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I. Streszczenie w jezyku polskim

W niniejszej rozprawie doktorskiej przedstawiono tematyke spektrometrii mas z
laserowg ablacja do badania materialow biologicznych i syntetycznych. Zaprezentowany cykl
publikacji dotyczy zar6wno opracowania nowych laserowych metod MS jak réwniez ich
zastosowania.

W pracy doktorskiej przedstawiono wyniki obrazowania wycinkow ludzkich tkanek
nerek z czegscig prawidlowg 1 nowotworowg za pomocg nowatorskiej metody LARESI MSI.
Zwiazki zawarte na powierzchni badanego obiektu zidentyfikowano poprzez pomiar w trybie
SRM/MRM.

Kolejne zaprezentowane wyniki stanowily obrazy jonowe wygenerowane dla odciskow
fragmentéw ludzkich tkanek pecherza moczowego uzyskane w wyniku obrazowania
spektrometrig mas z laserowg desorpcja/jonizacjg. Do pomiaru wykorzystano napylone na
badany obiekt nanoczastki srebra-109 wytworzone metoda redukcji chemiczne;.

Przedstawiono rozwigzanie problemoéw wynikajacych ze stosowania nanoczastek
wytwarzanych metoda chemicznej redukcji w spektrometrii mas poprzez opracowanie nowej
metody generowania NPs. Omédwiono metode syntezy poprzez laserowg ablacj¢ w roztworze z
uzyciem impulsowego lasera §wiattowodowego z gtowica 2D skanera galwanometrycznego do
wytwarzania czystych chemicznie nanoczastek z powierzchni blaszki metalu. Przedstawiono
rowniez charakterystyke uzyskanych ' AgNPs i AuNPs wraz z wynikami eksperymentow LDI
MS wykonanymi dla kilku matoczasteczkowych zwigzkoéw. Wyniki LDI MSI odcisku palca
pokrytego nanoczastkami 'Ag wytworzonymi metoda LASIS, dodatkowo potwierdzity
uzyteczno$¢ uzyskanych nanoczastek do analizy zaréwno prostych jak i ztozonych obiektow.

W ostatniej czesci przedstawiono zastosowanie laserowo generowanych nanoczastek
srebra-109 do analizy jakosciowej i1 ilosciowe] zwigzkéw chemicznych za pomocg manualnych
pomiarow LDI jak i pétautomatycznego LDI MSI. Do badan wykorzystano zaré6wno roztwory
wodne jak i materiat biologiczny — surowice krwi ludzkiej. Dla uzyskanych wynikow
przeprowadzono analize regresji z wykorzystaniem roéznego rodzaju funkcji. Na podstawie
wykonanych eksperymentow wykazano przewage metody LDI MSI nad recznie
wykonywanymi pomiarami LDI MS.

Dodatkowo wytworzone nanoczastki ztota i srebra monoizotopowego wykorzystano do
identyfikacji metabolitow w surowicy krwi pacjentdéw z nowotworem pecherza moczowego

metoda LDI MS.






I1. Streszczenie w jezyku angielskim

This doctoral dissertation presents the topic of mass spectrometry with laser ablation for
the study of biological and synthetic materials. The presented series of publications concerns
both the development of new MS laser methods and their application.

The doctoral thesis presents the results of imaging sections of human kidney tissues with
normal and cancer parts using the innovative LARESI MSI method. The compounds contained
on the surface of the tested object were identified by measuring in the SRM/MRM mode.

The next presented results were ion images generated for imprints of human bladder
tissue fragments obtained as a result of mass spectrometry imaging with laser
desorption/ionization. Silver-109 nanoparticles sputtered onto the test object, produced by
chemical reduction, were used for the measurement.

A solution to the problems arising from the use of nanoparticles produced by chemical
reduction in mass spectrometry by developing a new method for generating NPs is presented.
The method of synthesis by laser ablation in a solution with the use of a pulsed fiber laser with
a 2D galvanometric scanner head for the production of chemically pure nanoparticles from the
surface of a metal plate is discussed. The characteristics of the obtained ' AgNPs and AuNPs
are also presented with the results of LDI MS experiments performed for several low molecular
weight compounds. The LDI MSI results of the fingerprint covered with ' Ag nanoparticles
produced by the LASIS method additionally confirmed the usefulness of the obtained
nanoparticles for the analysis of both simple and complex objects.

The last part presents the use of laser-generated silver-109 nanoparticles for the
qualitative and quantitative analysis of chemical compounds using manual LDI measurements
and semi-automatic LDI MSI. Both aqueous solutions and biological material - human blood
serum - were used for the study. For the obtained results, a regression analysis was performed
using various types of functions. Based on the performed experiments, the advantage of the
LDI MSI method over the manual LDI MS measurements was demonstrated.

In addition, the gold and monoisotopic silver nanoparticles were used to identify

metabolites in the blood serum of patients with bladder cancer using the LDI MS method.
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III. Wykaz stosowanych skrotéw

109AgNPET

19 A0 TFA
2D GS

DESI

DHB

DLS

ESI

HPLC-MS

HR SEM

IR

LA-remote-ESI MS

LASIS

LDI
LGN

MALDI

MALDI-MSI

MEMS

MOEMS

(ang. " Ag-nanoparticle-enhanced target) — ptytka modyfikowana
nanoczastkami srebra-109

(ang. % Ag-trifluoroacetate) — trifluorooctan srebra-109

(ang. 2D galvanometer scanner) — dwuwymiarowy skaner
galwanometryczny

(ang. desorption electrospray ionization) — desorpcja/jonizacja przez
elektrosprej

(ang. 2,5-dihydroxybenzoic acid) — kwas 2,5-dihydroksybenzoesowy
(ang. dynamic light scattering) — dynamiczne rozpraszanie §wiatta
(ang. electrospray ionization) — jonizacja w elektrospreju

(ang. high-performance liquid chromatography — mass
spectrometry) - wysokosprawna chromatografia cieczowa sprz¢zona
ze spektrometrig mas

(ang. high resolution scanning electron microscopy) — wysoko
rozdzielcza skaningowa mikroskopia elektronowa

(ang. infrared) — podczerwien

(ang. Laser Ablation — remote — Electrospray lonization Mass
Spectrometry) — spektrometria mas ze zdalng laserowg ablacjg i
jonizacja przez elektrorozpylanie

(ang. laser ablation synthesis in solution) — synteza poprzez ablacje
laserowg w roztworze

(ang. laser desorption/ionization) — laserowa desorpcja/jonizacja
(ang. laser generated nanomaterial) — nanomaterial wytwarzany
laserowo

(ang. matrix-assisted laser desorption/ionization) — laserowa
desorpcja/jonizacja wspomagana matryca

(ang. matrix-assisted laser desorption/ionization mass spectrometry
imaging) — obrazowanie spektrometrig mas z laserowa
desorpcja/jonizacja wspomagang matryca

(ang. microelectromechanical system) — mikrouktad
elektromechaniczny

(ang. microoptoelectromechanical systems) — mikrouktad

optoelektromechaniczny
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MRM (ang. multiple reaction monitoring) — monitorowanie wielu reakcji

MS (ang. mass spectrometry) — spektrometria mas

MS/MS (ang. tandem mass spectrometry) — tandemowa spektrometria mas
MSI (ang. mass spectrometry imaging) — obrazowanie spektrometrig mas
nano-PALDI MS (ang. nanoparticle-assisted laser desorption/ionization mass

spectrometry) — spektrometria mas z wspomagang nanoczastkami

laserowa desorpcja jonizacja

NPs (ang. nanoparticles) — nanoczastki

PFL (ang. pulsed fiber laser) — impulsowy laser §wiattowodowy

RCC (ang. renal cell carcinoma) — rak nerkowokomorkowy

S/N (ang. signal/noise) — stosunek sygnal/szum

SALDI (ang. surface-assisted laser desorption ionization) — wspomagana

powierzchnig laserowa desorpcja jonizacja

SPR (ang. surface plasmon resonance) — powierzchniowy rezonans
plazmonowy
ToF (ang. Time of Flight) — analizator czasu przelotu

UHPLC-ESI-UHRMS  (ang. ultra-high-resolution liquid chromatography — electrospray
ionization — ultra-high-resolution mass spectrometry) — ultra-
wysokorozdzielcza chromatografia cieczowa sprz¢zona z ultra-
wysokorozdzielcza spektrometrig mas z jonizacjg elektrosprejem

uv (ang. ultraviolet) — nadfiolet
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IV. Wykaz publikacji wchodzacych w sklad osiagniecia naukowego

przedkladanego do oceny

Na rozprawe doktorska Spektrometria mas z laserowq ablacjq do badania zwigzkow
maloczgsteczkowych i materiatow pochodzenia biologicznego sktada si¢ spdjnie tematyczny

zbior 9 publikacji:

PUBLIKACJA I: Joanna Niziot, Jan Sunner, Iwona Beech, Krzysztof Ossolinski, Anna
Ossolinska, Tadeusz Ossolinski, Aneta Plaza, Tomasz Ruman Localization of Metabolites of
Human Kidney Tissue with Infrared Laser-Based Selected Reaction Monitoring Mass
Spectrometry Imaging and Silver-109 Nanoparticle-Based Surface Assisted Laser
Desorption/lonization Mass Spectrometry Imaging, Analytical Chemistry, 2020, 92, 6, 4251—
4258, DOI:10.1021/acs.analchem.9b04580

MEiIN 140
Impact Factor (2023) 8,008
Impact Factor 5-letni 6,737
Udziat w realizacji materiatu naukowego 2%

PUBLIKACJA 1II: Aneta Plaza, Artur Kotodziej, Joanna Niziol, Tomasz Ruman Laser
Ablation Synthesis in Solution and Nebulization of Silver-109 Nanoparticles for Mass
Spectrometry and Mass Spectrometry Imaging, ACS Measurement Science Au, 2021, DOLI:
10.1021/acsmeasuresciau.1c00020

MEiIN -

Impact Factor (2023) Nowe czasopismo ACS
Impact Factor 5-letni -

Udziat w realizacji materialu naukowego 25%

PUBLIKACJA III: Aneta Plaza-Altamer, Artur Kotodziej, Joanna Niziol, Tomasz Ruman
Infrared pulsed fiber laser-produced silver-109-nanoparticles for laser desorption/ionization
mass spectrometry of amino acids, Journal of Mass Spectrometry, 2022, 57:¢4815, DOI:
https://doi.org/10.1002/jms.4815

MEIN 70
Impact Factor (2023) 2,394
Impact Factor 5-letni 1,732
Udziat w realizacji materiatu naukowego 25%
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PUBLIKACJA 1V: Artur Kolodziej, Aneta Plaza-Altamer, Joanna Niziot, Tomasz Ruman
Infrared pulsed fiber laser-produced silver-109-nanoparticles for laser desorption/ionization

mass spectrometry of carboxylic acids, International Journal of Mass Spectrometry, 2022,
474, 116816, DOI: 10.1016/.ijms.2022.116816

MEiIN 70
Impact Factor (2023) 1,934
Impact Factor 5-letni 1,877
Udziat w realizacji materialu naukowego 25%

PUBLIKACJA V: Aneta Plaza-Altamer, Artur Kotodziej, Joanna Niziol, Tomasz Ruman
Laser generated gold nanoparticles for mass spectrometry of low molecular weight compounds,
Chemical Technology and Biotechnology, 2022, ISSN 2720-6793, DOI: 10.7862/rc.2022.1

MEiN -
Impact Factor (2023) -
Impact Factor 5-letni -
Udziat w realizacji materiatu naukowego 25%

PUBLIKACJA VI: Joanna Niziol, Krzysztof Ossolinski, Aneta Plaza-Altamer, Artur
Tadeusz Ossolinski, Tomasz Ruman

Kotodziej, Anna Ossolinska, Untargeted
ultra-high-resolution mass spectrometry metabolomic profiling of blood serum in bladder

cancer, Scientific Reports, 2022, 12, 1, DOI: 10.1038/541598-022-19576-9

MEiIN 140
Impact Factor (2023) 4,997
Impact Factor 5-letni 4,409
Udziat w realizacji materialu naukowego 14%

PUBLIKACJA VII: Krzysztof Ossolinski, Tomasz Ruman, Valérie Copié, Brian P. Tripet,
Leonardo B. Nogueira, Katiane O.P.C. Nogueira, Artur Kotodziej, Aneta Plaza-Altamer, Anna
Ossolinska, Tadeusz Ossolinski, Joanna Niziot Metabolomic and elemental profiling of blood

serum in  bladder  cancer  Journal of Pharmaceutical
DOI: 10.1016/j.jpha.2022.08.004

MEiIN 140

Impact Factor (2023) 14,026

Impact Factor 5-letni 4,449

Udziat w realizacji materiatu naukowego 9%
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PUBLIKACJA VIII: Artur Kolodziej, Aneta Plaza-Altamer, Joanna Niziot, Tomasz Ruman
Infrared pulsed fiber laser-produced silver-109-nanoparticles for laser desorption/ionization
mass spectrometry of 3-hydroxycarboxylic acids, Rapid Communication in Mass
Spectrometry, 2022, 36, 21, DOI: 10.1002/rcm.9375

MEiIN 70
Impact Factor (2023) 2,586
Impact Factor 5-letni 2,149
Udziat w realizacji materialu naukowego 25%

PUBLIKACJA IX: Krzysztof Ossolinski, Tomasz Ruman, Tadeusz Ossolinski, Anna
Ossolinska, Adrian Arendowski, Artur Kotodziej, Aneta Plaza-Altamer, Joanna Niziot
Monoisotopic silver nanoparticles-based mass spectrometry imaging of human bladder cancer
tissue: Biomarker discovery Advances in Medical Sciences, 2023, 68(1), 38-45,
DOI: 10.1016/j.advms.2022.12.002

MEiIN 70
Impact Factor (2023) 2,852
Impact Factor 5-letni 3,230
Udziat w realizacji materialu naukowego 14%

Dla przedstawionych powyzej publikacji sumaryczny Impact Factor (2023) wynosi 36,797,
natomiast punktacja MEIN wynosi 700 punktow.
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V. Cel i zakres pracy

Celem pracy bylo opracowanie metodologii pomiarowej pozwalajacej na badanie
rozkladu powierzchniowego maloczasteczkowych zwiazkéw chemicznych na
réznorodnych powierzchniach oraz mozliwosci jej zastosowania do analizy wybranych

obiektow.

Zakres pracy obejmowat nastgpujace etapy badawcze:
1. Badania literaturowe tematyki spektrometrii mas z laserowa ablacja.
Badania literaturowe tematyki obrazowania spektrometrig mas.

Opracowanie metody obrazowania wykorzystujacej LARESI MSIL.

el A

Obrazowanie za pomocg MS materiatow biologicznych i syntetycznych:
a. Obrazowanie wycinka tkanki nerki =z obszarem nowotworowym
z wykorzystaniem metody LARESI MSI.
b. Obrazowanie tkanki nowotworowej pecherza moczowego z wykorzystaniem
nanoczastek srebra-109.
c. Obrazowanie odcisku palca z wykorzystaniem '“AgNPs wytworzonych za
pomoca PFL 2D LGN.
5. Wytwarzanie nanoczastek zlota i srebra monoizotopowego metoda syntezy laserowe;,
ich charakterystyka (UV-Vis, DLS) i zastosowanie do LDI MS oraz LDI MSI.
6. Analiza iloSciowa wybranych grup zwigzkéw z wykorzystaniem !“AgNPs
wytworzonych za pomocg PFL 2D LGN metodami LDI MS oraz LDI MSI.
7. Profilowanie metabolomiczne surowicy krwi pochodzacej od pacjentow z nowotworem

pecherza moczowego za pomocg metod LDI MS i UHPLC-ESI-UHRMS+MS/MS.
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VI.  Omowienie osiagni¢¢ badawczych przedstawionych do oceny

5.1. Wstep teoretyczny

Proces ablacji laserowej polegajacy na usuwaniu materiatu z ciala statego za pomoca
promieniowania elektromagnetycznego emitowanego przez laser znajduje szereg zastosowan.
W przemysle jest ona wykorzystywana do wytwarzania uktadow mikroelektromechanicznych
(MEMS, z ang. microelectromechanical system) czy mikrooptoelektromechanicznych
(MOEMS, z ang. microoptoelectromechanical systems) [1], do produkcji nanomateriatoéw
[2—4], w osadzaniu cienkich warstw metalicznych 1 dielektrycznych [5], w spawalnictwie do
faczenia cze$ci metalowych [6], a takze do oczyszczania powierzchni [7,8]. Z kolei w
medycynie laserowa ablacja wykorzystywana jest w okulistyce, chirurgii ogolnej,
neurochirurgii, laryngologii oraz stomatologii. Wigzka lasera o odpowiedniej dlugosci fali
promieniowania pozwala na ablacje zarowno tkanek twardych jak i1 migkkich, dlatego
wykorzystujac proces ablacji laserowej mozliwa jest regeneracja powierzchni skory, korekcja
wzroku czy tez biopsja lub usunigcie nowotworu badz zmiany chorobowej [9]. Ablacja
laserowa wykorzystywana jest rowniez w analizie chemicznej, gdzie w polaczeniu z innymi
technikami takimi jak spektrometria mas, dostarcza informacji o zwigzkach znajdujacych si¢ z
badanej prébee [10].

Pierwsze proby zastosowania lasera w spektrometrii mas (MS, z ang. mass
spectrometry) rozpoczely si¢ w potowie lat 60 XX wieku [11]. Eksperymenty te potwierdzity
mozliwos¢ wykorzystania laserow, jako wszechstronnych zrédet energii, oferujac jednoczesng
desorpcje 1 jonizacje zwigzkow w badanej probce, wykazujacych wystarczajaca zdolnosé
absorpcji $wiatla. Obecnie w spektrometrii mas laserowa desorpcja/jonizacja (LDI, z ang. laser
desorption/ionization) stanowi oddzielng grupe technik wykorzystywanych do analizy
zwiazkow pochodzenia naturalnego jak i syntetycznych.

Laserowa desorpcja/jonizacja laserowa posiada szereg zalet, takich jak brak
koniecznos$ci stosowania skomplikowanych procedur na etapie przygotowania probki, w
zwiazku z czym, istnieje niskie ryzyko jej zanieczyszczenia. Do badan wykorzystywane sa
niewielkie ilosci probki, co ma bardzo duze znaczenie w przypadku analizy materiatu
biologicznego, ktorego ilo$¢ czesto jest ograniczona [12]. Kolejng zaleta jest rowniez krotki
czas pomiaru liczony w sekundach, gdzie w przypadku konkurencyjnych metod
wysokosprawnej chromatografii cieczowej sprzezonej ze spektrometrig mas (HPLC-MS, z ang.
high-performance liquid chromatography — mass spectrometry) dtugos¢ analizy siega od kilku

minut nawet do kilku godzin. Jedng z najpopularniejszych metod wykorzystujacych LDI jest
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laserowa desorpcja/jonizacja wspomagana matryca (MALDI, z ang. matrix assisted laser
desorption/ionization). Dzigki jej zdolnosci do migkkiej jonizacji jest jednym z
najwazniejszych narzedzi analitycznych wykorzystywanych do analizy zwiazkow o duzej
masie czasteczkowej. Metoda MALDI do laserowej ablacji wykorzystuje laser nadfioletowy
(UV, z ang. ultraviolet), jednak nie wszystkie badane obiekty biologiczne wystarczajaco
skutecznie absorbuja promieniowanie UV. W takich przypadkach, niezbedny jest dodatek
stosunkowo duzych iloSci matryc. Prowadzi to do wytwarzania licznych sygnalow tla
chemicznego ponizej wartosci m/z 1000, co znacznie ogranicza zdolno$¢ wykrywania
metabolitow komorkowych [13]. Ponadto, kwasowe matryce generujg wiele jondw podczas
procesu desorpcji/jonizacji co znacznie komplikuje widmo masowe, utrudnia kalibracje w
zakresie niskich mas i powoduje thumienie sygnatow pochodzacych od analitoéw. Co wiecej,
moga powodowac hydrolize roznych biomolekul. MALDI charakteryzuje si¢ rowniez niska
wydajnos$cia jonizacji dla niepolarnych zwigzkéw oraz wystgpowaniem efektu ,,sweet spot”
[14-16].

Innym podej$ciem jest LDI z wykorzystaniem obrazowania spektrometrig mas (MSI,
Z ang. mass spectrometry imaging), ktére pozwala na analiz¢ 1 wizualizacje¢ rozkladu
powierzchniowego zwigzkéw w stosunkowo szerokim zakresie mas czgsteczkowych w
ztozonych uktadach z doskonatg specyficznos$cig molekularng. Ciaggle rosnace zainteresowanie
naukowcow metodami MSI wynika gtéwnie z mozliwo$ci zdobycia informacji dotyczacych
lokalizacji zwigzkéw w badanym obiekcie, co czgsto przyczynia si¢ do poznania funkcji czy
wlasciwosci analitéw. Jedng z najpopularniejszych metod obrazowania molekularnego
wykorzystujaca laserowa ablacje jest obrazowanie spektrometria mas z laserowa
desorpcja/jonizacja wspomagang matryca (MALDI-MSI, z ang. matrix-assisted laser
desorption/ionization mass spectrometry imaging) [17,18]. Tylko do konca lutego 2023 roku w
bazie danych Scopus zarejestrowano 27 503 prac naukowych dotyczacych MALDI-MS oraz
1311 — MALDI-MSI. Opublikowane wyniki badan potwierdzaja uzyteczno§¢ MALDI-MSI
m.in. do wizualizacji i analizy powierzchniowego rozkladu biatek [19-21] czy lipidow [22-25]
w materiale biologicznym.

Liczne publikacje naukowe wskazuja na prowadzenie eksperymentoOw obrazowania
spektrometrig mas prawie wylacznie w trybie niecelowanym [26-28]. W przypadku materiatu
biologicznego charakteryzujacego si¢ wysoka zlozonoscia, czuto$¢ dla wielu analitow jest
niska ze wzgledu na tto chemiczne. Z kolei za niskg selektywno$¢ odpowiadajg zwigzki
izobaryczne czesto obecne w probee, ktorych identyfikacja wylacznie na podstawie masy
doktadnej monoizotopowej obarczona jest wysoka niepewnoscig. W zwiazku z tym, ilo$¢ i

jakos$¢ informacji uzyskanych z niecelowanego MSI materiatow biologicznych jest czgsciowo
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ograniczona. Powyzsze problemy skutecznie rozwigzuje tandemowa spektrometria mas
(MS/MS, z ang. tandem mass spectrometry), gdzie zwigkszona selektywnos$¢ dla docelowego
analitu wynika z monitorowania fragmentacji unikalnych jonéw w trybie monitorowania
wybranych reakcji (SRM, z ang. selected reaction monitoring) lub monitorowania wielu reakcji
(MRM, z ang. muliple reaction monitoring). Dzi¢ki temu, ze tlo chemiczne jest redukowane,
wzrasta czuto$¢ pomiaru, co pozwala na znacznie pewniejszg identyfikacje zwigzkow o niskiej
masie czasteczkowej. W 2012 roku zespot Elizabeth J. Clemis zastosowat celowang metode
obrazowania spektrometrig mas — MALDI do lokalizacji 1 iloSciowego oznaczenia biatek w
tkankach. Eksperyment obejmowal optymalizacj¢ trawienia trypsyng in situ, napylanie
roztworu znakowanego izotopowo peptydu i napylanie roztworu matrycy. Pomiar wykonano w
trybie monitorowania wielu reakcji, a analiz¢ przeprowadzono na podstawie stosunku
intensywnosci przejs¢ MRM dla endogennych nieznakowanych peptydow proteolitycznych do
odpowiednich przejs¢ z zastosowanych peptydow znakowanych izotopowo [29]. Pomimo iz
uzyskano zadowalajace wyniki, opracowana metoda jest skomplikowana, wieloetapowa oraz
wymaga stosowania kosztownych znacznikow izotopowych.

Inng rodzing metod, wykorzystujacg laserowg ablacje, w ktorej nanomateriaty
zastapily powszechnie stosowane w MALDI matryce organiczne, jest laserowa
desorpcja/jonizacja wspomagana powierzchnia (SALDI, z ang. surface-assisted laser
desorption ionization) [30]. Wedtug definicji [UPAC, SALDI to grupa metod bezmatrycowych
stosowanych do analizy czasteczek pochodzenia biologicznego za pomoca MS [17,31]. Wielu
naukowcoOw wcigz probuje wyjasni¢ mechanizm SALDI [32-34], jednak nie jest to tatwe.
Przyczynia si¢ do tego duza ilo§¢ czynnikow wplywajacych na wydajno$¢ analityczng
procesow SALDI oraz brak okre§lonego jednoznacznego wptywu kazdego z nich [33]. Badania
wykazuja, ze za poprawe sygnalu pochodzacego od analitu na widmie masowym moze
odpowiada¢: (1) gwalttowny wzrost temperatury wywolany laserem; (2) morfologia
powierzchni (ksztalt, rozmiar, porowato$¢); (3) zdolnos¢ do wychwytywania czasteczek
rozpuszczalnika; (4) obecno$¢ grup funkcyjnych na powierzchni; (5) powierzchnia
przewodzaca prad elektryczny; (6) desorpcja akustyczna indukowana laserem, (7) desorpcja
pola indukowana laserowo, (8) topienie/restrukturyzacja powierzchni indukowana laserem
[34]. Jedynym punktem, w ktorym spotecznos¢ naukowa dochodzi do pewnego rodzaju
porozumienia, jest to, ze nanostruktury odgrywaja gléwna rol¢ w mechanizmach
desorpcji/jonizacji, pochtaniajac energie lasera, umozliwiajgc gwaltowny wzrost temperatury
powierzchni, oraz ze zarOwno procesy termiczne jak i nietermiczne mogg by¢ zaangazowane

w ogoblny proces SALDI-MS [32].
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Lasery stosowane do ablacji tkanek najczesciej wykorzystujg promieniowanie UV lub
podczerwone (IR, z ang. infrared). Lasery sredniej podczerwieni o dtugosci fali okoto 2,94 um
sa skuteczne w ablacji tkanek ze wzgledu na naktadanie si¢ dlugosci fali lasera z absorpcja
drgan rozciagajacych O-H czasteczek wody, obecnej w kazdym uwodnionym materiale
biologicznym [35]. Wsér6d modeli opisujacych laserowg ablacje wymienia si¢ gtownie model
termiczny, gdzie laserowe nagrzewanie wody w tkance prowadzi do gwaltownej zmiany fazy
objetosciowej i ablacji naswietlanego obszaru, co skutkuje usunieciem rozerwanej tkanki [36].
Z kolei, Song 1 Cheng w swojej pracy opisujg ablacj¢ laserowa jako nietermiczny proces, w
ktorym plazma generowana jest z powierzchni materialu za pomocg promieniowania
laserowego. W opisywanym modelu ablacja laserowa towarzyszy topnieniu, dysocjacji,
odparowaniu, usuwaniu i jonizacji materiatu za pomocg fali uderzeniowej. Plazma indukowana
laserem zawiera m.in.: elektrony, czasteczki obojetne czy jony [33]. Liczne publikacje
prezentuja badania, ktore nie wykazaty zadnej znaczacej fragmentacji bioczasteczek za pomocg
lasera [37—-40]. Glebokos¢ penetracji tkanek za pomoca laserow o réznych dhugosciach fal

przedstawia ponizszy rysunek 1.
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Rysunek 1. Glebokosc¢ penetracji tkanek przy réznych dlugosciach fal lasera [41].

W przeciwienstwie do MALDI-MS, metody odpowiedniej do analizy duzych
czasteczek, takich jak biatka czy peptydy, SALDI, dzi¢ki zastosowaniu nanostruktur petnigcych
role powszechnie stosowanych matryc organicznych do procesu LDI, pozwala na analizg
zwigzkoOw maloczasteczkowych poprzez znaczne ograniczenie wystepujacych interferencji w
niskim zakresie m/z. Z tego wzgledu, wiele metod z rodziny SALDI-MS jest chetnie
wykorzystywanych w metabolomice i lipidomice [17,42—45]. Nanostruktury wspomagajace
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powierzchni¢ muszg spetnia¢ te same wymagania co matryce organiczne, tj. musza przede
wszystkim wykazywaé zdolno$¢ do pochtaniania energii promieniowania laserowego,
umozliwia¢ desorpcj¢ i jonizacj¢ analitdéw. Do analizy MSI materiatu pochodzenia roslinnego
1 zwierzecego wykorzystywane sg réznego rodzaju nanostruktury, ktérych przykiady

zestawiono w tabeli 1.

Tabela 1. Zestawienie przyktadowych technik SALDI-MSI wraz z rodzajem modyfikacji powierzchni.

Skrot nazwy metody Pelna nazwa metody Rodzaj modyfikacji Ref.
powierzchni
AgLDI Silver-assisted LDI Napylone Ag [46]
DIOS Desorption/ionization on silicon ~ Porowaty krzem [47]
GALDI Graphite-assisted LDI Tlenek grafenu [48]
LDI Laser desorption/ionization 19AgNPET, AUNPET [49,50]
NALDI Nanostructure-assisted LDI Au [51]
Nano-PALDI Nano-Particle-assisted LDI TiO, [52]
NIMS Nanostructure-initiator MS fluorowane-AuNPs [53]

W literaturze opisano dwa gléwne podejsécia do syntezy nanostruktur: podejscie top-
down, w ktorym wigksza struktura jest rozbijana do postaci nanoczastek (NPs, z ang.
nanoparticles) oraz podejscie bottom-up, w ktorym nanomateriat jest syntetyzowany z poziomu
molekularnego lub atomowego [54,55]. Redukcja chemiczna jest klasyfikowana jako podejscie
oddolne 1 jest jedng z najczesciej stosowanych strategii syntezy nanoczastek w eksperymencie
MS [56-58]. Jednak pojawiaja si¢ problemy z czysto$cia chemiczng uzyskanych NPs
wynikajace ze stosowania substancji do reakcji chemicznych, takich jak jako prekursory metali,
reduktory czy stabilizatory, ktore sg zrodlem jondéw zwigzanych z odczynnikami, dajacymi
liczne sygnaty na widmach masowych.

Wymienione problemy rozwigzuje zastosowanie jednej z fizycznych metod
wytwarzania nanoczastek, czyli syntezy ablacji laserowej w roztworze (LASiS, z ang. laser
ablation synthesis in solution). LASiS wykorzystuje impulsowe promieniowanie laserowe do
ablacji obiektu statego zanurzonego w cieczy, wyrzucajac nanoczasteczki z chmury plazmy do
otaczajacej cieczy. Metoda ta pozwala na produkcje nanoczastek bez konieczno$ci stosowania
stabilizatorow 1 srodkéw redukujacych, dzieki czemu uzyskana zawiesina NPs charakteryzuje
si¢ wysoka czystoscig chemiczng. Nanoczastki srebra monoizotopowego i zlota wytworzono

za pomocg S$wiattowodowego lasera impulsowego z dwuwymiarowym skanerem
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galwanometrycznym (PFL 2D-GS, z ang. pulsed fiber laser 2D-galvo-scanner). Przedstawiono
réwniez ich charakterystyke¢ wraz z wynikami prezentujagcymi uzyteczno$¢ w laserowej
spektrometrii mas do analizy jakosciowej 1 iloSciowej dla réznych zwigzkéow chemicznych.
Nanoczastki ' Ag i Au wykorzystano do pomiaréw LDI MS materiatu biologicznego w celu

analizy metabolomicznej nowotworu pecherza moczowego.

5.2. Ablacja laserowa materialu biologicznego — metoda LARESI MSI

Obrazowanie spektrometrig mas dostarcza cennych informacji dotyczacych rozktadu
powierzchniowego zwigzkéw na badanej powierzchni. Standardowa procedura MSI obejmuje
kilka etapow: przygotowanie probki, pomiar oraz analiz¢ wynikow w formie obrazow
jonowych i/lub usrednionych widm MS lub MS/MS z wybranych obszaréw. W ostatnim etapie
generowane sg obrazy jonowe, przedstawiajace rozktad zwiazku na badanej powierzchni.

Najbardziej ztozonym 1 czasochtonnym, natomiast kluczowym etapem w MSI jest
przygotowanie probki. Obejmuje ono m.in. pobranie materiatu do badan, przechowywanie,
cigcie czy umieszczenie na ptytce [59]. Probki pochodzenia naturalnego najcze$ciej badane
metoda MSI obejmujg tkanki roslinne, zwierzece lub ludzkie, jak rowniez kultury komorkowe.
Niezaleznie od tego w jaki sposdb material biologiczny zostat pobrany, w momencie
oddzielenia od zywego organizmu rozpoczynaja si¢ w probce procesy biologiczne, wplywajace
na sktad chemiczny. Z tego powodu, konieczna jest konserwacja materiatu biologicznego w
celu zachowania jego integralnosci. W przypadku tkanek wymienia si¢ trzy powszechnie
stosowane metody konserwacji: (a) zamrazanie §wiezego materiatu, (b) zamrazanie materiatu
utrwalonego w formalinie, (c¢) utrwalanie probki w formalinie i zatapianie w parafinie (FFPE,
z ang. formalin-fixed paraffin-embedded) [60]. Fragmenty tkanek przygotowane i
zakonserwowane zgodnie z protokolami FFPE sa powszechnie stosowane w histologii i
patologii ze wzgledu na wysoka jako$¢ zachowania integralno$ci morfologicznej i niemal
nieograniczong mozliwo$¢ przechowywania w warunkach otoczenia. Niestety, kazdy rodzaj
chemicznego utrwalania tkanek moze prowadzi¢ do modyfikacji zwigzkow, co w przypadku
obrazowania molekularnego jest niedopuszczalne. Z kolei procedury przemywania obiektow
stosowane w celu usuni¢cia parafiny, powoduja delokalizacj¢ zwiazkow, przez co tracona jest
wickszos$¢ metabolitdow matoczasteczkowych o wysokiej lipofilowosci [60—62].

W przypadku analizy zwigzkow matoczasteczkowych za pomocag MSI, do badan
preferowane sg tkanki zamrozone bezposrednio po pobraniu. Tkanki najlepiej zamraza¢ w
stanie swobodnym, aby zapobiec ich deformacji i przybieraniu ksztaltu pojemnika, a tym

samym stwarzaniu komplikacji podczas ciecia na skrawki w pozniejszym czasie [62].
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Kolejnym aspektem jest grubos¢ tkanki wykorzystywanej do badan. Najczesciej stosuje si¢
wycinki o grubo$ci 5-20 um uzyskane z wykorzystaniem kriotoméw [63—65]. Jednak niektore
tkanki czy narzady charakteryzuja si¢ wysoka kruchoscia, dlatego niezwykle trudne jest
uzyskanie wystarczajgco cienkich skrawkow. Dodatkowo, tatwiej manipuluje si¢ grubszymi
fragmentami, bez ryzyka rozerwania obiektu.

W komercyjnie dostepnych spektrometrach mas desorpcja analitéw prowadzona jest
w warunkach wysokiej prézni, gdzie badany obiekt ulega wysuszeniu, powodujac jego
odksztalcenie, co z kolei uniemozliwia precyzyjng lokalizacje analitow. Co wigcej, komora
ablacyjna najczesciej znajduje si¢ wewnatrz instrumentu, nie ma wigc mozliwosci obserwacji
obiektu podczas pomiaru. Wigkszo$¢ aparatow MS nie posiada funkcji zamrazania badanego
materiatu biologicznego podczas trwania eksperymentu MSI, dlatego w obiekcie moga
zachodzi¢ zmiany majgce wptyw na sktad chemiczny.

Szereg ograniczen rozwigzano wykorzystujgc metode spektrometrii mas z laserowa
ablacjg oraz jonizacja w elektrospreju przedstawiong w publikacji I. Schemat wykorzystanego
zestawu badawczego pokazano na Fig. 1 w dofaczonej kopii publikacji I. Do komory ablacyjne;j
umiejscowionej poza spektrometrem mas, doprowadzono gazowy azot z niewielkim
nadci$nieniem, aby wytworzy¢ jego przeptyw w kierunku zrédta jonéw. Probke umieszczono
na zestawie zmotoryzowanych stolikow w geometrii poziomej ustalonej jako osie X 1 Y z
chlodzeniem modutem Peltiera utrzymujacym temperatur¢ -18°C. Nadmiar ciepla
generowanego przez ogniwo Peltiera usuwano za pomocg zewngtrznego radiatora. Stosujac
modut chtodzgcy rozwigzano problem degradacji metabolitow w tkance zachodzacy w
temperaturze pokojowej, a takze migracji zwigzkéw powierzchniowych. Ablacje laserowa
prowadzono za pomocg lasera impulsowego o dtugosci fali 2,94 um. Dobor odpowiedniej
dtugosci fali lasera jest bardzo istotny, ze wzgledu na bardzo matg gleboko$¢ penetracji takiego
materiatu czy stopien degradacji termicznej. Podczas obrazowania ognisko lasera pozostawato
nieruchome w przestrzeni, podczas gdy probke przesuwano przez sterowany komputerowo
stolik XY. W osi pionowej zamontowano sferyczng soczewke CaF» pozwalajaca na
zogniskowanie promieniowania lasera na powierzchni probki. Rurke PTFE umieszczono nad
miejscem ablacji laserowej. Nadcisnienie w komorze powodujac przeptyw azotu przez rurke,
umozliwilo transport materiatu usunigtego z powierzchni badanego materiatu do zrédta jonow
z elektrosprejem (ESI, z ang. electrospray ionization) spektrometru masowego SCIEX QTRAP
5500.

W eksperymencie LARESI SRM MSI wykorzystano skrawki tkanki nerki o grubosci
100 um wyciete za pomocg kriotomu. Celem tego badania bylo poréwnanie intensywnos$ci

sygnatow metabolitow w tkance nowotworowej i prawidtowej. Pomiar LARESI-MSI
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przeprowadzono w trybie SRM lub MRM wybierajac szesnascie zwigzkoéw opisanych
w literaturze jako rdéznicujace obszar nowotworowy i nienowotworowy w tkankach ludzkich.
Docelowe metabolity to aminokwasy, nukleozydy, zasady nukleotydowe, mleczan
1 witamina E.

Badania literaturowe dotyczace zawartosci aminokwasdéw u pacjentow z wieloma
réznymi rodzajami nowotworoéw wykazaty zmiany st¢zen tych zwiazkow w osoczu krwi,
moczu jak i w tkankach. Wyniki uzyskane z obrazowania LARESI tkanki nerkowej objetej
przez rak nerkowokomoérkowy (RCC, z ang. renal cel carcinoma) ujawnily podobne
zaleznosci. Dla celow poréwnawczych wygenerowano obrazy jonowe uzyskane za pomocg
obrazowania spektrometrig mas z laserowg desorpcja/jonizacja z wykorzystaniem lasera o
dhugosci fali 355 nm 1 plytki stalowej modyfikowanej nanoczastkami srebra monoizotopowego
109 (' AgNPET, z ang. ' Ag-nanoparticle-enhanced target). Obie metody przedstawione w
publikacji I daly podobne wyniki, co potwierdza przydatnos¢ LARESI SRM/MRM MSI
zarowno do badania, jak 1 odkrywania biomarkerow nowotworowych w tkance ludzkie;j.
Dodatkowo, metoda LARESI umozliwia bezposrednia analize probek o roznej wielkosci,
ksztalcie 1 formie fizycznej oraz nie wymaga stosowania matryc. Brak koniecznos$ci
odwadniania czy derywatyzacji przed analizg pozwala zachowa¢ anatomiczng integralno$¢
probki, zmniejszajac ryzyko delokalizacji analitow i1 zanieczyszczenia chemicznego probek.
Laserowa ablacja prowadzona w warunkach ci$nienia atmosferycznego eliminuje problem
deformacji obiektu pojawiajacy si¢ w przypadku dziatania wysokiej prozni w instrumentach
MS. Zastosowane moduly chtodzace zapobiegaja parowaniu wody z obiektow, co dodatkowo
zabezpiecza je przed utratg integralnosci. Kolejng zaleta LARESI MSI jest proces jonizacji
analitow z dominujacym protonowaniem. Uzyskane w ten sposéb wyniki sg kompatybilne z
powszechnie dostgpnymi bazami danych wykorzystywanymi w analizie metabolomiczne;.
Mozliwo$¢ wykonania pomiaru w trybie fragmentacyjnym zwigksza zaréwno czutos$¢ jak i

selektywnos¢.

5.3. Obrazowanie tkanki nowotworowej pecherza moczowego z wykorzystaniem

nanoczastek srebra-109

Innym podej$ciem w poréwnaniu do obrazowania wycinkéw tkanek jest wykonanie
ich odciskow na docelowych oczyszczonych powierzchniach, a nastgpnie przeprowadzenie
eksperymentu MSI. Taka metoda pozwala na analize zwigzkéw powierzchniowych badanego
obiektu, bez ingerencji w jego struktur¢. Dodatkowo taki materiat moze by¢ wykorzystany

ponownie do dalszych analiz wymagajacych homogenizacji czy ekstrakcji. Wyniki
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obrazowania odciskow ludzkich tkanek nowotworowych pecherza moczowego przedstawiono
w publikacji IX.

Obiektem badan byty wycinki tkanek pgcherza moczowego pobrane w trakcie operacji
od szesciu pacjentdow. Material kontrolny stanowily niewielkie fragmenty stanowigce
minimalny margines tkanki zdrowej wokot nowotworu. Analiza histopatologiczna wycietych
nowotworow u wszystkich pacjentow potwierdzila nieinwazyjny urotelialny rak brodawkowaty
o niskim stopniu ztosliwosci. Tkanki kontrolne nie zwieraty komorek nowotworowych.

Odciski wszystkich wycinkow wykonano na stalowej ptytce modyfikowanej
nanoczastkami srebra monoizotopowego, przygotowanej wedtug okreslonej procedury [66].
Dodatkowo na kazdy odcisk napylono zawiesing nanoczastek ' Ag, wytworzong za pomoca
metody chemicznej polegajacej na redukcji trifluorooctanu srebra-109 (' AgTFA) z kwasem
2,5-dihydroksybenzoesowym (DHB). Tak przygotowane obiekty umieszczono w
spektrometrze masowym, gdzie wykonano eksperyment obrazowania MS.

Analiz¢ wynikow przeprowadzono poréwnujac $rednie widmo masowe uzyskane z
obszaru odcisku pochodzacego z tkanki nowotworowej z obszarem tkanki prawidiowe;.
Zebrane dane pozwolily na wskazanie 28 jonow, wykazujacych najwieksze zréznicowanie
miedzy obszarem prawidlowym a nowotworowym. Obrazy jonowe wygenerowane dla dwoch
adduktow prezentowaly wyzsze $rednie intensywnosci w tkance nowotworowej, natomiast
pozostate 26 adduktow — w tkance prawidtowej. Kolejnym etapem byto przeprowadzenie
analizy statystycznej wykorzystujacej informacje o Sredniej intensywnosci sygnatow
pochodzacych z czes$ci prawidlowej 1 nowotworowej dla wszystkich zidentyfikowanych
zwigzkow.

Uzyskane wyniki pozwolity na wytypowanie dziesi¢ciu specyficznych metabolitow o
wysokim potencjale diagnostycznym, z wysoka zdolnoscig do rozrdézniania tkanek zdrowych
od nowotworowych u pacjentdéw z rozpoznanym rakiem pecherza moczowego. Wsrdd tych
zwigzkow znalazly si¢: glicyna, glutamina, hipotauryna, 3-metylobutanal, fosforan etylu,
miosmina, PI(22:0/0:0), aminopentanal, N,N-dimetyloprolina i metyloguanidyna. Badania
literaturowe wymienionych metabolitow wykazaly ich powigzanie z rozwojem nowotworow.
Spadek lub wzrost stezenia analitu obserwowano u pacjentéw chorujacych na réznego rodzaju
nowotwory prowadzac badania zardowno moczu, surowicy krwi jak i tkanek. Przyktadowo,
spadek stezenia aminokwasow wskazuje na zwigkszone zapotrzebowanie na te zwigzki podczas
wzrostu nowotworu, a to z kolei wigze si¢ ze zwigkszong intensywnoscig glikolizy, bedacej
gltownym zrédtem energii dla komoérek nowotworowych. Moze si¢ rowniez wigzac z potrzeba
zwigkszonej syntezy bialek w komorkach nowotworowych [67,68]. Costello i Franklin w

swojej pracy przegladowej sugeruja, ze glikoliza jest konieczna do prawidlowego przebiegu
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lipogenezy 1 cholesterogenezy, ktore sa niezbedne do wzrostu i proliferacji komorek
nowotworowych [69]. Wielu autoréw publikacji naukowych zwigzanych z tematyka
biomarkeréw nowotworowych, jako bardzo wazna grupe zwiazkoéw, wykazujacych Sciste
powigzanie z licznymi procesami metabolicznymi zachodzgcymi w komoérkach z ich udziatlem
wymienia lipidy. Biorg one udziat m.in. w sygnalizacji komorkowej, homeostazie, apoptozie,
metabolizmie, adhezji i migracji komoérek, uczestnicza w transporcie pgcherzykowym, sa
neuroprzekaznikami. Mnogos$¢ 1 réznorodno$¢ procesow, w ktdrych uczestniczg lipidy sprawia,
7ze sg SciSle zwigzane z procesem kancerogenezy. Wigce] szczegdlowych informacji
przedstawiono w publikacji IX.

Zastosowanie nanoczastek srebra-109 w eksperymencie obrazowania ludzkiej tkanki
pecherza moczowego technika LDI MSI pozwolito na detekcje i identyfikacje zwigzkow na
powierzchni obiektu badanego. Wygenerowano kilkadziesigt obrazow jonowych dla
wybranych zwiazkow, przedstawiajacych najwieksze zréznicowanie intensywnosci sygnatow
pomigdzy obszarem nowotworowym a prawidlowym. Analiza statystyczna pozwolila na
wytypowanie dziesigciu metabolitow, zdolnych do odroznienia tkanki prawidtowej od

nowotworowej, ktére moga by¢ potencjalnymi biomarkerami.

5.4. Zastosowanie do badan nanoczastek Au i " Ag wytwarzanych za pomocg LASIS

W publikacji II i publikacji V, opisano metode¢ laserowego wytwarzania i aplikacji
chemicznie czystych nanoczastek srebra-109 oraz ztota. Opublikowane wyniki przedstawiajg
zastosowanie impulsowego lasera $wiattowodowego (PFL, z ang. pulsed fiber laser) 1064 nm
z glowicg galwoskanera 2D (2D GS, z ang. 2D galvanometer scanner) do generowania
nanoczastek z powierzchni blaszki metalu.

Zastosowanie metod MS w oparciu o srebro monoizotopowe pozwala na uzyskanie
sygnalow analitow o okoto 2-krotnie wigkszej intensywnos$ci w porOwnaniu z naturalnym
srebrem. Sygnaly oparte na pojedynczym izotopie srebra-109 maja réwniez wyzszy stosunek
sygnatu do szumu (S/N, z ang. signal/noise). Nanoczastki '’ Ag wykazuja znacznie lepsza
kompatybilno$¢ z analizg ztozonych mieszanin, takich jak probki biologiczne [66]. Inne zalety
zastosowania nanoczastek srebra w analizie MS to wysoka powtarzalno$¢, wysoka tolerancja
na zanieczyszczenia takie jak sole. Z kolei wtasciwos$ci przeciwbakteryjne i przeciwgrzybicze
Ag zapewniaja ochron¢ badanych materialow biologicznych. Zaleta AuNPs jest wysoka
wydajnos$¢ jonizacji zwigzkow polarnych 1 wyraznie mniejsza intensywnos¢ sygnatow klastrow
ztota, utatwiajgca pomiary §ladowych ilosci zwigzkow. Podobnie jak w przypadku nanoczastek

srebra-109 [66,70,71], istnieje mozliwos¢ wewnetrznej kalibracji widma MS w oparciu o
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sygnaty pochodzace od klastrow ztota. Co wigcej, nanoczastki Au tworzg warstwe o znacznie
wigkszej stabilnosci ze wzglgdu na mniejszg reaktywnos¢ ztota w pordwnaniu ze srebrem.
AuNPs nie wykazuja reaktywnos$ci wobec tlenu [13].

Nanoczastki srebra 1 ztota mogg by¢ wytwarzane za pomocg metod chemicznych,
fizycznych lub biologicznych [72,73]. W zaleznos$ci od wybranej metody wytwarzania NPs,
otrzymuje si¢ nanomaterial o réznej wielkosci, innym ksztalcie, ale réwniez o innych
wlasciwos$ciach fizycznych i chemicznych. Nanoczastki uzyskane z wykorzystaniem metod
fizycznych charakteryzuja si¢ przede wszystkim wysoka czysto$cig, poniewaz nie wymagaja
stosowania zadnych dodatkow chemicznych, takich jak substancje redukujace czy stabilizatory.
Najczgsciej wybierang metoda do produkcji nanoczastek srebra wykorzystywanych w
spektrometrii mas jest chemiczna redukcja Ag” do pierwiastkowego srebra w réznych
warunkach. Do przeprowadzenia syntezy chemicznej konieczne jest uzycie prekursora — soli
lub kompleksu metalu oraz $rodka redukujacego, czesto rowniez dodawane sg stabilizatory
takie jak zwigzki powierzchniowo czynne czy polimery [74,75].

Problemy wynikajace ze skladu nanoczastek wytwarzanych metoda syntezy
chemicznej w MS rozwigzano, wykorzystujac jedng z metod fizycznych, czyli synteze laserowa
ablacja. Ablacje powierzchni blaszki '“Ag lub Au zanurzonej w rozpuszczalniku,
przeprowadzono za pomocg $wiattowodowego lasera impulsowego (o dtugosci fali 1064 nm)
z gtowicg skanera galwanometrycznego. Optymalne warunki wytwarzania nanoczastek w tym:
dobor rozpuszczalnika, czestotliwos¢ lasera, moc lasera, predko$¢ skanowania okreslono na
podstawie szeregu wykonanych eksperymentéw LDI MS. Uzyskane nanoczastki '“Ag i Au
scharakteryzowano za pomoca spektroskopii UV-Vis oraz dynamicznego rozpraszania $wiatta
(DLS, z ang. dynamic light scattering). Badania obrazujace wielko$¢ uzyskanych nanoczastek
z wykorzystaniem skaningowej mikroskopii elektronowej o wysokiej rozdzielczosci (HR SEM,
z ang. high resolution scanning electron microscopy) zostaly wykonane w Centrum
Mikroelektroniki i Nanotechnologii znajdujacym si¢ na Uniwersytecie Rzeszowskim.

Badanie NPs wykonano m.in. za pomoca spektrofotometrii UV-Vis. Okreslone
dtugosci fal §wiatla wywotujac oscylacje elektronow metalicznych, powodujg efekt znany jako
powierzchniowy rezonans plazmonowy (SPR, z ang. surface plasmon resonance), ktory
zwigzany jest z rozmiarem i ksztattem nanoczastek oraz ich otoczeniem chemicznym. Dlatego
metoda spektroskopii UV-Vis moze by¢ pomocna w okre§laniu wielkosci i ksztaltu
nanoczastek [76,77]. Uzyskane wyniki wraz z danymi literaturowymi pozwolily na okreslenie
ksztaltu wytworzonych nanoczastek '’Ag za pomoca LASiS jako sferyczne i o $redniej
wielkos$ci wynoszacej 10 nm [73,76,78]. Badanie z wykorzystaniem DLS wedtug rozktadu

czastek po liczbie wykazato, ze w zawiesinie znajduje si¢ najwigcej nanoczastek o $rednicy
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okoto 30 nm, z rozrzutem wielkosci w zakresie od 20 do 100 nm. Z kolei na obrazach
uzyskanych za pomocg HR SEM widoczne sg NPs w rozmiarach 25-35 nm.

Na podstawie widma UV-Vis i danych literaturowych ksztatt otrzymanych AuNPs
okreslono jako sferyczny, a ich $redni rozmiar wynosit okoto 12 nm [79,80]. Z kolei na
podstawie rozkladu wielkos$ci czastek po intensywnosci uzyskanego za pomoca DLS,
wykazano ze w zawiesinie AuNPs LGN znajduje si¢ najwi¢cej nanoczastek o $rednicy 60 nm,
co potwierdzily obrazy uzyskane za pomocag HR SEM. Najprawdopodobniej przyczyna rdznic
w wielkosciach NPs oznaczonych za pomocg UV-vis i DLS jest uzycie innego rozpuszczalnika
do wytwarzania nanoczgstek do badan DLS niz zoptymalizowany dla LASiS.

W kolejnym etapie, nanoczastki wytworzone za pomoca LASiS wykorzystano jako
matryce w analizie LDI MS. Proces ten wymagat zastosowania odpowiedniej metody aplikacji
na powierzchni¢ zawierajacg badany obiekt. Wybrang metodg byta nebulizacja. Uzyskang
zawiesing nanoczastek wprowadzono do strzykawki, ktérg umieszczono w pompie
strzykawkowej, co zapewnilo staty przeptyw zawiesiny NPs do nebulizera. Jako gaz
rozpylajacy wykorzystano argon, ktéry rownomiernie rozpylal ciecz wyptywajaca z nebulizera.

Do pomiarow LDI MS wykorzystano cztery zwiazki testowe (histydyne, ryboze,
tymidyng, poli(glikol propylenowy)) umieszczone na stalowej ptytce, na ktére napylono
zawiesing '’ AgNPs z wykorzystaniem zestawu do nebulizacji przedstawionego na Fig. 1
publikacji II. W porownaniu z MALDI wyniki uzyskane dla kilku zwigzkow
matoczgsteczkowych z laserowo wytworzonymi nanoczastkami daja mniejsze bledy
dopasowania m/z (obliczonych i dos§wiadczalnych) wyrazane w ppm.

Zbadano rowniez uzyteczno$¢ nanoczastek srebra-109 uzyskanych za pomoca PFL 2D
GS LASIS do obrazowania MS. Obiektem badan byt odcisk palca z wyraznymi §ladami linii
papilarnych. Badanie miato na celu identyfikacje zwigzkow egzogennych i endogennych
zawartych na ludzkim palcu. Odciski palcow dostarczajg bardzo wiele informacji fizycznych
jak i chemicznych wykorzystywanych w analizie kryminalistycznej. Pozwalaja na identyfikacje
0sOb na podstawie wzoru linii papilarnych, geometrii, rozmieszczenia i wielkosci porow
potowych czy réwniez wystepujacych indywidualnych cech tzw. minucji [13,81,82]. Z kolei
informacje chemiczne znalezione w odciskach palcow moga obejmowac zwiazki endogenne w
tym: lipidy, peptydy, aminokwasy, biatka, mocznik, proste zwiazki nieorganiczne czy sole
organiczne, jak rowniez zwigzki egzogenne, do ktorych zalicza si¢ m.in: toksyny, trucizny,
substancje psychoaktywne, sktadniki kosmetykow lub przyborow toaletowych [82].

Przygotowanie obiektu badanego do eksperymentu MSI wymagato jedynie dotknigcia
palcem powierzchni plytki ze stali nierdzewnej. Na uzyskany odcisk napylono zawiesing

nanoczastek srebra-109 oraz wykonano pomiar LDI MSI. Uzyskane wyniki pozwolity na
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identyfikacje 33 zwiazkow z roznych grup, takich jak sole nieorganiczne (NaCl, KCl), proste
zwigzki organiczne (mocznik, aminokwasy, krotkie kwasy karboksylowe), kwasy thuszczowe,
lipidy 1 inne. Wszystkie zidentyfikowane substancje uznawane sg za zwiazki endogenne.

W publikacji V przedstawiono uzytecznos¢ wytworzonych laserowo nanoczastek
ztota do detekcji zwigzkéw matoczasteczkowych za pomoca LDI MS na przyktadzie
aminokwasow 1 poli(glikolu propylenowego). Na oczyszczong stalowg ptytke naniesiono
roztwory badanych zwiazkow, a nastgpnie napylono na nie zawiesing AuNPs z
wykorzystaniem zestawu do nebulizacji.

Nanoczastki ' Ag i Au wytwarzane za pomoca impulsowego lasera §wiattowodowego
z powodzeniem moga by¢ wykorzystywane w metodzie MS wspomaganej nanoczgstkami
laserowej desorpcji/jonizacji (nanoPALDI MS, z ang. Nanoparticle-Assisted Laser
Desorption/lonization). Metoda ta, w poréwnaniu do przygotowania '’ AgNPs czy AuNPs na
drodze syntezy chemicznej, jest znacznie szybsza, skracajac czas ich przygotowania z 24
godzin do kilku minut. Jest to réwniez oplacalne i ekologiczne rozwigzanie, nie wymagajace
stosowania dodatkowych substancji chemicznych. Co wigcej, metalowa blaszka srebra-109 jak

roOwniez ztota, moze by¢ wielokrotnie wykorzystywana.

5.5. Zastosowanie laserowo wytworzonych nanoczastek '"Ag do analizy iloSciowej

wybranych zwigzkow metodami LDI MS i LDI MSI

Nanoczastki uzyskiwane za pomocg laserowej syntezy wykorzystano do analizy
jakosciowej 1 ilosciowej aminokwasoOw (publikacja III), kwasow karboksylowych
(publikacja IV) i kwasow 3-hydroksykarboksylowych (publikacja VIII).

Aminokwasy odgrywaja bardzo wazng rol¢ w funkcjonowaniu organizmu. Sa
niezbedne do prawidlowego przebiegu wielu proceséw zyciowych, takich jak budowa biatek,
enzymow, komorek, synteza hormonoéw 1 neuroprzekaznikow. Stezenie aminokwasow w
organizmie cztowieka zmienia si¢ w zalezno$ci od spozywanego pokarmu lub stanu zdrowia
[83,84]. Zaréwno zbyt wysokie, jak i zbyt niskie wartosci st¢zen aminokwasow w organizmie
moga $wiadczy¢ o zaburzeniach metabolicznych lub rozwijajacych si¢ chorobach. Stad
konieczne jest wykonywanie analiz ilosciowych aminokwasow.

Powyzsze aspekty przyczynily si¢ do wykonania oznaczen ilo§ciowych aminokwasow
w materiale biologicznym z wykorzystaniem nanoczastek srebra-109 generowanych laserowo
(LGN, z ang. laser generated nanomaterial) do LDI MS oraz LDI MSI, co przedstawiono w
publikacji II1. Do badan wybrano cztery zwigzki reprezentujace grupe aminokwasow: alaning,

izoleucyng, lizyng i fenyloalaning.
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Przygotowane roztwory aminokwasow oraz 500-krotnie rozcienczong woda
dejonizowang probke surowicy krwi ludzkiej natozono na stalowa ptytke, na ktora w kolejnym
etapie napylono zawiesine nanoczastek '’Ag generowanych $wiattowodowym laserem
impulsowym (publikacja III). Najpierw wykonano pomiar LDI MS dla kazdej plamki, a
nastepnie dla tej samej plytki przeprowadzono eksperyment MSI. Aminokwasy badano w
warunkach 1 000 000-krotnej zmiany stg¢zenia w zakresie od 1 mg/ml do 1 ng/ml.
Przeprowadzono réwniez analiz¢ regresji uzyskanych danych dotyczacych intensywno$ci w
funkcji stezenia. Dla wszystkich badanych aminokwasow najlepsze dopasowanie wynikow
uzyskano z uzyciem regresji wielomianowej, gdzie warto§¢ wspotczynnika korelacji R?
wynosita powyzej 0,90. Wyjatek stanowit wynik uzyskany metodg LDI MS dla izoleucyny,
gdzie warto§¢ R? wynosita 0,43. Tak duze roznice w intensywnosci sygnatu dla kolejnych
stezen, majace wplyw na wynik korelacji sa efektem recznego wyboru punktow pomiarowych.
Efekt ten wystepuje powszechnie w recznie wykonywanych pomiarach metoda MALDI.
Roéznice w rozmieszczeniu aminokwaséw w obrebie plamki potwierdzaja rowniez uzyskane
obrazy jonowe z MSI.

Zastosowanie MSI do ilosciowego oznaczenia aminokwasow pozwolito uzyskac
znacznie lepszy wynik korelacji R? niz za pomoca manualnych pomiaréw LDI MS, co wskazuje
na przydatno$¢ MSI do analizy ilosciowej. Poréwnanie wynikow uzyskanych za pomoca obu
metod zdecydowanie wskazato przewage LDI MSI nad r¢cznie wykonywanym pomiarem LDI
MS. Nalezy zaznaczy¢, ze analize¢ regresji przeprowadzono w bardzo szerokim zakresie stezen
dla wszystkich siedmiu badanych stgzen.

Analiza odtwarzalnosci spot-to-spot (miejsce-do-miejsca) polegata na pordwnaniu
intensywnosci sygnatu analitow w obrgbie trzech plamek i shot-to-shot (strzat-do-strzatu) — w
obrgbie jednej plamki. Analize przeprowadzono dla trzech aminokwasow: izoleucyny, lizyny i
fenyloalaniny. Wyniki analizy shot-to-shot dla wszystkich badanych zwigzkow wykazaty 15%
réznice w intensywnosci sygnatu pochodzacego od analitu. Wyniki analizy typu spot-to-spot
dla izoleucyny wykazaty 4% réznice w intensywno$ci sygnatu. Z kolei dla lizyny i
fenyloalaniny roznice w intensywnos$ciach wynosity odpowiednio 15% 1 10%.

Kolejnym etapem bylo wykonanie analizy ilo$ciowej wybranych aminokwasow w
rozcienczonej probece surowicy krwi ludzkiej. W tym celu wykonano krzywe wzorcowe dla
alaniny, izoleucyny, leucyny i fenyloalaniny wykorzystujac dane z eksperymentu LDI MSI dla
roztworow pojedynczych aminokwasow. Na wykresach przedstawiono zalezno$¢
intensywnosci sygnatu adduktu aminokwas-srebro-109 w funkcji stezenia.

Opublikowane wyniki prezentuja uzyteczno$é¢ ' AgNPs uzyskanych za pomoca

metody PFL 2D GS LGN do analizy jakos$ciowej i iloSciowej aminokwasow w materiale
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biologicznym. Dodatkowo wykazano przewage analizy LDI MSI nad r¢gcznym pomiarem LDI
MS.

Kolejng grupg zwigzkéw poddanych analizie iloéciowej z wykorzystaniem '“Ag
LGN, przedstawiong w publikacji IV, byly kwasy karboksylowe (kwas azelainowy, kwas 3-
metylohipurowy, kwas linolowy, kwas oleinowy, kwas arachidowy i kwas erukowy). Wybrane
kwasy karboksylowe uczestniczag w procesach metabolicznych w organizmie czlowieka lub
moga przyczynia¢ si¢ do rozwoju réznych chorob [85-89]. Dla kazdego zwigzku wykonano
krzywa wzorcowa wykorzystujac wyniki pomiaréw LDI MS i1 LDI MSI dla przygotowanej serii
rozcienczen. Dodatkowo analizie poddano rowniez surowice krwi wzbogacong badanymi
wzorcami kwasow w celu okres$lenia efektu matrycy na oznaczang ilo§¢ zwigzku. Analogicznie
jak w przypadku analizy aminokwasow, roztwory kwasow karboksylowych zostaty natozone
na stalowa plytkg, na ktéorg napylono zawiesing nanoczgstek srebra monoizotopowego
generowanych laserowo.

Dla wszystkich kwasow karboksylowych wykonano analiz¢ regresji danych
uzyskanych zaré6wno podczas manualnych pomiarow LDI MS jak i pdtautomatycznych
eksperymentéw MSI. Najlepsze dopasowanie wynikow uzyskano z wykorzystaniem funkcji
wielomianowej, gdzie najnizsza warto$¢ wspolczynnika korelacji R? wynosita 0,96. Nalezy
podkresli¢ fakt, ze analiza prowadzona byta w bardzo szerokim zakresie st¢zen. Przyktadowo
zastosowana metoda pozwolila na detekcj¢ kwasu azaleinowego w warunkach 1 000 000-
krotnej zmiany st¢zenia. Wykonane eksperymenty jednoznacznie wskazuja na przydatnosé
MSI do analizy ilosciowej kwasow karboksylowych. Metoda obrazowania MS daje mozliwos¢
pokrycia catego badanego obiektu siatkg punktow pomiarowych, dzigki czemu tatwiejsza staje
si¢ analiza probek niejednorodnie rozmieszczonych w obrebie plamki. Dodatkowo uzyskane
wyniki potwierdzily uzyteczno§¢ nanoczastek 'Ag wytwarzanych laserowo do analizy
ilosciowej kwasoéw karboksylowych. Wyniki pomiarow LDI MSI wzbogaconej kwasami
karboksylowymi surowicy krwi, wyraznie pokazuja, ze matryca biologiczna ma umiarkowany
wplyw na warto$¢ intensywnosci sygnatow od nich pochodzacych.

Kolejng badang grupg zwiazkow byly kwasy 3-hydroksykarboksylowe, bedace
jednym z glownych sktadnikow lipidu A, budujacego lipidowa czescig endotoksyn
odpowiedzialnych za toksycznos$¢ bakterii Gram-ujemnych. W literaturze odnotowano
réwniez, ze lipid A bierze udziat w odpowiedzi ukladu odpornosciowego podczas zakazenia
bakteriami Gram-ujemnymi [90,91]. Z tego wzgledu, detekcja i analiza ilo§ciowa kwasow 3-
hydroksykarboksylowych moze by¢ wykorzystywana do okre§lenia poziomu endotoksyn w

réznych probkach [92]. Wymienione aspekty przyczynily si¢ do zbadania mozliwos$ci detekcji
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kwasow 3-hydroksykarboksylowych z wykorzystaniem nanoczastek srebra-109 generowanych
laserowo za pomoca LDI MS.

Uzyskane wyniki przedstawiono w publikacji VIII. Po raz pierwszy zaprezentowano
zastosowanie metody laserowej spektrometrii mas oraz nanoczgstek do detekcji kwasow 3-
hydroksykarboksylowych. Zwigzki badano w warunkach 1 000 000-krotnej zmiany stezenia w
zakresie od 1 mg/ml do 1 ng/ml. Co wiecej, uzyskane wyniki wykazaty uzytecznoéé ' AgNPs
do oznaczania ilo$ciowego kwasow 3-hydroksykarboksylowych za pomocag MS w bardzo
szerokim zakresie stg¢zen, nawet do 1 ng/mL (dla kwasu 3-hydroksydodekanowego). W
poréwnaniu do LDI MS w wigkszosci przypadkow wyniki uzyskane za pomoca MSI
charakteryzowaty sie lepszym dopasowaniem do linii trendu i dawaly warto$é R? réwng 0,98
dla wiekszosci analizowanych kwasoéw. Dodatkowo wykonano pomiary MSI surowicy krwi
wzbogaconej badanym kwasem 3-hydroksykarboksylowym w celu okreslenia wplywu matrycy
biologicznej. Wyniki wykazaty znaczny wplyw matrycy na detekcje oraz oznaczang ilo$¢

kwasu 3-hydroksydodekanowego, 3-hydroksyheksadekanowego i 3hydroksyoktadekanowego.

5.6. Profilowanie metabolomiczne surowicy krwi w raku pecherza moczowego za

pomoca LDI MS oraz UHPLC-ESI-UHRMS+MS/MS

Po wykonaniu licznych eksperymentéw potwierdzajacych zastosowanie wytwarzanych
laserowo nanoczastek, zostaly one wykorzystane w pomiarach LDI MS materialu
biologicznego. Badania mialy na celu identyfikacj¢ metabolitéw wystgpujacych w surowicy
krwi 0séb chorujacych na nowotwor pecherza moczowego. Uzyskane wyniki przedstawiono w
publikacji VII.

Do analizy niecelowanej probki surowicy krwi pobrane od pacjentow chorujacych na
nowotwor pecherza moczowego jaki rowniez od osob zdrowych (probki kontrolne)
rozcienczono 500-krotnie metanolem. Nastepnie zostaty naniesione na stalowe ptytki, na ktére
napylono odpowiednio nanoczastki srebra monoizotopowego lub ztota. L.acznie zarejestrowano
czterysta widm LDI MS z wykorzystaniem nanoczastek 'Ag i Au wytwarzanych za pomoca
PFL 2D GS LAS:IS.

Ponadto z wykorzystaniem LDI MS zaobserwowano 22 zwigzki lipidowe wykazujace
zdolnos¢ réznicowania probek nowotworowych i kontrolnych. Dodatkowo badania pozwolity
na wytypowanie metabolitéw pozwalajacych na rozroznianie stadiow chorobowych.

Profilowanie metabolomiczne ekstraktéw surowicy krwi, pochodzacych od tych
samych pacjentow, ktorych probki wykorzystano do badan LDI MS, NMR, ICP-OES

wykonano na podstawie wynikdw uzyskanych z pomiaréw niecelowanych, technika ultra-
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wysokosprawnej  chromatografii  cieczowe] potaczonej z  ultra-wysokorozdzielcza
spektrometria mas z jonizacja elektrosprejem (UHPLC-ESI-UHRMS, z ang. ultra-high-
resolution liquid chromatography — electrospray ionization — ultra-high-resolution mass
spectrometry). W publikacji VI przedstawiono wyniki przeprowadzonych analiz
statystycznych, ktore pozwolily na wytypowanie zwigzkéw rdznicujacych pacjentow z
nowotworem pe¢cherza moczowego od osob zdrowych, jak rowniez zwigzkdéw odrdzniajacych
stadia choroby.

Wszystkie uzyskane wyniki sugeruja, ze pomiar metabolitow w surowicy moze
zapewni¢ tatwiejsza 1 mniej inwazyjng metodologie diagnostyczng do wykrywania raka

pecherza moczowego oraz leczenia chordb.
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VII. Podsumowanie i wnioski

Optymalizacja metody LARESI MSI pozwolilo na wyeliminowanie kilku problemow
technicznych pojawiajacych si¢ podczas eksperymentéw MSI wykonywanych za pomoca
komercyjnych instrumentdéw. Zastosowanie lasera podczerwonego oraz zewngetrznej komory
ablacyjnej umozliwito wykonanie eksperymentu obrazowania w warunkach -ci$nienia
atmosferycznego. Z kolei na podstawie badan literaturowych dotyczacych nowotworu nerki z
powodzeniem przeprowadzono analiz¢ celowang wycinka tkanki nerki ludzkiej objetej
nowotworem, dokonujac pomiaru LARESI SRM MSI. Opracowana metoda wykazuje
obiecujacy potencjal badawczy.

Obrazowanie spektrometrig mas odciskow wycinkéw tkanek pecherza moczowego na
powierzchni modyfikowanej nanoczgstkami srebra-109 pozwolito na wygenerowanie obrazow
jonowych metabolitow znajdujacych si¢ na ich powierzchni. Wykazaly one zréznicowanie
pomigdzy obszarem tkanki prawidtowej a nowotworowe;.

Z kolei opracowanie metody wytwarzania laserowo nanoczastek pozwolito na
otrzymanie chemicznie czystych nanoczastek w prosty 1 szybki sposob. Co wigcej, ptytka
metalu, ktéra poddawana jest ablacji laserowej moze by¢ wykorzystywana wielokrotnie. Brak
koniecznos$ci stosowania zwigzkow metali, zwigzkow redukujacych czy stabilizatorow
dodatkowo pozwolit na obnizZenie poziomu tta chemicznego na widmie masowym, zwigkszajac
czuto$¢ metod LDI oraz upraszczajac jego interpretacje. Po raz pierwszy do ablacji nanoczgstek
z metalowej plytki wykorzystano impulsowy laser §wiattowodowy z galwanometrem 2-
osiowym. Wykonane badania UV-Vis, DLS oraz HR SEM pozwolity okres$li¢ rozmiar i ksztatt
wytwarzanych  nanoczastek. Uzyteczno$¢  wytworzonych nanoczastek  srebra-109
potwierdzono za pomocg pomiaru wielu zwigzkow testowych metoda LDI MS oraz
eksperymentéw LDI MSI. Z kolei wyniki detekcji aminokwasow i PPG z uzyciem nanoczastek
ztota wytworzonego za pomocg PFL 2D GS LGN potwierdzity mozliwo$¢ wykorzystania ich
do badan za pomocg LDI MS.

Kolejne badania przeprowadzone z uzyciem nanoczastek ' Ag generowanych laserowo
demonstruja ich uzyteczno$¢ do analizy jakosciowej i iloSciowej aminokwaséw, kwasow
karboksylowych oraz kwasow 3-hydroksykarboksylowych. Wytworzone laserowo nanoczastki
zlota 1 srebra monoizotopowego z powodzeniem zastosowano do analizy metabolomicznej
surowicy krwi pacjentow nowotworowych i zdrowych. Wyniki pomiaréw LDI MS, NMR, ICP-
OES 1 UHPLC-ESI-UHRMS+MS/MS 200 probek surowic pozwolity na wytypowanie
metabolitow rdznicujacych pacjentdéw nowotworowych od zdrowych, a takze na rozrdznienie

stadiéw choroby.
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Localization of Metabolites of Human Kidney Tissue with Infrared
Laser-Based Selected Reaction Monitoring Mass Spectrometry
Imaging and Silver-109 Nanoparticle-Based Surface Assisted Laser
Desorption/lonization Mass Spectrometry Imaging

Joanna Niziol, Jan Sunner, Iwona Beech, Krzysztof Ossolinski, Anna Ossolinska, Tadeusz Ossolinski,
Aneta Plaza, and Tomasz Ruman*
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ABSTRACT: Infrared (IR) laser ablation-remote-electrospray ionization
(LARESI) platform coupled to a tandem mass spectrometer (MS/MS) normal
operated in selected reaction monitoring (SRM) or multiple reaction T o
monitoring (MRM) modes was developed and employed for imaging of
target metabolites in human kidney cancer tissue. SRM or MRM modes were
employed to avoid artifacts that are present in full scan MS mode. Four
tissue samples containing both cancerous and noncancerous regions,
obtained from three patients with renal cell carcinoma (RCC), were imaged.
Sixteen endogenous metabolites that were reported in the literature as
varying in abundance between cancerous and noncancerous areas in various
human tissues were selected for analysis. Target metabolites comprised ten cancer
amino acids, four nucleosides and nucleobases, lactate, and vitamin E. For
comparison purposes, images of the same metabolites were obtained with
ultraviolet (UV) desorption/ionization mass spectrometry imaging (UV-LDI-MSI) using monoisotopic silver-109 nanoparticle-
enhanced target ("”AgNPET) in full-scan MS mode. The acquired MS images revealed differences in abundances of selected
metabolites between cancerous and noncancerous regions of the kidney tissue. Importantly, the two imaging methods offered similar
results. This study demonstrates the applicability of the novel ambient LARESI SRM/MRM MSI method to both investigating and
discovering cancer biomarkers in human tissue.

B INTRODUCTION anhydrase IX (CAIX), hypoxia-inducible factors (HIF-1a and
HIF-1f), vascular endothelial growth factor (VEGF, CD44, E-
cadherin, osteopontin, antigen K-67, and tumor protein p53)
have been proposed, and their monitoring might promote
timely prognosis of metastatic RCC. However, these
biomarkers suffer from low sensitivity and specificity. Thus,
further research to identify new RCC biomarkers is required
for early detection, diagnosis, treatment guidance and assess-
ment, monitoring of treatments, identifying relapses, as well as
elucidation of molecular processes behind the disease states.’

The interest in mass spectrometry imaging (MSI) has grown
steadily in recent years. MSI is used for visualization and
analysis of spatial distributions of molecules, within a relatively
wide molecular weight range, in complex biological systems

Kidney cancer accounts for 2.2% of the total worldwide
cancers and is the third most common cancer of the urinary
tract after prostate and bladder cancer, whether measured by
incidence or prevalence. In 2018, over 400 000 cases of kidney
cancer were diagnosed and more than 170000 deaths were
due to this disease. Furthermore, its incidence is on the rise."
There are three main histological subtypes of renal cancer,
namely chromophobe RCC (cRCC), papillary RCC (pRCC),
and clear cell RCC (ccRCC). Of these, ccRCC accounts for
nearly 90% of all kidney tumors.” Diagnosis of RCC is based
on medical imaging (computed tomography, CT), magnetic
resonance imaging (MRI), ultrasound). More than 50% of
RCC’s are diagnosed incidentally, and approximately one-third
of patients have metastatic tumors beyond the kidney at the
time of diagnosis.” Although the most effective treatment for Received:  October 8, 2019
localized RCC is radical nephrectomy with nephron-sparing Accepted: February 18, 2020
surgery at an early stage, even after such optimal surgery, Published: February 21, 2020
nearly one-third of patients experience disease recurrence after

surgical resection.” Various RCC biomarkers, most of which

are proteins, (C-reactive protein (CRP), PTEN, carbonic
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with excellent molecular specificity.® It is noteworthy that MSI
has been employed almost exclusively in nontargeted mode,
using full mass scan, MS'-spectrum mode.” Matrix-assisted
laser desorption/ionization (MALDI) is the chosen technique
for molecular imaging of tissue samples. Indeed, MALDI MSI
has been successfully employed to analyze the spatial
distribution of proteins” and lipids’ within kidney tissue of
patients with RCC. However, in MALDI MSI, due to
utilization of a near-UV laser for ablation, relatively large
amounts of additional low-molecular-weight organic acids are
added as an ablation matrix. This leads to the generation of
numerous and abundant chemical background peaks in the
low-mass region (under m/z 1000) and the ability to detect
cellular metabolites is limited. Further, acidic matrices can
cause acid-catalyzed hydrolysis of various biomolecules.
MALDI also suffers from a highly variable sensitivity (the
sweet spot effect) and low ionization efficiency for low-polarity
compounds. To overcome the limitations of MALDI, a matrix-
free, laser desorption—ionization method that uses a steel
target covered with cationic silver or gold nanoparticles
(AgNPs and AuNPs) has been developed.'”"" The latter
represents a surface-assisted laser desorption ionization
method (SALDI) that, unlike MALDI, is matrix-free. When
Ag-109 nanoparticles are used, the method is referred to as
'AgNPET LDL

MSI techniques that allow imaging of biological material
under ambient ionization conditions have also been
developed.'” To the best of our knowledge, desorption
electrospray ionization (DESI) is the only ambient ionization
technique that has been applied to the imaging of lipids and
other low molecular compounds in kidney cancer tissue.'>~
With DES], the main limitations include a relatively low spatial
resolution, usually limited to 100 pm, a low ionization
efficiency for some molecules, and a low desorption efficiency
for molecules that are strongly bound to surfaces.'® Moreover,
the DESI sampling depth is very shallow, which greatly reduces
the amount of material that is available for analyses in the mass
spectrometer. As in MALD], this increases the risk that MS
signals are obtained mainly from extracellular fluids.

Among ambient environment MS methods, the ones that
use a mid-IR laser for sampling are the most suitable for the
analysis of metabolites within biological tissues. A laser beam
with a wavelength of about 2.94 um effectively couple its
energy into the O—H stretching mode in hydrogen-bonded
water, present in any hydrated biological material.'” A main
advantage of IR laser over UV laser, for ablation from tissue, is
a greater depth of sampling, about 10 um for a single laser
pulse and arbitrarily deep for repeated pulses. Literature
contains mentions regarding experimental setup examples that
also use laser ablation and electrospray ionization, LAESL'®
This method was recently used to perform imaging of human
hepatocarcinoma tissue samples.'” However, mentioned work
differs considerably in technical design with the one presented
herein and measurements were made in ToF-mode, without
using ion fragmentation techniques.

In tandem mass spectrometry (MS/MS), the selectivity for a
targeted analyte is enhanced by monitoring a compound-
unique jon fragmentation in selected reaction monitoring
(SRM), or multiple reaction monitoring (MRM), mode. As
the chemical noise is effectively removed, this usually enhances
sensitivity despite the lower ion detection efficiency. For these
reasons, MS/MS is a powerful tool for high-sensitivity
detection and near-certain identification of targeted low-
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molecular-weight compounds. The method is also charac-
terized by a wide dynamic range, extremely high speed, and
suitability for quantitation.”’

The aim of this study is to report the development of new
experimental MSI setup referred to as “laser ablation-remote-
electrospray ionization” (LARESI) and to present unique MS
imaging results of human tissue, that is, to demonstrate
LARESI SRM targeted MS/MS imaging of frozen kidney tissue
containing cancerous and noncancerous regions. Images depict
16 target metabolites. Importantly, each metabolite was
identified based on its MS/MS fragmentation using SRM
measurement mode. No additional sample preparation other
than rinsing was required.. The tissue was sampled employing
laser ablation and all metabolites were detected from the same
ablation event in any one pixel. The ion plume-gathering
interface used LARESI platform. The ESI-produced ions were
analyzed on a QTRAP mass spectrometer, and this is the first
report of results from this MS imaging instrument.

Images of kidney tissue with RCC were also obtained with
the ' AgNPET LDI” method.”" In the latter, ablation occurs
in vacuum and ions are detected in full-scan mode on a TOF-
mass spectrometer. Images of RCC kidney tissue obtained with
these two markedly different MSI methods are compared, and
it is found that the they are comparable.

B EXPERIMENTAL SECTION

1. Participants. The study protocol was approved by the
Bioethics Committee at the University of Rzeszow (Poland,
permission no. 2018/04/10), and the research was performed
in accordance with relevant guidelines and regulations.
Specimens and clinical data from patients involved in the
study were collected with informed consent. All laboratory test
results for the cancer patients (complete blood count, kidney
function tests, CRP, urine analysis, bleeding profile) were
within normal limits. Whole tumors and small fragments of
adjacent healthy tissue were resected (cancer and control
tissue, respectively). Control tissue was recognized as normal
based on pathological analysis. Patients characteristics are
provided in Section S3 of the Supporting Information (SI).

2. Materials and Equipment. Silver-109 (min. 99.75% of
'%Ag) isotope was purchased from Buylsotope (Sweden) and
transformed to trifluoroacetate salt using known methods
(involving dissolution in HNO;; precipitation of '“AgOH;
reaction with trifluoroacetic acid; and recrystallization from
tetrahydrofuran/hexane mixed solvent system). 2,5-Dihydrox-
ybenzoic acid (DHB) was purchased from Aldrich. Steel
targets were machined from H17 stainless steel. All solvents
were of HPLC quality, except for water (18 MQ water
produced locally) and methanol (LCMS grade, Fluka). The
silver-109 nanoparticles were synthesized on the surface of
steel targets'' Optical photographs of tissue samples were
obtained on an Olympus SZ10 microscope, equipped with an 8
Megapixel Olympus camera.

3. Tissue Processing. Following surgery, tissue samples
were immediately frozen in dry ice to minimize sample
degradation and stored at —60 °C until analysis. For the
LARESI SRM MSI imaging experiments, 100-um-thick tissue
sections were cut using a microtome, and the slices were
mounted on the Peltier stage set to —18 °C to minimize lateral
mixing of compounds in the sample surface.

Four different kidney tissue sections (Specimen 1—4 as
described in SI Section S3) recovered from three different
patients were examined. Specimens 2 and 3 were obtained

https://dx.doi.org/10.1021/acs.analchem.9b04580
Anal. Chem. 2020, 92, 42514258
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from the same patient (SI Section S3). Each of the four tissue
sections contained both a cancerous (RCC) and a non-
cancerous (control) region.

4. Laser Ablation, Remote-Electrospray lonization,
Selected Reaction Monitoring, Mass Spectrometry
Imaging: LARESI SRM MSI of Kidney Cancer Tissue.
4.1. Laser System. An Nd/YAG-pumped, tunable OPO laser
(IR Opolette 2731-HE; Opotek, Carlsbad, CA) with 4 ns, mid-
IR laser pulses with a maximum repetition frequency of 20 Hz,
was tuned to 2.94 um. The pulse energy was 3.5 mJ (measured
using a pyroelectric energy meter PE25-SH-V2; Ophir-
Spiricon, Logan, UT).

4.2. Imaging Sample Chamber and Imaging Procedure.
The experiment was performed in an airtight chamber as
depicted in Figure 1. The chamber is pressurized with nitrogen

ESI solvent

from N,
HPLC I] 12
l y |] OPO laser
Ms H 13 1-Xeaxis stage
spectrometer 10 R 2 Y-axis stage
> 3 - Cooling pump
- [~8 4~ Cooling radiator
7 5 - Sample table
6] 6 - Peltier module
5 ——» 7-sample
14 I 8 - Sapphire window
9-CaF, lens
2 10 - PTFE tubing
[ 1 11 - Gold mirror

12 - Pressure chamber
13 - ESI source
14 - Z-axis stage

Figure 1. Schematic representation of the LARESI SRM MSI
experimental setup.

gas to produce nitrogen flow of 2 L/min. The specimen is
placed on a 50 X 50 mm sample stage. A Peltier cooling plate
(TE-127—-1.4—1.5; TE Technology, Traverse City, M)
maintains the sample at of —18 °C. Excess heat generated

from the Peltier element is removed using circulating water
and an external radiator. The temperature-controlled sample
stage is mounted on a motorized XY-stage (MTSS0-Z8;
Thorlabs, Newton, NJ). The pulsed beam from the OPO laser
enters the sample chamber through a 1”7 Infrasil window
(Thorlabs) and is redirected toward the sample stage by a
gold-plated mirror (PF10—03-MO01; Thorlabs). The beam is
focused onto the sample surface by a 40 mm focal length CaF,
spherical lens (Thorlabs), mounted on a Z-axis stage
(Thorlabs). The incidence angle on the sample is 90°; the
size of the laser focus is 60 = 10 um and the pulse energy
measured at the sample surface is 2.5 mJ. During imaging, the
laser focal point remains fixed in space, while the sample is
moved by the computer-controlled XY-stage. A funnel,
connected to a 4 mm LD. PTFE tube, is positioned over the
laser ablation site. The overpressure in the chamber drives a 2
L X atm/min nitrogen gas flow through the tube. The laser
ablation plumes are entrained into the gas and transported to
the electrospray ionization (ESI) source of the SCIEX QTRAP
5500 mass spectrometer. The outlet end of the Teflon tube is
mounted axially with the MS sampling cone inside the ESI
source, and the distance between the butt end of the tube and
the tip of the cone is 20 mm. A binary HPLC pump (Agilent
G1312A) provides a steady flow of a binary solvent mixture
(2:1 IPA:water with 0.5% acetic acid; 20 uL/min) to the
electrospray needle.

Samples were maintained at —18 °C during analysis by the
Peltier module. Imaging of tissue sections was performed over
a square or rectangular area of about 1 cm” The spatial
resolution was in a range from 175 to 300 ym. Each of 1.5 X
10° pixels was exposed to the laser for 2 s, at a laser pulse
repetition rate of 15 Hz. Between pixels, the sample stage
moved with a speed of 2 mm/s. The time delay between pixels,
during which the stage was moving along a straight line (the

Table 1. Mass Spectrometry Parameters of LARESI SRM MSI Experiments (Q1, Q3, Scan Time, DP, EP, CE, CXP) and
Observed Abundance Ratios of Selected Metabolites between Cancer and Cancer-Free Human Kidney Tissue Regions both for
LARESI SRM MSI (“ESI”) and 'AgNPET LDI MSI (“LDI”)

abundance
ratio
compound name  polarity” QI [m/z] Q3 [m/z] ESI° LDI
alanine + 90.1 44.0 0.6 0.7
serine + 106.1 60.0 0.5 0.7
threonine + 120.1 103.2 0.8 0.8
lysine + 147.1 84.0 0.7 0.8
glutamic acid + 148.1 84.0 0.4 0.6
methionine + 150.2 104.0 0.7 0.6
histidine + 156.1 110.0 0.6 0.7
phenylalanine + 166.1 103.0 0.6 0.8
arginine + 175.2 70.0 1.2 1.1
tryptophan + 205.1 146.0 1.1 0.8
guanine - 150.0 108.0 12 0.7
uridine - 243.0 110.2 0.4 0.9
thymine - 125.0 42.0 1.8 1.3
inosine - 267.0 135.2 2.9 1.7
lactate - 89.0 43.1 2.3 1.0
vitamin E + 431.4 165.1 2.0 1.1
137.1

a«_»

scantime [ms] DP [V] EP[V] CE[V] CXP[V] image
30 6 4 17 6 Figure 2C
30 6 10 16 7 Figure 2D
30 20 14 27 10 Figure 2E
30 15 14 23 10 Figure 2F
30 21 14 21 10 Figure 2G
30 6 12 15 12 Figure 2H
30 16 13 19 12 Figure 21
30 11 14 37 12 Figure 2J
30 40 11 27 8 Figure 2K
30 20 14 16 10 Figure 2L
50 —80 -10 —18 —13 Figure 3C
NY —80 -10 -18 -13 Figure 3D
50 —80 -10 —14 -13 Figure 3E
30 —80 —-10 -23 -13 Figure 3F
30 —80 —-10 —-15 —13 Figure 3G
30 120 9 40 15 Figure 4C
30 120 9 68 19 Figure 3D

= negative ion mode; “+” = positive ion mode. bAveraged cancer-to-normal signal intensity ratio in LARESI SRM MSI (calculated by dividing

averaged signal intensity from cancer region by value from normal region), “Averaged cancer-to-normal signal intensity ratio in 'AgNPET LDI
MS imaging; DP = declustering potential; EP = entrance potential; CE = collision energy; CXP = cell exit potential.
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horizontal direction in Figures 3—5), was 4 s, and the time
delay between lines was S s. Control and analysis software was
described recently.””

4.3. Mass Spectrometer Parameters. A SCIEX QTRAP
5500 mass spectrometer was used in positive ion mode with
selected reaction monitoring (SRM) measurement mode with
Q1/Q3/DP/EP/CE and CXP settings as stated in Table 1. In
MRM mode, each compound-specific fragmentation was
monitored for specific time (Table 1) with a § ms delay to
the next fragmentation. The settings of the ESI source were as
follows: source temperature 500 °C, curtain gas 20 psi, ion
source gas 1—30 psi, ion source gas 2—20 psi, ion-spray voltage
—4500 V (for negative mode) and +5500 V (for positive
mode), collision gas (nitrogen): medium. Images of extracted
ion chromatograms for compounds studied with LARESI are
provided in SI Section S4.

4.4. LARESI Method Test in Enhanced Product lon (EPI)
MS/MS Mode. Volume of 10 uL of serine and aqueous lysine
solution (0.1 mg/mL) was poured onto filter paper (2 X 2 cm)
of 0.2 mm thickness. After drying, paper was attached to
stainless steel plate (2 X 3 cm; 0.8 mm thickness) with sticky
tape and inserted into LARESI chamber. Mass spectrometer
was working in EPI mode set on protonated lysine (m/z 147)
and deprotonated serine (m/z 104). Line resolution was 300
pum. Other parameters were as stated in Sections 4.2 and 4.3.

5. Monoisotopic Silver-109 Nanoparticles-Enhanced
Target Laser Desorption/lonization Mass Spectrometry
Imaging: '"AgNPET LDI MSI of the Kidney Cancer
Tissue. Silver-109 nanoparticle-enhanced target (' AgNPET)
preparation and imaging of human kidney tissue with the use
of nanoparticle-based methods were described in our recent
works.'”'"** For more details see SI Section S1. Studied
specimen contained both normal and cancer regions and was
23 X 26 X 20 mm in size, and the MS imaging was made for
imprint of tissue with 250 X 250 pum resolution.

B RESULTS AND DISCUSSION

LARESI Method Test in Enhanced Product lon (EPI)
MS/MS Mode. LARESI experimental setup was tested in
order to provide data on variability of pixel-to-pixel MS/MS
signal intensity. The ideal test object should have homoge-
neous distribution of a studied compound, but this alone does
not provide perfect results as instrumental components of the
setup, generate signal variability. As LARESI is capable of
analysis of various biological and nonbiological objects due to
application of relatively powerful pulsed laser, low-water
content object—0.2 mm thick filter paper—was used as a
matrix for test compounds. Data shown inSI Section S$ figure
provide pixel intensity variation visualization for two test
compounds,lysine and serine and their fragments in positive
and negative MS/MS modes, respectively. Variabilities
calculated as standard deviation of pixel maximum intensities
were found to be 12% and 16% for protonated lysine and
lysine fragment and 14% and 15% for deprotonated serine and
serine fragment, respectively. The observed variabilities are
very low when compared to the ones reported for MALDI
MsL*

LARESI SRM MS Imaging of Kidney Cancer Tissue. MS
images for 16 selected metabolites in cancerous kidney tissue
samples were obtained with two different MSI methods. IR-
laser-ablation-based LARESI targeted MSI experiments utilizes
tandem mass spectrometry (MS/MS) in fragmentation-based
SRM or MRM modes, whereas ' AgNPET LDI'' employs a
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ToF/MS operating in the standard full scan MS' mode. One of
the study aims was to compare these two methods. It is
recognized that both amino acid and nucleic acid metabolism
are often upregulated in cancerous, relative to noncancerous
tissue.”> Therefore, compounds representing the above
pathways, namely 10 amino acids and 4 nucleosides or
nucleobases were selected for imaging. Lactate, which is a key
cancer metabolite,”® and vitamin E, were also included.

In this first reported application of the LARESI SRM MSI
method, images for 16 selected metabolites (Table 1) in frozen
human kidney tissue sections are presented. Three different
sections were used, and they were obtained from Specimens 1,
2, and 3, respectively. Each section contains both cancerous
and noncancerous regions. The images obtained for the
Specimen 1, 2, and 3 sections are shown in Figures 2, 3, and 4,
respectively. For each metabolite, the m/z values of the
precursor/parent ion (Ql) and the product/daughter ion
(Q3) are listed in Table 1, together with their optimized values
for declustering potential (DP), entrance potential (EP),
collision energy (CE), and cell exit potential (CXP).

Images of the 10 selected amino acids were obtained from
the Specimen 1 tissue section. A photograph of the tissue prior
to imaging, with outlined cancerous and noncancerous regions
is presented in Figure 2A. SRM ion images, (Figure 2C—L),

A normal  cancer

Serine
Q1/Q3: 106.1/60.0

Alanine
Q1/Q3:90.1/44.0

Cancer infiltrating
renal parenchyma

Methionine
Q1/Q3: 150.2/104.0

Glutamic acid
Q1/Q3: 148.1/84.0

Threonine
Q1/Q3:120.1/103.2

Lysine
Q1/Q3:147.1/84.0

Histidine Tryptophan

Q1/Q3: 205.1/146.0

Phenylalanine
Q1/Q3:166.1/103.0

Arginine
Q1/Q3: 175.2/70.0

Q1/Q3: 156.1/110.0

Figure 2. Photographs and LARESI SRM MSI ion images of selected
amino acids in kidney tissue section from Specimen 1 (SI Section S3).
Optical photographs of the imaged kidney tissue (A) prior to and (B)
following imaging. LARESI SRM MSI ion images of the kidney tissue
(C—L). The imaged area is 12 X 12 mm obtained with 40 X 40 pixels
and at 300 X 300 pm resolution.

reveal that several of the amino acids are detected with a lower
abundance in the RCC than in the control. The cancer-to-
control SRM signal abundances, averaged over the respective
regions are listed in Table 1. In noncancerous tissue eight of
the 10 amino acids (alanine, serine, threonine, lysine, glutamic
acid, methionine, histidine, and phenylalanine) had a higher
abundance than in cancerous tissue. Two of 10 amino acids
(arginine, tryptophan) were detected with a slightly higher
abundance in the RCC area. The largest differences between
noncancerous and cancerous tissue was observed for serine,
glutamic acid, histidine and phenylalanine.

The results obtained using LARESI imaging platform are
consistent with the ones reported in several previous renal
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cancer studies. It has been demonstrated that serum levels of
alanine, serine, lysine, glutamic acid, methionine, histidine, and
phenylalanine were significantly decreased in patients with
RCC while arginine levels were increased.”” A similar pattern
of amino acid abundances within the kidney tissue is revealed
with LARESI system (Figure 2). It should be noted that the
phenomenon of amino acid up- and downregulation is not
unique for renal cancers. Significant changes in the abundances
of amino acids in plasma and tissue have indeed been observed
for patients with many different types of cancers (lung, breast,
gastric, colorectal, prostate, pancreatic, and colon).zg_ ! Owing
its simplicity in sample preparation, LARESI imaging platform
is, therefore, ideally suited for rapid investigation of other types
of malignant tumors.

Nucleosides and their metabolites play an important role in
the metabolism and growth of tumors, as rapidly proliferating
tumor cells have a large need for nucleotides.”” Hsu et al.
reported the increased levels of nucleosides, in particular of
inosine, in urine from breast cancer patients compared to
healthy pers.ons,33 while the suppression of uridine in urine of
patients with colorectal cancer has been observed.”* The
authors proposed that nucleoside might serve as potential
human tumor markers.

To demonstrate whether similar trends can be noted in
tissues of kidney cancer patients, the spatial distributions of
selected nucleosides (uridine, inosine), nucleobases (guanine,
thymine), and organic metabolite, namely lactate, were studied
in Specimen 2 (Figure 3). The SRM images for guanine,

Uridine
Q1/Q3:243.0/110.2

Guanine
Q1/Q3: 150.0/108.0

100%

.

Inosine
Q1/Q3: 267.0/135.2

Lactate
Q1/Q3: 89.0/43.1

Thymine
Q1/Q3: 125.0/42.0

Figure 3. Photographs and LARESI SRM MS ion images of
nucleobases, nucleosides, and lactate in RCC Specimen 2 (SI Section
S3). Optical photographs of the kidney cancer tissue prior to (A) and
after imaging (B). Corresponding LARESI SRM images (C—G). The
imaged area is 8 X 8 mm obtained with 40 X 40 pixels and at 200 X
200 um resolution.

thymine, inosine, and lactate all showed higher abundances in
the cancer region. In contrast, uridine abundances were lower
in the cancer tissue. A decline of uridine concentrations in
kidney cancer tissue is consistent with an earlier report.”> Apart
from the differences between the cancer and cancer-free tissue
regions, it is noteworthy that the images also demonstrate
significant SRM abundance variations within each of the two
regions. The MSI of guanine, uridine, thymine, and inosine
with LARESI platform is the first report on the distribution of
these metabolites within human kidney tissue.

The SRM image of lactate (Figure 3G) shows that the RCC
cancer tissue contains approximately 2-fold higher level of
lactate than does noncancerous tissue. Lactate is recognized as
a key metabolite related to cancer progression and metastasis.
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It has long been known that cancer cells exhibit different
metabolism than cancer-free cells. In 1920s Warburg found
that cancer cells prefer aerobic glycolysis rather than oxidative
respiration. In this process, tumor cells produce large amounts
of lactate from glucose even in the presence of sufficient levels
of cellular oxygen.*® In cervical cancer, accumulation of lactate
within tumors was inversely correlated to patient survival.’
Similar correlations were observed in patients with neck and
head squamous cell carcinoma, as the cancers in patients with
short-term survivals had a significantly higher content of lactate
than those in patients with long-term survival.*® Increased level
of lactate were found also in RCC tissue,””** particularly for
higher-grades of cancer.”! Hence, here is good evidence that
tumor lactate metabolism and lactate levels are directly
correlated with the aggressiveness of cancer. Conceivably,
detection of high lactate levels would be a supportive tool for
tumor diagnosis, prognosis, and for predicting probability of
drug effectiveness.

Ion images in Figure 4 were obtained using LARESI SRM
MSI of tissue from Specimen 3. Elevated levels of vitamin E

subcapsular
hematoma

100%

Vitamin E
Q1/Q3:431.4/137.1

Vitamin E

Q1/Q3: 431.4/165.1 0%

Figure 4. Photographs and LARESI SRM ion images of kidney tissue
representing specimen 3 (SI Section S3). Optical photographs of the
sample (A) prior to and (B) after imaging; Images of vitamin E
distributions (C, D) from two different SRM fragmentation reactions.
The imaged area is 7 X 9 mm using 40 X 40 pixels with 175 X 225 pum
resolution.

(a-tocopherol) are observed in the cancer zone. The uptake of
lipids and fatty acids is increased in cancer cells and the high
concentration of vitamin E that is an antioxidant, may be
explained by the need of cells to resist oxidative stress.*’
Increased level of vitamin E in RCC tissue compared with a
noncancer tissue has previously been reported.*>*
199AgNPET LDI MS Imaging of Kidney Cancer Tissue.
All MSI methods are associated with matrix effects that
influence the ratio of measured abundance to actual
concentration of compounds. These effects are not trivial to
quantify. The reliability of an abundance measurement in
imaging as a predictor of relative concentrations will require
substantial future work. In this study, a first step is taken by
comparing MSI results from two very different MSI methods:
LARESI SRM MSI, which uses an IR laser, and ' AgNPET
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LDI MSI, which employs a UV laser for ablation and/or
desorption. The '®AgNPET LDI MSI experiment was
performed by recording high-resolution TOF/MS spectra at
32 X 44 pixel-locations over an 8 X 11 mm size area, that is,
with 250 X 250 pm resolution. Specimen 4 was used to make a
tissue imprint on the '®Ag nanoparticle-covered target plate.
The ion images are shown in Figure 5. The averaged ion

A nomal B C D E F

Thymine
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[M+H]*

Threonine
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[M+H]*

Lactate
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[M+H]*

cancer

Arginine
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[M+Na]*

Methionine
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Glutamic acid
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[M+H]*

M

Serine
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Vitamin E
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Figure 5. Photographs and LDI-MSI analysis with 'AgNPET of the
surface of the RCC Specimen 4 (SI Section S3). (A) An optical
photograph of the imaged surface of the kidney cancer sample. (B) An
optical image of the 'AgNPET surface with RCC tissue imprint.
Dashed lines represent cancer-free and cancer regions. (C—R) Ion
images (TIC normalization) for ions of m/z as specified below each
image. All images are within +0.05 m/z and spatial resolution of 250
X 250 pm.

intensities for both cancerous and noncancerous regions and
normal regions presented in the sixth column of Table 1. The
identity of some of compounds was confirmed with LIFT MS/
MS experiments (SI Section S2).

Ion images of adduct-type ions of 10 amino acids presented
in Figure S were obtained for the same selected metabolites as
the ones investigated with LARESI SRM MSI system. The
abundances of alanine, serine, threonine, lysine, methionine,
histidine, phenylalanine, and glutamic acid ions are at slightly
higher levels in the noncancer tissue region versus tumor
tissue. Ions assigned to potassium adduct of arginine were
present in higher abundance in cancer tissue compared to a
noncancer tissue. A different result from that of LARESI SRM
MS imaging, was obtained for sodiated tryptophan ion that was
found to be in a higher abundance in noncancer tissue. The
greatest difference in abundance within the examined tissue
was observed for proton adduct of thymidine (Figure SF) and
silver-109 isotope adduct of inosine (Figure SQ), which show
higher intensity in the area of cancer tissue versus cancer-free
region. Large variations can also be seen for ion putatively
assigned to proton adduct of vitamin E. The latter were found
dominating cancer-free tissue region compared to cancer one
(Figure SR). A number of recent scientific reports have
suggested that potential biomarkers should have cancer to
control fold change of at least 1.2 or under 0.8."*~*° Using this
criteria for both tested MSI methods, the downregulated
compounds, namely alanine, serine, glutamic acid, methionine,
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histidine, and upregulated ones such as thymine and inosine
could be considered as kidney cancer biomarkers.

B METHODS COMPARISON

Imaging of tissue with the '”AgNPET LDI MSI method is an
excellent alternative to the MALDI MSI method. The absence
of an organic matrix and the option of performing internal
mass calibration are two of the many advantages of this
method. Important advantage of AgNPET-based family of
methods is ease of use and also higher imaging speed (ca. 2—3-
times), the latter providing images of much higher resolution
in the same experiment time. Additional advantage is a smaller
UV laser focal point diameter, compared to that of 2.9 gm IR
laser. However, a drawback of the method is that intercellular
fluid is preferentially transferred to the plate during imprinting,
which may cause the loss of information from intracellular
metabolism. In MALDI or similar LDI methods, for example,
AgNPET, significant variations in sodium and potassium ion
concentrations and in pH over the imaged tissue region may
lead to quantitative problems. In this case, it is likely that
analyte intensity may change more due to sodium/potassium
local concentration than of metabolite itself. Moreover, in most
MALDI instruments, the sample stage is at room temperature,
which promotes tissue degradation and allows warping and
cracking of high vacuum-dried tissue samples. These problems
are virtually nonexistent when employing the LARESI SRM
MSI method. It is an atmospheric pressure method that uses
ablation of frozen sample material from a surface to the gas
phase with a 2.9 ym IR laser, followed ionization by electrically
charged solvent clusters generated through electrospray. In
order to maximize the collection and ionization efficiencies in
LARESI SRM MS], a funnel-type device coupled with optics
was positioned above the sample to confine the ablation plume
and to guide the material through the PTFE tube and into the
ESI source. The method has several advantages. LARESI SRM
MSI enables direct analysis of samples of varying sizes, shape
and physical form. There is no need for sample pretreatment
steps such as application of a matrix or solvent, dehydration, or
derivatization prior to analysis. Thus, it allows preserving the
anatomical integrity of the sample, reducing the risk of
delocalization of analytes and chemical contamination of the
samples. The samples are not exposed to vacuum and this
reduces the possibility of deformation. The latter would
produce mass shifts of detected ions, a significant problem with
vacuum, TOF-analyzer-based MS instruments. The cooling
stage holds the specimen in a frozen state, which prevents
water loss thus preserving sample integrity. In LARESI SRM
MSI analytes are ionized by protonation, which greatly
facilitates qualitative and quantitative analysis and makes the
spectral results readily compatible with databases commonly
used for metabolomics analyses. Finally, the ability of using
SRM in MS/MS mode boosts both analytical sensitivity and
selectivity. It is anticipated that here described LARESI setup
will facilitate not only MS® or higher order fragmentation MSI,
but also direct ambient 3D imaging of tissues.

B CONCLUSIONS

A novel MSI platform termed LARESI SRM has been
developed that allows direct, pretreatment-free, ambient
chemical imaging of complex biological samples, such as
heterogeneous human tissues. The potential of the LARESI
SRM MSI method for rapid and accurate detection of
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metabolites that could serve as tumor markers in human tissues
was demonstrated in kidney samples from cancer patients. For
comparison purposes, a markedly different MSI method,
namely '”AgNPET LDI in full scan mode, was employed for
untargeted analysis of the same tissue. The study is the first
one to offer the comparison of molecular images from two
different methods that depict spatial distribution of metabolites
that included 10 amino acids, two nucleosides, and four
nucleobases, as well as lactate and vitamin E, relevant to cancer
diagnostics within human tissue from patients with RCC. Ion
images of cancerous kidney tissue obtained for 16 selected
metabolites revealed striking abundance differences and
patterns versus cancer-free tissue regions. In almost every
case, the abundance patterns observed with the two MSI
methods were similar, thus, mutually supportive and clearly
differed between cancerous and noncancerous tissues.

Employing LARESI SRM/MRM MSI platform, biomarkers
discussed in this work, together with other low molecular
weight compounds described in literature can aid identification
of cancerous tissues. Conceivably, LARESI method can
become an integral part of cancer diagnostic methods that
are based on analyses of biopsy samples.
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Preparation of monoisotopic silver-109 nanoparticles
(*®AgNPs) by pulsed fiber laser (PFL) ablation synthesis in solution
(LASiS) with the use of a 2D galvoscanner (2D GS) is described.
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nebulization) in mass spectrometry (MS) analyses and MS imaging
(MSI) are shown. These include tests with a nonionic nucleoside
and saccharide, ionic amino acids, and also a low-molecular-weight
polymer. Fingerprint MS imaging is shown as an example of a fast
and simple MSI procedure.
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larger structure is broken down into NPs, and the bottom-up
approach, in which material is synthesized from the molecular
or atomic level.'®'"” Chemical reduction is classified as a
bottom-up approach and is one of the most common strategies
in use for the synthesis of nanoparticles for experiment
MS.'"***! However, chemical purity problems arise due to the
use of substances for chemical reactions such as metal

One of the most utilized laser mass spectrometry methods is
matrix-assisted laser desorption/ionization mass spectrometry
(MALDI MS), which was developed by Tanaka et al. in 1988."
It offers soft ionization potential, being therefore a powerful
analytical tool for the analysis of ionic high-molecular-weight
molecules, such as peptides, proteins, and DNA/ RNA,”* but

also, it is useful for detection of some nonionic classes of
chemical compounds such as lipids, etc.”~” However, MALDI
has not been too often applied to detect low-molecular-weight
(LMW) compounds (MW < 1000 Da), because MALDI
matrices are low-molecular-weight organic acids and produce a
variety of matrix-related ions during the desorption/ionization
process, which complicates the spectrum and causes
suppression of analyte peaks.®”"

Discussed problems have been partly solved by the
development of surface-assisted desorption/ionization
(SALDI) mass spectrometry techniques, where target plates
are coated with various nanostructures.”''~'” Applications of
nanoparticles not only allow reduction of spectral interference
but also simplify the mass spectrum. The sample preparation
step is also much simpler; usually only application of sample is
required.'®'” What is more, methods based on nanostructures
produce very good spot-to-spot reproducibility and greatly
reduce the “sweet-spot” problem."”

The literature describes two main approaches for the
synthesis of nanostructures: the top-down approach, where a

© 2021 The Authors. Published by
American Chemical Society

WACS Publications

precursors, reducing agents, stabilizers, and oxidized products,
which are the source of reagent-related ions and yield
numerous interfering signals.”* >

The above-mentioned problem was solved with the
application of laser ablation synthesis in solution (LASiS) for
the production of nanoparticles.”® LASiS employs pulsed laser
irradiation to ablate a solid material target submerged in liquid,
ejecting NPs from the plasma plume into the surrounding
solution.”” This method allows for stabilizer- and reducing-
agent-free NP production.”* ">’ LASiS produces nanoparticle
suspensions of a relatively high chemical purity compared to

chemical methods.*®
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Figure 1. (A) Laser ablation setup for the preparation of 'AgNPs; G — 2D galvanometer laser scanner. Right panel (B) presents setup for
nebulization of nanoparticles. Panel (C) presents UV—vis spectrum of '’AgNP suspension in acetonitrile. Panel (D) shows results of DLS
measurement of '°Ag nanoparticles” hydrodynamic size distribution by number. (E) High-resolution SEM image of target modified with '’ AgNPs
generated by PFL 2D GS (three sizes in the center are 29.00, 29.76, and 25.41 nm).

This study describes a new method of production of
chemically pure silver-109 nanoparticles in suspension with an
application method for covering of studied objects or surfaces.
For the first time, 1064 nm pulsed fiber laser (PFL) with 2D
galvanometer scanner (2D GS) is shown as a very good source
of nanoparticles. The GS module allows very precise and fast
scanning of a focused laser beam on the sample surface,
virtually removing any heat buildup or local melting of the
ablation target. It allows very efficient and fast production of
relatively big amounts of nanoparticles compared to systems
without it. Moreover, the GS module allowed us to use a 20 W
pulsed fiber laser directly on the ablation target with a full laser
frequency of 80 kHz. Generated silver-109 nanoparticles are
shown to be highly useful for LDI mass spectrometry and also
mass spectrometry imaging (MSI). This work presents LDI
MS results for test compounds belonging to groups such as
amino acids, saccharides, nucleosides, and polymers as well as
MSI results for the fingerprint.
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A silver-109 isotope of 99.7% isotopic purity was bought from Trace
Sciences International (USA). vr-Histidine and p-ribose were
purchased from Sigma-Aldrich (99% purity). Thymidine was
purchased from Alfa Aesar (99% purity). Poly(propylene glycol)
(PPG, average Mn 1000 Da) was purchased from Sigma-Aldrich. All
solvents were of HPLC quality, except for water (18 MQ cm water
produced locally). Steel targets were machined from H17 stainless
steel. Before the LDI MS and MS imaging experiments, steel targets
were cleaned through soaking in boiling solvents: toluene (3 X 100
mlL, each plate for 30 s), chloroform (3 X 100 mL, each plate for 30
s), acetonitrile (3 X 100 mL, each plate for 30 s), and deionized water
(3 x 100 mL, each plate for 30 s). Every plate was dried in high
vacuum (ca. 0.01 mbar, 24 h). Optical photographs were made with
the use of an Olympus SZ10 microscope equipped with an 8 MPix
Olympus digital camera and also a Canon 6D camera with a macro-
type 90 mm focal length lens.
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The experimental arrangement for the '“’AgNP preparation by laser
ablation is shown in Figure 1A. The silver-109 foil (~1 mm thick) was
placed at the bottom of a glass vessel containing solvent (acetonitrile
or isopropanol). The '®Ag foil was covered by an approximately 3
mm thick layer of solvent (total solvent volume was 3 mL). The laser
ablation was carried out with a 1064 nm pulsed fiber laser (Raycus
RFL-P20QE/A3). A suspension was obtained after 2 min of
irradiation with a pulse energy of 0.8 mJ (100 ns pulse length) at a
40 kHz repetition rate. Laser ablation was accomplished at a scanning
speed of 2000 mm/s; the ablation area was 4 X 4 mm. The
suspension was immediately transferred into a syringe and used in the
nebulization step.

The experimental setup for the nebulization of ' AgNP suspension is
shown in Figure 1B. The entire nanoparticle nebulization process was
controlled by a computer. The H17 steel plate (laser mass
spectrometry target plate) was placed on the table of a translation
system consisting of a motorized XY table (EzM-42XL-A powered by
closed-loop Ezi-SERVO motors). A glass syringe (1 mL) was filled
with a previously prepared suspension of silver-109 nanoparticles and
placed in a syringe pump (pumping speed 250 yL/min). The custom-
made software directed the 2D system table with 10 mm/s speed
using a sequence of movement designed to uniformly cover a target
plate. The nebulizer was obtained from a Bruker Amazon ETD ESI
ion source. Argon at a pressure of 2 bar was used as the nebulizing
gas. Generally, all studied objects—for MS and MSI—were placed on
the target plate before nebulization.

The '"AgNP suspension was characterized by UV—vis spectroscopy
(Jasco V-670 spectrophotometer). The spectrum was registered in
quartz cuvettes within a 200—800 nm spectral range. The blank
sample contained acetonitrile. The suspension of '”AgNPs was also
characterized by dynamic light scattering (DLS) using a Zetasizer-
Nano ZS from Malvern Instruments. DLS measurements were
performed by backscattering at a fixed detector angle of 173°.
Isopropanol was used as a dispersant.

LDI-ToF mass spectrometry experiments were performed using a
Bruker Autoflex Speed ToF mass spectrometer equipped with a
SmartBeam II laser (355 nm). The laser pulse energy was
approximately 90—140 xJ, and the laser repetition rate was 1 kHz.
Compounds were measured within 80—1500 or 80—2000 m/z
windows, and ion deflection was turned on for ions lighter than m/z
79. The first accelerating voltage was held at 19 kV, and the second
ion source voltage was held at 16.7 kV. The reflector voltages used
were 21 and 9.55 kV. The spectra for histidine, thymidine, and ribose
were acquired by integrating approximately 4000 shots, for which the
PPG 5000 shots package was used. Spectra were internally calibrated
and analyzed with FlexAnalysis (version 3.3). Mass calibration
(typically enhanced cubic calibration based on 5—10 points) was
performed using internal standards (silver ions and clusters from
109Ag+ to 109A810+)-

Measurements were performed using a Bruker Autoflex Speed time-
of-flight mass spectrometer in reflectron mode. The apparatus was
equipped with a SmartBeam II 1000 Hz, 355 nm laser. The laser
impulse energy was approximately 90—140 yJ, the laser repetition rate
was 1 kHz, and deflection was used for m/z lower than 80 Da. The m/
z range was 80—1500 for the fingerprint experiment (40 X 40 ym
spatial resolution). The first accelerating voltage was held at 19 kV,
and the second ion source voltage was held at 16.7 kV. Reflector
voltages used were 21 kV (the first) and 9.55 kV (the second). The
experiments were made with 1000 laser shots per individual spot with
random walk applied (FlexImaging 4.0). A random spot measurement
pattern was used for all MSI experiments. All spectra were calibrated
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with the use of silver ions ('®Ag* to 'Ag;*). All of the generated
ion images were within the +0.05% m/z range. TIC normalization
was used for all results shown.

Stock solution (0.1 mg/mL) of each analyte was prepared by
dissolving it in water (histidine, ribose, thymidine). In order to
prepare analyte solutions of lower concentrations, the stock solution
was diluted with ultrapure water. A solution of poly(propylene glycol)
in isopropanol of a 10 yg/mL concentration was prepared. A 0.5 uL
volume of each of the final solutions was applied to the steel target
and air-dried followed by nebulization with the '®AgNP suspension.

MALDI experiments were performed using a DHB matrix solution
(saturated matrix in acetonitrile with 0.5% of trifluoroacetic acid) by
the drying droplet method (1:1 v/v matrix:sample solution). A
volume of 1 uL of sample mixed with matrix solution was placed
directly on steel plate and air-dried, and the target was inserted into an
MS apparatus for measurement. Calibration was performed on matrix
signals.

Preparation of the ungroomed fingerprint for mass spectrometry
imaging was obtained by touching the clean steel target for
approximately 1 s. Then, the object was covered with a layer of
nanoparticles by nebulization, as described in paragraph 2.3.

A target modified with 'AgNPs generated by a PFL 2D GS method
was inserted into the Helios Nanolab 650 electron microscope. The
voltage was set at 10 and 30 kV, and the current was set as 0.2 nA.
Images were made in nonimmersive mode.

The laser mass spectrometry usually is realized via MALDI
methodology. It employs organic low-molecular-weight ma-
trices, such as a-cyano-4-hydroxycinnamic acid (CHCA) and
2,5-dihydroxybenzoic acid (DHB). This methodology is
preferred only for ionic substances, such as peptides and
proteins of molecular weights higher than 1000 Da due to (i)
numerous matrix signals in the region of m/z < 1000, (ii)
unreliable calibration, (iii) low mass accuracy, (iv) low
ionization potential for neutral organic compounds, and (v)
the sweet-spot effect. Moreover, due to the acidity of the
standard matrix solutions, the analysis of various substances
may be problematic.’’

Most of above-mentioned MALDI problems may be solved
by using metal nanoparticles, for example, silver ones, as
desorption/ionization agents.'®*"** Silver nanoparticles were
produced by different means including chemical, physical, and
biological methods. Chemical synthesis is most commonly
used to obtain AgNPs. The reaction involves the reduction of
Ag" to elemental silver by electron transfer under various
conditions. The chemical reduction method requires two
substances: a metal salt precursor and a reducing agent.
However, almost all procedures contain also a stabilizer.
Among the many silver precursors, we can distinguish silver
nitrate, silver ammonia complexes, and silver sulfate. In turn,
the role of the reducing agent is often assumed by sodium
borohydride or sodium citrate. Both the type of precursor and
reductant used can influence the properties of the AgNPs
obtained.”’ Preparation of silver nanoparticles by a chemical
reduction method for laser mass spectrometry was presented
by Hua and co-workers. Authors used silver nitrate as the metal
precursor and sodium cyanoborohydride as the reducing agent.
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Figure 2. LDI MS positive reflectron mode spectrum of target plate covered with '’ AgNPs generated by PFL 2D GS (A). Others panels present
LDI MS spectra fragments for histidine (B), thymidine (C), and ribose (D) of 0.1 mg/mL concentrations deposited on the target plate and covered
with silver-109 nanoparticles obtained with PFL 2D GS LASiS. The last panel (E) presents an LDI MS spectrum of poly(propylene glycol) of a
10.0 pg/mL concentration spot at the same target as the above-mentioned compounds.

AgNPs were used as matrices for studying the MALDI MS of
peptides such as bradykinin and angiotensin 1. The obtained
results present only proton adducts of the mentioned
compounds along with a relatively high noise level.” In
contrast, Sherrod et al. used commercially available 20 and 60
nm silver nanoparticles to ionize peptides and observed no
signals on the MS spectrum.’® Ding and co-workers used a
chemical reduction method to obtain silver nanoparticles of
different sizes. Silver nitrate or silver perchlorate was used as
the metal precursor, while sodium citrate and/or sodium
borohydride was used as the reducing agent. The AgNPs
obtained were used as a matrix for amyloid-beta peptide
MALDI-ToF-MS measurements. However, the processes of
purifying the suspension from reaction byproducts or
unreacted substrates make this method of producing silver
nanoparticles very time-consuming and complicated.”

The above-mentioned problems were partly solved by
Yonezawa and co-workers, who were the first to demonstrate
a method for producing nanoparticles by laser ablation in an
aqueous medium and their applicability as a matrix for laser
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MS.** Compared to chemical synthesis, laser ablation synthesis
in solution has some very unique properties including: (i) cost-
effectiveness, (ii) simplicity, (iii) time-efficiency, (iv) spectrum
simplicity and low chemical background, (v) the ability to
prepare NPs from a variety of metals or alloys, and (vi) in situ
dispersion of the nanoparticles in a variety of liquids. In
general, LASiS produces suspensions of a relatively high
chemical purity as compared to chemical methods.

In this work, LASiS has been used to obtain chemically pure
monoisotopic silver-109 nanoparticles. Natural silver contains
two isotopes: '”’Ag (ca., 51.8%) and '®Ag (ca., 48.2%). It is
logical to state that the use of monoisotopic silver-based MS
methods provide analyte peaks that are roughly 2-fold higher
in intensity compared to normal silver. Signals based on a
single silver-109 isotope have also a higher signal-to-noise (S/
N) ratio. What is more, internal calibration with the use of
silver-109 signals is greatly improved due to many times higher
intensity and S/N of complex Ag,* (x = 2—30) ions compared
to normal silver.
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Nanoparticles were generated by a pulsed 1064 nm fiber
laser with galvoscanner head scanning of an ablated surface.
The experimental setup for the ' AgNP preparation is shown
in Figure 1A. For fast synthesis of nanoparticles, a high-
frequency (60—80 kHz), high-pulse-energy (up to 1 m]J/pulse)
laser was used. However, in order to avoid unwanted thermal
effects such as melting, solvent boiling, and oxidation of
solvent and also of nanoparticles, a two-dimensional (2D)
galvoscanner (GS) was used. A galvoscanner head with an f-
theta lens attached to a fiber laser allowed for precise and very
fast shifting of a focused laser beam on the surface of an
ablated metal foil.

Prepared nanoparticles were first studied by UV—vis
spectroscopy. Particular wavelengths of light can induce the
metallic electrons to oscillate, which causes an effect known as
surface plasmon resonance (SPR). It is associated with a
specific size and shape of the silver nanoparticles as well as
chemical surroundings. Therefore, the UV—vis spectroscopy
method can be of some aid in determining the size and shape
of nanoparticles. The literature describes that as the diameter
of AgNPs increases, the absorbance band shifts toward longer
wavelengths and also broadens.’**” The UV—vis spectrum
obtained for PFL 2D GS LASiS of ' AgNPs is shown in Figure
1C. The 'AgNP postreaction suspension UV—vis spectrum
recorded after 3 min of synthesis contains a local maximum at
394 nm, which suggests that the size of most of nanoparticles is
approximately 10 nm. However, one can observe an
asymmetric broadening of the SPR toward longer wavelengths,
which is characteristic for a fraction of spheroidal particles. The
occurrence of spheroids may indicate particle aggregation
processes taking place in the suspension.” Similar results were
reported by several authors.”"*"*°

Figure 1D presents the results of dynamic light scattering
(DLS) measurement of 'AgNP size distribution by number
after a few minutes after preparation of a suspension. The DLS
chart of the size distribution by number indicates the highest
content of nanoparticles being around 30 nm in diameter, with
a distribution ranging from 20 to 100 nm. A high-resolution
scanning electron microscope image of a modified target
(Figure 1E) also confirms that individual nanoparticles are in
roughly round/spherical shape and are of 25—35 nm size. A
number of HRTEM and DLS results on size measurements of
silver nanoparticles obtained with LASiS in different organic
solvents indicate that NPs with a size of ~10 nm are the most
common group.””” DLS results suggest bigger nanoparticles
as judged from a UV—vis spectrum. Most probably, this is due
the fact that the nanoparticle suspension used for the DLS
measurement was prepared in a different solvent than the one
optimized for LASiS. Many studies show the effect of solvent
on the size of nanoparticles obtained.””

Application of nanoparticles in laser mass spectrometry
requires a suitable method of application on the surface
containing a studied object, which may be, for example, a
sample spot or tissue slice. One approach of using AgNPs as a
matrix is dry metal sputtering, which allows for preparation of a
homogeneous layer with minimal or no lateral migration of the
analyte on the laser beam size scale.’® Silver deposition by
sputtering has been applied to various types of samples,
including fingerprints,” but also to a human carotid® or
samples of colorectal cancer metastases to the liver."'
However, the prevalence of this method is low, probably due
to the need for a specialized sputtering system. Moreover,
sputtering requires that a sample is treated in very high
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vacuum, which can be problematic for some of tissues due to
warping and cracking. Yang, Fournelle, and Chaurand
presented silver-assisted laser desorption ionization (AgLDI)
MSI, where a silver salt solution was sprayed to obtain a
homogeneous layer on thin tissue sections. However, the
method did not achieve the same hi§h spatial resolution as
Dufresne et al. or other researchers.””"”

For our LDI MS measurements, 0.5 uL of each of solution
of histidine, ribose, thymidine, and PPG polymer was applied
to a stainless-steel plate and air-dried. The plate with all test
objects was placed on the table of the translation system as
shown in Figure 2B. Aliquots of colloidal silver-109 (1 mL)
were sprayed three times onto the sample. Each portion was
injected into the nebulizer at a constant rate of 250 yL/min.
The entire nanoparticle nebulization process was controlled by
a computer using a sequence of movements aimed at evenly
covering the target plate.

The LDI MS spectrum of '“’AgNPs produced by PFL 2D
GS LASIS and deposited on the surface of stainless steel of
target plate by nebulization is shown in Figure 2A. The mass
spectrum made in the 80—1500 m/z range contains virtually
only silver-109 ion peaks of '“Ag* to '“Ag;,* composition.
Various low-molecular-weight compounds such as ionic amino
acid histidine and nonionic ribose and thymidine were tested
to verify the potential of ionization of organic compounds with
the silver-109 nanoparticles obtained with PFL 2D GS LAS:iS.

The first analyzed compound histidine (Figure 2B) was
found mainly as a 109Ag adduct but sodium, potassium, and
protonated adducts signals were also found. Histidine was
recently analyzed on diamond nanowires acting as an LDI
active surface, presenting a spectrum with a number of
unknown signals in the m/z 50—250 region.”> Our previous
attempt to analyze histidine was made using a 'AgNPET
target. The S/N ratio of the histidine—logAg adduct for
19AgNPET was 214,"* while for PFL 2D GS LASiS, 'AgNPs
is higher at 280. What is more, the target covered by PFL 2D
GS LASiS ""AgNPs that is ready for mass spectrometry can be
made within 10 min of time, which is in contrast to our
previous method '"AgNPET, where target preparation took
48 h.

Thymidine was also tested as a very good example of a
biologically important, medium-polarity nonionic compound.
The LDI MS spectrum of thymidine (T; 0.1 mg/mL) with
PFL 2D GS LASiS '®AgNPs in reflectron positive mode is
shown in Figure 2C. The thymidine MS spectrum obtained
with the use of PFL 2D GS LASiS '’ AgNPs shows two highest
peaks, assigned to a thymidine—silver adduct with an S/N ratio
of 138 and protonated with an S/N ratio of 175. Measuring
nucleosides using modified graphene as a matrix was shown by
Wang et al,; however, the results presented a low S/N ratio.”

Another compound tested was ribose, a nonionic medium-
polarity saccharide. The LDI MS spectrum within m/z 80—
1500 in reflectron positive mode of ribose on a target covered
by PFL 2D GS LASiS 'AgNPs is shown in Figure 2D. The
highest peak visible in the spectrum belongs to the
ribose—logAg+ adduct. Protonated, potassium, and sodium
adducts were also visible, and the S/N ratios for protonated,
sodium, potassium, and ribose—'Ag adducts were 3, 23, 12,
and 150, respectively. Bibi and Ju utilized quantum dots (QDs)
with some modifications as a matrix for LDI-TOF MS to small
monosaccharides including ribose.*® In contrast, Zhang and
colleagues showed that the use of traditional MALDI matrices
such as DHB or CHCA is not suitable for the analysis of small
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oligosaccharides such as ribose. The matrix-derived peaks were
dominant on the spectrum and were the cause of ribose signal
suppression.47

Poly(propylene glycol) is a compound belonging to the
polymer group, consisting of propylene oxide-mers. The
repeating monomer unit mass of approximately 57.9 is of the
CH,CH(CH;)O chemical formula. The LDI mass spectrum of
PPG is shown in Figure 3E. As can be seen, the spectrum

Figure 3. Results of LDI MS imaging of a fingerprint with PFL 2D GS
LASiS 'AgNPs. Optical microscope images of a fingerprint (A).
Images (B—R) (TIC-normalized) represent spatial distribution of
ions of m/z 96.922 (B), 98.996 (C), 106.050 (D), 148.061 (E),
178.0592 (F), 183.078 (G), 183.175 (H), 185.069 (1), 240.947 (J),
241.942 (K), 283.264 (L), 311.295 (M), 333.119 (N), 334.283 (O),
363.324 (P), and 391.355 (R). Spatial resolution 40 X 40 yum.

contains a typical polymer structure with a dominating mass of
approximately m/z 1000, which positively corroborates with
the polymer used. For example, the highest polymer signal at
m/z 105S revealed is the 109Ag+ ion adduct of a PPG with 16-
mer units. Comparison of polypropylene glycol spectra
between MALDI and SALDI were made by Okuno et al.
The authors identified a problem with the reproducibility of
MALDI mass spectra for PPG, which showed a strong
dependence on the analyte/matrix ratio and on the type of
solvent and/or chemical matrix.*®

Comparison of the new method with previously published
ones is shown in Table 1. The upper part of table presents
comparison of m/z matching errors (calculated and exper-

Table 1. Comparison of Mass Spectrometry Data of PFL GS
LASiS Nanoparticles with Chemically Synthesized Ones
(AgNPET) and Also with MALDI

calculated—experimental m/z errors in ppms

A m/z [ppm]
compound MALDI PFL 2D GS LASIS
histidine 184 8
thymidyne 314 12
ribose not found 7
3-methylhippuric acid 1207 21
alternariol 77 8
comparison of signal intensity
1YAgNPET [16]  PFL 2D GS LASiS '“AgNPs

1PAg 14453 59969

1PAg," 21351 89591

19Ag,* 19818 77933

19Ag,* 386 1810

1PAgs* 785 10579
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imental) of a few test low-molecular-weight compounds shown
as ppm values. Very big, unacceptable m/z errors of MALDI
are surely an effect of calibration performance. The silver-
method-based spectrum was calibrated with the use of nine
signals, while the MALDI one was calibrated with only two
matrix signals. It should be noted that the ribose signal is
marked as “not found” as a big m/z difference and low
intensity did not allow it to be assigned. The lower part of
Table 1 contains comparison of previously published method
'YAgNPET that is based on the chemical synthesis of
nanoparticles with the one based on PFL 2D GS LAS;iS. It is
clearly seen that PFL 2D GS LASiS 'AgNPs produce much
higher signals under laser irradiation, which in turn allows
better calibration, especially in the higher m/z region.

The fingerprint was chosen as a test subject to determine the
applicability of PFL 2D GS LASiS '®AgNPs for imaging
exogenous and endogenous compounds on a human finger.
Francese and co-workers" were the first to demonstrate the
applicability of MALDI MSI for fingerprint trace analysis. The
fingerprint is one of the most important means of biometric
identification, as it is a source of both physical and chemical
information. The physical information provided by a finger-
print is the geometry, distribution, and size of sweat pores and
also local shapes such as terminations, bifurcations, islands,
spurs, etc. Chemical information found on fingerprints includes
exogenous and endogenous substances, including drugs,
explosives, toxins, poisons, cosmetics, toiletries, etc. Endoge-
nous compounds found on the skin include lipids, peptides,
amino acids, proteins, urea, simple inorganic compounds, as
well as organic salts.

The LDI MS imaging experiment involved a fingerprint left
on the stainless-steel surface. Preparation of the fingerprint is
extremely simple, and only requires a finger to touch the target
surface. A suspension of monoisotopic silver-109 nanoparticles
was sprayed onto the obtained fingerprint. Table 2 contains
names and ion data for some of the compounds found in the
imaging experiment. Ion images for some of the ions from
Table 2 are shown in Figure 3 and the Supporting Information
(S1).

The compounds that were identified in the studied
fingerprint belong to different groups such as inorganic salts
(e.g, NaCl, KCl), simple organic compounds (e.g., urea, amino
acids, short carboxylic acids), fatty acids, lipids, and others.
Most of these compounds are considered endogenous,
secreted through the skin or sweat pores.

Ion images for ions presented in Table 2 are shown in Figure
3. In the fingerprint, six amino acids such as serine, cysteine,
glutamic acid, asparagine, histidine, and lysine were detected.
Figure 3 contains four images showing the spatial distribution
of amino acids with the following m/z values of 106.050 (D),
148.061 (E), 178. 0592 (F), and 185.0692 (1), which were
assigned to protonated serine, protonated glutamic acid, a
histidine—sodium adduct, and a lysine—potassium adduct,
respectively. As judged from the ion image, these amino acid
ions are found in close proximity to sweat pores, which
produce round structures rich in the mentioned ions.
Numerous studies show that amino acids/proteins are one of
the most numerous groups of compounds present in a
fingerprint.”® Figure 3 also contains images showing ions
with relatively low m/z, such as 96.922 (B) and 98.996 (C)
assigned to adduct [KCINa]* and a urea—potassium adduct.
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Table 2. Compounds and Their Ions Found in MSI Experiment

compound” ion formula Mz’
1. KCl [KCl + NaJ* 96.9223 Figure
3B
2. urea [CH,N,O + 98.9961 Figure
K 3C
3. 1-hexanoic acid [CeH,0,— 99.0810 S1.A
H,0 + H]*
4. serine [C,H,NO; + 106.0504 Figure
H]" 3D
S. 1-hexanoic acid [CeH,0, + 117.0916 S1.B
H]*
6. L-cysteine [C;H,NO,S +  122.0276 S1.C
H]*
7. L-glutamic acid [CsHoNO, + 148.0610 Figure
H]* 3E
8. 2-aminoadipic acid [CeH, 0O, + 169.0477 S1.D
Nal*
9. asparagine [C,HN,O; + 171.0172 S1LE
K]*
10.  histidine [CH,N,0, + 1780592 Figure
Nal* 3F
11.  octanoic acid [CgH 40, + 183.0787 Figure
KJ* 3G
12.  dodecanoic acid [C1,H,,0,— 183.1749 Figure
H,0 + H]* 3H
13.  2-aminoadipic acid [CeH,00, + 185.0216 SL.F
K]*
14.  L-lysine [CeH4N,0, +  185.0692  Figure 31
K]*
15.  pyruvic acid [CiH,0; + 196.9208 S1.G
10941+
8
16.  glyceric acid [C;HO, + 214.9313 SL.H
1097 0]%
g
17.  pentyl 2-hydroxybenzoate  [C,H,40, + 215.1048 SLI
Na]*
18.  glutaric acid [CsHO, + 240.9470  Figure 3]
189pg]"

These ions correspond to compounds secreted directly by
sweat pores (KCI/NaCl and urea) that can be used to localize
sweat pores as well as dorsal patterns.

Another group of compounds that were detected in the
fingerprint were free fatty acids such as octanoic, dodecanoic,
octadecenoic acid, eicosenoic, pentadecenoic, and tetracosa-
noic acids. Figure 3 presents ion images showing the spatial
distribution of mentioned fatty acids with the following m/z
values of 183.0787 (G), 183.1749 (H), 2832637 (L),
3112950 (M), 333.1187 (N), and 3913552 (R), which are
attributed to an octanoic acid—potassium adduct, protonated
dodecanoic acid with water molecule loss, protonated 9-
octadecenoic acid and protonated cis-13-eicosanoic acid, a
pentadecenoic acid—silver-109 adduct, and a tetracosanoic
acid—sodium adduct, respectively. The mentioned ions are
presenting very clearly representations of fingerprint ridges.
Free fatty acids were previously identified in a fingerprint using
different analytical techniques such as MALDI or SALDI MS.’

A novel method for synthesis and application of monoisotopic
silver-109 nanoparticles onto a studied surface for LDI MS and
MSI is presented. The methodology was proven to be very
useful for analysis and MS imaging of low-molecular-weight
(LMW) compounds and polymers as well as for mass
spectrometry imaging. LASiS with the use of 1064 nm pulsed
nanosecond fiber laser on galvomotors allowed highly efficient
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b

compound” ion formula m/zq.
19.  asparagine [C,HN,O; +  240.9582 S1J
109701
g
20  aspartic acid [C,H,NO, + 241.9422 Figure
109 Ag]+ 3K
21.  phenylacetic acid [CgH 0, + 244.9572 SL.K
1097 0]+
g
22.  3-oxoglutaric acid [CsH(O; + 254.9262 S1.L
18907*
3
23.  mevalonic acid [CeH,,04 + 256.9783 S1.M
1097 0]+
g
24.  ribose [CH,00; + 2589575 S1N
109g]"
25.  9-octadecenoic acid [C1sH340, + 283.2637 Figure
H|* 3L
26.  cis-13-eicosenoic acid [CyH350, + 311.2950 Figure
H]* M
27.  pentadecenoic acid [C1sHyO + 333.1187 Figure
109 Ag]+ 3N
28.  methyl linoleate [CoH3,0, + 333.2196 S1.0
K]*
29.  cis-13-eicosenoic acid [CyH;30, + 333.2770 S1.P
Na]*
30.  N-dodecyl-4-methyl-1- [CisHyN;O +  334.2834  Figure
piperazine carboxamide Nal* 30
31. tricosanoic acid [Cy3H,60,— 337.3470 S1.R
H,0 + H]*
32.  butyl octadecanoate [C»,H4,0, + 363.3239 Figure
Na]* 3P
33.  tetracosanoic acid [CyHy0, + 391.3552 Figure
Na]* 3R

“Putative identification. “m/z. —
value.

calculated monoisotopic m/z

synthesis of nanoparticles of extremely high chemical purity.
LASiS of 'AgNPs coupled with nebulization was used for
surface-transfer mass spectrometry imaging of a fingerprint,
allowing investigation of ridge patterns and sweat pores as well
as determination of spatial distribution of compounds.
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Abstract

Application of monoisotopic cationic *°’Ag nanoparticles (:°?AgNPs) obtained by
pulsed fiber laser (PFL) 2D galvo-scanner (GS) laser generated nanomaterial (LGN) for
both high resolution laser desorption/ionization mass spectrometry and mass spec-
trometry imaging of amino acids is presented. Four amino acids, alanine, isoleucine,
lysine, and phenylalanine were used as test compounds for quantification with
matrix-assisted laser desorption/ionization mas (MALDI)-type mass spectrometer.
Comparison of commonly made manual measurements with semiautomatic mass
spectrometry imaging (MSI) was performed providing very interesting findings.
Amino acids were directly tested in 1 000 000-fold concentration change conditions
ranging from 1 mg/ml to 1 ng/ml, which equates to 500 ng to 500 fg of amino acid
per measurement spot. Methods were also tested on samples of human blood plasma

for quantification of endogenous amino acids.

KEYWORDS

quantification

1 | INTRODUCTION

Amino acids are organic compounds that play an important role in the
functioning of the body. They are necessary for the proper course of
life processes, such as the structure of proteins, enzymes, cells, and
the synthesis of hormones and neurotransmitters. The concentration
of amino acids in the human body varies depending on the food con-
sumed or the health state. Both high and low values of amino acid
concentrations in the body can be indicators of metabolic disorders or
developing disease. Amino acids can be found in quite wide concen-
tration range in different biological objects, for example, different
amino acids are in approximately 4- to 1500-uM concentration range
in human urine.! In blood plasma, amino acids are typically found in 7-
to 721-pM concentration range.2 However, amino acids measured in
tissue such as liver can be in wide concentration range from 0.01 to
7.5 mmol per kilogram of tissue.® Taking into the consideration that

measured samples are often extracted and concentrated, the final

amino acids, low molecular weight compounds, monoisotopic silver-109 nanoparticles, MSlI,

concentration range in measurement-ready samples can be much
wider. Hence, methods of quantification of amino acids working in
wide concentration range are needed.

Matrix-assisted laser desorption ionization mass spectrometry
(MALDI-MS) is one of the most common soft ionization methods used
in modern mass spectrometry (MS) instruments. This method has
been applied in various type of analyses e.g. proteomics, microorgan-
ism identification or cancer drug analysis.*> Despite all its advantages
(high sensitivity, rapidness and efficiency), the MALDI method is rarely
used for detection and quantification of low molecular weight (LMW)
compounds. The main problem is the need for application of matrices,
which are usually low molecular weight acids and during analysis pro-
duce variety of ions which may interfere with signals of analyzed sam-
ple in low mass range.® This problem can be solved with application of
nanoparticles instead of traditional organic matrices; many articles
have been published showing the use of nanoparticles in LMW

analysis.”%°
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Monoisotopic silver-109 nanoparticles (1°?AgNPs) were found to
be very efficient for cationization of various type of compounds, for
example, amino acids, fatty acids, saccharides, or mould toxins.11"14 In
this article, we present quantification result of amino acids on steel
plate covered with chemically pure silver-109 nanoparticles produced
by a new method with the use of 1064-nm pulsed fiber laser with 2D
galvanometer scanner. We also compare manual laser desorption/
ionization mass spectrometry (LDI MS) and semiautomatic laser
desorption/ionization mass spectrometry imaging (LDI MSI) in quanti-
fication of amino acids along with discussion of results and compari-
son with various surface-assisted laser desorption ionization (SALDI)
and MALDI methods previously used in amino acids analysis.

2 | EXPERIMENTAL SECTION

21 | Materials

All amino acid standards were purchased from Sigma-Aldrich. Steel
targets were machined from H17 stainless steel. Before the LDI MS
and MS imaging experiments steel targets were cleaned through
soaking in boiling solvents: toluene (3 x 100 ml, each plate for 30 s),
chloroform (3 x 100 ml, each plate for 30 s), acetonitrile (3 x 100 ml,
each plate for 30 s) and deionized water (3 x 100 ml, each plate for
30 s). Every plate was dried in high vacuum (ca. 0.01 mbar, 24 h). All
solvents were of HPLC quality, except for water (18 MQ - cm water

produced locally).

2.2 | Pulsed fiber laser (PFL) 2D galvo-scanner
(2D GS) laser generated nanomaterial (LGN) of silver-
109 nanoparticles

The silver-109 foil (~1 mm thick, 99.7% isotopic purity) was bought
from Trace Sciences International (USA) was placed at the bottom of
a glass vessel containing solvent (acetonitrile). The °°Ag foil was
covered by an approximately 3-mm thick layer of acetonitrile (total
solvent volume was 3 ml). The laser ablation was carried out with a
1064-nm pulsed fiber laser (Raycus RFL-P20QE/A3). Suspension was
obtained after 2 min. Irradiation with pulse energy of 0.8 mJ (100-ns
pulse length) at a 40-kHz repetition rate. Laser ablation was accom-
plished at a scanning speed of 2000 mm/s; the ablation area was
4 x 4 mm. Suspension was immediately transferred into a syringe and

used in the nebulization step.

2.3 | Nebulization of *®?AgNPs suspension

The entire nanoparticle nebulization process was controlled by a com-
puter. The H17 steel plate (laser mass spectrometry target plate) was
placed on the table of a translation system consisting of a motorized
XY table (powered by closed-loop servomotors). Glass syringe (1 ml)

was filled with a previously prepared suspension of silver-109

90

nanoparticles and placed in a syringe pump (pumping speed 250 pl/
min). The custom-made software directed the 2D system table with
10 mm/s translation speed using a sequence of movements prepared
to uniformly cover a target plate. Nebulizer was typical, standard flow
Bruker ion source ‘needle’ or nebulizer. Argon at a pressure of 2 bar
was used as the nebulizing gas. Studied objects—for MS and

MSI—were placed on the target plate before nebulization.

2.4 | Sample preparation and handling

All amino acids standards (alanine, isoleucine, lysine, and phenylala-
nine) were dissolved in water to give a final concentration of
1 mg/ml. Lower concentrations were prepared by diluting of ten-
times higher concentration ones. Volume of 0.5 pl of plasma was dis-
solved in 249.5 pl of ultrapure water. Volumes of 0.5 pul of amino acid
and plasma solutions were placed directly on target plate, air dried,
and then target was nebulized with *°?AgNPs suspension as stated in
previous subchapter.

2.5 | LDI mass spectrometry

Laser desorption/ionization-time-of-flight (LDI-ToF) mass spectrome-
try experiments were performed in reflectron mode using Bruker
Autoflex Speed time-of-flight mass spectrometer equipped with a
SmartBeam Il laser (355 nm). Laser impulse energy was approximately
90-140 pJ, laser repetition rate 1000 Hz. The total number of laser
shots was 4000 for each spot. This amount of laser shots was divided
into four, symmetrically positioned points laying in distance of approx-
imately 1/3 of spot radius from its center. At each point, 1000 laser
shots were made with default random walk applied (random points
with 50 laser shots). Measurement range was m/z 80-1500. Suppres-
sion was turned on typically for ions of m/z lower than 80. Reflector
voltages used were 21 kV (the first) and 9.55 kV (the second). The
data were calibrated and analyzed with FlexAnalysis (version 3.3)
using centroid calibration model. Mass calibration (enhanced cubic cal-
ibration based on 8-9 calibration points) was performed using internal

standards (silver-109 ions and clusters from 1°Ag™ to 1°7Ag,™).

2.6 | LDI mass spectrometry imaging

Measurements were performed using a Bruker Autoflex Speed time-
of-flight mass spectrometer in reflectron positive mode. The appara-
tus was equipped with a SmartBeam Il 1000 Hz 352 nm laser. Laser
impulse energy was approximately 100-120 pJ, laser repetition rate
was 1000 Hz, and deflection was set on m/z lower than 80 Da. The
m/z range was 80-1500 and spatial resolution 500 x 500 pm. The
imaging experiments were made with 2000 laser shots per individual
spot with a default random walk applied (FlexImaging 4.0). All spectra
were precalibrated (cubic calibration function) with the use of
silver-109 ions (*°?Ag* to °°Age™) as internal standard. The first
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accelerating voltage was held at 19 kV, and the second ion source
voltage was held at 16.7 kV. Reflector voltages used were 21 kV (the
first) and 9.55 kV (the second). All of the shown imaging pictures are
for +0.05% m/z window. MSI experiments were performed on all

spots of amino acid standards and blood plasma solution.

3 | RESULTS AND DISCUSSION

Monoisotopic silver-109 nanoparticles (1°’AgNPs) were prepared by
PFL laser generated nanomaterial with the use of 2D galvo-scanner
and nebulization. This method, compared to the preparation of
109AgNPs by chemical synthesis, is much faster reducing the target
preparation time from 24 h to few minutes. It is also cost-effective, as
no other chemicals are required and the silver-109 metal foil can be

reused.*’

3.1 | AQuantification results

The LDI MS and MSI LDI MS measurements using monoisotopic
silver-109 PFL 2D GS LGN were performed for four amino acids such
as: alanine, isoleucine, phenylalanine and lysine. Amino acids were
directly measured in concentrations ranging from 1 mg/ml to 1 ng/ml
which equates to 1 000 000-fold concentration change. Limit of
detection (LOD) values were calculated with the use of signal/noise
(S/N) ratio values obtained from spectrum of lowest concentration
samples that contained signal of interest. Every sample was placed on
target plate in 0.5-ul volume equating to 500 ng to 500 fg of amino
acid per measurement spot which is approximately 3.03 nmol to
3 fmol, respectively, calculated for example for phenylalanine (Phe)
molar mass. A regression analysis of the obtained intensity data
against the concentration was also performed. The use of mass spec-
trometry imaging for the quantification of amino acids allowed to
obtain a very good result of the correlation with the R? above 0.99,
which indicates the usefulness of MSI for quantitative analysis. It
should be noted that the regressions were performed over a very
wide concentration range for all seven tested concentrations.

Alanine (Ala) is one of a-amino acids used for the ribosome-
mediated biosynthesis of proteins.'® In mammals, alanine plays a key
role in the glucose-alanine cycle. This cycle allows pyruvate and gluta-
mate to be removed from muscle and transported to the liver. There
pyruvate is used to regenerate glucose, which is returned to the mus-
cles where it is metabolized for energy. In this way, the energy burden
of gluconeogenesis is transferred to the liver instead of to the mus-
cles, and all available ATP in the muscles can be allocated to muscle
contraction. Alterations in the alanine cycle that increase the levels of
serum alanine aminotransferase (ALT) are linked to the development
of type Il diabetes.'”

Figure 1 presents results LDI MS and MSI analysis for alanine
with 1°°AgNPs PFL 2D GS laser generated nanomaterial. Manually
made measurements were taken at four random locations, which is

presented in Figure 1A. Alanine was found in spectra mainly as silver-
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109 adduct of [Ala + °°Ag]™ ion formula in amounts of 500 ng to
50 pg per sample spot. Intensities of alanine-silver-109 adduct peaks
were of 3.8-10% for the highest concentration, 1.5-10° for 100 pg/ml,
1.1-10° for 10 pg/ml, 1.5-10* for 1 pg/ml and 4.5-10° for
100 ng/ml. What is interesting, in manual measurement mode, the
intensity for the alanine signal for the first concentration is lower than
the intensity for 10- and 100-times lower concentrations (Figure 1B).
This is an effect of manual placement of measurement regions, an
effect existing in commonly made manual measurements of MALDI
method. Comparison of results of matching the regression function to
experimental results for manual MS and semiautomatic MSI measure-
ments is presented in Table 1. Regression analysis of this data
provided trendline with R? value 0.937 (disregarding the highest con-
centration). However, the best fit obtained using polynomial trendline
with R? equals 0.962.

Mass spectrometry imaging uses a grid or raster of measurement
points with specified resolution, as shown in Figure 1C. Application of
MSI for analysis the same samples allowed detection of signals
alanine-silver-109 adduct in all concentrations (Figure 1D). Linear
regression function for LDl MS and MSI LDI MS gives similar values
R?, which was equal 0.937 and 0.936 respectively. Significantly lower
R? values were obtained by using the power and exponential
trendlines. The best results were obtained again using polynomial
trendline (R? = 0.975), which is superior to manual measurements.

As can be seen on Figure 1D, ion images prove that studied
amino acid is deposited nonuniformly throughout of all studied sample
spots. The best fit for analysis of alanine by MSI was obtained for data
set for 1 mg/ml to 10 pg/ml concentrations (Figure S1). Limit of
detection based on S/N ratio of 3 was found to be 178 pg (1.99 pmol)
of alanine per measured spot for LDl MS. In contrast, LOD for MSI
LDI MS was found to be 1094 pg (12.28 pmol) per measured spot.

Amino acids were detected by Alterman et al. with using of
MALDI. Limit of quantitation for alanine of 0.14 uM which is
approximately 12 ng/ml.*8 Also, another researcher—Soga et al.—used
capillary electrophoresis-electrospray ionization-tandem mass spec-
trometry (CE-ESI-MS/MS) for quantification amino acids i.a. alanine,
obtaining limit of detection of 8.8 pM.?

The next analyzed amino acid was isoleucine (lle). It is one of the
branched-chain amino acids (BCAAs) for protein synthesis in human
body for example hemoglobin, regulation of blood sugar and energy
levels. It has also been observed that an increase in isoleucine, like
other BCAAs, occurs in people with diabetes, indicating a relationship
between isoleucine and insulin resistance.?’ Results of LDI MS and
MSI analysis for isoleucine with PFL 2D GS LGN-produced °?AgNPs
were presented in Figure 1. Similarly as alanine, measurements of lle
were taken at four random locations, which is presented in Figure 1A.
Isoleucine was found in spectra mainly as silver-109 adduct of [lle
+ 19Ag]* ion formula in 1 mg/ml to 1 pg/ml samples. Isoleucine
reported similar problem as in case alanine for random measurement
points chose in LDI MS. Chart of logarithm of intensity vs. logarithm
of concentration (Figure 1B) presents relatively high intensity for
10 pg/ml (8.3-10% concentration and much lower for the other ones.
LODs were 5890 ng/ml (2945 pg/spot). Data analysis with the use of
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FIGURE 1

[Phe + 109Ag]*

Panel A shows scheme of manual LDI MS measurement with 4 random measure points. Column charts (B and D for MS and MSI,

respectively) present quantitative results for [amino acid + *°?Ag]* ion as logarithm of the intensity versus logarithm of the concentration for
four different amino acids. Panel C presents photograph of sample spot on target plate and measurement region for MSI LDI MS with grid of

measurement points. ND—not detected

different types of regression functions for LDI MS allowed to obtain
the highest value for a polynomial trend line with an R? value of
0.434. This problem was again solved by using mass spectrometry

imaging with a raster of measurement points with specified resolution,
as shown in Figure 1C. The value of the regression coefficient for the
linear trendline is 0.153 for the LDI MS, and for MSI is 0.926.
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Comparison of regression function and R? values for manual MS and semiautomatic MSI measurements

TABLE 1
Amino Regression tDIMS
acid function Regression equation
Ala Exponential Log Int = —6.0819e 012 leg
Linear Log Int = —0.5444 log c + 5.8709
Power Log Int = 5.439 log ¢ ~9-248
Polynomial Log Int = —0.0975 log c2-0.0568 log ¢
+5.3833
lle Exponential log Int = 4.7044e 00708
Linear Log Int = —0.2374 log c + 4.5907
Power log Int = 4.345log ¢ %124
Polynomial log Int = —0.3601log ¢ + 1.563 log ¢
+ 2.7903
Lys Exponential log Int = 4.3923e~0-06¢l08 ¢
Linear log Int = —0.2385log ¢ + 4.3752
Power log Int = 4.4655log c~°22°
Polynomial log Int = 0.0795log c2-0.8743 log ¢
+ 5.3289
Phe Exponential NA
Linear NA
Power NA
Polynomial NA

Note: The best results are marked in bold.
Abbreviation: NA, not applicable.

Moreover, the best fit was obtained for the polynomial trendline with
R? equals 0.936 in MSI measurement mode. The best linear fit for
analysis isoleucine by MSI was obtained for set of concentrations
from 1 mg/ml to 1 pg/ml with R? value of 0.955 (Figure S2). This
amino acid was previously studied by Soga et al. that used capillary
electrophoresis-electrospray ionization-tandem mass spectrometry
(CE-ESI-MS/MS) for isoleucine with limit of detection was 1.0 pM.*?
Another studied amino acid was lysine (Lys) which is classified as
basic and aliphatic amino acid. It has been implicated to play a key role
in biosynthesis of proteins, for example, structural proteins of connec-
tive tissues. The importance of lysine in many biological processes
means that both underexpression and overexpression of lysine can
have an adverse effect on the human body, resulting in disease.?*
Figure 1 presents results analysis LDI MS and MSI for lysine with
109 AgNPs produced PFL 2D GS LGN. The method of measurement of
Lys with results is presented in Figure 1A. Lysine was found in spectra
mainly as silver-109 adduct of [Lys + °°Ag]* with adduct mon-
oisotopic m/z value of 255.0095. Bar chart of logarithm of intensity
vs. logarithm of concentration (Figure 1B) presents the highest inten-
sities for the two first concentrations and much lower for the others.
Limit of detection was found to be 3.06 ng (20.89 pmol) of lysine per
measured spot. Signals of lysine were found in spectra of all concen-
trations. For both the LDI MS and the MSI LDI MS, the best fit was
obtained using a polynomial trendline, with R? 0.924. However, appli-
cation of MSI allowed much better fit of R? being 0.968. Moreover,
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LDI MSI
R? Regression equation R?
0.918 LogInt = 5.6953e~0-687 log ¢ 0.891
0.937  Log Int = —0.4406 log c + 2.4565 0.936
0.795 Log Int = 3.7367 log ¢~ 8% 0.722
0.962  Log Int = 0.0613 log c2-0.8699 log c 0.975
+ 3.0289
0.140 log Int = 4.958e0->25le ¢ 0.818
0.153 log Int = —0.3517log c + 2.3914 0.926
0.089 log Int = 3.7771log ¢~ 1% 0.596
0434 log Int = 0.0207log c?-0.5169log c 0.936
+ 2.6393
0.737  logInt = 3.1124e 0271lg c 0.961
0.693 log Int = —0.3074log c + 2.4488 0.935
0.890 log Int = 2.8418log ¢ 2815 0.826
0.924 log Int = 0.0332log c>-0.5729log c 0.968
+2.8471
NA log Int = 3.9933e0-¢61loe ¢ 0.906
NA log Int = —0.3329log ¢ + 1.8712 0.800
NA log Int = 2.7232log ¢~ 1761 0.787
NA log Int = 0.0853log c2-0.93log ¢ + 2.6674 0.912

the best linear fit for analysis of lysine by MSI was for 1 mg/ml to
1 pg/ml sample set with R? value of 0.972 (Figure S3). Again, MSI ion
images (Figure 1D) proved nonuniform compound localization that is
the reason of much better MSI results compared to manual
measurements.

The last studied amino acid was phenylalanine which contains
neutral and nonpolar benzyl side chain. Phe is precursor of tyrosine
and some neurotransmitters as dopamine, epinephrine and norepi-
nephrine. The concentration of phenylalanine in the blood is of great
importance for people with a genetic condition called phenylketon-
uria. Patients must regulate their intake of phenylalanine due to their
body's inability to metabolize it.2* Figure 1 presents results of manual
measurements (LDl MS) and semiautomatic MSI for phenylalanine
with 1°°AgNPs PFL 2D GS LGN (Figure 1A). Phenylalanine was found
in spectra mainly as silver-109 adduct of [Phe + °°Ag]* at m/z value
of 273.9830. The results of manual measurements for phenylalanine
are shown in the bar graph in Figure 1B. Signals were found for only
two highest concentrations. LOD was found to be 37 437 pg
(226.3 pmol) of phenylalanine per measured spot. The bar chart of
logarithm of signal intensity correlated with logarithm of compound
concentration obtained by MSI with a series of ion images for the
adduct [Phe + 1°Ag]™ adduct is shown in Figure 1D. Application of
MSI allowed finding signals Phe-silver-109 in all concentrations. Data
analysis with the use of different types of regression functions for

MSI LDI MS allowed to obtain the highest value for a polynomial
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TABLE 2 Comparison of LOD and
LDI MS LDI MSI
LLOQ values for manual and LDI MSI
Amino acid LOD (ng/ml) pM LLOQ (ng/ml) LOD (ng/ml) pM  LLOQ (ng/ml) measurements
Alanine 360 + 360 4 590 + 600 2190 + 2190 30 3650 + 3640
Isoleucine 5890 + 7820 50 9820 + 13 040 3250 £+ 2380 30 5420 + 3970
Lysine 6110 + 4800 40 10 180 + 8000 1250 + 1330 10 2080 + 2220
Phenylalanine 74 870 + 68 120450 124 790+ 113 530 5390 + 3090 30 8980 + 5150
MSI [Ala + 10°Ag]* (A) || ntensity MSI [lle + 10°Ag]* (B)

10 pg/ml

human blood
plasma

1 mg/ml|

100 pg/ml

1 pug/ml

a.u.
100
80
40
l 264 ng/ml 20 . 632 ng/ml
. - — : || o . . . — .
1 mg/ml 100 pg/ml 10 pg/ml 1 pg/ml human blood 100 ng/ml 1 mg/mi 100 pg/mi 10 pg/mi 1pg/ml human blood 100 ng/ml
plasma plasma
MSI [Lys + 1%°Ag]* (o | ttwrity MSI [Phe + 109Ag]* (D)
.u.

60
50
40
30
20
10

0

11.7 pg/ml

human blood
plasma

1 mg/ml

100 pg/ml 10 pg/ml

FIGURE 2 Results of quantitative analysis of selected amino acids in human blood plasma by LDI MSI with monoisotopic silver-109
nanoparticles PFL 2D GS LGN. For each identified amino acid, its labelled concentration in 0.5-ul 500-fold diluted blood plasma is given

trend line with an R? value of 0.912. The best linear fit for analysis
phenylalanine by MSI was for 1 mg/ml to 10 pg/ml samples with R?
value is 0.948 (Figure S4).

Table 2 shows the LOD and LLOQ values obtained for the amino
acids tested by manual measurements and LDI MSI methods, respec-
tively. Using the mass spectrometry imaging, a lower limit of detection
value was achieved. In the case of lysine obtained LOD value was
about 4.5 times lower. The results obtained with LDl MSI lower the
randomness of the measurements, thereby providing a much more
reliable quantitative analysis.

Considering the use of °°AgNPs PFL 2D GS LGN in MSI to
determine plasma free amino acid concentrations, the obtained LOD
values of amino acids were compared with literature data. Duran?
presented reference plasma amino acid concentration values for dif-
ferent age groups. For subjects over 18 years of age, the concentra-
tions for Ala, lle, Lys, and Phe were 182-552, 34-84, 111-248, and
39-74 uM, respectively. The reported values are much higher than
the obtained LOD values in MSI experiments, so it can be concluded

that the amino acids shown should be detectable in plasma.
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A spot-to-spot and shot-to-shot reproducibility analysis was
also performed. The obtained results are presented in bar charts in
Figure S5. The results of the shot-to-shot analysis for all tested
amino acids show 15% differences of intensity of the signal from
the analyte. The results of the spot-to-spot analysis of isoleucine
show 4% differences in signal intensities. In turn, for lysine
and phenylalanine, the differences in intensities are equal 15%

and 10%.

3.2 | Detection of amino acids in human blood

plasma

Results obtained for water solutions of amino acids were compared to
the ones based on human blood plasma in order to estimate suppres-
sion effect of biological matrix. Plasma sample had been 500-fold
diluted in deionized water. The highest intensity signals for the tested
amino acids in plasma were found on the MS spectrum as adducts

with monoisotopic silver-109.
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Figure 2 summarizes the ion images obtained from the LDI MSI
experiment for single amino acid solutions and a diluted blood sample,
including a plot of the amino acid-silver-109 adduct signal intensity
versus concentration. The determined concentrations of alanine, iso-
leucine, lysine and phenylalanine identified in 0.5 pul of sample were
3.8 pg/ml, 632 ng/ml, 7.6 pg/ml, and 11.7 pg/ml respectively. Consid-
ering a 500-fold dilution of the sample, the calculated plasma amino
acid concentrations are 168 uM for Ala, 41 pM for lle, 558 pM for
Lys, and 969 uM for Phe, respectively. Of the values obtained, only
the concentration of lle falls within the range given by Duran.?
Alanine is just below normal, while lysine and phenylalanine are signif-
icantly above the ranges presented. The reason for such discrepancies
in amino acid concentrations may be due to the diet, as shown by
Schmidt et al.>?They presented analysis showed that plasma concen-
trations of i.a. lysine and alanine differed by habitual diet group. More-
over, many studies indicate that changes in amino acid concentrations
are associated with disease occurrence or progression.t”2%2! Addi-
tionally, it is important to remember that higher concentration of lle
also originates from Leu which is of the same molecular formula.
Moreover, in case of laser methods usually biological mixture separa-
tion by chromatography is omitted due to low technical compatibility,
and that may introduce interferences from other compounds of com-
plex sample.

4 | CONCLUSION

Application of monoisotopic silver-109 nanoparticles generated by
new method PFL 2D GS LGN for manual LDI MS and semiautomatic
LDI MSI allowed detection and quantification of amino acids in a wide
range of concentration. LOD and R? values obtained for both types of
experiments indicate that mass spectrometry imaging method allows
much better quantification than for commonly used MALDI manual
measurements. lon images obtained in MSI experiments proved highly
nonuniform analyte deposition that makes semiautomatic, multipixel
MSI a modern requirement rather than improvement.
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Application of monoisotopic cationic '®Ag nanoparticles ('®?AgNPs) obtained by PFL (pulsed fiber laser)
2D GS (galvo-scanner) LASIS (laser ablation synthesis in solution) for high resolution laser desorption/
ionization mass spectrometry and mass spectrometry imaging of carboxylic acids is presented. Six acids,
azelaic, 3-methylhippuric, linoleic, oleic, arachidic and erucic acid were used as test compounds for
quantification with a MALDI-type mass spectrometer. Comparison of commonly made manual mea-

surements with semi-automatic MSI was performed providing very interesting findings. Carboxylic acids
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were directly tested in 1 000 000-fold concentration change conditions ranging from 1 mg/mL to 1 ng/
mL, which equates to 300 ng to 300 fg of carboxylic acid per measurement spot. Methods were also
tested on samples of spiked human blood serum for quantification of carboxylic acids and verification of
the influence of biological matrix on the measurement.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

One of the most utilized soft ionization methods was developed
by Tanaka et al., in 1988: matrix assisted laser desorption ionization
mass spectrometry (MALDI-MS) [1]. This method is widely used in
proteomics for protein analysis [2], in microbiology [3] for the
identification of microorganisms and in pharmacy for the analysis
of anticancer drugs [4]. Although it has many advantages such as
high sensitivity and efficiency, the MALDI method is rarely used for
the detection and quantification of low molecular weight com-
pounds. The main problem is the necessity to use organic matrices,
which include acids of low molecular weight, and during the
analysis they produce various types of ions that interfere with the
signals of the analyzed sample in the range of low masses [5]. This
problem can be avoided by using nanoparticles instead of tradi-
tional matrices. Many published articles showing the use of nano-
particles in LMW analysis confirm their usefulness [6—9].

Monoisotopic nanoparticles of silver-109 were used to analyze
various types of compounds, including amino acids, fatty acids,
sugars or mycotoxins [10—13], where they have proved to be very
effective in cationization. In this publication we present

* Corresponding author.
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https://doi.org/10.1016/j.iims.2022.116816
1387-3806/© 2022 Elsevier B.V. All rights reserved.

97

quantification result of carboxylic acids (including fatty acids) with
chemically pure silver-109 nanoparticles produced by a 1064 nm
pulsed fiber laser with 2D galvanometer scanner.

Significant advantage of nanoparticles-based method compared
to MALDI is the replacement of organic matrix. This allows easy
sample preparation, low chemical background, easier data analysis
and fast data collection [6]. Silver nanoparticles provides unique
advantages such as providing the possibility of internal calibration
due to silver-related ion peaks and producing highly reproducible
signals. Additionally, antibacterial and antifungal properties of sil-
ver nanoparticles help with the preservation of analyzed sample
[14]. What is more, silver-109 nanoparticles (1°?AgNPs) have a
number of additional advantages: (i) simple isotopic pattern; (ii)
higher intensity of analyte signal, (iii) higher detection sensitivity,
(iv) much better compatibility with the analysis of complex mix-
tures, such as biological samples [13]. Chemically pure '®’AgNPs are
of critical importance for mass spectrometry. They can be produced
by pulsed fiber laser (PFL) 2D GS (galvo-scanner) laser ablation
synthesis in solution (LASiS) that generates nanoparticle suspen-
sions of a relatively high chemical purity compared to chemical
methods as stabilizer- and reducing-agent-free NPs are obtained
[15].

In this work we compare manual nanoparticle-based laser
desorption/ionization mass spectrometry (LDI MS) and semi-
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automatically-performed mass spectrometry imaging (MSI) in
quantification of carboxylic acids along with discussion of results
and comparison with various matrix-assisted laser desorption/
ionization (MALDI) and high-performance liquid chromatography
coupled with mass spectrometry (HPLC-MS) methods previously
used in carboxylic acids analysis.

2. Materials and methods
2.1. Materials

All carboxylic acid standards were purchased from Sigma-
Aldrich. Steel targets were machined from H17 stainless steel
(1.4016 steel). Before the LDI MS and MS imaging experiments steel
targets were cleaned through soaking in boiling solvents: toluene
(3 x 100 ml, each plate for 30 s), chloroform (3 x 100 ml, each plate
for 30 s), acetonitrile (3 x 100 ml, each plate for 30 s) and deionized
water (3 x 100 ml, each plate for 30 s). Every plate was dried in high
vacuum (ca. 0.01 mbar, 24 h). All solvents were of HPLC quality,
except for water (18 MQ cm water produced locally).

2.2. Pulsed fiber laser 2-axis galvanometer scanner (PFL 2D GS)
LASIS of silver-109 nanoparticles

The silver-109 foil (~1 mm thick, 99.7%+ isotopic purity) was
bought from Trace Sciences International (USA) was placed at the
bottom of a glass vessel containing solvent (acetonitrile). The '%°Ag
foil was covered by an approximately 3 mm thick layer of aceto-
nitrile (total solvent volume was 3 mL). The laser ablation was
carried out with a 1064 nm pulsed fiber laser (Raycus RFL-P20QE/
A3). Suspension was obtained after 2 min Irradiation with pulse
energy of 0.8 mJ (100 ns pulse length) at a 40 kHz repetition rate.
Laser ablation was accomplished at a scanning speed of 2000 mm/s,
the ablation area was 4 x 4 mm [15]. Suspension was immediately
transferred into a syringe and used in the nebulization step.

2.3. Sample preparation and handling

All carboxylic acids standards (azelaic, 3-methylhippuric, lino-
leic, oleic, arachidic and erucic acids) were dissolved in water to
give a final concentration of 1 mg/mL. Lower concentrations were
prepared by diluting of ten-times higher concentration ones. Vol-
ume of 1 pL of blood plasma was dissolved in 249 pL of ultrapure
water, then 250 pL of 100 pg/mL acid solution were added. Volumes
of 0.3 pulL of carboxylic acid and blood plasma spiked with carboxylic
acid solutions were placed directly on the target plate, air dried, and
then the target was nebulized with 1°°AgNPs suspension, as stated
in section 2.4.

2.4. Nebulization of '°°AgNPs suspension

The entire nanoparticle nebulization process was controlled by a
computer. The H17 steel plate (laser mass spectrometry target
plate) was placed on the table of a translation system consisting of a
motorized XY table (powered by closed-loop servomotors). Glass
syringe (1 mL) was filled with a previously prepared suspension of
silver-109 nanoparticles and placed in a syringe pump (pumping
speed 250 pL/min). The custom-made software directed the 2D
system table with 10 mm/s translation speed using a sequence of
movements prepared to uniformly cover a target plate. Nebulizer
was a standard flow Bruker ion source ‘needle’ or nebulizer. Argon
at a pressure of 2 bar was used as the nebulizing gas.
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2.5. LDI mass spectrometry

LDI-ToF mass spectrometry experiments were performed in
reflectron mode using a Bruker Autoflex Speed time-of-flight mass
spectrometer equipped with a SmartBeam II laser (355 nm). Laser
impulse energy was approx. 90—140 pJ, laser repetition rate was
1000 Hz. The total number of laser shots was 4000 for each spot.
These laser shots were divided into four, symmetrically positioned
points laying in distance of ca. 1/3 of spot radius from its center. At
each point, 1000 laser shots were made with default random walk
applied (random points with 50 laser shots). The measurement
range of interest was m/z 80—1500. Suppression was turned on
typically for ions of m/z lower than 80. Reflector voltages used were
21 kV (first) and 9.55 kV (second). The data was calibrated and
analyzed with FlexAnalysis (version 3.3) using centroid calibration
model. Mass calibration (enhanced cubic calibration based on 8—9
calibration points) was performed using internal standards (silver-
109 ions and clusters from '®?Ag * to 199Ag3).

2.6. LDI mass spectrometry imaging

Measurements were performed using a Bruker Autoflex Speed
time-of-flight mass spectrometer in reflectron positive mode. The
apparatus was equipped with a SmartBeam II 1000 Hz 355 nm laser.
Laser impulse energy was approximately 100—120 pJ, laser repetition
rate was 1000 Hz, and deflection was set on m/z lower than 80 Da. The
m/z range was 80—1500 and spatial resolution 500 x 500 um. The
imaging experiments were made with 2000 laser shots per individ-
ual spot with a default random walk applied (FlexImaging 4.0). All
spectra were pre-calibrated (cubic calibration function) with the use
of silver-109 ions (1°°Ag * to 1°°Agd) as internal standard. The first
accelerating voltage was held at 19 kV, and the second ion source
voltage was held at 16.7 kV. Reflector voltages used were 21 kV (first)
and 9.55 kV (second). All of the shown imaging pictures are for
+0.05% m/z window. MSI experiments were performed on all spots of
carboxylic acid standards and blood plasma solution.

3. Results and discussion

Synthesis, properties and application of silver-109 nanoparticles
obtained in PFL 2D GS LASiS method were shown in our recent
publication [15]. In that article, advantages of laser-assisted gen-
eration of nanoparticles over chemical synthesis were presented.
There are many literature positions proving that silver nano-
particles are very efficient in ionization of compounds allowing
detection of various low molecular weight compounds also in
complex biological mixtures e.g. blood plasma or urine samples
[8,13,16—18].

We selected various carboxylic acids important for human
metabolism or that may contribute to various diseases. Azelaic acid
has anti-inflammatory, antibacterial and anti-keratizing actions.
Due to these properties, azelaic acid is used in acne treatment [19].
3-Methylhippuric acid is one of main metabolite of toluene and
xylene, and can be used as indicator of exposure to these neurotoxic
compounds [20,21]. Linoleic and oleic acids may induce apoptosis
of human lymphocytes, on the other hand both of these acids are
angiogenesis initiators [22,23]. Arachidic acid was used in prepa-
ration of anticancer drug delivery nanoparticles, erucic acid can be
accumulated in human organism which can lead to some heart
disorder e.g. myocardial lipidosis that cause decrease in the con-
tractile performance of heart muscles [24,25].

3.1. Quantification results

Standards of all listed acids were directly measured in
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concentrations ranging from 1 mg/mL to 1 ng/mL which equates to
1 000 000-fold concentration change. Limit of detection (LOD)
values were calculated with the use of signal/noise (S/N) value of 3
for lowest concentration samples. Every sample was placed on
target plate in 0.3 pL volume equating to 0.3 pg to 0.3 pg of acid per
measurement spot which is approx. 159 pmol to 1.59 fmol
respectively calculated for example for azelaic acid molar mass.
Shot-to-shot and spot-to-spot analyses were conducted for three
exemplary carboxylic acids. Result of this analysis is presented in
Supporting file (S1). This analysis proves high reproducibility of the
results, for the shot-to-shot analysis, the spread of the results
around the mean value was 11, 10 and 10% for 3-methylhippuric,
oleic and arachidic acids respectively. For spot-to-spot analysis,
spread of the results was 17, 27 and 10% for 3-methylhippuric, oleic
and arachidic acids respectively. LOD and lower limits of quantifi-
cation (LLOQ) values were calculated for manual LDI MS experi-
ment and semi-automatic MSI and they are presented in Table 1.

For 3-methylhippuric acid, mass spectrometry imaging allowed
to obtain lower limit of detection value than manual LDI MS. For the
remaining analyzed carboxylic acids, due to the very high values of
the standard deviation, it is difficult to clearly show which method
allows to obtain better results. It is worth noting that application of
LASiS silver-109 nanoparticles allowed to obtain 3 to 5 times lower
LOD and LLOQ values for studied acids compared to previously
described °AgNPET method that employs chemically produced
nanoparticles [12].

Fig. 1 presents results LDI MS and MSI analyses for azelaic acid
with '°AgNPs PFL 2D GS laser generated nanomaterial. Manual
measurements were performed at four random locations inside
sample spot for each analyzed acid, the measurement scheme is
presented in Fig. 1A. Azelaic acid was found in spectra mainly as
silver-109 adduct of [M+'%°Ag]* formula in amounts of 300 ng to
300 fg per sample spot. Intensities of azelaic acid-silver-109 adduct
peaks were of 1.5310° for the highest concentration, 5.1810* for
100 pg/mL, 1.510* for 10 pg/mL, 5.3210° for 1 pg/mL, 1.6410> for
100 ng/mL, 1.2110° for 10 ng/mL and 850 for 1 ng/mL. All of data is
presented in as logInt (intensity) vs logc (concentration) plot
(Fig. 1B). Regression analysis results of collected data is presented in
Fig. 2B chart. Within this work, a preliminary calculations were
conducted by fitting different trendline functions (polynomial,
power, linear) to experimental data. Polynomial trendline was
selected as best fitting and therefore applied to all studied com-
pounds. For azelaic acid, results were obtained in the widest con-
centration range with a very good fit of trendline, the R? value is
0.993 for trendline.

After manual LDI MS measurement of sample the same spots
with carboxylic acids were analyzed by semi-automatic MSI

Table 1
Limits of detection and lower limit of quantification for studied carboxylic acids.
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method. Fig. 1C presents scheme of semi-automatic MSI method
which was used in the measurement of all carboxylic acids. Fig. 1D
shows results of this analysis. During this measurement whole
sample spot is covered by a grid of measurement points with
specified resolution. Similarly, to LDI MS polynomial trendline gives
very good fit (R? 0.982). In Fig. 1D ion images of sample distribution
proves that the sample is distributed non-homogeneously on the
plate.

Limit of detection based on S/N ratio of 3 was found to be 434 pg
(3.23 pmol) of azelaic acid per measured spot for LDI MS. In
contrast, LOD for MSI was found to be 754 pg (5.62 pmol) per
measured spot.

Literature provides information on LOD value for LDI MS
method for this carboxylic acid that was provided by our team in
previous publication. The LOD value was 31.4 pM [12], which is
approx. 3-Times higher than LOD value obtained by using LASiS
method. However, Garelnabi et al. presented results of GC analysis
of azelaic acid with LOD value of 1 nM and LLOQ value 50 nM [26].

The next analyzed acid was 3-methylhippuric acid (3-MHA).
Fig. 2A and C presents results of LDI MS and MSI analyses for this
carboxylic acid with PFL 2D GS LASiS-produced ®AgNPs. Similarly,
as azelaic acid, measurements of 3-MHA were taken at four random
locations, which is presented in Fig. 1A. 3-MHA was found in
spectra mainly as silver-109 adduct of [M+'%°Ag]" ion formula in
1 mg/mL to 1 ug/mL concentration samples. Intensities for 3-MHA
were 1.910° for 1 mg/mL, 1.32:10° for 100 pg/mL, 2.5710* for 10 pg/
mL and 8.76103 for 1 pg/mL. Similarly to azelaic acid analysis, charts
with trendline are shown in Fig. 2A and C. The best fit for both
analyses is polynomial trendline with R? value 0.977 and 0.967 for
LDI MS and MSI respectively.

LOD value for 3-methylhippuric acid was found to be 215 pg
(1.14 pmol) per spot for LDI MS and 190 pg (1.01 pmol) per mea-
surement spot for MSI. In our publication LOD value was found
7.4 UM [12] which is over 2-times higher than LOD during this
analysis. Hollow-fiber liquid-phase microextraction method pro-
vided LOD value of 2 pg/mL [27]. However, Behbahani et al. used
high performance liquid chromatography with ultraviolet detector
(HPLC-UV) method that provided better results (LOD = 0.2 ng/mL),
but do not allows compound identification by m/z ratio [20].

Fig. 2B and D presents results of quantification by LDI MS and
MSI for linoleic acid with '®?AgNPs produced by PFL 2D GS LASiS.
This acid was found in spectra mainly as a silver-109 adduct of
[M+1%Ag]* ion formula at m/z 389.1444. Plots of log intensity vs.
log concentration (Fig. 2B) for polynomial trendline gave R-square
value of 0.997. On the other hand, application of MSI allowed to
obtain fit of R? being equal to 0.993. Limit of detection was found to
be 237 pg (1.23 pmol) of linoleic acid per measured spot. MALDI-

Carboxylic acid Manual LDI MS

Semi-automatic MSI

LOD? (ng/ml) uM

LLOQ" (ng/ml)

LOD? (ng/ml) uM LLOQ"(ng/ml)

Azelaic acid 1445 + 1682 3211 + 2803 2513 + 2907 5585 + 4846
11 19

3-Methylhippuric acid 716 + 474 1590 + 790 633 + 194 1407 + 324
3.8 33

Linoleic acid 791 + 1122 1757 + 1869 1075 + 1647 2390 + 2745
41 5.5

Oleic acid 201 + 283 448 + 472 317 + 440 705 + 734
0.78 1.2

Arachidic acid 1110 + 415 2468 + 692 2835 + 1613 6299 + 2689
3.9 10

Erucic acid 269 + 386 598 + 643 547 + 775 1216 + 1292
0.94 1.9

2 Based-on S/N ratio of 3.
b Based on S/N ratio of 5; LLOQ — lower limit of quantification.
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Fig. 1. Panel A shows the scheme of manual LDI MS measurement with 4 random measurement points. Panel C presents scheme of semi-automatic MSI measurements. Graphs B
and D present results of quantification based on silver-109 adduct of azelaic acid signal for different concentrations obtained in LDI MS and MSI experiments. Both panels (B, D)
contain the equation and the R? value for polynomial trendline. Panel D also contain [azelaic acid+!°°Ag]* ion images for each concentration.
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Fig. 2. Column charts A and C present results of quantification based on silver-109 adduct of 3-methylhippuric acid signal for different concentrations obtained in LDI MS and MSI
experiments. Charts B and D present the same results for linoleic acid. All charts show decimal logarithm of intensity value vs decimal logarithm of concentration of acids. All panels
contain the equation and the R? value for polynomial trendline. Panels C and D also contain [3-methylhippuric acid+'°°Ag]* and [linoleic acid+'°°Ag]* ions images for each
concentration.
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FTICR MS (matrix-assisted laser/desorption ionization-Fourier
transform ion cyclotron resonance mass spectrometry) method
provides LOD value of 1.9 pM and high-performance liquid chro-
matography coupled with charged aerosol detector (HPLC-CAD)
and ion trap/time of flight mass spectrometry (MS-IT-TOF) pro-
vided limit of detection value 1.1 ng/mL [28,29]. Again, ion images
proved nonuniform compound localization that is the reason of
much better MSI results compared to manual measurements.

Fig. 3A and C shows the results of oleic acid analysis. As with
previously tested acids, it was analyzed in two measurement
modes: manual LDI MS and semi-automatic MSI. The measurement
method is shown in Fig. 1A and C. Oleic acid was found in spectra
mainly as silver-109 adduct of [M+'%°Ag]* at m/z value of 391.1601.
The results of manual measurements for this acid are shown in the
graph in Fig. 3A. Signals were found for five concentrations with
intensities 1.8810° for 1 mg/mL, 1.6810° for 100 pg/mL, 9.33:10* for
10 pg/mL, 41210 for 1 pg/mL and 1.6310* for 100 ng/mL. Plot in
Fig. 3C present results of semi-automatic MSI method. Polynomial
trendline is the best fit for both LDI MS (R? value 0.997) and MSI (R?
value 0.981) for this carboxylic acid. LOD was found to be 60 pg
(0.24 pmol) of oleic acid per measured spot. Methods such as HPLC-
CAD/MS-IT-TOF provided LOD as low as 0.014 pg/mL [29]. On the
other hand, high performance liquid chromatography-evaporative
light scattering detection method provide LOD value of 13.7 ng [31].

Next analyzed acid was arachidic acid, results is presented in
Fig. 3B and D. Arachidic acid was found in spectra mainly as silver-
109 adduct of [M+1%%Ag]* at m/z value of 421.2070. The results of
manual measurements for are shown in Fig. 4B. Signals were found
for four concentrations with intensities of 1.3610> for 1 mg/mL,
6.0510% for 100 pg/mL, 7.38103 for 10 pg/mL and 9.32-102 for 1 g/
mL. As in the previous analyses, polynomial trendline is best fitted
for LDI MS (R? 0.994). For MSI R? value of polynomial trendline
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Fig. 4. Charts A and B present results of quantification based on silver-109 adduct
signal of erucic acid for different concentrations obtained in LDI MS and MSI experi-
ments. Both panels (A, B) contain the equation and the R? value for polynomial
trendline. Panel B also contain ion [erucic acid+!°Ag]* images for each concentration.

log Int [Oleic acid + 109Ag]* A log Int [Arachidic acid + 109Ag]* B
6.00 6.00
500 e o * 5.00 e
4.00 ¢ . 4.00 J—
3.00 =-0.0575x% + 0.7335x + 2.9603 - 300 e “
! R? = 0.9968 4 points ) y =-0.137x% + 1.9728x - 1.7454

2.00 S 2.00 R?=0.9941
e LDIMS ..
0.00 0.00

2 3 a 5 6 3 1 5 6

log ¢ [ng/ml] log ¢ [ng/mL]
log Int [Oleic acid + 109Ag]* C o ik [Arachidic acid + 1Ag]* D
2.00 3.00
y =0.0136x2 + 0.0995x + 0.5236 . 250 Y=-0.048x%+1.0738x-2.2362 s

1.50 R?=0.9814 . 26 R?=0.9778 o
1.00 g . 1.50 7
osh & MSI 1.00 : .
' 050 *
0.00 0.00

2 3 4 5 6
log c [ng/mL]

Iog c [ng/mL] °

ER Do

Fig. 3. Charts A and C present results of quantification based on silver-109 adduct of oleic acid signal for different concentrations obtained in LDI MS and MSI experiments. Charts B
and D present the same results for arachidic acid. All charts show decimal logarithm of intensity value vs decimal logarithm of concentration of acids. All panels contain the equation
and the R? value of polynomial trendline. Panels C and D also contain ions [oleic acid+!°Ag]* and [arachidic acid+'°°Ag]* images for each concentration.
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Fig. 5. Results of quantitative analysis of selected carboxylic acids in human blood serum by MSI with silver-109 nanoparticles produced by LASiS. For concentration 50 pg/mL
theoretical intensity of signal was calculated (grey bar) and compared with experimental intensity of signal of analyzed acid in human blood serum spiked with carboxylic acid
(white bar with dots). Intensities of signals for water solutions of carboxylic acid standards are also presented (black bars).

exceed 0.978. LOD value was found to be 333 pg (1.19 pmol) per
measurement spot. In HPLC-CAD/MS-IT-TOF limit of detection
value was 0.006 pg/mL and in HPLC-evaporative light scattering
detection was 21.7 ng [29,30].

The last analyzed carboxylic acid was erucic acid, results of this
analysis is presented in Fig. 4. Arachidic acid was found in spectra
mainly as silver-109 adduct of [M+'%°Ag]* at m/z value of 447.2227.
The results of manual measurements for are shown in Fig. 4A.
Signals were found for four concentrations with intensities 2.0310°
for 1 mg/mL, 1.2910° for 100 pg/mL, 5.1710* for 10 pg/mL and
4.3310% for 1 pg/mL. As in the case of the previous analyzes, Fig. 4
shows the quantification results along with the equation and R? for
the polynomial trendline. The trendline has very good fit with an R?
of 0.956 for LDI MS and 0.993 for MSI. LOD value for LDI MS was
81 pg (0.29 pmol) per spot and in MSI LDI MS method 164 pg
(0.58 pmol) per measurement spot. For erucic acid LOD value ob-
tained by LC-MS method was 0.0025 pM and LLOQ value was
0.05 uM [31].

A regression analysis of the data obtained during semi-
automatic MSI experiments was performed for all carboxylic
acids. The use of mass spectrometry imaging for the quantification
of carboxylic acids allowed to obtain good results for the poly-
nomial function in all cases with R? ranging from 0.96 to 0.99. It
should be noted that the regressions were performed over a very
wide concentration range, from 1000-fold for 3-methylhippuric,
linoleic, arachidic and erucic acids to 1 000 000-fold concentration
change for azelaic acid.

These analyses indicate the usefulness of MSI for quantitative
analysis of carboxylic acids and most probably other compounds.
The measurement region allows coverage of the whole sample spot
by using a grid or raster of measurement points with specified
resolution. Application of MSI for analysis of all samples allows
detecting signals of carboxylic acid-silver-109 adducts in various
concentrations. As can be seen on Figs. 1D, 2C and 2D, 3C, 3D and 4B
ion images prove that studied sample is deposited non-uniformly
throughout of all studied sample spots. Limit of detection values
obtained in both methods are worse than the values obtained
during HPLC-MS analysis, however, the advantages of methods
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presented here are: (i) much shorter analysis time, (ii) the possi-
bility of obtaining ion images and (iii) very fast and easy sample
preparation.

3.2. Detection of carboxylic acids in human blood serum

Results obtained for 2-propanol solutions of carboxylic acids
were compared to the ones based on human blood plasma in order
to estimate suppression effect of biological matrix. The serum
sample had been 500-fold diluted in deionized water, then the
same volume of 100 pg/mL of carboxylic acid solution was added.
The final concentration of analyzed acids in serum was approx.
50 pg/mL. The highest intensity signals for the tested carboxylic
acids in serum were cationic adducts with silver-109.

Fig. 5 summarizes results of this analysis, theoretical intensities
for 50 pg/mL of carboxylic acid solutions were calculated based on
intensity value of 0.1 mg/mL sample. These values were compared
with experimental data obtained for human blood serum spiked
with carboxylic acids. For azelaic, 3-methylhippuric, linoleic and
oleic acids, the calculated intensity is higher than experimental, for
arachidic and erucic intensities of signals in blood serum were
higher. The matrix effect was the lowest for azelaic acid —2.9% and
the highest value was for 3-methylhippuric and arachidic acids
(—=23% and +23%). For rest of the result matrix effect was approx. In
range of +10%. The presented results clearly show that the biolog-
ical matrix (in this example, blood serum) has moderate impact on
the intensity value of the carboxylic acid during the MSI experi-
ment, especially for azelaic acid where estimated value was nearly
identical to data acquired during MALDI-ToF MSI experiment.

4. Conclusion

The application of '°?AgNPs generated by new method PFL 2D
GS LASIS for manual LDI MS and semi-automatic MSI allowed
detection and quantification of carboxylic acids in wide concen-
tration range. Results of obtained data for both types of experi-
ments indicate that mass spectrometry imaging method allows
better quantification than for commonly used MALDI manual
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measurements. lon images obtained in MSI experiments proved
highly non-uniform analyte deposition that makes semi-automatic,
multi-pixel MSI a modern requirement rather than improvement.
The biological matrix has little effect on the intensity value of the
analyzed carboxylic acids in MSIL It is shown that polynomial
function allows for very good fit of experimental quantification
results for wide concentration range. The potential application of
this methodology is forensic or metabolomic analysis of human
body fluids, also for quantification of synthetic and biological
samples.

Notes
The authors declare no competing and financial interest.
Author statement

A. Kotodziej: Formal analysis, Investigation, Writing - Original
Draft, Writing - Review & Editing, Visualization.

A. Plaza: Investigation, Writing - Original Draft, Writing - Re-
view & Editing.

J- Niziot: Data Curation, Funding acquisition.

T. Ruman: Conceptualization, Methodology, Resources, Writing
- Original Draft, Writing - Review & Editing, Supervision.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgments

This work was supported by the National Science Centre (NCN,
Poland), SONATA grant no. UM0-2018/31/D/ST4/00109.

References

[1] K. Tanaka, H. Waki, Y. Ido, S. Akita, Y. Yoshida, T. Yoshida, T. Matsuo, Protein
and polymer analyses up to m/z 100 000 by laser ionization time-of-flight
mass spectrometry, Rapid Commun. Mass Spectrom. 2 (1988) 151—-153,
https://doi.org/10.1002/rcm.1290020802.

N. Fasih Ramandi, M. Faranoush, A. Ghassempour, H.Y. Aboul-Enein, Mass
spectrometry: a powerful method for monitoring various type of leukemia,
especially MALDI-TOF in leukemia's proteomics studies Review, Crit. Rev.
Anal. Chem. (2021) 1-28, https://doi.org/10.1080/10408347.2021.1871844.
E. Torres-Sangiao, C. Leal Rodriguez, C. Garcia-Riestra, Application and per-
spectives of MALDI-TOF mass spectrometry in clinical microbiology labora-
tories, Microorganisms 9  (2021) 1539, https://doi.org/10.3390/
microorganisms9071539.

Q. He, C. Sun, J. Liu, Y. Pan, MALDI-MSI analysis of cancer drugs: significance,
advances, and applications, Trac. Trends Anal. Chem. 136 (2021) 116183,
https://doi.org/10.1016/j.trac.2021.116183.

C.D. Calvano, A. Monopoli, T.R.I. Cataldi, F. Palmisano, MALDI matrices for low
molecular weight compounds: an endless story? Anal. Bioanal. Chem. 410
(2018) 4015—4038, https://doi.org/10.1007/s00216-018-1014-x.

J. Sekuta, ]. Niziot, W. Rode, T. Ruman, Gold nanoparticle-enhanced target
(AuNPET) as universal solution for laser desorption/ionization mass spec-
trometry analysis and imaging of low molecular weight compounds, Anal.
Chim. Acta 875 (2015) 6172, https://doi.org/10.1016/j.aca.2015.01.046.

R.C. Gamez, E.T. Castellana, D.H. Russell, Sol—gel-derived silver-nanoparticle-
embedded thin film for mass spectrometry-based biosensing, Langmuir 29
(2013) 6502—6507, https://doi.org/10.1021/1a4008526.

S.N. Jackson, K. Baldwin, L. Muller, V.M. Womack, J.A. Schultz, C. Balaban,
A.S. Woods, Imaging of lipids in rat heart by MALDI-MS with silver nano-
particles, Anal. Bioanal. Chem. 406 (2014) 1377—1386, https://doi.org/
10.1007/s00216-013-7525-6.

Y.-Z. Zhao, Y. Xu, C. Gong, Y.-R. Ju, Z.-X. Liu, X. Xu, Analysis of small molecule
compounds by matrix-assisted laser desorption ionization mass spectrometry
with Fe304 nanoparticles as matrix, Chin. J. Anal. Chem. 49 (2021) 103—112,
https://doi.org/10.1016/S1872-2040(20)60074-3.

[10] A. Arendowski, J. Niziot, T. Ruman, Silver-109-based laser desorption/

[2

3

[4]

[5]

(6

(7

(8

[9

103

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

(25]

[26]

[27]

(28]

[29]

[30]

[31]

International Journal of Mass Spectrometry 474 (2022) 116816

ionization mass spectrometry method for detection and quantification of
amino acids, J. Mass Spectrom. 53 (2018) 369—378, https://doi.org/10.1002/
jms.4068.

J. Szulc, A. Kotodziej, T. Ruman, Silver-109/Silver/Gold nanoparticle-enhanced
target surface-assisted laser desorption/ionisation mass spectrometry—the
new methods for an assessment of mycotoxin concentration on building
materials, Toxins 13 (2021) 45, https://doi.org/10.3390/toxins13010045.

A. Kotodziej, T. Ruman, J. Niziot, Gold and silver nanoparticles-based laser
desorption/ionization mass spectrometry method for detection and quantifi-
cation of carboxylic acids, J. Mass Spectrom. 55 (2020), e4604, https://doi.org/
10.1002/jms.4604.

J. Niziot, W. Rode, B. Laskowska, T. Ruman, Novel monoisotopic % AgNPET for
laser desorption/ionization mass spectrometry, Anal. Chem. 85 (2013)
1926—1931, https://doi.org/10.1021/ac303770y.

J. Sekuta, J. Niziot, W. Rode, T. Ruman, Silver nanostructures in laser desorp-
tion/ionization mass spectrometry and mass spectrometry imaging, Analyst
140 (2015) 6195—6209, https://doi.org/10.1039/C5AN00943].

A. Piaza, A. Kotodziej, J. Niziot, T. Ruman, Laser ablation synthesis in solution
and nebulization of silver-109 nanoparticles for mass spectrometry and mass
spectrometry imaging, ACS Meas. Sci. Au (2021), https://doi.org/10.1021/
acsmeasuresciau.1c00020.

J. Niziot, T. Ruman, Silver 109 Ag nanoparticles for matrix-less mass spec-
trometry of nucleosides and nucleic bases, IJCEA (2013) 46—49, https://
doi.org/10.7763/1JCEA.2013.V4.259.

J. Niziot, W. Rode, Z. Zielinski, T. Ruman, Matrix-free laser
desorption—ionization with silver nanoparticle-enhanced steel targets, Int. J.
Mass Spectrom. 335 (2013) 22-32, https://doi.org/10.1016/
j.ijms.2012.10.009.

M. Yang, T. Fujino, Silver nanoparticles on zeolite surface for laser desorption/
ionization mass spectrometry of low molecular weight compounds, Chem.
Phys. Lett. 576 (2013) 61—64, https://doi.org/10.1016/j.cplett.2013.05.030.
M.A. Sieber, ].K.E. Hegel, Azelaic acid: properties and mode of action, SPP 27
(2014) 9—17, https://doi.org/10.1159/000354888.

M. Behbahani, S. Bagheri, F. Omidi, M.M. Amini, An amino-functionalized
mesoporous silica (KIT-6) as a sorbent for dispersive and ultrasonication-
assisted micro solid phase extraction of hippuric acid and methylhippuric
acid, two biomarkers for toluene and xylene exposure, Microchim. Acta 185
(2018) 505, https://doi.org/10.1007/s00604-018-3038-5.

C.-H. Chiu, C.-T. Chen, M.-H. Cheng, L.-H. Pao, C. Wang, G.-H. Wan, Use of
urinary hippuric acid and o-/p-/m-methyl hippuric acid to evaluate surgical
smoke exposure in operating room healthcare personnel, Ecotoxicol. Environ.
Saf. 217 (2021) 112231, https://doi.org/10.1016/j.ecoenv.2021.112231.

M.F. Cury-Boaventura, R. Gorjao, T.M. de Lima, P. Newsholme, R. Curi,
Comparative toxicity of oleic and linoleic acid on human lymphocytes, Life Sci.
78 (2006) 1448—1456, https://doi.org/10.1016/j.1fs.2005.07.038.

F.P. Samson, AT. Patrick, T.E. Fabunmi, M.F. Yahaya, ]J. Madu, W. He,
S.R. Sripathi, J. Tyndall, H. Raji, D. Jee, D.R. Gutsaeva, W.J. Jahng, Oleic acid,
cholesterol, and linoleic acid as angiogenesis initiators, ACS Omega 5 (2020)
20575—-20585, https://doi.org/10.1021/acsomega.0c02850.

U. Termsarasab, H.-J. Cho, D.H. Kim, S. Chong, S.-J. Chung, C.-K. Shim,
H.T. Moon, D.-D. Kim, Chitosan oligosaccharide—arachidic acid-based nano-
particles for anti-cancer drug delivery, Int. J. Pharm. 441 (2013) 373—380,
https://doi.org/10.1016/j.ijpharm.2012.11.018.

G. Rabbani, M.H. Baig, A.T. Jan, E. Ju Lee, M.V. Khan, M. Zaman, A.-E. Farouk,
R.H. Khan, 1. Choi, Binding of erucic acid with human serum albumin using a
spectroscopic and molecular docking study, Int. J. Biol. Macromol. 105 (2017)
1572—-1580, https://doi.org/10.1016/j.ijbiomac.2017.04.051.

M. Garelnabi, D. Litvinov, S. Parthasarathy, Evaluation of a gas chromatog-
raphy method for azelaic acid determination in selected biological samples,
N. Am. ]. Med. Sci. 2 (2010) 397-402, https://doi.org/10.4297/
najms.2010.2397.

F. Ghamari, A. Bahrami, Y. Yamini, F.G. Shahna, A. Moghimbeigi, Hollow-fiber
liquid-phase microextraction based on carrier-mediated transport for deter-
mination of urinary methyl hippuric acids, Null 99 (2017) 760—771, https://
doi.org/10.1080/02772248.2017.1280038.

J. Ren, D. Zhang, Y. Liu, R. Zhang, H. Fang, S. Guo, D. Zhou, M. Zhang, Y. Xu,
L. Qiu, Z. Li, Simultaneous quantification of serum nonesterified and esterified
fatty acids as potential biomarkers to differentiate benign lung diseases from
lung cancer, Sci. Rep. 6 (2016) 34201, https://doi.org/10.1038/srep34201.
X.Zhao, Y. He, J. Chen, J. Zhang, L. Chen, B. Wang, C. Wy, Y. Yuan, Identification
and direct determination of fatty acids profile in oleic acid by HPLC-CAD and
MS-IT-TOF, ]J. Pharmaceut. Biomed. Anal. 204 (2021) 114238, https://doi.org/
10.1016/j.jpba.2021.114238.

J. Zhao, S.P. Li, F.Q. Yang, P. Li, Y.T. Wang, Simultaneous determination of sa-
ponins and fatty acids in Ziziphus jujuba (Suanzaoren) by high performance
liquid chromatography-evaporative light scattering detection and pressurized
liquid extraction, J. Chromatogr. A 1108 (2006) 188—194, https://doi.org/
10.1016/j.chroma.2005.12.104.

E. Koch, M. Wiebel, C. Hopmann, N. Kampschulte, N.H. Schebb, Rapid quan-
tification of fatty acids in plant oils and biological samples by LC-MS, Anal.
Bioanal. Chem. 413 (2021) 5439—5451, https://doi.org/10.1007/s00216-021-
03525-y.


https://doi.org/10.1002/rcm.1290020802
https://doi.org/10.1080/10408347.2021.1871844
https://doi.org/10.3390/microorganisms9071539
https://doi.org/10.3390/microorganisms9071539
https://doi.org/10.1016/j.trac.2021.116183
https://doi.org/10.1007/s00216-018-1014-x
https://doi.org/10.1016/j.aca.2015.01.046
https://doi.org/10.1021/la4008526
https://doi.org/10.1007/s00216-013-7525-6
https://doi.org/10.1007/s00216-013-7525-6
https://doi.org/10.1016/S1872-2040(20)60074-3
https://doi.org/10.1002/jms.4068
https://doi.org/10.1002/jms.4068
https://doi.org/10.3390/toxins13010045
https://doi.org/10.1002/jms.4604
https://doi.org/10.1002/jms.4604
https://doi.org/10.1021/ac303770y
https://doi.org/10.1039/C5AN00943J
https://doi.org/10.1021/acsmeasuresciau.1c00020
https://doi.org/10.1021/acsmeasuresciau.1c00020
https://doi.org/10.7763/IJCEA.2013.V4.259
https://doi.org/10.7763/IJCEA.2013.V4.259
https://doi.org/10.1016/j.ijms.2012.10.009
https://doi.org/10.1016/j.ijms.2012.10.009
https://doi.org/10.1016/j.cplett.2013.05.030
https://doi.org/10.1159/000354888
https://doi.org/10.1007/s00604-018-3038-5
https://doi.org/10.1016/j.ecoenv.2021.112231
https://doi.org/10.1016/j.lfs.2005.07.038
https://doi.org/10.1021/acsomega.0c02850
https://doi.org/10.1016/j.ijpharm.2012.11.018
https://doi.org/10.1016/j.ijbiomac.2017.04.051
https://doi.org/10.4297/najms.2010.2397
https://doi.org/10.4297/najms.2010.2397
https://doi.org/10.1080/02772248.2017.1280038
https://doi.org/10.1080/02772248.2017.1280038
https://doi.org/10.1038/srep34201
https://doi.org/10.1016/j.jpba.2021.114238
https://doi.org/10.1016/j.jpba.2021.114238
https://doi.org/10.1016/j.chroma.2005.12.104
https://doi.org/10.1016/j.chroma.2005.12.104
https://doi.org/10.1007/s00216-021-03525-y
https://doi.org/10.1007/s00216-021-03525-y




Chemical Technology & Biotechnology, 2022, 61-69

LASER GENERATED GOLD NANOPARTICLES FOR MASS
SPECTROMETRY OF LOW MOLECULAR WEIGHT COMPOUNDS

Aneta PLAZA-ALTAMERY, Artur KOLODZIEJ, Joanna NIZIOL? and Tomasz RUMAN?

! Doctoral School of Engineering and Technical Sciences at the Rzeszéw University of Technology,
8 Powstancow Warszawy Ave., 35-959 Rzeszow, Poland

2 Rzeszoéw University of Technology, Faculty of Chemistry, 6 Powstaficow Warszawy Ave., 35-959 Rzeszéw, Poland
Corresponding author: a.plaza@prz.edu.pl, 178651310

Abstract: Preparation of gold nanoparticles (AuNPs) by pulsed fiber laser (PFL) laser generated
nanomaterial (LGN) with the use of 2D galvo-scanner (2D GS) is described. The procedure of cov-
ering of custom-made stainless steel MALDI targets containing studied objects via nebulization is
also presented. Examples of application of new method (PFL-2D GS LGN and nebulization) in laser
desorption/ionization mass spectrometry (LDI MS) analyses are shown. These include tests with
amino acids and also low molecular weight polymer.

Keywords: gold nanoparticles; laser generated nanomaterial; low molecular weight compounds;
mass spectrometry; matrix-free laser desorption/ionization; surface-assisted desorption/ionization.

1. Introduction

The development of matrix assisted laser desorption/ionization in mass spectrometry (MALDI-MS)
is attributed to Tanaka et. al [1]. Due to its soft ionization potential, MALDI is one of the most selective,
sensitive and efficient mass spectrometry methods. This allows it to be widely used for the analysis of
ionic high-molecular weight compounds such as peptides, proteins [2], synthetic polymers [3] or poly-
saccharides [4], but it is also possible to detect low molecular weight (LMW) compounds such as lipids
[5,6]. However, a disadvantage of MALDI which prevents it from being used too frequently for the
detection of LMW compounds (MW <1000 Da) is the need to use MALDI matrices, which are low
molecular weight organic acids that generate a variety of matrix-bound ions during the desorption/ioni-
zation process. The suppression of the analyte peaks then occurs, which complicates the spectra and
significantly hinders the analysis of the tested compounds [7-9].

In part, the problems outlined have been resolved by developing the surface ionization assisted
mass spectrometry (SALDI) technique. SALDI uses target plates coated with various nanostructures
[6,10,11]. The nanoparticles used simplify the mass spectrum by reducing spectral interferences. Sample
preparation is also the much simpler step demanding only applying the sample to the target plate [12].
What is more, advantage of using nanoparticles (NPs) is the reduction of the "sweet-spot" effect and
very good point-to-point reproducibility [11].

Nanoparticles can be made by chemical, physical or biological methods [13,14]. The most com-
monly used methods for obtaining nanoparticles for MS is chemical reduction [12,15,16]. However, this
approach raises a number of problems. One of them is the chemical purity of the obtained suspension.
The necessity to use substances for chemical reactions, such as metal precursors, reducing agents, sta-
bilizers, and oxidized products, make them a source of reagent-related ions and generate numerous in-
terfering signals [17—19]. Another way NPs can also be obtained by breaking up a larger structure, for
example with a laser, which is classified as physical method [13,14]. The method of generating nano-
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particles by means of a laser (LGN) has many advantages, owing to which the obtained NPs are suc-
cessfully used in mass spectrometry [20-22]. LGN uses pulsed laser irradiation to ablate a target from
a solid material immersed in a liquid, ejecting NPs from the plasma cloud into the surrounding solution.
This method allows for the production of a nanoparticle suspension of relatively high chemical purity,
due to the lack of necessity to use stabilizers and reducing agents required in the chemical reduction
method [20,23-25].

The most popular method of laser mass spectrometry is MALDI, which uses low molecular weight
organic matrices such as 2,5-dihydroxybenzoic acid (DHB), sinapic acid (SA) or a-cyano-4-hy-
droxycinnamic acid (CHCA). Unfortunately, the acidic nature of the matrix solutions can make the anal-
ysis of various compounds difficult. Moreover, MALDI is the most useful for ionic compounds, and due
to numerous matrix signals in the m/z <1000 range, low mass accuracy, unreliable calibration and the
“sweet spot” effect, it is rarely used for testing low-molecular compounds [26].

Most of above-mentioned MALDI problems may be solved by using metal nanoparticles, for
example gold ones, as a desorption/ionization agents [6,12,27,28]. Since the publication of Russell's
work on a method for obtaining controlled-size gold nanostructures, they have become increasingly used
[29], which is confirmed by an extensive review of Abdelhamid and Wu [30]. So far, various techniques
have been introduced to synthesize AuNP, including chemical, physical and biological. However, the
most commonly used method is the chemical reduction, which requires two substances: a metal salt
precursor and a reducing agent. In addition, almost all treatments also contain a stabilizer such as cap-
ping agent preventing NPs aggregation. The reaction involves the reduction of Aus* to elemental gold
by electron transfer under various conditions. Among the many gold precursors, we can distinguish
chloroauric acid [31] or chloro(trimethylphosphite)gold(I) [12]. In turn, the role of the reducing agent is
often assumed by sodium borohydride (NaBH4), sodium citrate, hydrogen peroxide or ascorbic acid
[13,32]. The type of the used precursor and reducer affects the properties and size of the AuNPs obtained
[31].

Preparation and application of gold nanoparticles by chemical reduction method for laser mass
spectrometry was presented by Tseng and Su [33]. Authors used HAuCl, as the metal precursor and
sodium borohydride as the reducing agent. The obtained nanoparticles were used as templates in LDI
MS for the detection of low molecular weight neutral carbohydrates such as glucose, ribose, maltose,
and cellobiose. The mass spectra present mainly sodium and potassium adducts of the mentioned com-
pounds. However, mass spectrum of mixture glucose, maltose and ribose shows a lot of interfering sig-
nals.

The above-mentioned problems were partly solved by Amendola and co-workers, who were the
first to demonstrate a method for producing nanoparticles by laser ablation synthesis in solution (LASiS)
and their applicability as a matrix for LDI MS [19]. Due to the simplicity of the method, the synthesis
of nanoparticles with the use of laser ablation in a solution allows to save time while providing suspen-
sions of relatively high chemical purity compared to chemical methods. The mass spectra with nanopar-
ticles generated by the LASiS method have a low chemical background, which simplifies the analysis
of the tested compounds. In addition, LASiS enables the production of NPs from a wide variety of metal
alloys.

In last year publication, for the first time, 1064 nm pulsed fiber laser (PFL) with 2D galvanometer
scanner (2D GS) is shown as a very good source of silver-109 nanoparticles [20]. This study describes
a new method of production of chemically pure gold nanoparticles in suspension with an application
method for covering of studied objects or surfaces. Laser generated gold nanoparticles are shown to be
highly useful for LDI mass spectrometry. This work presents LDI MS results for test compounds such
as amino acids and polymers.

2. Results and discussion
2.1. PFL 2D GS LGN of AuNPs

In this work, LGN has been used to obtain chemically pure gold nanoparticles. Nanoparticles were
generated by pulsed 1064 nm fiber laser with galvoscanner head scanning of ablated surface. The ex-
perimental setup for the AuNPs preparation is shown in Fig. 1A. For fast synthesis of nanoparticles,
high-frequency (60 kHz), high pulse energy (up to 1 mJ/pulse) laser was used. However, in order to
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avoid unwanted thermal effects such as melting, solvent boiling and oxidation of solvent and also of
nanoparticles, two-dimensional (2D) galvo-scanner (GS) was used. Galvo-scanner head with f-theta lens
attached to fiber laser allowed for precise and very fast shifting of focused laser beam on the surface of
ablated gold plate.

v 0.6
=
S Ajmaxy= 518 nm
2 0.4 4
Flber Laser §
1064 nm < 0.2
0 r r T )
300 400 500 600 700
Parameters: F-theta Wavelength [nm]
o focusing lens
I';asier frequeng\geoijz Size distribution by Intensity D
¢ Pulse energy 0.7 m
¢ Pulse length 100 ns g
¢ Scanning speed g
5000 mm st e
Ablation area 12 mm? Solvent 2
¢ Time 2 min Au metal.plate é
 Ablation lines (1 mm thick) £
inter-distance 0.5 mm 1 10 100 1000
Size (d.nm)

Ar (2 bar) 1 - X-axis stage

2 - Y-axis stage

3 —target plate

4 — nebulizer

5 — syringe pump

6 — suspension of NPs

N

Fig 1. Laser ablation setup for the preparation of AuNPs (A); G — 2D galvanometer laser scanner. Down panel (B) presents
setup for nebulization of nanoparticles. Panel C presents UV-VIS spectrum of AuNPs suspension in mixture solvents isopro-
panol and water (1:1 v/v). Panel D shows results of DLS measurement of Au nanoparticles hydrodynamic size distribution by
intensity. E — High resolution SEM image of target modified with AuNPs generated by PFL 2D GS LGN.

First, the prepared nanoparticles were examined using UV-VIS spectroscopy, which allows deter-
mination of the size and shape of NPs. The vibrations of metallic electrons caused by particular wave-
lengths of light produce an effect known as surface plasmon resonance (SPR). It is related to the given
size and shape of gold nanoparticles, as well as to their chemical environment. The literature describes
that as the AuNPs diameter increases, the absorbance band shifts towards longer wavelengths and also
widens [34]. The UV-VIS spectrum obtained for PFL 2D GS LGN AuNPs is presented in Fig. 1C. The
UV-VIS spectrum of the post-reaction AuNP suspension recorded after 3 minutes of synthesis shows a
local maximum at 518 nm, which suggests that the size of most nanoparticles is approx. 12 nm. How-
ever, an asymmetrical broadening of the SPR towards longer wavelengths, characteristic of the spheroi-
dal particle fraction, can be observed. The presence of spheroids may indicate particle aggregation pro-
cesses taking place in the suspension [34,35].

Figure 1D presents results of dynamic light scattering (DLS) measurement result of AuNPs size
distribution by intensity after few minutes after preparation of suspension. DLS chart of the size distri-
bution by intensity indicates the highest content of nanoparticles around 60 nm in diameter, with a dis-
tribution ranging from 5 to 120 nm. High resolution scanning electron microscope image of modified
target (Fig. 1E) also confirms that individual nanoparticles are in roughly round/spherical shape and are
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of 37-64 nm size. A number of HRTEM and DLS results on size measurements of gold nanoparticles
obtained with LGN present similarly size. DLS results suggest bigger nanoparticles as judged from UV-
vis spectrum. Most probably, this is due the fact that the nanoparticle suspension used for the DLS
measurement was prepared in a different solvent than the one optimized for LGN. Many studies show
the effect of solvent on the size of nanoparticles obtained [34,35].

The use of nanoparticles in LDI MS requires an appropriate method of application to the surface
containing the tested object. One of the approaches using AuNPs as a matrix is dry metal sputtering to
obtain a homogeneous layer with minimal or no lateral migration of the analyte. However, this method
requires an appropriate spraying system and is therefore rarely used [36]. For our LDI MS measure-
ments, 0.5 pl of each of solution of alanine, arginine, histidine, lysine, methionine, phenylalanine, serine
and tyrosine and PPG polymer was applied to a stainless-steel plate and air-dried. The plate with all test
objects was placed on the table of the translation system as shown in Figure 1B. Aliquots of colloidal
gold (1 mL) were sprayed three times onto the sample. Each portion was injected into the nebulizer at a
constant rate of 250 pl/min. The entire nanoparticle nebulization process was controlled by a computer
using a sequence of movements aimed at evenly covering the target plate. The LDI MS spectrum of
AuNPs produced by PFL 2D GS LGN and deposited on the surface of stainless steel of target plate by
nebulization is shown in Figure 2A. Mass spectrum made in 80-1500 m/z range contains virtually only
gold ion peaks of Au' to Aus" composition. Various amino acids as low molecular weight compounds
were tested to verify the potential of ionization of organic compounds with the gold nanoparticles ob-
tained with PFL 2D GS LGN.
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Fig 2. LDI MS positive reflectron mode spectrum of target plate covered with AuNPs generated by PFL 2D GS LGN (A).
Others panels present LDI MS spectra fragments for alanine (B), arginine (C) and lysine (D) of 1 mg/mL concentrations de-
posited on target plate and covered with gold nanoparticles obtained with PFL 2D GS LGN.

The first analyzed compounds were alanine, arginine and lysine (Fig. 2). All listed compounds
were found mainly as protonated adduct. Other adducts such as sodium, potassium as well as with Au”*
or Aus* ions were also observed, but their intensities were significantly lower. For alanine (Fig. 2B), the
highest S/N ratio equals 124 was observed for [C;H;NO,+H]" adduct with m/z 90.0847. Ton of formula
[C3H7NO>+Aus]" was also observed with signal intensity 2.5:10°. Arginine (Fig. 2C), had the highest
S/N ratio (294) for [C¢H14N4O,+H]" adduct with m/z 175.1179. Lysine (Fig. 2D) was found on the mass
spectrum in the form of five types of adducts: protonated, sodium and potassium as well as with Au™
and Aus* of which the protonated adduct had the highest signal intensity of 1.7:10°. On the other hand,
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lysine-gold adduct with chemical formula [CsH14N>O, + Au]* with m/z 343.0651 had signal intensity of
1.1:10* and also trigold adduct [CsH1aN2O2 + Aus]™ with m/z 737.0090 was found with signal intensity
6.1:10°.

Alanine was analyzed on '“AgNPET target for LDI MS, presenting a spectrum with the higher
intensity 1.2:10° for alanine-silver 109 adduct for concentration 50 ng per spot [37]. Nitta and coworkers
detected arginine with the use of laser-based mass spectrometer at amount of 100 pmol with the use of
PtNPs [38]. Lysine was analyzed on AuNPET target for LDI MS, presenting a spectrum with the inten-
sity of 7.6:10* for protonated adduct for concentration 0.1 mg/mL. The mass spectrum also showed a
gold adduct [CeH1sN2O, + Au]* with signal intensity of 3.0-10*[39].
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Fig 3. LDI MS positive reflectron mode mass spectra. Individual panels show fragment mass spectrum for A-phenylalanine,
B-histidine, C-tyrosine, D-methionine, E-serine, respectively. The last panel (F) presents LDI MS spectrum of poly(propylene
glycol) at 10.0 pg/mL concentration.

Figure 3 shows the fragments of the mass spectra obtained for phenylalanine, histidine, tyrosine,
methionine, serine and poly(propylene glycol) using AuNPs LDI MS. No adducts of the tested com-
pounds with gold ions were observed in any of the spectra in Fig. 3. For phenylalanine (Fig. 3A), tyrosine
(Fig.3C) and serine (Fig. 3E) the highest signals were observed for [CoH;iNO,+Na]" adduct at m/z
188.0793 with signal intensity 4.5-103, [CoH;1NOs+Na]* adduct at m/z 204.0693 with signal intensity
1.0-10% and [C;H7NOs+Na]* adduct at m/z 128.0789 with signal intensity 8.1:10°. Sodium and potassium
adducts were also present but with lower intensities. Histidine MS spectrum obtained with the use of
PFL 2D GS LGN AuNPs is shown in Figure 3B. This compound was found mainly as protonated adduct
[CeHoN3O2 +H]" with signal intensity of 8.9:10°. On the other hand, on methionine (Fig. 3E) mass spec-
trum was dominated by potassium adduct [CsHii{NO-S +K]* at m/z 188.0242 with signal intensity
6.510°.

Poly(propylene glycol) has repeating monomer unit of chemical formula CH,CH(CH3)O with mass
of approx. 57.9 Da. The LDI mass spectrum of PPG is shown in Fig. 3F. The spectrum show a typical
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polymer structure where the dominant mass is approximately at m/z 1000. For example, the highest
polymer signal at m/z 869 revealed is the K™ ion adduct of a PPG with 14 mer units. Shoji Okuno et al.
compared the PPG spectra obtained with MALDI and SALDI. The authors identified a problem with
the reproducibility of the MALDI mass spectra for PPG, which showed a strong dependence on the type
of solvent and/or chemical matrix and the analyte/matrix ratio [40].
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Fig 4. Signal intensity diagram for protonated, sodium, potassium, Au* and Aus* adducts for individual amino acids.

Figure 4 contains bar chart of signal intensities for H", Na*, K*, Au” and Aus* adducts for individual
amino acids. Adducts with gold ions have been identified for only three amino acids: alanine, arginine
and lysine. Proton, sodium and potassium adducts were detected on all mass spectra. For alanine, argi-
nine, lysine and histidine, the proton adduct was the dominant adduct on the spectrum. On the other
hand, the Na" adduct dominated in the LDI MS spectra of phenylalanine, serine and threonine.

2.2. Conclusions

Methods of synthesis and application of chemically pure monoisotopic gold nanoparticles onto
studied surface for LDI MS was presented. Methodology was proven to be very useful for analysis of
amino acids and also for characterization of low-mass polymers. Procedures shown are cost-effective,
fast, efficient and instrument-limited.

3. Experimental

3.1. Materials

The gold foil (~ 1 mm thick) of 99.9% purity was bought from Polish Mint (Poland). Alanine, arginine, histidine,
methionine, phenylalanine and serine were purchased from Sigma-Aldrich (99% purity). Lysine and tyrosine were
purchased from Fluka Analytical Standards (98% purity). Poly(propylene glycol) (PPG, average Mn 1000 Da)
was purchased from Sigma-Aldrich. All solvents were of HPLC grade, except for water (18 MQ-cm water pro-
duced locally). Steel targets were machined from H17 (1.4016) stainless steel. Before the LDI MS experiments
steel targets were cleaned through soaking in boiling solvents: toluene (3x100 mL, each plate for 30 s), chloroform
(3x100 mL, each plate for 30 s), acetonitrile (3x100 mL, each plate for 30 s) and deionized water (3x100 mL, each
plate for 30 s). Every plate was dried in high vacuum (ca. 0.01 mbar, 24h).

3.2. Methods
3.2.1 PFL 2D GS Laser Generated Nanomaterial (LGN) of gold nanoparticles

The experimental arrangement for the AuNPs preparation by laser ablation is shown in Fig.1A. The
gold foil was placed at the bottom of a glass vessel containing mixture solvents isopropanol and water
(1:1 v/v). The Au foil was covered by an approximately 3 mm thick layer of mixture solvents (total
solvent volume was 4 mL). The laser ablation was carried out with a 1064 nm pulsed fiber laser (Raycus
RFL-P20QE/A3). Suspension was obtained after 2 min. irradiation with pulse energy of 0.7 mJ (100 ns
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pulse length) at a 60 kHz repetition rate. Laser ablation was accomplished at a scanning speed of 5000
mm/s, the ablation area was 4x4 mm. Suspension was immediately transferred into a syringe and used
in the nebulization step.

3.2.2 Nebulization of AuNPs suspension

The experimental setup for the nebulization of AuNPs suspension is shown in Fig.1B. The entire
nanoparticle nebulization process was controlled by a computer. The H17 steel plate (laser mass spec-
trometry target plate) was placed on the table of a translation system consisting of a motorized XY table
(EzM-42XL-A powered by closed-loop Ezi-SERVO motors). Glass syringe (1 mL) was filled with a
previously prepared suspension of gold nanoparticles and placed in a syringe pump (pumping speed 250
puL/min). The custom-made software directed the 2D system table with 10 mm/s speed using a sequence
of movement designed to uniformly cover a target plate. Nebulizer was obtained from Bruker Amazon
ETD ESI ion source. Argon at a pressure of 2 bar was used as the nebulizing gas. Generally, all studied
samples for MS were placed on the target plate before nebulization.

3.2.3 AuNPs characterization

AUNPs suspension was characterized by UV-VIS spectroscopy (Jasco V-670 spectrophotometer).
Spectrum was registered in quartz cuvettes within 200-800 nm spectral range. The blank sample con-
tained mixture solvents isopropanol and water (1:1 v/v). The suspension of AuNPs was also character-
ized by dynamic light scattering (DLS) using a Zetasizer-Nano ZS from Malvern Instruments. DLS
measurements were performed by backscattering at a fixed detector angle of 173°. Isopropanol was used
as dispersant.

3.2.4 LDI MS Experiments

Laser desorption/ionization — Time-of-Flight (LDI-ToF) mass spectrometry experiments were per-
formed in reflectron mode using Bruker Autoflex Speed time-of-flight mass spectrometer equipped with
a SmartBeam II laser (352 nm). Laser impulse energy was approx. 90-140 pJ, laser repetition rate 1000
Hz. The total number of laser shots was 4000 for each spot. This amount of laser shots was divided into
four, symmetrically positioned points laying in distance of ca. 1/3 of spot radius from its center. At each
point, 1000 laser shots were made with default random walk applied (random points with 50 laser shots).
Measurement range was m/z 80-1500. Suppression was turned on typically for ions of m/z lower than
80. Reflector voltages used were 21 kV (the first) and 9.55 kV (the second). The data was calibrated and
analyzed with FlexAnalysis (version 3.3) using centroid calibration model. Mass calibration (enhanced
cubic calibration based on 7-8 calibration points) was performed using internal standards (gold ions Au*
to Au5+).

3.2.5 LDI Sample Preparation

Solution (1 mg/mL) of each analyte was prepared by dissolving it in water (alanine, arginine, his-
tidine, lysine, methionine, phenylalanine, serine and tyrosine). A solution of poly(propylene glycol) in
isopropanol of 10 pg/mL concentration was prepared. A 0.5 pL volume of each of the final solution was
applied to the steel target and air-dried followed by nebulization with AuNPs suspension.

3.2.6 High resolution scanning electron microscopy (HR SEM)

Target modified with AuNPs generated by PFL 2D GS method was inserted into the Helios Nanolab
650 electron microscope. Voltage was set at 10 and 30 kV, current was 0.2 nA. Images were made in
nonimmersive mode.
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Untargeted ultra-high-resolution
mass spectrometry metabolomic
profiling of blood serum in bladder
cancer

Joanna Niziot**!, Krzysztof Ossoliriski?, Aneta Ptaza-Altamer?, Artur Kotodziej?,
Anna Ossolifska?, Tadeusz Ossolifiski? & Tomasz Ruman?

Bladder cancer (BC) is a common urological cancer of high mortality and recurrence rates. Currently,
cystoscopy is performed as standard examination for the diagnosis and subsequent monitoring

for recurrence of the patients. Frequent expensive and invasive procedures may deterrent patients
from regular follow-up screening, therefore it is important to look for new non-invasive methods

to aid in the detection of recurrent and/or primary BC. In this study, ultra-high-performance liquid
chromatography coupled with ultra-high-resolution mass spectrometry was employed for non-
targeted metabolomic profiling of 200 human serum samples to identify biochemical signatures that
differentiate BC from non-cancer controls (NCs). Univariate and multivariate statistical analyses
with external validation revealed twenty-seven metabolites that differentiate between BC patients
from NCs. Abundances of these metabolites displayed statistically significant differences in two
independent training and validation sets. Twenty-three serum metabolites were also found to

be distinguishing between low- and high-grade of BC patients and controls. Thirty-seven serum
metabolites were found to differentiate between different stages of BC. The results suggest that
measurement of serum metabolites may provide more facile and less invasive diagnostic methodology
for detection of bladder cancer and recurrent disease management.

Bladder cancer (BC) is the second most frequently diagnosed cancer of the urinary tract after prostate cancer
in the world. In 2020, this disease affected over 473,000 individuals worldwide and was responsible for 212 536
deaths'. According to TNM Classification of Malignant Tumors system proposed by American Joint Committee
on Cancer (AJCC), bladder cancer can be classified according to whether the tumor infiltrates into or out of the
muscular tissue as muscle-invasive bladder cancer (MIBC) and non-muscle-invasive bladder cancer (NMIBC)
respectively”. NMIBC is the most common type of BC and includes noninvasive papillary carcinomas (pathologic
stage Ta), submucosal invasive tumors (T1) and carcinoma in situ (CIS). MIBC includes tumor which extends
into the muscle (stage T2), into the perivisceral fat layer (stage T3) or nearby organs (stage T4). Statistically, in
case of 80% of patients tumor do not spread outside of the bladder wall. BC can also be classified by histology
as low-grade (LG) tumor that rarely spread from their primary site, and high-grade ones (HG) that are more
aggressive and invasive’.

Generally, the first treatment for early BC is a trans urethral resection of bladder tumor (TURBT) sometimes
followed by intravesical instillation of mitomycin or Bacillus Calmette-Guerin (BCG) therapy. On the other hand,
standard treatment for MIBC is a radical cystectomy with pelvic lymph-node dissection. This is combined with
neoadjuvant or adjuvant cisplatin based chemotherapy*. Despite such aggressive type of treatment, the survival
rate of bladder cancer patients is low. Thus, it is essential to combine local and systemic therapies to improve
outcomes. High-grade tumors are usually detected by cytology with high specificity and selectivity, but in the
case of low-grade tumors, their determination is very difficult.

Metabolomic instrumental analysis is powerful family of tools mainly often used for study of biofluids. Small
molecules levels in biofluids such as serum reflects the current state of the organism allowing for identification
and characterization of potential disease biomarkers. The number of metabolomics studies in the diagnosis and
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understanding of many diseases is rapidly growing in recent years®. Numerous analytical methods have been
used to better understand the metabolic changes occurring in living systems and especially cancer phenotypic
changes. However, two analytical platforms including nuclear magnetic resonance (NMR) spectroscopy® and
mass spectrometry (MS) often coupled with liquid chromatography (LC)” allow to achieve the most comprehen-
sive screening of cancer metabolomes. MS in comparison to NMR, allows the detection of much broader range of
compounds with much higher sensitivity, resolution, and precision using very small amount of sample®. Over the
past fifteen years, metabolomic analytical methods have been used extensively to investigate BC and to identify
potential biomarkers of this cancer in urine, serum, and tissues”!’. Compared to urine, serum metabolomics
is less prone to be affected by dilution factor. Serum is also more readily available than tissue and procedure
less invasive'l. Despite the advantages of examining the metabolomes of human sera, there are only a few stud-
ies on serum metabolomics focused on BC biomarker discovery. So far, most studies related to the analysis of
serum of patients with bladder cancer have been carried out using NMR!?>"1 or mass spectrometry coupled with
liquid”'*>-" and gas chromatography (GC) *>?*?!. The first such study of serum from BC patients with LC-MS is
from 2012, when Lin et al.>* analyzed serum profiles of BC with LC-MS, and revealed five potential biomarkers
for diagnosis of different types of genitourinary cancer. Five years later Tan et al. (Tan 2017) analyzed serum
metabolites of 120 BC patients and 52 healthy persons using ultrahigh performance liquid chromatography
(UHPLC) coupled with quadrupole time-of-flight (Q-TOF) mass spectrometry in conjunction with univariate
and multivariate statistical analyses. They selected and validated 3 differential metabolites including inosine,
acetyl-N-formyl-5-methoxykynurenamine and phosphatidylserine, PS(O-18:0/0:0) that could discriminate HG
and LG BC patients and also LG BC and healthy controls. In the same year, Sahu et al. applied GC and LC-MS
to identify metabolite associated with urothelial carcinoma in 72 patients and 7 patients without urothelial
neoplasia'”. Their research indicated potential metabolic pathways altered in NMIBC and MIBC BC. In 2019,
Vantaku et al. presented serum targeted metabolomic analysis based on LC-MS to investigated to investigate
the molecular differences in BC patients from different parts of the world. The study included two independent
cohorts of 54 European Americans and 18 African Americans patients and corresponding healthy controls®. In
the same year, Amara et al.'® applied LC-MS for targeted analysis of serum metabolites of 67 BC smokers and
53 post-operative BC patients and 152 healthy controls. Their research showed that serum analysis before and
after tumor resection can reveal progressive and significant changes of concentration of selected metabolites.
In 2021, Troisi et al. applied LC-MS to profile serum metabolites of 64 patients with BC, 74 patients with RCC,
and 141 healthy controls. They used different ensemble machine learning models in order to identify metabolites
that differentiate cancer patients from controls and allow to classify the tumor in terms of its stage and grade
(Troisi 2021).

In this work we report the first results of untargeted analysis of human sera with ultra-high-resolution mass
spectrometry coupled to ultra-high-performance liquid chromatography. This study employed the large number
of patients—100 cancer patients and 100 controls. Untargeted analysis was focused on serum metabolic changes
generated by bladder cancer but also stratifying the disease by stage and grade. Our study reveals potential BC
biomarkers for early detection, screening and differential diagnosis.

Materials and methods
All chemicals were of analytical reagent grade. Deionized water (18 MQ cm) was produced locally. LC-MS-grade
methanol was bought from Sigma Aldrich (St. Louis, MO, USA).

Instrumentation. Instrumental configuration consisted of a Bruker Elute UHPLC system operated by
Hystar 3.3 software and a ultra-high-resolution mass spectrometer Bruker Impact II (60,000+ resolution ver-
sion; Bruker Daltonik GmbH) ESI QTOF-MS equipped with Data Analysis 4.2 (Bruker Daltonik GmbH), and
Metaboscape (2021b). A Waters UPLC column ACQUITY BEH (C18 silica, 1.7 um particles, 50 x 2.1 mm) with
compatible column guard was used for all analyses. Two mobile phases were: A =Water with 0.1% formic acid,
B =acetonitrile with 0.1% formic acid (v/v). Samples in autosampler were thermostated at 4 °C temperature.
Volume of 5 pL of extract was loaded on the column at a flow rate of 200 pL min™, using 4% B. B percentage
was changed with time as follows: 0 min—1%, 0.56 min—1% B, 4.72 min—99%, 5.56 min—99%, 5.6 min—1%,
9.45 min—1%. Solvent flow was 450 pL min~". Column was thermostated at 40 °C temperature. Internal calibra-
tion on 10 mM sodium formate (water: isopropanol 1:1 v/v) ions was performed automatically in Metaboscape
with the use of syringe pump at an infusion flow rate of 0.12 mL h™', using a high precision calibration (HPC)
mode. Analyses in positive autoMSMS mode were carried out using the following parameters: m/z 50-1200;
capillary voltage: 4.5 kV; nebulizer: 2.7 bar; dry gas: 12 L min}; drying gas temperature: 220 °C; hexapole volt-
age: 50 Vpp; funnel 1: 200 Vpp; funnel 2: 200 Vpp; pre-pulse storage time: 5 ps; transfer time: 60 us. Collision-
Induced Dissociation (CID) was used with following settings: absolute threshold (per 100 sum): 200 cts; absolute
threshold 88 cts; active exclusion 3 spectra; release after 0.3 min, isolation mass: for m/z=100, width was 3, for
500 width was 4, for 1000 was 6 and for 1300 was 8); collision energy value was 30 eV. MS frequency was 20 Hz
and MSMS from 5 to 30. The untargeted annotations were performed in Metaboscape (ver. 2021b) with a crite-
rion of mass deviation (Am/z) under 2 ppm and mSigma value under 15 as the maximum acceptable deviation
of the mass of the compound and the isotopic pattern respectively. For identification and molecular formula
generation, exact mass of parent ions was matched with <3 ppm error and mSigma value <50 in most cases. All
the molecular formulas were obtained using the Smart Formula tool and the C, H, N, O, P, S, Cl, Br, I and F ele-
ments. MSMS spectra was automatically matched against MSMS libraries: Bruker HMDB 2.0 library, MassBank
of North America (MoNA)? library and NIST ver. 2020 MSMS library**. The quality control (QC) sample were
prepared from 100 different serum extracts and were measured every ten samples throughout the analytical run
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to provide a set of data from which method stability and repeatability can be assessed. All measurements were
made in technical triplicates.

Collection of human blood samples. Serum samples were collected from one hundred bladder can-
cer patients (average age 73, Caucasian race) at John Paul IT Hospital in Kolbuszowa (Poland). Control serum
samples were collected from healthy volunteers after medical examination focused on detection of urinary can-
cers. All the patients underwent transurethral resection of bladder tumor (TURBT) following detailed clinical
questioning and laboratory testing. The study was approved by local Bioethics Committee at the University
of Rzeszow (Poland, permission no. 2018/04/10) and performed in accordance with relevant guidelines and
regulations. All patients involved in the study were informed about the purpose of this research and planned
procedures, and signed an informed consent form. Just over half of the patients (n=>54) had low-grade bladder
cancer and papillary urothelial neoplasm of low malignant potential (PUNLMP) (n=3), while the remaining
patient group exhibited high-grade disease (n=41). In two cases, both high- and low-grade neoplasms were
detected. The majority of these patients (n=69) displayed noninvasive papillary carcinomas (pathologic stage
Ta, pTa) stage disease, nineteen had submucosal invasive tumors (pathologic stage T1, pT1) stage and twelve
patients had muscle invasive bladder cancer (pathologic stage T2, pT2). The average age for diagnosed patients
with BC was 74+ 10 years while in NCs group the average age was 64+ 12. The entire NCs group consists of
patients admitted to the urology department for surgical treatment of benign urological conditions (urolithiasis,
benign prostate hyperplasia, testicular hydrocele, varicocele, phimosis, ureteropelvic junction stenosis, urinary
incontinence, urethral stricture). Each of these patients has had performed at least an abdominal ultrasound to
rule out neoplasms (patients with urolithiasis usually also had a computed tomography (CT) scan) and a basic
bundle of lab tests required for urological surgery that rule out inflammation. Patients were selected according
to a similar age range. After familiarizing patients with the research program, patients from the control group
gave written consent to donate residual serum for study (no additional blood was drawn for the purpose of this
study, except that taken before urological surgery). The clinical characteristics of the patients are presented in
supplementary information 1, table S1. Approximately 2.6 ml of blood was drawn from each participant. Sam-
ples were centrifuged at 3000 rpm for 10 min at room temperature. The serum was then separated and kept at
— 60 °C until further use.

Sample preparation. Polar metabolites were extracted from serum samples as described in our recent
publication (Niziol, Ossolifiski, et al. 2021). In brief, deep frozen blood plasma samples (300 uL) were thawed on
ice to 4 °C before use. Samples were then centrifuged at 12,000xg for 5 min also at 4 °C temperature. Volume of
300 pL of serum was pipetted into sterile 2.0 mL Eppendorf tubes and room-temperature acetone (900 pL) was
added and vial vortexed for 1 min. Resulting suspension was incubated at room temperature for 20 min followed
by 30 min at —20 °C. Tubes was then centrifuged at 6000xg for 5 min at 4 °C temperature to sediment serum
precipitated proteins and phospholipids and then clarified supernatant A (800 uL) was transferred to a new 2 ml
microcentrifuge tube. Volume of 500 pL of a 3:1 acetone/H,O solution was added to the pellet and vortexed
vigorously until the pellet was resuspended, this tube was then centrifuged at 12,000xg for 10 min at 4 °C to
sediment serum precipitated proteins again. Resulting supernatant B was then combined with supernatant A.
Volume of 260 pL of combined supernatants were vacuum dried in speedvac-type concentrator and dissolved in
400 pL of methanol, vortexed and centrifuged (12,000xg for 5 min at 4 °C). Supernatant volume of 100 uL was
transferred into HPLC vial insert of 130 uL capacity and inserted into Elute autosampler.

Multivariate statistical analysis. All metabolite datasets exported from Metaboscape v.2021b were ana-
lyzed using the MetaboAnalyst 5.0 online software®. Prior to analysis, data was log-transformed, auto-scaled
and normalized by sum. Resulting metabolite profiles were then subjected to unsupervised Principal Compo-
nent Analysis (PCA). The separation between the BC and control groups observed in the 2D and 3D PCA scores
plot was further examined using the supervised multivariate statistical analysis such as Orthogonal Partial Least
Squares Discriminant Analysis (OPLS-DA). The quality of the OPLS-DA models was assessed by the goodness
of fit (R*Y) and the predictive ability of the models (Q*). VIP plots were generated to recognize metabolites most
significantly responsible for groups separation. Metabolites with VIP value higher than 1.0 were considered
potential biomarker candidates. To test the accuracy of the multivariate statistical models, and to rule out that
the observed separation in the OPLS-DA is due to chance (p<0.05), permutation tests were performed with
2000-fold repetition. Statistical significance of metabolite level differences was assessed with paired parametric
t-test using Mann-Witney and Bonferroni correction. P values and false discovery rates (FDR; q-value) less than
0.05 were considered statistically significant. Receiver operating characteristic curve (ROC) analyses together
with random forest modeling were commenced to evaluate the diagnostic value of all selected metabolites. The
performance of the metabolites was estimated using the area under the curve (AUC), 95% confidence interval,
specificity and selectivity. Only variables with an AUC value higher than 0.75 were considered to be relevant.
Multivariate statistical analyses were performed independently for the training and validation datasets. Com-
pounds differentiating between tumor and control serum samples were selected based on external validation,
which uses two independent datasets (here called training and validation dataset) to validate the performance
of a model®. The final set of potential BC biomarkers selected fulfilled all criteria in both testing and validation
data sets. Chemometric tools such as 2D PCA, OPLS-DA and ROC analysis were also used to assess metabolic
profile similarities and differences between different grades and stages of bladder cancer. To identify metabolic
pathways impacted by bladder cancer, a metabolic pathway impact analysis was made in MetaboAnalyst 5.0 and
the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway library for Homo sapiens?. Quantitative path-
way enrichment analysis was conducted based on Small Molecule Pathway Database (SMPD). Each impacted
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pathway was classified according to statistical p value, Holm p (p value adjusted by Holm-Bonferroni method)
and FDR (p value adjusted using False Discovery Rate), calculated from pathway topology analysis.

Ethics approval. The study protocol was approved by local Bioethics Committee at the University of
Rzeszow (Poland) (permission no. 2018/04/10).

Results

In this study, we characterized the metabolic profiles of one-hundred patients suffering from bladder cancer, in
an effort to develop serum-specific metabolic signatures for early and specific detection of bladder cancer. For
this purpose, we recorded ultra-high-resolution LC-MS spectra of 200 total (100 BC and 100 control =NCs)
metabolite extracts from patient and healthy control serum samples in an effort to identify potential discriminant
biomarkers of bladder cancer. Datasets from the BC patients and NCs were divided into two groups, a training
set, comprising 80% of all samples and a validation set, corresponding to 20% of all samples. Patient samples of
a given stage of BC in the training set accounted for 80% of all samples of that stage. Serum metabolic profiling
was performed independently on the two datasets. The training set was used to identify serum diagnostic mark-
ers for cancer and stage of its malignancy and, in turn, the validation set was used to independently validate the
diagnostic performance of serum metabolite biomarkers.

Distinguishing between bladder cancer and control serum samples. In total, 5498 m/z features
were found in each serum sample in both training and validation set with applied filtration that required that
software show only features that were in at least nine samples. Unsupervised 2D PCA score plots of both subsets
indicated a good separation between cancer patients and controls based on distinct and characteristic metabolite
profiles. The best separation of groups in the training set was obtained along principal components 1 and 2 (i.e.
PC1 and PC2) which accounted for 27.8% and 5.5% respectively. Only a few outliers were detected in the central
95% of the field of view (Fig. 1a). In turn, in the validation set, the best separation between cancer and control
serum samples was also observed along PC1 (28.2%) and PC2 and (6.6%) (Fig. 1b).

A supervised multivariate analysis using OPLS-DA analysis was carried out to explore the metabolic differ-
ences between the BC and NC groups. In the training set, the score plot indicated a clear separation between
those two groups (Fig. 1c). Two thousand permutation tests were conducted to validate the OPLS-DA model
(Fig. S1 A). Good discrimination was observed between the two groups (Q*>=0.971, R?Y =0.992, p value < 5E-04
(0/2000)), revealing substantial differences in the metabolic profiles of cancer versus control serum samples.
Model overview showing high R?Y and Q? indicating good interpretability and predictability by this OPLS-DA
model (Fig. S1 B). A similar tendency to discriminate BC patients and NCs was observed in OPLS-DA model
of the validation set (Fig. 1d), which was confirmed by the very good results of the permutation test (Q*=0.929,
R?Y =0.995, p value < 5E-04 (0/2000)) (Fig. S1C). Potential serum bladder cancer biomarkers were selected on
the basis of the VIP plot resulting from the OPLS-DA model. By combining the VIP (>1.0) with the results
from the independent t-test (p value and FDR from t-test <0.05) 1012 variables were selected in training set
as differential for BC patients and NCs (Table 1, Supplementary information 2). In turn, in validation set 1052
variables were considered as significant (Table 2, Supplementary information 2). Finally, 864 common m/z and
rt values were indicated, both in the training and validation sets. Among these features, to 121 m/z values were
assigned to a specific chemical compound (Table 1). Next, univariate ROC analysis was separately performed
on both training and validation sets to evaluate the diagnostic ability of the models. The results indicated that
in the serum samples all 85 out of previously selected 121 metabolites exhibit very high area under the curve
(AUC) above 0.8. As shown in Fig. 1e,f, the combination of mass features in both subsets was found to be a pow-
erful discriminator of control versus bladder cancer serum samples (AUC>99%). Finally, set of twenty-seven
potential BC biomarkers were selected with cut-off criteria of FC>2 and < 0.5, Am/z <2 ppm and mSigma <50
in both testing and validation data sets. The sensitivity and specificity of the selected 27 metabolites were also
determined and all metabolites disclosed sensitivity and specificity greater than 77 and 85%, respectively (Table 1
and S1, Supplementary information 2).

Distinguishing between low- and high- grade bladder cancer and control serum samples. To
determine whether metabolomics analysis of serum samples could help discriminate between different grades
of BC, another series of PCA and OPLS DA analyses were performed on the training (80 NCs, 32 patients with
HG and 45 patients with LG,) and validation (20 NCs, 8 patients with HG and 12 patients with LG,) data sets
(Tabe S1) excluding three samples from patients with PUNLMP. PCA and OPLS-DA scores plots revealed good
discrimination between separately control and cancer groups of varying grades of tumors (LG vs NCs and HG
vs NCs) in both training and validation set (Fig. 2, S2). Quality factors for those models amounted to Q*>0.89
and R?*Y >0.982, with p values based on permutation tests (n=2000) smaller than 5E-4 (Fig. S3, $4) indicating a
perfect discrimination of metabolites profiles between those groups. However, we did not observe a substantial
difference between the LG and HG BC patients in the PCA scores plot (data not shown).

In HG BC vs NCs OPLS-DA model 1500 variables were considered as significant (VIP > 1, p value <0.05) in
both training and validation set. Among these features, 138 m/z values were assigned to a specific chemical com-
pound. Analysis of LG BC vs NCs in OPLS-DA model in training and validation set revealed common 1600 m/z
values as significant contributors to the separation between those two groups of which 148 were assigned to
specific compound. Univariate ROC curve analyses indicated that these models have a good diagnostic perfor-
mance (Fig. 2, S2). AUC values for five out of fifteen metabolites were found to be greater than 0.75. Finally,
set of twenty-three potential LG and HG BC biomarkers were selected with cut-off criteria of FC>2 and<0.5,
Am/z <2 ppm and mSigma <50 in both testing and validation data sets. The sensitivity and specificity of the

Scientific Reports |

(2022) 12:15156 |

118 nature portfolio



www.nature.com/scientificreports/

TRAINING SET VALIDATION SET
a b
g ©Cancer oCancer
OControl = ° OControl
o o
=) o
~N o ﬁ
—_— ° ) = o -
§ 'g oo & S8 ° ® g b | < 8
0o 82? ° © 8o 5
~ ﬁg ° o§ ~ o eo°° . ]
o o
8 co @ o% g S v0 &o ~©
] 8 oo g ° <
°Q ' )
o
% o 30 5 o ¥ 0 4
-40 -20 0 20 40 60 40 -20 0 20 40 60 80
PC 1 (27.8%) PC 1 (28.2%)
c d
So oCancer —_ oCancer |
NS oControl Lo OControl |
4 - <
2 °o o
-9 2 - o
— N e
s . 5 =8 !
Q % . ‘O- °§ o
ol ¥ %, 9ol e g
=7 R & c .
ER A EES ‘
o« %o g ' )
=4 <d
g g
t <°r t ¥
[¢] o
=30 20 -10 0 10 20 30 -30 -20 110 0 10 20 30
T score [1] (22.4%) f T score [1] (22.7%)
e
e o2
s g |
[ 9 f
23 £°
S« 8 o
oS Qo
[ Var. AUC CI g Var. AUC CI
= B 5 0998 0.987-1 s 5 0997 0.98-1
o] ©10 0.999 0.995-1 ; e 210 0.998 0.98-1
2 m15 1 0.997-1 £ =15 0.998 0.98-1
2 o m25 1 0.998-1 Ec m25 0.998 0.98-1
) m50 1 0.999-1 2 m50 0.996 0.98-1
G ol =100 1 1-1 3o ©100 0.996 0.98-1
»n ol . n el | - - - -
00 02 04 06 08 1.0 00 02 04 06 08 1.0
1-Specificity (False positive rate) 1-Specificity (False positive rate)

Figure 1. Metabolomic analysis of serum samples from BC and NCs. PCA and OPLS-DA scores plots of
the tumor (violet) and control (orange) serum samples in the training set (a,c) and validation set (b,d). The
receiving operator characteristic (ROC) curves in the training set (e) and validation set (f).

selected 23 metabolites were also determined and all metabolites disclosed sensitivity and specificity greater than
78% (Table 2 and S2, Supplementary information 2).

Distinguishing between different stages of bladder cancer and control serum samples.  Anal-
ysis of tumor stages was performed for the entire LC-MS dataset of serum metabolite extracts from patients
diagnosed with bladder cancer. Metabolite profiling analysis included 69 serum samples from patients with
noninvasive papillary carcinomas (pTa) 19 samples from pT1 stage and 12 from patients with muscle invasive
bladder cancer (pT2).

PCA and OPLS-DA scores plot indicated good separation between NCs and different stages of BC (pTa vs
NCs, pT1 vs NCs and pT2 vs NCs, Fig. 3). Quality factors for those models were Q*>0.904 and R?Y >0.988, with
p values based on permutation tests (n =2000) smaller than 5E-4 (Fig. S5) indicating a very good discrimination
of metabolites profiles between those groups. Fold Change and VIP plot analysis of the OPLS-DA model indi-
cated 63, 66 and 69 m/z values that appeared to be most relevant for sample differentiation between pTa BC vs
NCs, pT1 BC vs NCs and pT2 BC vs NCs respectively out of pool of features assigned to specific chemical com-
pounds. Next, ROC curve analysis was performed to assess the performance of three models in distinguishing
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No |Name Structure m/z* Am/z [ppm] |RT [s] | VIP® | FC° | pvalue FDR AUC | Spec. [%]¢ | Sens. [%]¢
1 | Aureonitol#" CuH,0, | 207.1378 |-07 1732|182 |020 |5.00E-27 |3.20E-25 |0.993 |96 98
2| Norcamphoresh CH,,0 111.0803 | -1.0 1432|179 [029 |580E-27 |3306-25 |0.992 | 96 100
3 | Perillyl alcohols CioH,0 153.1273 | -08 2103 |1.83 | 025 |6.30B-27 |3.30E-25 | 0992 |96 100
4 | Thymolefs CiH,0 1511116 |-0.8 2042|178 | 039 |7.30B-27 |340E-25 | 0991 |94 99
5 | Methyl 2-octynoate®s" C,H,,0, 155.1065 | - 1.3 1777|172 [031 |840E-27 |3.40E-25 |0.991 |95 98
6 3,5,5-Trimethyl-2-cyclohexen-1-one#" | C,H,,0 139.1116 | -0.9 193.2 1.83 | 0.17 | 9.80E-27 |3.50E-25 |0.990 |96 99
7 | Alantolactone®s" CuHyO, | 2331535 | -03 1946 | 180 |023 |980E-27 |3.50E-25 |0.990 | 94 98
§ |4 Heptanone® CH,0 115.1116 | -0.9 2067 | 179 | 024 |1.00B-26 |3.50B-25 | 0990 |94 9
9 | 7-Epi-Jasmonic acid*s" CLoHO, | 2111328 |-02 1609 | 180 |0.19 | L50E-26 | 4.10E-25 | 0.988 | 96 9%
10 | Dihydrojasmoness® CuH,0 167.1429 | -0.8 2283 | 178 | 041 | L60E-26 | 420E-25 | 0988 |94 94
11| Valeric acid*‘ CoH,00, 103.0753 | -0.8 1322|175 |041 |2.30E-26 |5.10E-25 | 0.987 |91 9
12 3‘3712523?}2&123;1615 Jemalydros ¢ 0, | 2091534 | 08 1978 |175 |04 |550E-26 |9.20E-25 |0.983 |94 95
13 | I-Acetylindole®s" CoHNO | 160.0757 | 0.1 1311 | 165 |213 | L50E-25 |220E-24 |0.978 |93 98
14 | Linoleic acide® CyH,0, | 2812473 |-08 2586 | 152 | 255 | 3.50B-25 |4.40E-24 | 0975 |94 94
15 | 1-Phenyl-1-pentanone®s" CuH,0 163.1116 | -0.8 2005 | 173 | 034 |7.50B-25 |830B-24 | 0971 |94 86
16 | Umbelliferone*s" C,H,0, 163.0389 | -0.6 1821 | 169 |049 | L10E-24 | 1.I0E-23 | 0970 |91 90
17 | Blaidic acid®® CyH,0, | 2832629 |-09 2784 | 167 |333 | 1.20E-24 | 130E-23 | 0969 |95 94
18 | 3-Ethylphenol-sh CeH 0 123.0803 | -0.9 1229 172 |036 |130E-24 | 1.30E-23 |0.969 | 96 95
19 | D-Limonene® CioHie 137.1324 | -07 1439 |172 | 030 |2.90E-24 | 2.60E-23 | 0.965 |91 90
20 feSzﬁ;ggb‘;fzZ’;‘utr:rrflgtaﬁ)soizZ,a CuH0,  |197.1171 |-038 1432|160 |041 |8.60E-23 |6.00E-22 |0.950 |89 90
21| LysoPE(P-18:0/0:0) & CHgNOP | 466.3288 | -1.0 2942|158 | 038 | 1.30E-22 |8.40E-22 | 0948 |86 91
22 | Palmitoleoyl Ethanolamide CyHiNO, | 2982738 |09 2365 | 141 |208 | 1L50E-22 | LOOE-21 | 0947 |90 91
23 | PE(P-16:0e/0:0) 8" C,HuNOP | 4382977 |-0.6 2675 | 148 | 048 |470B-20 |230B-19 | 0920 |85 88
24 | 3-Hexanonets" CeH,,0 2111328 |02 1609 | 140 |050 |520E-18 |2.10E-17 |0.89 |86 9%
25 | Epsilon-caprolactam®ie” CH,NO | 1140914 |-02 1145 | 116 |235 |570E-18 |230E-17 |0.89 |85 81
26 | L-Acetylcarnitine® CHNO, | 2041230 |-03 229 |137 |236 |150B-16 | 540E-16 | 0878 |85 78
27 | LysoPC(18:3)c%" CoHgNO,P | 5183236 | -1.0 2379|125 | 048 | 1.30E-15 | 4.60E-15 | 0.866 |86 78

Scientific Reports |

Table 1. Differential metabolites for discrimination between BC patients and NCs (p value < 0.05; FDR < 0.05;
VIP>1; FC<0.5 and > 2). *Experimental monoisotopic mass; YVIP scores derived from OPLS-DA model;

“fold change between cancer and control serum calculated from the abundance mean values for each group—
cancer-to-normal ratio; ROC curve analysis for individual biomarkers; ‘the metabolites identified by high
precursor mass accuracy; ‘the metabolites identified by matching retention time; $the metabolites identified by
matching isotopic pattern; "the metabolites identified by matching MS/MS fragment spectra; AUC: area under
the curve; CI: confidence interval; FC: fold change; FDR: false discovery rate; m/z: mass-to-charge ratio; RT:
retention time; Sens.: Sensitivity; Spec.: Specificity; VIP: variable influence on projection.

between pTa; pT1 and pT2 bladder cancer stages and NCs. Finally, set of thirty-seven potential pTa, pT1 and
pT2 BC biomarkers were selected with cut-off criteria of FC>2 and <0.5, Am/z <2 ppm and mSigma <50 in
both testing and validation data sets (Table 3). The sensitivity and specificity of the selected 37 metabolites were
also determined and all metabolites disclosed sensitivity and specificity greater than 74 and 62%, respectively
S$3, Supplementary information 2). Comparison of the three groups of cancer stage (pT1 vs. pTa vs. pT2) did not
reveal any statistically significant differences (data not shown).

Pathway analysis of potential biomarkers. A metabolic pathway impact analysis was performed using
MetaboAnalyst 5.0 to identify the most relevant pathways involved in the observed changes of serum metabolite
levels. Forty-five metabolites identified in the UHPLC-UHRMS analysis were subjected to pathway analysis and
quantitative pathway enrichment analysis. Forty-nine compounds were found to be relevant to human metab-
olism. Five metabolic pathways, including linoleic acid metabolism, glycerophospholipid metabolism, alpha-
linolenic acid metabolism, arachidonic acid metabolism and biosynthesis of unsaturated fatty acids were found
to be significantly impacted comparing BC to controls. Results from pathway impact analysis is shown in Fig. 4a
and Table S2 (supplementary information 1).

To expand the metabolomic analysis of pathways related to bladder cancer, we performed a quantitative
enrichment analysis using the MetaboAnalyst 5.0 pathway enrichment module and its associated Small Mol-
ecule Pathway Database (SMPDB). Two additional pathways were found to be relevant to bladder cancer: beta
oxidation of very long chain fatty acids, phospholipid biosynthesis and oxidation of branched chain fatty acids
(Fig. 4b and Table S3.

(2022) 12:15156 |

120

nature portfolio



www.nature.com/scientificreports/

HG versus control LG versus control

No | Metabolites Formula m/z* RT [s] | VIP® | FC® |Spec.[%]¢ |Sens.[%]® | VIP® | FC¢ | Spec.[%]¢ | Sens.[%]¢
1 | Aureonitol *&" Cy3H,40, 207.1378 | 17322 |1.82 |020 |98 97 184 |0.20 |100 96
2 | 7-Epi-Jasmonic acid *5" CpH,0, 2111328 | 160.86 |1.80 |0.19 |96 97 183 | 019 |9 96
3 | 3,55 Trimethyl 2-cyclohexen-1-one *&" CoH,,0 139.1116 | 193.16 | 186 |0.17 |95 94 187 |017 |98 93
4 | Alantolactone °&" CysHy0, 2331535 | 194.63 | 180 |0.25 |95 94 184 |022 |98 93
5 | Valeric acid*' CsH,,0, 103.0753 | 13222 | 178 | 041 |98 94 179 |o41 |95 93
6 | 4-Heptanone & CH,,0 115.1116 | 20671 | 178 |0.24 |96 97 181 |023 |9 93
7 | Methyl 2-octynoate " CoH,,0, 155.1065 | 177.72 | 177 | 0.30 |98 91 184 |032 |98 98
CI ";gnhit:cyilﬁi’f’6’7’tetrahydr°’3H’mdene’ CiHyO,  |2091534 [197.75 |1.74 |0.40 |98 91 175 | 040 |96 89
9 | Thymolesh CyoHy,0 1511116 | 20415 | 174 | 039 |99 94 176 | 039 |99 93
10 | Umbelliferone °&" CoH 05 163.0389 | 182.05 | - - - 174 | 049 |94 91
11 4,7-Dimethyl-1,3-benzothiazol-2-ylamine 8" CoH,(N,S 179.0638 | 142.04 | 1.66 2.00 |93 88 - - - -
12 | D-Limonene® Crolye 137.1324 | 14388 | 1.66 | 0.30 |89 94 170 |o031 |86 93
13 | LysoPE(P-18:0/0:0) °8" CpHsNOP | 4663288 | 29422 | 163 | 0.36 |91 91 155 |039 |86 87
14 | 1-Acetylindole °&" CoH,NO | 160.0757 | 131.14 | 1.58 |2.14 |93 94 161 |2.13 |98 93
15 fong’er(‘)’ler ;‘41;‘_*’27(1’;;;_“;2231’5’6’7’7a'te"ah”d’ C,Hy0; 197.1171 | 14316 | 157 |0.43 |94 81 164 | 040 |91 89
16 | PE(P-16:0¢/0:0) " CyHuNOP | 4382977 |267.49 |1.56 |0.44 |88 88 - - - -
17 | LysoPC(20:3) 8" CyHoNO,P | 5463545 | 25945 | 148 | 0.45 |84 81 - - - -
18 | Linoleic acid®s CysH0, 2812473 | 25856 | 143 |2.64 |94 94 139|244 |93 93
19 | LysoPC(18:3)c8" CyHisNOP |518.3236 |237.91 |1.33 |045 |78 78 - - - N
20 | L-Acetylcarnitine®' CH,NO, |204.1230 | 2291 |133 |239 |79 84 135 |229 |86 80
21 | Epsilon-caprolactam®®&" CH,NO | 114.0914 | 11447 | 119 |2.08 |89 94 132 | 258 |89 82
22 | 3-Hexanone®s CeH,,0 101.0960 | 152.86 |- - - - 142 049 |79 93
23 | Elaidic acid®s CysH5,0, 2832629 | 27839 |- o C - 167 | 336 |91 98

Table 2. Differential metabolites for discrimination between LG and HG BC patients and NCs (p value <0.05;
FDR<0.05; VIP > 1; FC<0.5 and > 2). *Experimental monoisotopic mass; YVIP scores derived from OPLS-DA
model; “fold change between cancer and control serum calculated from the abundance mean values for each
group—cancer-to-normal ratio; ‘ROC curve analysis for individual biomarkers; the metabolites identified

by high precursor mass accuracy; ‘the metabolites identified by matching retention time; sthe metabolites
identified by matching isotopic pattern; "the metabolites identified by matching MS/MS fragment spectra;
AUC: area under the curve; CI: confidence interval; FC: fold change; FDR: false discovery rate; HG: high-
grade; LG: low-grade; m/z: mass-to-charge ratio; RT: retention time; Sens.: Sensitivity; Spec.: Specificity; VIP:
variable influence on projection.

Discussion

Over the past decade, metabolomics studies have provided valuable information on the metabolic profile of
patients suffering from various diseases, including cancer, and identified potential markers of developing or
recurring disease. Cancer cells have the ability to reprogram their metabolism in order to support the increased
need for energy caused by rapid proliferation. Monitoring of changes in the levels of various metabolites in
cancer cells or body fluids may be a potential source of new cancer biomarkers. To date, many studies have
been published indicating the high potential of metabolomic markers in the diagnosis of various cancers and in
understanding of the mechanisms of cancer initiation and development?®.

In this study UHPLC-UHRMS and -UHRMS/MS methods were employed to evaluate changes in serum
metabolite levels between 100 bladder cancer patients and 100 normal controls. The largest class of compounds
differentiating the NCs group from the BC patients were lipids and lipid-like molecules. Lipids are the fundamen-
tal building blocks of all cell membranes and serve as a long-term energy storage. Furthermore, lipids have many
other important functions within living organisms including transmit nerve impulses, production and regulation
of certain hormones, cushion vital organs, intracellular signal transmission and cell transporting systems. Lipid
metabolism is involved in various processes associated with cancer cells. Over the past decade, numerous stud-
ies have demonstrated that lipids and metabolites associated with lipid metabolism may be potential markers in
human cancers including bladder cancer®. We found that the plasma content of 10 glycerophospholipids includ-
ing PE(P-16:0¢/0:0), PC(16:1/16:1), PC(16:0/18:3), LPE(P-18:0/0:0), LPC(14:0/0:0), LPC(P-18:0), LPC(18:3),
LPC(18:2), LPC(20:3), LPC(22:5) were significantly higher in the serum of NCs than in the BC subjects. This
finding is in line with previous metabolomic studies that demonstrated an association of changes in the levels
of these lipids in the blood with various cancers®. Thus, alterations in these lipids’ metabolism may, therefore,
play important roles in the development and progression of bladder cancer.

Glycerophospholipids (GPs), also called phospholipids include phosphatidylethanolamines (PE), phosphati-
dylcholines (PC) and phosphatidylethanolamines (PE), all of which are glycerol-based phospholipids. These com-
pounds are a major component of the membranes of animal cells in which they are asymmetrically distributed
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Figure 2. Metabolomic differentiation between different grades of BC and NCs in training set. PCA (a) and
OPLS-DA (b) scores plots of the control (violet) and low-grade (orange). PCA (c) and OPLS-DA (d) scores plots
of the control (violet) and high-grade (orange). ROC curves for LG (e) and HG (f) BC serum samples vs NCs.

acting as the matrix of different membrane proteins. Many previous studies have found low serum PE levels in
various cancers including colon, prostate, lung, and breast cancers indicating these compounds as potential tumor
markers®*2. Serum levels of PE(P-16:0e/0:0) were found by Lin et. al significantly lower in patients with kidney
cancer compared to controls*’. Some studies have provided evidence that translocation of PE from the inner to
the outer leaflet of the plasma membrane indicating a loss of asymmetric distribution of aminophospholipids has
been shown as the first sign of impending apoptosis. Thus, lower levels of PE(P-16:0¢/0:0) in serum may be an
early symptom of apoptotic cell death**. Moreover, human phosphatidylethanolamine-binding protein is associ-
ated with resistance to apoptosis of tumor cells®*. It has been reported that exogenous PEs inhibits the growth
and indicates an apoptosis of human hepatoma HepG2 cells*. Lysophosphatidylethanolamine LPC, LysoPC),
LysoPE (P-18:0/0:0) also known as LPE(18:0) was found in lower level in plasma of patients with liver, gastric
colorectal, ovarian and lung cancer compared to the control group®>**¥’. Lysophosphatidylcholines (LPC, lysoPC)
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Figure 3. Metabolomic differentiation between different stages of BC and NCs. PCA (a), OPLS-DA (b) scores
plots and ROC curve (c) of the pTa (violet) and control (orange). PCA (d), OPLS-DA (e) scores plots and ROC
curve (f) of the pT1 (violet) and control (orange). PCA (g), OPLS-DA (h) scores plots and ROC curve (i) of the

pT2 (violet) and control (orange).

are an important endogenous signaling phospholipids involved in a variety of important processes, including
cell migration, cell proliferation, inflammation and angiogenesis. Decreased LPC plasma level in cancer was
also observed in previous study and was associated with body weight loss and increased inflammation. Level
of these compounds is inversely correlated with C-reactive protein levels in plasma (CRP)*. LPCs were found
to be disturbed in several diseases including cancer. Previous metabolomic studies have reported lower level of
PC(34:4), LysoPC(20:3) and LPC(P-18:0) in plasma of patients with ovarian cancer (EOC) compared to control®.
Zhang et al.** have reported that LPC(14:0) was down-regulated in patients with recurrent EOC. Lower level
of lysophospholipids have been associated with high activity of specific cell-surface G protein-coupled recep-
tors which may cause apoptosis. Tan et al.*! observed significantly lower of LPC(14:0) in the serum of patients
with colorectal cancer compared with healthy controls. LPC(18:1), LPC(18:2) and LPC(18:3) were significantly
decreasing in plasma of patients with colorectal cancer compared with healthy controls*>*. Lee et al.*? showed
that the levels of LPC(18:2) were lower in plasma samples of patients with colorectal cancer and higher in plasma
samples of patients with liver, gastric, lung and thyroid compared to those of healthy control individuals using
UHPLC-MS/MS. LPC(18:2) was also found in lower level in plasma of patients with ovarian cancer compared
to the control group®®. Previous metabolomic studies have demonstrated that LysoPC(18:1), LysoPC(20:3) were
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pTa versus pT1 versus pT2 versus
control control control
No Metabolites Formula m/z* RT [s] VIP® | EC¢ |VIP® |FC* VIP® | FC®
1 Alpha-hydroxyisobutyric acid® C,HgO4 87.0439 49.21 - - 1.20 2.66 1.05 3.92
2 Valeric acid®*f C;H,,0, 103.0753 132.22 1.90 0.41 1.99 0.41 2.05 0.40
3 Creatinine®® C,H,N,0 114.0661 2128 |- - - - 1.48 2.02
4 Epsilon-caprolactam®ee C¢H,,NO 1140914 | 11447 [128 |230 |1.51 233 134|246
5 4-Heptanone®sf C,H,,0 1151116 |20671 [1.96 |023 199 [0.25 205 |0.23
6 3-Ethylphenol®t CgH,,0 123.0803 | 122.87 [1.88 |036 |1.94 [0.35 195 |035
7 D-Limonene® CyoHyg 137.1324 | 14388 [1.86 |030 |174 |0.33 187 |0.28
8 3,5,5-Trimethyl-2-cyclohexen-1-one®t# CyH,,0 139.1116 193.16 2.00 0.17 2.11 0.17 217 0.17
9 Thymol®f CyoH,,0 151.1116  |204.15 |1.91 0.39 |1.82 0.41 1.84 0.40
10 Perillyl alcohol%f CyoH,;0 153.1273 21029 [2.03 |025 220 |0.26 231|024
11 Methyl 2-octynoate®4s C,H,,0, 1551065 | 17772 |1.89 |031 |199 [0.32 223|029
12 1-Acetylindole®t# C,oH,NO 160.0757 | 131.14 | 1.78 209 |1.75 2.19 1.70 2.08
13 Umbelliferone® CyH0; 163.0389 | 182.05 |[1.84 | 0.49 206 | 0.46
14 1-Phenyl-1-pentanone®s C,H,,0 163.1116 |200.50 |1.94 |033 |204 [036 204|037
15 4,7-Dimethyl-1,3-benzothiazol-2-ylamine®"¢ CoH (N,S 179.0638 142.04 - - 1.82 2.02 - -
16 Benzophenone®'s Cy;H,,0 183.0809 |226.43 | 1.56 2.00 |1.45 2.14 - -
17 L-Acetylcarnitine®® CyH,,NO, 204.1230 2291 |146 215 [148 |237 153|281
18 Aureonitol*s Cy;H,50, 207.1378 | 173.22 |[197 |020 |200 022 211|020
19 4,4,7a-trimethyl-3a,5,6,7-tetrahydro-3H-indene-1-carboxylic acids C;3H,0, 209.1534 197.75 1.89 0.40 1.87 0.42 1.99 0.38
20 7-Epi-Jasmonic acid®%¢ C),H;40; 2111328 | 160.86 |1.97 |0.19 |203 |0.20 199 |021
21 Cys-Prodfe C:H,,N,0,8 219.0797 | 91.87 |1.03 |234 |- - - -
22 Pro-Leu®"s C,,HyN,05 229.1546 46.53 | - - - - 1.14 235
23 Alantolactone®8 C15H,0, 233.1535 | 19463 |1.95 023 |199 |0.25 1.94 |027
24 Curcumol %8 Cy5H,,0, 237.1848 | 226.69 | 1.12 0.23
25 Isovalerylcarnitinedef C,,Hp;NO, 2461697 | 12155 |1.16 |218 |11l 249 107|245
26 Linoleic acid® CysH3,0, 281.2473 | 258.56 | 1.59 235 |1.53 2.62 1.49 2.73
27 Elaidic acid®f CysH,,0, 283.2629 |27839 |1.87 |335 |202 |3.86 173|291
28 PE(P-16:0e/0:0)%%% C, H,NOpP 4382977 26749 |1.59 049 195 |0.39 208 |0.36
29 Cefazolindt¢ C. H,NgO,S; | 455.0371 |13559 |- - 1.02 288.76 | 1.30 62.93
30 LysoPE(P-18:0/0:0)% C,;H,NOP 466.3288 29422 |172 039 |190 |0.34 216 |0.28
31 LysoPC(14:0/0:0)%%8 C,,H,NO,P 468.3080 | 23623 | - - - - 1.96 0.33
32 LysoPC(P-18:0)%8 CyHy NOP 508.3756 | 29432 |- - - - 1.60 | 0.48
33 LysoPC(18:2)%% CyH5oNO,P 5203393 | 24639 |- - - - 1.80 | 0.44
34 LysoPC(20:3)%%¢ CysHy,NO,P 546.3545 | 259.45 |- - 1.57 | 045 1.76 | 0.39
35 LysoPC(22:5)%%¢ C3Hs;,NO,P 570.3546 | 25547 |- - - - 1.48 0.45
36 PC(16:1/16:1)%8 CyoHyNO,P 7305380 | 31251 |- - 161 |0.15 - -
37 PC(16:0/18:3)%8 C,HyNOGP 756.5535 | 313.85 |- - 119|042 - -
Table 3. Differential metabolites for discrimination between pTa, pT1 and pT2 BC patients and NCs (p
value <0.05; FDR < 0.05; VIP> 1; FC<0.5 and >2). * Experimental monoisotopic mass; bVIP scores derived
from OPLS-DA model; “fold change between cancer and control serum calculated from the abundance mean
values for each group—cancer-to-normal ratio; ‘the metabolites identified by high precursor mass accuracy;
*the metabolites identified by matching retention time; ‘the metabolites identified by matching isotopic pattern;
8the metabolites identified by matching MS/MS fragment spectra; AUC: area under the curve; FC: fold change;
FDR: false discovery rate; m/z: mass-to-charge ratio; pT1 and pTa—high risk non-muscle invasive bladder
cancer; pT2—muscle invasive bladder cancer; RT: retention time; VIP: variable influence on projection.
down-regulated in patients with ovarian cancer. Four of these compounds including LPC(14:0), LPC(18:3),
LPC(20:3), LPC(22:5) were previously related to kidney injury. Metabolic profiling of plasma from patients with
cancer cachexia revealed significantly lower levels of LPC(14:0), LPC(P-18:0), LPC(18:2), LPC(20:3), LPC(22:5)
and LPE(18:0) compared to healthy controls*. Three of these six LPC including LPC(18:1), LPC(18:3), LPC(22:5)
we identified previously at lower levels in serum of patients with thyroid carcinoma®. To our knowledge, only
one lipid out of the ten most differentiating both groups cancer and control we indicated has been previously
associated with bladder cancer. Tan et al.'® indicated slightly higher level of LPC(18:2) in serum of patients with
BC compared to controls using UHPLC-Q-ToF MS.
Lower levels of four prenol lipids including perillyl alcohol, D-limonene, thymol, alantolactone were found
in serum of BC compared to controls. These monoterpenoids commonly occurring in many plants are known
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Figure 4. Results of pathway topology analysis of selected statistically significant metabolites in BC. A Pathway
analysis based on KEGG (a); bubble area donating to the impact of each pathway with color representing the
significance from highest in red to lowest in white; (b) Quantitative enrichment analysis based on SMPDB.

for their anti-tumor, antioxidant, anti-inflammatory and anti-fungal activity. Thymol and limonene have been
shown to inhibit bladder cancer cell proliferation and induces these cells apoptosis*®*’.

We found that serum levels of metabolites: L-acetylcarnitine, linoleic acid and elaidic acid were higher and
three others: valeric acid and 7-epi-jasmonic acid lower in BC patients compared to NCs. The levels of linoleic
and elaidic acid were also found as significantly higher in patients with colorectal cancer®. Increased serum
activity of acetylcarnitine have been previously pointed out as a potential tumor biomarkers***. Acetylcarnitine
is a naturally occurring acetic acid ester of carnitine, important in mitochondrial tricarboxylic acid (TCA) cycle
activity. Increased urine levels of this compound have previously been reported in patients with BC°. Eleva-
tion of acetylcarnitine may be an indication of decreased carbon flow into the TCA cycle or excess production
of acetyl-CoA*. Previous studies revealed elevated urine level of acetylcarnitine and isovalerylcarnitine in BC
patients compared to controls®**%. However, the association between isovalerylcarnitine and bladder cancer has
not yet been explained.

In order to apply the correct treatment regimens for BC patients, in addition to indicating the neoplasm,
it is necessary to precisely and accurately indicate the stage and grade of this cancer. In total, 23 differential
metabolites were identified as potential marker for discriminating between LG and HG BC patients and NCs.
Among these metabolites, 18 metabolites were the common characteristic of both LG and HG BC patients. Three
metabolites including lysoPC(20:3), PE(P-16:0e/0:0) and 2(4H)-benzofuranone, 6-Hydroxy-4,4,7a-trimethyl-
5,6,7,7a-tetrahydrobenzofuran-2(4H)-one were identified in much higher level only in the serum of patients
with HG BC, while four metabolites including 3-hexanone, diethylene glycol 2-ethylhexyl ether, elaidic acid,
umbelliferone were found in significant higher level only in the serum of patients with LG BC patients.

In total, 38 differential metabolites were identified as potential marker for discriminating between pTa, pT1
and pT2 BC patients and NCs. Among these metabolites, 22 metabolites were the common to all three stages of
BC. Two metabolites including Cys-Pro and curcumol were identified in much higher levels only in the serum
of patients with pTa BC, while two metabolites including LysoPC(20:3) and alpha-hydroxyisobutyric acid were
found in significant higher level only in the serum of patients with pT1 BC patients. Moreover, five metabolites
including norcamphor, creatinine, dihydrojasmone, pro-leu, palmitoleoyl ethanolamide were found in significant
higher level only in the serum of patients with pT2 BC patients.

We demonstrate that ultra-high-resolution mass spectrometry is a powerful tool for the characterization of
the serum metabolome differences in BC. Twenty-seven potentially robust metabolic biomarkers were identified
for 100 tumor serum samples from patients with BC patients after comparison against 100 healthy controls owing
to the excellent predictive ability of AUC >0.99. We also identified twenty-three metabolites that might be used
as potential biomarkers to distinguish LG and HG and thirty-seven metabolites that may serve to differentiate
between the pTa/pT1 and pT2 stages of BC. Our results suggest that differential serum metabolite profiles and
can help identify patients with BC compared with NCs, with significant discriminating power between different
stages and grades of bladder cancer. Our findings, may potentially provide facile and less invasive diagnostic
methodology for detection of different stages and grades of bladder cancer and recurrent disease management. In
the future, a new class of biomarkers of BC could contribute to development of non-invasive, highly specific and
sensitive diagnostic tests that could be employed to aid the detection of new tumors and also predict recurrences.
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ABSTRACT

Bladder cancer (BC) is one of the most frequently diagnosed types of urinary cancer. Despite advances in
treatment methods, no specific biomarkers are currently in use. Targeted and untargeted profiling of
metabolites and elements of human blood serum from 100 BC patients and the same number of normal
controls (NCs), with external validation, was attempted using three analytical methods, i.e., nuclear
magnetic resonance, gold and silver-109 nanoparticle-based laser desorption/ionization mass spec-
trometry (LDI-MS), and inductively coupled plasma optical emission spectrometry (ICP-OES). All results
were subjected to multivariate statistical analysis. Four potential serum biomarkers of BC, namely, iso-
butyrate, pyroglutamate, choline, and acetate, were quantified with proton nuclear magnetic resonance,
which had excellent predictive ability as judged by the area under the curve (AUC) value of 0.999. Two
elements, Li and Fe, were also found to distinguish between cancer and control samples, as judged from
ICP-OES data and AUC of 0.807 (in validation set). Twenty-five putatively identified compounds, mostly
related to glycans and lipids, differentiated BC from NCs, as detected using LDI-MS. Five serum metab-
olites were found to discriminate between tumor grades and nine metabolites between tumor stages.
The results from three different analytical platforms demonstrate that the identified distinct serum
metabolites and metal elements have potential to be used for noninvasive detection, staging, and grading
of BC.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of Xi'an Jiaotong University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

with a high prevalence of schistosomiasis infection, squamous cell
carcinoma (SCC) accounts for the majority of BC. However, control

Bladder cancer (BC) is the tenth most commonly diagnosed
cancer in the world with approximately 570,000 new cases diag-
nosed each year. The incidence rate per 100,000 person per year
varies from 2.4 for women to 9.5 for men, and the mortality rate
varies from 0.86 for women to 3.3 for men [1]. Globally, urothelial
carcinoma (UC) identified histopathologically constitutes more
than 90% of all the cases of BC. In endemic regions such as Egypt
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over the Schistosoma haematobium infection has led to a shift from
SCC to UC being the most prevalent type of BC [2]. The remaining
10% includes exposure to aromatic amines, hydrocarbons, dyes,
some solvents, and coal tar [3]. The most common symptoms of BC
include macroscopic and microscopic hematuria. The mainstay for
BC diagnosis includes cystoscopy and urine cytology, and may
include ultrasound and computed tomography urography. Unfor-
tunately, cystoscopy is considered as an invasive procedure and the
sensitivity of urine cytology is low. Therefore, to reduce the number
of procedures, urinary markers have been proposed to track BC
recurrence [4,5]. These urinary markers are associated with higher
sensitivity, although at the expense of lower specificity, compared
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with the accuracy of urine cytology. However, these markers have
not been incorporated into clinical guidelines regarding the diag-
nosis and surveillance of BC. Therefore, there is a significant need
for noninvasive methods for the early detection of BC with high
sensitivity, specificity, and low cost.

Instrumental analyses of small molecules in biofluids, such as
blood, serum, and urine, are very powerful approaches to identify
and characterize diagnostic metabolic biomarkers. Metabolite
concentrations are reflective of the state of the organism and may
be the indicators of disease states including cancer states [6]. In the
past decade, numerous sensitive analytical methods have been
developed to allow the study of the metabolic state of living sys-
tem. The most frequently used analytical platforms for study of
metabolites are nuclear magnetic resonance (NMR) [7] and mass
spectrometry (MS), the latter usually coupled with liquid chro-
matography (LC) or gas chromatography (GC) [8—10].

Metabolomic methods have been used for study of BC with the
aim of identifying potential biomarkers in urine, serum, and tissues
[11,12]. The advantage of serum analysis is that it is much less
susceptible to the dilution factor compared to urine [13]. Although
from an application point of view, serum analysis is the best option,
the published data are very limited. A majority of reports of BC
serum metabolomics describe MS results. The first such study [14]
was focused on human serum profiling of BC with LC-MS, and the
authors proposed five potential biomarkers. Later, Zhou et al. [15]
applied GC-MS to perform plasma metabolomics analyses of 92
patients and 48 controls. The results identified increased levels of
metabolites associated with the pentose phosphate pathway, fatty
acid synthesis, and nucleotide metabolism in BC samples compared
with the controls. The authors focused on three metabolites that
could discriminate between the BC and control groups. In the
following years, several publications appeared that focused on
identifying potential biomarkers of BC using LC-MS [16—20] and
GC-MS [21,22]. To date, only three reports have reported metabolic
differences in serum within BC with NMR. The first NMR serum
metabolomics study of BC was published by Cao et al. [23] in 2012,
and involved 67 BC patients and 25 healthy controls, and revealed a
few metabolites for which concentrations differed significantly
between these two groups. The metabolite changes were linked to
impacted pathways of lipogenesis, aromatic amino acid meta-
bolism, glycolysis, and the citrate cycle. In 2013, Bansal et al. [24]
applied proton nuclear magnetic resonance ('H NMR) spectroscopy
to compare 36 low-grade (LG) and 31 high-grade (HG) BC samples
with those of 32 healthy control patients. The study identified six
metabolites that could, together, serve as differentiating bio-
markers of LG versus HG BC. This same research team recently
reported the use of NMR to identify variations in the concentration
of previously selected potential serum BC biomarkers in 55 pre-
operative and 53 post-operative BC patients, and 152 controls [25].

Various studies have established the connection between levels
of metals, including trace-level metals and other trace elements,
with an increased risk of developing cancer in humans [26]. Toxic
elements are known risk factors for genetic and epigenetic effects,
which enhance the risk of developing different cancers [27].
Inductively coupled plasma optical emission spectrometry (ICP-
OES) has emerged as one of the most frequently used methods for
assessing the concentrations of metals in samples of biological
origin [28] including BC serum [29]. Studies recruited 27 BC pa-
tients, 29 non-tumor patients with acute and chronic inflamma-
tion, and 30 healthy control patients, who were divided into
validation and discovery cohorts. ICP-OES methods have also been
used in the search for biomarkers of other cancers, including kidney
cancer [30,31].

Herein, we report the results of the largest investigation to date,
comprising the targeted and non-targeted, elemental- and
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metabolomics-based profiling of 200 serum samples obtained from
100 patients with BC and 100 healthy controls. This study has
enabled the elucidation of the detailed metabolic and elemental
changes resulting from BC, with a specific focus on the stage and
grade of BC. The analytical platforms used were high-resolution 'H
NMR, ICP-OES, and high-resolution laser desorption/ionization MS
(LDI-MS), and the associated data were subjected to robust vali-
dation by multivariate and univariate statistical analyses.

2. Materials and methods
2.1. Materials and instruments

High-resolution LDI-MSI experiments were performed on
Autoflex Speed time-of-flight mass spectrometer (Bruker, Bremen,
Germany) with a declared resolution of >20,000 for m/z values of
>1,000 in positive-ion reflectron mode. The samples were placed
on a stainless-steel target with automatic pipette and then covered
by nebulization with a silver-109 nanoparticle (1°AgNP) suspen-
sion generated by pulsed fiber laser (PFL) two-dimensional (2D)
galvoscanner (GS) laser synthesis in solution/suspension (LASiS)
and nebulization of '°?AgNPs (°AgNPs LDI-MS) as described in
our recent publication [32]. Gold nanoparticle (AuNP)-based LDI-
MS (AuNPs LDI-MS) was prepared analogically as described above
with the exception for PFL-2D GS LASiS material/substrate, which
was gold foil of 1 mm thickness. All solvents were of minimum LC-
MS grade and were acquired from Sigma Aldrich (St. Louis, MO,
USA). Deuterium oxide (D,0) and 4,4-dimethyl-4-silapentane-1-
sulfonic acid were purchased from Sigma Inc. (Boston, MA, USA).
Nitric acid EMSURE ISO-grade 65% and hydrogen peroxide EMSURE
ACS ISO-grade 30% were purchased from Merck KGaA (Darmstadt,
Germany).

2.2. Collection of human serum samples

Serum samples were collected at John Paul II Hospital (Kolbus-
zowa, Poland). Control serum samples were collected from healthy
volunteers after a medical examination focused on the detection of
urinary cancers. Both types of serum samples from the original
NMR, MS, and ICP-OES datasets were randomly divided every time
into two groups, a training set, comprising 80% of all samples, and a
validation set, corresponding to 20% of all samples. All the patients
underwent transurethral resection of bladder tumor following
detailed clinical questioning and laboratory testing. The local
bioethics committee approved the study (Permission No.: 2018/04/
10). Just over half of the patients (n = 54) had LG BC and papillary
urothelial neoplasm of low malignant potential (PUNLMP) (n = 3),
whereas the remaining patient group exhibited HG disease
(n = 41). In two cases, both HG and LG neoplasms were detected.
Most of these patients (n = 69) displayed noninvasive papillary
carcinomas (pathologic stage Ta, pTa) stage disease, 19 had sub-
mucosal invasive tumors (pathologic stage T1 (pT1)) stage, and 12
patients had muscle invasive BC (pathologic stage T2 (pT2)). The
average age of patients diagnosed with BC and in the NC group was
74 + 10 and 64 + 12 years, respectively. The clinical characteristics
of the patients are presented in Table S1. A 2.6 mL of blood sample
was drawn from each participant and centrifuged (3,000 g, 10 min,
room temperature), then separated and kept at —60 °C.

2.3. Preparation of serum metabolite extracts for 'H NMR
metabolomics

Medium-to-high polarity metabolites were extracted from
serum samples as stated in our recent publication [33] and detailed
in Section S1 in the Supplementary data.
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2.4. Preparation of serum samples for LDI-MS studies

Serum samples were thawed at room temperature and diluted
500 times with methanol. Then, 0.3 pL of serum sample was placed
directly on target plates (1°°Ag and Au PFL-2D GS LASIS [32]). After
the solvent was evaporated in air, the plates with the samples were
measured with Autoflex Speed apparatus.

2.5. Data processing and spectral acquisition

NMR and MS spectral acquisition and processing are shown in
the Supplementary data (Sections S2—S4).

2.6. ICP-OES analysis

Determination of the concentrations of Ca, Fe, K, Na, Mg, as well
as minor elements (Mn, P, and S) and trace elements (Cu and Zn) in
serum, was performed for 116 samples (65 BC and 51 NC) as stated
in our recent publication [31] and detailed in Section S5 in the
Supplementary data and Table S2.

2.7. Multivariate statistical analysis

All metabolite datasets were analyzed using the MetaboAnalyst
5.0 [34]. The statistical analysis approach presented in this publi-
cation is similar to one we previously presented [31] and another
unrelated study [35]; details are presented in the Supplementary
data (Section S6).

3. Results

In this work, we studied the metabolic profiles of BC in an effort
to propose serum-specific metabolic and/or elemental markers for
the specific detection of BC. Two hundred (100 BC and 100 normal
control (NC)) "H NMR spectra were recorded of metabolite extracts
from patients and healthy control serum samples. Four hundred LDI
mass spectra were recorded with the use of 1°Ag and Au PFL-2D GS
LASIS targets. Additionally, 116 ICP-OES spectra of samples from 65
patients with BC and 51 NCs were studied.

3.1. Differences between BC and control serum by 'H NMR

Two hundred extracts from sera (100 cancer and 100 control)
were analyzed with '"H NMR spectroscopy. Overall, 39 compounds
were identified in each serum sample following standard protocols
[36,37]. An overlay of control and cancer NMR spectra, presented as
blue and red traces, respectively, in Figs. 1B and C, shows a relatively
high degree of similarity in the raw NMR data. These spectral re-
gions depict NMR signals observed from 3-hydroxybutyrate and
acetate metabolites, respectively. The intensity-normalized spectral
overlays shown in Figs. 1B and C clearly indicate that 3-
hydroxybutyrate levels (Fig. 1B) are higher and acetate levels (Fig.
1C) are lower in the serum profiles of patients with BC (red)
compared with healthy controls (blue). Detailed analysis of the
spectra indicated significant differences in metabolite levels be-
tween serum samples from patients with BC and healthy controls.

Metabolite concentration datasets obtained by NMR metab-
olomics were randomly divided into two subsets: a training dataset
to train the model (n = 80 BC and n = 80 NCs), and a validation
dataset to assess the validity and robustness of the trained model
(n =20 BC and n = 20 NCs). Metabolite concentrations from both
datasets were subjected to statistical analyses to assess differences
in metabolite levels. The results of these analyses are summarized
in Tables S3 and S4. The 2D principal components analysis (PCA)
score plots of both subsets indicated good separation between the
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Fig. 1. (A) Characteristic proton nuclear magnetic resonance (‘H NMR) spectrum
fragment (0.5—4.2 ppm) of a protein-free metabolite extract mixture obtained from
serum sample from a patient with BC, recorded on a 600 MHz (14 T) solution NMR
spectrometer. Expanded NMR spectral regions, corresponding to 'H chemical shift
ranges of (B) 1.16—1.21 ppm for 3-hydroxybutyrate and (C) 1.900—1.911 ppm for ace-
tate, with a spectral overlay of 80 serum metabolic profiles obtained from healthy
control patients depicted in blue (blue spectral traces) and BC patients in red (red
spectral traces).

cancer and the controls (Fig. 2A). In the validation set, separation
between cancer and control serum samples was also observed
along principal components 1 and 2 (Fig. 2B). The three-dimen-
sional (3D) PCA plots for training and validation sets are provided in
Figs. S1A and B.

A supervised multivariate analysis of the training set with the aid
of orthogonal partial least-squares discriminant analysis (OPLS-DA)
indicated the strong separation of the BC and NC groups (Fig. 2C).
Two thousand permutation tests were conducted to evaluate the
statistical robustness of the OPLS-DA model (Figs. S2A and B). Good
discrimination was observed between the two groups (Q? = 0.880,
R%Y = 0.914, P < 0.0005 (0/2000)), revealing significant differences
in the metabolic profiles of cancer versus control serum samples.
Group separations were observed with OPLS-DA in the validation
set (Fig. 2D) and were confirmed by the good results of the per-
mutation test (Q?> = 0.780, R%Y = 0.932, P < 0.0005 (0/2000))
(Figs. S2C and D). Potential serum BC biomarkers were selected on
the basis of the S-plot resulting from the OPLS-DA model. Variables
with |P(corr)| > 0.5 were considered significant. Four variables (ac-
etate, propionate, pyroglutamate, and choline) were positively
correlated with the group separation, as determined by a P(corr)[1]
score of >0.5, while one metabolite (isobutyrate) negatively corre-
lated with the group separation, as assessed by —P(corr)[1] < —0.5
(Fig. S1C). The S-plot of the OPLS-DA model in the validation set
confirmed almost all of the selected metabolites (except for propi-
onate) as the most significant for the differentiation of the BC and
NC groups (Fig. S1D). Finally, four metabolites were identified as
significant discriminators: acetate, pyroglutamate, and choline,
which all exhibited higher concentrations in the sera of NCs, and
isobutyrate, which was significantly elevated in the sera of BC pa-
tients. The P-value of each variable was calculated using indepen-
dent t-tests and only variables with P-values and false discovery rate
< 0.05 were considered significant. Metabolite concentration in-
formation for a set of 39 significant metabolites is presented in



K. Ossoliniski, T. Ruman, V. Copié et al.

Training set
A
6 - Cancer O Control
4 v
e - e]
2 JARA A2
§ A fA%% O 7 o OOO o
= 0 A %Oo
(N.J O@Qfggoo ° o
o i & %o O S
=2 o Q,%% %00
o @ o
&8s
-4 % 4
(o]
_6 4
-5 0 5 10
PC 1 (14.8%)
C
81 Cancer O Control
° o
s 61
x
2
= 4
o 21
Q
3 2
= £R%h.s o
c A v
£ o
O 44
-6
-4 -2 0 2 4
T score [1] (10.5%)
E
1.0 f
@ J
g 0.8
[}
=
g 0.6 -
o AUC: 0.999
= 95% Cl: 0.994-1
> 0.4
=
2
& 024
0 -

0 0.2 0.4 0.6 0.8 1.0
1-Specificity (false positive rate)

Journal of Pharmaceutical Analysis 12 (2022) 889—900

B Validation set
6 | Cancer O Control
4 i
o °
2 o Oo ooo& o °

PC 2 (17.1%)
o §

o
~
L

_2 4 .

_4 .

_6 .

-10 ) 0 5 10
PC 1 (21.4%)

D

6 Cancer O Control
£ 4
[se] o
Z . o
= 2 . 8
o ° %,
Q
g 01 D e® o° o2
=
e -2 ° 2
o
D
o
£ -4 o
(@)

-6 s

-4 -2 0 2 4
T score [1] (15%)

F

1.0 A
o J
5 0.8
[}
=
‘2 0.6
=
o AUC: 1
£ 95% CI: 1-1
>
=
B
(=
[
n

S
N
L

T T T T

0.2 0.4 0.6 0.8 1.0
1-Specificity (false positive rate)

T

o

Fig. 2. Two-dimensional principal component analysis (PCA) and orthogonal partial least-squares discriminant analysis (OPLS-DA) score plots of the tumor (violet) and control
(orange) serum samples in the (A and C) training set and (B and D) validation set for 'H NMR data. The receiving operator characteristic (ROC) curves of the combination of four
differential metabolites, namely, isobutyrate, pyroglutamate, choline, and acetate, in the (E) training set and (F) validation set. AUC: area under the ROC curve; CI: confidence

interval; PC: principal component.

Tables S3 and S4. Next, univariate receiver operating characteristic
(ROC) curve analysis was separately performed on both the training
and validation sets to evaluate the diagnostic ability of the models.
The quality of the ranking represents the area under the curve (AUC)
above 0.7. The results indicated that in the serum samples, all four
previously selected metabolites (acetate, choline, pyroglutamate,

132

and isobutyrate) exhibited very high AUC (above 0.82). The best ROC
analyses with the highest significance were obtained for isobutyrate
(AUC = 0.953, specificity = 0.9, and sensitivity = 0.9), followed by
pyroglutamate (AUC = 0.894, specificity = 0.8, and sensitivity = 0.9),
propionate (AUC = 0.859, specificity = 1.0, and sensitivity = 0.7),
choline (AUC = 0.828, specificity = 0.8, and sensitivity = 0.8), and
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acetate (AUC = 0.824, specificity = 0.8, and sensitivity = 1.0). The
range of concentrations compared to all these metabolites in the
serum samples of cancer patients compared to NCs is reported in
Fig. S3. The most significant results from our statistical analyses of
compounds identified as potential biomarkers of BC are presented in
Table 1.

The classification ROC model was built with the use of Metab-
oAnalyst 5.0 online service and was based on a random forest al-
gorithm. As shown in Figs. 2E and F, the combination of levels of
these metabolites was a better discriminator (AUC > 0.999) than
each metabolite separately in both data sets. An excellent
discriminating classification was found for four metabolites, i.e.,
acetate, propionate, choline, and isobutyrate, with an AUC of 0.999.
For this model, the confidence interval ranged from 0.994 to 1.000
(Fig. 2E). The validation of the ROC model is shown in Fig. S4 and a
permutation test with 1000 permutations yielded a P-value <
0.001, supporting the validity of the ROC analysis. The average of
the predicted class probabilities of each sample and the average
accuracy of the ROC curve demonstrated good classification
discriminatory power, with most of the samples classified accu-
rately in their respective groups. The results suggested that four
specific metabolites, namely, acetate, propionate, choline, and iso-
butyrate, could significantly increase diagnostic potential and serve
as useful discriminators of cancerous versus healthy phenotypes in
patients diagnosed with BC.

3.2. Differences between grades of BC with '"H NMR

To determine whether metabolomics analysis of serum sam-
ples by 'H NMR could help discriminate between different
grades of BCs, PCA and OPLS-DA analyses were performed on the
entire metabolite dataset. The analysis of BC included 95 serum
samples from patients with a uniquely defined grade of cancer;
three samples from patients with PUNLMP and two samples
from patients with tumor only partially classified as HG were
excluded. Finally, 41 serum extracts from patients with HG
cancer and 54 samples from patients with LG cancer were used
for analysis. The 2D and 3D PCA score plots, which revealed

Table 1
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relatively low discrimination between LG and HG cases with a
few outliers, are shown in Figs. S5A and B. Likewise, the OPLS-DA
score plots highlighted little separation between the HG and LG
cancer groups (Fig. S5C), yet yielded an acceptable P-value
(P = 0.002). The statistical significance of the model was exam-
ined using Q2 (0.192) and permutation tests (n = 2000), which
yielded a P-value lower than 0.05. Detailed assessments of the
quality of the OPLS-DA model are shown in Fig. S6. The S-plot
analysis of the OPLS-DA model indicated that 15 metabolites
were significant contributors to the small separation observed
between LG vs. HG samples in the 2D and 3D OPLS-DA score plot
(Fig. S7). Of these 15 metabolites, leucine, histidine, alanine,
3-methyl-2-oxovalerate, tyrosine, phenylalanine, choline, tryp-
tophan, hypoxanthine, asparagine, valine, proline, threonine,
2-hydroxybutyrate, and glutamine were found to be positively
correlated with group separation with a P(corr)[1] score > 0.5.
These biomarker candidates were subjected to a t-test to assess
the significance of altered levels in LG versus HG. All 15 me-
tabolites were found to exhibit statistically significant differences
in concentration (P < 0.05; q < 0.05 and |P(corr)| > 0.5), sug-
gesting that examining the different levels of these metabolites
in human sera may be an effective way to identify LG and
discriminate LG from HG in patients with BC. AUC values for five
of the 15 metabolites were found to be greater than 0.74 (Fig. S8).
Additionally, ROC curve analysis of these five metabolites (i.e.,
leucine, histidine, alanine, 3-methyl-2-oxovalerate, and tyrosine)
only yielded a satisfactory AUC value of 0.775 (Fig. S9A), and a
valid permutation test with a P-value < 0.001. The average ac-
curacy based on 100 cross validations amounted to a value of
0.693 (Fig. S9D). These analyses support that leucine, histidine,
alanine, 3-methyl-2-oxovalerate, and tyrosine may be good in-
dicators discriminating bladder tumor grades.

3.3. Differences between stages of BC identified by 'H NMR

Analysis of tumor stages was also performed for the entire 'H
NMR dataset of serum metabolite extracts. Metabolite profiling
analysis included 88 serum samples from patients with non-muscle

Summary of targeted quantitative analysis of potential biomarkers of BC from proton nuclear magnetic resonance ("H NMR) and inductively coupled plasma optical emission
spectrometry (ICP-OES) spectral analyses of serum samples (P-value < 0.05; |P(corr)[1]| > 0.5; area under the curve (AUC) > 0.75).

Comparison mode Data set Metabolite/element AUC VIP [t] P(corr)[1] P-value * Fold change ”
Cancer vs. control TH NMR Isobutyrate 0.95 22 —-0.718 43 x 10723 19
Pyroglutamate 0.89 1.9 0.626 7.8 x 10718 0.5
Propionate 0.86 2.0 0.638 42 x 10713 0.8
Choline 0.83 1.7 0.536 7.6 x 10713 0.7
Acetate 0.82 23 0.729 1.6 x 10712 0.4
ICP-OES Li 0.71 1.4 0.512 58 x 1074 0.1
Fe 0.85 2.0 —0.740 1.1 x 1078 1.9
Low-grade vs. high-grade TH NMR Leucine 0.80 15 0.711 13 x10°° 0.8
Histidine 0.79 1.7 0.830 22 x 1078 0.7
Alanine 0.77 15 0.718 14 x 107° 0.8
3-methyl-2-oxovalerate 0.77 14 0.690 22 %107 0.6
Tyrosine 0.75 1.2 0.568 63 x 107 0.8
pTa/pT1 vs. pT2 'H NMR Histidine 0.80 1.9 —0.832 0.0001 1.9
Alanine 0.79 1.7 —0.732 0.0002 1.6
Tryptophan 0.77 1.7 -0.718 0.0002 1.6
Glutamine 0.77 1.5 —0.645 0.0017 14
Glycine 0.75 1.4 —0.593 0.0069 1.4
Methylhistidine 0.88 13 —0.580 0.0094 2.1
Choline 0.88 13 —0.566 0.0015 15
Isobutyrate 0.82 1.2 —0.537 0.0021 14
Threonine 0.78 1.2 —0.531 0.0009 13

@ P-value determined from Student's t-test.

b Fold change between cancer and control serum calculated from the concentration mean values for each group; pTa: noninvasive papillary carcinomas; pT1: submucosal
invasive tumors; pT2: muscle invasive bladder cancer; VIP: variable influence on projection.
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invasive BC (pTa/pT1) and 12 serum samples from patients with
muscle invasive BC (pT2). Preliminary PCA analysis was performed
using the entire dataset of metabolite concentrations. PCA and
OPLS-DA score plots indicated relatively low separation between
the pTa/pT1 and pT2 stage of BC, with a few outliers that were
removed prior to the further OPLS-DA analysis. Figs. SSD—F contain
the 2D, 3D-PCA, and OPLS-DA scores plots of the two groups that
were classified by BC grades. The quality factors for the OPLS-DA
model included Q? of 0.141 and R?Y of 0.347 and permutation test
P-value lower than 0.05 (Figs. S6C and D). The S-plot analysis of the
OPLS-DA model revealed the 12 serum metabolites that appeared
to be most relevant for sample differentiation between pTa/pT1 and
pT2 cancer grade: histidine, alanine, tryptophan, glutamine,
glycine, methylhistidine, choline, isobutyrate, threonine, phenyl-
alanine, leucine, and 3-methyl-2-oxovalerate (Fig. S7C). All those
compounds corresponded to |P(corr)| > 0.05 and variable influence
on projection (VIP) > 1.2 and were found to be at a higher con-
centration in the sera of patients with noninvasive pTa/pT1 BC stage
(Fig. S7D). However, the ROC analysis narrowed this group down to
nine metabolites with an AUC greater than 0.75: histidine, alanine,
tryptophan, glutamine, glycine, methylhistidine, choline, iso-
butyrate, and threonine. The ROC curve analysis of nine potential
biomarkers is shown in Fig. S10. For those nine selected metabo-
lites, a ROC curve analysis was performed to assess the performance
of this model in distinguishing between pTa/pT1 and pT2 BC stages,
and yielded an AUC value of 0.844, which indicated the good
discriminatory ability of the model (Fig. SOE). The permutation test
based on the measured area under the ROC curve (AUC) for that
model yielded a P-value < 0.01 (Fig. SOF). The average of the pre-
dicted class probabilities of each sample across 100 cross
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validations and the associated permutation tests are shown in
Figs. S9G and H. Analysis of the changes in metabolite concentra-
tion for a given stage of BC, i.e., pTa/pT1 versus pT2, reveals higher
levels of histidine, alanine, tryptophan, glutamine, glycine, meth-
ylhistidine, choline, isobutyrate, and threonine in the serum sam-
ples of BC patients with a pTa/pT1 stage of tumor compared to the
sera of BC patients with a pT2 stage tumor. The comparison of the
three groups of cancer stage (pT1 vs. pTa vs. pT2) did not reveal any
statistically significant differences.

3.4. Elemental profile of serum in BC determined by ICP-OES

The concentrations of chemical elements obtained from ICP-OES
analysis of 116 extracts of serum samples (65 BC and 51 NCs) were
subjected to statistical data analysis. A total of 12 elements were
identified and quantified. The mean concentration of each of these
elements is summarized in Tables S5 and S6. Prior to statistical
analysis, the data were randomly divided into two subsets: a
training set (control, n = 42 and cancer, n = 52) and a validation set
(control, n = 10 and cancer, n = 13). As shown in Fig. 3A, the PCA
score plot revealed a trend for separation between the two groups
in the training set. Results from the OPLS-DA analysis, shown in
Fig. 3B, provided a slightly clearer separation (compared to the PCA
analysis) between cancer and controls, and the validation param-
eters for the model were R*X and Q? values of 0.334 and 0.476,
respectively (Fig. S11). The analysis of the VIP scores of the OPLS-DA
model in the training set is presented at Fig. 3C.

Three elements (Cu, Fe, and Li) could be used to distinguish be-
tween the two groups of study participants; however, only two of
them (Cu and Fe) were confirmed to be the most significant
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Fig. 3. Statistical analysis of serum metabolite profiles created from inductively coupled plasma optical emission spectrometry (ICP-OES) data. Two-dimensional (A) principal
component analysis and (B) orthogonal partial least-squares discriminant analysis (OPLS-DA) score plots of the tumor (violet) and control (orange) serum samples for ICP-OES data
in the training set. (C) The potential discriminatory elements identified from the variable importance in projection (VIP) scores derived from the OPLS-DA model in the training set.
(D) The receiving operator characteristic (ROC) curves of the combination of two differential elements, Fe and Li. (E and F) The box-and-whisker plots of Fe and Li level values
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observed in the control and BC serum samples.

P < 0.001. PC: principal component; AUC: area under the curve; ClI: confidence interval.
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discriminators following model validation assessments (Fig. S12).
The loading S-plot of OPLS-DA of the training set revealed that Fe was
negatively correlated with group separation, with —P(corr)[1] < —0.5,
and indicated that a significantly higher level of this element was
found in the serum of patients diagnosed with BC compared with the
control group. Subsequently, Li was found to be positively correlated
with the group separation, with P(corr)[1] > 0.5, indicating that it was
found in higher levels in the serum samples of NCs. ROC analysis
revealed that Fe was the most significant, with an associated AUC
value of 0.850, sensitivity of 0.8, and specificity of 0.8, whereas for Li,
the AUC value was 0.710, sensitivity was 0.8, and specificity was 0.6.
In addition, ROC curve analysis assessing the performance of the ICP-
OES model in distinguishing between cancer and control samples
was performed using only two selected elements (Fe and Li). This
analysis yielded an AUC value of 0.807 for the training set, which
indicated good discriminatory power to separate the two (BC and NC)
groups (Fig. 3D). The permutation test yielded a significant P-value of
<0.001. The average accuracy amounted to a value of 0.728
(Fig. S13D).

These statistical analyses demonstrated that differential levels
of Fe and Li are potentially good indicators of BC in human serum.
The results from the statistical analyses of these two selected ele-
ments are summarized in Table 1.

3.5. Untargeted metabolic profiling by PFL-2D GS LASiS AuNPs and
1094gNPs LDI-MS

In total, 335 and 650 features were detected in the serum
samples of 200 participants analyzed with PFL-2D GS LASiS AuNPs
and '%°AgNPs LDI-MS. Statistical analysis was performed using data
randomly divided into two subsets: a training set (n = 80 BC and
n = 80 NCs) and a validation dataset (n = 20 BC and n = 20 NCs).

2D-PCA and OPLS-DA score plots of mass spectral features
created for PFL-2D GS LASiS 1%°AgNPs LDI-MS data revealed clear
discrimination between cancer and control serum samples in both
subsets (Fig. S14). The analysis of both subsets (training and vali-
dation set) indicated 216 common features with |p[1]| and |P(corr)|
above 0.5, of which 96 m/z values were more abundant in serum
from patients with BC compared with the control group, and 119
features displayed the opposite trend. The validation of the OPLS-
DA model using 2000 permutations resulted in R?Y and Q? values
of 0.986 (P < 0.0005) and 0.982 (P < 0.0005) (Fig. S15). All 11
previously selected m/z mass spectral features were found to
exhibit AUC values of >0.73. Figs. S16A and D indicate the combi-
nation of m/z values, which is a better discriminator (AUC >99% in
the training and validation set) than independent evaluation of
each feature, which reinforces the improved capacity of biomarker
patterns to accurately distinguish between the BC and NC groups. In
the next step, putative identification of mass spectral features was
performed by searching various metabolite databases, i.e., Human
Metabolome Database [38], MetaCyc Metabolic Pathway Database
[39], LIPID MAPS® Lipidomics Gateway [40], and Metlin [41].
Seventeen mass spectral features were putatively identified as
naturally occurring metabolites in the human body. Important
mass spectral features and annotated metabolite IDs resulting from
the PFL-2D GS LASiS '°°AgNPs LDI-MS analyses are reported in
Table S7. All statistical data with mean feature abundance for
control versus cancer serum samples based on PFL-2D GS LASiS
199AgNPs LDI-MS in the training and validation datasets are pre-
sented in Tables S8 and S9.

The acquired data from untargeted PFL-2D GS LASiS AuNPs LDI-
MS analysis were also analyzed using PCA and OPLS-DA to identify
novel metabolites. In both cases, score plots showed clear separa-
tion in both subsets, suggesting that the PFL-2D GS LASiS AuNPs
LDI-MS-based serum metabolomics model could be used to
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identify BC (Fig. S17). The S-plots derived from the OPLS-DA model
using the training set (R%Y = 0.962, Q? = 0.955) and the validation
set (R?Y = 0.982, Q? = 0.964) generated a list of mass spectral
features (m/z) of interest that were found to be important for group
discrimination (Fig. S18). All relevant mass spectral features are
reported in Tables S10 and S11. The analysis of both subsets
(training and validation sets) identified 172 common features with
Ip[1]] and |P(corr)| above 0.5, of which 44 m/z values were more
abundant in the sera of BC patients compared to the control group,
and 128 features exhibited the opposite trend. This analysis was
followed by a multivariate ROC analysis. As shown in Fig. S19, the
combination of mass spectral features in both subsets was found to
be a more powerful discriminator between control and BC serum
samples (AUC > 99%), compared with that of any individual mass
spectral feature.

The results presented above suggest that selected mass spectral
features can significantly increase the performance of the diag-
nostic model and can be used to distinguish cancer serum samples
from controls. Putative identifications of selected features allowed
for the identification of eight compounds that are often present in
the human body (Table S7).

3.6. Pathway analysis of potential cancer biomarkers

Metabolic pathway impact analysis suggested that 14 out of 25
metabolites identified in the NMR and LDI-MS analyses were
relevant to human metabolism. Seven pathways (glycine, serine
and threonine metabolism, glycerophospholipid metabolism,
propanoate metabolism, glutathione metabolism, pyruvate
metabolism, glyoxylate and dicarboxylate metabolism, and
glycolysis/gluconeogenesis) were significantly impacted in BC
compared with the controls. The results from this pathway impact
analysis are shown in Fig. 4A and Table S12. The bubble area
(Fig. 4A) reveals the degree of impact on the pathway and the
color represents the significance (highest in red and lowest in
white). Quantitative enrichment analysis found 10 additional
pathways relevant to BC, i.e., amino sugar metabolism, aspartate
metabolism, betaine metabolism, ethanol degradation, fatty acid
biosynthesis, methionine metabolism, phosphatidylcholine
biosynthesis, phosphatidylethanolamine biosynthesis, phospho-
lipid biosynthesis, and vitamin K (K1 and K2) metabolism (Fig. 4B
and Table S13).

4. Discussion

In this study, NMR, ICP-OES, and LDI-MS with both '°?AgNPs and
AuNPs-based targets were employed to evaluate changes in serum
metabolite and element levels between patients with BC and con-
trols. BC is characterized by several metabolic changes that pro-
mote cancer cell proliferation and thus tumor growth [42]. These
changes in metabolism provide an essential source of energy for
intracellular metabolism and building blocks for rapidly dividing
tumor cells. The Warburg effect, a hallmark of cancer cell metabolic
activity, involves aerobic glycolysis in the presence of an aerobic
environment and fully functioning mitochondria, and relies on
increased glucose uptake and the conversion of glucose to lactate.
This type of energy gain for cancer cells is much less energy effi-
cient than mitochondrial respiration (2 adenosine triphosphate
(ATP) vs. 36 ATP respectively) [43]. However, studies have shown
that the rate of glucose-to-lactate conversion is 10—100 faster
compared with that of the complete mitochondrial oxidation of
glucose [44]. Moreover, the decoupling of glycolysis from oxidative
phosphorylation offers a biosynthetic advantage for cancer cells by
enabling the increased production of diverse biosynthetic pre-
cursors [45].
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Fig. 4. Pathway topology analysis of statistically significant metabolites in bladder cancer (BC) that were found in the nuclear magnetic resonance and mass spectrometry (MS)
datasets. (A) Kyoto Encyclopedia of Genes and Genomes pathway analysis. (B) Quantitative enrichment analysis based on Small Molecule Pathway Database.

In this study, we investigated the serum metabolic profiles
among LG BC, HG BC, non-muscle invasive bladder cancer (pTa/
pT1), muscle invasive BC (MIBC, pT2), and healthy subjects. The
OPLS-DA modeling of the 'H NMR metabolomics data revealed a
clear separation between the BC and control serum sample groups.
Metabolites with the highest AUC values (>0.82) included iso-
butyrate, pyroglutamate, propionate, choline, and acetate. The
differences in the concentration of pyroglutamate, acetate, propi-
onate, and choline were statistically significantly and higher in the
sera of healthy individuals, whereas isobutyrate concentrations
were much higher in the sera of BC patients.

Negative charges of short-chain fatty acids are considered to be
crucial metabolic and immune cell regulators [46]. Acetate plays a
key role in the metabolism of acetyl coenzyme A (acetyl-CoA),
bioenergetics, cell proliferation, and regulation [47]. In cells, acetate
is mainly used to generate acetyl-CoA through an ATP-dependent
reaction by acetyl-CoA synthetase. Tumor cells use acetate in the
form of acetyl-CoA, primarily for fuel or as a carbon source for lipid
synthesis [48]. Acetyl-CoA synthetase 2 (ACSS2), one of the en-
zymes capable of using acetate as a substrate, contributes to cancer
cell growth and is highly upregulated in multiple cancer types [49].
Based on these studies, we surmise that the lower levels of acetate
in the serum samples of patients with BC may be due to its sig-
nificant uptake and utilization by ACSS2 in cancer cells. Recently,
Lee et al. [50] reported that acetate in urine, along with four urine
metabolites, may contribute to the discrimination of different
urological cancers. Their research showed that acetate levels in
urine were slightly elevated in kidney cancer patients compared to
patients with bladder and prostate cancer. Unfortunately, these
results were not directly compared to those of a healthy control
group [50].

Other metabolites present at lower concentration in the sera of
BC cancer patients compared with healthy controls include choline
and propionate. Studies have shown that the consumption of
choline may protect against cancer [51]. Propionate, a metabolite
produced by the intestinal microbiota, reduces the proliferation of
cancer cells in the liver and the lungs [52,53]. Acetate and propio-
nate are the end-products of the indigestible carbohydrate
fermentation in the human colon, and are distributed systemically
via blood circulation. These compounds have been shown to exhibit
anti-inflammatory properties in immune cells, inhibit colon cancer
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cell growth, and induce cancer cell death by apoptosis [53,54]. The
levels of serum propionate are also associated with circulating
immune cells in patients with multiple sclerosis, and lower serum
propionate levels were found in patients with multiple sclerosis
compared with the healthy controls [55]. In our study, the
increased absorption of propionate by cancer cells is reflected by
the lower propionate concentration in the sera of the patients with
BC. However, no study to date has focused on the role of propionate
in the progression of BC.

Choline is a water-soluble quaternary amine that is often
grouped with vitamin B owing to its chemical similarities, and is a
key nutrient for humans. This compound has various key functions
in the human body, especially with respect to neurochemical pro-
cesses [56]. Choline is involved in phospholipid production and
triglyceride metabolism, and is therefore necessary for the proper
structure and function of cell membranes. In this study, patients
with BC had lower serum levels of choline compared with the
controls, which could be a consequence of increased choline ab-
sorption by cancer cells. Our results are consistent with those of
other studies that have shown that cancer cells often increase the
synthesis of fatty acids; in turn, these can act as substrates for
phosphatidylcholine synthesis, which is increased in tumor cells
[57,58]. Furthermore, the increase in serum choline levels in cancer
patients is consistent with our previous study results, where
choline levels were found to be decreased in the sera of patients
with renal cell carcinoma compared with controls [59]. The oppo-
site situation was observed in urine, where urine choline levels
were increased in patients with BC [60,61].

Ohara et al. [62] revealed that isobutyrate exerted an anticancer
effect by suppressing the growth/metabolic networks supporting
colorectal cancer. Previously, Wang et al. [63] showed that the
levels of isobutyrate were lower in fecal samples of patients with
colorectal cancer compared to those of healthy control individuals.
To date, there is no report that isobutyrate is a potential biomarker
of BC. In our research, isobutyrate levels were found to be signifi-
cantly altered, as shown by the cancer-to-control mean concen-
tration (fold change) ratio of 1.9.

Pyroglutamate is a cyclized derivative of L-glutamate and is
related to the gamma-glutamyl cycle, which is the main pathway
for glutathione synthesis [64]. Glutathione is a major antioxidant
produced in the human body, the levels of which can drop
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significantly as a result of oxidative stress or chemical exposure. In
the case of low glutathione levels, the level of pyroglutamate from
which it is reconstituted is also decreased [65]. Pyroglutamate was
found to be a promising biomarker for the diagnosis of nonalco-
holic liver disease [64]. Several studies have observed elevated
levels of pyroglutamate in the biofluids of patients with several
genetic disorders and an acetaminophen-induced metabolic dis-
order [66]. Most of the research devoted to urinary or serum
metabolomics of BC has suggested a higher level of pyroglutamate
in patients with BC compared with healthy controls [22,67].
However, both of these cited publications are based on GC-MS
results with derivatization, which can be considered inferior in
terms of quantitation compared to the measurement of unmodi-
fied extracts with NMR.

Fe is a crucial trace element in which the deficiency or excess is
associated with numerous disease states [68]. ICP-OES analysis
indicated an increase in serum Fe in patients with BC, which is
surprising, given that these patients often have micro/macro-
hematuria, so Fe deficiency would be expected [69]. However, the
higher level of Fe in serum of patients with BC may be explained by
the activation of mechanisms stimulating Fe absorption from the
gastrointestinal tract, which provides a possible compensation for
the level of Fe in the blood. Moreover, previous studies have sug-
gested that excess Fe in the sera of patients with cancer may be
associated with malignant transformation and cancer progression
[70]. In tumor tissues, rapid cell proliferation and increased DNA
synthesis are often observed, which require high Fe bioavailability.
In the human body, the main source of Fe in the blood is heme,
which is released following the breakdown of red blood cells [70].
Further, our results are consistent with earlier studies that reported
elevated serum Fe levels in various types of diseases, such as he-
patocellular carcinoma, lung cancer, and colorectal cancer [71].

Li is an alkali metal used to treat psychiatric disorders, and has
potential benefits for the treatment of leukemia or thyroid disor-
ders [72]. It inhibits several enzymes, including inositol mono-
phosphatase and glycogen synthase kinase-3 [73]. However, the
ingestion of Li causes many side effects, including hypercalcemia,
cardiovascular, and gastrointestinal and parathyroid disorders [74].
Recent studies demonstrated that Li uptake is associated with
reduced tumor incidence, probably through inhibited cell prolif-
eration, which may be linked to reduced DNA replication and S-
phase cell cycle arrest [75]. Wach et al. [29] detected significantly
increased concentration of Li in the sera of patients with BC
compared with healthy controls using ICP-OES.

Lower concentration of the serum amino acids histidine,
alanine, tryptophan, glutamine, glycine, and threonine in patients
with muscle invasive BC (pT2) in comparison to non-muscle inva-
sive BC (pTa/pT1) may suggest the higher uptake of these amino
acids and their potential role in protein synthesis underlying
muscle cancer invasion. This inference is supported by proteomic
studies that reported significant differences in tissue protein
expression, which were correlated with BC ability to invade into
muscle tissue [76]. Another possibility as to why these amino acids
are present at lower concentrations may be due to general state of
cachexia and malnutrition observed in patients with MIBC, which is
usually a systemic disease and often manifests at a stage when
metastases are present. Interestingly, lower concentrations of
serum amino acids (leucine, histidine, alanine, and tyrosine) can be
also observed in LG BC when compared to HG BC. In healthy or-
ganisms, de novo lipogenesis is limited to hepatocytes and adipo-
cytes. Cancer cells may reactivate this anabolic pathway, which
relies on glucose, glutamine, and acetate to synthesize citrate. Both
acetate and citrate are substrates for extramitochondrial acetyl-CoA
production, which is essential for fatty acid and cholesterol
biosynthesis [57].
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To date, several papers have focused on metabolite analyses in
urine and blood from BC patients in an effort to potentially differ-
entiate the different grades of this cancer. However, to our
knowledge, only two studies have explored the relationships be-
tween changes in metabolite levels in urine and different tumor
stages (Ta/Tis, T1, and >T2) [61,77]. At present, there are no reports
of serum profiling in patients with different types of BC, probably
owing to the fact that this type of analysis would require quite a
large group of patients and healthy controls.

A pilot urine analysis conducted by Kim et al. [67] in 2010
studied a relatively small group of patients and revealed slightly
elevated levels of alanine, glutamine, leucine, tyrosine, and glycine
and slightly decreased levels of threonine and tryptophan in pa-
tients with BC compared with controls. Subsequent studies also
using GC-MS confirmed higher levels of alanine in the serum of the
healthy controls compared to patients with BC, but the levels of
alanine were not found to be potentially diagnostic of BC stages
[22]. In our study, a slightly lower concentration of alanine in the
serum of patients with BC was found compared to the control
group; however, this trend was not found to be statistically sig-
nificant in differentiating between the two groups. However, we
measured significantly lower levels of alanine in the sera of patients
with LG and pTa/pT1 BC, which has not been previously reported in
the literature.

Troisi et al. [22] obtained comparable results to Kim et al. [67]
study with respect to glutamine level changes, but also found higher
levels of threonine in the sera samples from the LG group compared
with the HG group, and a higher level of glycine in the HG group
compared with the LG group. The results from our study indicated
that differential concentrations of glycine, glutamine, and threonine
in human sera may be used as diagnostic markers and may help
distinguish between different stages of BC, as we have found that
these metabolites were present at higher concentrations in the sera
of patients with pTa/pT1 stage disease compared to those with pT2
stage. Bansal et al. [24] undertook an NMR-based study of serum
metabolite profiles and identified glutamine as one of three metab-
olites that can differentiate between LG and HG BC, as it was reported
to be slightly elevated in the sera of patients with HG BC [24]. Our
results on serum glutamine levels are consistent with published
studies, and suggest that elevated levels of glutamine in the pTa/pT1
stage of BC may be the result of increased glutaminolysis, which is
observed in some types of tumors as an important mechanism to
provide an additional source of cellular energy [78].

Bansal et al. [24] also reported histidine as one of the six me-
tabolites that can distinguish patients with LG and HG BC from
healthy controls, and was reported to be in higher concentrations in
the sera of LG BC patients compared to HG BC patients and healthy
controls. The authors’ finding about serum histidine levels was
consistent with that of our study, which found higher serum levels
of histidine in LG and pTa/pT1 BC cancer [24,79]. The link between
differential levels of serum histidine and BC progression, as well as
concentration changes in methylhistidine, tyrosine, leucine, and
tryptophan, has also been reported by Alberice et al. [80]. The au-
thors’ study reported elevated levels of these metabolites in the
sera of patients with bladder tumors compared to those of patients
with early stages of BC [80]. In contrast, an LC-MS-based study
reported lower levels of histidine in the urine of patients with BC
compared to healthy controls [56,81]. Moreover, Li et al. [60]
indicated an increased level of L.-methylhistidine in the urine of
patients with BC. Histidine is a precursor for histamine synthesis in
a reaction catalyzed by histidine decarboxylase (HDC). The over-
expression of HDC has been observed in various cancers. Histidine
via histamine is associated with inflammation in the urinary
bladder, which is commonly associated with cancer development
in this organ [82].
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Our research has shown a significant difference in serum leucine
levels in BC patients with LG compared to HG. In addition to the
research of Kim et al. [67] and Alberice et al. [80], the level of
leucine in patients with BC was also examined by Cao et al. [23],
who reported, using NMR, lower levels of leucine/isoleucine as well
as tyrosine and glycine in the sera of patients with HG BC compared
to LG BC, which was consistent with our findings. Another study,
conducted by Loras et al. [83], reported increased levels of tyrosine
and tryptophan in the urine of patients with BC compared to
healthy controls. Our research results are also consistent with those
of Yumba Mpanga et al. [84], which indicated significantly higher
levels of tryptophan in the urine of patients with HG BC compared
to LG BC group.

The use of the gold and silver-109-modified targets in LDI-MS
experiments allowed for direct measurement of serum samples
without analyte separation and extraction. Using this technique,
serum analysis allowed the identification of 13 compounds that
were found in greater concentrations in control serum samples
compared to those of patients with BC, and 12 compounds that
displayed the opposite trend; these included three compounds
found independently using both silver-109- and gold-based MS
methods. Most of these compounds were lipids, 12 of which
belonged to the class of sphingolipids, and the remaining contained
fatty acyls, saccharolipids, polyketides, nucleosides or nucleotides,
and others.

Lipid metabolism plays a key role in various processes associ-
ated with cancer cells. Fatty acids are the building blocks of com-
plex lipids, which are used for energy storage or as building blocks
of cell membranes [85]. As reported by many authors, BC initiation
and progression are associated with changes in lipid metabolism
[86]. Sphingolipids are a group of lipids comprising sphingoid bases
(i.e., set of aliphatic amino alcohols that include sphingosine) that
play an important role in regulation of diverse cellular processes
including cellular apoptosis, proliferation, angiogenesis, senes-
cence, and transformation [87]. The importance of sphingolipids in
the regulation of cancer growth and pathogenesis has been well
described in the literature [88]. The sphingolipid metabolism may
be responsible for the invasion and mobility of cancer cells in
muscle-infiltrating BC [89]. Human BC cells have also been shown
to upregulate the cannabinoid receptors 2, which induces cell
apoptosis by stimulating de novo ceramide synthesis [90].

Lastly, the gold- and silver-109-based LDI-MS spectral analyses
shown in this work have indicated a higher concentration of serum
cyanidin in healthy individuals. Cyanidin is classified as a natural
antioxidant present in both fruits and vegetables, and has confirmed
with anticancer properties. It has been reported to induce apoptosis
and differentiation in prostate and renal cancer cells [91,92].

5. Conclusion

We demonstrate that high-resolution NMR, ICP-OES, and gold-
and silver-109-based LDI-MS, together with multivariate statistics,
are powerful sets of tools for the characterization of the serum
metabolome and elemental differences in BC. With regard to
biomarker discovery using 'H NMR spectroscopy, four potentially
robust metabolic biomarkers were identified for 100 tumor serum
samples from patients with BC patients after comparison against
100 healthy controls owing to the excellent predictive ability of
AUC > 0.999. Two elements (Fe and Li) exhibited significant con-
centration differences in the serum of NCs compared to that of pa-
tients with BC, suggesting that they may serve as useful biomarkers
of BC. Additionally, 22 compounds (mainly lipids) were observed to
differentiate between cancer and control samples, as judged from
laser MS results. We also identified five metabolites that might be
used as potential biomarkers to distinguish LG and HG and nine
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metabolites that may serve to differentiate between the pTa/pT1
and pT2 stages of BC. Our results suggest that differential serum
metabolite profiles and elements can help identify patients with BC
compared with NCs, with significant discriminating power between
different stages and grades of BC. Moreover, our findings demon-
strate that combining serum metabolite profiles and elements has a
stronger predictive value than either compound/element alone to
assess disease severity and progression in BC.
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Rationale: 3-Hydroxycarboxylic acids are one of the major components of bacterial
lipopolysaccharides (LPS), also known as endotoxins. Endotoxins pose a serious
health risk and can seriously damage the internal organs of humans and animals.
3-Hydroxycarboxylic acids can be used as environmental markers to determine
endotoxin levels. At the time of preparation of this manuscript no studies on laser
mass spectrometry (MS) and analysis with silver nanoparticles (NP) for
3-hydroxycarboxylic acids have been published in literature.

Methods: Six acids, 3-hydroxyoctanoic (3-OH-C8:0), 3-hydroxydecanoic (3-OH-
C10:0), 3-hydroxydodecanoic (3-OH-C12:0), 3-hydroxytetradecanoic (3-OH-C14:0),
3-hydroxyhexadecanoic (3-OH-C16:0), and 3-hydroxyoctadecanoic (3-OH-C18:0)
acids, were used as test compounds on the target containing silver-109 NPs for
quantification using matrix-assisted laser desorption/ionization (MALDI)-type mass
spectrometer. Methods were also tested on spiked human blood serum samples to
quantify 3-hydroxycarboxylic acids and verify the influence of the biological matrix
on the measurement.

Results: Analyzed acids were directly tested in 1 000 000-fold concentration change
conditions ranging from 1 mg/mL to 1 ng/mL. The semi-automatic MSI (MS imaging)
method allowed us to obtain two to five times lower limit of detection (LOD) and
lower limit of quantitation (LLOQ) values than common LDI (Bruker Daltonics,
Bremen, Germany) method for analyzed acids. For almost all results of
3-hydroxycarboxylic acids, the trendline fit was better for the semi-automatic MSI
method than the manual LDI method.

Conclusion: For the first time, the use of laser MS for the quantification of
3-hydroxycarboxylic acids has been demonstrated, and it has been proven that it can
be used in the quantitative analysis of such compounds over a wide range of
concentrations. In addition, a comparison of two methods—manual LDI-MS and

semi-automatic MSI—is presented.

1 | INTRODUCTION et al for the first time,! many various modifications were developed.

The MALDI method is still very popular despite the development of
Matrix-assisted laser  desorption/ionization-mass  spectrometry liquid and gas chromatography coupled with MS. This method is
(MALDI-MS) is one of the most popular soft ionization methods in widely used for protein analysis in proteomics, for the identification of
modern MS. Since 1988 when this method was presented by Tanaka microorganisms in microbiology, and for the analysis of drugs
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distribution in pharmacy.2~* Although it has many advantages such as
high sensitivity and efficiency, the MALDI method is rarely used for
the detection and quantification of low-molecular-weight (LMW)
compounds. Analysis of these compounds is difficult because of the
need for organic matrices, which are usually LMW organic acids, and
during analysis the matrix produces various types of ions that
interfere with the signals of the analyzed sample in the low mass
range. This problem can be avoided by modifying the MALDI method
method). In the SALDI method,
traditional acid matrix is replaced by metallic nanoparticles (NPs),

with nanostructures (SALDI

which allow one to obtain mass spectra without the interfering signals
of the organic acid matrix. The NPs have additional advantages:
allows easy sample preparation, low chemical background, easier data
analysis, and fast data collection.” Moreover, monoisotopic silver NPs
have some additional properties like the simplest possible peak
pattern, a much higher intensity of analyte peaks, and simplified
calculations of isotopic distribution.® Laser ablation methods have
an advantage over chemical synthesis because they allow for very
quick synthesis of NPs (several seconds vs. hours in chemical
synthesis), and the synthesized NPs are stabilizer- and reducing-
agent-free.” The literature provides many examples of the use of NPs
in LMW analysis.

3-Hydroxycarboxylic acids are one of the major components of
lipid A, which is the lipid part of the endotoxins that are responsible
for the toxicity of gram-negative bacteria. It has also been reported in
the literature that lipid A is important in the immune system
response during infection with gram-negative bacteria. Bacterial
lipopolysaccharide is an inflammatory stimulator that may trigger
septic shock, which is a severe pathophysiological syndrome in
response to an infection that in many cases is fatal as it can lead to
organ failure.? Considering this fact, detection and quantification of
3-hydroxycarboxylic acids can be used to determine the endotoxins
level in various samples.®

As high risk is involved, the concentration of endotoxins should
be strictly controlled. For this purpose, various methods, including gas
chromatography (GC) and liquid chromatography (LC) or biosensors,
are used for their quantification. GC is a popular method in the
quantification of endotoxins, but its limitation is the need for
chemical derivatization such as transesterification or acetylation of
the compounds in tested samples to obtain volatile derivatives or
analogues.*>2 LC, especially when coupled with MS, allows
the measurement of very low levels of endotoxins without the need
to modify the samples; however, the analysis itself takes quite a
long time and requires the consumption of large amounts of
reagents.” Using biosensors is a novel approach for quantification
and detection of endotoxin. These devices are even more sensitive
in detecting endotoxins; in the case of aptasensor by Zamani et al
the detection limit is approximately 0.2 fg/mL.*> A common element
of all biosensors is the use of metal NPs, which enables the extremely
sensitive detection of endotoxins.*®"1°

This work describes a new method for the detection of
3-hydroxyacids that are markers of bacterial lipopolysaccharides

(endotoxin). In this publication we also present the quantification
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result of 3-hydroxycarboxylic acids with a chemically pure silver-109
NPs produced by 1064 nm pulsed fiber laser with 2D galvanometer
scanner. In addition, we compare manual LDI-MS with semi-automatic
MS imaging (MSI) in the quantification of 3-hydroxycarboxylic acids
along with discussion of results and comparison with various SALDI
and MALDI methods previously used in acid analysis. It is worth
noting that this is the first study that reports the possibility of
using laser MS and NP-coated targets for the detection of

3-hydroxycarboxylic acids.

2 | MATERIALS AND METHODS

21 | Materials

All 3-hydroxyacids standards were purchased from Sigma-Aldrich.
Steel targets were machined from H17 stainless steel polished to the
mirror finish. Before the LDI-MS and MS imaging experiments,
steel targets were cleaned by dipping them in boiling solvents:
After
All

solvents were of HPLC grade, except for water (18 MQcm water

toluene, chloroform, acetonitrile, and deionized water.

washing, plates were dried in high vacuum overnight.

produced locally).

2.2 | Sample preparation and handling

All 3-hydroxyacids standards (3-hydroxyoctanoic, 3-hydroxydecanoic,
3-hydroxydodecanoic, 3-hydroxytetradecanoic, 3-hydroxyhexadecanoic,
and 3-hydroxyoctadecanoic acids) were dissolved in water to obtain
a final concentration of 1 mg/mL. Lower concentrations of the
standards were prepared by diluting higher concentration ones
10 times. An amount of 1 pL of plasma was dissolved in 249 uL of
ultrapure water, then 250 L of 100 pg/mL acid solution was
added. About 0.3 pL of 3-hydroxyacid standards and blood plasma
spiked with acid solutions were placed directly on the target plate
and air-dried, and then the target was coated with °°AgNPs

suspension.

23 |
target

Silver-109 NP synthesis and nebulization on

Silver-109 foil was put into the beaker, and then acetonitrile was
added. Laser ablation was then performed using a pulsed fiber laser
(Raycus, Wuhan, China) with a wavelength of 1064 nm. The obtained
suspension of monoisotopic silver NPs was sprayed on the surface of
a steel plate with acid samples applied. Argon was used as an inert
gas. A detailed protocol for the synthesis using laser ablation and
nebulization of NPs is available in our previous publication on the
preparation of silver-109 NPs using the pulsed fiber laser.” After the
NPs were sputtered, the target was moved to the LDI-ToF-MS
apparatus.
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24 | Laser desorption/ionization-mass
spectrometry

LDI-ToF-MS experiments were performed in reflectron mode using a
Bruker Autoflex Speed time-of-flight mass spectrometer equipped
with a SmartBeam |l laser (355 nm). Laser impulse energy was
approximately 90-140 pJ, and laser repetition rate was 1000 Hz. The
total number of laser shots was 4000 for each spot divided in packs
of 1000 shots per one measurement point. At each point, 1000 laser
shots were made with default random walk applied (random points
with 50 laser shots). The measurement range was m/z 80-1500.
Suppression was turned on typically for ions of m/z lower than 80.
Reflector voltages used were 21kV (the first) and 9.55kV (the
second). The data were calibrated and analyzed with FlexAnalysis
(version 3.3) using centroid calibration model. Mass calibration
(enhanced cubic calibration based on 8-10 calibration points) was
performed using internal standards (IS, silver-109 ions and clusters
from %Agt to 1%%Agy™).

2.5 | LDI-MS imaging

Measurements were performed using a Bruker Autoflex Speed time-
of-flight mass spectrometer in reflectron positive mode. The
apparatus was equipped with a SmartBeam Il 1000 Hz 355 nm laser.
Laser impulse energy was approximately 100-120 pJ, the laser
repetition rate was 1000 Hz, and deflection was set on m/z lower
than 80 Da. The m/z range was 80-1500, and the spatial resolution
was 600 x 600 pm. The imaging experiments were made with 2000
laser shots per individual spot with a default random walk applied
(FlexImaging 4.0). All spectra were pre-calibrated (cubic calibration
function) with the use of silver-109 ions (1°°’Ag™ to 1°°Ag,™) as an
IS. The first accelerating voltage was held at 19 kV, and the second
ion source voltage was held at 16.7 kV. Reflector voltages used were
21 kV (the first) and 9.55 kV (the second). All of the shown imaging

+

pictures are for 0.05% m/z window. MSI experiments were
performed on all spots of 3-hydroxyacid standards and blood

plasma solution.

TABLE 1

= Viass Spectrometry

3 | RESULTS AND DISCUSSION

The method of synthesis of laser-generated nanomaterial (LGN) with
PFL 2D GS laser, properties of silver-109 NPs, and their application
are available in our recent publication.” This work presents the use
of laser-generated °?AgNPs for qualitative and quantitative analysis
of 3-hydroxycarboxylic acids. A large number of results have
been reported in the literature indicating that silver NPs are effective
for ionization and rapid detection of various pure low-molecular-
weight compounds (especially olefin-containing compounds) or
complex biological mixtures such as urine, blood serum, or plant

extracts. 26721

3.1 | Quantification results
Standards of all listed acids were directly measured in concentrations
ranging from 1 mg/mL to 1 ng/mL, which equates to 1 000 000-fold
concentration change. Limit of detection (LOD) values were
calculated with the use of signal/noise (S/N) ratio value of 3 for
lowest concentration samples. Each sample was placed on target plate
in 0.3 pL volume equating to 0.3 pg to 0.3 pg of acid per
measurement spot, which is approximately 1.87 nmol to 1.87 fmol,
respectively, calculated, for example, for 3-hydroxyoctanoic acid
molar mass. Examples of obtained mass spectra are presented in
supporting information. LOD and lower limits of quantification
(LLOQ) values were calculated based on S/N ratio value for manual
LDI experiment and semi-automatic MSI (Table 1).

For analyzed hydroxycarboxylic acids, MSI method allowed to
LLOD than LDI-MS

3-hydroxyoctadecanoic acid. For this acid, due to the high values of

obtain lower value manual except
the standard deviation, it is difficult to clearly show which method
produces better results. It is worth noting that the application of
semi-automatic MSI method allowed us to obtain two to five times
lower LOD and LLOQ values for these acids.

Figure 1 presents results of LDI-MS and MSI analyses for
3-hydroxyoctanoic acid with °?AgNPs PFL 2D GS laser-generated

nanomaterial. Manual measurements were performed at four random

Limits of detection and lower limit of quantification for studied 3-hydroxyacids

Manual LDI-MS Semi-automatic MSI

LOD+SD? (ng/mL) LLOQ=SD® (ng/mL) LOD+SD? (ng/mL) LLOQ=SD" (ng/mL)
3-Hydroxyoctanoic acid 2563 + 1770 4272 + 2449 1549 + 1173 2582 + 1956
3-Hydroxydecanoic acid 1120 + 896 1866 + 1494 253 + 195 422 + 326
3-Hydroxydodecanoic acid 1915 + 1292 3191 + 2153 420 + 410 700 + 683
3-Hydroxytetradecanoic acid 1573 + 782 2622 + 1304 562 + 385 937 + 641
3-Hydroxyhexadecanoic acid 1482 + 782 2470 + 1303 366 + 80 610 + 150
3-Hydroxyoctadecanoic acid 1351 + 268 2252 + 447 1721 + 233 2868 + 389

Note: LLOQ, lower limit of quantitation; LOD, limit of detection; LDI-MS, laser desorption/ionization-mass spectrometry; MSI, mass spectrometry imaging;

SD, standard deviation.
“Based on S/N ratio of 3.
bBased on S/N ratio of 5.
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locations inside the sample spot for each analyzed acid; the
measurement scheme is presented in Figure 1A. The acid was found
in spectra mainly as silver-109 adduct of [M + °?Ag]™ formula in
amounts of ca. 300 ng to 3 pg per sample spot. All these data were
presented in the form of intensity vs. concentration bar chart, and
both axes are presented on a logarithmic scale (Figure 1B). Regression
analysis of these data provided trendline with R? value 0.846. After
manual LDI-MS measurement of the sample the same spots with
carboxylic acids were analyzed using the semi-automatic MSI method.
Figure 1C presents the scheme of semi-automatic MSI method, which
was used in the measurement of all 3-hydroxycarboxylic acids.
Figure 1D shows results of this analysis. During this measurement the
whole sample spot was covered with a grid of measurement points
with a defined resolution. The regression analysis of the MSI results
clearly shows a much better fit of the trendline with an R? value of
0.969. Figure 4D also shows ion images of [CgH1403 + °7Ag]*
adduct for all concentrations, proving that the sample is distributed
non-homogeneously on the plate.

LOD based on S/N ratio of 3 was found to be 769 pg (4.80 pmol)
of 3-hydroxyoctanoic acid per measured spot for LDI-MS. In contrast,
LOD for MSI and LDI-MS was found to be 456 pg (2.90 pmol) per
measured spot.

Quantitative analysis of 3-hydroxycarboxylic acids is presented
only for LC- and GC-MS results in the literature, but no information is
available for LDI-MS methods.”?2 The publication by Uhlig et al
shows that the LOD value for 3-hydroxyoctanoic acid was 0.7 ng/mL
and the LLOQ value was 1.7 ng/mL.’

The next analyzed acid was 3-hydroxydecanoic acid. Figures 2A
and 2C present results of LDI-MS and MSI analyses for this acid with
PFL 2D GS LGN °AgNPs. The acid was found in spectra mainly as
silver-109 adduct of [M + °°Ag]™ ion formula in 0.1 mg/mL to
0.1 pg/mL concentration samples. Similar to 3-hydroxyoctanoic
analysis, bar chart with trendlines is shown in Figure 2A. R? value for
linear trendline for manual LDI-MS was 0.974, but for the MSI
experiment a higher value was obtained for linear trendline of 0.978
(Figures 2A and 2C).

The LOD value for 3-hydroxydecanoic acid was found to be
336 pg (1.79 pmol) per spot for LDI-MS and 76 pg (0.40 pmol) per
measurement spot for MSI. In the LC-MS method, the LOD value for
this acid was 0.9 ng/mL.”

The next acid was 3-hydroxydodecanoic acid. Figures 2B and 2D
present results of LDI-MS and MSI analyses. This acid was measured as
it was presented in Figures 1A and 1C. The acid was found in spectra
mainly as silver-109 adduct of [M + %°Ag]* ion formula in 1 mg/mL to
1 ng/mL concentration samples. Adduct m/z value was of 325.0768.
Bar chart of intensity vs. concentration (Figure 2B) presents the
trendline fit with R? value 0.987 for a very wide concentration range.
However, the application of MSI allowed slightly better fit of R? value
being equal to 0.988 for 10%-fold concentration range. The LOD was
found to be 575 pg (2.66 pmol) for LDI-MS and 126 pg (0.58 pmol) for
MSI of 3-hydroxydodecanoic acid per measured spot. In the LC-MS
method the LOD value for this acid was 2.2 ng/mL.’
3A and 3C

3-hydroxytetradecanoic acid. Similar to previous analysis, acid was

Figures show the results of analysis of

( A) [3-hydroxyoctanoic acid+1°°Ag]* (B)
I log Int
Manua = o170
LDl M S 10000 =0,8458
sample ]
spot 1000 -
measurement 100
points 10
1
1mg/ml 0.1 mg/ml 10 ug/ml 1ug/ml 0.1ug/ml 10 ng/ml
log ¢
(C) — [3-hydroxyoctanoic acid+%°Ag]* (D)
. s . 100
Seml-automatlc
Int 141e0:869%¢
=0,9694
measurement I . -
region 1mg/ml 0.1mg/ml 10 ug/ml 1ug/ml 0.1 ug/ml 10 ng/ml
log ¢

FIGURE 1

Panel A shows the scheme of manual laser desorption/ionization-mass spectrometry (LDI-MS) measurement with four random

measure points. Panel C presents the scheme of semi-automatic mass spectrometry imaging (MSI) measurement. Column charts B and D present
results of quantification based on silver-109 adduct of 3-hydroxyoctanoic acid signal for different concentrations obtained in LDI-MS and MSI
experiments. Both panels (B, D) contain exponential trendline with its equation and R? value. Panel D also contains ion images for adduct
[C8H1603 + 109Ag] + images for each concentration [Color figure can be viewed at wileyonlinelibrary.com]
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Mass Spectrometry
(A) [3-hydroxydecanoic acid+'°Ag]* [3-hydroxydodecanoic acid+1°Ag]* (B)
log Int
log Int Int = 103649 F0,236¢
. ;]go 0n n = 9722 1000000 Int = 162998e-0.861¢
100000 2 =
10000 Manual . R?=0,9865
10000
1000 LDI MS 1000 - :
100 100
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1 1
0.1 mg/ml 10 ug/ml 1ug/ml 0.1 ug/ml 1 mg/ml 0.1 mg/ml 10 ug/ml 1 ug/ml 0.1 ug/ml 10 ng/ml 1 ng/ml
log c
(© L. 441097 o1+
logint [3-hydroxydecanoic acid+%°Ag]* log Int [3-hydroxydodecan0|c acid+19Ag] (D)

1000

Int = 131,94e0207¢
R?=0,9782 Int= 231 53e-0,666¢
I . ~ Semi- automatlc =0,9884
I B I I -
H B =
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FIGURE 2 Column charts A and C present results of quantification based on silver-109 adduct of 3-hydroxydecanoic acid signal for different
concentrations obtained in laser desorption/ionization-mass spectrometry (LDI-MS) and mass spectrometry imaging (MSI) experiments. Column
charts B and D present the same results for 3-hydroxydodecanoic acid. All panels contain the equations and the R? values of exponential
trendline. Panels C and D also contain ions [C10H2003 + 109Ag] + and [C12H2403 + 109Ag] + images for each concentration [Color figure
can be viewed at wileyonlinelibrary.com]

(A) [3-hydroxytetradecanoic [3-hydroxyhexadecanoic (B)
log Int acid+10°Ag]* log Int acid+%9Ag]*
1000000 |nt = 732571e»1,417c 1000000 y - 131272e_1'143c

=

100000 R?=0,9671 Manua I 200000 =0,9325
10000 10000 ]
1000 LDI MS 1000 ‘
100 100
10 )
1

1

1 mg/ml 0.1 mg/ml 10 ug/ml 1ug/ml 0.1mg/ml 10 ug/ml lug/ml  0.1ug/ml 10 ng/ml
log ¢ logc
(9] [3-hydroxytetradecanoic ot t[3-hydroxyhexadecanoic acid+1%°Ag]* (D)
og In
log Int acid+1°9Ag]+ 300
1000
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FIGURE 3 Column charts A and C present results of quantification based on silver-109 adduct of 3-hydroxytetradecanoic acid signal for
different concentrations obtained in laser desorption/ionization-mass spectrometry (LDI-MS) and mass spectrometry imaging (MSI) experiments.
Column charts B and D present the same results for 3-hydroxyhexadecanoic acid. All panels contain the equations and the R? values of
exponential trendline. Panels C and D also contain ions [C14H2803 + 109Ag] + and [C16H3203 + 109Ag] + images for each concentration

[Color figure can be viewed at wileyonlinelibrary.com]

analyzed in two measurement modes: manual LDI-MS and semi- 353.1081. The results of manual measurements for this acid are
automatic MSI. 3-Hydroxytetradecanoic acid was found in spectra shown in Figure 3A for 1 mg/mL to 1 pg/mL concentration of sample.
mainly as silver-109 adduct of [M + '°°Ag]* at the m/z value of Figure 3C presents results of semi-automatic MSI method. On both
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charts trendline fitted to obtained during experiment result are
presented. The R? value of exponential trendline for the manual LDI
method was 0.967. For the MSI method trendline fit was better with
R? value 0.998. The LOD was found to be 472 (1.93 pmol) for LDI-MS
and 169 pg (0.69 pmol) for MSI of 3-hydroxytetradecanoic acid per
measured spot. In Uhlig et al’s work the LOD value 1.7 ng/mL.’

3-Hydroxyhexadecanoic acid was analyzed next, and the results
are presented in Figures 3B and 3D. The acid was found in spectra
mainly as silver-109 adduct of [M + °?Ag]* at the m/z value of
381.1394. The results of manual measurements are shown in
Figure 4B as a bar chart of intensity vs. concentration. This acid was
found in 0.1 mg/mL to 10 ng/mL concentration sample. R? value of
trendline fit for the manual LDl method was 0.933 and that for MSI
was 0.945. In all presented cases quantification results of MSI
experiment resulted in better fit than manual LDI-MS. The LOD value
was found to be 445pg (1.63 pmol) for LDI-MS and 110 pg
(0.40 pmol) of 3-hydroxyhexadecanoic acid per measurement spot. In
the LC-MS method, the LOD value was 0.6 ng/mL.”

Figure 4 presents results of analysis of 3-hydroxyoctadecanoic
acid. This acid was found in spectra mainly as silver-109 adduct of
[M + 99Ag]* at the m/z value of 409.1707. The results of the manual
measurements for 3-hydroxyoctadecanoic acid are shown in
Figure 4A. Figure 4B present results of the semi-automatic MSI
method. R? value of exponential trendline for manual LDI method was
0.993, and that for automated MSI was 0.988. This is the only case
where the trendline fit was better for the LDI-MS method. On the
contrary, the R? value for the MSI was almost 0.99 at a 1000-fold
dilution of the sample. The LOD was found to be 405 pg (1.35 pmol)
for LDI-MS and 516 pg (1.72 pmol) of 3-hydroxyoctadecanoic acid

per measured spot. During the LC-MS analysis, the LOD value was
0.7 ng/mL for this acid.”

The use of MSI for the quantification of 3-hydroxycarboxylic
acids enabled us to obtain a better fit of the experiment results than
manual LDI-MS method with R? ca. 0.98 for five analyzed acids, and
only for 3-hydroxyoctadecanoic acid the trendline fit was lower for
MSI than for LDI-MS and still was above 0.98. These analyses clearly
indicate the usefulness of MSI for quantitative analysis of these acids.
It should be noted that the regressions were performed over a
very wide concentration range, from 1000 for 3-hydroxydecanoic,
3-hydroxytetradecanoic and 3-hydroxyoctadecanoic acids to
1 000 000 fold concentration change for 3-hydroxydodecanoic acid.

The analyses presented in this publication lead to the conclusion
that MSI allows for quantitative analyses. During the measurement,
the entire sample spot was covered with a grid or raster of
measurement points with a defined resolution. The MSI analysis can
be applied to mainly detect signals of 3-hydroxycarboxylic acid-silver-
109 adducts at various concentrations. The mass spectra also
presented sodium and potassium adducts of the tested acids, but the
sum of the intensities of these signals did not exceed 10% of the
signal intensity of the silver-109 adduct. In most cases the results
obtained using MSI had a better trendline fit compared to manual
measurements and yielded an R? value 0.98 for most of the analyzed
acids. As can be seen on Figures 1D, 2C, 2D, 3C, 3D, and 4B ion
images prove that studied sample was deposited nonuniformly in all
studied sample spots. By covering the entire surface of the spot with
the sample, it is possible to better match the trendline to the obtained
results. In the case of manual measurements, there is a high

probability of selecting a point where the concentration of the sample

(A) [3-hydroxyoctadecanoic
log Int acid+19°Ag]*
1000000
100000 Int = 402558e-1:845¢
R%2=0,9927
10000 ’ Manual
1000
LDI MS
100
10
1
0.1 mg/ml 10 ug/ml 1ug/ml 0.1 ug/ml
log c
(B) [3-hydroxyoctadecanoic
log Int acid+109Ag]+
100 1473 FIGURE 4 Column charts A and B present
N Int =2241'29e ’ results of quantification based on silver-109
R*=0,9879 H H adduct signal of 3-hydroxyoctadecanoic acid for
10 7 Semi-automatic  ACuceE yaroxyoctadec
different concentrations obtained in laser
M S I desorption/ionization-mass spectrometry (LDI-
1 MS) and mass spectrometry imaging (MSI)
0-1 mg/ml 10 ug/ml 1 ug/mi 0-1 ug/ml experiments. Both panels (A, B) contain the
0.1 logc equations and the R? values for exponential

trendline. Panel B also contains ion
[C18H3603 + 109Ag] + images for each
concentration [Color figure can be viewed at
wileyonlinelibrary.com]
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Results of quantitative analysis of selected 3-hydroxycarboxylic acids in human blood serum by semi-automatic mass

spectrometry imaging (MSI) with monoisotopic silver-109 NPs PFL 2D GS LGN. For concentration 50 pg/mL theoretical intensity of signal was
calculated (gray bar) and compared with the experimental intensity of signal of analyzed acid in human blood serum spiked with carboxylic acid
(white bar with dots). Intensity of signals for water solutions of carboxylic acid standards 1 mg/mL, 0.1 mg/mL, and 10 pg/mL was also presented

(black bars)

is higher or lower than the average concentration of the sample over
the entire surface, and this is a common problem in MALDI-MS
method. LOD values obtained in manual LDI-MS and semi-automatic
MSI methods were worse than the values obtained during LC-MS
analysis; however, the advantages of these methods are (a) the
possibility of obtaining ion images (which is impossible with normal
HPLC-MS analysis),
involves only diluting the sample in a suitable solvent and applying the

(b) very easy sample preparation (usually it

solution to the steel plate), and (c) short analysis time (for manual
measurement it is about seconds, and for semi-automatic MSI one
sample measurement takes from a few seconds to several minutes).
All the advantages presented above also apply to the GC-MS method,
and additionally there is no need to perform derivatization, which
allows unmodified samples to be tested.

3.2 | Detection of 3-hydroxycarboxylic acids in
human blood serum

The results presented in the previous section were used to analyze the
effects of suppression of the biological matrix. For this purpose, a
spiked human blood serum sample was prepared. A 500-fold dilution of
blood serum in distilled water was prepared, then the same volume of
100 pg/mL of carboxylic acid solution was added. The final
concentration of the analyzed acids in spiked blood serum suspension
was ca. 50 pg/mL. The highest intensity signals found in the spectra
belonged to the 3-hydroxycarboxylic acid silver-109 adducts.

Figure 5 summarizes the results of this analysis. Theoretical
intensity for 50 pg/mL of carboxylic acid solution was calculated
based on intensity value of 0.1 mg/mL sample. Theoretical intensity
values were compared with experimental data obtained for diluted
human  blood carboxylic acids. For

serum spiked with

147

3-hydroxyoctanoic, 3-hydroxydecanoic, and 3-hydroxytetradecanoic
—28%, and —17%, respectively. In the
case of these three acids, no significant matrix effect on the

acids matrix effect was +8.3%,

measurement result was noticed. However, for 3-hydroxydodecanoic,
3-hydroxyhexadecanoic and 3-hydroxyoctadecanoic acids the matrix
effect was —161%, —250%, and —118%, respectively. The results
presented in this study show that the biological matrix (in this
example, human blood serum) for these three acids causes a
significant reduction in signal intensity compared to the predicted
value, clearly indicating the presence of a matrix suppression effect.
Due to the high content of lipid compounds in the blood serum, the
matrix suppression effect may arise, which in turn causes a
significant reduction in the intensity of the signals of the tested
3-hydroxycarboxylic acids.

4 | CONCLUSION

The application of stainless steel plates coated with silver-109 NPs
synthesized by the new PFL 2D GS LGN method for the analysis of
3-hydroxycarboxylic acids was presented. 1°AgNPs ionize and allow
for analysis using laser MS of 3-hydroxycarboxylic acids in a very
(for

Two measurement methods were

wide range of concentrations, even up to 10 ng/mL
3-hydroxydodecanoic  acid).
compared: manual LDI-MS and semi-automatic MSI; the presented
results of regression analyses prove the possibility of using MSI for
quantitative analyses. The use of laser MS for the quantification of
3-hydroxycarboxylic acids was demonstrated for the first time. The
results obtained during the experiments show that laser MS can be
used to determine the concentration of endotoxins in the samples.
lon images obtained in MSI experiments proved highly nonuniform

analyte deposition that makes semi-automatic, multi-pixel MSI a
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modern requirement rather than improvement. The biological matrix
has a significant effect on the intensity value of some of the analyzed

3-hydroxycarboxylic acids in MSI.
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ARTICLE INFO ABSTRACT

Keywords: Purpose: Bladder cancer (BC) is the 10th most common form of cancer worldwide and the 2nd most common

Silver nanoparticles cancer of the urinary tract after prostate cancer, taking into account both incidence and prevalence.

I];]_)I'Msk Materials/methods: Tissues from patients with BC and also tissue extracts were analyzed by laser desorption/
iomarkers

Bladder cancer

109
Human tumor tissue (""AgNPED).

ionization mass spectrometry imaging (LDI-MSI) with monoisotopic silver-109 nanoparticles-enhanced target

Results: Univariate and multivariate statistical analyses revealed 10 metabolites that differentiated between tumor
and normal tissues from six patients with diagnosed BC. Selected metabolites are discussed in detail in relation to
their mass spectrometry (MS) imaging results. The pathway analysis enabled us to link these compounds with 17
metabolic pathways.

Conclusions: According to receiver operating characteristic (ROC) analysis of biomarkers, 10 known metabolites
were identified as the new potential biomarkers with areas under the curve (AUC) higher than >0.99. In both
univariate and multivariate analysis, it was predicted that these compounds could serve as useful discriminators of
cancerous versus normal tissue in patients diagnosed with BC.

1. Introduction

Bladder cancer (BC) is the 12th most common form of cancer
worldwide and the 2nd most common cancer of the urinary tract after
prostate cancer, taking into account both incidence and prevalence [1].
Globally, 573,278 new cases of BC were diagnosed in 2020. In terms of
incidence, it is the 6th most common cancer in men, the 17th in women
and the 10th most frequent cancer in both sexes [1]. Cystoscopic exam-
ination of bladder remains the gold standard for BC diagnosis, but it is
invasive, associated with discomfort, sometimes painful and costly. It is
estimated that 4-27% of tumors are omitted during the examination.
This value increases to 32-77% in the case of carcinoma in situ (CIS) [2].

In recent years, numerous urine-based BC biomarkers have been
evaluated but currently there is no reliable diagnostic and prognostic BC
biomarker that has been accepted for diagnosis and follow-up in routine
practice or clinical guidelines and which could be an alternative to
cystoscopy. Over the past decade, due to the molecular specificity and
sensitivity mass spectrometry (MS) has been used as a main technique in

biomarker discovery field [3]. Two-dimensional variety of MS — mass
spectrometry imaging (MSI) plays an increasingly important role in the
field of molecular imaging because it allows direct mapping of the distri-
bution of a variety of endogenous and exogenous compounds within bio-
logical tissues with high specificity and without the need for radioactive or
fluorescent radioactive labelling normally used in histochemical protocols
[4]. BC tissues were studied previously with MSI techniques such as
matrix-assisted laser desorption ionization (MALDI) [5] and desorption
electrospray ionization (DESI) [6]. It should be noted that there are no BC
MS and MSI results made with the use of nanoparticle-based methods
published to date. It is important to state that nanoparticle-based methods
have many advantages with regard to other methods including very effi-
cient cationization of low molecular weight compounds, relatively high
sensitivity of analyte detection, very low chemical background and high
mass accuracy due to internal calibration, unlike commonly used one -
MALDI. They allow for higher lateral resolutions and higher sensitivity
when compared to DESL In our recent publications we presented new
methods such as gold nanoparticle-enhanced target (AuNPET) [7], silver
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nanoparticle-enhanced target (AgNPET) [8] and monoisotopic silver-109
nanoparticles-enhanced target (109AgNPET) [9] with results of their
application for imaging of plant, animal and human tissues [10-12].

2. Materials and methods
2.1. Participants

Cancer and normal tissue samples were collected from 6 patients
(Caucasian race, average age 65 years, 2 females and 4 males) with
diagnosed BC at John Paul II Hospital in Kolbuszowa (Poland). All pa-
tients underwent transurethral resection of bladder tumor (TURBT)
following a detailed clinical history and laboratory examination. Each of
these patients had at least an abdominal ultrasound to exclude other
tumors (patients with urolithiasis usually also had a CT scan) and a basic
package of laboratory tests required for urological surgery to exclude
inflammation. Whole tumor and a small fragment of adjacent healthy
uroephitelium were resected (cancer and control tissue). The histopath-
ological analysis of resected tumors from all patients, confirmed non-
invasive (pTa) low-grade (LG) urothelial papillary carcinoma, accord-
ing to 2004 WHO grading system [13,14]. Control tissues were free of
cancer cells. The clinical characteristics of the patients are presented in
Supplementary Table S1.

2.2. Materials and equipment

Silver-109 (min. 99.75% of *°Ag) isotope was purchased from
Buylsotope (Neonest AB, Stockholm, Sweden) and transformed to tri-
fluoroacetate salt by commonly known methods (involving dissolving in
HNOs, precipitation of °?AgOH and reaction with trifluoroacetic acid)
and recrystallized from tetrahydrofurane/hexane system. 2,5-Dihydroxy-
benzoic acid (DHB) was purchased from Sigma-Aldrich (St. Louis, USA).
Steel targets were locally machined from H17 stainless steel. All solvents
were of high-performance liquid chromatography (HPLC) quality, except
for water (18 MQ water was produced locally) and methanol (liquid
chromatography-mass spectrometry - LC MS - grade, Fluka™, (Seelze,
Germany). The silver-109 nanoparticles were synthesized on the surface
of steel targets as described in our recent publication [9]. Optical pho-
tographs of tissue samples were made with the use of an Olympus SZ10
microscope equipped with an 8 MPix Olympus digital camera (Hamburg,
Germany).

2.3. Preparation of monoisotopic silver suspension

Four miligrams of silver-109 trifluoroacetate (:°?AgTFA) and 14 mg
of DHB were quantitatively transferred to a glass tube by dissolving in 2
ml of isopropanol and 2 ml of acetonitrile. The prepared solution was
placed in an ultrasonic bath set at 50 °C for about 30 min. After this time,
the suspension was ready to use.

2.4. Imaging sample preparation

Tissues from 6 patients with the same tumor stage and grade were
selected for LDI-MSI analysis. Three independent imaging experiments
were performed to exclude possible random results, one for tissues from
patient no. 1, another for patients no. 2-4 and the last for patients no. 5
and 6. The material examined was six pairs of BC and normal tissue
fragments of average 3 x 3 mm size. MS imaging for patient no. 1 was
carried out within about an hour after the material was collected after
surgery. Until then, the tissue samples were stored at a temperature of
approx. 2-4 °C. Tissues from patients no. 2-6 were stored at —60 °C and
thawed to 4 °C before the MSI measurements. To remove excess liquid
material, samples were touched to cellulose filter paper (3 times). Next,
with the use of sterile needles and tweezers, a few imprints of the
examined tissues were made on the previously prepared °’AgNPET
plate. The material was transferred from the BC patients to the
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109AgNPET substrate by briefly touching (3 s) the tissue samples to steel
surface with light pressure. Steel target with imprints was placed on a
computer-controlled 3D positioning table and sprayed with nanoparticles
using an electrospray ionization mass spectrometry (ESI-MS) nebulizer
with nitrogen as nebulizing gas (2 bar). Target was placed in a MALDI
time-of-flight MS (MALDI-ToF/ToF MS) (Autoflex Speed ToF/ToF,
Bruker, Bremen, Germany) and selected imprints were then directly
analyzed.

2.5. LDI-MS imaging experiments

LDI-MSI experiments were performed using a Bruker Autoflex Speed
ToF/ToF mass spectrometer (MALDI ToF/ToF, Bruker, Bremen, Ger-
many) in positive-ion reflectron mode. FlexImaging 4.0 software was
used for data processing and analysis. The apparatus was equipped with a
SmartBeam II 1000 Hz 355 nm laser. Laser impulse energy was approx-
imately 100-190 pJ, laser repetition rate was 1000 Hz, and deflection
was set on m/z lower than 80 Da. The m/z range was 80—2000 Da, spatial
resolution 250 x 250 pm. The experiments were made with 20,000 laser
shots per individual spot with a default random walk applied (random
points with 50 laser shots). All spectra were calibrated with the use of
silver ions (1°°Ag * to 1%°Agfo). The first accelerating voltage was held at
19 kV, and the second ion source voltage was held at 16.7 kV. Reflector
voltages used were 21 kV (the first) and 9.55 kV (the second). All of the
ion images were within +0.05% of m/z. Total ion current (TIC)
normalization was used for all results shown.

2.6. Preparation of tissue extracts

Small portions of frozen neoplastic bladder tissue (n = 6) and normal
control tissues (n = 6) of approximately 2 mg each were transferred to
Eppendorf tubes and then homogenized by three cycles of freezing and
thawing. Next to the homogenates 500 pl of 2:1 (v/v) chloroform/
methanol were added and then extracted for 30 min in ultrasonic bath (at
2-4 °C.) The tubes were centrifuged for 5 min at an acceleration of
6000xg and the phases were allowed to separate. The water-methanol
and methanol-chloroform phases were transferred to separate tubes
and then methanol-chloroform phases were diluted 100x whereas the
water-methanol phases were measured without dilution. Volume of 0.3
ul of each sample was placed on 1°°AgNPET and allowed to dry at room
temperature and target placed in a MALDI ToF/ToF MS. Tissue extracts
were made to confirm the structure of the identified compounds by MS/
MS measurements.

2.7. LDI-MS and MS/MS of tissue extracts

LDI-MSI experiments were performed using a Bruker Autoflex Speed
MALDI ToF/ToF MS (Autoflex Speed ToF/ToF, Bruker, Bremen, Ger-
many) in positive-ion reflectron mode. The apparatus was equipped with
a SmartBeam II 1000 Hz 355 nm laser. Laser impulse energy was
approximately 100-190 pJ, laser repetition rate was 1000 Hz, and
deflection was set on m/z lower than 80 Da. The m/z range was 80—2000
Da. Spectrum for each extract contained data from 20k laser shots with a
default random walk applied (random points with 50 laser shots). All
spectra were calibrated with the use of silver ions (1°9Ag T to 109Agfro).
The first accelerating voltage was held at 19 kV, and the second ion
source voltage was held at 16.7 kV. Reflector voltages used were 21 kV
(the first) and 9.55 kV (the second). MS/MS measurements were per-
formed using the LIFT (low mass) method [15]. The mass window for
precursor ion selection used was +0 Da. FlexAnalysis (version 4.0,
Bruker, Bremen, Germany) was used for data analysis.

2.8. Data processing

The average spectra of the imprint area of cancerous and normal
tissue from patient no. 1 were generated and then compared in the using
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the SCiLS Lab software version 2016b (SCiLS, Bremen, Germany) and
FlexAnalysis (version 4.0, Bruker, Bremen, Germany). Statistical analysis
was performed using the Cardinal MSI (R package) [16] with hotspot
suppression and Gaussian smoothing applied and MetaboAnalyst 5.0
platform [17]. Database search of chemical compounds were carried out
using a custom-made program. Theoretical m/z values were calculated
using ChemCalc program available online [18].

Data of peak mean abundance from the entire area of the examined
cancer (n = 6) and control (n = 6) tissue were formatted as comma
separated values (.csv) files and uploaded to the MetaboAnalyst 5.0
server [17]. Metabolite data was checked for data integrity and
normalized using MetaboAnalyst's normalization protocols (normaliza-
tion by sum, log transformation and auto-scaling), both for biomarker
and pathway analyses. Univariate analysis (t-test), fold-change analysis
and orthogonal partial least squares discriminant analysis (OPLS-DA)
were applied to calculate the statistical significance of the metabolites
between the two groups (cancer over control). To identify the potential
biomarkers associated with BC, the Receiver Operating Characteristic
(ROC) curve was applied using biomarker analysis module of Metab-
oAnalyst v 5.0. The ROC curves were generated using an algorithm based
on Monte-Carlo cross validation (MCCV) through balanced subsampling
coupled with linear support vector machine (SVM) for the classification
method and SVM built-in for the feature ranking method. To identify the
most relevant metabolic pathways involved in BC, metabolic pathway
analysis was performed using MetaboAnalyst with Homo sapiens pathway
libraries.

3. Ethical issues

The study protocol was approved by local Bioethics Committee at the
University of Rzeszow, Poland (permission no. 2018/04/10) and per-
formed in accordance with relevant guidelines and regulations, including
the 1964 Helsinki declaration and its later amendments. Specimens and
clinical data from patients involved in the study were collected with
written consent.

4. Results and discussion

109AgNPET method was used previously for LDI-MS analysis of low
molecular weight (LMW) compounds and biological material and was
shown to be a promising alternative to traditional MALDI method [9,19].
LDI-MSI experiments were performed by measuring series of
high-resolution MS spectra with 250 x 250 pm resolution of bladder
tissue imprints of ca. 3 x 3 mm size made on 1°?’AgNPET target plate. In
order to estimate whether there is a sample-related differentiation be-
tween cancer and normal tissue imprints, a statistical analysis was per-
formed for patient no. 1 tissue pair. Data derived from MSI experiment
were analyzed by comparison of average spectra of cancer and normal
areas by spatial shrunken centroids with adaptive weights (SSCA). The
mentioned method allows estimation of the probability that a location of
interest belongs to a particular segment and was previously used among
others for segmentation of data for whole-body MALDI MSI experiment
[20]. Images of the major regions of the BC tissue from patient no. 1 were
outlined by SSCA segmentation as shown in Supplementary Fig. S1. What
is interesting, images generated with the aid of Cardinal MSI with SSCA
method are very similar to the ion images obtained in MSI experiment
and suggest that: (i) areas of imprints are clearly different from target
area with no fuzzy boundaries and (ii) cancerous area is clearly different
from the normal one.

4.1. Identification of metabolite biomarkers

The analysis of MSI data revealed a list of 28 compounds for which
the highest abundance differences between the normal and cancerous
areas. Only those ion images were selected for which the trend for a given
m/z value was similar in all 6 experiments. As judged from generated ion
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images 2 adducts have higher average intensities in cancer tissue, and the
next 26 ions are of higher intensity in normal tissue. The list of identified
compounds is presented in Supplementary Table S2. The identity of some
of compounds was confirmed with LIFT® MS/MS experiments (Supple-
mentary Table S3). Metabolite mean abundance data from both cancer
and normal tissue regions of 28 identified compounds were further
subjected to supervised and unsupervised multivariate statistical analysis
using the MetaboAnalyst 5.0 online software. The 2D principal compo-
nents analysis (PCA) score plots of both subsets indicated good separa-
tion between the cancer and the normal tissue regions (Fig. 1A).

The best separation of groups was obtained along principal compo-
nents 1 and 2 (i.e. PC1 and PC2) which accounted for 61.2% and 18.8%,
respectively. The separation between the BC and normal tissue samples
was further examined using the supervised multivariate statistical anal-
ysis - Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA)
(Fig. 1B). We conducted 2000 permutation tests to evaluate the statistical
robustness of the OPLS-DA model (Supplementary Fig. S2). Good
discrimination was observed between cancer and normal groups (Q? =
0.774, R%Y = 0.998, P-value <0.03 (0/2000)). Potential BC biomarkers
were selected on the basis of the variable influence on projection (VIP)
value resulting from the OPLS-DA model (Fig. 1C). By combining the VIP
(>1.0) with the results from the independent t-test (P-value from t-test
<0.05) and fold change analysis (0.5 < FC > 1.2) 10 metabolites were
selected as differential for BC tissue and normal samples (Table 1). All
data for identified compounds analyzed within this work are presented in
Supplementary Table S2.

Next, univariate ROC curve analysis was separately performed to
evaluate the diagnostic ability of the models. ROC curves analyses were
used to estimate the accuracy of combined signatures model of imaging
data. The areas under curves (AUC) of ROC curves were used to deter-
mine the diagnostic effectiveness of important metabolites. Applying a
ROC approach to biomarker analysis allowed characterization of diag-
nostic accuracy, and evaluation of the predictive accuracy. The results
indicated that all previously selected metabolites have AUC above 0.81
(Table 1). The best ROC analyses with the highest statistical significance
were obtained for hypotaurine and 3-methylbutanal (AUC = 0.944,
specificity = 1.0 and sensitivity = 0.8). The classification ROC model was
based on a random forest algorithm. As shown in Fig. 1D, the combina-
tion of levels of 10 selected metabolites was a better discriminator (AUC
= 0.993) than each metabolite separately. The results suggest that 10
specific metabolites: glycine, hypotaurine, 3-methylbutanal, ethyl-
phosphate, glutamine, myosmine, PI(22:0/0:0), aminopentanal, proline
betaine and methylguanidine coul, significantly increase the diagnostic
potential and serve as useful discriminators of cancer tissues from normal
tissues in patients diagnosed with BC. Ion images of all these compounds
that differentiate the neoplastic and normal area to the greatest extent
are presented in Figs. 2 and 3.

ITon images of 2 amino acids that play essential roles in human tissues
were generated and the structure of one of them was confirmed with LIFT
MS/MS method. One of the ion images of m/z 98.021 (Fig. 2 A) shows
spatial distribution of the [CoHsNO,+Na]t adduct (sodiated glycine).
This ion was found to be present at a higher intensity in the normal tissue
compared with the cancer tissue. The decreased levels of glycine were
observed in lung cancer patients [21] and in serum of BC patients [22].
Similarly, ion assigned to potassium adduct of glutamine (m/z 185.032,
Fig. 2 E) was found at a higher intensity in the normal tissue compared to
the cancer tissue. NMR-based metabolomics studies have shown the
decreased blood levels of glutamine in plasma samples from pancreatic
cancer patients [23]. The decrease in the levels of the amino acids dis-
cussed above indicates an increased demand for these metabolites for
tumor growth. This observation suggests that tumor's biochemistry may
be associated with an increased glycolytic flux that has been found to be a
major source of respiratory energy for tumor cells, and with the need for
increased protein synthesis in tumor cells [24]. It has also been suggested
that glycolysis is required to maintain lipogenesis and cholesterogenesis,
that are essential for the growth and proliferation of tumor cells [25].
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Fig. 1. Metabolomic analysis of tissue samples from bladder cancer (BC) patients. (A) PCA and (B) OPLS-DA scores plots of the cancer (red) and control (green) tissue
samples. (C) VIP plot from OPLS-DA analysis. (D) The receiving operator characteristic (ROC) curves for the 10 selected metabolites.

Table 1

Mean metabolite abundance for controls vs. bladder cancer tissues. Bolded metabolites are considered statistically significantly different (P-value <0.05; VIP >1; FC <

0.5 and >1.2) between controls and cancer tissues.

No. Compound name Addut type m/z P-value® Fold Change® vIpf AUC Power of the test
Sensitivity [%] Specificity [%]

1 Glycine® [C2HsNO,+Nal+ 98.021 0.0025 0.30 1.56 0.92 100 83
2 Hypotaurine® [CoH,NO,S+1%%Ag] ™ 217.924 0.0035 1.39 1.54 0.94 83 100
3 3-Methylbutanal® [CsH100 + HI* 87.080 0.0053 0.19 1.47 0.94 83 100
4 Ethylphosphate” [CaH704P + KIT 164.971 0.0088 0.30 1.41 0.92 83 83
5 Glutamine” [CsH1oN203+K] ™ 185.032 0.0147 0.29 1.35 0.92 83 83
6 Myosmine” [CoH1oNo+HI " 147.092 0.0147 0.29 1.35 0.92 83 83
7 PI(22:0/0:0)" [C31He1012P+"%Ag] " 765.294 0.0171 0.19 1.32 0.92 100 83
8 Aminopentanal” [CsHNO + HI* 102.091 0.0214 0.39 1.29 0.83 100 67
9 Proline betaine® [C7H;3NO,+Na] * 166.084 0.0417 0.44 1.17 0.83 100 67
10 Methylguanidine® [CoHyN3+Nal® 96.053 0.0451 0.45 1.16 0.81 67 83

Abbreviations: AUC - area under the curve; FC - fold change; PI - phosphatydylinositol; PS — phosphatidylserine; VIP - variable influence on projection.

@ Putative identification.

Y Identity confirmed with LIFT MS/MS method.

¢ Calculated m/z values.

d p_value determined from Student's t-test.

¢ Fold change between cancer and control tissue samples.
f VIP scores derived from OPLS-DA model.

Moreover, it was found that glycine metabolism is necessary and suffi-
cient for cell transformation and malignancy [26].

In the present study, 11 lipids that play essential roles in the human
body showed a large differentiation between neoplastic and normal tissue,
and their structures were in some cases successfully confirmed with LIFT
MS/MS method (Supplementary Tables S2 and S3). We found, that 5 ions
of 1%Ag isotope adducts of phosphoglycerol PG(32:1) (m/z 829.398),
phosphoinositol PI(22:0/0:0) (m/z 765.294), phosphoserines PS(0-30:1)
(m/z 800.383), PS(30:1) (m/z 814.362), phosphoethanolamine PE(34:4)
(m/z 820.388), 4 sodium adducts of diacylglyceride DG(44:1) (m/z
757.668), phosphocholine PC(40:10) (m/z 848.520), phosphoglycer-
olphosphate PGP(32:1) (m/z 801.471), phosphoethanolamine PE(26:1)
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(m/z 628.395), and 2 potassium adducts of phosphoserine PS(36:4) (m/z
822.468), sphingomyeline SM(d18:0/12:0) (m/z 689.499), dominated in
the cancer tissue MSI region compared to normal tissue. However, only 1
lipid - PI(22:0/0:0) showed statistically significant differentiation between
normal and neoplastic tissues (Fig. 3A). Lipids are the building blocks of
cell membranes and play important roles in various biological processes,
such as cellular signaling, chemical-energy storage, homeostasis,
apoptosis, metabolism, cell adhesion and migration, neurotransmission,
signal transduction, vesicular trafficking, post-translational modifications
and cell-cell interactions in tissues. These cellular processes are associated
with cellular transformations, cancer progression and metastasis. Lipids
are linked to cancer at the metabolic level and are expected to be present in
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Fig. 2. Results of LDI-MSI analysis of the surface of the bladder cancer (BC) specimens on '°AgNPET. The left sides of the individual metabolite panel (A-F) present
ion images (TIC normalization) for ions of m/z as stated below each image. The right sides contain plots of distribution of abundance values of metabolite in control
and cancer samples with optimal cut-off as a horizontal dashed line. All ion images are within +0.05 m/z.

cancer cells, tissues and biofluids. Multiple studies have demonstrated
altered lipid profiles in biological samples that have been screened to
identify biomarkers in cancer research [27,28]. Several reports have
shown the spatial distributions of many potential lipid-based biomarkers in
various malignant tumors such as lung [29], breast [30], ovarian [31],
colorectal [32], prostate [33], kidney [34], renal [35], bladder [36] and
thyroid cancers [37]. Dill et al. [38] demonstrated distributions of the
multiple lipids and free fatty acids species between cancerous and
noncancerous dog bladder tissue samples with desorption electrospray
ionization MS (DESI-MS). The same group of researchers in another study
used human BC tissue samples to visualize of glycerophospholipid (GP)
distribution in cancerous and normal tissue. They found that tumor tissue
shows increased intensities for different GPs such as phosphatidylserine
(PS) and phosphatidylinositol (PI) when compared to the normal tissue
[36]. Wittman et al. [39], measured multiple distinct compounds in human
urine samples, that differentiate BC from non-cancer controls. They
selected 25 potential biomarkers related to lipid metabolism.

Ion assigned to proton adduct of 3-methylbutanal (m/z 87.080;
Fig. 2C) was found in higher intensity in normal tissue compared to
cancer tissue. 3-Methylbutanal also known as isovaleraldehyde is an
aldehyde that occurs naturally in all eukaryotes. In humans, this com-
pound has been found to be associated with several diseases. Previous
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research revealed significantly reduced level of 3-methylbutanal in urine
samples from patients with clear cell renal cell carcinoma which may be
associated with higher level of aldehyde dehydrogenase that converts
aldehydes to their respective carboxylic acids and is often upregulated in
cancer [40]. Furthermore, in the human lung cancer cell line, 3-methyl-
butanal was found at decreased concentrations [41].

One of the ion images of m/z 166.084 (Fig. 2C) shows spatial distri-
bution of the sodium adduct of proline betaine. This secondary metab-
olite has been described previously as a highly effective osmoprotectant
in many plants. In humans, proline betaine was at reduced levels in
plasma samples from patients with esophageal squamous cell carcinoma
compared to healthy controls which is also in line with our results [42].
Similar results were obtained in metabolomic analysis of serum samples
from patients with preeclampsia [43]. Proline betaine was found to be
up-regulated in urine samples from patients with uterine cervix cancer
and renal cell carcinoma [44,45].

The MSI results of the bladder tissue imprint suggest, that the ion of
m/z96.053 (Fig. 3 D) corresponds to sodiated adduct of methylguanidine
which was found in higher abundance in normal tissue. Methylguanidine
is an organic compound containing a guanidine moiety in which one of
the amino hydrogens is substituted by a methyl group. Endogenous
methylguanidine is produced by conversion from creatinine and some
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amino acids [46]. Previous studies reported the potential toxicity of
methylguanidine [47]. Methylguanidine was proposed as a serum po-
tential biomarker of pancreatic cancer based on LC/GC-MS analyses
which revealed a higher abundance of this compound in serum of pa-
tients with this tumor compared to controls [48]. Higher level of meth-
ylguanidine was also observed in serum of patients with
cholangiocarcinoma [49]. This metabolite was identified in higher con-
centration in urine samples from patients with chronic pancreatitis by
NMR-based metabolomics [50]. Significantly increased level of methyl-
guanidine was identified in urine samples from dogs with BC compared
to controls in an NMR-based metabolomics study [51].

Ion images presenting higher average intensity in the area of normal
tissue were recorded for proton adduct of myosmine (m/z 147.092;
Fig. 2F). Myosmine is a derivative of pyridines which can be found in
tobacco and in various foods. It is suspected that this compound may be
related to esophageal cancer [52]. lon assigned to potassium adduct of
ethylphosphate (m/z 164.971; Fig. 2 D) was found in higher intensity in
normal tissue compared to cancer tissue. Ethylphosphate is an organic
compound that belongs to the class of monoalkyl phosphates. This
compound was identified in human saliva by LC-MS [53]. Also, the ion of
m/z 102.091 (Fig. 3 B) was found in higher abundance in normal tissue
and was assigned to [M+H]" adduct of aminopentanal.

Ion image that shows higher intensity in the area of cancer tissue has
been created for the m/z 217.924 which corresponds to the ®?Ag adduct
of hypotaurine (Fig. 2B). Hypotaurine is a sulfinic acid that is an inter-
mediate in the biosynthesis of taurine from cysteine sulphinic acid.
Previous research has established that hypotaurine has antioxidant
properties in vivo [54] and also acts as a neurotransmitter [55]. Previ-
ously, using 'H NMR, hypotaurine was found in increased level in serum
samples of BC patients resistant to neoadjuvant chemotherapy [56].
Elevated level of hypotaurine was found in saliva of patients with
medication-related osteonecrosis of the jaw [57]. In addition, hypo-
taurine was found to be upregulated in tissue of patients with colorectal
cancer and related to the progression of this tumor [58].

4.2. Pathway analysis

A metabolic pathway impact analysis was performed to identify the
most relevant pathways involved in the observed changes of tissue
metabolite levels. Ten most significant metabolites were subjected to
pathway analysis and quantitative pathway enrichment analysis. Three
of them were found to be relevant to human metabolism (Table 2).
Seventeen metabolic pathways i.e., glyoxylate and dicarboxylate meta-
bolism, aminoacyl-tRNA biosynthesis, D-glutamine and D-glutamate
metabolism, nitrogen metabolism, taurine and hypotaurine metabolism,
arginine biosynthesis, glutathione metabolism, alanine, aspartate and
glutamate metabolism, porphyrin and chlorophyll metabolism, glycine,
serine and threonine metabolism, pyrimidine metabolism, primary bile
acid biosynthesis, purine metabolism, mercaptopurine action pathway,
thioguanine action pathway, azathioprine action pathway and mercap-
topurine metabolism pathway, were found to be significantly impacted
when comparing BC to normal tissue. Results from pathway impact
analysis are shown in Supplementary Tables S3 and S4. Glycine,

Table 2
Selected metabolites and their involvement in different pathways.

Compound
name

Pathway involved

Glycine Glyoxylate and dicarboxylate metabolism, aminoacyl-tRNA
biosynthesis, glutathione metabolism, porphyrin and chlorophyll
metabolism, glycine, serine and threonine metabolism, primary
bile acid biosynthesis, mercaptopurine action pathway,

thioguanine action pathway, azathioprine action pathway

Glutamine Glyoxylate and dicarboxylate metabolism, aminoacyl-tRNA
biosynthesis, D-glutamine and D-glutamate metabolism, nitrogen
metabolism, arginine biosynthesis, alanine, aspartate and
glutamate mercaptopurine action pathway metabolism,
pyrimidine metabolism, purine metabolism, thioguanine action
pathway, azathioprine action pathway, mercaptopurine

metabolism pathway

Hypotaurine Taurine and hypotaurine metabolism
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glutamine and hypotaurine were found to be involved in these metabolic
pathways (Table 2). These pathways are well known to be related to
cancer, e.g. taurine and hypotaurine metabolism have been shown to be
related to BC [59,60] and renal cell carcinoma [61], sulfur metabolism
has been shown to be related to breast cancer [62], and aminoacyl-tRNA
biosynthesis pathway has been shown to be related to prostate cancer
[63].

4.3. Diagnostic value of nanoparticles for MSI of cancer tissues

The diagnosis of most cancers is based on a molecular pathology that
is currently most often performed by immunohistochemical analysis
(IHC) or fluorescence in situ hybridization (FISH) which most often uses
macromolecules such as proteins or nucleic acids of varying lengths [64,
65]. These methods are complex, time-consuming, and require special-
ized and expensive antibodies or labeling. Surgical excision of the
bladder tumor is currently a method of choice for treating patients
suffering from BC, therefore it is important to quickly and precisely
define the neoplastic tissue border during surgery in order to completely
remove the tumor without damaging normal tissue. Numerous previous
studies have shown that metabolites enable a more precise determination
of pathology and may serve as potential diagnostic biomarkers in a va-
riety of malignancies [66]. The use of MSI allows not only to identify
potential tumor biomarkers but also to determine their location on the
surface of the examined tissue. Nowadays almost all of MSI is made with
the use of MALDI with many of its drawbacks including (i) abundant and
numerous chemical background peaks in the low-mass region (m/z < ~
1000) due to the presence of the applied matrix; (ii) the frequent need for
external mass calibration; (iii) low mass resolution and accuracy due to
the thickness of the tissue samples; (iv) low ionization efficiency for
many organic compounds present in the samples in their non-charged
states; (v) inhomogeneous matrix crystallization; and (vi) commonly
observed acid-catalyzed hydrolysis of various biomolecules, and thus it is
not suitable for metabolites. On the other hand, some nanoparticles such
as silver and gold-based lacks most of above mentioned MALDI draw-
backs and are one of the most interesting choices for studying of differ-
entiation between cancer and normal tissues.

5. Conclusion

In this study, LDI-MSI technique with the use of nanoparticle-
enhanced SALDI-type °°’AgNPET target was used for MSI of human
bladder tissue. Ion images produced for few dozens of compounds of
interest presented attention-grabbing differentiation of intensities. Uni-
variate and multivariate statistical analyses revealed 10 metabolites that
differentiated cancer from normal tissues. Among these metabolites,
glycine, 3-methylbutanal, ethylphosphate, glutamine, myosmine,
PI(22:0/0:0), aminopentanal, proline betaine and methylguanidine were
found in higher abundance in normal tissue samples and hypotaurine was
found at a higher level in cancer tissue samples. These compounds may
significantly increase diagnostic potential and serve as useful discrimi-
nators of cancerous versus normal tissues in patients diagnosed with BC.
Published results demonstrate that nanoparticle-based LDI-MSI must be
considered as a powerful tool for analysis of biological objects and
especially for biomarker discovery.
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