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Streszczenie

Nowotwory ztosliwe sa druga w kolejnosci przyczyna zgondw wsrod kobiet i mezczyzn
w Polsce, a ok. 5-10% z nich stanowig pierwotne guzy moézgu. Jednym z najbardziej
agresywnych nowotwordéw osrodkowego uktadu nerwowego, stanowigcym ok. 16% sposrod
wszystkich pierwotnych guzow mozgu, jest glejak wielopostaciowy (GBM, ang. glioblastoma
multiforme). Mimo radykalnych procedur terapeutycznych, smiertelnos¢ z powodu GBM jest
wysoka, a mediana przezycia pacjentow od momentu diagnozy wynosi nie wiecej niz 2 lata.
Dlatego podejmowanych jest wiele interdyscyplinarnych prac badawczych majacych na celu
lepsze poznanie natury glejaka oraz zdobycie nowej wiedzy na temat jego patogenezy, a ich
realizacja czesto opiera si¢ na wykorzystaniu modeli zwierzgcych nowotworu.

Glownym celem badan prowadzonych w ramach rozprawy doktorskiej byta identyfikacja
pierwiastkéw oraz makromolekut biologicznych zaangazowanych w rozwoj glejaka
wielopostaciowego w zwierzecych modelach tego schorzenia. Pierwszym etapem realizacji
zatozonych celow rozprawy bylo przeprowadzenie eksperymentu polegajacego na implantacji
trzech r6znych linii ludzkich komoérek GBM do mdézgow gryzoni. Materiat badawczy stanowity
mozgi pobrane od zwierzat, ktorym wszczepiono komorki glejaka. Kolejnym krokiem byt
wybor metody analitycznej, ktéra pozwolitaby na okreslenie sktadu pierwiastkowego calosci
materiatu probki, tj. potkul moézgu szczurdw. Sposrod dostgpnych metod analizy
pierwiastkowej probek biologicznych wybrano spektroskopie fluorescencji rentgenowskiej
z catkowitym odbiciem (TXRF, ang. Total Reflection X-ray Fluorescence). Poprzez
wyznaczenie parametrow walidacyjnych tj. precyzja, poprawnos¢ oraz granice detekcji, a takze
na podstawie miedzylaboratoryjnego poréwnania rezultatéw przeprowadzonych analiz tkanek
ssakow, podjeto probe weryfikacji uzytecznosci analitycznej metody TXRF dla potrzeb oceny
sktadu pierwiastkowego probek biologicznych. Nastepnie, zastosowano metodg¢ fluorescencji
rentgenowskiej ze wzbudzeniem promieniowaniem synchrotronowym (SR-XRF, ang.
Synchrotron Radiation X-Ray Fluorescence), ktora pozwolita na uwidocznienie zmian
w dystrybucji pierwiastkoéw w badanych tkankach moézgu. Z kolei, anomalie w rozmieszczeniu
oraz strukturze biomolekut w tkankach zbadano wykorzystujac mikrospektroskopie
w podczerwieni z transformatg Fouriera (FTIR, ang. Fourier Transform Infrared Spectroscopy)
oraz mikroskopi¢ Ramana.

Wyniki przeprowadzonych badan potwierdzity wysoka uzytecznos¢ metody TXRF
w analizie probek pochodzenia biologicznego, przede wszystkim dla pierwiastkow o wyzszej
liczbie atomowej. Badania przeprowadzone tg metodg pozwolily wskaza¢ pierwiastki
potencjalnie zaangazowane w rozwoj glejaka wielopostaciowego, a liczba obserwowanych
anomalii w skladzie pierwiastkowym probek korelowata ze stopniem inwazyjno$ci
implantowanych do mozgu gryzoni komoérek. Analiza topograficzna, wykonana
z zastosowaniem metody SR-XRF, uwidocznita rozbieznosci w akumulacji pierwiastkow
w tkankach obj¢tych rozwojem nowotworu oraz jego otoczeniu, a takze niejednorodnosci
w strukturze guza rozwinigtego w jednym z badanych modeli. Poréwnanie map rozmieszczenia
pierwiastkbw z obrazami mikroskopowymi badanych tkanek pozwolito na omoéwienie
potencjalnych przyczyn obserwowanych anomalii w modelach zwierzgcych GBM,
a w szczegolnosci wskazac selen jako mozliwy biomarker jego rozwoju. Analiza biochemiczna



tkanek, przeprowadzona z wykorzystaniem mikrospektroskopii FTIR i Ramana, wykazata
obecno$¢ W moézgach szczurow lokalnych zmian w gromadzeniu biomolekut spowodowanych
rozwojem glejaka. W szczeg6élnosci zaobserwowano, iz rejony dotknigte procesem
nowotworzenia charakteryzujg si¢ zmniejszong zawartoscia lipidow, kwaséw nukleinowych
oraz zwigzkow zawierajacych grupy karbonylowe, a takze zmianami w zawartosci i strukturze
biatek.

Podsumowujac, w rozprawie doktorskiej, dzigki zastosowaniu metod spektroskopowych,
mozliwe bylo poréwnanie toksycznosci glejaka wielopostaciowego rozwinigtego z réznych
linii komoérkowych. Otrzymane wyniki badan korelowaty ze zmianami histologicznymi tkanek,
powstatymi wskutek rozwoju nowotworu. Przeprowadzone analizy pozwolily na wskazanie
potencjalnych pierwiastkowych i molekularnych markeréw toksycznosci GBM.



Abstract

Tumors are the second leading cause of death among men and women and about 5-10% of
them are primary brain tumors. One of the most aggressive central nervous system tumor,
accounting for about 16% of all primary brain tumors, is glioblastoma multiforme (GBM).
Despite radical therapies, mortality rate caused by GBM is high and the median survival of
patients from diagnosis does not exceed 2 years. Therefore, many interdisciplinary researches
are undertaken for better understanding the nature of glioblastoma as well as to get novel
knowledge about its pathogenesis. These type of researches are often performed with the use of
animal models.

The main purpose of the research performed in the frame of the doctoral dissertation was
to identify the elements and biomolecules involved in the development of glioblastoma
multiforme in the animal models of the disease. The first stage of the investigation was the
implantation of three different human GBM cell lines into rat's brains. The next step was to
choose an analytical tool for the determination of the elemental composition of the separate
brain hemispheres taken from the rats subjected to implantation. From the various available
methods of elemental analysis of biological samples, Total Reflection X-ray Fluorescence
(TXRF) spectroscopy was selected. An attempt was made to verify the usefulness of the TXRF
in the elemental analysis of biological samples. The investigation included the evaluation of
selected validation parameters of performed measurements, i.e. precision, trueness and
detection limits, as well as assessment of the inter-laboratory comparison of the results of the
mammalian tissue samples analysis. Next, the method of Synchrotron Radiation based X-ray
Fluorescence (SR-XRF) was used to examined changes in the distribution of elements in the rat
brain tissues. In turn, anomalies in the accumulation and structure of biomolecules in the tissues
were analysed using Fourier Transform Infrared Spectroscopy (FTIR) and Raman microscopy.

The obtained results confirmed the high usefulness of the TXRF method in the analysis of
biological samples, especially for elements with a higher atomic number. The TXRF analysis
of rat brain hemispheres allowed to indicate the elements, which potentially may be involved
in the development of GBM, and the number of the observed anomalies correlated with the
degree of aggressiveness of the cells used for implantation. Topographic analysis performed
using the SR-XRF method, revealed changes in the accumulation of elements in the regions of
the tumor and its surroundings. Analysis of the maps of elemental distribution within the
examined tissues along with their microscopic evaluation allowed to discuss the potential
causes of the observed elemental anomalies in the animal models of GBM. In particular, it was
possible to indicate selenium as a possible biomarker of GBM development. Two-dimensional
biochemical analysis performed using FTIR and Raman microspectroscopy, showed local
changes in the accumulation of the main biological molecules in the rodents brains. The areas
of the tissues affected by the tumor growth were characterized by a reduced content of the lipids,
nucleic acids and compounds containing carbonyl groups, as well as changes in the level and
structure of the proteins.

To conclude, in the frame of the doctoral dissertation, the various spectroscopic methods
were used to examine the toxicity of the glioblastoma multiforme developed in the rodents



brains after implantation of human cells of the tumor. The results of elemental and biochemical
analysis correlated with the histological changes of the tissues resulting from the GBM
development. Furthermore, performed researches allowed to identify potential elemental and
biomolecular markers of GBM toxicity.
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Uklad rozprawy

Rozprawe¢ doktorska stanowi zbior trzech publikacji podejmujacych tematyke
wykorzystania metod spektroskopowych dla potrzeb analizy pierwiastkowej probek
pochodzenia biologicznego [A1-A3], a w szczegolnosci, dwa artykuty [A2,A3] opisuja badania
zmian pierwiastkowych zachodzacych w tkance moézgowej szczura na skutek implantacji
ludzkich komorek glejaka wielopostaciowego.

Do cyklu opublikowanych artykutow dotagczono dwa manuskrypty, ktore w momencie
ztozenia pracy znajdujg w recenzji w czasopismach Spectrochimica Acta B oraz
Spectrochimica Acta A. W pierwszym opisano rezultaty mi¢dzylaboratoryjnego poréwnania
wynikow analizy pierwiastkowej probek biologicznych [S1]. Drugi manuskrypt dotyczy
zastosowania metod spektroskopii wibracyjnej dla potrzeb oceny zmian biomolekularnych
bedacych skutkiem rozwoju GBM w mézgach gryzoni [S2].

Al Karolina Planeta, Aldona Kubala-Kukus$, Agnieszka Drozdz, Katarzyna Matusiak,
Zuzanna Setkowicz-Janeczko, Joanna Chwiej, The assessment of the usability of selected
instrumental techniques for the elemental analysis of biomedical samples, Sci. Rep. 11: 3704
(2021); 1F2021=4.996, MNiSW2021=140.

A2 Karolina Planeta, Zuzanna Setkowicz, Natalia Janik-Olchawa, Katarzyna Matusiak,
Damian Ryszawy, Agnieszka Dr6zdz, Krzysztof Janeczko, Beata Ostachowicz, Joanna Chwiej,
Comparison of elemental anomalies following implantation of different cell lines of
glioblastoma multiforme in the rat brain: a total reflection X -ray fluorescence spectroscopy
study, ACS Chem. Neurosci. 11: 4447-4459 (2020); 1F2021=5.780, MNiSW2021=100.

A3 Karolina Planeta, Zuzanna Setkowicz, Mateusz Czyzycki, Natalia Janik-Olchawa, Damian
Ryszawy, Krzysztof Janeczko, Rolf Simon, Tilo Baumbach, Joanna Chwiej, Altered elemental
distribution in male rat brain tissue as a predictor of glioblastoma multiforme growth — studies
using SR-XRF microscopy, Int. J. Mol. Sci. 23: 703 (2022); 1F2021=6.208, MNiSW2021=140.

S1 Karolina Olbrich, Aldona Kubala-Kukus, Eva Margui, Ramon Fernandez Ruiz, Katarzyna
Matusiak, Jolanta Wudarczyk-Mocko, Pawet Wrobel, Zuzanna Setkowicz, Joanna Chwiej, The
first total reflection X-ray fluorescence round-robin test of mammalian tissue samples:
preliminary results, (w recenzji w Spectrochimica Acta B); 1F2021=3.662, MNiSW2021=100.

S2 Karolina Olbrich, Zuzanna Setkowicz, Kamil Kawon, Mateusz Czyzycki, Natalia Janik-
Olchawa, llaria Carlomagno, Giuliana Aquilanti, Joanna Chwiej, Vibrational spectroscopy
methods for investigation of the animal models of glioblastoma multiforme, (w recenzji w
Spectrochimica Acta A); 1F202:=4.831, MNiSW021=140.
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1. Wprowadzenie

Nowotwory stanowig druga najczgstsza przyczyne $mierci W Polsce i odpowiadajg za
21,8% zgondéw wsrod mezezyzn 1 20% zgondéw kobiet [1]. Wspolczynnik $miertelnosci
spowodowany chorobami nowotworowymi w Polsce jest jednym z najwyzszych w Europie,
0 15% wyzszy od s$redniej europejskiej [2]. Wedlug Krajowego Rejestru Nowotworow,
w 2025 r. przewidywany jest ok. 1,5 krotny wzrost liczby zgonéw spowodowanych chorobami
nowotworowymi w poréwnaniu do 2006 r. [3]. Wsrdd osob dotknietych chorobg nowotworowa
2% cierpi na pierwotne, tzn. powstate de novo w tkance, guzy mozgu. Jednymi z najczgstszych
pierwotnych guzow mozgu sg glejaki, ktéore rozwinety si¢ z komoérek glejowych -
nieneuronalnych komorek wspierajacych funkcje neuronéw. Najlepiej opisanym i najbardziej
agresywnym wsrod glejakow jest glejak wielopostaciowy (GBM, ang. glioblastoma
multiforme), stanowiacy ok. 54% wszystkich przypadkow glejaka i 16% wszystkich guzéw
moézgu. GBM jest klasyfikowany przez Swiatowa Organizacje Zdrowia do nowotwordéw o IV,
najwyzszym, stopniu zto§liwosci [4].

Glejak wielopostaciowy jest nowotworem heterogennym, co oznacza ze jego obraz
makroskopowy nie jest jednorodny. W réznych obszarach tego Samego nowotworu
obserwowane jest duze zr6znicowanie komorek oraz ich atypia. Na ztozony charakter GBM
wptywa takze obecno$¢ ognisk martwiczych i krwotocznych w obrebie tej samej masy guza.
Charakterystycznymi cechami glejaka wielopostaciowego sa rowniez naciekajacy, gwattowny
wzrost, bogate unaczynienie oraz niekontrolowana zdolno$¢ do proliferacji komorek [5,6].
Wszystkie te cechy sktadajg si¢ na obraz nowotworu o wysokiej inwazyjnosci i niepomyslnym
rokowaniu. Mediana przezycia po rozpoznaniu GBM wynosi kilkanascie miesi¢cy, a mniej niz
10% pacjentow przezywa 5 lat [7].

Obecnie, standardowe leczenie chorych na GBM opiera si¢ na resekcji chirurgicznej,
z maksymalnym oszczgdzeniem tkanki otaczajacej guz, po ktorej wdrazana jest radioterapia
oraz chemioterapia. Nalezy jednak mie¢ na uwadze, iz specyficzna lokalizacja oraz naciekajacy
charakter guza uniemozliwiajg jego calkowite usuniecie i utrudniaja precyzyjne
przeprowadzenie radioterapii. Ponadto, zlozona struktura GBM oraz jego wlasciwosci
lekooporne zmniejszaja skutecznos¢ leczenia. Dlatego tez, pomimo zastosowanego leczenia,
nie obserwuje si¢ istotnej poprawy w przezywalnosci pacjentow [8]. Celem pracy wielu grup
badawczych jest poglgbienie wiedzy na temat etiologii glejaka wielopostaciowego oraz
opracowanie nowych, efektywnych metod jego leczenia, skutkujacych wydhuzeniem dtugosci
| poprawa jakosci zycia pacjentow.

Istotng role, zarowno w badaniach przedklinicznych terapii przeciwnowotworowych, jak
I tych ukierunkowanych na poznanie patogenezy glejaka wielopostaciowego, maja modele
zwierzece [9-11]. Pozwalajg one na oceng dziatania substancji potencjalnie terapeutycznych
oraz wywotywanych przez nie skutkow ubocznych w organizmach, ktore nie byly wczesniej
poddawane leczeniu. Do badania zmian morfologicznych, molekularnych czy pierwiastkowych
zachodzacych w tkankach objetych rozwojem nowotworu wykorzystywane sg probki
pochodzenia ludzkiego, jednak w tym przypadku nalezy mie¢ na uwadze, iz otrzymane wyniKki
moga by¢ obarczone wptywem stosowanych u pacjentow terapii. Dlatego, rowniez pod tym
wzgledem, material badawczy pozyskany z modeli zwierzecych stanowi bardzo cenne zrodto
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informacji na temat patogenezy danego schorzenia.

Istnieje wiele modeli zwierzecych glejaka wielopostaciowego, a jeden z szeroko
stosowanych opiera si¢ na wszczepieniu do moézgu zwierzat linii ludzkich komorek
nowotworowych — tzw. model ortotopowego przeszczepu ksenogenicznego. Model ten
wymaga wykorzystania zwierzat o upo$ledzonej odpornosci lub poddawanych dziataniu
srodké6w immunosupresyjnych [12]. Implantowane moga by¢ konwencjonalne linie
komorkowe GBM, pochodzace z banku hodowli komoérkowych. Model ten jest tatwy do
wygenerowania i przez dtugi czas stanowit ztoty standard w badaniach nad glejakiem. Obecnie
wskazuje si¢ jego wiele ograniczen, m.in. odstepstwa od linii oryginalnej, powstate wskutek
wyksztatcenia specyficznych fenotypow podczas adaptacji komodrek do warunkow panujacych
w danym laboratorium, brak reprezentacji heterogenicznosci komoérek GBM czy brak
obecnos$ci mikrosrodowiska tkankowego nowotworu [13]. Istnieje réwniez mozliwos¢
wszczepienia komorek nowotworowych badz fragmentéw nowotworu pobranych bezposrednio
od pacjenta z rozpoznanym glejakiem (PDX, ang. orthotopic patient-derived xenografts).
Rozwigzanie to bardzo czesto pozwala na zachowanie genomu oraz komorkowej
i histopatologicznej struktury oryginalnego nowotworu. Model PDX, w porownaniu do modeli
bazujacych na hodowlanych liniach GBM, uwazany jest za bardziej uzyteczny w badaniach
odpowiedzi na testowane Srodki terapeutyczne 1 cieszy si¢ zainteresowaniem przy
opracowywaniu strategii w medycynie spersonalizowanej [14, 15]. Ze wzgledu na wysoka
niejednorodno$¢ glejaka wielopostaciowego, obserwowang zar6wno w obrebie tego samego
nowotworu jak i miedzy roznymi pacjentami, oraz modyfikacje w srodowisku tkankowym
konieczne do proliferacji komérek nowotworowych, nie mozna wskaza¢ modelu zwierzecego
idealnie odzwierciedlajacego procesy rozwoju GBM zachodzace u ludzi. Ponadto, prawidtowa
analiza wynikow badan prowadzonych z wykorzystaniem modeli zwierzgcych, np. testowania
nowych terapii, wymaga znajomosci anomalii wywotanych samym procesem rozwoju
nowotworu, ktore moga by¢ charakterystyczne dla danego modelu. Dlatego tez, konieczna
wydaje si¢ weryfikacja wykorzystywanych modeli zwierzecych glejaka wielopostaciowego,
w celu oceny ich przydatnos$ci dla potrzeb planowanych badan [16-18].

Z istniejacego piSmiennictwa wynika, ze stany patologiczne organizmu, w tym procesy
nowotworowe, maja swoje odzwierciedlenie w zaburzeniach sktadu pierwiastkowego oraz
molekularnego tkanek. W szczegélnosci, informacje na temat zawarto$ci pierwiastkow
w tkance zmienionej chorobowo moga stuzy¢ jako wskaznik rozwoju nowotworu oraz stanowic¢
czynnik prognostyczny pozwalajacy przewidzie¢ sukces zastosowanego leczenia [19-22].
Wskazuje si¢ rowniez na zalezno$ci pomigdzy stopniem zto§liwosci nowotworu a jego sktadem
pierwiastkowym i biochemicznym [23-32]. Informacje na temat zaangazowania okreslonych
pierwiastkOw w procesy powstawania i wzrostu nowotworu, mogg zosta¢ wykorzystane przy
opracowywaniu alternatywnych, wspomagajacych metod terapeutycznych [33, 34]. Istotny
kierunek badan stanowi takze poszukiwanie biomarkeréw procesu nowotworzenia,
pozwalajacych na odrdznienie tkanek zdrowych od tych zmienionych nowotworowo, ktore
mozna byloby zastosowa¢ dla potrzeb wsparcia stosowanych obecnie procedur
diagnostycznych [35-40].

Pot¢znym narzedziem analitycznym, pozwalajacym na przeprowadzanie analiz sktadu
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pierwiastkowego oraz biochemicznego probek biologicznych, sg metody spektroskopowe. Ich
podstawg jest generowanie i interpretacja widm powstaltych w efekcie oddziatywania
promieniowania elektromagnetycznego z materig probki. W szerokiej grupie metod
spektroskopowych wyr6ézni¢ mozna spektroskopi¢ wibracyjng, gdzie oddziatywanie
promieniowania ze sktadnikami probki pozwala na generacje i rejestracje widm oscylacyjnych,
dostarczajacych informacji na temat grup funkcyjnych zwigzkéw chemicznych obecnych
w analizowanym materiale. Do metod spektroskopii wibracyjnej nalezy spektroskopia
w podczerwieni (IR, ang. infrared radiation), u podstaw ktérej lezy absorpcja promieniowania
podczerwonego przez czasteczki wchodzace w sklad probki, a takze spektroskopia Ramana,
bazujaca na zjawisku nieelastycznego rozproszenia promieniowania w wyniku jego interakcji
z molekulami probki. Metody te s3 wzajemnie komplementarne, co oznacza, ze pasma
oscylacyjne charakterystyczne dla danej grupy funkcyjnej moga by¢ widoczne w widmie IR,
a niewidoczne w widmie Ramana i odwrotnie. Komplementarno$¢ obu metod realizowana jest
takze w roznicach pomiedzy intensywnosciami rejestrowanych pasm oscylacyjnych. Analiza
widm powstatych z wykorzystaniem metod spektroskopii wibracyjnej pozwala na identyfikacje
w probce makromolekut tj. biatka, lipidy czy kwasy nukleinowe. Obecnie, w wyniku potaczenia
metod spektroskopii wibracyjnej z mikroskopia optyczna, bardzo popularnymi metodami
analizy biochemicznej staly si¢ mikrospektroskopia promieniowania podczerwonego
z transformatg Fouriera (FTIR, ang. Fourier Transform Infrared Spectroscopy) oraz
mikroskopia Ramana. Metody te umozliwiajg analiz¢ sktadu biochemicznego badanych tkanek
przy jednoczesnej ocenie ich budowy na poziomie mikroskopowym. Wysoka rozdzielczos¢
przestrzenna obu metod pozwala na prowadzanie pomiarow skladu molekularnego
w mikroobszarach probki, co przektada si¢ na ich szerokie zastosowanie w badaniach probek
pochodzenia biologicznego.

W przypadku analizy sktadu pierwiastkowego probek, szczegdlnym zainteresowaniem
cieszy si¢ spektroskopia fluorescencji rentgenowskiej, nalezaca do grupy metod spektroskopii
emisyjnej. W wyniku wzbudzenia atomow probki wigzka pierwotnego promieniowania X,
dochodzi do emisji rentgenowskiego promieniowania charakterystycznego o energii
specyficznej dla danego pierwiastka. Rejestracja tego promieniowania pozwala na identyfikacje
pierwiastkéw obecnych w badanej probce. Jednym z wariantéw spektroskopii fluorescencji
rentgenowskiej jest metoda fluorescencji rentgenowskiej ze wzbudzeniem promieniowaniem
synchrotronowym (SR-XRF, ang. Synchrotron Radiation X-Ray Fluorescence). Duza
intensywno$¢ oraz naturalnie wysoka kolimacja promieniowania synchrotronowego, przy
zastosowaniu nowoczesnych systemow ogniskowania promieniowania rentgenowskiego,
pozwala, w tym przypadku, na dwuwymiarowa analize wielopierwiastkowa z bardzo dobra
rozdzielczoscia przestrzenna, siggajaca nawet czeSci mikrometréw, przy zachowaniu wysokiej
czuto$ci analitycznej dla pierwiastkéw sSladowych. Ponadto, procedura pomiarowa jest
nieniszczaca oraz nie wymaga specjalnego przygotowania probek. Dlatego tez, metoda SR-
XRF stanowi cenne narzedzie w badaniach dystrybucji i akumulacji pierwiastkoéw w probkach
pochodzenia biologicznego.

Metoda fluorescencji rentgenowskiej, szeroko stosowang do przeprowadzania analizy
pierwiastkowej calosci materiatu probki, jest spektroskopia fluorescencji rentgenowskiej
z zastosowaniem catkowitego odbicia promieniowania X (TXRF, ang. Total Reflection X-ray
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Fluorescence). Efektem wykorzystania geometrii catkowitego odbicia jest podwojne
wzbudzenie probki, a takze znaczna poprawa granic wykrywalnos$ci analizowanych
pierwiastkéw, wynikajaca z redukcji rejestrowanego promieniowania rozproszonego. Metoda
TXRF umozliwia przeprowadzanie analiz wielopierwiastkowych w krotkim czasie oraz dla
niewielkiej ilosci probki koniecznej do wykonania oznaczen. Ponadto, pozwala na
bezposrednie pomiary probek ciektych, ktore wymagaja jedynie wysuszenia. Dodatkows zaletg
metody jest nieskomplikowana procedura oznaczania ilo§ciowego pierwiastkoOw, opierajaca si¢
na metodzie dodatku wzorca wewngtrznego. Ze wzgledu na te wlasciwosci, metoda TXRF stata
si¢ w ostatnich latach bardzo popularna w badaniach skladu pierwiastkowego probek
biologicznych.

Istotnym elementem zwigzanym z wiarygodnos$cia wynikéw przeprowadzanych analiz jest
ich walidacja. Jest to proces polegajacy na wyznaczeniu warto$ci parametrow
charakteryzujacych efektywnos¢ 1 przydatnos¢ danej metody do okreslonych celow
badawczych. Walidacja jest przeprowadzana w celu zapewnienia, ze proces analizy jest
rzetelny i doktadny. W literaturze najcze$ciej wyznaczanymi parametrami walidacyjnymi dla
iloSciowych analiz pierwiastkowych sa poprawno$¢ i precyzja pomiaru, a takze granice
wykrywalnosci oznaczanych pierwiastkow. Znajomo$¢ mozliwosci analitycznych stosowanych
metod stanowi kluczowy element planowania procedur badawczych.
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2. Celei zakres pracy

Glownym celem badan prowadzonych w ramach rozprawy doktorskiej byta identyfikacja
pierwiastkow oraz makromolekul biologicznych zaangazowanych w rozwdj glejaka
wielopostaciowego w modelach zwierzecych nowotworu. Dla potrzeb realizacji zatozonych
celow wykorzystano nowoczesne metody spektroskopowe, a mianowicie metodg spektroskopii
fluorescencji rentgenowskiej z catkowitym odbiciem, mikrofluorescencje rentgenowska ze
wzbudzeniem promieniowaniem synchrotronowym, mikrospektroskopi¢ w podczerwieni
Z transformatg Fouriera oraz mikroskopi¢ Ramana.

Jako szczegdtowe cele badawcze przyjeto:

1. Oceng uzyteczno$ci wybranych metod analizy pierwiastkowej stosowanych w badaniach
probek pochodzenia biologicznego, w tym absorpcyjnej spektrometrii ptomieniowej (F-AAS,
ang. flame atomic absorption spectrometry) i bezptomieniowej z zastosowaniem kuwety
grafitowej (GF-AAS, ang. graphite-furnance atomic absorption spectrometry), atomowej
spektrometrii emisyjnej ze wzbudzeniem w plazmie indukcyjnie sprzezonej (ICP-OES, ang.
inductively coupled plasma optical emission spectrometry) oraz spektrometrii masowej ze
wzbudzeniem w plazmie indukcyjnie sprzezonej (ICP-MS, ang. inductively coupled plasma
mass spectrometry).

2. Weryfikacje przydatnoéci analitycznej metody TXRF dla potrzeb oceny skiadu
pierwiastkowego probek biologicznych na tle wyzej wymienionych metod.

3. Ewaluacj¢ zgodnosci wynikow analizy pierwiastkowej tkanek pochodzenia zwierzecego
uzyskanych przez rézne laboratoria przy uzyciu komercyjnych spektrometréw TXRF.

4. Oceng zmian w sktadzie pierwiastkowym potkul mozgu szczurdéw zachodzacych w wyniku
rozwoju glejaka wielopostaciowego z zastosowaniem metody TXRF.

5. Okreslenie lokalnych zmian w rozmieszczeniu pierwiastkéw w tkankach moézgowych
szczurOw wywotanych rozwojem glejaka wielopostaciowego z wykorzystaniem metody SR-
XRF.

6. Oceng anomalii w dystrybucji gtéwnych makromolekut biologicznych w modzgach
szczuréw wskutek rozwoju glejaka wielopostaciowego z zastosowaniem mikrospektroskopii
FTIR i Ramana.

7. Weryfikacj¢ réznic w anomaliach pierwiastkowych i molekularnych obserwowanych
w badanych modelach zwierzecych glejaka wielopostaciowego.

Zakres rozprawy doktorskiej obejmuje:

1. Przeglad literatury dotyczacej zastosowania metod spektroskopowych do analizy
pierwiastkowej probek biologicznych oraz poréwnanie warto$ci parametréw walidacyjnych
wyznaczonych dla przeprowadzanych przy ich uzyciu analiz.

2. Udziatl w eksperymencie polegajacym na implantacji komorek glejaka wielopostaciowego
do mézgu szczurow.

3. Preparatyke pobranych narzadéw szczurzych w celu przeprowadzenia pomiarow.
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4. Badania skfadu pierwiastkowego probek (potkule mozgu szczurow, serce, nerka,
$ledziona, ptuca) metoda TXRF.

5. Analiza dystrybucji pierwiastkow w mozgu szczuro6w metodg SR-XRF.

6. Badania rozmieszczenia glownych makromolekut biologicznych oraz zmian w strukturze
biatek w tkance mozgowej metoda mikrospektroskopii FTIR i Ramana.

7. Podsumowanie rezultatéw migdzylaboratoryjnego poréwnania wynikow analiz skiadu
pierwiastkowego probek biologicznych przeprowadzonych metodg TXRF.
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3. Materialy i metody

W badaniach prowadzonych w ramach rozprawy doktorskiej wykorzystano narzady
pochodzace od meskich osobnikow szczurow Wistar albino. Hodowla zwierzat oraz wszystkie
procedury z ich udziatem prowadzone byly w Pracowni Neuropatologii Eksperymentalnej
(wczesniej Zaktad Neuroanatomii) Instytutu Zoologii i Badan Biomedycznych Uniwersytetu
Jagiellonskiego. Procedury te zostaly zaakceptowane przez II Lokalng Komisj¢ Etyczng do
Spraw Doswiadczen na Zwierzetach w Krakowie (zgody nr 121/2015 oraz nr 119/2016) oraz
przeprowadzone zgodnie z mi¢dzynarodowymi standardami.

W czesci eksperymentalnej pracy A1 wykorzystano tkanki pochodzace od szesciu zwierzat
stanowigcych grupe kontrolng we wczesniej prowadzanych badaniach, dotyczacych wptywu
ekspozycji na nanoczastki tlenku Zelaza na sktad pierwiastkowy wybranych narzadow [41].
Przedmiot analizy stanowily narzady szczurze: tkanka mi¢§niowa, mozg, nerka, watroba, serce
oraz §ledziona.

Dla potrzeb realizacji celéw postawionych w pracach A2, A3 oraz S2 zanalizowano tkanki
mozgu pobrane od szczurow wykorzystanych w eksperymencie dotyczacym toksyczno$ci
glejaka wielopostaciowego. Grupy oznaczone jako T, U oraz Pa! reprezentowaly modele
zwierzece GBM, ktore opieraly si¢ na implantacji wybranych komoérek nowotworu do mézgu
szczura. Zwierzeta z grup T oraz U poddano implantacji komercyjnie dostgpnych komorek linii
T98g oraz U87mg, pochodzacych z banku Amerykanskiej Kolekcji Hodowli Komoérkowych
(ATCC, ang. American Type Culture Collection, USA). Zwierzeta z grupy Pa zostaty poddane
implantacji komorek nowotworowych pobranych od pacjenta ze zdiagnozowanym pierwotnym
glejakiem wielopostaciowym. Procedura izolacji ludzkich komoérek glejaka wielopostaciowego
zostala zaakceptowana przez Komisj¢ Bioetyki ds. wykorzystania materiatu komérkowego
pobranego od pacjentow podczas zabiegdéw neuroonkologicznych (decyzja nr 535/2017 z dnia
13 czerwca 2017, wydana przez Komisj¢ Bioetyczng przy Uniwersytecie Mikotaja Kopernika
w Toruniu). W pracach A2, A3 oraz S2 wykorzystano réwniez tkanki pobrane od zwierzat
niepoddanych procedurze implantacji komodrek nowotworowych, ktore stanowity
w przeprowadzonych eksperymentach grupe kontrolng N. Dodatkowo, w pracy A3
analizowano tkanki mozgu pobrane od zwierzat poddanych implantacji do moézgu pozywki
hodowlanej (DMEM, ang. Dulbecco’s Modified Eagle Medium), W ktorej zawieszone byly
opisane wczesniej wszystkie rodzaje komorek nowotworowych (grupa M).

Materiat badawczy w pracy S1 stanowity narzady szczurze (nerka, serce, $ledziona, ptuco)
pobrane od zwierzat stanowiacych grupe kontrolng N w eksperymencie dotyczacym
toksycznosci GBM.

Do zbadania sktadu pierwiastkowego narzadow szczurzych w pracach Al, A2 oraz S1
wykorzystano spektroskopi¢ TXRF. W celu przygotowania pobranych narzagdow do analizy tg
metoda, poddano je mineralizacji mikrofalowej w kwasie azotowym V przy uzyciu
mineralizatora SpeedWave 4. Efektem procedury mineralizacji jest usunigcie organicznej
matrycy probki oraz jej rozpuszczenie. Pomiary, tak przygotowanych ciektych probek tkanek,
przeprowadzono przy uzyciu spektrometru Picofox™ S2 (Bruker) w Laboratorium Metod

LW oryginalnej wersji publikacji A2 grupa zwierzat ,,Pa” oznaczona jest jako ,,P”.
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Rentgenowskich Instytutu Fizyki na Uniwersytecie Jana Kochanowskiego w Kielcach (praca
Al) oraz spektrometru Nanohunter Il (Rigaku) w Laboratorium Fluorescencji Rentgenowskiej
na Wydziale Fizyki i Informatyki Stosowanej AGH w Krakowie (praca A2 oraz S1). Wynikiem
przeprowadzonych pomiaréw byto oznaczenie st¢zen fosforu, siarki, potasu, wapnia, zelaza,
miedzi, cynku oraz selenu w analizowanych narzadach szczurzych, tj. tkance mig$niowe;j,
mozgu, nerce, watrobie, sercu i $ledzionie (praca Al), w lewych i prawych potkulach moézgu
szczurdéw (praca A2) oraz w nerce, $ledzionie, sercu i ptucu (praca S1).

Metoda SR-XRF zostala zastosowana do przeprowadzenia topograficznej i iloSciowej
analizy pierwiastkowej mozgu szczurow. Do analizy wykorzystano suche skrawki tego narzadu
o grubosci 20 um, obejmujagce obszar implantacji komorek GBM. Dwuwymiarowe
obrazowanie rozmieszczenia fosforu, siarki, potasu, wapnia, zelaza, miedzi, cynku oraz selenu
przeprowadzono na linii FLUO osrodka synchrotronowego KARA (ang. Karlsruhe Research
Accelerator) w KIT (ang. Karlsruhe Institute of Technology) w Karlsruhe (praca A3). Z kolei
analize dystrybucji pierwiastkow lekkich, tj. sodu, magnezu, glinu oraz chloru przeprowadzono
na linii XRF synchrotronu Elettra w Triescie (praca S2).

W celu zbadania zmian w zawartosci gtownych makromolekut biologicznych, a takze
analizy roznic w strukturze drugorzedowej bialek oraz zmian strukturalnych lipidow,
zastosowano dwie komplementarne metody spektroskopii wibracyjnej: mikrospektroskopi¢
FTIR oraz mikroskopi¢ Ramana. Analizom poddano skrawki moézgu o grubosci 8 pm, ktore
pobrano z rejonu implantacji komérek nowotworowych, a nastepnie wysuszono w niskiej
temperaturze. Pomiary metoda mikrospektroskopii FTIR przeprowadzono z uzyciem
mikroskopu Nicolet iN10 MX (Thermo Fisher Scientific), a pomiary ramanowskie
z wykorzystaniem mikroskopu WITec Alpha 300R. Oba mikroskopy stanowig wyposazenie
Laboratorium Biospektroskopii Atomowej i Molekularnej na Wydziale Fizyki i Informatyki
Stosowanej AGH w Krakowie.
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4. Streszczenia artykulow

Al: “The assessment of the usability of selected instrumental techniques for the elemental
analysis of biomedical samples”

Celem pracy [Al] bylo oméwienie wybranych metod analizy instrumentalnej (F-AAS, GF-
AAS, ICP-OES i ICP-MS) pod wzgledem ich przydatnosci w ilosciowej analizie
pierwiastkowej probek pochodzenia biologicznego. W przeprowadzonym przegladzie
literaturowym skupiono si¢ na uzyskiwanych warto$ciach parametrow walidacyjnych
pomiarow, tj. precyzja (powtarzalno$¢ oraz precyzja posrednia), poprawnos¢ oraz granice
detekcji pierwiastkow. Szczegdlng uwage poswigcono réwniez metodom przygotowania
probek biologicznych przed wykonaniem analiz. Na podstawie danych przedstawionych
w analizowanych pracach naukowych, stwierdzono, ze sposrod omawianych technik analizy
pierwiastkowej najwiecej mozliwosci analitycznych oferuje metoda ICP-MS. Pozwala ona na
przeprowadzanie analiz wielopierwiastkowych, a ze wzgledu na uzyskiwane bardzo niskie
granice wykrywalnos$ci, umozliwia oznaczanie pierwiastkoéw znajdujacych si¢ w probkach na
poziomie ultrasladowym. Ponadto, otrzymywane warto$ci precyzji i poprawno$ci pomiaréw
przeprowadzanych metodg ICP-MS sg w wigkszosci przypadkow lepsze niz uzyskiwane dla
innych technik analizy pierwiastkowej. Zastosowanie metody ICP-MS w badaniach probek
biologicznych wydaje si¢ jednak ograniczone, ze wzglgdu na wysokie koszty aparatury oraz
procedury pomiaroweyj.

W drugiej, eksperymentalnej czesci artykutu podjeto si¢ oceny uzytecznosci metody TXRF
dla potrzeb analizy sktadu pierwiastkowego probek pochodzenia zwierzecego — narzadow
szczurzych. Wyznaczono fizjologiczne wartosci stezen fosforu, siarki, potasu, wapnia, zelaza,
miedzi, cynku oraz selenu w narzadach szczurzych: watrobie, nerce, probce mig$nia, mozgu,
sercu oraz $ledzionie. Poréwnanie otrzymanych wynikow z danymi literaturowymi wykazalo
dobrg zgodno$¢ dla pierwiastkow o wyzszej liczbie atomowej. Z kolei w przypadku
pierwiastkow lekkich obserwowano wigksze rozbiezno$ci w warto$ciach zmierzonych stgzen,
co moglo wynika¢ z zastosowanej preparatyki probek. Na ocene przydatnosci metody TXRF
sktadato si¢ rowniez wyznaczenie precyzji 1 poprawnosci przeprowadzonych pomiaréw, a takze
wartosci granic detekcji analizowanych pierwiastkow. Granice wykrywalnosci wynosity od
0,0335 pg/g (selen) do 28,6 ng/g (fosfor). Powtarzalno§¢ wynikow uzyskanych metodg TXRF
byta dla wigkszosci pierwiastkow zadowalajaca 1 nie przekraczata 6%. Wyjatek stanowita
precyzja oznaczenia zawarto$ci fosforu 1 siarki, ktorej wartosci wynosity odpowiednio 11,7%
oraz 28%. Ostatnim z elementéw procedury walidacyjnej metody TXRF bylo wyznaczenie
poprawnosci przeprowadzonych pomiardw, co zrealizowano poprzez analiz¢ zawarto$ci
pierwiastkbw w materiale referencyjnym pochodzenia biologicznego. Zmierzone wartosci
stezen r6znity si¢ od ich wartosci referencyjnych dla wigkszosci analizowanych pierwiastkow.
W szczegblnosci, zaobserwowano zawyzenie zawartosci potasu, wapnia, zelaza, miedzi oraz
cynku oraz zanizenie st¢zenia fosforu. Najlepsza zgodno$¢ pomiedzy wynikami otrzymano dla
siarki oraz selenu.
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S1 “The first total reflection X-ray fluorescence round-robin test of mammalian tissue
samples: preliminary results”

Badania przedstawione w pracy [S1] stanowily kolejny etap weryfikacji uzyteczno$ci
metody TXRF w analizie probek pochodzenia biologicznego i zostaly przeprowadzone
w ramach projektu ENFORCE TXRF (European Network for Chemical Elemental Analysis by
Total Reflection X-ray Fluorescence) COST Action 18130 (European Cooperation in Science
and Technology). Ich celem byla ocena zmiennosci wynikéw analizy pierwiastkowej tych
samych probek (narzadow szczurzych: nerka, serce, $ledziona, ptuco), uzyskanych przez cztery
laboratoria wyposazone w rézne, komercyjnie dostepne spektrometry TXRF. W laboratoriach
przeprowadzono pomiary stgzen fosforu, siarki, potasu, wapnia, zelaza, miedzi, cynku i selenu
w analizowanych prébkach, a takze wyznaczono parametry walidacyjne: granice
wykrywalnosci badanych pierwiastkow, powtarzalno$¢ oraz precyzje posrednia pomiarow.
Aby zweryfikowaé¢ zgodno$¢ wynikéw otrzymanych przez wspotpracujace laboratoria
okreslono réwniez precyzje miedzylaboratoryjng. Ponadto, wyniki pomiarow sktadu
pierwiastkowego wybranej probki serca przeprowadzone metoda TXRF porownano
z wynikami analiz z wykorzystaniem metod ICP-OES oraz ICP-MS, ktore przyjeto jako
metody referencyjne.

Wyniki pracy [S1] potwierdzity przydatnos¢ metody TXRF w analizie pierwiastkowej
tkanek zwierzecych. Wartos$ci stezen pierwiastkow o wyzszych liczbach atomowych zmierzone
przez wspotpracujace laboratoria byly ze sobg zgodne, natomiast widoczne rozbieznosci
zaobserwowano w przypadku analizy zawartosci pierwiastkow lekkich. Wyznaczone granice
wykrywalnosci wynosity od 3,92 ng/g do 22,9 pg/g dla fosforu i od 0,0147 pg/g do 0,0352 pg/g
dla selenu. Zgodnie z oczekiwaniami, pod wzgledem badanych parametréow walidacyjnych,
najlepsze wyniki uzyskano dla pierwiastkow o wyzszych liczbach atomowych.
Przeprowadzone poréwnanie mi¢dzylaboratoryjne wykazalo bardzo dobra poprawnos¢ (okoto
100% dla zelaza, miedzi i cynku) i precyzj¢ (powtarzalno$¢ <6%, precyzja posrednia <12%
I precyzja migdzylaboratoryjna <12%) wyznaczenia stgzen tych pierwiastkow, co moze
swiadczy¢ o wysokiej przydatnosci metody TXRF w ich analizie w probkach tkanek ssakow.
Wskazano rowniez potencjalne kierunki dziatan dla poprawy uzytecznosci metody
w przypadku analizy pierwiastkow lekkich, a mianowicie usprawnienie procesu preparatyki
probek w celu zmniejszenia efektu samoabsorpcji, optymalizacje i/lub ujednolicenie procedur
kalibracji oraz dekonwolucji widm w poszczegdlnych laboratoriach.

A2 “Comparison of elemental anomalies following implantation of different cell lines of
glioblastoma multiforme in the rat brain: a total reflection X-ray fluorescence
spectroscopy study”

W pracy [A2] skoncentrowano si¢ na ocenie zmian w sktadzie pierwiastkowym moézgu
szczuroOw poddanych implantacji roznych komorek glejaka wielopostaciowego. Badaniom
poddano tkanki m6zgu pochodzace od zwierzat z grup N, T, Pa oraz U. Wykorzystujac metode
TXRF wyznaczono stezenia fosforu, siarki, potasu, wapnia, zelaza, miedzi, cynku oraz selenu
osobno dla potkuli lewej - implantowanej oraz prawej - nieimplantowanej. W celu stwierdzenia,
czy obserwowane roznice migdzy koncentracjami pierwiastkow w poétkulach sg istotne
statystycznie zastosowano test U-Manna Whitneya. Stopien inwazyjnosci wykorzystanych linii
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komorkowych glejaka, okreslony na podstawie przeprowadzonej analizy mikroskopowej jako
potencjat do rozwoju guza, roznit si¢ miedzy poszczegdlnymi grupami eksperymentalnymi
I byt najwyzszy dla grupy U, a najnizszy dla grupy T. Ilo§¢ obserwowanych anomalii
pierwiastkowych korelowala ze stopniem agresywnosci badanych komorek GBM i byta
najwicksza dla grupy U, gdzie zaobserwowano znaczacy spadek stezenia fosforu, potasu
I miedzi oraz wzrost stezenia selenu w implantowanej potkuli w porownaniu do lewej potkuli
zwierzat z grupy kontrolnej. Wiekszo$¢ zmian byla specyficzna dla danego modelu GBM,
natomiast, wspdlng cechg dla wszystkich trzech grup zwierzat implantowanych byt wzrost
zawartosci zelaza w prawych pétkulach mézgu. Poziom tego pierwiastka byl podwyzszony
réwniez w lewych potkulach moézgow zwierzat z grup Pa oraz T. Cechg charakterystyczng dla
poszczegdlnych grup eksperymentalnych byla akumulacja selenu w  potkulach
implantowanych. Zawartos$¢ selenu zaobserwowana w grupach Pa i U byta, odpowiednio,
nizsza I wyzsza w porownaniu do analogicznej potkuli zwierzat kontrolnych. Natomiast
w grupie T pierwiastek ten utrzymywat si¢ na niezmienionym poziomie.

Dodatkowo, w celu oceny wiarygodnosci przeprowadzonych pomiarOw wyznaczono
parametry walidacyjne dla zastosowanej metody TXRF, tj. granice detekcji analizowanych
pierwiastkOw a takze powtarzalno$¢ oraz precyzje posrednig. Otrzymane wartosci
analizowanych parametréw byty zadowalajace.

A3 “Altered elemental distribution in male rat brain tissue as a predictor of glioblastoma
multiforme growth — studies using SR-XRF microscopy”

Motywacja do badan przedstawionych w pracy [A3] byt fakt, iz rozmieszczenie
pierwiastkow w tkankach objetych rozwojem nowotworu moze nie by¢ jednorodne. Dlatego,
do zbadania dystrybucji pierwiastkéw w mozgach szczurow, a takze iloSciowego oznaczenia
gestosci  powierzchniowych pierwiastkow w wybranych rejonach badanych tkanek
zastosowano metode SR-XRF. Analizowano tkanki pochodzace od zwierzat z grup N, M, T, Pa
oraz U. Zaobserwowane anomalie w dystrybucji pierwiastkow byly skorelowane ze zmianami
w morfologii tkanek, ktore pojawily si¢ wskutek rozwoju nowotworu. Podobnie jak
w przypadku wynikow przedstawionych w pracy [A2], najwigksze nieprawidtowosci
W rozmieszczeniu pierwiastkow odnotowano dla grupy U. Zmiany nowotworowe, ktore
rozwinely si¢ w mozgach zwierzat nalezacych do tej grupy, charakteryzowata niejednorodna
struktura, widoczna na obrazach mikroskopowych. W jej obrebie mozna byto zidentyfikowac
rejon wlasciwy guza oraz jego obszar szczatkowy. Rejony te wykazywaly roznice w stopniu
akumulacji dla wigkszoS$ci pierwiastkow, a najwigksze rozbiezno$ci mozna byto obserwowac
w przypadku rozmieszczenia wapnia oraz zelaza. Jedynym pierwiastkiem, ktory akumulowat
si¢ W sposob jednorodny w zmianach rozwini¢tych u zwierzat z grupy U byt selen.

Analiza ilo$ciowa oraz ocena statystyczna uzyskanych wynikéw pozwolity na wskazanie
pierwiastkow, ktorych akumulacja rézni si¢ znaczaco pomiedzy rejonem glejaka a jego
otoczeniem. Nowotwory ktore rozwingly si¢ w mozgach zwierzat z grup Pa oraz
U charakteryzowaly si¢ zwiekszong akumulacjg Zelaza oraz selenu. W bezposrednim otoczeniu
zmian powstatych w wyniku implantacji komoérek U87mg zaobserwowano zwigkszone
gromadzenie miedzi. Zauwazono, iz anomalia w morfologii oraz dystrybucji pierwiastkow
w tkankach pobranych od szczuréw z grupy T sa zblizone do zmian obserwowanych u zwierzat
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poddanych administracji pozywki hodowlanej (grupa M) i prawdopodobnie mogg one wynikaé
z samego uszkodzenia tkanek, do jakiego moze dochodzi¢ podczas implantacji a nie rozwoju
nowotworu. Dla obu tych grup eksperymentalnych, w rejonach odpowiadajacych miejscu
implantacji, zaobserwowano zwickszona akumulacj¢ zelaza oraz wapnia.

Na podstawie oceny zaré6wno rozmieszczenia pierwiastkoOw jak uzyskanych wynikow
analizy ilo$ciowe] wysuni¢to wniosek, iz selen mogiby by¢ potencjalnym, pierwiastkowym
markerem rozwoju glejaka wieclopostaciowego w badanych modelach zwierzecych.

S2 “Application of vibrational spectroscopy methods in the investigation of animal models
of glioblastoma multiforme”

Badania w pracy [S2] miaty na celu weryfikacje, czy rozwoj glejaka wielopostaciowego
w moézgach szczurzych powoduje zmiany w zawartosci oraz strukturze gléownych molekut
biologicznych oraz akumulacji pierwiastkow lekkich. W pierwszej kolejnosci, wykorzystujac
mikrospektroskopie FTIR, przeprowadzono dwuwymiarowe obrazowanie tkanek co pozwolito
na uzyskanie map rozmieszczenia biomolekul oraz wskazanie réznic w ich akumulacji
pomigdzy regionami zdrowymi a zmienionymi nowotworowo. Zaobserwowane anomalie
w dystrybucji biomolekut korelowaty ze zmianami histologicznymi tkanki, a ich rozlegtos¢
okazata si¢ zalezna od rodzaju implantowanej linii komoérkowej GBM i byta najwigksza dla
grupy U. Nastepnie, za pomocg tej metody oraz mikrospektroskopii Ramana, przeprowadzono
szczegdtowa analizg spektralng wybranych obszarow tkanki, a mianowicie kory mézgowej,
istoty biatej oraz guza dla poétkuli implantowanej i nieimplantowanej. Porownanie widm
zarejestrowanych naterenie lewej i prawej potkuli w obszarach kory oraz istoty biatej pozwolito
na stwierdzenie, ze rozwoj glejaka nie ma wptywu na gromadzenie biomolekut w odlegtych
obszarach mozgu. Skupiono si¢ rowniez na zbadaniu lokalnych zmian biochemicznych
spowodowanych rozwojem GBM. Analiza porownawcza widm zarejestrowanych w obszarze
nowotworu oraz jego otoczeniu wykazata, ze rejony GBM charakteryzuja si¢ zmniejszong
zawarto$cig lipidow, kwasow nukleinowych oraz zwigzkdéw zawierajacych grupy karbonylowe
a takze zmianami w zawartosci 1 strukturze biatek. W porownaniu do tkanek otaczajacych,
W rejonach nowotworow zaobserwowano wickszg zawartos¢ biatek o strukturze drugorzedowe;
typu beta. W celu potwierdzenia istotnosci otrzymanych wynikéw poddano je zaawansowanej
ocenie statystycznej z wykorzystaniem metody analizy gtéwnych sktadowych (PCA, ang.
principal component analysis). Wyniki PCA wykazaty, ze w przypadku grup Pa oraz U réznice
miedzy widmami IR zarejestrowanymi w rejonie nowotworu oraz kory mozgowej i istoty
biatej, sg znaczace.

Ponadto, analiza zawarto$ci lekkich pierwiastkéw przeprowadzona z wykorzystaniem
metody SR-XRF ujawnita wzrost akumulacji sodu i chloru oraz zmniejszone gromadzenia
magnezu w guzach rozwinigtych u zwierzat z grupy U.
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5. Dyskusja

Wszelkie procesy chorobowe zachodzace w organizmie moga mie¢ swoje
odzwierciedlenie w sktadzie pierwiastkowym oraz biochemicznym tkanek, ktorych badanie
moze stanowi¢ istotny element w poznaniu patogenezy danego schorzenia. Analiza prébek
biologicznych jest trudnym zagadnieniem, co wynika ze zlozonej struktury ich matrycy,
atakze, czesto niskich zawarto$ci badanych sktadnikéw. Ponadto, zwykle dysponuje si¢
niewielka ilo$cig materialu probki do przeprowadzenia analizy. Doktadna ilosciowa analiza
pierwiastkowa probek biologicznych stanowi bardzo wazny problem biomedycyny. W tego
rodzaju badaniach wykorzystywane sg narzedzia analizy instrumentalnej, w tym metody
spektroskopowe takie jak absorpcyjna spektrometria ptomieniowa (F-AAS) i bezptomieniowa
z zastosowaniem kuwety grafitowej (GF-AAS) oraz atomowa spektrometria emisyjna ze
wzbudzeniem w plazmie indukcyjnie sprz¢zonej (ICP-OES). Do metod analizy pierwiastkowej
nalezy réwniez spektrometria masowa ze wzbudzeniem w plazmie indukcyjnie sprzezonej
(ICP-MS). Na podstawie przegladu literatury przeprowadzonego dla celow publikacji Al
stwierdzono, ze metodami najcz¢sciej wykorzystywanymi do analizy pierwiastkowej probek
biologicznych sa ICP-MS i ICP-OES, ktore w odroznieniu od metod F-AAS i GF-AAS
pozwalaja na wykonywanie analiz wielopierwiastkowych. Metoda ICP-OES jest zazwyczaj
wybierana jako narzedzie analizy pierwiastkow gtownych w probee, z kolei metoda ICP-MS
wykorzystywana jest w analizie tych o zawartosciach na poziomie sladowym i ultrasladowym.
Dane przedstawione w analizowanych pracach naukowych, w tym wartosci precyzji
I poprawnosci przeprowadzonych pomiardow, pozwolily wskaza¢ ICP-MS jako metodg
0 najwickszej efektywnosci. Ma to zwigzek roéwniez z osigganiem najnizszych granic
wykrywalnosci pierwiastkow sposrod wymienionych metod analizy pierwiastkowej. Metoda
ICP-MS jest bardziej wszechstronna, pozwala bowiem réwniez na okreslenie sktadu
izotopowego niektorych pierwiastkow w probkach. Jej wykorzystanie, jednak, moze byc¢
ograniczone ze wzgledu na wysokie koszty wykonywanych pomiarow.

Wsrod metod wielopierwiastkowej analizy ilosciowej, warta do rozwazenia alternatywa
dla wysokokosztowych metod plazmowych jest spektrometria TXRF. Mozliwosci analityczne
tej metody, tj. niskie granice wykrywalnos$ci pierwiastkow, krotki czas analizy oraz niewielka
ilo$¢ materiatu konieczna do wykonania oznaczen, jak rowniez nieskomplikowana procedura
pomiarowa i niskie koszty, wptywaja na jej szerokie wykorzystanie w analizie probek réznego
pochodzenia. W badaniach prowadzonych w ramach rozprawy doktorskiej podjeto sie proby
oceny przydatnosci metody TXRF dla potrzeb analizy zawartosci fosforu, siarki, potasu,
wapnia, zelaza, miedzi, cynku oraz selenu w probkach biologicznych. Wyznaczone w pracach
Al, S1 oraz A2 granice detekcji pierwiastkéw, jak rowniez wartosci precyzji pomiarow
wykonanych z uzyciem metody TXRF byly zadowalajace oraz poréwnywalne z warto$ciami
tych parametrow dla omowionych wcze$niej metod analizy pierwiastkowej, przede wszystkim
dla pierwiastkow o wyzszej liczbie atomowej. W rezultacie migdzylaboratoryjnego poréwnania
wynikéw analizy pierwiastkowej tkanek szczurzych przeprowadzonych metoda TXRF
wykazano, 1z wartosci stezen pierwiastkow o wyzszych liczbach atomowych zmierzone przez
wspolpracujace laboratoria byly ze soba zgodne. Rozbiezno$ci zaobserwowano, natomiast,
w przypadku pierwiastkow lekkich, zwtaszcza fosforu i siarki. Ich Zrédlem moga by¢ rozne
algorytmy dekonwolucji stosowane w poszczegdlnych laboratoriach podczas dopasowania
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widm rentgenowskich w zakresie promieniowania charakterystycznego tych pierwiastkow
(1,5-3,0 keV). Ze wzgledu na ztozony charakter widma w tym zakresie, wynikajacy z obecnosci
dodatkowych linii serii K pochodzacych od krzemu, chloru oraz argonu, jest ono szczegolne
wrazliwe na zastosowang procedure¢ dopasowania. Istotnym czynnikiem wplywajacym na
obserwowane rozbiezno$ci w zawarto$ciach fosforu i1 siarki moze by¢ rowniez rdzna
efektywno$¢ absorpcji promieniowania rentgenowskiego w suchej pozostatosci probki.
Usprawnienie procesu preparatyki probek, optymalizacja i ujednolicenie stosowanych procedur
dekonwolucji widm ikalibracji moglyby by¢ potencjalnymi dziataniami skutkujacymi
polepszeniem przydatnosci metody TXRF w przypadku analizy pierwiastkow lekkich
w tkankach zwierzecych.

Glownym celem badan stanowigcych przedmiot rozprawy doktorskiej byta identyfikacja
pierwiastkéw oraz biomolekul zaangazowanych w rozwdj glejaka wielopostaciowego
w zwierzgecych modelach tego schorzenia. Zadanie to zrealizowano z zastosowaniem metod
spektroskopowych, w szczegélnosci metod analizy pierwiastkowej TXRF oraz SR-XRF a takze
metod spektroskopii wibracyjnej, tj. mikrospektroskopii FTIR oraz Ramana. Badania
przeprowadzono z wykorzystaniem modeli zwierzecych GBM okreslanych jako ortotopowe
przeszczepy ksenogeniczne — komorki ludzkiego nowotworu wszczepiono do mozgoéw gryzoni.
Dwa modele bazowatly na rozwoju nowotworu z komercyjnie dostgpnych ustalonych linii
komoérkowych GBM, a mianowicie U87mg (grupa U) oraz T98g (grupa T). Trzeci model
powstat z wykorzystaniem komorek pobranych bezposrednio z nowotworu rozwinictego
u pacjenta ze zdiagnozowanym GBM (grupa Pa).

Nowotworom powstatym w modelach zwierzgcych GBM towarzyszyt szereg zmian
pierwiastkowych i biochemicznych. Przeprowadzone badania wykazaty, ze ilos¢
obserwowanych anomalii zalezata od implantowane;j linii komorkowej, a najwigksze réznice
miedzy tkankami zdrowymi a nowotworowymi stwierdzono dla zmian, ktére rozwingly si¢ po
implantacji komorek linii U87mg. Analiza mikroskopowa tkanek pobranych z rejonu
implantacji komorek glejaka pokazata, ze zarbwno wszczepienie komorek U87mg, jak i tych
pochodzacych bezposrednio od pacjenta, doprowadzito do rozwoju guza w obrgbie
implantowanej potkuli mézgowej szczura. W przypadku komoérek U87mg byta to masywna
zmiana, niekiedy obejmujaca calg implantowang potkule, z widoczng niejednorodng struktura,
w obrgbie ktorej zidentyfikowano rejon whasciwy guza oraz jego obszar szczatkowy. Natomiast
po implantacji komorek T98g nie doszlo do rozwoju nowotworu w modzgach szczurdéw,
a zmiany morfologiczne tkanek obserwowane w miejscu wszczepienia mogty wynikaé¢ z ich
uszkodzenia podczas procedury implantacji.

Analiza metodg TXRF wykazala spadek zawartosci fosforu w implantowanych potkulach
moézgu szczurow nalezacych do grupy U [praca A2]. Z kolei na podstawie map rozmieszczenia
pierwiastkow, otrzymanych z wykorzystaniem metody SR-XRF, w tkankach pobranych od
zwierzat nalezacych do tej grupy mozna byto zaobserwowa¢ zmniejszenie akumulacji fosforu
w rejonie szczatkowym nowotworu [praca A3]. Obszar ten stanowi rejon martwiczy guza,
ktorego obecnos¢ jest jedng z charakterystycznych cech GBM, §wiadczacg o ztym rokowaniu
pacjentow [42]. Zmniejszenie dystrybucji fosforu w tym obszarze moze wynikac¢ z uszkodzenia
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blon komorkowych, a w szczegdlnosci z rozpadu fosfolipidow bedacych sktadnikami
budulcowymi bton, ktére wptywaja na ich integralno$¢ [43]. Obnizong akumulacje
fosfolipidow w rejonie szczatkowym guzéw rozwinigtych z komoérek U887mg potwierdzity
badania przeprowadzone z wykorzystaniem metody FTIR. Wykazano, iz obszary te cechuje
zmniejszona intensywnos$¢ pasm charakterystycznych dla zwigzkow zawierajacych grupy
fosforanowe (~1080 i 1240 cm™) oraz grupy karbonylowe (~1740 cm™) [praca S2].

Badania sktadu pierwiastkowego potkul mozgu pokazaty wzrost zawartosci wapnia oraz
zelaza w nieimplantowanych poétkulach dla zwierzat poddanych implantacji komérek U87mg.
Ponadto, w obu potkulach mozgu szczurow z grupy Pa zaobserwowano zwigkszenie poziomu
zelaza w porownaniu do zwierzat kontrolnych [praca A2]. Analiza skrawkoéw mozgu metoda
SR-XRF wykazata nichomogeniczng akumulacj¢ wapnia oraz zelaza w obrebie masy guza,
ktory rozwinal si¢ z komoérek U87mg. Istotny wzrost gesto$ci powierzchniowej wapnia
odnotowano w rejonie szczatkowym nowotworu, natomiast zelaza w jego obszarze wlasciwym.
Wzrost akumulacji tych dwoch pierwiastkow odnotowano rowniez w obregbie zmian ktore
rozwingty si¢ po implantacji komoérek pochodzacych od pacjenta [praca A3]. Podejrzewa sig,
iz anomalie w gromadzeniu wapnia mogg by¢ rezultatem procesu ekscytotoksycznosci
glutaminianu — pobudzajacego neuroprzekaznika, ktorego poziom w warunkach
fizjologicznych regulowany jest przez astrocyty. Komorki GBM wykazuja nieprawidtowosci
w zakresie kontroli poziomu glutaminianu. Co wigcej, mogg uwalnia¢ jego znaczne ilosci do
przestrzeni migdzykomoérkowej [44]. Nadmierna koncentracja glutaminianu aktywuje
w blonach kanaty przepuszczalne dla wapnia, co powoduje jego naptyw do wnetrza komorki.
To, z kolei, wywoluje szereg niszczacych procesow prowadzacych do $mierci komorki [45].
Zelazo jest mikroelementem istotnym dla wzrostu i proceséw podziatu komérek. Zwigkszona
akumulacja tego pierwiastka w obrebie zmiany powstatej z komorek pobranych od pacjenta
oraz w rejonie wtasciwym nowotworu, ktory rozwinagt si¢ z komorek U87mg, moze wskazywac
na obszary o intensywnej proliferacji i inwazyjno$ci.

Miedz jest mikroelementem zaangazowanym w wiele istotnych procesow fizjologicznych,
w tym w proces angiogenezy. Pierwiastek ten aktywuje wiele czynnikow promujacych
powstawanie nowych naczyn krwionosnych, a takze stymuluje proliferacje komorek
srodbtonka, ktore wyscielaja naczynia [46]. Angiogeneza jest procesem kluczowym dla
wzrostu nowotworu, ze wzgledu na zwigkszone zapotrzebowanie na sktadniki znajdujace sig
we Krwi [47]. Analiza TXRF potkul mozgu szczuréw poddanych implantacji komorek U87mg
wykazala zmniejszenie zawarto§ci miedzi w poréwnaniu do zwierzat normalnych, a takze
spadek koncentracji tego pierwiastka w potkulach implantowanych w odniesieniu do potkul
nieimplantowanych [praca A2]. Ponadto, analiza map rozmieszczenia pierwiastkow
w badanych tkankach wykazata zmniejszone gromadzenie si¢ miedzi w obrgbie zmian
powstatych w mozgach zwierzat z grup U oraz Pa. Z Kolei, istotny statystycznie wzrost
akumulacji tego pierwiastka zostal zaobserwowany w tkankach sgsiadujacych ze zmiang
nowotworowa, ktora powstata w wyniku implantacji komorek U87mg [praca A3]. Zwigkszenie
gestosci powierzchniowej miedzi w rejonie otaczajagcym nowotwor moze wskazywaé na
zintensyfikowanie procesOw rozwoju nowych naczyn i sugerowaé wysoka inwazyjnos¢
zmiany.
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Analiza TXRF mézgow szczurow wykazata specyficzng dla badanych modeli zwierzecych
GBM akumulacje selenu. Stezenie tego pierwiastka zmierzone w potkulach implantowanych
zwierzat z grup U 1 Pa bylo odpowiednio wyzsze i nizsze w odniesieniu do odpowiedniej potkuli
zwierzat kontrolnych [praca A2]. Z kolei na podstawie map rozmieszczenia selenu
zaobserwowano jego zwigkszong akumulacje w obrebie nowotwordw, ktore powstalty w obu
tych grupach eksperymentalnych. Istotnie podwyzszona zawarto$¢ selenu wyrozniata rejony
rozwinigtych zmian nowotworowych od obszarow tkanek poddanych implantacji pozywki
hodowlanej jak i komorek T98g, gdzie nie zaobserwowano ekspansji nowotworu. Sposrod
wszystkich badanych pierwiastkow, jedynie region o zwigkszonej akumulacji selenu pokrywat
si¢ z obszarem nowotworu zidentyfikowanym podczas oceny mikroskopowej. Co istotne, selen
byt jedynym pierwiastkiem o jednorodnym rozktadzie w obrgbie zmiany w grupie U, a ggstos¢
powierzchniowa tego pierwiastka byla podwyzszona zard6wno w obszarze wlasciwym
nowotworu jak i w jego rejonie szczatkowym [praca A3]. Na podstawie tych wszystkich
obserwacji uznano, iz selen moglby by¢ potencjalnym, pierwiastkowym markerem rozwoju
GBM w modelach zwierzgcych. Podwyzszona akumulacja selenu w rejonie nowotworu moze
wynika¢ ze zwigkszonego zapotrzebowania na ten pierwiastek, ktore wykazuja intensywnie
proliferujagce komorki nowotworowe i/lub moze by¢é wynikiem odpowiedzi uktadu
immunologicznego na rozwijajacy si¢ nowotwor i towarzyszacy temu procesowi stan zapalny

[48, 49].

W badaniach zmian zawartosci i struktury biomolekut zachodzacych w mézgach szczurow
poddanych implantacji komoérek GBM szczegélnie uzyteczna okazata si¢ metoda
mikrospektroskopii FTIR. Otrzymane z jej wykorzystaniem mapy chemiczne, jak réwniez
przeprowadzona analiza spektralna, pozwolity na wskazanie zwigzkow, ktore moga miec
znaczenie dla rozwoju nowotworu w badanych modelach zwierzecych. Przeprowadzona
analiza statystyczna uzyskanych wynikow potwierdzita istotno$¢ réznic pomiedzy widmami IR
zarejestrowanymi dla istoty bialej, kory moézgowej oraz zmiany nowotworowej rozwinigtej
z komorek U87mg oraz pochodzacych od pacjenta. Moze to S$wiadczy¢ o potencjale
diagnostycznym metody FTIR w rozréznianiu tkanek zdrowych od zmienionych
nowotworowo. Dla zadnego z modeli zwierzgcych GBM nie udalo si¢, natomiast, potwierdzié
istotnosci  statystycznej réznic pomigdzy widmami ramanowskimi zarejestrowanymi
w badanych rejonach mozgu [praca S2].

Jedng z najistotniejszych obserwacji poczynionych w wyniku przeprowadzonej analizy
biochemicznej, jest stwierdzony spadek akumulacji lipidow w rejonach nowotworow
rozwinigtych z komorek U87mg i pochodzacych od pacjenta, jak rowniez w miejscu
implantacji komoérek T98g. Roznice w dystrybucji lipidow, wyraznie widoczne na mapach
topograficznych, pozwolily na rozr6znienie obszaru nowotworu od tkanek otaczajagcych [praca
S2]. Jednym z czynnikow wplywajacych na zmniejszenie akumulacji lipidow moze byc¢
wspomniana wczesniej redukcja zawartosci fosfolipidow w obszarze guza. Inng z przyczyn
moze stanowi¢ wysokie zapotrzebowanie energetyczne komoérek nowotworowych zwigzane
z ich intensywng proliferacja [50, 51].

Obecnoé¢ w widmie IR pasm absorpcji 1080 oraz 1240 cm™ wynika, miedzy innymi,
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z zawarto$ci w badanej probce kwaséw nukleinowych. Zaréwno analiza topograficzna jak
I spektralna przeprowadzona z wykorzystaniem metody FTIR wykazata rdznice
W intensywnosci 1 strukturze tych pasm pomig¢dzy tkankami zdrowymi a zmienionymi
nowotworowo, przede wszystkim dla grup U oraz Pa [praca S2]. Ich zmniejszona intensywno$¢
moze wskazywaé na uszkodzenia kwasow nukleinowych w rejonach mozgu zajetych przez
nowotwor [52].

Analiza biochemiczna tkanek pobranych z obszaru implantacji od zwierzat z grup Pa oraz
U wykazata wzrost zawartosci bialek o strukturze drugorzedowej typu beta Kartki
w porownaniu do tych o strukturze alfa helisy w obszarach objetych rozwojem nowotworu
[praca S2]. Ze wzgledu na fakt, iz struktura protein determinuje ich funkcje biologiczne,
wszelkie jej zmiany moga mie¢ swoje odzwierciedlenie w funkcjonowaniu komorek.
Obserwowane anomalia mogg wynika¢ z mutacji gendw zwigzanych z procesem rozwoju
nowotworu [52-54]. Wzrost zawarto$ci bialek o drugorzgdowej strukturze beta kartki moze
by¢ rowniez zwigzany ze zwickszonym uwalnianiem przez komorki glejaka proteoglikanu NG2
do przestrzeni migdzykomorkowej [55]. Zwigzek ten posiada biatkowy rdzen o takiej wtasnie
strukturze drugorzedowej i wptywa m.in. na wysoka inwazyjno$¢ komorek GBM [56, 57].
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6. Podsumowanie

W ramach rozprawy doktorskiej, w oparciu o zwierzece modele GBM, zbadano zmiany
pierwiastkowe i biochemiczne powstajace w mozgu na skutek rozwoju tego nowotworu. Do
tego celu wykorzystano metody analizy spektroskopowej: TXRF, SR-XRF,
mikrospektroskopi¢ FTIR oraz Ramana. Ponadto, poruszono problem analizy pierwiastkowej
probek pochodzenia biologicznego, a przede wszystkim skupiono si¢ na ocenie uzytecznosci
do tego celu wybranych metod instrumentalnych. W szczegolnosci:

1. W przeprowadzonym przegladzie literaturowym opisano mozliwe zastosowania metod F-
AAS, GF-AAS, ICP-OES oraz ICP-MS do analizy pierwiastkowej roznego rodzaju probek
biologicznych. Przedstawiono stosowane do tego celu metody preparatyki probek. Na
podstawie analizy wybranych parametréw walidacyjnych (precyzja, poprawnos¢ oraz granice
detekcji pierwiastkdéw) oceniono uzytecznos$¢ poszczegdlnych metod w badaniach zawartosci
fosforu, siarki, potasu, wapnia, zelaza, miedzi, cynku oraz selenu w takich prébkach [praca Al].

2. Potwierdzono uzyteczno$¢ metody TXRF w analizie pierwiastkowej probek
biologicznych, przede wszystkim dla pierwiastkow o wyzszej liczbie atomowej. Zrealizowano
to poprzez oceng wybranych parametrow  walidacyjnych oraz  weryfikacje
miedzylaboratoryjnego poroéwnania wynikéw analizy probek ssakow. Wskazano mozliwe
kierunki poprawy przydatnosci metody dla badania zawarto$ci pierwiastkow lekkich w takich
probkach [prace Al, A2, S1].

3. Wskazano roznice w sktadzie i rozmieszczeniu pierwiastkow oraz istotnych biologicznie
molekut w m6zgu pomiedzy badanymi modelami zwierzecymi GBM. Liczba obserwowanych
anomalii korelowata z inwazyjno$cig implantowanych komorek glejaka i byta najwigksza dla
linii U87mg, a najmniejsza dla linii T98g. Stwierdzono, ze implantacja tych ostatnich nie
doprowadzita do rozwoju nowotworu, a obserwowane anomalie pierwiastkowe i biochemiczne,
jak rowniez w strukturze morfologicznej, moga wynika¢ z uszkodzenia tkanek spowodowanego
procedurg implantacji [prace A2, A3, S2].

4. Metody wykorzystane do zobrazowania rozmieszczenia pierwiastkow oraz biomolekut
w badanych tkankach, a mianowicie SR-XRF oraz FTIR, uwidocznilty zmiany nowotworowe
powstate z komoérek U87mg oraz pochodzacych od pacjenta. Obserwowane anomalie zwykle
korelowaly ze zmianami histologicznymi tkanek. Z pomoca wyzej wymienionych metod,
mozliwa byta rowniez identyfikacja rejondw o odmiennej strukturze morfologicznej w obrebie
nowotworu ktory rozwinat si¢ z komorek U87mg [prace A3, S2].

5. Zidentyfikowano pierwiastki, ktore moga by¢ zaangazowane w rozwdj GBM
w zwierzgcych modelach nowotworu. Istotne dla procesu wzrostu glejaka anomalie
zaobserwowano dla zawartosci 1 dystrybucji fosforu, wapnia, zelaza, miedzi oraz selenu.
Wskazano selen jako mozliwy pierwiastkowy marker rozwoju glejaka w mozgach gryzoni
[prace A2, A3].

6. Szczegblnie uzyteczna w analizie biochemicznej badanych tkanek okazata si¢ metoda

;e qe e
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nukleinowych oraz zwigzkoéw zawierajacych grupy karbonylowe, jak réwniez zmiany
w strukturze drugorzedowej biatek w obszarach nowotworéw rozwinigtych w mozgach
szczurow z implantowanych komorek glejaka [praca S2].
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Lista wystapien konferencyjnych i seminaryjnych
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Natalia Janik-Olchawa, Kamil Kawon, Agnieszka Dr6zdz, Rolf Simon, Tilo Baumbach, Joanna
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2. Karolina Planeta, Zuzanna Setkowicz-Janeczko, Damian Ryszawy, Natalia Janik-
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Olchawa, Agnieszka Dré6zdz, Joanna Chwiej, Biomolecular topography of glioblastoma
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developmental stage in the hippocampal formation, ACS Chem. Neurosci. 10(1):628-635
(2019); 1F2021=5.780, MNiSW2021=100.
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2. Pobyt naukowy w os$rodku badawczym promieniowania synchrotronowego DESY
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Trieste, 16/02/2023
Dr. Giuliana Aquilanti
Elettra-Sincrotrone Trieste
SS 14 km 163.5 Basovizza (TS) 34149 Italy

CO-AUTHOR CONFIRMATION

As a co-author of publication entitled
“Vibrational spectroscopy methods for investigation of the animal models of glioblastoma
multiforme” (in review),
I declare that my contribution to the creation of the above-mentioned work included
Support for data acquisition, review of the manuscript

I declare that a separate part of the above-mentioned work demonstrate the individual
contribution from Karolina Olbrich in developing the research concept, conducting the
experimental part as well as analyzing and interpreting the results. I give my permission for the
above-mentioned work to be submitted by Karolina Olbrich as part of a doctoral dissertation
in the form of a thematically coherent collection of articles published in scientific journals.
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Karlsruhe, 06. February 2023
(Place and date)
Prof. Dr. Tilo Baumbach

(Professional title, name and surname)

Karlsruhe Institute of Technology
Institute for Photon Science and Synchrotron Radiation
{Institution)

Hermann-von-Helmholtz-Platz 1
76344 Eggenstein-Leopoldshafen, Germany
(Address)

CO-AUTHOR CONFIRMATION
As a co-author of the publication entitled

“Altered Elemental Distribution in Male Rat Brain Tissue as a Predictor of Glioblastoma
Multiforme Growth-—Studies Using SR-XRF Microscopy” (Int. J. Mol. Sci. 2022),

Hereby, [ declare that my contribution to the above-mentioned paper was to grant a beamtime
at the beamline FLUO at the KIT Synchrotron Light Source.

I declare that a separatable part of the above-mentioned paper demonstrates the individual

contribution from Karolina Olbrich in developing the research concept, conducting the

experiment as well as analyzing and interpreting the results. I give my permission for the above-

mentioned paper to be submitted by Karolina Olbrich as a part of her doctoral dissertation in

the form of a thematically coherent collection of papers published in scientific journals.
7

/A/é‘ ______ ((/ .....................

(Signature)
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Trieste, 16/02/2023
Dr. llaria Calromagno
Elettra-Sincrotrone Trieste
SS 14 km 163.5 Basovizza (TS) 34149 Italy

CO-AUTHOR CONFIRMATION

As a co-author of publication entitled
“Vibrational spectroscopy methods for investigation of the animal models of glioblastoma
multiforme™ (in review),
I declare that my contribution to the creation of the above-mentioned work included
Support for data acquisition, review of the manuscript

I declare that a separate part of the above-mentioned work demonstrate the individual
contribution from Karolina Olbrich in developing the research concept, conducting the
experimental part as well as analyzing and interpreting the results. I give my permission for the
above-mentioned work to be submitted by Karolina Olbrich as part of a doctoral dissertation
in the form of a thematically coherent collection of articles published in scientific journals.

@Lax.m TN

(Signature)
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Krakéw, dnia 27.02.2023
Dr hab. inz. Joanna Chwiej, prof. uczelni
(tytut zawodowy, imie i nazwisko)
WFilS AGH
(instytucja)
Al. Mickiewicza 30, 30-059 Krakow
(adres)

OSWIADCZENIE

Jako wspolautor prac pt.:

1. “Comparison of Elemental Anomalies Following Implantation of Different Cell Lines of
Glioblastoma Multiforme in the Rat Brain: A Total Reflection X-ray Fluorescence
Spectroscopy Study” (ACS Chem. Neurosci. 2020),

2. “The assessment of the usability of selected instrumental techniques for the elemental
analysis of biomedical samples™ (Sci Rep 2021),

3. “Altered Elemental Distribution in Male Rat Brain Tissue as a Predictor of Glioblastoma
Multiforme Growth—Studies Using SR-XRF Microscopy” (Int. J. Mol. Sci. 2022),

oswiadczam, ze moj wkilad w powstanie kazdej z ww. prac obejmowal udziat w
opracowaniu koncepcji i metodologii badan oraz nadzér nad ich realizacjg i publikacjg
uzyskanych wynikow.

Oswiadczam takze, ze samodzielna oraz mozliwa do wyodrebnienia cze$¢ ww. prac
wykazuje indywidualny wkiad mgr Karoliny Olbrich przy opracowywaniu koncepcji badar,
przeprowadzeniu czgsci eksperymentalnej, analizie i interpretacji wynikow niniejszych prac.
Jednoczesnie wyrazam zgode na przedlozenie ww. prac przez mgr Karoling Olbrich jako
czes¢ rozprawy doktorskiej w formie spdjnego tematycznie zbioru artykutéw opublikowanych
w czasopismach naukowych.

ﬂdmﬂ&ﬂﬁf .......

(podpis wspolautofa)
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Krakéw, dnia 27.02.2023
Dr hab. inz. Joanna Chwiej, prof. uczelni
(tytut zawodowy, imi¢ i nazwisko)
WFiIS AGH
(instytucja)
Al. Mickiewicza 30, 30-059 Krakow
(adres)

OSWIADCZENIE

Jako wspotautor pracy pt.:
“Vibrational spectroscopy methods for investigation of the animal models of glioblastoma
multiforme” (w recenzji),

oswiadczam, ze m6j wkiad w powstanie ww. pracy obejmowat udziat w opracowaniu
koncepcji i metodologii badan oraz nadzoér nad ich realizacja i publikacja uzyskanych wynikow.

Oswiadczam takze, ze samodzielna oraz mozliwa do wyodrebnienia cze$¢ ww. pracy
wykazuje indywidualny wktad mgr Karoliny Olbrich przy opracowywaniu koncepcji badan,
przeprowadzeniu czgsci eksperymentalnej, analizie i interpretacji wynikOw niniejszej pracy.
Jednoczesnie wyrazam zgode na przedlozenie ww. pracy przez mgr Karoling Olbrich jako
cze$¢ rozprawy doktorskiej w formie spdjnego tematycznie zbioru artykutéw opublikowanych
w czasopismach naukowych.

, &( )

(podpis wspotautora)
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Krakéw, dnia 27.02.2023
Dr hab. inz. Joanna Chwiej, prof. uczelni
(tytut zawodowy, imi¢ i nazwisko)
WFiIS AGH
(instytucja)
Al. Mickiewicza 30, 30-059 Krakow
(adres)

OSWIADCZENIE

Jako wspoétautor pracy pt.:
“The first total reflection X-ray fluorescence round-robin test of mammalian tissue samples:
preliminary results” (w recenzji),

o$wiadczam, ze mdj wkiad w powstanie ww. pracy obejmowat udziat w opracowaniu

koncepcji i metodologii badan oraz nadzér nad ich realizacjg i publikacjg uzyskanych wynikow.

Os$wiadczam takze, ze samodzielna oraz mozliwa do wyodr¢bnienia cze$¢ ww. pracy
wykazuje indywidualny wktad mgr Karoliny Olbrich przy opracowywaniu koncepcji badan,
przeprowadzeniu czgsci eksperymentalnej, analizie i interpretacji wynikow niniejszej pracy.
Jednoczesnie wyrazam zgode na przedlozenie ww. pracy przez mgr Karoling Olbrich jako
czesé rozprawy doktorskiej w formie spoéjnego tematycznie zbioru artykutéw opublikowanych
w czasopismach naukowych.

e e

(podpis wspotautora)
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Hamburg, 14 lutego 2023

(miejscowosc, data)

Dr inz. Mateusz Czyzycki
(tytut zawodowy, imig i nazwisko)

Akademia Gérniczo-Hutnicza

Wydziat Fizyki i Informatyki Stosowanej
(instytucja)

Al. A. Mickiewicza 30

30-059 Krakow

(adres)

Karlsruhe Institute of Technology

Institute for Photon Science and Synchrotron Radiation
KIT Synchrotron Laboratory at PETRA III in Hamburg
(instytucja)

Hermann-von-Helmholtz-Platz 1

76344 Eggenstein-Leopoldshafen, Niemcy

(adres)

OSWIADCZENIE

Jako wspotautor pracy pt.:
“Altered Elemental Distribution in Male Rat Brain Tissue as a Predictor of Glioblastoma
Multiforme Growth—Studies Using SR-XRF Microscopy” (Int. J. Mol. Sci. 2022),
o$wiadczam, ze m¢j wklad w powstanie ww. pracy obejmowat wykonanie eksperymentu
w KIT Synchrotron Light Source w Karlsruhe w Niemczech na linii pomiarowej FLUO.

Os$wiadczam takze, Zze samodzielna oraz mozliwa do wyodrebnienia czg§¢ ww. pracy
wykazuje indywidualny wktad mgr Karoliny Olbrich przy opracowywaniu koncepcji badan,
przeprowadzeniu czgéci eksperymentalnej, analizie i interpretacji wynikoéw niniejszej pracy.
Jednoczednie wyrazam zgodg na przedtozenie ww. pracy przez mgr Karoling Olbrich jako
cz$¢ rozprawy doktorskiej w formie spdjnego tematycznie zbioru artykutéw opublikowanych
w czasopismach naukowych.

(podpis wspotautora
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Hamburg, 14 lutego 2023

(miejscowosé, data)

Dr inz. Mateusz Czyzycki
(tytut zawodowy, imig i nazwisko)

Akademia Gérniczo-Hutnicza

Wydziat Fizyki i Informatyki Stosowanej
(instytucja)

Al A. Mickiewicza 30

30-059 Krakow
(adres)

Karlsruhe Institute of Technology

Institute for Photon Science and Synchrotron Radiation
KIT Synchrotron Laboratory at PETRA III in Hamburg
(instytucja)

Hermann-von-Helmbholtz-Platz 1

76344 Eggenstein-Leopoldshafen, Niemcy
(adres)

OSWIADCZENIE

Jako wspoétautor pracy pt.:
“Vibrational spectroscopy methods for investigation of the animal models of glioblastoma
multiforme” (w recenzji),

o$wiadczam, ze m¢j wklad w powstanie ww. pracy obejmowat wykonanie eksperymentu
w Elettra Sincrotrone Trieste we Wtoszech na linii pomiarowej XRF/IAEA.

Os$wiadczam takze, ze samodzielna oraz mozliwa do wyodrebnienia czg§¢ ww. pracy
wykazuje indywidualny wkiad mgr Kareliny Olbrich przy opracowywaniu koncepcji badan,
przeprowadzeniu cze$ci eksperymentalnej, analizie i interpretacji wynikow niniejszej pracy.
Jednocze$nie wyrazam zgodg na przedlozenie ww. pracy przez mgr Karoling Olbrich jako
czg$¢ rozprawy doktorskiej w formie spdjnego tematycznie zbioru artykutéw opublikowanych
w czasopismach naukowych.

(podpis wspotautora)
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Krakow, dnia. 2. 02 ;.’2 O 2 L
Dr inz. Agnieszka Drézdz
(tytut zawodowy, imie i nazwisko)
Wydziat Fizyki i Informatyki Stosowanej
Akademia Gorniczo-Hutnicza
im. Stanistawa Staszica w Krakowie
(instytucja)
Al Adama Mickiewicza 30
30-059 Krakow
(adres)

OSWIADCZENIE

Jako wspétautor prac pt.:

1. “Comparison of Elemental Anomalies Following Implantation of Different Cell Lines of
Glioblastoma Multiforme in the Rat Brain: A Total Reflection X-ray Fluorescence
Spectroscopy Study” (ACS Chem. Neurosci. 2020),

2. “The assessment of the usability of selected instrumental techniques for the elemental
analysis of biomedical samples” (Sci Rep 2021)

o$wiadczam, ze mdj wklad w powstanie ww. prac obejmowal:

1. wspétudziat w opracowaniu metodologii badan oraz prowadzeniu badan

2. wspbtudzial w opracowaniu metodologii, prowadzeniu badan oraz walidacji otrzymanych

wynikéw.

Os$wiadczam takze, ze samodzielna oraz mozliwa do wyodrgbnienia czes¢ ww. prac
wykazuje indywidualny wklad mgr Karoeliny Olbrich przy opracowywaniu koncepcji badan,
przeprowadzeniu czgsci eksperymentalnej, analizie i interpretacji wynikéw niniejszych prac.
Jednoczesnie wyrazam zgode na przediozenie ww. prac przez mgr Karoling Olbrich jako
cze$¢ rozprawy doktorskiej w formie spdjnego tematycznie zbioru artykuléw opublikowanych
w czasopismach naukowych. i

Bgmtentes. Detiti....

(podpis wspotautora)
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Madrid, 28™ February 2023
UA'M
Universidad Auténoma
de Madrid

Dr. Ramon Fernandez Ruiz
Universidad Autéonoma de Madrid
Facultad de Ciencias. SIdI, C13
Avd. Francisco Tomas y Valiente, 7

28049-Madrid

CO-AUTHOR CONFIRMATION

As a co-author of publication entitled
“The first total reflection X-ray fluorescence round-robin test of mammalian tissue samples:
preliminary results” (in review),

I declare that my contribution to the creation of the above-mentioned work included
experimental measurements as well as writing-review & editing.

I declare that a separate part of the above-mentioned work demonstrate the individual
contribution from Karolina Olbrich in developing the research concept, conducting the
experimental part as well as analyzing and interpreting the results. I give my permission for the
above-mentioned work to be submitted by Karolina Olbrich as part of a doctoral dissertation
in the form of a thematically coherent collection of articles published in scientific journals.

Firmado digitalmente por
FERNANDEZ RUIZ RAMON -
22975511
Nombre de reconocimiento
(DN): c=ES,
. ’f;.,__';;hf' -~ serialNumber=IDCES-229755
- = 11Y, givenName=RAMON,
sn=FERNANDEZ RUIZ,
cn=FERNANDEZ RUIZ RAMON
-22975511Y
Fecha: 2022.02.28 12:54:51
+01'00'
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Krakdw, dnia 07.03.23
Prof dr hab Krzysztof Janeczko
(tytul zawedowy, imie 1 nazwiske)

Instytut Zoologu 1 Badan Biomedycznych
Umwersytet Jagiellofisk
(instytucja)
Krakow, ul. Gronostajowa 9
(adres)
OSWIADCZENIE
Jako wspélautor prac pt.:

1. “Companson of Elemental Anomalies Following Implantation of Different Cell Lines of
Glioblastoma Multiforme in the Rat Brain A Total Reflection X-ray Fluorescence
Spectroscopy Study™ (ACS Chem. Neurosci. 2020),

2. “Altered Elemental Distribution in Male Rat Brain Tissue as a Predictor of Glioblastoma
Multiforme Growth—Siudies Using SR-XRF Microscopy™ (Int. J. Mol. Sci. 2022)

ofwiadczam, ze mé) wklad w powstanie ww. prac obejmowal twdércza dyskusje
manuskryptu

Oswiadczam takze, ze samodzielna oraz mozliwa do wyodrebmenia czes¢ ww. prac
wykazuje indywidualny wkiad mgr Karoliny Olbrich przy opracowywanm koncepcji badan,
przeprowadzeniu czesci eksperymentalne), analizie 1 mterpretacji wynikow miniejszych prac.
Jednoczesémie wyrazam zgode na przediozenie ww. prac przez mgr Karoline Olbrich jako
czesc rozprawy doktorskie) w formie spojnego tematyczmie zbioru artykutéw opublikowanych

w czasopismach naukowych.
Elektronicznie podpisany przez Krzysztof
Janeczko
Data: 2023.03.07 23:34:59 +01'00'

(podpis wspolautora)
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Krakow, dnia 1.03.2023
Dr Natalia Janik-Olchawa
(tytut zawodowy, imi¢ i nazwisko)
Instytut Zoologii i Badan Biomedycznych UJ
(instytucja)
Gronostajowa 9
(adres)

S

OSWIADCZENIE

Jako wspoétautor prac pt.:

1. “Comparison of Elemental Anomalies Following Implantation of Different Cell Lines of
Glioblastoma Multiforme in the Rat Brain: A Total Reflection X-ray Fluorescence
Spectroscopy Study” (ACS Chem. Neurosci. 2020),

2. “Altered Elemental Distribution in Male Rat Brain Tissue as a Predictor of Glioblastoma
Multiforme Growth—Studies Using SR-XRF Microscopy” (Int. J. Mol. Sci. 2022),

o$wiadczam, ze moj wklad w powstanie obu ww. prac obejmowal:

- prowadzenie hodowli komérkowych i przygotowanie materiatu biologicznego do

doswiadczen
Oswiadczam takze, ze samodzielna oraz mozliwa do wyodrebnienia czgs¢ ww. prac
wykazuje indywidualny wklad mgr Karoliny Olbrich przy opracowywaniu koncepcji badan,
przeprowadzeniu czgsci eksperymentalnej, analizie i interpretacji wynikéw niniejszych prac.

Jednoczesnie wyrazam zgode na przedlozenie ww. prac przez mgr Karoling Olbrich jako

czg$¢ rozprawy doktorskiej w formie spdjnego tematycznie zbioru artykulow opublikowanych

w czasopismach naukowych.

(podpis wspolautora)
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Krakow, 1.03.2023
(miejscowosé, data)

Dr Natalia Janik-Olchawa

(tytul zawodowy, imi¢ i nazwisko) b

Instytut Zoplogii i Badan Biomedycznych UJ
(instytucja)

Gronostajowa 9

(adres)

OSWIADCZENIE

Jako wspolautor pracy pt.:
“Vibrational spectroscopy methods for investigation of the animal models of glioblastoma
multiforme™ (w recenzji),
o$wiadczam, ze méj wklad w powstanie ww. pracy obejmowat:
- prowadzenie hodowli komorkowych i przygotowanie materiatu biologicznego do
doswiadczen

O$wiadczam takze, ze samodzielna oraz mozliwa do wyodrebnienia czg§¢ ww. pracy
wykazuje indywidualny wklad mgr Karoeliny Olbrich przy opracowywaniu koncepcji badan,
przeprowadzeniu czeéci eksperymentalnej, analizie i interpretacji wynikow niniejszej pracy.
Jednoczesnie wyrazam zgode na przedlozenie ww. pracy przez mgr Karoling Olbrich jako
czgs$¢ rozprawy doktorskiej w formie spdjnego tematycznie zbioru artykulow opublikowanych

w czasopismach naukowych.
uit, - (Vellger

(podpis wspolautora)
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OSWIADCZENIE

Jako wspdlautor pracy pt.:
“Vibrational spectroscopy methods for investigation of the animal models of glioblastoma
multiforme” (w recenzji),
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Os$wiadczam takze, ze samodzielna oraz mozliwa do wyodrebnienia czgéé ww. pracy
wykazuje indywidualny wktad mgr Karoliny Olbrich przy opracowywaniu koncepcji badan,
przeprowadzeniu cz¢éci eksperymentalnej, analizie i interpretacji wynikéw niniejszej pracy.
Jednoczes$nie wyrazam zgode na przediozenie ww. pracy przez mgr Karoling Olbrich jako
cz¢$¢ rozprawy doktorskiej w formie spojnego tematycznie zbioru artykutéw opublikowanych

w czasopismach naukowych.
| '
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(podpis wspétautora)
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Kielce, dnia 01.03.2023
Dr hab. Aldona Kubala-Kukus, prof. UJK
(tytut zawodowy, imie i nazwisko)
Instytut Fizyki, Uniwersytet Jana Kochanowskiego w Kielcach
(instytucja)
UL Uniwersytecka 7, 25-435 Kielce
(adres)

OSWIADCZENIE

Jako wspotautor pracy pt.:
“The assessment of the usability of selected instrumental techniques for the elemental analysis
of biomedical samples™ (Sci Rep 2021),

oswiadczam, ze moj wktad w powstanie ww. pracy obejmowat:
............... witepna tedakeje MAanUSKIYPU « susmmssasssvssssmsmasssmssmssmomsssussss s esesssmmss

Oswiadczam takze, ze samodzielna oraz mozliwa do wyodrgbnienia czg$¢ ww. pracy
wykazuje indywidualny wktad mgr Karoliny Olbrich przy opracowywaniu koncepcji badan.,
przeprowadzeniu czgéci eksperymentalnej, analizie i interpretacji wynikOw niniejszej pracy.
Jednoczesnie wyrazam zgode na przedlozenie ww. pracy przez mgr Karoling Olbrich jako
czes$¢ rozprawy doktorskiej w formie spojnego tematycznie zbioru artykutow opublikowanych
w czasopismach naukowych.

Rlolona Mwudu. JZAW

(podpis wspotautora)
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Kielce, 01.03.2023
(miejscowos¢, data)

Dr hab. Aldona Kubala-Kukus, prof. UJIK

(tytut zawodowy, imig i nazwisko)

Instytut Fizyki, Uniwersytet Jana Kochanowskiego w Kielcach
(instytucja)

Ul. Uniwersytecka 7, 25-435 Kielce

(adres)

OSWIADCZENIE

Jako wspolautor pracy pt.:
“The first total reflection X-ray fluorescence round-robin test of mammalian tissue samples:
preliminary results” (w recenzji),

o$wiadczam, ze moj wkiad w powstanie ww. pracy obejmowat:
............ wykonanie czedci pomiardw TXRE ......cccoiiiniiiiimisinminesimnss s

Os$wiadczam takze. ze samodzielna oraz mozliwa do wyodrgbnienia czgS¢ ww. pracy
wykazuje indywidualny wkiad mgr Karoliny Olbrich przy opracowywaniu koncepcji badan,
przeprowadzeniu czgsci eksperymentalnej. analizie i interpretacji wynikéw ninigjszej pracy.
Jednoczesnie wyrazam zgode na przedlozenie ww. pracy przez mgr Karoling Olbrich jako
czesé rozprawy doktorskiej w formie spojnego tematycznie zbioru artykuléw opublikowanych
w czasopismach naukowych.

(podpis wspotautora)
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Dr. Eva Margui
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C/M.Aurelia Capmany, 69
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CO-AUTHOR CONFIRMATION

As a co-author of publication entitled
“The first total reflection X-ray fluorescence round-robin test of mammalian tissue samples:
preliminary results” (in review),

I declare that my contribution to the creation of the above-mentioned work included
experimental measurements as well as writing-review & editing,.

I declare that a separate part of the above-mentioned work demonstrate the individual
contribution from Karolina Olbrich in developing the research concept, conducting the
experimental part as well as analyzing and interpreting the results. I give my permission for
the above-mentioned work to be submitted by Karolina Olbrich as part of a doctoral
dissertation in the form of a thematically coherent collection of articles published in scientific

journals.
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Krakéw, dnia 28.02.2023
Mgr inz. Karolina Olbrich

(tytul zawodowy, imig¢ i nazwisko)

WEFilS AGH

(instytucja)

Al. Mickiewicza 30, 30-059 Krakow
(adres)

OSWIADCZENIE

Jako wspétautor prac pt.:

- “Comparison of Elemental Anomalies Following Implantation of Different Cell Lines of
Glioblastoma Multiforme in the Rat Brain: A Total Reflection X-ray Fluorescence
Spectroscopy Study” (ACS Chem. Neurosci. 2020),

. “The assessment of the usability of selected instrumental techniques for the elemental
analysis of biomedical samples” (Sci Rep 2021),

- “Altered Elemental Distribution in Male Rat Brain Tissue as a Predictor of Glioblastoma
Multiforme Growth—Studies Using SR-XRF Microscopy” (Int. J. Mol. Sci. 2022),

o$wiadczam, ze m0j wktad w powstanie ww. prac obejmowat:

. udzial w koncepcji i metodologii badan, udziat w eksperymencie ze Zwierzgtami,
przygotowanie prébek, wykonanie pomiaréw, analiza i dyskusja wynikéw, walidacja,
przygotowanie tekstu publikacji;

- udziat w koncepcji i metodologii badan, przeprowadzenie przegladu literatury, analiza
danych, poréwnanie parametréw walidacyjnych, przygotowanie tekstu publikacji;

- udziat w koncepcji i metodologii badaf, udziat w cksperymencie ze zwierzgtami, analiza
1 dyskusja wynikow, przygotowanie tekstu publikacji.

Oswiadczam takze, ze samodzielna oraz mozliwa do wyodrebnienia cze$¢ ww. prac
wykazuje moj indywidualny wktad przy opracowywaniu koncepcji badan, przeprowadzeniu
czgsci eksperymentalnej, analizie i interpretacji wynikow niniejszych prac.

(podpis wspétautora)
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Krakéw, dnia 28.02.2023
Mgr inz. Karolina Olbrich
(tytut zawodowy, imig i nazwisko)
WFilS AGH
(instytucja)
Al Mickiewicza 30, 30-059 Krakow
(adres)

OSWIADCZENIE

Jako wspolautor pracy pt.:
“Vibrational spectroscopy methods for investigation of the animal models of glioblastoma
multiforme” (w recenzji),

oswiadczam, ze mdj wktad w powstanie ww. pracy obejmowat:
udzial w koncepcji i metodologii badan, udziat w eksperymencie ze zwierzetami, wykonanie
pomiaréw metoda FTIR, analiza i dyskusja wynikéw, przygotowanie tekstu publikacji.

O$wiadczam takze, Ze samodzielna oraz mozliwa do wyodrgbnienia czesé ww. pracy
wykazuje méj indywidualny wklad przy opracowywaniu koncepcji badan, przeprowadzeniu
czgsci eksperymentalnej, analizie i interpretacji wynikéw ninigjszej pracy.

(podpis wspotautora)
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Krakow, dnia 28.02.2023
Mgr inz. Karolina Olbrich
(tytul zawodowy, imi¢ i nazwisko)
WFiIS AGH
(instytucja)

Al. Mickiewicza 30, 30-059 Krakow
(adres)

OSWIADCZENIE

Jako wspétautor pracy pt.:

“The first total reflection X-ray fluorescence round-robin test of mammalian tissue samples:
preliminary results” (w recenzji),

o$wiadczam, ze m6j wktad w powstanie ww. pracy obejmowat:

udzial w koncepcji i metodologii badan, przygotowanie probek, wykonanie czeéci pomiarow,
analiza i podsumowanie wynikdw, walidacja, przygotowanie tekstu publikacji.

Oswiadczam takze, Ze samodzielna oraz mozliwa do wyodrebnienia czg§¢ ww. pracy
wykazuje moj indywidualny wktad przy opracowywaniu koncepcji badan, przeprowadzeniu
czgsci eksperymentalnej, analizie i interpretacji wynikow niniejszej pracy.

Mondiue,. Slousw

(podpis wspétautora)
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Krakéw, dnia 27.02.2023
Dr Beata Ostachowicz
(tytut zawodowy, imi¢ i nazwisko)
WFilIS, AGH
(instytucja)
30-040 Krakow, Al. Mickiewicza 30
(adres)

OSWIADCZENIE

Jako wspoétautor pracy pt.:

“Comparison of Elemental Anomalies Following Implantation of Different Cell Lines of
Glioblastoma Multiforme in the Rat Brain: A Total Reflection X-ray Fluorescence
Spectroscopy Study” (ACS Chem. Neurosci. 2020),

o$wiadczam, ze moj wklad w powstanie ww. pracy obejmowat:
udzial w pomiarach sktadu pierwiastkowego probek metoda catkowitego odbicia
promieniowania rentgenowskiego (TXRF).

Oswiadczam takze, ze samodzielna oraz mozliwa do wyodrgbnienia cz¢$¢ ww. pracy
wykazuje indywidualny wktad mgr Karoliny Olbrich przy opracowywaniu koncepcji badan,
przeprowadzeniu czgsci eksperymentalnej, analizie i interpretacji wynikow niniejszej pracy.
Jednoczesnie wyrazam zgode na przedlozenie ww. pracy przez mgr Karoling Olbrich jako
czgs¢ rozprawy doktorskiej w formie spojnego tematycznie zbioru artykutéw opublikowanych
w czasopismach naukowych.

(podpis wspotautora)
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Erakow, dmia.................
Prof. dr hab. Zuzanna Setkowicz-Janeczko
(tytul zawodowy, imie i nazwisko)
Instytut Zoologii 1 Badan Biomedycznych
Uniwersytet Jagiellonski
(instytucja)
Ul Gronostajowa 9.
(adresz)

OSWIADCZENIE

Jako wspolautor prac pt.:

1. “Comparison of Elemental Anomalies Following Implantation of Different Cell Lines of
Glioblastoma Multiforme in the Rat Bram: A Total Reflection X-ray Fluorescence
Spectroscopy Study”™ (ACS Chem Neurosci 2020,

2. “The assessment of the uwsability of selected mstrumental techmiques for the elemental
analysis of biomedical samples™ (Sc1 Rep 2021),

3. “Altered Elemental Distribution in Male Rat Brain Tissue as a Predictor of Glioblastoma
Multiforme Growth—Studies Using SR-XRF Microscopy”™ (Int. J. Mol Sci. 2022),

oswiadczam, ze md) wklad w powstame ww. prac obejmowal:

1. Przeprowadzenie czesci eksperymentu na zwierzetach
2. Tworcza dyskusje manuskryptu

Oswiadczam takze, ze samodzielna oraz mozliwa do wyodrebmema czes¢ ww. prac
wykazuje mdywidualny wklad mgr Karoliny Olbrich przy opracowywamu koncepcji badan,
przeprowadzenm czesci eksperymentalnej, analizie 1 interpretacji wynikéw niniejszych prac.
Jednoczesme wyrazam zgode na przedlozenie ww. prac przez mgr Karoling Olbrich jako
czest rozprawy doktorskie) w formue spénego tematyczme zbioru artykuléw opublikowanych
w czasopismach naukowych.

Ekkironkania podplany
Zuzannta prasz Juzanna Setkowlc-
Setkowicz- ll;'rg:!ﬂ,;!mm WDENT
Janeczko . L L

(podpis wspdlautora)
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Prof. dr hab. Zuzanna Setkowicz-Janeczko
(tyt} zawodowy, Imie 1 nazwisko)
Instytut Zoologii 1 Badan Biomedycznych
Uniwersytet Jagiellonski
(Imstytucja)
Ul Gronostajowa 9.
(adres)

OSWIADCZENIE

Jako wspolautor pracy pt.
“Vibrational spectroscopy methods for investigation of the animal models of glioblastoma
multiforme™ (w recenzji),

oswiadczam, ze mo) wklad w powstanie ww_ pracy obejmowal:

1 Przeprowadzenie czesci eksperymentu na zwierzetach
2. Tworcza dyskusje manuskryptu

Oswiadczam takze, ze samodzielna oraz mozliwa do wyodrebnienia czesé ww. pracy
wykazuje indywidualny wkiad mgr Karoliny Olbrich przy opracowywamu koncepcji badar,
przeprowadzenm czesci eksperymentalnej, analizie 1 mterpretac wynikow nimejsze) pracy.
Jednoczesme wyrazam zgode na przedlozenie ww. pracy przez mgr Karoline Olbrich jako
czest rozprawy doktorskiej w formie spéjnego tematycznie zbioru artykuléw opublikowanych
w czasopismach naukowych.

Zuzanna Setkowicz- mmm
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(podpis wspolautora)
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Prof. dr hab. Zuzanna Setkowicz-Janeczko
(tyt} zawodowy, Imie 1 nazwisko)
Instytut Zoologii 1 Badan Biomedycznych
Uniwersytet Jagiellonski
(Imstytucja)
Ul Gronostajowa 9.
(adres)

OSWIADCZENIE

Jako wspolautor pracy pt.
“The first total reflection X-ray fluorescence round-robin test of mammalian tissue samples:

preliminary results™ (w recenzji),
oswiadczam, ze mo) wklad w powstanie ww_ pracy obejmowal:

1 Przeprowadzenie czesci eksperymentu na zwierzetach
2. Tworcza dyskusje manuskryptu

Oswiadczam takze, ze samodzielna oraz mozliwa do wyodrebnienia czesé ww. pracy
wykazuje indywidualny wkiad mgr Karoliny Olbrich przy opracowywamu koncepcji badar,
przeprowadzenm czesci eksperymentalnej, analizie 1 mterpretac wynikow nimejsze) pracy.
Jednoczesme wyrazam zgode na przedlozenie ww. pracy przez mgr Karoline Olbrich jako
czest rozprawy doktorskiej w formie spéjnego tematycznie zbioru artykuléw opublikowanych
w czasopismach naukowych.

Zuzanna e

Setkowicz-  iameo

Janeczkﬂ DCata 2023.03.07 140419
by

(podpis wspolautora)
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Karlsruhe, 06. February 2023
(Place and date)
Dr. Rolf Simon

(Professional title, name and surname)

Karlsruhe Institute of Technology
Institute for Photon Science and Synchrotron Radiation
(Institution}

Hermann-von-Helmholtz-Platz 1
76344 Eggenstein-Leopoldshafen, Germany
(Address)

CO-AUTHOR CONFIRMATION
As a co-author of the publication entitled

“Altered Elemental Distribution in Male Rat Brain Tissue as a Predictor of Glioblastoma
Multiforme Growth—Studies Using SR-XRF Microscopy” (Int. J. Mol. Sci. 2022),

Hereby, 1 declare that my contribution to the above-mentioned paper was to prepare the
beamline FLUO at the KIT Synchrotron Light Source for the experiment.

I declare that a separatable part of the above-mentioned paper demonstrates the individual
contribution from Karolina Olbrich in developing the research concept, conducting the
experiment as well as analyzing and interpreting the results. [ give my permission for the above-
mentioned paper to be submitted by Karolina Qlbrich as a part of her doctoral dissertation in
the form of a thematically coherent collection of papers published in scientific journals.

(Signature)
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(tytul zawodowy, imi¢ i nazwisko)
U 2
(instytucja)

(adres)

OSWIADCZENIE

Jako wspotautor pracy pt.:
“The first total reflection X-ray fluorescence round-robin test of mammalian tissue samples:
preliminary results” (w recenzji),

o$wiadczam, ze moj wklad w powstanie ww. pracy obejmowal:
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Oswiadczam takze, ze samodzielna oraz mozliwa do wyodrgbnienia cz¢$¢ ww. pracy
wykazuje indywidualny wktad mgr Karoliny Olbrich przy opracowywaniu koncepcji badan,
przeprowadzeniu czesci eksperymentalnej, analizie i interpretacji wynikéw niniejszej pracy.
Jednoczesnie wyrazam zgode na przedlozenie ww. pracy przez mgr Karoling Olbrich jako
czg$¢ rozprawy doktorskiej w formie spdjnego tematycznie zbioru artykuléw opublikowanych

w czasopismach naukowych.
e /

(podpis wspotautora)
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Kielce, 01.03.2023
(miejscowos¢, data)

Mgr Jolanta Wudarczyk-Mocko
(tytul zawodowy, imig i nazwisko)
Swigtokrzyskie Centrum Onkologii
(instytucja)

UL Artwinskiego 3, 25-734 Kielce
(adres)

OSWIADCZENIE

Jako wspétautor pracy pt.:
“The first total reflection X-ray fluorescence round-robin test of mammalian tissue samples:
preliminary results” (w recenzji),

oswiadczam, ze méj wklad w powstanie ww. pracy obejmowat:
..................... wykonanie czgsci pomiardw TXRF ...............coooiiiiiiiii,

Oswiadczam takze, ze samodzielna oraz mozliwa do wyodrebnienia cz¢S¢ Ww. pracy
wykazuje indywidualny wkiad mgr Karoliny Olbrich przy opracowywaniu koncepcji badan,
przeprowadzeniu czgsci eksperymentalnej, analizie i interpretacji wynikow niniejszej pracy.
Jednocze$nie wyrazam zgode na przediozenie ww. pracy przez mgr Karoling¢ Olbrich jako
¢zgs¢ rozprawy doktorskiej w formie spojnego tematycznie zbioru artykuléw opublikowanych
w czasopismach naukowych.

podpis wspdtautora)
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The assessment of the usability
of selected instrumental
techniques for the elemental
analysis of biomedical samples

Karolina Planeta!, Aldona Kubala-Kukus?3, Agnieszka Drozdz!, Katarzyna Matusiak?,
Zuzanna Setkowicz* & Joanna Chwiej™

The fundamental rele of major, minor and trace elements in different physiological and pathological
processes occurring in living organism makes that elemental analysis of biomedical samples becomes
more and more popular issue. The most often used tools for analysis of the elemental composition

of biological samples include Flame and Graphite Furnace Atomic Absorption Spectroscopy (F-AAS
and GF-AAS), Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) and Inductively
Coupled Plasma Mass Spectrometry (ICP-MS). Each of these techniques has many advantages and
limitations that should be considered in the first stage of planning the measurement procedure. Their
reliability can be checked in the validation process and the precision, trueness and detectien limits

of elements belong to the most frequently determined validation parameters. The main purpose

of this paper was the discussion of selected instrumental techniques (F-AAS, GF-AAS, ICP-OES and
ICP-MS5) in term of the achieved validation parameters and the usefulness in the analysis of biolegical
samples. The focus in the detailed literature studies was also put on the methods of preparation of the
biomedical samples. What is more based on the own data the usefulness of the total reflection X-ray
fluorescence spectroscopy forthe elemental analysis of animal tissues was examined. The detection
limits of elements, precision and trueness for the technique were determined and compared with

the literature data concerning other of the discussed techniques of elemental analysis. Reassuming,
the following paper is to serve as a guide and comprehensive source of information concerning the
validation parameters achievable in different instrumental techniques used for the elemental analysis
of biomedical samples.

Instrumental techniques are a group of research tools applied for investigation of analytes in various types of
matter. These include i.a. spectroscopic tech niques and mass spectrometry. Spectroscopic techniques are based on
the generation and interpretation of the atomic spectra obtained as a result of the interaction of electromagnetic
radiation with the analyte. These interactions involve physical phenomena such as absorption or emission and
depending on the type of interaction, spectroscopic tech niques are distinguished'. Mass spectrometry is based on
the ionization of atoms contained in the analysed sample and separation of the formed charged particles based on
their mass to charge ratio’. Both atomic and mass spectra allow obtaining qualitative and quantitative information
on the composition of the analyte. Atomic absorption spectroscopy (AAS), inductively coupled plasma optical
emission spectroscopy (ICP-OES) and inductively coupled plasma mass spectrometry (ICP-MS) are widely
used in the studies on the elemental composition of samples of various origin, including biomedical samples®~*.

An important issue related to the reliability of the results of analyses is their validation. It is a process of
determining the values of parameters characterizing the efficiency of operation and the suitability of a given
technique for the research purposes set. Validation is carried out to ensure that the analysis process is fair and
precise. Demonstrating the reliability of the results obtained in this way is very important both for their correct
interpretation and for the possibility of their future use by other research groups. In the literature, the most

'Faculty of Physics and Applied Computer Science, AGH University of Science and Technology, Krakow,
Poland. “Institute of Physics, Jan Kochanowski University, Kielce, Poland. *Holly Cross Cancer Centre, Kielce,
Poland. “Institute of Zoology and Biomedical Research, Jagiellonian University, Krakow, Poland. ®email:
joanna.chwiej@fis.agh.edu.pl

Scientific Reports |

(2021) 11:3704 | https:fidoi.org/10.1038/541598-021-82179-3 nature portfolio
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Figure 1. Block diagram of a typical instrument used for atomic absorption spectroscopy.

frequently appearing validation parameters for quantitative elemental analyses are the accuracy and precision
of the measurement as well as the detection limit of the determined elements!®".

The biomedical samples can be divided into three main categories. The first category are liquid samples,
which include blood and its liquid components™, urine'*, cerebrospinal'® or amniotic fluid"”. There is also a
group of soft tissues, which are mainly organ or skin samples'®-?2, The third category includes hard tissues, i.e.
hair®, nails®, kidney stones”, teeth® and bones'”. These samples can be of both human and animal origin, and
the latter especially in the case of in vivo experiments?-*!. The elements that they contain perform many impor-
tant functions, and maintaining their content at the appropriate levels is crucial for the proper functioning of
the living organism*?-*°. What is more, the changes in their tissue concentrations may reflect physiological and
pathological processes occurring in the body**°. Besides the analysis of essential elements, their physiological
concentration and changes occurring during different pathological states, the investigations are focused on the
evaluation of the content of toxic elements in case of poisoning or environmental exposure”™®-42,

Elemental analysis of biological samples is a difficult issue, mainly, due to their complex composition and
to the low levels of the elements***. Therefore, among different factors that should be taken into account when
choosing an analytical tool, the most important are: minimum detectable element concentrations, the number of
elements one want to determine, the expected accuracy and precision of measurements or the available amount
of research material®*%. Awareness of the analytical capabilities of a given technique is a key element to correctly
plan the measurement procedure.

The following work was divided into two parts. The purpose of the first one was to discuss the use of AAS,
ICP-OES and ICP-MS in the quantitative elemental analysis of biomedical samples. The values of accuracy,
precision and detection limits of elements for various techniques were compared and discussed. What is more,
the summary concerning the methods of preparation of biomedical samples was presented. The second part of
the work was the evaluation of the usefulness of the total reflection X-ray fluorescence (TXRF) technique for
elemental analysis of tissue samples. The TXRE due to its analytical capabilities and sample preparation require-
ments, is similar to the discussed instrumental techniques of elemental analysis and therefore was chosen from
the collection of methods based on X-ray fluorescence for comparison with other presented techniques. The
principles of the TXRF and examples of its use for analysis of biomedical samples were discussed. The validation
parameters for the technique were determined and compared with the values achieved for other of the discussed
analytical techniques.

Selected instrumental techniques and their use for elemental analysis of biomedical
samples
Atomic absorption spectroscopy (AAS).  Atomic absorption spectroscopy is one of the most commonly
used technique in analytical laboratories. Due to its simplicity and low operating costs, AAS in widely applied
in single-elemental analysis. The basic principle of the AAS technique is that energy-characteristic radiation is
selectively absorbed by free atoms of elements. The number of free atoms in the absorbing medium is propor-
tional to the concentration of the element in the analysed sample. The absorbance, measured in the AAS tech-
nique, depends on the number of free atoms and thus on their concentration in the sample. This dependence
is the basis for quantitative analyses carried out by AAS. Depending on the atomization method, two types of
AAS are distinguished: flame (F- AAS) and graphite-furnace (GF-AAS). In the F-AAS, sample in an aerosol form
is introduced into a burning flame, while in GF-AAS sample is transferred into a special cuvette, heated and
gradually evaporated®**°. The block diagram of the apparatus used in the AAS technique is shown in the Fig. 1.
GF-AAS is based on the use of flameless atomizer, usually graphite cuvette to which sample is introduced and
gradually heated. Increasing temperature results in drying the sample, removal of its matrix and atomization.
Before measurement, substances reducing the volatility of the analysed element are added to the sample. These
substances are called modifiers and their used make easier to separate analysed element from the matrix. Some-
times, interactions between free atoms and atomizer occur and it is the main disadvantage of this technique®. Xu
et al. analysed the concentration of Al in human brain tissue. Due to serious interferences occurring between Al
and P, which content is high in this type of samples, potassium dichromate as a chemical modifier was applied.
It resulted in a decrease of elemental disturbances and improvement of Al determination®. Dudek-Adamska
et al. investigated how the addition of chemical modifier influences the determination of Ni in human organ
samples. For this purpose, magnesium nitrate, palladium nitrate and mixture of magnesium nitrate and ammo-
nium dihydrogen phosphate were tested as chemical modifiers. Based on the performed validation tests they
found that the determination of Ni was the best without any matrix modifiers and at temperatures 1300 °C and
2400 °C for pyrolysis and atomization, respectively'®. A similar study performed for Cr showed better accu-
racy when magnesium nitrate was used as chemical modifier at temperatures of pyrolysis equals 1400 °C and
atomization—2500 °C*. Application of palladium or magnesium nitrate as chemical modifiers for Al and Mn
determination in human hair samples decreased the influence of background on the obtained results™. In turn,
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in case of Al analysis in human bone samples, there was no need to use an additional modifier because its func-
tion was fulfilled by Ca present at high concentration in bones'2.

The type of used flame in F-AAS measurements depends on the elements under analysis. Goldberg et al.
determined physiological concentrations of Cu, Mn, Fe and Ca in six regions of human brain. To analyse Cu
and Mn, they used graphite furnace, while for Fe and Ca, air-acetylene and nitrous oxide-acetylene flames,
respectively*®. Flame AAS was used to determine the concentration of potentially toxic elements (Fe, Mg, Ca,
Cu, Zn, Cr, Cd and Pb) in human hair samples. The technique was not useful for Cd and Pb determination
due to the fact that results obtained for these elements were below the detection limits®%. By using the GF-AAS
technique human breast samples were analysed by Leung et al. The authors investigated the differences in Si
concentration between tissues taken from women with and without silicone implants®™. In cancerous breast
tissue concentrations of Cd, Pb® and Al*” were investigated. Villeneuve et al. determined levels of Fe in liver
needle-biopsy samples taken from patients who suffered from cirrhosis and they assessed the variability of Fe
content depending on the region of tissue origin®®. Using the GF-AAS the possible exposure of steel industry
workers on trace and toxic elements, produced in manufactures processes, was investigated. Pb, Cd, Ni, Cr* as
well as As, Cu, Co and Mn® concentrations were determined in their blood, urine and hair samples. Campillo
et al. developed a fast method for Mo, Cr and Al determination in human urine by GF-AAS. The procedure did
not require the sample pre-treatment and the background signal was reduced by addition of hydrogen pyroxide
and nitric acid to the sample!®. Khlifi et al. analysed the content of As, Cd, Cr and Ni in healthy and cancerous
tissue from patients suffering from head and neck cancers®.

Various methods are used for improving the sensitivity of measurements with AAS. Yaman et al. analyzed
differences in concentrations of Cd, Cu, Zn, Fe, Mg, Ca and Ni between the cancerous and non-cancerous tissues
taken from ovary and endometrium. For better sensitivity of Cd and Cu determination, they used the slotted tube
atom trap (STAT)®. This device significantly increased the time of residence of the free atoms in the measurement
area and allowed to obtain lower detection limits comparing to conventional F-AAS®™. A very common procedure,
leading to sample preconcentration and allowing the determination of elements at the ultra-trace levels, is cloud
point extraction (CPE). This method involves adding to the sample some chemical compounds, mostly nonionic
surfactants, which at high temperature forms a separate phase in the sample solution. The analyte, found in the
acid solution of the sample previously subjected to digestion, concentrates together with the surfactant ina small
volume of new established phase and thus it is separated from the sample. The surfactant-rich phase containing
an analyte is then subjected to further analysis. CPE was used, among others, by Arain et al. for measurements
of Ni content in blood and serum of patients who suffered from oropharyngeal cancer®. In turn, Shemirani et al.
applied CPE for sample preconcentration analysing the content of Bi in human urine and hair!%. Dual-cloud point
extraction (d-CPE) used for the preconcentration of hair samples before Mn determination by F-AAS allowed
to improve the recovery value from 97.1% (without preconcentration) to 99.2% (d-CPE)*%. Another procedure
used for sample preconcentration is solid-phase extraction. Baghban et al. applied it for human hair and nail
samples before Cd and Pb determination by F-ASA. To verify the obtained results also GF-AAS measurements
were performed®.

In some studies, different techniques are chosen for the analysis of individual element. Jablonska et al. deter-
mined Cd, As, Se and Fe concentrations in the tissue of human breast cancer trying to indicate whether there
are relationships between their contents. For Cd and Se, GF-AAS was used with palladium and palladium-
magnesium matrix modifier, respectively. Flame AAS was used for Fe determination whilst As concentration
was measured using ICP-MS with kinetic energy discrimination chamber, which allowed for the decrease of the
influence of polvatomic interferences®®.

The elements such as As, Sb, Pb, Bi, Te, Se and Sn have a properties to form, with a hydrogen, volatile hydrides.
This reaction coupled with an atomic absorption spectroscopy constitutes the basis of hydride generation atomic
absorption spectroscopy (HG-AAS). Volatile hydrides of elements, which are formed by adding a reducing agent
to the sample, are directed to the atomizer in the stream of carrier gas. As the element is isolated from the sample,
matrix effects are reduced, what results in the improvement of detection limits. A technique basing on similar
operating principles which allows for the determination of mercury, is called the Cold vapour atomic absorption
spectroscopy (CV-AAS). Lech et al. used ICP-OES and CV-AAS for Hg determination in human organs and
blood. CV-AAS is one of the primary tools applied for mercury determination. Due to the fact that this element
might occur as the free atoms at room temperature, application of furnace is not necessary. As a result of adding
a reducing agent to acid environment of analysed sample solution, the mercury ions contained in sample are
reduced to its elemental form. Then they are transported in the stream of carrier gas to the measuring chamber.
In this case, CV-AAS turned out to be a more sensitive technique of Hg determination in blood, characterized
with the lowest detection limit of the element*.

Inductively coupled plasma optical emission spectroscopy (ICP-OES). Inductively coupled
plasma optical emission spectroscopy is currently one of the most sensitive and precise technique of instrumen-
tal analysis. It is based on the measurement of radiation emitted by atoms (in the gaseous form) passing from
excited to the lower energy state. Plasma, electrically neutral gas consisting of free electrons and positive ions, is
the source of atoms excitations and it is generated by inductively coupled system. The resulting emission spec-
trum is linear, i.e. it consist of series of lines corresponding to specific wavelengths of radiation emitted by atom
during transition between energy levels. The arrangement of emission lines is unique for particular element,
therefore it is possible to identify it and determine its content in the sample.

ICP-OES apparatus consists of a sample supply system, plasma generation system, analyzer, detector and
computer. Its block diagram is presented in Fig. 2. The sample supply system is usually based on nebulization or
thermal evaporation. In the first case, the sample in the form of solution is dispersed into the carrier gas stream
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Figure 2. Block diagram of a typical instrument used for ICP-OES.

and form an aerosol. In thermal evaporation, sample is heated which results in its evaporation and introduction
into plasma with gas. The technique of generating volatile hydrides is also used®. Radiation emitted by excited
atoms goes to the analyzer, usually monochromators or polychromators and then it is registered by detector
{photomultipliers or multi-channel spectrometers).

ICP-OFES was used to determine physiological concentrations of 13 trace elements (Al, B, Ba, Cd, Co, Cr, Cu,
Fe, Mn, Ni, Pb, Se, Sr and Zn) in human autopsy samples taken from cerebellum, heart, kidneys, liver, pancreas,
spleen and ovary®. Other research aimed to find if there are any correlations between concentrations of different
trace elements (Cu, Co, Cr, Fe, Mn, Ni, Se, Zn, Al, Ba, Cd, Pb, Sr) within particular organ and between differ-
ent organs collected during autopsy. Such information may contribute to better understanding of interactions
between trace elements and their distribution in human organs®. Chen et al. applied electrothermal vaporization
as a sample supply method for determination of Ti, Cu, Cr, Fe, Zn and Ca in human hair and serum. The use of
thermal evaporation minimizes matrix effects, allows to measure small amounts of sample and limits the need
of its chemical pre-treatment?. ICP-OES was one of the techniques used to analyze organ samples taken from a
person suspected to mercury poisoning. Blood, stomach, liver and kidney were examined for the content of this
element. The technique proved to be useless in case of blood tests, where the Hg level was below the detection
limit*e. Tohno et al. analysed concentrations of Ca, P and Mg in various types of human arteries. It was inves-
tigated whether there are dependencies between the contents of particular elements and whether the obtained
elemental levels correlate with the age of examined patients®. Similar study was carried out by Yang et al. They
determined the content of Ca, Mg and Fe in rabbit arteries and developed analytical procedure allowing determi-
nation of the elemental composition for very small amount of the sample of biological origin®. Naganuma et al.
determined the content of S, Mg, Ca, P, Zn, Fe and Al in human round ligaments. They analyzed the elemental
changes occurring in tissues with age and the relationships between the contents of particular elements™. ICP-
OES was one of the techniques used to examine the content of heavy metals (Cu, Fe, Mn, Zn, Cd, Pb) in human
brain. This technique, however, did not prove to be useful in assessing of the Pb content, which was lower than
the achieved detection limit*. Andrasi et al. used the ICP-OES to determine Al, Mg, P and Al, Zn, Cu, Mn and Fe
levels in different regions of human brain. They verified differences in concentrations of these elements in samples
taken from healthy people and those suffering from Alzheimer’s disease’””? and analysed the concentrations of
Na, K, Mg, Fe, Cu, Mn Zn P and S in normal human brain™. The other research concerned the determination of
the content of Ca, P, §, Fe, Mg, Zn and Cu in 28 regions of the brain taken from patient suffered from Wilson’s
disease’. The differences in the content of 21 elements (Ag, Al, As, Ba, Ca, Cd, Co, Cr, Cu, Fe, Mg, Mn, Na, Ni,
Pb, Sb, Se, Sr, T1, V and Zn) between healthy liver, breast and lungs and tissues taken from the tumor-altered
organs were also examined™. ICP-OES was also used by Mohammadi et al. to determine the concentration of
Se in human breast cancer tissues®.

Using the ICP-OES MacLachlan et al. determined the contents of Cu and Zn in liver, kidney and muscle of
Australian sheep”. The concentrations of Ba, Cd, Co, Cr, Cu, Fe, Hg, Li, Mn, Mo, Ni, Pb, Sr and Zn in wolf liver
samples were also evaluated”. Due to the extensive use of rats in laboratory experiments, their organs are often
the subject of elemental analysis, also using the ICP-OES. Leblondel et al. measured concentrations of 14 ele-
ments (Na, K, Ca, Mg, S, P, Fe, Sr, Mn, Cu, Zn, Mo and Ba) in whole blood, plasma, liver, kidney, brain, heart,
spleen, skeletal muscle, thymus and bone of rat™®, In turn, Shapira et al. analyzed whether ketamine affects Ca
and Mg concentrations in the brain of head trauma rats?’. The effect of furosemide on Cd, Cu, Fe, Mg, Pb, Se
and Zn contents in rat liver, kidney, lung and serum was also investigated™. The ICP-OFES was also used in the
assessment of the impact of arsenic, administered orally to rats, on the concentration of Cu, Zn and Mn in the
liver and kidney?.

ICP-OES is often used along with the ICP-MS. Using the first technique, the contents of the major elements
are determined, whilst ICP-MS is used for trace elements determination. Using such a solution, Takahashi et al.
determined the content of P, K, Na, Fe, Mg and Ca in the liver of the Wistar rat’?, Similarly, concentrations of the
major elements (Na, Mg, Si, P, K, Ca, Fe and Zn) in the rat kidney were determined by Shimamura et al.*® whilst
Sivrikaya et al. analysed the influence of Zn supplementation on Pb, Co, Mo, Cr, B, Mg, Fe, Cu, Ca, Zn and Se
distribution in this organ®. In the literature one can find also information concerning the use of the ICP-OES in
the analysis of liquid clinical samples. Korvela et al. checked whether there are differences in the concentration
of Ca, Mg, P, K and Na in the cerebrospinal fluid of people suffering from neuropathic pain, subjected to spinal
cord stimulation'®, Cerebrospinal fluid, serum, blood and urine were the subject of investigation of Forte et al.
who examined whether there are differences in concentrations of Ca, Cu, Fe, Mg, Si and Zn between the samples
of biological fluids taken from healthy people and those suffering from Parkinson’s disease®’. Human blood and
plasma were also analysed by Harrington et al. in terms of Ca, Fe, K, Mg and Na contents* whilst Chen et al.
used electrothermal vaporization to analyse the human serum and determine the content of Ti, Cu, Cr, Fe, Zn
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Figure 3. Block diagram of a typical instrument used for ICP-MS.

and Ca. The applied technique of sample introduction allowed for direct analysis of samples with low mass and
contributed to the improvement of the detection limits of elements and minimized the matrix effect’”. Bianchi
et al. have undertaken to optimize the [CP-OES measurement procedure aiming at the determination of the
content of Li, Na, K, Al, Fe, Mn and Zn in the human serum® whilst Rahil-Khazen et al. carried out validation of
the procedure of trace elements analysis (Al, B, Ba, Be, Cd, Co, Cr, Cu, Fe, Li, Mn, Ni, Pb, Se, $r and Zn) in such
samples. It was found that ICP-OES cannot be used as a routine technique of human plasma analysis in case of Al,
Be, Co, Cd Cr, Ni and Pb as the concentrations of these elements are below the detection or quantification limits.
However, the analysis of the mentioned elements could be possible when their concentrations would increase
due to the toxication. The other way to get an information about concentrations of these elements, presented
by authors, is application of standard addition method. In this method, increasing amounts of analyte are add-
ing to the sample and the signal intensity for a given analyte concentration is measured. Then, a regression line
is created and by extrapolation, knowing the signal intensity in the original sample, one can read the element
concentration®. Hasegawa et al. examined the elemental composition of bone-marrow fluid. Using the ICP-OES,
they determined concentrations of Na, K, Fe, P, Ca, Mg, Al and Zn in the samples™.

The ICP-OES is also used for the elemental analysis of hard biological samples. Sahuquillo et al. determined
concentrations of Cu, Fe, Mn and Zn in human gallstones previously prepared using the focused-microwave
wet digestion method. They analysed the impact of Ca on the determination of other elements. They found that
high Ca level in samples influenced the measured Fe and Zn concentrations and in order to reduce this effect
they recommended to prepare a calibration solution with a concentration of Ca similar to those of the sample®.
ICP-OES has also been used to determine the content of Al, B, Ba, Ca, Cu, Fe, K, Li, Mg, Mn, Na, P, §, Sr, V and
Zn in human bone of the ribs. It was checked whether there are dependencies between the levels of elements and
the age and sex of people from whom samples were taken®. Animal bones (domestic dog) were analysed for Zn,
Cu, Pb, Cd and Hg content®. Chew et al. used the ICP-OES to analyse Zn, Pb and Cu concentrations in human
teeth®. The discussed technique was also used to investigate the level of selected elements in human hair'*.

Inductively coupled plasma mass spectrometry (ICP-MS). Inductively coupled plasma mass spec-
trometry is an elemental analysis technique that derives from the ICP-OES. ICP is used here to ionize the atoms
of the sample which are afterwards separated and identified based on their mass-to-charge ratio. The composi-
tion of ions in plasma is proportional to their concentration in the original sample solution. ICP-MS allows
for precise identification as well as quantitative multi-elemental analysis and what is more, it makes possible
to measure particular isotopes of the analyzed element. Another important feature of the ICP-MS is the ability
to detect and measure elements occurring in the sample in very low concentrations. Therefore, it significantly
exceeds the capabilities of other techniques of elemental analysis. Also, analysis of non-metals can be carried
out with very good sensitivity. Additional advantages, such as high accuracy and precision of measurements as
well as minimal disturbances, make ICP-MS one of the most important and useful technique of trace analysis
of biomedical samples’.

The basis of analysis using mass spectrometry is to obtain the mass spectra of the analysed sample showing
the distribution of ions (or other charged particles) as a function of their mass-to-charge ratio. The apparatus for
ICP-MS measurements consists of an ICP forming module, a sample introduction system, a mass spectrometer
with an ion detector and data acquisition system. It is presented in Fig. 3.

ICP-MS was applied for multielemental (Al, As, Ba, Ca, Cd, Co, Cr, Cu, Mg, Mn, Ni, Pb, b, Se, Sr, U, V and
Zn) analysis of amniotic fluid[17]. It was also used to determine the concentrations of Rb, Cu, Se, Ba, Sr, Zr, Cs,
Sb, Sn, Mo, Ag and W in human bone-marrow fluid samples®. Korvela et al. analysed Ti, As, Rb, Sr and Ba con-
tents in cerebrospinal fluid of patients with neuropathic pain, who were subjected to spinal cord stimulation'®,
Cerebrospinal fluid as well as blood, serum and urine were the subject of investigation of Forte et al., who deter-
mined Al and Mn concentrations in these samples. The purpose of their study was the comparison of elemental
composition of samples taken from healthy people and patients diagnosed with Parkinson disease®’. ICP-MS
was also used by Harrington et al. for determination of mineral elements (Na, Ca, Mg, K, Fe, Zn, Cu and Se)
content in human blood and serum samples. The authors presented the methodological approach for the analysis
of small sample volumes (about 250 ul) and the obtained results were with agreement with the literature data™.
The concentration of Sb was examined in blood, serum, urine and hair of patients with parasitic disease””. The
technique was also used for determination of 37 trace elements in more than a hundred human blood samples
and the obtained results are to help toxicologist in the assessment of health effects caused by possible environ-
mental exposure to metals®, ICP-MS, with high resolution magnetic sector, was applied for determination of
physiological concentrations of 16 trace elements in children plasma. For most samples, Cd, Pb, V, Cr and As
contents were very low, even below the calculated limits of quantification®. Human plasma was also the subject
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of the study carried out by Meyer et al., who used ICP-MS for analysis of significant (Mg, Ca, Fe, Cu, Zn, Mo, Se,
I) and toxic (As and Cd) elements™. Heitland et al. studied the case of child poisoned with hexavalent chromium
and inorganic arsenic. They used ICP-MS to determine a concentration of Cr (V1) in erythrocytes and total Cr
and As content in blood, plasma, urine and liver tissue taken from the child. Using high-performance liquid
chromatography (HPLC) that allowed to separate the inorganic species of As from sample, they also managed to
determine its concentration in urine. The addition of ethanol to urine before measurement reduced non-spectral
interferences caused by the presence of carbon. Additionally, this procedure increased the efficiency of nebuliza-
tion and therefore gave the higher sensitivity of the As determination®. The ICP-MS analysis of trace elements in
urine was carried out to designate the differences in their concentrations between adults and children®. ICP-MS
is also used to determine particular isotopes of elements in a sample. Among others, abundances of Fe isotopes
in human blood® and uranium in human urine samples were analysed®.

ICP-MS was used for Fe, Cu, Mg, Mn, Ca and Zn analysis in samples taken from 13 regions of human
brain. The correlations between elemental composition and age as well as inter-hemispherical differences were
investigated®. ICP-MS was also applied for quantitative analysis of gadolinium in different regions of the brain
taken post-mortem from patients in which Gd was used as a contrast agent during MRI examination®. Panayi
et al. determined concentrations of Cd and Zn in brain samples taken from patients who suffered from Alzhei-
mer’s disease and from senile involution cortical changes®™. ICP-MS was used also for multielemental (48 ele-
ments) analysis of human lung samples collected during surgical procedures. Dependencies between elemental
composition and the patient gender, nicotine smoking and occupational exposure to metals were examined'®.
Boulyga et al. performed elemental analysis of thyroid tissue taken from people living in the Chernobyl area.
Despite the small quantities of examined material (down to | mg) they obtained high sensitivity of measurements.
In the case of iodine determination, they observed losses of this element due to its volatility and high ionization
potential. Based on the results obtained from the measurements of certified reference materials (CRM) they
calculated correction factor for quantitative analysis of iodine in sample®. The ICP-MS was also applied for mul-
tielemental analysis of esophageal tissues taken from patients suffered from esophageal squamous cell carcinoma.
Concentrations of elements in normal tissue, cancerous tissue and its surrounding area were compared®. Using
ICP-MS the content of Ca, Cu, Fe, As, Mg, Ni, Cd and Cr in stomach tissue taken from patients with cancer was
also determined®. In turn, Jablonska et al. measured the concentrations of Cd, As, Se and Fe in breast cancer
tissue®. Varga et al. examined concentrations of Cr, Mn, Fe, Ni, Cu, Zn, Rb and Pb in liver samples taken from
patients suspected with chronic diffuse liver disease® whilst Sahin et al. determined Al, Fe, Cd, Mn, Cr, Cu, Pb,
Ni, Zn, Ag and Co concentrations in liver of patients suffered from hepatitis B*’. The technique was also used
for determination of Cr, Co and V concentrations in heart samplesgg.

Batista et al. used ICP-MS for multielemental analysis of human hair, previously prepared for analysis using
ultrasound extraction. However, the method was not useful for Ag, Se and Mo determinations'”. Prejac et al.
analysed human hair and blood for strontium content, assuming that hair can be along-term bioclogical indicator
of nutrition in case of this element®. Using ICP-MS, MacLachlan et al. determined the content of As, Cd, Co,
Pb, Hg, Mo and Se in liver, kidney and muscle from Australian sheep” whilst Garcia-Vaquero et al. examined
changes of As, Ca, Cd, Co, Cr, Fe, Hg, Mn, Mo, Ni, Pb, Se, Snand Zn concentrations in organs of beef calves which
were induced by Cu dietary supplementation!®!. Tn turn, Gui et al. used ICP-MS to measure the concentration
of Zr in liver, kidney and urine of rats'™.

Based on the available literature data, charts were prepared to show the frequency of application of selected
analytical techniques for the determination of particular elements in biomedical samples. They are placed in
the Fig. 4.

As it can be seen from the Fig. 4, the most commonly used techniques of elemental analysis of biomedical
samples are ICP-MS and ICP-OES. Probably this results from the fact that they make possible simultaneous
multielemental analysis, in contrast to AAS technique usually allowing the determination of single elements.
ICP-OES is usually selected for the analysis of major and minor elements, while ICP-MS for trace and ultra-trace
ones. This is because ICP-MS offers the lowest detection limits amongst other discussed techniques of elemental
analysis. ICP-MS is more versatile, however it is also more complicated and much more expensive comparing
to ICP-OFES. Therefore, ICP-OES can be a good alternative to ICP-MS, especially in case of analysis of elements
occurring in samples at higher concentrations. Such approach was utilized by Harrington et al. who performed
a multielemental analysis of human blood and serum. For this purpose, they used the ICP-OES to determine Ca,
Mg, Na, K, and ICP-MS for Co, Zn, Cu, Se, Mo, Cr, Mn and Fe®, Forte et al. determined Ca, Cu, Fe, Mg, Siand
Zn in human body fluids using ICP-OES, whilst concentrations of Al and Mn with the use of I[CP-MS?". Similar
approaches were applied in the works of Korvela et al.'%, Shimamura et al?® %, Takahashi et al.'?, MacLachlan
et al.” and Alimonti et al.””.

Preparation of biological samples for elemental analysis
In order to enable the analysis of biomedical samples using discussed instrumental techniques removing of its
organic matrix is a crucial step. This process is called mineralization and results in oxidation of the hydrogen
contained in sample to water, carbon to carbon dioxide and appearing of the free nitrogen. Usually, the sample
is decomposed with the use of oxidizing acids in conditions of higher temperature. As a result of mineraliza-
tion, the volatile, organic components are removed from the sample whilst its inorganic part is transformed to
solution which can be analysed.

Based on the information contained in the papers dealing with the elemental analysis of biomedical samples,
a summary concerning the used sample preparation methods was made and is placed in Table 1. It can be seen
that the most popular is microwave-assisted acid digestion, which is used for liquids and soft or hard tissues
dissolution. Microwave energy is supplied directly to the sample, which causes its effective heating and improves
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Figure 4. Number of applications of particular analytical technique for elemental analysis of biomedical
samples depending on the determined element (based on the papers cited in the following article).

its decomposition. The conditions of microwave heating process, such as temperature and duration is very dif-
ferent. Slightly less often the mineralization of samples in acids with the use of thermal conductivity is used. For
this purpose, samples with acid addition are heated either in laboratory ovens or on hotplates. Since the thermal
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Sample preparation (method of digestion) Type of sample

Microwave-assisted acid digestion

Brﬂinli 20, 101, St()madlw’ 46, 97, ]iverlg, 20 46, 77, 101, 102’ kidﬂe 19 20, 46 101, 102’ ﬂﬂcreﬂszo,
Wet sample | spleen®® !%, heart'®?% lung'?, diaphragm'®, breast®, hair®> 4 & 19 blgo d* 32 4 5%
60,81, 92) Seruﬂ_lBZ, 82, 33, al’ﬂﬂlOth ﬂuid17, urlneﬁg, 60, 102, 104

Braina 45, 51, 71, 72, 85, 105, liverll 35 41,58, 79, kidney79, 30, heart79, 99, ﬂlyroidﬁs, lungls, 79,

Dry sample esophageal, muscle®, breast™, arteries™, hair® ** %, gallstones™, bone?

‘Thermal-heating acid digestion

Brain™ ?* 1%, cerebrum?®!, liver® 2> ™, kidney®> 2> ™%, spleen?!, colon®®, heart’®, lung®
Wet sample | muscle™, breast™, skin®, hair®, blood™® ® ', serum® *’, bone-marrow fluid®,
urine* *%, teeth?, bone™: **

Brain® % 717 Jiver®™ 1% musde!®, breast®™ % 1% arteries®™, uteri round

Dry sample X : g
Y P ligaments™, hair?*** * %%, fingernail®, bone®

Acid digestion

Wet sample | Stomach™, liver*® 7, kidney*® 7, musde™, hair** ¥, blood**

Drysample | Liver''%,bone®

Sample preparation without digestion procedure

Preparation of powdered sample followed by dilution in water to obtain slurry Hair™

Dilution with Triton X-100 and chemical medifier Serum'?

Dilution with matrix modifier Serum™

Dilution with PTFE emulsion, Triton X-100 and water Serum®”

Dilution with Triton X-100 Serum™

Dilution with acid and internal standard Plasma®

Dilution with Triton X-100, diammonium hydrogen phosphate {as matrix modifier) and acid Blood"

Dilution with internal standard and Triton X-100 Blood'®*

Dilution with Triton 3-100, internal standard and ammonia solution Blood* ¥, plasma®, erythrocytes®

Dilution with acid

Cerebrospinal fluid"

Dilution with hydrogen peroxide, acid and Triton X-100 Urine"™
Dilution with acid and water Urine®- !
Dilution with acid, internal standard and ethanol Urine®

Dilution with water

Serum?®!, cerebrospinal fluid®”*!, urine®

Dilution with internal standard

Serum'!, cerebrospinal fluid!!!

Table 1. Summary of methods used for preparation of biomedical samples for elemental analysis (based on
the literature data).

energy is not transferred directly to the sample, this method is less effective than the one using microwave energy.
The digestion using both microwave energy and thermal conductivity, can be carried out in open and closed
systems (the samples are placed in Teflon vessels and sealed). The advantage of the method based on a closed
system is that in such conditions, high pressure is generated in the vessel due to the evolution of gases (volatile
components of the sample). With increasing pressure in the vessel, the boiling point of acids used for digestion
also increases, which in turn makes possible to use higher temperatures for sample decomposition than in open
systems. This allows to decompose the sample more efficiently and faster than in traditional open systems. Also,
the probability of sample contamination with components from the environment is much lower. Since direct
information about whether digestions were carried out in an open or closed system is rarely placed in papers,
such a distinction has not been prepared. The mineralization of biomedical samples by using only acid digestion,
without microwave or thermal support, is the least common method. However, one can find examples of its use
for mineralization of blood, organ tissues and bones.

As one can notice from Table 1, a very popular procedure of body fluids preparation is the dilution of sam-
ples (with distilled water or acid) or adding to them various compounds. However, it should be remembered
that the dilution of samples can be a problem when the elements under analysis occur in the sample at very
low concentrations. Matrix modifiers are added to samples before GF-AAS analysis to reduce the measurement
interferences® 552519 PTFE (polytetrofluoroethylene) slurry is used as a chemical modifier for direct serum
analysis by ICP-QES with electrothermal vaporization as a method of sample introduction®”. Triton X-100 is a
detergent applied to dissolve proteins and lipids of cell membranes, often used for blood®!4#17, serum!247.7
and plasma® preparation. For these types of samples, ammonium compounds are often added as they prevent
the coagulation of sample components®!+%,

Parameters used for validation of analytical techniques

Precision. Precision is a parameter that characterizes the closeness between the results of independently car-
ried out measurements. It is the result of random errors occurring during the measurement procedure by using
the given analytical technique!''. It is expressed as a standard deviation (SD), relative standard deviation (RSD,
which is equal to SD divided by the mean measurement result) and most often as a coefficient of variance (CV or
also VC, CV[%] = RSD*100). Repeatability, intermediate precision and reproducibility are distinguished in term
of precision'?, It is said repeatability when there is no long-time interval between the considered measurements
and they are performed on the same equipment in a laboratory by one operator'!!. In theliterature, repeatability
is also referred to as intra-day precision (for measurements performed on the same day), intra-assay precision
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(or within-run—repeatability of results obtained in a given measurement series) or inter-assay precision. Inter-
mediate precision refers to the deviation between the results obtained in the same laboratory when the measure-
ments were carried out over a longer period of time (e.g. several weeks). In addition, it is not necessary for the
measurements to be carried out by the same operator using the same instrument. Different laboratory reagents
and accessories may also be used*'. The terms commonly used in the literature in respect to inter- mediate preci-
sion are inter-day precision, within-laboratory reproducibility, day-to-day precision. The least used term in the
literature in relation to precision is reproducibility. It expresses a standard deviation of the results obtained by a
given technique in different laboratories. It is recommended that the determination of the measurement preci-
sion should be carried out using the test sample, with matrix and the concentration of the elements as similar as
possible to the authentically analysed sample' ", In the literature, however, one can find out the values of meas-
urement precision for reference and standard materials as well. There are many recommendations for determin-
ing precision and there is no single fixed formula. It is important, however, that the experimentalists put in their
work information how this validation parameter was obtained. Discrepancies that can be observed concern the
type of sample for which measurements are made, the number of measurements carried out in a given series and
the number of series as well as concentration levels for which precision is determined.

Trueness. Trueness is a parameter that defines the closeness of the obtained result, understood as the aver-
age value from the measurement series, to the expected value. It expresses the systematic error of measurement
appearing with the use of a given analytical technique''*. In order to determine the trueness, certified refer-
ence materials are most frequently used. The value of trueness for a given technique can be obtained also using
another analytical technique, called the reference. Often, instead of determining the trueness using CRMs, or as
anadditional option, the “spike and recovery” method is used. It involves adding aknown quantity of the analyte
to the previously measured sample and afterwards its re-measuring. In such a case, the trueness is referred to as
recovery. If the enrichment of the sample with the analyte took place at an early stage of its pre-treatment, calcu-
lated trueness also takes into account the procedure of sample preparation!!® 1%, Often in scientific articles, only
experimental and certified values are given, without indicating the value of trueness. The most often used for-
mula for trueness calculation is Trueness[%] = (experimental value/certified value)*100. Then, the result closer
to 100% indicates better trueness. The same dependence occurs for recovery (Recovery[%]=((c1-c2)/c3)*100,
where ¢1 is the concentration of the analyte after sample spiking, ¢2 is the concentration of the analyte before
sample spiking and c3 is a concentration of spiked analyte). One can also meet the trueness expressed as Bias or
Mean Relative Error and calculated according to the formula Bias[%] = [experimental value of concentration-
certified value of concentration (or known, added concentration)]/certified value (or added)*100. In this case,
a smaller measurement error will result in a closer to 0% Bias value. In literature, the word "accuracy” is often
used instead of trueness. This is improper, due to the fact that accuracy concerns the correspondence between
the true value and the result of a single measurement (not an average value). The accuracy of the measurement
(the magnitude of the total error) consists of trueness (systematic error) as well as precision (random error)!13115,
Both accuracy and trueness, as well as trueness and recovery seem to be often used interchangeably in scientific
articles, which is also not correct. Therefore, the details concerning the method of their determination is very
important for proper interpretation of the results.

Limit of detection. Limit of detection (LOD) is a parameter that indicates the smallest content of an ana-
Iyte that can be detected with a certain probability and by using a given analytical procedure but not necessarily
quantified'”, It can be expressed as micrograms per gram or micrograms per litre units. In the literature, various
possibilities to calculate the limit of detection can be found. The most common formula used for LOD calcula-
tions is LOD = 3*SDblank, where SDblank is the standard deviation of the analyte content in blank. It is recom-
mended to calculate the standard deviation for 10 independent measurements''® however in scientific articles
their number differs. One can also find the following formula for LOD calculation LOD=xblank + 3*SDblank. Tt
is used when the level of the determined analyte is measurable in blank solution''’. The detection limit can also
be expressed in the signal domain according to the formula: yd=xblank + 2*t*SDblank, where yd is the average
value of a signal for a blank and t is Student’s t-distribution coefficient. Then, from the calibration curve and
based on the detectionlimit in the signal domain, the value corresponding to the concentration unit of the meas-
ured analyte is read®. Discussing the detection limit, one can also distinguish the value associated with used
instrument (Instrument Detection Limit, IDL) and the applied measurement method (Method Detection Limit,
MDL). The first one is determined on the basis of measurements made for standard solutions (blank measure-
ment), which have not been subjected to any preparation. In turn, MDL determines the limit of detection for the
method, thus it is influenced by all stages of sample preparation for analysis. MDL values are always greater than
those of IDL (determined for the same analytical technique)'”!!4,

The comparison of the discussed techniques of elemental analysis in respect of their
use for the analysis of biological samples and achievable validation parameters

Tables 2, 3, and 4 summarize the values of selected validation parameters determined in research papers deal-
ing with the elemental analysis of biomedical samples using various instrumental techniques. Additionally in
the Table 51 and S2 of Supplementary materials, the details concerning the type of samples and the methods of
their preparation as well as used instrument and experimental conditions in particular papers were placed. The
validation parameters taken into account during data collection were the precision of measurements, the trueness
and the limit of detection for the analysed element. When it was possible, an attempt was made to distinguish
the parameter characterizing precision into repeatability, inter-day (assay) precision and reproducibility. For the
trueness, based on the information contained in the papers, it was indicated whether it was calculated based on
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Precision (%CV)
a: intra-day precision Trueness (%) Limit of detection
b: inter-day precision a: calculated with CRM | a: in blank solution
Element | c: reproducibility b: as recovery b: in real sample
CV AAS
a a a
Hg : ” 100.0-104.5% 0.0003 pg/ml*
below 3.7 b: 89.9-99.2% 0.00019 pg/mL%
FAAS
b: a:
Mg 98,1 0.05 pg/mI*
c b: a:
A 102.4% 0.01 ng/g™
Cr b: a:
102.4% 0.051g/gt
a
. 97.1-99.2% o
Mn ' b: '
329 99,461 0.000097 pg/mL™
99.3%
Fe b: a:
97.8% 0.08 pg/g™
a ar
Ni 98,85 :
999 0.00052 pg/ml
C b: a
u 10414 0.03 ng/g™
a
7 95.9110% a:
n 95,1110+ 0.03 ng/g™
b: 95.2*
nds b: a:
Cd 2 1'24 96.0-99.0°4 0.00011 pg/mL*
: 94.6* 0.03 pgfg™
b: a
Pb nd: 1.9% 95.8-101.2% 0.0003 pg/mL>*
96,0 0.03 ngig™
GF AAS
b:
Be 0.000007 pg/mL®
0.000002 pg/mL*
ar
83.3% a:
100" 0.9 pg/mL*>
a 42,85 0.00023 pg/mL*
1.9-9.0°* 97.6° 0.00035 pg/mL*“
Al 0.8-2.8" 52 0.00048 pg/mL*”
be 5.8-7.222 b: 0.0011 pg/mL%
nd: +£7.15%% 67-98°1 b:
97.0£3.8-103.4£2.8" 0.000023 pg/mL™
98-109" 0.001 pg/mT
1037
nd: b
Si 845 L
5. 97-104
a: a
2.0-2.91¢ 101.2% a:
p 107.75 0.0000062 pg/ml >
Cr 5.35-6.59°7 99.0-99.9°% 0.00042 pg/mL*
1.9-4.11% 91.76-102.49'% nd:
nd: b: 0.001 pg/g"™®
+4.37" 83.1-86.3'"
a
o 99-99.360+ a
0.5-3.3 98 27.6 ng/g™
Mn T 9911 0.00013 pg/g®
nd: o 9531104 nd:
7.26-9.17 o 06 pgie®
99.5+£0.8-103.3+1.2
a
E 97 nd:
< 196105+ L6 pglg®
101105*
nd:
C 7695 a a
° 0.80°° 98.9-99. 6%+ 0.0013 pgig®
6.30%
Continued
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Precision (%CV)
a: intra-day precision Trueness (%) Limit of detection
b: inter-day precision a: calculated with CRM | a: in blank solution
Element c: reproducibility b: as recovery b: in real sample
a:
+2741%
—2.91
I
o +52.51%
-8 La17 a:
5 . 15¢ 18
N 1.521% {standard solution) 81 19 0.00023 ng/ng
- —243 0.000025 pg/g®
104" {sample} 195
4.38" (sample) +99.3
' 99.8-100.3°%*
b:
92.1-123.5"
nd: a 5o a:
7.35% 64998 0.00000017 pg/g™
Cu o 99
1.29 102,500 nd:
6.1% 103,810+ 0.2 pglg®
7n a: nd:
9TEH 0.3 pgrg®
nd: a a
Al 4,735 99,45 '
§ g 105250 0.0000159 ng/g*
Mo nd: b: a:
+5.95 95.3-103.0" 0.00081 ug/les
o a a:
: . 1]
4.72-7.69° 100.3-1025% g'gggég ngle? .
: o - ug/g®
cd nd: 86 -
3,614 1051 0.((1)05 pg/mL
14 : 14 nd:
3.2" (standard material) 115 0.02 ug/g®
a:
o a 0.00157 pg/g™
Pb : o 100.5-100.9°% 0.001 pgfe®
3.63-776 1065+ nd:
0.1 pgrg®
a:
nd: 9684 a:
Bi 434 b: 0.00002 pg/mL*
474 97.74 0.0015 pg/ml*
101.1%

Table 2. Values of precision, trueness and detection limit for different elements determined by using A AS.
nd method of parameter determination was not defined; * Trueness expressed as a Bias; *Calculated based on
the literature data.

the CRM measurements or using the sample spiking method. If the publications contained only information
on the certified and measured value of the concentration of the analysed element, to enable the comparisons,
the trueness was calculated according to the following formula Trueness[%] = (experimental value/certified
value)*100. It was also marked if trueness was calculated as Bias. A large variety of methods for calculating the
detection limits of elements was noticed. Therefore, only the type of matrix for which the detection limit of the
analysed element was indicated, whether it was a blank solution or the analysed real biomedical sample. Also,
values of LODs are expressed in both volume and mass units. Since there is a lack of information necessary to
standardize them, the original format of units has been left.

Unfortunately, especially in the case of precision and limit of detection, a clear information on the proce-
dure for calculating a validation parameter is not provided by the authors. Very often only its value is indicated.
Furthermore, the measurement conditions (ie. the number of repetitions) applied in the analysed research
work are very different. Therefore, the prepared summary is intended to provide a general view of the analytical
capabilities of selected instrumental techniques in studying the elemental composition of biomedical samples
based on its validation results.

The focus was on the discussion of validation parameters obtained for selected elements, which are very often
the subject of analysis in case of biomedical samples due to their significant importance for the proper function-
ing of living organisms. These include B, §, K, Ca, Fe, Cu, Zn and Se.

The data concerning P found for ICP-OES and ICP-MS show that both techniques are characterized by
very good precision values. In case of determination of P using ICP-OES, the precision is in the range from 1%
(calculated as RSD of mean value in five independent measurements of pork liver and bovine liver reference
materials)'® to 3% (calculated as RSD from 3 independent measurements of human bone marrow fluid sample)®.
In turn, for ICP-MS, one can see strong dependence of precision values from the matrix of studied sample. In
the work of Takasaki et al. the precision of P concentration measurement for the reference material (NIST SRM
1577b bovine liver) is 0.9%, while for the sample of E. coli cells is 3.9%!". Analysis of P content carried out using
ICP-OES and ICP-MS is characterized by a high value of the trueness of the obtained results. The best value of
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Precision (%CV)
a: intra-day precision | Trueness (%) Limit of detection
b: inter-day precision | a: calculated with CRM | a: in blank solution
Element | c: reproducibility b: asrecovery b: in real sample
a a
! . 82
) 12.9% b: » 0.0033 pg/ml. -
Li be 90.2 0.000278 pg/mL
9.0t 110% nd:
' 0.042 pg/mL”
Be b: a:
103 0.000216 pg/mLs*
a:
B 2.08 b: a
be 96 0.002162 pg/mLi
4.583
ai
a 0.402 pg/mL"”
nd: 9171% be v
Na 215’3 4 96-103% 0.4 pg/mL*
pes b: 0.013 pg/mL*
89.1% nd:
0.11 pg/mL7®
a a
9959 ‘
10071+ 0.02 pglmL”13
nd: 977 0.931 pg/mL
M 17-2.01 ot b
8 716 g, 0.04 ug/g™
3% ) 0.1 pg/mL'"®
b: nd:
92-104% y
s 0.000015 pg/mL™
a:
1013
d: a
Al et 96+ 0.0005 pg/mL*
b 0.0243 pg/mL>*
88.9%
107%
. di
Si 2331
a:
nd: 0.23 pg/mL'?
P Lo® 3:0 981 b
2.0 o 2.0 pg/mL*®
3.0 NE nd:
0.033 pg/mL™
S nd:
0.035 pg/mL™
a a
. 0.065 pg/mL*
nd: 987+ 13
X 2.0-4.713 72731 |1);146 kgfml
216 10435+ 5-9 L6
0.6 b 2 hg/m
§9.3%2 nd:
’ 041 pg/mL™
a
96+ ai
102% 0.023 pg/mL"
nd: YN b e
5i3 :
Ca o 101-104% 0.005 pg/g®
5 o 100.6%% 0.1 pg/mr. 16
' b: nd:
96-105% 0.00001 pg/mL7™®
101%
Ti 3:947
a
a: 111+ a
c 7.8% 95+ 0.00364 pg/mLi*
r b B4 nd:
39.6% b 0.000366 pg/mL”
100%
a:
88-103%
a: 984+ a
14.7% 11271 0.00054 pg/mL*
Mn b: 89,755 0.00011 pg/mL®*
26.6% 9675+ nd: 0.4 pg/g®
nd: gger 0.000403 g/mL7
10-15% b 0.00025 pg/mL™
88.6%
9693
Continued
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Precision (%CV)
a: intra-day precision | Trueness (%) Limit of detection
b: inter-day precision | a: calculated with CRM | a: in blank solution
Element c: reproducibility b: asrecovery b: in real sample
a
1139 .
_ 3% :
100.3-104.9 0,038 pg/mL™
a 99.7 1
0,55 907 0.459 ug/mL
b od_ 8" 0.00091 pg/m1*2
o o1 209 0.001117 pg/mL¥*
Fe v b:
nd: 9354+ 0.5 e
19-2.24 106t e
235 g6k nd:
25 b 917 23 pgig®
L e 0.000562 pg/mL7
B-105 0.0009 pg/mL”
9151+ 1.8% L g
9583
a
105%*
997+ ai
33 &3
Co 10?5 * 0.00825 pg/mL***
9586+ nd:
97cH 0.00024 pg/mL""
b:
9183
a
103%*
927 & 835
Ni o 0.002935 pg/mL
109%6+ ndk
N 0.00114 pg/mL7"
9:.333
a
9047
101-107>*
a 99t u
55 714 g
o.e 10676* 0.0109 pg/g™
be 102 s
238 947" 0.003 pg/mL .
Cu . 911074 g.gml?s pg/mL
11.1% 103.4%%* 2 1' ot
nd: 9936+ L UGG -
nd;, e e D08 L.
below 5% b: 0004 pgfm
9579
9581
9783
a
1085
93-101°*
1035+ .
11371:& .
a 10375+ 0.0357 png/g™
0.3% e 0.012 pg/mL™
b: 97_105% 0.0039 pug/mL*
Zn 1.3% Lo1 0.000981 pg/mLs
<] " gy nd: .
155 . . 1.1 pg/g "
nd: 10-15 Togior 0.000391 pg/m.
b 0.0014 pg/mL™
8"779
90.72
110%
a a a
9'333 95-109%+ 0.036 pg/mL"™
Se bl' 94,55 0.022898 pg/mL"™*
9'133 b: nd:
: 919 0.0002 pg/ig™
a a a:
2'333 88-101°* 0.000175 pg/mL=*
33 b 958 nd:
Lo b 0.00138 pg/mL""
: 104 0.00002 pg/mL™
nd:
Mo 0.000784 pg/m1”
0.0006 pg/mL"
Continued
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Precision (%CV)
a: intra-day precision | Trueness (%) Limit of detection
b: inter-day precision | a: calculated with CRM | a: in blank solution
Element | c: reproducibility b: asrecovery b: in real sample
a
92-1027 )
915+ a
a 1 0.001 pg/mL"™
cd 23.7% Llses 0.000337 pg/mL***
b: g5+ nd:
18.0% be 0.1 pg/g®
9633 0.000132 pg/mL™
116™
a:
a A113¢ a
0.6% " 0.000412 pg/mL ¥
b 0.00011 pg/mL**
Ba 155 b: nd:
' 105% y
nd: 7610411 0.000531 pg/mL™
below 6% 85_10110% 0.00006 pg/mL7*
a:
0.00002 pg/mL**
H a: a 0.000007 pg/mL*
B below 6% 804 0.023 pg/gie
nd:
0.00553 pg/mL""
a a
: 0.019 pg/mlL™
_ SIS
- p égszﬂm 0.007874 pg/mLE
103% by nd:
103" 2.0 pgrg®
0.00343 pg/m177

Table 3. Values of precision, trueness and detection limit for different elements determined by using ICP-
QES. nd method of parameter determination was not defined; # Trueness expressed as a Bias; *Calculated based
on the literature data.

trueness, equal to 99.8%, was obtained in the work of Zaichick et al. who were studying using the ICP-OES the
correlation between elemental composition of bones and age/sex of people. Trueness was calculated there based
on the measurement of the reference material (SRM NIST 1486 Bone Meal)*. The values of limit of detection
obtained for P using both discussed techniques are satisfactory. The lowest LOD for this element (found based
on referenced papers) is 0.000012 pg/ml and it was obtained by Takasaki et al. using ICP-MS. The authors
conducted a multielemental analysis of a very small amount of analyte (20 pl) using a highly effective sample
introduction system. Compared to the conventional technique, requiring about 2 ml of sample, they achieved
a significant improvement in the absolute detection limit value (from 28 to 0.2 pg) for P''°. Based on the results
for real biomedical samples (human cerebrospinal fluid) Korvela et al. received a LOD for P equals to 2 ug/mil'e.

In the work of Takasaki et al. the precision of § measurement performed using [CP-MS depended on the
sample type. For the reference material (NIST SRM 1577b bovine liver) it was 0.8%, while for the sample of E.
coli cells was 3.6%!'°. In this study also trueness was determined and equaled 100%"!°. The detection limit of §
obtained using ICP-MS was two order of magnitude smaller than that in the ICP-OES technique and these values
equaled 0.0003 pg/ml1**® and 0.035 pug/ml1’, respectively.

The precision values obtained for K using ICP-OES varied from 0.6%° to 4.7%!%. As in the case of P and S,
the precision of K measurements carried out using ICP-MS depended on the matrix and was equal to 1.2% for
reference material and to 3.1% for E. coli cells'*”. The best trueness of the obtained results of K concentration,
amounting to 98.7%, was obtained in the work of Boulyga et al. which regarded the multiclemental analysis of
small amounts of pathologically changed thyroid tissue carried out using the ICP-MS. Trueness was tested based
on measurements of the reference material NIST SRM 1566a (oyster tissue). The LOD of K obtained by Boulyga
et al. for thyroid samples was 3 pg/g®. In turn, this determined by Korvela et al. for cerebrospinal fluid using the
ICP-OES was 5.9 ug/ml*. The lowest detection limit of the element, similarly as for P and S, was obtained in the
work of Zaichack et al. using I[CP-MS and it was equal to 0.01 ug/ml®*,

In presented examples of Ca determination in biological samples, the ICP-OES, ICP-MS, and F-AAS were
used for elemental analysis. The accuracy of the results obtained using the ICP-OES ranged from 2% (calculated
as RSD of 3 measurements of human bone marrow-fluid)* to 6% (determined as RSD of mean values of Ca
content in human cerebrospinal fluid)'. The values of precision for Ca determinations using the ICP-MS was
similar and did not exceed 9.5%. The best value for this validation parameter (1.2%), was obtained in the work
of Meyer et al. as an intra-day precision (three samples of human serum were separately digested on one day
and measured)®. Determination of Ca concentration in biomedical samples using all of the three mentioned
techniques is generally characterized by a very good value of trueness which usually falls within the range from
939%° to 105%* %, 'The best trueness for Ca determination (1009%) was obtained in the work of Krebs et al. It was
calculated based on the comparison of the certified and the measured value of this element concentration in the
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Precision (% CV)
a: repeatability Trueness (%) Limit of detection
b: inter-day (assay) | a: calculated with CRM | a: in blank solution
Element | c: reproducibility b: as recovery b: in real sample
& a
Li oy Lo 0.004 ug/g"
: Lo 0.000007 pg/mL*"
a:
Be 0.0001 pgig"
0.00009 pglg'®
a:
B 3.7 b: a:
b 98.04% 0.47 pg/g'
10.8%
nds ai ai
113 103.17% 1pgig™
Na }'gug 9435 nél:g g
: 1081 0.0002 pg/mL1®
a: a:
4.07 a: 0.0004 pg/mL' (IDL)
0.79% 9317 0.00088 pg/mL"" (MDL)
0.6" 99™ Sugig®
Mg b: 93, 2% b:
16" 9595+ 0.00234 pg/mL*
5.07 995 nd:
nd: 103.3% 0.0004218 ug/mL.%
1.509 0.00007 pg/mL 1
a: a:
167 N 0.000029 pg/mL"
1.28% 6.613 0.00081 pg/mL"" (IDL)
745 1137 0.0026 pg/mL!” (MDL}
Al b 11595+ 0.388 ng/g'
237 be 0.0001 pg/g'®
12.7% 80 525 nd:
nd: - 0.0023464 ug/m1.%
6267 0.00174 pgig'®
nd:
P 0.9 & nd:
3 gus 104 0.000012 pg/mL
nd:
s 08 s s
i 100 0.0003 pg/mL.
a:
K 15 45,75 3uglg”
31l gglie nd:
0.011 pg/m11?
ai
127 7 o 7
oo a: 95 0.015 pg/mLY" (IDL)
S6 100°* 0.056 pg/mL" (MDL)
5 96,975+ 0.801 pg/g"®
Ca 6.4” 6475+ b:
g0 1055 0.04088 pg/mL¥
o 103.9% nd:
1 93117 0.0025794 yg/mL*
oo 0.00003 pg/mL
a:
a 0.048 pg/g'®
Ti 3.90% b:
nd: 0.5 pg/mL!®
414 nd:
0.0001132 pgmL*
a:
a 0.0000017 pg/mLY (IDL}
527 a 0.0000027 pg/mL"" (MDL)
1.91% 10777 0.014 pg/g"
v 4.7 104.7% 0.005 ng/g”
be 6795 0.0001 pgfg®
10.9% 111.228% nd:
847 0.0000038 pg/mL.%
0.000135 pg/mL*
Continued
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Precision (% CV)
a: repeatability Trueness (%) Limit of detection
b: inter-day (assay) | a: calculated with CRM | a: in blank solution
Element | c: reproducibility b: as recovery b: in real sample
ai
0.000042 pg/mL1" (IDL)
0.000052 pg/mL" (MDL)
0.024 pg/g™®
a 0.3 pg/g’®
3.4Y7 . 0.0001 pgig'™®
331% b 0.0014 pg/g'™
3.8 125.9% b:
Cr b: L00E 0.00005 pg/mL*
447 106.25% 0.0001 pg/mL?
5.6% i 0.0001 pg/mL*
nd: 0.00025 ng/ml*
311 nd:
0.0000649 pg/mL*
0.00113 pg/g™
0.000116 pg/mL*
0.0000014 pg/mL**
& a: . a
o ot 0.000071 pg/mL"
Pt o 0.000012 pg/mL!" {LDL)
b o7 %t 0.000025 ug/mL."” (MDL)
10.0Y g7 0.018 ng/er
M i3 20 0.07 ug/g
n 45 o 0.0016 pgig'™
100+ g ngrg
nd: 99 0.001 pajal
21-3.68 93100+ Lulnglg
1,100 10410 nd:
L1 Logs 0.0000194 pg/mL*
5 g b 0.00021 pg/mL*
Sons 10,589 0.000003 pg/mL!*
a: ;:89* a:
1.13% 100,05 0.089 ng/g"
1.5% 7o 4pglg™
2.4% o5 0.136 pg/g'
Fe b 97.9% b
3.7 Ao 0.00205 pg/mL™
4.1% Z]L0L nd:
nd: 10417 0.0001827 pg/mL.%
2,549 b 0.00149 pg/g™
4119 R 0.00002 pg/mI.""?
ai
0.004 pg/g™
a N 0.000016 pg/mI.>
3.54 9'275* 0.0000043 pg/mL" (IDL)
4.10% 92-100% 0.0000061 pg/mL"" (MDL)
3.7 9617 0.001 pg/g*®
Co b 77 935 0.007 pg/g™
5.6V (- 0.00004 ng/g'®®
9.6% 105095 0.0002 pgig™
nd: be nd:
11-820 ggions 0.0000061 pg/mL%
4.6417 0.00024 ng/g*®
0.000177 pgfm1%
0.0000008 pgmL "
a:
o 0.0004 pg/mL"” (IDL)
2807 a 0.00051 pg/mL" (MDL})
5.40% 1107 0.016 pg/g'
- H
Ni b 88038+ 0.1 pgig’
' - 101
6.2 100°% AL
101 Tk
‘S‘d’ug 13875 0.0000405 pg/mL %
) 0.00064 pg/g®
0.00002 pg/mL"
a:
2.1%7 a a:
1.26% 899713 0.000017 pg/mL1
1.3 92+ 0.00003% pg/mL" (IDL)
1.5% 96.5% 0.000072 pg/mL" (MDL)
b: 125" 0.049 ug/g™
3.97 10010+ 0.1 pgle’
¢33 5% 100
o« | i ouee
. - ngflg
nd: 107.5% b:
1.3-4.1% 95.87% 0.00010 pg/mL*
2% 897 nd:
1.94%0 g5l 0.0000399 ug/mL"™
0.7\ g1ioox 0.00059 ng/g™
2,918 1071 0.000007 pg/mL'?
2.9119
Continued
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Precision (% CV)
a: repeatability Trueness (%) Limit of detection
b: inter-day (assay) | a: calculated with CRM | a: in blank solution
Element | c: reproducibility b: as recovery b: in real sample
a ai
! 13
5.317 e a
0.90% Tl 0.000017 pg/mL"
1.1% 101-10455+ 0.00096 pg/mL" (IDL)
3.6% L0156 0.002 pg/mL1” (MDL}
b: Lo2e 0.0107 pg/g (32 pg/mL)*
7.5% 1025+ 0.58 ngrg™*
8.7% 54.35% 0.2 pglg”
Zn 5.3% a0 0.0042 pg/g'®
973 L&
nd: 1101 0.9pg/g
1.5-3.4% g1t b:
22.8% o710 0.00024 pg/mL*
163% 9§10 nd:
1,210 1081 0.0005154 pg/mL%
0.2'% be 0.00251 pg/g™
119 : 119
é.gm 111430 0.00002 pg/mL
' 991 12%
a:
a 0.0007 pg/g'®
Ga 2.47% nd:
0.0000452 pg/mL.%
ai
Ge 0.001 pg/g®
a:
a 0.0047 pgig™
Sa . 0.000037 pg/mL" (IDL)
14 o 0.000043 pg/mL1” (MDL)
59 17 0.016pg/g”
7.7 97 .
38 0.002 pg/g’
3.6 86.47* 0.0004 100
As h: 4595)} " I’lgfg
. - 0.0003 pgfg'
10 110.36 be
10.9% 98.7% '
379 g3t L0 pg/mL'®
) 101 0.00001 pg/mI.*
nd: i !
416 0.00005 ng/mL
nd:
0.0009148 pg/mL*
ai
1.8 a: a
5.47% o575 0.017 pg/g™
9.0 1107 0.000062 pg/mLY (IDL)
2.1% 81459 0.000094 pg/mL'" (MDL)
b e 0.12 pgig'
Se 2.91% 116,155 0.04 ngig™
11.2% gt 0.0015 pg/g'®
20 101.5
3.0 125100 b:
nd: 100 0.00004 pg/mL*
30%° G100 nd:
101 0.0003438 pg/mL%
6.4100
ai
Br 2,168 ug/g"
ai
2.8% a a:
be 1019 0.000012 pg/ml>
b 9.6 1033 0.021 pg/g®
nd: 106" 0.002 pg/g™
1.4-2.79 b: b:
46 104,06 1.0 pg/mL!®
0.735
a: a
17 i
%‘ ggs N 0.000017 pg/mL"
by Than 0.000014 pg/mL!" IDL)
o 1107 0.000037 pg/mL!" (MDL)
467 99159+ 0.036 ug/g™
Sr 7 g 13596+ 0.05ugfg™
i b 3.00001 ng/mL
6.9-16.8" 92,03 i
415 957 1.0 pg/mL'®
0.4 nd:
2'937 0.0000190 pg/mL*
a:
¥ nd: 0.0006 pgig"
2.1 nd:
0.0000012 pg/mT."2?
Continued
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Precision (% CV)
a: repeatability Trueness (%) Limit of detection
b: inter-day (assay) | a: calculated with CRM | a: in blank solution
Element | c: reproducibility b: as recovery b: in real sample
ai
102
]1)..774.2 be o
7 0102 0.1-7.219% 0.000055 pg/mL'%
S 91,0 -118" 0.000002 pg/mL*’
105 1067 0.008 pg/g"
3.0¢
ai
Nb 0.0005 pugig™®
a: a a:
4.25% T 0.0057 yg/g™
329 105107 0.000008 pg/m1.>
3.5% 9575+ 0.01 pglg™
b L0257 0.006 ng/g’
Mo 8.8 108.7% 0.0048 ng/g'
7.9% e 0.000005 pg/mL?
110 Hg
nd: 105,495 b:
1.1-3.00 " 0.000025 pg/mL™
35 b:
5 ggLon* nd:
2,87 Lo 0.0000194 pg/mL.%
2,949 0.0000012 pg/mL "
ai
Ru 0.017 pg/g®
a:
bd 0.002 pgtg"
A nd: nd:
& 8" 0.00013 pg/s™
a: ai
a 10675+ 0.0029 jg/g™
617 94-114%4 0.000001 pg/mL™
1.96% 83%7 0.0000088 pg/mL*" (IDL)
4.1% 997 0.000013 pg/mL'" (MDL)
5,87 967+ 0.00006 ng/g® (0.017 pg/
b: 91.6%* mL}
1007 405 0.002 ng/g"
cd 9.3 94.73% 0.001 pg/g™
6.3% 98,850 0.00008 pgfg!®
nd: 931 0.0001 pgig"
1.1-2.64 101% 0.0001 pg/mL'
6.6 120000+ b:
4.2% 95iohk 0.000001 pg/mL™
4.6 111 nd:
9,51 b 0.0000032 pg/mL*
031 10247% 0.00047 pg/g™
10243% 0.0000006 pg/mT."?
In a 15
0.0002 pg/g
a:
a: a 0.004 pg/g™®
0.57% 5.3 0.04 ug/g™
Sn nd: b 0.00003 pg/mL¥
30% - 0.0001 pg/g'
5.2% 104 nd:
0.0000139 pg/mL.%
ai ai
2,87 o 0.000017 ng/mL"" (IDL)
0.85% Toa 0.000028 pg/mL1" (MDL)
sb b: 90,05 0.002 pg/gh
3.67 b 0.0006 pg/g™
nd: o 0.000002 ng/mT ="
10% nd:
2,39 0.0000193 pg/mL*
ai
Te 0.006 ng/g'®
a: a
E : .
I o 98.77% B.' 00010 pg/mL=
a7 945
nd: a
Cs 2.9-4.39 0.000001 pg/mL"
20% 0.0009 pg/g'®
Continued
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Precision (% CV)
a: repeatability Trueness (%) Limit of detection
b: inter-day (assay) | a: calculated with CRM | a: in blank solution
Element c: reproducibility b: as recovery b: in real sample
a
a 0.000011 pg/g" (IDL)
4,457 0.00038 pg/mL' (MDL})
1.19% . 0.025pg/gh®
be Yo 0.03 ngfg™
Ba 6.0 FEvin 0.0002 pgig'™
nd: 0.00001 pg/mL¥
16 b
4 927+ b
3% 0.5 pg/mL'®
4.7 nd:
1509 0.0011218 pg/mL*
0.0000014 pg/mT."?
a a
Ce 87,535 0.0008 pg/g'*
" 0.002 pg/g™
Sm a 12
0.002 ng/g
a
Gd 0.001 pg/g™
a
Tm 0.0006 pg/g"
a
HI 0.0002 pgfgh®
a
Ta 0.002 ng/g"
nd: b: a
w g5 - 0.000091 pg/mL?"
4.2%7 0.074 pg/gh
a
Re 0.0002 pugfg!®
a
Os 0.013 pg/g"
a
Pt 0.0005 pugig™®
a
Au 0.001 pg/g®
ar a
10075+ 0.0011 pgfg™
Hg 84,175+ 0.037 pgfg™
gyloLs 0.007 pg/g™®
74101 0.0002 pg/g'
ar a
T nd: 9957 0.0005 pg/g'®
3.477 b 0.000001 pg/mL?"
9437+ 0.00004 pg/g'™
a:
0.0079 pg/g™
a ai 0.00001 pg/mL"
5217 9675 0.000099 pg/mL" (IDL)
1.28% 109-112%* 0.00016 pg/mL" (MDL)
4.8% 12547 0.002 pg/g®
Pb b 94,35 0.005 ng/g*
837 930+ 0.0009 pgfg'®
8.6 g1+ 0.0013 pg/g'®
nd: b: nd:
10.0-10.5" 92.85% 0.0000414 pg/mL*
0.00036 pg/g™
0.000004 pig/m1.!**
ar a
Bi nd: 10257 0.000001 pg/mL*’
4.3% b: 0.002 pglg"”
110°% 0.004 pg/g™
a:
a o 0.00000029 pg/mL"" (IDL)
- 2.3 T 0.00000045 pg/mL"
b 106 1+ (MDL)
3.1 - 0.0002 pgrg™
0.00005 pgg'®

Table 4. Values of precision, trueness and detection limit for different elements determined by using [ICP-MS.
nd method of parameter determination was not defined; * Trueness expressed as a Bias; *Calculated based on
the literature data.
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certified material NIST RM 8414 (bovine muscle) using ICP-MS®. The lowest detection limit for Ca (0.00001 pg/
ml) was obtained in the work of Leblondel et al. who have studied the distribution of elements in rat tissues using
ICP-OES™. Inturn, in the work of Yang et al. alimit of detection of Ca obtained for sample of rabbit artery using
ICP-OES was 0.005 pg/g (calculated as 3*SD from 16 measurements)®”.

Fe is very often the subject of studies carried out using the F-AAS, GF-AAS, ICP-OES and ICP-MS. In general,
it can be stated that for techniques using plasma for analytes determination the obtained values of precision
are very good and do not exceed 4.1%. The highest value of this parameter in case of Fe determination (25%)
was contained in the work of Sahuquilo et al. concerning the elemental analysis of human gallstones using the
ICP-OES. It was pointed out that this may be caused by the low content of this element in the analysed sample
(pure cholesterol gallstone sample)®®. For all discussed techniques of Fe determination very good results of
trueness were obtained, calculated both with spike sample methods and based on measurements of reference
materials. The highest agreement between the measured and certified values of Fe concentration was obtained
using the ICP-OES in the works of Rahil-Khazen et al. (100.3% for human hair reference material GBW 09101
measurements)® and Yang et al. (99.7% for NIST bovine liver standard reference material measurements)®®. The
best value of Fe recovery for the real sample matrix was obtained with the use of F-AAS (97.8%) in the work
of Fakayode et al., where the contents of trace elements in human hair samples were examined®:. Based on the
analysed papers it can be said that the lowest detection limit for Fe is 0.0001827 pg/ml and was obtained by
Xie et al. during measurements of standard solution using ICP-MS®. For the same technique, the value of Fe
detection limit determined based on the measurements of real sample of human serum was 0.00205 pg/ml in
the work of Meyer et al.*’.

All techniques selected for the discussion were used to determine the content of Cu in biomedical samples.
Performed measurements are characterized by good precision values, ranging from 0.6% (within-run precision
calculated based on 20 measurements of a digested human serum sample using ICP-OES)® to 11.1% (reproduc-
ibility determined based on 6 measurements, done with the use of ICP-OES, of Cu concentration in the solution
of digested tooth samples)*. In most cases, the trueness obtained for Cu ranges from 81% (ICP-MS)!" to 108%
(ICP-QES)®. Also, the values of recovery parameter are satisfactory for these techniques and range from 95%
(ICP-OES)? to 104.1% (F-AAS)*. Both the best and the worst agreement between measured and certified Cu
concentration values were obtained in the work of Garcia- Vaquero et al. The trueness of 100% was obtained when
measuring DORM-3 CRM (fish protein), whilst 125% when analysing CRM 186 (pigkidney)!"’. The lowest LOD
for Cuwas obtained in the work of Afridi et al. based on blank solution GF-AAS measurements and this value is
0.00000017 pg/g®™. Analysing the real sample (human serum) and using for this purpose ICP-MS, Meyer et al.
obtained LOD for Cu equal to 0.0001 ug/ml*".

Zn is an element frequently examined in biomedical samples. The precision of Zn measurements performed
using ICP techniques is satisfactory for most of the discussed papers and ranges from 0.3% (ICP-OES)® to 8.7%
(ICP-MS)®. In the work of Panayi et al., where Cd and Zn contents in brain tissue were measured using ICP-MS,
the precision of Zn determination was 22.8% and 16.3% depending on the type of tissue examined®”. Observed
higher values of this parameter in case of results obtained for real samples reflect possible non-homogeneity
in their elemental composition. Also the trueness of the results obtained using the discussed techniques can
be considered as satisfactory. When comparing certified and measured values, the trueness ranges from 87%
(measurements of standard reference material CRM 1577-bovine liver using ICP-OES)” to 116% (calculated
based on measurements of standard tissue of bovine muscle with the use of [CP-MS)’. The obtained recovery
values range from 87% (2 ug of the analyte added to rat liver samples and reanalysed using ICP-OES)™ to 111%
(analysed samples spiked with a known amount of an element and measured with the use of ICP-MS)*". The
lowest LOD for Zn is 0.000017 pg/ml and was determined using the ICP-MS by Takahashi et al. It was calculated
as the concentration of the element for which the number of counts is three times higher than the standard devia-
tion of the background counts'®. The lowest LOD of Zn for the matrix constituting the biomedical sample was
0.00024 pg/ml and was calculated based on results obtained for human serum using the ICP-MS®.

The presented validation parameters regarding the determination of Se in biomedical samples refer to the
use of the ICP-OES and ICP-MS. In most cases, obtained results are characterized by very good precision from
1.8% (expressed as repeatability calculated from 6 measurements of CRM Seronorm Trace Elements Serum L-2
carried out on the same day)!” to 11.2% (inter-day precision expressed as the relative standard deviation of 10
measurements of CRM Clinchek Blood Plasma Control level 1)%. The highest value of the precision for Se found
in discussed papers, equals to 30%, was obtained by Hasegawa et al. who have studied the elemental composi-
tion of human bone-marrow fluid®. The parameter was calculated as RSD of 3 replicated measurements of the
sample done using I[CP-MS. The values of the trueness in case of Se determination ranged from 62 to 125%
and depended on the applied analytical technique. The best agreement between the measured and certified Se
concentrations, equals to 101.5%, was obtained in the work of Meyer et al. for human blood serum reference
material with the use of ICP-MS®, The lowest LOD for Se, achieved also by Meyer et al., was equal to 0.00004 pg/
ml for human serum samples®’.

Evaluation of the usefulness of the total reflection X-ray fluorescence (TXRF)

for the elemental analysis of animal tissues

The total reflection X-ray fluorescence is a technique of quantitative elemental analysis and it is based on the
registration of fluorescent radiation emitted by atoms excited as a result of ionization of their inner shell. The
fundamental principle of TXRF is application of measurement geometry, which allows for the occurrence of
total X-ray reflection phenomena. Primary, X-ray radiation is used for atoms ionization and it falls on a sample
surface at very small glancing angle and is totally reflected from a sample carrier. Thus allows for double excita-
tion of atoms, first by primary, incident beam and then by reflected beam. The energy of emitted fluorescent
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X-ray tube | — beam modifying sample
components carrier

Figure 5. Block diagram of a typical instrument used for TXRE

radiation is characteristic for each element and depends on the atomic number. Therefore, the measurement of
the fluorescent radiation energy, allows identifying elements present in the sample!?!.

A layout of the experimental setup used for TXRF measurements is presented in Fig. 5. X-ray tubes with
molybdenum anode are most often used as X-ray sources for the TXRE The spectrum of the beam generated
in the lamp is continuous and requires monochromatization to reduce background radiation. Therefore, the
beam passes through the set of modifying components, like shut-off reflectors and crystalline or multilayer
monochromators. The most commonly used detectors for TXRF are semiconductor detectors (mainly Silicon
Drift Detector or Si(Li)). The detector, sample carrier and source of radiation are arranged at angle 90°, ant that
geometry allows for a significant decrease of the background of the recorded spectrum To improve the detection
of low-energy characterisctic radiation, if possible, the analysis should be conducted in a vacuum to reduce the
absorption of radiation in the air. It is also important to provide a suitably thin layer of the sample, which also
affects the elimination of radiation absorption effects'??.

The TXRF is widely used in the analysis of biomedical samples, both solid and liquid'#***. For liquid sam-
ples, such as body fluids, the measurement can be carried out directly!!*'?!%¢ or after appropriate dilution of
the sample''?. Solid samples, both soft (such as organ tissues'’*'**) and hard (e.g. bones®) require sample
preparation. Its purpose is to conduct the sample into the liquid form and to remove the organic matrix, which
could contribute to the increase of scattered radiation and worsening of the detection limits of the elements.

Ostachowicz et al. used the TXRF to determine concentrations of Na, Mg, Cl, K, Ca, Cu, Zn and Br in
serum and cerebrospinal fluid taken from patients suffering from amyotrophic lateral sclerosis and healthy
people constituting a control group!'!', Margui et al. have performed a multi-elemental analysis of whole blood
taken from patients with thyroid diseases. For this purpose, they examined the influence of different dilution
procedures and sample volume deposited on the reflector on the carried elemental analysis'®”. Sanchez et al.
have analysed oral fluids of women with osteoporosis and osteopenia in terms of P, S, Cl, K, Ca, Cr, Fe, Ni, Cu
and Zn contents'®, Martinez et al. have determined the concentration of Fe in the blood of people living in the
Mexico Valley metropolitan zone. Before analysis, Fe was extracted from the samples, which allowed to reduce
the detection limit of the element and the obtained results were compared with the levels of Fe in environmental
samples'?, Majewska et al. have used the TXRF to determine the reference values of K, Ca, Ce, Mn, Fe, Ni, Cu,
Zn, Br, Rb and Sr in human urine'®. Another study concerned the determination of gadolinium content in urine
and blood plasma using the TXRE The same samples were also measured using ICP-MS in order to perform a
comparison with results obtained by TXRE Concentrations of Gd determined by both techniques showed very
good correlations'®. It was found that TXRF can be considered as a simple technique for routine analysis of
gadolinium levels in body fluids in clinical laboratories'*. Abraham et al. have analysed the concentration of Ti,
V and Al in oral fluids taken from patients with dental implants. The study was performed in order to explore
the possibility of corrosion effect of metals in implanted materials. As an X-ray source for the TXRE they used
synchrotron radiation (SR-TXRE, Total Reflection X-ray fluorescence with Synchrotron Radiation). The use of
alinearly polarized synchrotron radiation in TXRF reduces the influence of scattered radiation on the recorded
spectrum. High intensity and monochromatization of the exciting synchrotron beam lead to further improve-
ment of the detection limits of analysed elements!*".

Wagner et al. have performed a multielemental analysis of muscle and liver fish tissues. The objective of
their study was investigation of the influence of environmental pollution caused by the local coal industry on
the fish tissues and find out if it may stands a potential danger for the consumers*!. Marco et al. have analysed
the contents of Cu and Zn in human brain and Fe, Cu, Zn, Se and Pt in human serum. Different procedures of
sample pretreatment, including digestion and preparing slurries, as well as methods of standardization were
investigated'*". Serpa et al. have studied the content of AL P, §, Cl, K, Ca, Ti, Fe, Cu, Zn, Br and Rb in different
parts of rat brain. They indicated how the concentrations of the elements change with the age of the animal'®,
In turn, Varga et al. analysed content of Cr, Mn, Fe, Ni, Cu, Zn, Rb and Pb in the samples of liver biopsy taken
from patients suffered from chronic diffuse liver disease®. There are many studies where TXRF is used for the
comparison of elemental composition of cancerous and healthy tissues. Such studies were done for colon®!,
breast?>!® %1 stomach ™!, uterus'??, prostate!®®, intestine®® and the corresponding healthy tissues of these organs.
Other investigation concerned the elemental analysis of brain tumours of various types and grades'* as well
as breast, lung and intestinal cancer tissues'**. Using the TXRF, attempts were also made to find correlations
between the concentrations of trace elements in samples of cancerous and benign tissues of the rectum, colon,
thyroid, kidneys, larynx and lung'*%. Czarnowski et al. have analysed the distribution of trace elements in normal
and cancerous tissues of the human stomach, colon and rectum. The frozen samples were not digested but were
cut in a microtome and directly put on the reflector'®. Using the TXRE, the concentrations of elements (P, S,
K, Ca, Fe, Ni, Zn, Cu, Br) were compared in cancerous and healthy breast tissues. Several fragments were taken
from each tissue to determine the variability of elemental distribution in the obtained samples'**. The technique
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has also been successfully used to determine the platinum content in biological samples. These were the tissues
collected during biopsy of patients subjected to Cisplatin chemotherapy at different times from its ad ministra-
tion. The obtained detection limit of platinum was 0.1 ppm'*. Due to the TXRF analysis speed, uncomplicated
measurement process and accuracy, this technique was considered suitable for carrying out trace analyses of
small amounts of samples in medical and clinical trials'®,

Carvalho et al. have analysed distribution of Ca, Mn, Fe, Cu, Zn, St, Ba and Pb in human femur originated
from archaeological excavations®. Rodriguez et al. have investigated whether the dog hair may be considered as
potential biomarker of environmental arsenic exposure. Samples were measured using TXRF and the ICP-OES
to check the accuracy of proposed methodology and there were no significant differences between the results
obtained with these two techniques*2.

Experimental animals and sample preparation. The subject of the study was a group of six male
Wistar rats, which were originated from the colony of the Department of Neuroanatomy, Institute of Zoology
and Biomedical Research, Jagiellonian University, Krakow. The animals constituted a control group in our previ-
ous experiment focused on the elemental anomalies occurring in rat organs after the systemic exposure to iron
oxide nanoparticles’.

All procedures in which animals were involved were carried out with the approval of the Bioethical Commis-
sion of the Jagiellonian University (agreement no. 121/2015) and were performed in accordance with the interna-
tional standards. The rats were housed in cages, with the access to water and standard rodent diet ad libitum. On
the 60th day of their postnatal development, the animals were euthanized and perfused with 0.9% saline of high
analytical purity. Muscle, brain, kidney, liver, heart and spleen were excised from the bodies, weighted and quickly
frozen inliquid nitrogen. Removed organs, packed in sterile Whirl-pack bags, were stored in temperature — 80 °C.

For elemental analysis of rat organs the TXRF was applied. Before measurements, the tissues were weighted
and digested. The organ weights were in range of 0.417-0.610 g for muscle, 1.722-1.923 g for brain, 2.126-2.806 g
for kidney, 8.713-14.880 g for liver, 0.805-1.116 g for heart and 0.498-0.773 g for spleen. The removed livers,
compared to the other organs, were significantly larger in weight. Therefore, each individual liver was cut into
5 or 6 separate pieces and separately subjected to mineralization. Digestion process was performed in few steps
and the maximum achieved temperature was equal 190 °C at pressure 30 bar. Each organ was placed in a separate
teflon vessel adding high purity 65% nitric acid (100,441/Suprapur, Merck Group). The typical volume of nitric
acid was about 2.5 ml per 1 g of tissue. Microwave-assisted digestion was performed with the use of mineralizer
SpeedWave 4 (Berghof). The conditions of the mineralization process were chosen according to the recommen-
dations of the mineralizer manufacturer. After digestion, the teflon vessels were cooled down and their contents
were separately poured to the test tubes. The samples were stored at a low temperature until analysis.

Basis of quantitative elernental analysis. The quantitative analysis was carried out with the use of the
internal standard method. For this purpose gallium solution at concentration of 10 ppm was used. Typically,
0.3 ml of such solution was added to | ml of the digested sample and the content of the test tube was thoroughly
mixed using a laboratory shaker to ensure the homogeneity of the solution. Afterwards, 2 pl of sample solution
was transferred onto quartz glass carrier (Bruker Nano) and dried on a heating plate. Before this procedure the
sample carriers were cleaned according to the producer recommendations and tested through the control meas-
urements of background.

Analysis of the element contents in the liquid sample, using the internal standard method, is based on the
relation (1):

C]S *Ng
= (n
Nig + §;

where, C; concentration of the element i in the liquid sample [ppm], Czs known concentration of the internal
standard [ppm], N; and Njs the numbers of counts for the element i and for the internal standard, §; relative
sensitivity for the element i determined by the analysis of calibration standards solutions.

In order to calculate the content of the element in the liquid sample of tissue, the dilution resulting from the
addition of the internal standard has to be taken into account. The concentration of the element i in the liquid
sample of the tissue is, then, expressed by the formula (2):

Ci=dx*C; (2)

where, d coefficient of the dilution equal to the sum of the volume of the liquid sample and the volume of the
solution of the internal standard.

To determine the concentration of the element in the organ, the mass conversion factor k,, for the organ »
should also be taken into account which is expressed by the Eq. (3):

kn — M (3)

)

where, m, mass of the organ n, s, mass of the nitric acid added during mineralization.
As a result, the concentration C? of the element i in the organ # is calculated based on the dependence (4):

Cl'=Cixk (4)
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Evalvation of validation parameters. Limit of detection LOD; [ppm)] for the element i in the organ j
was calculated based on the results obtained for six samples of each organ in accordance with the formula (5):

LOng‘ _ 3*C;j *M’NBG (5)
N;

where, Cy concentration of the element i in the organ j [ppm], Npgarea of the background under Ky, line for the

element iin the organ j [a.u], Nj area of the peak for K, line of the element iin the organ f [a.u].

Final values of the detection limits of the examined elements for each organ were calculated as an average of
the results obtained for six analysed samples.

Both precision and trueness of the technique were determined using standard reference material IAEA-
A-13—the freeze dried animal blood. Six SRM samples weighing 200 mg were prepared, placed in separate teflon
vessels with 5 ml ofhigh purity 65% nitric acid and digested. Before elemental analysis of the reference material,
0.3 ml of the solution of the internal standard was added to each 1 ml of the sample. Similarly, as in the case of
animal samples, the solution contained Ga at concentration of 10 ppm. For TXRF analysis 2 pl of sample solu-
tion was deposited on quartz glass pad (Bruker Nano) and dried on a heating plate. In order to determine the
repeatability, first the coefficient of variation CV’ for the element ; was determined in each measurement series as:

1
i
x

oV — ()

where, ;tthe average concentration of the element i in a given measurement series [ppm], xji the concentration
of the element i obtained for single measurement j [ppm], n number of measurements in single series.

Repeatability of the analytical technique, express as coefficient of variation CVgi, and taking into account all
measurement series for each element i is defined as:

CV, = @)
where, k the number of measurement series.
Trueness for used analytical technique was calculated for every element according to the formula (8):
_i
a
T = — +100% (8)

aref

where, “the average concentration of the element # calculated forall measurement series, ai o the reference value
of the concentration of the element i in [AEA-A-13 SRM.

Instrument and measurements conditions. 'The measurements were carried out in the Laboratory
of X-ray Methods of the Institute of Physics at the Jan Kochanowski University in Kielce. For this purpose, 52
PICOFOX (Bruker Nano) TXRF spectrometer was used. The instrument is equipped with an air cooled X-ray
tube with molybdenum anode and multilayer monochromator. The energy of the exciting beam was 17.5 keV
and the focal spot was equal to 1.2 0.1 mm”.

Samples on the quartz glass carriers were placed in 25-position spectrometer cassette. The measurement time
was 20 min per sample and each of six SRM samples were measured 10 times.

Elemental composition of the normal rat organs. Energy calibration of the obtained TXRF spectra,
carried out in the PyYMCA program, allowed us to identify the elements present in the examined tissues. As an
example, the spectrum of selected liver sample is shown in the Fig. 6. The identification and quantification of
elements was performed based on their K, lines and the following elements: P, §, K, Ca, Fe, Cu, Zn and Se were
the subject of further quantitative study. As one can notice, Siline was also present in the spectrum, the source
of which was the used quartz sample carrier, the Ar line from the air and Ga, which was added to the sample as
an internal standard.

The quantitative analysis, performed on the way described earlier, allowed us to obtain information about
the concentrations of B, §, K, Ca, Fe, Cu, Zn and Se in the examined organs of normal rats and the obtained
data were used to prepare Fig. 7 and placed in the Table 5 which contains also the comparison of the recorded
concentrations with the available literature data from various techniques of elemental analysis.

Based on the data presented in the Fig. 7 and Table 5, the analyzed elements can be classified into three
groups: macroelements (with concentration higher than 1000 ppm), microelements (with concentration higher
than 100 ppm and lower than 1000 ppm) and trace elements (with concentration lower than 100 ppm). The ele-
ments that in all organs persisted at the level of macroelements were: P, S and K. In case of Ca, the concentration
above 1000 ppm was observed in the liver, muscle and spleen. In the three remaining organs, Ca was qualified
to the micronutrient group. Fe and Zn concentrations above 100 ppm were recorded for liver and spleen. In the
remaining organs, their contents were determined as trace. Cu and Se in all the examined organs were classified
into the group of trace elements. The TXRF results, presented in the Table 5, pointed also at high variability in
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Energy [keV]

Figure 6. An example of X-ray fluorescence spectrum registered for liver sample. Ka, Kp and L spectral lines
were marked with black, green and purple colours, respectively. Lines of the analysed elements were marked
with red arrows.
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Figure 7. 'The contents of elements in every organ determined using TXRE

the concentrations of the studied elements in tissues taken from individual animals. The high population vari-
ability concerned, mainly, the accumulation of Ca and Zn, and in some organs also Fe.

The aim of the study was also to compare the results of the elemental analysis of rat organs carried out using
the TXRF with available literature evidence. The elemental data obtained using the techniques of AAS, ICP-OES
and ICP-MS were used for this purpose. In the case of light elements, the concentrations determined using the
TXRF were compared with the results obtained with ICP-OES technique by Leblondel et al.”® and Shimamura
et al.*!'® Tt was noted that in all organs, the P, §, K and Ca concentrations obtained using the TXRF were higher
than those determined with ICP-OES*781% or consistent with them within the limits of observed population
dispersion (concentration of § in kidney and heart™). The higher levels of light elements measured in our study
may be influenced by the sample preparation method. Leblondel et al. used digestion of sample for 3 h at room
temperature and then next 3 h at 70 °C in the presence of HNO,™. Shimamura et al. performed sample decom-
position using HNO, and H,O, in high temperature (180 °C) conditions and they repeated that procedure 2 or
3 times™'®, No clear information on whether the digestion was performed in a close or open system was found
in the mentioned papers. In our study, for tissue digestion we applied wet mineralization in a closed system using
microwave energy. The technique is very often used to digest biomedical samples of different types, including
the samples of organs?®*%101:192 body fluids'”*** or bones!?. To its advantages one can include small amount of
sample required for analyte preparation as well as the limitation of the risks of sample contamination and loss
of light elements by limiting their volatility during digestion!®*%,

Concentrations of Fe, Cu, Zn and Se measured with TXRF were also confrented with the literature values
obtained with various analytical techniques. In contrary to macroelements, the values determined with TXRF
and measured with other techniques were usually in quite good accordance. The highest agreement was observed
for Ca, Zn and Se levels for all the organs, excluding liver.

Comparison of validation parameters obtained for TXRF with other techniques of elemental
analysis. Based on the obtained results, for each organ the detection limits of the elements were calculated
and compared with the values of LODs obtained for other analytical techniques and published in the literature
(Table 6). The detection limits of elements are expressed either in mass or volume units. For general compari-
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Liver Kidnay Muscle Brain Heart Spleen
Maasured by Measured by Measurad by Measurad by Measurad by Measurad by
Element TXRF Literature data TXRF Literature data TXRF Literature data TXRF Literature data TXRF Literature data TXRF Literature data
ICP-OES ICP-OES
298344+ 163,37 3300 £20% ICP-OES ICP-OES ICP-OES ICP-OES
P 750 (704) 3900 +4001% 4250 (280) 3d0PF 4270 (120) 1971291212178 a110(350) 2521.85 +99.517% 2870 (270) 2128.39+ 94,557 5460 (860) 3188.04 +241,57
3700102 253177 £167.09%
ICP-OES ICP-OES ICP-OES ICP-OES ICP-OES ICP-OES
s 2980 (150) 2346.88+£202.567 2290 (150) 232704 +2 10,567 2260 (150) 2417 524154247 2030(160) 132064 £73.28°% 2450 (310) 2524164113527 2270 (460) 1553,6£122.887%
ICP-OES ICP-OES
319722+ 152,887 2600 £20% ICP-OES ICP-OES ICP-OES ICP-OES
K 5440 (610) 3300 £3001% 2820 (200) 260028 6110 (280) 346047 £231,66° 6100(520) 3084,51 £ 180,967 2470 (180) 276081 £157.95% 5920 (1060) 4034,16 253,57
300012 246714 £166.14™
ICP-QES ICP-QES
3028 +£2.48™ 120 81 £5% ICP-QES ICP-CES 112 ICP-QES ICP-CES
G 1800 (530) 36.6£4,310 (210} 104% 1580 (2800) 41.12 £3.487 780 (1540) 33.04£3.527 (3200 25722167 2070 (8060) 32.52 £57%
37,510 54,524 5,087
ICP-QES
S31.0+18.07 ICP-OES ICP-OES
1023.5 495,97 3612+ 9.47 643143137 ICP-OES
137 71,064 28,437 453 416,3x07.17 201 ICP-CES 208 ICP-OES 4542 +9,47 185.19£41.617
ke 17 5081021 (4.9) 1F0+3320 (4.3) 0.52 +2.07% (4.d) 11.480,05% 75 (18) 5712+626% 547 (200) ASA:
64310 2673 ASA; 1733 £32.257
ASA: 40,85+ 5,087 62.4+6,057
734410457
ICP-OES
1334027 ;gi'???w
17.0£0.5 § :5‘879 ICP-QES
5.65£0317 e 1242057 ICP-QES
o A4 1 » s
cu CEICEO N e 6.7 (0.69) 2.54?‘52 2astoos) | PSR 578 (0.61) [CROES 661 (025) g0 1,90 (6.15) L1 20065
540,81 Iglf—idoés ASk 234204417
52w P 9.04.4£1257
ASA; x
6.50+0,5557 B
ICP-OES:
1030 £0.4% ICP-OES
92T +0F BOd+12™ ICP-0OES
24,30 1,627 T4.0£03% 62,0037 ICP-CES
7n 125 3081 £17% 32 20 22% 58 ICP-QES S50 ICP-CES 254 687 2047 152 16.08 1237
29} 2043 +1.89 (13) 32 (180} 10,50 £2,037 (110) 107720727 (5.1) 14,502 £0.75% (360) ASA
32,823,610 1879+ 1.52% ASA 204+ 1757
52,5108 18711 1784115
ASh: 1796+ 1.5
2555587
ASA:
0.720 20,0307
ICP-M5
Se 125 (0.11) fgs_i;s‘?ﬁm 1.64(0.15) L8202” 0,120 (0.019) 0,160 (0.033) 0.364 (0.032) ‘:i?:)io‘“om 0.520 (0.018) ?g‘;io.oaom
- 14
14402
14
Table 5. The median value [pg/g] of B, §, K, Ca, Fe, Cu, Zn and Se concentrations obtained for each organ
using TXRF together with corresponding literature data. In the parentheses the interquartile range of the
concentration value is shown.
LOD calculated for TXRF measurements Literature values of LOD for other techniques
Liver Brain Heart Kidney Muscle Spleen F-AAS GE-AAS ICP-OES ICP-MS
19.5 13.3 1.7 14.1 28.6 198 \tae e
P ay o) 1.9 (.5) (7.5 3.9) nl 05 ugls 0.68 ugly nf
5.0 496 4.80 53 10.2 6.79 al41 e al43
§ (1.0} {0.50) {0.61) 7 {2.5) {0.61) 0 gy nf 8.7 ug'e 0.004 pglg
237 216 176 188 4.5 3.06 0.01 pg/g'™ e e ]
L ) (0.26) (0.30) (0.57) (13) .51 Dlpggn | 00032uglsmT | 0.68ugly 3 ugle’
149 0.74 0.66 0.72 19 144 . - o
G osn) (©.25) (©.25) (©.23) (L 071 0.01 pg/g’ n.t 000 0.801 ngle
0.24 0116 0.111 0.229 . = 05pgie®-23 | 0.00149 ngs
Fe | Gs) LD ©015) 0.129.(0.040) | 0266(0.082) | o) 0.08 pgie’ 1.6 ug/g - gl
0.095 0.067 0116 . 0.00000017 g/ | 0.0109 pgy/ 0.00059 g/
cu | oo 0.0764 (.0084) | (o 0" 0.080 (0.025) | 0174 (D.058) | 0007 0.03 pg/g® 0t | g 1 | g0 pe
0.092 0.065 0.123 . s 0.0357 pg/ 0.00251 pg/
zn | gon 0.0722 (2.0080) | G oryy 0.082 (0.027) | 0.176(0.058) | e o5 0.03 pgfe? 0.3 nglg G T nele® | g0 g
Se | 0.0413 (0.0058) | 0.0403 (0.0055) | 0.0335 (0.0035) | 0.043 (0.013) | 0.090(0.026) | 0.0527 (0.0052) | 0.0032 pg/g™* | 0.26-1.04¢ | 0.0002 pg/g™ gﬁ?_lé luzgilgfg“

Table 6. Comparison of LODs of elements in [ug/g] obtained for examined organs using TXRF with the
literature values for other analytical techniques. LOD in [ug/g] together with the uncertainty calculated as
standard deviation; *Value from the paper that does not concern the analysis biomedical samples; "Determined
using HG-AAS; n.f value not found in the discussed papers or not expressed in consistent unit.
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Recommended value | 95% Confidence
Element | [pg/gl Interval [pg/gl Measured value [pg/gl | TXRF | F-AAS GF-AAS ICP-OES ICP-MS
P 9407 690-1120 653 69 nf. 99,715 901599 gi4+ 104117
s 6500 6000-7000 6219 a5 96.1-109.4:14 n.f. 09+ 14414, 91 4+ 22148 10017
K 2500 2100-2700 2877 115 94101414 88+ 7-104 + 8118 72110454 9811908, 7o+
Ca 286 226-332 469 164 102.4% n.f. 94711055 64741057
Fe 2400 2200-2500 3048 127 97.8% O7H 1061 91.5+1.8%-113% F10_11119
Cu 4.3 3.7-4.8 5.6 130 104,134 96.4%% 1038110 90471085+ 81100175100
Zn 13 12-14 18 140 95,110+ _g5 glitx | i 8779-1137* 111+30%
Se 0.24 0.15-0.31 022 %) ?g;; 15523‘1:54, £9.4-98.844 915104 6219912510

Table 7. Values of trueness [%] obtained using TXRF for the reference material IAEA-A-13 together with
the lowest and highest values of the parameter met in examined literature. *Information value; *Calculated
based on the literature data; *Value from the paper that does not concern the analysis biomedical samples;
"Determined using HG-AAS; #.f Value not found in discussed papers or not expressed in consistent unit.

Element TXRF F-AAS GEF-AAS ICP-OES ICP-MS

P 11.7 nt n.f 1.0%-3.0% 0.9117-3.9117
S 51 nt n.f 574148, 11014 0.8117-3.61%7
K 29 0.7-9.4214% 474185 0.6%-4.71 1218311
Ca 54 0.7-4.3:13¢ n.f 2.0% -6 1.2%0-9.511%
Fe 51 1.2-10.04% < 7l 0.58-25% 1.13%-4.1%
Cu 57 340152, 7 20152 1.29%-7.35% 0.6%-11.1% 0.7109-9,7%
Zn 41 0.8-8.64147 §-154152 0.38-15% 0.21%-22.8%
Se 28.0 14-11.7%16 < 10814 9.1#-9.3% 1.817-30%

Table 8. Values of repeatability [%] obtained using TXRF for the reference material IAEA-A-13 with the
lowest and highest values of these parameters met in examined literature. *Value from the paper that does
not concern the analysis biomedical samples; "Determined using HG-AAS; #.f Value not found in discussed
papers or not expressed in consistent unit.

sons between TXRF and the discussed techniques, only LODs values expressed in mass units are useful and
therefore they are placed in the Table 6. Additionally, the values of LODs determined for real biological samples
are underlined. The remaining, not underlined values were in most cases determined in blank measurements.
Additionally, when the detection limits for the element was not found in the papers dealing with the analysis of
biomedical samples, the investigations concerning environmental or food samples were used for comparisons.

As one can notice from Table 6, the lowest limits of detection in our study were found for heart samples. They
ranged from 0.0335 pg/g in case of Se to 11.7 pg/g for P. For most of the elements, the direct comparison between
values of LODs obtained in the frame of our work and found in the literature is difficult, due to different sample
matrices (real biological samples or blank samples) and/or inconsistent units. The exceptions are Ca and Fe, for
which one can find the literature values of this parameter determined by Yang et al. for ICP-OES. The values of
LODs were obtained there for the biological matrix, namely rabbit arteries sample, and were expressed in ug/g®.
The Ca detection limits obtained for examined organs using TXRF are higher than determined for ICP-OES. [n
turn, those obtained for Fe are better than presented in the work of Yang et al.%.

The general insight into the data presented in the Table 6 allows to conclude that the LODs received using
TXRF for P are worse comparing to GF-AAS and ICP-OES, for which this parameter was obtained based on
blank measurements. In the case of S, values of LODs received in our work are better than those of F-AAS for
all examined organs and of ICP-OES for most of them, but much worse than obtained for [CP-MS. The LODs
of K are similar to the values found for the ICP-MS but worse than for other discussed techniques in case of
which the parameter was calculated for blank measurements. The Ca LODs for the TXRF are worse comparing
to F-AAS and ICP-OFES but similar to those of [CP-MS. The LODs of Fe achieved using TXRF are better than
those of GF-AASand ICP-OES and are within the range of values obtained for [CP-MS. They are, however, worse
than Fe LODs achieved using F-AAS. Similar conclusions can be made for Cu, Zn and Se. However, for the last
element better detection limits were obtained using ICP-OES than for TXRE

To assess the reliability of the used analytical technique, the quantitative analysis of JAEA-A-13 reference
material was performed. The values of trueness and repeatability calculated for TXRF are placed in Tables 7 and
8, respectively. The Tables contain also the lowest and highest values of the parameters found in the examined
literature. If information about repeatability or trueness of techniques was not found in the papers concerning
the analysis of biomedical samples, the data from environmental or food samples were used.

Based on the data presented in Table 7 it can be seen that for most of the elements, the values of trueness
obtained using TXRF are a little worse than those received using other instrumental techniques. The exception
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is the values of trueness for § and Se which in case of the TXRE, were equalled to 95% and 92%, respectively. In
turn, the greatest discrepancies were observed for Ca (164%) and Zn (140%).

As one can notice from Table 8, for most of the elements the repeatability of the technique was in the range
2.9-5.7%. The values of this parameter calculated for S, K, Ca, Fe, Cu and Se were in good agreement or were
slightly higher than that met in literature for other techniques. Exceptions were the values obtained for P and
Se, in case of which this parameter was equal to 11.7 and 28.0%, respectively. Such high spread of results for Se
may be connected with its low concentration in analysed reference material.

Conclusions

The comparison of the validation parameters of the discussed instrumental techniques, done based on the litera-
ture studies, pointed out that I[CP-MS offers the best analytical possibilities. The technique allows multielemental
analysis, including the determinations of ultra-trace elements due to the very low detection limits. Also precision
and trueness of the results for ICP-MS are usually better than for other techniques of elemental analysis which
makes it a powerful tool in case of biomedical samples examinations. Its widespread use in research is, however,
limited, due to the high costs of both the instrument and the analysis of a sample. A very good analytical toolin
term of the achieved detection limits of elements is GF-AAS and the detection limits of Be, Cr, Ni or As obtained
using this technique are lower or comparable with the values for the plasma techniques.

The physiological concentrations of B, 8, K, Ca, Fe, Cu, Zn and Se were determined using TXRF inthe rat liv-
ers, kidneys, muscles, brains, hearts and spleens and compared with the literature data. Some discrepancies were
observed for light elements (P, S, K, Ca) which may be connected with the used methods of tissue preparation.
For higher-Z elements (Fe, Cu, Zn, Se) the differences were smaller and the results obtained using TXRF usually
agreed with the data from other techniques within the limits of observed population dispersions.

Due to inconsistences in the type of matrices of examined samples and units in which detection limits were
expressed, direct comparison of LODs values received for TXRF and the discussed techniques was difficult. The
exceptions are detection limits of Ca and Fe achieved in ICP-OES for biomedical sample. LODs of Fe received in
our work was better than found in the literature. In turn, the detection limits of Ca were higher for TXRF than
for ICP-QES. The general comparison of discussed analytical techniques in respect of achieved LODs, showed
that the values obtained using TXRF are usually better than those of GF-AAS for Fe, Zn and Se, than F-AAS for
Sand ICP-OES for Fe. The detection limits calculated inthis work are within the range of the values determined
for ICP-MS in case of Fe, Cu, Zn and Se, for ICP-OES in case of Cu and Zn, and for GF-AAS in case of Cu. TXRE,
interms of LODs, occurred to be worse than F-AAS for K, Ca, Fe, Cu, Zn and Se, than GF-AAS for P and K, than
ICP-OES for B, K, Caand Se and than ICP-MS for S.

QOur results showed that the precision of the TXRF is comparable with those of other discussed instrumental
techniques. The repeatability of the technique is good and for most of the examined elements is within the range
of 2.9-5.7%. Some discrepancies between the reference and the measured values of concentrations for the IAEA-
A-13 reference material were, however, observed.

Received: 8 October 2020, Accepted: 18 January 2021
Published online: 12 T'ebruary 2021

References

1. Penner, M. H. Basic principles of spectroscopy. In Food Analysis (Springer International Publishing, Berlin, 2017).

2. Taylor, H. E. Inductively Coupled Plasma-Mass Spectrometry. Practices and Techniguies (Academic Press, New York, 2001).

3. Rahil-Khazen, R., Bolann, B. T, Myking, A. & Ulvik, R. J. Multi-element analysis of trace element levels in human autopsy tissues
by using inductively coupled atomic emission spectrometry technique (ICP-AES). J. Trace Elemn. Med Biol. 16, 15-25 (2002).

4. Zimmermann, ., Messerschmidt, T, von Bohlen, A. & Sures, B. Determination of Pt, Pd and Rh in biological samples by elec-
trothermal atomic absorption spectrometry as compared with adsorptive cathodic stripping voltammetry and total-reflection
X-ray fluorescence analysis. Anal. Chim. Acta 498, 93-104 (2003).

5. Stephan, C. H., Fournier, M., Brousseau, P. & Sauvé, S. Graphite furnace atomic absorption spectrometry as a routine method
for the quantification of beryllium in blood and serum. Chem. Central J. https://dolorg/10.1186/1752-153X-2-14 (2008).

6. Carvalho, M. L., Marques, A. E, Lima, M. T. & Reus, U. Trace elements distribution and post-mortem intake in human bones
from middle age by total reflection X-ray fluorescence. Spectrochim. Acta Part B 59, 1251-1257 (2004).

7. Matusiak, K. et al. The elemental changes occurring in the rat liver after exposure to PEG-coated iron oxide nanoparticles: Total
reflection X-ray fluorescence (TXRF) spectroscopy study. Nanetoxicelogy 11, 1225-1236 (2017).

8. Heitland, P. et al. Application of ICP-MS and HPLC-ICP-MS for diagnosis and therapy of a severe intoxication with hexavalent
chromium and inorganic arsenic. | Trace Efem. Med Biol. 41, 36-40 (2017).

9. Krebs, N. et al. Assessment of trace elements in human brain using inductively coupled plasma mass spectrometry. [ Trace Elem.
Med Biol. 28, 1-7 (2014).

10. Roa, E., Capangpangan, M. & Schultz, M. Modification and validation of a microwave-assisted digestion method for subsequent
ICP-MS determination of selected heavy metals in sediment and fish samples in Agusan River Philippines. . Environ. Cizem.
Ecotoxicol. 2, 141-151 (2010).

11. Espinoza-Quifiones, F R., Mddenes, A. N., dos Santos, ., Obregén, P. L. & de Pauli, A. R. Insights on limits of detection, preci-
sion and accuracy in TXRF analysis of trace and major elements in environmental solid suspensions. Appl. Radiat. Isot. 137,
80-90 (2018).

12. Tang, 8., Parsons, P . & Slavin, W. Rapid and reliable method for the determination of aluminium in bone by electrothermal
atomic absorption spectrometry. Analyst 121, 195{1996).

13. Takahashi, S. ef al. Determination of major and trace elements in the liver of Wistar rats by inductively coupled plasma-atomic
emission spectrometry and mass spectrometry. Lab. Anint. 34, 97-105 (2000).

14 FPukui, Y., Ohashi, F, Sakuragi, 5., Moriguchi, J. & Ikeda, M. Comparative evaluation of GFAAS and ICP-MS for analyses of
cadmium in blood. Ind. Health 49, 338-343 (2011).

15. Campillo, N. Determination of molybdenum, chromium and aluminium in human urine by electrothermal atomic absorption
spectrometry using fast-programme methodology. Talanta 48, 905-912 (1999).

Scientific Reports |  (2021) 11:3704 | https:/doi.orgf10.1038/s41598-021-82179-3 nature portfolio

96



www.nature.com/scientificreports/

16.

17.

18.

19.

20.

21.

22,

23.

24

25.

26.

27.

28.

29.

30.

31

32,

33.

34,

35.

36.

37.

38.

39.

40.

41.

42,

43,

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

Korvela, M. ef al. Quantification of 10 elements in human cerebrospinal fluid from chronic pain patients with and without spinal
cord stimulation. J. Trace Elem. Med Biol. 37, 1-7 (2016).

Markiewicz, B. et al. Multielemental analysis of 18 essential and toxic elements in amniotic fluid samples by ICP-MS: Full
procedure validation and estimation of measurement uncertainty. Talanta 174, 122-130 (2017).

Morton, ], Tan, E. & Suvarna, S. K. Multi-elemental analysis of human lung samples using inductively coupled plasma mass
spectrometry. [ Trace Elem. Med Biol. 43, 63-71 (2017).

Dudek-Adamska, D., Lech, T. & Koécielniak, P Optimization and validation of an ETAAS method for the determination of
nickel in postmortem material. J. Anal. Toxicel 39, 460-464 (2015).

Rahil-Khazen, R., Bolann, B. J. & Ulvik, R. J. Correlations of trace element levels within and between different normal autopsy
tissues analyzed by inductively coupled plasma atomic emission spectrometry (ICP-AES). Biometals 15, 87-98 (2002).

Cui, X & Okayasu, R. Arsenic accumulation, elimination, and interaction with copper, zinc and manganese in liver and kidney
of rats. Food Chewm. Toxicol. 46, 3646-3650 (2008).

Piacenti da Silva, M., Zucchi, O. L. A. D, Ribeiro-Silva, A. & Poletti, M. E. Discriminant analysis of trace elements in normal,
benign and malignant breast tissues measured by total reflection X-ray fluorescence. Spectrochim. Acta, Part B 64, 587-592
(2009).

Prejac, J. ef al. Hair for along-term biological indicator tissue for assessing the strontium nutritional status of men and women.
I. Trace Elem. Med Biol. 42, 11-17 (2017).

Baghban, N., Haji Shabani, A. M. & Dadfarnia, S. Solid phase extraction and flame atomic absorption spectrometric determina-
tion of trace amounts of cadmium and lead in water and biological samples using modified TiO2 nanoparticles. Int. J. Environ.
Anal. Chem. 93,1367-1380 (2013).

Sahuquillo, A., Rubio, R., Ribé, J. M., Ros, E. & Vela, M. Application of focused-microwave wet digestion to the determination
of trace metals in human gallstones by ICP/AES. I Trace Elem. Med Bicl. 14, 96-99 (2000).

Chew, L., Bradley, D., Mohd, A. Y. & Jamil, M. M. Zinc, lead and copper in human teeth measured by induced coupled argon
plasma atomic emission spectroscopy (ICP-AES). Appl. Radiat. Isot. 53, 633-638 (2000).

Shapira, Y., Lam, A. M., Artru, A. A., Eng, C. & Soltow, L. Ketamine alters calcium and magnesium in brain tissue following
experimental head traumain rats. [ Cereb. Blood Flow Metab. 13, 962-968 (1993).

Shimamura, T. et 4l. 'The concentrations of major and trace elements in rat kidney: Aging effects and mutual relationships. /.
Trace Elem. Med Biel. 27, 12-20 (2013).

Chwiej, T. ef al. Various ketogenic diets can difterently support brain resistance against experimentally evoked seizures and
seizure-induced elemental anomalies of hippocampal formation. . Trace Elem. Med Biol. 42, 50-58 (2017).

Chwiej, T. et al. Elemental anomalies in the hippocampal formation after repetitive electrical stimulation: An X-ray fluorescence
microscopy study. J. Biol. Inorg. Chem. 19, 1209-1220 (2014).

Chwiej, T. et al. Neuroprotective action of FK-506 (tacrolimus) after seizures induced with pilocarpine: Quantitative and topo-
graphic elemental analysis of brain tissue. J. Biel. Inorg. Chem. 15, 283-289 (2010).

Harrington, T. M., Young, D. T, Essader, A. 8., Sumners, . J. & Levine, K. E. Analysis of human serum and whole blood for mineral
content by ICP-MS and ICP-OES: Development of a mineralomics method. Biol Trace Elem. Res 160, 132-142 (2014).
Kubala-Kuku$, A. ef al. Determination of lead at physiological level in human biological materials using the total reflection
X-ray fluorescence analysis. X-Ray Spectrom. 45, 318-324(2016).

Fakayode, 8. O, Owen, 8. L., Pollard, D. A. & Yakubu, M. Use of flame atomic absorption spectroscopy and multivariate analysis
for the determination of trace elements in human scalp. Am. J. Anal. Chem. 04, 348-359 (2013).

Hasegawa, T., Matsuura, H., Inagaki, K. & Haraguchi, H. Major-to-ultratrace elements in bone-marrow fluid as determined by
ICP-AES and ICP-MS. Anal Sci. 19, 147-150 (2003).

Benninghoff, L., von Czarnowski, D., Denkhaus, E. & Lemke, K. Analysis of human tissues by total reflection X-ray fluorescence.
Application of chemometrics for diagnostic cancer recognition. Spectrochim. Acta Part B 52, 1039-1046 (1997).

Alimonti, A. et al. Elemental profile of cerebrospinal fluid in patients with Parkinson’s disease. | Trace Elem. Med Biol. 21,
234241 (2007).

Boulyga, 8. E, Becker, J. §., Malenchenko, A. E & Dietze, H.-]. Application of [CP-MS for multielement analysis in small sample
amoun ts of pathological thyroid tissue. Mikrochim. Acta 134, 215-222 (2000).

Varga, 1, Szebeni, A., Szoboszlai, N. & Kovdcs, B. Determination of trace elements in human liver biopsy samples by ICP-MS
and TXRF: Hepatic steatosis and nickel accumulation. Anal. Bicanal. Chem. 383, 476-482 (2005).

Skoczen, A. et al. Low doses of polyethylene glycol coated iron oxide nanoparticles cause significant elemental changes within
main organs. Chem. Res. Toxicel. 31, 876-884 (2018).

‘Wagner, A. & Boman, J. Biomonitoring of trace elements in muscle and liver tissue of freshwater fish. Spectrochim. Acta, Part B
58, 2215-2226(2003).

Rodriguez Castro, M. C., Andreano, V., Custo, G. & Vazquez, C. Potentialities of total reflection X-ray fluorescence spectrometry
in environmental contamination: Hair of owned dogs as sentinel of arsenic exposure. Microchem. J. 110, 402-406 {2013).
Acar, O. Determination of lead chromium, manganese and zinc in slurries of botanical and biological samples by electrothermal
atomic absorption spectrometry using tungsten-containing chemical modifiers. Microchim. Acta 151, 53-58 (2005).
Shemirani, F, Baghdadi, M., Ramezani, M. & Jamali, M. R. Determination of ultra trace amounts of bismuth in biological and
water samples by electrothermal atomic absorption spectrometry (ET-AAS) after cloud point extraction. Anal. Chim. Acta 534,
163-169 (2005).

Andriasi, E., Igaz, S., Szoboszlai, N., Farkas, E. & Ajtony, Z. Several methods to determine heavy metals in the human brain.
Spectrochim. Acta, Part B 54, 819-825 (1999).

Lech, T. ICP OES and CV AAS in determination of mercury in an unusual fatal case of long-term exposure to elemental mercury
in a teenager. Forensic Sci. Int. 237, el-e5 (2014).

Chen, S, Jiang, Z., Hu, B., Liao, Z. & Ajtony, Z. Direct determination of trace elements in micro amounts of biological samples
using electrothermal vaporization coupled to ICP-AES | request PDE Az Specirosc. 23, 86-91 (2002).

Trzcinka-Ochocka, M., Brodzka, R. & Janasik, B. Useful and fast method for blood lead and cadmium determination using
ICP-MS and GF-AAS validation parameters: Fast method for lead and cadmium determination in blood. J. Clin. Lab. Anal. 30,
130-139 (2016).

Sanz-Medel, A. & Pereiro, R. Atomic Absorption Spectrometry: An Infroduction 2nd edn. (Momentum Press, New York, 2014).
Lajunen, L. H. T. & Peramaki, P. Spectrochemical Analysis by Atomic Absorption and Emission 2nd edn. (The Royal Society of
Chemistry, Londin, 2004).

Xu, N., Majidi, V., Ehmann, W. D. & Markesbery, W. R. Determination of aluminium in human brain tissue by electrothermal
atomic absorption spectrometry. [ Anal. At. Spectrom. 7, 749-751 (1992).

Lech, T. & Dudek-Adamska, D. Optimization and validation of a procedure for the determination of total chromium in post-
mortem material by ETAAS. | Anal. Toxicol. 37, 97-101 (2013).

Bermejo-Barrera, P. Determination of aluminium and manganese in human scalp hair by electrothermal atomic absorption
spectrometry using slurry sampling. Talanta45, 1147-1154 (1998).

Goldberg, W. T. & Allen, N. Determination of Cu, Mn, Fe, and Cain six regions of normal human brain, by atomic absorption
spectroscopy. Clin. Chem. 27, 562-564 (1981).

Scientific Reports | (2021) 11:3704 |

https://doi.orgf10.1028/s41598-021-82179-3 natureportfolio

97



www.nature.com/scientificreports/

55.

56.

57.

58.

59.

60.

6l

62.

63.

64,

65.

66.

68.

69.

70.

71

72,

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

Leung, F Y. & Edmond, P. Determination of silicon in serum and tissue by electrothermal atomic absorption spectrometry. Cliz.
Biodhem. 30, 399-403 (1997).

Mohammadi, M., Riyahi Bakhtiari, A. & Khodabandeh, S. Concentration of Cd, Pb, Hg, and Se in different parts of human
breast cancer tissues. . Toxicol. 2014, 1-5 (2014).

House, E. et al. The aluminium content of breast tissue taken from wormen with breast cancer. | Trace Elem. Med Biol. 27, 257-266
(2013).

Villeneuve, J.-P., Bilodeau, M., Lepage, R., Coté, J. & Lefebvre, M. Variability in hepatic iron concentration measurement from
needle-biopsy specimens. J. Hepatol. 25, 172-177 (1996).

Afridi, H. I ef al. Evaluation of toxic metals in biological samples (scalp hair, blood and urine) of steel mill workers by electro-
thermal atomic absorption spectrometry. Toxicol. Ind. Health 22, 381-393 {2006).

Afridi, H. et al. Evaluation of arsenic, cobalt, copper and manganese in biological samples of steel mill workers by electrothermal
atomic absorption spectrometry. Toxicol. Ind. Health 25, 59-69 (2009).

Khlifi, R. et al. Arsenic, cadmium, chromium and nickel in cancerous and healthy tissues from patients with head and neck
cancer. Sci. Total Environ. 452-453, 58-67 (2013).

Yaman, M., Kaya, G. & Simsek, M. Comparison of trace element concentrations in cancerous and noncancerous human endo-
metrial and ovary tissues. Int. J. Gynecel. Cancer 17, 220-228 (2007).

Arain, 8. S. ef al. Determination of nickel in blood and serum samples of oropharyngeal cancer patients consumed smokeless
tobacco products by cloud point extraction coupled with flame atomic absorption spectrometry. Environ. Sci. Pollut. Res. 21,
12017-12027 (2014).

Arain, M. S. et al. Preconcentration and determination of manganese in biological samples by dual cloud point extraction and
coupled with flame atomic absorption spectrometry. 1 Anal. At. Spectrem. https://doiorg/10.1039/C4JA00266K (2020).
Jablonska, E. ef @l. Cadmium, arsenic, selenium and iron—Implications for tumor progression in breast cancer. Environ. Toxicol.
Pharmacol. 53, 151-157 (2017).

Montaser, A. & Golightly, D. W. Inductively Coupled Plasmas in Analytical Spectrometry (VCH Publishers, Weinheim, 1987).
Gomez, L. R, Marquez, G. D. & Chirinos, J. R. Dual nebulizer sample introduction system for simultaneous determination of
volatile elemental hydrides and other elements. Anal. Bicanal. Chem. 386, 188-195 (2006).

Tohno, Y. et al. Simultaneous accumulation of calcium, phosphorus, and magnesium in various human arteries. Biel. Trace Elern.
Res. 82, 021-028 (2001).

Yang, Z. et al. Determination of calcium, iron and magnesium in rabbit arteries by inductively coupled plasma atomic emission
spectrometry. Microchem. J. 72, 49-54 (2002).

Naganuma, T. ¢t al. Age-dependent decreases of sulfur and magnesium in human round ligaments of the uterus and relation-
ships among elements. Biol. Trace Elem. Res. 102, 73-82 (2004).

Andrasi, E., Farkas, E., Scheibler, H., Réffy, A. & Beztir, L. Al Zn, Cu, Mn and Fe levels in brain in Alzheimer’s disease. Ardh.
Gerontol. Geriatr. 21, 89-97 (1995).

Andrdsi, E., Pali, N, Molnas, Z. & Kosel, S. Brain aluminum, magnesium and phosphorus contents of control and Alzheimer-
diseased patients. J. Alzheimers Dis. 7, 273-284 (2005).

Andrdsi, E., Nddasdi, ., Molnar, Z., Bezur, L. & Ernyei, L. Determination of main and trace element contents in human brain
by NAA and ICP-AES methods. Biol. Trace Elem. Res. 26, 691-698 (1990).

Faa, G. et al. Brain copper, iron, magnesium, zinc, calcium, sulfur and phosphorus storage in Wilson’s disease. J. Trace Elem.
Med Fiol. 15,155-160 (2001).

Farah, 1. O., Nguyen, P. X, Arslan, Z., Ayensu, W. & Cameron, J. A. Significance of differential metal loads in normal versus
cancerous cadaver tissues. Biomed. Sci. Instrum. 46, 404-409 (2010).

MacLachlan, D. T. et al. Arsenic, cadmium, cobalt, copper, lead, mercury, molybdenum, selenium and zinc concentrations in
liver, kidney and muscle in Australian sheep. J. Feod Compos. Anal. 50,97-107 (2016).

Subotié, ., Visnjié-Jefti¢, Z, Penezié, A. & Cirovié, D. Concentrations of selected elements in liver tissue of grey wolves (Canis
lupus) from Serbia. Bull. Enviren. Contam. Toxicol. 99, 701-705 (2017).

Leblondel, G., Mauras, Y. & Allain, P. Tissue distribution of some elements in rats. Biol. Trace Elem. Res. 10, 327-333 (1986).
dos Santos, L. R. 8. 8. R., de Freitas Santos, A. & das Andrade Korn,. Effects of furosemide administration on the concentration
of essential and toxic elements in Wistar rats by inductively coupled plasma optical emission spectrometry. J. Trace Elem. Med.
Biol. 48, 25-29 (2018).

Sivrikaya, A., Bicer, M., Akil, M., Baltaci, A. K. & Mogulkoc, R. Effects of zinc supplementation on the element distribution in
kidney tissue of diabetic rats subjected to acute swimming. Biol. Trace Elem. Res. 147, 195-199 (2012).

Forte, G. et al. Trace and major elements in whole blood, serum, cerebrospinal fluid and urine of patients with Parkinson’s
disease. J. Neural Trans. https://doi.org/10.1007/500702-004-0124-0 (2020).

Bianchi, E, Maffini, M., Mangia, A., Marengo, E. & Mucchino, C. Experimental design optimization for the ICP-AES determina-
tion of Li, Na, K, Al, Fe, Mn and Zn in human serum. J. Pharm. Biomed. Anal. 43, 659-665 (2007).

Rahil-Khazen, R. & Henriksen, H. Validation of inductively coupled plasma atomic emission spectrometry technique (ICP-AES)
for multi-element analysis of trace elements in human serum. Scand. J. Clin. Lab. Investig. 60, 677-686 (2000).

Zaichick, V., Zaichick, S., Karandashev, V. & Nosenko, S. The effect of age and gender on Al, B, Ba, Ca, Cu, Fe, K, Li, Mg, Mn,
Na, B, 8, 85, V, and Zn contents in rib bone of healthy humans. Fiol. Trace Elem. Res. 129, 107-115 (2009).

Lanocha, N., Kalisinska, E., Kosik-Bogacka, D. I. & Budis, H. Evaluation of dog bones in the indirect assessment of environmental
contamination with trace elements. Biel, Trace Elem. Res. 147, 103-112 (2012).

Sreenivasa Rao, K., Balaji, T., Prasada Rao, T., Babu, Y. & Naidu, G. R. K. Determination of iron, cobalt, nickel, manganese, zing,
copper, cadmium and lead in human hair by inductively coupled plasma-atomic emission spectrometry. Spectrochim. Acta Part
B Atomic Spectrosc. 57, 1333-1338 (2002).

Miekeley, N., Mortari, S. & Schubach, A. Monitoring of total antimony and its species by ICP-MS and on-line ion chromatography
in biological samples from patients treated for leishmaniasis. Anal. Bioanal. Chem. 372, 495-502 (2002).

Heitland, P. & Koster, H. D. Biomonitoring of 37 trace elements in blood samples from inhabitants of northern Germany by
ICP-MS. J. Trace Elem. Med Biol. 20, 253-262 (2006).

Liu, X. ef al. Determination of 16 selected trace elements in children plasma from China economical developed rural areas using
high resolution magnetic sector inductively coupled mass spectrometry. J. Anal. Methods Chem. 2014, 1-6 (2014).

Meyer, S. et al. Development, validation and application of an ICP-MS/MS method to quantify minerals and (ultra-)trace ele-
ments in human serum. J. Trace Elem. Med Biol. 49, 157-163 (2018).

Heitland, P. & Koster, H. D. Biomonitoring of 30 trace elements in urine of children and adults by ICP-MS. Clin. Chim. Acta
365, 310-318 (2006).

Benkhedda, K., Chen, H., Dabeka, R. & Cockell, K. Isotope ratio measurements of iron in blood samples by multi-collector
ICP-MS to support nutritional investigations in humans. Biel. Trace Elem. Res. 122, 179-192 (2008).

Arnason, J. G., Pellegri, C. N. & Parsons, P. ]. Determination of total uranium and uranium isotope ratios in human urine by
ICP-MS: results of an interlaboratory study. J. Anal. At. Spectrom. 30,126-138 (2015).

McDonald, R. T. et al. Gadolinium deposition in human brain tissues after contrast-enhanced MR imaging in adult patients
without intracranial abnormalities. Radiclogy 285, 546-554 (2017).

Scientific Reports | (2021) 11:3704 |

https://doi.orgf10.1028/s41598-021-82179-3 natureportfolio

98



www.nature.com/scientificreports/

95.

96.

97.

98.

99.

100.

101.

102.

103.

104

105.

106.

107.

108.

109.

110.

111.

112

113.
114

115.

116.

117.

118.

119.

120.

121.
122,

123.

124

125.

126.

127,

128.

129,

130.

131.

132

133,

134,

135.

Panayi, A. E., Spyrou, N. M., Iversen, B. 8., White, M. A. & Part, B Determination of cadmium and zinc in Alzheimer’s brain
tissue using inductively coupled plasma mass spectrometry. . Neurol. Sci. 195, 1-10 (2002).

Xie, B. et al. Differential diagnosis of multielements in cancerous and non-cancerous esophageal tissues. Talanta 196, 585-591
(2019).

Kohzadi, S. ef al. Evaluation of trace element concentration in cancerous and non-cancerous tissues of human stomach. Chem-
osphere 184, 747 -752 (2017).

Sahin, M., Karayakar, E, Erdogan, K. E., Bas, E & Colak, T. Liver tissue trace element levels in HepB patients and the relationship
of these elements with histological injury in the liver and with clinical parameters. J. Trace Elem. Med Bicl. 45, 70-77 (2018).
Day, P. L., Eckdahl, S. ], Maleszewski, J. I., Wright, T. C. & Murray, D. L. Establishing human heart chromium, cobalt and vana-
dium concentrations by inductively coupled plasma mass spectrometry. [ Trace Elem. Med Biol. 41, 60-65 (2017).

Batista, B. L., Rodrigues, I. L., de Oliveira Souza, V. C. & Barbosa, E A fast ultrasound-assisted extraction procedure for trace
elements determination in hair samples by ICP-MS for forensic analysis. Forens. Sci. Int. 192, 88-93 (2009).

Garcia-Vaquero, M. ef al. Influence of Cu supplementation on toxic and essential trace element status in intensive reared beef
cattle. Food Chem. Toxicol. 49, 3358-3366 (2011).

Gui, J. et al. Handy cloud point extraction coupled with inductively coupled plasma mass spectrometry for analysis of trace
zirconium in complex biological samples. Micredzem. J. 138, 190-196 (2018).

Shimamura, T. et al. Age-related effects of major and trace element concentrations in rat liver and their mutual relationships. J.
Trace Elem. Med Bicl. 27, 286-294 (2013).

Majewska, U et al. Total reflection X-ray fluorescence medical applications: Elemental analysis of human urine. Spectrochim.
Acta, Part B 147, 121-131 (2018).

Ramos, P. ef al. Iron levels in the human brain: A post-mortem study of anatomical region difterences and age-related changes.
I Trace Elem. Med Biol. 28, 13-17 (2014).

Serpa, R. E B. et al. Elemental concentration analysis in brain structures from young, adult and old Wistar rats by total reflection
X-ray fluorescence with synchrotron radiation. Spectrochim. Acta Part B Atomic Spectrosc. 61, 1205-1209 (2006).

Margui, E. et al. Critical evaluation of the use of total reflection X-ray fluorescence spectrometry for the analysis of whole blood
samples: Application to patients with thyroid gland diseases. Anal. Bioanal. Chrem. 411, 1659-1670 (2019).

Nawrocka, A. & Szkoda, . Determination of chromium in biclogical material by electrothermal atomic absorption spectrometry
method. Bull. Vet. Inst. Pulawy 56, 585-589 (2012).

Mirji, S. et al. Determination of trace elements in normal and malignant breast tissues of different age group using total reflection
X-ray fluorescence spectrometer. X-Ray Spectrom. 47, 432-440 (2018).

Treble, R. G., Thompson, T. 8. & Lynch, H. R. Determination of copper, manganese and zinc in human liver. Biometals 11, 49-53
(1998).

Ostachowicz, B. ef al. Analysis of some chosen elements of cerebrospinal fluid and serum in amyotrophic lateral sclerosis patients
by total reflection X-ray fluorescence. Spectrochim. Acta, Part B 61, 1210-1213 (2006).

Menditto, A., Patriarca, M. & Magnusson, B. Understanding the meaning of accuracy, trueness and precision. Accred. Qual.
Assur. 12, 45-47 (2007).

Huber, L. Validation and Qualification in Analytical Laboratories 2nd edn. (CRC Press, Boca Raton, 2007).

Konieczka, P. & Namiesnik, I. Quality Assurance and Quality Control in the Analytical Chemical Laboratory: A Practical Approach
2nd edn, 411 (CRC Press, Boca Raton, 2018).

Thompson, M., Ellison, S. L. R. & Wood, R. Harmonized guidelines for single-laboratory validation of methods of analysis
(IUPAC technical report). Pure Appl. Chem. 74, 835-855 (2002).

BIPM - International Vocabulary of Metrology (VIM), https://www.bipm.org/en/publications/guides/vim.html, (accessed 22
September 2020).

Shrivastava, A. & Gupta, V. Methods for the determination of limit of detection and limit of quantitation of the analytical
methods. Chron. Young Sci. 2,21 (2011).

Lech, T. Application of ICP-OES to the determination of barium in blood and urine in clinical and forensic analysis. [ Anal.
Toxicol. 37, 222-226 (2013).

Takasaki, Y. et al. Multielement analysis of micro-volume biological samples by ICP-MS with highly efficient sample introduction
system. Talanta 87,24-29 (2011).

Sahin, D., Iibay, G. & Ates, N. Changes in the blood-brain barrier permeability and in the brain tissue trace element concentra-
tions after single and repeated pentylenetetrazole-induced seizures in rats. Pharmace!l. Res. 48, 69-73 (2003).

Wobrauschek, P. Total reflection X-ray fluorescence analysis—a review. X-Ray Spectrom. 36, 289-300 (2007).

Klockenkimper, R. & von Bohlen, A. {eds) Total-Reflection X-ray Fluorescence Analysis and Related Methods (John Wiley & Sons
Inc, Hoboken, 2014).

Magalhies, T., Becker, M., Carvalho, M. L. & von Bohlen, A. Study of Br, Zn, Cu and Fe concentrations in healthy and cancer
breast tissues by TXRE Spectrochim. Acta Part B 63, 14731479 (2008).

Martinez, T. et al. Determination of lead in blood by TXRF and its correlation to environmental lead. Nucl. Instrum. Methods
DPhys. Res., Sect. B 213, 584-589 (2004).

Telgmann, L. e al. Simple and rapid quantifi cation of gadolinium in urine and blood plasma samples by means of total reflection
X-ray fluorescence (TXRF). Metallomics 3, 1035 (2011).

Abraham, J. A, Sanchez, H. I, Grendn, M. 8. & Pérez, C. A. TXRF analysis of metals in oral fluids of patients with dental implants:
TXRF analysis of oral fluids. X-Ray Spectrom. 43, 193-197 (2014).

Stosnach, H. & Mages, M. Analysis of nutrition-relevant trace elements in human blood and serum by means of total reflection
X-ray fluorescence (T XRF) spectroscopy. Spectrochim. Acta Part B 64, 354-356 (2009).

Leitao, R. G. ef al. Elemental concentration analysis in prostate tissues using total reflection X-ray fluorescence. Radiat. Phys.
Chem. 95, 62-64 (2014).

Sanchez, H. T, Valentinuzzi, M. C., Grendn, M. & Abraham, ] Total reflection X-ray fluorescence analysis of oral fluids of women
affected by osteoporosis and osteopenia. Spectrochim. Acta, Part B 63, 1485-1488 (2008).

Marcé, L. M., Greaves, E. D. & Alvarado, J. Analysis of human blood serum and human brain samples by total refle ction X-ray
fluorescence spectrometry applying Compton peak standardization. Spectrochim. Acta Part B 54, 1469-1480 (1999).
Magalhdes, T., Carvalho, M. L., Von Bohlen, A. & Becker, M. Study on trace elements behaviour in cancerous and healthy tissues
of colon, breast and stomach: Total reflection X-ray fluorescence applications. Spectrochim. Acta Part B 65, 493-498 (2010).
Magalhdes, T., von Bohlen, A., Carvalho, M. L. & Becker, M. Trace elements in human cancerous and healthy tissues from the
same individual: A comparative study by TXRF and EDXRE Spectrochim. Acta Part B 61, 1185-1193 (2006).

Lankosz, M. W, et al. Application of the total reflection X-ray fluorescence method to the elemental analysis of brain tumors of
ditferent types and grades of malignancy. Specirochim. Acta Part B 101, 98-105 (2014).

Majewska, U. et al. Trace element concentration distributions in breast, lung and colon tissues. Phys. Med. Biol. 52,3895-3911
(2007).

von Czarnowski, D., Denkhaus, E. & Lemke, K. Determination of trace element distribution in cancerous and normal human
tissues by total reflection X-ray fluorescence analysis. Spectrochim. Acta Part B 52,1047-1052 (1997).

Scientific Reports |

(2021) 21:3704 |

https://doi.orgf10.1028/s41598-021-82179-3 natureportfolio

99



www.nature.com/scientificreports/

136. Suzuki, T, Sasaki, A. & Nakai, I Total reflection X-ray fluorescence analysis of cisplatin platinum in human cancerous tissues
obtained by biopsy. J. Trace Microprobe Tech. 19, 547-561 (2001).

137. Yiin, 8.-, Chern, C.-L,, Sheu, .-Y. & Lin, T.-H. Cadmium-induced liver, heart, and spleen lipid peroxidation in rats and protec-
tion by selenium. Biol. Trace Elem. Res. 78, 219-230 (2000).

138. El-Boshy, M. E., Risha, E. E, Abdelhamid, E M., Mubarak, M. S. & Hadda, T. B. Protective effects of selenium against cadmium
induced hematological disturbances, immunosuppressive, oxidative stress and hepatorenal damage in rats. J. Trace Elem. Med
Biol. 29, 104-110 (2015).

139. de Campos, R. C. ef al. Direct determination of P in biodiesel by high-resolution continuum source graphite furnace atomic
absorption spectrometry. Spectrochim. Acta Part B Atom. Spectrosc. 66,352-355 (2011).

140. daSilva, L ]. S, Lavorante, A. F, Paim, A. P. S. & da Silva, M. . Microwave-assisted digestion employing diluted nitric acid for
mineral determination in rice by ICP OES. Food Chem. 319, 126435 (2020).

141. Ouzbek, N. & Baysal, A. A new approach for the determination of sulphur in food samples by high-resolution continuum source
flame atomic absorption spectrometer. Food Chem. 168, 460—463 (2015).

142. Oliveira, J. S. S. et al. Microwave-assisted ultraviolet digestion of petroleum coke for the simultaneous determination of nickel,
vanadium and sulfur by ICP-OES. Talanta 144, 1052-1058 (2015).

143. Resano, M., Verstraete, M., Vanhaecke, F, Moens, L. & Claessens, J. Direct determination of sulfur in Bisphenol A at ultratrace
levels by means of solid sampling-electrothermal vaporization-ICP-MS. [ Anal. At. Spectrom. 16, 793-800 (2001).

144. Lyra, E H., Carneiro, M. T. W. D., Brandao, G. B, Pessoa, H. M. & de Castro, E. V. Determination of Na, K, Ca and Mg in bio-
diesel samples by flame atomic absorption spectrometry (F AAS) using microemulsion as sample preparation. Microchem. J.
96, 180-185 (2010).

145. Seeger, T. 8., Machado, E. @, Flores, E. M. M., Mello, P. A. & Duarte, E A. Direct sampling graphite furnace atomic absorption
spectrometry— feasibility of Na and K determination in desalted crude oil. Spectrochim. Acta, Part B 141, 28-33 (2018).

146. Piston, M., Silva, I, Pérez-Zambra, R. & Knochen, M. Determination of total selenium by multicommutated-flow hydride
generation atomic absorption spectrometry. Application to cow’ milk and infant formulae. Anal. Methods 1, 139-143 (2009).

147. daSilva, N, Baccan, N. & Cadore, S. Determination of selenium, chromium and copper in food dyes by GF AAS. | Braz. Chem.
Soc. 24, 1267-1275 (2013).

148. Souza, 3. O. et al. Optimization of sample preparation procedures for evaluation of the mineral composition of fish feeds using
ICP-based methods. Food Chem. 273, 106-114 (2019).

149. Pereira, C. C. et al. Decomposition method in semi-closed system with cold finger for evaluation of Ca, K, Na, Mg, Zn and Fe
in colostrum silage by F AAS and F AES. Microchem. J. 129, 293-296 (2016).

150. Zmozinski, A. V., de Jesus, A., Vale, M. G. R. & Silva, M. M. Determination of calcium, magnesium and zinc in lubricating oils
by flame atomic absorption spectrometry using a three-component solution. Talania 83, 637-643 (2010).

151. Ghisi, M. et al. Simple method for the determination of Cu and Fe by electrothermal atomic absorption spectrometry in biodiesel
treated with tetramethylammonium hydroxide. Microchem. J. 98, 62-65 (2011).

152. Coelho, L. M, Bezerra, M. A., Arruda, M. A. Z,, Bruns, R. E. & Ferreira, S. L. C. Determination of Cd, Cu, and Pb after <loud
point extraction using multielemental sequential determination by thermospray flame furnace atomic absorption spectrometry
(TS-FF-AAS). Sep. Sci. Tedmol. 43, 815-827 (2008).

153. Bai, I ef al. Determination of zinc in marineflacustrine sediments by graphite furnace atomic absorption spectrometry using
Pd/Mg chemical modifier and slurry sampling. Int. J. Environ. Anal. Chem. 91, 856-865 (2011).

Acknowledgements
This work was partially financed by the Polish Ministry of Science and Higher Education and the first author
Karolina Planeta has been partially supported by the EU Project POWR.03.02.00-00-1004/16.

Author contributions

K.P: conceptualization, methodology, investigation, validation, writing original draft; A K.-K.: investigation,
validation, writing original draft; A.D.: methodology, investigation, validation; K.M.: methodology, investigation;
Z.8.: resources, methodology, reviewing manuscript; J.C.: conceptualization, resources, methodology, supervi-
sion, writing original draft, corresponding author.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi
org/10.1038/s41598-021-82179-3.

Correspondence and requests for materials should be addressed to J.C.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

m Open Access 'This article is licensed under a Creative Commons Attribution 4.0 International
A icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commeons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:3704 | https://doi.orgf10.1028/s41598-021-82179-3 nature portfolio

100



Supplementary materials

Table S1 — Details concerning the type of sample and preparation methods in particular papers discussed in current

work.
Ref. Type of sample Preparation
human brain, heart, | Organs were pre-washed and surround surface tissues, fatty tissues,
muscle,  kidney, | membranes and blood vessels were removed. Approximately 1 g of wet
liver, ovary, | tissue was digested with 5 ml of HNO; and 2 ml of H;O, using
3. | pancreas and spleen | microwave-assisted system. Then, sample solutions were evaporated to

volume 0.3 - 0.9 ml and diluted up to 3 ml with deionized water. Yttrium
was used as internal standard and added to sample prior to
mineralization. The reference materials were prepared in the same way.

human blood and
serum

Blood and serum samples were prepared by a 8-fold and 3-fold dilution
with a Nash Reagent (containing nitric acid, ammonium hydroxide,
Triton X-100, antifoam B and EDTA). Magnesium nitrate and

palladium/citric acid were tested as chemical modifiers

human
erythrocytes, blood,
plasma, urine and
liver

1-2 ml of blood were mixed gently before preparation. 500 ul of blood
sample was diluted with 500 pl solution of Triton X-100 (0.02%) and
internal standard (25 ug/l Rh). Then, 150 pl of ammonia solution (20%,
viv) was added and finally sample was dituted to 5 ml. Plasma samples
were prepared in the same way as blood. Erythrocytes, after isolation
from blood, were washed three times with 1 ml of 0.9% NaCl (m:v).
Then, solution with cells was filled up to 1 ml with Triton-X-100 (1%,
v:v) and mixed. Prior to analysis, 500 ul of the sample solution and 500
ul of internal standard solution (25 pg/l Rh) were diluted to 5 ml with
ammonia solution (0.5%). Urine samples were prepared in both ways.
For total As and Cr determination urine was diluted 1:10 (v:v) in a
solution of HNO3 (1%), internal standard (2.5 pg/l Rh) and ethanol (1%,
v:v). For As species determination, 500 pl of urine was diluted to 4.5 ml
with deionized water. Liver tissue samples were placed in tube and
dissolved with 2 ml of 32% nitric acid (v:v) at 90 °C for 1 h. 500 ul of
resulting solution was diluted with 500 pl of internal standard selution
and filled up with deionized water to 4 ml.

human brain

Brains were fixed in formalin and stored at least 27 days. After that time,
they were dissected into slices and tissue specimens (0.011-3.370 g wet
mass) were taken. Then, tissue specimens were transferred into
polypropylene container and freeze-dried. Amount of 0.1 mg of each
sample was digested with nitric acid in microwave-heated autoclave.

12,

human bone, serum
and dialysis fluid

Bone samples were washed, defatted, freeze-dried and stored at -70 °C.
About 0.2 - 0.5 g segments of bone were put in Tetlon vessels to which
concentrated nitric acid V (10 ml) was added and then closed microwave
digestion were performed. Serum and dialysis fluid were diluted (1+2)
with a solution containing Triton X-100 (0.15%, v:v) and Ca (as
Ca(N0s),, used as chemical modifier).

13.

rat liver

Frozen liver tissues were cut into small picces, freeze dried at 20 °C for
12 h and then dried in oven at 70 °C for 3h. 200 mg of the sample were
pre-digested with mixture of HNO; (68%, 7.5 ml) and HF (38%, 1.0 ml)
in a Teflon beaker at 80 °C for 3h. Sample solutions were then
transferred to Teflon vessels and heated in microwave digester. After
cooling, the content of vessels were evaporated at 150 °C to dryness.
Then HNO; (1.0 ml) and HCIO4 (0.5 ml, 70%) were added to samples
and dried again. The obtained sediment was dissolved in 1ml of HNO;
(27%) and then diluted up to 20 ml. The reference samples were
prepared in a similar way.
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14.

human blood

For GF-AAS: 200 ul of blood was mixed with 100 pl of Triton (10%),
200 ul of diammonium hydrogen phosphate (10%) and 200 ul of nitric
acid (0.1 N). 10 pl of resulting solution was used for analysis.

For ICP-MS: 100 ul of blood sample was digested in 500 pl of 68%
nitric acid using closed-vessel microwave digestion. The resulting
solution was diluted to 5 ml with ultra-pure water.

15.

human urine

10 ml of urine was mixed with concentrated hydrogen peroxide (0.5 ml),
concentrated nitric acid (100 ul) and Triton X-100 (100 pl of a 10%,
WiV).

16.

human
cercbrospinal fluid

For ICP-AES: 100 ul of fluid were placed in tube and diluted with 80
mM HNO; te 2.5 ml. Then, 0.5 ml of the acidified sample was
transferred to tube and diluted to 5 ml with solution of Y (1 pg/ml in 80
mM HNO;).

For ICP-MS: 100 pl of fluid were placed in tube and diluted with 80
mM HNO3 to 2.5 ml.

17.

Each amniotic fluid sample (5 ml) was centrifuged for 10 min (at 3000
pm, 4 °C), placed in Eppendorf tubes and frozen at -80 °C. Before
analysis, amniotic fluids were defrosted and 1 ml of sample were
microwave digested with HNO3 (0.5 ml, 65%) and H202 (0.5 ml, 30%).
The resulting solutions were transferred to flasks and diluted to 10 ml
with demineralized water. In the case of determination of Ca and Mg,
samples were diluted 100-fold. The certified reference material was
digested in a microwave digestion system and diluted with
demineralized water to 10 ml.

18.

The samples of tissues were dried in oven at 70 °C for three days until
they reached constant weight. Then, each sample was divide into three
small sub-samples (average weight was 10+0.6 mg) and individually
transferred into microwave vessels, to which 2 ml of concentrated nitric
acid and 1 ml of hydrogen peroxide were added. Then, vessels were
sealed and microwave digested. The resulting solution was diluted to 10
ml with water.

19.

human  ammniotic
fluid

human lung

human brain,
stomach, liver,
kidneys, heart,

lungs and blood

Tissues were homogenized, while blood were mixed on a vortex. 1.5 ml
of blood and 1.5 g of organ tissue were treated with mixture of nitric
acid V and hydrogen peroxide (30%, v/v) in ratio 5:1 and digested for
24 h. The resulting solutions were diluted up to 10 ml with deionized
water. The certified reference materials were treated in the same way.

24,

human hair and

fingernails

The samples were washed with acetone, chloroform and distilled water
and then dried overnight at 60 °C. Dried samples were placed in beaker,
to which 2 ml of concentrated HC1O4 and 12 ml of concentrated HNO3
were added, and they were heated for 30 min at 150 °C. Next, about 5
ml of 30% hydrogen peroxide was added to samples and heated at 200
°C to dryness. To the residue, 10 ml of HNO3 (0.1 ml/l) was added and
heated again for 10 min at 100 °C. The solution was diluted to final
volume 200 ml, pH was adjusted to 5.5 and then solution was passed
through the microcolumn, where metal ions where retained and then
cluted with HCl solution.

25,

human gallstones

Gallstones were crushed and homogenized and then 0.1 -0.2 g of sample
were dried in oven at 100+5 °C to constant weight. 0.1 - 0.2 g amount
of dried sample was transferred into Pyrex vessels and digested using
open-focused microwave digester. 5 ml of HNO;, 3 ml and 2 ml of H,O,
were added to the sample at next steps of digestion procedure which
total time was 1 h 30 min. The resulting solution was filtered and diluted
to 25 ml with double deionized water.
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26,

human tecth

After extraction, teeth were treated with Clorox solution to remove
blood or germs and rinsed with triply distilled ultrapure water. Then,
teeth were put for 5 min into 25 ml of 40% HNO3 and rinsed again with
ultrapure water and acetone. Next, teeth were dried in oven for 5 min at
133 °C, weighted and transferred to test tube together with 25 ml of 10%
HNO3. Test tubes were heated in water bath for 1 h at 80 °C and left
overnight in room temperature. Then they were again heated to 80 °C
for 1 h and cooled down. The resulting solutions were filtered and
diluted to 25 ml with ultrapure water.

34,

human scalp hair

The samples were washed with acetone and ethanol and rinsed with
deionized water, then dried in oven (90 °C, 20 min). Amount of 1.0 g of
dried hair samples were digested with nitric acid V (15 ml), then filtered
and diluted to 25 ml with deionized water.

35.

human bone-

marrow fluid

Human bone-marrow fluid; the fluid samples were diluted with 1ml of
0.1 M Tris-HCI and centrifuged for 15 min at 3000 rpm to exclude bone
pieces. Then, the 0.3 g of supernatant was digested with concentrated
HNO3 (0.5 ml) at 100 °C. Samples were heated almost to dryness and
then dissolved with 5 ml of mixture HNO3 (0.1 M) and mnternal
standards.

37

human
cerebrospinal fluid

After collection, samples of cerebrospinal fluid were stored in tubes at -
20 °C. Before analysis, samples were diluted with deionized water as
1+4 (v+v).

38.

human and animal
thyroid tissue

Human dried thyroid tissue samples (10 - 30 mg) were digested in
microwave oven with 0.5 ml of concentrated subboiled nitric acid and
0.2 ml of hydrogen peroxide (30%). Animal dried thyroid tissue samples
(1 - 2 mg) were dissolved in 0.2 ml of ultrapure nitric acid (65%). The
standard reference material (20 mg) were treated in the same way as
human thyroid samples.

39,

human liver

The freeze-dried human liver samples (0.5 — 2.0 mg) were placed into
PFA vessels to which 100 pl of concentrated nitric acid was added.
Then, vessels were closed, transferred in digestion vessels containing
high-purity water (10ml) and microwave-assisted digestion was
performed. The resulting solution was adjusted to 1 ml and before
analysis diluted in 1:20.

44.

human hairr and

urine

10 ml of urine sample together with 10 ml mixture of concentrated 63%
HNO3 and 70% HCIO4 (2:1) were heated on a hot plate, Then, the acid
was evaporated to dryness and to resulting residue 3 ml of HCIO4 was
added and heated again to dryness at 160 °C. Next, 5 ml of H2SO4 was
added and heated for 1 min at 150 °C. The resulting solution was diluted
to 50 ml. Human hair samples were cut into small picces, washed
(acetone and distilled water) and dried in oven at 100 °C. To 0.2 mg of
dried hair sample, 12 ml of concentrated nitric acid and 2 ml of
concentrated HCIO2 were added. The solution was heated on a hot plate
for 90 min and then cooled to 70 °C. 5 ml of 30% H202 was added to
the sample solution, which was next heated at 200C to dryness. To the
regidue 10 ml of 1 M H2504 was added and heated at 100 °C for 1 h.
Finally, it was dissolved in water and diluted to 50 ml. For sample
preconcentration, cloud point extraction was performed. 10 ml aliquots
of sample, Triton-X-114 (0.05%, w:v), dithizone (5x10-6 mol/l) and
sulfuric acid were heated at 50 °C for 5 min. After phase separation, the
supernatant phase was completely separated by a syringe. To the
surfactant-rich phase 50 pl of THF (tetrahydrofuran) was added. 20 pl
of final solution was mixed with 10 pl of chemical modifier (PA(NO3)2,
0.1%, w:v).
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45,

human brain

Tissues were dried at 105 °C to constant weight and 0.1 g were used for
further preparation. Then, for comparison, two different digestion
methods were used: 1) thermal heating in stainless-steel acid digestion
Parr bomb with 2.5 ml of 65% nitric acid (2 hours at 150 °C), 2)
microwave-assisted digestion in a Teflon PFA vessels with 3.0 ml of
65% of nitric acid. The digested solutions were diluted to 50 ml with
deionized water.

46.

human blood, hair,
stomach, liver,
kidneys

For GF-AAS: The samples of organ tissues (10 g, previously
homogenized in the case of liver and kidney), hair samples (0.25 g;
washed and cut into small parts), blood and urine (5 ml) were digested
twice in closed glass vessels in the mixture of mitric and sulfuric acids
(2 ml and 10 ml, respectively).

For ICP-AES: Internal organs tissues (2 g), blood (2 ml) and urine (5
ml) were digested in microwave oven in high pressure Teflon vessels
with mixture of nitric acid V (3 ml) and hydrogen peroxide (1 ml).

47.

human hair and

serum

Hair samples were washed, dried and chopped into small pieces. 5 mg
of sample was placed into test tube together with 20 pl of concentrated
HNO3. After 3 hours, to the tube with the sample 5.0 pl of PIFE
emulgion (60%, m:v) and 2.0 pl of Triton X-100 (0.1%) were added.
Solution was diluted with double distilled water to 50 pl. To 20 ul of
serum 5.0 pl of PTFE emulsion (60%, m:v) and 2.0 pl of Triton X-100
(0.1%) were added, and then diluted to 50 ul with double distilled water.

51.

human brain

The samples were chopped into small pieces during freeze drying. 20
mg of tissue were placed in a Teflon vessel in which 1.0 ml of HNO;
was added. Then heating of sealed vessels in microwave oven was
performed until completely digestion of samples. The obtained solutions
were cooled down and diluted to 5 ml. Potassium dichromate was used
as chemical modifier.

33.

human scalp hair

hair samples were washed with acetone and ultrapure water and dried in
oven at 100 °C. Then, samples were pulverized (mean particle diameter
of 0.8 um was obtained). Hair powder (0.1 g) was suspended in ultrapure
water and diluted to 25 ml. Palladium and magnesium nitrate were used
ag chemical modifiers and glycerol (0.4 % (m/v)) as wetting agent.

35.

serum and fibrous
breast capsule
tissue

The serum and standard silicon solution were diluted with matrix
modifier (200 pl + 800 pl, respectively). Tissues were dried at 90 °C to
constant weight and then digested in nitric acid (about 1 g of tissue in
0.5ml of acid) at 90 °C for 1h. The resulting solutions were diluted with
water (3.5 ml) and potassium hydroxide (50%, 1 ml). Lanthanum oxide
and ammonium phosphate were used as chemical modifier and added
during dilution of samples before analysis.

56.

human breast

cancer tissue

Different separated regions of breast tissue were freeze-dried at -64 °C
for 2-30 hours. About 1 g of each sample was placed in digestion tube
together with 5 ml of concentrated HNO; for 3 hours at 100 °C on hot
block digester. Then, 1 - 3 ml of H,O, (30%) was added and heated again
for 1 hour. The resulting solution was cooled down, filtered and diluted
to 25 ml with deionized water.

57.

human
breast tissue

cancer

The samples were placed in microwave vessels and dried at 37 °C to
constant weight. 1 ml of HNOs and 1 ml of H.O: were added to the dried
sample and digested in a microwave oven. Digestion solutions were
cooled down and diluted to 5 ml with ultrapure water.

59.

human blood, urine
and scalp hair

Blood samples, after collection, were stored at -4 °C. Urine samples
were filtered and acidified with concentrated HNO; (65%) and stored at
-4 °C. Hair samples were cut into pieces and washed with mixture of
diethyl ether-acetone, non-ionic detergent solution and ultra-pure water.
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Then, they were dried for 6 h at 80 °C. Two methods of digestion were
tested, conventional and microwave assisted. In the first case, 0.5 ml of
blood and urine or 0.2 mg of human hair were placed into flasks, in
which 5 ml of mixture HNO; and H,O, (2:1, v/v) was added. Then,
samples were heated on a hot plate for 2 - 3 h at 80 °C. The resulting
solutions were diluted up to 10 ml with 2 M HNOs and stored in flasks.
For microwave-assisted acid digestion, 200 mg of dried hair, 0.5 ml of
blooad and 1.0 ml of urine were placed into Teflon PFA vessels. Into each
vessel 2 ml of HNO; and 1 ml of HyO; (30%) were added and left for 10
min. Then, vessels were sealed and heated in microwave digester. After
caoling, the resulting solutions were evaporated almost to dryness and
diluted with HNO; to 10 ml. The certified reference materials were
treated in the same way.

60.

human blood, urine
and scalp hair

Venous blood samples, after collection, were stored at -4 °C. Urine
samples were acidified with concentrated HNO; and stored at -4 °C.
Prior to subsampling, the samples were shaken to ensure homogeneity.
Hair samples were cut into pieces and washed. Duplicate samples of
dried hair were placed in PTFE flasks, while 0.5 ml of blood and urine
samples were transferred into Teflon PTFE flasks. To each flask, 2 ml
of mixture of concentrated HNO; and H,O, (2:1, v/v) was added and
stored for 10 min at room temperature. Then, flasks were placed in
cavered PIFE container and microwave digested (2 - 4 min for blood
and urine and 5 - 8 min for hair). After cooling, the resulting solutions
were evaporated to remove acid. Then, 10 ml of nitric acid (0.1 M) was
added to the residue, mixed and filtered. The certified reference
materials were treated in the same way. For Co and Mn determination
Mg (NO3)2 was used as chemical modifier, while Mg (NO3)2 + Pd
(NO3)2 was used for As.

63.

human blood and
serum

Whole blood and serum samples (0.5 ml) were placed in PTFE flask
with 3 ml mixture of HNO; and H,O: (2:1, v:v) and left for 10 min at
room temperature. Then, flasks were placed in PTFE container and
heated for 3 - 4 min. The resulting sample solutions were diluted with
HNO; to 10 ml. Then, cloud-point extraction procedure was performed.
Digested samples were placed in tubes where 0.2 - 1.0 ml of APDC (0.1
- 0.5%), 2 ml of buffers (0.1 mol/l HNOs and NaOH) and 2 ml of Triton
X-114 (0.1 - 1%, v/v) were added. Then, tubes were heated at 40 - 60
°C for 10 - 30 min in ultrasonic bath. Phase separation was accelerated
by centrifuging at 3500 rpm for 5 min. After cooling the solutions, the
upper aqueous phase was decanted and to surfactant-rich phase acidic
ethyl alcohol (0.5 ml, 0.1 mol/L HNO;) was added.

64.

human scalp hair

200 mg of samples were treated with 2 ml mixture of HNO3 and H202
(2:1, viv) and left for 10 min; then they were digested by heating in
PTFE container. The obtained solution was evaporated to dryness and
diluted with HNO3 to 10 ml. Dual-cloud point extraction was performed
in two steps. First, liquid sample was transferred to centrifuge tubes, into
which 0.5 ml of PAN, 2 ml of Triton X-112 (0.1 - 0.5 %, v:v) and 2 ml
of phosphate buffer were added. The pH of the solution was adjusted to
range 7 - 11. The tubes were heated at 30 - 60 °C for 2 - 20 min. After
centrifugation (5 min at 3500 rpm) separation of the phases was
obtained. The aqueous phase was removed and surfactant-rich phase
was treated with 2 ml mixture of HCI and HNO3 (0.5 - 2.0 mol/1) and
heated at 30 - 60 °C for 5 - 20 minutes. Then, tubes were centrifuged (5
min at 3500 rpm) and supernatant was analysed. Standard solutions and
blanks were prepared in the same way.
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69,

rabbit arterics

The samples were washed and dried at 60 °C for 48 h to constant weight.
Then, they were placed in PFA Teflon vessels together with 2 ml of
nitric acid (50%, v:v) and digested using close-vessel microwave
system. The resulting solutions were cooled to room temperature,
transferred to sterile tubes and diluted with distilled and deionized water
to 5 ml. Before analysis, sample solutions were mixed by hand-shaking.
A standard reference material was prepared in the same way.

71.

human brain

The samples of brain tissue were dried in oven at 105 °C for 36 h till
they reach constant mass. Two types of digestion were tested: 1) 100 mg
of sample and 2.5 ml of nitric acid (65%) were digested in a Parr high-
pressure bomb at 150 °C for 2 h, 2) 100 mg of sample was heated in
microwave digester with 3 ml of nitric acid (65%). After cooling, the
obtained solutions were diluted to 5 ml with distilled water.

76.

sheep liver, kidney
and muscle

Tissues were thawed and homogenized. For each type of tissue, 1 g of
sub-sample were digested using nitric acid.

77.

wolves liver

To 0.3-0.5 g portions of wet liver tissue 9 ml of HNO; (65%) and 1 ml
of H:0: (30%) were added. Then samples were digested using
microwave-assisted system. After digestion, samples were cooled down
to room temperature and diluted to 25 ml with a distilled water.

8.

blood,

brain,
skeletal
muscle, liver,
kidney, spleen,
thymus and bone

rat whole
plasma,

heart,

Organs tissues were first digested at room temperature for 3 h and then
at 70 °C for another 3 h in nitric acid (about 1 ml of acid per 300 mg of
tissue). The obtained solutions were diluted 1:10 with deionized water
(1:1000 for determination of Ca in digested bone). The standard
solutions were prepared in the same way. Analysis of blood and plasma
were performed immediately without digestion.

9.

rat liver, kidney,
heart, lung and
serum

Organ tissues were washed, dried and stored at -80 °C for further
lyophilisation. About 0.5 g of each tissue were placed into PTFE vials
together with 3.5 ml HNO3 (65%, v:v), 3.5 ml of H20 and 1 ml of H202
(30%, viv). Then, the flasks were closed and microwave-assisted
digestion was perform. After mineralization, the obtained solutions were
diluted to 20 ml with deionized water. Samples of serum and plasma
(aliquots of 0.1 ml) were diluted 100-fold with Triton X-100 (0.01%,
v:v) to final volume 10 ml.

81.

human whole
blood, serum,
cercbrospinal fluid
and urine

1 ml of blood was digested in microwave oven together with 2 ml of
HNOs. To 1ml of urine 0.25 ml of HNO; was added and diluted with
water. Serum and cerebrospinal fluid were diluted with high purity
deionized water.

82.

human serum

2g of serum was microwave digested with mixture of HNO; (65%, 6 ml,
v:v) and H,O, (30%, 1 ml, vv).

83.

human serum

To 3 ml of serum sample 2ml of nitric acid, 1 ml of hydrogen peroxide
and yttrium (11.2 pmol/l) were added. Sample solutions were digested
in microwave oven. Then, the resulting solutions were cooled down,
placed m vacuum module and evaporated till 0.6 — 1.0 ml volume of
sample was obtained. The content of vessels was diluted to 3 ml with
deionized water. The control and reference materials were prepared in
the same way.

84.

human rib bone

Tamples were transferred into one-chamber autoclaves together with 1.5
ml of concentrated HNO3 (65%) and 0.3 ml of H202. Then, they were
heated at 160 — 200 °C for 3 h. After cooling the autoclaves to room
temperature, sample solutions were diluted to 20 ml with deionized
water and placed in measuring bottles. The standard reference material
was treated in the same way.

86.

human hair

The samples were dissolved by using nitric acid and hydrogen peroxide
at higher temperature condition. Different temperature and time of
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digestion as well as composition of acid mixture were tested and
optimized. For 1 g of hair sample, best results of mineralization were
obtained for temperature in the range of 120-200 °C (150 °C was
chosen), minimum 30 min of digestion time and 12 ml of HNO3-H202
at mixture ratio 2:1.

89.

human plasma

The plasma samples were stored at -80 °C and prior to analysis they
were reconstituted at room temperature. Then, samples were shaken and
centrifuged for 15 min at 2000 g. 0.1 ml of plasma supernatant was
diluted to 2 ml with HNO3 (0.5 %, v:v) and internal standard solutions
in 1:20. The certified reference material was prepared according to
manufacturer instructions, further diluted with HNO3 (0.5%, v:v).

90,

human serum

200 pl of serum were mixed with 250 pl of HNOs, 250 pl of H:O,, 250
ul of deionized water and 25 yl of an internal standard solutions (100
pg/l Rh and 1000 pg/l Se). Blank samples and reference materials were
prepared in the same way, but instead the sample volume, 200 ul of
deionized water or 200 ul of reference serum were used. The solutions
were heated and shaken at 65 °C for 30 min and at 95 °C for another 30
- 45 min. After cooling, solutions volume loss was refilled using 25%
HNO;. The resulting solution was diluted with 1.5 ml of deionized
water. In the case of I determination, 25 pl of serum was diluted with
NaOH (0.1 M) containing Rh (at 1 ug/D) up to 1 ml.

95.

human brain

The samples were freeze-dried at -80 °C for 5 days until they reached
constant weight and then they were removed from surface tissues and
meninges. 50 - 150 mg of dried brain tissue were placed in Teflon
vessels together with 2 ml of HNO3 and microwave digested. The
resulting solutions were cooled down, transferred to tubes and diluted to
10 ml with MilhiQ) water. All analysed samples were diluted 1+4.

96,

human esophagus
tissue

About 0.1 g of dried tissues were placed into Teflon PFA vessels to
which 8 ml of concentrated nitric acid was added. Then, microwave-
agsisted digestion of samples was performed. The resulting solutions
were diluted to a final volume 10 ml with ultrapure water.

98.

human liver

The samples were dried for 72 h at 105 °C to constant weight. Next, they
were transferred to experimental tubes to which 2 ml of nitric acid of
HNO3 (65%) and 1 ml of HC104 (60%) were added. Samples then were
heated for 8 h at 120 °C. The resulting solutions were diluted to 10 ml
with deionized water.

99.

human heart

Tissues were removed from paratfin wax, first mechanically with
spatulas and then by immersing in xylene. Next, samples were dried in
oven for minimum 3 h at 90 °C to completely dryness. Samples
weighted 0.05-0.2 g were placed in microwave digestion vials to which
1 ml of hydrochloric acid and 4 ml of nitric acid were added. Each vessel
was capped and samples were digested in microwave digestion system.
The resulting solution was diluted up to 25 ml with reagent grade water.
The certified reference materials were prepared in the same way, but
without xylene treatment and drying steps.

100,

human hair

25 mg of ground hair samples were placed in tubes together with 2 ml
of HNO; (20%) and sonicated at 2 min (50 W, 100% amplitude). Then,
liquid sample was diluted with aqueous solution of Rh (10ug/L) to 10
ml. The resulting diluted slurries were centrifuged (for 2 min at 900 x g)
and analysis of supernatant was directly performed.

101.

liver, diaphragm,
brain and spleen of
beef calves

About 1 g of tissue sub-sample were digested using microwave-
digestion system together with 5 ml of concentrated nitric acid and 3 ml
of hydrogen peroxide (30%, w:v). The resulting solutions were diluted
with ultrapure water up to 15 ml.
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102,

rat livers, kidneys
and urines

Rat organs were cut into small picces and homogenized. Samples, cach
weighted 0.5 g, were placed in microwave digestion tank to which 4 ml
of HNO; and 1 ml of H,O: were added. Then, microwave assisted
digestion was performed. The resulting solution was evaporated at 150
°C for 2.5 h and the residue was dissolved in 2 ml 8-HQ solution and
diluted with ammonium buffer solution to 50 ml. Aliquot of 40 ml was
transferred into centrifuged tube, in which Triton-X-100 was added.
Then the tube was shaken on vortex for 20 s and heated at 90 °C for 90
min. After a cloudy state was formed, the upper aqueous phase was
removed and the gel-like sediment was obtained. Before analysis,
sediment was dissolved with 1 ml of HNO; (1%).

105.

human brain

Brains were washed and removed from meninges. From different brain
regions tissue fragments were collected and stored at -4 °C. After
defrosting, samples were washed and dried in oven at 110 °C until they
reached constant weight. Dried samples (100 - 500 mg) were placed in
vessels, to which 2.5 ml of concentrated HNO; (= 65%, w:w) and 1.0
ml of H:O: (=30%, viv) were added. Samples were digested using
microwave oven and, after cooling, diluted up to 50 ml with ultrapure
water. Until analysis, the resulting solutions were stored in tubes at 4
°C. The certified reference materials were prepared in the same way.
Mg(NO,), was used ag matrix modifier.

108.

animal muscle and
liver

2 - 10 g of homogenized sample was dried overnight in oven at 120+20
°C and then at 450 °C. After cooling the sample, 1 ml of concentrated
nitric acid was added and dried on a hot plate. Then, sample was again
heat at 450 °C for 1 h. After cooled the sample to room temperature, the
carbon-free ash was dissolved in hydrochloric acid, transferred into
flasks and diluted with 0.2 % nitric acid. Magnesium nitrate (1%) was
used as a matrix modifier.

110.

human liver

1 - 2 g of wet liver samples were placed in tube and dried at 60 °C for
90 h. Then, 5 ml of nitric acid were added and solution was left for 72 h
at room temperature. The standard reference material (0.5 g) was treated
in the same way.

118.

human blood,
serum and urine

2 ml of blood, 0.5 ml of serum and 20 ml of urine were digested with 3
ml of concentrated nitric acid V and 1 ml of 30% hydrogen peroxide
using microwave digestion system. Before measurement, samples were
diluted with deionized water. The reference materials were treated in a
similar way.

119.

E. coli cells

The cells were incubated at 37 °C for 24 h, suspended with 10 ml of
0.9% NaCl (g:g) and centrifuged at 4 °C for 5 min at 4500 x g. These
steps were performed two times. After centrifugation, 10 mg of cells
were transferred into vessel to which 1.45 ml of HNOs, 0.5 ml of H20O:
and 50 mg of internal standard solution (Rh and Re, 20 pg/l) were added.
Then, samples were microwave digested. After mineralization, the
solution was cocled down and mixed with 0.5 m] of water. The standard
reference material were digested using microwave digestion system.
Then, internal standard solutions were added and sample was diluted
with MilliQQ water up to 20 g.

Table S2 - Details concerning the instrument and operating parameters in particular papers discussed in current

work.

Ref.

Technique Instrument details Operating parameters

3.

ICP-OES | Ash IRIS/AP (Thermo Jarell, | plasma frequency: 27.12 MHz; Rf power: 1150

MA,

USA) ICP-AES | W; gas flow rates: 0.56 L/min (torch), 0.5 L/min

spectrometer, charged | (auxiliary), 0.56 L/min (ncbulizer), nebulizer
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injection device detector; axial
viewing mode; the Micromist
nebulizer (Glass Expansion
Pty. Ltd., Australia); spray
chamber: cyclone;

uptake: 0.5 ml/min; sample volume: 1.5 ml for
2 repeats; flush time: 40 s; purge time: 90 s;
signal integration time: 60 s (high wavelength),
10 s (low wavelength);

GF-AAS | Varian AA2807  Zeeman | analytical spectral lines: 309.3 nm (Al), 234.9
atomic absorption | nm (Be), 228.9 nm (Cd), 357.9 nm (Cr), 253.7
spectrometer with a Zeeman | nm (Hg), 279.5 nm (Mn), 232.0 nm (Ni), 283.3
background correction; GTA [ nm (Pb), 276.8 nm (T1); argon flow rate: 0.3
120 graphite tube atomizer; | L/min; operating conditions: 1) drying: 5 s at 85
PSD 120  programmable | °C, 30 s at 95 °C, 20 s at 120 °C, 2) pre-
3. sample dispenser; beryllium | pyrolysis 450 °C for 22 s, 3) pyrolysis: 17 s at
hollow cathode lamp (Varian, [ 1000 °C (serum) and 800 °C (blood), 4)
Part No. 5610100500);, atomizing: 3 s at 2900 °C (serum) and 2900 °C
(blood), 5) cleaning: 2900 °C for 2 s; three
experimental setups were tested: without
modifier and with magnesium nitrate or
palladium/citric acid as modifiers;
ICP-MS total As and Cd determination | isotopes: 52-Cr, 75-As; total As and Cd
- Agilent 7700x (Agilent | determinations - collision cell gas: 4 ml/min of
Technologies, Waldbronn, | He; collision/reaction gas: 1.4 m1/min of He and
Germany) spectrometer; Cetac | 4 ml/min of Hy; generator power: 1500 W, gas
ASX-500 Series autosampler | flow rates: 15 L/min (outer); 1 L/min
(Cetac Technologies, Omaha, | (intermediate), 1.2 L/min (nebulizer);
USA) set up in a laminar flow | As species determination - mobile phase
box FB 24 (Spetec, Erding, | (Solution of 20 mM NH4HCO3, 8mM
Germany);, Babington | CH3COONa, 2.4 mM of NaNO3 and 1%
nebulizer; Scott spray chamber | ethanol, adjusted to pH 8.9) flow rate: 1.5
3 (Agilent Technolegies);, | ml/min; sample injection volume: 50 ul,
' injector tube with an inner
diameter 2.5 mm;
As species determination -
Agilent 1200 Series HPLC
(Agilent Technologies),
isocratic pump; autosampler,
vacuum  degasser;  anion
exchange column and HPLC
column (Hamilton, PRPX100,
250x4 mm, particle size 10
pm);
9 ICP-MS Agilent  7500ce  (Agilent | m/z: 56-Fe, 43-Ca, 65-Cu, 66-7Zn, 24-Mg, 55-
) Technologies) spectrometer; Mn; collision gas flow rate: 5.3 ml/min, He;
GF-AAS | Z5100 atomic absorption operating conditions: 1) dry: 230 °C, ramp 2 s,
spectrophotometer  (Perkin- | hold 30 s, Ar flow rate 300 ml/min, 2) pyrolysis:
Elmer, Norwalk, CT, USA);, 1400 °C, ramp 3 s, hold 20 s, Ar flow rate 300
HGA 600 furnace system; | ml/min, 3) atomization: 2400 °C, ramp 0 s, held
12 transverse Zeeman-effect 4 s, Ar flow rate 0 ml/min, 4) clean: 2650 °C,
) background correction system; | ramp 1 s, hold 10 s, Ar flow rate 300 ml/min;
AS-60 autosampler; pyrolytic | injection temperature: 100 °C; injection
graphite-coated graphite tubes | volume: 10 pl;
with solid pyrolytic graphite
L'vov platforms
ICP-MS HP4500 (Yokogawa-Hewlett | Plasma frequency: 27.12 MHz; Rf power 1.2
13. Co. Ltd, Tokyo, JTapan), kW; argon flow: 14 L/min; sampling distance:

4.8 mm.
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SPS7000A (Seiko Electric Co.

Ltd, Tokyo, Japan)

ICP-OES | spectrometer;

GF-AAS | Hitachi polarized Zeeman Analytical spectral line: 288.8 nm (Cd);
atomic absorption
spectrophotometer  (Z-5710,

Hitachi High-technologies
Corp., Tokyo, Japan);
autosampler;
ICP-MS Thermo Scientific | Rf power: 1.250 kW; nebulizer: micro-uptake
14. ELEMENT?2 High | concentric nebulizer;, plasma gas: argon; gas
Performance High Resolution | flow rate: cool gas 16 L/min, auxiliary gas 0.87
ICPMS  (Thermo  Fisher | L/min, sample gas 0.979 - 1.190 L/min,
Scientific Ing, Bremen, | additional gas 0.005 - 0.120 L/min; diameter of
Germany); sampling cone orifice: 1.0 mm; diameter of
skimmer cone orifice: 0.8 mm; mass resolution:
medium resolution R=4,000; Samples per peak:
20; integration window: 60%; fore vacuum: 2-3
E-4 mbar; high vacuum: 1-2 E-7 mbar;

GF-AAS | Perkin-Elmer Model 1100B | analytical spectral lines: 313.3 nm (Mo), 309.3
atomic absorption | nm (Al), 357.9 nm (Cr); lamp current: 12 mA
spectrometer equipped with | (Mo), 10 mA (Al), 15 mA (Cr); wall
deuterium-arc background | atomization for Mo and Cr; platform
correction; HGA-400 graphite- | atomization for Al; bandwidth: 0.7 nm; inert gas
furnace atomizer (Perkin- | flow rate: Ar, 300 ml/min;

Elmer); pyrolytic graphite
coated tubes (part number
15 B013-5653) and pyrolytic
' graphite  platforms  (part
number B012-1092) (Perkin-
Elmer); ATI-Unicam 939Q7
gpectrometer (Unicam Atomic
Absorption, Cambridge, UK),
GF90 graphite furnace; FS90
Plus autosampler; Pyrolytic
tubes  (Unicam); Zeeman
correction;

ICP-MS | NexION 300D  ICP-MS | isotopes: 47-Ti, 51-V, 535-Mn, 61-Ni, 66-Zn,
(Perkin  Elmer, USA), 1.1 | 75-As, 85-Rb, 88-Sr, 107-Ag, 118-Sn, 138-Ba,
version of the control software; | 208-Pb; 3 readings of 30 sweeps; integration
nickel cones; cyclonic spray | time: 75 ms; sample aspiration rate: 0.3 ml/min;
chamber; Meinhardt nebulizer | sample pre-flush: 60 s;

(type-C); standard factory
tubing;
16. ICP-OES | Spectro Ciros CCD ICP-AES; | analytical spectral lines: Ca 396.847 nm, Cu

modified Lichte nebulizer,
cyclonic spray-chamber;

324.754 nm, Fe259.941 nm, Mg 279.553 nm, P
177.495 nm, S 180.731 nm, Si 251.612 nm, Sr
407.771 nm, Zn 213.856 nm, K 766.491 nm, Na
330.237, Y 371.030 nm; aspiration of samples
and standards: 2 ml/min; argon flow rates: 0.9
ml/min (nebulization), 0.9 ml/ min (auxiliary),
14.0 ml/min (coolant); plasma power: 1400W at
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27 MHz; sample aspiration prior to collection
for 45 g; signals collection: 3 x 24 s;

ICP-MS ICP-MS Elan DRC 1T | isotopes: 24-Mg, 27-Al, 44-Ca, 51-V, 52-Cr,
(PerkinElmer SCIEX, | 55-Mn, 59-Co, 60-Ni, 63-Cu, 66-Zn, 78-S¢, 88-
Canada);  cyclonic  spray | Sr, 91-AsO, 111-Cd, 121-Sb, 138-Ba, 208-Pb,
chamber; concentric glass | 238-U; DRC reaction gases: NHs, O; gas flow
nebulizer; quartz torch with an | rates: 0.89 — 0.91 L/min (nebulizer),1.2 L/min
17. injector;  quadrupole mass | (auxiliary), 16 L/min (plasma); Rf power: 1050
analyzer with gold coated rods; | - 1150 W; scan mode: peak hopping, Dwell
calibrated autolens; Pt sampler | time: 50 ms per mass;
and skimmer cones; detector
mode: dual (pulse counting
and analog mode);
ICP-MS X Series 2 ICP-MS and ICAP | four measurement methods: 1) standard mode -
Q ICP-MS (ThermoFisher | Thermo X Series 2 with 1% v/v nitric acid
Scientific, Bremen, Germany); | solution; calibration range 0.01 - 10 pg/L, 2)
collision cell meode - kinetic energy
discrimination with a collision cell gas (7%
13 hydrogen in helium at a flow of 3.5 ml/min)
' using Thermo X Series 2 with 1% v/ nitric acid
solution; calibration range 0.001 - 100 pg/L., 3)
standard mode - ICAP Q with 1% v/v nitric acid
solution; calibration range 0.002 - 0.2 pg/L, 4)
standard mode - ICAP Q with 1%v/v HCI
solution; calibration range 0.01 - 2.5 ug/T.;
GF-AAS | Solaar MQZe atomic | analytical spectral line: 232.0 nm (Ni); slit
absorption spectrometer with | width 0.2 nm; sample solution velume: 20 pl;
Zeeman background | heating program details: 1) drying - 100 °C,
correction; heated graphite | ramp 10 s, hold 30 s, Ar flow 200 ml/min, 2)
19. atomizer (GF93) and | pyrolysis - 1,000 °C (1,300 °C) , ramp 150 s,
autosampler (FS95) (Thermo | hold 20 s, Ar flow 200 ml/min, 3) atomization -
Electron, Waltham, MA); 2,500 °C (2,400 °C) , ramp 0 s, hold 3 s, Ar flow
0 ml/min, 4) cleaning - 2,600 °C, ramp 0 s, hold
3 s, Ar flow 200 ml/min;
F-AAS Analytik Jena model nova 300 | analytical spectral lines: 228.8 nm (Cd), 283.3
(Jena, Germany) F-AAS | nm (Pb); spectral slit: 1.2 nm;
24, spectrometer,  acetylene-air
burner; single-clement hellow
cathode lamp (Cd and Pb),
ICP-OES | Therme Jarell Ash model 25 | Rf: 27.12 MHz; Rf power: 1150 W; analytical
ICP-AES  (Waltham, MA, | spectral lines: 228.6 nm (Co), 267.7 nm (Cr),
25 USA); cross-flow nebulizer; 2 | 324.7 nm (Cu), 259.9 nm (Fe), 257.6 nm (Mn),
' mm i. d. plasma torch; [ 231.6 nm (Ni), 213.8 nm (Zn)
polychromator — with 2400
grooves/mm;
ICP-OES | Perkin-Elmer Plasma 40 ICP- | analytical spectral lines: 324.754 nm and
OES spectrometer; 224.700 nm (Cu), 213.856 nm and 202.548 nm
26. (Zn), 220353 nm and 216.999 nm (Pb);
measurement time of each sample: the order of
2 min.
F-AAS AA-6300 F-AAS | analytical spectral lines: Fe 248.3 nm, Cd 228.8
34 spectrophotometer nm, Ca 422.7 nm, Zn 213.9 nm, Cu 309.93 nm,

(Shimadzu); pre-mixed burner
air-acetylene flame;

Pb 283.3 nm, Mg 285.2 nm, Cr 357.9 nm;
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35.

ICP-OES

ICP-MS

Plasma AtomComp MKII
(Jarrell-Ash, Franklin, MA,
USA), Pashen-Runge type of
polychromator  with 39
channels; fassel type torch;
single type spray chamber;
cross-flow type nebulizer.

Model SPQ 8000A (Seiko
Instruments, Chiba) with
quadrupole mass spectrometer;
fassel type torch; scott type
spray chamber; concentric
type nebulizer; skimmer cone:
Cu;

plasma Rf frequency: 27.12 MHz, plasma
incident Rf power: 1.0 kW; Ar gas flow rates:
20 Vmin (outer), 1.0 I/min (intermediate), 0.5
I/min (carrier); sampling observation height: 18
mm above work coil; sampling uptake rate: 1.2
ml/min; analytical spectral lines: Na 589.0 nm,
K 788.4 nm, Fe 239.9 nm, P 213.6 nm, Ca 317.9
nm, Mg 279.0 nm, Al 308.2 nm, Zn 213.8 nm.

plasma Rf frequency: 27.12 MHz, plasma
mcident Rf power: 1.0 kW; Ar gas flow rates:
16 I/min (outer), 1.0 I/min (intermediate), 0.95
Vmin (carrier); sampling depth: 12 mm from
work coil; sample uptake rate: 0.8 ml/min;
sampling cone: Cu, 1.1 mm orifice diameter;,
0.35 orifice diameter; data accumulation: 20
times; dwell time: 10 ms; repetition: 5 times;
channel width: 3 channels; m/z: §5-Rb, 65-Cu,
82-Se, 138-Ba, 88-Sr, 91-7r, 133-Cs, 121-Sb,
120-Sn, 98-Mo, 107-Ag, 184-W,

37.

ICP-OES

ICP-MS

ICP-MS

Optima 3100 X1, spectrometer
(Perkin Elmer, Norwalk, CT,
USA); cross-flow nebulizer
with Ryton Scott chamber;
polychromator equipped with
an echelle grating; detector:
simultaneous solid-state
Segmented-array  Charged-
coupled device;

SF-ICP-MS ELEMENT model
(Thermo Finnigan, Bremen,
Germany); Guard Electrode
device; nebulizer: Meinhardt
glass type; water-cooled Scott
type spray chamber; interface:
Pt cones;

SF-ICP-MS (ELEMENT 2,
Thermo Finnigan, Bremen,
Germany);  torch  guard
glectrode device; Meinhardt-
type glass nebulizer, water-
cooled Scott chamber;

Rf power: 1.3 kW, Ar gas flow rates: 13.0
L/min (plasma), 0.5 L/min (auxiliary), 0.7
L/min (nebulizer); max. resolution: 0.006 nm at
200 nm; analytical spectral lines: 393.3 nm
(Ca), 324.7 nm (Cu), 259.9 nm (Fe), 279.5 nm
(Mg), 251.6 nm (Si), 213.8 nm (Zn);

Rf power: 1200 W; gas flow rates: 14 L/min
(plasma), 0.9 L/min (auxiliary), 0.85 L/min
(nebulizer); low resolution (LR): 300 m/Am;
medium  resolution (MR): 3000 m/Am;
isotopes: 27-Al (MR), 9-Be (LR), 114-Cd (LR
and MR), 59-Co (MR), 52-Cr (MR), 202-Hg
(LR), 55-Mn (MR), 60-Ni (MR), 208-Pb (LR),
51-V (MR); mass window: 150% (LR), 100%
(MR); search window: 100% (LR), 80% (MR);
mtegration window: 80% (LR), 60% (MR),
scans (number): electric (25);

isotopes: 138-Ba, 9-Bi, 7-Li, 100-Mo, 123-Sb,
120-Sn, 88-Sr, 205-T1, 184-W, 90-Zr;
resolution: low, 300 m/Am;

38.

ICP-MS

EL AN 6000 quadrupole-based
mass spectrometer (Perkin
Elmer Sciex, Ontario, Canacda),

microconcentric  MicroMist
nebulizer (Model MicroMist

Rf power: 1350 W, cylindrical lens potential:
10.2 V; dwell time: 500 ms; mass range: 23 u -
238 u; scanning mode: peak hopping;
oplimization: max. “*"Ba” intensity; detection
system dead time: 53 ns; gas flow rates: 13.5
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AR30-1F02);  minicyclonic
spray chamber (both from
Glass Expansion, Pty. Ltd.,
Camberwell, Victoria,
Australia); ELAN 6000 mass
flow controller (MKS
Instruments); peristaltic pump
(Perimax 12, Spetec GmbH,
Erding, Germany);

Vmin (coolant), 0.7 I/min (auxiliary); mass
resolution: 300 m/Am; solution uptake rates:
160 pl/min and 320 pl/min; nebulizer gas flow
rate: 0.81 Vmin and 0.76 I/min; no. of replicates:
8 and 10; measurement time: 3.2 min. and 4.0
min;

ICP-MS Thermo Elemental X7 ICP- | collision cell gas flow rate: 7.2 ml/min, 93% He
MS  spectrometer; normal | - 7% Ha; Rf power: 1410 W; Ar gas flow rates:
flow, concentric, pneumatic | 13 L/min (plasma), 0.95 L/min (auxiliary), 0.84
nebulizer; L/min (nebulizer), sample uptake rate: 0.82

ml/min; isotopes: 52-Cr, 55-Mn, 56-Fe, 60-Ni,
39 63-Cu, 66-Zn, 85-Rb, 208-Pb;

TXRF Atomika Extra IIA TXRF | Excitation: Mo Ka 17.4 keV; data acquisition
spectrometer; line-focused X- | live time: 1000 s; K lines were used for
ray tubes; cnergy dispersive | determination of: Cr, Mn, Fe, Ni, Cu, Zn and
Si(Li) detector; Rb; L line was used for determination of Pb.;

GF-AAS | AA 6800G atomic absorption | analytical spectral line: 223.1 nm; spectral
spectrometer (Shimadzu); | bandpass: 0.3 nm; hollow cathode lamp current:
graphite furnace atomizer | 10 mA; sample injection volume: 20 pl.
(GFA-6500); autosampler

44 (ASC-6100); bismuth hollow
' cathode lamp (Hamamatsu
Photonics, L1233  Series);
Pyrolytic graphite-coated
graphite tubes (P/N 206-

69984-02) (Shimadzu),

ICP-OES | Labtest Plasmalab ICP-AES | Rf: 27.12 MHz; Rf power: 2 kW,
spectrometer (40 analytical
channels plus
monochromator); GMK -
ncbulizer with a Gilson
Minipuls 2 pump; sample-loop
injector.

GF-AAS | Model SIMAA 6000 | inert gas flow rate: Ar 250 ml/min; integration

45 multiclement GF-AAS system | time: 5 s; experimental conditions on each step:
) (solid state detection, Echelle | 1) 110 °C, 1 ramp time's, 20 hold time/s,
polychromator optics, | internal flow 250 ml/min, 2) 130 °C, 5 ramp
transverse-heated graphite | time/s, 45 hold time/s, internal flow 250
atomiser with longitudinal | ml/min, 3) 600 °C, 10 ramp time/s, 20 hold
Zeeman-effect background time/s, internal flow 250 ml/min, 4) 1600 °C, 0
correction; stabilised | ramp time/s, 5 hold time/s, internal flow 0
temperature platform furnace; | ml/min, 5) 2300 °C, 1 ramp time/s, 3 hold
true temperature control; AS- | time/s, internal flow 250 ml/min.
72 autosampler  (Perkin-
Elmer);
ICP-OES | iCAP 6300 emission | range of recorded emission spectrum: 166.250
46 spectrometer (Thermo | nm - 847.000 nm;
) Electron Corp., Waltham, MA,
Us), Echelle type
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monochromator; radio
frequency - 27.12 MHz;
radial/axial plasma
observation;
CV-AAS | Solar MQZe atomic absorption
spectrometer  with  vapor
gystem VP100 Continuous
Flow  Vapor  Accessory;
mercury  absorption  cell
(Thermo  Electron  Corp.,
Waltham, MA, US);
ICP-OES | ICP spectrometry source (2 | mcidient power: 1.1 kW; Ar gas flow rate: 0.5
kW, 27+3 MHz) (Beijing L/min (carrier), 18 L/min (coclant); observation
Second Broadcast Equipment | height: 12 mm; entrance slit width 25 pm; exit
Factory, China); conventional | slit width: 25 pm; drying temperature: 100 °C,
plasma  torch;  modified | ramp 10 s, hold 20 s; ashing temperature: 500
graphite furnace wvaporizer; | °C, ramp 10 s, hold 50 s; vaporization
47 WDG-500-1A temperature: 2400 °C; clear-out temperature:
' monochromator (Beijing | 2700 °C; vaporization time: 4 s; sample volume:
Second  Optics,  Beijing, | 10 pl;
China), R456 type photo-
multiplier tube (Hamamatsu,
Japan);  home-built  direct
current  amplifier;  U-135
recorder (Shimadzu, Japan),
GF-AAS | Varian atomic  absorption | analytical spectral line: 309.3 nm; bandpass: 0.5
spectrometer (Model 475, nm; inert gas: Ar; volume of deposited sample:
Sunnyvale, CA), graphite | 20 mm?; operating conditions: 1) drying - 120
S1. furnace  atomizer (Model | °C, 20 ramp time/s, 25 hold time/s, 2) ashing -
GTA-95), 1400 °C, 10 ramp time/s, 40 hold time/s, 3)
atomizing - 2600 °C, 1 ramp time/s, 2 hold
time/s, 4) cleaning - 2600 °C, 1 hold time/s;
GF-AAS | Perkin-Elmer 1100B atomic | analytical spectral lines: 309.3 nm (Al), 279.5
absorption gpectrometer; [ nm (Mn); spectral bandwidth: 0.7 nm (Al), 0.2
Perkin-Elmer HGA 700 nm (Mn); integration time: 3 s; peak-area
graphite furnace; Perkin-Elmer | measurements; D; lamp background corrector;
AS 70 autosampler; Perkin- | injection volume: 20 ml; operating conditions:
Elmer HGA 400 graphite | 1) drying - 150 °C, ramp time - 20 s; hold time
53. furnace; Perkin-Elmer AS 40 | - 15 s, Ar flow - 300 ml/min, 2) pyrolysis - 1500
autosampler; deutertum lamp | °C (Al and 1200 °C (Mn), ramp time - 10 s;
as a background correction | hold time - 15 s, Ar flow - 300 ml/min, 3)
system; Pyrolytic  graphite | atomization - 2500 °C (Al) and 2200 °C (Mn),
tubes; L."vov platform; ramp time - 0 s; hold time - 3 s, Ar flow - 200
ml/min (Al), 4) cleaning - 2600 °C, ramp time -
2 s; hold time - 2 s, Ar flow - 300 ml/min;
GF-AAS | Varian Zeeman SpectrAA-300 | analytical spectral line: 251.6 nm; lamp current:
AAS  mstrument (Varian | 10 mA; sample volume: 10 pl; operating
Canada Inc.); pyrolytic coated | conditions: 1) 90 °C, furnace time 15 s, gas flow
graphite partition tube; 3.0 L/min, 2) 95 °C, furnace time 10 s, gas flow
35. 3.0 L/min, 3) 100 °C, furnace time 5 s, gas flow

3.0 L/min, 4) 300 °C, furnace time 5 s, gas flow
3.0 L/min, 5) 1400 °C, furnace time 19 s, gas
flow 3.0 L/min, 6) 40 °C, furnace time 6.8 s, gas
flow 0.2 L/min, 7) 2700 °C, furnace time 1.4 s,
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gas flow 0 L/min, 8) 2700 °C, furnace time 2.0
s, gas flow 0 L/min, 9) 2700 °C, furnace time
2.0 s, gas flow 3.0 I/min;

GF-AAS | graphite furnace technique
model AA-670;
36.
ICP-OES | ICP-OES spectrometer
(ULTIMA 2CE),
GF-AAS | AAnalyst600 atomic | operating conditions: 1) drying - 110 °C, ramp
absorption spectrometer, | time 10 s, hold time 40 s, internal gas flow rate
trangversely heated graphite | 250 ml/min, 2) drying - 130 °C, ramp time 15 s,
atomizer (THGA), | hold time 40 s, internal gas flow rate 250
longitudinal ~ Zeeman-effect | ml/min, 3) pyrolysis - 500 °C, ramp time 10 s,
57 background corrector, AS-800 [ hold time 10 s, internal gas flow rate 250
' autosampler, WinLab 32 | ml/min, 4) pyrolysis - 1200 °C, ramp time 10 s,
software (Perkin Elmer, UK); | hold time 15 s, internal gas flow rate 250
standard THGA  graphite | ml/min, 5) atomisation - 2300 °C, ramp time 0
tubes, mtegrated L’vov | s, hold time 5 s, internal gas flow rate 0 ml/min,
platform (Perkin Elmer, UK); [ 6) clean out - 2500 °C, ramp time 1 s, hold time
5 s, internal gas flow rate 250 ml/min;
GF-AAS | Analyst 700 Perkin-Elmer | analytical spectral lines and slit-width: 283.3
atomic absorption | nm and 1.3 nm (Pb), 228.8 nm and 1.3 nm (Cd),
gpectrometer in conjunction | 357.9 nm and 1.3 nm (Cr), 232.0 nm and (0.2 nm
with a graphite furnace model | (Ni); lamp current: 7.5 mA (Pb), 7.5 mA (Cd),
GF 3000 included PAL 3000 | 7.5 mA (Cr), 10 mA (Ni); background
autosampler; correction: D lamp; cuvette: cup (Pb and Cd)
and tube (Cr and Ni); carrier gas flow rate: 200
50 ml/min; sample volume: 10 pl; temperature
) conditions - dry: 80 °C - 120 °C /15 s (Pb, Cd,
Cr, Ni); ash: 300 °C - 600 °C /15 s (Pb, Cd) and
300 °C - 700 °C /15 s (Cr, Ni); atomisation:
2000 °C - 2100 °C /5 s (Pb), 1500 °C - 1800 °C
/5 8 (Cd), 2600 °C - 2700 °C /5 5 (Cr), 2500 °C
-2600 °C /5 s (N1); cleaning: 2100 °C - 2400 °C
/2 8 (Pb), 1800 °C - 2000 °C /2 s (Cd), 2700 °C
- 2900 °C /2 5 (Cr), 2600 °C - 2800 °C /2 5 (N1);
GF-AAS | Hitachi model 180-50 | analytical spectral lines and slit-width: 193.8
(Hitachi, Tokyo, Japan); | nm and 2.6 nm (As), 240.7 nm and 0.2 nm (Co),
Hitachi Model 056 recorder; | 324.8 nm and 1.3 nm (Cu), 279.5 nm and 0.4
hollow cathode lamps | nm (Mn); lamp current: 10.0 mA (As), 10.0 mA
(Hitachi); (Co), 7.5 mA (Cu), 7.5 mA (Mn);, background
correction: D; lamp; cuvette: cup; carrier gas
(Ar) flow rate: 200 ml/min; sample volume: 10
60, pl; temperature conditions - dry: 80 °C - 120 °C
/10 s (As) and 80 °C - 120 °C /15 s (Co, Cu,
Mn); ash: 300 °C - 400 °C /10 s (As), 400 °C -
600 °C /15 s (Co, Cu) and 400 °C - 500 °C /15
s (Mn);, atomisation: 2700 °C - 2800 °C /5 s
(As), 2600 °C - 2700 °C /5 s (Co, Cu), 2500 °C
- 2600 °C /5 s (Mn); cleaning: 2800 °C - 2900
°C /3 s (As), 2700 °C - 2800 °C /2 s (Co, Cu),
2600 °C - 2800 °C /2 s (Mn)
F-AAS Perkin Elmer model AAnalyst | analytical spectral line: 232.0 nm; spectral
63. 700 (Norwalk, CT) flame | bandwidth: 0.7 nm; lamp current: 30 mA,;

atomic absorption

115

15



spectrophotometer; hollow
cathode lamp of Ni;

F-AAS Perkin-Elmer Model AAnalyst | analytical spectral line: 279.5 nm; spectral
700 (Norwalk, CT, USA) | bandwidth: 0.2 nm; lamp current: 2.0 mA;

64. flame atomic absorption acetylene flow rate 1.6 L/min; air flow 8.0
gpectrophotometer;  hollow | L/min; burner height 7.0 mm;
cathode lamp of Mn;

ICP-OES | Optima 3100-XI. ICP-AES | analytical spectral lines: 317.99 nm (Ca),
spectrometer  (Perkin-Elmer, | 238.20 nm (Fe), 279.08 nm (Mg); Rf power: 1.2
Norwalk, CT); concentric | kW; gas flow rates: 15 Imin (outer Ar), 0.5

60, nebulizer; cyclqnic spray l/min. (a.uxiliary Ar), 0.8 I/min (nebulizer),
chamber; axially-viewed | quantitative mode: peak area; background
system; segmented-array | correction mode: two-point;
charge-coupled device, AS-91
auto-sampler;

ICP-OES | Labtest  Plasmalab ICP | argon plasma; incident power: 1.3 kW, Rf:

71. spectrometer;  pneumatically | 27.12 MHz; observation height: 16 mm; volume
operated injection valve; of injected sample: 130 ul;

ICP-MS ICP-MS  spectrometer  Elan | isotopes: 75-As, 111-Cd, 59-Co, 202-Hg, 98-
9000 (PerkinElmer, Waltham, | Mo, 208-Pb, 82-Se; plasma Rf power: 1200W;
MA); nebulizer: cross flow | gas flow rates: 15 Imin (plasma), 1.2 I/min
type; spray chamber: double | (auxiliary), 1.0 /min (nebulizer); auto lens: on;
pass; Dwell time: 200 ms; sweeps: 10; 3 replicates;

read delay: 25 s rinse delay: 25 s; pump rate:

76. 13 rpm;

ICP-OES | Varian  MPX  ICP-OES | analytical spectral lines: 324.754 nm (Cu),
spectrometer,  axial  view | 213.857 nm (Zn); plasma Rf power: 1200 W,
mode;, nebulizer: concentric - | gas flow rates: 15 min (plasma), 1.5 1/min
gea spray, spray chamber: | (auxiliary), 1.0 I'min (nebulizer); replicate read
cyclonic baffled,; time: 30 s; fitted background correction;

ICP-OES | ICP-OES spectrometer | analytical spectral lines: 394.401 nm (Al),
Spectro  Genesis EOP 11, | 249.773 nm (B), 233.527 nm (Ba), 228.802 nm
Spectro Analytical Instruments | (Cd), 228.616 nm (Co), 205.352 nm (Cr),

77. (DmbH, Kleve, Germany); 324.754 nm (Cu), 259.941 nm (Fe), 184.950 nm

(Hg), 4060289 nm (Li), 259.373 nm (Mn),
202.095 nm (Mo), 231.604 nm (Ni), 220.353
nm (Pb), 460.733 nm (Sr), 206.1919 nm (Zn),

ICP-OES | Jobin-Yvon JY 48 instrument | analytical spectral lines: 45540 nm (Ba),
composed of a vacuum 393.37 nm (Ca), 324.75 nm (Cu), 259.94 nm

78 polychromator and a Plasma- | (Fe), 766.49 nm (K), 279.55 nm (Mg), 403.08
' Therm source; pneumatic | nm (Mn), 386.41 nm (Mo), 589.0 nm (Na),
nebulization; 178.28 nm (P), 182.03 nm (S), 407.77 nm (Sr),

213.86 nm (Zn);

ICP-OES | Vista simultancous ICP-OES | analytical spectral lines: 226.502 nm (Cd);
spectrometer (Varian - | 238.203 nm (Fe); 327.398 nm (Cu); 280.267 nm
Mulgrave, Australia); axial [ (Mg); 220354 nm (Pb), 196.026 nm (S¢);

79 viewing; charge coupled | 213.858 nm (Zn), Rf generator power: 1.3 kW,

device solid state detector; V-
Groove necbulizer; Sturman —
master nebulization chamber;

gas flow rates: 0.7 ml/min (nebulizer), 1.5
ml/min (auxiliary), 15 ml/min (plasma); signal
mtegration time: 1.0 s; stabilization time: 15
min; reading time: 1 min; 3 replicates;
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ICP-OES | Optima 3100 XL spectrometer | analytical spectral lines: 393.3 nm (Ca); 324.7
(Perkin Elmer, Norwalk, CT, | nm (Cu); 259.9 nm (Fe);, 279.5 nm (Mg); 251.6
USA); cross-flow nebulizer; [ nm (Si); 371.0 nm (Y), 2138 nm (Zn),
Ryton Scott chamber; | radiofrequency: 1.3 kW; argon gas flow rates:
polychromator with echelle | 13.0 Vmin (plasma), 0.5 Imin (auxiliary), 0.7
grating; detector: simultaneous | I'min (nebulizer); max. resolution: 0.006 nm at
solid-state ~ segmented-array | 200 nm;
charged-coupled device;
81.
ICP-MS SF-ICP-MS spectrometer | isotopes: 27-Al, 55-Mn; medium resolution
ELEMENT  model from | mode: 3000m/Am; radiofrequency power: 1.2
Thermo Finnigan (Bremen, | kW; gas flow rates: 14.0 /min (plasma), 0.9
Germany); torch guard | Vmin (auxiliary), 0.85 I/min (nebulizer);
clectrode device; platinum
interface  cones; Meinhardt
type glass nebulizer;
water-cooled Scott chamber;
ICP-OES | ULTIMA 2 ICP-OES | analytical spectral lines: 167.02 nm (Al),
gpectrometer (Jobin  Yvon, | 238.204 nm (Fe), 257.610 nm (Mn), 213.856
Longjumeau Cedex, France), | nm (Zn), 588.95 nm (Na), 670.784 nm (Li),
82. radial viewing mode; Czerny- | 766.490 nm (K); argon flow rate: 12 Vmin;
Turner monachromator; | optical bench temperature: 32 °C;
Meinhard nebulizer; cyclonic
gpray chamber;
ICP-OES | IRIS/AP ICP-AES | analytical spectral lines: 396.152 nm (Al),
spectrometer (Thermo Jarell- | 249.678 nm (B), 493.409 nm (Ba), 313.107 nm
Ash, Franklin, MA, USA); | (Be), 214.438 nm (Cd), 237.862 nm (Co),
charged injection  device | 267.716 nm (Cr), 324.754 nm (Cu), 259.940 nm
detector; axial viewing mede; | (Fe), 670.784 nm (Li), 257.610 nm (Mn),
microconcentric  (Micromist) | 231.604 nm (Ni), 220.353 nm (Pb), 196.090 nm
33 ncbulizer (Glass Expansion | (Se), 407.771 nm (Sr), 206.200 nm (Zn); plasma
' Pty. Ltd., Australia), cyclone | frequency: 27.12 MHz; Rf power: 1150 W; gas
gpray chamber; flow rates: 0.56 L/min (torch), 0.5 L/min
(auxihiary), 0.56 L/min (nebulizer), nebulizer
uptake: 0.5 ml/min; sample volume: 1.5 ml/2
repeats; flush time: 40 s; purge time: 90 s; signal
mtegration time: 60 s (high wavelength) and 10
s (low wavelength);
ICP-OES | ICP-OES spectrometer ICAP- | analytical spectral lines: 308.215 nm (Al),
61 (Thermo Jarrell Ash, USA); | 249.678 nm (B), 493.409 nm (Ba), 393.366 nm
angular nebulizer; (Ca), 324.754 nm (Cu), 25994 nm (Fe),
766.491 nm (K), 670.784 nm (L1), 279.553 nm
(Mg), 257.61 nm (Mn), 588.995 nm (Na),
213.618 nm (P), 182.04 nm (S), 421.552 nm
84. (Sr), 292402 nm (V), 213.856 nm (Zn);
generator output power: 1.200 W; reflected
power: <5 W, gas flow rates 18 L/mm (plasma),
0.9 L/min (auxiliary), 0.6 L/min (nebulizer),
sample
flow rate: 1.5 mL/min; zone height for plasma
observation: 14 mm; integration time: 3 s;
ICP-OES | JOBIN-YVON analytical spectral lines: 259.940 nm (Fe),
36 PANORAMA ICP-AES | 324.754 nm (Cu), 237.862 nm {Co), 213.856

spectrometer; axial
viewing configuration;

nm (Zn), 232.003 nm (Ni), 228.802 nm (Cd),
257.610 nm (Mn), 220.353 nm (Pb); Rf Power:
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1.0 kW, ncbulizer pressure: 3.0 bar; gas flow
rates: 16 /min (plasma), 1.7 I/min (auxiliary);
sample uptake rate: 0.8 ml/min; stabilization
time: 15 s; read time: 1 s;

ICP-MS HR-ICP-MS Thermo Finnigan | isotopes: 11-B, 85-Rb, 88-Sr, 95-Mo, 111-Cd,
Element IT model (Bremen, 208-Pb (analysed in low resolution, 300 m/Am),
Germany); concentric glass 27-Al,
nebulizer; water-cooled Scott | 51-V, 52-Cr, 55-Mn, 56-Fe, 59-Co, 63-Cu, 66-
double-pass spray chamber; | Zn (analysed in medium resclution, 4000
89. torch with guard electrode | m/Am), 75-As and
device and nickel interface 77-Se (analysed in high resolution, 10000
cones; m/Am); Rf power: 1280 W - 1300 W; argon gas
flow rates: 16.0 IL/min (cool), 0.94 L/min
(auxiliary), 1.110 -1.200 L/min (sample);
sample uptake rate: 0.1-0.2 mL/min;
ICP-MS ICP-MS/MS  system Agilent | two modes: 1) on-mass mode: He as collision
ICP-QQQ-MS 8800 | gas, 2) mass-shift mode: O; and H; as
(Waldbronn, Germany); | reaction/collision gas mixture; parameters for
MicroMist nebulizer; Scott | mode 1) forward power: 1550, gas flow rates:
type spray chamber; 13 L/min {cool), 0.9 L/min (auxiliary), 1 L/min
(nebulizer), 3 ml/min (cell - He), m/z: 24-Mg,
90. 44-Ca, 55-Mn, 56-Fe, 65-Cu, 66-Zn, 103-Rh,
111-Cd, 127-I; integration time: 0.3 s;
replicates: 3 s; parameters for mode 2) cell gas
flow rate: 0.4 mL/min (O;), 1 mL/min (H;);
m/z: 75-As, 77-Se, 78-Se, 80-Se, 98-Mo, 103-
Rh; 91As0, 93-Se0, 94-S¢0, 96-S¢0, 114-
Mo,
ICP-MS Elan 6000 ICP-MS | isotopes: 111-Cd, 67-Zn;
spectrometer (Perkin  Elmer,
95 Sciex, Toronto, Canada); cross
' flow nebulizer; peristaltic
pump; AS-91 autosampler
fitted with a 152 position tray
ICP-MS Agilent 7500 ICP-MS (Agilent | Rf power: 1500 W, sampling depth: 7.2 mm;
06 Technologies, Santa Monica, | gas flow rates: 0.88 L/min (carrier, Ar), 0.25
) CA, USA); reaction mode: on; | L/min  (makeup, Ar), 4.7 mL/min (He),
integration time: 0.1 s;
08 ICP-MS ICP-MS spectrometer
' (Okamoto, 1997);
ICP-MS ICP-MS spectrometer NexION | two modes: 1) dynamic reaction cell mode with
300D (Perkin Elmer, Waltham | ammonia as a reactant gas, 2) kinetic energy
MA); Elemental Scientific Inc | discrimination with helium as an inert gas;
(ESI) SC2-DX autosampler | power: 1600 W: cell gas flow rates: 0.6 mL/min
(Omaha  NE); platinum | (ammonia), 4.0 mL/min (helium); nebulizer gas
99. sampler and skimmer cones | flow rate: 0.8 L/min - 1.2 L/min; isotopes: 52-
(Glass  Expansion, West | Cr, 51-V, 59-Co; Dwell time: 50 ms; sweeps: 5;
Melbourne, Australia);
Microflow PFA-ST nebulizer
(ESD); quartz cyclonic spray
chamber with baffle (ESI) ;
ICP-MS ICP-MS spectrometer (Elan | isotopes: 107-Ag, 27-Al, 75-As, 138-Ba, 9-Be,
100 DRC I PerkinElmer, | 111-Cd, 59-Co, 53-Cr, 63-Cu, 55-Mn, 98-Mo,
) Norwalk, CT); Meinhard | 208-Pb, 82-Se, 205-T1, 238-U, 51-V, 64-Zn; Rf
concentric nebulizer | power: 1200 W, data acquisition: 20
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(Spectron/Glass  Expansion,
Ventura, CA, USA); cyclonic
gpray chamber;

sweeps/reading, 1 reading/replicate;  dwell
time: 30 ms; Ar nebulizer gas flow rate: 0.5
I/min - 0.9 L/min; integration time: 1000 s;

ICP-MS ICP-MS spectrometer
101. VGElemental — PlasmaQuad
SOption;
ICP-MS ICP-MS  spectrometer (X- | isotope: 90-Zr; Rf power: 1400 W; gas flow
SERIES 1II, Thermo Fisher, | rates: 0.85 L/min (nebulizer), 13.0 L/min
102 USA); interface: Nickel Xt; | (cooling), 0.80 IL/min (auxiliary); sampling
) concentric glass nebulizer; depth: 150 steps; peristaltic pump speed: 30; 10
sweeps; 3 main runs; dwell time: 30 ms;
acquisition mode: peak jumping;
GF-AAS | 4100 ZI. atomic absorption | analytical spectral line: 248.3 nm (Fe), slit
gpectrometer (Perkin Elmer, width: 0.2 nm; lamp current: 30 mA; inert gas:
Germany); longitudinal | Ar; flow rate: 250 ml/min; sample injection
Zeeman background | volume: 15 pl; matrix modifier injection
correction; transversely heated | volume: 5 pl; measurement mode: mtegrated
105 graphite atomiser (THGA); | absorbance; integration time: 5 s; baseline
) end-capped graphite tubes; | offset correction: 2 s; operating conditions: 1)
L’vov platform (PerkinElmer | dry: 110 °C, ramp 1 s, hold 30 s, 2) dry: 130 °C,
Part No. B3 000653); AS-70 | ramp 15 s, hold 30 s, 3) pyrolysis: 1400 °C,
autosampler; Intensitron | ramp 10 s, held 20 s, 4) atomisation: 2100 °C,
hollow cathode lamp (Perkin | ramp 0 s, hold 5 s, 5) cleaning: 2450 °C, ramp 1
Elmer) s, hold 3 s; injection temperature: 20 °C;
GF-AAS | Atomic absorption | analytical spectral line: 357.9 nm (Cr), spectral
spectrometer 4110 ZL (Perkin- | band pass: 0.7 nm; pure gas: Ar; operating
Elmer); Zeeman-cffect | conditions: 1) dry: 110 °C, ramp 10 s, hold 20
108 background correction; | 8, 2) dry: 130 °C, ramp 15 s, hold 30 s, 3)
) chromium hollow-cathode | pyrolysis: 1500 °C, ramp 10 s, hold 20 s, 4)
lamp; transversely Theated | atomisation: 2300 °C, ramp 0 s, hold 5 s, 5)
graphite tubes; Lvov | clean: 2600 °C, ramp 1 s, hold 3 s;
platforns;
GF-AAS | Varian SpectrAA-3007 atomic | analytical spectral lines: 324.8 nm (Cu), 279.5
absorption spectrophotometer | nm (Mn); slit width: 0.5 nm (Cu), 0.2 nm (Mn);
(Victoria, Australia), graphite | lamp current: 4 mA (Cu), 5 mA (Mn); volume
furnace and Zeeman | of the injected to the graphite tube: 5 pl;
background correction system; | operating conditions for Cu determination: 1)
autosampler (Varian); Mn and | 120 °C, ramp 30 s, hold 10 s, Ar flow rate: 3.0
Cu hollow cathode lamps; | L/min, 2) 700 °C, ramp 30 s, hold 10 s, Ar flow
pyrolytically-coated partition | rate: 3.0 L/min, 3) 2600 °C, ramp 1 s, hold 7 s,
graphite tubes (Varian), Ar flow rate: 0.0 L/min, 4) 40 °C, ramp 13 s,
hold 2 s, Ar flow rate: 3.0 L/min; operating
110 conditions for Mn determination: 1) 110 °C,
) ramp 33 s, hold 15 s, Ar flow rate: 3.0 L/min, 2)
650 °C, ramp 35 s, hold 20 s, Ar flow rate: 3.0
L/min, 3) 2500 °C, ramp 1 s, hold 67 s, Ar flow
rate: 0.0 L/min, 4) 40 °C, ramp 10 s, hold 4 s,
Ar flow rate: 3.0 L/min;
F-AAS Varian SpectrAA-20 flame | analytical spectral line: 213.9 nm (Zn); slit

atomic absorption
spectrophotometer; deuterium
background correction; zinc
hollow cathode lamp;

width: 1.0 nm (Zn); lamp current: 5 mA (Zn);
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ICP-OES |iCAP 6300 duo plasma | Rf power: 1.150 kW; Rf: 27.12 MHz;, pump
emission simultancous | rate: 30 rpm; integration time: 15 /15 g
gpectrometer (Thermo | (Jow/high wavelength); gas flow rates: 0.5
Electron, Waltham, MA); | L/min (auxiliary), 20 L/min (coolant), nebulizer
detector: charge-injection | gas pressure: 0.15 MPa;

118. . .
device; observation mode:
radial/axial (auto view), spray
chamber:  cyclonic  with
concentric nebulizer
(Meinhard);

ICP-MS ELEMENT 2 (Thermo Fisher | Rf: 27.12 MHz; incident Rf power: 1.5 kW,
Scientific, Bremen, Germany); | reflected power: <2W; gas flow rates: 16 L/min
sampling and skimmer cone: | (outer gas), 0.9 L/min (intermediate gas), 1.05
Pt; two sample introduction | L/min (carrier gas for HPCN) and 0.95 L/min
systems: 1) proposed: HPCN | (carrier gas for conical nebulizer); sampling
nebulizer (customized | depth: -2mm; solution flow rate: 10 pl/min
concentric type nebulizer body | (HPCN), 1 mlmin (conventional); mass
from ONIZUKA Glass/ST | resolution: m/Am 4000; scanning mode: E-
JAPAN, Tokyo, Japan, and a | scan; integrated mass window: 50%; data

119 tapered liquid capillary made | points: 20 points/peak; dwell time: 10 ms/point;

from a fused silica capillary,
GL Sciences, Japan), IsoMist
gpray chamber, loop injection
unit (KP-11 medel, Ogawa.
Co. Ltd., Japan),
polypropylene micro syringe;
2)  conventional:  conical
nebulizer (Glass expansion);
cyclone chamber at room
temperature (1.c. 27 °C);

integration: 5 times; repetition: 5 times; oxide
formation ratio YO"/Y": 0.5% (HPCN), 1.5%
(conventional); m/z: 23-Na®, 26-Mg*, 31-P",
32-8%, 39-K*, 44-Ca*, 52-Cr", 55-Mn* 56-Fe*,
59-Co*, 60-Ni*, 63-Cu*, 66-Zn*, 89-Y*, 95-
Mo*, 111-Cd*, 137-Ba*, 208-Pb™;
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ABSTRACT: Glioblastoma multiforme (GBM) is a primary brain glioma cells sample preparation

tumor with a very high degree of malignancy and is classified by g, g To8 I patient- 5
WHO as a glioma IV. At present, the treatment of patients de”‘*"i
suffering from GBM is based on surgical resection of the tumor D OSE
with maximal protection of surrounding tissues followed by radio- @ Q‘Q\g
and pharmacological therapy using temozolomide as the most e

ot
frequently recommended drug. This strategy, however, does not < s K

guarantee success and has devastating consequences. Testing of % & ps Ca

new substances or therapies having potential in the treatment of £ 3 Fe CuZn

GBM as well as detection of their side effects cannot be done on 2

humans. Animal models of the disease are usually used for these 8 § e

purposes, and one possibility is the implantation of human tumor PSS K CaFeCuZnse Energy

cells into rodent brains. Such a solution was used in the present

study the purpose of which was comparison of elemental anomalies appearing in the brain as a result of implantation of different
glioblastoma cell lines. These were two commercially available cell lines (US7MG and T98G), as well as tumor cells taken directly
from a patient diagnosed with GBM. Using total reflection X-ray fluorescence we determined the contents of P, S, K, Ca, Fe, Cu, Zn,
and Se in implanted-left and intact-right brain hemispheres. The number of elemental anomalies registered for both hemispheres was
positively correlated with the invasiveness of GBM cells and was the highest for animals subjected to U87MG cell implantation,
which presented significant decrease of P, K, and Cu levels and an increase of Se concentration within the left hemisphere. The
abnormality common for all three groups of animals subjected to glioma cell implantation was increased Fe level in the brain, which
may result from higher blood supply or the presence of hemorrhaging regions. In the case of the intact hemisphere, elevated Fe
concentration may also indicate higher neuronal activity caused by taking over some functions of the left hemisphere impaired as a
result of tumor growth.

KEYWORDS: glioblastoma multiforme, GBM, animal model of GBM, bulk elemental analysis of brain, total reflection X-ray fluorescence,
USTMG, T98G

B INTRODUCTION same tumor mass. GBM has high infiltrative potential and
One of the most common primary brain tumors are gliomas, Yascu_lar pr(ihferatmn ab1l_1ty, which lead to 1t_s great

invasiveness.” Standard glioblastoma treatment includes
surgical resection of the tumor, radiotherapy, and chemo-

therapy, usually based on temozolomide (TMZ). Despite such

which usually develop from glial cells, non-neuronal cells
supporting the functions of neurons. As different types of glial
cells exist, various types of gliomas are distinguished,1 but the
most aggressive is glioblastoma multiforme (GBM), which
accounts for about 54% of all glioma cases and represents

radical therapy, there is no significant improvement in the
patient survival rate. The location and infiltrating nature of the

about 16% of all brain tumors. The World Health Organization tumor prevent its total resection and make precise radio-
classified GBM to cancers with the highest (IV) degree of
rnalignancy.2 Received: October 9, 2020

Despite various therapies, median survival of patients Accepted: November 9, 2020

suffering from GBM is 14—16 menths and only 9.8% of
them survive § years.” The high aggressiveness of GBM results
from its complex nature, which includes the presence of
necrotic and hemorrhagic regions or cellular atypia within the
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Table 1. Limits of Detection and Intraday and Interday Precision Values Obtained for Analyzed Elements

parameter P S K Ca
LOD (SD) [ppm]  12.96(045)  8.32(029)  441(0.16)  1.832(0.072)
intraday precision 2.0 1.6 1.0 3.1
(%]
interday precision 13 12 0.7 2.8
(%]

Fe Cu Zn Se
0.1916(0.0082)  0.0852(0.0035)  0.1078(0.0042)  0.0297(0.0011)
0.3 0.7 0.2 4.9
0.3 0.4 0.2 12

a) -

Figure 1. Microscopic images of unstained tissue slices taken from animals representing N (a), U (b), T (c), and P (d) groups. N group consisted
of naive controls, while animals from groups U, T, and P were subjected to implantation into the brain of U87MG, T98G, and patient tumor-

derived cells, respectively. Red arrows indicate developed tumor mass.

therapy difficult. In addition, its complexity and drug resistance
capacity reduce the effectiveness of the treatment.” Due to lack
of satisfactory results in the treatment of patients diagnosed
with glioblastoma, new therapeutic strategies are still being
sought.

To get better knowledge about tumor pathogenesis and
progress, as well as to examine new therapeutic strage%ies
before clinical trials, animal models of tumors are used.””" A
wide range of GBM animal models are available. Some are
based on implantation of human cells from established tumor
cell lines into animal brains. There is also possibility to implant
tumor cells taken directly from a patient diagnosed with tumor.
In both approaches, immunodeficient and immunosuppressed
rodents are usually used as experimental animals.”” As there is
no one model that ideally reflects the nature of a human brain
tumor, different models have been verified in order to assess
their usability in preclinical studies.'*™">

The existing literature shows that trace and minor elements
may be involved in the pathogenesis and progress of different
types of tumors. Bobko et al. indicated the significance of
inorganic phosphorus for the metabolism of tumor cells, as
well as the increased phosphorus demand by these cells
associated with tumor growth.'* Duan et al. found that sulfur
inhibits proliferation of cells separated from prostate cancer
developed in vivo in nude mice'* while Eil et al. observed that
immune response of tumor cells may be suppressed by high
potassium levels.'” The information about the levels of
elements in pathologically changed tissue may serve as tumor
biomarkers and prognostic factors allowing prediction of
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patient survival or success of the anticancer therapy.'®™'” The
tissues taken from brain tumors were also analyzed with
respect to the significance of different elements for patho-
genesis and development of the tumor or to discover
dependencies between elemental composition of the tumor
and its malignancy grade.”*™**

The aim of our research was to assess the elemental
anomalies appearing in rat brain after intracranial implantation
of different GBM cells. For the purposes of our experiment, we
used two commercially available human GBM cell lines,
namely, T98G and U87MG, and tumor cells taken directly
from a patient diagnosed with primary GBM. Using the total
reflection X-ray fluorescence (TXRF) method, we determined
and compared the concentrations of P, S, K, Ca, Fe, Cu, Zn,
and Se in glioma-implanted and intact hemispheres of the
brain. Each of 4 groups of animals (3 groups subjected to
implantation of different GBM cells and normal rats) consisted
of 6 individuals from which 2 brain hemispheres were taken,
prepared, and measured separately. As a result 12 samples were
examined per animal population. This study, aimed at the
determination of elemental changes specific for particular
GMB cell lines, is necessary to start the next steps of research
focused on elemental modifications occurring in animal brains
as a result of different new therapies.

B RESULTS AND DISCUSSION

Limits of Detection and Precision. The limit of
detection (LOD) and precision (intraday and interday)
obtained using TXRF method were calculated for each
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examined element. As one can notice from Table 1, the lowest
values of LOD were obtained for selenium (0.0297 ppm) and
the highest for phosphorus (12.96 ppm). The values of
detection limit are lower for elements with higher atomic
numbers. The detectability of elements with the uses of XRF is
influenced by the efficiency of detection of the fluorescent
radiation emitted by the elements. This, in turn, strongly
depends on values of radiation energy, which increase with
element atomic number.

Values of intraday precision were good and varied from 0.2%
to 4.9% for Zn and Se, respectively. Interday precision values
for all analyzed elements did not exceed 2.8%.

Microscopic Evaluation. In order to define the degree of
invasiveness of different GBM cells, before tissue digestion,
microscopic images of the brain slices were taken from the area
of implantation. The exemplary pictures obtained for the
animals representing each of the examined groups are
presented in Figure 1. As one can see, the implantation on
U87MG cell line led to the development of massive tumor,
which in the most severe cases included the whole hemisphere
subjected to implantation (Figure 1b). Also after implantation
of cells taken directly from a patient diagnosed with GBM,
tumors appeared in rat brains (Figure 1d); however their
volumes were much smaller than in case of US7MG cells
introduction. For T98G cells, morphological changes of the
brain were not visible or were limited only to the area of
implantation (Figure 1c).

Spectral Analysis. As a result of TXRF measurements, for
each analyzed brain hemisphere the X-ray fluorescence
spectrum was obtained. Energy calibration of the obtained
TXRF spectra was carried out in the PyMCA program. The
identification and quantitative analysis of P, §, K, Ca, Fe, Cuy,
Zn, and Se were performed based on their Ka lines. As an
example, the mean TXRF spectrum recorded for the left
hemisphere of normal brain is presented in Figure 2. The Ka
lines of the elements taken for further quantitative analysis are
indicated with red arrows.

0.1

per second

Counts

o

01

0.001
1 3 5 7 9 11 13 15 17 19
Energy [keV)

Figure 2. Mean TXRF spectrum recorded for left hemisphere of
normal brain. The Ke lines of the analyzed elements (P, S, K, Ca, Fe,

Cu, Zn, Se) are indicated with red arrows.

Elemental Anomalies Introduced by Implantation of
GBM Cells in the Left (Implanted) Hemisphere. To
identify local elemental anomalies introduced by tumor
development, the levels of P, S, K, Ca, Fe, Cu, Zn, and Se in
the left, glioma-implanted cerebral hemispheres were meas-
ured. Afterward, the median values of the concentrations were
determined for each experimental group and together with the
maximal and minimal values, as well as interquartile spans, they
were presented as box-and-whiskers plots in Figure 3. To
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examine the significance of the observed anomalies, the U
Mann—Whitney test was applied. For all identified statistically
relevant differences (p-value < 0.05) between animals
subjected to GBM cell implantation and normal controls, p-
values of the U test are presented in Figure 3.

Many differences in the elemental composition of the left
hemisphere were observed between animals subjected to
glioma cell implantation and normal controls. However, it is
not possible to indicate any elemental abnormality common
for all animal models of GBM. As can be seen from Figure 3,
implantation of US7MG cells led to a significant decrease of P,
K, and Cu levels and an increase of Se concentration within the
implanted hemisphere. In turn, the animals from the P group
presented higher Fe and Zn contents and diminished Se level
within the implanted hemisphere. The only difference
compared to normal rats observed in animals subjected to
implantation of T98G cells was the elevated Fe content.

Elemental Anomalies Introduced by Implantation of
GBM Cells in Right (Intact) Hemisphere. The median
values of elemental concentrations in right hemispheres were
determined for each experimental group, and together with the
maximal and minimal values as well as interquartile spans, they
are presented in Figure 4. As can be seen, for all examined
GBM models, the levels of iron within the intact hemispheres
were elevated compared to the right hemispheres taken from
normal rats. Additionally, for animals representing the U
group, lower concentrations of K and Cu and a higher
concentration of Ca were observed. In turn, the rats subjected
to patient-derived cell implantation presented only lower K
levels within the intact hemispheres.

Differences in Elemental Composition between
Implanted and Intact Hemispheres. In the charts
presented in Figure 5, the concentrations of P, §, K, Ca, Fe,
Cu, Zn, and Se in the left and right hemispheres were
compared for individual animal groups. As can be seen, no
differences between the elemental composition of two
hemispheres were observed in normal rats. Such differences,
however, were found in animals subjected to GBM
implantation, and most of them were detected in animals
subjected to implantation of the most invasive U87MG cells.
They included lower levels of P, Ca, Fe, Cu, and Zn, as well as
higher concentration of Se in the implanted hemisphere. In
rats representing P group, the implanted hemisphere was
characterized by higher content of Zn and lower content of Se.
In turn, in the left hemispheres taken from animals subjected
to T98G cells implantation, lower contents of S and K were
observed.

Discussion. The aim of our investigation was to assess the
effects of GBM cells implanted in a rat cerebral hemisphere
and of their further development on the elemental composition
of the whole brain. The study was carried using two
commercially available cell lines (U87MG and T98G), as
well as tumor cells taken directly from a patient diagnosed with
GBM. The degree of aggressiveness of the tumor developing
from different GBM cells strongly differed and was the greatest
for U87MG cell line. The intensive tumor growth and
deteriorating condition of the animals representing the U
group led to the decision about the earlier experiment
termination.

Corresponding brain hemispheres taken from the exper-
imental and control animals were compared regarding
concentrations of elements. In addition, differences in the
elemental composition between the implanted and non-
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Figure 3. Median, minimal, and maximal values, as well as interquartile spans (gray boxes), of elemental concentrations in the left hemispheres of
brain for N, T, U, and P groups. The statistically significant differences (p-value < 0.05) between animals subjected to GBM cell implantation and

normal rats are marked in red.

implanted hemispheres were evaluated for each animal group.
The concentrations of P, §, K, Ca, Fe, Cu, Zn, and Se were
determined using the TXRF method. To prove the usefulness
of this method for the elemental analysis of examined samples,
validation parameters such as LOD and precision were
determined. The obtained LOD values were low and varied
from 0.0297 ppm for Se to 12.96 ppm for P. The precision of
performed measurements was very good, and for most of the
analyzed elements, intraday precision did not exceed 4.9%,
while interday precision was no more than 2.8%.

For all examined experimental groups significant elemental
anomalies were observed in both implanted and intact brain
hemispheres; however the most changes were found for rats
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subjected to implantation of the most invasive US7MG cells.
The smallest differences in elemental composition occurred for
animals implanted with T98G cells, which confirms the
manufacturer descriptions of the used commercial cell lines,
where U87MG cell line was defined as tumorigenic while
T98G was defined as nontumorigenic. According to our best
knowledge, this is the first study where elemental anomalies
occurring within the brain as a result of glioma cell
implantation were analyzed. Therefore, in the discussion we
confronted our results with literature data obtained for samples
of both human and animal origin and concerning the elemental
anomalies associated with malignant brain tumors. The
reviewed studies were not based on bulk elemental analysis
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Figure 4. Median, minimal, and maximal values, as well as interquartile spans (gray boxes), of elemental concentrations in the right cerebral
hemispheres for N, T, U, and P groups. Statistically significant differences (p-value < 0.05) between animal groups subjected to GBM cell

implantation and normal rats are marked in red.

of the brain hemispheres, but concerned either the
comparative analysis of tumor and normal tissue or the
topographic elemental analysis of the brain affected with
tumor. We also discussed the significance of the analyzed
elements for the pathogenesis, progress, and treatment of
GBM.

Phosphorus is a mineral the presence of which in body cells
is crucial for their proper functioning. It constitutes a building
component of nucleic acids, phospholipids, or phosphopro-
teins. Being a part of ATP, phosphorus plays a key role in
energy metabolism processes.”” It is also involved in cell
signaling through phosphorylation reactions, which regulate
activity of many types of enzymes.”® Already in the mid-
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twentieth century, there were reports of increased uptake of
radioactive phosphorus by malignant brain tumor cells.”” It has
been shown that compared to normal brain tissue, tumor tissue
was characterized by diminished phosphorus concentration.
This observation was correlated with a simultaneous decrease
in phospholipid (cephalin, lecithin, and sphingomyelin)
content in cancer tissue.”®> Based on conducted MR
examinations Hubesch et al. observed that the content of
phosphate metabolites (phosphomonoesters, phosphodiesters,
and phosphocreatine) in brain tumor was decreased compared
to a normal human brain.”” From the other hand, Srivastava et
al. revealed an increased phosphatidylcholine level in brain
tumor compared to normal brain which indicated the
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Figure 5. Concentrations of P, S, K, Ca, Fe, Cu, Zn, and Se in both brain hemispheres determined for N, T, U, and P groups. Median, interquartile
range, and minimal and maximal values of concentrations are indicated. Left and right hemispheres are marked with orange and blue colors,
respectively. Statistically significant differences in elemental composition between the two hemispheres were identified using the Mann—Whitney

test and are marked with p-values of U test.

abnormal accumulation of this compound within the tumor.>’

Andrasi et al. compared elemental composition of various
regions of brain with and without tumor and did not find
differences in phosphorus level between analyzed samples.”'
Comparing the human samples taken from brains affected by
tumors with different degrees of malignancy, Wandzilak et al.
observed that the samples representing the highest malignant
group (which included GBM samples) were characterized by
decreased concentration of phosphorus.”* Our results seem to
agree with the last mentioned report, as we noticed a
significant decrease of phosphorus level in the left hemisphere
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taken from animals subjected to the implantation of the most
invasive GBM cell line. What is more, for the rats representing
U group, a significantly diminished level of the element within
the implanted hemisphere was noticed compared to the intact
one. Following the papers of Selverstone and Moulton™® as
well as Hubesch et al,”” the lower level of phosphorus
determined for U group may suggest disorders in metabolism
processes or decreased content of the important phosphorus
compounds, like phospholipids, in tumor tissue. Such a
conclusion is in agreement with our new unpublished data
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showing significantly diminished content of lipids within tumor
mass compared to the neighboring tissues.

Our study did not reveal any significant anomalies in calcium
and sulfur levels within left hemispheres taken from animals
subjected to implantation of various GBM cells. However, rats
from group U presented increased calcium concentration
within the right hemisphere compared to normal animals.
‘What is more, in animals subjected to implantation of US7MG
cells, the level of Ca in the right hemisphere exceeded that
measured for the left one. Andrasi et al. did not observe the
changes in calcium and sulfur levels between corresponding
regions of brains with and without tumor.>' However, in the
literature one can find also reports on decreased concen-
trations of these elements in brain tumor tissue with a high
grade of malignancy.”” Caleium ions play a key role in cell
signaling processes. It has been observed that calcium channels
are characterized by altered expression in tumor tissues,
including brain tumors with a high grade of malignancy.>” Due
to a proven link between expression of calcium channels and
homeostasis, angiogenesis, and growth of glioma tumors, they
are considered as a potential target of cancer therapy.®® Xiao et
al. observed that sulfur compounds {Na,$) might have
potential to increase the sensitivity of GBM cells {US7MG
and T98G) to radiation therapy.>* Sulfur and selenium prevent
DNA damage caused by copper and iron, which are the two
metals involved in the production of highly reactive hydroxyl
radicals. Compounds of sulfur and selenium have the ability to
bind copper and iron and thus prevent the risk of DNA
impairment.”®> Wrébel et al. analyzed the content of sulfur
compounds in tumor and normal brain tissue. They observed
that compared to the other examined brain regions, malighant
tumor tissue was characterized by an increased level of sulfane
sulfur.**

Potassium is an essential mineral participating in regulation
of the water and acid balance in cells. It plays a key role in
electrical impulse transmission, due to active transport of its
ions across he cell membrane.”” Potassium is also involved in
processes of cell death. It was shown that potassium ions
suppress activity of a nuclease enzyme participating in
apoptosis mechanisms, with complete inhibition at 3ghysio-
logical potassium level found in living cells {150 mM).” Eil et
al. observed that cells under necrotic conditions release to the
extracellular environment potassium ions, which suppress the
immune response of T-cells in tumors."> Results of various
investigations indicate that potassium ion channels are
abnormally expressed in glioma cells. Huang et al. found that
ATP-sensitive potassium channels, overexpressed in glioma
cells, regulate their proliferation.>” Suppression of some classes
of potassium channels in U87MG cells resulted in significant
improvement of therapy with TMZ, the main chemotherapy
drug used to treat brain tumors including GBM.*® Ru et al.
observed that blocking the voltage-gated potassium channels
could induce apoptosis and inhibit proliferation of US7MG
cells, ! Szczerbowska-Boruchowska et al. and Wandzilak et al,
compared concentrations of potassium within brain tumor
samples of different stage of malignancy, but they did not find
any significant differences between examined tumors. None-
theless, they both determined potassium as the element of high
importance for classification of brain tumors with respect to
their malignancy.zz’y' Also Andrasi et al. did not observed
differences in potassium levels between regions of brain with
and without tumor.’’ Results of our experiment revealed a
decrease of potassium level in both left and right brain
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hemispheres taken from rats subjected to implantation of
UB7MG cells. In animals from P group, such an effect was
found only for the intact hemisphere, while animals
representing T group presented differences between the
element accumulation within left and right hemispheres but
the measured potassium concentrations in both hemispheres
did not differ from the normal levels. Overexpression of
potassium channels in glioma cells may increase the flow of the
ions of the element into the extracellular environment. This, in
turn, may facilitate the removal of the element from tumor
volume and could explain diminished levels of potassium
observed in implanted hemispheres of the brain.

Iron is a fundamental element in the human body, and it is
crucial for the proper course of many biological processes
ensuring growth and development of body cells. It is involved
in oxygen transport, as a gart of hemoglobin, and participates
in nucleic acid synthesis.” On the other hand, it may lead to
DNA damage through reactive oxygen species formation.
Therefore, regulation of iron levels is crucial for proper cell
ﬁmctioning.43 Both iron overload and its deficiency may play
important roles in the mechanisms of carcinogenesis. 6
Schonberg et al*’ observed that stem-like GBM cells are
characterized by increased iron uptake compared to the
remaining GBM and normal brain cells, and this mechanism
may affect tumor proliferation. They alse found that it was
connected with increased expression and synthesis of iron
storage protein ferritin and higher level of ferritin was
positively correlated with malignancy grade of the tumor.”
As iron is involved in molecular processes of cell proliferation,
including tumor cells, methods of its inhibition are tested as a
promising strategy for GBM therapy.”® Andrasi et al. did not
find differences in iron concentration between regions of brain
with and without tumor.> In turn, Wandzilak et al. observed a
significant decrease of its content in samples of brain with high
grade tumors compared to control tissues originating from
non-brain-tumor patients.”* In cur study, the animals subjected
to the implantation of U87MG cells presented increased levels
of iron in the right hemisphere compared to the normal rats as
well as in relation to the corresponding left hemisphere. For
the remaining experimental groups {T and P), we observed
elevated iron levels compared to controls for both brain
hemispheres, and no differences in the element accumulation
was observed between implanted and intact hemispheres.
Increased levels of iron found in rat brains may be connected
with higher blood supply, which in the case of the implanted
hemisphere could be a result of intensified tumorigenesis
processes. It must be remembered that glioma tumors very
often contain hemorrhaging regions, which also can lead to
iron accumulation. The greater iron content in the intact
hemisphere may also indicate its higher neuronal activity,
caused by taking over some functions of the left hemisphere
impaired as a result of tumor increase.

Copper constitutes a part of proteins involved in cell
signaling and oxygen transport. Due to its high oxidative
potential, it plays a crucial role in redox reactions. Its redox
activity is important for enzyme action, but through reactive-
oxygen species {ROS) production, it may be toxic for many
important biomolecules. Disturbances of copper homeostasis
in cells can lead to different pathologies.* Research reports
show that copper levels are elevated in many types of tumors,
compared to controls, and targeting copper through chelation
may be a potential direction for cancer therapy.”® Higher
copper levels promote growth of cancer cells, while copper
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chelation results in antiproliferative effect. What is more,
different copper concentrations may modulate cell metabolic
pathways by influencing oxidative phosphorylation.”" Li et al.
showed that subcytotoxic copper levels induce senescence of
U87 GBM cells, and this could be a potential direction for new
anticancer therapy.52 Copper, due to the regulation of factors
affecting growth of blood vessels, is an element involved in
angiogenesis. Promoting angiogenesis, it may in turn influence
the process of cancer development.®® Brem et al. observed that
a low copper diet combined with penicillamine, a copper
chelating agent, resulted in the reduction of proliferation and
vaseularity of glioma in the rabbit model of tumor.>* Jazayeri et
al. found that the decrease of copper content in the diet of
GBM patients led to the reduction of factors affecting
angiogenesis processes.”® In turn, in the work of Pérds et al.
increased accumulation of copper-labeled compounds in
hypoxic areas of glioma was shown, and the authors suggested
that this may be connected with redox processes and
overexpression of cellular transporters of copper under hypoxic
Yoshida et al. showed that higher copper
concentrations are observed in malignant gliomas and
metastatic brain tumor tissues compared to benign tumor
and normal brain tissues. However, they did not specify if the
analyzed malignant glioma corresponded to glioblastoma
multiforme.*” Contrary to this, Szczerbowska-Boruchowska et
al. and Wandzilak et al. did not indicate any correlations
between Cu concentration and the degree of malignancy of
brain tumor. However, they mentioned the element as
significant for the tumor sample dassification.”” Also
Stojsavljevic et al. did not observe any differences in Cu levels
between brain malignant tumor samples, most of which were
classified as GBM, and normal cerebral tissue.”* Denhardt et al.
studied distributions of elements in different regions of GBM
specimens. They observed that concentration of Cu was higher
in brain tissue swrounding the tumor {peritumoral zone} than
in the solid tumor. This indicates a possible heterogeneous
distribution of copper in tissue affected by a tumor.”!

Taking all this into account, the assessment of changes of Cu
level in brain tumor tissue still remains unclear. The results we
observed for lower invasiveness glioma cells (T and P groups)
seem to be in agreement with those of Stojsavljevic et al. who
did not detect any differences between malignant and normal
cerebral tissues.”® However, in case of the implantation of the
most invasive U87MG cells, content of Cu within both
hemispheres was significantly diminished compared to that in
normal animals which may suggest some correlation between
anomalies observed in the accumulation of the element and the
degree of tumor malignancy. Further elemental study is
necessary in this aspect and should involve topographic
elemental analysis of tissues affected with glioma since copper
distribution within tumor can be heterogeneous as was
suggested in the study of Denhardt et al.*'

Another micronutrient essential for proper functioning of
living organisms is zinc. It is involved in activation and
stabilization of a wide range of enzymes. Mainly in the ion
form, zinc participates in synthesis and repair of DNA,
apoptosis regulation, immune response and proliferation,
differentiation, and signaling of cells. Due to its antioxidative
property, zinc protects DNA and other biomolecules against
damage caused by oxidative stress.”” Many reports prove that

56
conditions.

zinc is involved in the process of cancer cell death; however,
this is a cell-specific effect. In some types of cancers, zinc has
antiapoptotic properties, while for others it may induce cell
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death.®® Mehrian-$hai et al. found that P33 protein, which has
cancer suppressing properties, is typically inactive in the
U87MG cell line but can be activated through the addition of
zinc.®’ Toren et al. discovered that the combination of zinc
with TMZ enhances toxic effects of the drug on GBM cells in
vitro, which manifests in reduction of cell proliferation and
induction of apoptosis. Addition of Zn to TMZ resulted also in
more effective inhibition of tumor growth in vivo than TMZ
alone.’” Takeda et al. observed increased accumulation of zinc
in brain tumor developing in rats subjected to Cé glioma cells
implantation. The uptake of zinc in the tumor mass was cleatly
higher than in other regions of the brain.®**" Szczerbowska-
Boruchowska et al. and Wandzilak et al. included zinc in a
group of elements with high significance for brain tumor
classification with respect to their malignancy grade.”>”" What
is more, Wandzilak et al. observed a higher concentration of Zn
in tumor tissue compared to the control brain tissue. ** Andrasi
et al. observed decreases in Zn concentration in various brain
regions of humans diagnosed with GBM compared to the
corresponding regions of the normal brain.*! According to
Cilliers et al., this may be connected with intensified uptake of
Zn by tumor cells from surrounding brain tissue.” Stojsavljevié
et al. observed increased levels of zinc in samples of human
brain tumor compared to a control tissue with a simultaneous
decrease of its concentration in liquid samples, like serum and
cerebrospinal fluid.®® The results of both Andrasi et al. and
Stojsavljevic et al. seem to suggest that increased accumulation
of zinc within the tumor mass may be connected to uptake of
the element from the tumor neighborhood®"®® In turn,
Denhardt et al. found that a higher concentration of Zn is
specific rather for the tissue surrounding the tumeor than for the
turnor mass itself. They suggested that such localization of zinc
may be evidence for the importance of this element for the
tumor infiltration.®’ In our study, abnormalities of Zn
accumulation were observed in the left brain hemisphere of
rats implanted with cells taken from a patient suffering from
GBM. The animals presented higher content of the element
compared to the normal rats. Additionally, for P group, the
level of Zn in the implanted hemisphere was higher than that
in the intact one. In turn, the opposite relation was found for
the U group.

Selenium is an essential microelement included in various
chemical compounds responsible for proper functioning of the
body, such as antioxidative processes or immune response.66 It
has high potential to grevent tumorigenesis including that
developed in the brain.”" Zhu et al. observed antiproliferative
effect of selenium on human and rat glioblastoma cells.%® In
another paper, the authors suggest that apoptotic death of
tumor cells, initiated by selenium, may be connected with
formation of oxygen free radicals.”” Rooprai et al. stated that
selenlum not only influences malighant human tumor cell
death without affecting normal brain cells but can also reduce
tumor invasiveness. . Harmandi et al. observed different effects
of selenium supplementation on human GBM cells, depending
on the dose of selenium. Low doses of Se induced tumor cell
proliferation, while high doses promoted death of GBM cells.”!
Wang et al. showed that selenocysteine, an amino acid
containing selenium, can inhibit the synthesis phase of the
cell cycle of human glioma cells, blocking the process of DNA
replication and resulting in decrease of cell proliferation.72
Research on potential use of selenium in the treatment of
malignant brain tumors was also conducted.” ”* Zhang et al.
observed a higher level of selenium in brain tumor regions
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compared to contralateral brain tissue of rats previously
implanted with C6 glioma cells.”® Also Stojsavljevic et al.
observed higher concentration of selenium in brain tumor
tissue compared to control one. What is more, a decreased
level of this element occurred in serum taken from patients
with diagnosed malignant brain tumor. Authors suggested that
tumor cells may be characterized by an increased demand for
selenium.*® Results of our experiment showed abnormalities in
brain selenium accumulation for U and P groups. For animals
from U group, the content of this element in the implanted
hemisphere was elevated compared to the corresponding
hemisphere taken from normal animals. The level of Se was
also higher in the left than in the right hemisphere. The
opposite relations were noticed for rats subjected to the
patient-derived cell implantation. The results obtained for
animals subjected to the implantation of the US7MG cells are
in agreement with those obtained by Zhang et al and
Stojsavljevic et al. Such a conclusion, however, cannot be made
in the case of tumor appearing as a result of patient-derived cell
implantation.

Conclusions. GBM with its high aggressiveness and
morbidity rate is the subject of many studies undertaken
both for better understanding of its nature and for testing new
therapeutic strategies. Animal models of glioma, applied in
preclinical trials, are an invaluable tool in this kind of
investigation. Due to the importance of different elements
for tumor genesis and progression, confirmed by many studies,
it seems necessary to perform elemental analysis of changes
introduced through the developing tumor within the brain in
varlous animal models of the disease. The largest number of
elemental anomalies, both within implanted and intact
hemispheres, was observed in rats subjected to implantation
of UB7MG cells. In turn, the lowest one was cbserved in
animals after implantation of T98G cells. As the first cell line
was characterized by the highest aggressiveness and the second
by the lowest aggressiveness, we may try to connect the degree
of elemental abnormalities with the extent of glioma
invasiveness. The most of the observed elemental anomalies
are specific for particular model of GBM; however the
common hallmark of all experimental models of the disease
is the elevated Fe level in the intact hemisphere. Within the
implanted hemisphere, the level of this element was also higher
for animals subjected to implantation of T98G and patient-
derived cells. In turn, Se presented model specific accumu-
lation there. It occurred at the normal level after T98G cells
implantation, at a decreased level in animals subjected to the
implantation of patient-derived cells, and at an increased level
in the case of the most invasive cell line, U87MG.

The bulk elemental analysis performed by us using the
TXRF method gave information about changes in elemental
composition occurring in the whole examined brain hemi-
spheres. Based on the obtained results, the elements that may
play a role in GBM pathogenesis were identified. However, as
the distribution of elements in the tissues affected by the tumor
may be heterogeneous, further studies are necessary. Especially
helpful would be here topographic elemental analysis of the
tumor mass and its surrounding areas providing more specific
information on the contribution of particular elements in the
pathogenesis and development of GBM.

B MATERIALS AND METHCDS

Cell Lines. Three glioblastoma cell lines were used for this study:
T98G, US7MG, and patient-derived tumor cells. T98G and U87MG
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cell lines were purchased from ATCC company and cultured
according to the manufacturer protocol. The first cell line is
characterized as GBM type, while the second as “likely” glioblastoma.
Both T98G and U87MG are human brain-derived cells with
fibroblastoid or epithelial morphology, respectively, USTMG cell
line is described by the manufacturer as tumorigenic, while T98G is
described as nontumorigenic. Patient-derived cells originated from
primary tumor of a patient diagnosed with GBM. They were isolated
from a 23 year old woman in the Clinic of Neurosurgery and
Neurotraumatology of University Hospital in Bydgoszcz according to
the consent of the Bioethics Commission for the use of cellular
material collected from patients in neurooncological operations
{Decision po. $35/2017 from 13th June 2017, issued by the
Bioethical Commission at University of Nicolaus Copernicus in
Torun). Written informed consent was obtained from the patient and
all the procedures were in agreement with relevant guidelines and
regulations.

Suspensions of glioma cells for implantation were prepared in the
Department of Cell Biology of the Faculty of Biophysics,
Biochemistry, and Biotechnology of Jagiellonian University (JU).
Dulbecco’s modified Eagle medium was used for preparation of the
suspensions. The concentration of administered suspension was equal
5 % 10% cells/uL for T98G cell line and patient-derived cells. For
UB7MG cell line, the concentration of cells was changed to § X 10°
cells/pl. as our previous observations showing high mortality of
‘Wistar rats after implantation at higher concentrations.

Experimental Animals. Animal husbandry and all animal-use
experiments, previously approved by the second Local Institutional
Animal Care and Use Committee (agreement no. 119/2016), were
petformed in accordance with the international standards in the
Department of Neuroanatomy of the Institute of Zoology and
Biomedical Research JU. The subjects of our study were male Wistar
albino rats. The animals had free access to water and standard rodent
food (Labofeed, Morawski). At 9 weeks of age, the rats were divided
into four groups: N, T, U, and P. Each group consisted of 6
individuals. The animals from groups T and U were subjected to the
implantation into the brain of the T98G and U87MG cell lines,
respectively. Animals included in P group obtained primary tumor
cells taken directly from a patient diagnosed with GBM, while the N
group consisted of naive controls.

Implantations. The main part of the animal experiment was the
transcranial implantation of GBM cells into the rat brain. The day
before and on the day of surgery, the animals were weighed and given
cyclosporine intravenously (Sandimmun 50 mg/mL, Novartis Po-
land) at a dose of 10 mg/kg of body mass for immunosuppressive
purposes. For the implantation, the animals were initially anesthetized
in a desiccator filled with isoflurane {Aerrane, Baxter Poland). The
same agent was administered by inhalation throughout the whole
surgery, and its dose was monitored and adjusted to maintain general
anesthesia. To precisely determine the place of implantation (Figure
6), the animals were immobilized in a stereotactic apparatus. The
injection site was determined stereotaxically in the left hemisphere
{coordinates antero-posterior, —0.30 mm; medio-lateral: 3.0 mm;
dorso-ventral: 5.0 mm, Paxinos and Watson 1986). The first step was
to drill a hole in the skull of the rat, where the needle {27 gauge
needle on a Hamilton syringe) with the cell suspension was then
placed. One minute after placing the needle, cell suspension in a
volume of 5 4L was introduced to the brain, and 3 min later the
needle was slowly removed. Afterward, the wound was sutured with a
stapler and disinfected. Animals woke up from anesthesia a few
minutes after the end of the implantation procedure.

After surgery, the animals were intravenously administered
cyclosporine (Novartis Poland) at a daily dose of § mg/kg of body
mass. Additionally, for the first 7 days after glioma implantation, the
rats were given an antibiotic {Sul-Tridin 24%, ScanVet, Poland). The
condition of animals was checked daily with particular attention to
neurological deficits. The duration of the experiment, counted from
the day of implantation, was 21 days for groups N, T, and P. In the
case of the U group, due to very poor animal health revealed in
deterioration of motor functions and body weight loss, and the
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Figure 6. Location of the implantation site in the left cerebral
hemisphere.

possibility of their premature death, the experiment was terminated 15
days after the surgery. Rats were sacrificed by intravenous
administration of Euthasol-Vet (Euthasol vet. 400 mg/mL, Le Vet
B. V.) at doses appropriate to their weights. After perfusion with
physiological saline, the brains were rapidly removed from the skulls
and divided in two hemispheres, which were separately placed in the
storage bags, immediately frozen in liquid nitrogen and stored in the
freezer until further preparations.

Sample Preparation. TXRF method was applied to determine
the concentrations of P, S, K, Ca, Fe, Cu, Zn, and Se in both cerebral
hemispheres. The elemental analysis using the TXRF spectrometry
requires removal of the sample organic matrix and conversion of the
sample from a solid (tissue) to a liquid form. For this purpose,
microwave-assisted acid digestion was performed with the use of
SpeedWave 4 digestion system (Berghof). Each hemisphere was
placed in an individual Teflon vessel (DAP100) to which § mL of
high purity nitric acid 65% (Suprapur, Merck) was added. The brain
samples were digested by using program “Tissue, blood”, for which
values of digestion parameters were as follows: temperature 50—190
°C, pressure 0—30 bar, and power 0—870 W. One digestion cycle
lasted about 45 min.

Apparatus and Measurement Conditions. Quantitative
analysis using the TXRF method is based on the use of the internal
standard and 1000 ppm gallium solution (Gallium ICP standard in
HNO; 2-3% 1000 mg/L Ga Certipur, Merck was used for this
purpose). Typically, 100 uL of the internal standard was added to the
entire sample volume (approximately 5 mL) and mixed thoroughly.
Six microliters of this solution was taken and spotted on a Super Frost
(Menzel) glass slide, which was then dried on a heating plate. Three
slides were made for each sample. The Rigaku Nanohunter II TXRF
spectrometer was used for measurements. The apparatus allows for
high-sensitivity elemental analysis of liquids at ultratrace (ppb) levels
of elements. It is equipped with a 600 W X-ray tube with
molybdenum anode, excitation energy of which is 17.44 keV and
silicon drift detector {SDD). The slides were placed in the 16-position
cassette of the spectrometer, which allowed their automatic,
sequential measurements. The acquisition time of a single slide was
1000 s. The voltage of the tube was equal to 50 kV, while its current
was 12 mA. The measurements were performed at the glancing angle
of 0.04°.

Quantitative Elemental Analysis. The concentration of each
element i in the analyzed sample was determined based on
relationship 1:

CONGS (1)

where C,; is the concentration of the element i in a sample [ppm], Cg
is the concentration of the added internal standard in a sample [ppm],
N; is the number of counts for the element i in the spectrum of the
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sample, N5 is the number of counts for added internal standard in the
spectrum of the sample, and §; is the relative sensitivity of element i.

The relative sensitivities for analyzed elements were determined in
the calibration process. Two standard solutions were used for this
purpose: MERCK ICP multielement standard solution IV (23
elements diluted in nitric acid, 1000 mg/L) and phosphorus single-
component standard (10000 pg/mL P in 0.05% HNO; from
NH,H,PO,) from High Purity Standards. The relative sensitivity
coefficients of the elements, defined as the ratio of the sensitivity of a
given element to the sensitivity of the internal standard, were
determined based on formula 2:

N
g S _ o _ N
TS N ONLCT
D= . (2)

where §] is the relative sensitivity of the element 4, S; is the sensitivity
of the element i, S5 is the sensitivity of the internal standard, C; is the
known concentration of element i in the standard solution [ppm], Cig
is the concentration of the internal standard in the standard solution
[ppm], N¢ is the number of counts of element i in the spectrum of the
standard solution, and Njs is the number of counts for the internal
standard in the spectrum of the standard solution.

Based on a calculated relative sensitivity, a calibration curve was
determined and, together with its equation, presented in Figure 7.
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Figure 7. Relative sensitivity curve obtained from the measurements
of Merck ICP multielement standard solution IV and phosphorus
single-component standard from High Purity Standards.

Evaluation of limit of detection of elements in anﬂlyzed s:unples
and precision of measurements was also performed. The limit of
detection was calculated based on results obtained for all examined
brain samples. The precision of measurements was calculated based
on results for samples of normal brain. Depending on the time
between measurements, intraday and interday precision were
determined. Details concerning calculation of validation parameters
and fDl'ml]_laS uSEd fDl' tlliS purPDSE are PTQV‘ided in Su]ﬁporting
Information.
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Limits of detection and precision

Limit of detection of the element { in the sample j was calculated based on the formula (51):

3+ G+ [ Npgij

LODU' = (Sl)

where:

Ci; — concentration of the element { in the sample j [ppm],

Nggij —area of the background under the K, line of the element i in the sample j [a.u.],

Nj; —net peak area of the K, line of the element i in the sample j [a.u.].

Final value of the detection limit LOD; for the analysed element { was calculated as an average of the
results obtained for all the analysed samples of the normal brain. Thus, the uncertainty of the final result
was calculated as the standard deviation of LOD;:

2
YHLODy; — LODy)
SDyop, = \/ 4 Y (52)

n+(n—1)

where:

n —the number of analysed samples representing control group.

Precision was evaluated as an intra-day and inter-day precision, depending on the period
between performed measurements. The intra-day precision was calculated based on the ten results
obtained for one sample in one measurement series performed within one day. The inter-day precision
was evaluated by measuring the same sample in five different days. Both intra-day and inter-day
precision was calculated as coefficient of variation of obtained results, according to the formula {S3):

_E(ay — a)"
cVv = \/m* 100% (S3)
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where:

J —the number of measurement,

@;; — the concentration of the element { in a measurement j [ppm],
a; —the mean value of the concentration of the element i [ppm],

k —the number of measurements.
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Abstract: Glioblastoma multiforme (GBM) is a particularly malignant primary brain tumor. Despite
enormous advances in the surgical treatment of cancer, radio- and chemotherapy, the average survival
of patients suffering from this cancer does not usually exceed several months. For obvious ethical
reasons, the search and testing of the new drugs and therapies of GBM cannot be carried out on
Brain Tissue as a Predictor of humans, and for this purpose, animal models of the disease are most often used. However, to
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assess the efficacy and safety of the therapy basing on these models, a deep knowledge of the
pathological changes associated with tumor development in the animal brain is necessary. Therefore,
as part of our study, the synchrotron radiation-based X-ray fluorescence microscopy was applied for
multi-elemental micro-imaging of the rat brain in which glioblastoma develops. Elemental changes
occurring in animals after the implantation of two human glioma cell lines as well as the cells taken

Academic Editor: Peter Hau directly from a patient suffering from GBM were compared. Both the extent and intensity of elemental
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changes strongly correlated with the regions of glioma growth. The obtained results showed that
the observation of elemental anomalies accompanying tumor development within an animal’s brain
might facilitate our understanding of the pathogenesis and progress of GBM and also determine

potential biomarkers of its extension. The tumors appearing in a rat’s brain were characterized by
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Animal models of diseases have a great importance in experimental studies, which can-
not be performed on humans for ethical reasons. They improve the knowledge about both
physiological and pathological processes taking place in the organisms. Animal models are
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commonly used for the study of disorders of different origins and also developing/testing
new therapeutic substances or strategies.

Tumors of the central nervous system are the 10th most common cause of death among
both men and women. Gliomas, originating from glial cells respensible for neurons support,
constitute about 33% of all brain tumors. Depending on the cells” morphology, their prolif-
eration ability and aggressiveness, four grades of malignancy are distinguished for gliomas.
The group of gliomas with the highest degree of malignancy includes glioblastoma multi-
forme (GBM). GBM is a rapidly progressive and infiltrative brain tumor, characterized by
an intensive formation of new blood vessels and the presence of necrotic and hemorrhagic
foci within its structure. It accounts for 16% of all brain tumors and stands out by high
mortality—the median survival of patients from diagnosis is about several months [1,2].

Many interdisciplinary research groups have been currently conducting investigations
aiming at gaining more comprehensive knowledge about gliomas etiology and developing
new and effective methods of its treatment. Some of the studies concerning the patho-
genesis and the progress of GBM are conducted on tissue samples taken from humans
suffering from GBM. In these cases, however, one should remember that the obtained
results may be influenced by many factors including the applied therapy [3,4]. In turn,
due to ethical considerations, the testing of new antitumor substances/drugs cannot be
carried out on humans and therefore animal models, usually based on rodents, are used for
both purposes [5-7].

Testing new therapies of GBM based on animal models of the disease requires a deep
knowledge about the morphoelogical and biomelecular changes introduced in the brain
through the developing tumor. In this study, we compared topographic and quantitative
elemental anomalies appearing in the brain as a result of the implantation of three different
types of GBM cells. For this purpose, Wistar rats were subjected to the intracranial im-
plantation of human GBM cell lines U87mg and T98g as well as patient-derived glioma
cells. Then, we applied synchrotron radiation-based X-ray fluorescence (SR-XRF) spec-
trometry for the elemental mapping of brain tissue slices taken from the area of tumor
implantation. SR-XRF is a valuable tool allowing for the investigation of changes in both
the distribution and accumulation of elements. This sensitive and non-destructive method
of multi-elemental analysis offers low detection limits and a short acquisition time. The
above-mentioned properties enable the use of the analytical technique to investigate the
elemental topography of biomedical samples [8-11]. As a result of the SR-XRF measure-
ments, we obtained two-dimensional maps of P, 5, K, Ca, Fe, Cu, Zn and Se distribution. In
addition, we compared them with the corresponding microscopic images of the examined
tissues in order to identify local anomalies specific for the animals implanted with particular
GBM cells.

Each of the analyzed elements is important for the purposes of our study, in terms of
their involvement in both the physiological as well as pathological processes occurring in
the cells. Phosphorus is a macronutrient playing an important role in the cells” metabolism
and constituting a building component of cell membranes. Sulfur compounds may increase
the sensitivity of GBM cells to radiation therapy [12]. In turn, potassium channels are ob-
served to be abnormally expressed in glioma cells [13]. The occurrence of calcium deposits
is a feature accompanying intracranial tumors with a different grade of malignancy [14].
Copper is consider as a cofactor involved in the process of angiogenesis [15]. Iron and
zinc are the elements essential for the proper regulation of cells” growth and DNA synthe-
sis [16,17]. Furthermore, an increased iron uptake was observed for brain tumor cells [18].
Whilst selenium is crucial for the proper functioning of immune system cells and it is also
involved in the processes of cell proliferation and apoptosis [19].

This is our second study concerning the elemental abnormalities of a rat’s brain
following the implantation of glioma cells. The first one, performed with the use of
total reflection X-ray fluorescence (TXRF), provided us with information about tumor-
induced changes in elemental concentrations averaged over the brain hemispheres. The
obtained results allowed us to classify the U87mg cell line as the most aggressive among
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the investigated GBM cells and to identify the elements potentially involved in tumor
progression [20]. As the distribution of the elements in the analyzed tissues may not
be homogenous, in the current study, we focused on the local elemental anomalies of
the brain tissue and particular attention was directed toward the differences between
the region of the tumor and its surrounding. This approach enabled us to obtain more
precise information on the contribution of the analyzed elements to the process of GBM
pathogenesis and progress.

2. Results
2.1. Qutline of the Experiment

Five groups of male Wistar rats were the subject of the study. Three of them were
intracranially implanted with human GBM cells of different origin (U87mg and T98g cell
lines and patient-derived glioma cells) suspended in the culture medium. Two groups con-
stituted the controls. One consisted of animals implanted with cells growth medium, whilst
the second included naive normal rats. Three weeks after the procedure of implantation,
the animals were sacrificed, and brain sections from the area of implantation were taken
and prepared for measurements. Detailed descriptions of the experiment assumptions as
well as the measurement conditions are included in the Materials and Methods section.

2.2. Data Analysis

As a result of the raster scanning of tissue slices with the X-ray beam, a set of XRF
spectra, together with the information about the position of the beam for which they were
recorded, were obtained for each sample. Spectral analysis was performed with the PyMca
software ver. 5.0.2 [21], which enabled us to gather information about the net peak areas of
the K lines for the elements under interest and calculate the areal densities of the elements
{(Mr) for the examined tissue points in accordance with Equation (1).

ki

Mr=—-,
TSN

1)

My—the areal density of the analyzed element in the tissue sample (g /cm?);

Yr—the net peak area of the Ka line of the measured element for the tissue sample (a.u.);
S—sensitivity for the measured element (cmz/ug);

Y%f —the incoming X-ray beam normalization factor for the tissue sample (a.u.).

The sensitivities S for the measured elements were determined in the calibration
process and, for this purpose, the MICROMATTER XRF calibration standards (GaF, KCl,
CaFs,, Ti, Fe, Cu, ZnTe, Se, CsBr, Rbl, SrF») were used. Sensitivity values were quantified
according to Equation (2)

Ys

5271 2
MsXYéV @

Ys—the net peak area of the K line of the measured element for the standard sample (a.u);
Mj;—the areal density of the analyzed element in the standard sample (jg/cm?);
Yg\f—the incoming X-ray beam normalization factor for the standard sample (a.u.).

The sensitivities S were then used to determine the calibration curve that is presented
in Figure 1.
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Figure 1. Sensitivity curve determined from the measurements of the MICROMATTER XRF calibra-
tion standards.

2.3. Limits of Detection

The limit of detection LOD;; (].Lg/cmz) for the element i in the tissue point j was
calculated in accordance with Equation (3)

Ypij

Yij

LOD!‘I' =329 % X MTz‘j (3)

Ypij—the integrated area of the background under the Ka line of element i in the spectrum
recorded for tissue point j (a.u.);

Ynij—the net peak area of the Ka line of element 7 in the spectrum recorded for tissue point
j(au);

Mrjj—the areal density of element i in tissue point f (ng/cm?).

To estimate the detection limit of the element i for the brain tissue (LOD;), the results
obtained for the samples taken from normal rats were used. From cach tissue slice, we
randomly selected 30 points localized in the striatum region in the right hemisphere,
calculated LOD;; for each point, which was followed by averaging the results from all
the points and for all the animals. The uncertainties of the determined LOD; values were
calculated as the standard deviation of the mean value, according to Equation (4).

i 2
¥ (LOD;; — LOD;)

(4)

SD =
LODi 0% (f’! — ])
LOD;—the detection limit of element i for the brain tissue, calculated as an average of the

results for all the selected tissue points (pg/cm?);
n—the number of examined points.

The final values of such calculated detection limits of elements, together with their
uncertainties, are presented in Table 1.

Table 1. Detection limits of analyzed elements with uncertainties calculated as standard deviation of
the mean value.

Element P S K Ca Fe Cu Zn Se
LOD (ng/cm?) 3554 122.7 39.36 12.25 2.695 1.126 1.544 0.4493
SD (ng/cmz) 3.8 1.3 0.41 0.13 0.028 0.012 0.015 0.0073
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2.4. Morphological Evaluation

A morphological evaluation of the tissues taken from the place of the implantation
yielded the development grade of the tumors that originated from the used GBM cell lines.
Examples of the microscopic images obtained for the representative samples from the five
examined animal groups are presented in Figure 2. It can be seen that the implantation of
both U87mg cells and patient-derived cells led to the development of a tumor within the
affected rat’s brain hemisphere. In the case of U87mg cells, a massive tumor, often involving
the entire hemisphere, was observed. After implanting T98g cells, no signs of tumor
development were found. However, in the regions where the glioma cells were implanted,
similarly to the case of DMEM administration, morphological changes indicating nervous
tissue damage were found.

M

57

60

Figure 2. Microscopic images of tissue slices taken from the place of the implantation from
3 representative animals of each examined experimental group (N—normal rats; M—animals re-
ceiving DMEM; Pa, T and U—animals implanted with GBM cells taken from patient and T98g or
U87mg cell lines, respectively). Red arrows indicate tumor bulk developed after the implantation of

glioma cells.

2.5. Qualitative Elemental Analysis

Evaluating the distributions of the elements under interest (P, S, K, Ca, Fe, Cu, Zn and
Se) in the scanned brain slices was the first step of our investigation. The results of the
topographic elemental analysis for the representative samples that originated from all the
experimental groups are provided in Figure 3.

As one can see from Figure 3a, a clear decrease in P accumulation in the implanted
brain hemisphere and especially in the area of tumor development was found for the rats
from the U group. A reduced element content was noted compared to the naive hemisphere
within the same sample, as well as compared to the left hemisphere of the normal animals.
A similar relation was observed for the animals implanted with patient-derived glioma cells.
Additionally, for them, the area of the tumor determined from microscopic examinations
corresponded with the region of a slight decrease in phosphorus accumulation. In the
case of groups M and T, we did not observe any changes in P distribution in the regions
of interest.

140



Int. J. Mol. Sci. 2022, 23,703 6 of 20

a) Phosphorus

b) Sulfur

0 pg/cm’ MY N 20 pg/cm’

Figure 3. Cont.

141



Int. J. Mol. Sci. 2022, 23,703 7 0f 20

d) Calcium

N
3.

|
0 pg/cm’ I S 0.7 pg/cm’ 0 pg/cm’ MENNN 3 pg/cm’

e)Iron

N M Pa T U

|
0 pg/cm’ I M 0.4 pg/cm

f) Copper

N M Pa T U

o | @,
0 pg/cm’ I M 0.05 pg/cm?

Figure 3. Cont.

142



Int. J. Mol. Sci. 2022, 23,703

8 of 20

h) Selenium

N
.
4 ;
3 1

.

0 pg/cm’ MY 0.0025 pg/cm’

Figure 3. Topographic elemental maps of brain slices taken from the rats of all experimental groups
for: (a) phosphorus, (b) sulfur, (¢) potassium, (d) calcium, (e) iron, (f) copper, (g) zinc and (h) selenium.
Color scales express areal densities of elements in pg/cm?. In the case of Ca, large differences in areal
densities were observed between groups N, M, Pa, T and group U. Two different scales were applied
for better visualization of the distribution of this element.

Topographic analysis of the maps of S distribution (Figure 3b) illustrated changes in
the accumulation of this element in the left hemispheres of the animals implanted with
the U87mg cells. For this group of rats, the areas of the reduced S content, compared to
the intact hemisphere as well as to the left hemispheres taken from the control rats, were
observed. These differences were not found in the case of the remaining experimental
groups. A similar observation was made in the case of K distributions. The clear decrease
in its accumulation occurred only in the areas corresponding to the tumors developed in
the brains of the animals from the U group.

Ca and Fe are two elements, the distribution of which was disturbed both within the
place where the glioma cells were implanted and culture medium was administered. The
accumulation of both elements increased in the regions of DMEM administration and T98g
cells injection (M and T groups, respectively), as well as the tumor development in the case
of the Pa and U groups.
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The topographic maps recorded for Ca and Fe showed a great heterogeneity of element
accumulation in the tumor bulk developed from U87mg cells. A significant increase in Ca
content was found in the inner area of the tumor, while Fe accumulated more in its border
layers. Furthermore, regions of an elevated accumulation of Ca and Fe corresponded
with the tumor areas presenting a different morphological structure, which can be seen in
Figure 2, illustrating microscopic images of the scanned tissue sections.

The results obtained for Cu showed a substantially elevated areal density of this
element in the tissue directly adjacent to the tumor developed from the U87mg cells.
Additionally, in the case of the U group, the distribution of Cu within the tumor was
heterogeneous and its level was lower in the external layer than the inner region. In turn,
the level of Cu was generally lower in the tumor compared to its surroundings for the
samples taken from the animals belonging to the Pa group.

Zn accumulation showed anomalies in the samples taken from the animals represent-
ing the Pa and U groups. A decrease in this element content was recorded in the area of
the tumor developed from the U87mg cells. Furthermore, the reduced Zn level occurred
mainly in the inner part of the tumor and was usually correlated with the area of lower P ac-
cumulation. The tumor developed from patient-derived cells presented the heterogeneous
Zn distribution with a slightly elevated content compared to the surroundings.

In the examined tissue slices, Se was selectively accumulated in the tumors developed
in the animals from the Pa and U groups. Moreover, its distribution within the tumor bulk
was generally homogenous and corresponded with the area of the tumor determined based
on microscopic images.

2.6. Quantitative Elemental Annlysis

The second step of our study consisted of performing quantitative elemental analysis
for the examined brain samples. Its main purpose was to evaluate the statistical significance
of the differences in elemental accumulation in the places where T98g cells or DMEM were
administered and their surroundings as well as the tumors developed from implanting
either patient cells or U87mg cells and their surroundings. In this investigation, the samples
representing the M, T, Pa and U groups were taken into account.

First, based on the microscopic images of the tissues for the Pa and U groups, the
areas corresponding to the place of tumor development were defined. When choosing
the areas of interest for the samples originating from the M and T groups, we based the
selections on the regions with the increased Fe accumulation that correlated with the places
where T98g cells or DMEM were administered. For the brain samples taken from the rats
representing the M, T and Pa groups, we defined two regions: first corresponding to the
places where the medium or glioma cells were administered and second constituting their
surroundings. In the case of the tumors developed from U87mg cells, due to the clear
heterogeneity within their structure, we also defined an additional region inside the tumor
bulk, which is further referred to as the tumor debris. The mentioned areas, marked in the
elemental maps and microscopic images of the selected samples representing the Pa and U
groups, are presented in Figure 4.

For each examined brain slice, the mean quantities of I}, 5, K, Ca, Fe, Cu, Zn and Se
were calculated in the regions mentioned before. Then, based on the results obtained for
the whole experimental group, the median, minimal and maximal values of areal densities
of the analyzed elements were determined and the obtained results were presented in the
form of box-and-whiskers plots in Figure 5. We applied the non-parametric Mann-Whitney
U test at the confidence level of 95% [22] to evaluate the statistical significance of the
differences in the elemental composition between the compared regions within a given
animal group. All the statistically relevant differences were determined based on this test
and are marked with their p-values in Figure 5.
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Figure 4. Regions of tumor (A), surrounding tissue (B) and tumor debris (C) marked in the maps
of elemental distribution as well as microscopic images of brain slices taken from selected animals

representing Pa and U groups.
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Figure 5. Medians, minimal and maximal values as well as interquartile spans of areal densities of
P, 5, K, Ca, Fe, Cu, Zn and Se in the examined tissue regions obtained for groups M, Pa, T and U.
Region A—tumor (groups Pa and U) or place where DMEM /T98g cells were administered (groups
M and T, respectively); region B—surroundings of the tumor or place where DMEM /T98g cells were
administered; C—tumor debris defined in the case of the U group. Statistically significant differences
between the compared areas within the same experimental group were marked with p-values of the
LI test.
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As one can see from Figure 5, the tumors developed after the implantation of U87mg
cells presented numerous statistically significant differences in the elemental distribution,
both comparing to their surrounding and within the tumor bulk, which resulted from their
heterogeneous structure. Defined for the U group, tumor debris was characterized by the
diminished quantities of I, Fe and Zn compared both to the tumor as well as to the tissue
adjacent tumor. Furthermore, in this region, we observed a reduced accumulation of Cu
and an increased content of Ca and Se, in relation to the surrounding tissues.

The comparison of tumors developing in the animals representing the Pa and U groups
showed a similar pattern of elemental differences between the tumor and its surroundings.
The tumors developed from both U87mg cells and from patient-derived cells were charac-
terized by a higher accumulation of Fe and Se compared to the adjacent tissues. In turn, the
tumor’s surroundings revealed an elevated content of Cu in relation to its bulk. Addition-
ally, the M and T groups were similar one to the other in terms of the observed elemental
anomalies. The places where the T98g cells or DMEM were administered presented an
elevated Ca and Fe accumulation compared to the surrounding tissue.

Fe accumulation changes at the place of administration were common for the samples
taken from all the experimental groups and the amount of this element was always higher
there in relation to the surroundings.

3. Discussion

A significant number of publications cover the involvement of trace and major ele-
ments in the process of carcinogenesis. The differences in elemental accumulation between
healthy and neoplastic tissues are observed in the case of various types of tumors [23-26].
They may result, among others, from an increased demand for some elements during the
tumor development, which may, in turn, be associated with the changed metabolism of
tumor cells or their higher proliferation ability [27-30]. With knowledge of the elemental
abnormalities that are characteristic for a particular neoplasm, some elements or their
inhibitors might be selected and then tested as potential agents supporting the treatment
against the tumor [31-33].

The subject of our study was glioblastormna multiforme, one of the most aggressive
brain tumors, characterized by very high mortality among patients. We selected two
human GBM cell lines—U87mg and T98g—and implanted them into the left cerebral
hemispheres of rats. Cells derived from a patient suffering from GBM were used in an
identical manner. Our investigation presented in this study is the continuation of our
previous study, where the TXRF method was applied to determine the mean concentrations
of I, 5, K, Ca, Fe, Cu, Zn and Se in brain hemispheres taken from rats that were implanted
with the same glioma cells [20]. The results of the above-mentioned study provided us with
a general view of the elemental changes caused by the tumor development and allowed
us to associate the revealed anomalies with the degree of aggressiveness of the selected
GBM cells. As TXRF spectrometry only enables a bulk analysis of the examined samples,
there was still an open question about the local elemental anomalies within the GBM-
affected brain tissues, especially within the tumor bulk and its surroundings. Therefore,
we applied SR-XRF microscopy to perform the topographic and quantitative elemental
analysis of the brain slices taken from the area where the glioma cells were implanted. Data
concerning the distribution and accumulation of the examined elements were correlated
with the information about the tissue histology. The quantitative analysis followed by
statistical evaluation allowed us to determine the elements for which accumulation differs
significantly between the tumor area and its surroundings. In the discussion presented
below, based on evidence in the available literature, we try to indicate the possible causes
of the observed elemental anomalies.

Based on histological examinations, Martin and Lemmen distinguished four calcifica-
tion patterns of intracranial tumors. They classified benign lesions to groups that frequently
show a tendency to calcification. In the case of high-grade gliomas and glioblastomas,
calcifications were rarely seen [14]. However, cases of glioblastomas with the presence
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of calcified regions were also reported [34-38]. In the literature, one can find reports on
clinical cases, where imaging examinations performed few years before brain tumor diag-
nosis revealed calcifications in the area of cancer development [39,40]. Mallya et al. and
Kroh et al. suggested that the presence of calcified regions may be associated with a longer
survival period [36,37]. Bahr et al. analyzed the cases of patients suffering from GBM who
had undergone therapy with Bevacizumab. The authors observed the occurrence of calcifi-
cations in gliomas after the treatment. Moreover, the median survival of patients in which
tumor calcification occurred was higher than in those without such changes [41]. Similar
observations were made by Blumenthal et al. [42]. These results appear to be in agree-
ment with the in vitro investigation, revealing that Bevacizumab induces a specific death
of endothelial cells connected with massive Ca accumulation [43]. Halpin and Kingsley
described two clinical cases of patients with an intracranial tumor for which calcifications’
disappearance was found. It was suggested that such a phenomenon might be a prognostic
factor of high-grade tumor development and is probably associated with the progressive
changes of tissue pH resulting from its growth [44].

In biclogical tissues, calcification foci usually state hydroxyapatite deposits composed
of Ca and F. Our study showed, however, that the areas of increased Ca accumulation are
usually correlated with the regions of diminished I amounts. This is especially visible for
the tumor debris found in the U group. Such an observation is in agreement with the find-
ings of Guisan et al., who also found the negative correlation between Ca and P quantities
for brain tumor bulks [18]. We hypothesize that the alterations in Ca accumulation within
the examined regions, revealed in our study, might be rather associated with the process of
glutamate excitotoxicity. Glutamate is an excitatory neurotransmitter, whose concentration
is normally regulated through the astrocytes’ uptake. Ye and Sontheimer showed that GBM
cells are characterized by the diminished absorption of glutamate compared to the normal
astrocytes. Furthermore, they release considerable amounts of this neurotransmitter to
the extracellular environment. According to the authors, glioma cells may be responsible
for the death of surrounding neurons due to this excessive glutamate release [45]. Under
the conditions of the increased glutamate in the cells” surroundings, glutamate-sensitive
receptors are stimulated. Some of these receptors are permeable for Ca ions and their
activation causes an elevated influx of this element into the cells. This, in turn, results in
the activation of enzymes involved in the cell death and triggers a cascade of damaging
processes, including the release of the reactive oxygen species, ATP depletion and mem-
branes oxidation [45,46]. Clearly elevated Ca quantities, as well as inhomogeneity in its
distribution, are observed within the tumor bulk developed from U87mg cells. This effect is
mainly noticed in the region described as the tumor debris. Tumor debris probably consti-
tutes a necrotic tissue, the presence of which is both one of the characteristic morphological
features of GBM and a poor prognostic factor [47]. The decrease in the phosphorus content
in the necrotic area may be explained by the depletion of ATP resources and the damage
of cell membranes. Phosphorus is present in phospholipids’ building membranes and,
therefore, their disintegration may be responsible for the reduced content of the element
compared to a healthy tissue.

The topographic analysis of the brain slices taken from the rats subjected to the
implantation of patient-derived cells also showed an increased deposition of Ca within the
tumor. However, the element distribution was quite homogenous, which probably results
from the fact that, in this case, the debris area was not formed within the tumor bulk. This,
in turn, probably results from the differences in the aggressiveness of implanted GBM cells,
as the presence of necrotic regions usually indicates a higher degree of malignancy and
progression ability.

Glutamate excitotoxicity and the resulting elevated Ca accumulation are the com-
mon outcomes of the nervous tissue injuries occurring following trauma or cerebral
ischemia [48-50]. The procedures performed in our study, necessary for implanting glioma
cells, might lead to nervous tissue damage. This finding is confirmed by an increased Ca
accumulation in the place where the culture medium was administered. Probably, the same
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effect is responsible for the significant increase in Ca observed within the area where the
T98g cells were implanted.

Fe is a key micronutrient essential for cells” growth and division. It is part of many
proteins that enable proper cell functioning and are involved in processes such as oxygen
transport, metabolism and DNA synthesis. On the other hand, Fe may also be potentially
toxic for living cells by mediating free radicals” formation. According to epidemiologi-
cal reports, an elevated body content of Fe is associated with a higher cancer risk [16].
Guisun et al. found that the amount of Fe increases in brain tumors together with their
malignancy [18]. Furthermore, it was shown that the expression of ferritin, the protein
storing Fe within living cells, grows with the glioma grade. Transferrin is responsible for
Fe transport in the blood plasma and its delivery to body cells [28]. Cancer cells of various
origins, compared to healthy cells, are characterized with a overexpression of transferrin
receptor 1 (TfR1), which is responsible for binding the Fe from the blood and, therefore,
their uptake of Fe is higher [51]. In addition, Fe-chelators suppress the progression of tu-
mors both in vitro and in vivo, what may indicate the significant role of the element in the
process of carcinogenesis [52]. It was shown that in the case of gliomas, the overexpression
of transferrin receptors (TfR) is associated with an enhanced tumor cell proliferation and
neuronal death. An increased or decreased TfR expression results in the reduction in or
acceleration of glioma progression, respectively. Furthermore, by promoting the release of
glutamate, TfR stimulate the reduction in the neurons” mass and provide a space for glioma
development [53]. The importance of Fe for the metabolism of gliomas may be proven by
the fact that 68-Ga, binding similarly to Fe by TfR, was successfully applied for the imaging
of these tumors with positron emission tomography [54]. Furthermore, it was shown that
elevated Fe uptake is observed for GBM stem-like cells being the self-renewing population
of glioma cells involved in the tumor progression [28]. Stem-like cells may be located within
the glioma core (in peri-vascular and peri-necrotic niches) or in its periphery, where they
are involved in tumor invasion [55]. In our study, we observed the increased accumulation
of Fe within the place of administration for all the experimental groups. The elevated
Fe deposition within tumors developed from the patient-derived and U87mg cells may
point at the regions of intensified proliferation having invasive potential. Especially for the
tumors developed in the rats from the U group, the peripherally localized areas of higher
Fe accumulation may be associated with the presence of the invasion-supporting GBM
stem-like cells. In the case of the animals subjected to an intracerebral DMEM injection
but also in the rats implanted with T98g cells and for which a tumor did not develop, a
higher Fe content may result from tissue damage as a result of needle insertion and /or the
subsequent hemorrhage.

The region of tumor debris, observed for gliomas developed from U87mg cells, is
characterized by a significantly diminished accumulation of Zn, which is an element crucial
for the proper functioning of living cells and takes part in the regulation of cells” growth
and division as well as DNA synthesis [17]. As previously mentioned, this region probably
corresponds with the necrotic tissue where zinc-involving processes may just not occur
and, because of this, the amount of the element may be lower there both compared to the
tumor bulk and its surroundings.

Many studies indicate the involvement of Cu in the formation of new blood vessels.
This process, referred to as angiogenesis, is crucial for the tumor development characterized
by increased blood supply. Cu activates various proangiogenic factors and stimulates the
proliferation of endothelial cells, which line the inner surfaces of vessels [15]. It was shown
that the use of Cu chelators as well as the inhibition of its intracellular transport may
suppress the process of angiogenesis in different types of tumors [56,57] and, therefore,
clinical trials are conducted to verify if low-copper diets may improve the outcome of the
anti-cancer treatment of patients [58]. An increased amount of Cuwas found in the serum of
patients suffering from neoplasms of various origins [59]. Similar observations were made
in the case of patients diagnosed with inflammatory diseases as well as in animal models of
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these disorders. A higher concentration of copper in serum is probably associated with the
increased level of ceruloplasmin—an inflammatory protein transporting Cu to tissues [60].

The results of our study showed a specific non-homogenous distribution of Cu within
the tumor-affected hemisphere. The highest accumulation of the element was observed
in the peri-tumoral area, and this effect was most pronounced for the U group. Such a
result may point at the infiltrative character of the tumor and/or the ongoing angiogenesis
related with its progression. Similar observations concerning the increased amount of
Cu in the region surrounding human GBM were made by Dehnhardt et al. The authors
suggested that the elevated quantity of the element in the peri-tumoral zone may result
from the neovascularization as well as from inflammatory processes caused by the tumor
development [61]. In turn, the decreased Cu accumulation observed in our study within
the tumor bulk and debris probably resulted from the limited vascularization due to the
neurodegenerative processes ongoing there.

Se is a well-known micronutrient involved in immunity stimulation and cancer preven-
tion. Some of the Se-containing proteins protect against the damages induced by reactive
oxygen species {ROS) considered as the inflammation and mutagenic factors leading to
the carcinogenesis. Furthermore, through the cell cycle modulations, Se is involved in the
repair of DNA and the apoptosis process [19]. Harmanci et al. examined the influence of
selenomethionine on GBM cells and found that at low doses it promotes cell proliferation,
while its high amounts stimulate cellular death [62]. An elevated accumulation of Se,
compared to the healthy brain tissue, was found in various brain tumors of both hurmnan
and animal origin [18,63-65]. Additionally, an increased accumulation of Se in the bulk
of human GBM was usually accompanied by its lower concentration within the serum,
which may prove the greater demand of neoplastic cells for this element [63]. All these
reports are in agreement with our results, pointing at a significantly higher accumulation
of selenium within the tumor bulk compared to the surrounding tissues. It should be
also noted that Se is the only element whose distribution is quite homogenous within
the tumor developed from U87mg cells. The Se quantity is elevated both in the tumor as
well as in the debris area. In addition, the increased accumulation of the element clearly
distinguishes the tumor bulks developed for the U and Pa groups from the areas where
DMEM or T98g cells were administered when tumor development and expansion were not
observed. Furthermore, among all the analyzed elements, only the region of increased Se
quantity coincides with the extent of the neoplastic area, determined based on histological
examinations. All these ohservations allow us to consider selenium as a potential elemental
marker of tumor progression. We also suppose that the elevated accumulation of Se within
a glioma bulk may result from an increased demand of proliferating tumor cells for this
element and/or it may be a result of the immune system response to the ongeing tumor
expansion and inflammation.

4, Materials and Methods

Detailed information concerning the used GBM cell lines, laboratory animals, pharma-
ceuticals and conditions of the experiment, including the procedure of implantation, are
reported elsewhere [20]. Here, the most important assumptions of the performed research
were briefly presented.

We used the three types of human glioma cells for the purposes of our investigation.
These were two commercially available GBM cell lines (T98g and U87mg, both purchased
from ATCC company) and the cells extracted directly from the tumor of a patient diag-
nosed with GBM. Isolation procedure of the patient cells was approved by the Bioethics
Commission for the use of cellular material collected from patients in neurooncological
operations (Decision no. 535/2017 of 13 June 2017, issued by the Bicethical Commission at
the University of Nicolaus Copernicus in Torun, Poland).

The subjects of the study were five groups of male Wistar rats at 9 weeks of age and
each group consisted of six animals. Detailed characteristics of the experimental groups are
presented in Table 2. Animal experiments were approved by the 2nd Local Institutional
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Animal Care and Use Committee (agreement no. 119/2016) and were performed with
international standards.

Table 2. Characteristics of examined animal groups.

Animal Group Characteristics
N Naive, normal rats (without implantation)
M Implantation of 5 uL of Dulbecco’s Modified Eagle Medium (DMEM) used

for preparation of cell suspensions

Implantation of human GBM cells extracted from a patient,

Pa suspended in 5 pL. of DMEM, 50,000 cells/ pl

T Implantation of cultured human GBM cell line T98g,
suspended in 5 uL. of DMEM, 50,000 cells/ pl

U Implantation of cultured human GBM cell line UB7mg,

suspended in 5 uL of DMEM, 5000 cells/pl

Gender dependence in GBM is observed both in case of the occurrence and the
survival rates, and men are more at risk that women rting GBM stem-like cells. p. uld
be addressed [66]. An ideal animal model of GBM should involve both male and female
individuals. Moreover, taking into account the variability of the sex hormones during
the fernale life, such a study should include groups of animals at different developmental
stages. Due to practical reasons and restrictions on the number of animals involved in the
experiment, only male rats were used in this study. Nonetheless, due to the mentioned
gender differences for GBM, we admit that similar research including female rats is needed
and we plan to perform it in the future.

The procedure of implanting cells or administering DMEM into rat brains consisted
of a few steps. The animals were pre-anesthetized and immobilized in a stereotactic
apparatus. Next, after the induction of general anesthesia, a particular type of suspension
was transcranially implanted /administered to their left brain hemispheres (coordinates
antero-posterior: —0.30 mm; medio-lateral: 3.0 mm; dorso-ventral: 50 mm [67]). The
initial stage was to drill a hole in the rat’s skull, into which a needle (27-gauge needle
on a Hamilton syringe) with the cell suspension was then placed. One minute after the
insertion of the needle, a 5-microliter volume of cell suspension was injected into the
brain, and the needle was slowly removed after 3 min. The wound was then stitched
with a stapler and sanitized. Animals were awakened from anesthesia a few minutes
after completing the implantation procedure. The rats subjected to the implantation of
glioma cells were, afterwards, daily immunosuppressed with cyclosporine A (Novartis
Poland at a daily dose of 5 mg/kg of body mass) and observed in terms of behavioral
changes. In preliminary studies, taking into account the health status of the animals after
the implantation {weight loss, neurological problems), the survival time was determined in
the respective groups, 21 days for the PPa, T and M groups and 15 days for the U group. At
the end of the experiment, the rats received a euthanasia agent (Euthasol vet. 400 mg/mL,
Le Vet) and, afterwards, they were subjected to perfusion with a physiological saline of
high analytical purity. The brains removed from the skulls were frozen in liquid nitrogen
and subsequently cut into 20-micrometer-thick slices using cryomicrotome. Tissue sections
taken from the place of implantation were used for further analysis. These specimens were
mounted on the Ultralene foil and freeze-dried.

For the qualitative and quantitative elemental analysis of brain slices, the SR-XRF
microscopy was applied. The measurements were performed at the FLUO beamline at
the KIT Synchrotron Light Source in Karlsruhe, Germany [68]. The X-ray beam energy of
16 keV enabled efficient detection of the following elements: I, S, K, Ca, Fe, Cu, Zn and Se.
A beam size of 200 pm x 200 um was enough to differentiate the main brain structures
as well as the area of tumor/implantation. Typically, the acquisition time of a single XRF
spectrum was 5 s per pixel.
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5. Conclusions

The local elemental anomalies observed in our study were correlated with the histo-
logical changes of brain tissue that resulted from tumor expansion. The tumors developing
from U87mg cells and patient-derived cells were characterized with the increased accumu-
lation of Fe and Se, whilst the tissue directly surrounding the tumor presented a higher
areal density of Cu. The tissues taken from animals subjected to the implantation of T98g
cells were similar to those taken from the rats that obtained the culture medium, in terms of
both morphology and the elemental distribution. Although no signs of tumor development
were found for these groups, the tissue damage connected with the administration of cells
or culture medium was observed and characterized by an increased accumulation of Fe
and Ca.
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The study presented in this paper was carried out in the frame of the COST Action
18130 (European Network for Chemical Elemental Analysis by Total Reflection X-ray
Flucrescence) and its purpose was performing a round-robin test for the element
analysis of mammalian tissue samples using the total reflection X-ray fluorescence
(TXRF). To achieve the goal of the study, the selected rat organs (kidney, heart, spleen
and lung) were subjected to microwave digestion and, in the liquid form, were sent to
four European laboratories participating in the inter-comparison investigation. There,
using various commercially available TXRF spectrometers, their elemental composition
was determined. The carried inter-laboratory comparisons involved the concentrations
of macro (P, S and K), micro (Ca) and trace (Fe, Cu, Zn and Se) elements in the
examined samples and the validation parameters such as the detection limits of the
examined elements as well as the intra-day and inter-day precision. To verify the
variation in the results acquired in participating laboratories, for all measured elements,
the inter-laboratory precision was also evaluated. Results obtained by TXRF were also
compared with the ones resulting from ICP-MS (Se) and ICP-OES analysis (P, S, K,
Ca, Fe, Cuand Zn).

The results obtained as part of the study confirmed the high usefulness of the
TXRF method in the elemental analysis of animal tissues. As expected, the best results
in terms of the examined validation parameters were obtained for elements with higher
atomic numbers (Fe, Cu, Zn and Se). For these analytes, the round-robin test
confirmed a good accuracy (around 100% for Fe, Cu, Zn) and precision (intra-day
<6%, inter-day <12% and inter-laboratory <12%) what supports the use of TXRF for
their determination in the mammalian tissue samples. The obtained results allowed,
moreover, to indicate potential issues that require resolving in order to increase the
usefulness of the method in case of the analysis of light elements such as P, S or K. It
is worth mentioning here, inter alia, the improvement of the sample preparation
procedures aiming at the reduction of self-absorption in its dried residue, optimization
and/or unification of the sensitivity calibration and the spectra fitting procedures in
particular laboratories.
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Introduction

As major, minor and trace elements play an important role in the proper functioning of
living organisms and both their too low and too high concentrations in cells, tissues and organs
may result in various pathological states, the accurate quantitative elemental analysis of
biological samples constitutes a very important issue of biomedicine [iii,iii,iv,v]. Various
instrumental methods are applied for this purpose, including flame and graphite furnace atomic
absorption spectrometry (F-AAS and GF-AAR), induectively coupled plasma optical emission
spectrometry (ICP-OES) and inductively coupled plasma mass spectrometry (ICP-MS)
[vi,vii,viii]. The wide literature study, done in our previous paper, showed that the most
frequently used methods of elemental analysis of biomedical samples are ICP-MS and ICP-
AES, which, in contrary to F-AAS and GF-AAS, allow for simultaneous determination of many
elements in the sample [ix].

The total reflection X-ray fluorescence (IXRF) spectroscopy, being the variant of
conventional energy dispersive X-ray fluorescence in which the source-sample-detector
geometry leads to significant decrease of the recorded background and simultaneous increase
of the intensity of atomic fluorescence signals, also belongs to the instrumental methods of
elemental analysis [x]. Among various analytical techniques based on X-ray fluorescence,
TXRF is considered as highly useful for the study of biomedical samples. It is due to the fast
and simultaneously multi-elemental analysis, wide range of concentrations of examined
elements as well as small amounts of sample required for the measurement. Furthermore, the
use of the total reflection geometry in the TXRF enables the measurements of liquid samples
with reduction of the scattered radiation, which influences on the achievement of low detection
limits, down to few ppb. The easy procedure of quantification, based on the internal standard
method, is also significant [xii]. Compared to ICP-based techniques, widely applied in
elemental analysis of biomedical samples, TXRF systems are cost-effective since they do not
require gas or cooling media for function [ix]. Because all of its properties, during the last years
the TXRF method gains more and more popularity in the studies of elemental composition of
various biomedical samples [x1,Xi1,X111,X1v,XV,xVi].

A round-robin test is a comparative inter-laboratory study perform either with different
methods, routinely applied by cooperative laboratories, or with the same method but with
different equipment. Its purpose is to test the performance of experimental procedure or the
analytical method. In round-robin test, the aim of several cooperative laboratories may be
determination of e¢lements concentration in sample, performed under established conditions
[xvii]. In the last years, extensive effort have been done for standardization of the TXRF method
[xviii,XiX,XX,Xx1,Xxii]. However, according to our best knowledge, the inter-laboratory test on
TXRF analysis of biological samples have not been performed so far.

The present study was performed in the frame of the European Network for Chemical
Elemental Analysis by Total Reflection X-ray Fluorescence (COST Action 18130,
https://enforcetxrf.eu/). The purpose of this international collaboration was the evaluation of
the result variability of tissue elemental analysis done by different laboratories with different
TXRF spectrometers. For investigation we have chosen organs (kidney, heart, spleen and lung)
taken from four naive normal rats, that constituted the control group in other our study
[xxiii,xxi1v]. The organs were subjected to microwave assisted digestion and after adding the
internal standard sent to four European laboratories participating in the inter-comparison
investigation. All the laboratories involved in the study had a long-term previous experience in

2
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the elemental analysis of biological material using various spectroscopic methods, especially
those based on the X-ray fluorescence
[XXV,XXVi,XXVii, XX VI, XXIX, XXX, 1X,XXX1,XXX11,XXX111, XXXV, XXXV, XXX VI, XXX Vi, XXX Vi, XXXiX].

For the realization of the purposes of the investigation, commercially available TXRF
spectrometers were applied. These were two S2 PICOFOX Bruker Nano spectrometers with
molybdenum (Mo) anode X-ray tube, the analogous system with tungsten (W) anode X-ray
tube and Rigaku Nanohunter II spectrometer also equipped with Mo-anode X-ray tube.

Inter-laboratory comparisons were made for a broad spectrum of elements (atomic number
from 15 to 34), the contents of which in the tissues varied in a very wide range. For all the
samples we examined the content of both macro (P, S and K), micro (Ca} and trace (Fe, Cu, Zn
and Se) elements [xl]. The quantitative data obtained in four laboratories were compared and
the validation parameters including the detection limits of examined elements for various
organs and intra-day as well as inter-day precision were calculated for them. Additionally, in
order to verify the variation in the results acquired in frame of the carried inter-comparison
investigation, for all measured elements the inter-laboratory precision was evaluated. Results
obtained by TXRF were also compared with the ones resulting from ICP-MS (Se) and ICP-
OES analysis (P, S, K, Ca, Fe, Cu and Zn).

Materials and methods
Experimental animals and sample preparation

The subject of the study was a group consisting of 4 normal male Wistar rats that originated
from the colony of the Department of Experimental Neuropathology from the Institute of
Zoology and Biomedical Research, Jagiellonian University, Krakow. Animal care and
experiments were approved by the 2nd Local Institutional Animal Care and Use Committee in
Krakow (agreement no. 119/2016) and were performed in accordance with international
standards and ARRIVE guidelines. On the 60™ day of postnatal life, the animals were perfused
with 0.9% saline of high analytical purity and their organs (left kidney, heart, spleen and left
lung) were excised from bodies, weighted and frozen in the liquid nitrogen. In total, 16 organs
(4 rats x 4 organs per animal) were separately packed in sterile Whirl-pack® bags and stored in
ultra-freezer in -80°C. Such procedure, that was used also in our previous studies, protects
tissues against ¢lemental changes during the period between organ collection and tissue
digestion [xxiil,XXIX,XXX].

For the purpose of elemental analysis using the TXRF method, the tissues were reweighted
(information on the weight of examined organs were included in Table S1 of Supplementary
materials) and digested in high purity 65% nitric acid (100441/Suprapur®, Merck Group). The
typical volume of added acid was equal to 2.5 ml per 1g of tissue. The process was performed
with the use of SpeedWave 4 microwave digestion system (Berghof). The conditions of the
digestion process were chosen based on the recommendations of the system manufacturer and
were in details described in our previous paper [xxiii]. The quantitative elemental analysis was
based on the internal standard method and the 1000 mg/l gallium (Ga) solution (Ga ICP
standard in HNOj3 2-3% 1000 mg/l Ga Certipur®, Merck) was used for this purpose. 100 ul of
Ga solution was added to the entire volume of the digested sample, which was around 5 ml, and
mixed thoroughly. Afterwards, from such prepared solution, four subsamples of 1 ml volume
were taken to the separate vials and stored at the temperature of 5°C until they were sent to the
cooperating laboratories. The transportation of the appropriately protected samples took no
more than 5 days. After reaching the laboratory, until the TXRF measurements, the samples
were kept in the fridge.

159



Mol gy U N

[sy RS N T e TS TN o2 W O 2 R O L B 3 B 6 0 I O B 5 6 B O Y G T g el T e ST S S GV I OV I U8 B % B PO R 05 B O B 0 B OV B SV I S B A T A T S B A T O I A R A I A B AT i e e il Sl
ok W N = O W o W NE O o Ul W PO Wwe-do Dd WNE OWwo-0o, e wNE O @0, @ NhePE oW

Participating laboratories, apparatus and measurement conditions

In this paper, we discuss the results obtained in the first inter-laboratory test on TXRF
element analysis of mammalian tissue samples. The measurements were done in four European
laboratories in frame of the ENFORCE TXRF COST Action 18130 and the details concerning
the participants of the study are listed in Table 1. The spectrometers used for investigation as
well ag experimental conditions used in particular laboratories involved in cooperation are
shown in the Table 2.
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Table 1. Participants to the 1% inter-laboratory test on TXRF analysis of mammalian tissue samples.

Participant City, country
Laboratory of X-ray Methods of the Center for Research and Analysis at .
. . Kielce, Poland
the Jan Kochanowski University
X-ray Fluorescence Laboratory of the Faculty of Physics and Applied Krakow, Poland

Computer Science at the AGH University of Science and Technology
TXRF Laboratory of the Interdepartmental Research Service at the
Autonomous University of Madrid
Laboratory of X-ray Analytical Applications of the Department of
Chemistry, University of Girona

Madrid, Spain

Girona, Spain

Table 2. Characteristics of apparatus and experimental conditions used in cooperating laboratories.
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Lab 1 | S2 PICOFOX Bruker Nano Mo 50 0.6 <0.1 1000 6*
Lab 2 Rigaku Nanohunter IT Mo 30 12 0.04 1000 6**
Lab 3 | S2 PICOFOX Bruker Nano Mo 50 0.6 <0.1 5%
Lab 4 | 52 PICOFOX Bruker Nano W 50 1 0.1 1000 6*

* samples deposited on the quartz glass carriers,

¥ samples deposited on the Super Frost (Menzel) microscope glass slides;

¥ the reduction of acquisition time was done after the verification, that it does not influence significantly the
evaluated analytical parameters in the examined kind of matrixes.

In Labl, Lab3 and Lab4, the analyzed samples are deposited on quartz carriers. Their
cleanliness is checked every time before sample deposition by registering X-ray spectrum using
TXRF system and verification of the presence of characteristic X-ray lines of elements being
possible impurities of carrier (usually Ca, Fe, Cu, Zn). If the number of counts for the element
X-ray line is less than 150 cts for the measurement time of 500 ¢ (which corresponds to a few
ppb concentration and the same the level of the detection limit for TXRF), the sample carrier is
clagsified as a clean. In opposite case, the it is washed again.

In case of disposable carriers used in Lab2, for each batch (50 pieces) a random carrier is
checked for the purity. If the recorded count rates are lower than 1 cps (for elements with atomic
number higher than this of Ca - usually Fe and As) the batch is considered as acceptable. Such
low count rates are negligible in comparison with the fluorescence signals originating from the
sample (above 100 cps).

Determination of element concentrations

To determine the concentrations of the elements, three measurements of each sample on
separate carriers were done and the final concentrations in the sample were calculated as the
medians from the results of these 3 repetitions. For this purpose 5-6 pul (depending on the
laboratory) of a solution was transferred onto an appropriate sample carrier. Before sample
deposition, the carriers were cleaned according to the producer recommendations and tested
through the control measurements of background. Similar tests were done in case of single-use
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glass carriers utilized in Rigaku Nanohunter II spectrometer. Deposited samples were dried on
a heating plate and its temperature depended on the laboratory and varied from 40°C to 70°C.
The elemental analysis was carried out for the dry sample residue. The concentrations of
elements in the examined organs were determined using internal standard method what was
described in details in our previous paper [xxiii].

Calculation of validation parameters
Limirs of detection (LOD)

The detection limits of the elements were calculated separately for each analysed organ.
The value of the detection limit for the element ¢ in the analysed organ subsample j (LOD;;)
wasg calculated based on the formula (1):

3 Cij -/ Npgij

LODU = N"
L

(1)

where:

Ci; — concentration of the element { in the organ subsample j [1g/g].
Npgij — area of the background under the K, line of the element i in the subsample j [cts],
N;; — net peak area of the K, line of the element { in the subsample j [cts].

The final value of the detection limit for the analysed element i (LOD;) was calculated as
an average of the results obtained for all the analysed subsamples. The number of analysed
subsamples was equal to 12 (organs were taken from 4 animals, and each sample of digested
tissue was measured 3 times). In turn, the uncertainty of LOD; was calculated as the standard
deviation according to the equation (2):

3(1opy — 10D’
n-(n—1)

SDLODi = (2)

where:
n — the number of analysed subsamples, n = 12.
Intra-day and inter-day precision

Precision was evaluated as an intra-day and inter-day precision, depending on the period
between the performed measurements, and selected heart sample was utilized for this purpose.
The intra-day precision was calculated based on the 10 results obtained for one sample in one
measurement series performed within one day. The inter-day precision was evaluated by
measuring the same sample in five different days (5 measurements, one measurement per day,
3 repetitions per each measurement done on separate sample carriers). Both precisions were
calculated as coefficients of variation of obtained results, according to the formula (3):

ag; — ai)z

-100% (3)

where:
j —the number of measurement,

a;; —the concentration of the element i in a measurement j [1g/g].

a; — the mean value of the concentration of the element { [ug/g].
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k —the number of measurements (10 and 5 for intra-day and inter-day precision, respectively).
Inter-laboratory precision

Inter-laboratory precision was evaluated for each element as a coefficient of variation of
the results obtained in three cooperating laboratories, namely Lab 1, Lab 2 and Lab 3. Because
for the spectrometer equipped with the W-anode X-ray tube (Lab 4), only four elements were
determined, these results were not taken into account for inter-laboratory precision evaluation.
The coefficients of variation were calculated according to the formula (3) for the individual
elements, based on their concentrations obtained during determination of intra-day precision
for mentioned three laboratories.

Results and discussion

Four normal adult rats were used for the study. From each of them the internal organs,
including kidney, heart, spleen and lung, were taken and subjected to the microwave digestion.
The obtained samples, after adding the internal standard, were examined using the TXRF
method in four European laboratories. As a result of measurements, for each analysed sample
the X-ray fluorescence spectrum was obtained. A complete, qualitative identification of the
spectral lines of elements observed in the X-ray fluorescence spectrum of the control heart
sample is presented in the Figure S1 of Supplementary materials. The identification and
quantitative analysis of examined elements was performed based on their Ka lines. In the Figure
1, the exemplary spectra recorded for selected heart sample in four cooperating laboratories are
presented.
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Figure 1. The X-ray fluorescence spectra recorded for selected heart sample in four cooperating laboratories. The
Ko lines of the analysed elements and internal standard (Ga) were indicated. The As K-lines present in the spectra
from Lab 2 originate from microscope glass slides.

Based on Figure 1, it can be noticed that the spectra measured in Lab 1, Lab 2 and Lab 3,
where spectrometers equipped with Mo-anode X-ray tube were applied, did not differ
significantly from each other. The analytical lines of all the elements under investigation (P, S,
K, Ca, Fe, Cu, Zn and Se) were well visible in them and the recorded number of counts similar
in the case of Lab 1 and Lab 2, where the same acquisition time (1000 s) was applied. In turn,
the observed slight decrease of the number of counts in the spectrum obtained in Lab 3 may be
caused by the reduced time of a single measurement (500 s).

The spectrum obtained in the Lab 4, registered with spectrometer equipped with W-anode
X-ray tube, differed from the spectra measured in the three remaining laboratories. For similar
measurement conditions (time of the measurement, deposited sample volume), the recorded
analytical sighal was not satisfactory for some of the elements under the analvsis. This resulted
from the specificity of the system equipped with W-anode X-ray tube, which application to the
determination of elements with low and medium atomic number is limited [x1i].

In order to illustrate the qualitative differences between the spectra obtained for analysed
organs, the spectra of lung, heart, kidney and spleen samples, recorded in one selected
laboratory, are compared in Figure 2. As on can see from this Figure, there is no significant
differences in the spectral background between various matrices. Regarding the element
content, is it interesting to note that Fe is higher in the spleen meanwhile Cu and Se are present
at higher levels in kidney sample. Thege trends are eagier to notice in Figure 3 where the box-
and-whisker plots presenting the ranges of the element concentrations in the tested organs
obtained for the examined animal group in particular laboratories are displayed.
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Figure 2. The comparison of spectra recorded in selected laboratory (Lab 2) for analysed organs (lung, heart, kidney, spleen)
which were originated from one animal. Ga is the internal standard.

In the laboratories using TXRF spectrometers equipped with Mo-anode X-ray tube, the
concentrations of P, 8, K, Ca, Fe, Cu, Zn and Se were determined in the organ samples. In turn,
in case of the S2 Picofox system with the W-anode X-ray tube, the contents of K, Ca, Fe and
Zn were examined.
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Figure 3. The box-and-whiskers plots presenting the ranges of P, 8, K, Ca, Fe, Cu, Zn and Se concentrations in the
organs of 4 normal rats that were obtained in the cooperating laboratories. Median, interquartile span and minimal-
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maximal values determined for the animal group were marked as a little square, a box and whiskers, respectively.
The concentrations of elements that were not measured or below the detection limits obtained in particular
laboratory were not presented (P, S, Cu and Se for Lab 4).

As it can be seen from the Figure 3, apart from minor exceptions, the concentrations of
heavier elements (Fe, Cu, Zn and Se) in organs, measured in the participating laboratorics, were
quite well consistent with each other. The situation was different in the case of light elements
(especially P and 8), for which discrepancies were observed in the results at the level of several
dozen (8) and even several hundred percent (P). The source of the large discrepancies observed
for these two elements may be different deconvolution algorithms used in particular laboratories
for fitting X-ray spectra in the range of P and S characteristic radiation lines (1.5-3.0 keV).
Spectrum complexity in this range, due to the presence of additional K series lines of Si (sample
carrier material), Cl (from the sample) and Ar (from air), results in a particular sensitivity to the
applied fit procedure. The fitting procedure is not the only reason for the observed discrepancies
in the content of P and S determined in various laboratories. The other, probably even more
significant reasons of discrepancies are various efficiency of the absorption of P and S X-ray
fluorescence lines in dry sample residue and accuracy of calibration curve.

The K concentrations measured in Lab 4 presented systematically lower values than those
obtained in the other laboratories. This is probably an effect of the lower signal to noise ratio
of the X-ray fluorescence spectra recorded using the spectrometer equipped with the W X-ray
tube in comparison to the systems with the Mo-anode. Underestimation of K concentrations in
tissue samples, in case of the use of the spectrometer with W-anode and the internal standard
method, is in agreement with our previous results obtained for foodstuff samples [xlii]. On the
other hand, the opposite relation was observed for the Ca levels determined in Lab 2. In this
laboratory disposable microscope slides, containing some amounts of Ca, are typically used as
sample carriers. Therefore, the observed systematically higher Ca concentrations may be the
result of the processes of dissolution and/or diffusion which cannot be excluded during the
deposition of the acid digested samples.

The next step of the study was the determination of validation parameters, including L.ODs
of elements as well as intra- and inter-day precisions, for particular laboratories. Additionally,
for each examined element, inter-laboratory precision was calculated.

In the Table 3, the 1.ODs for analysed tissues and measured elements, obtained in four
participating laboratories, are compared. The lowest (the best) values were, additionally,
marked in red. As it could be expected, LODs decreased with the atomic number of elements
and was equal from 3.92 pg/g to 22.9 pg/g for P and from 0.0147 pg/g to 0.0352 ng/g for Se.
LODs of the elements obtained in 82 PICOFOX Bruker Nano spectrometers with Mo-anode
(Lab 1 and Lab 3) were similar, usually slightly better, to those determined for Rigaku
Nanohunter II system (also equipped with Mo-anode X-ray tube). Much worse values of the
mentioned parameter were obtained when W- instead of Mo-anode X-ray tube was applied for
sample excitation.

The analysis of the values of intra-day precision, presented in Table 4, showed that in case
of lighter elements (from P to Ca) the parameter did not exceed 19% for none of the cooperating
laboratories. Much better values of intra-day precision, usually below 6%, were obtained for
heavier elements (Fe, Cu, Zn and Se). The values of inter-day precision did not exceed 26% for
lighter elements and were below 12% for heavier ones. What is more, the intra- and inter-day
precision was in most cases better for spectrometers equipped with the Mo-anode X-ray tube
comparing to the apparatus with W-anode.

Because, in case of the apparatus equipped with the W-anode X-ray tube, only 4 elements
were measured in tissues, the values of inter-laboratory precision were calculated only based
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on the data measured in Lab 1, Lab 2 and Lab 3. The obtained results are shown in Table 5. As
one can see from this Table, K, Fe, Cu and Zn belonged to the elements for which the values of
inter-laboratory precision were the best. For these elements, the mentioned parameter did not
exceed 6%. Slightly worse results were obtained for 8, Ca and Se. The worst and unsatisfactory
inter-laboratory precision was found for P, in case of which the largest discrepancies in
concentrations were observed between the cooperating laboratories. Such a result confirms the
qualitative observations done based on the Figure 3, which shows that the P concentrations
measured in various TXRF systems/laboratories may differ even several hundred percent.
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Table 3. LOD values in [pg/g] obtained for examined elements in cooperating laboratories.

P S K Ca Fe Cu n Se
Lab 1 LOD | 10.97 3.38 0.620° | 0308 | 0.0417 | 0.0304 | 0.0294 | 0.0148
SD 0.81 0.25 0.042 0.022 | 0.0030 | 0.0023 | 0.0022 | 0.0011
- Lab 2 LOD | 8.06 4.94 1.416 0.872 | 0.0658 | 0.0437 | 0.0582 | 0.0249
2 SD 0.39 0.25 0.070 0.041 | 0.0031 | 0.0023 | 0.0028 | 0.0013
E Lab 3 LOD | 498 2.79 0.692 0.480 | 0.0758 | 0.0468 | 0.0404 | 0.0218
SD 0.17 0.10 0.026 0.015 | 0.0031 | 0.0019 | 0.0016 | 0.00070
Lab 4 LOD - - 26.6 18.3 1.51 - 0.778 -
SD - - 2.7 1.8 0.16 - 0.074 -
Lab 1 LOD | 13.40 3.89 0.766 0.374 | 0.0464 | 0.0325 | 0.0306 | 0.0151
SD 0.94 0.34 0.052 0.032 | 0.0040 | 0.0025 | 0.0025 | 0.0012
= Lab 2 LOD | 758 4.63 1.55 0.980 | 0.0677 | 0.0417 | 0.0538 | 0.0228
= SD 0.65 0.39 0.13 0.092 | 0.0059 | 0.0044 | 0.0054 | 0.0023
é Lab 3 LOD | 516 2.51 0.833 0.433 | 0.0817 | 0.0493 | 0.0457 | 0.0213
SD 0.45 0.22 0.067 0.042 | 0.0080 | 0.0049 | 0.0045 | 0.0018
Lab 4 LOD - - 32.2 22.0 1.82 - 0.95 -
SD - - 4.7 3.2 0.24 - 0.15 -
Lab 1 LOD | 229 7.31 1.50 0.699 | 0.1065 | 0.0558 | 0.0524 | 0.0307
SD 1.7 0.53 0.11 0.050 | 0.0075 | 0.0040 | 0.0037 | 0.0022
= Lab 2 LOD | 11.36 6.43 2.550 1.596 | 0.1664 | 0.0574 | 0.0683 | 0.0352
2 SD 0.36 0.21 0.081 0.056 | 0.0035 | 0.0019 | 0.0021 | 0.0013
% Lab 3 LOD | 646 3.62 0.933 0.670 | 0.1083 | 0.0534 | 0.0455 | 0.0254
SD 0.43 0.25 0.057 0.042 | 0.0074 | 0.0035 | 0.0027 | 0.0019
Lab 4 LOD - - 64 43.5 3.86 - 1.78 -
SD - - 13 8.9 0.76 - 0.37 -
Lab 1 LOD | 10.76 3.78 0.676 0.373 | 0.0437 | 0.0284 | 0.0270 | 0.0147
SD 0.88 0.30 0.050 0.025 | 0.0042 | 0.0024 | 0.0022 | 0.0015
o0 Lab 2 LOD | 6.58 4.34 1.38 0.896 | 0.0651 | 0.0397 | 0.0492 | 0.0230
= SD 0.67 0.39 0.14 0.092 | 0.0049 | 0.0032 | 0.0037 | 0.0020
,3 Lab 3 LOD | 392 2.12 0.550 0.391 | 0.0629 | 0.0384 | 0.0343 | 0.0172
SD 0.46 0.25 0.066 0.045 | 0.0068 | 0.0039 | 0.0034 | 0.0019
Lab 4 LOD - - 52 24.4 2.94 - 1.35 -
SD - - 10 35 0.55 - 0.27 -

*The lowest LOD values of element obtained for particular organ were marked in red.

Table 4. Intra-day and inter-day precision values obtained for selected heart sample in cooperating laboratories.

Intra-day precision values [%o]
P S K Ca Fe Cu Zn Se
Lab 1 16.64 17.38 8.25 13.46 1.46 1.61 1.78 5.75
Lab 2 2.30 3.64 2.95 12.11 0.64 2.14 5.79 4.54
Lab 3 0.47 0.62 0.53 0.56 0.38 1.58 0.42 4.60
Lab 4 - - 18.97 16.23 8.45 - 2.99 -
Inter-day precision values [%o]
P S K Ca Fe Cu Zn Se
Lab 1 7.94 8.18 5.34 11.85 1.13 0.63 0.41 1.29
Lab2 0.41 1.88 2.33 16.11 0.91 1.38 0.31 5.44
Lab 3 3.34 0.86 1.74 2.18 1.05 1.24 0.80 11.09
Lab 4 - - 21.45 25.67 7.11 - 5.55 -

*The best intra- and inter-day precision values for particular element were marked in red.
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Table 5. The values of inter-laboratory precision obtained for selected heart sample.

Inter-laboratory precision values [%o]

P S K Ca Fe Cu Zn Se

33.50 14.97 2.64 16.88 1.45 3.36 2.94 11.16

For comparison purposes, the selected heart sample was also analysed by another,
independent method, called the reference method (ICP-OES for P, 8, K, Ca, Fe, Cu and Zn
determination and ICP-MS for S¢ determination). The details concerning the used instruments,
measurement conditions and procedure of quality control for both ICP systems are included in
Tables S2 and S3 of Supplementary materials. The results measured using TXRF in four
cooperating laboratories together with the data obtained using the reference method are
presented in Table 6.

Table 6. The concentrations of analysed elements in selected heart sample determined using TXRF in four
cooperating laboratories together with the results obtained with the reference method. Before analysis, digested
tissue samples were diluted with the ratio 1:10.

Concentration [pg/g] Trueness [%]*
Element mI:tt;f;) d Lab1 | Lab2 | Lab3 | Lab4 | Lab1l | Lab2 | Lab3 | Lab4
C [ppm] 1810 3500 | 12235 | 1864.0 - 193 68 103 -
P AC [ppm]** 3 130 8.9 2.8 - 10 1 <1 -
S C [ppm] 21387 2590 1913 | 2366.8 - 121 89 111 -
AC [ppm] 22 140 22 47 - 7 1 <1 -
C [ppm] 2117 2411 2446 | 25369 | 1062 114 116 120 50
K AC [ppm] 18 63 23 43 64 3 1 1 3
C [ppm] 3883 436 597 | 47110 | 234 112 154 121 60
Ca AC [ppm] 24 19 23 0.84 12 5 6 1 3
Fe C [ppm] 72.76 70.97 | 7030 | 72322 574 97 96 99 79
AC [ppm] 0.52 0.33 0.14 0.088 1.5 1 1 1 2
C [ppm] 5.221 5160 | 5.048 | 5.583 - 99 97 107 -
cu AC [ppm] 0.069 0.026 | 0.034 | 0.028 - 1 1 2 -
In C [ppm] 17.10 17.80 | 16.93 | 17.839 | 18.12 104 99 104 106
AC [ppm] 0.13 0.10 0.31 0.024 0.17 1 2 1 1
C [ppm] 0.1914# | 0.2882 | 0.3190 | 0.254% - 151 167 134 -
Se AC [ppm] 0.0064 | 0.0052 | 0.0046 | 0.0037 - 6 6 5 -

* Trueness [ %o |=(experimental value/reference value)*100;

**The uncertainty of elemental concentration was calculated as standard deviation of mean value obtained from
measured replicates of the sample, whilst the uncertainty of trueness was estimated based on the law of propagation
of uncertainties;

#ICP-OES was mostly used as a reference method, only Se concentration was determined using ICP-MS.

The analysis of the results presented in Table 6 showed the most satisfactory compliance
with the reference method for Lab 3. One may notice a tendency to overestimate the light
elements (P, S) content in Lab 1 and their underestimation in Lab 2. In case of K and Ca the
best trueness values were obtained for Lab 1. In turn, in case of Fe, Cu and Zn the trueness
values were satisfactory for all participating laboratories. The worse trueness values,
significantly exceeding 100%, were found for Se. However, as one can see from the Table S3
of Supplementary materials, the Se trueness calculated for ICP-MS based on the measurements
of the reference material was also not impressive and equalled to 70%. Therefore, the values of
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the concentration obtained for Se with the use of the reference method are, probably,
significantly underestimated and also for this element, occurring in tissues at the trace level, the
TXRF seems to give the satisfactory results.

Conclusions

Reassuming, the results of the inter-comparison investigation showed acceptable
consistency of the results obtained in participating laboratories for mid and heavier elements
such as Fe, Cu, Zn and Se. The discrepancies found for the elements with lower atomic number
were larger but probably could be strongly limited by optimization of sample treatment
procedures that would limit the self-absorption phenomenon in its dried residue as well as the
unification of calibration procedures and spectra deconvolution process used in particular
laboratories.

Data availability

The datasets used and/or analysed during the current study are available from the
corresponding author on reasonable request.
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Abstract

Glioblastoma multiforme (GBM) is the most common and devastating primary brain tumor among
adults. Tt 1s highly lethal disease, as only 25% of patients survive longer than 1 year and only 5% more
than 5 years from the diagnosis. To scarch for the new, more effective methods of treatment, the
understanding of mechanisms underlying the process of tumorigenesis is needed.

The new light on this problem may be shed by the analysis of biochemical anomalies of tissues
affected by tumor growth. Therefore, in the present work, we applied the Fourier transform infrared
(FTIR) and Raman microspectroscopy to evaluate changes in the distribution and structure of
biomolecules appearing in the rat brain as a result of glioblastoma development. In turn, synchrotron X-
ray fluorescence microscopy was utilized to determine the elemental anomalies appearing in the nervous
tissue. To achieve the assumed goals of the study animal models of GBM were used. The rats were
subjected to the intracranial implantation of glioma cells with different degree of invasiveness. For
spectroscopic investigation brain slices taken from the area of cancer cells administration were used.

The obtained results revealed, among others, the decrease content of lipids and compounds
containing carbonyl groups, compositional and structural changes of proteins as well as abnormalities
in the distribution of low atomic number elements within the region of tumor.

Keywords

Glioblastoma multiforme (GBM), animal models, vibrational spectroscopy, Fourier transform infrared
microspectroscopy (FIIR), Raman microscopy, X-ray fluorescence (XRF) spectrometry, principal
component analysis (PCA)

1. Introduction

Methods of vibrational spectroscopy, including Fourier transform infrared (FTIR) and Raman
microspectroscopy, are frequently used to probe biochemical composition of various types of cells and
tissues. These analytical techniques combine features of optical microscopy, giving the spatial
information about the sample at micrometer resolution, with the spectral details regarding its
biochemical structure [1]. Besides identifying the biomolecules building the sample such as lipids,
proteins or nucleic acids, FTIR and Raman microspectroscopy allow to study their conformation, what
has a great importance in biomedical research [2-4]. What 1s more, analysis performed with vibrational
spectroscopy techniques requires only minimal sample preparation, without its staining, and the
measurements are usually not destructive [5, 6]. All these properties make FTIR and Raman
microspectroscopy valuable analytical tools widely applied in the research of biological samples [ 7-13].
The methods found their particular applications in studies of the biochemical processes occurring in the
tissues as a result of tumor formation. More precisely, they have a potential in discriminating tumors
with various grade of malignancy [ 14—17], investigating the heterogeneity in their structure [18-22] and
finding biomarkers, which allow distinguishing neoplastic from healthy tissues [23-29]. Because
pathological states of the cells and tissues may be reflected in the abnormalities at the molecular level,
FTIR and Raman microspectroscopy are considered as methods with high diagnostic potential [30, 31].
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Glioblastoma multiforme (GBM) is the most common and aggressive primary brain tumor with a
median survival of patients about 15 months and five-year survival rate equal only 4-5% [32]. Extreme
invasiveness, intensified proliferation and infiltration, as well as high recurrence of GBM determine its
classification to the group of the tumors with IV grade of malignancy. The weak prognosis for patients
diagnosed with GBM follows from e.g., late-state detection, the limited possibilities of treatment and
the morphological differentiation of tumor cells [33]. Clinical disorders coexisting with GBM
development are not specific and include inereasing intracranial pressure, headaches, ataxia, visual
disturbances and frequent fainting [34, 35]. Currently, the conventional GBM therapy relics on
concomitant radiotherapy with a total radiation dose of 60 Gy [36] and chemotherapy with
temozolomide an alkylating agent [37] or bevacimuzab the monoclonal humanised antibody against
vascular endothelial growth factor (VEGF) [38]. Diffuse tumor growth, heterogeneity of the neoplastic
cells, intensified neovascularization and modifications of extracellular matrix result in GBM remains
resistant to the most of standard treatment methods. As glioblastoma continues to be highly lethal for
patients, new approaches of treatment are urgently needed. Finding novel biomarkers and fingerprints
of this malignancy may help to understand its biology, what may be a key factor in developing effective
methods of diagnosis and therapy.

In the present study, we try to verify whether glioma development causes compositional and
structural changes of major biclogical molecules in the brain tissue. For this purpose we used animal
models of the tumor. We selected three, different types of glioma cells (patient-derived tumor cells as
well as T98G and US7MG commercial cell lines) and implanted them into rat brains. First, the tissues
were subjected to imaging with FTIR microspectroscopy what allowed us to obtain two dimensional
maps of the biomolecules distribution and to indicate differences in their accumulation between healthy
and tumor-changed regions. Next, using FTIR and Raman microspectroscopy we performed detailed,
spectral analysis of specific brain regions (i.e. cortex, white matter and tumor) for both implanted and
healthy brain hemispheres. The obtained data were subjected to advanced statistical evaluation with the
use of principal component analysis (PCA). Additionally, we used synchrotron radiation-based X-ray
fluorescence (SR-XRF) spectrometry method to identify alterations in the distribution of low atomic
number elements (e.g. Na, Mg, Cl) in rat brain that may be linked with the glioma growth.

The results presented in this paper constitute an important part of our main research topic, which 1s
the use of various spectroscopic methods for the determination of potential biomarkers of glioblastoma
development and growth. Our previous studies, performed with X-ray fluorescence methods, showed
that development of the glioma in rat brain leads to significant elemental anomalies in the tissues
affected with the tumorigenesis process. Gliomas were characterized by an elevated accumulation of Fe
and Se, and the tissues surrounding the tumor mass presented an increased level of Cu [39, 40].
Furthermore, we observed that a morphologically changed region of the brain in the place of the T98G
cells implantation is rather the result of the tissue damage connected with cells injection than the
development of the tumor [40]. Herein, by using methods of vibrational spectroscopy, we determined
the changes in brain biomolecular composition resulted from GBM growth.

2.  Materials and methods

2.1. Animal experiment

Details on experimental animals, GBM cells, the procedure of implantation as well as all used
pharmaceuticals were reported in our previously published papers [39, 40]. In this work, only the most
important information concerning performed experiment was summarized.

The subject of our study were four groups of male Wistar rats and three of them (Pa, T and U) were
intracranially implanted with the GBM cells of different origin. The N animal group consisted of naive
controls. Description of the examined animal groups is presented in Table 1.
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Table 1 — Description of animal groups
Number of

Group animals Type of implanted GBM cells Cell suspension
N 4 No implantation -
Pa 4 Patient-derived GBM cells 5 pl. of DMEM, 50000 cells/pl
T 4 T98G cell line (ATCC company) 5 uLL of DMEM, 50000 cells/ul
U 3 US7TMG cell line (ATCC company) 5 pl, of DMEM, 5000 cells/pl

The procedure of GBM cells implantation into rat brain started with initial anesthesia of amimals,
next immobilization in stereotactic apparatus and finally induction of general anesthesia. Afterwards, a
prepared cell suspension was transcranially implanted into the left hemisphere of rat brain. The animals
woke up from anesthesia few minutes after the end of the procedure. All rats subjected to implantation
were daily immunosuppressed and observed in terms of behavioral changes. The duration of experiment
(counted from the day of tumor cells implantation to the animal death) was determined during the
preliminary studies based on the observation of animal health. The survival time was 21 days for groups
N, Pand T and 15 days for the group U. After that time, the rats were perfused with physiological saline
solution and after it, the brains were removed from the skulls and frozen in liquid nitrogen.

Procedures with animals were approved by the 2nd Local Institutional Animal Care and Use
Committee (agreement no. 119/2016) and performed in agreement with international standards. The
solation of cells originated from human patients was approved by the Bioethics Commission for the use
of cellular material collected from patients in neurooncelogical operations (Decision no. 535/2017 of 13
June 2017, issued by the Bioethical Commission at the University of Nicolaus Copernicus in Torun,
Poland).

Our earlier study concerning the elemental anomalies of brain resulted from GBM development
showed that the lesion appearing after T98G cells administration is rather an effect of nervous tissue
damage occurring during implantation than the development of tumor. Therefore, in this paper we use
the term "place of T98G cells implantation" instead of “tumor™ in case of the T experimental group [40].

2.2. Sample preparation

The brains taken from animals were cut using a cryomicrotome mnto 20 and 8 pm thick slices for
SR-XRF microscopy and FTIR/Raman microspectroscopy, respectively. The sections taken from the
place of implantation were mounted on the appropriate carriers: Ultralene foil for SR-XRF
measurements and CaF; windows for FTIR/Raman microscpectroscopy examinations. Finally, all
prepared samples were freeze-dried.

2.3. Fourier transform infrared microspectroscopy

The measurements were performed using a FTIR microscope Nicolet iN10 MX (Thermo Fisher
Scientific) at the Department of Medical Physics and Biophysics, Faculty of Physics and Applied
Computer Science, AGH University of Science and Technology in Krakow, Poland. The brain samples
deposited on CaF, windows were measured in transmission mode and the spectra were recorded for the
wavenumber range of 900-4000 cm™. The measurements of the whole brain sections were performed
with Ultra-Fast Mapping system (one scan per spectrum, spectral resolution of 16 ¢m™) and the liquid
nitrogen cooled imaging array detector was used for this purpose. The chosen experimental conditions
allowed to obtain large chemical maps with a spatial resolution of 25 um x 25 um.

For detailed examinations of selected brain regions (cortex, white matter, tumor mass and place of
TO8G cells implantation) the liquid nitrogen cooled MCT-A detector was used. The samples were
subjected to raster scanning with the 25 um x 25 pm IR beam, using the same step size in both directions.
Number of scans averaged per single spectrum was 32 and they were recorded with spectral resolution
of 8 em™.

2.4. Raman microscopy

Raman measurements were also conducted at the Department of Medical Physics and Biophysics.
For the study we used the confocal Raman microscope WiTec Alpha 300R equipped with the 532 nm
excitation laser module, the 100x air objective (Zeiss EC Epiplan-Neofluar, numerical aperture NA =
0.9), the UHTS 300 spectrometer (600 gratings/mm) and thermoelectrically coaled spectroscopy
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camera. The laser power on the samples was 5 mW whilst the integration time was 0.5 s. Raman
mapping was carried out for the samples placed on CaF, windows and for exactly the same areas as
those subjected to detailed FTIR imaging.

2.5. Synchrotron radiation-based X-ray fluorescence microscopy

Two-dimensional elemental mapping of the brain samples was performed with synchrotron
radiation-based X-ray fluorescence method and the measurements were conducted at the XRF beamline
of the Elettra synchrotron in Trieste, Italy [41]. A sample environment used for element mapping was
an advanced X-ray spectrometry beamline endstation developed by the International Atomic Energy
Agency [42, 43]. Each tissue slice was subjected to the raster scanning using the exciting X-ray beam
with the energy of 10 keV. The size of the X-ray beam on the samples was 200 pum x 200 um. The tissues
were measured in vacuum, at a pressure of 107 mbar, at the room temperature. For the detection of the
X-ray fluorescence spectra a Bruker XFlash SDD detector was employed. The typical time of acquisition
was 5 s/spectrum. The obtained spectral data were processed with the PyMca software to get information
about net peak arcas of the Ka spectral lines of Na, Mg, Al and Cl. Such net arcas were used to get the
maps of the elemental spatial distribution within the examined tissues [44].

2.6. Spectral and statistical analysis

The topographic biochemical analysis was based on the chemical mapping of the main absorption
bands or their ratios and was carried out using the OMNIC Picta software (Thermo Scientific, version
9.2.0.86). The softwarc was also used for the extraction and preprocessing of spectra for further
statistical analysis. In the case of FTIR data, the preprocessing of spectra involved the atmospheric and
the baseline correction as well as vector-normalization. For Raman spectra, the normalization to the
maximal intensity and baseline correction were applied.

For the statistical evaluation of the preprocessed spectral data the principal component analysis
(PCA) was utilized. The calculations were done in the Origin software (version 9.7.5.184) with
dedicated plug-in for PCA of spectra.

3. Results

The verification of the biochemical and elemental changes occurring in the hemisphere with
engrafted GBM cells included the following steps: (1) the topographic biomolecular analysis of
subjected to the implantation and healthy hemispheres, (2) the detailed biochemical analysis of selected
brain areas (cortex, white matter, place of T98G cells implantation as well as solid and debris tumor
tissue), (3) statistical evaluation of the spectral data using PCA, (4) the analysis of low atomic number
elements distribution in brain tissues.

3.1. Topographic biochemical analysis

The first step of the study was to verify if the implantation of GBM cells influences the distribution
and accumulation of biomolecules within the rat brains. To achieve this goal, we performed the chemical
mapping of selected absorption bands for the analyzed tissues. The details concerning investigated
biochemical parameters are collected in Table 2. The exemplary maps of distribution of selected
absorption bands (or their ratios) for examined brain samples together with their microscopic images
are presented in Figure 1.
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Table 2 — Examined biochermical parameters [7, 45-53].

Absorption band
(or ratio of absorption bands)

Biochemical parameter

1080 cm
1240 cm™

distribution of compounds containing phosphate groups
(nucleic acids, phospholipids, phosphorylated carbohydrates)
and differences in the degree of phosphorylation of
carbohydrates and glycoproteins

1360-1480 cm?

distribution of lipids, cholesterol esters and cholesterol

1658 cm*! distribution of proteins (amide I band)

1635 cm/1658 cm-? structural changes of proteins (-sheet to a-helix ratio)

1740 cm- distribution of compounds containing carbonyl groups
including phospholipids, cholesterol esters and ketone bodies
structural changes of saturated lipids (saturation level of lipids,

2924 cm /2955 em? changes in the length of fatty acid chains and the degree of their

branching)

2800-3000 cm*

distribution of lipids
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1080 cm™!

1658 cm™ 1360-1480 cm™ 1240 cm!

cm?

1635
1658

1740 cm™

2800-3000 cm™

2924
2955

cml

2800-3000
1658

Figure 1 - The exemplary chemical maps obtained for examined brain samples together with the microscopic images of
measured tissues. The sections were taken from the area of GBM cells implantation (for groups Pa, T and U) and the
corresponding brain area in case of the group N. For most of the maps, the color scales, presenting relative/absolute integrated
intensities of particular absorption bands, were unified. The exception is the map presenting the distribution of the ratio of
absorbance at 1635 and 1658 cm™ obtained for the group U, where for better visualization and interpretation of the data a
different scale was applied (values in brackets).
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Referring to the biochemical maps presented in Figure 1 one may notice clear changes in the
distribution of compounds containing phosphate groups in the area of tumor development. The decrease
of the intensity of bands at 1080 and 1240 cm™ is the most pronounced for the samples taken from
animals representing the group U - the diminished accumulation occurs within the whole hemisphere
subjected to the implantation. What is more, a greater decrease in the intensity of these bands appears
inside the tumor (tumor debris) than in its outer regions. A diminished accumulation of the compounds
containing phosphate groups concerns also the tumor developing from the human patient cells.
However, some differences are observed here between the intensities of the 1080 and 1240 cm™ bands.
The intensity of 1240 cm™ band is clearly diminished within the tumor mass. In turn, in case of the band
at 1080 cm™ the differences comparing to the surrounding white matter area are much less pronounced.

Analysis of the distribution of lipids, cholesterol, and cholesterol esters was based on the binding
vibrations of methyl and methylene group manifesting in the spectrum as a massif within the
wavenumber range 1360-1460 cm™. As one can see from Figure 1, for all the experimental groups the
intensity of the massif decreases in the regions of tumor development. Again, the most pronounced
reduction of absorbance, covering the entire implanted hemisphere, i1s observed for the group U.

Alterations in the distribution and structure of proteins, resulted from GBM development, are
visible for the samples taken from the Pa and U groups. The tumor developed from patient-derived cells
is characterized with an elevated intensity of the amide I band. In turn for the group U, and particularly
for the inner area of the tumor, one may observe a diminished intensity of that absorption band. The
relative content of proteins with the P-type secondary structure is clearly clevated in the tumors
developed both from the patient and U87MG line cells. For the Pa group, the increased ratio of
absorbance at 1635 and 1658 cm™ is observed in the entire region of the tumor, while in the case of the
U group only in its debris area.

Analysis of the chemical maps presenting the absolute and relative intensity of 1740 ecm™ band
clearly points at changes in the accumulation of compounds containing carbonyl groups in the region of
the tumor for the Pa and U groups as well as the place of T98G cells implantation. The highly
pronounced decrease of absorbance allows for a precise indication of tumor area and its separation from
the surrounding tissues. What one should also notice is a strongly nonhomogeneous distribution of
compounds containing carbonyl groups within the tumor both in case of the Pa and U groups. Extremely
low levels of these compounds are observed in the necrotic regions of the tumor developed from US7TMG
cells.

As one can see from Figure 1, for the Pa, T and U groups the reduction in the absolute (2800-3000
cmt) and relative (2800-3000 ¢mY/amide I) accumulation of lipids is observed in the arcas of the tumor
development and T98G cells implantation. What is more, these regions are characterized with the
structural abnormalities of lipids manifesting as the changes of intensity ratio of bands at 2924 and 2955
cm™. Based on the chemical maps presenting the accumulation and structural changes of lipids it is
possible to precisely indicate the areas of tumors developed after the GBM cells implantation.

3.2. Detailed spectral analysis

The FTIR and Raman spectra for a detailed qualitative and statistical analysis were taken from the
same, microscopically identified, tissue areas. The brain regions selected for spectral analysis included
cortex, white matter and solid tumor or the place of glioma cells implantation for the Pa, U and T groups
as well as, additionally, the tumor debris area for the U group. The collected spectra after appropriate
preprocessing were subjected to an advanced statistical analysis utilizing PCA [54].

3.2.1. Spectral analysis of FTIR data

The first step of the study was to verify if the introduction of GBM cells and/or tumor development
result in any biochemical changes of brain areas distant from the implantation site. For this purpose, for
both brain hemispheres, we recorded the IR spectra in the cortex and white matter regions not affected
with GBM growth. The average absorption spectra and their second derivatives calculated for the
examined areas for all the experimental groups were compared in Figures 2a and 2b, respectively. One
may observe that the intensity and shape of the absorption bands do not differ between the experimental
groups. No differences in the recorded spectra were also noticed between the corresponding areas of the
left and right hemispheres within a given animal group. This may suggest that the development of GRM
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in the rat brain does not result in remote changes in the distribution of analyzed biomolecules, even in
the case of a widespread tumor developed from the US7MG cells.
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Figure 2 - The averaged absorption spectra (a) and their second derivatives (b) obtained for the regions of cortex and white
matter from the left and right hemispheres for all the experimental groups.

In the further part of our investigation, we focused on the local changes in biomolecules distribution
caused by GBM development. We compared the absorption spectra recorded in selected areas from the
left (implanted) hemisphere, namely brain cortex, white matter and tumor as well as the place of glioma
cells implantation in the case of the group T. The average spectra and their second derivatives obtained
for the animals subjected to the implantation of various GBM cells are stated in Figures 3a and 3b,
respectively. Based on the presented spectra, we could indicate clear differences in the intensity and/or
shape of the absorption bands characteristic for analyzed biomolecules between the region of the tumor
and healthy areas of the cortex and white matter. The spectra obtained for tumors in the Pa and U groups
and the implantation site in the group T were characterized with a diminished absorbance within the
lipid massif and with the absence of the IR band characteristic for compounds containing carbonyl
groups. Furthermore, the changes in the shape of the band specific for phosphate groups were found for
them.

For the statistical confirmation of the observations we found, using the vector-normalized second
derivative spectra, we performed PCA and presented results in Figures 3¢ and 3d. As it can be seen, the
spectra registered for cortex, white matter and tumor, in case ofthe Pa and U groups, are well separated
in the space of the first two principal components. In the case of the group T, spectra recorded for the
cortex and the place of implantation present a quite large similarity, while the ones measured for the
white matter are well separated from them. Next, we compared the tumors developed from the U§7TMG
and the patient-derived cells with the area of injury appearing after the introduction of T98G cells. Based
on the PCA plot presented in Figure 3d one may observe that the probability circles (containing 95% of

184



cases representing a given group) for the compared areas overlap with each other in a large part, which
indicates their high similarity.

Gliomas developed after the US7MG cells implantation were characterized by large heterogeneity
of their structure, what allowed us to indicate two specific regions present within the tumor — the solid
and debris arcas. In Figure 4, one may see the absorption spectra registered in the mentioned regions,
their second derivatives as well as the results of PCA. As one can see from Figure 4c, the solid and
debris arcas of the tumor are almost completely separated in the space of the first two principal
components, what means they differ significantly from each other in relation to their biomolecular
composition. This observation confirms the results of the earlier topographic analysis of the examined
tissues.
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3.2.2. Spectral analysis of Raman data

The farther step of the study was to confirm, with a complementary technique of Raman
microscopy, that the development of tumor does not affect the biochemical composition of far-distant
regions of brain. The spectral analysis performed for the areas of brain cortex and white matter (Figure
5) showed that there is no substantial differences between the average Raman spectra obtained for the
hemisphere with developed tumor and the healthy one.
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Figure 5 - Averaged Raman spectra obtained for the regions of cortex and white matter from the left and right hemispheres for
all the experimental groups.

On the other hand, distinctive differences between the Raman spectra recorded for the cortex and
white matter are apparent. They concern the relative intensity of lipid band at 1442 em! and the shape
of the massif at the wavenumber range 2800-3000 cm™'. What is more, the Raman spectra of white
matter are characterized by a diminished intensity of the band specific to phenylalanine and appearing
at 1585 em’™.
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Figure 6 - Averaged Raman spectra obtained for the regions of cortex, white matter and tumor or the place of glioma cells
introduction for the animals subjected to the implantation (a). Results of PCA carried out on the normalized Raman spectra
from the examined areas (b, c).

The purpose of the next part of the study was the verification, if the Raman spectra recorded within
the tumor/implantation area and white matter and brain cortex differ significantly from each other. To
achieve this goal, the averaged and normalized Raman spectra from the mentioned brain regions are
compared in Figure 6a. The wavenumber ranges of 2840-3020, 2861-2901 and 1200-1400 cm™ in the
tissue spectra are characteristic for the organic matter, lipids and proteins, respectively. The comparison
of Raman spectra recorded in the GBM affected and healthy (cortex and white matter) tissues showed
the differences in the shape of the massif characteristic for prateins. Within this wavenumber range, at
around 1337 cm!, the band characteristic for tryptophan is, among others, observed [74, 75]. More
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proncunced differences were found for the wavenumber range specific for lipids, where tumor spectra
presented much lower intensity of Raman signal comparing to the surrounding white matter and cortex.
Such a result iz in a good agreement with the data obtained with the nse of FTIR microscopy.

To evaluate the statistical significance of the observed differences, PCA was performed on the
normalized Raman spectra. Its results were presented in Figures 6b and 7. As one can see from the
Figure 6b, fornone of the GBM model, it was possible to separate (in the space of the first two principal
components) the tumor spectra from those recorded within white matter and cortex.

To verify the diagnostic potential of Raman microscopy, we also checked whether the spectra
obtained for the tumor/implantation site appearing afier the infroduction of various glioma cells can be
separated using PCA. The results of PCA, which one can see in Figure 6¢, showed that the spectra from
the implantation area donot differ significantly between the examined models of GBM. The probability
circles obtained for the three examined spectra populations overlapped themselves in the space of the
first two principal components.

Ag one can see from Figure 7, in contrast to PCA conducted on the data from the FTIR microscopy,
the multivariate statistical analysis performed on Raman normalized spectra did not show any pivotal
differences between the solid and debris regions of the tumor developing after the US7MG cells
implantation.
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Figure 7 - Results of PCA carried out on the normalized Raman spectra from the solid and debris areas of the tumors devel oped
from UTMG cells.

3.3. Topographic analysis of low atomic number elements

The last part of our investigation was to assess the changes in the distribution of Na, Mg and Cl in
the examined tissues. Topographic elemental maps obtained for representative rat brain samples are
presented in Figure 8. The most pronounced anomalies were found for the group U, where the greatest
tumor growth occurred. The increase in the accumulation of Na was observed there mainly in the outer
regions of the tumor, while elevated levels of Cl were noticed in its whole mass. Furthermore, a
decreased accumulation of Mg was observed in the tumor debris area. In the case of other animal groups,
only slightly elevated level of Cl was found in the tumor developed from the patient-derived GBM cells.
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Figure 8 - Elemental maps obtained for the brain slices taken from the rats representing the examined animal groups.
Distributions of Na, Mg, Al and Cl were compared with histological images. On color scales net intensity K-a lines was
presented (* for the sample originated from the group U a different scale was applied).

4. Discussion

In our work, two methods of vibrational microspectroscopy coupled with PCA were used as
experimental tools supporting brain tumor diagnosis. Such approach is widely used by numerous
research groups [55]. Rat brains taken from animals subjected to various GBM cells implantation and
confrol brain samples were raster scanned using FTIR and Raman microscopes. The preprocessed
vibrational spectra recorded in selected brain/tumor areas were then subjected to PCA.

Brain tumor development is linked with a number of tissular and cellular alterations and with the
use of FTIR mapping it is possible to visualize some of them at the tissue level. The absorption bands
at 1080 and 1240 cm™! give an information about the level of compounds containing phosphate groups
like phospholipids or nucleic acids which are pivotal biochemical components of healthy cells.
Therefore, the changes in their intensity may be linked with tumor mass growth and diminishing healthy
cells.

The absorption bands at 1080 and 1240 cm™ testify also about the presence of RNA and DNA in
the analyzed sample. Both topographic and spectral FTIR analysis showed differences in the intensity
and structure of the mentioned bands between glioma and normal tissue, observed mainly in the group
Pa and U. The reduced bands intensity in the region of tumor development may be associated with the
damage of nucleic acids. The results of our investigation are in agreement with the findings of Depciuch
et al., who observed a diminished intensity of absorption bands corresponding to the presence of RNA
and DNA in the human glioma samples [56]. On the other hand, in the literature one may also find
studies with animal models of glioma, which indicate the increase of nucleic acid content in the region
of glioma growth, compared to a healthy brain tissue [22, 57].

The topographic biochemical analysis of brain slices revealed differences in the distribution of the
intensity of the band at 1080 cm™ between the samples originated from the Pa and U groups. For tumors
developed from the patient-derived cells, the intensity of this band did not differ considerably from the
surrounding white matter area. In turn, in the case of the group U, one may observe a significantly
decreased absorbance within the tumor and, in particular, in its necrotic region.

Besides the nucleic acids, the mentioned spectral region is also associated with the presence of
carbohydrates, including glucose [58]. Tumor cells of different origin, including glioma cells, are
characterized by an increased uptake of glucose compared to normal ones, what results from intensified
metabolic processes [59]. Therefore, we should rather expect a higher absorbance in this wavenumber
range for the solid tumor, compared to the normal tissues. In turn, the observed decrease intensity of
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1080 cm™ band in the core of the tumor developed from the U87MG cells, may reflect changes in the
glucose metabolism resulted from necrosis of the cells.

The results of the topographic analysis carried out for proteins indicate the differences in their
accumulation between healthy and tumor-changed regions. The intensity of amid 1 band was elevated
in the gliomas developed from the patient-derived cells and in the areas of the T98G cells implantation.
These findings are in agreement with the literature reports. Krafft et a/. showed that human brain tumors
are characterized by a higher protein level than the normal brain tissue [60]. Similar observation, for the
animal model of GBM, was made by Bambery et /., who found the highest intensity of the amid I band
in the tumor site [57]. During cancer progression, many cellular and extracellular processes occur. One
of them 1s the excretion of extracellular matrix proteins (collagen, laminin, metalloproteinase) creating
the favorable conditions to expand the tumor volume [61]. The mentioned process may explain the
increased level of proteins as well as diminished relative content of other biomolecules within the tumor
arca.

We did not observe any significant differences in protein accumulation between healthy brain tissue
and the solid region of the tumor for the group U. On the other hand, the necrotic region, observed in
the tumors developed from the US7MG cells, was characterized by the areas with a reduced protein
accumulation.

The analysis of tissues taken from the animals representing the Pa and U groups showed significant
differences in the relative secondary structure of proteins between the area of the tumor and surrounding
tissues. In case of the group U, the differences in the conformation of proteins were noticed also between
the solid and debris region of the tumors. The increased ratio of absorbance at the wavenumbers of 1635
and 1658 cm™ in the area of glioma indicates the higher content of proteins with B sheet structure in
relation to these with « helical conformation. Protein structure determines their biological functions, and
therefore, any changes may reflect in the proper functioning of the cells. The investigation performed in
vitro by Kong ef al. showed that, based on the secondary structure of proteins, it is possible to distinguish
glial cells from glioma cells. Authors stated, moreover, that conformational changes of proteins in the
examined cells are related to the process of tumorigenesis [62]. The anomalies in the secondary structure
of proteins observed in the glioma-changed tissue may be a result of the gene mutations related with the
process of tumor development [56, 63].

The increase of the relative content of proteins with _-type secondary structure may be linked with
the elevated secretion of proteoglycan NG2 in GBM cells [64]. The NG2 proteoglycan belongs to
chondroitin sulfate proteoglycans (CSPGs), that are involved in interactions with constituents of
extracellular matrix, adhesion of the cells and binding of the receptors [65]. The NG2 proteoglycan
influences the increase of the invasive capabilities of GBM cells enabling them binding with
extracellular matrix proteins and its protein core has the secondary structure of P-sheets [66, 67].

Roemer ef al. reported a case of a patient diagnosed with GBM and the development of the tumor
was associated with the presence of inflammatory demyelination. The result of this process is a damage
of the myelin sheaths, which surround neurons and ensure their proper functioning. Authors found that
brain region affected with demyelination was characterized by a lower content of lipids and structural
changes of the proteins, consisting in the modification of their conformation in the direction of 3 sheet
secondary structure [68]. These finding is in agreement with the results of the FTIR analysis performed
in the frame of our investigation. Due to similarities between inflammatory demyelination and high
grade gliomas, observed during neuroimaging, cases of initial misdiagnosis were reported [69, 70].

The results of our investigation clearly point that tumors developed in the rat brains from the
UB7MG cells and the patient GBM cells, as well as the place of T98G cells implantation, are
characterized with a diminished level of lipids, compared to both surrounding and normal brain tissue.
The topographic and spectral analysis showed a noticeable decrease in the total lipid content and changes
of their structure within the area of tumor. These differences were clearly visible on the biochemical
maps obtained with the FTIR imaging and based on them it was possible to distinguish the region of the
glioma from the tissue not affected with the tumor.

Based on the lipid distribution maps obtained for the group U we may conclude that the reduced
lipid level concerns both the solid and debris regions of the tumor. Our observations are in agresment
with the results obtained by Krafft et al. Authors used a near infrared Raman spectroscopy for
examination of the samples of brain tumors, including gliomas. They found that a tumor-affected tissue
contains less lipids than normal brain tissue [60]. Other studies showed that the decrease in the lipid
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content in the glioma is correlated with an increased grade of its malignancy. What is more, a lipid to
protein ratio within the area of the tumor is lower while comparing to the normal brain tissue [71, 72].
This finding is in agreement, also, with our investigation, that showed the clear decrease in the intensity
ratio of lipid massif and amide I band (2800-3000 cm™/1658 ecm™) within the tumors developing from
all the examined GBM cells.

Alterations in the content and structure of lipids, that we observed in the solid regions of the glioma,
may be associated with the development and growth of tumor cells. Both processes are connected with
a higher energy demand, which may lead to the reduction in the lipid content in the proliferating tumor
cells, compared to the normal ones [22, 73].

Another important factor which may influence the lipid content in the tumor tissue may be the
presence of abnormalities in the composition of cell membranes. Changes in their structure were
observed during the tumorigenesis and were associated with the higher grade of glioma malignancy
[74]. One of the key lipid components of the cell membrane, that affects its integrity, are phospholipids.
Their occurrence in the analyzed tissues manifests in the infrared spectra, mainly by the presence of the
absorption band at ~1740 cm™, attributed to stretching vibrations of C=0 groups, as well as the bands
at ~1080 and 1240 em™, which originate from the antisymmetric and symmetric stretch vibrations of
phosphate groups [75]. Analyzing the infrared spectra recorded from the tumors developed from all the
GBM cells, one may notice the lack of the absorption band at 1740 em™. A significant reduction of the
intensity of this band within the area of tumor is also visible in the chemical maps recorded from the
examined tissues. Depciuch ef al., who used FTIR to analyze human glioma samples, made the same
conclusions [56]. Similar observation was done by Beljebbar ef a/. based on the animal model of glioma.
The authors found that the intensity of the 1740 cm™ absorption band is diminished or the band is not
vigible in the tumor spectra [22]. They also suggested that the reduction in the content of some types of
phospholipids (phosphatidylcholine, phosphatidylserine) in the glioma compared to other brain regions
may be caused by their degradation. This, in turn, may affect structural changes of the cell membranes
and finally may lead to disturbances in their functioning [22].

The chemical maps for the spectral region 1360-1480 cm™ correspond to the distribution of fatty
acids, cholesterol esters and cholesterol in the examined tissues. In the arcas of tumor development, a
reduced intensity of this massif, compared to the surrounding and normal brain tissues, was noticed.
Similar observation was made by Beljebbar et al., who found the lack of cholesterol in both the vital
and necrotic region of animal glioma [22]. A decreased level of cholesterol in human brain tumors,
compared to the normal brain tissue, was also reported [60]. Investigations on cholesterol metabolism
in gliomas indicate its alterations in tumor-changed tissues and suggest a potential use of cholesterol-
target therapy [76]. Pinacho-Garcia et /. found that cultured glioma cells, both of animal and human
origin, use cholesterol for synthesis of corticosteroids that influence the tumor progression [77]. Because
of an increased proliferation rate and the associated larger energy consumption, cancer cells require
higher amounts of cholesterol [78]. The elevated demand for cholesterol of cancer cells may result in its
decreased content in tumor compared to the normal tissues. Besides bemng the precursor of many
hormones, cholesterol is one of the major components of the cell membranes and myelin sheaths [79].
Therefore, degradation of these structures or changes in their composition, also may affect the
cholesterol level in the nervous tissue.

The detailed spectral analysis of the FTIR data confirmed the results of the chemical mapping. It
showed, among others, that the development of GBM in the rat brain does not result in the remote
changes in the accumulation of biomolecules, although the spectra recorded from the tumor area
significantly differ from those measured in the surrounding tissues. Moreover, it was found that the
observed spectral anomalies are common for various animal models of GBM. The significance of all
the mentioned spectral differences was confirmed by the statistical analysis, and PCA was successfully
used for this purpose.

In the frame of the study we also verified whether glioma development influences the distribution
of low atomic number elements within brain. Alterations in their accumulation were mainly visible for
the tumors developed from the US7TMG cells. Higher levels of Na and Cl were observed in these tumors,
however one has to take into account the fact that after death rats were perfused with physiological
saline. We may, however, suppose that the glioma cells are characterized by an elevated uptake of these
elements, compared to the normal cells. An increase of Na occurred in the cells with high proliferation
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ability, what may explain its intensified accumulation in the vital region of the tumeor [80]. In turn, in
the necrotic region of the glioma, a decreased accumulation of Mg was observed.

5. Conclusions

The application of FTIR and Raman microspectroscopy allowed us to indicate the changes in the
distribution and the structure of biomolecules that appear in rat brains as the result of GBM development.
The observed anomalies were usually correlated with the histological changes of the tissue and their
extent was dependent on the implanted glioma cell line. Decreased levels of lipids, nucleic acids and
compounds containing carbonyl groups were observed within the regions of GBM growth, as well as
changes in the content and structure of proteins. In addition, the elemental analysis carried out with SR-
XRF revealed that in the most extensive tumors (developed from the US7MG cell line) there is an
increase in the content of Na and Cl and a decrease in Mg compared to the surrounding tissues.
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