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Wykaz skrétéw i akronimow

Skrot/Akronim Termin angloj ezyczny Termin polskogzyczny
ANP Aqueous Normal Phase Chromatografia cieczowa w wodnym normalnym
uktadzie faz
-3-CD [S-cyclodextrin/Silica gel witls- B-cyklodekstrynatel krzemionkowy z grupanfi-
cyclodextrin groups cyklodekstrynowymi
-CN Cyano group/Silica gel modified with Grupa cyjanowalel krzemionkowy
cyano groups modyfikowany grupami cyjanowymi
-c-OH, Silica gel modified with crosslinked  Zel krzemionkowy modyfikowany usieciowanymi
diol grupami diolowymi
CRM Charge Residue Model Model natadowanych pozostétd
DMSO Dimethyl sulfoxide Dimetylosulfotlenek
ESI Electrospray lonization Jonizacja poprzez elektrorozpylanie
-F5 Pentafluorophenyl group/Silica gel Grupa pentafluorofenylowagl krzemionkowy
modified with pentafluorophenyl modyfikowany grupami pentafluorofenylowymi
groups
HILIC Hydrophilic Interaction Liquid Chromatografia cieczowa oddziatyiva
Chromatography hydrofilowych
HPLC High Performance Liquid Wysokosprawna chromatografia cieczowa
Chromatography
IC lon Chromatography Chromatografia jonowa
IEM lon Evaporation Model Jonowy model odparowania
logP Octanol/water Partition Coefficient =~ Wspotczynnik podziatu oktanol/woda
MRM Multiple Reaction Monitoring Monitorowanie wielu przéf jonowych
MS Mass spectrometry/Mass spectrometeiSpektrometria mas/Spektrometr mas
MS/MS Tandem Mass Spectrometry/Tandem Tandemowa spektrometria mas/Tandemowy
Mass Spectrometer spektrometr mas
-NH; Amino group/Silica gel modified with Grupa aminowalel krzemionkowy
amino groups modyfikowany grupami aminowymi
NPLC Normal Phase Liquid ChromatographyChromatografia cieczowa w normalnym uktadzie
faz
-OH, Silica gel modified with diol groups ~ Zel krzemionkowy modyfikowany grupami
diolowymi
-PEG, Silica gel modified with polyethylene Zel krzemionkowy modyfikowany glikolem
glycol polietylenowym
RPLC Reversed Phase Liquid Chromatografia cieczowa w odwréconym
Chromatography uktadzie faz
-SiH Silica Gel type C Zel krzemionkowy typu C
-SiOH Silica Gel type A and B Zel krzemionkowy typu A i B
UPLC Ultra Performance Liquid Ultrasprawna chromatografia cieczowa
Chromatography
UV-Vis Ultraviolet—visible spectroscopy Spektroskopia UV-Vis/Spektroskopia w zakresie
bliskiego ultrafioletu orazwiatta widzialnego
WAX Weak Anion Exchanger Staby wymieniacz anionowy
WCX Weak Cation Exchanger Staby wymieniacz kationowy
ZIC-cHLIC Silica gel modified with Zel krzemionkowy modyfikowany grupami
phosphorylcholine groups fosforylocholinowymi
ZIC-HILIC Silica gel modified with sulfobetaine  Zel krzemionkowy modyfikowany grupami
groups sulfabetainowymi
ZIC-pHILIC Polymer modified with sulfobetaine  Polimer modyfikowany grupami
groups sulfobetainowymi
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1. Wprowadzenie

Chromatografia cieczowa oddziatysvehydrofilowych (HILIC) jest techni,
ktora mae shey¢é do rozdzielania substancji polarnychsredniopolarnych. Od ponad
dwéch dekad jest skutecgralternatywy dla chromatografii w normalnym ukfadzie faz
(NPLC) i w odwréconym uktadzie faz (RPLC), gdy isteigjotrzeba rozdzielenia substan-
cji polarnych. Warto zauwg¢, ze obecnie coraz egciej, dzeki zastosowaniu nowocze-
snych wypetnié kolumn chromatograficznych, mliwe jest rozdzielenie substancji hy-
drofobowych z wykorzystaniem uktadu typu HILIC. heika HILIC majca wiele wspél-
nych cech z techngk NPLC znana jest zepod nazw: wodny ukfad faz normalnych
(Aqueous Normal Phase ANP). W uktadzie typu NPLC faza stacjonarna (iagl. krze-
mionkowy) jest bardziej polarnamiaza ruchoma (np. heksan) [1]. Najéz@ej w normal-
nym ukfadzie faz rozdziela ¢siwielopiekcieniowe wglowodory aromatyczne, aminy,
amidy, iminy, alkohole, fenole, sacharydy, kwasybkésylowe, aminokwasy, peptydy,
kwasy nukleinowe i inne. Uklad taki ma sporo ogecasgi, poniewa wymaga stosowania
bezwodnych rozpuszczalnikow wysokiej czystoW chwili obecnej, obszar zastosowania
uktadu NPLC zmniejszaigdyz ten rodzaj chromatografii jest trudny do gu#enia ze
spektrometyg mas [2]. Ja niewielka zawart@& wody obecnej w fazie ruchomej (0,01%)
powoduje uzyskiwanie niepowtarzalnych czasow rgteneptywa negatywnie na ksztatt
otrzymywanych pikow.

Woprawdzie pierwsze doniesienie o zastosowaniu wkigdu HILIC ukazato si
juz w 1975 roku [3], lecz termin ten okiajacy technilke jako chromatogradi podziatovg
typu ciecz-ciecz zostat wprowadzony dopiero w 188 przez dr Andrew Alpert'a [4].
Mechanizm rozdzielania analitbw opierg giarowno na wykorzystaniu bezpednich
oddzialywa pomkdzy faz stacjonarna i fagruchom (jak to ma miejsce w przypadku
NPLC czy RPLC) [4], jak i zastosowaniu wody z dodatki modyfikatora jonowego
(najczsciej jego zawart& nie przekracza 0,1% aitpsci) i mieszagcego s z nig roz-
puszczalnika organicznego w odpowiednich propolgjao powodujeze na powierzchni
ziaren sorbentu tworzy iwarstwa eluentu o podvrgzonej zawartai wody. Migrugce
przez kolumr chromatograficzs anality podlegaj oddziatywaniom, ktore zachoglpo-
migdzy warstwg fazy ruchomej o diej zawartéci sktadnika organicznego a wargtea-
adsorbowanej wody. W technice HILIC wykorzystywameréznorodne mechanizmy re-
tencji, ktére niestety nigglo kaica poznane i opisane w literaturze naukowej. Dtateg

nie zawsze maiwe jest przewidywanie zachowania gioszczegolnych zwikoéw podda-



nych procesowi rozdzielenia. Kolegtoelucji oznaczanych substancji zachodzi ngjcie)
od najmniej do tych najbardziej polarnych. Jedndkep reguty g wyjatki. Wystepuja one
szczegOlnie wtedy, kiedy fastacjonarg jest modyfikowanyel krzemionkowy [5].

Technika HILIC zapewnia nitiwos¢ wykorzystania ju istniegcych kolumn
chromatograficznych, jednai poszukiwanegsnowe fazy stacjonarne i ich modyfikacje,
ktore mo@ znale¢ zastosowanie w chromatografii oddziatywlaydrofilowych, rozsze-
rzapc zakres stosowania tej techniki. k@ powiedzié, ze technika HILIC 4czy w sobie
elementy chromatografii w normalnym ukfadzie faz,odwréconym ukfadzie faz oraz
wymiany jonowej, co w sposéb schematyczny przedstamna rysunku 1 [4, 5].

anality \ anality
_ RPLC  NPLC
~
01300, e':s'@ mo%n;
(o

 anality

Rys. 1. Schematyczne przedstawieniegzadei pomidzy technikami chromatograficznymi

Podegcie typu HILIC zrewolucjonizowato proces rozdzidrsubstancji polar-
nych isredniopolarnych, ponieweanane ji rozwigzania wykorzystywanegsv odmienny
sposoOb. Na szczega@lmwag zastuguje palczenie techniki HILIC ze spektrometnmas,
ktore skutkuje opracowaniem nowych metodyk anatitych. Warto doda ze spektro-
metry mas & coraz czsciej wykorzystywane jako uniwersalne detektory zegkdu na
wysoky czutcs¢ i na unikatowe sposoby pracy, takie jak: przemigt@atego widma, mo-
nitorowanie wybranych reakcji czy monitorowanie wgirego jonu [6, 7].

W chwili obecnej, technika HILIC spgzona ze spektromeirimas staje siefek-
tywna alternatywq dla innych technik chromatograficznych i seaznalé¢ zastosowanie w
wielu dyscyplinach naukowych jako skuteczne pdze do rozdzielenia i oznaczania

substancji polarnych orgredniopolarnych.
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2. Czs¢ literaturowa
2.1. Fazy stacjonarne stosowane w technice HILIC

Niewatpliwg zalet techniki HILIC jest maliwos¢ wykorzystania bardzo wielu
roznorodnych polarnych faz stacjonarnych.eWéza¢ z nich — podobnie jak ma to miejsce
w przypadku faz stacjonarnych wykorzystywanych w BRLjest modyfikowanynielem
krzemionkowym. Ponadto, w technice HILIC znajdugstbsowanie czystiel krzemion-
kowy, ktérego powierzchnia jest polarna. Pierwotnéstosowanie techniki HILIC opie-
rato st na wykorzystaniu czystegelu krzemionkowego w celu rozdzielenia aminokwa-
séw, sacharydow oraz peptydow [8-10]. W miiaptywu czasu technika HILIC zaga
cieszy sie coraz szerszym zainteresowaniem ze wiiglna maliwos¢ rozdzielenia po-
larnych farmaceutykow i ich metabolitow, substamchodzenia biologicznego, dodat-
kow do zywnaosci, zwigzkéw toksycznych, biatek, peptydow i innych. Réwnim@zwaj
proteomiki i glikomiki przyczynit si do zwekszonego zainteresowania technikILIC
[11], co w konsekwencji spowodowatee pojawiata si ciggta potrzeba poszukiwania
nowych bardziej selektywnych faz stacjonarnychdpskania tych istniggych. Produ-
cenci kolumn chromatograficznych ofegupzwigzania, ktore g efektem modyfikacjizelu
krzemionkowego grupami, takimi jak: grupy aminowdiplowe, poliglikolowe, cy-
klodekstrynowe, sulfobetainowe, cyjanopropylowentpéuorofenylowe, czy peptydowe.
Zestawienie popularnych wypetniestosowanych w technice HILIC, otrzymywanych na
bazie zelu krzemionkowego, ich struktury oraz niektéretasswania zostaly przedsta-
wione w tabeli 1. Ména zauway¢, ze nazwy modyfikacji wypetnieodnosz sic wytacz-
nie do rodzaju grupy funkcyjnej, magj najwekszy wptyw na mechanizm retencji.

W ciaggu ostatniego dziegiiolecia, powstato kilka catkowicie nowych modyfika
cji, np. wypetnienia typu ZIC (amfoteryczna fazacgpnarna), ziea mieszane czy zia
oferugce r@ny mechanizm retencji w zateosci od warunkow chromatograficznych.
Nowopowstajce fazy stacjonarne #0ig sie i charakterystyk retencji, i selektywngia.
Wiasciwe dobranie fazy stacjonarnej jest niezwyklezmyem etapem optymalizacji warun-
kow rozdzielania analitéw, by uzyskanechanizm retencji wykorzystgy interakcje
ciecz—ciecz. Mechanizm ten, oparty na dyfuzji fazshomej, zostat opisany rownoéne
z pierwszymi doniesieniami dotygzymi ukfadu typu HILIC [3, 4, 12]. Pomimo
powstawania wielu modyfikacji faz stacjonarnychzoréznych specyficznych ziddedy-
kowanych rozdzieleniu poszczegolnych grupgzkodw, wchz najpopularniejsg fazy sta-

cjonarry wykorzystywarn w technice HILIC jest czystyel krzemionkowy. Mana powie-
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dzies, ze jest to ztae uniwersalne i dlatego staje 2wykle pierwszym wyborem chemika

analityka, ktéry ma za zadanie rozdzielanie miesgasubstancji o charakterze polarnym.

Tabela 1. Zestawienie popularnych wypeinkelumn chromatograficznych stosowanych

w technice HILIC.

Nazwa wypetnienia

Skrot

Struktura fazy stacjonarnej

Przyktadowe
zastosowania

Zel krzemionkowy (typ A i B)

-SiOH

_—

——O——Si—OH

O

—O——Si—OH

O

——O——Si—OH

- alkohole cukrowe
- aminokwasy

- farmaceutyki

- heuroprzekaniki

- peptydy

- sacharydy

- witaminy
rozpuszczalne w
wodzie

Zel krzemionkowy (typ C)

-SiH

- aminokwasy
- hydrofilowe
metabolity

- kwasy
karboksylowe
- nukleotydy

- peptydy

Zel krzemionkowy
modyfikowany grupami
diolowymi

-OH,

- fenole

- monitoring
mutarotaciji
monosacharydow
- oligonukleotydy
- sacharydy

- witaminy

Zel krzemionkowy modyfi-
kowany usieciowanymi
grupami diolowymi (ang.
cross-linked didl

-c-OH,

- fenole

- flawonoidy

- fosfolipidy

- oligonukleotydy
- sacharydy

Zel krzemionkowy
modyfikowany grupami
aminowymi

-NH,

- farmaceutyki
- kwasy
karboksylowe
- peptydy

- sacharydy
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Tabela 1. c.d.

Zel krzemionkowy
modyfikowany grupami -CN
cyjanowymi

- denaturanty

- farmaceutyki

- silnie zasadowe
zwigzki

Zel krzemionkowy
modyfikowany grupami

sulfabetainowymi ~ZIC

- alkohole cukrowe
- farmaceutyki

- glikoproteomika

- metabolomika

- proteomika

- sacharydy

Zel krzemionkowy

- metabolomika
- metalokompleksy

|,
modyfikowany grupami -ZIC-c /\//N\ - proteomika
fosforylocholinowymi 3 - sacharydy
- aminy
Zel krzemionkowy aromatyczne
modyfikowany grupami -F5 - polarne
pentafluorofenylowymi aromatyczne
zwigzki
Zel krzemionkowy - fenole
modyfikowany glikolem -PEG, o/\,l/o\/\OH - flawonoidy

polietylenowym

- fosfoproteiny

Zel krzemionkowy
modyfikowany grupami -B-CD
B-cyklodekstrynowymi

- aminokwasy

- chiralne polarne
zwigzki

- oligosacharydy

Zel krzemionkowy
modyfikowany typu WAX-1 ~ WAX-1
(ang.weak anion exchanger

- glikozydy
stewiolowe
- metabolity
rybozydow i
rybotydow

- rybozai jej
pochodne

Zel krzemionkowy
modyfikowany typu WCX-1 WCX-1
(ang. weak cation exchanger

- fosfopeptydy
- glikopeptydy
- peptydy
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2.1.1 Niemodyfikowanyzel krzemionkowy

Niemodyfikowany, czystyel krzemionkowy spadd wszelkich innych faz sta-

cjonarnych stosowanych w chromatografii cieczowejrakteryzuje sitym, ze wiaciwie

nie ulega czasowej degradacji, nie boopod uwag nieodwracalnej adsorpcji zanieczysz-

czen, czy te rozpuszczenia w warunkach silnie alkalicznych [1833| krzemionkowy

wystepuje w trzech wariantach w zatesci od sposobu otrzymywania:

zel krzemionkowy typu A - popularny materiat chroogtaficzny, otrzymywany
poprzez sgcanie czstek z zasadowych roztworéw krzemionki. Zazwyczaj,
wzgledu na zanieczyszczenia metalame] krzemionkowy typu A jest rzadko
wykorzystywany w technice HILIC;

zel krzemionkowy typu B - powstaje przez dziatanie z@ krzemionkowy
odpowiednimi prekursorami, np. alkoholanami krzemuetrametoksy- i
tertraetoksysilanami [14]. Otrzymarel krzemionkowy typu B zawiera mniej
zanieczyszczeniz typ A oraz ma wzgknie wysolg odpornd¢ na podwyszone
pH (do pH 9);

zel krzemionkowy typu C - to rodzaglu krzemionkowego, gdzie sporacéz
grup silanolowych (Si-OH) jest zgpbwana grupami Si-H podczas procesu
hydrosilacji. Zel krzemionkowy typu C unidiwia niekiedy retenej niektérych

zwigzkdw niepolarnych.

W celu odranienia dwoch typéw podobnych mechanizméw reterkglumny

chromatograficzne wypetniongelem krzemionkowym typu C nazywag skolumnami

chromatograficznymi pracagymi w trybie ANP, natomiast kolumny chromatografie z

wypetnieniem typu A i B okrda sic kolumnami chromatograficznymi pragaymi w try-
bie HILIC [15, 16]. Warto doda ze jest to umowna klasyfikacja, a oklenia ANP oraz

HILIC dos¢ czesto w literaturze stosujegszamiennie.

Kolumny chromatograficzne wypetnione czystyralem krzemionkowym jako

sorbentem znacznieadia sic wiasciwosciami fizykochemicznymi w zakmosci od produ-

centa, stopnia oczyszczenia oraz sposobu otrzymemiav konsekwencji przyczyniagsi

do braku powtarzalrioi otrzymywanych wynikoéw (tj. czasu retencji, kdtaiapiku oraz

innej sprawneci).
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2.1.1.1 Ziarno catkowicie porowate oraz porowato-rdeniowe

Ziarna fazy stacjonarnetdlu krzemionkowego) stosowane w chromatografii cie-
czowej mog by¢ albo catkowicie porowate albo porowate w warstoketo rdzeniowej
(core-shell particles Znane take jako wykonane w technologii core-shell lub ziapma
rowato-rdzeniowe/ze statym rdzeniem. Ziarna porowdgzeniowe najcgciej uzyskuje
sie poprzez modyfikagj krzemionki typu B. Rozwizanie w postaci porowatej otoczki
wokot statego niedogpnego dla fazy ruchomej rdzenia, powodigeopory wynikajce z
przenoszenia masy gaizy faz ruchomy a stacjonarp zostay zredukowane, a w konse-
kwencji prowadzi to do wzrostu sprawgeokolumny chromatograficznej (rysunek 2).

a)

b)

" kolumna chromatograficzna
7 ziarnem catkowicie porowatym

kolumna chromatograficena
2 ziarnem porowato-rdzeniowym

B

Rys. 2. Przekroj i zdgie przez ziarncelu krzemionkowego a) catkowicie porowatego [17], b
porowato-rdzeniowego [18] oraz schemat migracji l#na c) krzywe opisujce zalénas¢ H=f(x) dla
kolumny chromatograficznej wypetnionej ziarnem @adkie porowatym i porowato-rdzeniowym; gdzie: H —

wysokd¢ rownowana potki teoretyczneys — predkasé liniowa przeptywu strumienia fazy ruchome;.
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Rownanie van Deemtera opisuje wptyw zjawisk zachoglzh podczas migraciji
analitow na wysok& potki teoretycznej, ktora jest miasprawngci kolumny chromato-
graficznej. Im wgksza liczba poétek teoretycznych i im mniejsza igfsoka¢, tym spraw-
niejsza jest kolumna chromatograficzna [19, 20]zWiazku z tym zmniejszenie oporéw
fazy ruchomej penetragej faz stacjonara przektada si na wyzszy sprawné¢. Jedna z
wersji rozszerzonej postaci rownania van Deemtesigaauje na wptyw wielu czynnikow
na wysokeé¢ potki teoretycznej [21]. Rozszerzppostd zaleznosci van Deemtera opisuje

rownanie (2.1).

_ 1, (1 dp 11k*+6k+1  2di Kk
H = 2ady + 2y Dy X © + (96 Dm  (k+1)2 3 Ds (k+1)2)ﬂ (1)
l_'_l \_'_I | Y J \ Y J
A B ' Cm Gs |
|
C

Gadzie:

H — wysokda¢ réwnowazna potki teoretycznej,

A — dyfuzja wirowa,

B — dyfuzja wzdtana (dyspersja),

Cm — transfer masy w fazie ruchomej,

Cs — transfer masy w fazie stacjonarnej,

C — opory przenikania masy ¢dy faz stacjonarai ruchom,

K —s$rednia pedkaosé liniowa przeptywu strumienia fazy ruchomej,
y — wspotczynnik opisary nieregularné przestrzeni meidzyziarnowej,
d, —srednica ziarna,

A —wspotczynnik upakowania kolumny chromatografejzn

Dy, — wspétczynnik dyfuzji w fazie ruchomej,

D, — wspotczynnik dyfuzji w fazie stacjonarnej,

k — wspétczynnik retencji,

ds — grubd¢ fazy stacjonarnej.

Przedstawione réwnanie van Deemtera w postaci €zsaej zwraca uwagna
wptyw srednicy ziarna (g) na dyfuzg wirowa (parametr A) oraz na opory przenikania
masy (parametr C). Nalg zaznaczy, ze dyfuzja wirowa nie zaky od obgtosciowego
przeptywu strumienia fazy ruchomej, lecz émdnicy ziarna wypetnienia oraz réwno-

miernaci upakowania kolumny chromatograficznej. Ponadi@hromatografii cieczowe;j
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parametr €czesto przyjmuje d#o mniejsza wartas¢ niz parametr G ze wzgédu na toze
czas, jaki analit sjgiza w fazie stacjonarnej jestatukrotszy od czasu ggzanego w fazie
ruchomej. Im mniejszé&rednica ziarna, tym mniejsze waitobeda przyjmowaty parame-
try A oraz C. W zwgzku z tym kolumna chromatograficznadzie charakteryzowasie
WyzSz3 sprawngcig kosztem zwikszonych oporow przeptywu co s#e st ze zweksze-
niem cknienia. Dz¢ki zastosowaniu wypetnienia typu porowato-rdzenigavenazna uzy-
ska rezultaty zblione do tych uzyskiwanych z wykorzystaniem ultragme chromato-
grafii cieczowej (UPLC), przy zastosowaniu warunkigpowych dla HPLC [20, 22, 23].
Przedstawiona zataos¢ van Deemtera nie przyp¢ prostsz posta, ktdra jest
bardziej znana i zostata przedstawiona w réwnagi)( W praktyce jednak wysokd
potki teoretycznej wyznaczaesna podstawie parametrow piku odczytanych z chromat

gramu (rysunek 3).

H=A+ % + (Cp + Co)u 2.2)

Pik symetryczr

)2 (2.4)

(2.5)

(2.6)

> H =§ (2.9)

(2.7)

(2.8)

Rys. 3. Pordéwnanie wyznaczania liczby potek teoretych na podstawie parametrow

odczytanych z chromatogramu dla piku symetryczoegoogonujcego.
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Gdzie:

H — wysoka¢ rownowana potki teoretycznej,

L — dlugas¢ kolumny chromatograficznej,

N — liczba pétek teoretycznych,

tr — czas retencji analitu,

Wy,— szeroké¢ piku w potowie wysokeci,

Wo 1 — Szerokéé piku na wysokéci 10% powyej podstawy piku,

As — wspolczynnik asymetrii piku, czyli stosuneke&d zstpujacej do wsgpujacej piku

wyznaczony na poziomie 10% wysaékopiku.

Zwykle piki otrzymane z wykorzystaniem kolumn chawgraficznych z wypet-

nieniem porowato-rdzeniowym charakteryzsg wyzsz (rzadziej podobsy prawie nigdy

gorsz) sprawndciag w poréwnaniu do pikow otrzymanych z wykorzystaniéolumn

chromatograficznych z wypetnieniem catkowicie poabym. Ponadto, czas analizy chro-

matograficznej jest krotszy, co przektadasa mniejsze ztycie eluentow oraz w efekcie

mozliwos¢ wykonania we¢kszej liczby analiz chromatograficznych w takim gamczasie.

Zastosowanie ziaren porowato-rdzeniowych w efegoievadzi do:

ograniczenia oporéw przenoszenia masyday faz ruchom a faz stacjonars,
co skutkuje ksztalttem pikéw zbbnym do gaussowskiego;

uzyskania niszych wartéci cisnienia w kolumnie chromatograficznej przyzgah
przeptywach strumienia fazy ruchomej przy wysokagwartgci acetonitrylu
(ACN) w fazie ruchomej stosowanej w uktadzie typu K,

redukcji obgtosci martwej kolumny chromatograficznej;

stosowania wysokich walo objetosciowego naizenia przeptywu strumienia
fazy ruchomej z wykorzystaniem systemow przystosgwh do pracy w
warunkach klasycznej wysokosprawnej chromatogcadiczowej (HPLC);

skrocenia czasu analizy chromatograficznej.

Nalezy jednak wspomnieo istotnym ograniczeniu, ktére obserwowane jest po

czas zastosowania kolumn chromatograficznych wypejtch sorbentem typu porowato-

rdzeniowym, mianowicie objos¢ probki dozowanej do ukiadu chromatograficznego jes

zwykle mniejsza, ze wzgllu na fakt,ze czynna powierzchnia fazy stacjonarnej dgej

udziat w procesie rozdzielania jest mniejsza w par@niu do faz stacjonarnych opartych

na ziarnach catkowicie porowatych.
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2.1.2.Zel krzemionkowy modyfikowany grupami aminowymi

Zel krzemionkowy modyfikowany grupami aminopropylawijest jednym z naj-
starszych i cigle bardzo popularnym typem wypetnieniggwwanym gtéwnie do rozdziela-
nia sacharydow, peptydéw, kwasow karboksylowyclz aiaktorych farmaceutykéw [24,
25]. Podobnie, jak w przypadku czystegglu krzemionkowego, i w tym przypadku w
zaleznosci od sposobu otrzymywania oraz oczyszczaniaazigposzczegolne kolumny
chromatograficzne magrézni¢ sie pomkdzy sola pod wzgédem zdolnéci rozdzielczej
oraz selektywnéi [25]. Zel krzemionkowy modyfikowany grupami aminopropylawiy
wykazuje zwgkszory zdoIng¢ do retencji zwgzkow o charakterze kwasowym za co naj-
prawdopodobniej odpowiedzialny jest mechanizm skt@y sk z wymiany jonowej oraz
podziatu ciecz—ciecz. Wypeinienie tego typu jesigine na dziatanie sity jonowej buforu
— im wigksza jego sita jonowa, tym krétszy czas retencjgziau o charakterze kwasowym
[26]. Dwojakasi¢ mechanizmu d@ czgsto powoduje ogonowanie pikow [25, 27]. Ponadto,
cukry redukujce, takie jak: fruktoza, glukoza, galaktoza czyozd mag tendencgj do
trwate] adsorpcji na ztw kolumny chromatograficznej, za co odpowiedziataegrupy
aminowe. Z kolei, podczas rozdzielania niektérytdelydéw reaktywne grupy amino-
propylowe mog tworzy zasady SchiffaR3R,C=N-R;, gdzie R jestgrup arylowy lub
grupg alkilowg) trwale je wjzac ze ztaem, co skutkuje utratsprawnéci kolumny chro-

matograficznej [28, 29].

2.1.3.Zel krzemionkowy modyfikowany grupami diolowymi

Z zelem krzemionkowym grupy hydroksylowe awigzane poprzez ligandy pro-
pylowe. Przyiczanie ligandéw w celu uzyskania zio chromatograficznego typu diol
odbywa st poprzez dziatanie silanami (np. (3-glicydyloksypylo) trimetoksysilanem) na
zel krzemionkowy [1, 15, 30]. Fazy stacjonarne tgiml 53 bardziej polarne niczystyzel
krzemionkowy, jednak nie wykazugdolngci do tworzenia wjzaa wodorowych, a grupy
hydroksylowe zazwyczaj nie podlegapnizacji. Ponadto, resztkowe grupy hydroksylowe
zelu krzemionkowego s czsciowo przestorgte przez ligandy propylowe i nie bipr
udziatu w mechanizmie retencji. Wypetnienie typoldest najczsciej stosowane w celu
rozdzielania biatek [31], fenoli [32], kwaséw orgeanych [30], witamin rozpuszczalnych
w wodzie [27] oraz sacharydow [33]. Specyficznymyptadem wykorzystania wypetnie-
nia typu diol jest madiwos¢ monitorowania mutarotacji niektérych monosachavydéo

stawia tego rodzaju wypetnienia w przewadze nadtynyzelem krzemionkowym oraz
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tym modyfikowanym grupami aminopropylowymi [34]. #egledu na obecni hydrofo-
bowego 4cznika (ligandu) pomedzy powierzchryj zelu krzemionkowego a grupami hy-
droksylowymi maliwe jest zastosowanie kolumn chromatograficzneaitglol zaréwno w
technice RPLC, jak i HILIC [35]. Im diszy tarcuch ligandu, tym wksze widciwosci
hydrofobowe bdzie miata faza stacjonarna. Diol usieciowargaoy modyfikacy fazy
stacjonarnej typu diol ma wksz odpornd¢ na hydroliz i wykazuje silniejsze oddziaty-

wania hydrofobowe [36, 37].

2.1.4.7Zel krzemionkowy modyfikowany grupami cyjanopropylowymi

Kolumny chromatograficzne z wypetnieniem typel krzemionkowy modyfiko-
wany grupami cyjanopropylowymi, podobnie jak kolymehromatograficzne z wypetnie-
niem typu diol mog by¢ wykorzystywane zaréwno w trybie HILIC jak i RPLC [1]
Gtowny mechanizm retencji opieragsna wymianie jonowej. Zazwyczaj ligandem jest
grupa propylowa o charakterze hydrofobowym, jediestpne g kolumny chromatogra-
ficzne z ligandem oktylodecylowym powszechnie stemme w trybie RPLC, Zaich za-
stosowanie w technice HILIC jest raczej ograniczomeze by przydatne w rozdzielaniu
niektérych farmaceutykOow oraz zygkéw o charakterze zasadowym [38, 39].

2.1.5.Zel krzemionkowy modyfikowany grupami pentafluoroferylowymi

Glownym mechanizmem retencji, jaki bierze udziabqgmas wykorzystywania
kolumny chromatograficznej zelem krzemionkowym modyfikowanym grupami penta-
fluorofenylowymi (-F5) jest wymiana jonowa, natostiaoddziatywania polarnegsw
mniejszaci lub nie wysgpuja [40]. ZdoIna¢ fazy stacjonarnej do adsorpcji wody na jej
powierzchni jest bardzo mata, co utrudnia utworgedharakterystycznej dla techniki
HILIC warstwy eluentu o zwkszonej zawartai wody na powierzchni ziaren wypetnie-
nia [41]. Podobnie jak w przypadku wypetnienia ogpropylowego réwnie kolumna

chromatograficzna typu F5 jest sporadycznie stosawatechnice HILIC [1].

2.1.6. Ztaza mieszane typu HILIC/IC, HILIC/IC/RPLC i HILIC/RPLC

Ztoza mieszane zostaty wprowadzone w celu zapewnienidiwosci rozdziele-
nia szerokiej gamy zwtkéw polarnych,srednio- i matopolarnych. Przy zastosowaniu
niektérych kolumn chromatograficznych ze specyfiecmrwypetnieniem maiwe staje s

rozdzielanie zwjzk6w niepolarnych w warunkach typu HILIC (czyli paha faza stacjo-
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narna i faza ruchoma). Przykladami kolumn chromaficgnych posiadagych ziaa
mieszane & kolumny chromatograficzne Dionex: Acclaim WAX-1,célaim WCX-1,
Acclaim HILIC-1 czy Acclaim Trinity P1 oraz P2. Kiahna chromatograficzna Acclaim
WAX-1 umazliwia rozdzielanie w trybie RPLC i HILIC, oferuje kae oddziatywania
anionowymienne i kationowymienne. W tym wypadial krzemionkowy modyfikowany
jest alkilowym taicuchem z drugo- oraz trzecigdowg amimng [35, 42, 43]. Podokndo
niej jest kolumna chromatograficzna typu WCX-1, gdaprécz grup aminowycly sow-
niez grupy karboksylowe. Zie kolumny chromatograficznej oferuje mechanizmyotyg
dla RPLC i HILIC, ma te witasciwosci jonowymienne. W poréwnaniu do z# WAX-1,
zloze jest bardziej hydrofilowe, a mechanizm rozdziglaw zalenosci od warunkéw
moze by bardziej typowy dla trybu HILIC aiRPLC. Warto zauwegy¢, ze w zaleénaosci
od wytej fazy ruchomej oraz sity jonowej buforuzne mechanizmy retencji madyc¢
aktywowane i bra udziat w rozdzielaniu substancji [42, 44-46]. Kmoloa chromatogra-
ficzna typu Acclaim Trinity P2 ma by wykorzystana podczas analiz chromatograficz-
nych zaréwno w trybie IC, jak i HILIC. Witrze poréw oraz powierzchnigelu krzemion-
kowego pokryte s organiczg warstwg hydrofilows, ktora zapewnia wymignkationowy.
Czsteczki nanopolimeru znajdigie s¢ na zewgtrznej powierzchni ziarna wypetnienia
zapewniag wymiare anionows. Co wicej, wiaciwosci hydrofilowe zia@a, tj. dua zdol-
nos¢ do adsorpcji wody na powierzchni ziaren, ufivaiaja wykorzystanie tej kolumny
chromatograficznej w trybie HILIC. Przekroj przeamzio wypetnienia tytego w kolum-
nie chromatograficznej Acclaim Trinity P2 przedsiawo na rysunku 4. Ze wzglu na
tajemnie handlow — otrzymywanie, budowa i charakter polimeru i mjdnodyfikacji g

nieznane [47-49].

_ czasteczKi nanopolimeru
~ - oddzialywania anionowymienne

_warstwa hydrofilowa
" - oddzialywania kationowymienne
- oddzialywania typu HILIC

_ ziarno wypelnienia
" kolumny Acclaim Trinity

Rys. 4. Ziarno wypeltnienia oraz jego wycinek. Zoagtosowane jako wypetnienie w kolumnie

chromatograficznej Acclaim Trinity P2.
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Wymienione wczéniej modyfikacjezelu krzemionkowego, np. propyloaminowe i
diolowe, mog by¢ uzywane zaréwno w trybie HILIC, jak i RPLC. dliemodyfikator zelu
krzemionkowego posiada w swojej strukturze fragmentharakterze hydrofobowym, np.
tancuch alkilowy lub piefcien, mog wystpowa inne oddziatywania wnitypowe dla
techniki HILIC. Przyktadem dogpnej na wolnym rynku kolumny chromatograficznej
oferujgcej oddziatywania HILIC/RPLC jest Acclaim HILIC-1, gieé modyfikatoremzelu
krzemionkowego jest diugi d@uch alkilowy oraz grupy hydroksylowe. Odsigai cz$¢
tancucha alkilowego ma charakter hydrofobowy, natotrgmspy hydroksylowe odpowia-

dajg za oddziatywania hydrofilowe.

2.1.7. Zel krzemionkowy modyfikowany grupami sulfabetainowyni oraz

fosforylocholinowymi

Fazy stacjonarne oparte a@u krzemionkowym modyfikowanym grupami sulfa-
betainowymi (-ZIC) pocgtkowo byty stworzone z n#g o rozdzielaniu opartym na wy-
mianie jonowej. Wykorzystgg wypetnienie typu -ZIC mdiwe jest rozdzielanie soli, or-
ganicznych zwjzkow jonowych oraz niektorych biatek [50-54]. Stdétaina jako modyfi-
kator zelu krzemionkowego posiada w swej strukturze grspifonowe o charakterze
kwasowym oraz zasadowe grupy amin czwatiorvych. Obie grupyasnajczsciej roz-
dzielone krotkim tacuchem alkilowym, np. gruppropylows. Obecné¢ kwasowej i zasa-
dowej grupy umdliwia jednoczesne rozdzielanie kationdw i aniondResztkowe grupy
hydroksylowe nie bier udzialu w mechanizmie retencji, poniena skutecznie przysto-
nicte przez grupy sulfobetainowe [55, 56]. Natomiastma zaobserwowaoddziatywania
wodorowe, dipol-dipol oraz ezciowo stabe oddziatywania elektrostatyczngli janality
poddane rozdzielaniu mggharakter jonowy. Zvgzki rozdzielane z wykorzystaniem z&®
typu -ZIC eluug w kolejncci od najbardziej do najmniej hydrofobowych orazawize
wzrostem masy @steczkowej. Jest to typowa elucja obserwowana pestosowaniu
techniki HILIC [57].

Wypetnienie typu -ZIC w technice HILIC me by traktowane na réwni ze zfo-
zem uniwersalnym, jakim jest czyskel krzemionkowy. Znajduje ono zastosowanie w:
rozdzielaniu prostych kwaséw organicznych [58],hsagdow i alkoholi cukrowych [59],
metabolomice [5, 43, 60], proteomice i peptydon|is@, 61, 62], glikomice [63-65] i
glikopeptydomice [63, 66]. Handlowo deghe g trzy rodzaje kolumn chromatograficz-
nych: ZIC-HILIC, gdzie ztéem jest modyfikowanyzel krzemionkowy; ZIC-pHILIC,
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gdzie zlaem jest polimer modyfikowany grupami sulfabetainawyraz ZIC-cHILIC,
gdzie modyfikatorem jest fosforylocholina. Kolumalgromatograficzne typu ZIC-pHILIC
charakteryzuyj sie szerszym zakresem pH, w ktdrym ima prowadz proces chromato-
graficznego rozdzielania, ze wedu na podwyszory odpornd¢ polimeru na bufory silnie
kwasne i silnie zasadowe, tj. odpowiednio paipH=2 i powyej pH=9. Kolumny chro-
matograficzne typu ZIC-cHILIC ofergjzwickszone oddziatywania kationowymienne, co
moze znalé¢ zastosowanie podczas rozdzielania metalokomplek8djvZ drugiej strony
wypetnienie typuzel krzemionkowy modyfikowany grupami fosforylochawymi maze
by¢ dobg alternatyw dla kolumn chromatograficznych typu -ZIC, ponievieh selektyw-

nos¢ jest inna ze wzgtu na odwrdcenie kolejdoi tadunkéw w modyfikatorze.

2.1.8.Zel krzemionkowy modyfikowany cyklodekstrynami

Cyklodekstryny to cykliczne dekstryny aline w ksztalt toroidu, zbudowane z
prostych cukrow patzonych wizaniema-1,4-acetylowym. Najbardziej znane &-, 3-
oraz y-cyklodekstryny zbudowane z odpowiednio s&ne, siedmiu oraz @miu jednostek
glukozy. Charakterystycancechy pierscieni cyklodekstrynowych jest wka hydrofo-
bowa, ktérej wiaciwosci wykorzystuje si podczas rozdzielania zyzkow optycznie
czynnych. Wizanie toroidow zelem krzemionkowym nagtuje podczas dziatania ami-
nami lub uretanami [35, 68]. W przypadku technikLKE kolumny chromatograficzne z
wypetnieniem na bazigelu krzemionkowego modyfikowarfecyklodekstrynami stosuje
si¢ do rozdzielania izomerow optycznych alkoholi cwkych, mono- i oligosacharydéw,
aminokwaséw oraz flawonoidéw [47, 69-72]. Wszystiéesubstancje trudno rozdzieli
przy wykorzystaniu techniki RPLC. Retencja zmkOw rasnie wraz ze wzrastgta mag
czasteczkowa, co najprawdopodobniej ma @ek z oddziatywaniami hydrofilowymi,

bardziej nk z udzialem hydrofobowej weki tworzonej przef3-cyklodekstrymr [71].
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HILIC

2.2. Poréwnanie widciwosci faz stacjonarnych stosowanych w technice

Kazde wypelnienie zastosowane w kolumnach chromatimgrafch przystoso-

wanych do pracy w trybie HILIC ma swoje zalety omraniczenia. Daje to mbwosé

wyboru odpowiedniej fazy stacjonarnej do odpowie@ligrupy zwizkéw. Wigze sk to

jednak ze zwikszonymi kosztami — laboratorium musi posiadaeroki wybor rénych

kolumn chromatograficznych, a tak zwikszonym naktadem pracy i czasusid naj-

wazniejszych cech faz stacjonarnych orazwanych kolumn chromatograficznych w

technice HILIC mana wyr@ni¢ co nasgpuje:

Zdolnacs¢ adsorpcji polarnych zwrkéw z wykorzystaniem czystegeelu krze-
mionkowego oraz zelu krzemionkowego modyfikowanego grupami ami-
nopropylowymi; skutkiem magby¢ ogonugce piki.

Kolumny chromatograficzne ze zem typu czystyzel krzemionkowy oraz mo-
dyfikowany grupami aminopropylowymi charakteryzujsic najwickszymi
roznicami w selektywngci [25, 62].

Przy zastosowaniu kolumn chromatograficznych wypelych czystymzelem
krzemionkowym mealiwe jest stosowanie dych wartgci objetosciowego
natzenia przeptywu strumienia fazy ruchomej bez istgtnepogorszenia
otrzymywanych parametrow chromatograficznych.

Zel krzemionkowy modyfikowany grupami diolowymi jeatternatyvs dla nie-
ktorych aplikacji, w ktorych dotychczas byt wykostywany czysty zel
krzemionkowy lukzel krzemionkowy modyfikowany grupami aminopropylawy
W zaleznoéci od charakteru grupy diolowej, otrzymanezaanae mie€ rowniez
charakter hydrofobowy i znajduje tekwykorzystanie w technice RPLC.
Kolumny chromatograficzne z wypetnieniem na bazesu krzemionkowego
modyfikowanego sulfobetainlub fosforylocholim nadag sic do rozdzielania
polarnych substancji; jednak majsparod wszystkich kolumn chromatogra-
ficznych najwzszy zakres optymalnych wafth objctosciowego najzenia
przeptywu strumienia fazy ruchomej. B$ze wartéci objetosciowe nagzenia
przeptywu strumienia fazy ruchomej znaoa pogarszaj sprawndéé¢ kolumny

chromatograficznej [73].
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Mata dosgpnas¢ kolumn chromatograficznych z wypetnieniem porowaipe-
niowym, ktére mog znalex¢ zastosowanie w technice HILIC. Najpopularniejsze s
kolumny chromatograficzne z czystyrmlem krzemionkowym lub typu diol.
Niektore typy ztG maj ograniczone zastosowanie w technice HILIC.

Mozliwos¢ stosowania diych wart@ci objetosciowego najzenia przeptywu
strumienia fazy ruchomej ze wzdlu na wysok zawarté¢ ACN w fazie ruchomej,
co przektada s na nisze wartéci cisnienia  roboczego uktadu
chromatograficznego w poréwnaniu do innych rodzaghwomatografii cieczowe;j
(np. RPLC).

Na rysunku 5 przedstawiono proponowany schematpostinia przy wyborze

fazy stacjonarnej wykorzystywanej do rozdzielaniagmaniny zwizkow w zalénosci od

charakteru analitow.

Charakter analitow

Proponowana faza
stacjonarna

Alternatywna faza
stacjonarna

Rys. 5. Proponowany schemat ppstvania przy wyborze typu fazy stacjonarnej wzrakei od

charakteru analitow.

Pasrod dosgpnych kolumn chromatograficznych, nie ma jednejuemsalnej fazy

stacjonarnej, za to na rynku pojawiajec kolumny chromatograficzne maae bardzo spe-

cyficzne zastosowania, ngel krzemionkowy modyfikowany malta474], przeznaczony

do rozdzielania glikopeptydow. 2y wybor faz stacjonarnych stosowanych w technice

HILIC jest niewgtpliwie jej zalet, jednak z drugiej strony stwarza on konieéznwyboru

jakiego analityk musi dokoaw celu osigniccia odpowiedniej selektywroi, satysfak-

cjonujgcej rozdzielczéci oraz dobrej sprawioi w trakcie rozdzielania analitow.
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2.3. Fazy ruchome stosowane w technice HILIC

W chromatografii oddziatywa hydrofilowych faz ruchomy s3 mieszaniny roz-
puszczalnikbw organicznych, takich jak acetonitrgktanol, etanol z wadub z buforem.
Bufor zwykle oparty jest na octanie amonu lub mamie amonu, natomiast sktadnikiem
organicznym najegciej jest ACN. W zalencsci od typu kolumny chromatograficznej i
rodzaju wypetnienia kolumny chromatograficznej nazgtkowym etapie elucji faza ruchoma
powinna zawier@ minimum od 3 do 5% skfadnika wodnego [73]. Ob&tnwody jest
niezledna, by wysipity interakcje hydrofilowe pomdzy zaadsorbowarwody a analitem. W
kolejnym etapie optymalizacji sktadu fazy ruchomegtpuje zwekszanie zawartai wody w
fazie ruchomej. Podczas analizy chromatograficpn@pek rzeczywistych w celu wymycia
silnie zaadsorbowanych pozostatych skladnikow prépkwartd¢ sktadnika wodnego
zwigksza st do 80—-90%. W ukiadach HILIC elucja izokratycznat jezadziej stosowana i
najcz:sciej dotyczy przypadku silnie polarnych zagkow, np. cukréw [33].

Teoretycznie, do rozdzielania analitow w technidel& mozna zastosowawiele
rozpuszczalnikdw; ich sita elucyjnasroe wraz ze wzrostem ich polageo i mozliwosci
interakcji protono-wymiennej: woda > metanol > elan 2-propanol > tetrahydrofuran >
acetonitryl > aceton [73, 75].4ycie rozpuszczalnikdw innychnACN das¢ czsto prowadzi
do uzyskania niewystarczagj retencji oraz niesymetrycznych pikow. Zastosoe/anetanolu
znajduje bardzo ograniczone zastosowanie w ukidditieC, poniewa metanol zachowuje
si¢ podobnie do wody i konkuruje zgnpodczas adsorpcji ha polarnej powierzchni ziaren
wypeienia, tworac wigzania wodorowe. Dotyczy to rowiiechocia w mniejszym stopniu,
innych alkoholi, takich jak etanol czy izopropanBlbomimo bardzo dobrej mieszalnbz
wodg, ACN nie konkuruje zat zaadsorbowanna powierzchni ziaren wypetnienia, dlatego
stosujc ACN uzyskuje si najwigksze ranice w selektywnéci. ACN w niektérych
aplikacjach mge by zasgpiony tetrahydrofuranem lub acetonem. Aceton maobpog
polarng¢ jak ACN, jednak jego zastosowanie prowadzi do kemy® niszej selektywneei
dla kolumn chromatograficznych oraz w wielu przygsch obserwuje siskrocenie czaséw
retencji poszczegolnych analitbw. W przypadku st@sta detektoréw UV naky mie¢ na
uwadze faktze aceton absorbujaviatto UV w zakresie typowym dla niektorych anabto
240-300 nm, co negatywnie wplywa na jakotrzymywanych wynikow.
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2.3.1. Dodatki do faz ruchomych stosowanych w teckoe HILIC

Do rozdzielania analitow w technice HILIC¢sto stosuje gitakie dodatki do fazy
ruchomej jak mréwczan amonu i octan amonu, ktégtéiwvng funkcijg jest kontrola pH oraz
sity jonowej roztworu. Ral dodatkow do fazy ruchomej jest najgdej cofnicie dysocjacii
zwigzkbw o charakterze jonowym. Zazwyczaj, imekgize sizenie buforu tym mniejsza
retencja analitdw, @ wymiana jonowa jest jednym z mechanizmow retef®3, 75, 76].
Jeli nie wystpuja oddziatywania jonowe, zekszanie stzenia buforu mge mie& odwrotny
efekt — czas retencji poszczegodinychazkow wydiwa si [13]. W niektorych przypadkach
rozdzielania np. sacharydow, oligosacharydow, akatukrowych sgzenie buforu w fazie
ruchomej jest zwykle mate (2-10 mM) lub bufor jeatkowicie pomijany [1, 33]. Mechanizm
retencji oparty na wymianie jonowej pamizy analitem a fag stacjonara nie jest silnie
zalezny od pH stosowanych buforéw, jednakzma zauway¢ znacacy wptyw pH buforu na
selektywnaé¢ uktadu chromatograficznego. Wysoka zaw&r®CN w fazie ruchomej ostabia
dziatanie buforu oraz wplywa na pH fazy ruchomedc@yn pH fazy ruchomej, ktorej
gtownymi sktadnikami & bufor i ACN, jest trudny do ustalenia. Wykazane, pH fazy
ruchomej sktadafej st z mieszaniny mréwczanu amonu o pH=3 i ACN (skladsaaniny
15/85 v/v), w warunkach parygych w kolumnie chromatograficznej przyjmowato \w&it
okoto 5,2 [13].

2.3.2. Rozpuszczalnik probki

Podczas rozdzielania analitow w trybie HILIC rozmmlnik, w ktérym rozpusz-
czone g skiadniki prébki odgrywa istognrolg. Mieszaniny o diej zawartéci wody (tym
samym o wysokiej sile elucyjnej) mpgakioct mechanizm podziatu analitow pagtzy faz
stacjonarg (zaadsorbowama niej wod) a faz ruchoma. W przypadku dozowania do uktadu
chromatograficznego probek ozgjizawartéci wody mana tatwo zaktdd retencg analitow
oraz rozdzielcz&. Zaleca si, by maksymalna zawaib H,O w rozpuszczalniku prébki
wynosia 50% [13]. Niestety, nie zawsze ilwe jest zastosowanieg¢sdo tego zalecenia, w
szczegOInéci w przypadku bardzo polarnych analitow, ponigvetnieje ryzyko sticenia ich
w prébce. W takich przypadkach ACN zgstje s¢ — przynajmniej cgciowo — etanolem lub
izopropanolem. 3& to mozliwe, probki powinny zawieiajak najmniej metanolu ze wzglu
na zbyt silne oddziatywania konkurencyjne, o ktéryespomniano wczeiej. Wybor odpo-
wiedniego rozpuszczalnika jest pewnego rodzaju komgem pomidzy rozpuszczalrioia

analitéw, zapewnieniem powtarzalnych czasow retararzymywanym ksztattem pikow.
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2.4. Mechanizmy retencji wysépujace w technice HILIC

Technika HILIC hczy w sobie wiéciwosci trzech innych technik chromatogra-
ficznych, jednak najwicej cech wspdélnych upatrujecst technily RPLC. Faza ruchoma
charakteryzuje siduzg zawartdcig skladnika organicznego (zazwyczaj >60%), a pozo-
stata jej czs¢ to najczsciej bufor mrowczanowy lub octanowy. Bufor, ktoregidwnym
sktadnikiem jest woda, odpowiada za utworzenie tmareluentu o wysokiej zawaroi
wody skupionej wokot powierzchni ziaren fazy stagmej oraz wewgirz poréw wypet-
nienia. Zjawisko to zostato zaobserwowang julatach 70. ubiegtego wieku [3], jednak
dopiero 20 lat p#niej mechanizm ten stat¢siwykorzystywany podczas rozdzielania
zwigzkéw polarnych [4]. Jak wynika z przeprowadzonycbswdadczeé, anality o
charakterze polarnym mgjendencgj do diwszego przebywania w zaadsorbowanej war-
stwie eluentu na powierzchni ziarna fazy stacjoepny w fazie ruchomej [77, 78]. Po-
nadto, obecni@ wody jest niezbdna w celu uaktywnienia innych rodzajow interakciji,
poniewa to dzeki wodzie anality mog si¢ znale¢ wystarczajco blisko grup funkcyj-
nych modyfikatora fazy stacjonarnej. Ze waill na fakt,ze na mechanizm retencji w
chromatografii cieczowej, a w tym w technice HIL$&tadaj sic rézne rodzaje oddziaty-
wan wystepujagce pom¢dzy analitami, faz stacjonarg i fazg ruchom trudno przewidzie,
ktére z nich bdzie w przewadze, jednzé& mazna wyr&ni¢ nasgpujace typy maliwych
interakcji:

» oddziatywania hydrofilowe — powstajpomidzy analitem zaadsorbowanym w
warstwie eluentu o zwkszonej zawartxi wody a faz stacjonars;

e oddziatywania wodorowe (wzania wodorowe) — powstgpomidzy czsteczkami
analitu i grupami funkcyjnymi fazy stacjonarnejpfmmodonor — protonoakceptor;

* oddziatywania elektrostatyczne — powstggomedzy zjonizowanymi grupami
funkcyjnymi analitu a grupami funkcyjnymi fazy sjawcarnej; § to stabe
oddziatywania;

» oddziatywania van der Waalsa — powstgomidzy niepolarnymi grupami
obecnymi w czsteczce analitu a hydrofobowymi grupami funkcyjnymbo-
dyfikujagcymi zel krzemionkowy (np. grupa aminopropylowa); nie paoz do

trwatych pojczen.

Na rysunku 6 przedstawiono w spos6b schematyczrghamezm retencji amfe-

taminy na czystynrzelu krzemionkowym, z uwzgtinieniem trzech rmych typow od-
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dzialywar pomkdzy faz stacjonars, zaadsorbowanprzy jej powierzchni warstyvelu-
entu o zwgkszonej zawartai wody, analitem oraz fagzuchony (mniej hydrofilowa war-

stwa).
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Rys. 6. Schemat mechanizmu retencji z wykorzystaehniki HILIC[79].

Wraz ze wzrostem zawabtm ACN w fazie ruchomej, woda jest silniej adsorbo-
wana na powierzchni fazy stacjonarnej pelu krzemionkowego. W takiej sytuacji roz-
puszczalnik organiczny ma ograniczony kontakt znakt powierzchm wypetnienia,
zostawiagc jg dostpng dla czsteczek wody. Dzieje gitak do momentu, gdy zawaéto
skfadnika wodnego aginie koto 20%, wowczas woda ma zddiqiavypierania ACN z
dostpu do powierzchni fazy stacjonarnej. Paey20% zawartéci sktadnika wodnego w
fazie ruchomej przy powierzchni fazy stacjonarrestjcoraz wicej sktadnika organicz-
nego [77, 80, 81]. Ponadto, w zaiesci od polarnéci fazy stacjonarnej zaadsorbowana
warstwa eluentu o podwsgzonej zawartei wody mae mie€ rézng gruba¢. Obserwuje
si¢ takze zjawiska warstwowaniacssktadnikéw fazy ruchomej. Oznacza te,w uktadzie
tym pojawia s} wokot ziarna wypetnienia kilka warstw oraz miespgnrACN/H,O wokot
ziarna wypetnienia oraz kolejnych warstw [82]. Pomiztazongsci mechanizmu retencji
analitow w uktadzie HILIC, a tale wystpowania wielu odmiennych oddziatywakolej-

nos¢ elucji tych samych analitéw z zastosowaniermy@h kolumn chromatograficznych
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nie zmienia s istotnie. Zwazki eluup bowiem w zalenosci od masy czsteczkowej i
wiasciwosci fizykochemicznych, a przede wszystkim polaaeioPozwala to w niewielkim
stopniu przewidywa kolejnc¢ elucji, pod warunkiemze znane g wiasciwosci fizyko-
chemiczne analitow. Natg wspomnié, ze interakcje takie, jak dipol-dipol czy wymiana
jonowa maj istotny wptyw na zachowanie analitu, ktoéry znaggg w fazie ruchomej
[13, 77].

W przypadku zastosowania kolumn wypetnionych cayspelem krzemionko-
wym wystpuja gtdbwnie wymienione wczaiej trzy rodzaje oddziatywa W zalenosci
od sktadu i pH fazy ruchomej, wdawosci fizykochemicznych analitow oraz rodzaju
uzytego wypetnienia w ukladzie HILIC magrzewaaé rozne rodzaje interakcji analit —
faza stacjonarna — faza ruchoma [77, 81]z8¥¢ pH fazy ruchomej intensyfikuje joniza-
cje grup silanolowych na powierzchrielu krzemionkowego, powodyg zwickszenie
zdolncci fazy stacjonarnej do wymiany kationowej, cozme wykorzysta podczas roz-
dzielania zwazkdw o charakterze zasadowym. ZuKi takie zazwyczajssilnie zatrzy-
mywane na powierzchrielu krzemionkowego poprzez yzania wodorowe oraz oddzia-
lywania jonowymienne. Symetria pikow zwkéw o charakterze zasadowym rozdziela-
nych z wykorzystaniem techniki HILIC egto jest lepsza od symetrii pikdw dla tych sa-
mych zwipzkéw rozdzielanych w uktadzie RPLC [13]. Niektéreoyywypetnienia, np.
sulfobetaina, magwykazywa oddziatywania jonowe dwdéch typéw: oddziatywania po
migdzy analitem a grupsulfonows lub pomedzy analitem a aminczwartorzdowy. Za-
stosowanie buforu nie ogranicza oddziatywania jonowe, a mechanizm retenejile
opierat s¢ na podziale ciecz-ciecz. Podobny efekt ma dodkteksu mrowkowego lub
octowego, ktory mge ogranicz& wymiare jonowg miedzy analitem a fag stacjonarn
[54, 83]. Natomiastel krzemionkowy modyfikowany grupami pentafluorofEwymi, w
niewielkim stopniu oferuje oddziatywania ciecz-@eopieragc mechanizm retencji na
wymianie jonowej [40, 84]. Istotnym czynnikiem, wplajacym na mechanizm retencji,
jest zastosowanie do faz ruchomych dodatkow, tajkhbufory lub kwasy organiczne.
Dodatki te powoduj, ze mechanizm retencji staje $iardziej skomplikowany [85]. Dzieje
sie tak dlategoze jony konkurujg migdzy sola o dos¢ép do powierzchni fazy stacjonarnej.
Zakres, w ktéorym domingjposzczegdlny rodzaje interakcji zalg jest od typu fazy sta-
cjonarnej, sfzenia wytego buforu, rodzaju rozpuszczalnika organicznegdl fazy ru-
chomej. Dlatego tepodczas optymalizacji warunkéw chromatograficzngakezy spraw-
dzi¢ szereg poszczegolnych parametrow, ktore gmogt wplyw na retengj oraz ksztatt
otrzymywanych pikéw.
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2.5. Wplyw poszczegolnych czynnikdéw wpltywagrych na retencg
2.5.1. Skfad fazy ruchomej

Gtownymi sktadnikami fazy ruchomej pozostajiagle wodny roztwor buforu
oraz ACN. O stopniu rozdzielenia poszczegélnych dskkdw mieszaniny decyduje
przede wszystkim zawag®wody w fazie ruchomej. Nawet niewielka — kilkupeotowa
zmiana zawartei wody w fazie ruchomej — powoduje znace r&nice w retencji roz-
dzielanych polarnych zwzkéw. Zazwyczaj w celu rozdzielania z&koéw o niskiej polar-
nosci, zawart@¢ wody nie przekracza 5%. W niektérych przypadkampuszcza sinizsze
zawartdci (2—3%), jednak taki skiad fazy ruchomej wymagageej stabilizacji kolumny
chromatograficznej po ukezonej analizie — i stosowana byta elucja gradientowa. W
niektorych aplikacjach woda me by wyeliminowana catkowicie lub ezciowo przez
polarny rozpuszczalnik organiczny, np. metanoldtdmol [86]. Takie rozvwazanie stwarza
nowe problemy ze wzgllu na ograniczenia w rozpuszczailcicsoli buforowych w skiad-
nikach organicznych fazy ruchomej. Woda bez dodtkioru lub kwasu jako sktadnik
nieorganiczny jestaywana dé¢ rzadko. Stosdp kolumny chromatograficzne z wypet-
nieniem porowato-rdzeniowym, mave jest rozdzielenie sacharydow z wykorzystaniem
czystej wody jako sktadnika fazy ruchomej lub bufoktérego stzenie nie przekracza 2
mM [33]. Zastosowanie buforu pozwala kontrol@watencg analitéw, jéli faza stacjo-
narna (np. typu pentadiol) ma charakter niejonowy dddziatywania elektrostatyczng s
niewielkie. W takim przypadku retencja zwkéw zazwyczaj maleje wraz zecgtniem
uzytego buforu, co spowodowane jest gesizonym udzialem interakcji typu ciecz-ciecz.
Odpowiedzialnym za ten fakt jest efekt wysalanigqyeenia fazy stacjonarnej gsddufo-
rowa). Mozliwos¢ tworzenia si wigzan wodorowych lub oddziatywajonowych pomg-
dzy analitem a fagstacjonara jest ograniczona [7, 75, 87, 88]. Teoria ta j@szeczna z
tym, co mana znale¢ w niektérych doniesieniach naukowych, mianowiaejckszenie
zawartdci buforu w fazie ruchomej zwksza obgtos¢ tworzonej warstwy hydrofilowej
wokot ziaren wypetnienia, co me spowodowa zwigkszenie czasu retencji eluowanych
zwiagzkow [54, 83].

2.5.2. Bufory jako dodatki do fazy ruchomej

Jak ju wspomniano, czysta woda jest rzadkgywana jako skladnik fazy rucho-
mej. Dwo czsciej skladnikiem wodnym fazy ruchomejywanym w technice HILIC &

roztwory buforowe. Powszechne zastosowanie zegdagia swqgj lotnos¢ znajduje bufor
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mrowczanowy oraz octanowy. Powoduje to w konsekyiene sole te mazna stosowaw
uktadach chromatograficznych sgimnych ze spektrometrami mas. Rzadziej stosowane
s3 nielotne bufory cytrynianowe, fosforanowe czy bunae.

Bufor obecny w fazie ruchomej zazwyczaj zmniejszdzomtywania elektrosta-
tyczne pomgdzy analitem a fag stacjonara [41, 87, 88], pozwalag, by w uktadzie
HILIC mogly dominow& inne mechanizmy retencji. Jednak te same buforganmaoiec
rowniez dziatanie odwrotne i magzmniejsza retencg zwigzkow, jeli faza stacjonarna
ma charakter jonowy (np. sulfobetaina) lulzsczowo jonowy (-SiOH, -NH). Istnieje
hipoteza,ze oddziatywania elektrostatyczne pedry analitem a fagstacjonara 3 za-
ktbcone poprzez dziatanie jondw pochgelzch od buforu [2, 71].

Istotrg role w rozdzielaniu analitdw odgrywa pH buforu, ktérezm by kontro-
lowane za pomagc dodatku jednego ze sktadnika danej soli. Zazwyqrdj buforéw
mrowczanowych i octanowych kontroluje; 9oprzez dodanie odpowiedniego kwasu do
ustaleniazagdanej wartéci. Bufory o pH powyej 8 g stosowane tylko z kolumnami chro-
matograficznymi o wypetnieniu polimerowym, np. ZpEHLIC, gdzie nie istnieje ryzyko
rozpuszczenia fazy stacjonarnej.

W zalenosci od pH fazy ruchomej anality mggrzybierd forme zdysocjowan
lub niezdysocjowad) jednak — jak wspomniano wczeej — doktadny pomiar pH fazy
ruchomej jest utrudniony ze wzglu na wysok zawartd¢ sktadnika organicznego. Moa
powiedzi€, ze rola buforu jest dwojaka: bufor k@w dwym stopniu ograniczywyst-
powanie oddziatywa elektrostatycznych powdzy analitem a fag stacjonarn, bufor
moze take kontrolowa& charakter analitow (forma zdysocjowana lub niejoWwodniono,
ze niektdére anality o charakterze kwasowym nie wylawystarczajcej retencji z zasto-
sowaniem buforow mréwczanowych. Jednalsinie zatrzymywane na zta po zmianie
buforu na wodny roztwoér kwasu trifluorooctowego [8B]. Podejrzewa gj ze jest to
mozliwe ze wzgédu na ograniczenie odpychania peday analitami a zdysocjowanymi
grupami silanolowymi. W przypadku sacharydéw dokldteyasu mrowkowego do fazy
ruchomej zamiast buforu mréwczanowego (kolumie: krzemionkowy modyfikowany
grupami aminopropylowymi) znagzo poprawit ksztatt pikdw, natomiast w niewielkim
stopniu wptynt na czas retencji [59]. Prawdopodobnie, jony pazhoe od kwasu utrud-
niaja dostp do grup funkcyjnyctielu krzemionkowego modyfikowanego grupami amino-

propylowymi, przez co maegogranicza oddziatywania jonowe.
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2.5.3. Temperatura

Temperatura termostatowania kolumny chromatognaéicev chromatografii cie-
czowej a zwlaszcza w technice HILIC ma istotny wyphga czas retencji analitbw oraz
ksztalt otrzymywanych pikow. Sporagéz zwiazkOw o charakterze jonowym jest vra
liwa na zmiany temperatury, co ae st z otrzymywanym ksztattem pikow, a fakw
niewielkim stopniu oddzialuje na czas retencji. Wiptemperatury na selektyworoz-
dzielania mana zaobserwowadla mieszanin zwikow, ktdre rénig sie istotnie pod
wzgledem wielkdci oraz ksztattu csteczki oraz, jak p wspomniano, maj charakter
jonowy lub g czséciowo zdysocjowane [90]. W przeciwigtwie do rozdzielania z
wykorzystaniem techniki RPLC, w technice HILIC zk&zenie temperatury termostato-
wania kolumny nie wplywa znagzo na czas retencji zgakow oraz kolejnéc ich elucji.
Moze mi€ jednak wplyw na ksztait otrzymywanych pikéw. W ypadku zastosowania
rozdzielania z wykorzystaniem techniki RPLC ekg@zenie temperatury ma zwek z
tym, ze zmniejsza gilepkas¢ fazy ruchomej i szybkd wymiany masy, co powodujee
skraca si czas retencji analitbw. Dziejecsiak ze wzgidu na bardziej jednolity proces
adsorpcji-desorpcji. Parametry te wptywaja mechanizm interakcji pogaizy analitem a
fazg stacjonara [91, 92].

Podczas optymalizacji warunkéw chromatograficznychrybie HILIC, tempe-
ratura bywa cgsto pomijanym parametrem i zazwyczaj rozdzielamgeprowadza giw
temperaturze okoto 30°C. Jednak, palmie¢ na uwadze faktze jest to wany parametr
optymalizacyjny [54]. Przyktadem ilustggym wptyw temperatury prowadzenia
rozdzielania chromatograficznego na wynik analibyomatograficznej ma by analiza
krystalicznej glukozy, ktéra ulega tautomeryzajegli zostaje rozpuszczona w wodzie. W
zaleznosci od temperatury powstaje mieszanina kilku jeppmp. a-glukopiranoza i3-
glukopiranoza [93]. W temperaturze <15°C obie gtovioeny (o- i B-glukopiranoza)
mog by¢ rozdzielone z wykorzystaniem techniki HILIC [347]8Natomiast zwikszenie
temperatury >15°C powodujee piki zaczg koeluowd. Dalsze zwgkszanie temperatury
powoduje otrzymanie jednego piku bez Ahwosci rozr&nienia form tautometrycznych
[59, 94]. Temperatura termostatowania kolumny méywmie tylko na forng analitu w
jakiej on wysgpuje, ale oddziatuje tena proces transportu masy peday faz ruchom a
fazag stacjonarg [95]. Uzyskanie wzszych pikdw w podwsiszonej temperaturze muoa
wyjasni¢ zwigkszory dyfuzja analitow. Natomiast niewielkie zmiany w czasieensji

analitow wraz ze wzrostem temperatugytreidne do wyttumaczenia.

32



2.6. Opracowanie metod opartych na wykorzystaniu thniki HILIC

Opracowanie metody chromatograficznej opartej nakomgystaniu techniki
HILIC wymaga od analityka przeprowadzenia wieloetapj optymalizacji warunkow
analizy. Na rysunku 7 przedstawiono schemat blokelggrytmu umaliwiajacego opra-
cowanie optymalnych warunkow pracy uktadu chromatfigznego typu HILIC.

* zamiast octanu amonuzywa Sk
réwnie czsto mréwczanu amonu
Nalezy dobr& odpowiedn so6l
buforowg doswiadczalnie.

** w celu sprawdzenia, czy anality

wymywajs sie catkowicie ze ziva

kolumny  przed optymalizagj
metody, nalgy uzyé mieszaniny
ACN/woda 60/40 v/v i zadozowa
proble  mieszaniny  wzorcowej
analitbow w warunkach elucji
izokratycznej.

*** wysoka zawartg¢é buforu
(powyzej 4650 mM) nie jest
zalecana dla detektoréw, gdzie
stosowana jest komora rozpyleg,
np. spektrometr mas czy laserowy

detektorswiatta rozproszonego

Rys. 7. Schemat blokowy algorytmu pozwakego na wybor optymalnych warunkéw metody
chromatograficznego rozdzielenia analitow z wykstargiem techniki HILIC.
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Dobor optymalnych warunkow rozdzielania chromatéigraego analitow z wy-
korzystaniem techniki HILIC, to trudne i wieloetap® zadanie. Opracowanie metody
chromatograficznej, uwzgliniajgcej rodzaje i charakter oddziatyw@omiedzy analitami
a faz stacjonarg, wymaga potwierdzenia przgych zatazen na drodze daviadczalnej.
Pierwszym krokiem analityka jest wybor kolumny ametograficznej wypetnionej wia-
sciwg fazg stacjonarg. Ju ten pierwszy krok jest tym trudniejszy im analitghodzce w
sktad rozdzielanej mieszaniny mdpardziej zranicowany charakter. Kolejnym etapem
jest dobranie optymalnego ghpsciowego nagzenia przeptywu strumienia fazy ruchome.
Stwierdzono déwiadczalnie,ze kolumny chromatograficzne z wypetnieniem typustyy
zel krzemionkowy maj szerszy zakres optymalnych ¢yah przeptywow nik kolumny ze
ztozem typuzel krzemionkowy modyfikowany grupami sulfabetainamaryczy fosforylo-
cholinowymi. Nastpnie ustala siskiad fazy ruchomej, zazwyczaj 2kszapc stopniowo
(zwykle co 5%) zawartd sktadnika organicznego. W zatesci od typu wypetnienia oraz
grubaici tworzacej sk wokot ziaren wypetnienia warstwy eluentu o gkdzonej zawarto-
$ci wody, minimalna zawarfo wody w fazie ruchomej wynosi od 3 do 5%. W przypad
mieszaniny analitbw najegciej stosuje si elucg gradientow, zaczynajc od 95% za-
wartasci ACN w wodzie. Jego zawaii®utrzymuje s} na stalym poziomie przez pierwsze
2 minuty analizy, po czym stopniowo zmniejsza jego zawarté& w fazie ruchomej do
60-70% w cigu 10 minut. Podany przykitad dotyczy kolumny chrtogeaficznej o diu-
gosci 100 mm. Stosowanie elucji gradientowej wymuspérzely stabilizacji kolumny
chromatograficznej po kdej analizie, co znagzo wydtuwza catkowity czas trwania pro-
cesu optymalizacyjnego. Miiwe jest wzmocnienie sity elucyjnej organicznedgadnika
fazy ruchomej przez dodatek izopropanolu lub rzgdzimetanolu (nie wcej niz 20%).
W efekcie wize sk to ze skroceniem czasu retencji silnie polarnywhyzkéw zazwyczaj
kosztem ksztattu pikow. Kolejne etapy w optymaljzacarunkow rozdzielania dotygz
stezenia buforu oraz ustalenia pH fazy ruchomej. Przeveato ten etap jest najbardziej
praco- i czasochtonny, poniewavymaga przygotowania wielu odpowiednich mieszanin
faz ruchomych oraz przeprowadzenia optymalizacjiuwkow chromatograficznych z ich
uzyciem. Zmiana jednego skiadnika (buforu, jegerestia lub pH) wymusza powt&n
optymalizacg elucji gradientowej ze wzedlu na zmiag warunkéw panujcych w kolum-
nie chromatograficznej. Ostatnim etapem optymajizast dobor temperatury termosta-
towania kolumny chromatograficznej (w zakresie 2B, ktéra mee mig€ wplyw na

mechanizm rozdzielania analitow oraz ksztatt pikow.
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2.7. Technika HILIC-ESI-MS jako narzedzie analityczne

Technika HILIC dedykowana analizie chromatografi¢zn&iagzkdw polarnych,
hydrofilowych i jonowych znakomicie sprawdzg sv pokczeniu z niezwykle populagn
obecnie detekgjMS. Wysoka zawartg sktadnika organicznego w fazie ruchomej sprzyja
powstawaniu jonow, gaytworzace s¢ w komorze do elektrorozpylania (ESI) krople aero-
zolu charakteryzyj sic matymi srednicami. Zastosowanie adych dodatkéw do faz ru-
chomych w postaci soli czy kwaséw, ktére to gnkprzystny wplyw na rozdzielanie
chromatograficzne, nmie rownoczénie negatywnie wptyw@ana proces tworzenia jonéw w
zrédle spektrometru mas. W niniejszym rozdziale aaist oméwiony wptyw rozpuszczal-
nikbw wzywanych w technice HILIC na tworzenie jonéwzvddle typu ESI.

Schemat tworzenia ¢ijonéw analitu w komorze jonizacyjnej typu ESI

przedstawiono na rysunku 8.

Wprowadzany eluat z systemu HPLC

A - -.\\\ :
\_ N\
2 _ i == N

- -_Kropla aerozolu

~_Kapilara rozpylajaca (1-5kV)

Rozpylony eluat w postaci
natadowanych kropel aerozolu

Stozek Taylora

Jonizowany eluat /

Gaz osuszajacy (N,)

Kierunek transferu jonow

Odparowanie rozpuszczalnika

Eksplozja
“._kulombowska

Kapilara wprowadzajgca
jony analitow do analizatora mas /

Rys. 8. Schemat tworzenia pinéw analitu w komorze jonizacyjnej typu ESI.
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W celu zrozumienia procesu tworzenia jonéwenddle naley wspomni€ o roz-
puszczalnéci analitbw w fazie ruchomej, ktéra w przypadkuheiki HILIC najczsciej
jest mieszanipwody oraz ACN. Rozpuszczanie substancji to jej zokdllo oddziatywa-
nia z rozpuszczalnikiem poprzez stabe oddziatywaniadzyczsteczkowe i gzenie
uktadu rozpuszczalnik — substancja rozpuszczanasggniecia jak najwyszej entropii i
jak najnizszej energii wewgtrznej. Kada mieszanina (rozpuszczalnik oraz analit) posiada
okreslong lepkas¢ oraz cénienie pary nasyconej. W przypadku faz ruchomycbdfwych
mieszanin rozpuszczalnikéw organicznych) wykorzystyych w technice HILIC lepko
oraz cénienie pary nasyconej siizsze ni dla faz ruchomych wykorzystywanych w tech-
nice RPLC. Dzki temu wytworzenie kropli aerozolu jest i jej odpaanie w komorze
jonizacyjnej g fatwiejsze. Mieszanina skltadap s¢ z fazy ruchomej oraz analitow jest
rozpylana w komorzérddta zaraz u wylotu kapilary, do ktérej przitme jest napcie
(zazwyczaj od 1 do 5 kV). Eluat opuszazs) kapilag tworzy staek Taylora, sktadagy
sie z natadowanych dodatnio lub ujemnie (zale od trybu jonizacji) kropel aerozolu.
Krople aerozolu nabiergfadunku po czymasprzychgane przez elektr@do przeciwnym
tadunku. Réwnanie (7.1) opisuje gatnie pola elektrycznego (Ez uwzgtdnieniem pa-
rametrowzrodta w celu utworzenia natadowanych kropel aetof@6-98].

E, = Z%In (%) 7.1)
Gdzie:

Ep— natzenie pola elektrycznego,

V, — napécie przyteone do kapilary,

r —s$rednica kapilary,

d — odlegté¢ od elektrody.

Natezenie pola elektrycznego niegine do utworzenia natadowanych kropel ae-
rozolu jest zalgne od nagicia V,. Natomiast minimalne naggie pola elektrycznego, nie-

zbednego do utworzenia natadowanych kropel aerozol)dpisuje réwnanie (7.2).

Vinin = 2 X 105\/yr X In (%) (7.2)
Gdzie:

V min — Minimalna wart& napkcia niezlgdnego do utworzenia natadowanych kropel aerozolu,

Yy — napécie powierzchniowe eluatu
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Jak wynika z rownania (7.2), waétoV i, jest zalena od napgicia powierzch-
niowego eluatu, dlatego w celu utworzenia natadgwhrkropel aerozolu waré Vin
wzrasta wraz ze wzrostem wastonapecia powierzchniowego eluatu. W technice HILIC,
przewaajacym sktadnikiem fazy ruchomej jest ACN, dlatego wygaiee nagicie (Vmin)
jest mniejsze miw przypadku techniki RPLC, w ktérej giownym sktadeik eluatu jest
najczsciej woda. W miag odparowywania rozpuszczalnika w podsonej temperaturze
(150-650°C) i atmosferze gazu osuszago (N) krople zmniejszaj swop objetos¢. W
pewnym momencie nagiuje eksplozja kulombowska — natadowangstzczki wchodzce
w skiad kropli aerozolu odpychiagie od siebie, podczas gdy sity negia powierzchnio-
wego staraj sie utrzyma krople w catdci. Srednica kropli ¢ jest proporcjonalna docg
stdci eluatu, liniowej pgdkosci przeptywu strumienia mieszaniny fazy ruchomegzor

analitow, a take napgcia powierzchniowego, zgodnie z réwnaniem (7.3).

T O/ pUy (7.3)
Gdzie:
r, —srednica kropli aerozolu,
p — gestas¢ eluatu,
M — liniowa pedkos¢ przeptywu strumienia fazy ruchome;.

Mozna by s¢ spodziewd, ze w celu zwgkszenia liczby jonow analitow trafig
cych do komory jonizacyjnej nate zwigkszy¢ odpowiednio wart& przeptywu strumie-
nia fazy ruchomej. Jednak efekt takiego dziataesa pdwrotny od zamierzonego. Liczba
analitow trafiagcych do komory ESI co prawda zksza s¢, ale jednoczaie powstaj
wieksze krople aerozolu, ktére trudniej odparéywaw zwazku z tym péniej ulegaj one
eksplozji kulombowskiej. Innymi stowy, trudniej aalpwa wicksz ilos¢ rozpuszczalnika
trafiajgcego dozrodta typu ESI. Powstajtym mniejsze krople aerozolu, im mniejsze s
wartasci gestasci oraz napjcia powierzchniowego. W technice HILIC gtownym skia
kiem jest ACN, ktory znagzo obnkza zarbwno gstas¢, jak i wart@g¢ napecia powierzch-
niowego eluatu, dlatego mioa oczekiwéa wickszej efektywnéci jonizacji analitow. Po-
nadto szybk&, z jakg odparowuje rozpuszczalnik z kropli aerozolu, pstzna od pez-
nosci par danego rozpuszczalnika, co po raz kolejagmawia na korzy faz ruchomych
stosowanych w technice HILIC [99]. Granica stabitidRayleigha (réwnanie 7.4) opisuje
wartas¢ tadunku, jaka jest potrzebna, by pokénapticie powierzchniowe kropli aerozolu

w celu powstania eksplozji kulombowskiej [100].
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Q% = 64m2eyyR3 (V.4
Gdzie:
Qr — warta¢ tadunku powierzchniowego kropli aerozolu potrzelbioaprzezwygjzenia napicia
powierzchniowego,
g0 — przenikalnét elektryczna préni 8,84*10 F/m,
Rg — $rednica kropli aerozolu, ktéra ma odpowiedni taduwecelu osigniccia granicy stabilni

Rayleigha.

Dla MeOH §=0,0226 N/m), ACN (y=0,030 N/nf) oraz wody ¥=0,073 N/m)
wartagici Qr  wynosza odpowiednio: Qwmeorr1,12*10°Rs®, Qracn=1,29*10°Rg® i
Qruwode2,02*10°R:%. Mozna zauway¢, ze wartgé tadunku powierzchniowego w przy-
padku wody jest blisko dwukrotnie wgza od wartéci tadunku dla MeOH oraz ACN.
Oznacza toze kropla aerozolu musi posigdayzszy tadunek w celu wyspienia eksplo-
zji kulombowskiej. Innymi stowy, krople o takiejrs&j obgtosci, tadunku oraz sktadgje
si¢ gtébwnie z MeOH lub ACN rozpadrsie wczeniej, podczas gdy krople sktadeg s¢ z
wody rozpadaj sic pazniej. Rozpad kropli w celu uwolnienia jondéw wma przyspiesza
lub op&nia¢ poprzez regulagjtemperaturyzrodta oraz przeptywu gazu s@sego i roz-
pylajacego. Jednak wraz ze wzrostem temperatury istryejeko, ze anality ulega rozpa-
dowi zanim przejg do stanu gazowego jako jony. Kolejnym istotnymrsaiiem wpty-
wajagcym na ilg¢ utworzonych jonéw jest zawaktbdodatkow w fazie ruchomej, pedni
cych rok elektrolitow. Ich zadaniem jest przede wszystkiapeawnienie przewodnictwa
elektrycznego oraz zmniejszenie regm powierzchniowego kropli aerozolu. Mechanizm
odparowania rozpuszczalnika #wodle typu ESI przewiduje rownierozpad wgkszych
kropel na mniejsze [98].

Uwaza sk, ze niewielkie czsteczki uwalnianegsw postaci jonéw z natadowa-
nych kropel aerozolu zgodnie z jonowym modelem oolpania (on Evaporation Model
—|EM). Model ten zakladaze w pewnym momencie w dostatecznie matej kroplbhzau
gestas¢ fadunku przekracza eneggsolwatacii jonu analitu, co powoduje uwolnieni@ayo
do fazy gazowej [101]. Dae¢ czsteczki, takie jak biatka lub polimery, uwalniane do
fazy gazowej w postaci jonéw zgodnie z modelem d@hanych pozostatoi (Charge
Residue Model €RM). Rozpuszczalnik z kropli aerozolu jest odparsagy dopoki nie
pozostanie tylko jon analitu, ktory jest uwalniathy fazy gazowej [102, 103]. Opiegaj
si¢ na modelu IEM, mazna s¢ spodziewd, ze zwhzki hydrofilowe clgtniej ulegn joniza-
cji, kiedy gtdbwnym rozpuszczalnikiem jest rozpusdok organiczny, np. ACN, co ma

miejsce w przypadku zastosowania techniki HILIC. @uiwa sytuacja ma miejsce z za-
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stosowaniem techniki RPLC, gdzie gtdwnym skfadnikigoatu jest woda, ktora faktycz-
nie stwarzarodowisko niesprzyjare rozpuszczalioi zwigzkdw o charakterze hydrofo-
bowym. Jednak, jak juwspomniano wczmiej, wodne mieszaniny twagee krople aero-
zolu trudniej odparowaw komorze jonizacyjnej. W przypadku gdy gtéwnynteskikiem
eluatu jest MeOH lub ACN zwzki o charakterze hydrofobowym trudniej uleggniza-
cji, poniewa opuszczaj srodowisko sprzyjajce ich rozpuszczalsoi [99, 104]. Rola roz-
puszczalnikbw wchodzych w sktad fazy ruchomej jest niezwykle zma podczas two-
rzenia i uwalniania jonéw analitéw, tak samo jakaeos¢ dodatkdéw oraz wartai obje-
tosciowego najzenia przeptywu strumienia fazy ruchomej. Fizykoclezme parametry
mieszaniny rozpuszczalnikéw decyglg wielkasci kropli, stopniu odparowania oraz roz-
padzie kropel aerozolu. Dodatkowo nglavspomnié o koniecznéci optymalizacji para-
metrowzrodia jonow, ktore mgjwptyw na liczle analitéw, ktére ulegnjonizacii.
Technika HILIC-ESI-MS mze by efektywnym nargdziem analitycznym wy-
korzystywanym w analizie jakoiowej oraz ildciowej zwhzkow polarnych orazrednio-
polarnych. W przypadku rozdzielania zbmych mieszanin natg mie¢ na uwadze fakte
optymalne warunki chromatograficznego rozdzielamalitow nie zawszegoptymalnymi
warunkami detekcji z zyciem spektrometru mas. Nagsziej gtdwnym skiadnikiem fazy
ruchomej w technice HILIC jest rozpuszczalnik organy, dlatego w patzeniu ze

spektromety mas, stwarza sprzypgje warunki jonizacji analitow.
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2.8. Sposoby rozwgzywania problemow w trakcie stosowania techniki HILIC

Technika HILIC w porownaniu do techniki RPLC ma wigalet, nie jest jednak
pozbawiona wad. Gtowrwad techniki HILIC jestscisty zwigzek z praktycznie jedynym
gtownym sktadnikiem organicznym fazy ruchomej jakizst ACN. Co prawda w niekto-
rych przypadkach ACN nima zasipi¢ acetonem [105-107], jednak aceton niezenby¢
stosowany tam, gdzieg sizywane detektory typu UV-Vis ze wzglu na wysipowanie
wysokiego poziomu tta pochoglzgo od tego rozpuszczalnika. Problemami gprgh-
cymi podczas rozdzielania substancji w trybie HIL4C elucja zwijzkoéw w czasie mar-
twym, koelucja dwdéch lub wcej zwhzkow w tym samym czasie, niepowtarzalne czasy
retencji oraz niegaussowski ksztait otrzymywanyiow (ogonowanie). W tabeli 2 ze-
stawiono informacje o najegtszych, spotykanych w trakcie wykorzystywania tekih
HILIC probleméw, prawdopodobne ich przyczyny orapsoby rozwjzania powstatych
problemow.

Tabela 2. Najozstsze problemy chromatograficzne, ich prawdopodqimgczyny oraz sposoby
rozwigzywania problemoéw obserwowanych w technice HILIC.

Mata/brak retencji analitow

Przyczyna Rozwigzanie

W celu uzyskania retencji zg#kOw naley zn& podstawowe whkriwosci
fizykochemiczne analitbw. Dla zwikéw o charakterze kwasowym

Niewlaciwa faza odpowiednie bdg np. kolumny wypetnione ziem oferugcym

stacjonarna . . : . -
oddziatywania anionowymienne, a dla zgkéw o charakterze zasadowym
kolumny z wypetnieniem o charakterze kationowymignn
Nalezy dobr& wartas¢ pH buforu w taki sposéb, by analit/anality byty w
Niewtasciwe pH stanie zdysocjowanym w roztworze. Najlemie¢ na uwadze faktze pH
buforu buforu mae zmienig réwniez wiasciwosci fazy stacjonarnej — grupy
funkcyjne fazy ruchomej réwniepowinny by w formie zdysocjowane;.
Nalezy zwigkszy¢ zawart@¢ sktadnika organicznego w fazie ruchomej.
. .| Minimalna zawarté& wody w fazie ruchomej wynosi odpowiednio 3% (dla
Zbyvtvgézav\f?;vz?géc mniej polarnych faz stacjonarnych) oraz 5% (dladbej polarnych faz
ruélhomej stacjonarnych). 38 jest stosowana elucja gradientowa, pgl@rzez okres

minimum dwukrotnie dlszy ni czas martwy zastosowa elucg
izokratyczm, np. 5% sktadnika wodnego oraz 95% sktadnika acgaego.

W zaleznosci od stosowanego buforu najewymienic mréwczan amonu na

Niewtasciwy bufor octan amonu lub odwrotnie. Po czym optymalizugengarunki rozdzielania.

Niepowtarzalny czas retencji

Jeli wartos¢ pH buforu jest bliska warci pKa analitu, mae to powodowa
Niewtasciwe pH otrzymywanie niepowtarzalnego czasu retencjiliJ® mozliwe, naley

buforu wymienic stosowany bufor na taki o pH o 0,5 jednostkicksizej i/lub
mniejszej. Mdliwa jest réwnie zmiana stosowanego buforu.
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Tabela 2. c.d.

Zanieczyszczenia w
kolumnie

Niepowtarzalny czas retencji lub zmiana rozdzieczmoze wskazywé na
obecné¢ zanieczyszcze w kolumnie chromatograficznej. Podigzone
cisnienie pracy kolumny chromatograficznej im0 wskazywéa na
zanieczyszczenie filtru  lub  przedkolumny.  OdwrGgonkolumre
chromatograficzsp nalery przeptuk&é odpowiedmi mieszanig wody oraz
rozpuszczalnika organicznego (okoto—-20 obgtosci). Sktad mieszaniny jest
zalezny od typu kolumny, a producent umieszcza informajgkiego sktadu
mieszaniny naley uzy¢. Jali jest stosowana przedkolumna, raleja
wymienic.

Kolumna nie jest
ustabilizowana po
elucji gradientowe;j

Kolumny chromatograficzne pragag w trybie HILIC zazwyczaj potrzehyj
wiecej czasu na stabilizacjvarunkdéw pracy riite pracujce w trybie RPLC.
Proces tworzenia warstwy eluentu o ggizonej zawartwi wody wokot
ziaren wypetnienia jest d6 powolny. Réwnie podczas elucji izokratycznej
nalezy upewné sig, ze silnie polarne zanieczyszczenia pochodz probki s
wymyte. Mimo to nie zalecagistosowania 100% wodnych sktadnikéw fazy
ruchomej do ptukania kolumny. Czas stabilizacjit jggecyficzny dla danej
kolumny i wynosi odpowiednio 1-2 min stabilizacjanl cm kolumny
chromatograficznej. Stabilizacj mozna przyspieszay stosujgc duwe
objetosciowe nagzenie przeptywu strumienia fazy ruchome.

Niegaussowskie piki

Przewaga polarnego
rozpuszczalnika probk

Rozpuszczalnikiem prébki powinien bten o mniejszej sile elucyjnej, jednak
w takiej zawartéci by nie powodowawytragcania analitbw. Zawarfé wody
powinna by utrzymywana na jak najiszym poziomie. Wisza zawart&
wody (powyej 30%) powoduje zaktdcenie oddzialywagpomiedzy faz
stacjonarp a analitami, co przektadagsiha ogonowanie pikobw, zmniejszenie
czasOw retencji oraz zmniejszenie rozdziedczo

Niewtasciwa obgtosé
dozowanej probki

Mozliwe jest przetadowanie kolumny, dlatego rigle pameta¢ o
ograniczeniach w objfosciach, jakie mog by nastrzykiwane
wykorzystaniem kolumn pracigych w trybie HILIC. Zalecane ofipsci:
kolumny osrednicy wewgtrznej 2.1 mm: 0,5-5 pL; 4.6 mm: 5-40 pL. Innymi
stowy, obgtos¢ wprowadzanej probki powinna byjak najmniejsza,
szczegolnie, kiedy woda jest jednym ze sktadnikézpuszczalnika prébki.

z

Niewtasciwe stzenie
buforu

Niskie stzenie buforu mge powodowa wystpowanie drugorgowych i
niepazagdanych  rodzajow oddziatywia np. stabych oddziatywia
elektrostatycznych. Podvgzenie stzenia buforu mee sprzyja& poprawieniu
sie ksztattu piku, czasem kosztem zmniejszonej intensyci, kiedy
stosowany jest spektrometr mas jako detektor.

Zrozumienie mechanizmoOw retencji analitbw oraz wptyparametréw chroma-

tograficznych na retengj ksztalt pikdw pozwala skorzysta zalet, jakie oferuje technika

HILIC. Kamieniem milowym w rozwoju techniki HILIC By wykorzystanie technologii

umazliwiajgcej uzyskanie ziaren porowato-rdzeniowych, ktérawamita zminimalizowa

problem rozmytych i ogonggych pikow [22, 108]. Najwksze wady techniki HILIC to

wzglednie dtugi czas stabilizacji kolumny chromatografiej oraz maliwos¢ wystepowa-

nia niepaadanych rodzajéw oddziatywia(analit — faza stacjonarna). Jedimaken man-

kament mae st& si¢ zalet techniki, poniewa optymalizacja warunkéw chromatograficz-

nych umaliwia wybér pazadanego mechanizmu interakciji.
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3. Cel oraz zakres bada

Technika HILIC w paczeniu ze spektromedri mas lub tandemoyv
spektrometyg mas stwarzgj wiele maliwosci opracowania nowych metodyk
analitycznych. Ogromnym wyzwaniem podczas tego gsogest dobranie odpowiednich
parametrow chromatograficznych, ktore uwmdgliajp wiasciwosci fizykochemiczne
oznaczanych substancji, i mpgzapewnt satysfakcjonujce rezultaty rozdzielania.
Badania, ktérych celem bylo opracowanie nowych mgtodnalitycznych, dotycg
aktualnych probleméw w dziedzinach, takich jak em@albiomedyczna czy kontrola
jakaosci.

Podstawowym celem pracy bylo opracowanie nowychodyt analitycznych i
wyznaczenie podstawowych parametrow opisygh uktad chromatograficzny z zastoso-
waniem techniki HILIC dla nagpujacych zwizkdéw: cukry i alkohole cukrowe, nikotyna,
syntetyczne oraz naturalne substancje intensywodzase. Wymienione anality w wik-

szaci nalezg do substancji polarnych (rysunek 9).

fruktoza
glukoza |
mannitol
laktuloza
sacharoza |
laktoza acetaminofen
rafinoza maltoza | | pirydoksyna nikotyna
T T T | | 1 >
-6 -5 -4 1 2 3 4 logp

neotam
stewiolbio;
sacharynian

cycklaminia

Rysunek 9. Warfoi liczbowe parametru logP dla zywkéw ledgcych przedmiotem

zainteresowania.
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Cukry oraz alkohole cukrowe bez uprzedniego przekszmia w pochodnegs
trudne w rozdzieleniu z wykorzystaniem techniki RPINIkotyna jest przyktadem alka-
loidu, ktory z powodzeniem nina rozdziek zaréwno za pomactechniki HILIC, jak i
RPLC. Mieszanina substancji intensywnie stmyzh stanowita wyzwanie ze wzgu na
fakt, ze zwhzki te znacznie rinig sic migdzy soly polarndcia oraz widciwosciami fizy-
kochemicznymi. Opracowane metodyki analityczne Zawgystaniem techniki HILIC
oraz RPLC postiyty do oznaczenia ww. substancji w probkach pochogtzh z rG@nych
zrédet. Cukry i alkohole cukrowe zostaty oznaczonprédbkach biologicznych, a taé w
prébkach ptynéw do napetniania wkiadow e-papieras@probkach tych rowniezostaty
oznaczonégladowe ilagci nikotyny, mimoze wedtug zapewnieproducentow i informacji
zamieszczonych na opakowaniach wkitady do e-papieramiaty by od niej wolne.
Sztuczne i naturalne substancje intensywnie gtmlzostaty oznaczone w prébkach na-
POjOw.

Opracowane nowe metodyki analityczne z wykorzystantechniki HILIC sta-
nowia alternatywne rozwzania do metodyk opracowanych za pogéechniki RPLC.
Opracowane metodyki magnale¢ szerokie zastosowanie w aplikacjach przemystowych,
badaniach klinicznych czy kontroli jakm. Oprocz tego, zostata przeprowadzona we-
wnatrzlaboratoryjna walidacja opracowanych metodykr&tmiata na celu sprawdzenie
wplywu matrycy poszczegoélnych probek na uzyskiwarymiki. Ostatnim etapem byto
wyznaczenie oraz poréwnanie podstawowych parametpgsupcych uktad chromatogra-
ficzny typu HILIC z parametrami opisiggymi uktad typu RP.
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4. Cz$¢ doswiadczalna
4.1. Oznaczanie cukrow w prébkach moczu dzieci

W literaturze naukowej daginych jest kilka publikacji [109-111] dokumenguj
cych metodyki analityczne umliwiajgce rozdzielenie wybranych cukrow, gtéwnie lak-
tulozy oraz mannitolu. Sacharydy i ich proste patfestanows grup; polarnych zwiz-
kow mapcych tendengjdo elucji w uktadzie RPLC w czasie martwym. Nie @azzano do
tej pory takich analitéw jak sacharoza i laktula#aok siebie. Obie te substancie do
siebie podobne, majtaky sany masg czasteczkowy oraz zbudowanegsz dwoch cukrow
prostych: sacharoza z D-glukozy oraz D-fruktozy§ lektuloza z D-galaktozy oraz D-
fruktozy). Te r@nice w budowie strukturalnej obu cukrow wykorzystato ich rozdziela-
nia. Mieszanin substancji (mannitol, laktuloza, sacharoza ordinoaa) poddano roz-
dzielaniu z wykorzystaniem trzechzrych kolumn, oferujcych r&ne mechanizmy reten-
cji. Zwiazki, takie jak mannitol i laktulozagsstosowane do weryfikacji przepuszczalio
jelita — mannitol jest tatwo wchianiany, &kktuloza jest wchianiana w niewielkim stop-
niu. Badanie zawargoi poszczegoélnych zwikdéw w moczu zbieranym wagu kilku (6)
godzin po wypiciu roztworu cukréw pozwala o#lié stopig ich wchianiania. Podje
badania nad opracowaniem metodyki jednoczesnegacaania mannitolu, laktulozy i
sacharozy w probkach moczu z wykorzystaniem techikiC sprz¢zonej z tandemow
spektromety mas mog znale¢ praktyczne zastosowanie w medycynie diagnostycznej

Przedmiotem badabyty probki moczu, ktére jako materiat biologiczolyarakte-
ryzuja si¢ ztozonym i zmiennym skiadem matrycy. Istotnym aspektego zakresu prze-
prowadzonych bada bylo opracowanie uniwersalnej, nieskomplikowangpybkiej pro-
cedury, ktéra umdiwitaby analizy chromatograficzne prébek pochgdzh zaréwno od
0s06b chorych jak i od os6b zdrowych.

Temat przepuszczaléad jelitowej jest obecnie waym polem badanaukowych,

a opracowana procedura analityczna pogtujako narzdzie diagnostyczne wykorzystane
w trakcie bada realizowanych w ramach wspoétpracy z zespotem naykoz Katedry i
Kliniki Pediatrii, Gastroenterologii, HepatologiiZiywienia Dzieci Gdaskiego Uniwersy-
tetu Medycznego. Okfno stopié przepuszczalroi jelitowej orazzotagdkowo-dwu-
nastniczej u dzieci a uzyskane wyniki badapublikowano w czasofmie Journal of

Chromatography B [59]
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ARTICLE INFO ABSTRACT

Article history: A new analytical procedure was described for the simultaneous determination of lactulose, mannitol and
Received 3 April 2012 sucrose in urine, in which HILIC chromatography and tandem mass spectrometry detection are used.
Accepted 27 August 2012

Sugars are orally administered for the estimation of intestinal permeability in children digestive tract.
Samples were purified by dispersive solid phase extraction (d-SPE) using Amberlite MB150 resin. Raf-
finose was selected as an internal standard. The chosen chromatographic separation was carried out
on ZIC®-HILIC column in 10 min at a flow rate of 0.3 mL/min, using mixture of acetonitrile (ACN) and
ammonium acetate (NH4Ac) in water (H,0) as the mobile phase. Within-run precision (CV) measured
Tandem mass spectrometry at three concentrations was 1.08%, 0.32% and 0.49% for lactulose; 1.88%, 0.47% and 0.75% for manni-
Carbohydrate analysis tol, 2.95%, 1.31% and 0.6% for sucrose. Between-run CVs were 0.75%, 1.1% and 1.2% for lactulose; 1.1%,
Urine 1.02% and 1.01% for mannitol; 1.17%, 1.4% and 1.05% for sucrose. Analytical recovery of all three sugar
probes was 95.06-99.92%. The detection limits were: 15.94 ng/mL for lactulose, 17.10 ng/mL for sucrose
and 11.48 ng/mL for mannitol. The proposed method is rapid, simple, sensitive and suitable for the

Available online 4 September 2012

Keywords:
HILIC
Intestinal permeability

determination of intestinal permeability of the sugar derivatives in children.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

An efficient digestive system ensures the absorption of nutri-
ents and water into the bloodstream. Simultaneously, it prevents
the absorption into the body harmful or potentially hazardous
substances. The integrity of the intestinal epithelium and its per-
meability is appropriate and selective in case of healthy body [1,2].
Membranes of epithelium cells have double layer of phospholipids,
which is responsible for diffusion of substances soluble in lipids
through small intestine cell membranes [2,3]. Substances soluble
in water are transported through spaces between cells of small
intestine. Such spaces are controlled by complex protein structures
known as tight junctions [2,4]. Both types of transport are estimated
by the intestinal permeability.

It is crucial to monitor and estimate the permeability of small
intestine due to its relation with diseases like: coeliac disease
[4,5], LeSniowski-Crohn disease [6], allergy for proteins in cow’s
milk [7], cirrhosis [8], HIV infection [9,10], chronic and acute

* Corresponding author. Tel.: +48 58 347 18 33; fax: +48 58 347 26 94.
E-mail addresses: pawel.kubica.pg@gmail.com (P. Kubica),
agata@chem.pg.gda.pl (A. Kot-Wasik), wasia@chem.pg.gda.pl (A. Wasik),
jacek.namiesnik@pg.gda.pl (J. Namiesnik), pland@gumed.edu.pl (P. Landowski).

1570-0232/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jchromb.2012.08.031

diarrhea [11], pediatric intestinal diseases [12], cystic fibrosis [13]
and damages caused by non-steroidal anti-inflammatory drugs
[14].

Lactulose and mannitol represent compounds, which are trans-
ported passively and are not metabolized. The lactulose/mannitol
test assumes that these two compounds are treated identically in
all individual and physiological aspects [15,16]. Sucrose permeabil-
ity test is commonly accepted as a marker of upper digestive tract
(stomach and duodenum) mucosal barrier damage [17,18].

There are variety of techniques used to determine lactulose,
mannitol and sucrose in urine samples. Most often used are the
enzymatic methods. However, estimation of the concentration of
lactulose and mannitol is not always accurate [17-21]. Gas chro-
matography requires evaporation and derivatization of the analytes
present in studied samples prior injection. Sample preparation is
time consuming and derivatizing step requires additionally chem-
ical reagents. Unlike enzymatic assays, it is possible to determine
lactulose and mannitol simultaneously [22-25]. Determination of
sugars by capillary electrophoresis is relatively rapid but requires
solid phase extraction at sample preparation step. Sensitivity is rel-
atively low with usage of UV detection thus the values of LOD are
at mg/mL level which is relatively high with comparison to other
methods. During analysis high pH should be maintained due to pK;
values of analytes vary from 12 to 13 [26].
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Comparing with all above, HPLC is the most simple to perform,
precise, rapid and easy to automate. An interesting choice for carbo-
hydrate analysis is hydrophilic interactions liquid chromatography
(HILIC) with electrospray ionization tandem mass spectrometry
(ESI-MS/MS). With this method, it is possible to detect common sac-
charides in extracts from plants [27]. Several HPLC procedures are
available for the determination of sugars in urine [10,12,16,28-30].
Some methods are based on refractive index detection [28], which
has the advantage of being universal. However, this type of detector
suffers from external variations such as temperature and pressure.
In addition, it is not easily adaptable for routine use, and it has poor
sensitivity. Therefore pre- [31] or postcolumn [32] derivatization
methods have been developed in the attempt to overcome these
problems. Anion-exchange chromatography in conjunction with
pulsed amperometric detection has been used for the rapid and
simultaneous determination of sugars in urine or plasma [9]. The
high sensitivity of pulsed amperometric detection allows injection
of much diluted solutions, which leads to lower chromatographic
system contamination and longer column life [33]. The detection
using evaporative light-scattering detectors (ELSDs) seems to be
more sensitive and easier to use than the refractive index detector,
and it is compatible with gradient elution in carbohydrate analy-
sis [16]. Electrochemical detection was applied for sugars analysis
as well [34]. Specific and sensitive mass spectrometry detection in
multiple reaction monitoring mode (MRM) combined with HPLC
analysis was recently presented for the measurement of these com-
pounds in urine of children affected by abdominal recurrent pain
[29].

High-performance liquid chromatography coupled with tan-
dem mass spectrometry method is presented in this paper. The
advantage of this method is to identify and determine simulta-
neously the mannitol/lactulose ratio and sucrose concentration
level in excreted urine. Proposed method is rapid, sensitive, simple
to perform and reliable. HILIC was a method of choice for the sep-
aration of polar compounds. Mobile phase used is mainly organic
(=70%) with the amount of polar/aqueous solvent. High amount
of organic solvent, due to its volatility, enhances the response of
ESI-MS/MS [35,36].

A developed method may be used as a non-invasive test for
obtaining information about intestinal permeability and digestive
tract permeability.

2. Materials and methods
2.1. Chemicals

Standards (lactulose, mannitol, glucose, sucrose and raffinose),
ACN LC-MS grade, NH4Ac, Amberlite MB150 resin and Whatman
Puradisc™ 13 mm PTFE (2 wm pore size) syringe filters were pur-
chased from Sigma-Aldrich (St. Louis, USA). Formic acid (FA) was
purchased form POCH (Gliwice, Poland). Ultrapure H,O was pre-
pared using HLP5 system from Hydrolab (WiSlina, Poland).

2.2. Sample collection

After 12 h of fasting the patient empties the bladder and then
drinks solution of mannitol (2 g), lactulose (10 g) and sucrose (20 g)
in 250 mL of deionised water. It is recommended that patients
should follow 24 h lactulose, mannitol, sucrose and raffinose free
diet. To correct the endogenous presence of carbohydrates content
a blank urine is collected before drinking the prepared solution.
Urine is collected for the next 5h and after first 2 h patient may
drink 250 mL of mineral non-carbonated water. Chlorhexidine
(0.1 mL of 1% aqueous solution) is added as antimicrobial agent to

each vessel containing urine. Collected samples for longer storage
than several hours are immediately frozen at —20°C.

2.3. Preparation of standards and calibration solutions

Stock solutions of lactulose, mannitol, sucrose, glucose and raf-
finose (raffinose was used as internal standard for tandem mass
spectrometry detection) were prepared by dissolving standards in
ACN/H;0 (75:25) mixture. The final concentration of four individ-
ual solutions of lactulose, mannitol, glucose and sucrose was at
20 pg/mL and raffinose at 10 pg/mL.

Calibration solutions were prepared by dilution of stock solu-
tions with ACN to obtain concentrations: 50, 100, 500, 1000, 1500
and 2000 ng/mL of each analytes. In all calibration solutions the
internal standard concentration was at 500 ng/mL. Stock solutions
and calibration solutions were stored at 4 °C. Every two weeks new
solutions were prepared.

2.4. Sample preparation

Volume of 500 L of urine was diluted with 500 p.L of deionised
water in Eppendorf vial. To the obtained solution 100 mg of Amber-
lite MB150 ion-exchange resin was added. Amberlite MB150 resin
is added to eliminate from sodium ions. Sodium ions are thought to
cause signal suppression from tandem mass spectrometry detec-
tor. Sample was stirred for 3 min and then centrifuged for 3 min
at 5000 rpm. After centrifugation 10 pL of diluted and centrifuged
sample was transferred to a flask containing 100 L of stock solu-
tion of internal standard. Final concentration of internal standard
was 500 ng/mL. The flask was filled up with ACN to the total vol-
ume of 2mL. For the general scheme of the protocol of sample
preparation see Fig. S1, Supplementary Data. Some urine samples
were from patients with fairly stage of disease (including, i.e. kid-
ney damage). In such cases after last step of sample preparation a
further filtration through 0.2 wm PTFE syringe filter is needed to
remove denatured proteins.

2.5. Preparation of fortified samples

Urine was collected from healthy volunteers after 12h of
sucrose-, mannitol- and lactulose-free diet. Urine was collected at
fasting. Specific amounts of lactulose, mannitol and sucrose were
dissolved in three urine samples free from compounds of interest,
to obtain 40, 200 and 500 pg/mL of each substance respectively.
Fortified samples were prepared as mentioned above. Final con-
centrations in samples were 100, 500 and 1250 ng/mL of each
substance respectively. Prepared fortified samples were analyzed
by HPLC-MS/MS.

2.6. HPLC-MS/MS conditions

The HPLC-MS/MS contained Agilent (Santa Clara, USA) 1200
HPLC series pump, degasser, autosampler, column oven and Q-Trap
4000 triple quadrupole mass spectrometer from Applied Biosys-
tems (Foster City, USA) with electrospray ionization in negative ion
mode. The chromatographic separation was tested with analytical
columns: 250 mm x 2.1 mm, 5 um with pore size 200 A ZIC®-HILIC
from Merck KgaA (Darmstadt, Germany); 150 mm x 2.1 mm, 5 pm
with pore size 100A Ascentis Si from Supelco (St. Louis, USA);
150mm x 3mm, 3 wm with pore size 120A Supelcosil LC-NH2
from Supelco (St. Louis, USA). The chromatographic separation
conditions for each chosen column, parameters for the monitored
ion transitions and MS/MS operation parameters are presented in
Table 1.
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Table 1

Chromatographic separation conditions for three columns (ZIC®-HILIC, Ascentis Si and Supelcosil LC-NH2), optimal parameters for the monitored ion transitions and MS/MS

operation parameters.

Chromatographic separation conditions

ZIC®-HILIC 250 mm x 2.1 mm, 5 wm

Ascentis Si 150 mm x 2.1 mm,5 pwm Supelcosil LC-NH2 150 mm x 3 mm, 3.5 pm

Mobile phase gradient From 75% ACN/25% 5 mM of NH4Ac
in H,0 to 40% ACN/60% 5 mM of

NH4Ac in H,0 (pH=6.84) in 10 min

Flow 300 pL/min
Injection volume

Column oven temperature

Run time of analysis 10min

Parameters for the monitored ion transitions

From 80% ACN/20% 5 mM of NH4Ac
in H,0 to 65% ACN/35% 5 mM of
NH4Ac in H,0 (pH=6.84) in 6 min
400 pL/min

From 75% ACN 0.05% FA/25% H,0 0.05% FA
to 40% ACN 0.05% FA/60% H,0 0.05% FA in
6 min (pH=2.85)

500 pL/min

5wl

25°C

6 min

Name Quantitative [Q] qualitative [q] Declustering potential (V) Entrance potential (V) Collision cell exit potential (V) Collision energy (V)
parent ion — fragment ion
Lactul Q341.0— 160.9 -80 -10 -12 -7
actulose q341.0— 100.8 _22 -15
. Q180.9—88.8 -90 -10 -13
Mannitol q180.9 - 100.9 -20 ~15
S Q3409 179.0 -115 -10 -20 —-13
ucrose q 34091189 ~26 -7
Raffi Q503.1—178.8 -145 -10 -30 -13
atlinose q503.1 2208 —44 ~15
MS/MS operation parameters
Curtain gas (psi) Temperature (°C) Nebulizer gas (psi) Turbo gas (psi)
Lactulose Q341.0 - 160.9 20 500 20 10
q341.0-100.8
Mannitol Q180.9—88.8 10 550 30 20
q180.9— 100.9
Sucrose Q3409 179.0 20 500 20 10
q340.9—118.9
Raffinose Q503.1-178.8 20 500 20 20
q503.1 - 220.8
Chosen parameters 20 500 20 10

Tandem mass spectrometry parameters for the monitored ion
transitions were obtained using 1 pg/ml solutions of each sub-
stance with flow rate at 10 pl/min.

All data were collected and processed using Analyst 1.5.2 Soft-
ware.

3. Results and discussion
3.1. Tandem mass spectrometry detection

Ions of compounds of interest could be detected in negative
ESI mode in the presence of acetate ion. Declustering potential
was the most important parameter, which impacts the response
form detector. The most intense signals come from the precursor
ions in case of mannitol, sucrose and raffinose. In case of lactulose
the most intense signal comes from the one of the fragment ion
160.9m/z.

For MS/MS operation parameters flow injection analysis (FIA)
was done using 1 pg/mL solution of each substance. Mass spectra
of the three compounds under the study and spectrum of inter-
nal standard (raffinose) obtained from FIA mode are presented in
Fig. 1. In case of carbohydrate fragmentation, there are two types
of cleavages: ring breakdown across two bonds (one of the bonds
is from oxygen atom) or glycosidic bond breakdown which is link-
ing two ring structures. Coelution, even with the usage of MRM,
should be avoided because lactulose and sucrose have similar frag-
ment ions: 179 m/z and 160 m/z which are shown in Fig. 1. In case
of mannitol (sugar alcohol) cleavage is present on the molecular
chain. MRM mode of MS/MS was chosen for analysis and specific
ion transitions (Q for quantitative, q for qualitative) are presented
in Table 1.

3.2. Chromatographic separation

For the ZIC®-HILIC and Ascentis Si column the mobile phase con-
sisting in the aqueous part small amount of ammonium acetate
(5mM) as additive was sufficient to obtain good peak shape and
high intensities of detector signal (Fig. 2A and B). For the Supelcosil
LC-NH2, mobile phase consisting ammonium acetate in the aque-
ous part proved to be insufficient. The peak tailing phenomenon
occurred for mannitol and lactulose (Fig. 2C). To minimize peak
tailing 0.05% of formic acid (FA) was added to the both compo-
nents of mobile phase. This results in better peak shape, however
the decrease of sensitivity was observed (Fig. 2D). As mentioned
before, the coelution in case of lactulose and sucrose should be
avoided, even with the usage of MRM, due to the fact that both
compounds form the same fragment ions.

3.2.1. Glucose as potential interference in the studies of intestinal
permeability

The separation of glucose as potential interference in the stud-
ies of intestinal permeability was done on ZIC®-HILIC column.
Conditions for separation were taken from Table 1. The glucose
transition is 179.1 — 89.0 m/z and this type of transition is charac-
teristic for glucose. However, secondary fragmentation of sucrose
and lactulose may result in the same fragmentation pattern. Sec-
ondary fragmentation means that lactulose and sucrose fragment
to 179 m/z (mass spectra are shown in Fig. 1) and such fragments
may undergo subsequent fragmentation to 89 m/z. This is the rea-
son why 89 m/z ion is produced and two coeluted peaks are visible
in the same retention times of sucrose and lactulose. In Fig. 3
the chromatogram of standards (including glucose) is presented.
The transition for glucose is not monitored during the analysis of
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Fig. 2. Chromatogram of mixture of analytes and internal standard, detected by
negative ESI-MS/MS on (A) ZIC®-HILIC column (250 mm x 2.1 mm, 5 pwm) with flow
300 pL/min and injection volume 5 pL, (B) Ascentis Si column (150 mm x 2.1 mm,
5wm) with flow 400 pL/min and injection volume 5 pL, (C) Supelcosil LC-NH2
column (150 mm x 3 mm, 3.5 wm) with flow 500 pwL/min, injection volume 5 pL
and mobile phase consisting NH4Ac (5mM), (D) Supelcosil LC-NH2 column
(150 mm x 3 mm, 3.5 wm) with flow 500 pL/min, injection volume 5 pL and mobile
phase consisting 0.05% FA.

samples of urine, therefore the potential interference of glucose can
be eliminated due to the separation of glucose peak from the others.

3.3. Inter-laboratory method validation

3.3.1. Linearity, LOD and LOQ

Calibration curve were made by drafting ratio of analyte peak
area to internal standard peak area to analyte concentration. Cal-
ibration solutions were done from standard solutions of three
analytes, as described previously. Raffinose as internal standard
was introduced into each calibration solution at concentration
500 ng/mL. Each calibration solution was analyzed three times.

Test for homoscedasticity (F-test) was done to choose the best
weighting for the calibration curves. Test was done at 95% confi-
dence level with 5% rejection. The limiting F-value was taken from
the table with appropriate degrees of freedom (dfy, df; =n—1) and
is equal to 19. In this case df; =2 and df, =2. The standard devi-
ations (SD) and relative standard deviations (RSD) of upper limit
of quantitation (UL, C=2000ng/mL) and lower limit of quantita-
tion (LL, C=50ng/mL) for every analyte chosen for this test. For the
calculated ratios UL and LL see Table S1, Supplementary Data.

Test for homoscedasticity proved that, there is no need to use
weighting of the curves. Ratios of SD and ratios of RSD for each set of
calibration data are smaller than limiting factor. Calibration curves
were constructed without weighting.

Calculation of limits of detection (LOD) and limits of quanti-
tation (LOQs) were based on the value of standard deviation of
constant term of calibration equation and slope of calibration curve.

100,

(IS) Raffinose

Y%

| |
Socondary fragmeantation |

ol sucrose and glucese.

10 time [min]

2 4 6 8

Fig. 3. Chromatogram of mixture of analytes and internal standard, detected by
negative ESI-MS/MS on ZIC®-HILIC column (250 mm x 2.1 mm, 5 wm) with flow
300 wL/min and injection volume 5 pL, gradient programme: from 75% ACN/25%
5 mM of NH4Ac in H, 0 to 40% ACN/60% 5 mM of NH4Ac in H,0 (pH =6.84) in 10 min.

51



38

P. Kubica et al. / ]. Chromatogr. B 907 (2012) 34-40

Table 2

Data collected from calibration curves obtained from chosen columns.
Analyte name Calibration curve equation (ZIC®-HILIC column) LOD (ng/mL) LOQ (ng/mL) Sa Sp R
Lactulose y=0.003775x+0.064 15.94 47.83 0.000016 0.018 0.9999
Mannitol y=0.0031148x+0.037 11.48 34.43 0.0000097 0.011 0.9999
Sucrose y=0.0018623x+0.0616 17.10 51.30 0.0000086  0.0077 0.9998
Analyte name Calibration curve equation (Ascentis Si) LOD (ng/mL) LOQ (ng/mL) Sa Sp R
Lactulose y=0.002753x —0.039 24.76 74.29 0.000022 0.021 0.9995
Mannitol y=0.001748x — 0.069 35.25 96.74 0.000018 0.017 0.9992
Sucrose y=0.001475x+0.125 32.30 96.89 0.000016 0.014 0.9993
Analyte name Calibration curve equation (SUPELCOSIL LC-NH2) LOD (ng/mL) LOQ (ng/mL) Sa Sp R
Lactulose y=0.002867x+0.332 4415 132.46 0.000041 0.038 0.9986
Mannitol y=0.002320x+0.109 51.51 154.52 0.000039 0.036 0.9981
Sucrose y=0.001636x+0.498 47.40 142.20 0.000025 0.024 0.9985

Table 3

Recovery [%], standard deviation (SD), coefficient of variation (CV) [%], MDL and MQL obtained by HPLC-MS/MS analysis of fortified samples at three spiking levels of

concentration in fortified samples.

Analyte Spiking level (ng/mL) Mean recovery (ng/mL) (%) (n=3) SD CV (%) MDL (ng/mL) MQL (ng/mL)
100 97.56 (97.56) 1.06 1.08
Lactulose 500 499.59 (99.92) 1.62 0.32 7.62 22.87
1250 1234.09 (98.73) 6.05 0.49
100 95.06 (95.06) 1.79 1.88
Mannitol 500 499.7 (99.94) 235 0.47 11.61 34.82
1250 1223.35(97.87) 9.15 0.75
100 96.56 (97.12) 2.85 295
Sucrose 500 493.6 (98.72) 6.46 1.31 14.73 44.20
1250 1234.32 (98.75) 7.56 0.61

Equations of calibration curves, LOD, LOQ, correlation coefficients
(R), standard deviations of slope (Sq) and standard deviations of
constant terms (S,) are presented in Table 2. Plots of calibration
curves are available as Fig. S2, Supplementary Material.

Despite the longer time of analysis, ZIC®-HILIC column was cho-
sen for further experiments due to the lowest LOD and the highest
correlation coefficients for each calibration curves.

3.3.2. Trueness, repeatability, intermediate precision, MDL and
MQL

Trueness, repeatability and intermediate precision of the under-
worked method were tested with prepared fortified samples at
three levels of concentration for chosen analytical column. The
unfortified samples of urine were analyzed to exclude the presence
of the analytes of study. Three repeats were made for given three
levels of fortified samples. Fortified samples were prepared accord-
ingly to the presented protocol of sample preparation in Section 2.4.
The method detection limit (MDL) values for analytes were calcu-
lated by multiplying the mean of sample standard deviations by
Student’s t-value. Degrees of freedom are 5 and the t-value is equal
to 2.62. Method quantitation limit (MQL) values were obtained by
multiplying MDL by 3. Data collected for trueness test are presented
in Table 3.

Obtained results are satisfactory and it was proved that pro-
posed method is suitable for analysis of lactulose, mannitol and
sucrose in urine.

Repeatability study was done by the analysis of one fortified
sample during 1 day with initial concentration at 500 ng/mL of
lactulose, mannitol and sucrose. Analysis by HPLC-MS/MS was
repeated six times. Intermediate precision was done in next 3 days
by analysis of the same fortified sample. Six repeats were done
during each day. Recovery, standard deviations and coefficients of
variation are presented in Table 4.

In all cases recoveries were satisfactory and after sample prepa-
ration HPLC-MS/MS analysis may be performed in the next 3

days. Due to the high content of ACN, solution seems to be sta-
ble and decomposition of carbohydrates is reduced. Slight decrease
in recovery was observed for mannitol and for sucrose. Lactulose
concentration level seems to be stable along 3 days.

4. Analysis of real samples

Nine real samples of urine from children with diseases of
digestive tract (mostly chronic intestinal inflamation, stomach and
duodenum ulcer) and eight real samples of urine from healthy
children were collected. All samples were prepared according
to the described protocol in Section 2.3 and were analyzed by
HPLC-MS/MS Blank urines were prepared according to the proto-
col as well. The content of carbohydrates in urine was insignificant,
see Fig. S3, Supplementary Data. Results are presented in Table 5.
Concentrations below LOD in prepared samples were omitted.

The L/M ratio of recovered lactulose and mannitol was cal-
culated. The recovered values of lactulose and mannitol were

Table 4
Repeatability study and intermediate precision, standard deviations and coefficients
of variations are included.

Analyte Day Mean recovery SD CV (%)
(ng/mL) (%)
(n=6)
1 493.91 (98.78) 3.71 0.75
Lactulose 2 492.54 (98.51) 5.41 1.11
3 494.55 (98.91) 5.92 1.23
1 506.42 (101.28) 5.58 1.16
Mannitol 2 499.25 (99.85) 5.09 1.02
3 494.38 (98.88) 497 1.01
1 489.79 (97.96) 5.74 1.17
Sucrose 2 490.24 (98.05) 6.84 1.47
3 484.48 (96.9) 5.11 1.05
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Concentrations of detected analytes in real samples.
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Volume of sample (mL)

Concentration in urine (ug/mL)+SD (n=3)

Lactulose Mannitol Sucrose L/M ratio Sucrose recovery
Sample
1 350 51.70 + 0.61 25447 + 6.98 12.53+1.09 0.041 0.00022
2 450 71.75 £ 0.59 144.94 £+ 3.75 - 0.099 -
3 700 88.99 + 2.65 568.91 + 4.80 35.26+1.81 0.031 0.00030
4 225 74.58 + 0.23 22248 +7.42 - 0.067 -
5 250 127.61 £ 0.78 512.84 + 3.67 - 0.050 -
6 250 82.35 + 0.98 199.61 + 2.58 7.97 £ 0.21 0.083 0.00010
7 150 114.82 + 3.53 495.53 + 4.87 74.15 + 2.47 0.046 0.00056
8 200 95.76 + 0.29 454.59 + 6.50 - 0.042 -
9 300 45.07 + 0.16 22945 + 3.98 - 0.039 -
Sample (healthy volunteers)
1 350 30.52 + 1.21 382.78 £ 2.77 - 0.016 -
2 450 51.52 + 0.64 515.72 + 2.64 - 0.02 -
3 295 20.56 + 0.18 503.05 + 1.97 - 0.008 -
4 220 29.09 £ 0.77 524,78 + 2.12 - 0.011 -
5 235 55.60 + 0.61 51132 £ 2.7 - 0.022 -
6 270 49.03 + 0.59 500.75 + 1.70 - 0.020 -
7 320 27.93 + 0.46 366.22 + 1.84 - 0.015 -
8 250 33.64 + 0.56 395.23 £ 1.97 - 0.017 -

obtained by multiplying the pg/mL per volume of collected urine
and divided by 10 in case of lactulose and by 2 in case of man-
nitol. The same calculations were made for sucrose recovery. The
L/M reference range in healthy subjects is typically less than 0.03
[37]. The ratio observed in the urine samples of nine children with
diseases of digestive tract was in general more elevated than the
ratio in the eight healthy children. These preliminary results must
be confirmed on a higher number of well classified subjects to
define ranges of values correlated to the diseases and to validate
this LC-MS/MS as a diagnostic test.

5. Conclusions

Modern medicine is directed to non-invasive and patient
friendly diagnosis. The developed method is simple, rapid, selective
and sensitive for determination of concentration of three differ-
ent sugars in human urine. Such methods are found to be useful
in designation of intestinal and upper digestive tract permeability.
Sample preparation step of such complex matrix like urine does
not include solid phase extraction. The addition of specific amount
of ion exchange resin, mixing and vortexing the sample are suf-
ficient to obtain high recovery values. Rapid sample preparation,
low solvent usage per single run and total time of analysis equal
to 10 min are suitable when dealing with large amount of samples.
ZIC®-HILIC column was chosen due to its long life and easiness of
handling.

Limits of detection and limits of quantitation were based on the
value of standard deviation of constant term of calibration equation
and slope of calibration curve for each of the analyzed compounds.
The ability of MS/MS to monitor multiple reaction ion transitions
per single run gives high specificity of the method (Table 1) and
allows distinguishing molecules with the same molecular mass
like lactulose and sucrose. ZIC®-HILIC column provides satisfactory
separation and repeatable retention times.

Presented method with rapid sample preparation step is an
interesting alternative to the enzymatic assay of intestinal and
upper digestive tract permeability. It proves that HPLC with ZIC®-
HILIC chromatography is able to separate highly polar compounds
even with the same molecular mass and ESI-MS/MS is able to iden-
tify them. Method for determination of lactulose, mannitol and
sucrose in human urine may be widely applied not only to children
but to adult patients as well.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.
jchromb.2012.08.031.
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SUPPLEMENTARY MATERIAL
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Table S1. Test for homoscedasticity based on tighFivalue=19 at 95% confidence level.

Column Lactulose Mannitol Sucrose

SDUL RSDUL|SDUL RSDUL|SDUL RSDUL
0.0091 0.0012 | 0.0091 0.0015 | 0.0096 0.0026

SDLL RSDLL | SDLL RSDLL | SDLL RSDLL
0.0083 0.033 | 0.0053 0.027 | 0.0032 0.023

Ratio 1.20 0.0013 2.98 0.003 8.83 0.012

SDUL RSDUL|SDUL RSDUL|SDUL RSDUL
0.12 0.023 0.084 0.025 0.043 0.014
SDLL RSDLL| SDLL RSDLL | SDLL RSDLL
0.016 0.13 0.0048 0.13 0.015 0.11

Ratio 7.60 0.018 17.20 0.20 2.86 0.13

SDUL RSDUL|SDUL RSDUL|SDUL RSDUL

Supelcosil 0.16 0.026 0.063 0.013 0.022  0.0057

LC-NH2 SDLL RSDLL| SDLL RSDLL | SDLL RSDLL
0.079 0.21 0.019 0.29 0.094 0.14

Ratio 2.03 0.13 3.25 0.047 0.23 0.041

ZIC®-HILIC

Ascentis Si

Opracowana procedura analityczna dodgez oznaczania cukrow w prébkach

moczu oferuje prostetwykonania, szybki& uzyskiwania wyniku (krotki czas przygoto-

wania probek i krotki czasy analizy), matezgdie rozpuszczalnikéw, niskie koszty zwi

zane z etapem przygotowania probki, selektydgmaezutas¢. Pozwala to na wykorzystanie

opracowanej metodyki w diagnostyce medycznej, kigdglityk ma do czynienia z éu

liczbg probek. Metodyka me by z powodzeniem wykorzystana do badania przepusz-

czalndgci jelitowej nie tylko u dzieci ale take u dorostych.
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4.2. Oznaczanie cukrow w prébkach ptynoéw do elektmuicznych papierosow

Celem bada byto opracowanie szybkiej i prostej metody analityej do oceny
zawartdci sacharozy i innych cukréw w probkach ptyndéw dpapieroséw z wykorzysta-
niem techniki HILIC i spektrometrii mas. Istniejaale kontrowersji na temat bezpieaze
stwa stosowania papierosow elektronicznych. W khrgjagdzie e-papierosya guz po-
wszechnie dogpne dopiero wprowadzagsuregulowania prawne dotygzych sktadu i
rodzaju uywanych ptynéw.

Opracowana metoda badawczazm@ostuay¢ jako narzdzie kontroli jakdci
oraz pomiaru zawargoi poszczegolnych sacharydow w probkach ptynow g@amero-
so6w. Oznaczone cukry, gidwnie sacharoza, podczaarsp mog przyczyni& sie do po-
wstawania aldehyddéw oraz kwasow organicznych, ktomyptyw na zdrowie nie jest do
konca poznany. Zwzki te oraz nikotyna zawarta w produktach do esmalenog byc¢
czynnikami prowadgymi do natogu. Proponowana metoda analitycznaziiwia okre-
Slenie zawartéci sacharozy oraz innych cukrow w czasie krétszyitn 4 minuty. Ze
wzgledu na dé¢ prosty sktad matrycy prébki przygotowanie probektato zredukowane
do minimum i polegato na rozédiezeniu probki w odpowiednim sktadniku fazy ruchome;j
Wyniki bada opublikowano w czasofnie Analytical and Bioanalytical Chemistry [33]
atemat badé— Contaminants in e-liquids for electronic cigaretteskazat si na oktadce.
Prezentowana publikacja znalazte s dziesijtce najcgsciej pobieranych publikacji w
roku 2014.
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Abstract The influence of sucrose combustion products on
smoking and nicotine addiction is still controversial because
the presence of the sucrose may be treated as a source of
aldehydes and organic acids. In e-liquids used as refills for
electronic cigarettes, which are made primarily of poly(pro-
pylene glycol), glycerine and ethanol, sucrose may be present
at trace levels, and its impact on mainstream smoke formation,
and hence on human health and smoking/nicotine addiction is
unknown. An analytical method was developed where high-
performance liquid chromatography in hydrophilic interaction
liquid chromatography mode and tandem mass spectrometry
were used for fast and simple determination of sucrose and
other saccharides in e-liquids for electronic cigarettes.
Minimal effort was required in the sample preparation step,
and satisfactory results were obtained, and the sample matrix
had an insignificant impact. The chromatographic separation
was done using an Ascentis Express OH5 column (150 mm x
2.1 mm, 2.7 um). The coefficients of variation for within-day
precision for three concentrations were 2.4 %, 1.6 % and
2.3 %, and the between-day coefficients of variation for a
single concentration were 2.1 %, 2.5 % and 1.7 % measured
on the next 3 days. The detection limit was 0.73 pg/g, and the
sucrose content in e-liquids ranged from 0.76 to 72.93 ug/g
among 37 samples. Moreover, with the method presented it is
possible to determine the presence of other saccharides such
as fructose, glucose, maltose and lactose. However, only
sucrose was found in all samples of e-liquids. The proposed
method is rapid, simple and reliable in terms of high-
performance liquid chromatography coupled with tandem
mass spectrometry.
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Introduction

The use of electronic cigarettes (e-cigarettes) as an alternative
to traditional tobacco smoking and as part of therapy in
nicotine and smoking addiction is becoming more and more
popular. In our previous research, we proved that not all
liquids for e-cigarettes marked as nicotine-free are actually
free of nicotine [1]. Sucrose is a popular additive in tobacco
products and is commonly used in the production processes
and to enhance the taste and flavour of the tobacco. Moreover,
sucrose occurs naturally in tobacco leaves [2—4] and can be
determined by liquid chromatography combined with mass
spectrometry [5] or by other techniques [6]. The exact mech-
anism of the formation of aldehydes and organic acids during
combustion of sucrose and other sugars in tobacco is still not
fully understood [7, 8]. However, it is known that during this
process organic acids and aldehydes may be formed [3, 9-12].
Aldehydes coming from sugars during the combustion of
tobacco may have the reinforcing effect responsible for in-
creased addiction to nicotine and smoking [9, 13]. The high
temperature during the combustion of tobacco (from 600 to
900 °C during drawing) is responsible for the formation of
aldehydes and organic acids. The working temperature of the
heating element of e-cigarettes is variable owing to the cooling
of inhaled air flow [14]. From one point of view, this temper-
ature may seem too low (around 250 °C) to lead to the
formation of aldehydes and organic acids, but there are reports
[3, 15] indicating fairly quick formation of aldehydes from
sucrose during cigarette smoking even at temperatures as low
as 200 °C. Furthermore, more than ten different aldehydes
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were detected in e-cigarette aerosol [16]. Despite this, the
temperature is high enough to evaporate the main ingredient,
which is poly(propylene glycol), with a boiling temperature of
around 188 °C. All of the e-liquids available on the market are
based on poly(propylene glycol) (above 80 %), glycerine and
even ethanol (from 5 to 15 %) according to the labels attached.
What is more, none of the labels of e-liquids on the market
state that the products contain sucrose or may contain it at a
trace level.

The purpose of the project was to develop a rapid and
simple method for the evaluation of sucrose content in e-
liquids by hydrophilic interaction liquid chromatography
(HILIC) and tandem mass spectrometry (MS/MS) with
electrospray ionization and multiple reaction monitoring.
The proposed analytical method allows the determination of
the sucrose content in less than 4 min, with minimal effort
required for sample preparation.

Materials and methods
Chemicals

Standards of sucrose, glucose, fructose, maltose, lactose and
raffinose as well as ammonium formate were purchased from
Sigma-Aldrich (St. Louis, USA). High-performance liquid
chromatography (HPLC) grade acetonitrile was purchased
from Merck (Darmstadt, Germany). Ultrapure water was ob-
tained with the use of an HLPS system from Hydrolab
(Wislina, Poland).

Samples

Thirty-seven samples from different producers of popular e-
cigarettes were purchased on the local market. The labels
attached to the products did not contain any information about
carbohydrate content.

Preparation of standards and calibration solutions

Stock solutions of sucrose, glucose, fructose, maltose,
lactose and raffinose (used as an internal standard) were
prepared by dissolving an appropriate amount of each in a
mixture of acetonitrile and water (80:20). The final con-
centration of each carbohydrate was 50 pug/mL. The purity
of raffinose, with regard to the presence of sucrose, was
tested, and no traces of sucrose were detected. All sam-
ples tested were raffinose-free, and therefore use of raffi-
nose as an internal standard is acceptable. Calibration
solutions were prepared by dilution of the stock solution
with the mobile phase to obtain sucrose concentrations of
10, 50, 100, 150, 200 and 400 ng/mL, whereas the con-
centration of the internal standard was kept at 400 ng/mL.
All solutions were stored in a refrigerator at 4 °C and
every week new solutions were made.

Sample preparation and preparation of fortified samples

Fifty milligrams of each sample was added to a 10-mL
volumetric flask. Internal standard solution (40 puL) was
added, and the flask was filled up to the mark with the
acetonitrile—water (80:20) mixture. Fortified samples were
prepared as follows: a randomly selected sample with
sucrose content below the limit of detection (LOD) was
spiked with the appropriate amount of sucrose standard to
obtain 10, 20 and 30 pg/g solutions (these correspond to
50, 100 and 150 ng/mL after sample preparation). The
fortified samples were used for repeatability and trueness
(recovery) determination.

MS/MS conditions

All analyses were performed with a Q-Trap 4000 triple-
quadrupole mass spectrometer from Applied Biosystems
(Foster City, CA, USA) with electrospray ionization in nega-
tive mode, using Analyst® 1.5.2. Analyte-specific multiple

Table 1 Optimal parameters for
the ion transitions monitored and

Parameters for the ion transitions monitored

tandem mass spectrometry (MS/ Analyte Pseudomolecular ion—fragment ion DP (V) EP (V) CXP (V) CE (V)
MS) operational parameters Sucrose 341.0-179.1 -100 -10 5 -20
341.0—89.0* -5 -26

Glucose 178.9—88.9 =75 -10 -13 -10
Fructose 178.9—88.9 -50 -10 -3 -12
Maltose/lactose 341.3—160.7 -80 -10 -17 -10

DP declustering potential, EP en- Raffinose 503.2—178.9 -125 -10 -13 -30

trance potential, CXP collision MS/MS operation parameters

cell exit potential, CE collision Curtain gas (psi)  Temperature (°C) Nebulizer gas (psi) Turbo gas (psi)

cnerey 20 550 50 40

 Qualitative transition
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reaction monitoring conditions and ion source parameters
were determined using an appropriate Analyst® feature, by
the infusion of a 200 ng/mL solution of each carbohydrate,
and in flow injection mode, respectively. Optimum detection
conditions are presented in Table 1.
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Fig. 1 Examples of chromatograms obtained in hydrophilic interaction
liquid chromatography (HILIC) mode. From the fop: mixture of standards
sucrose (100 ng/mL) and raffinose (400 ng/mL), chromatogram of real
sample C cherry (sucrose concentration 8.00 pg/g), chromatogram of real
sample D coffee (sucrose concentration 40.82 pg/g). IS internal standard

HPLC conditions

The chromatographic separation was performed using the
HPLC-MS/MS system consisting of a pump, degasser,
autosampler and column oven from the Agilent 1200 series.
The separation of analytes was achieved in the HILIC mode
using an Ascentis Express column (Supelco, Bellefonte, PA,
USA; 150 mmx2.1 mm, 2.7 pum, pore size 80 A). The column
oven temperature was set to 35 °C. The mobile phase
contained acetonitrile (solvent A) and ammonium formate
buffer (solvent B) adjusted to pH 6.8. The presence of ammo-
nium formate is necessary to obtain narrow and symmetrical
peaks. Too high a concentration of buffer will suppress the
detector signal, and therefore its concentration was kept to a
minimum, i.e. 2 mM. The separation of sugars was per-
formed in the isocratic mode (80 % solvent A and 20 %
solvent B) at a flow rate of 0.7 mL/min. The injection
volume was set to 5 pL. The total time of the chromato-
graphic run was 3.5 min. Chromatograms of standards
(sucrose and raffinose) and chromatograms of selected
real samples are presented in Fig. 1.

Results and discussion
The possible presence of other sugars in e-liquids

Most of the disaccharides are built of monomers such as
glucose, galactose and fructose. This means that they will
generate the same pseudomolecular and fragmentation ions
during MS/MS. In fact, only the difference in the retention
times between different sugars allows their identification. The
samples of e-liquids were tested for the presence of two
disaccharides (lactose and maltose) and two common mono-
saccharides (fructose and glucose) in order to exclude their
possible coelution with sucrose. The mixture containing each
sugar at 200 ng/mL was analysed under the conditions de-
scribed in “HPLC conditions”. The chromatogram presenting
the separation of standards is shown in Fig. 2. Under the
proposed HPLC conditions, sucrose is baseline-separated
from other sugars; hence, they will not interfere with its
quantitative determination. None of the 37 samples analysed
were found to contain sugars other than sucrose.

Within-laboratory validation

Analytical figures of merit

A six-point calibration curve was constructed using raffinose
as an internal standard, and each calibration solution (see
“Preparation of standards and calibration solutions”) was

analysed in triplicate. The curve was linear in the range of
concentrations studied. The LOD was calculated with the

@ Springer

62



3016

P. Kubica et al.

Fig. 2 Chromatogram of a 100

mixture of analytes: fructose,
glucose, sucrose, maltose, lactose
and raffinose (each at 200 ng/mL)
detected by negative electrospray
ionization tandem mass
spectrometry in HILIC mode

%]

equation LOD=3.3S,/a, where S, is the standard deviation of
the intercept and a is the slope of the calibration curve. The
limit of quantitation was calculated as three times the LOD.
The LOD obtained (0.73 pg/g) is similar to [17, 18] or even
lower [19, 20] than the values reported by others. Within-day
precision was estimated by replicate (n=6) analysis of sam-
ples fortified at three concentrations (10, 20 and 30 pg/g) on
1 day. Data obtained during the within-day precision investi-
gation were also used to assess the trueness of the method.
Intermediate (between-day) precision was verified by
analysing the single fortified solution (20 pg/g) for three
consecutive days. Again, each analysis was performed six
times (n=6).
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As can be seen from Table 2, the recovery values at all
spiking levels are close to 100 %, which means that no matrix
effects or bias was observed. This allows the use of external
calibration instead of a matrix-matched approach. The method
also performs well in terms of precision. In no case was the
coefficient of variation greater than 2.5 %.

Analysis of real samples
All samples were prepared according to the protocol described

in “Sample preparation and preparation of fortified samples”.
Samples were chosen from among the most manufacturers

Table 2 Determination of sucrose in fortified e-liquid samples: calibration parameters, trueness and repeatability data

Analyte Calibration curve equation (6 point, n=3) S, Sp° R™ LOD (ug/g) LOQ (ung/g)
Sucrose y=0.001746x+0.0479 0.000011 0.0019 0.9995 0.73 22

Within-day precision (3 spiking levels, n=06)

Spiking level (pg/g) Recovery® (%) CV (%)

10 101.4 24

20 101.1 1.6

30 98.3 2.3

Between-day precision (1 spiking level, 20 ug/g, n=6)

Day Recovery® (%) CV (%)

99.6 2.1
2 105.8 25
3 102.9 1.7

LOD limit of detection, LOQ limit of quantitation, SD standard deviation, CV coefficient of variation

#Standard deviation of the slope

® Calculated as the ratio between the mean concentration found from the calibration curve and the spiking level

¢ Standard deviation of the constant term

4 Coefficient of determination
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and the popular brands available on the market. The content of
sucrose in the samples analysed is presented in Table 3.

Only in four samples was the sucrose content below the
LOD or C,,;, used for the construction of the calibration curve.
These samples were reanalysed with less dilution (5 mL in-
stead of 10 mL). There is no clear relationship between the
sucrose content and the manufacturer. Among the samples of a
given brand, one will find e-liquids that are almost sucrose-

Table 3 Concentration of sucrose in e-liquids for electronic cigarettes:
analysis of real samples

Company Taste Concentration of sucrose + SD (ng/g)

A Black 1.11+0.21
Cherry 2.28+0.11
Menthol 23.73+0.81

B Camel 0.68"
Chocolate 7.31540.095
Grape 5.04+0.28
Orange 0.56"
Strawberry 0.64"
Watermelon 1.9940.11

C Banana 2.31+0.19
Camel 10.89+0.14
Cherry 8.006+:0.024
Fruit mix 5.62+0.37
Marlboro 20.15+£0.43
Menthol 10.66+0.55
L&M 0.784+0.053
Red Bull 19.06+0.34
Vanilla 1.027+0.093

D Apple 25.07+£0.35
Camel 1.211+0.052
Cherry 8.65+0.36
Chocolate 72.93+0.72
Coffee 40.82+0.52
L&M 9.86+0.28
Marlboro 13.11+£0.20
Red Bull 13.46+0.23
Strawberry 8.22+0.14
Tobacco 19.91+0.54

E Cherry 0.62%
Coffee 3.40+0.20

F Coffee 0.76+0.12
Menthol 26.23+0.29
Red Bull 7.74+0.20
Tea 22.25+0.46
Tobacco 29.82+0.43

G Fruit mix 1.80+0.13
Menthol 11.67+0.35

 Informative value only, samples were reanalysed with less dilution (see
the text for details)

free together with others high in sucrose. For example, most of
the samples from producer B are low in sucrose (less than
1 pg/g), but there is an exception. Chocolate-flavoured e-
liquid was found to contain sucrose at a concentration of
7.3 ug/g. The opposite situation can be observed in the case
of producers C and D. Here, most of the samples were found
to be high in sucrose, but there were a few exceptions.
Likewise, no direct relationship was found between the fla-
vour and the sucrose content. Only in the case of menthol-
flavoured e-liquids was the sucrose content rather high in each
sample.

Conclusions

The purpose of this project was to develop a simple, reliable
and sensitive method for the determination of sucrose in e-
liquids with minimum effort for sample preparation. The
method developed may be helpful in future research on e-
cigarettes. The main advantages of the method presented are
the low LOD (0.73 pg/g) and the short analysis time, without
the need to stabilize the column owing to the isocratic sepa-
ration mode. The source of sucrose in e-liquids is unknown.
One of the possibilities is that sucrose is a component of the
flavour/taste additives, or it is a contaminant from the produc-
tion process. Another possibility is that sucrose is extracted
along with nicotine from tobacco leaves, although in such a
case reducing sugars such as fructose and glucose should also
be present. Still, there is much controversy about the safety of
e-cigarettes, and the method developed may be helpful in
quality control, or research on the impact of e-liquid content
and the composition of e-cigarette aerosol.

Open Access This article is distributed under the terms of the Creative
Commons Attribution License which permits any use, distribution, and
reproduction in any medium, provided the original author(s) and the
source are credited.
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Oznaczenie cukrow w probkach ptynow do e-papierogdivjedn z pierwszych
préb scharakteryzowania sktadu tego rodzaju prandukOpracowana metoda charaktery-
zuje st krotkim czasem analizy chromatograficznej, wysokutdicia oraz dostarcza inte-
resupcych informacji co do skfadu i zawasth produktow wywanych do e-palenia.
Dzi¢ki wykorzystaniu kolumny z sorbentem typu ziarnagueato-rdzeniowe, mma zau-
wazy¢ znacacg poprave W ksztalcie pikdw oraz skrocenie ich czasu reiebeg utraty
rozdzielczéci. Wypetnienie ziarnem porowato-rdzeniowym stanciekaw, alternatyve
dla technik wykorzystacych warunki UPLC, gdzie ziarna catkowicie porowat@j
srednic; ponizej 1,7 um. Wynika to z faktue ten nowy rodzaj wypetnienia nie stawia tak
duzego oporu fazie ruchomej jak ziarna o mniejseeginicy, wykorzystywane w technice
UPLC.
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4.3. Oznaczanie nikotyny w probkach ptynow do elekbnicznych papieroséw

Nikotyna to alkaloid naturalnie wygiujacy w lisciach oraz korzeniach tytoniu
szlachetnego. Nikotyna jest dobrze rozpuszczaln@wre w niepolarnych rozpuszczalni-
kach organicznych, jak i w wodzie (logP=1,2 ozna¢eamana g zakwalifikowa& jako
substangj sredniolipofilowg). Najpopularniejsg formg przyjmowania nikotyny jest pale-
nie tytoniu, jakkolwiek produktyaj zawieragce mog by¢ takze zute, inhalowane, wgt
gane nosem, przyklejane do ciata (gumy, tabletdbaka, aerozole, plastry). Cziowiek
uwazat praktyke palenia tytoniu najpierw za wysublimowany rodzgrywki, by z czasem
uzn& to zazrodto wielu niebezpiecznych chorob.

Celem bada bytlo opracowanie metodyk analitycznych z wykorapstm tech-
niki HILIC i RPLC sprzzonych z detektorem MS/MS w trybie monitorowania lwie
przeg¢ jonowych (MRM). Metodyki byly opracowane w taki s, zeby mana byto ich
uzy¢ niezalenie lub zamiennie jako uzupetnienie i/lub potwiendie zawartéci nikotyny
w prébkach. Ponadto badania miaty na celu: uzyskkritkiego czasu analizy chromato-
graficznej bez #ycia techniki UPLC, wykorzystanie elucji izokratyeg, by wyelimino-
wac potrzelg stabilizacji kolumny pongdzy analizami oraz opracowanie prostej proce-
dury przygotowania probki. Opracowane metody wylstano do oznaczenia zawado
nikotyny w ponad 40 prébkach ptyndéw pochecizch od régnych producentéw e-papiero-
séw. Wszystkie pozyskane produkty do batgty oznaczone jako niezawiegeg¢ niko-
tyny.

Opracowane metody badawcze rmpagstad wykorzystane jako nagdzia kontroli
jakasci oraz pomiaru zawardoi nikotyny, gdy: jej obecné¢ w produktach oznaczonych
jako niezawierajce nikotyny mae budzé kontrowersje. Wyniki badaopublikowano w

czasopimie Journal of Chromatography A [112].
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Two analytical procedures are proposed where HILIC and RPLC techniques are coupled with tandem mass
spectrometry detection for rapid determination of trace amounts of nicotine in zero-level liquids for
electronic cigarettes. Samples are prepared on the basis of the approach “dilute & shoot” which makes
this important step quick and not complicated. The chromatographic separation was carried out on a
Zorbax XDB column (RPLC method) and Ascentis Si column (HILIC mode). Within-run precisions (CVs)
measured at three concentration levels were as follows: 0.73%, 0.98% and 1.44% for RPLC method and
1.39%, 1.44% and 0.57% (HILIC mode). Between-run CVs were as follows: 1.94%, 1.02% and 1.22% for RPLC
mode and 1.49%, 1.20% and 1.22% for HILIC mode. The detection limits of RPLC and HILIC modes were
4.08 and 3.90 ng/mL respectively. The proposed procedures are rapid, not complicated, sensitive and are
suitable for fast determination of trace amounts of nicotine in zero-level liquids for electronic cigarettes.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Tobacco leaves are rich with closely related alkaloids like:
nicotine, anabasine, anatabine, nornicotine, nicotyrine, myosmine,
2,3'-dipyridyl and cotinine [1]. The most popular and well known
alkaloid is nicotine due to its potential as one of the most addic-
tive substances. From the pharmaceutical point of view nicotine
plays an important role as the agent responsible for numerous
behavioural and physiological effects [2-5]. There are many ways
to consume the tobacco and receive nicotine. Nicotine products can
be divided into those that produce smoke like cigarettes, pipes or
cigars and to those that do not produce smoke for instance gums
and inhalers [3].

Recently, manufacturers mainly located in China have been pro-
ducing electronic cigarettes and equipment for them. Such devices
are powered by batteries and produce vapour from liquid contain-
ing nicotine and mixture of glycols (mainly polypropylene glycol
as solvent) [6]. The cartridges are filled with liquids that contain
different amount of nicotine and flavours. Sometimes colourants

* Corresponding author. Tel.: +48 58 347 18 33; fax: +48 58 347 26 94.
E-mail addresses: pawel.kubica.pg@gmail.com (P. Kubica),
agata@chem.pg.gda.pl (A. Kot-Wasik), wasia@chem.pg.gda.pl (A. Wasik),
jacek.namiesnik@pg.gda.pl (J. Namiesnik).

0021-9673/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.chroma.2013.02.078

are used to encourage potential customers. The content of specific
flavours (fruits, mint, branded cigarettes taste) can simulate the real
sensations of cigarette smoking [6,7]. Some cartridges and liquids
may contain nicotine at trace amount level [8].

There are some known analytical procedures for the determina-
tion of nicotine and its derivatives in various types of samples. Up
to now UV detection has been frequently applied for the determi-
nation of nicotine [9-15]. Information found in recent publications
indicate that the most popular ones are based on the application
of high and ultra performance liquid chromatography (HPLC and
UPLC), coupled with mass spectrometry (MS) and tandem mass
spectrometry (MS/MS) [4,16-25] due to sensitivity, confidence
and versatility. Gas chromatography coupled with flame ionization
detection [1], MS and MS/MS [24,26-32], time-of-flight MS [33,34],
electron capture detector (ECD) [35], nitrogen chemiluminescence
detection [36] or nitrogen-phosphorous detection (NPD) [37] is
used as well for determination of nicotine concentration. More-
over, developed methods with the use of capillary electrophoresis
coupled with UV detection [38,39], MS [40] and electrochemilumi-
nescence detector [41] have been reported for the determination
of nicotine. Detection by UV is not as sensitive as MS/MS detection
and further analysis and evaluation of nicotine content in zero-level
liquids have to be done.

The aim of the project was to develop a rapid, simple and sensi-
tive methods for the determination and quantification of nicotine
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in zero-level liquids for electronic cigarettes by reversed phase lig-
uid chromatography (RPLC) and by hydrophilic interactions liquid
chromatography (HILIC) coupled with tandem mass spectrometry-
electrospray ionization in multiple reaction monitoring (MRM)
mode. Sample preparation is based on the approach “dilute & shoot”
due to simple and stable composition of the matrix. Two proposed
analytical methods allow determining the concentration of nico-
tine at trace amount in zero-level liquids in less than 4 min per
single analysis run.

2. Materials and methods
2.1. Chemicals

Standards of racemic nicotine, acetaminophen (internal
standard for the RPLC mode of separation), pyridoxine hydrochlo-
ride (vitamin B6; internal standard for the HILIC mode of
separation) and ammonium formate were purchased from
Sigma-Aldrich (St. Louis, USA). Acetonitrile HPLC gradient (ACN)
and methanol HPLC gradient (MeOH) were purchased from Merck
KGaA (Darmstadt, Germany). Formic acid (FA) and ethanol were
purchased from POCH (Gliwice, Poland). Propylene glycol and
glycerol were purchased from EasyChem (Szamotuly, Poland).
Deionized water (H,0) was prepared with the use of the HLP5
system from Hydrolab (Wislina, Poland).

2.2. Samples

Forty one liquids from seven different producers marked with
zero-level of nicotine were purchased from stores of popular
distributors of electronic cigarettes on the Polish market. Four pro-
ducers placed information on the liquids’ bottles that product may
contain nicotine. Two producers did not include any information
about nicotine content. One of the producers gave information
about possible trace levels of nicotine.

2.3. Preparation of standards and calibration solutions

Stock solutions of nicotine, acetaminophen and pyridoxine were
prepared by dissolving the weighted amount of standards in the
following solutions: in a mixture of H;O and MeOH (75:25) for the
RPLC mode of separation, in a mixture of H,O and ACN (25:75) for
the HILIC mode of separation. The final concentration of nicotine
and acetaminophen was 10 wg/mL and pyridoxine was 40 pg/mL.
Calibration solutions were made by dilution of stock solutions in
the mobile phase (separately for the RPLC and HILIC) to obtain the
following concentrations: 5, 10, 50, 100, 150, 200 and 400 ng/mL. In
each calibration solution, the IS concentration was 100 ng/mL (RPLC
mode) and 200 ng/mL (HILIC mode). Standards, stock solutions and
calibration solutions were stored in refrigerator at 4°C. Every two
weeks new stock solutions and calibration solutions were prepared.

2.4. Sample preparation

Approximately 10 mg of each sample was weighted intoa 10 mL
flask and 100 pL (RPLC mode) or 50 wL (HILIC mode) of IS was
added, depending on the used method. Finally, the flask was filled
up to 10 mL with the mobile phase for the chosen mode of separa-
tion.

2.5. Preparation of fortified samples

The main ingredients of liquids for electronic cigarettes are
propylene glycol (>70%), glycerol (>15%) and ethanol (>10%). The
rest of the components are complex alcohols, diols, flavours and
colourants. The liquid for fortification with nicotine was prepared

by mixing 75% of propylene glycol, 15% of glycerol and 10% of
ethanol. To such liquid nicotine was added to obtain 50, 150 and
300 p.g/g of analyte per gram of liquid. Fortified samples and unfor-
tified laboratory made samples of liquid were prepared according
to the protocol described in Section 2.4.

To examine the influence of the sample matrix components
another calibration solutions were prepared in the same range and
in the same way as described in Section 2.3. Furthermore, for every
10 mL of each calibration solution 10 mg of randomly selected real
sample was added. The nicotine content in chosen real sample was
below LOD.

2.6. MS/MS conditions

Analyses were done using a Q-Trap 4000 triple quadrupole
mass spectrometer from Applied Biosystems (Foster City, USA)
with electrospray ionization in positive ion mode. For setting the
parameters of MRM mode, the infusion analyses were performed
with solutions containing 100 ng/mL of nicotine, pyridoxine and
acetaminophen. The positive ion mode tandem mass spectra of
nicotine, acetaminophen and pyridoxine and their structures are
presented in Fig. S1 (supplementary material). In order to evalu-
ate optimal parameters for MS/MS ion source for RPLC and HILIC
modes flow injection analyses (FIA) of a standard solution of nico-
tine (100 ng/mL) were done. Operational parameters of ion source
were optimized in order to obtain the highest intensity for nico-
tine. Parameters of the MRM mode for the analyte and internal
standards as well as ion source parameters are presented in Table
S1(supplementary material). All data were collected and processed
using Analyst 1.5.2 Software and ChemStation B.04.02 SP1.

Supplementary material related to this article found, in the
online version, at http://dx.doi.org/10.1016/j.chroma.2013.02.078.

2.7. HPLC conditions

Separation was carried out with the use of HPLC-MS/MS sys-
tem with the Agilent 1200 series containing a pump coupled
with photodiode array detector (DAD), degasser, column oven and
autosampler. The RPLC mode was performed on analytical column
Zorbax XDB-C8 (150 mm x 4.6 mm, 5 um with pore size 100 A). The
column temperature was set to 35°C. Mobile phase consisted of
H,0 with 0.05% of FA (A) and MeOH with 0.05% of FA (B), while
flow rate was set to 0.7 mL/min. Injection volume was set to 5 jLL.
Isocratic flow conditions were chosen for this method: 75% of A and
25% of B. Total time of analysis was 4 min. In case of RPLC mode the
acetaminophen was chosen as internal standard.

The HILIC mode was performed on analytical column Ascen-
tis Si from Supelco (150 mm x 2.1 mm, 5 wm with pore size 100 A).
The column temperature was set to 25 °C. Mobile phase consisted
of ACN with 0.01% of FA (A) and H,0 with 10 mM of ammonium
formate (B), while flow rate was set to 0.8 mL/min. Injection vol-
ume was set to 5 pL. Again, isocratic flow conditions were chosen
for this method: 75% of A and 25% of B. Total time of analysis was
4 min. In case of HILIC mode the pyridoxine was selected as internal
standard.

Chromatograms of mixtures of standard of racemic nicotine and
chosen IS for each mode and examples of chromatograms of real
samples are presented in Fig. 1.

3. Results and discussion
3.1. Inter-laboratory validation
3.1.1. Linearity, LOD, LOQ and matrix influence

Calibration curves were constructed using the internal standard
method. Seven calibration solutions were made from standard
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Fig. 1. Left panel. Multiple-reaction monitoring chromatograms obtained with column Zorbax XDB-C8 (150 mm x 4.6 mm): (A) mixture of racemic nicotine (100 ng/mL) and IS
(acetaminophen 100 ng/mL), (B) sample of Producer C - taste “Chocolate” (Cjcotine = 320.95 + 2.02 p.g/g), (C) sample of Producer G - taste “Vanilla” ( Cnjcotine = 88.48 +0.95 ng/g),
(D) sample of Producer D - taste “Desert Ship (Cyicotine = 10.05 £ 0.15 jLg/g). Right panel. Multiple reaction monitoring obtained with column Ascentis Si (150 x 2.1): (E) mixture
of racemic nicotine (100 ng/mL) and IS (pyridoxine 200 ng/mL), (F) sample of Producer C - taste “Chocolate” (Cyjcotine =312.32 +1.51 pg/g), (G) sample of Producer G - taste
“Vanilla” (Cyicotine = 84.19 £+ 1.55 pg/g), (H) sample of Producer D - taste “Desert Ship” (Cyicotine =9-74 + 0.16 pn.g/g).

solutions of nicotine as described in Section 2.3. Each calibra-
tion solution contained a specific amount of IS (100 ng/mL of
acetaminophen for RPLC mode and 200 ng/mL of pyridoxine for
HILIC mode). Each solution was analyzed three times. The values
of limits of detection (LODs) were calculated by multiplying the
constant term in the equation of the calibration curve by 3.3 and
dividing by the slope of the calibration curve. The values of the lim-
its of quantitation (LOQs) were calculated by multiplying LODs by 3.
Equations of calibration curves, values of LODs, LOQs, coefficients of

determination (R?), standard deviations of slope (S;) and standard
deviations of constant term (Sp,) are summarized in Table 1.

The obtained values of LOD are proof that with presented meth-
ods it is possible to determine the trace amount of nicotine in
zero-level liquids for electronic cigarettes. In all cases LOD val-
ues are lower than the lowest concentration of calibration solution.
High values of coefficient of determination demonstrate an appro-
priate and acceptable matching of the corresponding points to the
calibration curve equation. The influence of matrix components to
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Table 1

Data gathered from the equations of calibration curves for two presented methods.
Analyte Calibration curve equation (5-400 ng/mL) LOD (ng/mL) LOQ (ng/mL) Sa Sh R?
RPLC mode (Zorbax XDB-C8 150 mm x 4.6 mm)
Nicotine y=0.0142243x+0.1720 4.08 12.24 0.000096 0.018 0.9991
Nicotine (matrix influence) y=0.0141687x+0.278 4.19 12.58 0.000074 0.018 0.9997
HILIC mode (Ascentis Si 150 mm x 2.1 mm)
Nicotine y=0.0006367x+0.00331 3.90 11.70 0.0000041 0.00075 0.9992
Nicotine (matrix influence) y=0.0006254x +0.00365 4.43 13.30 0.0000068 0.00084 0.9993

Table 2

Recovery, standard deviations (SD), coefficients of variation (CV) and variance analysis (ANOVA) taken from HPLC-MS/MS analysis of spiked samples at three levels.

Analyte Spiking level (ug/g)

Mean recovery (g/g) (%) (n=6) SD

CV (%)

RPLC mode (Zorbax XDB-C8 150 mm x 4.6 mm)
Nicotine 50

HILIC mode (Ascentis Si 150 mm x 2.1 mm)
Nicotine 50

300

Analysis of variance (two way) ANOVA

51.20 (102.4)
150 14822 (98.8)
300 296.08 (98.36)

49.37(98.7)
150 151.34 (100.9)
296.45 (98.8)

0.37
1.45
2.92

0.73
1.94
0.69

2.18
1.68

1.39
1.44
0.57

Source of variation Fvalue

F critical test p-value o

Sample
Columns
Interaction

96,819.26
2.32
9.67

Analysis of variance (two way) ANOVA

7.09 x 1058
0.14
0.00057

3.32
4.17
3.32

0.05

Spiking level (ug/g) RPLC variance

HILIC variance

50 0.055
150 0.84
300 7.24

0.19
1.90
1.14

the calibration curve trends is insignificant and is not observed.
Such finding is based due to the similarities and the compatibility
of the obtained values of LODs, LOQs and another from the calibra-
tion curves obtained without adding the real sample and calibration
curves with real sample content. The composition of samples is
relatively simple and the influence of alcohols, diols, colourants or
flavour components to the nicotine ions is minimal.

In order to exclude other effects of sample components and
coelution with analyte or IS the randomly selected sample was
prepared according to Section 2.4 (in this case without adding the
IS) and analysis was performed with the usage of DAD detector at
254 nm. Chromatograms of real sample in HILIC and RPLC modes
recorded at 254 nm are presented in Fig. 2.

3.1.2. Trueness, intermediate precision and repeatability of the
developed methods

The developed methods were tested in view of trueness,
intermediate precision and repeatability. Fortified liquids were
prepared according to the protocol described in Section 2.5. The for-
tified samples were prepared according to the protocol described in
Section 2.4. Three levels of concentrations were prepared to obtain
separately 300, 150 and 50 p.g/g of nicotine in liquid. After sam-
ple preparation step the concentration levels were 300, 150 and
50 ng/mL. At the same time unfortified samples were prepared to
exclude the influence of ingredients of liquids to the signal coming
from nicotine. Six repeats were made for a given level of fortified
sample for each of the developed methods. Results are presented
in pg/g of liquid and the weight of the sample was included in the
calculations. To compare the obtained mean recoveries an ANOVA
test was conducted. The null hypothesis is that means of recovery

A) Ascentis Si (150x2.1 mm)
[mAU]
0.65
40

304

201

Absorbance
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1 2 3 4
time [min]

[mAU]| B) Zorbax XDB-C8 (150x4.6 mm)

304
29

207

107 0.88

Absorbance

1 2 3 4
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Fig. 2. Chromatograms of real sample recorded at 254 nm: (A) HILIC mode and (B)
RPLC mode.
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Concentration of nicotine in zero-level liquids for electronic cigarettes.
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Producer Taste/flavour Detected concentration of nicotine in Absolute difference in concentration
zero-level liquids (png/g)+SD (n=3) among methods (g/g)
HILIC mode method RPLC mode method

A Menthol - - -
Cherry 160.22 + 1.81 166.35 + 1.17 6.13
Marlboro - - -

B Strawberry - - -
Chocolate - - -
Orange - - -
Camel - - -
Watermelon - - -
Grape - - -

C Chocolate 312.32 £ 1.51 320.95 + 2.02 8.63
Coffee 125.93 + 0.92 127.76 + 1.14 1.83
RedBull 41.30 + 0.33 39.07 +£ 0.35 2.23
L&M - - -
Marlboro - - -
Camel - - -
Strawberry - - -
Cherry 205.42 + 1.03 207.33 + 1.24 1.91
Apple 74.63 + 0.72 71.76 + 0.54 2.87

D Desert ship 9.74 + 0.16 10.05 + 0.15 0.31
Cherry 338.46 + 1.96 33249 + 1.92 5.97
USA mix 30.97 + 0.40 29.32 + 0.52 1.64
Menthol 5.82 + 0.12 5.30 £ 0.07 0.52
Fruit mix - - -

E Cuban tobacco 26.94 + 0.78 28.56 + 0.16 1.62
Café latte 14.90 + 0.20 14.01 + 0.07 0.90
English Black tea - - -
Energy drink - - -
Strong mint - - -

F Tiramisu 19.90 + 0.35 18.32 £ 0.37 1.57
Cherry 6.15 + 0.14 6.21 £ 0.20 0.06
Coffee 5.11 + 0.08 5.55 + 0.73 0.44

G Watermelon 318.28 £ 0.97 315.58 £ 1.55 2.70
Banana 151.33 + 1.66 148.89 + 1.16 244
Vanilla 84.19 + 1.55 88.48 + 0.95 4.28
Camel 23.26 + 0.33 22.03 £ 0.22 1.23
Marlboro 20.37 £ 0.29 22.56 + 1.04 2.19
RedBull 53.47 + 0.17 47.15 + 0.97 6.32
Blackberry 22.82+0.13 23.36 +£ 0.95 0.54
Cherry 280.75 + 2.59 283.53 + 1.58 2.78
Menthol 72.75 + 0.55 69.06 + 0.36 3.69
Fruit mix 34.40 + 0.19 31.18 +£ 0.31 3.22

resulting from both methods are equal, due to the similarity in SD
and CV.The objective of the test was to accept or reject such hypoth-
esis. The confidence level was 95% and « =0.05 Data gathered from
trueness test and ANOVA test are presented in Table 2.

Calculated F values are greater than F i, and p-values are
smaller than «. The obtained results from the ANOVA test indicate a
rejection of the hypothesis that the means are equal. The conclusion
is that the effectiveness of the two presented methods is differ-
ent for recovery of nicotine. Furthermore Fgyjcylated (2-32) < Feritical
(4.17), hence there is no significant difference between the two
methods at 0.05 confidence level. The analysis of variance for each
spiking level demonstrated that RPLC method is more suitable than
HILIC method for lower levels of concentration. However, the anal-
ysis of variance of HILIC method (more than six times smaller than
for RPLC method) is a proof for adjustment of this method to higher
concentration levels.

Repeatability test was done by the analysis of fortified sample
at chosen initial concentration 150 pg/g of nicotine. The sample
was prepared according to the protocol described in Section 2.4.
All analyses were done by HPLC-MS/MS with six repeats during

the next three days. No significant difference between recoveries,
SDs and CVs values were observed. Results are presented in Table
S2 (supplementary material)

Supplementary material related to this article found, in the
online version, at http://dx.doi.org/10.1016/j.chroma.2013.02.078.

The results are satisfactory and it was proved and concluded
that it is possible to analyze liquids for electronic cigarettes in case
of determination of trace amount of nicotine. The recovery values
are at acceptable levels and after sample preparation HPLC-MS/MS
analysis with both or one of the presented methods is possible.

3.1.3. Analysis of real samples

Forty one samples of the zero-level content nicotine liquids
were analyzed with two presented methods in case of determi-
nation of trace amount of nicotine. All samples were prepared
according to the presented protocol in Section 2.4. The presented
results are in pwg/mg not in wg/mL. The reason why the results are
shown in this way is due to the difference in the density of analyzed
samples. Each producer has its own recipe for liquids and the con-
tent of propylene glycol, glycerol and ethanol differs amongst the
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products. Moreover, some producers do not use glycerol or ethanol
during preparation of liquids.

Results are presented in Table 3 and concentration below LOD
and below the calibration curve range was omitted. Examples of
chromatograms of real samples are presented in the Fig. 1. The dis-
tribution of nicotine among the samples of liquids under study for
HILIC and RPLC methods is presented in the Fig. S2 (supplementary
material).

Supplementary material related to this article found, in the
online version, at http://dx.doi.org/10.1016/j.chroma.2013.02.078.

The results were calculated as follows: concentrations resulting
from the equation of calibration curves (ng/mL) were multiplied
by 10 (sample diluted in 10 mL) and divided by the weight of the
sample. The final results are presented in Wgnicotine/Sliquid Which
is equal to ngpicotine/MEliquia- AMong the samples with detected
nicotine more than 17 samples contain nicotine at a level below
100 pg/g. However 8 samples contain nicotine at a higher amount.

4. Conclusions

Current trends allow smokers to use tobacco substitutes con-
taining nicotine in various forms including the latest fashion:
electronic cigarettes. There is a lot of controversy about the use and
safety of electronic cigarettes and some countries (Australia, Hong
Kong, Brazil) prohibit their sale. Other countries such as Poland,
Belgium, and Germany have not introduced so far legal restrictions
on the e-cigarettes. This means that the nicotine content in liquids
for filing e-cigarettes is not controlled. Particularly noteworthy are
liquids that do not contain nicotine and are intended as help in
quitting smoking.

Developed methods may be used independently or simulta-
neously to verify the concentration of nicotine in the liquids
identified as zero-level. Presented methods are rapid, reproducible
and do not require complex equipment. Moreover, with the HPLC it
is possible to perform the analysis in a similar time to that of a UPLC.
The LOD and LOQ values obtained for the two methods are at sat-
isfactory level. Selected compounds as internal standards are easy
available, cheap, stable and the probability that they are present
in the liquids for e-cigarettes is very low. Furthermore, the sample
preparation step is fast and simple. Additionally, presented meth-
ods may be used as a part of quality control for e-liquids, only the
dilution of the samples should be compatible in such cases.
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SUPPLEMENTARY MATERIAL

Table S1. Optimal parameters for the monitored timmsitions (MRM) and chosen operational

parameters of ion source

Parameters for the monitored ion transitions

Name Transitioh Declustering Entrance Collision Cell Collision
Potential (V) Potential (V) Exit Potential (V) Energy (V)
163.1-130.1 8 29
Nicotine 56
163.1-117.1 20 37
) 152.1,110.1 18 23
Acetaminophen 61 10
152.1-93.1 16 31
o 169.9-,152.0 12 19
Pyridoxine 91
169.9-134.0 10 27

MS/MS operational parameters of the ion source

Nebulizer Gas

Curtain Gas (psi) Temperature (°C) (psi)

Turbo Gas (psi)

RPLC mode 15 600 50 60
HILIC mode 50 550 50

a — quantification ion transitions are underlined

Table S2. Recovery, standard deviations and caaffic of variations taken from HPLC-MS/MS
analysis of one fortified sample at initial conaaion 150 pg/g.

Mean recovery
(Lg/9) (%) (n=6)
RPLC method (Zorbax XDB-C8 150 x 4.6 mm)

Analyte Day SD CV (%)

1 150.39 (100.4) 2.92 1.94
Nicotine 2 148.19 (98.8) 1.51 1.02

3 151.21 (100.8) 1.84 1.22

HILIC method (Ascentis Si 150 x 2.1 mm)

1 153.54 (102.4) 2.29 1.49
Nicotine 2 154.66 (103.1) 1.85 1.20

3 153.68 (102.5) 1.87 1.22
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Analizie chromatograficznej poddawano probki praduk ptyndéw do e-papiero-
séw dostpnych handlowo, ktére pochodzity odznych producentdéw. Pomimo deklaraciji
na etykietachze produkty te nie zawiergpikotyny, wykryto p w ponad dwédch trzecich
probek. Opracowane metodyki analityczne z powodzeninana zastosowado analiz
chromatograficznych zawasém nikotyny w probkach ptynéw oznaczonych jako sevie-
rajace nikotyre. Jedym modyfikach jest zmiana proponowanego rozaieenia na wiksze
lub zmniejszenie objosci probki wprowadzanej do uktadu chromatograficaneg

E-papierosy pozwalajuzytkownikom na dostarczanie nikotyny do organizmu w
rownie skuteczny sposob, co zwykle papierosy. £agsiowanie e-paleniemggle wzrasta
a na rynku pojawiaj sie nhowe i udoskonalone produkty umiwviajace wytkownikom
wybor produktow dopasowanych do ich preferencjirdiyywa Parlamentu Europejskiego
I Rady z dnia 3 kwietnia 2014 r. wprowadza regulaigéyczace skiadu oraz zawadd
nikotyny w produktach shacych do e-palenia. Opracowane metodyki magale¢ za-
stosowanie jako skuteczne ngizie pozwalajce na kontra zawartdci nikotyny w pro-
duktach shiagcych do e-palenia.

Oznaczenie nikotyny oraz cukréw w prébkach ptyn@eebapieroséw jest jegn
z pierwszych prob scharakteryzowania sktadu tegaajo produktow oraz ewentualnych
zanieczyszcze produktéw. Badania dotygee oznaczenia pozost&d nikotyny w préb-
kach ptynéw do e-papieroséw przyczynigic do wzrostuswiadomaci spotecznej, a
opracowane procedury z powodzeniemznaowykorzystd w kontroli jakgci produktow
zwigzanych z e-paleniem. Prace badawcze nad e-pamer@saszczegolnie istotne ze
wzgledu na faktze mog, przyczyné sie do lepszego poznania wptywu e-palenia na zdro-
wie. Opracowane metody (oznaczenie cukréw oraztyik) charakteryzuj sie bardzo
krétkim czasem analizy chromatograficznej, wygsokutcicig oraz dostarczgjinteresug-
cych informacji co do sktadu produktoviywvanych do e-palenia. W przypadku alkaloidu,
jakim jest nikotyna, mdiwe jest jej rozdzielenie zaréwno za pomadechniki HILIC, jak i
techniki RPLC.
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4.4. Oznaczanie substancji intensywnie stogeych w probkach napojow

Produkty o obrionej zawartéci energetycznej ciegsie duza popularndciag. Ten
trend lzdzie zapewne kontynuowany ze watll na realizagjzalecé& obnizania kalorycz-
nosci produktdw przez producentdiywnosci [113]. Magc na uwadze licap substancji
dodawanych daywnaosci, jak i mnogéc¢ produktéw, w ktorych stosujeeszamienniki
cukru, niezbdnym staje si opracowanie procedur analitycznych, ktére mstanowt
narzdzie do badania zawaktm stodzikdw w probkackywnaosci.

W celu ilcsciowego oznaczenia 14 stodzikbw pochodzenia syctesgo i pot-
syntetycznego (acesulfam-K, sacharynian sodu, @sparsukraloza, cyklaminian sodu,
alitam, neohesperydyna DC i neotam) oraz diterpémmgtdow pochodzenia §nnego
(rebaudiozyd A, rebaudiozyd C, stewiozyd, stewiagth dulkozyd A i stewiol) w préb-
kach napojow opracowano dwie metodyki analityczrykoszystupce technik HILIC i
RPLC. Substancje intensywnie stgde charakteryzygjsie rozng polarngcia i roznymi
wiasciwosciami fizykochemicznymi, co utrudnia dobranie opainych parametréw pracy
uktadu chromatograficznego. Na etapie detekcjiasmstano tandemawspektrometg
mas (MS/MS), co pozwolito na uzyskanie niskich w&ot granicy oznaczalrigi. Przy-
gotowanie probek obejmowato rozatzenie probki w fazie ruchomej i odwirowanie. Po-
dejcie typu ,rozci@cz i analizuj” byto maliwe ze wzgédu na wysok czutas¢ detektora
oraz mad objetos¢ dozowanej prébki. Realizacja zamierzonego projgkizwolita na po-
rownanie maliwosci techniki HILIC oraz techniki RPLC w pgizeniu z tandemoyv
spektromety mas. Prace badawcze mialy na celu opracowanieldwm@&todyk analitycz-
nych, ktére charakteryzowatybye¢skrotkim czasem analizy chromatograficznej,zglu
czuldscig oraz uproszczaenprocedus przygotowania probki. Przeprowadzone badania po
raz pierwszy pozwolity na jednoczesne oznaczenieystkich (oprocz taumatyny) sub-
stancji o intensywnej mocy stogtzj dopuszczonych dazytku w Unii Europejskiej pod-
czas jednego cyklu analitycznego.

Wyniki bada dotyczice oznaczania zawaétm stodzikow w prébkach napojéw
opublikowano w czasofmie Analytical and Bioanalytical Chemistf§14], atemat bada
ukazat st na oktadceDetermination of artificial sweeteners in beveragéolei wyniki
bada poréwnania techniki HILIC i RPLC do rozdzielania nziasiny substancji inten-
sywnie stodzcych opublikowano w czasdpnie Journal of Pharmaceutical and
Biomedical Analysi§l15].
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Abstract The method for the determination of acesulfame-K,
saccharine, cyclamate, aspartame, sucralose, alitame,
neohesperidin dihydrochalcone, neotame and five common
steviol glycosides (rebaudioside A, rebaudioside C, steviol,
steviolbioside and stevioside) in soft and alcoholic beverages
was developed using high-performance liquid chromatogra-
phy and tandem mass spectrometry with electrospray
ionisation (HPLC-ESI-MS/MS). To the best of our knowl-
edge, this is the first work that presents an HPLC-ESI-MS/MS
method which allows for the simultaneous determination of
all EU-authorised high-potency sweeteners (thaumatin being
the only exception) in one analytical run. The minimalistic
sample preparation procedure consisted of only two opera-
tions; dilution and centrifugation. Linearity, limits of detection
and quantitation, repeatability, and trueness of the method
were evaluated. The obtained recoveries at three tested con-
centration levels varied from 97.0 to 105.7 %, with relative
standard deviations lower than 4.1 %. The proposed method
was successfully applied for the determination of sweeteners
in 24 samples of different soft and alcoholic drinks.

Keywords Artificial sweeteners - Steviol glycosides - Stevia
rebaudiana - Tandem mass spectrometry - Liquid
chromatography
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Introduction

Sweetness is probably one of the most appreciated features of
the food we eat. However, not all consumers want to (or can)
consume sugars—the most obvious source of sweetness. The
artificial sweeteners which are commonly used in the food
industry seem to be an ideal, non-caloric replacement for
sweet-tasting sugars.

These sweeteners and their mixtures play an important role
in the modern food industry since they provide a means to
fulfil the consumer’s demand for sweet, tooth-friendly,
reduced-calorie food. The newest members of the European
Union (EU)-authorised sweeteners’ family are steviol glyco-
sides. The leaves of Stevia contain mostly stevioside and
rebaudioside A. Other glycosides present include
rebaudioside C, dulcoside A, steviolbioside, rubusoside and
rebaudiosides D, E and F [1, 2]. Rebaudioside A is the most
desired component of Stevia leaf extracts, due to its highest
sweetening potency and the least pronounced bitter aftertaste.
Steviol glycosides are the second completely natural EU-
authorised sweeteners, thaumatin being the first.

While the demand for sweetness without calories is con-
tinuously growing, there are still controversies concerning the
safety of high-potency sweeteners. Therefore, to ensure con-
sumer safety and trust, the content of such sweeteners in food
is strictly regulated by regional or national legislation [3-7].
Proper control over food manufacturing processes calls for
appropriate analytical methods, capable of providing reliable
results when analysing food samples, usually characterised by
quite a complex matrix.

Among all the available methods for the determination of
artificial sweeteners in foodstuffs, reversed-phase high-perfor-
mance liquid chromatography (RP-HPLC) coupled with a
variety of detectors is probably the most popular choice [8].
Nowadays, RP-HPLC coupled with tandem mass

@ Springer

79



1506

P. Kubica et al.

spectrometry is becoming more and more popular due to its
high selectivity and multianalyte capability [9—14], which is
an important feature since different sweeteners are frequently
used in mixtures to achieve the desired taste, flavour or texture
of an end product. Methods capable of separating and quan-
tifying multiple high-potency sweeteners in foods are known
[8, 10, 15-29], but, to the best of our knowledge, their ability
to determine Stevia-based sweeteners in mixtures with other
non-caloric sweeteners was not yet demonstrated in practice.

The purpose of this project was to develop a quick, simple
and robust method for the determination of almost all EU-
authorised high-potency sweeteners, including steviol glyco-
sides. The only exception is thaumatin which is a protein and
cannot be quantified with this method due to the incompati-
bility with the separation conditions used. According to the
proposed method, analytes are separated by RP-HPLC, and
later on detected and quantified using tandem mass spectrom-
etry. The sample preparation procedure is limited to the dilu-
tion and centrifugation (or filtration) of the samples. The
method allows the quantification of 14 compounds in one
16-min-long analytical run. Low values of limits of quantita-
tion (LOQ), high recoveries, and satisfactory repeatability
make it suitable for application in food control laboratories,
as demonstrated by the analysis of 24 samples of different soft
and alcoholic beverages.

Materials and methods
Chemicals

Standards of artificial sweeteners and steviol glycosides were
obtained from different sources: acesulfame-K from
Nutrinova (Frankfurt am Main, Germany); saccharine, sucra-
lose and neohesperidin DC from Sigma-Aldrich (St. Louis,
USA); aspartame from Ajinomoto Foods Europe (Nesle,
France); cyclamate from Merck KGaA (Darmstadt, Germa-
ny); alitame from Frapp’s Pharma (Hong Kong, China);
neotame from CHEMOS (Regenstauf, Germany); and
rebaudioside A, stevioside, rebaudioside C, dulcoside A,
steviolbioside and steviol from LGC Standards (Lomianki,
Poland). As the internal standard (IS), sodium N-(2-
methylcyclohexyl)sulfamate was used [27]. Acetonitrile
(ACN), methanol (MeOH) and acetone were purchased from
Merck KGaA (Darmstadt, Germany). Acetic acid (AA) was
obtained from POCH (Gliwice, Poland). Ultrapure water was
prepared using the HLPS system from Hydrolab (Wislina,
Poland).

Samples

Twenty-one samples of popular soft and alcoholic drinks and
three samples of instant drink powders from different
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producers were purchased in local shops. Most products were
labelled as containing steviol glycosides, although other
drinks were also included for method-testing purposes.

Preparation of standards and calibration solutions

The stock solutions of acesulfame-K, saccharine,
neohesperidin DC, aspartame, sucralose, cyclamate,
alitame, neotame, rebaudioside A, stevioside,
rebaudioside C, dulcoside A, steviolbioside and steviol
were prepared by dissolving the appropriate amount of
pure standard in the mixture of ACN and H,O (60+40).
The final concentration of each standard was around
50 pug/mL. The calibration solutions were prepared by
mixing and diluting the stock solutions with the mobile-
phase component A to obtain 5, 20, 50, 100, 200, 400 and
800 ng/mL of acesulfame-K, saccharin, neohesperidin
DC, aspartame, sucralose, cyclamate, alitame and
neotame, while concentrations of rebaudioside A,
stevioside, rebaudioside C, dulcoside A, steviolbioside
and steviol were 5, 20, 100, 300, 600, 1000 and
1600 ng/mL, respectively. The IS concentration was kept
at 50 ng/mL in each calibration solution. All solutions
were stored in a refrigerator at 4 °C; new solutions were
prepared monthly.

Sample preparation and fortification procedures

Before sample preparation, all samples of soft and alcoholic
drinks were degassed by sonication for 15 min. Instant drinks
were prepared according to the manufacturer’s directions.
Samples were diluted with mobile-phase component A in
order to fall within calibration curve concentration range. In
practice, a hundred times of dilution was appropriate, i.e.
100 uL of each sample and 50 pL of IS solution were placed
in a 10-mL volumetric flask and filled up to the mark. Ap-
proximately 1.5 mL of this solution was placed in an
Eppendorf tube and centrifuged for 5 min at 7000 rpm. Su-
pernatant was collected, placed in the autosampler vial and
analysed.

Fortified samples (three concentration levels) were pre-
pared using the Sprite™ drink (old recipe, free from steviol
glycosides and other high-potency sweeteners) as a matrix.
Sweeteners were dissolved in Sprite™ to get a concentration
of 500 pg/mL each. This mixture was later on diluted with
Sprite™ to obtain the concentration levels of 10, 25 and
60 png/mL. Fortified samples were used for repeatability and
apparent recovery estimation.

MS/MS conditions

All analyses were done using a Shimadzu LCMS-8050
triple quadrupole mass spectrometer (Shimadzu, Japan)
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equipped with an ESI source working in the polarity-
switching MRM mode. Positive detection mode for as-
partame, alitame and neotame was selected to increase
the sensitivity. Data acquisition and analysis were ac-
complished with LabSolutions 5.60 SP1 software. The
specific MRM transitions were chosen in the flow in-
jection mode. The optimum detection conditions are
presented in Table S1 in the Electronic Supplementary
Material (ESM).

HPLC conditions

The chromatographic separation was carried out using
an HPLC system (Shimadzu, Japan) consisting of a
degasser DGU-20AS5R, controller CBM-20A, binary
pump Nexera X2 LC-30 AD, autosampler Nexera X2
SIL-30AC and column oven CTO-20AC. The analytes
were separated on an Ascentis Express C18 column
(Supelco, Belefonte, PA, 100 mmx4.6 mm, 2.7 pm).
The temperature of the column oven was set to 40 °C,
the flow rate was kept at 0.8 mL/min and the injection
volume was set to 2 uL. The mobile phase used for the
separation was H,O+MeOH+acetone (75+20+5) with
0.1 %v/v of AA (component A) and ACN-+acetone
(95+5) with 0.1 %v/v of AA (component B). The
chromatographic separation was performed in gradient
elution mode: 0 min (0 % B), 10 min (30 % B), 15 min
(70 % B) and 16 min (70 % B). The total time of the
chromatographic run was 16 min, while the column
equilibration time was set to 8 min. The chromatogram

presenting the separation of analytes is shown in Fig. 1.

Results and discussion
Separation and detection of analytes

In case of sucralose, acetic acid adduct was chosen
(454.85m/z) as the parent ion and 395.05 as the frag-
ment ion. The choice was dictated by the fact that the
intensity of this transition (454.85—395.05) was higher
than the transition of the pseudomolecular ion of sucra-
lose (395.05) to its fragments: 359.15 or 87.05. The
fragmentation of steviol molecule was not observed
neither in negative nor in positive mode. The higher
intensity of the pseudomolecular ion was higher in the
negative mode. The absence of fragment ions forced the
choice of pseudotransition of steviol 317.40—317.40.
The best response for aspartame, alitame and neotame
was observed in the positive mode of detection.

The addition of a small amount of acetone to both
components of the mobile phase resulted in narrower

peaks for acesulfame-K, saccharin, aspartame, sucralose,
cyclamate, alitame, neohesperidin DC and neotame. The
change of peak shapes for rebaudioside A, stevioside,
rebaudioside C, dulcoside, steviolbioside and steviol
was not observed regardless of acetone addition. Use
of two organic components in mobile phase (ACN and
MeOH) resulted in better separation of analytes in com-
parison to the separation achieved with only one organic
component. Methanol-only mobile phase had not
enough eluting strength to achieve separation in less
than 25 min; an incomplete separation of rebaudioside
A and stevioside was observed as well. On the other
hand, acetonitrile-only mobile phase had higher elution
power, but an incomplete separation of acesulfame-K
and saccharin, sucralose and cyclamate, and
rebaudioside A and stevioside was noticed. The combi-
nation of methanol in mobile-phase component A and
acetonitrile in mobile-phase component B resulted in a
complete separation of these compounds, relatively short
analysis time and better separation of rebaudioside A
and stevioside. A complete separation was achieved for
most of the compounds, except reabudioside A and
stevioside (Ry=1.2). This was caused by fact that these
two compounds differ only by one extra glucose mole-
cule in the structure of RA. However, complete separa-
tion is not necessary in that case, since two specific
transitions for RA and SV, respectively, can be mea-
sured independently.

Within-laboratory validation
Calibration

Seven-point calibration curves were constructed by plot-
ting the ratio of the analyte’s peak area to the peak area
of the IS versus the analyte’s concentration (n=3). Dif-
ferent concentration ranges were used for two different
classes of sweeteners: 5-800 ng/mL for the artificial
ones and 5-1600 ng/mL for steviol glycosides. Calibra-
tion curves were linear in the studied concentration
range with correlation coefficients of over 0.9987. The
weighing factor of 1/x was applied to all calibration
curves in order to increase the accuracy in the lower
concentration range. The values of limit of detection
(LOD) were calculated using the following formula:
LOD=3.3-S,/a, where S, is the standard deviation of
the intercept and a is the slope of the calibration curve.
The values of limit of quantitation (LOQ) were calcu-
lated as three times LOD. Quantification limits were
between 3.23 and 13.56 ng/mL, which correspond to
the range of 0.323 and 1.36 mg/L in the original sam-
ple, assuming a hundred times of dilution of the sample.
These values are well below the regulatory limits for all
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0.0 2.5 5.0 ] 10.0 12.5 15.0
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compounds under the study. The values of calibration
parameters are presented in Table 1.

Trueness and repeatability

The trueness of the results was assessed in terms of
apparent recoveries using spiked Sprite™ drink as a
matrix. Samples spiked at three concentration levels
(10, 25 and 60 pg/mL) were analysed on the same
day (six replicates of each concentration level). Recov-
eries varied between 97.0 and 105.7 %, while the rela-
tive standard deviations (%RSD) of the results were in
the range of 0.4—4.1 %. The recovery data and %RSD
values indicate good method accuracy and precision. No
matrix effects were observed, thanks to the use of an
internal standard, significant dilution of the samples and
complete separation of analytes.
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Repeatability, expressed as between-day precision
during the next three consecutive days, was estimated
by analysing a set of samples (n=6) spiked at one
concentration level (600 ng/mL after sample preparation
step). The %RSD of the results were in the range of
1.1-4.5 %, very close to the within-day precision. This
demonstrates that the method provides consistent, day-
by-day results. Detailed data concerning trueness and
repeatability are presented in ESM Table S2.

Analysis of real samples

Samples were bought in local shops, and attention was
paid to ensure their diversity. Three types of drinks
were analysed: non-carbonated and carbonated soft
drinks, and carbonated alcoholic beverages (beers). Most
of the samples (18) were labelled as containing steviol
glycosides, though beverages sweetened with other
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Table 1  Quantification and validation data for artificial sweeteners and steviol glycosides
Analyte Calibration curve equation S, Sp r LOD LOQ

(7 points, n=3) [ng/mL] [ng/mL]
Acesulfame-K y=0.04286x+0.099 0.00079 0.059 0.9987 4.52 13.56
Saccharin y=0.004583x+0.0025 0.000025 0.0018 0.9997 1.32 3.95
Aspartame »=0.04189x—0.070 0.00028 0.021 0.9996 1.63 4.90
Sucralose »=0.010964x—0.0158 0.000062 0.0046 0.9997 1.38 4.14
Cyclamate y=0.02994x—0.0454 0.00013 0.0098 0.9998 1.08 3.23
Alitame »=0.02816x—0.024 0.00021 0.015 0.9994 1.78 5.35
Neohesperidin DC »=0.04840x—0.124 0.00045 0.033 0.9991 228 6.84
Neotame »=0.004872x—0.0012 0.000020 0.0029 0.9998 1.98 5.95
Rebaudioside A »=0.004625x—0.0005 0.000019 0.0029 0.9998 2.04 6.11
Stevioside »=0.016005x—0.011 0.000071 0.010 0.9998 2.16 6.48
Rebaudioside C »=0.007403x—0.0168 0.000035 0.0052 0.9997 2.33 7.00
Dulcoside A ¥=0.002522x+0.0022 0.000014 0.0021 0.9997 2.69 8.08
Steviolbioside y=0.05032x+0.131 0.00028 0.042 0.9997 2.74 8.23
Steviol y=0.011370x—0.0362 0.000095 0.0070 0.9993 2.04 6.12

S, standard deviation of the slope, S, standard deviation of the intercept, » correlation coefficient, LOD limit of detection, LOQ limit of quantitation, n

number of measurements

compounds were also taken into account. According to
the regulations [5, 6], the content of steviol glycosides
should be expressed as the sum of steviol equivalents.
The equivalents of steviol are calculated for each gly-
coside separately using the following multiplication fac-
tors: steviol (1.000), stevioside (0.395), rebaudioside A
(0.329), rebaudioside C (0.334), dulcoside A (0.400)
and steviolbioside (0.496). For the majority of tested
samples, the sum of steviol equivalents was within the
acceptable limit (60 mg/L)—see Table 2 for details. In
two cases (NCNA4 and NCNAS), the legal limit was
exceeded.

Stevia-based sweeteners used in the food industry differ in
terms of their composition. Four out of 18 samples were
sweetened with highly purified rebaudioside A, and 6
contained rebaudioside A and stevioside. Also, in six cases,
three steviol glycosides (rebaudioside A, stevioside,
rebaudioside C) were found, and two samples contained four
glycosides (rebaudioside A, stevioside, rebaudioside C and
steviolbioside). The major compound found in the samples
containing a mixture of steviol glycosides was rebaudioside
A, the rest being stevioside and, in some cases, minor amounts
of rebaudioside C and steviolbioside.

Beverages sweetened with steviol glycosides were
found free from other high-potency sweeteners. Howev-
er, in three cases (CNAI1, CNA4 and NCNA4), small
amounts of neohesperidin DC were detected. The labels
of these beverages did not mention any sweetener other
than steviol glycosides, but since neohesperidin DC at

low concentrations (up to 3 mg/kg) may be used as a
flavour enhancer [7], the composition of these samples
is in accordance with the law.

Two out of the five analysed beer samples (CA4 and
CA5) were sweetened with artificial high-potency sweet-
eners. Mixtures of two and four compounds were de-
tected in these cases.

Detailed results of the analysis of all samples are presented
in Table 2, and examples of real chromatograms are presented
in Fig. 2.

Conclusions

The presented method allows for the quick determination of
all but one EU-authorised high-potency sweeteners in one
analytical run. The sample preparation step was simplified to
an absolute minimum. It consisted of only two operations: the
dilution and centrifugation (or filtration) of the samples.
Thanks to the complete separation of analytes and consider-
able dilution of the analysed samples, no matrix effects were
observed. Since the method allows the separation and quanti-
fying of common steviol glycosides, being the components of
commercially available Stevia-based sweeteners, it can be
used to determine their purity/quality. Low limits of quantifi-
cation, high recoveries and good repeatability of results make
it suitable for food quality and safety control. The method was
successfully applied for the analysis of sweeteners in alcoholic
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Table 2  Concentrations of artificial sweeteners and steviol glycosides in soft and alcoholic drinks: analysis of real samples. Only detected compounds are shown

Sample type Name of sample Acesulfame-  Saccharin  Aspartame Cyclamate Neohesperidin DC Rebaudioside A* Stevioside® Rebaudioside C*  Steviolbioside®
K
350 80 600 250 30 60°
MUD in soft drinks [mg/L]
Detected sweetener content [mg/L]+SD (n=3)
Carbonated non-alcoholic CNAL 0.999+0.052 34.30+0.28 0.616+0.019
CNA2 None detected, in accordance with product label
CNA3 None detected, in accordance with product label
CNA4 1.071£0.071
CNA5 17.02+0.36 10.62+0.22 2.542+0.080
Non-carbonated non-alcoholic NCNA1 12.64+0.24
NCNA2 17.08+0.22 0.310+0.012
NCNA3 10.672+0.059  7.70+0.24 1.714£0.019
NCNA4 3.02+0.16 53.69+0.99 12.25+0.43 2.498+0.047
NCNAS 9.42+0.24 6.01+0.15 1.479+0.018
NCNAG6 16.48+0.36 6.85+£0.25 0.8595+0.0064 0.434+0.018
NCNA7 11.12+0.43
NCNAS 47.94+0.26 28.5+1.1 1.667+0.025 0.784+0.069
NCNA9 21.91+0.2 13.96+0.21 0.6981+0.0077
NCNA10 354+13 0.691+0.037
NCNAT1 51.65+0.13 0.7726+0.0071
MUD in alcoholic drinks [mg/L]
Carbonated alcoholic CAl 18.29+0.59 0.475+0.015
CA2 16.20+0.13 0.419+0.028
CA3 None detected, in accordance with product label
CA4 9.25+0.43 5.95+£0.34 9.88+0.17 35.0+1.1
CAS 23.39+0.19 65.56+0.60
Detected sweetener content [mg/g]+SD (n=3)
Instant drink powders IDP1 2.131+0.049
IDP2 2.19+0.033
IDP3 2.802+0.049 1.159+0.055  0.408+0.037

#Expressed as steviol equivalent

°The MUD expressed as the sum of steviol equivalents according to commission regulation (EU) no. 1131/2011 of 11 November 2011

¢ Maximum usable dose as set by the Directive 94/35/EC of European Parliament and of the Council of 30 June 1994 and commission regulation (EU) no. 1131/2011 of 11 November 2011
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Fig. 2 Examples of A)
chromatograms obtained for real
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and non-alcoholic beverages. To the best of our knowledge,
this is the first method which allows for the comprehensive
analysis of beverages with regard to high-potency sweetener
content, including the recently introduced steviol glycosides.
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SUPPLEMENTARY MATERIAL

Table S1. Monitored ion transitions and optimal MS/operational parameters.

Name

Polarity

Transition

Q1 Pre biasCollision Energy Q3 Pre bias

W) () ()

acesulfame-K - 161.80-82.00 18 16 30
saccharin - 181.80-41.95 19 26 14
aspartame + 294.90-120.10 -30 -25 -24
sucralose - 454.85- 395.05* 22 12 26
cyclamate - 177.90-79.95 19 27 29
alitame + 332.10-129.15 -16 -18 -27

IS - 192.20-79.90 14 29 29
neohesperidin DC - 611.00- 303.20 30 37 30
neotame + 379.00-172.15 -27 -22 -19
rebaudioside A - 966.20- 804.25 38 28 38
stevioside - 803.30-641.15 30 28 30
rebaudioside C - 949.15.,787.20 38 33 38
dulcoside A - 787.15-625.20 32 22 30
steviolbioside - 641.25-479.25 24 42 22
steviol - 317.40- 317.40** 24 15 30

*adduct with acetic acid
**compound does not fragment

MS/MS operational parameters

Nebulizing Gas Heating Gas Flow Interface DL Temperature Heat Block Drying Gas Flow
Flow (L/min) (L/min) Temperature (°C) O Temperature ("C)  (L/min)
3 10 350 250 500 10

DL - Desolvation Line

Table S2. Within- and between-day recoveries (%) ratative standard deviations (RSDs) (%)
obtained after HPLC-MS/MS analysis of fortified gées

Within-day recoveries (RSD, n=6) (%)

at different spiking levels

Between-day recoveries (RSD, n=6) (%)

at one spiking level (600 ng/mL)

Analyte 100 ng/mL 250 ng/mL 600 ng/mL Day 1 Day 2 Day 3
acesulfame-K  100.4 (2.5) 103.5(2.3)  102.2 (0.6) 03.9(1.5) 103.5(1.9)  104.0 (2.2)
saccharin 100.2 (1.9)  97.0 (1.9) 99.0 (1.8) 102.9) 103.9 (3.5)  105.2 (2.4)
aspartame 103.3 (2.7) 100.3 (1.1) 102.0 (0.4) as8) 102.2 (1.2) 101.8 (2.1)
sucralose 104.4 (2.1) 103.0 (1.9) 100.5 (0.4) a.0B9) 99.6 (2.5) 98.5 (2.6)
cyclamate 101.4 (1.7) 98.1 (2.0) 98.9 (1.1) 91.8)( 98.9 (1.2) 100.0 (1.5)
alitame 103.8(2.4) 101.3(1.4)  101.7 (2.9) 92.8) 98.7 (2.1) 97.9 (1.5)
neohesperidin DC101.9 (3.3)  100.3 (2.3) 98.4 (1.3) 98.8 (1.1) 00@.3)  101.6 (2.9)
neotame 102.4 (1.8)  99.5 (1.6) 102.1 (1.9) 9781  97.0 (1.5) 98.1 (1.5)
rebaudioside A 98.4 (2.1)  101.4(2.9) 103.1(1.4) 103.3(2.3) 103.0 (1.8)  101.6 (2.3)
stevioside 102.9 (1.3) 1024 (3.1)  101.5(1.7) .1@2.5) 98.3 (1.3) 99.4 (2.7)
rebaudioside C  103.1(3.4) 102.0(3.1)  101.9(2.2) 103.6 (3.0) 102.4 (1.3)  102.1 (2.1)
dulcoside A 105.7(3.6) 102.6 (2.4)  102.9 (1.4) 5.504.5) 103.2 (1.4)  104.0 (1.8)
steviolbioside ~ 98.0 (4.1)  100.3(1.8)  102.7 (3.4)  101.9 (2.5) 98.9 (3.6) 98.2 (4.1)
steviol 103.6 (2.8)  100.7 (1.7)  102.1 (2.5) 102.6) 98.6 (1.3) 100.8 (2.9)
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Hydrophilic interaction liquid chromatography (HILIC) coupled with tandem mass spectrometry (MS/MS)
was used to separate artificial and natural sweeteners approved for use in European Union (EU). Among
three tested HILIC columns (BlueOrchid PAL-HILIC, Ascentis Express Si and Acclaim™ Trinity™ P2) the
last one was selected for the development of HILIC method due to the best results obtained with it. Early
eluting and coeluting compounds in HILIC (acesulfame-K, saccharin, cyclamate, sucralose and aspartame)
were successfully separated by the HILIC-based approach for the first time. The developed HILIC method
allows for determination of all high potency sweeteners in one analytical run. The calibration curves for
all analytes had good linearity within the tested ranges. The limits of detection and quantitation were in
the range 0.81-3.30 ng/mL and 2.32-9.89 ng/mL, respectively. The obtained recoveries used for trueness
and precision estimation were from 98.6% to 106.2% with standard deviation less than 4.1%. Sample
preparation was reduced to a necessary minimum and contained only proper dilution and centrifugation.
More than twenty samples of beverages were analyzed with the developed HILIC method. Finally, the
chromatographic parameters of peaks (reduced retention time, width at baseline, width at 50% of peak
height, tailing factor and efficiency) obtained in HILIC mode and in RPLC mode were compared. Developed
HILIC method along with RPLC method can be applied for rapid evaluation of sweeteners’ content, quality

and safety control.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The sugar substitutes known as artificial and natural sweeten-
ers or substances with high sweetening power are commonly used
by food producers. The possibility of the use of these food additives
in food products has many benefits, including extended shelf-life,
elevated quality and sweet taste. Among the available artificial
sweetening substances the most popular are acesulfame-K, sac-
charin, cyclamates, aspartame, sucralose, alitame, neohesperidin
dihydrochalcone (DC) and neotame [1,2]. New class of sweeten-
ers known as steviol glycosides was added to this group in 2014
by the European Union (EU). These complex molecules are built of
steviol and different simple sugars [3,4]. The most desired steviol
glycosides, and with the highest sweetening power, are stevio-

* Corresponding author. Fax: +48 58 347 26 94.
E-mail addresses: pawel.kubica.pg@gmail.com (P. Kubica),
jacek.namiesnik@pg.gda.pl (J. Namie$nik), wasia@pg.gda.pl (A. Wasik).

http://dx.doi.org/10.1016/j.jpba.2016.01.006
0731-7085/© 2016 Elsevier B.V. All rights reserved.

side and rebaudioside A. Other minor glycosides are dulcoside A,
steviolbioside, rubusoside and rebaudioside C, D, E, and F.

The use of high potency sweeteners is governed by the Reg-
ulation of the European Parliament and Council Regulation No.
1333/2008 [5], as amended by regulation No. 1129/2011 estab-
lishing a list of food additives [6]. For steviol glycosides another
regulation was established [7]. Since April 2013, neohesperidin
DC and one of the steviol glycosides (rebaudioside A) have
been approved for use as flavoring substances by regulation No.
872/2012 [8].

All of the above mentioned sweeteners were successfully sep-
arated by reversed phase liquid chromatography (RPLC) [9]. Many
other methods based on RPLC coupled with mass spectrometry or
UV-vis detection are known and well described [1,10-21]. Due
to the rapid development of the HILIC technique it was decided
to check whether it can provide results similar to those obtained
with RPLC-based methods. Theoretically, the HILIC mode allows
for achieving better sensitivity when using a mass spectrometer
(MS) as a detector. Furthermore, there is no method based on the
HILIC technique that allows the separation of all EU-authorised high
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potency sweeteners. In most cases only a few representatives of
sweeteners highly soluble in water are chosen for the HILIC-type
separation methods [22-24]. In some cases HILIC mode separations
were eliminated in preliminary studies [10,25] as providing insuffi-
cient resolution and undesirable peak shapes. Other methods suffer
from the coelution of acesulfame-K with saccharin and cyclamate
with sucralose, as well as poor peak shape for aspartame [26]. The
coelution of sucralose and neohesperidin DC was also observed
[27]. In fact, in HILIC-type methods acesulfame-K, cyclamate and
saccharin tend to elute close to the void time, despite the high
organics content in the mobile phase. Nevertheless, the separation
of water-soluble steviol glycosides can be achieved in the HILIC
mode, and symmetrical peaks are observed [23,28-30].

The main objective of this research was to develop a method
for the determination of natural and artificial sweeteners with the
use of the HILIC technique coupled with tandem mass spectrome-
try detection (MS/MS). The other objectives included separation of
early eluting compounds in the HILIC mode (acesulfame-K, cycla-
mate) and obtaining symmetrical peak shapes, comparable to those
attained by RPLC methods. Finally, the chromatographic parame-
ters (reduced retention time, width at baseline, width at 50% of peak
height, tailing factor at 10% of height, efficiency and plate height) of
peaks obtained in HILIC separation mode were compared to those
obtained with the use of the previously described RPLC method [9].
The developed HILIC method allows the quantification of fourteen
compounds during one analytical run with low limits of quantifica-
tion (LOQ) values, recoveries close to 100% and good repeatability.
The performance of the method was checked during the analysis of
more than twenty samples of popular soft and alcoholic beverages.

2. Materials and methods
2.1. Chemicals

The following standards of artificial sweeteners and steviol gly-
cosides were acquired: acesulfame-K, from Nutrinova (Frankfurt
am Main, Germany), saccharin, sucralose and neohesperidin DC,
from Sigma-Aldrich (St. Louis, USA), aspartame, from Ajinomoto
Foods Europe (Nesle, France), cyclamate, from Merck KGaA (Darm-
stadt, Germany), alitame, from Frapp’s Pharma (Hong Kong, China),
neotame, from CHEMOS (Regenstauf, Germany), and rebaudioside
A, stevioside, rebaudioside C, dulcoside A, steviolbioside, and ste-
viol, from LGC Standards (Lomianki, Poland). The internal standard
(IS) was sodium N-(2-methylcyclohexyl) sulfamate [16] synthe-
sized on site. Acetonitrile (ACN) was purchased from Merck KGaA
(Darmstadt, Germany). Ammonium acetate (NH4Ac) was obtained
from Sigma-Aldrich (St. Louis, USA). Acetic acid (AA) was purchased
from POCH (Gliwice, Poland). Ultrapure water was produced by the
HLP5 system from Hydrolab (Wislina, Poland).

2.2. Samples

Twenty-one samples of alcoholic and non-alcoholic beverages,
and three instant drink powders were purchased from local shops.
Many of the bought products were labelled as containing steviol
glycosides, although some of them contained artificial sweeteners
as well. Three of them were free from any sweetener.

2.3. Preparation of standards and calibration solutions

Individual stock solutions of all sweeteners and IS were pre-
pared by dissolving a proper amount of them in a mixture of
ACN:H,0 (60+40). The final concentration of each standard was
around 50 ng/mL. Calibration solutions were prepared by mixing
and dilution of the stock solutions with mobile phase component B
(ACN 0.01% v/v AA). Two different calibration ranges were chosen

for artificial and natural sweeteners. For acesulfame-K, saccharin,
neohesperidin DC, aspartame, sucralose, cyclamate, alitame and
neotame the concentrations of calibration solutions were 5, 20, 50,
100, 200, 400 and 800 ng/mL of each. For rebaudioside A, stevioside,
rebaudioside C, dulcoside A, steviolbioside and steviol the concen-
trations were as follows: 5,20, 100, 300, 600, 1000, and 1600 ng/mL.
In all calibration solutions the concentration of IS was maintained
at 50 ng/mL. Stock solutions and calibration solutions were stored
in arefrigerator at 4 °C, and every month new solutions were made.

2.4. Sample preparation procedure and spiked samples

All samples of beverages were degassed in a sonic bath for
15 min. Powders of instant drinks were prepared according to the
labels on them. An aliquot of a sample was placed in a volumetric
flask together with appropriate amount of IS solution and diluted
one hundred times with mobile phase component B (ACN 0.01% v/v
AA). This dilution was enough to fit all results into the calibration
curves ranges. The concentration of IS in diluted samples was equal
to 50 ng/mL. Next, a solution of the sample was placed in an eppen-
dorf tube and centrifuged for 5 min at 7000 rpm. Supernatant was
collected and analyzed directly. The procedure for preparation of
spiked samples was described in the previous publication [9].

2.5. MS/MS conditions

All analyses were done using a Shimadzu LC-MS-MS system
(LCMS-8050, Shimadzu, Japan) with an ESI source in the polar-
ity switching mode. Multiple reaction monitoring mode (MRM)
was employed for quantitation purposes. Conditions of ion tran-
sitions were chosen separately for the HILIC mode and for the RPLC
mode [9]. The parameters of the ion source were the same for both
methods. The parameters of ion transitions and conditions of the
ESI source for a method based on HILIC are presented in Table S1
(Supplementary material). For most of the compounds the negative
mode of ionisation was chosen, except for aspartame, alitame and
neotame. For these three compounds higher intensity was observed
in the positive mode. In the case of sucralose, acetic acid adduct
(454.85) produced much higher intensity of ion transition than
fragmentation of the pseudomolecular ion (395.05). The steviol
molecule does not produce any observable fragment ions, either
in the negative or positive mode. For this compound the pseudo-
transition in the negative mode was chosen (317.30 — 317.40).

Supplementry material related to this article found, in the online
version, at http://dx.doi.org/10.1016/j.jpba.2016.01.006.

2.6. Separation conditions

The chromatographic separation was done using the UPLC Nex-
era X2 system (Shimadzu) consisting of the following components:
degasser DGU-20A5R, controller CBM-20A, binary pump LC-30 AD,
autosampler SIL-30AC and thermostated column oven CTO-20AC.

Among the available HILIC columns three were chosen: Blue-
Orchid PAL-HILIC 100 mm x 2mm, 1.8 um (Knauer), Ascentis
Express Si 150mm x 2.1mm, 3 wm (Supelco) and Acclaim™
Trinity™ P2 100 mm x 2.1 mm, 3 pm (Thermo Fisher Scientific). A
further discussion of the results obtained with all three columns is
presented in Section 3.1. For the final HILIC method the Acclaim™
Trinity™ P2 column was chosen. Separation conditions for HILIC
and RPLC methods are presented in Table 1.

3. Results and discussion
3.1. Separation of analytes

The main objective was to separate all sweeteners together
with steviol as the main building block of steviol glycosides.
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Table 1
Chosen separation conditions of the chromatographic system for the RPLC and HILIC methods.
RPLC method [9] HILIC method

Column Ascentis® Express C18 (100 mm x 4.6 mm, 2.7 um) Acclaim™ Trinity™ P2 (100 mm x 2.1 mm, 3 pum)

Flow rate 0.8 mL/min 0.6 mL/min

Temperature of thermostated column compartment 40°C 30°C

Injection volume 2l 2l

Analysis time 16 min 18 min

Mobile chase
components

0— 10min 0-30% B
10— 15min 30-70% B
15— 16 min 70% B

Gradient elution

A: MeOH +H,0+ACTN (20+75+5) 0.1% v[v AA
B: ACN+ACTN (95+5) 0.1% v/v AA

A: 40mM NH4Ac pH 6.8
B: ACN 0.01% v/v AA

0— 2min 96% B

2— 11 min 96-87% B
11— 14min 87% B
14— 18 min 87-50% B

Three columns were chosen to develop a method based on the
HILIC approach: BlueOrchid PAL-HILIC, Ascentis Express Si and
Acclaim™ Trinity™ P2. The Ascentis Express Si column is packed
with high purity bare silica (core-shell technology, 0.5 um thick
porous shell with 1.7 pm solid impenetrable core). In the Blue-
Orchid PAL-HILIC a high purity, fully porous silica modified with
polymer amine ligands was used. This column was designed for
the separations in anion exchange and in HILIC modes. Third
column—Acclaim™ Trinity™ P2 is based on nanopolymer-silica
hybrid technology. The sorbent is 3 pm silica coated with charged
particles of a nanopolymer: the inner pores of silica particles
are modified with a covalently bonded hydrophilic layer, while
the outer surface is modified with anion-exchange nanopoly-
mer particles. This approach offers cation exchange retention in
the innerpore region and anion-exchange retention on the outer
surface. Moreover, the hydrophilic surface can be used in HILIC
chromatography.

In HILIC, partitioning mainly occurs between the water-rich
surface and water-deficient bulk mobile phase. In addition to
this mechanism other phenomena are present: adsorption of
molecule’s polar functional groups on the stationary phase, ion
exchange, and partial reversed-phase retention on the hydrophobic
parts of bonded ligands [31].

ACN modified with acetic acid (up to 0.05% v/v) was chosen
as the main organic component in the optimization of chro-
matographic runs. Two buffer solutions: ammonium formate and
ammonium acetate, were tested as the aqueous parts of the mobile
phase. However, better results in term of peak shapes and efficiency
were obtained with NH4Ac buffer on all columns. The initial compo-
sition of mobile phase was identical for all three tested columns. The
mobile phase was composed of ACN (0.01% AA v/v) and 10 mM of
NH4Ac. The initial content of the aqueous component of the mobile
phase was kept at 2-3% to enhance the separation of early eluting
compounds. Further on, the gradient conditions were optimized
to separate later eluting compounds. Additionally, other combina-
tions of aqueous/organic parts of mobile phases were tested: the
amount of NH4Ac buffer was increased (25, 40, 50 up to 75 mM),
together with the amount of AA (up to 0.05% v/v) in the organic
component of the mobile phase. The last step was to choose the
temperature of separation in the range from 30-50°C. Example
chromatograms obtained with BlueOrchid PAL-HILIIC and Ascen-
tis Express Si columns under optimized conditions are presented
in Fig. 1.

Regardless of the mobile phase composition (buffer amount, AA
amount in ACN, initial organic component content) the separation
of the acesulfame-K, saccharin and steviol on Ascentis Express Si
column was not sufficient. These analytes eluted close to the void
time of the system and were poorly separated from each other,
which is typical in the case of the bare silica columns, and was
previously reported [26]. The increased content of buffer (above
10 mM) resulted in small changes in peak shapes and in suppress-

ing the signal. The increased content of AA in ACN (>0.05% v/v)
had similar effect. Moreover, the peaks of neotame, aspartame
and alitame showed severe tailing. The peaks of steviol glycosides
were well separated and the order of elution was correct for HILIC
chromatography—from the lowest to the highest molecular mass.
In the case of separation done on BlueOrchid PAL-HILIC the peak
shapes for tailing compounds (aspartame, alitame) were improved
at the cost of the peak width of saccharin and acesulfame-K. The
optimum buffer concentration in case of this column was 25 mM.
Lower concentrations (5 and 10 mM) yielded poor peak shapes for
aspartame and alitame, while higher concentrations (40, 50 and
75 mM) resulted in overall lower sensitivity. In all experiments the
detection sensitivity was comparable up to 40 mM of NH4Ac buffer,
despite the different gradient programs. Above 40 mM the detec-
tion sensitivity of all transitions was suppressed, probably due to
the increased amount of ions present in the eluate sprayed into the
ionization chamber. In case of separation of steviol glycosides on
BlueOrchid PAL-HILIC, the retention was not characteristic for the
HILIC-type chromatography (reverse retention of rebaudioside C
and A), hence different mechanisms of separation were involved.
Most likely the exposed steviol moiety of rebaudiosides A and C
was attracted to the hydrophobic ligand chain.

The Acclaim™ Trinity™ P2 column was originally designed
for ion chromatography to determine the counter ions of some
pharmaceuticals. This specific sorbent offers HILIC separation
mechanisms as well. A higher buffer content (40 mM) than
suggested by the producer (10 mM as minimal to force HILIC mech-
anism) was applied. The buffer content was increased in order
to saturate the stationary phase sufficiently. Two example chro-
matograms obtained with the Acclaim™ Trinity™ P2 column
with two different buffer concentrations (10 and 40 mM) as aque-
ous mobile phase are presented in Fig. 2. The concentration of
buffer smaller than 40 mM resulted in irregular peak shapes for
ionic compounds (saccharin and acesulfame-K) and substantially
longer retention times for all analytes (see Fig. 2). To reduce reten-
tion times and improve peak shapes the buffer concentration was
increased to 40 mM. Another factor to favor buffer at 40 mM was
the high content of the organic component at the initial conditions
(96%) necessary to separate steviol and shift its peak away from the
dead time. However, buffer concentrations higher than 40 mM of
NH4Ac did not improve neither separation nor peak shapes, while
the detection sensitivity started to decrease, similarly to the pre-
viously described cases. It is suspected that the high concentration
of ions derived from ammonium acetate in the mobile phase (salt-
ing out effect) can limit the formation of hydrogen bonds between
molecules of the analytes and stationary phase. Further analysis
of the mechanism of separation is difficult because of commercial
confidentiality concerning the structure of silica gel with nanopar-
ticles. The order of elution of steviol glycosides with the use of
the Acclaim™ Trinity™ P2 column is classic for HILIC (from the
smallest mass-steviolbioside to the largest mass-rebaudioside A).
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Fig. 1. Example chromatograms of a mixture of standards of sweeteners (50 ng/mL) under optimized conditions: (A) separation on Ascentis Express Si, mobile phase:
A—10mM NH4Ac, B—ACN 0.05% AA v/v, gradient program: 0-5 min 3% A, 5-15 min 3-20% A, 15-20 min 20% A, temperature of column compartment 30 °C, injection volume
2 pL; (B) separation on BlueOrchid PAL-HILIC, mobile phase: A—25 mM NH4Ac, B—ACN 0.05% AA v/v, gradient program: 0-3 min 5% A, 3-15 min 5-45% A, 15-20 min 45% A,

temperature of column compartment 35 °C, injection volume 2 p.L.

Detailed information about chromatographic parameters is pre-
sented in Section 3.2. For further analysis and for comparison
with the previously developed RPLC method [9] the HILIC method
employing the Acclaim™ Trinity™ P2 column was chosen due to
the best peak shapes and separation factors.

3.2. Comparison of chromatographic parameters

Two developed methods based on the HILIC and RPLC modes
were compared in terms of basic chromatographic parameters:
reduced retention time (t'r), width at baseline (w), width at 50%
of height (wsqg), tailing factor at 10% of height (TF;¢y), efficiency
(N) and plate height (H). The compared results are presented in
Table 2.

In case of the RPLC method the smallest tgs values are obtained
for the most polar substances, and the highest for the steviol gly-
cosides. The only part of the molecule of steviol glycosides that
undergoes interactions with the stationary phase in the RPLC mode
(Ascentis Express C18) is the exposed hydrophobic steviol moiety.
In the method using the HILIC mode (Acclaim™ Trinity™ P2) inter-
actions between the stationary phase and the steviol glycosides
mainly involves the carbohydrates attached to the steviol moiety.

The shape and symmetry of the peaks were evaluated on the
basis of w, wsgy and TFgy. The peaks of synthetic sweeteners are
narrower in the case of the RPLC mode than in the case of the
HILIC mode. In contrast, minor differences in the shape of peaks
are observed for steviol glycosides—regardless of the method used.
For both chromatographic methods the TF;gy values are within the

range of typical values, that is, optimal conditions of migration
of analytes through the sorbent were achieved. However, in the
case of the RPLC method the obtained peaks have a tendency for
tailing (TF;9% above 1), while some peaks in the case of the HILIC
method have the fronting tendency (TF;oy below 1). This is proba-
bly related to separation conditions (solute-solute interactions) of
the substances of highly ionic character: acesulfame-K, saccharin
and cyclamate. In order to obtain retention of steviol (low affin-
ity to the stationary phase of the Acclaim™ Trinity™ P2 column)
the chromatographic run has to start with the low elution-strength
mobile phase (4% of component A).

The RPLC method was developed with the column based on
core-shell technology, hence the analytes have a shorter and more
uniform diffusional path in comparison to the column with fully
porous particles, as in the HILIC method. In general, the core-shell
particles are more efficient than fully porous particles, due to the
reduction of the resistance of mass transfer in the mobile and sta-
tionary phases, as well as the reduction of the eddy diffusion.

The number of theoretical plates for the individual peaks is
greater for the method based on the HILIC technique, and this is
particularly apparent for the steviol glycosides and some synthetic
sweeteners. Only in the case of steviol, neotame and alitame the
plate number is significantly lower, due to weak interactions with
the stationary phase (steviol) and the relatively high peak width
(alitame and neotame).

The resolutions for two adjacent peaks were calculated for chro-
matograms obtained with the developed RPLC and HILIC methods,
and the results are presented in Table S2 (Supplementary material).
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Fig. 2. Example of chromatograms of a mixture of standards of sweeteners (50 ng/mL) separated on Acclaim™ Trinity™ P2 column: (A) buffer content 10 mM in aqueous
part of mobile phase, (B) buffer content 40 mM in aqueous component of mobile phase.

Table 2

Comparison of selected chromatographic parameters for two developed methods based on the RPLC [9] and HILIC modes of separation.
Analyte RPLCHILIC tg (min) RPLCHILICw(min) RPLC HILIC wsgy (min) RPLCHILIC TF; 0y RPLC HILIC N (th.) RPLC HILIC H (um)
Acesulfame-K 1.75 7.48 0.157 0.278 0.072 0.134 1.24 0.93 4.1 19.7 24.38 5.06
Saccharin 2.12 8.72 0.166 0.298 0.079 0.140 1.23 0.92 4.8 24.0 20.93 4.16
Aspartame 2.93 12.84 0.149 0.469 0.064 0.213 1.22 1.17 13.1 21.7 7.63 4.60
Sucralose 3.39 7.83 0.130 0.219 0.057 0.100 1.21 0.96 22.0 38.2 4.55 2.62
Cyclamate 3.65 9.06 0.173 0.280 0.073 0.129 1.19 0.93 15.3 304 6.55 3.29
Alitame 4.32 13.77 0.141 0.523 0.059 0.252 1.23 1.21 329 17.8 3.04 5.61
IS 5.85 8.22 0.241 0.292 0.101 0.146 1.08 0.94 19.7 19.9 5.06 5.04
Neohesperidin DC 7.30 12.53 0.128 0.286 0.056 0.127 1.15 0.96 98.2 58.0 1.02 1.72
Neotame 9.78 7.21 0.130 0.343 0.060 0.158 1.13 1.11 153.3 13.2 0.65 7.55
Rebaudioside A 10.34 16.87 0.122 0.136 0.056 0.061 1.11 1.15 196.3 4443 0.51 0.23
Stevioside 10.42 16.59 0.123 0.116 0.056 0.052 1.12 1.17 196.9 590.8 0.51 0.17
Rebaudioside C 11.09 16.38 0.123 0.135 0.056 0.056 1.13 1.16 222.5 503.4 0.45 0.20
Dulcoside A 11.38 15.91 0.123 0.128 0.057 0.055 1.11 1.15 2314 493.2 043 0.20
Steviolbioside 12.35 15.80 0.103 0.141 0.047 0.059 1.14 1.04 395.0 427.7 0.25 0.23
Steviol 15.07 1.36 0.108 0.143 0.049 0.062 1.10 1.15 530.8 2.7 0.19 37.11

t'r—reduced retention time, w—width at baseline, wsoy—width at 50% of peak height, TF;oy—tailing factor at 10% of height, N—efficiency, H—plate height.

For the RPLC mode of separation all peaks are well separated (Rs
above 1.5), except rebaudioside A and stevioside (Rs 1.2). As men-
tioned before, only the steviol part of the molecule is involved in
the separation mechanism on the Ascentis Express C18 column, and
this might be the reason for the lower Rs. In case of the HILIC mode
of separation, three pairs (neotame-acesulfame-K, neohesperidin
DC-aspartame and steviolbioside-dulcoside A) are not completely
resolved (Rs 1.1-1.2). This is probably connected with the limita-
tions of the column stationary phase and gradient changes.

Supplementry material related to this article found, in the online
version, at http://dx.doi.org/10.1016/j.jpba.2016.01.006.

3.3. Within laboratory validation

3.3.1. Calibration

For both methods a seven-point calibration curve was made
by plotting the ratio of the peak area of the analyte to the peak
area of IS versus concentration. Two concentration ranges were
used for synthetic and natural sweeteners (see Section 2.3). The
obtained calibration curves were linear in the tested concentration
ranges. Weighting factor 1/x was applied to all calibration curves in
order to increase accuracy at the lower concentration range. Limit
of detection (LOD) values were estimated using the following for-
mula; LOD =3.3S,,/a, where S, is the standard deviation of intercept
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Table 3

Quantification and validation data for artificial sweeteners and steviol glycosides for the RPLC and HILIC methods.
RPLC [9]
Analite Calibration curve equation (7 points, n=3) Sa Sh r LOD (ng/mL) LOQ (ng/mL)
Acesulfame-K y=0.04286x+0.099 0.00079 0.059 0.9987 4.52 13.56
Saccharin y=0.004583x+0.0025 0.000025 0.0018 0.9997 1.32 3.95
Aspartame y=0.04189x — 0.070 0.00028 0.021 0.9996 1.63 4.90
Sucralose y=0.010964x —0.0158 0.000062 0.0046 0.9997 1.38 4.14
Cyclamate y=0.02994x — 0.0454 0.00013 0.0098 0.9998 1.08 3.23
Alitame y=0.02816x — 0.024 0.00021 0.015 0.9994 1.78 535
Neohesperidin DC y=0.011370x - 0.0362 0.000095 0.0070 0.9993 2.04 6.12
Neotame y=0.04840x — 0.124 0.00045 0.033 0.9991 2.28 6.84
Rebaudioside A y=0.004872x —0.0012 0.000020 0.0029 0.9998 1.98 5.95
Stevioside y=0.004625x — 0.0005 0.000019 0.0029 0.9998 2.04 6.11
Rebaudioside C y=0.016005x —0.011 0.000071 0.010 0.9998 2.16 6.48
Dulcoside A y=0.007403x - 0.0168 0.000035 0.0052 0.9997 2.33 7.00
Steviolbioside y=0.002522x+0.0022 0.000014 0.0021 0.9997 2.69 8.08
Steviol y=0.05032x+0.131 0.00028 0.042 0.9997 2.74 8.23
HILIC
Acesulfame-K y=0.02930x +0.047 0.00026 0.019 0.9993 2.14 6.42
Saccharin y=0.0019827x — 0.00231 0.0000066 0.00048 0.9999 0.81 242
Aspartame y=0.003794x — 0.0193 0.000018 0.0013 0.9998 1.11 3.33
Sucralose y=0.004268x +0.0029 0.000039 0.0029 0.9992 2.24 6.73
Cyclamate y=0.018984x — 0.0094 0.000057 0.0042 0.9999 0.74 221
Alitame y=0.003217x-0.0175 0.000017 0.0012 0.9998 1.20 3.60
Neohesperidin DC y=0.0005855x —0.00218 0.0000062 0.00046 0.9989 2.59 7.78
Neotame y=0.04902x — 0.145 0.00032 0.023 0.9996 1.57 4.70
Rebaudioside A y=0.00013818x —0.002533 0.00000047 0.000089 0.9999 2.12 6.37
Stevioside y=0.00010864x — 0.00194 0.00000051 0.00010 0.9998 3.13 9.40
Rebaudioside C y=0.0003665x — 0.00769 0.0000017 0.00031 0.9998 2.83 8.50
Dulcoside A y=0.0002334x — 0.00413 0.0000010 0.00020 0.9998 2.88 8.65
Steviolbioside y=0.00006585x — 0.001302 0.00000025 0.000047 0.9998 2.36 7.08
Steviol y=0.06131x — 0.806 0.00032 0.061 0.9997 3.30 9.89

S, standard deviation of the slope, S, standard deviation of the intercept, r correlation coefficient, LOD limit of detection, OQ limit of quantitation, n number of measurements.

and a is the slope of the calibration curve. To estimate limit of quan-
titation (LOQ) values the LOD values were multiplied by three. The
figures of merit for the RPLC and HILIC methods are presented in
Table 3. In general the LOD values obtained for a given analyte are
comparable regardless of the method used (RPLC or HILIC). How-
ever, some exceptions can be noticed for example acesulfame-Kand
sucralose. The high content of ACN in the mobile phase in the HILIC
method results in increased detection sensitivity, which partially
compensates for the wider peaks of aspartame and alitame. Chro-
matogram corresponding to the lowest calibration point (5 ng/mL,
HILIC mode) is shown in Fig. S1.

Supplementry material related to this article found, in the online
version, at http://dx.doi.org/10.1016/j.jpba.2016.01.006.

3.3.2. Trueness and repeatability

The trueness and repeatability of the results of the two meth-
ods were estimated on the basis of the recovery of analytes from
spiked samples. The procedure for the preparation of spiked sam-
ples was presented before [9]. Six independent analyses were done
for each of the three levels of concentration for both methods. The
recoveries of individual analytes are summarized in Table 4. Recov-
eries for the RPLC method vary from 97.0 to 105.7%, with relative
standard deviations (RSDs) in the range of 0.4-4.1%, while recover-
ies for the HILIC method vary from 99.3 to 106.2%, with RSDs from
0.8 to 4.2%. From these results it can be concluded that both meth-
ods are comparable in terms of trueness and precision. No matrix
effects were observed for either of the methods, mainly because of
the high dilution of the sample, sufficient separation, and use of IS.

Six analyses were performed on three consecutive days for
a spiked sample of the desired concentration. The results were
used to check the next parameter validation-repeatability. Detailed
data about recovery for repeatability estimation are presented in
electronic Supplementary material (Table S3). Again, no signifi-

cant differences were observed, and recoveries were in the range
97.6-105.5%, with RSDs range 1.1-4.5% for the RPLC method, and
recoveries from 98.5 to 105.0% with RSDs 1.1-4.4% for the HILIC
method.

Supplementry material related to this article found, in the online
version, at http://dx.doi.org/10.1016/j.jpba.2016.01.006.

3.3.3. Comparison of precision and accuracy by the F-Snedecor
and t-Student tests.

In order to compare the precision of both developed methods
the F-Snedecor («=0.05) test was applied. The obtained values
were compared with the F_sca (5.05) value. The results are pre-
sented in electronic Supplementary material (Table S4). For most
of the compounds there is no statistically significant difference in
precision. The obtained values do not exceed Fyjsic, and these two
methods do not differ in term of precision in a statistically signifi-
cant manner. However, some values are close to Fgitica- In order to
verify the accuracy of both methods the Student t-test was applied
for all the results. The obtained values were compared with the
teritical Value (2.23) for the Student t-test. For the four compounds
(cyclamate, neohesperidin DC, rebaudioside A, dulcoside A) it can
be observed that both methods differ statistically in terms of accu-
racy for two tested concentrations (titica) is €xceeded). The values
for acesulfame-K, saccharin and steviolbioside are exceeded for one
tested concentration.

Supplementry material related to this article found, in the online
version, at http://dx.doi.org/10.1016/j.jpba.2016.01.006.

It should be noted that different integrating peak algorithms
in LabSolution software were used for chromatograms obtained
with the RPLC and HILIC methods. The integration of wider and
tailing peaks is problematic, hence the differences in accuracy.
Results from validation clearly indicate the usefulness of the devel-
oped methods for identifying and quantifying artificial and natural
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Fig. 3. Examples of chromatograms obtained for real samples with the HILIC method. From the top: CNA1, NCNA6 and CA4.

sweeteners in beverage samples, despite the differences between
accuracy and precision. No significant or observable matrix effects
were found during analysis.

4. Analysis of real samples

Twenty-four samples from different producers of soft and alco-
holic drinks, including three instant drinks, were analyzed with the
described HILIC method and previously published [9] RPLC method.
Majority of the tested samples contained high-potency sweeteners.
Three samples were labelled as free of sweeteners. All samples were
prepared with the procedure described in Section 2.4. The equa-
tions of calibration curves for each analyte were used to determine
the content of substances with high sweetening power in samples

of soft and alcoholic drinks. The results of HILIC analyses are sum-
marized in electronic Supplementary material (Table S5). Example
chromatograms obtained during the analysis of the samples by the
HILIC method are shown in Fig. 3.

Supplementry material related to this article found, in the online
version, at http://dx.doi.org/10.1016/j.jpba.2016.01.006.

5. Conclusions

The developed methods allow the separation and quantifica-
tion of substances of various natures exhibiting high sweetening
power. In the case of a HILIC-type separation it is possible to com-
pletely resolve the steviol glycosides with better efficiency than
in the case of RPLC-type separation. For some of the compounds,
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Table 4
Recoveries of analytes at three independent concentrations.

RPLC [9] HILIC

Recovery (RSD) (%) of analyte (n=6)

Analyte 10 x 10° ng/mL 25 x 10% ng/mL 60 x 103 ng/mL 10 x 10% ng/mL 25 % 10% ng/mL 60 x 10° ng/mL
Acesulfame-K 100.4 (2.5) 103.5 (2.3) 102.2 (0.6) 99.4(3.2) 105.3 (1.0) 106.2 (0.9)
Saccharin 100.2 (1.9) 97.0(1.9) 99.0 (1.8) 102.7 (2.4) 100.5 (1.7) 99.8 (1.5)
Aspartame 103.3 (2.7) 100.3 (1.1) 102.0 (1.4) 103.0 (3.1) 1024 (2.4) 100.6 (1.9)
Sucralose 104.4 (2.1) 103.0 (1.9) 100.5 (2.4) 103.2 (4.1) 102.7 (1.1) 99.6 (1.7)
Cyclamate 101.4(1.7) 98.0 (2.0) 98.9(1.1) 105.7 (1.1) 102.8 (1.4) 98.6 (0.8)
Alitame 103.8 (2.4) 101.3 (1.4) 101.7 (2.9) 102.9 (0.7) 100.7 (2.1) 101.4 (1.0)
Neohesperidin DC 101.9 (3.3) 100.3 (2.3) 98.4(1.3) 100.1 (2.8) 103.2 (1.1) 100.4 (1.5)
Neotame 102.4(1.8) 99.5 (1.6) 102.1(1.9 101.4(233) 101.3 (2.5) 100.7 (2.8)
Rebaudioside A 98.4 (2.1) 101.4(2.9) 103.1 (1.4 103.3 (2.6) 100.0 (1.5) 99.9(1.6)
Stevioside 102.9 (1.3) 102.4 (3.1) 1015 (1.7 101.9 (1.4) 103.9(1.9) 100.7 (1.2)
Rebaudioside C 103.1 (3.4) 102.0 (3.1) 101.9 (2.2 102.1 (4.1) 99.5 (1.5) 102.0 (1.5)
Dulcoside A 105.7 (3.6) 102.6 (2.4) 102.9 (1.4 99.3 (3.5) 99.9 (0.8) 101.0 (1.4)
Steviolbioside 98.0 (4.1) 1003 (1.8) 102.7 (3.4 101.8 (2.4) 104.0 (1.0) 99.2 (2.8)
Steviol 103.6 (2.8) 100.7 (1.7) 102.1 (25 103.4 (3.7) 100.6 (1.5) 100.7 (2.5)

such as acesulfame-K, neohesperidin DC, neotame and steviol, RPLC
separation is superior to HILIC. However, this is closely related to
the physicochemical properties of the molecules and their affin-
ity to the stationary phase. Acesulfame-K as an ionic compound
may require specific chromatographic conditions (pH below 3). In
the case of HILIC-type separation the pH is above 6, and the amino
group of acesulfame-K is protonated, and this might be the reason
for the wider peak of this compound, hence lower efficiency. For
neohesperidin DC the significant difference in efficiency may result

[4] R. Lemus-Mondaca, A. Vega-Galveza, L. Zura-Bravo, K. Ah-Hend, Stevia
rebaudiana Bertoni, source of a high-potency natural sweetener: a
comprehensive review on the biochemical, nutritional and functional aspects,
Food Chem. 132 (2012) 1121-1132.

[5] Regulation (EC) No 1333/2008 of the European Parliament and of the Council
of 16 December 2008 on food additives.

[6] Commission Regulation (EU) No 1129/2011 of 11 November 2011 amending
Annex II to Regulation (EC) No 1333/2008 of the European Parliament and of
the Council by establishing a Union list of food additives.

[7] Commission Regulation (EU) No 1131/2011 of 11 November 2011 amending
Annex Il to Regulation (EC) No 1333/2008 of the European Parliament and of
the Council with regard to steviol glycosides (2011) L295:205.

from the presence of other hydrophilic parts of its molecule, except [8] Commission Implementing Regulation (EU) No 872/2012 of 1 October 2012
moieties of simple sugars. The hydroxyl groups at the phenyl rings ad0p71ng t;le list of ﬂavoringlsubstancesd pr?vided for bly Regucllation (EC)No
: : : : 2232/96 of the European Parliament and of the Council, introducing it in
may be mvolveq in the separaFlon mEChamsm‘ The neotame _has Annex I to Regulatiolil (EC) No 1334/2008 of the European Parliamegnt and of
two hydrophobic parts: the aliphatic chain and the phenyl ring. the Council and repealing Commission Regulation (EC) No 1565/2000 and
These two parts may partially cover the hydrophilic parts (car- Commission Decision 1999/217/EC (2012) L267:1.
[9] P. Kubica, J. Namie$nik, A. Wasik, Determination of eight artificial sweeteners

boxylic groups), hence the interactions with the stationary phase
might be disturbed. The steviol molecule is the key element in all
steviol glycosides, although as a molecule it is hydrophobic and
difficult to separate in the HILIC mode. The steviol molecule might
be a marker of the freshness of products, since steviol glycosides
may decompose in time (losing moieties of simple sugars) with the
formation of steviol.

The two developed methods (HILIC and RPLC) may be used
independently or interchangeably, depending on needs, in order to
control the content of each sweetener in beverages. The methods
provide short analysis time, high repeatability, and simple sample
preparation, whichis reduced to a minimum and involves only dilu-
tion and centrifuging. Using both methods, it is possible to achieve
low LODs, high recovery values and good repeatability of results,
and make these methods suitable for food quality and safety con-
trol. The method using the Acclaim™ Trinity™ P2 column is the
first HILIC application where separation of acesulfame-K, saccharin
and sucralose is achieved, and the results are comparable to those
obtained in RPLC modes.
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Figure S1. Chromatogram corresponding to the lowatibration point (5 ng/mL, HILIC mode)
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Table S1. Monitored ion transitions, their parametand optimal MS/MS operational parameters

Collision energy

Compound Polarity lon transition Q1 Prebias (V) V) Q3 Prebias (V)
acesulfame-K - 161.80-82.00 17 15 30
saccharin - 181.80-41.95 18 27 14
aspartame + 294.90-120.10 -30 -14 -19
sucralose - 454.85- 395.05* 22 11 17
cyclamate - 177.90-79.95 18 26 30
alitame + 332.10-129.15 16 15 20
IS - 192.20-.79.90 14 28 30
neohesperidin DC - 611.00-303.20 26 37 30
neotame + 379.00-.172.15 -18 -21 -19
rebaudioside A - 966.20- 804.25 38 26 40
stevioside - 803.30-.641.15 30 29 30
rebaudioside C - 949.15-.787.20 38 33 38
dulcoside A - 787.15-625.20 32 22 30
steviolbioside - 641.25-.479.25 24 42 22
steviol - 317.40-,317.40** 24 15 30

*adduct with acetic acid
**compound does not undergo fragmentation

MS/MS operation parameters

Interface Heat Block Drying Gas Flow

Nebulising Gas Heating Gas Flow DL Temperature o h
Flow (L/min) (L/min) Tenleg;ature ¢C) Temperature ("C) (L/min)
3 10 350 250 500 10

DL — Desolvation line

Table S2. Resolution factors between adjacent patatiesned for two developed methods - HILIC
and RPLC.

RPLC HILIC
Rs (-) Rs (-)

RSacesultam-k, saccharir 2.9 Rsteviol neotame 34.2
RSsaccharir aspartam 6.7 R$heotam, acesuitam-k) 11
RSaspartami sucralose 4.5 Racesultam-k, sucralose 1.8
RSsucralose cyclamate 2.4 R$sucralost 1s) 1.9
RScyclamate alitame 6.0 R$is, saccharir 2.1
RSaiitame 1s) 11.3 R&accharir cyclamate 1.6

RSis, neoheseperid bc) 10.9 | Rg&yclamateneohesperidinc)  15.9

RSneohesperid\ DC, neotame 251 R@leohesperid\ DC, aspartame 11

Rs(neotame rebaudiosid A) 5.7 R%spartamn alitame 2.4
Rarebaudiosid A, stevioside 1.2 R%Iitame steviolbioside 7.7
RSstevioside rebaudiosidcy /-0 RSsteviolbioside dulcosidt A) 11

RSrebaudiosid C, dulcosid( A) 3.0 R%‘Julcosim A, rebaudiosid C) 5.0

RS(dulcosidt A, steviolbioside 11.0 Rﬁebaudiosid C, stevioside 2.3

Rs(steviolbioside steviol) 33.3 R&tevioside rebaudiosid A) 29
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Table S3. Recovery values used for estimationpéatability.

RPLC HILIC

Recovery (RSD) (%) of the analyte (n=6) 60*h@/mL
Analyte Day 1 Day 2 Day 3 Day 1 Day 2 Day 3
acesulfame-K 103.9 (1.5) 103.5(1.9) 104.0 (2.p) 1.401.9) 104.5 (3.1) 103.7 (1.2)
saccharin 103.0 (2.9) 103.9 (3.5) 105.2 (2.4) 102.5) 101.6 (2.5) 102.1 (3.2)
aspartame 98.4 (1.8) 102.2 (1.2) 101.8 (21) 13BP 103.7 (3.4) 102.8 (2.6)
sucralose 103.6 (1.9) 99.6 (2.5) 98.5 (2.6) 1029)( 102.4 (2.7) 104.3 (2.6)
cyclamate 97.6 (1.3) 98.9 (1.2) 100.0 (1.5) 99.8)(1 99.5(3.3) 102.6 (2.4)
alitame 97.8 (2.5) 98.7 (2.1) 97.9 (1.5 98.9 (2.8) 101.0(1.8) 103.2 (1.5)
neohesperidin DC 98.8 (1.1) 100.0 (2.3) 101.6 (2.9 102.6 (1.6) 103.4 (3.2) 102.1 (2.8)
neotame 97.6 (1.2) 97.0 (1.5) 98.1 (1.5 104.9)(3.7 103.9 (2.2) 105.0 (3.1)
rebaudioside A 103.3 (2.3) 103.0 (1.8) 101.6 (2.3) 101.7 (4.4) 102.6 (3.1) 101.3 (4.0)
stevioside 102.1 (2.5) 98.3 (1.3) 99.4 (2.7 1@3.8) 101.9 (4.3) 104.2 (2.2)
rebaudioside C 103.6 (3.0) 102.4 (1.3) 102.1 (2{1) 98.9 (2.4) 99.2 (1.6) 98.7 (2.3)
dulcoside A 105.5 (4.5) 103.2 (1.4) 104.0 (1.8) .103.5) 101.7 (2.6) 102.3 (3.7)
steviolbioside 101.9 (2.5) 98.9 (3.6) 98.2 (4. 2.502.4) 98.5 (2.9) 101.5(1.4)
steviol 104.6 (2.9) 98.6 (1.3) 100.8 (2.9) 100.2)2 102.4(1.1) 101.2 (1.8)

Table S4. Comparison of precision and accuracy esfults obtained with RPLC and HILIC

methods based on the values obtained by F-Snetkstaand Student t-test

F-Snedecor test {f.a=5.05)

Student t-test {ica=2.23)

F. F> Fs t t t3
Analyte (10x1G (25x10 (60x1C (10x1G (25x10 (60x1G
ng/mL) ng/mL) ng/mL) ng/mL) ng/mL) ng/mL)
acesulfame-K 1.61 5.01 2.43 0.60 1.69 8.63
saccharin 1.68 1.16 1.42 1.97 3.41 0.84
aspartame 1.31 4.96 1.79 0.17 1.91 1.44
sucralose 3.72 3.00 2.03 0.62 0.33 0.75
cyclamate 2.20 1.85 1.90 5.07 4.84 0.55
alitame 4.93 2.22 478 0.36 0.58 0.26
neohesperidin DC 1.44 4.13 1.39 1.01 2.76 2.48
neotame 1.60 2.53 2.11 0.82 1.47 1.00
rebaudioside A 1.69 3.84 1.23 3.54 1.04 3.64
stevioside 1.14 2.59 2.04 1.25 0.98 0.93
rebaudioside C 1.43 4.49 2.15 0.45 1.75 0.09
dulcoside A 1.20 3.71 1.04 3.04 3.81 2.31
steviolbioside 2.70 3.01 1.58 1.98 4.35 1.92
steviol 1.74 1.29 1.03 0.10 0.11 0.96
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Table S5. Concentrations of all found sweetenersoiit and alcoholic drinks: analysis of real

samples. Only detected compounds are shown

acesulfame-K  saccharin  aspartameyclamate neohesperidin D@&baudioside A steviosid®  rebaudioside € steviolbiosid®

MUD?in drinks

(x10° ng/mL) 350 80 600 250 30 60

Content of sweeteners (**lfig/mL) * SD (n=3)

Type Name

CNA1 0.93+0.1% 35.8+1.0 0.6326+0.0075
Carbonated CNA2 None detected, in accordance with product label
non- CNA3 None detected, in accordance with product label
alcoholic cNA4 1.02+0.1%
CNA5 16.84+0.31 10.23+0.11 2.749+0.044
NCNA1 12.39+0.092
NCNA2 17.116+0.066
NCNA3 10.34+0.33 7.908+0.091 1.882+0.060
NCNA4 2.990+0.024 54.17+0.79 12.05+0.33 2.776+0.064
Non-  NCNA5 9.02+0.46 6.30+0.30 1.326+0.054
carbonatedycnae 16.30:0.49  6.895:0.099  0.907+0.040  0.436:0.054
al:gr?(;nc NCNA7 10.95+0.15
NCNAS8 48.37+0.63 27.73+0.59 1.691+0.054 0.790+0.037
NCNA9 21.80+0.26 14.48+0.39 0.7079+0.0027
NCNA10 34.5+1.2 0.7175+0.0011
NCNA11 50.7+1.1 0.728+0.023
CAl 18.08+0.39 0.4747+0.0055
CA2 160.8+0.26 0.423+0.044
C;chc?hngitsd CA3 None detected, in accordance with product label
CA4 8.86+0.28 6.20+0.24 10.48+0.8735.4+1.0
CAS5 23.47+0.43 66.14+0.69
Quantumsatis
Instant  |DP1 2.14+0.053
drink IDP2 2.13+0.13
powders |DP3 2.726+0.095 1.179+0.044 0.4172+0.0057

& maximum usable dose set Directive 94/35/EC of the European Parliament airtti® Council of 30 June
1994 and commission regulation (EU) no. 1131/2G111dNovember 2011

® expressed as steviol equivalents

© MUD expressed as the sum of steviol equivalant®rding to commission regulation (EU) no. 1131120
of 11 November 2011

4not specified on the product label
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Jest to pierwszy przykiad kompletnego rozdzieleo@ej grupy zwizkow
intensywnie stodgcych za pomagtechniki HILIC. Dotychczasowe doniesienia naukowe
nie prezentowaly kompletnego rozdzielenia oraz piezentowaly jednoczesnego
rozdzielenia i oznaczenia sztucznych oraz natucalryvgzkdéw intensywnie stodgych.

Z wykorzystaniem obu technik uzyskano po raz piegwsozdzielenie wszystkich
substancji intensywnie stoglzych (oprécz taumatyny) dopuszczonych do stosowania
Unii Europejskiej podczas jednego cyklu analitygameW badaniach uwzgdniono
syntetyczne i potsyntetyczne substancje sjodzoraz substancje pochodzenia naturalnego
— stewiol i glikozydy stewiolowe, stosowane wzmgch produktach spgwczych W
przypadku ukiadu typu HILIC nutiwe jest catlkowite rozdzielenie glikozyddow
stewiolowych z lepsg sprawndcia niz w przypadku uktadu typu RPLC. Opracowane
metodyki mog by¢ wykorzystywane niezataie lub zamiennie w celu kontroli zawaito
substancji o diej mocy stodzcej. Metodyki zapewniaj krotki czas analizy
chromatograficznej oraz wysslpowtarzalné¢, a przygotowanie probek jest zredukowane
do niezlgdnego minimum.

Uzyskane wyniki potwierdzajprzydatné¢ opracowanych metodyk, ktére mpg
znalez¢ zastosowanie w kontroli zawaéto poszczegolnych substancji ozéyimocy sto-

dzacej w prébkach napojow.
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5. Podsumowanie

Gtownym zataeniem bada realizowanych w ramach pracy doktorskiej byto
opracowanie nowych metodyk analitycznych z wykotaygem techniki HILIC, ktora jest
nowy i ciaggle rozwijapca sie odmiary chromatografii cieczowej. Unikalny charakter od-
dziatlywar oraz szerokie midiwosci wykorzystania tej techniki magstanowt interesu-
jaca alternatywe do juz wprowadzonych rozwean. Dzigki zaprezentowaniu nitiwosci
techniki HILIC, jej potencjalne wykorzystanie jalskutecznego nagdzia analitycznego
ciggle wzrasta. Warunki chromatograficzne, ktégengkorzystywane podczas rozdziela-
nia substancji polarnych sredniopolarnych g bardziej przyjazne detektorom z kompor
rozpylagca, np. spektrometrowi mas zaddtem typu ESI, dzki wysokiej zawartéci
acetonitrylu w fazie ruchomej. W zgwiku z tym maliwe jest uzyskanie wkszej czutdci.
Niestety, zwgkszona czulst jest czasem niwelowana przez otrzymywanie gorspah
rametrow piku (np. szeroké u podstawy) w porownaniu do tych otrzymywanychagta-
sowaniem techniki RPLC. Technika HILIC jest trugsza w opanowaniu i implementacji
niz pozostate techniki chromatograficzne. g¢é se to z tym, ze mechanizm retencji
zwigzkow jest skomplikowany, poniewaopiera s§ na kilku rodzajach oddziatywia
Trudno przewidzié wptyw poszczegolnych parametréw chromatografichntakich jak:
stezenie buforu, pH fazy ruchomej i #6 oraz rodzaj dodatku modyfikatora organicznego
na retengj i ksztatt otrzymywanych pikow. Istofrwady jest dhiszy czas potrzebny na
stabilizacg warunkéw panujcych w kolumnie typu HILIC. Warstwa eluentu o podwy
szonej zawarkei wody musi st odbudowa wokot ziaren wypetnienia po kdej analizie
chromatograficznej. Problem ten zosta¢scrowo rozwipzany przy zastosowaniu kolumn
z wypetnieniem porowato-rdzeniowym — wymagaje znacznie krotszego czasu stabili-
zacji. Ponadto, w czasie stabilizacji thove jest zwekszenie oljtosciowego przeptywu
strumienia fazy ruchomej, co rowniekraca czas potrzebny do odnowienia ptkaavych
warunkéw chromatograficznych.

Technika HILIC zostata zaprezentowana jako uzupeiri oraz skuteczna alter-
natywa w rozdzielaniu szerokiej gamy zmkow. Celem badabyto przyblizenie mali-
wosci techniki HILIC oraz zaprezentowanie szerokichzhiveosci zastosowania tej tech-
niki podczas analiz chromatograficznych i oznacanibstancji nalgcych do ré@nych
grup zwpzkow chemicznych. Mma traktowd technile HILIC jako skuteczg alterna-
tywe dla innych technik chromatograficznych w wielu dyslinach naukowych, takich jak

diagnostyka medyczna czy kontrola jagigoroduktéwzywnaosciowych.
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