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Wykaz skrotow
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IC Inhibitory Concentration stezenie hamujace
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PLS-DA Partial Least Squares analiza dyskryminacyjna PLS
Discriminant Analysis

QC Quality Control kontrola jakosci
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TFRC Transferrin Receptor receptor transferyny (gen TFRC)
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TfR1 Transferrin Receptor 1 receptor transferyny 1

VEGF Vascular Endothelial Growth naczyniowo-srodbtonkowy
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VIP Variable Importance in Projection  znaczenie zmiennych w projekcji
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2. Streszczenie w jezyku polskim

Celem rozprawy bylo zintegrowanie podejscia farmako-metabolomicznego do badania glejaka o
wysokim stopniu ztosliwosci (GBM) z naciskiem na dobre praktyki projektowania eksperymentow
in vitro 1 ich translacje, rozwo6j biokompatybilnego, wysokoprzepustowego przygotowania probek
metoda mikroekstrakcji do fazy statej (SPME) oraz charakterystyke odpowiedzi GBM na maltolan
galu (GaM) w modelach 2D i 3D. W cze$ci przegladowej zestawiono kluczowe czynniki
ksztattujace profil metaboliczny komérek GBM (format hodowli, hipoksja, sktad pozywki) oraz
omowiono techniki przygotowania probek i platformy analityczne sprzyjajace rzetelnej
ekstrapolacji in vitro—in vivo. W cze$ci metodycznej zaprojektowano 1 zweryfikowano
zmodernizowany system biokompatybilnego, wielokrotnego i w petni inkubatorowego pobierania
probek z ptytek 96-dotkowych, zgodny z zasadami zielonej chemii i skalowalny do badan
farmakologicznych. W czgéci badawczej oceniono dziatanie GaM w liniach klasycznych (A-172,
U-87 MG) oraz wyprowadzonych od pacjentow (3005, 3019, 3034, 3048, 3073) hodowanych w
2D i 3D, taczac modelowanie krzywych dawka—odpowiedz (IC10/IC50/IC90), oznaczenie
receptora dla transferyny (ang. Transferrin Receptor, TFRC), pomiar zuzycia tlenu (ang. Oxygen
Consumption Rate, OCR) oraz metabolomik¢ z wykorzystaniem chromatografii cieczowej

sprzezonej ze spektrometrig mas (LC-MS).

GaM obnizat zywotno$¢ we wszystkich modelach, przy czym w 3D obserwowano prawostronne
przesunigcie krzywych (wyzsze IC) oraz silniejsze tlumienie OCR, co wskazuje na wigksza
tolerancj¢ mikrootoczenia 3D i nasilony stres mitochondrialny. Zalezno§¢ miedzy wyjsciowym
poziomem TFRC a wrazliwoscig na GaM byla widoczna w 2D (istotna korelacja z 1C50), lecz
zanikata w 3D, co potwierdza zalezny od kontekstu charakter biomarkeréw zelazowych. Analizy
wielowymiarowe wykazatly, ze dominujace Zrodlo wariancji rézni si¢ migdzy liniami (efekt
leczenia w 3005/3048, efekt formy hodowli w 3019/3034, efekt czasu w A-172/U-87 MG/3073).
Obserwowane zmiany profili metabolomicznych obejmowaly gtoéwnie tryptofan, metionine, uracyl
1 allantoing, co wskazuje na skoordynowane zaklocenia w szlakach aminokwasowych,
jednoweglowych/nukleotydowych iredoks rownolegle z dysfunkcja mitochondrialng. tacznie
wyniki dowodza, ze wymiar hodowli jest kluczowa determinanta odpowiedzi na GaM, a
zestawienie OCR z metabolomikg w modelach 3D 1 liniach wyprowadzonych od pacjentow

dostarcza bardziej predykcyjng ocen¢ skutecznosci 1mechanizmu dziatania. Ponadto,



zaproponowana metoda SPME, ktora charakteryzuje si¢ prostota w zastosowaniu i jest bardziej
ekologiczna, umozliwia tatwa integracj¢ z hodowlami komérkowymi i tradycyjnymi testami, co

utatwia projektowanie badan taczacych farmakologie¢ z metabolomika.

Stowa kluczowe: maltolan galu, glejak wielopostaciowy, hodowla 3D, mikroekstrakcja w fazie

statej, farmakometabolomika.



3. Streszczenie w jezyku angielskim

The aim of this dissertation was to integrate a pharmaco-metabolomic approach to glioblastoma
(GBM) by outlining best practices for in-vitro metabolic studies and their translation, developing
a biocompatible, high-throughput solid-phase microextraction (SPME) workflow, and
characterizing GBM responses to gallium maltolate (GaM) in 2D and 3D culture models. The
review component synthesizes key determinants of GBM metabolic readouts (culture
dimensionality, hypoxia, media composition, stem-like state), discusses sample-preparation
strategies and analytical platforms that support reliable in vitro—in vivo extrapolation, and provides
practical guidance to avoid common pitfalls in supervised modelling. The methodological
component introduces an upgraded system enabling repeated, in-incubator sampling from 96-well
cultures with minimal perturbation and reduced solvent/plastic use, offering a scalable route for
metabolomics in pharmaceutical testing. The research component evaluated GaM across
established (A-172, U-87 MGQG) and patient-derived (3005, 3019, 3034, 3048, 3073) GBM lines
grown in 2D and 3D, combining dose—response modelling (IC10/IC50/1C90), transferrin receptor
(TFRC) quantification, oxygen consumption rate (OCR), and metabolomics with liquid
chromatography combined with mass spectrometry (LC-MS).

GaM reduced viability in all models, with a consistent rightward shift of dose—response and
stronger OCR suppression in 3D than in 2D, indicating greater microenvironment-driven tolerance
and heightened mitochondrial stress. Baseline TFRC associated with GaM sensitivity in 2D
(significant TFRC-IC50 correlation) but not in 3D, underscoring context-dependent biomarker
performance. Multivariate analyses showed line-specific drivers of variance: treatment-dominant
separation in 3005/3048, culture format dominance in 3019/3034, and time effects in A-172/U-87
MG/3073. The observed metabolomic alteration mainly involved tryptophan, methionine, uracil,
and allantoin and pointed to coordinated perturbations in amino-acid, one-carbon/nucleotide, and
redox pathways alongside mitochondrial dysfunction. Collectively, the findings identify culture
dimensionality as a primary determinant of GaM response and support 3D, patient-derived systems
with integrated OCR and metabolomics as more predictive platforms for efficacy assessment,
mechanism elucidation, and biomarker development. Moreover, the proposed SPME method,

which is simple to use and more ecological, allows for easy integration with cell cultures and



traditional assays, which facilitates the design of studies combining pharmacology with

metabolomics.

Key words: gallium maltolate; glioblastoma; 3D culture; Solid Phase Micorextraction,

Pharmacometabolomic
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4. Wstep

Glejaki o wysokim stopniu ztosliwosci (ang. Glioblastoma, GBM) naleza do najbardziej
agresywnych nowotwordéw osrodkowego uktadu nerwowego. Standard diagnostyczny obejmuje

!, jednak mimo postepu diagnostycznego

badanie histopatologiczne oraz testy molekularne
1 terapeutycznego GBM pozostaje najgrozniejszym, pierwotnym zlosliwym guzem OUN.
Maltolan galu (ang. Gallium Maltolate, GaM) jest obiecujagcym kandydatem terapeutycznym,
poniewaz wplywa na zaburzona u chorych gospodarke zelaza 2. W przebiegu GBM wykazano
kluczowa rolg zelaza; liczne zmiany nowotworowe charakteryzujg si¢ wysoka ekspresja receptora

transferryny (TfR), co stwarza mozliwo$¢ selektywnego oddziatywania na komorki GBM z

wysoka ekspresja TfR i stanowi alternatywe dla klasycznej farmakoterapii .

4.1. Glejak o wysokim stopniu zlosliwosci i metabolizm zelaza
GBM naleza do IV stopnia klasyfikacji Swiatowej Organizacji Zdrowia (ang. World Health
Organization, WHO) i obejmuja najbardziej agresywne nowotwory osrodkowego uktadu
nerwowego (OUN) 1. W 2021 r. WHO wprowadzita zaktualizowany system klasyfikacji guzow
OUN, oparty nie tylko na obrazie histopatologicznym, lecz takze na markerach genetycznych,
m.in. gen dehydrogenazy izocytrynianowej (ang. Isocitrate Dehydrogenase, IDH) typu dzikiego,
amplifikacja receptor naskorkowego czynnika wzrostu (ang. Epidermal Growth Factor Receptor,
EGFR , mutacja promotora genu odwrotnej transkryptazy telomerazy (ang. Telomerase Reverse
Transcriptase , TERT) czy trisomia chromosomu 7 I monosomia chromosomu 10 . Mimo rozwoju
tej spersonalizowanej diagnostyki, GBM pozostaje najbardziej S$miertelnym pierwotnym

6

ztosliwym guzem OUN °. Wspolczesnie markery molekularne stanowia wazne narzedzie

w kwalifikacji 1 ocenie leczenia.

Niezaleznie od profilu molekularnego guza, postepowaniem pierwszego wyboru jest jego
chirurgiczne usunigcie, a nastgpnie radioterapia i chemioterapia podtrzymujaca temozolomidem
(ang. Temozolomide TMZ). Inne opcje obejmuja pochodne nitrozomocznika oraz nowszy lek anty-
VEGF, bewacyzumab ’. Skuteczno$¢ chemioterapii w GBM wysokiego stopnia jest jednak
ograniczona 1 w duzej mierze zalezy od statusu IDH 1 metylacji MGMT; u chorych z

niezmetylowanym promotorem MGMT aktywnos$¢ temozolomidu jest znikoma, co znaczaco
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zaweza mozliwosci terapeutyczne ®. Stad wcigz poszukuje sie nowych schematéw leczenia i

strategii dla GBM wysokiego stopnia ztosliwosci.

Guzy GBM charakteryzuja sie zlozong architektura i skomplikowanym mikrosrodowiskiem °.
Wysoki indeks proliferacyjny, nasilona angiogeneza, martwica o uktadzie ,,pseudopalisadowym”
oraz niedotlenienie wewnatrzguzowe sprzyjaja agresywnemu przebiegowi choroby i opornosci na
leczenie — komorki nowotworowe skutecznie adaptuja si¢ do zmieniajgcych si¢ warunkow.
Wsrod tych procesoOw kluczowg role w opornosci na chemioterapi¢ 1 radioterapi¢ odgrywa
przeprogramowanie metabolizmu '°. Jest to zjawisko dobrze opisane: §rodowisko niedotlenienia
uposledza fosforylacje oksydacyjng 1 aktywno$¢ cyklu kwasow trikarboksylowych

(ang. TCA, a réwnocze$nie nasilg glikolize i produkcje mleczanu 12,

Hipoksja indukuje ponadto czynniki transkrypcyjne z rodziny czynnikoéw indukowanych hipoksja
(ang. Hypoxia-Inducible Factors, HIF), ktore odgrywaja kluczowa rolg w progresji, agresywnosci
i opornosci GBM '*. Enzymy hydroksylujace HIF s3 zalezne od zelaza, dlatego regulacja
metabolizmu Zelaza wywiera istotny wptyw na biologic GBM !4, Zelazo jest niezbedne dla
funkcjonowania organizmu (m.in. transport tlenu, synteza DNA) '°. Receptor transferyny 1 (ang.
transferrin receptor 1, TfR1) jest gldwnym transporterem zelaza do komorki 1 w prawidtowych
tkankach jego ekspresja jest cisle kontrolowana w celu utrzymania homeostazy zelaza %7, W
komorkach nowotworowych nadekspresja TfR1 sprzyja nagromadzeniu zelaza, ktore napedza
proliferacje 1 wzrost guza. Gen receptora dla transferryny (TFRC) oraz inne geny zwigzane z
gospodarka zelaza sg deregulowane w guzach mozgu, zaburzajac homeostaze zelaza. W
konsekwencji, modulacja homeostazy zelaza jest postrzegana jako obiecujacy kierunek terapii

GBM.

4.2. Maltolan galu

Coraz wigcej badan koncentruje si¢ na terapiach zaburzajacych metabolizm zZelaza w komodrkach
nowotworowych i wtornie prowadzi do hamowania reduktazy rybonukleotydéw oraz uposledzenia
funkcji mitochondriow. GaM, doustnie biodostgpny kompleks galu(Ill), wytania si¢ jako
obiecujacy kandydat terapeutyczny i jest stosunkowo nowy w leczeniu GBM '¥. Wykazano jego
aktywno$¢ przeciwnowotworowa w wielu modelach, m.in. raka pecherza i piersi, chtoniaka oraz

3,19-21

raka watrobowokomoérkowego W glejaku  wielopostaciowym Chitambar 1 wsp.
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zademonstrowali w hodowlach 2D/3D oraz w modelu ksenograftu szczurzego, ze GaM zaburza
komérkowa homeostaze zelaza, wywotujac apoptoze komérek nowotworowych 2. Poniewaz gal
moze przekracza¢ bariere krew—modzg po zwigzaniu z endogenng transferyng, GaM zyskuje
utatwione dostarczanie do komérek GBM z ekspresjg TfR. GaM uposledza funkcje mitochondriow
1 hamuje zalezng od zelaza podjednostke¢ RRM2 reduktazy rybonukleotyddw, ograniczajac synteze
dNTP; wptywa takze na cykl TCA i hamuje mitochondrialne zuzycie tlenu w komérkach GBM,
oszczedzajac komorki prawidlowe. Obecnie badanie kliniczne fazy I (NCT04319276) prowadzone

jest w celu oceny efektywnosci GaM u chorych z guzami nawrotowymi i/lub opornymi na leczenie
2

4.3. Hodowle komérkowe w badaniach glejaka mozgu

Tkanki nowotworowe zawieraja ogniska martwicy 1 hipoksji, ktére tworza niejednorodne
mikrosrodowisko o zmiennych wtasciwosciach fizykochemicznych i1 biologicznych, takich jak
gradienty pH i1 pO: oraz zréznicowane wzorce ekspresji bialek, co w konsekwencji indukuje
zmiany metaboliczne. Ponadto, takie warunki wplywaja na stabilno$¢ lekoéw
przeciwnowotworowych i mogg sprzyjaé ich swoistym biotransformacjom 2. Dlatego idealny
model nowotworu do badania dzialania leku i jego interakcji z metabolomem powinien jak

najwierniej odtwarzac te zjawiska.

Atrakcyjnym 1 nowoczesnym modelem przedklinicznym sg wielokomoérkowe sferoidy. Otrzymuje
si¢ je z proliferujacych komoérek nowotworowych poprzez hodowle w warunkach ograniczajacych
adhezje do podtoza, co wymusza adhezj¢ migdzykomodrkowa 1 w prosty sposodb prowadzi do
powstania trojwymiarowych (3D) struktur o cechach nieobecnych w konwencjonalnych,
dwuwymiarowych (2D) monowarstwach. W centrum sferoidu rozwija si¢ hipoksja, a ograniczona
dyfuzja powoduje niedobor sktadnikéw odzywczych, co lepiej odzwierciedla warunki in vivo.
Hipoksji towarzysza gradienty pH 1 potencjalu redoks, ktére moga modyfikowa¢ dziatanie lekow;
przede wszystkim jednak pojawia si¢ gradient proliferacji: komodrki powierzchowne dzielg si¢
najszybciej, odsetek komodrek spoczynkowych jest wiekszy niz w 2D, a w wigkszych sferoidach
tworzy si¢ martwiczy rdzen. Systemy 3D lepiej oddaja mikrosrodowisko guza, poniewaz
uwzgledniajg kluczowe interakcje komorka—macierz 1 komorka—komorka, nieobecne w hodowlach

monowarstwowych 242,
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W ostatnich latach badania in vitro z wykorzystaniem zaréwno utrwalonych linii GBM, jak i
komorek pierwotnych zyskaty na popularnos$ci dzigki szybkiemu rozwojowi technik hodowli 3D.
Model 3D byt szeroko stosowany w badaniach metabolomicznych i okazat si¢ bardziej sprzyjac¢
komoérkom o fenotypie macierzystym 26, ktory wiaze si¢ z zaburzeniami metabolizmu Zelaza i
nadekspresja TfR1 ?7. Nalezy jednak pamigta¢, ze ze wzgledu na heterogeniczno$¢ GBM podejécie
»one-size-fits-all” nie zawsze si¢ sprawdza. Hodowla 3D nie jest z definicji lepsza od 2D; przy
projektowaniu eksperymentu trzeba uwzgledni¢ takze inne czynniki niz sam model wzrostu. Aby
utrzymaé oryginalny fenotyp komorek, kluczowe sa dobor pozywki i czynnikéw wzrostowych 2%,
Doniesienia wskazuja, ze komorki hodowane w monowarstwie na pozywkach z dodatkiem
surowicy plodowej bydlecej (ang. Fetal bonive serum, FBS) moga wtasciwie odzwierciedla¢ cechy
guza, natomiast neurosfery w warunkach bezsurowiczych czesto lepiej oddaja stan in vivo. Z tego
wzgledu warto stosowac rézne protokoty izolacji i hodowli, aby zachowa¢ heterogenna populacje
komoérek w hodowli pierwotnej, a analizy prowadzi¢ rownolegle w uktadach 2D, 3D, a nawet w

ko-kulturach 2D-3D w obrebie tej samej linii komoérkowej 2°.

4.4. Mikroekstrakcja do fazy stalej

Analiza metabolomu/lipidomu linii komérkowych GBM moze obejmowa¢ zaréwno metabolom
zewnatrzkomorkowy, tj. metabolity uwalniane przez komorki do srodowiska, jak 1 metabolom
wewnatrzkomorkowy, tj. zwigzki transportowane 1 akumulowane wewnatrz komorek. Badania
zewnatrzkomoérkowe wykonuje si¢ zwykle z wykorzystaniem pozywki hodowlanej jako matrycy:
pozywke pobiera si¢ z hodowli, a nastgpnie dodaje rozpuszczalnik organiczny w celu ekstrakcji
metabolitow/lipidow, ewentualnie z dodatkowymi etapami przygotowania probki 283031,
Przygotowanie probek do analizy metabolizmu wewnatrzkomorkowego obejmuje zazwyczaj
wygaszenie metabolizmu zimnym buforem fosfoanowym, odklejenie komorek z pomoca trypsyny

lub zeskrobywanie komorek, wirowanie oraz odparowanie; nastgpnie probki odtwarza si¢ w

odpowiednim rozpuszczalniku.

Mikroekstrakcja do fazy statej (ang. Solid-Phase Microextraction, SPME) nie nalezy do najczgsciej
stosowanych technik przygotowania probek, stanowi jednak niezwykle obiecujace narzedzie w

32-35

badaniach farmaceutycznych in vitro . SPME to technika rownowagowa, ktora laczy

pobieranie, przygotowanie i ekstrakcje probki w jednym etapie *°. Procedura nie zuzywa probki,
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pozwala unikng¢ wspotekstrakcji biatek i, w przypadku analizy metabolitow
zewnatrzkomoérkowych, nie jest toksyczna dla komoérek. Dzigki temu na tej samej hodowli mozna
wykona¢ kolejne testy komorkowe, np. oznaczenia cytotoksycznosci czy barwienia
fluorescencyjne *2. Metoda jest rowniez prosta i elastyczna, co ulatwia jej adaptacje do nowych

modeli hodowli, w tym tréjwymiarowych (3D) >

Tkanka médzgowa jest szczegodlnie trudna do analizy ze wzgledu na ograniczony dostep kliniczny.
W praktyce klinicznej dominujg techniki obrazowania, ktére — mimo przydatno$ci — pozostaja
ograniczone i nie dostarczajg informacji o doktadnym sktadzie chemicznym tkanek *’. SPME byto
wczesniej wykorzystywane do analizy guzow mozgu i mézgu in vivo (Ryc. 1). Wyniki wykazaty,
ze SPME moze dostarcza przestrzennie rozdzielczych informacji o sktadzie metabolicznym 1
lipidomicznym mézgu u pacjentdow in vivo dzigki minimalnej inwazyjnos$ci stosowanych sond 1
wyeliminowaniu koniecznos$ci fizycznego poboru probki. Ze wzgledu na t¢ unikalng ceche,
technika ta jest rowniez znana jako ,biopsja chemiczna”. Ponadto, zastosowanie specjalnie
zoptymalizowane] biokompatybilnej powloki umozliwia ekstrakcje zarowno zwigzkéw
hydrofobowych (np. lipidéw), jak i polarnych (np. aminokwasow). Te sama metod¢ zastosowano
nastgpnie w badaniach guzoéw moézgu po ich resekeji: wiokno SPME wprowadzano do tkanki guza
w celu pobrania metabolomu/lipidomu. Uzyskane dane pokazaly, ze taka procedura pozwala

uzyskaé charakterystyczny fenotyp guza, dostarczajac markerow lipidomicznych % i

3. W kolejnych badaniach przeprowadzono ukierunkowang analize

metabolomicznych
lipidomiczng z uzyciem Coated Blade Spray (CBS). Wykazano zrdznicowanie poziomow
karnityny 1 acylokarnityn wzgledem mutacji IDH 1 kodelecji 1p/19q, a ponadto, dzigki temu ze
CBS pomija rozdziat poprzez chromatografi¢ cieczowa (ang. liquid chromatography, LC) i
umozliwia szybka analize¢ instrumentalng bez pogorszenia oczyszczania probki, podejscie to

wykazato potencjat do szybkiego, screeningu biomarkeréw w warunkach ,,on-site” (na miejscu,

np. $rédoperacyjnie) 4042,

4.5. Farmako-metabolomika w glejaku mozgu

Zmiany metaboliczne w komoérkach nowotworowych od dawna bada si¢ pod katem ich
przydatno$ci w profilowaniu fenotypow roéznych typow guzoéw. W przypadku GBM wykazano
dobrg korelacj¢ miedzy obecnymi mutacjami (np. PDGFRA, IDHI1, EGFR, NFI1) a
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metabolomicznym ,,odciskiem palca” danego guza. Zaproponowano takze potencjalne
onkometabolity istotne dla stopnia zto§liwosci glejakow, m.in. stosunek caltkowitej choliny do
catkowitej kreatyny oraz fosfocholiny do glicerofosfocholiny 2%446, Markery takie jak inozytol i
mio-inozytol wigzano z mutacjami IDH, PDGFRA i EGFR w tkance guza ***’. Glutamina,
glutaminian i kwas y-aminomastowy (GABA) odgrywaja kluczowa role w funkcjonowaniu
moézgu; monitorowanie ich pozioméw moze dostarcza¢ waznych informacji o stopniu ztosliwosci
guza i statusie mutacji 2>**7 % Nadregulacja zredukowanego glutationu (GSH), posérod linii
komoérkowych roznych guzow moézgu byla taczona z grupg linii komorkowych pochodzacych z
glejakow WHO stopnia IV, co sugeruje zwiazek z transformacja do form bardziej zto§liwych .
Wskazywano rowniez inne metabolity i szlaki, ktérych zaburzenia moga mie¢ znaczenie dla

diagnostyki, rokowania i testowania lekow w GBM, np. N-acetyloasparaginian 4!,

Dzigki szeroko zakrojonym pracom nad profilami metabolomicznymi GBM, metabolomika stata
si¢ obiecujacym narzgdziem do przedklinicznego screeningu lekow oraz badania oporno$ci guza
na terapi¢. Opisywano zaleznos$ci mi¢dzy poziomami metabolitow, takich jak cytrynian, kreatyna
czy alanina, a oporno$cig guza na TMZ . Identyfikacja szlakéw zaburzonych w GBM umozliwia
takze wskazanie nowych inhibitorow o potencjale terapeutycznym, np. inhibitorow GLS (w
szlakach glutaminowych) czy inhibitoréw Glil w guzach z nadekspresja tego czynnika 3133
Metabolomika in vitro byla z powodzeniem stosowana do monitorowania wpltywu roznych lekow
na synteze lipidow (m.in. inhibitor FK866, inhibitory fosfolipazy D oraz kwas y-linolenowy) 346,
Przegladu szklakow metabolomicznych zmienionych w GMB in vitro, ich potencjalne znaczenie
w diagnostyce, monitorowaniu choroby i opracowywaniu procesu leczenia dokonano w pracy

pogladowej pt. ,,Glioblastoma metabolomics—in vitro studies” (Metabolites 2021, 11, 315),
bedacej czescig cyklu publikacji prezentowanych w tej pozprawie doktorskiej (publikacja P.1.).
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1. Introduction

Glioblastoma (GBM) is one of the most aggressive and difficult-to-treat central nervous
system (CNS) brain tumors. Since 2007, the World Health Organization (WHQO) has
classified gliomas based on their cell type and aggressiveness, with Class I consisting of
benign tumors, and Class IV comprising the most aggressive types of tumors. GBM is a
Class IV brain tumor [1]. While this classification system allows clinicians to determine
appropriate treatments and prognoses, years of studies have indicated that this approach
should be supplemented with genetic testing, as it lacks adequate specificity on its own.
xAs a result, in 2016 the WHO introduced a novel CNS grading system that provided a
level of precision surpassing all known CNS diagnostic and classification methods. This
novel grading system incorporated new genetic markers—for example, IDH1/1DH2, 0°
-mtehylguanine DNA methyltransferase (MGMT), and epidermal growth factor receptors
(EGFR)—thereby allowing clinicians to differentiate tumors not only by their cell type and
aggressiveness, as was possible with pre-existing methods, but also by the genetic phenotype
of the neoplastic cells, thus providing better correlation with the tumor prognosis [2].
Despite this new, improved diagnostic system, GBM continues to be the most lethal primary
malignant CNS tumor. Indeed, in the USA, patients diagnosed with GBM have an average
life-expectancy of eight months, with only 7.2% surviving beyond five years of diagnosis [3].

The treatment of GBM remains a challenge, as newly proposed drugs must meet
specific requirements, such as being able to cross the blood-brain barrier (BBB) and effi-
ciently infiltrating the tumor. GBM tumors are known for their complex structure, which
is the result of a demanding growth environment. Other features of GBM tumors that
make them so challenging to treat include high proliferation indices, angiogenesis, and

Metabolites 2021, 11, 315. hitps:/ /doi.org/10.3390/ metabo11050315
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pseudopalisading necrosis [4]. Intratumoral hypoxia is caused by rapid cell proliferation
and vascular collapse, and it induces the expression of hypoxia-inducible factor-1 (HIF-1),
which is responsible for regulating many key processes involved in tumor progression
and invasion. Among these processes, metabolic reprogramming appears to be critical in
understanding the resistance of GBM tumors to chemotherapy and radiation therapy [5].
The most commonly used method of treating GBM is tumor resection followed by radiation
therapy and/or chemotherapy with temozolomide (TMZ) [6], an alkylating agent that
targets cells undergoing intense proliferation. TMZ works by inducing DNA methylation,
which in turn arrests the cell cycle and, consequently, induces apoptosis, autophagy and
senescence [7]. Since the methylation of the O position of guanine caused by TMZ can only
be repaired by the enzyme, MGMT [8], tumors expressing MGMT may exhibit a natural
resistance to TMZ. However, resistance to TMZ can still develop over time, even in tumors
that responded positively to treatment with it. Studies examining the role of hypoxia in
TMZ resistance have found that, while hypoxia mediates some important processes that
facilitate TMZ resistance in GBMs, the tumors can be resensitized via hyperoxia [9-11].
Similarly, anti-angiogenesis-based therapies such as targeted therapy using the vascular
endothelial growth factor (VEGF) inhibitor, bevacizumab are also susceptible to the same
problem of resistance due to hypoxia. As with TMZ, bevacizumab resistance has also
been linked to hypoxia [12,13]. Moreover, GBM tumors are difficult to treat due to their
heterogeneous nature. In particular, their concentration of glioma stem-like cells (GSCs) can
pose a distinct challenge, as these cells possess properties that allow them to change their
cellular phenotypes in response to existing microenvironment conditions. This plasticity
has also been linked to hypoxia [14,15]. The key role played by hypoxia in regulating the
microenvironments of many different types of tumors has led researchers to focus greater
amounts of attention on the potential of therapies targeting hypoxic regions [16].

The metabolomic reprogramming of cancer cells is a well-known phenomenon. The
stressful environment created by hypoxia generally impairs oxidative phosphorylation and
TCA cycle activity in the intensely proliferating tumor cells and enhances glycolysis and lactic
acid production. This phenomenon, also known as the Warburg effect, is indirectly strengthened
by HIF-1 expression in hypoxic environments. However, it remains unclear how exactly hypoxia
influences the metabolomic reprogramming of tumor cells. As such, the development of models
that more accurately represent tumor microenvironment metabolomics is required [17-19].

Metabolomics, along with genomics, transcriptomics, and proteomics, comprise the
group of sciences known as “Omics.” Metabolomics focuses on the analysis of small
molecules (<1.5 kDa) produced as a result of metabolism [20]. It is possible to obtain a
relatively full picture of the state of a given cell or tissue by analyzing its endogenous and
exogenous metabolites [21]. The great advantage of metabolomics is that the metabolome
accurately mirrors the phenotype and influence of factors external to the analyzed cell,
which cannot be captured as precisely with genomics or proteomics [22].

Recently, in vitro studies using both established GBM cell lines and primary GBM cells
have been gaining in popularity due to rapid developments in 3D in vitro culture techniques.
One reason for this surge in popularity is that 3D culture systems provide a more accurate
microenvironment, as they capture important cell-matrix and cell-cell interactions that are
absent from cells cultured as a two-dimensional monolayer (2D) [23,24]. However, there are
many challenges that must be overcome in order to efficiently conduct metabolomic research
using in vitro cell cultures, both 2D and 3D. For example, metabolomics requires careful
experimental design with regards to cell culture normalization, cell disruption, metabolism
quenching, and metabolome extraction [25]. 2D cell culture is a well-known model for
in vitro studies that is easier to normalize, opposed to 3D cell cultures, where each cell
spheroid can have different cell number, size, and shape. Standard monolayer culture is also
easy to conduct, as protocols for culturing and testing 2D cell cultures were well established
through the years. In turn, 3D cell culture reflects in vivo tumor complexity better, yet it is a
relatively new culture method and standard culturing and testing protocols are yet to be
established. Nevertheless, with appropriate experimental design, metabolomics of GBM cell
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cultures can deliver information about alternate metabolic pathways, potential biomarkers,
and with proper in vitro-in vivo extrapolation (IVIVE), drug development and repurposing.

This review provides an overview of the major sample-preparation methods for
metabolomics analysis, and analyzes promising metabolomics studies with GBM cell lines
within the context of the potential biomarkers, therapeutic targets, and IVIVE.

2. Sample Preparation for In Vitro Studies

Investigations of the metabolomes of various GBM cell lines consist of two parts:
extracellular and intracellular. The extracellular investigation is performed using a cell-
culture medium that is simply pulled after cell growth, followed by an optional centrifugation
step and the addition of an organic solvent for LC-MS and GC analysis (e.g., methanol,
acetonitrile) [26-28]. An additional derivatization step is required for GC analysis [27,29],
while medium filtration with either deuterated water [30], deuterated water with sodium
3-trimethylsilyl [2,2,3,3-2H4] propionate (TMSP), sodium 3-(trimethylsilyl)propionate-2,2,3,3-
d4 (TSP), or sodium (2,2-dimethyl-2-silapentane-5-sulfonate) (DSS) is required for nuclear
magnetic resonance (NMR) analysis [31]. The extracts are subjected to ultracentrifugation
prior to LC and GC analysis in order to remove proteins and debris (e.g., from serum used in
medium or cell debris). In one case, extracellular amino acid profiling was performed via
protein precipitation with sulfosalicylic acid, followed by labelling with aTRAQ™ agent [32].

The first step in most documented intracellular analysis protocols entails washing the
sample in cold PBS solution in order to quench the metabolism of cells, which prevents
alterations to metabolomics patterns from further manipulation. After this initial metabolism-
quenching step one of two major approaches can be employed: examining cell detachment,
or directly applying cold organic solvent to the surface of the growing cells. Cell detachment
is assessed via trypsinization or manual cell scraping, followed by the addition of a solvent.
These two steps are sometimes combined by adding the organic solvent directly onto the
cell culture plate/ Petri dish, followed by cell scraping. Next, the sample is transferred
into tubes and vortexed/shaken, followed by ultracentrifugation in order to remove any
debris. After ultracentrifugation, the samples are evaporated and either (1) reconstituted
with a solvent that is compatible with liquid chromatography, (2) derivatized and injected
on gas chromatography;, or (3) reconstituted with deuterated water spiked with TSP [33-35],
TMSP [31,36,37], DSS [38], and propionic-2,2,3,3,-d4 acid [38] or TMS [39] for nuclear magnetic
resonance analysis. Aside from the above-described simple liquid-liquid extraction approach,
researchers have also employed a dual-phase extraction approach. Briefly, this protocol
entails the sequential addition of methanol, chloroform, and water (adding order varied) to
a final ratio of 1:1:1 v/v/v, followed by sample mixing and centrifugation to separate the
upper phase, which contains water-soluble polar metabolites, from the lower chloroform
phase, which contains non-polar/lipid compounds. After separation, one or both phases are
transferred into separate vials, evaporated, and reconstituted. The methanol:water phase can
be further cleaned using divalent ions from Chelex-100 resin [40]. Another unique approach
was developed by Tzquierdo-Garcia et al. [33], wherein U87 and Normal Human Astrocytes
(NHA) cells were incubated in a medium containing 1-13C-glucose or L 3-13C-glutamine
(GIn) in order to allow these isotopes to be incorporated into low-molecular-mass compounds,
which were further determined via 13C-MRS. In addition, Izquierdo-Garcia et al. [32] also
used 2-13C-pyruvic acid for their hyperpolarized 13C-MRS experiments. They performed
their MRS experiments using a perfusion system, which enabled the medium to circulate
from the cells immobilized on the bead and into a 10-mm MR tube [33,41]. Summarizing,
sample preparation among described articles is not sophisticated as the extraction is driven
by the partitioning of compounds from sample into an organic solvent. Next, a clean-up is
performed, in most cases by centrifugation, followed by manipulation needed for particular
instrumental platform, e.g., evaporation and resuspension in deuterated water for NMR or
derivatization for GC, etc. Despite the simplicity, a high number of compounds were found
and described by authors. An updated list of the sample preparation methods for an in vitro
extra- and intracellular metabolome are described in Tables 1 and 2.
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3. Metabolomics of GBM In Vitro

Many recent studies on the development of tumor malignancy and resistance to treat-
ment have focused on the metabolic reprogramming of cancer cells. Investigations into
the metabolomic phenotype of various tumors, including brain tumors, have revealed
interesting correlations between a tumor’s mutations, metabolic footprint, and microenvi-
ronment [60,61]. Given these correlations, metabolomics and lipidomics may be effective
tools in drug development and brain tumor diagnostics, grading, and prognosis [61,62].
Prior studies have successfully detected numerous metabolic alterations, particularly in
relation to the metabolism of fatty acids and amino acids, such as Gln, choline (Cho), and
cysteine (Cys) [63-66]. However, these findings represent only a small fraction of the
work that has been done in GBM metabolomics and lipidomics—a body of work that is
constantly growing, as researchers continue to work to identify important metabolites in
GBM development. Generally, studies examining the metabolic reprogramming of cancer
have utilized matrices such as blood and serum, urine, tissue samples, and established cell
lines and primary cells [60,61]. While all of these matrices have been successfully employed,
in vitro studies using both established cell lines and primary cells ensure replicable and
strictly controlled conditions between each replicate sample. Furthermore, the analysis of
culture media and disintegrated cells, along with careful sample preparation, can provide
useful information about both the endo- and exo-metabolome. However, cells growing
in vitro as a monolayer do not adequately recreate the tumor microenvironment. As such,
researchers have increasingly been exploring the use of three-dimensional (3D) in vitro
culture models, as they reflect the actual tumor phenotype more adequately than standard
2D cell cultures [67]. For these reasons, in vitro cell cultures remain of great interest in
explorations of metabolic reprogramming in GBM tumors. For the sake of clarity, from now
on when discussing metabolic studies on in vitro cell cultures it will refer to the 2D culture
model, as it is still considered the standard in in vitro studies, unless specified otherwise.

Metabolic alterations in cancer cells have long been explored for their usefulness in
profiling of the phenotypes of many different types of tumors [68]. Prior to the develop-
ment of the WHO glioma tumor classification method, researchers obtained information
about different patterns in the metabolic pathways between normal and malignant cells
through simple in vitro studies using established GBM cell lines (U87) and human mes-
enchymal stem cell lines (hMSC) [46]. In their work on intracellular metabolomes, Juerchott
et al. observed alterations in the TCA cycle, with amplified concentrations of fumarate
and succinate, and lower concentrations of citrate [46]. In addition, Juerchott et al. also
observed that some glycolysis metabolites, such as glucose-6-phosphate (G6P), were up-
regulated. Many of the metabolites detected in their study would appear in later studies,
not only for grading GBMs and determining prognosis, but also for determining drug
treatment efficiency.

Findings have also revealed good correlation between mutations found in GBM, e.g.,
PDGFRA, IDH1, EGFR, and NF1—and the tumor’s metabolic fingerprint. Cuperlovic-Culf
et al. conducted metabolic profiling on nine established GBM cell lines and categorized
them into four subtypes based on the alterations to their metabolites [30]. Their findings
proved that it is necessary to monitor alterations in metabolic pathways instead of focusing
on DNA mutations alone. For instance, alterations to Cho—which is known to be present
in cancer cells at different concentrations than in normal cells—and its derivatives (phos-
phocholine (PC) and glycerophosphocholine (GPC)) were only observed in the first group
of cell lines [30]. The cells in this group had a genetic profile of PDGFRA+ and EGFR-, as
well as significantly higher concentrations of Cho, PC, and GPC. Izquierdo-Garcia et al.’s
examination of IDH1-mutated U87 GBM cells found decreased concentrations of PC and
increased concentrations of GPC [33]. Since IDH1 mutations are generally more common
in low-grade gliomas, the general ratio of PC to GPC could serve as a prediction factor,
such that elevated levels of PC and decreased levels of GPC would indicate high-level
gliomas, such as GBM [69,70]. Moreover, a low lipids-to-GPC ratio was found to connect
patient-derived cell lines and neural progenitor cells; as such, this ratio can be used to
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characterize the neural phenotype of the tumor, and thus discern a better prognosis [37].
Another study revealed a correlation between the upregulation of GPCs and Cho and the
differentiated state of the cells. This finding implies that impaired glycophospholipids
metabolism is correlated with the tumor self-renewal and, thus, a worse prognosis [42].
Furthermore, a comparison of PC and GPC levels in pediatric GBM tumors and tumor-
derived cells showed a decrease in the levels of both metabolites in both late passage
cell lines and the tumor at relapse, indicating that both the tumor and derived cells had
transitioned from stem-like cells into differentiated cells [52]. Nonetheless, it remains an
open question whether a low PC-to-GPC ratio is a clear indicator of low malignancy grade
in gliomas, with research still ongoing to determine the efficacy of these two metabolic
markers. However, the ratio of total Cho to total creatine is indeed an indicator of the
worse prognosis [38,71].

Inositol and myo-inositol are two additional metabolites that could potentially be
useful in GBM diagnostics and prognostics, as they are known to play roles in osmoregula-
tion and phosphatidylinositol lipids synthesis [72]. In a study conducted by Cuperlovic-
Culfetal. a correlation was observed between the upregulation of myo-inositol and the
PDGFRA+ and EGFR- genotypes in one of these subtypes [30]. Conversely, findings have
shown that IDH mutant cells have decreased myo-inositol levels compared to an IDH
wild-type cell line [33]. Kahlert et al. reported a high myo-inositol-to-glycine ratio for a US7
cell line grown in neutrospheres, which could be a marker for GBM [38]. Moreover, since
myo-inositol plays a role in the metabolism of glycerophospholipids, its high concentration
could be explained by the self-renewing properties of GBM tumors [42,73]. On the basis of
the research discussed, it can be concluded that elevated levels of myo-inositol could be
markers indicating high grade glioma.

Gln, glutamate (Glu), and y-amniobutyric acid (GABA) each play an extremely impor-
tant role in brain development. Changes in the metabolism of GIn can cause disturbances
in Glu, GABA, and aspartate (Asp), as it is the precursor of these neurotransmitters [74].
Furthermore, Gln can be converted into a-ketoglutarate (-KG), which subsequently takes
part in the TCA cycle [75]. Tardito et al. highlighted GBM’s dependency on Gln. Their
findings indicated that synthesized Gln can be used to synthesize AMP [26]. In their study,
Cuperlovic-Culf et al. determined that differences in the upregulation of GIn, Glu, Asp,
and citrate were dependent on the subtype of the studied cell lines [30]. They found that
the levels of these metabolites in each subtype correlated with the expression of genes for
some transporters such as SLC38A1, SLC7A8, and SLC1A. Specifically, they found that
the overexpression of certain cellular or mitochondrial transporters influenced the levels
of these metabolites. In turn, decreases in Gln were associated with IDH1mut status [33],
and enforced glutaminolysis was connected to the ASS negative cell lines [29] and the
accelerated growth rate of GIn-dependent GBM cells [32]. Glutaminolysis tends to be
also overexpressed in relapse tumors and cells grown in nerurospheres [52]. A study on
IDH wild-type primary GBM cell cultures yielded similar results, with two clear subtypes
emerging: one with increased Gln uptake, and another with low Gln uptake. The findings
showed that this high GIn dependency was correlated with a mesenchymal-type tumor
and the worst prognosis [32]. In another study, Guidoni et al. compared patient-derived
cells to GBM cell line T98G and neural stem/progenitor cells. They observed that the
levels of GABA in one of the patient-derived cell lines increased while Glu simultaneously
decreased, which could be used to determine the neuronal phenotype, as GABA synthesis
mainly takes place in the neurons [37,74]. Moreover, the presence of neuronal metabolic
markers is correlated with better prognoses [37].

Glutathione (GSH) is a tripeptide that is composed of Glu, Cys, and glycine (Gly).
GSH can take on two forms, namely reduced GSH and oxidized GSSG, which allows it
to play an important role in redox regulation and protecting cells from ROS [76]. The
up-regulation of GSH has been associated with groups of cell lines from WHO grade [V
gliomas, which connects it to the malignant transformation of the tumor [34]. A comparison
of stem-like US7MG cells to U87 malignant glioma cells and stem-like cells after induced
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differentiation revealed a drop in GSSG levels and a high GSH-to-GSSG ratio. Therefore,
low levels of ROS metabolites could be associated with worse prognoses, while increased
levels of these metabolites could induce the differentiation of stem-like cells in tumors [42].
Similarly, decrease in GSH has been associated with the IDHImut genotype of the U87 cell
line [33]. Low GSH levels have also been observed in cells grown in neurospheres, which
show more astrocyte/ glioma-like metabolism. This finding indicates that decreased GSH is
connected to hypoxia, and thus a worse prognosis, as was confirmed by the study’s patient
results [37]. However, one needs to remember that GSH easily undergoes auto-oxidation
during the sample preparation step, what makes it easy to get false results [77]. To the best
of our knowledge, there is no GBM study which highlights this problem, the solutions
proposed based on other cell cultures, i.e., adding N-ethylmaleimid and acetonitrile directly
after removing the culture medium form the culture flask, can be considered in the in vitro
GBM studies [78].

Studies performed on glioma cell models have successfully connected the widely
known glioma marker, 2-hydroxyglutarate (2-HG) with the IDH1 mutation, as IDH-
mutated cells gained a new, unique ability to convert «-KG into 2-HG, that IDH-wildtype
glioma cells do not possess [30]. Live cell monitoring with 13C-MRS revealed elevated
concentrations of 2-HG in the IDHImut cells, along with a simultaneous drop in Glu
concentrations [33]. This correlation was further explored in another study, where it was
confirmed that 2-HG requires glucose in addition to Glu [45]. 2-HG is a good oncotarget
for use in differentiating low-grade gliomas from GBMs, with GIn and glucose deprivation
serving as useful therapeutic targets for such analyses.

Finally, a few other metabolites and altered pathways, such as N-acetyl aspartate
(NAA), have been suggested as important for GBM metabolomic diagnostics, prognosis,
and drug testing [37,52]. The full scope of important in vitro GBM metabolites analysed is
presented in Table 1. Moreover, key metabolites that have been discussed in this paragraph,
ie., a-KG, 2-HG, Gln, Glu, GABA, GSH, and Asp, were analysed with the MetaboAnalyst
5.0 online. The most prevalent metabolic pathways are shown in the Figure 1, where Glu
and Gln appear most often, suggesting them as metabolites important for the disease in
question, while arginine metabolism and biosynthesis, Asp, D-Gln, and D-Glu metabolism
are the most dominant pathways. To summarize metabolites such as Co, PC, GPC, myo-
inositol, GIn, Glu, GABA, Asp, «-KG, GSH and 2-HG could be all used for GBM grading.
Elevated myo-inositol, high GIn and Glu dependency and decrease in GSH could all
indicate high grade glioma, while high 2-HG concentration could be associated with TDHI
mutation and therefore better prognosis. However, the most optimal solution would be to
create a panel of key metabolites and analyze not only changes in levels of those, but also
ratios between them.
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Figure 1. Network of GBM related oncometabolites. Network generated with the MetaboAnalyst 5.0 online [79], pathways

names and codes from Kyoto Encyclopedia of Genes and Genomes database [50].

4. Importance of GBM Microenvironment Reconstruction for In Vitro Metabolomics

GBM is a tumor that is known to have a highly complicated microenvironment, largely
due to its heterogeneous nature, intratumor hypoxia, and angiogenesis [14,15]. Therefore,
to carry out metabolomic in vitro studies that will translate to an in vivo environment, it is
extremely important to consider culture conditions and cell source in metabolomic testing.
For patient-derived GBM cells, special culture conditions, such as the use of an FBS-free
culture medium supplemented with growth factors, as well as the use of 3D culturing in
neurospheres, are recommended in order to acquire cells that actually feature all tumor
characteristics [24,81,82]. 3D culture was more favorable for stem-like cells (CD133+).
Furthermore, the cells in the 3D culture were also characterized by higher tCho-to-tCre,
Gly-to-myo (myo-inositol), and Gly-to-tCho ratios, which are all indicators of high-grade
gliomas [38]. In a similar, more recent study, Pexito et al. extended this investigation. They
observed significant alterations in arginine metabolism in the cell lines that were cultured
in the neurospheres [59]. Moreover, a comparison of patient-derived cells cultured in
neutrospheres actually reflected the metabolic fingerprint of relapsed tumors [52]. Notably,
neurospheres were used to culture glioma stem-like cells in many of the studies discussed
in the current review (Table 1) [27,32,35,37,45,52,54].

Hypoxia is a common phenomenon in cancers, but it remains difficult to replicate
hypoxic environments in vitro. Spheroid formation is one method that can be used to
create low-oxygen conditions in cultures, as the core of the spheres is naturally hypoxic.
However, this approach does not ensure the replicable conditions that are required in
certain types of studies. These conditions can be achieved by lowering the O, content in the
culture environment using equipment such as a CO; incubator. The profiling of US7MG
cells grown in both hypoxic and normoxic environments revealed that hypoxia induces the
non-glycolytic metabolism of glucose, which suggests that glycoproteins and glycolipids
can be used as markers for hypoxia in GBM tumors. Moreover, the authors of the study
further observed alterations to the TCA cycle, 2-HG accumulation, the altered metabolism
of lipids, and increased catabolism of amino acids in hypoxic GBM cells [57]. A separate
analysis of primary cell culture in hypoxic conditions revealed that oxygen deprivation
induces changes in the a-KG-to-succinate ratio, as well as the Gly content [56]. Finally,
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Blandin et al. showed that cells cultured in hypoxic conditions more closely resembled the
actual metabolomic profile of a tumor [52]. Therefore, in order to pursue a truly accurate
metabolomic analysis of GBM in vitro, it should be taken into account that standard culture
conditions established over the years, e.g., 2D cell culture, culture medium supplemented
with FBS, and normoxic conditions, do not accurately reflect the complexity of the tumor.
When planning the experiment, it is advisable to conduct simultaneous experiment with
the use of 3D cell culture, FBS-free medium and under hypoxic conditions.

5. In Vitro-In Vivo Extrapolation of Oncometabolites

To date, several low-molecular-weight compounds have been identified as possible
biomarkers of GBM. In particular, the dysregulation of the oncometabolites, 2-HG [83-85],
NAA [86], Glu [64], and o-KG) [64] has been shown to be connected to the altered enzymatic
pathways that occur within cancerous cells. Thus, these low-molecular-mass compounds
are potential targets for in vitro-in vivo extrapolation. All of the above-mentioned com-
pounds were identified through a literature search. As mentioned above, 2-HG and Glu
were found via live cell monitoring using 13C-MRS, wherein cell culture medium was
supplemented with 3-13C-glutamine. This enabled the determination of 13C-Glu and
13C-2-HG in U87IDHmut, and the determination of 13C-Glu only in US7ZIDHwt cells [45].
Consequently, in terms of IVIVE, Glu and 2-HG can serve not only as GBM biomarkers,
but also as markers of IDHT mutation, which plays key role in chemotherapy treatment
optimization. In another study, researchers determined 2-HG through the extraction of
intracellular components, followed by NMR analysis [33]. NAA and Glu were successfully
found via NMR as the effect of intracellular metabolome investigation within cell cultures
established from tissue of pediatric origin derived by NMR cell culture model [52], primary
glioblastoma stem-like cells (GSC) [37] and GL261 cell line. Guidoni et al., observed that
NAA was not present in the GBM T98G cell line, which suggests that primary GSC is
closer to the in vivo state [37]. Glu was also identified in pediatric low-grade glioma using
an LC-MS approach, wherein everolimus treatment resulted in glutaminase inhibition,
which in turn led to reduced Glu levels [4Y], as well as result of extracellular metabolome
study of U87-MG cell line [32]. Researchers have also utilized L.C-MS/MS to analyse and
compare Glu secretion and consumption in a medium-based extracellular metabolome and
a cell-lysate-based intracellular metabolome [26]. The dual-phase extraction of intracellular
components of U87 followed by GC-MS also revealed presence of Glu, which was observed
at higher levels compared to normal hMSCs within the U87 cell line [46]. TMZ treatment
caused difference in Glu levels between drug resistant and drug sensitive primary GBM
cells with increased Glu levels in TMZ-sensitive cells [47]. Glu was also detected in both
2D and 3D cell cultures of established U87 and LN 229 cell lines [38], as well as various
self-derived GBM models [35]. Furthermore, researchers have successfully identified Glu
in GSC following treatment with a glutaminase inhibitor; as expected glutaminase levels
were lower after the administration of the agent [54]. Moreover, an NMR approach has
been successfully employed to detect Glu among the intrametabolome of U87 following
treatment with TMZ or Cibotium barometz polysaccharides [36], and it has also been de-
tected using astrocytoma cell lines derived from glioma tissue [34] and established cell
lines [30,55]. The analysis of rat glioma BT4C cells revealed the presence of Glu and lactic
acid within the intracellular metabolome, which suggests that these compounds can be
used as a target for relatively easy (compared to human trials) investigations with in vivo
rat models [44]. Except for o-KG, all of the well-established oncometabolites related with
GBM were found within in vitro cell based studies (Table 3) proving the applicability of
such approaches for diagnosis purposes, as well as a convenient and easy way for searching
for further biomarkers.
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Table 3. In vivo-in vitro extrapolation of oncometabolites in the reviewed literature.

Compound

In Vitro Model In Vivo/Ex Vivo Investigation

NAA

Primary glioblastoma [52]

~ : P 87-90
T98G and primary [37] [87-90]

2HG

US7, NHA [45]

Q_0%
US7, NHA, BS54, BT142 [45] [88-92]

Glu

U87 [46]
A172, LN18, LN71, LN229, LN319, LN405, U373, U373R [47]
Res 259, Res186, BT66, JHH-NF1-PA1 [49]
Primary glioblastoma [52]
U 87 [38]

Self-derived cell lines: GBM1, 040922, GBM1016, GBM1417; commercial cell

lines: LN229, U87 [35]
T98G and primary [37]
JHH520 GBMI, 23, 233, 268, 349, 407, SF188, NCH644 [54]
Us7 [36]
Primary, U87-MG [32]

MOG-G-VW, LN-18, LN-229, SF-188, U-251 MG, U-87 MG, Primary rat
astrocytes, Primary human GBM: E2, R10), R24 [26]
U87, NHA [33]

US7, NHA, BT54, BT142 [45]

CHG5, SHG44, U87, U118, U251 [34]

LN229, VLN319m [30]

BT4C (rat) [44]

[87,92-94]

a-KG

Not found [93,94]

PC

Self-derived cell lines: GBM1, 040922, GBM1016, GBM 1417; commercial cell

BT4C (rat) [44]
Primary glioblastoma [52]
Uil [87,95-98]
lines: LN229, U87 [35]
HT1080 [39]

Lactic acid

LIN229, VIN319 [30]
U118 LN-18 A172 NHA [55]
U7 [46]
A172, IN18, LN71, LN229, LN319, LN405, U373, U373R [47]

Self-derived cell lines: GBM1, 040922, GBM1016, GBM 1417; commercial cell [88]

lines: [N229, U87 [35]
U8s7 [36]
CHGS5, SHG44, U87, U118, U251 [34]
BT4C (rat) [41]

Palmitic acid

U87 [46] [88,99,100]

Stearic acid

SO ... . . . [88,100]
LN229, SNB19, GAMG, UTIS, TO8G, US7, NHA (58] '

6. Pharmaco-Metabolomics as a Tool for Glioma Drug Testing In Vitro

Thanks to the extensive work that was conducted to identify potential metabolites
for glioma diagnostics and prognostics, cell cultures have emerged as a truly promising
model for drug testing and the exploration of tumor resistance to therapy. Knowledge
regarding significant pathways and alterations to their metabolism could be used to predict
the effectiveness of different therapeutics depending on the phenotype of the cells. For
instance, St-Coeur et al. compared TMZ-sensitive and TMZ-resistant U373 cell lines after
combined treatment with either TMZ and lomeguatrib (MGMT inhibitor) or TMZ alone
and discovered a panel of distinct metabolites that differed among the cell lines. Specifically,
they found increased levels of glucose, citrate, and isocitrate in the TMZ-resistant line, and
overconcentrations of creatine, PC, Cho and alanine in the TMZ-sensitive GBM cells [47].

Since Gln and glutaminolysis targeting have been previously suggested, Koch et al.
examined the influence of glutaminase (GLS) inhibitors on GSC [32,54]. Their pharmaco-
metabolomic approach to in vitro studies of the aforementioned inhibitors—in this case,
evaluating their effectiveness—allowed for exceptional target specificity. Interestingly,
even though both tested inhibitors were found to have a toxic influence on cultured cells,
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only one of them resulted in actual glutaminolysis suppression [54]. The use of a GLS in-
hibitor, which can inhibit Glu synthesis in in vitro studies, has also been shown to sensitize
gliomas with the IDH1 mutation to oxidative stress by McBrayer et al. [27]. Metabolomics
analysis was also successfully used in the study conducted by Shi et al.to evaluate the
ability of Cibotium baromeltz polysaccharides (CBPs) to resensitize TMZ-resistant cells. The
findings showed changes in the metabolites involved in GSH metabolism (e.g., Glu, Gly,
or taurine) and significant accumulation of ROS, thus proving the effectiveness of used
compounds [36]. A similar pharmaco-metabolomic approach was used by D’ Alessandro
et al,, to analyze how the Glil inhibitor affected murine glioma cells that overexpressed
Glil. This method was able to provide good target specify for the studied drug and its
anti-tumor influence, both in vitro and in vivo [31]. This knowledge regarding alterations
to the metabolism of Glu, Cho, and Cly in different types of GBM enabled further study
of the Notch inhibitor mode of action and the determination of the Notch blockade as a
promising target for GBM therapy [35]. In vitro metabolomics have also been successfully
used to monitor the potential effect of various drugs on lipid synthesis for compounds such
as FK866 inhibitor, phospholipase D (PLD) inhibitor, or gamma-linoleic acid [39,51,53].
It should be noted that some of the studies reviewed earlier also fit within the pharma-
cometabolomics approach. The full scope of analyzed literature is reported in Table 1.
Moreover, metabolomics can also be used to assess cytotoxicity in in vitro applications,
for example, particles for gene transfection [58]. The knowledge gained from the basic
research discussed in metabolomic paragraph has been successfully used to select markers
to determine the efficiency and target specificity of targeted drugs, making metabolomics
in vitro an interesting tool for novel targeted therapies development. Gln, Glu, and GSH
metabolism being especially useful in determining the effectiveness of analyzed drugs.

7. Conclusions

The studies reviewed in this paper highlight the importance of careful test planning for
the accurate metabolomic profiling of GBM cells. Factors such as culture model, medium
composition, established or patient-derived cell lines, and oxygen levels should all be
chosen based on desired aspects of a tumor’s particular microenvironment. Moreover,
sample preparation should use only the most effective metabolism quenching or extraction
methods. In vitro studies face a problem at the level of in vitro-in vivo extrapolation, as
metabolic reactions in a living organism are much more complex than in vitro environments
are able to capture. However, with careful design, e.g., the use of 3D culture models,
hypoxic conditions when conducting a study, or usage of more efficient sample preparation
methods, in vitro studies on GBM metabolomics can be extremely useful for the diagnosis
and prognosis of brain tumors, as well as for studying new drugs or mechanisms of
drug resistance.
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5. Cel rozprawy doktorskiej

Celem pracy bylo opracowanie platformy analitycznej pozwalajacej na integracje réznych
formatéw hodowli komoérkowych i tradycyjnych testow komérkowych z analizg metabolomiczng
oraz jej zastosowanie w badaniach nad wrazliwoscig komoérek glejaka wielopostaciowego na
maltonian galu. Dostarczenie informacji o zalezno$ciach miedzy fenotypem metabolicznym
komoérek GBM w dwu- i tréjwymiarowej hodowli in vitro a ich wrazliwoscia na leczenie GaM ma
stuzy¢ wskazaniu optymalnego modelu do prowadzenia badan w ukladzie GaM-GBM.
Identyfikacja kluczowych metabolitow okreslajacych potencjalny sposob dziatania leku moze
przyczyni¢ si¢ w przysztosci do okreslenia podatnosci tej zmiany nowotworowej na lek lub pomoc

w dalszych poszukiwaniach nowych celi terapeutycznych.

W pierwszym etapie badah dopasowano narzedzie SPME, ktore zostaly juz z sukcesem uzyte w
identyfikacji potencjalnych onko-metabolitow glejakéw in vivo, do warunkéw umozliwiajacych
testowanie in vitro w systemie wysokoprzepustowym. Stworzono protokét umozliwiajacy
proébkowanie egzometabolomu w czasie bez potrzeby przerywania hodowli, dostosowany do

potrzeb komorek 1 niezaburzajacy warunki ich wzrostu.

Ostatecznym celem badan bylo scharakteryzowanie profilu metabolomicznego komoéorek GBM
wyprowadzonych od pacjentow oraz linii ustalonych z zastosowaniem mikroekstrakcji do fazy
statej jako narzedzia preparatyki probek oraz platformy LC-MS/MS do analizy instrumentalnej,
a nastgpnie skorelowanie wynikoéw z rezultatami rutynowych testow. W analizach uwzgledniono
tradycyjny sposob hodowli w monowarstwie (2D) oraz w postaci trojwymiarowych neurosfer (3D)
blizej odzwierciedlajgcych mikrosrodowisko guza. Eksperymenty in vitro na hodowlach
pierwotnych GBM miaty na celu zglebienie efektu dzialania GaM na te komorki. Dzigki uzyciu
komorek wyprowadzonych od pacjentdow mozliwe bylo oddanie heterogenicznos$ci guzéw mozgu
przektadajacej si¢ na konieczno$¢ personalizacji pacjentow. Zasadniczym zadaniem byto
porownanie efektow GaM w panelu modeli GBM obejmujacym linie utrwalone (A-172, U-87 MG)
oraz linie wyprowadzone od pacjentow (3005, 3019, 3034, 3048, 3073), przy jednoczesnej
integracji odpowiedzi (przezywalno$¢, oddychanie mitochondrialne) z danymi metabolomicznymi

oraz poziomem receptora transferryny TFRC.
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6. Wyniki badan

6.1. Mikroekstrakcja do fazy stalej w badaniach metabolomicznych in vitro.
Przygotowanie systemu integrujacego 96-dotkowy system hodowli komoérkowej z
preparatyka probki w Kkierunku analizy metabolomu zewnatrzkomorkowego
polaczonego z klasycznymi testami komérkowymi. — P.2.

Opis dotyczy pracy: Szeliska, P., Jaroch, Charemski, B., Kahremanoglu, K., Cetin, E., Boyaci
E., Bojko, B. Protocol for the upgraded high-throughput SPME system for biocompatible in

vitro extraction from small volume for metabolomics and pharmaceutical assays. Green
Analytical Chemistry 2025, 13, 100238.

Hodowle komoérkowe stanowig podstawowa platforme do wstepnej oceny nowych lekoéw
1 biomaterialdow oraz do badania mechanizméw chordb, w tym nowotworéw. We wczesnej fazie
rozwoju terapii prowadzi si¢ zwykle szerokie badania przesiewowe, w ktorych linie komorkowe
idealnie nadaja si¢ do oceny pierwszych efektow dziatania zwigzkéw 1 do szybkiego odrzucania
tych, ktore okazuja si¢ zbyt toksyczne lub nieskuteczne. Udoskonalenie analiz in vitro moze realnie
ograniczy¢ wykorzystanie zwierzat w badaniach przedklinicznych oraz zmniejszy¢ liczbe
niepowodzen na etapie klinicznym. Metabolomika wnosi do rozwoju lekéw kluczowe informacje:
od parametrow wchianiania, dystrybucji, metabolizmu i wydalania (ang. Absorption, Distribution,
Metabolism, Excretion, ADME), przez wplyw zwigzku na metabolom komorkowy, po
identyfikacje biomarkerow. Dotychczasowy postep dotyczy gtownie technik separacji 1 detekeji,
podczas gdy przygotowanie probki pozostaje w duzej mierze niestandaryzowane, co ogranicza

poréwnywalnos¢ 1 powtarzalno$¢ wynikow.

W pracy zaprezentowano zmodyfikowany, wysokoprzepustowy system przygotowania probek
oparty na wldoknach SPME, przeznaczony do biokompatybilnego pobierania zwiazkoéw z matych
objetosci hodowli komorkowych in vitro. System, nazwany ,,SPME-1id”, integruje wtokna SPME
z pokrywka ptytki 96-dotkowej 1 umozliwia prowadzenie ekstrakcji bezposrednio w inkubatorze
CO:. Dzigki temu zachowane sa optymalne warunki wzrostu, ograniczane sg zaburzenia fizjologii
komorek, a z tego samego dotka mozna wykonywaé powtarzane ekstrakcje w uktadzie czasowym,
co jest szczeg6Olnie cenne w metabolomice farmaceutycznej i toksykologicznej oraz badaniach
kinetyki lekow 1 biomarkeréw. Zestawienie roznic wzgledem wczesniejszego systemu wskazuje

wlasnie te przewagi (pH, temperatura, brak parowania, elastyczniejszy czas ekstrakcji).
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Autorzy przeprowadzili analiz¢ zmian metabolomu w czasie (time-course analysis) na liniach
B16F101LL2, wykonujac 15-minutowe ekstrakcje co 24 godziny przez 4 dni i nastgpnie oceniajac
wplyw procedury na zywotno$¢ (barwienia aneksyna V / jodek propidyny), proliferacj¢ poprzez
oznaczenie z 5-bromo-2'-deoksyurydyna (ang. 5-Bromo-2'-deoxyuridine, BrdU) i Zywotnos¢
metaboliczng ( test MTT). Nie odnotowano istotnego wptywu ekstrakcji z wykorzystaniem SPME-
lid na te parametry, co potwierdza neutralno$¢ nowego systemu. Ponadto, w badaniach testowano
biokompatybilno$¢ 1 efektywnos¢ nowych sond SPME opartych o pokrycie teflonowe
(HLB/PTFE) 1 porownano je z wloknami referencyjnymi (HLB/PAN). Przedstawiono tez
przyktadowe ilosci zwigzkow (aminokwasow) odzyskiwanych w kolejnych punktach czasowych
uzyskane poprzez analize z zastosowaniem wysokosprawnej chromatografii cieczowej sprzezonej

ze spektrometrig mas.

High-thoughput High-thoughput SPME sampling system study design
SPME sampllng = A Viability - MTT assay |_E_| Proliferation - BrdU Assay
system i) I ;o
preparation . | ‘ . X
. = [I < i R
== ‘ H
- : I o, o tme e § 0w w osem o en
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Rycina 1. Schemat przygotowania probki analizy metabolomicznej z uzyciem SPME-lid w
formacie 96-dotkowym w hodowli in vitro polgczonym ze standardowymi testami wykonywanymi

w hodowlach komorkowych.
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Zaproponowang metod¢ oceniono pod katem ,zielono$ci” z wykorzystaniem narzgdzia
AGREEprep w 10 kategoriach obejmujacych m.in. umiejscowienie przygotowania probki,
materiaty niebezpieczne, odpady, ekonomi¢ skali probki, przepustowos¢,
integracje/automatyzacje, zuzycie energii czy konfiguracj¢ post-prep dla analizy. Uzyskano wynik
0,75/1,0 — szczegdlnie wysokie noty przy przygotowaniu probki ,,in-line” (inkubator), minimalnej
objetosci (100 pul) i wysokiej przepustowosci (96 probek jednoczes$nie). Nizsze oceny dotyczyty
m.in. integracji/automatyzacji (r¢czne przenoszenie pokrywki miedzy plytkami) i odpadoéw
(wieloetapowe preconditioning/wash/cleaning), jednakze w tych kwestiach wskazano potencjat

poprawy.

Praca dostarcza kompletnej instrukcji budowy i uzycia systemu SPME dla ptytek 96-dotkowych
oraz pokazuje, ze ekstrakcja wewnatrz inkubatora jest biokompatybilna 1 powtarzalna,
a jednoczes$nie zgodna z trendami zielonej chemii (AGREEprep 0,75). Jest to istotny krok
w kierunku standaryzacji 1 upowszechnienia wysokoprzepustowej, czasowo-rozdzielczej
metabolomiki hodowli komérkowych na potrzeby badan farmaceutycznych i toksykologicznych.
Wskazany zostat rowniez kierunek dalszej optymalizacji, m.in. przez automatyzacj¢ i dobor

bardziej ekologicznych materiatow.
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ARTICLE INTO ABSTRACT

Keywords: This study presents an updated application of Solid Phase Microextraction (SPME) technology for high-
Solid phase microextraction throughput, time-course metabolomic analysis in in vitro cell culture models. SPME, a versatile and minimally
lé‘C“MS] - invasive sample preparation technique, was integrated with 96-well plate to enh metabolomi
S SR ls:mple profiling while maintaining cell viability. The proposed SPME-lid system was used to evaluate employed SPME
!«;:laholomics 7 fibers with miniaturized polytetrafluorocthylene (PTFE)-based coatings.

The innovative SPME-lid system enables in-incubator sampling, preserving optimal cell growth conditions and
permitting repeated extractions from the same culture over time. Experiments demonstrated the biocompatibility
of the SPME coatings and their negligible influence on key cellular parameters. This approach’s time-course
analysis revealed shifts in metabolite levels, showcasing its potential for biochemical and drug development
studies. Furthermore, the method aligns with green chemistry principles, reducing solvent and plastic con-

It and was e d with a 0.75 AGREEprep score for sustainability.
This protocol represents a significant advancement in metabolomic methodologies, providing a scalable, eco-

friendly solution for comprehensive metabolomic profiling in pharmaceutical and toxicological research.

1. Introduction

Before a newly developed therapeutic compound can be distributed
commercially, it must undergo a careful evaluation process consisting of
discovery, preclinical analysis, and clinical trial. Before clinical trials on
humans can start, compounds undergo rigorous analysis on in vitro and
in vivo animal models [ 1]. Cell culture serves as a matrix of choice for the
first-step evaluation of newly developed drugs or biomaterials as well as
for studying the nature of diseases such as cancers. The first stage of
development of potential therapeutic agents is usually based on
wide-range screening. For that, cell lines are perfect candidates to assess
the compounds’ initial effect on studied diseases and eliminate those
deemed too toxic or ineffective. Traditional cell culture models offer
many advantages for the initial study of the influence of xenobiotics on
living systems. They are usually on an established cell type; each cell has
equal access to nutrients, and available assays are cheap, easy to

* Corresponding author.
E-mail address: b.boiko@en uml p! (B. Bojko).

https://doi.org/10.1016/j.greenc. 2025.100238

conduct, and highly standardized. Those controlled conditions allow for
high-level repeatability of results, which makes the results more trans-
parent, and easier to interpret. Nowadays, scientists’ interests have
shifted towards improving cell culture models and assays for better
extrapolation of results from in vitro to in vivo models (IVIVE)[2].
Improving the accuracy of in vitro analysis can benefit the researchers,
having the influence on minimalization of animal use in in vivo pre-
clinical experiments, as well as reducing failures in clinical testing,
which can be very expensive [3,4]. Metabolomics are one of "omic™ that
focuses on the analysis of small molecules (<1500 Da). It can bring
significant new information in the drug development process, such as
measuring ADME (absorption, distribution, metabolism, and excretion),
influence of the drug on cellular metabolome or identification of po-
tential biomarkers. However, most of the described advances are in
separation and detection techniques while sample preparation step is
mostly unstandardized [5-7].
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1.1. SPME device

SPME device usually consists of solid support coated with the
extraction phase of choice. SPME is highly flexible and can be adapted to
the desired matrix and targeted compounds. To date, many different
supporting materials and their geometries have been used to prepare
SPME extraction devices, such as nitinol wire, stainless steel, or stiff
fabric. SPME device can take the form of a flat metal plate in a blade-like
shape for the higher surface area, providing higher extraction amounts
without sacrificing the time needed for extraction [£], a small wire in the
size of an acupuncture needle for negligible extraction or a tube form for
reproducibility and speed of sampling and gas chromatography (GC)
analysis [9,10]. The SPME device can be used to extract volatile organic
compounds (VOGCs) for GC applications or non-volatile compounds for
liquid chromatography (LC) applications. The most common extraction
phases of SPME devices differ between GC and LC applications. A wide
choice of thermally stable SPME devices can be coupled directly to GC
for analysis of VOCs, most of them available commercially. The most
widely used are DVB/PDMS (divinylbenzene/polydimethylsiloxane),
Car/PDMS (carboxen/polydimethylsiloxane), and HLB/PDMS (hydro-
philic-lipophilic balanced/polydimethylsiloxane) [11,12]. SPME-LC-MS
(using materials suitable for desorption in common LC solvents) can be
similarly flexible regarding extraction particles; however, there has been
one commercially available SPME coating for analysis of non-volatile
compounds — C18. In the literature, more have been described — e.g.
HLB  (hydrophilic-lipophilic-balances  particles), PFP  (penta-
fluorophenylpropyl) [13]. The HLB coating is commercially available in
Coated Blade Spray (CBS) SPME geometry — SPME in blade form offers
higher extraction surface and analytes can be desorbed by introduction
of solvent droplet on the coating surface and application of voltage. The
blade then acts as a spray ionization source directing the analytes into
the MS, meaningfully decreasing analysis time. However, it is not
compatible with 96-well plate application for cell culture. Moreover,
there are very limited number of coatings reported to date that can be
used for the analysis of both volatile and non-volatile compounds, and
the first reported one was for the home-made HLB coated SPME fibers
introduced by Gionfriddo et al., which were based on the immobilization
of extractive particles in polytetrafluoroethylene amorphous fluoro-
plastics (PTFE AF) [14]. However, the potential of PTFE based coatings
for metabolomic analysis was not yet investigated. Recently, Kahrema-
noglu et al. described the miniaturization of PTFE AF supported HLB
coating with the possibility to analyze both volatile and non-volatile
compounds [15] in small sample volumes and potential to perform
analysis on living systems. Moreover, since PTFE based materials have
proven biocompatibility in tissue in in vivo animal and human models
[16-18], it should enhance the biocompatibility of SPME, making it
particularly good candidate for analysis both in vitro and in vive. The
qualities of PTFE AF based coatings, especially in miniaturized form,
make it particularly good candidate for studies of small compounds such
as metabolites or drugs in preclinical trials. Miniaturized SPME with this
coating would be also notably useful for analyzing small sample volumes
or comparing volatile and non-volatile compounds, since it can with-
stand both solvent desorption and temperature desorption. The poten-
tial of the SPME coatings based on PTFE AF, especially in combination
with HLB particles, is further explored in Kahremanoglu et al. [15]. In
this protocol, both HLB/PAN and novel miniaturized HLB/PTFE (poly-
tetrafluoroethylene) fibers were prepared in-house.

1.2, Applications of SPME in cell culture analysis

The use of SPME in the analysis of Volatile Organic Compounds
(VOCs) from various cell culture matrixes is well described. The most
commonly used methods apply to head-space extraction (HS-SPME), but
there are also protocols invelving direct-immersion (DI-SPME) mode.
HS-SPME is most commonly used to extract VOCs from cell culture
medium as it offers excellent reproducibility, is affordable, and is
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commercially available [19]. The usual extraction protocol consists of
conducting traditional cell culture, pooling cell culture media, and
centrifuging to purify the sample from proteins. Media can then be
stored or analyzed immediately. The extraction device for HS-SPME is
placed above the studied liquid, and for DI-SPME it is immersed into the
collected cell culture media. However, collecting medium from cell
culture means either subtracting a particular volume from the sample
and replacing the withdrawn volume with a new medium, thus resetting
the in-culture metabolome, or a cell culture termination. The extraction
of VOCs was performed from living cell culture in sterile, tightly sealed
glass bottles. It was possible for cells to be cultured in suspension [20],
and from adherent living cells, although it was not specified if the cul-
ture flasks were thigh-glass sealed [2]. Since specific SPME coatings
were reported to be biocompatible, it is possible to extract non-volatile
compounds by applying SPME probe directly into the cell culture media
(DI-SPME) while cells continue to proliferate in the culture plate [21].
This analysis is less common, but it has the potential to capture a broader
profile of compounds. Thin-film SPME (TFME) was first proposed to
perform in vitro drug metabolism studies with the use of liver micro-
somes, where matrix composition was similar to the cell culture me-
dium. Moreover extraction parameters such as temperature and pH were
the same as extraction from the cell culture incubator [22]. Similar drug
metabolism with liver microsomes analysis was performed by Jaroch
et al., however, a time-course analysis of drug metabolism was per-
formed by multiple extractions from the same samples [23]. Different
study focused on non-depletive analysis performed from small sample
volumes (100 pl) using miniaturized SPME probes [13]. The approach
aimed to enable quantitative time course analysis from the same samples
in in vitro high throughput conditions [13]. A similar protocol for
time-course analysis was used for non-small cell lung carcinoma
metabolome monitoring after drug administration [24]. It was the first
time that SPME in fiber geometry was successfully used in a
high-throughput format for metabolomic analysis of living cell culture.
Moreover, it was proven that it can be useful for in vitro-in vivo extrap-
olation of results [25].

1.3. The proposed high-throughput model for time-course analysis

The proposed SPME system for high-throughput extraction with fi-
bers is based on 96-well plate lid (Fig. 1). The system is an update on
previously proposed by Boyaci et al. and Jaroch et al. [13,23,25]. First
system used on a live cell culture was based on a Nitrogen Evaporator
body. It allowed to secure the SPME fiber in the hypodermic needle in a
way that allowed for the submersion of extraction phase in the liquid.
However, due to the relatively big size of the evaporator, it could be
problematic to insert the whole system into the COz incubator, More-
over, this system was not equipped with any kind of plate cover. This
forced extraction to be performed on the open plate, thus under the
laminar flow hood to protect the cell culture from contamination. This,
in turn, caused the cells to remain in the non-optimal temperature for
growth, which consequently, could cause liquid evaporation. This low-
ered the precision and repeatability of the analysis. The system was
developed to address the problem of maintaining the optimal conditions
for cell culture during extraction, which would allow to elongate the
extraction times, directly influencing the efficiency of extraction.
Moreover, the proposed system was developed with the idea of
compatibility with standard cell culture testing.

1.4. Experi I design - limi
Sfor DI-SPME method development

of extraction in vitro living systems

Cell culture is a matrix that requires very particular conditions that
need to be maintained to not influence the results of a conducted
experiment, Many of those, such as temperature or pH, have to be
selected based on cell culture conditions rather than extraction
efficiency.
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Fig. 1. The proposed high-throughput SPME-lid system with SPME fibers supported by hypodermic needle (A) or without the needle support (B). System is based on
96-well plate typically used for cell culture and cell based assays. Septum typically used in analysis of volatile compounds is used to ensure air-tightness of the lid.

1.4.1. Agitation during extraction

Agitation is an important parameter to consider during SPME
extraction. It influences the extraction efficiency and therefore shortens
the extraction time which in the case of living cells should be possibly
short. However, all previously described agitation methods, such as
rapid movement of fiber or vial, stirring, sample flow [26] cannot be
applied for cell culture. Most of the established cell lines grow attached
to the growth surface and are only detached when performing passaging,
either by enzymatic digestion or mechanical dissociation [27]. There-
fore, introducing rapid movement of/inside the cell culture might cause
detachment of the cells or even cellular membrane disruption. Me-
chanical stress would then influence the results of the study. Extraction
must be performed in static conditions for time-course analysis of cell
culture. However, this limitation can be countered by the prolongation
of incubation time with the SPME-fiber. Previously described systems
for high-throughput were limited not only in the agitation parameter,
but also extraction time. The proposed SPME-lid system compensates for
static extraction with the possibility to prolong the time of SPME fiber
submersion in the analyzed cell culture media. This ability is further
discussed in the 1.4.5 Extraction Time section,

1.4.2. Sample pH

Most of the commercially available SPME coartings show a higher
affinity for the neutral form of the analytes. Therefore, the analyte
coverage might be enhanced by buffering the sample to keep the species
with acidic or basic species in neutral form [15]. This strategy for
improved recoveries does not apply to cell studies, as for acidic com-
pounds, a neutral form will be achieved in acidic conditions, and anal-
ogously, basic compounds will reach a neutral form in basic conditions.
Those extreme pH values would not allow for the cell culture to survive.
In cell culture, cells constantly propagate which requires supplementa-
tion of nutrients such as glucose that can be used for energy acquisition.
This, however, results in by-products secretion from the cells, such as
lactic acid. Consequently, this causes acidification of the cell culture
medium, which is usually neutralized by another component of the cell
culture medium - NaHCO; (sodium bicarbonate). Cells are usually
supplied with CO; by appropriate incubators, enabling them to keep the
pH balanced by NaHCO3 and CO; reaction at a physiological level,
which is best for cells - 7.2 — 7.4 pH [27]. However, if cultured for too
long, the pH of the cell culture might vary, which can be indicated by the
color of the medium. Another cell culture medium component — phenol
red — is added to monitor the medium pH visually. For pH below 6.8, the
cell culture medium will have a yellow color; in turn, above 8.2 pH, it
will be a fuchsia color [28]. Therefore, it is important to monitor if the
cell culture medium is red during the experiments because it will ensure
maintaining the same pH range and, consequently, observing the actual
changes of metabolome occurring in the studied system and not the

influence of the pH on the biological and extraction processes. Because
the optimal pH of the medium in culture is supported by CO2 supple-
mentation in the incubator environment, conducting the extractions
outside of the incubator can cause pH changes in the cell culture me-
dium towards more basic, especially during prolonged operations such
as metabolome extraction. The SPME-lid system proposed in this pro-
tocol allows for the extraction inside the incubator, protecting the
maintenance of the neutral pH.

1.4.3. Ionic strength

The presence of salts in the sample strengthens the ionic strength of
the sample, which can be heightened by the addition of more salts. Salts
are permanent additives to various cell culture media types. It includes
compounds such as CaClz, Fe(NO3)3 x 9 H20, MgSO4, KCl, NaHCO3,
NaCl or NaH;PO, [28]. This makes the cell culture medium a matrix of
high ionic strength and might influence the profile of extracted com-
pounds. For HS analysis, it might be of particular interest since it posi-
tively influences the passage of molecules to head-space [19]. For DI
extraction, the efficiency is highly compound-dependent; however, it
was shown that the addition of salts in biological samples reduces
sample-sample variability and gives more reproducible results [29].
Therefore, DI-SPME extraction from cell culture would benefit from the
nature of the matrix, but it might be challenging to perform analysis for
low-abundant compounds, particularly at the late time points during
time-course extraction.

1.4.4. Extraction temperature

Another parameter that can influence the efficiency of SPME
extraction is temperature. Increased temperature not only favors com-
pounds to enter head-space but also increases the mass transfer into the
SPME coating. For both HS- and DI-SPME, the increased temperature of
the sample allows for shortening the time needed to reach equilibrium,
which is important in cases where obtaining the highest sensitivity for
the given compound without sacrificing the analysis time is necessary
[30,31]. For most mammalian cell lines, the optimal culturing temper-
ature is 36-37 "C, and when it is increased to 40 “C and above, cells will
start to die out after about an hour [27,28]. Therefore, the sampling
must be performed quickly at room temperature (RT) under the laminar
flow hood for on-plate high throughput extractions. Ideal conditions
would allow for extraction directly inside the incubator, where a tem-
perature of 37 “C can be maintained for the entire extraction, which is
possible with the upgraded extraction system described in this protocol.
Moreover, for the first time, it allows for simultaneous extraction from
96-wells at the optimal temperature. Systems used previously either
allowed for the extraction of VOCs at the 37 “C with one fiber at a time,
or in high-throughput format for non-volatile compounds, but outside of
the incubator (Table 1),
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Table 1
Sample preparation examples for analysis of living cell culture.
Sample Sample prep model Extraction conditions Reference
voCGs Living cell culture in T25 flask Head-space SPME Time: 60 min 1
(100 pm PDMS) Temp: 37'C Wangetal. 2012,[5)
No. of samplesatatime  1x T25 flask
Living cell culture in sterile glass head-space Head-space SPME Time: 24h Aksenov et al. | 20]
vials DVB/CAR/PDMS Temp: 37°C
No. of samplesatatime  1x vial
Non-volanle Living cell culture, Direct immersion Time: 30 min Jaroch et al. [24]
compotnds 96-well plate SPME, Temp: RT
S pm HLB particles No. of samplesatatime 32 wells
2 mm coating
2D and 3D living cell culture, Direct immersion Time: 30 min Jaroch etal. [25]
96-well plate SPME, Temp: RT
No. of samplesatatime 32 wells
Time-course
extraction

1.4.5. Standardization and catibration method

When performing any form of sample prep there is a need to use
standard compounds for proper monitoring of either extraction effi-
ciency or the instrument condition during analysis, However, extraction
from living systems introduces unique challenges when establishing
proper controls, The most straightforward approach in sample prepa-
ration with SPME is the injection of standard solutions into the sample.
The most desired compounds for this standardization would be deriv-
atized or isotopically labeled substitutes of the analyzed compounds.
However, it needs to be understood that standards added to the living
cells can be absorbed and used by the cells as easily as the studied
compound. Therefore, the actual concentration of the standard can
differ from the spiked one and negatively affect the data. Moreover, it
can influence cellular metabolome by competing with endogenous
compounds or studied drugs, thus sabotaging the experiment.

There are a few alternative approaches for calibration when liquid
standard injection into the sample is impossible. Because SPME is an
equilibrium-based extraction, this can be used to calculate the sample
concentration. The most common is calibration for equilibrium extrac-
tion [26]. However, in multi-residue analysis like metabolomics, it is
practically impossible to optimize the method where all the compounds
reach equilibrium. Moreover, sample complexity might influence stud-
ied compounds in such a way that previously established equilibrium
will be changed.

The best-suited method for extraction standardization from living
systems for selected compounds would be external matrix-match cali-
bration. However, to prepare a reliable calibration curve for the studied
compounds, one must consider the complexity of the matrix. Calibration
curve of standards dissolved in water or organic solvent would not
properly reflect the matrix effect occurring in the sample. The compo-
sition of complete cell culture media prepared for culturing consists not
only of amino acids, vitamins and carbohydrates but also many enzymes
and other proteins found in Fetal Bovine Serum (FBS). These proteins
and enzymes can influence the concentration of free fraction of the
compounds in the sample and, consequently, the binding of compounds
to the coating. Therefore, the proper matrix should be based on cell
culture media with FBS. When preparing a surrogate matrix for stan-
dardization of future analysis of a live culture in a time-course manner, it
would be best also to add the lysed cell pellet into the mixrure to
properly reflect the possible matrix influence of cellular proteins. It
would reflect the cells in culture during the actual extraction. The
number of cells before lysis can be determined by counting with trypan
blue. Counting with the use of trypan blue is the most accessible way for
determining the number of cells in suspension since it requires only the
trypan blue dye, hemocytometer for counting and brightfield micro-
scope [271, which are usually standard reagents and equipment in cell
culture laboratory. Performing a BCA assay for total protein concen-
tration could be also useful, since the quantity of lysed cells to be added

to swrogate matrix could be standardized based on the proteins ac-
quired from these cells. The way of lysing the cells should be detergent
free, therefore best methods would be freeze and thaw or sonication.

When surrogate matrix is used (i.e. a mix of cell culture media, FBS,
necessary growth supplements, lysed (but no live!) cells) the dissolved
standards might be added to prepare calibration curve. It is recom-
mended that the calibration curve should consist of at least six calibra-
tion concentrations plus a zero standard point [32]. Solution like that,
since it contains many possible contaminants for LC-MS, should not be
injected directly into the instrument. Instead, it should be subjected to
the same protocol for sample preparation as the intended samples. The
preparation of calibration curve for metabolomie analysis is even more
complicated, since, as mentioned above, metabolites such as amino
acids are a component of most commercially available cell culture
media. Moreover, many metabolites also occur in the FBS. Two ap-
proaches can be used to prepare appropriate matrix for calibration
curve. First, less reflective of the complexity of media, however much
more affordable is using of a substitute cell culture medium. For that, a
base of mixture of salts can be used. Standard Phosphate Buffer Saline
(PBS) is not recommended, similar to Hanks' Balanced Salt Solution
(HBSS), since those buffers do not contain sodium bicarbonate and will
not behave like a culture medium in terms of balancing pH. The most
suited for this purpose would be EBSS, which is a mixture of salts con-
taining sodium bicarbonate among others. Then, supplements can be
added to recreate the medium composition, such as vitamin solution or
Bovine Pituitary Extract (BPE), the latter reflecting proteins usually
included in the FBS. The second method requires the purchase of stan-
dards that are isotopically labeled, so they are separated in the LC the
same way as a studied compounds, but they can be easily differentiated
from them by the mass detected by MS. The use of those standards al-
lows for the use of the complete cell culture medium for the calibration
curve, without the need for a surrogate matrix.

After preparing a calibration curve in the desorption solution of
choice corresponding to the actual experiment (instrumental calibra-
tion) and the calibration curve using the matrix of choice, extract the
standards from the matrix with SPME to determine extraction efficiency.
Next use the instrumental calibration curve before running the batch of
samples on LC-MS. If the batch is long, in addition of running the cali-
bration curve before and after the batch, run it also between the samples
(e.g. every 20 samples) to monitor the stability of compounds.

1.5. Extraction time

The time of extraction is a crucial step in SPME analysis. It is
important to establish optimal extraction time to reach proper re-
coveries. It is generally recommended that extraction time be assessed
based on the purpose needed. High throughput, sensitivity, or repro-
ducibility are all influenced by the extraction time. The best sensitivity
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and reproducibility can be achieved by extraction until equilibrium [ 19,
26). However, this is not possible because different metabolites reach
equilibrium at different times; for some, the process is too long,
considering cell cultures are living systems, and sampling should be
teasonably short (particularly when repeated analysis is the goal). Pre-
viously described protocols [24] proposed high-throughput SPME
extraction under the laminar flow conditions for 30 min (Fig. 2.A).
Comparative analysis performed by our team (Fig. 2.B) revealed sig-
nificant differences between cell cultures that underwent extraction
inside the incubator and those left for 30 min under the laminar flow
hood (underwent extraction and serving as non-extracted control). The
former system exposed cells to too low temperature and led to evapo-
ration of cell culture media due to the removal of the cover plate during
extraction. Creating the system for intra-incubator extraction allowed
for prolonged SPME extraction without influencing the viability of the
cells (Fig. 3). This made the high-throughput extraction method possible
to be used for multiple extractions (Fig. 4) from the same plate with no
significant influence on cell growth and viability compared to a cell
culture with no extraction performed (Fig. 5).

1.6. Desorption method

The desorption method is one of the few steps in our high-throughput
SPME optimization process that is not determined by the analyzed ma-
trix. Therefore, it consists of all the parameters that need to be chosen in
routine SPME protocol. The composition of the desorption solvent
should be determined by the properties of the studied compounds and
should be chosen individually for every planned experiment of new
compounds. For metabolomics, ACN:H;0 in various proportions was
proven to be efficient [24,25], Agitation is recommended during this
step to speed up the process. Various 96-well formats might be used,
such as deep-well plates, non-treated plates or PCR plates. The latter is
most recommended for the application described in this work since it is
desirable for the desorption volume to be as small as possible for higher
sensitivity [26].

In the case of VOCs, the SPME fiber following the extraction should
be injected in the shortest possible time. The most advisable would be
sampling at the GC site so the fiber can be transferred directly to the GC
injector port to ensure that no analytes are lost. In the case of live cell
experiments, where extraction would take place in a laboratory room
meant for cell culture, fiber should be transferred in dry ice. Before
sampling, desorption time and temperature optimization should be
conducted to ensure that all analytes are desorbed from the fiber.

Green Analytical Chemistry 13 (2025) 100238
1.7. Anticipated results

1.7.1. Targeted metabolomic of cell lines in high-throughput, time-course
analysis

The high-throughput 96-well SPME model for time-course cell cul-
ture analysis proposed in this manuscript was used to compare newly
developed coatings based on polytetrafluoroethylene amorphous fluo-
roplastics (PTFE). The SPME fibers used in the 96-well high-throughput
mode were produced as described elsewhere [14]. The SPME sampling
was assessed on the cellular model in in vitro conditions. The cells seeded
in a 96-well plate were subjected to 15 min extraction every 24 h, as
shown in Fig. 3. The sampling process was completed in the 5th day of
culturing, and the same cell culture was subjected to standard assays
such as MTT (Sigma-Aldrich, cat. no. M5655), BrdU (Sigma-Aldrich, cat.
no. QIAS58) and lodium Propidine and Annexin V-FITC staining (Kayman
cat. no. 600300). The lack of influence of sampling with the new SPME
probes on cell parameters such as viability (Fig. 6.A), proliferation
(Fig. 6.B), and apoptosis induction (Figs. 7 and 8) confirmed the
biocompatibility of the devices. Moreover, the data was compared with
well-described PAN-based coatings, showing the same outcome,

The time-course metabolomic analysis was performed at four time
points, as shown in Fig. 4. The SPME fibers underwent desorption as
described in [15] with minor changes. Next, samples were analyzed via
an LC-MS/MS system composed of Nexera UHPLC (Shimadzu, Kyoto,
Japan) and LC-MS 8060 triple quadrupole mass spectrometer (Shi-
madzu, Kyoto, Japan). The chromatographic condition was modified
based on the method described by Vuckovic et al. [33]. The MRM
transitions are presented in Table 2. The pentafluorophenyl (PFP) Dis-
covery HS F5 column (100 mm x 2.1 mm, 3 pm, Supelco, Bellefonte, PA,
USA) was used for separation. The mobile phases comprised water + 0.1
% formic acid (mobile phase A) and acetonitrile + 0.1 % formic acid
(mobile phase B). The chromatography gradient was as follows: 0-2 min
0 % B, 2-10 min linear gradient to 90 % B, 10-12 min, hold on 90 % B,
12-15 min 0 % B. Additional parameters were as follows: LC oven

ature was 40 “C, autc temperature was 4 “C, the flow rate
was to 0.4 ml/min and the injection volume was 10 pl.

The total amounts extracted were back-calculated based on a six-
point calibration curve that was run at the beginning and end of the
batch. Each sample was collected in tetraplicate and the batch was
randomized to eliminate possible errors of the analysis. The results
showed that the method successfully captured metabolites in each time
point even with just 15 min of static extraction (Fig. 9), The levels of
detected metabolites were similar between HLB/PAN and HLB/PTFE,
which indicates that the latter coating can be successfully used for
metabolomic analysis in in vitro culture and does not influence the
viability or proliferation of cells in any significant way, similar to well
established HLB/PAN. However, the use of HLB/PTFE in this particular
format might be challenging for inexperienced users due to its slightly

Fig. 2. High-throughput SPME system for (A) outer- and (B) intra-incubator extraction from cell culture. System used for (A) outer-incubator extraction is supported
by the Nitrogen Evaporator body and not equipped with a lid. New system (B) supported by septum glued to the plate lid allows for easy intra-incubator extraction.
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Fig. 5. The mean absorbance of B16F10 cell line after extraction with outer- and intra-incubator systems every 24 h for 4 days compared to controls.

higher susceptibility to mechanical damage compared to HLB/PAN and
the risk of accidental scratching.

Time-course analysis revealed a shift of metabolite patterns over
time. Fig. 9 demonstrates the levels at which metabolites mentioned in
Table 2 were detected at a specific time. Not all metabolites behaved the
same way in culture; aspargine seemed to be consumed by the cells in

the first 24 h of culture, while compounds such as histidine or threonine
were secreted into the cell culture medium by the cells. However, most
of the metabolite levels stabilize between the 72nd and 96th hour of
culture, which corresponds with the plateau phase in cell culture
growth. Metabolic profiles also depended on the type of cells studied,
which indicates different needs and ways of working between cell types.
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Fig. 6. Viability (A) and proliferation (B) of LL2 and B16F10 cell lines after 15 min extraction every 24 h for 4 days with new HLB-PTFE and commercial [ILB-PAN
fibers compared to control.

Brightfield

Fig. 7. Images of B16F10 cell line (A) after 4x, 15 min extractions with HLB/PAN fibers (B) and HLB/PTFE fibers (C) and LL2 cell line (D) after 4 extractions with
HLB/PAN fibers (E) and HLB/PTFE fibers (F).

Even this basic information can showcase the condition of cells in cul- 2. Materials and human resources
ture, which can be of use in testing new drug formulations. Moreover,

since SPME can also be used to analyze the level of drugs, it can be used 2.1. Materials

to monitor the drug behavior over time with simultaneous metabolomic

analysis and the use of standard cell culture assays. It favours biological - Sterile 96-well plate (Nunc™ Microwell™, cat no. 167008 or other
precision of the results by reducing the variance and enables a more 96-well plate)

clear-cut comparison of results from different assays. This 96-well plate - Cell culture medium chosen based upon manufacturer's recom-
extraction allowed for the minimalization of the use of plastic (1: 3 mendation (e.g. RPMI 1640, Corning, cat. no. 10-040-CV)

and 4) required to be used for analogical study prepared with standard - Fetal Bonive Serum (Corning, cat. no. 35-079-CV or equivalent)
extraction methods e.g., liquid-liquid extraction (LLE). - Antibiotic Antymicotic Solution (Merck, cat. no. A5955-20 ml or

equivalent)

- Cell line of choice (There is a wide choice of cell lines at the American
Type Culture Collection, ATCC, with appropriate handling informa-
tion and recommended media and supplements)

- 96-well PCR plate (Bionovo, cat. no. A-710880)
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Fig. 8. Percentage of early apoptotic (AnV), late apoptotic (AnV + PI), dead (PI) and live (Not stained) of LL2 and B16F10 cell lines after 15 min extraction every 24
h for 4 days with new HLB/PTFE and commercial HLB/PAN SPME fibers compared to control.

Table 2

The list of analyzed compounds.
No Compound Precursor m/z Product m/z (quant ion)
1 Leucine 132.10 86.15
2 Proline 116.1 70.0
3 Threonine 120.10 74.00
4 Asparagine 133.10 87.2
5 Arginine 175.10 70.10
6 Histidine 156.10 110.10
7 Lysine 147.2 B4.2
8 Tyrosine 182.10 136.00

- Ultra-high purity water, sterilized (Merck, cat. n0.1047351000)
- Methanol LC-MS grade (Honeywell, cat. no. 34966)
- Acetonitrile, LC-MS grade (Supelco, cat. no. 1.00029.2500)
- 2-propanol, LC-MS grade (Honeywell, cat. no. 34965)
- Internal standards e.g Phenylalanine-D8 (TCR, cat. no. TCR-
P319419))
- SPME fibers;
© a solid support of nickel-titanium metal alloy (nitinol, e.g., Next-
metal Corporation, cat. no. F2063, 0.2 mm diameter) of 4 cm
length per fiber
o 2mm length of coating, 1 layer (can be created in-house based on
the description provided by Gomez-Rios [34] and Gionfriddo [14])
- Hypodermic needle (e.g., 0.4 = 13 mm, Microlance, cat. no. 300635)
- Pipette tips — 20-200 pl (e.g. eppendorf, cat. no. 0030073825)
- Glass flasks and bottles to prepare solvent mixtures

2.2, Instruments

- Shaker (Ingeniereurobiiro CAT, SH10 shaker, or equivalent)

- CO2 incubator for cell culture (Binder, CB 056, or equivalent)

- Laminar flow hood (Alpina, BIO130, or equivalent)

- A rotary tool with a milling bit (Parkside, X 12 V Team, or
equivalent)

2.3. Equipment

- Lid fora microplate without cut corners (e.g., WVR, Universal Lid, cat
no. 250002)

- Sterile 96-well plate (Nunc™ Microwell™, cat no. 167008 or other
96-well plate)

- Septum, cylindrical type (Merck, Thermogreen LB-1 Septa, cylin-
drical, cat. no. 20668)

- Glue (e.g. Infinitybond, biocompatible Cyanoacrylate Super Glue or
equivalent)

2.4, Human resources

- 3 h waorking hours of personnel after short instructions on operating
the rotary tool; preparation of SPME-lid system for intra-incubator
extractions

- 1 working hour to train new personnel on working in sterile condi-
tions under the laminar flow hood, 30 working minutes to train new
personnel to working with the SPME-lid system

- 2-5 working hours of trained personnel for performing complete
sampling of 96-wells with the SPME-lid
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Fig. 9. The amount of extracted amino acids by 15 min extraction every 24 h with the SPME-lid system and HLB/PTFE (a and c) and HLB/PAN (b and d) coatings on

B16F20 cell line (a and b) and LL2 cell line (c and d). E d was lculated using calibration curve and presented in ng/ml,
Table 3 Table 4
Total analysis time and amount of waste generated for 1 pling of 96 sampl Cost estimation of high-throughput, time course analysis with SPME for 96-well
with high-throughput SPME. plate for single sampling.
Step Duration Volume of waste Plastic utensils used C Real p i d of the total
generated cost™”
Pretreatment  24h 10-20 ml total; 1 » 96-well plate; reusable Plastic plates 57 96-well plates 15 %
(1440 min) 100-200 pl/ sample Extraction 1-5 mg/ fiber 15 %
Wash 5s After After preconditioning phase
5s preconditioning 1 » 96-well plate; reusable Standards 0.01-5 pg/ sample 61 %
10-20 ml total; After extraction Solvents 500-900 pl/ 7%
100-200 pl/ sample 1 » 96-well plate; non sample
After extraction reusable Energy 2.2kWh 2%
10-20 ml total; .
100-200 l/ sample 1t includes a plate for the cleaning procedure,
Extraction 5-60 min 0 ml 0 additional plastic ** Relative values, based on the time, location, and specific application, are
Desorption 5-120 min 10 ml total; 100 pl/ 1 « 96-well PCR plate; non provided to identify the costliest components of the described procedure,
sample reusable
Cleaning 60 min 10-20 ml total; 1 % 96-well plate; reusable supporting hypod ic needle should not be bigger } 0.5 e e
100-200 pl/ sample 3 3 Z i
Total 1510-1680 50-90 ml total: 5 x g6well plates; 3 glue that will hold the cylinder to the plate will have the binding surface.
min 500-900 ul/ sample  reusable plates Step 1.3 Carefully put a few glue droplets around the drilled hole.

3g of plastic/sample; can
e minimized to 1.83 g
with reusable plates

" Cleaning step is possible for targeted analysis only.
3. Procedure
3.1. Equipment setup: 3 h for plate, 2 min per well

Step. 1.1 Separate the lid from a 96-well culture plate or open
package with a single microplate lid.

Step 1.2 Use a rotary tool to drill small, 2 mm holes in the lid, one
hole per well.

ATTENTION! Use safety glasses while drilling. Drill gently, and do
not put too much force to avoid breaking the lid.

NOTE: The hole should not be smaller than 1 mm in diameter, so the

Step 1.4 Put the cylindrical septum with the flat part touching the
glue on the lid (half-hole facing upwards) so the septum completely
covers the drilled hole. One cylinder per well.

TRICKY! Put the glue around the holes in the lid. Pay attention not to
cover the drilled holes with the glue. Putting the fiber through a glue-
covered surface after it hardens would be challenging and may
contaminate the coating (Iig. 10).

PAUSE! Wait for the glue to set and cure (1-2 h, depending on the
type of glue used).

Step 1.5 Insert SPME fibers through holes in the lid and septum so the
wire goes through the septum, but the coating remains underneath it. If
the fiber support is not sharp enough to pierce through the septum, use
the hypodermic needle first. When the needle passes through the septum
and the hole in the lid, insert the end of the fiber into the needle tip and
push it further in (Fig. 11). Then, you can remove the needle to pierce
through the rest of the septa (Fig. 1.B) or leave it inside (Fig. 1.A).
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Half-hole
upwards

Fig. 10. Step-by-step visual instruction cor g Lo chall

g steps in SPME-lid assembly, Photographs corresponding to the step 1.2 show how to place the
Totary tool rip on the lid and how big schould be the dnlled hole. Fors step 1.3 the photograph shows reccomendeed placement of the glue droplets to prevent covering
the hole with the glue. Step 1.4 presents the proper placement of the septum on the drilled hole.

Step 1.5

Insert the needle . M!heem_-io(
through the the SPME fiber
septum and the - Py into the needle
hole in the lid untjl t comes
outon the other
side

fiber in the SPME-lid system after removing the hypodermic needle

Fig. 11. The step-by-step visual presentation of the step 1.5 in the protocol. The photographs present the way the personnel schould insert the hypadermic needle
into the septum and a hole in the lid, and then insert the SPME fiber into the needle so the coating does not go through the needle, Last pothograph presents the SPME

TRICKY! Ensure the fibers are placed perpendicular to the lid, not at 3.2. Sampling procedure
an angle. Leaving the hypodermic needle inside the septum can support
the proper position of the fiber but requires more needles. STEP 2. Preconditioning of the fibers, 1.5h per plate
NOTE: SPME fiber coating should be chosen based on application Step 2.1 Prepare the preconditioning solution by mixing methanol
SPME fiber preparation is described by Gionfriddo et al. [14] with ultrapure water, 1:1v/v
Step 2.2 Transfer the SPME-lid and bottom of the 96-well plate under
the laminar flow hood

Step 2.3 Prop the SPME-lid on support (e.g., Tip boxes or vial racks)
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s0 it is upside down, facing the UV bulb (Fig. 12).

Step 2.4 Close the laminar flow hood and turn on the UV light.

PAUSE! 15 min of UV light sterilization

Step 2.5 Inject 200 pl of preconditioning solution into the bottom
part of the 96-well plate, 1 portion of preconditioning solution per well.

Step 2.6 Cover the 96-well plate with the SPME-lid.

Step 2.7 Carefully push each SPME fiber to entirely immerse in the
solution.

Step 2.8 Seal the side walls of the plate with parafilm to prevent
evaporation of preconditioning solution through the sides.

PAUSE! Leave the fibers in a preconditioning solution for 1 h, static.

NOTE: The fibers can remain in the preconditioning solution
overnight.

STEP 3. Wash, 1.5 min

Step 3.1 Open a new, sterile 96-well plate under the laminar flow
hood.

Step 3.2 Inject 200 pl of ultrapure water into the bottom part of the
96-well plate, 1 portion of water per well.

Step 3.2 Transfer the SPME-lid from the plate with preconditioning
to the plate with water. Carefully lower the SPME-lid so the fibers do not
scratch the walls of the wells.

SHORT PAUSE! Leave SPME fibers in water for 5 5.

STEP 4. Sample extraction, Time- 5-60 min per plate

Step 4.1 Transfer cells cultured in a 96-well plate from the CO,
incubator under the laminar flow hood.

Step 4.2 Switch the cover lid to SPME-lid and carefully lower the
SPME-lid so each fiber is submerged.

Step 4.3 Transfer the cells back into the CO3 incubator with SPME
fibers immersed in a cell culture medium.

PAUSE! Wait until the end of the extraction.

Step 4.4 Repeat the whole 3rd step in a new portion of water to
perform a second wash.

NOTE: Fibers can be stored at —30 “C. The safe storage time will
depend on the targeted compounds and type of the coating and should
be assessed based on application.

STEP 5. Sample desorption, Time - 5-120 min per plate

Step 5.1 Prepare 10 ml of the desorption solution by mixing aceto-
nitrile with ultrapure water, 1:1 v/v

NOTE: The composition and volume of the desorption solution
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should be determined for the given application.

Step 5.2 Spike desorption solvent with deuterated/isotopically
labeled internal standards. Final concentration of 100 ng/ml.

NOTE: Concentration should be evaluated based on the available
standards and recoveries of the analyte,

ATTENTION! Check the solubility data of the standards of choice
before the experiment.

Step 5.3 Pipette 100 pl of spiked desorption solution into each well.

Step 5.4 Transfer the SPME-lid onto the PCR plate.

PAUSE! Wait for the end of the desorption time.

ATTENTION! 120 min is recommended for ensuring full desorption
of compounds into the desorption solution. Use shaking to enhance the
desorption efficiency (800-1500 RPM). Both the length and the agita-
tion speed should be determined for the given application.

Step 5.5 Cover the plate with PCR plate sealer or transfer samples
into gals inserts for storage or analyze immediately.

ATTENTION! When using new coatings for the application for the
first time, repeat desorption from the same fibers into a fresh portion of
desorption solution and perform instrumental analysis for carry-over.

STEP 5. Cleaning, Time - 1h

Step 5.1 Prepare 10 ml of a solvent mixture of methanol, acetonitrile,
and isopropanol, 50:25:25 v/v/v, respectively.

Step 5.2 Prepare a new 96-well plate. Pipette 200 pl solution into
each well.

Step 5.3 Immerse the fibers in the cleaning solution by carefully
lowering the SPME-lid.

PAUSE! Wait for at least 1 h to ensure all remaining compounds are
released from the SPME fiber. NOTE: You can use agitation to make the
process more efficient,

NOTE: Perform the instrumental analysis the cleaning solution after
the cleaning process to check for carry-over when performing the opti-
mized protocol for the first time.

ATTENTION! You can reuse clean fibers for analysis if you perform
targeted metabolomics or metabolism analysis. For untargeted metab-
olomics, exchanging fibers for each sampling is recommended.

NOTE: If fibers are to be reused, right after cleaning, put the fibers
into a preconditioning solution as per step 2. The fibers will be activated
appropriately for the next day sampling.

Fig. 12. The SPME-lid propped upside down on pipette tip boxes so it can face the UV bulb.
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4. Problem-solving

A researcher can encounter a few problems while performing

Green Analytical Chemistry 13 (2025) 100238

Table 6
Comparison of key improvements the SPME-lid system introduces upon previ-
ously presented high-throughput SPME system and in this protocol.

preparation with SPME coupled with LC-MS. Possible issues, with causes
and potential solutions, are included in Table 5.

5. Protocol evaluation

SPME, as a whole, is a technique that is highly adaptable to different
sample types, from liquid samples to tissue sampling. SPME in fiber
geometry was successfully used to analyze both volatile and non-volatile
compounds from cell cultures, Because it is very flexible, coating length
can be miniaturized even to 2 mm coating - that makes it very
compatible with the format most popular in cell culture testing, a 96-
well plate. However, when performing assays on cell cultures, it is
very important to design experiments to exclude any potential disrup-
tive factors that can falsify results. Therefore, SPME sampling in this
model is highly restricted in many parameters at the level of experi-
mental design. However, the upgraded SPME-lid 96-well sampling
model has been proven to have negligible influence on the growing cells,
as presented in Fig. 5, enabling extraction of the cells inside the incu-
bator i.e., in the optimum growing conditions. The possibility to perform
extractions inside an incubator provides many benefits compared to the
previously introduced SPME high-throughput system for in vitro sam-
pling, which are enlisted in Table 6. Overall, it ensures better control of
the conditions, increasing the reliability of results as well as the
repeatability of measurements while not increasing the sampling costs
compared to the previously presented high-throughput SPME sampling
method. Moreover, the expected results section presented that this
model offers the unigue possibility of multiple samplings from the same
well in a time-course manner, of untargeted and targeted metabolomics,
or drug analysis. Moreover, the SPME fibers can be cleaned and reused,
making the protocol more cost-effective and environmentally friendly.
The model itself can be created using universal microwell lids with no-
cut corners, which makes it compatible with many plates from different
vendors. The proposed SPME-lid system utilizes a septum typically used
for volatile compounds analysis. It makes exchanging old fibers for new
ones possible while isolating the cells from the potentially contaminated
air. Because SPME does not consume cell culture media, this model is
highly compatible with routine cell culture assays such as MTT assay,
BrdU assay, and so on (Fig. 6). This method also allows the minimal-
ization of the solvent used to no or less than 200 pl per sample and re-
duces the use of plastics in cell culture resting,

The possible limitations of the system arise mainly at the level of
SPME-lid assembly. The materials for the creation of the system are
widely available, but the personnel should be precise during steps 1.2,

Previous SPME high- SPME-lid
throughput
pH conerol No pH stabilization due tothe  pH stabilized by CO.
lack of CO, 1 i I inside
incubator
Extraction Room temperature 37°C
tempererature
Sumple Sample evaporation due to the  No sample evaporation —
evaporation lack of plate coverage plate covered by SPME-lid
Extraction time Short (up to 15 min) Long (up to 60 min)

1.4 and 1.5, that is, drilling holes in the lid, gluing the septum and
inserting the SPME fiber. Tilted SPME fibres in the SPME-lid systems
would be harder to insert into the wells of the plate and, therefore, be
more exposed to mechanical damage. The SPME fibre coatings should be
all at the same height so the whole coating is inserted into the liquid and
the precision of sampling is achieved. However, after the SPME-lid
system is set up properly, it can be used repeatedly in various experi-
ments and is not limited to just one series of samplings. This system is
specifically tailored to fit the 96-well format; however, in its current
format, it cannot support the 384-well plate that is also commonly used
in the initial screening of newly formulated drugs, which can also be
considered as a limitation,

As a whole, the presented protocol aimed to ensure clarity of high
throughput system setup and make the whole procedure easily repeat-
able by providing precise directions on which materials, solvents and
instruments were used, as well as presenting written and graphic in-
structions in a step-by-step way (Fig. 13). The protocol contained
additional warnings for particularly tricky parts and helpful tips that can
aid in adapting the protocol towards extraction of different compouds.
The introduction system highlighted the importance of study design and
proper way in which to standarize the analysis when using SPME as
sample preparation method, especially in in vitro analysis of living cul-
ture. Performing the protocol should therefore provide repeatable re-
sults, and if faced with problem the scientist can seek aid in the "Problem
solving” section.

5.1, Greenness evaluation

A metric tool focusing on sample preparation, AGREEprep, was uti-
lized to evaluate the greenness of the proposed high-throughput SPME
method. The evaluation was based on 10 impact categories, each
recalculated to 0-1 scale sub-scores, which were combined to determine

Table 5
Step-specific problems that might be encountered during the protocol with possible solutions.
Step Problem Possible reason Solution
Step1  The SPME-lid does not fit SPME fibers are not perpendicular  Leave the hypodermic needles inside the septum so they hold the SPME fibers perpendicular to
smoothly into the 96-well plate to the lid, at an angle the lid.
Step2  Poor repeatability Fibers were not preconditioned Adjust the height of the SPME fibers to be the same level. Make sure that all the extraction
equally phase is submerged in preconditioning solution
Step4  Poor repeatability Not all fibers were immersed into Adjust the height of the SPME fibers to be the same level. Make sure that all the extraction
the cell culture medium phase is submerged in preconditioning solution
Step Poor repeatability Damaged coating during inserting/  Make sure to Jower and rise the SPME-lid carefully. Inspect coating condition after extraction.

25 removing SPME-lid

Step 4 Poor repeatability and extraction Adsorption of target analytes onto
cfficiency the well walls

Step4  Poor repestability snd extraction Suboptimal desorption solution
efficiency

Step4  Poor repeatability and extraction  Suboptimal desorption time
efficiency

Step4  Poor repeatability and extraction  Unstable analyte present in the
efficiency sample

Perform extraction of standard in matrix in 96-well plate, remave the samples and wash the
wells with organic solvent (e.g. MeOH, ACN, mix of both or other). Analyze performance of
different 96-well plates, Choose the one that is the least absorptive to minimize the loss of
analytes,

Perform the optimalization of the desorption solution with di orgunic solvent-t t
ratio and addition of acids such as formic acid (e.g. 0,1 % FA, ANC:H,0, 1:1)

Perform the desorption time optimization in various time points

Desorb the analytes in low temperatures, preferably on ice, shorten the desorption time,
Perform the analysis as fast as possible after the desorption.

12
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Fig. 13. Graphical abstract of the procedure. Steps presended on the blue
background schould be performed in sterile conditions, under the laminar flow
hood, while steps presented on the wite background do not require sterile
conditions. Step in a red square takes place inside the 96-well plate containing
cells in culture and should take place inside the CO, incubator. Parameters in
gray-italic schould be determined by a given application.

the final assessment score. Additionally, the assessment allowed for
differentiation between the importance of criteria by assigning weighted
values. The criteria were as follows: 1 —sample preparation placement; 2
—hazardous materials; 3 —sustainability, renewability, and reusability of
materials; 4 — waste; 5 — size economy of the sample; 6 — sample
throughput; 7 - integration and automation; 8 — energy consumption; 9
~ post-sample preparation configuration for analysis; 10 - operators
safety. The use of SPME-lid high-throughput system for time-course
targeted metabolomic analysis received 0.75 score on 0-1 scale
(Fig. 14) with particularly good scores in category 1 with in-line sample
preparation placement, category 5 with size of the sample being only
100 pl, and category 6 with sample throughput, where 96 samples can be
extracted and then desorbed at once. However, some of the parameters
could not be beneficially evaluated in terms of greenness. The steps
specifically required in SPME sample preparation caused the parameters
such as 7th - integration and automation, or 4th - waste, to have low
scores. Multiple separate steps, such as preconditioning, washing and
cleaning, that are necessary for the classical SPME, lower the score.
Those steps generate manual labor, where SPME lid has to be transferred
by-hand from plate to plate. Each of those steps also creates waste in
form of solvents and plastic waste. Some of the plastic plates for steps
such as preconditioning or first wash can be reused, which lowers the
amount of waste created. Moreover, the SPME fibers themselves, after
appropriate cleaning, can be reused for targeted approaches. The in-
novations in SPME fiber coating themselves, which minimize steps such
as preconditioning, could further decrease the generated waste. The
introduction of glass 96-well plates for all the steps, except for extrac-
tion, could also reduce the plastic waste generated because, after
appropriate cleaning, the plates from the second wash and desorption
could also be reused. The 9th parameter — post-sample preparation
configuration for analysis also received a lower score. Generally, for
metabolomic analysis, especially from small samples, it is required to
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Fig. 14. Results of the AGREEprep analysis of high-throughput, time-course
targeted metabolomic analysis of cell culture in 96-well plate format. 1 -
sample preparation placement; 2 — hazardous materials: 3 — sustainability,
renewability, and reusability of materials; 4 - waste; 5 - size economy of the
sample; 6 - sample throughput; 7 — i and ion; 8 - energy
consumption; 9 — post-sample preparation configuration for analysis; 10 — op-
erators safety.

&

use detectors of high sensitivity and resolution, therefore it is necessary
to have an LC-MS platform [35]. This detector requires advanced
knowledge, it is not readably available and consumes high amounts of
energy. However, it is determined by the type of analysis performed in
this protocol — the SPME-lid system can be also applied for targeted
analysis of drugs or contaminants, where simpler detection devices can
be used.

The SPME-lid system could benefit in terms of greenness with further
work on automatization. While manual labor in form of transferring
cach fiber separately in-between steps, they could be transferred all at
once by an automatized arm. An automation of SPME in high-
throughput format has already been proposed [36]. A similar device
could be proposed for the SPME-lid. However, adjustments should be
made for the device so it can be light and miniaturized to fit under the
laminar flow hood.

6. Summary and conclusions

This protocol presented the development and application of an
upgraded high-throughput Solid Phase Microextraction (SPME) system
designed for biocompatible in vitro extractions from small volumes for
toxicological and pharmaceutical assays. The upgraded SPME system
offers an eco-friendly, cost-effective, and scalable solution for high-
throughput in vitro metabolomics, supporting pharmaceutical and toxi-
cological research advancements.
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6.2.Zastosowanie opracowanego systemu probkowania SPME-lid w analizie
zmian metabolomu zewnatrzkomorkowego linii ustalonych glejaka
mozgu A-172 oraz U-87 MG w czasie po potraktowaniu maltolanem galu.

Metabolomika stanowi kluczowe uzupetnienie klasycznych badan farmakologicznych in vitro,
poniewaz pozwala réwnoczesnie oceni¢ wptyw zwigzku na sieci metaboliczne komoérki oraz
wychwyci¢ wczesne, mechanistyczne sygnaly dziatania 1 toksycznosci. Profilowanie
maloczasteczkowych metabolitéw umozliwia powigzanie odpowiedzi fenotypowej z konkretnymi
szlakami, identyfikacje biomarkerow farmakodynamicznych oraz wglad w zdarzenia ADME na
poziomie komoérkowym. Zewngtrznokomdrkowa metabolomika, polega na profilowaniu zmian
stezen metabolitow w pozywce hodowlanej, co odzwierciedla bilans poboru i wydzielania przez
komorki 1 pozwala nieinwazyjnie $ledzi¢ ich odpowiedz na leki w czasie. Zastosowania w
modelach ssaczych obejmuja standardowe protokoly poboru kondycjonowanego medium
komoérkowego 1 wykazuja przydatno$¢ metabolomiki zewnatrzkomoérkowej do porownywania

odpowiedzi na leczenie oraz do odkrywania biomarkeréw skutecznoéci >7-8,

Komorki linii ustalonych glejaka mozgu A-172 (CLS, Eppelheim, Niemcy) hodowano w medium
komoérkowym RPMI 1640 (Corning, NY, USA) oraz U-87 MG (ATCC, Manassas, USA) w
medium MEM (Corning, NY, USA), oba suplementowane 10% FBS (Corning, NY, USA) oraz
1% rozworu antybitykow 1 antymikotyku (Merck Group, Darmstadt, Niemcy). Komorki posiano
w gestosci 2500 kom/dolek. W skrocie, po 24h inkubacji komorki poddano dziataniu GaM (THE
BioTech, Los Angeles, CA, USA) w réznych stezeniach: 100, 90, 80, 70, 60, 50, 40, 30, 20, 10
uM dla linii A-172 oraz 240, 210, 180, 150, 120, 90, 75, 50, 35, 20 uM dla linii U-87 MG. Po 72h
inkubacji wykonano test MTT (Merck Group, Darmstadt, Niemcy), ktérego wyniki pozwolity na
wylonienie st¢zenia hamujacego (ang. Inhibitory Concentration, IC) IC90, IC50 1 IC10 dla kazde;j
z linii (Ryec. 2).
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Przezywalnos¢ linii A-172 Przezywalnos¢ linii U-87 MG
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Rycina 2. Przezywalnosé linii komorkowych A-172 (po lewej) i U-87 MG (po prawej) oraz
stezenia 1C90, IC50 i IC10 okreslone na podstawie wykonanego testu MTT przedstawiona jako

zaleznos¢ przezywalnosci (procent w porownaniu do kontroli) od stezenia po 72h inkubacji z GaM.
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Obliczone na podstawie wynikow testu MTT $rednie stgzenie IC50 (A-172 - 34 + 9.9 uM, U-87
MG - 41 £ 3.5 uM) zostato nastepnie zastosowane w dalszych testach.

Komorki ponownie posiano na ptytke 96-dotkowa 1 po 24h do dotkow dodano 100 pl §wiezego
medium lub zawierajacego GaM, koncowe stezenie GaM w dotku wynosito 34 uM dla linii A-172
141 uM dla linii U-87 MG. Kolejny etap eksperymentu przeprowadzono analogicznie do protokotu
opisanego w publikacji P.2. Pobieranie probek z pomocg SPME-Ilid (wiokna PAN-HLB, 3 mm
pokrycia) trwato 20 minut i obywato si¢ 1h po dodaniu GaM a nastgpnie co 24h az do 72h
inkubacji. Po ostatniej ekstrakcji dla czg¢sci dotkow zakonczono eksperyment testem MTT (n = 4)
(Ryc.3), natomiast reszt¢ poddano testowi na pomiar konsumpcji tlenu (ang. Oxygen Consumption
Rate, OCR) (n = 2) (Ryc. 4). Dane z MTT zostaly przeliczone na procent przezywalno$ci w
stosunku do kontroli, wykonano test Wilcoxona z korekta Homla w celu wytonienia istotnych

statystycznie zmian (Ryec. 3).

Porownanie: Kontrola vs GaM
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Rycina 3. MTT —Przezywalnos¢ dla U-87 MG i A-172 po 72h inkubacji z GaM lub czystym
medium (kontrola) i 4-krotnej ekstrakcji z pomocqg SPME-Ilid.
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Pomiar konsumpcji tlenu - A-172
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Rycina 4. Pomiar konsumpcji tlenu linii komorkowych A-172 oraz U-87 MG po 72h inkubacji z
GaM (G) lub czystym medium komorkowym (K).
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Widékna SPME poddano desorpcji i przeanalizowano z uzyciem LC sprz¢zonym ze spektrometrig
mas (ang. mass spectometry, MS), jak opisano w P.2. Uzyskane wyniki znormalizowano w
programie Metaboanalyst (normalizacja medianowa, log-transformacja, autoskalowanie),
nastepnie analizowano zmiany poziomu metabolitow w czasie z uzyciem modelu liniowego
mieszanego. Dla efektéw stalych przeprowadzono testy F z korekcja Kenwarda—Rogera dla stopni
swobody. Nastepnie obliczono poroéwnania post-hoc. Na wielokrotno$¢ testowania natozono
kontrolg odseteka fatszywych odkry¢ (ang. False Discovery Rate, FDR). Za istotne uznawano FDR
< 0,05. Wizualizacje trajektorii przedstawiaty srednig + odchylenie standardowe w funkcji czasu
dla obu grup. Nastepnie wytoniono 6 najistotniej zmienionych metabolitow dla linii A-172 (Ryc.

5) oraz linii U-87 MG (Ryc. 6).

Poziom metabolitow w czasie (Kontrola vs GaM) A-172
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Rycina 5. Znormalizowany poziom metabolitow w czasie (1-72h) dla 6 metabolitow najbardziej

zmienionych dla komorek traktowanych i kontrolnych linii A-172.
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Poziom metabolitéw w czasie (Kontrola vs GaM) U-87 MG
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Rycina 6. Znormalizowany poziom metabolitow w czasie (1-72h) dla 6 metabolitow najbardziej

zmienionych dla komorek traktowanych i kontrolnych linii U-87 MG.

W obu liniach komoérkowych dodatek GaM obnizat aktywno$¢ metaboliczng i przezywalnos¢
w porownaniu do kontroli. W pomiarze OCR, po poczatkowym piku krzywe stabilizuja sig,
asygnat w kontroli pozostaje wyraznie wyzszy niz w komorkach traktowanych GaM przez
wiekszos$¢ czasu, szczegbdlnie w U-87 MG; zmienno$¢ maleje po 20-30 min (Ryc. 4). W tescie
MTT A-172 wykazuje silny spadek przezywalnosci po potraktowaniu GaM (ok. 25-35% warto$ci
kontrolnej) z istotnos$cig statystyczng p < 0,001, natomiast w U-87 MG obserwujemy umiarkowane
obnizenie (mediana ~80-85% vs ~100% w kontroli) z trendem do istotnosci (p = 0,059) (Ryc. 3).
Krzywe przezywalno$ci maja przebieg sigmoidalny; dla A-172 sg przesunigte w lewo wzgledem
U-87 MG, co oznacza nizsze wartosci IC (Ryc. 2). Przy niskich st¢zeniach pojawia si¢ miejscami
niewielka stymulacja (>100%), bardziej widoczna w U-87 MG, natomiast przy wysokich
stezeniach osiggane jest plateau niskiej przezywalnos$ci. Zestawiajac te wyniki, GaM wyraZnie
ostabia funkcje metaboliczne 1 zywotno$¢ komorek, przy czym efekt jest silniejszy w A-172 niz

w U-87 MG, co potwierdzajg nizsze wartosci IC10/IC50/IC90 w A-172.

Na wykresach zmiany metabolitow w czasie dla A-172 wida¢ silng zalezno$¢ efektu od czasu (Ryec.

5). Dla cysteiny, kwasu orotowego i fenyloalaniny okoto 48h w GaM wystepuje wyrazny spadek,
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podczas gdy w kontroli poziomy pozostaja dodatnie lub rosng. Odmienny wzorzec maja seryna,
tryptofan 1 uracyl - po wczesnym obnizeniu dla komoérek traktowanych nastepuje wzrost
1w przedziale 48—72h wartosci w GaM przewyzszaja kontrolg. Najwieksze rdznice miedzy
grupami skupiajg si¢ wokoét 48h. Dla U-87 MG trajektorie sg bardziej zmienne 1 czesto si¢
przecinaja, a rozbieznosci rowniez kulminujg okoto 48 h (Ryc. 6). Adenozyna jest wyzsza w dla
komorek traktowanych GaM na poczatku (1-24h), po czym spada i przy 72h dominuje kontrola.
Allantoina ro$nie do 24 h, ma minimum przy 48h i wyréwnuje do 72h. W cholinie kontrola
systematycznie ros$nie, a dla komorek inkubowanych z substancja badang obserwowany jest spadek
w 48h i zbliza si¢ do kontroli w 72h. Dla histydyny, leucyny i lizyny obserwujemy, iz poziomy
metabolitow zmieniajg si¢ w sposob odwrotny migdzy kontrolg a komoérkami traktowanymi.
Maksimum poziomu dla komoérek traktowanych plasuje si¢ okoto 24h 1 minimum 48h, podczas
gdy w kontroli odwrotnie; przy 72h kontrola jest wyzsza, szczeg6lnie dla lizyny. Cato$ciowo

wskazuje to na wyrazny, zalezny od czasu wplyw GaM, najsilniejszy w okolicy 48h.

Krzywe przezywalno$ci wykazaty wigksza wrazliwos¢ farmakodynamiczng linii A-172 niz U-87
MG, natomiast pomiary OCR potwierdzily trwate obnizenie konsumpcji tlenu w obecnosci GaM
wzgledem kontroli w obu liniach, bardziej konsekwentne w U-87 MG po ustapieniu wczesnego
piku. Analiza trajektorii metabolitow ujawnita wyrazng zaleznos¢ efektu od czasu z maksymalnymi
réznicami okoto 48h. Dla linii A-172 po potraktowaniu GaM obserwowano spadek poziomow
m.in. cysteiny, kwasu orotowego 1 fenyloalaniny, przy jednoczesnym p6znym wzroscie seryny,
tryptofanu i uracylu; w U-87 MG dominowat spadek poziomu metabolitow w 48h inkubacji oraz
przewaga kontroli do 72h. Zestawienie wynikow wskazuje, ze GaM hamuje oddychanie
mitochondrialne i moduluj¢ metabolizm aminokwaséw/prekursoréw nukleotydow w sposob
zalezny od linii i1 czasu; przy nizszych warto$ciach IC w A-172 1 bardziej konsekwentnej supres;ji

OCR w U-87 MG.
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6.3.Wplyw maltolanu galu na hodowle komorkowe glejakéw mozgu w
hodowli jednowarstwowej (2D) oraz tréojwymiarowej (3D) in vitro.
Analiza metabolomu wewnatrzkomorkowego linii komoérkowych
ustalonych oraz komoérek wyprowadzonych od pacjentéow polaczona
z ocena poziomu receptora dla transferyny i pomiarem oddychania
mitochondrialnego. — P.3.

Opis dotyczy pracy: Szeliska, P., Jaroch, K., Wroblewska, W., Kazmierski, L., Maj, M., Bojko,
B. Culture Dimensionality Governs Gallium Maltolate Response in Glioblastoma: Comparative
Analyses in 2D and 3D Models.

GBM pozostaje nowotworem o bardzo ztym rokowaniu, a skuteczno$¢ dostepnych terapii jest
ograniczona. W pracy oceniono, w jakim stopniu wymiar hodowli komoérkowej (2D vs 3D)
ksztaltuje odpowiedz GBM na GaM — zwiazek ukierunkowany na procesy zalezne od zelaza,
w tym funkcje mitochondriow oraz rybonukleotydoreduktaze, postrzegany jako obiecujacy
kandydat terapeutyczny. Zasadniczym celem byto poroéwnanie efektow GaM w panelu modeli
GBM obejmujacym linie utrwalone (A-172, U-87 MGQG) oraz linie wyprowadzone od pacjentow
(3005, 3019, 3034, 3048, 3073), przy jednoczesnej integracji odpowiedzi fenotypowej
(przezywalno$¢, oddychanie mitochondrialne) z danymi metabolomicznymi oraz poziomem

receptora transferyny TFRC.

Projekt badania faczyt klasyczne testy cytotoksycznosci z analiza metabolomiczng. W warunkach
2D wykorzystano test MTT, natomiast w 3D (sferoidy) — CellTiter-Glo 3D, co pozwolito
wyznaczy¢ parametry IC10/IC50/IC90 1 poréwna¢ wrazliwo$¢ miedzy modelami 1 formatami
hodowli. Rownolegle oznaczono poziom TFRC (ELISA, normalizacja do biatka catkowitego) oraz
oceniono OCR jako wskaznik funkcji mitochondrialnej. Do profilowania metabolitow
zastosowano ukierunkowang metode LC-MS/MS sprzezong z przygotowaniem probek
wykorzystujac SPME/CBS; dane wstepnie przetwarzano (kontrola jakosci QC, batch correction,
log-transformacja, autoskalowanie), a nast¢pnie analizowano z uzyciem analizy gtownych
sktadowych (ang. Principal Component Analysis, PCA) i analizy dyskryminacyjnej ( ang. Partial
Least Squares Discriminant AnalysisPLS, PLS-DA), przyjmujac prog znaczenia zmiennych
w projekcji (ang. Variable Importance in Projection, VIP) > 1 oraz kontrole FDR dla selekcji cech
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réznicujacych. Dla poréwnan wielogrupowych zastosowano test Kruskala—Wallisa z post-hoc
Dunna, a dla dwugrupowych — test Wilcoxona; do oceny zwigzku TFRC z wrazliwoscig na GaM

wykorzystano korelacj¢ Pearsona.

SPME sample
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Rycina 7. Schemat eksperymentu na liniach komorkowych ustalonych GBM oraz komorkach

wyprowadzonych od pacjentow GBM w modelu hodowli 2D oraz 3D po potraktowaniu GaM.

Najwazniejszym wynikiem pomiaru przezywalnos$ci komoérek w zaleznosci od stezenia GaM jest
obserwowana w wigkszosci modeli zmiana w kierunku wigkszej pozornej wrazliwosci w 3D. Efekt
ten sugeruje, iz sferoidy 3D sa bardziej ztozonymi mikrosrodowiskami, ktorych odpowiedz
trudniej przewidzie¢. Jednoczesnie migdzy liniami obserwowano zrdéznicowanie sity 1 ksztattu
odpowiedzi: w czgsci z nich krzywe byty wyraznie bardziej strome w 3D, w innych rdznice miedzy

2D i 3D byly mniejsze.

Analiza zalezno$ci TFRC wykazata, ze w 2D poziom TFRC istotnie korelowat z IC50, co
wskazuje, ze ekspresja receptora transferyny moze odzwierciedla¢ zapotrzebowanie komorek na
zelazo 1 wspotksztattowa¢ odpowiedz na GaM. W 3D zalezno$¢ ta zanikala lub byta stabsza, co
sugeruje, ze mikrosrodowisko sferoidu (np. architektura, gradienty, bariery dyfuzji) staje si¢
czynnikiem nadrzednym wobec pojedynczego biomarkera. Zwrocono roéwniez uwage na
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zachowanie linii U-87 MG w 3D, ktoéra odbiegala od pozostatych modeli; po wylaczeniu jej z
analizy korelacja miedzy TFRC a IC50/IC10 ulegala istotnemu wzmocnieniu, co podkresla

znaczenie heterogenicznosci modeli przy interpretacji biomarkerow.

Pomiary OCR potwierdzity oddzialywanie GaM na funkcj¢ mitochondriow: w liniach A-172, U-
87 MG, 3048 1 3073 obserwowano wyrazne obnizenie zuzycia tlenu, szczego6lnie w 3D. Niektore
modele hodowli pierwotnej (np. 3005, 3019) wykazywaty wzgledng ,,odporno$¢” oddychania na
leczenie, co moze wskazywac na alternatywne strategie metaboliczne i/lub ograniczone dotarcie
zwiazku do stref aktywnej proliferacji w sferoidzie. Obserwowane réwniez rozbieznosci miedzy
OCR a TFRC (np. stabilny OCR przy spadku TFRC), co sugeruje przebudowe szlakdéw

wspierajacych bioenergetyke przy zmieniajacej si¢ gospodarce zelazem.

Wyniki metabolomiczne zinterpretowano na trzech poziomach: (i) separacja grup w przestrzeni
wielowymiarowej (PCA/PLS-DA), (ii) identyfikacja zmiennych o wysokim znaczeniu
projekcyjnym (VIP > 1) przy kontroli FDR, (iii) analiza szlakowa. Stopien i kierunek separacji
r6znil si¢ migdzy liniami 1 zalezat zarowno od formatu, jak i czasu inkubacji: w A-172 1 U-87 MG
dominowaty efekty czasowe, w 3005 1 3048 separacja byta obserwowana gtownie przy porownaniu
komorek traktowanych z kontrola, w 3019 1 3034 kluczowy okazywat si¢ format hodowli, a w 3073
widoczny byl efekt taczny czasu i formatu. Jako wspdlny mianownik przedstawiono zestaw
metabolitow, ktory najtrafniej streszcza oddziatywanie GaM: tryptofan, metionina, uracyl
1 allantoina. Tryptofan ulegal systematycznemu obnizeniu (wplyw na szlak kynureninowy/o$
immunometaboliczng), poziom metioniny spadal (presja na cykl folianowy 1 potencjat
metylacyjny), uracyl zmieniat si¢ w sposob §wiadczacy o zaburzeniach puli pirymidyn i obrocie
kwasow nukleinowych, a allantoina — wskaznik stresu oksydacyjnego i przemian puryn — wzrastat,
zgodnie z hipoteza redoksowego obcigzenia pod wplywem GaM. Analiza Sciezek potwierdzita
udzial szlakéw aminokwasow (tryptofan, metionina), nukleotydow (pirymidyny/puryny) oraz

redoks.

Wyniki te wzmacniajg argument za stosowaniem modeli 3D 1 linii pierwotnych wyprowadzonych
od pacjentéw w ocenie GaM, gdyz lepiej odzwierciedlajg one warunki in vivo 1 ujawniajg
ograniczenia wnioskowania na podstawie monowarstw. Jednocze$nie pokazuja one, ze odpowiedz
na GaM jest ksztattowana jednoczesnie przez dostgpnos¢ zelaza, sprawno$¢ mitochondriow oraz

szlaki metaboliczne (aminokwasy, nukleotydy, redoks), a wigc ma charakter wielotorowy.
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Wskazane zostaly potencjalne kierunki rozwoju: rozszerzenie panelu modeli pierwotnych,
bezposrednie pomiary akumulacji galu i penetracji GaM wewnatrz sferoidu, a takze ocena strategii

laczonych ukierunkowanych na mitochondria.

Podsumowujac, sposob hodowli istotnie modyfikuje odpowiedz GBM na GaM. W ujeciu
ilosciowym GaM obniza przezywalnos$¢ i aktywno$¢ mitochondrialng, a efekt jest na ogot
silniejszy 1 bardziej widoczny w 3D niz w 2D; jednoczes$nie relacja miedzy TFRC a wrazliwoscig
na GaM powinna by¢ ostroznie interpretowana, poniewaz nie zawsze pozostaje bezposrednia i nie
musi przenosi¢ si¢ z monowarstwy na sferoid. Zidentyfikowany panel czterech metabolitow —
w powigzaniu z OCR — moze sta¢ si¢ potencjalnym kandydatem do dalszej weryfikacji pod
wzgledem stanowienia wskaznika odpowiedzi. Praca dostarcza spojnych przestanek, ze modele 3D
1 linie pierwotne stanowia srodowisko blizsze in vivo dla GaM 1 innych zwigzkow ingerujacych

w gospodarke zelaza oraz bioenergetyk¢ GBM.
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Abstract: Gallium maltolate (GaM) targets iron-dependent processes in glioblastoma (GBM), but
responses vary with model context. We evaluated GaM across established (A-172, U-87 MG) and
patient-derived (3005, 3019, 3034, 3048, 3073) GBM lines in 2D and 3D using viability modelling
(IC10/1C50/1C90), TFRC quantification, oxygen consumption rate (OCR), and PCA/PLS-DA-
guided metabolomics with FDR and VIP-based selection. GaM reduced viability in all models,
with a right-shift of dose-response in 3D. TFRC correlated with IC50 in 2D but not 3D, unless
excluding U-87 MG from the analysis. OCR was markedly suppressed in A-172, U-87 MG, 3048,
and 3073, particularly in 3D, while 3005 and 3019 were more respiration-resilient. Multivariate
analyses showed treatment-dominant separation in 3005/3048, format dominance in 3019/3034,
and time effects in A-172/U-87 MG/3073. A concise metabolic signature (tryptophan, methionine,
uracil, allantoin) indicated coordinated perturbations in amino acid, nucleotide, and redox

pathways. These findings support 3D, patient-derived systems for more predictive GaM evaluation.

Key words: gallium maltolate; glioblastoma; 3D culture; Solid Phase Micorextraction,

Pharmacometabolomic
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1. Introduction

Glioblastoma (GBM) is a very heterogeneous tumor associated with a poor survival rate.
According to WHO's classification for 2021, histological analysis of tissue is no longer sufficient
to classify a central nervous system tumor'. GBM diagnosis includes investigation of mutation in
isocitrate dehydrogenase (IDH-wildtype) and three genetic characteristics: TERT promoter
mutation, EGFR amplification, and +7/-10 chromosome copy number. This new grading system
allowed classifying histologically II or III grade diffuse gliomas into IV grade. Standard GBM
treatment is composed of tumor resection followed by radiotherapy and temozolomide
chemotherapy. However, research on molecular subtypes of glioblastoma suggested further
differentiating them based on molecular changes. It would allow for personalized treatment. Novel
GBM therapy focuses on a targeted approach. Immunotherapy., molecular-targeted, and
angiogenesis-targeted approaches are most intensely researched’. However, bevacizumab is the
only targeted drug for recurring GBM treatment approved so far. There is still a need for new
therapeutic approaches to improve the survival rate of patients®.

Gallium was first introduced in the medical field in the late 1960s as a radioisotope*. However,
some Ga(IIl) complexes showed potential in oncological therapy. Ga(III) shares some properties
with iron and can be introduced into metabolic pathways as an iron substitute. Ga(IIT) can bind to
iron-binding proteins and cause iron deficiency in rapidly proliferating cells such as cancer cells’.
Transferrin (Tf) is a protein with two iron-binding sites and is responsible for delivering iron to
cells; therefore, it is a potential way to provide Ga-based compounds as well. Approximately one-

third of the circulating Tf is an iron-loaded Tf, also known as holo-Tf. This loaded Tt enters the
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cell by binding to the Tf receptor (TfR1 and TfR2), and the non-loaded Tf (apo-Tf) remains
circulating in the organism. It leaves about 2/3 of Tf available to deliver Ga(Ill)-complexes into
cells ®7. Nowadays, researchers focus on three Ga-complexes with the highest potential in clinical
applications, and they are currently undergoing clinical trials: gallium nitrate (GaN), tris(8- 8-
quinolinolato)gallium(IIT) (KP46), and gallium maltoalte (GaM) ®. GaM is a complex of a gallium
ion and three deprotonated gallium groups. It was proven to have a few times higher bioavailability
than gallium salts’. It is an orally administered compound due to its high bioavailability; moreover,
most of it is Tf-bound in the blood!”. It has been proven to inhibit cell proliferation in lymphoma
resistant to GaN !'. Lately, Chitambar et al. analyzed the mechanism of action of GaM in 2D and
3D glioblastoma cell culture, as well as in tumor rat xenograft, and showed the potential of GaM
to induce tumor cell apoptosis via disrupting the iron homeostasis. The ability of gallium to cross
the blood-brain barrier (BBB) by binding to endogenous Tf has enhanced delivery and targets T{R-
bearing GBM. GaM has been shown to influence mitochondrial function of tumor cells as well as
RRM2 activity, leading to blocking DNA synthesis in GMB cells without affecting normal cells.
GaM has an impact on the TCA cycle and inhibits mitochondrial oxygen consumption'?. A phase
1 clinical trial is being conducted to determine the response of patients with relapsed and/or
treatment-refractory tumors 13,

Metabolic alterations in cancer cells have long been explored for their usefulness in profiling the
phenotypes of many tumors. Research revealed a good correlation between mutations found in
GBM, e.g.. PDGFRA, IDH1, EGFR, and NF1 and the tumor's metabolic fingerprint. Thanks to
extensive work on determining possible GMB metabolomic profiles, it became a promising tool
for preclinical drug screening and tumor resistance to therapy exploration. However, the
correlations between tumor metabolomic profile, TFRC, and the GaM treatment response have not

yet been made. The comparison of the metabolomic profile with the results of standard cell culture
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assays will help to evaluate potential onco-metabolic targets for assessing the efficiency of the
GaM therapy.

SPME is not a commonly used sample preparation method, yet it is an extremely promising tool
for in vitro pharmaceutical research, as proven in previous studies conducted in our laboratory '#!%
and other studies'®'”. Moreover, SPME was previously used for the analysis of brain and brain
tumors in vivo'* 23, Results revealed that SPME can provide spatially resolved metabolic and
lipidomic profiles of patients' brains in vivo by utilizing minimally invasive sampling, which omits
physical sample consumption. Due o this unique feature, the technique is also known as ““chemical
biopsy”. In addition, the use of specially optimized biocompatible coating enables covering both
hydrophobic (e.g., lipids) and polar compounds (e.g.. amino acids)'®. The same method was
proposed for the studies of brain tumors. SPME in fiber form was used to penetrate tumor tissue
for metabolome/lipidome sampling. The results showed that this sample preparation method was
capable of providing a characteristic phenotypic snapshot of the brain tumor, providing lipidomic*?

and metabolomic®

markers of disease. Following these investigations, targeted lipidomic analysis
with the use of Coated Blade Spray was carried out. The results showed different levels of carnitine
and acylcarnitines correlating with IDH-mutation and 1p/19q co-deletion status. Moreover,
utilizing CBS, which omits LC separation and allows for fast instrumental analysis without
compromising sample cleanup, demonstrated the potential of the approach for rapid on-site
screening of potential biomarkers.'%?!

Combining pharmaco-metabolomics with cell phenotype and genetic analyses in 3D culture
models may advance understanding of glioblastoma, particularly within the iron-imbalanced

microenvironment. Linking these profiles with therapeutic response could provide novel insight

into gallium maltolate as a potential treatment. Applying SPME for the studies, which has proven
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its usefulness in glioma metabo-lipidomic profiling, in vitro and in vivo temporal studies, would

help bridge the presented in vitro data with subsequent in vivo animal research.

2. Materials and Mcthods

Unless stated otherwise, all chemicals were purchased from Merck Group (Darmstadt,
Germany).

2.1. Gallium malotlate (GaM) preparation

Gallium maltolate was purchased from THE BioTech (Los Angeles, CA, USA) and kept at 4°C.
Stock solution of 1 mM was prepared by suspending in sterile, ultra-pure water, vortexing and 5
min sonication, followed by another thorough vortexing.

2.2. 2D Cell culture

Cell line U-87MG was purchased from American Type Culture Collection (ATCC, Manassas,
USA), A-172 cell line was purchased from Cell Line Service (CLS, Eppelheim, Germany). Both
cell lines were cultivated in DMEM (Corning, NY, USA) supplemented with 10% Fetal Bovine
Serum (Corning, NY, USA) and Antibiotic Antimycotic Solution. Cells were cultured at 37°C, 5%
CO2, and constant humidity. Patient-derived glioblastoma cells were acquired from the Human
Glioblastoma Cell Culture resource (www.hgee.se) at the Department of Immunology, Genetics
and Pathology, Uppsala University, Uppsala, Sweden 2. The 3005, 3019, 3034, 3048, and 3073
cells (basic characetristics in Tab. S1) were cultured according to the HGCC guidelines; DMEM:
F12 (high glucose):Neurobasal, 1:1 (Thermo Fisher Scientific Inc., Waltham, MA, USA)
supplemented with NI supplement (0.5x) and N2 supplement (0.5x), B27 supplement (1x),
Epidermal Growth Factor (EGF, 10 ng/ml) and basic Fibroblast Growth Factor (bFGF, 10 ng/ml)

and Antibiotic Antimycotic Solution. HGCC cells were cultured on culture dishes coated with
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polyornithine (10 pg/ml) and laminin (10 pg/ml). Cells were passaged at 70-80% confluence. U-
87MG and A-172 cell lines were detached with trypsin, while accutase was used for HGCC cells.
Cell counting was performed by mixing with trypan blue and counted by an automated cell counter
(Countess® II FL, Invitrogen by Thermo Fisher Scientific Inc., Waltham, MA, USA).

2.3. 3D cell culture

3D cell cultures were established from the 2D cell cultures described above. The protocol
described by Wanigasekara et al. was followed with minor changes®. Briefly, cells were counted
with an automatic cell counter, and a cell suspension of 10000 cells/ 200ul was prepared, and 200
pl of cell suspension was added to a 96-well ultra-low attachment culture plate (Nunc™, Thermo
Fisher Scientific Inc., Waltham, MA, USA). The plate was then spun (230 xg, 5 min) and cell
clusters incubated for 24h, and then 100 pl of media was removed and an equal volume of fresh
medium was added. 100 pl of cell culture media was changed every 2°4-3% day. Spheroids were
cultured for 10 days before GaM was added.

2.4. Viability assay

Cell viability was assessed using the MTT assay (2D cultures) or the CellTiter-Glo® 3D assay
(spheroid cultures). Cells of U-87MG, A-172, 3073, 3048, 3034, 3019, 3005 were seeded at a
density of 2500, 2500, 7500, 10000, 10000, 7500, and 12000 cells/well, respectively, in a 2D
culture and 10000 cells/well for spheroids (12000 for 3005 cell line). Cells were then incubated
(24h for 2D and 10 days for 3D spheroids). After incubation, 100 pl of fresh cell culture media was
added with GaM in a 15 to 165 uM concentration range. For 2D cells, the MTT assay was
performed after 24h and 72h. Celltiter Glo was performed after 72h and 7-day incubation for

spheroids.
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For 2D cell culture, after incubation, the medium was changed for 100 puL of MTT solution (1
mg/ml in DMEM with no phenol red, 10% FBS) and incubated for 3h. Formed formazan crystals
were dissolved in isopropanol (100 pl), and absorbance (570nm/690nm) was measured using a
microplate reader (Synergy HI, BioTek, Winoosky, VT, USA). Cell viability was expressed as a
percentage relative to the untreated control.

Cell viability in 3D spheroid cultures was determined using CellTiter-Glo® 3D Cell Viability
Assay (Promega). Following treatment with GaM, spheroids were gently transferred with a cut
pipette tip to a white 96-well plate. An equal volume of CellTiter-Glo® 3D reagent was added
directly to each well. Plates were incubated for 30 min at room temperature on an orbital shaker to
allow complete cell lysis and ATP stabilization. Luminescence, proportional to the amount of
metabolically active cells, was measured using a microplate reader. Cell viability was expressed as
a percentage relative to the untreated control.

2.5. Oxygen consumption assay

Extracellular oxygen consumption was measured using the Extracellular Oxygen Consumption
Assay (OCR) Kit (Abcam, ab197243, Cambridge, UK) following the manufacturer's protocol.
Briefly, cells were seeded in black, clear-bottom 96-well plates at a density of 1x10° cells per well
and cultured overnight. After adding GaM, 10 pL of Extracellular Oxygen Consumption Reagent
was added to each well. Plates were immediately sealed with the supplied mineral oil overlay to
prevent oxygen diffusion and incubated at 37 °C. Fluorescence (Ex/Em = 380/650 nm) was
measured kinetically using a microplate reader, and oxygen consumption rates were calculated
from the change in signal over time.

2.6. Protein Extraction and Quantification
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Cells were collected and transferred to 15 mL conical tubes. After centrifugation at 300 x g for
7 min at room temperature, cell pellets were resuspended in ice-cold PBS and centrifuged again at
300 x g for 7 min at 4 °C. Pellets were lysed in Complete Cell Extraction Buffer supplemented
with protease inhibitors (1 mL per | x 10”8 cells). Lysates were vortexed briefly, incubated on ice
for 30 min with intermittent mixing, and clarified by centrifugation at 13,000 x g for 10 min at 4
°C. Supernatants were transferred to fresh tubes and stored at —80 °C. Total protein concentration
was determined using the BCA Protein Assay Kit (Thermo Fisher Scientific) according to the
manufacturer's protocol.

2.7. Human Transferrin Receptor (TfR/CD71) ELISA

Following the manufacturer's protocol, TfR/CD71 levels were quantified using the Human
Transferrin Receptor ELISA Kit (Thermo Fisher Scientific Inc., Waltham, MA, USA). Based on
BCA quantification, equal amounts of protein were diluted in assay buffer and loaded in duplicate
into antibody-coated 96-well plates along with standards. After incubation at room temperature for
2.5h, wells were washed and incubated sequentially with biotinylated detection antibody and HRP-
conjugated streptavidin. Signal was developed with TMB substrate, and reactions were stopped
with 2 NH2SOs. Absorbance was measured at 450 nm using a microplate reader. TR
concentrations were calculated from the standard curve and normalized to total protein.

2.8. Cell lysis for endometabolome analysis

2D cells were collected during a standard passage procedure and counted by an automatic cell
counter as described in 2.2. Cells were resuspended in PBS (1 x 10° cells/ml). 3D spheroids were
transferred into Eppendorf tubes and centrifuged, then resuspended in PBS (1 spheroid/100ul).
Both 2D and 3D cells were submerged in liquid nitrogen for metabolome quenching and kept at -

80 °C until further analysis. Defrosted samples were sonicated (1 cycle, S min, 70%) and then
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cooled on ice (5 min). Extracts were centrifuged at 10,000 x g for 10 min, and the supernatant was
transferred into fresh collection tubes. Extracts were then spiked with an internal standard L-
Tryptophan-d8 (TRC, Vaughan, Canada) to monitor extraction in the final concentration of 100

ppb.
2.9. SPME-LC-MS/MS

Solid-phase microextraction (SPME) coated blade spray (CBS) devices (CB-HLB, 10 mm
coating, Restek Cat No. 23248) were purchased from Anchem (Warsaw, Poland). Before use, the
blades were preconditioned overnight in methanol: water (1:1, v/v) under static conditions.
Immediately before extraction, CBS blades were rinsed for 5 s with ultrapure water. For extraction,
120 uL of spiked sample was agitated for 2 h at 850 rpm using a BenchMixer™ X1.Q QuEChERs
Shaker/Vortexer (Merck Group). After extraction, blades were briefly rinsed again in ultrapure
water (5 s) before desorption. Analyte desorption was performed in acetonitrile: water (1:1, v/v)
for 2h under agitation at 850 rpm. Desorbed samples were analyzed using a Nexera UHPLC system
(Shimadzu, Kyoto, Japan) coupled to an LC-MS 8060 triple quadrupole mass spectrometer
(Shimadzu, Kyoto, Japan). The LC-MS/MS method was based on the Primary Metabolites Version
3 method package (Shimadzu, Kyoto, Japan). Chromatographic separation was performed on a
reversed-phase Discovery HS F5 column (100 mm x 2.1 mm, 3 um; Supelco, Bellefonte, PA,
USA). Quality control (QC) was ensured by including pooled QC samples and probe blanks
throughout the study

2.10. Data Processing and Statistical Analysis

Dose-response curves for GaM were generated from MTT and CellTiter-Glo viability assays
using R (tidyverse, drc, and stringr packages). Inhibitory concentrations (IC10, ICS50, IC90) were

estimated using the drc package ED function.
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Transferrin receptor (TFRC) expression levels were quantified, and statistical significance of
group differences was assessed in R using tidyverse, ggplot2. ggpubr, dplyr, and FSA packages.
Comparisons between groups were performed with a two-tailed Student's r-test, with p < 0.05
considered statistically significant.

The association between baseline TFRC levels in untreated control cells and GaM sensitivity
(IC10 and IC50 values) was evaluated using Pearson's correlation test, implemented in R with
tidyverse and ggpubr packages.

LC-MS/MS raw data were processed with Skyline software with MRM transitions provided in
the Primary Metabolites Version 3 method package (Shimadzu, Kyoto, Japan).

Pooled QC and blank samples were used for data pre-processing. Pre-processed data sets were
implemented into Metaboanalyst 6.0, a free online software®®. Metaboanalyst's batch correction
module was used in automated mode. Batch corrected data were further normalized based on
internal standard and analyzed in Metaboanalyst, Statistical Analysis [one factor] with the
following parameters for normalization node: sample normalization was set to none, data were
logl0 transformed, and auto scaling data scaling was implemented. Principal component analysis
(PCA) and partial least squares discriminant analysis (PLS-DA) were performed to evaluate the
separation among sample groups. Variables with variable importance in projection (VIP) scores
exceeding 1 were designated as significant, reflecting their contribution to the model's
discriminative power and predictive reliability.

Further statistical analyses were performed in R (version 4.5.0) using the dplyr, ggplot2, ggpubr,
ggsignif, tibble, tidyverse, FSA, and purrr packages. The Kruskal-Wallis test followed by Dunn's
post hoc test with false discovery rate (FDR) correction was applied for four-group comparisons.

For two-group comparisons, the Wilcoxon rank-sum test with FDR correction was used.
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Metabolites were considered significant if they passed the statistical threshold and exhibited a
variable importance in projection (VIP) score greater than 1.

3. Results

3.1. TFRC Expression and Its Association with GaM Sensitivity in 2D and 3D Culture Systems

Dose-response analyses revealed apparent differences in GaM cylotoxicity between 2D and 3D
culture formats across the tested glioblastoma cell lines (Fig. 1). In 2D cultures, IC50 values ranged
widely among cell lines. In contrast, in 3D cultures, a general shift toward higher drug tolerance
was observed, with some lines showing pronounced resistance at clinically relevant concentrations.
Specific lines (e.g., A-172, 3019, 3048) displayed a steeper dose-response curve in 3D compared
with 2D conditions, indicating enhanced protection conferred by the 3D environment.

Basal TFRC expression levels differed substantially between 2D and 3D cultures (Fig. 2).
Several cell lines (3005, 3019, 3034, 3073, U-87 MG) exhibited significantly higher TFRC protein
abundance in 3D compared with 2D conditions, suggesting that culture dimensionality impacts
iron metabolism-related pathways. Conversely, A-172 cells showed minimal differences between
formats.

Correlation analysis further revealed that TFRC expression was positively associated with GaM
sensitivity in 2D cultures, with a strong correlation observed between TFRC levels and IC50 values
(R=0.82, p=0.024: Fig. 3). A similar but weaker, non-significant trend was seen for IC 10 values
(R =0.39, p = 0.42). By contrast, no meaningtul associations were detected in 3D cultures, where
TFRC levels did not correlate with IC50 (R = 0.11, p = 0.82) or IC10 (R = -0.07, p = 0.87).
However, the U-87 MG cell line behaved differently under 3D conditions. Excluding it as an outlier
strengthened the Pearson correlation, yielding IC10 (R = 0.38, p = 4.45) and IC50 (R =0.92, p =

0.01).
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Figure 1. Percentage of cell viability compared to control after 72h incubation with GaM (15-165
uM = 2D, left; 15-135 pM -3D, right).
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Figure 3. Correlation of detected TFRC level and IC50 and IC10 concentration determined with
MTT (2D - top) and CellTiter Glo (3D - middle) assay and 3D correlation withoul US7MG

(bottom).

3.2. Effects of GaM on TFRC Expression and Mitochondrial Respiration in 2D and 3D Culture

Models

GaM treatment induced marked and cell line-dependent alterations in TFRC expression, with
distinct responses observed between 2D and 3D culture formats (Fig. 1). In 2D conditions, a
significant drop of TFRC level was observed in several lines (e.g., 3019, 3073, A-172) following
24h or 72h of exposure. In contrast, other lines (e.g.. 3005, 3048) displayed variable or non-
significant changes. By contrast, in 3D cultures, TFRC modulation was more heterogeneous: U-87
MG and 3034 exhibited a pronounced decrease after treatment, while 3073 demonstrated a transient
upregulation at 72h, and 3019 showed no significant reduction even at 168h. These findings
highlight both format-specific and temporal differences in the regulation of iron uptake pathways
upon GaM exposure. Consistent with the TFRC data, OCR measurements revealed that GaM also
differentially influenced mitochondrial respiration across culture formats (Fig. 2). In A-172, U-87
MG, 3073, and 3048 cells, GaM treatment led to a pronounced suppression of oxygen consumption,
most evident under 3D conditions, suggesting impaired mitochondrial activity. In contrast, 3019

and 3005 cells maintained relatively stable OCR profiles irrespective of treatment, reflecting a
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higher metabolic resilience. Interestingly, 3034 cells displayed sustained OCR in 3D despite TFRC
downregulation, indicating a possible shift to alternative metabolic pathways to support respiration.

Taken together, these results demonstrate that GaM exerts a dual effect on glioblastoma cells by
modulating TFRC expression and impairing mitochondrial respiration, with both responses being

strongly dependent on cell line identity and the dimensionality of the culture system.
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Figure 4. FTCR TFRC normalized total protein content in 2D cells (top) treated with 1C50
concentration of GaM for 24h and 72h, and untreated control; 3D (bottom) treated with 2D 1C50

concentration for 72h and 168h, and untreated control.
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Figure 5. OCR level in 2D and 3D culture immediately after 2DIC50 concentration and untreated

control.

3.3. Multivariate Analysis of Metabolic Profiles in 2D and 3D Cultures
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To investigate global metabolic alterations induced by GaM treatment, principal component
analysis (PCA) (Fig. S2, Tab. S2) and partial least squares discriminant analysis (PLS-DA) were
performed for each cell line under different experimental conditions (Fig. 6). Clear separation
between sample groups was observed, with the degree of clustering varying according to cell line,
treatment duration, and culture format.

In A-172 and U-87 MG cells, temporal effects were the predominant drivers of variance, with
carly (24 h) and late (72—-168 h) treatment groups forming distinct clusters. Treatment-dependent
separation was also evident, particularly at later time points, although overlap between control and
GaM-exposed samples persisted in some comparisons. Among the patient-derived glioblastoma
models, 3005 and 3048 exhibited a stronger treatment-dependent response, as GaM exposure led
to pronounced segregation of metabolic profiles from untreated controls, especially under 3D
conditions. In contrast, 3019 and 3034 cells demonstrated striking format-specific clustering, with
2D and 3D cultures forming distinct groups regardless of treatment, underscoring the dominant
effect of dimensionality in shaping metabolic programs. Finally, 3073 cells displayed combined
influences of both time and culture format, with 3D groups clearly separated from their 2D
counterparts and temporal clustering evident within each format.

These analyses indicate that GaM induces robust and cell line—specific metabolic
reprogramming. In some lines (e.g., 3005, 3048), treatment was the dominant factor, whereas in
others (e.g., 3019, 3034) the culture format exerted the most decisive influence. In contrast, for A-

172, U-87 MG, and 3073, metabolic variation was driven primarily by treatment duration.
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Figure 6. PLS-DA score plots showing separation of all cell lines in A) 2D 24h vs 72h, B) 3D 72h

vs 168h, C) 72h 2D vs 3D (n=6).

The comparative analysis of treated cells and untreated control within one incubation time further
explored the metabolomic separation upon GaM exposure (Fig S3-S9, Tab S1). Targeted
metabolomic profiling revealed consistent alterations in several metabolites across glioblastoma

models following GaM exposure (Tab. S3). Among the significantly perturbed metabolites, uracil
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accumulated in multiple models, indicating disruption of pyrimidine metabolism, which may
reflect altered nucleotide turnover or stress-related RNA degradation (Fig.7 and 8). In turn,
tryptophan levels were markedly reduced in treated cells, suggesting interference with tryptophan
catabolism and potentially implicating the kynurenine pathway (Fig. 9 and 10). Methionine levels
were significantly diminished upon treatment, consistent with impaired one-carbon metabolism
and reduced methylation potential (Fig. S10 and S11), while allantoin, a marker of oxidative stress
and purine catabolism, was strongly elevated, reflecting treatment-induced redox imbalance (Fig.

S12 and S13). All scope of significantly changed metabolites can be found in Table S2.
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Pathway enrichment analysis supported these observations, highlighting significant impacts on
amino acid metabolism (tryptophan, methionine), nucleotide metabolism (uracil, purines), and redox-
related pathways (allantoin) (Fig. 11, Table 1). These pathways emerged among the most significantly
perturbed, with high pathway impact scores, suggesting that GaM (treatment broadly reprograms

metabolic networks essential for glioblastoma proliferation and survival.
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Figure | 1. Pathway analysis of significantly differential features from metabolomic analysis.
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Table 1. Detailed information on Pathway Analysis performed based on metabolites of VIP score > 1 and FDR <

0.05.

Pathway Name Match | p -log(p) | Holmp | FDR Impact
Status

Valine, leucine, and isoleucine biosynthesis 4/8 1.23E-06 | 5.9096 | 9.85E-05 | 9.85E-05 | 0

One carbon pool by folate 5/26 1.32E-05 | 4.8783 | 0.001045 | 0.000529 | 0.06931

Arginine biosynthesis 3/14 | 0.000566 | 3.2473 | 0.044133 | 0.015088 | 0.18617

Glycine, serine, and threonine metabolism 4/33 | 0.000715 | 3.1455 | 0.055082 | 0.014307 | 0.21459

Phenylalanine,  tyrosine, and  tryptophan | 2/4 0.000887 | 3.0523 | 0.068271 | 0.017733 | |

biosynthesis

Pantothenate and CoA biosynthesis 3/20 | 0.001689 | 2.7725 | 0.12832 | 0.027015 | 0

Nitrogen metabolism 2/6 0.002183 | 2.6609 | 0.16375 | 0.02911 |0

Phenylalanine metabolism 2/8 0.004014 | 2.3964 | 0.29706 | 0.045496 | 0.35714

Glutathione metabolism 3/28 | 0.00455 | 2.342 0.33212 | 0.045496 | 0.02309

Glyoxylate and dicarboxylate metabolism 3/32 | 0.00667 | 2.1759 | 0.48025 | 0.052934 | 0.02667

Cysteine and methionine metabolism 3/33 | 0.007278 | 2.138 0.51677 | 0.052934 | 0.22222

Arginine and proline metabolism 3/36 | 0.009298 | 2.0316 | 0.64156 | 0.061986 | 0.18139
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Valine, leucine, and isoleucine degradation 3/40 | 0.012459 | 1.9045 | 0.84721 | 0.076671 | O
Histidine metabolism 2/16 | 0.016197 | 1.7906 | 1 0.092555 | 0.22131
beta-Alanine metabolism 2/21 | 0.0273 1.5638 |1 0.1456 0
Alanine, aspartate, and glutamate metabolism 2/28 | 0.04663 | 1.3313 |1 0.23315 | 0.3109
Purine metabolism 3/70 1 0.054267 | 1.2655 |1 0.25538 | 0.00158
Pyrimidine metabolism 2/39 | 0.084215 | 1.0746 |1 0.35725 | 0.05261
Thiamine metabolism 1/7 0.084848 | 1.0714 | 1 035725 |0
Taurine and hypotaurine metabolism 1/8 0.096396 | 1.0159 | 1 0.38558 |0
Biotin metabolism 1/10 | 0.11908 | 0.92417 | 1 0.45363 |0
D-Amino acid metabolism 1/15 1 0.17344 | 0.76086 | 1 0.57813 |0
Butanoate metabolism 1/15 1 0.17344 | 0.76086 | 1 0.57813 |0
Nicotinate and nicotinamide metabolism 115 ]0.17344 | 0.76086 | 1 0.57813 | 0.1943
Ubiquinone and  other  terpenoid-quinone | 1/19 | 0.21462 | 0.66834 | 1 0.68677 | 0
biosynthesis

Lysine degradation 1/30 | 0.31805 | 0.49751 |1 0.95829 |0
Porphyrin metabolism 1/31 | 0.32678 | 0.48575 | 1 0.95829 |0
Sphingolipid metabolism 1/32 | 0.3354 0.47443 | | 0.95829 |0
Tryptophan metabolism 1/41 | 0.40845 | 0.38886 | 1 1 0.14305
Tyrosine metabolism 1/42 | 0.41608 | 0.38083 | | 1 0.13972

4. Discussion

GBM is an aggressive and incurable tumor of the central nervous system. The alarming increase
in incidence, frequent recurrences, and high mortality has driven a steady rise in research on new
and effective therapies in recent years. A next-generation compound, GaM, showed greater
efficacy in preclinical studies compared with GaN against hepatocellular carcinoma cells and GaN-

resistant lymphoma cells, suggesting that the mechanism of gallium ion transport in complex with
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maltolate differs from that of GaN [43.44]. The proven effectiveness of GaM against treatment-
resistant cells provides strong prospects for developing an effective therapy for aggressive and
incurable GBM.

The present study aimed to evaluate the cytotoxic activity of GaM against GBM cells in both 2D
and 3D culture models. Our results indicate that GaM perturbs iron-dependent metabolism in
GBM, coherently linking TFRC biology, mitochondrial respiration (OCR), and multivariate shifts
in metabolite profiles. GaM exploits transferrin, a protein responsible for iron transfer into the cell,
to access the brain and GBM cells. Chitambar et al. described that GaM disrupts mitochondrial
function (notably complex I via impaired iron—sulfur cluster assembly) and inhibits the iron-
dependent RRM2 subunit of ribonucleotide reductase—effects demonstrated in U-87 MG/D54
cells and validated in vivo where GaM retards GBM growth and alters iron markers'?. Glioblastoma
cell lines have been shown to overexpress transferrin receptors frequently, not only TIR1; TIR2 is
highly and commonly expressed in GBM, it has been associated with grade and proliferation,
underscoring that the phenotype of iron transfer into the cells is broader and may shape sensitivity
to iron-mimetic therapies®’.

Culture dimension emerged as a dominant modifier of GaM response in our models. Several
lines (A-172, U-87 MG, 3073, 3048) showed stronger OCR suppression and more apparent
metabolic separation in 3D than 2D, consistent with evidence that advanced 3D GBM systems
better reproduce diffusion barriers, ECM/mechanical cues, chemical gradients, and BBB
contributions—features that modulate drug penetration and frequently reduce apparent drug
sensitivity relative to monolayers”®. In particular, an engineered human BBB-GBM co-culture
showed decreased temozolomide sensitivity with increased tumor spatial organization and BBB
involvement, exemplifying how microenvironmental architecture can decouple single-target

predictors (e.g., TFRC levels) from whole-cell pharmacologic outcomes.
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Model identity also influenced GaM phenotypes. Established lines (A-172, U-87 MG) tended to
display time-dependent separation and robust OCR effects, whereas multiple patient-derived lines
showed either format-dominated clustering (2D vs 3D outweighing (reatment: e.g.. 3019, 3034) or
pronounced treatment-specific separation (e.g., 3005, 3048). This mirrors comparisons between
established GBM lines and patient-derived/neurosphere models, where 3D states rewire
metabolism and drug sensitivity?®. These considerations support prioritizing 3D and patient-
derived platforms for GaM evaluation and for combination-strategy testing.

The observed alterations in tryptophan, uracil, methionine, and allantoin provide insights into the
cellular response to GaM treatment. Tryptophan depletion is particularly relevant, as it may reflect
increased catabolism through the kynurenine pathway, a route tightly linked to immunosuppression

and tumor progression %3

. Reduced availability of tryptophan could therefore impair protein
synthesis and alter immune interactions, suggesting that GaM interferes with both metabolic and
signalling roles of this essential amino acid—similarly, the consistent changes in uracil point to
disrupted pyrimidine metabolism. Accumulation of uracil has been associated with imbalances in
nucleotide pools and misincorporation into DNA, which requires base excision repair. Such
changes may contribute to replication stress and reduced proliferation under GaM exposure3233,
The decrease in methionine levels further underscores the influence on DNA. Methionine is a key
donor in one-carbon metabolism and methylation reactions, and its depletion suggests impaired
DNA and histone methylation capacity, which could translate into epigenetic instability and altered
gene regulation in glioblastoma cells 33,

Finally, the significant increase in allantoin reflects perturbations in purine metabolism and
clevated oxidative stress. Allantoin accumulation is a recognized marker of reactive oxygen species

(ROS) activity. This implies that GaM treatment may induce redox imbalance and oxidative

damage, compromising glioblastoma cell viability*®3’. These findings suggest that GaM exerts its
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effects through a multifaceted disruption of amino acid, nucleotide, and redox metabolism. This
combination of metabolic stressors likely contributes to impaired biosynthesis, genomic instability,
and oxidative damage, thereby sensitizing glioblastoma cells to treatment.

Summarizing, at the melabolite level, methionine, uracil, and allantoin provide a concise,
mechanism-anchored narrative that aligns with our pathway analysis. Tryptophan depletion
implicates kynurenine/immune-metabolic axes; methionine decrease suggests pressure on one-
carbon metabolism and methylation capacity; uracil dysregulation points to pyrimidine pool
imbalance and nucleic acid turnover stress; and allantoin elevation is compatible with ROS-linked
purine oxidation—all converging with our OCR data on mitochondrial compromise under GaM'?,
Together, these data support amino-acid, nucleotide, and redox stress as integrated drivers of GaM
cytotoxicity.

Translationally, GaM has shown in vivo activity in GBM xenografts, including oral delivery that
slows tumor growth and extends disease-specific survival®; early reports also noted reductions in
tumor and relative cerebral blood volume, and continuous administration suppressed glioma
growth and in vivo'”. These findings along with literature on gallium complexes as anticancer
agents reinforce the rationale for GaM development and for integrating metabolic biomarkers (e.g.,
TFRC and our four-metabolite panel) into preclinical—clinical translation®. Finally, synergy with
complex-I inhibition (e.g., metformin) in 2D and 3D GBM further supports a mitochondria-centric
vulnerability under GaM treatment that may be exploitable in rational combinations®.

Together, these data argue that 3D, patient-derived systems provide a more predictive test bed
for GaM than conventional monolayers and that integrated OCR/metabolomics readouts can serve
as practical pharmacodynamic markers. However, a study with a comprehensive patient-derived
glioblastoma cell panel should be performed, further exploring the role of the in vitro

microenvironment. Direct quantification of gallium uptake and GaM penetration into the 3D
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spheroid could provide more information on the real toxicity of the drug, improving in vitro-in vivo
extrapolation of results. Our findings support further development of GaM for GBM and provide
a framework for selecting biomarkers and model systems that better forecast clinical performance.

Conclusion

Culture dimensionality significantly determines gallium maltolate (GaM) response in
glioblastoma. Across established (A-172, U-87 MG) and patient-derived lines (3005, 3019, 3034,
3048, 3073), GaM reduced viability and suppressed mitochondrial respiration, with a consistent
rightward shift of dose-response and more potent OCR inhibition in 3D than in 2D. TFRC levels
associated with GaM sensitivity in 2D but not 3D indicated context-dependent biomarker
performance. Metabolomics and multivariate analyses converged on a compact signature—
tryptophan, methionine, uracil, and allantoin—consistent with stress in amino-acid, one-
carbon/nucleotide, and redox pathways alongside mitochondrial dysfunction. These findings
support using 3D, patient-derived systems with integrated OCR/ metabolomics as more predictive
platforms for GaM evaluation and rational combination strategies.

5. Associated content

Supplementary material includes:

Figure S1. Principal component analysis (PCA) score plots of all analyzed samples and

extraction quality control (QC) samples.

Figure S2. PCA score plots showing separation of all cell lines in A) 2D 24h vs 72h, B) 3D 72h

vs 168h, C) 72h 2D vs 3D (n=6).

Figutre S3. PCA (top) and PLS-DA scrore plots showing separations of A-172 cell line in 2D

and 3D, treated (i) and untreated (C).
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Figutre S4. PCA (top) and PLS-DA scrore plots showing separations of U-87 MG cell line in 2D

and 3D, treated (G) and untreated (C).

Figutre S5. PCA (top) and PLS-DA scrore plots showing separations of 3005 MG cell line in 2D

and 3D, treated (G) and untreated (C).

Figutre S6. PCA (top) and PLS-DA scrore plots showing separations of 3019 MG cell line in 2D

and 3D, treated (G) and untreated (C).

Figutre S7. PCA (top) and PLS-DA scrore plots showing separations of 3034 MG cell line in 2D

and 3D, treated (G) and untreated (C).

Figutre S8. PCA (top) and PLS-DA scrore plots showing separations of 3048 MG cell line in 2D

and 3D, treated (G) and untreated (C).

Figutre S9. PCA (top) and PLS-DA scrore plots showing separations of 3073 MG cell line in 2D

and 3D, treated (G) and untreated (C).

Figure S10. Change in levels of methionine between GaM treated cells and untreated control in

2D culture with VIP score and p-value (FDR).

Figure S11. Change in levels of methionine between GaM treated cells and untreated control in

3D culture with VIP score and p-value (FDR).

Figure S12. Change in levels of allatoin between GaM treated cells and untreated control in 2D

culture with VIP score and p-value (FDR).

Figure S13. Change in levels of allatoin between GaM treated cells and untreated control in 3D

culture with VIP score and p-value (FDR).
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Code S1. Dose-response curve with IC90, IC50 and IC10 calculations.

Code S2. T-test for TFRC level determination and significance of changes determination in 2D

and 3D control.

Code S3. Pearson correlation test between IC10 and TFRC level in 2D and 3D cell lines.

Code S.4 TFRC level determination in treated cells and untreated control, Kurskal-Wallis test

with dunn post-hoc.

Code S5. The Oxygen Consuption Rate curve in time.

Code S6 Wilcox test with FDR correction and selection of metabolites with VIP > 1 and adj. p-

value (FDR).

Table S1. Cross-validated PLS-DA performance across GBM models.

Table S2. Comprehensive metabolite panel by cell line (3005, 3019, 3034, 3048, 3073, A-172,

U-87 MG): VIP, FDR, stars
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Table S1. Basic characteristics of HGCC glioblastoma cells.

Overall .
Cell Line HGCC_Subtype Sex Age Survival vital Diagnosis WHO
(year) Status Grade
(days)
U3005MG | Classical (CL) Male 65 26 | DEAD Glioblastoma v
U3019MG Proneural (PN) Female 82 117 | DEAD Glioblastoma v
Mesenchymal v
U3034MG | (MS) Male 73 539 | DEAD Glioblastoma
U3048MG | Classical (CL) Male 77 279 | DEAD Glioblastoma v
Mesenchymal v
U3073MG | (MS) Male 71 481 | DEAD Glioblastoma

116




Scores Plot

e QC
+ Sample

0.05 0.10 0.15 0.20
] ] ] !

PC2(17.6 %)

0.00
]

-0.05
]

-0.10

I I T I
-0.1 0.0 0.1 0.2

PC 1 (29.6 %)

Figure S1. Principal component analysis (PCA) score plots of all analyzed samples and
extraction quality control (QC) samples.

117



A-172

Scores Plot Scores Plot Scores Plot
RF . v
A Sa DiE i
= L o c oneC
- & s . o g
¥4 o = a =3 e
=] @ e
. aQ
5 - . :
E §
3 il g
% e a 7o
2 g 2
o~ -1
3 @
- a
34
T T T - ™ T r g -
-0 5 o s 1 3 (] 5 5 L 5 "
Poilazw PCILMsW Pol(ETw
U.87 MG Scares Plot Scores Plot Scores Plot
- A S o e ame
el X LG - 70
ce o <
G « JaE v
e
-
2
~
3 e z ! 3 e
L 3 A | @
W Z = 5
2 ¢ \ 2
o }
)
& U & °
54 ! g
| » !
! e
v i
o
v v r T v v v v v r r - T v
w 5 o 5 L) 4 » o 2 B & 6 - r o ? & -
eIl PCI{WBEN PCI (N
3005 Scares Plot Scores Plot Scores Plot
© 3680.C 9;2'2
% g.? < 3080 21 o 30C
@ < e e
P S i
} = o
~ in
0
T E 2 =
g =1 ] o Fie
o @ |
A Ly @
e
| : >
o 2
o | ER
r T r r v v T T v r T T r v v r r T T Y
£ 15 " 5 o s 10 20 1s 10 5 o s w tL 0 3 o 5 (L) "
PCIL 66 % FC1(&arw POL(aa W
3019 Scares Plot Scores Plot Scores Plot
B! < °
s | i b
v Ui c 2a0.C
pe ',:tg a4 e :2::;
o
4
a a
o
¥ g0 $ o
z 2 2 °
" & )
2 3 2 s
2
°
w
e g 4
2 . T T v r T T r T - v
5 o 5 10 15 3 o s S n 5 n
PLIlieaw PCILZIEw PUL(Ms

118



Scores Plot
e
00
z o &°
I ° hd
] 0@
o
(=]
. T
15 n 0
PLI(RES
3048 Scares Plot
o
° -
© @ ‘.
(<] we,
a a * e ©
e
.l
a0 o
s
0
PCI(44%)
3073 Scores Plot
=
0 "
z B Q w2
= o
¥ ol o,
© 9
& -
% 8
<

PLILHMIE

o2 c

HEEE
‘olva’n

PC2(21E Y

PC2(475%

20407 %

nc

Scores Plot

Scores Plot

o

PLIgELY

Scores Plot

PCIgMs

01akc
10N G
h,

e

N
fio ey

o
e

F
8
E
8
3

PS2I123 M

Scores Plot

@ o
-]
1 & & 0
@
1 2
-
5 5 10
Per )
Scores Plot
<]
= 0 ®
“ 2
° %
s (o
o o
“ 2 °
69 =3
.
i > ° i

Scores Plot
<]

[+

° Gf: 8
& [

(] .

&,
Q@
POL(ELTH
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Figutre S9. PCA (top) and PLS-DA scrore plots showing separations of 3073 MG cell line in 2D
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Table S2. Cross-validated PLS-DA performance across GBM models.

Cell Best
Line Format | Time Comparison Components | Accuracy Q2 R2
2D 24h_72h | 2D_24h_72h 4 0.96 0.65474 | 0.84238
2D 24h 2D_24h 3 1 0.97996 | 0.99671
2D_3D | 72h 2D _3D_72h 3 0.70667 0.65796 | 0.88375
3005 2D 72h 2D_72h 4 1 0.89178 | 0.98585
3D 168h 3D_168h 4 1 0.98378 | 0.99883
3D 72h_168h | 3D_72h_168h 3 0.79333 0.68473 | 0.90763
3D 72h 3D_72h 6 0.95 0.89893 | 0.99977
2D 24h_72h | 2D_24h_72h 2 0.62 0.35086 | 0.57689
2D 24h 2D_24h 4 0.8 0.69851 | 0.94982
2D_3D | 72h 2D_3D_72h 3 0.77143 0.87795 | 0.92452
3019 2D 72h 2D_72h 3 1 0.97771 | 0.99513
3D 168h 3D_168h 2 1 0.7575 | 0.96044
3D 72h_168h | 3D_72h_168h 2 0.47333 0.19839 | 0.53053
3D 72h 3D_72h 5 1 0.97565 | 0.99942
2D 24h_72h | 2D_24h_72h 3 0.82 0.91722 | 0.96921
2D 24h 2D_24h 5 1 0.92275 | 0.99257
2D_3D | 72h 2D _3D_72h 4 0.82 0.82507 | 0.94573
3034 2D 72h 2D_72h 2 0.83333 | -0.30939 | 0.94595
3D 168h 3D_168h 1 0.9 0.39949 | 0.71562
3D 72h_168h | 3D_72h_168h 2 0.475 0.76311 | 0.87437
3D 72h 3D_72h 3 1 0.90148 | 0.97777
2D 24h_72h | 2D_24h_72h 3 0.73333 0.74137 | 0.86342
2D 24h 2D_24h 3 1 0.95536 | 0.99102
2D_3D | 72h 2D _3D_72h 4 0.93333 0.91498 | 0.96714
3048 2D 72h 2D_72h 4 1 0.95217 | 0.99529
3D 168h 3D_168h 5 1 0.98214 | 0.99866
3D 72h_168h | 3D_72h_168h 2 0.56333 0.57985 | 0.86422
3D 72h 3D_72h 5 1 0.98625 | 0.99899
2D 24h_72h | 2D_24h_72h 5 0.83 0.80533 | 0.94726
2D 24h 2D_24h 5 0.93333 0.81003 | 0.99811
2D_3D | 72h 2D_3D_72h 4 0.82 0.57748 | 0.85255
3073 2D 72h 2D _72h 5 1 0.93482 | 0.99616
3D 168h 3D_168h 4 1 0.98378 | 0.99883
3D 72h_168h | 3D_72h_168h 3 0.88 0.65929 | 0.87341
3D 72h 3D_72h 5 1 0.96631 | 0.99908
2D 24h 2D _24h 5 1 0.93118 | 0.99647
2D_3D | 72h 2D _3D_72h 3 0.64 0.49049 | 0.87458
A-172 | 2D 72h 2D _72h 4 0.8 0.58358 | 0.95365
3D 168h 3D_168h 2 1 0.98727 | 0.99521
3D 72h+168h | 3D_72h+168h 4 1 0.95995 | 0.99722
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3D 72h_168h | 3D_72h_168h 5 0.96 | 0.92071 | 0.97342
2D 24h_72h | 2D_24h_72h 4 0.86 | 0.76004 | 0.9672
2D 24h_72h | 2D_24h_72h 4 0.83 | 0.68205 | 0.93221
2D 24h 2D_24h 1 0.95 | -0.35231 | 0.75069
2D 3D | 72h 2D_3D_72h 5 1| 0.74933 | 0.98245
UI\;I8G7 2D 72h 2D_72h 3 0.83333 | 0.40482 | 0.84569
3D 168h 3D_168h 1 0.9 | 0.39167 | 0.69546
3D 72h_168h | 3D_72h_168h 2 0.78 | 0.91827 | 0.95246
3D 72h 3D_72h 5 1| 0.98934 | 0.99951
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Table S3. Comprehensive metabolite panel by cell line (3005, 3019, 3034, 3048, 3073, A-172, U-
87 MGQG): VIP, FDR, stars

Cell

Line Format | Time Condition | Metabolite VIP FDR stars
2D 24h 2D_24h Allantoin 1.2467 | 0.008434 | **
3D 168h 3D_168h | Allantoin 1.0036 | 0.006815 | **
2D 24h 2D_24h Choline 1.3072 | 0.008434 | **
3D 168h 3D_168h | Choline 1.1882 | 0.003968 | **
2D 24h 2D_24h Cysteine 1.0935 | 0.006494 | **
2D 72h 2D_72h Cysteine 1.299 | 0.011688 | *
3D 168h 3D_168h | Cysteine 1.1649 | 0.003968 | **
3D 72h 3D_72h Cysteine 1.5496 | 0.02381 | *
2D 24h 2D_24h Glutamicacid 1.0655 | 0.006494 | **
2D 72h 2D_72h Glutamine 1.3858 | 0.011688 | *
3D 168h 3D_168h | Glutamine 1.254 | 0.003968 | **
3D 72h 3D_72h Glutamine 1.5778 | 0.015873 | *
3D 168h 3D_168h | Histidine 1.2612 | 0.003968 | **
2D 72h 2D_72h Isoleucine 1.2834 | 0.011688 | *
2D 24h 2D_24h Lysine 1.2104 | 0.006494 | **
3D 168h 3D_168h | Lysine 1.1372 | 0.003968 | **
2D 72h 2D_72h Methionine 1.1695 | 0.02904 | *
3D 168h 3D_168h | Methionine 1.09 | 0.003968 | **
2D 24h 2D_24h Niacinamide 1.1203 | 0.008434 | **

3005 2D 72h 2D_72h Niacinamide 1.3112 | 0.014994 | *
3D 168h 3D_168h | Niacinamide 1.0173 | 0.003968 | **
3D 72h 3D_72h Niacinamide 1.6055 | 0.015873 | *
3D 72h 3D_72h Ornithine 1.4831 | 0.031746 | *
2D 24h 2D_24h Phenylalanine | 1.1686 | 0.006494 | **
2D 72h 2D_72h Phenylalanine | 1.2333 | 0.011688 | *
3D 168h 3D_168h | Phenylalanine | 1.2398 | 0.003968 | **
2D 24h 2D_24h Proline 1.3449 | 0.006494 | **
3D 168h 3D_168h | Proline 1.1253 | 0.003968 | **
2D 72h 2D_72h Serine 1.126 | 0.025213 | *
3D 168h 3D_168h | Serine 1.0912 | 0.003968 | **
2D 24h 2D 24h Threonine 1.0547 | 0.013751 | *
2D 24h 2D_24h Tryptophan 1.258 | 0.008434 | **
2D 72h 2D_72h Tryptophan 1.2273 | 0.014994 | *
3D 168h 3D_168h | Tryptophan 1.0225 | 0.006815 | **
2D 24h 2D_24h Tyrosine 1.2133 | 0.006494 | **
2D 72h 2D_72h Tyrosine 1.0667 | 0.023377 | *
2D 24h 2D_24h Uracil 1.2965 | 0.008434 | **
2D 72h 2D_72h Uracil 1.3756 | 0.011688 | *
3D 168h 3D_168h | Uracil 1.2685 | 0.003968 | **
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3D 72h 3D_72h Uracil 1.4161 | 0.015873 | *
2D 24h 2D 24h Valine 1.2714 | 0.006494 | **
2D 72h 2D_72h Allantoin 1.1145 | 0.019481 | *
3D 72h 3D_72h Allantoin 1.0505 | 0.01461 | *
3D 72h 3D_72h Glutamicacid 1.3095 | 0.019481 | *
3D 72h 3D_72h Histidine 1.5642 | 0.01461 | *
2D 24h 2D_24h Lysine 1.3021 | 0.040909 | *
3D 168h 3D_168h | Lysine 1.0544 | 0.007305 | **
2D 24h 2D_24h Methionine 1.4629 | 0.011688 | *
3D 168h 3D_168h | Methionine 1.5066 | 0.007305 | **
2D 24h 2D_24h Niacinamide 1.3656 | 0.027053 | *
3019 2D 24h 2D_24h Ornithine 1.3793 | 0.040909 | *
2D 24h 2D_24h Proline 1.4157 | 0.019278 | *
3D 168h 3D_168h | Serine 1.0485 | 0.007305 | **
2D 72h 2D_72h Tryptophan 1.631 | 0.02699 | *
2D 24h 2D_24h Tyrosine 1.3967 | 0.011688 | *
3D 168h 3D _168h | Tyrosine 1.4581 | 0.007305 | **
2D 24h 2D 24h Uracil 1.5132 | 0.011688 | *
2D 72h 2D_72h Uracil 1.8454 | 0.02699 | *
3D 72h 3D_72h Uracil 1.8903 | 0.01461 | *
2D 24h 2D _24h Valine 1.3542 | 0.011688 | *
2D 24h 2D_24h Adenosine 1.1594 | 0.011688 | *
3D 72h 3D _72h Allantoin 1.6015 | 0.00974 | **
2D 24h 2D_24h Glutamicacid 1.1628 | 0.011688 | *
3D 72h 3D _72h Glutamine 1.4951 | 0.00974 | **
2D 24h 2D_24h Histidine 1.3424 | 0.011688 | *
2D 24h 2D _24h Leucine 1.2506 | 0.011688 | *
2D 24h 2D _24h | Lysine 1.191 | 0.011688 | *
3D 72h 3D _72h Methionine 1.5239 | 0.00974 | **
3034 3D 72h 3D_72h Niacinamide 1.4326 | 0.00974 | **
2D 24h 2D _24h Proline 1.2001 | 0.019481 | *
2D 24h 2D_24h Tryptophan 1.2562 | 0.011688 | *
3D 168h 3D_168h | Tryptophan 1.3983 | 0.044983 | *
3D 72h 3D_72h | Tryptophan 1.2669 | 0.033395 | *
3D 168h 3D_168h | Tyrosine 1.6383 | 0.044983 | *
2D 24h 2D_24h Uracil 1.2789 | 0.011688 | *
2D 72h 2D 72h Uracil 1.8786 | 0.029221 | *
3D 72h 3D_72h Uracil 1.6662 | 0.00974 | **
2D 24h 2D 24h Valine 1.1976 | 0.011688 | *
2D 24h 2D_24h Allantoin 1.3721 | 0.007305 | **
3048 2D 72h 2D 72h Allantoin 1.2524 | 0.008349 | **
3D 168h 3D_168h | Allantoin 1.6831 | 0.015004 | *
2D 24h 2D 24h Cysteine 1.0207 | 0.007305 | **
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2D 72h 2D_72h Glutamicacid 1.1458 | 0.005313 | **
2D 72h 2D_72h Glutamine 1.3019 | 0.008245 | **
3D 72h 3D_72h Glutamine 1.5045 | 0.00974 | **
2D 24h 2D_24h Histidine 1.2581 | 0.007305 | **
2D 24h 2D_24h Isoleucine 1.1973 | 0.007305 | **
2D 72h 2D_72h Isoleucine 1.2135 | 0.008349 | **
2D 24h 2D_24h Leucine 1.1596 | 0.023377 | *
2D 72h 2D_72h Leucine 1.0581 | 0.005313 | **
3D 168h 3D_168h | Leucine 1.3655 | 0.033395 | *
2D 72h 2D_72h Lysine 1.3763 | 0.005313 | **
2D 72h 2D_72h Methionine 1.4176 | 0.005313 | **
3D 168h 3D_168h | Methionine 1.4213 0.01461 | *
3D 72h 3D_72h Niacinamide 1.4832 | 0.00974 | **
3D 168h 3D_168h | Ornithine 1.2558 | 0.033395 | *
2D 72h 2D_72h Proline 1.237 | 0.005313 | **
3D 72h 3D_72h Proline 1.211 | 0.045455 | *
2D 24h 2D_24h Serine 1.381 | 0.007305 | **
2D 72h 2D 72h Serine 1.2242 | 0.005313 | **
2D 72h 2D_72h Tryptophan 1.3436 | 0.005313 | **
3D 168h 3D_168h | Tryptophan 1.2142 | 0.01461 | *
3D 72h 3D _72h Tryptophan 1.3644 | 0.00974 | **
2D 24h 2D_24h Tyrosine 1.3969 | 0.007305 | **
3D 72h 3D _72h Tyrosine 1.273 | 0.00974 | **
2D 72h 2D_72h Uracil 1.2202 | 0.005313 | **
3D 168h 3D_168h | Uracil 1.4293 | 0.01461 | *
3D 72h 3D_72h Uracil 1.6387 | 0.00974 | **
2D 24h 2D_24h Valine 1.3179 | 0.007305 | **
3D 168h 3D_168h | Valine 1.4871 | 0.01461 | *
3D 72h 3D_72h Valine 1.2804 | 0.045455 | *
3D 168h 3D_168h | Adenosine 1.0458 | 0.046753 | *
3D 168h 3D_168h | Allantoin 1.1043 | 0.034091 | *
3D 72h 3D_72h Allantoin 1.6839 | 0.03221 | *
2D 72h 2D_72h Cysteine 1.1962 | 0.021251 | *
3D 168h 3D_168h | Cysteine 1.4669 | 0.008349 | **
2D 24h 2D_24h Glutamine 1.4927 | 0.029221 | *
3073 2D 72h 2D_72h Glutamine 1.1767 | 0.021251 | *
3D 168h 3D_168h | Histidine 1.5285 | 0.008349 | **
2D 72h 2D_72h Isoleucine 1.2023 | 0.008349 | **
3D 168h 3D_168h | Isoleucine 1.1648 | 0.012987 | *
3D 168h 3D_168h | Lysine 1.412 | 0.008349 | **
2D 72h 2D_72h Methionine 1.1904 | 0.008349 | **
3D 72h 3D_72h Methionine 1.3647 | 0.046753 | *
2D 72h 2D_72h Niacinamide 1.3236 | 0.008349 | **
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2D 72h 2D_72h Phenylalanine 1.1759 | 0.008349 | **
3D 168h 3D_168h | Phenylalanine | 1.5349 | 0.008349 | **
2D 24h 2D_24h Proline 1.8999 | 0.029221 | *
3D 168h 3D_168h | Proline 1.0172 | 0.046753 | *
2D 72h 2D_72h Serine 1.2129 | 0.01461 | *
3D 168h 3D_168h | Serine 1.3256 | 0.008349 | **
2D 72h 2D_72h Threonine 1.188 | 0.021251 | *
3D 168h 3D_168h | Threonine 1.2329 | 0.008349 | **
2D 72h 2D_72h | Tryptophan 1.2397 | 0.008349 | **
3D 168h 3D_168h | Tryptophan 1.1327 | 0.046753 | *
3D 72h 3D_72h | Tryptophan 1.688 | 0.029221 | *
2D 72h 2D 72h Uracil 1.4124 | 0.008349 | **
3D 168h 3D _168h | Uracil 1.2753 | 0.023377 | *
3D 72h 3D_72h Uracil 1.7576 | 0.029221 | *
2D 24h 2D_24h Valine 1.6083 | 0.029221 | *
3D 168h 3D_168h | Valine 1.2935 | 0.012987 | *
3D 72h 3D _72h Valine 1.6379 | 0.03221 | *
2D 24h 2D 24h Allantoin 1.8205 | 0.012987 | *
3D 168h 3D _168h | Allantoin 1.4139 | 0.006251 | **
3D 72h 3D_72h Allantoin 1.6185 | 0.008349 | **
3D 168h 3D _168h | Cysteine 1.2199 | 0.005313 | **
3D 72h 3D_72h Cysteine 1.2619 | 0.008349 | **
3D 168h 3D _168h | Glutamine 1.3853 | 0.005313 | **
3D 168h 3D_168h | Histidine 1.1009 | 0.005313 | **
3D 168h 3D _168h | Leucine 1.2151 | 0.005313 | **
3D 168h 3D_168h | Lysine 1.3021 | 0.005313 | **
3D 72h 3D _72h Lysine 1.4465 | 0.008349 | **
3D 168h 3D_168h | Methionine 1.2729 | 0.005313 | **
A-172 3D 72h 3D _72h Methionine 1.3674 | 0.008349 | **
3D 168h 3D_168h | Niacinamide 1.0925 | 0.005313 | **
2D 24h 2D _24h Ornithine 1.4682 | 0.012987 | *
3D 168h 3D_168h | Ornithine 1.0044 | 0.016698 | *
3D 72h 3D _72h Ornithine 1.4309 | 0.008349 | **
3D 168h 3D_168h | Phenylalanine | 1.3361 | 0.005313 | **
3D 168h 3D_168h | Serine 1.266 | 0.005313 | **
3D 72h 3D_72h Serine 1.2128 | 0.008349 | **
2D 24h 2D_24h Tryptophan 1.6864 | 0.012987 | *
3D 168h 3D_168h | Tyrosine 1.1438 | 0.008991 | **
2D 24h 2D 24h Uracil 1.6579 | 0.012987 | *
3D 168h 3D_168h | Uracil 1.4003 | 0.005313 | **
3D 72h 3D_72h Uracil 1.6082 | 0.008349 | **
USTMG 3D 72h 3D_72h Adenosine 1.2438 | 0.005313 | **
3D 72h 3D_72h Allantoin 1.4314 | 0.006251 | **
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3D 72h 3D_72h | Choline 1.1484 | 0.005313 | **
3D 72h 3D_72h | Glutamicacid | 1.2518 | 0.005313 | **
3D 72h 3D_72h | Histidine 1.1785 | 0.005313 | **
3D 168h 3D_168h | Methionine 1.1634 | 0.046753 | *
3D 72h 3D_72h | Methionine 1.3087 | 0.005313 | **
3D 168h 3D_168h | Niacinamide | 1.5357 | 0.029221 | *
3D 168h 3D_168h | Proline 1.5211 | 0.029221 | *
3D 72h 3D_72h | Serine 1.1842 | 0.005313 | **
3D 72h 3D_72h | Tryptophan 1.1085 | 0.005313 | **
3D 72h 3D_72h | Tyrosine 1.0347 | 0.027273 | *
3D 168h 3D_168h | Uracil 1.24 | 0.029221 | *
3D 72h 3D_72h | Uracil 1.4291 | 0.005313 | **
3D 168h 3D_168h | Valine 1.3233 | 0.029221 | *
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Figure S10. Change in levels of methionine between GaM treated cells and untreated control in

2D culture with VIP score and p-value (FDR).

135



Boxplot A-172 3D — Methionine
VIP =1.37 | p=0,00835

2 T 1

Motabolite level

-3

72hC 72h_G

Boxplot U-87 MG 3D — Methionine
VIP>1.31| p=0,00531

.
I 1

Motabolite level
-3

-1

72hC 72h G

Boxplot 3005 3D — Methionine
VIP=0.74 | p = 0.542

“3

72n C 72h G

Motabolite level

=3

Boxplot 3019 3D — Methionine
VIP=0.14|p=098

ns
1
1 i
A

72hC 72h_G

Motabolite level
o

Boxplot A-172 3D — Methionine
VIP = 1.27 | p = 0.00531

: — v—]

2
-; 0
H
°
=
-1
168h_C 168h_G
Boxplot U-87 MG 3D — Methionine
VIP = 1.16 | p = 0.0468
1
1
2
20
2
H
3

168h_C 168h_G

Boxplot 3005 3D — Methionine
VIP > 1.09 | p = 0.00397

©
§ 1
o
£
T
o
= o
-1 I
168h_C 166h_G
Boxplot 3019 3D — Methionine
VIP > 1.51 | p = 0,00731
I 1
3 .
B2
2 I -
2
34
(=}
=

168h_C 168n_G

136



Boxplot 3034 3D — Methionine Boxplot 3034 3D — Methionine
VIP > 1.52 | p = 0.00974 VIP =068 | p = 0.363

2 ns
r 1 T

B 3
B K
£ g
2 2
= k]
o 0 S0
= =
-1 |
A
Ll
72h € 72h G 168h_C 1680 G
Boxplot 3048 3D — Methionine Boxplot 3048 3D — Methionine
VIP=0.7 | p=0,382 VIP = 1.42 | p = 0.0146
2 ns »
I 1 I
1
1
E: 3o
B K
2 2 ==
2 2
o o
30 5!
= =
<)
-1
.
72hH C 72h G 168h_C 168h_G
Boxplot 3073 3D — Methionine Boxplot 3073 3D — Methionine
VIP=1.36 | p=0.0468 VIP=0.19 | p=0973
% r 1 15 T = 1
L]
1.0
2
[ 2 s
B K
21 2
g 2 oo
£ =
(=] o
= =
Q 0.5
-1.0
-1
72 C 72h G 168n_C 168h_G

Figure S11. Change in levels of methionine between GaM treated cells and untreated control in
3D culture with VIP score and p-value (FDR).
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Figure S12. Change in levels of allatoin between GaM treated cells and untreated control in 2D
culture with VIP score and p-value (FDR).
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Figure S13. Change in levels of allatoin between GaM treated cells and untreated control in 3D

culture with VIP score and p-value (FDR).

141



Code for R:

Code S1. Dose-response curve with IC90, IC50 and IC10 calculations
library(tidyverse)

library(drc)

library(stringr)

df_long <- df_raw %>%

pivot_longer(cols = everything(), names_to = "Concentration", values_to = "Absorbance") %>%

mutate(Concentration = str_remove(Concentration, "AX")) %>%
mutate(Concentration = as.numeric(Concentration))
df clean <- df_long %>%
group_by(Concentration) %>%
mutate(
mean_abs = mean(Absorbance, na.rm = TRUE),
sd_abs = sd(Absorbance, na.rm = TRUE),
rel_sd = (sd_abs / mean_abs) * 100
) %>%
filter(rel_sd <= 15 | abs(Absorbance - mean_abs) <= 1.5 * sd_abs) %>%
ungroup()
df_summary <- df_clean %>%
group_by(Concentration) %>%
summarise(
mean_abs = mean(Absorbance, na.rm = TRUE),
sd_abs = sd(Absorbance, na.rm = TRUE),
.groups = "drop"

)

control_mean <- df_summary %>% filter(Concentration == 0) %>% pull(mean_abs)
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df_summary <- df_summary %>%
mutate(
Survival = (mean_abs / control_mean) * 100,

Survival_sd = (sd_abs / control_mean) * 100

model <- drm(Survival ~ Concentration, data = df _summary, fct = LL.4())

ic50 <- ED(model, 50, interval = "none")
ic10 <- ED(model, 10, interval = "none")
ic90 <- ED(model, 90, interval = "none"
ic_values <- ED(model, c(10, 50, 90), interval = "none"
df_ic <- data.frame(
Parameter = c("1C10", "IC50", "1C90"),
Value_uM = round(ic_values, 2)
)
ggplot(df_summary, aes(x = Concentration, y = Survival)) +
geom_point(size = 3, color = "steelblue") +
geom_errorbar(aes(ymin = Survival - Survival_sd, ymax = Survival + Survival_sd),
width = 2, color = "gray50") +
stat_smooth(method = "drm", formula =y ~ x,
method.args = list(fct = LL.4()), se = FALSE, color = "red") +
geom_vline(xintercept = ic10[1], linetype = "dotted", color = "blue") +
geom_vline(xintercept = ic50[1], linetype = "dashed", color = "red") +

geom_vline(xintercept = ic90[1], linetype = "dotted", color = "purple") +
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annotate("text", x =ic10[1], y = 90, label = paste("IC10 =", round(ic10[1], 2)), color = "blue") +

annotate("text", x =ic50[1], y = 50, label = paste("IC50 =", round(ic50([1], 2)), color = "red" ) +

annotate("text", x =ic90[1], y = 10, label = paste("IC90 =", round(ic90[1], 2)), color = "purple") +

labs(
title = "U-87MG 3D Viability (CellTiter Glo Assay)",
x = "Concentration [uM]",
y = "% Viability compared to control"

) +

theme_minimal()
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Code S2. T-test for TFRC level determination and significance of changes determination in 2D
and 3D control

library(readr)
library(tidyverse)
library(ggplot2)
library(ggpubr)
library(dplyr)

library(FSA)

cell_data <- cell_data %>% rename(Group = 1)

data_long <- cell_data %>%
pivot_longer(cols = -Group, names_to = "CellLine", values_to = "Value") %>%

mutate(Group = factor(Group, levels = ¢("C_2D", "C_3D")))

ttest_results <- data_long %>%
group_by(CellLine) %>%
summarise(
p_value = t.test(Value ~ Group)Sp.value
) %>%
mutate(
stars = case_when(
p_value <= 0.001 ~ "***",
p_value <=0.01 ~ "**",

p_value <= 0.05 ~"*",
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pval_data <- ttest_results %>%

mutate(
groupl ="2D",
group2 ="3D",

y.position = 1.1 * max(data_long$SValue, na.rm = TRUE)
) %>%

select(CellLine, groupl, group2, y.position, stars)

ggplot(data_long, aes(x = Group, y = Value, fill = Group)) +
stat_summary(fun = mean, geom = "bar", width = 0.7, alpha = 0.8) +
stat_summary(fun.data = mean_sdl, geom = "errorbar", width = 0.2) +
stat_pvalue_manual(

pval_data,
label = "stars",
xmin ="groupl",
xmax = "group2",
y.position = "y.position"
) +
facet_wrap(~CellLine, scales = "free_y") +
theme_minimal() +
labs(title = "TFRC in non-treated cells",
subtitle = "Test t-Studenta + p-value",

x = NULL, y = "TFRC/ Total Protein") +
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theme(
axis.text.x = element_blank(),
axis.ticks.x = element_blank(),
legend.position = ¢(0.95, 0.05),
legend.justification = ¢(1, 0),

plot.title = element_text(hjust = 0.5)
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Code S3. Pearson correlation test between IC10 and TFRC level in 2D and 3D cell lines.
library(tidyverse)

library(ggpubr)

tfrc <- df[1:3, -1] %>%
pivot_longer(cols = everything(), names_to = "CellLine", values_to = "TFRC") %>%

mutate(gene = "TFRC")

ic10 <- df[4:6, -1] %>%
pivot_longer(cols = everything(), names_to = "CellLine", values_to = "IC10") %>%

mutate(gene = "1C10")

tfrc_avg <- tfrc %>%
group_by(CellLine) %>%

summarise(TFRC = mean(TFRC, na.rm = TRUE))

icl0_avg <-ic10 %>%

group_by(CellLine) %>%

summarise(IC10 = mean(IC10, na.rm = TRUE))

tfrc_avg <- tfrc %>% group_by(CellLine) %>% summarise(TFRC = mean(TFRC, na.rm = TRUE))

ic50_avg <- ic10 %>% group_by(CellLine) %>% summarise(IC50 = mean(IC10, na.rm = TRUE))

df_corr <- left_join(tfrc_avg, ic10_avg, by = "CellLine") %>% drop_na()

# Korelacja
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cor.test(df_corrSTFRC, df_corrSIC10, method = "pearson")

ggplot(df _corr, aes(x = TFRC, y = 1C10)) +
geom_point(size = 3.2, color = "steelblue") +
geom_smooth(method = "Im", se = FALSE, color = "darkred", linewidth = 1) +
# jesli chcesz klasyczny geom_text (wieksza czcionka):
# geom_text(aes(label = CellLine), vjust = -0.9, size = 4.2, fontface = "italic")
# albo lepiej — etykiety, ktdre sie nie nakfadaja:
ggrepel::;geom_text_repel(aes(label = CellLine), size = 4.2, fontface = "italic",
max.overlaps = Inf, box.padding = 0.25) +
stat_cor(method = "pearson",
label.x = min(df_corrSTFRC, na.rm = TRUE),
label.y = max(df_corrSIC10, na.rm = TRUE),
size = 5) + # << rozmiar napisuRip
labs(
title = "3D Correlation between TFRC expression and IC10",
x = "TFRC level (mean)",
y ="IC10 (mean)"
) +
theme_minimal(base_size = 16) + # << bazowy rozmiar czcionki
theme(
plot.title = element_text(size = 18, face = "bold"),
axis.title = element_text(size = 15),

axis.text =element_text(size = 13)
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Code S.4 TFRC level determination in treated cells and untreated control, Kurskal-Wallis test with
dunn post-hoc.

library(readr)
library(tidyverse)
library(ggplot2)
library(ggpubr)
library(dplyr)
library(FSA)
data_long_3D <- tfrcl_3D %>%
pivot_longer(cols = -Group, names_to = "CellLine", values_to = "TfRC_per_protein") %>%

mutate(Group = factor(Group, levels = ¢("C", "72h_G", "168h_G")))

dunn_all_3D <- data_long_3D %>%
group_by(CellLine) %>%
group_map(~{

kw <- kruskal.test(TfRC_per_protein ~ Group, data = .x)

if (kwSp.value > 0.05) return(NULL)

dunn <- dunnTest(TfRC_per_protein ~ Group, data = .x, method = "bh")Sres

dunn %>%
separate(Comparison, into = ¢("group1”, "group2"), sep =" -") %>%
mutate(
CellLine = .ySCellLine,

y.position = max(.xSTfRC_per_protein, na.rm = TRUE) * 1.1 + row_number() * 0.05,
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stars = case_when(
P.adj <= 0.001 ~ "***"
Padj<=0.01 ~"**"
Padj<=0.05 ~"*"
TRUE ~ NA_character_
)
) %>%
drop_na(stars) %>%
select(groupl, group2, y.position, stars, CellLine)
}) %>%

bind_rows()

ggplot(data_long_3D, aes(x = Group, y = TfRC_per_protein, fill = Group)) +
stat_summary(fun = mean, geom = "bar", width = 0.7, alpha = 0.8) +
stat_summary(fun.data = mean_sdl, geom = "errorbar", width = 0.2) +
stat_pvalue_manual(

dunn_all_3D,

label = "stars",

xmin ="groupl",

xmax = "group2",

y.position = "y.position",

tip.length = 0.01
) +
facet_wrap(~CellLine, scales = "free_y") +
theme_minimal() +

labs(title = "TFRC of 3D cells after treatement",
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subtitle = "Kruskal-Wallis + Dunn post-hoc (p-value)",
x="",y="TFRC / Total Protein") +
theme(
plot.title = element_text(hjust = 0.5),
axis.text.x = element_blank(),
axis.ticks.x = element_blank(),
legend.position = ¢(0.95, 0.05),

legend.justification = ¢(1, 0)
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Code S5. The Oxygen Consuption Rate curve in time.
library(tidyverse)

names(df)[1] <- "ID"

df <- df %>%
separate(ID, into = ¢("CellLine", "Condition"), sep ="_", extra = "merge")

names(df) <- gsub("AX", "", names(df))

df long <- df %>%
pivot_longer(
cols = -c(CellLine, Condition),
names_to = "Time",
values_to = "Absorbance"

)

df_longSTime <- as.numeric(df_longSTime)

df_summary <- df_long %>%
group_by(CellLine, Condition, Time) %>%
summarise(
mean_abs = mean(Absorbance, na.rm = TRUE),
sd_abs = sd(Absorbance, na.rm = TRUE),

.groups = "drop"
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cell_to_plot <- "A-172"

df plot <- df _summary %>% filter(CellLine == cell_to_plot)

ggplot(df_plot, aes(x = Time, y = mean_abs, color = Condition)) +
geom_line(size = 1.2) + # grubsza linia
geom_point(size =3) + # wieksze kropki
geom_errorbar(aes(ymin = mean_abs - sd_abs, ymax = mean_abs + sd_abs),
width = 1, size = 0.6) + # ciensze stupki btedu

scale_x_continuous(breaks = seq(0, 135, by =5)) +
labs(

title = paste("Oxygen Consumption Rate -", cell_to_plot),

x ="Time (min)",

y = "Absorbancce (mean + SD)"
) +

theme_minimal()
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Code S6 Wilcox test with FDR correction and selection of metabolites with VIP > 1 and adj. p-
value (FDR).

names(vip)[1] <- "Metabolite"

metabolite_data <- df %>%

select(-NAME, -Group)

log_data <- log10(metabolite_data + 1) # dodajemy 1, by unikng¢ log(0)

scaled_data <- scale(log_data)

df _scaled <- bind_cols(df %>% select(NAME, Group), as.data.frame(scaled_data))

df _long <- df scaled %>%

pivot_longer(-c(NAME, Group), names_to = "Metabolite", values_to = "Value")

stats <- df _long %>%
group_by(Metabolite) %>%
summarise(p_value = wilcox.test(Value ~ Group)Sp.value) %>%

mutate(p_adj = p.adjust(p_value, method = "fdr"))

vip_df <- vip %>%

select(Metabolite, VIP = "Comp. 1)

final <- stats %>%
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inner_join(vip_df, by = "Metabolite") %>%
filter(p_adj < 0.05 & VIP > 1) %>%
mutate(
stars = case_when(
p_adj <=0.001 ~ "***"
p_adj<=0.01 ~ "**",

p_adj<=0.05 ~"*"

selected_metabolites <- finalSMetabolite

all_meta <- stats %>%

inner_join(vip_df, by = "Metabolite")

for (met in selected_metabolites) {

df_met <- df _long %>% filter(Metabolite == met)

if (all(c("72h_C", "72h_G") %in% unique(df_metSGroup))) {

y_max <- max(df_metSValue, na.rm = TRUE)

p_val <- all_metaSp_adj[all_metaSMetabolite == met]

p <- ggplot(df_met, aes(x = Group, y = Value, fill = Group)) +
geom_boxplot(width = 0.6, alpha =0.7) +

stat_summary(fun = mean, geom = "point", shape = 20, size = 3, color = "black") +
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stat_summary(fun.data = mean_sdl, fun.args = list(mult = 1),
geom = "errorbar", width = 0.2, color = "black") +
geom_signif(
annotations = ifelse(p_val <= 0.001, "***",
ifelse(p_val <= 0.01, "**",
ifelse(p_val <= 0.05, "*", "ns"))),
y_position =y _max * 1.1,
Xxmin =1, xmax =2
)+
labs(title = paste("Boxplot 3034 3D —", met),
subtitle = paste("VIP =", round(all_metaSVIP[all_metaSMetabolite == met], 2),
"| p =", signif(all_metaSp_adj[all_metaSMetabolite == met], 3)),
y = "Motabolite level", x ="") +
theme_minimal() +

theme(legend.position = "none")

ggsave(filename = paste0("boxplot_", met, ".png"), plot = p, width = 6, height = 4, dpi = 300)
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7. Whnioski

e Opracowano i zweryfikowano system do wysokoprzepustowej ekstrakcji hodowli
komoérkowych w warunkach inkubatora oparty na tzw. ,,SPME-lid” — pokrywke do
ptytek 96-dotkowych pozwalajaca na biokompatybilne, powtarzalne pobieranie probek
bezposrednio w inkubatorze. Narze¢dzie uzyskato wysoka oceng AGREEprep
(0,75/1,0). Witokna SPME moga by¢ uzywane do badan farmakologicznych
1 toksykologicznych bez wptywania negatywnie na wybrany model komorkowy.

e GaM obniza przezywalno$¢ komorek we wszystkich badanych modelach; w 3D
obserwowano prawostronne przesuni¢cie krzywych (wyzsze IC) i silniejsze ttumienie
OCR niz w 2D, co wskazuje na wigksza tolerancje¢ mikrosrodowiska 3D i nasilony stres
mitochondrialny.

e Zalezno$¢ poziomu TFRC z wrazliwos$cig na GaM bytla istotna w 2D (korelacja z IC50),
natomiast zanikata w 3D. Po usunigciu linii komorkowej U-87 MG korelacja w 3D
znacznie si¢ poprawita. Podkres$la to r6znorodnos¢ posrod komérek GBM 1 mozliwos¢
wptywania mikrosrodowiska na ich fenotyp. Wobec tego analiza biomarkerow
zelazowych w sferoidach GBM powinna by¢ prowadzona na duzej ilo$ci r6znorodnych
linii, by unikna¢ stawiania btednych wnioskow.

e Pomiary OCR potwierdzity wptyw GaM na mitochondria: w kilku liniach (m.in. A-
172, U-87 MG, 3048, 3073) zuzycie tlenu wyraznie spadalo, szczegodlnie w 3D;
w cze$ci modeli utrzymywatla si¢ wzgledna stabilno$¢ OCR porownywalna do kontroli,
co sugeruje alternatywne strategie metaboliczne i/lub ograniczong penetracje leku.

e Zidentyfikowano spojny profil metaboliczny (tryptofan, metionina, uracyl, allantoina)
wskazujacy na zaburzenia w szlakach aminokwasowych,
jednoweglowych/nukleotydowych 1 redoks, wspotwystepujace z  dysfunkcja
mitochondrialng.

e Sposob prowadzenia hodowli komoérkowych ma duzy wptyw na odpowiedZ na GaM;
potaczenie OCR ze metabolomika (szczegdlnie wykorzystujaca SPME do badan
czasoprzestrzennych) w modelach 3D 1 liniach wyprowadzonych od pacjentow wydaje

si¢ oferowac bardziej predykcyjne ramy oceny skutecznosci i mechanizmu dziatania.
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9. Spis rycin

Rycina 1. Schemat przygotowania probki badania metabolomicznego z uzyciem SPME-lid w
formacie 96-dotkowym, polaczonego ze standardowymi testami komorkowymi

Rycina 2. Przezywalno$¢ linii komorkowych A-172 1 U-87 MG oraz stezenia IC90, IC50 1 IC10
na podstawie testu MTT po 72 h inkubacji z GaM.

Rycina 3. MTT — przezywalno$¢ dla U-87 MG 1 A-172 po 72 h inkubacji z GaM lub czystym
medium (kontrola) oraz po czterokrotnej ekstrakcji z uzyciem SPME-lid.

Rycina 4. Pomiar konsumpcji tlenu (OCR) linii A-172 oraz U-87 MG po 72 h inkubacji z GaM
(G) lub czystym medium (K).

Rycina 5. Zmiany poziomu sze$ciu najbardziej istotnie zmienionych metabolitow w linii A-172
w czasie (GaM vs kontrola).

Rycina 6. Zmiany poziomu sze$ciu najbardziej istotnie zmienionych metabolitow w linii U-87
MG w czasie (GaM vs kontrola).

Rycina 7. Schemat eksperymentu na liniach komoérkowych ustalonych GBM i komorkach
pacjenckich w modelach 2D 1 3D po potraktowaniu GaM.
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analysis for drug development and metabolomic analysis. European Biotechnology
Congress 05-07.10.2022, Praga, Czechy

Zuchowska Karolina, Filipiak Wojciech, Szeliska Paulina, Jaroch Karol, Kahremanoglu
Kubra, Boyaci Ezel, Bojko Barbara: Application of Teflon-HLB SPME fibers to analyse
volatile metabolites in LL2 and B16F10 cancer cells. European Biotechnology Congress
05-07.10.2022, Praga, Czechy

Bogusiewicz Joanna, Gaca-Tabaszewska Magdalena, Modrakowska
Paulina, Soszynska K., Jaroch Karol, Gorynska Paulina Zofia, Gorynski
Krzysztof, Harat Marek, Paczkowski D., Bojko Barbara: Genetic landscape of
meningiomas and its implication to lipidome composition. 103 s., 2021, 4th Central
European Biomedical Congress., streszczenie

Balik Karolina, Maj Matgorzata, Modrakowska Paulina, Matulewicz Karolina, Bajek

Anna: Influence of mediators secreted by mesenchymal stem cells on the sensitivity of
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bladder cancer cells to ciprofloxacin. European Biotechnology Congress 24-28.09.2020,
Praga, Czechy

e Paulina Modrakowska, Lukasz Kazmierski, Klaudia Bonowicz, Karolina Balik, Anna
Bajek.: The effect of biologically activated cyclophosphamide on amniotic fluid derived
stem cells — in vitro study. European Biotechnology Congress 24-28.09.2020, Praga,
Czechy

e Kazmierski Lukasz, Modrakowska Paulina, Bonowicz Klaudia, Matulewicz Karolina.:
Validation of high throughput fluorescence quantitative image analysis (HTFQIA) for
assessing cytotoxic properties of chemotherapeutics. VIl International medical and
pharmaceutical congress of stuents and young scientists. Bukovinian State Medical
University, Chernivitsi. 2-8.04.2020

o Ko-autor. Bonowicz Klaudia, Kazmierski tukasz, Modrakowska Paulina, Bajek

Anna: The use of artificial intelligence and machine learning to assess the effect of
carboplatin and cisplatin on the viability of amniotic fluid stem cells (AFSC) , 29 s., 2020,

National Scientific e-Conference "e-Factory of Science".

10.4. Projekty naukowe

e Innowacja w badaniach translacyjnych: biokompatybilne mikrosondy do badan
nowotworow in vitro i in vivo” (akronim: Microl VIVE) — NCBIiR 4. Konkurs
Programu Wspotpraca Polska-Turcja - wykonawca

e  Standaryzowanie metod mikroekstrakcyjnych dla czasowo-rozdzielczej
metabolomiki” — NAWA wspolne projekty badawcze pomiedzy Rzeczpospolitg a
Republikg Austrii - wykonawca
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https://omega.umk.pl/info/projectprogramtype/UMK65d5e66a17e94accacdd9de809ed03d4?ps=20&title=Rodzaje%2Bprojekt%25C3%25B3w%2Bprogram%25C3%25B3w%2Bdzia%25C5%2582ania%2B%25E2%2580%2593%2Bwsp%25C3%25B3lne%2Bprojekty%2Bbadawcze%2BNAWA%2Bpomi%25C4%2599dzy%2BRzeczpospolit%25C4%2585%2Ba%2BRepublik%25C4%2585%2BAustrii%2B%25E2%2580%2593%2BUniwersytet%2BMiko%25C5%2582aja%2BKopernika%2Bw%2BToruniu+title&lang=pl&pn=1
https://omega.umk.pl/info/projectprogramtype/UMK65d5e66a17e94accacdd9de809ed03d4?ps=20&title=Rodzaje%2Bprojekt%25C3%25B3w%2Bprogram%25C3%25B3w%2Bdzia%25C5%2582ania%2B%25E2%2580%2593%2Bwsp%25C3%25B3lne%2Bprojekty%2Bbadawcze%2BNAWA%2Bpomi%25C4%2599dzy%2BRzeczpospolit%25C4%2585%2Ba%2BRepublik%25C4%2585%2BAustrii%2B%25E2%2580%2593%2BUniwersytet%2BMiko%25C5%2582aja%2BKopernika%2Bw%2BToruniu+title&lang=pl&pn=1

11.
-

Opinia Komisji Bioetycznej

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, e-mail: komisja.bioetyczna@ cem.umk.pl

KB 329/2024 Bydgoszcz, 25.06.2024 r.

Dziatajac na podstawie art.29 ustawy z dnia 5.12.1996 r. 0 zawodzie lekarza (Dz.U. z 1997 r. Nr 28 poz.
152. wraz 2 pdZniejszymi zmianami), rozporzadzenia Ministra Zdrowia z dnia 26.01.2023r. w sprawie komusji
bioetycznej oraz Odwolawezej Komisji Bicetycznej (Dz. U. 2023 poz. 218) oraz Zarzadzemia nr 108 Rekiora
Uniwersytetu Mikolaja Kopernika w Toruniu z dnia 31.05.2023 r. w sprawie powolania komisji bioetycznej oraz
zgodnie z zasadami zawartymi w DH i GCP.

Komisja Bioetyczna przy UMK w Toruniu, Collegium Medicum w Bydgoszezy

na posiedzeniu w dniu 25.06.2024 r. przeanalizowata wniosek, ktory ztozyta kierownik badania:

dr hah. Barbara Bojko, prof. UMK
Katedra Farmakodynamiki i Farmakologii Molekularnej
Collegium Medicum w Bydgoszezy UMK w Toruniu

z zespolem w skladzie:
mgr Paulina Szeliska, dr n. farm. Karol Jaroch
w sprawie badania:

»Selekeja onko-metabolitéw w terapii personalizowanej glejaka mézgu z uzyciem
maltolanu galu w tréjwymiarowym modelu in vitro z zastosowaniem innowacyjnych
technik analitycznych.”

Po zapoznaniu sig ze ztozonvm wnioskiem i w wyniku przeprowadzonej dyskusji oraz glosowania
Komisja podjeta

Uchwalg 0 pozytywnym zaopiniowaniu wniosku

w sprawie przeprowadzenia badan w zakresie okreslonym we wniosku
Zgoda obowiqzuje od daty podjecia uchwaly (25.06.2024 r.) do korica 2029 r.

Wydana opinia dotvesy tylko rozpatrywanego wniosku = uwzglednieniem przedstawionego projektu;

kazda zmiana | modyfikacja wymaga usyskania odrebnef opinit.

\
Prof. dr hab. med."Mariusz Dubiel
2ca Preewodiiczacego

Komisi Bloetyczneg
* X

PrzcwndniE?ﬁ&i"wﬁmm‘%mcj
Otrzymuje:
dr hab. Barbara Bojko, prof. UMK
Katedra Farmakodynamiki i Farmakologii Molekularne)
Collegium Medicum w Bydgoszezy UMK w Toruniu
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Oswiadczenie autora rozprawy doktorskiej

Bydgoszcz, dnia 18.09.2025 1.

Megr Paulina Szeliska
(tytul, stopien, imie 1 nazwisko kandydata/wspélautora)

Katedra Farmakodynamiki 1 Farmakologii Molekularnej
Collegium Medicum w Bydgoszezy
Umniwersytet Mikotaja Kopernika w Toruniu

(jednostka zatrudniajaca kandydat/wspélautora)

Rada Dyscypliny Nauki
Farmaceutyczne Uniwersytetu
Mikolaja Kopernika w Toruniu

Oswiadczenie o wspolautorstwie

Niniejszym oswiadczam, ze w pracy Jaroch, K.*; Modrakowska, P.*; Bojko, B. Glioblastoma
Metabolomics—In Vitro  Studies. Metabolites 2021, 11, 315. DOI:10.3390/metabo11050315,
punktacja MNiSW: 100, IF: 3,7, mdj udziat polegat na:

e Dokonaniu przegladu literatury
o Wspolprzygotowaniu pierwotnej wersji manuskryptu, wprowadzaniu poprawek,
odpowiadaniu na recenzje
Mo¢j udziat w powstaniu pracy wynosi 45%.
Szeliska, P., Jaroch, Charemski, B., Kahremanoglu, K., Cetin, E., Boyaci E., Bojko, B. Protocol for the
upgraded high-throughput SPME system for biocompatible in vitro extraction from small volume for

metabolomics and pharmaceutical assays. Green Analytical Chemistry 2025, 13, 100238, moj udziat
polegat na:

e Planowaniu eksperymentu i stosowanej metodyki,

e Przeprowadzeniu czesci badan i analiz statystycznych,

e Przygotowaniu pierwotnej wersji manuskryptu, redagowaniu pracy i odpowiadaniu na
recenzje

Modj udziat w powstaniu pracy wynosi 55%.
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Oswiadczam rowniez, ze w pracy Szeliska, P., Jaroch, K., Wroblewska, W., Kazmierski, L., Bojko, B.
Culture Dimensionality Governs Gallium Maltolate Response in Glioblastoma: Comparative Analyses
in 2D and 3D Models, m6j udziat polegat na:

e Pomocy w prowadzeniu hodowli komérkowych
e Pomocy w analizie instrumentalnej
e Zaakceptowaniu koncowej wersji manuskryptu

Modj udziat w powstaniu pracy wynosi 70%.
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Bydgoszcz, dnia 17.09.2025 r

Prof dr hab. Barbara Bojko
(tytul, stopiefi, imie 1 nazwisko kandydate/wspolautora)

Katedra Farmakodynamiki i Farmakologii Molekularnej
Collegium Medicum w Bydgoszczy
Uniwersytet Mikolaja Kopernika w Toruniu

(jednostka zatrudniajaca kandydata/wspolautora)

Rada Dyscypliny Nauki
Farmaceutyczne Uniwersytetu
Mikolaja Kopernika w Toruniu

Oswiadczenie o wspolautorstwie

Niniejszym o$wiadczam, ze w pracy Szeliska. P., Jaroch, Charemski, B., Kahremanoglu, K., Cetin, E.. Boyaci
E.. Bojko. B. Protocol for the upgraded high-throughput SPME system for biocompatible in vitro extraction from
small volume for metabolomics and pharmaceutical assays. Green Analytical Chemistry 2025, 13, 100238, mdj
udziat polegal na:

e Zapewnieniu finansowania badan,

¢ Planowaniu eksperymeniu i stosowanej metodyki,

¢ Nadzorowaniu prowadzenia badan i analizy wynikow,
¢ Pomocy w redagowaniu pracy i odpowiedzi na recenzje
e Zaakceptowaniu koncowej wersji manuskryptu

Oswiadczam rowniez, ze w pracy Szeliska, P., Jaroch. K., Wroblewska, W., Kazmierski, L., Bojko, B. Culture
Dimensionality Governs Gallium Maltolate Response in Glioblastoma: Comparative Analyses in 2D and 3D
Models, méj udzial polegal na:

¢ Zapewnieniu finansowania badan,

¢ Planowaniu eksperymentu i stosowanej metodyki.

e Nadzorowaniu prowadzenia badan i analizy wynikéw,
e Pomocy w redagowaniu pracy i odpowiedzi na recenzje
e Zaakceptowaniu koncowej wersji manuskryptu

(podpis)
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Bydgoszcez, dnia 17.09.2025 r

Dr hab. Karol Jaroch, prof. UMK
(tytul. stopien, imig | nazwisko kandydata/wspdlautora)

Katedra Farmakodynamiki i Farmakologii Molekularej
Collegium Medicum w Bydgoszezy
Uniwersytet Mikolaja Kopernika w Toruniu

(jednostka zatrudniajgea kandydata/wspolautora)

Rada Dyscypliny Nauki
Farmaceutyczne Uniwersytetu
Mikolaja Kopernika w Toruniu

Os$wiadczenie o wspolautorstwie

Niniejszym oswiadczam, ze w pracy Szeliska, P., Jaroch, Charemski, B., Kahremanoglu, K., Cetin, E., Boyaci
E.. Bojko, B. Protocol for the upgraded high-throughput SPME system for biocompatible in vitro extraction
from small volume for metabolomics and pharmaceutical assays. Green Analytical Chemistry 2025, 13,
100238, moj udzial polegal na:

e Planowaniu eksperymentu i stosowanej metodyki,

e Przeprowadzeniu czgsci badan i analiz statystycznych,
e Pomoc w redagowaniu pracy i odpowiedzi na recenzje
e Zaakceptowanie koncowej wersji manuskryptu

Oéwiadezam rowniez, ze w pracy Szeliska, P., Jaroch, K., Wréblewska, W., Kazmierski, L., Bojko, B. Culture
Dimensionality Governs Gallium Maltolate Response in Glioblastoma: Comparative Analyses in 2D and 3D
Models, méj udzial polegal na:

e Pomocy w prowadzeniu hodowli komérkowych
e Pomocy w analizie instrumentalnej
o Zaakceptowaniu koncowej wersji manuskryptu



Bydgoszcz, dnia 18.09.2025 r

Dr Lukasz Kazmierski
(tytut, stopien, imig i nazwisko kandydata/wspotautora)

Katedra Urologii i Andrologii

Collegium Medicum w Bydgoszezy

Uniwersytet Mikotaja Kopernika w Toruniu
(jednostka zatrudniajgca kandydata/wspolautora)

Rada Dyscypliny Nauki
Farmaceutyczne Uniwersytetu
Mikolaja Kopernika w Toruniu

O$wiadczenie o wspélautorstwie

ewska, W., Kazmierski, L., Maj, M., Bojko,

Niniejszym o$wiadczam, ze W pracy Szeliska, P., Jaroch, K., Wrébl
Glioblastoma: Comparative Analyses in 2D

B. Culture Dimensionality Governs Gallium Maltolate Response in
and 3D Models, mj udziat polegat na:

e Pomocy w prowadzeniu hodowli komérkowych
e Pomocy w analizie instrumentalnej

Moj udziat w powstaniu pracy wynosi 5%.

/ // < 4 - 4
Ko but T4 A,
(podpis)
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Under Ankara, September 16, 2025

Professor Ezel Boyaci

Faculty of Chemistry

Middle East Technical University
Ankara, Turkey

Council for the Discipline of Pharmaceutical Sciences

Nicolaus Copernicus University in Torun

Declaration of Contribution

I declare that my contribution to the following manuscript “Szeliska, P., Jaroch, Charemski,
B., Kahremanoglu, K., Cetin, E., Boyaci E., Bojko, B. Protocol for the upgraded high-throughput
SPME system for biocompatible in vitro extraction from small volume for metabolomics and
pharmaceutical assays. Green Analytical Chemistry 2025, 13. 100238 was as follows:

e Providing funding
e Development and production of SPME fibers
e Review and approval of the final version of the manuscript

My contribution to the creation of the publication is 10%.
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