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Souhrn

Predkladana disertacni prace se zabyva instrumentalnimi analytickymi metodami
v metabolomice. Metabolomika je védni disciplina umoznujici detailni pohled na celkovy profil
nizkomolekularnich analyti (metabolitl) v biologickych materidlech. Analytické nastroje proto musi
Celit velké rozmanitosti a koncentra¢nimu rozsahu sledovanych analytl pfi vysoké komplexité vzorka.

V prvni €asti je vyvinut novy pfistup pfipravy vzorku na zakladé imobilizované ureasy, ktery
umozniuje maximalni zachovani metabolomu modi pfi eliminaci obvyklych artefaktl a interferentd.
Nové vyvinuta metoda je porovndna s relevantnimi jiz drive publikovanymi postupy (volnou ureasou,
kyselou extrakci do ethylacetatu) a vzorky ponechanymi bez Upravy. Pristup zaloZzeny na imobilizované
urease je Uspésné aplikovan na necilenou metabolomickou analyzu vzorkl moci pacientl s dédi¢nou
metabolickou poruchou - glutarovou acidurii typu | - a zdravych kontrol.

V ramci zaméreni na vicerozmérné separacni metody, zejména GCxGC, je predstaven novy
zpUsob skalovani dvojdimenzionalniho separacniho prostoru, WOSEL (z angl. whole separation space
scaling) zaloZeny na analytické metodé. Pfi aplikaci WOSEL je separacni prostor ohrani¢en mrtvym
¢asem na jedné strané a koncem separacniho zaznamu na strané druhé. Oproti tomu u tradicnich
pristupll je separacni prostor zcela nebo z ¢asti definovan retencnim ¢asem analytd (nejvice a nejméné
zadrZovanym analytem daného vzorku). Oba dfive publikované pristupy jsou proto zavislé na vzorku
pouZitém k optimalizaci. Pti Skalovani pomoci WOSEL lze diky tomu s vyhodou pouZzit jakykoli vzorek
podobného typu. Navic nedochazi ke zkresleni separacniho prostoru (i po Skalovani odpovida vzhledu
chromatogramu).

Dale je pozornost vénovana nalezeni optimalniho zplUsobu urceni ortogonality
dvojdimenziondlnich chromatografickych systém(. Je testovano celkem osm deskriptord, které
ortogonalitu po¢itaji na zakladé odlidnych princip@l. Zadny z deskriptor(i ale neni schopen ohodnotit
homogenitu pokryti (lokdlni ortogonalitu) a rozsah vyuZitého separaéniho prostoru (globalni
ortogonalitu) najednou. Proto je pomoci geometrického priméru zkombinovan nejlepsi deskriptor
lokdIni a globalni ortogonality do nového deskriptoru nazyvaného ASCA (z angl. AN and SC average),
zahrnujici oba aspekty ortogonality. Pomoci tohoto deskriptoru je nalezena optimalni kombinace kolon

pro GCxGC-MS analyzu metabolomu moci a plasmy.



Summary

The thesis deals with instrumental analytical methods in metabolomics. Metabolomics is
a scientific discipline that focuses on the low molecular weight analytes (metabolites) contained in
biological materials. Therefore, analytical tools must face the great diversity and concentration range
of the analytes analyzed and a high sample complexity.

In the first part of the thesis, a new approach to sample preparation based on immobilized
urease is developed, which allows maximum retention of urine metabolome by eliminating common
artefacts. This newly developed method is compared with methods already published (free urease,
acidic extraction into ethyl acetate) and samples left untreated. The approach based on immobilized
urease has been successfully applied to untargeted metabolomic analysis of urine samples from
patients with inherited metabolic disorder — glutaric aciduria type | - and healthy controls.

Focused on multidimensional separation methods, especially GC x GC, a new method of scaling
of a two-dimensional separation space, Whole Separation Space Scaling (WOSEL), is introduced. When
using WOSEL, the separation space in both dimensions begins with the void time and ends with the last
time point of data acquisition. Compared to WOSEL traditional scaling methods applies separation
space delineated by the retention time of the most (and in one case least) retained sample analyte.
Both previously published approaches are dependent on the sample used for optimization. In the case
of WOSEL, any sample of a given (or similar) type of biological material can be used. Moreover, the
space in which orthogonality is calculated corresponds to the perceived quality of the chromatogram
(no separation space distortion occurs).

Furthermore, attention is paid to finding the optimal way of determining orthogonality of two-
dimensional chromatographic systems. A total of eight descriptors are tested that calculate
orthogonality based on different principles. However, none of the descriptors is able to evaluate
homogeneity of coverage (local orthogonality) and the extent of separation space used (global
orthogonality) at once. Therefore, using the geometric mean, the best local and global orthogonality
descriptor is combined into a new descriptor called ASCA (i.e. AN and SC average), encompassing both
aspects of orthogonality. Using this descriptor, an optimal column combination for GC x GC-MS urine

and plasma metabolome analysis is evaluated.



1 Metabolomika

Studiem metabolomu se zabyva véda nazyvana metabolomika. Prostfednictvim specifickych
metabolickych profild studovanych systémG nabizi lepsi porozuméni jejich biochemickym
a patobiochemickym procesiim [1], odhaluje mechanismy onemocnéni [2], identifikuje nové
biomarkery [3] a umoZiiuje personalizovanou lé¢bu onemocnéni [4] ¢i sledovani Ucinkl terapie [2,5].

Metabolomika jako védni disciplina hledd rozdily ve sloZzeni komplexniho profilu
nizkomolekularnich latek mezi alesporni dvéma skupinami vzork( (nejéastéji mezi skupinou pacientt
a zdravych kontrol). Re$i dva zékladni typy problémd: bud' sleduje a porovnavéa abundance predem
vybranych, znamych metabolit( u sledovanych metabolickych drah, tzv. cilena metabolomika, nebo ve
vzorcich vyhledava a zaznamenava vsechny latky vybraného rozsahu molekulovych hmotnosti bez
prvotni znalosti jejich identifikace, tzv. necilend metabolomika [6].

Cilena metabolomika tak prinasi informace o vyuziti substratll a produktld metabolickych
reakci, fungovani metabolickych drah sledovaného biologického systému, umoZriuje popsat a hloubéji
porozumét jeho biochemii a patobiochemii [7]. Oproti tomu necilend metabolomika vzhledem
k obvykle vyssimu pokryti metabolomu umoznuje formulovat nové hypotézy, odhalit nové biochemické
drahy a biomarkery onemocnéni [8]. Oba pfistupy poskytuji z ¢asti komplementarni informace, a proto

se Casto provadéji soucasné.

2 Metabolom moci

Metabolom (Obr. 1) je soubor vsech malych molekul [9] s molekulovou hmotnosti do 1500 Da
[10] pfitomnych v daném okamZikuv biologickém materidlu (organismu, organu, tkani, burice,
mozkomisnim moku, krevni plasmé ci séru, moci, stolici, potu, slzach apod.). Poskytuje dulezitou
informaci o aktudlnim stavu biologického systému (jeho fenotypu), protoZe je odrazem jeho
genetického vybaveni (genomu), aktudiniho stavu (transkriptomu a proteomu), a nakonec také vlivu

prostredi (exposomu) [11].



Postupny vstup z prostfedi: EXPOSOM

Prostredi
Vniteni I I I 1

Mikrobiom mRNA Proteiny Metabolity

Oxidacni stres
Zénéf Epigeneticke Pastiranskripéni Pasttranslacnl
s modifikace & modifikace modifikace
— L, — — ?J?%
4
Transkriptom Proteom Metabclom

- Fenotyp
Postupny vystup GENOMU

Obr. 1: Metabolom jako nejvérné;jsi obraz fenotypu na molekularni Grovni (pfevzato z [11])

Metabolom je heterogenni skupinou chemickych latek, jejichz spoleCcnym znakem je pouze
nizkd molekulovd hmotnost a vyskyt v daném biologickém materidlu. Napf. metabolom c¢lovéka
obsahuje latky 356 rliznych chemickych trid [12]. V moci se vyskytuji pfedevsim latky hydrofilni, zatimco
v krvi pfevazuji lipidy a mastné kyseliny, které v ledvinach do moci témér neprechdzeji. Zastoupeni
hydrofilnich Iatek v moci a séru je téméf identické, presto Ize dle Bouarty a kol. [13] v moci detekovat
priblizné o 500 latek vice neZz v krvi. Pricinou je koncentracni schopnost ledvin, které pfi zpétném
vstiebavani vody neptimo zvysi koncentraci metabolitd v moci az o tfi rady [13,14]. Navic v modi
nefunguji homeostatické mechanismy, proto mohou byt rozdily v hladindch metabolitli mnohem
vyraznéjsi a lépe tak vypovidaji o klinickému stavu organismu [15,16]. To, spolecné se snadnym

(neinvazivnim) odbérem, ¢ini moc¢ vyhledavanym diagnostickym materidlem [14,15,17].

3 Metabolomicky experiment

V metabolomickych experimentech se sleduje zastoupeni mnoha rznych analytd ve vzorcich,
které jsou v pfipadé humannich vzork(l zatizeny wvysokou interindividualni variabilitou (vliv
patofyziologického stavu jedince, vyZivy, ¢asu odbéru, pohlavi, véku, medikace, aj.). VSechny faktory je
nutné zvazit a experiment dobre naplanovat. Spravné planovani experimentu je nejdllezitéjsi casti
metabolomické analyzy [8]. Udéla-li se chyba hned na zacatku experimentu, jeji disledky jsou fatalni,
protoze nasledky malého primarniho omylu se v kazdém dalSim kroku zesiluji, az skonci zkreslenymi
nebo Uplné nespravnymi vysledky [18]. Typické podcenéni designu experimentu obvykle vede k nizké
sile studie.

Kazdy metabolicky experiment (Obr. 2) musi zacit spravné poloZenou otazkou: ,Co chceme

zjistit?” Podle ni se po podrobném studiu literatury (které nam rozkryje, co uz se vi) zvoli biologicky
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material, ve kterém se bude méfit obsah metabolitl. Podle spektra i typu sledovanych metabolitd pak
metabolomicky pristup, zplsob pfipravy vzorku, analyticky systém, metoda analyzy i zpracovani dat

[19]. Na konci experimentu by interpretace vysledk(l méla pfinést odpovéd na Uvodni otazku.

[ Otazka H N?vrh H Vzorky H Analyzﬂa HAnalyzadat Hlnterpretacew
experimentu vzorkd

Obr. 2: Schéma metabolomického experimentu (pfevzato z [19]).

Vlastni provedeni experimentu se pro jednotlivé metabolomické pfistupy vyrazné odliSuje.
Napftiklad pro cilenou metabolomiku se pouzZivaji obvykle kvadrupdlové hmotnostni spektrometry
pracujici s jednotkovym rozliSenim, které na zakladé monitorovani vybranych reakci (angl. ,selected
reaction monitoring”, SRM) v analyzovaném vzorku detekuji predem definované analyty. Proto se
pomoci raznych extrakénich postupl vzorek pripravi tak, aby cilova skupina analytli mohla byt zmérena
co nejpresnéji (potlaceni analytickych artefaktl a vlivu latek pfitomnych ve vysoké koncentraci)
[7,20,21].

V pfipadé necilené metabolomiky se pro detekci pouzivd hmotnostni spektrometrie s vysokym
rozliSenim [6,22], s cilem zachytit ve vzorku pokud moZno komplexni profil pfitomnych analyt( (véetné
neznamych) s vysokou presnosti a spravnosti ur¢eni poméru hmotnosti a ndboje (m/z) [7,22]. Vzorky
se pfipravuji tak, aby se jejich metabolom zménil co nejméné [23], proto je tfeba pouZivat postupy
umo?znujici rychlé zastaveni metabolickych zmén (napf. prudké zchlazeni pti soucasné deproteinaci).
Vzhledem ke sloZeni metabolomu je pfi méreni nezbytny velky dynamicky rozsah analytickych systéma.
JelikoZ je ionizace elektrosprejem viontovém zdroji hmotnostniho spektrometru kompetitivnim
procesem, je silné zavisla na komplexnosti vzorku. BEhem ionizace analytu v pfitomnosti interferentd
(typicky lipidy ¢i soli) dochazi ke kompetici o ndboj z elektrospreje, k poklesu ionizacni ucinnosti
a nasledné pak potlaceni signalu v hmotnostnim analyzatoru. Tento jev se nazyva iontova suprese [24].
Diky tomuto byva instrumentalné narocné zachytit stopova mnozstvi latek v pritomnosti jinych analytl
o vysoké koncentraci (a obecné problém s kvantifikaci).

Druhym velkym uskalim necileného pfistupu je analyza velkého mnozZstvi dat, které tento
pfistup generuje. Jejich zpracovani vyZzaduje mnohem pokrocilejsi chemometrické nastroje, vysoky
pocetni vykon a cas [22,25]. Jednotlivé analyty se identifikuji pomoci spektralnich knihoven nebo

dalsimi analytickymi postupy [25]. Analyticky signal vSak neposkytuji jen analyty, ale i fada artefaktd,
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které se do datovych souborl dostavaji pti pfipravé a analyze vzorku (napf. ftalaty, polyethylenglykol,
thiodiglykol). Tyto kontaminanty lze odhalit prostfednictvim analyzy slepého vzorku - blanku (vzorek,
ktery je zpracovavan stejné jako experimentdlni vzorky; biologicky material je v ném nahrazen
odpovidajicim mnoZstvim vody) a statistickych metod (artefakty jsou v podobné koncentraci pfitomny
ve vSech vzorcich, a tak nejsou hodnoceny jako statisticky vyznamné) [8]. Tento postup nicméné
funguje pouze v pripadé, zZe vsechny vzorky vcetné slepych byly odebrany a pfipraveny zcela identicky,

za pouziti stejné Sarze chemickych reagencii a spotfebniho materialu.

4 Instrumentalni analytické techniky v metabolomice

Velkd chemickd rlGznorodost cilovych latek klade vysoké naroky na analytické nastroje
pouzivané v metabolomice [10]. DuleZitd je dostate¢nd citlivost (< umol.It), velky dynamicky rozsah
méreni (rozdily v koncentracich mezi jednotlivymi analyty jsou az 12 ¥adu [26]), vysoka frakcionacni
kapacita (nékteré ze sledovanych metabolitl jsou si strukturné velmi podobné) a dostatecna stabilita
systému (Casto se méfi série az tisict vzork( [27]).

V soucasné dobé neexistuje analyticky systém, ktery by byl sam schopen méfrit cely metabolom
[17]. Proto se metabolomické studie zaméruji bud na urcitou ¢ast metabolomu (napf. organické
kyseliny) nebo se pouZije kombinace nékolika technik. Pro akvizici dat se vétSinou pouziva nuklearni
magneticka rezonance (NMR) nebo hmotnostni spektrometrie (MS). Zatimco NMR vynikd vysokou
reprodukovatelnosti vysledkd a minimalni pripravou vzorkd [5], MS citlivosti [10]. Frakcionacni kapacita
MS je vsak velmi nizkd, proto byvd spojovdna s nékterou ze separacnich technik: nejcastéji
s kapalinovou chromatografii (LC), méné pak s plynovou chromatografii (GC) a zfidka i s kapilarni
elektroforézou [10]. Nevyhodou GC je zdlouhava priprava vzorku a vyssi detekcni limit (fadové
a separacni ucinnost.

Vsechny vySe uvedené analytické techniky Ize oznacit jako vicerozmérné separacni techniky,
jelikoZz spojuji dva separacni systémy s rlznym principem separace (napf. GC a MS). Pfi analyze
komplexnich vzork( se ve spojeni s MS s vyhodou pouzivaji i dvojrozmérné chromatografické systémy,
ve kterych separace v kazdé z dimenzi probiha na zakladé jiného mechanismu, ¢imz se mnohondsobné
navysi frakcionaéni kapacita [28,29]. Pfikladem takovéhoto systému je dvojdimenzionalni plynovy
chromatograf (GCxGC, Obr. 3), ktery obsahuje dvé sériové usporadané kolony o rlzné selektivité
spojené prostiednictvim modulatoru [30]. Modulator nastfikuje efluent z prvni dimenze do druhé tak,

aby byla zachovana separace v dosazena v koloné prvni dimenze [31]. Modulator proto musi pracovat
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velmi rychle (obvykle s frekvenci 1-4 Hz), kolona druhé dimenze musi byt kratsi nez prvni (30-60m vs.
1-2m) [32]. Také detektor, nejcastéji TOF MS (hmotnostni spektrometr obsahujici hmotnostni
analyzator doby letu — z anglického ,time of flight”), zfidka i plamenny ionizacni detektor (FID) ci
detektor elektronového zachytu (ECD), musi mit vysokou rychlost sbéru dat (az 500 Hz), aby zajistil
dostatec¢nou hustotu dat i pro piky s velmi vysokou separacni Ucinnosti, typické pro GCxGC (Sitka piku
v poloviné vysky 0,05 s). To, zda takovy systém predstavuje benefit pro analyzu konkrétniho typu
vzorku, se ovéfuje mnoha zplsoby. Mezi nejznaméjsi patfi stanoveni miry narlstu pikové kapacity [33]

a urceni ortogonality [31]. V této praci je vyuZito ortogonalniho pfistupu.

- Detektor:
Nastrik FID, ECD, TOFMS
Sekundarni
picka
Hlavni /
pec — /
| B |
L 1L
/ N \
7 \
Kolona 1. dimenze Kolona 2. dimenze
dlouha, nepolarni Ksduistar kratka, polarni

Obr. 3: Obvyklé usporadani dvojdimenziondlniho plynového chromatografu

4.1 Vypocet ortogonality dvojrozmérnych chromatografickych systémd

Ortogonalita (O) je parametr, ktery hodnoti, do jaké miry jsou dimenze daného
vicedimenzionalniho separa¢niho systému odlisné — zda kazda z dimenzi k separaci vyuZiva jinou
vlastnost daného vzorku [31]. Obecné lze fici, Ze ortogonalita vypovidd o tom, zda pfipojeni dalsi
dimenze pfinasi néjakou novou informaci o vzorku. Ortogonalita mlze nabyvat hodnot od 0 do 100 %.
Cim je ortogonalita vy$si, tim je vicerozmérny analyticky systém pro danou analyzu p¥inosnéjsi.

Existuje nékolik desitek zplsobl uréeni ortogonality, které lze podle zakladniho principu

rozdélit do tfi skupin. Prvni skupina stanovuje, jak moc jsou si informace pfinaSené prvni a druhou
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dimenzi podobné. Patfi sem korelacni analyza a pfistupy zaloZzené na informacni teorii (napf.
podminénd entropie). Korelacni analyza (napf. Pearsonova korelace, PC) hodnoti matematickou
zavislost mezi retenénimi ¢asy prvni a druhé dimenze. Cim jsou si podobnéjsi, tim je hodnota
korela¢niho koeficientu vyssi. Ortogonalita se pak spocitd inverzi absolutni hodnoty korelaéniho
koeficientu (r) podle rovnice (Rov. 1, [34]). Vysoce korelované dimenze proto poukazuji na nizkou

efektivitu separace (ortogonalita systému se blizi nule) a naopak.
0=(1-—|r])-100% (Rov. 1),

kde r je korelaéni koeficient.

Podminéna entropie (CE) pocita na zakladé retencnich dat prvni dimenze teoreticka retencni data
dimenze druhé. V podobé veli¢iny O pak vyjadiuje miru shody téchto teoreticky vypocitanych dat s daty
realné zmérenymi druhou dimenzi. Cim vice se shoduiji, tim je ortogonalita systému a tim i separaéni
ucinnost vyssi [35].

Druha skupina ortogonalnich pristupl popisuje kvalitu pokryti separacniho prostoru. Konvexni
obalka (CH, Obr. 4) obkresli pomoci Delaunayova algoritmu plochu obsazenou piky (Sk) a porovna ji

s celkovou vyuZitelnou plochou separacniho prostoru ohraniceného dvéma dimenzemi (Sy, Rov. 2,

[36]).
—
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Retencni ¢as prvni dimenze (min)
Obr. 4: Vypocet vyuziti separacniho prostoru pomoci metody konvexni obalky: Sy - plocha obsazena
piky, St - celkovd vyuZitelnd plocha separacniho prostoru ohrani¢eného dvéma dimenzemi. GCxGC

chromatogram separace solventni nafty, vypocitand ortogonalita systému 54,5 %. Pfevzato z [37].
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0=22.100% (Rov.2),
St

kde Sy - plocha obsazena piky vymezena konvexni obalkou, St - celkova vyuzitelna plocha separacniho

prostoru ohrani¢eného dvéma dimenzemi.

Pfistup zaloZzeny na geometrickém pokryti separacniho prostoru (SC, Obr. 5) rozdéluje
separacni prostor do tolika stejné velkych ctvercd (,bin(“) jaka je nejblizsi celociselnd hodnota
odmocniny z celkového poctu pikl (napf. pro 100 pikd je to 10, pro 148 pikd 12). Pokud je kazdy pik
umistén ve svém ctverci, je systém dokonale ortogonalni (Obr. 5A). Tento stav je viak dosaZitelny pouze
teoreticky. V praxi je nutno zapocitat i Poissonovu konstantu pravdépodobnosti toho, Ze se pik nahodné
trefi pravé do svého binu (Obr. 5B), ktera pro 100 pikd ¢ini 63 % [38]. Ortogonalita se pak spocita podle

rovnice 3 (Rov. 3).

A B) : TFr

5% o q
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Obr. 5: Vypocet ortogonality dle pristupu geometrického pokryti separacniho prostoru: A) Teoretické
maximalni pokryti, B) Praktické maximalni pokryti po zahrnuti Poissonova rozdéleni pravdépodobnosti
nahodnych jev(. Prevzato z [38].
> Bin
= — Rov. 3),
0,63-Y P ( )
kde ). Bin je pocet binl obsazenych alespori jednim pikem, . P je celkovy pocet bin( v separacnim

prostoru.

Hodnota 0,63 vsak neni konstantou, jeji velikost zavisi na poctu pik( v analyze. Watson a kol. [39]
prostiednictvim 2000 simulaci prokazali, Ze pro 100 pikd se jeji hodnota pohybuje v rozmezi od 0,51 do
0,74 (tj. 0,63 v prméru), zatimco pro 2500 pikli od 0,61 do 0,66 (tj. 0,64 v pridméru). Pro nizsi pocet
pikd v analyze nabyva konstanta nizsich hodnot (napf. pro 5 a 10 pikl priimérné 0,47 resp. 0,57). Pokud
je vanalyze vice pikll nez binl (jako napf. ve vyse uvedeném pripadé, kdy je v analyze 148 pikd

a separacni prostor je rozdélen na 12x12 bina), vznika dalsi nepresnost (4 piky, které jsou navic, mohou
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vyplnit 4 biny a uméle navysit ortogonalitu). Rovnici 3 je proto nutné pouZivat v korigované formé
(Rov. 4).

Bin
0= u_f_w (Rov. 4),
kde Y Bin je pocet binl obsazenych alespori jednim pikem, Y. P je celkovy pocdet bin( v separacnim
prostoru a a je pomér pikd k celkovému poctu bind.

Metoda nejblizsiho souseda (NN) méfi pro kazdy pik, jak je od néj v separacnim prostoru
vzdaleny jeho nejblizsi soused [40]. Kvalitu separace pak popisuje priimérna vzdalenost vsech pikl od
jejich nejblizsich sousedl. Cim vy3si je absolutni hodnota priiméru, tim lepsi je separace. Zptsob
vypoctu priméru nejblizsich vzdalenosti zohlednuje zvoleny aspekt separace. Pokud se pouZije
harmonicky pramér (HN, Rov. 5), je vétsi diraz kladen na kratké vzdalenosti. Prostiednictvim HN se

proto hodnoti rovhomérnost pokryti separacniho prostoru (nepfitomnost shlukl pikd). Tento aspekt

separace je oznacovan jako lokalni ortogonalita.

n

HN (dil,diz, ...,din) =T 1 T (ROV. 5),

dll T dlzl e

din

kde di je vzdalenost daného piku od jeho nejblizsiho souseda.

Pokud se poutzije aritmeticky pramér (AN, Rov. 6), jsou naopak zohlednovany velké vzdalenosti.
Prostrednictvim AN se tak hodnoti rozsah vyuzitého separacniho prostoru. Tento aspekt separace je

oznacovan jako globalni ortogonalita.

AN (diy, diy, ... ,di,) = Zatdlet -4l 006,

n

kde di je vzdalenost daného piku od jeho nejblizsiho souseda.

Pfi pouZiti pfistupu zaloZzeného na tzv. hvézdickovych rovnicich (AE) je ortogonalita systému
popsana jako distribuce pik( podél ¢ty os Z,, Z, Z1, Z, (Obr. 5). Pro kazdou z os se pocitd primérna
vzdalenost vSech pikd od dané osy [41]. Ortogonalita systému je pak rovna druhé odmocniné z nasobku

hodnot poskytnutych jednotlivymi rovnicemi (Rov. 7).

0=\Z,"Z_-7,"Z, (Rov. 7),

kde Z., Z,, Z1, Z, jsou distribuce pikd podél stejnojmennych os, vyjadiené jako primeérna smérodatna
odchylka vsech bodl v separaci od hodnoty predstavované danou osou (napf. pro osu Z; a Z; je to

hodnota 0,5, viz Obr. 6).
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Obr. 6: Vypocet ortogonality systému pomoci hvézdi¢kovych rovnic. Pfevzato z [41].

Treti skupina ortogonalnich pristupl zahrnuje metody, které v sobé kombinuji pfistupy obou
predchozich skupin (pokryti separa¢niho prostoru a podobnost informaci ptinasenych prvni a druhou
dimenzi). Jednd se napf. o modelovani (MA), ve kterém se hodnota ziskana pomoci algoritmu pro
geometrické pokryti separagniho prostoru vynasobi inverzni hodnotou koeficientu determinace (r?,
Rov. 8, [42]).

Y Bin
(1-e~*)XP

Kde ). Bin je pocet bin( obsazenych alespon jednim pikem, Y. P je celkovy pocet bin( v separacnim

0= .(1-1% (Rov. 8),

prostoru a o je pomér pikd k celkovému poétu bind, r? je koeficient determinace.

4.2 Skalovani separaéniho prostoru

V jednodimenziondlni chromatografii je zdznamem chromatografického procesu linearni
chromatogram, kdy na ose x je retenéni €as, na ose y je intenzita mérfeného signdlu. Ve
dvojdimenzionalni chromatografii mluvime o separacnim prostoru, ktery je vymezen retencnim casem
prvni dimenze na ose x, retencnim ¢asem druhé dimenze na ose y a intenzitou na ose z. Rozsah prvni
a druhé dimenze se Casto vyrazné odlisuje, zejména v GCxGC (kde je u prvni dimenze je napt. 0-3000 s,
zatimco u druhé 0-4 s). Aby byl kladen stejny dlraz na separaci prvni a druhé dimenze, data se pred
vypoctem ortogonality Skaluji. Vznika tak normalizovany retencni prostor (proto se tento krok

nespravné oznacuje i jako normalizace), ktery ma v obou dimenzich rozsah od 0 do 1 (viz Obr. 6).
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Zaroven se z chromatogramu odstrani nevyuzitelny (nebo nevyuZity — zde se nazory rlzni — viz diskuse)
prostor (viz Obr. 4, kde je vyuZitelny prostor ohranic¢en zelené).

Skalovéni se provadi pomoci dvou réiznych algoritm(. Prvni z nich Ize oznadit jako ,void-max*
(z anglického ,,void time” — mrtvy ¢as a ,maximal retention time” — nejvyssi retencéni cas), protoze
dvojdimenziondlni separacni prostor je vkazdé z obou dimenzi ohranicen mrtvym casem dané
dimenze (to) a maximalnim retenénim casem analytu, kterého bylo v dané dimenzi pfi dané separaci
dosazeno (tmex) [43]. Toto Skdlovani je ze vSech nejstarsi, Casto (zvlasté ve starSich pracich) byva

oznacovano i jako normalizace podle prlimérné retence [44]. Retencni Casy se pri jeho aplikaci

prepocitaji podle rovnice 9:

X(A) = L)ty (Rov. 9),

tr(max)—t,
kde X(A) je normalizovany retencni Cas latky A, t(A) je retencni Cas latky a v dané dimenzi, tp je mrtvy

Cas dané dimenze, t,.(max) je maximalni retencni Cas, kterého bylo v dané dimenzi dosazeno.

evvs

retencni Cas a ,maximal retention time” — nejvyssi retencni Cas). Pfi jeho aplikaci se retencni ¢asy prvni
a druhé dimenze skaluji podle retenéniho casu nejméné a nejvice zadrzované latky (Rov. 10).
tr(A)—t,(min)
X(A) = — u (Rov. 10),

tr(max)—t,(min)

kde X(A) je normalizovany retencni Cas latky A, t.(A) je retencni ¢as latky A v dané dimenzi, t,-(min) je

retencni ¢as nejméné zadrzovaného analytu, t,.(max) je reten¢ni ¢as nejvice zadrzovaného analytu.

4.3 Dimenzionalita vicerozmérnych separaci

U vicerozmérnych separaci se setkdvame se dvéma druhy dimenzionality: dimenzionalitou
vzorku [45] a dimenzionalitou separaéniho (chromatografického) systému [30]. Oba druhy
dimenzionality spolu Gzce souvisi, nebot nejvice analytickych informaci o vzorku ziskame tehdy, kdyz
se dimenzionalita vzorku a systému shoduje [45].

Dimenzionalita analytického systému je dana poctem spraZzenych separacnich dimenzi. Nardst
frakcionaéni kapacity systému jde vSak na vrub jednoduchosti datového vystupu. Proto béiné
analytické systémy maji dimenzionalitu ztidka vyssi nez 2.

Dimenzionalita vzorku je souhrnem vsech vlastnosti analytt vzorku, které mohou pfispét k jeho

chromatografickému chovani [45]. Jednodimenzionadlni vzorky jsou tvorfeny vyhradné latkami stejné
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chemické tridy, které jsou se stacionarni fazi schopny interagovat pouze pomoci jediného mechanismu.
Prikladem jednodimenzionalniho vzorku je smés alkand. K jejich separaci dochazi vyhradné na principu
Londonovych disperznich sil. PouzZiti vicedimenzionalniho systému nemd pro jejich analyzu Zadny
pfinos, protoZe pfidani dalSi separacéni dimenze nemiZe o vzorku pfinést Zadnou novou informaci
(analyty vzorku s ni bud' interaguji stejné jako s prvni dimenzi nebo s ni neinteraguji vibec). Analyty
takovychto vzork(l tvofi na 2D chromatogramu uzky pas (bud ve formé uhlopficky (Obr. 7A) nebo
rovnobézny s jednou z os).

Dvojdimenzionalni vzorky (napf. smés alkoholll) jsou schopny se rozdélit na zakladé dvou
raznych separacnich mechanism( (Londonovy disperzni sily v prvni dimenzi a vodikové vazby v dimenzi
druhé). Takovéto vzorky, které maji stejny pocet dimenzi jako pouzity chromatograficky systém, se
oznacuji jako nizkodimenzionalni [45]. Poskytuji strukturované chromatogramy (Obr. 7B), které lze
s vwhodou pouzit k identifikaci nezndmych latek [46], nebot analyty homolognich sérii v nich tvofi

skupiny nebo linie [45].
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Obr. 7: Typicky vzhled 2D chromatograml A) jednodimenziondlnich, B) dvojdimenzionalnich,
C) vysokodimenzionalnich vzorkd pti separaci dvojdimenziondlnim separa¢nim systémem (prevzato

z[30,45]). X, Y — normalizovany retencni ¢as prvni a druhé dimenze.

Vétsina realnych vzork( vSak patfi mezi vzorky vysokodimenzionalni, jejich dimenzionalita je az
o tfi rady vyssi nez dimenzionalita separacniho systému [45]. Typickym prikladem je metabolom modi,
ktery obsahuje tisice latek [13] rGznych chemickych tFid (m.]j. organické kyseliny, aminokyseliny, puriny,
pyrimidiny, acylkarnitiny, acylglyciny, polyoly). Funkéni skupiny téchto latek riznou mérou interaguji se
stacionarni fazi prvni a druhé dimenze, proto chromatogramy vysokodimenzionalnich vzork( postradaji
vnitfni strukturu, cely 2D separacni prostor je pokryt piky analytl (Obr. 7C). Z Giddingsova [45] odhadu
10 000 rdznych interakci analytd vysokodimenziondlnich vzork(i se stacionarni fazi je zfejmé, ze

interpretace jejich chromatogrami je pomérné obtizna. Nastésti ne vSechny funkéni skupiny analytd
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interaguji se stacionarni fazi stejnou mérou. Ve vzorku je celd fada takovych, které se stacionarni fazi
interaguji jen velmi slabé. Na chromatogramu se tyto interakce témér neprojevi. Vzorek se pak
chromatograficky chova tak, jako by jeho dimenzionalita byla mnohem nizsi. Tohoto jevu, jemuz se fika
»Zjevna dimenzionalita” (z angl. ,,apparent dimenzionality”), lze vyuZit k analyze komplexnich vzork(.
Pfi ni se vzorek upravi tak, aby byla jeho dimenzionalita co nejnizsi, ale stale takova, aby doslo
k dosazeni cile analyzy. Tomuto druhu dimenzionality se fika , pozadovana dimenzionalita® (z angl.
»required dimenzionality”). Rutinné se uz mnoho let vyuziva v aplikacich, kde cilem analyzy je pouze
urcita (v biomediciné napt. diagnosticky vyznamnad) skupina latek. Pfikladem je analyza organickych
kyselin v moci, pfi které se pouziva kysela extrakce do ethylacetatu. Diky ni jsou pak analyzovany pouze
latky, které pfi pH 1-2 prejdou do organické faze [20]. VSechny ostatni latky pfitomné v moci nejsou pfi

diagnostice organickych acidurii podstatné a mohou byt opomenuty.

5 Sbér a priprava vzorkd

Spravny pocet vzorkl se pro konkrétni metabolicky experiment zvoli tak, aby byla dostatecna
sila studie [47]. Skupina vzorkd pacientl musi byt pokud moZzno homogenni (napf. stejny typ nadoru
nebo stejna metabolicka porucha, obdobna nutrice, nepritomnost infekce, podobny vék a pohlavi).
DulezZity je i vybér vzorkl pro kontrolni skupinu. Kontrolni vzorky by mély byt sbirany ve stejnou dobu,
na stejném misté, do stejnych odbérovych nadob a skladovany stejné, jako vzorky pacient(l. Vybér
téchto vzork( také musi respektovat povahu studie, aby se napf. nestalo, zZe kontrolni skupinou pro
nalezeni biomarker( pro diagnostiku karcinomu prostaty budou jedinci s opaénym pohlavim a jinym
vékem [48]. Kontrolni subjekty by obecné mély byt stejného véku, pohlavi a nutrice jako studované
subjekty [49].

V metabolomice se velky diraz klade na preanalytickou fazi, nebot sledované metabolity
nebyvaiji vidy stabilni [50]. Kritickym obdobim byva ¢asovy interval od samotného odbéru do zamrazeni
vzorku [51] a dale pak i vlastni pfiprava vzorku k analyze [49]. Obecné maiji byt tyto intervaly byly co
nejkratsi a pro vSechny vzorky stejné. DuleZité je také spravné skladovani vzorku. Vzorky se obvykle
skladuji pti-80 °C [27]. Ale ani tyto podminky nejsou vZdy dostatecné pro zabranéni zmén metabolomu
predevsim pfi dlouhodobém skladovani vzorkd. Vlastni priprava vzorku se odviji od povahy
studovanych metabolitl, analyzovaného materidlu, zvoleného metabolomického pfistupu, analytické
techniky a metody analyzy [11].

Pro analyzu vzork( plasmy a séra pomoci LC-MS se priprava obvykle sestava pouze z odstranéni

protein( precipitaci (tzv. deproteinace). Volba precipitacniho cinidla je rozhodujici pro spektrum

20



analytl pfitomnych ve vzorku [52-57]. Napriklad pfi pouZiti smési methanolu s ethanolem v poméru
1:1 spolecné s proteinasou K misto nejcastéji pouzivaného 80% methanolu se vyznamné zvysi obsah
hydrofobnich metabolitl ve vzorku [53]. Pfi zpracovani bunécnych kultur se burniky omyji od zbytku
kultivacniho media, zastavi se jejich metabolismus (tzv. quenching), nakonec se rozrusi jejich
membrany a uvolni bunécny obsah [58,59]. Moc predstavuje ve srovnani s plasmou a burikami méné
komplexni biologicky materidl, navic s velmi malym obsahem protein( [60]. Proto se pfi pfipravé pro
kapalinovou chromatografii ¢asto pouze fedi na stejnou koncentraci kreatininu ve vSech vzorcich
(korekce na rtznou hydrataci organismu) [15] a nasledné filtruje.

Pripravu vzork(l moci pro plynovou chromatografii komplikuji dva jevy: kapalné skupenstvi
vzork(l (separace probihd v plynné fazi) a pfitomnost mocoviny (coby nejvice zastoupené slozky
matrice). Pfevod analytl do plynného skupenstvi usnadnuje derivatizace. Derivatizacnich postupl je
znama cela rada. Nejpouzivanéjsi je trimethylsilylace, ktera zvysuje tékavost sloucenin tim, Ze nahrazuje
kyselé vodiky, schopné tvofit vodikové vazby, trimethylsilylovou skupinou [20,61]. Pfi pouZiti této
metody vSak neni mozné od sebe rozliSit ketony a enoly. Proto se pted trimethylsilylaci provadi jesté
oximace, ktera fixuje ketony tim, Ze kyslik nahradi dusikem, na néjz je pres kyslik navazan substituent
(nejcastéji methyl- i ethyl- [62]).

Mocovina je ze vzorkl odstrafnovdna zejména dvéma rliznymi zpUsoby: bud pomoci kyselé
extrakce do organického rozpoustédla, kam jako kladné nabita latka prechazi jen v omezené mire [20]
(viz kapitola 4.3), a nebo za pouZiti ureasy [63—65]. Ureasa je enzym, ktery z endogennich metabolitl
$tépi pouze mocovinu za vzniku amoniaku a vody. Hladinu ostatnich metabolitl ureasa ovliviiuje pouze
neprimo. Nejprve pri vlastni enzymatické reakci, kde plsobi zménu pH a tim ovliviiuje rozpustnost
analyt(, pak pfi jejim odstranovani z reakcni smési (nejcastéji deproteinaci ledovym methanolem).
Methanol plsobi castecné jako extrakéni cCinidlo, a tak méni profil metabolitd [66]. Navic po
deproteinaci zUstava ve vzorku fada artefaktd, které komplikuji vlastni GC-MS analyzu [63].

Sérum [67] i plasma [68] se obvykle deproteinuji methanolem a stejné jako bunécny obsah
[59,69] se pfed GC-MS analyzou odfoukaji pod proudem dusiku, pfipadné lyofilizuji. Nasleduje
dvoustupnova derivatizace (oximace, trimethylsilylace).

Vzorky se méfi v ramci jedné sekvence, a to v nahodném poradi (angl. ,randomized order”) [7].
S kazdou sérii vzorkd jsou vidy analyzovany blanky a také kontrolni vzorky (oznacované jako ,QC*,
z anglického ,,quality control®), které sleduji stabilitu pouzitého analytického systému [27,70]. Kazdy QC
je pripraven smisenim alikvotniho podilu kazdého vzork( daného experimentu. Méreny signal analyt(

se ¢asto méni v ¢ase. Vzorky mérené na zacatku experimentu Casto poskytuji vyssi odezvu nez vzorky
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mérené na jeho konci. Je-li v pribéhu experimentu v pravidelnych intervalech méfen stejny vzorek
(QQ), I1ze odezvy analytl ve vzorcich na zakladé jejich odezvy v QC matematicky korigovat polynomem

(pomoci techniky LOESS — z anglického ,locally estimated scatterplot smoothing”) [27].

6 Vyhodnocovani metabolomickych dat

Datové soubory vyhodnocované v metabolomickych studiich jsou komplexni, obsahujici stovky
proménnych (abundance jednotlivych metabolitl) od desitek aZ stovek pozorovani (vySetfovanych
subjektl - vzork() [71]. Nelze je tedy jednodusSe vyhodnotit. Navic surova data poskytovana
analytickymi systémy jsou zatizena radou jevd, jako je nestabilita analytického systému béhem méreni,
pritomnost artefaktli, vznik vice forem stejného metabolitu (napf. u GC-MS obvykle izomery,
derivatizaéni produkty, izotopy, fragmety). Casto také (jako typicka biologickd data) nemaji normalni
rozdéleni. Proto vlastnimu vyhodnoceni dat pfedchazi jejich pfedbéind analyza a Uprava [58]. Patfi do
ni napf. nastaveni zakladni linie hladiny Sumu, spravné zarovnani pik( analytd (angl. ,peak alignment”),
nahrazeni chybéjicich hodnot, nastaveni parametrd integrace pikd [72,73]. Namérena data (plochy
pikd) se pak pomoci LOESS (viz kapitola 3) upravi tak, jako by analyticky systém poskytoval stabilni
odezvu. Analyty, které v QC vzorcich i po tomto kroku vykazuji variabilitu vyssi nez 30 %, jsou vylouceny
z dalsi analyzy [74]. LOESS navic data i Skaluje (pfevede abundanci proménnych na stejné méfritko).

Déle se data upravuji transformaci: nej¢astéji pomoci clr (z anglického ,centered log ratio”,
[21,75-77]), aplikaci PQN (z anglického , probabilistic quotient normalization®, [72,78]) ¢i tradi¢ni
logaritmizaci [79], aby ziskala normalni rozdéleni [80]. Dalsi Upravou dat, kterd se pred pouzitim
vicerozmérnych analyz provadi, je centrovani dat. Pfi centrovani je od plvodni hodnoty odecitan
pramér proménné, ¢imz zajisti, Ze stfedni hodnotou, kolem které osciluje sledovana proménna, je nula
[58]. Nasleduje prizkumova analyza dat, ktera zahrnuje testovani datového souboru na normalitu,
korelace, homogenitu a uréeni odlehlych hodnot [81]. Tento krok je nezbytny pro spravny vybér
statistickych test(. Pokud maji data normalni rozdéleni, Ize pouzit parametrické testy (napt. t-test),
v opacném pripadé je nutné pouzit neparametrické testovani (napt. Mann-Whitney(v U-test).

Vlastni analyza dat metabolomického experimentu je pak kromé jednorozmérnych
statistickych metod provedena vicerozmérnymi statistickymi metodami, a to ve Ctyrech krocich:

1) Nalezeni takovych kombinaci plvodnich proménnych, které co nejlépe
vystihuji proménlivost plGvodnich dat. Tyto nové proménné se oznacuji jako hlavni

komponenty, jsou na sebe kolmé a vznikaji linedrni kombinaci plivodnich dat. K interpretaci se vétsinou
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pouZzivaji prvni dvé, které vystihuji nejvice variability v datech (Obr.8). Navic umoznuji zobrazit data

v roviné [81].
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Obr. 8: Indexovy graf Upati vlastnich Cisel (angl. ,,scree plot”) zobrazujici hlavni komponenty a procenta
vysvétlené variability. Prvni dvé komponenty vysvétluji 88,62 % variability. Vlastni data (stanoveni

nejvhodnéjsiho algoritmu pro vypocet ortogonality 2D analyzy nizkodimenzionalnich vzork).

2) Hledani vztahl mezi proménnymi (tfidéni do shlukl podle podobnosti). Pro
odhaleni trendu v datech se pouZije nefizena (algoritmicka) metoda (angl. ,unsupervised”), napft.
analyza hlavnich komponent (PCA), ktera nema informace o pfislusnosti vzork( k jednotlivym skupindm
(napf. pacientll a zdravych kontrol). Jedna se vlastné o prizkumovou analyzu vicerozmérnych dat [82].
Grafickym vystupem PCA je obvykle rozptylovy diagram komponentnich skér (angl. ,score plot“), graf
komponentnich zatézi (angl. ,loading plot“), pfipadné dvojny graf (angl. ,biplot“, Obr. 9), ktery
kombinuje oba predchozi grafy [58]. Na rozptylovém diagramu komponentnich skor je kazdy subjekt
(pacient, kontrola) vyjadren jako bod (charakterizujici vSechny proménné = analyty daného subjektu)
promitnuty do roviny zobrazenych hlavnich komponent. Subjekty se podobnymi profily analyt tvofi
na rozptylovém diagramu komponentnich skér shluky. Graf komponentnich zatézi pomoci vektor(
(,,Sipek”), které maji pocatek v priseciku obou hlavnich komponent, ukazuje, do jaké miry dany analyt
ovliviiuje hlavni komponenty. Cim delsi je dany vektor, tim vétsi vliv dany analyt na hlavni komponenty
ma. Uhly, které mezi sebou vektory sviraji, vyjadiuji vztahy mezi analyty: jsou-li vektory viceméné
soubézné (uhel je maly), jednda se o pozitivné korelované analyty, sviraji-li pravy udhel, jde

o nekorelované analyty, sviraji-li Uhel okolo 180 °, jednd se o negativné korelované analyty.
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Obr. 9: Graficky vystup PCA: dvojny graf jako kombinace rozptylového diagramu komponentnich skére
(osa vlevo a dole) a grafu komponentnich zatéZi (osa vpravo a nahorte). Ciselné hodnoty vedle popisu
os udavaji procenta vysvétlené variability danou komponentou. Jedna se o cilenou metabolomickou
analyzu aminokyselin ve vzorcich plasmy pacientt s rdznymi metabolickymi poruchami. Prevzato z [21].
Rozptylovy diagram komponentnich skér ukazuje, Ze vzorky pacientl se stejnym onemocnénim (napf.
fenylketonurii, PKU) se shlukuji a Ze vzorky pacientl s PKU a leucinézou (MSUD) se od ostatnich nejvice
lisi. Graf komponentnich zatézi ukazuje, Ze vzorky s PKU nejvice odliSuje hladina fenylalaninu (Phe),

zatimco v pfipadé MSUD je to soucet leucinu a izoleucinu (xLeu) a valin (Val).

3) Hledani rozdild mezi skupinami. Rozdily mezi skupinami jsou stanoveny pomoci
diskriminacni analyzy na zakladé metody castecnych nejmensich ¢tverct (PLS-DA, z angl. ,partial least
squares discriminant analysis“ [76,83]). PLS-DA promitne pomoci metody nejmensich ¢tvercl data do
novych (tzv. latentnich) proménnych a tim i do nového (linedrniho) prostoru [84]. Diskrimina¢ni analyza
potom ovéfi, zda se od sebe pfedem definované skupiny (vétSinou jen 2, napf. pacienti a kontroly)
skutecné odlisuji a identifikuje proménné (analyty), které nejlépe popisi rozdily mezi nimi. Také najde
celkovy trend pro danou skupinu bez ohledu na interindividualni rozdily mezi subjekty v ramci skupiny
[83]. Jedna se o metodu fizenou (heuristickou, angl. ,,supervized”), na jejimz zac¢atku je nutno zadat

pfislusnost kazdého vzorku k té které skupiné. Grafické vystupy PLS-DA jsou obdobné jako u PCA:
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rozptylovy diagram komponentnich skoére, graf komponentnich zatézi a dvojny graf. Navic se zde
vyskytuje graf vyznamnosti proménnych v projekci pouZzité pro PLS-DA model (VIP, z angl. ,variable
importance in the projection”) ukazujici VIP skére jednotlivych proménnych (analyt, Obr. 10)
a vypovida o tom, jak moc dana proménna pfispiva k tvorbé modelu [85,86]. VSechny analyty s VIP>1
jsou ze statistického hlediska signifikantni [85,87]. Toto kritérium vSak nelze zobecnit, protoze je zavislé
na povaze konkrétnich dat [88]. Z biologického hlediska jsou za signifikantné zvySené ¢i snizené

povazovany proménné s VIP>2 [89].
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Obr. 10: VIP graf zobrazujici VIP skére proménnych PLS-DA modelu. LC-MS/MS analyza organickych
kyselin v séru pacientl s glutarovou acidemii I. typu a zdravych kontrol (vlastni nepublikovana data).
Analyty zvySené u pacientll s GAl jsou vyobrazeny zelené, analyty zvySené u zdravych kontrol modre.
Analyty s VIP>2 jsou zbiologického hlediska signifikantni: glutarylkarnitin, 3-hydroxyglutarat

a 3-hydroxybutyrat (prvni 3 zleva).

4) Ovéreni zavérlQ vicerozmérné analyzy. Tento krok je nezbytny, protoZze vicerozmérné

statistické metody mohou pfi projekci veskeré proménlivosti v datech do vétSinou dvou hlavnich
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komponent data zkreslit. Pri¢inou mize byt napf. nespravné zvolené skalovani proménnych (které
neodpovida strukture dat), na které je PCA velice citlivd [82]. V nékterych pfipadech lze chybu ve
statistickém vyhodnoceni dat odhalit jiZ ze samotné PCA, kdyZ napf. data misto shlukl vykazuji linearni
trend a tvofi na rozptylovém diagramu komponentnich skére podkovu (angl. ,horseshoe effect”

[90,91], Obr. 11).

PC2~- 1747%

PC1 - 2023 %, Cumulative = 37.7 %

Obr. 11: Chybny PCA model poukazujici na linearni trend v datech (vlastni data, cilend LC-MS/MS

analyza krevnich skvrn; P-pacienti, K-kontroly)

Ve vétsiné pripadl ale byvaji chyby modelu skryty. Proto je tfeba zavéry vicerozmérné analyzy dat
ovéfit na jednorozmérnych datech (jednotlivych analytech). Ktomu se svyhodou pouZivaji napfr.
krabicové grafy (Obr. 12), které vizualizuji data pro danou proménnou pomoci kvartild. Krabice grafu je
dole tvofena 1. a nahofe 3. kvartilem, vnitfni ¢ast krabice protind median. Vousy, vychazejici ze stfedu
horni a dolni ¢asti krabice smérem nahoru a dold, vyjadfuji variabilitu dat nad tfetim a pod prvnim
kvartilem. Mimo vousy se mohou vyskytovat odlehlé hodnoty (angl. , outliery”) jako jednotlivé body.
Pfi ovérovani zavérQ vicerozmérné statistické analyzy se zobrazuji krabicové grafy reprezentujici
distribuci abundanci daného analytu v ramci skupiny pro jednotlivé skupiny vedle sebe. U signifikantné
odliSnych metabolitd je na prvni pohled patrny rozdil mediand, ani interkvartilovd rozpéti se

neprekryvaji.
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Obr. 12: Krabicové grafy porovnavajici hladinu glutarylkarnitinu a 3-hydroxyglutaratu v séru zdravych
kontrol, pacientd s MSUD a GAIl. Oba biomarkery signifikantné odlisné pouze u GAIl, zatimco pro MSUD

ne. Jedna se o prvni 2 analyty z VIP plotu na Obr. 10, zobrazujicim porovnani GAl a kontrol.

27



7 Cile prace

Cile disertacni prace lze shrnout do nasledujicich boda:

I. Vyvinout pristup pripravy vzorku pro analyzu metabolomu pomoci GC-MS zaloZeny na urease
imobilizované na magnetickych mikrocasticich a porovnat jej s dalSimi metodami pfipravy vzorku

(kyselou extrakci do ethylacetatu, volnou ureasou, vzorkem bez Upravy).

Il. Vyvinout zpUsob skalovani 2D separacniho prostoru, ktery by co nejvérnéji odrazel vyuzitelny

separacni prostor a byl nezavisly na vzorku, pouZzitém pro optimalizaci.

IIl. Najit nejvhodnéjsi zplsob urceni ortogonality pro nizkodimenzionalni a vysokodimenzionalni vzorky.
IV. Pomoci ortogonality urcit nejvhodnéjsi kombinaci kolon pro GCxGC analyzu moci a porovnat ji
s kombinaci pro plasmatické vzorky.

Reseni cil@i vedlo k publikaénim vystupdm:

Jaroslava Jac¢ova, Miroslav Jofenek, Kristyna PospiSkovd, Lukas Najdekr, Ludmila Zajoncovd, David
Friedecky, Tomas Adam: Urease-immobilized magnetic microparticles in urine sample preparation for
metabolomic analysis by gas chromatography-mass spectrometry, odeslano do J Chromatogr A
Jacoval, Gardlo A, Dimandja JD, Adam T, Friedecky D: Impact of sample dimensionality on orthogonality
metrics in comprehensive two-dimensional separations. Anal Chim Acta. 2019 Aug 8;1064:138-149. doi:
10.1016/j.aca.2019.03.018. Epub 2019 Mar 12.

Jacova J, Gardlo A, Friedecky D, Adam T, Dimandja JD: Sample-independent approach to normalize two-

dimensional data for orthogonality evaluation using whole separation space scaling. ) Chromatogr A.

2017 Aug 18;1511:1-8. doi: 10.1016/j.chroma.2017.06.076. Epub 2017 Jul 3.
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8 Imobilizovana ureasa pro GC-MS metabolomiku moci

Mocovina komplikuje GC-MS analyzu, protoze jako konecny produkt metabolismu bilkovin je
v moci pfitomna ve vysoké koncentraci. Pri pripravé vzorku pak dochazi ke kompetici mezi analyty
a mocovinou pfi derivatizaci, a tak je fada analytd derivatizovana jen ¢astecné anebo vibec. V separaci
jsou misto jednoho derivatizacniho produktu daného analytu pfitomny dva nebo vice, coZ ma zasadni
vliv na limit detekce téchto latek. Volné vodikové atomy nederivatizovanych skupin se ireverzibilné vazi
na povrch staciondrni faze, ¢imz se zhorsuje tvar piku analytu i Zivotnost kolony [92]. Samotna mocovina
v koloné plisobi jako separaéni interference: vyvolava pretizeni kolony, jeji tfi piky (nederivatizovana
mocovina, mocovina derivatizovana dvéma a tremi trimethylsilylovymi (TMS) skupinami) maskuji radu
analytl a tim znesnadnuji jejich detekci ¢i kvantifikaci. Proto je nezbytné obsah mocoviny pred GC-MS

analyzou modi snizZit nebo ji zcela odstranit.

8.1 Metody pfipravy vzorku pro analyzu metabolomu modéi pomoci
GC-MS

Tradi¢nim a dosud rutinné pouzivanym pristupem pro pripravy vzorku moci pro GC-MS analyzu
je kysela extrakce do ethylacetatu [20]. Mocovina je prfi pH 1-2 ionizovana, a tak do ethylacetatu
pfechazi jen v omezené mite. Zaroven viak dochdzi k ionizaci a tim i snizené extrakci celé fady dalSich
metabolitl moci (napf. aminokyselin, hydroxykyselin, acylglycin(, acylkarnitin(, purin(, pyrimidin).
Metabolom modi se tak vyrazné zméni. Navic Ucinnost extrakce je proménlivd, coz ma za nasledek
vysokou analytickou variabilitu.

Alternativnim pristupem je aplikace ureasy [63,64,92—94], enzymu izolovaného z kanavalie
mecovité (Canavalia ensiformis, nékdy téz nazyvané bob konsky nebo fazole gotani). Tento enzym
ze tfidy hydrolas (E.C. 3.5.1.5) rozklada mocovinu na oxid uhlicity a amoniak (Obr. 13) [95,96]. Je vysoce
specificky, z dalSich substratl hydrolyzuje pouze hydroxymocovinu (Iék pro Iécbu klinické myeloidni
leukémie [97]) na HCO3, NHZ a NH,OH [96]. Tento pfistup ma tfi hlavni nevyhody: je pomé&rné pracny
[64,92], zanasi do analyzy fadu artefaktl (prevazné pfi odstrariovani ureasy deproteinaci) [63,64,66,93]
a vyvoldva zmény hladin nékterych metabolitll [63,98]. Vtéto praci je nové vyuZito ureasy
imobilizované na magneticky nosic. Je u ni testovan vliv imobilizace na dalsi nakladani, mnozstvi

artefakt(l a na metabolom moci jako celek a porovnan s ostatnimi pfistupy pripravy vzorku.
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Obr. 13: Ureasou katalyzovana hydrolyza mocoviny. Aktivni misto pro navazani mocoviny je tvoreno
histidinem (H320), ktery slouZi jako donor vodikovych atomd. Prvni atom Ni?* se chovd jako Lewisova

kyselina a aktivuje karbonylovy kyslik (Ni-1), druhy atom Ni?* véZe vodu (Ni-2). P¥evzato z [96].

8.2 Material

N,O-bis(trimethylsilyl)trifluoroacetamid s 1 % trimethalchlorosilanu (BSTFA), ethylacetat,
O-ethylhydroxylamin hydrochlorid, pyridin, 4-fenylbutyrat (interni standard, IS), standardni smés
alkant pro testovani GC systémU (standard Cio-Cs), ureasa (praskova, typ IX, 50,000-100,000
jednotek/g pevné latky, oznaceni U4002), mevalonat sodny, mevalonolakton, N-acetylaspartat,
a rouzpoustédla pro LC-MS (voda, methanol, acetonitril a hydroxid amonny) jsou zakoupeny od Sigma-
Aldrich (St. Louis, Missouri, USA), chlorotrimethylsilan (TMCS) od Merck KGaA (Darmstadt, Spolkova
republika Némecko), bezvody siran sodny, chlorid sodny a kyselina chlorovodikova od mikroCHEM
(Pezinok, Slovenska republika), hexanoylglycin od VU Medical Center (Amsterdam, Nizozemské
kralovstvi) a kontrolni standardni vzorek Control Organic Acids (COA) od MCA Laboratory (Winterswijk,
Nizozemské krélovstvi, Cislo Sarze 2013.007), vsSechny alespori v analytické Ccistoté. Ureasa

imobilizovana na magnetické mikro¢dstice byla vyvinuta na Katedre biochemie Pfirodovédecké fakulty

Univerzity Palackého v Olomouci [99].

8.3 Vzorky

V experimentu je pouZito dvou typU vzork(: kontrolniho materidlu na bazi lidské moci (COA,
z angl. ,control organic acids”), do které byla vyrobcem pridana zndama koncentrace 23 metabolitQ
(Tab. 1), a redlnych modi pacientll s glutarovou acidurii typu | a zdravych kontrol. COA je skladovan
v lednici (4 °C), pfed pouZitim rekonstituovan 10 ml vody pro LC-MS, uzavien zatkou a ponechan 15 min

pfi pokojové teploté. Poté je 20 min promichavan na rolovaci tfepacce. Realné vzorky modi jsou co

30



nejdrive po odbéru zamraZeny a skladovany pfi -80 °C. Pro analyzu je u obou typU vzorkl pouZit objem

odpovidajici koncentraci kreatininu 1 mmol.I™.

Tab. 1: Analyty obsazené v COA a jejich koncentrace stanovené rutinnimi uZivateli. Koncentrace
kreatininu je 4,04 mmol.I"%.

Analyt Konsensualni hodnota | 95% konfidencni Ocekavané rozmezi
[umol.I*] interval laboratornich vysledk

2-hydroxyglutarat 185 169 - 201 115-225
3-methylglutarat 66 63 —-69 54 -78
3-hydroxy-3-methylglutarat 143 107 - 179 5-281
3-hydroxyisobutyrat 103 76 —130 3-203
3-hydroxyisovalerat 188 168 — 208 101 -275
4-hydroxybutyrat 83,4 67 — 100 16 - 151
Adipat 176 165 -187 126 - 226
Glycerat 548 474 - 622 252 -844
Ethylmalonat 58 54 - 62 40-76
Fumarat 61,3 57 - 66 42-380
Glutarat 104 98 -110 75-133
Glykolat 192 177 - 207 123 -261
Hexanoylglycin 36,2 33-40 23-50
2-oxoglutarat 207 189 -225 128 - 286
Malat 118 101-135 59-177
Methylmalonat 794 741 —-847 529 - 1059
Mevalonat 397 351-443 225 -569
N-acetylaspartat 635 525-745 175 -1095
Pyroglutamat 494 415 -573 159 - 829
Sebakat 176 161-191 108 — 244
Suberat 146 137 -155 104 - 188
Tiglylglycin 86,6 77 -96 51-122
Vanillaktat 39,3 31-48 16 -62
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8.3.1 Priprava vzorkd COA pro GC-MS analyzu

Vzorek COA je pro GC-MS analyzu pripraven 4 rliznymi metodami (vZdy 6 replikatd + blank pro

kazdou metodu):

1)

2)

3)

Kyselda extrakce do ethylacetatu (EX): 495 pl COA je napipetovano do zabrusové
sklenéné zkumavky obsahujici 20 pl IS (2,11 mmol.I't v methanolu), poté je pfidana mald IZi¢ka
O-ethylhydroxylamin hydrochloridu (pfiblizné 0,03 g) a objem vzorku doplnén vodou do 2 ml.
Po 30 min stani pfi pokojové teploté jsou pridany 3 kapky HCI (1:1) a jedna IZzicka NaCl (1,0 g).
Extrakce do 4 ml ethyacetatu je provedena tfikrat: po 10 min tfepdni na tfepacce je odebrana
horni vrstva a prenesena do zkumavky. K 12 ml extraktu ve zkumavce je pfidana lZi¢ka
bezvodého Na,SO. (1,0 g), obsah zkumavky dobfe promichan. Po 10 min stani pfi pokojové
teploté je roztok dekantovan do Cisté zkumavky a odfoukan proudem dusiku pfi 30 °C. Odparek
je 2x vymyt 400 ul methanolu, a pak jesté jednou 300 pl acetonu do krimpovaci vialky pro
GC-MS, znovu odfoukan proudem dusiku pti 30 °C. Nakonec je pfidano 300 ul derivatizacni
smési (BSTFA:pyridin:TMCS, 25:25:1 (v/v/v), vialka je uzavfena pod dusikem, jeji obsah
promichdn a 20 min derivatizovan pfi 70 °C.

Volna ureasa (FUT): 495 pl COA je smichano s 60 pl ureasy (0,6 mg.ml? ve fyziologickém
roztoku) a 445 pl vody, 40 min promichavano pomoci michacky pti 37 °C (72 g). 500 pl reakéni
smési je preneseno do Cisté mikrozkumavky, poté je pfidan 1 ml ledového methanolu, vzorek
je vloZzen do mrazaku (-80 °C), po 30 min centrifugovan (14 000 g; 8 min). Supernatant je
pfenesen do sklenéné vialky obsahujici 10 pl IS (2,11 mmol.I* v methanolu), vzorek je opét
vloZzen do mrazaku (-80 °C), po 30 min je prenesen do lyofilizatoru a zlyofilizovan (obvykle pres
noc). Nasledné je vzorek derivatizovany ve dvou krocich: ethoximace (10 ul ethylhydroxylamin
hydrochloridu v pyridinu o koncentraci 56 mg.mlt a 140 pl pyridinu) po 60 min pfi 50 °C,
trimethylsilylace (150 pl silylacni smési BSTFA+TMCS:TMCS, 25:1) po 20 min pfi 70 °C.
Imobilizovana ureasa (IUT): 495 pl COA je smichdano s 100 mg mikropartikuli
s imobilizovanou ureasou a 1505 pl vody, 40 min michdano na michacce pfi 37 °C (72 g).
Magnetické mikrocastice jsou potom oddéleny pomoci magnetu. 1 ml reakéni smési je
pfeneseno do vialky obsahujici 10 pL IS (2,11 mmol.I* v methanolu), vloZzeno do mrazéku
(-80 °C), po 30 min jsou preneseno do lyofilizatoru a zlyofilizovano (obvykle pres noc). Nasledné
je vzorek derivatizovan ve dvou krocich: ethoximace (10 pl ethylhydroxylamin hydrochloridu
v pyridinu o koncentraci 56 mg.ml™t a 140 pL pyridinu) po 60 min pfi 50 °C, trimethylsilylace
(150 pl silylacni smési BSTFA+TMCS:TMCS, 25:1) po 20 min pfi 70 °C.

32



4) Vzorky bez uUpravy (NT): 248 pl COA je pfidano do vialky s 10 pl IS (2,11 mmol.I?t

v methanolu), proté je vzorek vlozen do mrazaku (-80 °C), po 30 min prenesen do lyofilizatoru
a zlyofilizovan (obvykle pres noc). Nasledné je vzorek derivatizovan ve dvou krocich:
ethoximace (10 pl ethylhydroxylamin hydrochloridu v pyridinu o koncentraci 56 mg.ml™
2140 yl pyridinu) po 60 min pfi 50 °C, trimethylsilylace (150 ul silylacni smési
BSTFA+TMCS:TMCS, 25:1) po 20 min pfi 70 °C.

8.3.2 Priprava vzorktl COA pro LC-MS/MS analyzu

Pro LC-MS/MS analyzu jsou vzorky (vzdy 6 replikatd a blank) pfipraveny jen pomoci FUT a IUT

a porovnany se vzorky ponechanymi bez Upravy. EX nelze zaradit do srovnani, protoZe tento protokol

vyzaduje ethoximaci na samém pocatku pfipravy vzorku. Ethoximované derivaty maji jiné MRM

prechody neZ plvodni analyty, a tak by nebylo moZné pouZit stavajici metodu pro cilenou

metabolomiku. Pokud by se ethoximace pfi pfipravé vzorku vynechala, mohlo by dojit ke zméné

extrakeni Ucinnosti. Postup pripravy vzork( je nasledujici:

1)

2)

3)

Volnd ureasa (FUT): 495 pl COA je smichano s 60 pl ureasy (0,6 mg/ml ve fyziologickém
roztoku) a 445 pul vody, 40 min michano na michacce pfti 37 °C (72 g). 500 pl reakcéni smési je
preneseno do Cisté mikrozkumavky, poté je pfidan 1 ml ledového methanolu a mikrozkumavka
vloZena do mrazdku (-80 °C). Po 30 min je vzorek centrifugovan (14 000 g; 8 min). Supernatant
(100 pl) je prenesen do Cisté sklenéné vialky.

Imobilizovana ureasa (IUT): 495 ul COA je smichano se 100 mg mikropartikuli
s imobilizovanou ureasou a 1505 pl vody, 40 min michano na michacce pti 37 °C (72 g).
Magnetické mikrocastice jsou oddéleny pomoci magnetu, 100 pl reakéni smési je pfeneseno do
Cisté sklenéné vialky.

Vzorky bez Upravy (NT): 495 pl COA je smichano s 1505 ul vody, 40 min michano na

michacce pfi 37 °C (72 g). 100 pl reakéni smési je preneseno do Cisté sklenéné vialky.

8.3.3 Priprava vzorkl pacient(

10 vzorkd pacientd s glutarovou acidurii typ 1, 10 vzork( kontrol a jeden blank je pfipraveno

pomoci IUT. QCje pfipraven smichanim 10 ul z kazdého vzorku (vyjma blanku). Vzorky jsou analyzovany

pomoci GC-MS, a to v ndhodném poradi. QC je zarazeno jako kazdy 6. vzorek.
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8.4 Metody

8.4.1 GC-MS analyza a procesovani dat

Vzorky pro GC-MS jsou analyzovany na plynovém chromatografu spojeném sTOF MS
(Pegasus4, LECO, St. Joseph, Michigan, USA), vybaveném kolonou ZB-5MS (30 m; 0,25 mm; 0,25 pum;
Phenomenex, Torrance, California, USA). Jako nosny plyn je pouZito helium v reZimu konstantniho
pratoku (1 ml.min?). Podil vzorku (1 pl) je zavddén do proudu nosného plynu metodou horké jehly
(angl. “hot needle” [100]) pfi 250 °C, v reZzimu s délicem toku s délicim pomérem 1:10. Je vyuZito analyzy
s teplotnim programem, kdy je teplota prvnich 5 min analyzy udrZzovana na 80 °C, pak je rychlosti
5°C.min zvy$ovana a7 na 320 °C a po poslednich 10 min je udrZovana konstantni. Do hmotnostniho
spektrometru jsou analyty prevadény pri 250°C. Pfi stejné teploté pracuje i iontovy zdroj. Jedna se
o elektronovou ionizaci (El) s urychlujicim potencidlem 70 eV. Data jsou sbirana po uplynuti vodnich
250 s analyzy, a to v rozsahu 50-500 m/z s frekvenci 5 Hz. Napéti na detektoru je nastaveno na -1797 V.

Retencni indexy jsou pocitany pomoci smési alkand (Cio-Cse; 5 pg/ml v derivatizaéni smési,
méreny jako samostatny vzorek), s vyuZzitim tzv. metody pro retencni indexy (Retention Index Method,
ChomaTOF software, LECO).

K vyhledavani analytl pro cilenou metabolomiku je pouZit software s nazvem ,Reference”
(ChromaTOF), a to s timto nastavenim: povolend odchylka retenéniho ¢asu 1 s; S/N 5; minimalni shoda
s NIST 700; nastaveni integrace: plocha piku v dTIC, interni standard 4-fenylbutyrat, tolerance 20 %. Pro
kazdy ze vzorkl je zintegrovana plocha vsech 25 pik( manudlné zkontrolovana, exportovana do MS
Excel 2016 (Microsoft, Redmond, USA), normalizovana plochou interniho standardu. Plochy pik(l dvou
derivatizacnich  produktl kyseliny mevalonové (mevalonolakton-1TMS a 3,5-dihydroxy-3-
methylpentanova kyselina-2 TMS) jsou pred statistickym zpracovanim secteny. Data ve
findlnim datovém souboru jsou Skalovana na median kazdé skupiny. Datovy soubor je procesovan
v R-software (verze 3.3.0, https://www.r-project.org) pomoci domaciho softwarového bali¢ku, za
poufZiti se clr transformace. Ke zobrazeni dat je pouZito PCA, PLS-DA a krabicovych grafa.

Pro necilenou GC-MS analyzu je pouZito stejnych surovych dat (z angl. ,raw data“) jako pro
necilenou analyzu. ProtoZe jsou metody pfipravy vzorku vyrazné odlisné, vyjimecné nejsou pfipraveny
QC, porovnatelnost analyz je zajiSténa vyhradné pomoci IS. Data jsou z ChromaTOF software
vyexportovana ve formatu Andi MS (.cdf) a vloZzena do online verze XCMS software (verze 2.2.3)
[101,102], s nasledujicimi parametry: detekce potencialnich metabolitl: centWave (300 ppm; S/N 25;
peak width 5-10 s; mzdiff 0,1; prefilter 1), peaks (3; prefilter intensity 100; noise 0), grouping (method

density; bw 10; mz width 0,25; min frac 0,5; minsamp 1). Pomoci vyse uvedeného algoritmu jsou na
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zakladé zadanych parametr( jsou v chromatogramech vyhledany piky potencialnich metabolitd, které
odpovidaji kritériim. Tyto potencidlni metabolity, anglicky oznacované jako ,features”, jsou jako
konecny vystup uvedeny v tabulce vysledk( XCMS. Dale jsou upravovany takto: potencialni metabolity
s m/z 147 a pod 100 jsou odstranény (fragment 147 nalezi silylaénimu ¢inidlu, fragmenty mensi nez 100
nejsou specifické). Jelikoz se jedna o El spektra, kazdy z pikG analyt( je zastoupen hned nékolika
fragmenty (resp. features). Tyto fragmenty jsou pomoci XCMS algoritmu slouceny do skupin (kazda
skupina odpovida jednomu piku). Z kazdé skupiny je do finalniho datového souboru za vybrén jen jeden
fragment, ktery ma nejvyssi intenzitu. Datovy soubor je procesovdn v R-software (verze 3.3.0,
https://www.r-project.org) pomoci softwarového balic¢ku vyvinutého v nasi laboratofi [103], za pouZiti

clr transformace. Ke zobrazeni dat slouzi PCA, PLS-DA a krabicové grafy.

8.4.2 LC-MS analyza a procesovani dat

Pomoci kapalinového chromatografu UltiMate 3000 RS (Dionex, Sunnyvale, CA, USA)
spojeného s trojitym kvadrupdlem Triple Quad 6500 (SCIEX, Framingham, MA, USA) je za pouZiti
metody prevzaté od Bajad a kol. [104] ve vzorku sledovan obsah 346 analytl. Pro separaci na principu
hydrofilni interakéni chromatografie je pouzita kolona Luna NH; (3.0 um, 2 x 100 mm, Phenomenex,
Torrance, USA), chranéna predkolonou vyrobenou ze stejného materidlu (4 x 2 mm), a vyhfivana na
35 °C. Mobilni faze A je tvofena z vodného roztoku octanu amonného (20 mmol.I", pH 9,75), mobilni
faze B Cistym acetonitrilem. Je vyuzZito nasledujici gradientové eluce: 0-7 min: 95% - 10% B; 7-13 min:
10% B; 13-13,5 min: 10% - 95% B; 13,5-7 min: 95% B, priitokova rychlost 0,3 ml.min™.

Odezva metabolitl je po ionizaci elektrosprejem mérena v rezimu sledovani vice vybranych
iontovych reakci v definovanych ¢asovych oknech s definovanou vahou pro jednotlivé metabolity
(angl. ,,weighted scheduled MRM®), a to soucasné v obou mddech, za reZimu prepinani polarit (angl.
»polarity switching”). RozliSeni obou kvadrupdli hmotnostniho analyzatoru je jednotkové. Parametry
iontového zdroje jsou nastaveny takto: napéti na sprejovaci kaplilare je +5500/-4500 V, teplota
iontového zdroje 400 °C, tlaky obou zmlZujicich plyn( 40 psi, cloniciho plynu 30 psi. Vysoce Cisty dusik
je poutzit jako kolizni plyn v kolizni cele i jako pomocny plyn v iontovém zdroji. Parametry specifické pro
kazdou latku (deklasteracni potencidl, vstupni potencial, kolizni energie, vystupni potencial) jsou
optimalizovany pomoci standardd v Analyst software (verze 1.6.2 SCIEX). Analyty jsou dle retenc¢niho
Casu a specifickych MRM prechodd detekovany a identifikovany v MultiQuant software (verze 3.0,

SCIEX), kde jsou také integrovany plochy pikd.
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Datovy soubor je korigovdn a normalizovdn pomoci LOESS. Metabolity, jejichZz relativni
smérodatna odchylka je v QC vyssi neZ 30 %, jsou z datového souboru vylouc¢eny. Chybéjici hodnoty
jsou nahrazeny dvéma tretinami minimalni hodnoty ziskané pro dany analyt. Datovy soubor je pak
pomoci clr transformace matematicky preveden na kompozicni data a normalizovan. Analyza dat
(korela¢ni analyza, PCA a PLS-DA) je provedena pomoci MS Excel a R-software (v. 3.3.0,

https://www.r-project.org).

8.5 Vysledky a diskuse

Pro vyhodnoceni zplsobu pripravy moci zalozeném na urease imobilizované na magnetickych
mikrocasticich je aplikovan komplexni metabolomicky pfistup, pfi kterém se k analyze metabolomu
vyuziva kombinace vice analytickych technik (nejcastéji GC-MS a LC-MS). Tento pfristup, zaloZzeny na
predpokladu, Ze kombinace LC-MS a GC-MS umozZiuje analyzu hydrofilnich i lipofilnich latek, je pouzit
také v praci Kind a kol. [98] pro vyhodnoceni protokolu zaloZzeného na volné urease.

Protoze vsak je mocovina hlavni interferujici latkou GC-MS analyz, diraz je kladen zejména na
vliv. metody na GC-MS analyzu. Proto je v pfipadé GC-MS pro porovnani vlivu pfipravy vzorku moci
pomoci IUT, FUT, EX a NT na metabolom COA poutZit jak cileny, tak necileny metabolomicky pftistup,
zatimco u LC-MS pouze cileny. Je vSsak nutné zminit, Ze NT neni pro GC-MS metabolomiku pouzivan a je
zde zafazen jen pro srovnani. Vyuzitelnost IUT pro metabolomicky experiment je ovéfena pomoci moci

pacientl s GAl a zdravych kontrol.

8.5.1 Pracnost metod

Testované metody pfipravy vzorku se lisi v pracnosti i Casovych narocich. Nejpracnéjsi ze vsech
je EX, ktery se skladda z 11 rGznych krok(i a 6 h nepretrzité prace. Vzorek je vsak k analyze ptipraven tyz
den, protoZe nevyZaduje lyofilizaci. VétSinou je ale obtiZné pfipravit vice nez 12 vzork( najednou.

Pti pouZiti FUT lze vzorek pfipravit v 8 rliznych krocich, vyZaduje 3 h prace a lyofilizaci pfes noc.
Oproti tomu IUT zahrnuje pouze z 5 krok(. ProtoZe nepotrebuje deproteinaci, k pfipravé jsou nutné
pouze 2 h prace a lyofilizace pres noc. Oba ureasové protokoly umoznuji pripravu vétsiho mnozstvi

vzorkd. Jedinym omezenim je kapacita rotatoru.

8.5.2 Kvalitativni zmény metabolomu
Chomatograficky vzor GC-MS analyzy IUT a FUT je obdobny (Obr. 14). Hlavnim rozdilem mezi

analyzami je fada unikatnich pikd na konci analyz FUT. Tyto piky jsou pfitomny i v analyzach blankd
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(Obr. 15), proto se Ize domnivat, Ze se jednd o artefakty (viz kapitola 8.5.3). Oproti tomu u EX je
pfitomno nejméné pikd, navic s naprosto odliSnou odezvou. NT vzorky maji nejvyssi odezvy v celkovém
iontovém proudu (TIC) vzorkd, obzvlasté pak v retenénim okné mocoviny (mezi 12. a 15. min). Ohromny
pik mocoviny také zplisobuje pretizeni kolony, a proto i posun retencnich casu latek, které jsou v koloné
zadrzovany vice nez mocovina (napt. glycerat, fumarat, mevalonolakton). Mocovina také zhorsuje
identifikaci koeluujicich latek (napt. pro ethylmalonat v NT vzorcich byla shoda s NIST pouze okolo 300,
coz neni pro identifikaci latky dostacujici).

Stejny trend je patrny také pfi analyze vicerozmérnymi statistickymi metodami. PCA necilené
GC-MS metabolomiky (Obr. 16) ukazuje, Ze vzorky pfipravené pomoci FUT a IUT jsou si ve srovnani
s ostatnimi typy pfipravy podobné, protoze jejich shluky jsou lokalizovany blizko u sebe, ale
neprekryvaji se. Vzorky ptipravené pomoci EX jsou na zakladé prvni vyznamnéjsi komponenty (PC1
59,88 %) podobné FUT/ IUT a viechny tfi se vyrazné lisi od NT. Na bazi druhé komponenty (PC2 28,73 %)
je vsak zifejmé, Ze EX se od FUT a IUT odlisuje.

Cilend GC-MS metabolomika (Obr. 17) porovnava intenzity ploch detekovanych metabolitd,
které byly soucasti analytické metody. Vzorky FUT a IUT tvori na PCA kompaktni, vzajemné se
prekryvajici shluky, na zakladé ¢ehoz Ize soudit, Ze analyty maji obdobné intenzity a jejich analyticka
variabilita je nizka. Na zakladé prvni hlavni komponenty (PC1 84,17 %) se nejvice odliSuji od EX. Disperze
vzork( EX podél druhé komponenty (PC2 7,03 %) navic poukazuje na vysokou analytickou variabilitu
extrakce, ktera je dokonce vyssi nez mezi vzorky FUT/IUT a NT.

V LC-MS analyze je intenzita i variabilita metabolitl napfic¢ jednotlivymi pristupy srovnatelna
(Obr. 18). Seznam vsech analytli nalezenych ve vzorcich technikou LC-MS je uveden v Tab. S1. PCA
ukazuje (Obr. 19), Ze rozdilnost mezi skupinami NT a IUT je mala (Castecné se déli na zakladé PC2

s nizkou vyznamnosti 9,23 %), zatimco FUT se od nich odlisuje (PC1 58,58 %).
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Obr. 18 A): Chromatograficky vzor LC-MS, pozitivni mdd. V chromatogramu je vyznacéen diskriminujici

metabolit. Retencni Casy pikl ostatnich analytl jsou uvedeny v Tab. S1.
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cytidin, C032 — glukuronat, C017 — uracil. Seznam vSech analyti je uveden v Tab. S1.

8.5.3 Artefakty

Jako artefakty se oznaduji latky, které jsou pfitomny v chromatografickych separacich, ale
nepochazeji z plvodniho vzorku [105]. Mohou vznikat pfi derivatizaci (napf. neobvyklé derivaty Ci
vedlejsi produkty), béhem ptipravy vzorku (zbytky cinidel, necistoty aj.) nebo mohou byt do zaznamf
vneseny chromatografickym systémem (napf. disledkem krvacivosti kolony ¢i reakci probihajicich
v injektoru ¢i iontovém zdroji) [98]. Také ureasa je zndma tim, Ze do analyzy vnasi radu artefaktu [63],
proto je nezbytné ovéfit, zda pfitomnost nosi¢e, na ktery je ureasa navdazana, jejich mnoZstvi jeSté
nezvysuje. Vyuziva se k tomu dvou rlGznych experiment(l: porovnani analyz blankd a necileny GC-MS
metabolomicky pfistup.

Porovnani analyz blankl ukazuje, Ze pocet pikd nalezenych v separacich je pro jednotlivé
postupy pripravy odlisné. U FUT je pfi S/N 1000 pfitomno 18 pikd, u IUT 9 a u EX pouze 4 (Obr. 15).
Z necilené GC-MS metabolomiky vyplyva, Ze artefakty M204T41, M191T42_1, M191T42_2, M257T51,
M129T38, and M103T42 tvori vétsinu diskriminujicich latek mezi IUT a FUT vzorky (Obr. 20). Zatimco
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u lUT aNT (Obr. 21) jsou to predevsim derivaty mocoviny (M171T10, M171T12, M171T14) a latky, které
maji podobnou retenci jako ona (ethylmalonat - M171T13_2, fosfat - M189T13, sukcinat - M172T14,
glycerol - M148T13, serin - M116T13), u EX a IUT (Obr. 22) je to mocovina (171T12), kreatinin
(M100T20) a dalsi metabolity, ovlivnéné Gc¢innosti extrakce. Signifikantné odliSnym metabolitem mezi
NT a IUTi EX a IUT je mevalonat, protoZe tato latka se v nizkém pH (u EX) vyskytuje ve formé cyklického
vnitfniho esteru, tzv. mevalonolaktonu (M115T16), ve vysokém pH (FUT a IUT) v lineadrni podobé
(M103T21), v neutralnim pH NT vzorku jsou pfitomny obé formy.

Nejvyraznéjsimi artefakty v separaci FUT jsou tvoreny skupinou pik( na konci analyzy (t; vyssi
nez 37 min, Obr. 14). ProtoZe ve svych spektrech obsahuji fragment s m/z 204, je zfejmé, Ze se jedna
o néktery z cukrl, pravdépodobné disacharid (m/z 361, vysoky retenéni ¢as). Protoze El spektra
sacharid(l jsou si velmi podobna, neni mozné tento disacharid identifikovat pomoci NIST ani GOLM
databaze. | na LC-MS ma laktosa se sacharosou a dokonce i s maltosou a melibiosou stejny MRM
pfechod. Ani retencni ¢asy a indexy nejsou pfili§ ndpomocné, protoze retence laktosy a sacharosy je
u obou technik obdobna. Rada studii viak uvédi, 7e po aplikaci FUT se ve vzorku zvysil obsah laktosy,
ktera se pouziva ke stabilizaci ureasy [64,106,107]. Pfi aplikaci IUT se obsah téchto artefakt(i vyrazné
snizil, pravdépodobné disledkem rady promyvacich krok(, které jsou provedeny béhem imobilizace.
V GC-MS separacich IUT tyto piky zcela chybi, v citlivéjsi LC-MS analyze jsou pritomna stopova mnozstvi,
a to dokonce i v NT vzorcich (v tomto pripadé se ziejmé jedna o endogenni metabolit). Intenzita

»laktosy“ byla ve vzorcich FUT 57x a ve vzorcich IUT 2x vy$si neZz v NT (Tab. S1).
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V analyze ureasovych vzorku jsou pfitomny i statisticky vyznamné (VIP >2) artefakty necukerné
povahy (Obr. 14, 15): dva v FUT (M100T10, M148T10_2), jeden u IUT (M116T10). Nebylo mozné je
identifikovat pomoci NIST ani GOLM, ale na zakladé pfitomnosti fragmentu s m/z 100 se Ize domnivat,
Ze se jedna o latky obsahujici aminoskupinu. Tyto artefakty mohou byt ureasova residua, ktera se do
analyzy dostavaji pti deproteinaci nebo degradaci ureasy. Na artefaktu M116T10 Ize demonstrovat
specifika metabolomického ptistupu. Z Obr. 15 je patrné, Ze se jedna o latku nizké intenzity. Ale protoze
v analyze FUT zcela chybi, je hodnocena jako statisticky vyznamna. Latky s aminoskupinou by na LC-MS
s ionizaci pomoci elektrospreje (ESI) poskytovaly lepsi odezvu a bylo by je mozné Iépe porovnat. Tyto
artefakty vsak nejsou zahrnuty v cilené LC-MS metodé, tak jejich vliv na metabolom nelze pomoci
LC-MS/MS hodnotit.

Na zdkladé vysledkd se lze domnivat, Ze pritomnost magnetického celulosového nosice
nezvysuje mnozstvi artefakt. Naopak, diky nékolikanasobnému promyvani pfi pfipravé imobilizované

ureasy je mnozstvi kontaminantl pfi pouZziti IUT niZzsi.
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Obr. 22: VIP graf PLS-DA pro porovnani necilené GC-MS metabolomiky EX a IUT. Metabolity zvySené

u EX zelené, u IUT rGzZové.
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8.5.4 Kvantitativni zmény metabolomu

O ureasovém protokolu se obecné tvrdi, Ze vyvolava zmény hladin nékterych metabolitl ve
vzorcich [98]. Tyto zmény metabolomu lze hodnotit pomoci cilené metabolomiky. Vliv rozdilnych
metod pfipravy vzorku na intenzity konkrétnich metabolitll Ize demonstrovat pomoci poméru mediant
dvou skupin vzorku (jedna se o tzv. miru velikosti ucinku, angl. ,,fold change”) a porovnanim analytické
variability (CV) metabolitd.

Na zadkladé PCA z cilené GC-MS metabolomiky lze usuzovat, ze FUT a IUT maji stejny vliv na
kvantitu metabolitl, zatimco kazdy z obou zbyvajicich (NT a EX) ovliviiuje intenzity jinym zplsobem (viz
kapitola 8.5.2). Detailni porovnani se provadi pomoci PLS-DA.

VIP graf cilené GC-MS metabolomiky FUT a IUT vzorkd ukazuje dva metabolity s VIP>2 (Obr. 23),
oba vsak vykazuji vysokou variabilitu. Chybové usecky zasahuji pod VIP 2, a proto nejsou povazovany
za signifikantni. | z krabicovych grafl je patrné, Ze se tyto analyty nelisi, protoZe se jejich interkvartilova
rozpéti prekryvaji (Obr. 24). Poméry median( se pohybuji v rozmezi od 0,92 do 1,14 (Tab. 2). Cilena
LC-MS (Obr. 25) odhalila pouze jediny rozdil, a tim je zvySeny obsah , laktosy” (metabolit C023), jak jiz

bylo diskutovano v kapitole 8.5.3.
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Obr. 23: VIP graf PLS-DA pro porovndni cilené GC-MS metabolomiky FUT a IUT. Metabolity zvySené

u FUT modfe, u IUT razove.
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Obr. 24: Krabicové grafy zobrazujici distribuci dat vzorkG mérenych pomoci cilené GC-MS
metabolomiky. Zobrazeny jsou dva metabolity, které mély pfi porovnani FUT a IUT metodou PLS-DA

VIP>2.
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Tab. 2: Retencni indexy (pro IUT) a poméry mediand intenzit metabolitli cilené GC-MS analyzy. Tu¢né

jsou vyznaceny metabolity s pomérem median( pod 0,6.

N&zev metabolitu Retenéni index FUT/IUT | NT/IUT | EX/IUT
Glykolat 1070 1,09 0,67 0,07
3-hydroxyisobutyrat 1158 1,18 0,73 0,47
3-hydroxyisovalerat 1207 1,08 0,98 0,23
Methylmalonat 1213 1,14 0,90 1,00
4-hydroxybutyrat 1236 1,10 0,80 0,32
Ethylmalonat 1278 1,06 0,23 0,86
Glycerdt 1329 1,08 0,92 0,04
Fumarat 1351 0,98 0,86 1,01
Mevalonat/mevalonolakton 1557/1362 1,12 0,48 0,36
Glutarat 1405 1,05 0,85 1,02
3-Methylglutarat 1425 1,05 0,81 1,03
Malat 1488 1,08 0,80 0,19
Adipat 1506 1,03 0,91 1,06
Pyroglutamat 1515 0,92 1,08 0,11
Tiglylglycin 1568 1,00 0,73 0,81
2-hydroxyglutarat 1576 1,07 0,77 0,33
3-hydroxy-3-methylglutarat 1600 1,11 0,79 0,73
2-oxoglutarat 1621 1,04 1,05 1,31
Hexanoylglycin 1635 0,93 0,77 0,92
N-acetylaspartat 1655 1,03 0,74 0,15
Suberat 1697 0,97 0,77 0,97
Sebakat 1893 1,01 0,80 1,01
Vanillaktat 2010 1,08 0,78 0,67
Primeér 1,05 0,79 0,36
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Obr. 25: VIP graf PLS-DA pro porovnani cilené GC-MS metabolomiky FUT a IUT. Metabolity zvySené

u FUT modre, u IUT rliZové. Metabolit C023 je laktosa. Seznam vSech analyt( je uveden v Tab. S1.

Pfi porovnani EX a IUT je nutné vzit v ivahu, Ze EX nebyl plvodné vyvinut pro odstranéni
mocoviny, ale pro izolaci organickych kyselin a glycinovych konjugatl ze vzorku [108]. Vysledné sloZeni
vzorku proto zaleZi na zvoleném organickém rozpoustédle. Pokud je jim methanol, pak vzorek obsahuje
hlavné lipidy [109]. Je-li jim voda, tak ve vzorku prevazuji cukry a hydroxyslouceniny. Pfi pouZiti vody je
pfitomen také maly podil stfedné polarnich latek, zatimco lipidy zcela chybi [73]. Nejc¢astéji uzivanym
postupem je kysela extrakce do ethylacetatu, proto byla vyuZita i v této praci [20]. Metoda vynika
dobrou vytéZnosti (angl. ,recovery”). Pro vétSinu diagnosticky vyznamnych organickych kyselin
a glycinovych konjugdtd se pohybuje vrozsahu 60-107 %, citrat, methylcitrat, N-acetylaspartat,
2-hydroxybutyrat a 3-hydroxybutyrdt jsou vsak zatizeny nizkou extrakéni ucinnosti [20,110]. Jak
muzZeme vidét z poméru mediand EX a IUT (Tab. 2), extrakéni Géinnost je u 11 z 23 metabolitll mimo
rozmezi uvedené Tanakou a kol. (vytéZnost 60-107 % [20]). Az na jedinou vyjimku, vSechny
dikarboxylové kyseliny a glycinové konjugaty toto kritérium splfiuji. Tou vyjimkou je 2-oxoglutarat, ktery
prekrocil uvedeny limit. Patfi mezi ketokyseliny, o nichz bylo dolozeno, Ze je jejich odezva ve vzorcich

nafedénych na koncentraci kreatininu nizsi nez 2 mmol.I"t proménliva. Na zékladé VIP grafu je jedinym
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signifikantné odliSnym metabolitem glycerat (Obr. 26). Jak jiz bylo zminéno v kapitole 8.3.2, vzorky EX
nelze pfipravit pro LC-MS.
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Obr. 26: VIP graf PLS-DA pro porovnani cilené GC-MS metabolomiky EX a IUT. Metabolity zvysené

v IUT rQiZové, u EX zelené.

Analyza NT vzork( byla zatiZena pfitomnosti obrovského piku mocoviny (Obr. 14).
Ethylmalonat, ktery je na koloné zadriovan stejné jako mocovina, je nejvice diskriminujicim
metabolitem (Obr. 27). PCA LC-MS analyzy (Obr. 17) ukazuje, Ze vzorky osetfené IUT poskytuji podobné
vysledky jako vzorky bez Upravy (NT). Dle VIP grafu (Obr. 28) vsak analyzu NT a IUT odliSuji 3 metabolity:
uracil (C017), cytidin (C048) a glukuronat (C032). JelikoZ VIP graf porovnavajici FUT a IUT indikuje pouze
jediny signifikantné odliSny metabolit, je zfejmé, Ze tento jev je spolecny pro FUT a IUT. Jeho pfi¢inu se
vSak nepodafrilo objasnit. Experimentalné byla vylouCena iontova suprese, vliv ureasou vyvolaného

vysokého pH na rozpustnost Ci ionizaci (jako dUsledek laktam-laktim tautomerie).
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8.5.5 Analyticka variabilita

U GC-MS analyzy se testované metody pfipravy vzorku lisi ve variabilité odezvy 23 cilovych
metabolitl v COA: pro FUT ¢ini median hodnot 5,0 %, pro IUT 2,5 %, pro EX 19,7 % a pro NT 11,4 %
(Tab. 3). Hodnota CV pro FUT je srovnatelna s dfive publikovanymi vysledky (6,2 % pro 250 metabolitd
[63]). Nejvice variabilni odezvu poskytuje hexanoylglycin, a to pro vSechny testované pristupy
(22-119 %). Pricinou této variability vSak neni pfiprava vzorku, ale chromatografie. Koncentrace
hexanoylglycinu ve vzorku je po nafedéni na koncentraci kreatininu 1 mmol.I"t pouze 9 umol.I"%, co? se
blizi limitu detekce. Navic hexanoylglycin (stejné jako ostatni glyciny) poskytuje chvostujici piky.
Nejvyssi variabilitu vykazuje EX jako vysledek rozdilné extrakéni ucinnosti. Tento fenomén je patrny
i z Tab. 1, ktera uvadi vyrobcem deklarované laboratorni rozmezi pro 23 metabolitli obsazenych v COA.
Hodnoty byly stanoveny rutinnimi laboratoremi, ve kterych se dosud pouZziva prevazné tradic¢ni EX.
je nalezena pro IUT, pravdépodobné jako vysledek jednodussi ptipravy vzorku. Jelikoz v této metodé
neni deproteinacni krok, vzorky se snaze lyofilizuji. Pfitomnost methanolu ve vzorcich pfipravenych
pomoci FUT zpUsobuje, Ze vzorky v lyofilizatoru prskaji.

LC-MS analyza neukazuje na vyrazné zmény v abundancich metabolitd mezi testovanymi
pristupy (Tab. S2). Median hodnot CV se pohybuje od 9,5 do 11,7 %. Nejvyssi variabilitu vykazuje laktosa
(66,3 %), protoie jako ptimés komercni ureasy se v NT vzorcich vyskytuje pouze ve stopovych
koncentracich. Ve vzorcich pripravenych pomoci IUT se objevuji zvySend CV pro amino- a thioslouceniny
(napf. methionin, 2-aminoadipat, pantothenat, karnitiny), coZ by mohlo poukazovat na moznou
interakci téchto latek s povrchem magnetického celulosového nosice. Tento jev vSak u GC-MS analyzy
nebyl prokdzan (u pyroglutamatu, tiglylglycinu ani N-acetylaspartatu). MiZe to vsak byt zplsobeno

rozdilnou citlivosti obou technik.
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Tab. 3: Porovnani reprodukovatelnosti odezvy (plocha piku) analytl pomoci cilené GC-MS v COA mezi

metodami
Metabolit IuT FUT NT EX
Glykolat 2,42 4,85 12,61 37,30
3-hydroxyisobutyrat 3,46 3,30 13,50 20,07
3-hydroxyisovalerat 2,18 4,90 8,17 48,68
Methylmalonat 2,51 3,84 11,78 15,21
4-hydroxybutyrat 6,22 7,88 10,22 19,09
Ethylmalonat 6,16 4,98 11,57 17,90
Glycerat 1,95 4,40 15,83 23,75
Fumarat 1,79 26,48 26,16 18,07
Mevalonat 1,67 4,96 13,54 16,73
Glutarat 7,73 5,87 10,59 17,66
3-methylglutarat 2,17 4,06 8,95 17,49
Malat 1,51 3,16 10,20 22,80
Adipat 2,04 7,37 23,02 16,80
Pyroglutamat 1,98 6,40 15,25 46,35
Tiglylglycin 3,06 4,96 7,14 18,63
2-hydroxyglutarat 5,37 3,35 11,42 25,55
3-hydroxy-3-methyglutarat 1,50 4,37 8,01 16,49
2-oxoglutarat 1,54 5,35 6,82 19,80
Hexanoylglycin 29,85 21,87 26,72 119,06
N-acetylaspartat 3,08 5,48 6,30 28,09
Suberdt 3,20 4,40 12,91 19,55
Sebakat 5,04 6,04 7,52 19,69
Vanillaktat 2,95 8,07 9,65 57,54
Median 2,51 4,96 11,42 19,69
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8.5.6 Reprodukovatelnost retencnich c¢ast

Reprodukovatelnost retencnich casu (t;) je zakladni poZadavek pro spravné zarovnani pikl
u necilené metabolomické analyzy a také pro identifikaci metabolitd v metabolomickych databazich
(napf. GOLM) pomoci retencnich indexd [111]. Vtomto experimentu se reprodukovatelnost t,
stanovuje cilenym metabolomickym pfistupem, pro 23 metabolitl obsazenych v COA u GC-MS, pro 123
metabolitli identifikovanych v témze materidlu pomoci LC-MS.

Retencni Casy i retencni indexy jsou pro obé techniky i vSechny metody stalé. Primérna
relativni smérodatna odchylka (CV) retencnich indext (u GC-MS) byla nizsi nez 0,01 %. Nejvétsi rozdily
byly zaznamenany u NT vzork(, a to pro metabolity v retenénim okné mocoviny (napf. 0,15 % pro
methylmalonat a pro 4-hydroxybutyrat), jako dlsledek presyceni kolony. Variabilita retenc¢nich cas(
u LC-MS je ve srovnani s GC-MS vyssi (prdmérné 0,7 % pro kazdy z pfistup(), ale pro vSsechny metody
stejnd. Obecné vsak lze fici, Ze je vy$si pro méné zadrzované latky (2,4 % pro uracil s t, 2,4 minvs. 0,1 %

pro ethylmalonat s t, 7,14 min).

8.5.7 Metabolomicky experiment s mocemi pacient(l s glutarovou acidurii |

GAl je autozomalné-recesivni onemocnéni zplisobené deficitem glutaryl-CoA-dehydrogenasy
(EC 1.3.99.7), diky kterému nejsou postizeni jedinci schopni odbouravat lysin, hydroxylysin a tryptofan.
Vétsinou se projevuje mozkovou atrofii zplsobujici zmény v motorice a hybnosti, které jsou pfi zatézi
3-hydroxyglutaratu a glutaratu [113].

Pro ovéreni aplikovatelnosti IUT pro metabolomiku je imobilizovand ureasa pouzita k pfipravé
moci 10 pacientll s GAl a 10 zdravych kontrol. Vzorky jsou analyzovany pomoci GC-MS, data jsou
zpracovana necilenym metabolomickym pfistupem. Ve vzorcich je nalezeno celkem 221 pikQ
metabolitl. Pomoci PCA (Obr. 29) se vzorky déli na 2 skupiny. V prvni skupiné jsou zastoupeny pouze
zdravé kontroly, ve druhé pacienti s GAl. U pacientl jsou v porovnani skontrolami pfitomny
signifikantné zvysené hladiny (Obr. 30) 3-hydroxyglutaratu (M185T23, Rl 1575, shoda s knihovnou 968),
tartaratu (M102T24, Rl 1636, shoda s knihovnou 917), glutaratu (M261T18, Rl 1403, shoda s knihovnou
880) a neznamé latky M111T13 (Rl 1213). Snizené hladiny jsou pozorovany pro M210T14 (Rl 1240),
M224T17 (Rl 1362), M210T16 (Rl 1317), M210T17 (Rl 1350) a M111T21 (RI 1507). Glutarat
a 3-hydroxyglutarat jsou znamymi biomarkery onemocnéni, tartarat je soucasti Iék( podavanych

pacientim s GAIl. Nezndmé latky M210T14, M224T17, M210T16, M210T17 a M111T21 jsou
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komponenty moci zdravych jedincd, jez se nepodafrilo identifikovat pomoci NIST ani GOLM databaze.

Jejich identifikace bude pfedmétem dalsi prace.
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Obr. 29: Dvojny graf PCA necilené GC-MS analyzy moci pacientl s glutarovou acidurii | (P1-P10)

a zdravych kontrol (K1-K10), pfipravenych pomoci imobilizované ureasy.
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8.6 Zaveéer

Ureasa imobilizovana na magnetickych ¢&asticich je novou technikou pfipravy vzorku moci pro
GC-MS analyzu. Ve srovnani s ostatnimi pristupny pfipravy (kysela extrakce do ethylacetatu, volna
ureasa, vzorek bez uUpravy) vynikda snadnosti pfipravy i reprodukovatelnosti vysledkd (pro 23
organickych kyselin a acylglycinli obsazenych v referencni modi ¢ini primérné CV 2,5 %).

Chromatogramy vzorkud pfipravenych pomoci imobilizované ureasy jsou podobné pfistupu za
pouZiti volné ureasy, v analyze je vSak méné artefaktl (jen 3 z plivodnich 10). Je tomu tak nejspis proto,
Ze imobilizovany enzym lze pred aplikaci vzorku snadno a opakované promyt. Vzorky pfipravené
extrakci poskytuji zcela odliSné chromatografické zaznamy. Ve srovnani s obéma ureasovymi protokoly
obsahuji zbytky mocoviny a také odlisné hladiny metabolitll (predevsim kreatininu a glyceratu). Vzorky
bez Upravy jsou u LC-MS srovnatelné s imobilizovanou ureasou, protoZze mocovina se eluuje v mrtvém
Case, a tak neovliviuje cilové analyty. Pfi aplikaci GC-MS je chromatograficky systém pretizen
pritomnosti vysoké koncentrace mocovinou, ktera vede ke zménam retence i odezvy metabolitd,
zejména ethylmalonatu.

Pomoci metabolomického experimentu se vzorky pacientd s glutarovou acidurii | je ovéreno,
Ze imobilizovanou ureasu lze pouzit i pro necilenou GC-MS metabolomiku. Chromatografickd data je
mozZné zpracovavat béznym zplsobem. Hlavnimi diskriminujicimi metabolity jsou biomarkery GAl, a tak

Ize usuzovat, Ze aplikace imobilizované ureasy neovliviiuje metabolom moci.
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9 WAOSEL jako novy zptisob Skalovani 2D separacniho prostoru

Dvojrozmérné chromatografické systémy jsou tvoreny dvéma separacnimi dimenzemi, které se
liSi ve svém rozsahu [43,114,115]. Napf. v GCxGC mUze separace v prvni dimenzi trvat 3000 s, zatimco
v druhé pouze 4 s, a tak se separace v dosazena v druhé dimenzi mlze jevit zanedbatelnou. Pokud by
to byla pravda, pak by ale pfipojeni dalsi separacni dimenze bylo zbytec¢nou komplikaci a ne pfinosem.
Proto, aby se kladl stejny dliraz na separaci dosazenou v prvni a druhé dimenzi, se retencni data pred
vyhodnocenim efektivity dané separace $kaluji. Skdlovani ma ale jedté dalsi dva dlsledky: tvofi
normalizovany retenéni prostor (a tak je nékdy oznacovano téz jako normalizace) a odstranuje

nevyuzity ¢i nevyuzitelny separacni prostor.

9.1 ZpUsoby Skalovani separacniho prostoru

V pracich zabyvajicich se optimalizaci dvojdimenzionalnich systémU pomoci ortogonality se
Skalovani 2D separacniho prostoru provani dvéma rlznymi zpUsoby, které lze podle hranic, které
retenéni prostor vymezuji, oznadit jako void-max [43] a min-max [38]. Oba zpUsoby skalovani jsou pro
prvni dimenzi znazornény na Obr. 31. U starsiho z nich, void-max, je normalizovany separacni prostor
je pro vymezen mrtvym c¢asem dané dimenze a retencnim Casem nejvice zadrzované slozky vzorku
pouZitého pro optimalizaci. ProtoZe urceni mrtvého ¢asu vyZaduje dodatecnou analyzu i vypocet,
navrhl Gilar a kol. [38] zjednodusené min-max Skalovani, ve kterém je mrtvy ¢as nahrazen retenénim
¢asem nejméné zadrzované latky dané dimenze. Optimalizace 2D systému se vsak timto krokem stava
zcela zavislou na vzorku pouZitém k optimalizaci. Jiny vzorek (obsahujici jiné analyty) vymezi
normalizovany retencni prostor (nesrovnatelné) jinak.

V pripadé cilené metabolomiky to nemusi predstavovat problém, protoze je mozné opakované
namichat stejnou smés standardd. V pfipadé necilené metabolomiky, kdy vSsechny analyty pfitomné ve
vzorku nejsou pfedem znamy, a navic se pfidava i vliv matrice, pfedstavuje takovéto skalovani znacnou
komplikaci. Vétsinou se resi tak, Ze se systém optimalizuje pfimo pomoci daného biologického vzorku
(napf. smésna moc Ci plasma). Jedna se o neopakovatelny vzorek, jehoz mnoZstvi je omezeno. Ale ani
tento vzorek neobsahuje analyty, které jsou duleZité pro konkrétni experiment, protoze biologické
vzorky vykazuji velkou interindividualni variabilitu v zavislosti na aktualnim patofyziologickém stavu
jedince, nutrici a dalSich faktorech. Nejspravné;jsi by bylo pouzit k optimalizaci pfimo QC vzorek daného
experimentu. V pfipadé vzacnych onemocnéni takovéto ,, plytvani“ nepfipadd v dvahu. Optimalizace 2D

systému je navic ¢asové narocnd, vétsSinou trva nékolik dni. Vzorky pro dany experiment, uZ jednou
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rozmrazené kvuli pfipravé QC vzorku, by se proto musely znovu zamrazit a po dobu optimalizace
skladovat v mrazaku. Opakovanym rozmrazovanim a delSim skladovanim se vSak metabolom vzorku
méni [50]. A tak by i optimalizace provedena s konkrétnim QC vzorkem nebyla se vzorkem 100%
kompatibilni s experimentalnimi vzorky.

Cilem této Casti disertacni prace je vyvinout Skalovani 2D prostoru, které by bylo nezavislé na
konkrétnim vzorku pouzitém k optimalizaci a co nejvérnéji odrazelo plvodni separacni prostor,
a porovnat je pomoci syntetickych (generovanych in silico) a redlnych GCxGC chromatogrami se
starSimi Skdlovacimi algoritmy. Novy pfistup Skaluje 2D separacni prostor v souladu s analytickou
metodou, tedy nezavisle na vzorku. Separacni prostor je u néj vymezen mrtvym casem dané dimenze
a poslednim okamzikem sbéru dat vdané dimenzi (u druhé dimenze je tento okamiik shodny
s modulaéni periodou) (Rov. 11). K vypoctu ortogonality vyuziva celého separacniho prostoru, proto se

postup Skalovani nazyvd WOSEL (z angl. ,WhOle SEparation space scaling“).

— tr(A)—=to
X(A) = T (end)—tg (Rov. 11),

kde X(A) je normalizovany retencni Cas latky A, t(A) je retencni Cas latky a v dané dimenzi, tp je mrtvy

Cas dané dimenze, t,(end) je konec sbéru dat v dané dimenzi.

Min-max
>

Void—méx

WOSEL

A
Y

T T T T =T T T
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1D
Obr. 31: RGzné zplisoby $kalovani 2D separaéniho prostoru pro prvni dimenzi. Cerny shluk pfedstavuje

skupinu pik(. Na osach je uveden retencni ¢as v sekundach.
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9.2 Metody

9.2.1 Syntetické chromatogramy
Syntetické chromatogramy jsou v R-software (v. 3.3.0) vytvofeny tak, Ze tvorfi ovalny shluk
obsahujici 100 a 2500 datovych bod0 uvniti separacniho prostoru, ktery ma v prvni dimenzi rozsah
89-3000 s (89 s je mrtvy Cas prvni dimenze), ve druhé 1-4 s (1 s je mrtvy ¢as druhé dimenze). Data jsou
generovana do normalizovaného prostoru, ktery ma v obou dimenzich rozsah 0 - 1, tak, Ze tvofi kruh
o priméru 1,0 nebo 0,25 (Obr. 33, 34). Body uvnitf shluku maji rovhomérné rozdéleni, minimalni
vzdalenost bodU je 0,001. Souradnice datovych bod( jsou poté z normalizovaného retencniho prostoru
prepocitany na redlny prostor (v obrazku oznaceny jako ,Original“). ProtoZe se rozsah prvni a druhé
dimenze lisi, vznikd v plivodnim separacnim prostoru ovalny shluk.
K ovéreni vlivu Skalovani na ortogonalitu systému se vyuziva 4 typl syntetickych
chromatogram:
1. jednotkovy shluk (prdmér shluku je v normalizovaném retencnim prostoru roven 1,0)
2. cCtvrtinovy shluk (prlmér shluku je v normalizovaném reten¢nim prostoru roven 0,25) umistény
v levém hornim rohu
3. Ctvrtinovy shluk umistény v pravém hornim rohu
4. ctvrtinovy shluk umistény nahore uprostied
Aby se ovéfila validita kazdého z modelll (prostfednictvim smérodatnych odchylek), je kazdy
typ chromatogramu generovan pomoci daného algoritmu zaloZzeného na ndhodném rozdéleni 50x, a to

jak pro 100 tak i pro 2500 bodd.

9.2.2 Realné chromatogramy

K ovéreni vysledkl syntetickych chromatogrami je pouZito redlnych GCxGC separaci modi,
plasmy a nafty. Mrtvé Casy jsou urc¢eny pomoci software Column calculator a Chroma-TOF (v. 4.51.6.0,
LECO, St. Joseph, Michigan, USA), a to na zakladé rozmér( pouZzitych kolon, pritoku helia a teplotniho
programu). Mrtvy Cas u syntetickych chromatogram je odvozen z redlnych separaci metabolomickych
vzork(, pfipravenych ethoximaci a trimethylsilylaci. Pro pfipravu moci se vyuziva kyselé extrakce do
ethylacetatu [116], u plasmy pak deproteinace pomoci methanolu, odfoukani pod dusikem, ethoximace
a trimethylsilylace [117]. Detailni postup pfipravy vzorkl i jejich chromatogramy jsou uvedeny

v kapitole 11.
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9.2.3 Vypocet ortogonality

Poloha kazdého bodu (vrcholu piku) v 2D separacnim prostoru je uréena dvéma soufadnicemi:
retencnim ¢asem prvni a druhé dimenze. Témto soufadnicim se Fikd retenéni koordinaty a jsou
vstupnimi daty pro vypocet ortogonality systému. Ortogonalita se v této praci pocita nékolika rdznymi
pristupy vybranymi tak, aby z kazdé skupiny pfistupl o stejném principu byl vybran pravé jeden:
Pearsonova korelace (PC) [34], podminéna entropie (CE) [35], konvexni obalka (CH) [36], modelovani
(MA) [42], geometrické pokryti separacniho povrchu (SC) [38], metoda nejblizsiho souseda (NN) [40]
a hvézdickové rovnice (AE) [41]. Principy jednotlivych pfistupl jsou uvedeny v Uvodni ¢asti této
disertacni prace. Retencni koordinaty pik(i se pred vypoctem ortogonality Skaluji tfemi rdznymi

zpUsoby, uvedenymi jako Rov. 9-11. VSechny vypocty se provadéji v R-software.

9.3 Vysledky a diskuse

Jednotlivé pristupy Skalovani 2D separacniho prostoru se od sebe odlisuji zplsobem vymezeni
separacniho prostoru (Rov. 9-11): zacatek je definovan pomoci t, nebo t.(min), konec t,(max) ¢i t,(end).
Zatimco t,(min), t,max) lze snadno odecist z kaZzdého chromatogramu a t,(end) z parametri metody,
k uréeni to je nezbytné provést dodatecnou analyzu. U GCxGC se k stanoveni mrtvého ¢asu poldrnich
kolon pouZivaji alkany, pro nepoldarni kolony alkoholy [118]. Také u LCxLC volba nezadrZované latky
zavisi na zvoleném separacnim systému. Napfiklad pro reverzni fazi Ize pouzit anorganickou stl nebo
jej urcit z analyzy iontové suprese. Dalsi mozZnosti pfiblizné presného uréeni mrtvého ¢asu je poziti
vypocetniho software (tzv. ,void-time calculator”), ktery jej urci z fyzikalné-chemickych vlastnosti
analytického systému (napft. teplotni program, parametry kolon, pritok mobilni faze). Tato teoreticka

hodnota se od experimentalni lisi jen zanedbatelné.

9.3.1 Volba syntetickych model(

V dfive publikovanych pracich zabyvajicich se stanovenim ortogonality dvojdimenzionalnich
obdélniky, trojuhelniky, linie ¢i pasy [41,119,120], které ne zcela vérné napodobuji chromatogramy
realnych vzorkd. Pfi tvorbé syntetickych modell pro Ucely této prace se vychozim bodem staly realné
GCxGC chromatogramy plasmy a moci, na kterych strukturné podobné latky tvori ovalné shluky
(Obr. 32), jaké byly dfive popsany také Giddingsem v jeho plvodni praci pojednavajici o konceptu
dvojdimenzionalnich separaci (Obr. 7A) [30]. Zatimco v 1D separacich tvofi tyto latky Siroké piky, ve 2D

separacich jsou diky vyssi frakcionacni kapacité systému patrné shluky ve tvaru elipsy s jemnou vnitini
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strukturou. Kromé obvyklych modell obsahujicich 100 datovych bod( [38] je k testovani pouzito
i modell osahujicich 2500 bodd, které jsou blizsi v necilenym metabolomickym experimentim. Tyto

modely navic vykazuji velmi nizkou variabilitu vysledku [39,41].
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Obr. 32: Tvorba syntetickych modell (vpravo) na zakladé realnych separaci lidské plasmy (vlevo). Na

osach je uveden retenéni ¢as v sekundach.

9.3.2 Vliv metody Skalovani 2D prostoru na vyslednou ortogonalitu

PFi vyhodnocovani optimalnich dvojdimenzionalnich separaci dodnes hraje velkou roli vzhled
chromatogramu (tzv. ,percieved quality of chromatogram®) [121]. Jako dobrd separace byva
oznacovana takova, ve které je vyuZita velka ¢dst separacniho prostoru a data tento prostor
rovnomérné pokryvaji. Proto jsou vysledky prezentovany nejen v podobé ciselnych vysledkd (na
Obr. 33-36 jsou v pravém dolnim rohu zobrazeny vysledky ortogonality pomoci SC), ale je zde uveden
vzhled vychoziho chromatogramu (oznaceny jako ,Original“) a také pfrislusSnych normalizovanych
retenénich prostord, které vznikaji z vychoziho aplikaci jednotlivych pfistupld Skdlovani: min-max
(Rov. 10), void-max (Rov. 9) a WOSEL (Rov. 11).

Z Obr. 33-35 vyplyva, Ze zvoleny zpUsob skalovani ma zasadni vliv na vyslednou ortogonalitu,
zejména u vzorkd, jejichZ slozky maji v 2D chromatogramu malou disperzi. Syntetické modely se 100
(Obr. 33) i 2500 body (Obr. 34) ukazuji, Ze nejvyraznéjsi rozdily jsou patrné u vzorka, které obsahuiji
skupinu latek vysoce zadrZzovanych v prvni i druhé dimenzi (shluk datovych bodU je umistén v pravém

hornim rohu chromatogramu). Vypocitana ortogonalita nejvice odpovida vzhledu chromatogramu pfi
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Skalovani pomoci WOSEL (ktery ukazuje, Ze je vyuZito méné nez 15 % plochy, Obr. 32). Starsi zplUsoby

vedou k nadhodnocovani ortogonality chromatogramid (min-max poskytl hodnotu vyssi nez 91 %),

protoZe do normalizovaného retencniho prostoru prevadéji jen velmi malou c¢ast prostoru pavodniho.

Obr. 33: Vliv metody Skalovani,

A) Original B) Min-max C) Void-max D) WOSEL
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demonstrovany pomoci modelli se 100 datovymi body, na vyslednou

ortogonalitu, spocitanou pomoci SC (hodnota uvedena v pravém dolnim rohu, spolecné se

smérodatnou odchylkou pro 50 modell generovanych stejnym algoritmem).
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Obr. 34: Vliv metody skalovani, demonstrovany pomoci modell se 2500 datovymi body, na vyslednou
ortogonalitu, spocitanou pomoci SC (hodnota uvedena v pravém dolnim rohu, spolecné se

smérodatnou odchylkou pro 50 modell generovanych stejnym algoritmem).

64



Stejné zavéry vyplyvaji i ze skalovani redlnych vzorkll GCxGC separaci nafty, moci a plasmy
(Obr. 35). Typ skalovani ma na ortogonalitu vzorku nafty jen velmi maly vliv, protoZe piky vyplniuji
velkou cast separacniho prostoru. Zatimco u separace moci a plasmy jsou patrné rozdily mezi
jednotlivymi pfistupy. Stejné jako v pfipadé modell (Obr. 33 a 34) hodnoty ortogonality ziskané pomoci

WOSEL nejvice odpovidaji vzhledu plvodniho chromatogramu.
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Obr. 35: Vliv metody Skalovani, demonstrovany pomoci GCxGC separace nafty (nahore), moci
(uprostfed) a plasmy (dole), na vyslednou ortogonalitu, spocitanou pomoci SC (hodnota uvedena

v pravém dolnim rohu).
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Pfi pohledu na Obr. 35 se nabizi otdzka, proc je v separaci moci a plasmy ponechana tak velkd
Cast separacniho prostoru prazdna. Vypada to jako zakladni analyticka chyba v optimalizaci. Ale neni
tomu tak. Pfi analyze metabolomickych, klinickych, forensnich a toxikologickych vzorkd je nutné brat
v Uvahu fakt, Ze ne vSechny latky, pro které byla separace optimalizovana, musi byt v konkrétnim vzorku
pfitomny. V analyze vSak pro né musi byt ponechan prostor. Tento jev je demonstrovan na pfrikladu
mevalonové acidurie. Hlavnimi diagnostickymi markery tohoto onemocnéni je kyselina mevalonova
a cholesterol. V GCxGC analyze se pfi tradiénim kolonovém usporadani (BPX5/BPX50) jedna o vysoce
zadrZované latky v prvni (cholesterol 1TMS) a druhé dimenzi (mevalonolakton 1TMS). PfestozZe se jednd
o velmi vzacné onemocnéni (dosud bylo doloZeno pfiblizné 30 pfipad() [122], v analyze musi byt

ponechan prostor pro jejich zachyceni.

9.3.3 Vliv vzorku pouzitého pro optimalizaci na skalovani

Z rovnic 9-11 vyplyva, Ze normalizovany retencni prostor, ve kterém se pocita ortogonalita, je,
v pfipadé min-max Skalovani zcela a v pfipadé void-max ¢astecné, vymezen analyty vzorku. Pouzije-li
se koptimalizaci jiny vzorek stejného typu (moc jiného pacienta), je ortogonalita pocitana
v normalizovaném retencnim prostoru, do kterého byl prevedena jinak velkd cast plvodniho
chromatogramu (Obr. 36).

Proto se vysledky ortogonality lisi vice, neZ je dano samotnou pFitomnosti ¢i absenci analytl ve
vzorku. Nejvétsi rozdily mezi jednotlivymi mocemi jsou patrné pri pouZiti min-max skalovani (pfiblizné
10 %), mensi pfi void-max (7 %), nejmensi pfi WOSEL (méné nezZ 4 %), prestoze vsechny tfi vzorky maji
srovnatelnou matrici a lisi se pouze v pfitomnosti nékolika (diagnosticky vyznamnych) metabolitQ. Tyto
metabolity maji unikatni kombinaci funkénich skupin, a tak se v separaénim prostoru vyskytuji na
novém misté. | kdyZ se normalizovany retencni prostor nezméni, dalsi bin je vyplnén pikem. Proto
hodnota ortogonality nemuze byt u vSech moci ani za pouZiti WOSEL zcela stejnd, ale ,,jen” srovnateln3,

jako je tomu v pfipadé uvedeném na Obr. 36.
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Obr. 36: Vliv rlizného typu skalovani na optimalizaci GCxGC systému pomoci 3 rlznych vzorkd moce:

nahofe zdrava kontrola, uprostied pacient s GAI, dole pacient v metabolickém rozvratu.

9.3.4 Vliv zplUsobu skalovani na rlizné pristupy vypoctu ortogonality

Z Obr. 33-36 vyplyva, Ze typ Skalovani ovliviiuje vysledky ortogonality spocitané pomoci SC.
Tento zplisob vypoctu ortogonality je pro demonstraci zvolen proto, Ze je vSeobecné znamy, casto
diskutovany a béziné pouzivany [119-121,123,124]. Aby se prokazalo, zda typ Skalovani ovliviiuje
i vysledky ortogonality ziskané pomoci ostatnich pfistupl, byly retencni koordinaty syntetickych
modelU pouZity k vypoctu ortogonality pomoci jejich algoritma. Vysledky shrnuté v Tab. 4 a Tab. S2
ukazuji, Ze pouzity typ Skalovani ovliviiuje vsechny pfistupy k vypoctu ortogonality, s vyjimkou PC, kterd
si data v prvnim kroku vypoctu sama Skaluje (od kazdé hodnoty odecte primér a pak ji vydéli
smérodatnou odchylkou), a tak je nezavisla na pouZitém skalovani [125]. Rozdily ve vysledcich
ortogonality mezi jednotlivymi zplsoby Skalovani jsou prekvapivé mnohem vétsi nez mezi jednotlivymi

pristupy (blize viz kapitola 10).
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Tab. 4: Primérné hodnoty ortogonality jednotlivych typd modell s 2500 body ziskané rliznymi pfistupy

vypoctu ortogonality + 2SD pro 50 modell stejného typu. Hodnoty jsou uvedeny v %, s vyjimkou AN

a HN, jejichz vysledkem jsou prlimérné nejmensi vzdalenosti mezi nejblizSimi sousedy.

Typ modelu Zplsob vypoctu Min-max Void-max WOSEL
e 88,2+1,8 87,8+ 1,6 87,7+1,6
MA 88,2+1,8 87,8+ 1,6 87,7+1,6
CE 85,010,7 85,01 0,6 85,1+0,3
PC 98,7+1,9 98,7+1,9 98,7+1,9
AE 79,4+2,3 78,7+2,2 78,3+2,2
CH 78,2+0,7 77,6+0,6 77,1+0,2
A AN 0,0117 +0,0002 | 0,0116 +0,0002 | 0,0116 + 0,0002
' HN 0,0078 + 0,0006 | 0,0078 +0,0006 | 0,0078 +0,0006
e 87,9+1,7 32,0+0,5 8,7%0,2
i) MA 87,9+1,7 32,0+0,5 8,7%0,2
- CE 85,0+0,6 91,6+0,7 95,3+0,6
- PC 98,8+ 1,9 98,8+ 1,9 98,8 +1,9
) AE 79,1422 28,7+1,0 4,9+0,2
CH 78,2+0,7 19,4 +0,1 4,8+0,0
S s o] AN 0,0116 + 0,0002 | 0,0058 + 00,0001 | 0,0029 + 0,0000
HN 0,0078 +0,0006 | 0,0039 +0,0002 | 0,0019 + 0,0002
e 87,9+1,7 8,610,2 8,610,2
. MA 87,9+1,7 8,610,2 8,610,2
) ® 85,0 0,6 95,3+0,6 95,3+0,6
PC 98,8+ 1,9 98,8+ 1,9 98,8+1,9
i AE 79,1+2,2 4,9+0,2 4,9+0,2
- CH 78,2+0,7 4,8+0,0 4,8 +0,0
. AN 0,0116 +0,0002 | 0,0029 +0,0000 | 0,0029 + 0,0000
SR S T 0,0078 + 0,0006 | 0,0019 +0,0002 | 0,0019 + 0,0002
e 87,9+1,7 13,4 +0,2 8,8+0,1
v o MA 87,9+1,7 13,4 +0,2 8,8+0,1
o CE 85,010,6 94,5+0,6 95,2+0,6
o PC 98,8+ 1,9 98,8+1,9 98,8+ 1,9
AE 79,06 £ 2,2 8310,3 4,9+0,1
i CH 78,2+0,7 7,7+0,0 4,8+0,0
g w e ) AN 0,0116 + 0,0002 | 0,0037 +0,0000 | 0,0029 + 0,0000
HN 0,0078 +0,0006 | 0,0025 +0,0002 | 0,0019 + 0,0002

68




9.3.5 Specifika vymezeni separacniho prostoru pomoci WOSEL

Vymezeni separacniho prostoru pomoci WOSEL je zdvislé na analytické metodé. Neni proto
nezbytné mit normalizovany retencni prostor vymezen vidy jen pomoci to a t{end). Zacatek
separacniho prostoru muze byt v prvni dimenzi misto to uréen napf. zacatkem sbéru dat, pokud prvni
minuty analyzy nejsou kvlli masivni eluci rozpoustédel zaznamenavany a detekce analytd by tam
nebyla mozna. U nékterych GCxGC separaci se k analyze vyuziva také mrtvého casu druhé dimenze, do
kterého diky fenoménu anglicky nazyvanému ,wrap-around” prechazeji latky vysoce zadrzované

v druhé dimenzi. V tomto pfipadé je konec druhé dimenze dan t.

9.4 Zaveér

WOSEL predstavuje novy zpUsob Skalovani 2D separacniho prostoru, ktery do normalizovaného
retenéniho prostoru prevadi cely prostor vymezeny analytickou metodou (v obou dimenzich
ohrani¢eny mrtvym ¢asem a koncem metody). Na rozdil od starSich metod Skalovani je diky tomu
rozsah separacniho prostoru nezavisly na vzorku pouzitém k optimalizaci.

Pri Skalovani vzorkd s velkym pokrytim separacniho prostoru poskytuje WOSEL srovnatelné
vysledky jako starSi metody Skalovani. Pro vzorky s nizSim pokrytim separacniho prostoru vsak dava
hodnoty odpovidajici vzhledu chromatogramu. UmozZnuje optimalizaci analytickych systém( i pro
analyty, které nejsou ve vzorku momentalné pfitomny, pfestoze analytickd metoda pro né v separaci

ponechdva prostor.
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10 Vyznam dimenzionality vzorku pro vypocet ortogonality 2D

separaci

Dimenzionalita vzorku je souhrnem vsech nezavislych vlastnosti vzorku, které maji vliv na jeho
chromatografické chovani. Vétsina vzorkl jsou vzorky vysokodimenzionalni, jejichz dimenzionalita je
mnohonasobné vyssi nez dimenzionalita pouZitého chromatografického systému. Piky téchto vzork(
vypliuji bez jakéhokoli fadu cely 2D separacni prostor. Oproti tomu vzorky nizkodimenziondlni maji
srovnatelnou dimenzionalitu jako analyticky systém. Jejich piky vyplnuji jen ¢ast chromatogramu.
Formuji se do skupin podle pfislusnosti do chemickych tfid. Poloha piku v ramci skupiny je dana pozici

funkéni skupiny ve strukture dané latky [45].

10.1 Lokalni a globalni ortogonalita

Ortogonalita je parametr, ktery se pouZiva k optimalizaci chromatografickych 2D systému.
Pocita se pomoci celé fady pristup(, pracujicich na rozliénych principech. Vétsinou nabyva hodnot od 0
do 100 %. Vyjimku tvofi pfistup zaloZeny na principu nejblizsSiho souseda (NN), jehoz vysledkem je
pramérna vzdalenost kazdého bodu chromatogramu a jeho nejblizSimu sousedovi v normalizovaném
retencnim prostoru.

Obecné Ize fici, Ze ¢im vyssi je ortogonalita (resp. prmérna vzdalenost NN), tim vétsi pfinos
ma druhd dimenze pro celkovou separaci. Ortogonalita systému se hodnoti ze dvou rlznych hledisek,
tzv. aspektl. Lokalni ortogonalita popisuje rovnomérnost pokryti separacniho prostoru, zatimco
globalni ortogonalita rozsah vyuzitého separacniho prostoru. V soucasné dobé neexistuje deskriptor,
ktery by umél zachytit obé hlediska ortogonality. Proto nékteré deskriptory hodnoti pouze miru
nahlouceni dat, jiné zase zohledriuji, kolik separaéniho prostoru je pokryto datovymi body. Obé hlediska
separace jsou vsak stejné dulezita, proto Schure a Davis v predchozi praci zabyvajici se porovnanim
zpUsobl vypoctu ortogonality zkombinovali nejlepsi deskriptor globalni (CH) a lokdlni ortogonality
(jednu z metod geometrického pokryti separacniho prostoru, zaloZzenou na pocitani obsazenych bind
[126]) tak, Ze je mezi sebou vynasobili. Tento kombinovany deskriptor dle zavéru jejich prace [121]
poskytuje vysledky, které nejlépe odpovidaji vzhledu chromatogram(. Ve své praci vSak u vsech
pristupl, vyjma CH, pouZili min-max Skdlovani, které zkresluje realny separacni prostor. CH tak v jejich
praci slouzi pouze jako korekce na redlny separacni prostor, nezkresleny min-max $kdlovanim. Druhy

parametr, ktery nebyl v praci Schure a Davise zohlednén, byl pfipadny vliv dimenzionality vzorku.
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Cilem této Casti disertacni prace je pomoci modell obsahujicich 2500 bod( a redlnych GCxGC
separaci nalézt deskriptor, ktery by nejlépe vystihoval soucasné globalni a lokalni hledisko ortogonality,

a to jak u nizko- tak i vysokodimenzionalnich vzork.

10.2 Metody

10.2.1 Syntetické chromatogramy
Syntetické chromatogramy jsou v R-software vytvoreny vtak, Ze datové body vypliuji
separacni prostor o rozmérech 89-3000 s x 1-4 ¢tyfmi rGznymi zpUsoby a tvofi 4 rzné tfidy model(:
1. datové body vyplnuji cely separacni prostor a maji pravidelné rovnomérné rozdéleni (kazdy
bod je umistén presné uprostied svého binu)
2. datové body vypliuji cely separacni prostor a maji nahodné rovnomeérné rozdéleni
3. datové body tvori shluky v prazdném separacnim prostoru, body uvnitf shlukd maji
ndhodné rovnomérné rozdéleni
4. datové body zcela vyplnuji separacni prostor a maji ndahodné rovnomeérné rozdéleni, ¢ast
z bod( tvofi shluky
Kazda tfida chromatogram( se sklada z nékolika typl modell (Tab. 5-8, S3, S4). Kazdy typ
modell s nahodnym rozdélenim bodu (tj. vyjma 1. typu) je generovan stejnym algoritmem 50x, aby
bylo moZzné pomoci smérodatné odchylky ovéfit validitu daného typu modelu. Algoritmy pro
generovani syntetickych chromatogramu jsou obdobné tém, které byly pouZity v kapitole 9. Nejmensi

vzdalenost mezi body v normalizovaném retencnim prostoru je 0,001.

10.2.2 Redlné chromatogramy

K ovéreni vysledkl syntetickych chromatogrami je pouZzito realnych GCxGC separaci modi,
plasmy a nafty. Mrtvé Casy jsou urc¢eny pomoci software Column calculator a Chroma-TOF (v. 4.51.6.0,
LECO, St. Joseph, Michigan, USA), a to na zakladé rozmérd pouZzitych kolon, pritoku helia a teplotniho
programu). Mrtvy cCas u syntetickych chromatogram( je odvozen na zakladé realnych separaci
metabolomickych vzorkd, pfipravenych ethoximaci a trimethylsilylaci. Pro pfipravu modi se vyuZiva
kyselé extrakce do ethylacetatu [116], u plasmy deproteinace pomoci methanolu, odfoukani pod
dusikem, ethoximace a trimethylsilylace [117]. Detailni postup pfipravy vzork( i jejich chromatogramy

jsou uvedeny v kapitole 11.
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10.2.3 Vypocet ortogonality

Retenéni koordinaty pikd jsou Skalovany pomoci WOSEL. Ortogonalita se stejné jako
v kapitole 9 pocita nékolika rliznymi pfistupy vybranymi tak, aby z kazdé skupiny ptistup( o stejném
principu byl vybran praveé jeden: Pearsonova korelace (PC) [34], podminéna entropie (CE) [35], konvexni
obalka (CH) [36], modelovani (MA) [42], geometrické pokryti separacéniho povrchu (SC) [38], metoda
nejblizsiho souseda (NN) [40] a hvézdickové rovnice (AE) [41]. Principy jednotlivych pfistupl a rovnice
pouZité k vypoctu jsou uvedeny v Uvodni Casti této disertacni prace. Vypocty se provadéji v R-software

(PC, CH, AE, MA a SC) a MATLAB (CE, NN, MATLAB 2018a, Natick, Massachusetts, USA).

10.3 Vysledky a diskuse

Cilem prace je nalezeni ,univerzalni“ deskriptor ortogonality, ktery by byl jasnou volbou pri
optimalizaci 2D systému pro analyzu jak vysoko- tak i nizkodimenzionalnich vzork(. Kazdy z deskriptorq,
které jsou v této praci porovnavany, méfi jinou vlastnost chromatogramu: korelaci mezi reten¢nimi
Casy prvni a druhé dimenze [34], pomér poctu obsazenych binl k prazdnym [38] a jejich kombinaci [42];
pomér plochy obsazené piky k celkové vyuZitelné ploSe chromatogramu [36], primérnou vzdalenost
nejblizsich soused [40], distribuci bodl podél ¢tyf os protinajicich separacni prostor [41] a miru shody
distribuce bod( predikované na zakladé retencnich ¢asl prvni dimenze se skutecnou distribuci bodu
v dimenzi druhé [35]. Je tedy velmi tézké posoudit, ktery z deskriptor( je nejlepsi.

Porovnani deskriptor(l se provadi ve tfech v nasledujicich krocich:

1. Ovéreni schopnosti deskriptor( pokryt cely rozsah ortogonality od 0 do 100 %, a tim i jejich
vhodnosti pro urceni nejlepsi a nejhorsi separace; vylouceni deskriptort, které toto
kritérium nesplni.

2. Nalezeni nejvhodnéjsiho deskriptoru pro soucasné urceni globalni i lokalni ortogonality jak
nizko- tak i vysokodimenzionalnich vzorka.

3. Stanoveni vlivu cilené zmény dimenzionality vzorku na optimalizaci analytického systému
pomoci ortogonality.

Protoze se pfi vyhodnocovani optimalni separace 2D chromatografickych systému klade dUraz
nejen na jeho vyslednou ortogonalitu, ale i na vzhled chromatogramu (viz kapitola 9), jsou ciselné
vysledky doplnény obrazky znazornujicimi disperzi retenénich koordinat v pivodnim 2D separacnim
prostoru (Tab. 5-8, S3, S4, Obr. 37, 39-43). Diky pouziti WOSEL pro $kalovani je normalizovany retencni

prostor obdobny plivodnimu a neni nutné je zobrazovat spolecné (viz kapitola 9).
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Druhym zplGsobem prezentace vysledkl pouZitym v této kapitole jsou srovnavaci grafy (Obr.
40-42). ProtozZe vsak kazdy z pristupl poskytuje pro konkrétni chromatogram jinou Ciselnou hodnotu
a pro chromatogramy urcitého typu jiny rozsah hodnot, je pred konstrukci srovnavacich grafi nutno
hodnotu ortogonality obdrzenou pro urcity chromatogram vydélit prilmérnou hodnotou ortogonality
pocitanou stejnym pristupem pro chromatogramy v daném porovnani.

Pouziti metod vicerozmérné statistické analyzy, doporucované autory predchozi prace [121],
umo?znuje pouze porovnani ¢iselnych hodnot, bez ohledu na vzhled chromatogramu. Dvojny graf PCA
jedné skupiny modelUl obsahujici 4 rizné umisténé shluky (Obr. 37) ukazuje pouze, Ze pfi této kombinaci
proménnych do PC 1 a PC 2 (Obr. 38) CH a AE monitoruji stejnou vlastnost chromatogram, zcela
odlisSnou od HN. Na PCA neni patrné Zadné déleni modell do skupin. Hlavni komponenty jsou tvoreny
kombinaci vysledk( jednotlivych pristup(l, kdy PC1 i PC2 je tvofena kombinaci vSech 5 pfistup(ll a tim,
Ze v PC1 je obsazen predevsim AN, SC, HN a v PC2 AE, HN a CH. Nelze tedy fici, ktery z deskriptor( je
pro popis pokryti 2D prostoru nejlepsi. Ze vzhledu chromatogrami pfidanych na obvod Obr. 37 Ize

usuzovat, Ze SC ukazuje miru prekryti a CH a AE naopak rozptyl shluka.

10.3.1 Rozsah deskriptor(

V této casti kapitoly se vychazi z predpokladu, Ze spravny deskriptor je schopen pokryt cely
rozsah hodnot ortogonality od 0 do 100 % a Ze také umi odlisit priimérné separace od extrémnich. Dva
z deskriptor (AN a HN), oba z pfistupu NN, vSak nabyvaji zcela jinych hodnot (viz Tab. 3, kapitola 9).
Pro modely s 2500 body jsou to hodnoty od 0,002 do 0,011, zatimco pro modely se 100 body je rozsah
od 0,010 do 0,060 (Tab. S2). Je tedy zfejmé, Ze hodnoty AN i HN jsou silné zavislé na poctu datovych
bodil, co? vyplyvé z vypoétll. Cim vice bodd je obsaZeno ve stejné velkém separaénim prostoru, tim
blize jsou u sebe a primérné vzdalenosti k nejblizsSim sousedliim jsou mensi. To je velkou nevyhodou
pristupu NN, kterd brani jeho pouZiti pfi optimalizaci systémd pomoci realnych vzorkl (u kterych je
napr. v GCxGC pfi pouZiti jinych kolonovych usporadani detekovan jiny pocet potencidlnich metabolitd,
tzv. features) a také jejich implementaci do kombinovanych deskriptort [121]. Aby doslo k jejich
odstranéni, hodnoty AN a NN se pfepocitavaji na % pomoci v této praci nové vyvinutého vztahu (Rov.
12):

0= 100 %- (/X P—1)
o 0,64

(Rov. 12),

kde X je AN nebo HN, Y P je pocet pikll v separaci, (/2. P — 1) je pocet vzdalenosti mezi nejblizSimi

sousedy v jedné dimenzi, 0,64 je maximalni pokryti separacniho povrchu 2500 ndhodnymi velicinami
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(piky) vyplyvaijici z Poissonova rozdéleni pravdépodobnosti [39]. Pro nizsi pocet pikl mize byt hodnota

0,64 nahrazena hodnotou 0,63.
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Obr. 37: Ukdazka aplikace metod vicerozmérné statistické analyzy (dvojny graf PCA) na porovnani
vybranych deskriptord ortogonality u model( se ¢tyfmi shluky. Vyznamnost prvni komponenty je

67,06 %, druhé 21,56 %.
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Obr. 38: Slozeni prvni a druhé hlavni komponenty PCA modelu na grafu uvedeném na Obr. 37

Po pfepoctu AN a HN na % se spolecné se porovnava schopnost vsech deskriptor( pokryt cely
rozsah ortogonality od 0 do 100 %, a to pomoci 5 rGznych typl syntetickych chromatogramd,
vyobrazenych v Tab. 5. Schopnost dosahnout horni hodnoty rozsahu se testuje pomoci 2 typU
chromatogram, kde data vyplriuji cely separacni prostor. U typu A jsou datové body jsou umistény
uprostied kazdého binu, u typu B maji data nahodné rozdéleni. Pristupy AN, HN, MA a SC poskytuji pro
chromatogramy typu A hodnoty vyssi nez 100 %. Je to proto, Ze tyto pristupy maji ve vzorcich pro
vypocet ortogonality inkorporovanou korekci na miru pravdépodobnosti toho, Ze u redlnych jev( piky
samy od sebe objevi vidy presné uprostied binu. Jak uz bylo zminéno drive, dochazi k tomu pouze
u 64 % z 2500 pikd. Proto je vysledna hodnota ve vzorci vydélena konstantou 0,64. Pokud jsou piky
uméle umistény do stfedu kazdého z binli, musi byt vysledna hodnota ortogonality vyssi nez 100 %,

jako je tomu v téchto 4 pripadech. Ostatni pfistupy pravdépodobnost nahodnych jev(i nezohledriuji.
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Tab. 5: Vysledky ortogonality [%] (+ 2 SD pro modely s ndhodnym rozdélenim) poskytnuté jednotlivymi

pristupy vypoctu pro modely pro urceni rozsahu deskriptor(.

Typ A B C D E
Vzhled i A | | | o
Rozdéleni Pravidelné Nahodné Nahodné Pravidelné Pravidelné
PC 100,0 98,8+2,0 98,6 +2,2 96,5 0
CE 100,0 85,8+0,6 89,2+0,8 - 0
o | AN 156,3 99,9+1,2 81,6+1,1 3,1 4,4
g HN 156,3 67,3+3,8 54,6 +3,6 3,1 4,4
* | CH 96,0 99,2+0,4 66,1+0,3 0 0
AE 95,9 96,3 +2,5 70,8+0,8 0 0
MA 158,7 100,3+1,9 82,6+2,0 3,1 0
SC 158,7 100,3+1,9 82,7+2,0 3,1 3,2

Absence poklesu ortogonality mezi modely typu A a B pomoci CH neni ptekvapiva, protoze CH
prindsi informace o rozsahu vyuZitého prostoru, ne o distribuci pikd. To je patrné i z toho, Ze kdyz jsou
datové body u modelll typu A umistény uprostied binu a nezasahuji i na jejich vnéjsi okraje jako
u modell typu B, je ortogonalita separace A nizsi 0 4 % (v kazdé dimenzi je vyZito o 2x 0,5 binu méné.
Proto ma separacni prostor rozsah 2401 misto 2500 bin(, coZ presné odpovida 96 %). AE prekvapivé
nedosahl hodnoty 100 % pro modely typu A ani B, neukdzal také pokles hodnot mezi modely
s ndhodnym a pravidelnym rozdélenim. V pfipadé AE to vSak oproti CH nesouvisi s rozsahem vyuzitého
separacniho prostoru, protoZe hodnoty ziskané pro modely typu A a B jsou vice méné stejné. Z toho je
zifejmé, Ze AE nepatii mezi deskriptory globalni ortogonality.

Nejvyssi pokles ortogonality mezi modely typu A a B je zaznamenan u HN. Je tomu tak proto,
Ze HN, ktery se zaméfuje na monitorovani kratkych vzdalenosti mezi body, poukazuje na pfitomnost
velmi blizkych bodl. Nejblizsi vzdalenost mezi body je v praxi dana chemometrickym rozliSenim
(protoze od tohoto okamziku jsou body vnimany jako 2 a ne jako jeden), u syntetickych chromatogramu
je tato vzdalenost nastavena analogicky tém redlnym. Proto HN nedosahuje u modell typu B hodnot
100 %.

Pro model typu C, kde je separacni prostor nahodné vyplnény body o 1/3 mensi nez u modelu
typu B, ukdzaly vSechny pfistupy az na PC a CE nizsi hodnoty nez pro model B. Modely typu D a E imituji
1D separaci, ve které je druhd dimenze zcela nevyuzitd. Maji podobu pfimky rovnobéiné s prvni

dimenzi (typ D) nebo Uhlopricky vychazejici z pocatku os (typ E). Ortogonalita téchto modell by méla
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byt rovna 0. Hodnota ortogonality poskytnuta vétSinou pristupl se pohybuje v intervalu od 0 do 4,4,
které jsou akceptovatelné, protoZe ortogonalita neni idealni funkci pikové kapacity [39] (viz kapitola
11). CE neumoznuje spocitat ortogonalitu modelu typu D, protoZe u tohoto modelu neni Zadna nejistota
v ose y. PC pro tento model poskytnul ortogonalitu blizkou 100 %.

Na zakladé Tab. 5 a Tab. 6 Ize shrnout, Ze hodnoty ortogonality vypocitané pomoci PC a CE
nereflektuji vyuziti separacniho prostoru, a proto uz nejsou podrobovany testovani v dalSich ¢astech
této prace, stejné jako MA, jehoz je PC soucasti. PfestoZze MA v nékterych ptipadech spravné rozlisuje
dobré separace od téch horsich, v pfipadé, kdy Ize body proloZit pfimku, PC do vypoctu MA vnasi chybu
(Tab. 6).

Tab. 6: Vliv korelace (R) na hodnoty ortogonality nizkodimenzionalnich modell typu E, spocitané

pomoci PC, CE a MA

Model 2 37 44 51 52
Vzhled @ ‘ ® o .- ® L
e e e
A |. | I |
Rozdéleni Nahodné Nahodné Nahodné Nahodné Nahodné
PC[%] 19,1 90,8 43,6 2,7 99,7
= CE [%] 72,3 81,3 87,5 58,0 95,4
B | SC[%] 23,4 21,7 18,7 22,7 22,3
a R 0,81 0,09 0,56 0,97 0,00
MA [%] 3,1 21,5 12,8 1,2 22,3

10.3.2 Nizkodimenzionalni vzorky

Chromatogramy nizkodimenzionalnich vzork( jsou charakteristické pritomnosti skupin(y)
analytl v jinak prazdném 2D separacnim prostoru. Latky vramci kazdé skupiny maji podobné
chromatografické chovani, protoze obsahuji stejné funkcni skupiny, jen jinak umisténé [45]. Pfikladem
takovychto chromatogramui jsou GCxGC separace nafty [127], polycyklickych aromatickych uhlovodik
v environmentalnich vzorcich [128], polychlorovanych bifenyl [129] nebo peptid( [121]. Syntetické

chromatogramy pripravené pro Ucely této prace obsahuji jeden nebo vice shlukl v jinak prazdném

separacnim prostoru (Tab. 6, 7).
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Tab. 7: Syntetické modelové chromatogramy nizkodimenzionalnich vzorkG a primérnad hodnota

ortogonality spocitana jednotlivymi pristupy pro kazdy typ modeld £ 2SD.

Typ A B C D E
Vzhled ® ®
‘ ® ® o
L L ]
Rozdéleni Nahodné Nahodné Nahodné Nahodné Nahodné
AN 88,8 +0,5 54,1+0,7 22,1+0,1 25,7+23 35,8+4,3
= HN 59,7+1,9 36,4+2,6 14,8 +0,5 16,9+1,6 23,0+£3,1
% | CH 77,1+0,1 27,8+0,1 4,8+0,0 11,4+8,2 29,1 +26,8
o | AE 783+1,1 28,1+0,7 49+0,1 21,6 £24,1 43,6 £ 33,9
SC 90,5+0,9 44,8 +0,6 9,3+0,1 11,7+ 1,3 21,6 +3,7

Z vysledkd uvedenych v Tab. 7 je patrné, Ze vSechny testované deskriptory jsou schopny
zaznamenat zménu trendu syntetickych chromatogram(. Pokles priiméru shluku (modely typu A az C)
je reflektovan snizenim ortogonality u vSech pfistupt, bez ohledu nato, zda se jedna o deskriptor lokalni
¢i globdlni ortogonality, protoZe dochazi jak k poklesu vyuzitého separaéniho prostoru, tak i k vétsSimu
nahromadeéni bod( (stejny pocet bodu je umistén na mensi plose). Navyseni poctu shlukl (modely C
az D) vede ze stejného dlivodu k narlstu ortogonality u vSech pfistup(.

Hodnoty ortogonality poskytnuté jednotlivymi pfistupy pro tentyz typ modell se rizni. Také
jejich narlst mezi jednotlivymi typy modell je rozdilny. Je to dano odliSnymi principy, na zakladé
kterych se ortogonalita v rdmci jednotlivych pristupl pocitd [121]. Proto osamocend hodnota
ortogonality (napf. 22,1 % pro model C pomoci AN) nema pro ohodnoceni chromatogramu vyznam,
protoZe na zakladé cisla samotného neni mozné usuzovat na dobrou ¢i Spatnou separaci. Az po
porovnani s hodnotami AN spocitanymi pro ostatni modely je zifejmé, Ze se jednd o nepfilis dobrou
separaci, protoze hodnoty AN se méni od 89,3 do 22,0 %. Pro srovnani obdobnou hodnotu okolo 22 %
poskytuje SC pro model E a AE pro model D. V pfipadé SC se vSak hodnoty pohybuji v rozmezi od 9,2 do
91,4 %, u AE od 4,8 do 79,4 %, takZe tyto separace patfi mezi ,lepsi“.

Nejvyssi variabilita vysledkd mezi jednotlivymi modely stejného typu je zaznamendana pro
modely typu E obsahujici 4 rGzné umisténé shluky, proto byly modely tohoto typu pouZity pro
porovnani deskriptor(. V idealnim pripadé se shluky neprekryvaji (maji vysokou lokalni ortogonalitu)
a jsou umistény co nejdale od sebe (maji vysokou globalni ortogonalitu). Seznam vysledk( ziskanych

jednotlivymi pfistupy pro vSechny modely typu E je uveden v Tab. S3.
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Vysledky AE vykazuji u model{l typu E nejvétsi rozsah hodnot (od 7,9 do 86,2 %), coZ by mohlo
byt disledkem jeho vysoké citlivosti na zmény pokryti separacniho prostoru. Obr. 39 vsak doklad3, ze
hodnoty ortogonality pomoci AE nevypovidaji o pokryti separa¢niho prostoru, ale pouze o vzdalenosti
shluk( od os, zejména od jejich priseciku. Proto modely se shluky umisténymi v blizkosti priseciku os
(model 38) maji vyssi ortogonalitu nez modely s maximalné vzdalenymi shluky umisténymi v rozich
normalizovaného separacniho prostoru (model 51). Tato vlastnost, AE spolecné s neschopnosti
dosdhnout 100% ortogonality a nereflektovani ndhodné distribuce dat, je stéZejni pro vylouceni AE

z dalsiho testovani.

Model 38 Model 51
Z, Z
Z,
Z, Z,
Z
Model Z [%] Z. [%] Z1[%] Z; [%] O [%]
38 95,3 47,7 81,2 69,0 50,5
51 57,7 57,4 57,5 57,6 33,1

Obr. 39: Vypocet ortogonality dvou syntetickych modelll typu E nizkodimenzionalnich vzorkd pomoci
AE. Tabulka pod obrazkem uvadi distribuce bodl podél jednotlivych os (Z, Z., Z1, Z,) a vyslednou

ortogonalitu O [%] vypocitanou podle Rov. 7.

Také nizkodimenzionalni modely potvrzuji, Ze CH pfinasi pouze informaci o rozpéti dat
v separacnim prostoru, nikoli o vzdalenosti mezi jednotlivymi piky [130], jak jiz bylo zminéno v kapitole
10.3.1. Tab. S3 ukazuje, Ze CH je deskriptor globalni ortogonality, protoze pro model 51 poskytuje
hodnotu blizkou maximu (98,5 %) bez ohledu na prazdné prostory mezi 4 shluky umisténymi v rozich
separacniho prostoru. Z toho plynou jeho 2 velké nevyhody — zapocitavani prazdného prostoru mezi
piky do celkové ortogonality systému a vysoka citlivost k odlehlym hodnotdm. Na redlnych GCxGC

separacich modi je manifestovan vliv jediného distdlniho analytu na celkovou ortogonalitu systému
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pomoci CH (Obr. 40). Prestoze je chromatograficky vzor setu H a | aZz na retenci jediné latky obdobny,
ortogonalita pomoci CH je usetu | (17,7 %) hodnocena mnohem Iépe neZ u setu H (8,8 %, kdy maximalni

dosazend hodnota pro set K je 41,1 %). Proto ani CH neni vhodnym deskriptorem pro popis ortogonality

nizkodimenzionalnich vzorkd.
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Obr. 40: Optimalizace GCxGC systému pro analyzu 25 metabolitd v moci (pfevainé organickych
kyselin). Nahofe srovnavaci graf s hodnotami ortogonality normalizovanymi pridmérnou hodnotou

ortogonality pro jednotlivé pristupy, dole chromatografické vzory obdrzené pro jednotliva usporadani

kolon (set C az L).
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Porovnani zbyvajicich tii deskriptord, AN, HN a SC, je provedeno pomoci srovnavaciho grafu
zobrazeného na Obr. 41. AN se chova jako deskriptor globalni ortogonality. Poskytuje nejvyssi hodnotu
pro shluky umisténé v rozich separacniho prostoru, které jsou od sebe vzdaleny nejvice ze vSech
Maximalni hodnota dosazena pro model 51 se na rozdil od CH vyrazné odlisuje od 100 %, z ¢ehoz
vyplyva, Ze AN do vysledné ortogonality zapocitava i prazdné prostory mezi shluky.

SC se chova jako deskriptor lokdIni ortogonality. Vysledné hodnoty ortogonality spocitané
pomoci SC jsou pro jakékoli neprekryvajici se shluky skoro stejné (pohybuji se v rozmezi od 22,0 do
23,6 % v zavislosti na rozmisténi bodl nahodnym algoritmem). SC tedy nereflektuje vzdjemnou
vzdalenost shlukd. Pro prekryvajici se shluky vypocitana hodnota klesa v zavislosti na mire prekryvu az
k nejnizsi hodnoté 14,7 % pro model ¢. 41 (Obr. 41, Tab. S3).

HN by se dle autor(l tohoto pfistupu mél také chovat jako deskriptor lokalni ortogonality [40].
Nejvice se prekryvajici shluky jsou spravné ohodnoceny nejnizsi ortogonalitou (model 41, O = 18,2 %),
ale z modelll 12 (blizké shluky, 3 z nich se prekryvaji) a 46 (4 jednotlivé shluky) uz lepsi separaci urcit
neumi (oba chromatogramy ohodnotil ortogonalitou 23,7 %). Je tomu tak nejspi$ proto, Ze vysoky pocet
vétsich vzdalenosti potladil vliv vzdalenosti mensich.

Nejlepsim lokalnim deskriptorem pro nizkodimenzionalni vzorky je proto SC, globalnim pak AN.
Pro kazdy chromatogram tak lze ziskat dvé rizné hodnoty a pfi vyvhodnocovani nejlepsich separacnich
podminek si nakonec vybrat bud jeden nebo druhy aspekt ortogonality. Protoze maximalni vyuZziti
separacniho prostoru a minimalni pocet shluk( je pro separaci stejné dullezité, navrhli Schure a Davis
vytvorit kombinovany deskriptor vynasobenim dvou nejlepsiho lokalniho a globalniho deskriptoru
[121]. V jejich praci jim byla dimenzionalita (Dim, jedna z metod zaloZend na pocitani obsazenych bin(
[126]) a CH. Vynasobeni AN a SC vsak v této disertacni praci nepfinasi Zadny uZitek, pouze zesiluje trend
dany plvodnimi deskriptory (Spatnd separace se stava jesté horsi, dobra jesté lepsi, Obr. 41). Benefit
vynasobeni hodnoty Dim hodnotou CH v praci Schurea a Davise byl dan nejspi$ tim, Ze predstavoval
korekci na min-max Skalovani. CH se totiz na rozdil od Dim pocitalo v pivodnim, nesSkalovaném
separacnim prostoru.

PFi pouziti WOSEL nasobeni deskriptorll ztraci vyznam. Za predpokladu stejné dUlezZitosti
globalni a lokalni ortogonality se jako nejlepsi zplsob kombinace jevi vypocet priméru obou hodnot.
ProtoZe se vSak oba deskriptory v konkrétnim souboru vzorkd lisSi rozsahem hodnot, je vyhodnéjsi
pouZit k zprimérovani hodnot poskytnutych SC a AN geometricky pramér. Hodnoty nového

kombinovaného deskriptoru ASCA (z angl. ,,AN and SC average”) se pak spocitaji podle Rov. 13.
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Oasca =+/Oan*Osc (Rov. 13),

Oasca je hodnota ortogonality [%] spocitanda pomoci nového deskriptoru ASCA, Oav je hodnota

ortogonality spocitana podle Rov. 6 a 12, Osc je hodnota ortogonality spocitand podle Rov. 4.
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Obr. 41: Porovnani AN, HN a SC a kombinovanych deskriptorG AN*SC a ASCA pomoci
nizkodimenzionalnich syntetickych modell typu E. Nahore srovndvaci graf s hodnotami ortogonality
normalizovanymi prdmérnou hodnotou ortogonality pro jednotlivé pristupy, dole chromatogramy

jednotlivych modeld.
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10.3.3 Vysokodimenzionalni vzorky

Vysokodimenzionalni vzorky nepfedstavuji tak Casty analyticky problém jako celd rada vzorkd
obsahujici obrovskd mnozstvi strukturné podobnych latek (nafta, mineralni oleje, esencialni oleje,
cigaretovy kouf, polychlorované bifenyly, pesticidy, methylestery mastnych kyselin, steroidy aj.).
Vysokodimenzionalni vzorky se skladaji z Iatek obsahujicich celou fadu funkénich skupin, které riznou
mérou interaguji se stacionarni fazi prvni a/nebo druhé dimenze. Na chromatogramech téchto vzork
nejsou pritomny izolované skupiny strukturné podobnych latek, datové body jsou rozesety po celém
chromatogramu [45]. S vysokodimenzionalnimi vzorky se setkdvdme pfi analyze metabolomickych
vzork( [131], tabakovych extraktl [132] nebo kavy [133]. Syntetické chromatogramy (Tab. 8) jsou
vytvoreny tak, Ze cely jejich 2D separacni prostor je vyplnén datovymi body, do kterych jsou umistény
shluky dalSich bodi. Celkovy pocet bodU je vidy 2500 a maji ndahodné rovnomérné rozdéleni. Kazdy

shluk obsahuje vzdy % z celkového poctu bodd. Novy shluk je vytvoren z bodd mimo shluky.

Tab. 8: Syntetické modelové chromatogramy vysokodimenzionalnich vzorkd a primérnad hodnota

ortogonality spocitana jednotlivymi pfistupy pro kazdy typ modell + 2SD.

Typ C
Vzhled e
%\‘ R .. 3
" .'E.u '.." i
E"’és ',:: ol AR
Rozdéleni Nahodné Nadhodné Nadhodné Nahodné Nahodné
AN 98,1+1,3 96,3+0,9 92,8+1,4 83,4+1,7 71,1+2,1
= HN 63,1+4,0 58,7+3,1 46,1+1,9 34,6 +3,5 27,7 +3,8
&% | CH 99,0+0,4 98,9+0,5 98,9+0,5 98,5+0,7 97,3+1,4
o | AE 87,4+4,6 86,6 +7,9 85,9+6,1 70,5+13,4 59,8 £ 23,2
SC 96,0+1,9 91,5+1,8 85,5+1,9 68,3+1,6 47,8+2,5

Vsechny testované deskriptory s vyjimkou CH jsou schopny odrazet zménu trendu syntetickych
modell: pokles prdméru shluku u modelQ typu A az C i narGst poctu shluk( (a tim i pokles bodd mimo
shluky) u modell typu C aZ E vede k poklesu ortogonality. CH soustavné ukazuje, Ze u vsech typl
modelU je cely separacni prostor pokryt datovymi body. U modell typu E je datovych bodl mimo shluky
nejméné, proto jsou v nékterych pripadech okraje chromatogram( prazdné. Pak CH ukazuje maly
pokles vyuZitého separacniho prostoru (Obr. 42). Pokud jsou prazdna mista uprostfed chromatogramu,
pak je nereflektuje. AE stejné jako u nizkodimenziondlnich modelli vykazuje vysokou variabilitu

vysledk( a ukazuje pouze vzdalenost shlukl od (stfedu) os bez ohledu na vzajemnou vzdalenost shluk.
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Obr. 42: Porovnani CH, AN, HN a SC a kombinovanych deskriptord AN*SC a ASCA pomoci
vysokodimenzionalnich syntetickych modell typu E. Nahote srovnavaci graf s hodnotami ortogonality
normalizovanymi prdmérnou hodnotou ortogonality pro jednotlivé pfistupy, dole chromatogramy

jednotlivych modeld.

Zbylé tfi deskriptory, AN, HN a SC, jsou testovany pomoci model( typu E s nejvyssi variabilitou
vysledk( (Obr. 42, Tab. S4). HN ma z nich nejvyssi variabilitu vysledkd, coZ by mohlo svéddit pro nejvyssi

citlivost deskriptoru. Ale neni tomu tak. Zména hodnoty ortogonality neni spojena se zménou vzajemné
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polohy shlukl, protoZe vzdalené, blizké i prekryvajici se shluky jsou prostfednictvim HN ohodnoceny
stejnou ortogonalitou (model 11, 23 a 34; O = 28,8 %). Oproti tomu modely stejného vzhledu (28 a 32)
maji pfi pouziti HN algoritmu ortogonalitu rozdilnou (30,4 vs. 25,8 % pti rozsahu hodnot od 22,1 do 30,9
%). Tento jev je nejspiSe zplisoben zprimérovanim velkého poctu vzdalenosti a faktem Ze kazdé
prodlouZeni vzdalenosti mezi dvéma body je vyvazeno zkracenim vzdalenosti mezi jinymi dvéma body.

Ani pfistup AN neni schopen zachytit zménu vzajemné polohy shlukd. Napf. model 41 byl
ohodnocen jako nejlepsi (O = 73,9 %), prestoze u modelu 4 (O = 71,5 %) jsou vzdalenosti mezi shluky
mnohem vétsi. Na druhou stranu prekryvajici se shluky (model 13) maji ortogonalitu stejnou (O =
71,5 %) jako vzdalené (model 4). Je tomu tak nejspis proto, Zze AN je deskriptor globalni ortogonality
a jako takovy ukazuje, Ze cely separacni prostor je pokryt datovymi body. Proto jsou jeho hodnoty pro
vsechny modely viceméné neménné (od 68,7 do 73,9 %).

Lokalni ortogonalitu nejlépe doklada SC, nebot vSechny prekryvajici se shluky maji pfi pouZiti
model 38 (O = 43,9 %), jehoZ shluky se zcela prekryvaji. Jsou-li shluky pouze v tésné blizkosti, k poklesu
ortogonality uZ nedochazi (model 48, O = 71,7 %). Jeji hodnota je obdobna jako u neprekryvajicich se
shlukd (model 41), jak je typické pro vSechny deskriptory lokalni ortogonality.

Z analyzy syntetickych modell vysokodimenzionalnich vzorkd vyplyva, Ze globalni ortogonalita
neni vtomto pfipadé dillezitym parametrem. Ukazuje pouze to, Ze je cely separacni prostor vyplnén
body a nabyva viceméné konstantnich hodnot. Nelze ji nijak optimalizovat. LokdIni ortogonalitu oproti
tomu optimalizovat Ize, a to pomoci SC. Kombinovany deskriptor ASCA nema pfilis velky vyznam. Ale
vzhledem k tomu, Ze AN je v podstaté konstanta, tak jeho prliimérovani s SC nevnasi do vyhodnoceni
nejlepsi separace Zadnou chybu. Pfistup ASCA lze tedy pouziti pro optimalizaci vysokodimenzionalnich
vzorka.

Stejné zavéry vyplyvaji i z vyhodnoceni realnych GCxGC chromatogramu vzorku lidské plasmy,
analyzované pomoci 6 rliznych kolonovych usporadani (Obr. 43). AN ani HN neshledavaji rozdil mezi
separaci vzorku za pomoci kolonového uspordadani A a B. Ortogonalita spocitana pomoci SCje v souladu
se vzhledem chromatogram(, protoZe jako nejlepsi hodnoti kolonové usporadani F, nejhorsi C. Pfi
vyhodnocovani optimalnich separacnich podminek pomoci realnych vzork( je nutné vzit v Uvahu, Ze
vzhled chromatogramu, ktery je pfi vyhodnocovani vniman lidskym okem, je silné ovlivnén (a zkreslen)

poctem nalezenych pikd potencialnich metabolitd, které kromé analytl zahrnuji i celou fadu artefaktd.
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Kolonové usporadani

Deskriptor A B C D E F
AN 57,6 (35,1) | 58,0(26,6) | 50,6 (13,2) | 62,2 (22,8) | 65,4 (38,0) | 66,3 (47,8)
HN 30,6 (15,6) | 29,1 (10,0) | 23,8(8,0) | 32,7 (12,4) | 34,3 (15,6) | 40,1 (18,1)
SC 45,2 (41,4) | 49,3 (31,5) | 39,5(16,8) | 51,6 (27,0) | 52,1(36,1) | 58,7 (43,2)
ASCA 51,4 (38,3) | 53,7(29,1) | 45,1(15,0) | 56,9 (24,9) | 58,8(37,1) | 62,5 (45,5)

Obr. 43: GCxGC analyza plasmy pomoci Sesti raznych kolonovych usporadani (A — F). TIC Sedé, EIC 217
cerné. Tabulka pod obrdzkem uvadi ortogonalitu [%] spocitanou pomoci jednotlivych deskriptord pro

TIC (EIC).

10.3.4 PoZadovand dimenzionalita

Biologické vzorky obsahuiji tisice latek mnoha funkcnich skupin. Jejich chromatogramy ani
zdaleka nejsou strukturované. V necilené metabolomice jsou vsechny latky ptritomné ve vzorku
dalezité. Vzorek je posuzovan jako vysokodimenziondlni. Oproti tomu v cilené metabolomice nebo
klinické diagnostice je predmétem zajmu pouze urcita skupina latek. VSechny ostatni latky pfitomné ve
vzorku nejsou pfedmétem zajmu. Na vzorek plvodné vysokodimenzionalni je nyni nahlizeno jako na

nizkodimenzionalni.
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Vysokodimenzionalni vzorky lze na nizkodimenzionalni prevést pfi pripravé vzorku (napf.
extrakci vybranych latek) nebo pouZitim specifického detektoru (napr. detektor elektronového zachytu,
plamenovy ioniza¢ni detektor se soli alkalického kovu). V pfipadé detekce hmotnostni spektrometrii Ize
snizeni dimenzionality docilit aplikaci specifického m/z filtru (a vytvofenim extrahovaného iontového
chromatogramu, EIC), jako je tomu u separaci vzorku plasmy pomoci Sesti rdznych kolonovych
usporadani (Obr. 43). Pfi zaznamu celkového iontového proudu (TIC, na Obr. 43 znazornén Sedé)
zachycujiciho vSechny piky potencionalnich metabolitl chromatogram postrada vnitini strukturu, jak
je typické pro vysokodimenzionalni vzorky. Po aplikaci filtru pro m/z 217 (éerné) dochazi ke snizeni
dimenzionality za Ucelem analyzy latek cukerné povahy. Vznika strukturovany chromatogram, kde na
ose x jsou analyty razeny dle délky uhlikového fetézce, na ose y podle funkcnich skupin (polyoly, cukry,
uronové kyseliny, Obr. 44). V EIC (Obr. 43) se AN stava informativnim, referuje o rozsahu vyuzitého
separacniho prostoru, zatimco SC je indikatorem miry nahromadéni dat v obou datovych souborech
(TIC i EIC). Dle SC i ASCA je nejlepsim kolonovym usporadanim pro necilenou analyzu plasmy
(vysokodimenzionalni vzorek) set F, pro cilenou analyzu latek cukerné povahy (nizkodimenzionalni

vzorek) dle SC set F nebo A, dle AN set F, dle ASCA set F (Obr. 43).

1 [s] 2.2 Uronové kyseliny
21 -COOSI(CH,),
2,0
1,9 Aldosy, ketosy -C=N-O-CH,CH,
1,8

Polyoly -OSi(CH.,),
1200 1400 1600 1800 2000 2200
't [s]

1,7

C, C,
Obr. 44: Strukturovany chromatogram, ktery vznika po aplikaci filtru m/z 217 z TIC vzorku plasmy

zméteného pomoci kolonového usporadani D uvedeného na Obr. 43.
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10.4 Zavér

Optimalizace vicerozmérnych chromatografickych systému pro analyzu nizkodimenzionalnich
vzork( predstavuje bézny analyticky problém. Jednim z prikladd je cilena metabolomicka analyza.
K optimalizaci se nejlépe hodi nové vyvinuty deskriptor ASCA, ktery umoznuje optimalizovat oba
aspekty ortogonality, maximalni pokryti separacniho prostoru a minimalni shlukovani dat, v jedné
veli¢iné. ASCA v sobé formou geometrického priiméru kombinuje hodnotu ortogonality ziskanou SC
algoritmem, ktery nejlépe ze vsech testovanych pfistupl referuje o lokalni ortogonalité, a AN, jehoZ
hodnoty odrazeji globalni ortogonalitu.

Analyza vicedimenzionalnich vzorkd je méné cCastd, setkavame se sni napf. u necilené
metabolomiky. JelikoZ datové body pokryvaji cely separacni prostor, optimalizace globalniho aspektu
ortogonality nema vyznam. AN se chova viceméné jako konstanta. Lokalni ortogonalitu nejlépe doklada
zkombinovan do ASCA jako u nizkodimenzionalnich dat, vysledky optimalizace to neovlivni, nebot se
do wvysledné hodnoty pfipoCitdva konstanta. Tak lze ASCA pouzit i pro optimalizaci
vysokodimenzionalnich vzork.

Dimenzionalita redlnych vzorki je obrovskd, pohybuje se v fadu tisicll. Ne vSechny vlastnosti
analytl jsou vsak dlleZité k dosazeni cile analyzy. Proto lze ve vétsiné pripad( dimenzionalitu vzorku
snizit, vzorek prevést na nizkodimenzionalni a analyticky systém pak plné optimalizovat na oba aspekty

ortogonality.
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11 Nalezeni nejvice ortogonalni kombinace kolon pro GCxGC

analyzu metabolomu moci

Pocet pikl, které je chromatograficky systém schopen rozlisit béhem jedné separace, je
kompromisem mezi délkou analyzy a detekci nejmensiho piku (tzv. minimalni detekovatelna
koncentrace) [134]. Nejcastéji je vyjadfovan pomoci pikové kapacity (n.), kterou lze v plynové kapilarni
chromatografii spocitat podle rovnice (Rov. 14, [135]):

n.=1+ vr logt—r (Rov. 14),
4 to

kde 7 je prGmérny pocet teoretickych pater kolony (diky ménicimu se kapacitnimu faktoru neni
konstantni), t, je retencni Cas, tp je mrtvy cas.

Komplexni vzorky obsahuji tisice latek a cilem analyzy je jich detekovat co nejvice
(maximalizovat pikovou kapacitu). Vjednodimenziondlni plynové chromatografii toho Ize docilit
pouzitim delsi kolony. Tim se vSak analyza mnohondasobné prodlouzi (napf. k zdvojnasobeni pikové
kapacity je treba osmkrat delSi analyza) [134]. Oproti tomu spojeni s druhou kolonou jiné selektivity
pti kompletnich (angl. ,comprehensive®) dvojdimenziondlnich analyzich vede knavysSeni pikové
kapacity n((GCxGC) pfi zachovani ¢asu analyzy (Rov. 15, [136]):

n.(GC x GC) = K -n,(D1) - n (D2) (Rov. 15),
kde n.(D1) je pikova kapacita prvni a n(D2) druhé dimenze, K je konstanta vyplyvajici z chemismu
stacionarnich fazi kolon.

Parametry n{D1) a n((D2) v 2D analytickém systému se odlisuji od téch, které Ize pfi stejnych
rozmérech kolon ziskat v 1D systému (kde jsou méreny pro kazdou z kolon zvlast). Je tomu tak proto,
Ze pfi prevadéni analytll z prvni a druhé dimenze dochazi k rozsireni jejich pik( [134]. Kolona druhé
dimenze ma také vliv na tvar pikl v prvni dimenzi. Je-li prGmér druhé kolony mensi nez prvni, dochazi
ke zvyseni tlaku v koloné prvni dimenze a tim k rozsifovani pik prvni dimenze (fazova rovnovaha se
posouva smérem ke stacionarni fazi). Pokud se v druhé dimenzi pouziva kolona stejného priiméru jako
v prvni, druha kolona separaci v prvni koloné témér neovlivni. | pfesto je vysledna pikova kapacita
GCxGC systému rovna pfiblizné poloviné nasobku pikové kapacity danych kolon pouzivanych jednotlivé
[137].

Dalsim faktorem, ktery je tfeba zvazit, je rozdil v selektivité stacionarni faze prvni a druhé
dimenze. Vrov. 15 je zastoupen konstantou K nezndmé hodnoty. Pokud se k analyze vzorku pouZiji

kolony zcela jiné (ortogonalni), jeji hodnota je rovna jedné. Tento jev v praxi nenastava, nebot separacni
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mechanismy prvni dimenze se spolu se separac¢nimi mechanismy druhé dimenze vidy do jisté miry
shoduji. Typickym ptikladem je pouziti polymethylsiloxanové kolony s 5% fenylu v prvni dimenzi
a polymethylsiloxanové kolony s 50 % fenylu v druhé dimenzi, které je dodnes v GCxGC nejbéznéjsi.
Diky ¢astecné shodé v chemismu stacionarnich fazi je pfispévek druhé kolony k celkové separaci nizsi.
Miru tohoto poklesu nelze presné vycislit. Zavisi jak na kombinaci stacionarnich fazi, tak na vlastnostech
analyt vzorku. Proto pikova kapacita neni vhodnym nastrojem k popisu ucinnosti separace GCxGC

systému [134]. V této prdci je k tomuto Ucelu vyuZivano ortogonality.

11.1 Kolony v GCxGC

Vybér kolon pro GCxGC se fidi snahou separovat co nejvyssi pocet komponent vzorku. Proto se
kombinuji kolony co nejvice rozdilné (ortogonalni), liSici se separacnimi mechanismy. Tzv. normalni
kolonové usporaddani je tvoreno nepolarni kolonou v prvni dimenzi, kterd separuje latky podle
disperznich sil (elu¢ni poradi pak koresponduje s bodem varu latek), a polarni (vice selektivni) kolonou
v dimenzi druhé, jez separuje koelujici latky prvni dimenze podle polarity. Napfiklad pfi analyze nafty
prvni nepolarni dimenze umozni separaci alkanu a cykloalkand, zatimco areny jsou diky m-rt interakcim
zadrzovany druhou dimenzi. V tzv. reverznim kolonovém usporadani je tomu naopak [138].

Vybér kombinace kolon pro GCxGC analyzu se dodnes casto fidi metodou pokus-omyl [138],
poptipadé se prejimaji kolonova uspordadani uvedend v literature [139]. Neéktefi dodavatelé kolon
nabizeji balicky pro GCxGC (angl. column selectivity kit), obsahujici kolony rdzného primeéru
a selektivity, a také priavodce vybérem kolon (angl. ,,GCxGC column combination guide®). Zmiriovany
privodce vSak neni uréen pro vzorky k metabolomické analyze.

Obecné lze ftici, Zze chemické sloZeni stacionarni faze je pro vznik interakci s analytem
rozhodujici. Za idealni stacionarni fazi je povazovana takova, ktera umozni separaci analytd s vyuzitim
minimalni pikové kapacity v co nejkratsim case [134]. Tloustka vrstvy stacionadrni faze ma vliv na tvar
matrice a vétsi koncentracni rozsah analytd, tim se voli Sirsi kolona a silnéjsi vrstva stacionarni faze
[140]. Pri volbé optimalni délky druhé kolony je tfeba mit na zfeteli, Ze delsi kolona ma vyssi mrtvy ¢as,
¢imZ se vyuZitelny separacni prostor druhé dimenze zmensuje. Na druhou stranu kratsi D2 kolona ma
méné teoretickych pater a tim i nizsi pikovou kapacitu [137].

Tradi¢nim kolonovym uspofaddnim pouzivanym v GCxGC je spojeni nepoldrni 100%
polymethylsiloxanové kolony se stfedné poldrni polymethylsiloxanovou kolonou s50% fenylu

v dimenzi druhé [141]. Casté je také pouziti polymethylsiloxanové kolony s 5 % fenylu, béZné v 1D GC
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[142], pro prvni dimenzi GCxGC. Pfi tomto pfistupu zlstane zachovano obvyklé eluéni poradi,
umoznujici identifikaci analytd pomoci retencnich indexd v tradicnich MS knihovnach (napf. GOLM,
NIST). Frakcionaéni kapacita se navysi pfipojenim druhé kolony jiné selektivity, ¢asto s 50 % fenylu [29].
Oproti tomu reverzni kolonové usporadani (polymethylsiloxan s50 / 5 % fenylu) pfinasi zhorseni
celkové separace, ale diky lepsimu tvaru piku a tim i vyssi citlivosti mlze byt vyhodné v cilené analyze,
jako je tomu u stanoveni sterolli v moci [143] ¢i metabolitd v séru [140].

Souhrn kolonovych usporadani, které se pouZivaji pro analyzu metabolomickych vzorku
derivatizovanych trimethylsilylaci, uvadi Tab. 9. Ve vétsiné pfipadll je pouZito normalni usporadani
s nepolarni kolonou 30 m polymethylsiloxanovou kolonou s5 % fenylu v prvni dimenzi s vnitfnim
primérem 0,25 mm, tloustkou stacionarni faze 0,25 pm a polymethylsiloxanovou kolonou s 50 % fenylu
(napf. BPX-50, Rxi-17, DB-17, TRB-50) v dimenzi druhé. Délka kolony druhé dimenze se vétSinou
pohybuje mezi 1 a2 m. Vnitfni primér a tloustka vrstvy stacionarni faze kolony druhé dimenze se rlzni
podle typu vzorku. Nejsirsi kolony se pouZivaji pro analyzu séra (Tab. 9).

ZTab. 9 je zfejmé, Ze ve vétsiné metabolomickych aplikaci ptfevladd tradicni kolonové
usporadani. Cilem této Casti disertacni prace je pomoci ortogonlalniho pfistupu (deskriptoru ASCA)
otestovat jiné druhy stacionarnich fazi a nalézt nejlepsi kolonové usporadani pro analyzu metabolomu
moci a séra. U nejlepsich kolonovych usporadani také urcit vliv zmény vnitiniho priméru kolony druhé

dimenze na ortogonalitu systému.

11.2 Chemikalie

V praci se pouZivaji nasledujici chemikalie: 4-fenylbutyrat (4-PB), methyl-Ds-malonat (MMAD),
13Cs-laktat (CLAC), methanol pro LC-MS, voda pro LC-MS, O-ethylhydroxylamin hydrochlorid (EtOx),
pyridin, bis(trimethylsilyl)trifluoroacetamid + 1% chlortrimethylsilan (BSTFA), N-Trimethylsilyl-N-
methyl trifluoroacetamid (MSTFA) a ethylacetat od Sigma-Aldrich; chlortrimethylsilan pro GC-MS
(TMCS) od Merck; siran sodny bezvody, chlorid sodny, koncentrovana kyselina chorovodikova a aceton
od lach:ner, Dg-fenylalanin (PHED) od Cambridge Isotop Laboratories. VSechny pouZité chemikalie jsou

v Cistoté p.a. nebo vyssi.
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Tab. 9: Kolonova usporadani pouzivana v literature pro metabolomickou GCxGC analyzu analyt( séra

(S), plasmy (P), moci (M), bunék (B), tkani/pletiv (T), sputa (H) derivatizovanych trimethylsilylaci.

Kolony (D1/D2) Rozméry kolon® Material Typ Odkaz
S |P | M analyzy

SHM5MS/BPX-50 D1:30-0,25-0,25 X | X | X necilena [29]
D2:5,0-0,15-0,15

BPX50/BPX5 D1:30-0,25-0,25 X cilena [140]
D2:2,0-0,32-0,25

BPX50/BPX5 D1:30-0,25-0,25 necilena [144]
D2:2,0-0,32-0,25

Rxi-5Sil MS/Rxi-17 D1:30-0,25-0,25 necilena [145]
D2:1,0-0,10-0,10

Rxi-5Sil MS/Rxi-17 D1:30-0,25-0,25 necilena [146]
D2:1,2-0,25-0,25

DB-5 MS/DB-17H D1:30-0,25-0,25 necilena [147]
D2:1,2-0,25-0,25

HP5/Rtx-200 D1:28-0,32-0,25 necilena [148]
D2:1,75-0,25-0,25

SE52/0V1701 D1:30-0,25-0,25 X necilena [149]
D2:1,4-0,10-0,10 cilena

DB-5MS/RTX200 D1:30-0,25-0,25 X necilena [150]
D2:1,5-0,18-0,25

ZB-5MS/TRB-50 D1:30-0,25-0,25 necilena [151]
D2:2,0-0,25-0,25

DB-5MS/DB17 MS D1:30-0,25-0,25 necilena [152]
D2:1,79-0,15-0,15

Rxi-5SilMS/Rxi17 D1:30-0,25-0,25 necilena [153]
D2:1,0-0,10-0,10

Rxi-5Sil MS/BPX50 D1:15-0,25-0,25 X necilena [154]
D2:1,1-0,15-0,15

RTX-5MS/RTX-2000MS | D1:20-0,25-0,5 necilena [155]
D2:2,0-0,18-0,20

BPX50/BPX5 D1:30-0,25-0,25 X cilena [156]
D2:2,0-0,32-0,025

Rxi-5SilMS/BPX50 D1:20-0,25-0,25 X necilena [157]
D2:2,6-0,15-0,15

DB-5MS/DB-17MS D1:60-0,25-0,25 X necilena [158]
D2:1,0-0,25-0,25

BPX50/Rtx200 D1:30-0,25-0,25 necilena [159]
D2:1,0-0,18-0,10

DB-1/Rxil17 D1:30-0,25-0,25 X necilena [160]
D2:1,5-0,10-0,10

3

primér [mm] - tloustka vrstvy stacionarni faze [um]

D1 - prvni dimenze, D2 — druha dimenze; rozméry kolon jsou ve formatu: délka kolony [m] - vnitini
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11.3 Pfiprava vzorku

11.3.1 Mo¢

K stanoveni ortogonality kolonovych uspofadani se pouziva smésné moci, ziskané smichanim
moci zdravych dobrovolnikd. K 1 ml moci ve sklenéné zkumavce se pridavaji interni standardy: 20 pl
4-PB (2,11 mmol.I"Y) a 10 pl MMAD (1,04 mmol.I"%), 0,03 g EtOx a diikladné se vie promichava. Po 30 min
stani pfi pokojové teploté se pfidava 100 pl HCI (6 mol.I) a 1 g NaCl. Nasleduje tFistupfiova extrakce
do 4 ml ethylacetdtu, pfi které se po 10 min tfepdni odebird horni vrstva a pfenese do Cisté zkumavky,
kde se extrakty od daného vzorku spoji a vysusi se bezvodym siranem sodnym (1 g, 10 min). Pak se
roztok dekantuje do Cisté zkumavky a odfoukd pod dusikem pfi 30 °C. Odparek se ze zkumavky vymyva
ve trech krocich: 2x400 pl methanolu a 300 pl acetonu, a poté se ze zkumavky prenese se do GC-MS
vialky, vysusi pod dusikem pfi 30 °C a nakonec se rozpusti v 300 pl silylacni smési (BSTFA:pyridin:TMCS,
25:25:1). Vialka se uzavird pod dusikem a 20 min udrZuje pfi 70 °C.

11.3.2 Plasma

Vzorek plasmy (SRM 1950 [161]) je pfipraven podle McGaw a kol. [117]. 100 pl vzorku je
smichano s internimi standardy: 10 pl MMAD (1,04 mmol.I'Y) a 10 pl CLAC (1 mmol.I"%). Po 15 min pfi
4 °C je pFidano 350 pl roztoku methanolu (3:1, methanol:voda) a PHED (0,2 mmol.I"* v methanolu) a
dobfe promichano, po 30 min pfi -20 °C. Vzorky jsou po 10 min centrifugovavny pfi 4 °C (14 000 g).
350 pl supernatantu je odpipetovano do Cisté vialky a vysuseno pod proudem dusiku pfi 30 °C. Odparek
je derivatiz ovan ve dvou krocich: (1) 10 pl EtOx (56 mg/ml v pyridinu) a 50 ul pyridinu, 1 h pfi 50 °C; (2)
50 pl MSTFA (45 min pfi 50 °C).

11.4 Metody

Stejny, Cerstvé pfipraveny, vzorek moci a plasmy je analyzovan prostiednictvim Pegasus 4D
GCxGC-TOF MS (LECO) pomaoci rznych kolonovych usporadani. Kolony prvni a druhé dimenze (vSechny
od SGE, s vyjimkou SLB-IL59 od Sigma-Aldrich) jsou spojeny pomoci SilTite konektoru (SGE), modulace
se se vidy provadi na méné polarni koloné, aby se predeslo ulpivani polarnich latek v modulatoru.
Rozmér kolony prvni dimenze je vidy stejny: délka 30 m, vnitini primér 0,25 mm, tloustka filmu
staciondrni faze 0,25 um. Parametry kolon druhé dimenze jsou pro moc¢ a plasmu shrnuty v Tab. 10

a 11.
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Analyticky systém je vybaven termdlnim modulatorem s 2 horkymi a 2 studenymi tryskami.
Studené trysky jsou chlazeny pomoci CFM (z angl. ,consumable-free”) systému. 1 pl vzorku je
v rezimu bez délice toku (angl. ,splitless”) je pri 40 °C nastfiknut do PTV injektoru (Gerstel CIS4), po
20 s je teplota rychlosti 10°C.min zvy$ena na 250 °C, kde je 90 s udrZovéna konstantni. Pak je rychlosti
10 °C.min teplota zvy$ena na 350 °C, po 3 min pfi této teploté se injektor vraci na vychozich 40°C.

Jako nosny plyn slouZi helium v reZimu konstantniho pritoku (1 ml.min?). Teplotni program
termostatu primarni kolony zacind na 80 °C, pak je teplota rychlosti 4 °C.min? zvy$en na 130 °C,
nasledné rychlosti 6 °C.min! na 200 °C a nakonec rychlosti 12 °C.min™ na 285 °C, kde je 10 min
udrzovana konstantni. Teplota modulatoru je nastavena vzdy 35 °C nad aktualni teplotu primarniho
termostatu, modulacni perioda na 4 s. Délka horkého pulsu se po 1894 s méni z 0,5 s na 0,75 s. Teplota
termostatu sekundarni kolony je o 5 °C vyssi nez primarni.

Do hmotnostniho spektrometru jsou analyty prevadény pri 250°C. Pfi stejné teploté pracuje
i iontovy zdroj. Jedna se o elektronovou ionizaci s urychlujicim potencidlem 70 eV. Data se sbiraji po
uplynuti dvodnich 250 s analyzy, a to v rozsahu 35-650 m/z s frekvenci 100 Hz. Napéti na detektoru
¢ini -1750 V. Analyza dat se provadi pomoci ChromaTOF software v. 4.24 (LECO), MS Excel, R-software
(v. 3.3.0), and MATLAB (v. R2018a).

11.5 Vysledky a diskuse

11.5.1 Urceni ortogonalniho kolonového uspofadani pro GCxGC analyzu moci

VétSina GCxGC analyz moci pfipravené pomoci trimethylsilylace je provadéna pomoci
normalniho kolonového uspofadani, jmenovité pomoci setu BPX5/BPX50 nebo jejich komerénich
analog (Tab. 9). Nepolarni kolony typu BPX5 se v prvni dimenzi pouZivaji diky dlouholetym zkusenostem
z 1D GC, polarni kolony druhé dimenze nabizeji jinou selektivitu. Zatimco retence analytd v prvni
dimenzi odpovida na zakladé Londonovych disperznich sil jejich tékavosti, v druhé dimenzi se fidi
interakcemi dipdl-dipdl. Kolonu prvni dimenze opoustéji latky stejné tékavosti, vstupuji do kolony
druhé dimenze, kde je separace velmi kratkd, a diky tomu viceméné isotermalni (podil Londonovych
disperznich sil na separaci analyti v druhé dimenzi je tak zanedbatelny). Proto je takovéto spojeni kolon
povaZzovano za ortogonalni [162].

O pouziti jinych kolonovych uspofadani kanalyze metaboliti modi pfipravenych
trimethylsilylaci neni v literature Zadna informace. Proto byl vzorek moci analyzovan pomoci Sesti
rdznych kombinaci kolon: dvou kombinaci kolony nepolarni s polarni (BPX5/SolGel-WAX,

BPX5/SLB-IL59), dvou reverznich setd kolon polérnich s nepolarnimi (BPX50/BPX5, SolGel-WAX/BPX-5),
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jednoho usporadani stfedné polarni kolony s polarni kolonou (BPX50/SolGel-WAX) a jedné kombinace
polarni kolony se stfedné polarni (SLB-IL59/BPX50).

Kombinace polarni kolony s nepolarni ani polarni se stfedné polarni kolonou neposkytuje
Ucelnou separaci. U kolony SLB-IL59, patfici mezi kolony s iontovou kapalinou (Obr. 45), je to zplisobeno

Vv

indukovany dipdl, dipdl-dipdl a vodikovymi vazbami [163]. KdyZ je tako kolona instalovana v prvni

vv v

dimenzi, nedochazi k témér zadné separaci (Obr. 46). V druhé dimenzi vyvolava extrémni chvostovani

vrve

deaktivaci kifemicitanového povrchu kolony [164] a pfiliS tenkou vrstvou stacionarni faze pUsobici

nizkou zatizitelnost kolony.

s
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Obr. 45: Struktura stacionarni faze SLB IL-59 [165]

Masses: TIC

2

Retenéni ¢as druhé dimenze [s]

1.7

400 900 1400 1900
Retencni ¢as prvni dimenze [s]

Obr. 46: GCxGC separace moci pomoci kombinace kolon SLB-IL59/BPX50 (Set A, Tab. 10)
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Masses: TIC

Retenéni ¢as druhé dimenze [s]

550 1050 1550 2050
Reten¢ni ¢as prvni dimenze [s]

Obr. 47: GCxGC separace moci pomoci kombinace kolon BPX5/SLB-IL59 (Set B, Tab. 10)

338 339 315-22] 324-10 315-23 324-11 315-24 324-12
350000 -

300000 -
250000 -
200000 \
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100000 A AN

50000 - } T A ) A / \

0 =T T T

1, [s] 1354 1358 1358 1362 1362 1366 1366

2 [s] 2 0 2 0 2 0 2
111 —— DTIC

Obr. 48: Tvar piku adipatu-2TMS (pik ¢. 339) analyzovaného pomoci setu B (Tab. 10). Cerné p¥imky
kolmé k ose x znadi vrcholy pikd, modré vymezu;ji pik adipatu. Je zobrazen specificky fragment adipatu

(m/z 111) a dTIC (TIC, ktery po dekonvoluci nalezi piku ¢. 339).
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Masses: TIC

Retenéni €as druhé dimenze [s]

550 1050 1550 2050
Retenéni €as prvni dimenze [s]

Obr. 49: GCxGC separace mo¢i pomoci kombinace kolon SolGel-WAX/BPX5 (Set M, Tab. 10)

Kolona SolGel-WAX, polarni kolona na bazi polyethylenglykolu, také vykazuje vysokou retenci
analytl (Obr. 49) diky pritomnosti dvou volnych elektronovych par kysliku, které se podileji na tvorbé
vodikovych vazeb a dipdlovych interakci [142]. Diky pfitomnosti nepolarnich fetézc polysiloxanu
(SolGel), ktery je vyhodny pro vyssi stabilitu kolony, je schopna vazat analyty také prostfednictvim
Londonovych dispersnich sil. Pfestoze je kolona SolGel-WAX o néco ucinnéjsi nez kolona SLB-IL59, je
zfejmé, Ze polarni kolony nejsou vhodné pro separaci latek pfipravenych jako trimethylsilylderivaty.
Analyty maji diky nekompletni derivatizaci analytd vysokou retenci. Pokud analyt obsahuje vice
kyselych vodik(, je v nékterych pripadech nahrazen trimethylsilylovou skupinou pouze néktery z nich.
Tento volny vodikovy atom pak silné interaguje se stacionarni fazi a vede k vysoké retenci analytl. Ze
stejného dlivodu tyto poldarni kolony také vysoce zadrzuji rozpoustédla (Obr. 46 a 49).

U zbyvajicich kolonovych usporadani byla vypocitana ortogonalita pomoci ASCA (Tab. 10).
VSechny sety obsahujici v druhé dimenzi kolonu s 0,25 um stacionarni faze vykazuji, ve srovnani se
stejnym typem stacionarni faze v tenci vrstvé vyssi ortogonalitu. Z tohoto jevu Ize usuzovat, Ze silnéjsi
vrstva stacionarni faze ma vyrazny vliv na retenci analytl. Jako nejvice ortogonalni je hodnoceno
kolonové usporadani BPX50/SolGel-WAX (set J, 0 = 68,5 %). Chromatogramy jsou uvedeny na
Obr. 50 - 56.
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Tab. 10: Kolonova usporadani pouzitd pro analyzu moci a hodnota ortogonality spocitana pomoci ASCA

Retenéni Eas druhé dimenze [s]

Obr. 50

900

Masses: TIC

1400 1900
Retenéni €as prvni dimenze [s]

Set Kolonova usporadani Parametry kolony druhé dimenze 0 [%]
(*D/?D) (délka [m] — primér [mm] — film [um])

A SLB-1L59/BPX50 1,3-0,25-0,20 -

B BPX5/SLB-IL59 2,0-0,10-0,08 -

C BPX5/SolGel-WAX 1,2-0,10-0,10 56,0
H BPX50/BPX5" 1,2-0,10-0,10 45,1
| BPX50/SolGel-WAX 1,6-0,10-0,10 44,3
J BPX50/SolGel-WAX 1,2-0,25-0,25 68,5
K BPX5/SolGel-WAX 1,2-0,25-0,25 65,9
L BPX50/BPX5" 1,3-0,25-0,25 64,3
M SolGel-WAX/BPX-5" 1,3-0,10-0,10 -

N BPX5/BPX50 1,5-0,10-0,10 56,9

* Modulace na koloné druhé dimenze

: GCxGC separace moci pomoci kombinace kolon BPX5/BPX50 (Set N, Tab. 10)
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Masses: TIC

3

Retenéni ¢as druhé dimenze [s]

550 1050 1550 2050
Reten¢ni ¢as prvni dimenze [s]

Obr. 51: GCxGC separace mo¢i pomoci kombinace kolon BPX5/SolGel-WAX (Set C, Tab. 10, primér
kolony druhé dimenze 0,10 mm)

Masses: TIC

Retenéni ¢as druhé dimenze [s]

300 800 1300 1800 2300
Retencni ¢as prvni dimenze [s]

Obr. 52: GCxGC separace moc¢i pomoci kombinace kolon BPX5/SolGel-WAX (Set K, Tab. 10, prdmér
kolony druhé dimenze 0,25 mm)
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Masses: TIC

3

A

Retenéni ¢as druhé dimenze [s]

450 950 1450 1950
Retencni ¢as prvni dimenze [s]

Obr. 53: GCxGC separace moci pomoci kombinace kolon BPX50/SolGel-WAX (Set |, Tab. 10, pramér
kolony druhé dimenze 0,10 mm)

Masses: TIC

3.7

2

Retenéni ¢as druhé dimenze [s]

1.7

0.7

225 725 1225 1725 2225
Retencni ¢as prvni dimenze [s]

Obr. 54: GCxGC separace moci pomoci kombinace kolon BPX50/SolGel-WAX (Set J, Tab. 10, prdmér
kolony druhé dimenze 0,25 mm)
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Masses: TIC

38

28

Retenéni ¢as druhé dimenze [s]

1.8

0.8

550 1050 1550 2050
Retencni ¢as prvni dimenze [s]

Obr. 55: GCxGC separace moci pomoci kombinace kolon BPX50/BPX5 (Set H, Tab. 10, prdmér kolony
druhé dimenze 0,10 mm)

Masses: TIC

38

28

Retenéni ¢as druhé dimenze [s]

1.8

0.8

300 800 1300 1800 230¢
Retenéni ¢as prvni dimenze [s]

Obr. 56: GCxGC separace moc¢i pomoci kombinace kolon BPX50/BPX5 (Set L, Tab. 10, primér kolony
druhé dimenze 0,25 mm)
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11.5.2 Urcéeni ortogonalniho kolonového usporadani pro GCxGC analyzu plasmy

GCxGC analyza plasmy je kromé tradi¢niho kolonového uspofadani odpovidajicimu chemismu
stacionarnich fazi BPX5/BPX50 provadéna také pomoci reverzniho uspofadani BPX50/BPX5, anebo
pomoci  RTX200, ktera  obsahuje stfedné polarni trifluoropropylmethylpolysiloxan.
Trifluoropropylmethylpolysiloxan interaguje s volnymi elektronovymi pary a m-elektronovymi systémy,
proto kolona zvysené zadrzuje nenasycené slouceniny, aromaty, aldehydy, ketony, halogenderivaty
a nitroslouceniny [142]. PoufZiti iontovych kapalin ani polyethylenglykolovych kolon pro analyzu
trimethylsilylovanych metabolit(i modi literaturou doloZeno neni, proto jim v této praci byla vénovana
pozornost.

Stejné jako je tomu u analyzy modi, kolony druhé dimenze se silnéjsi vrstvou stacionarni faze
vykazuji v porovnani se tenci vrstvou vyssi ortogonalitu (Tab. 11). Jako nejlepsi, co se ortogonality tyce,
je hodnocen set BPX50/BPX5 (Obr. 63). Tento zavér je vsouladu spraci Koek a kol. [140].
Polyethylenglykolova kolona ani kolona na bazi iontové kapaliny neni pro separaci v normalnim
usporadani prinosem. SLB-IL59 u kolony druhé dimenze také u plasem zpUsobuje chvostovani pikd
(Obr. 57). Pri poutziti kolony SolGel-WAX ve druhé dimenzi se na chromatogramu objevuje méné pikd
s vyssSi retenci na této koloné. Je tomu tak nejspiS proto, Ze plasma je ve srovnani s moci celkové
jednodussi material (obsahuje méné metaboliti detekovatelnych pomoci GC-MS a v nizsi koncentraci),
a tak k nekompletni derivatizaci dochazi zridka. Analyti obsahujicich kyselé vodiky, které by mohly
interagovat s polethylenglykolovou stacionarni fazi, je proto velmi malo. Reverzni usporadani, kdy by
SolGel-WAX a SLB-IL59 byly kolonami prvni dimenze, nejsou na zakladé vysledkd analyzy moci v pfipadé

plasem testovany.

Tab. 11: Kolonova usporadani pouzita pro analyzu plasmy

Set Kolonova usporadani Parametry kolony druhé dimenze O [%]
(*D/?D) (délka [m] — primér [mm] — film [um])
A BPX5/BPX50 1,5-0,10-0,10 51,0
B BPX5/SLB-IL59 2,0-0,10-0,08 53,5
C BPX50/SolGel-WAX 1,6-0,10-0,10 44,7
D BPX50/SolGel-WAX 1,2-0,25-0,25 56,7
E BPX5/SolGel-WAX 1,2-0,25-0,25 58,4
F BPX50/BPX5" 1,3-0,25-0,25 62,4
G BPX5/SolGel-WAX 1,2-0,10-0,10 40,6

* Modulace na koloné druhé dimenze
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Masses: TIC

Retenéni ¢as druhé dimenze [s]

550 1050 1550 2050 2550
Retencni ¢as prvni dimenze [s]

Obr. 57: GCxGC separace plasmy pomoci kombinace kolon BPX5/SLB-IL59 (Set B, Tab. 11)

Masses: TIC

Retenéni ¢as druhé dimenze [s]

400 900 1400 1900 2400
Retencni ¢as prvni dimenze [s]

Obr. 58: GCxGC separace plasmy pomoci kombinace kolon BPX5/BPX50 (Set A, Tab. 11)
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Masses: TIC

3

Retenéni ¢as druhé dimenze [s]

550 1050 1550 2050
Reten¢ni ¢as prvni dimenze [s]

Obr. 59: GCxGC separace plasmy pomoci kombinace kolon BPX5/SolGel-WAX (Set G, Tab. 11, pramér
kolony druhé dimenze 0,10 mm)

Masses: TIC

8.7

2

Retenéni Eas druhé dimenze [s]

17

0.7

300 800 1300 1800 2300
Retenéni ¢as prvni dimenze [s]

Obr. 60: GCxGC separace plasmy pomoci kombinace kolon BPX5/SolGel-WAX (Set E, Tab. 11, primér
kolony druhé dimenze 0,25 mm)
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Masses: TIC

3

Retenéni ¢as druhé dimenze [s]

450 950 1450 1950
Retencni ¢as prvni dimenze [s]

Obr. 61: GCxGC separace plasmy pomoci kombinace kolon BPX50/SolGel-WAX (Set C, Tab. 11, pramér
kolony druhé dimenze 0,10 mm)

Masses: TIC

3.7

2

Retenéni ¢as druhé dimenze [s]

1.7

0.7

225 725 1225 1725 2225
Retenéni ¢as prvni dimenze [s]

Obr. 62: GCxGC separace plasmy pomoci kombinace kolon BPX50/SolGel-WAX (Set D, Tab. 11, primér
kolony druhé dimenze 0,25 mm)
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Masses: TIC

3.7

2

Retenéni ¢as druhé dimenze [s]

1.7

300 800 1300 1800 230(
Retencni ¢as prvni dimenze [s]

Obr. 63: GCxGC separace plasmy pomoci kombinace kolon BPX50/BPX5 (Set F, Tab. 11, primér kolony
druhé dimenze 0,25 mm)

11.5.3 Zamysleni nad ortogonalitou v optimalizaci GCxGC systéml

Ortogonalita je jednim zparametri pouzivanych koptimalizaci dvojdimenzionalnich
chromatografickych separacnich systému. Z(istava otazkou, zda je parametrem dostate¢nym. Napftiklad
pro separaci moci bylo nejvice ortogonalni kombinaci kolon shleddano usporadani J (Tab. 10). Z Obr.
50-56 je patrné, Ze separace stejného vzorku moci pomoci rliznych kolonovych usporadani se lisi
i dalSimi parametry. V Tab. 12 je uvedena Sitka piku v poloviné vysky a odstupu signalu od Sumu (S/N)
pro adipat-2TMS a pocet nalezenych pikd potencialnich metabolitl. Pokud se prostfednictvim
geometrického prdméru zkombinuji do vysledného deskriptoru nazyvaného OS (optimalizator
systému), je jako nejlepsi GCxGC systém pro separaci moci vyhodnocen systém obsahujici kolonové
usporadani K.

Druh a pocet latek pouZitych pro stanoveni S/N a sitky piku v poloviné vysky je dal$im kritériem,
které je treba zvazit. Ve vySe uvedeném modelovém pfikladu byl zvolen adipat, protoZze se nachazi
pfiblizné ve stfedu analytického okna. Navic je to i diagnosticky vyznamna latka. V moci viak zastupuje
pouze jednu skupinu pfitomnych analyt(. Pro spravnou charakterizaci separace by bylo treba vybrat
z kazdé skupiny minimalné jeden analyt. Navic je zde i otazka vlivu koeluce vybrané charakteristické

latky z dané skupiny s jinymi analyty ¢i slozkami matrice, kterd ma vliv na $itku piku a S/N. Tento
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fenomén je vsak vdeskriptoru OS kompenzovan zapocitanim pocétu nalezenych potencidlnich

metabolitd.

Tab. 12: Chromatografické parametry separaci moci pomoci riznych kolonovych usporadani: O -

ortogonalita [%], hi/ - Sitka piku adipatu (2 TMS) [s], S/N — odstup signalu od Sumu, P — pocet piku

v separaci

Set O [%] hi/ [s] S/N P (0N

C 56,0 0,0697 13585 1251 90,25
H 45,1 0,0906 6796 1020 72,95
I 44,3 0,0878 7366 788 68,93
J 68,5 0,0854 12763 1116 95,54
K 65,9 0,0659 15126 1442 98,65
L 64,3 0,0970 9864 1158 91,87
N 56,9 0,0610 2049 417 41,50

11.6 Zaver

Nejvyssi ortogonalitu pro GCxGC analyzu moci poskytuje set BPX50/SolGel-WAX, zatimco pro
analyzu plasmy je jim set BPX50/BPX5. V obou pfipadech znamend pouziti kolony druhé dimenze
s vétSim prameérem a tlustsi vrstvou stacionarni faze vyrazny nar(st retence analytd a tim i nardst
ortogonality systému.

To, Ze se nejvice ortogonalni usporadani kolon pro plasmu a moc lisi, je pravdépodobné
zpusobeno rozdilnym charakterem obou biologickych materiall. ProtoZe koncentrace analyt( v plasmé
je fizena homeostatickymi mechanismy, rozdil v koncentraci analytl neni tak velky. Podil nedostatecné
derivatizovanych analytQ kv(li nadmérné spotiebé derivatizacniho Cinidla je velmi maly. Proto maji
analyty méné kyselych vodik(, které by mohly interagovat s polethylenglykolovou stacionarni fazi.
Hlavni odlisujici vlastnosti je kromé velikosti molekuly pfitomnost m-elektron(.

Oproti tomu moc¢ obsahuje fadu latek, které se do ni jako nepotiebné zplodiny metabolismu
z téla vyluCuji ve vysoké koncentraci. Pfikladem je modcovina, hydroxyhippuraty aj. Proto je pfi
derivatizaci metabolitli v moci spotreba derivatizacniho Cinidla vyssi, stejné jako zastoupeni nelplné
derivatizovanych latek s kyselymi vodiky. SolGel-WAX kolona nainstalovana v druhé dimenzi je proto
pro analyzu moci vyhodou. Pfi soucasném pouziti kolony BPX50 jsou prvni dimenzi jsou analyty

separovany na zakladé Londonovych disperznich sil a t-rt interakci (tedy zcela odlisné).
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12 Zavér

V souladu se stanovenymi cili je v ramci predloZené prace vyvinut novy pristup pfipravy vzorku
moci pro metabolomickou analyzu, ktery vyuziva ureasy imobilizované na magnetické Castice. Tento
pfistup ve srovnani s ostatnimi testovanymi pristupy (volna ureasa, kyseld extrakce do ethylacetatu a
vzorky bez Upravy) minimalné méni metabolom vzorku (co do poc¢tu vnesenych artefaktll a zménénych
hladin metabolitd). Poskytuje také nizkou analytickou variabilitu koncentraci (2,5 %) adobrou
reprodukovatelnost retencnich index( (pod 0,01 %).

V ramci zaméreni na vicerozmérné chromatografické separacni techniky je vyvinut novy zplsob
Skalovani dvojrozmérného separacniho prostoru, nazyvany WOSEL. Tento pfistup vymezuje separacni
prostor na zakladé parametr( analytické metody: zacatek je v obou dimenzich dan mrtvym casem,
konec poslednim okamzikem sbéru dat. Pfi pouziti WOSEL je oproti tradicnim zpUsobUm Skalovani
rozsah separacniho prostoru, ve kterém je pocitana ortogonalita, nezavisly na vzorku pouZitém
k optimalizaci.

Rovnéz je zaveden novy deskriptor ortogonality, tzv. ASCA, ktery umoZiuje nalezeni kombinace
kolon s nejvyssi ortogonalitou pro separaci daného vzorku. ASCA je geometrickym prameérem
nejlepsiho nalezeného deskriptoru lokalni ortogonality (SC) a globalni ortogonality (AN). Umoznuje tedy
optimalizaci maximalniho vyuZiti separacniho prostoru (globalni ortogonality) a minimalniho
shlukovani dat (lokalni ortogonality) pomoci jediné proménné.

Nakonec je pomoci ASCA vybrdna nejvice ortogonalni kombinace kolon pro analyzu
metabolomu modi. Je ji kolonové usporadani BPX50/SolGel-WAX s primérem kolony druhé dimenze
0,25 mm a tloustkou vrstvy stacionarni faze 0,25 pm. Oproti tomu pro analyzu plasmy je nejlepsi set
kolon BPX50/BPX5 také s priimérem kolony druhé dimenze 0,25 mm a tloustkou vrstvy stacionarni faze

0,25 pm.
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13 Vyhledy

Pfriprava moci na bazi imobilizované ureasy je slibnym pristupem pro GC-MS metabolomiku.
Vnasi do vzorku minimum artefakt( a je snadno proveditelna. Praveé toto zjednoduseni pripravy vzorku
by mohlo vést az k pIné automatizaci. Vlastni proces imobilizace na komercni magnetické Castice je
ponékud zdlouhavy (imobilizovana ureasa je pfipravena k pouZiti az 3. den) a zakoupeni mikrocastic
vyZzaduje dodatecné naklady. Dostatecna skladovaci stabilita imobilizované ureasy pfi (-80 °C)
naznacuje moznost jeji komercni vyroby a dodavani na zakdzku. Nevyhodou by vsak mohla byt jeji
kone¢nd cena. Levnéjsi alternativu by mohla poskytnout domdci pfiprava magnetického nosice, napf.
na bazi chitosanu [166], ktery je levny a pfipravuje se snadno. Bude vsak tfeba vyzkouset, zda nosic
nebude interagovat s metabolity vzorku a vysledna ziskana imobilizovana ureasa bude dostatecné
aktivni a stabilni. Dalsi moznosti je pfiprava zesitované ureasy s obsahem magnetitu, kterou by bylo
mozné skladovat lyofilizovanou a pred pouZitim rekonstituovat, jak je to pro enzymy bézné.

Ve vzorcich zdravych kontrol pfipravenych pomoci IUT byly necilenym GC-MS metabolomickym
pristupem nalezeny metabolity, které jsou u pacientl s GAl nedetekovatelné. Tento fenomén je
pozorovan i u jinych metabolickych poruch. Pfredmétem dalsi prace bude tyto latky identifikovat.

Pfi porovnani deskriptor(i ortogonality je jen okrajové zvazovan vliv poctu pikd v separaci,
porovnanim 100 a 2500 pik(. Jednotlivé deskriptory se vSsak mohou lisit v citlivosti v oblasti malého,
stfedniho ¢i velkého poctu separovanych pikd. V nékterych aplikacich je 2D separacnich technik, napf.
v LCxLC, je pocet analytl nizky. Bylo by proto vhodné deskriptory (véetné ASCA) otestovat.

V oblasti vybéru optimalniho kolonového uspofddani je zde hodnocena pouze ortogonalita.
Ortogonalita vSak neni jedinym dllezitym aspektem dvojrozmérnych chromatografickych technik.
Pocet dllezitych aspektll GCxGC separace a zpUsob jejich zkombinovani dosud nebyl v literature fesen.
Jedinou vyjimkou je prace Nowika a kol. [167], ktera bere u pfistupu NN v potaz i chromatografické
rozliseni.

Pfi optimalizaci kolon je v této praci pouzivano generalni schéma, které bylo aplikovano na
vSechna kolonovd usporadani. Je vSak vSeobecné zndmo, Ze i jiné podminky analyzy neZ pouhé
chemické sloZeni stacionarni faze, maji také vliv na ortogonalitu. V této praci jsou tedy kolonova
usporadani porovnana jen zevrubné (zejména za ucelem porovnani deskriptortd) a nachystana pro dalsi,

detailni optimalizaci.
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15 Seznam zkratek

jednodimenzionalni

retencni ¢as prvni dimenze

dvojdimenzionalni

retencni ¢as druhé dimenze

metoda hvézdi¢kovych rovnic

aritmeticky primér vzdalenosti nejblizsich soused(
bis(trimethylsilyl)trifluoroacetamid + 1% chlortrimethylsilan
kontrolni material na bazi lidské moci s pfidavkem nékterych metabolit(
pridmérna relativni smérodatna odchylka

prvni dimenze

druha dimenze

Cast TIC, ktera po dekonvoluci nalezi jednomu z koelujicich analytl
detektor elektronového zachytu

O-ethylhydroxylamin hydrochlorid

vzorky pfipravené pomoci kyselé extrakce do ethylacetatu
plamenovy ionizacni detektor

vzorky pfipravené pomoci volné ureasy

plynova chromatografie

dvojdimenzionalni plynova chromatografie

harmonicky pramér vzdalenosti nejblizsich sousedu
konvexni obalka

interni standard

vzorky pfipravené pomoci imobilizované ureasy

kapalinova chromatografie

pfistup zaloZzeny na modelovani

hmotnostni spektrometrie

N-trimethylsilyl-N-methyl trifluoroacetamid
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NMR
NN

NT

PC

PC1
PC2
PCA
PLS-DA

Qc

RI

SC

SRM

o

TIC
TMCS
TOF MS
t,

VIP

nukledrni magneticka rezonance

metoda nejblizSiho souseda

vzorky bez Upravy

ortogonalita

pocet pikd

Pearsonova korelace

prvni hlavni komponenta

druha hlavni komponenta

analyza hlavnich komponent
diskriminacni analyza na zdkladé metody nejmensich ¢tvercl
vzorek pro kontrolu kvality

korela¢ni koeficient

koeficient determinace

retenéni index

geometrické pokryti separa¢niho povrchu
monitorovani vybrané reakce

mrtvy cas

celkovy iontovy proud
chlortrimethylsilan

hmotnostni spektrometr obsahujici hmotnostni analyzator doby letu
retencni ¢as

graf vyznamnosti proménnych v projekci pouzité pro PLS-DA model
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16 Doplnujici informace

Doplnujici informace obsahuji tabulky (Tab. S1-54), které jsou pfilis dlouhé na to, aby byly

vloZeny do textu prace:

Tab. S1: Oznaceni, retenc¢ni ¢as (v IUT) a poméry median( analytl pro jednotlivé pfistupy pripravy

vzorku analyzovanych pomoci LC-MS
Tab. S2: Prlmérné hodnoty ortogonality jednotlivych typd modeld se 100 body ziskané rlaznymi
pristupy vypoctu ortgonality £ 2SD pro 50 modell stejného typu. Hodnoty jsou uvedeny v %, s vyjimkou

AN a HN, jejichz vysledkem jsou primérné nejmensi vzdalenosti mezi nejblizsSimi sousedy.

Tab. S3: Prehled syntetickych chromatogrami nizkodimenzionalnich modeld typu E a hodnot

ortogonality [%] ziskanych prostfednictvim jednotlivych deskriptor(.

Tab. S4: Prehled syntetickych chromatogrami vysokodimenzionalnich modell typu E a hodnot

ortogonality [%] ziskanych prostfednictvim jednotlivych deskriptor(.
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Tab. S1: Oznaceni, retenéni ¢as (v IUT) a poméry mediand analytd pro jednotlivé pfistupy pfipravy

vzorku analyzovanych pomoci LC-MS

Oznaceni | t, [min] Analyt FUT/IUT | NT/IUT
Ccoo1 6,28 Glutamat 0,99 1,00
C002 7,23 2-oxoglutarat 1,13 1,15
Co03 3,69 Hexosy — glukosa, fruktosa, galaktosa, manosa 0,87 0,98
C004 7,14 Oxaloacetét/glutarat/ethylmalonat 1,07 1,05
C005 4,57 Glycin 1,30 1,26
C006 4,35 Alanin/sarkosin/beta-alanin 1,01 1,04
Co07 7,13 Sukcindt/methylmalonat 1,03 0,98
C008 5,16 Lysin 1,03 1,19
C009 7,10 Aspartat 1,06 1,03
co10 4,53 Glutamin 0,98 1,12
Co11 4,74 Serin 1,09 1,14
C012 4,13 Methionin 1,04 1,12
Cco13 4,14 Tryptofan 0,89 1,21
Cco14 4,06 Fenylalanin 0,99 1,08
Co15 4,48 Tyrosin 1,15 1,17
C016 7,66 Glycerol-3-fosfat 1,04 0,99
Cco17 2,37 Uracil 1,05 3,03
Co18 4,31 Cholin 0,93 0,94
Co019 4,08 Leucin 1,20 1,22
€020 3,85 Isoleucin/aloisoleucin/norleucin/hydroxyprolin 1,05 1,06
C021 7,22 IMP 0,99 1,08
C022 4,80 Histidine 1,20 1,22
C023 4,13 Laktosa 37,07 0,64
C024 3,46 N-acetyl- glukosamin/galaktosamin/manosamine 1,10 1,11
C025 3,41 Adenin 1,09 0,80
C026 4,72 Asparagin 1,20 1,08
C027 4,48 Homocystein 1,08 1,07
C028 8,27 Citrat 1,11 1,00
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Tab. S1: Pokracovani

Oznaceni | t, [min] Analyt FUT/IUT | NT/IUT
C029 8,27 Isocitrat 1,04 1,03
C030 4,16 Valin 1,09 1,18
C031 4,54 Threonin/homoserin 1,07 1,12
C032 6,20 Glukurondt 1,06 0,62
C033 3,17 Adenosin 1,02 1,12
C034 4,45 Taurin 1,24 1,27
C035 3,12 Riboflavin 0,82 1,30
C036 5,86 Mevalonolakton 0,98 1,10
Co37 4,19 Hypoxanthin 1,01 1,18
C038 5,32 Orotét 1,05 0,95
C039 3,16 Uridin 1,14 1,09
co40 4,08 5-aminolevulinat/Kreatin 1,07 1,14
Co41 4,06 Kynurenin 1,30 1,38
Co42 3,84 Glukosamin 1,03 1,30
Cco43 3,30 Thiamin 1,01 1,14
Co44 5,41 Xanthin 1,21 1,10
C045 511 Karnosin 1,07 1,18
C046 3,31 Guanosin 1,04 1,30
co47 8,37 Akonitat 1,05 1,12
Co48 3,57 | Cytidin 1,18 0,44
C049 6,67 Cystin 1,11 1,07
C050 4,33 Rafinosa/maltotriosa/melezitosa 0,98 0,89
€051 3,35 | Ribitol/arabitol 1,00 1,06
€052 4,24 | Guanidinoacetat 1,18 1,17
€053 7,05 N-acetylglutaméat 1,15 1,03
C054 3,61 Betain 1,05 1,14
CO055 3,45 Spermin 1,15 1,27
C056 2,98 Kreatinin 1,06 1,04
057 4,08 | 4-pyridoxat 0,98 1,04
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Tab. S1: Pokracovani

Oznaceni | t, [min] Analyt FUT/IUT | NT/IUT
€058 4,98 Pantothenat 1,09 1,10
C059 4,93 Dihydrothymin 1,10 1,16
C060 6,32 2-aminoadipat 1,14 1,19
C061 3,77 Trigonellin 1,10 1,15
C062 4,10 N,N-dimethylglycin/2-aminoisobutyrat 1,05 1,07
Co63 4,33 4-guanidinobutanoat 1,11 1,09
Co64 7,06 N-acetylaspartat 0,98 1,15
C065 4,84 N-methylhistidin/3-methylhistidin 1,08 1,36
C066 4,45 3-methylhistidin/N-methylhistidin 1,11 1,16
C0o67 4,45 Hippurat 0,99 1,09
C068 5,57 Threonat 1,11 1,03
C069 3,63 Galaktitol/Manitol 1,05 1,08
C070 4,88 Kynurenat 1,03 1,03
Co71 6,40 Xanthosin 1,53 1,42
C072 5,12 5-oxoproline 0,90 1,01
C073 4,48 Pipekolat 0,97 1,05
co74 4,56 Homoarginin 1,06 1,17
C075 3,83 Pseudouridin 1,07 0,99
C076 3,34 7-methylguanin 1,20 1,34
co77 5,85 Cystathionin 1,18 1,17
C078 3,66 Allantoin 1,06 1,30
€079 7,98 Xanthurenat 1,04 1,23
€080 3,66 | Acetylkarnitin 1,03 1,17
C081 7,06 | 2-hydroxyglutarat 1,07 0,99
C082 3,84 N-acetylputrescin 1,09 1,22
C083 3,07 Oktanoylkarnitin 0,96 0,99
cog4 3,35 Butyrylkarnitin 1,01 1,11
C085 3,02 Decanoylkarnitin 0,97 1,10
C086 4,42 N,N-Dimethylarginin 1,16 1,27
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Tab. S1: Pokracovani

Oznaceni | t, [min] Analyt FUT/IUT | NT/IUT
Cco87 3,34 FGAr 1,05 1,14
Co88 3,43 | AICAr 0,89 1,06
C089 6,00 CAlr 0,87 0,92
C0%0 4,32 3-aminoisobutyrat 1,11 1,18
Cco91 5,43 Vanilmandelat 1,15 1,14
C092 7,06 5-hydroxyindoleacetat 1,21 1,10
C093 4,45 2-OH-isobutyrat/2-OH-butyrat/4-OH-butyrat 1,06 1,15
€094 7,06 | Sebakat 1,12 1,15
C095 7,06 | Suberat 1,03 1,01
C096 3,03 Decenoylkarnitin 0,92 1,01
C097 3,06 Dekadienylkarnitin 1,10 0,97
€098 3,25 Dodecanoylkarnitin 1,11 1,17
C099 3,14 Dodecenoylkarnitin 1,12 1,14
C100 4,51 1-methylxanthin 1,08 1,18
C101 3,34 Hydroxypropionylkarnitin 1,03 1,19
C102 3,74 Malonylkarnitin/Hydroxybutyrylkarnitin 0,94 1,19
C103 3,46 Butenylkarnitin 1,06 1,14
C104 3,62 Fumarylkarnitin/Hydroxyvalerxylkarnitin 1,05 1,13
C105 3,25 Valerylkarnitin 1,01 1,13
C106 3,31 Tiglylkarnitin 1,02 1,15
C107 3,45 Glutarylkarnitin/Hydroxyhexanoylkarnitin 0,97 1,30
C108 3,18 Hexanoylkarnitin 1,21 1,20
C109 3,22 Hexenoylkarnitin 0,95 0,98
C110 3,31 | Adipoylkarnitin/Hydroxyheptanoylkarnitin 0,86 1,07
C111 3,29 Pimelylkarnitin/Hydroxyoktanoylkarnitin 0,98 1,25
C112 3,11 Oktenoylkarnitin 0,97 0,94
C113 3,01 Nonaylkarnitin 1,02 1,09
Cl114 4,27 2-hydroxyisovalerat 1,06 1,24
C115 4,42 Isobutyrylglycin/Butyrylglycin 1,17 1,24
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Tab. S1: Pokracovani

Oznaceni | t, [min] Analyt FUT/IUT | NT/IUT
C116 4,14 Hexanoylglycin 1,04 1,32
C117 4,38 Tiglylglycin/3-Methylkrotonylglycin 0,96 1,03
C118 4,29 2-methylbutyrylglycin/Isovalerylglycin 0,92 1,16
C119 4,58 2-Furoylglycin 0,95 0,99
C120 4,46 | 3-Indolepropionat 1,00 0,97
C121 3,82 Indoxyl sulfat 0,99 0,98
C122 7,22 Succinyladenosin 1,24 1,23
C123 4,05 Myo-inositol 1,13 1,18
Priimér 1,06 1,13
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Tab. S2: Prlmérné hodnoty ortogonality jednotlivych typd modeld se 100 body ziskané rlaznymi
pristupy vypoctu ortgonality £ 2SD pro 50 modell stejného typu. Hodnoty jsou uvedeny v %, s vyjimkou

AN a HN, jejichZ vysledkem jsou primérné nejmensi vzdalenosti mezi nejblizSimi sousedy.

Typ modelu ZpUsob vypoctu Min-max Void-max WOSEL
SC 91,7+8,3 90,8 +9,0 90,2+8,4
N MA 91,0+ 8,8 90,1+9,2 89,5+ 8,6
o CE 77,0+ 4,2 77,8 £5,5 78,1+5,1
" || pC 92,9+10,2 92,9 £10,2 92,9+10,2
) AE 87,6 18,3 82,7 £10,0 77,7+9,1
CH 75,6 £4,7 70,5+5,2 66,3+4,6
oo 5o 2000 2500 a0 | AN 0,0638 £ 0,0036 0,0616 + 0,0035 0,0597 £ 0,0032
HN 0,0428 £ 0,0104 0,0414 + 0,0096 0,0401 £ 0,0094
SC 91,9+8,7 38,8+3,6 13,2+1,5
N MA 91,4+8,8 38,6 +3,5 13,1+1,6
© CE 77,51+4,4 94,6 +2,8 96,4+4,0
- PC 945+9,4 945+9,4 945+9,4
: AE 87,8+9,7 29,7+49 49+0,6
CH 74,8+ 4,4 17,2+1,4 4,2+0,3
" o g w0 B0 w0 | AN 0,0634 £0,0036 | 0,0312+0,0016 | 0,0150 + 0,0008
HN 0,0438 £+ 0,0086 0,0215 + 0,0040 0,0103 £ 0,0020
SC 91,9+8,7 12,5+1,2 13,0+1,6
. MA 91,4+8,8 12,4 +1,2 12,9+1,6
CE 77,51t4,4 96,2 +3,3 96,3+ 3,6
0 PC 945+9,4 945+9,4 94,5+9,4
N AE 87,8+9,7 50+0,6 49+0,6
- CH 74,8 4,4 4,2+0,2 4,2+0,3
o AN 0,0634 £ 0,0036 0,0151 + 0,0008 0,0150 £ 0,0008
. HN 0,0438 £ 0,0086 0,0104 £ 0,0020 0,0103 £ 0,0020
SC 91,9+8,7 17,5+2,0 145+2,1
- MA 91,4+8,8 17,4+£2,0 14,4 +2,1
5 CE 77,5t4,4 96,0+4,1 949+4,2
. PC 945+9,4 945+9,4 945+94
i AE 87,8+9,7 84+1,0 49+0,5
) CH 74,8+ 4,4 6,8+0,4 4,2+0,3
"o g we s | | AN 0,0634 £0,0036 | 0,0191+0,0010 | 0,0150 + 0,0008
HN 0,0438 £+ 0,0086 0,0133 + 0,0026 0,0103 £ 0,0020




Tab. S3: Prehled syntetickych chromatogrami nizkodimenziondlnich modell typu E a hodnot
ortogonality [%] ziskanych prostfednictvim jednotlivych deskriptor(.

Model Vzhled AN HN AE SC CH ASCA
®
[ ]
1 .' 37,9 23,6 69,8 22,9 44,4 29,5
®
% (]
2 37,3 24,9 49,8 23,4 32,7 29,4
® [
o
3 ® 37,9 23,9 81,8 23,0 44,8 29,5
Se
[ J
4 36,8 25,1 37,7 23,4 25,7 29,2
%
5 35,8 23,8 46,6 21,5 28,4 27,7
o0 ®
6 ® 37,2 23,9 67,1 22,9 38,3 29,1
»
%
7 34,2 21,8 38,0 20,2 22,4 26,3
[
® o
8 34,9 22,4 48,8 20,3 29,1 26,6
®
9 ‘ 33,1 21,3 32,2 19,0 21,0 25,0
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Tab. S3: Pokracovani

Model Vzhled AN HN AE SC CH ASCA
o
10 - 35,4 22,8 41,2 21,5 24,6 27,7
* s
11 L 37,5 21,5 86,2 21,7 51,9 28,7
ogr
12 33,9 23,7 18,9 20,3 15,9 26,1
13 .' 34,8 23,8 19,8 22,0 16,4 27,6
:.
o
14 36,3 24,0 28,6 23,1 22,0 28,8
®
pr_
15 ® 37,1 24,6 49,4 23,0 29,3 29,2
gl
16 32,3 20,4 34,0 18,3 20,8 24,3
.:.
17 36,6 24,8 34,1 23,3 23,8 29,2
eoe
L
18 36,3 24,8 28,8 22,9 21,5 28,8
®
®
19 o® 37,7 22,7 78,4 23,6 46,5 29,8
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Tab. S3: Pokracovani

Model Vzhled AN HN AE SC CH ASCA
S
e®
20 L 36,9 24,2 43,5 23,2 26,6 29,2
21 s 35,4 23,3 33,3 22,3 18,4 28,1
[
22 bl 32,9 21,6 23,7 20,0 16,7 25,7
23 33,1 22,3 17,5 20,3 14,4 25,7
Se
24 L 36,9 23,2 56,5 22,5 33,7 28,8
@
® 9
25 37,8 24,2 63,5 23,6 38,5 29,8
e ®
® e
26 37,8 24,0 67,5 23,3 39,7 29,7
[ )
27 % e 38,0 23,3 71,7 22,9 40,4 29,5
®
..
28 ® 37,2 23,4 45,8 23,3 30,5 29,3
~
®
29 ® 38,0 24,1 46,5 22,5 44,4 29,5
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Tab. S3: Pokracovani

Model Vzhled AN HN AE SC CH ASCA
et @
30 L 34,0 21,2 48,0 19,4 28,1 25,9
L™
31 ° 33,5 22,3 23,9 20,0 15,1 25,9
e ©
P-4
32 37,7 25,1 56,5 23,4 34,6 29,7
o e
®
33 34,0 22,1 39,6 20,3 25,0 26,3
<o
4
34 34,7 21,8 49,1 20,2 26,4 26,5
o®®
35 34,0 21,5 36,2 20,1 21,2 26,2
= 4
E
36 35,8 23,2 33,8 22,4 22,3 28,1
®
o®
37 35,3 19,2 37,1 21,7 23,8 27,7
®
38 L 36,8 24,3 50,5 22,6 30,4 29,0
' 4
39 ® o 36,8 22,1 60,0 21,4 44,8 28,3
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Tab. S3: Pokracovani

Model Vzhled AN HN AE SC CH ASCA
°®
™
40 32,0 20,6 32,6 18,1 21,7 24,1
&
41 28,5 18,2 7,9 14,7 8,7 20,5
®o
2
42 37,2 24,7 42,4 22,7 28,3 29,1
o
™
43 ® 32,6 20,9 45,0 18,2 24,8 24,4
® e
o
44 33,3 20,3 55,6 18,7 30,2 25,1
L )
45 ® 36,5 22,6 39,8 22,5 26,1 28,6
®
[ ] ‘.
46 37,5 23,7 54,8 22,7 33,2 29,2
>
47 34,9 22,9 27,9 20,8 20,5 26,9
e
e
™
48 36,6 24,1 36,7 23,0 24,7 29,0
o
® o
49 L 38,1 24,8 65,7 23,3 38,4 29,9
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Tab. S3: Pokracovani

Model Vzhled AN HN AE SC CH ASCA
L -
50 33,4 22,0 27,3 19,7 17,4 25,7
T ®
51 d o 41,3 24,1 33,0 22,2 98,5 30,3
®
®
[ J
52 ® 37,4 24,1 27,6 22,7 25,4 29,3
53 eeoee 36,4 24,0 31,1 22,5 18,8 28,6
'Y Y Y
54 36,4 23,9 31,1 22,5 18,8 28,5
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Tab. S4: Prehled syntetickych chromatograml vysokodimenziondlnich modell typu E a hodnot
ortogonality [%] ziskanych prostfednictvim jednotlivych deskriptor(.

Model Vzhled AN HN AE SC CH ASCA

1 70,1 25,5 42,1 46,0 96,4 56,8
2 73,1 28,2 58,7 48,5 97,9 59,5
3 69,1 24,5 74,9 45,1 97,9 55,8
4 71,5 26,7 71,8 48,3 97,3 58,8
5 70,7 27,4 64,0 48,1 97,4 58,3
6 71,6 29,1 86,4 48,6 97,7 59,0
7 71,3 29,3 53,5 49,1 96,3 59,2
8 70,8 26,6 58,7 46,7 98,4 57,5
9 71,4 27,2 75,3 49,0 97,3 59,1
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Tab. S4: Pokracovani

Model Vzhled AN HN AE SC CH ASCA

10 71,7 29,8 50,1 49,2 97,2 59,4
11 72,1 28,8 62,9 48,6 97,2 59,2
12 69,5 27,0 66,1 45,7 96,5 56,4
13 71,5 25,6 63,1 47,2 98,4 58,1
14 70,8 25,4 66,3 46,9 96,9 57,6
15 71,9 28,9 60,1 49,7 97,2 59,8
16 69,1 25,6 43,5 46,0 97,8 56,4
17 72,0 28,3 53,0 48,0 97,6 58,8
18 71,9 27,5 61,6 48,8 96,6 59,2
19 70,5 29,7 66,9 47,8 97,0 58,1
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Tab. S4: Pokracovani

Model Vzhled  [AN HN AE sC CH ASCA
T

20 70,1 27,0 70,8 46,2 96,3 56,9
21 70,8 27,5 63,9 47,5 97,2 58,0
22 71,2 30,4 65,6 48,6 98,2 58,8
23 72,1 28,8 41,4 48,8 95,9 59,3
24 70,8 25,1 61,4 47,1 97,6 57,7
25 71,5 28,4 73,6 47,8 97,6 58,5
26 72,1 27,6 60,6 48,6 97,1 59,2
27 70,8 27,0 45,8 47,4 95,9 57,9
28 72,0 30,4 66,2 49,2 97,6 59,5
29 71,3 28,1 59,1 48,2 97,4 58,6
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Tab. S4: Pokracovani

Model Vzhled ' AN HN AE SC CH ASCA

30 70,4 27,1 44,7 47,7 96,6 57,9
31 70,0 22,1 59,4 46,8 97,3 57,2
32 71,3 25,8 77,0 48,2 98,5 58,6
33 71,7 29,6 51,7 48,8 96,7 59,2
34 71,2 28,8 58,4 48,3 97,1 58,6
35 70,0 25,5 33,7 46,4 97,2 57,0
36 72,2 29,3 66,0 49,1 98,1 59,5
37 71,6 29,2 78,6 48,7 98,2 59,1
38 68,7 23,5 45,9 43,9 98,2 54,9
39 70,7 29,1 56,1 48,6 96,8 58,6
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Tab. S4: Pokracovani

Model Yzhled AN HN AE SC CH ASCA

40 72,9 29,7 73,5 49,6 97,8 60,1
41 73,9 30,9 56,7 48,8 98,6 60,1
42 71,9 28,1 66,6 48,4 96,8 59,0
43 71,0 28,5 75,2 47,6 97,3 58,1
44 71,3 29,0 53,5 49,1 98,5 59,2
45 71,2 29,6 48,9 47,9 97,9 58,4
46 70,2 26,6 43,5 47,0 98,1 57,4
47 70,9 30,2 66,5 47,9 96,2 58,3
48 71,7 27,3 37,9 48,3 98,1 58,8
49 69,2 24,8 44,7 45,4 96,9 56,1
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Tab. S4: Pokracovani

Model

AN

HN

AE

SC

CH

ASCA

50

72,5

28,6

65,1

48,0

97,0

59,0

146



17 Prilohy

Prilohy obsahuji 2 reprinty publikovanych ¢lank( a text ¢lanku v recenznim fizeni a profesni

Zivotopis autorky.

Jaroslava Jacova, Miroslav Jorenek, Kristyna Pospiskova, Lukas Najdekr, Ludmila Zajoncova,
David Friedecky, Tomas Adam: Urease-immobilized magnetic microparticles in urine sample
preparation for metabolomic analysis by gas chromatography-mass spectrometry, odeslano do

J Chromatogr A

e Jacova J, Gardlo A, Dimandja JD, Adam T, Friedecky D: Impact of sample dimensionality on
orthogonality metrics in comprehensive two-dimensional separations. Anal Chim Acta. 2019

Aug 8;1064:138-149. doi: 10.1016/j.aca.2019.03.018. Epub 2019 Mar 12.

e Jacova J, Gardlo A, Friedecky D, Adam T, Dimandja JD: Sample-independent approach to
normalize two-dimensional data for orthogonality evaluation using whole separation space
scaling. J Chromatogr A. 2017 Aug 18;1511:1-8. doi: 10.1016/j.chroma.2017.06.076. Epub 2017

Jul 3.

e Profesni Zivotopis

147



Urease-immobilized magnetic microparticles in urine sample preparation for

metabolomic analysis by gas chromatography-mass spectrometry

Jaroslava Ja¢oval?, Miroslav Jofenek?, Kristyna Pospiskova®, Lukas Najdekr?, Ludmila Zajoncova?, David

Friedecky“?" and Tomas Adam®?

! Laboratory of Metabolomics, Institute of Molecular and Translational Medicine, Faculty of Medicine
and Dentistry, Palacky University Olomouc, Hnévotinska 5, 779 00 Olomouc, Czech Republic

2 Laboratory for Inherited Metabolic Disorders, Department of Clinical Biochemistry, University Hospital
Olomoug, I.P. Pavlova 6, 775 20 Olomouc, Czech Republic

3 Department of Biochemistry, Faculty of Science, Palacky University Olomouc, Slechtitell 27, 783 71
Olomouc, Czech Republic

“Regional Center of Advanced Technologies and Materials, Palacky University Olomouc, Slechtiteld 27,

783 71 Olomouc, Czech Republic

e-mail: jaroslava.jacova@gmail.com, MiraCRXJorenek@seznam.cz, kristyna.pospiskova@upol.cz,
lukas.najdekr@gmail.com, ludmila.zajoncova@upol.cz, david.friedecky@upol.cz,

tomasadam@gmail.com,

Abstract:

Urea, as an end product of protein metabolism and an abundant polar compound, significantly
complicates the metabolomic analysis of urine by GC-MS. We developed a sample preparation method
removing urea from urine samples prior the GC-MS analysis. The method based on urease immobilized
on magnetic microparticles was compared with the others that are conventionally used (liquid-liquid
extraction, free urease protocol), and samples without any treatment. To study the impact of sample
preparation approaches on the quality of analytical data, we employed comprehensive metabolomic
analysis (using both GC-MS and LC-MS/MS platforms) of standard material based on human urine.
Multivariate statistical analysis has shown that immobilized urease treatment provides similar results
to a free urease approach. However, significant alterations in the profiles of metabolites were observed
in the samples without any treatment and after the extraction. Compared to other approaches that
were tested, the immobilization of urease on microparticles reduces both the number of artifacts and

the variability of the metabolites (average CV of extraction 19.7%, no treatment 11.4%, free urease
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5.0%, and immobilized urease 2.5%). The method that was developed was applied in a GC-MS
metabolomic experiment of glutaric aciduria type |, where both known diagnostically important
biomarkers and unknowns, as the most discriminating compounds, were found.

Keywords: urine sample preparation, immobilized urease, GC-MS, metabolomics

Highlights:
1) Certified urine is prepared by means of different sample preparation approaches.
2) The impact of sample preparation on the urine metabolome is evaluated.

3) Urease immobilized on magnetic microparticles is introduced.

1 Introduction

The analysis of urine is one of the ways used by physicians to determine the physiological state
of a patient. For centuries, urine has assisted in the diagnosing, monitoring, and treatment of a wide
range of diseases. It is easy to obtain it non-invasively in large volumes and almost free from interfering
proteins and lipids [1]. Compared to other biofluids, metabolites in the urine are usually present in
higher levels because of the concentrative effect of the kidneys. High levels of urea in urine interfere
in gas chromatography (GC) as separation interference and through the consumption of derivatization
agents and therefore compromising the derivatization of analytes [2]. Free acidic hydrogens of analytes
resulting from incomplete derivatization interact with the hydroxyl groups of silica columns during the
GC separation and cause peak tailing and hence loss of sensitivity and improper quantification.

Many approaches to removing urea prior to analysis have been published. The oldest, liquid-
liquid extraction (EX), is still a widely-used method [3]. However, it was primarily intended to isolate
selected groups of organic compounds from aqueous phase according to the extraction solvent used
(e.g., ethyl ether and/or ethylacetate for organic acids [4,5], hexane for silylated sugars and polyols [6]).
EX is mostly performed under acidic conditions (with pH values of 1 to 2) when urea becomes ionized
and presents poor solubility in organic phase. Unfortunately, in acidic conditions many urine
metabolites turn into an ionic form as well (e.g., creatinine, tryptophan, adenine) and eventually
become insoluble (e.g., orotic acid, xanthine, uric acid). Therefore, because of the general absence of
many metabolites, EX is not an optimal choice for metabolomic analysis. For the analysis of the

complete urine metabolome, another approach utilizing urease has to be used to get rid of urea [7].
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The enzyme urease (from Canavalia ensiformis, E.C. 3.5.1.5) promises to be an agent for the
specific removal of urea from a urine sample. Urease decomposes urea into carbon dioxide and
ammonia, which do not interfere with analyses. The first application of urease for the depletion of urea
from a urine sample was published in 1964 by Wells, Chin, and Weber [2], who showed that urease
pre-treatment eliminates the incomplete silylation of sugars caused by urea. Three decades later,
Shoemaker and Elliott [8] applied the urease approach for the automated screening of urine samples
for inborn errors of metabolism covering the majority of urine metabolites, namely carbohydrates and
organic and amino acids. This method offered good repeatability and accurate reflection of quantitative
differences and the expected ratios among different urine volumes. Moreover, qualitatively higher
numbers of metabolite identifications were observed [9].

The urease protocols have three main drawbacks. First, most of the protocols using urease
treatment are quite laborious [2,10]. Second, urease is added to the sample and, after the depletion of
the urea, removed by precipitation [8,9,11,12] causing artifacts (e.g., urease stabilizers or protein
residues) to be introduced into the sample [8,13]. Third, the distortion of the concentrations of several
metabolites has been reported after urease treatment [9,14]. To simplify and purify the application of
urease, urease has been immobilized on various materials, specifically polymers (e.g., chitosan,
gelatine) and used as a biosensor for the quantification of urea in aqueous solutions, blood, urine, milk,
or alcoholic beverages [15]. The immobilization has also enabled the reuse of the enzyme and has
improved the stability of the urease [16,17]. On the basis of previous work [18,19] we suppose that the
utilization of magnetic materials as carriers for immobilization further improves manipulation with the
enzyme.

The aim of this work was to develop a new protocol for GC-MS metabolomic analysis of urine,
where the sample preparation is based on urease immobilized on magnetic microparticles. The
immobilized urease protocol was compared to commonly used sample preparations by means of

targeted and untargeted metabolomic approaches on a certified urine sample.
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2 Materials and methods

2.1 Chemicals and reagents

N,O0 bis(trimethylsilyl)trifluoroacetamide with 1% trimethalchlorosilane (BSTFA), O-
ethylhydroxylamine hydrochloride, ethyl acetate, pyridine, 4-phenylbutyric acid, mevalonic acid
sodium salt, mevalonolactone, N-acetylaspartic acid, an alkane standard mixture for performance tests
of GC systems (standard Ci0-Cs0) and LC-MS grade solvents (water, acetic acid, ammonium hydroxide,
acetonitrile and methanol) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Chlorotrimethylsilane (TMCS) was shipped by Merck KGaA (Darmstadt, Germany), anhydrous sodium
sulphate, sodium chloride, and hydrochloric acid by mikroCHEM (Pezinok, Slovakia), hexanoyl glycine
by VU Medical Center (Amsterdam, Netherlands), and the standard material Control Organic Acids
(COA) from MCA Laboratory (Winterswijk, Netherlands). All the chemicals used were of analytical grade
or higher. A urease immobilized on MG 100 magnetic cellulose microparticles (lontosorb, Usti nad
Labem, Czech Republic) was developed at the Department of Biochemistry, Faculty of Science, Palacky
University, according to the immobilization procedure of Namdeo and Bajpai [20]. A detailed
description of the chemicals, methods, and results of the immobilization procedure is provided in the

Supplementary Data (Tabs. S1, S2, Figs. S1, S2).

2.2 Sample preparation

To evaluate the effect of sample preparation based on immobilized urease on the human urine
metabolome, two different materials were analyzed: the standard material Control Organic Acids (COA)
from MCA Laboratory and real urine samples. The COA was used for the metabolomic analysis (GC-MS-
and LC-MS-based). It COA consists of pooled urine spiked with 23 analytes, mostly organic acids. The
COA was reconstituted with 10 mL of water just before use. An amount of COA corresponding to a
concentration of creatinine of 1 mmol/L was analyzed by means of GC-MS after four different common
sample preparation techniques (acidic extraction into ethyl acetate, free urease treatment,
immobilized urease treatment, and no treatment) and by LC-MS/MS. Each experiment was performed

in six replicates.
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The developed protocol based on immobilized urease was applied to an untargeted GC-MS
metabolomic study of the urine of children suffering from glutaric aciduria and healthy controls. Urine
samples of the GAI patients and healthy controls were obtained from the Laboratory for Inherited
Metabolic Disorders, University Hospital Olomouc, Czech Republic. All the patients and controls gave
their informed consent to participation in the study before urine sampling in accordance with the
Helsinki Declaration. The samples were split into several aliquots and stored at -80 °C until the analysis.
An amount of a sample corresponding to a concentration of creatinine of 1 mmol/L was used for the

analysis.

2.2.1 Samples that were not subjected to any treatment (NT) for GC-MS

An internal standard (4-phenylbutyric acid, 10 pL, 2.11 mmol/L in methanol; IS) was added to
the COA (248 L), frozen (-80 °C; 30 min) and freeze-dried. The derivatization was performed in two
consecutive steps: ethoximation (10 pL of solution in pyridine, 56 mg/mL, and 140 pL of pyridine) for
60 min at 50 °C, silylation (150 puL of silylation mixture BSTFA+TMCS:TMCS, 25:1 (v/v)) for 20 min at 70
°C.

2.2.2 Extraction (EX) for GC-MS

The COA (495 pL) was transferred into a standard glass tube containing 20 pL IS. The sample
was diluted with water up to 2 mL; O-ethylhydroxylamine hydrochloride (0.03 g) was added to
derivatize the ketones and mixed carefully. The samples were incubated for 30 minutes at room
temperature. Hydrochloric acid (100 uL; 6 mol/L) and sodium chloride (1.0 g) were added to adjust the
pH (1-2) and ionic strength. Liquid-liquid extraction by means of ethyl acetate (4 mL) was performed
three times with shaking for 10 min. The upper phase of the solvent was transferred into a new glass
tube. In order to remove the water from the samples anhydrous Na,SO4 (1.0 g) was added to each tube,
mixed, and left standing for 10 minutes. The solvent phase was decanted into a new glass tube,
evaporated to dryness under a nitrogen flow at 30 °C, washed out from the tube in three steps (2x 400
uL of methanol; 300 pL of acetone) using a vortex, and transferred into a GC-MS vial. The sample was
evaporated to dryness under a nitrogen flow at 30 °C, then dissolved in a derivatization mixture
(BSTFA:pyridine:TMCS, 25:25:1 (v/v/v), 300 uL), capped under a nitrogen atmosphere, and vortexed.

All the vials were kept at 70 °C for 20 min.
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2.2.3 Free urease treatment (FUT) for GC-MS

The reaction mixture, composed of COA (495 pL), urease (60 uL, 0.6 mg/mL), and water (445
pL), was stirred in a thermoshaker (37 °C; 72 g) for 40 min. The reaction mixture (500 pL) was
transferred into a clean microcentrifuge tube and 1 mL of cold methanol (-20 °C) was added. The sample
was centrifuged (14,000 g; 8 min). The supernatant was put into a glass vial containing IS (10 pL), frozen
(-80 °C; 30 min), and freeze-dried. The derivatization procedure was as same as for the NT samples

(Chapter 2.2.1).

2.2.4 Immobilized urease treatment (IUT) for GC-MS

The reaction mixture consisted of COA (495 pL), microparticles (100 mg) with immobilized
urease, and water (1505 pL). The enzyme reaction was performed while the mixture was being stirred
in a thermoshaker (37 °C; 72 g) for 40 min. The magnetic microparticles were separated at the bottom
of the vessel using a magnetic separator. The reaction mixture (1 mL) was added to a glass vial with IS
(10 pL), frozen at -80 °C for 30 min, and freeze-dried. The derivatization procedure was the same as for

the NT samples (Chapter 2.2.1).

2.2.5 Samples for LC-MS analysis

LC-MS analysis of the IUT, FUT, and NT samples was performed. The COA (495 uL) was mixed
with 445 L of water and 500 pL of the mixture was transferred into a vial and diluted with methanol

in the ratio of 1:3 (v/v). No internal standard was added.

2.3 Metabolomic analysis

In order to evaluate the differences in the metabolomic data caused by the preparation of the
samples, a metabolomic workflow was applied (details shown in the Supplementary Data, Chapter 2:
Metabolomic analysis). A comprehensive metabolomic approach consisting of both a GC-MS and an LC-
MS/MS platform was used. The statistical analysis involved univariate (e.g., box plots, t-tests, and

correlation analysis) and multivariate unsupervised (PCA) and supervised methods (PLS-DA).
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2.3.1 GC-MS analysis and data processing

Ethoximated trimethylsilylated urine samples (1 pL) were analyzed with a Pegasus 4 instrument
(LECO, St. Joseph, Michigan, USA) equipped with a ZB-5MS column (30 m; 0.25 mm; 0.25 pm;
Phenomenex, Torrance, USA) using a slow linear temperature ramp (5 °C/min from 80 to 320 °C).
Helium (constant flow 1 mL/min) served as a carrier gas. The data acquisition was performed in the
mass range 50-500 m/z at a frequency of 5 Hz. The GC-MS data analysis was performed with
ChromaTOF (LECO), XCMS [21], MS Excel 2016 (Microsoft, Redmond, USA), MedCalc (version 16.4,
MedCalc Software bvba, Ostend, Belgium), and SIMCA (version 13.0.3, Umetrics, Umea, Sweden).

Details are shown in the Supplementary Data.

2.3.2 LC-MS analysis and data processing

The COA urine samples (2 uL) were injected into an UltiMate 3000 RS (Dionex, Sunnyvale, CA,
USA) coupled to a triple quadrupole 6500 tandem mass spectrometer (AB Sciex, Foster City, CA, USA),
equipped with a Luna NH; column (3.0 um, 2 x 100 mm; Phenomenex, Torrance, USA; 35 °C) in normal
aqueous phase mode and gradient regime (from 95% ammonium acetate to 95% acetonitrile) at a flow
rate at 0.3 mL/min. The previously published method was used [22]. The abundance of 346 targeted
metabolites was measured in scheduled multiple reaction monitoring mode with prolonged dwell
times. Both quadrupoles were set at unit resolution. The peaks were detected and identified with the
MultiQuant 3.0 software (AB Sciex, Foster City, CA, USA), analyzed as compositional data with centered
logratio (clr) transformation, and mean centered and processed using a home-made R-package
implementing the LOESS (local regression) signal correction method. Details are provided in the

Supplementary Data.

3 Results and discussion

Urine is a complex material containing thousands of compounds with different chemical
properties. There is no universal technique suitable for the analysis of such a wide spectrum of analytes,
and therefore two different metabolomic platforms, GC-MS and LC-MS, were applied. Despite the fact
that the developed sample preparation method is primarily intended for GC-MS technique, we also

applied LC-MS for evaluation of the results as previously published by Kind et al. [14].The combination
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of GC-MS and LC-MS techniques is best suited to cover the changes in urine metabolome by enabling
the detection of both lipophilic and hydrophilic metabolites present in the sample.

Since the urea removal is substantial for the GC-MS platform, the stress was put on GC-MS
analysis: both targeted and untargeted metabolomic approaches were performed by means of GC-MS
analysis. LC-MS/MS analysis showed the possible impact of the sample preparation methods on various
metabolites which are not commonly detectable by means of GC-MS analysis. The effect of IUT versus
FUT, EX, and NT on the urinary metabolome was evaluated. The certified COA material, which consists
of pooled urine spiked with 23 analytes (mostly organic acids), was used. Moreover, since LC-MS on
polar stationary phase was also employed, the possible decrease in the matrix effect caused by an
abundant peak of urea in the urease-treated samples and the impact on non-GC metabolites was
determined. Finally, the new protocol was applied to real urine samples in a metabolomic experiment

on glutaric aciduria | patients.

3.1 Feasibility of sample preparation protocols

The GC-MS sample preparation protocols that were tested differed in their feasibility. EX
required about six working hours. However, the results were available on the same day. The urease
protocols took about one hour of handling, but overnight freeze-drying was necessary. The lack of a
precipitation step in IUT is an advantage compared to FUT. The time requirements and complexity of
the protocol were reduced; the preparation of the IUT sample prior to derivatization took 75% less time
than was the case with FUT.

The IUT protocol was developed as an alternative to FUT that would allow the automation of the
sample preparation. IUT is easy and straightforward and could be implemented into automated sample
preparation stations. The protocol for the preparation of magnetic microparticles is provided in the

Supplementary Data.

3.2 Retention time reproducibility
The reproducibility of retention times is a basic requirement in terms of the proper alignment

and retention index-based identification of metabolites [23]. In order to evaluate the impact of sample

treatment, targeted metabolomic analysis was applied.
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With GC-MS, all 23 metabolites declared in the certified COA material were found in the
samples prepared by means of all the preparation techniques that were tested. Twenty metabolites
were identified on the basis of the NIST mass spectral database library (NIST, 2008) with a match
greater than 700 and a retention index match with the GOLM database (when possible). The
identification of N-acetylaspartic acid (not present in NIST) and hexanoylglycine (tailing peak of low
intensity, 9 umol/L) was approved via a commercially available standard. Ethylmalonic acid in the NT
samples had a low score of identification (~ 300) as a result of its co-elution with a massive peak of
urea. It was identified by the presence of specific fragments (m/z 217 and 261) in a given retention time
window.

In LC-MS/MS analysis, 123 metabolites in the urine sample prepared by means of IUT, FUT, and
NT were detected. An extraction approach was excluded from the experiment because of the necessity
of ethoximation prior to the extraction step. Ethoximated derivatives do not fit the MRM transitions of
the targeted LC-MS/MS method. On the other hand, the exclusion of ethoximation step significantly
changes the extraction efficiency of metabolites.

The retention indices (RI) and retention times, respectively, of the target metabolites were
consistent in all the samples analyzed by means of both GC-MS (Tab. S3) and LC-MS/MS (Tab. S4). The
average CVs of the Rls were below 0.01% for all the sample preparation techniques. The highest relative
differences in retention times between groups were obtained for metabolites inside the retention
window of urea of the NT samples, e.g., ethylmalonic acid (0.10%), glyceric acid (0.08%), and
mevalonolactone (0.14%). This increase in the Rl was caused by the overloading effect of the urea. The
Rl values differed slightly from the values declared in the GOLM database (Tab. S3), because a slower-
temperature GC ramp (4 °C/min instead of 9 °C/min) and ethoximation (instead of methoximation)
were applied. For example, for glycolic, sebacic, and 2-ketoglutaric acid Rl 1071, 1893, and 1621 were
obtained instead of Rl 1067, 1888, and 1577 from GOLM (Tab. S3). In the LC-MS/MS analyses, the
retention times of the metabolites were consistent, regardless of the sample preparation approach
used (Tab. S4). The average coefficient of variation for retention times was 0.7% for all the sample
preparations. The maximum and average relative differences vs. medians of all the sample preparations

were 0.49% and 0.03%, respectively (for IUT vs NT).
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3.3 Analytical variability

The sample preparation approaches also differed in the variability of the responses of the target
metabolites from the certified COA material. With GC-MS, the median of CV was 5.0, 2.5, 19.7, and
11.4% for FUT, IUT, EX, and NT, respectively (Tab. S5). The CV for FUT was comparable to previously
published results (6.1%) for 250 metabolites [9]. Hexanoylglycine was found to be the most variable
metabolite (Tab. S5) for all the sample preparation approaches (22-119%) due to chromatography (the
low intensity and peak tailing), not the sample preparation. The variability of other metabolites was
lowest for IUT. One of the main benefits of FUT, the lowering of variability [9], was not only preserved
but even improved by IUT. It was probably caused by simpler sample preparation excluding the freeze-
drying of methanol samples (resulting in the formation of bubbles and dispersion of the sample) and
by the minimum number of artifacts introduced into the sample (a simpler matrix and thus more
efficient deconvolution).

In LC-MS/MS, the variability of the responses (Tab. S6) was comparable for all approaches, with
the median ranging from 9.5 to 11.7%. Lactose was found to be the most variable metabolite (66.3%)
since as a urease-introduced artifact (see Chapter 3.5) it was present in the NT samples only in trace
amounts. The increased %CV values of amino- and thio-compounds in IUT (compared to the FUT and
NT samples) could indicate a variable interaction of these functional groups with the magnetic carrier
of the urease (e.g., methionine, 2-aminoadipate, panthothenate, carnitines; Tab. S6). However, this
phenomenon was not observed in the samples analyzed by means of GC-MS (pyroglutamic acid,

tiglylglycine, N-acetylaspartic acid; Tab. S5).

3.4 Metabolome coverage

The number of peaks in GC separation and the overall chromatographic pattern differed
significantly according to the sample preparation technique used (Figs. 1 and S3). The lowest numbers
of chromatographic peaks and altered abundances were found in the EX samples. The highest number
of peaks was observed in the FUT samples, as a result of the presence of artifacts at the end of the
analytical window (not found in IUT). The rest of the FUT and IUT separation was comparable (Figs. 1C
and 1D). The highest TIC abundance was obtained for NT samples (Fig. S3) as a result of their possessing
the most complex and concentrated matrix, in which the most prominent peak at a retention time of

12-15 min belonged to urea (Fig. 1C). This huge peak caused a retention time shift of consecutive peaks
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(ethylmalonate, glycerate, fumarate, mevalonolactone; Tab. S3) and masked several peaks detected in
other separation approaches (Fig. 1D).

In LC-MS/MS analysis the same peak count of 123 was found for IUT, FUT, and NT (EX analysis
was not performed, as explained in Chapter 3.2). However, in the FUT samples (both blank and COA),

there were increased abundances of sugars: glucose and lactose (see Chapter 3.5).

3.5 Artifacts

Artifacts are compounds that are present in the analytical results that do not originate from
the sample itself [24]. They could be formed by a derivatization agent (e.g., by-products, unexpected
derivatives), introduced by the chromatographic system (e.g., column bleed, products of in-source
reactions or reactions in the injector) or during the sample preparation (e.g., residua of reagents,
solvent impurities) [14]. Urease is known to introduce artifacts into the analysis [9]. However, the
presence of a carrier of immobilized urease may increase their incidence.

In order to compare number of artifacts introduced by the approach, a two different
experiments were performed: 1) Comparison of blank samples that revealed 18 peaks of artifacts in
FUT, nine in IUT and four in EX (S/N>1000; Fig. 1A,B); 2) An untargeted GC-MS-based metabolomic
analysis of COA (Figs. 1C,D; 2C,D; S4-S13) that identified the artifacts (M204T41, M191T42 1,
M191T42_ 2, M257T51, M129T38, and M103T42) as the most discriminating compounds between the
FUT and IUT samples (Figs. 2D, S6, S7). Abundant peaks at the end of the analytical window (retention
time above 37 min, Rl above 2430, Fig. 1C), were identified as sugar-like compounds (m/z 204) and
probably disaccharides (m/z 361). Since the fragmentation pattern of the same group of saccharides is
very similar (e.g., hexoses), it is not possible to identify them via the NIST or GOLM databases. The LC-
MS/MS method identified the peak though the SRM transition as a maltose, lactose, sucrose, or
melibiose. In previous studies, a significantly increased abundance of lactose, an urease stabilizer, was
reported [8,13,25]. Therefore, it can be assumed that there are also multiple peaks of lactose in the
FUT samples. These peaks were not detected by GC-MS in the IUT samples, probably as the result of
the multiple washing steps enabled by the immobilization of the urease. The more sensitive LC-MS/MS
technique identified the presence of lactose in all the sample preparations, even the NT samples.
However, the abundance was 57 and 1.5 times higher in FUT and IUT than in NT, respectively (Tab. S7).

Two significant (both of them had score of Variable Importance in Projection of PLS-DA model

(VIP) greater than 2 and therefore are significant [26]) non-sugar artifacts were found in FUT (M100T10,
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M148T10_2), one in the IUT samples: M116T10 (Figs. 1A, S6, S7). There was no match either with NIST
or with GOLM. The occurrence of m/z 100 suggested the presence of compounds with amino-groups.
These artifacts might be residual from the urease (inefficient deproteinization or immobilized urease
degradation). It is worth mentioning that when a metabolomic method was used to evaluate the
artifacts, statistically significant differences between the sample preparation approaches were
obtained. Therefore, the feature with low intensity is also considered important (Fig. 1A, M257T51).
However, it can be concluded that the carrier used for the immobilization of urease did not
increase the number of artifacts introduced. By contrast, the incidence of artifacts was lowered by

multiple washing of the urease before the sample application.

3.6 Alteration of metabolome

The urease protocol is accused of altering the abundances of metabolites [14].
Therefore, this parameter was explored in detail, in three consecutive steps: (1) PCA to visualize a
similarity/dissimilarity (grouping trends and outliers in data) of all the sample preparation approaches
used, (2) correlation analysis to reveal the overall match between pairs of approaches (e.g., the same
trend in all metabolites, lowering of the abundances of several metabolites, completely different
patterns), and (3) PLS-DA for detailed data exploration of pairs of approaches (e.g., FUT vs. IUT, FUT vs.
NT, FUT vs. EX) to find out the differences in the abundances of a given metabolite. According to the
previous part of the work, targeted GC-MS focused on the abundances of 23 metabolites declared in
certified material and LC-MS/MS on all 346 metabolites covered 123 metabolites in our targeted
metabolomic method. Because IUT represents an alternative to FUT, the greatest emphasis was put on
comparing these two approaches. Therefore, the IS was added after the urease treatment, not at the
beginning as usual.

PCA (Fig. 2A, 3A) of targeted analyses suggests that extraction into ethylacetate presents a
completely different approach that changes the abundances of target analytes (Fig. 2A, PC1 70.0%),
namely of glyceric (C07), glycolic (C01), pyroglutamic (C14), and 3-hydroxyisovaleric (C03) acid (Fig. 2B).
On the contrary, both urease treatment protocols offer similar results (Fig. 2A, PC2 17.2%; Fig. 3A, PC2
16.6%), and just slightly differ from no treatment samples (Fig. 2A, PC2 17.2%; Fig 3A, PC1 24.2%),
where mainly an altered level of ethylmalonic acid (C06) was observed (Fig. 2B). Indeed, correlation
analysis revealed a high degree of similarity in the abundances of metabolites between IUT and FUT (r

>0.9871, p < 0.0001) and NT and FUT (r > 0.9606, p < 0.0001) with both targeted GC-MS (Fig. S14) and
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LC-MS/MS (Fig. S15). In the comparison of the FUT vs. IUT samples, there was no metabolite outside
the line of equality (Fig. S14A), and only one with LC-MS/MS (Fig. S15A). The comparison of the NT and
IUT samples (Figs. S14B, S15B) showed an overall decline in the abundances of metabolites in the NT
samples with GC-MS, but not LC-MS/MS. EX (Fig. S14C) differed the most from IUT (r = 0.5036, p =
0.0143, degrees of freedom 22). With EX, just eight out of 23 metabolites showed the same abundances
as IUT. The abundances of others were affected by the variations in the extraction efficiency into an
ethylacetate.

Detailed exploration of the differences between the sample preparation methods was
performed via PLS-DA (Figs. $16-S30). In comparison of FUT and IUT samples, 3-hydroxyisobutyric acid
was found to be the most discriminating metabolite (increased abundance) for the FUT samples,
pyroglutamic acid for the IUT samples with targeted GC-MS analysis (Fig. S18), and lactose (increased
in FUT) with LC-MS/MS (Fig. S27). Lactose (C023, increased in FUT), cytidine and glucuronate (C048 and
C032, increased in IUT), and uracil (C017, decreased in IUT) discriminate the most between the groups
(Fig. 3B). It is worth mentioning that loadings of the metabolites were slightly decentralized in the
loading plots of PLS-DA (Figs. S17, S26); therefore, it could be assumed that the overall abundance of
the metabolites was slightly lowered for the IUT samples compared to FUT. The average fold change of
FUT vs. IUT was 1.05 and 1.06 with GC-MS (Tab. S8) and LC-MS/MS (Tab. S7), respectively. This increase
was not uniform because of differences in the solubility of the compounds in methanol (fold change
0.87 of hexoses and 0.82 of riboflavin vs. 1.24 of taurine and 1.53 of kynurenine was obtained). As
reported by Chan et al. [12], the methanol serves not only as a deproteinization agent, but also as an
extraction solvent. In this work, the hypothesis was supported by the fact that all the hydroxylated
target compounds from the COA treated by means of FUT displayed an increase in abundances (Tab.
S8). A similar trend was observed for methylated compounds (e.g., methylmalonic and 3-methyl-3-
hydroxyglutaric acid). Conversely, FUT caused a decrease in the abundance of pyroglutamic acid [9]
which was not so distinct in the IUT samples. It seems that the usage of methanol in the sample
preparation of FUT affects the abundance of selected metabolites.

When a comparison of EX and IUT is performed (Figs. $22-S24), an important fact must be
considered: EX as a sample preparation was originally developed for the isolation of organic acids and
glycine conjugates of interest from urine [27], not for the removal of urea. Therefore, the final
composition of the sample is strongly solvent-dependent. If methanol is used, lipids are extracted in
substantial amounts [28]. Conversely, if only water is used, sugars and hydroxy acids are completely

extracted, mid-polarity compounds are particularly extracted, and lipids remain unextracted in the
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pellets [29]. The most commonly used extraction procedure [30], acidic extraction into ethylacetate,
was employed in this work. This protocols yields good recoveries (60-107%) for a wide range of clinically
significant organic acids and glycine conjugates [31]. However, several compounds, e.g., citric acid [31],
methylcitric acid, N-acetylaspartic acid, 2-hydroxybutyric acid, and 3-hydroxybutyric acid [30], suffered
from low extraction efficiency. The same phenomenon was observed in this work (Tab. S4), where the
abundances of just 12 out of 23 compounds lay in the above-mentioned range from 60% to 107%. The
abundance of 2-ketoglutaric acid exceeded this limit. However, a-keto acids are well known for the
fluctuation in their response when they are diluted to more than to creatinine 2 mmol/L[32]. It is worth
mentioning that compared to IUT, the urea was not completely depleted by EX; its concentration was
just lowered (Fig. 1D). The loading plot of PLS-DA (Fig. S23) shows glyceric, glycolic, and 3-
hydroxyisovaleric acid to be the most discriminating metabolites. This finding is in accordance with the
above-mentioned work of Tanaka [31], because these compounds belong to group of hydroxy acids
similarly to 2-hydroxybutyric, 3-hydroxybutyric, and citric acid. However, according to the course of the
VIP plot (Fig. S24), only glyceric acid was a significantly different metabolite.

Analysis of NT samples was biased by enormous abundance of urea. When the comparison of
the NT and IUT samples was performed (Figs. S19-S21), ethylmalonic acid (that co-elutes with urea)
was the only significantly different metabolite. However, all other metabolites were also compromised
in NT samples, as a result of variation in concentration of available derivatization agent (most of it was
consumed by urea). Therefore, much greater dispersion of the NT samples on score plot (signaling the
versatile derivatization) and decentralization of the data cloud in the loading plot (as a result of low
derivatization yield) was obtained.

Compared to the GC-MS, the LC-MS/MS results (Figs. S25, S29) showed the lower
statistical significance of PLS-DA models, suggesting smaller differences in levels of analytes between
groups. As an example, in the comparison of NT vs. IUT, values of 32.7 vs. 69.8% for LC-MS/MS (Fig.
$28) and GC-MS (Fig. S19), respectively, were obtained. Accordingly, the PLS-DA loading (Figs. S26 and
$29) and VIP (Figs. S27 and S30) plots represented significantly lower differences with high analytical
variability of the metabolites. There was no significant difference between IUT and FUT samples
observed (Fig. S24). The comparison of NT and IUT samples revealed three metabolites of VIP > 2: uracil,
cytidine, and glucuronate. We did not find the explanation of this phenomenon. However, we have
found that it is not caused by the ion suppression, effect of pH on solubility and ionization (as a result

of lactam-lactim tautomerism) and cleavage by urease. The average fold change (Tab. S8) showed a
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loss of abundance of the metabolites in both urease-treated samples, probably as a result of adsorption

on urease (by 13% on average).

3.7 Sample complexity

Sample complexity is an important issue in chromatography-based separation techniques.
Complex samples require higher separation power of an analytical system [33] and more advanced
methods to process the data [23,34]. Matrix effects cause co-elutions, improper deconvolutions, ion
suppressions leading to misidentifications or loss of analytes. To date, many sample preparation
approaches were developed to decrease the sample matrix. An ideal sample preparation approach
influences just the sample matrix, not the analytes. Indeed, in this work, number of peaks (compounds)
in final untargeted GC-MS data analysis was the same for all sample preparation approaches tested
(199). However, the number of features found in the sample significantly differed, offering the lowest
count for EX, the highest for NT samples (Fig. S3).

The lowering of sample complexity via EX was at the expense of alternations of metabolite
levels (Fig. 1C,D). Acidic extraction into ethylacetate, beneficial for lowering the urea levels in the
sample, did not only affect the urea (Fig. S13, M171T12, obtained Rl 1249.3, GOLM Rl 1234.6, NIST
match 855). A statistically significant decrease in the abundance (VIP>2, Fig. S13) was also seen for
creatinine (M100T20, obtained Rl 1546.6, GOLM Rl 1554.40, NIST match 825), glyceric acid (M189T15,
obtained Rl 1329.4, GOLM RI 1319.9, NIST match 880), unknowns M173T12 (Rl 1241.7), and M116T10
(RI'1169.9) as a result of different extraction efficiency in the EX samples. Moreover, the metabolites
were also affected by a low pH (1-2 for EX compared to 10 for IUT and FUT), as demonstrated on
mevalonic acid/mevalonolactone. It was found that mevalonolactone (M115T16) was preferably
formed in acidic conditions, while mevalonic acid (M103T21) in alkaline conditions. When IUT was
applied to two samples, healthy urine spiked with either a mevalonolactone or mevalonic acid standard
(the final concentration in the sample was 100 umol/L), the only peak of mevalonic acid (trimethylsilyl
3,5-bis(trimethylsilyloxy)-3-methylvalerate) was found in both samples (similarity > 900).
Mevalonolactone was fully converted (over 98%) into mevalonic acid as a result of the alkaline
conditions caused by ammonia. However, the urea 2TMS (M171T12) remained the most discriminating
metabolite between EX and urease-treated samples.

On the other hand, the highest sum of features was also not beneficial. The complex sample

matrix results to the increase in dTIC within the deconvolution and thus creation of phantom peaks.
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The cloud plots (Fig. S3) showed that this event is typical of NT samples, manifested most in the
analytical window of urea analytical window (Fig. S3B, RT 10-16 min, Rl 1170-1375). In comparison of
NT and IUT by untargeted GC-MS, the VIP of PLS-DA (Fig. $10) determined the derivatization products
of urea, urea 3TMS (M171T10, obtained RI 1178.0, not present in GOLM, NIST match 769) and urea
2TMS (peakl M171T12 and peak2 M171T14, obtained Rl 1262.7, 1317.0, GOLM RI 1234.6, NIST match
921), as the most discriminating metabolites (VIP > 2). According to the targeted GC-MS, the statistically
significant difference was caused by metabolites inside the urea region: ethylmalonic acid (M171T13_2,
obtained Rl 1278.1, GOLM RI 1273.3, NIST match 789), phosphate (M189T13, obtained Rl 1269.8,
GOLM RI 1262.0, NIST match 902), succinate (M172T14, obtained RI 1313.4, GOLM RI 1310.7, NIST
match 935), glycerol (M148T13, obtained Rl 1274.0, GOLM Rl 1262.3, NIST match 938), serine
(M116T13, obtained Rl 1254.5, GOLM RI 1252.5, NIST match 905), and the unknown M181T13 (Rl
1280.7, no match neither in GOLM nor in NIST), which were covered by urea in the NT samples and
therefore reduced in them.

Two metabolites were significantly increased in NT: mevalonolactone (M115T16, obtained Rl
1364.0, GOLM RI 1378.7, NIST match 905) and uric acid (M441T32, obtained R12095.7, GOLM RI 2094.6,
NIST match 753). The statistically significant increase in the abundance of mevalonolactone was
discussed earlier in this chapter. The lowering of the abundance of uric acid in the FUT and IUT samples
was probably caused by the initial addition of water to assure the concentration of creatinine 1 mmol/L
and thus reducing of its solubility. In the NT samples, no water was added and an amount of urine
corresponding to the concentration of creatinine 1 mmol/L was directly transferred into the GC-MS
vial, spiked with IS, and freeze-dried.

It is worth mentioning that Webb-Robertson et al. [9], Shoemaker and Elliot [8], and
Matsumoto and Kuhara [11] reported an increase in the abundance of creatinine after FUT, compared
to NT samples. This phenomenon was not observed in this work. The comparison of NT vs. IUT with
untargeted GC-MS or LC-MS/MS revealed no statistically significant differences in the creatinine level.
The fold change was almost the same (an increase by 1% as compared to the average value, metabolite
C040, Tab. S7). Shoemaker and Elliot [8] and Matsumoto and Kuhara [11] explained the increase in the
abundance of creatinine as a result of the ammonia-caused (high pH) conversion of creatine into
creatinine. Since the creatine (26 umol/L) against creatinine (2900 umol/L) level in the certified COA
material was two orders of magnitude lower, the creatine-creatinine conversion could not lead to a

statistically significant change in the abundance of creatinine in this case.
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The matrix of FUT and IUT was comparable, the artifacts (Fig. 2D, M204T41, M191T42,
M257T51, see chapter 3.5), phthalate, and cresol (Fig. 2D, M149T29 and M165T9, respectively), which
can be also considered as artifacts, were found to be the most discriminating analytes. The abundances
of three metabolites were significantly increased in IUT (Fig. S7): creatinine 3TMS (M100T20; obtained
Rl 1546.6, GOLM RI 1554.40, NIST match 825, identification approved via the analysis of the
corresponding standard), unknown M271T23 (RI 1649.9) and alanine 2TMS (M116T8; obtained RI
1098.8; GOLM RI 1087.4, NIST match 922). The increased abundance of alanine is beneficial, since it
could refer to the minor protein contamination of the inlet by IUT. Amino-TMS compounds are most
susceptible to loss, as their ratio of formation of nitrogen-silicon bonds and decomposition in the
injector very much depend on the total sample matrix [29]. The decrease in the abundance of creatinine
in the FUT samples was probably caused by its loss during the precipitation or discrimination of forming
N-trimethylsilylderivatives because of the matrix effect in the inlet. The difference in the Rl that was
obtained and the GOLM-referred Rl was probably caused by a pH-evoked tautomeric change in the
structure of the creatinine and thus dissimilar chromatographic behavior. This compound is well known

for tautomeric changes in dependence on the pH or type of solvent [35].

3.8 Application of immobilized urease to metabolomics of glutaric aciduria

patients

In order to evaluate the IUT method, a metabolomic study of patients suffering from glutaric
aciduria type | (GAI) was performed. Urine samples (n=10) from patients and healthy controls (n=10)
were prepared, analyzed, and statistically processed according to the usual metabolomic workflow
(details are provided in the Supplementary Data, Chapter 2). A total of 221 compounds was found in
the samples. The score plot of PCA (Fig. 4) shows a clear segregation of the GAIl patients from the
healthy controls. The higher dispersion of the GAlI samples could be associated with the clinical state of
the diseased patients. The model probability of PCA for the first two principal components was 34.6%.
Both PCA and PLS-DA (Figs. 4, S31, S32, and S33) showed the most discriminating significant
metabolites (VIP>2) as follows: increased levels of 3-hydroxyglutaric acid (M185T23, obtained RI
1574.8, library match 968), tartaric acid (M102T24, obtained Rl 1636.1, NIST match 917), glutaric acid
(M261T18, obtained Rl 1403.3, GOLM RI 1401.4, NIST match 880) and unknown M111T13 (Rl 1213.4),
decreased levels of the unknowns M210T14 (RI 1240.0), M224T17 (Rl 1361.5), M210T16 (Rl 1317.3),
M210T17 (RI 1350.3), and M111T21 (RI 1506.9). 3-hydroxyglutaric acid and glutaric acid are well-known
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biomarkers of GAI. Tartaric acid is contained in the dietary treatment of GAI patients. The unknowns
M210T14, M224T17, M210T16, M210T17, and M111T21 are common components of healthy urine.

Neither the GOLM nor the NIST database identified them. This will be the topic of upcoming research.

4 Conclusions

Urease immobilized on magnetic microparticles is a promising new approach to the preparation
of samples for the GC-MS analysis of urine. It is easy to perform; the sample is prepared in 40 min and
freeze-dried. Compared to other traditional sample preparation approaches (free urease treatment, no
treatment, and extraction into an ethyl acetate) it provides the lowest analytical variability. For 23
target metabolites of a standard reference material an average CV of 2.5% is obtained.

Immobilized urease offers similar results to free urease. The PCA, correlation analysis, and PLS-DA
of the samples analyzed with GC-MS (both targeted and untargeted) and targeted LC-MS/MS do not
reveal any significant alteration of the abundances of metabolites, with the exception of the most
abundant artifact, lactose, introduced by free urease. In total, a lower number of artifacts (3 vs. 10) is
introduced by immobilized urease. However, the presence of artifacts does not cause any retention
time shift and has no impact on the identification of metabolites.

On the other hand, the extraction protocol does not remove the total urea load and alters the
abundances of metabolites (namely creatinine and glyceric acid) in a standard material based on human
urine. In the samples that were not subjected to any treatment, the presence of a huge peak of urea
results in column overload, retention time shift, and disabling the accurate identification and
determination of metabolites eluting in the retention window of urea.

The application of the method that was developed is demonstrated through the untargeted GC-
MS-based metabolomic profiling of urine samples from patients suffering from glutaric aciduria type I.
Immobilized urease provides an advantageous alternative to traditional sample preparation

techniques.
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Fig. 1: Comparison of GC-MS analysis of blank samples (A — overall pattern, B — detail) and standard
material Control Organic Acids (C — overall pattern, D — detail) from MCA Laboratory (ERNDIM) with
different sample preparation techniques: FUT — free urease treatment, IUT — immobilized urease
treatment, EX — extraction, NT — samples without any treatment. The standard material is based on

human urine, spiked with known levels of 23 metabolites, mostly organic acids.
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Orthogonality is a key parameter that is used to evaluate the separation power of chromatography-
based two-dimensional systems. It is necessary to scale the separation data before the assessment of the
orthogonality. Current scaling approaches are sample-dependent, and the extent of the retention space
that is converted into a normalized retention space is set according to the retention times of the first
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through the evaluation of in silico-generated chromatograms and real separations of human biofluids and
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1. Introduction

In the last decade, increasing requirements for the analysis
of complex samples have led to the development of “compre-
hensive” multidimensional analytical techniques that are based
on the coupling of two or more separation dimensions [1]. The
separation mechanisms of these coupled dimensions should be
optimized to have significantly different and independent separa-
tion selectivities with respect to the target analytes in a sample.
The concept that best describes this selectivity independence
of the two-dimensional (2D) chromatographic system is termed
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raphy and 13th GCxGC Symposium (RIVA 2016), 29 May-3 June 2016, Riva del
Garda, Italy.
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0021-9673/© 2017 Elsevier B.V. All rights reserved.

separation orthogonality [2,3]. No consensus on a formal definition
of an orthogonality metric in chromatography has been reached
yet [4]. In this work, orthogonality is considered as a value that
describes the degree of complementarity of the separation system
towards the sample with respect to the purpose of the analysis.

In chromatography-based 2D separations the range of first and
second dimensions differs significantly in magnitude [5-7], thus
requiring a scaling of the data. Scaling (which is also called nor-
malization) is a common initial data treatment procedure in the
evaluation of the orthogonality in a 2D separation space. It is the
mathematical operation that gives the same strength to the firstand
second separation dimensions. The result of the scaling process is
the generation of a uniform 2D retention space, regardless of abso-
lute values (normalized separation space), and also the removal of
void or unused spaces in the 2D separation plot, where no peaks
are able to elute [8].

The range scaling transformation was described for the first time
by Steuer et al. [5]. It converted multisource retention data (Rty)
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into the retention factors X, by the subtraction of the retention time
of the unretained component (Rtg ), with subsequent division by the
analysis time (the retention time of the longest-eluting component
(Rtmax) minus Rtg, Eq. (1)).

Xq = (Rt; —Rtg)/(Rtmax — Rtp) (1)

This equation, called normalization according to the retention
mean [9], was used in much of the early separation orthogonality
work. By 2005, the retention time of the unretained component in
Eq. (1) had been replaced by the retention time of the first com-
ponent to elute (Rtyin, Eq. (2); [8]). The main benefits of the use of
Rtyin were the simplification of the determination (the void time
(Rtg) changes with the temperature in the GCoven) and the sample-
specificity (it enables the evaluation of the orthogonality targeted
at the given sample).

Xa = (Rtl - Rtmin)/(Rtmax - Rtmin) (2)

Inanideal 2D chromatogram, the whole separation space should
be uniformly covered by data points [10], which would result in
a maximum calculated orthogonality value of 100%. A number of
orthogonality evaluation approaches have been published to date
[4,10,11], and can be classified into three categories. The first cat-
egory of approaches, which includes methods such as correlation
coefficients [9] and conditional entropy [11], determines the degree
of similarity of information brought about by the two coupled
dimensions.

The second category of approaches evaluates the coverage of the
separation space, and can be further split into two sub-categories:
discretized and non-discretized [4]. The discretized methods com-
partmentalize the separation space into bins. The orthogonality
value (%0) reflects the ratio of occupied bins to the total sum
of bins, divided by the probability of bin matching [8,12]. Non-
discretized methods do not require a partitioning of the separation
space [13-16] but they differ in their respective operating prin-
ciples. The nearest neighbor approach [13] computes the average
distance to a nearest neighbor for all the peaks present in the sepa-
ration. The convex hull approach compares the area covered by the
peaks to the usable retention area [14,15]. The asterisk equations
approach [16] expresses the orthogonality as a combination of the
data distribution along four axes crossing the separation space.

Finally, in the third group of approaches the information
similarity and separation space usage parameters are combined
into one%0 value (e.g. the modeling approach [17] or Geometric
Approach to Factor Analysis [9]).

The purpose of orthogonality calculations is to determine the
degree to which a given chromatographic method is able to resolve
a particular sample, which is typically useful in column selection
investigations. A target list of analytes or the sample as a whole
[18] is used for evaluation of the orthogonality, depending on the
purpose of the analysis (e.g. a targeted or untargeted approach in
metabolomics). In the event of a sample that is variable in con-
tent (many environmental and biological samples) there is a need
to develop a more general scaling method. Current orthogonality
metrics (involving Min-Max or Void-Max scaling) are only valid for
samples with stable compositions.

The aim of this work is to develop a new scaling approach that
can be used with virtually every existing orthogonality determina-
tion method. This approach, which is termed WhOle SEparation
Space ScaLing (WOSEL), is intended to provide a less sample-
dependent orthogonality estimation. WOSEL is compared with two
general scaling approaches, and its impact on orthogonality calcu-
lations is evaluated on theoretical models as well as on six different
GC x GC real analyses of urine, plasma and petrol.

2. Materials and methods

Artificial chromatograms were generated in silico using the R
software (v.3.3.0, https://www.r-project.org). Two models consist-
ing of 100 and 2500 data points were generated in a 2D separation
space (89-3000s x 1-4s) to form one oval cluster. A uniform dis-
tribution on an ellipse-shaped contour was used for all the data
generation. The data was generated into a normalized retention
space in order to form a filled circle of appropriate radius (unit-
length or quarter-length) with the minimum distance of 0.001
between the data points. The retention coordinates were then
recalculated into a real separation space. Since the scales of the
first and second dimensions differ in magnitude, oval clusters were
created. Six different scenarios were generated (Figs. 1, S3): a sin-
gle one-unit length cluster (the length of the major axis was equal
to the analysis time in the first dimension, the length of the minor
axis to the analysis time in the second dimension) and five clusters
of the size of one quarter of the unit length (the length of the major
axis was equal to the analysis of one quarter of the time in the first
dimension, the length of the minor axis to one quarter of the analy-
sis time in the second dimension) differing in terms of their location
in the separation space. Each scenario was produced 50 times via
the same algorithm based on random sampling to evaluate the
validity of the model (using standard deviation values).

The retention coordinates of the data points were scaled in three
different ways (Fig. 2): Min-Max scaling (using the minimal and
maximal retention time obtained in the given dimension, Eq. (2)),
Void-Max scaling (using the void time and maximal retention time
obtained in the given dimension, Eq. (1)) and the new type of scaling
that we call WOSEL (delineated by the void time and end of the
method, Eq. (3), see below for further discussion).

Xq = (Rtl —Rto)/(Rtend —Rfo) (3)

Orthogonality calculations based on seven different approaches
were performed: (1) Gilar’s orthogonality concept (GA) [8], (2) the
modeling approach (MA)[17],(3) the conditional entropy approach
(CE)[11],(4) the asterisk equations approach (AE) [16], (5) the con-
vex hull approach (CH) [14], (6) the nearest neighbor approach
(NN) [13] and (7) the Pearson correlation approach (PC) [9]. All
the algorithms were computed in the R software (v. 3.3.0, https://
www.r-project.org). In CH, the area of the usable separation space
was set accordingly to Min-Max, Void-Max and WOSEL to obtain
results analogous to those obtained with the other approaches. In
the cases where the discretized methods were used, the normal-
ized data for every method was divided into bins in a standardized
manner, and the sum of the bins was correlated to the size of a
data set (number of peaks). The number of equidistant bins in each
dimension was set to be equal to the nearest lower integer of the
square root of the sum of the peaks, resulting in a different bin count
and size for given chromatogram, e.g. 10 bins of the size 0.1 x 0.1 in
each dimension (in the case of models with 100 data points), 50 of
0.02 x 0.02 (2500-data-point model) and 27 of 0.037 x 0.037 (769
features; Fig. 3, example I). For Gilar’s approach, the orthogonality
was computed via Eq. (4), which was improved by Watson et al.
[12] for multicomponent real samples, and where the number of
peaks is not a square value:

0= Z bins/(1 — exp(—a))P2, (4)

and where P2 is the total number of bins spanning the normalized
retention space, Zbins is the count of bins occupied by a compound
retention time and « is the ratio of the compound number to P2,
The results from the artificial chromatograms (Figs. 1, S1) were
further investigated with six examples of real separations (Figs. 3,4)
by means of comprehensive two-dimensional gas chromatography
coupled with time-of-flight mass spectrometry (GC x GC/TOF-MS).
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Fig. 1. Four different scenarios of an artificial chromatogram containing 100 data points (A) and the impact of three different scaling approaches (B-D) on the appearance of
the normalized separation space. The values in the bottom right-hand corner show the orthogonality value of the model and its standard deviation (+2 SD) for 50 models

generated via the same algorithm based on random sampling.

Ethoximated and trimethylsilylated human urine and plasma
samples and one petroleum sample were used. The void times
(Rtg) were calculated using LECO Column Calculator and LECO
ChromaTOF-GC software (v. 4.51.6.0; LECO, St. Joseph, Michigan,
USA). In the case of the artificial chromatograms, the range was set
to 89 sand 3000 s for the first dimension and 1 and 4 s for the second
one, mimicking a real GC x GC analysis (Fig. 2). For real separations,
true void time values based on specific column combinations and
temperature programme were used.

3. Theory

The orthogonality of an analytical system towards a given
sample type (e.g. human biofluid, environmental soil matrix) is

evaluated in the available separation space delineated by its begin-
ning (Rty or Rty,i,) and end (Rtmax or Rte,q). Therefore, the extent
of the available separation space must be carefully defined [3]. This
important parameter has already been addressed in the convex hull
orthogonality approach [14,15], which does not use a scaling algo-
rithm. The impact of the different extent of usable retention space
on other approaches to orthogonality has not yet been determined.

The “normalization” of multisource data was introduced in
order to compare the orthogonality of the information obtained
with three different analytical techniques in drug analysis [5].
Direct comparison of the data was not possible, because the tech-
niques differed in terms of their analysis time. Similar observations
were made with the data from 2D chromatographic separations.
In GC x GC, for instance, the analysis time of the first dimension is
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Fig. 2. Three types of scaling used for the calculation of the orthogonality. The void time in the given dimension (89 s and 1 s) is displayed as a grey line. Retention times are
in seconds. The arrows depict the calculation for the first dimension. The second dimension calculation is analogical.

over three orders of magnitude longer than the secondary retention
time.

Slonecker et al. [6] adopted this procedure to plot multisource
data and compare its information content. However, they called it
range-scaling transformation. This formulation is mathematically
correct, since the transformation does not change the data distri-
bution from non-Gaussian to normal, but changes the different
magnitudes of the first and second dimensions into unit length.
Therefore, we use the term “scaling” instead of “normalization” in
this work.

Scaling for orthogonality calculations has been performed via
two similar algorithms (Egs. (1), (2)). Generally, the relative reten-
tion time of the analyte is divided by the total range of the analysis
time. The analysis time is delimited by the beginning and the end
of the analysis. The beginning of the analysis is set as a void time
(Rto, Eq. (1)) - the retention time limit before no analyte can elute
- or as the retention time of the first analyte to elute (Rt,;y) - the
retention time limit before the peaks are out of interest (Eq. (2));
the end of the analysis as a retention time of the longest-eluting
compound (Rtmax)-

When the retention time of peak apex of the last compound
to elute is used, the evaluation of the orthogonality is sample-
and separation-fluctuation- dependent. In other words, the same
analytical system calculates different orthogonality values for each
individual sample analyzed. This fact is caused by analytes with a
high retention time in the first or second dimension occasionally
being present in the sample. Therefore, Eq. (1) and Eq. (2) are effec-
tive for analyses targeted on selected group of compounds, where
the retention and overall separation pattern is known. In “untar-
geted type” method, analyte could be anywhere before Rt,,;, or
behind the Rtpax of particular sample used for the orthogonality-
based system evaluation. WOSEL solves this problem emploing
the maximum available separation space delineated by the void
time and the end of the method (Rte,q) in both dimensions. The
void time acts as the limit before no analyte can elute. However,

in particular separation methods the void time could be replaced
by another parameter that unambiguously sets the start of the
analysis, e.g. electroosmotic flow in capillary electrophoresis or sol-
vent delay in GC. Theories of separation methods do not provide
parameter defining end of the analysis or the separation space (ana-
logical to Rty) and traditionally Rtyax (retention coordinate of last
peak) is employed. This value is easy to obtain, however does not
reflect reality where the analysis ends. The data collection is usu-
ally stopped at the end of last peak of interest plus time required for
retention fluctuations. The end of the method is thus set to enable
the capture of all possible compounds of interest, regardless of their
actual presence in the sample, and does not depend on a unique
sample composition but generally on the sample type (e.g. urine,
plasma, tissue, cells) and purpose of the analysis.

A specific form of method-based scaling was previously used by
Rutan et al. [19] for LC x LC separations, where normalization over
the gradient time was proposed, as it represented the utilization of
the space better. However, the separation of the analytes performed
in the upper plateau space following the end of the gradient was
not taken into account in this work.

Here we propose using the end of the method, since the
proper analytical method is set to capture all the analytes
potentially present in a given sample type. This option makes
the orthogonality-based system optimization sample-independent
and more robust.

4. Results and discussion

The four parameters Rtg, Rt;yin, Rtmax and Rtepq distinguish the
scaling approaches. For easy orientation among the approaches, we
will call them Void-Max scaling (Eq. (1)), Min-Max scaling (Eq. (2))
and WOSEL (Eq. (3)). In general, the beginning of the separation
space could be delineated by Rty or Rty;,. Those two parameters
differ in terms of the ease with which they can be determined. Rt
can be derived directly from every chromatogram, while, in order
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Fig. 3. The impact of a highly-retained compound in the first dimension on the orthogonality value with different scaling approaches. (A) chromatograms of real samples: (I)
urine of healthy child (769 features), (II) urine of pediatric patient suffering from glutaric aciduria (884 features), (IlI) urine of newborn with failure to thrive (1370 features),
TIC: m/z 35-650, colour palette: 0-5%; (B) Min-Max scaling; (C) Void-Max scaling; (D) WOSEL. The values in the bottom right-hand corner show the orthogonality.

to evaluate Rty, additional analysis or computation based on the
physicochemical properties of the system is required. For GC x GC,
Ryan et al. [3] suggested the use of alkanes for polar and alcohols
for non-polar stationary phases. In LC, the choice of the unretained
compound depends heavily on the separation and the detection
system. As an example, an inorganic salt can be used as an unre-
tained compound in reverse phase mode or ion suppression study
can be used as an alternative approach. A void time calculator pro-
vides the simplest way of determining the void time, in spite of the
fact that it is just a theoretical number and may differ slightly from
the experimental value. However, the difference is, in terms of the
determination of the available separation space, negligible.

The end of the separation space is easy to obtain from the chro-
matogram (Rtmax ) or from the parameters of the method (Rtg,q). In
many application areas, such as toxicology, metabolomics, clinical
diagnostics or environmental forensics, wide analytical windows
must be set to enable the diagnostic analysis of highly retained
analytes of interest that are just sporadically present in the sample.
When an analytical method is developed, an appropriate analyt-
ical window is set in order to catch all the analytes of interest.
As an example, in diagnosing mevalonic aciduria, two important
diagnostic markers found are present: reduced levels of choles-
terol and increased levels of mevalonic acid in urine. In GC x GC
analysis (regular column set BPX/BPX50), both of them are highly
retained in the first (cholesterol, 1TMS) or second (mevalonolacone,
1TMS) dimension. Despite the fact that this metabolic disease is

very rare (approximately 30 patients have been reported), the ana-
lytical method for the diagnosis of metabolic disorders must be set
to capture them [20].

In previous models artificial chromatograms of various shapes
(e.g. rectangles, bands and diagonals) are used [10,16]. Data points
in in silico-generated models used for the calculation of the impact
of scaling on orthogonality values were designed to resemble the
patterns observed in GC x GC separations of human biofluids (Fig.
S1). This profile of 2D peaks is composed of compounds with sim-
ilar properties forming an oval cluster, as described by Giddings
[1]. In 1D GC the compounds would form one broad peak; how-
ever in 2D GC elliptical profiles with fine structures (as a result of
the increased separation power) are obtained. To mimic the real-
ity, the impact of the scaling approach on the orthogonality value is
also tested on models containing 2500 data points. This resembles
the typical number of chromatographic peaks in GC x GC-based
metabolomics and is not prone to variability when a low number of
data points is used, as reported by Watson et al. [12] and Camenzuli
and Schoenmakers [16].

Gilar’s orthogonality concept based on geometric surface cov-
erage [8] was employed to demonstrate the impact of scaling on
the orthogonality value (Figs. 1, 3, 4, S2, S3), since it is well known
and widely discussed [4,10-12,16,17,19,21-23]. To assure that the
conclusions are not inherent to GA, the three types of scaling (Void-
Max, Min-Max and WOSEL) were also applied to other approaches
to orthogonality: MA, CE, AE, CH and NN, and compared to PC,
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Fig. 4. The impact of different types of scaling on real sample orthogonality evaluation. (A) chromatograms of real samples: (I) petroleum sample, 9185 features, TIC: m/z
40-600, colour palette: 0-5%, (II) 100 organic acids in urine sample; EIC: m/z 210-250, colour palette: 0-5%, (III) 64 sugar-like compounds in plasma, EIC: m/z 217, 307,319,
361, colour palette: 0-50%; (B) Min-Max scaling; (C) Void-Max scaling; (D) WOSEL. The values in the bottom right-hand corner show the orthogonality.

which does not require scaling. In CH, the area of the usable separa-
tion space was set accordingly to Min-Max, Void-Max and WOSEL
to obtain analogous results and thus ones comparable to other
approaches. These approaches were selected to represent each cat-
egory of orthogonality computation.

Figs. 1, S2 and 4 show the impact of the exploitation of the
separation space and different cluster locations on the x-axis on
the orthogonality values obtained with three different scaling
approaches. Figs. 1, S2 and S3 (scenario I) and Fig. 4 (example
I) illustrate that the scaling approach has no significant impact
on the orthogonality value when a sample widespread analytes
is analyzed. On the other hand, if only a part of the separa-
tion space is covered by data points (Figs. 1 and S2, scenarios
II-1V, Fig. 4, examples II and III) the orthogonality results obtained
with the approaches differ profoundly. The same phenomenon
was also observed when using four other orthogonality evaluation
approaches (MA, CH, NN, AE; Tabs. S1, S2). Approaches compar-
ing the informational similarity of both dimensions only behave
differently. In the case of PC, it is not surprising, since the scaling
algorithms are not implemented in the algorithm of the calcula-
tion. The results obtained with CE displayed a different trend. This
interesting phenomenon caused by the application of informational
theory (measurement of the random variable uncertainty) will be
discussed in another paper (manuscript in preparation). The differ-
ences caused by different scaling approaches are more pronounced
when the orthogonality is calculated from a higher number of input

data points (Fig. S2, Tab. S2). The cluster displacement in the second
dimension (Fig. S3) invokes analogical results (Tab. S3). The stan-
dard deviations of the orthogonality results (Figs. 1, S2, S3; Tabs.
S1-S6) document that in silico models give reproducible results.
The models containing 100 data points (Figs. 1, S3; Tabs. S1, S3,
S4, S6) showed greater variability of results than the 2500-point-
models (Fig. S2, Tabs. S2, S5), as there were more possibilities for
point translocation within the cluster area.

Min-Max scaling (Figs. 1 B, 3 B, 4 B, S2B, S3B) causes a severe
misinterpretation of the real usage of the separation space usage. It
enlarges the small quarter-length oval cluster into the whole nor-
malized separation space, resulting in high orthogonality values
(92% for 100 data points, 88% for 2500 data points). However, the
result is not influenced by the localization of the cluster. The same
effect is recognized on real GC x GC separations (Fig. 4, examples
I, III). Fig. 4B, example Il shows that Min-Max scaling even masks
poor GC x GC method optimization (improper modulation period)
or low sample dimensionality.

Void-Max scaling (Figs. 1 C, 3 C, 4 C, S2C, S3C) works well just
for the cluster located at the end of the separation space (scenario
Il in Figs. 1, S2, S3). Both Void-Max and WOSEL scaling offer the
same results (13% for 100 data points, 9% for 2500-data-point mod-
els). The altered location of the quarter-length cluster results in
increased orthogonality with Min-Max but not with WOSEL scal-
ing. Accordingly, Fig. 4, examples II and III show that Void-Max
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scaling is the cause of the increase in the orthogonality value as
compared to WOSEL.

Another important matter worth discussing is the relationship
of orthogonality values and the analytical performance of differ-
ent systems. Older scaling approaches overestimate orthogonality
for chromatograms with low exploitation of the separation space.
This phenomenon is obvious from Fig. 4, example III (Selected clus-
ter), where Min-Max scaling shows a high orthogonality value of
81.7% because a very small portion (13.8%) of the real separation
space is converted into a normalized one. This is caused by the fact
that the extent of the real separation space that is converted into a
normalized retention space is set according to the first and/or last
compound of the sample to elute. Therefore, the space normalized
by different samples represents diverse “portions” of the separa-
tion space and the sample-to-sample orthogonality results of the
same analytical system are incomparable. The performance of the
analytical system is thus optimized for one unique sample. The sep-
aration of another sample of the same type by the analytical system
could be under-optimized.

Fig. 3 illustrates the benefit of WOSEL as compared to ear-
lier scaling approaches - it does not require the evaluation of the
approaches to orthogonality based on exactly the same sample or
test mixture, because the end of the analysis is given by the end of
the method instead of the retention time of the last compound to
elute. The presence or absence of highly retained peaks thus has no
impact on the extent of the real separation space (Fig. 3D). Finally,
the orthogonality values are comparable for similar sample types,
despite the fact that they differ in terms of the total number of
features. Therefore, the analytical method optimized by the orthog-
onality value for the separation of metabolites in urine can also be
used for the separation of plasmatic compounds. Fig. 3, examples
[-Illrepresents three urine samples that differ in their character and
number of chromatographic peaks (769, 884, 1370). However, the
orthogonality calculated by WOSEL varies in the narrow range of
30.0-33.8% compared to Min-Max scaling (36.3-46.4%) and Void-
Max scaling (35.2-42.2%).

On the basis of this fact, we can conclude that when WOSEL is
applied, the orthogonality value also reflects the perceived qual-
ity of the chromatogram. This conclusion is in accordance with
the findings of Schure and Davis [4], who performed an exten-
sive comparison of orthogonality metrics (20 orthogonality metrics
and 55 combinations) and the perceived quality of chromatograms.
They found that the correlation between the orthogonality met-
rics and grades of perceived quality depends on the data set. This
phenomenon might be caused by the scaling approach. Moreover,
they evaluated discretized metrics (such as GA) as offering a better
reflection of the perceived quality when paired with CH results by
multiplication into one final product. It is worth mentioning that
CH does not employ the Min-Max scaling algorithm. Therefore, the
multiplication of the GAresult by the CH orthogonality value can act
to correct the distortion of the normalized separation space caused
by the use of Min-Max. However, the importance of global and local
orthogonality metrics was omitted in this general suggestion. This
issue will be addressed in subsequent work (in preparation).

5. Conclusions

WOSEL, a new scaling approach for the calculation of orthog-
onality, was introduced and compared to two earlier scaling
approaches. On the basis of artificial chromatograms and real
GC x GC/TOF-MS separations, it was shown that in the case of sam-
ples with high exploitation of the separation space WOSEL provides
similar results to both previously used scaling approaches. How-
ever, in the case of partial usage of the separation space, the usual
scaling methods calculate incorrect and significantly higher levels

of orthogonality. Min-Max scaling heavily distorts the real usage
of the separation space, enlarges a small cluster into the whole
normalized space, masks poorly optimized separations and clas-
sifies them as highly orthogonal. Void-Max scaling exaggerates
the orthogonality of clusters distant from the end of the method.
The proposed WOSEL approach provides results that reflect the
real exploitation of the separation space the most. It enables the
usage of any real sample for the estimation of the orthogonality,
despite the fact that samples vary in composition and not all the
components are known. Compared to Min-Max scaling, WOSEL
requires the measurement or computation of the void time. How-
ever, at the expense of one additional analysis/calculation sample,
independent scaling is gained. The reward is the determination of
orthogonality without the potential heavy influence of the first or
last sporadic peak in the particular analysis.
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(local orthogonality). This work aims to elucidate the impact of sample dimensionality (the number of
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Arithmetic mean of nearest neighbor AN algorithm on the global orthogonality of low-dimensionality samples. However, in the case of
Geometric surface coverage samples of high dimensionality, AN consistently indicated just the exploitation of the whole separation

space; therefore, only local orthogonality is optimized by means of SC. Since no approach was able to
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combines the best global (AN) and local (SC) orthogonality algorithms by averaging, giving the same
importance to data spread and crowding. ASCA thus provides the best estimation of orthogonality.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Increasing requirements for the enhanced separation of com-
plex samples have led to the evolution of two-dimensional (2D)
chromatography-based techniques [1]. In order to optimize the
effectiveness of these 2D separations, the concept of separation
orthogonality was first introduced by Venkatramani et al. [2]
Orthogonality, in the context of 2D chromatography, is the
expression of the level of separation space that is effectively uti-
lized for the resolution of the analytes in a sample. In a perfectly
ordered 2D chromatogram, the entire separation space would be
uniformly covered by peaks [3]. Moreover, compounds with similar
chemical functionalities would be located in the same area of the
bidimensional chromatogram and separated from compounds with
other functional groups [4]. This fully orthogonal chromatogram is
only attainable in theory because of constraints on the instrument's
operation and the types of compounds (and matrix interferents)
present in any given sample. Nevertheless, the metric of 2D chro-
matographic orthogonality is useful in comparing the effectiveness
of 2D separations either in the developmental stage of a method or
for quality control purposes.

A number of mathematical algorithms that can be classified into
three different categories have been applied for the evaluation of
2D separation orthogonality. The first type of orthogonality
methods characterizes the extent to which two separation mech-
anisms provide complementary information [2]. Mathematical
descriptors (such as the coefficient of correlation, or conditional
entropy), are used to evaluate the separation quality of the system
[5,6]. The correlation coefficient method generates values that
reflect the amount of information shared between the two sepa-
ration dimensions, and these values are subsequently converted to
orthogonality [7]. Highly correlated dimensions result in low sep-
aration efficiencies, and vice versa [2]. The conditional entropy
method is based on information theory [8], and measures the un-
certainty of a random variable as a function of its distribution in the
separation space [6]. In this case, the result (orthogonality) pro-
vides information about the probability of a peak appearing at a
particular retention time, considering the overall separation
pattern.

The second type of orthogonality methods focuses on the
coverage of the separation space. A convex hull (CH) encircles the
area occupied by the peaks and compares it to the whole useable
retention space [9]. The approach, based on geometric surface
coverage [10], compartmentalizes the normalized retention space
into rectangular bins and computes the ratio of occupied bins to all
possible bins, divided by a constant (typically valued at 0.63) that
corresponds to the probability of bins matching. The nearest
neighbor approach (NN) [11] measures the distance from each peak
in the 2D chromatogram to its nearest neighbor, and computes an
average distance value for the overall separation. The asterisk
equations concept (AE) [12] computes the spread of the peaks along
each of four axes that cross the separation space and combines it
into a final orthogonality value.

Finally, the third type of orthogonality methods, i.e., a geometric
approach to factor analysis [5] and modeling approach [13], at-
tempts to combine both peak dissemination in a separation space
and information similarity by coupling the geometric surface

coverage to the peak spreading angle (inverse cosine of correlation)
or the coefficient of determination (R?) into the final orthogonality
value, respectively.

Schure and Davis [ 14] recently conducted a comparative study of
orthogonality methods, and concluded that the best approaches
should combine the “global” perspective of peak spreading with
the “local” perspective of peak spacing. Chromatographic separa-
tions typically include areas in which peaks are well resolved and
areas of higher congestion or clustering. Therefore, both local and
global orthogonality must be optimized. However, there is no
descriptor enabling the data crowding to be measured and the
separation space to be exploited together. Schure and Davis [14]
suggested combining the best global and local orthogonality ap-
proaches into one final product by multiplication.

The lack of uniformity in the peak distribution in chromatog-
raphy is connected to the dimensionality of the sample, which was
defined by Giddings [4] as the number of independent variables
influencing the properties of the sample and thus its chromato-
graphic behavior. One-dimensional samples consist of compounds
of the same chemical class (e.g., saturated hydrocarbons). They do
not exhibit any benefit when separated via a 2D system, since there
is no other separation principle (than London dispersion forces)
that can be involved. Compounds form a narrow band crossing the
2D separation plane. Two-dimensional samples contain com-
pounds of two different functionalities (e.g., a mixture of saturated
hydrocarbons and alcohols) that can be separated using two
different mechanisms (e.g., London dispersion forces in the first
dimension, hydrogen bonding in the second dimension). Such
samples (called low-dimensionality samples, LD) have a dimen-
sionality comparable to the dimensionality of the system. They
provide ordered chromatograms in which the compounds form
groups or lines of homologous series useful for the identification of
unknowns [15].

However, Giddings [4] has predicted that the sample dimen-
sionality of very complex samples is likely to be in the range of 2—3
orders of magnitude larger than the dimensionality of a 2D system.
These samples of high dimensionality (e.g., urinary metabolome)
contain compounds of many functional groups (e.g., organic acids,
acyl glycines, acyl carnitines, polyols, amino acids, purines), which
interact to a different extent with stationary phases of the first and
second dimensions. Therefore, the final peak distribution in the 2D
plane depends not only on the column combination [1] but also on
the sample components, specifically on the strength of their in-
teractions with the stationary phases. Moreover, the sample
dimensionality could be reduced even further by the analyst
through the selection of properties necessary for the purposes of
the analysis. If there is an ideal selectivity of stationary phases [4],
the sample components will be separated according to one prop-
erty in the first dimension and another property in the second
dimension; other functional groups will not interact with either the
first or second dimension at all. In such a case, an ordered low-
dimensional chromatogram is obtained. In real separations, other
functional groups in the sample also contribute to the separation,
but not equally. According to Giddings [4], contributions of weak
interactions are negligible and the chromatograms look like low-
dimensional (“pseudo-ordered” chromatograms). Intermediate in-
teractions result in the formation of satellite peaks, while strong
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interactions will cause a distortion of the structure of the chro-
matogram. As a result, the lack of discernible patterns in the peak
profiles (“disordered separation pattern”) is observed in samples of
high dimensionality (HD) [4]. Chromatograms look like scatter-
plots: the whole separation space is randomly covered by data
points, regardless of the structural classes of the constituent com-
pounds in the sample.

Previous work [14] has not been successful in finding a reliable
tool to explain the variation in 2D chromatography data, possibly as
a result of the fact that the sample dimensionality component was
not taken into consideration. All the samples (peptides, corn seed
extracts) examined there [14] might be considered as an LD. The
authors evaluated CH as the best global orthogonality descriptor
out of 20 that were tested, as best reflecting the perceived quality of
a chromatogram. However, the orthogonality values of other ap-
proaches were distorted by the Min-Max scaling [16] that calcu-
lates the orthogonality of the sample in variable (and thus
incomparable) retention spaces. In CH, the scaling was not used and
therefore only CH correlated well with the perceived quality of the
chromatograms. Moreover, the NN descriptors were disadvantaged
by very low values (by five orders of magnitude) compared to the
others [14].

The aim of this work is to find the best global and local
orthogonality descriptors of high-dimensionality and low-
dimensionality samples and to combine them into one final
descriptor by means of an appropriate method. The descriptors are
tested using in silico models, containing 2500 peaks, and investi-
gated further using real chromatograms of diesel, human plasma,
and urine. To overcome the above mentioned limitations, data
treatment by WOSEL scaling [16] and specific normalization of the
NN descriptors are applied in this work.

2. Materials and methods
2.1. Artificial chromatograms

Artificial chromatograms were created in silico using the R
software (v. 3.3.0; R Foundation for Statistical Computing, Vienna,
Austria; https://www.r-project.org). These simulated models rep-
resented a variety of ordered (well-separated clusters) or disor-
dered chromatograms, as they are referred to by Giddings et al. [4]
2500 data points were generated into a given two-dimensional
separation space (89—3000s x 1—4s) in four different types of
scenarios: designed uniform distribution (each peak is placed
exactly in the middle of the bin; Table 1), random uniform distri-
bution (the separation space is randomly covered by data points;

Table 1

Table 1), clusters (data points form clusters in the blank separation
space; Table 2), and hidden clusters (data points form one cluster or
more against the background of randomly distributed data points;
Table 4). Each given scenario consisted of different model chro-
matograms (Tabs. 1, 2, and 4). Each random model was generated
50 times via the same algorithm based on random sampling to
evaluate the validity of the model (standard deviation values). The
minimal distance between data points in the normalized separa-
tion space was set at a value of 0.001 (this value corresponds to the
ratio of adjusted retention times of the second and the first
dimension in the original retention space). The details of the gen-
eration of the models and rationale for the selection of the models
are described elsewhere [16].

2.2. Real separation examples

Samples of human plasma or urine were obtained from routine
analyses in our laboratory. Separations of diesel samples were
provided by LECO Instrumente Plzen, Czech Republic. In one set of
runs, the same diesel sample was analyzed via four different
methods by GC x GC/MS. In another set of runs, samples of human
urine (Fig. 1) and plasma (Fig. 4) were analyzed on six different
column sets by means of a GC x GC/MS system using a previously
published method [17]. Details of the separation conditions and
chromatograms are shown in the Supplementary Data. The reten-
tion coordinates of the compounds were taken from these runs for
the orthogonality calculations.

2.3. Orthogonality calculations

Orthogonality was evaluated by means of seven different ap-
proaches: Pearson correlation [5] (PC), conditional entropy [6] (CE),
nearest neighbor [11] (NN), convex hull [9] (CH), asterisk equations
[12] (AE), modeling approach [13] (MA), and geometric surface
coverage [10] (SC). One representative approach from a group of
orthogonality evaluation approaches with the same principle was
chosen, since the approaches within a group are correlated [14].
The mathematical algorithms of the orthogonality approaches were
converted into the R language (PC, CH, AE, MA, and SC) and MATLAB
(CE, NN; MATLAB 2018a, Natick, Massachusetts, USA), in which all
the results were calculated. A normalization step was performed
via the WOSEL scaling approach [16]. The algorithms are provided
in the Supplementary Data - Algorithms. In the case of the convex
hull approach, the percentage of the separation space used was
computed by a comparison of the area occupied by peaks via
Delaunay's algorithm [9] to the useable separation space,

Orthogonality results [%] (+2 SD for random models) obtained with different orthogonality evaluation approaches for the determination of the orthogonality range of

descriptors.

Scenario A C D E

Pattern ’7

Distribution Designed Random Random Designed Designed
Approach PC 100.0 98.8+2.0 98.6+2.2 96.5 0

CE 100.0 85.8+0.6 89.2+0.8 - 0

AN 156.3 99.9+1.2 81.6+1.1 3.1 4.4

HN 156.3 67.3+3.8 54.6 +3.6 3.1 4.4

CH 96.0 99.2+04 66.1+0.3 0 0

AE 95.9 96.3+2.5 708 +0.8 0 0

MA 158.7 1003 +1.9 82.6+2.0 3.1 0

NG 158.7 1003 +1.9 82.7+2.0 3.1 32
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Table 2

Cluster models in a blank separation space for evaluation of the orthogonality of LD samples. The average orthogonality value + 2 SD in percentages is given for each scenario of
50 models by different orthogonality evaluation approaches. Scenario “E” consists of 54 models: 50 random + 4 designed clusters (51: corners, 52: diagonal, 53: line down, 54:

line middle).
Scenario A B C D E
Pattern P ®
@ ® ©
o .‘
! \

Distribution Random Random Random Random Random

Approach AN 88.8+0.5 54.1+0.7 221+0.1 257+23 358+43
HN 59.7+1.9 364+2.6 14805 169+ 1.6 23.0+3.1
CH 77.1+0.1 278+0.1 4.8+0.0 11482 29.1+26.8
AE 783 +1.1 28.1+0.7 49+0.1 21.6 +24.1 43.6+33.9
SC 90.5+0.9 44.8 +0.6 93+0.1 11.7+13 21.6+3.7

delineated by the void time and the end of the analysis of the given
dimension [16]. In the case of the SC approach, an equation (Eq. (1))
dedicated to the computation of the orthogonality of complex
multicomponent samples was used [18]:

0 = X bins / (1-exp(—a))P? (1)

where P? is the total number of bins spanning the normalized
retention space, > bins is the count of bins occupied by a com-
pound, and « is the ratio of the compound number to P°. The
normalized separation space was divided by the equidistant bins.
The number of equidistant bins in each dimension was set to be
equal to the nearest lower integer of the square root of the sum of
the peaks. It is worth mentioning that the denominator in Eq. (1) is
for a smaller number of bins (about 100), usually expressed as
0.63P°. In this work a modified equation provided by Watson et al.
[18] was employed.

Two approaches (PC and NN) did not provide orthogonality
results in terms of percentages, and were thus not directly com-
parable to the others. To resolve this incompatibility, in the case of
PC, the absolute correlation values were inverted (the absolute
values were subtracted from the value of 1 [7]) and multiplied by
100%.

In the case of NN, the recalculation of harmonic and arithmetic
means was developed (Eq. (2)):

0 = 100%-%- (. /" peaks — 1)/0.64, 2)

where X is the harmonic or arithmetic mean, >~ peaks is the count of
peaks resolved in the separation, (/> peaks — 1) is the number of
distances in one dimension, and 0.64 is the fractional coverage
achievable in a 2D space containing randomly dispersed com-
pounds in terms of Poisson distribution [18]. Eq. (2) corrects both
the main shortcomings of the NN approach [11]: (1) a different
range of results and thus their incomparability to %0 by other
metrics [14]; (2) the dependency of the resulting values on the sum
total of data points under consideration (e.g., an value of 0.0150 vs.
0.0029 for 100- and 2500-data point models, respectively [16]). Eq.
(2) was developed for large data sets (2500 data points). It converts
the absolute values of NN distances into percentages and thus
makes the orthogonality results independent of the number of data
points taken into account and comparable to other approaches. The
value of 0.64 is derived from the Poisson law, which describes the
probability of the occurrence of an event (e.g., a peak) in a given
interval of space. However, for smaller datasets (up to about 100
data points) the value of 0.63 [18] should be used.

As the perceived quality of 2D chromatograms and the

calculated orthogonality values differ in many cases [14], the results
were presented in both graphical (a picture of the dispersion of the
retention coordinates in the separation space) and numerical
(orthogonality value) formats. All the plots were constructed in
Microsoft Excel 2016 (Microsoft, Santa Rosa, California, USA) and
MedCalc (v. 16.4, MedCalc Software bvba, Ostend, Belgium; https://
www.medcalc.org; 2015). Multivariate data analysis techniques
(principal component analysis (PCA), correlation analysis, matrix
of distances, and cluster analysis) were applied, too. All the calcu-
lations were performed in the R software using home-made
algorithms.

3. Results

When performing a two-dimensional separation technique,
every analyst must face the problem of finding the best combina-
tion of separation principles to couple. The suitability of a given
combination accounts for the challenges imposed by the dimen-
sionality of the sample. There are several dozen orthogonality
evaluation approaches based on different basic principles that
answer diverse questions via the same descriptor (usually called
orthogonality, O). In order to find the best descriptor for a given
sample dimensionality (LD or HD), artificial chromatograms of
different scenarios (Tabs. 1, 2, and 4) were constructed. Considering
the analytical power of current technologies, a higher number of
data points (2500) was generated in these data sets when
compared to previous works [3,10,12]. Moreover, the 2500-data
point models also provide a substantial reduction in the vari-
ability of results based on random data sampling [18]. The con-
clusions of the in silico calculations were approved by the results
obtained from real separations from different application areas.

The results of orthogonality evaluation depend heavily on the
extent of the space, where the orthogonality is calculated. The
space is defined by a scaling approach, as detailed in our previously
published work [16]. Different scaling approaches offers diverse
spaces for orthogonality evaluation. The WOSEL scaling approach
was employed for all artificial and real chromatograms, since it is
not dependent on the sample used for the optimization. In WOSEL,
the separation space is delineated by the analytical method: it
usually starts at the void time of the first and second dimensions
and stops at the end of the data acquisition in the first dimension
and the modulation period in the second dimension. However, the
definition of the separation space can vary with the method. In
some applications, the void time of the second dimension is also
considered as a useable separation space. In these cases, the sep-
aration space in the second dimension ends at the void time of the
second dimension, enabling the inclusion of peaks in the wrap-
around.
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The orthogonality descriptors were investigated in three (3) The sample dimensionality as an adjustable analytical
consecutive steps. parameter (based on the purpose of the analysis) was tested.
The orthogonality of one sample was calculated with the
(1) The ability to cover the entire orthogonality range from 0 to approaches using the entire data set (HD) and a selected
100% was tested for all the approaches. The descriptors that portion of the data set (LD), and the results were compared in

failed were eliminated from further testing, because they terms of the perceived quality of the chromatograms.

were not able to distinguish properly between the best and

the worst separations. In this work, the results are presented in both graphical (a pic-

(2) The whole range of orthogonality descriptors was applied to ture of the dispersion of the retention coordinates in the separation
model data and real separation samples to find the most space) and numerical (orthogonality value) formats (Tables 1—4
appropriate descriptor of local and global orthogonality for and Tables S1-S9, Fig. 4) and comparative charts (Figs. 1-3). To

LD and HD samples. A combined global and local orthogo- eliminate the differences between approaches in terms of the nu-
nality descriptor was developed to overcome the challenge of merical values of the orthogonality (every approach has its own
making a selection based on either the maximal extent of the range of results), the %0 obtained by the approaches were
separation space used or the minimal clustering. normalized to the average value for the given approach prior to the
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Fig. 1. Dissemination of 25 urinary metabolites in the 2D separation space by GC x GC/MS performed on six different column sets via the orthogonality descriptors: AN (arithmetic
mean of nearest neighbor), HN (harmonic mean of nearest neighbor), CH (convex hull), SC (geometric surface coverage). Orthogonality value normalized to average value of the
particular descriptor shown on the y axis.
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Fig. 2. Four-cluster models according to different orthogonality descriptors: AN (arithmetic mean of nearest neighbor), HN (harmonic mean of nearest neighbor), SC (geometric
surface coverage), and a combination of the best two descriptors: AN*SC (multiple of AN and SC), ASCA (geometric mean of AN and SC). Orthogonality value normalized to the

average value of the particular approach shown on the y axis.

construction of the comparative plot.
3.1. Multivariate analysis of in silico models

In order to be consistent with the current practices in the com-
parison of orthogonality metrics [14], several multivariate data
analysis techniques, including principal component analysis (PCA),
correlation analysis, matrix of distances, and cluster analysis, were
applied. However, these methods only took orthogonality values into
account, regardless of the perceived quality of the chromatogram. All

these types of comparisons were therefore very challenging to make.
For instance, the PCA of hidden three-cluster models showed dif-
ferences between AE and CH and the group of AN, SC, and HN
(Fig. S1). The artificial chromatograms were separated according to
cluster overlay along the x-axes (based on the first principal
component). However, the segregation is described by a combination
of three different descriptors (AN, SC, and HN) that contribute to the
first principal component predominantly and almost equally
(Fig. S2). PCA enabled neither the determination of the best approach
out of AN, SC, and HN nor the revealing of differences. Second
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Fig. 3. Three-cluster hidden-cluster models according to different orthogonality descriptors: AN (arithmetic mean of nearest neighbor), HN (harmonic mean of nearest neighbor),
SC (geometric surface coverage), CH (convex hull), and a combination of the two best descriptors: AN*SC (multiple of AN and SC), ASCA (geometric mean of AN and SC).
Orthogonality value normalized to the average value of the particular approach shown on the y axis.

principal component showed that CH evaluated a different property
of the chromatograms. We were not able to determine which
property of the chromatograms was reflected. However, we can
conclude that CH is not able to detect cluster overlay.

3.2. Orthogonality range of descriptors in comparison

The orthogonality values calculated by different approaches

should cover the entire range (between 0 and 100%) and must
distinguish between average and extreme cases, so we addressed
this issue. Five different types of artificial chromatograms (shown
in Table 1) were generated that spanned the extreme boundary
conditions of orthogonalities between 0% and 100%, and also
included one scenario with an intermediate value of %0 (the data
were compressed in the second dimension by a factor of 1/3).

The high-end boundary condition (O = 100%) was investigated
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through two different scenarios: designed distribution (Table 1,
scenario “A”), where each data point is placed exactly in the middle
of its bin, and random distribution (Table 1, scenario “B”). A com-
parison of the results of scenarios “A” and “B” indicates that all the
approaches that were tested, excepting PC, AE, and CH, took the
probability of peak occurrence at a given location into account,
displaying lower values for random than designed distribution. All
these approaches (except CE) reflect the Poisson law by dividing the
calculated orthogonality value by 0.63. Therefore, the approaches
(AN, HN, MA, and SC) displayed values above 100% for the designed
distribution (column A). HN exhibits the highest decrease in
orthogonality when the results of scenarios “A” and “B” are
compared (Table 1). This phenomenon is caused by the fact that HN
(developed to stress short distances) detects the proximity of
randomly distributed data points. Therefore, it did not reach the
value of 100% in the models with random distribution. With regard
to CH, the probability constant is unimportant since this approach
only reflects the extent of the separation space occupied by the
peaks, not the peak distribution. Accordingly, there was a decrease
in orthogonality with CH, observed when the peaks were placed at
the center of the bin (scenario “A”) instead of random distribution
(scenario “B”), which allowed the exploitation of the entire area of
the bin. Surprisingly, AE did not reach an orthogonality of 100%
either for the designed or for the random model. Moreover, anal-
ogously to CH, there was no decrease in orthogonality values for
randomly distributed data points. However, compared to CH, AE is
not dedicated to the quantification of the extent of the separation
space used.

For the low-end boundary condition (O = 0%), two scenarios,
both mimicking 1D separations in the 2D plane, were generated: a
horizontal line of peaks (Table 1, scenario “D”) and a diagonal line of
peaks (Table 1, scenario “E”). Most of the approaches returned
orthogonality values between 0 and 4%, which are acceptable re-
sults since the orthogonality does not behave ideally as a function
of peak capacity [18]. However, the horizontal line model (scenario
“D") produced an orthogonality value nearing 100% for the PC; CE
was not able to calculate the orthogonality of data points placed
exactly in a line, since there is no uncertainty in Y in this case. In the
case of simulated intermediate orthogonality (scenario “C”), both
CE and PC offered the same orthogonality as for scenario “B”,
despite the fact that the random data distribution was lowered in
the second dimension by 1/3. The other approaches showed a
decrease in orthogonality in scenarios “C” and “D” as compared to
scenario “B”. Table 1 illustrates that CE and PC do not reflect the
usage of the separation space. PC is, moreover, susceptible to the
displacement of a single data point leading to a drastic change in
the PC value, despite the overall pattern remaining the same
(Fig. S3). It is worth mentioning that PC does not reflect the sepa-
ration space coverage (Table 1, scenarios “C”, “D”, and “E”), so that
all the approaches incorporating PC (e.g., correlation, coefficient of
determination) into the calculation (e.g., MA) are essentially
affected in the same way (Tabs. S1, S2). Therefore, PC, CE, and MA
were not considered for further parts of this work.

3.3. Low-dimensionality samples

Low-dimensionality samples consist of analytes that can be
separated into distinct groups of compounds with similar proper-
ties using two different displacement mechanisms [1]. The chro-
matograms of LD samples are characterized by the occurrence of
group(s) of compounds in an empty separation space. Therefore,
GC x GC separations of diesel samples [19], polycyclic aromatic
hydrocarbons [20], polychlorinated biphenyls [21], or peptides [14]
are typical representatives of LD samples. To model the real sepa-
rations of LD samples (Table 2), oval clusters of peaks in empty

separation spaces were generated to mimic the chromatographic
behavior of compounds with a similar structure [16].

Table 2 exemplifies that all the approaches tested reflected the
changes in the general trend (alternation of cluster diameter and
count) of the scenarios. The descriptors offered different average
orthogonality values caused by the quantification of the diverse
property of coverage of the separation space [14]. AN characterizes
orthogonality as the extent of the separation space uniformly
covered by data points, HN as the number of data points gathered in
clusters, SC as the fraction of bins occupied by peaks. AE shows high
variability in the results per scenario. This phenomenon was most
pronounced in scenario “E”, so the models of this scenario were
explored in more detail (Tables S3, S4, Artificial chromatograms and
the Original data source provided in the Supplementary Data). The
asterisk equations approach combines a distribution of data points
around four axes (Z+, Z-, Z1, Z2), crossing the separation space, into
a final orthogonality value. Table S4 indicates that the orthogonality
with AE does not correspond to the coverage of the separation
space (cluster-to-cluster distance), but only reflects the distance of
the clusters from the axes, especially from their intersection. So this
approach overweights this feature (compared to cluster spacing),
leading to the %0 values of chromatograms with the accidental
appearance of a cluster in the center of the separation space being
heavily distorted (Table S3, model 51 vs. 38). This property of AE, its
failure to achieve an orthogonality of 100%, and its not reflecting
the random distribution (Table 1) lead us to exclude AE from the
further evaluation of LD samples.

The most variable scenario, “E” (Table 2), was used to compare
the ability of the orthogonality evaluation approaches to reveal
differences between models. The orthogonality results obtained
with different approaches are shown in Table S3, illustrating that
CH provides an orthogonality value inflated close to the maximum
(as high as 98.5%) for four clusters in the corners of a blank sepa-
ration space. CH thus gives information about the span of the data
and does not reflect the peak spacing [22]. As confirmed by the
analysis of a urine sample by six different column sets, CH is
strongly influenced even by the only peak of different chromato-
graphic behavior, regardless of the uniformity in the properties of
other compounds under the examination (Fig. 1, set “H” vs. set “I”).

AN reflects the span of the exploited separation space the most,
providing a higher orthogonality value for distant clusters (Fig. 2,
Table S3, models 49 and 51 vs. 41 and 40). Compared to CH, AN
represents the overall chromatographic pattern, not just the
reflection of the only one different (highly-retained) peak (Fig. 1, set
“H” vs. set “I”). However, when the average values of peak-to-peak
distances are calculated, short distances between peaks in overlaid
clusters are overweighted by the other long distances present in the
chromatogram (Fig. 2, Table S3, model 1 vs. 29). Therefore, AN does
not refer to data crowding or cluster overlap.

The mathematical algorithm used for the calculation of HN
should amplify the impact of short peak-to-peak distances and
suppresses the influence of long distances between clusters (Fig. 2,
Table S3, model 23 vs. 49). However, this is not always the case, as
can be seen in Fig. 2 and Table S3 (model 12 vs. 46).

SC calculates almost equal orthogonality values (about 23%,
Table S3) for all the models of scenario “E” (four clusters with no
overlap), regardless of the distances between them or location in
the separation space. Values are reduced proportionally to the
degree of overlap (Fig. 2, Table S3, models 25, 19, and 32 vs. 41, 40,
and 31). Therefore, SC is able to detect the peak crowding (local
orthogonality) but not the span of the separation space used (global
orthogonality).

It can easily be seen that there is no descriptor that enables both
crowding of peak apexes (local orthogonality metrics) and disper-
sion (global orthogonality metrics) to be monitored. Schure and
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Table 3

Evaluation of GC x GC/MS analyses of a diesel sample provided by four different analytical methods via four different orthogonalities. The charts depict the retention co-
ordinates of the sample components. Details of the separation conditions are shown in the Supplementary Data.

Separation A B

Pattern

C D

AN 31.7 342
HN 211 16.7
SC 24.0 30.1
ASCA 27.8 321

462 493
233 196
431 446
446 46.9

Davis [14] suggested combining both the metrics by multiplication
into one value. Here we have tested the combination of the most
reliable global (AN) and local (SC) orthogonality metrics for LD
samples. The multiplication of AN and SC only amplifies the trends
in the behavior of the descriptors (Fig. 2). We propose here the
averaging of SC and AN (“ASCA scoring”), postulating the equal
importance of local and global orthogonality. Table S3 shows that
AN provides higher %0 values ranging from 28.5 to 41.3, SC from
17.7 to 23.6. Therefore, we recommend the usage of the geometric
mean for SC and AN averaging. When the arithmetic mean is
applied in this case, a higher value has a greater impact on the
result and global aspects of orthogonality are emphasized. On the
contrary, usage of the harmonic mean gives preference to local
aspects of orthogonality by stressing the lower values.

The %0 of four-cluster models according to ASCA ranges from
21.6 to 31.8%. All fully separated clusters were scored above 29.1%.
ASCA correctly identifies the models perceived as the worst and the
best chromatograms (model 41 and 51, respectively). For compar-
ison, model 41, where all four clusters overlapped heavily, was
correctly denoted as the worst case by all the approaches. On the
contrary, the four clusters in the corners (model 51) were awarded
the highest value only by ASCA and AN. In this case, SC proved
misleading as a result of its amplifying the local aspect of orthog-
onality. However, compared to AN, ASCA revealed the cluster co-
elution incorporating the information provided by SC (model 29).
Therefore, ASCA reflects the influence of both the local and global
orthogonality to the same extent.

Chromatograms of real LD samples show an apparent structure
where compounds with similar functionalities form groups or lines
(Table 3). It is obvious that both the extent of the exploited sepa-
ration space and the peak spacing are indicators of the quality of
the peak dispersion of the LD samples (Table 3). Analogously to LD
models, AN and SC provide different information on the separation

Table 4

in real samples. AN refers to a span of data points in the analysis
providing the lowest value for the separation “A” and the highest
value for the separation “D”. On the other hand, SC alone offers
similar values for the separations “C” and “D”, indicating the clus-
ters of data with similar structures (Table 3). However, when
combined with AN in ASCA (with consideration also being given to
the span of the separation space), analysis “D” is evaluated as being
better than “C” (Table 3). The ASCA descriptor is thus beneficial.

3.4. High-dimensionality samples

High-dimensionality samples contain compounds of many
functional groups that contribute in different degrees to the
displacement provided by the first and second separation di-
mensions. Therefore, compounds do not form distinct groups; they
are spread through the whole chromatogram [4]. HD samples do
not present a frequent analytical problem as most of the complex
samples (e.g., petrol) with a huge number of chemicals present are
in fact of low dimensionality, since a low number of chemical types
is present. Currently, there are only a few types of analyses which
are able to deal with challenging HD samples (e.g., animal and
human metabolomics [23], tobacco analysis [24]).

Models of HD samples were created as hidden-cluster models
(Table 4) consisting of one or more clusters, each containing a
quarter of the data points, placed among the randomly distributed
data points. There is no ordered structure seen in the chromato-
grams and the data points are spread into the whole separation
space. It is worth mentioning that there are many ways to construct
HD models. In this work, a new cluster is made of points outside the
clusters. However, we also created another type of model (a new
cluster made up of points inside the clusters) that we evaluated in
the same way with identical results (Tables S5-S7). The data are not
discussed but are provided in the Supplementary Data.

Hidden-cluster models for evaluation of the orthogonality of HD samples. Average orthogonality value + 2 SD in percentages for each scenario of 50 models by different

orthogonality evaluation approaches. Each cluster contains a quarter of the data points.

Scenario A B

Pattern

Distribution

Random Random Random Random Random
Approach AN 98.1+13 96.3+0.9 928+14 834+1.7 71121
HN 63.1+4.0 58.7+3.1 46.1+£19 346+3.5 27.7+38
CH 99.0+0.4 98.9+0.5 98.9+0.5 98.5+0.7 973+14
AE 87.4+4.6 86.6+7.9 85.9+6.1 70.5+134 59.8 +23.2
Ne 96.0+1.9 91.5+18 85.5+19 683+1.6 478 +25
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Table 4 illustrates that all the orthogonality evaluation ap-
proaches, with the exception of CH, can distinguish two general
trends of the scenarios: a decrease in cluster diameter (scenarios
“A”,“B”, and “C”) and the number of clusters (scenarios “C”, “D”, and
“E"). However, CH consistently indicates only the exploitation of
the whole separation space for all scenarios. As in the case of LD
samples, AE also shows high variability and distortion of results
(Tables 4, S8, S9). Therefore, CH and AE were excluded from other
parts of this work.

The capability of the descriptors to distinguish tiny differences
between particular models was studied in the most variable sce-
nario, “E” (artificial chromatograms and the original data source
provided in the Supplementary Data). The orthogonality results are
shown in Table S8. HN showed the highest variability (and thus
implies the highest sensitivity of the descriptor); nonetheless, this
variability does not reflect the position and mutual separation of
the clusters in a separation space. In Fig. 3 and Table S8 HN pro-
vided the same orthogonality values for a model containing distant,
proximal, and co-eluted clusters (models 11, 23, and 34). On the
contrary, a similar pattern (distant clusters) displayed different
orthogonality values (model 28 vs. 32). This phenomenon was
probably caused by the averaging of too many distances: every
shortening of distance was overweighted by the extension of
another one (for an explanation see Supplementary Data ET1).
Therefore, HN was excluded from further evaluation.

Fig. 3 and Table S8 reveals that AN does not reflect the cluster-
to-cluster distance between hidden-cluster models. As an
example, model 41 was evaluated as the best, although model 4
evidently depicts higher cluster-to-cluster distances. Moreover, co-
eluted clusters showed the same orthogonality value as distant
clusters (model 13 vs. 4). As mentioned above, that is because AN
measures only the extent of the exploited separation space, which
was almost the same for all the HD models (from 68.7 to 73.9%;
Table S8). Considering local orthogonality, SC correctly showed the
lowest value for two completely overlaid clusters (Fig. 3 and
Table S8, model 38) and lower values for other overlaid cluster
models (e.g., model 3). However, when the clusters were just in
contact, there was no decrease in the %0 observed (models 48 vs. 4),
since the proportions of data points inside and outside the clusters
remained unchanged.

The same phenomenon is present in real separations of certified
plasma samples (Fig. 1, gray crosses), analyzed by GCxGC/MS on six
different column sets. Neither AN nor HN was able to fully distin-
guish between the different separation patterns provided by the
sets “A” and “B”. SC reflects the perceived quality of the chro-
matogram the best, providing the highest %0 value for separation
“F” and the lowest for “C”. There are certain aspects that one must
be aware of when subjectively evaluating orthogonality on the
basis of real HD data: just peak spacing can be optimized, since the
entire separation space is filled by data points (it is not worthwhile
to measure the extent of the separation space used). Moreover, in
real HD samples, there is a substantial influence of a number of
detected/displayed features on the perceived coverage of the sep-
aration space and if bleeding of the column is sometimes accidently
included in the peak list.

3.5. Required dimensionality

Biological samples consist of many compounds of different
functionalities. Therefore, the structure of a two-dimensional
chromatogram of such a sample is far from an ordered one. In
untargeted metabolomics, all the compounds present in the sample
are important; the sample behaves like an HD. On the contrary, in
targeted metabolomics or clinical diagnostics, only a distinct group
of compounds is examined; the sample is LD. Depending on the

purpose of the analysis, HD samples can also be transformed into
LD ones. In the case of MS detection, an HD sample is convertible
into an LD one by applying an appropriate m/z filter (generation of
an extracted ion chromatogram, EIC). A decrease in sample
dimensionality is also achievable by the usage of a specific detector
(e.g., ECD, AFID).

Fig. 4 shows GC x GC/MS separation of a certified plasma sample
on six different column combinations (TICs in gray; EICs in black).
TICs of the features show no ordering in the structure of the
chromatogram, which is characteristic of HD samples. The appli-
cation of an my/z 217 filter (depicted in black) lowered the sample
dimensionality and enabled the separation of sugar-based com-
pounds according to their carbon number on the x-axis and func-
tional groups (alditols, sugars, uronic acids) on the y-axis (Fig. S4).
As compared to TICs of the features (Fig. 4, gray crosses), AN
become informative after the dimensionality had been lowered
(Fig. 4, black crosses), referring to the span of the separation space
used. SC is useful in both cases, indicating data crowding. After the
data reduction, ASCA meaningfully combines local and global
orthogonality descriptors into one value, resulting in similar values
for column sets “A” (lower fraction of data points in the cluster) and
“E” (greater span of separation space).

4. Discussion

Orthogonality evaluation approaches provide different values in
evaluation of the same chromatogram. These are caused by the
different principles of the approaches, which give weight to
different properties of the chromatogram. Orthogonality evaluation
approaches usually fail to fit boundary conditions of %0 =0 and %
0=100. However, these are rarely seen in real separations.
Therefore, the values provided by the orthogonality descriptors
vary in different ranges and grades. A single %0 value offered by the
given approach is not informative. In the evaluation of a 2D sepa-
ration system, comparison of several separations under different
conditions must be performed. As a result, an improvement, stag-
nation, or decline of the property tested by the approach can be
recognized. However, several orthogonality descriptors, such as PC
or CE, reveal only the mathematical (in)dependence of the data and
bear no relation to the perceived quality of the chromatogram. It is
worth mentioning that some approaches, such as MA, that combine
the PC value into the final %0 should also be excluded from eval-
uation despite the fact that they provide acceptable results in most
of our simulations.

Comparison of the %0 results provided by different approaches
is not easy to perform. Multivariate statistical methods are not very
beneficial since they usually reduce the properties of the data set
into main variables (known as principal components), regardless of
the appearance of the chromatogram. It is again a purely mathe-
matical operation that bears no relation to the chromatography.
Therefore, in future comparisons of the performance of orthogo-
nality descriptors, we recommend displaying chromatograms and
the orthogonality values that are obtained together.

The proper choice of models to challenge the approaches is not
an easy task. The appearance of real chromatograms depends on
the separation mechanisms coupled together, the type of the
sample, and the chemical properties of analytes of interest. In
previous works (e.g. Refs. [3,12]), artificial chromatograms covered
by rectangles, lines, bands, and stripes were used. Rectangles are
unrealistic from the chromatographic point of view, while bands
and lines are observed only in underoptimized separations.
Therefore, ellipsis-shaped clusters rather than rectangles were
generated. The same shape was initially used by Giddings [4].
Clusters like that are observed in separations of biological and
environmental samples, but not in the analysis of petrol. Since the



148 J. Jacova et al. / Analytica Chimica Acta 1064 (2019) 138—149

o <
45,;‘;
% B
A s B C
T & ""u':‘::&'}_;

D E F
Approach A B C D E F
AN 57.6 (35.1) 58.0(26.6) 50.6(13.2) 62.2(22.8) 65.4 (38.0) 66.3 (47.8)
HN 30.6 (15.6) 29.1(10.0) 23.8(8.0) 32.7(12.4) 34.3(15.6) 40.1 (18.1)
SC 45.2(41.4) 49.3 (31.5) 39.5(16.8) 51.6 (27.0) 52.1(36.1) 58.7(43.2)
ASCA 51.4(38.3) 53.7.(29.1) 45.1 (15.0) 56.9 (24.9) 58.8 (37.1) 62.5 (45.5)

Fig. 4. Comparison of GC x GC/MS analyses of human plasma on six different column sets (A—F) via different orthogonality descriptors. TICs (untargeted analysis) of features are
depicted in gray, EICs m/z 217 (targeted analysis of sugar-based compounds) in black. The table below the picture shows %0 provided by the descriptors for TIC and (EIC). Details of

the sample preparation and separation conditions are shown in the Supplementary Data.

models are always somewhat different from real samples, we have
verified the results with separations of plasma, urine and diesel.

Moreover, there are many limitations that distort the orthogo-
nality results and their interpretation. The scaling, as one of them,
was discussed earlier [16]. Peak wrap-around is another important
issue that needs to be considered when present. As mentioned
above in “Results”, the dead time in the second dimension can be
filled with separated sample components, especially when short
modulation periods are applied. This can be treated by proper
adjustment of the WOSEL scaling approach. However, more pro-
nounced wrap-around can not only fill the “inaccessible” separa-
tion space of the void time of the second dimension but also
increase the randomness of the peak distribution in the entire
separation plane and “pull apart” peak clusters. This could be ad-
vantageous from the orthogonality point of view (especially when
looking only at peak apices) and offer biased results. But this phe-
nomenon should be prevented and eliminated by proper optimi-
zation of the analytical method and monitored using another
analytical parameters (e.g. reduced peak capacity because of the
greater widths of the wrap-around peaks).

The sample dimensionality also has to be considered. Most de-
scriptors perform well for samples of low dimensionality, while
separations of high dimensionality represent a more challenging
task. Moreover, since no descriptor is able to refer to both global
and local orthogonality, a combination of descriptors is beneficial.
Our ASCA combined descriptor represents a more accurate alter-
native to the others and offers reliable results that are useful in the
optimization of separation effectiveness, mainly for samples of low
dimensionality or targeted data. In samples of high dimensionality

only local orthogonality via SC can be optimized, since the entire
separation space is always used. However, the ASCA descriptor can
also be applied, since the whole separation space is exploited: AN
provides a constant value that (when averaged with SC) has no
impact on the ranking of chromatograms.

Finally, it is worth mentioning that there is no sharp limit be-
tween samples of high and low dimensionality, with the exception
of mixtures of pure standards. The dimensionality of real samples is
usually very high (up to 10,000 [4]). However, the final distribution
of the peaks in a 2D plane depends on the displacement mecha-
nisms employed by the coupled dimensions or the adequacy of the
separation system in general. As an example, if an improper column
combination in GC x GC is chosen, even 1D separation could be
obtained. Sample dimensionality could thus be lowered by altering
the analytical conditions, since the main demand of every analytical
method is to achieve the goal of the analysis.

5. Conclusions

Orthogonality is a descriptor used in the evaluation of 2D sep-
aration systems. There are many algorithms for the calculation of
orthogonality that provide different (and thus incomparable)
orthogonality values for the same analytical system. Some of them
(global orthogonality descriptors) refer to the extent of the sepa-
ration space that is exploited, while others (local orthogonality
descriptors) refer to the uniformity of apex-to-apex distances. In
this work, seven different orthogonality calculation algorithms
covering all the basic principles were tested. To set the importance
of both separation dimensions as equal and make the
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chromatograms comparable with each other, a WOSEL scaling
approach was applied.

None of the descriptors that was tested was able to evaluate
both perspectives of orthogonality. Geometric surface coverage was
found to be the most reliable local orthogonality descriptor and
arithmetic mean of nearest neighbor distances the most reliable
global one. Combining them by averaging into a final orthogonality
descriptor called ASCA made it possible to determine both
orthogonality aspects by means of a single value.

Sample dimensionality, as an important property, was also
considered in the evaluation of a multidimensional analytical sys-
tem. Samples with the same dimensionality as the separation
system (low-dimensionality samples) utilized a part of the sepa-
ration space and both the global and local orthogonality aspects
were important. In the case of high-dimensionality samples, the
whole 2D chromatogram was covered by data points and the
chromatograms differed only in the degree of clustering of the peak
apexes. Samples with both dimensionalities (low and high) could
be optimized by ASCA; however, in the high-dimensionality sam-
ples the global orthogonality component of the ASCA calculation is
a constant value. It is worth to mention that not all of the sample
properties are important for achieving the goal of the analysis.

Finally, it may now be time to change our thinking and we could
consider the sample dimensionality as a parameter which is
adjustable with regard to the goal of the analysis. Such a lowering of
the sample dimensionality facilitates the optimization of the sep-
aration system and makes the results of the orthogonality calcu-
lation more explicit, important and useful, practical, and generally
applicable.
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Souhrn

Predkladana disertacni prace se zabyva instrumentalnimi analytickymi metodamiv metabolomice.
Metabolomika je védni disciplina umoznujici detailni pohled na celkovy profil nizkomolekularnich analytd
(metabolitQ) v biologickych materidlech. Analytické nastroje proto musi Celit velké rozmanitosti
a koncentraénimu rozsahu sledovanych analytl pfi vysoké komplexité vzork.

V prvni ¢asti je vyvinut novy pfistup ptipravy vzorku na zdkladé imobilizované ureasy, ktery
umoziuje maximalni zachovani metabolomu moci pfi eliminaci obvyklych artefakt( a interferentd. Nové
vyvinutda metoda je porovndana s relevantnimi jiz dfive publikovanymi postupy (volnou ureasou, kyselou
extrakci do ethylacetdtu) a vzorky ponechanymi bez Upravy. Pristup zaloZeny na imobilizované urease je
uspésné aplikovan na necilenou metabolomickou analyzu vzork( moci pacientd s dédi¢nou metabolickou
poruchou (glutarovou acidurii typu I) a zdravych kontrol.

V ramci zaméreni na vicerozmérné separacni metody, zejména GCxGC, je predstaven novy zpUsob
Skalovani dvojdimenzionalniho separaéniho prostoru, WOSEL (z angl. whole separation space scaling)
zalozeny na analytické metodé. Pri aplikaci WOSEL je separacni prostor ohrani¢en mrtvym ¢asem na jedné
strané a koncem separacniho zdznamu na strané druhé. Oproti tomu u tradi¢nich pfistupl je separacni
prostor zcela nebo z ¢asti definovan retenénim casem analyt(l (nejvice a nejméné zadrZzovanym analytem
daného vzorku). Oba dfive publikované pfistupy jsou proto zavislé na vzorku pouzitém k optimalizaci. Pfi
Skalovani pomoci WOSEL Ize diky tomu s vyhodou pouZit jakykoli vzorek podobného typu. Navic nedochazi
ke zkresleni separacniho prostoru (i po Skadlovani odpovida vzhledu chromatogramu).

Dale je pozornost vénovana nalezeni optimdalniho zplsobu urceni ortogonality
dvojdimenzionalnich chromatografickych systém(. Je testovdno celkem osm deskriptor(, které
ortogonalitu pocitaji na zakladé odlinych princip. Zadny z deskriptor(i ale neni schopen ohodnotit
homogenitu pokryti (lokalni ortogonalitu) a rozsah vyuZitého separacniho prostoru (globalni ortogonalitu)
najednou. Proto je pomoci geometrického priméru zkombinovan nejlepsi deskriptor lokalni a globalni
ortogonality do nového deskriptoru nazyvaného ASCA (z angl. AN and SC average), zahrnujici oba aspekty
ortogonality. Pomoci tohoto deskriptoru je nalezena optimalni kombinace kolon pro GCxGC-MS analyzu

metabolomu moci a plasmy.



Summary

The thesis deals with instrumental analytical methods in metabolomics. Metabolomics is
a scientific discipline that focuses on the low molecular weight analytes (metabolites) contained in
biological materials. Therefore, analytical tools must face the great diversity and concentration range of
the analytes analyzed and a high sample complexity.

In the first part of the thesis, a new approach to sample preparation based on immobilized urease
is developed, which allows maximum retention of urine metabolome by eliminating common artefacts.
This newly developed method is compared with methods already published (free urease, acidic extraction
into ethyl acetate) and samples left untreated. The approach based on immobilized urease has been
successfully applied to untargeted metabolomic analysis of urine samples from patients with inherited
metabolic disorder — glutaric aciduria type |, and healthy controls.

Focused on multidimensional separation methods, especially GC x GC, a new method of scaling of
a two-dimensional separation space, Whole Separation Space Scaling (WOSEL), is introduced. When using
WOSEL, the separation space in both dimensions begins with the void time and ends with the last time
point of data acquisition. Compared to WOSEL traditional scaling methods applies separation space
delineated by the retention time of the most (and in one case least) retained sample analyte. Both
previously published approaches are dependent on the sample used for optimization. In the case of
WOSEL, any sample of a given (or similar) type of biological material can be used. Moreover, the space in
which orthogonality is calculated corresponds to the perceived quality of the chromatogram (no
separation space distortion occurs).

Furthermore, attention is paid to finding the optimal way of determining orthogonality of two-
dimensional chromatographic systems. A total of eight descriptors are tested that calculate orthogonality
based on different principles. However, none of the descriptors is able to evaluate homogeneity of
coverage (local orthogonality) and the extent of separation space used (global orthogonality) at once.
Therefore, using the geometric mean, the best local and global orthogonality descriptor is combined into
a new descriptor called ASCA (i.e. AN and SC average), encompassing both aspects of orthogonality. Using
this descriptor, an optimal column combination for GC x GC-MS urine and plasma metabolome analysis is

evaluated.
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1 Uvod

Metabolom je heterogenni skupinou chemickych latek, jejichz spole¢nym znakem je pouze nizka
molekulovda hmotnost (pod 1500 Da) a vyskyt v daném biologickém materidlu. Metabolom c¢lovéka
obsahuje latky 356 rdznych chemickych tfid. V modi se vyskytuji predevsim latky hydrofilni, zatimco v krvi
prevazuji lipidy a mastné kyseliny, které v ledvindch do moci témér neprechazeji. Zastoupeni hydrofilnich
latek v moci a séru je témér identické, presto lze v moci detekovat pfiblizné o 500 latek vice nez v krvi.
Pric¢inou je koncentracni schopnost ledvin, které pfi zpétném vstrebavani vody nepfimo zvysi koncentraci
metabolitd v moci aZ o tfi fady. To, spolecné se snadnym (neinvazivnim) odbérem, ¢ini moc¢ vyhledavanym
diagnostickym materidlem.

Studiem metabolomu se zabyvad véda nazyvana metabolomika. Prostfednictvim specifickych
metabolickych profild studovanych systém( nabizi lepsSi porozuméni jejich biochemickym
a patobiochemickym procestim, odhaluje mechanismy onemocnéni, identifikuje nové biomarkery
a umoznuje personalizovanou lé¢bu onemocnéni ¢i sledovani ucink( terapie. Metabolomika hleda rozdily
ve sloZzeni komplexniho profilu nizkomolekularnich latek mezi alespor dvéma skupinami vzorkd (nejéastéji
mezi skupinou pacientl a zdravych kontrol).

Metabolomika resi dva zakladni typy probléma: bud sleduje a porovnava abundance predem
vybranych, znamych metabolitd u sledovanych metabolickych drah, tzv. cilend metabolomika, nebo ve
vzorcich vyhledava a zaznamendva vsechny latky vybraného rozsahu molekulovych hmotnosti bez prvotni
znalosti jejich identifikace, tzv. necilena metabolomika. Cilend metabolomika tak pfindsi informace
o vyuziti substratl a produktd metabolickych reakci, fungovani metabolickych drah sledovaného
biologického systému, umoziiuje popsat a hloubéji porozumét jeho biochemii a patobiochemii. Oproti
tomu necilenda metabolomika vzhledem k obvykle vyssimu pokryti metabolomu umoznuje formulovat
nové hypotézy, odhalit nové biochemické drahy a biomarkery onemocnéni [1]. Oba pfristupy poskytuji
z Casti komplementarni informace, a proto se ¢asto provadeéji soucasné.

Velka chemicka rlznorodost cilovych latek klade vysoké naroky na analytické nastroje pouzivané
v metabolomice. DileZitd je dostateénd citlivost (< umol.l), velky dynamicky rozsah méfeni (rozdily
v koncentracich mezi jednotlivymi analyty jsou az 12 radua), vysoka frakcionacni kapacita (nékteré
ze sledovanych metabolitl jsou si strukturné velmi podobné) a dostatecna stabilita systému (¢asto se méri

série az tisict vzork().



V soucasné dobé neexistuje analyticky systém, ktery by byl sdm schopen méfit cely metabolom.
Proto se metabolomické studie zaméruji bud’ na urcitou ¢ast metabolomu (napt. organické kyseliny) nebo
se pouzije kombinace nékolika technik. Pro akvizici dat se vétSinou pouzivd nukledrni magneticka
rezonance (NMR) nebo hmotnostni spektrometrie (MS). Zatimco NMR vynikd vysokou
reprodukovatelnosti vysledkd a minimalni pfipravou vzork(, MS citlivosti. Frakcionacéni kapacita MS je vsak
velmi nizkd, proto byvd spojovana s nékterou ze separacnich technik: nejcastéji s kapalinovou
chromatografii, méné pak s plynovou chromatografii a zfidka i s kapilarni elektroforézou. Nevyhodou GC
je zdlouhavd ptiprava vzorku a vy3si detekéni limit (fddové v pumol.l?), u LC se jednd o nizkou

Pfi analyze komplexnich vzork(i se ve spojeni s MS svyhodou pouZivaji idvojrozmérné
chromatografické systémy, ve kterych separace v kazdé z dimenzi probiha na zakladé jiného mechanismu,
¢imz se mnohonasobné navysi frakcionacni kapacita. Pfikladem takovéhoto systému je dvojdimenzionalni
plynovy chromatograf (GCxGC), ktery obsahuje dvé sériové usporadané kolony o rizné selektivité spojené
prostfednictvim moduldtoru. To, zda takovy systém predstavuje benefit pro analyzu konkrétniho typu
vzorku, se ovéfuje mnoha zplsoby. Mezi nejzndméjsi patti stanoveni miry naristu pikové kapacity a urceni
ortogonality. V této praci je vyuzito ortogonalniho pfistupu.

Datové soubory vyhodnocované v metabolomickych studiich jsou komplexni, obsahujici stovky
proménnych (abundance jednotlivych metabolitl) od desitek aZ stovek pozorovani (vySetfovanych
subjektl - vzork(). Vlastnimu vyhodnoceni dat pfedchazi jejich predbézna analyza a Uprava. Patfi do ni
napr. nastaveni zakladni linie hladiny Sumu, spravné zarovnani pikd analytd (angl. ,peak alignment®),
nahrazeni chybéjicich hodnot, nastaveni parametr( integrace pikl, korekce na nestabilitu analytického
systému, Skalovani (prevedeni abundanci proménnych na stejné méritko), transformace (data ziskaji
normalni rozdéleni) centrovani (nastaveni stfedni hodnoty proménné na hodnotu 0).

Nasleduje prlzkumovd analyza dat, kterd zahrnuje testovani datového souboru na normalitu,
korelace, homogenitu a urceni odlehlych hodnot. Tento krok je nezbytny pro spravny vybér statistickych
testl. Pokud maji data normalni rozdéleni, Ize pouZzit parametrické testy (napft. t-test), v opaéném pfipadé
je nutné pouZit neparametrické testovani (napf. Mann-Whitneylv U-test). Vlastni analyza dat
metabolomického experimentu je pak provedena vicerozmérnymi statistickymi metodami (napf. pomoci

analyzy hlavnich komponent, PCA).



2 Cile prace

Cile disertacni prace lIze shrnout do nasledujicich bodu:
|. Zavést pristup ptipravy vzorku pro analyzu metabolomu pomoci GC-MS zaloZeny na urease imobilizované
na magnetickych mikrocasticich a porovnat jej s dalSimi metodami ptipravy vzorku (kyselou extrakci do

ethylacetatu, volnou ureasou, vzorkem bez Upravy).

Il. Vyvinout zplsob skalovani 2D separacniho prostoru, ktery by co nejvérnéji odrazel vyuzitelny separacni

prostor a byl nezdavisly na vzorku, pouzitém pro optimalizaci.
[Il. Najit nejvhodnéjsi zplsob urceni ortogonality pro nizkodimenzionalni a vysokodimenzionalni vzorky.

IV. Pomoci ortogonality urcit nejvhodnéjsi kombinaci kolon pro GCxGC analyzu moci a porovnat ji

s kombinaci pro plasmatické vzorky.



3 Imobilizovana ureasa pro GC-MS metabolomiku moci

Mocovina komplikuje GC-MS analyzu, protoze jako konecny produkt metabolismu bilkovin je
v moci pfitomna ve vysoké koncentraci. Pfi pfipravé vzorku pak dochazi ke kompetici mezi analyty
a mocovinou pfi derivatizaci, a tak je fada analytl derivatizovana jen ¢astecné anebo vibec. V separaci
jsou misto jednoho derivatizaniho produktu daného analytu pfitomny dva nebo vice, coz ma zasadni vliv
na limit detekce téchto latek. Volné vodikové atomy nederivatizovanych skupin se ireverzibilné vazi na
povrch stacionarni faze, ¢imz se zhorSuje tvar piku analytu i Zivotnost kolony [2]. Samotna mocovina
v koloné pusobi jako separacni interference: vyvolava pretizeni kolony, jeji tfi piky (nederivatizovana
mocovina, mocovina derivatizovana dvéma a tfemi trimethylsilylovymi (TMS) skupinami) maskuji fadu
analytl a tim znesnadnuji jejich detekci ¢i kvantifikaci. Proto je nezbytné obsah mocoviny pred GC-MS
analyzou modi sniZit nebo ji zcela odstranit.

Tradi¢nim a dosud rutinné pouzivanym ptistupem pro ptipravy vzorku moci pro GC-MS analyzu je
kysela extrakce do ethylacetdtu [3]. Mocovina je pfi pH 1-2 ionizovdna, a tak do ethylacetdtu prechazi jen
v omezené mire. Zaroven vsak dochazi k ionizaci a tim i snizené extrakci celé rady dalSich metaboliti moci
(napf. aminokyseliny, hydroxykyseliny, acylglyciny, acylkarnitiny, puriny, pyrimidiny). Metabolom modi se
tak vyrazné zméni. Navic Ucinnost extrakce je proménlivd, coz md za nasledek vysokou analytickou
variabilitu.

Alternativnim pfistupem je aplikace ureasy [2,4-7], enzymu izolovaného z kanavalie mecovité
(Canavalia ensiformis, nékdy téZ nazyvané bob korisky nebo fazole gotani). Tento enzym ze tfidy hydrolas
(E.C. 3.5.1.5) rozklada mocovinu na oxid uhli¢ity a amoniak [8,9]. Je vysoce specificky, z dalSich substrat(
hydrolyzuje pouze hydroxymocovinu (lék pro lé¢bu klinické myeloidni leukémie [10]) na HCO3, NH}
a NH,OH [9]. Tento pfistup ma tfi hlavni nevyhody: je pomérné pracny [2,4], zanasi do analyzy fadu
artefaktl (prevaziné pfi odstranovani ureasy deproteinaci) [4—6,11] a vyvolava zmény hladin nékterych
metabolitd [5,12]. V této praci se nové vyuZiva ureasy imobilizované na magneticky nosic. Testuje se vliv
imobilizace na dalsi nakladani s ureasou, mnozstvi artefaktl a na metabolom moci jako celek a porovnava

se imobilizovana ureasa s ostatnimi pristupy pripravy vzorku.

3.1 Imobilizovana ureasa

Ureasa imobilizovand na magnetické mikrocastice byla vyvinuta na Katedie biochemie

Prirodovédecké fakulty Univerzity Palackého v Olomouci [13].



3.2 Vzorky

V experimentu je pouZito dvou typl vzorku: kontrolniho materialu na bazi lidské moci (COA, z angl.
,control organic acids“), do kterého je vyrobcem pfidana zndma koncentrace 23 metaboliti, a moci
pacientt. Pro analyzu je pouZit objem vzorku odpovidajici koncentraci kreatininu 1 mmol.I2.

Vzorek COA je slouzi ke stanoveni vlivu ptipravy vzorku (zejména nové vyvinutého pfistupu
zaloZeného na imobilizované urease) na metabolom modci. COA je pfipraven 4 rlznymi metodami (vidy
6 replikatd + blank pro kazdou metodu):

1) Kyseld extrakce do ethylacetatu (EX): ke vzorku COA je ptidan interni standard (IS,
4-fenylbutyrat) a O-ethylhydroxylamin hydrochlorid (derivatizace 1). Po 30 min stani pfi pokojové
teploté je vzorek okyselen 3 kapkami zfedéné HCI (1:1), iontova sila upravena pomoci NaCl.
Nasleduje tfistupriova extrakce do ethyacetdtu. Extrakt je poté vysuSen bezvodym Na,SOs,
dekantovan do Cisté zkumavky a odfoukan proudem dusiku pfi 30 °C. Odparek je 2x vymyt
methanolem, a pak jeSté jednou acetonem, znovu odfoukan proudem dusiku pfi 30 °C. Nakonec
je pfidana derivatiza¢ni smés (BSTFA:pyridin:TMCS, 25:25:1 (v/v/v), derivatizace Il). Vialka je
uzaviena pod dusikem, 20 min udrzovana pfi 70 °C.

2) Volna ureasa (FUT): COA je smichan s roztokem ureasy, 40 min promichavan pfi 37 °C, poté je
enzym precipitovan methanolem (30 min, -80 °C) a centrifugovan. Supernatant je prenesen do
sklenéné vialky obsahujici IS a zlyofilizovan. Nasledné je vzorek derivatizovan ve dvou krocich:
ethoximace (60 min pfi 50 °C), trimethylsilylace (20 min pfi 70 °C).

3) Imobilizovand ureasa (IUT): COA je smichan se suspenzi ¢astic s imobilizovanou ureasou,
40 min promichdvan na michacce pfi 37 °C. Magnetické mikrocastice jsou potom oddéleny pomoci
magnetu, po pridani IS je vzorek zlyofilizovan. Nasledné je vzorek derivatizovan ve dvou krocich:
ethoximace (60 min pfi 50 °C), trimethylsilylace (20 min pfi 70 °C).

4) Vzorky bez Upravy (NT): ke COA je pfidan IS. Vzorek je zlyofilizovan a nasledné derivatizovan

ve dvou krocich: ethoximace (60 min pfi 50 °C), trimethylsilylace (20 min pti 70 °C).

Vzorky moci pro metabolomicky experiment jsou pfipraveny pomoci imobilizované ureasy
(10 vzorkl pacient( s glutarovou acidurii typ 1, 10 vzorkd kontrol a jeden blank). Vzorek kontroly kvality
(QC) je pripraven smichanim 10 pl z kazdého vzorku (vyjma blanku). Vzorky jsou analyzovany pomoci

GC-MS, a to v nahodném poradi. QC je zarazeno jako kazdy 6. vzorek.



3.3 Metody

Vzorky jsou analyzovany na plynovém chromatografu spojeném s TOF MS (Pegasus4, LECO, St.
Joseph, Michigan, USA), vybaveném kolonou ZB-5MS (30 m; 0,25 mm; 0,25 um; Phenomenex, Torrance,
California, USA). Jako nosny plyn je pouZito helium v reZzimu konstantniho pritoku (1 ml.min?). Podil
vzorku (1 ul) je zavadén do proudu nosného plynu metodou horké jehly pfi 250 °C, v rezimu s délicem toku
s délicim pomérem 1:10. Je vyuzito analyzy s teplotnim programem. K akvizici dat slouzi hmotnostni
spektrometr s analyzatorem doby letu (TOF) a elektronovou ionizaci (El). Datovy soubor je procesovan
v R-software (verze 3.3.0, https://www.r-project.org) pomoci softwarového balicku vyvinutého v nasi

laboratoti [14], za poutZiti clr transformace a XCMS. Ke zobrazeni dat slouzi zejména PCA.

3.4 Vysledky a diskuse

Testované metody pfipravy vzorku se lisi v pracnosti i ¢asovych ndrocich. Nejpracnéjsi ze vsech je
EX, ktery se sklada z 11 rliznych krok( a 6 h nepretrzité prace. Vzorek je vsak k analyze pfipraven tyz den,
protoZe nevyzaduje lyofilizaci. Vétsinou je ale obtizné pfipravit vice nez 12 vzorkd najednou. Pfi pouziti
FUT lze vzorek pfipravit v 8 rGznych krocich, vyZaduje 3 h prace a lyofilizaci pfes noc. Oproti tomu IUT
zahrnuje pouze z 5 krokd. ProtoZe nepotfebuje deproteinaci, k pfipravé jsou nutné pouze 2 h prace
a lyofilizace pres noc. Oba ureasové protokoly umoznuji pripravu vétSiho mnozstvi vzorkd. Jedinym
omezenim je kapacita rotatoru.

Chromatograficky vzor GC-MS analyzy IUT a FUT je obdobny (Obr. 1). Hlavnim rozdilem mezi
analyzami je rada unikatnich pik( na konci analyz FUT. Tyto piky jsou pfitomny i v analyzach blank( (Obr.
2), proto se Ize domnivat, Ze se jedna o artefakty. Oproti tomu u EX je pfitomno nejméné pikd, navic
s naprosto odliSnou odezvou. NT vzorky maji nejvyssi odezvy v celkovém iontovém proudu (TIC) vzorkad,
obzvlasté pak v retencnim okné mocoviny (mezi 12. a 15. min). Ohromny pik mocoviny také zpUsobuje
pretizeni kolony, a proto i posun retencnich casU latek, které jsou v koloné zadrZovany vice nez mocovina
(napt. glycerat, fumarat, mevalonolakton). Mocovina také zhorsuje identifikaci koeluujicich latek (napf.
pro ethylmalonat v NT vzorcich byla shoda s NIST pouze okolo 300, coZ neni pro identifikaci latky

dostacujici).
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Na zakladé PCA (Obr. 3) z cilené metabolomické analyzy lze usuzovat, Ze FUT a IUT maji stejny vliv
na kvantitu 23 metabolitd, které byly vyrobcem pridany do COA, zatimco kazdy z obou zbyvajicich (NT a EX)
ovliviiuje intenzity jinym zplsobem. Vzorky pfipravené pomoci EX se na zakladé PC1 (84,2 %) od ostatnich
vyrazné odliSuji, zejména pak v odezvach glycerdtu, glykoldtu a pyroglutamatu, které jsou zatiZzeny nizkou
extrakéni ucinnosti. Vzorky NT se od ureasovych odlisuji méné (PC2 7,0 %). Rozdil je patrny v odezvé

ethylmalonatu, jehoz retence se shoduje s ureou (Obr. 1).
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Obr. 3: Dvojny graf PCA cilené GC-MS metabolomiky

Testované metody pripravy vzorku se lisi ve variabilité odezvy 23 cilovych metabolit( v COA: pro
FUT cini median hodnot 5,0 %, pro IUT 2,5 %, pro EX 19,7 % a pro NT 11,4 % (Tab. 3). Hodnota CV pro FUT
je srovnatelna s drive publikovanymi vysledky (6,2 % pro 250 metabolitl [5]). Nejvice variabilni odezvu
poskytuje hexanoylglycin, a to pro viechny testované pristupy (22-119 %). Pfi¢inou této variability vsak
neni pfiprava vzorku, ale chromatografie. Koncentrace hexanoylglycinu ve vzorku je po nafedéni na
koncentraci kreatininu 1 mmol.I"* pouze 9 umol.I"%, co? se bliZi limitu detekce. Navic hexanoylglycin (stejné
jako ostatni glyciny) poskytuje chvostujici piky. Nejvys$si variabilitu vykazuje EX jako vysledek rozdilné
extrakéni téinnosti.

Pro ovéreni aplikovatelnosti IUT pro metabolomiku je imobilizovana ureasa pouzita k pripravé

moci 10 pacient s glutarovou acidurii I. typu (GAI) a 10 zdravych kontrol. GAI je autozomalné-recesivni
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onemocnéni zpUsobené deficitem glutaryl-CoA-dehydrogenasy (EC 1.3.99.7), diky kterému nejsou
postizeni jedinci schopni odbouravat lysin, hydroxylysin a tryptofan. VétSinou se projevuje mozkovou
atrofii zpUsobujici zmény v motorice a hybnosti, které jsou pfi zatéZi organismu vyraznéjsi, casto také

i mentalni retardaci [15]. V modi jsou pfitomny zvySené hladiny 3-hydroxyglutaratu a glutaratu [16].
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Obr. 4: Dvojny graf PCA necilené GC-MS analyzy moci pacientd s glutarovou acidurii | (P1-P10) a zdravych

kontrol (K1-K10), pfipravenych pomoci imobilizované ureasy.

Vzorky jsou pfipraveny pomoci IUT, data jsou zpracovana necilenym metabolomickym pfistupem.
Ve vzorcich je nalezeno celkem 221 pik(i metabolitG. Pomoci PCA (Obr. 4) se vzorky déli na 2 skupiny.
V prvni skupiné jsou zastoupeny pouze zdravé kontroly, ve druhé pacienti s GAl. U pacient( jsou
v porovnani s kontrolami pfitomny signifikantné zvysené hladiny 3-hydroxyglutaratu (M185T23, Rl 1575,
shoda s knihovnou 968), tartaratu (M102T24, Rl 1636, shoda s knihovnou 917), glutaratu (M261T18, R
1403, shoda s knihovnou 880) a neznamé latky M111T13 (RI 1213). SniZzené hladiny jsou pozorovany pro
M210T14 (Rl 1240), M224T17 (Rl 1362), M210T16 (Rl 1317), M210T17 (Rl 1350) a M111T21 (Rl 1507).
Glutarat a 3-hydroxyglutarat jsou znamymi biomarkery onemocnéni, tartarat je soucasti [ékl podavanych

pacientim s GAl. Neznamé latky M210T14, M224T17, M210T16, M210T17 a M111T21 jsou komponenty
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moci zdravych jedinc(, jeZ se nepodafrilo identifikovat pomoci NIST ani GOLM databaze. Jejich identifikace

bude pfedmétem dalsi prace.

3.5 Zavér

Ureasa imobilizovana na magnetickych ¢asticich je novou technikou pfipravy vzorku moci pro GC-
MS analyzu. Ve srovnani s ostatnimi pristupny pripravy (kyseld extrakce do ethylacetatu, volna ureasa,
vzorek bez Upravy) vynika snadnosti pfipravy i reprodukovatelnosti vysledk( (pro 23 organickych kyselin
a acylglycinli obsazenych v referen¢ni moci ¢ini prlimérné CV 2,5 %).

Chromatogramy vzork( pfipravenych pomoci imobilizované ureasy jsou podobné pfistupu za
pouZziti volné ureasy, v analyze je vSak méné artefaktd (jen 3 z plvodnich 10). Je tomu tak nejspis proto, Ze
imobilizovany enzym lze pred aplikaci vzorku snadno a opakované promyt. Vzorky pfipravené extrakci
poskytuji zcela odliSné chromatografické zaznamy. Ve srovnani s obéma ureasovymi protokoly obsahuji
zbytky mocoviny a také odlisné hladiny metabolitl (predevsim kreatininu a glyceratu). Chromatograficky
systém je pretizen pritomnosti vysoké koncentrace mocoviny, kterd vede ke zméndm retence i odezvy
metabolitld, zejména ethylmalonatu.

Prostfednictvim metabolomického experimentu se vzorky pacientl s glutarovou acidurii | je
ovéreno, ze imobilizovanou ureasu lze pouZit i pro necilenou GC-MS metabolomiku. Chromatograficka
data je mozné zpracovavat béznym zplsobem. Hlavnimi diskriminujicimi metabolity jsou biomarkery GAl,

a tak Ize usuzovat, Ze aplikace imobilizované ureasy neovliviiuje metabolom moci.
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4 WOSEL jako novy zpusob skalovani 2D separacniho prostoru

Dvojrozmérné chromatografické systémy jsou tvoreny dvéma separaénimi dimenzemi, které se lisi

ve svém rozsahu [17-19]. Napf. v GCxGC mizZe separace v prvni dimenzi trvat 3000 s, zatimco v druhé
pouze 4 s, a tak se separace v dosazend v druhé dimenzi mizZe jevit zanedbatelnou. Pokud by to byla
pravda, pak by ale pfipojeni dalsi separacni dimenze bylo zbyte¢nou komplikaci a ne pfinosem.
Proto, aby se kladl stejny dlraz na separaci dosaZzenou v prvni a druhé dimenzi, se retenc¢ni data pred
vyhodnocenim efektivity dané separace $kdluji. Skalovani ma ale je$té daldi dva dlsledky: tvofFi
normalizovany retencni prostor (a tak je nékdy oznacovano téz jako normalizace) a odstrafiuje nevyuzity
¢i nevyuzitelny separacni prostor.

V pracich zabyvajicich se optimalizaci dvojdimenziondlnich systém( pomoci ortogonality se
Skalovani 2D separacniho prostoru provadi dvéma rdznymi zplsoby, které Ize podle hranic, jez retencni
prostor vymezuji, oznacit jako Void-max [17] a Min-max [20]. Oba zpUsoby skalovani jsou pro prvni dimenzi
znazornény na Obr. 5. U starSiho z nich, Void-max, je normalizovany separacni prostor je pro vymezen
mrtvym casem dané dimenze a retencnim c¢asem nejvice zadrzované slozky vzorku pouzitého pro

optimalizaci (Rov. 1).

X(A) = )=ty (Rov. 1),

tr(max)—t,
kde X(A) je normalizovany retencni cas latky A, t,(A) je retencni ¢as latky a v dané dimenzi, to je mrtvy Cas
dané dimenze, t,.(max) je maximalni retencni ¢as, kterého bylo v dané dimenzi dosazeno.
U Min-max algoritmu se retencni ¢asy prvni a druhé dimenze 3kaluji podle retenéniho ¢asu
nejméné a nejvice zadrZované latky (Rov. 2).

X(A) = )L, (min) (Rov. 2),

tr(max)—t,(min)

kde X(A) je normalizovany retencni &as latky A, t(A) je retencni ¢as latky A v dané dimenzi, t,-(min)
je retencni ¢as nejméné zadrzovaného analytu, t,.(max) je retencni ¢as nejvice zadrzovaného analytu.

U obou vyse uvedenych pfistupl je Skadlovani zavislé na vzorku pouzitém k optimalizaci. Jiny vzorek
(obsahuijici jiné analyty) vymezi normalizovany retencni prostor (nesrovnatelné) jinak. V pripadé cilené
metabolomiky to nemusi prfedstavovat problém, protoZe je mozné opakované namichat stejnou smés
standardu. V pfipadé necilené metabolomiky, kdy vSechny analyty pfitomné ve vzorku nejsou predem
znamy, a navic se pridava i vliv matrice, predstavuje takovéto Skalovani znaénou komplikaci. Vétsinou se
fesi tak, Ze se systém optimalizuje pfimo pomoci daného biologického vzorku (vétSinou smésnda moc Ci

plasma). Jedna se o neopakovatelny vzorek, jehoZz mnozZstvi je omezeno.
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Cilem této casti disertacni prace je vyvinout Skdlovani 2D prostoru, které by bylo nezavislé na
konkrétnim vzorku pouZitém k optimalizaci a co nejvérnéji odrazelo plvodni separacni prostor, a porovnat
je pomoci syntetickych (generovanych in silico) a redlnych GCxGC chromatogramu se starSimi Skalovacimi
algoritmy. Novy pfistup skaluje 2D separacni prostor v souladu s analytickou metodou, tedy nezavisle na
vzorku. Separacni prostor je u néj vymezen mrtvym ¢asem dané dimenze a poslednim okamzikem sbéru
dat v dané dimenzi (u druhé dimenze je tento okamzik shodny s modulacni periodou) (Rov. 3, Obr. 5).
K vypoctu ortogonality vyuziva celého separacniho prostoru, proto se postup Skalovani nazyvd WOSEL

(z angl. ,WhOle SEparation space scaling“).

_ tr(A)_tO
X(A) = T (end)—ty (Rov. 3),

kde X(A) je normalizovany retencni ¢as latky A, t,(A) je retencni ¢as latky a v dané dimenzi, to je mrtvy Cas

dané dimenze, t,(end) je konec sbéru dat v dané dimenzi.

<
o
Min-max
Void-max '
Qe < »'
(o] 1 '
- WOSEL -
o
T T T : T T T T
0 500 1000 1500 2000 2500 3000
1D

Obr. 5: Rizné zplsoby $kalovani 2D separacniho prostoru pro prvni dimenzi. Cerny shluk predstavuje

skupinu pik(. Na osach je uveden retenéni ¢as v sekundach.
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4.1 Metody

Vliv typu Skdlovani na vyslednou ortogonalitu systému je ovéfen pomoci syntetickych a realnych
GCxGC chromatogramu vytvorenych v R-software (v. 3.3.0) tak, Ze tvofi ovalny shluk obsahujici 2500
datovych bod( uvnitf separaéniho prostoru, ktery ma v prvni dimenzi rozsah 89-3000 s (89 s je mrtvy Cas
prvni dimenze), ve druhé 1-4 s (1 s je mrtvy ¢as druhé dimenze). Body uvnitf shluku maji rovhomérné
rozdéleni.

Ortogonalita je vypocitana nékolika rlznymi pfistupy vybranymi tak, aby z kazdé skupiny pfistupd
o stejném principu byl vybran pravé jeden: Pearsonova korelace (PC) [21], podminéna entropie (CE) [22],
konvexni obalka (CH) [23], modelovani (MA) [24], geometrické pokryti separacniho povrchu (SC) [20],
metoda nejblizsiho souseda (NN) [25] a hvézdickové rovnice (AE) [26]. Retenéni koordinaty pikl jsou pred
vypoctem ortogonality Skalovany tremi riznymi zpUsoby, uvedenymi jako Rov. 1-3. Vsechny vypocty jsou

provedeny v R-software.

4.2 Vysledky a diskuse

Pfi vyhodnocovani optimalnich dvojdimenzionalnich separaci dodnes hraje velkou roli vzhled
chromatogramu (tzv. , percieved quality of chromatogram®) [27]. Jako dobra separace byva oznacovana
takova, ve které je vyuzita velka ¢ast separacniho prostoru a data tento prostor rovnomérné pokryvaiji.
Proto jsou vysledky prezentovany nejen v podobé Ciselnych vysledkl (Tab. 1, Obr. 6), ale je zde uveden
vzhled vychoziho chromatogramu (oznaceny jako ,Original“) a také pfrislusSnych normalizovanych
retenc¢nich prostor(, které vznikaji z vychoziho aplikaci jednotlivych pfistupl skalovani: Min-Max (Rov. 2),
Void-Max (Rov. 1) a WOSEL (Rov. 3).

ZTab. 1 vyplyvda, Ze zvoleny zpUsob skalovani ovliviiuje vysledky vsech pfistupl k vypoctu
ortogonality, s vyjimkou PC, ktera si data v prvnim kroku vypoctu sama skaluje (od kazdé hodnoty odecte
prameér a pak ji vydéli smérodatnou odchylkou), a tak je nezavisla na pouzitém skalovani [28]. Typ skalovani
ma zasadni vliv na vyslednou ortogonalitu zejména u vzorkd, jejichZ slozky maji v 2D chromatogramu
malou disperzi. Vtéchto pripadech starsi zplisoby skalovani vedou k nadhodnocovani ortogonality
chromatogramd, protoZe do normalizovaného retenc¢niho prostoru prevadi jen velmi malou ¢ast prostoru
plvodniho. Oproti tomu pfi pouZiti WOSEL hodnota odpovida vzhledu chromatogramu (Tab. 1, 78 vs. 9 %).
Ptikladem je i chromatogram plasmy uvedeny na Obr. 6 (82 vs. 29 %). Naopak u vzork(, které vypliuji
vétsinu separacniho prostoru (Tab. 1), jako tomu je také u vzorku nafty na Obr. 6, ma typ skalovani na

ortogonalitu vliv jen velmi maly.
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Tab. 1: Primérné hodnoty ortogonality jednotlivych typd modell s 2500 body ziskané rlznymi pfistupy
vypoctu ortogonality + 2SD pro 50 modell stejného typu. Hodnoty jsou uvedeny v %, s vyjimkou AN a HN,

jejichZ vysledkem jsou prlimérné nejmensi vzdalenosti mezi nejblizsimi sousedy.

Typ modelu Zpusob vypoctu Min-Max Void-Max WOSEL
SC 88,2+1,8 87,8+1,6 87,7+1,6
] MA 88,2+1,8 87,8+1,6 87,7+1,6
o CE 85,010,7 85,0+0,6 85,1+0,3
o PC 98,7+1,9 98,7 +1,9 98,7 £1,9
AE 79,4 2,3 78,7 £2,2 78,3 +2,2
i CH 78,2+0,7 77,6 +0,6 77,1+0,2
L | AN 0,0117 +0,0002 | 0,0116 +0,0002 | 0,0116 + 0,0002
’ HN 0,0078 + 0,0006 | 0,0078 +0,0006 | 0,0078 + 0,0006
SC 879+1,7 32,0£0,5 8,7+0,2
i ) MA 87,9+1,7 32,0+0,5 8,7+0,2
. CE 85,0+ 0,6 91,6 +0,7 95,3+0,6
- PC 98,8 +1,9 98,8 +1,9 98,8 +1,9
) AE 79,1 +2,2 28,7 +1,0 4,9+0,2
CH 78,2 +0,7 19,4+0,1 4,8+0,0
v g AN 0,0116 + 0,0002 | 0,0058 + 0,0001 | 0,0029 + 0,0000
HN 0,0078 + 0,0006 | 0,0039 +0,0002 | 0,0019 + 0,0002
SC 87,9+1,7 8,610,2 8,6 £0,2
. MA 87,9+1,7 8,610,2 8,6+0,2
) ® 85,010,6 95,3+0,6 95,3+0,6
PC 98,8+1,9 98,8 +1,9 98,8 +1,9
R AE 79,1 +2,2 4,9+0,2 4,9+0,2
- CH 78,2+0,7 4,8+0,0 4,8+0,0
. AN 0,0116 + 0,0002 | 0,0029 + 0,0000 | 0,0029 + 0,0000
DR HN 0,0078 + 0,0006 | 0,0019 +0,0002 | 0,0019 + 0,0002
SC 87,9+1,7 13,4+0,2 8,8+0,1
. o MA 879+1,7 13,4 +0,2 8,8+0,1
- CE 85,0 £0,6 94,5+ 0,6 95,2 £ 0,6
. PC 98,8 +1,9 98,8 +1,9 98,8 +1,9
AE 79,06 + 2,2 8310,3 4,9+0,1
) CH 78,2 +0,7 7,7+0,0 4,8+ 0,0
e s ] AN 0,0116 + 0,0002 | 0,0037 +0,0000 | 0,0029 + 0,0000
HN 0,0078 + 0,0006 | 0,0025 +0,0002 | 0,0019 + 0,0002
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A} Original B) Min-max C) Void-max D) WOSEL
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Obr. 6: Vliv metody $kdlovani, demonstrovany pomoci GCxGC separace nafty (nahore), moci (uprostred)
a plasmy (dole), na vyslednou ortogonalitu, spocitanou pomoci SC (hodnota uvedena v pravém dolnim

rohu).

4.3 Zaveér

WOSEL predstavuje novy zpUsob Skadlovani 2D separaéniho prostoru, ktery do normalizovaného
retenéniho prostoru prevadi cely prostor vymezeny analytickou metodou (v obou dimenzich ohraniceny
mrtvym casem a koncem metody). Na rozdil od starSich metod Skalovani je diky tomu rozsah separacniho
prostoru nezdvisly na vzorku pouzitém k optimalizaci.

Pri Skalovani vzork(l svelkym pokrytim separacniho prostoru poskytuje WOSEL srovnatelné
vysledky jako starsi metody Skalovani. Pro vzorky s nizsim pokrytim separacniho prostoru vsak dava
hodnoty odpovidajici vzhledu chromatogramu. Umoznuje optimalizaci analytickych systém i pro analyty,

které nejsou ve vzorku momentalné pfitomny, pfestoZe analytickd metoda pro né v separaci ponechava

prostor.
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5 Vyznam dimenzionality vzorku pro vypocet ortogonality 2D
separaci

Dimenzionalita vzorku je souhrnem vsech nezavislych vlastnosti vzorku, které maji vliv na jeho
chromatografické chovani. Vétsina vzorkd jsou vzorky vysokodimenziondlni, jejichz dimenzionalita je
mnohondsobné vyssi neZ dimenzionalita pouZitého chromatografického systému. Piky téchto vzorki
vypliuji bez jakéhokoli fadu cely 2D separacéni prostor. Oproti tomu vzorky nizkodimenziondlni maji
srovnatelnou dimenzionalitu jako analyticky systém. Jejich piky vypliuji jen ¢ast chromatogramu. Formuji
se do skupin podle pfislusnosti do chemickych tfid. Poloha piku v ramci skupiny je ddna pozici funkéni
skupiny ve strukture dané latky [29].

Ortogonalita je parametr, ktery se pouziva k optimalizaci chromatografickych 2D systému. Pocita
se pomoci celé rady pfristuptl, pracujicich na rozlicnych principech. Vétsinou nabyva hodnot od 0 do 100
%. Obecné lze Fici, Ze ¢im vyssi je ortogonalita (resp. primérna vzdalenost NN), tim vétsi pfinos ma druha
dimenze pro celkovou separaci.

Ortogonalita systému se hodnoti ze dvou rdznych hledisek, tzv. aspektd. LokaIni ortogonalita
popisuje rovhomérnost pokryti separacniho prostoru, zatimco globalni ortogonalita rozsah vyuzitého
separacniho prostoru. V soucasné dobé neexistuje deskriptor, ktery by umél zachytit obé hlediska
ortogonality. Proto nékteré deskriptory hodnoti pouze miru nahlouceni dat, jiné zase zohlednuiji, kolik
separacniho prostoru je pokryto datovymi body. Obé hlediska separace jsou vsak stejné dllezitd, proto
Schure a Davis v ptedchozi praci zabyvajici se porovnanim zpUsobl vypoctu ortogonality zkombinovali
nejlepsi deskriptor globalni (CH) a lokalni ortogonality (jednu z metod geometrického pokryti separacniho
prostoru, zaloZzenou na pocitani obsazenych bind [30]) tak, Ze je mezi sebou vyndsobili. Tento kombinovany
deskriptor dle zavéru jejich prace [27] poskytuje vysledky, které nejlépe odpovidaji vzhledu
chromatogram. Ve své praci vSak u vsech pfistupd, vyjma CH, pouZili Min-max skalovani, které zkresluje
readlny separacni prostor. CH tak v jejich praci slouZi pouze jako korekce na redlny separacni prostor,
nezkresleny Min-max Skalovanim. Druhy parametr, ktery nebyl v praci Schure a Davise zohlednén, byl
pfipadny vliv dimenzionality vzorku.

Cilem prace je nalezeni ,univerzalniho” deskriptoru ortogonality, ktery by byl jasnou volbou pfi
optimalizaci 2D systému pro analyzu jak vysoko- tak i nizkodimenzionalnich vzorkd. Kazdy z deskriptord,
které jsou v této prdaci porovnavany, méfi jinou vlastnost chromatogramu: korelaci mezi retencnimi ¢asy
prvni a druhé dimenze [21], pomér poctu obsazenych binl k prazdnym [20] a jejich kombinaci [24]; pomér
plochy obsazené piky k celkové vyuzitelné plose chromatogramu [23], prdmérnou vzdalenost nejblizsich

sousedl [25], distribuci bodl podél ¢tyf os protinajicich separaéni prostor [26] a miru shody distribuce
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bodu predikované na zakladé retencnich ¢asli prvni dimenze se skute¢nou distribuci bodl v dimenzi druhé

[22]. Je tedy velmi tézké posoudit, ktery z deskriptor( je nejlepsi.

5.1 Metody

Syntetické chromatogramy jsou v R-software vytvoreny v tak, Ze 2500 datovych bod0 rlznym
zplUsobem vyplfiuje separacni prostor orozmérech 89-3000 s x 1-4 s. Algoritmy pro generovani
syntetickych chromatogramd jsou obdobné tém, které byly pouZity v kapitole 4. K ovéreni vysledk
syntetickych chromatogram( je pouzito redlnych GCxGC separaci moci, plasmy a nafty. Mrtvé Casy jsou
uréeny pomoci software Column calculator a Chroma-TOF (v. 4.51.6.0, LECO, St. Joseph, Michigan, USA),
a to na zakladé rozméri pouzitych kolon, priatoku helia a teplotniho programu). Mrtvy ¢as u syntetickych
chromatogramt je odvozen na zakladé realnych separaci metabolomickych vzorkd, pripravenych
ethoximaci a trimethylsilylaci. Pro pripravu moci se vyuziva EX (viz kapitola 3), u plasmy deproteinace
pomoci methanolu, odfoukani pod dusikem, ethoximace a trimethylsilylace [31]. Retenéni koordinaty pik(

jsou Skalovany pomoci WOSEL. Ortogonalita je pocitana stejnymi ptistupy jako v kapitole 4.

5.2 Vysledky a diskuse

Spravny deskriptor je schopen pokryt cely rozsah hodnot ortogonality od 0 do 100 % a umi odlisit
primérné separace od extrémnich. Zatimco vSechny deskriptory dosahly ortogonality blizké nule (Tab. 2,
modely C, D), hodnoty 100 % (model A) nedosahl AE, CE ani HN. Pokles prostoru vyplnéného body o 1/3
(model B) odhalily vSechny pfistupy, az na PC a CE. Lze tedy fici, Ze AE, CE, HN a PC nereflektuji pokryti
separacniho prostoru, a proto jsou vylouceny z dalsiho testovani. Stejné tak i MA, ktery je kombinaci PC
a SC.

Globalni ortogonalitu nizkodimenzionalnich vzorka nejlépe popisuje AN, ktery poskytuje nejvyssi
hodnotu pro model se 4 shluky umisténymi v rozich separacniho prostoru (Obr. 7). CH pro tento model
vypocital ortogonalitu 98,5 %, protoZe neni schopen reflektovat prazdné prostory mezi shluky. Neni proto
vhodnym deskriptorem globalni ortogonality. Nejlepsim deskriptorem lokalni ortogonality je SC, protoze
odrazi miru prekryvu shlukd (Obr. 7). Kombinace AN a SC do finalniho deskriptoru pomoci nésobeni,
navrhovand Schurem a Davisem [27], neni ndpomocnad, pouze zesiluje spole¢ny trend jednotlivych
deskriptor(l. Proto jsou AN a SC zkombinovany prostrednictvim geometrického priméru do ASCA (z angl.
»AN a SC average”). ASCA vychazi z predpokladu, Ze rovhomérné pokryti a maximalni vyuzZiti separac¢niho

prostoru je stejné dilezité.
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Tab. 2: Vysledky ortogonality [%] (£ 2 SD pro modely s ndhodnym rozdélenim) poskytnuté jednotlivymi

pfistupy vypoctu pro modely pro uréeni rozsahu deskriptoru.

Typ C D
Vzhled
Rozdéleni Ndhodné Ndhodné Pravidelné Pravidelné
PC 98,8+2,0 98,6+2,2 96,5 0
CE 85,8+0,6 89,2+0,8 - 0
a AN 99,9+1,2 81,6+1,1 3,1 4,4
é HN 67,3+3,8 54,6 £ 3,6 3,1 4,4
= | CH 99,2+0,4 66,1+0,3 0 0
AE 96,3+2,5 70,8 +0,8 0 0
MA 100,3+1,9 82,6+2,0 3,1 0
SC 100,3+1,9 82,7+2,0 3,1 3,2

U vysokodimenziondlnich vzorkU je situace zcela jina. Cely separacni prostor je pokryt datovymi
body, globalni ortogonalita proto neni informativnim parametrem. Optimalizovat Ize pouze lokalni
ortogonalitu, a to nejlépe prostfednictvim SC. JelikoZ se vSak AN chova jako konstanta, lze k optimalizaci
pouzit i ASCA. Ne vSechny dimenze (vlastnosti ¢i funkcni skupiny) vzorku jsou nezbytné k dosazeni cile
analyzy. Ty, které nejsou podstatné, je moziné pfi pfipravé vzorku i pfi analyze dat potlacit. Tak lIze

i vysokodimenziondlni vzorek optimalizovat jako nizkodimenzionalni.

5.3 Zavér

K optimalizaci nizko- i vysokodimenziondlnich vzork( je nejvhodnéjsi kombinovany deskriptor
ASCA, ktery v sobé prostfednictvim geometrického priméru spojuje oba aspekty ortogonality: globalni
(zastoupenou AN) i lokalni (predstavovanou SC). Dimenzionalita vzorku muze byt pred analyzou sniZzena

s ohledem na zamysleny cil.

23



1.2

11

Model éislo
19 23 25 29 31 32 40 41

51

0,9
Q
o
0,8
0,7
0,6
0,5
----- AN ===5C AN*SC =——ASCA
* o © o e ® ®
& & &
o - ® &%
1 12 19 23 25
e
® NGB . s © @ &
‘ & %
A
29 31 32 40 41
> FY
0 ‘
w ® ®
@& & @ &
46 49 51

Obr. 7: Porovnani AN, SC a kombinovanych deskriptord AN*SC a ASCA pomoci nizkodimenzionalnich

syntetickych model(. Nahofe srovnavaci graf s hodnotami ortogonality normalizovanymi primérnou

hodnotou ortogonality pro jednotlivé pfistupy, dole chromatogramy jednotlivych modeld.
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6 Nalezeni nejvice ortogondlni kombinace kolon pro GCxGC
analyzu metabolomu modi

Vybér kolon pro GCxGC se fidi snahou separovat co nejvyssi pocet komponent vzorku. Proto se
kombinuji kolony co nejvice rozdilné (ortogondlni), lisici se separacnimi mechanismy. Tzv. normdlni
kolonové usporadani je tvofeno nepolarni kolonou v prvni dimenzi, ktera separuje latky podle disperznich
sil (elu¢ni poradi pak koresponduje s bodem varu latek), a polarni (vice selektivni) kolonou v dimenzi druhé,
jez separuje koelujici latky prvni dimenze podle polarity. Naptiklad pfi analyze nafty prvni nepolarni
dimenze umozini separaci alkanu a cykloalkand, zatimco areny jsou diky m-it interakcim zadrZzovany druhou
dimenzi. V tzv. reverznim kolonovém uspofadani je tomu naopak [32].

Ve vétsiné metabolomickych aplikaci prevlada tradi¢ni kolonové usporadani, tvorené nepoldrni
100% polymethylsiloxanovou kolonou v prvni dimenzi a stfedné polarni polymethylsiloxanovou kolonou
s 50 % fenylu v dimenzi druhé. Nepolarni kolony typu BPX5 se v prvni dimenzi pouzivaji diky dlouholetym
zkuSenostem z 1D GC, polarni kolony druhé dimenze nabizeji jinou selektivitu.

Cilem této Casti disertacni prace je pomoci ortogonalniho pfistupu (deskriptoru ASCA) otestovat
jiné druhy staciondrnich fazi a nalézt nejlepsi kolonové usporadani pro analyzu metabolomu moci a séra,
u nejlepsich kolonovych uspofadani také urcit vliv zmény vnitiniho priméru kolony druhé dimenze na

ortogonalitu systému.

6.1 Metody

K stanoveni ortogonality kolonovych uspofaddni je pouZito smésné moci, ziskané smichanim moci
zdravych dobrovolnik(, a plasmy SRM 1950 [33]. Vzorek moci je pfipraven pomoci EX, uvedené v kapitole
3, vzorek plasmy podle McGaw a kol. [31], prostfednictvim Pegasus 4D GCxGC-TOF MS (LECO) analyzovan
pomoci rlznych kolonovych uspofadani (Tab. 3, 4). Analyza dat je provedena pomoci ChromaTOF software

v. 4.24 (LECO), MS Excel, R-software (v. 3.3.0), and MATLAB (v. R2018a).

6.2 Vysledky a diskuse

Vétsina GCxGC analyz moci pfipravené pomoci trimethylsilylace je provadéna pomoci normalniho
kolonového uspofadani, jmenovité pomoci setu BPX5/BPX50 nebo jejich komerénich analog. O poutziti
jinych kolonovych usporadani k analyze metabolitll modi pfipravenych trimethylsilylaci neni v literature
Zadna informace. Proto je vzorek moci analyzovan pomoci Sesti riznych kombinaci kolon: dvou kombinaci

kolony nepolarni s polarni (BPX5/SolGel-WAX, BPX5/SLB-IL59), dvou reverznich setl kolon poléarnich
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s nepolarnimi (BPX50/BPX5, SolGel-WAX/BPX-5), jednoho usporadani stfedné polarni kolony s polarni
kolonou (BPX50/SolGel-WAX) a jedné kombinace polarni kolony se stfedné polarni (SLB-1L59/BPX50).
Instalace polarni kolony v prvni dimenzi neni Gcelna. U kolony SLB-IL59 (set A) dochazi k extrémni retenci
analytl (a témér Zadné separaci). Kolona SolGel-WAX (set M) zase extrémné zadrZuje rozpoustédla. Kolona
SLB-IL59 (set B) neni vhodna ani jako kolona druhé dimenze, protoZe zplsobuje extrémni chvostovani pikd.

Ortogonalita zbyvajicich kolonovych uspotradani spocitana pomoci ASCA je uvedena v Tab. 3.
Vsechny sety obsahujici v druhé dimenzi kolonu s 0,25 um stacionarni faze vykazuji, ve srovnani se stejnym
typem staciondarni faze v tendi vrstvé, vyssi ortogonalitu. Z tohoto jevu lze usuzovat, Ze silnéjsi vrstva

stacionarni faze ma vyrazny vliv na retenci analyt(l. Jako nejvice ortogonalni je hodnoceno kolonové

usporadani BPX50/SolGel-WAX (set J, 0 = 68,5 %).

Tab. 3: Kolonova usporadani pouzita pro analyzu moci a hodnota ortogonality spocitand pomoci ASCA

Set Kolonova usporadani Parametry kolony druhé dimenze O [%]
(*D/?D) (délka [m] — pramér [mm] — film [um])

A SLB-IL59/BPX50 1,3-0,25-0,20 -

B BPX5/SLB-1L59 2,0-0,10-0,08 -

C BPX5/SolGel-WAX 1,2-0,10-0,10 56,0
H BPX50/BPX5" 1,2-0,10-0,10 45,1
| BPX50/SolGel-WAX 1,6-0,10-0,10 44,3
J BPX50/SolGel-WAX 1,2-0,25-0,25 68,5
K BPX5/SolGel-WAX 1,2-0,25-0,25 65,9
L BPX50/BPX5" 1,3-0,25-0,25 64,3
M SolGel-WAX/BPX-5" 1,3-0,10-0,10 -

N BPX5/BPX50 1,5-0,10-0,10 56,9

* Modulace na koloné druhé dimenze

GCxGC analyza plasmy je kromé tradi¢niho kolonového usporadani odpovidajicimu chemismu
stacionarnich fazi BPX5/BPX50 provadéna také pomoci reverzniho usporadani BPX50/BPX5, anebo pomoci
RTX200, ktera obsahuje stfedné polarni trifluoropropylmethylpolysiloxan.
Trifluoropropylmethylpolysiloxan interaguje s volnymi elektronovymi pary a m-elektronovymi systémy,
proto kolona zvySené zadrZuje nenasycené slouceniny, aromaty, aldehydy, ketony, halogenderivaty
a nitroslouceniny [34]. Pouziti iontovych kapalin ani polyethylenglykolovych kolon pro analyzu
trimethylsilylovanych metabolitd moci literaturou doloZzeno neni, proto jim v této praci byla vénovana
pozornost.

Stejné jako je tomu u analyzy moci, kolony druhé dimenze se silnéjsi vrstvou stacionarni faze

vykazuji v porovnani se tenci vrstvou vyssi ortogonalitu (Tab. 4). Jako nejlepsi, co se ortogonality tyce, je
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hodnocen set BPX50/BPX5. Tento zavér je v souladu s praci Koek a kol. [35]. Polyethylenglykolova kolona
ani kolona na bazi iontové kapaliny neni pro separaci v normalnim usporadani pfinosem. SLB-IL59 u kolony
druhé dimenze také u plasem zpUsobuje chvostovani pik(l. Pfi pouZiti kolony SolGel-WAX ve druhé dimenzi
se na chromatogramu objevuje méné pikd s vys$si retenci na této koloné. Je tomu tak nejspis proto, Ze
plasma je ve srovnani s moci celkové jednodussi material (obsahuje méné metabolitl detekovatelnych
pomoci GC-MS a v nizsi koncentraci), a tak k nekompletni derivatizaci dochazi ztidka. Analyt obsahujicich
kyselé vodiky, které by mohly interagovat s polethylenglykolovou stacionarni fazi, je proto velmi malo.
Reverzni usporadani, kdy by SolGel-WAX a SLB-IL59 byly kolonami prvni dimenze, nejsou na zakladé

vysledk( analyzy moci v pripadé plasem testovany.

Tab. 4: Kolonova usporadani pouZita pro analyzu plasmy

Set Kolonova usporadani Parametry kolony druhé dimenze O [%]
(*D/?D) (délka [m] — pramér [mm] — film [um])
A BPX5/BPX50 1,5-0,10-0,10 51,0
B BPX5/SLB-1L59 2,0-0,10-0,08 53,5
C BPX50/SolGel-WAX 1,6-0,10-0,10 44,7
D BPX50/SolGel-WAX 1,2-0,25-0,25 56,7
E BPX5/SolGel-WAX 1,2-0,25-0,25 58,4
F BPX50/BPX5" 1,3-0,25-0,25 62,4
G BPX5/SolGel-WAX 1,2-0,10-0,10 40,6

* Modulace na koloné druhé dimenze

6.3 Zavér

Nejvyssi ortogonalitu pro GCxGC analyzu moci poskytuje set BPX50/SolGel-WAX, zatimco pro
analyzu plasmy je jim set BPX50/BPX5. V obou pfipadech znamena pouZiti kolony druhé dimenze s vétsim
primérem a tlustsi vrstvou staciondrni faze vyrazny ndrlst retence analyt a tim i nardst ortogonality
systému.

To, Ze se nejvice ortogonalni usporadani kolon pro plasmu a moc lisi, je pravdépodobné zplsobeno
rozdilnym charakterem obou biologickych materidl(. ProtoZe koncentrace analyti v plasmé je fizena
homeostatickymi mechanismy, rozdil v koncentraci analytd neni tak velky. Podil nedostateéné
derivatizovanych analytd kvili nadmérné spotrebé derivatizacniho Cinidla je velmi maly. Proto maji analyty
méné kyselych vodikd, které by mohly interagovat s polethylenglykolovou stacionarni fazi. Hlavni odlisujici
vlastnosti je kromé velikosti molekuly pfitomnost mt-elektrond.

Oproti tomu mo¢ obsahuje fadu latek, které se do ni jako nepotifebné zplodiny metabolismu z téla

vylu€uji ve vysoké koncentraci. Pfikladem je mocovina, hydroxyhippuradty aj. Proto je pfi derivatizaci
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metabolitld v moci spotfeba derivatizacniho Cinidla vyssi, stejné jako zastoupeni nelplné derivatizovanych

latek s kyselymi vodiky. SolGel-WAX kolona nainstalovand v druhé dimenzi je proto pro analyzu moci

vyhodou. Pfi soucasném pouziti kolony BPX50 jsou prvni dimenzi jsou analyty separovdny na zakladé

Londonovych disperznich sil a t-it interakci (tedy zcela odlisné).
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