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ABSTRAKT

Dizertacni prace fes§i vyznamné trendy ve vysokouéinné kapalinové
chromatografii jako je snaha po miniaturizaci separa¢nich systému ve spojeni
s vysokou citlivosti detekce nebo charakterizaci a aplikaci novych typt
stacionarnich fazi pro separaci polarnich latek v systémech vhodnych pro
hmotnostni detekci, tedy stacionarnich fazi pro hydrofilni interakéni
kapalinovou chromatografii (HILIC).

Pro stanoveni péti estrogennich polutantli ve vzorcich vod byla vyvinuta
miniaturizovana metoda, tedy metoda kapilarni kapalinové chromatografie
s tandemovou hmotnostni spektrometrii (cLC-MS/MS). Bylo testovano
nékolik novych sorpénich materialti pro extrakci tuhou fazi (SPE) s ohledem
na vytéznost extrakce. Nejlepsi vytéznosti (95 — 100 %) bylo dosazeno na
kolonce Discovery DSC-18Lt. Optimalizovana SPE-cLC-MS/MS metoda
umoznuje stanoveni jednotlivych estrogent ve vodnych vzorcich v jednotkach
az desitkach ng/l.

V HILIC médu byly charakterizovany a porovnany tfi stacionarni faze -
silikagelova, cyklofruktanova a isopropyl cyklofruktanova. Bylo zjisténo, ze
na cyklofruktanovych stacionarnich fazich se uplatiiuje vodikova interakce a
disperzni sily. U silikagelové faze jsou tyto interakce méné vyznamné.
Ukazalo se, ze modifikace silikagelu cyklofruktanem a derivatizovanym
cyklofruktanem vede ke zlepseni selektivity stacionarni faze pro déleni smési
pentapeptidi a nonapeptida.

Byly porovnany dv& amidové kolony XBridge™ Amide a TSK gel
Amide-80 v HILIC modu. Pro rozpoznani jednotlivych interakci byly vyuzity
jak jednoduché chromatografické testy, tak model linearnich vztahi volnych
energii 1 n€které nové pfistupy charakterizace separacnich systémi. Amidové
kolony vykazovaly uréité rozdily Vv retenci, selektivité i separa¢ni u¢innosti.

Nova HILIC metoda standemovou hmotnostni spektrometrii byla
vyvinuta pro analyzu vybranych polarnich pterind v Kutikule plostic. Za
optimalizovanych separa¢nich podminek ZIC-HILIC kolona, acetonitril/5 mM
octan amonny, pH = 6,80, 85/15 (v/v), pritok mobilni fize 0,6 ml/min a
teplota kolony 30 °C, byly proméfeny extrakty kutikul plostic druhd
Graphosoma lineatum a Graphosoma semipunctatum a byl uren obsah
jednotlivych derivati.
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SEZNAM ZKRATEK

ACN
CF
cLC
ED
GL
GS
HILIC
HPLC
LFER
MRM

MS
MS/MS
RSD
SP

SPE

acetonitril

cyklofruktan

kapilarni kapalinova chromatografie

endokrinni disruptory

Graphosoma lineatum

Graphosoma semipunctatum

hydrofilni interakéni kapalinova chromatografie
vysokoucinna kapalinova chromatografie

model linearnich vztahd volnych energii
multiple reaction monitoring (zdznam vybranych piechodu
mezi prekurzorovymi a produktovymi ionty)
hmotnostni spektrometrie

tandemova hmotnostni spektrometrie

relativni smérodatné odchylka

stacionarni faze

extrakce tuhou fazi



1 UvoD

Vysokou¢inna kapalinova chromatografie (HPLC) je jednou z nejcastéji
pouzivanych separacnich technik. Mezi jeji hlavni vyhody se fadi vysoka
spolehlivost, dobra opakovatelnost a v neposledni fadé jeji robustnost. Za
poslednich nékolik let doslo k podstatnému vyvoji v HPLC, a to pfevazné z
hlediska jeji instrumentace.

Mezi nejzasadnéjsi trendy, které se ujaly v praxi, patii spojeni HPLC
S hmotnostné spektrometrickymi (MS) detektory. HPLC s MS detekci neni
nikterak novym pocinem, ale obrovsky instrumentalni vyvoj ve sprejovacich
ioniza¢nich technikdch umoznil bezproblémové zavedeni techniky HPLC/MS
do rutinnich laboratofi [1]. Spojeni HPLC s MS ma nezastupitelné misto
v analyzach komplexnich vzorkl, jako jsou biologické a environmentalni
materialy [1]. V souasné dobé, kdy se velmi dba na kvalitu prostiedi,
ve kterém Zijeme, je vénovana pozornost vyvoji velmi citlivych a selektivnich
metod, které by byly schopny stanovit polutanty zivotniho prostfedi na
koncentra¢nich hladinach, ve kterych se tyto latky realné vyskytuji [2]. Jednou
z mnoha skupin latek, které se vyskytuji v Zivotnim prostiedi, jsou estrogenni
latky [3-5]. Tyto latky patii do skupiny endokrinnich disruptora (ED), které
mohou uréitym zpisobem ovliviiovat hormonalni soustavu zivodichd. Byly
zaznamendny piipady klesajici plodnosti, feminizace a hermafroditismu
samecku vodnich zivocichu [4]. Existuje také podezieni, ze estrogenni latky se
mohou podilet na vzniku rakoviny prsu, vajeénikd, prostaty a na snizeni
pohyblivosti a kvality spermii [7, 8]. V ramci této prace byl studovan vyskyt
vybranych estrogennich latek, a to estriolu, estronu, 17a-estradiolu, 17o-
ethinylestradiolu a 17f3-estradiolu, v environmentalnich vzorcich vody.

Dalsim patrnym trendem v HPLC je tlak na obecné snizeni spotieby
organickych rozpoustédel. Klasickd HPLC pouziva pritoky mobilni faze cca
od 0,3 do 1,5 ml/min. SniZeni spotieby organickych rozpoustédel je Setrn&jsi k
zivotnimu prostiedi, coz je v souladu s tzv. ,,zelenou chemii”. Do poptedi se
dostava kapilarni kapalinova chromatografie (cLC), kterd pouZiva pritoky
mobilni faze fadové desitky mikrolitrGi eluentu za minutu. Vyhoda cLC neni
jen ve snizeni organického odpadu, ale také ve zvySeni ucinnosti separace, v
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nizsi Spotfebé vzorku, coz ma vyznam hlavné u biologickych vzorkl, a
Vv jednodu$sim spojeni s hmotnostnimi detektory [9, 10].

Metoda HPLC je nejcastéji pouzivana v reverznim chromatografickém
modu, kdy stacionarni faze je méné polarni neZ mobilni faze. Pro mnoho
velmi polarnich latek, jako jsou rizné metabolity (derivaty aminokyselin,
sacharid, peptidi aj.) a dalsi biologicky aktivni latky, je reverzni
chromatograficky systém nevhodny. Tyto analyty obvykle vykazuji velmi
nizkou retenci a separacni systém ma velmi nizkou selektivitu. Pro separaci
takovychto latek se uspésné zacala pouzivat hydrofilni interakéni kapalinova
chromatografie (HILIC), kterd vykazuje dostatecnou retenci a selektivitu pro
polarni latky [11]. Pro HILIC je typické pouziti hydrofilni stacionarni faze a
mobilni faze s vysokym podilem organické slozky [12]. Nejpouzivan&j$imi
stacionarnimu fazemi v HILIC jsou klasické silikagelové faze, amidové,
diolové, aminové popiipadé zwitteriontové stacionarni faze [13]. Vyvoj
novych stacionarnich fazi s rozdilnou selektivitou pro pouziti v HILIC vSak
stale pokraGuje. Potencialnimi adepty pro $ir$i pouziti v HILIC se jevi
stacionarni faze na bazi cyklofruktand [14]. Cyklofruktany jako chiralni
selektory v HPLC byly piedstaveny v roce 2009 profesorem Armstrongem
[15]. Od té doby nasly vyuziti v fadé chiralnich separaci [16, 17]. Prvni pouziti
nativni cyklofruktanové stacionarni faze v HILIC bylo uskute¢néno v roce
2011 [18]. K vyvoji chromatografické metody pro danou aplikaci, a také pii
vyvoji novych stacionarnich fazi, miZe pomoci charakterizace separac¢nich
systému z hlediska interak¢énich mechanismd.

Prikladem vyuziti novych trendti kapalinové chromatografie, a to
hydrofilni interakéni kapalinové chomatografie spojené s tandemovou
hmotnostni spektrometrii, pro konkrétni analyzu v této praci je stanoveni
polarnich pterintt v plosticich Graphosoma lineatum a Graphosoma
semipunctatum. Pteriny proptjéuji hmyzu typické zabarveni jejich kutikul
pocinaje od bilé barvy (leukopterin), pfes Cervenou (erythropterin) a Zzlutou
(xanthopterin) aZz po fluorescen¢ni modrou (biopterin) [19]. Barvy kutikul
studovanych plostic Graphosoma lineatum a Graphosoma semipunctatum se
méni béhem vyvojového stadia jedince, ro¢niho obdobi, ale vliv na jejich

zabarveni mize mit i lokalita vyskytu. Odstin zabarveni je pravdépodobné
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vysledkem piitomnosti ur€itych pterind, ale i jejich vzajemného poméru [20].
Vzhledem ke $patné selektivité separace polarnich pterind pomoci reverzni
HPLC a komplexnosti studovanych vzorkt je HILIC-MS/MS idealni metodou

k jejich analyze.



2 CiLE PRACE

Dizertacni praci lze rozdélit do dvou ¢asti, kdy spoleénym jmenovatelem
je studium a uplatnéni modernich vyvojovych trendd v kapalinové
chromatografii.

Cilem prvni ¢asti prace byl vyvoj analytické metody vyuzivajici kapilarni
kapalinovou chromatografii s tandemovou hmotnostni detekci ke stanoveni
vybranych estrogennich polutantii po extrakci tuhou fazi.

Druha cast dizertaéni prace byla zaméfena na hydrofilni interakéni
kapalinovou chromatografii. Dil¢i cile druhé &asti lze rozdélit do nékolika
bodu:

. Charakterizace a porovnani tii stacionarnich fazi — silikagelové,
silikagelové s vazanym nativnim cyklofruktanem a silikagelové s
vazanym isopropyl cyklofruktanem, pro hydrofilni interakéni
kapalinovou chromatografii.

. Prokéazani odlisnosti dvou principielné stejnych amidovych staciondrnich
fazi  od riznych vyrobcd v hydrofilni interakéni kapalinové
chromatografii z hlediska retenéniho mechanismu pouzitim fady riznych
chromatografickych testd.

. Vyvoj analytické metody vyuzivajici hydrofilni interakéni kapalinovou
chromatografii v kombinaci standemovou hmotnostni detekci ke
stanoveni vybranych pterind v kutikule plostic riznych forem

Graphosoma lineatum a Graphosoma semipunctatum.



3 VYSLEDKY A DISKUZE
3.1 Vyvoj metody Kkapilarni kapalinové chromatografie
s tandemovou hmotnostni detekci ke stanoveni estrogennich latek

ve vodach

Vsechna méfeni byla provadéna na kapilarnim  kapalinovém
chromatografu Agilent 1200 spojeném s hmotnostnim tandemovym trojitym
kvadrupdlem 6460 (Agilent Technologies, Waldbroon, Némecko). Méfeni
byla provadéna v multiple reaction monitoring médu (MRM). Byla pouzita
ionizace elektrosprejem v pozitivnim modu, nebot’ v tomto médu poskytovaly
studované estrogeny vyssi odezvu nez v negativnim modu. Separace probihala
na kapilarni koloné¢ Zorbax SB C18 (150 mm x 0,5 mm, 5 pum; Agilent
Technologies, Waldbroon, Némecko). Mobilni faze se skladala z acetonitrilu a
vody, kdy obé& slozky obsahovaly 0,1% mravenéi Kyselinu. Pro separaci
studovanych estrogeni byla testovana isokratickd a gradientova eluce.
Dostate¢né retence nejpolarngjsiho analytu (estriolu), dobrého rozliSeni v§ech
studovanych estrogent, dostatecné citlivosti detekce a Zzadného vlivu
matri¢nich efektd bylo dosazeno za gradientové eluce.

Dale byla optimalizovana extrakce tuhou fazi. Byly testovany rizné SPE
sorbenty, objem nanaseného vzorku, pritok vzorku, eluéni ¢inidla a rychlost
eluce. Byly zkouSeny a porovnany nové sorbenty obsahujici monomerné nebo
polymerné vazané oktadecylové funkéni skupiny na silikagelu. Nejlepsich
vysledkd z hlediska vytéznosti a opakovatelnosti extrakce bylo dosazeno na
kolonce Discovery DSC-18Lt. Vytéznost extrakce se pohybovala v rozmezi 95
— 100 % s relativni smérodatnou odchylkou niz$i nez 7,2 %.

Kvantifikace realnych vzorkii byla provadéna na zakladé kalibracéni
ptimky ziskané za optimalizovanych extrakénich, separa¢nich a detekénich
podminek. Jako médium byla pouzita fi¢ni voda (Uhlava, Klatovy), u které
nebyla zjisténa pfitomnost sledovanych polutanti. Limity detekce se
pohybovaly v rozmezi 5 — 7 ng/l a limity kvantifikace v rozmezi 10 — 25 ng/I.

Nov¢ vyvinutda cLC-MS/MS metoda s SPE byla pouzita k analyze 6
vzorktl vody odebranych v obdobi zai{ aZ prosinec 2009. Odbérovymi misty

byly Vitava (Praha - cca 900 metrti nad centralni Cistirnou odpadnich vod na
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Cisarském ostrove), Boti¢sky potok (Praha), vstup do Cistirny odpadnich vod
na Cisafském ostrové (Praha), vystup z Cistirny odpadnich vod na Cisafském
ostrové (Praha) a Uhlava (Klatovy a Plzef). Estrogeny byly nalezeny pouze ve
dvou vzorcich. 17p-Estradiol o koncentraci 13,2 ng/l (RSD 5,5 %) byl nalezen
ve Vltavé (Praha - cca 900 metrt nad centrélni Cistirnou odpadnich vod na
Cisafském ostrové). Na vstupu do Cistirny odpadnich vod na Cisafském
ostrové (Praha) byly nalezeny vSechny studované estrogeny kromé 17a-
estradiolu. Koncentrace (ng/l) nalezenych estrogenti byly nasledujici: estron
20,5 (RSD 8,4%), 17p-estradiol 21,4 (RSD 7,2%), 17a-ethinylestradiol 100,7
(RSD 4,4%) a estriol 188,6 (RSD 6,8%).

Ziskané limity detekce nové€ vyvinutou cLC-MS/MS metodou, pohybujici
se vrozmezi jednotek az desitek ng/l, jsou srovnatelné s limity detekce
dosazenymi  klasickou HPLC-MS/MS metodou. Obsah nalezenych
estrogennich polutantli v této praci je srovnatelny s obsahem estrogennich
polutantd nalezenych v fénich vodach v Japonsku a Spandlsku a v

povrchovych vodach Baltského mote [21-23].

3.2 Porovnani vlastnosti silikagelové stacionarni fize a

cyklofruktanovych stacionarnich fazi v HILIC

Klasické silikagelové stacionarni faze (SP) patii mezi béZné pouZivané
stacionarni faze v HILIC. Modifikace téchto silikagelovych stacionarnich fazi
navazénim fady riznych ligandi mutze zasadné zménit jejich separacni
schopnosti. V této ¢asti prace byly porovnany separaéni vlastnosti tii
stacionarnich ~ fazi, silikagelové, silikagelové s vdzanym  nativnim
cyklofruktanem (kolona Frulic-N CF6) a silikagelové s vazanym isopropyl
cyklofruktanem (kolona Larihc CF6-P), z hlediska separace vybranych peptidi
a molekularnich interakei podilejicich se na retenci a separaci.

Byla optimalizovana separace smési péti nonapeptidi a ¢tyf pentapeptidd.
Na obrazku 1 jsou uvedeny chromatogramy separace nonapeptidi za
optimalizovaného slozeni mobilni faze: ACN/20 mM octan amonny, pH 4,00,
80/20 (v/v). Nejrychlejsi separace bylo dosazeno na kolon& Larihc CF6-P. Na

cyklofruktanovych stacionarnich fazich vykazovaly nonapeptidy symetrické
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piky a doslo kjejich vzajemnému rozliSeni aZz na zakladni linii. V pfipadé
pouziti silikagelové stacionarni faze se doba analyzy blizila ke 100 minutam a
vsechny piky siln¢ chvostovaly. Chromatogramy separace pentapeptidi jsou
uvedeny na obrazku 2. Na koloné Larihc CF6-P doslo k rozdéleni vsech
pentapeptidd na zékladni linii béhem 25 minut pii sloZzeni mobilni faze
ACN/20 mM octan amonny, pH= 4,00, 88/12 (v/v) a na kolon¢ Frulic-N CF6
béhem 13 minut pfi sloZzeni mobilni faze ACN/20 mM octan amonny, pH=
4,00, 83/17 (v/v). Silikagelova staciondrni faze neposkytovala pii zadném
testovaném sloZeni mobilni faze dostate¢né rozliSeni pro leucin enkefalin a
[Met*]enkefalin a soucasné viechny piky vykazovaly chvostovani. P¥i zmé&ng
poméru organické a vodné slozky mobilni faze ve prospéch acetonitrilu doslo
k prodlouzeni retence vSech sledovanych pentapeptidii, ale vliv na rozliSeni

mezi leucin enkefalinem a [Met®]enkefalinem byl nepatrny.

Larihc CF6-P

1 5 Frulic-N CF6
3 45

1
silikagelova SP

3 4 5

2

0 20 40 60 80 100 120
t (min)

Obrazek 1 Chromatogram separace smési nonapeptidii na tfech testovanych
chromatografickych kolonach. Slozeni mobilni faze: acetonitril/20 mM octan
amonny, pH = 4,00, 80/20 (v/v); pritok 1 ml/min; teplota kolony 25 °C; UV
detekce pii 220 nm; eludni poradi analyti:1, oxytocin 2, [deamino-Cys', D-
Arg¥Jvasopresin 3, [Arg®]vasopresin 4, [Arg¥]vasotocin 5, [Lys®]vasopresin.
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1 Larihc CF6-P
e

! ) 4 4 FulicNCFs
J\d ~  88/12 (viIv)
1 2 34 Silikagelova SP
88/12 (vIv)

34
12 Frulic-N CF6
83/17 (viv)

0 5 10 15 20 25 30 35 40 45
t (min)

Obrazek 2 Chromatogram separace smési pentapeptidi na tfech testovanych
chromatografickych kolonach. Slozeni mobilni faze: acetonitril/20 mM octan
amonny, pH = 4,00 pomér organické a vodné faze uveden pod nazvem kolony v
chromatogramu; pratok 1 ml/min; teplota kolony 25 °C; UV detekce pii 220 nm;
eludni poradi analytd: 1, leucin enkefalin amid 2, [D-Ala®]-leucin enkefalin 3,
leucin enkefalin 4, [Met®]enkefalin.

Na zaklad¢ studia interakéniho mechanismu peptidl bylo zjisténo, Ze se na
reten¢nim mechanismu podili jak rozd€lovani, tak adsorpce. Pomoci
Waltersova testu byla ur¢ena hydrofobicita a silanolova aktivita testovanych
stacionarnich fazi. Silanolova aktivita byla pro studované SP srovnatelna.
Hydrofobicita byla podle ocekavani nizka. Silikagelova SP vykazovala
nejvyssi hodnotu hydrofobicity. Nejniz§i hodnota byla ziskana pro
nederivatizovany cyklofruktan (Frulic-N CF6), vzhledem k velkému mnozstvi
ptitomnych polarnich hydroxylovych skupin.

Molekularni interakce uplatitujici se v danych separacnich systémech byly
porovnany metodou linedrnich vztaht volnych energii (LFER). Z vysledkt
vyplyva, ze v piipad¢ silikagelové stacionarni faze se pfi retenci a separaci
uplatiiuji pouze interakce pomoci vodikové vazby. Interakce na
cyklofruktanovych stacionarnich fazich byly z kvalitativniho hlediska shodné.

Na retenénim mechanismu se podilely vodikové interakce, interakce dip6l-
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dipol a dipol-indukovany dip6l a disperzni interakce, které byly
upfednostiiovany v mobilni fazi.

Navzdory faktu, ze silikagelové stacionarni faze jsou Siroce pouzivany
v HILIC, bylo prokazano, Ze derivatizaci hydroxylovych skupin silikagelové
stacionarni faze polarnimi cyklofruktany mize byt zvySena jeji separaéni

ucinnost a selektivita pro analyzu polarnich latek v HILIC modu.

3.3 Porovnani vlastnosti dvou amidovych stacionarnich fazi

v HILIC

Riazné stacionarni faze vykazuji rozdilné separacni vlastnosti a selektivitu. I
stacionarni faze obsahujici stejny typ ligandu mohou, vzhledem k riznym
technologiim piipravy, poskytovat rizné retencni a separacni vlastnosti. V této
¢asti prace byly charakterizovany a porovnany dvé amidové stacionarni faze
od riznych vyrobet, a to kolona XBridge™ Amide (Waters, Milford, USA) a
kolona TSK gel Amide-80 (Tosoh, Tokyo, Japonsko). Ke komplexni
charakterizaci studovanych separa¢nich systémi byla pouzita fada testd.
K porovnani separacnich vlastnosti byly vybrany modelové latky zastupujici
biologicky zajimavé malé molekuly, tj. vybrané pentapeptidy a nukleobaze.
Pro porovnani a charakterizaci obou kolon byla dale pouzita metoda LFER,
testy selektivity pro rizné funkéni skupiny, test bazickych latek a vliv teploty
na separaci.

Chromatogramy separace pentapeptidd jsou uvedeny na obrazku 3. Za
stejného slozeni mobilni faze ACN/20 mM octan amonny, pH= 4,00, 85/15
(v/v) bylo dosaZeno lepsi separace pentapeptidi na kolong XBridge™ Amide,
coz je zplsobeno jeji vyssi separatni ucinnosti (kolona XBridge™ Amide
obsahuje ¢astice o velikosti 3,5 um a kolona TSK gel Amide-80 5 pm ¢astice).
Rozli§eni vSech studovanych pentapeptidii na koloné TSK gel Amide-80 bylo
dosazeno pii sloZzeni mobilni faze acetonitril/20 mM octan amonny, pH= 4,00,

88/12 (v/v). Doba analyzy nepfesahla 25 min.
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Obrazek 3 Chromatogramy separace smési pentapeptidi na koloné XBridge
Amide™ a TSK gel Amide-80. SloZeni mobilni fize: acetonitril/20 mM octan
amonny, pH = 4,00 pomér organické a vodné faze uveden pod nazvem kolony;
prutok 1 ml/min; teplota kolony 25 °C; UV detekce pti 220 nm; eluéni poradi
analytd: 1, leucin enkefalin amid 2, [D-Ala;]-leucin enkefalin 3, leucin enkefalin 4,
[Met®]enkefalin.

Druhou skupinou latek separovanych na amidovych kolonach byly
nukleobdze. Optimalni slozeni mobilni faze pro separaci nukleobdzi bylo
shodné pro obé¢ testované kolony: acetonitril/20 mM octan amonny, pH= 4,00,
85/15 (v/v). Pfi tomto sloZeni mobilni faze doslo k separaci vSech testovanych
nukleobdzi az na zakladni linii na obou stacionarnich fazich. Kolona
XBridge™ Amide viak op&t poskytovala vyssi uginnost vzhledem k mensi
velikosti ¢astic. Chromatogramy separace nukleobazi jsou uvedeny na obrazku
4.
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XBridge Amide

t (min)

Obrazek 4 Chromatogramy separace smési nukleobazi na kolonach XBridgeTM
Amide a TSK gel Amide-80. Slozeni mobilni faze: acetonitril/20 mM octan
amonny, pH = 4,00, 85/15 (v/v); prutok 1 ml/min; teplota kolony 25 °C; UV
detekce pii 220 nm; eluéni pofadi analytt: 1, thymin 2, uracil 3, adeni 4, cytosin 5,
guanin.

Na zdkladé studia retenéniho chovani peptidii a nukleobazi bylo zjisténo, Ze
se na retencnim mechanismu podili jak rozdé€lovani, tak adsorpce.

Na zakladé testu selektivity a LFER metody bylo zjisténo, ze kolona TSK
gel Amide-80 ma vétsi schopnost interagovat pomoci vodikovych vazeb.
Kolona TSK gel Amide-80 poskytovala vyssi retenci pro bazické latky, coz
ukazuje na veétsi uplatnéni iontové-vyménnych interakci. Sledovani vlivu
teploty na retenci vybranych analytd pomoci van’t Hoffovych zavislosti

neprokazalo zasadni rozdil mezi testovanymi kolonami v HILIC modu.
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3.4 Analyza pterind v Graphosoma lineatum a Graphosoma
semipunctatum pomoci HILIC-MS/MS

Tato ¢ast prace byla zaméfena na vyvoj nové separacni metody vyuzivajici
hydrofilni interakéni kapalinovou chromatografii s tandemovou hmotnostni
spektrometrii k analyze pterinti, jmenovit¢ biopterinu, isoxanthopterinu,
xanthopterinu, leukopterinu, neopterinu a erythropterinu v riiznych forméach
plostic Graphosoma lineatum a Graphosoma semipunctatum.

Byly testovany HILIC chromatografické kolony Atlantis HILIC Silica
(Waters, Milford, USA) a ZIC-HILIC (Merck, Darmstadt, Némecko). Byl
studovan vliv obsahu organické slozky v mobilni fazi, typ pufru, iontova sila a
pH mobilni faze na retencni a separacni chovani pterini. Na kolon¢ ZIC-
HILIC bylo dosazeno vyssi retence pterini. Tato kolona poskytovala vyssi
selektivitu a uc¢innost separace pterind oproti koloné¢ Atlantis HILIC Silica. Na
zaklad¢ optimalizace separace studovanych pterinti s ohledem na tandemovou
hmotnostni detekci byl zvolen separaéni systém skladajici se z kolony ZIC-
HILIC a mobilni faze acetonitril/5 mM octan amonny, pH = 6,80, 85/15 (v/v).

Kvantifikace pterind v extraktech kutikul plostic Graphosoma lineatum a
Graphosoma semipunctatum byla provadéna na zakladé kalibra¢ni piimky.
Metoda byla validovana z hlediska linearity, limiti detekce a kvantifikace,
spravnosti, presnosti, selektivity, pfenosu vzorku a matri¢nich efektd. Piesnost
méteni dané metody se pohybovala od 0,8 % do 8,1 % a spravnost méfeni se
pohybovala od 1,9 % do 9,6 %.

Nové vyvinutd a validovand metoda HILIC-MS/MS byla pouzita ke
stanoveni vybranych pterini ve C&tyfech formach Graphosoma lineatum
(larvalni, svétla, zluta a Cervena) a jedné formé Graphosoma semipunctatum
(oranzova). Kextrakei pterind z kutikul byl pouzit dimethyl sulfoxid.
Vysledky analyzy obsahu pterini v jednotlivych formach Graphosoma
lineatum a Graphosoma semipunctatum jsou uvedeny na obrazku 5.
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Obrazek 5 Mnozstvi pterintl, vyjadiené jako mnozstvi analytu v pg na 1 mg
kutikuly, v raznych formach Graphosoma lineatum (GL.) and Graphosoma

semipunctatum (GS.)

Z obrazku 5 je vidét, ze xanthopterin nebyl nalezen v zadné analyzované
form&. Neopterin se vyskytoval pouze u zluté formy. Isoxanthopterin se
vyskytoval ve vSech studovanych formach Graphosoma lineatum a
Graphosoma semipunctatum. Larvalni forma Graphosoma lineatum

obsahovala pouze isoxanthopterin a malé mnozstvi biopterinu.
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5 ZAVER

Predkladana dizertacni prace je tvofena komentovanym souborem Ctyf
publikaci, které vySly v mezinarodnich impaktovanych Casopisech a které
reflektuji dalezité trendy v moderni vysokoucinné kapalinové chromatografii.

Prvni cast dizertacni prace se zabyva moznosti spojeni miniaturizované
kapalinové  chromatografie s tandemovou hmotnostni detekci pro
environmentalni analyzu. Druha, rozsahlejsi ¢ast dizertacni prace, je zaméfena
na hydrofilni interakéni kapalinovou chromatografii. Pro charakterizaci a
porovnani nékolika rozdilnych stacionarnich fazi v HILIC byl zvolen
komplexni ptistup, zalozeny na jejich testovani odlisnymi chromatografickymi
zpusoby. HILIC byla vyuzita i pro vyvoj HPLC-MS/MS metody urcené ke

stanoveni vybranych pterint v kutikule plostic.

Ziskané vysledky mohou byt shrnuty do nasledujicich boda:

e Byla vyvinuta nova, miniaturizovana, vysokoudinnd separatni metoda,
vyuzivajici cLC-MS/MS s extrakci tuhou fazi, ke stanoveni vybranych
estrogennich polutanti ve vodach. Tato metoda byla Gspé$né pouzita
k analyze realnych vzorkd vody z riznych lokalit Ceské republiky.

e Byly porovnany tfi HILIC stacionarni faze, silikagelova, silikagelova
S vazanym nativnim cyklofruktanem a silikagelova s vazanym isopropyl
dosazeno na koloné s nemodifikovanou silikagelovou stacionarni fazi. Vyssi
separacni U¢innost a selektivitu poskytovaly cyklofruktanové stacionarni
faze. Z LFER vysledkt vyplyva, ze v ptipad¢ silikagelové stacionarni faze
se pii retenci a separaci uplatiuji pouze interakce pomoci vodikové vazby.
Na retenénim mechanismu cyklofrutkanovych stacionarnich fazi se podilely
vodikové interakce, dipolarita/polarizibilita a disperzni interakce. Bylo
prokazano, ze derivatizaci hydroxylovych skupin silikagelové stacionarni
faze polarnimi cyklofruktany mtize byt zvySena jeji separacni ucinnost a
selektivita pro analyzu polarnich latek v HILIC modu.

e Byly porovnany dvé amidové HILIC kolony: kolona XBridgeT'vI Amide a

kolona TSK gel Amide-80. Vyssi separa¢ni G¢innosti bylo dosazeno na
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koloné XBridgeTM Amide, coz je zpusobeno piedeviim mensi velikosti
gastic sorbentu. Bylo zji§téno, Ze na kolon& TSK gel Amide-80 se vice
uplatiiuji iontové-vyménné interakce a ze ma vétsi schopnost interagovat
pomoci vodikovych vazeb. I kdyz jsou si obé amidové separacni kolony
velmi podobné, provedené testy prokazaly jejich urcitou rozdilnost vedouci

k pon¢kud odli$né retenci a separaci testovanych analyta.

Byla vyvinuta nova metoda vyuzivajici hydrofilni interakéni kapalinovou
chromatografii s tandemovou hmotnostni spektrometrii k analyze vybranych
pterini v kutikule plostic (Heteroptera). Tato metoda byla validovana a
aplikovana ke stanoveni vybranych pterint ve ¢tyfech formach Graphosoma

lineatum a jedné formé& Graphosoma semipunctatum.
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ABSTRACT

The dissertation thesis is focused on major trends in high performance
liquid chromatography such as miniaturization of separation systems in
hyphenation with high-sensitivity detection or characterization of new types of
stationary phases for the separation of polar compounds in systems suitable for
mass detection. Application of recently developed stationary phases in
hydrophilic interaction liquid chromatography (HILIC) is also considered.

Capillary liquid chromatography with tandem mass spectrometry (cLC-
MS/MS) was developed and used for determination of five estrogenic
pollutants in aqueous samples. Several new sorption materials for solid phase
extraction (SPE) were compared to obtain sufficient recovery of all the tested
analytes. Discovery DSC-18Lt column provided the highest recovery (95 —
100 %). The optimized cLC-MS/MS with SPE was used for determination of
estrogens in water samples in the order of units to tens of ng/L.

HILIC separation systems with silica gel, cyclofructan and isopropyl
cyclofructan modified silica stationary phases were compared. Ability to
donate protons and dispersion interactions are the main interactions that affect
retention in HILIC with cyclofructan-based columns while they are less
important in separation systems with bare silica stationary phase. Improved
separation performance and selectivity of cyclofructan-based stationary
phases, as compared with unmodified silica gel, for separation of peptides was
demonstrated in HILIC.

Two amide-based HPLC columns XBridge™ Amide column and TSK gel
Amide-80 column were characterized in detail and compared in HILIC mode.
HPLC separation systems with amide-based columns were characterized by
simple chromatographic tests, linear free energy relationship model (LFER)
and newly designed approaches. The amide-based columns showed certain
differences in retention, selectivity and efficiency.

A new separation method involving HILIC with tandem mass
spectrometric detection was developed for the analysis of polar pterines in the
integuments of heteropteran insect species. The optimized conditions for the
separation of pterines consisted of ZIC-HILIC column and mobile phase
composed of acetonitrile/5 mM ammonium acetate, pH 6.80, 85/15 (v/v), flow
rate 0.6 mL/min and column temperature 30 °C. The method was applied to
the analysis of pterines in the integuments of Graphosoma lineatum and
Graphosoma semipunctatum.
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1 INTRODUCTION

High performance liquid chromatography (HPLC) is one of the most
widely used separation techniques. The main advantages of HPLC are high
reliability, good repeatability and robustness. Over the last years, substantial
developments of HPLC have been made, mainly in terms of its
instrumentation.

HPLC with mass spectrometric (MS) detection belongs to the most
important trends applicable in practice. HPLC with MS is not a novel
technique but an enhancement of spray ionization techniques has allowed the
introduction of HPLC/MS techniques into routine laboratories [1]. The
combination of HPLC with MS has a unique position in the analysis of
complex samples, such as biological and environmental materials [1]. At the
present time, the emphasis is put on the development of highly sensitive and
selective methods that would be able to determine environmental pollutants at
concentration levels, in which these substances are actually present [2]. One of
the many polluting substances are estrogenic substances. These compounds,
called endocrine disruptors (ED), may imitate the activities of endogenous
hormones or may interfere with them. Changes in the sex and in the
reproduction functions for amphibians, crustoceans and fishes caused by the
presence of estrogens in the environment have been proved [4]. It is suspected
that the estrogenic substances may be involved in breast, ovarian, prostate
cancer and reduction of moving sperm count and its quality [7]. The presence
of the selected estrogens, namely estriol, estrone, 17a-estradiol, 17c-
ethynylestradiol, 173-estradiol, in natural water was studied in this work.

The contemporary trends in analytical chemistry lead to efforts concerning
the introduction of approaches that are friendly to the environment (the green
chemistry), involving limited use of organic solvents. The classical HPLC uses
mobile phase flow rate of about 0.3 to 1.5 mL/min. Therefore capillary liquid
chromatography (cLC) has gained a considerable interest due to the flow rates
of microliters per minute. There are several advantages of cLC, which include
not only reduction of organic waste but also increase of separation efficiency,
lower sample consumption, which is important mainly for biological samples,
and easy connection with MS detectors [9, 10].
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The HPLC is usually used in the reversed phase chromatographic mode,
where the stationary phase is less polar than the mobile phase. The reversed
phase chromatography is not suitable for polar analytes such as metabolites
(different amino acid derivatives, carbohydrates, peptides, etc.) and other
biologically active substances. These analytes usually exhibit very low
retention and separation system has very poor selectivity towards them.
Hydrophilic interaction liquid chromatography (HILIC) offers very good
possibilities for separation of these polar compounds [11]. Under the HILIC
conditions, stationary phase is of polar character and mobile phase contains
high percentage of an organic solvent particularly acetonitrile [12]. The basic
types of HILIC stationary phases consist of classical bare silica or silica gel
modified with various polar functional groups (e.g. amide-, diol, amino- or
sulfoalkylbetaine-) [13]. Various stationary phases are commercially available,
however, development of new sorbents suitable for HILIC systems still
continues. Potential candidates for wider use in HILIC are cyclofructan-based
stationary phases [14]. Cyclofructans as chiral selectors in HPLC were
introduced by Armstrong in 2009 [15]. Since then, cyclofructans have been
used in many chiral separations [16, 17]. Qui et al. firstly employed native
cyclofructan as a new HILIC stationary phase in 2011 [18]. The
characterization of separation systems in terms of interaction mechanism may
be useful for the development of chromatographic methods and also in the
development of new stationary phases.

In this work determination of polar pterines in Graphosoma lineatum and
Graphosoma semipunctatum by hydrophilic interaction liquid chromatography
with mass spectrometric detection is an example of the use of new trends in
liquid chromatography. Pterines are one of the families of pigmentary colors
of insect cuticle. They have various colors (structure based), ranging from
white (leucopterin), or yellow (xanthopterin) over red (erythropterin) to
fluorescent blue under ultraviolet light (biopterin) [19]. The coloration of
cuticle of the Graphosoma species changes during the evolution of the
specimen, sometimes also according to the season and sometimes also varies
geographically. The shade of the coloration is probably the result of the
presence of certain pterin derivatives and their mutual ratios [20]. Due to poor
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selectivity for the separation of polar pterines by reversed phase HPLC and
complexity of the studied samples, HILIC-MS/MS is an ideal method for the
analysis of pterines.



2 AIMS OF THE WORK

This work is aimed to study and application of modern trends in liquid
chromatography. It can be divided into two parts.

The goal of the first part was the development of a solid-phase extraction
combined with capillary liquid chromatography tandem mass spectrometry for
analysis of estrogens in environmental water samples.

The second part was focused on hydrophilic interaction liquid
chromatography. The particular objectives of this part were as follows:

Characterization and comparison of three stationary phases in hydrophilic
interaction liquid chromatography — silica gel, native cyclofructan
chemically bonded to silica gel and isopropyl carbamate cyclofructan
chemically bonded to silica gel.

Characterization and comparison of the separation systems composed of
two amide-based HPLC columns from two producers in hydrophilic
interaction liquid chromatography. Multiple testing approaches were used
in order to reveal subtle differences between the amide based columns.
Development of an analytical method using hydrophilic interaction liquid
chromatography with tandem mass spectrometry for identification and
quantification of selected pterines in integuments of Graphosoma
lineatum a Graphosoma semipunctatum.



3 RESULTS AND DISCUSSION
3.1 Development of capillary liquid chromatography with tandem

mass spectrometric detection for analysis of estrogens in water

All measurements were performed using Series 1200 Capillary Liquid
Chromatograph with a Triple Quad LC/MS 6460 tandem mass spectrometer
(Agilent Technologies, Waldbroon, Germany). Mass spetrometer was set to
multiple reaction monitoring mode (MRM). Electrospray ionisation operated
in positive mode because the signals attained for the test analytes in this mode
were higher than for negative one. The Zorbax SB C18 capillary column (150
mm X 0.5 mm, 5 um; Agilent Technologies, Waldbroon, Germany) was
selected for study of retention and separation of estrogens. A binary mixture of
acetonitrile and water, containing 0.1% formic acid in both components, was
used as the mobile phase. The system was optimized under the conditions of
isocratic and gradient elutions. Under gradient elution the optimum
composition of the mobile phase was tuned according to attain a sufficient
retention of the most polar analyte - estriol, an acceptable resolution of all the
estrogens, sufficient detection sensitivity and insignificant matrix effect.

The solid phase extraction was optimized considering the SPE sorbent
type, the sample volume, the sample flow rate, the elution solvent and its flow
rate. New C18-based sorption materials bound to the silica support by
monomeric and polymeric mechanisms were compared and tested with respect
to optimization of preconcentration yield. Application of an endcapped,
monomer-bound preconcentration Discovery DSC-18Lt column under the
optimized conditions provided yields in the range from 95 to 100% with a high
repeatability (n = 3, RSD <7.2%).

Under the optimized preconcentration and seperation conditions, the
calibration curves were measured for all the five estrogens in spiked river
water (Uhlava, Klatovy) which did not contain any estrogens. The detection
limits were in the range from 5 to 7 ng/L and the quantification limits in the
range from 10 to 25 ng/L.

The optimized procedures for the determination of estrogens were applied
to six real aqueous samples collected between September and December, 2009
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at various sites, namely, Vltava river (about 900 m beyond the Prague
wastewater treatment plant), the Botic stream (Prague), Uhlava river (Klatovy,
Pilsen), wastewater entering and leaving the Imperial Island Prague
wastewater treatment plant. Only two samples yielded positive results for the
presence of estrogens. Vltava river sample (Prague) contained 13.2 ng/L (RSD
5.5%) of 17p-estradiol. The wastewater inlet into the wastewater treatment
plant contained all the studied estrogens, except 17a-estradiol. The
concentrations (ng/L) were 20.5 for estrone (RSD 8.4%), 21.4 for 17(-
estradiol (RSD 7.2%), 100.7 for 17a-ethynylestradiol (RSD 4.4%) and 188.6
for estriol (RSD 6.8%).

The results obtained correspond to those published for classical HPLC-
MS/MS analysis. The detection limits for HPLC-MS/MS analysis range from
units to tens of ng/L of free estrogens and this fully agrees with LOD values
obtained in this study. The estrogen contents in river and wastewater found in
our study are also comparable with the results published for Japanese and
Spanish river and surface water of the Baltic Sea [21-23].

3.2 Comparison of properties of silica gel stationary phase and
cyclofructan-based stationary phases in HILIC

Silica gel stationary phases (SPs) are widely used in HILIC. The
modification of bare silica gel can improve the separation ability. HILIC
separation systems with bare silica gel, native cyclofructan (Frulic-N CF6
column) and isopropyl cyclofructan (Larihc CF6-P column) modified silica
stationary phases were investigated and compared in terms of separation
performance of peptides and interaction abilities that determine retention
mechanism.

The separations of two sets of analytes, five nonapeptides and four
pentapeptides, were optimized. Figure 1 shows separation of nonapeptides
under optimized mobile phase composition: ACN/20 mM ammonium acetate
buffer, pH 4.00, 80/20 (v/v). The shortest time of analysis was obtained on
Larihc CF6-P column. Cyclofructan-based stationary phases provided good
peak symmetry and separation performance. The longest analysis time (100
min) was obtained for bare silica gel stationary phase and was accompanied by
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peak tailing. Chromatograms of separation of the set of pentapeptides are
shown in Figure 2. The set of pentapeptides was baseline resolved within 25
min using Larihc CF6-P column and mobile phase composed of ACN/20 mM
ammonium acetate buffer, pH 4.00, 88/12 (v/v) and within 13 min using
Frulic-N CF6 column under mobile phase composed of ACN/20 mM
ammonium acetate buffer, pH 4.00, 83/17 (v/v). The bare silica column was
not suitable for separation of pentapeptides because Leucine enkephalin and
[Met®]Enkephalin were not separated at any mobile phase composition and
other analytes exhibited peak tailing. The change of ACN/buffer ratio in the
mobile phase only affected the retention but had negligible impact on
resolution of the critical pair of pentapeptides.

Larihc CF6-P

1 5 Frulic-N CF6
3 45
1 "
2 bare silica
3 45
0 20 40 60 80 100 120

t (min)

Figure 1 Chromatograms of separation of five nonapeptides on the three tested
columns. Mobile phase composition: ACN/20 mM ammonium acetate buffer, pH
4.00, 80/20 (v/v); flow rate 1 mL/min; column temperature 25 °C; UV detection
220 nm. Elution order: 1, Oxytocin 2, [deamino-Cys®, D-Arg®]Vasopressin 3,
[Arg®]Vasopressin 4, [Arg®]Vasotocin 5, [Lys®]Vasopresin.
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1 ) 4 4 Frulic-NCF6
IJL A 88/12 (viv)

1 2 bare silica

88/12 (VIv)
34
12 Frulic-N CF6
83/17 (viv)

0 5 100 15 20 25 30 35 40 45
t (min)

Figure 2 Chromatograms of separation of four pentapeptides on the three tested
columns. Mobile phase composition: ACN/20 mM ammonium acetate buffer, pH
4.00, ratio of organic to buffer phase is written under column name; flow rate 1
mL/min; column temperature 25 °C; UV detection 220 nm. Elution order: 1,
Leucine enkephalinamide 2, [D-Ala?]-Leucine enkephalin 3, Leucine enkephalin 4,
[Met®]Enkephalin.

The detailed study of interaction mechanism of peptides revealed that
partitioning and adsorption participate in the retention and separation
mechanism with these stationary phases. The Walters test was used for
determination of hydrophobicity and silanol activity of the SPs. Silanol index
values were similar for all these SPs. Hydrophobicity resulting from the
Walters test was low, as could be expected. The bare silica column exhibited
the highest hydrophobicity. The lowest hydrophobicity offered the
underivatized CF-based SP (Frulic-N CF6 column) because it contains many
additional polar groups.

The interactions participating in the retention and separation mechanism
were identified and quantified using linear free energy relationship method
(LFER). From the qualitative point of view interaction abilities of both CF-
based SPs are similar whereas the bare silica SP shows only one interaction
type. The adsorption mechanism is controlled only by hydrogen bond acidity
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there. LFER results denoted that the main role in the adsorption mechanism on
the CF-based SPs play hydrogen bond acidity and dipolarity/polarizibility,
while dispersion interactions are preferred in the mobile phase.

Despite the fact that bare silica gel is often used as stationary phase in
HILIC our study shows that modification of the silica gel with polar
cyclofructan groups can substantially improve its separation performance for
polar compounds in HILIC.

3.3 Comparison of properties of amide-based stationary phases in
HILIC

Different stationary phases wusually display different retention
characteristics and separation selectivity. Even sorbents based on the same
type of ligand can display unequal interaction possibilities (e.g. due to
different chemical binding or base sorbent support), and thus different
chromatographic properties. This work was focused on characterization and
comparison of the separation systems of two amide-based HPLC columns
from two producers, i.e. XBridge™ Amide column (Waters, Milford, USA)
and TSK gel Amide-80 column (Tosoh, Tokyo, Japan). A systematic approach
for characterization of the separation systems was used. Sets of peptides,
nucleobases, and small molecules were selected as model compounds with the
intent to probe the chromatographic interactions of the chosen SPs and
demonstrate their applicability for separation of biologically important
compounds. LFER model, general tests for characterization of the stationary
phases e.g. Walters test, selectivity for different groups, basic compounds
testing approach, and study of the effect of separation temperature were also
employed.

The separation of four pentapeptides on both columns is shown in Figure
3. Better separation was obtained on XBridge™ Amide column compared to
TSK gel Amide-80 column at the same mobile phase composition: ACN/20
mM ammonium acetate buffer, pH 4.00, 85/15 (v/v). This is in part due to higher
chromatographic efficiency of the former column (particle size 3.5 um for
XBridge™ Amide column and 5 pm for TSK gel Amide-80 column). The

baseline resolution of peptides on TSK gel Amide-80 column can be achieved
-14 -



by increasing the ACN percentage in the mobile phase to 88%; however, the
analysis time increases to 25 minutes.

1 XBridge™ Amide

34 85/15 (v/v)

4 TSK gel Amide-80

1, 3

1 4 TSK gel Amide-80

o 4 8 12 16 20 24 28
t (min)

Figure 3 Chromatograms of separation of four pentapeptides on two amide-based
columns. Mobile phase composition: ACN/20 mM ammonium acetate buffer, pH
4.00, ratio of organic to buffer phase is written under column name; flow rate 1
mL/min; column temperature 25 °C; UV detection 220 nm. Elution order: 1,
Leucine enkephalinamide 2, [D-Ala®]-Leucine enkephalin 3, Leucine enkephalin 4,
[Met®]Enkephalin.

The chromatographic behavior of nucleobases was also evaluated. The
optimal composition of the mobile phase was the same for both columns:
ACN/20 mM ammonium acetate buffer, pH 4.00, 85/15 (v/v). All five
nucleobases were baseline resolved on both columns. Higher efficiency was
observed with XBridge™ Amide column. The difference in separation
efficiency should also be attributed to the different particle size.
Chromatograms of separation of nucleobases are shown in Figure 4.
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XBridge™ Amide

t (min)

Figure 4 Chromatograms of separation of five nucleobases on two amide-based
columns. Mobile phase composition: ACN/20 mM ammonium acetate buffer, pH
4.00, 85/15 (v/v); flow rate 1 mL/min; column temperature 25 °C; UV detection
220 nm. Elution order: 1, Thymine 2, Uracil 3, Adenine 4, Cytosine 5, Guanine.

Chromatographic behavior of selected analytes (peptides and nucleobases)
indicated that multimodal mechanism (partitioning and adsorption) was
responsible for retention and separation on these columns.

Group selectivity testing and LFER method indicated stronger degree of
hydrogen bonding interactions, namely H-bond acidity and basicity, on TSK
gel Amide-80 column. Higher absolute and relative retention of basic
compounds indicated a moderately higher cation-exchange activity on TSK
gel Amide-80 column. Van't Hoff plots showed that the effect of temperature
in the studied range was not essential for the amide-based columns in HILIC
mode.
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3.4 Analysis of pterines in Graphosoma lineatum and Graphosoma
semipunctatum by HILIC-MS/MS

This work was focused on development of a new separation method
involving hydrophilic interaction chromatography with tandem mass
spectrometric detection for the analysis of pterines, namely biopterin,
isoxanthopterin, leucopterin, neopterin, xanthopterin and erythropterin in the
cuticle of Graphosoma lineatum and Graphosoma semipunctatum.

Two columns, Atlantis HILIC Silica (Waters, Milford, USA) and ZIC-
HILIC (Merck, Darmstadt, Germany) were tested for the separation of these
pterines. The effect of organic modifier content, buffer type, concentration and
pH in mobile phase on retention and separation behavior of the selected
pterines was studied. The ZIC-HILIC column provided stronger retention of
pterines and higher selectivity and efficiency of separation than Atlantis
HILIC Silica. Based on the optimization of separation of pterines and with
respect to mass spectrometry detection, the optimal separation system was
found to be the ZIC-HILIC column and mobile phase ACN/5 mM ammonium
acetate, pH 6.80, 85/15 (v/v), flow rate 0.5 mL/min and column temperature 30
°C.

The calibration curve method was used for determining pterines in
Graphosoma lineatum and Graphosoma semipunctatum. The method was
validated for linearity, limits of detection and quantitation, accuracy, precision,
selectivity, carry-over effect and matrix effects. Precisions of the method
ranged from 0.8 to 8.1%, and accuracy was within + 9.6%. The optimized LC-
MS/MS method was used for determining the selected pterines in four forms
of Graphosoma lineatum, namely larvae, pale, red, and yellow adult forms;
and orange adult form of Graphosoma semipunctatum. Dimethyl sulfoxide
was used for the extraction of pterines from the insect integuments. Obtained
results of the analysis of pterines in different forms of Graphosoma lineatum
and Graphosoma semipunctatum are summarized in Figure 5.
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Figure 5 Comparison of the amounts of pterines found in different forms of

Graphosoma lineatum (GL.) and Graphosoma semipunctatum (GS.)

It is evident that xanthopterin was not found in any of studied forms.
Neopterin was only found in the yellow form. Isoxanthopterin was the only
pterine present in all forms of Graphosoma lineatum and Graphosoma
semipunctatum. Larvae of Graphosoma lineatum contains only a small amount
of biopterin and isoxanthopterin.
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5 CONCLUSIONS

This dissertation thesis is a commented collection of four papers published
in respected journals with impact factors. These papers reflect important
modern trends in high performance liquid chromatography.

The first part of the thesis deals with the ability to connect miniaturized
liquid chromatography with tandem mass spectrometry for environmental
analysis. The second part of the thesis is focused on hydrophilic interaction
liqguid chromatography. A complex approach based on different
chromatographic tests was used for characterization and comparison of several
different stationary phases in HILIC. HILIC was also used for the
development of HPLC-MS/MS method for the determination of selected
pterins in the cuticle of bugs.

The results can be summarized in the following points:

e A new, miniaturized separation procedure employing cLC-MS/MS with
solid phase extraction was developed for the determination of selected
estrogen pollutants in water. This method was successfully applied to the
analysis of real natural water samples from different locations in the Czech
Republic.

e HILIC separation systems with silica gel, cyclofructan and isopropyl
cyclofructan modified silica stationary phases were characterized and
compared. The bare silica column showed the lowest selectivity for the
tested peptides. Modification of silica gel with cyclofructans resulted in
improved selectivities. The LFER results showed that the adsorption
mechanism is controlled only by hydrogen bond acidity for bare silica SP
while the main role on the CF-based SPs play hydrogen bond acidity and
dipolarity/polarizibility with dispersion interactions preferred in the mobile
phase. Modification of silica gel with cyclofructans and their derivatives
indicates that CFs can serve as promising modulators for preparation of
HILIC SPs of desired properties, interaction abilities and selectivites for
separation of biologically active compounds.

e Two amide-based HPLC columns XBridgeTNI Amide column and TSK gel

Amide-80 column were characterized and compared in HILIC mode. Higher
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separation efficiency was achieved for XBridgeTNI Amide column mainly

due to smaller particle size. TSK gel Amide-80 column had a greater ability
to interact through hydrogen bonding interactions and provided a more

significant cationt-exchange type of interaction compared to the XBridgeT'\/I

Amide column. While amide-based SPs are very similar, based on the tests
used in this study differences in retention, selectivity and plate counts were
proved.

A new separation method involving hydrophilic interaction chromatography
with tandem mass spectrometric detection has been developed for the
analysis of pterines in the cuticle of heteropteran insect species. This
method was validated and applied for determination of selected pterines in
four forms of Graphosoma lineatum and one form of Graphosoma
semipunctatum.
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