.

Testing aimed at detecting the co-deletion of chromosomes 1p and 19q and IDH
mutation is one of the main genetic approaches to glioma diagnosis, as it enables the
differentiation of oligodendriogliomas from astrocytomas [2,5]. In our study, we did not
observe significant changes in the acylcarnitine level between samples without and with
1p/19q codeletion, with the exception of AC 16:1 in which the normalized level was
significantly lower in n-del samples (Table 1, Figure 2C). It was not possible to explain
the direct biochemical correlation between lipid metabolism and the presence of 1p/19q
co-deletion based on the available literature. However, it is worth mentioning that the
patients without this aberration had poorer responses to radiotherapy and worse survival
rates compared to patients with the 1p/19q co-deletion [34]. Therefore, slightly higher
levels of carnitine intermediates in wildtype might help to explain different responses to
radiotherapy among patients with diverse status of this aberration in the future.

The investigations presented herein demonstrated that the use of SPME sampling of
intact brain tumors on-site followed by untargeted LC-HRMS analysis in the lab enabled
carnitine and 22 of its esters to be profiled in glioma samples. The results of this study
confirmed that alterations in the carnitine shuttle system might be an important factor in
estimating glioma malignancy and assessing clinical prognosis. Our findings also revealed
that SCAC and LCAC formed clearly separated correlation clusters, which could indicate
their different levels of dependence on the carnitine shuttle system. Moreover, we were able
to profile carnitine and acylocarnitines in glioma samples. We observed that the content
of carnitine and acylcarnitines was usually higher in higher-malignancy tumors (HGG
vs. LGG) or in patients with worse clinical outcomes (IDHw vs. IDHm and with 1p/19q
co-deletion vs. without 1p/19q co-deletion). However, it was not possible to form any firm
conclusions due to the high heterogeneity among the studied samples, small cohort, and
the lack of results obtained using reference methods (e.g., using immunochemistry to assess
enzyme activity). At the same time, despite these obvious limitations of the presented
studies, the results indicated validity of further in-depth targeted quantitative analysis
with the use of the proposed SPME sampling protocol and LC-MS/MS method. In the
future, it may be possible to obtain more detailed information about the biology of brain
tumors by combining in situ SPME sampling coupled to LC-MS/MS with histological,
immunochemical, or genetic platforms. Moreover, in the view of the recent work which
demonstrated that SPME enables spatially resolved analysis of the living human brain [35],
it can be expected that one of the future directions in carnitine analysis will be their
simultaneous profiling in cancerous and normal tissue.

4. Materials and Methods
4.1. Biological Material

Primary brain tumors were obtained via neurosurgical procedures conducted at the
10th Military Research Hospital and Polyclinic in Bydgoszcz, Poland. Overall, 19 samples
were analyzed. The characteristics of these samples were as follows: 7 were low-grade
gliomas (LGG) and 12 were high-grade gliomas (HGG); 10 were IDH mutant (IDHm)
tumors, and 9 were IDH wild-type (IDHw) tumors; 7 featured 1p/19q co-deletion (del),
while 12 did not (n-del). A detailed summary of the patients’ characteristics is presented in
Table S3 in the Supplementary Materials.

The study was approved by the Bioethical Committee in Bydgoszcz, Poland (KB 628/2015).
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The grades of studied tumors were assessed by a histopathologist. Grade 1 and 2
tumors were included in the low-grade glioma (LGG) group. Grade 3 and Grade 4 tumors
were included in the high-grade glioma (HGG) group.

The IDH status and 1p/19q codeletion presence were assessed with the use of SALSA
MLPA P088-D1 kit (MRC-Holland, Amsterdam, the Netherlands) according to the manu-
facturer’s protocol.

4.2. Chemical Biopsy (Solid-Phase Microextraction) Protocol

Sampling was conducted using 7 mm C18 fibers kindly provided by Supelco, Merck,
immediately following the removal of the brain tumor. To this end, the protocol developed
by Bogusiewicz et al. [12] was employed, with minor modifications. The fibers were
preconditioned overnight in a methanol:water (1:1 /) solution to activate the sorbent and
were rinsed with water directly before sampling in order to remove any organic solvent
residue. The fibers were then inserted into the tumor tissue for 30 min and then rinsed
again in water to remove any residues from cell debris or blood. The brain tumor sampling
was performed at room temperature. To verify the potential impact of temperature on
the stability of investigated compounds, the data obtained at room temperature were
compared with the results of the extraction carried on ice (Table $4). The experiment was
performed using fresh mouse brain as a model tissue. Five fibers were inserted in the area
of the hypothalamus. Two of the metabolites showed significant differences.

After extraction, the fibers were stored in a freezer at —30 °C until desorption (1 h),
which was conducted in silanized glass vials with 150 uL of an isopropanol:methanol
(1:1 v/v) solution and agitation at 1200 rpm. Pooled quality control (QC) and extraction
blanks (negative control) were also prepared.

4.3. Instrumental Analysis

The liquid chromatography-high resolution mass spectrometry (LC-HRMS), plat-
form consisted of a Dionex UltiMate 3000 RS autosampler, a Dionex Ultimate 3000 RS
pump (Thermo Fisher Scientific, Dionex, Bremen, Germany), and a QExactive Focus high-
resolution mass spectrometer (Thermo Fisher Scientific, Bremen, Germany).

LC analysis was conducted using the following parameters: phase A—5 mM ammo-
nium acetate in water; phase B—acetonitrile; gradient—0.0-2.0 min 96% B, 15.0 min 80% B,
15.1-21.0 min 96% B; SeQuantZIC-cHILIC—3 um 100 x 2.1 mm column; flow—0.4 mL/min;
oven temperature—40 °C; and injection volume—10 uL.

The present study used positive ion mode with the following parameters: a scan
range of 100-1000 n/z; acquisition via AGC (1,000,000 ions); a spray voltage of 1.5 kV; an
S-lens RF level of 55%; an S-lens voltage of 25 V; a skimmer voltage of 15 V; a capillary
temperature of 325 °C; sheath gas at 60 a.u.; aux gas at 30 a.u.; spare gas at 2 a.u.; and a
probe heater temperature of 320 “C. Only acylcarnitines in the extraction QC samples with a
coefficient of variation (CV) of less than 10% were accepted for analysis. These acylcarnitines
were identified by matching their fragmentation patterns with spectra libraries at a mass
accuracy of <3 ppm (the presence of characteristic fragment: 85.0290 peak in MS/MS
spectra). Full MS/dd-MS2 discovery mode was used for this purpose. Matching was
conducted using the following fragmentation parameters: mass resolution—35000 FWHM;
AGC target—2E4; minimum AGC—S8E3; intensity threshold—auto; maximum IT—auto;
isolation window—3.0 m/z; stepped collision energy—20V, 30 V, 40 V; loop count—2; and
dynamic exclusion—auto.

4.4. Data Processing and Statistical Analysis

Acylcarnitine identification was performed using LipidSearch 4.1.30 (Thermo Fisher
Scientific, San Jose, CA, USA) software, which is capable of identifying simple-chain
carnitine esters with eight or more carbons in their structure (AC C8:0) (Table S5 in the
Supplementary Materials). As such, carnitine and acylcarnitines with shorter chains were
searched manually using mzCloud and the Human Metabolome Database (HMDB).
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Statistical analysis was conducted using Statistica 13.3 PL (StatSoft, Inc., Tulsa, OK,
USA) software. The average peak area for all analytes was calculated, and statistical tests
were applied. In particular, Levene’s test was used to assess variation, and the Shapiro-Wilk
test was applied to assess normality. A T-test was subsequently applied when variation
was homogenous and the variables were normal, while the Mann-Whitney U Test was
used in all other cases.

For in-depth analysis of particular acylcarnitines, normalization on acylcarnitine
groups was performed (SCAC, MCAC, LCAC).

Supplementary Materials: The following are available online. Figure S1. Correlation plot of short
chain acylcarnitines and long chain acylcarnitines; Table S1. Detailed list of normalized peak areas in
all samples; Table S2. Ratios of selected acylcarnitines and carnitine used to estimate the activity of
enzymes related to the carnitine shuttle system; Table S3. Detailed description of samples included
in the study; Table $4. Selection of sampling condition. Comparision of sampling on ice and in the
room temperature. Table S5. Acylcarnitines which could be identified using LipidSearch.
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Figure 81. Correlation plot of short chain acylcarnitines and long chain acylcarnitines.

LCAC = long=-chain-length acylcarnitine; SCAC = short-chain-length acylcarnitines
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Table S1 Detailed list of normalized peak areas in all samples.

AC - acylcarnitine;

Number 102 104 108 110 111 112 17 120 122 125 128 129 130 131 132 133
AcCa(2:0) 046 070 058 056 059 0.76 0.73 0.63 057 089 068 027 059 062 048 043
AcCa(3:0) 001 004 006 008 006 003 0.14 0.06 001 002 003 007 005 003 008 002
AcCa(4:0) 018 007 012 008 009 0.10 0.06 0.09 017 005 017 012 016 018 016 019
AcCa(s:1) 001 0.01 000 001 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 001 000 001
AcCa(5:0) 034 048 024 027 025 0.12 0.08 021 024 003 o011 053 019 017 029 035
AcCa(6:0) 074 078 073 061 0.15 073 032 0.14 056 021 060 023 047 038 039 029
AcCa(8:0) 019 021 018 023 030 017 032 0.32 027 036 033 039 031 033 044 039
AcCa(9:0) 000 000 000 000 001 0.00 0.03 0.03 000 000 000 001 0.01 0.00 001 0.00
AcCa(10:1) 001 000 002 005 009 0.00 0.19 0.19 0.01 008 001 0.05 002 003 003 008
AcCa(10:0) 006 001 007 011 045 0. 0.14 032 016 035 006 033 019 026 013 023
AcCa(12:1) 004 000 007 006 013 0.01 0.4 0.08 005 010 002 003 0.01 002 002 001

AcCa(12:0) 007 002 007 009 017 0.03 0.05 011 006 014 007 006 006 002 008 002
AcCa(14:2) 001 000 003 007 005 0.00 0.02 0.06 003 005 000 003 0.01 000 003 001
AcCa(l4:1) 015 005 016 011 014 007 0.09 0.12 013 015 012 012 009 004 007 004
AcCa(14:0) 013 008 010 015 007 0.08 0.07 0.08 009 012 010 006 0.11 009 010 005
AcCa(l6:1) 016 009 008 005 008 0.08 0.11 0.07 016 008 009 014 009 019 005 022
AcCa(16:0) 020 033 022 026 015 034 029 023 024 018 029 023 030 035 040 026
AcCa(18:2) 004 004 002 002 003 0.05 0.06 0.04 003 003 005 005 002 003 003 008
AcCa(18:1) 020 029 019 016 014 030 024 0.15 021 012 026 027 022 025 018 030
AcCa(20:4) 000 002 005 002 001 0.02 0.03 0.01 000 003 000 001 003 000 002 001
AcCa(20:3) 000 000 000 000 001 0.00 0.00 0.01 000 000 000 001 002 000 000 001
A 20:1) 000 008 000 000 002 0.02 0.00 0.01 0.00 000 001 0.00 004 000 001 0.00
Table S2. Ratios of selected acyl itines and itne used 1o estis the activity of enzymes related to the carnitine shuttle system
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0.01
0.15
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0.01
0.03
0.15
0.07
0.12
0.06
017
0.09

0.15
0.03
0.12

0.02
0.00

0.18

0.01
0.01

AC - ncyl 5 CV - del ~ presence of 1p/19g co-deletion; HGG ~ high-grade glioma; IDHm ~ IDH mutation, IDHw ~ IDH wildtype; LCAC ~ long-chain-length
acylearnitine; LGG — low-grade glioma; MCAC ~ medium-chain-length acylcarnitines; n-del - absence of 1p/19q co-deletion; SCAC - short-chain-length acylcarnitines
malignancy grade IDH mutation status 1p/19q codeletion status
a LGG HGG E e IDHm IDHw E ] del nde S
E o Compound 5 22 3 i3 3
> ¢ f cdgf ° Petegd’ fofloegt®
H H == H H <= H H Ea
AcCa(2:0) 0668 21% 0579 24% 087 0191 0620 30% 0603 10% 097 0803 0639 26% 059% 2% 093 0532
5] AcCa(3:0) 0023  49% 0067 44% 289 0.002° 0039 100% 0065 25% 168 0074 0036 126% 0060 32% 168 0.116
5 AcCa(4:0) 0131 2% 0112 3% 085 0385 0.122 44% 0.115 31% 094 0750 0032 46% 0111 29% 084 0335
L AcCa(s:1) 0007 38% 0007 66% 095 0841 0008 46% 0006 68% 078 0349 0008 47% 0007 62% 083 0472
AcCa(5:0) 0171  58% 0235 S52% 138 0255 0212 73% 0211 27% 100 0985 0.85 70% 0227 49% 122 0468
AcCa(6:0) 0571 37% 0377 49% 066 0051 0469 47% 0426 51% 091 0677 0420 43% 0465 51% LIl 0673
< AcCa(8:0) 0267 28% 0320 22% 120 0135 0295 27% 0307 24% 104 0737 0310 21% 0295 28% 095 0684
5 AcCa(9:0) 0000 265% 0009 117% 2998 0045 0004 223% 0008 126% 2.12 0334 0005 214% 0007 143% 137 0.708
= AcCa(10:1) 0020 147% 0076 78% 386 0032° 0051 113% 0060 97% LI8 0739 0066 9% 0049 112% 074 0538
AcCa(10:0) 0142 88% 0218 S52% 153 0193 0182 62% 0199 67% 109 0767 0199 48% 0185 74% 093 0815
AcCa(12:1) 0.034  100% 0051 66% 150 0310 0035 81% 0055 69% 156 0218 0045 62% 0045 86% 099 0985
AcCa(12:0) 0061  69% 0082 50% 134 0300 0056 67% 0093 40% 166 0.47" 0065 64% 0079 53% 122 048]
AcCa(14:2) 0013 160% 0035 57% 272 0034 0018 97% 0036 67% 194 0091 0022 82% 0029 84% 133 0507
AcCa(14:1) 0102 46% 0108 35% 106 0761 0097 45% 0.116 31% L19 0321 0.105 45% 0107 35% 102 0920
v AcCa(14:0) 0099 18% 0088 30% 089 0344 0089 27% 0096 25% 108 0510 0094 27% 0091 26% 096 0772
= AcCa(16:1) 0119  39% 0098 46% 082 0345 0130 38% 0078 22% 0.60 0.008" 0142 36% 0084 26% 059 0003
3 AcCa(16:0) 0276 26% 0253 27% 092 049 0266 23% 0256 31% 096 0758 0252 23% 0267 28% 106 0.649
AcCa(18:2) 0.040  25% 0042 40% 105 0784 0045 32% 0036 35% 079 0143 0045 39% 0038 31% 086 0366
AcCa(18:1) 0231 27% 0200 27% 087 0272 0234 25% 0.186 26% 079 0071 0212 27% 0211 29% 100 0984
AcCal20:4) 0010 131% 0025 66% 243 0062 0014 85% 0025 78% L77 0157 0013 108% 0023 75% L73 0227
AcCal20:3) 0001 265% 0009 89% 1389 0016 0003 147% 0009 103% 2.87 0093 0003 148% 0007 117% 217 0282
AcCa(20:1) 0015  193% 0011 _117% 071 0.653 0011 225% 0014 95% 125 0770 0002 215% 0.019 121% 1L19 0.068

“the average peak area for HGG is statistically significantly different from LGG. p<0.05
* the average peak area for IDHw is statistically significantly different from IDHm. p<0.05
< the average peak area for n-del is statistically significantly different from del. p<0.05
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Table §3 Detailed descrij of included in the study

AC < acylcarmitine; del - presence of 1p(19q co-deiction; F ~ female; HGG ~ high-grade glioma; IDHm ~ 1DH mutation, IDHw ~ IDH wildtype; LGG - low-grade glioma; n-del - absence of 1p/19g
co-deletion; M- male

IDHL
/19 co- s
Number Age Gender Grade* deletion o Location Diagnosis**
stats o
102 33 F LGG del IDHm  right frontal Oligodendroglioma, IDH-mutant, and 1p/19g codeleted, Grade 2
104 32 M LGG n-del  IDHm  left temporo-parietal Astrocytoma, IDH-mutant, Grade 2
108 52 F HGG n-del  IDHw  bifrontal Glioblastoma, IDH-wildtype, Grade 4
110 64 M HGG n-del  IDHw right temporal Glioblastoma, IDH-wildtype, Grade 4
1 7 M HGG o-del  IDHw ledt temporal Glioblastoma, IDH-wildtype, Grade 4
12 40 F LGG n-del  IDHm  right frontal Astrocytoma, IDH-mutant, Grade 2
17 3 M HGG del IDHm  left parietal Oligodendroglioma, TDH-mutant. and 1p/19g codeleted, Grade 3
120 50 M HGG n-del  IDHw Jeft frontal Glioblastoma, IDH-wildtype, Grade 4
122 52 F LGG del IDHm  left frontal Oligodendroglioma, IDH-mutant. and 1p/19g codeleted, Grade 2
125 59 M LGG del IDHm  right parietal Oligodendroglioma, IDH-mutant, and 1p/19q codelered, Grade 2
128 29 F LGG n-del  IDHw left thalamus Pilocytic astrocytoma, Grade |
129 30 F HGG n-del  IDHm Jeft frontal Astrocytoma, IDH-mutant, Grade 4
130 69 M HGG ndel  IDHw  bifrontal Glioblastoma, IDH-wildiype, Grade 4
131 71 F LGG del  IDHm Jeft frontal Oligodendroglioma, IDH-mutant, and 1p/19q codeleted, Grade 2
132 24 M HGG n-del IDHw  fourth ventricle Posterior fossa ependymoma, Grade 3
133 2 M HGG del IDHm  right frontal Oligodendroglioma, IDH-mutant, and 1p/19q codeleted, Grade 3
135 78 F HGG n-del  IDHw  right frontal Glioblastoma, IDH-wildtype, Grade 4
136 60 M HGG n-del  IDHw left fronto-parietal Glioblastoma, IDH-wildtype, Grade 4
138 39 i HGG del  IDHm right frontal Oligodendroglioma. IDH-mutant, and 1p/19q codeleted, Grade 3

* Grade | and 2 tumors were included in the low-grade glioma (LGG) group; Grade 3 and grade 4 numors, respectively, were included in the group of high-grade gliomas
(HGG)
**Tumor diagnoses were verified according to the 2021 WHO brain tumor classification

Table S4 Comparision of sampling on ice and in the room temperature

For this purpose 5 C18 fibers were inserted in the mouse brains (region of hypthalmus, n=2). The sampling from one mouse was conducted on ice and from another one at room
temperature. Sampling and analysis conditions were the same as in the experi p d in Materials and Methods section. The obtained peak areas for all acylcamitines
were normalized on peak areas for SCAC, MCAC and LCAC.

AC - acylcarniting; CV - coefficient of variation; F ~ sampling on ice; LCAC ~ long-chain-length acylcarnitine; MCAC ~ mediton-chain-length acylcarnitines; RT ~ sampling in the room
temperature; SCAC ~ short-chain-length acylcarnitines

Group

5 FI F2 F3 F4 ¥S & 2 RII RT2 RT3 m‘am‘sggégi

35

0.600

AcCa(2:0) 0729 0826 0788 0723 0648 0743 9% 0747 0806 0841 0705 0724 0764 7% 0. Y
0.221

AcCa(3:0) 0048 0051 0052 0056 0057  0.053 8% 0059 0048 0046 0088 0081 0064 30% 082
AcCa(4:0) 0095 0075 0094 0119 0.127 0102  21% 0122 0091 0073 0107 0115 0101 19% 101 L
AcCa(5:1) 0001 0001 0000 0001 0.001 0.001  54% 0001 0001 0001 0001 0002 0001 32% 078 0380
AcCa(5:0) 0.128 0047 0066 0100 0167 0102  47% 0072 0055 0039 0098 0078 0068 33% 148 0200

110

0.90

100

0.70

SCAC

AcCa(6:0) 0667 0681 0662 0633 0676  0.664 3% 0626 0584 0638 0578 0586 0.602 5% 0.@3‘

O AcCa(8:0) 0.180 0.187 0.187 0214 0.204 0.194 7% 0213 0229 0186 0221 0230 0216 8% 0.069
S AcCa9:0) 1 3 8 2 2 i z 3 i : < 2 % 5 2
2 AcCa(10:1) 0055 0038 0044 0053 0.040 0.046 17% 0050 0045 0037 0047 0049 0046 11% 0.964
AcCa(10:0) 0098 0094 0.107  0.100 0.079 0.096 1% 0111 0142 0139 0153 0135 0136 11% . 0.001*
AcCa(12:1) 0021 0006 0019 0016 0.023 0.017 38% 0017 0016 0006 0009 0003 0010 59% 168 0.119
AcCa(12:0) 0058 0056 0061 0.041 0.068 0.057 17% 0060 0058 0030 0041 0032 0044 32% 129 0.137
AcCa(14:2) 0014 0002 0012 0007 0.013 0.010 52% 0008 0009 0005 0008 0002 0006 47% 154 0229
AcCa(l4:1) 0075 0064 0064 0454 0.069 0.145 119% 0071 0064 0345 0052 0035 0114 115% 128 0752
AcCa(14:0) 0100 0098 0.103  0.060 0.104 0.093 20% 0112 0112 0079 0106 0105 0103 13% 091 0392
2 AcCa(l6:1) 0098 0078 0089 0058 0.089 0.082 18% 0.094 0104 0058 008 0077 0084 21% 098 0897
S AcCa(16:0) 0235 029 0251 0.142 0.261 0.236 24% 0242 0257 0224 0343 0380 0289 24% 082 0217

AcCa(18:2) 0045 0040 0.043 0020 0029 0035 30% 003 0041 0023 0035 0020 0032 33% 109 0659
AcCa(18:1) 0209 0226 0219 0129 0212 0199 20% 0210 0215 0156 0231 0238 0210 15% 095 0634
AcCa(20:4) 0.136 0133 0130 0068 0126 0119 24% 0140 0114 0066 0078 009 0098 30% 121 0292
AcCa(20:3) 0001 0001 0003 0000  0.001 0001  79% 0001 0003 0003 0001 0000 0002 74% 076 0578

AcCa(20:1) 0009 0005 0007 0004 0005 0006  31% 0002 0007 0006 0011 0018 0009 67% 0.68 0333

¥ the average normalized peak area for F is statistically significantly different from RT. p<0.05
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Table S5 Aylcarnitines which could be identified using LipidSearch

AC — acylcarnitine; m/z — mass-to-charge ratio

M/Z

AC [M+H+]

AC C8:0 288.2169
AC C9:0 302.2326
ACCl10:4 308.1856
ACC10:3 310.2013
ACCl10:2 312.2169
AC C10:1 314.2326
AC C10:0 316.2482
ACCl1:4 3222013
ACCI11:3 324.2169
ACCI11:2 326.2326
ACCl11:1 328.2482
ACCI11:0 330.2639
ACCl12:4 336.2169
ACCI12:5 338.2326
ACCl12:2 340.2482
ACCl2:1 342.2639
ACCI12:0 344.2795
ACC13:0 358.2952
ACCl14:4 364.2482
ACC14:3 366.2639
ACCl4:2 368.2795
ACCl4:1 370.2952
ACC14:0 3723108
AC C15:0 386.3265
ACCl6:1 398.3265
AC C16:0 400.3421
ACCI17:1 412.3421
ACCI17:0 414.3578
ACCl18:4 420.3108
ACCI8:3 422.3265
ACCI18:2 424.3421
ACC18:1 426.3578
AC C18:0 428.3734
ACC19:1 440.3734
AC C19:0 442.3891
AC C20:5 446.3265
AC C20:4 448.3421
AC C20:3 450.3578
AC C20:2 452.3734
AC C20:1 454.3891
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AC C20:0 456.4047
AC C21:1 468.4047
ACC21:0 470.4204
AC C22:6 472.3421
AC C22:5 474.3578
AC C22:4 476.3734
AC C22:3 478.3891
AC C22:2 480.4047

AC C22:1 482.4204
AC C22:0 484.4360
AC C23:1 496.4360

ACC23:0 498.4517
AC C24:2 508.4360
AC C24:1 5104517
AC C24:0 512.4673
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7.3. Zastosowanie biopsji chemicznej do przestrzennego profilowania

ludzkiej tkanki moézgowej in vivo — P.3.

Opis dotyczy pracy: J. Bogusiewicz, K. Burlikowska, K. tuczykowski, K. Jaroch, M. Birski,

J. Furtak, M. Harat, J. Pawliszyn, B. Bojko: New Chemical Biopsy Tool for Spatially

Resolved Profiling of Human Brain Tissue in vivo. Scientific Reports, 2021, 11, 19522

Wykonywanie analiz biochemicznych mézgu, szczegdlnie u ludzi, jest niezwykle trudne ze
wzgledu na ograniczony dostep do tego narzadu. W praktyce klinicznej podstawowym
narzedziem w diagnostyce guzéw madzgu sg techniki obrazowania, ale dostarczajg one jedynie
ograniczonych informacji na temat sktadu chemicznego. Wprowadzenie nowych technik do
diagnostyki neuroonkologicznej, a szczegdlnie platform diagnostycznych opartych na
spektrometrii mas, stworzyto szeroki wachlarz wczesniej nieosiggalnych mozliwosci.
W zwigzku z tym w niniejszej pracy zaprezentowano mozliwo$¢ zastosowania biopsji
chemicznej w neuroonkologii. Wczes$niejsze badania ex vivo i in vivo mozgéw zwierzat
wykazaty, ze biopsja chemiczna jest bezpieczna, umozliwia niskoinwazyjng analize nietrwatych
substancji endogennych, a takie umozliwia zahamowanie metabolizmu ekstrahowanych
zwigzkow.

Niniejsza praca przedstawia, zgodnie z naszg wiedzg, pierwsze zastosowanie SPME
w badaniach mézgu cztowieka. Docelowo proponowana strategia ma stuzy¢ do jednoczesnej
ekstrakcji biomarkeréw z tkanki nowotworowej i nienowotworowej, czy tez z tkanki
uszkodzonej i zdrowej. Ze wzgledu jednak na rdézing wielkos¢ i lokalizacje zmian
nowotworowych a takze ich heterogennos¢ guzéw uproszczono badania wstepne i zamiast
probkowania tkanki zdrowej i chorobowo zmienionej przeprowadzono przestrzenng analize
istoty biatej i szarej mézgu.

Niezbedne byto zastosowanie modyfikacji sondy SPME ze wzgledu na koniecznos¢ osiggniecia
kompromisu pomiedzy potrzebami analitycznymi, a uzytecznosciag w trakcie zabiegu
neurochururgicznego. Przede wszystkim czas ekstrakcji analitdw musiat by¢ wystarczajgco
dtugi, aby zapewni¢ odpowiednig czutosc¢ i jako$¢ pozyskanych danych, ale takze dos¢ krotki,

aby byt akceptowalny dla neurochirurga i pacjenta, ktory w trakcie zabiegu byt swiadomy.
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Kolejnym aspektem byta diugos¢ fazy ekstrakcyjnej na sondzie, bowiem im wieksza
powierzchnia sorpcyjng (dtusza faza sorpcyjna na wtéknie), tym wiekszy odzyk analitow. Ze
wzgledu jednak na to, ze grubosc¢ istoty szarej to ok 2,5mm to sorbent musiat by¢ na tyle krotki
aby zmiescit sie w badanej tkance. W zwigzku z tym, aby zwiekszy¢ powierzchnie sorpcyjna
sondy wprowadzonej do danego rodzaju tkanki i aby jednoczesnie czasu poboru proébki
potgczono 4 witdkna razem. Dwa witdkna byty ulokowane na innej wysokosci niz dwa pozostate.
Dzieki takiemu rozwigzaniu mozliwe byto wprowadzenie sondy jednoczes$nie do istoty biatej
i szarej. Czas pobierania probki natomiast zostat ustalony na 4 minty. Zaznaczy¢ nalezy takze,
ze w celu zminimalizowania ryzyka wprowadzenia dodatkowych uszkodzen mézgu pacjenta,
sondy mikroekstrakcyjne wprowadzono wzdtuz zaplanowanej trajektorii igty biopsyjne;j.
Finalnie wielosondowe urzadzenie zostato zastosowane do jednoczesnej ekstrakcji
metabolitdw z istoty biatej i szarej pacjentéw poddawanych biopsjom guza mézgu.

Analiza metabolomiczna i lipidomiczna wykazata, ze badane struktury mozgu sktadaty sie
gtownie z lipidéw, a stezenie i réznorodnos¢ wykrytych metabolitéw byta nieco wyzsza
w istocie biatej niz w istocie szarej. Niewielka liczba uczestnikow tych badan uniemozliwia
jednak wycigganie wnioskéw na poziomie biochemicznym. Niemniej, zaobserwowano, ze
mozliwym jest przeprowadzenie przestrzennej charakterystyki metabolomicznej ludzkiego
moézgu in vivo z wykorzystaniem szybkiego i mato inwazyjnego sposobu. Nie dochodzi przy tym
do zaktdcenia rutynowych procedur medycznych (np. biopsji). Proponowana metoda moze
by¢ komplementarna wobec innych technik stosowanych w neurobiologii, jak np. mikrodializy
czy metod elektrochemicznych. SPME pozwala bowiem na ekstrakcje réznych rodzajow
zwigzkdéw od hydrofobowych lipidéw po bardziej polarne aminokwasy czy cukry. Podczas gdy
mikrodializa (MD, ang. microdialysis) umozliwia pozyskanie do analizy gtdwnie analitow
polarnych, jak np. aminokwasy. Metody elektrochemiczne natomiast wykorzystywane sg do
celowanej analizy konkretnych substancji co moze zmniejszy¢ zakres prowadzonych badan.
Przy mikrodializie sonda zawierajgca dwie réwnolegte kapilary zwienczone u szczytu sondy
potprzepuszczalng membrang jest umieszczona w mdzgowiu pacjenta. Pompa persystaltyczna
wpompowuje roztwor o odpowiednim sktadzie przez jedng z kapilar. Na odcinku gdzie
wystepuje poétprzepuszczalna membrana dochodzi do przechodzenia do ptynu dializacyjnego

analitow zgodnie z rdznicy stezen. Drugg kapilarg dializat jest kierowany do probdéwki lub
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analizatora. Jedli z powierzchnig membrany nieswoiscie bedg oddziatywac np. zwigzki lipidowe
to moze dojs¢ do zablokowania procesu dializy. Przy SPME ten problem nie jest obserwowany.
Warto tez nadmienic, ze przy biopsji chemicznej nie jest konieczne wprowadzanie kaniuli przez
ktérg pobiera sie prébke, jak to ma miejsce przy mikrodializie.

Przedstawione wyniki wskazujg, ze sondy SPME mogg potencjalnie znalez¢ zastosowanie
w badaniach s$rédoperacyjnych, a sposéb detekcji wynikdbw moze zostaé¢ odpowiednio
zoptymalizowany poprzez zastosowanie zminiaturyzowanych spektrometréw mas lub poprzez

zastosowanie detekcji fluoroscencyjnej albo spektroskopii Ramana.
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Kopia pracy P.3.
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OFEN New chemical biopsy tool
for spatially resolved profiling
of human brain tissue in vivo

Joanna Bogusiewicz?, Katarzyna Burlikowska', Kamil tuczykowski*, Karol Jaroch?,
Marcin Birski?, Jacek Furtak?, Marek Harat>*=, Janusz Pawliszyn*™ & Barbara Bojko*™

Itis extremely challenging to perform chemical analyses of the brain, particularly in humans,
due to the restricted access to this organ. Imaging techniques are the primary approach used in
clinical practice, but they only provide limited information about brain chemistry. Solid-phase
microextraction (SPME) has been presented recently as a chemical biopsy tool for the study of animal
brains. The current work demonstrates for the first time the use of SPME for the spatially resolved
sampllng of the human brain in vivo. Specially designed multi-probe sampling device was used to

ly extract metabolites from the white and grey matter of patients undergoing brain
tumor biopsies. Samples were collected by inserting the probes along the planned trajectory of the
biopsy needle prior to the procedure, which was followed by bolomic and lipidomic analyses.
The results revealed that studied brain structures were predomi ly composed of lipids, while the
concentration and diversity of detected metabolites was higher in white than in grey matter. Aithough
the small number of participants in this research precluded conclusions of a biological nature, the
results highlight the advantages of the proposed SPME approach, as well as disadvantages that
should be addressed in future studies.

Neurolmaging methods enable the analysis of anatomical structures and functional changes in the brain. These
techniques are based on wide range of physicochemical phenomena, such as electrical activity (e.g., encephalog-
raphy), X-ray measurements (e.g., computed tomography), and magnetic field and computer-generated radlo
waves (e.g., magnetic resonance). Although the further development of these methods (e.g., the injection of
radiocontrast or radiotracers) has enabled greater temporal and spatal resolution and analysis of functional
changes in the brain, more invasive techniques are required for detatled explorations of the chemical composition
of brain tissue'?, Histopathology 1s the gold standard for diagnosing and analyzing diseases In clinical analysls,
especlally in neuro-oncology, followed by genetic and blochemical testing®. However, the main disadvantage of
“out of organism” examination s the fact that enzyme activity does not automatically stop when the sample is
removed*. To overcome this problem, some in vivo approaches, such as microdlalysis (MD) and methods based
on electrochemical detection, have been applied in neuroscience applications®.

The development of mass spectrometry (MS) has ylelded new sampling techniques that can be applied for
in vivo brain analysis. One such technique Is rapid evaporative fonisation mass spectrometry (REIMS), which
measures analytes present In “smoke” generated during the electrosurgical cutting of tissue. Another MS-based
technique Is probe electrospray fonization (PESI), which entatls depositing a drop of water mixed with ethanol
on the tissue surface. Analytes are extracted via this solution, and subsequently transferred to the electrospray
tonization source of the mass spectrometer with a metal needle, which enables the fonization of the analytes
when connected to high voltages”.

In recent years, solid-phase microextraction (SPME) has been successfully applied in in vivo studles®, Includ-
ing braln analyses of macaques’ and rats'®"*. SPME is based on the Interaction between compounds ina sample
and an extractive sorbent, with extraction taking place until equilibrium is reached between the respective
analyte concentrations in the sample and sorbent. Under certain conditions (1.e., when the volume of the sample
1s much higher than the volume of the extraction phase) the amount of analyte extracted 1s independent of the
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in Bydgoszcz, Nicolaus Copernicus University in Torun, Bydgoszcz, Poland. *Department of Neurosurgery, 10th
Military Research Hospital and Polyclinic, Bydgoszcz, Poland. 3Department of Neurosurgery and Neurology,
Faculty of Health Sciences, Collegium Medicum in Bydgoszcz, Nicolaus Copernicus University in Torun, Bydgoszcz,
Poland. “Department of Chemistry, University of Waterloo, Waterloo, Canada. Zemail: harat@10wsk.mil.pl;
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Figure 1. The construction of chemical biopsy probe.

sample volume'. Therefore, SPME can be used successfully in in vivo studles where the volume of the sampled
tissue or body flutd 1s not known or difficult to measure. The sampling procedure involves inserting a thin fiber
coated with a biocompatible sorbent into the tissue for a predetermined perlod of time. Following sampling, the
fiber 1s removed and subjected to a desorption step; after this desorption step has been completed, the extracted
substances can be analysed. In vivo SPME is commonly referred to as a “chemical biopsy;” as there is no need to
remove tissue or draw blood In order to analyze small metabolites®!%42.13.15,

The present study aims to assess SPME’s suitability for the spatially resolved metabolic characterization of
living human bratn tissue using a single sampling device and a short extraction time. Ultimately, the proposed
strategy Is Intended to be applied for the simultaneous extraction of blomarkers from neoplasma and non-neo-
plastic tissue, as well as from tnjured and non-injured tissue. To stmplify the experiment and uniform sampling
procedure In this proof of concept study, a profiling of white and grey matter was selected.

Materials and methods

Chemicals. External calibrant Plerce LTQ Velos ESI Positive Ion Calibration Solution and Pierce LTQ Velos
ESI Negative Ion Calibration was purchased from Thermo Sclentific, while all other chemicals were purchased
from Sigma Aldrich (Poznan, Poland). This research used LC-MS-grade Isopropanol, methanol, water, acetont-
trile, and mobile phase additives (formic acid, acetic acid, and ammonlum acetate), and HPLC-grade chloro-
form. The probes were prepared using N,N-dimethylformamide ACS reagent and polyacrylonitrile.

Materials. Three types of SPME fibers were used in the experiments: fibers coated with mix-mode ((MM)
mixture of strong catlon-exchange (SCX) and octyl (C8) particles) and octadecyl (C18) sorbents, both of which
were kindly provided by Supelco, Merck; and hydrophilic-lipophylic balanced (HLB) fibers, which were man-
ufactured in-house according to the protocol described ins. HLB particles were kindly provided by Waters
(Wilmslow, UK.).

Human biological material. Sampling was conducted at the 10th Military Research Hospital and Poly-
clinfc in Bydgoszcz during brain biopsy procedures on patients with brain lestons localized at least 2 cm below
the brain surface. Chemical blopsles (SPME samplings) were performed simultaneously on white and grey mat-
ter not affected by neoplastic changes using a spectally designed device (Fig. 1). An acquisition time of 4 min was
employed for sampling. Samples were obtained from elght patients whose detatled characterization s presented
in Table S.A.1 of Supplementary Materlals A. Written consent was obtained from each patient prior to undergo-
Ing the biopsy procedure.

In order to avold additional brain damage, the SPME fibers were inserted along the planned trajectory of the
blopsy needle. Sampling was performed by the neurosurgeon conducting the brain tumor blopsy procedure.

The study was approved by the Bloethical Committee of Nicolaus Copernicus University at Collegtum Medt-
cum in Bydgoszcz (KB 142/2017). The study protocol was performed in accordance with the relevant guidelines.
‘The written informed consent and consent for publication was obtained from human participants.

Solid-phase microextraction. General protocol for SPME.  Fibers with a coating length of 3 mm were
used for the experiments. To Increase the coverage, four fibers were Immobilized together ata set position, with
polyacrylonitrile (PAN) being used as a biocompatible glue. Two longer fibers were introduced into the white
matter of the brain, while the other two (1 cm shorter) were inserted into the grey matter. The construction of the

(2021) 11:19522 | https://doi.org/10.1038/s41598-021-98973-y nature portfolio
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Figure 2. Chemical bfopsy of brain tissue with the use of SPME probe.

device fs llustrated in Fig. 1. Depending on the analysis, two types of sorbent were used: MM for metabolomics,
and C18 for lipidomics.

Metabolomic analysis. Prior to sampling, the MM-fiber-based devices were preconditioned overnight in
methanol:water (1:1 v/v) solution. After preconditioning, the fibers were transferred to individual glass vials,
where they were sterilized In ethylene oxide in accordance with hospital protocols. The prepared devices were
then used to conduct sampling during the biopsy procedure (Fig. 2). The sampling procedure (extraction of
analytes) had a duration of 4 min. After extraction, the SPME device was removed and washed for 3 s. via static
Immersion {n water. Following washing, the device was dismounted, and the fibers were separated, securely
placed in labeled vials, and stored at —30 °C until liquid chromatography-high resolution mass spectrometry
(LC-HRMS) analysis. Immediately prior to instrumental analysis, the metabolites were desorbed from the fiber
using an acetonitrile:water (80:20 v/v) solution for 1 h with agltation at 1200 rpm. To Increase recovery rates, two
fibers used to the sample the same structure were desorbed together in one vial with 150 pl of desorption solvent.

Liptdomic analysis. Before being used, the C18-fiber-based devices were immersed in a chloroform:methanol
(2:1 viv) solution for 45 min with agitation at 1200 rpm, and then preconditioned overnight in methanol:water
(1:1 v/v) solution. Following preconditioning, the fibers were sterflized using the same protocol as was used for
the MM devices. Stmilarly, the experiments using the C18-fiber-based devices also utilized the same sampling
and storage procedures used in the experiments for the MM-based devices. Directly before instrumental analy-
sis, the analytes were desorbed from the fibers via submersion in 150 pl of an 1sopropancl:methanol (1:1 v/v)
solution for 1 h, with agitation at 1200 rpm. As in the metabolomics analyses, the two fibers used to sample each
structure (Le., two fibers for grey matter, and two for white matter) were desorbed together in one vial In order
to increase recovery. Silanized glassware was used for the lipidomic analyses.

Selection of SPME coating for lipidomics. The effectiveness of the sorbents used in the lipidomic studies was
assessed using brain tissue from a C57BL/6 mouse. According to European Unlon regulations, permission from
the Local Ethical Commission 1s not required for the post mortem use of animal tissue or organs for scientific
purposes. The mouse was euthanized via cervical dislocation, and its brain was immediately collected and stored
at —80 °C until analysis. Prior to sampling, the brain was thawed at room temperature, and then SPME probes
were Inserted into the hypothalamus for 15 min. The six fibers used for sampling were preconditioned overnight
1n a solution conststing of methanol:water (1:1 v/v) (three C18 and three HLB). After sampling, the fibers were
desorbed under the same conditions used in the liptidomic analyses (described above).

Liquid chromatography-high resolution mass spectrometry (LC-HRMS). Liquid chromatogra-
phy coupled with high-resolution mass spectrometry (Q Exactive Focus) was performed. Data acquisition was
performed using dedicated Thermo Scientific software, namely, Xcalibur 4.2 and Free Style 1.4. The mass spec-
trometer was externally calibrated, resulting in mass accuracy of <2 ppm.

Samples were randomized within the sequence, and instrument performance was monitored by running
pooled quality control (QC) samples composed of 10 pl of each sample every 4-5 injections. Instrumental blanks
(desorption solvent) and extraction blanks (negative control) were also injected every 4-5 samples.

The metabolomic analyses utilized reversed-phase liquid chromatography (RPLC) and hydrophilic-inter-
action liquid chromatography (HILIC) in positive and negative on mode. The protocol used In these analyses
has been detalled in'7'%,

The structure of the detected compounds was confirmed by matching their fragmentation patterns to spectra
libraries at a mass accuracy of <3 ppm. To this end, full MS/dd-MS2 discovery mode was used. The follow-
Ing fragmentation parameters were utilized for metabolomic analysis: mass resolution—35,000 FWHM; AGC
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target—2E4; mintmum AGC—8E3; Intensity threshold—auto; maximum IT—auto; isolation window—3.0 m/z;
stepped collislon energy— 10%, 20%, and 40%; loop count—2; and dynamic exclusion—auto.

Reversed-phase liquid chromatography (RPLC) and hydrophilic interaction chromatography (HILIC) in
positive fon mode were conducted for the lipidomic analyses. The protocol used for these analyses is detailed
In'7 and fon source conditions were given in'®.

As with the metabolomics analyses, the structure of the detected compounds was confirmed by matching
their fragmentation patterns to spectra librartes at a mass accuracy of<3 ppm. Full MS/dd-MS2 discovery
mode was used for this purpose. The fragmentation parameters used for liptidomic analyses were as follows:
mass resolution—35,000 FWHM; AGC target—2E4; minimum AGC—8E3; Intensity threshold—auto; maxi-
mum IT—auto; isolation window—3.0 m/z; stepped collision energy—10%, 20%, and 40%; loop count—2; and
dynamic excluslon—auto.

Data processing and statistical analysis. Compound Discoverer 2.1. (Thermo Fisher Sclentific, San
Jose, California, USA) software was used for metabolomics data processing and statistical analysis. The mass tol-
erance window was set to 3 ppm, the peak Intensity was set to > 10 000, the signal to noise threshold was set to 3,
and the max sample-to-blank ratio was set at > 5. Data was subjected to autoscaling, and the QC-based area was
used for correction (min 50% coverage, max 30% RSD in QC, normallzation by constant mean, fold change > 2
and P <0.05). After aligning the peaks, gap filling was applied to fill in any missing values by a very small peak at
the level of spectrum notse for the compound.

Following the annotation step, the compounds were searched for biological characteristics against HMDB,
PubMed, Chemspider and BloCyc databases. Next, a compound table, indluding all chromatography modes, was
created and entered into Metaboanalyst online software, and a pathway search was performed using the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database’. Fragmentation spectra were confirmed via online
databases such as LIPID MAPS, HMDB, METLIN, and mzCloud.

‘The data for the liptdomic studles was processed using LipdSearch 4.1.30 (Thermo Fisher Sctentific, San Jose,
Californta, USA) with the accuracy set to 3 ppm and the Intensity threshold set to 10 000. With the exception of
phosphatidic acids (PA), phosphatidylinositols (PI), and fatty aclds (FA), which are more characteristic for nega-
tive lon mode not used in this study, all dlasses of lipids were included into the search range for RPLC- HRMS™.
In contrast, for HILIC-HRMS only glycerolipids were excluded. The searched 1on adducts conststed of H*, NH,*
and Na*. An m-score of 10 and a retention time tolerance 0.25 min were utilized as the alignment settings. The
following parameters were used to filter obtalned results: for extraction control, an area coeffictent of variation
(CV) of <30 and not equal to 0; a QC and extraction blank area ratio >20; and a peak quality of> 0.85 for atleast
one of the studted groups.

To filter false positive liptd ID from LipidSearch results we applied identification grade filtering. Onlyl1pids of
which fatty actd chains and class were tdentified completely and lipids of which class and some fatty acld chains
were Identified (grade A and B, respectively).

Multivarlate statistical analysis was performed using the online Metaboanalyst software package®. Missing
values were estimated and replaced by small numbers (Le., half of the minimum positive values in the study data).
Logarithmic transformation and autoscaling were also applied. Finally, the following multivariative approaches
were utllized: principal component analysts (PCA), partial least squares discriminant analysls (PLS-DA), and
volcano-plot.

Baslc statistical analysis was performed using Statistica 13.3 PL (StatSoft, Inc., Tulsa, Oklahoma, USA) soft-
ware, while homogeneity was assessed via Levene’s test and normality was checked using the Shaptro-Wilk test.
The Student’s t-test was used to evaluate the statistical significance of the differences between the studled groups,
and the Mann-Whitney U test was employed when hypotheses about the normality and homogenelty of vari-
ance were not fulfilled. A p value of 0.05 was set as a threshold of statistical significance, and an F-test was used
to compare the standard deviations.

Peaks area for liptdomic data were normalized on the total peak area for all lipids and these values were used
for detatled statistical analysts.

Results

Chemical biopsy device. The four-fiber SPME device was successfully used to perform chemical blopstes
In the examined patients (Figs. 1, 2). The SPME device, which is smaller than the blopsy needle, was Inserted
prior to the standard blopsy procedure along the trajectory planned for the blopsy needle in order to prevent
any excesslve tissue damage. The entire SPME procedure took less than 5 min. It 1s also worth noting that no
mechanical damage (e.g., crumbling of the sorbent, fiber fractures, decomposition) to the device was observed.

Metabolomics. The first untargeted analysis was performed using the metabolomics protocol. A total of
75,449 features were detected after running all four LC-HRMS modes. After filtering out the background notse
and the unstable features, a total of 2071 compounds were Identified in the analyzed samples, which consti-
tuted 541 hits within the ChemSpider database (Figs. SA1-SA4 of Supplementary Materlals A). According to
Metabolomics Standards Initiative (MSI) scale, the mentioned compounds were classified on the 4th level. A
comparison of the number of compounds detected in the grey and white matter samples revealed no significant
differences, with an average grey-to-white compound ratio of 0.931. Greater variations In analyte coverage were
usually detected inter-individually for the given matter rather than between the two types of brain matter in
subsequent Individuals (Fig. SAS of Supplementary Matertals A).
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The comparison of the average summary peak area for lipid dlasses in HILIC-HRMS
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Figure 3. The comparison of the average summary peak area for liptd classes in HILIC-HRMS. Plots with
mean normalized peak areas for lipid classes with with whiskers representing standard deviation. *Ratlo of the
peak area and total peak area for lipids. HexCer—Hexosyl ceramide, LPC—Lysophosphatydylocholines, PC—
Phosphatydylocholines, PE—Phosphatydyloetanoloamines, QC—Quality Control.

Further fragmentation of detected analytes which enabled to attain 2nd level of confidence according to
MS], revealed that the majority of confirmed compounds were lipids (Tables SA2 and SA3 of Supplemenrary
Materfals A).

Lipidomics. Selection of SPME coating for lipidomics. ‘The first step in the liptdomic analysis process was
to determine the optimal sorbent type, as this would ensure maximum effectiveness. To this end, fibers coated
with C18 and HLB particles were used to obtaln samples from the mouse brain specimens. The fibers were then
subjected to HILIC- HRMS analysts, which detected 164 lipids, and RPLC-HRMS analysis, which detected 463
(Table SB1 and SB2 of Supplementary Materials B, respectively). Only 12.8% of the normalized peak areas for the
compounds detected via HILIC-HRMS, and 6.5% of the compounds detected via RPLC-HRMS analysls were
statistically different between the two types of sorbent (Table SB1 and SB2 of Supplementary Materlals B). The
average normalized area under the peak for almost all of the significantly differing compounds was larger when
sampling was performed using the C18 fibers. Additionally, an F-test was conducted in order to compare the two
coatings’ coefficlents of variation (CV) for the extracted compounds. The results revealed similar CVs for the
majority of detected metabolites; however, sampling with the C18 fibers ylelded statistically significantly higher
CVs for 7.4% of the features in HILIC-HRMS and 16.4% of the features in RPLC-HRMS. When the HLB fibers
were used, CVs were only higher for 2.8% of the detected putative analytes in reversed-phase chromatography
(Table SB1 and SB2 of Supplementary Matertals B). Ultimately, the C18-coated fibers were selected for use In the
human subject experiments, as they provided larger average areas under the peaks.

Human brain analysis. A wide range of putative lipid spectes (phospholipids, glycerolipids, and sphingolipids)
were detected In positive fon mode for HILIC-HRMS and RPLC-HRMS chromatography (189 and 245 com-
pounds, respectively). RPLC-HRMS analysis mainly enabled the detection of triglycerides (TG) (Table SA4 of
Supplementary Materials A), while HILIC-HRMS chromatography factlitated the analysis of more hydrophtlic
specles, mainly phospholipids (Table SAS of Supplementary Materlals A). Multivarfate analysis conducted
with the online Metaboanalyst software package revealed weak separation between the white and grey matter
(Figs. SA6 of Supplementary Materials A). As with the metabolomics results, PCA did not show any separation
between the two types of matter. In addition, the PCA findings showed that the data points representing grey
matter were closer to each other than the ones for white matter.

Next, statistical analysis was conducted on the compounds with confirmed structures. Data obtained with
HILIC chromatography did not revealed significantly different levels of phospholiptds and hexoyl ceramides
(HexCer) in studled structures (Fig. 3). In more In-depth terms, three phosphatydylocholines (PC) and two
phosphatydyloetanoloamines (PE) were more abundant in grey matter with p<0.05 (Table SAS5 of Supplementary
Materfals A). Interestingly, the amount of detected triglycerides in the grey matter was over two times higher
than in the white matter (Fig. 4). More in-depth analysls of Individual lipid specles can be found in Table SA4 of
Supplementary Materials A. As can be seen, majority of TGs were present In grey matter at slightly higher levels
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Figure4. The comparison of the average summary peak area for lipid classes in RPLC-HRMS. Plots with
mean normalized peak areas for lipid classes with with whiskers representing standard deviation. *Ratlo of the
peak area and total peak area for liplds. HexCer—Hexosyl ceramide, PE—Phosphatydyloetanoloamines, TG—
Tryglicerides, QC—Quality Control.

as in white matter. Similarly, all the phospholipids analyzed with RPLC-HRMS were present in white matter at
concentrations at least three times ashigh as in grey matter. HexCer was also more abundant, occurring about
2 times as often In white matter compared to grey matter.

Discussion

The introduction of new mass-spectrometry-based techniques to neurosclence has created a wide array of new
opportunities within this discipline®*. Nonetheless, many challenges related to areas such as safety, blocom-
patibility, and practicability must still be overcome. The present article explores chemical blopsy as a new tool
that can be used In neurochemistry applications. Previous ex vivo and in vivo investigations of animal brains
have demonstrated that some of this technology’s unique features may be able to fill the gaps present in existing
methods'™". In addition, prior findings have shown that chemical biopsy Is safe for use in laboratory animal
studies, and enables the non-depletive analysis of labile endogenous substances, as well as metabolism quenching
due to its ability to restrict the access of enzymes to absorbed substances'®!*!524,

‘This paper documents the first application of chemical biopsy for the analysis of human brain tissue in vivo,
which was achieved by Introducing a few adjustments to previously reported protocals. Firstly, it was necessary
to stertlize the SPME fibers before inserting them into the human participants’ brains. To this end, ethylene oxide
was used In this study, but other research has shown that steam sterilization can be used as well*.

Another modification to previous SPME protocols made in this research was the compromise that was struck
between analytical needs and practicality in a clinical setting. Specifically, the selected sampling time must be long
enough to ensure adequate sensitivity and data quality, but short enough to be acceptable for the neurosurgeon
and the pattent. The length of the extractive phase coating on the probe must also be sufficlent to attain reason-
able recovery of the metabolites, but not too long to fit within the selected location. A literature review revealed
that a sampling time of 15-30 min Is usually used in metabolomics studies®. However, since the extractions were
performed on consclous patlents, prior to the actual blopsy procedure, the extraction time used in this research
could not be longer than a few minutes in duration. Moreover, equilibrium time is established more quickly
in complex matrices than in simple solutions (Iike phosphate buffered saline (PBS) or agarose gel) due to the
fact that analytes are bound by tissue components (e.g., proteins), which in turn actas a local reservolr for the
molecules to be extracted””. Based on these findings, it is easy to conclude that even a short extraction time (e.g.,
5 min) might be suffictent to achleve satisfactory recovery when extraction is performed from a complex matrix”.

Unlike SPME, gold standard method in neuroscience—MD requires a relatively long sampling time, as it
takes over 30 min to collect a sufficlent amount of dlalysate to enable the determination of target compounds.
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Furthermore, a speclal cannula mustbe installed in the patient’s skull 3-4 days prior to the experiment in order
to allow the MD probe to be introduced to the brain. Attempts to modify this technology led to the develop-
ment of push-pull probes (PPP), which enable faster analysls, but lower sensitivity and accuracy™. Compared
to MD and SPME, PPPs and electrochemical methods guarantee better temporal resolution, although push-pull
probes are still prone to capillary clogging™%. Additionally, while electrochemical methods are able to return
results in a few seconds, they only enable the analysis of selected substances, which may conslderably reduce
the scope of research®-",

As previously mentioned, extraction time and coating length must be customized in order to perform extrac-
tions from brain structures using SPME. The grey matter {s a thin layer on the surface of the brain ranging
between 1.0 and 4.5 mm in thickness (approximately 2.5 mm) depending on the region™. In the present study,
probes with a coating length of 3 mm were selected in order to enable the extraction of metabolites from grey
matter with maximum precision and acceptable sensitivity. However, to further Increase sensitivity without
compromising extraction time, a modification was introduced to the design of the sampling device. Since 1t is
possible to Increase analyte extraction by Increasing the surface area of the extraction phase (coating)™, recovery
was enhanced by sampling each brain structure with two fibers simultaneously (Figs. 1, 2) following by desorption
of both fibers together in one vial. Another option 1s the change of the device’s geometry to a thin-film format™
but such devices are too invasive for use In brain studles. Nonetheless, it s important to note that the range of
extracted metabolites was still limited, and, consistent with the previous research, for instance neurotransmitters
were not observed in untargeted analyses'!*. However, It Is possible to extract neurotransmitters with SPME by
optimizing the analytical protocol for that specific group of substances'™'s,

Some approaches using SPME fibers were employed so far to obtaln spattal resolution results. One of them was
the assessment of pollutants in fish tissue samples with segmented SPME fibers to simultaneously sample adipose
and muscle tissues™. Recently, another approach to spatial resolution analysis was presented by Lendor et al.,
who analyzed the fluoxetine profile in rat brains using SPME fibers for extraction, and desorption electrospray
lonization (DESI) coupled to mass spectrometry for target analyte detection along the probe®.

The analytical methods most commonly used In In vivo neurochemical studles generally do not provide
spatial resolution of brain structures that Is as detatled as the SPME-DESI approach™. With MD probes-even
those with a dtameter stmilar to SPME fibers (about 200 pm)—it isimpossible to obtain comparable results due
to the method’s different governing principles. Thus, ssmpling must be carried out in a different way, which
usually results in slower spatial resolution or time delay (i.e., sampling the grey and white matter sequentally
rather than simultaneously)***4. Moreover, if sampling from two locations is planned, two cannulas outfitted with
MD probes must be used, which will increase the invastveness of the procedure and fmpact spatial resolution.
Addittonally, the MD probe needs to be connected to the device that pumps the perfusate during the sampling
procedure. This means that a two single-channel-syringe pumps or one two-channel-syringe pump would be
required in order to analyze two brain locations, which creates a need for additional space in the surgery room
to accommodate the necessary extra equipment.

Distinct differences in the metabolom c or lipidomic profiles of the two studied brain matters were expected,
but PCA did not show clear separation (Fig. SAS, Fig. SA6 of Supplementary Materlals A). The patlents from
whom samples were collected In this study constituted a heterogeneous group In terms of age, sex, type, and
location of brain leston (Table SA1 of Supplementary Materlals A). This could affect the repeatabllity of the
obtained results and contribute to the relatively high variation observed in the average peak areas (Table SA2-
SAS of Supplementary Materlals A). For these reasons, biochemical in vivo brain studies are almost exclusively
performed on laboratory animals, wherein entire neurosurgical procedures are deslgned for the research at hand.
The current study was conducted on a small cohort, which makes 1t difficult to draw solid conclustons. Indeed,
our results only verify the concept and 1dentify drawbacks that should be addressed in future studies seeking to
analyze a larger number of patients.

Matnly lipids were identified in the metabolomic samples (Table SA2., and Table SA3 of Supplementary
Matertals A) which 1s In line with previous reports identifying lipids specles as the predominant component in
brain tissue composition®'****, With regards to cerebral lipids, it 1s worth mentioning that MRI, a clinically
approved method of differentiation of brain structures and detecting lestons, 1s mainly based on differences in
lipid content (cholesterol and phospholipids)*. Prior findings have also shown that white matter contains about
60% more liptds and 10-15% less proteins than grey matter™. Similar observations regarding the prominent
role of lipids in brain cells have been made using other mass-spectrometry-based methods, including REIMS
and DESI**"-®, SPME on the other hand was reported as a complementary technology to MD, as it covers a
broader hydrophobic range of metabolites (e.g., lipids), while MD is suftable for highly polar spectes (e.g., amino
acids)'*!. Both methods were compared by the performance of untargeted metabolomic profiling as well as
targeted analysis of neurotransmitters obtained from brain of living rats.

Solid-phase microextraction makes it possible to taflor the protocol to the metabolites of interest, asit allows
researchers to employ more selective coating and desorption parameters, and it can be coupled with appropriately
optimized analytical instrumentation. In the present study, the results of the metabolomIc analyss Indicated a
need for more in-depth liptdomic analysis. In order to better assess the lipid composition of the examined tissues,
two types of sorbent were tested. First, fibers coated with C18 were analyzed, as they have been used in liptdomic
studies previously, and they have a high affinity towards hydrophobic spectes’**4!, The second type of fiber that
was selected for analysls was HLB-sorbent-coated fibers, as previous studies have demonstrated their high level
of performance*'#2 The results of our comparison showed that the peak areas of detected features were larger
in the samples collected with the C18 fibers, which Indicated that this sorbent offered slightly better recoveries.
The areas of only a few compounds showed a statistical significant difference (Table SB1 and Table SB2 of Sup-
plementary Materials B). Based on this finding, the lipidomic analysis was carrled out using the C18 fiber. This
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1s consistent with the previous work which presented the use of the C18 sorbent for lipidomic analyss, and a
mixed-mode extractive phase for metabolomic analysis'',

Despite the lack of statistically significant separation between the two types of brain matter determined by
PCA (Fig.SA6 of Supplementary Materials A), the results nevertheless showed the characteristic patterns of
lipids in those structures. For instance, the results showed that phospholipids were present in greater level in the
white matter while TGs were elevated In grey matter (Figs. 3, 4and Table SA4 and Table SAS of Supplementary
Materfals A). Nevertheless, due to small cohort of pattents and high diversity of samples, detatled discussion on
biological role and tmplications to spatfal distribution were not included In the current work.

The research described herein demonstrates that it s possible to achleve spatially resolved chemical char-
acterization of a living human brain In a fast and low invasive manner, thus not disturbing other medical pro-
cedures (e.g., blopsy). The sampling device can be customized Into a personalized diagnostic tool, and the
proposed protocol can be applied in numerous clinical settings when supported by imaging data. In addition,
this research proves that the proposed method complements those already used in neurosclence, for example,
microdialysis, push-pull analysis, and electrochemical methods. Furthermore, the findings of this research also
show that chemical biopstes performed with SPME probes enable more in-depth chemical analysis of brain tis-
sue compared to other clinically avatlable methods (e.g., MRI, biopsy). Not only is SPME capable of extracting
lipids and more polar metabolites, but its lipid-characterization capabilities are also unique compared to other
1n vivo sampling devices. The results presented In this paper indicate that the proposed tool could be potentially
used as a medical device, as it causes minimum damage and features operational parameters that are compatible
with surgical procedures.

Finally, it should be emphasized that more portable reading devices-rather than mass spectrometers using
optical spectroscopic techniques, such as fluorescence or Raman could be used In targeted determinations in
order to create a technology that s more compatible with bedstde or operational theatre applications®.
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Fig. SA1. Scatter plots representing A. number of features, B. compounds and C.

Chemspider database hits acquired in PFP (+) metabolomics analysis.
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Fig. SA2. Scatter plots representing A. number of features, B. compounds and C.

Chemspider database hits acquired in PFP (-) metabolomics analysis.
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Fig. SA3. Scatter plots representing A. number of features, B. compounds and C.

Chemspider database hits acquired in HILIC (+) metabolomics analysis.
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Fig. SA4. Scatter plots representing A. number of features, B. compounds and C.

Chemspider database hits acquired in HILIC (-) metabolomics analysis.
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Fig. SA6. Chemometric analysis of data obtained with use of hydrophilic-interaction liquid
chromatography high resolution mass spectrometry (HILIC-HRMS) for lipidomic data.

A. principal component analysis (PCA); B. partial least squares discriminant analysis (PLS-
DA), plot parameters: 1 component: R2: 0.659; Q2: -0.072; 2 component: R2: 0.957; Q2: -
0.129; and reversed-phase liquid chromatography high resolution mass spectrometry (RPLC-
HRMS) for lipidomic data C. PCA; D. PLS-DA, plot parameters: | component: R2: 0.447; Q2:

0.060; 2 component: R2: 0.881; Q2: 0.049.
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The parameters of PLS-DA for HILIC-HRMS showed over-fitting of the model, while
separation was slightly better for the RPLC-HRMS analysis. It was observed that the samples
taken from patient B12 were located very close to each other (almost overlapping), which may

lead to the assumption that, in this case, sampling was performed only from one type of matter.
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Tables

Table SA1 Patient and tumor sampling characteristics.

Sample of
le Histopathologic diagnoses Brain tumor location Age Sex Serhent xl:leysls
B2 Diffuse large B-cell lymphoma Corpus callosum 55 female MM metabolomics
B3 High- grade glioma (WHO grade I11) Left parietal lobe 46 | female | MM metabolomics
B4 M ic breast ad i Left temporal lobe 57 female MM metabolomics
BS Glioblastoma, IDH- wildtype Deep structures of the | 66 male MM metabolomics
right hemisphere
B7 Glioblastoma, NOS Right frontal lobe 58 | male CI8 lipidomics
B9 Gemistocytic astrocytoma, IDH- wildtype multifocal tumor of the | 55 | male Ci8 lipidomics
left hemisphere
Bl hemorrhagic stroke (non-neoplastic cells) Left thalamus 63 Female | CI8 lipidomics
BI12 Diffuse large B- cell lymphoma Right  fronto-parietal | 64 Female | CI8 lipidomics
region
C18 - octadodecyl fibers; MM — mix mode fibers; NOS — not otherwise specified; WHO — World Health Organization
Table SA2 Metabolites detected in HILIC-HRMS negative ion mode analysis and confirmed with fragmentation pattern.
Name + adduct vt e o o i ot
(min] | Mean | (g | Memn | jq) | Mean | (q)
N-Nonanoylglycine -H 214.14453 123 1.93E405 | 11.43 | 5.55E+04 | 65.71 | 8.71E+04 | 38.11 0.6
Trid ylglycine -H 270.20792 159 2.32E+05 | 8.22 | 1.22E+05 | 112.89 | 1.57TE+05 | 45.58 0.8
16-Hydroxyhexadecanoic acid -H | 271.22812 19.5 436E+04 | 5.05 | 224E+04 | 29.99 | 6.61E+04 | 66.94 0.3
Acetoxy -H 277.18127 18.4 1.42E+04 | 13.06 | 8.79E+03 | 72.27 | LOOE+04 | 101.17 0.9
(Arbinosylaming). 378.15161 142|  246E+04 | 336 | 138E+04 | 79.41 | 144E+04 | 4003 1.0
lucosylamino enitrile -H
LPE(18:1) -H 478.29468 18.2 1.80E+04 | 4.68 | 2.25E+04 | 79.79 | 2.20E+04 | 53.59 1.0
LPE(20:4) -H 500.27963 17.7 1.99E+04 |  8.69 | 1.95E+04 | 61.27 | 2.37E+04 | 47.96 0.8
PE(22:4) -H 528.31079 18.6 1.59E+04 | 3.62 | 2.02E+04 | 6845 | 1.8TE+04 | 51.18 1.1
PE(22:6) -H 542.27942 17.8 291E+04 | 3.08 | 1.96E+04 | 99.82 | 2.50E+04 | 27.37 0.8
PE(36:2) -H 742.54120 254 1.52E405 | 3.05 | 2.06E+05 | 57.12 | 1.65E+05 | 59.86 1.3
PE(38:6p) -H 746.54514 247 2.26E+05 | 3.82 | 1.83E+05 | 95.83 | 1L.91E+05 | 80.49 1.0
PE(38:5p) -H 748.53040 25.1 3.30E+05 | 3.82 | 3.67E+05 | 61.51 | 3.10E+05 | 39.96 1.2
PE(38:6) -H 762.51007 244 3.63E405 | 4.28 | 2.31E+05 | 104.51 | 2.62E+05 | 76.24 1.0
PE(38:5) -H 764.52557 4.7 1.97E+05 | 439 | 227E+05 | 6222 | 1.97E+05 | 33.29 1.2
PE(38:4) -H 766.54175 25.1 4.77E+04 | 479 | 3.30E+04 | 67.87 | 3.79E+04 | 62.20 0.9
PE(40:6p) -H 774.54633 25.6 7.94E+05 |  7.39 | 6.94E+05 | 9242 | 7.11E+05 | 77.70 1.0
PE(40:6) -H 790.54132 252 1.52E+06 |  3.12 | 1.20E+06 | 9145 | 1.13E+06 | 78.67 1.1
CV — coefficient of variation; LPE — lyso phosphatidylethanolamines; m/z — mass to charge ratio; PE — phosphatidylethanol QC — quality

control
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Table SA3 Metabolites detected in RPLC-HRMS positive ion mode analysis and confirmed with fragmentation pattern.

Name + adduct o e mﬂ: Mmoc V| ) vV | m ¢ cv “(?;E"f
[min] [%] [%] [%]
Creatifiine +H 114.0664 35| 1a7Es0s | M) 206E405 | 9498 | 196Es05 | 39.94 11
Isothiocyanatobutane +H 116.0531 12.8 B.50E+03 | 7.95| B.TOE+03 85.76 | 940E+03 | 118.97 0.9
norleucine +H 132.1019 73| 98IE+03 | 3.91| LO4E+04| 7521 | L6IE+04| 93.04 0.6
Deoxyribitol +H 137.0809 1.2 2.15E+04 | 9.37 | 6.48E+03 | 134.69 | 3.05E+03 47.03 2.1
Triethanolamine +H 150.1125 34| 242E+05 | 4.63| 640E+04 | 7858 | 7.72E+04 | 13001 0.8
Histidine +H 156.0768 2.0 1.79E+03 | 5.00 | 2.94E+03 87.33 | B.36E+03 112.60 0.4
Phenylalanine +H 166.0865 1.4 2.24E+03 | 6.60 | T.1E+02 36.32 | B.B4E+02 | 182.04 0.8
Artemisia alcohol acetate +H 197.1537 204 4.05E+05| 1.80 LISE+05| 39.12| 1.69E+03| 39.78 0.7
Norlidocaine +H 207.1493 19.2 6.71E+05 | 1.37 1. 17E+06 60.93 | 9.8TEH)5 44 .43 1.2
tetradecenal +H 2112058 18.7]  LOOE+D4 | 645 291E+04| 56.05| 2.53E+04] 5333 1.2
Furanofukinin+H 249.1848 234 3.J0E+04| 220 5.56E+04| 68.36| 6.18E+04|  50.07 0.9
Hexadecenolide +H 2532163 169 | 9436405 | '3 1.06E+06 | 97.95| 607E+0s| 4210 17
Ginsenoyne D +H 263.2004 307 2.07E+05 | 3.03 | 2.75E+05 | 83.64| 193E+05 | 13356 i4
Nandrolone +H 275.2005 2.7 4.23E+03 | 0.37 | 3.83E+03 54.48 | 340E+03 | 115.03 1.1
androstenol +H 275.2369 223 446E+05 | 7.33 | 2.20E+05 | 155.16 | L.29E+06 | 101.06 0.2
Panaquinquecol 7 +H 277.1798 20.1 J.06E+05 lz'f 2.13E+05 101.32 | 348E+05 147.85 0.6
Stearamide +H 284.2587 21.8 4 48E+03 | 0.37 | 2.44E+03 50.42 | 796E+03 | 105.35 0.3
Myristoylglycine +H 2862373 204 609E+04 | 37| 106E05 | 7884 | 9.04Es04| 2972 11
aminooctadecynediol +H 298.2739 20.7 1.87TE+(4 10,1 1.50E+4 55.50 | L6BE+M 56.26 0.9
hydroxy stearic acid +H 301.2737 20.6 J.24E+d | B.6B | 3.54E+4 5105 | 6.79E+M 41.75 0.5
Octadecatrienoic acid 16.5
S 3343104 25| 19okr04 | 03| 7776403 | 2073 | 665E403 | 1561 12
Cholestadienone +H 3833307 205 1.68E+04 | 420 O82E+03| 7234 | 2.84E+04| 4475 03
dehydrocholesterol +H 385.3463 29| 1sigsos| 2| 5388403 | 16297 | 4108404 | 8779 0.1
Drotaverine +H 3982327 223|  244E+04 | 733 | 1.36E+04| 49.38 | 3.94E+04| 70.02 03
e s acid | 399 3837 28| 378E03 | M| 167E03 | 10935 | 9.18E403 | 5491 02
Squalenc +H 4113981 268| 2008504 | 03| 2218403 | 18221 | 131E404 | 14087 02
Tasosartan +H 412.1874 26.8 2.28E+05 | 045 1.23E+05 54.57 | 2.94E+05 93.65 04
Diepomuricanin A +H 5474719 269 820E+03 | 529 9.67E+03 | 7237| 144E+04| §7.10 07
PEG8:6p) +H 748.5280 247  1.61E+05| 4.04] 2.09E+05 | 117.02] 149E+05| 8640 13
PE(38:4p) +H 752.5590 25.5|  1.55E+05 | 5.23| 3.22E+05| 78.39| 2.30E+05| 47.29 14
[PEG38:6) +H 764.5227 243 2.46E+05 | 7.89| 2.80E+05 | 11146 2.126+05| 89.43 14
PE(38:4) +H 768.5536 25.1]  3.00E+04 | 2.58| 3.73E+04| 101.81 | 4.72E+04] 49.95 0.8
PE(40:6p) +H 776.5591 35.6]  5.98E+05| 1.90] 841E+05| 10921 6.09E+05| 98.47 1.4
PE(40:4p) +H 780.5897 264 1.24E+05| 609 7.21E+04 | 150.72 | 1.40E+04 | 161.46 52
PE(40:6) +H 792.5539 25.2 1.07TE+06 | 242 | 1.34E+06 | 114.17 | 1.02E+06 92.36 1.3
PE(40:5) +H 794.5694 35.8|  5.34E+04 | 7.67| 8.26E+04| 69.98 | 6.67E+04| 63.83 12
PE(40:4) +H 796.5852 260 1.8OE+05 | 4.16| 2.66E+05 | 111.96| 1.94E+05| 83.08 1.4

CV ~ coefficient of variation; m/z — mass to charge ratio; PE - ph

PRy
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Table SA4 Lipid species detected in RPLC-HRMS analysis and confirmed with fragmentation pattern.

Normalized peak area*
Name + adduct | LiPid | Observed Retention QC WHITE GREY YT/ Povalue
Mean | CV | Mean cv Mean Ccv

LPC(16:0)+H LPC 14963397 [54 0001  [8% 0,005 104% 0,003 117% 1,89 b,a71
ChE(18:2)+NHa ChE _ 666.6183 |15.3 0006 1% 0,033 119% 0,014 144% 2,40 0,427
PE(34:1p)+H PE 702.5432 |11.7 0,007 4% 0,030 78% 0,008 130% 3,80 0,158
PE(36:2p)+H PE  [728.5565 [11.8 0014 % 0052 [87% 0,015 141% 3,43 0,211
PE(36:1p)+H PE 730.5745 [12.3 10,005 6% 0,022 78% 0,006 137% 3,60 0,165
PE(38:4p)+H PE  [152.5589 [11.8 0oos  p7% b0 102% 0,005 113% 4,25 0,233
PE(38:4)+H PE  [768.5538 [11.6 005 % D022 128% 0,005 Bo% 4,35 0,318
PE(40:6p)+H PE  [776.5584 [11.9 0007 5% D028 [99% 0,009 125% 321 0,266
PE(40:5p)+H PE  [778.5745 [11.9 0005 1% 0,020 72% 0,006 132% 3,36 0,154
PE(40:4p)+H PE_ [7180.5899 [12.4 0005 9% 002 [74% 0,006 103% 3,80 0,140
PC(34:1)+Na PC  [182.5670 [11.2 0005 % 0023 102% 0,007 109% Bas 0,262
PE(40:6)+H PE 792.5536 |11.6 10,009 5% 0,041 104% 0,012 114% ,54 0,265
HexCer(d42:2)+H HexCer 810.6814 [12.5 0,010 1% 0,037 8% 0,011 142% 46 0,202
TG(48:2)+NHs TG 820.7386 [14.8 0,014 1% 0,009 [s0% 0,017 59% 0,56 0,250
TG(48:1)#NHs TG 822.7541 [15.0 0,010 1% 0,007 [36% 0,008 H5% 0,83 0,550
HexCer(d42:2+pO)+H _HexCer 826.6760 [12.3 o1 %  posar [76% o011 h13a% Bs3 0,162
TG(48:1)+Na TG 827.7089 [15.0 0,030 1% 0,020 l69% 0,033 Bo% 62 0,203
HexCer(d42:140)+H  HexCer 828.6918 |12.8 0,012 1% 0,043 94% 0,011 136% .99 0,212
TG(50:3)+NHa TG 8467536 [14.9 0018 Jo% D010 52% 0,020 77% 47 0,269
TG(50:2)+NHs TG 848.7699 [I5.1 0,071 1% D037 [58% 0,065 0% lo.56 0,144
TG(50:1)+NHs TG 850.7854 [15.2 0,070 1% 0,046 |69% 0,069 25% 10,66 0,253
TG(50:2)+Na TG 853.7246 |15.1 019 (1% bo12 26% 0,013 42% 86 0,581
TG(50:1)+Na TG 855.7404 152 ,016 1% 0,012 34% 0,014 56% 86 0,677
TG(51:2)+NHs TG  862.7850 [15.2 0,005 1% 0,004 l61% 0,005 32% 81 0,555
TG(52:5)+NH4 TG 8707536 [14.8 loos % ooz [57% 0,005 B1% .51 0,324
TG(52:4)+NH4 TG 872.7691 |15.0 0,026 3% 0,015 64% 0,028 B57% .52 0,209
TG(52:3)+NH. TG 8747852 [I15.1 112 % poes [70% 0,106 B3% jo.s0 0,194
TG(52:2)+NHs TG 876.8007 [I5.3 0,196 1% 0,124 73% 0,191 5% 0,65 0,259
TG(52:4)+Na TG B77.7256 [15.0 0,009 10% 0,006 44% 0.007 B32% 0,76 0,338
TG(52:1)+NHs4 TG B78.8157 |I5.5 0029 3% o2 los% 0,035 40% ,69 0,468
TG(52:3)+Na TG 879.7404 |15.1 0026  a% 0,018 a5% 0,022 H9% ,84 0,612
TG(52:2)+Na TG 881.7556 |15.3 0038  ]2% 0,028 42% 0,034 55% jo.82 0,601
TG(53:3)+NHa TG 888.8003 [15.2 0002 Jo% 0,002 79% 0,003 5% 67 p3a
TG(53:2)+NHs 890.8171 154 0,003 1% 0,003 189% 0,004 has ,74 0,542
TG(54:4)+NHs TG 900.8003 [15.2 0037 [1% 0,020 |63% 0,035 B8% lo.57 0,152
TG(54:3)+NH4 TG P02.8I161 [15.3 10,069 1% 0,039 67% 0,067 Ra% 0,58 0,131
TG(54:2)+NHs TG P04.8317 [I5.5 0,032 las 0,023 [85% 0,039 BS% ,59 0,225
TG(54:4)+Na TG 057557 [15.2 0009  la% 0,006 42% 0,007 46% .86 0,641
TG(54:3}+Na TG 9077711 [15.3 [ T 42% 0,014 u5% ,76 0,420
TG(54:2)+Na TG 909.7867 [15.5 0012 6% 0,008 54% 0,012 2% ,67 0,290
TG(56:6)+NHa TG 924.8004 [15.1 0,005  [% 0,003 46% 0,005 34% 0,57 0,097
TG(56:5)+NHs TG 9268155 [153 0005 8% 0,003 57% 0,005 31% lo,62 0,159
TG(56:4)+NH4 TG p28.8312 [154 [o.004 11% D002 [82% 0,004 27% .56 0,160
TG(56:3}+NHa TG 930.8484 [I55 boos  Jo% D003 Bax 0,005 4a% jos3 0,181
*Ratio of the peak area and total peak area for lipids

ChE - cholesterol esters; CV — coefficient of variation; HexCer — hexosyl ides: LPC — lysophosphatidylcholines; m/z — mass to charge

ratio; PC — phosphatidylcholi

LIRS

L

PE - ph

L

Y

QC — quality control; TG — triglycerides
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Table S.A.5. Lipid species detected in HILIC-HRMS analysis and confirmed with fragmentation pattern

Normalized peak area*
WHITE/
Name +adduct | o | O e Qc WHITE GREY Gazy | P
Mean cv Mean | CV Mean cv
LPC(16:1)+H LPC  494.3241 89 10,001 17% 0,001 B3%  jo001 S6% 0,63 0,328
LPC(16:0)+H LPC 14963396 8.9 lo,025 14% b,031 8%  |o,039 5% 080 b,a84
LPC(18:2)+H LPC 5203398 8.5 jo.001 5% o1 19%  Jo002 hs% 066  p34s
LPC(18:1)+H LPC 5223554 8.8 0,005 17% b,007 19% ,008 B3% 0,87 0,741
LPC(18:0)+H LPC 5243711 8.7 0,007 14% b,010 Ba%  Jo,010 2s% 1,00 0,805
LPC(18:2)+Na LPC 542.3217 8.8 0,001 5% 0,001 1% ,001 5% 0,58 0,253
LPC(20:4)+H LPC 5443374 88 0,002 la% b.002 l28% 0,004 33% 0,70 b.226
LPC(20:3)+H LPC 5463530 8.7 0,002 3% b,003 lao% ,003 30% 0,82 b,584
Cer(d36:1)+H Cer 566.5507 |I.3 0,001 3% 0,001 [33% Eom u% 31 0,256
PE(34:2p)+H PE 700.5271 7.6 0,002 10% 0,002 l19%  Jo,003 22% 0,63 k0,05
PE(34:1p)+H PE 7025432 1.6 lo,038 7% 0,033 B2%  |0,030 16%  [1,08 0,867
PC(30:0)+H PC 7065381 6.8 lo,014 14% b,018 27%  |0,013 12%  [1,38 b,143
PC(32:1p)+H PC 716.5589 [1.5 J0,003 11% b,002 47%  |0,002 36% 1,21 0,698
PCG1:1+H PC 718.5381 (1.7 o1 7% p,012 Ra% o015 4% 081 jp33s
PC(32:1e)+H PC 7185745 6.6 0,003 la% 0,004 l28%  Jo,003 hox  u1s b,439
PE(36:2p)+H PE 7285589 1.5 0,058 6% b,056 lea%  |o,0as 22% 25 0,668
PC(32:2)+H PC 730.5381 6.6 10,001 le% b,001 l28%  |o,001 16%  [1,20 0,356
PC(32:1)+H PC 732.5538 6.7 0,035 lo% 0,038 hox  lo036 9% 1,06 0,616
PE(34:1)+Na PE 740.5201 7.7 0,009 ls% 0,007 Bo%  lo012 13% 0,60 k0,05
PC(33:2)+H PC 744.5538 11.7 b.o13 7% 0,013 5% E,oxs B% 08  poss
PE(36:2p)+Na PE 750.5408 7.4 0,044 12% b,035 hox  looa1 1% 084 0,135
PE(38:5p)+H PE 750.5415 7.4 0,047 11% 0,035 fio%  Jo,0a1 14% .85 b125
PE(36:1p)+Na PE 52,5565 [7.4 bo,030 17% 0,033 laex o037 2a% 0,89 b,751
PE(38:4p)+H PE 752.5565 [1.4 ,048 l6% b,047 l2o% ,054 10% 088 0,355
PC(34:4)+H PC 754.5357 6.6 ,005 21% b,004 ha% ,005 7% 088 0,104
HexCer(d38:1)+H  HexCer 756.6348 3.1 Jo,001 11% b,002 le8%  o,001 41% 151 0,440
PE(36:2)+Na PE 766.5376 [7.5 lo,043 7% b,043 2% Jo,0a7 5% 093 0,401
PE(36:1)+Na PE 768.5514 15 lo,002 8% b,002 9% Jo,002 21% lo9s b,873
PC(36:4¢)+H PC 68.5878 6.6 ,005 lo% 0,005 l28% ,005 23% 0,88 453
PE(38:4p)+Na PE 774.5408 7.4 ,017 17% 0,016 9% o019 14% 0,88 b,a76
PE(40:7p)+H PE 774.5408 [7.4 017 17% b,016 9% 0,019 4% 0,88 b,a89
PE(40:6p)+H PE 776.5582 1.3 10,033 8% b,038 7% ,036 18%  [1,05 0,673
PE(38:2p)+Na PE 778.5745 (1.4 lo.033 lo% 0,032 B1%  |0,030 18%  [1,08 0,773
PC(34:2)+Na PC 7805514 6.6 o1 8% b,009 ho%  |o,015 19%  [0,58 <0,05
PC(36:5)+H PC 780.5538 6.6 lo,011 8% ,009 ho%  |o015 19% 0,58 ko,0s
PC(34:1)+Na PC 782.5694 6.6 112 lase b,101 19% Eno 18% 0,91 b,a60
PC(36:1)+H PC 788.6157 6.6 ,099 16% 0,100 l28%  |o,073 10% 1,36 0231
PE(38:4)+Na PE 790.5357 1.5 lo,011 8% b,010 hs% 0,013 37% 0,80 b,508
PE(38:3)+Na PE 92,5531 1.5 lo,04a 13% b,045 Ra%  Jo,046 28% Jo9os 0,966
PC(36:2)+Na PC R08.5827 6.5 ,022 l13% 0,025 h7%  |o,024 8% [Lo4 0,632
PC(36:1)+Na PC 810.6007 6.5 ,043 10% b,051 5%  lo.040 b% 2 0,070
PC(38:4)+H PC 810.6007 6.5 084 lo% b,055 l29%  Jo.040 o% 36 b,176
HexCer(d43:2)+H HexCer 824.6974 2.9 ,015 13% b,015 ls5% E,ou Bs% 1,32 0,549
PC(38:6)+Na PC 828.5503 6.5 ,003 9% 0,003 6% ,004 hl% 0,69 0,05
HexCer(d44:2)+H  HexCer 8387123 2.8 010 13% b,011 54% E,ow 8% [148 b,388
ST(d42:2)+H ST 90.6376 |1.7 ,005 2% b,004 k1% |o,004 b o2 0872

* Ratio of the peak area and total peak area for lipids

CV - coefficient of variation; HexCer - hexosyl ceramides; LPC - lysophosphatidylcholines: m/z - mass to charge ratio; PC -

PEMC- PNy e 3

3 e g

PE - ph

lamines: QC ~ quality control; ST - sulfatides
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Table SB1. Features sampled with use of SPME fibers and analysed by HILIC-HRMS

Putative Lipidion

Cer 20:0:02 +H

344,3154

11,217

i norma C
area - HLB

4,45E-04

1,88E-04

HLB

Cer 23:1;03 +H

400,3417

7,985

7,31E-04

5,74E-04

Cer 34:1,02 +H 538,5189| 092 1,352 L00E-04]  78%| 3,97E-05
Cer 36:1,02 +H 566,5502 0,79 1,352 1,156-03]  29%|  9,64E-04
Cer 36:2,02 +H 564,535 0,89 1,352 3186-04]  26%| 216604 29% 1,47 -
Cer 40:0;02 +Na 646,6109] 0,01 5,277 5A46-04]  20%]  7,126-04] 14% 0,76] -
Cer 40:2;02 +H 620,5974| 0,43 5,362 1,086-03]  39%| 1,20603] 16% 0,84 -
Cer 41:2,02 +H 634,6129| 051 5,286 4,04E-04  16%|  5.076-04]  13% 0,80
Cer 42:2,02 +H 648,6283| 092 5,227 8,49E-04]  30%| 106603 19% 0,80 -
Cer 42:3,02 +H 646,6129] 0,58 5,277 5,206-04]  37%|  7,246-04]  14% 0,73 -
Cer 45:6;03 +Na 720,5901 0,00 7,073 1,486-03 9% 123603 5% 1,20 -
718,5745] 0,00 6,996 9,21E-04 4%|  867E-04] 16% 1,06 -
454,2922] 1,36 10,628 4,09E-04]  15%| 2,58E-04] 7% 1,58] -
476,2743] 087 10,628 2,23604]  18%| 15404 8% 145 -
482,3241 0,00 10,446 146603  10%| 9,13604] 9% 1,60 -
CerP 23:0,03 +Na 504,3061 0,01 10,476 7936-04]  20%] ssoE04] 7R 142 -
CerP 23:1;03 +H 480,3081 0,68 10,477 8,52€-04 26%| 2,596-04] 20% 1,75 -
502,2912 1,52 10,054 9,80E-04]  14%| 6426-04] 11% 153 -
502,2904 0,01 10,454 4, 84E-04 8% 2,78E-D4 23% 1,74 -
4963393 094 9,214 1,326-02 4%| 845603 9% 157 -
518,3214] 0,586 3,192 va66-03]  12%|  1,11603]  14% 1,32 -
4943237 087 9,217 2,756-04]  16%| 1316.04] 7% .
524,3711 0,00 9,038 5,196-03]  10%| 3,63E-03] 10% 1,43] -
CerP 260,03 +Na 546,3530] 0,01 9,05 6,98E-04 9%| 543c04]  18% 1,29 -
522,3554| 0,00 8,769 3,076-03]  12%| 180603] 5% 1,70 -
544,3373 0,15 9,055 2,14€-03 16%| 1,13€-03 9% 1,90 -
CerP 26:1;,03 +Na 544,3374] 0,01 8,715 874E-04]  21%| s0de04] 6% 1,73 -
CerP 38:1,04 +H 706,5377] 058 7,157 3,796-03 7% 328603 3w 1,16 -
CerP 39:2,02 +NH4 703,5745] 051 8,406 4,56E-03]  24%|  265603] 7% 172 -
CerP 39:2,03 +Na 724,5252 0,00 7,545 1416-03]  aox| 132603] 60% 1,07 -
CerP 39:3;03 +H 700,5273) 036 7,702 2,776-04]  23%|  3,01E-04]  14% 092 -
CerP 40:2,04 +H 732,5532 0,73 7.073 1,046-02 3% 9,746 03] 7% 107 -
CerP 41:3;02 +Na 750,5421 1,72 7,505 5,66E-03 18%| 588603 21% 0,96 -
7295905 0,00 8,339 6,18E-03|  14%| 3,99603] 24% 1,55 -
CerP 42:0,04 +Na 786,5983] 0,00 6,903 138602  10%| 146602 21% 095 -
CerP 43:2,02 +NH4 759,6375| 0,00 8,267 S,G0E-03|  22%| 5,396-03] 18% 1,04 -
CerP 43:4,03 +Na 776,5577| 1,53 7434 1,526-02]  14%| 154E02] 9% 0,99 -
CerP 43:5,03 +Na 774,5432 3,11 7.45 3,71E-03 5% 406603 9% 092 -
CerP 43:503 +H 752,5589] 0,00 7471 9,17E6-03 7% 793603 3% 1,16 -
CerP 43:6,03 +H 750,5432 0,00 7,505 5,66E-03]  18%| 5,22603] 17% 1,09 -
CerP 43:7,03 +H 748,5276 0,00 7,509 5,47E-03 10%| 574E-03] 13% 035 -
CerP 45:2,02 +NH4 787,6688] 0,00 8,178 2,28E-03|  33%| 1,996-03] 12% 115 -
CerP 45:3,02 +NH4 785,6531 0,00 8.2 9,326-04]  48%| 8,69E04] 35% 1,07 -
CerP 45:7:03 +H 776,5589] 0,00 7432 1,51E-02]  15%| 144602 9% 1,05 -
CerP 45:7,03 +Na 798,5408] 0,00 7432 1,106-03]  15%| 166603 23% 0,66 -
CerP 46:2,02 +NH4 801,6844] 0,00 8,16 7,82604]  15%| 669E04] 9% 117 -
CerP 47:3,02 +NH4 813,6844| 0,00 8,151 O,02E-03]  27%| 8,84E-03] 6% 102 -
CerP 47:4,02 +NH4 811,6688] 0,00 8,142 6,28E-04]  20%| 4,81E-04] 11% 131 -
CerP 47:7;,03 +H 804,5886] 1,94 7,357 3,326-04 2% 308604 9% 1,08 -
651,5340] 1,00 7,985 5,15E-04]  18%| 2,74E-04] 11% 188 -
HexCer 33:1,04 +NH4 735,5729] 0,01 7,084 5,96E-02]  13%| 5,74E-02] 3% 1,04 -
HexCer 33:2,04 +NH4 733,5570] 0,36 7.074 4,64E-03 1% 4,14603]  13% 112 +
HexCer 34:3;04 +NH4 7455566 0,88 7,728 2,68E-03]  15%| 2,84E-03] 15% 0,94 -
HexCer 35:0,04 +H 748,5926] 0,98 1,58 2,84E-04]  32%| 2,96E-04] 13% 0,96 -
HexCer 35:2;04 +NH4 761,5886 0,01 6,993 8,91E-02 8%| 9,53E-02 9% 0,94 -
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HexCer 36:1,03 +H 728,6028 0,95 3,177 1,26£-03]  48%| 1,26E03] 12% 1,00 -
744,5975 1,25 5,53 2,31E-03 36%| 2,39E-03 14%) 0,96 -
766,5791 1,58 5,588 7,43E-04 17%|  9,21E-04 5%| 0,81 -
726,5870 1,19 553 1656-03]  31%| 1,56E03] 7% 1,06 -
HexCer 36:3;03 +NH4 757,5925 1,53 7,554 9,99E-04 61%| 1,24E-03 29%| 0,81 -
HexCer 36:3,04 +NH4 773,5872 1,74 7,666 2,45E-04 58%| 2,74E-04]  28%) 0,85 -
HexCer 36:5,03 +NH4 753,5614 1,33 7.5 4,60E-03 10%| 4,40E-03 11%| 1,05 -
751,5454 1,68 7,504 2,65E-03 14%| 2,83E-03 11%| 0,93 -
749,5303 1,02 7511 3,366-03 9%|  2,47E-03|  17% 0,96 -
HexCer 37:1;04 +H 774,6079 1,45 1,561 4,30E-04 36%| 4,39E-04 12% 0,98 -
HexCer 38:1,03 +H 772,6290 0,86 5,448 1,77e-03 34%] 1,97E-03 11%| 090 -
HexCer 38:1;03 +Na 794,6106 1,28 5,484 4,01E-04 15%|  5,00E-04 12% 0,80 -
HexCer 38:2,02 +H 754,6183 1,10/ 5,46 1,15E-03 35%| 1,25E-03 19% 0,92 -
HexCer 38.5,03 +NH4 781,5926 1,38 7,465 2,71E-03 11%| 2,36E-03 2% 1,15 +
HexCer 39:0,02 +Na 794,6494 1,65 5,304 3,196-04]  17%| 4,11E-084] 4% 0,77 -
HexCer 40:0,02 +Na B08,6649 1,50 5,277 3,57E-03 30%| 4,64E-03 26% 0,77 -
HexCer 40:1;02 +H 784,6649 1,56 3,002 1,56E-03 39%|  1,65E-03 7%) 0,95 -
HexCer 40:1;03 +H B00,6599 1,35 5,362 1,02E-02 35%| 1,21E-02 18% 0,85 -
HexCer 40:1,03 +Na 822,6420 1,14 5,416 1,52E-03 21%| 2,04E-03 20% 0,75 -
HexCer 40:2;02 +H 782,6497 0,91 5,361 7,09€-03 34%| B.09E-03]  13%) 0,88 -
HexCer 40:2;03 +H 798,6445 1,05 5,385 1,04E-03 31%| 1,29E-03 6% 0,81 -
HexCer 41:1,02 +H 798,6804 1,64 2,958 8,47E-04 31%| 9,60E-04 1% 0,88 +
HexCer 41:1,03 +H 814,6756 1,25 5,286 3,956.03]  18%| 4,79E-03] 15% 0,82 -
HexCer 41:1;03 +Na B36,6574 1,50 5,291 7.,07E-04 28%| 8,05E-04 23% 0,88 -
HexCer 41:2;02 +H 796,6652 1,07 5,291 2,58E-03 18% 3,27E-03 18% 0,79 -
HexCer 42:1;03 +H B828,6908 1,83 5,236 9,64E-03 34%| 1,29E-02 17%)| 0,75 -
HexCer 42:1;03 +Na 850,6725 2,04 5,236 1,33E-03 13%| 1,91E-03 23% 0.?0| -
HexCer 42:2,02 +H 810,6802 1,92 5,236 6,44E-03 33%| 7,77E-03 20% 0,83 -
HexCer 42:2;03 +H 826,6755 1,45 5,286 5,59E-03 35%| 7,77E-03 24%| 0,72 -
HexCer 42:2,03 +Na 848,6572 1,65 5277 7,70E-04 13%| 1,15E-03 22% 0,67 -
842,7064 1,80 5,172 4,44E-04 16%| S, 70E-04]  17% 0,78 -
B24,6961 1,62 2,895 3,44E-04 31%| 4,25E-04 14%] 0,61 -
568,3394 0,68 8,697 1,06E-03 13% 5,78E-04 10%| 1,83 -
ILPC 29:1 +H 676,5272 0,50 7,76 1,97E-04 19% 2,09E-04 33% 0,94 -
LPC 32:1 +H 718,5738 0,93 6,996 9,21E-04 4% 8,67E-04 16% 1,06 -
522,3550| 0,75 8,769 3,07€-03 12%) 1,80E-03 5%) 171 -
526,2928 0,00 10,365 5,69E-04 21%| 2,59E-04 4% +
LPE 22:6 +Na 548,2746 0,35 10,385 3,11E-04 31% 1,43E-04 2% +
LPE 35:1 +H 718,5745 0,00 6,996 9,22E-04 4% 8,67E-04 16% 1,06 -
MG P-18:2 +H 339,2889) 1,52 1,554 2,64E-04 29%|  2,83E-04] 21% 0,93 -
PC 31:1 +Na 740,5216| 2,01 7,666 2,02€-03 59%| 1,03E-03 14% 1,97 +
PC 32:0 +Na 756,5510] 0,47 7,095 3,00E-03 18%| 4,31E-03| 23% 0,70 -
PC 33:2 +Na 766,5357 0,00 7,639) 3,75E-03 6%| 4,31E-03] 12% 0,87 -
PC 35:1 +Na 796,5837 1,29 7,58 3,08€-03 3%|  2,71E-03 8%) 1,14
PC 35:3 +Na 792,5514 0,00 7,58 1,91E-02 11%|  1,96E-02 5%| 0,97 -
PC 35:4 +H 768,5514 3,13 7,602 1,64E-02 7%|  1,44E-02] 15% 1,14 -
PC 36:1 +Na 810,5983 0,00 6,8 3,17€-02 7% 2,97€-02 18% 1,07]
PC 36:3 +Na 806,5681 1,29 6,808 1,68E-02 13%|  1,91E-02 8% 0,88 -
PC 38:4 +Na 832,5827 0,00 6,744 4,76E-03 15% 4,85E-03 9% 0,98 -
PC 40:7 +H 832,5851 0,00 6,744 4,76E-03 16% 4,87E-03 8% 0,98
PC 0-31:0 +Na 728,5583 2,54 7,619 5,81E-03 40%) 6,74E-03 23%| 0,86 -
PC O-31:1+Na 768,5514 0,00 7,603 1,47€-02 5% 1,33€-02 9% 1,11 -
PC 0-32:1+H 760,5851 0,00 6,992 1,85E-01 4% 2,08E-01 9% 0,89 -
PC 0-32:1+Na 782,5670 0,00 6,865 2,74E-02 19%) 2,63E-02 28%) 1,04 -
PC 0-34:1+H 788,6146| 2,22 6,902 5,29€-02 17% 6,14E-02 3%) 0,86
PC 0-36:1+H 816,6477 0,00 6,865 2,59E-03 30% 2,91E-03 18% 0,89
PC 0-36:1+Na 838,6296| 0,00 6,789 2,49E-03 8%|  2,20E-03 4% 1,14 -
PC P-31:1 +Na 724,5247 0,60 7,701 1,04E-03 93%| 7,81E-04 28%! 1,33 -
PC P-33:1 +H 730,5745 0,00 7,621 5,69E-03 44% 6,76E-03 24%] 0,84 -
752,5578 1,84 7,502 9,58E-03 1%) 8,29€-03 6% 1,16 -
PC P-33:2 +H 728,5589 0,00 7,616 5,78E-03 44% 7,08E-03 18% 0,82 -
PC P-35:1 +H 758,6040| 2,37 7,581 1,69E-03 654%] 2,08E-03 35%| 0,81 -
PC P-35:1 +Na 780,5878 0,00 7,132 1,34E-03 19% 1,09€-03 3% 1,23 +
PC P-37:1 +Na 808,6187 0,41 7,437 2,37E-04 9% 2,13E-04 9% 1,11 -
PC P-37:3 +Na 804,5878 0,00 7,357 3,33E-04 2% 3,11E-04 8% 1,07 -
PE 36:3 +Na 764,5225 3,14 7,665 6,21E-03] 14%|  5,43E-03 5%) 1,14 -
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PE 38:4 N2 790,5357] 0,00 7,58 239603 7W| 27803 10% 0,86 -
PE 38:5 +H 7665367 1,90 7,639 370E03|  8%| 4.26E03] 11% 0,87 -
PE 38:6 +1a 7865032 1,54 7,665 439604 29%| 68404 19% 0.64 -
PE 40:6 +Na 8145357 _ 0,00 7,576 112603 17%| 191603  24% 0,59 -
PE41:2 +H 814,6320] 0,00 6,901 104603 19%| 2,32603] 23% 084 -
PE41:3+Na 834,5986] 033 6,742 110602 31%| 1,19602] 16% 092 -
PE 44:10 +H 840,538 0,00 7447 386E04] _ 24%|  4,93E04] 1A% 0,78 -
! 7205893 1,16 7,086 1576:03]  9%| 123e03] 5% 1.28 -
PE D-36:4 +Na 748,5271] 2,56 7,509 524E03|  10%| 543E03]  14% 0,57 -
PE P-40.7 H 7745421 1,43 7,456 349E03| 9% 407603 8% 0,86 -

762,5269 138 8.213 927604 5%| 4,63E04] 13% .

7905593 0,00 8,182 754603 43%] 54603 14% 138 -

788,5428] 1,09 8,137 380E03]  16%| 206603 124 184 -
PG 38:3 +NH4 8185895 1,31 8,088 677604 66%| 432604 23% 157 -
PG 40:7 +NHa 8385593 0,00 6,996 311603 20%| 252608 19% 123 -
PG 40:8 +NH4 836,5436] 0,00 7,085 199602  17%| 132602 21% 151 -
PG 42:7 +NHa 8665015 1,03 6,914 959E-04|  14%| B8,03E04] 15% 119 -

762,5280] 0,00 8213 936E04] 6% 519604  11% 180 -

784,509 1,10 8,222 386604 22%) 1,89604] 12% -
Ps 36:1 +Na 812,5412] 0,00 8,137 383603 20%| 204E03] 7% 131 -
P536:2 +Na 8105251 055 8,137 921E04]  11%] 7,62604] 36% 121 -
PS 38:3 4Na 8365429 2,01 7,983 171602  13%| 117602 24% 1,46 -
PS 40:6 +Na 8585243 1,51 7,984 327603 15%| 367603] 6% 116 -
PS 42:5 +H 866,5006] 0,00 6915 9,46E04] 1% 804604 15% 118 -
PS 42:5 +Na 8885725 0,00 6,789 464ED4|  32%| 3,06E04] 27% 151 -
psaamosn | 8845422 157 7,886 6,09E-04]  14%| 372604 13% 1,64 -
SHexCer 340,03 +H 798,5391] 0,63 7,433 114603 1a%|  1e2e03]  25% 0,70 -
SHexCer 34.0,04 +H 8185344 014 7,576 L12E03[  17%| 192603 23% 059 -
SHexCer 36:1:04 +H 840,515 1,59 7447 383E04]  23%] 487604 15% 079 -
SHexCer 42:2,02 +H 8906368 1,95 157 22304 a1%|  2,70e04]  21% 083 -
SM 34:1,02 +Na 7255562 0,81 B423 397604 16%| 2,92604] 25% 1,36 -
SM 36:1:02 +H 731,605 1,00 8327 BBIE02[  21%| 63602 20% 139 -
SM 36:1,02 +Na 753,5870] 1,49 8343 7,08E03| _ 23%|  7,15€03]  21% 0,99 -
SM 36:2,02 +Na 75L5713] 148 8365 3,506 04] _ 12%]  4,376-04] 25 1,03 -
SM 37:1,02 +H 7456208 1,94 8,298 301E04]  28%| 225604  21% 134 -
SM 38:1,02 +Na 7816180 180 8,296 353E04]  18%| 519604 25% 068 -
SM 40:0; 02+Na 811,6664] 0,00 5,142 629604 20%| 4,806.04] 11% 131 -
SM 42:2,02 +Na 8356647 1,97 B,186 415604 a4%|  7,74E-04] 15% 0,54 -
SPB 180,02 +H 302,3050] 1,20 10,476 993E04]  S0%| 500604 4% 195 +
SPB 18:1,02 +H 3002893 122 9,015 186603 35%| 127603 2K 147 +
SPB 20:0,02 +H 330,3361] 1,66 10,203 113603]  57%| 599e04] 2% 1,88 +
$PB 201,02 +H 328,3205| 144 8,758 477604 23%|  2,96E04] 10K 143 -
5PB 22:0,02 +H 35,3680 0,01 10,01 120603|  62%| 668E04] 3% 1,80 +

!
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Legend to the Table SA2:

CI8
(&Y
HLB
Lipids

Cer
CerP
DG
HexCer
1PC
LPE
MG

23R4

SHexCer
SM
SPB

ratio two times higher for feature sampled with use of C18 than HLB fibers

ratio two times lower for feature sampled with use of C18 than HLB fibers

peak area between C18 and HLB fibers statistically significantly different (p<0.05)

standard deviation of peak area between C18 and HLB fibers statistically significantly different
(p<0.05) - The F test significant

standard deviation of peak area between C18 and HLB fibers is not statistically significantly
different (p<0.05) - The F test unsignificant

Octadecyl
Coefficient of variation
Hydrophilic-lipophylic balanced

Ceramides

Ceramide phosphates
Diglycerides

Hexoyl ceramides
LySPBphosphatidylcholines
LySPBphosphatidyletanoloami
Monoglycerides

Phosphatidylocholines

hatidul 1

Phosphatidylglycerols
Phosphatidylserines
Sulfatides
Sphingomyelines
Sphingosines
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Table SB2. Feaures sampled with use of SPME fibers and analysed by RPLC-HRMS

ratio of a

. Deltalpp Retenti

N
Putative Lipidion Observed m/z 5 -C18 normalized area- CV-HLB normaliz
m) time HLB

CE 11:0 +NH4 572,5396] 0,86 13,166 2,04€-03 1,11£-03 1,84
CE 13:0 +NH4 600,5709] 0,79 13,634 6,54E-04 3% 3,936-04 6%) 1,66] -
CE 15:0 +NH4 628,6027 0,01 14,057 4,39E-04 4% 2,86E-04 5% 1,54] -
CE 16:1 +NH4 640,6024 0,48 14,721 2,82E-03 33% 1,53E-03

CE 17:0 +NH4 656,634 0,59 15,147 3,01E-04 69% 9,87E-05

CE 18:0 +NH4 670,6507 1,63 15,309 2,176-04 65% 9,34E-05

CE 18:1 +NH4 668,6336] 0,60 15,037 2,50E-03 55% 1,14€-03

CE 18:2 +NH4 666,6179 0,68 14,808 1,75E-03 55% 8,436-04

CE 20:1 +NH4 696,6654 0,11 15,348 2,84E-04 29% 1,56-04 8% 1,82 +
CE 20:2 +NH4 694,6490] 0,95 15,104 3,10E-04 33% 1,58-04 3%| 1,96] +
Cer 25:0;03 +NH4 aa7,8160] 2,72 12,562 9,85E-04 37% 1,56£-03 18% 0,63| -
Cer 25:1;03 +NH4 4454000 001 12,089 4,08E-04 11% 3,00€-04 9% 1,36 -
Cer 27:0;03 +NH4 475,4469] 0,01 13,105 6,48E-04 16% 1,01£-03 22% 0,64] -
Cer 27:1;03 +NH4 473,4325 2,64 12,688 2,736-03 13% 2,186-03 3%) 1,25] -
Cer 28:0;05 +H 504,4255 0,67 8,796 3,60E-03 34% 2,79€-03 11% 1,29] -
Cer 28:1;03 +NH4 487,4482 2,51 12,966 1,786-03 1% 1,76€-03 2% 1,01 +
Cer 29:0,03 +NH4 503,4794 2,39 13,57 1,136-03 27% 1,41€-03 18%| 0,80] -
Cer 29:0,05 +H 518,4414 0,26 9,225 1,10E-02 17% 8,27€-03 21% 1,33] -
Cer 29:1,03 +NH4 s01,4639] 2,61 13,219 6,13€-03 9% 4,41€-03 3% 1,39 -
Cer 30:2;03 +NH4 513,4639] 253 13,061 9,66E-04 12% 7,066-04 2%) 1,37 +
Cer 30:4;02 +H 476,4096] 0,45 8,112 3,93E-04 157% 2,62E-05 21% +
Cer 31:0,03 +NH4 531,5108] 2,36 14,007 9,37E-04 131% 1,296-03 9% 0,73] +
Cer 31:1;03 +NH4 529,4952] 2,44 13,664 7,69E-03 12% 5,59E-03 4%) 1,38) -

Cer 31:1,04 +H s284623] 000 9,552 2,98E04] 4% 1,436-04 s« e + |
s27,4794] 222 13302 6,14E-03 6% 4,356-03 1%| 1.41| +
Cer 31:4;03 +NH4 5234481 2,23 12,527 5,18E-04 7% 3,67E-04 3%| 1,41 -
Cer 32:1;03 +NH4 543,5107| 2,19 13,822 4,43E-03 15% 3,34E-03 12% 1,33] -
Cer 32:2,03 +NHa s41,4952] 2,34 13,51 3,86£-03)| 10% 2,49€-03 11% 1,55 -
Cer 32:3,03 +NH4 s39.4796] 243] 1317 6,13E-04 15% 4,10E-04 4% 1,50] -
Cer 32:5;03 +NH4 s3sa484]  282] 12,398 8,81E-04 16% 5,92E-04 15%) 1,49] -
Cer 33:1;03 +NH4 557,5262 1,85] 14,095 6,39E-03 26% 3,71E-03 12%) 1,72| -
Cer 33:1,04 +H 556,4936] 000 10,416 1,29E-03 39% 6,8BE-04 %) 187]+
Cer 33:2;03 +NH4 555,5107 2,01 13,746 1,63E-02 13% 1,05E-02 4% 1,55] -
Cer 33:2,04 +H s544789] 1,73 9,857 2,53E-04) 43% 1,46E-D4 7% 1,73+
Cer 34:0,03 +NH4 573,5574 162] 14526 3,11E-04) 63% 5,55E-04 46%] 0,56/ -
Cer 34:0,04 +H 572,5245] 057 11,257 1,92€-03 38% 3,42€-03 18% 0,56] -
Cer 34:1,03 +Na 576,4958] 0,68 9,705 3,67E-04 140% 8,85E-05 9% +
Cer 34:1,03 +NH4 571,5420] 2,12 14,22 2,94E-03 27% 1,98£-03 11% 1,49] -
502,4905] 1,02 8,295 1,70€-04 122% 6,70E-05 16% +
Cer 34:2,03 +NH4 568,5263 1,92 13,913 2,54E-04] 5% 1,556-04 3% 1,89[ +
Cer 34:3,03 +NH4 567,5107]  2.06] 13,606 1,11E-03 14% 7,13E-04 4% 1,55] -
Cer 34:6,02 +NH4 5454693 2,99 13,667 3,57E-04 37% 2,18€-04 28% 1,64] -
Cer 35:0,04 +H 586,5405] o000 11,625 3,876-03] 27% 4,98E-03 17% 0,80] -
Cer 35:1;03 +NH4 585,5575 1,77] 14,463 2,67E-03] 30% 1,82E-03 3% 147|+
Cer 35:1;04 +H s84,5245] 0,52 11,176 3,986-03 35% 2,38€-03 9% 1,67] +
Cer 35:2.03 +NH4 sg3sais| 171 14124 7,11E-03 26% 4,81E-03 1% 1,48) +
Cer 35:3,05 +NH4 613,5138] 2,03 6,301 2,18€-04 17% 6,90E-D4 14% 0,32] -
Cer 35:4,03 +NH4 s79,5108]  2,17] 13544 1,62E-03 27% 6,77E-04 7%) +
s774952] 231 13163 1,97€-03 26% 1,08£-03 1%| 1,82] +
601,5890 2,02 14,861 3,32E-04 40% 5,22E-04 44% 0,64] -
599,5730] 1,41 14,58 1,77€-03 11% 1,15E-03 2%) 1,54] +
Cer 36:1,04 +H sogs401] 074 11476 1,90E-03 36% 1,16€-03 4% 1,65] +
Cer 36:2;02 +H 564,5347] 066| 10,385 1,49€-03)] 60% 7,586-04 46% 1,96) -
Cer 36:2,02 +Na 586,5165|  0,85] 10,414 2,54E-03 55% 1,54£-03 28% 1,65 -
Cer 36:2:03 +NH4 597,5577| 2,04 14,287 1,77€-03 26% 1,186-03 7%, 151) -
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Cer 36:2,04 +H 596,5245]  0,63] 11,069 6,18€-04 44%) 3,96-04 7% 1,56] +
Cer 36:3;03 +NH4 595,5418]  1,62| 14,006 8,21E-04 22% 5,09E-04 4%) 1,61]+
Cer 36:4,03 +NH4 5935263 1,87 13,747 3,376-04 15% 2,12E-04 9% 1,59 -
571,4842|  1,49] 13,744 6,33E-04 22% 4,74E-04 7%) 1,34] -
Cer 37:0,04 +H 614,5712| 1,00 12,2 4,47€-03 20% 4,656-03 6% 0,96] -
Cer 37:1,03 +NHA 613,5887| 1,52| 14,789 1,71€-03 13% 1,386-03 4% 1,24 -
Cer 37:1;04 +H 612,5557| 0,70 11,764 4,72€-03 15% 3,14€-03 4%) 1,51] -
Cer 37:2;03 +NH4 611,5729]  1,24] 14,502 2,96E-03 24% 2,026-03 6% 1,47+
Cer 37:2,04 +H 610,5400] 0,83 11,36 2,02E-03 37% 1,00€-03 16% -
Cer 37:3,03 +NH4 609,5574]  1,46] 14,219 1,62E-03 29% 1,01€-03 5% 1,60[ +
Cer 37:4,03 +NH4 607,5419]  1,77] 13,93 1,01€-03 16% 6,62E-04 4%) 1,53] +
Cer 37:5;03 +NH4 605,5263| 1,77] 13,629 4,81E-04 13% 2,98€-04 5% 1,61] -
Cer 37:6,03 +NH4 603,5107] 1,87 13,327 2,32E-04 6% 1,44€-04 7% 1,61 -
Cer 38:1,02 +H 594,5813| 1,15 11,62 5,53E-04 63% 3,356-04 36% 1,65] -
Cer 38:1,03 +NHA 627,6042]  1,15| 14,919 9,10£-04 21% 7,056-04 2% 1,29] +
Cer 38:1,04 +H 626,5721]  0,43] 12,089 8,32E-04 31% 5,81E-04 5% 1,43]+
Cer 38:2,03 +NH4 625,5886]  1,33| 14,641 9,08E-04 20% 5,94E-04 6% 1,53] -
Cer 38:6,03 +NH4 617,5262]  1,64] 14,368 5,256-04 40% 3,356-04 1%| 1,57| +
Cer 39:1;03 +NH4 641,6204] 2,07 15,078 5,62E-04 29% 4,19€-04 8% 1,34] -
Cer 39:1;04 +H 640,5869] 0,92 12,309 2,18E-03! 26% 1,89E-03 15%, 1,15[-
Cer 39:1,04 +Na 662,5714] 2,95 11,95 1,59E-03 38%) 1,176-03 30%| 1,36 -
Cer 39:2,03 +NH4 639,6045|  1,72| 14,802 8,50E-04 13% 7,00E-04 7% 1,21 -
Cer 39:4,03 +NH4 635,5728]  1,10] 14,305 3,71E-04 24% 2,50E-04 11% 1,48 -
Cer 39:6,03 +NH4 631,5418]  157] 14,541 4,20E-04 33% 2,676-04 5% 1,57| +
Cer 40:0;03 +H 624,6285|  0,62] 12,381 1,84€-04) 78% 1,28E-04 17%) 1,44 +
Cer 40:5;03 +NH4 647,5731] 1,53 14,99 2,37E-03 136% 3,98E-04/ 7% +
Cer 41:0,04 +H 670,6344] 0,00 13,163 3,47E-04 27% 4,80E-04 16% 0,72] -
Cer 41:0,04 +Na 692,6161]  0,32] 11,875 8,80E-05 58% 5,65E-05 18% 1,56] -
Cer 41:1;02 +Na 658,6109]  0,01] 13,881 5,57E-05! 27% 9,52E-04 50%) 0,06] +
Cer 41:1;04 +Na 690,5099|  1,09] 11,212 8,34E-05 70% 4,69E-05 16%, 1,78]+
Cer 41:1,04 +Na 690,6007| 0,01 6,546 2,63E-04 1% 1,476-04 19%, 1,79 -
667,6360] 1,84 15,096 3,46E-04 26% 1,90E-04 6% 1,82] +
659,5732|  1,65] 14,875 6,17E-04 44% 3,20E-04 1%| 1,93| +
Cer 42:0;02 +H 652,6597] 080] 12,845 2,58E-04 104% 1,21€-04
Cer 42:0;02 +Na 674,6413 1,33 12,845 2,46E-04 102% 1,23E-04
Cer 42:0,03 +H 668,6551] 0,01] 12,403 2,99E-04 79% 1,84E-04
Cer 42:0,03 +Na 690,6360] 1,55 12,403 2,15E-04 B6% 1,26€-04
Cer 42:1;02 +H 650,6440) 082 12,707 5,27E-04 116% 1,52€-04
Cer 42:1;03 +Na 688,6208] 0,93 12,44 6,68E-04 146% 1,02E-04
Cer 42:1;04 +H 698,6293] o001 13204 2,49E-04 47%) 5,45E-04
7046156) 102 11,531 3,006-04 98% 1,436-04
Cer 42:2,02 +H 648,6283]  094] 12,241 6,63E-04) 59% 5,30E-04
Cer 42:5:03 +NH4 675,6042 117] 15,304 3,556-04 79% 1,28E-04
Cer 42:7,03 +NH4 671,5730]  1,29] 14,807 7,66E-04 64% 4,24E-04
Cer 43:0,04 +H 698,6657] 000 13,575 4,85E-04) 31% 7,136-04
Cer 43:0,05 +Na 736,6426]  0,00] 13,293 5,80E-04 28% 5,97E-04
Cer 43:1;04 +Na 718,6314] 077 11,835 2,08E-04 74% 9,03E-05
Cer 43:1,05 +H 712,6450] 0,01 13,45 8,04E-04 52% 1,66E-03
Cer 43:2;03 +NHA 695,6667| 0,92] 15374 1,66E-04 32%) 1,026-04
Cer 43:2,05 +H 710,6293] 001] 13,164 5,74E-04 33% 6,73E-04
658,6133] ooo] 13,913 &,18E-05 28% 8,61E-D4
Cer 43:6,03 +NH4 687,6041] 098] 15191 1,38E-04 34% 7,10E-05 12%) 1,94
Cer 43:0,03 +Na 718,6675] 1,25] 12,349 2,376-04) 78%) 1,54E-04
Cer 44:0,04 +H 712,6814] o0p00] 13,737 3,29E-04 0% 4,07E-04
Cer 44:0;04 +Na 7346623  1,34] 12,644 2,236-04 93%) 1,21E-04
Cer 44:1;02 +H 6786754] 072 13141 3,90E-04 138% 8,92E-05
Cer 44:1;02 +Na 700,6574] 059 13163 5,14E-04 140% 8,95E-05
Cer 44:1;03 +Na 716,6519) 1,22 12,895 5,38E-04 148% 8,23E-05
Cer 44:2;02 +H 676,6598]  0s59] 12,308 2,08€-04) 73% 9,83E-05
Cer 45:0,04 +H 726,6970]  0,00] 13,936 2,10E-04 35% 2,55E-04
Cer 46:0;02 +H 708,7221 1,06] 13,642 1,556-04 42%) 1,12E-04 25%] 1,38
Cer 46:0,02 +Na 730,7034]  183] 13,652 1,46E-04 61% 9,87E-05 18%) 1,48
Cer 48:0,03 +Na 7747299]  1,35] 13,629 1,47E-04 41% 1,15E-04 30%] 1,28
Cer 48:1;04 +H 766,7283| 0,00 14,49 2,55E-04 14% 1,91E-04 2% 1,34
Cer 49:1,04 +H 780,7440] 0,00 14,661 3,106-04 16% 2,16E-04 15%) 143
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CerP 24:0,03 +Na 5183217 0,01 4,828 1,07€-03 58% 4,47€-04
CerP 38:1,04 +Na 728,5201] 0,00 9,193 2,22€-03 72% 9,15€-04
CerP 40:2,03 +H 716,5589] 0,00 11,123 1,82€-04 37% 1,586-04
CerP 41:2,03 +Na 752,5565| 0,00 11,438 9,57E-03 58% 6,42E-03
CerP 41:3,02 +NH4 729,5905] 0,00 9,347 1,10E-03 54% 6,63E-04
CerP 41:5,03 +H 724,5276] 0,00 10315 1,80€-03 57% 1,526-03
CerP 41:5,03 +Na 746,5095| 0,00 10,314 2,956-04 60% 2,68E-04
CerP 42:0,03 +H 748,6208] 085 11214 7,136-04 63% 4,24E-04
CerP 42:1,03 +H 746,6058] 0,00 10,666 1,89E-03 61% 1,106-03 42% 1,71] -
CerP 42:1,04 +Na 784,5827| 0,00 10,786 9,22E-03 65% 6,63E-03 25% 1,39 -
CerP 43:2,02 +NH4 759,6367] 1,01] 10,719 1,58E-03 61% 1,276-03 38%| 1,25]-
CerP 43:2,03 +Na 780,5878] 0,00 11,985 6,37E-04 32% 6,38E-04 17%) 1,00 -
CerP 44:2,03 +H 772,6199]  2,06] 11,306 2,37E-04 44% 1,90€-04 22%) 1,25) -
CerP 44:2,03 +Na 794,6025| 1,11 11,32 8,20E-05 55% 6,04E-05 36% 1,36 -
CerP 45:2,03 +H 786,6371] 0,00 12,492 2,98E-04 44% 2,76E-04 21%) 1,08] -
CerP 45:5,03 +H 780,5902| o000 11522 8,76E-03 53% 5,68E-03 30% 1,54 -
800,5565] 0,00 11,045 6,77E-04 95% 7,54E-04 18%| 0,90] -
CerP 45:7,03 +Na 798,5408]  0,00[ 10,984 3,70E-03 59% 2,556-03 23%) 1,45 -
CerP 47:3,02 +NH4 813,6844]  0,00| 11,472 2,976-03 36% 2,916-03 14%) 1,02]-
CerP 53:8,02 +Na 892,6555| 0,000 10,702 3,56E-04 54% 3,50E-04 14%| 1,02]-
Co Q9 +H 795,6286] 0,00 11,714 1,656-03 35% 1,57€-03 15%) 1,05]-
DG 20:0 +NH4 418,3527] 0,00 6,474 8,61E-05 46% 1,056-04 48% 0,82] -
DG 24:4 +Na 471,3078] 0,67 6,208 3,45E-04 36% 2,58E-04 13%) 1,34] -
DG 28:1 +Na 533,4177] 0,01 9,539 5,92E-04 45% 3,106-04 40% 1,91]-
DG 29:0 +Na 549,4490] 001] 10,479 7,72E-04 63% 1,276-03 60% 0,61] -
DG 29:0 +NH4 544,4936] 0,00 10,506 5,16E-04 49% 9,55E-04 25% 0,54] -
DG 31:2 +NH4 568,4926] 165 10,322 2,94E-04 52% 1,56€-04 3% 1,89 +
DG 33:2 +Na 601,4799]  0,53] 11,087 5,62E-04 64% 3,91E-04 19%| 1,44) -
DG 33:2 +NH4 596,5249] 0,00 11,069 6,83E-04 40% 3,96E-04 7% 1,72+
DG 34:0 +H 597,5453]  0,00] 12,228 1,00€-04 32% 1,09E-04 8% 0,92| -
DG 34:0 +Na 619,5262] 1,65 12,214 3,16E-03 23% 3,80€-03 4% 0,83] -
DG 35:1 +Na 631,5270)  0,34] 11,995 6,46E-04 2% 2,83E-04 48% -
629,5111] 0,71 11,714 4,64E-04 45% 2,42E-04 5% 1,92[+
[OG 35:2 +NHA 624,5556]  0,82] 11,718 4,71E-04 34% 2,80€-04 7% 1,68[+
DG 36:1 +Na 6455429]  p01[ 12314 2,28E-03 29% 1,81E-03 7% 1,26] -
DG 38:0 +Na 675,5889| 1,29 13,163 3,92E-04) 31% 5,97€-04 14%) 0,66| -
DG 38:0 +NH4 670,6337|  1,10| 11,806 1,07E-04 67% 6,91E-05 24%| 1,54] -
DG 38:5 +NH4 660,5558] 053] 11472 1,48E-04 31%) 1,12E-D4
DG 40:0 +Na ?U3.6202| 1,30 13,588 4,91E-04 37% 7,66E-04
DG 40:0 +NH4 698,6650| 1,00 12,438 1,54E-04/ 80% 7,43E-05
DG 41.0 +Na 717,6355]  1,71] 13,706 2,93E-04 39% 4,13E-04
DG 41:0 +NH4 712,6805]  1,23] 12,644 2,62E-04 92% 1,296-04
DG 42.0 +Na 7316514  142] 13,926 1,66E-04 41% 2,27E-04 14%] 0,73~
0G 42:1 +Na 729,6368]  0,00] 13,648 3,34E-04 29% 1,926-08 14%) 1,74] -
DG 42:1 +NH4 724,6808] 0,70 13,651 3,296-04 23% 2,036-04 10%) 1,62 -
DG 51:1 +NH4 850,8222]  000[ 1529 3,256-04 20% 2,376-04 9%| 137 -
DG 0-22:3 +NH4 426,3573] 121 4,823 2,52E-04 38% 1,68E-04 14%] 1,50] -
DG 0-30:2 +H 5234710] 1,98 10,981 3,376-04 51% 5,886-04 26%) 0,57] -
DG 0-36:2 +H 607,5660| 0,01 12,725 3,03E-04) 36% 2,02E-04 45%)| 1,50] -
DG P-33:1 +NH4 582,5456] 0,01 9,257 7,61E-05 28% 1,106-04 33%| 0,69] -
DG P-34:2 +H 5775190  o001] 11,763 4,57E-04 34%) 2,886-04 4%] 1,59 +
DG P-36:5+H 599,5028| 1,06 8,316 1,44E-04/ 68% 8,17€-05 29% 1,76] -
DG P-38:2 +Na 6555636  0,09] 12,801 1,11E-04 54% 1,20E-04 21%) 0,86 -
DG P-39:2 +NH4 664,6232] 095 11526 3,316-04 89% 2,026-04 19%) 1,64+
0G P-41:0 +NH4 96,6855 1,37| 12,846 2,61E-04 75% 1,59E-04 30%| 1,64 -
694,6699]  1,29] 12,808 4,16E-04 150% 5,87E-05 16%| +
720,6858] 082 12572 1,60E-04 80% 7,74E-D5 24%] +
GluSph 20:1;03 +NH4 523,3966] 242 9,256 2,42E-02 B%) 1,84E-02 19%) 1,32 -
GluSph 22:1,03 +NH4 ss14266] o001 10121 1,63E-04 83% 1,326-04 20%] 1,24 -
Hex2Cer 14.0,03 +H 600,3241]  2,59] 10,028 2,316-04 47% 2,156-04 10%) 1,07] -
Hex2Cer 31:2,02 +NH4 8355898] 101 9,33 6,24E-04 50% 4,51E-04 22%) 1,38 -
Hex2Cer 32:1,04 +H #66,5843] 0,86 10,8 8 31E-04 62% 6,70E-D4 18%) 1,24 -
Hex2Cer 32:1,05 +H 882,5795] 1,16 10,8 2,86E-04 68% 2,236-04 26%) 1,28] -
Hex2Cer 34:2,02 +H 860,6094] 0,00] 11,078 7,51E-04 62% 4,28E-04 40% 1_}'E-| -
Hex2Cer 34:2,04 +H §92,5096|  0,43] 10,961 1,24E-03 45% 1,14E-03 5% 1,08] -
972,7332]  1,38] 11421 121E-04]  172% 2,48E-07 173%| +
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HexCer 16:0;03 +NH4 483,3289] 2,66 6,353 1,34€-03 36%) 1,34E-03 24%) 1,00] -
HexCer 19:0,02 +NH4 5093811 2,78 8,766 4,33€-03 24% 3,21€-03 11%) 1,35]-
HexCer 29:0,03 +NH4 6655311 0,00 10,782 1,47€-04 53%) 1,64€-04 5%| 0,90] +
HexCer 30:3;03 +NH4 673,4984] 196 11,615 1,18£-04 53%) 1,69E-04 23%) 0,70] -
HexCer 32:0,05 +NH4 739,5685| 093] 10,425 1,20E-03 51%) 1,06€-03 15% 1,14]-
HexCer 32:2,02 +NH4 687,5534] 2,35 12,8 2,26E-04 59% 4,99€-04 22% 045] -
719,5416]  0,01] 10,358 1,82€-03 57%) 1,75€-03 56%) 1,04]-
684,5039] 0,89 11,941 1,14E-04 40% 1,04E-04 21%| 1,09] -
701,5291] 2,73 12,223 1,91E-04 12%) 2,01E-04 6% 0,95| -
721,5938] 021 12,178 5,01€-04 9% 5,44E-04 21%) 0,92] -
767,5999|  0,96] 11,109 2,74E-03 37% 2,48E-03 14%) 1,11 -
749,5889] 0,40 12,416, 6,23E-04 29%) 7,35€-04 43%) 0,85] -
745,5594| 2,87 10,028 1,10€-03 72%) 5,20£-04 51%) -
731,6160] 221 13,593 6,21E-04 25%) 1,01€-03 23%) 0,61/ -
7956311]  0,79] 11,714 1,67€-03 34%) 1,58€-03 15% 1,06| -
766,5804] 0,01 9,929 9,10€-04 36%) 1,19€-03 9% 0,76] -
743,6144] 0,01 13,557 1,22€-03 20%) 1,63€-03 6%) 0,75 -
775,6042]  0,01] 11,669 2,956-04 45% 4,55E-04 21%, 0,65] -
7446337 149 12,407 8,76E-04 28% 7,106-04 17%) 1,23 -
HexCer 37:0;03 +H 760,6288]  1,15| 11,261 2,91€-04 48% 2,53E-04 18%| 1,15 -
HexCer 37:2,02 +NH4 757,6300]  0,01] 13,727 2,49€-03 21%) 2,566-03 4%) 0,97] -
HexCer 38:1;02 +NH4 773,6618] 0,64 14,148 2,51E-03 13%) 4,76€-03 20% 0,53] -
HexCer 38:1,03 +H 772,6286] 1,49 10,733 7,94E-04 49% 7,26€-04 16% 1,09] -
HexCer 38:1,03 +Na 7946117 0,01 10,719 1,63€-03 46% 1,70€-03 11% 0,96] -
HexCer 38:3;02 +NH4 769,6317] 2,10 13,656 1,91€-03 29%) 2,17€-03 5%) 0,88] -
HexCer 39:1;02 +NH4 787,6775|  0,61] 14,287 2,83E-03 15%) 5,05E-03 23%| 0,56] -
HexCer 39:1;03 +H 786,6445] 1,12 11,069 2,22E-04 43% 2,04E-04 28%) 1,09] -
HexCer 39:4,02 +NH4 781,6317| 2,07 13,606 4,52€-04 23%) 4,58E-04 39%| 0,99 +
HexCer 40:0,02 +H 786,6805| 1,61 11,776 1,34E-04 44% 2,01€-04 19% 0,67| -
HexCer 40:0,03 +Na 824,6566] 2,45 11,624 1,04£-03 40% 1,326-03 15%) 0,79] -
HexCer 40:1,02 +H 784,6650] 1,39 11,575 9,34E-04 45% 7,77€-04 17%) 1,20] -
HexCer 40:1,02 +NH4 801,6927] 0,08 14,462 3,086-03 13% 5,00E-03 40% 0,62 -
HexCer 40:1,03 +H 800,6600]  1,21[ 11,408 8,83£-03 43%) 9,08-03 11% 0,97] -
[HexCer 40:1,04 +H 816,6542]  2,17] 14,236 2,11E-04 17% 2,19E-04 18% 0,96] -
HexCer 40:2,02 +NH4 799,6775]  061] 14,238 8,46E-03 8% 8,22€-03 6% 1,03] -
HexCer 40:2;04 +H #14,6403 0,01 14,034 1,74E-04 19%, 1,94E-04 12% 0,90 -
HexCer 41:0,03 +H 816,6912]  1,37] 11915 3,69E-04 41% 3,67E-04 13%) 1,01 -
HexCer 41:0,03 +Na 838,6724]  2,16] 11,906 2,48E-04 42% 3,09€-04 12%| 0,80] -
HexCer 41:1,02 +NH4 815,7087 0,45 14,594 2,99E-03 12% 4,95€-03 36% 0,61] -
814,6757]  1,24] 11,714 4,78E-03) 44% 4,56E-03 18% 1,05] -
813,6928] 018 14,399 6,47E-03 15% 6,68E-03 4% 0,97] -
8116772 025 14,188 5,526-03 8% 5,06€-03 9% 1,09]-
830,7064] 1,94 12,183 5,17E-04 50% 6,41E-04 16% 0,81] -
812,6964] 119] 12,134 2,39E-03 44% 2,126-03 31% 113[-
834,6778]  184] 12,149 2,20E-03 47% 2,39E-03 15% 0,92 -
828,6923] 0,00 10,599 2,20E-04 48% 2,32€-04 14% 0,94 -
HexCer 42:1;03 +Na 850,6730]  1.48] 11,984 7.65E-03 45% 8,36E-03 9%) 0,91] -
s44,6851] 247 14546 1,77E-04 13% 1,68E-04 1% 1,05+
810,6818] 0,01 10,126 2,75E-04) 49% 2,80E-04 9% 0,98 -
827,7083] 0,05 14,538 9,09E-03 8% 8,84€-03 6%| 1,03] -
HexCer 42:2,03 +H 826,6753]  162[ 11488 5,26E-03 49% 5,82€-03 2% 0,90] -
HexCer 42:2,03 +Na 848,6572] 164 11471 6,73E-03 46% 7,57€-03 3%| 0,89] +
842,6697 2,22 14,352 1,63E-04 12% 1,88E-04 17% 0,87] -
HexCer 42:3,02 +NH4 825,6931]  o050[ 14,355 7,25E-03 3% 7,22€-03 6%, 1,00] -
HexCer 42:3;03 +H 824,6587] 2,84 11,624 1,03E-03 42% 1,25€-03 14%| 0,82| -
HexCer 42:3,03 +Na 8466430 001 11,069 2,43E-04 55% 3,27E-04 13% 0,74] -
HexCer 42:4;,02 +NH4 8236775]  062] 14,122 3,20€-03 8% 3,01€-03 3%| 1,06] -
HexCer 43:1;02 +NH4 843,7399] 034 14,875 1,87E-03 20% 3,11E-03 29%| 0,60| -
HexCer 43:2,02 +H 824,6969] 066 11917 2,13E:04 44% 2,62E-04 13%) 0,81] -
HexCer 43:2,02 +Na 846,6782) 1,38 11,018 3,70€-04 43% 4,14E-04 12% 0,89] -
HexCer 43:2,02 +NH4 841,7241]  019] 14,668 4,80E-03 11% 4,54€-03 7% 1,06 -
862,6728] 1,70 11,765 2,68E-04 48% 3,09E-04 10% 0,87] -
HexCer 43:2,04 +H 856,6872]  001] 14,488 1,05E-04) 23% 1,37€-04 24%| 0,77| -
HexCer 43:3;02 +NH4 839,7085|  0.21] 14,489 4,51E-03 11% 4,06€-03 10% 1,11 -
837,6931] 050 14,284 1,82€-03 4% 1,75E-03 7%) 1,04] -
HexCer 44:1;02 +NH4 857,7554] 021 15014 1,66E-03 32% 2,076-03 20% 0,80] -
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[HexCer 44:1,03 +H 856,7222] 1,68 12,505 1,40E-04 51%) 1,28E-04 14%] 1,09] -
HexCer 44:1,03 +Na 878,7039 1,93 12,508 1,74E-04 59%) 1,87€-04 19%| 0,93 -
HexCer 44:2;02 +NH4 855,7398| 0,27 14,807 5,01E-03 10% 5,37E-03 17%, 0,93| -
HexCer 44:3,02 +NH4 853,7239 0,10 14,598 4,54E-03 9% 4,79€-03 14%| 0,95 -
HexCer 44:4;03 +H 850,6767 0,00 11,992 7,50E-03 44% 8,24E-03 8%| 0,91] -
846,6436] 2,11 11,069 2,43E-04 54%) 3,28E-04 14%] 0,74] -
HexCer 45:1,02 +NH4 871,7709] 0,01 15,109 7,34E-04 30%) 1,24E-03 29%| 0,59 -
HexCer 45:2,02 +NH4 869,7555 0,32 14,937 2,19E-03 27%) 2,35E-03 11%| 0,93 -
HexCer 45:3,02 +NH4 ss:_ngril 0,03 14,749 2,336-03] 7% 2,43E-03 6% 0,96] -
865,7242] 0,28 14,56 1,23E-03 0% 1,17€-03 7%) 1,05 +
HexCer 46:1:03 +H 884,7549 0,00 14,134 1,92€-04 15% 8,15€-04 65%) 0.24] +
HexCer 47:1;02 +NH4 899,8019 0,37 15,353/ 2,94E-04 2% 1,44E-03 74% 0,20 +
HexCer 47:2,02 +NH4 897,7867 0,22 15,197 1,18E-03 20% 1,18E-03 2%| 1,00 +
HexCer 47:3;02 +NH4 895,7711 0,25 15,009 9,42E-04 20% 9,73E-04 8%| 0,97 -
HexCer 49:2,02 +NH4 925,8177 0,18 15,434 1,35E-03) 18% 1,39E-03 4%| 0,97] -
HexCer 49:3,02 +NH4 923,8024 0,22 15,239 6,38E-04 12% 6,46E-04 4%| 0,99] -
HexCer 50:0,02 +H 926,8383 0,00 14,368 2,35E-04 63% 2,69€-04 18%| 0,88] -
HexCer 50:4;02 +NH4 935.802;4 0,00 15,192 3,46E-04 14% 3,39€-04 9%| 1,02] -
HexCer 52:0,02 +H 954,8696 0,00 14,663 3,33E-04 26%) 2,04E-04 41%| 1,63 -
PC 33:4 +Na 762,5032 1,59 9,885 3,63E-04 56% 2,43E-04 24%| 1,50] -
PC 35:5 +Na 788,5189 1,49 10,054 5,09E-04 54% 3,89€-04 14%| 1,31] -
PC 36:4 +Na 804,5502 1,41 9,76 7,62E-03 63%) 4,85€-03 34%] 1,57] -
PC 37:6 +Na 814,5357 0,00 10,626, 4,01E-03 62%) 3,12€-03 21%] 1,28] -
PC 38:6 +Na 828,5503 1,34 9,695 5,80E-03 68% 4,626-03 28% 1,26] -
PC40:1 +H 844,6790) 0,00 12,143 5,37E-04 49%) 5,126-04 16%| 1,05] -
PC 40:2 +H 842,6620 1,61 11,683 3,89E-04 46% 3,71E-04 13%| 1,05] -
PC 40:4 +Na 860,6140 0,00 11,078 8,02€-04) 65%) 4,336-04 37%] 1,85] -
PC 40:6 +H 834,6007 0,00 10,501 7,21E-03 64%) 5,52€-03 23%| 1,31] -
PC 40:6 +Na 856,5809 2,11 10,5 3,40E-03 63%) 2,79E-03 26%| 1,22] -
870,6938] 096 12,215 2,54E-04 49%) 2,60€-04 5%] 0,98] +
PC 44:12 +Na 900,5500] 1,49 9,257 3,24E-04 79% 2,04E-04 32%| 1,59] -
PC 0-29:0 +Na 742,5349] 1,15 9,606 1,99E-04 63%) 1,29€-04 23%| 1,54] -
PC 0-34:2 +Na 766,5721]  0,00] 10,617, 1,23E-04 34%] 1,31E-04 11%) 0,94] -
PC0-36:1+H 816,6465 1,51 11,562 2,14€-03 46%) 1,85€-03 9%) 1,16] -
PC 0-36:1 +Na 838,6296] 0,00 11,069 2,00E-03 58% 1,22€-03 31%) 1,64] -
PC 0-38:1 +H 844,6779 1,27) 12,143 5,35E-04 47% 5,01€-04 14%) 1,07] -
PC P-31:1 +Na 724,5252 0,00 10,783 7,34E-04 36% 6,61E-04 13%) 1,11] -
PE 37:1 +Na 782,5670] 0,00 9,761 1,55€-02 61% 9,45E-03 35%) 1,64] -
PE 38:6 +Na 786,5033 1,39 9,857 1,04€-03 62% 7,14€-04 33%| 1,46] -
PE 0-23:4 +Na 566,3211 1,07 4,509 1,50€-04 53% 2,94€-05 46% -
PE 0-36:4 +H 726,5432 0,00 10,412 6,83E-04 54%) 4,32E-04 25%) 1,58| -
PE P-38:6 +Na 770,5081 1,81 10,252 1,10€-03 58% 8,09E-04 18%) 1,36] -
PE P-40:7 +Na 796,5252 0,00 10,416 6,41E-04 59% 4,34E-04 33%) 1,48| -
PS 41:6 +Na 872,5412 0,00 9,781 1,63€-04 63% 1,27€-04 28%) 1,29| -
[SHexCer 32:0,03 +H 770,5083 0,00 10,26/ 1,16€-03 59% 7,92€-04 21% 1,47 -
SHexCer 32:0,03 +Na 792,4901 0,19) 10,302 2,79E-04 52% 2,54€-04 4% 1,10 +
SHexCer 32:0;04 +H 786,5032 0,00 9,857 1,04E-03 61% 7,14E-04 33% 1,46| -
SHexCer 34:0,03 +H 798,5393 0,30 10,983 3,70£-03 59% 2,626-03 26%) 1,41] -
SHexCer 34:0;03 +Na 820,5210] 0,58 10,992 7,77€-04 50% 6,80E-04 9%) 1,14] -
|sHexCer 34:0,04 +H 814,5342] 0,41 10,617 4,11€-03 62% 3,106-03 21%) 1,32| -
SHexCer 34:1;03 +H 796,5235] 0,50 10,416 6,42E-04 59% 4,36E-04 32%) 1,47 -
SHexCer 34:1;03 +Na 818,5059] 0,00 10,415 2,16E-04 56% 1,64E-04 18%) 1,31] -
SHexCer 34:1,04 +H 812,5169] 2,38 10,023 2,69E-04 65% 2,00€-04 26%) 1,34] -
SHexCer 34:2;03 +H 794,5083 0,00 10,466 2,79E-04 42% 2,336-04 13%) 1,20] -
SHexCer 37:0,04 +H 856,5814|  0,00] 10,497, 3,15E-03, 60% 2,79€-03 26%) 1,13] -
SHexCer 37:3;02 +Na 840,5266| 0,00 10,273 3,36E-04, 38% 3,44E-04 6%) 0,98] +
SHexCer 38:5;03 +H 844,5237] 0,23 9,669 2,77€-04 72% 2,19€-04 16%) 1,26] -
SHexCer 40:1;03 +H 880,6166] 1,37, 9,894 2,38E-04, 48% 2,336-04 15%) 1,02| -
[sHexCer 42:1;02 +H 892,6526] 1,81 10,702 3,56E-04 54% 3,516-04 14%) 1,02| -
|sm 36:1;02 +Na 753,5870] 1,52 9,93 9,94€-03 53% 6,53E-03 29%) 1,52| -
SM 36:2;02 +Na 751,5718] 0,85 9,317 1,17€-03 65% 5,89E-04 50%) 1,98| -
781,6185 1,19 10,702 8,49E-04 61% 6,95€-04 38%) 1,22| -
SM 42:1,02 +H 815,6999] 0,23 11,99 6,31E-04 39%) 4,88E-04 22%) 1,29] -
|sPB 16:1;02 +H 272,2580 1,66 12,706 2,44E-04 3% 1,60€-04 5% 1,52] -
|sP8 17:0,03 +H 304,2841] 1,56] 7,501 5,77€-04 47%) 7,75E-04 14%) 0,74] -
[spe 18:1;,02 +Na 3220713096 4878 538604 8% 251604 2« - |
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[sP8 22:0,02 +Na 380,3494]  1,25] 6,671 3,61E-04 21% 2,06E-04 13%) 1,76] -
SPB 24:0,02 +H 386,3988] 1,17 7,677 7,46E-04 27% 3,57€-04 19%, -
SPB 24:0,02 +Na 4083807 1,21 7,675 1,23€-03 18%) 6,64E-04 15%) 1,86 -
SPB 25:0,02 +Na 422,3965| 0,92 8,183 6,54E-04 17% 3,11€-04 25% -
TG 36:1 +Na 659,5209| 1,91 12,264 1,51€-04 57% 3,97€-04 56% 0.38] -
TG 36:1 +NH4 654,5668]  0,20] 12,288 3,15E-04 54% 4,826-04 11%) 0,65/ -

687,5522| 1,80 12,8 2,80E-04 47%) 4,71€-04 32% 0,60| -

TG 38:1 +NH4 682,5976| 0,60 12,782 4,12E-04 60%) 5,98E-04 1% 0,69] +
TG 39:0 +Na 703,5847| 0,00 13,21 1,09€-04 64%) 3,62E-04 34% 0,30] -
TG 39:1 +Na 701,5691|  0,00[ 12,943 1,34E-04 27% 4,136-04 56% 0.33] +
[TG 39:1 +NH4 696,6137] 0,01 12,966 1,80€-04 41%) 2,54E-04 11%) 0,71] -
TG 40:0 +Na 717,5996] 1,03 13,45 2,92E-04 48%) 1,08€-03 30% 0.27] -
TG 40:0 +NH4 712,6443] 0,96 13,45 6,95E-04 53% 1,65E-03 28% 042 -
TG 40:1 +Na 715,5838] 1,29 13,199 4,22€-04 35% 8,32E-04 36%| 0,51] -
TG 40:2 +Na 713,5680] 1,44 12,892 1,25€-04 40%) 1,70E-04 7% 0,73 -
TG 40:2 +NH4 708,6137|  0,01] 12,891 1,92€-04) 39% 2,11€-04 6% 0,91] -
TG 41:0 +Na 731,6155| 0,65 13,604 5,84E-04 26% 1,02€-03 22% 0,57| -

726,6598]  1,13] 13,585 1,05€-03 34% 1,57E-03 18%) 0,67] -

7295993 1,47 13,316 4,84E-04 30% 6,11E-04 17%) 0,79] -

724,6443]  0.86] 13,357 7,326-04 37%) 7,30E-04 1% 1,00[ +
TG 42:0 +Na 745,6306] 1,46 13,811 1,23€-03 39% 1,90€-03 8%) 0,65] -

TG 42:0 +NH4 740,6754 1,15] 13,812 2,62E-03 46%) 3,56E-03 31%) 0,74] -
TG 42:1 +Na 743,6151 1,22 13,565 1,20€-03 15% 1,51€-03 9%) 0,79| -
TG 42:1 +NH4 738,6596]  1,33] 13,554 2,06E-03 33% 2,02£-03 11%) 1,02] -
TG 42:2 +Na 741,5985| 2,51 13,302 4,42E-04 31% 4,69E-04 5% 0,94] -
TG 42:2 +NH4 736,6432]  2,40] 13,308 5,80E-04 28% 5,41E-04 11%) 1,07] -
TG 43:0 +Na 759,6461]  1,57| 13,968 2,04E-03 21% 2,91€-03 16%, 0,70| -
[TG 43:0 +NH4 754,6908] 1,45 13,978 4,35€-03 37% 5,97€-03 17%) 0,73 -
TG 43:1 +Na 757,6307] 1,28 13,748 2,29€-03 25% 2,55€-03 3% 0,90] +
TG 43:1 +NH4 752,6752 146 13,715 4,186-03 33% 4,04£-03 5% 1,03 +
TG 43:2 +Na 755,6149] 1,45 13,494 7,43€-04 25% 7,29€-04 2% 1,02 +
TG 43:2 +NH4 750,6596]  1,29] 13,483 1,07€-03 32% 9,73E-04 3% 1,10 +
TG 44:0 +Na 7736630 0,00 14,138 2,50E-03) 19% 4,57E-03 34%] 0,55] -
TG 44:0 +NH4 768,7066] 1,29 14,134 7,81E-03 9% 1,22-02 18%| 0,64] -
TG 44:1 +Na 771,6460) 1,75 13,911 3,60E-03 31% 3,18€-03 14%] 1,13]-
TG 44:1 +NHa 766,6908] 1,36 13,911 7,80E-03] 44% 6,33E-03 14%] 1,23]-
TG 44:2 +Na 769,6307 1,31 13,652 2,19€-03 20% 1,96E-03 &%) 1,12|-
TG 44:2 +NHA 764,6752 140 13,683 3,436-03 35% 3,18€-03 14%| 1,08 -
TG 44:3 +Na 767,6160]  0,00] 13,403 3,28E-04) 28% 3,39E-04 5% 0,97] -
TG 44:3 +NH4 762,6599] 0,88 13,417 4,74E-04 33% 4,31E-04 2% 1,10] +
TG 45:0 +Na 787,6786] 0,00 14,287 2,73€6-03 21% 4,96€-03 24%] 0,55] -
TG 45:0 +NH4 782,7224] 1,08 14,287 9,17€-03) 23% 1,48E-02 15%] 0,62] -
TG 45:1 +Na 785,6617 1,59 14,094 5,376-03 12% 5,62E-03 &%) 0,96] -
TG 45:1 +NH4 780,7065) 1,32 14,085 1,34E-02 31% 1,31E-02 5% 1,02] -
TG 45:2 +Na 783,6455 2,25 13,862 2,78E-03) 23% 2,91E-03 4%] 0,95] -
16 45:2 +NH4 778,6901 2,33 13,86 4,636-03 34% 4,34E-03 6% 1,07] -

781,630 1,40] 13,606 4,51E-04) 24% 4,56E-04 3% 0,99] +
TG 45:3 +NH4 7766753 1,29 13,602 6,78E-04) 22% 6,36E-04 2% 1,07] +
TG 46:0 +Na 2016943) 000 14,463 2,40E-03 20% 5,19€-03 45%) 0,46/ -
TG 46:0 +NH4 796,7375| 1,72 14,462 9,37€-03 35% 1,90€-02 31%) 0.4151 -
TG 46:1 +Na 799,6786] 0,00 14,246 7,29€-03 23% 7,87€-03 2% 093] +
TG 46:1 +NH4 79472200  1,50] 14,238 2,17€-02 25% 2,18E-02 5% 1,00] -
TG 46:2 +Na 797,6614) 1,96 14,029 5,09€-03 18% 5,62E-03 1% 091[+
TG 46:2 +NH4 792,7062 1,72 14,029 1,15€-02 34% 1,11£-02 10%] 1,04] -
TG 46:3 +Na 795,6459) 1,77 13,796 1,38E-03 22% 1,46E-03 5% 0,95 -
TG 46:3 +NH4 790,6909] 1,31 13,796 2,286-03 39% 2,226-03 5% 1,02] +
TG 47:0 +Na 815,7099|  0,00] 14,594 2,356-03 20% 5,05€-03 37%) 0.46] -
TG 47:0 +NH4 810,7533 1,53 14,592 9,92€-03 35% 1,73€-02 27%] 0,57] -
TG 47:1 +Na 813,6943| 0,00 14,395 5,71E-03 16% 6,76E-03 13%| 0,84] -
TG 47:1 +NH4 808,7377 1,48 14,409 2,15E-02 26% 2,08E-02 5% 1,03] -
TG 47:2 +Na 811,6786] 0,00 14,185 4,84E-03 7% 5,32E-03 6% 0,91] -
TG 47:2 +NH4 806,7219) 1,62 14,185 1,24€-02 24% 1,20€-02 4% 1,03]+
TG 47:3 +Na 809,6615 1,81 13,972 1,41€-03 18% 1,466-03 4%] 0,97 -
TG 47:3 +NH4 804,7064] 146 13,978 2,61E-03 36% 2,50E-03 7% 1,04] -
TG 48:0 +Na 829,7256]  0,00] 14,756 1,87€-03 33% 3,20€-03 26%| 0,59] -

124




TG 48:0 +NH4 824,7688)  1,68] 14,753 9,32E-03 32% 2,026-02 13%| 0.46] -

TG 48:1 +Na 827,7009] 0,00 14,54 7,276-03 19% 8,50E-03 79%] 0,85 -

TG 48:1 +NH4 822,7533]  1,43] 14,539 2,43E-02 14% 2,71E-02 6%, 0,89] -

ITG 48:1e +NH4 808,7741] 1,47 14,964 3,87E-04 14% 2,96E-04 5%) 1,31]-

TG 48:2 +Na 8256043] 000 14,355 6,40E-03 6% 5,826-03 10%| 0,94 -

TG 48:2 +NHa 820,7378] 1,35 14,355 1,90E-02 24% 1,826-02 8%| 1,04]-

TG 48:3 +Na 823,6786] 000 14,122 2,82E03 12% 3,00E-03 3% 0,94] -

TG 48:3 +NH4 818,7221]  1,33] 14,123 6,30E-03 28% 6,056-03 3%] 1,04] +

TG 48:4 +Na 821,6630] 000 13,915 4,11E-04 15% 4,08E-04 6% 1,01]-

TG 48:4 +NHa 816,7064]  1.40] 13,912 6,826-04 1% 6,19E-04 5%] 1,10[+

TG 49:0 +Na 843,7412] 000 14,874 1,586-03 27% 2,78E-03 23%] 0,57 -

TG 49:0 +NH4 838,7846]  1,41] 14,861 5,19E-03 35% 9,76E-03 31%) 0,53] -

TG 49:1 +Na 841,7256] 0,00 14,667 4,106-03 9% 4,74E-03 18%| 0,86] -

836,7688] 1,68 14,677 1,39E-02 28% 1,46E-02 12%] 0,95] -

TG 49:2 +Na 839,7099| 0,00 14,481 3,79E-03 17% 4,60E-03 79| 0,82 -

TG 49:2 +NH4 834,7528]  2,08] 14,464 1,29E-02 26% 1,256-02 &%) 1,03]-

TG 49:3 +Na 837,6943]  0,00] 14,285 1,55E-03 2% 1,756-03 8%| 0,89] -

TG 45:3 +NH4 §32,7375]  1,69) 14,286 417603 30% 415603 3% 1,01+

TG 49:7 +H 807,6498] 0,04 11,562 7,19E-04 53% 7,11E-04 12%] 1,01]-

TG 50:0 +Na 857,7569] 0,000 15,014 1,296-03 31% 2,19E-03 19%] 0,59 -

TG 50:0 +NH4 852,8003]  1,32] 15,009 3,64E-03 19% 4,63E-03 17%] 0,79] -

TG 50:1 +Na 855,7412] 0,00 14,811 3,756-03 37% 65,026-03 5%] 0,62 -

TG 50:1 +NH4 850,7847]  1,34] 14,807 1,26E-02 24% 1,136-02 6% 1.12]-

TG 50:2 +Na 853,7256] 0,00 14,639 3,876-03 12% 4,89E-03 129 0,79 -

TG 50:2 +NH4 848,7687|  1,68) 14,638 1,58E-02 26% 1,576-02 14%| 1,01]-

TG 50:3 +Na 851,7099] 0,00 14,418 251603 3% 2,89E-03 5%] 0,87] -

TG 50:3 +NH4 846,7527]  2,19] 14,427 7.43E-03 2% 7,16E-03 55, 1,04] +

TG 50:4 +Na 849,6926] 1,91 14,242 743604 25% 7,14E-04 5%] 1,04]-

TG 50:4 +NHA 844,7375]  167] 14,238 1,826-03 23% 1,636-03 4% 112[-

TG 51:0 +Na §71,7725] 0,00 15,109 7,18E-04 20% 1,196-03 26%| 0,60] -

TG 51:0 +NH4 866,8156] 1,70 15,11 1,72603 21% 2,43E03 25%) 0,71] -

TG 51:1 +Na 869,7560]  0,00] 14,819 1,93E-03 10% 231603 9% 0,84] -

TG 51:1 +NH4 864,8004] 1,5 14,819 4,86E-03 21%)| 4,65E-03 7%] 1,05]-
TG 51:2 +Na 867,7412] _ 0,00] 14,748 1,05€-03 18% 2,426-03 3%] 0,81] -
TG 51:2 +NHa 862,7843]  1,76| 14,754 6,826-03 31%, 6,806-03 14% 1,00] -
TG 51:3 +Na 865,7256]  0,00] 14,541 1,056-03 5% 1,156-03 6% 0,91] -
TG 51:3 +NH4 860,7685| 1,02 14,538 3,426-03 29%, 3,086-03 10% 111]-
TG 52:1 +Na 883,7725| 0,00 15,086 5,126-04 125% 1,936-03 8% 0.27|
[7G 52:1 +NHa 878,8155|  1,83| 15,072 2,64E-03 56% 3,956-03 4% 0,67]+
TG 52:11 +H 841,6362] 251 10,719 7,94E-04 31%) 7,016-04 29%) 113]-
TG 52:2 +Na 881,7569] 0,00 14,87 9,28E-04 94%, 1,75€-03 19% 0,53] -
TG 52:2 +NH4 876,8001] 1,58 14,861 4,70E-03 45% 5,936-03 21%) 0,79] -
TG 52:3 +Na 879,7412] 0,00 14,68 1,276-03 3% 1,75€-03 9% 0,73] -
TG 52:3 +NH4 874,7841]  1,04] 14,701 4,79E-03 21% 4,976-03 8% 0,96) -
TG 53:0 +Na 899,8022]  1,80] 15,357, 7,48E-04 21%) 1,06€-03 7%) 0,70] -
TG 53:0 +NH4 894,8466]  2,06] 15,358 1,41€-03 27% 2,236-03 12%) 0,63] -
TG 53:1 +Na 897,7882] _ 0,00] 15,199 1,13£-03 28%, 1,226-03 9% 0,93] -
TG 53:1 +NHa 892,8311] 1,89 15,19 1,96£-03 28% 2,10E-03 12% 0,93] -

895,7725| _ 0,00] 14,996, 8,91E-04 21%, 1,01£-03 3%| 0,88] +
TG 53:2 +NH4 890,8157] 1,62 15 2,076-03 25% 1,836-03 10%) 1,13]-
TG 53:3 +Na 893,7569] _ 0,00] 14,811 5,70E-04 2% 5,676-04 6% 1,01]-
TG 53:3 +NH4 888,7999] 1,80 14,807 1,456-03 12% 1,33£-03 16% 1,09] -
TG 53:4 +Na 891,7412] _ 0,00] 14,652 2,34E-04 12% 2,44E-04 16% 0,96] -
TG 53:4 +NHa 886,7842] 1,82 14,679 6,66E-04 18% 6,536-04 11% 1,02] -
TG 55:1 +Na 925,8195| 0,00 15,44 1,35€-03 18% 1,376-03 3% 0,99] -
TG 55:1 +NH4 920,8624] 1,85 15,442 2,21E-03 30% 2,34E-03 4%, 0,94] +
TG 55:2 +Na 923,8022]  1,76| 15,238 6,376-04 13% 6,21E-04 4% 1,02] -
TG 55:2 +NH4 018,8468] 1,79 15,251 1,18€-03 26% 1,11€-03 8% 1,06] -
TG 55:3 +Na 921,7882] 0,00 15,101 2,56E-04 9% 2,58E-04 8%| 0,99] -
TG 55:3 +NHa4 916,8310] _ 1,93| 15,037 5,276-04 20%, 4,576-04 4% 1,15] -
TG 56:2 +Na 937,8195 0,00 15,386, 9,16€-04 11% 9,45E-04 3%| 0,97| -
932,8622] 1,05 15,397, 1,576-03 17% 1,41£-03 6% 111]-

TG 56:3 +Na 935,8038] _ 0,00] 15,189 3,286-04 17% 3,06E-04 30% 1,07| -
TG 56:3 +NH4 930,8468]  1,78] 15,191 5,44E-04 48% 5,316-04 5% 1,03+
TG 56:4 +NH4 928,8312]  1,73| 15,014 4,44E-04 23% 3,43E-04 7% 1,30| -
TG 0-31:0 +Na 577,4797] 087 11,289 2,25E-03 45% 4,60E-03 26%| 0,49] -
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TG 0-31:0 +NH4 572,5249 0,00 11,257 2,13E-03 34%) 3,47E-03 19% 0,61] -
TG 0-36:1 +NH4 640,5875 0,00 12,309 2,32€-03 26%! 1,89€-03 15% 1,22 -
TG 0-39:0 +Na 689,6045 1,35/ 13,379, 3,53E-04 30%) 5,45E-04 17%) 0,65 -
TG 0-39:0 +NH4 684,6501 0,00 13,392 3,24€-04/ 96% 1,31€E-04 46% -
TG 0-43:0 +NH4 740,7118 1,14/ 13,073 1,75E-04 49% 1,23E-04 32%)| 1,42| -
TG 0-48:2 +NH4 806,7584 1,43 14,749 2,44E-04 8% 2,11E-04 7%) 1.16[ -
TG 0-49:1 +NH4 822,7892 2,04 15,054 3,45E-04 15%! 2,68E-04 9% 1,29] -
TG 0-50:1 +Na 841,7620 0,00 15,195 3,30E-04 14% 2,58E-04 5% 1,28] -
TG 0-50:1 +NH4 836,8050| 1,85/ 15,194 5,20E-04 8% 3,79E-04 12% 1,37] -
TG 0-50:2 +NH4 834,7894 1,80 15,011 5,08E-04 4% 3,78€-04 5%) 1,34) -
TG 0-52:1 +NH4 864,8361 1,97 15,432 3,17E-04 20%] 2,47€-04 13% 1,28 -
TG 0-52:2 +NH4 862,8208 1,63 15,24 4,13€-04 5%) 3,22E-04 11% l,ZBI -
TG P-38:3 +NH4 662.5718] 0,00 11,95 1,57€-03 40%) 1,18€-03 30% l,34[ -

Legend to the Table SB2:

Hallmarks

ratio two times higher for feature sampled with use of C18 than HLB fibers

ratio two times lower for feature sampled with use of C18 than HLB fibers

peak area between C18 and HLB fibers SHexCeratiSHexCerically significantly different (p<0.05)

standard deviation of peak area between C18 and HLB fibers statistically significantly different (p<0.05) - The F test

+ significant

standard deviation of peak area between C18 and HLB fibers is not statistically significantly different (p<0.05) - The F
- test unsignificant

Abbreviations
C18 Octadecyl
cv Coefficient of variation
HLB Hydrophilic-lipophylic balanced
Lipids
CE Cholesterol ester
Cer Ceramides
CerP Ceramide phosphates
Co Coenzyme

DG Diglycerides
GluSph  Glucosyl Sphingosine
Hex2Cer Dihexoyl ceramides
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HexCer Hexoyl ceramides

PE Phosphatidylocholines
PE Phosphatidyl .
PS Phosphatidylserines

SHexCer Sulfatides

SM Sphingomyelines
SPB Sphingosines
TG Triglycerides
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8. Whioski

e Histologicznie rdéine guzy modézgu mozna rdznicowa¢ bazujagc na profilach
lipidomicznych pobranych z wykorzystaniem biopsji chemicznej. Stad tez mozliwe byto
rozrdznienie nieztosliwych oponiakow ze ztosliwymi glejakami. Zaobserwowano takze,
ze heterogenna struktura nowotwordw nie wptywa na jakos¢ uzyskanych wynikéw,
a wprowadzenie odpowiednio dtugiej sondy pozwala na pozyskanie zestawu analitow
charakterystycznego dla catej zmiany nowotworowe;.

e Wykorzystana platforma  analityczna  umozliwita  ekstrakcje  fosfolipidéw
i sfingolipidéw, ktére to odpowiadajg za rdznicowanie glejakéw w zaleznosci od
stopnia ztosliwosci i obecno$ci mutacji IDH. W przypadku zmian statusu kodelecji
1p/19g nie udato sie wyselekcjonowaé reprezentacyjnego zestawu lipidéw
pozwalajgcego na identyfikacje zmiany genetycznej.

o 7 wykorzystaniem sond SPME wyekstrahowano karnityne oraz zestaw jej pochodnych
-acylokarnityn. Zaobserwowano, ze ilo$é tych zwigzkéw zmienia sie w zaleznosci od
stopnia ztosliwosci oraz statusu mutacji IDH.

e Mozliwym byto zastosowanie biopsji chemicznej do profilowania metabolomicznego
i lipidomicznego mdzgdw pacjentdw poddanych zabiegom neurochirurgicznym.
Wiekszos¢ zidentyfikowanych zwigzkéw byta lipidami. Nie zaobserwowano jednak
wyraznego zréznicowania profilu lipidomicznego badanych struktur modzgowia.
Niemniej, na uwage zastuguje mozliwos¢ pobrania zestawu analitow w krétkim czasie

—4min, bez wywotania dodatkowych uszkodzen tkanki mézgowe;.
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9. Wktad wynikow w rozwoj nauki, mozliwosci aplikacyjne

Badania przeprowadzone w ramach niniejszej rozprawy doktorskiej pozwolity na wstepne
zdefiniowanie proceséw zachodzacych podczas rozwoju guzéw mozgu ze szczegdlnym
uwzglednieniem profilowania zwigzkéw lipidowych w zmianach o réznym stopniu ztosliwosci
oraz genotypie. Przyczynié sie to moze do opracowania nowych rozwigzan terapeutycznych
opierajgcych sie na profilowaniu zwigzkéw lipidowych w materiale biologicznym. Konieczne
jest jednak rozszerzenie grupy badanej aby potwierdzi¢ zaobserwowane tendencje zmian .
W projekcie grantowym finansowanym z programu Harmonia 7, ktérego efektem jest m.in.
niniejsza praca doktorska, zebrano juz grupe ok 200 pacjentdw. Wyniki sg obecnie
analizowane i opracowywane.

Docelowo biopsja chemiczna bedzie mogta mie¢ zastosowanie w srddoperacyjnej diagnostyce
guzéw modzgu. Pozwoli to na rozszerzenie obecnej diagnostyki o szybkie, czute i selektywne
narzedzie do oznaczanie biomarkeréw oraz oceny przestrzennej dystrybucji metabolitéw
w badanej tkance. Opierajgc sie bowiem na wtasciwosciach sond mikroekstrakcyjnych, takich
jak mozliwo$é ekstrakcji zwigzkdw bez zaburzenia przestrzennej struktury tkanki oraz
znikomej ingerencji w szlaki biochemiczne mozliwe jest wykorzystanie tej samej tkanki do
innych badan, np. genetycznych, proteomicznych, histologii itd. Profilowanie lipidomiczne
mogtoby zatem uzupetni¢ inne protokoty badan bez koniecznosci zwiekszenia objetosci
pobranej tkanki.

Czas analizy prébki pobranej przy pomocy sond SPME mdgtby zostaé skrécony dzieki analizie
instrumentalnej z wykorzystaniem bezposrednio spektrometru mas. Do tej pory w badaniach
guzow mozgu ex vivo wykorzystana zostata technologia CBS-MS [59]. Istnieje jednak wiele
innych mozliwosci jak odczyt przestrzennego roztozenia metabolitow na widknie SPME
z wykorzystaniem DESI-MS [57].

Odpowiednia optymalizacja budowy sond mikroekstrakcyjnych iprzetestowanie ich
w warunkach klinicznych moze by¢ pierwszym etapem dla szerszej aplikacji biopsji
chemicznejw  neuroonkologii  umozliwiajgc  dogtebne  poznanie  mechanizmow
biochemicznych w tkance zdrowej i chorobowo zmienionej, a takze wykorzystaniem

zidentyfikowanych biomarkeréw w diagnostyce laboratoryjne;j.

129



10. PiSmiennictwo

[1]  Solomon DA, Pekmezci M. Pathology of meningiomas. Handb. Clin. Neurol., vol. 169,
2020. https://doi.org/10.1016/B978-0-12-804280-9.00005-6.

[2] Esteban Garcia-Robledo J, Ordéfiez-Reyes C, Ruiz-Patifio A, Mufioz A, Arrieta O, Jiménez
E, et al. High Grade Meningiomas: Current Therapy Based on Tumor Biology. Brain
Tumors, 2022. https://doi.org/10.5772/intechopen.100432.

[3] Llaguno SRA, Parada LF. Cell of origin of glioma: Biological and clinical implications. Br J
Cancer 2016;115. https://doi.org/10.1038/bjc.2016.354.

[4] Louis DN, Perry A, Wesseling P, Brat DJ, Cree IA, Figarella-Branger D, et al. The 2021
WHO Classification of Tumors of the Central Nervous System: a summary. Neuro Oncol
2021;23:1231-51. https://doi.org/10.1093/neuonc/noab106.

[5] Ostrom QT, Bauchet L, Davis FG, Deltour I, Fisher JL, Langer CE, et al. The epidemiology
of glioma in adults: A state of the science review. Neuro Oncol 2014;16.
https://doi.org/10.1093/neuonc/nou087.

[6] Louis DN, Perry A, Reifenberger G, von Deimling A, Figarella-Branger D, Cavenee WK, et
al. The 2016 World Health Organization Classification of Tumors of the Central Nervous
System: a summary. Acta Neuropathol 2016;131:803-20.
https://doi.org/10.1007/s00401-016-1545-1.

[7] Han S, Liu Y, Cai SJ, Qian M, Ding J, Larion M, et al. IDH mutation in glioma: molecular
mechanisms and potential therapeutic targets. Br J Cancer 2020;122:1580-9.
https://doi.org/10.1038/s41416-020-0814-x.

[8] Kayabolen A, Yilmaz E, Bagci-Onder T. IDH mutations in glioma: Double-edged sword in
clinical applications? Biomedicines 2021;9.
https://doi.org/10.3390/biomedicines9070799.

[9] Pan M, Qin C, Han X. Lipid Metabolism and Lipidomics Applications in Cancer Research.
Adv. Exp. Med. Biol., vol. 1316, 2021, p. 1-24. https://doi.org/10.1007/978-981-33-
6785-2_1.

[10] Christensen BC, Smith AA, Zheng S, Koestler DC, Houseman EA, Marsit CJ, et al. DNA

methylation, isocitrate dehydrogenase mutation, and survival in glioma. J Natl Cancer

130



[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

Inst 2011;103. https://doi.org/10.1093/jnci/djg497.

Jiang S, Zanazzi GJ, Hassanpour S. Predicting prognosis and IDH mutation status for
patients with lower-grade gliomas using whole slide images. Sci Rep 2021;11.
https://doi.org/10.1038/s41598-021-95948-x.

Eckel-Passow JE, Lachance DH, Molinaro AM, Walsh KM, Decker PA, Sicotte H, et al.
Glioma Groups Based on 1p/19q, IDH , and TERT Promoter Mutations in Tumors . N Engl
J Med 2015;372. https://doi.org/10.1056/nejmoal407279.

Ren X, Cui X, Lin S, Wang J, Jiang Z, Sui D, et al. Co-Deletion of Chromosome 1p/19q and
IDH1/2 Mutation in Glioma Subsets of Brain Tumors in Chinese Patients. PLoS One
2012;7:e32764. https://doi.org/10.1371/journal.pone.0032764.

Hu X, Martinez-Ledesma E, Zheng S, Kim H, Barthel F, Jiang T, et al. Multigene signature
for predicting prognosis of patients with 1p19q co-deletion diffuse glioma. Neuro Oncol
2017;19:786-95. https://doi.org/10.1093/neuonc/now285.

Comelli |, Lippi G, Campana V, Servadei F, Cervellin G. Clinical presentation and
epidemiology of brain tumors firstly diagnosed in adults in the Emergency Department:
A 10-year, single center retrospective study. Ann Transl Med 2017;5.
https://doi.org/10.21037/atm.2017.06.12.

Yashin K, Bonsanto MM, Achkasova K, Zolotova A, Wael AM, Kiseleva E, et al. OCT-
Guided Surgery for Gliomas: Current Concept and Future Perspectives. Diagnostics
2022;12. https://doi.org/10.3390/diagnostics12020335.

Di Bonaventura R, Montano N, Giordano M, Gessi M, Gaudino S, lzzo A, et al.
Reassessing the role of brain tumor biopsy in the era of advanced surgical, molecular,
and imaging techniques—a single-center experience with long-term follow-up. J Pers
Med 2021;11. https://doi.org/10.3390/jpm11090909.

Rivera M, Norman S, Sehgal R, Juthani R. Updates on Surgical Management and
Advances for Brain Tumors. Curr Oncol Rep 2021;23. https://doi.org/10.1007/s11912-
020-01005-7.

Tan AC, Ashley DM, Lopez GY, Malinzak M, Friedman HS, Khasraw M. Management of
glioblastoma: State of the art and future directions. CA Cancer J Clin 2020;70.

https://doi.org/10.3322/caac.21613.

131



[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Strobel H, Baisch T, Fitzel R, Schilberg K, Siegelin MD, Karpel-Massler G, et al.
Temozolomide and Other Alkylating Agents in Glioblastoma Therapy. Biomedicines
2019;7. https://doi.org/10.3390/biomedicines7030069.

Yi GZ, Huang G, Guo M, Zhang X, Wang H, Deng S, et al. Acquired temozolomide
resistance in MGMT-deficient glioblastoma cells is associated with regulation of DNA
repair by DHC2. Brain 2019;142. https://doi.org/10.1093/brain/awz202.

Oldrini B, Vaquero-Siguero N, Mu Q, Kroon P, Zhang Y, Galan-Ganga M, et al. MGMT
genomic rearrangements contribute to chemotherapy resistance in gliomas. Nat
Commun 2020;11. https://doi.org/10.1038/s41467-020-17717-0.

Mansouri A, Hachem LD, Mansouri S, Nassiri F, Laperriere NJ, Xia D, et al. MGMT
promoter methylation status testing to guide therapy for glioblastoma: Refining the
approach based on emerging evidence and current challenges. Neuro Oncol 2019;21.
https://doi.org/10.1093/neuonc/noy132.

Cohen MH, Shen YL, Keegan P, Pazdur R. FDA drug approval summary: bevacizumab
(Avastin) as treatment of recurrent glioblastoma multiforme. Oncologist
2009;14:1131-8. https://doi.org/10.1634/theoncologist.2009-0121.

Aldape K, Brindle KM, Chesler L, Chopra R, Gajjar A, Gilbert MR, et al. Challenges to
curing primary brain  tumours. Nat Rev Clin Oncol 2019;16:509-20.
https://doi.org/10.1038/s41571-019-0177-5.

Hu S, Kang H, Baek Y, El Fakhri G, Kuang A, Choi HS. Real-Time Imaging of Brain Tumor
for Image-Guided Surgery. Adv Healthc Mater 2018;7.
https://doi.org/10.1002/adhm.201800066.

Schupper AJ, Rao M, Mohammadi N, Baron R, Lee JYK, Acerbi F, et al. Fluorescence-
Guided Surgery: A Review on Timing and Use in Brain Tumor Surgery. Front Neurol
2021;12:1-14. https://doi.org/10.3389/fneur.2021.682151.

Latikka J, Eskola H. The Resistivity of Human Brain Tumours In Vivo. Ann Biomed Eng
2019;47:706-13. https://doi.org/10.1007/s10439-018-02189-7.

Desroches J, Jermyn M, Mok K, Lemieux-Leduc C, Mercier J, St-Arnaud K, et al.
Characterization of a Raman spectroscopy probe system for intraoperative brain tissue

classification. Biomed Opt Express 2015;6. https://doi.org/10.1364/boe.6.002380.

132



(30]

[31]

(32]

[33]

[34]

[35]

(36]

(37]

(38]

Mielczarek P, Silberring J, Smoluch M. Miniaturization in mass pectrometry. Mass
Spectrom Rev 2020;39:453-70. https://doi.org/10.1002/mas.21614.

Ogrinc N, Saudemont P, Takats Z, Salzet M, Fournier |. Cancer Surgery 2.0: Guidance by
Real-Time Molecular Technologies. Trends Mol Med 2021;27.
https://doi.org/10.1016/j.molmed.2021.04.001.

Brown HM, Alfaro CM, Pirro V, Dey M, Hattab EM, Cohen-Gadol AA, et al. Intraoperative
Mass Spectrometry Platform for IDH Mutation Status Prediction, Glioma Diagnosis, and
Estimation of Tumor Cell Infiltration. J Appl Lab Med 2021;6.
https://doi.org/10.1093/jalm/jfaa233.

Alfaro CM, Pirro V, Keating MF, Hattab EM, Graham Cooks R, Cohen-Gadol AA.
Intraoperative assessment of isocitrate dehydrogenase mutation status in human
gliomas using desorption electrospray ionization-mass spectrometry. J Neurosurg
2020;132. https://doi.org/10.3171/2018.8.JNS181207.

Ifa DR, Eberlin LS. Ambient ionization mass spectrometry for cancer diagnosis and
surgical margin evaluation. Clin Chem 2016;62:111-23.
https://doi.org/10.1373/clinchem.2014.237172.

Van Hese L, De Vleeschouwer S, Theys T, Lariviere E, Solie L, Sciot R, et al. Towards real-
time intraoperative tissue interrogation for REIMS-guided glioma surgery. J Mass
Spectrom Adyv Clin Lab 2022;24:80-9. https://doi.org/10.1016/j.jmsacl.2022.04.004.
Reyes-Garcés N, Gionfriddo E, Gdmez-Rios GA, Alam MN, Boyaci E, Bojko B, et al.
Advances in Solid Phase Microextraction and Perspective on Future Directions. Anal
Chem 2018;90:302—60. https://doi.org/10.1021/acs.analchem.7b04502.

Brown HM, Pu F, Dey M, Miller J, Shah M V., Shapiro SA, et al. Intraoperative detection
of isocitrate dehydrogenase mutations in human gliomas using a miniature mass
spectrometer. Anal Bioanal Chem 2019;411. https://doi.org/10.1007/s00216-019-
02198-y.

Pu F, Alfaro CM, Pirro V, Xie Z, Ouyang Z, Cooks RG. Rapid determination of isocitrate
dehydrogenase mutation status of human gliomas by extraction nanoelectrospray
using a miniature mass spectrometer. Anal Bioanal Chem 2019;411.

https://doi.org/10.1007/s00216-019-01632-5.

133



[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Kawakami D, Tsuchiya M, Murata T, lguchi A, Zaitsu K. Rapid quantification of
extracellular neurotransmitters in mouse brain by PESI/MS/MS and longitudinal data
analysis using the R and Stan-based Bayesian state-space model. Talanta 2021;234.
https://doi.org/10.1016/j.talanta.2021.122620.

Hayashi Y, Zaitsu K, Murata T, Ohara T, Moreau S, Kusano M, et al. Intact metabolite
profiling of mouse brain by probe electrospray ionization/triple quadrupole tandem
mass spectrometry (PESI/MS/MS) and its potential use for local distribution analysis of
the brain. Anal Chim Acta 2017;983:3556-61.
https://doi.org/10.1016/j.aca.2017.06.047.

Pekov SI, Eliferov VA, Sorokin AA, Shurkhay VA, Zhvansky ES, Vorobyev AS, et al. Inline
cartridge extraction for rapid brain tumor tissue identification by molecular profiling.
Sci Rep 2019;9. https://doi.org/10.1038/s41598-019-55597-7.

Pawliszyn J. Handbook of Solid Phase Microextraction. University of Waterloo,
Waterloo, Ontario, Canada: Elsevier; 2012. https://doi.org/10.1016/C2011-0-04297-7.
Bojko B, Gorynski K, Gomez-Rios GA, Knaak JM, MacHuca T, Cudjoe E, et al. Low invasive
in vivo tissue sampling for monitoring biomarkers and drugs during surgery. Lab Investig
2014;94:586-94. https://doi.org/10.1038/labinvest.2014.44.

Bogusiewicz J, Gorynska PZ, Gaca M, Chmara K, Goryniski K, Jaroch K, et al. On-Site
Sampling and Extraction of Brain Tumors for Metabolomics and Lipidomics Analysis. J
Vis Exp 2020;2020:159. https://doi.org/10.3791/61260.

Bogusiewicz J, Burlikowska K, tuczykowski K, Jaroch K, Birski M, Furtak J, et al. New
chemical biopsy tool for spatially resolved profiling of human brain tissue in vivo. Sci
Rep 2021;11:19522. https://doi.org/10.1038/s41598-021-98973-y.

Jaroch K, Taczynska P, Czechowska M, Bogusiewicz J, tuczykowski K, Burlikowska K, et
al. One extraction tool for in vitro-in vivo extrapolation? SPME-based metabolomics of
in vitro 2D, 3D, and in vivo mouse melanoma models. J Pharm Anal 2021;11.
https://doi.org/10.1016/j.jpha.2021.03.005.

Cudjoe E, Bojko B, Delannoy I, Saldivia V, Pawliszyn J. Solid-phase microextraction: A
complementary InVivo sampling method to microdialysis. Angew Chemie - Int Ed

2013;52:12124-6. https://doi.org/10.1002/anie.201304538.

134



[48]

[49]

[50]

[51]

(52]

(53]

[54]

[55]

[56]

Napylov A, Reyes-Garces N, Gomez-Rios G, Olkowicz M, Lendor S, Monnin C, et al. In
Vivo Solid-Phase Microextraction for Sampling of Oxylipins in Brain of Awake, Moving
Rats. Angew Chemie - Int Ed 2020;59:2392-8.
https://doi.org/10.1002/anie.201909430.

Zhou SN, Oakes KD, Servos MR, Pawliszyn J. Application of solid-phase microextraction
for in vivo laboratory and field sampling of pharmaceuticals in fish. Environ Sci Technol
2008;42. https://doi.org/10.1021/es8001162.

Hassani SA, Lendor S, Boyaci E, Pawliszyn J, Womelsdorf T. Multineuromodulator
measurements across fronto-striatal network areas of the behaving macaque using
solid-phase microextraction. J Neurophysiol 2019;122:1649-60.
https://doi.org/10.1152/jn.00321.2019.

Hug M, Tascon M, Nazdrajic E, Roszkowska A, Pawliszyn J. Measurement of Free Drug
Concentration from Biological Tissue by Solid-Phase Microextraction: In Silico and
Experimental Study. Anal Chem 2019;91:7719-28.
https://doi.org/10.1021/acs.analchem.9b00983.

Filipiak W, Bojko B. SPME in clinical, pharmaceutical, and biotechnological research —
How far are we from daily practice? TrAC Trends Anal Chem 2019;115:203-13.
https://doi.org/10.1016/j.trac.2019.02.029.

Cajka T, Fiehn O. Comprehensive analysis of lipids in biological systems by liquid
chromatography-mass spectrometry. TrAC Trends Anal Chem 2014;61:192-206.
https://doi.org/10.1016/j.trac.2014.04.017.

Gémez-Rios GA, Mirabelli MF. Solid Phase Microextraction-mass spectrometry:
Metanoia. TrAC Trends Anal Chem 2019;112:201-11.
https://doi.org/10.1016/j.trac.2018.12.030.

Tascon M, Alam MN, Gomez-Rios GA, Pawliszyn J. Development of a Microfluidic Open
Interface with Flow Isolated Desorption Volume for the Direct Coupling of SPME
Devices to Mass Spectrometry. Anal Chem 2018;90.
https://doi.org/10.1021/acs.analchem.7b04295.

Looby NT, Tascon M, Acquaro VR, Reyes-Garcés N, Vasiljevic T, Gomez-Rios GA, et al.

Solid phase microextraction coupled to mass spectrometry: Via a microfluidic open

135



[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

interface for rapid therapeutic drug monitoring. Analyst 2019;144.
https://doi.org/10.1039/c9an00041k.

Lendor S, Gdmez-Rios GA, Boyacl E, Vander Heide H, Pawliszyn J. Space-resolved tissue
analysis by solid-phase microextraction coupled to high-resolution mass spectrometry
via desorption electrospray ionization. Anal Chem  2019;91:10141-8.
https://doi.org/10.1021/acs.analchem.9b02157.

Gomez-Rios GA, Pawliszyn J. Development of coated blade spray ionization mass
spectrometry for the quantitation of target analytes present in complex matrices.
Angew Chemie - Int Ed 2014;53. https://doi.org/10.1002/anie.201407057.
Bogusiewicz J, Gaca-Tabaszewska M, Olszdwka D, Jaroch K, Furtak J, Harat M, et al.
Coated Blade Spray-Mass Spectrometry as a New Approach for the Rapid
Characterization of Brain Tumors. Molecules 2022;27:1-13.
https://doi.org/10.3390/molecules27072251.

Gaca-Tabaszewska M, Bogusiewicz J, Bojko B. Metabolomic and Lipidomic Profiling of
Gliomas—A New Direction in Personalized Therapies. Cancers (Basel) 2022;14:5041.
https://doi.org/10.3390/cancers14205041.

Zillig T, Trotzmiller M, Kofeler HC. Lipidomics from sample preparation to data
analysis: a primer. Anal Bioanal Chem 2020;412:2191-209.
https://doi.org/10.1007/s00216-019-02241-y.

Fahy E, Subramaniam S, Murphy RC, Nishijima M, Raetz CRH, Shimizu T, et al. Update
of the LIPID MAPS comprehensive classification system for lipids. J Lipid Res 2009;50.
https://doi.org/10.1194/jlr.R800095-JLR200.

Fahy E, Subramaniam S, Brown HA, Glass CK, Merrill AH, Murphy RC, et al. A
comprehensive classification system for lipids. J Lipid Res 2005;46.
https://doi.org/10.1194/jlr.E400004-JLR200.

Dowdy T, Zhang L, Celiku O, Movva S, Lita A, Ruiz-Rodado V, et al. Sphingolipid Pathway
as a Source of Vulnerability in IDHImut Glioma. Cancers (Basel) 2020;12:2910.
https://doi.org/10.3390/cancers12102910.

Chang H, Cheng T, Wang AHJ. Structure, catalysis, and inhibition mechanism of
prenyltransferase. IUBMB Life 2021;73:40-63. https://doi.org/10.1002/iub.2418.

136



[66]

(67]

[68]

[69]

[70]

[71]

[72]

[73]

Melone MAB, Valentino A, Margarucci S, Galderisi U, Giordano A, Peluso G. The
carnitine system and cancer metabolic plasticity review-article. Cell Death Dis
2018;9:228. https://doi.org/10.1038/s41419-018-0313-7.

Cajka T, Fiehn O. Toward Merging Untargeted and Targeted Methods in Mass
Spectrometry-Based Metabolomics and Lipidomics. Anal Chem 2016;88:524-45.
https://doi.org/10.1021/acs.analchem.5b04491.

Roszkowska A, Yu M, Bessonneau V, Bragg L, Servos M, Pawliszyn J. Tissue storage
affects lipidome profiling in comparison to in vivo microsampling approach. Sci Rep
2018;8:6980. https://doi.org/10.1038/s41598-018-25428-2.

Birjandi AP, Bojko B, Ning Z, Figeys D, Pawliszyn J. High throughput solid phase
microextraction: A new alternative for analysis of cellular lipidome? J Chromatogr B
Anal Technol Biomed Life Sci 2017;1043:12-9.
https://doi.org/10.1016/j.jchromb.2016.09.034.

Kofeler HC, Ahrends R, Baker ES, Ekroos K, Han X, Hoffmann N, et al. Recommendations
for good practice in ms-based lipidomics. J Lipid Res 2021;62.
https://doi.org/10.1016/].jIr.2021.100138.

Yang K, Han X. Lipidomics: Techniques, Applications, and Outcomes Related to
Biomedical Sciences. Trends Biochem Sci 2016;41.
https://doi.org/10.1016/j.tibs.2016.08.010.

Han X. Lipidomics: Comprehensive Mass Spectrometry of Lipids. Wiley-Blackwell; 2016.
https://doi.org/10.1002/9781119085263.

Gorynska PZ, Chmara K, Kupcewicz B, Gorynski K, Jaroch K, Paczkowski D, et al.
Metabolomic Phenotyping of Gliomas: What Can We Get with Simplified Protocol for
Intact Tissue Analysis? Cancers (Basel) 2022;14:312.
https://doi.org/10.3390/cancers14020312.

137



11. Spis rycin
Rycina 1. Protokot mikroekstrakcji do fazy statej (SPME) .......ooeveeevieeeiieeiiiee e, 29
Rycina 2. Schemat przedstawiajacy technike microfluidic open interface mass
spectrometry (MOI-MS) [55,56]......ccuiiiriiiiiiiniesieeie et 32
Rycina 3. Schemat przedstawiajgcy technike coated blade spray mass spectrometry
(CBS-IMIS) [58,59] weeeveereeeeeeeeeeseseeseeeesesesseseseeeesseeseseseseseessseeesseseesesssesseesesseseeeeeeseasseas 33

Rycina 4. Struktury przyktadowych zwigzkow lipidowych ..........coocvveiiiiiiiiiiiiieeeee, 36

138


file:///C:/Users/user/doktorat/dr5_BB_JB_2_BB_JB_6.docx%23_Toc128993953
file:///C:/Users/user/doktorat/dr5_BB_JB_2_BB_JB_6.docx%23_Toc128993954
file:///C:/Users/user/doktorat/dr5_BB_JB_2_BB_JB_6.docx%23_Toc128993954
file:///C:/Users/user/doktorat/dr5_BB_JB_2_BB_JB_6.docx%23_Toc128993955
file:///C:/Users/user/doktorat/dr5_BB_JB_2_BB_JB_6.docx%23_Toc128993955
file:///C:/Users/user/doktorat/dr5_BB_JB_2_BB_JB_6.docx%23_Toc128993956

12. Wykaz osiggnie¢ doktorantki

Publikacje

Prace w jezyku angielskim 12

Prace w jezyku polskim 2

Publikacje jako pierwszy autor 6

Sumaryczny IF 60,856

Sumaryczna punktacja MEIN 1290

Cytacje Hirsh index

Web of Science* 176 Web of Science*
Scopus * 190 Scopus*

Google Scholar* 269 Google Scholar*

*dane na dzien 4.03.2023r.

Streszczenia zjazdowe

Doniesienia konferencyjne przedstawiane przed doktorantke 14
Krajowe 8
Zagraniczne 6

Doniesienia konferencyjne ktérych doktorantka jest wspdétautorkg 22
Krajowe 13

Zagraniczne 9

139



12.1. Wykaz publikacji wspétautorskich

M. Gaca-Tabaszewska, J. Bogusiewicz, B. Bojko: Metabolomic and Lipidomic Profiling of

Gliomas—A New Direction in Personalized Therapies. Cancers 2022, 14, 5041.

IF 6.575 MEiN 140

J. Bogusiewicz, M. Gaca-Tabaszewska, D. Olszéwka, K. Jaroch, J. Furtak, M. Harat, J.

Pawliszyn, B. Bojko: Coated Blade Spray-Mass Spectrometry as a New Approach for the
Rapid Characterization of Brain Tumors. Molecules, 2022, 27, 2251
IF4.412 MEIN 140

J. Bogusiewicz, B. Kupcewicz, P.Z. Gorynska, K. Jaroch, K. Gorynski, M. Birski, J. Furtak, D.

Paczkowski, M. Harat, B. Bojko: Investigating the Potential Use of Chemical Biopsy Devices
to Characterize Brain Tumor Lipidomes. International Journal of Molecular Sciences, 2022,
23,3518

IF 6,208 MEIN 140

J. Bogusiewicz, K. Burlikowska, K. Jaroch, P.Z. Gorynska, K. Gorynski, M. Birski, J. Furtak, D.

Paczkowski, M. Harat, B. Bojko: Profiling of carnitine shuttle system intermediates in
gliomas using solid-phase microextraction (SPME). Molecules, 2021, 26, 6112
IF 4,927 MEIN 140

J. Bogusiewicz, K. Burlikowska, K. tuczykowski, K. Jaroch, M. Birski, J. Furtak, M. Harat, J.

Pawliszyn, B. Bojko: New Chemical Biopsy Tool for Spatially Resolved Profiling of Human
Brain Tissue in vivo. Scientific Reports, 2021, 11, 19522
IF 4,997 MEIN 140

K. Jaroch, P. Taczynska, M. Czechowska, J. Bogusiewicz, K. tuczykowski, K. Burlikowska,

B. Bojko: One extraction tool for in vitro-in vivo extrapolation? SPME-based
metabolomics of in 2 vitro 2D, 3D, in vivo mouse melanoma models. Journal of
Pharmaceutical Analysis, 2021, 11, 667-674

IF 14,026 MEIN 140

K. tuczykowski, N. Warmuzinska, S. Operacz, |. Stryjak, J. Bogusiewicz, J. Jacyna,

R. Wawrzyniak, W. Struck-Lewicka, M. J. Markuszewski, B. Bojko: Metabolic evaluation of
urine from patients diagnosed with high grade (HG) bladder cancer by SPME-LC-MS
method. Molecules, 2021: 26,8, 1-12

140



IF 4,927 MEiN 140

K. Burlikowska, I. Stryjak, J. Bogusiewicz, B. Kupcewicz, K. Jaroch, B. Bojko: Comparison of

metabolomic profiles of organs in mice of different strains based on solid phase
microextraction (SPME) method, Metabolites, 2020, 159
IF 4.932 MEIN 70

J. Bogusiewicz P. Z. Gorynska, M. Gaca, K. Chmara, K. Gorynski, K. Jaroch, D. Paczkowski,
J. Furtak, M. Harat, B. Bojko: On-Site Sampling and Extraction of Brain Tumors for
Metabolomics and Lipidomics Analysis, Journal of Visualized Experiments, 2020, e61260

IF1.163 MEIN 70

l. Stryjak, N. Warmuzinska, J. Bogusiewicz, K. tuczykowski, B. Bojko: Monitoring of the

influence of long-term oxidative stress and ischemia on the condition of kidneys using
solid-phase microextraction chemical biopsy coupled with liquid chromatography-high-
resolution mass spectrometry, Journal of Separation Science, 2020, 43(9-10):1867-1878

IF 3,645 MEiN 70

A. Chrustek, |. Hotynska-lwan, |. Dziembowska, J. Bogusiewicz, M. Wréblewski, A. Cwynar,

D. Olszewska-Stonina: Current research on the safety of pyrethroids used as insecticides,
Medicina-Lithuania, 2018, 54, 4:61
IF1,467  MEIN 20

I. Holynska-lwan, J. Bogusiewicz, D. Chajdas, K. Szewczyk-Golec, M. Lampka, D. Olszewska-
Stonina: The immediate influence of deltamethrin on ion transport through the rabbit
skin. An in vitro study, Pesticide Biochemistry and Physiology, 2018, 148:144-150;
IF2,870 MEIN 30

M. Napierata, J. Bogusiewicz, J. Enko, E. Florek: Nikotyna ikofeina: wptyw na

przekaznictwo dopaminergiczne, Przeglad Lekarski, 2016, 73(10): 783-786
IF - MEiN 10

M. Napierata, A. Tezyk, M. Piznal, J. Bogusiewicz, E. Florek: Wykorzystanie sliny do oceny
narazenia mtodziezy na dopalacze, Przeglad Lekarski, 2015, 72(10): 531-535;
F - MEiN 10

141



12.2. Wykaz doniesien konferencyjnych

12.2.1. Doniesienia konferencyjne przedstawiane przed doktorantke

° J. Bogusiewicz, M. Gaca-Tabaszewska, J. Furtak, M. Harat, B. Bojko: Coated blade

spray mass spectrometry as a useful tool for rapid analysis in biomedical application.
9th Metabolomics Circle 2023. Wroctaw, Polska; 27-28.01.2023r. e-poster-krétka prezentacja
ustna

° J. Bogusiewicz, K. Burlikowska, K. Jaroch, J. Furtak, M. Birski, M. Harat, J. Pawliszyn,

B. Bojko: Chemical biopsy as a new tool in profiling of the human brain in vivo. The 18th
International Conference "Monitoring Molecules in Neuroscience". Lyon, Francja; 29.06-
2.07.2022r. poster

o J. Bogusiewicz, M. Gaca-Tabaszewska, K. Jaroch, P. Gorynska, K. Gorynski,

A. Roszkowska, M. Birski, J. Furtak, M. Harat, J. Pawliszyn, B. Bojko: New diagnostic
opportunities in oncology based on microextraction methods. XXVI Gliwice Scientific
Meetings. Gliwice, Polska; 18-19.11.2022r. referat

° J. Bogusiewicz, P. Z. Gorynska, K. Burlikowska, K. Jaroch, K. Gorynski, K. tuczykowski,

M. Gaca-Tabaszewska, J. Furtak, M. Birski, D. Paczkowski, J. Pawliszyn, M. Harat, B. Bojko:
Mikroekstrakcja - nowy potencjat w diagnostyce neuroonkologicznej. Konferencja oddziatu
pomorskiego i biatostockiegoPolskiego Towarzystwa Neurochirurgdw. 15.10.2022r. wyktad

° J. Bogusiewicz, K. Burlikowska, K. Jaroch, P.Z. Goryniska, K. Goryniski, M. Birski, J. Furtak,

D. Paczkowski, M. Harat, B. Bojko: Profiling of carnitine and acylcarnitines in gliomas using
solid phase microextraction (SPME) : the pilot study. 23rd International Symposium on
Advances in Extraction Technologies; Alicante, Spain; 30.06-02.07.2002r. referat

° J. Bogusiewicz, M. Gaca-Tabaszewska, P. Modrakowska, K. Soszynska, A. Majdanska,

A. Ryfa, K. Jaroch, P.Z. Gorynska, K. Gorynski, M. Birski, J. Furtak, M. Harat, D. Paczkowski,
Bojko B: Genetic landscape of meningiomas and its implication to lipidome composition. 4th
Central European Biomedical Congress; Cracow, Poland; 7-9.06.2021r. poster

° J. Bogusiewicz, D. Olszéwka, K. Jaroch, P.Z. Goryniska, K. Gorynski, M. Birski, J. Furtak,

D. Paczkowski, M. Harat, B. Bojko: Application of coated blade spray mass spectrometry in

142



lipidomic analysis. 9th International Singapore Lipid Symposium "Lipidomic technologies and
applications"; Singapore, Singapore; 1-5.03.2021r. poster

° J. Bogusiewicz, K. Burlikowska, K. tuczykowski, K. Jaroch, J. Furtak, M. Birski, M. Harat
M, J. Pawliszyn, B. Bojko: Spatially resolved profiling of human brain in vivo : chemical biopsy
as a new tool in neuroscience research. 7th Metabolomics Circle 2020. Biatystok, Polska; 4-
6.11.2020r. wyktad

° J. Bogusiewicz, P. Gorynska, K. Jaroch, K. Gorynski, D. Paczkowski, J. Furtak, M. Harat,

B. Bojko: Lipidomics in Histological and Genetic Differeniation of Brain Tumors.
Metabolomics Circle 2019; Olsztyn, 15-16.10.2019r. referat

° J. Bogusiewicz, P. Gorynska, K. Jaroch, K. Gorynski, D. Paczkowski, J. Furtak, M. Harat,

B. Bojko: Chemical biopsy in brain studies 14th EANO annual meeting, Lyon, France, 19 -
22.09.2019r, poster

° J. Bogusiewicz, M. Gaca, P. Goryniska, K. Jaroch, K. Gorynski, D. Paczkowski, J. Furtak,

M. Harat, B. Bojko:_Solid Phase Microextraction - Low Invasive Sampling Method for Brain
Tumor Differentiation; MSACL US 2019; Palm Springs, California, USA, 31.03-5.04.2019r, e-
poster-krétka prezentacja ustna

° J. Bogusiewicz, M. Gaca, P. Gorynska, K. Jaroch, K. Goryniski, B. Bojko: The Use Of

Microextraction To The Solid Phase In Lipidomics Of Brain Tumors; Metabolomics Circle 2018;
Przysiek koto Torunia, 26-28.10.2018r. e-poster-krétka prezentacja ustna

[ J. Bogusiewicz, M. Napierata, E. Florek: Przewlekta ekspozycja na dym tytoniowy

a parametry biochemiczne - model eksperymentalny.; XVII Ogdlnopolska Konferencja
Naukowo — Szkoleniowa TYTON A ZDROWIE: ,W dobie uzaleznien od tytoniu, alkoholu,
narkotykow i lekéw”; Poznan, 23-24.11.2016 r; referat

° J. Bogusiewicz, D. Chajdas, M. Markiewicz, M. Szabtowska, |. Hotyrnska-lwan; Wpfyw

pestycydu : deltametryny na procesy regulacyjne transportu jonow fragmentow skory
kréliczej badanych in vitro; |ll Ogélnopolska Konferencja Doktorantdw i Mtodych Naukowcéw

"Per scientiam ad salutem aegroti". Bydgoszcz, Polska; 9-10. 05.2014r. poster

143



12.2.2. Doniesienia konferencyjne ktérych doktorantka jest wspotautorkg

° M. Gaca-Tabaszewska, J. Bogusiewicz, D. Olszowka, K. Jaroch, J. Furtak M. Harat

J. Pawliszyn  B. Bojko: Coated blade spray-mass spectrometry as a new approach for
quantitative analysis of gliomas. The 18th International Conference "Monitoring Molecules
in Neuroscience". Lyon, Francja; 29.06-02.07.2022r. poster

° M. Gaca-Tabaszewska, J. Bogusiewicz, D. Olszéwka, K. Jaroch, J. Furtak, M. Harat,

J. Pawliszyn  B. Bojko: Coated Blade Spray jako nowe podejscie do celowanej analizy
ilosciowej guzow tkanki glejowej. XV Kopernikanskie Seminarium Doktoranckie
Organizowane przez Wydziat Chemii, Uniwersytet Mikofaja Kopernika w Toruniu. Torun,
Polska; 20-22.06.2022r. referat

° A. Roszkowska, I. Klejbor, J. Bogusiewicz, B. Bojko, J. Morys, T. Bgczek: Application of

novel microsampling approach based on SPME probes for monitoring age- and gender-
related alterations in the level of endocannabinoids in brain samples. 37th International
Symposium on Microscale Separations and Bioanalysis. Boston, Stany Zjednoczone; 12-
15.07.2021r. referat

° A. Roszkowska, J. Bogusiewicz, P.Z. Gorynska, K. tuczykowski, K. Burlikowska,

K. Jaroch, K. Gorynski, M. Birski, D. Paczkowski, J. Furtak, M. Harat, T. Baczek, J. Pawliszyn,
B. Bojko: SPME-based sample preparation strategies in clinical and biomedical analysis. 23rd
International Symposium on Advances in Extraction Technologies; Alicante, Hiszpania; 30.06-
2.07.2021r. wyktad

° M. Gaca-Tabaszewska, J. Bogusiewicz, B. Kupcewicz, P.Z. Gorynska, K. Jaroch,

K. Gorynski, J. Furtak, D. Paczkowski, M. Birski, M. Harat, B. Bojko: Assessment of the lipidome
of brain tumors extracted using Solid Phase Microextraction (SPME) directly after tumor
resection and after freezing. Singapore, Singapur; 1-5.03.2021r. poster

° M. Gaca-Tabaszewska Magdalena, J. Bogusiewicz, P.Z. Gorynska, K. Jaroch,

K. Gorynski, J. Furtak, D. Paczkowski, M. Birski, M. Harat, B. Bojko: Ocena lipidomu guzow
mozgu ekstrahowanego z wykorzystaniem biopsji chemicznej bezposrednio po wycieciu
guza i po mrozeniu. Nowe trendy w badaniach naukowych; Krakéw, Polska; 26-28.02.2021r.

referat
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° S. Bobinska, A. Roszkowska, J. Bogusiewicz, B. Bojko, T. Baczek: Optymalizacja

metodyki oznaczania wybranych endokannabinoidéw przy uzyciu techniki SPME-LC-MS/MS.
XXVl Konferencja Naukowa Woydziatu Farmaceutycznego Gdanskiego Uniwersytetu
Medycznego; Gdansk, Polska; 28-29.01.2021r. referat

° A. Roszkowska, I. Klejbor, B. Bojko, J. Bogusiewicz, S. Dzielinska, J. Morys, T. Baczek:

Optimization of analytical approach based on SPME-LC-MS/MS for the analysis of selected
endocannabinoids in brain regions. 7th Metabolomics Circle 2020. Biatystok, Polska; 4-
6.11.2020r. poster

° B. Bojko, D. Paczkowski, J. Furtak, J. Pawliszyn, J. Bogusiewicz, K. tuczykowski,

K. Jaroch, K. Burlikowska, K. Gorynski, M. Birski, M. Harat, P. Gorynska: Chemical biopsy based
on solid phase microextraction : why should it be of scientists and clinicals interest? PITTCON
2020 Conference & Expo. The Clear Advantage; Chicago, Stany Zjednoczone; 1-5.03.2020r.
referat

° J Bogusiewicz, P. Z. Goryniska, K. Gorynski, K. Jaroch, D. Paczkowski, M. Birski, J Furtak,
M. Harat, B. Bojko: Lipidomic analysis of brain tumor by solid phase microextraction. ExTech
2019, Guangzhou, Chiny; 9-13.11.2019r. referat

° N. Warmuzinska, I. Stryjak, K. tuczykowski, J. Bogusiewicz, M. Hamar, M. Selzner,

B. Bojko: Graft Quality Assessment in Kidney Transplantation by Monitoring Lipidomic
Changes in the Organ During Transplantation Using Solid Phase Microextraction (SPME);
MSALC EU 2019, Salzburg, Austria, 22-26.09.2019r. poster

° J. Bogusiewicz, P. Z. Gorynska, K. tuczykowski, K. Burlikowska, K. Jaroch, K. Chmara,

K. Gorynski, D. Paczkowski, J. Furtak, M. Harat, J. Pawliszyn, B. Bojko: Application of solid
phase microextraction to in vivo brain and brain tumor analysis; XX Euroanalysis 2019,
Istanbut, Turcja, 1-5.09.2019r. referat

° K. Jaroch, J. Bogusiewicz, P.Z. Gorynska, K. Goryniski, K. Burlikowska, K. tuczykowski,

D. Paczkowski, J. Furtak, M. Harat, E. Boyaci, J. Pawliszyn, B. Bojko: From in vitro Cell Line To
in vivo Brain and Brain Cancer Studies. SPME: One Technique That Fits It All; HPLC 2019;
Mediolan, Wtochy, 16-20.06.2019r. referat

° N. Warmuzinska, K. tuczykowski, J. Bogusiewicz, B. Bojko: Lipidomika w badaniach

in vivo: jak przygotowac wtokna SPME. TYGIEL 2019; Lublin, Polska; 23-24.03.2019r. poster

145



° M.Gaca, J. Bogusiewicz, P. Gorynska, K. Jaroch, K. Gorynski, D. Paczkowski, J. Furtak,

M. Harat, B. Bojko: [Pilot studies for the rapid diagnosis of selected brain tumors using modern
technology based on a chemical biopsy (SPME).] Polish Student Scientific Conference
NEUROTRIP 5: Neuro-oncology, Warszawa, Polska; 23-24.03.2019r. referat

° I. Stryjak, N. Warmuzinska, K. tuczykowski, J. Bogusiewicz, B. Bojko: Mikroekstrakcja

do fazy statej (SPME) in situ w badaniach nerek — krok w strone lepszej diagnostyki
w transplantologii; Nowe wyzwania dla polskiej nauki, Il edycja; Gdansk, Polska; 08.09.2018r.
poster

° M. Napierata, J. Bogusiewicz, J. Enko, E. Florek: Nikotyna i kofeina: wptyw na

przekaznictwo dopaminergiczne; XVII Ogdlnopolska Konferencja Naukowo — Szkoleniowa
TYTON A ZDROWIE: ,W dobie uzaleznien od tytoniu, alkoholu, narkotykéw i lekéw”; Poznan,
Polska; 23-24.11.2016r. poster

° E. Florek, M. Napierata, J. Bogusiewicz: Nowa dyrektywa unijna regulujgca rynek

papierosow; IV Ogdlnopolska Konferencja Naukowo-Szkoleniowa "Farmakoekonomika szansg
na zbilansowanie wydatkéw systemu opieki zdrowotnej w Polsce"; Poznan, Polska;
18.11.2016r. referat

° M. Napierata, A. Tezyk, M. Piznal, J. Bogusiewicz, E. Florek; Wykorzystanie sliny

do oceny narazenia miodziezy na dopalacze; XVI Ogodlnopolska Konferencja Naukowo-
Szkoleniowa , TYTON A ZDROWIE. Razem dla zdrowia. Interdyscyplinarne ujecie tytoniu,
alkoholu, narkotykéw i lekéw". Poznan, Polska; 25-26.11.2015r. referat

° E. Florek, M. Napierata, J. Bogusiewicz; Podatki a tyton; 11l Ogdlnopolska Konferencja

Naukowo-Szkoleniowa "Farmakoekonomika szansg na zbilansowanie wydatkéw systemu
opieki zdrowotnej w Polsce". Poznan, Polska; 20.11.2015r. referat

° M. Szabtowska, J. Bogusiewicz, D. Chajdas, M. Markiewicz, |. Hotynska-lwan; Wplyw

pestycydu: deltametryny na parametry elektrofizjologiczne fragmentow skory kroliczej
badanych metodq Ussinga. | Ogdlnopolska Konferencja Naukowa Studenckiego Towarzystwa
Diagnostow Laboratoryjnych w Bydgoszczy. Bydgoszcz, Polska; 7.06.2014r. referat

° M. Markiewicz, M. Szabtowska, D. Chajdas, J. Bogusiewicz, |. Hotynska-lwan; Wplyw

pestycydu deltametryny na parametry elektrofizjologiczne fragmentow skory kréliczej
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badanych metodq Ussinga; |l Ogélnopolska Konferencja Doktorantow i Mtodych Naukowcéw

"Per scientiam ad salutem aegroti". Bydgoszcz, Polska; 9-10.05.2014r. poster

12.3. Wykonawstwo w grantach badawczych

° Zastosowanie Coated Blade Spray sprzezonego ze spektrometria mas do analizy
zwigzkow endogennych w oponiakach; PRELUDIUM 17; nr 2019/33/N/ST4/00286; kierownik
projektu

° Sampler do ekstrakcji mdzgu in vivo, Badania przedwdrozeniowe w ramach Projektu
pn. ,,KUBUS 2.0- Komercjalizacja Uniwersyteckich Badan i Ustug, wykonawca

° Profilowanie metabolomiczne i lipidomiczne substancji biatej i szarej kory mézgowej
z wykorzystaniem nowoczesnej technologii opartej na biopsji chemicznej potaczonej ze
spektrometrem mas; KOSCIUSZKO, Il edycja; wykonawca

° Nowe rozwigzania analityczne w onkologii: od badan podstawowych do szybkiej
diagnostyki srédoperacyjnej; HARMONIA 7; nr 2015/18/M/ST4/00059; wykonawca

[ Wptyw przewlektej ekspozycji na dym tytoniowy na wybrane parametry stresu
oksydacyjnego w surowicy krwi i narzadach — model eksperymentalny; projekt uczelniany
Uniwersytetu Medycznego w Poznaniu, 2016-2017; nr 502-14-03315431-10799; kierownik

projektu

12.4. Wykaz stazy zagranicznych

° 22.03-29.03.2019 Professor Janusz Pawliszyn Research Group, Faculty of
Chemistry, University in Waterloo, Ontario, Canada
° 5.04-25.05.2018 Professor Janusz Pawliszyn Research Group, Faculty of

Chemistry, University in Waterloo, Ontario, Canada

12.5. Wykaz nagrod

12.5.1. Stypendia wyjazdowe

° ExTech 2021 Travel Grant od EuChemS-DAC Sample Prep
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° Young Investigator Travel Scholarship for Outstanding Science for EANO allied health
professionals / nurse members for the EANO 2019 Meeting in Lyon, France

° Travel Grant MSACL US 2019 for Young Investigators

12.5.2. Nagrody na konferencjach

° | miejsce za prezentacje e-posteru: J. Bogusiewicz, M. Gaca-Tabaszewska, J. Furtak, M.
Harat, B. Bojko: Coated blade spray mass spectrometry as a useful tool for rapid analysis in
biomedical application; Metabolomics Circle 2023; Wroctaw, 27-28.01.2023r.

° Nagroda za e-poster: J. Bogusiewicz, M. Gaca, P. Gorynska, K. Jaroch, K. Gorynski, B.
Bojko: The Use Of Microextraction To The Solid Phase In Lipidomics Of Brain Tumors;

Metabolomics Circle 2018; Przysiek koto Torunia, 26-28.10.2018r

12.5.3. Nagrody o zasiegu uczelnianym

° Nagroda zespotowa | stopnia za osiggniecia w dziedzinie naukowo-badawczej od
Rektora UMK za 2021 rok

° Nagroda zespotowa Il stopnia za osiggniecia w dziedzinie naukowo-badawcze] od
Rektora UMK za 2018 rok

° Tytut Najlepszego Absolwenta Wydziatu Farmaceutycznego Collegium Medicum UMK
uzyskany w roku 2015

° Stypendium Rektora UMK dla Najlepszych Doktorantéw w roku akademickim: 2020-
2021, 2021-2022

° Stypendium doktoranckie i projakosciowe na studiach doktoranckich w latach 2017-
2018, 2018-2019, 2019-2020, 2020-2021, 2021-2022

° Stypendium Rektora UMK dla Najlepszych Studentéw w roku akademickim: 2014-
2015, 2013-2014, 2012-2013 oraz 2011-2012.

12.5.4. Inne

° Nominacja do nagrody Naukowiec Przysztosci 2023 w kategorii: Kobieta nauki, ktdra

zmienia $wiat za realizacje projektu badawczego pn. ,Zastosowanie Coated Blade Spray
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sprzezonego ze spektrometrig mas do analizy zwigzkéw endogennych w oponiakach”, Tychy,
16.08.2022

° Medicina 2020 Best Paper Award za prace: Current Research on the Safety of
Pyrethroids Used as Insecticides

° Nagroda dla Najlepszego Absolwenta kierunku: Analityka medyczna na Collegium
Medicum UMK w Bydgoszczy ufundowana przez Krajowg lzbe Diagnostdw Laboratoryjnych

w roku 2015.

12.6. Pozostate formy dziatalnosci naukowej

12.6.1. Cztonkostwo w towarzystwach naukowych

2022- obecnie EuChemS-DAC Sample Preparation Study Group and Network
2019- obecnie European Association of Cancer Research
2019- 2022 European Association of Neurooncology

12.6.2. Recenzowanie artykutdw w czasopismach naukowych

° Open Medicine (4 recenzje)
[ Human and Experimental Txicology (2 recenzje)
° Bioanalysis (1 recenzja)
° OncoTargets and Therapy (1 recenzja)
12.6.3. Inne formy dziatalnos$ci naukowej
° Instruktor w trakcie Sample Preparation Course, Bydgoszcz, Polska; 28.09-04.10.2021
° Instruktor w trakcie Sample Preparation Course, Bydgoszcz, Polska; 25-27.09.2019
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13. Opinia Komisji Bioetycznej
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13.1. Projekt HARMONIA 7

12016
: Uniwersytet Mikolaja Kopernika w Toruniu

Collegium Medicum im L. Rydygiera w Bydgoszezy
KOMISJA BIOETYCZNA
UL M. Sklodowskiej-Curie 9, 85-094 Bydgoszcz, tel.(052) 585-35-63, fax.(052) 585-38-11

KB 628/2015 Bydgoszcz, 29.09.2015r.

Dzialajac na podstawic art.29 Ustawy z dnia 5 grudnia 1996 roku o zawodzic _Ickar/n ( Dv:.lJ 7 .I 997 r. Nr
28 poz. 152 (wraz z poznicjszymi zmianami), zarzadzenia Ministra Zdrowia i Opicki Spf)lccmc) z dplu 11 maja
1999 r. w sprawie szczegélowych zasad powolywania i finansowania oraz trybu dzialania komisji bloclycmyc:h
(Dz.U.Nr 47 poz480) oraz Zarzadzeniem Nr 21 Rektora UMK z dnia 4 marca 2009 r. I._péin. Zm. w sprawic
powolania oraz zasad dzialania Komisji Bioetycznej Uniwersytetu Mikolaja Kopemika w Toruniu przy
Collegium Medicum im Ludwika Rydygiera w Bydgoszczy oraz zgodnie  zasadami zawartymi w ICH - GCP

Komisja Bioetyczna przy UMK w Toruniu, Collegium Medicum w Bydgoszezy

(sklad podano w zalaczeniu). na posiedzeniu w dniu 29.09.2015 r. przcanalizowala wniosek. Ktory
zlozyla kicrownik badania:

dr hab. n. farm. Barbara Bojko
Katedra i Zaklad Farmakodynamiki i Farmakologii Molekularnej
Collegium Medicum w Bydgoszezy

z zespolem w skladzie:

= prof. dr hab. n. med. M. Harat, dr n. farm. K. Goryaski,
dr n. med. D. Paczkowski,

w sprawic badania:

3 wZintegrowana platforma oparta na mikrockstrakeji do fazy stalej: nowy
potencjal w badaniach i diagnostyce guzéw mozgu.”

Po zapoznaniu si¢ z¢ zlozonym wnioskiem i w wyniku przeprowadzonej dyskusji oraz glosowania
Komisja podjela
Uchwalg o pozytywnym zaopiniowaniu wniosku

W sprawie przeprowadzenia badan, w zakresic okreslonym we wniosku pod warunkiem:

® poinformowania uczestnikow badania o celu oraz zakresic badan i uzyskania od kazdego z nich osobnej,
pisemnej. $wiadomej zgody na udzial w badaniu, zgodnie z obowigzujacymi przepisami, datowancj
najpozniej na moment rozpoczecia badania a nie wezesniej niz data uzyskania z Komisji Bioetycznej zgody
na takie badanic;

* zachowania tajemnicy wszystkich danych, w tym danych osobowych pacjentéw, umozliwiajgcych ich
identyfikacj¢ w ewentualnych publikacjach;

® Zzapewnienia, ze osoby uczestniczace w cksperymencie badawczym nic sa ubczwlasnowolnione. nie sa
zolnierzami sluzby zasadniczej. nie sa osobami pozbawionymi wolnosci, nie pozostaja w zaleznosci
stuzbowej, dydaktycznej lub innej z prowadzacym badanic;

® sugerujemy uzyskanie podpisu uczestnika badania pod informacjg o badaniu, lub sporzadzenie formularza
informacji i swiadomej zgody na udzial w badaniu na jednej kartce,

Jednoczesnie informujemy, iz Zgoda na udzial w badaniu™ winna zawicrac m.in.: imi¢ i nazwisko badancj

osoby: Nr historii choroby pacjenta (L.ks.gl. Oddzialu/Poradni) oraz dat¢ i podpis badancj osoby, a takze

Klauzule, ze uczestnik badania wyraza zgode na przetwarzanie danych osobowych dotyczacych realizacji tematu

badawczego, z wyjatkiem publikacji danych osobowych,
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~J

Kierownik badania zobowiazany jest do przechowywania wszystkich dokumentow dotyczacych badania przez
okres dwudziestu lat.

Zgoda obowigzuje od daty posiedzenia (29.09.2015r.) do korica 2019 r.

Wydana opinia dotyezy tvlko rozpatrywanego wni ku = uwzglednieniem przedstawionego projekiu;
kazda zmiana i modyfikacja wymaga uzyskania odrgbnej opinii. Wnioskodawca zobowigzany jest do

informowania o wszelkich poprawkach, ktére moglyby mie¢ wphw na opini¢ Komisji oraz poinformowania o
zakonczeniu badania.

Od niniejszej nchwaly podmiot zamierzajgey preeprowadzié eksperyment medyczny, kierownik zakladu
opicki zdrowotnej, W ktorej eksperyment medyezny ma byé preeprowadzony. mogq wniesé odwolanie do
Odwolawczej Komisji Bioetycznej przy Ministrze Zdrowia, za posrednictwem Komisji Bioetycznej przy
Collegium Medicum im. L. Rydygieraw Bydgos=zczy, w terminie 14 dni od daty otrzymania niniejszej Uchwaly.

Prof. dr hab. méd. Karol Sliwka

Przewodniczgcy Korisji Bioetycznej

{
A
Otrzymuje: \ ?

dr hab. n. farm. Barbara Bojko
Katedra i Zaklad Farmakodynamiki i Farmakologii Molekularnej
Collegium Medicum w Bydgoszezy
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Lista obecnoSci

na posiedzeniu Komisji Bioetycznej

w dniu 29.09.2015 r.

Lp. Imie i nazwisko Funkcja Pddpis
14 Prof. dr hab. med. Karol Sliwka przewodniczacy ’(/‘\
z-ca =
2. Prof. dr hab. Adam Bucifski ’ ; {!/, -
przewodniczgcego /

3. Prof. dr hab. med. Anna Balcar-Boron 7% :

: b_(\.?/“

\
4. | Prof. dr hab. med. Mieczyslawa Czerwionka-Szaflarska %

5. Prof. dr hab. med. Marek Grabiec
6. Prof. dr hab. med. Zbigniew Wiodarczyk
7. | Drhab. n. med. Katarzyna Pawlak-Osifiska, prof, UMK AL
DrA-ONayle |
Y
8. Ks. dr hab. Wojciech Szukalski, prof. UAM % </'LU LCQV
9. Dr n. med. Radoslawa Staszak-Kowalska %OU
10. Dr hab. n med. Maria Klopocka A K
e
/
11. Mgr prawa Patrycja Brzezicka <fw,\c /( L~
N
7
12. Mer prawa Joanna Poletek-Zygas \ (4 Il/_/'
13. Mgr piel. Hanna Ziemniarska
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Stwierdzam z oryginalem
MZQZ{LLI A

KOMISJA BIOETYCZNA Placiie e ..
UL M. Sklodowskiej-Curic 9, 85-094 Bydgoszcz, tel.(052) 585-35-63, fax.(052) 585-38-11

Uniwersytet Mikolaja Kopernika w Toruniu

Collegium Medicum im L. Rydygicra w Bydgoszezy

KB 628/2015 Bydgoszcz, 17.01.2017r.

Dzialajac na podstawie art.29 Ustawy z dnia 5 grudnia 1996 roku o zawodzic lekarza (Dz.U. 7 1997 r, Nr
28 poz. 152 (wraz z poimicjszymi zmianami), zarzadzenia Ministra Zdrowia i Opicki Spolecznej z dnia |1 maja
1999 r. w sprawie szczegdlowych zasad powolywania i finansowania oraz trybu dzialania komisji bioetycznych
(D2.UNr 47 poz480) oraz Zarzadzenicm Nr 21 Rektora UMK 7z dnia 4 marca 2009 r. z poZn. zm. w Sprawic
powolania oraz zasad dzialania Komisji Bioctycznej Uniwersytetu Mikolaja Kopernika w Toruniu przy Collegium
Medicum im Ludwika Rydygiera w Bydgoszczy oraz zgodnie z zasadami zawartymi w ICH - GCP

Komisja Bioetyczna przy Collegium Medicum w Bydgoszezy

(ktérej sklad podano w zalgczeniu) na posiedzeniu w  dniu 17.01.2017 r.
przeanalizowala prosbe o wyrazenie zgody na uzupelnienie zespotu badawczego nast. osoby:
. mgr farm. Pauling Gorynska, mgr farm. Karola Jarocha, mgr Joanng Bogusicwicz.
lic. Anng Trojanowska, Pania Igg Stryjak i Panig Kamilg Chmara.

ktora zlozyla:
dr hab. n. farm. Barbara Bojko

Katedra i Zaklad Farmakodynamiki i Farmakologii Molckularncj ?
Collegium Medicum w Bydgoszezy

w sprawie badania: ,Zintegrowana platforma oparta na mikrockstrakeji do fazy
stalej: nowy potencjal w badaniach i diagnostyce guzéw moézgu.”

Po zapoznaniu si¢ z¢ ztozonym dokumentem i w wyniku przeprowadzonej dyskusji oraz
glosowania jawnego Komisja przyjela do wiadomosci podanc informacje i wyraza zgod¢ na
powyzsze pod warunkami okreslonymi w uchwale Komisji podjetej w dniu 29.09.2015 r.

7goda na kontynuowanie przedmiotowego badania obowigzuje do konca 2019 r.

Prof. dr hab. med. Kard| Sliwka

Przewodniczacy Komisji Bioctyezne)

Otrzymuje:
dr hab. n. farm. Barbara Bojko

Katedra i Zaklad Farmakodynamiki i Farmakologii Molekulamej
Collegium Medicum w Bydgoszczy
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Lista obecenosci

na posiedzeniu Komisji Bioctycznej

w dniu 17.01.2017 r.

Lp. Imi¢ i nazwisko Funkcja Pogpis
1 Prof. dr hab. med. Karol Sliwka przewodniczacy
v id
= z-ca ' &
2 Prof. dr hab. Adam Bucifiski : 7 P (@
przewodniczacego /-’/ ’
/ g "
3. Prof. dr hab. med. Anna Balcar-Borof @WM
a
4. | Prof. dr hab. med. Micczyslawa Czerwionka-Szaflarska MM
-
5 Prof. dr hab. med. Marek Grabiec /yw
6. Prof. dr hab. med. Zbigniew Wiodarczyk
7. | Dr hab. n. med. Katarzyna Pawlak-Osifiska, prof. UMK
8. Ks. dr hab. Wojciech Szukalski, prof. UAM W Q/
9. Dr n. med. Radoslawa Staszak-Kowalska | %0 M
10. Dr hab. n med. Maria Klopocka
11. Mgr prawa Patrycja Brzezicka / ( UQQ/
N ; 4_
12. Mgr prawa Joanna Poletek-Zygas i (
Y
13. Mgr piel. Hanna Ziemniarska

o (uf,
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13.2. Projekt Kosciuszko Il

Uniwersytet Mikolaja Kopernika w Toruniu
Collegium Medicum im L. Rydygiera w Bydgoszezy
KOMISJA BIOETYCZNA
UL M. Sklodowskiej-Curie 9, 85-094 Bydgoszcz, tel.(052) 585-35-63, fax.(052) 585-38-11

KB 142/2017 Bydgoszez, 19.06.2018 r.

Dzialajuc na podstawie art.29 Ustawy z dnia § grudnia 1996 roku o zawodzie lekarza (Dz. U. 2 1997 r.
Nr 28 poz. 152 (wraz z pozniejszymi zmianami), zarzadzenia Ministra Zdrowia i Opieki Spolecznej z dnia |11
maja 1999 r. w sprawie szczegolowych zasad powolywania i finansowania oraz trybu dzialania komisji
bioetycznych (Dz. U. Nr 47 poz.480) oraz Zarzadzeniem Nr 21 Rektora UMK z dnia 4 marca 2009 r. 2 poin.
zm. w sprawie powolania oraz zasad dzialania Komisji Bioetycznej Uniwersytetu Mikolaja Kopernika w
Toruniu przy Collegium Medicum im Ludwika Rydygiera w Bydgoszczy oraz zgodnie z zasadami zawartymi w
ICH - GCP

Komisja Bioetyczna przy UMK w Toruniu, Collegium Medicum w Bydgoszezy

(ktorej sklad podano w zalgczeniu) na posiedzeniu w dniu 19.06.2018 r.

przeanalizowala prosb¢ o wyrazenie zgody na:

1. Zmiang skladu osobowego realizujacego projekt - obeeny sklad zespotu:
-prof. dr n. med. Marek Harat. prof. Janusz Pawliszyn, dr hab. n. farm. Barbara
Bojko. dr n.med. Dariusz Paczkowski, dr n. med. Marcin Birski, dr n. med. Jacek
Furtak, dr inz. Katarzyna Burlikowska, mgr Paulina Gorynska, mgr Joanna
Bogusiewicz.

2. Korekte zalozen i metodyki badan

Korekte¢ ..Informacji dla uczestnika badania"

Nowy formularz ,.zgody na udzial w badaniu"

W e

Nowy formularz obserwacji klinicznej..

Ktora zlozyl

prof. dr hab. n. med. Marek Harat

Klinika Neurochirurgii

10 Wojskowy Szpital Kliniczny z Poliklinikg SP ZOZ
w Bydgoszezy

W sprawie badania:

wProfilowanie metabolomiczne i lipidomiczne istoty szarej i bialej mozgu

z materialow pochodzycych z resekeji podezas operacji guzéw mozgu.”

Po zapoznaniu si¢ ze zlozonym dokumentem i w wyniku przeprowadzonej dyskusji oraz
glosowania jawnego Komisja przyjela do wiadomosci podane informacje i wyraza zgod¢ na powyzsze

pod warunkami okreslonymi w uchwale Komisji podjetej w dniu 21.02.2017 r.
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2

Zgoda na kontynuowanie przedmiotowego badania obowigzuje do konca 2020 r,

Prof. dr hab. med. Kar6! Sliwka

misji Bioetycznej

Otrzymuje:

prof. dr hab, n. med. Marek Harat

Klinika Neurochirurgii

10 Wojskowy Szpital Kliniczny z Poliklinika SP Z0Z
w Bydgoszczy
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Lista obecnoSci

na posiedzeniu Komisji Bioetycznej

w dniu 19.06.2018 r.

Lp. Imig i nazwisko Funkcja Podpis
B Prof. dr hab. med. Karol Sliwka Przewodniczacy {\
Z—ca e
2. Mgr prawa Joanna Poletek-Zygas

przewodniczacego

v

Prof. dr hab. med. Mieczyslawa Czerwionka-Szaflarska

holy

4. Prof. dr hab. med. Anna Balcar-Boron

5. Prof. dr hab. med. Marek Grabiec /m 5 ) A g

6. Prof. dr hab. med. Zbigniew Wiodarczyk

7. | Dr hab. n. med. Katarzyna Pawlak-Osiriska, prof. UMK

8. Dr hab. n med. Maria Klopocka

9. Ks. dr hab. Wojciech Szukalski, prof. UAM 01" M
i /

10. Dr n. med. Radostawa Staszak-Kowalska % /

1. Mgr prawa Patrycja Brzezicka

12. Mgr farm. Aleksandra Adamczyk \

13. Mgr Lidia lwinska-Tarczykowska
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Uniwersytet Mikolaja Kopernika w Toruniu
Collegium Medicum im L. Rydygiera w Bydgoszezy
KOMISJA BIOETYCZNA
UL M. Sklodowskiej-Curie 9, 85-094 Bydgoszcz, tel.(052) 585-35-63, fax.(052) 585-38-11

KB 142/2017 Bydgoszcz, 19.06.2018 r.

Dzialajac na podstawie art.29 Ustawy z dnia 5 grudnia 1996 roku o zawodzie lekarza (Dz. U. z 1997 r.
Nr 28 poz. 152 (wraz z pozniejszymi zmianami), zarzadzenia Ministra Zdrowia i Opieki Spolecznej z dnia 11
maja 1999 r. w sprawie szczegdlowych zasad powolywania i finansowania oraz trybu dzialania komisji
bioetycznych (Dz. U. Nr 47 poz.480) oraz Zarzadzeniem Nr 21 Rektora UMK z dnia 4 marca 2009 r. z pozn.
zm. w sprawie powolania oraz zasad dziatania Komisji Bioetycznej Uniwersytetu Mikolaja Kopernika w
Toruniu przy Collegium Medicum im Ludwika Rydygiera w Bydgoszczy oraz zgodnie z zasadami zawartymi w
ICH - GCP

Komisja Bioetyczna przy UMK w Toruniu, Collegium Medicum w Bydgoszezy

(ktérej sklad podano w zalaczeniu) na posiedzeniu w dniu 19.06.2018 r.

przeanalizowata prosbe o wyrazenie zgody na:

I Zmiang skladu osobowego realizujacego projekt — obeeny sklad zespotu:

-prof. dr n. med. Marek Harat. prof. Janusz Pawliszyn. dr hab. n. farm. Barbara
Bojko. dr n.med. Dariusz Paczkowski, dr n. med. Marcin Birski, dr n. med. Jacek
Furtak, dr inz. Katarzyna Burlikowska, mgr Paulina Gorynska, mgr Joanna

Bogusiewicz,

|55}

Korekte zalozen i metodyki badan

Korekte ..Informacji dla uczestnika badania"

2

Nowy formularz ,,zgody na udzial w badaniu"

wn

Nowy formularz obserwacji kliniczne;..

Ktora zlozy1:

prof. dr hab. n. med. Marek Harat

Klinika Neurochirurgii

10 Wojskowy Szpital Kliniczny z Poliklinika SP ZOZ
w Bydgoszezy

w sprawie badania:

wProfilowanie metabolomiczne i lipidomiczne istoty szarej i bialej mozgu

z materialéw pochodzacych z resekeji podezas operacji guzéw mézgu.”

Po zapoznaniu si¢ ze zlozonym dokumentem i w wyniku przeprowadzonej dyskusji oraz
glosowania jawnego Komisja przyjela do wiadomosci podane informacje i wyraza zgode na powyzsze

pod warunkami okreslonymi w uchwale Komisji podjetej w dniu 21.02.2017 r.
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Zgoda na kontynuowanie przedmiotowego badania obowigzuje do kofica 2020 r.

Prof. dr hab. med. Kar6! Sliwka

-
=
N
s}
=
S
a

pmisjiBioetycznej

Otrzymuje:

prof. dr hab. n. med. Marek Harat

Klinika Neurochirurgii

10 Wojskowy Szpital Kliniczny z Poliklinika SP Z0Z
w Bydgoszezy
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Lista obecnoSci

na posiedzeniu Komisji Bioetycznej

w dniu 19.06.2018 r.

Lp. Imig i nazwisko Funkcja Podpis
B Prof. dr hab. med. Karol Sliwka Przewodniczacy é\
Z=ca Rt
2. Mgr prawa Joanna Poletek-Zygas 5
przewodniczacego

3. | Prof. dr hab. med. Mieczyslawa Czerwionka-Szaflarska M ‘”7
4. Prof. dr hab. med. Anna Balcar-Boron
5. Prof. dr hab. med. Marek Grabiec /yyl 5 ) M g
6. Prof. dr hab. med. Zbigniew Wiodarczyk
7. | Dr hab. n. med. Katarzyna Pawlak-Osiriska, prof. UMK
8. Dr hab. n med. Maria Klopocka
9, Ks. dr hab. Wojciech Szukalski, prof. UAM 0}/‘ M

—7 /
10. Dr n. med, Radostawa Staszak-Kowalska % /
1. Mgr prawa Patrycja Brzezicka /- Cendlinic
12. Mgr farm. Aleksandra Adamczyk \ 74_ abva\[/
13. Mgr Lidia lwinska-Tarczykowska

161

éi\@sb?j&w{



14. Oswiadczenie autora rozprawy doktorskiej
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Bydgoszcz, 23.02.2023r.

Mgr Joanna Bogusiewicz

Katedra Farmakodynamiki i Farmakologii Molekularnej
Collegium Medicum w Bydgoszczy

Uniwersytet Mikotaja Kopernika w Toruniu,

Bydgoszcz, Polska
Oéwiadczenie o wspolautorstwie

Oswiadczam, ze mo6j wklad w powstawanie pracy pt. ,,Profiling of Carnitine Shuttle System Intermediates in
Gliomas Using Solid-Phase Microextraction (SPME)" (https://doi.org/10.3390/molecules26206112) byl
nastgpujacy:

¢ Koncepcja oraz zaplanowanie eksperymentu,

*  Przeprowadzenie analizy laboratoryjnej, analiza uzyskanych wynikéw oraz ich interpretacja,

*  Przygotowanie pierwotnej wersji manuskryptu, wprowadzanie poprawek oraz odpowiedzi na recenzje,

e Zapoznanie si¢ z koncowa wersja manuskryptu,
oraz w pracy pt. ,Investigating the Potential Use of Chemical Biopsy Devices to Characterize Brain Tumor
Lipidomes™ (https://doi.org/10.3390/ijms23073518) to:

®  Przeprowadzenie samplingéw oraz analizy laboratoryjnej,

*  Analiza uzyskanych wynikow oraz ich interpretacja,

*  Przygotowanie pierwotnej wersji manuskryptu, wprowadzanie poprawek oraz odpowiedzi na recenzje,

*  Zapoznanie si¢ z koncowa wersja manuskryptu,
oraz w pracy pt. ,,New chemical biopsy tool for spatially resolved profiling of human brain tissue in vivo”
(https://doi.org/10.1038/541598-021-98973-y) to:

* Optymalizacja wielosondowego urzadzenia, przygotowanie sond mikroekstrakcyjnych, udzial

w samplingach z wykorzystaniem przygotowanych urzadzen SPME,
*  Przeprowadzanie analizy lipidomicznej oraz metabolomicznej, a takze analiza uzyskanych wynikéw oraz
ich interpretacja,
® Przygotowanie pierwotnej wersji manuskryptu, wprowadzanie poprawek, odpowiedzi na recenzje,

*  Zapoznanie si¢ z konicowa wersja manuskryptu.

Jednoczesnie oswiadczam, ze udostepnienie utworéw w mojej rozprawie doktorskiej nie bedzie naruszato praw

autorskich os6b trzecich,

>

JQ(_L LN l Oj,.h‘w;,c 1

163



15. Oswiadczenia wspotautorow

164



dr Marcin Birski

Bydgoszcz, 15.02.2023r.

Dr Marcin Birski

Klinika Neurochirurgii

10 Wojskowy Szpital Kliniczny z Poliklinika w Bydgoszczy
Bydgoszcz, Polska

Oswiadczenie o wspotautorstwie

Os$wiadczam, ze méj wktad w powstawanie pracy pt. ,,Profiling of Carnitine Shuttle System
Intermediates  in  Gliomas  Using  Solid-Phase =~ Microextraction  (SPME)”
(https://doi.org/10.3390/molecules26206112) bylnastepujacy:

e pomoc przy redagowaniu pracy,

e zapoznanie si¢ z koncowa wersja manuskryptu,
oraz w pracy pt. ,Investigating the Potential Use of Chemical Biopsy Devices to Characterize
Brain Tumor Lipidomes™ (https://doi.org/10.3390/ijms23073518):

e pomoc przy redagowaniu pracy.

e zapoznanie si¢ z konicowa wersja manuskryptu,
oraz w pracy pt. ,New chemical biopsy tool for spatially resolved profiling of human brain
tissue in vivo™ (https://doi.org/10.1038/s41598-021-98973-y):

e przeprowadzenie zabiegdw neurochirurgicznych i rekrutacja pacjentow,

e zapoznanie si¢ z koncowa wersja manuskryptu.

Jednoczesnie oswiadczam, ze udostepnienie utworéw w rozprawie doktorskiej mgr Joanny

Bogusiewicz nie bedzie naruszato praw autorskich os6b trzecich.
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dr hab. Barbara Bojko, prof. UMK

Bydgoszcz, 23.02.2023r.

Dr hab. Barbara Bojko, prof. UMK

Katedra Farmakodynamiki i Farmakologii Molekularnej
Collegium Medicum w Bydgoszczy

Uniwersytet Mikotaja Kopernika w Toruniu,

Bydgoszcz, Polska

Oswiadczenie o wspotautorstwie

Oswiadczam, ze mdj wklad w powstawanic pracy pt. ,Profiling of Carnitine Shuttle System
Intermediates in Gliomas Using Solid-Phase Microextraction (SPME)”
(https://doi.org/10.3390/molecules26206112) byl nastepujacy:

* koncepcja projektu, planowanic eksperymentu, koordynacja i nadzor nad projektem,

* pomoc w redagowaniu pracy,

* odpowiedzi na recenzje,

® zapoznanie si¢ z koncowa wersja manuskryptu,
oraz w pracy pt. . Investigating the Potential Use of Chemical Biopsy Devices to Characterize Brain
Tumor Lipidomes™ (https:/doi.org/10.3390/ijms23073518) to:

* koncepeja projektu, planowanie eksperymentu, koordynacja i nadzor nad projektem,

* pomoc w redagowaniu pracy,

¢ odpowiedzi na recenzje,

* zapoznanie si¢ z konicowa wersjag manuskryptu,
oraz w pracy pt. ,New chemical biopsy tool for spatially resolved profiling of human brain tissue in
vivo™ (https://doi.org/10.1038/s41598-021-98973-y) to:

¢ koncepcja projektu, udzial w samplingach z wykorzystaniem sond SPME,

¢ planowanic cksperymentu, koordynacja i nadzor nad projektem,

* pomoc w redagowaniu pracy,

* odpowiedzi na recenzje,

® zapoznanie si¢ z konicowg wersjg manuskryptu.

Jednoczesnie oswiadczam, ze udostgpnienie utworéw w rozprawie doktorskiej mgr Joanny Bogusiewicz

nie bgdzie naruszalo praw autorskich osob trzecich.

UMK
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dr Katarzyna Burlikowska

Bydgoszcz, 23.02.2023r.

Dr Katarzyna Burlikowska

Katedra Farmakodynamiki i Farmakologii Molekularnej
Collegium Medicum w Bydgoszczy

Uniwersytet Mikolaja Kopernika w Toruniu,

Bydgoszcz, Polska
Oswiadczenie o wspolautorstwie

Oswiadczam, ze méj wkiad w powstawanie pracy pt. ,,Profiling of Carnitine Shuttle System
Intermediates  in  Gliomas  Using  Solid-Phase =~ Microextraction  (SPME)”
(https://doi.org/10.3390/molecules26206112) byl nast¢pujacy:

e pomoc w redagowaniu pracy,

e zapoznanie si¢ z koncowa wersja manuskryptu,
oraz w pracy pt. ,New chemical biopsy tool for spatially resolved profiling of human brain
tissue in vivo™ (https://doi.org/10.1038/s41598-021-98973-y):

e przygotowanie sond mikroekstrakcyjnych,

¢ udzial w samplingach z wykorzystaniem sond SPME,

e pomoc w redagowaniu pracy,

e zapoznanie si¢ z koficowa wersja manuskryptu.

Jednoczesnie oswiadczam, Ze udostepnienie utworéw w rozprawie doktorskiej mgr Joanny

Bogusiewicz nie bedzie naruszato praw autorskich oséb trzecich.

Kalo rana baada lowsky
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dr Jacek Furtak

Bydgoszcz, 15.02.2023r.

Dr Jacek Furtak

Klinika Neurochirurgii

10 Wojskowy Szpital Kliniczny z Poliklinikg w Bydgoszczy
Bydgoszcz, Polska

Oswiadczenie o wspolautorstwie

Os$wiadczam, ze moj wkiad w powstawanie pracy pt. ,,Profiling of Carnitine Shuttle System
Intermediates  in  Gliomas  Using  Solid-Phase = Microextraction  (SPME)”
(https://doi.org/10.3390/molecules26206112) byinastepujacy:

e przeprowadzenie zabiegéw neurochirurgicznych i rekrutacja pacjentow,

e zapoznanie si¢ z konicowa wersja manuskryptu,
oraz w pracy pt. ,Investigating the Potential Use of Chemical Biopsy Devices to Characterize
Brain Tumor Lipidomes™ (https://doi.org/10.3390/ijms23073518):

e przeprowadzenie zabiegdéw neurochirurgicznych i rekrutacja pacjentow,

e zapoznanie si¢ z koficowg wersja manuskryptu,
oraz w pracy pt. ,,New chemical biopsy tool for spatially resolved profiling of human brain
tissue in vivo™ (https://doi.org/10.1038/s41598-021-98973-y):

e przeprowadzenie zabiegéw neurochirurgicznych i rekrutacja pacjentow,

e zapoznanie si¢ z konicowg wersjg manuskryptu.

Jednoczesnie o$wiadczam, ze udostgpnienie utworéw w rozprawie doktorskiej mgr Joanny

Bogusiewicz nie bgdzie naruszato praw autorskich os6b trzecich.

v QdA
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dr Krzysztof Gorynski

Bydgoszcz. 23.02.2023r.

Dr Krzysztof Gorynski

Wydzial Farmaceutyczny

Collegium Medicum w Bydgoszczy
Uniwersytet Mikotaja Kopernika w Toruniu,

Bydgoszcz. Polska
Oswiadczenie o wspolautorstwie

Oswiadczam, ze mdj wklad w powstawanie pracy pt. ..Profiling of Carnitine Shuttle System
Intermediates  in  Gliomas  Using  Solid-Phase ~ Microextraction  (SPME)”
(https://doi.org/10.3390/molecules26206112) byl nastepujacy:

® przeprowadzenie samplingow guzéw mozgu z wykorzystaniem sond SPME,

® zapoznanie si¢ z koicowa wersja manuskryptu:
oraz w pracy pt. ..Investigating the Potential Use of Chemical Biopsy Devices to Characterize
Brain Tumor Lipidomes™ (https://doi.org/10.3390/ijms23073518):

e przeprowadzenie samplingdw guzéw mozgu z wykorzystaniem sond SPME,

e zapoznanie si¢ z koficowa wersja manuskryptu.

Jednoczesnie o$wiadezam, Ze udostepnienie utworéw w rozprawie doktorskiej mgr Joanny

/52

Bogusiewicz nie bgdzie naruszalo praw autorskich osob trzecich.
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dr Paulina Zofia Gorynska

Bydgoszcz. 23.02.2023r.

Dr Paulina Zofia Gorynska

Katedra Farmakodynamiki i Farmakologii Molekularnej
Collegium Medicum w Bydgoszczy

Uniwersytet Mikolaja Kopernika w Toruniu.

Bydgoszcz. Polska

Oswiadczenie o wspolautorstwie

Oswiadczam, ze méj wklad w powstawanie pracy pt. ,,Profiling of Carnitine Shuttle System
Intermediates  in  Gliomas  Using  Solid-Phase ~ Microextraction  (SPME)”
(https://doi.org/10.3390/molecules26206112) byl nastepujacy:

® przeprowadzenie samplingéw guzéw moézgu z wykorzystaniem sond SPME,

® zapoznanic si¢ z konicowa wersja manuskryptu,
oraz w pracy pt. ..Investigating the Potential Use of Chemical Biopsy Devices to Characterize
Brain Tumor Lipidomes™ (https://doi.org/10.3390/ijms23073518):

® Przeprowadzenie samplingdéw guzéw moézgu z wykorzystaniem sond SPME.

® zapoznanie si¢ z koicows wersja manuskryptu,

Jednoczesnie oswiadczam, ze udostgpnienie utworéw w rozprawie doktorskiej mgr Joanny

Bogusiewicz nie bgdzie naruszalo praw autorskich os6b trzecich.

pw&.iv-/)e_
Qo
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prof. dr hab. Marek Harat

Bydgoszcz, 15.02.2023r.

Prof. dr hab. Marek Harat

Klinika Neurochirurgii

10 Wojskowy Szpital Kliniczny z Poliklinikg w Bydgoszczy
Bydgoszcz, Polska

Os$wiadczenie o wspotautorstwie

Oswiadczam, ze m6j wkiad w powstawanie pracy pt. ,,Profiling of Carnitine Shuttle System
Intermediates  in  Gliomas  Using  Solid-Phase = Microextraction ~ (SPME)”
(https://doi.org/10.3390/molecules26206112) bylnastepujacy:

e udzial w planowaniu eksperymentu,

e przeprowadzenie zabiegéw neurochirurgicznych i rekrutacja pacjentow,

e zapoznanie si¢ z koficowa wersja manuskryptu,
oraz w pracy pt. ,Investigating the Potential Use of Chemical Biopsy Devices to Characterize
Brain Tumor Lipidomes™ (https://doi.org/10.3390/ijms23073518):

e udzial w planowaniu eksperymentu,

e przeprowadzenie zabiegdw neurochirurgicznych i rekrutacja pacjentow,

e zapoznanie si¢ z koricowg wersja manuskryptu.
oraz w pracy pt. ,,New chemical biopsy tool for spatially resolved profiling of human brain
tissue in vivo™ (https://doi.org/10.1038/s41598-021-98973-y):

e nadzorowanie medycznej czgsci projektu,

e zapoznanie si¢ z konicowa wersja manuskryptu.

Jednoczesnie o$wiadczam, ze udostgpnienie utworéw w rozprawie doktorskiej mgr Joanny

Bogusiewicz nie bgdzie naruszalo praw autorskich oséb trzecich.
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dr Karol Jaroch

Bydgoszcz, 23.02.2023r.

Dr Karol Jaroch

Katedra Farmakodynamiki i Farmakologii Molekularne;j
Collegium Medicum w Bydgoszczy

Uniwersytet Mikolaja Kopernika w Toruniu,

Bydgoszcz, Polska
Oswiadczenie o wspélautorstwie

Oswiadczam, ze m6j wklad w powstawanie pracy pt. ,,Profiling of Carnitine Shuttle System
Intermediates  in  Gliomas  Using  Solid-Phase ~ Microextraction  (SPME)”
(https://doi.org/10.3390/molecules26206112) byl nastepujacy:

® przeprowadzenie samplingéw guzéw mozgu z wykorzystaniem sond SPME,

e zapoznanie si¢ z koficowa wersja manuskryptu,
oraz w pracy pt. ,Investigating the Potential Use of Chemical Biopsy Devices to Characterize
Brain Tumor Lipidomes™ (https://doi.org/10.3390/ijms23073518):

e przeprowadzenie samplingéw guzéw mozgu z wykorzystaniem sond SPME,

® zapoznanie si¢ z koficowa wersjg manuskryptu,
oraz w pracy pt. ,.,New chemical biopsy tool for spatially resolved profiling of human brain
tissue in vivo” (https://doi.org/10.1038/541598-021-98973-y):

e udzial w opracowaniu wynikow z czesci metabolomicznej,

e zapoznanie si¢ z konicowa wersjg manuskryptu.

Jednocze$nie o$wiadczam, ze udostgpnienie utworéw w rozprawie doktorskiej mgr Joanny

Bogusiewicz nie bgdzie naruszalo praw autorskich os6b trzecich.
'/ /’
L
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dr hab. Bogumita Kupcewicz, prof. UMK

Bydgoszcz, 15.02.2023r.

Dr hab. Bogumita Kupcewicz, prof.UMK
Katedra Chemii Nieorganicznej i Analitycznej
Collegium Medicum w Bydgoszczy
Uniwersytet Mikotaja Kopernika w Toruniu,

Bydgoszcz, Polska
Oswiadczenie o wspolautorstwie

Oswiadczam, ze moj wklad w powstawanic pracy pt. .Investigating the Potential Use of
Chemical Biopsy Devices to  Characterize Brain  Tumor  Lipidomes”
(https://doi.org/10.3390/ijms23073518) to:

e analiza statystyczna wynikow,

e zapoznanie si¢ z koncowg wersjg manuskryptu.

Jednoczes$nie o§wiadczam, Zze udostgpnienie utworéw w rozprawie doktorskiej mgr Joanny

Bogusiewicz nie bedzie naruszato praw autorskich osob trzecich.

WNWY ceme,
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mgr Kamil tuczykowski

Bydgoszcz, 23.02.2023r.

Mgr Kamil Luczykowski

Katedra Farmakodynamiki i Farmakologii Molekularnej
Collegium Medicum w Bydgoszczy

Uniwersytet Mikotaja Kopernika w Toruniu,

Bydgoszcz, Polska
Oswiadczenie o wspotautorstwie

Os$wiadczam, ze m6j wkiad w powstawanie pracy pt. ,,New chemical biopsy tool for spatially
resolved profiling of human brain tissue in vivo” (https://doi.org/10.1038/s41598-021-98973-
y) to:

e udzial w samplingu z wykorzystaniem sond SPME,
e udzial w opracowaniu wynikéw z cze$ci metabolomiczne;j,

¢ zapoznanie si¢ z koncowa wersja manuskryptu.

Jednoczeénie o§wiadczam, Ze udostgpnienie utworéw w rozprawie doktorskiej mgr Joanny

Bogusiewicz nie bgdzie naruszato praw autorskich oséb trzecich.
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dr Dariusz Paczkowski

Bydgoszcz, 15.02.2023r.

Dr Dariusz Paczkowski
Klinika Neurochirurgii i Neurologii
Szpital Uniwersytecki nr 2 im. Jana Biziela w Bydgoszczy

Bydgoszcz, Polska
Oswiadczenie o wspdtautorstwie

Oswiadczam, ze moj wklad w powstawanie pracy pt. ,,Profiling of Carnitine Shuttle System
Intermediates  in  Gliomas  Using  Solid-Phase Microextraction ~ (SPME)”
(https://doi.org/10.3390/molecules26206112) byt nastepujacy:

e przeprowadzenie zabiegéw neurochirurgicznych i rekrutacja pacjentow,

e zapoznanie si¢ z koficowa wersja manuskryptu,
oraz w pracy pt. ,.Investigating the Potential Use of Chemical Biopsy Devices to Characterize
Brain Tumor Lipidomes™ (https://doi.org/10.3390/ijms23073518):

e przeprowadzenie zabieg6w neurochirurgicznych i rekrutacja pacjentow,

e zapoznanie si¢ z konicowa wersjag manuskryptu.

Jednoczesnie o$wiadczam, Ze udostgpnienie utworéw w rozprawie doktorskiej mgr Joanny

Bogusiewicz nie bedzie naruszato praw autorskich osob trzecich.
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Profesor Janusz Pawliszyn
Waterloo University

Waterloo, Ontario, Canada
Oswiadczenie o wspolautorstwie

Oswiadczam, ze méj wklad w powstawanie pracy pt. ,,New chemical biopsy tool for spatially
resolved profiling of human brain tissue in vivo™ (https://doi.org/10.1038/s41598-021-98973-
y):

e zapewnienie finansowania badan,

e udzial w projektowaniu cz¢$ci analitycznej projektu,

e pomoc w redagowaniu pracy,

e zapoznanie si¢ z koncowa wersja manuskryptu.

Jednoczes$nie oswiadczam, Ze udostgpnienie utworow w rozprawie doktorskiej mgr Joanny

Bogusiewicz nie bedzie naruszalo praw autorskich osob trzecich.
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