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ABSTRAKT (C2)

Dizertacni prace se zabyva vyznamnymi trendy ve vysokoucinné kapalinové
chromatografii. Jednim z téchto trendl je miniaturizace separacnich systému ve spojeni
s vysokou citlivosti detekce nebo charakterizace a aplikace novych typd 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 polutantii ve vzorcich vod byla vyvinuta
miniaturizovana metoda, tedy metoda kapilarni kapalinové chromatografie s tandemovou
hmotnostni spektrometrii (cLC-MS/MS). Bylo testovano né¢kolik novych sorpcnich
materiald 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 umoziiuje stanoveni jednotlivych estrogenti ve vzorcich vody
Vv jednotkach az desitkach ng/l.

V HILIC moédu byly charakterizovany a porovnany tii staciondrni faze -
silikagelova, cyklofruktanova a isopropyl cyklofruktanova. Bylo zjisténo, Ze na
cyklofruktanovych stacionarnich fazich se uplatituje 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 separaci pentapeptidii a nonapeptidu.

Byly porovnany dv& amidové kolony XBridge™ Amide a TSK gel Amide-80
vV HILIC modu. Pro rozpoznani jednotlivych interakci byly vyuzity jak jednoduché
chromatografické testy, tak model linearnich vztahti volnych energii i nékteré nové
pristupy charakterizace separacnich systémt. Amidové kolony vykazovaly ur¢ité rozdily
Vv retenci, selektivité i separacni u€innosti.

Nova HILIC metoda s tandemovou hmotnostni spektrometrii byla vyvinuta pro
analyzu vybranych poldrnich pterint v kutikule ploStic. Za optimalizovanych separacnich
podminek, ZIC-HILIC kolona, acetonitril/5 mM octan amonny, pH = 6,80, 85/15 (v/v),
pratok mobilni faze 0,6 ml/min a teplota kolony 30 °C, byly proméfeny extrakty kutikul
plostic druhtt Graphosoma lineatum a Graphosoma semipunctatum a byl uréen obsah

jednotlivych pterinti.



ABSTRACT (EN)

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)
method was developed for determination of five estrogenic pollutants in samples of
water. 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 tested and 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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SEZNAM POUZITYCH ZKRATEK A SYMBOLU

BEH
C18
CF

EE2
ELISA

LC-MS/MS

LFER
LIT

bridged ethylene hybrid (hybridni sorbent)

oktadecyl

cyklofruktan

kapilarni kapalinova chromatografie

¢istirna odpadnich vod

estron

estriol

endokrinni disruptory

17a-ethynylestradiol

enzymoimunoanalyza

fluorescencni detektor

plynova chromatografie

Graphosoma lineatum

Graphosoma semipunctatum

index hydrofobicity

hydrofilni interakéni kapalinova chromatografie
hydrofilni-lipofilni rovnovaha (hydrophilic-lipophilic balanced)
vysokouc¢innd kapalinova chromatografie

iontova cyklotronova rezonance

infraCervena spektroskopie

iontova past

iontova past-pruletovy analyzator

kapalinova chromatografie

kapalinova chromatografie ve spojeni s hmotnostné¢ spektrometrickym
detektorem

kapalinova chromatografie ve spojeni s tandemovym hmotnostné
spektrometrickym detektorem

model linearnich vztahl volnych energii

linedrni iontova past
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LIT-ICR linedrni iontova past-iontova cyklotronova rezonance

LOD limit detekce

LOQ limit kvantifikace

M mestranol

MIP molekularné vtistény polymer

MRM multiple reaction monitoring (zaznam vybranych pfechodi mezi

prekurzorovymi a produktovymi ionty)

MS hmotnostni spektrometrie

MS/MS tandemova hmotnostni spektrometrie
NMR nuklearni magnetickd rezonance

PCA analyza hlavnich komponent

q kolizni cela

Q kvadrupol

Q-ICR kvadrupdl-iontova cyklotronova rezonance

Q-IMS-TOF  kvadrupdl-iontova mobilita-priletovy analyzator

Q-IT kvadrupol-iontova past

QqQ trojity kvadrupdl

QSAR kvantitativni vztah mezi strukturou a u¢innosti
QSRR kvantitativni vztah mezi strukturou a retenci
Q-TOF kvadrupoél-priletovy analyzator

RIA radioimunoanalyza

RP-HPLC  reverzni méd vysokoucdinné kapalinové chromatografie

SDB styrendivinylbenzen

Sl silanolovy index

SIM selected ion monitoring (zaznam vybraného iontu)
SP stacionarni faze

SPE extrakce tuhou fazi

TLC tenkovrstva chromatografie

TOF praletovy analyzator

UHPLC ultra vysokoucinna kapalinova chromatografie
BE2 17p-estradiol
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aE2

W o > o

17a-estradiol

regresni koeficient LFER rovnice

celkova nebo efektivni acidita vodikové vazby
regresni koeficient LFER rovnice

celkova nebo efektivni bazicita vodikové vazby
usek v rovnici LFER

regresni koeficient LFER rovnice

rozsah molérni refrakce

retenéni faktor

pomé&r hmotnosti a naboje

regresni koeficient LFER rovnice

parametr dipolarity/polarizibility

regresni koeficient LFER rovnice

McGowantv charakteristicky objem solutu
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1 UvVOD

Vysokouc¢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.
Trendy ve vyvoji HPLC sleduji hlavné tyto cile: zvySeni ucinnosti a selektivity
separa¢niho procesu, zrychleni analyz, sniZzeni spotfeby organickych rozpoustédel a

Mezi nejzésadnéjsi 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. Toto spojeni vyznamné zvySuje selektivitu a citlivost stanoveni. Diky MS
detektoru jsme schopni ziskat cenné strukturni informace o latkach vyskytujicich se ve
vzorku. Spojeni HPLC s MS ma nezastupitelné misto v analyzach komplexnich vzorkd,
jako jsou Dbiologické a environmentalni materialy [1]. HPLC-MS (nejlépe
s tandemovym hmotnostnim detektorem) je idedlni technikou ke stopovym
kvantitativnim analyzam. V soucasné dob¢, kdy se velmi dba na kvalitu prostiedi
ve kterém zijeme, je pozornost vénovana vyvoji velmi citlivych a selektivnich metod,
kter¢ by byly schopny stanovit polutanty zivotniho prostiedi na koncentracnich
hladinach, ve kterych se tyto latky realn€ vyskytuji. Jednou z mnoha skupin latek, které
se vyskytuji v zivotnim prostiedi, jsou estrogenni latky [2]. Tyto slouceniny patii do
skupiny endokrinnich disruptorti, které mohou uréitym zpisobem ovliviiovat
hormonalni soustavu zivocicht [2]. Citlivé a selektivni analytické metody urcené ke
stanoveni téchto latek jsou nutnosti pro ucinné sledovani jejich vyskytu a kolob&hu
V Zivotnim prosttedi, coz pomuze ziskat dulezité informace o jejich chovani a zplisobu
odstranéni ze Zivotniho prostredi.

Dal$im patrnym trendem v HPLC je tlak na obecné sniZeni spotieby organickych

rozpoustédel. Klasicka HPLC pouziva pritoky mobilni faze bézné v rozmezi od 0,3 do
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1,5 ml/min. SniZeni spotieby organickych rozpoustédel je Setrnéj$i k zivotnimu
prostiedi, coz je v souladu s tzv. ,,zelenou chemii”. Do poptedi se dostava kapilarni
kapalinova chromatografie (CLC), ktera pouziva prutoky mobilni faze fadové v
desitkach mikrolitri za minutu. Vyhoda cLC neni jen ve snizeni organického odpadu,
ale také ve zvyseni uCinnosti separace, v nizsi Spottebé vzorku, coz ma vyznam hlavné
u biologickych vzorkd, a v jednodussim spojeni s hmotnostnimi detektory z divodu
niz8ich pratokt mobilni faze [3]. Neméné vyznamnym trendem je pouzivani
stacionarnich fazi s Casticemi menSimi nez 2 um, u kterych se dosahuje vysoké
ucinnosti separaci v podstatné¢ kratSim Case nez u klasické HPLC, ale zaroven dochazi
K razantnimu navySeni tlaku v systému. Pouziti téchto kolon vyzaduje specialni
instrumentaci, ktera je schopna témto tlakim odolat. Pro kapalinovou chromatografii
s témito kolonami se pouziva oznaceni ultra vysokouc¢inna kapalinova chromatografie
(UHPLC). Na poli stacionarnich fazi pro HPLC se stile castéji pouZzivaji kolony s
povrchové poréznimi casticemi. Tyto kolony poskytuji srovnatelné uUcinnosti jako
kolony s ¢asticemi menSimi nez 2 pm, ale za podstatné nizsich zpétnych tlakti. Vyhodou
je, Ze se muze pouzivat klasickd HPLC instrumentace.

Metoda HPLC je nejcastéji pouzivana v reverznim chromatografickém modu, kdy
stacionarni faze je méné polarni neZ mobilni faze. V tomto uspofadani jsou méné
polarni latky vice zadrzovany a vice polarni latky vykazuji podstatné niZsi retenci. Pro
mnoho velmi polarnich latek, jako jsou riizné metabolity (derivaty aminokyselin,
sacharidli, peptidi aj.) a dal$i biologicky aktivni latky, je reverzni chromatograficky
systém Casto nevhodny. Nékteré analyty vykazuji velmi nizkou retenci a separacni
systém ma velmi Spatnou selektivitu. Pro separaci takovychto latek se uspésné zacala
pouzivat hydrofilni interak¢éni kapalinova chromatografie (HILIC), ktera vykazuje
dostate¢nou retenci a selektivitu pro polarni latky a dobrou kompatibilitu s hmotnostnim
detektorem (pouziti t€ékavych pufr a mobilnich fazi s vysokym obsahem organické
slozky) [4]. Nejpouzivanéj§imi stacionarnimi fazemi v HILIC jsou klasické
silikagelové, amidové, diolové, aminové a zwitteriontové stacionarni faze [4]. Vyvoj
novych stacionarnich fazi s rozdilnou selektivitou pro pouziti v HILIC vSak stale
pokracuje. Potencialnimi adepty pro $irsi pouziti v HILIC se jevi stacionarni faze na

bazi cyklofruktanii. Charakterizace kolon pro HILIC (novych i jiz béZné pouzivanych) z
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hlediska interak¢nich mechanismt, mtze pomoci jak pii vyvoji chromatografickych
metod, tak i pfi vyvoji novych staciondrnich fazi.

Ptikladem vyuziti novych trendi kapalinové chromatografie, a to hydrofilni
interak¢ni kapalinové chromatografie spojené s tandemovou hmotnostni spektrometrii,
pro konkrétni analyzu je v této praci stanoveni polarnich pterini v plosticich

Graphosoma lineatum a Graphosoma semipunctatum.
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2 CIiLE PRACE

Dizertacni praci lze rozdélit do dvou casti, kdy spolecnym jmenovatelem je
studium a uplatnéni modernich vyvojovych trendt v kapalinové chromatografii.

Cilem prvni casti prace byl vyvoj analytické metody vyuzivajici kapilarni
kapalinovou chromatografii s tandemovou hmotnostni detekci ke stanoveni vybranych
estrogennich polutantli po extrakcei tuhou fazi.

Druhé ¢ast dizertacni prace byla zaméfena na hydrofilni interakéni kapalinovou

chromatografii. Dil¢i cile druhé ¢asti 1ze rozdélit do nékolika bodi:

e Charakterizace a porovnani tii staciondrnich fazi — silikagelové, silikagelové
s vazanym nativnim cyklofruktanem a silikagelové s vazanym isopropyl
cyklofruktanem pro hydrofilni interakéni kapalinovou chromatografii. Urceni
molekularnich interakci zodpovédnych za retenci a selektivitu v daném
separacnim systému a aplikace pro separaci smési penta- a nonapeptidi.

e Prokéazani odliSnosti dvou principielné stejnych amidovych stacionarnich fazi
od riznych vyrobct v hydrofilni interakéni kapalinové chromatografii
Z hlediska reten¢niho mechanismu pouzitim tady riznych chromatografickych
testu.

e Vyvoj analytické metody vyuzZivajici hydrofilni interakéni kapalinovou
chromatografii v kombinaci s tandemovou hmotnostni detekci ke stanoveni
vybranych pterint v kutikule plostic riznych forem Graphosoma lineatum a

Graphosoma semipunctatum.
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3 STANOVENI ESTROGENNICH POLUTANTU METODOU
KAPALINOVE CHROMATOGRAFIE

3.1 Teoreticky uvod

3.1.1 Estrogenni latky v zivotnim prostredi

V poslednich nékolika desetiletich dochazi ke kontinudlnimu zvySovani znecisténi
zivotniho prostfedi polutanty, které kontaminuji dilezité pifirodni zdroje a maji
potencialn¢ Skodlivy vliv na zivé organismy [2, 5]. Velmi podstatnou a nebezpecnou
skupinou téchto latek, vyskytujicich se v zivotnim prostiedi, jsou endokrinni disruptory
(ED) [6-8]. Jedna se o latky, které jsou schopny napodobovat ¢innost endogennich
hormonti nebo sni interferovat, mohou naruSovat biosyntézu nebo metabolismus
steroidii nebo pozménovat jejich receptorova mista [6]. Mezi ED se pocita fada latek.
Dulezitymi predstavitely ED jsou estrogeny, jako 17a-estradiol (aE2), 17(-estradiol
(BE2), estriol (E3), estron (El) a syntetickd kontraceptiva mestranol (M) a 17a-
ethynylestradiol (EE2). Skupina ED zahrnuje také latky nesteroidni povahy, jako je 4-
nonylfenol, bisfenol, diethylstilbestrol, fadu pesticidi a jinych latek [9].

Estrogeny jsou Zenské pohlavni hormony, které¢ zastavaji fadu rozmanitych
funkci. Mezi hlavni funkce patii zodpovédnost za vyvoj Zenskych sekundarnich
pohlavnich znakd, regulace reprodukéniho cyklu a rast tkani. Nepfirozeny vyskyt
estrogennich latek v zivotnim prostfedi negativné ovliviiuje organismy. Byly
zaznamenany piipady klesajici plodnosti, feminizace a hermafroditismu samecki
vodnich zivo€ichu. Tyto jevy se vyskytovaly pievazné v prostiedi odpadnich vod a
jejich intenzita byla zavisla na koncentraci ptitomnych estrogent [7, 10-12]. Existuje
podezieni, Ze estrogenni latky se mohou podilet na vzniku rakoviny prsu, vajecniki a
prostaty [13]. U muzi mohou mit také podil na snizeni pohyblivosti a kvality spermii
[14].

Hlavnim zdrojem estrogennich latek v zivotnim prostfedi je lidska populace a
v mensi mife také hospodaiska zvifata. Vylou¢ené mnozstvi estrogennich latek lidskym

organismem zavisi na mnoha faktorech, jako je vék, pohlavi, zdravotni stav, pouzivani
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raznych 1é¢iv zejména kontraceptiv aj. Estrogeny jsou v organismu biotransformovany
jaternimi enzymy za vzniku glukosiduronatovych a sulfatovych konjugatt, které jiz
nevykazuji estrogenni aktivitu [15, 16]. Tyto konjugaty jsou z organismu vylucovany
pifevazné moci a v mensi mife 1 vykaly. V této formé jsou estrogeny odvadény do
gistiren odpadnich vod (COV). JiZ pii transportu do COV, a nasledné i v COV, dochazi
k hydrolyze konjugati a uvolnéni samotnych hormont v aktivni formé. COV vyuzivaji
ruzné technologické postupy slouzici k zachyceni a néaslednému odstranéni polutant
Z odpadnich vod. Tyto postupy vsak nejsou pro estrogenni latky dostatecné ucinné, a
proto mohou byt estrogenni latky nalezeny v fi¢nich a jezernich vodach [5-7, 9, 17].
Existuje cela fada zahrani¢nich studii zabyvajicich se vyskytem estrogennich polutantt
ve vodach [2, 11, 18-20]. V Ceské republice se tomuto tématu také vénuje nékolik
védeckych skupin [21-27].

Jelikoz se estrogenni latky vyskytuji ve vodnych vzorcich Zivotniho prostfedi ve
velmi nizkych koncentracich (desetiny az stovky ng/l) je pro jejich detekci, popiipadé
stanoveni nutné pouZzivat vysoce citlivé a selektivni analytick¢é metody. Bé&hem
poslednich nékolika let vysla fada odbornych publikaci, které prehlednym zplisobem
podavaji ucelenou informaci ohledné analytickych pfistupli zamétenych na stanoveni
estrogennich latek v Zivotnim prostiedi [2, 10, 19, 28-30].

Nedilnou soucasti analytickych metod vhodnych ke stanoveni estrogennich latek
Vv Zivotnim prostfedi je preduprava vzorku. Pfediprava vzorku hraje zasadni roli
v celkové citlivosti analytické metody, odstranéni interferujicich latek a potlaceni
matricnich efektl. Vzhledem k tomu, ze vzorky uréené pro analyzu obsahuji obvykle
velké mnozZstvi organického materidlu a suspendovanych ¢astic, je prvnim krokem
ptipravy vzorku pro analyzu filtrace [27]. B&Zné se pouzivaji filtry jako je skelna vata,
celulosa a nylon o velikosti porti mezi 0,22 a 1,20 um [29, 31]. Poté nasleduje ur€ity typ
extrakce. V analyze estrogennich polutantti se nejvice uplatnila extrakce tuhou fazi,
vzhledem ke své experimentalni jednoduchosti, moznosti automatizace, nizké spotiebé
nevodnych rozpoustédel a v neposledni fadé komer¢ni dostupnosti sorbentii s riznou
selektivitou. Pfi extrakci tuhou fazi se musi, krom¢ volby typu SPE sorbentu,
optimalizovat fada krokl, mezi které patii kondicionace kolonky, sloZeni a objem
eluéniho ¢inidla a mnoZstvi nandSené¢ho vzorku. Pfi analyze estrogenli v Zivotnim
prostfedi byl nejcastéji pouzivanym sorbentem silikagel s navazanym oktadecylovym
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fetézcem, styrendivinylbenzen (SDB) a hydrofilné-lipofilni sorbent s komer¢nim
nazvem Oasis HLB sorbent (hydrophilic-lipophilic balanced) [27, 29, 32-34]. U
zminovanych sorbenti byla vytéZnost extrakce vysoka (65 — 98 %) sdobrou
opakovatelnosti. Jako velmi selektivni sorbenty byly také pouzity molekularné vtisténé
polymery (MIP) [29]. MIP jsou vysoce zesitované syntetické polymery, které jsou
charakterizovany specifickym rozpoznanim daného analytu. Objem nanasené¢ho vzorku
se pohyboval od n¢kolika mililitri az po 4 litry v zavislosti na typu matrice, kterd mtize
ovlivitovat vytéznost a selektivitu extrakce [27, 35]. Jako elu¢ni ¢inidla byla pouzita
methanol, acetonitril, aceton a ethylacetat, popiipadé jejich kombinace (v zavislosti na
dané aplikaci) [31-34].

Nejpouzivangj$i metodou ke stanoveni estrogennich polutanti je kapalinova
chromatografie (LC), a to pfevazn€ ve spojeni s hmotnostnim detektorem nebo méné
Casto s fluorescencnim detektorem (FD). Kapalinovd chromatografie ve spojeni
s hmotnostnim detektorem (LC-MS) nebo s tandemovym hmotnostnim detektorem (LC-
MS/MS) poskytuje dostatecnou citlivost a selektivitu. Nevyhodou jsou matri¢ni efekty,
které mohou zpisobit potlaceni nebo naopak podporu signdlu sledovanych latek
Vv ionizaénim zdroji [30]. Jako stacionarni faze se uplatnily hlavné oktadecylové (C18),
fenylové, fenyl-hexylové stacionarni faze v kombinaci s mobilni fazi skladajici se z
acetonitrilu nebo methanolu a roztokd kyseliny octové, mraven¢i nebo amoniaku
Vv riznych objemovych pomeérech. Limity detekce (LOD) se pohybovaly v zdvislosti na
extrakénim kroku mezi 0,1 a 100 ng/l [2, 15, 16, 23, 25, 26, 27, 34-37].

Druhou nejpouZzivanéj$i metodou pro stanoveni estrogennich polutantt je plynova
chromatografie (GC) ve spojeni s MS nebo MS/MS. I kdyz plynova chromatografie
vynikd znaCnou separacni uCinnosti, nizkymi provoznimi ndklady a minimalni
spotifebou organickych rozpoustédel (pouze na vzorek), zaradila se v pouzivani az za
kapalinovou chromatografii, a to z diivodu nutnosti derivatizace estrogennich latek pro
zvyseni jejich tékavosti. LOD pro estrogenni polutanty se pohybovaly v zavislosti na
extrakénim kroku mezi 0,5 az 100 ng/1 [27, 32, 33, 38-41].

Dal§im zptGsobem, jak stanovit estrogenni latky, jsou imunochemické metody.
Pouziva se hlavné ELISA (enzyme-linked immunosorbent assay) a RIA
(radioimmunoassay). Tyto metody se vyznacuji vysokou citlivosti, jednoduchou
pouzitelnosti, relativné kratkou dobou potfebnou k analyze a v neposledni tadé 1
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cenovou dostupnosti. Vzhledem k vysokym interferencim z matrice a nizsi estrogenni

specifité se vSak pouzivaji spiSe ke screeningovym testum [29, 42].

3.1.2 Kapilarni kapalinova chromatografie

Kapilarni kapalinovad chromatografie je kapalinovd chromatografie vyuzivajici
separacni kolony o malych pramérech. cLC pouziva kolony o vnitinim pruméru 0,15 az
0,5 mm a operuje s prutoky desitek mikrolitri eluentu za minutu. Pro ilustraci je
Vv tabulce 3.1 uveden piehled nomenklatury kapalinovych chromatografickych metod

usporadanych podle zmensujiciho se vnitiniho praméru kolon [43].

Tabulka 3.1 Nomenklatura kapalinovych chromatografickych metod usporadanych

podle zmenSujiciho se vnitiniho priméru kolon [43]

Nazev kapalinové chromatografické metody Vnitini primér kolony
vysokoucinna kapalinova chromatografie 2,0-4,6 mm
mikrokapalinova chromatografie 0,5-1,5mm
kapilarni kapalinova chromatografie 0,1-0,5mm
nanokapalinova chromatografie 0,01 -0,1 mm

Pocatky mikrokapalinové chromatografie jsou datovany ke konci 60. let minulého
stoleti, kdy Horvathova skupina pouzZila pro separaci ribonukleotidii naplnénou
ocelovou kapilaru o vnitinim priméru 1 mm [44]. Nasledné¢ se stala kapilarni
kapalinovd chromatografie experimentadlni ndplni mnoha vyznamnych védeckych
skupin, jako napft. Scotta [45], Ishiiho [46-48], Novotného [49, 50] a jinych. Na zakladé
téchto praci byla zahajena miniaturizace ve vysokouc¢inné kapalinové chromatografii.

Miniaturizace Vv kapalinové chromatografii pifinasi fadu vyhod, ale i nékteré
nevyhody. Mezi vyhody se tadi pfedevsim niZsi spotieba stacionarni a mobilni faze, coz
umoziuje pouziti velmi drahych sorbentli a aditiv mobilni faze. Nizké priatoky mobilni
faze jsou ve shod¢ strendem “zelené chemie®, ktery se snazi eliminovat mnoZstvi
organickych odpadi, a tim snizit zatizeni Zivotniho prostiedi. Nizsi priitok mobilni faze
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kolonou vede k mensimu nafedéni analyti eluentem béhem jejich transportu kolonou k
detektoru, coz muze vést k vyssi citlivosti u nékterych detektor. Diky nizké prutokové
rychlosti mobilni faze je cLC vhodna pro spojeni s hmotnostnim detektorem
pouzivajicim sprejovaci iontové zdroje. Nevyhody cLC jsou pfedevSim na strané
instrumentace. Mensi mnozstvi davkovaného vzorku a niz$i pratoky eluentu kladou
velké naroky na minimalizaci mimokolonovych pfispévka (mrtvych objemil)
kapilarniho kapalinového systému, chceme-li dokonale vyuzit vyssi separa¢ni G¢innost,
jez kapilarni kolony nabizeji. NejcastéjSim technickym problémem cLC muze byt
piiprava ucinné kapilarni separacni kolony. Ptipravé kolon vhodnych pro cLC se vénuje
fada publikaci [3, 51-54]. V soucasné dobé je komeréné dostupné velké mnozstvi
kapilarnich kolon se Sirokou nabidkou riznych sorbent.

I ptes své problémy, je cLC hojné€ vyuzivana Vv feSeni fady analytickych problémd.
V poslednich nékolika letech nabyva na vyznamu spojeni cLC s hmotnostné
spektrometrickou detekci, kde se vyuziva vysoka separa¢ni ucinnost spole¢né s citlivou

a selektivni detekci [23, 55, 56].

3.1.3 Tandemova hmotnostni spektrometrie — trojity kvadrupol

Hmotnostni spektrometrie je analytickd metoda, jejiZ princip je zaloZen na
separaci iontll v elektromagnetickém poli podle jejich poméru hmotnosti ku néaboji
(m/z). Poslednich 20 let bylo ve znameni velkého instrumentalniho pokroku v oblasti
hmotnostni  spektrometrie.  Spojeni hmotnostni  spektrometrie s kapalinovou
chromatografii se diky sprejovacim ioniza¢nim technikdm stalo b&zné pouZivanou
metodou témét ve vsSech analytickych laboratofich s rGznou oblasti zdjmu, napf.
Vv potravinafském a farmaceutickém prumyslu, toxikologii, ekologii a v mnoha dalSich
odvétvich [57-59].

V soucasné dob¢ je komeréni trh s MS detektory a LC-MS velmi dynamicky a
jednotlivi vyrobci hmotnostnich spektrometrii investuji velké finan¢ni prostiedky do
vyvoje novych technologii. Tento pfistup ma kladny efekt na cetnost novych produkti a
raznych technickych feSeni [1, 57, 58]. Klicovym prvkem kazdého MS detektoru je

hmotnostni analyzator. Bézny uzivatel miize vybirat z fady komeréné dostupnych MS
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detektord podle jejich vhodnosti pro danou aplikaci. Mezi zakladni MS detektory se fadi
MS detektor s kvadrupdlovym analyzatorem (Q), s iontovou pasti (IT) a s praletovym
analyzatorem (TOF). Dale existuji MS detektory s magnetickym sektorovym
analyzatorem, 3D a linearni iontovou pasti (LIT), orbitrapem a iontovou cyklotronovou
rezonanci (ICR). Jednotlivé hmotnostni analyzatory se 1i§i rGznou rozliSovaci
schopnosti, spravnosti uréeni m/z, hmotnostnim rozsahem, dynamickym koncentra¢nim
rozsahem a rychlosti zaznamu spekter. Parametry jednotlivych komercnich MS
detektort jsou shrnuty v piehledném ¢lanku Hol¢apka [1].

Vyhody jednotlivych hmotnostnich analyzatori jsou s uspéchem vyuzity
v hybridnich hmotnostnich spektrometrech, kde jsou =zapojeny dva hmotnostni
analyzatory do série a navzdjem jsou oddé¢leny kolizni celou. To umoziuje provadét
fragmentaci jednotlivych iontl a tim ziskat cenné strukturni informace. Na trhu jsou
Kk dostani tyto hybridni hmotnostni spektrometry: trojity kvadrupél (QqQ), kvadrup6l-
iontova past (Q-IT), kvadrupol-pruletovy analyzator (Q-TOF), kvadrupoél-orbitrap,
kvadrupdl-iontova cyklotronova rezonance (Q-ICR), kvadrupdl-iontovd mobilita-
pruletovy analyzator (Q-IMS-TOF), iontova past-priletovy analyzator (IT-TOF),
line4rni iontova past-orbitrap a linearni iontovéa past-iontovd cyklotronova rezonance
(LIT-ICR) [1, 57, 58, 60].

Jedny z nejpouzivangjSich hybridnich hmotnostnich spektrometrti jsou trojité
kvadrupdly. QqQ byl vyvinut jiz v roce 1978 na Michiganské statni univerzité¢ Yostem a
Enkem [60]. QqQ se sklada ze dvou kvadrupélu (Q1 a Q2), mezi kterymi je umisténa
kolizni cela (q). Q1 a Q2 slouzi jako filtry, které diky vhodné zvolenému napéti
propousti pouze ionty o definovaném poméru m/z. Kolizni cela je feSena nejcastéji jako
oktapol nebo hexapo6l a je naplnéna koliznim plynem (N, He, Ar nebo Xe). Kolizni
plyn slouzi k fragmentaci prekurzorového iontu, tj. k tzv. kolizn¢ indukované disociaci.
QgQ obecné dosahuje vysoké citlivosti, ma Siroky dynamicky koncentracni rozsah
(b&Zn¢ okolo péti fadt) a vysokou skenovaci rychlost, coz ¢ini QqQ vhodnym nastrojem
ke kvantitativnim analyzam. Mezi nevyhody QqQ se pocita nizsi rozliSovaci schopnost,
niz8i spravnost urCeni poméru M/z a niz§i hmotnostni rozsah [57]. Schéma QqQ je

uvedeno na obrazku 3.1.
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Obrazek 3.1 Schéma trojitého kvadrupodlu.

QqQ je schopen pracovat v nékolika mdodech. Kazdy z méda pracuje na trochu
jiném principu a je schopen podat rizné informace. Zakladnim typem je MS sken, ktery
pracuje Vv rezimu jednoduchého kvadrupoélu, kdy na Q2 dochazi k filtraci iontti, Q1 a q
slouzi jako iontova optika. Pomoci tohoto modu ziskdme celkové hmotnostni spektrum
dané latky. Druhym typem modu je monitorovani vybraného iontu (SIM — selected ion
monitoring). Zde je aktivni QI, ktery je nastaven na pozadovanou hodnotu m/z, ostatni
kvadrupdly slouzi opét jako iontova optika. Timto mdédem ziskame zdznam intenzity
dané m/z ve vzorku. Tietim typem modu je sken produktovych ionti. Tento mod
pracuje tak, Zze QI projde definovana m/z, ta je fragmentovana v kolizni cele, vzniklé
fragmenty jsou skenovany Q2 a nasledn¢ dopadaji na detektor. Timto postupem
ziskdme hmotnostni spektrum fragmentd vzniklych $tépenim definované m/z. Dal§im
modem je multiple reaction monitoring méd (MRM), kdy pracuje systém v rezimu
trojitého kvadrup6lu. Prvnim kvadrupdlem projde definovana m/z (prekurzorovy iont),
ta je rozstépena v kolizni cele, tietim kvadrupolem projde definovana m/z (produktovy
iont) a ta je detekovana. Timto skenem ziskame vysokou selektivitu, zalozenou na
pfechodu mezi prekurzorovym a produktovym iontem sledované latky. DalSim modem
je sken prekurzorovych iont. V tomto mddu je Q2 nastaven na fixni hodnotu m/z, Q1
propousti ionty v urcitém rozsahu m/z, které jsou fragmentovany v kolizni cele. Timto
moédem zjistime, z jakého iontu vznikd ndmi zvoleny produktovy iont. Poslednim

béznym modem pouzivanym u QqQ je sken neutralnich ztrat. Pii tomto modu Q1
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propousti ionty v urcitém rozsahu m/z, které jsou fragmentovany v kolizni cele a Q2
skenuje hmotnostni spektrum vzniklych fragmentli a zaznamenava neutralni posun

(napf. ztrata vody).

3.1.4 Povrchové porézni ¢astice

V souvislosti se zvySujicimi se naroky na pocet analyz za Casovou jednotku
dochazi k neustalému vyvoji analytickych technik. Tento trend je patrny i v kapalinové
chromatografii. V praxi se aplikuji celkem dva pfistupy jak dosahnout ,,rychlé
chromatografie”. Prvnim z nich je pouziti separa¢nich kolon s ¢asticemi mens$imi nez 2
pm. Diky témto kolondm se dosahuje vysoké ucinnosti separaci, ale zadroven dochdzi
K razantnimu navySeni tlaku v systému (az 100 MPa). Pouziti téchto kolon vyzaduje
specialni instrumentaci, ktera je schopna témto tlakim odolat. Pro kapalinovou
chromatografii s témito kolonami se pouziva oznaceni ultra vysokoucinna kapalinova
chromatografie (UHPLC) [61, 62]. Druhym piistupem ,rychlé chromatografie” je
pouziti kolon monolitickych nebo kolon s povrchové poréznimi ¢asticemi. U téchto
kolon se miize pouzivat klasicka HPLC instrumentace, nebot’ tlak v systému vétSinou
neptesahuje 40 MPa [62, 63].

Povrchové porézni ¢astice, v anglictiné oznacovany jako ,,fused-core silica” nebo
,core-shell particles”, byly pfedstaveny Kirklandem a nasledné komercializovany pod
nazvem HALO c¢astice [65]. Tyto ¢astice jsou tvofeny neporéznim silikovym jadrem o
velikosti 1,7 um, které bylo obaleno 0,5 um silnou vrstvou slinutych silikovych
nanocastic. Kone¢na velikost Castice stacionarni faze byla tedy 2,7 um [65]. Stejné
rozméry, nebo velmi podobné lze najit i u dalSich kolon, napf. Ascentis (Sigma-
Aldrich), Poroshell (Agilent) nebo Kinetex (Phenomenex). V soucasné dob¢ jsou na
trhu k dostani také kolony s povrchove poréznimi ¢asticemi o velikosti 5 um (Ascentis a
Kinetex), 1,7 um (Kinetex), 1,6 um (Cortecs od firmy Waters) a 1,3 um (Kinetex). U
zminovanych kolon Ize vybirat z fady riznych typ navazanych skupin (C18, C8, C3,
fenyl-hexyl, PFP, amid aj.).

Vyhodou povrchové poréznich ¢astic je moznost dosdhnout srovnatelné €innosti
separace na klasickém HPLC instrumentu jako pfi pouziti UHPLC s ¢asticemi mensSimi

nez 2 um. Na rozdil od poréznich Castic stejného priméru je difize analyti u povrchové
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poréznich ¢astic mnohem mensi. To znamena, Ze rozmyvani chromatografickych zon je
omezené [63]. Kolony naplnéné povrchové poréznimi Casticemi maji uzsi distribuci
velikosti ¢astic a vyS$i hustotu naplnéni kolony v porovnani s klasickymi plné
poréznimi Casticemi. To vSe se podili na vysoké separacni ti¢innosti kolon s povrchové
poréznimi ¢asticemi [62, 64, 66, 67].

V ramci studia chromatografického chovani sledovanych estrogennich latek (viz
obr. 3.2) byly porovnany klasickda HPLC separa¢ni kolona SunFire (150 mm x 4,6 mm,
5 um; Waters, MA, USA) a kapilarni kolona Zorbax SB C18 (150 mm x 0,5 mm, 5 um,;
Agilent Technologies, Waldbroon, Némecko) s povrchové porézni kolonou Ascentis
Express C8 fused core (150 mm x 4,6 mm, 2,7 um; Supelco, Bellefonte, USA).
Vysledky byly shrnuty a publikovany na konferenci 7th ISC Modern Analytical
Chemistry (Praha, 2011). Rozsifeny abstrakt shrnujici vysledky srovnani vyse

zminénych kolon z této konference je uveden v ptiloze L.
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3.2 Vysledky a diskuse — komentar k publikaci

3.2.1 Vyvoj metody kapilarni kapalinové chromatografie s tandemovou
hmotnostni detekci ke stanoveni estrogennich latek ve vodach -

Publikace |

Vsechna meéfeni byla provadéna na kapilarnim kapalinovém chromatografu
Agilent 1200 spojeném s hmotnostnim tandemovym trojitym kvadrupolem 6460

(Agilent Technologies, Waldbroon, Némecko). Struktura estrogennich polutantl

studovanych v této praci je znadzornéna na obrazku 3.2.

17a-ethynylestradiol (EE2) 17B-estradiol (BE2)

CH3z oH

estriol (E3)

Obrazek 3.2 Struktura studovanych estrogend.
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Me¢éieni byla provadéna v MRM modu. Na zaklad¢ polarity studovanych estrogent
byl pro separaci zvolen reverzni chromatograficky mod. Separace probihala na
komer¢né dostupné kapilarni kolon¢ Zorbax SB C18 (150 mm x 0,5 mm, 5 um; Agilent
Technologies, Waldbroon, Némecko). Pti pouziti izokratické eluce doslo k separaci
vSech studovanych estrogennich polutantli, ale soucasné¢ bylo pozorovano potlaceni
ionizace estriolu matri¢nimi efekty. Proto byla testovana gradientova eluce. V tabulce
3.2 je uveden optimalizovany gradientovy profil pfi priutoku mobilni faze 18 pl/min, pti
kterém nedoslo k ovlivnéni ionizace zadného studovaného analytu a soucasné doslo

k dostate¢né separaci vSech studovanych analyta.

Tabulka 3.2 Gradientovy profil optimélniho sloZzeni mobilni faze. A je acetonitril s 0,1%

Kys. mravenci, B je 0,1% roztok kys. mravenci

Cas (min) A (%) B (%)
0 26 74
3 38 62
5 38 62
8 42 58
16 42 58
17 26 74
18 26 74

Pii daném sloZeni mobilni faze poskytovaly studované estrogeny vys$si odezvu
Vv pozitivnim modu elektrospreje oproti negativnimu moédu, ktery byl v fadé publikaci
Siroce vyuzivan [28]. Proto bylo nasledné pracovano pouze v pozitivnim modu.
Hmotnostni spektra z MS skenu a skenu produktového iontu v pozitivnim modu jsou
pro vSechny studované analyty uvedena vV pfiloze II. Pfedpokladané struktury
prekurzorovych a produktovych iontl jsou pievzaty z publikace Bourciera a kol. [68].

SPE studovanych estrogenli byla testovdna na tfech komeréné dostupnych
extrakénich kolonkach: Sep-Pak C18 (Waters Corporation, Milford, USA), Discovery
DSC-18 s polymerné vazanym oktadecylem na silikagelu (Supelco, Bellefonte, USA) a
Discovery DSC-18Lt s monomerné¢ vazanym oktadecylem na silikagelu (Supelco,
Bellefonte, USA). Nejlepsich vysledkt z hlediska vytéznosti a opakovatelnosti extrakce
bylo dosazeno na kolonce Discovery DSC-18Lt. Vytéznost a opakovatelnost extrakce
byla testovana pro vSechny studované analyty na tfech koncentrac¢nich hladinéach, a to

25, 50 a 250 ng/l pro deionizovanou vodu a pro ¥éni vodu odebranou z feky Uhlavy
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Vv blizkosti mésta Klatovy, ktera neobsahovala studované analyty. Vytéznost extrakce se
pohybovala v rozmezi 95 — 100 % s relativni smérodatnou odchylkou nizsi nez 7,2 %.
Statisticky vyznamny rozdil mezi destilovanou a fi¢ni vodou nebyl zaznamenan.

Kvantifikace redlnych vzorki byla provadéna na zaklad¢ kalibracni piimky
ziskané za optimalizovanych separacnich, detekénich a extrakénich podminek. Jako
médium byla pouzita fiéni voda (Uhlava, Klatovy), u které nebyla zjiiténa p¥itomnost
sledovanych polutantd. Limity detekce se pohybovaly v rozmezi 5 — 7 ng/l a limity
kvantifikace v rozmezi 10 — 25 ng/l.

Nové vyvinuta cLC-MS/MS metoda s SPE byla pouzita k analyze 6 vzorku vod
odebranych v obdobi zaii az prosinec 2009. Odbérovymi misty byly Vltava (Praha - cca
900 metrt nad centralni Cistirnou odpadnich vod na Cisaiském ostrove), Boti¢sky potok
(Praha), vstup do Cdistirny odpadnich vod na Cisafském ostrové (Praha), vystup z
Cistirny odpadnich vod na Cisafském ostrové (Praha), Uhlava (Klatovy) a Uhlava
(Plzen). Vysledky nalezenych estrogennich latek a jejich koncentrace jsou uvedeny

v tabulce 3.3.
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Tabulka 3.3 Vysledky nalezenych koncentraci estrogent Ve vzorcich vod z riznych
lokalit (odebranych v obdobi zaii az prosinec 2009) a analyzovanych optimalizovanou
metodou cLC-MS/MS po SPE. V zavorce jsou uvedeny relativni smérodatné odchylky
(n=9)

Lokalita Koncentrace Koncentrace Koncentrace Koncentrace Koncentrace
E3 (ng/l) BE2 (ng/l) aE2 (ng/l) EE2 (ng/l) E1 (ng/l)
Boti¢ (Praha) <LOD <LOD <LOD <LOD <LOD
Vitava <LOD 13,2 (5,5) <LOD <LOD <LOD
(Praha)
Vstup COV
Cisatsky 188,6 (6,8) 21,4 (7,2) <LOD 100,7 (4,4) 20,5 (8,4)

ostrov (Praha)

Vystup COV
Cisafsky <LOD <LOD <LOD <LOD <LOD
ostrov (Praha)

Uhlava <LOD <LOD <LOD <LOD <LOD
(Klatovy)

Uhlava <LOD <LOD <LOD <LOD <LOD

(Plzeit)

Z tabulky 3.3 je patrné, ze estrogenni polutanty byly nalezeny pouze ve dvou
vzorcich. A to na odbérovém misté¢ Vltava (Praha - cca 900 metrii nad centralni
C¢istirnou odpadnich vod na Cisafském ostrove) a na vstupu do Cistirny odpadnich vod
na Cisafském ostrové (Praha), coz miZe souviset s vysokou zalidnénosti Prahy.
V ostatnich vzorcich nebyly nalezeny zadné estrogenni latky. SkuteCnost, ze nebyly
nalezeny zadné estrogeny na vystupu z Cistirny odpadnich vod na Cisafském ostrové
(Praha) ukazuje na ucinny Cistici proces této ¢Cistirny odpadnich vod, ktery je schopen

velmi dobie odstranit estrogenni latky z odpadnich vod.
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Capillary liquid chromatography (cLC) hyphenated with tandem mass spectrometry (MS-MS) was used
to separate and quantitate trace concentrations of five estrogens in aqueous samples. New C;g-based
sorption materials bound to the silica support by monomeric and polymeric mechanisms were com-
pared and tested for solid-phase extraction (SPE) of selected analytes with respect to optimization of
their preconcentration yield. Application of an endcapped, monomer-bound preconcentration Discovery
DSC-18Lt column under the optimized conditions provides yields in the range from 95 to 100% with a
high repeatability (n=3, RSD < 7.2%). Using the electrospray ionization in the positive mode (ESI+), the
cLC-MS-MS system (the Zorbax SB C18 capillary column and a binary mobile phase of acetonitrile and
water containing 0.1% formic acid in both the components) was optimized to attain a sufficient retention
of the early eluting estriol, a satisfactory resolution of the analytes and the maximum sensitivity of the
determination. Both the isocratic and gradient elution were used and the optimized gradient method
permitted analyses of aqueous environmental samples in 14 min within a linearity range from 6.1 to 25.0
(LOQ of analytes) to 500 ng/L and with a very good linearity (r>0.9981) for all the estrogens studied. The
detection limits are in the range from 3.0 to 6.8 ng/L (1 wL injection volume). Six environmental water
samples were analyzed and the studied estrogens were found in the Vltava river sample collected in
Prague (13.2 ng/L for 17B3-estradiol) and in the inlet to the wastewater treatment plant in Prague, at an
overall concentration of 371.4 ng/L.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The greatly varied human activities cause continuously increas-
ing environmental pollution, with the pollutant range becoming
progressively more complex. A relatively ubiquitous class of pollu-
tants are substances which affect the endocrine systems of a wide
spectrum of organisms. These substances, called endocrine disrup-
tors (EDs), may imitate the activities of endogenous hormones, or
may interfere with them [1,2]. Mostly, they enter the environment
as a part of human wastes and could create a risk for reproduction
of organisms even if they are present at very low concentrations.
Changes in the sex and in the reproduction functions for reptiles,
birds, amphibians, crustacea and fish caused by the presence of
estrogens in the environment have been published [3]. During
recent decades, the occurrence of testicular tumors and develop-
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mental defects of reproduction organs in the human population
have increased and the quality of human spermiogram has sub-
stantially deteriorated [4,5]. The presence of estrogen pollutants,
together with unhealthy lifestyle, may be one of the causes. Some
negative effects of EDs on the human reproduction have already
been demonstrated (diethylstilbestrol), or are being tested (e.g.,
bisphenol, A nonylphenol, etc.) [4-7].

Biogenic hormones, such as 17(3-estradiol (BE2), 17a-estradiol
(aE2), estriol (E3), estrone (E1) and the synthetic contraceptives
mestranol (M) and 17a-ethynylestradiol (EE2), belong to the group
of estrogen pollutants. After their absorption in the organism,
they are transformed into more polar glucuronates or sulfates and
removed by excretion. They enter wastewaters as a part of excre-
ments and are treated in a wastewater treatment plant (WWTP)
where they can be degraded by microorganisms or adsorbed on
solid particles. They can then be liberated again during the subse-
quent treatment of the sewage or when using wastes as fertilizers
[8-10].

The analytical methods for estrogens have already been
reviewed [11-15]. Most analyses are directed toward the deter-
mination of free estrogens in aqueous matrices, such as surface
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water, WWTP outflow or urine [11]. However, these compounds
have also been studied in solid samples, such as sediments or
sewage sludge [16-19]. Recently, not only the free estrogens,
but also their conjugates (glucuronates and sulfates) have been
determined [20-22]. Owing to the low concentrations of estrogen
pollutants (tens to hundreds of ng/L) in environmental samples,
the analyses require highly sensitive methods combined with effi-
cient preseparation and preconcentration techniques. Solid-phase
extraction (SPE) using various sorbent types and elution solvents
is one of the most often employed sample pretreatment meth-
ods [11,23]. However, it suffers from some principal and common
drawbacks, involving poor selectivity, coextraction of interfering
matrix components and lower recoveries (up to 90%). Application
of immunoaffinity extraction of estrogens has also been published
[11].

Immunochemical methods (ELISA), combined with gas chro-
matography (GC) and liquid chromatography (HPLC), are most
often used for the estrogen determination. Each of these techniques
has some advantages but also suffers from some drawbacks. For
example, immunochemical methods permit rapid screening and a
preconcentration step is sometimes unnecessary [24,25]. However,
non-specific binding interactions may decrease the sensitivity of
determination. Gas chromatography permits rapid and sensitive
analyses, mostly in combination with mass- (GC-MS) or tandem
mass spectrometric detection (GC-MS-MS), however, conversion
of the analytes into more volatile derivatives, usually through
silylation or acylation, is commonly required after the preconcen-
tration step [13,26,27]. HPLC methods permit direct analyses of
estrogens without preliminary derivatization and many ionization
and monitoring modes are available for mass spectrometric detec-
tion. HPLC-MS and HPLC-MS-MS techniques are most common,
followed by HPLC with UV photometric, fluorescence and elec-
trochemical detection in analyses of aqueous samples of estrogen
pollutants [28-32]. HPLC-MS-MS with electrospray ionization in
the negative mode (ESI-) exhibits a very high detection sensitivity
[12,29,32,33].

The problems of determination of estrogen pollutants in river
and sewage waters have primarily been elaborated in Japan, Spain
and Germany and only a few studies have been carried out about the
river water pollution with estrogens in the Czech Republic, namely
a GC-MS method for the estrogen analysis of the Vitava river sedi-
ments in Prague [18,19], a gas chromatography—time of flight mass
spectrometric (GC-TOF-MS) method for the Vltava river water at
several sites close to Prague [34] and a liquid chromatography—ion-
trap mass spectrometric method for the Svratka river water at
various sites [35].

The contemporary trends in analytical activities lead to efforts
concerning the introduction of approaches gentle to the environ-
ment (the green chemistry), involving limited use of nonaqueous
solvents and minimization of the consumption of solutions, sor-
bents and chemicals [36]. One way to attaining these requirements
is miniaturization of the separation system, provided that suf-
ficient sensitivity, selectivity, reliability and robustness of the
determination are preserved. This is often difficult to attain. In
addition to capillary electrophoresis (CE), micellar electrokinetic
chromatography (MEKC) and capillary electrochromatography
(CEC), a promising approach seems to be the use of capillary
liquid chromatography (cLC), which preserves the separation
advantages of classical HPLC, saves the chemicals and attains a suf-
ficiently high sensitivity when combined with mass spectrometric
detection [37].

This work aims at development of a new miniaturized cLC
method applicable to identification and quantitation of selected
estrogen pollutants in the environment, at very low analyte con-
centrations of tenths to hundreds of ng/L. A modern capillary
liquid chromatograph hyphenated with the MS-MS detection and

employing less frequent positive electrospray ionization (ESI) mode
is used for this investigation. Additionally, a new type of sorbents is
tested for solid-phase extraction which should permit effective pre-
concentration of estrogens and minimize its drawbacks mentioned
above. The proposed cLC-ESI-MS-MS procedure is optimized with
respect to the limits of detection (LOD) and limits of quantitation
(LOQ), and the values obtained are evaluated and compared with
the published ones.

2. Experimental
2.1. Materials and reagents

Acetonitrile and methanol (gradient grade) were supplied by
Sigma-Aldrich (St. Louis, USA). Ethyl acetate and acetone (both
of the p.a. purity) were provided by Penta (Chrudim, the Czech
Republic). Formic acid (purity 98-100%) was purchased from Merck
(Damstadt, Germany). Standards of estrone (> 99%), 17a-estradiol
(99%), 17B-estradiol (98%), 17a-ethynylestradiol (98%) and estriol
(99%) were purchased from Sigma-Aldrich (St. Louis, USA); for their
structures, see Fig. 1. Stock solutions of the individual standards
at a concentration of 0.1 mg/mL were prepared by dissolving the
compounds in methanol and were stored at 5°C. Stock solutions
of a mixture of all the standards in methanol, at concentrations of
100-1000 ng/mL, were prepared weekly. Working aqueous solu-
tions of mixtures of all the standards were prepared daily by
diluting the methanolic stock solution with water, to attain the
required concentrations for calibration measurements. The water
used in this work was purified with a Milli-Q water purification
system from Millipore (Bedford, USA).

2.2. Sampling, sample pretreatment and preconcentration

Environmental water samples were collected in the autumn
2009 at several locations (The Vltava river in Prague, Uhlava river
in Klatovy and Pilsen, all in the Czech Republic) and cover both
densely inhabited areas, where urban wastewaters represent a sig-
nificant input to the river water (Prague), and relatively clean areas
(Klatovy, Pilsen). The river water samples, collected in precleaned
amber glass bottles, were filtered with Mobile phase filtration
apparatus (Supelco, Bellefonte, USA) through 0.45-pm Nylon fil-
ters (Millipore, Bedford, USA) to remove particulate and other
suspended solid matter. The filtered samples were immediately
preconcentrated by SPE using a Visiprep SPE Vacuum Manifold
from Supelco (Bellefonte, USA). Three different types of SPE car-
tridges, all of 1 ml volume, packed with 100mg of a C18 phase
bonded to silica gel, were tested for their efficiency. These car-
tridges were a Sep-Pak Vac C18 with monomeric octadecyl-bonded
silica, endcapped (Waters, Milford, USA), a polymeric Discovery
DSC-18 and a monomeric Discovery DSC-18Lt, both with octadecyl-
bonded silica, endcapped (Supelco, Bellefonte, USA). All the SPE
columns used were first activated by rinsing with 5mL of deion-
ized water, 5mL of methanol and 5 mL of deionized water, all at
a flow rate of 5 ml/min. After the passage of the aqueous solution
at a selected flow rate, the SPE column was rinsed with 10 mL of
deionized water to remove highly polar components of the aque-
ous matrix and was dried by passage of nitrogen. The eluate was
filtered again prior to its injection into the chromatographic sys-
tem, through a 0.2 pm filter Spartan 13/0.2 RC (Sigma-Aldrich, St.
Louis, USA).

2.3. Instrumentation and the experimental conditions
The HPLC experiments were perfomed using a Series 1200

Capillary Liquid Chromatograph with a Triple Quad LC/MS 6460
tandem mass spectrometer (Agilent Technologies, Waldbroon,
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Fig. 1. Chemical structures of the estrogens studied.

Germany) and with an electrospray ionization interface, an auto-
mated injector, a column oven, a degasser and a quaternary
pump. The chromatograms were recorded and evaluated by means
of the MassHunter Workstation Acqusition (Agilent Technolo-
gies, Waldbroon, Germany). A Zorbax SB C18 capillary column
(150mmx 0.5mm i.d., particle size 5um, Agilent Technologies,
Waldbroon, Germany) was used. A PEEK inline microfilter includ-
ing 0.5 pm frit (Supelco, Bellefonte, USA) protected the capillary
column.

The chromatographic measurements employed both the iso-
cratic and gradient elution. The mobile phases for isocratic elution
were prepared by mixing acetonitrile and water (both containing
0.1% formic acid) at various volume ratios. The mobile phase flow
rate was set at 18 pL/min. The gradient elution was realized with
the binary mobile phase of acetonitrile containing 0.1% formic acid
(A) and the aqueous solution of 0.1% formic acid (B), under var-
ious elution profiles at a flow rate of 18 pL/min. To protect the
column against contamination, it was rinsed after approximately
20 analyses with pure acetonitrile for 1h, to remove less polar
substances.

Table 1

MRM conditions used for cLC-MS-MS determination of estrogens (ESI, positive mode).

The MS-MS measurements were performed in the MRM mode,
using ESI in the positive mode. Nitrogen was used as the collision,
nebulizing and desolvating gas.

3. Results and discussion
3.1. Optimization of the MS-MS conditions

All the instrumental MS-MS parameters have been optimized
in a standard way. After injection of methanolic solutions of stan-
dards (100 ng/ml) into the ion source by the syringe pump, two
most intense characteristic molecular fragments were selected by
tuning the values of the fragmentor voltage (from 10 to 350V)
in MS2 SIM mode and the collision energy (from 10 to 250V) in
product ion mode. The resultant values are listed in Table 1. To
maximize the signals in the MRM mode, the following parame-
ters were tuned over the following ranges: capillary spray voltage,
1500-6000V, the nebulizer pressure, 2-15 psi, the drying gas tem-
perature, 250-350°C, and the drying gas flow rate, 5-15 L/min. The
optimimized ESI(+) conditions were: the capillary voltage, 5500V,

Analyte Precursor ion Product ion Fragmentor (V) Collision energy (V)
E3 271.0 252.9 110 10
BE2 255.0 158.9 120 15
aE2 255.0 158.9 120 15
EE2 279.0 1329 120 10
E1l 271.0 2529 110 10
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the nebulizer pressure, 12 psi, the gas temperature, 350 °C, and the
nitrogen flow-rate,10 L/min.

3.2. Optimization of cLC-MS-MS for determination and
quantitation of target estrogens

The estrogens studied are medium polar or nonpolar acidic sub-
stances, whose log Kow values lie within an interval of 2.45-3.13,
in dependence on their structures [19]. Their HPLC-MS analyses
mostly employ reversed-phase systems with C18 or C8 station-
ary phases and mobile phases containing methanol or acetonitrile
organic modifiers and aqueous basic components (e.g., NH3 and
its salts), combined with the negative-mode ionization. However,
application of a basic mobile phase to the silica-based stationary
phases is often unsuitable because of the danger of silica gel disso-
lution, which is more pronounced with capillary columns than with
standard HPLC ones. Therefore, at the beginning of the cLC study,
ESI in the negative mode in combination with acidic mobile phase
was tested but the signals attained for the test analytes were very
low and noisy. This was one of the reasons for the selection of the
acidic mobile phase in combination with the positive ESI mode.

To develop a miniaturized cLC procedure for determination of
trace amounts of free estrogens in aqueous matrices, the Zorbax
SB C18 capillary column was selected, as it is recommended for
separations in solutions of very low pH values where it should pro-
vide a high stability, good reproducibility of the results and good
peak symmetry, especially for acidic analytes. A binary mixture of
acetonitrile and water, containing 0.1% formic acid in both the com-
ponents, was used as the mobile phase. The system was optimized
under the conditions of isocratic elution, following the effect of
the acetonitrile content, within a range from 25 to 45 vol.%, on the
retention, separation and the degree of ionization of all the five ana-
lytes in the positive ionization mode. The optimum composition of
the mobile phase, from the points of view of a sufficient retention
of the most polar analyte, estriol, an acceptable resolution of all
the estrogens and a sufficient detection sensitivity, was found to
be 38/62 (v/v) ACN/water mixture containing 0.1% formic acid. The
time of analysis did not exceed 13 min. In contrast to the spiked
deionized water, the retention of estriol, contained in a methanolic
eluate after the preconcentration from environmental water sam-
ples, was insufficient under the isocratic conditions, due to the poor
baseline in the beginning of the separation. A decrease in the ace-
tonitrile content led to prolonging of the estriol retention, but the
resolution of 17p3- and 17a-estradiols became poorer. Therefore,
gradient elution was applied. Various gradient profiles were tested
and the optimized one started with 26% A which was increased to
38% within 3 min, maintained constant for 2 min, increased again
to 42% within 3 min, maintained constant for 8 min, and finally
returned to 26% within 1min. All the compounds were eluted
within 14min and the total run time was 17 min. This gradient
profile was applied to all the following analyses. An example of
the separation under the optimized gradient elution conditions is
depicted in Fig. 2.

3.3. SPE extraction

The SPE preconcentration was optimized considering the SPE
sorbent type, the sample volume, the sample flow rate, the elution
solvent and its flow rate. For each type of commercial SPE car-
tridge, the volume of deionized water (10-500 ml) was optimized,
spiked with the analytes at a concentration of 50 ng/L. The spiked
deionized water was applied to the cartridges at various flow rates
(0.8-1.5mL/min) and several flow rates were tested for the elution
of the analytes (0.5-1.2 mL/min). The volume of the solvent neces-
sary for complete elution of the analytes (0.5, 1.0, 1.5 and 2.0 mL)
was determined for all the estrogens.
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Fig. 2. MRM chromatograms of estrogens obtained for spiked river water (50 ng/L,
Uhlava, Klatovy) under the optimized preconcentration and gradient elution condi-
tions (see Sections 3.2 and 3.3, respectively).

The Sep-Pak C18 column exhibited very strong sorption of all the
analytes, which were not eluted by the solvents tested (acetonitrile,
methanol, ethyl acetate, acetone). To reduce the undesirable inter-
actions of the analytes with the SPE packing, 0.5% of triethylamine
was added to the elution solvent. Then, the analytes were partially
eluted, but the yield did not exceed 30%. Therefore, this SPE col-
umn was no longer used and a new generation of SPE columns,
namely, Discovery DSC-18 and DSC-18Lt, was tested. These car-
tridges permitted reversible sorption of all the analytes, the better
results being provided by the monomeric-bound DSC-18Lt station-
ary phase, permitting a rapid elution of the analytes with pure
methanol.

Under the optimized preconcentration conditions, namely, a
Discovery DSC-18Lt column, 100 mL aqueous samples, a flow rate of
1 mL/min, elution with 0.5 mL of methanol at flow-rate of 1 mL/min,
spiked deionized water was tested first. The results, obtained for
three estrogen concentration levels, 25, 50 and 250 ng/L, are sum-
marized in Table 2 (columns a-c). It can be seen that the yield
generally amounts to 95-100%, with a very good repeatability (the
RSD values up to 5.9%).

The Uhlava river water, coming from an unpolluted area, was
selected as the environmental aqueous sample. The samples were
collected close to the town of Klatovy, 50 km apart from the river
spring. The preconcentrated, unspiked Uhlava river sample (Kla-
tovy) was found to be free of the studied estrogens and was used as
the environmental blank. Spiked at 25,50 and 250 ng/L, Uhlavariver
water was preconcentrated and the extraction yield determined;
the results are presented in Table 2 (columns d-f). The yields are in
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Table 2

2131

Recoveries and relative standard deviations (%RSD, n=3) of the studied estrogens obtained for spiked deionized®"< and river water®®f (Uhlava, Klatovy), experimental
conditions: samples eluted with 0.5 mL methanol, cLC analysis under the optimized gradient elution (for details, see Section 3.2).

Analyte %2 RSD? %° RSDP % RSD¢ %4 RSD¢ % RSD¢ % RSDf
E3 95 5.8 98 35 97 4.0 95 72 96 53 96 6.1
BE2 98 52 100 3.0 100 4.0 98 6.5 100 22 100 33
aE2 97 59 100 3.0 99 4.0 98 5.1 99 2.5 99 34
EE2 98 54 99 33 98 4.2 97 53 98 3.2 98 3.9
E1l 96 4.6 98 34 97 4.3 95 5.1 98 35 96 4.3

2 100 mL deionized water spiked at 250 ng/L.
100 mL deionized water spiked at 50 ng/L.
100 mL deionized water spiked at 25 ng/L.
100 mL river water spiked at 250 ng/L.

100 mL river water spiked at 50 ng/L.

f 100 mL river water spiked at 25 ng/L.

b
c
d
e

Table 3

Parameters of the calibration curves (standard deviations are in parentheses), limit of detection (LOD) and limit of quantitation (LOQ) obtained for spiked deionized water;
for mobile phase gradient and optimized preconcentration conditions see Sections 3.2 and 3.3, respectively. Linearity range of analytes used: from LOQ to 500 ng/L.

Compound Slope (L/nga.u.) Intercept (a.u.) Correlation coefficient LOD (ng/L) LOQ (ng/L)
E3 10.21(0.32) —24.15(1.87) 0.9998 4.7 173
BE2 43.55(0.93) —33.75(3.28) 0.9996 3.9 7.3
aE2 60.42 (1.29) —258.78(9.09) 0.9985 3.0 6.1
EE2 37.86(1.05) —117.64 (5.62) 0.9998 34 123
E1 40.59 (2.33) 372.93 (32.75) 0.9989 5.4 15.8

the range of 95-100%, with a very good repeatability (the RSD val-
ues up to 6.5%, except for estriol). Comparing the results obtained
for the deionized and river waters, it can be stated that the recov-
eries are higher than the values obtained with the commonly used
SPE cartridges [11].

3.4. Quantitation

Under the optimized preconcentration and separation con-
ditions, the calibration curves were measured for all the five
estrogens in spiked distilled water and in spiked river water
(Uhlava, Klatovy). The calibration curves were constructed in the
concentration range from 10 to 500 ng/L, and the analytes were
tested within a linearity range from LOQ of respective analyte to
500 ng/L. Each measurement of the peak area being carried out in
triplicate. The results of the linear regression are listed in Table 3
(spiked deionized water) and Table 4 (spiked Uhlava river, Kla-
tovy). The high correlation coefficients indicate a good agreement
of the linear calibration with the results of the real sample analyses.
Testing at a significance level of 1 — «=0.95 demonstrates that the
computed intercepts are statistically significantly different from
zero.

The peak height—concentration dependences were treated by
linear regression, to determine the limits of detection (LOD) and
quantitation (LOQ), as the triple and ten-times the noise level,
respectively. It can be seen that the LOD and LOQ values, obtained
for spiked deionized water (Table 3) are lower than for the river
water matrix (Table 4). The LOD and LOQ values obtained for spiked
river water are not exceeding 6.8 and 25.0 ng/L, respectively. The
highest LOD and LOQ values were always obtained for estriol, which
is eluted first, and for estrone, whose retention time is the longest.

Table 4

The LOD and LOQ values are fully comparable with the published
ones for HPLC on standard size columns and provide sufficient sen-
sitivity for analyses of environmental aqueous samples [11].

3.5. Application to environmental samples

The optimized procedures for the analyte preconcentration and
the subsequent analysis of the methanolic eluate using gradient
elution were applied to six real aqueous samples collected between
September 12 and December 14, 2009 at various sites, namely,
Vltava river (Prague), the Botic stream (Prague), Uhlava river (Kla-
tovy and Pilsen), wastewater entering and leaving the Imperial
Island Prague WWTP. Each sample was preconcentrated in trip-
licate and analyzed. Only two samples yielded positive results for
the presence of estrogens, namely, sample collected in the Vitava
river (about 900 m beyond the Prague Central WWTP) and sam-
ple collected in the wastewater inlet stream into the WWTP on
the Imperial Island in Prague. On the other hand, no estrogen was
found in the outlet from the WWTP and in other Prague samples
(the Botic stream). Samples from substantailly less inhabited areas
(Uhlava river, Klatovy and Pilsen) also yielded negative results.

The MRM chromatogram of the Vltava river sample (Prague)
is given in Fig. 3, indicating the presence of 13.2ng/L (RSD 5.5%)
of 17B-estradiol. The wastewater inlet into the WWTP contained
all the studied estrogens, except for 17a-estradiol. The concentra-
tions (ng/L) were 20.5 for estrone (RSD 8.4%), 21.4 for 173-estradiol
(RSD 7.2%), 100.7 for 17a-ethynylestradiol (RSD 4.4%) and 188.6
for estriol (RSD 6.8%); the sum of estrogens was 371.4ng/L. The
repeatability of the whole procedure, including both the extrac-
tion step and the subsequent analysis of the real sample, expressed
in terms of RSD (n=9), did not exceed 8.5%, which is a very good

Parameters of the calibration curves (standard deviations are in parentheses), limit of detection (LOD) and limit of quantitation (LOQ) obtained for spiked river water (Uhlava,
Klatovy), for mobile phase gradient and optimized preconcentration conditions see Sections 3.2 and 3.3, respectively. Linearity range of analytes used: from LOQ to 500 ng/L.

Compound Slope (L/nga.u.) Intercept (a.u.) Correlation coefficient LOD (ng/L) LOQ (ng/L)
E3 10.90 (0.53) —37.26 (1.99) 0.9997 6.8 25.0
BE2 49.44 (1.99) —57.89 (4.53) 0.9995 6.4 12.1
aE2 71.59 (2.65) —348.46 (15.88) 0.9981 5.2 10.5
EE2 41.28 (2.24) —140.99 (7.24) 0.9996 5.1 18.5
E1 43.77 (5.36) 435.38 (42.36) 0.9981 6.7 193
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Fig. 3. A MRM chromatogram of the Vltava river sample obtained under the same
conditions as those in Fig. 2. The peak corresponds to 17f3-estradiol, its content is
13.2ng/L.

result for an analysis of trace analytes in real samples. The RSD value
depends on the character of the aqueous matrix and is higher for
more polluted samples (compare the RSD values for 173-estradiol
obtained for the sample from the Vltava river and for that collected
in the WWTP inlet). To test the suitability of the whole developed
analytical procedure to the samples with more complex matrices,
the wastewater samples from the inlet and outlet of the WWTP
were spiked with all the studied estrogens at a level of 50 ng/L.
The increased estrogen concentrations found in the spiked samples
corresponded to the amount of the analytes added, demonstrating
unchanged recoveries and the absence of any matrix-induced ion
suppression during the detection.

The results obtained correspond to those published for classi-
cal HPLC analyses. The detection limits for HPLC-MS-MS analyses
range from units of ng/L to tens of ng/L for free estrogens [11]
and this fully agrees with the LOD values obtained in the present
study. The estrogen contents in river and waste waters found by
us are also comparable to the results published for Japanese and
Spanish rivers and wastewaters or surface water of the Baltic Sea
[11,20,24,29,33,38]. The negative results obtained for the outlet
from the Prague WWTP document an efficient removal of estrogen
pollutants from the water treated.

4. Conclusions

A new, miniaturized separation procedure, employing capillary
liquid chromatography hyphenated with the MS-MS detection,
has been developed for the determination of five important estro-
gen pollutants in natural waters, including the poorly separable
isomeric pair of 17a- and 173-estradiols. The optimized precon-
centration and separation conditions permit the attainment of very
low LOD and LOQ values, of the order of units to tens of ng/L, in aque-
ous matrices, permitting the determination of traces of the studied
estrogens in samples of environmental waters. The use of new SPE
materials permits a single-step preconcentration of all the estro-
gens with a high yield, close to 100%. These results, based on the
advantage of a low solvent consumption in cLC and on the combi-
nation of the positive ionization ESI mode with a column friendly
acidic mobile phase, predetermine this method for application in
estrogen screening and series analyses.
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4 HYDROFILNi INTERAKCNi KAPALINOVA CHROMATOGRAFIE A
CHARAKTERIZACE SEPARACNICH SYSTEMU

4.1 Teoreticky uvod

4.1.1 Hydrofilni interakéni kapalinova chromatografie

Hydrofilni interakéni kapalinova chromatografie je metoda kapalinové
chromatografie, ktera byla vyvinuta s cilem nalézt vhodnou metodu k separaci velmi
poléarnich latek, jejichz analyza v poslednich né€kolika letech nabyva na dulezitosti, a
které jsou velmi Spatné analyzovatelné v jinych separa¢nich modech [1]. Problematické
jsou predevsim latky z oblasti bioanalyzy, proteomiky, metabolomiky, toxikologie,
farmaceutického pramyslu aj.

Nazev hydrofilni interak¢éni kapalinova chromatografie se svou zkratkou HILIC
byla poprvé navrzena Alpertem v roce 1990 [2] pro separa¢ni systém, kde se uplatnuji
interakce smési aminokyselin s hydrofilni stacionarni fazi s naslednou eluci pomérné
hydrofobni mobilni fazi s uritym zastoupenim vodné slozky. Nicméné tato separacni
technika byla pouzita jiz v roce 1975 pfi separaci sacharidi a oligosacharidl za pouziti
aminoskupinami modifikovaného silikagelu jako stacionarni faze a smési acetonitrilu
s vodou V rizném objemovém zastoupeni jako mobilni faze [3].

Pro HILIC je typické pouziti hydrofilni stacionarni faze a mobilni faze s vysokym
podilem organické slozky. Nej€astéji se pouziva acetonitril s objemovym obsahem
vV rozmezi 60 aZ 96 %. Oproti reverznimu chromatografickému modu mé vodna slozka
mobilni faze vyssi eluéni silu. Eluéni pofadi analytl je shodné jako u normalniho
chromatografického modu [4].

Hlavni vyhody HILIC, kromé vysSi retence polarnich latek, jsou nésledujici:
zvyseni citlivosti v MS detekci z diivodu vyssiho obsahu organické slozky v mobilni
eluentu po SPE, moznost pouziti vysSich pritokit mobilni faze vzhledem k vySSimu

obsahu organické slozky v mobilni fazi. Mezi dalsi vyhody HILIC patfi moznost
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nahrazeni normalniho chromatografického modu, ktery ma fadu nevyhod jako napf.

komplikované spojeni s MS detekei [1, 5-9].

4.1.1.1 Mechanizmus separace

Mechanizmus separace v HILIC je stale nedofeSenym a diskutovanym tématem,
kterym se zabyva fada publikaci [10-18]. Jedny z prvnich studii, které se snaZzily popsat
separacni mechanizmus v HILIC, piedpokladaly, ze retence v HILIC je fizena interakci
hydroxylovych skupin studovanych analytd s polarnimi skupinami stacionarni faze [19,
20]. Stejné tak, jako v normalnim chromatografickém modu, pfedpokladaly, ze retence
je tizena pouze adsorpci analytl na povrchu staciondrni faze. Tato teorie byla omezena
tim, ze se tykala pouze analyti, které ve své struktufe obsahuji hydroxylové skupiny, a
proto nenasla Sirsi uplatnéni. Po experimentech se separaci smési cukrii na samotném
silikagelu a na silikagelu derivatizovaném ruznymi aminy byl prokazan i mechanizmus
rozdélovani [21-23].

Komplexngjsi pohled na separacni mechanizmus v HILIC vnesl vroce 1990
Alpert [2]. Podle Alperta jsou na polarni skupiny stacionarni faze sorbovany molekuly
vody z mobilni faze, které vytvoii vodny film na povrchu stacionarni faze. Analyty jsou
na zakladé€ své polarity rozdélovany mezi vodnou vrstvu na povrchu stacionarni faze a
mobilni fazi, kterd obsahuje malé mnoZstvi vodné slozky. Cim jsou analyty polarngjii,
tim maji vétsi afinitu k vodné vrstvé navdzané na povrchu staciondrni faze oproti
mobilni fazi bohaté na organickou slozku, coz se projevi ve zvyseni jejich retence [2].

Ve svém clanku Hemstrom a Irgum ukézali, Ze pfi zvySujicim se obsahu vodné
slozky v mobilni fazi dochédzi ke stirani rozdili mezi vodnou vrstvou na povrchu
stacionarni faze a vodnou slozkou v mobilni fazi. To mé& za nasledek zvySeni
rozpustnosti polarnich analytli v mobilni fazi, coz se projevi snizenim jejich retence.
Retence je tedy piimo imérna polarité¢ studovanych latek a nepifimo umeérnéa polarité
mobilni faze [1].

V fad¢ publikaci bylo prokazano, Ze na separacnim mechanizmu v HILIC se
podileji také slabé vazebné interakce jako elektrostatické interakce, vodikové interakce

nebo dipol-dipol interakce [14, 24-27].
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V soucasné dobé je separacni mechanizmus Vv HILIC stale diskutovanym
tématem. Z dosavadnich vyzkumi je ziejmé, Ze se jedna o multimodalni proces, kdy se
pii retenci polarnich latek uplatiiuje jak rozdélovani mezi vodnou vrstvu na povrchu
stacionarni faze a mobilni fazi, tak i adsorpce na povrchu stacionarni faze [1]. Reten¢ni
mechanizmus v HILIC se maze lisit pro odlisné latky a Vv zavislosti na pouzité

stacionarni a mobilni fazi [13, 28].

4.1.1.2 Stacionarni faze

V HILIC miZze byt pouZita jakakoliv polarni stacionarni faze, kterd je schopna na
svém povrchu vytvofit vodnou vrstvu. Mohou byt pouzity polarni kolony s iontovymi i
neiontovymi poldrnimi skupinami vdzanymi na povrch silikagelu nebo organickych
polymernich matric [15]. Jednim z nejpouzivanéj$ich materialt v HILIC separacich je
nederivatizovany silikagel [29-37]. HILIC separace vyuzivaji také stacionarni faze s
chemicky vazanymi skupinami jako aminopropylové skupiny [38-41], amidové [42-44],
diolové [45, 46], cyklodextrinové [47] a jiné. Pichled stacionarnich fazi pouZzivanych
v HILIC je uveden v piehledném ¢lanku Jandery [15].

V této casti dizertatni prace zaméfené na HILIC byly pouzity nasledujici
stacionarni faze: nederivatizovany silikagel, na silikagel vazany nativni cyklofruktan a

cyklofruktan derivatizovany isopropylem, amidové a sulfobetainova stacionarni faze.

4.1.1.2.1 Nederivatizované silikagelové stacionarni faze

Silikagelové stacionarni faze jsou na trhu k dostani témét od kazdého vyrobce
chromatografickych kolon. Komer¢né dostupné silikagelové staciondrni faze se mohou
lisit v Cistoté pouzitého silikagelu a ve zplsobu pfipravy stacionarni faze. V zavislosti
na vySe zminénych parametrech mohou silikagelové stacionarni faze od rtznych
vyrobcl poskytovat rdznou retenci, ucinnost a tvar pikt [15]. Na obrazku 4.1 je

uvedena struktura nederivatizované silikagelové stacionarni faze [4].

-44 -



Obrazek 4.1 Struktura nederivatizované silikagelové stacionarni faze [4].

V zavislosti na studovaném analytu, slozeni mobilni faze a vlastnostech pouzité¢ho
silikagelu se na separacnim mechanismu muiize podilet rozdélovani, adsorpce a iontové-
vyménné interakce [15]. Pii pouziti pufru o vy$sim pH bude dochazet k disociaci
silanolovych skupin, coz miZe zpusobit, ze iontové vymeénna-interakce se bude velmi
vyznamné podilet na separatnim mechanismu, zvlast€¢ pokud budou separovany
pozitivné nabité bazické latky [48].

Vyhodou nederivatizovanych silikagelovych stacionarnich fazich oproti chemicky
modifikovanym je jejich vyssi stabilita, kterd se pozitivné projevuje hlavné ve spojeni
LC-MS, kdy nedochazi ke kontaminaci MS uvolnénymi ligandy [49]. Hlavni nevyhody
nederivatizovanych silikagelovych stacionarnich fazi, které byly zaznamenany
Vv literatufe, jsou velmi silnd retence (Casto ireverzibilni) bazickych latek diky
elektrostatickym interakcim [50], nereprodukovatelné vysledky [4], Spatna symetrie

pikt nékterych sloucenin [23] a snadné piedavkovani kolony [1, 49].

4.1.1.2.2 Cyklofruktanové stacionarni faze

Cyklofruktany jsou cyklické oligosacharidy skladajici se ze Sesti nebo vice D-
fruktofuranozovych jednotek, navzajem propojenych B-(2—1) vazbou (bézné se
pouzivaji zkratky CF6, CF7, CF8, které oznacuji pocet fruktofuranozovych jednotek
v makrocyklickém kruhu). Cyklofruktany tvofi centralni ,,crown* etherovou strukturu.

Kazdd fruktofuranozovad jednotka obsahuje jednu primarni a dvé sekundarni
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hydroxylové skupiny. Tyto hydroxylové skupiny se Casto vyuZzivaji k derivatizaci

nativnich cyklofruktant. Struktura cyklofruktanu je uvedena na obrazku 4.2 [51].
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Obrazek 4.2 Struktura cyklofruktanu 6. R = H nebo derivatizaéni skupina [51].

Prvni zminka o cyklofruktanech je datovana do roku 1989, kdy byla zaznamenéna
produkce cyklofruktand pii fermentaci inulinu za pouziti extracelularniho enzymu
z Bacillus circulans [52]. Cyklofruktany byly nejprve pouzivany jako aditiva do
riznych produkti napf. do jidla (potlaceni hotkosti) [53], ¢i excipienty ve
farmaceutickém pramyslu [53]. Cyklofruktany jako chiralni selektory v HPLC byly
predstaveny Vvroce 2009 profesorem Armstrongem [53]. Od té doby nasly

cyklofruktany vyuziti v fadé¢ chiralnich separaci [54-60].
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Vzhledem ke své struktufe a polarnimu charakteru mohou byt cyklofruktanové
stacionarni faze vyuzity také v HILIC separacich. Prvni pouziti nativni cyklofruktanové
stacionarni faze v HILIC separaci bylo uskute¢néno skupinou Armstronga [51]. Nativni
cyklofruktan byl uspésné pouzit k separaci nukleovych kyselin, nukleosidti, xantind, -
blokatori, kyseliny salycilové a jejich derivatt [51]. K chiralni i achiralni separaci fady
polarnich latek v HILIC moédu (xantiny, B-blokatory, vitaminy, aminokyseliny,
maltooligosacharidy a jiné) byl pouzit vroce 2011 cyklofruktan derivatizovany
sulfonovymi skupinami [27]. Isopropylovany cyklofruktan byl prvné pouzit v HILIC
Vv publikaci Kozlika a kol. [26].

4.1.1.2.3 Amidové stacionarni faze

Amidové stacionarni faze obsahuji karbamoylové nebo amidové skupiny vazané
na silikagelu pomoci kratkého alkylového fetézce [15]. Oproti aminopropylovym
skupindm véazanym na silikagelu nemaji amidové stacionarni faze bazicky charakter,
tudiz se v separa¢nim mechanismu mén¢ uplatiuji iontové-vyménné interakce [15]. U
amidovych kolon byla publikovana jejich dlouhodoba zivotnost [4, 15]. HILIC na
amidovych kolonach byla pouzita hlavné pro separaci peptidd, oligosacharidu,
glykoproteint a glykosidu [4, 9, 15, 50, 61].

Nékteré¢ amidové stacionarni faze byly specialné vyrobeny pro pouziti v HILIC,
jako HILIC TSK gel Amide-80, ktera se uspés$né¢ uplatnila pro separaci monosacharidu,
oligosacharidd, peptidii a aminokyselin [15, 62]. Amide-80 vykazuje vyss$i retenci pro
fadu polarnich latek ve srovnani s nederivatizovanym silikagelem a ostatnimi polarnimi
stacionarnimi fazemi za stejnych separa¢nich podminek [12]. Struktura funkéni skupiny

kolony TSK gel Amide-80 je uvedena na obrazku 4.3 [63].
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Obrazek 4.3 Struktura funkéni skupiny kolony TSK gel Amide-80 [63].

Dalsi amidovou kolonou, ktera je urCena pro HILIC separace, je kolona
XBridge™ Amide. Tato kolona je zalozena na BEH technologii (bridged ethylene
hybrid), ktera je patentovana firmou Waters. Princip BEH technologie spoc¢iva v tom, ze
mezi silanolové skupiny jsou vlozeny hybridni ethylenové miistky, které funguji jednak
jako ,.endcapingové® skupiny, ale také zpeviuji celkovou strukturu takto piipravené
silikagelové faze [64]. To zpusobuje jednak vy$$i mechanickou odolnost potiebnou
napt. v UHPLC, tak i vysokou odolnost chemickou. A proto lze na takovychto kolonach
pracovat v sirokém rozsahu hodnot pH [64, 65]. Navic jsou kolony zalozené na BEH
technologii odolné vuéi tzv. ,krvaceni kolony“ (z anglického bleeding), nebo-li
vymyvani ligandu z nosné faze [65]. Kolona XBridge™ Amide byla pouzita v fadé
HILIC separacich [66-68]. Struktura funkéni skupiny kolony XBridge™ Amide je

uvedena na obrazku 4.4 [69].

\ 0
— O—Si—| Alyl —</
/ NH,

Obréazek 4.4 Struktura funkéni skupiny kolony XBridge™ Amide [69].
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4.1.1.2.4 Sulfoalkylbetainové stacionarni faze

Sulfoalkylbetainové stacionarni faze patii do skupiny zwitteriontovych
stacionarnich fazi, které byly plvodné zamySleny k pouziti v iontové-vyménnych
separacich [15]. Prvni pouziti sulfoalkylbetainovych stacionarnich fazi v HILIC
separacich bylo uskute¢néno pii analyzach anorganickych soli, malych organickych
iontovych latek a proteind [70-73].

Zwitteriontova sulfoalkylbetainova stacionarni faze obsahuje jako funkéni
skupinu sulfoalkylbetain (3-sulfopropyldimethylalkylamoniova sil), obsahujici zaroven
silné kyselou sulfonovou skupinu a silné bazickou kvartérni amoniovou skupinu, které
jsou vzajemné oddélené kratkym alkylovym fetézcem. Toto uspofadani umozZiuje
soucasnou separaci aniontovych a kationtovych latek. Struktura funkéni skupiny

sulfoalkylbetainové stacionarni faze je uvedena na obrazku 4.5 [74].

| o

Obrazek 4.5 Struktura funkcni skupiny sulfoalkylbetainové stacionarni faze (kolona

ZIC-HILIC) [74].

Sulfoalkylbetainové stacionarni faze na svém povrchu velmi siln€ adsorbuji vodu
Z mobilni faze. Polarni interakce hraji hlavni tlohu v separa¢nim mechanismu na téchto
staciondrnich fazich, slabé elektrostatické interakce dodavaji vyznamnou selektivitu pti
separaci iontovych latek [15]. Sulfoalkylbetainové stacionarni faze jsou na trhu znamy
pod komerénimi nazvy ZIC-HILIC (obsahuje sulfoalkylbetain vazany na silikagelu) a
ZIC-pHILIC (obsahuje sulfoalkylbetain vazany na polymeru). ZIC-HILIC kolony jsou
Siroce pouzivany k separaci fady polarnich latek, jako jsou metabolity [75, 76], peptidy
[77], glykoproteiny [78] a jiné polarni latky [79-81].
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4.1.2 Charakterizace separa¢nich systémi

Vysokouc¢inna kapalinova chromatografie je jednou z nejrozsifenéjSich
analytickych technik. Neustaly vyvoj v HPLC vede k tomu, Ze se na trhu objevuji nové
stacionarni faze srlznymi vlastnostmi. Vybér vhodné stacionarni faze je
parametry chromatografickych kolon nejsou ve vétSin¢ piipadi postacujici k vybéru
optimalni kolony pro konkrétni separaci [82]. Z tohoto divodu je Zadouci nalézt vztah
mezi chemickou strukturou analytu a fyzikaln¢-chemickymi vlastnostmi stacionarnich
fazi, které¢ by poskytly hlubsi pochopeni separacniho procesu a tim usnadnily vyvoj
chromatografickych metod.

Existuje celd fada testll slouzicich k charakterizaci chromatografickych kolon.
Vétsina testl byla navrZzena a zaroveil aplikovana pro stacionarni faze pouzivané
v reverznim chromatografickém moédu. Mnoho testil 1ze uspés$né aplikovat 1 v jinych
chromatografickych modech, jako napiiklad v HILIC [14, 83, 84]. Mezi zakladni
charakteristiky se fadi uréovani fyzikaln¢ chemickych vlastnosti stacionarni faze, jako
je tvar, homogenita a velikost ¢éstic staciondrni faze, specificky povrch, velikost port a
jiné. Stanoveni téchto vlastnosti a jejich ndsledna kontrola ve vyrobnim procesu je nutna
K ptipravé  dobfe definovanych chromatografickych kolon, které poskytuji
reprodukovatelné vysledky pro rizné Sarze dané kolony. Rizné pfistupy charakterizace
fyzikalné chemickych vlastnosti stacionarni faze byly diskutovany v fad¢ publikaci [85-
87].

Také spektrometrické metody pfispivaji svym dilem k charakterizaci
chromatografickych kolon. Jedna se hlavné o infradervenou spektroskopii (IC) a
nuklearni magnetickou rezonanci (NMR). IC spektroskopie je vhodna k charakterizaci
silikagelového povrchu a uréeni obsahu volnych silanolovych skupin [88]. NMR se
pouziva k ureni typu chemicky vazaného ligandu na povrchu stacionarni faze, dale je
schopna rozeznat, jakym zpusobem je ligand navazan na povrch stacionarni faze a urcit
rizné typy silanolovych skupin [88].

K charakterizaci chromatografickych kolon se pouzivaji i statisticka vyhodnoceni
chromatografickych dat. PouZivd se prevazné analyza hlavnich komponent (PCA) a

faktorova analyza, které jsou schopny zatradit danou chromatografickou kolonu, podle
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retencniho chovani vybranych latek na dané kolon¢, do skupiny kolon s podobnymi
chromatografickymi vlastnostmi. To umoziuje jednodussi a rychlejsi rozhodovani
jakou chromatografickou kolonu zvolit pro danou aplikaci [89, 90]. Termodynamické
zmeény entalpie a entropie spojené s pifechodem analytu z mobilni faze do faze
stacionarni jsou hodnoceny pomoci van’t Hoffovy zavislosti [91, 92].

Mezi dalsi testovaci metody miizeme zatradit rizné empirické testy jako je
napiiklad Tanakuv test [93], Engelharduv test [94], Walterstv test [95] a jiné. Pro tyto
testy je typické, ze ziskand chromatografickd informace je zavisld na testovanych
analytech, pomoci nichz lze popsat urCitou vlastnost kolony (napft. silanolova aktivita a
hydrofobicita). Tyto testy jsou zejména vhodné pro vzajemné porovndni staciondrnich
fazi [88]. Dale se mezi chromatografické testovaci metody fadi rizné chromatografické
modely, které se snazi o bliz§i a komplexnéj$i popis retencniho chovéani vybranych
analyt, napiiklad Horvathiv model [96], Galushkiuv model [97], model linearnich
vztahii volnych energii (LFER) [55] a jiné.

4.1.2.1 Modely linearnich vztaht volnych energii

Modely linearnich vztaht volnych energii jsou zaloZeny na méfeni urcité veliciny
vztazené ke zméné Gibbsovy energie pii daném procesu (napf. rozpousténi, retence aj.)
[98].

Mezi tyto modely se fadi kvantitativni vztah mezi strukturou a t¢innosti (QSAR
— qQuantitative structure-activity relationship) [99]. Model QSAR byl navrzen
Vv Sedesatych letech dvacatého stoleti Hanschem a Fujitou [100, 101]. QSAR model
naSel uplatnéni pfedev§im ve farmakologii a toxikologii k predikci ucinku lé€ivych
latek, jejich distribuci a eliminaci v organismu [99]. Kvantitativni vztah mezi strukturou
a retenci QSRR je zaloZen predevsim na korelaci retence analytu v chromatografickém
systému s rozdélovacim koeficientem mezi n-oktanolem a vodou (log P) [99].

Vyhoda modelu LFER spoc¢iva ve schopnosti tohoto modelu charakterizovat a
porovnat cely chromatograficky systém (mobilni a stacionarni fazi). Model LFER je
schopen poskytnout kvalitativni 1 kvantitativni informace o molekularnich interakcich

podilejicich se na retenci a separaci v daném chromatografickém systému. Mezi
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molekularni interakce patii elektrostatické interakce, vodikova vazba, interakce na
bazi pfenosu naboje, disperzni sily [98, 102].

V kapalinové chromatografii dochazi pii retenci k pifenosu analytu mezi
stacionarni a mobilni fazi, coz je spojeno se zménou Gibbsovy energie. Zména
Gibbsovy energie mize byt rozdélena na prispévky jednotlivych nezavislych typu
molekularnich interakci zodpovédnych za retenci [103]. Rovnice LFER, ktera byla
predstavena Abrahamem [104], vyjadiuje korelaci logaritmi reten¢nich faktort

s fyzikalné-chemickymi parametry analytu (viz. rovnice (1)).

logk =c +eE +sS +aA+ bB + v 1)

Vyznam jednotlivych ¢leni rovnice je nésledujici:

k....reten¢ni factor

E...rozsah molarni refrakce [105]

S...parametr dipolarity/polarizibility [105]

A...celkova nebo efektivni acidita vodikové vazby, popisuje proton donorovou
schopnost analytu tvofit vodikovou vazbu [104]

B...celkova nebo efektivni bazicita vodikové vazby, popisuje proton akceptorovou
schopnost analytu tvofit vodikovou vazbu [104]

V...McGowanlv charakteristicky objem solutu, popisuje disperzni a kohezivni
interakce (schopnost tvorby kavity) analytu v chromatografickém systému [106]
c...usek rovnice LFER, neni vysvétlovan pomoci solvatacnich parametrl, zahrnuje
vSechny moZné vlivy na retenci, které nejsou popsany pomoci regresnich koeficienti
e...rozdil ve schopnosti stacionarni a mobilni faze interagovat s n- a n-elektrony analytu
S...rozdil v dipolarité/polarizibilit¢ mezi stacionarni a mobilni fazi, poukazuje na
schopnost fazi ucastnit se interakci dipol-dipol a dipol-indukovany dipol

a...rozdil v akceptorové bazicit¢ vodikové vazby mezi staciondrni a mobilni fazi,
schopnost pasobit jako akceptor vodiku pro vodikovou vazbu

b...rozdil v donorové acidit¢ vodikové vazby mezi stacionarni a mobilni fazi,

schopnost pasobit jako donor vodiku pro vodikovou vazbu
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v...rozdil v hydrofobicit¢ mezi staciondrni a mobilni fazi, ktery zavisi na rozdilu
kohezivity obou fazi a na rozsahu disperznich interakci mezi analytem a stacionarni fazi

a analytem a mobilni fazi

Velkymi pismeny v rovnici 1 jsou oznaceny nezavisle proménné (E, S, A, B, V).
Jednd se o deskriptory, které popisuji fyzikdlné-chemické vlastnosti latek a
kvantitativné popisuji strukturni odli$nosti mezi nimi. Deskriptory pro Sirokou $kalu
latek lze spocitat, poptipadé zjistit pomoci nejriiznéjSich experimentalnich technik
[102]. V roce 1993 Abraham publikoval nové deskriptory pro velky pocet slouc¢enin
[107]. Tyto deskriptory jsou bézné pouzivany v modelu LFER [24, 55, 108, 109]. Vybér
analytti pouzitych v LFER modelu by mél byt reprezentativni a analyty by mély byt
strukturné odlisné, aby rozlozeni hodnot jednotlivych deskriptorti bylo rovnomérné a
pokryvalo celou fadu vlastnosti analytti popsanych pomoci téchto deskriptora [105].

Malymi pismeny jsou oznacené regresni koeficienty (e, s, a, b, v) ziskané
multidimenzionalni regresni analyzou [109]. Tyto regresni koeficienty popisuji rozdily
dané molekularni interakce mezi stacionarni a mobilni fazi. Dana molekularni interakce
je siln€j$i mezi analytem a staciondrni fazi, pokud dany regresni koeficient nabyva
kladné hodnoty, coz se projevi jako zvySeni retence. Pokud je dany regresni koeficient
zaporny, pak dana molekularni interakce je siln€j$i mezi analytem a mobilni fazi, a vede
tedy ke snizeni retence. Vysledna retence je urCena souctem vSech jednotlivych
nezavislych piispévku [98, 102].

I kdyz vétSina praci pouzivajicich LFER model je zaméfena na reverzni
chromatograficky mod, v poslednich nékolika letech se objevily publikace, které

aplikovaly LFER také na HILIC techniku [14, 24, 26, 84, 110-113].

-53-



4.1.3 Pteriny

Prvni zdznam o pterinech pochéazi zroku 1889, kdy Hopkins izoloval Zzluty
pigment z kiidel riznych druhit motylta [114]. Skupina téchto pigmentl nasledné
dostala obecny nazev pteriny podle feckého slova ,,pteron” (kiidlo) [114]. Pteriny se
nachazeji v fadé organismi, jako jsou obojzivelnici, plazi, ryby, hmyz, a také ¢lovék
[115]. Jejich funkce je velmi rozmanitd v zavislosti na organismu, ve kterém se

vyskytuji [114-116].

4.1.3.1 Chemicka struktura a fyzikalné-chemické vlastnosti

Pteriny patii do skupiny heterocyklickych slouc¢enin. Zakladni struktura pterini je
odvozena od bicyklického systému zvaného pteridin, jehoz zédkladem je pyrimidin a

pyrazin. Struktura pteridinu je uvedena na obrazku 4.6.

Obrazek 4.6 Strukturni vzorec pteridinu.

Derivaty pteridinu se podle substituce pyrimidinového cyklu dé€li na pteriny, coz
jsou derivaty 2-amino-4-0x0-3,4-dihydropteridinu a na lumaziny, coz jsou derivaty 2,4-
dioxo-1,2,3,4,-tetrahydropteridinu [117]. Dale mohou byt derivaty pteridinu rozdéleny
podle velikosti substituentd na nekonjugované (s relativné malymi substituenty, napf.
neopterin, biopterin, molybdopterin, onkopterin) a konjugované, které obsahuji vétsi
substituenty vazané na pteridinovy cyklus (napf. kyselina listova, riboflavin nebo

methanopterin) [114, 117].
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Pteriny jsou latky fotosenzitivni, coZ znamena, Ze na svétle dochazi k jejich
rozkladu za vznik riznych derivati pteridinu [114]. Pteriny se mohou vyskytovat
v riznych oxida¢nich stavech. Redukované formy pterinii snadno podléhaji oxidaci
vzdusnym kyslikem, a to zejména v pfitomnosti iontt kovu [114, 118]. Pro redukované
formy pterint je typické, Ze maji velmi silné antioxida¢ni u¢inky a mohou in vivo velmi
dobie pusobit jako lapace reaktivnich forem kysliku [118]. Oxidované formy pterint
vykazuji silnou fluorescenci [118]. Pteriny se vyskytuji Vv nékolika tautomernich
formach. Mezi vyznamné tautomerni formy se fadi laktamova a laktimova forma. Z
divodu nizsi energetické naro¢nosti a vyssi stabilit€¢ je rovnovaha mezi laktamovou a
laktimovou tautomerni formou posunuta ve prospéch laktamové formy [119]. I kdyz se
pteridin velmi dobfe rozpousti ve vodé a ve vétSiné organickych rozpoustédel, tak
substituované  pteridiny (oxo- a aminopteriny), které jsou asociovany
intramolekularnimi vodikovymi vazbami, vykazuji velmi nizkou rozpustnost jak ve

vodg, tak i v organickych rozpoustédlech [120].

4.1.3.2 Vyznam a funkce

Pteriny a jejich derivaty zastavaji fadu vyznamnych biologickych funkci. Podile;ji
se na fizeni bunééného metabolismu, napf. biopterin slouzi jako redoxni kofaktor
monooxygenas aromatickych aminokyselin [121] a NO-synthasy [122]. Biopterin se
také ucastni fizeni bunécného cyklu [123] a regulace melanogeneze [124]. Neopterin je
velmi vyznamnym indikatorem fady onemocnéni. Jeho zvysena koncentrace v télnich
tekutinach (mo€ a krevni plazma) je ukazatelem tady zanétlivych stavii a imunitnich
onemocnéni, jako jsou napiiklad rliznd virovd onemocnéni, revmatoidni artritida a
atopické astma [125-127].

Relativné vysoké koncentrace derivati pteridinu se nachazeji ve formé pigmentt
u hmyzu, plaz, obojzivelnikii, krabl a motského planktonu [115, 128]. Pteriny
proptjcuji hmyzu typické zabarveni jejich kutikul poc¢inaje od bilé barvy (leukopterin),
ptes Cervenou (erythropterin) a zlutou (xanthopterin) az po fluorescen¢ni modrou

(biopterin) [129]. Zbarveni zplisobené pteriny Casto slouzi jako ochranné zbarveni, které
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muze byt rozd€leno na varovné zbarveni (aposematické) a maskovaci zbarveni
(kryptické) [130, 131].

Aposematismus je antipredacni strategie zivocCicha, kterd pomoci vystraznych
signald informuje predatory o své nevyhodnosti [130]. Cilem téchto vystraznych signala
je odradit potencidlniho predatora od utoku. Proto by mély byt tyto signaly dobie
srozumitelné a umoznit tak predatorovi jejich snadné rozeznani a dlouhodobé
zapamatovani [132]. Organismy vyuzivaji rizné strategie, jimiz se pfed predatory brani,
a to zejména optické, pachové nebo zvukové. Optické signaly jsou nejbéznéjsi, jsou
zalozeny na raznych variacich barvy, vzoru, kontrastu vic¢i podkladu, vnitinimu
kontrastu mezi rizné zbarvenymi partiemi téla, tvaru téla, velikosti, symetrie apod.
[132].

V této praci bylo studovéno zabarveni kutikul zpiisobené pteriny v plosticich
(Heteroptera). Byly studovany dva druhy, a to Graphosoma lineatum a Graphosoma
semipunctatum z riznych lokalit a v riznych vyvojovych stadiich. Fotografie
studovanych plostic jsou uvedeny jako ,,supplementary data“ publikace 1V. Barvy
kutikul plostic se méni béhem vyvojového stadia jedince, roéniho obdobi, ale vliv na
jejich zabarveni mize mit i lokalita vyskytu. Odstin zabarveni je pravdépodobné

vysledkem ptitomnosti urcitych pterind, ale 1 jejich vzdjemného poméru.

4.1.3.3 Metody stanoveni

Vzhledem k tomu, ze fada pterini slouzi jako markery riznych onemocnéni, jsou
pteriny stanovovany hlavné v modi, plazmé, séru a mozkomiSnim moku [114].
Nejbézngjsi technikou pouzivanou v analyze pterinli je HPLC s riznymi typy detekce
(pfevazné fluorescencni a hmotnostni detekce) [133-136]. Prevazna vétSina HPLC
metod uréenych ke stanoveni pterind probihala v reverznim moédu HPLC (RP-HPLC).
Kvuli vysoké polarité pterint a s ni spojené jejich nizké retenci v RP-HPLC byla v fadé
publikaci pouzita 100% vodna mobilni faze. Z tohoto divodu dochazelo ke Spatné
opakovatelnosti analyz (jak z hlediska reten¢nich cCasd, tak i rozliSeni) a byla

alternativa k RP-HPLC pro analyzu polarnich pterind se jevi HILIC [5, 81, 139]. V roce

2010 Novakova a kol. studovali reten¢ni a separacni vlastnosti UHPLC hybridnich
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stacionarnich fazi na bazi BEH technologie ur¢enych pro HILIC v analyze vybranych
pterind (neopterin, biopterin, dihydroneopterin a dihydrobiopterin) [5]. V témzZe roce
Shi a kol. aspésné pouzili HILIC na aminopropylové stacionarni fazi ve spojeni
s fluorescen¢nim detektorem k analyze neopterinu, biopterinu a isoxanthopterinu v moci
[139]. K analyze pterinti byla pouzita i fada jinych instrumentalnich technik nez HPLC
jako napiiklad kapilarni elektroforéza [140-142] nebo rtzné spektroskopické metody
napi. povrchem zesileny Ramantv rozptyl [143] a synchronni fluorescenéni
spektrometrie [144]. Biopterin a neopterin v séru lze také stanovit metodou ELISA
[145].

Pro analyzu derivatd pteridinu V kutikuldich hmyzu byla pouzita hlavné
papirova chromatografie, a/nebo tenkovrstva chromatografie (TLC) [129, 146-151],
popiipadé HPLC [152]. Nevyhodou TLC metody v analyze pterini je jeji nizka
selektivita pro rizné derivaty. V roce 2003 Némec a Kol. pfedpoveédéli, ze analyza
kutikul hmyzu z pohledu vyskytujicich se derivatt pteridinu je mnohem komplexnéjs$im
problémem, nez bylo do té doby publikovano [129]. Némec také vyjadiil nazor, ze
K analyze pterin v kutikulach hmyzu by byla vhodna citlivéjsi a selektivngjsi
analytickd metoda jako napiiklad HPLC v kombinaci s MS detekci [129]. Aplikace
takovéhoto piistupu, tedy HPLC-MS/MS, byla pouZitd v ramci této dizertacni prace
v analyze pterini obsazenych v plosticich Graphosoma lineatum a Graphosoma
semipunctatum [81]. V aktualnich studiich, zabyvajicich se aposematickym zbarvenim
riznych druhtt hmyzu, byla K analyze derivati pteridinu vyuzita metoda kapilarni

elektroforézy [153, 154].
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4.2 Vysledky a diskuse — komentare k publikacim

4.2.1 Porovnani vlastnosti silikagelové stacionarni faze a

cyklofruktanovych stacionarnich fazi v HILIC — Publikace Il

Klasickée silikagelové stacionarni faze patii mezi bézné pouzivané stacionarni faze
v HILIC. Modifikace téchto silikagelovych stacionarnich fazi navazanim tady rtiznych
ligandii muze zasadné¢ zmeénit jejich separacni ucinky. Tato Céast dizertani préace je
zamé&fena na porovnani separa¢nich vlastnosti tfech stacionarnich fazi v HILIC. Byly

porovnavany tyto chromatografické kolony:

e Kolona Larihc CF6-P; stacionarni faze - isopropylovany cyklofruktan 6
vazany na silikagelovém nosici, velikost ¢astic 5 um, kolona 0 rozmérech
250 mm x 4,6 mm (AZYP, Arlington, USA)

e Kolona Frulic-N CF6; stacionarni faze — nativni cyklofruktan 6 vazany na
silikagelovém nosi¢i, velikost ¢astic 5 um, kolona o rozmérech 250 mm x
4,6 mm (AZYP, Arlington, USA)

e Kolona se silikagelovou stacionarni fazi - obsahujici stejny silikagel, ktery
byl pouzit pti piipravé kolon Larihc CF6-P a Frulic-N CF6, velikost ¢astic
5 um, kolona 0 rozmérech 250 mm x 4,6 mm (Oddéleni chemie a

biochemie, Texask4 univerzita v Arlingtonu, Arlington, USA).

K porovnani a charakterizaci kolon byly pouzZity empirické testy navrZené
Schoenmakerem [155], Snyderem a Soczewinskim [156] slouzici k odhaleni, zda se na
retenénim mechanismu podili rozdélovani a/nebo adsorpce. K porovnani hydrofobicity
a silanolové aktivity testovanych stacionarnich fazi byl pouzit Waltersiv test. K urceni
molekularnich interakci podilejicich se na retenci a separaci v danych separacnich
systémech byla pouzita LFER metoda. K porovnani selektivity a separa¢ni uc¢innosti
vySe zminénych kolon byla optimalizovana metoda pro separaci smési Ctyf
pentapeptidl a péti nonapeptidi.
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Optimalni slozeni mobilni faze pro separaci pentapeptidii na kolon¢ Larihc CF6-P
bylo nasledujici: acetonitril/20 mM octan amonny, pH = 4,00, 88/12 (v/v), prutok
mobilni faze 1 ml/min a teplota kolony 25 °C. P#i tomto slozeni mobilni faze doslo
k dostate¢né separaci vSech studovanych pentapeptidi, dobré symetrii pikti a doba
analyzy nepiesdhla 25 minut. RozliSeni vSech pika pentapeptidii na zakladni linii pfi
dobé¢ analyzy nepiesahujici 13 minut bylo dosazeno na kolon¢ Frulic-N CF6 pii slozeni
mobilni faze acetonitril/20 mM octan amonny, pH = 4,00, 83/17 (v/v), pratok mobilni
faze 1 ml/min a teplota kolony 25 °C. Silikagelova stacionarni faze (SP) neposkytovala
pii zadném testovaném slozeni mobilni faze dostateéné rozliseni pro leucin enkefalin a
[Mets]enkefalin a soucasné vSechny piky vykazovaly chvostovani. Pfi zméné poméru
organické a vodné slozky mobilni faze ve prospéch acetonitrilu doslo k prodlouZeni
retence vSech sledovanych pentapeptidi, ale vliv na rozliSeni mezi leucin enkefalinem
a [Met:]enkefalinem byl nepatrny. Optimalni slozeni mobilni faze pro separaci
nonapeptidi na vSech tfech testovanych chromatografickych kolonach bylo nésledujici:
acetonitril/20 mM octan amonny, pH = 4,00, 80/20 (v/v), prutok mobilni faze 1 ml/min.
Nejrychlejsi separace bylo dosazeno na kolon¢ Larihc CF6-P. Na cyklofruktanovych
stacionarnich fazich vykazovaly nonapeptidy symetrické piky a doslo k jejich
vzajemnému rozdéleni az na zékladni linii. V ptipadé pouZiti silikagelové stacionarni
faze se doba analyzy blizila ke 100 minutdm a vSechny piky siln¢ chvostovaly. Pro
ilustraci jsou na obrazku 4.7 uvedeny chromatogramy separace pentapeptidii za

optimalizovanych separac¢nich podminek a nonapeptidi na obrazku 4.8.
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Obrazek 4.7 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 je uveden pod nazvem kolony v
chromatogramu; pritok 1 ml/min; teplota kolony 25 °C; UV detekce pti 220 nm; elu¢ni
pofadi analytt: 1, leucin enkefalin amid 2, [D-Ala?]leucin enkefalin 3, leucin enkefalin

4, [Met:]enkefalin.

Larihc CF6-P

15 Frulic-N CF6
3 4 5
1 -
> silikagelova SP
3 45
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Obrazek 4.8 Chromatogram separace smési nonapeptidi 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;
eluéni pofadi analyti: 1, oxytocin 2, [deamino-Cys:, D-Arg‘]vasopresin 3,

[Arg]vasopresin 4, [Argf]vasotocin 5, [Lys?]vasopresin.
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Na zaklad¢ empirickych testd navrzenych Schoenmakerem [155] a Snyderem a
Soczewinskim [156] bylo zjisténo, Ze se na retenénim mechanismu separace
pentapeptidi a nonapeptidii podili jak rozdélovani, tak adsorpce, tudiz retence je
urc¢ovana kombinaci obou procest.

Z Waltersova testu je patrné, Ze indexy hydrofobicity (HI) jsou velmi nizké pro
vSechny testované stacionarni faze, coz je ve shod¢ s polarnim charakterem testovanych
kolon. Nejnizsi hodnota HI byla ziskana pro nederivatizovany cyklofruktan (Frulic-N
CF6), nebot’ tato stacionarni faze ma z testovanych kolon nejvice polarni charakter,
vzhledem k velkému mnozstvi pifitomnych polarnich hydroxylovych skupin. Diky
derivatizaci hydroxylovych skupin isopropylem se snizi polarita stacionarni faze (Larihc
CF6-P), coz se projevi vzrastem hodnoty HI. Silanolovy index (SI) poskytuje informaci
o interakci analytl s volnymi silanolovymi skupinami. Hodnoty SI jsou pro vSechny tfi
testované kolony srovnatelné a oproti kolondm pouzivanym v RP-HPLC relativné
vysoké. Modifikace silikagelové stacionarni faze cyklofruktany nema vyznamny vliv na
hodnoty SI.

Molekularni interakce uplatiujici se v danych separacnich systémech byly
porovnany metodou LFER ve tfech mobilnich fazich o slozeni acetonitril/20 mM octan
amonny, pH = 4,00 v riznych objemovych pomérech: 88/12, 83/17, 80/20 (v/v).
Regresni koeficienty byly ziskdny multidimenziondlni linearni regresni analyzou
retencnich dat sady Ctyficeti testovacich analytl. Korelace experimentalné ziskaného
log k a pfedpovézeného log k podle LFER modelu poskytuje korelaéni koeficienty
vyssi nez 0,97 pro cyklofruktanové staciondrni faze. Pro silikagelovou SP se korela¢ni
koeficienty pohybovaly od 0,91 do 0,93.

Regresni koeficient e byl statisticky vyznamny pouze u chromatografické kolony
Frulic-N CF6 pfi sloZzeni mobilni faze acetonitril/20 mM octan amonny, pH = 4,00,
80/20 (v/v). Jeho negativni hodnota znamena, Ze analyty, které maji schopnost
interagovat pomoci N- a n-elektrond, budou pfednostné interagovat s mobilni fazi, coz
povede ke snizeni jejich retence.

Regresni koeficient s (udava rozdil v dipolarité/polarizibilit¢) byl statisticky
nevyznamny u silikagelové SP pfi vSech testovanych mobilnich fazich, coz znamena, ze
dany typ interakce, ktery predstavuje regresni koeficient S, je shodny v mobilni 1
stacionarni fazi, a proto se vyznamné nepodili na retenci. Regresni koeficient s byl
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pozitivni a statisticky vyznamny pro cyklofruktanové stacionarni faze. Je vidét, Ze
S narGstem obsahu pufru v mobilni fazi roste i1 regresni koeficient s, coz mize souviset
se sorpci slozek mobilni faze na povrchu stacionarni faze. VysSich hodnot regresniho
koeficientu s bylo dosazeno pro kolonu Frulic-N CF6 v porovnani s kolonou Larihc
CF6-P. Derivatizace hydroxylovych skupin nativniho cyklofruktanu isopropylem
snizuje schopnost dipolarity/polarizibility.

Nejvyssi kladné hodnoty pro vSechny staciondrni faze dosahl regresni koeficient
b. Z toho vyplyva, Ze vSechny stacionarni faze maji silnou schopnost pisobit jako donor
silikagelovou SP a pfi zmén€ mobilni faze se jeho hodnota neménila. Nativni
cyklofruktan obsahuje nejvice skupin schopnych podilet se na daném typu interakce,
derivatizace isopropylem sniZuje pocet téchto interakcnich mist, coz se projevi snizenim
koeficientu b.

Regresni koeficient v, ktery charakterizuje disperzni interakce, byl statisticky
nevyznamny u silikagelové SP. U cyklofruktanovych stacionarnich fazi nabyval
koeficient v negativni hodnoty pro v§echny testované mobilni faze. Zména disperznich
interakci, v RP-HPLC nazyvana hydrofobicita, je ve shod& s vysledky ziskanymi
Waltersovym testem, kdy nejniz$i hydrofobicity bylo dosazeno pro Frulic-N CF6
kolonu. Se zvySujicim se obsahem vodné slozky v mobilni fazi se zvySuje zaporna
hodnota koeficientu v.

Regresni koeficient a byl statisticky nevyznamny pro vSechny testované separacni
systémy.

Na zakladé provedenych testli byl prokazan multimodalni reten¢ni mechanismus
na vSech testovanych kolonach. Bylo ukazano, ze modifikace silikagelové stacionarni
faze cyklofruktany piinaSi dal$i interakéni moznosti, zvySuje separacni Uc€innost a

selektivitu v hydrofilni interakéni kapalinové chromatografii.
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4.2.2 Porovnani vlastnosti dvou amidovych stacionarnich fazi v HILIC -

Publikace Il

Velmi Casto pouzivané faze v HILIC systémech jsou amidové stacionarni faze.
Vzhledem Kk tomu, Ze¢ se obecné vlastnosti ,,stejnych® chromatografickych kolon od
riznych vyrobci mohou liSit, byly charakterizovany a porovnany dvé amidové faze.

Konkrétné byly studovany tyto chromatografické kolony:

e Kolona XBridge™ Amide o rozmérech 250 mm x 4,6 mm, s velikosti
¢astic 3,5 um a velikosti portt 130 nm (Waters, Milford, USA)
e Kolona TSK gel Amide-80 o rozmérech 250 mm x 4,6 mm, s velikosti

¢astic 5 um a velikosti portt 80 nm (Tosoh, Tokyo, Japonsko).

I kdyz obé kolony obsahuji shodny ligand, mohou, diky rliznym technologiim
ptfipravy, poskytovat rizné retencni vlastnosti a riiznou selektivitu. Ke komplexni
charakterizaci studovanych separacnich systémul byla pouzita fada testl. K porovnani
separa¢ni u€innosti byly vybrany modelové latky zastupujici biologicky zajimavé malé
molekuly, a to vybrané pentapeptidy a nukleobaze. Pro porovnani a charakterizaci obou
kolon byla dale pouZzita metoda LFER, testy selektivity pro ruzné funkéni skupiny, test
bazickych latek a vliv teploty na separaci.

Optimalni sloZzeni mobilni fdze pro separaci smési pentapeptidi na koloné
XBridge™ Amide bylo acetonitril/20 mM octan amonny, pH = 4,00, 85/15 (v/v). Pii
tomto slozeni mobilni faze doslo k separaci vsech studovanych analytd az na zakladni
linii, doba analyzy nepfesdhla 10 minut. Pfi separaci pentapeptidi na koloné¢ TSK gel
Amide-80 za pouziti stejné mobilni faze doslo ke koeluci leucin enkefalinu a [D-
Ala?]leucin enkefalinu. Rozliseni vSech studovanych pentapeptidi na druhé koloné bylo
dosazeno pii slozeni mobilni faze acetonitril/20 mM octan amonny, pH = 4,00, 88/12
(v/v). Kolona XBridge™ Amide poskytuje vy3si separagni uginnost, ke které vyrazng
pfispiva mensi zrnéné stacionarni faze (3,5 um) oproti koloné¢ TSK gel Amide-80 (5
um). Chromatogramy pro porovnani separace smeési pentapeptidi jsou uvedeny na

obrazku 4.9.

-63-



1 XBridgeTM Amide
85/15 (v/v)

4  TSKgel Amide-80

1 2 3
U

1 4 TSK gel Amide-80

0 4 8 12 16 20 24 28
t (min)

Obrazek 4.9 Chromatogramy separace smési pentapeptidi na kolon& XBridge™ Amide
a TSK gel Amide-80. SloZzeni mobilni faze: acetonitril/20 mM octan amonny, pH =
4,00; pomér organické a vodné faze je uveden pod nazvem kolony; prutok 1 ml/min;
teplota kolony 25 °C; UV detekce pti 220 nm; elu¢ni potadi analytu: 1, leucin enkefalin

amid 2, [D-Ala?]leucin enkefalin 3, leucin enkefalin 4, [Met]enkefalin.

Druhou skupinou latek, strukturné odliSnych od pentapeptidli, separovanych na
amidovych kolonach byly nukleobdze (thymin, uracil, adenin, cytosin, guanin).
Optimalni sloZeni mobilni faze pro separaci nukleobazi 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 v§ech testovanych nukleobazi az na zakladni linii na obou
stacionarnich fazich. Kolona XBridge™ Amide viak poskytovala vyssi G&innost
vzhledem k mensi velikosti ¢astic. Chromatogramy separace nukleobazi jsou uvedeny

na obrazku 4.10.
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Obrazek 4.10 Chromatogramy separace nukleobazi na kolonach XBridge™ Amide a
TSK gel Amide-80. Slozeni mobilni faze: acetonitril/20 mM octan amonny, pH = 4,00,
85/15 (v/v); pritok 1 ml/min; teplota kolony 25 °C; UV detekce pii 220 nm; eluéni

pofadi analytu: 1, thymin 2, uracil 3, adenin 4, cytosin 5, guanin.

Na zdkladé¢ vyhodnoceni zavislosti mezi retenci a eluéni silou mobilni faze
navrzenych Schoenmakerem [155] a Snyderem a Soczewinskim [156] bylo zjisténo, ze
retencni mechanismus separace pentapeptidii, nonapeptidl a nukleobazi je multimodalni
proces, na kterém se podili jak rozdélovani, tak adsorpce.

K porovnani amidovych kolon metodou LFER byla zvolena mobilni faze
acetonitril/20 mM octan amonny, pH = 4,00, 85/15 (v/v). Regresni koeficienty LFER
rovnice byly ziskany proméienim sady 39 testovacich analyti. Korelaéni koeficient byl
pro ob¢ testované kolony vyssi nez 0,96, coz naznacuje velmi dobrou korelaci
s experimentalnimi daty. Regresni koeficient v je ziporny a srovnatelny pro obé
testované stacionarni faze, proto se hydrofobnéjsi latky budou za danych separac¢nich
podminek méné zadrzovat. Regresni koeficienty € a S jsou statisticky nevyznamné, coz
znamena, 7e se jimi popsané interakce za danych separacnich podminek nepodileji na
retenci. Regresni koeficenty a a b, které vyjadiuji schopnost interagovat pomoci
vodikovych vazeb, nabyvaji statisticky vyznamnych pozitivnich hodnot u obou kolon.
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Podle LFER modelu vykazuje kolona TSK gel Amide-80 vyssi hodnoty regresnich
koeficienti a a b, coz odpovidd vySsi schopnosti interagovat pomoci vodikovych
interakci.

Z vysledkt testt selektivity pro hydroxylovou skupinu vyplyva, ze obé separacni
kolony poskytuji shodnou selektivitu pro hydroxylovou skupinu. VéEtsi selektivita pro
aminoskupinu byla prokazana na koloné¢ TSK gel Amide-80, coz je ve shod¢ s LFER
vysledky (vys$§i hodnota regresniho koeficientu b), nebot’ aminoskupiny mohou
interagovat pomoci vodikovych interakeci.

Iontové interakce byly testovany pomoci vybranych bazickych latek. Pii slozeni
mobilni faze acetonitril/20 mM octan amonny, pH = 4,00, 85/15 (v/v) poskytovala
kolona TSK gel Amide-80 v¢&tsi moznosti uplatnéni iontové-vymeénné (kation-vymeénné)
interakce oproti kolong XBridge™ Amide.

Je zndmo, Ze teplota kolony miize mit vliv na retenci a selektivitu separa¢niho
pocesu. Na zaklad¢ studia vlivu teploty na retenci vybranych analyti nebyl zaznamenan
zasadni rozdil mezi testovanymi kolonami. U testovanych analyti dochazelo ke
sniZzovani retence se zvySujici se teplotou na koloné. Se zménou teploty nedochéazelo ke

zméné reten¢niho mechanismu.
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4.2.3 Analyza pterina v plosticich Graphosoma lineatum a Graphosoma

semipunctatum pomoci HILIC-MS/MS - Publikace IV

Aplika¢ni moznosti separa¢niho systému HILIC v kombinaci s vhodnou detekci
ukazuje publikace IV. Cilem bylo nalézt vhodnou LC metodu k identifikaci a ke
stanoveni Sesti pterini, jmenovité biopterinu, isoxanthopterinu, xanthopterinu,
leukopterinu, neopterinu a erythropterinu, jejichz struktury jsou uvedeny na obrazku

4.11, v ruznych formach plostic Graphosoma lineatum a Graphosoma semipunctatum.

o)
o) OH I \
] N CHj HN AN
HN | X J\ |
\ ~
J\\ _ OH HNT Y o
HoN N N H

biopterin iIsoxanthopterin
0 HO OH C|) H
|| N e)
N =
DD ﬁ[ .
J\\ = H,N N N~ O
HoN N N H
neopterin leukopterin
O
|| H 0O 9 H
HN = L N o
IR s WY
X N
O .
erythropterin xanthopterin

Obrazek 4.11 Struktura studovanych pterini.
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Vzhledem k vysoké polarit¢ studovanych analyta byla k separaci zvolena
hydrofilni interakéni kapalinova chromatografie. Byly testovany dvé komercné

dostupné chromatografické kolony urc¢ené pro HILIC:

e Atlantis HILIC Silica o rozmérech 150 mm x 4,6 mm, s velikosti ¢astic 3
um (Waters, Milford, USA)
e ZIC-HILIC o rozmérech 150 mm x 4,6 mm, s velikosti ¢astic 3,5 um

(Merck, Darmstadt, Némecko).

K detekci byla zvolena tandemova hmotnostni spektrometrie (trojity kvadrupdl).
Podle literatury nebyl takovy pfistup v analyze pterinti v kutikulach hmyzu doposud
pouzit.

Bylo optimalizovano nastaveni hmotnostniho spektrometru. M¢feni byla
provadéna v MRM moddu, proto byly nejdiive nalezeny vhodné prekurzorové a
produktové ionty studovanych analytd. Bylo optimalizovano nastaveni parametrii
elektrospreje s ,,Jet stream* technologii v zavislosti na slozeni a prutoku mobilni faze.

Nejvétsi vliv na retenci a separaci studovanych pterinit na obou kolonach méla
zména poméru organické a vodné slozky v mobilni fazi. Na zdklad€¢ optimalizace
separace studovanych pterinti s ohledem na tandemovou hmotnostni detekci byl zvolen
separacni systém skladajici se z kolony ZIC-HILIC a mobilni faze acetonitril/5 mM
octan amonny, pH = 6,80, 85/15 (v/v), pratok mobilni faze 0,5 ml/min a teplota kolony
30 °C. Vysledky analyzy standardi studovanych pterinii za optimalnich LC a MS

podminek ukazuje obrazek 4.12.
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Obrazek 4.12 Chromatogramy separace standardu pterinti o koncentraci = 625 ng/ml na

kolon¢ ZIC-HILIC. Slozeni mobilni faze: acetonitril/5 mM octan amonny, pH = 6,80,
85/15 (v/v); pritok 0,5 ml/min; teplota kolony 30 °C; MS/MS detekce v MRM modu;
oznaceni analytt: 1, isoxanthopterin 2, xanthopterin 3, biopterin 4, erythropterin 5,

leukopterin 6, neopterin.

Kvantifikace byla provadéna na zékladé kalibracni pfimky sestrojené pomoci
vazené linearni regrese (1/x°) zavislosti velikosti ploch pikié na koncentraci analytd.
Limity detekce se pohybovaly od 0,1 ng/ml pro biopterin az po 6,2 ng/ml pro
erythropterin. Matri¢ni efekty byly vyhodnoceny na zéklad¢ srovnani vysledkd obsahu
pterinll v ¢ervené form& Graphosoma lineatum ziskanych metodou kalibraéni kiivky a
metodou standardniho piidavku. Pfi analyze pterinti v kutikule Graphosoma lineatum
nedochéazelo k ovlivnéni ionizace matricnimi efekty. Déle byla ovéfovéana selektivita,
ptfenos vzorku, denni a mezidenni pfesnost a spravnost. Pfesnost méteni dané metody se
pohybovala od 0,79 % do 8,09 % a spravnost méfeni se pohybovala od 1,85 % do 9,63
%.

Nové€ vyvinutd a validovana metoda HILIC-MS/MS byla pouzita ke stanoveni
vybranych pterinil ve Ctyfech formach Graphosoma lineatum (larvalni, svétla, zluta a

cervend) a jedné formé& Graphosoma semipunctatum (oranzova). Vysledky analyzy
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obsahu pterini jednotlivych forem Graphosoma lineatum a Graphosoma

semipunctatum jsou uvedeny v tabulce 4.1.

Tabulka 4.1 Mnozstvi pterint, vyjadiené jako mnozstvi analytu v pg na 1 mg
integumentu, Vv riaznych formach Graphosoma lineatum (GL.) and Graphosoma

semipunctatum (GS.); relativni standardni odchylka je uvedena v zavorce

GL. ¢ervena GS. oranzova GL. Zluta GL. svétla GL. larvalni
Analyt
forma forma forma forma forma
biopterin 0,77 (5,19) 5,24 (6,53) 1,18 (4,82) - 0,14 (7,22)
neopterin - - 3,98 (3,14) - -

xanthopterin - - - - -
isoxanthopterin 12,01 (11,23) 211,88 (13,21) 30,34 (8,09) 11,03 (11,28) 2,63 (9,02)
erythropterin 190,76 (9,65) 29,43 (6,86) 136,05 (8,33) 16,44 (4,99) -

leukopterin 119,67 (12,11) 127,60 (10,76) 51,16 (7,38) 256,17 (5,92) -

Z tabulky 4.1 je vidét, ze xanthopterin nebyl nalezen v zadné analyzované formé.
Neopterin se vyskytoval pouze u zluté formy. Isoxanthopterin se vyskytoval ve vSech
studovanych formach Vrizném mnozstvi. Larvalni forma obsahovala pouze
isoxanthopterin a malé mnozstvi biopterinu. Z uvedenych vysledkd je vidét, zZe
jednotlivé formy Graphosoma lineatum a Graphosoma semipunctatum maji rozdilné

obsahy studovanych pterinti, coz ovlivituje zabarveni plostic.
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Hydrophilic interaction liquid chromatography (HILIC) offers very good possibilities for separation of
polar compounds as an alternative to reversed phase HPLC where polar compounds are not sufficiently
retained. HILIC is becoming more popular for the analysis of biologically interesting (active) analytes.
Various stationary phases are commercially available however, development of new materials (sorbents)
suitable for HILIC systems still continues. Silica gel columns can be used directly but their modification
canimprove separation ability of the stationary phases. Cyclofructan-based stationary phases are demon-
strated as possible HILIC columns in this work. The effect of silica gel modification by cyclofructan and a
derivatized cyclofructan was studied in detail. HILIC separation systems with silica gel, cyclofructan and
isopropyl cyclofructan modified silica stationary phases were compared. The detailed study of chromato-
graphic behavior of peptides revealed that multimodal retention mechanism is present in systems with
these stationary phases. Mobile phase composition changes the types of interactions and their strengths.
It appears that ability to donate protons and dispersion forces are the main interactions that affect reten-
tion in HILIC with cyclofructan-based columns while they are less important in separation systems with
bare silica stationary phase. Suitability of cyclofructan-based stationary phases in HILIC for separation of
pentapeptides and nonapeptides was demonstrated.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Hydrophilic interaction liquid chromatography (HILIC) is a
technique that has attracted increasing attention since it offers an
alternative approach for separation of highly polar compounds. The
interest in the HILIC technique in the last years has been promoted
by growing demand for the analysis of polar drugs, metabolites and
biologically important compounds in proteomics, glycomics and
clinical analysis [1,2]. The number of publications focused on HILIC
has increased substantially since 2003 [3]. Alpert [4] first coined
the name HILIC in 1990 for the chromatographic technique where
the analytes interact with hydrophilic stationary phase (SP) and
the elution is generated by relatively hydrophobic binary mobile
phase containing water as a strong eluting solvent. Of course this
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chromatographic technique has been used for years previously
under a variety of different names [5]. The primary retention
mechanism in HILIC was believed to be analyte partitioning
between the bulk eluent and the water-rich layer that is partially
immobilized on the surface of the stationary phase [4]. However,
it is now known that this is not adequate to explain retention in
HILIC [5]. The predominant retention mechanism in HILIC sepa-
ration is not unequivocal and it can differ when different analytes
and/or different stationary and mobile phases are applied [6]. The
multimodal retention mechanism has been reported in the liter-
ature. It may include ionic, hydrogen-bonding, hydrophobic and
hydrophilic interactions [5-14]. Therefore, both the partition and
adsorption mechanisms may contribute to the overall retention
in HILIC [15]. Any polar chromatographic surface can be used for
HILIC separations. In recent years, several stationary phases have
emerged that are peculiar for HILIC approaches. The basic types
of HILIC stationary phases consist of classical bare silica [15-20]
or silica gel modified with various polar functional groups (e.g.
amide- [21-23], cyano- [24-26], diol- [27-29], sulfoalkylbetaine-
[30-33]), or polar molecules (e.g. cyclodextrin) [34,35]. Each of
these materials display different retention characteristics and
separation selectivities and require distinct buffer constitutions



P. Kozlik et al. / ]. Chromatogr. A 1257 (2012) 58-65 59

to achieve optimal results [36]. Although different types of HILIC
columns are commercially available, a large fraction of the recently
published works is still using conventional unmodified silica sta-
tionary phases [15-20]. However, considerable problems such as
irreproducible results, strong adsorption and peaks tailing of some
analytes (e.g. carbohydrates) have also been observed on bare
silica columns in the HILIC mode. These problems may be caused
by strong interactions of analytes with ionized silanol groups and
overloading effects [15,19]. Therefore, the development of new
stationary phases that consist of functionalized silica gel contin-
ues. Research in this field can broaden application possibilities of
HILIC.

One of the new types of stationary phases for HILIC
are cyclofructan-based columns. Cyclofructans (CFs) are cyclic
oligosaccharides that consist of six or more (3-(2—1) linked
D-fructofuranose units. Each fructofuranose unit contains one pri-
mary hydroxyl group and two secondary hydroxyl groups that are
responsible for hydrophilic character of CFs [37,38]. Qui et al. firstly
employed native cyclofructan 6 (CF6) as a new HILIC stationary
phase. This stationary phase was successfully used for separation
of nucleic acid bases, nucleosides, xanthines, 3-blockers and sal-
icylic acid and its derivatives, and carbohydrates [38]. Padivitage
and Armstrong synthesized and evaluated also another type of
HILIC stationary phase based on CF, i.e. sulfonated cyclofructan
(SCF6) [39]. SCF6 stationary phase was shown to be suitable for
the separation of 3-blockers, xanthines, salicylic acid related com-
pounds, nucleic acid bases and nucleosides, maltooligosaccharides,
water soluble vitamins and amino acids in HILIC. SCF6 station-
ary phases seem to be very competitive with popular commercial
columns.

A detailed evaluation of the separation system simplifies the
optimization procedure, i.e. the choice of the proper stationary
phase and composition of the mobile phase, for separation of the
analytes of interest [40]. Many approaches for the characteriza-
tion of separation systems can be applied. General characterization
of the hydrophobicity and silanol activity of the stationary phases
applied mainly in reversed-phase (RP) mode is frequently per-
formed by the widely known and referred testing procedures
designed by Walters [41], Engelhardt and Jungheim [42], Tanaka
[43] and Galushko [44]. Well-proven models exist for description
of retention as a function of a binary mobile phase composition [45].
These tests are mostly employed for comparative studies of the
basic properties of the stationary phases [46]. The model designed
by Snyder-Soczewinski [45] should give an indication on whether
partitioning or adsorption is the dominating retention mechanism
in HILIC separation [47].

For a better understanding of the relevant intramolecular inter-
actions, which are dominant in the separation processes, the linear
free energy relationship (LFER) model can be used [48]. LFER is a
statistical model relating retention of a given analyte to its physico-
chemical and structural parameters [46]. Abraham and co-workers
introduced the LFER approach, based on Eq. (1), using multiple
linear correlation between the retention and molecular structural
descriptors [49]:

log k=c+eE+sS+aA+bB+vV (1)

where k is solute retention factor. The independent variables in
Eq. (1) are solute descriptors, where E is the excess molar refrac-
tion, S is the dipolarity/polarizibility, A represents the effective or
overall hydrogen bond acidity [49], B is the effective or overall
hydrogen bond basicity [49], and V refers to the McGowan charac-
teristic volume [50]. The selection of a representative set of analytes
is essential for the system evaluation. The solutes should be struc-
turally diverse and the distribution of the solutes descriptors should
equally cover awide range of interactions [51]. Multivariate regres-
sion analysis is applied for the determination of the coefficients

in Eq. (1) that reflect the different types of molecular interactions
in the studied system. In HPLC, the regression coefficients relate
to the differences in the given properties of the stationary and
mobile phases. The c intercept in the LFER equation is character-
istic of the given system but it does not reflect any interaction; e
reflects the difference in disposition of the stationary and mobile
phases to interact with n- and mr-electron pairs of the solutes; a
reflects the difference in hydrogen bond basicity; b refers to the
difference in hydrogen bond acidity; s is equal to the difference in
dipolarity/polarizibility and the coefficient v describes dispersion
interactions (the difference in hydrophobicity) between the two
phases [49-54]. Although LFER is frequently used to characterize
chromatographic RP systems, just a few papers that utilized the
LFER model to describe HILIC separation systems can be found in
the literature [47,55-62].

As mentioned above HILIC mode is suitable for separation of
polar compounds, e.g. peptides with widespread biological activity
(e.g. role in sexual reproduction, blood pressure, synthesis of hor-
mones and other biological compounds) [63,64]. Therefore, sets of
penta- and nonapeptides were selected as model compounds in
this work.

The paper is aimed at evaluation of the effect of silica gel modifi-
cation with cyclofructan and derivatized cyclofructan on separation
abilities of HILIC separation systems. Three stationary phases are
compared: bare silica column and two CF-based columns (Frulic-
N CF6, Larihc CF6-P). A systematic approach for characterization
of the separation systems is used: empirical equations indicat-
ing partition and/or adsorption interaction mechanism, Walters
test for general characterization of the stationary phases, and lin-
ear free energy relationship for elucidating molecular interaction
mechanisms, i.e. revealing types of interactions responsible for
retention. Influence of stationary phase modification and mobile
phase composition on separation performance and selectivity for
sets of penta- and nonapeptides is demonstrated. To the best of our
knowledge (according to the literature) the Larihc CF6-P stationary
phase has not been used as HILIC column yet.

2. Experimental
2.1. Instrumentation

All chromatographic measurements were carried out on HPLC
system Agilent HPLC series 1200 (Agilent Technologies, Waldbronn,
Germany) consisting of an automated injector, a column oven, a
degasser, a quarternary pump and photodiode array detector. For
data acquisition and analysis, the Chemstation software was used.

Frulic-N CF6 column, native cyclofructan 6 chemically bonded to
silica gel, and Larihc CF6-P column, isopropyl carbamate cyclofruc-
tan 6 chemically bonded to silica gel, were obtained from AZYP
(Arlington, TX, USA). A bare silica column (that contains the same
silica gel material, which was used for preparation of the CF-based
stationary phases) was prepared/filled at the Department of Chem-
istry and Biochemistry, University of Texas at Arlington (Arlington,
TX, USA). The dimensions of all columns were 250 mm x 4.6 mm
i.d.; silica particle size 5 pm.

The columns were thermostated at 25 °C and samples at 20°C.
Detection was performed at 220 nm for peptides and at 254 nm for
Walters test and LFER measurements. The flow rate was 1 mL/min
and the injection volume was 10 p.L in all experiments. The dead
time was determined using the system peak.

2.2. Chemicals and reagents

Acetonitrile (gradient grade) was supplied by Sigma-Aldrich
(St. Louis, USA). Ammonium acetate (purity>98%) and acetic
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Table 1
Set of test analytes for LFER with their solvation parameters.

Analyte E S A B Vv

Phenol 0.805 0.890 0.600 0.300 0.775
Benzamide 0.990 1.500 0.490 0.670 0.973
2-Naphthol 1.520 1.080 0.610 0.400 1.144
Resorcinol 0.980 1.000 1.100 0.580 0.834
Benzophenone 1.447 1.500 0.000 0.500 1.481
Hydroquinone 1.000 1.000 1.160 0.600 0.834
1,2-Cresol 0.840 0.860 0.520 0310 0.916
Benzonitrile 0.742 1.110 0.000 0.330 0.871
1,3-Cresol 0.822 0.880 0.570 0.340 0.916
Benzylalcohol 0.803 0.870 0.330 0.560 0.916
Benzene 0.610 0.520 0.000 0.140 0.716
Naphthalene 1.340 0.920 0.000 0.200 1.085
Pyrocatechol 0.970 1.070 0.850 0.520 0.834
Dibenzothiophene 1.959 1.310 0.000 0.180 1.379
Toluene 0.600 0.520 0.000 0.140 0.857
1,2-Toluidine 0.966 0.920 0.230 0.450 0.957
Phenanthrene 2.055 1.290 0.000 0.260 1.454
1,2,3-Trichlorobenzene 1.030 0.860 0.000 0.000 1.084
1,2-Dichlorobenzene 0.872 0.780 0.000 0.040 0.961
3-Nitrotoluene 0.874 1.100 0.000 0.250 1.032
1,2-Xylene 0.663 0.560 0.000 0.160 0.998
Bromobenzene 0.882 0.730 0.000 0.090 0.891
2-Nitrotoluene 0.866 1.110 0.000 0.270 1.032
1,3-Xylene 0.623 0.520 0.000 0.160 0.998
Chlorobenzene 0.718 0.650 0.000 0.070 0.839
1,4-Xylene 0.613 0.520 0.000 0.160 0.998
2-Chlorophenol 0.853 0.880 0.320 0310 0.898
3-Chlorophenol 0.909 1.060 0.690 0.150 0.898
4-Chlorophenol 0915 1.080 0.670 0.210 0.898
2-Nitrophenol 1.015 1.050 0.050 0.370 0.949
3-Hydroxybenzaldehyde 0.990 1.380 0.740 0.400 0.932
Acetone 0.179 0.700 0.040 0.490 0.547
Anilin 0.955 0.960 0.260 0410 0.816
Tetrachlorobenzene 1.180 0.920 0.000 0.000 1.206
Pyrene 2.810 1.710 0.000 0.290 1.585
1,4-Toluidine 0.923 0.950 0.230 0.450 0.957
Ethyl acetate 0.106 0.620 0.000 0.450 0.747
Caffeine 1.500 1.600 0.000 1.330 1.364
Theophylline 1.500 1.600 0.540 1.340 1.222
4-Nitrophenol 1.070 1.720 0.820 0.260 0.949

acid (purity>99.8%) were purchased from Lachner (Neratovice,
Czech Rep.). The deionized water used in this work was
purified with a Milli-Q water purification system from Mil-
lipore (Bedford, USA). The analytes for LFER measurements
were of analytical grade purity and were purchased from
Sigma-Aldrich (St. Louis, USA). They were selected to cover
a wide range of chemical properties. List of 40 solutes for
LFER and their corresponding descriptors are shown in Table 1.
Anthracene, benzene and N,N-diethyl-m-toluamid for Walters
test were purchased from Sigma-Aldrich (St. Louis, USA). Pen-
tapeptides, namely Leucine enkephalin acetate salt hydrate
(purity >95%), Leucin enkephalinamide acetate salt (purity >98%),
[Met5]Enkephalin acetate salt hydrate (purity>95%), [D-Ala?]-
Leucine enkephalin (purity>97%), and nonapeptides, namely
[Lys8]-Vasopressin (purity >98%), [Arg8]-Vasopressin acetate salt
(purity >95%), [deamino-Cys!, D-Arg8]-Vasopressin acetate salt
(purity > 98%), Oxytocin acetate hydrate salt (purity > 97%), [Arg®]-
Vasotocin acetate salt (purity>97%), were purchased from
Sigma-Aldrich (St. Louis, USA).

Stock solutions of the individual compounds of pentapeptides
and nonapeptides at a concentration of 1 mg/mL were prepared by
dissolving the compounds in mixture of acetonitrile/20 mM ammo-
nium acetate buffer, pH 4.00, 80/20 (v/v). The analytes for the LFER
and for the Walters test were dissolved in acetonitrile at concen-
tration of 1 mg/mL (for solid samples) and 10 pnL/mL (for liquid
samples).

Larihc CF6-P

1 2 Frulic-N CF6
3 45
1 bare silica
jt 3 4 5
T T T T T T T T T T T 1
0 20 40 60 80 100 120

t (min)

Fig. 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 detec-
tion, 220 nm. Elution order: 1, Oxytocin; 2, [deamino-Cys', D-Arg®]-Vasopressin;
3, [Arg8]-Vasopressin; 4, [Arg®]-Vasotocin; 5, [Lys®]-Vasopressin.

2.3. Procedures

Ammonium acetate buffer was prepared by dissolving appropri-
ate amount of ammonium acetate in deionized water and titrated
with acetic acid to reach the required pH value.

In this study the effect of the ratio of organic and aqueous con-
tents of mobile phase, the effect of buffer concentration and pH
on retention and separation of nonapeptides and pentapeptides
were investigated. Acetonitrile (ACN) always formed organic part of
mobile phase and ammonium acetate buffer formed aqueous part
of mobile phase. The effect of pH was tested within 3-6 pH units
and buffer concentration in the range of 5-25 mM. The optimized
pH value 4.00 and buffer concentration 20 mM was used then for
detailed measurements in this study.

The three HPLC columns were characterized by the Walters test
and LFER method. For the Walters test pure ACN and the mix-
ture of ACN/deionized water 65/35 (v/v) were used as the mobile
phases. Flow rate of 1 mL/min, column temperature maintained at
40°C and detection wavelength 254 nm were used. Experimental
conditions for LFER were: flow rate 1 mL/min, column tempera-
ture 25 °C and detection wavelength 254 nm. Three mobile phases
were used for LFER: i.e. ACN/20 mM ammonium acetate buffer, pH
4.00, 80/20 (v/v); ACN/20 mM ammonium acetate buffer, pH 4.00,
83/17 (v/v); ACN/20 mM ammonium acetate buffer, pH 4.00, 88/12
(v[v).

The measure of retention was expressed as retention factor (k)
for all compounds. The retention times of the test solutes were
measured in triplicates in all the chromatographic systems stud-
ied. The regression coefficients of the LFER equation were obtained
from a series of measurements of the retention factors of the set
of 40 solutes with known solvation parameters that are summa-
rized in Table 1. The mathematical and statistical software NCSS
(Kaysville, USA) was used for multiple linear regression analysis of
log k against solutes descriptors [65].

3. Results and discussion
3.1. Separation of peptides

The separations of two sets of analytes, five nonapeptides and
four pentapeptides, were optimized on three different stationary
phases (bare silica column and two CF-based columns). Fig. 1 shows
separation of nonapeptides under optimized mobile phase com-
position: ACN/20mM ammonium acetate buffer, pH 4.00, 80/20
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1 Larihc CF6-P
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Fig. 2. Chromatograms of separation of four pentapeptides on the three tested
columns. Mobile phase composition: ACN/20 mM ammonium acetate buffer; pH
4.00; 88/12 (v/v); flow rate, 1 mL/min; column temperature, 25°C; UV detection,
220 nm. Elution order: 1, Leucin enkephalinamide; 2, [D-Ala?]-Leucine enkephalin;
3, Leucine enkephalin; 4, [Met® |JEnkephalin.

(v/v). The elution order of nonapeptides was the same for all
columns: Oxytocin, [deamino-Cys!, D-Arg8]-Vasopressin, [Arg8]-
Vasopressin, [Arg®]-Vasotocin and [Lys®|-Vasopressin. The shortest
time of analysis was obtained on the derivatized cyclofructan-
based SP (Larihc CF6-P); the column also provided good peak
symmetry and separation performance. On the other hand the
longest analysis time was obtained for the bare silica column and
was accompanied by peak tailing, mainly of Oxytocin, [deamino-
Cys', D-Arg8]-Vasopressin and [Arg8]-Vasopressin. Separations of
the set of pentapeptides at mobile phase composition: ACN/20 mM
ammonium acetate buffer, pH 4.00, 88/12 (v/v) are shown in
Fig. 2. This mobile phase composition was found to be the best for
separation systems with bare silica and Larihc-P columns. The elu-
tion order of pentapeptides also was the same for all SPs tested:
Leucin enkephalinamide, [D-Ala?]-Leucine enkephalin, Leucine
enkephalin, [Met®]Enkephalin. The optimized mobile phase for
separation of pentapeptides using underivatized CF6 column
(Frulic-N CF6) was acetonitrile/l20 mM ammonium acetate buffer,
pH 4.00, 83/17 (v/v), in this separation system the time of analysis
did not exceed 13 min and all the analytes were baseline sepa-
rated and showed good peak symmetry. The set of pentapeptides
was also baseline resolved within 25 min using Larihc CF6-P col-
umn under mobile phase composed of ACN/20mM ammonium
acetate buffer, pH 4.00, 88/12 (v/v). A bare silica column was
not suitable for separation of pentapeptides because of Leucine
enkephalin and [Met® |Enkephalin were not baseline 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. CF-based SPs showed better selec-
tivity for pentapeptides than bare silica SP. The selectivity values
(o) for analytes 3 and 4 increased from 1.05 (on bare silica SP) to
1.09 and 1.14 for Larihc CF6-P and Frulic-N CF6 columns, respec-
tively.

Comparison of the results obtained on these three separation
columns shows that the CF-based stationary phases (Larihc CF6-
P and Frulic-N CF6) are suitable for separation of nonapeptides
and pentapeptides under HILIC conditions while worse results are
obtained with the bare silica column.

The strongest impact on retention of peptides was induced by
changing buffer/organic solvent ratio. When logarithm of retention
factor of an analyte is plotted against the volume fraction of aque-
ous part of the mobile phase the empirical equation proposed by

Table 2
Results of the Walters chromatographic test.
Column
Bare silica Frulic-N CF6 Larihc CF6-P
HI (hydrophobicity) 0.73 0.13 0.69
Sl (silanol activity) 2.46 230 237

Schoenmakers et al. [66] should provide description of partitioning
mechanism:

log k=Ag*+Bp+C 2)

where ¢ is the volume proportion of water in the mobile phase.

A linear plot of logk vs. log (mole fraction of water) should
indicate adsorption process, according to the Snyder-Soczewinski
expression:

log k =log kw — A log Ny 3)
Ny

where ky, is the hypothetical retention factor when the mobile
phase is purely aqueous, As and ny, are the cross-sectional areas
occupied by the solute molecule on the surface and the water
molecules, respectively, and Ny, is the mole fraction of water in
the eluent [45].

Fig. 3 shows the dependencies of logk of nonapeptides plot-
ted against the volume fraction of water and against the log of
mole fraction of water for all three separation columns. Fitting
dependencies of logk on the volume fraction of water according
Eq. (2) provides correlation coefficients over 0.9977 and 0.9941
for underivatized and derivatized CF6 columns, respectively, and
0.9834 for the bare silica column (where data for [Arg®]-Vasotocin
and [Lys®]-Vasopressin for high percentage of acetonitrile could
not be included because these analytes did not elute within 3 h) for
all studied nonapeptides. Dependencies of logk on the logarithm
of the mole fraction of water fit very well the linear regression
curve (Eq. (3)), with correlation coefficients higher than 0.9991 for
Frulic-N CF6 column, 0.9925 for Larihc CF6-P column and 0.9862
for a bare silica column for all studied nonapeptides. Very simi-
lar results were obtained for all pentapeptides (results not shown).
The both retention models, partitioning and adsorption (Egs. (2)
and (3), respectively) seem to fit well the retention data of the pep-
tides in our study. Based on these results and literature references
[45,66] a multimodal retention mechanism can be presumed. On
the contrary, other authors have shown better fit of HILIC data using
the Snyder-Soczewinski equation than the partitioning model
[5,15].

3.2. Characterization of interactions in the separation systems

Simple chromatographic test by Walters that was designed
originally for characterization of column hydrophobicity and
silanol activity in RP mode can be employed also for other sep-
aration systems. A modified interpretation of this test can offer
basic information for characterization/comparison of HILIC sta-
tionary phases. The hydrophobicity parameter (HI) is calculated
as separation factor («) of anthracene/benzene using 65% ACN
as a mobile phase [40]. HI can be interpreted as selectivity for a
specific molecular increment. Silanol activity index (SI) is evalu-
ated by separation factor of compounds with different acid/base
character N,N-diethyl-m-toluamid/anthracene in pure ACN as a
mobile phase. The results of Walters test are given in Table 2. The
hydrophobicity parameter does not play a significant role on these
polar stationary phases. The HI values are very low, clearly not
comparable with reversed-phases. (The HI values for ordinary RP
SPsrange approx. between 2 and 4 [67].) However, the lowest value
obtained on the underivatized CF SP corresponds well with its
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Fig. 3. Dependencies of logk of five nonapeptides on volume fraction of water and on the logarithm of the mole fraction of water obtained for the three tested columns.
20 mM ammonium acetate buffer; pH 4.00; represents aqueous part of the mobile phase. For more details see Section 2.

highest hydrophilic character caused by many polar groups of CF,
in addition to silanol groups of the carrier. If the hydroxyl groups of
the native CF are substituted with isopropyl the HI value increases
(Larihc CF6-P column). The highest HI value was obtained on bare
silica SP, which corresponds with LFER results (will be discussed
further). In some cases, depending on polarity of analytes but
also on polarity of stationary phase and organic solvent content
in mobile phase hydrophobic interaction can still be considered
part of the interaction mechanism [2]. The low HI values show
relevance of these SPs for application in HILIC. The tested HILIC
columns show higher silanol activity (SI) compared to RP columns
[67], this is in agreement with the structure of these SPs. The
silanol activity values are rather similar for all these columns. The
modification of silica support by bonding cyclofructan had only
negligible effect on the SI values. However, the separation results
(Figs. 1 and 2) show that the modification of silica gel by CF and/or
isopropylated CF affects substantially the properties of the SPs.

As adsorption is a part of retention/separation mechanism in
HILIC the LFER method was used for characterization of interactions
that play the major role in chromatographic systems with these
stationary phases. The obtained LFER results for the separation sys-
tems studied are summarized in Table 3. The table shows only
statistically significant regression coefficients and their p-values.
Correlation of the experimental log k with calculated log k did not
show any serious outliers, correlation coefficients of linear regres-
sion fits were always higher than 0.97 (only for bare silica column
the values were about 0.91).

The distribution of positive and negative values of obtained
regression coefficients corresponds with general properties of nor-
mal phase (NP) mode. It is logical because the HILIC stationary
phases have higher polarity than mobile phases, like in NP mode.

The regression coefficient e (related to the disposition of the sys-
tem to interact with n and 7 electrons of analytes) is statistically
significant only in the system composed of underivatized CF6 col-
umn and ACN/20mM ammonium acetate buffer, pH 4.00, 80/20
(v/v) as a mobile phase. The negative value of the coefficient means
that this interaction type is stronger in the mobile phase, it lowers
retention of analytes that have ability for this interaction type.

The regression coefficient s (reflecting difference in dipolar-
ity/polarizibility) is positive and statistically significant only in
systems with CF-based SPs because they contain many polar and
polarizable groups. The value of this coefficient slightly increases
with increasing volume of buffer in the mobile phase. The val-
ues can be influenced by sorption of mobile phase components
on the surface of stationary phases. Higher value of s coefficient
was obtained on underivatized CF6 column than on isopropyl CF6
column. The derivatization of hydroxyl groups of native CF6 by iso-
propyl groups lower dipolarity/polarizibility of the latter column.
The regression coefficient s in system with bare silica SP is statis-
tically insignificant in all mobile phases tested. It means that this
type of interaction is equal in the mobile and stationary phases and
does not significantly contribute to retention.

The highest positive values among all regression coefficients
of LFER equation for all tested chromatographic systems were
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Table 3
Regression coefficients (significant values in bold) of the LFER equation and correlation coefficient R.
Column/SP Mobile phase Complete LFER model
Model e s a b v c R
Bare silica ACN/buffer C.M. X X X 0.468 X -0.637 0.91
88/12 (v/v) p-value 0.833 0.604 0.742 0.000 0.865 0.000
+CI 0.100 0.176
Frulic-N CF6 ACN/buffer CM. X 0.124 X 0.802 —0.541 —-0.681 0.98
native CF6 88/12 (v/v) p-value 0.607 0.020 0.074 0.000 0.000 0.000
+CI 0.1 0.083 0.221 0.145
Larihc CF6-P ACN/buffer CM. X X X 0.619 -0.315 —-0.567 0.97
Isopropyl CF6 88/12 (v/v) p-value 0.722 0.093 0.892 0.000 0.002 0.000
+Cl 0.072 0.194 0.127
Bare silica ACN/buffer C.M. X X X 0.463 X -0.696 0.93
83/17 (v/v) p-value 0.652 0.442 0.452 0.000 0.868 0.000
+Cl 0.084 0.148
Frulic-N CF6 ACN/buffer C.M. X 0.214 X 1.057 —-0.983 —0.636 0.99
Native CF6 83/17 (v/v) p-value 0.915 0.000 0.113 0.000 0.000 0.000
+CI 0.11 0.089 0.238 0.156
Larihc CF6-P ACN/buffer CM. X 0.094 X 0.680 -0.464 —-0.580 0.97
Isopropyl CF6 83/17 (v/v) p-value 0.470 0.046 0.651 0.000 0.000 0.000
+CI 0.093 0.074 0.199 0.130
Bare silica ACN/buffer C.M. X X X 0.476 X -0.698 0.91
80/20 (v/v) p-value 0.827 0.808 0.524 0.000 0.757 0.000
+Cl 0.095 0.167
Frulic-N CF6 ACN/buffer C.M. -0.410 0.426 X 1.454 -1.382 —0.459 0.97
Native CF6 80/20 (v/v) p-value 0.005 0.006 0.080 0.000 0.000 0.031
+CI 0.277 0.294 0.235 0.630 0.413
Larihc CF6-P ACN/buffer CM. X 0.104 X 0.725 —0.535 —-0.575 0.98
Isopropyl CF6 80/20 (v/v) p-value 0.616 0.024 0.435 0.000 0.000 0.000
+CI 0.090 0.071 0.191 0.125

Clrepresents +95% confidence interval. X, insignificant difference in interaction of the solute with the mobile and stationary phases; p, statistical p-value. The p-values express
the probability of the error that the individual coefficient does not contribute to the model, i.e. p-values represent the significance of the individual coefficients. The buffer

used as mobile phase component was 20 mM ammonium acetate buffer, pH 4.00.

achieved for coefficient b. That means that hydrogen bond acidity of
SPs significantly contributes to retention of analytes that have abil-
ities to interact by this type of interaction. The same results were
obtained for CF-based stationary phases under normal phase con-
ditions [52]. The lowest hydrogen donating properties offered the
bare silica column. Moreover, the b value was not affected by the
ACN/buffer ratio in the studied range for silica. CF-based SPs con-
tain additional groups that can contribute to this interaction type.
The highest values of b coefficient resulted from underivatized CF6
column, and these b values even increased with increasing amount
of buffer in the mobile phase. This result supports the notation that
aqueous part of the mobile phase (buffer) is deposited on the SP in
HILIC. Derivatization with isopropyl groups decreases the number
of interaction sites, and so, decreases hydrogen donating properties
of the derivatized CF6-based stationary phase. Also the increase of
b coefficient with buffer content in the mobile phase was less sig-
nificant on the derivatized CF6 column than on the underivatized
one.

The regression coefficient v, expressing dispersion forces par-
ticipating in the separation system, was negative in all studied
chromatographic systems (with exception of the bare silica col-
umn where this interaction type is statistically insignificant). This is
legitimate in a normal separation mode [47], and thus also in HILIC
as HILIC is considered a subset of NP mode. The changes of dis-
persion interactions, mostly called hydrophobicity in RP systems,
obtained by LFER confirm the results calculated from the Walters
test. The results in Table 2 support the explanation that the dis-
persion interactions (hydrophobicity) contribute to the interaction
mechanism of peptides on the studied SPs. The highest hydropho-
bicity value by Walters test showed bare silica column and by
LFER the “hydrophobicities” of this column and mobile phase were
comparable. The lowest “hydrophobicity” resulted from both eval-
uations (Walters test and LFER) for the underivatized CF6 column.
Regression coefficient v values exhibited a clearly defined trend,

i.e. the difference in “hydrophobicity” of the SP and mobile phase
increased with the buffer contents in the mobile phase for both
CF-based SPs. In addition, the v values were most affected by the
mobile phase composition on the underivatized CF6 SP. The deriva-
tization of the native CF6 SP by isopropyl groups decreased polar
character of the stationary phase. These results are most probably
influenced by sorption of polar components of the mobile phase
on the stationary phase surfaces. The negative v values and their
trend related to the ACN-to-buffer ratio are opposite to that in RP
chromatographic systems [40,68].

The regression coefficient a is statistically insignificant in all the
studied systems. It means that the hydrogen bond basicity (abil-
ity to accept protons) of the stationary and the mobile phases is
comparable.

In summary, the greatest impact on retention and simultane-
ously on the major changes of regression coefficient values with
composition of the mobile phase were observed for the dispersion
interactions and hydrogen bond acidity, i.e. v and b coefficients of
LFER equation, respectively, on the CF-based SPs. On the bare silica
column, hydrogen bond acidity showed positive value but lower
than on the CF modified stationary phases and it was almost unaf-
fected by mobile phase composition, and dispersion interactions
were insignificant. In addition, dipolarity/polarizibility, s, seems to
be important for selectivity and retention on CF-based columns,
mainly in mobile phases with higher buffer contents. It should also
be noted that CF is bonded to silica gel by the carbamate group,
which can also contribute to the interaction mechanism.

3.3. Correlation between LFER results and retention results of
peptides

LFER method was carried out under optimized separation condi-
tions for the sets of penta- and nonapeptides. Although adsorption
represents only part of separation mechanism in HILIC the LFER
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results help to clarify the chromatographic behavior of the selected
peptides. The set of pentapeptides was not completely resolved
(third and fourth peaks coeluted) at any tested mobile phase
composition on bare silica column. The column offers just one
type of interaction, i.e. hydrogen bond acidity according LFER. So,
partitioning of analytes between the bulk mobile phase and the
aqueous layer deposited on the surface of the stationary phase
is probably the main interaction type in systems with bare silica
SP. The partitioning and hydrogen bond acidity provide sufficient
retention but not selectivity. The highest retention and baseline
separation of pentapeptides were obtained on Frulic-N CF6 col-
umn with ACN/20 mM ammonium acetate buffer, pH 4.00, 88/12
(v/v) as mobile phase. This separation system offers most interac-
tion types and the highest values of the corresponding regression
coefficients if compared with other tested columns under the
same mobile phase composition. Derivatized CF6 column with
ACN/20mM ammonium acetate buffer, pH 4.00, 88/12 (v/v) as
a mobile phase is also suitable for separation of pentapeptides.
This separation system provides lower retention than that with
underivatized CF6 column, which corresponds with the dipolar-
ity/polarizibility that is equal on the SP and in the mobile phase in
the latter separation system.

The optimized mobile phase composition for separation of
nonapeptides was ACN/20 mM ammonium acetate buffer, pH 4.00,
80/20 (v/v) for all three columns (Fig. 1). The main difference
related to the separation of nonapeptides (as compared to pen-
tapeptides) was the great increase of the analyses time with the
highest retention obtained on bare silica column. If CF-based SPs
are compared the retention trend of nonapeptides is similar to
that of pentapeptides. The separation system with Larihc CF6-P
provides lower retention than that with Frulic-N CF6 column
because it reaches lower values of positive regression coefficients
b and s on the former column.

4. Conclusions

Three HILIC columns, i.e. bare silica and two CF-based stationary
phases were investigated and compared in terms of separation per-
formance of sets of peptides and interaction abilities that determine
retention mechanism. The bare silica column showed the low-
est separation performance for the tested peptides. Modification
of silica gel with cyclofructans resulted in improved separa-
tion performance and selectivity. Then slightly higher selectivity
demonstrated the underivatized CF column (Frulic-N CF6 column).

The obtained retention results for the two groups of peptides
indicate a multimodal retention mechanism on all three tested
columns.

The Walters test was used for determination of hydrophobicity
and silanol activity of the SPs. Silanol index values were similar for
all these SPs. Nevertheless, as presumed the highest silanol activity
was obtained for the bare silica column. Hydrophobicity resulting
from the Walters test was low, as could be expected. The bare silica
column exhibited the highest hydrophobicity, which was in agree-
ment with the LFER results. The lowest hydrophobicity offered the
underivatized CF-based SP (Frulic-N CF6 column) because it con-
tains many additional polar groups.

The interactions participating in the retention and separation
mechanism were identified and quantified using 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 there.

LFER results denoted that the main role in the interaction
mechanism on the CF-based SPs play hydrogen bond acidity
and dipolarity/polarizibility, while dispersion interactions are pre-
ferred 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 groups/compounds can substantially improve its sep-
aration performance. Modification of silica gel with cyclofructans
and their possible further derivatization indicates that CFs can serve
as promising modulators for preparation of HILIC SPs of desired
properties, interaction abilities and selectivities for separation of
biologically active compounds.
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Properties of two amide-based hydrophilic
interaction liquid chromatography columnsf

Hydrophilic interaction liquid chromatography is a separation technique suitable for the
separation of moderately and highly polar compounds. Various stationary phases (SPs) for
hydrophilic interaction liquid chromatography are commercially available. While the SPs
based on the same type of ligand are available from different providers, they can display
a distinct retention characteristics and separation selectivity. The current work is focused
on characterization and comparison of the separation systems of two amide-based HPLC
columns from two producers, i.e. XBridge Amide column and TSK gel Amide-80 column.
Several characterization procedures (tests) were used to investigate the differences between
these columns. The chromatographic behavior of selected analytes indicates that multimodal
interactions are responsible for retention and separation on these columns. Multiple testing
approaches were used in order to reveal subtle differences between the SPs. Both amide-
based columns showed certain differences in retention, selectivity, and plate counts. Based
on the tests used in this study, we conclude that the investigated columns provide a different

degree of H-bonding interactions.

Keywords: Amide-based columns / Hydrophilic interaction liquid chromato-
graphy / Linear free energy relationship / Peptides / Selectivity tests
DOI 10.1002/jssc.201300232

Dl Additional supporting information may be found in the online version of this article
at the publisher’s web-site

1 Introduction

Hydrophilic interaction liquid chromatography (HILIC) is
now an established chromatographic method for the sepa-
ration of polar and hydrophilic compounds. HILIC can be
defined as a separation mode that employs stationary phases
(SPs) usually used in the normal-phase mode and mobile
phases used in the RP mode [1]. Typical applications of HILIC
include the separation of polar drugs [2], metabolites [3], and
biologically important compounds in proteomics, glycomics,
and clinical analysis [4, 5]. The analytes interact with the hy-
drophilic SP in the presence of relatively more hydrophobic
mobile phase, and their elution is typically realized by wa-
ter as a strong eluting solvent. In 1990, the term HILIC was
first suggested by Alpert [6], although some authors had used
HILIC as a separation mode before [1,7, 8]. Nevertheless, the
exact nature of HILIC retention mechanism is still debated.
Current consensus is that the most dominant retention
mechanism in HILIC is a partitioning of analytes between a
hydrophobic mobile phase and a layer of the aqueous part
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Macromolecular Chemistry, Faculty of Science, Charles Univer-
sity in Prague, Albertov 2030, 12843 Prague, Czech Republic
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Abbreviations: ACN, acetonitrile; Boc, tert-butyloxycarbonyl;
HILIC, hydrophilic interaction liquid chromatography; LFER,
linear free energy relationship; SP, stationary phase
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of the mobile phase enriched at the surface of the polar
SP [4,9, 10]. However, electrostatic interactions, hydrogen
bonding, dispersion, and other interactions also take part
[1,5,11,12] in HILIC retention. The HILIC mechanism is
believed to be complex, as discussed in detail in some review
articles [5,13].

A number of commercially available columns designed
especially for HILIC are available and still growing. Under the
HILIC conditions, various polar SPs can be employed (see the
review by Jandera [5]). Classical bare silica [14, 15], or silica
modified with various polar functional groups, e.g. amide
[16], cyano [17], diol [18], and sulfoalkylbetaine groups [19],
or polar molecules, e.g. cyclodextrins [20] and cyclofructans
[21,22] (also used as chiral SPs [23,24]) are among the selected
examples.

Much effort has been spent on understanding the re-
tention and selectivity behavior in LC in general in order
to control and predict chromatographic properties of sepa-
ration systems. The characterization of separation systems
can be performed by many different methods. These meth-
ods rely on experimentally acquired chromatographic data
using test compounds selected to probe specific sorbent
properties [25]. General characterization of hydrophobicity,
and silanol activity of SPs is frequently performed by the
widely used procedures designed by Walters [26], Engelhardt
and Jungheim [27], Tanaka [28], and Galushko [29]. Other

tThis paper is included in the virtual special issue HILIC
available at the Journal of Separation Science website.

www.jss-journal.com
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tests can be used for the characterization and comparison of
SPs, e.g. selectivity tests for methylene groups [28], and for
hydroxy groups [30], and selectivity for amino group [31, 32].
These tests are mostly employed for comparative studies of
the basic properties of SPs [33]. The prevailing HILIC reten-
tion mechanism, partitioning or adsorption, can be investi-
gated by the Schoenmaker [34] or Snyder—Soczewinski mod-
els [35]. lonic interactions can also substantially influence the
separations of ionizable compounds. One of the approaches
for probing the ion-exchange interactions is the application of
a set of basic compounds covering a wide range of log P and
pK, values. Such test can be used to reveal both hydrophobic-
ity and ion exchange interactions contributions to retention
in RP chromatography [33, 36].

The column temperature can affect analyte retention and
selectivity based on thermodynamic considerations [37]. The
temperature can change the enthalpy of an analyte trans-
fer from the mobile phase to the SP [38] and the analyte
conversion rate between different conformations [39]. The
enthalpy and entropy contributions to chromatographic re-
tention, selectivity, and resolution can be derived from van’t
Hoff plots [25]. These plots may also provide information on
the retention mechanism changes over the studied tempera-
ture range [40].

Greater insight into the complex mechanism that gov-
erns the retention of solutes in a particular chromatographic
system can be obtained from the use of linear free energy
relationship (LFER) model. This model has been widely used
to characterize chemical and biochemical processes. An in-
troduction, practical aspects, chemical meaning, and appli-
cation of LFER in chromatography are given in [41,42]. The
LFER method is based on the relationship between the phase-
transfer process of the analyte and the change of the Gibbs
energy of the system [43]. This mathematical/statistical model
estimates the physicochemical properties of the SP from
the experimentally obtained retention of analytes of known
physicochemical parameters [33]. The main benefit of the
LFER model lies in its ability to describe the contributions of
individual types of molecular interactions to the retention pro-
cess [33]. The overall applicability of the LFER model has been
presented in numerous reports for RP mode of chromatogra-
phy and chiral chromatography in recent years [33, 44, 45].
The LFER method has also been successfully applied in
HILIC [19,22,46,47].

Different SPs usually display different retention charac-
teristics and separation selectivity. Even sorbents based on
the same type of ligand can display different interaction pos-
sibilities (e.g. due to different chemical binding or base sor-
bent support) and thus different chromatographic properties.
The aim of this work is to employ different methods for the
characterization of SPs and use these tests to evaluate two se-
lected amide-based HILIC columns. 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. A systematic approach
for characterization of the separation systems is used. We

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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employed the LFER model, general tests for characterization
of the SPs (e.g. selectivity for methylene, hydroxy, and amino
groups), basic compounds testing approach, and a study of
the effect of separation temperature.

2 Materials and methods
2.1 Instrumentation

All chromatographic measurements were performed on a
Waters Alliance system (Waters Chromatography, Milford,
USA) consisting of a 2695 Separation Module, 2996 Pho-
todiode Array Detector, 717 plus autosampler, and Alliance
Series column heater. Empower software was used for data
acquisition and analysis. The two amide-based SPs used were
XBridge™ Amide (column size 250 x 4.6 mm, particle size
3.5 pum, pore size 130 A) from Waters (Milford, USA) and
TSK gel Amide-80 (column size 250 x 4.6 mm, particle size
5 wm, pore size 80 A) from Tosoh (Tokyo, Japan).

2.2 Chemicals and reagents

Acetonitrile (ACN, gradient grade), ammonium acetate (pu-
rity > 99%), and acetic acid (purity > 99.8%) were supplied
by Sigma-Aldrich (St. Louis, USA). Sodium hydroxide (pu-
rity > 98%) was purchased from Lachner (Neratovice, Czech
Republic). The deionized water used in this work was puri-
fied with a Milli-Q water purification system from Millipore
(Bedford, USA). A set of peptides, consisting of
leucine enkephalin acetate salt hydrate (purity > 95%),
leucin enkephalinamide acetate salt (purity > 98%),
[Met’|enkephalin acetate salt hydrate (purity > 95%), [D-
Ala?]-leucine enkephalin (purity > 97%), and test solutes for
LFER measurements were purchased from Sigma-Aldrich.
The list of 39 solutes for LFER, which cover a wide range
of chemical properties, and their corresponding descriptors
are shown in Supporting Information Table S1 [48,49]. Uri-
dine, 5-methyluridine, 2’-deoxyuridine; nucleobases includ-
ing thymine, uracil, adenine, cytosine, and guanine; a set of
amino acids and their tert-butyloxycarbonyl (Boc) protected
analogs, i.e. L-tryptophan, pD-phenylalanine, L-tyrosine, N-Boc-
L-tryptophan, N-Boc-D-phenylalanine, and N-Boc-L-tyrosine,
used for selectivity tests were purchased from Sigma-Aldrich.
A set of basic compounds listed in Table 4 was also purchased
from Sigma-Aldrich.

Stock solutions of the individual compounds of peptides
at a concentration of 1 mg/mL were prepared by dissolving
the compounds in a mixture of ACN/20 mM ammonium
acetate buffer, pH 4.00, 85:15 v/v. The analytes for the LFER
were dissolved in ACN at concentration of 1 mg/mL (for solid
samples) and 10 wL/mL (for liquid samples). The analytes for
other tests were dissolved in ACN/20 mM ammonium acetate
buffer, pH 4.00, 85:15 v/v also at concentration of 1 mg/mL
(for solid samples) and 10 pL/mL (for liquid samples) except
guanine, which was dissolved in 0.1 M sodium hydroxide due
to its poor solubility in ACN.

www.jss-journal.com
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2.3 Procedures

Retentions of analytes are expressed as retention factors (k).
All measurements were performed in triplicate. Dead time
was determined by the solvent peak. Ammonium acetate
buffer was prepared by dissolving appropriate amount of am-
monium acetate in deionized water and adjusted with acetic
acid to reach the required pH value. Mobile phases consisted
of ACN and ammonium acetate buffer, and the retention of
peptides was investigated at various volumetric ratios of ACN
to buffer.

The LFER measurements and the other tests, namely, the
selectivity for methylene, hydroxy, and amino groups, chro-
matographic behavior of nucleobases and basic compounds,
were performed under the following experimental conditions:
the mobile phase used was ACN/20 mM ammonium acetate
buffer, pH 4.00, 85:15 v/v, flow rate 1 mL/min, injection vol-
ume 10 L, column temperature 25°C, and detection wave-
lengths 220 or 254 nm. The effect of column temperature on
retention of the nucleobases uridine, and its derivatives was
studied in the range of 10-40°C (with 5°C steps). The math-
ematical and statistical software NCSS (Kaysville, USA) was
used to perform multiple linear regression analysis of logk
versus the solute descriptors.

3 Results and discussion

3.1 Separation of biologically important compounds
Two amide-based columns were compared in HILIC mode
using short peptides and nucleobases. Column characteris-

tics, such as retention, resolution, and plate count were mea-
sured with two sets of compounds with certain structural

A XBridge Amide B

TSK gel Amide-80

XBridge Amide
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differences. The separation of peptides on both columns is
shown in Fig. 1A. Better separation was obtained on the
XBridge amide column compared to the TSK gel Amide-
80 column under the same chromatographic conditions
(see Fig. 1A captions); this is in part due to the higher
chromatographic efficiency of the former column. The dif-
ference in resolution can also be attributed to the shift in sep-
aration selectivity for critical pair of leucine enkephalinamide
and [p-Ala?] leucine-enkephalin; the leucine enkephali-
namide is the only peptide in the test mixture with amidated
carboxylic terminal moiety. The baseline resolution of pep-
tides on the TSK gel Amide-80 column can be achieved by
increasing the ACN percentage in the mobile phase to 88%;
however, the analysis time increases to 25 min.

The chromatographic behavior of nucleobases was also
evaluated (Fig. 1B). All five nucleobases were resolved on both
columns, and the elution order was the same (thymine, uracil,
adenine, cytosine, and guanine). Lower retention and higher
efficiency (expressed as plate count) was observed with the
XBridge Amide column, while comparable resolution (how-
ever, different for different pairs of analytes) resulted from
both columns (Table 1). The difference in separation effi-
ciency should also be attributed to the different particle size,
ie. 5 and 3.5 pm for the TSK gel Amide-80 and XBridge
Amide columns, respectively.

The HILIC relationship between the retention of several
analytes and mobile phase strength is shown in Fig. 2. The
relationship of logk versus volume fraction of water ¢ in the
mobile phase is not strictly linear (similar to RP chromatogra-
phy [34]). It can be fitted for both columns by Eq. (1) proposed
by Schoenmakers et al. [34] (coefficients of determination
R > 0.9999).

log k = Ap? + Bhp+C (1)

Figure 1. Chromatograms of
separation of four peptides (A)
and nucleobases (B) on two
amide-based columns. Mobile-

TSK gel Amide-80 phase  composition:  ACN/

20 mM ammonium acetate
buffer, pH 4.00, 85:15 v/v, flow
rate: 1 mL/min, column tem-
perature: 25°C, UV detection:
220 nm. Elution order (A): 1:
leucin  enkephalinamide, 2:
[p-Ala?] leucine-enkephalin, 3:
leucine-enkephalin, 4: [Met®]
enkephalin; elution order (B): 1:

t (min)

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

thymine, 2: uracil, 3: adenine,
t (min) 4: cytosine, 5: guanine.
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Table 1. Comparison of retention factor (k), resolution (Rs) and plate count for amide-based columns. Mobile-phase composition:

ACN/20 mM ammonium acetate buffer, pH 4.00, 85/15 v/v

Column XBridge amide TSK gel amide-80
Compound
k Rs Plate Count k Rs Plate count
Leucin enkephalinamide 1.73 8806 2.54
[DAla?]-Leucine enkephalin 2.05 2.52 8004 2.71 0.96
Leucine-enkephalin 2.77 494 9300 3.94 3.77 2892
[Met®]Enkephalin 3.37 3.78 12123 474 2.13 347
Thymine 0.91 19651 1.16 12306
Uracil 1.1 3.60 19940 1.45 3.64 14527
Adenine 1.86 9.82 15581 2.4 8.45 8654
Cytosine 2.60 8.06 24246 3.67 8.36 14620
Guanine 3.20 5.97 23558 4.45 454 13018
< 14 A 1.4 B
o ] [Mets]EnkephaIin =
2 1.2+ @ Leucine enkephalin 3 1.24
1.0 A [D-Alaz]-Leucine enkephalin 1.04
’ W Leucin enkephalinamide :
0.8 0.8
0.6 0.6
0.4 0.4
0.2+ 0.2+
0.0 TSKgel Amide-80 0.0 XBridge Amide
0.2 T T T T T T 0.2 T T T T T
010 012 014 016 018  0.20 010 0412 014 016 018  0.20
volume fraction water volume fraction water
1.4 1.4
x =<
8.,]C 812D
1.0 4 1.0 4
Figure 2. Dependency of logk
0.8 0.8+ of four peptides on the vol-
0.64 0.64 ume fraction of water (A, B) and
on the log of the mole frac-
0.4+ 0.4+ tion of water (C, D) obtained for
0.2 0.2 the amide-based columns. A to-
' ) ’ tal of 20 mM ammonium ac-
0.0 TSKgel Amide-80 0.0 XBridge Amide etate buffer, pH 4.00, represents
02 02 aqueous component of the mo-

-0.65 -060 -0.55 -0.50 -045 -0.40 -0.35 '-0.65 -0.60
log (mole fraction water)

Figure 2 illustrates a different retention behavior for the
leucin enkephalinamide, a peptide with amidated C-terminal
carboxylic groups, compared to three nonamidated peptides.
This observation is further discussed in Section 3.2.

The HILIC retention relationship can be linearized by
converting the plot into a logk-log N, relationship (Fig. 2C
and D) using the Snyder—Soczewinski expression:

—_

A
logk = logk, — — log N, 2
g 8 T 8 )
where k,, is the hypothetical retention factor in purely aque-
ous mobile phase, As and n,, are the cross-sectional areas
occupied by the solute molecule and the water molecules
on the surface, respectively, and N, is the mole fraction of

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

-0.55 -0.50 -045 -040 -0.35

bile phase. For more details see

log (mole fraction water) Materials and methods section.

water in the eluent [35]. The plots in Fig. 2C and D were
fitted with coefficients of determination of 0.9986—0.9998 for
the XBridge Amide column and 0.9986-0.9999 for the TSK
gel Amide-80 column. Similar linearity results were achieved
for sets of five nonapeptides and five nucleobases (data not
shown).

While both types of plots illustrate the overall retention
behavior, neither one can provide a more detailed insight
into the types of molecular interactions between the ana-
Iytes and HILIC sorbents. In principal, Eq. (1) was used to
describe partitioning and Eq. (2) adsorption LC [34, 35]. To
investigate more subtle differences of the two chosen
columns, we utilized additional tests, including the LFER
method.

www.jss-journal.com
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3.2 Linear free energy relationship model

Since the adsorption is an important part of the reten-
tion/separation mechanism in HILIC, the LFER method was
used for the characterization and comparison of intermolec-
ular interactions that dominate the chromatographic systems
with amide-based columns and a mobile phase composed of
ACN/20 mM ammonium acetate buffer, pH 4.00, 85:15 v/v.
The LFER model applied is based on the most generally used
Eq. (3) [50]

logk =c+€eE+sS+aA+bB+vV (3)

where k is solute retention factor. The independent vari-
ables are solute descriptors (see Supporting Information
Table S1): E is the excess molar refraction, S is the dipo-
larity/polarizibility, A represents the effective or overall hy-
drogen bond acidity, B is the effective or overall hydrogen
bond basicity, and V refers to the McGowan characteristic
volume [50, 51]. Regression coefficients e, s, a, b, and v in Eq.
(3) reflect the different types of molecular interactions in the
separation system. In HPLC, the regression coefficients re-
late to the differences in the given properties of the stationary
and mobile phases. The ¢ intercept in the LFER equation is
characteristic of the given system and it does not reflect any
interaction; e reflects the difference in disposition of the sta-
tionary and mobile phases to interact with n- and m-electron
pairs of the solutes; a and b refer to the differences in hydro-
gen bond basicity and hydrogen bond acidity, respectively; sis
equal to the difference in dipolarity/polarizibility and the co-
efficient v represents the difference in dispersion interactions
between the two phases [23,24,50-52].

The calculated LFER results are summarized in
Table 2. The experimental logk values for the set of 39 test
analytes show linear correlation with calculated logk values
with regression fit R = 0.96-0.97 for both columns. Because
we used the same mobile phase, the data can be directly used

Liquid Chromatography 2425

to compare the types of interactions contributing to the reten-
tion on both amide-based sorbents. The LFER coefficient v,
expressing dispersion forces (mostly considered as hydropho-
bicity in RP systems) is negative and similar in both cases. It
means that more hydrophobic analytes (or bigger solutes, in
general) are less retained at given conditions on the amide-
based HILIC SPs. The negative v values are typical for nor-
mal phase and HILIC SPs of higher polarity than the mobile
phases used.

The regression coefficients e and s are statistically in-
significant in both tested systems, these interaction types do
not significantly contribute to the retention. The regression
coefficient a (hydrogen bond basicity) and b (hydrogen bond
acidity) differ significantly on the tested columns, suggest-
ing that the two amide sorbents provide a different degree of
hydrogen bonding interactions (Table 2).

For further comparison, we plotted the experimentally
measured retention factors k on the TSK gel Amide-80 and
XBridge Amide columns. Fig. 3 reveals a high degree of sim-
ilarity between the sorbents; this is not surprising, since both
columns are based on amide chemistry. Higher retention was
observed on the TSK gel Amide-80 column as could be seen
from the value of the slope of linear correlation, which is less
than one. The higher retention could be explained by a greater
available surface on the TSK gel Amide-80 column (sorbent
nominal pore size of 80 A) compared to the XBridge Amide
column (sorbent nominal pore size 130 A). The difference of
nature of the basic particles of the SPs must be also taken
into account. In general, the two columns have similar selec-
tivity; however, some solutes are relatively more retained on
the XBridge Amide column (open circles in Fig. 3). Closer in-
spection reveals that the outliers are analytes with OH groups
such as phenol (30), benzylalcohol (33), and hydroquinone
(36). Similar behavior is apparent for benzonitrile (10) and
benzamide (37). Interestingly, pyrocatechol (34), and resor-
cinol (35) with two OH groups in ortho and meta positions,
respectively, are only slightly more retained on the XBridge

Table 2. Regression coefficients (statistically significant in bold) of the LFER equation and correlation coefficient R, mobile phase:

ACN/20 mM ammonium acetate buffer, pH 4.00, 85/15 v/v

Column Complete LFER model
Model e s a b v c R n F
XBridge amide CM X X 0.068 0.466 —0.251 —0.686 0.96 39 77
p-value 0.429 0.590 0.041 0.000 0.013 0.000
SE 0.032 0.033 0.095 0.064
+Cl 0.065 0.068 0.194 0.130
TSK gel amide-80 ™M X X 0.126 0.586 —0.250 —0.751 0.97 39 98
p-value 0.664 0.677 0.002 0.000 0.029 0.000
SE 0.037 0.038 0.109 0.073
+Cl 0.075 0.078 0.222 0.149

Cl represents +£95% confidence interval; x, insignificant difference in interaction of the solute with the mobile and stationary phases;
p, statistical p-value. The p-values express the probability of the error that the individual coefficient does not contribute to the model, i.e.
p-values represent the significance of the individual coefficients; SE is the standard error of the coefficients, F the Fisher’s statistics, n the
number of solutes considered in the regression.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.jss-journal.com
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0.7
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06 R? =0.996
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k, XBridge Amide
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Figure 3. Correlation of retention coefficients k on the XBridge
Amide column versus the TSK gel Amide-80 column. Mobile-
phase composition: ACN/20 mM ammonium acetate buffer, pH
4.00, 85:15 v/v. Only the black diamond data series was used
for the calculation of the regression trend. Selected open circle
outliers labeled with numbers are compounds relatively more
strongly retained on the XBridge Amide column. For chemical
structures see Supporting Information Fig. S1, and for the legend
for labeled analytes see Supporting Information Table S1.

Amide column (analytes are labeled in order of increasing k
on the TSK gel Amide 80 column; only selected analytes are
labeled in Fig. 3). The relative retention shown in Fig. 3 sup-
ports the LFER hypothesis that hydrogen bonding is linked
to the apparent selectivity differences for the two investigated
columns.

The results (combined with LFER regression values,
Table 2) indicate that the TSK gel Amide-80 column can pro-
vide slightly higher retention of analytes interacting through
hydrogen bonds. This is in good agreement with the re-
sults obtained for peptides, nucleobases (Fig. 1), and small
molecules (Fig. 3).

While several authors reported thationic interactions play
arolein HILIC retention on evaluated amide columns [52,53],
LFER cannot confirm this since Eq. (1) does notinclude a term
representing ionic interactions. While LFER equation can be
extended to include the effect of ionic interactions [19], we
decided to investigate the potential ionic interaction using an
alternative approach described in Section 3.4.

3.3 Group selectivity tests and other characteristics

Several additional tests performed in the HILIC mode are
summarized in Table 3. The selectivity for a methylene group,
a (CH,), can be calculated as k (uridine)/k (5-methyluridine).
This selectivity test offers information on the degree of hy-
drophobic interactions between the SP and the test com-
pounds [30]. Similarly, the selectivity caused by the hy-

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3. Retention factors and selectivities of tested com-
punds on two amide-based columns, mobile phase:
ACN/20 mM ammonium acetate buffer, pH 4.00, 85/15

viv
Column XBridge amide TSK gel amide-80
Compound
k a k a

L-tryptophan 3.94 5.63
N-Boc-L-tryptophan 0.47 8.38 0.50 11.26
D-phenylalanine 4.06 5.85
N-Boc-D-phenylalanine 0.45 9.02 0.48 12.19
L-tyrosine 6.87 9.81 10.28 13.35
N-Boc-L-tyrosine 0.70 0.77

Uridine 2.07 2.78
5-Methyluridine 1.66 1.25 2.19 1.27
2’-Deoxyuridine 1.38 1.50 1.81 1.54

« = k (amino acid)/ k (Boc analog).
a = k (uridine)/k (5-methyluridine).
o« = k (uridine)/k (2'-deoxyuridine).

droxy group, o (OH), can be obtained as k (uridine)/k (2'-
deoxyuridine) [30]. According to these tests the both columns
showed similar selectivities (see Table 3).

A set of amino acids and their Boc-protected (Boc bonded
to the NH, group of amino acid) analogs were chosen
to describe the selectivity of the NH, group, expressed as
a(NH;) = k (amino acid)/k (Boc-amino acid). Retention fac-
tors and selectivities obtained for both columns are summa-
rized in Table 3. Generally, the unprotected amino acids were
substantially more retained than their Boc-protected analogs
that had very low k values. The derivatization of NH, group
reduces/eliminates its ability to participate in the cationic and
H-bonding interactions, which may substantially contribute
to retention. The observed NH, selectivity differences be-
tween the selected columns indicate that at a given pH some
ionic interactions may participate in the retention mecha-
nism, more strongly on the TSK gel Amide-80 column. This
result is in good agreement with the higher positive value
of the LFER regression coefficient b (hydrogen bond acidity)
obtained on this column.

3.4 Basic compounds

The approach used for the characterization of ionic inter-
actions participating in the RP retention mechanism [36]
was adapted to HILIC systems. Because the hydrophobic-
ity (v values) obtained from the LFER study was equal for
the both columns, we focused on basic compounds, which
are sensitive indicators of ionic interactions [36]. We selected
molecules with different dissociation constants, expressed as
pK., i.e. fully ionized (pK, > 9.5) or partially ionized (pK, ~
4.6) at the given buffer pH of 4.00 (Table 4).

Table 4 shows that selectivity measured as ratio of the
retention factors for the two charged and partially charged
compounds is similar for both columns. In other words, if

www.jss-journal.com



J. Sep. Sci. 2013, 36, 2421-2429

Liquid Chromatography 2427

Table 4. Properties of the tested basic compounds, their retention factors k and selectivity « on two amide-based columns, mobile phase:

ACN/20 mM ammonium acetate buffer, pH 4.00, 85/15 v/v

Column XBridge Amide 80 XBridge Amide 80 XBridge Amide 80
Compound pK,a) k k « « « «

A N-Benzylmethylamine 9.52 1.70 3.03 kn/ks = 1.07 kn/ks = 1.10 kn/ke = 5.31 kn/kc =9.18
B 2-Phenylethylamine 9.81 1.59 2.74 kn/kp =1.39 kn/kp = 13.17
C Quinoline 464 0.32 0.33 ke/kp = 1.39 ke/kp = 1.43 ks/kg = 4.97 ka/kc = 8.30
D Aniline 4.58 0.23 0.23 ks/kp = 6.91 ks/kp = 11.91

a) pK, values of protonated forms in aqueous solution at 25°C, computed with software package PALLAS for prediction of pK, constants [40].

there is some ionic interaction, it equally affects the retention
of similarly charged analytes on both columns. The situation
changes dramatically when we calculate the selectivity for
differently charged compounds, i.e. k of charged versus k of
partially charged (Table 4). Such selectivity factors are quite
different for the investigated HILIC columns. It appears that
fully charged analytes are relatively more strongly retained on
the TSK Amide 80 column compared to the XBridge Amide
column. We conclude that the TSK Amide-80 column pro-
vides a more significant cation-exchange type of interaction
compared to the XBridge Amide column.

3.5 Effect of temperature

Column temperature is an important factor affecting reten-
tion, selectivity, and resolution in HPLC separations, in gen-
eral [13, 54]. The effect of temperature was tested in the
range of 10-40°C (preferred temperature range on silica-
based columns) in 5°C increments for the nucleobases, uri-
dine and its derivatives. All analytes showed a small decrease
of retention upon increasing column temperature. The av-
erage shift of retention factors between 10 and 40°C corre-
sponded to retention time difference of 1-2 min.

Van't Hoff plots of In k versus 1/T showed linearity with
correlation coefficients equal or higher than 0.99 (Fig. 4). The
linear dependences confirm no change of retention mecha-
nism in the measured temperature range. The obtained ther-
modynamic parameters, results for uridine and its derivatives

and nucleobases, are summarized in Table 5. Standard en-
thalpies (AH®) calculated from the van’t Hoff equations were
negative for all analytes in both separation systems tested.
Similar results were obtained for salicylic acid, aspirin, and
cytosine on the TSK Amide-80 column in the work by Guo and
Gaiki [16]. No significant differences between the columns
were observed. From a thermodynamic point of view, both
amide-based columns are similar.

4 Concluding remarks

Since many columns are available on the market, the ques-
tion often arises of how to select an appropriate SP for a given
separation. Various characterization approaches offer mostly
just partial information of the SP properties. In this paper, we
used various methods and tests to describe and compare two
amide-based columns in HILIC mode. Selectivity tests for
different groups (—CH,—, —OH, —NH,), comparison of be-
havior of sets of compounds of similar structure, and LFER
and van’t Hoff dependences revealed some differences be-
tween the SPs. Not surprisingly, since the columns are based
on amide chemistry, the LFER model detected a similar appar-
ent hydrophobicity. Group selectivity testing and elevated val-
ues of LFER b and a regression coefficients indicate a greater
degree of hydrogen bonding interactions, namely, H-bond
acidity and basicity, on the TSK gel Amide-80 column. The
higher absolute and relative retention of basic compounds

1.4 1.4
': M 2-deoxyuridine x : 2-deoxyuridine
= 5-methyluridi c 5-methyluridine
1.2+ : ur{;";ey“” ne 124 A uridine
1.0 1.0
0.8 1 0.8 1
0.6 056 /
Figure 4. Plots of In k ver
0.4+ 0.4 sus 1/T for uridine and its
derivatives for two amide-based
0.2+ 0.2 columns. Mobile phase compo-
XBridge Amide TSK gel Amide-80 sition: ACN/20 mM ammonium
0.0 T T T 0.0 T T T acetate buffer, pH 4.00, 85:15 v/v.
0.00322 0.00336 0.00350 0.00322 0.00336 0.00350 Column temperature was varied
1T (1/K) 11T (1/K) from 10-40°C (increment of 5°C).
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Table 5. Thermodynamic parameters AH®, AS* calculated from equation In k= —AH/RT + AS’/R + Ing, correlation coefficient R? of uridine

and its derivatives and nucleobases

Analyte Column —AH (kJ/mol) —AS* (J/mol K) R?
2-Deoxyuridine XBridge amide 6.37 18.7 0.997
TSK gel amide-80 6.50 16.8 0.998
5-Methyluridine XBridge amide 1.37 20.5 0.998
TSK gel amide-80 7.48 18.4 0.998
Uridine XBridge amide 1.45 18.9 0.998
TSK gel amide-80 7.54 16.7 0.998
Thymine XBridge amide 477 16.7 0.990
TSK gel amide-80 473 145 0.990
Uracil XBridge amide 494 15.6 0.991
TSK gel amide-80 5.22 14.3 0.997
Adenine XBridge amide 7.00 18.3 0.998
TSK gel amide-80 7.05 16.2 0.998
Cytosine XBridge amide 7.19 16.1 0.997
TSK gel amide-80 7.14 12.9 0.999
Guanine XBridge amide 4,53 55 0.997
TSK gel amide-80 447 24 0.995

Mobile phase: ACN/20 mM ammonium acetate buffer, pH 4.00, 85/15 v/v, R? correlation coefficient of van't Hoff plot.

AS* = AS® + Ring.

indicates a moderately higher cation-exchange activity on the
TSK gel Amide-80 column. The higher retention of the TSK
gel Amide-80 column can be also attributed to the greater
available SP surface. Nevertheless, better selectivity for pen-
tapeptides was achieved with the XBridge column. Van’t Hoff
plots show that the effect of temperature in the studied range
is not essential on the amide-based columns in HILIC mode.
In summary, the two investigated columns provide highly
similar although not identical physicochemical interactions
with test analytes.
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Supporting information

Table S1: Set of test analytes with their solvation parameters and obtained retention factors

*

Fk

Number Analyte E S A B \Y k k
1 Tetrachlorobenzene 1.180 0.920 0.000 0.000 1.206 0.120 0.137
2 Phenanthrene 2.055 1.290 0.000 0.260 1454  0.122 0.158
3 Pyrene 2.810 1.710  0.000 0.290 1585 0.122 0.141
4 Dibenzothiophene 1.959 1.310 0.000 0.180 1.379 0.124 0.142
5 1,3-Xylene 0.623 0.520 0.000 0.160 0.998 0.129 0.143
6 1,4-Xylene 0.613 0.520 0.000 0.160 0.998 0.129 0.143
7 1,2,3-Trichlorobenzene 1.030 0.860 0.000 0.000 1.084  0.131 0.157
8 1,2-Xylene 0.663 0.560 0.000 0.160 0.998 0.132 0.148
9 Naphthalene 1.340 0.920 0.000 0.200 1.085 0.135 0.151
10 Benzonitrile 0.742 1.110 0.000 0.330 0.871 0.136 0.195
11 Benzophenone 1.447 1.500 0.000 0.500 1481 0.136 0.153
12 1,2-Dichlorobenzene 0.872 0.780 0.000 0.040 0961 0.137 0.166
13 Benzene 0.610 0.520 0.000 0.140 0.716 0.138 0.167
14 Toluene 0.600 0.520 0.000 0.140 0.857 0.140 0.172
15 3-Nitrotoluene 0.874 1.100 0.000 0.250 1.032  0.143 0.155
16 Bromobenzene 0.882 0.730 0.000 0.090 0.891 0.143 0.157
17 Chlorobenzene 0.718 0.650 0.000 0.070 0.839  0.143 0.152
18 2-Nitrotoluene 0.866 1.110 0.000 0.270 1.032  0.145 0.157
19 2-Nitrophenol 1.015 1.050 0.050 0.370 0.949 0.173 0.176
20 2-Naphthol 1.520 1.080 0.610 0.400 1.144 0.180 0.188
21 3-Chlorophenol 0.909 1.060 0.690 0.150 0.898 0.183 0.186
22 4-Chlorophenol 0.915 1.080 0.670 0.210 0.898 0.188 0.188
23 1,2-Cresol 0.840 0.860 0.520 0.310 0916 0.190 0.195
24 2-Chlorophenol 0.853 0.880 0.320 0.310 0.898 0.191 0.193
25 1,2-Toluidine 0.966 0920 0.230 0.450 0.957 0.197 0.196
26 1,3-Cresol 0.822 0.880 0.570 0.340 0916 0.198 0.198
27 Ethyl acetate 0.106 0.620 0.000 0.450 0.747  0.200 0.211
28 4-Nitrophenol 1.070 1.720 0.820 0.260 0.949 0.205 0.202
29 1,4-Toluidine 0.923 0950 0.230 0.450 0.957 0.218 0.211
30 Phenol 0.805 0.890 0.600 0.300 0.775 0.218 0.234
31 Aniline 0.955 0960 0.260 0.410 0.816 0.239 0.224
32 3-Hydroxybenzaldehyde  0.990 1.380 0.740  0.400 0.932 0.249 0.235
33 Benzylalcohol 0.803 0.870 0.330 0.560 0916 0.270 0.272
34 Pyrocatechol 0.970 1.070 0.850 0.520 0.834 0.312 0.283
35 Resorcinol 0.980 1.000 1.100 0.580 0.834 0.336 0.302
36 Hydroquinone 1.000 1.000 1.160 0.600 0.834 0.370 0.347
37 Benzamide 0.990 1.500 0.490 0.670 0.973  0.432 0.400
38 Caffeine 1.500 1.600 0.000 1.330 1.364 0.583 0.468
39 Theophylline 1.500 1.600 0540 1.340 1.222 0.864 0.671

k* retention factors obtained for TSK gel Amide-80 column; k** retention factors obtained for XBridge
Amide column
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A new separation method involving hydrophilic interaction chromatography with tandem mass spectro-
metric detection has been developed for the analysis of pteridines, namely biopterin, isoxanthopterin,
leucopterin, neopterin, xanthopterin and erythropterin in the cuticle of heteropteran insect species. Two
columns, Atlantis HILIC Silica and ZIC®-HILIC were tested for the separation of these pteridines. The
effect of organic modifier content, buffer type, concentration and pH in mobile phase on retention and

Efﬁforﬁii interaction liquid separation behavior of the selected pteridines was studied and the separation mechanism was also inves-
Cﬁ’r 01;)12tog§aph§/ action flqu tigated. The optimized conditions for the separation of pteridines consisted of ZIC®-HILIC column, mobile
Tandem mass spectrometry phase composed of acetonitrile/5> mM ammonium acetate, pH 6.80, 85/15 (v/v), flow rate 0.5 mL/min and
Pteridines column temperature 30°C. Detection was performed by tandem mass spectrometry operating in elec-
Graphosoma trospray ionization with Agilent Jet Stream technology using the selected reaction monitoring mode.
Insecta The optimized method provided a linearity range from 0.3 to 5000 ng/mL (r>0.9975) and repeatability
Heteroptera with relative standard deviation <8.09% for all the studied pteridines. The method was applied to the

analysis of pteridines in the cuticle of larvae and three adult color forms of Graphosoma lineatum and
one form of Graphosoma semipunctatum (Insecta: Hemiptera: Heteroptera: Pentatomidae). The analysis
shows that different forms of Graphosoma species can be characterized by different distribution of indi-
vidual pteridines, which affects the coloration of various forms. Only isoxanthopterin was found in all
the five forms tested.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction cancer [7-10]. Pteridines are also one of the families of pigmentary

colors of insect cuticle, and some of them are also important eye

Pteridines belong to a group of compounds widely distributed
in organisms, being present in Prokaryota as well as in Eukary-
ota (protists, plants, fungi and animals) [1]. Pteridines and their
derivatives have several important biological functions. They
are important compounds in the process of cell metabolism,
such as hydroxylation reactions, conversion of tyrosine into 3,4-
dihydroxyphenylalanine, precursor of melanin and play a role
in cellular electron transport etc. [1-5]. The increased urinary
excretion of these compounds has been found to indicate sev-
eral disorders, for example viral infections [6] or different types of

* Corresponding author at: Department of Analytical Chemistry, Faculty of Sci-
ence, Charles University in Prague, Albertov 2030, 128 43 Prague 2, Czech Republic.
Tel.: +420 221951231; fax: +420 224 913 538.
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1570-0232/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jchromb.2013.05.004

pigments [11]. They have various colors (structure based), ranging
from white (leucopterin), or yellow (xanthopterin) over red (ery-
thropterin) to fluorescent blue under ultraviolet light (biopterin)
[12]. Pigmentation caused by pteridines often serves as protective
coloration which may be roughly divided into aposematic (war-
ning) and cryptic (part of camouflage) colorations [13-15].

In this paper, pigmentary colors caused by pteridines in
two species of heteropteran insects (true bugs) were studied.
The pigments of both the species studied, Graphosoma lineatum
and Graphosoma semipunctatum (Insecta: Hemiptera: Heteroptera:
Pentatomidae), are formed in the epithelial part of the integu-
ment and deposited in the cuticle. The color patterns on the body
of the Graphosoma species are formed by pigmentose pteridine
ground-coloration (ranging from yellow to beige, red and brown)
with overlaid longitudinal black stripes and spots formed by black
melanin. It has been known for years that the hue of the ground
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color of West Palaearctic Graphosoma species varies. However, only
recently has the seasonality of one of the northernmost popula-
tion of G. lineatum (Sweden: Stockholm area) been investigated:
the larvae are brown, metamorphosed pre-hibernating adults are
pale (beige), over winter and emerge in spring as vividly red
post-hibernating individuals. Similar, not so regular and less con-
trasting changes also occur in its Central European populations
while the situation in the Mediterranean populations and in the
closely related G. semipunctatum is more complex and possibly
more area-dependent [15]. To complete the color picture and the
pteridine array we have additionally included in our study yellow
G. lineatum from Sardinia (post-hibernating population) and orange
post-hibernating individuals of G. semipunctatum from the island of
Zakynthos (Greece). Henceforth, all five samples examined will be
called “forms” for simplicity.

Analysis of pteridines is a difficult task because of their phys-
icochemical characteristics, mainly sensitivity to light resulting
in their degradation, the possibility of diverse oxidation prod-
ucts, low solubility and very low concentrations in biological
materials [16]. The most widely applied technique for their anal-
ysis is high performance liquid chromatography (HPLC) usually
coupled with fluorescence detection [7,10,17-22]. HPLC methods
typically use reversed phase (RP) mode often employing almost
100% aqueous mobile phases. These mobile phases can gener-
ate non-reproducible retention times and reduce the lifetime of
analytical columns [23-25]. Due to of solving these difficulties in
the separating of pteridines hydrophilic interaction liquid chro-
matography (HILIC) was tested. However, only two papers on
HILIC analysis of pteridines have been published to date [23,26].
Retention properties of ultra-HPLC hybrid stationary phases have
been studied for the group of polar basic pteridines (neopterin,
biopterin, dihydroneopterin and dihydrobiopterin) in HILIC with
fluorescence and mass spectrometic detections [23]. HILIC cou-
pled with fluorescence detection has been applied to the analysis
of neopterin, biopterin and isoxanthopterin in urine samples [26].
Another method employed for the determination of pteridines was
capillary electrophoresis (CE) [27,28,8,29,30]. Most of these cited
papers are focused on the analysis of pteridines as cancer markers in
humans. The reported analyses of pteridines in insect cuticles have
been performed mainly by paper chromatography and/or by thin
layer chromatography [1,12,31-37] and especially by HPLC [38].
According to Nemec et al. [12] the pigment pattern in the studied
insect (locust), particulary with respect to pteridine-like molecules,
is much more complex than it has been reported in previous pub-
lications and the identification of pteridine-like pigments would
require more sophisticated methods, namely HPLC coupled with
mass spectrometry [12].

As mentioned above, HILIC, which is profitable for the analy-
sis of polar compounds especially in proteomics, glycomics and
clinical analysis [39-41], could be a good alternative to RP HPLC
for the analysis of pteridines. In HILIC mode the analytes interact
with the hydrophilic stationary phase and the elution is generated
by hydrophobic binary mobile phase containing water as a strong
eluting solvent. The suggested mechanism in HILIC involves parti-
tioning the hydrophobic mobile phase and a layer of mobile phase
enriched with the aqueous part being partially immobilized on the
surface of stationary phase [42]. However, the retention mecha-
nism in HILIC does not seem to be completely clear. Hydrogen
bonding is supposed to play an important role in this process [43].
It may also include ionic, dispersion and hydrophilic interactions
[43-52].

The aim of this work was to develop a new LC-MS/MS method
applicable for identification and quantitation of selected pteridines
(biopterin, isoxanthopterin, leucopterin, neopterin, xanthopterin
and erythropterin, for their structures, see Fig. 1), which can be
present in integuments of G. lineatum and G. semipunctatum. The

analysis of integuments from individual morphological forms
should provide a relative distribution of pteridines, which is
assumed to be responsible for the color variation of heteropteran
insects. Due to the polar character of pteridines HILIC combined
with high sensitivity tandem mass spectrometric detection was
used. The method development process also contributed to a better
understanding of HILIC separation. To the best of our knowledge
(according to the literature) the application of HILIC with MS/MS
detection for analysis of pteridines in insects has not been used yet.

2. Experimental
2.1. Chemicals, reagents and real samples

Acetonitrile (ACN, gradient grade), ammonium acetate
(purity >99%), acetic acid (purity>99.8%), formic acid
(purity>98%) and dimethyl sulfoxide (purity>99.9%) were
supplied by Sigma-Aldrich (St. Louis, USA). Ammonium hydrox-
ide (solution 25%) was obtained from Lachner (Neratovice,
Czech Republic). The deionized water used was purified with
a Milli-Q water purification system from Millipore (Bedford,
USA). Standards of pteridines, namely biopterin, isoxanthopterin,
leucopterin, neopterin and xanthopterin, were purchased from
Sigma-Aldrich (St. Louis, USA), and erythropterin was provided by
Serva Feinbiochemica (Heidelberg, Germany).

Stock solutions of the individual standards were prepared at
a concentration of 0.1 mg/mL by dissolving the compounds in
dimethyl sulfoxide. Stock solutions were kept in the dark at 4°C.
The stock solutions were further diluted by acetonitrile to attain
the required concentrations.

Real samples consisted of 5th (last) instar larvae (Stock-
holm, Sweden), pale pre-hibernating adults (Stockholm, Sweden),
red post-hibernating adults (Stockholm, Sweden), yellow post-
hibernating adults (Sardinia, Italy) of G. lineatum, and orange
post-hibernating adults of G. semipunctatum (Zakynthos Is.,
Greece).

2.2. Instrumentation

All chromatographic measurements were carried out on a HPLC
system Agilent HPLC series 1200 coupled with a Triple Quad 6460
tandem mass spectrometer (Agilent Technologies, Waldbronn,
Germany) consisting of an automated injector, a column oven, a
degasser and a quarternary pump. For data acquisition, the Mass
Hunter Workstation software was used. Two columns were tested:
Atlantis HILIC Silica (4.6 mm x 150 mm, 3 wm), based on silica gel,
from Waters (Milford, USA) and ZIC®-HILIC (4.6 mm x 150 mm,
3.5um), based on zwitterionic sulfobetaine groups, from Merck
(Darmstadt, Germany).

The temperature of the columns was kept at 30°C and samples
were termostated at 20 °C. The injection volume was 5 pL and the
flow rate of mobile phase was 0.5 mL/min. The MS/MS measure-
ments were performed in the selected reaction monitoring mode
(positive and negative mode were switched every 30 ms in one
run) using electrospray ionization with Agilent Jet Stream technol-
ogy (A]S). AJS with thermal gradient technology uses super-heated
nitrogen as a sheath gas to improve ion production and desolvation.
Nitrogen was used as the collision, nebulizing and desolvating gas.

2.3. Chromatographic conditions

Ammonium acetate or ammonium formate buffers were pre-
pared by dissolving the appropriate amounts of ammonium acetate
or ammonium formate in deionized water and adjusted with acetic
acid or formic acid or ammonium hydroxide to the required pH
value.
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Fig. 1. Chemical structures of the pteridiens studied.

The effect of the ratio of organic solvent to water content in the
mobile phase and the influence of additive type (acetic acid, formic
acid, ammonium acetate, ammonium formate), its pH and concen-
tration on retention of pteridines were investigated. The effect of
pH was tested in the range of 4-6 pH units for Atlantis HILIC Sil-
ica column and within 4-8 pH units for ZIC®-HILIC column (pH was
varied in steps of 0.5 unit for both columns). The effect of buffer con-
centrations was tested in the range of 1-25 mM for both columns
(buffer concentrations were varied in steps of 5 mM).

The retention times of all analytes were measured in triplicate.
The retention was expressed as retention factor (k).

2.4. Sample preparation of G. lineatum and G. semipunctatum

The insect integuments were extracted by dimethyl sulfoxide.
The extraction time was optimized to achieve the equilibrium con-
centration of pteridines by monitoring the pteridine extract during
one week. An appropriate amount of dry insect integuments ran-
ging from 2.5 to 6.5 mg was crushed, homogenized and extracted
in 2 mL of dimethyl sulfoxide. Then the sample was centrifuged for
10 minutes at 11,337 x g, the supernatant was collected and diluted
1:100 with acetonitrile. Four forms of G. lineatum (larvae, pale,
red and yellow adults) and one form of G. semipunctatum (orange
adults) were analyzed.

2.5. Validation of the method

The method was validated for linearity, limits of detection (LOD)
and quantitation (LOQ), accuracy, precision, selectivity, carry-over
effect and matrix effects. Linearity was established using standard
solutions of pteridines serially diluted by acetonitrile within the
range of 0.1-2500ng/mL for biopterin (the calibration concen-
trations were 0.1, 1, 5, 25, 125, 625, 1250, 2500ng/mL) and
1-5000 ng/mL for other pteridines (the calibration concentrations
were 1, 5, 25, 125, 625, 1250, 2500, 5000 ng/mL), which reflected
the expected concentrations of analytes in the real samples. The
accuracy of the method was evaluated by analysis of quality control
(QC) samples at low (10 ng/mL for biopterin and 20 ng/mL for oth-
ers pteridines), medium (1 wg/mL for biopterin and 2.5 wg/mL for
others pteridines) and high (2.5 pg/mL for biopterin and 5 pg/mL
for others pteridines) concentration levels. The agreement between
the theoretical and measured values was confronted. The precision
was established by replicate analysis of QC samples at the same
concentrations as for accuracy measurements.

Method selectivity was monitored by the injection of the sample
of G. lineatum (mass spectrometer was set in scan mode) and the
carry-over effect was checked by the injection of a blank sample
(consisting of 1/99 (v/v) dimethyl sulfoxide/acetonitrile). Matrix
effects were determined using two types of quantitation methods,
namely the calibration curve method and the standard addition

method. The calibration curves were constructed by plotting the
peak area against the concentration of pteridine standards. The cali-
bration equations were calculated using linear regression analysis.
Each concentration was measured in triplicate. For the standard
addition method 25 L of the supernatant was put to each of the
five 10 mLvolumetric flasks. Then the standard solutions at concen-
tration of 100 pwg/mL for erythropterin and leucopterin, 10 pg/mL
for isoxanthopterin and 1 wg/mL for biopterin, neopterin and xan-
thopterin were added in amounts of 0, 25, 50, 75 and 100 p.L. Finally,
each flask was made up to the mark with acetonitrile and mixed
well. After measuring the response for a series of standard addi-
tions, a plot of analytical signals versus concentrations of added
analytes was plotted. The concentration of the analytes was deter-
mined from the point, at which the extrapolated line crossed the
concentration axis at zero signal.

3. Results and discussion
3.1. Optimization of mass spectrometric detection

Selected reaction monitoring conditions were established for
each analyte by an infusion of standards (1 pg/mL) into the ion
source by a syringe pump. The precursor ions were optimize-
scanned with the second quadrupole for the best fragmentor
voltage. The mass spectra of the molecules were recorded by the
employment of fragmentor potentials between 50 and 200 V. After
choosing the most intense fragmentor voltage for the found precur-
sor ions, the collision energies of the ion transitions were optimized
between 0 and 100V using a product ion scan. The resultant values
are listed in Table 1. To maximize the signals in the SRM mode the
ion source parameters were tuned. The ion source was finally set
as follows: gas temperature: 350 °C, gas flow: 10 L/min, sheath gas

Table 1

SRM conditions used for LC-MS/MS determination of the pteridines (ESI, positive
mode (+), negative mode (—)). The first transition is used for quantitation and the
second one for confirmation.

Compound Molecular ~ Precursor  Product Fragmentor Collision
weight ion ion V) energy (V)

Biopterin 237.1 238.1(+) 178.1 115 17

236.1(-) 192.1 140 3
Erythropterin 265.1 266.1 (+) 220.1 110 8

264.1(-) 192.1 95 6
Isoxanthopterin  179.1 180.1 (+) 135.1 125 20

180.1 (+) 108.1 125 25
Leucopterin 195.1 196.1 (+) 140.1 120 16

194.1(-) 166.1 130 8
Neopterin 253.2 254.2 (+) 206.2 115 14

2542 (+) 236.2 115 8
Xanthopterin 1791 180.1 (+) 135.1 125 20

180.1 (+) 108.1 125 25
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Table 2

Parameters of the calibration curves (standard deviations in parentheses), limit of detection (LOD) and limit of quantitation (LOQ) obtained for the optimized separation and

mass spectrometric detection conditions.

Compound Slope Intercept Correlation LOD (ng/mL) LOQ (ng/mL)
(mL/nga.u.) (a.u.) coefficient
Biopterin 1845.9 (65.4) —1025.2 (89.9) 0.9991 0.1 0.3
Erythropterin 98.0(5.6) —49.3(3.2) 0.9998 6.2 193
Isoxanthopterin 122.0(7.6) —245.5(44.2) 0.9982 43 121
Leucopterin 400.7 (21.8) —180.5(32.8) 0.9975 14 3.8
Neopterin 304.5(9.2) —245.5 (45.6) 0.9986 0.4 13
Xanthopterin 4482 (11.3) —49.3(3.3) 0.9977 1.2 3.7

temperature: 350 °C, sheath gas flow: 10 L/min, nebulizer pressure:
310KkPa, capillary voltage: 4000V for positive mode and 3500V for
negative mode, nozzle voltage: 500V for positive mode and 600V
for negative mode.

3.2. Separation of pteridines

All studied pteridines are highly hydrophilic molecules, which
can be separated in HILIC. The significant effect on retention and
thereby separation of pteridines on both columns was observed
by changing the ACN/aqueous buffer ratio in the mobile phase.
On Atlantis HILIC Silica column erythropterin exhibited a very
broadened chromatographic zone and therefore, these data are not
included in the results.

The series of measurements performed during the optimization
of the mobile phase composition were also used for the charac-
terization of the interaction mechanism involved in the separation
system. When the logarithm of the retention factor of an analyte
is plotted against the volume fraction of the aqueous part of the
mobile phase the empirical Eq. (1) proposed by Schoenmakers et al.
[53] should provide a description of the partitioning mechanism:

log k = Ag? + Bp + C (1)

where ¢ is the volume fraction of the water in the mobile phase.

A linear plot of log k vs. log (mole fraction water) can indi-
cate the adsorption process, according to the Snyder-Soczewinski
expression:

log k = log kw — A log Nw (2)
Ny

where ky, is the hypothetical retention factor when the mobile
phase is purely aqueous, As and n,, are the cross-sectional areas
occupied by the solute molecule and the water molecules on the
surface, respectively, and Ny, is the mole fraction of water in the
eluent [54].

Fig. 2 shows the dependences of log k of pteridines plotted
against the volume fraction of water and against the logarithm of
the mole fraction of the water for the both columns. Fitting depen-
dences of log k on the volume fraction of water according to Eq. (1)
provide correlation coefficients over 0.9947 for both columns for
all the studied pteridines. Dependences of log k on the logarithm of
the mole fraction of water fit very well with the linear regression
curve of Eq. (2), with correlation coefficients ranged from 0.9905 to
0.9992 for Atlantis HILIC Silica column and from 0.9960 to 0.9991
for ZIC®-HILIC column for all the studied analytes. Based on these
observations both partitioning and adsorption seem to contribute
to the retention mechanism on both columns.

For mass spectrometric detection, substantially lower concen-
trations of additives have to be used in order to prevent signal
suppression. The effect of buffer concentration on the reten-
tion of pteridines was tested in the mobile phase, consisting of

Table 3
Accuracy and precision of the method for LC-MS/MS determination of the pteridines (n=5).
Concentration (ng/mL) Intra-day (n=5) RSD (%) RE (%) Inter-day (n=5) RSD (%) RE (%)
Measured concentrations Measured concentrations
(ng/mL) (mean + SD) (ng/mL) (mean + SD)
Biopterin
10 9.53 + 0.42 4.40 -4.73 9.61 £ 0.37 3.85 -3.93
1000 961.70 + 10.38 1.07 -3.83 956.80 + 9.28 0.97 -4.32
2500 2346.50 + 91.28 3.90 -6.14 2317.00 + 76.92 3.32 -7.32
Erythropterin
20 20.75 + 1.31 6.31 3.73 20.84 +1.25 5.99 4.21
2500 2570.75 + 108.74 4.23 2.83 2572.00 + 95.94 3.73 2.88
5000 5446.50 + 431.36 7.92 8.93 5481.50 =+ 443.45 8.09 9.63
Isoxanthopterin
20 20.97 + 091 4.34 4.83 20.87 + 0.89 4.26 433
2500 2598.00 + 76.38 2.94 3.92 2609.50 + 37.05 142 438
5000 5368.50 + 339.31 6.32 7.37 5344.50 + 311.05 5.82 6.89
Leucopterin
20 20.27 £+ 0.65 3.20 3.66 20.48 + 0.87 4.25 238
2500 2425.25 + 51.90 2.14 -2.99 2598.25 + 50.93 1.96 3.93
5000 4708.50 + 232.60 4.94 -5.83 4809.00 + 275.56 5.73 -3.82
Neopterin
20 19.63 + 0.24 1.22 -1.85 20.62 + 0.27 1.31 3.10
2500 2594.25 + 20.49 0.79 3.77 2607.25 + 26.33 1.01 4.29
5000 5219.00 + 167.53 3.21 4.38 4808.50 + 163.97 341 -3.83
Xanthopterin
20 2134+ 1.26 5.90 6.72 20.76 + 0.89 4.29 3.81
2500 2649.75 + 91.15 3.44 5.99 2624.50 + 137.26 523 4.98
5000 5453.00 + 397.52 729 9.06 5354.50 + 332.51 6.21 7.09

SD, standard deviation; RSD, relative standard deviation; RE, relative error.
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Fig. 4. Comparison of the amounts of pteridines found in different forms of Graphosoma lineatum (GL) and Graphosoma semipunctatum (GS).

ACN/ammonium acetate, pH 6.8 85/15 (v/v). With increasing buffer
concentration the retention of pteridines slightly increased, which
can be related to hydrophilic partitioning [55]. Presumably, high
concentrations of organic solvent in the mobile phase cause salt
partition preferentially into the water-rich layer on the station-
ary phase. The presence of solvated ions in this water-rich layer
would increase its volume, potentially leading to stronger reten-
tion of polar solutes [55]. The ZIC®-HILIC column demonstrated
a great deal of salt concentration on retention of erythropterin,
where an increasing salt concentration from 1 to 25 mM increased
its retention from k=2.85 to k=23.72. It can also be related to
the suppression of repulsive electrostatic interactions between the
sulfonate groups of sulfobetaine ligands and carboxyl group of
erythropterin.

The effect of buffer pH on the retention and separation of
pteridines was tested in the mobile phase composed of ACN/5 mM
ammonium acetate 85/15 (v/v) in the range of 4-6 and 4-8 for
Atlantis HILIC Silica column and ZIC®-HILIC column, respectively.
On Atlantis HILIC Silica column only slightly increasing retention

of pteridines was observed with increasing buffer pH, probably
due to attraction of cationic solutes to gradually dissociating silanol
groups at higher pH. No influence of pH on pteridine retention has
been observed on ZIC®-HILIC column containing permanent zwit-
terionic sulfobetaine ligands. Replacing ammonium acetate buffer
with ammonium formate buffer caused a marked deterioration of
peak shapes. Additions of acetic acid or formic acid as an ageuous
part of the mobile phase within the range of 0.001-0.1% caused a
peak tailing of the pteridines on the Atlantis HILIC Silica column.
Based on these results, the ZIC®-HILIC column was chosen
for the analysis of pteridines. The optimized composition of
the mobile phase, with respect to yielding sufficient retention
of polar analytes (retention factor>1), acceptable resolution of
pteridines (Rs > 1), satisfactory peak shapes (0.9 <As <1.2) and a suf-
ficient detection sensitivity for all the analytes, was found to be
ACN/5mM ammonium acetate, pH 6.80, 85/15 (v/v). Under these
conditions pteridines eluted with the following retention factors:
isoxanthopterin k=4.18, biopterin k=4.57, xanthopterin k=5.99,
leucopterin k=6.62, erythropterin k=9.16 and neopterin k=11.03.
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3.3. Quantitation

Two calibration approaches were used for determining
pteridines in the red form of G. lineatum, namely calibration curve
method and standard addition method. Results gained from both
methods were statistically compared and the matrix effect was
evaluated. Calibration curve method is most convenient when a
large number of similar samples can be analyzed. The results of the
weighted linear regression of dependences of peak area on con-
centrations are listed in Table 2. The high correlation coefficients
indicate an excellent linearity. Testing at a significance level of
1-a=0.95 demonstrates that the computed intercepts are sig-
nificantly different from zero. The peak height vs. concentration
dependences were treated by linear regression, to determine the
limits of detection and quantitation, as the three- and ten-times
the noise level, respectively.

Standard addition method is useful when the analyte is present
in a complex matrix and matrix-matched calibration samples are
not available. This method was tested on the sample of the red form
of G. lineatum.

Lord’s test was used for testing the conformity of the two
sets of analytical results. No statistically significant difference was
observed among the results obtained by the calibration curve
method and the standard addition method. The results showed that
ion suppression or enhancement from sample matrix was negligi-
ble under the applied conditions. Therefore, only the calibration
curve method was used for the determination of pteridines in real
samples.

3.4. Selectivity and carry over effect

Selectivity was verified by inspecting chromatograms of real
samples in MS scan mode. These chromatograms did not contain
any interfering compound at the retention times of the studied
pteridines. Sample carry-over was verified by visual inspection of
the chromatograms of the injected blank. No carry-over effect was
observed at concentrations of pteridines <1000 ng/mL. For stan-
dards of pteridines at concentration of 5000 ng/mL the carry-over
was found at 5% but it was eliminated during the following blank
injection. Therefore, a blank injection was inserted between each
unknown sample in order to prevent the carry-over effect.

3.5. Precision and accuracy

Intra-day and inter-day accuracy and the precision of the devel-
oped method were assessed by determining standards at three
concentration levels in five replicates. The accuracy was expressed
as the relative error (RE) and the precision expressed by repeatabil-
ity as the relative standard deviation (RSD). The data determined
for the studied pteridines are summarized in Table 3. For the three
concentrations of pteridines, the inter- and intra-day precisions
(RSD%) ranged from 0.79 to 8.09%, and accuracy (RE%) was within
+9.63%. The results indicate that the newly developed method has
an acceptable accuracy and precision for the analysis of pteridines.

3.6. Analysis of pteridines in G. lineatum and G. semipunctatum

The optimized LC-MS/MS method was used for determining
the selected pteridines into four forms of G. lineatum, namely lar-
vae, pale, red, and yellow adult forms; and orange adult form of G.
semipunctatum. Dimethyl sulfoxide was used for the extraction of
pteridines from the insect integuments. The extraction time was
96 h (for sample preparation see the Section 2). For illustration, the
SRM chromatograms of the orange form of G. semipunctatum are
given in Fig. 3. Obtained results of the analysis of pteridines in dif-
ferent forms of G. lineatum and G. semipunctatum are summarized

inFig. 4.1t is evident that xanthopterin was not found in any studied
form. Neopterin was found only in the yellow form at a concentra-
tion of 4 g per 1 mg of integument. Isoxanthopterin was the only
pteridine present in all forms of G. lineatum and G. semipunctatum.
Based on the results, it is obvious that larvae of G. lineatum contains
only a small amount of biopterin and isoxanthopterin, whereas the
pale adult form contains mainly leucopterin and isoxanthopterin
and erythropterin are minor. Red and yellow forms of G. lineatum
as well as the orange form of G. semipunctatum contain different
proportions of pteridines resulting in the characteristic coloration.
The results show big differences in the distribution of individual
pteridines and their relative amounts among the individual forms.

4. Conclusion

This work expands the application of HILIC separation combined
with MS detection. A new, simple and sensitive method employing
hydrophilic interaction liquid chromatography with tandem mass
spectrometry was developed and validated for the identification
and determination of six pteridines which can be present in insect
integuments.

The study also contributed to a better understanding of HILIC
separations because the retention of pteridines was investigated in
detail on two HILIC columns and the effects of the mobile phase
composition, acetonitrile/buffer ratio, buffer type, concentration
and pH value were examined. The retention of pteridines was
affected mainly by the acetonitrile content in the mobile phase.
The obtained results indicated a multimodal retention mechanism
on both tested columns. The ZIC®-HILIC column provided stronger
retention of pteridines and higher selectivity and efficiency of sep-
aration than Atlantis HILIC silica.

Under optimized LC-MS/MS conditions, four forms of G. linea-
tum and one form of G. semipunctatum were analyzed. The results
showed that different forms of Graphosoma species can be charac-
terized by different distributions of individual pteridines. This fact
affects the coloration of various forms.
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Supplementary data

Figure of G. lineatum and G. semipunctatum

G. lineatwn larvae

Table
Amount of pteridines (expressed in pg of analyte per 1 mg of integument) in different

forms of Graphosoma lineatum (GL.) and Graphosoma semipunctatum (GS.); relative

standard deviations are in parentheses (n = 3).

Compound GL.red form GS. orange form GL. yellow form GL. pale form GL. larvae
biopterin 0.77 (5.19) 5.24 (6.53) 1.18 (4.82) - 0.14(7.22)
neopterin - - 3.98 (3.14) - -

xanthopterin

isoxanthopterin 15 91 (11 23)  211.88(13.21)  30.34(8.09)  11.03(11.28) 2.63(9.02)
erythropterin - 19076 (9.65)  29.43(6.86)  136.05(8.33)  16.44 (4.99) ;

leucopterin 119.67 (12.11) 127.60 (10.76)  51.16(7.38)  256.17 (5.92) -

" not found



5 ZAVER

Predkladand dizertacni prace je tvorena komentovanym souborem ¢tyi publikaci,
které vysly Vv mezinarodnich impaktovanych Casopisech a které reflektuji dulezité
trendy v moderni vysokoucinné kapalinové chromatografii. Prvni ¢ast dizertacni prace
se zabyva moznosti spojeni miniaturizované kapalinové chromatografie s tandemovou
hmotnostni detekci pro environmentalni analyzu. Druhd, rozséhlejSi cast dizertacni
prace, je =zaméfena na hydrofilni interakéni kapalinovou chromatografii.
Pro charakterizaci a porovnani nékolika rozdilnych stacionarnich fazi v HILIC byl
zvolen komplexni pfistup, 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 nésledujicich bodu:

e Byla vyvinuta nova, miniaturizovand, vysokouc¢inna separacni metoda, vyuZzivajici
cLC-MS/MS, ke stanoveni vybranych estrogennich polutanti ve vodach. Vyvoj
metody byl zaméfen na dosazeni Gplné separace vSech péti sledovanych estrogent za
minimalizace matri¢nich efektd, které by ovliviiovaly ionizaci jednotlivych analyta.
Optimalizovany separa¢ni systém se skladal z kapilarni kolony Zorbax SB C18 a
mobilni faze tvofené acetonitrilem a vodou, kdy obé& slozky obsahovaly 0,1%
kyselinu mravenci. Byla pouzita gradientova eluce. Celkova doba analyzy nepfesahla
18 minut. K zakoncentrovani a precisténi vzorkd byla pouzita SPE na kolonce
Discovery DSC-18Lt s monomerné vazanym oktadecylem na silikagelu. S timto
systémem bylo dosaZeno pro vSechny studované analyty vysoké vytéZnosti extrakce
pohybujici se mezi 95 — 100 % s relativni smérodatnou odchylkou nizsi nez 7,2 %.
Kombinaci SPE s cLC-MS/MS bylo dosazeno velmi nizkych hodnot LOD (5 — 7
ng/l) a LOQ (10 — 25 ng/l). Nové vyvinuta cLC-MS/MS metoda s SPE byla uspésné
pouzita k analyze realnych vzorki vod z riiznych lokalit Ceské republiky.

e Za pouziti vybranych modelovych analyti (peptidi) byly porovnany tfi HILIC
stacionarni faze, silikagelova, silikagelova s vazanym nativnim cyklofruktanem a

silikagelova s vazanym isopropyl cyklofruktanem, z hlediska jejich separa¢ni
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bylo dosazeno na koloné s nemodifikovanou silikagelovou stacionarni fazi. Vyssi
separacni ucinnost a selektivitu poskytovaly cyklofruktanové stacionarni faze,
pii¢emz nepatrné vyssi selektivitu vykazovala nativni cyklofruktanova stacionarni
faze. Na vSech tfech testovanych stacionarnich fazich byl prokdzan multimodalni
reten¢ni mechanismus. Podle Waltersova testu byl silanolovy index pro vSechny
testované kolony srovnatelny. Nejnizsi hydrofobicita byla prokazana pro stacionarni
fazi s nativnim cyklofruktanem a nejvyssi pro silikagelovou stacionarni fazi. Z LFER
vysledkt vyplyva, ze Vv piipadé silikagelové stacionarni faze se pii retenci a separaci
uplatiiuji pouze interakce pomoci vodikové vazby. Interakce na cyklofruktanovych
staciondrnich fazich byly z kvalitativniho hlediska shodné. Na retenénim mechanismu
se podilely vodikové interakce, dipolarita/polarizibilita a disperzni interakce. Bylo
prokazano, ze derivatizaci hydroxylovych skupin silikagelové stacionarni faze
polarnimi cyklofruktany mutize byt zvySena jeji separacni Gc¢innost a selektivita
pro analyzu polarnich latek v HILIC modu.

Dv& amidové HILIC kolony, kolona XBridge™ Amide a kolona TSK gel Amide-80,
byly porovnany z hlediska separacnich a interakénich vlastnosti. Pti separaci
vybranych peptidi a nukleobdzi byl na obou kolonach prokazan multimodalni
retenni mechanismus. VyS8§i separaéni ucinnosti bylo dosazeno na koloné
XBridge™ Amide, coZ je zptisobeno zejména mensi velikosti ¢astic dané kolony. Na
zakladé testl selektivity a LFER metody bylo zjisténo, ze kolona TSK gel Amide-80
ma veétsi schopnost interagovat pomoci vodikovych vazeb. Kolona TSK gel Amide-
80 poskytovala vyssi retenci pro bazické latky, coz ukazuje na vétsi uplatnéni
iontové-vyménnych interakci. Sledovani vlivu teploty na retenci vybranych analytil
neprokazalo zasadni rozdil mezi testovanymi kolonami. | kdyZ jsou si obé amidové
separa¢ni kolony velmi podobné, provedené testy prokazaly jejich urcitou rozdilnost
vedouci k pon€kud odli$né retenci a separaci testovanych analytu.

Nova metoda vyuzivajici hydrofilni interakéni kapalinovou chromatografii
s tandemovou hmotnostni spektrometrii byla vyvinuta K analyze vybranych pterind
v kutikule plostic (Heteroptera). Optimalni separa¢ni podminky byly nasledujici:
kolona ZIC-HILIC, mobilni faze: acetonitril/5 mM octan amonny, pH = 6,80, 85/15
(v/v); pratok 0,5 ml/min; teplota kolony 30 °C; MS/MS detekce v MRM modu. Tato

-114 -



metoda byla validovdna a aplikovana ke stanoveni vybranych pterini ve Ctyfech
formach Graphosoma lineatum a jedné form¢ Graphosoma semipunctatum. Bylo
zjisténo, ze jednotlivé formy obsahuji rozdilné mnozstvi jednotlivych pterinii, coz

ovliviiuje jejich zbarveni.
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A relatively ubiquitous class of global environment pollutants are substances which
affect the endocrine system of a wide spectrum of organisms [1, 2]. These substances,
called endocrine disruptors, can mimic or antagonize functioning of steroid hormones,
disrupt biosynthesis or metabolism of steroids or alter hormon receptor populations [1].
To the wide range of substances with endocrine-disrupting properties belong estrogens.
It was reported that these compounds affect ecosystems, e.g., feminization of wild
fishes living downstream from wastewater effluent [3, 4]. During the last decades,
occurrence of testicular tumors and developmental defects of reproduction organs has
increased in human population and the quality of human spermiogram has substantially
deteriorated [5, 6]. The presence of estrogen pollutants, along with unhealthy lifestyle,
may be one of the reasons. Typical representatives of endocrine disruptors are natural
and synthetic hormones, such as 17B-estradiol, 17a-estradiol, estriol, estrone, and the
synthetic contraceptives 17a-ethynylestradiol and mestranol. The estrogen concen-
trations in aqueous environmental samples are at nanogram per liter levels [7-11].
A sensitive, selective, and simple method to monitor these estrogens in water is there-
fore required.

The main aim of this study was to develop and optimize a method of high perfor-
mance liquid chromatography and capillary liquid chromatography with tandem mass
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spectrometric detection for the determination of selected estrogen pollutants, namely
17B-estradiol, 1 7a-estradiol, estriol, estrone and 17a-ethynylestradiol.

Standards of estrogens were purchased from Sigma-Aldrich. The HPLC experi-
ments were perfomed using a Series 1200 Capillary Liquid Chromatograph and Series
1200 Liquid Chromatograph with a Triple Quad LC/MS 6460 tandem mass spectro-
meter (Agilent Technologies) with an electrospray ionization interface (ESI) and with
an electrospray ionization interface using Agilent jet stream thermal gradient focusing
technology (ESI-JT), which uses super-heated nitrogen to improve ion generation and
desolvation, to get higher signal and reduced noise. The principle of ESI-JT is that
super-heated nitrogen sheath gas surrounds the nebulizer spray increasing desolvation
efficiency. More ions and fewer solvent droplets enter the sampling capillary resulting
in higher signal/noise ratio. A Zorbax SB C18 capillary column (150 mm % 0.5 mm,
particle size 5 um, Agilent Technologies), Ascentis Express C8 fused core (4.6 mm x
x 150 mm, particle size 2.7 pm, Supelco) and SunFire C18 (4.6 mm x 150 mm, particle
size 5 um, Waters) were tested.

For the MS/MS operation, ESI and ESI-JT were evaluated for determination of
estrogens in both positive and negative ion modes. The ESI positive ion mode was more
effective for the ionization of these estrogens. MS/MS detection was performed in the
selected reaction monitoring. Two most intense characteristic molecular fragments
were selected by tuning the values of the fragmentor voltage (from 10 to 350 V) in
selected ion monitoring mode and the collision energy (from 10 to 250 V) in production
mode for each analyte. The optimized conditions for the mass spectrometer were as
follows: capillary voltage 5500 V, nebulizer pressure 12 psi, gas temperature 350 °C,
gas flow 10 L/min for capillary liquid chromatopgraphy; capillary voltage 5500 V,
nebulizer pressure 45 psi, gas temperature 300 °C, gas flow 10 L/min for LC using ESI;
capillary voltage 5000 V, nozzle voltage 2000 V, nebulizer pressure 35 psi, gas tempe-
rature 350 °C, gas flow 10 L/min, sheath gas flow 12 L/min, sheath gas temperature
400 °C for LC using ESI-JT.

In order to develop a miniaturized capillary liquid chromatography and HPLC
procedures for determination of estrogen pollutants three separation columns were
selected (see above). A binary mixture of acetonitrile and water, containing 0.1%
formic acid was used as the mobile phase. The separation system was optimized under
the conditions of isocratic elution. The effect of the acetonitrile content on the retention
and separation of estrogens was studied within a range from 25 to 45 vol.%. The degree
of'ionization of all the five analytes in the positive ionization mode also was examined.
The optimum composition of the mobile phase, with respect to attain satisfactory
retention of the most polar analyte, estriol, acceptable resolution of all the estrogens and
sufficient detection sensitivity, was found to be 38/62 (v/v) acetonitrile/water mixture
containing 0.1% formic acid for capillary liquid chromatography using Zorbax SB C18
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Table 1

Limits of detection in ng/mL obtained for estriol, 17p-estradiol, 17a-estradiol,
17a-ethynylestradiol, and estrone, by capillary liquid chromatography using Zorbax
SB C18 capillary column, HPLC using Ascentis Express C8 fused core with
electrospray ionization interface (ESI) and electrospray ionization interface jet
stream thermal gradient focusing technology (ESI-JT), and HPLC using SunFire C18
with ESTand ESI-JT.

Compound Zorbax  Ascentis Ascentis SunFire  SunFire
ESI ESI-JT ESI ESI-JT
estriol 0.68 0.59 1.72 1.21 1.95
17pB-estradiol 0.64 0.20 0.18 0.69 0.59
170-estradiol 0.52 0.20 0.10 0.67 0.32
17a-ethynylestradiol 0.51 0.46 0.59 1.53 1.66
estrone 0.67 0.69 0.85 2.97 2.89

capillary column. The acetonitrile/water ratio (with 0.1% formic acid) had to be shifted
to 40/60 (v/v) if Ascentis Express C8 fused core column or SunFire C18 column were
used in HPLC. The time of analysis did not exceed 13 minutes by capillary liquid
chromatography (flow rate 18 pL/min), 10 minutes by HPLC using Ascentis Express
C8 (flow rate 0.8 mL/min) and 25 minutes by HPLC using SunFire C18 (flow rate
0.8 mL/min). All the compounds were baseline resolved by HPLC using the both
columns, the resolution of hardly separated 170~ and 17B-estradiol was poorer by
capillary liquid chromatography.

Under the optimized MS/MS detection and separation conditions for each
separation system, calibration curves were measured for all the five estrogens in a con-
centration range from 5 to 500 ng/mL, and the analytes were tested in a linearity range
from limit of quantification of respective analyte to 500 ng/mL. Each measurement of
the peak area was carried out in triplicate. The peak height versus concentration depen-
dencies were treated by linear regression, to determine the limits of detection (Table 1)
and limits of quantitation. The lowest limits of detection were achieved by HPLC using
Ascentis Express C8 with ESI. The lowest baseline noise was achieved by ESI-JT but
the signal of analytes was slightly suppressed in contrast to ESI.

The results clearly showed that the most suitable method for the analysis of estrogen
pollutants was HPLC using Ascentis Express C8 column with ESI. The separation of
the all studied estrogens is shown in Figure 1. The method provided good separation
efficiency and very low limits of detection and the time of analysis did not exceed
10 minutes.
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Fig. 1. Selected reaction monitoring chromatograms of 17f-estradiol (BE2), 17a-estradiol (o¢E2), estriol
(E3), estrone (E1), obtained by HPLC using Ascentis Express C8 with electrospray ionization interface
(50 ng/mL). Mobile phase: 40/60 (v/v) acetonitrile/water mixture containing 0.1% formic acid, flow rate
0.8 mL/min. MS conditions: capillary voltage 5500 V, nebulizer pressure 45 psi, gas temperature 300 °C,
gas flow 10 L/min.
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Ptiloha II

Hmotnostni spektra z MS skenu a skenu produktového iontu v pozitivnim médu pro

vSechny studované analyty (struktury viz obr. 3.2) v publikaci I.
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Obrazek 1 Hmotnostni spektra estriolu v pozitivnim médu (methanolicky standard o ¢ =
100 ng/ml): A) MS sken estriolu pfi napéti na fragmentoru 110 V; B) Sken

produktového iontu vzniklého $tépenim m/z 271,0 pii kolizni energii 10 V.
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Obrazek 2 Hmotnostni spektra 17a-estradiolu v pozitivnim moédu (methanolicky
standard o ¢ = 100 ng/ml): A) MS sken 17a-estradiolu pii napéti na fragmentoru 120 V;

B) Sken produktového iontu vzniklého St€penim m/z 255,0 pti kolizni energii 15 V.
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Obrazek 3 Hmotnostni spektra 17f3-estradiolu v pozitivnim moédu (methanolicky

standard o ¢ = 100 ng/ml): A) MS sken 17pB-estradiolu pfi napéti na fragmentoru 120 V;

B) Sken produktového iontu vzniklého St€penim m/z 255,0 pti kolizni energii 15 V.
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Obrazek 4 Hmotnostni spektra 17o-ethynylestradiolu v pozitivnim médu (methanolicky
standard o ¢ = 100 ng/ml): A) MS sken 17a-ethynylestradiolu pii napéti na fragmentoru

120 V; B) Sken produktového iontu vzniklého $t€penim m/z 279,0 pii kolizni energii 10
V.
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Obrazek 5 Hmotnostni spektra estronu v pozitivnim médu (methanolicky standard o ¢ =
100 ng/ml): A) MS sken estronu pii napéti na fragmentoru 100 V; B) Sken

produktového iontu vzniklého $tépenim m/z 271,0 pii kolizni energii 10 V.
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