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ABSTRAKT

Univerzita Karlova v Praze, Farmaceuticka fakulta v Hradci Kralové
Katedra analytické chemie

Studijni program: Bioanalyticka chemie

Kandidat: Mgr. Barbora Honegrova (roz. Kucerova)

Skolitel: prof. RNDr. Petr Solich, CSc.

Skolitel specialista: doc. RNDr. Dagmar Solichova, Ph. D.

Nazev dizertacni prace: Vyuziti modernich separac¢nich metod pro klinickou praxi

PredloZzena prace se zabyva vyvojem metod pro stanoveni vitamini A a E
v biologickém materialu pomoci kapalinové chromatografie.

V teoretickém tvodu jsou popsany bioanalytické pristupy ke stanoveni analytl ze
vzorku v komplexnich matricich - zejména problematika Upravy vzorku pted analyzou,
separatni chromatografické pristupy vyuzivané v analyze a dale jsou zevrubné
diskutovany principy validace bioanalytickych metod. Cilové analyty jsou
charakterizovany jak z chemického, tak funkcéniho hlediska.

Experimentdlni ¢ast obsahuje tfi oddily. Dva se zabyvaji vyvojem
chromatografickych metod s cilem zjistit nejvhodnéjsi podminky pro stanoveni vitaminu
A a E v riznych biologickych materialech - sérum, lipoproteinové vrstvy a materské
mléko v klinickém hodnoceni v ramci Fakultni nemocnice Hradec Kralové. Treti ¢ast pak
sleduje stabilitu vitaminli v mateiském mléce a vliv pasterizace (62,5 °C po dobu 20

minut) a skladovani na jejich hladiny.

1. Byla provedena studie vhodnosti raznych typti UHPLC kolon (monoliticka kolona II.
generace, kolony plnény celoporéznimi a povrchové poréznimi c¢asticemi) pro analyzu
retinolu a a-tokoferolu v séru a v matefském mléce s diirazem na vhodnost pro rutinni
stanoveni velkého mnozstvi vzorkdi v ramci klinické laboratoie. Monolitickd kolona
druhé generace Chromolith HighResolution dosahla nejlepsi separacni i¢innosti ze vSech
porovnavanych kolon pro zamysleny ucel.

2.Byla provedena studie stability retinolu a o-tokoferolu v mateifském mléce. Byl
hodnocen vliv pasterizace a dlouhodobého skladovani mateiského mléka za snizené

teploty (-27 °C) na obsah liposolubilnich vitamind. Podarilo se prokazat, ze ani tepelna

uprava ani skladovani po celou dobu trvanlivosti (12 tydnti) neovliviiuje obsah téchto



esencialnich sloZek, coZ je dileZité z diivodu zajiSténi spravné vyZzivy pro nedonosené a
predcasné narozené novorozence.

3.Byla vyvinuta HPLC metoda pro simultdnni stanoveni retinolu, a- a y-tokoferolu
metodou vnitiniho standardu s fluorescené¢ni detekci pro hodnoceni ucinnosti aferézy u
pacientli 1éCenych na separatorovém centru FN HK. Nova metoda je vhodnad pro
stanoveni cilovych analyt v séru a lipoproteinovych vrstvach. Kratky Cas analyzy, 3

minuty, je vyhodny pro série velkého poctu vzorka v klinické laboratofi.



ABSTRACT

Charles University in Prague, Faculty of Pharmacy in Hradec Kralové
Department of Analytical Chemistry

Field of study: Bioanalytical Chemistry

Candidate: Mgr. Barbora Honegrova (maiden name Kucerova)
Supervisor: prof. RNDr. Petr Solich, CSc.

Co-supervisor: assoc. prof. RNDr. Dagmar Solichova, Ph. D.

Title of doctoral thesis: Using of modern separation methods for clinical practice

This work is focused on the development of methods for the determination of
vitamin A and E in biological materials using liquid chromatography.

The theoretical background describes bioanalytical approaches to the determination
of analytes from complex matrices. Sample preparation before analysis, chromatographic
separation approaches and the validation of bioanalytical methods are discussed. The
structure and biological function of target analytes are characterized.

The experimental part contains three sections, two of them focus on the
development of new chromatographic methods for the determination of vitamin A and E
in biological samples such as serum, lipoprotein layers and breast milk. The aim is to find
the most suitable conditions for the chromatographic separation of target analytes that
will be used for clinical trials in University Hospital in Hradec Kralové. The third section
is concerned with monitoring the stability of vitamins in breast milk as well as the

influence of pasteurisation and storage on levels of the target vitamins.

1. A comparison was made of different types of UHPLC stationary phases (monolithic
columns of 2nd generation, columns filled with porous particles and core-shell particles)
for the simultaneous determination of retinol and a-tocopherol in serum and breast milk.
The new method must be applicable to the routine determination of analytes in clinical
laboratory. The second generation monolithic column Chromolith HighResolution had
the best separation efficiency of all tested columns for the intended purpose.

2. The study of the stability of retinol and a-tocopherol in human breast milk was
conducted. The influence of pasteurisation and storing (-27 °C) on levels of liposoluble
vitamins was evaluated. It was proved that neither the pasteurisation procedure nor low
temperature storing have an effect on these essential compounds during the shelf life (12
weeks). These findings are significant because of the importance of a sufficient supply of

vitamins to premature babies for their proper growth and development.



3. A new method for the simultaneous determination of retinol, a- and y-tocopherol
using internal standard and fluorescence detection was developed. This method is
suitable for the determination of target analytes in serum and lipoprotein fractions in
patients treated by apheresis and for determination of the efficiency of the processes. A
short analysis time is favorable for the method to be used in large batches in a clinical

laboratory.
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Pro stanoveni biologicky aktivnich latek v klinickych laboratofich se stale castéji
vyuZzivaji chromatografické metody umoZiujici v jednom kroku spojit jak separaci, tak
identifikaci a kvantifikaci jednotlivych slozek smési. V rutinni laboratoti je dutlezitym
faktorem nejen kratky cas analyzy pro velké série vzorkd, ale piredevsim citlivost metod
vici cilovym analytiim ve slozité matrici (sérum, plazma, mo¢, sliny, pot, atd.).

Velky dtiraz je kladen na sniZeni spotieby organickych rozpoustédel a mensi zatiZeni
okolniho prostiedi. To vede k vyvoji novych ptistupli v pripraveé vzorku pred analyzou,
které minimalizuji ¢i Uplné eliminuji pritomnost organickych rozpoustédel. Znacny je
také tlak na spotfebu co nejmensiho objemu vzorku pouzitého kanalyze.
Miniaturizované metody Kklasickych extrakénich metod LLE a SPE jsou tak mnohem
Setrnéjsi k Zivotnimu prostiedi a navic Ize tyto nové metody plné automatizovat a on-line
propojit s chromatografickym systémem. To vede ke znacnému zkraceni doby analyzy a
sniZeni ndkladi. Vyhodou je i omezeni manipulace s biologickym materidlem
zdravotnickym personalem.

Na ucinnost separace a rychlost analyzy ma nejvétsi vliv chromatograficka kolona.
Z tohoto dlivodu jsou vyvijeny nové staciondrni faze umoziujici rychly pritok mobilni
faze s vysokou rozdélovaci schopnosti pro rizné analyty. Dal$i modifikace sorbentti pak
zajiStuji jejich vysSi odolnost oproti pH ¢i vysoké teploté. Rozvoj je jak v oblasti
monolitickych kolon, které se s vyhodou pouZivaji na analyzu biologického materialu pro
specificky porovity charakter, tak u c¢asticovych kolon, které jsou plnény menSimi
casticemi s vyssi separacni ucinnosti. Technologie kolon s pevnym jadrem a porézni
vrstvou umoznuje kratkou analyzu, protoZe analyt nepronika hluboko do ¢astice a miize

tak byt rychle vymyt mobilni fazi na detektor.
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3. CIL PRACE
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Cilem této dizertacni prace bylo vyvinout nové moderni separa¢ni metody pro
stanoveni analytl dle konkrétnich poZadavki klinik Fakultni nemocnice Hradec Kralové.
Vyzkumna laborator III. interni gerontometabolické Kkliniky, ve které probihalo mé
postgradudlni studium, je zapojena do granti a vyzkumnych projektti, v ramci kterych
jsou fteSeny klinické studie vyzZadujici stanoveni rliznych analyti obsaZenych
v biologickém materialu, jako napf. sérum, moc¢ ¢i materské mléko. Jednim z ukold je
analyza liposolubilnich vitamind.

Vzhledem ke sloZitosti matrice biologického materidlu je nutné zohlednit tento
aspekt béhem pripravy vzorku pred analyzou, kde je trendem predevsim zmenSovani
objemu spotieby organickych rozpoustédel i mnozZstvi vzorku. Proto se klasické metody
miniaturizuji a je zfejma snaha o automatizaci upravy vzorku pro mensi manipulaci
zdravotnického persondlu s biologickym materidlem a eliminaci pripadnych chyb pfi
ru¢nim zpracovani.

Prvnim uUkolem experimentalni casti dizertacni prace bylo porovnani separalni
ucinnosti chromatografickych kolon riznych typl pro stanoveni retinolu a a-tokoferolu
na UHPLC systému svyuZitim fluorescen¢ni detekce. Do projektu byla zarazena
monolitickd kolona II. generace a kolony plnéné celoporéznimi a povrchové poréznimi
¢asticemi o rtiznych velikostech. Klicovym parametrem byla ucinnost separace, rychlost
analyzy a rozliSeni mezi jednotlivymi analyty.

Cilem druhého experimentu bylo zjistit stabilitu vitamini A a E v matefském mléce.
JelikoZ je mléko vystaveno béhem pasterizace teploté 62,5 °C po dobu 20 minut a
nasledné zchlazeno a skladovano pfti -27 °C po dobu az 12 tydnl, muize byt hladina
vitaminli v ném znacné ovlivnéna. Proto méla byt sledovana hladina téchto vitamini
pired pasterizaci, nasledné po ni a pak v pribéhu celé doby skladovani s cilem zajistit
spravnou vyzivu, predevsim nedonoSenym a predCasné narozenym détem, kterym je
poté takto upravené materské mléko podavano.

Dal$im ukolem byl vyvoj a validace HPLC metody pro stanoveni retinolu, o- a y-
tokoferolu s vyuzitim vnitiniho standardu a fluorescenc¢ni detekci. Nejdiive mély byt
testovany rtzné kolony s cilem najit ty, které jsou schopny rozdélit a- a y-tokoferol. Poté
optimalizovat chromatografické podminky pro kolony s nejlepsimi vysledky a metodu
validovat. Vyhodou vyuZiti vnitiniho standardu je predevSim zohlednéni ztrat cilovych
analyti béhem upravy vzorku pied analyzou.

Nedilnou souc¢asti mého postgradudlniho studia ve Vyzkumné laboratofi bylo podilet

se na Kklinickych vyzkumech probihajicich na klinikdch Fakultni nemocnice Hradec
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Kralové (FN HK). Mezi ukoly patfilo stanoveni retinolu a a-tokoferolu v séru a
lipoproteinovych vrstvach u pacientli sfamilidrni hypercholesterolémii, ktefi jsou
dlouhodobé 1éCeni LDL aferézou na Separatorovém centru IV. interni hematologické
kliniky FN HK. U téchto pacienti jsou sledovany zmény hladin cilovych analyti pied a po
1éCebné aferéze. Vitaminy A a E byly analyzovany i u dalSich skupin pacientii s diagn6zou
vékem podminéné makularni degenerace pred a po 1é¢ebné rheoferéze. Cilem bylo zjistit
vliv rheoferézy na hladinu antioxidantd v séru, lipoproteinovych vrstvach a membrané

erytrocytd.
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4.SEZNAM POUZITYCH ZKRATEK
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ACN
C18
CE
CFME

DAD
DDME
DI
DLLME

DPX
DSDME

DVB
EMA
EME
FDA
FN HK
GC
HDL
HETP

HF
HIC

HILIC

HPLC

HR
HS
ICH
LC
LDL

acetonitril

fetézec obsahujici 18 atomii uhliku

kapilarni elektroforéza (capillary electrophoresis)

kontinualni pritokova mikroextrakce (continuous flow microextraction)
Cesky 1ékopis

detektor diodového pole (diode array detector)

drop to drop microextraction

pifimé ponoreni (direct immersion)

disperzni mikroextrakce z kapaliny do kapaliny (dispersive liquid-liquid
microextraction

extrakce pomoci plnénych Spicek pipet (disposable-pipette extraction)
mikroextrakce na piimo suspendované kapce (directly-suspended droplet
microextraction)

divinylbenzen

European Medical Agency

elektromembranova extrakce (electrokinetic membrane extraction)

Food and Drugs Administration

Fakultni nemocnice Hradec Kralové

plynova chromatografie (gas chromatography)

lipoprotein s vysokou hustotou (high density lipoprotein)

vyskovy ekvivalent teoretického patra (height equivalent to a theoretical
plate)

duté vlakno (hollow fibre)

hydrofobni interakéni chromatografie (hydrophobic interaction
chromatography)

hydrofilni  interakéni  chromatografie = (hydrophilic  interaction
chromatography)

vysokodc€innd kapalinova chromatografie (high performance liquid
chromatography)

HighResolution

umisténi nad hladinou (head-space)

International Conference of Harmonization

kapalinova chromatografie (liquid chromatography)

lipoprotein s nizkou hustotou (low density lipoprotein)
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LLE
LLLME

LLOQ
LOD
LOQ
LPME
MeOH
MEPS

MF
MIP
MSPE
NP
PDMS
PP

RP
SBSE
SDME
SF
SFC
SOpP
SPDE
SPE
SPME
SST
SUKL
UHPLC

ULOQ
USP
VLDL

extrakce do kapaliny (liquid-liquid extraction)

mikroextrakce zkapaliny do kapaliny a zpét (liquid-liquid-liquid
microextraction)

dolni limit kvantifikace (lower limit of quantification)

limit detekce (limit of detection)

limit kvantifikace (limit of quantification)

mikroextrakce na kapalnou fazi (liquid phase microextraction)

methanol

mikroextrakce tuhym sorbentem v mikrostiikacce (microextraction by
packed sorbents)

mobilni faze

molekularné vtisténé polymery (molecularly imprinted polymers)
extrakce magnetickou tuhou fazi (magnetic solid phase extraction)
normalni faze (normal phase)

polydimethylsiloxan

srazeni proteinii (protein precipitation)

material s omezenym pristupem (restricted access material)

reverzni faze (reverse phase)

sorpcni extrakce na michaci tyCince (stir bar sorptive extraction)
mikroextrakce na kapku (single-drop microextraction)

stacionarni faze

superkriticka fluidni chromatografie

standardni operac¢ni postup

dynamicka extrakce vzorki na tuhou fazi (dynamic solid phase extraction)
extrakce na tuhou fazi (solid phase extraction)

mikroextrakce tuhou fazi (solid phase microextraction)

test zplisobilosti systému (system suitability test)

Statni ustav pro kontrolu léciv

ultravysokouc¢innd kapalinovd chromatografie (ultra high performance
liquid chromatography)

horni limit kvantifikace (upper limit of quantification)

Americky l1ékopis (United States Pharmacopeia)

lipoprotein s velmi nizkou hustotou (very low density lipoprotein)
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5. TEORETICKA CAST
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5.1. CHROMATOGRAFIE

5.1.1.Historie chromatografie

Revolucni zplisob déleni poprvé pouzil a také pojmenoval rusky botanik Michail
Semjonovi¢ Cvét v roce 1903, kdy rozdélil pigmenty chloroplastt z rostlinnych extrakta.
Zli jazykové tvrdi, Ze Cvét do ndzvu metody zakomponoval své jméno. Vyznam slova cvét
v rustiné je stejny jako chroma v rectiné. Obé znamenaji barva. Pro déleni latek pouzil
sloupec uhlic¢itanu vapenatého a bylo tedy vyuZito rozdilnych absorpcnich schopnosti
jednotlivych sloZek smési rostlinnych barviv [1].

Ptredevsim z divodu, Ze Cvét publikoval v rusting, byly jeho poznatky ignorovany. Ve
tricatych letech 20. stoleti byla tato metoda vzkiiSena biochemikem Kuhnem a jeho
studentem Ledererem, ktefi chromatografii pouzili pti separaci karotenoidt pritomnych
ve vajeCném Zloutku [2]. O rozs$ifeni chromatografie se ale zaslouzili az Martin a Synge,
ktefi popsali teorii chromatografie a jeji vyuziti na separaci aminokyselin [3]. Za svij

objev ziskali v roce 1952 Nobelovu cenu za chemii.
5.1.2.Principy a rozdéleni chromatografickych metod

Chromatografie je separa¢ni metoda, ktera je zaloZena na rozdilné distribuci latek
mezi nemisitelnou mobilni a stacionarni fazi. Jako mobilni faze mize byt plyn nebo
kapalina. Stacionarni faze je bud pevna, nebo mize byt v podobé kapalného filmu
naneseného na pevny nosic.

Vzorek je zaveden na zacatek kolony. Jak je rozpustény vzorek undSen mobilni fazi
pres pevnou fazi, zatnou se jednotlivé slozky vzorku zachycovat na sorbentu a tim se
rozdéli na jednotlivé analyty. Priibéh chromatografické separace je sledovan vhodnym
detektorem, ktery je umistén na konci kolony. Analyt na ném vyvola odezvu. Signal je
preveden do zaznamu, ktery se nazyva chromatogram a sklada se z vrcholu pro kazdy
z oddélenych analyti vgausovském tvaru - piki. Chromatograficky pik je
charakterizovan reten¢nim c¢asem - doba od zavedeni vzorku po vrchol piku, nebo
retenénim objemem - objem mobilni faze, ktery protece kolonou od nastriku po vrchol
piku. Reten¢ni Cas je kvalitativni charakteristikou stanovovaného analytu. O kvantité

daného analytu pak vypovida plocha pod pikem ¢i vySka piku [4].
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Chromatografické metody miizeme klasifikovat podle rtiznych hledisek. Nasledné
rozdéleni chromatografickych metod je upraveno podle L. S. Ettra [5] a doplnéno dle

soucasného trendu vyvoje novych pristupt.

5.1.2.1. Rozdéleni metod podle usporadani

Podle zpisobu provedeni miizeme chromatografii rozdélit na dva druhy:
» Kolonova chromatografie - stacionarni faze je umisténa v tenké trubce,
kolonég, ve formé sorbentu, kterym protéka mobilni faze.
» Planarni chromatografie - stacionarni faze je nanesena v tenké vrstvé na
papirovou, sklenénou, kovovou nebo plastovou desku. Deska je po naneseni

vzorku umisténa do vyvijeci komory s mobilni fazi.

5.1.2.2. Rozdéleni metod podle povahy mobilni faze

» Plynova chromatografie (GC) - jako mobilni faze slouZi plyn (napt. helium,
argon, dusik). Vzorek (kapalna ¢i plynna latka) je nejdrive preveden do
plynné faze, poté je nastriknut do proudu inertniho plynu a dal unasen pies
plnénou kapildrni kolonu. Nevyhodou plynové chromatografie je moZnost
stanovovat pouze latky, které jsou tepelné stabilni a lehce preveditelné do
plynné faze, aniz by se rozloZily.

» Kapalinova chromatografie (LC) - jako mobilni faze slouzi kapalina (napft.
rozpoustédlo, tlumivy roztok). Pro dosazeni vyssi ucinnosti LC dochazelo ke
zmenSovani ¢astic v koloné. Aby byla zvySena rychlost priichodu vzorku a
mobilni faze pres stacionarni fazi, bylo zapotiebi hnat mobilni fazi kolonou
vysokotlakym cerpadlem. Proto se tato technika nazyva vysokoucinna
kapalinova chromatografie = (HPLC - high performance liquid
chromatography). Kapalny nebo pevny vzorek je rozpustén ve vhodném
rozpousStédle, nastfiknut a unaSen chromatografickou kolonou kapalnou
mobiln{ fazi.

» Superkriticka fluidni chromatografie (SFC) - pouZivad mobilni fazi pti tlaku
a teploté vyssi neZ je jeji prislusnad kritickd hodnota (nejcastéji CO2). Jako
stacionarni faze je pouzita kolona obdobnd HPLC kolondm nebo kiemenna

kapilarni kolona s chemicky vazanou fazi [6].
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5.1.2.3.Rozdéleni metod na zakladé povahy stacionarni faze a principu

separace

» Chromatografie na normalnich fazich (NP) - stacionarni faze je polarni,
mobilni faze je nepolarni.

» Chromatografie na reverznich fazich (RP) - stacionarni faze je nepolarni,
mobilni faze je polarni. Velice univerzalni metoda pro jednoduché i sloZité
smési (biologicky material). Je nejpouZivanéjsi separacni technikou v LC.

» Adsorp¢ni chromatografie - princip separace je zaloZen na riizné afinité
slozek ve vzorku viici povrchu pevné faze, kde probiha absorpce a desorpce.
Latky, které jsou sorp¢nimi silami vazany k sorbentu silnéji, jsou adsorbovany
déle, nez latky jiné. Latky s mensi afinitou vici sorbentu se tudiz vymyvaji
z kolony drive. Jako sorbenty pro adsorp¢ni chromatografii se vyuzivaji
uhlikové sorbenty, silikagel, oxid hlinity ¢i organické polymery. Mobilni faze
je vybirana dle eluotropni rady podle vzristajici polarity.

» Rozdélovaci chromatografie - separace je zaloZena na rozdilné rozpustnosti
sloZek vzorku ve stacionarni fazi (GC) nebo ve stacionarni a mobiln{ fazi (LC).

> lontové-vyménna chromatografie - tato metoda separace je pouzivana pro
analyty, které jsou schopny elektrostatické interakce. Retence zavisi na
interakci nabitych analytl s opacné nabitymi ionty ve staciondrni a mobilni
fazi. Eluce pak probihd premisténim iontd analytu ze stacionarni faze, které
soutéZzi s ionty téhoZ naboje v mobilni fazi. Jako stacionarni faze se pouzivaji
iontoménice nanesené na polymernim monolitu ¢i chemicky vazané
iontoménice na silikagelu. Tato metoda se s vyhodou vyuziva pro separaci
proteint [7].

» Vylucovaci chromatografie - metoda zaloZena na separaci molekul podle
jejich velikosti. Metoda je znama také jako gelova permeacni chromatografie.
Vzorek je nanasen na kolonu, ktera ma porézni napli s rtizné velkymi pory.
K déleni dochazi pronikdnim jednotlivych molekul rozpusténych latek do
pora gelu. Malé molekuly prochazeji hluboko do stacionarni faze, zatimco
velké molekuly migruji kolonou pouze v prostoru mezi ¢asticemi naplné, aniz
by byly zadrZovany nebo jsou zadrZovany jen velice kratce [8].

» Afinitni chromatografie - metoda zaloZzena na specifické interakci mezi
rozpoustédlem a sorbentem za pouZiti imobilizovaného ligandu navazaného

na inertni matrici. Analyt musi byt reverzibilné afinitni k tomuto ligandu. Pri
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prichodu vzorku kolonou se afinitni molekuly zachyti a molekuly bez afinity
projdou kolonou bez jakékoliv interakce. Zménou mobilni faze dojde k vymyti
daného analytu [9].

» Hydrofilni interakéni chromatografie (HILIC) - separacni mechanizmus
neni stadle kompletné objasnén. Nejvice prevazuje domnénka, Ze retence
analytu je zptsobena jeho rozdélenim mezi zakotvenou vrstvou obohacenou
o vodu a relativné hydrofébni mobilni fazi (5-40% voda v acetonitrilu) [10].

» Hydrofobni interak¢éni chromatografie (HIC) - princip separace je postaven
na interakci vodné faze svysokou koncentraci soli svelice hydrofilni
stacionarni fazi (napf. acetamidova faze). ZvySenim koncentrace soli
v mobilni fazi prechazeji analyty do stacionarni faze a dochdazi ke zvySeni
retence. Tato metoda je vhodna pro separaci velkych peptidli a proteinii [11].

» Micelarni elektrokineticka chromatografie - je druh Kkapilarni
elektroforézy (capillary electrophoresis - CE) vhodny pro separaci nabitych i
nenabitych  molekul. Principem separace je pridani micelarni
pseudostacionarni faze (tenzidy tvorici micely, které maji hydrofobni stied a
hydrofilni povrch), kterd interaguje sanalytem na chromatografickém

principu [12].
5.1.3.Instrumentalni sestava kapalinového chromatografu

Kapalinovy chromatograf se sklada ze zasobnikii mobilni faze, odplyinovaciho
zafizeni (degaser), vysokotlakého Cerpadla, davkovace vzorku - autosampleru,
chromatografické kolony, detektoru a zarizeni na vyhodnoceni ziskanych dat. Schéma

kapalinového chromatografu je zobrazeno na Obr. 1.
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Blokové schéma HPLC
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Obr. 1 - Schéma sestavy pro LC [13]

Mobilni faze je ze zasobniku vedena do vysokotlakého Cerpadla a prochazi pres
degaser. Poté pokracuje pres davkova¢ vzorku na kolonu napojenou na detektor a
nakonec do odpadni lahve. Pri vyuziti gradientové eluce je pred vysokotlaké cerpadlo

jesté umistén smésovac mobilnich fazi.
5.1.4.Trendy v instrumentaci pro kapalinovou chromatografii

Vyvoj chromatografickych metod vede predevsim ke zrychleni chromatografické
separace pri zachovani citlivosti a d¢innosti metod. Kolony s menSimi ¢asticemi vykazuji
lepsi U¢innost separace, ktera je spojena s vys$im operacnim tlakem, na ktery neni HPLC
systém stavén. V roce 2004 predstavila firma Waters (Milford, USA) prvni UHPLC systém
(ultra high performance liquid chromatography) [14]. Oproti HPLC sestavé je mnohem
odolnéjsi viici vysokym tlakim a to az do tlaku 100 MPa (14 500 psi). S tim souvisi
i vyvoj novych kolon s ¢asticemi o velikosti 2,7 pym a sub-2 pm.

Dal$im trendem je vyuziti dvoudimenzionalni LC (2D-LC), kde jsou obé dimenze
zaloZeny na rozdilném separac¢nim mechanizmu. Tento zptsob separace je vhodny pro
komplexni smési, kde jednodimenziondalni LC nestaci. Jsou to predevsim smési v analyze
potravin, environmentalni analyze, molekularni biologii, identifikaci mikroorganizmi a
metabolomice.

Z divodu obrovské spotteby organickych rozpoustédel, snahy snizit cenu analyzy a
zvysit jeji rychlost se vyviji miniaturizovana instrumentace pro analytickou chemii. To

vede krozvoji mikro- a nanokapalinové chromatografie. Mikrokolony maji prameér
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vrozsahu 0,5-1 mm, kapilarni kolony 100-500 um a nanokolony pak 10-100 pum. Pritoky
mobilni faze jsou v rozsahu pl a nl/min. MnoZstvi vzorku nastfikovaného na nanokolonu
je nékolik nl, u mikrokolon pribliZzné pl. K detekci 1ze pouZit konvencni detektory uzivané
v HPLC.

Naroky na rychlost a integraci upravy vzorku pied analyzou a separace do jednoho
zatizeni vedla ke vzniku , p-total analysis system* jinak také laboratote na ¢ipu (Obr. 2).
Cipy jsou vyrabény ze skla, silikonu & polymerd a k separaci vyuZivaji stejné naplné
kolon jako Kklasickd LC (monolity, c¢asticové kolony). Vyhodou je nizky mrtvy objem,

spoti‘eba jen velice malého mnoZstvi vzorku a moZnost automatizace [15].

Pl :
O < Separation gel
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Separation channel
8 “and point of detection
@ I{ 12 sample wells
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~)1
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Obr. 2 - Laboratof na ¢ipu komercné dostupna od firmy Agilent [16]
5.1.5.Stacionarni faze pro HPLC a UHPLC

Stacionarni faze je nepohyblivou slozkou chromatografického systému. Miize ji byt
tuha latka nebo kapalinovy film zakotveny nebo chemicky navdzany na nosic.
K vlastnimu déleni latek dochazi na naplni chromatografické kolony, a proto uspésnost
celého separacniho procesu zavisi na schopnosti kolony rozdélit dané analyty.

Stacionarni faze lze Clenit z nékolika hledisek [17]:

¢ Podle polarity:
o Polarni
o Nepolarni
o Amfoterni
¢ Podle chromatografického médu:

o Normalni (NP)
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o Reverzni (RP)
o lonexy
o HILIC
o HIC
¢ Podle chemického sloZent:
o Anorganické oxidy (silikagel, oxid zirkonicity, hlinity, titanicity)
o Chemicky vazané faze na bazi silikagelu
o Polymerni
o Hybridni
o Na bazi grafitového uhliku

Stacionarni faze v koloné pak mohou mit bud’ ¢asticovy, nebo monoliticky charakter.

5.1.5.1. Casticové kolony

Prvni kolony pro HPLC byly sklenéné nebo kovové trubice naplnéné casticemi o
velikosti okolo 100 um. Poté se zjistilo, Ze pri pouziti menSich Castic se zvySuje ucinnost
analytické kolony. Prvni kolony s ¢asticemi o velikosti priblizné 25 pm byly komerc¢né
dostupné na konci 60. let 20. stoleti a vzapéti byly Castice jeSté zmenSeny [18]. Poté
nasledoval objev sférickych castic v 90. letech. Kolony se sférickymi c¢asticemi o velikosti
5 um se v nasledujicim vyvoji dale zmensSovaly na 3 um a nasledné 2 um a nakonec i na
¢astice mensi neZ 2 pm [19]. Obr. 3 zobrazuje zvySujici se Uc¢innost chromatografickych
kolon s rtizné velkymi ¢asticemi - zavislost vySkového ekvivalentu teoretického patra H

na linedrni pritokové rychlosti mobilni faze.
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Obr. 3 - Priibéh van Deemtrovych krivek u kolon s ¢asticemi 10 pym, 5 pm, 3 pm a 1,9 pm [20]
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Trendem v HPLC a UHPLC separaci je vyuZiti povrchové poréznich ¢astic (Obr. 4).
Tato technologie byla popsana Kirklandem vroce 1992, ktery tyto Castice nazval
Poroshell (Agilent) [21]. Castice je tvofena pevnym jadrem pokrytym porézni
silikagelovou vrstvou, ktera tvori 60-75 % objemu castice. Pritomnost tenké porézni
vrstvy ma za nasledek urychleni kinetiky prenosu hmoty analytu z mobilni faze do
porézniho povrchu c¢astice a nasledné ven a tim je zvySena separacni ucinnost. Navic
charakter ¢astic prispiva k jejich pravidelnéjsi distribuci v koloné oproti plné poréznim
¢asticim [22, 23]. V nasledujicich letech se tyto typy kolon zacali rozvijet a byly
dostupné na trhu pod riznymi ochrannymi nazvy - napt. fused-core ¢astice (Ascentis

Express, Sigma-Aldrich) ¢i core-shell ¢astice (Kinetex, Phenomenex).

™ ES ™

Obr. 4 - Povrchové porézni ¢astice kolon Kinetex, Phenomenex [24]

Vyhodou povrchové poréznich ¢astic je nejen vyssi separacni ui¢innost, ale i rychlejsi
analyza bez zvySeni zpétného tlaku chromatografického systému. Diky tomu jsou

povrchoveé porézni ¢astice vhodné jak pro HPLC, tak pro UHPLC systémy [25].

5.1.5.2. Monolitické kolony

PrestoZe lze zminku o monolitech najit jiZ kolem roku 1950, éra pouzitelnych a
funkénich monolitl zacala kolem roku 1990. Pritkopniky byli Nakanishi, Svec, Hjerten a
Tanaka. Monolitické kolony jsou naplnény jednim kusem porézniho materialu. Jejich
hlavni vyhodou oproti casticovym kolondm je lepsi propustnost tohoto materidlu
umoznujictho vysoky pritok mobilni faze bez vysokého zpétného tlaku a sniZeného

prenosu hmoty (Obr. 5) [26].
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Obr. 5 - Casticova (A) a monoliticka (B) naplii v koloné [27]

Monolitickd napli v koloné ma vyborné hydrodynamické vlastnosti. Makropdry o
velikosti 2 pum umoziuji rychly pritok mobilni faze skrz monolitickou kolonu, coZ ma za
nasledek znac¢né zvySeni prenosu hmoty mezi stacionarni a mobilni fazi. Mezopoéry o
velikosti 13 nm pak poskytuji obrovsky povrch a tim i vysokou separacni kapacitu.
Celkova porozita monolitického materialu je 85 %, coZ je o 15-20 % vic neZ u kolon
naplnénych 5 pm Casticemi [28]. Struktura monolitické naplné komercné dostupné

kolony Chromolith Perforamnce (Merck, Darmstadt, Némecko) je zobrazena na Obr. 6.

-13nm

Makropory - 2 um

Obr. 6 - Struktura monolitické naplné kolony Chromolith (Merck) [29]

Makroporézni monolitické kolony jsou vyrabény pfimym naplnénim kolony
polymeracni smési, poté se uzaviou a teplem se zpolymeruji. Monolitické kolony
z anorganickych materiald se tak ale pripravit nedaji, protoZe ztuhnuti béhem
hydrolyticky iniciované polykondenzace tetraalkoxysilant v pritomnosti
polyethylenoxidu je doprovazeno poklesem objemu. Proto se ty¢inky vyrabéji oddélené a
poté se uzaviou do smrstivé trubice z PEEK materialu (poly(ether-ether)keton), ktera
pak tvori télo kolony. Interaktivni skupiny (nejcastéji C18) se pak jiz navazuji na

silikagelovy nosic reakcemi piimo v koloné.
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KaZda monoliticka kolona, at’ uZ ptipravena in situ nebo pripravena oddélené a poté
uzaviena do trubice, je vlastné prototypem. Presto ale Siroka nezavisla studie prokazala,
Zze reprodukovatelnost komercnich kolon Chromolith (Merck) vykazuje relativni
smérodatnou odchylku v relativni retenci latek 4 % [30].

Vroce 2011 byla na trh firmou Merck uvedena monolitickd kolona nové generace
Chromolith HighResolution (HR). Oproti monolitickym kolondm prvni generace se lisi
velikosti port, lepSim tvarem pikl a vys$si separac¢ni ucinnosti. Navic Ize pouzit i ve

spojeni s UHPLC systémem. Porovnani prvni a druhé generace je uvedeno v Tabulka 1.

Specifikace Monolit prvni generace Monolit druhé generace
sorbentu (Chromolith® Perforamnce) (Chromolith® HR)
Velikost makroport 2 pm 1,15 pm
Velikost mezopért 13 nm 15 nm
Objem poért 1ml/g 1ml/g
Plocha povrchu 300 m?/g 250 m?/g
Obsah uhliku 18 % 18 %

Tabulka 1 - Porovnani parametri monolitickych kolon prvni a druhé generace (prejato z [31])

Monolitické kolony se s vyhodou pouzivaji pro bioanalyzu v Kklinickych laboratorich.
Umoznuji vysoké pritoky pro rychlou separaci a dokdzou rozdélit i velké molekuly jako
napriklad bilkoviny a nukleové kyseliny za kratky ¢as [32].

Monoliticka struktura silikagelu a absence kolonovych frit ma za vysledek i vyssi
zivotnost monolitické kolony ve srovnani s plné poréznimi ¢i povrchové poréznimi

casticemi. PoCet nastiikli na Casticovou kolonu bez ztraty separacni ucinnosti je nizsi

[33].
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5.2. VALIDACE ANALYTICKYCH METOD V KLINICKYCH
LABORATORICH

Validace je mezinarodnim metrologickym slovnikem definovana jako ovérovani, Ze
specifikované pozadavky jsou priméirené pro zamyslené pouziti. Validace analytického
postupu je proces, ktery zajiStuje, Ze dany postup nebo analytickd metoda jsou vhodné
pro stanoveny ucel. Validaci se téZ rozumi poskytnuti dikazu ve formé zaznam, Ze
urcity proces bude trvale poskytovat produkt odpovidajici predem urcené specifikaci.
Validace postupu poskytuje takové provéreni analytické metody, které zarucluje, Ze
validovana metoda dava opakované pravdivé vysledky s vysokou mirou jistoty.

Provadéni validace metody je nezbytné v nasledujicich pripadech:

* zavadéni nové metody v laboratofi

* porizeni a zavedeni nového analytického mériciho systému do provozu

* rozs$ifeni stdvajici metody o dalsi dcel (napft. rozsireni analyzy o dalsi druh
biologického materialu)

* prevzeti metody z jiné laboratoi'e nebo odborné publikace

* pretrvavajici problém v analytickém systému.

Revalidaci metody je nutné provést v pripadé, doslo-li ke zméné analytického
postupu vrozmezi jinych, neZ je povoleno prisluSnymi lékopisy ¢i standardnim
operacnim postupem (SOP).

Validaci miZeme provadét dle aktudlnich ¢eskych ¢i zahrani¢nich platnych norem,
predpisi a doporucCeni. Zahrani¢ni jsou napf.: International Conference on
Harmonization (ICH) - Validation of Analytical Procedures: Text and Methodology
(Q2R1) [34], European Pharmacopoeia 8 (Evropsky lékopis), United States
Pharmacopeia 37/National Formulary 32 (USP/NF) (Lékopis Spojenych Statd) [35] a
guidelines vydavané FDA (Food and Drug Administration) [36] ¢i European Medicines
Agency (EMA) [37]. Z ¢eskych autorit se validaci analytickych metod zabyva Cesky
1ékopis 2009 [38] a Statni GiFad pro kontrolu 1é¢iv (SUKL) ve Véstniku 1/1994 [39] a
pokynu VYR 32 - doplnék 15.

V této kapitole je Cerpano i z nasledujicich zdrojt literatury:

v" Taverniers, I, De Loose, M., Van Bockstaele, E.: Trends in quality in analytical
laboratory. II. Analytical method validation and quality assurance, Trend in

Analytical Chemistry, 2004, 23, (8), p. 535-552 [40]
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v Green, M. ].: A Practical Guide to Analytical Method Validation, Analytical
Chemistry, 1996, 68, (9), p. 305-309 [41]
v Novakova, L., Dousa, M.: Moderni HPLC separace v teorii a praxi II. [42]

5.2.1.Rozsah validace metody

5.2.1.1. Plna validace

Validace metod zahrnuje veSkera kritéria zajiStujici kvalitu ziskanych dat, jako je
presnost, preciznost, selektivita, limit detekce, limit kvantifikace, linearita a rozsah,
robustnost a dle normy European Medicines Agency také prenos, matricové efekty,
integrita zfed'ovani a stabilita.

Plnou validaci analytické metody je nutno provést pti vyvoji nové metody, pro

analyzu nového léciva ¢i pti doplnéni metabolitd do stavajici metody pro kvantifikaci.

5.2.1.2. Caste¢na validace

Caste¢na validace miize byt provedena v ptipadé, pokud byly na validované
analytické metodé provedeny drobné zmény, které nevyzaduji plnou validaci. Rozsah
¢astecné validace se mliZe pohybovat v rozmezi jednoho i vice valida¢nich parametr.

Mezi situace, kdy lze provést ¢asteCnou validaci patfi:

* pirenos metody na jiné pracovisté

* zména analytického vybaveni

* omezen{ objemu vzorku

* zména rozsahu koncentraci

* zména v postupech zpracovani vzorku

* zména skladovacich podminek.

VIV

5.2.1.3. KriZova validace metody

V ptipadé pouziti vice analytickych metod, nebo vice méricich laboratofi, je potieba
pro analyzu provést kiiZovou validaci. Pro provedeni kiiZové validace je tfeba analyzovat
stejnou sadu kontrolnich vzorki pomoci obou validovanych metod (v obou laboratorich).

Pro kontrolni vzorky by méla byt priimérna piresnost + 15 % [37].
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5.2.2.Test zpuisobilosti chromatografického systému

Pri vyvoji nové analytické metody se musi pouZité pristroje a vybaveni kvalifikovat a
musi byt schopné dosdhnout vysledkli poZadovanych pro danou analyzu. K tomu slouZi
test zplsobilosti systému (SST - System Suitability Test), ktery vede kzajisténi
primérené ucinnosti chromatografické sestavy. Co se autorit tyCe, nékteré maji SST jako
soucast validace (ICH), jiné povazuji SST jako zvlastni test mimo vlastni validaci (USP).
EMA naopak SST viibec nezminuje. SST je provadén vZdy na zacatku kazdé série méreni,
pii zméné systému nebo pti podezieni na nespravné fungujici systém. Test zpiisobilosti
se provadi se standardnimi roztoky latek o koncentracich, které jsou blizké koncentracim
v analyzovaném vzorku.

Mezi faktory, které ovliviiuji chovani chromatografického systému, patfi:

» sloZeni, iontova sila, teplota a pH mobilni faze

» pritok, rozméry chromatografické kolony, teplota a tlak na koloné

» charakteristika stacionarni faze, velikost cCastic nebo mezopéri, porozita a
specificky povrch

» reverzni faze a dalsi povrchové modifikace stacionarnich fazi, mira chemické

modifikace

5.2.2.1. Zdanliva ac¢innost chromatografického systému

Uéinnost kolony se miiZe vypocitat jako pocet teoretickych pater (N),

T A\2 32
N =554x (L) N=16x (—T)
Wi, w
Rovnice 1 - Uéinnost kolony CL Rovnice 2 - U¢innost kolony USP

kde T- je retencni ¢as analytu (min), Wy je Sifka piku v poloviné jeho vysky (min), W je
sirka piku v zakladné (min).

Cim vétsi je pocet teoretickych pater, tim je kolona u¢innéjsi a zéna separované latky je
pii prichodu kolonou méné rozmyvana. Pocet teoretickych pater by mél byt podle USP
>2000 a podle CL >1500.

Pro porovnani kolon o riznych délkach se pouziva tzv. vyskovy ekvivalent teoretického

patra (HETP).
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L
HETP = —
N
Rovnice 3 - Vyskovy ekvivalent teoretického patra

kde L je délka kolony (um) a N je pocet teoretickych pater.

5.2.2.2. Rozliseni

RozliSeni mezi piky dvou sloZek se miZe vypocitat:

Rs _ 1:18 x (Trj - Tﬂ?} Rs —7x (Trj' - Tri)
Whi + Wh; W + W
Rovnice 4 - Rozli$eni dle CL Rovnice 5 - RozliSeni dle USP

kde Ty > Tr, Trij je retencni Cas piki, W je Sitka piku v zakladné a W), je sitka piku

v poloviné jeho vy3Ky. Limit pro rozli$eni je Rs> 1,5 (CL, USP).

5.2.2.3. Faktor symetrie piku

Faktor symetrie (téZ tailing factor) chromatografického piku se vypocitd podle
vzorce:

_ Woes

A =
“ 2d

Rovnice 6 - Faktor symetrie podle CL, USP

kde Whyes je Sirka piku v dvacetiné jeho vysSky a d je vzdalenost mezi kolmici
spusténou z vrcholu piku a vzestupnou ¢asti piku v jedné dvacetiné jeho vysky. Pokud se
hodnota As rovna 1,0, znaci to symetrii piku. Je-li As >1,0, jedna se o chvostovani a je-li As

<1,0, jedna se o ¢elni asymetrii piku. Limit faktoru symetrie je podle USPi CL 0,8 - 1,5.

5.2.2.4. Opakovatelnost nastiiku
Opakovatelnost nastriku standardniho roztoku se vyjadiuje jako relativni
smérodatnad odchylka vprocentech pro pét (USP) ¢&i Sest (CL) nastiiki. Vypocet
smérodatné odchylky se vypocitava za pomoci statistického programu.

Limit pro opakovatelnostje u CL do 1 % a u USP do 2 %.
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5.2.2.5. Retencni faktor

Retencni faktor (téZ hmotnostni distribu¢ni pomér ¢i kapacitni faktor) je definovan
jako:
mnoistvi latky ve stacionarni fazi

k - w F oy r r = KC
mnozstvi latky v mobilni fazi

|

Rovnice 7 - Retenéni faktor CL, USP

kde K¢ je distribu¢ni konstanta, Vs je objem stacionarni faze a Vy je objem mobilni
faze.

Retencni faktor slozZky mizeme urcit z chromatogramu dle vzorce:

Rovnice 8 - Reten¢ni faktor vypocteny z chromatogramu
kde T: je retenc¢ni ¢as a T je mrtvy Cas, coZ je €as potrebny pro eluci nezadrzované
latky.
5.2.2.6. Relativni retence

Relativni retence se vypocita jako odhad podle vzorce:

TﬂT - Tm
rFr=—
Tr.‘i'!‘ _Tm

Rovnice 9 - Relativni retence CL, USP

kde T, je reten¢ni Cas sledované latky, Tm je mrtvy cas a Tysr je retencni cas

referencni latky.
5.2.3.Valida¢ni parametry

5.2.3.1. Presnost (Accuracy)

Pfesnost analytického postupu je vyjadiena tésnosti shody mezi hodnotou ziskanou
validovanou metodou a spravnou hodnotou. Pravdiva hodnota se zjisti bud’ nezavislou
metodou, jejiZz presnost je ovérena, analyzou placeba s pridanym standardem nebo
analyzou samotné matrice s presné znamym piidavkem standardni latky. Presnost se

poté vyjadri jako rozdil hodnot nebo jako vytéZnost (recovery):
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o nalezena hodnota
vyteznost = — x100
pravdiva hodnota

SUKL pozaduje jen jednu hladinu, tedy stanoveni minimalné Sesti rdznych
modelovych vzorkii s priblizné 100% obsahem stanovované latky. ICH doporucuje
provedeni nejméné deviti stanoveni minimalné tri koncentra¢nich urovni, pokryvajicich
rozsah metody (tzn. tfi koncentracni irovné a tii opakované analyzy kazdé koncentrace).

Drive byla tato veliina oznaCovana jako spravnost. Tento termin je ale v normé TNI:
Mezinarodni metrologicky slovnik, nahrazen terminem presnost. Pfesnost miize byt

oznacena také jako pravdivost.

5.2.3.2. Preciznost (Precision)

Preciznost analytické metody je mira shody mezi jednotlivymi vysledky testl
provadénych sjednim homogennim vzorkem. Jednd se o kompletni ptipravu
homogenizovaného vzorku, nejde pouze o opakované nastifiky jednoho vzorku.
Preciznost je vyjadiena jako relativni smérodatna odchylka série méreni. Preciznost
miiZe byt mérena na 3 drovnich:

» Opakovatelnost - opakovatelnost vyjadiuje preciznost za stejnych
provoznich podminek v kratkém c¢asovém intervalu (stejny den, pristroj a
pracovnik). ICH norma doporucuje stanoveni opakovatelnosti deviti
mérenimi pokryvajicich stanoveny rozsah metody (tj. tfi koncentrace po
tiech opakovanich) nebo stanoveni na 100% koncentraci testované latky.

» Reprodukovatelnost - reprodukovatelnost odkazuje na opakované méreni
jednoho vzorku v riznych laboratotich (jiny pfistroj, pracovnik).

» Intermediarni preciznost - ovéreni preciznosti metody vramci jedné

laboratote (stejny vzorek, jiny den, jiny pracovnik, jiny pristroj).

5.2.3.3. Selektivita (Selectivity) a specifita (Specificity)

Selektivita metody je jeji schopnost zmérit presné a specificky stanovovanou latku
v pritomnosti ostatnich sloZek jako jsou necistoty, rozkladné produkty, matricové slozky,
zbytkova rozpoustédla ¢i nezndmé latky. Je nutné doloZit, Ze metoda je dostatecné
selektivni pro dané pouZiti a Ze stanoveni obsahu u¢inné latky neni ruSeno jinymi
latkami.

Selektivita je vyjadiena jako rozdil mezi vysledky analyzy vzorku bez necistot a
vzorku s pridanymi rozkladnymi produkty, slozkami placeba nebo jinymi necistotami.

V ptipadé neznamych ¢i nedostupnych necistot ¢i rozkladnych produktii je mozné
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selektivitu stanovit jako vytéZnost standardniho pridavku ¢isté latky k materialu, ktery
obsahuje stalé mnoZstvi jinych latek.

Specifita i selektivita ndm davaji predstavu o spolehlivosti metody. Specifita se
obecné vztahuje na metodu, kde je detekovan pouze jeden analyt, zatimco selektivita se
pouZziva u metod stanovujicich rizné analyty, které jsou od sebe rozliSeny.

Oba terminy si jsou velice blizké a vyjadruji stejnou charakteristiku. Metoda miiZe
byt specificka, pouze pokud je 100% selektivni [40].

Co se autorit ty¢e, SUKL nepoZaduje &iselné dolozeni selektivity, ale je nutné doloZit
chromatogramy placeba, zndmych vedlejSich a rozkladnych produkti nebo
chromatogramy vzorki po rozkladu teplem, svétlem ¢i enzymatickou reakci. ICH norma
uvadi, Ze pri chromatografickém postupu vyZaduje uvedeni reprezentativnich
chromatogramt, které dokazuji stupen selektivity a Ze piky mohou byt odpovidajicim
zplisobem oznaceny. Test Cistoty piku miiZze byt dlikazem, Ze pik neodpovida vice nez

jedné sloZce ve vzorku.

5.2.3.4. Limit detekce (Limit of detection - LOD)

vV

nutné kvantifikovano. Limit detekce ukazuje citlivost metody a je vyjadren jako
koncentrace analytu.
LOD mize byt stanoven nékolika zpiisoby:
» U neinstrumentalnich metod
o Experimentalni zjistén{ - z analyzy vzorkl o znamé koncentraci se urci
minimalni koncentrace, kdy je jesté mozné latku detekovat.
» U instrumentalnich metod
o Experimentaln{ zjisténi jako u neinstrumentalnich metod.
o Zjisténi na zakladé poméru signalu k Sumu (S/N) - tento pristup muze
byt aplikovan pouze u analyz, které vykazuji Sum na zakladni linii.
Zjisténi se provede porovnanim naméienych signali ze vzorkl o
znamé nizké koncentraci analytu se slepymi vzorky a stanovi se
minimalni koncentrace, kdy je analyt spolehlivé detekovan. Limit
detekce je pak trojnasobkem poméru S/N.
o Zjisténi zaloZené na stanoveni smérodatné odchylky odezvy slepého

vzorku a smérnice kalibrac¢ni primky:
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33xo
LOD =

Rovnice 10 - Vypocet limitu detekce podle sklonu kalibra¢ni krivky

kde o je smérodatna odchylka odezvy a S je sklon kalibra¢ni krivky.
Sklon miize byt odhadnut podle kalibra¢ni piimky analytu a o mize
byt napfiklad vypoctena znékolika méfeni rozsahu analytického
pozadi odezvy slepého vzorku a vypoctem standardni odchylky téchto
méreni.

At byla pouZita jakakoliv metoda stanoveni, limit detekce by mél byt ovéren analyzou

dostate¢ného mnozstvi vzorkia o koncentraci blizké tomuto limitu.

5.2.3.5. Limit kvantifikace (Limit of quantification - LOQ)

Limit kvantifikace je nejniZsi mnoZstvi analytu ve vzorku, ktery mizZe byt stanoven
s prijatelnou piesnosti a spravnosti za danych experimentalnich podminek.
Stanoveni LOQ:

» Vizuadlni stanoveni - muze byt pouzito jak u instrumentalnich tak i
neinstrumentalnich metod. LOQ je urceno analyzou vzorku o znamé
koncentraci analytu a stanovenim minimalni koncentrace, kdy je analyt
kvantifikovan s danou pfesnosti a preciznosti.

» Pristup zaloZen na porovnani poméru S/N - méreni se provede stejné jako u
zjisténi LOD. Limit kvantifikace je pak desetinasobkem poméru S/N

» Vypocet vyuzivajici smérodatnou odchylku odezvy slepého vzorku a smérnice
kalibrac¢ni primky:

10xo
h)

L0Q =

Rovnice 11 - Vypocet limitu kvantifikace podle sklonu kalibra¢ni kiivky

kde o je smérodatna odchylka odezvy a S je sklon kalibracni kiivky.

Po stanoveni limitu kvantifikace je treba ziskané hodnoty ovérit analyzou
dostatecného mnozstvi vzorkd o koncentraci blizké tomuto limitu. Hodnota LOQ pak
musi byt souc¢asti linearniho rozsahu metody a je tedy vétSinou prvnim bodem kalibra¢ni
primky.

V mezinarodnich normach se miiZeme setkat s vyrazem dolni mez stanovitelnosti

svvs

Vv
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LLOQ pouze v pripadé, Ze je odezva analytu alespoil pétindsobna ve srovnani s odpovédi

slepého vzorku.

5.2.3.6. Linearita a rozsah (Linearity and Range)

Linearita analytické metody je schopnost metody davat vysledky pfimo dumérné
nejvy$Sim bodem kalibra¢ni primky, v némz je latka stanovena stakovou presnosti,
preciznosti a linearitou, jakou dokladaji vysledky validace. Nejvyssi koncentrace
v kalibracni piimce se mlze oznacovat jako horni limit detekce (ULOQ - upper limit of
quantification), tj. nejvyssi koncentrace, kterou lze stanovit s dostate¢nou piresnosti.

Linearita se podle poZadavk@i SUKLu stanovuje nejméné na péti koncentra¢nich
urovnich za pouziti standardnich roztokli v rozsahu 50 % - 150 % ocekavané
koncentrace analytd ve vzorku. Vysledna zavislost nemusi byt linearni, mlize byt proto
vyjadiena matematickou funkci, ale pak je nutné pri kazdém méreni vyhodnocovat
vysledky celé kalibra¢ni krivky. Linearita se doklada bud’ graficky jako zavislost vysledki
na koncentraci stanovovaného analytu, nebo matematicky pomoci vysledki linearni
regresni analyzy.

Z udaji by pak mély byt ke kalibracni kiivce doloZeny korelacni koeficient, y-tsek,
smérnice regresni linie a analyza odchylek. Korela¢ni koeficient je hodnocenim linearity.

v

Nabyva hodnoty *1, pfi¢emz validovand metoda by méla mit koeficient vyssi nez 0,9990.

5.2.3.7. Robustnost (Robustness) a ragidita (Ruggedness)

Robustnost je mira schopnosti analytické metody davat presné a precizni vysledky
pii zamérném zatiZeni provedeni postupu mirnymi odchylkami.
V kapalinové chromatografii patii k témto zménam:
v vliv zmény pH vodné slozky mobilni faze
v’ vliv zmény ve sloZzeni mobilni faze
v’ zména Kolony (zména Sarze ¢i vyrobce)
v’ teplota na koloné
v pritok mobilni faze
v’ stabilita analyzovanych vzorkd.
V souvislosti s robustnosti se miizeme setkat i s pojmem ragidita. PfestoZe jsou tyto
terminy Casto brany jako synonyma a jsou tak zaménovany, pro kazdy vyraz je rozdilna
definice. Ragidita metody vypovida o mezilaboratornim chovani analytického procesu,

ktery je zatiZen malymi zménami okolniho prostredi a provoznich podminek. Normy USP
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a ICH tento termin nedefinuji, ale je soucasti opakovatelnosti, jako stupen
reprodukovatelnosti vysledku ziskaného za riiznych podminek (rtizny den, jiny analytik,
pristroj, reagencie, odchylky v pripravé vzorku).

V obou pripadech je pak variabilita vyjadfena jako relativni smérodatna odchylka

v procentech [40].

5.2.3.8. Prenos (Carry-over)

Problém pienosu by mél byt feSen a minimalizovan jiZ béhem vyvoje metody. BEhem
validace by prenos mél byt posouzen tak, Ze po nastiiknuti vzorku s vysokou koncentraci
nebo kalibra¢niho standardu v horni mezi stanovitelnosti se nastiikneme slepy vzorek.
Odezva prenosu analytu do slepého vzorku po nastriku standardu o vysoké koncentraci
nesmi byt vétsi nez 20 % odezvy dolni meze stanovitelnosti pro analyt a 5 % pro vnitini
standard. Pri validaci bioanalytické metody je tedy nutné tento prenos otestovat tak, aby
vrealné analyze nebyla ovlivnéna presnost a preciznost. Jako opareni prenosu je pak

nastrik slepého vzorku po analyze vzorku s o¢ekavanou vysokou koncentraci [37].

5.2.3.9. Integrita zred ovani

Redéni vzorkfi nesmi ovlivnit ani piesnost a ani preciznost. Pokud to Ize, méla by se
integrita zfed'ovani ovérit obohacenim (spikovdnim) matrice vzorkem o koncentraci
presahujici horni mez detekce a naredénim tohoto vzorku ptislusnou slepou matrici. Pro
kazdy faktor ziedéni by mélo byt nejméné 5 stanoveni. Presnost a preciznost by méla byt
v rozsahu 15 %. Ovéreni integrity zredéni miiZe byt provedeno v piipadé potreby i jako

¢astecna validace [37].

5.2.3.10.Matricové efekty (Matrix effect)

Vliv matrice by mél byt ovéfen v pripadé vyuziti hmotnostné spektrometrické
detekce. Pro zhodnoceni matricovych efekti je potreba otestovat minimalné 6 riznych
slepych vzorkl matrice. SmiSené matrice by nemély byt pouZity.

Pro kazdy analyt a vnitini standard je potreba vypocitat zvlast matricovy faktor pro
kazdy jednotlivy vzorek matrice. Matricovy faktor se vypocte jako pomér plochy pod
pikem analytu za pritomnosti matrice (spikovany vzorek slepé matrice)/plocha pod
pikem roztoku analytu v rozpousStédle (mobilni faze) za nepritomnosti matrice.
Normalizovany matricovy faktor se vypocte jako pomér matricového faktoru
analytu/matricovy faktor vnitfniho standardu. Varia¢ni koeficient normalizovaného

faktoru, vypocteny z 6 vzorkd matrice, by nemél presdhnout 15 %. Stanoveni
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matricového faktoru by mélo probihat za vyuZiti kontrolnich vzorkd o nizké a vysoké
koncentraci (maximalné 3x LLOQ a v blizkosti ULOQ). V pripadé obtiZzné dostupné
matrice (napr. likvor, cerebrospindlni tekutina, plodova voda, atd.) miize byt pouzito
méné nez 6 riznych vzorki matrice, ale vliv matrice musi byt zjistén v kazdém pripadé.
V ptipadé pouZiti méné neZ 6 ruznych vzorkd matrice, musi byt uveden divod ve

valida¢ni zpraveé [37].

5.2.3.11.Stabilita

Zhodnoceni stability je nezbytné pro ujiSténi, Ze béhem kaZdého kroku pripravy
vzorku, jeho analyzy a skladovani neni ovlivnéna koncentrace cilového analytu.

Stabilita se ovéfuje za pomoci kontrolnich vzorkid, kterymi jsou slepé vzorky
naspikované cilovym analytem na urovni koncentrace odpovidajici dolni a horni mezi
stanovitelnosti. Jeden z takto pripravenych vzorkt musi byt ihned analyzovan. Nasledné
jsou dals8i vzorky podrobeny zpracovani ¢i skladovacim podminkam. VeSkeré kroky
upravy vzorku a skladovaci podminky musi odpovidat kroklim uZitym pro zpracovani a
uchovavani realnych vzorkl. Kontrolni vzorky jsou analyzovany a porovnavany oproti
kalibracni krivce ziskané z Cerstvé pripravenych kalibracnich standardi. ZjiSténé
koncentrace jsou srovnany s nominalnimi koncentracemi. Stiedni hodnota koncentrace
na kazdé koncentracni tirovni musi byt v rozsahu 15 % nominalni hodnoty koncentrace.

Testy stability by mély byt provedeny:

» Stabilita zasobnich a pracovnich roztokii v odpovidajicim ziedéni, stabilita
vnitinich standardd.

» Stabilita analytu béhem opétovného zmrazeni a rozmrazeni vzorku v matrici
(Freeze and thaw stability) - vzorky jsou z teploty skladovani ohraty na
laboratorni teplotu nebo teplotu pro Upravu vzorku. Po kompletnim roztati
jsou vzorky znovu zmrazeny na teplotu uskladnéni. Behem kazdého cyklu by
mély byt vzorky zamraZeny alesponi pro dobu 12 hodin, neZ jsou zase
rozmrazeny. Tento proces se opakuje trikrdt a nasledné jsou vzorky
zanalyzovany.

» Kratkodoba stabilita analytu v matrici za laboratorni teploty ¢i teploty
zpracovani vzorku.

» Dlouhodoba stabilita analytu v matrici béhem skladovani.

» Stabilita zpracovaného vzorku pri laboratorni teploté.

» Stabilita zpracovaného vzorku pri teploté v autosampleru.
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Vsechny vzorky pro stanoveni stability by mély byt pripraveny z Cerstvé vyrobeného
zasobniho roztoku analytu ve vhodné biologické matrici, kterd neobsahuje interferujici

latky [37].
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5.3. UPRAVA VZORKU PRED ANALYZOU

Z divodu slozité matrice, obsahu bilkovin, tukt a dalSich interferujicich latek musi
byt vzorek pred analyzou upraven. Tato Uprava byva casové nejnarocnéjSim a
nejkritictéjSim bodem béhem manipulace s biologickym materidlem a zabere azZ 80 %
casu z celkové doby analyzy [43]. Na volbé spravného a spravné provedeného postupu
zavisi prakticky uspéch celé analyzy, nebot metoda extrakce miize ovlivnit vysledky jak
kvalitativné, tak kvantitativné. Upravou se vzorek muZe té% zakoncentrovat ¢ miize
slouzit ke stabilizaci cilového analytu. Dale musi byt zvolena metoda opakovatelna a musi
mit co nejvétsi vytéZnost.

Mezi konven¢ni typy uUpravy vzorku pred analyzou patii extrakce z kapaliny do
kapaliny (liquid-liquid extraction - LLE), extrakce na tuhou fazi (solid phase extraction -
SPE) a srazeni proteint (protein precipitation - PP). Trendem poslednich let je vSak
miniaturizace téchto metod. Dlivody jsou jak casové, tak ekonomické a ekologické, kdy se
klade diiraz na mensi spotiebu rozpoustédel a sniZeni zatéZe Zivotniho prostiedi. Termin
mikroextrakce je pouzivan pro metody, které vyuzivaji velmi malé objemy extrakéniho
¢inidla vzhledem k objemu vzorku [44].

Mikroextrakéni metody mohou byt rozdéleny do dvou hlavnich skupin - metody
zaloZené na principu LLE - liquid phase microextraction (LPME) a metody zaloZené na

principu SPE - solid phase microextraction (SPME).
5.3.1.Mikroextrakce tuhou fazi

Oproti Kklasické SPE se mikroextrakce vyznaCuje znacnou redukci spotieby
rozpoustédel a dalSich reagencii, snizenim doby trvani extrakce a také potiebou mensiho
objemu analyzovaného vzorku. Navic pouziti novych extrakénich metod umoziuje pirimy
nastrik extraktu do chromatografického systému, coz muze vést k integraci vSech krokt
piipravy vzorku.

Do metod patricich do této skupiny jsou mikroextrakce na tuhou fazi (solid phase
microextraction - SPME), mikroextrakce tuhym sorbentem v mikrostiikacce
(microextraction by packed sorbents — MEPS), sorpni extrakce na michadle (stir bar
sorptive extraction — SBSE) ¢i extrakce pomoci plnénych Spicek pipet (disposable-pipette

extraction - DPX).
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5.3.1.1. Mikroextrakce na tuhou fazi (Solid phase microextraction - SPME)

Mikroextrakce na tuhou fazi byla predstavena jako zelena technika Pawliszynem a
jeho kolegy v roce 1990 [45]. Je popsana jako velice jednoduchd a G¢inna tprava vzorku
bez potifeby rozpoustédel. SPME pomoci vlakna (Fibre SPME) vyuzivad kremikové
vlakno potazené stacionarni fazi, do které se primo extrahuji analyty ze vzorku (Obr. 7).
SPME se vyznacuje jednoduchosti provedeni, univerzalnosti, relativné nizkymi naklady
na vybaveni, kratkym casem extrakce, Uplnym odstranénim organickych rozpoustédel
z analytického protokolu, moznost sbéru vzorki in situ a in vivo, moznost automatizace a
moznost umisténi vldkna pfimo do mériciho systému (predevSim do plynového
chromatografu).
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Obr. 7 - Komerc¢né dostupné SPME zatizeni [46]
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Pro upravu vzorki mohou byt zvoleny dva zptlisoby provedeni - pro stanoveni velice
tékavych analytli se uziva head-space SPME (HS-SPME), kdy je vldkno vysunuté nad
hladinou vzorku a tékavé latky se nachytaji na sorbent. Pri extrakci analyti z roztoku se
vlakno muZe ponofit piimo do vzorku (direct immersion SPME - DI-SPME) [47].

Jako extrakcni vrstva se nejcastéji pouziva polydimethylsiloxan (PDMS), coZ je
viskdzni pruzna kapalina, nebo pevny krystalicky polyakrylat, ktery se zméni v kapalinu
pii desorpc¢ni teploté. Oba materiadly extrahuji analyty absorpci. Porézni materialy jako
jsou PDMS-DVB (divinylbenzen), Carbowax-DVB a Carboxen extrahuji analyty na
principu adsorpce [48].
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Pro moznost pfimého napojeni na chromatograficky ¢i elektroforeticky systém byla
vyvinuta in-tube SPME (SPME v kapilatfe ¢i jehle). Tato priprava vzorku vyuziva
otevirené kapilary oproti vlaknu v klasické SPME. Analyty se extrahuji z roztoku do tuhé
faze nanesené uvnitt kapilary, skrz kterou vzorek opakované prochazi. Po napojeni
kapilary na separacni systém (LC, GC, CE) jsou analyty desorbovany a eluovany
zavedenim mobilni faze na kapildru (dynamickd desorpce). U latek, které jsou silné
adsorbovany na povrch kapilary, se kapilara mac¢i v mobilni fazi po delSi ¢as pred
nastfikem na kolonu (statickd desorpce). Aby se zabranilo ucpani kapilary, je treba
vzorek pred extrakci prefiltrovat [43].

Pro monitorovani intravenézni koncentrace 1é¢iv a metabolitii bez potreby odbéru
vzorku byla vyvinuta metoda in vivo SPME, kdy je sonda zavedena primo do periferni
zZily ¢lovéka ¢i zvirete. Extrakce probiha 2 aZ 5 minut. Poté je jehla vytaZena a napojena
na chromatograficky systém. Pro tento zplisob extrakce jsou koncipovany specifické
sondy pro extrakci malo tékavych a netékavych latek primo z vodného roztoku, kde je

sorbent ukryt v chirurgické jehle (Obr. 8).
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Obr. 8 - Usporadani in vivo SPME a komer¢né dostupné biokompatibilni SPME zaiizeni [46]

In vivo SPME zjednodusuje a zkracuje analyzu. Navic nabizi mozZnost monitorovani
dynamickych procesii v organizmu a sledovani rychle metabolizujicich a nestabilnich
analytl. Obrovskou vyhodou je i omezeni styku s krvi operujicim personalem [49].

Trendem SPME do budoucna je rozsirovani stacionarnich fazi. Jiz ted’ jsou dostupné
vysoce selektivni kapilary plnéné MIP ¢asticemi (molecularly imprinted polymers). Tyto
selektivni materiadly predchazeji kontaminaci kapilary bilkovinami absorbovanymi
spolecné s cilovymi analyty. Dale lze vlakna pokryt polymernimi iontovymi kapalinami ¢i

nanomaterialy [47].

5.3.1.2. Sorp¢ni extrakce na michadle (Stir bar sorptive extraction - SBSE)

SBSE je dalsi ze zelenych technik predstavena v roce 1999, ktera je zaloZena na

stejném principu jako SPME. Jedna se o mikroextrak¢ni metodu, kdy je magnetické
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michadlo potaZeno PDMS [50]. Oproti vlaknu ma ale michadlo mnohem vétsi extrak¢ni
ucinnost, kterd je zplisobena mnohem vétSim mnoZstvim naneseného PDMS (vrstva je
0,3-1 mm silna, tj. 50-250x silnéjsi neZ na vlakné). Extrakce probiha pfimym ponorenim
michadla do vodného vzorku. Komercné dostupné michadlo Twister® (Gerstel GmbH,
Mullheim a/d Ruhr, Némecko) se sestavd z magnetické tyCinky pokryté sklenénym
plastém s navdzanym PDMS o objemu 24-126 pl. Béhem michani se cilové slozky
navazuji na PDMS. Pri naplnéni sorp¢ni kapacity je michadlo vyjmuto ze vzorku, analyty
jsou desorbovany bud’ tepelné, nebo rozpoustédlem a poté analyzovany GC nebo LC
systémem [51].

Vyhodou této metody je moZnost obrovské zakoncentrovavaci Kkapacity,
jednoduchost provedeni a Siroké spektrum pro pouZiti v environmentalni analyze Cci
analyze potravin a biologického materialu [52]. Tato metoda ma ale i svd omezeni. Pri
pouziti této extrakéni metody v biologické matrici, ktera je velice sloZita, mlZe dochazet
k interferencim pro neselektivnost tohoto postupu. Navic v bioanalytické oblasti je
vzorek omezen na velmi maly objem, ktery nemusi byt dostate¢ny pro pokryti
stacionarni faze [47]. Dalsi limitaci této techniky je jeji pouZiti pouze pro extrakci
nepolarnich a semipolarnich analytli. Prestoze je vyvinuto i nékolik metod vyuzivajici
SBSE v biologickém materialu, je zapotiebi vyvoje novych ucinnych povrchovych latek
pro rozs$ireni aplikovatelnosti této metodiky na polarni molekuly. SBSE je i extrakcni
metoda, kterd muiZe vyuZit vysoce selektivnich materiali (MIPs, materialy s omezenym

pristupem - RAM) [51].

5.3.1.3. Dynamicka extrakce vzorki na tuhou fazi (Solid phase dynamic

extraction - SPDE)

Dynamicka extrakce na tuhou fazi je obdobou SPME s tim rozdilem, Ze se namisto
vlakna v injeké¢ni jehle pouziva nerezova jehla vyrobena z kapilarni kolony. Hlavni ¢asti
zatizeni pro SPDE je nerezova jehla o délce ptiblizné 8 cm, jejiz vniti'ni sténa je pokryta
filmem PDMS s 10% aktivnim uhlikem o tloust'ce 7-50 pm. Vzorek je dynamicky nasavan
do plynotésné strikacky (nejcastéji o objemu 2,5 ml) skrz jehlu se sorbentem. Jehla mutize
byt bud’ ponoiena do kapalného vzorku (DI-SPDE), ¢i miiZze tékavé analyty vychytavat
nad jeho hladinou (HS-SPDE) (Obr. 9) [53].
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Obr. 9 - Zarizeni a princip SPDE [53]

Pfi srovnani objemu stacionarni faze je vjehle kolem 5,99 mms3, zatimco SPME
vlakno o délce 100 pm ma objem SF pouze 0,94 mms3. SPDE technika dpravy vzorku je
rychlejsi a mnohem vice mechanicky odolnéjsi oproti kirehkému vlaknu (Zivotnost SPDE
jehly je az 1500 nastrik). MizZe byt pouzita pri analyze jak environmentalnich tak

forenznich a biologickych materialt a navic mtze byt lehce automatizovana [43, 54].

5.3.1.4. Mikroextrakce tuhym sorbentem v mikrostrikacce (Microextraction

by packed sorbents - MEPS)

MEPS si nechal patentovat Abdel-Rehim a jeho tym vroce 2003. Je to vlastné
miniaturizovana SPE technika vyuZivajici pevny sorbent (1-4 mg) ve formé cartridge
mezi vzduchotésnou stiikackou o objemu 100-250 pl a jehlou, kdy celé zafizeni mize byt
online napojeno na LC, GC nebo CE systém. MEPS vyrazné redukuje objem potiebnych
rozpoustédel a vzorku (10-250 pl). Obrovskou vyhodou této metody je také dostupnost
velkého mnoZstvi sorbentii vcetné vysoce selektivnich materialt (silikagelové - C2, C8,

C18, RAM, HILIC, MIPs).
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Obr. 10 - Zarizeni na MEPS [55]
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Jednotlivé kroky extrakce MEPS jsou shodné s SPE extrakci (Obr. 11). Prvnim krokem
je kondicionace sorbentu (a). Tento krok neni nezbytny jako u SPE, jelikoZ mnoZstvi
sorbentu je mnohem mens$i. Poté se nasaje vzorek (b). Pokud je zapotrebi
prekoncentrace analytu, je mozné vzorek nasat opakované. Poté se vymyji balastni latky
vhodnym cinidlem a sorbent se vysusi (c, d). Nasleduje vlastni eluce analyti vhodnym
rozpoustédlem ¢i mobilni fazi (e) a nastrik eludtu do LC nebo GC systému (f). Pro
opakované pouziti sorbentu (azZ 120 pouZiti) je potieba ho nékolikrat promyt vodou a

poté elu¢nim ¢inidlem, aby se zabranilo prenosu latek mezi vzorky [56].

T - Ta _ - T ]
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Kondicionace Extrakce Promyti VysuSemi Fluce  Nastrik Prodisténi
vzorku analytii do systému

Obr. 11 - Schematické kroky MEPS [57]

MEPS se svyhodou pouzivd pro analyzu biologického materidlu. Je ale
doporucovano, aby se vzorek nejprve zcentrifugoval a poté naredil (aZ 5x u plazmy, az
25x u vzorkl plné krve), aby nedochazelo k ucpani a zvySenému zpétnému tlaku na
sorbentu. Obrovské uplatnéni této techniky je zejména monitorovani 1éciv v bioanalyze
(sérum, plazma, moc¢, sliny). Tato technika se vyznacuje jednoduchosti provedeni,
univerzalnosti, moznosti adaptace na riizné analytické systémy ¢i spotiebou malych
objemt rozpoustédel a vzorki. Navic je mozné tento zplisob extrakce plné automatizovat

[58].

5.3.1.5. Extrakce pomoci plnénych Spicek pipet (Disposable-pipette extraction
- DPX)

Tato technika je také zaloZena na SPE, kdy je sorbent umistén v pipetovaci Spicce a je

z obou stran ohrani¢en fritou. Komerc¢né je tato metoda dostupna firmou Gerstel
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(Mullheim a/d Ruhr, Némecko) a je moZné ji automatizovat a online napojit s GC nebo LC
systémem.

Po nasati vzorku do pipetovaci Spicky je analyt adsorbovan a koncentrovan na
suspenzi sorbentu diky vzduchovym bublindm ptitomnych v extrahovaném vzorku
(zvySeni recovery analytu). Po pripadném promyti sorbentu je vzorek eluovan

organickym cinidlem do vialky.
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Obr. 12 - Schematické provedeni DPX [59]

Castice sorbentu maji velikost 10-20 um a poskytuji velkou povrchovou plochu.
Metoda je velice rychla, k eluci analytu ze sorbentu staci priblizné 0,5 ml rozpoustédla a
mnozstvi vzorku potiebného k extrakci je méné neZz 250 ul. Nevyhodou je komercné
dostupny nizky pocet druhii sorbentli (styren-DVB - reverzni faze, katexové a slabé

iontové vyménné materidly) a pouze jedna velikosti Spicek o objemu 1 ml [60].

5.3.1.6. Extrakce magnetickou tuhou fazi (Magnetic solid phase extraction -

MSPE)

Extrakce magnetickou tuhou fazi je metoda zaloZenda na pouZiti magnetického
sorbentu pro zakoncentrovani a separaci analyti. Magneticky sorbent je pridan
k roztoku vzorku a cilové analyty se adsorbuji na povrch magnetickych castic. Vlastni
oddéleni c¢astic sorbentu snavazanymi analyty pak probihd zavedenim externiho
magnetického pole a po eluci vhodnym rozpoustédlem se ziskané latky analyzuji (Obr.

13).
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Obr. 13 - Postup magnetické extrakce na tuhou fazi [61]

Magnetické jadro ¢astic je tvoreno Zelezem, kobaltem, niklem a jejich oxidy a je
pokryto anorganickym (silikagel, hlinik, grafen - tj. supertenka forma uhliku) nebo
organickym (DVB, polyamidy, MIPs) obalem.

V bioanalyze se nejcastéji pouzivaji magnetické castice se silikagelovym povrchem a
slouzi kizolaci a purifikaci biomolekul (bilkoviny, enzymy, peptidy) a izolaci
anorganickych a organickych latek ze vzorkil biologického materidlu. Metoda se

vyznacuje jednoduchosti a rychlosti celého provedeni [62].

5.3.1.7. Rotacni extrakce na kolonce (Spin column extraction)

Pro tuto techniku pripravy vzorku se pouZiva rotacni kolonka, jejiZ soucasti je
monoliticky silikagelovy disk, ktery poskytuje velkou povrchovou plochu kadsorpci
zaddaného analytu. VeSkeré kroky extrakce (naneseni vzorku, promyvani, eluce) analytt

se provadi centrifugaci (Obr. 14) [63].
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Obr. 14 - Schéma provedeni rotac¢ni extrakce na monolitni kolonce [64]
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Vyhodou této techniky je moZnost zpracovani vétSiho poctu vzorkd soucasné,
jednoduchost provedeni a velice nizkd spotieba rozpoustédel a vzorku. Navic odpada
nutnost vyuZziti vakua jako u klasické SPE, coZz vede klepsi reprodukovatelnosti
metodiky. Podminky extrakce lze ovlivnit pH roztoku vzorku a rotacni rychlosti. Ve

vétSiné aplikaci je vyuZivan monoliticky disk C18 [60].

5.3.2.Mikroextrakce kapalnou fazi (Liquid phase

microextraction - LPME)

Mikroextrakce kapalnou fazi je miniaturizovana LLE procedura vyuZivajici pouze
mikrolitry rozpoustédel oproti nékolikanasobné vétSimu objemu potiebného ke klasické
LLE. LPME lze automatizovat a je kompatibilni s GC, LC i CE. Vlastni extrakce probiha do
velice malého objemu s vodou nemisitelného rozpoustédla z vodného roztoku vzorku.

Mezi mikroextrakcni techniky pattici do této skupiny jsou mikroextrakce na kapku
(single-drop microextraction - SDME), mikroextrakce na duté vlakno (hollow-fibre
microextraction - HF-LPME) ¢i disperzni mikroextrakce zkapaliny do kapaliny

(dispersive liquid-liquid microextraction - DLLME) [65].

5.3.2.1. Mikroextrakce na kapce (Single-drop microextraction - SDME)

Metoda byla predstavena v roce 1996 plivodné pod ndzvem extrakce rozpoustédlem
na mikrokapku ¢i mikroextrakce rozpoustédlem na jedinou kapku. V porovnani
s klasickou LLE je spotfeba rozpoustédel snizena o 99 %. Principem této extrakéni
techniky je rozpusténi cilovych analytli v kapce rozpoustédla zavéSené na konci jehly
mikrostrikacky. Kapka miiZe byt bud’ ponorena piimo do vzorku (rozpoustédlo nesmi
byt misitelné s vodou), jedna o DI-SDME, nebo mtize byt provedena nad hladinou vzorku
(HS-SDME). Dal$imi moZnymi variantami je drop to drop mikroextrakce (DDME),
mikroextrakce zkapaliny do kapaliny a zpét (liquid-liquid-liquid microextraction -
LLLME), mikroextrakce na piimo suspendované kapce (directly-suspended droplet
microextraction - DSDME) a kontinualni priitokova mikroextrakce (continuous flow
microextraction - CFME) [66]. Zplsoby provedeni rtznych mddi mikroextrakce na

kapce jsou zobrazeny na Obr. 15.
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Obr. 15 - Riizné zpiisoby provedeni SDME [67]

DI-SDME

Metoda extrakce na kapku jejim pfimym ponoienim do vzorku je jednoduchad, u¢inna
a levna s malou spotiebou rozpoustédel a vzorku a moZnosti automatizace. Velikost
kapky je 0,3 aZ 3 pl a mnozstvi vzorku se pohybuje od 0,3-40 ml. Dale je zapotiebi
magnetické michadlo a strikacka pro plynovou chromatografii. Kapka extrakéniho Cinidla
zavéSena na jehle strikacky je ponorena do vodného vzorku, ktery je promichavan pro
zlepSeni prenosu analytl. Poté je kapka nataZena do strikacky a vstiiknuta do
chromatografického systému. Jako extrak¢ni Cinidlo se pouZiva toluen, cyklohexan,
chloroform ¢i oktan-1-ol. Pouziti je omezeno na nepolarni a semipolarni analyty.

Nevyhodou této techniky je nestalost kapky a to zejména pri extrakcich za vyssich
teplot ¢i rychlém michani vzorku. Navic i ¢aste¢na rozpustnost extrak¢niho rozpoustédla
ve vodé muze vést kjeji ztraté. Presto metoda nasla uplatnéni ve stanoveni 1éciv

v biologickém materialu [68].

HS-SDME

Tato technika je vhodna pro stanoveni tékavych a stredné tékavych analytt. Analyty
jsou distribuovany mezi 3 faze - vodny vzorek, vzduch nad hladinou vzorku a organické
rozpoustédlo. Vzorek musi byt umistén ve vzduchotésné vialce. Oproti DI-SDME je u této
metody vyhodou predevsim to, Ze nehrozi ztrata kapky michanim ¢i jejim rozpusténim
ve vzorku. Navic je mozZné pouziti vétSiho rozsahu rozpoustédel, protoZe lze pouZit i latky
misitelné s vodou. Pro extrakci je moZné pouzit oktan-1-ol, tetradekan, ftalatové estery,
iontové kapaliny ¢i vodné roztoky. Vyhodou je i moznost pridruZzeni derivatiza¢niho
Cinidla do rozpoustédla. Pro zvySeni extrakéni ucinnosti lze na vzorek aplikovat
ultrazvukovou nebo mikrovlnnou energii.

Stejné jako DI mdd se HS extrakce vyznacuje nizkou cenou, nizkou spotiebou

rozpousStédel a moZnosti automatizace celého procesu [68].
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DDME

DDME technika upravy vzorku je vhodna predevSim pro analyzu vzorki s velice
malym objemem. MiZe se jednat o vzorky plné krve, séra a moci o objemu 7 pl. Vyhodou
metody je rychlost (5 minut), jednoduchost provedeni, nenaro¢nost na vybaveni a
extrémné mald spotreba vzorku a organického rozpoustédla (1 pl). Vlastni provedeni
extrakce spociva vnaplnéni mikrostrikacky organickym rozpoustédlem (1 pl
rozpoustédla v 10 pl vzduchotésné stiikacce), jejim vsunutim do vialky uzaviené septem
a vytlaCenim 0,5 pl extrakéniho ¢inidla do vzorku. Po extrakci se kapka zatahne zpét do
jehly a extrahovany vzorek se nastrikne do detek¢niho systému. Extrakcni cinidlo se

nesmi misit s vodou, proto jsou vhodna predevsim nepolarni rozpoustédla [69].

LLLME

LLLME je v principu extrakce a zpétna extrakce zaroven vhodna pro ionizovatelné
analyty. Byla predstavena v roce 1998 jako jednoduchd, reprodukovatelna a selektivni
metoda vyuzivajici organické kapalné membrany zakotvené v teflonovém kruhu [70]. Je
zaloZena na extrakci analytu z vodného roztoku do organické membrany s nizsi hustotou
nezZ ma vodny vzorek a zdroven zpétné extrakci do vodné mikrokapky umisténé v této
vrstvé. Michani vodného vzorku ma za nasledek prenos analytii mezi obéma vrstvami.
Upravou pH vodného roztoku ziskdme nejprve neutralni analyty extrahovatelné do
organického rozpoustédla, kde jsou nasledné ionizovany a extrahovany do kapky. Kapka

je poté analyzovana na LC ¢i CE systému [71].

DSDME

Extrakéni cinidlo nemisitelné svodou se nanese do vodného roztoku vzorku
s michadlem. KdyZ se vzorek s extrak¢nim cinidlem promichava, za¢nou se vyvaret
jednotlivé kapicky extrakéniho cCinidla, které se poté spoji v jedinou kapku na hladiné
vodného vzorku. Michani tak zvySuje prenos hmoty mezi vzorkem a cinidlem. Vznikla

kapka se poté odsaje a aplikuje do chromatografického systému [72].

CFME

Technika byla poprvé predstavena a popsana v roce 2000. Do sklenéné komory o
objemu cca 0,5 ml je zavedena kapka rozpoustédla (1-5 pl) umisténa na jehle
mikrostiikacky. Vzorek protéka sklenénou komorou a do kapky se extrahuji cilové
analyty. Tato extrakcni technika ma obrovsky koncentracni faktor (rozpoustédla xylen, n-

butyl acetat), proto je schopnda zachytit analyty o koncentraci femtogram/mililitr. Cim
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delsi je doba extrakce, tim vétsi vytéZek lze ocekavat. Pfi malém objemu vzorku lze

recyklovat protékajici vzorek namisto do odpadu zpét do vialky [73].

5.3.2.2. Mikroextrakce na dutém vlakné (Hollow-fibre liquid phase

microextraction - HF-LPME)

Nevyhody volného umisténi kapky vroztoku miize vyreSit pouziti kapalného
extrak¢niho rozpoustédla naneseného na porézni polopropustnou membranu (Obr. 16).
Metodu poprvé predstavili Rasmussen a Pedersen-Bjergaard v roce 1999, ktefi pouZili
duté vladkno jako nosi¢ pro oktan-1-ol pri extrakci metamfetaminu z biologického

materialu [74].
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Obr. 16 - Schematicky diagram HF-LPME [75]

Porézni propylenové duté vlakno chrani a stabilizuje extrakéni cinidlo a navic
zvétSuje povrch mezi rozpoustédlem a vodnym vzorkem, a tim zvySuje ucinnost extrakce.
Duté vlakno se pred extrakci namoci na nékolik sekund do organického rozpoustédla,
kde prostupuje jeho pory a je vazano kapilarni silou k polypropylenové siti. Vytvori se
tak podpiirna kapalinovd membrana. Vldkno je poté ponofeno do vodného vzorku.
Analyty se extrahuji do imobilizovaného extrakéniho cinidla. Extrakéni Cinidlo se poté
odsaje mikrostikackou a vstiitkne se do chromatografického systému. Pokud je
extrakénim Cinidlem pouze organické rozpoustédlo, jedna se poté o dvoufazovy extrakéni
systém. Ten lze provést bud v HS nebo DI moédu. Analyty se také mohou extrahovat
zvodného roztoku vzorku pres tenkou (nékolik pl) vrstvu organického rozpoustédla
imobilizovaného pory vlakna do akceptorového roztoku vlumen dutého vlakna, ktery
miiZe mit i vodny charakter. Pak se jedna o tiifazovy extrakéni systém, ktery je provadén

pH gradientem, transportnimi pfenaseci nebo elektromembranovou extrakci [76].
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5.3.2.3. Disperzni mikroextrakce z kapaliny do kapaliny (Dispersive liquid-

liquid microextraction - DLLME)

Disperzni mikroextrakce byla predstavena Assadim a jeho kolektivem v roce 2006
[77]. Od té doby se tato metodika dostala do Sirokého pouZziti k tpravé vzorki
z environmentalni, potravinové a bioanalytické oblasti. Principem této techniky je pouziti
extrak¢niho c¢inidla nemisitelného svodou (chlorbenzen, chloroform, sirouhlik) a
disperzniho cinidla (methanol, acetonitril, aceton), které je misitelné jak s vodou, tak
s extrakénim Cinidlem. KdyZ se smés extrakéniho a disperzniho ¢inidla rychle vstrikne do
vzorku v konické zkumavce, vznika vysoka turbulence a vytvari se oblak rozpoustédel.
Diky velké povrchové ploSe mezi extrakénim cinidlem a vodnym vzorkem je rychle
dosaZeno rovnovazného stavu. Po centrifugaci se sediment rozpoustédel odsaje a

nastiikne se do LC nebo GC systému (Obr. 17).
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Water Sample Cloudy Solution  Extraction Phase
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DLLME

and Extraction Solvent

Rapid Injection of Disperser
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Evaparation of )
Organic Solvent __ Analysis

HPLC Chromatogram

Obr. 17 - Schematicky postup DLLME [78]

Vyhodou DLLME je jednoduchost, rychlost, nizké naklady na provedeni, vysoka
vytéZnost a moznost zakoncentrovani analytu. Organicka extrak¢ni rozpoustédla jsou

vybirdna na zdakladé jejich hustoty (vy$Si hustota nez voda), extrakéni schopnosti

cilovych analytti a chromatografickych vlastnosti [79].
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5.3.2.4. Elektromembranova extrakce (Electrokinetic membrane extraction -

EME)

O EME se poprvé zminil Pedersen-Bjergaard. Principem je umisténi jedné elektrody
k dutému vldknu s extrakénim cinidlem a druhé do vodného roztoku vzorku. Poté se
aplikuje elektricky proud. Nabité analyty ve vzorku jsou pritahovany skrz podptrnou
kapalnou membranu k opac¢né nabité elektrodé v akceptorovém roztoku, odkud jsou po
extrakci odsaty mikrostiikackou a aplikovany do separacniho systému. Hnaci silou

extrakéniho procesu je elektrické pole.

(-) Cathode electrode

(+) Anode electrode

Acceptor phase
Donor phase

Magnetic stirrer
Immobilized liquid membrane
Obr. 18 - Schéma EME [80]

I pres slozitost biologické matrice je tato metoda aplikovatelna na extrakci analytl
z biologického materialu. VétsSina endogennich latek v séru ¢i moci je efektivné blokovana
umélou kapalinovou membranou. EME je vysoce selektivni metoda poskytujici velice

Cisté extrakty [81].
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5.4. STANOVOVANE VITAMINY

Objeveni vitaminl se datuje do roku 1905, kdy Cornelius Adrianus Pekelharing
zjistil, Ze zvifata krmend pouze bilkovinami, sacharidy, anorganickymi solemi a vodou
prospivaji pouze tehdy, kdyZ se prida do stravy malé mnoZstvi mléka. Z toho vyvodil, Ze
pravé mléko obsahuje prozatim nepoznanou latku nezbytnou pro jejich normalni rist a
vyvoj [82]. Kazimierz Funk pak vroce 1911 provedl pokusy na holubech s projevy
nemoci odpovidajici lidské beri-beri (nemoc z nedostatku vitaminu B1). Zjistil, Ze extrakt
z neloupané ryZze obsahuje latky, které v extraktu z loupané ryZze chybi. Predpokladal, Ze
chybéjici latka neni ani bilkovina a ani aminokyselina. Izoloval frakci ze slupek ryze,
ktera obsahovala ,stopovy prvek®, jez mohl za uzdraveni postizenych holubti. Tuto frakci
nazval vitamin (vita - Zivot, amin - latka obsahujici dusik) [83]. PrestoZe se pozdéji
ukazalo, Ze se nejedna o aminy, nazev se ujal a byl pouZit pro mnoho dalSich latek
nalézajicich se v potravé.

Vitaminy jsou esencidlni nizkomolekularni organické slouceniny nezbytné pro
normalni chod organizmu, kde piisobi jako antioxidanty, hormony, pfenase¢i H*/e  a
koenzymy. Vitaminy jsou v organizmu pritomny v nizkych koncentracich a télo si je
nedokaZe vytvaret v dostate¢nych davkach.

Vitaminy jsou ve vétSiné pripadi skupinou chemicky piibuznych latek s podobnou
biologickou aktivitou. Jsou rozdélovany na zakladé jejich rozpustnosti - vitaminy
rozpustné ve vodé (skupina vitamint B, vitamin C, biotin) a vitaminy rozpustné v tucich
(A, D, E, K). Jejich nedostatek - hypovitamin6za - vede k poruchdm funkci organizmu a
kvelmi vaZnym onemocnénim (napi. kurdéje - nedostatek vitaminu C, kfivice -
nedostatek vit. D, pellagra - nedostatek niacinu). Vnejvice ohroZené skupiné
z nedostatku vitamind jsou téhotné Zeny, kojenci a malé déti, staii lidé a lidé

S nespravnou vyZzivou [84].
5.4.1.Vitamin A

[ kdyZ se pojem vitamin A odkazuje specificky na all-trans retinol (Obr. 19), je také
uzivan jako genericky nazev pro isoprenoidni slouceniny vykazujici biologickou aktivitu
retinolu. Ten se oxida¢ni reakci méni na své nejaktivnéj$i derivaty - retinal
(retinaldehyd) (Obr. 20) a kyselinu retinovou (Obr. 21). VSechny prirodni a syntetické
latky vykazujici aktivitu vitaminu A jsou kolektivné nazyvany jako retinoidy [85].
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Obr. 21 - Kyselina retinova

Poprvé se o vitaminu A zminuje McCollum a Davis v roce 1913 jako o latce obsaZené
v masle a vajecném Zzloutku, ktera je rozpustna v tuku a potfebnd pro normalni riist a
vyvoj u potkand. Zminuji také rozdil fyziologickych vlastnosti cerstvého a vareného jidla
v prevenci nemoci jako jsou kurdéje Ci beri-beri [86].

Vitamin A hraje nezastupitelnou roli v mnoha fyziologickych procesech. Nejvice je
znama jeho role ve vidéni. Dale je nezbytny pro normalni vyvoj embrya a vznik zaklad
jednotlivych organG u plodu, vyzravani imunitniho systému, bunécnou proliferaci,
udrzeni epitelialni integrity, pro pamét a tvorbu novych neuroni [87].

Vitamin A je v ptirodnich latkach pritomen v mnoha rtiznych formach. V Zivocisnych
tkanich se vyskytuje ve formé retinoidd. U rostlin pak ve formé karotenoidd, které jsou
provitaminem A. Zdrojem retinolu je vaje¢ny Zloutek, hovézi jatra, rybi tuk, mléko a
mlécné vyrobky. Na [3-karoten je bohata mrkev, Cervena paprika, dyné ¢i broskev [84].

Vétsina prijimaného vitaminu v potravé je ve formé retinylovych esterii. Ty jsou
hydrolyzovany v lumen tenkého streva za vzniku retinolu. Tento proces se odehrava na
kartaCovém epitelu a je katalyzovan hydrolazami produkovanymi slinivkou. -karoten na
rozdil od retinoidi muze byt enterocyty pieveden na retinal ¢i jimi byt absorbovan a

v plazmé pak navazan na chylomikrony. Retinol je v plazmé navazan na retinol-vazajici
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protein (retinol-binding protein - RBP4) a kyselina retinova je navdzana na albumin.
Malé mnoZstvi retinylovych esteri miZe byt navazano na lipoproteiny. Hlavnim mistem
pro ulozeni retinoidli v téle jsou jatra. V ocich, plicich, tukové tkani, varlatech a sleziné
jsou také uloZeny, ale v mnohem mensi koncentraci ve srovnanti s jatry [88].

Vitamin A ma nezastupitelnou roli v mnoha biologickych procesech. Zatimco retinal
je esencidlni pro vidéni, retinol se uplatiiuje vimunitnich reakcich ¢i reprodukci.
Zakladem nasi vize je fotochemicka izomerace retinalu z cis- na trans-konfiguraci. Foton
viditelného svétla nese dostatecné mnoZstvi energie zplsobujici izomeraci chromoforu
z 11-cis- na 11-trans-retinal. Trans- izomer se uvolni do cytoplazmy a navaZe se na
rhodopsin, coZ je transmembranovy protein citlivy na svétlo a nachazi se na tycinkach
sitnice oka. Ten vyvola biochemickou drahu smérujici ke vzniku nervového impulzu a
predstavuje tak zakladni princip vidéni [89]. Mezi dalsi funkce retinoidl patii
ovliviilovani bunécné diferenciace a proliferace. Mohou regulovat transkripci a tvorit
kovalentni vazby s nékterymi proteiny, které modifikuji vlastnosti cilové bilkoviny a tim i
jeji aktivitu. V reprodukénim systému hraje vitamin A esencialni roli u muzi i Zen, kdy
jeho nedostatek mize vést k infertilité. U Zen je nezbytny k uhnizdéni vajicka v déloze a
spravny vyvoj plodu aZ po narozeni Zivotaschopného novorozence. Navic ma stimulac¢ni
ucinek na produkci progesteronu. U muzi se vitamin A podili na regulaci funkce varlat.
Jeho nedostatek vede kzastaveni spermatogeneze a nepriznivé ovliviiuje produkci
testosteronu. BEhem téhotenstvi je vitamin A prenasen k plodu ptes placentu. Krom jeho
esencialni role v ristu a bunécné diferenciaci bunék plodu ma nezastupitelnou tlohu ve
vyvoji plic, srdce a kostry [90]. Studie ukazuji i na roli vitaminu A v nddorové aktivite,
kdy inhibuje rist a vyvoj riznych druhti nadort, jako naptiklad nadory kiize, prsu, ustni
dutiny, plic, jater, prostaty a moc¢ového méchyie [91]. Vimunitnim systému se vitamin A
podili na regeneraci sliznicnich bariér a je zapotiebi vziskané (téZ adaptivni cCi
specifické) imunité, kde participuje ve vyvoji pomocnych T-lymfocyti a B-lymfocytd,
které produkuji protilatky [92]. Vitamin A ma své uplatnéni i v dermatologii, kde ma
vyrazny vliv na diferenciaci epidermis, ovliviiuje produkci keratinu a inhibuje produkci
mazu vedouci ke vzniku akné [93].

Fyziologicka hodnota retinolu v plazmé je 1-2 umol/l. Koncentrace pod 0,7 umol/l uz
svédci pro jeho nedostatek v organizmu. Nedostatek nastava tehdy, jsou-li vyCerpané i
veskeré zasoby retinolu vjatrech. Tento stav miize byt zplsoben bud jeho
nedostatecnym prijmem v potravé nebo chronickou poruchou enterické absorpce lipidi

(cysticka fibréza, pankreatitida). Hypovitamindza se projevuje Serosleposti tj. zhorsSenym
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vidénim za nedostatku svétla, nachylnosti k infekcim a poruchou diferenciace bunék,
vyvoje organd, ristu a rozmnoZovani. DalSimi ptiznaky jsou ztrata chuti, opozdény rust,
zvySeny tlak nitrolebni tekutiny a zvySend keratinizace. U téhotnych zplsobuje
nedostatek vitaminu A Seroslepost a zvySenou umrtnost plodu [85].

Vitamin A ma tendenci ke kumulaci v organizmu. Hrozi tedy riziko hypervitamindézy
predevSim z divodu jeho pomalého odbouravani a velkych skladovacich kapacit ve
tkanich. Toxicita mtiZze byt bud’ akutniho, nebo chronického charakteru. Akutni toxicita se
projevi vramci hodin (maximalné 48 hodin) po predavkovani. Chronicka toxicita se
objevi za nékolik tydnd, mésici Ci let po konzumaci vyssSich davek, které ale nejsou
akutné toxické. Mezi priznaky hypervitamindzy patii zvraceni, priijem, dvojité vidéni,
suchost sliznic, Unava, bolesti hlavy, bolest a kostni abnormality, svalova ztuhlost a
bolestivost, koZni vyrazka, kiehké nehty, hepatomegalie a hepatotoxicita [94]. Byly také
zaznamendny piipady predavkovani (-karotenem, které vyustuje v karotenémii. Ta se
projevuje zluto-oranZovym zabarvenim kaze. Na rozdil od nemoci jater, skléra oci byla
zabarvena normalné. MiiZe byt zptisobena nadmérnym konzumovanim mrkve ¢i jiného
ovoce a zeleniny bohaté na (-karoten a dalsi karotenoidy [95]. Kyselina retinova je
teratogenni. Pri jejim nadmérném uZzivani v téhotenstvi se mohou u plodu vyvinout
malformity vCetné rozstépu rtu Ci patra. T€hotné Zeny by se tedy mély béhem prvniho

trimestru vyhnout konzumaci jater, coZ je nejbohatsi zdroj vitaminu A [96].

5.4.2.Vitamin E

Vitamin E je liposolubilni vitamin nezbytny pro spravné fungovani téla, které si jej
nedokadze samo vytvorit, a proto musi tento vitamin ptijimat v potravé. Vyznacuje se
predevsim antioxidacnimi, neuroprotektivnimi a protizanétlivymi vlastnostmi.

Vitamin E reprezentuje skupinu piirodnich latek vyskytujicich se celkem v 8 riiznych
izoformach - 4 nasycené analogy nazyvané tokoferoly («, 3, vy, §) a 4 nenasycené analogy
nazyvané tokotrienoly (a, 3, v, 6), které reguluji peroxidacni reakce a kontroluji produkci
volnych radikali v téle. VSem osmi slou¢eninam se souhrnné tika tokoly. Tokotrienoly se
strukturné lisi od tokoferoll pritomnosti tiech dvojitych vazeb v uhlovodikovém fetézci
(Obr. 22). Zatimco tokoferoly a jejich ucinky a vlastnosti jsou rozsahle studovany, o
tokotrienolech se vi jen malo, prestoze maji odliSny terapeuticky ucinek od tokoferold.
Jejich protizanétliva a cholesterol-snizujici schopnost miizZe predchazet vzniku rakoviny,

diabetu ¢i kardiovaskuldrnim a neurodegenerativnim onemocnénim [97].
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Nejucinnéjs$im tokoferolem je R,R R-a-tokoferol, ktery je pouZivan i jako mezinarodni
standard aktivity vitaminu E. Ostatni tokoferoly maji malou biologickou ucinnost.
Oxidacni aktivita spociva v reaktivité fenolického vodiku a schopnosti chromanolového
kruhu stabilizovat neparovy elektron. Nejdrive vznika tokoferoxylovy radikal, ktery dale
reaguje sdruhym peroxylovym radikdlem za vzniku nereaktivniho tokoferylchinonu

[98].

a-tocopherol u-tocotrienol

HO HO:

f-tocopheral p-tocotriencl

HO
W
ytocopherol y-tocotrienol
HO HG
W/L W
G-tocopherol G-tocotrienol

Obr. 22 - Struktura tokoferolu (A) a tokotrienoli (B)

Vv

Tokoferoly jsou syntetizovany fotosyntetickymi organizmy vcetné vyssich rostlin.
Proto jsou hlavnim zdrojem vitaminu E rostlinné oleje. Tokoferoly se nachazeji
volivovém, slunec¢nicovém (a-tokoferol), séjovém (8-tokoferol) ¢i kukuricném (y-
tokoferol) oleji. Na tokotrienoly jsou bohaté ryzové otruby, jecmen ¢i palmovy olej [99].
DalSimi zdroji jsou ofechy, vajecny Zloutek, syr, s6jové boby, avokado, olivy ¢i pSeni¢né
klicky.

Vitamin E se absorbuje predevsim ztenkého stieva. Tento proces vyzZaduje
pritomnost tuku i pankreatickych esteraz, které uvoliuji volné mastné kyseliny
z triglyceridl prijimanych v potraveé. Jsou nezbytné i Zlucové kyseliny, které tvoii smésné
micely a esterazy pro hydrolytické Stépeni tokoferylovych estert. Jedinci, ktefi nejsou
schopni produkovat pankreatické a Zlucové stavy (pacienti s obstrukci Zlucovych cest,
jaterni cholestazou, pankreatitidou, cystickou fibrézou), maji pak zhorSenou absorpci
vitaminu E a dalSich Zivin rozpustnych v tucich, které jsou zavislé na micelami

zprostiredkované diftizi pro vstiebani do organizmu. Pokud se uZiva vitamin E ve formé
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vitaminovych doplitkii, mél by se vidy podavat s jidlem, aby doslo kjeho spravnému
vstiebani.

Na rozdil od vitaminu A vitamin E v plazmé nema specificky prenaSec. Namisto toho
je preveden z chylomiker do plazmatickych lipoproteind, a to jak do lipoproteinti o velmi
nizké hustoté (VLDL), lipoproteini o nizké hustoté (LDL), tak i lipoproteinii s vysokou
hustotou (HDL). Plazmové tokoferoly jsou tak rozdéleny mezi tyto tfi tiidy lipoproteint,
kde jsou nespecificky vazany.

Hlavni funkci vitaminu E v téle je jeho antioxidac¢ni schopnost, kdy udrzuje integritu
membrany prakticky ve vSech burikach téla. Jako antioxidant redukuje volné radikaly a
tim chrani bunky pred skodlivymi ucinky vysoce reaktivnich oxidac¢nich latek. Dale se
zjistilo, Ze a-tokoferol moduluje funkci T-lymfocytii, redukuje produkci prozanétlivého
medidtoru prostaglandinu E2 a dalSich prozanétlivych mediatori aktivovanych
monocytll a makrofagli. SniZuje také plazmatickou hladinu zanétlivého markeru C-
reaktivniho proteinu (CRP) [84]. Vyzkumy ukazaly, Ze vitamin E hraje svou roli ve
fertilizacni schopnosti muzti i Zen [100]. Vitamin E ma pozitivni efekt v redukci
aterosklerotické progrese u pacientli s bypassem koronarnich arterii, ktefi nebyli 1é¢eni
hypolipidemiky. PrestoZe intervencni klinické zkouSeni nepotvrdilo kardiovaskularni
benefit suplementovaného vitaminu E, klinicka studie vyuzivajici smés tokotrienoll a o-
tokoferolu prokazala trend zlepSeni arteridlni compliance (tj. vlastnost cévni stény
umoznujici tlumit amplitudu pulsové vlny) po dvoumési¢ni suplementaci touto smési.
Dale byl studovan efekt vitaminu E na rakovinu. Vyzkumy zaméiené na vitamin E
prokazaly rozdilnou funkci a-, y- a §-tokotrienolu ve srovnani s a-tokoferolem béhem
protinadorové aktivity, kdy se projevuji antiproliferativni a apoptickou aktivitou proti
normalnim a nddorovym bunkam. Tokotrienoly inhibuji maligni proliferaci zavislou na
zvySené aktivité HMG-CoA reduktazy, kde tokotrienoly tuto aktivitu potlacuji [101].
U¢inky volnych radikald se projevuji v etiologii neurodegenerativnich onemocnéni jako
napi. Alzheimerova choroba. PrestoZe se podavani vitamini E neukazalo mit ucinek
v prevenci vzniku demence ¢i Alzheimerovy choroby, studie vyuZivajici suplementaci
pouze a-tokoferolem prokazala oddaleni a prevenci diagnézy Alzheimerovy choroby u
starsich lidi vykazujicich mirné kognitivni postiZeni [102].

Nedostatek vitaminu E v organizmu je zplisoben bud’ jeho nedostate¢nym prijmem
z potravy, nebo jeho naruSenou absorpci. Prvni zminky jeho nedostatku byly popsany
v 60. letech 20. stoleni u pacientd s lipoproteinovymi abnormalitami s naslednym

malabsorpénim syndromem [103]. PrestoZe se projevy nedostatku vitaminu E
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mezidruhové lisi, je jeho deprivaci postiZen predevSim neurosvalovy, vaskuldrni a
reprodukéni systém. Nedostatek se manifestuje membranovou dysfunkci vedouci
k oxida¢ni degradaci polynasycenych membranovych fosfolipidi a nasledné k naruseni
rozhodujicich buné¢nych procesi [84]. Dalsi projevy zahrnuji pigmentovou retinopatii,
poruchu hybnosti, zpomalené reflexy, ztratu propriocepce, ztratu citlivosti v prstech a
parestezii. U dospélych se symptomy rozvijeji ptribliZzné po 10 - 20 letech malabsorpce
v zavislosti na mnoZzstvi vitaminu E naakumulovaného v organizmu [104].

PrestoZe je organizmus schopen tolerovat i vysoké davky vitaminu E, ktery je navic i
jednim z nejméné toxickych vitamini, miiZe se pri jeho nadmérném uZivani vyvinout
toxicita. Vysoké davky vitaminu E pak pulsobi proti ostatnim v tucich rozpustnych
vitamintim. Mezi priznaky hypervitaminézy E patii bolesti hlavy, inava, nausea, dvojité
vidéni, svalova slabost a bolesti zaZivaciho traktu. Vysoké hladiny vitaminu E inhibuji
vitamin K dependentni karboxylace, coZ ma za nasledek zhorSenou mineralizaci kosti. U
pacientli uzivajicich antikoagulancia (napt. warfarin) se prodluzuje protrombinovy cas,

ktery miiZe vyustit ve zvySenou krvacivost [84, 105].
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6. EXPERIMENTALNI CAST
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6.1. POROVNANIi KOLON PRO UHPLC STANOVENI
RETINOLU A «-TOKOFEROLU V BIOLOGICKEM
MATERIALU

Cilem této prace bylo porovnat rizné druhy stacionarnich fazi pro rutinni stanoveni
retinolu a a-tokoferolu vlidském séru a matefském mléce na UHPLC systému.
V bioanalytickych laboratorich je kladen daraz jak na rychlost, tak na ekonomickou
stranku analyzy. Pro porovnani jsme zvolili ¢asticové a monolitické stacionarni faze o
rizné délce a velikosti ¢astic s cilem vybrat kolonu s nejlepsimi parametry pro zamyslené

vyuZziti.

6.1.1.Pristrojové vybaveni a chemikalie

6.1.1.1. Chromatograficky systém

Analyzy byly provadény na UHPLC systému Nexera (Shimadzu, Kyoto, Japonsko).
Soucasti sestavy je autosampler Rack changer Il pro mikrotitracni desticky, degaser DGU-
20A3 a autosampler na vialky SIL/30AC (objem nastriku 0,1 - 50,0 pl). Mobilni faze je
pohanéna dvéma pumpami LC30-AD (rozsah priitoku 0,0001 - 5,0 ml). Kolonovy
termostat CTO-20 AC lze nastavit na teploty vrozsahu teplot 4 - 85 °C. Analyty byly
detekovany fluorescenénim detektorem RF-20AXS. Chromatograficky systém
komunikuje s pocitacem komunika¢nim modulem CBM-20A. Cela sestava je pak rizena

softwarem LabSolution, verze 5.30.

6.1.1.2. Laboratorni vybaveni

Pfi pripravé standardnich roztokl a vzorkil byly pouzity analytické vahy Sartorius
ME5-0CE (Sartorius AG, Goettingen, Némecko), stolni tfepacka LabDancer V (IKA,
Staufen, Némecko), horizontdlni laboratorni tfepacka LT1 (Kavalier, Sazava, Ceska
republika), termostat Stericell (BMT, Brno, Ceska republika), centrifuga Eppendorf 5810-
R (Hamburk, Némecko) a laboratorni vakuova odparka Eppendorf concentrator 5301

(Hamburk, Némecko).
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6.1.1.3. Pouzité chemikalie

Pro pripravu standardnich roztoku byly pouzity nasledujici latky:
v" Retinol, = 97,0%, HPLC (Sigma Aldrich, Praha, CR)
v (2)-a-Tocopherol, synthetic, 296%, HPLC (Sigma Aldrich, Praha, CR)
Pii pripravé standardnich roztoki, vzorkd pred analyzou a jako mobilni faze byla
pouZita tato rozpoustédla:
v n-hexan 96%, multisolvent HPLC grade (Merck, Darmstadt, Némecko)
v Hydroxid draselny - peletky, pure Ph. Eur (AppliChem GmbH, Darmstadt,
Némecko)
v’ Kyselina L-askorbova p. a. (Sigma Aldrich, Praha, CR)
v' Ethanol absolute (Merck, Darmstadt, Némecko)
v’ Ethanol denaturovany 5% methanolem (Lachema, Brno, CR)
v’ Methanol Super Gradient (Lach:ner, Neratovice, CR)
v’ Deionizovana voda, Ultrapure water system (Goro, Praha, CR) - pfipravena

v laboratofi metodou reverzni osmozy a filtrace
6.1.2.Priprava zasobnich roztokii

Zasobni roztok retinolu byl pripraven rozpusténim presného mnozstvi navaZzeného
standardu v odmérné barnice methanolem o vysledné koncentraci 1 mmol/1.

Pro primarni rozpusténi presné navazeného mnozstvi a-tokoferolu byl pouzit n-
hexan. Roztok s koncentraci 2 mmol/l byl dale roziedén methanolem na zasobni roztok
o koncentraci 0,5 mmol/I.

Koncentrace pracovnich roztokl pouzitych pri porovnani kolon byla 2,5 umol/1 pro
retinol a 12,5 pmol/I pro a-tokoferol.

Zasobni roztok retinolu byl uchovan pfti -25 °C, zasobni roztok a-tokoferolu pri +4 °C
a smeésny standardni pracovni roztok pii -25 °C. Stabilita takto pripravenych a

uchovanych roztoki byla 6 mésict.
6.1.3.Chromatografické podminky

Pro porovnani byly vybrany stacionarni faze C18 plnéné rozdilnymi typy castic -
kolony s celoporéznimi Casticemi a casticemi s pevnym jadrem (core-shell) a také
monolitické kolony. Jednotlivé kolony se lisily v délce, priméru i velikosti castic

stacionarni faze. Piehled pouzitych kolon je uveden na Obr. 23.
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Jako mobilni faze byl zvolen 100% methanol na zakladé vlastnich zkuSenosti z drive
vyvinutych metod pro dané analyty [106-108]. Analyzy byly provadény pii teplotach 25
°C a 50 °C. U kolon Acquity HSS T3 a Shim-pack byla pouzita teplota pouze 45 °C
z divodu doporuceni maximalni operacni teploty vyrobcem. Objem nastiiku

analyzovaného vzorku na kolonu byl u vSech méteni 1 pl.

1. generace |

{WF . -If]].geﬂet‘ace = —[Cht‘umu]ith'@ HighResclution RP-18e (100 mmx 4.6 mm]l:|

{sub-2 pm |- Kinetex® C18 (1004, 1,7 um, 100 mm x 3,0 mm) |

—_— — / | Kinetex® €18 (1004, 2,6 pm, 50 mm x 4,6 mm) |
| tstice s pevnym jadrem |, f 1 B C18 (1004, 26 um, )l

"./knlun}r\\,,::".--"" - -I: 2 |_,|_m:|1:—|:]ﬁr1eter-::g; C1is [10041. 2,6 pm, 100 mm x 4,5 mm) |
A *{ Kinetex® 18 (1004, 2,6 ym, 150 mm x 4,6 mm) |
(dial -|:Shim-pacl{ XR-0DS 111 (1,6 pm, 75 mm x 2,0 mm}) :|
) | celoporézni é4stice |- Asub-2pmf — {Acquity UPLC® HSS T3 (1.8 um, 50 mmx 2,1 mm) |
“{ hybridni |- Acquity UPLC® BEH (1.7 um, 100 mm x 2,1 mm) |
Obr. 23 - Pouzité kolony
6.1.4.Vysledky

Vybrané kolony byly testovany se zamérem nalézt optimalni reSeni pro rutinni
stanoveni hladin retinolu a a-tokoferolu v biologickém materidlu, séru a materském
rychlost analyzy. Veskeré vypocty byly provadény podle USP.

Prvni porovnani naméienych dat bylo podle nejvy$si i¢innosti kolony. U¢innost byla
vypocitana jako pocet teoretickych pater na metr, jelikoZ pfi testovani byly pouZity
kolony o rtzné délce. Podminky separace a hodnoty naméienych dat jsou uvedeny

v Tabulka 2. Chromatogramy jsou pak znazornény na Obr. 24.
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retinol a-tokoferol

pritok T R: R¢

kolona (ml/min)  (°C)  (min) N/m (min) N/m

Kinetex C18 (2,6 pm, 100 x 4,6 mm) 0,5 50 2,62 89650 4,54 148740
Kinetex C18 (2,6 um, 150 x 4,6 mm) 1,0 50 197 93307 321 134093
Chromolith HR RP-18e (100 x 4,6 mm) 1,5 50 125 82910 1,90 131870
Kinetex C18 (2,6 pm, 50 x 4,6 mm) 0,5 50 1,43 59720 2,32 101000
Shim-pack XR-ODS III (1,6 pm, 75 x 2,0 mm) 0,3 45 125 18240 284 65 396
Kinetex C18 (1,7 pm, 100 x 3,0 mm) 0,3 50 1,98 38730 3,19 62 310
Acquity HSS T3 (1,8 pum, 50 x 2,1 mm) 0,3 45 097 20740 183 43740
Acquity BEH (1,7 um, 100 x 2,1 mm) 0,3 50 142 16760 2,34 37880

Intenzita odezvy [mV]

Tabulka 2 - Podminky separace a jeji vysledky odpovidajici nejvyssi ¢innosti testovanych

kolon

Vysvétlivky: T - teplota (°C), R, - reten¢ni ¢as (min), N/m - pocet teoretickych pater na metr

Nejvyssi u€innost méla kolona Kinetex o rozmérech 100 x 4,6 mm a velikosti ¢astic
2,6 um pfi priatoku MF 0,5 ml a teploté 50 °C. Celkovy ¢as analyzy byl ale témér 5 minut.
Monolitickd kolona nové generace Chromolith HighResolution (Chromolith HR) méla

srovnatelnou uc¢innost s mnohem kratS$im ¢asem analyzy.

Retinol
19500 ~

17500 -
15500 -
13500 ~
11500 A }
9500 -
7500 -
5500 -
3500 A

1500 - . L
[ - = = _ [

-500 | — ‘
0 0,5 1 15 2 2,5 3

Cas [min]

——Kinetex C18 (2,6 pm, 50 x 4,6 mm) Kinetex C18 (2,6 pm, 100 x 4,6 mm)

——Kinetex C18 (2,6 um, 150 x 4,6 mm) Kinetex C18 (1,7 pm, 100 x 3,0 mm)

—— Chromolith HR RP-18e (100 x 4,6 mm) Acquity HSS T3 (1,8 um, 50 x 2,1 mm)
Shim-pack XR-ODS III (1,6 um, 75x 2,0 mm) ——Acquity BEH (1,7 um, 100 x 2,1 mm)
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a-Tokoferol
395000 -

345000 -
295000

245000

[mV]

195000

145000

95000

Intenzita odezvy

45000

-5000

-

Cas [min]

—Kinetex C18 (2,6 um, 50 x 4,6 mm) Kinetex C18 (2,6 um, 100 x 4,6 mm)

—Kinetex C18 (2,6 um, 150 x 4,6 mm) ——Kinetex C18 (1,7 um, 100 x 3,0 mm)

= Chromolith HR RP-18e (100 x 4,6 mm) Acquity HSS T3 (1,8 pm, 50 x 2,1 mm)
Shim-pack XR-ODSIII (1,6 um, 75x 2,0 mm)  =—Acquity BEH (1,7 um, 100 x 2,1 mm)

Obr. 24 - Chromatogramy retinolu a a-tokoferolu dle srovnani nejvyssi ticinnosti kolon

Vdal$im porovnani jsou uvedeny vysledky analyz,

u kterych cas analyzy

nepiesahoval 2 minuty. Cas hraje v bioanalytické laboratofi velice diileZitou tilohu. Navic

cilem bylo zkratit ¢as oproti aktualné pouzivané metodé.
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retinol a-tokoferol
kolona a podminky separace N/m Ts N/m Ti Ri (\n/i) (nIi?]) nzplf;?ocllllé ?;;(i)
Kinetex C18 (2,6 um, 50 x 4,6 mm) 1,5 ml/min 25 °C 44500 1,092 98580 1,161 941 2,83 1,22 1949
Kinetex C18 (2,6 pm, 50 x 4,6 mm)1,0 ml/min 50 °C 49180 1,029 87680 1,258 6,74 1,35 1,35 1013
Kinetex C18 (2,6 pm, 100 x 4,6 mm) 2,5 ml/min 25 °C 43280 1,107 90920 1,063 14,43 3,60 1,44 4701
Kinetex C18 (2,6 pm, 100 x 4,6 mm) 2,0 ml/min 50 °C 46680 1,120 93740 1,057 10,98 3,00 1,50 2927
Kinetex C18 (2,6 pm, 150 x 4,6 mm) 2,5 ml/min 25 °C 60620 1,091 108100 1,065 18,26 5,83 1,93 6814
Kinetex C18 (2,6 pm, 150 x 4,6 mm) 2,5 ml/min 50 °C 54240 1,077 91427 1,038 1259 483 1,53 5398
Kinetex C18 (1,7 pm, 100 x 3,0 mm) 1,1 ml/min 25 °C 24500 1,278 63690 1,288 10,62 1,58 1,44 7077
Kinetex C18 (1,7 pm, 100 x 3,0 mm) 0,9 ml/min 50 °C 24040 1,215 44400 1,420 6,77 1,19 1,32 4300
Chromolith HR RP-18e (100 x 4,6 mm) 3,0 ml/min 25 °C 52400 1,109 97260 1,048 13,04 447 1,49 2532
Chromolith HR RP-18e (100 x 4,6 mm) 2,5 ml/min 50 °C 58400 1,105 90340 1,062 9,24 3,5 1,40 1748
Acquity HSS T3 (1,8 um, 50 x 2,1 mm) 0,7 ml/min 25 °C 13813 1,350 42720 1,340 7,25 0,95 1,36 4636
Acquity HSS T3 (1,8 pm, 50 x 2,1 mm) 0,5 ml/min 45 °C 17600 1,320 38860 1,450 6,37 0,72 1,43 2613
Shim-pack XR-ODS I (1,6 um, 75 x 2,0 mm) 1,1 ml/min 45 °C 14917 1,360 39969 1,353 8,18 1,74 1,58 10 025
Acquity BEH (1,7 pm, 100 x 2,1 mm) 0,9 ml/min 25 °C 12517 1,261 27487 1,183 8,12 1,44 1,60 10 402
Acquity BEH (1,7 pm, 100 x 2,1 mm) 0,7 ml/min 50 °C 10687 1,344 30232 1,318 5,79 0,96 1,37 6 997

Tabulka 3 - Podminky separace a vysledky analyzy s ¢casem trvani do 2 minut

Vysvétlivky: N/m - pocet teoretickych pater na metr, Tt -faktor symetrie piku, R - rozliSeni, Vs - spotieba mobilni faze na analyzu, Ta - doba trvani analyzy.

Kazda hodnota je primérem 3 méreni.
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Nejkrat$i dobu analyzy dosahla kolona Kinetex o rozmérech 50 x 4,6 mm za priitoku
1,5 ml/min a teploté MF 25 °C. Pres dostatecnou uc¢innost a nizkou spotiebu mobilni faze
byl tvar piku pro a-tokoferol v porovnani s ostatnimi kolonami nevyhovujici.

Prekvapivé byly vysledky separace u kolon plnénych celoporéznimi c¢asticemi
s velikosti do 2 pm. Separac¢ni ucinnost a tvar piku nedosahovaly hodnot jako u kolon
plnénych ¢asticemi o velikosti 2,6 um. Monoliticka kolona méla pak srovnatelné vysledky
s kolonami plnénymi core-shell ¢asticemi jak v i€innosti, tak v kratkém case analyzy a
spotrebé MF.

Podle ziskanych vysledkii jsme pro nasledujici méreni vybrali kolony Kinetex o
rozméru 100 x 4,6 s velikosti ¢astic 2,6 um, chromatografické podminky - pritok 2,0
ml/min, teplota MF 50 °C a Chromolith HR o rozméru 100 x 4,6 mm, chromatografické
podminky - priitok 2,5 ml/min, teplota MF 50 °C. Byla testovana opakovatelnost nastiiku
standardniho roztoku, séra a matefského mléka. Vzorky séra a matei'ského mléka byly
pripraveny extrakci z kapalné do kapalné faze dle metod vyvinutych v nasi laboratori
[106, 109]. Opakovatelnost byla hodnocena jako relativni smérodatna odchylka (RSD)
retencniho Casu a plochy pod pikem z 10 samostatné pripravenych vzorki. U reten¢niho
¢asu hodnota relativni smérodatné odchylky ani u jedné z kolon neptesahovala 0,5 %. U
hodnoty plochy pod pikem dosahovala kolona Chromolith HR RSD <1 % a kolona Kinetex
<2 % [110]. Obé testované kolony poZadavek splnily.

Limit detekce byl vypocten jako trojndsobek hodnoty signal/Sum (S/N). Limit
kvantifikace byl vypocitan jako S/N x 10.

Srovnani parametrii drive vyvinutych metod ve Vyzkumné laboratofi III. interni
gerontometabolické Kkliniky s parametry nejlepSich kolon vtomto experimentu je

uvedeno v nasledujici tabulce.
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Metoda

Urbanek et al.[106]

Krémova et al.[107]

Plisek et al.[108]

Kucerova et al.[111]

Chromolith RP-18e Chromolith RP-18e Kinetex C18 Chromolith HR RP-18e Kinetex C18

Kolona (100 x 4,6 mm) (100 x 4,6 mm) (2,6 pm, 100 x 4,6 mm) (100 x 4,6 mm) (2,6 um, 100 x 4,6 mm)
Parametr retinol a-tokoferol retinol a-tokoferol retinol a-tokoferol retinol a-tokoferol retinol a-tokoferol
V, (ul) 50 20 5 1 1
MF 100% methanol 100% methanol 100% methanol 100% methanol 100% methanol
FR (ml/min) 2,5 2,5 15 2,5 2,0
T (°C) 25 25 49 50 50
N 2213 3936 3265 7 462 5840 9034 4 668 9374
HETP (um) 45,1 28,3 31,0 13,0 17,1 11,1 21,4 10,7
Ts 1,198 1,524 1,750 1,420 1,062 1,105 1,120 1,057
W (min) 0,21 0,20 0,12 0,13 0,04 0,05 0,04 0,05
LOD (nmol/l) 20,0 100,0 130,0 90,0 4,0 78,0 2,3 6,4 2,5 5,8
LOQ (nmol/l) 70,0 300,0 270,0 190,0 12,0 182,0 7.7 21,4 8,2 19,2
Ta(min) 1,8 1,8 1,75 1,4 1,4
Vs (ml) 450 450 263 350 300

Tabulka 4 - Porovnani naméienych parametrii s metodami vyvinutymi ve Vyzkumné laboratori IIl. interni gerontometabolické kliniky

Vysvétlivky: Vi - objem nastriku (ul), MF - sloZeni mobilni faze, FR - priitok (ml/min), T - teplota (°C), N - pocet teoretickych pater, HETP - vyskovy ekvivalent

teoretického patra (um), Tr - faktor symetrie piku, W - $ifka piku na zakladné (min), LOD - limit detekce (nmol/1), LOQ - limit kvantifikace (nmol/1), Ta - Cas

analyzy, Vs - spotfeba mobilni faze (ml)/100 analyz
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Dilezitym parametrem pro Zivotnost kolony je hodnota zpétného tlaku na koloné
béhem analyzy. Z tohoto divodu jsme také porovnali hodnoty dosaZenych tlakti u vSech
testovanych kolon pti zménach pritok mobilni faze (Obr. 25).

PrestoZze maximalni limit tlaku udany vyrobcem vétSiny testovanych kolon byl
mnohem vys$$i nezZ dosahované hodnoty pfi analyzach, vysoky priitok nebyl u kolon
testovan, nebot retencni Cas pro retinol dosahoval hodnot blizkych mrtvému casu
systému, a retinol nemohl byt detekovan.

Nizky tlak na monolitické koloné je dan unikatni pordzni strukturou jeji naplné.
Core-shell kolony s malymi ¢asticemi jsou vytvoreny pro UHPLC systémy operujicimi pod

vysokym tlakem.

12000 - x
10000 -

8000 -

Tlak [psi]

4000

2000 -~

0 0,5 1 1,5 2 2,5 3
Pritok [ml/min]

—=— Chromolith HR (100 x 3,0 mm) 50 °C ---a-- Chromolith HR (100 x 3,0 mm) 25 °C

*x— Kinetex 1,7 pum (100 x 3,0 mm) 50 °C x-- Kinetex 1,7 um (100 x 3,0 mm) 25 °C
—a— Kinetex 2,6 um (150 x 4,6 mm) 50 °C ---a-- Kinetex 2,6 um (150 x 4,6 mm) 25 °C

& Kinetex 2,6 um (100 x 4,6 mm) 50 °C = Kinetex 2,6 um (100 x 4,6 mm) 25 °C
—e— Kinetex 2,6 um (50 x 4,6 mm) 50 °C ---&--- Kinetex 2,6 um (50 x 4,6 mm) 25 °C

+— Acquity HSS 1,8 um (50 x 2,1 mm) 45 °C +-- Acquity HSS 1,8 pm (50 x 2,1 mm) 25 °C

o— Shim-pack 1,6 pm (75 x 2,0 mm) 45 °C +-- Shim-pack 1,6 pum (75 x 2,0 mm) 25 °C

Obr. 25 - Porovnani operacniho tlaku na testovanych kolonach
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6.1.5.Zaveér

Na zakladé ziskanych vysledki byla jako nejlepsi kolona pro vyvoj nové UHPLC
metody pro rutinni stanoveni retinolu a a-tokoferolu v biologickém materidlu vybrana
monoliticka kolona druhé generace Chromolith HighResolution o rozmérech 100 x 4,6
mm. Objem nastiiku vzorku na kolonu chromatografického systému byl zvolen 1 ul a
jako mobilni faze pouzit 100% methanol s priitokem 2,5 ml/min a optimalni teplotou
analyzy 50 °C. Retencni cas retinolu byl 0,77 minuty a a-tokoferolu 1,19 minuty. Celkovy
¢as analyzy byl 1,4 minuty. Na jednu analyzu bylo spotfebovano 3,5 ml mobilni faze.
Vys$si spotieba mobilni faze je kompenzovana delSi Zivotnosti monolitické kolony oproti
¢asticovym kolonam a jeji niz8i cenou. Na zakladé naSich zkuSenosti s monolitickymi
kolonami mame ovéreno, Zze na monolitické koloné je mozné provést vice nez 1000
analyz retinolu a a-tokoferolu v biologickém materialu bez ztraty uc¢innosti kolony [107,
112, 113]. Mnozstvi nastiiki vzorki biologického materidlu na kolonu plnénou core-
shell a celoporéznimi ¢asticemi bez ztraty G¢innosti je nizsi [28, 114]. Zivotnost kolon lze
samozi-ejmé prodlouzit pouzitim piedkolony a vhodnou tpravou analyzovanych vzorkd.

Monolitickd kolona druhé generace, Chromolith HR, je srovnatelnda a v nékterych
parametrech dokonce lepsi v porovnani s ostatnimi UHPLC kolonami pouZitymi v tomto
experimentu. Spojeni monolitli v kombinaci s UHPLC je novym smérem, ktery spojuje

vyhody obou pro bioanalyzu.
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6.2. STABILITA RETINOLU A @-TOKOFEROLU
V MATERSKEM MLECE

Materské mléko je jedinou prirozenou a nenahraditelnou vyZivou pro novorozené
déti, ktera obsahuje veskeré zakladni Ziviny dileZité pro spravny rlist a vyvoj jedince.
Tyto Ziviny jsou v mléce pritomné voptimalnim mnoZstvi a poméru. Pokud tedy
novorozenec nemuize byt kojen vlastni matkou, méla by mu byt poskytnuta
plnohodnotna nahrada. Z tohoto dtivodu jsou zrizeny mlécné banky, které zpracovavaji
materské mléko od dobrovolnych darkyn (matky s prebytky mateiského mléka ¢i matky,
jejichZ déti jsou hospitalizovany na détském oddéleni).

SloZeni materského mléka se méni v priibéhu laktace. V prvnich dnech po porodu se
vytvari mlezivo (kolostrum), které je takzvanym prvnim mlékem. Mlezivo se tvoii tésné
pied porodem a je produkovano 3 - 5 dni po ném. Je to husta, smetanové zluta tekutina,
kterd je bohatd na proteiny a vitaminy a naopak neobsahuje téméf Zadnou vodu, nebot
ledviny novorozence jeSté nejsou schopné ji zpracovat. Kolostrum je bohaté na vitaminy
A a E, které ochranuji organizmus ditéte proti oxidatnimu stresu. Celkové mlezivo
obsahuje mnoho vitamind, mineralli, stopovych prvk{, bilkovin a réstovych faktord,
které hraji dilezitou roli vimunitnim systému novorozence. V kKolostru je vysoky obsah
leukocytd, z nichZ jsou az z 90 % makrofagy, které fagocytuji bakterie a kvasinky. Zbylych
10 % tvori lymfocyty.

Ptiblizné 40 hodin po porodu se zaCne vytvaret zralé mateiské mléko. Na zacatku
kojeni dité dostava tzv. predni mléko. Toto mléko obsahuje vice vody a malo bilkovin a
tukd. Slouzi k hydrataci a zahnani zizné novorozence. Predni mléko se postupné méni na
zadni mléko, které je hutné, krémové a bohaté na tuky a bilkoviny. Timto mlékem dité
zazene hlad.

Materské mléko donaseji darkyné do mlécné banky bud’ Cerstvé (max. 24 hodin po
odsati) nebo zmrazené (darkyné je idedlné vybavena lahvickami z mlééné banky).
Maximalni doporuc¢ena doba skladovani zmraZeného mléka u darkyné je 7 dni.

V Ceské republice se miiZze nepasterizované mléko davat pouze vlastnim détem.
Exspirace Cerstvého mléka je 24 hodin. Pokud je pak mléko urceno pro jiné novorozence,
musi projit pasterizaci. Behem pasterizace se mléko ohiiva na 62,5 °C v pasteriza¢ni vané

po dobu 20 minut. Poté nasleduje prudké zchlazeni na 10 °C béhem 10 minut. Nakonec je
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mléko fizené zamrazeno na teplotu -20 °C a uloZeno v mrazicim zafizeni. Takto
zpracované mléko ma exspiraci 3 mésice.

Cilem tohoto experimentu bylo zjistit, jaky efekt ma proces pasterizace a nasledné
skladovani mléka na hladinu retinolu a a-tokoferolu po celou dobu jeho trvanlivosti (3

mésice).
6.2.1.Pristrojové vybaveni a chemikalie

6.2.1.1. Chromatograficky systém

Pro stanoveni retinolu a a-tokoferolu v materském mléce byl vyuZit HPLC systém
Prominence (Shimadzu, Kyoto, Japonsko). Souc¢asti sestavy je autosampler Rack changer
II pro mikrotitra¢ni desticky, autosampler na vialky SIL/20AC (objem néastriku 1,0 - 50,0
ul) a degaser DGU-20A5. Mobilni faze je pohanéna dvéma pumpami LC20-AB (rozsah
pratoku 0,0001 - 10,0 ml). Kolonovy termostat CTO-20A lze nastavit na teploty
vrozsahu teplot -10 aZ 85 °C. Analyty byly detekovany DAD detektorem SPD-MZ20A.
Chromatograficky systém komunikuje s poc¢itacem komunika¢nim modulem CBM-20AC.

Cela sestava je pak rizena softwarem LC Solution.

6.2.1.2. Laboratorni vybaveni

Pii pripravé standardnich roztokii a vzorkid matefského mléka byly pouzity
analytické vahy Sartorius ME5-0CE (Sartorius AG, Goettingen, Némecko), termoblok
Transsonic Ultrasonic Cleaning Units TP 680 DP (Elma, Singen, Némecko), stolni
trepacka LabDancer V (IKA, Staufen, Némecko), horizontalni laboratorni trepacka LT1
(Sazava, CR), termostat Stericell (BMT, Brno, CR), centrifuga Eppendorf 5810-R
(Hamburk, Némecko) a laboratorni vakuova odparka Eppendorf concentrator 5301

(Hamburk, Némecko).

6.2.1.3. Pouzité chemikalie

Pro ptipravu standardnich roztoki byly pouzity nasledujici latky:
v’ Retinol, 2 97,0%, HPLC (Sigma Aldrich, Praha, CR)
v’ (#)-a-Tocopherol, synthetic, 296%, HPLC (Sigma Aldrich, Praha, CR)
Pri pripravé standardnich roztokd, vzorki pred analyzou a jako mobilni faze byla
pouZita tato rozpoustédla:
v  n-hexan 96%, multisolvent HPLC grade (Scharlau Chemie, Sentmenat,

Spanélsko)
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v Hydroxid draselny - peletky, pure Ph. Eur (AppliChem GmbH, Darmstadt,
Némecko)

v’ Kyselina L-askorbova p. a. (Sigma Aldrich, Praha, CR)

v" Ethanol absolute (Merck, Darmstadt, Némecko)

v Methanol, HPLC grade (Merck, Darmstadt, Némecko)

v’ Deionizovana voda, Ultrapure water system (Goro, Praha, CR) - pfipravena

v laboratofi metodou reverzni osmoézy a filtrace
6.2.2.Sbér vzorki

Vzorky materského mléka pochazely od zdravych matek ve véku 26 - 39 let. Délka
kojeni se pohybovala v rozmezi 7 azZ 53 dni. Pro studii bylo pouZito celkem 25 rtznych
vzorkli mléka. VeSkeré vzorky pouZité ve studii byly na zakladé ziskani informovaného
souhlasu od vSech darkyn. Tento postup schvalila Etickda komise Fakultni nemocnice
Hradec Kralové.

Po doruceni mléka do mlécné banky byly z kazdého vzorku odebrany 2 ml pro
stanoveni obsahu vitaminl pred pasterizaci. Mléko poté proslo pasterizaci. Thned poté
byly odebrany opét 2 ml pro stanoveni hladiny vitamini po pasterizaci. Zbytek mléka byl
rozdélen do 5 zkumavek po objemu 4 ml, které byly do doby analyzy skladovany
pii teploté -27 °C.

Béhem studie jsme stanovovali hladiny retinolu a a-tokoferolu pred a ihned po
pasterizaci a dale pak po 1, 2, 4, 8 a 12 tydnech skladovani. Kazdé stanoveni bylo

provedeno trikrat.
6.2.3.Analyza vzorku

6.2.3.1. Uprava vzorku pied analyzou

Extrakce retinolu a a-tokoferolu probihala podle metody vyvinuté ve Vyzkumné
laboratofi III. interni gerontometabolické kliniky FNHK [109]. Mateiské mléko bylo
ohrato na vodni lazni na 37 °C za stadlého michani, aby bylo dostatetné homogenni a
doslo k rovnomérné distribuci tukovych castic. Prvnim krokem byla deproteinace - k 0,5
ml vzorku byly pridany 2 ml chlazeného ethanolu (a). Aby se zabranilo oxidaci béhem
saponifikace, byl pifiddn 1 ml Cerstvé pripravené kyseliny askorbové. Saponifikace
probihala ptisobenim 1 ml 10 M hydroxidu draselného pfri teploté 80 °C ve tmé po dobu

30 minut (b). Poté byly analyty extrahovany do 2 ml hexanu na horizontalni tiepacce (c).
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Po centrifugaci (3220 x g, 10 minut, 4 °C) bylo oddéleno 1,5 ml hexanové vrstvy (d), ktera
byla odpatena ve vakuové odparce (45 °C) (e). Pred HPLC analyzou byl odparek

rozpus$tén v 375 pl methanolu.

Obr. 26 - Uprava vzorku pied analyzou (© foto Jan Honegr)

6.2.3.2. Chromatografické stanoveni

Stanoveni koncentrace cilovych analyti ve vzorcich matefského mléka bylo
provedeno podle metody RP-HPLC rovnéz vyvinuté ve Vyzkumné laboratori III. interni
gerontometabolické kliniky [106]. Jako stacionarni faze byla pouZita monoliticka kolona
Chromolith Performance RP-18e (Merck, Darmstadt, Némecko) o rozmérech 100 mm x
4,6 mm. Jako mobilni faze byl pouZit methanol, pritok 2,5 ml/min, teplota kolonového
termostatu 25 °C. Retinol byl detekovan pomoci DAD detektoru pii vinové délce 325 nm,
a-tokoferol pri 295 nm Celkova doba analyzy byla 2 minuty. Na Obr. 27 je znazornén
chromatogram vzorku materského mléka z této studie, koncentrace retinolu 3,88 pmol/l,

a-tokoferolu 24,93 pmol/l.
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Statisticka analyza zhodnoceni zmén hladin vitamint pi‘ed a po pasterizaci a dale pak

béhem skladovani byla provedena softwarem NCSS 2007 (Kaysville, USA). Hladina

statistické vyznamnosti byla zvolena na drovni p < 0,05. Pro porovnani moZnych zmén

hladin sledovanych vitaminli v materském mléce pied pasterizaci a po pasterizaci a

béhem 12 tydnt skladovani byly pouzity testy Anova a Mann Whitney.

6.2.4.Vysledky analytické casti

6.2.4.1. Vliv pasterizace na koncentraci retinolu a a-tokoferolu

Prvni porovnani se zabyva vlivem pasterizace na koncentraci vitamini A a E

v matei'ském mléce. NAS experiment potvrdil, Ze pasterizace statisticky vyznamné

nesnizuje koncentraci retinolu a a-tokoferolu v mateiském mléce (Tabulka 5).

Pied pasterizaci

Po pasterizaci

Analyt [umol/I1] N Primér SD N Primér SD
Retinol 25 1,88 1,31 25 1,89 1,14
a-Tokoferol 25 14,91 9,40 25 14,55 9,35

Tabulka 5 - Zména koncentrace analytii pi‘ed a po pasterizaci
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Vysvétlivky: N - pocet vzork(, SD - smérodatna odchylka
Na Obr. 28 je grafické znazornéni hladin retinolu a o-tokoferolu ve vzorcich
mateiského mléka pred a po pasterizaci (medidany se smérodatnymi odchylkami a

rozsahem koncentraci).

Retinol
6,00
1 [¢)
— 4,50 °
'J -
} o
o -
E 4
33,00 A
© ]
1,50 ]
0,00 T T ]
Pred Po
Pasterizace
a-Tokoferol
50,00 7
B ()
4 o)
=) 37,50 1
= i °
(@] u
g i
= 25,00 -
] T
12,50 A
- T L
0,00 . . |
Pred Po

Pasterizace

Obr. 28 - Zmény v koncentraci analytd v pied a po pasterizaci materského mléka

Vs v

Dalsi ¢asti sledovani bylo hodnoceni mozné zmény koncentrace retinolu a a-tokoferolu
béhem skladovani matei'ského mléka pfi-27 °C v priibéhu 12 tydnl. Doba 12 tydnt byla
urcena z diivodu maximalni mozné doby skladovani materského mléka v M1écné bance
FNHK. Po uplynuti této doby nesmi byt mléko pouzito a musi dojit k jeho likvidaci.
Grafické znazornéni zmén hladin vitaminu A a E v pribéhu skladovani je uvedeno na Obr.

29 (mediany, rozsah koncentraci).
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Analyt 1. tyden 2. tyden 4.tyden 8. tyden 12. tyden

[nmol/1] N |Pritmér | SD | N | Primér | SD | N | Primér | SD | N | Primér | SD | N | Prumér | SD

Retinol 19 1,88 1,04 | 19 1,90 1,08 | 19 1,96 1,15 | 15 1,82 1,00 | 15 1,82 1,06
o-Tokoferol | 19 | 13,63 | 708 |19 | 1349 | 720 (19| 1397 |741|15| 1395 |631|15| 13,17 | 3,38

Vysvétlivky: N - pocet vzorkd, SD - smérodatna odchylka

Tabulka 6 - Zména koncentrace analytti béhem skladovani
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Obr. 29 - Zmény v koncentraci analyt v pribéhu skladovani vzorkt materského mléka

Z uvedenych vysledkl vyplyva, Ze skladovani mateiského mléka po dobu 12
tydna pri teploté -27 °C neovlivnilo statisticky vyznamné hladinu sledovanych

liposolubilnich vitamind.



6.2.5.Zaver

V ramci této studie byla testovana stabilita vitaminti A a E v materském mléce béhem
jeho zpracovani a uskladnéni v Mlécné bance Tkanové ustiredny FNHK. Vysledky ukazaly,
Ze hladina sledovanych liposolubilnich vitamint retinolu a a- tokoferolu neni ovlivnéna
pasterizaci a ani naslednym skladovanim pfti teploté -27 °C po celou dobu stanovené
trvanlivosti mléka. Zmény hladin sledovanych vitaminG nebyly statisticky vyznamné.
Toto zjiSténi je dileZité z dlivodu zachovani nutri¢ni hodnoty takto zpracovaného mléka,
které je podavano predcasné narozenym détem hospitalizovanym na Détské Kklinice
Fakultni nemocnice Hradec Kralové, aby byly zachovany podminky pro jejich spravny
rist a vyvoj.

Vysledky projektu jsou sepsany a pripraveny k publikaci v odborném casopise pod
nazvem ,The effect of processing and storage on a-tocopherol and retinol levels in

human breast milk".

84



6.3. VYvo] HPLC METODY PRO SIMULTANNI STANOVENI
RETINOLU, - A Y-TOKOFEROLU METODOU VNITRNIHO
STANDARDU S FLUORESCENCNI DETEKCi

Cilem této prace bylo vyvinout novou separacni metodu pro simultanni stanoveni
retinolu, a- a y-tokoferolu svyuZitim vnitiniho standardu. a- a y-Tokoferol jsou
biologicky nejaktivnéjsi formy vitaminu E. Metoda je urcena pro stanoveni téchto analyti
v lipoproteinovych vrstvach séra pacientd, ktefi jsou 1éCeni na Separatorovém centrum

[V. interni hematologické kliniky FN HK.
6.3.1.Pristrojové vybaveni a chemikalie

6.3.1.1. Chromatograficky systém

Pro stanoveni cilovych analyt byl vyuZit HPLC systém Prominence (Shimadzu, Kyoto,
Japonsko). Jeho bliZsi specifikace je uvedena v kapitole 6.2.1.1. Pro detekci byl pouzit
fluorescenc¢ni detektor RF-10AXL.

6.3.1.2. Laboratorni vybaveni

Pfi pripravé standardnich roztokli a vzorkl ptred analyzou byly pouzity analytické
vahy Sartorius ME5-0CE (Sartorius AG, Goettingen, Némecko), ultracentrifuga Optima
MAX-XP srotorem MLA 15 (Beckman Coulters, Brea, Kalifornie, USA), stolni tfepacka
LabDancer V (IKA, Staufen, Némecko), horizontalni laboratorni tfepacka LT1 (Kavalier,
Sazava, Ceskd republika), centrifuga Eppendorf 5810-R (Hamburk, Némecko) a

laboratorni vakuova odparka Eppendorf concentrator 5301 (Hamburk, Némecko).

6.3.1.3. Pouzité chemikalie
Pro ptipravu standardnich roztoki byly pouzity nasledujici latky:
v' Retinol, = 97,0%, HPLC (Sigma Aldrich, Praha, CR)
v’ (#)-a-Tocopherol, synthetic, 296%, HPLC (Sigma Aldrich, Praha, CR)
v’ (+)-y-Tocopherol, 296%, HPLC (Sigma Aldrich, Praha, CR)
v rac-Tokol 50mg/ml (Matreya LLC, Pleasant Gap, Pensylvanie, USA)

Pri pripraveé vzorkt pired analyzou a jako mobilni faze byla pouzita tato rozpoustédla:

v’ n-hexan (Sigma Aldrich, Praha, CR)
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v chlorid sodny (Merck, Darmstadt, Némecko)

v’ Ethanol denaturovany 5% methanolem (Lachema, Brno, CR)

v’ Methanol, HPLC grade (Sigma Aldrich, Praha, CR)

v" Acetonitril, CHROMASOLV® Plus, HPLC, = 99,9% (Sigma Aldrich, Praha, CR)
v’ Deionizovana voda, Ultrapure water system (Goro, Praha, CR) - pfipravena

v laboratofi metodou reverzni osmozy a filtrace
6.3.2.Priprava zasobnich a standardnich roztokii

Zasobni roztok retinolu byl pripraven rozpusSténim presné navdZeného mnoZstvi
standardni latky v odmérné barnce methanolem o vysledné koncentraci 2 mmol/1.

Pro primarni rozpusténi a-, y-tokoferolu a tokolu byl pouZit n-hexan. Vysledna
koncentrace zadsobniho roztoku a-tokoferolu byla 2 mmol/l, y-tokoferolu 2,4 mmol/l a
tokolu 1 mmol/I.

Koncentrace smésného standardu pouzitého pti vyvoji metody byla 1 pmol/l pro
retinol, 20 pmol/1 pro a-tokoferol, 10 pmol/I pro y-tokoferol a 10 umol/1 pro tokol.

Zasobni roztok retinolu byl uchovan pri -25 °C, zasobni roztok tokoferolii a vnitiniho
standardu pti +4 °C a smésny standardni pracovni roztok pri -25 °C. Stabilita takto

pripravenych a uchovanych roztoka byla 6 mésict.
6.3.3. Vyvoj metody

Pfi vybéru vhodné stacionarni faze pro zamyslenou metodu bylo testovano nékolik
C18 monolitickych kolon a kolon spevnym jadrem. Rozhodujicim parametrem byla
schopnost rozdélit a- a y- tokoferol.

Pro prvni testovani byl jako mobilni faze pouzit 100% methanol pri pritoku 0,5 az
2,5 ml/min. Z kolon byly na rozdéleni a- a y-tokoferolu zkouseny nasledujici, pricemz
cervené oznacené kolony nerozdélily a- a y-tokoferol, modie oznac¢ené rozdélily analyty
nedostatecné a zelené analyty rozdélily s dostate¢nym rozliSenim:

Monolitické kolony:

» Chromolith Performance RP-18e (100 x 4,6 mm)

» Chromolith Performance RP-18e (100 x 3 mm)

» Chromolith Performance RP-18e (50 x 4,6 mm)

» Chromolith Fast Gradient RP-18e (50 x 2 mm)

» Chromolith HighResolution RP-18e (100 x 4,6 mm)
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Kolony s pevnym jidrem:

» Ascentis Express C18 (2,7 um, 50 x 4,6 mm)
» Ascentis Express C18 (2,7 um, 150 x 3 mm)
» Kinetex C 18, (2,6 um, 100 x 4,6 mm)
» Sun Shell C18 (2,6 um, 100 x 2,1 mm)
» Accucore C18 (2,6 pm, 100 x 4,6 mm)

PrestoZe kolona Kinetex dostate¢né separovala cilové analyty, nebyla pro dalsi vyvoj
testovana z dlivodu hrani¢niho operacniho tlaku chromatografického systému (3000
psi).

Nasledujici optimalizace podminek separace probihala skolonami Chromolith
HighResolution o rozmérech 100 x 4,6 mm a Ascentis Express s velikosti ¢astic 2,6 um a
rozméry 50 x 4,6 mm. Pritok mobilni faze byl 1,5 ml/min.

Pro lepsi separaci tokoferold byl k methanolu piidavan acetonitril. Cim vy$si byl
pomeér acentonitrilu v mobilni fazi, tim se sniZzovala odezva na detektoru pro a-tokoferol.
U kolony Ascentis ani pridani rliznych pomérti acetonitrilu do mobilni faze nezlepsilo
tvar pikd, které byly nadale Siroké s vyraznym chvostovanim. U kolony Chromolith HR
jako optimalni pomér methanolu a acetonitrilu se zachovanim dostatetné separace
analyti na koloné a jejich odezvy na detektoru s uspokojivym tvarem piku byl 85 %
MeOH a 15 % ACN.

U kolony Chromolith HR, kterd méla nejlepSi vysledky separa¢ni ucinnosti pro
zamysSlené pouziti, byla jeSté optimalizovana teplota kolonového termostatu v rozsahu
20, 25 a 30 °C. Pri teploté 20 °C bylo rozliSeni srovnatelné s vysledky pri teploté na
koloné 25 °C, ale tvar piku byl podstatné horsi - piky byly Sirsi s vétSim chvostovanim.

Pti teploté 30 °C se sniZilo rozliSeni mezi a- a y-tokoferolem.
6.3.4.Chromatograficka metoda

Pro simultdnni stanoveni retinolu, a- a y-tokoferolu s vnitinim standardem byla
pouzita kolona Chromolith HighResolution jako stacionarni faze. Mobilni faze se skladala
z 85 % metanolu a 15 % acetonitrilu. Teplota kolonového termostatu byla nastavena na
25 °C. Pro zrychleni celkového ¢asu analyzy byl vyuzit pritokovy gradient mobilni faze -
prvni 0,9 minut byl pritok 2,0 ml/min, ktery byl nasledné zpomalen na 1,5 ml/min pro

dostatecnou a uspokojivou separaci tokoferolii. Nastfik vzorku na kolonu byl 1 pl.
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K detekci byl vyuZit fluorescen¢ni detektor. Pro retinol byla nastavena excita¢ni vinova
délka na 325 nm a emisni na 480 nm. Pro tokoferoly a tokol byl detektor nastaven pro

excitacni vinovou délku na 295 nm a emisni na 330 nm. Celkovy cas analyzy byl 3 minuty.

6.3.4.1. Vybrané valida¢ni parametry

Metoda byla validovana podle pozadavki USP.

Test vhodnosti systému

R: w

analyt [min] plocha N T [min] Rjj

retinol 1,17 21918 905 1,16 0,16

tokol 1,81 619 294 1997 1,18 0,17 3,92
y-tokoferol 2,33 363276 2875 1,15 0,17 3,05
a-tokoferol 2,59 350125 3472 1,19 0,18 1,50

Tabulka 7 - Test vhodnosti systému, nastiik 1 pl, koncentrace retinolu 2,5 pmol/1, tokolu

10 pmol/], y-tokoferolu 5 pmol/], a-tokoferolu 10 pmol/1

Vysvétlivky: R - retenc¢ni cas, N - pocet teoretickych pater, T -faktor symetrie piku, WR;; -

rozliSeni.

Rozsah metody

retinol v-tokoferol  a-tokoferol
kalibra¢ni rozsah [umol/1] 0,1-10 0,2-20 0,4-40
determinacni koeficient 0,9999 0,9999 0,9999
LOD [nmol/1] 24 14 35
LOQ [nmol/]] 80 48 118

Tabulka 8 - Kalibra¢ni rozsah metody

Opakovatelnost
retinol tokol yv-tokoferol a-tokoferol
o om o
e em
ettt N
Opakovatelnost extrakce 6,46 3,0 2,43 4,51

Plocha piku - RSD [%]

Tabulka 9 - Opakovatelnost nastiiiku a extrakce biologického materialu (sérum)
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6.3.5.Uprava vzorki pied analyzou

6.3.5.1. Ultracentrifugace lipoproteinovych vrstev

Vzorky plné srazlivé krve odebrané z periferni Zily po 12 hodinovém la¢néni byly po
prijeti vzorku v laboratori centrifugovany (4 °C, 2 000 x g, 10 minut). Z oddéleného séra
se jedna cast ulozila pri teploté -20 °C a niz8i. Druha cast byla pouZita pro rozdéleni
lipoproteinovych vrstev.

Lipoproteinové vrstvy (VLDL, LDL, HDL) byly ze séra separovany gradientovou
ultracentrifugaci v chloridu sodném (NaCl) v poméru 1:1 [115]. Pro oddéleni VLDL
vrstvy byl pouZit 0,9% NaCl. Pro rozdéleni LDL a HDL pak 16,7% NaCl. Do roztoku NaCl
byla pridana 0,1% EDTA, aby se zabranilo oxidaci lipoproteinti béhem ultracentrifugace.
Ultracentrifugace probihala pti teploté 10 °C, rychlosti 150 000 rpm (1 003 000 x g) po
dobu 60 minut. Takto rozdélené lipoproteinové vrstvy byly skladovany pti -20 °C do

doby zpracovani pred naslednou analyzou.

6.3.5.2. LLE extrakce vitamint A a E ze séra a lipoproteinovych vrstev

Sérum bylo zpracovano dle metody vyvinuté ve Vyzkumné laboratofi III. interni
gerontometabolické kliniky Fakultni nemocnice Hradec Kralové [106].V prvnim kroku
deproteinace je k 0,5 ml séra nebo lipoproteinové frakce pridano 0,5 ml ethanolu
denaturovaného methanolem s pridavkem interniho standardu (tokolu) o koncentraci 10
umol/l. Nasledné jsou cilové analyty extrahovany do 2 ml hexanu na stolni tiepacce. Po
centrifugaci (4 °C, 2000 x g 10 minut) je hexanova vrstva odebrana a odpafrena
v koncentratoru (vacuum, 45 °C, 15 minut). Pfed analyzou je odparek rozpustén v 0,4 ml

methanolu.
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Obr. 30 - Chromatogram séra a HDL lipoproteinové vrstvy - koncentrace retinolu v séru je 2,41
pmol/1, v HDL 1,85 pmol/l. Koncentrace y-tokoferolu v séru je 0,87 pumol/1, v HDL pak 0,44
pmol/l. Koncentrace a-tokoferolu je v séru 15,73 pmol/1, v HDL vrstvé 8,24 pmol/l.
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6.3.6.Zaver

Byla vyvinuta nova analytickd metoda pro simultanni stanoveni retinolu, o- a y-
tokoferolu v biologickém materialu s vyuZitim vnitfniho standardu. Jako stacionarni faze
byla po testovani riznych druhi kolon vybrana monolitickd kolona, kterd se pro své
vlastnosti s vyhodou vyuziva pri stanoveni latek v biologickém materidlu. Metoda
vnitiniho standardu pak eliminuje pripadné ztraty béhem extrakéniho postupu. Nova
metoda je vhodna pro stanoveni cilovych analyt v séru a lipoproteinovych vrstvach.
Kratky cas analyzy (3 minuty) je vyhodny pro série velkého poctu vzorkl v klinické

laboratori.
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Dizertacni prace se zabyva vyvojem chromatografickych metod pro stanoveni
vitamind A a E v biologickém materialu a jejich vyuzZitim v klinickém vyzkumu, napiiklad
pro sledovani stability téchto vitaminl v materském mléce béhem zpracovani
(pasterizace) a nasledného skladovani.

Pro tucel vyvoje nové metody pro stanoveni retinolu a a-tokoferolu v biologickém
materialu s vyuzitim UHPLC systému byly porovnavany rizné typy chromatografickych
kolon - monoliticka kolona II. generace, kolony plnéné celoporéznimi ¢asticemi, kolony
plnéné povrchové poréznimi casticemi. Velikost ¢astic byla vrozsahu 1,6 - 2,7 pm.
Fluorescen¢ni detekce vedla ke zna¢nému zvySeni citlivosti metody pro cilové analyty
oproti stavajicim metodam dostupnym ve vyzkumné laboratori III. interni
gerontometabolické kliniky Fakultni nemocnice Hradec Kralové. Monoliticka kolona nové
generace Chromolith HighResolution prokazala nejlepsi separac¢ni ucinnost ze vsSech
porovnavanych kolon.

Nové byla vyvinuta HPLC metoda pro rutinni stanoveni retinolu, a- a y-tokoferolu
s vyuzitim vnitiniho standardu a fluorescenc¢ni detekci. Vyhodou vnitini standardizace je
piredevsim eliminace ztrat cilovych analyti béhem dpravy vzorku pted analyzou. I u této
metody se monolitickd kolona nové generace Chromolith HighResolution ukazala jako
nejlepsi ztestovanych kolon zamysSlenych pro tento uUcel. Metoda byla validovana
v souladu s doporucenimi regulac¢nich autorit (v tomto pripadé USP) a miiZe byt pouzita
pro stanoveni analytli v séru a lipoproteinovych vrstvach.

Stabilitni studie vitamind A a E v matefském mléce, ktera byla fesena ve spolupraci
s Mlé¢nou bankou Tkanové ustredny FN HK dokazala, Ze pasterizace (62,5 °C po dobu 20
minut) a ani nasledné uskladnéni (-27 °C) nema vliv na hladinu stanovovanych analytl a
je tak zachovana jeho nutri¢ni hodnota. Toto zjisténi je diileZité pro zajisténi spravné
vyzivy nedonoSenych a predcasné narozenych déti hospitalizovanych na Détské klinice
Fakultni nemocnice HK, kterym je mléko podavano.

Nové vyvinuté metody obohatily a rozsitrily soubor metod Vyzkumné laboratote III.
interni gerontometabolické kliniky a jsou vyuzivany pri reSeni vyzkumnych projektt
vramci Fakultni nemocnice Hradec Kralové. Nové poznatky byly publikovany

v renomovanych analytickych ¢asopisech s impakt faktorem.
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The liposoluble vitamins (retinol and a-tocopherol) concentration in human breast milk is of a cardinal
knowledge especially for nutrition of prematurely born. It enables the feeding optimization of these
important micronutrients for preterm infants.

The novel rapid liquid-liquid extraction procedure for human breast milk investigation was devel-
oped and validated according to FDA guidelines. The recovery of retinol was 82-90% measured at three
concentration levels 1.0, 2.5 and 5.0 pmol/L, for a-tocopherol 92-109% at concentration levels 2.5, 5.0

Keyworas; . and 10.0 pmol/L. The repeatability of extraction procedure expressed as relative standard deviation was
Human breast milk 4
Retinol 3.26% for retinol and 4.79% for a-tocopherol.

a-Tocopherol Developed extraction procedure was applied on 120 human breast milk samples. The separation of
LLE vitamins was completed using advantages of a monolithic column which accomplished demands of
Sample preparation acceleration made by modern bio-analytical HPLC methodology. The analytes of interest were detected

Monolithic column

by diode-array detector at wavelengths 325 nm for retinol and 290 nm for a-tocopherol.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The World Health Organization recommends full breastfeeding
for the first 6 months of life. Milk is the sole source of liquids, nutri-
tion, vitamins, minerals and immunity oligosaccharides during this
time. Concentrations of breast milk constituents are influenced by
several factors including stage of lactation, breastfeeding routine,
age and others. The liposoluble vitamins concentration in human
breast milk is of a cardinal knowledge especially for nutrition of
prematurely born. Therefore rapid, uncomplicated and inexpen-
sive sample preparation and quantification procedure for human
breast milk investigation is demanded.

The protective role of a-tocopherol, the major fat soluble antiox-
idant of the body, is the best achieved at plasma concentration
observed in adults [1]. Connections between a-tocopherol defi-
ciency and higher risk of oxidants stress [2,3], haematological [4]
and neuromuscular [5] diseases are well known. Many events lead-
ing to overproduction of free radicals may easily induce oxidative

Abbreviations: AOAC, association of official analytical chemists’; FDA, food and
drug administration; LLE, liquid-liquid extraction; RSD, relative standard deviation;
SD, standard deviation; g, retention time of analyte.

* Corresponding author. Tel.: +420 495832429; fax: +420 495834841.

E-mail address: solich@Ifhk.cuni.cz (D. Solichova).

0039-9140/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2012.01.065

stress in the earliest phases of human life [6,7]. An effort to min-
imize free radical production and promote the development of
adequate antioxidant systems through an adequate nutritional
strategy is the main task of modern neonatology. Prematurity is
associated with protracted oxidative stress [8,9] and mother’s milk
helps to reduce the consequences by providing protective sub-
stance [10].

Retinol is involved in the regulation and promotion of growth
and differentiation of epithelial cells and the cells of many tis-
sues (skin, mucous membranes, blood vessel walls and the cornea)
therefore the need for retinol is critical during periods of rapid
growth and tissue development [11]. It also maintains the integrity
of respiratory tract epithelial cells [12,13]. Retinol is also essential
to ensure a good functioning of the adaptive immunity, defi-
ciency diminishes antibody-mediated response and consequent
changes in mucosal epithelial regeneration [14]. Blood concen-
trations below 0.70 pwmol/L have been considered deficient in
premature infants and concentrations below 0.35 pwmol/L indicate
severe deficiency and depleted liver reserves.

Milk concentrations of major constituents such as fat and
protein candiffer substantially. The total lipid content increases sig-
nificantly with time of lactation from 1.99 4 0.25g/dL in colostrum
up to 3.89+0.28g/dL in mature milk [15]. Protein content
of colostral, transitional and mature human milk differs from
1.88+0.4g/dL to 1.35+ 0.3 g/dL, respectively. Statistical variation
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(P<0.05) was observed also with effect of diurnality or noctur-
nality [16]. Therefore sample preparation procedure has to be
robust and effective at major constituent removal (saponification
and deproteinization). To complicate the situation even more, also
the concentrations of vitamins and other micronutrients can be
highly variable. Retinol [17] and «-tocopherol [18] concentrations
decreases from colostrums (5-7 pmol/L and 22.3-44.2 pmol/L) to
transitional milk (3-5 p.mol/L and 10.4-16.3 p.mol/L) and finally to
mature milk (1.4-2.6 pmol/L and 7.2-10.9 pmol/L). The vitamin
levels in human breast milk and vitamin supplementation were
investigated many times [19-23] in different countries.

During last 5 years several approaches for retinol and «-
tocopherol determination were published but HPLC/UHPLC is
dominant [24-27]. The aim of modern analytical method is to
accomplish demand of acceleration. In comparison with classical
particle columns the usage of a monolithic column enables short-
ening of analysis because of better mass transfer properties ensured
by monolithic skeleton. The structure of monoliths favors high-
speed separations while maintaining low back pressure.

Liquid-liquid extraction (LLE) is still frequently used for sam-
ple treatment although in the last 10 years there is an obvious
tendency to substitute it by modern extraction procedures as
solid phase extraction (SPE), microextraction by packed sorbent
(MEPS) or even to skip the sample pretreatment. Adequate con-
ditions must be applied to free up retinol and «-tocopherol
from milk matrix components and lipophylic milieu (lipoproteins,
fat droplets) [28], which most create competitive conditions for
organic extraction solvent. Enzymatic [29] or supercritical fluid
extraction [30] has been described nevertheless classical extrac-
tion by n-hexane after saponification by basic condition [31-34]
or without saponification [35,36] was utilized many times for a
sample treatment.

Various samples (mainly with higher fat content) necessitate
saponification. Completing of fat digestion depends mainly on
applied time and temperature. The determination of liposoluble
vitamins in milk is often realized after lipid elimination (saponifi-
cation) [26,37]. A complete saponification process takes overnight
at room temperature as used by traditional methods [38,39], but
increasing temperature to 80°C [40,41] enables shortening of time
up to 30min. Association of Official Analytical Chemists’ (AOAC)
International provides fully validated reference methods for retinol
[42] and a-tocopherol [43] in which saponification takes place at
70°C and for 25 or 30 min. Necessity of saponification, which is
in principle additional step and therefore source of errors during
sample treatment, was tested several times.

The objective of this work was to develop and validate appropri-
ate extraction procedure for retinol and a-tocopherol from human
breast milk. The procedure was expected to meet the demands of
modern analytical procedure: simplicity, accessibility, robustness
and specificity.

2. Materials and methods
2.1. Chemicals

Standards of retinol and DL-a-tocopherol were purchased from
Sigma-Aldrich (Prague, Czech Republic).

Reagent water was purified by reverse osmosis and filtration
Ultrapure water system, Goro (Prague, Czech Republic). Methanol,
gradient HPLC-grade used as a mobile phase and n-hexane were
purchased from Scharlau Chemie (Sentmenat, Spain). Absolute
ethanol and acetonitrile gradient grade for liquid chromatography
were obtained from Merck (Darmstadt, Germany).

Potassium hydroxide—pellets, pure Ph. Eur., NF was purchased
from AppliChem GmbH (Darmstadt, Germany) and L-ascorbic

acid purris p.a. from Sigma-Aldrich (Prague, Czech Republic).
Hydrochloric acid 35% p.a. was obtained from Penta (Prague, Czech
republic).

Stock solutions of retinol and «-tocopherol were prepared
as follows. Retinol stock solution was prepared at the con-
centration 2mmol{L in methanol and then diluted to the
calibration solutions. c-Tocopherol standard was firstly dissolved
in n-hexane (2mmol/L), consecutive dilutions were made by
methanol.

Solutions of potassium hydroxide at concentrations 5, 10 and
15mol/L and L-ascorbic acid (0.1 mol/L) were prepared by dissolv-
ing weighted amount of substance in distilled water.

Hydrochloric acid 1 mol/L was prepared by dilution of concen-
trated (35%) acid using distilled water. Distilled water pH values
(6.2, 5.2, 4.2 and 3.2) were adjusted by 1 mol/L hydrochloric acid.
Changes were monitored by pH meter.

2.2. Instrumentation

Orbital shaker LabDancer V IKA (Staufen, Germany) was utilized
for stirring before sample deproteinization as well as saponifi-
cation and the horizontal laboratory shaker LT1 Kavalier (Votice,
Czech Republic)for extraction procedure. Thermo block, Transsonic
Ultrasonic Cleaning Units TP 680 DP Elma (Singen, Germany) and
thermostat Stericell BMT (Brno, Czech Republic) were utilized
for heating during saponification. Centrifuge 5810-R Eppendorf
(Prague, Czech Republic) accommodated with Swing-bucket Rotor
A-4-62 was used for separation of n-hexan and aqueous layer
during liquid-liquid extraction. The laboratory vacuum evapora-
tor Concentrator 5301 Eppendorf (Hamburg, Germany) was used
for evaporation of organic layer after extraction. pH meter Argus x
Sentron (Roden, Netherlands) was utilized for pH adjusting.

Target analytes retinol and c-tocopherol were quantified on the
HPLC device Prominence Shimadzu (Kyoto, Japan) composed by
Rack changer/C autosampler for microtitrate plates, Degasser DGU-
20A5, Column Oven CTO - 20 AC, Diode array detector SPD — M20A
and Communication bus module CBM-20A.

2.3. Sample pretreatment

Samples of human breast milk were obtained from University
Hospital Hradec Kralove. The University Hospital ethical committee
approved the protocol of this study.

Milk samples were stored frozen at —28 °C. Before the extraction
material was left to thaw and homogenized by constant mixing at
water bath warmed up to 37 °C. Homogenized volume of human
breast milk was partitioned to obtain representative analytical
sample.

2.4, HPLC determination

Liposoluble vitamins retinol and c-tocopherol were measured
by HPLC method [44], which was recently optimized for biolog-
ical material analysis in Research laboratory of Department of
Metabolic Care and Gerontology, Teaching Hospital Hradec Kralove.
Separation of vitamins was performed using the Chromolith Per-
formance RP-18e, 100mm x 4.6 mm monolithic column Merck
(Darmstadt, Germany). As the mobile phase 100% methanol was
used at the flow rate of 2.5mL{min. The DAD detection of retinol
and «-tocopherol was carried out at 325 and 295nm, respec-
tively. Limit of detection and limit of quantification were 0.13
and 0.27 p.mol/L for retinol, for a-tocopherol 0.09 and 0.19 p.mol/L
[44].
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Table4
Influence of pH on the extraction.
pH of water 6.2 52 42 3.2
Retinol ¢+ SD: (DY) 1.1+ 0.2(84) 1.4+ 0.3(100) 1.1+ 0.1(78) 1.1+ 0.1(81)

a-Tocopherol ¢+ SD* (D?) 11.6 £ 1.1(93)

12.4 + 1.0(100)

10.9 + 0.7 (88) 10.8 + 0.6(88)

¢ Measured concentration of vitamins + standard deviation,n=4.
b Percentage decrease of concentration.

Table 5
Validation of the extraction process.

Retinol a-Tocopherol
Recovery ¢?® (pmol/L) 1.0 25 5.0 25 5.0 10.0
recovery (%) 86 90 109 95 92
% RSD 10 % 05 2 2
Repeatability ¢+SDP (wmol/L) 124+ 004 77+04
% RSD 3 5
Precision ¢+ SD¢ (pmol/L) 0.80+0.08 63+04
% RSD 10 7
Day 1f 28 g8 4 1° 28 g 4
Inter-day ¢+ SD (pmol/L) 078+0.04 077+007 061+£005 061+003 6.0+04 5.0+03 52+03 54405
repeatability ca® (wmol/L) - 0.01 0.17 0.18 - 0.6 0.7 05
DE (%) - 1.07 22.0 22.6 - 95 118 9.0
% RSD 5 7 14 14 6 8 8 8

¢ Concentration of vitamins which were used for milk samples spiking (n=6).
b Average concentration of vitamins + standard deviation (n=6).

¢ Average concentration of vitamins + standard deviation (n=30).

4 Decrease of concentration (p.mol/L) correlated to value of day 1.

¢ Percentage decrease of concentration.

f Average values and standard deviation calculated from 6 samples.

¢ Average values calculated from 12 samples.

h Average values calculated from 18 samples.

! Average values calculated from 24 samples.

Average concentration of a-tocopherol was 7.7 & 0.4 pmol/L (5%
RSD). Repeatability of both vitamins fulfills FDA recommended
criteria (% RSD < 15%).

Inter-day repeatability was determined during 4 consecu-
tive days. 25mL of pasteurized and frozen human breast milk
was warmed up to 37°C and pipetted under constant shak-
ing (to obtain aliquot homogeneous samples) into the 1.5mL
ependorf tubes. Six samples were processed by the extraction
procedure and measured. Obtained results correspond to the
values day 1. The rest of aliquots was stored (—28°C) and deter-
mined by HPLC in subsequent days (days 2, 3 and 4). Obtained
concentrations of retinol and «-tocopherol are summarized in
Table 5.

Inter-day repeatability was evaluated by calculation of % RSD
of measured concentrations. Standard deviation was correlated
to the measured concentration of day 1 and number of sam-
ples for calculation has increased from 6 (day 1) to 12, 18 and
finally 24 (day 4). Repeatability of both vitamins meets recom-
mendation of FDA, nevertheless c-tocopherol showed stable values
(6-8% RSD). On the contrary the retinol values showed rele-
vant increasing tendency of % RSD corresponding to decrease of
concentration.

3.2.3. Precision

Interpersonal precision was investigated by two different ana-
lysts during one day. Each of them extracted 15 individual samples
of breast milk. The % RSD of all measured concentrations (12=30)
for retinol (0.80+0.08 pmol/L) was 10% and for a-tocopherol
(6.34+0.4 p.mol{L) it was 7%.

3.3. Method application

Randomized group of 27 women (age 29 +4 years) at different
lactating stages (1-2, 3-4, 5-6 and 9-12 months postpartum) was
selected for the screening of vitamins. The samples about 25 mL
were stored maximally 2 years at —86°C than the whole volume
was warmed up to laboratory temperature and consequently pas-
teurized. Homogeneous aliquots pipetted under constant shaking
into the 1.5mL eppendorf tubes were stored till measurement at
—28°C.

The differences among samples of 12 women originated from
four lactating stages were tested by statistical software NCSS
(Kaysville, USA), non-parametric paired t-test (Wilcoxon) was
used. The results of analyses are shown in Table 6. Concen-
trations of retinol (n=12) proved statistical differences at 5%

Table 6

Changing of retinol concentration during lactating stages.
Month postpartum 1-2 3-4 5-6 9-12
Retinol ¢+ SD# (pmol/L) 1.6+1.0 1.1+£09 08+04 06+04
t-Test paired (pb) 0.432591 0.037633 0.010787
a-Tocopherol ¢+ SD (pmol/L)* 92433 87439 8.4+£35 93+£31
t-Test paired (p°) 0.724082 0.666137 0.504903

4 Concentrations of measured vitamins +standard deviation (n=12).
b Statistical evaluation.
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Fig. 1. Chromatogram of realsample humanbreast milk (lactating stage: 4 months). *Retinol (tz = 0.83 min, c= 1.17 pmol/L, detected at 325 nm)."a-Tocopherol (tg = 1.52 min,
c=21.22 pmol/L detected at 295 nm). “Peaks of impurity. Void time (o) was measured in retention time 0.59 min.

significance among stages 1-2/5-6 and 1-2/9-12 on the contrary
of a-tocopherol (n1=12). A typical chromatogram of retinol and «-
tocopherol in real sample of human breast milk (lactating stage—3
months postpartum) is depicted in Fig. 1.

4. Conclusion

Rapid sample preparation procedure for determination of
retinol and a-tocopherol in human breast milk was developed and
validated. Extraction recovery of both vitamins fulfils FDA recom-
mended criteria (retinol 86 +£4% and a-tocopherol 994 10%) as
well as repeatability (retinol 1.24 +0.04 p.mol/L, RSD 3% and «-
tocopherol 7.7 + 0.4 pmol/L, RSD 5%). Carrying out of the extraction
process has only a little workmanship requirements on a tech-
nician. Preparation of 10 samples is possible to complete during
90 min.

HPLC separation was performed using the monolithic column
the Chromolith Performance RP-18e, 100 mm x 4.6 mm and 100%
methanol as the mobile phase at a flow rate of 2.5mL/min were
utilized for the determination of retinol and a-tocopherol. The
detection was carried out at 325 and 295 nm, respectively. The time
of analysis was 2.0 min.

The newly developed extraction method was used for analy-
sis of real breast milk samples. Randomized group of 27 women
was selected for retinol and a-tocopherol human breast milk
screening. The study group (n=12) implied mothers at different
lactating stages (1-2, 3-4, 5-6 and 9-12 months postpartum).
Concentrations of retinol proved statistical differences at 5% sig-
nificance among stages 1-2/5-6 and 1-2/9-12 on the contrary of
a-tocopherol.

According to FDA guidelines, the newly developed extraction
procedure was evaluated as suitable for analysis of human breast
milk.
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Breast milk is a main source of fat-soluble vitamins for newborns and it is needful to monitor the
nutritional status prior to its application. In this work a novel, high-throughput and low-cost method
for monitoring of retinol and alpha-tocopherol in breast milk was developed, validated and compared
with reference method using monolithic column.

For this purpose five various porous shell and monolithic columns were tested on the basis of
relationship between HETP and linear mobile phase velocity, analysis time and consumption of
solvents. Finally the core-shell analytical column Kinetex Cqg (2.6 um, 100 A, 100 x4.6 mm) was
chosen as the best and optimal values of flow rate, injection volume and temperature of analysis were
established.

The detection of retinol and alpha-tocopherol was carried out at 325 and 295 nm, respectively by
diode array detector. The LOD 0.004 umol/L and 0.078 pmol/L, the LOQ 0.012 umol/L and 0.182 umol/L
for retinol and alpha-tocopherol, respectively were calculated. The validation data showed good
linearity, repeatability of retention time with RSD 0.22% and 0.12%, repeatability of peak area with
RSD 6.94% and 1.75%, recovery 114.1-116.3% and 99.0-108.6% for retinol and alpha-tocopherol,
respectively. Moreover, the newly developed method substantially decreased the solvent consumption
by about 263 mL per 100 samples with the total time of analysis 1.75 min in comparison with analysis
time 1.80 of the reference method.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

during the suckling period to ensure adequate retinol status of the
infant after weaning. Concentration level of retinol in breast-milk

Oxidative stress, defined as a disturbance in the balance
between the production of reactive oxygen species (free radicals)
and antioxidant defences leading to tissue injury [1], plays an
important role in the pathogenesis of numerous degenerative or
chronic diseases such as atherosclerosis, arthritis, neurodegen-
erative disorders, coronary heart disease, allergy or cancer [2-9].
Of the non-enzymatic antioxidants, fat-soluble antioxidant vita-
mins represent an important class that includes all-trans-retinol
and alpha-tocopherol [10].

Maternal breast milk must supply enough retinol to meet the
needs for growth and for the building up of the liver reserves

Abbreviations: DAD, diode array detector; HETP, Height Equivalent to a
Theoretical Plate; R, recovery; RBP, retincl-binding protein; Rs, peak resclution;
T; tailing factor
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is correlated significantly with the levels in the plasma of mothers
and infants [11]. Retinol plays roles in cell-cell communication,
cellular differentiation, and regulation of cell growth and apop-
tosis. Recently, it was proved that very low plasma retinol and
RBP concentrations are associated with night blindness (two
point mutations 41N and G75D on the RBP gene) [12] or
xerophthalmia [13], the progression of normal to mild cognitive
impairment to Alzheimer's disease [14].

Alpha-tocopherol is another important antioxidant and pro-
tective factor, especially for infants born prematurely. It repre-
sents one of the most abundant forms of vitamin E in plasma and
breast milk [15]. Preterm infants may be especially prone to
develop clinical symptoms such as hemolytic anemia, character-
ized by an increased susceptibility of red cells to oxygen due to an
insufficient supply of alpha-tocopherol [16]. Furthermore, infants
can tend to retrolental fibroplasias, intraventricular hémorragie
and bronchopulmonary dysplasia as a result of alpha-tocopherol
deficiency. Because of the lower alpha-tocopherol concentrations
in plasma, the preterm infant has a higher requirement for this
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vitamin than the full-term infant. The tocopherol content of
human milk depends on many factors, such as the stage of
lactation and maternal diet [17].

The transfer of fat-soluble vitamins via the placenta is limited
and plasma levels are usually low in newborn babies. Colostrum,
rich in fat-soluble vitamins, is one important source for newborn
or preterm infants [16] and that is why it is needful to monitor
concentrations of vitamins before its application.

Several methods have been proposed for the measurement
liposoluble vitamins levels. HPLC, using ultraviolet/visible (UV/
Vis) or fluorescence detection and particle or monolithic columns,
are currently used to measure retinol and alpha-tocopherol in
different matrices [2,4,13,17,18]. Clinical laboratories have con-
siderable interest in utilization the new methods with time- and
cost-reduction, as permitted, among other things development of
new stationary phases.

During last few years new brands of porous shell columns
were being commercialized: Halo (Advanced Materials Technol-
ogy, DE, USA) in 2006, Poroshell (Agilent, Little River, DE, USA),
Ascentis Express (Supelco, Bellefonte, USA} and Kinetex (Phenom-
enex, Torrance, CA, USA) in 2009 [19] and four next generation
columns were released in 2011, namely: Accucore (Thermo Fisher
Scientific, Waltham, MA, USA), Nucleoshell (Macherey-Nagel,
Diiren, Germany), SunShell (Sunniest, Marl, Germany} and Aeris
(Phenomenex, Torrance, CA, USA) [20-23].

Monolithic column consist of a single rod of porous material
with several unique features in terms of permeability and
efficiency. These materials were originally developed by Hjerten
et al,, Svec and Frechet, Tanaka and Nakanishi during the 1990s
[24]. Commercial silica monolith columns are the Chromolith
(Merck KgGa, Darmstadt, Germany} and Onyx (Phenomenex,
Torrance, California} based upon technology licensed from Merck.
The 1st monolith generation has been sold as Chromolith Perfor-
mance columns by Merck since 2000, and the 2nd generation was
announced at the HPLC 2011 conference in Budapest to be
introduced to the market as Chromolith High-Resolution columns
[25,26]. The silica monolith columns have a bimodal pore size
distribution; therefore they have a higher permeability than
columns packed with particles having the same size as the
skeleton elements of these monolithic columns and allow higher
mobile phase velocities to achieve high efficiency or high speed
[18,27-29]. The special porous character of the monolithic col-
umn allows relatively high flow rates (1-9 mL/min) while keeping
the backpressure low. Due to the favorable properties of mono-
lithic materials, the risk of destruction and damage of the column
by movement of the sorbent inside the column is eliminated and
reliability as well as reproducibility of the analysis are improved
[18]. The kinetic efficiency of commercially available the 1st
generation monolith columns is comparable to columns packed
with 3-4 um particles [27].

With traditional fully porous 3 pm and 5 um particles, effi-
ciency decreases significantly as flow rate increases. Speeding up
the analysis by increasing the flow rate is, in most cases,
accompanied by loss of resolution and sensitivity. Smaller fully
porous sub-2 pm particles provide faster chromatographic
separations at low HETP but require higher pressure capable
instrumentation. Apparently these features have triggered the
explosion of interest in the use of small particles and short
columns to improve the speed of separation [30].

Another alternative to improve separation efficiencies and
speed without reducing particle size is the use of superficially
porous particles, also termed porous shell particles. Technology of
porous shell particles offers the ultra-high efficiency of sub-3 pm
and sub-2 um particles without generating excessive column
backpressure and without updating HPLC instrumentation. Ana-
lytes spend less time diffusing into and out of the pores as they

travel through the column. This shorter diffusion path allows for
faster mass transfer [31]. The commercialization of porous shell
particles presents a new option for HPLC bioanalysis. The 2.7 um
particles of Ascentis Express columns consist of 1.7 um nonpor-
ous solid silica inner core surrounded by 0.5 pm porous silica
layer [27,32-34]. The core-shell technology of Kinetex columns
produces the 2.6 pm particles, which consist of 1.9 um nonporous
core and 0.35 pm porous silica layer. This technology is using sol-
gel processing techniques that incorporate nano-structuring tech-
nology; a durable, homogeneous porous shell is grown on a solid
silica core [27,35]. As a result Kinetex columns provide roughly
3 x the efficiency of 5um fully porous particles and 2 x the
efficiency of 3 um fully porous particles without the need for
specialized, high pressure instrumentation. A major benefit of the
shell particles is the small diffusion path 0.5 um for Ascentis
Express and 0.35um for Kinetex. In theory, decreasing the
thickness of the porous layer influence a decrease of the C term
in the van Deemter plot, which is the cause of different results
obtained during analysis [36].

The main purpose of this work was to develop a novel, high-
throughput and low-cost method for monitoring of retinol and
alpha-tocopherol in the breast milk. Great emphasis was placed
on reducing the analysis time and consumption of mobile phase.
The advantages and disadvantages of monolithic and porous-shell
separation technologies were examined. The separation method
was validated and together with pre-separation liquid-liquid
extraction procedure was used for determination of liposoluble
vitamins in the breast milk.

2. Materials and methods
2.1. Chemicals and columns

The monitored analytes DL-all-rac-tocopherol, purity > 96%
and retinol, purity >99% were purchased from Sigma Aldrich
(Prague, Czech Republic). Ethanol absolute for analysis from
MERCK (Darmstadt, Germany), potassium hydroxide pellets pure
Ph. from AppliChem (Chemos, Prague, Czech Republic), t-ascorbic
acid from Sigma Aldrich (Prague, Czech Republic) and distilled
water GORO (Prague, Czech Republic) were needed for the
extraction process. n-Hexan multisolvent HPLC grade ASC UV-
vis from Scharlau (Sentmenat, Spain) and methanol super gradi-
ent from LAB-SCAN analytical sciences (Lach:ner, Neratovice,
Czech Republic) were needed for the preparation of standard
solutions.

Chromolith Performance RP-18e 100mmx4.6mm and
50 mm x 4.6 mm were purchased from MERCK (Darmstadt,
Germany), Kinetex Cy5 core-shell columns (100 A, size of shell
particles 2.6 um, 100 mm x 4.6 mm and 50 mm x 4.6 mm} were
purchased from Phenomenex (Torrance, USA) and Ascentis Express
Cis fused-core columns (100A, 2.7 um, 100 mm x 4.6 mm and
50 mm x 4.6 mm) were purchased from Supelco (Bellefonte, USA).

2.2. Instrumentation and software

All measurements were performed using the HPLC set Promi-
nence LC 20 (Shimadzu, Kyoto, Japan) equipped with Diode array
detector SPD-M20A with deuterium lamp, wavelength range
190-800 nm and flow cell with optical path length 10 mm and
volume 10 pL, Fluorescence detector RF-10 AXL, Rack changer/
C—autosampler for microtitrate plates, Autosampler SILj20 AC
with injection volume range 1-100 pL, Degasser DGU-20A5, two
Pumps LC20-AB with flow rate setting range 0.1-10 mL/min,
Column oven CTO-20 AC with temperature setting range
4-85 °C and Communication bus module CBM-20 A. The whole
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HPLC system was controlled by LabSolution—LCsolution v.
1.25 SP1

Lab Dancer (IKA WERKE, Staufen, Germany} for quick mixing
between working steps, Laboratory shaker LT-1 (Kavalier, Sazava,
Czech Republic) for horizontal mixing, Transsonic Ultrasonic
Cleaning Units TP 680 DP (Elma, Germany), Thermostat Stericell
55 (BMT, Brno, Czech Republic) for heating during saponification
and Centrifuge Eppendorf 5810-R (Hamburg, Germany) with
Swing-bucket Rotor A-4-62 for separation of organic and aqueous
layer were used during liquid-liquid extraction procedure of
liposoluble vitamins from breast milk.

2.3. Preparation of standard solutions and samples

Stock solutions of retinol and alpha-tocopherol with concen-
tration 2 mmol/L were prepared by dissolving in methanol and
n-hexane, respectively. Calibration solutions of retinol were sub-
sequently diluted from stock solution by methanol to concentra-
tions 7.0, 4.9, 2.45, 0.98, 0.294 and 0.0588 umol/L. Calibration
solutions of alpha-tocopherol were subsequently diluted from
stock solution by methanol to concentrations 50.0, 35.0, 17.5, 7.0,
2.1 and 0.42 pmol/L. The calibration curve was created out of six
concentration levels. Retinol and alpha-tocopherol solutions were
stored at —25 and +4 °C, respectively.

Sample preparation procedure of breast milk consisted of
deproteinization, saponification and liquid-liquid extraction
steps carried out in one screw top glass tube. Ethanol was used
for deproteinization of 500 pL breast milk (in ratio 4:1, v-v). 1 mL
of 0.1 moljL of ascorbic acid was added before second step of
sample preparation to avoid oxidation of vitamins. Saponification
effect of 1 mL of potassium hydroxide with concentration 10 mol/L
was optimized by controlled conditions (30 min, 80°C and pro-
tected from light). After cooling down to laboratory temperature
vitamins were extracted by 2 mL of n-hexane and contemporary
5 min of vigorous shaking. The extraction was supported by 1 mL of
distilled water added into the mixture. The organic and water layer
were separated by centrifugation (10 min, 3220g, 4 °C). 1500 puL Of
organic phase was evaporated and the residue was dissolved in
375 pL of methanol mobile phase [37]. All samples were taken from
Milk bank of University Hospital in Hradec Kralové (Czech Republic).

3. Chromatographic conditions
3.1. Reference method employing monolithic column

Separation of vitamins was performed using a monolithic
column Chromolith Performance RP-18e, 100 mm x 4.6 mm. As
the mobile phase 100% methanol was used at the flow rate
2.5 mL min/L and column pressure 7.4 MPa (1069 PSI}. The col-
umn oven CTO-20 AC was utilized to set temperature of analytical
column at 25°C. The injection volume was 20 pL. The DAD
detection of retinol and alpha-tocopherol was carried out at
325 nm and 295 nm, respectively. The total time of analysis was
1.8 min [18,43].

3.2. New method employing core-shell column

Separation of vitamins was performed using a Kinetex C;g
(100 A, 2.6 um, 100 mm x 4.6 mm). As the mobile phase 100%
methanol was used at the flow rate 1.5 mL min/L and column
pressure 12.5 MPa (1816 PSI). The column oven CTO-20 AC was
utilized to set temperature of analytical column at 49 °C.
The injection volume was 5 pl. The DAD detection of retinol
and alpha-tocopherol was carried out at 325 nm and 295 nm,
respectively. The total time of analysis was 1.75 min.

4. Results and discussion
4.1. Parameters of system suitability test

The method validation was performed according to the 5th
edition of European Pharmacopoeia and Validating chromato-
graphic methods—a practical guide by David M. Bliesner includ-
ing Guidance for Industry on Analytical Procedures and Methods
Validation (Food and Drug Administration—FDA} and also Q2
Validation of Analytical Procedures: Text and Methodology (The
Tripartite International Conference on Harmonization—ICH} and
Modern HPLC for Practicing Scientist by Michael W. Dong
[38-42].

The calculated values for expression of the column efficiency
such as number of theoretical plates (N}, Height Equivalent to a
Theoretical Plate (HETP), tailing factor (T¢), peak resolution (Rs),
separation factor (o)) are summarized in Table 1.

4.2. Comparison of columns

Different chromatographic conditions, summarized in Table 2,
were applied on five columns under study. Data obtained during
columns testing were compared with validation parameters of
previously developed method using monolithic column Chromo-
lith Performance RP-18e, 100 mm x 4.6 mm (Merck, Darmstadt,
Germany) [18,43]. Two ranges of flow rate were chosen due to the
difference of stationary phases. For Chromolith Performance
higher range of flow rate from 0.9 to 2.5 mL/min was elected.
For porous shell columns Ascentis Express and Kinetex lower
range of flow rate from 0.5 to 2.0 mL/min was elected due to the
high pressure generated at higher flow rate. Mobile phase composi-
tion, injection volume 20 pl and analysis temperature 25°C
remained unchanged. Short analysis time, low consumption of
solvent, satisfactory parameters of system suitability played a major
role for the evaluation of the columns (Table 1 and Figs. 1-4).
Separation column Kinetex C;5 (100 A 26 pm, 100 mm x 4.6 mm,
Phenomenex, Torrance, USA) with flow rate 1.5 mL/min was chosen
for further testing (Fig. 5). Injection volume in the range of 1 to
20 pL was tested as a next parameter. The injection was four times
decreased from 20pL to 5pL and consequently the LOD

Table 1

Comparison of system suitability tests.
Column Chromolith RP-18e Kinetex Cqg

(100 x 4.6 mm)* (100 x 4.6 mm)®

Compound Retinol Alpha-tocopherol  Retinol  Alpha-tocopherel
Vi (pL) 20 5
T(°C) 25 49
F (mL/min) 25 15
tg (min) 0.81 1.46 0.87 1.50
A 61,070 25,526 24,422 10,753
H 26,118 7984 10382 4007
N 30,098.5 52,94 3265 74,62
HETP (um)  33.25 19 31 13
Te 1.68 1.52 1.75 142
Rs 14 35 26 49
"4 Z1 14
W (min) 0.17 0.20 0.12 0.13
ta (min) 1.80 1.75
Vs (mL) 450 263

Vi: injection volume (pL), T: temperature (°C), F: flow rate (mL/min), tr: retention
time (min), A: peak area, H: peak height, N: number of theoretical plates, HETP:
Height Equivalent to a Theoretical Plate (um), T¢: tailing factor, Rs: peak resolution,
o: separation factor, W: width of peak at baseline (min), t4: time of analysis (min),
Vs: consumption of solvent (mL)/100 samples.

2 Reference methed with menolithic column [43].

® Developed method with core—shell column.
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Table 2
Characteristics of stationary phases and chrematographic conditions.
Separation column Chromolith® Chromelith ® Ascentis® Express Cyg Kinetex Cyg°
RP-18e RP-18e
Column dimension 100 x 4.6 mm 50 x 4.6 mm 100 x 4.6 mm 50 x 4.6 mm 100 x 4.6 mm 50 x 4.6 mm
Macropore size (um) & -
Mesopore size (nm) 13 2 _
Particle size (m) - - 2.7 26
Porous shell (pm) - - 0.5 035
Solid core (um) - - 1.7 19
Average pore size (A) 130 90 100
Surface area (m?/g) 300 150 200
Temperature stability (°C) 45 60 60
Pressure stability (MPa) 20 60 60
PH stability 2.0-7.5 2.0-9.0 1.5-10
Injection volume (pL) 20 20 1-20 20
Temperature (°C) 25 25 25-55 25
Mobile phase 100% Methanol 100% Methanol 100% Methanol
Flow rate (mL/min) 25 0.9-2.5 0.5-2.0 0.5-2.0
Column pressure 7.4 MPa (1069 PSI) 0.8-3.2 MPa 4.8-18.2 MPa 2.6-10.7 MPa 5.0-20.0 MPa 2.9-11.9 MPa
(113-464 PSI) (703-2633 PSI) (374-1557 PSI) (725-2900 PSI) (422-1723 PSI)
Time of analysis (min) 1.80 1.06-3.17 2.61-8.98 1.37-47 1.81-6.4 1.02-3.34
Detection (nm) 295 nm for alpha-tocopherol and 325 nm for retinol
2 Reference method with Chromeolith Performance RP-18e (100 x 4.6 mm) [43].
® Tested monolithic and porous shell columns.
& Chrommiith RP 18 (100%4.6 rn) ©  Chromollth RP 18e (100x4.6 mm}
G0 { — Chromolth RP 168 (50%4.6 mm) 6404 —— Chromwilth RP 18 (50%4.6 mm)
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Fig. 1. Van Deemter plot of retinol comparison of five HPLC columns (HETP vs.
u linear mobile phase velocity). Black point represents reference method with
monelithic column Chromolith RP 18e 100 mm x 4.6 mm for comparison with the
others.
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Fig. 2. Van Deemter plot of alpha-tocophercl comparison of five HPLC columns
(HETP vs. u linear mobile phase velocity). Black peint represents reference method
with monclithic column Chromelith RP 18e 100 mm x 4.6 mm for comparison with
the others.

0.004 pmol/L, the LOQ 0.012 pmol/L and the LOD 0.078 pmol/L, the
LOQ 0.182 umol/L for retinol and alpha-tocopherol, respectively
were calculated. Reduction of injection did not have a negative

Fig. 3. Graph expressing the dependence of solvent consumption on flow rate in
100 measured samples. Black point represents reference method with moenolithic
column Chromolith RP 18e 100 mm x 4.6 mm for comparison with the others.
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Fig. 4. Graph expressing the dependence of analysis time on flow rate. Black point
represents reference method with monelithic column Chromelith RP 18e
100 mm x 4.6 mm for comparison with the others.

effect on the limits in comparison with the reference method
(Table 3). The analysis temperature range from 25 °C to 55 °C was
tested as a last step. Increasing of the temperature up to 49 °C
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positively affected back pressure which was decreased from
2234 PSI (15.4 MPa) to 1740 PSI (12.0 MPa) (Fig. 6). As the mobile
phase 100% methanol was used and the detection of retinol and
alpha-tocopherol was carried out at 325 and 295 nm, respectively
by diode array detector (Table 2).

4.3. Method validation

Validation of method using core-shell column technology was
carried out by calculating the following parameters: linearity,
accuracy, precision, limit of detection and limit of quantification.

Linearity was expressed as the confidence limit around the
slope of the regression line and established for retinol and alpha-
tocopherol. Six concentration levels were measured six times in
the range of 0.0558-7.0 pmol/L for retinol and 0.42-50.0 pmol/L
for alpha-tocopherol using Kinetex Cys (1004, 2.6 um,
100 mm x 4.6 mm)} and calibration curve was constructed for
both analytes. The resulting plot slope (a), intercept (b) and

retinol
40000 4 t
35000 -
30000
=
E 25000
>
220000 -
c
15000 -
10000 -
5000 -

Avsee
A

'

294!

alpha-tocopherol
A

Intel
covssesasion
s

.5 2
tr (min)
——Chromolith Performan ce RP 18¢ 50 mm x 4.6 mm - tR = 0.72 min for retinol and tR = 1.28 min for alpha-tocopherol
= « « Ascentis Express C18 2.7 pm 100 mm x 4.6 mm - tR = 1.08 min for retinol and tR =2.83 min for alpha-tocopherol
~ ~ = Ascentis Express C18 2.7 jm 50 mm x 4.6 mm - tR = 0.57 min for retinol and tR =1.43 min for alpha-tocopherol

— = Kinetex G18 2.6 pm 100 mm x 4.6 mm - 1R =0.87 min for retinol and tR = 2.01 min for alpha-tocopherol
+ e+ Kinetex C18 2.6 um 50 mm x 4.6 mm - 1R =0.52 min for retinol and tR = 0.98 min for alpha-tocopherol

Fig. 5. Comparison of columns under chromatographic conditions: injection
volume 20 pl, flow rate 1.5 mL/min, mobile phase 100% methancl, analysis
temperature 25 °C, detection 295 nm for alpha-tocephercl and 325 nm for retinol.

Table 3

determination coefficient (R?) were calculated from the regres-
sion equation using Microsoft Excel 2003. Linear regression
equations and determination coefficients obtained from software
are shown in Table 3.

Accuracy was expressed as the closeness of agreement
between a true value and an actual value found. Accuracy of the
method was calculated as the recovery determined from three
measurements of three levels of spiked breast milk (0.92, 1.91,
3.87 umol/L of retinol standard and 7.29, 15.29, 28.61 pmol/L of
alpha-tocopherol standard).

Precision was expressed as the closeness of agreement
between a series of measurements obtained from multiple ali-
quots of a homogenous sample under prescribed conditions.
Repeatability was expressed as the relative standard deviation
{RSD) of peak area and retention time calculated from data which
were obtained by analyzing of six samples of human milk.

Limit of detection (LOD) was the lowest amount of analyte in a
sample that could be detected but not necessarily quantitated as

retinol

alpha-tocopherol

Intensity (mV)

e T
0 02 04 08

tg (min)

— - analysls famporature 25 “C, 1R = 0.97 min for retinal and R = 2.01 min for alpha-tocopherol, P = 2258 PSI
= = - analysla tamperaturs 31 °C, tR = 0.4 i for retinal and tR = 1.85 min for sipha facophorol, P = 2102 PSI

h G, 1R Tetinal and tR = 1.72 min for P=1087 P51
— - analysa tamperaiing 43 °C, 1R retinal and tR = 1.61 min for = 1873 P8I
eese analysia tamperalire 48 °C, 1R = 0.87 and R =1.50mi =1773P8I
— - anaiysia G, IR and iR =141 min P=1701 P8I

Fig. 6. Evaluation of different temperatures under chromatographic conditions:
Kinetex Cqg 2.6 tm 100 mm x 4.6 mm, injection velume 5 pl, flow rate 1.5 mL/min,
mobile phase 100% methanol, detection 295 nm for alpha-tocopherol and 325 nm for
retinol.

Compariscn of validation parameters for Kinetex Cig and Chromolith Performance RP-18e columns.

Column Chromolith RP-18e (100 x 4.6 mm)* Kinetex Cyg (100 x 4.6 mm )P
Compound Retinol Alpha-tocopherol Retinol Alpha-tocopherol
Calibration range (pmol/L) 0.25-10.00 0.5-50 0.0558 -7.0 042-50.0
Regression equation y=24,488.31x+7277.149 y=1380.7x-85.139 y=10,479.78x-140.03 y=>566.89x-17.86
Determination coefficient R 0.9998 0.9999 0.9999 0.9999
LOD (umel/L) 0.13 0.09 0.004 0.078
LOQ (umol/L) 027 0.19 0.012 0.182
Repeatability (% RSD)
Of tr - - 032¢ 019
Of peak area = = 0.25¢4 098¢
Of tg 041° 0.83°% 0.22° 0.12°
Of peak area 5.65°% 551% 6.94f 1.75¢
Accuracy % R (% RSD)
Level 1 93.9 (5.65)¢ 734 (551)¢ 116.3 (1.87)* 99.0 (2.12)0
Level 2 - - 115.2 (3.43)® 103.8 (3.05)"
Level 3 = s 1141 (1.51)° 108.6 (1.14)*

2 Validation parameters of reference method with monolithic column [43].
® Validation parameters of developed method with core-shell column.
¢ Linearity was measured in six concentration levels.

9 RSD of retention time and peak area repeatability of standard calibration solution (retinol c=0.98 pmol/L and alpha-tocopherol ¢=7.0 pmol/L).

® Retention time and peak area repeatability of lyophilized human serum [43

{ Retention time and peak area repeatability of breast milk measured six times.

£ Accuracy of chromsystems control serum, n=3 [43].

B Accuracy of spiked breast milk, n=3, each level measured in triplet. R: recovery.
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Fig. 7. Chromatogram of retinol (tg=0.88 min, ¢=2.63 pmol/L) and alpha-toco-
pherol (tg=1.53 min, ¢=20.36 pmol/L) extracted from breast milk and analyzed
by Kinetex Cqg column (2.6 pm, 100 A, 100 mm x 4.6 mm) and chromatographic
conditions: flow rate 1.5 mL/min, injection velume 5 pL, temperature 49 °C,
mobile phase 100% methanol, detection 295 nm for alpha-tocophercl and
325 nm for retinoel, total time of analysis 1.75 min.

an exact value. LOD were based on signal-to-noise ratio (3:1) and
expressed as the concentration of analytes. Limit of quantification
(LOQ) was the lowest amount of analyte in sample that could be
quantitatively determined with suitable precision and accuracy.
LOQ were generally calculated from a determination of signal-to-
noise ratio (10:1) and expressed as the concentration of analytes.

There was a significant improvement in repeatability and recov-
ery after liquid-liquid extraction from breast milk and the limits for
retinol and alpha-tocopherol RSD < 15% and recovery 100+ 25%
were fulfilled. All results of method validation are shown in Table 3
[38,40].

4.4. Method application

The newly developed HPLC method using Kinetex Cyg (100 A,
2.6 pm, 100 mm x 4.6 mm) column was applied for determination
of retinol and alpha-tocopherol in samples of breast milk in order to
monitor the nutritional status prior to application for newborn
(Fig. 7). Moreover, the method can be employed for determination
of liposoluble vitamins in various biological matrices such as serum,
cholesterol fractions and erythrocyte membrane for monitoring of
antioxidant activity in patients with atherosclerosis and during
anticancer therapy.

5. Conclusion

The main idea of this work was to develop a novel HPLC method
for determination of liposoluble vitamins retinol and alpha-
tocopherol in breast milk with better separation parameters, more-
over low-cost, in comparison with reference method using mono-
lithic column [18,43]. Great emphasis was placed on reducing
analysis time and mobile phase consumption.

Five selected columns with monolithic and core-shell stationary
phases, Chromolith Performance RP-18e 50 mm x 4.6 mm, Kinetex
Cys core-shell columns (100A, size of shell particles 2.6 um,
100 mm x 4.6 mm and 50 mm x 4.6 mm) and Ascentis Express Cyg
fused-core columns (100 A, 27 pm, 100 mm x4.6mm and
50 mm x 4.6 mm) were tested and compared with Chromolith
Performance RP-18e 100 mm x 4.6 mm column.

Using core-shell technology improved the method validation
parameters and also the consumption of sample and organic solvents
were reduced if compared with the reference method using mono-
lithic column [43]. Kinetex C;s (100A, 2.6um, 100 mm x
4.6 mm) column with flow rate 1.5 mL/min of 100% methanol was

finally chosen for this analysis. The temperature was increased from
25°C to 49 °C, which had a positive effect on the pressure. The
injection volume from 20 pL to 5 pL and mobile phase consumption
for 100 samples batch from 450 to 263 mL were decreased in
comparison with the reference method using monelithic column
Chromolith Performance RP-18e (100 mm x 4.6 mm). Calibration
ranges for retinol and alpha-tocopherol were extended towards lower
concentration values being from 0.056 to 7.0 pmol/L and from 0.42 to
50.0 umol/L, respectively. Employing the liquid-liquid extraction of
vitamins from breast milk brought significant improvement in the
repeatability and recovery and helped to fulfill the limits demanded
by FDA.

The newly developed HPLC method was used for analysis of
retinol and alpha-tocopherol in 50 real samples of breast milk.
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1 Introduction
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Research Article

Comparison of a new high-resolution
monolithic column with core-shell and fully
porous columns for the analysis of retinol
and a-tocopherol in human serum and
breast milk by ultra-high-performance liquid
chromatography’

The reduction of analysis time, cost, and improvement of separation efficiency are the
main requirements in the development of high-throughput assay methods in bioanalysis.
It can be achieved either by ultra-high-performance liquid chromatography (UHPLC) using
stationary phases with small particles (<2 pm) at high back pressures or by using opposite
direction—monolithic stationary phases with low back pressures. The application of new
types of monolithic stationary phases for UHPLC is a novel idea combining these two
different paths. The aim of this work was to test the recently introduced second-generation
of monolithic column Chromolith® HighResolution for UHPLC analysis of liposoluble
vitamins in comparison with core-shell and fully porous sub-2 pm columns with different
particle sizes, column lengths, and shapes. The separation efficiency, peak shape, resolution,
time of analysis, consumption of mobile phase, and lifetime of columns were calculated and
compared. The main purpose of the study was to find a new, not only economical option of
separation of liposoluble vitamins for routine practice.

Keywords: Bioanalysis / Core-shell / High-resolution monolith / LC / Liposoluble

vitamins
DOI 10.1002/jss¢.201300242

ters such as resolution (Rj;), number of theoretical plates (N),

In clinical practice there is an increasing demand on the
performance of bioanalytical methodologies suitable for rou-
tine analysis. Such factors as time consumption and total
costs of analysis are important. For that reason, there is a
strong attraction to novel analytical approaches like ultra-
high-performance liquid chromatography (UHPLC), which
promises very fast analysis with low consumptions of sample
and mobile phase. On the other hand, there are also enor-
mous demands on chromatographic columns to be highly
efficient, selective, and resistant.

One of'the critical parameters in routine bioanalytical lab-
oratories is column lifetime. Column lifetime is influenced by
the pH and flow rate of the mobile phase, oven temperature,
sample purity, and number of injections. The lifetime of the
column can be monitored using chromatographic parame-
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tailing factor (T¥), capacity factor (k), and relative retention
(ce). Changes of these parameters indicate the degradation of
the column. A gradual increase in pressure over time is a
normal sign of column aging [1]. A comparison of column
properties with respect to clinical and economic aspects of
analysis is crucial for the selection of appropriate analytical
strategies.

A common way of how to improve the performance of
LC led through the reduction of the particle diameter of the
stationary phase. Starting with 10 pm irregular particles in
the 1970s, 5 pwm spherical particles in the 1980s, and 3.5 pm
in the 1990s, the minimal particle diameter is nowadays less
than 2 pm [2]. The reduction of the particle diameter resulted
in an increase of efficiency, resolution, sensitivity, and speed.
These benefits enhance the back pressure that exceeds the
pressure limits of HPLC instrumentation [3].

In 2004, the first UHPLC system resistant to high pres-
sures up to 100 MPa was developed by Waters (Milford,
USA) [4]. The sensitivity increase for UHPLC is estimated
to be two to three times higher than with HPLC separa-
tions, depending on the detection technique used [5]. Since
2004, many UHPLC systems have been introduced byleading
manufacturers [6].

tThis paper is included in the virtual special issue Monoliths
available at the Journal of Separation Science website.
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Recently, a huge effort has been focused on the devel-
opment of new types of UHPLC/HPLC stationary phases
such as fused-core particles (Ascentis Express, Supelco)
and core-shell particles (Kinetex, Phenomenex). Fused-core
technology was originally introduced by Kirkland in the 1990s
[7]. Core-shell or fused-core particles are characterized by a
solid nonporous core coated with a porous layer with a shell
volume typically 60-75% of the particle volume and a distri-
bution of particle sizes much narrower than that of standard
fully porous particles [8]. The high separation efficiency of
core-shell particles ig a result of a faster analyte mass transfer
from the mobile phase into and out of the porous layer of the
particle [9]. This technology became commercially available in
2007 under various trademarks: Halo from Advanced Mate-
rials Technology (Wilmington, USA), Ascentis from Supelco
(Bellefonte, USA), and Kinetex from Phenomenex (Torrance,
USA) [10].

In comparison with conventional stationary phases,
which consist of individual particles of defined size binder,
monolithic columns form a single piece of porous material
that completely fills the interior of the separation column.
Classic 3-5 micron particle columns exhibit excellent sepa-
ration efficiency, but the decreasing size of the sorbent in-
creases the back pressure, so that the maximum flow rate
is limited. The porous character of the monolith allows
high flow rates while keeping the back pressure low [11].
The biggest advantages of monolithic columns compared to
conventional particle-filled columns are their hydrodynamic
properties [12]. Macropores (with size of around 2 pm) pro-
vide a fast convective flow of the mobile phase through the
monolith, and greatly accelerate the mass transfer between
mobile and stationary phases, mesopores (with size of about
13 nm) provide a large surface of the monolith, and thus high
geparation efficiency [13, 14]. Silica rod columnsg have been
available since 2000 from Merck (Darmstadt, Germany) [9].

In 2011, the next generation of monolithic columns,
Chromolith® HighResolution RP 18e, 100 x 4.6 mm Merck
(Darmstadt, Germany) was introduced into the market. This
new column differs from classic monolith with size of
pores—the macropore size is smaller (1.15 pm). The skele-
ton diameter should improve the peak shape. The meso-
pore size is 15 nm, the specific surface area is 250 m%/g,
and the separation efficiency can reach up to 200 000 the-
oretical plates/meter [15]. The porous silica structure of
Chromolith HighResolution is much more homogeneous
than that of the first generation. Chromolith HighReso-
lution columns are much improved regarding homogene-
ity, which is reason for the higher separation efficiency.
Cabrera compared RP chromatographic separation of four
tocopherols on a 3-pm-porous-particle-packed column and
on the new monolithic column. The separation efficiency
and time of analysis were better with the Chromolith
HighResolution column [16].

In this work, different analytical columns were tested
for the determination of retinol and a-tocopherol, which are
liposoluble vitamins that have an effect as antioxidants to
help to remove free radicals away from the human body and
thus prevent tumorous transformation of cells. Retinol, also

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

J. Sep. Sci. 2013, 36, 2223-2230

known as vitamin A, ig an essential nutrition factor that plays
a fundamental role in supporting growth, reproduction, and
embryonic development. It helps to regulate cell differentia-
tion and proliferation and maintains an important function
in the immune system. a-Tocopherol, known as vitamin E,
is the major liposoluble antioxidant in the human body that
protects the lipid parts of cell membrane, blood fats, choles-
terol, and other fatty substances against oxidation. A decrease
of a-tocopherol levels causes a higher possibility of oxidative
stress generation manifested in all organs. It is also essen-
tial for the normal structure and function of tissues [17]. It
is considered to be a protective factor against cardiovascu-
lar diseases, cancer, age-related macular degradation, central
neurodegenerative digeases, and diabetes mellitus [18].

Methods published for the analysis of retinol and a-
tocopherol in biological and food samples use RP-HPLC
[19-23] mostly with UV or diode-array detection. Only a few
methods for the determination of these analytes by UH-
PLC can be found in the literature [24-28]. Citovi et al. [24]
compared the determination of the same analytes in human
serum by conventional HPLC with the first UHPLC system.
A C18 RP sub-2 um particle stationary phase and UV detec-
tion were used for separation and detection, respectively. The
time of analysis was 2 min. Molto-Puigmarti et al. [25] pub-
lished the determination of tocopherols in human colostrum
and milk. The target analytes were separated in 1.6 min and
a precolumn was used to protect the sub-2 pm column.

In ourlaboratory, several HPLC methods for the determi-
nation of retinol and a-tocopherol in biological material were
developed, published, and used. First Urbdnek et al. [29] de-
veloped and published a fast HPLC method using the mono-
lithic Chromolith® (Merck) column for vitamin separation
in human serum. Two vitamins were separated in 2 min with
100% methanol as the mobile phase. The injection volume
was 50 pL, and diode-array detection was used. Later this
method was transformed and revalidated to an HPLC system
that allowed the use of microplates instead of vials. The ex-
traction procedure was miniaturized, y-tocopherol was mon-
itored, and the injection volume was reduced to 20 pL [30].
The most recently developed method by PliSek et al. [31] used
core-shell technology for the separation of target vitamins
in breast milk. The analysis time was 1.75 min with a small
consumption of mobile phase and excellent LODs and LOQs.

The aim of this study was to examine the possible ap-
plication of the new second-generation monolithic column
Chromolith® HighResolution for the separation of retinol
and o-tocopherol in a biological matrix using UHPLC in
comparison with core-shell and fully porous sub-2 p.m chro-
matographic columns with different particle sizes, column
lengths, and shapes.

2 Matenrials and methods
2.1 Chemicals

Retinol and DL-a-tocopherol were supplied by Fluka Sigma
Aldrich (Prague, Czech Republic). HPLC-grade methanol

www.jss-journal.com
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and n-hexane for the preparation of standard solutions and
ethanol for the denaturation of samples of breast milk
were obtained from Merck. Ethanol denatured with 5% of
methanol for the deproteination of serum was obtained
from Lachema (Brno, Czech Republic). Methanol HPLC Su-
per Gradient was supplied by Lach-Ner (Neratovice, Czech
Republic) and used as the mobile phase.

2.2 Chromatographic system

The analyses were performed using a UHPLC system Nex-
era, Shimadzu (Kyoto, Japan) composed of Rack changer I as
the autosampler for the microtitrate plates, a degasser (DGU-
20A3), an autosampler (SIL/30 AC) with an injection volume
range 0.1-50.0 p.L, two LC30-AD pumps with a flow-rate set-
ting range 0.0001-3 mL/min with a pressure range up to
130 MPa and from 3 to 5 mL/min with 80 MPa pressure, a
column oven (CTO-20 AC) with a temperature setting range
4-85°C, a fluorescence detector (RF-20AXS), and a commu-
nication bus module (CBM-20A). The whole UHPLC system
was controlled by LabSolution software version 5.30 SP1.

A sample preparation technique was developed using an
orbital shaker (LabDancer V, IKA, Staufen, Germany) for
quick mixing between working steps, a laboratory shaker
(LT-1, Kavalier, Sazava, Czech Republic) for horizontal mix-
ing, an Eppendorf centrifuge (5810-R, Hamburg, Germany)
for the separation of the organic and aqueous layers, and
an Eppendorf concentrator (5301, Hamburg, Germany) for
evaporation of the hexane layer for the liquid-liquid extrac-
tion procedure of liposoluble vitamins from human serum
and breast milk.

2.3 Chromatographic conditions

C18 columns filled with different types of particles—core-
shell, fully porous particles, and monolithic columns—were
tested (see Fig. 1).

Kinetex columns were purchased from Phenomenex
(Torrance, USA). The new Chromolith HighResolution col-
umn was a generous gift from Merck. Acquity columns were
purchased from Waters (Milford, USA). A column Shim-pack
was a generous gift from Shimadzu (Kyoto, Japan).

Based on our previous experience [29-31], 100%
methanol was used as the mobile phase. The columns were

{ sub-2 ym }—{_Kinetex® C18 (100A, 1.7 ym, 100 mm x 3.0 mm) |
; “m} Ve " Kinetex® C18 (100A 2.6 ym, 50 mm x 4.6 mm) |
/M {ZZam K —{ Kinetex® C18 (100A 26 ym, 100 mmx 4.6 mm) )
{_Kinetex® C18 (100A, 2.6 ym, 150 mm x 4.6 mm) |

— - hybrid }-—{_Acquity UPLC® BEH (1.7 ym, 100 mm x 2.1 mm) |

((Cotumas )—{ tully porous }— EM‘.W._ ~{ Acquity UPLO® HSS T3 (1.8 ym. 50 mm x 2.1 mm)
— silica ¢ — =
\ " *{_shim-pack XR-0DS Ill (1.6 ym, 75 mm x 2.0 mm) |
{ monodthic (i generation )} C RP-18e (100 mm x 4.6 mm) )
Figure 1. Summary of compared columns:|___J, suitable for

ultra high performance liquid chromatography (UHPLC); ],
suitable for HPLC and UHPLC; and (lll suitable for HPLC.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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tested at different flow rates and oven temperatures. The in-
jection volume was decreased from 5 to 1 L. To improve the
sensitivity and selectivity of the method, fluorescent detection
was used. The excitation and emission wavelengths were 325
and 480 nm for retinol and 295 and 330 nm for a-tocopherol.

2.4 Preparation of standard solutions

Stock solutions of retinol and a-tocopherol standards were
prepared as follows: a 1 mmol/L retinol solution was pre-
pared by dissolving in methanol. The a-tocopherol standard
was first dissolved in n-hexane (2 mmol/L) and then diluted
by methanol to get 0.5 mmol/L stock solutions. The concen-
trations of the working standard solution were 2.5 pmol/L
for retinol and 12.5 pmol/L for a-tocopherol and were pre-
pared by diluting in methanol. These standard solutions were
stored at —25°C (retinol) and 4°C (a-tocopherol). The stability
of the stock and working solutions was six months.

2.5 Preparation of biological samples

The study protocol was approved by the Institutional Ethical
Committee of the University Hospital Hradec Krélové and
all patients signed an informed consent. Blood samples were
from patients of III. Internal Gerontometabolic Clinic and
samples of breast milk were provided from the Milk Bank of
the University Hospital Hradec Krélové.

2.5.1 Serum

Serum samples were prepared according to Ref. [29]. Blood
samples were drawn from the peripheral vein after 12 h
of overnight fasting. The samples were then centrifuged
(1600 x g, 10 min, 16°C) and the serum was separated. By us-
ing a liquid-liquid extraction procedure, 500 p.L of serum was
deproteinized by cool ethanol denatured with 5% methanol
(500 pL, 5 min, 4°C). Then 2500 pL of n-hexane was added
to this mixture and extracted for 5 min by a vortex appara-
tus. After centrifugation (3220 x g, 10 min, 0°C), the aliquot
(2000 p.L) of the clean extract was separated and evaporated
in a vacuum evaporator (45°C). The residue was dissolved in
400 p.L of methanol and analyzed by UHPLC using the exter-
nal standard calibration.

2.5.2 Human breast milk

Samples of human breast milk were processed according to
reference [32]. Milk samples were stored frozen at —28°C.
Before the extraction, the material was left to thaw and ho-
mogenized by constant mixing in a water bath at 37°C. The
first step of the sample preparation was deproteination by
adding 2000 p.L of cold ethanol into the 500 wL of human
breast milk. The addition of 1000 p.L of ascorbic acid was em-
ployed to protect both compounds against oxidation during
the saponification. Saponification was carried out by using

www.jss-journal.com

128



2226 B. Kugerova et al.

1000 p.L of 10 M potassium hydroxide at 80°C in darkness
for 30 min. After the extraction of retinol and a-tocopherol
into 2000 pL of n-hexane with vigorous shaking, the organic
and water layers were separated by centrifugation (3220 x g,
10 min, 4°C). Then 1500 pL of the organic layer was re-
moved and evaporated in a vacuum evaporator (45°C). Before
UHPLC analysis, the evaporative residue was dissolved in
375 pL of methanol.

3 Results and discussion

Our many years of experience in the HPLC analysis of retinol
and a-tocopherol in biological material by using monolithic
[33-37] and particular columns [38-40] for the routine anal-
ysis of samples from large groups of patients resulted in the
question of the possibility to use a new monolithic column as
the stationary phase a UHPLC system rather than stationary
phases designed for UHPLC. For this purpose, columns of a
gecond-generation high-resolution monolith, core-shell, and
fully porous particles of different lengths, diameters, and par-
ticle sizes were tested with a UHPLC system under various
conditions. The concentration of a standard mixture solution
used during testing columns was 2.5 pmol/L for retinol and
12.5 pmol/L for a-tocopherol. These values correspond to
the usual concentrations of the tested analytes in breast milk
and human serum [41]. For the selection of a suitable col-
umnmn, the following parameters played an important role: sep-
aration efficiency, resolution, time of analysis, consumption
of the mobile phase, and the lifetime of the column. Addi-
tionally the cost of analysis was also a criterion.

Column efficiency was determined according to the
United States Pharmacopeia as the number of theoretical
plates by the equation: number of theoretical plates (N) = 16 x
(R./W)?, where R, is the retention time and W is the width
of the peak. The peak resolution was calculated according to
the equation: resolution (Ry) = 2 x (Ry — Ry)/(W; + W),
where Ry and Ry are the retention times of a-tocopherol and
retinol, respectively, and W is the width of the appropriate
peak.

For all tested columns, 100% of methanol as the mo-
bile phase and an injection of 1 L were used. The mo-

J. Sep. Sci. 2013, 36, 2223-2230

bile phase was chosen based on our experience with pre-
viously developed and published methods [29-31, 34]. Since a
UHPLC system was used, the injection volume was reduced
to 1 pL, which allows possible multiple injections from one
small-volume microtitration well.

Each column was tested using various flow rates to the
maximum operating pressure of each tested column (max-
imum pressure recommended by supplier) with regard to
mobile-phase consumption.

The first comparigon of the obtained data was done ac-
cording to the best efficiency. The efficiency is calculated as
the number of theoretical plates per meter because of the
different lengths of the tested columns. The conditions and
measured values are shown in Table 1. Columns were tested
at different temperatures (25 and 50°C) except where the max-
imum recommended operating temperature for the Acquity
and Shim-pack columns was 45°C. In Table 1, the separation
conditions with the best separation efficiency for each tested
column were included. Figure 2 shows chromatograms of
standard solutions of retinol and a-tocopherol analytes.

The peak shapes of retinol and a-tocopherol were cal-
culated for all tested columns. The best peak shapes of tar-
get analytes was achieved using two columns—Chromolith
HighResolution and Kinetex with dimensions of 150 x
4.6 mm filled with 2.6 pm particles (see Fig. 2). These
columns were found to be the best for both analytes.

Although the separation efficiency was high, the analy-
sig time was longer than 3 min for the most of the tested
columns. The analysis time i important in routine high-
throughput bioanalytical practice. Therefore, for the next
comparison of column parameters, the results of measure-
ments with analysis times <2 min were used to shorten the
currently used method [30]. The summary of the column pa-
rameters in order to shorten the time is shown in Table 2.

The shortest analysis was achieved by the Kinetex column
filled with 2.6 pm particles, length and diameter size 50 x
4.6 mm at flow rate 1.5 mL/min at 25°C. This column fulfilled
the criterion of a very small consumption of the mobile
phase. The column efficiency provided acceptable results,
however, the resolution and peak shape for a-tocopherol did
not provide excellent regults in comparison with the other
columns.

Table 1. Conditions and results of separation corresponding to the best efficiency for each column

Column Aow rate 7(°c) Operating Retinol a-Tocopherol
L pressure(psil g iy Mm Rimin  Nm

Kinetex C18{2.6 jum, 100 x 4.6 mm) 05 50 720 2.62 89 650 454 148 740
Kinetex C18 (2.6 jum, 150 x 4.6 mm) 1.0 50 2077 1.97 93 307 3N 134093
Chromolith HR RP-18e {100 x 4.6 mm} 15 50 991 1.25 82910 1.90 131870
Kinetex €18 {2.6 jum, 50 x 4.6 mmj) 05 50 499 1.43 59 720 2.32 101 000
Shim-pack XR-0DS 111 {1.6 jum, 75 x 2.0 mm) 0.3 45 4259 1.25 18 240 284 65 396
Kinetex C18 (1.7 jum, 100 x 3.0 mm) 0.3 50 144 1.98 38730 319 62310
Acquity HSS T3 (1.8 jum, 50 x 2.1 mm}) 0.3 45 1577 0.97 20 740 1.83 43740
Acquity BEH (1.7 jum, 100 x 2.1 mm} 0.3 50 5228 1.42 16 760 2.34 37880

T, temperature (°C); R, retention time {min}; A/m, number of theoretical plates per meter; HR, HighResolution.
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Figure 2. Chromatogram of separation using different flow rates
corresponding to the best efficiency for standard solution of
retinol (A) and a-tocopherol (B): (a) Kinetex C18 (2.6 pm, 50 x
4.6 mm), (b) Kinetex C18 (2.6 um, 100 x 4.6 mm), (c) Kinetex C18
(2.6 um, 150 x 4.6 mm), (d) Kinetex C18 (1.7 um, 100 x 3.0 mm),
(e) Chromolith HighResolution RP-18e (100 x 4.6 mm), (f) Acquity
HSS T3 (1.8 um, 50 x 2.1 mm), (g) Shim-pack XR-ODS IIl (1.6 um,
75 x 2.0 mm), (h) Acquity BEH (1.7 pm, 100 x 2.1 mm).

Unexpected results were achieved with fully porous sub-
2 pm particle columns. Although the time of analysis was
shorter than 2 min and the consumption of the mobile phase
was considerably lower, the separation efficiency and peak

Table 2. Conditions and results with time of analysis <2 min

Liquid Chromatography 2227
shape were not as good as those of columns packed with
2.6 pm particles. Because of this fact, the dead volume of
the system was calculated. It was found that the total dead
volume is 6.88 pL (without semi-microcell in the detection
system—14 pL). This value is in the typical range of such
UHPLC systems [42].

Very good results comparable with core-shell columns
were achieved with the new monolithic column Chromolith
HighResolution. This column has excellent efficiency, peak
shape, and time of analysis with a low consumption of the
mobile phase, typical of this type of column. Comparable
results were achieved for Kinetex (2.6 pm, 100 x 4.6 mm)
and Chromolith HighResolution (100 x 4.6 mm) columns.
The chosen columns provided comparable mobile-phase con-
sumption, time of analysis, and tailing factor. The monolithic
column achieved a better separation efficiency, especially for
retinol.

Finally the Kinetex column of dimensions 100 x 4.6 mm
and particle size 2.6 pm and the Chromolith HighResolution
column of dimensions 100 x 4.6 mm were chosen for further
measurements and comparison. The repeatability of the in-
jection of the standard solution, serum, and samples of breast
milk were tested. The repeatability was expressed as the RSD
of the peak area and retention time. The repeatability was
calculated for ten injections. The repeatability of the reten-
tion time of the standard solution and samples of serum and
breast milk did not exceed 0.5% for both columns. The area
repeatability of the Chromolith HighResolution column was
<1% and that of the Kinetex column was <2%. According to
the normally cited requirement, the% RSD of the injection
repeatability should not exceed 2.0% in bioanalysis [43]. Both
of compared columns comply with this limit. The separation
of retinol and a-tocopherol in serum (A) and breast milk (B)

Column and conditions Retinol a-Tocopherol R Vs{mL) Ta(min) Operating pressure (psi)
N/m Ti N/m Ti
Kinetex C18 (2.6 wm, 50 x 4.6 mm) 1.5 mL/min 25°C 44500 1.092 98580 1.161 9.41 2.83 1.22 1949
Kinetex C18 (2.6 wm, 50 x 4.6 mm) 1.0 mL/min 50°C 49180 1.029 87680 1.258 674 1.35 1.35 1013
Kinetex C18 (2.6 wm, 100 x 4.6 mm) 2.5 mL/min 25°C 43280 1.107 90920 1.063 1443 3.60 1.44 4701
Kinetex C18 (2.6 wm, 100 x 4.6 mm) 2.0 mL/min 50°C 46680 1.120 93740 1.057 1098 3.00 1.50 2927
Kinetex C18 (2.6 wm, 150 x 4.6 mm) 2.5 mL/min 25°C 60620 1.091 108100 1.065 18.26 5.83 1.93 6814
Kinetex C18 (2.6 wm, 150 x 4.6 mm) 2.5 mL/min 50°C 54240 1.077 91427 1038 1259 483 1.53 5398
Kinetex C18 (1.7 wm, 100 x 3.0 mm) 1.1 mL/min 25°C 24500 1.278 63690 1.288 10.62 1.58 1.44 7077
Kinetex C18 (1.7 wm, 100 x 3.0 mm) 0.9 mL/min 50°C 24040 1215 44400 1420 677 119 1.32 4300
Chromolith HR RP-18e (100 x 4.6 mm) 3.0 mL/min 25°C 52400 1.109 97260 1.048 13.04 447 1.49 2532
Chromolith HR RP-18e (100 x 4.6 mm) 2.5 mL/min 50°C 58400 1.105 90340 1.062 924 35 1.40 1748
Acquity HSS T3 (1.8 um, 50 x 2.1 mm) 0.7 mL/min 25°C 13813 1350 42720 1340 725 0.95 1.36 4636
Acquity HSS T3 (1.8 um, 50 x 2.1 mm) 0.5 mL/min 45°C 17600 1320 38860 1.450 637 072 1.43 2613
Shim-pack XR-0DS 111 (1.6 wm, 75 x 2.0 mm) 1.1 mL/min 45°C 14917 1360 39969 1.353 8.18 174 1.58 10025
Acquity BEH (1.7 m, 100 x 2.1 mm) 0.9 mL/min 25°C 12517 1261 27487 1.183 812 1.44 1.60 10 402
Acquity BEH (1.7 um, 100 x 2.1 mm) 0.7 mL/min 50°C 10687 1344 30232 1318 579 0.96 1.37 6997

N/m, number of theoretical plates per meter; T, tailing factor; Rjj, resolution; Vs, consumption of mobile phase per analysis; HR, HighRes-
olution; Ta: time of analysis. Each value is average of three measurements.
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Figure 3. Separation of retinol and a-tocopherol in serum (A)
and breast milk (B) using the Chromolith HighResolution col-
umn (100 x 4.6 mm), ultra high performance liquid chromatogra-
phy (UHPLC) separation conditions: injection volume 1 pL, 100%
methanol as a mobile phase with flow rate 2.5 mL/min at 50°C.
Gray line; excitation 295 nm, emission 330 nm. Black line; excita-
tion 325 nm, emission 480 nm.

using the Chromolith HighResolution column is shown in
Fig. 3.

The LOD was calculated as triple the S/N. The LOQ was
calculated as the S/N ratio multiplied by 10 [43]. The LOD
and LOQ achieved by the Chromolith HighResolution are
compared with previously developed methods in Table 3.
The LOD of retinol and a-tocopherol for the Kinetex column
(100 x 4.6 mm) with a particle size 2.6 pm (not included in
Table 3) was 2.46 and 5.74 nmol/L, respectively. The LOQ
concentrations are 8.19 nmol/L for retinol and 19.14 nmol/L
for a-tocopherol. A comparison of the measured parameters
with previously developed methods used in our laboratory is
shown in Table 3.

Back pressure during the analysis is an important factor
for the lifetime of column. Although the maximum pres-
sure of the tested columns is high, high flow rates of the

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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mobile phase were not tested because retinol was eluted
in the dead volume of the system and a decrease of sep-
aration efficiency was observed. The influence of the flow
rate on the back pressure for different tested columns is
shown in Fig. 4. The new Chromolith HighResolution mono-
lithic column can operate with a high flow rate without
a significant increase of the back pressure. These proper-
ties are conferred by the unique porous structure of mono-
lithic columns. Core-shell columns with small particles
(<3 pm) are made for UHPLC systems operating under high
pressure.

Based on all preliminary results, the Chromolith High-
Resolution column of dimensions 100 x 4.6 mm was finally
chosen for the new method of simultaneous determination of
retinol and a-tocopherol in human serum and human breast
milk as it gives excellent results in comparison with the other
tested columns. UHPLC parameters: the injection volume
was set at 1 pL, 100% of methanol was used as the mobile
phase at a flow rate of 2.5 mL/min with a column-oven tem-
perature 50°C. Under these conditions the retention times
of retinol and a-tocopherol were 0.77 and 1.19 min, respec-
tively, which resulted in a total time of analysis of 1.4 min
and a mobile-phase consumption of 3.5 mL per analysis. The
higher consumption of mobile phase is compensated for by
the longer lifetime and lower price of the column in com-
parison with the other tested columns. Based on our practical
experience, the monolithic column allows > 1000 repetitions
of analysis of retinol and a-tocopherol in biological mate-
rial [20, 24, 30] without any loss of performance. This fact is
because of the monolithic silica structure and the absence of
column frits. The number of injections of biological material
on columns packed with core-shell and fully porous parti-
cles without losing separation efficiency were lower [16, 44],
which is usually caused by blockage of the frits with small pore
sizes. In this case, it is often necessary to use a precolumn
cartridge.

4 Conclusion

UHPLC as a modern separation technique was used for
the investigation of the possible application of the new
second-generation monolithic Chromolith® HighResolution
column in bioanalysis. The analytes used for experiments
were retinol and a-tocopherol, liposoluble vitamins routinely
determined in various biomatrices. The monolithic column
was compared with various other columns typically used in
UHPLC such as core-shell columns, Kinetex®, and fully
porous columns filled with sub-2 pm particles. The separa-
tion efficiency, time of analysis, peak shape, resolution factor,
consumption of the mobile phase, lifetime of the column, and
cost efficiency were the calculated parameters.

Chromolith® HighResolution (100 x 4.6 mm) and core-
shell column Kinetex (100 x 4.6 mm, particle size 2.6 p.m)
columns were finally tested for two types of biological mate-
rials, breast milk and human serum. Both columns showed
reproducible results with possible usage in clinical area. We
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Table 3. Comparison of measured parameters with previously developed methods used in our laboratory
Method Urbének et al. [29] Krémova et al. [30] Plisek et al. [31] This work
Column Chromolith RP-18e Chromolith RP-18e Kinetex C18 Chromolith HR RP-18e
(100 x 4.6 mm) (100 x 4.6 mm) (2.6 um, 100 x 4.6 mm) (100 x 4.6 mm)
Compound Retinol a-Tocopherol Retinol a-Tocopherol Retinol a-Tocopherol Retinol «-Tocopherol
Y (L) 50 20 5 1
MP 100% methanol 100% methanol 100% methanol 100% methanol
FR {mL/min) 25 25 15 25
T(°C) 25 25 49 50
N 2213 3936 3265 7462 5840 9034
HETP (m) 45.1 28.3 31.0 13.0 17.1 1.1
T 1.198 1.524 1.750 1.420 1.062 1.105
W (min) 0.21 0.20 0.12 0.13 0.04 0.05
LOD (nmol/L) 20.0 100.0 130.0 90.0 4.0 78.0 23 6.4
LOQ (nmol/L) 70.0 300.0 270.0 190.0 120 182.0 17 214
Ta {min) 1.8 1.8 1.75 14
Vs (mL) 450 450 263 350

Vi, injection volume (pL); MP, mobile phase; FR, flow rate (mL/min); T, temperature (°C); N, number of theoretical plates; HETF, high
equivaltent to a theoretical plate (.m); Ty, tailing factor; W, width of peak at baseline (min); Ta, time of analysis; Vs, consumption of solvent

(mL)/100 samples; HR, high resolution.

0 05 1 15 2

£ 25 3
Flow rate [mL/min]

Figure 4. Comparison of back pressure of all tested columns:
(a) Chromolith high resolution (HR) RP-18e (100 x 4.6 mm) 50°C;
(b) Chromolith HR RP-18e (100 x 4.6 mm) 25°C; (c) Kinetex C18
(1.7 pm, 100 x 3.0 mm) 50°C; (d) Kinetex C18 (1.7 pm, 100 x
3.0 mm) 25°C; (e) Kinetex C18 (2.6 pm, 150 x 4.6 mm) 50°C;
(f) Kinetex C18 (2.6 pm, 150 x 4.6 mm) 25°C; (g) Kinetex C18
(2.6 pm, 100 x 4.6 mm) 50°C; (h) Kinetex C18 (2.6 pm, 100 x
4.6 mm) 25°C; (i) Kinetex C18 (2.6 pm, 50 x 4.6 mm) 50°C;
(j) Kinetex C18 (2.6 pm, 50 x 4.6 mm) 25°C; (k) Acquity HSS T3
(1.8 pm, 50 x 2.1 mm) 45°C; (I) Acquity HSS T3 (1.8 wm, 50 x
2.1 mm) 25°C; (m) Shim-pack XR-ODS IIl (1.6 pm, 75 x 2.0 mm)
45°C; (n) Shim-pack XR-ODS |1l (1.6 pm, 75 x 2.0 mm) 25°C; (0) Ac-
quity BEH (1.7 pm, 100 x 2.1 mm) 50°C; (p) Acquity BEH (1.7 pm,
100 x 2.1 mm) 25°C.

found that the new second-generation monolithic column
is comparable and even better in set parameters than other
tested UHPLC columns in this separation.

The application of the new monolithic stationary phases
in combination with recently developed simple extraction pro-
cedures allowed us to improve routine laboratory throughput
and economy.

It should also be mentioned that the application of mono-
liths in combination with UHPLC is a new direction that con-
nects the advantages of both. From our experience, monoliths

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

bring to UHPLC a new economical possibility without ana-
Iytical compromise, especially in the case of bioanalysis.
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Summary Lipid apheresis (extracorporeal lipoprotein elimination) is administered to
patients with familial hypercholesterolemia who fail to respond to standard therapy. The
nature of the treatment process raises the suspicion that it decreases not only cholesterol
but also antioxidants. A group of 12 patients (average age 47+17 y. 4 homozygous and
8 heterozygous individuals) with familial hypercholesterolemia treated by LDL-apheresis or
rheohaemapheresis for 3—12 y was included in the study. In addition to cholesterol and tri-
acylglycerol levels, vitamin E and vitamin A and also other markers of antioxidant activity
were investigated. Nevertheless, the most important determined parameter was the vitamin
E/cholesterol ratio in serum and lipoproteins. The results indicate that both extracorporeal
elimination methods are effective and suitable ways to treat severe familial hypercholester-
olemia, as the LDL fraction of cholesterol decreased by approximately 77% and 66% fol-
lowing LDL-apheresis and rheohaemapheresis, respectively. In addition, the serum vitamin
E decreased by 54% and 57% and the decrease of the serum vitamin A was approximately
20%. However, the main marker of antioxidant capacity, vitamin E/cholesterol ratio, in the
serum. VLDL and LDL significantly increased. The increase of vitamin E levels in the eryth-
rocyte membranes of 2% following LDL-apheresis and a significant increase of 4% following
rheohaemapheresis were confirmed. The presented results indicate that LDL-apheresis and
rheohaemapheresis can be considered to be safe procedures according to the antioxidant
capacity of the serum, VLDL and LDL lipoprotein fractions and the erythrocyte membrane.

Key Words vitamin E, LDL-apheresis, rheohaemapheresis, familial hypercholesterolemia

A complete change in lifestyle, a strict diet and inten-
sive combined pharmacotherapy (HMG CoA reductase
inhibitors are the most important components) are
necessary for patients with familial hypercholesterol-
emia (FH) and provide excellent results in most patients.
Unfortunately, these measures are not sufficient for all
patients (1-6). Homozygous FH patients usually fail to
show any response to pharmacotherapy. LDL-aphere-
sis has become the standard treatment for individuals
homozygous for FH (7-9). In homozygous FH, statins
provide a range of responses, decreasing the plasma
LDL anywhere from 0% to 48%, with an average of
approximately 15% for receptor-negative individuals
and approximately 26% for receptor-defective individu-
als (5). LDL-apheresis could be offered to treat symptom-
atic coronary heart disease in individuals who are het-

*To whom correspondence should be addressed.
E-mail: LenkaKrcmova@seznam.cz

erozygous FH and whose LDL remains high (>160 mg/
dL. 4.2 mmol/L) or decreases by <40% in response to
maximal medical treatment (1).

Term LDL-apheresis was originally used in 1981 by
Stoffel et al. (10) as an immunoadsorption elimination
extracorporeal method (10). Nowadays, “LDL-apher-
esis” or “lipoprotein apheresis” is used for all types of
extracorporeal eliminations of cholesterol. In our study
we used a modification of the Stoffel and Borberg 1.DI-
apheresis-immunoadsorption method and also double
filtration plasmapheresis (the primary filter is replaced
by a centrifugal separator), which additionally elimi-
nates fibrinogen and has an influence on rheological
properties. For our study we will use for the first men-
tioned method the term “LDL-apheresis” and for the sec-
ond mentioned method the term “rheohaemapheresis.”

LDL-apheresis is an invasive and relatively expensive
but safe procedure (11, 12); it decreases cholesterol
radically but it is also troubling to the patient’s standard
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of living. Human LDL particles contain several types of
antioxidants, which are important for the regulation of
lipid oxidation (13). The treatment process is assumed
to decrease not only cholesterol but also important anti-
oxidants, such as vitamin E and vitamin A (7, 13-16).
Additionally, other active compounds, such as enzymes,
can be affected by certain methods of extracorporeal
lipoprotein elimination. Superoxide dismutase (SOD)
eliminates very reactive peroxide radicals and forms
hydrogen peroxide with oxygen. Glutathione peroxidase
(GP,) ensures detoxification peroxides (17, 18). Malon-
dialdehyde (MDA) is a biomarker that is formed by the
lipid peroxidation of unsaturated fatty acids (18).

Antioxidant defence systems, such as enzymes or
vitamins, protect the host directly and indirectly against
the damaging influence of oxidants (19-22).

The antioxidant/radioprotective activity of a-tocoph-
erol is thought to be associated with its ability to scav-
enge reactive oxygen species via its phenolic group (23).
By controlling the production of free radicals, vitamin E
affects free radical-mediated signal transduction events
and ultimately modulates the expression of genes that
are regulated by free radical signalling (24). Alternately.
high concentrations of vitamin E can serve as a prooxi-
dant (25).

Vitamin E is rapidly transferred from chylomicrons to
plasma lipoproteins that it binds to non-specifically; it is
then taken up by the liver and incorporated into nascent
VLDL (with selectivity in favour of a-tocopherol over the
y-tocopherol), and then secreted by the liver. Vitamin E is
also spontaneously transferred to apolipoprotein B-con-
taining lipoproteins, including VLDL, LDL and HDL.
Therefore, plasma tocopherols are distributed among
these three lipoprotein types, with the more abundant
LDL and HDL comprising the major carriers of vita-
min E (24, 26, 27). For this reason, we investigated the
levels of vitamin E in each lipoprotein fraction to more
accurately assess pathophysiological processes. The aim
of the present work was to evaluate the acute effect of
extracorporeal elimination on the levels of vitamins E
(a-tocopherol) and A (retinol) of hypercholesterolemic
patients who received extracorporeal lipoprotein elimi-
nation treatments for a long term (3-12 y). The choles-
terol. triacylglycerols (TAG), vitamin E, and vitamin E/
cholesterol ratios in serum and the lipoprotein fractions
were measured in groups of patients before and after
extracorporeal lipoprotein elimination. Additionally,
vitamin E was monitored in the erythrocyte membrane,
which was considered to be a model of the cell mem-
brane. Moreover, the erythrocyte levels of SOD, GPy and
serum level of MDA were analysed as markers of anti-
oxidant activity and lipid peroxidation, respectively.

METHODS

Blood samples were collected before and after extra-
corporeal elimination was undertaken. The study proto-
col was approved by the Ethical Committee of Univer-
sity Hospital in Hradec Kralové. Informed consent was
obtained from all participants. The research followed the
tenets of the Declaration of Helsinki.

SOLICHOVA D et al.

The blood was drawn before being rinsed. The blood
samples were first centrifuged (2,000 Xg, 10 min, 4°C)
and then the serum was separated and analysed imme-
diately or frozen at —20°C until analysis. Lipoprotein
fractions were prepared from fresh serum using a gra-
dient ultracentrifugation technique, with the addition
of a sodium chloride solution of a determined density
and 0.1% EDTA to avoid oxidation of the lipoproteins
during ultracentrifugation. The serum lipoproteins
were separated into very low-density lipoprotein (VLDL,
d<1.006), low-density lipoprotein (LDL, d<1.063)
and high-density lipoprotein (HDL, d>1.063) fractions
using an OPTIMA MAX-XP ultracentrifuge (Beckman
Coulter, Fullerton, CA) (28).

Patient group. A group of 12 patients received long-
term treatments: 7 men and 5 women. The average age
was47+17 y (range, 21-63; median 52 y). The patients
included 4 individuals who were homozygous for FH
and 8 heterozygous (all heterozygotes were undergoing
secondary prevention, with atherosclerotic complica-
tions, such as myocardial infarction, bypass, and arte-
rial desobliteration). The MedPed criteria were applied to
the patients (29) using cut-offs for total cholesterol and
LDL-cholesterol levels above the 95 percentile within
the Czech population (30), age. and family history. Fur-
thermore, DNA-based evidence of a mutation in the
low-density lipoprotein receptor (LDLR) gene was the
criterion for homozygous FH. None of the patients had
a mutation in the Apo-B gene. All patients were treated
with high-dose statins, 1 patient in combination with
fenofibrate, 2 patients in combination with bile-acid
sequestrans, and 10 patients in combination with ezeti-
mibe. The maximally tolerated doses of rosuvastatin or
atorvastatin were chosen. Patients with increased lev-
els of fibrinogen were treated by rheohaemapheresis in
order to normalize this parameter.

The patients have been regularly treated with LDL-
apheresis or rheohaemapheresis for 3-12y (average,
7+ 3; range, 2—-11; median, 7 y). Both procedures were
carried out at an accredited facility, the Blood Cell Sepa-
rator Centre, University Hospital in Hradec Kralové.
Czech Republic, using standardised methods and by
experienced personnel.

LDL-apheresis technique. Plasma separation was per-
formed using a Cobe-Spectra continuous centrifugal
separator or Optia separator (Terumo BCT. Lakewood,
CO). An automatic adsorption-desorption device (Ada-
sorb, Medicap, Ulrichstein, Germany) was used to con-
trol the repeated fillings and washings of Lipopak 400
adsorbers (Pocard, Moscow, Russia). In two patients,
Lipocollect adsorbers (Medicollect, Rimbach, Germany)
were used for 32-54 mo. Initially, our target LDL-cho-
lesterol level after the procedure was below 1 mmol/L:
currently, a more effective rate of below 0.5 mmol/L has
been applied. Normal values are 1.5-3.36 mmol/L.

Rheohaemapheresis technique. Plasma was collected
using a Cobe-Spectra or Optia separator (Terumo BCT)
following high-speed centrifugation. The plasma were
then run through a “second stage” filter (Evaflux 4A or
5A., Kuraray, Tokyo, Japan) with ethylene-vinyl alcohol
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hollow fibres with a hole size of .04 wm. Further, we
used a CF-100 (Infomed. Geneva, Switzerland), which
regulated inflow of plasma into the filter. The plasma
flow was continuous, anticoagulation was carried oul
using heparin and ACD-A (Baxter, Munich. Germany).
and the basic volume of processed plasma was 1.5 times
the body volume, as calculated by the computer of the
Cobe or Optia separator.

Analytical determination of retinol and «-tocopherol in
serum, lipoprotein fractions and erythrocyte membrane.
The method used in this study for the analysis of retinol
and a-tocopherol in the serum and lipoprotein fractions
was modified from the method previously published by
Urbanck et al. and is briefly described below (31).

In the liquid-liquid extraction (LLE) procedure,
500 uL of serum was deproteinised using cold ethanol
with 5% of methanol. Then, n-hexane was added to this
mixture and extracted using a vortex apparatus. After
centrifugation, an aliquot of the clean extract was sepa-
rated and evaporated in a concentrator. The residue was
dissolved in 400 uL of methanol and analysed using a
Prominence HPLC system (Shimadzu, Kyoto, Japan). The
separation of retinol and a-tocopherol was performed
using the Chromolith Performance RP-18e monolithic
column (Merck, Darmstadt, Germany). The detection
of retinol and a-tocopherol was carried out at 325 and
295 nm, respectively, using a diode array detector.

The level of a-tocopherol in the erythrocyte mem-
brane was analysed using a modified HPL.C method pre-
viously published by Solichovi et al. (32). A Chromolith
Performance RP-18e monolithic column, 100X4.6 mm
(Merck) with the same sample pretreatment that was
applied prior to HPLC analysis was used for the chro-
matographic separation.

Analytical determination of cholesterol and triacylglycer-
ols. The serum cholesterol and TAG were determined
using a MODULAR analyser (Hoffmann-La Roche, Basel,
Switzerland) with commercially available kits according
to the manufacturer’s instructions. The same methods
were used to evaluate the cholesterol and TAG levels in
the lipoprotein fractions.

Analytical determination of enzymes. The erythrocyte
glutathione peroxidase was determined spectrophoto-
metrically using a commercial kit (Ransel, Randox,
Crumlin, United Kingdom) according to the manufac-
turer’s instructions and the elimination of absorbance
at a wavelength of 340 nm (Cobas Mira, Roche, Basel.
Switzerland).

The serum malondialdehyde was measured as a
red complex with thiobarbituric acid at 485, 532 and
560 nm using a Beckman DU 640 spectrophotometer
(Beckman, Palo Alto, CA).

Superoxide dismutase was determined spectropho-
tometrically using a commercial kit (Ransod, Randox)
according the manufacturer’s instructions and the
elimination of absorbance at a wavelength of 505 nm
(Secomam, Ales. France).

Statistical analysis. The NCSS 2007 software
(Kaysville, UT) was used to perform statistical evalu-
ations of the changes in each measured parameter
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before and after extracorporeal elimination therapy. The
evaluations were performed using the un-parametrical
Mann-Whitney U and Wilcoxon Signed-Rank tests. Sta-
tistical significance was based on p=0.05.

RESULTS

Cholesterol and triacylglycerols

The decreases in the cholesterol levels are presented
in Table 1. These results indicate that both extracorpo-
real elimination methods are effective and suitable treat-
ments, as the cholesterol decreased with both methods
in the low-density lipoprotein (LDL) fraction by approxi-
mately 77% and 66% for LDL-apheresis and rheohae-
mapheresis, respectively. Cholesterol was measured for
both methods in the various lipoprotein fractions. Lev-
els in the very low-density lipoprotein (VLDL) fraction
decreased by 68% and 66%. Levels in the high-density
lipoprotein (HDL) fraction exhibited lower decreases rel-
ative to those of the other fractions, by 33% and 39% for
apheresis and rheohaemapheresis, respectively.

The first three measurements and the last three mea-
surements of the monitored period were compared,
and no significant differences were observed for either
extracorporeal elimination method. The means of the
first and last three measurements of cholesterol lev-
els were 5.86+1.32 mmol/L and 5.60%1.35 mmol/L,
respectively.

Triacylglycerols (TAG) exhibited decreases in the
serum and in the VLDL and LDL fractions in both meth-
ods. The initial levels decreased by approximately half
(48-58%). Conversely. the level of TAG in HDL increased
during LDL-apheresis by 16%. but this increase was not
significant. Rheohaemapheresis decreased the level of
TAG in the HDL fraction by 27%. All of the results for
cholesterol and TAG are presented in Table 1.

Vitamin E

Both methods of extracorporeal lipoprotein elimina-
tion significantly decreased the levels of vitamin E in
the serum and all lipoprotein fractions (Table 1). The
decreases in the serum were by 54% and 57%. respec-
tively. The levels in the various lipoprotein fractions
exhibited decreases that ranged from 36-73%. However,
decreases in the vitamin E/cholesterol ratio were not
observed in the serum or in the VLDL and LDL fractions,
which showed significant increases that ranged from
5-61%. There was only a significant decrease (1-6%)
of the vitamin E/cholesterol ratio in the HDL fraction.
These results are presented in Table 2.

The results (Table 1) confirmed a slight increase in
the level of vitamin E in erythrocyte membranes of 2%
during LDL-apheresis (not significant), as well as a sig-
nificant increase of 4% during rheohaemapheresis.
Vitamin A and other metabolites

Both methods of extracorporeal lipoprotein elimina-
tion significantly decreased the levels of vitamin A in
the serum (Table 1). The total decrease in this vitamin
was approximately 20%.

The erythrocyte superoxide dismutase and erythro-
cyte glutathione peroxidase did not exhibit any signifi-
cant changes. Similar results were observed for serum
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Table 1. Levels of target analytes in serum, lipoprotein fractions and erythrocytes before and after extracorporeal elimina-
tion treatment.

Before procedure After procedure Statistical

Target analytes Group n* B O
Average SD Average SD significance

Cholesterol-serum (mmol/L.) AP 155 5.34 1.27 1.73 0.89 p<0.0001
RH 144 5.07 1.42 1.96 0.56 p<<0.0001

AP+RH 299 521 1.34 1.84 0.76 p<<0.0001

Cholesterol-VLDL (mmol/L) AP 160 1.03 0.50 0.33 0.27 p<<0.0001
RH 146 1.09 0:53 0.37 0.17 p<<0.0001

AP+RH 306 1.06 0.51 0.35 0.23 p<0.0001

Cholesterol-IDL (mmol/L) AP 160 312 0.92 0.72 0.35 p<0.0001
RH 147 2.86 0.98 0.97 0.44 p<0.0001

AP+RH 307 2:99 0.96 0.84 0.42 p<<0.0001

Cholesterol-HDL (mmol/L) AP 160 1.01 0.33 0.68 0.22 p<0.0001
RH 148 0.99 0.44 0.60 0.19 p<<0.0001

AP+RH 308 1.00 0.39 0.64 0.21 p<<0.0001

TAG-serum (mmol/L) AP 156 1.94 1.42 0.81 0.73 p<<0.0001
RH 145 2.28 1.64 1.17 0.69 p<<0.0001

AP+RH 301 2.20 1.54 0.98 0.73 p<<0.0001

TAG-VLDL (mmol/L) AP 160 1.35 1:22 0.57 0.61 p<0.0001
RH 146 1.62 1.31 0.84 0.57 p<0.0001

AP+RH 306 1.48 1.27 0.70 0.61 p<<0.0001

TAG-LDL (mmol/L) AP 160 0.38 0.15 0.18 0.19 p<<0.0001
RH 147 0.43 0.16 0.22 0.14 p<<0.0001

AP+RH 307 0.40 0.16 0.20 0.17 p<<0.0001

TAG-HDL (mmol/L) AP 160 0.12 0.07 0.14 0.19 0.940813
RH 148 0.15 0.09 0.11 0.06 p<<0.0001

AP+RH 308 0.13 0.08 0.12 0.14 p<<0.0001

Vitamin E-serum (umol/L) AP 159 27.00 7.02 11.70 3.36 p<0.0001
RH 144 25.36 8.59 11.69 377 p<0.0001

AP+RH 303 26.22 7.83 L1.71 3.56 p<0.0001

Vitamin E-VLDL (pmol/L) AP 159 8.88 5.98 3.28 2.49 p<0.0001
RH 146 9.07 5.54 3.68 1.98 p<<0.0001

AP+RH 305 8.97 5.77 3.47 2.25 p<<0.0001

Vitamin E-LDL (umol/L) AP 158 12.54 3.03 3.37 1.22 p<<0.0001
RH 144 10.97 4.38 3.90 1.67 p<<0.0001

AP+RH 302 11.79 3.82 3.62 147 p<0.0001

Vitamin E-HDL (umol/L) AP 160 6.80 241 4.34 1.71 p<0.0001
RH 146 5.96 2.10 3.48 1.36 p<0.0001

AP+RH 306 6.40 2.30 3:93 1.61 p<0.0001

Vitamin E-ery (umol/L) AP 154 3.54 1.47 3.62 1.45 0.128334
RH 140 3.02 1.36 315 1.35 0.002414

AP+RH 294 3.29 1.44 3.39 1.42 0.001683

Vitamin A-serum (umol/L) AP 158 1:57 0.50 1.23 0.43 p<0.0001
RH 145 1.81 0.50 1.46 0.41 p<0.0001

AP+RH 303 1.69 0.51 1.34 0.43 p<0.0001

MDA-serum (umol/L) AP 108 0.61 0.44 0.57 0.29 0.636777
RH 40 0.69 0.41 0.73 0.24 0.256012

AP+RH 151 0.62 0.43 0.61 0.29 0.252002

SOD-ery (U/gHb) AP 78 1857.04 786.84 1878.26 734.43 0.423970
RH 27 1958.67 692.09 1993.10 906.20 0.838187

AP+RH 108 1874.80 756.30 1900.70 775.30 0.489416

GPy-ery (U/gHb) AP 73 40.36 11.77 41.05 12.34 0.161705
RH 26 40.70 12.86 40.60 13.14 0.647540

AP+RH 102 40.63 1191 41.01 12.35 0.572619

AP: LDL-apheresis, RH: rheohaemapheresis, ery: erythrocytes.
*Number of pair measurements.
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Table 2. Ratios of vitamin E and cholesterol in serum and lipoprotein fractions before and after extracorporeal elimination
treatment.

Vitamin E/cholesterol i * Before pr ocedure o Alter procedure Statistical
(107 in PR Average SD Average SD significance
Serum AP 149 5.73 6.92 9.25 13.33 p<0.0001
RH 142 5.11 1.29 6.22 2.74 p<<0.0001

AP+RH 291 5.43 5.03 Tidl7 9.03 p<0.0001

VLDL AP 155 8.62 3.42 10.49 5.22 p<0.0001
RH 144 8.42 2.58 10.41 3.75 p<0.0001

AP+RH 299 8.50 3.09 10.45 4.57 p<<0.0001

LDL AP 155 4.29 1.45 5.02 1.55 p<0.0001
RH 143 3.97 1.74 4.17 1.25 p<0.0001

AP+RH 298 4.14 1.60 4.61 1.47 p<0.0001

HDL AP 157 6.85 2.05 6.46 1.65 0.028095
RH 146 6.11 1.49 6.05 3.12 0.007528

AP+RH 303 6.49 1.84 6.26 2.47 p<0.0001

AP: LDL-apheresis, RH: rheohaemapheresis.
*Number of pair measurements.

malondialdehyde, which was monitored as a marker for
the oxidative degradation or lipoperoxidation of cellular
membranes (Table 1).

DISCUSSION

The lipid-soluble vitamin E (tocopherols) antioxi-
dants, including a- and y-tocopherol, are an important
front line defense (33). We have confirmed that patients
treated using extracorporeal methods undergo a sig-
nificant decrease in their vitamin E levels in serum and
lipoprotein fractions. However, this decrease was partly
expected due to the disposition of the treatment meth-
ods. It is supposed that vitamin E has suppressive effects
on atherosclerosis through antioxidant action (14). A
reactive oxygen species attack can lead to a major deple-
tion of antioxidants such as vitamin E (3 3). Vitamin E is
essential, along with cholesterol, for the structural sta-
bility of membranes (34, 35). Indeed. a relation between
the vitamin E content and resistance against oxidation
of LDL has not been demonstrated, unless vitamin E was
supplemented (36). This vitamin partially controls lipid
peroxidation and oxidative stress-related disease includ-
ing end-storage renal disease (37). Vitamin E-coated
membranes are proved to increase vitamin E levels in
plasma and therefore scavenge reactive oxygen species
and reduce oxidative stress (37). Circulating tocoph-
erol is well known to be distributed among all classes
of lipoproteins, and between lipoproteins and red blood
cell membranes (38, 39). For this reason, we observed
the vitamin E/cholesterol ratios in the serum and in the
various lipoprotein fractions. Antioxidant activity was
not heavily affected. which was confirmed by examining
the ratios of vitamin E/cholesterol, which significantly
increased in the serum and the VLDL and LDL fractions
and slightly decreased in the HDL fraction. Furthermore,
we determined the levels of vitamin E in the erythrocyte
membranes, as this vitamin is almost exclusively located
in membranes (24). Wang and Quinn investigated rat

plasma and reported that the levels reached a maximum
after 48 h, and the liver was the main organ in which
the vitamin had been accumulated. The levels in the
kidney, heart. muscle and brain continued to increase
throughout a 6-wk period (40).

In addition, erythrocytes are the major cellular com-
ponent of blood, and erythrocyte membrane f{luidity
can be affected by diseases associated with oxidative
stress (41). A study by Rajasekaran et al. proposed that
the regulation of a-tocopherol levels in membranes is
critically important to maintain the erythrocyte mem-
brane structure and function (42). Recently, it has been
hypothesized that a-tocopherol partitions into domains
of membranes that are rich in polyunsaturated phos-
pholipids, amplifying the concentration of the vitamin
where it is most needed (43). The presented results
indicated that vitamin E in erythrocytes did not change
after LDL-apheresis and showed only a slight increase
(although it was significant) after rheohaemapheresis.
These results were also expected, as mentioned above.

Vitamin A is an important micronutrient that has
an unusually wide range of vital biological functions
(e.g., morphogenesis, vision, embryonic development,
reproduction, immune function) in the mammalian sys-
tem (44). In healthy individuals, plasma vitamin A is
maintained within a narrow range (0.88-2.76 umol/L
in adults; typically approximately half that in newborn
infants) despite widely varying intakes of vitamin/pro-
vitamin A. Vitamin A levels are significantly reduced,
although not below the normal value, during extracor-
poreal lipoprotein elimination.

Ascorbate administration can be useful to lower the
levels of hydrogen peroxide and proinflammatory medi-
ators in patients undergoing apheresis (45). It was also
initially hypothesized that ascorbic acid may decrease
lipoprotein(a) concentrations; however, a study in 100
healthy people did not confirm this hypothesis (46).
Though ascorbic acid proved strong scavenging H>0>
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activity, in our study, we focused only on fat soluble
vitamins.

Oxidation of LDL and the formation of lipid hydro-
peroxides are now widely accepted as a crucial step in
atherogenesis. One important decomposition product
of lipid hydroperoxides is MDA, which is derived from
unsaturated fatty acids carrying more than two double
bounds (47, 48). However, according to observation of
Schettler et al. (48) no difference between hyperlipid-
emic patients undergoing LDL-apheresis and coronary
heart disease patients not undergoing extracorporeal
treatment was confirmed. Nevertheless, an increased
concentration in both patients groups has been claimed
(48).

The antioxidant enzymes superoxide dismutase (SOD)
and glutathione peroxidase (GPy) work together to
remove reactive oxygen species from the cell in order
to prevent oxidation of biological material. The enzyme
SOD reduces the superoxide anion to hydrogen perox-
ide, which is further reduced to water by the actions
of glutathione peroxidase. Exposure to fluoride induces
increased lipid peroxidation measured as malondialde-
hyde by altering the activity of antioxidant enzymes:
SOD. CAT, and GPy (49-51). The major function of GPy
is to reduce soluble hydrogen peroxide and alkyl perox-
ides (52). GPy uses glutathione as the hydrogen donor,
and produces GSSG (glutathione disulfide) and water
(53). Under normal physiological conditions the path-
ways of SOD and GPy are complemented by the addi-
tional hepatocellular antioxidants, glutathione (GSH),
vitamin E and ascorbate (49, 50).

Protection against toxic effects of oxygen radicals
is represented by antioxidant enzymes such SOD and
GPy. SOD seems to be the first line of defence against
oxygen radicals generated by phagocytes. Schettler et
al. (48) suppose that no critical concentration of oxygen
radicals is achieved during LDL-apheresis process, since
SOD activity is not affected. GPy is a selenoprotein that
reduces lipid and other organic hyperperoxides includ-
ing peroxide. In agreement with our findings, GP, was
not affected by LDL apheresis. However, Schettler et al.
(48) observed a decrease of selenium plasma concentra-
tion and explained it by partial removal of LDL, since
LDL particles play an important role in selenium trans-
portation in plasma.

According to our results, there were significant
decreases in the serum vitamin E and lipoproteins.
However, the vitamin E/cholesterol ratios significantly
increased or slightly decreased in the HDL fraction.
These ratios provide the most important information
regarding oxidative processes. Additionally, it was con-
firmed that the levels of vitamin E remained constant in
the membranes. The vitamin A levels were significantly
reduced, but not below the baseline value. The other
measured compounds, such as the serum MDA, eryth-
rocyte SOD, and erythrocyte GPy were not significantly
affected by the LDL-apheresis or rheohaemapheresis
processes.

The presented results indicate that, based on the
serum oxidation activity of the lipoprotein fractions and

SoLICHOVA D et al.

the erythrocyte membrane, LDL-apheresis and rheohae-
mapheresis can be considered to be safe procedures for
the treatment of familial hypercholesterolemia.
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Blood levels of antioxidants during age-related macular degeneration treatment
by rheohaemapheresis
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Aims. Rheohaemapheresis treatment influences rheological markers and most likely improves metabolism in affected
retinal areas, resulting not only in absorption of soft drusen but also reduction or complete disappearance of drusenoid
retinal pigment epithelium detachments. However, the character of the treatment process has raised suspicion that
there is a decrease not only in cholesterol but also in antioxidants, such as vitamin E and vitamin A.

Methods. Twenty-three patients with the progressive dry form of age-related macular degeneration were each treated
with 8 procedures of rheohaemapheresis. We measured levels of vitamin E (a-tocopherol), the vitamin E/cholesterol
ratio in serum and lipoproteins (VLDL, LDL, HDL). Vitamin E in erythrocyte membrane and serum vitamin A (retinol)
were also measured. These parameters were determined before and after rheohaemapheresis. Erythrocyte superoxide
dismutase, erythrocyte glutathione peroxidase and serum malondialdehyde were analysed as markers of antioxidant
activity and lipid peroxidation, respectively.

Results. In serum, the VLDL and LDL fraction ratios of vitamin E/cholesterol increased significantly. Additionally, the
HDL fraction ratio showed an increase but this was not statistically significant. The patients showed no clinical signs of
vitamin E deficiency, and their serum concentrations of vitamin E did not differ from normal values. The results show
that rheohaemapheresis in addition to causing a significant reduction in atherogenic LDL cholesterol, may have favour-
able additive anti-atherogenic effects due to a relative increase in the content of vitamin E in the lipoprotein fractions.

Key words: rheohaemapheresis, age related macular degeneration, vitamin E, vitamin E/cholesterol ratio,

antioxidants
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INTRODUCTION

Age-related macular degeneration (AMD) is a highly
complex disease, with demographic, environmental and
genetic risk factors'. It affects the central region of the
retina and choroid, which can result in loss of central vi-
sion®. AMD is a bilateral disorder; choroidal neovascular
membranes develop in more than one fourth (26%) of
fellow eyes that are initially free of exudative AMD over
a 5-year period®. AMD is also the leading cause of vision
loss in the developed world, such as in Europe, the USA
and Australia, among people older than 55/ 65 years old,
accounting for up to 50% of all cases. Additionally, its
prevalence is likely to increase as a consequence of in-
creasing longevity*®. The prevalence in adults is approxi-
mately 3% (ref.2). It is estimated that approximately 30%
of adults older than the age of 75 years old have some
signs of AMD and that approximately 10% of these pa-
tients demonstrate advanced or late stages of the disease’.
A comparison of statistical data from the Czech Republic
with those from other countries provided difficulties be-

cause in the Czech Republic, the limit for legal blindness
is 1/60, while in other countries, it is 6/60 (ref.?).

Clinically, AMD appears in two forms - a non-exuda-
tive dry form and an exudative wet form - which in an indi-
vidual patient can also represent stages of the disease. The
non-exudative form involves a variety of presentations,
including hard drusen, soft drusen, and geographic (are-
olar) atrophy of the retinal pigment epithelium (RPE).
This non-exudative form of AMD accounts for 80-90%
of AMD cases>®.

Greater intake of fish, nuts, and dark green, leafy
vegetables has been associated with lower risk for AMD.
An increase of intake of vegetable fat, mono- and poly-
unsaturated fatty acids, and linoleic acid was associated
with increased risk for AMD (ref.”). The Age-Related Eye
Disease Study (AREDS), a multi-centre, randomised,
controlled clinical trial, demonstrated that oral supple-
mentation with a combination of vitamin C, vitamin E,
p-carotene, zinc oxide and cupric oxide in patients with
intermediate or advanced AMD in one eye resulted in a
25% relative risk reduction of developing advanced AMD
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in the other eye**. A comparison with placebo demon-
strated a statistically significant odds reduction for the
development of advanced AMD with antioxidants plus
zinc®. The US Veterans Administration’s LAST (Lutein
Antioxidant Supplementation Trial) study found that lu-
tein supplementation, alone or in combination, signifi-
cantly augmented macular pigment, improved near visual
acuity and contrast sensitivity and demonstrated a lack of
disease progression over the one-year study period. Gale
et al. found that the serum concentration of zeaxanthin
was significantly lower in individuals with AMD, com-
pared to those without the disease. Serum concentrations
of lutein and of lutein and zeaxanthin combined were also
lower but not significantly'®'2,

Blaha et al. observed, after rheohaemapheresis (RH),
not only absorption of soft drusen but also a reduction in
or complete disappearance of drusenoid retinal pigment
epithelium detachments (RPEDs). RH influenced rheo-
logical markers and most likely improved metabolism in
the affected retinal areas, leading to the positive results®.
RH results in a decrease in high-weight molecules, such
fibrinogen, immunoglobulins (mainly IgM), LDL choles-
terol and other compounds. For this reason, the viscosity
of the blood decreases, and the proportions of cytokines
and adhesion molecules also change positively. Moreover,
the deformability of erythrocytes decreases. Clinical stud-
ies on implementing RH in AMD have been guided by
evidence-based medicine®.

However, the character of the treatment process has
raised the suspicion that RH also causes a decrease in
antioxidants, such as vitamin E and vitamin A.

METHOD

Patient group

From June 2008 to July 2011, twenty-three patients
with the non-neovascular form of AMD were randomised.
Patients were treated with 8 procedures of RH (9 men, 14
women, mean age 67 years old, range 41-85 years).

Patients admitted to the study had to have received
a diagnosis of AMD in both eyes, including dry AMD
in one or both eyes confirmed by fluorescein angiogra-
phy and fundus photography. The exclusion criteria were
retinal or choroidal disorders other than AMD, optic
nerve disorders, glaucoma, conditions limiting examina-
tion of the fundus, and acute bleeding in the study eye.
The general exclusion criteria for RH treatment were the
usual exclusion criteria for extracorporeal circulation or
therapeutic haemapheresis and the absence of peripheral
veins suitable for establishing an extracorporeal circuit.
Regarding randomisation, patients with the late-stage,
high-risk, preangiogenic form of AMD with soft drusen,
confluent soft drusen and DPEDs were assigned to RH
therapy.

Rheohaemapheresis

The cascade method of plasma filtration was used
as our modification of rheotherapy (named rheohaema-
pheresis by Borberg et al., 2006) (ref.'*'") (Fig. 1). After
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Fig. 1. Scheme of rheohaemapheresis with our modification.

plasma separation (blood-cell separator, Cobe-Spectra,
Denver, CO, USA), the separated plasma was pumped
through the rheofilter (Evaflux 4A, Kuraray, Japan) to
remove high molecular weight rheologic factors. The time
schedule of the study was the same as that of the largest
published MIRA-1 study®, i.e., 2 procedures weekly and
then a 14-day pause, with the procedure repeated four
times. Altogether, 8 procedures were performed within
10 weeks, and 1 to 2 procedures were recently added after
one year of follow-up, if needed (if suspicion or symptoms
of disease progression were discovered). We treated 1.5
volumes of plasma in one session. Critical values were
considered to be decrease in fibrinogen levels to less than
0.7 g/L. In these cases, the volume of filtered plasma was
decreased (from 1.5 x body volume to 1 x body volume).
The patients were required to have peripheral veins al-
lowing for vascular access to establish the extracorporeal
circuit. All of the filters and tubing systems for extracor-
poreal circulation were for a single use only.

Analytical determination of retinol and a-tocopherol
in serum, lipoprotein fractions and erythrocyte membranes

The blood samples were collected before and after
the extracorporeal elimination process. The study proto-
col was approved by the Ethics Committee of University
Hospital in Hradec Kralové. Informed consent was ob-
tained from all of the participants. The research followed
the tenets of the Declaration of Helsinki.

The blood samples were first centrifuged (2000 x g,
10 min, 4 °C), and the serum was separated and analysed
immediately or was frozen at -20 ° C until analysis.

Lipoprotein fractions were prepared from fresh serum
by a gradient ultracentrifugation technique, using saline
solution with a determined density with 0.1% EDTA
added to avoid oxidation of lipoproteins during ultracen-
trifugation.

Serum lipoproteins were separated into very low-densi-
ty lipoprotein (VLDL d < 1.006), low-density lipoprotein
(LDL d < 1.063) and high-density lipoprotein (HDL d >
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Table 1. Levels of cholesterol and TAG in serum and lipoprotein fractions before and after RH treatment

Betore AT Statistical
Analyte N Average (£SD) Average (£SD) Decreased by (%) B
significance

mmol/L mmol/L
Cholesterol-serum 66 4.25 (1.35) 1.78 (+0.49) 58.12 0.001
Cholesterol-VLDL 66 0.81 (+0.34) 0.30 (x0.22) 62.96 0.001
Cholesterol-LDL 64 2.28 (x0.71) 0.81 (£0.29) 64.47 0.001
Cholesterol-HDL 66 1.02 (x£0.21) 0.64 (£0.15) 37.26 0.001
TAG-serum 65 1.48 (+0.64) 0.74 (x0.44) 50.00 0.001
TAG-VLDL 65 0.93 (+0.49) 0.48 (x0.37) 48.39 0.001
TAG-LDL 64 0.35 (+0.11) 0.17 (£0.08) 51.43 0.001
TAG-HDL 65 0.13 (+0.08) 0.09 (+0.04) 30.77 0.001

Table 2. Levels of vitamin E in serum and lipoprotein fractions before and after RH treatment

Before

After

Analyte N Average (+SD) Average (+SD) L ec’f;S)Cd by » ta.tfuca]

umol/L mel/L o significance
Vit E-serum 68 22.23 (26.75) 11.00 (£3.25) 50.52 0.001
Vit EVLDL 66 6.31 (£3.14) 2.56 (£1.28) 59.43 0.001
Vit E-LDL 66 9.45 (£3.45) 3.83 (£1.34) 59.47 0.001
Vit E-HDL 67 6.45 (£1.81) 3.88 (£1.20) 39.85 0.001
1.063) fractions, using an OPTIMA MAX-XP ultracen-  Statistical analysis

trifuge (Beckman Coulter, Fullerton, CA, USA) (ref.").

The method used in this study for the analysis of vi-
tamin A (retinol) and vitamin E (o-tocopherol) in serum
and lipoprotein fractions was modified from the method
previously published by Urbanek et al.?.

The level of o-tocopherol in erythrocyte membranes
was analysed by the modified HPLC method previously
published by Solichova et al.?.

Analytical determination of cholesterol and triacylglycerols

Serum cholesterol and triacylglycerols (TAG) were
determined on a MODULAR analyser (Hoffmann-La
Roche, Basel, Switzerland) using commercially available
kits, according the manufacturers’ instructions. The same
methods were used for the evaluation of cholesterol and
TAG contents in the lipoprotein fractions.

Analytical determination of enzymes

Erythrocyte glutathione peroxidase (GPx) was de-
termined spectrophotometrically using a commercial
kit (Ransel, Randox, United Kingdom), according the
manufacturer’s instruction, with the elimination of ab-
sorbance at a 340 nm wavelength (Cobas Mira, Roche,
Switzerland).

Serum malondialdehyde was measured as a red com-
plex with thiobarbituric acid at 485, 532 and 560 nm
using a Beckman DU 640 spectrophotometer (Beckman,
Palo Alto, USA).

Erythrocyte superoxide dismutase was determined
spectrophotometrically with a commercial kit (Ransod,
Randox, United Kingdom) according the manufacturer’s
instructions, as the elimination of absorbance at a 505
nm wavelength (Secomam, Ales, France).

NCSS 2007 software (Kaysville, USA) was used for
statistical evaluation of the changes in each measured pa-
rameter before and after extracorporeal elimination ther-
apy. Evaluation was performed with the nonparametric
Mann-Whitney U test and Wilcoxon’s signed-tank test.
Statistical significance was based on P < 0.05.

RESULTS

Cholesterol and triacylglycerols

Decreases in cholesterol levels are presented in Table
1. Cholesterol and TAG were measured in serum and dif-
ferent lipoprotein fractions, including VLDL, LDL and
HDL fractions. The results are presented in Fig. 2.

Changes of cholesterol during RH treatment

=

mmol/L

Serum

LDL
|! 1 before [ 1 after [] 2 before [] 2 after [l 3 before []3 after [

HDL

Fig. 2. Changes of cholesterol levels in serum and lipoproteins
during RH treatment.
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Table 3. Vitamin E/cholesterol ratios in serum and lipoprotein fractions before and after RH treatment

—_— Before After s
Vitamin E/ 5 Statistical
cholesterol ratio H Syetigs EVeIagy e significance

(#SD) 10 (#SD) 10 &
Serum 65 5.42 (£1.23) 6.28 (+1.34) 15.87 0.001
VLDL 64 7.88 (£2.29) 9.80 (£5.09) 24.37 0.000309
LDL 57 4.16 (+0.99) 5.11 (£3.64) 22.84 0.000006
HDL 65 6.36 (£1.21) 6.48 (+4.12) 1.89 0.043457
Table 4. Levels of MDA, SOD and GPx before and after RH treatment
Before After Statistical

Analyte N Average (+SD) Average (+SD) significance
Malondialdehyde (umol/L) 50 0.48 (+0.41) 0.56 (£0.22) 0.002358
Superoxide dismutase (U/g Hb) 50 1595.78 (£729.02) 1505.74 (£676.66) 0.593154
Glutathione peroxidase (U/g Hb) 50 35.79 (£11.29) 34.46 (£10.20) 0.557875
Vitamin E sis. As described above, this process can lead to sustained

Levels of vitamin E before and after the procedure
and its decreases in serum and lipoprotein fractions are
presented in Table 2.

However, a decrease in the vitamin E/cholesterol ratio
was not observed. In serum and in the VLDL and LDL
fractions, the vitamin E/cholesterol ratio increased signifi-
cantly in range, from 1.9% to 24.4%. In the HDL fraction,
the ratio showed weak but statistically significant changes.
The results are presented in Table 3.

The results of our study confirmed an increase (not
statistically significant) in vitamin E levels in the mem-
branes of 2% after rheohaemapheresis (Fig. 3).

Vitamin A

The average levels of vitamin A in serum before and
after treatment were 1.56+0.38 umol/L and 1.22 + 0.27
umol/L, respectively. The results constitute a statistically
significant decrease (P = 0.001). Nevertheless, the mea-
sured values after treatment were at physiological levels.

Other metabolites

During the rheohaemapheresis treatment, there were
reductions observed in the levels of erythrocyte super-
oxide dismutase and erythrocyte glutathione peroxidase,
but these changes were not statistically significant. The
serum level of malondialdehyde after rheohaemapheresis
increased significantly by 17%, as presented in Table 4
and also in Fig. 4.

DISCUSSION

Until now, there have been no effective pharmacologi-
cal therapies for the dry form of AMD that have been
documented by multicentre, randomised, double-blind
studies®?2,

Cholesterol and triacylglycerols

An exactly defined spectrum of high molecular
weight, rheologically relevant plasma proteins (i.e., LDL-
cholesterol, lipoprotein) is removed by rheohaemaphere-

microcirculatory recovery and can significantly alter the
natural course of this chronic disease. This process should
improve the metabolic exchange between the RPE and

Malondialdehyde
3.50 T P =0.002358
] °
263 1
3 1
!:EL A
1.75 A
] ®
0.88 - %
0.00 - % : :
Before After
treatment treatment

Fig. 3. Levels of MDA in serum before and after RH treatment.

Vitamin E in erythrocyte membrane
8.00 1 P =0.218785
6.00
3
3 4.00
2.00
0.00 g 2 :
Before After
treatment treatment

Fig. 4. Levels of vitamin E in erythrocyte membranes before
and after RH treatment.
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the choriocapillaris and the nutrition of RPED cells and
of the neuroepithelium, reducing ischaemia and the pro-
duction of vascular endothelial growth factor (VEGF).
VEGF and pigment epithelium-derived factor (PEDF) are
regulated by tissue oxygenation. Expression of VEGF is
induced by hypoxia, thus promoting neovascularisation,
while PEDF is induced by increase of oxygen, thus inhibit-
ing neovascularisation®. However, optimal quantification
of the surface structures of erythrocytes (e.g., stability and
elongation), granulocytes (e.g., migration and penetration
of the vessel wall), lymphocytes e.g., role of regulatory T
cells), monocytes (e.g., migration and penetration of the
vessel wall) and platelets (e.g., adhesion to endothelial
cells) has not yet been achieved'>*.

In this work, high molecular weight molecules, such
cholesterol and TAG, decreased by 31-65%.

Vitamin E

Antioxidant defence systems, such as enzymes or vita-
mins, protect the host directly and indirectly against the
damaging influence of oxidants®. Tocopherols react with
free radicals, notably peroxyl radicals, and with singlet
molecular oxygen, which forms the basis of their function
as antioxidants®.

The term vitamin E covers 8 different forms (o, f-, y-,
and dtocopherol and a-, B-, y-, and d-tocotrienol) (ref.?’),
and in general, it is the major chain-breaking antioxidant
of cellular membranes. a-tocopherol is the most active
scavenger of free radicals and the most predominant to-
copherol in the human retina and plasma®.

There have been some studies reporting an association
between high total vitamin E intake and the risk of late
AMD or indistinct soft or reticular drusen and between
higher intake of dietary a-carotene and the risk of neovas-
cular AMD (ref.?®.

There has been much evidence supporting the concept
that vitamin E protects against retinal oxidative damage,
including that vitamin E deficiency results in retinal de-
generation and that darkening, which results in increased
vulnerability to retinal light damage, is associated with
reduced ascorbate and vitamin E levels in the rat retina®.

AREDS demonstrated that supplementation with
high-dose antioxidant supplements (vitamin C, vitamin
E, and B-carotene) and zinc for an average of 6.3 years
could reduce the risk of progression to advanced AMD in
persons with intermediate AMD or advanced AMD in 1
eye. Nevertheless, AREDS could not determine whether
the zinc and antioxidant combination could delay progres-
sion of early-stage AMD or could prevent the onset of
AMD in persons at usual risk?. However, there has been
accumulating evidence that taking vitamin E or p-carotene
supplements will not prevent or delay the onset of AMD,
and some researchers have failed to demonstrate that
vitamin E and selenium protect against photochemical
damage to the retina*?%%,

The optimal combination of antioxidants has yet to
be formulated, as has whether antioxidant therapy will be
part of a multifaceted approach to the treatment of AMD
(ref.%). The results of 3 trials, enrolling primarily persons
at usual risk, found little evidence that supplementation

with vitamin E for 4 to 6 years or with p-carotene for 10
years could materially reduce the risk of AMD; with a
treatment duration of 10 years, the current findings ex-
tended these earlier findings by showing that very long-
term supplementation with vitamin E alone was unlikely
to have an important effect on AMD occurrence?.

Vitamin E does not appear to have a specific carrier
protein in the plasma. It is rapidly transferred from chy-
lomicra to plasma lipoproteins, to which it binds non-
specifically, whereupon it is taken up by the liver and
is incorporated into nascent VLDL (with selectivity in
favour of a-tocopherol over the y-vitamer), which is se-
creted by the liver. Although the majority of triglyceride-
rich VLDL remnants are returned to the liver, others are
converted by lipoprotein lipase into LDL. It appears that,
during this process, vitamin E also transfers spontaneous-
ly to apolipoprotein B-containing lipoproteins, including
VLDL, LDL and HDL. Therefore, plasma tocopherols
are distributed among these three lipoprotein classes, with
the more abundant LDL and HDL classes comprising the
major carriers of vitamin E (ref.*'). Fasting blood levels of
vitamin E, after multivariate adjustment, showed a weak
negative association with AMD (ref.?"). Lipid-standardised
plasma o-tocopherol had significant inverse relationships
with early and late AMD, representing a risk reduction in
AMD of 82% for those in the highest quintile versus the
lowest quintile, in a study by Delcourt et al.*.

However, Christen et al. reported that, in a large-scale,
randomised trial of male US physicians, alternate-day use
of 400 IU of vitamin E and/or daily use of 500 mg of
vitamin C for 8 years had no appreciable beneficial or
harmful effects on the risk of incident diagnosis of AMD
(ref. ).

Nevertheless, among the components of LDL investi-
gated in this study, an increased vitamin E-to-cholesterol
ratio was the strongest predictor of increased resistance of
the lipoprotein to metal ion-dependent oxidation**, which
was why we examined the proportions of vitamin E and
cholesterol in serum and in different lipoprotein fractions,
and the results showed no decreases in the lipoprotein
fractions.

In general, the highest accumulation of vitamin E is in
the adipose tissue®. In most non-adipose cells, vitamin E
is localised almost exclusively in the membranes. Kinetic
studies have indicated that such tissues have two pools of
the vitamin: a labile, rapidly overturning pool; and a fixed,
slowly overturning pool?*.

Very important is the effect on the levels of vita-
min E in membranes. As a model of the circumstances
in membranes, erythrocyte membranes were selected.
Erythrocytes are the major cellular component of the
blood, and erythrocyte membrane fluidity can be affected
by human diseases associated with oxidative stress. Free
radicals are commonly formed in erythrocytes due to
oxidation of haemoglobin. Erythrocyte membrane fluid-
ity can thus be viewed as an indirect marker of oxidative
stress*. For this reason, we measured vitamin E levels in
erythrocyte membranes and confirmed no decrease.
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Vitamin A

Vitamin A exists in the following three oxidation
states: an alcohol (retinol), an aldehyde (retinal), and an
acid (retinoic acid) (ref.*). Retinol is essential for vision
since it must be available in the retina as a precursor of
11-cis-retinal for the regeneration of rhodopsin.

In healthy individuals, plasma retinol is maintained
within a narrow range (0.53 - 2.1 umol/L in adults;
typically approximately half of that in new-born infants)
despite widely varying intakes of vitamin/provitamin A
(ref 3137),

Vitamin A is also involved in the repair of cells that
have been oxidatively damaged. Notably, in the retina,
vitamin E is believed to protect vitamin A from oxidative
degeneration®.

Nutritional treatment of retinal disease has proved at
least partially successful in common retinitis pigmentosa
(vitamin A), Bassen-Kornzweig disease (vitamins A, E,
and K), and Sorsby fundus dystrophy (vitamin A) (ref.'?).
Nevertheless, regarding plasma retinol and AMD, the
POLA study failed to detect a significant association®.

Other metabolites

Other compounds, such as malondialdehyde (MDA),
in the serum and the enzymes erythrocyte superoxide
dismutase (SOD) and erythrocyte glutathione peroxi-
dase (GPx) were investigated as markers of antioxidant
activity and lipid peroxidation in this study. MDA is a
common lipid peroxidation product that accumulates
in many pathophysiological processes, including AMD
(ref.’®). Enzymes, superoxide dismutase and glutathione
peroxidase demonstrated antioxidant activity®.

SOD catalyses the quenching of the superoxide anion
to produce hydrogen peroxide and oxygen. No associa-
tion could be detected between systemic SOD activity
and AMD in the POLA study*. In every way, high levels
of SOD were also associated with an increased risk of
nuclear cataracts®.

GPx uses glutathione as an electron donor to reduce
organic hydroperoxides. The POLA study analysed the
relationship between antioxidant enzymes and age-related
macular disease and found out that higher plasma levels of
GPx were significantly associated with a nine-fold increase
in the prevalence of late AMD, but they were unassociated
with early AMD. Delcourt et al. demonstrated a strong
association of high levels of plasma GPx with age-related
eye diseases. More data are needed at the biochemical
and epidemiologic levels for a better understanding of
these findings*¥.

MDA is an abundant oxidation-specific epitope that
accumulates in a number of oxidative stress-related dis-
eases. Chou et al. recently demonstrated that 15% of all
IgM natural antibodies bound to MDA adducts in mouse
plasma®. This observation illustrated the importance that
the natural selection process of the innate immune system
places on MDA. Recently, Weismann et al. identified com-
plement factor H (CFH) as a major MDA-binding protein
that could block both the uptake of MDA-modified pro-
teins by macrophages and MDA-induced proinflamma-
tory effects in vivo in mice?.

As a summary of our study, we should mention that
the levels of vitamin E in erythrocyte membranes did not
decrease after rheohaemapheresis. These results suggest
that tissue concentrations of vitamin E remained un-
changed despite a reduction in the lipid carrier in the
blood. In serum and lipoprotein fractions, vitamin E de-
creased. However, more informative data were obtained
from the ratio of vitamin E to cholesterol in serum and in
various lipoprotein fractions, in which the relative content
of vitamin E even improved significantly. The monitored
patients did not show any clinical signs of vitamin E defi-
ciency, and their serum concentrations of vitamin E did
not differ from normal values.

CONCLUSION

In conclusion, the level of serum vitamin A statisti-
cally decreased but not to less than physiological levels.
Serum malondialdehyde significantly increased, and
erythrocyte superoxide dismutase and erythrocyte glu-
tathione peroxidase were not statistically significantly
involved in rheohaemapheresis processes.

Rheohaemapheresis did not result in a negative anti-
oxidant balance. On the contrary, the results show that,
rheohaemapheresis might have had favourable additive
anti-atherogenic effects due to the relative increase in con-
tent of vitamin E in the lipoprotein fractions, in addition
to causing a significant reduction in atherogenic LDL.
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