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Abstrakt

Predkladand disertacni prace se zabyva podrobnou charakterizaci a vyuZzitim
riznych moda kapalinové chromatografie s vice interakénimi mechanismy pro analyzu
biologicky aktivnich latek, jako jsou naptiklad peptidy, proteiny nebo terapeutické
oligonukleotidy. V prvni ¢asti prace byl detailn€¢ studovan retencni/interakéni
mechanismus vybranych reverznich a mix-mdd stacionarnich fazi, a to s velkym dirazem
na popis elektrostatickych interakei. Pro jejich detailni charakterizaci byla vyvinuta nova
metoda vyuZzivajici Cist¢ vodné mobilni faze sriznymi hodnotami pH a modelové
permanentn¢ nabité analyty (vCetné anorganickych aniontl). Bylo ukazano, ze
elektrostatické interakce mohou byt disledkem pfitomnosti nejen ligandu s iontoveé
vyménnym charakterem (na mix-mod stacionarnich fazich), ale i residudlnich
disociovanych silanolovych skupin.

Pro popis reten¢niho chovani peptidi a proteinti, tedy analytd zwitterionické
povahy, byly vybrany stacionarni fdze s mix-mod charakterem. Retence i tvar pikti v téchto
systémech jsou zasadné ovlivnény nejen pH vodné slozky mobilni faze, ale také
koncentraci pufru. S cilem vyvinout jednoduché metody pro on-line Stépeni proteinii byly
charakterizovany chromatografické kolony s imobilizovanym trypsinem z hlediska vlivu
chromatografickych podminek (teplota, pH mobilni faze, pritok, obsah organické slozky
mobilni faze) na aktivitu imobilizovaného trypsinu. V optimalizovanych podminkach bylo
provedeno on-line $té€peni riiznych proteind s naslednou separaci na mix-méod koloné.
Ziskané vysledky byly porovnany s off-line §t€penim pomoci ,,spin kolonek®, v pfipadé
cytochromu C 1 s analyzou jeho komeréné dostupného nastépeného standardu.

Terapeutické thiofosfatové oligonukleotidy byly charakterizovany a analyzovany
ve dvou riznych modech, a to iontové-parovou chromatografii na reverznich fazich
a hydrofilni interakéni kapalinovou chromatografii. Oba systémy v optimalizovanych
podminkach neposkytuji separaci diastereomerti, coz je klicové pro jejich spolehlivou
analyzu. V prvnim zminéném moddu byl podrobné studovan vliv separacni teploty, typu
a koncentrace jak iontové-parového Cinidla, tak i jeho protiiontu na potlaeni separace
diastereomerti a rozliSeni oligonukleotidli s riiznou délkou (n a n-x). Zjistény vysoky
potencial hydrofilni interakéni kapalinové chromatografie a jeji kompatibilita s hmotnostni
detekci byly vyuzity pii separaci a identifikaci necistot a metabolitd terapeutického

oligonukleotidu nusinersenu.



Abstract

The presented dissertation thesis focuses on the detailed characterization and
utilization of various modes of liquid chromatography with multiple interaction
mechanisms for analysis of biologically active compounds, such as peptides, proteins or
therapeutic oligonucleotides. In the first part of the thesis, the retention/interaction
mechanisms of selected reversed-phase and mixed-mode stationary phases were
investigated thoroughly, with a strong emphasis on describing electrostatic interactions.
For their detailed characterization, new method using pure aqueous mobile phases with
different pH values and model permanently charged analytes (including inorganic anions)
was developed. It’s important to note that electrostatic interactions can be arise not only
from the presence of ligands with ion-exchange properties (mixed-mode stationary phases)
but also from residual dissociated silanols.

To describe the retention behavior of peptides and proteins, i.e. zwitterionic
compounds, stationary phases with mixed-mode character were selected. The retention and
peak shape in these systems are fundamentally affected not only by pH of aqueous part of
the mobile phase, but also by the buffer concentration. With the aim of developing a simple
method for on-line protein digestion, chromatographic columns with immobilized trypsin
were characterized in terms of the effects of chromatographic conditions (temperature, pH
of the mobile phase, flow rate, content of organic modifier in the mobile phase) on the
activity of immobilized trypsin. Under optimized conditions, several proteins were on-line
digested, followed by the separation of digests using mixed-mode column. The results were
compared with off-line digestion using trypsin spin columns and, in the case of cytochrome
C also with analysis of its commercially available digested standard.

Therapeutic phosphorothioate oligonucleotides were characterized and analyzed in
two different modes, namely ion-pairing reversed-phase liquid chromatography and
hydrophilic interaction liquid chromatography. Both systems do not provide separation of
diastereomers under optimized conditions, which is crucial for their reliable analysis. In
the first mentioned mode, the effect of the separation temperature, type and concentration
of both the ion-pairing agent and its counterion on the suppression of diastereomeric
separation and the resolution of oligonucleotides of different lengths (n and n-x) was
comprehensively inspected. The discovered high potential of hydrophilic interaction liquid
chromatography and its compatibility with mass detection were utilized for separation and

identification of impurities and metabolites of the therapeutic oligonucleotide nusinersen.
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Seznam zkratek a symboli

ZKkratky
ACN
AmAc
AEX
BAPNA
BEH
C8
C18
CE
CEX
CSH
DBAA
DEA
DEAA
DHAA
DIPAA
DPA
DPAA
FP
GC
HA
HAA
HFIP
HILIC
HPLC
HSS
IEC
IMER
IP
IPRPLC
LFER
MeOH

acetonitril

octan amonny

aniontové-vymeénny charakter
N-a-benzoyl-L-arginin 4-nitroanilid hydrochlorid
,bridged ethylene hybrid*

oktylova skupina

oktadecylovéa skupina

kapilarni elektroforéza
kationtové-vyménny charakter

,charged surface hybrid*
dibutylamonium acetat

diethylamin

diethylamonium acetat

dihexylamonium acetat
diisopropylamonium acetat
dipropylamin

dipropylamonium acetat

fluorfenyl

plynové chromatografie

hexylamin

hexylamonium acetat
hexafluorisopropanol

hydrofilni interak¢ni kapalinova chromatografie
vysokoucinna kapalinové chromatografie
,high strength silica®

iontové-vyménna chromatografie

»immobilized enzyme reactor* (imobilizovany enzymaticky reaktor)

iontoveé-parovy

iontoveé-parova chromatografie na reverznich fazich

,linear free energy relationship* (line4rni vztah volnych energii)

methanol
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MF
MM
MMC
MS
NPLC
OAA
ON
PFP

PH
POM
PS
RPLC
SEC

SF

SFC
TEA
TEAA
TIC
TMFA"
UHPLC
4-CBC
4-CDC
4-CIC
4-CPRC
4F-NPP

mobilni faze

mix-mod

mix-mod chromatografie

hmotnostni spektrometrie

normalni méd kapalinové chromatografie
oktylamonium acetat

oligonukleotid

pentafluorfenyl

fenyl-hexyl

polarné-organicky mod

thiofosfat

reverzni mod kapalinové chromatografie
molekulova vylucovaci chromatografie
stacionarni faze

sub/superkritickd fluidni chromatografie
triethylamin

triethylamonium acetat

,total ion recording*

trimethyfenylamonny kationt
ultra-vysokoucinna kapalinovéa chromatografie
4-chlor-N-butylkathinon

4-chlor-N, N-dimethylkathinon
4-chlor-N-isopropylkathinon
1-(4-chlorfenyl)-2-pyrrolidin-1-yl-pentan-1-on
1-(4-fluorfenyl)-2-(isopropylamino)pentan-1-on

kyselost vodikové vazby (LFER)
regresni koeficient LFER rovnice
faktor asymetrie

basicita vodikové vazby (LFER)
regresni koeficient LFER rovnice

usek LFER rovnice
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regresni koeficient LFER rovnice
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regresni koeficient LFER rovnice

rozsah molérni refrakce (LFER)

regresni koeficient LFER rovnice

Sitka vzestupné ¢asti piku v 5 % jeho vysky
hydrofobicita (Walterstv test)

retencni faktor

reten¢ni faktor uridinu (Tanaktv test)

koeficient determinace

rozliSeni dvou pikt

dipolarita/ polarizibilita (LFER)

regresni koeficient LFER rovnice

silanolova aktivita (Walterstv test)

mrtvy ¢as

reten¢ni Cas

McGowantv charakteristicky objem (LFER)
regresni koeficient LFER rovnice

Sitka piku v 5 % jeho vysky

Sitka piku v 50 % jeho vysky

pocet thiofosfatovych substituci

celkovy efektivni naboj

selektivita

aniontové-vymeénny charakter staciondrni faze (Tanakiv test)
selektivita k hydrofobnim skupindm (Tanaktv test)
kationtové-vymeénny charakter stacionarni faze (Tanaktlv test)
selektivita k polarnim skupinam (Tanakiv test)
kyselost povrchu stacionarni faze (Tanakiv test)
selektivita pro konfigura¢ni isomery (Tanaktv test)

selektivita pro strukturni isomery (Tanakiiv test)
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1 Uvod

1.1 Separacni metody, chromatografie

S rostoucim poctem nejriznéjSich nejen biologicky aktivnich sloucenin
vyuzivanych ve farmacii, potravinafstvi a dalSich odvétvich roste i poptavka po ucinnych,
rychlych a robustnich analytickych metodach, a to zejména téch separacnich [1,2].
Separa¢ni metody umoznuji analyzovat komplexni vzorky a poskytovat informaci
o n¢kolika pfitomnych analytech v radmci jedné analyzy, coz je velmi efektivni z hlediska
uspory casu, a tedy 1 vynalozenych finan¢nich prostfedkt. Z modernich instrumentalnich
separa¢nich metod miizeme zminit napiiklad kapilarni elektroforézu (CE), plynovou
chromatografii (GC), sub/superkritickou fluidni chromatografii (SFC) a vysokoucinnou
kapalinovou chromatografii (HPLC) [3]. CE mé ve svém zakladnim uspofadani omezenou
pouzitelnost pouze pro nabité analyty, vyznaCuje se obecné niz$i robustnosti nez
chromatografické metody [4]. GC je vhodnou technikou pro analyzu a separaci t€kavych
sloucenin. Optimalizace metody v GC je limitovana mobilni fazi (MF), inertni plynem,
a proto nelze selektivitu systému ovliviiovat jejim sloZenim [5], ale je nutné vyuZziti napf.
teplotnich gradientli [6]. SFC je metodou s velkym potencidlem pro separaci nejen
chiralnich sloucenin, nicméné prozatim je v komerc¢ni sféte rutinn€ vyuzivana daleko méné
nez kapalinova chromatografie [7].

HPLC, piipadné ultra-vysokouc¢innad kapalinovd chromatografie (UHPLC) je
v soucasné dobé nejvice vyuZzivanou analytickou separa¢ni metodou pro analyzu, separaci
a purifikaci $irokého spektra slouc¢enin a vzorkt riizného pivodu. Jeji nejvetsi prednosti je
vysokd variabilita z divodu moznosti pouzit rizné kombinace stacionarnich fazi (SF)
a MF, a tedy moZnost pracovat v riznych médech kapalinové chromatografie [8]. Na
zaklad¢ polarity analyti a typu SF rozeznavame dva nejzédkladnéj$si mody kapalinové
chromatografie, a to normalni mod (NP) a reverzni méd (RP). NPLC, ktera je vhodna pro
analyzu polarnéjSich latek, vyuziva polarni SF v kombinaci s nepolarnimi organickymi
rozpoustédly, jako je napiiklad heptan, hexan nebo chloroform velmi Casto s pfidavky
polarnich rozpoustédel jako je napf. ethanol nebo propan-2-ol. Jako SF se nejcastéji
vyuziva nemodifikovany silikagel nebo silikagel modifikovany polarnimi skupinami [9].
RPLC je naopak vhodna pro analyzu spiSe nepolarnich slouc¢enin a SF je v tomto modu
mén¢ polarni nez MF. SF byva vétSinou silikagel modifikovany oktadecylovymi (C18),

oktylovymi (C8) nebo fenylovymi ligandy, MF je pak nej€astéji smés vody nebo vodného
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pufru s organickym rozpoustédlem, predevsim acetonitrilem nebo methanolem [10]. Mezi
dalsi zdkladni mody kapalinové chromatografie patii napf. iontoveé-vyménna
chromatografie (IEC, separujici na zaklad¢ naboje analytu) nebo molekulova vylucovaci

chromatografie (SEC, separujici na zéklad¢ velikosti analytu).
1.2 Chromatografie s vice interakcnimi mechanismy

Vsechny vyse zminéné mody kapalinové chromatografie maji jednu spolecnou
charakteristiku, a to Ze retence analytii je fizena pouze jednim hlavnim interakénim
mechanismem. V pfipadé RPLC se kromé ,hydrofobni interakce® mutize uplatiiovat
sekundarni iontové-vyménnd interakce s residudlnimi disociovanymi silanolovymi
skupinami (Obr. 1A). Tato interakce je zpravidla povazovana za nezddouci
a neptfedstavuje hlavni interakéni mechanismus. Interakce predevsim bazickych analyta
s residudlnimi  disociovanymi silanoly (nezreagovanymi pii pokryvani ligandem
a dodate¢n¢ nechranénymi, tzv. ,,neendkapovanymi‘‘) zptisobuji zhorSeni tvaru piki, a tedy
1 separacni u¢innosti [11]. S rostouci komplexitou vzorki roste i poptadvka po stacionarnich
fazich/mddech, které budou dva a vice interakénich mechanismu poskytovat ticelné, a tim
vykazovat jedineCnou selektivitu a zdroven variabilitu. V nasledujicich tfech
podkapitolach jsou detailn€ popsany tfi takové mody, které byly vyuzivany v prabéhu

prace na publikacich zahrnutych v piedkladané disertacni praci.
1.2.1 Mix-mod chromatografie

V osmdesatych letech minulého stoleti byl poprvé predstaven koncept
chromatografie na tzv. smiSenych fazich, neboli mix-mdd chromatogratie (MMC) [12].
Mix-mod (MM) SF jsou vyvijeny tak, aby poskytovaly dva a vice hlavnich interakénich
mechanismi vyznamné se podilejicich na retenci soucasné, a tim umoznovaly separovat
Siroké spektrum slou€enin s rozdilnymi vlastnostmi (naptiklad nabit¢ a nepolarni
slouCeniny) v ramci jedné analyzy [13]. V principu je mozné MM SF dosédhnout nékolika
zpiisoby. Pfikladem muize byt spojeni dvou kolon v sérii s riznymi typy SF [14] nebo
kombinace dvou rGznych materidli vjedné koloné¢ [15]. V soucasné dobé je
nejrozsifenéjSim piistupem kovalentni modifikace nosice (nejcastéji silikagelu) nebo
ligandu riiznymi typy funkénich skupin v rdmci jedné SF [16]. Takové uspotfadéani zarucuje
homogenni distribuci funkénich skupin a s tim souvisejici vysokou opakovatelnost méteni.

V piipad¢ bimodalniho systému rozeznavame tfi zdkladni typy kovalentni modifikace:
14



i) navdazani dvou rlznych samostatnych ligandd/funkénich skupin na povrch
silikagelového nosice (Obr. 1B); ii) vlozeni funkéni skupiny do fetézce/skupiny s jinym
charakterem (Obr. 1C); iii) vlozeni funk¢ni skupiny na konec fetézce/skupiny s jinym
charakterem (Obr. 1D) [17]. VSechny tfi uvedené moznosti vykazuji rtizné retencni
chovani, a to zejména z diivodu rtizné piistupnosti funkénich skupin.
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Obr. 1: Rizné typ'y stacionérﬁich fazi. A povrch silii(agelového 'nosiée, B, é, D: moZnosti
umisténi funkénich skupin na MM stacionarnich fazich, E: MM stacionarni faze pouZita
v koloné Premier BEH C18 AX (kladné nabitd do pH 8-9), F: MM stacionarni faze pouzita
v kolon€¢ Luna Omega PS C18 (neni zndm4 piesnd struktura), G: MM stacionarni faze
pouzitd v koloné CSH C18 (kladn¢€ nabitd v omezeném rozsahu pH). Zobrazeni SF je
schematicke a pro jednoduchost ukazuje monofunkéni navazani ligandu na nosic ve vSech

piipadech (u kolon Premier BEH C18 AX a XSelect CSH C18 jsou ligandy navazany
trifunkéné — podrobnéji v Tabulce 3, str. 38-39).

MM SF mizeme rozdélit do CEtyf zékladnich skupin na zakladé kombinace
tradi¢nich chromatografickych modt: RPLC-IEC, RPLC-hydrofilni interakéni kapalinova
chromatografie (HILIC), HILIC-IEC a RPLC-HILIC-IEC [18]. SF s RP charakterem jsou
tvofeny hydrofobnimi ligandy, tedy pfedevsim alkylovymi fetézci (C8 nebo C18) [19,20]
nebo fenylem [21]. HILIC SF obvykle obsahuji polarni amidy [21], aminokyseliny [22]
nebo hydroxylové skupiny [20]. SF s IEC charakterem jsou tvofeny piredevsim kvarternim
amoniem (aniontové-vymeénny charakter, AEX) [23] nebo karboxylovymi ¢i sulfonovymi

skupinami (kationtové-vyménny charakter, CEX) [24]. Kombinaci vySe zminénych
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ligandli v ramci jedné SF 1ze dosahnout unikétni selektivity a Siroké pouzitelnosti MM SF.
Mezi dalsi vyhody MM SF patii i moznost vétsi nadavkované koncentrace vzorku [25].

V ramci predkladané disertacni prace jsem se zabyvala mimo jiné MM SF
kombinujicimi RP a AEX charakter, které obsahuji hydrofobni C18 ligand
a ionizovatelnou funkéni skupinu poskytujici kladny naboj (napf. tercidrni alkylamin).
Struktura takovych SF je zobrazena na Obr. 1E a F. Zatimco pro kolonu Premier BEH
C18 AX je struktura SF znama (Obr. 1E), o SF pouzité v kolon¢ Luna Omega PS C18 je
zvetejnéno pouze to, ze je pritomen kladny naboj (Obr. 1F). Kromé kolon s komer¢nim
oznacenim ,,mix-mod* 1ze na trhu najit i kolony prodavané jako ,,RPLC*, které nicméné
za ur¢itych podminek poskytuji i mix-mod charakter [26]. Pfikladem mohou byt naptiklad
kolony, jejichz stacionarni faze je tvofena ligandy navdzanymi na tzv. ,.charged surface
hybrid“ (CSH) casticich. CSH c¢astice maji na povrchu kromé ligandu navazanou
pyridylovou skupinu (Obr. 1G), ktera by méla byt pii pH < 7 kladn¢ nabita [27], a tim
poskytovat MM charakter CSH SF. CSH c¢astice s povrchovym nabojem byly navrzeny
ptedevsim pro zlepSeni tvaru pikd bazickych latek pfi analyze v kyselych MF s nizkou
iontovou silou [28].

MM SF byly uspésné vyuzity pro analyzu riznych biologicky aktivnich sloucenin,
jako jsou naptiklad aminokyseliny a peptidy [29,30], nukleové kyseliny [31], DNA a RNA
derivaty [32] nebo protilatky [33,34].

1.2.2 Hydrofilni interakcni kapalinova chromatografie

Pojem HILIC poprvé pouzil v roce 1990 Alpert [35], nicméné prvni experimenty
byly vtomto uspotfadani provedeny jiz o 15 let diive [36]. HILIC je pouzivan jako
alternativa k NPLC pro analyzu polarnich slou€enin, které by v klasické RPLC mély velmi
nizkou nebo Zadnou retenci nebo by byly Spatné rozpustné v MF pouZivané pro NPLC.
Pro HILIC je charakteristické pouziti polarni SF typické pro NPLC v kombinaci s méné
polarni MF, kterd je svym sloZenim podobna MF pouzivanym v RPLC. SF miiZe byt Cisty
silikagel, silikagel modifikovany polarnimi skupinami (napiiklad amino, amido, kyano
nebo diolovymi skupinami) nebo tzv. zwitterionické SF, které nesou kladny i zaporny
naboj [37,38]. MF je tvofena smési vodné slozky (minimélné 2,5 obj. %) a mén¢ polarniho
rozpoustédla, obvykle acetonitrilu (typicky vice nez 70 obj. %) [39]. Na rozdil od RPLC

ma vodna slozka MF v tomto uspofadani vyssi elu¢ni silu.
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HILIC mé oproti NPLC i RPLC fadu vyhod, jako je naptiklad moZnost analyzy
poléarnich slou€enin za pouziti mén¢ toxickych rozpoustédel, nez nabizi klasickd NPLC.
Zaroven jsou polarni analyty 1épe rozpustné v HILIC MF ve srovnani s NPLC MF. MF
pouzivané¢ v HILIC jsou kompatibilni s hmotnostni detekci [40]. K dosazeni
opakovatelnych vysledkt je ale nutna relativné dlouhé ekvilibrace systému. Nevyhodou
muize byt i komplexnost retenéniho mechanismu, kterda ma za nasledek problematické
porozumeéni a predvidani reten¢niho chovani.

Zékladem retencniho mechanismu v HILIC je rozd€lovani analytu mezi dvé vrstvy
MF, a to konkrétné¢ mezi vodnou slozkou obohacenou vrstvu MF imobilizovanou na
povrchu SF a na acetonitril bohatou MF (Obr. 2). Na retenci ma tedy vliv nejen polarita
sloucenin (s rostouci polaritou analytu roste jeho afinita k vodou obohacené vrstvé, a tim
roste jeho retence), ale také stupent solvatace SF [41]. Na povrchu SF dochédzi béhem
solvatace k tvorbé gradientu, tzn. u povrchu SF je zastoupeni vodné slozky MF nejvétsi
a s rostouci vzdalenosti od povrchu SF roste podil acetonitrilu v MF [42]. Aby mohla
vrstva obohacend vodnou slozkou MF vzniknout, musi MF obsahovat minimaln¢ jiz
zminénych 2,5 obj. % vodné slozky [43]. S rostoucim obsahem vodné slozky v MF pak
klesa retence analytll, coz je zpisobeno rostouci podobnosti vrstvy sorbované na povrchu

SF s okolni MF [44].

. NH;

_— &,

o H,0 2. —N

90% ACN

SILIKAGEL

Obr. 2: Retencni mechanismus v HILIC. (1) rozdélovani analytu mezi vodnou slozkou
obohacenou vrstvu MF imobilizovanou na povrchu SF a na acetonitril bohatou MF; (2)

vodikové interakce; (3) elektrostatické interakce.
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Rozdé€lovani analytd mezi vrstvy MF rtizné obohacené o vodnou nebo organickou
slozku ale neni jedinym mechanismem, ktery pfispiva k retenci analyti v HILIC (Obr. 2).
V zévislosti na zvolenych podminkach (tj. vybér SF, vybér MF) mize dochazet
1 k interakci mezi analytem a pfimo povrchem SF a mohou se tak uplatiiovat napiiklad
vodikové interakce, elektrostatické interakce nebo interakce dipol-dipol [45,46].

HILIC se bézné¢ vyuziva naptiiklad pro farmaceutické analyzy [47,48],
v metabolomice [49,50] a glykoproteomice [51], a to zejména z divodu bezproblémové

kompatibility s MS, kterd umoznuje analyzu i velmi komplexnich vzorka.
1.2.3 lontove-parova chromatografie na reverzni stacionarni fazi

Iontové-parova chromatografie na reverznich fazich (IPRPLC) byla poprvé
ptedstavena v 70. letech minulého stoleti [52]. [IPRPLC je zvlastnim mdédem kapalinové
chromatografie, ktery umoznuje separaci nabitych polarnich analytd na klasickych
nepolarnich RP SF, a to z divodu ptidavku iontové-parového (IP) ¢inidla do MF [53]. Na
mechanismus IPRPLC lze v zdsadé nahlizet dvéma zplisoby [54,55]: 1) dynamické pokryti
SF IP ¢inidlem a nésledna interakce nabitych analytli s nyni opa¢né€ nabitym povrchem SF
(Obr. 3A); i1) tvorba iontovych part mezi IP ¢inidlem a opacné€ nabitym analytem v MF
a interakce téchto navenek elektroneutralnich iontovych parti s nepolarni stacionarni fazi
(Obr. 3B). Tento systém tak vykazuje charakteristiky jak RPLC tak iontové-vyménné
chromatografie (IEC), pfi¢emz pievladajici mechanismus je ur¢en mimo jiné koncentraci
a hydrofobicitou IP ¢inidla [56]. Rovnéz je potfeba vhodné zvolit pH MF tak, aby analyty
byly nabité a mohly interagovat s IP ¢inidlem.

Jako IP ¢inidla nesouci zaporny naboj, kterd se pouZzivaji pro analyzu bazickych
analytil, se nejcastéji vyuzivaji alkylsulfonové kyseliny nebo perfluorované karboxylové
kyseliny (napf. trifluoroctové kyselina). Alkylsulfonaty nejsou kvili své nizké t€kavosti
kompatibilni s MS detekci. Jako IP ¢inidla nesouci kladny néboj, kterd jsou vhodna pro
analyzu kyselych analyta, se vyuzivaji pfedevsim alkylamoniové kationty.

Mezi nejvétsi vyhody IPRPLC patii zejména moznost separovat nabité analyty za
pouziti klasickych RPLC kolon (a tedy bez nutnosti kupovat nové s jinou SF) a moZnost
separovat neutralni analyty od téch nabitych (na rozdil od IEC). IPRPLC také nabizi velkou
variabilitu ve vybéru MF, z nichz nékteré jsou relativné dobfe kompatibilni s MS detekci
(nebo alespoii 1épe v porovnani s IEC). Nevyhodou IPRPLC je ve srovnani s RPLC mensi

robustnost, pomalé ustavovani rovnovahy a perzistence nékterych IP cinidel
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v chromatografickém systému, coz je velmi problematické predev§im ve spojeni s MS
detekci.
V soucasné dob¢ patii jednoznacné k nejvétsim aplikacim IPRPLC analyza

terapeutickych thiofosfatovych oligonukleotidi, ktera je detailn€ popséana v kapitole 1.5.
A B
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Obr. 3: Mechanismus IPRPLC (na pfikladu zaporné nabitého analytu v kombinaci

s kladn¢ nabitym hexylamoniem jako IP ¢inidlem).
1.3 Charakterizace stacionarnich fazi

S rostouci komplexitou retenéniho mechanismu roste i dillezitost charakterizace
SF, resp. separacniho systému. Detailni popis interakénich mechanismi (zejména pokud je
jich vice) je zakladem pro vhodnou volbu SF a MF k danému tucelu. K popisu
chromatografickych systémil bylo navrZzeno n¢kolik jednoduchych chromatografickych
testd (naptiklad test podle Walterse [57] nebo Tanaky [58] pouzivané ptedev§im pro
RPLC), které pro ziskani zdkladnich charakteristik/parametrii separacniho systému
vyuzivaji dvojici strukturné odliSnych analytl. Vypocet jednotlivych parametrii a jejich

vyznam jsou uvedeny v Tabulce 1.
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Tabulka 1: Vypocet a vyznam jednotlivych parametrii pro testy podle Walterse a Tanaky,

chromatografické podminky pro dany test

WALTERSUV TEST
Mobilni faze: acetonitril (ACN)/voda; 65/35 (v/v)
Teplota kolony: 40 °C

Hydrofobicita
k (antracen)/k (benzen
e (antracen)/k (benzen)
Silanolova
aktivita (ST) k (antracen)/k (N, N-diethyltoluamid)

TANAKUV TEST
Mobilni faze: ACN/20mM octan amonny, pH 4,7; 90/10 (v/v)
Teplota kolony: 30 °C

k(u) hydrofobicita/retentivita k (uridin)
hydrofobni charakter SF,
selektivita k hydrofobnim o o
o(CH3) skupindm k (uridin)/k (methyluridin)
hydrofilni charakter SF,
selektivita k polarnim
o(OH) skupinam, tloustka vodné k (uridin)/k (deoxyuridin)
vrstvy (v HILIC)
selektivita pro konfiguracni
a(V/A) isomery k (vidarabin)/k (adenosin)
o(2D/3D) selekt1v1.ta pro strukturni k (2'-deoxyguanosin)/k (3'-deoxyguanosin)
. isomery
a(AX) an10ntove—vyr;1§nny charakter k (toluensulfonova kys.)/k (uridin)
a(CX) kat“’nt"ve'vygl;““y charakier i ethylfenylamonium chlorid)/k (uridin)
o(Tb/Tp) kyselost povrchu SF k (theobromin)/k (theofylin)

Pro komplexnégjsi charakterizaci interak¢nich vlastnosti separa¢niho systému lze
pouzit napiiklad model linedrnich vztahti volnych energii (linear free energy relationship,
LFER) [59]. Tento semiempiricky model umoznuje kvalitativné a kvantitativné popsat
jednotlivé typy interakci, které ovliviiuji retenci a separaci analytti. Na zakladé¢ LFER
modelu je pfi pouziti dané MF moZné charakterizovat, a predevsim srovnavat rizné SF
z hlediska jejich interakéniho potencidlu. Zakladni LFER model je b&Zné pouZivany
piredevSim pro charakterizaci systému s neutrdlnimi SF, protoze zakladni tvar LFER
rovnice nezahrnuje pfispévky elektrostatickych interakcei [60]. Z toho diivodu byla zakladni

LFER rovnice rozSifena o dalsi dva cCleny charakterizujici kladny resp. zadporny naboj
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analytu pifi dané hodnoté pH mobilni faze [61,62]. To umoznuje vhodnéjsi aplikaci LFER

modelu i pro SF s MM charakterem. Rozsifend LFER regresni funkce ma nasledujici tvar:

logk =¢eE+sS+aAd+bB+vV+d D™ +d*D* +c (1.1)

a vyjadiuje vztah mezi experimentaln¢ zjiSt€énymi retencnimi faktory sady strukturné
odli$nych analytl (ve formé log k) a deskriptory (velka pismena), které popisuji fyzikalne-
chemické vlastnosti a jsou tabelovany pro celou fadu analyti [63]. Regresni
koeficienty/parametry systému (mala pismena) jsou ziskany multidimenzionalni linearni
regresi a charakterizuji tendenci systému poskytovat dany typ interakce neboli rozdil v sile
dané interakce analyt-SF a analyt-MF. Pokud ma regresni koeficient kladnou hodnotu, je
dand interakce siln€j$i mezi analytem a SF (v porovnani s interakci analyt-MF) a dana
interakce tak prispiva ke zvySeni retence analytu. Vyznamy jednotlivych deskriptorii

i regresnich koeficientl jsou uvedeny v Tabulce 2.

Tabulka 2: Vyznam deskriptorii a regresnich koeficientti v LFER rovnici

: Vel . zjisténé hodnoty
DESKRIPTORY tabelov}:;l(r)lgr/l\(f)}t/poctene K(l}}l;:li(jjll({jl;:}?g”lfY multidimenzionalni linearni
Y regresi
E rozsah molarni 0 schopnost interakce skrze
refrakce n- a - elektrony
. : schopnost interagovat
s dipolarita/ s interakei dipol-dipdl a dipdl-
polarizibilita . .
indukovany dip6l
4 kyselost vodikové u proton-donorova schopnost
vazby tvorit vodikové vazby
basicita vodikové proton-akceptorovd
B vazb b schopnost tvotit vodikové
y vazby
v McGowantv . schopnost ,,hydrofobni*
charakteristicky objem interakce
_ , oy schopnost elektrostatické
b zaporny naboj analytu zZ interakce (pro kyseliny)
: hopnost elektrostatické
B ;s + schop
D kladny naboj analytu d interakce (pro baze)
pomér objemt MF a SF +
c vSechny ostatni nezahrnuté
prispévky k retenci
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Deskriptory popisujici elektrostatické vlastnosti analytu (D™ a D*) jsou zavislé na
pH MF a nejsou tedy pro vSechny hodnoty pH tabelované. Lze je ale snadno vypocitat
nasledujicimi rovnicemi:

10(PH"-PKz)

T = 12
b 1 + 10PH*-pKy) (12)

K}—pH*
. 10(PKa—pH") (1.3)
1 + 10PKg—pH") ’

kde pH" zna¢i pH vodné-organické MF a pK,” znaéi pK, analytu v dané vodné-organické
MF [64]. V praxi se k vypoctu téchto deskriptorti vyuzivaji standardni hodnoty pK.
a hodnoty pH zmétené na pH metru kalibrovaném klasickymi vodnymi pufry.
Charakteristiky separac¢niho systému vyjadiené regresnimi koeficienty se daji urcit
testovanim rozsahlé¢ sady analytl. Vybrana testovaci sada analyti musi obsahovat
strukturné odlisné slouceniny, aby jejich deskriptory rovnomérné pokryvaly celou skalu
moznych interakci. Vysledky multidimenzionélni regrese pak umozni popsat, které typy
interakci mezi analytem a SF pfevladaji (nejvétsi kladné hodnoty regresnich koeficientil)

a na zaklad¢ toho lze urcit aplika¢ni potencial testovanych kolon/separacnich systémii.
1.4 Analyza peptidii/Stepnych produktu proteinii

Pro proteomickou analyzu za vyuziti kapalinové chromatografie je zasadnim
krokem Stépeni velkych proteinli na mensi fragmenty, které je moZzné identifikovat
pouzitim MS detekce, tedy tzv. peptidové mapovani [65]. Ke Sté€peni proteini se velmi
Casto vyuziva trypsin, vysoce specificky enzym S§tépici proteiny hydrolyzou peptidové
vazby na karboxylovém konci lysinu a argininu [66,67]. Pokud jsou tyto aminokyseliny
nasledovany kyselym aminokyselinovym zbytkem, St€peni probihd vyrazné pomaleji,
v pfipad€ nasledovani prolinem S$tépeni neprobihd vibec [68]. Tato vysoké substratova
specifita souvisi s reaktivitou pozitivné nabitych postrannich fetézcii lysinu a argininu, coz
je zaroven velmi vyhodné pro naslednou interpretaci MS spekter [69,70]. Optimalni
podminky pro aktivitu trypsinu jsou teplota 37 °C a pH ~ 7,0-8,0 [71]. Pfed samotnym
Stépenim je nutné protein denaturovat (rozrusit jeho terciarni strukturu) a zajistit tim
rozloZeni proteinu a vétsi piistupnost lysinu a argininu pro nasledné Sté€peni. V piipadé
proteint obsahujicich vice nez jeden cystein dochazi k tvorbé disulfidickych (S-S) mustkii,

které je potieba podrobit redukci a alkylaci, aby mohlo dojit ke spravnému procesu Stépeni.
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Jako denaturacni Cinidlo lze vyuzit naptiklad komeréné dostupnou smés mocoviny,
thiomocoviny a C7BzO detergentu. K rozruseni S-S miustk se pouziva jako redukcni
¢inidlo naptiklad tributylfosfin. Nasledna alkylace SH skupin jodacetamidem vede
k tvorb¢ karbamidomethyl-cysteinu, ktery znemoziuje opétovnou tvorbu S-S mustka.

Kromé samotného tryptického St€peni miize dochézet i k tvorbé semitryptickych
nebo nespecifickych peptidovych fragmentd [66]. Semitryptické fragmenty jsou
charakteristické tim, Ze jedno z mist Stépeni je tryptické, druhé ale mize byt za jakoukoliv
aminokyselinou. Napfiklad minoritni chymotryptickd nebo chymotrypsinu podobna
aktivita vede k nespecifickému $tépeni peptidové vazby na karboxylovém konci
fenylalaninu, tyrosinu nebo leucinu [72]. Chymotrypticka nebo tomu podobna aktivita
muze byt diisledkem kontaminace trypsinu chymotrypsinem (v zavislosti na dodavateli
trypsinu) nebo disledkem ptitomnosti pseudotrypsinu (y-trypsin), ktery je produktem
autolyzy trypsinu. V ptipad¢, ze protein neni zcela nastépen, tzn. dojde k vynechani
Stépného mista za lysinem nebo argininem, mluvime o tzv. ,missed cleavage*
fragmentech. VSechny tyto jevy zasadnim zplGsobem komplikuji vyhodnocovani MS
spekter [73].

Tryptické $tépeni predchazejici LC MS analyze muze byt provedeno nékolika
zpusoby. Nejpouzivanéj$Sim zplisobem je tzv. Stépeni v roztoku [74], pro které existuje
velmi dobie popsany standardizovany protokol [75]. Tento ptistup ma nicméné nékolik
nevyhod, jako je naptiklad dlouhd doba Stépeni (az 24 hodin), autolyza trypsinu (Ize zmirnit
piidavkem Ca?"), nutnost striktn& dodrZet teplotu béhem celého procesu §tépeni a vysoka
intolerance k organickym rozpous$tédlim [76]. Néktera z téchto omezeni lze piekonat
imobilizaci trypsinu na vhodny nosi¢, ¢imZ vznikne tzv. imobilizovany enzymaticky
reaktor (,,immobilized enzyme reactor”, IMER) [74]. Mezi hlavni vyhody IMER patii
predevsim rychlost Stépeni (v fddu minut) [77], zvySena teplotni a pH stabilita a vyrazné
omezeni autolyzy trypsinu [78]. IMER mohou byt pfipravovany ve form& membran,
kapilar, ¢ipti, spin kolonek nebo chromatografickych kolon [79,80] a jsou dostupné jak ve
vsadkovém tak pratokovém uspotfaddani. I pres jeho nesporné vyhody neni IMER
uspotfadani rutinné pfili§ vyuzivéno, a to pfedev§im z divodu vyssi ceny a nedostatku
informaci prameniciho z Casté absence standardizovaného protokolu. Idedlnim feSenim
z hlediska uspory €asu a jednoduchosti celého procesu je tzv. on-line uspotradani, tedy
piimé spojeni trypsinového IMER a LC kolony v sérii, které je ale z divodu nutnosti pouZzit

jednu MF pro Stépeni i separaci St€pnych produktl znacné problematické (volba pH,
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pfitomnost organického rozpoustédla v MF) [81]. Castym kompromisem je tak napiiklad
pouziti chromatografickych trypsinovych kolon v kombinaci s pfepinacim ventilem,
sbéracem frakci nebo v 2D uspotadani (tzv. pseudo on-line) [82—84].

Vétsina proteomickych aplikaci je provadéna za pouziti klasickych RPLC C18 SF.
Vzhledem k povaze peptidi/stépnych produktl proteinii se nabizi i moznost vyuzit MM
SF, které pii vhodné zvoleném pH MF mohou poskytovat i elektrostatickou interakci, a tim

vyjimecnou selektivitu [85].
1.5 Analyza terapeutickych thiofosfatovych oligonukleotidii

Vyuziti terapeutickych oligonukleotidi (ON) v genové terapii v poslednich letech
vyznamné roste [86,87]. V letech 2016-2023 tvoftily vice nez 4 % z celkového poctu noveé
registrovanych 1é¢iv [88]. Vyuzivaji se napiiklad k 1écb€ spindlni svalové atrofie
(nusinersen) [89] nebo cytomegalovirové infekce sitnice u pacientii s AIDS (fomivirsen)
[90]. Terapeutické ON jsou na rozdil od téch prirozené se vyskytujicich modifikované, aby
se zvysila jejich in-vivo odolnost proti endo- a exo-nukleasam a schopnost prochazet do
bunky [32,91].

Jednim z nejcastéjsich typi modifikace je tzv. thiofosfatova substituce, kdy dochazi
k nahrazeni atomu kysliku v jedné nebo vice fosfatovych skupinach sirou [92] (Obr. 4).
Tim vznika thiofosfatova vazba (PS), kterd do molekuly ptindsi chiradlni centrum (*).
Dtsledkem je vznik 2¥ diastereomert, kde y znaci pocet thiofosfatovych substituci [93].
Protoze diastereomery maji rizné fyzikalné-chemické vlastnosti, lze je separovat i na
béznych C18 kolonach. Tvorba diastereomerti znacné komplikuje chromatografickou
analyzu PS ON, a to pfedevsim téch s velkym poctem PS modifikaci. Naptiklad v ptipadé
pln€ modifikovaného 21mer ON, coZ je typickd délka terapeutickych ON, se jedna
0 1048576 diastereomert (20 PS modifikaci = 2%°). Pro chromatografickou analyzu je tak
nutné potlacit separaci diastereomert s cilem dosahnout co nejuzsich pikd, které budou
umoznovat spravné vyhodnoceni nejen hlavniho piku (naptfiklad 21meru), ale také
typickych necistot ze syntézy jako jsou 5'n-1, 5'n-2,...5 n-x mery (tedy ON zkracené na
5’konci), ptipadné 5'n+1 [94,95]. Na 3'nebo 5’konci muze navic dochazet 1 k dal§im
procesim, jako je napiiklad cyklizace (thio)fosfatové skupiny, existence zbytkové
(thio)fosfatové skupiny na 3’konci nebo deaminace nukleobaze, které ztézuji separaci
a identifikaci necistot [96,97]. Kromé samotné separace necistot od hlavniho piku soucasné

s potlaenim separace diastereomerii je pro analyzu thiofosfatovych ON dulezita také
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separace a identifikace metaboliti. Metabolity jsou kratké ON (n-x), které vznikaji
v dusledku metabolismu podaného 1é¢iva, tedy terapeutického ON, v téle pacienta. Jejich
separace a identifikace je obvykle vzhledem k velkému poctu moznych metabolitt, které

jsou si strukturné velmi podobné, zna¢né komplikovana.

5—0
0 baze
1.
O—P—O
bez modifikace | - (@) baze
O OH
%k
S—P—0O0
ba
PS modifikace é - O aze
l OH
3’

Obr. 4: Struktura RNA oligonukleotidu.

V soucasné dobé¢ se pro potlaceni separace diastereomert vyuziva predevsim dvou
pfistupt, a to IPRPLC nebo HILIC. V IPRPLC dochazi k potlaceni separace diastereomert
z diivodu ptitomnosti IP ¢inidla (napt. alkylamonium acetatu) v MF, které ma za nasledek
potlaceni hydrofobni interakce mezi ON a SF, ktera je zodpovédnd za separaci
diastereomerti. Uplatnéni pouze elektrostatické interakce mezi nabitymi skupinami ON
a nabitou casti IP ¢inidla nedokéaze jednotlivé diastereomery zcela rozlisit [98,99]. Mira
potlaceni separace diastereomerti je samoziejmé zavislda na né€kolika faktorech, a to
piedevsim na hydrofobicité a koncentraci IP ¢inidla, které ovlivituji miru pokryti nepolarni
SF IP ¢inidlem. Vyznamnou roli hraje 1 teplota, kterd mé vliv na tvorbu sekundarnich
struktur. Vyhodou IPRPLC je jednoznacné vysoka selektivita, dobra opakovatelnost
a moznost vybéru mnoha typtit MF. Mezi nevyhody patii kontaminace instrumentace, a to
ptedev§im MS detektoru, hydrofobnimi IP ¢inidly. Tomu se lze ¢astecné vyvarovat
pouzitim hexafluorisopropanolu (HFIP) v MF misto kyseliny octové. HFIP podporuje

sorpci IP €inidel na povrch staciondrni faze, a tim umoziuje pouzit méné hydrofobni
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a méné koncentrovand IP ¢inidla za dosaZeni stejnych vysledkt [100-102]. HFIP navic
z diivodu své tékavosti nepotlacuje ionizaci ON a poskytuje tak dostatecny MS signal
[103,104].

Druhou moznosti je vyuzit HILIC SF, které ze své podstaty téméei neposkytuji
hydrofobni interakce a tedy ve vétsin¢ ptipadii za vhodnych podminek ani separaci
diastereomerti [105,106]. Vyhodou jsou MF bez IP ¢inidel kontaminujicich LC MS
instrumentaci [107]. Nevyhodou je nutnost dlouhé ekvilibrace systému (predevSim pfi
gradientové eluci), Casto nedostatecny MS signal a omezené moznosti vybéru podminek
pfi optimalizaci metod [108].

Analyza terapeutickych ON je kliCova jak v pribehu jejich syntézy pti kontrole

Cistoty, tak i nasledné pfi studiu jejich metabolismu v téle pacientd.
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2 Cile prace

Hlavnim cilem prace byla podrobna charakterizace SF poskytujicich vice

interakénich mechanismli a jejich nasledné vyuziti pro analyzu biologicky aktivnich

sloucenin jako jsou proteiny nebo terapeutické ON. Dil¢i cile zahrnuji:

L.

IL.

I1I.

Detailni charakterizaci SF z hlediska jejich interakéniho potencialu za vyuziti
jednoduchych  chromatografickych  testd  (napf.  Waltersiv  test)
1 komplexngjsiho piistupu metodou LFER. Zvlastni diraz byl kladen na
charakterizaci elektrostatickych interakci. Testovany byly kolony s riznymi
ligandy, rGznymi nosi¢i (rznymi typy castic), kolony prodédvané pod
oznacenim RP i MM.

Zjisténi aplika¢niho potencidlu MMC pro analyzu peptidi a proteint
(cytochromu C) a porovnani s klasickou RPLC. Vyvoj rychlé a spolehlivé
metody/uspotfadani pro on-line $tépeni proteini — sériové zapojeni trypsinové
a MM chromatografické kolony umoznujici Stépeni a separaci Stépnych
produktti v ramci jedné analyzy za pouziti jedné MF kompatibilni s MS detekci.
Podrobny popis vlivu riiznych chromatografickych podminek na retenci
a analyzu terapeutickych thiofosfatovych ON v IPRPLC a HILIC. Testovani
vlivu hydrofobicity a koncentrace IP cCinidla, separacni teploty a povahy
protiiontu (kyselina octova vs. HFIP) na potlaceni separace diastereomert
arozliSeni ON s riiznou délkou (pfedevS§im n a 5'n-1) v IPRPLC. Podrobny
popis reten¢niho chovani terapeutickych ON a jejich moZznych metaboliti
v HILIC. Aplikace zjiSténych poznatki na analyzu metaboliti PS ON

obsazenych ve vzorcich plasmy pacientd 1é¢enych proti spindlni svalové atrofii.
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3 Parametry chromatografického systému

K popisu a vyhodnoceni namétenych dat je pouzivano né¢kolik zékladnich
chromatografickych parametri. Parametry vyuzité k charakterizaci separacniho systému
v ramci této disertacni prace byly vypocteny softwarem Empower 3 podle nasledujicich
vztaht.

Retencni faktor (k) udava, kolikrat delsi dobu stravi analyt interakci se SF nez
v MF. Zavedeni reten¢niho faktoru misto pouhého reten¢niho casu je velmi vyhodné
piredevsim z hlediska moznosti porovnat riizné separacni systémy z riznymi mrtvymi

objemy/Casy. Pro reten¢ni faktor plati

P i} 3.1)

kde tp [min] je retencni ¢as dané¢ho analytu a t, [min] mrtvy Cas kolony, tj. elu¢ni cas
analytu, ktery neinteraguje se stacionarni fazi.

RozliSeni (Ry) charakterizuje miru separace dvou sousednich analytd/pikd. Pokud
je rozliSeni Ry > 1,5, mluvime o tzv. separaci na zékladni linii. Pro rozliSeni plati

1,18 (tp, — t
R — (tr2 R1) (3.2)

W50 T Wi;s0%
kde tg ; [min] a tg , [min] jsou retencni Casy diive, respektive pozdé&ji eluujiciho analytu,
W1.50%8 Wa.s500, Jsou Sitky daného piku v 50 % jeho vysky.
Selektivita (o) udava pomér retenci dvou analytii. Pro selektivitu plati
kq
e
kde k1 a k> jsou retencni faktory jednotlivych analyta.

a (3.3)

Faktor symetrie (4;) slouzi k posouzeni a porovnani tvaru piku (symetrie). Pokud
je As> 1, piky maji tendenci chvostovat (tzv. tailing), naopak pokud je Ay <I, piky maji
tendenci frontovat. Pro faktor symetrie plati

Wso,
A = (3.4)
S 2 fp

kde wso, je Sitka piku v 5 % jeho vySky a f, je Sitka vzestupné Casti piku v 5 % jeho vysky.
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4 Vysledky a diskuse

4.1 Podrobna charakterizace interakcniho potencialu  vybranych

stacionarnich fazi (Publikace I, Publikace 11, Publikace I11)

Vlastnosti SF, a tim 1 jejich interakéni potencial, jsou ovlivnény nejen samotnym
ligandem navazanym na povrchu nosice (silikagelu) a endkapingem, ale také typem castic
nosi¢e. V ramci nami testovanych SF od firmy Waters (jejich pfehled je uveden
v Tabulce 3 na konci této podkapitoly, str. 38-39) se miizeme setkat se tiremi zakladnimi
typy ¢astic, a to ,,bridged ethylene hybrid*“ (BEH), ,,high strength silica* (HSS) a ,,charged
surface hybrid*“ (CSH). BEH castice maji v silikagelovém nosi¢i vmezeteny ethylenové
mustky, které maji za nasledek zvySenou chemickou i mechanickou odolnost a umoziiuji
tak pouziti v Sirokém rozsahu teplot, tlakti i pH. Ethylenové mistky navic snizuji kyselost
okolnich silanolovych skupin a potlacuji tak rozmyvani piki bazickych analyti [109]. HSS
castice poskytuji vySsi retenci vSech analytd z divodu vétsiho povrchu (velikost pora
100 A) v porovnani s BEH i CSH ¢&asticemi (velikost porii 130 A). Navic mohou ve vyssi
mife poskytovat iontové-vyménnou interakci skrz silanolové skupiny, coz ma za nésledek
zvySenou retenci bazickych analyti. CSH ¢astice naopak z diivodu pfitomnosti kladného
naboje v pH < 7 poskytuji zvySenou retenci kyselych analytt.

Pro zékladni porovnani vybranych kolon byl vyuZzit Waltersiv test (Obr. 5).
Silanolova aktivita (S7) zavisi na poctu volnych silanolovych skupin na povrchu nosice
a s jejich rostoucim poctem stoupda i1 hodnota SI. Hodnota HI pak stoupa s rostouci
hydrofobicitou SF. Na Obr. S je na prvni pohled patrné rozdéleni na endkapované (nizka
silanolova aktivita, svétlé barvy) a neendkapované (vyssi silanolova aktivita, tmavé barvy)
kolony. Modfe oznacené kolony vykazujici vy$si hydrofobicitu obsahuji C18 ligandy,
zelené oznacené s nizsi hydrofobicitou obsahuji ligandy s aromatickym jadrem vazanym
na kratSich (propyl nebo hexyl) alkylovych fetézcich. Nejvyssi hydrofobicitu vykazuje
kolona s mix-méd charakterem Premier BEH C18 AX, naopak nejnizsi neendkapovana
kolona XSelect HSS C18 SB, jejiz volné silanolové skupiny zvySuji polaritu SF. Porovnani
dvou neendkapovanych kolon se stejnym ligandem (pentafluorfenyl — oznaceni PFP nebo
FP), ale riznym typem castic (XSelect HSS PFP a XSelect CSH FP) potvrzuje, ze HSS
Castice maji vétsi mnozstvi volnych silanolovych skupin (a tedy i vy$s$i hodnotu SI)

v porovndni s jinymi typy ¢astic.
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Obr. 5: Vysledky Waltersova testu pro vybrané kolony. Svétlé barvy: neendkapované
kolony; tmavé barvy: endkapované kolony; modra barva: kolony s C18 ligandy; zelena
barva: kolony s aromatickymi ligandy, oranzova barva: mix-mod kolony. Podminky

Waltersova testu jsou uvedeny v Tabulce 1 na str. 20. Pfevzato z Publikace I a Publikace

IV.

Vysledky Waltersova testu velmi dobie koreluji s vysledky ziskanymi z LFER
modelu (podle rovnice 1.1). LFER studie byla provedena ve tfech typech MF, a to
konkrétné ACN/365mM kyselina mravenci, pH 2,1 40/60 (v/v), ACN/10mM octan
amonny, pH 4,7 40/60 (v/v) a ACN/10mM octan amonny, pH 8,0 40/60 (v/v), aby bylo
mozné sledovat vliv pH vodné slozky MF na jednotlivé typy interakci. Pro vSechny
systémy odpovidaly dominantni interakce (nejvyssi absolutni hodnoty) koeficientiim
v (hydrofobicita, nejvyssi kladné hodnoty, tedy interakce preferovana mezi analytem a SF)
a b (proton-akceptorova schopnost tvofit vodikové vazby, nejnizsi zaporné hodnoty, tedy
interakce preferovand mezi analytem a MF), coz je typické pro RPLC [110]. Hodnoty
vSech regresnich koeficientli pro vSechny testované chromatografické systémy jsou
piiloZzeny v Tabulce S1, S2 a S3 v Doplnkovych datech, str. 72-74. Nejvyssi hydrofobicitu
(nejvyssi hodnota koeficientu v) vykazovaly kolony XSelect HSS C18 a XSelect CSH C18,
(mix-mdd kolona Premier BEH C18 AX nebyla v LFER testu zahrnuta). Pfi porovnani

kolon s C18 ligandem z hlediska proton-akceptorové schopnosti tvofit vodikové vazby byl
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kolonu XSelect HSS C18 SB. To koreluje s jeji nejvyssi silanolovou aktivitou ziskanou
z vysledkti Waltersova testu. Pfi zvySeni pH vodné slozky MF z 2,1 na 4,7 dochazi ke
zvyseni hodnot regresnich koeficienti v pro vSechny kolony. Navic se za¢ne uplatiovat
elektrostatickd interakce mezi kladn€ nabitymi analyty a zdporn¢ nabitymi disociovanymi
volnymi silanoly na neendkapovanych SF (XSelect CSH FP, XSelect HSS C18 SB
a XSelect HSS PFP), coz se projevuje kladnymi hodnotami regresniho koeficientu d*. Dalsi
zvyseni pH vodné slozky MF na 8,0 zptsobuje pokles v ptispévku hydrofobicity k retenci
(niz$i hodnoty koeficientu v). Vzhledem k tomu, ze vétSina bazickych analytd neni jizv pH
8,0 kladné nabita, efekt volnych silanolt popisovany pomoci koeficientu d* neni pro toto
pH vypovidajici.

Ackoliv vyuziti roz§ifené regresni rovnice (rovnice 1.1) zahrnujici i elektrostatické
interakce poskytovalo vy$si hodnoty koeficientu determinace (R?), vypovidajici popis
uplatnéni elektrostatickych interakei pro rtiznd pH vodné slozky MF bylo mozné ziskat jen
castecné, a to predevsim z divodu obtiznosti najit vétsi mnozstvi strukturné odlisnych
permanentné nabitych analytl v celém rozsahu testovanych pH vhodnych pro UV detekci.
Z toho diivodu bylo nezbytné hledat dalsi zptisoby popisu elektrostatickych interakei.

Jednou z moznosti, jak ziskat zadkladni pfehled o uplatnéni elektrostatickych
interakci je analyza permanentné (nebo alesponl v celém méfeném rozsahu pH) kladné
a zaporné nabitych analytli v riznych pH vodnych slozek MF. Cim vice hodnot pH
zvolime, tim detailngjsi informaci ziskame. Vzhledem k tomu, Ze jednim z cili byl detailni
popis chovani CSH c¢astic (tzn. zjistit, kdy jsou tyto ¢astice kladn€ nabité a ptispivaji tim
k retenci zaporné nabitych analytl), byly zvoleny pH vodné slozky MF s malymi rozestupy
v kysel¢ oblasti (pH 2,1; 2,5; 2,8; 3,5; 4,7). Obr. 6 ukazuje trendy v retenci
benzensulfonové kyseliny a trimethyfenylamonného kationtu (TMFA™) v zavislosti na pH
vodné slozky MF pro jednotlivé kolony. Vysledky potvrzuji vyskyt kladného naboje na
povrchu CSH ¢astic v pH 2,1, kde je retence zdporné nabité benzensulfonové kyseliny
znaén¢ vyS§i v porovnani s kolonami sjinymi typy castic (Obr. 6A). Retence
benzensulfonové kyseliny s rostoucim pH postupné klesd, coz indikuje ztratu kladného
naboje CSH castic s rostoucim pH MF. Na zaklad¢ ziskanych dat 1ze usuzovat, ze mira
uplatnéni kladného naboje na povrchu CSH ¢astic klesa v nasledujici fadé: XSelect CSH
FP > XSelect CSH PH > XSelect CSH C18. Retence TMFA™ v zavislosti na pH ukazuje

vyznamné rozdily mezi endkapovanymi a neendkapovanymi kolonami. Pro
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neendkapované kolony pozorujeme vyznamné zvyseni retence jiz pii pH 4,7, ale pfedevsim
pak piipH 8,0, které je dusledkem elektrostatické interakce mezi TMFA" a volnymi
disociovanymi silanoly. Tento efekt je jesté vyraznéjsi pro SF s HSS ¢asticemi v porovnani
s CSH casticemi (Obr. 6B). Stejnych trendi bylo dosazeno i pro jiné nabité analyty, jako

je naptiklad toluensulfonova kyselina nebo propranolol.

A: benzensulfonova kyselina B: TMFA*
z 11, < 40
E 0 £ 35] I
& 9 i
8 30,
71 25
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24
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0, K
.@\
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Obr. 6: Vliv pH na retenci permanentné nabitych analytii. A: benzensulfonova kyselina;
B: TMFA". Slozeni MF: ACN/vodna slozka, 40/60 (v/v). Vodné slozky MF: 365mM
kyselina mraven¢i, pH 2,1; 10mM mravencan amonny, pH 2,5; 10mM mraven¢an amonny,
pH 2,8; 10mM octan amonny, pH 3,5; 10mM octan amonny, pH 4,7 a 10mM octan

amonny, pH 8,0. Pfevzato z Publikace I.

Pro detailnéjsSi popis elektrostatickych interakci byla vyvinuta a otestovana nova
metoda vyuZivajici pouze vodné MF (dichloroctova kyselina s vodnym roztokem
amoniaku) v rozmezi pH 2,5 - 9,0, které maji konstantni iontovou silu, ale velmi nizkou
pufracni kapacitu vrozmezi pH 4,5-6,5. Pfitomnost organického rozpoustédla v MF
ovliviiuje nejen pH MF, ale i pK, analytli a funkcnich skupin na povrchu SF, coz mize
negativné ovlivnit interpretaci vysledkid. Jako analyty, tedy slouceniny s permanentnim
nabojem, byly vybrany dusi¢nany, jodidy, benzensulfonova kyselina a TMFA™.
Charakterizace elektrostatickych interakei analyzou anorganickych aniontl je velmi
vyhodné piedev§im z diivodu absence hydrofobni interakce. Ze stejného divody byly
plvodné za tcelem popisu kationtové-vymeénného charakteru vyuzity anorganické kationty

Ag' a Cu*". Jejich analyza je pti pouziti UV detektoru komplikovana a vysledky nebylo
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mozné jednoznacné interpretovat. Celkem bylo charakterizovano jedenact stacionarnich
fazi, ziskané vysledky jsou shrnuty na Obr. 7. Pro neutralni SF (Obr. 7A, B, C) retence
permanentn¢ nabitych analyti nezavisi na pH mobilni faze, pokud jsou tyto SF
endkapované (plné znaky). Pro neendkapované SF (prazdné znaky) retence zaporné
nabitych analyti s rostoucim pH klesd, zatimco retence kladné nabitych analyt s pH roste.
Interakce s disociovanymi volnymi silanoly zptisobujici tyto trendy se zadind vyrazné
uplatiovat jiz v pH ~ 4. Polarni SF Torus DIOL (pouzivana v HILIC nebo SFC) vykazuje
podobné trendy jako neendkapované SF, coz naznacuje veétsi mnozstvi residudlnich
silanolti nebo jejich nedostate¢né stinéni diolovymi ligandy.

Pro SF s CSH ¢asticemi (Obr. 7D, E, F) mizeme vidét pokles retence zaporné
nabitych analytl a narast retence TMFA™ s rostoucim pH, coZ indikuje vyrazny aniontové-
vyménny charakter v pH < 6, ktery poskytuje kladné€ nabité pyridylova skupina na povrchu
téchto castic. Pro endkapované SF zistava retence v pH > 6 konstantni (typické RP
chovani), zatimco pro neendkapovanou kolonu (prazdné znaky) dochazi k dalSimu poklesu

retence pro zaporn¢ nabité analyty a prudkému zvyseni retence pro kladn€ nabité analyty.

ey ee

v fadé XSelect CSH FP > XSelect CSH PH > XSelect CSH C18. Vzhledem k uniformité
CSH castic (a tedy i konstantnimu zastoupeni nabitych skupin na jejich povrchu) se jedna
pravdépodobné o disledek rizného stinéni povrchu ¢astic kvili pfitomnosti ligandd, a to
v zavislosti na délce jejich alkylového fetézce. Nejvice stinény je povrch SF
obsahujici C18 ligandy, nejmén¢ pak povrch SF, kterd mé aromatické jadro vazané pomoci
propylového linkeru.

Mix-mod kolona Premier BEH C18 AX (Obr. 7G, H, I) vykazuje aniontoveé-
vyménny charakter v §ir§im rozsahu pH v porovnani s CSH kolonami (pK, alkylaminu ~
8-9; pK. pyridylu ~ 5-6) [111]. V pH ~ 8 dochézi k poklesu retence zaporné nabitych
analyti a zvySeni retence TMFA™, coz je disledkem nejen ztraty aniontové-vyménného
charakteru, ale i rostouciho uplatnéni elektrostatické interakce s residualnimi silanoly.
Velmi podobné trendy byly pozorovany i pro SF Torus DEA s Cisté aniontové-vyménnym
charakterem (pK. diethylaminu ~10,6, bez ptitomnosti C18 ligandu, Obr. 7J, K, L), kde

pravdépodobné opét dochézi k uplatnéni interakce s residualnimi silanoly.
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Obr. 7: Zavislost retence nabitych analyti (dusi¢nany: A, D, G, J; benzensulfonova
kyselina: B, E, H, K; TMFA™: C, F, I, L) na pH MF pro riizné typy SF (Gerné/Sedé znaky:
C18 ligandy; fialové znaky: fluorfenyl ligandy, zelené znaky: fenyl-hexyl ligandy; modré
znaky: diolové ligandy; oranzové znaky: ligandy s aniontové-vyménnym charakterem).
PIné znaky znac¢i endkapované SF, prazdné znaky neendkapované. Slozeni MF: 10mM
dichloroctova kyselina s pfidavkem vodného roztoku amoniaku k dosazeni pH 2,5 — 9,0

(po 0,5 krocich). Ptevzato z Publikace II.

Kli¢ova role residudlnich silanoli na endkapované mix-mod koloné Premier BEH
C18 AX, ktera v disledku vede k zwitterionickému charakteru této SF, byla dale podrobné
zkoumana v publikaci [112], kde byl zaroven popsan i vliv ptidavku acetonitrilu do MF na

uplatnéni téchto elektrostatickych interakci.
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I ptes detailni charakterizaci interakéniho potencialu jednotlivych SF je pro ziskani
prehledu o jejich aplikaénim potencidlu vyhodné provést retencni analyzu riznych skupin
sloucenin (kyselych, bazickych, neutralnich a zwitterionickych) v riznych pH vodnych
slozek MF. Zavislost retencniho ¢asu a symetrie piku na pH vodné slozky MF pro
jednotlivé zastupce z uvedenych skupin (kyselé — ibuprofen, bazické — derivat kathinonu
1-(4-chlor-fenyl)-2-pyrrolidin-1-yl-pentan-1-on (4-CPRC), neutrdlni — B-naftoflavon,
zwitterionické — dipeptid H-Tyr-Phe-OH) pro osm testovanych kolon je ukazana na
Obr. 8. Pro neutralni slouc¢eniny (Obr. 8A) se dle o¢ekdvani retence ani symetrie piku
prilis neméni se zmeénou pH vodné slozky MF. Hodnota faktoru symetrie 4 je pro vSechny
testované podminky blizka jedné, coz indikuje velmi symetrické piky. Nejvyssi retence
byla pozorovana pro kolonu XSelect HSS C18, coz koreluje s vysledky Waltersova
testu 1 LFER modelu, kde tato SF vykazovala nejvyssi hydrofobicitu. Na piikladu kyselého
analytu (ibuprofen, Obr. 8B) je vidét vyrazny pokles retence s rostoucim pH, ktery je
zpuisobem disociaci karboxylové skupiny ibuprofenu (pK, = 4,85), coz vede ke zvyseni
polarity. Pii pH 8,0 dochazi z diivodu negativniho naboje analytu také ke zhorSeni symetrie
piki (hodnoty A~ 0,6; ,,frontovani* pikl) a celkové lze predpokladat, ze bazické pH vodné
slozky MF neni vhodné pro analyzu kyselych sloucenin. Retence ibuprofenu na
jednotlivych kolonach opét velmi dobie koreluje s vysledky Waltersova testu. Bazické
slouceniny (derivat kathinonu, Obr. 8C) vykazuji trend opacny, tedy zvySeni retence
s rostoucim pH vodné slozky MF. V kyselém pH jsou kathinony kladné& nabité (a tedy
polarngjsi a vykazujici nizsi retenci), v pH 8,0 jsou pak uz jen ¢astecné nabité (pK, ~ 8,2),
ale stile mohou interagovat s volnymi silanoly, coz jejich retenci vyrazné zvySuje
(pfedevsim na neendkapovanych kolonach, kde jejich retence na kolonach XSelect HSS
C18 SB a XSelect HSS PFP piesahla 60 minut). Vliv typu ¢astic (CSH vs. HSS) na retenci
bazickych analytl je vyrazny. Zatimco SF s CSH casticemi neposkytuji v pH 2,1 témeér
zaddnou retenci kathinont kvili elektrostatické repulsi, HSS castice potvrdily svou
vhodnost pro analyzu bazickych sloucenin z divodu jejich zvySené retence. Tento efekt je
nejvyrazngjsi pii porovnani kolon XSelect CSH FP a XSelect HSS PFP, kde druha zminéna
kolona poskytuje vyrazné vyssi retenci. Z hlediska symetrie piki 1ze shrnout, Ze v kyselém
pH (2,1 a 4,7) maji piky tendenci chvostovat, zatimco v bazickém pH (8,0) ,,frontovat*.
Dipeptidy jsou velmi polarni analyty, jejichz retence je obecné v RPLC nizka. I pti zvySeni
obsahu vodné slozky v MF z 60 na 80 obj.% nebylo mozné dosahnout dostate¢nych retenci

v jiném pH nez 2,1. Kolony s CSH c¢asticemi opét poskytuji nejnizsi retence z ditvodu
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elektrostatické repulse s kladnym nabojem analytu, ktery v tomto pH pfevazuje.
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Obr. 8: Trendy v retenci a symetrii pikli (4s) pro jednotlivé zastupce z riznych skupin
analytl (A: B-naftoflavon, B: ibuprofen, C: derivat kathinonu 4-CPRC, D: H-Tyr-Phe-OH).
Slozeni MF pro A,B,C: ACN/vodna slozka, 40/60 (v/v); pro D: ACN/vodna slozka, 20/80
(v/v). Vodné slozky MF: 365mM kyselina mravenc¢i, pH 2,1; 10mM octan amonny, pH 4,7,
10mM octan amonny, pH 8,0. PferuSovand linka znac¢i idedlni symetrii piku (A4s=1).

Pfevzato z Publikace 1.

Analyza modelovych smési vramci vySe uvedenych skupin nézorné ukazuje
vynikajici aplikacni potencial RPLC kolony XBridge C18 pro kyselé profeny v ptipadé
pouziti kyselé vodné slozky MF, a naopak pro bazické derivaty kathinonu v ptipadé¢ pouziti
mirné bazické vodné slozky MF. V opacném piipadé¢ dochézi ke koeluci jednotlivych
analytd a zhorSeni tvaru pika (Obr. 9).

Pochopeni reten¢niho/interakéniho mechanismu pro jednotlivé stacionarni faze je

klicové pro spravny vybér kolony s ohledem na charakter danych analytd. Disledkem je
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uspora ¢asu béhem optimalizace metody (neni nutné zkouset velké mnozstvi SF a MF),

a tim 1 uspora rozpoustédel.
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Obr. 9: Separace smési kyselych profenii a bazickych derivati kathinonu (4-chlor-N, N-
dimethylkathinon (4-CDC), 1-(4-chlorfenyl)-2-pyrrolidin-1-yl-pentan-1-on (4-CPRC),
4-chlor-N-butylkathinon  (4-CBC),  1-(4-fluorfenyl)-2-(isopropylamino)pentan-1-on
(4F-NPP), 4-chlor-N-isopropylkathinon (4-CIC) na koloné¢ XBridge C18. Slozeni MF:
ACN/vodna slozka, 40/60 (v/v). Vodné slozky MF: 365mM kyselina mravenci, pH 2,1;
10mM octan amonny, pH 8,0. Data ptevzata z Publikace III.
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Tabulka 3: Ptehled testovanych stacionarnich fazi a jejich vlastnosti. VSechny kolony mély rozméry 150 x 4,6 mm a Castice o velikosti 5 um

T Skupina Pokryti MnoZstvi Velikost Objem Povrch
Kolona Struktura ééztli)c Ligand »Endkaping“ nesouci ligandem uhliku v orit (A) pora (m?-g")
naboj  (umol'm?) SF (%) P (em®*-g) g
XSelect® o\
HSCS 6&8 O{O—/Si N2 VAVAVA HSS oktadecyl ano 7adna 3,2 15 100 0,7 230
O Cis
XSelect® o\
CSelt O<O_/Si\/\/\/\/\ HSS oktadecyl ano 7idna 1,6 11 100 0,7 230
O Cis
XSelect® o\
cee %—Si HSS oktadecyl 7adné 1
\/\/\/\/\ y ne zadna ,6 8 100 0,7 230
HSS C18 SB 5 Cua
R F
XSelect® O\
0—Si F HSS pentafluorfenyl ne zadna 3,2 7 100 0,7 230
HSS PFP o
F F
Cis
=si
O/
o d CSH oktadecyl ano pyridyl 23 15 130 0.7 185
T
\_ 7/
0]
o%S‘J\/\/\O
és}‘;ﬁfg S CSH  fenyl-hexyl ano pyridyl 23 14 130 0,7 185
T\+
NH
\ 7
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4.2 Mix-mod chromatografie pro analyzu peptidii a proteinii (Publikace 1V,
Publikace V, Publikace VI)

Peptidy a proteiny jsou relativné polarni slouceniny zwitterionické povahy, které
mohou byt i nékolikanasobné nabité. Z toho divodu je vhodné pro jejich analyzu vyuzit
MMC, a to konkrétné¢ SF kombinujici RP a IEX charakter. Tyto SF mohou poskytovat
odli$nou selektivitu v porovnani s klasickymi C18 SF, které jsou pro proteomickou analyzu
vyuzivany nejCastéji. Pii analyze zwitterionickych analytd je dilezité znat jejich celkovy
efektivni naboj (z) v jednotlivych pH a hodnotu isoelektrického bodu (p/). Hodnota z by
méla byt nulova v pfipade, Zze pH je rovno p/ a analyt se tak nachdzi ve zwitterionické
form¢ a chova se jako celek neutrdlné. Hodnoty z a p/ pro analyzované peptidy jsou
uvedeny v Tabulce 4. Dipeptidy a enkefaliny neobsahuji ve své struktuie zadnou
aminokyselinu nesouci dal$i nadboj a jejich celkovy ndboj tak zavisi pouze na hodnotach
pK. karboxylovych a amino- skupin na konci sekvence. Tyto peptidy jsou kladné nabité
pti pH 3,0 (z = 0,80), zwitterionické pti pH 4,7 (z = 0,07) a ¢aste¢n¢ zadporné nabité pii pH
6,9 (z = -0,17). Leucin-enkefalinamid, ktery obsahuje amid karboxylové kyseliny
a angiotensin II obsahujici arginin a histidin (bazické aminokyseliny) ve své sekvenci, jsou

kladné nabité v celém testovaném rozsahu pH.

Tabulka 4: Hodnoty isoelektrického bodu (p/) a celkového efektivniho néboje (z) pro
testované peptidy. Hodnoty byly vypocteny podle [113]. Pfevzato z publikace IV

pl z (pH 3,0) z (pH 4,7) z (pH 6,9)
Angiotensin 1T 7,00 2,70 1,21 0,10
Met3enkefalin 5,60 0,80 0,07 -0,17
Leucin enkefalinamid 8,70 1,00 1,00 0,83
Leucin enkefalin 5,60 0,80 0,07 -0,17
Dipeptidy 5,60 0,80 0,07 -0,17

Pro slouceniny nachazejici se ve zwitterionické¢ formé (z ~ 0) je velmi obtizné
odhadovat, jakym zptisobem budou interagovat s MM SF, tedy zda ptevazi elektrostaticka
(Publikace II) vyplyva, Ze MM SF Premier BEH C18 AX ma pfi vy$Sich hodnotach pH
také zwitterionicky charakter. Pro tcely zjisténi pievladajiciho typu elektrostatické
interakce je vhodné provést analyzu pii riznych koncentracich pufri v MF. Vyssi
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koncentrace pufru zplisobuji inhibici elektrostatické interakce z diivodu soutézeni iontd
analytu a iontl pufru o interakci se SF. Pokud s rostouci koncentraci pufru roste i retence
analytu, prevlada elektrostaticka repulse — rostouci koncentrace pufru inhibuje repulsi mezi
analytem a SF a retence analytu roste. Pokud naopak s rostouci koncentraci pufru retence
klesa, v systému pievlada elektrostatickd atrakce — rostouci koncentrace pufru inhibuje
elektrostatickou atrakci, coz zptsobuje pokles retence. Tyto efekty jsou zndzornény na
piikladu dipeptidu H-Phe-Trp-OH pro tfi rtizné kolony (dvé mix-méd a jednu s CSH
¢asticemi) na Obr. 10. V pH 3,0 jednoznacné prevlada elektrostaticka repulse mezi kladné
na kolon¢ Atlantis Premier BEH C18 AX (oznaceni Atlantis je pro UHPLC kolony, SF je
stejnd jako v pfipad¢ kolony Premier BEH C18 AX) naznaCuje nejvétsi repulsi, tedy
nejvetsi pristupnost kladného naboje na povrchu SF. ZvySeni retence na této kolon¢ v pH
4,7 naznacuje vymizeni elektrostatické repulse, a naopak uplatnéni atrakce (retence
s koncentraci klesa), ackoliv dipeptid by m¢l mit v tomto pH celkovy naboj kolem nuly
(z=0,07). V pH 6,9 je dipeptid Castecné zaporné€ nabity a na jeho retenci na koloné Atlantis
Premier BEH C18 AX se podili elektrostatick4 atrakce s kladnym nabojem na povrchu této
SF. Na ostatnich dvou kolonach (Luna Omega PS C18 a XSelect CSH C18) opacné trendy

ukazuji na uplatnéni elektrostatické repulse, pravdépodobné s disociovanymi residudlnimi

silanoly.
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Obr. 10: Vliv koncentrace pufru na retenci dipeptidu H-Phe-Trp-OH pro rizna pH vodné
slozky MF a tii kolony s MM charakterem. SloZzeni MF: ACN/vodna slozka, 15/85 (v/v).
Vodné slozky MF: mraven¢an amonny, pH 3,0; octan amonny, pH 4,7; octan amonny, pH

6.9. Prevzato z Publikace I'V.
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V MMC koncentrace pufru vyrazné ovlivituje nejen retenci, ale i symetrii piki
(symetrie pikli je do znacné miry spojena s elektrostatickymi interakcemi). V pH 3,0 bylo
nejlepsi symetrie dosazeno pro kolonu Atlantis Premier BEH C18 AX pfi SmM koncentraci
pufru. S rostouci koncentraci se symetrie vyrazné zhorSovala. Pro ostatni dvé kolony byly
pozorovany znacné chvostujici piky (hodnoty 4 v rozmezi 4,5-9,5). V pH 4,7 byly trendy
zcela opacéné, tzn. mirng€ ,,frontujici” piky (hodnoty A~ 0,9) pro kolony Luna Omega PS
C18 a XSelect CSH C18 a zlepSujici se symetrie s rostouci koncentraci pro kolonu Atlantis
Premier BEH C18 AX. MF s vodnou slozkou o pH 6,9 poskytovala ve vSech ptipadech
velmi Siroké piky, které nebylo mozné spravné vyhodnotit.

Na zaklad¢ vyse zminénych poznatkii 1ze vybrat podminky vhodné pro analyzu
peptidl. Po optimalizaci bylo dosazeno nejlepSich vysledkl (nejkratsi ¢as analyzy, dobra
symetrie pikll, rozliSeni na zdkladni linii) pro separaci 14 peptidi na kolon¢ Atlantis

Premier BEH C18 AX (Obr. 11).

Odezva detektoru
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Obr. 11: Separace smési 14 peptidi. Gradientova eluce: Omin=5% ACN; 1,5min=15%
ACN; 3min=25% ACN; 6min=35% ACN. Vodna slozka MF: 5mM mravencan amonny,
pH 3,0. Analyty: 1: H-Tyr-Ala-OH; 2: H-Ala-Tyr-OH; 3: H-Phe-Ala-OH; 4: H-Ala-Phe-
OH; 5: H-Trp-Ala-OH; 6: H-Ala-Trp-OH; 7: H-Phe-Tyr-OH; 8: H-Tyr-Phe-OH;
9: Angiotensin II; 10: Leucin enkefalinamid; 11: H-Phe-Trp-OH; 12: Met’enkefalin; 13:
H-Trp-Phe-OH; 14: Leucin enkefalin. Pfevzato z publikace IV.

Obecné lze ftict, ze MM SF potvrdily sviij velky potencial v proteomické analyze.
Z toho divodu jsme tento projekt rozsitili o dalsi modelové peptidy (celkem 21 peptidl)
s cilem ur¢it a porovnat vysledky analyzy z hlediska separace a tvaru pika pro kyselé¢ pH
(pH 2,7; typické pH pro separaci peptidll) a bazické pH (pH 8,0; pH potiebné ke Stépeni
proteinil trypsinem). Pro tento projekt byly vybrany Ctyfi staciondrni faze — dvé MM
(Atlantis Premier BEH C18 AX a Luna Omega PS C18), jedna RP s MM charakterem
(XSelect CSH C18) a jedna RP (XBridge C18). Vysledky ukazaly, Ze pro vétSinu peptid
bylo dosazeno lepsi symetrie a vétsi retence v MF o pH 8,0, coZ naznacuje slibné vysledky

v oblasti on-line §tépeni proteind.
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V dalsi fazi projektu byl vybran modelovy protein cytochrom C, ktery je jiz velmi
dobfe prostudovany z hlediska jeho Stépnych fragmentd. Navic je na trhu dostupny
standard trypsinem nastépené¢ho cytochromu C, coz nam umoznilo srovnat vysledky
analyzy nastépeného standardu, Stépeni pomoci tzv. trypsinovych ,,spin kolonek* a na
zaver i nami vyvinuté metody/uspofadani pro on-line St€peni proteinti (viz dale, Obr. 17).
Trypsinové ,,spin kolonky* byly vyvinuty jako alternativa ke §tépeni v roztoku. Z divodu
imobilizace trypsinu na silikagelovy nosi¢ ve vysoké koncentraci je Stépeni rychlé (15
minut samotné S$té€peni, cca 1 hodina vetn¢ denaturace proteinu a promyvani kolonek),
neni nutné kontrolovat teplotu a téméf nedochdzi k autolyze trypsinu. Obr. 12 ukazuje
porovnani analyzy standardu nastépené¢ho cytochromu C (Obr. 12 A) a cytochromu C
nastépeného za pouziti ,,spin kolonky* (Obr. 12 B). NejvétSimi rozdily jsou: a) chybé&jici
chymotrypticky fragment T19C pii pouZiti ,,spin kolonky*, b) velké mnoZstvi neznamych
necistot ve standardu nastépeného cytochromu C. Ob¢ zjisténi potvrzuji, Ze trypsinoveé
,»spin kolonky* jsou vysoce specifické a neposkytuji témét zadné chymotryptické,
»,miscleavage* nebo autolytick¢é fragmenty. Naopak standard cytochromu C byl
pravdépodobné ziskdn St€penim v roztoku, pro které je pfitomnost téchto fragmentt
typicka, a to predevsim pii delSim case Stépeni. Pokud vysledky porovname s on-line
Stépenim (data v Publikaci VI), lze jednozna¢né shrnout, ze on-line $tépeni poskytuje
nejvetsi mnozstvi chymotryptickych i ,,miscleavage fragmentt, zaroven ale nepfichazime
o zadné tryptické fragmenty (v nékterych ptipadech je dokonce pii on-line §t€peni mozné

identifikovat vice tryptickych fragmentti nez pti pouZziti ,,spin kolonek*).
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Obr. 12: Porovnani analyzy standardu nastépeného cytochromu C (A) a cytochromu C
naStépen¢ho za pouziti ,,spin kolonky* (B). Gradientova eluce: Omin=0% MF A;
8min=25% MF A; 10,5min=30% MF A; 12min=40% MF A. Slozeni MF: MF A: 0,1%
kyselina mraven¢i v ACN, MF B: 0,1% kyselina mravenci ve vodé. Teplota kolony: 37 °C,
UV detekce: 214 nm. Kolona: Luna Omega PS C18. Identifikaci jednotlivych fragmentt

1ze najit v Tabulce S4 v kapitole Doplikova data na str. 75. Pfevzato z Publikace V.
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Koncept on-line $tépeni (Obr. 13) nabizi vyhodu velmi rychlé a jednoduché metody,
kterd je pouzitelna na jakékoliv chromatografické instrumentaci bez nutnosti pouZzivat
piepinaci ventily nebo sbirat jednotlivé frakce a provadét 2D chromatografii. Velkou
vyzvou je kompatibilita MF, tedy MF vhodné pro St€épeni a MF vhodné pro separaci
Stépnych produkti. MF, ve které bude dochazet na IMER ke §té€peni musi mit pH vhodné
pro aktivitu trypsinu (pH~8) a nesmi obsahovat vétsi mnozstvi organického rozpoustédla.

MS detekce
ITRYPSINOVA kolona !—PI napr. MIX-MOD kolona I M Mn l Mh l

vzorek proteinu trypsinové §tépeni separace 3t&pnych produktd identifikace 3t&pnych produktl
+
denaturacni €inidlo
redukéni a alkylacni Cinidlo

Obr. 13: Schéma uspotadani pro on-line $tépeni proteinil a separaci st€pnych fragmenti

pii pouziti sériové zapojenych UHPLC kolon.

V prvni fad¢ bylo potteba provést podrobnou charakterizaci testovanych IMER,
tedy trypsinovych kolon liSicich se rozméry (30 x 2,1 mm a 50 % 1,0 mm) a pokrytim
trypsinem (3,0 pmol m™ a 5,0 umol m™). Ziskané trendy byly velmi podobné pro vSechny
testované kolony, a proto budou dale ukazany vysledky pouze pro IMER s niZ§im pokrytim
trypsinu (3,0 pmol m?), ale vétsimi rozméry (a tedy i vét§sim povrchem; 30 x 2,1 mm).
IMER prototypy byly ziskany v ramci spoluprace se spolecnosti Waters. Aktivita IMER
byla sledovéana analyzou N-a-benzoyl-L-arginin 4-nitroanilid hydrochloridu (BAPNA),
ktery je trypsinem S$tépen na benzoylarginin (vzdy prvni eluujici) a p-nitroanilin (vzdy
druhy eluujici), tedy dva produkty detekovatelné UV detekei. Nejprve byl zkouman vliv
mnozstvi substratu (BAPNA) na aktivitu trypsinu, tedy Sté€pici kapacita IMER, a to
v rozsahu od 1 do 200 pg nadavkovaného BAPNA (kombinace koncentraci 1 mg ml™';
5mgml'; 10 mg ml™!; 15 mg ml™'; 20 mg ml™! a nadavkovaného objemu od 1 do 10 pl,
z diivodu rozpustnosti). Obr. 14 ilustruje, ze v rozsahu do 120 pg nadavkovaného BAPNA
nelze pozorovat téméf zadnou zménu v kapacité trypsinového IMER a mnoZstvi
nenastépeného BAPNA je <1 %. Nad 120 pg mnozstvi nenastépeného BAPNA stoupé az
k hodnoté okolo 7 % pro 200 pg nadavkovaného substratu. Pro lepsi piedstavu jsou na

Obr. 14 zobrazeny i chromatogramy pro dva krajni pfipady, tedy 1 pg a 200 pg
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davkovaného substratu. Na zaklad¢ ziskanych vysledkii byla pro dalSi experimenty

vybréana koncentrace 10 mg ml™! a davkovany objem 5 pl (50 pg BAPNA).
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Obr. 14: Zavislost mnozstvi nenaStépené¢ho substratu (BAPNA) na jeho celkovém
nadavkovaném mnozstvi. Kazdy bod je opatien chybovou useckou, jejiz hodnota
nepiekracuje +0,4 %. Gradientovd eluce: Omin=100% MF B; 2min=100% MF B;
8min=50% MF B. Slozeni MF: MF A: 26,5mM mravencan amonny ve smési ACN/voda,
80/20 (v/v); MF B: 26,5mM mraven¢an amonny ve vod€. pH upraveno roztokem amoniaku
na hodnotu 8,5. Teplota kolony: 37 °C, priitok 0,3 ml min~!, UV detekce: 280 nm. Kolona:
IMER 1 + Atlantis Premier BEH C18 AX. Pro ndzornost jsou chromatogramy ukazany pti
stejné vlnové délce, pro ucely kvantifikace byla ale z diivodu velké odezvy pro 200 pg
pouzita jina vlnova délka a tomu odpovidajici kalibra¢ni zavislost. Pfevzato z Publikace

VL

Pro aktivitu trypsinu je diilezitd hodnota pH a teploty, a proto byl vliv téchto
parametrll na aktivitu trypsinu sledovan v chromatografickém systému. Navic byl pfidan
1 parametr pratoku MF, tedy doby, po kterou miZe byt substrat v kontaktu s trypsinem. Jak

je vidét na Obr. 15, v testovaném rozsahu ma nejveEtsi vliv na aktivitu trypsinu hodnota pH
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MF. Jiz vpH 7,0 (tedy v okoli oblasti udavané jako pH optimalni) je mnozstvi
nenastépeného substratu okolo 13 %, nad pH 8,0 jsou rozdily zanedbatelné a témer veskery
substrat je trypsinem naStépen. Na pH optimum aktivity trypsinu ma tak pravdépodobné
vliv zplisob imobilizace nebo zdroj trypsinu. V oblasti vlivu teploty na aktivitu trypsinu
nebylo pozorovano nic neo¢ekavaného a udavana teplota minimalné 37 °C se potvrdila pro
aktivitu trypsinu jako optimalni. Vliv pritoku MF na aktivitu trypsinu byl sice maly,

nicmén¢ na uvedeném piikladu i tak dobte viditelny.
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Obr. 15: Vliv pH MF, teploty a pritoku MF na aktivitu trypsinu (tj. mnoZstvi
nenastépen¢ho substratu, BAPNA). Kazdy sloupec je opatfen chybovymi tseckami, které
neptekracuji = 0,2 % pro A; + 0,02 % pro B a £ 0,002 % pro C. Gradientova eluce:
Omin=100% MF B; 2min=100% MF B; 8min=50% MF B. Slozeni MF: MF A: 26,5mM
mravencan amonny ve smési ACN/voda, 80/20 (v/v); MF B: 26,5mM mravencan amonny
ve vod¢. pH upraveno roztokem amoniaku na hodnotu 8,5 (kromé panelu A). Teplota
kolony: 37 °C (kromé& panelu B), pritok 0,3 ml min™' (kromé& panelu C), UV detekce:
280 nm. Kolona: IMER 1 + Atlantis Premier BEH C18 AX. Koncentrace vzorku: 10 mg

ml !, nadavkovany objem: 5ul. Pfevzato z Publikace VI.

Je zndmo, Ze trypsin je citlivy na pfitomnost organickych rozpoustédel. Z toho
divodu jsme se rozhodli otestovat vliv ACN a methanolu (MeOH) na aktivitu trypsinu,
a to v pfipad¢, Ze bude organické rozpoustédlo ptitomno v MF v pocatecni fazi gradientu,
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tedy ve fazi samotného $tépeni (cca prvni 2 minuty). Na Obr. 16 je vidét, ze do 5-10 %
organického rozpoustédla v MF se aktivita trypsinu vyrazné neméni, pfi¢emz pro MeOH
klesa aktivita s rostoucim obsahem organického rozpoustédla vyrazné¢ méné. V ptipadé
ACN dochazi okolo 37 obj. % ACN v MF ke ztraté retence a koeluci BAPNA a jeho
Stépnych produktii. I ptesto, ze aktivita trypsinu je vyssi v ptitomnosti MeOH v porovnani
se stejnym mnozstvim ACN, byla pro dalsi experimenty vybrana MF s ACN. Diivodem je
lepsi tvar pika a kratsi Cas analyzy v ptipadé MF s ACN a fakt, Ze 1 pfes pouzivani
organického rozpoustédla ve vyssich koncentracich (cca 40 % na konci kazdého gradientu)

byla aktivita trypsinu velmi dobfe opakovatelnd po vice jak 300 nastiiku.
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Obr. 16: Vliv mnozstvi a typu organického rozpoustédla na aktivitu trypsinu (tj. mnozstvi
nenaStépeného substratu, BAPNA). Kazdy sloupec je opatfen chybovymi useckami, které
nepiekracuji = 0,7 %. Gradientova eluce: Omin=X% MF A; 2min= X% MF A; 8min=80%
MF A; X =(0; 80). Slozeni MF: MF A: 26,5mM mraven¢an amonny ve smési ACN/voda,
50/50 (v/v); MF B: 26,5mM mraven¢an amonny ve vodé. pH upraveno roztokem amoniaku
na hodnotu 8,5. Mnozstvi organického rozpoustédla v MF je vypocitano jako X/2. Teplota
kolony: 37 °C; pratok 0,3 ml min™!, UV detekce: 280 nm. Kolona: IMER 1 + Atlantis
Premier BEH C18 AX; koncentrace vzorku: 10 mg ml!, naddvkovany objem: Spl.
Ptevzato z Publikace VI.
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Na zaklad¢ ziskanych vysledkl z on-line §tépeni BAPNA byly pro on-line §tépeni
komplexnéjsich proteinti vybrany nasledujici podminky: MF pH 8,5; teplota kolony:
37 °C; gradient pritoku: 0,1 ml min™' prvni dvé minuty gradientu, 0,2 ml min' ve tfeti
minuté a od &tvrté minuty pritok 0,3 ml min~!. Tyto podminky priitoku poskytuji
dostatecny Cas pro efektivni $t€peni a zaroven zajistuji pfimétrené dlouhy cas analyzy.
V prvnich tfech minutach gradientu nebyl v MF pfitomen zddny ACN a maximalni obsah
ACN v MF na konci gradientu byl 48 0bj.% (60 obj.% MF A), coz bylo nezbytné pro eluci
vSech stépnych produktti. Pro efektivni §t€peni proteint bylo do vzorku proteinu (ptfimo do
vialky) pfidano denaturaéni ¢inidlo (smés mocoviny, thiomocoviny a C7BzO). V ptipadé
proteint tvoficich disulfidické mustky bylo nutné ptidat i redukéni a alkyla¢ni krok
(tributylfosfin a jodoacetamid, cca 2 hodiny dlouhy proces) zabranujici jejich tvorbé. Bez
ptidavku téchto c¢inidel by nedochazelo ke Stépeni za kazdym lysinem a argininem
(,,miscleavage®), St€épné fragmenty by byly delsi, nespecifické a tézko identifikovatelné.
Pti identifikaci jednotlivych fragmenti je nezbytné vyuziti MS detekce spolu
s kalkulatorem hmot jednotlivych fragmentt (Expasy, [114]).

Vysledky on-line §tépeni cytochromu C v porovnani s analyzou jeho komercné
dostupného nastépeného standardu a cytochromu C nastépeného za pouziti ,,spin kolonek*
jsou na Obr. 17. Pro ucely tohoto porovnani byly vybrany pouze fragmenty deklarované
ve standardu nastépeného cytochromu C (Tabulka S4 v Doplitkovych datech, str. 75). Jak
Jiz bylo zminéno vySe, pouZiti ,,spin kolonek* neposkytuje chymotrypticky fragment
T19C.

Kromé cytochromu C byla vyvinutd on-line metoda pouZita 1 pro Stépeni
myoglobinu a enolasy. Vysledky pro vSechny tfi proteiny potvrdily, Ze on-line Stépeni
poskytuje vétsi pocet 1 vysSi mnoZstvi ,,miscleavage” a chymotryptickych fragmenti
v porovndni se Stépenim za pouziti ,,spin kolonek®. Pocet nalezenych tryptickych
fragmentl byl srovnatelny pro vSechny proteiny a celkové bylo identifikovano vzdy ptes
88 % sekvence (tzv. ,,sequence coverage*). Podobné trendy byly pozorovany 1 pro proteiny
obsahujici disulfidické mistky, tedy a-laktalbumin, p-laktoglobulin A, albumin
a konalbumin, kde se vys8i pocet nalezenych fragmentt ukézal vyhodny, a to z divodu
vyrazné vyssiho poctu nalezenych tryptickych fragmentl pii on-line §t€peni v porovnani

se ,,spin kolonkami*.
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Na zéklad¢ ziskanych poznatki 1ze shrnout, Ze vyvinutd metoda pro on-line §tépeni
proteint, tedy sériové zapojeni trypsinové a analytické mix-mod kolony, se ukazala jako

ucinna technika, kterd vyrazné Setii Cas, a tim zvysSuje mnozstvi analyzovatelnych vzork.
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Obr. 17: Porovnani analyzy naStépené¢ho standardu cytochromu C (A), cytochromu C
naStépencho za pouziti ,,spin kolonek* (B) a on-line §tépeni cytochromu C (C). Ve vSech
pfipadech byly pouzity stejné chromatografické podminky a stejny gradient jako pro

on-line §tépeni. Pfevzato z Publikace VI.
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4.3  Chromatograficka  charakterizace a analyza terapeutickych
thiofosfatovych oligonukleotidii  (Publikace VII, Publikace VIII,
Publikace IX, Publikace X)

Nejpouzivangj$im pristupem pro chromatografickou analyzu thiofosfatovych ON
je IPRPLC. Vliv typu/hydrofobicity a koncentrace jak samotného IP cinidla, tak
1 protiiontu (octan vs. HFIP) na separaci diastereomerit ON byl popsén jiz diive [115,116].
Komplexni prace vysvétlujici a shrnujici vSechny tyto efekty vedouci k lepSimu pochopeni
téchto jevll nebyla k dispozici. K setazeni IP Cinidel podle jejich hydrofobicity (a tedy
teoreticky i podle jejich schopnosti potlacit separaci diastereomeri) je mozné vyuzit dvou
pfistupt. Prvnim znich je sledovani mnozstvi ACN v MF, které je potiebné k eluci
vybraného ON (viz Publikace VII). Cim vy&§i je mnozstvi ACN, tim vy$i retenci ON IP
¢inidlo poskytuje, a tim je IP ¢inidlo hydrofobnéjsi. Druhou mozZnosti je méfeni retence
alkylamini. Pokud jako MF zvolime octan amonny nebo HFIP + vodny roztok amoniaku
(v riznych koncentracich, pH ~ 8), ziskdme zaroven informaci o tom, jak protiiont (octan
vs. HFIP) a jeho koncentrace ovliviiuje sorpci alkylaminu na povrch staciondrni faze.
Vysledky shrnuté na Obr. 18 sefazuji IP ¢inidla podle jejich hydrofobicity (vyssi retence
= vic hydrofobni). Na piikladu porovnani triethylaminu (TEA), dipropylaminu (DPA)
a hexylaminu (HA) je vidét, ze hydrofobicitu neovliviiuje pouze pocet uhlikl v fetézci
(vSechny obsahuji 6 uhliki), ale také vétveni uhlovodikového fetézce (€im veEtsi vétveni,
tim mensi hydrofobicita). Obr. 18 déale ukazuje, ze ptitomnost HFIP v MF podporuje
sorpci alkylaminu na povrch SF vice nezZ octan a retence alkylamin je tak vyssi. S rostouci
koncentraci protiiontu sorpce alkylaminu na povrch SF roste, tento efekt je vSak daleko

vyraznéjsi pro MF s HFIP v porovnani s MF s octanem.
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Obr 18: Retence alkylaminli na dvou typech SF (C18 a fenyl). Gradientova eluce:
Omin=1% MF A; 22,5min=50% MF A. Slozeni MF: MF A: ACN, MF B: kyselina
octova/HFIP + vodny roztok amoniaku, pH ~ 8; koncentrace soli 10mM, 25mM, 50mM
a 100mM. Teplota kolony: 60 °C, priitok: 0,5 ml min~!, MS detekce (QDa detektor). Tuéné

oznacen¢ alkylaminy byly vybrany pro dal$i méteni. Pfevzato z Publikace VIII.

Dtsledek zvySené sorpce alkylaminu na povrch SF v ptfitomnosti HFIP v porovnani
s octanem, a tedy efektivnéj$i potlaeni separace diastereomerti v ptipadé HFIP MF je
znazornéno na Obr. 19 A. Zatimco MF s octanem jako protiiontem poskytuje ¢astecnou
separaci diastereomert (a to i pfesto, Ze koncentrace samotného IP ¢inidla i protiontu je
vyssi), MF s HFIP pln¢ potlacila separaci diastereomert. Ohledné nézvoslovi, oznaceni
allPO znac¢i nemodifikovany ON, 1PS5" oznacuje ON, ktery ma 1PS modifikaci na
5’konci, oznaceni 2PS3 5 center je pro ON obsahujici 2PS modifikace na 3’konci, 2PS
modifikace na 5’konci a 2PS modifikace uprostifed sekvence. Kompletni seznam vsech
testovanych ON je uveden v Tabulce 5 na konci této podkapitoly, str. 60)

Vliv koncentrace protiiontu, konktrétné HFIP, na separaci diastereomera je
ilustrovan na Obr. 19 B. S rostouci koncentraci HFIP, tedy s rostoucim mnozstvim IP
¢inidla sorbovaného na povrch SF (pfi stejné pocatecni koncentraci IP ¢inidla v MF) roste

potlaceni separace diastereomerti. Obr. 19 potvrzuje hypotézy ziskané na zdkladé méfeni
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retence/sorpce alkylamini na povrch SF v zavislosti na typu a koncentraci pouzitého

protiiontu v MF (Obr. 18).
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Obr. 19: Vliv protiiontu (octan vs. HFIP) na separaci diastereomert, pievzato z Publikace
VII (A). Vliv koncentrace HFIP na separaci diastereomerti, pfevzato z Publikace VIII (B).
Teplota kolony: 60 °C, UV detekce: 260 nm. Kolona: Acquity Premier UPLC BEH C18.

I ptesto, ze MF obsahujici HFIP vykazuji velmi slibné vysledky z hlediska sorpce
IP ¢inidla na povrch SF, a tim i potlaceni separace diastereomerii, MF obsahujici octan
jako protiiont stale reprezentuji vétSinu aplikaci [117]. Diivodem je niZsi selektivita HFIP
systému vici ON rizné délky nebo ON liSicich se poctem nebo pozici PS modifikaci
v porovnani se systémem s octanem. Navic HFIP je relativné draha sloucenina, ktera je
snadno oxidovatelna a neni tak na vzduchu dlouhodobé stabilni. Vliv typu IP cinidla
(s octanem jako protilontem) na separaci diastereomerli velmi dobfe koreluje
s pfedchozimi vysledky, a tedy s rostouci hydrofobicitou roste i potlaeni separace
diastereomerti (Obr. 20). V tomto trendu hraje vyznamnou roli i fakt, Ze pro hydrofobné;si
IP ¢inidla musi MF obsahovat vice ACN, coz vede k potlaceni ,,hydrofobni interakce®,
a tedy 1 potlaceni separace diastereomert.

Slabé IP systémy (Cervené¢ oznacené v Obr. 20) poskytuji CasteCnou separaci
diastereomerti a v nékterych piipadech je dokonce nemozZné rozlisit mezi jednotlivymi ON.
Hydrofobnéjsi (zelené oznacené) IP systémy separaci diastereomert plné potlacuji,
poskytuji uzké piky a zaroveil umoziiuji separaci jednotlivych ON lisicich se po¢tem PS
modifikaci na zakladni linii. Trend rostouciho potlaceni separace diastereomeru s rostouci
hydrofobicitou IP ¢inidla vSak neplati v celém rozsahu hydrofobicity IP ¢inidel. Pro vysoce

hydrofobni IP systémy (oranzovd barva) v kombinaci s jejich vysokou koncentraci
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(100mM) pozorujeme rozsitené piky, které¢ naznacuji ¢asteCnou separaci diastereomerd,

coz miize komplikovat rozliSeni jednotlivych ON. Obecné miizeme fict, Ze schopnost IP

systému potlacit separaci diastereomerti mtize byt popsdna dvéma zptsoby, a to: 1) potem

separovanych pikii/diastereomert; ii) v pfipadé pouze jednoho piku jeho Sitkou (napf.

wsou, Obr. 21A). Na zaklad¢é dat v Obr. 20 lze shrnout, Ze nejlepsi volbou z hlediska

potlaceni separace diastereomert je vyuziti napt. 100mM HAA.

Odezva detektoru

1: allPO

2: 1PS5’
100mM octan amonny 15 3: 2PS5°
AmAc M 4: 2PS3'5°

5: 2PS3'5 center
100mM diethylamonium acetat 1 2
DEAA 3 4 s

100 mM triethylamonium acetat 1
TEAA 2,
4 5

100mM diisopropylamonium acetat 1l 2

100mM dipropylamonium acetat 1 2] , 4 s
DPAA

100mM dibutylamonium acetat 11 2,3 4 5
| koo

100mM hexylamonium acetat 1123 4 5
w

0 1 2 3 4 5 6 7 8 9 10 11 12

t (min)

Obr. 20: Separace smési 21mer ON liSicich se v poctu PS modifikaci. Gradientova eluce.

Teplota kolony: 60 °C, UV detekce: 260 nm. Kolona: Acquity Premier UPLC BEH C18.

Pievzato z Publikace VII.
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Kromé potlaceni separace diastereomert je dal$im velmi dalezitym parametrem
v chromatografické analyze terapeutickych PS ON rozliSeni hlavniho piku a jeho kratSich
necistot, tedy rozliSeni n a 5'n-x meru (napf. 21meru a 20meru zkraceném na 5” konci).
Krat§i mery (pfipadné¢ 5'n+1 mery) jsou pozlstatky ze syntézy a jsou typickymi
necistotami kazdého vzorku ON. Jejich separace od hlavniho piku je klicova pro spravné
vyhodnoceni a kvantifikaci hlavniho piku. Hodnoty rozliSeni (Ry) pro 21mer a 20mer
(1PScenter ON) jsou uvedeny v Obr. 21B. S rostouci hydrofobicitou a koncentraci IP
¢inidla roste i rozliSeni ON s rtiznou délkou. Ve vétSin€ pripadl je Zadouci dosahnout co
nejveétsiho potlaceni separace diastereomerti a zaroven co nejvétsiho rozliSeni # a n-1 meru.
Z toho dtivodu je k volbé optimalniho IP ¢inidla nutné zkombinovat poznatky z Obr. 21A
a 21B a na zakladé¢ kompromisu je pak mozné vyzdvihnout IP syst¢tmy DBAA a HAA,

které dostate¢né spliiuji ob¢ kritéria.
A B

0,8 I 10omM
07; Bl 10mM

4.5+ Hl 100mM
4,0 i 10mM

Wegy, (Min)

s

R_(21mer a 20mer)

] < <« < 9 < << <
S ® 225 22 28 s S S22
EHRBEEE T3 FHBEEEEDS

Obr. 21: Vliv typu a koncentrace IP ¢inidla na: (A) Sitku piku wsge, 21mer allPS; (B)
rozliSeni 21mer a 20mer, 21mer 1PScenter. PferuSovana ¢ara znaci hranici rozliSeni na
zékladni linii. Cervené oznaené IP systémy jsou k danému udelu nevhodné, zelend
oznacené poskytuji uspokojivé vysledky (tzké piky, rozliSeni na zakladni linii). Teplota

kolony: 60 °C. Ptevzato z Publikace VII.

Pro LC analyzu DNA i1 RNA oligonukleotidil je typicka separacni teplota 60 °C,
ato zdivodu omezeni tvorby sekundéarnich struktur, jako jsou napi. homoduplexni
smycky a vlasenky nebo intermolekuldrni komplexy [118]. Jejich tvorba znacné
komplikuje analyzu ON a vede k rozSifovani pikli. Separaéni teplota je vyznamnym
chromatografickym parametrem a z toho diivodu jsme provedli prvni komplexni vyzkum

zabyvajici se vlivem teploty na separaci diastereomert a rozliSeni » a n-x meru, a to
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v rozsahu teplot 20 °C az 90 °C. Teplotni rozmezi bylo vybrano s ohledem na teplotni
stabilitu pouzitych kolon (kolony s BEH ¢asticemi).

Vliv teploty na separaci diastereomert je ukédzan na Obr. 22 na piikladu 21mer
2PS3’5 center ON (MF 100mM TEAA). S rostouci teplotou nejprve klesa pocet ¢astecné
separovanych diastereomert (do 60 °C). S dalSim narGstem teploty, tedy nad bézné
pouzivanych 60 °C, dochézi k dal§imu snizovani Sitky piku. I pfesto, ze TEAA patii ke
slabym IP systémum, pii vysokych teplotach (90 °C) lze dosdhnout Gplného potlaceni
separace diastereomerd a ziskat uzsi piky nez pii bézné pouzivanych 60 °C. Data pro
ostatni ON a ostatni IP systémy vykazuji velmi podobné trendy, tj. efektivnéjsi potlaceni

separace diastereomeru s rostouci teplotou.

L2°

30°C 70 °C

Odezva detektoru

80 °C

I

90 °C J\\
4 6 8 10 12

2 4 6 8 10 12 0 2
t (min) t (min)

o

Obr. 22: Vliv teploty na separaci diastereomert. Gradientova eluce: Omin=4% MF A,
20min=25% MF A. Slozeni MF: MF A: 100mM TEAA ve smési ACN/voda, 80/20 (v/v);
MF B: 100mM TEAA ve vodé, pH 8,0. ON: 21mer 2PS35 center. Pfevzato z Publikace
IX.

Z0zeni piku s rostouci teplotou hraje velmi vyznamnou roli v separaci n a n-x meri
(Obr. 23). Cim uzsich pikii jsme schopni dosahnout, tim vétsi bude rozliseni ON s riiznou
délkou. I pro slabé IP systémy (TEAA) jsme pii teploté 90 °C schopni dosahnout alesponl
castecné separace 21meru a jeho tii kratSich necistot (20mer, 19mer, 18mer). Stejné tak

u vysoce hydrofobnich IP systémt (OAA) vysoka teplota zasadnim zpliisobem redukuje
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Sitku piku a umozituje separaci 21meru a jeho necistot na zakladni linii. Velmi podobné

trendy byly pozorovany i pro IP systémy obsahujici HFIP misto octanu (viz Publikace VII).

100mM TEAA 1524344 100mM TEAA
20 °C 90 °C 1
2
3
4
100mM HAA 100mM HAA
20 °C 1 90 °C 1

90 °C 1: 21 mer allPS (n)

2: 20mer allPS (n-1)
3: 19mer allPS (n-2)
4: 18mer allPS (n-3)

0 2 4 6 8 10121416180 2 4 6 8 10 12 14 16 18

t (min) t (min)
Obr. 23: Vliv teploty na separaci n a n-x mert (x=1,2,3). Gradientova eluce. Slozeni MF:
MF A: 100mM alkylamonium acetit ve smési ACN/voda, 80/20 (v/v); MF B: 100mM

alkylamonium acetat ve vod¢, pH 8,0. Pfevzato z Publikace IX.

Druhou moznosti, jak omezit separaci diastereomerti (kromé vyuziti [IPRPLC
v kombinaci s vhodnym IP systémem a teplotou), je vyuziti vhodnych HILIC systému.
Nespornou vyhodou HILIC jsou MS kompatibilni MF, coz je kli¢ové pro identifikaci
necistot i metabolitd. Z toho diivodu jsme do HILIC projektu ptidali kratsi oligonukleotidy
(2-6mer), které svou délkou odpovidaji moZznym metabolitim. Hlavnim cilem bylo
podrobné charakterizovat chromatografické chovani ON v HILIC a vyvinout metodu
aplikovatelnou na analyzu vzorkl plasmy déti 1éCenych Spinrazou (terapeuticky ON
nusinersen) proti spinalni svalové atrofii. Jako kolona byla vybrana Acquity Premier BEH
Amide, ktera se ukéazala jako nejvhodnéjsi pro analyzu ON v HILIC.

V prvni fad€ bylo potfeba optimalizovat slozeni MF z hlediska separace riznych
ON (dé¢lka, pocet PS modifikaci) a tvaru piki. MF (mravenan amonny) o pH 3,0 se

ukézala jako nevhodn4, protoze nedoslo k eluci ON do 60 minut, coz je pravdépodobné
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zpisobeno silnou nespecifickou interakci mezi ON a kovovym povrchem LC
instrumentace. pH 4,7 poskytovalo v porovnani s pH 6,8 a 8,0 sirSi piky vedouci
k men$imu rozliSeni n a n-x merti. Méfeni pfi riznych koncentracich mravencanu
amonné¢ho (5-25mM, pH 8,0) ukazalo, Ze s rostouci koncentraci klesa Sitka pikt a zlepSuje
se tak separace rizné dlouhych ON. Amidova SF prokdzala svlij velky potencial pro
analyzu kratkych ON (2-6mer), coz je dano vysokou selektivitou jak pro riizné dlouhé ON,
tak i ON s riznym poétem PS modifikaci (Obr. 24). Cas analyzy by samoziejmé bylo
mozné na ukor selektivity zkratit zménou gradientu a stale by bylo zachovano rozliSeni na

zakladni linii.

2 |all PO 3mer
..9 S5mer
= 4mer 6mer
s —\eri JL
(0]
©
©
>
N
(O]
©
O
6mer 3PS ZTS/1PS

4Ps all PO
all PS -
T

0 2 4 6 8 10 12 14 16 18 20
t (min)

Obr. 24: Separace ON v zavislosti na jejich délce a poctu PS modifikaci. Gradientova
eluce: 0Omin=97% MF A, 25min=55% MF A. Slozeni MF: MF A: ACN; MF B: 25mM
mravencan amonny, pH 8,0. Teplota kolony: 40 °C, UV detekce: 260 nm. Kolona: Acquity
Premier BEH Amide (1,7 um, 50%2,1 mm). allPO znac¢i nemodifikovany ON, allPS znaci
pln€ modifikovany ON. Pievzato z Publikace X.

Vzhledem k tomu, ze pro komplexnéjsi analyzu necistot a metabolitl je nezbytné
vyuziti MS detekce, bylo slozeni MF upraveno tak, aby poskytovalo co nejvétsi MS signal.
Mravencan amonny byl nahrazen octanem amonnym a jeho koncentrace byla sniZena
z25mM na 10mM. K udrZeni konstantni iontové sily byl octan amonny pfidan do obou
slozek MF. Posledni zménou bylo pH, které bylo z diivodu snazsi piipravy, a tedy 1 vyssi
opakovatelnosti zménéno z pH 8,0 na pH 6,8. Takto upravené podminky nezpiisobily zddné
zasadni zmény v analyze necistot OL1 ani OL2, dvou sekven¢nich analogl nusinersenu
(sekvence zobrazeny v Tabulce 5 na konci této podkapitoly, str. 60).
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LC MS analyza necistot analytu OL2 (zcela PS modifikovaného sekvenéniho
analogu nusinersenu), je zobrazena na Obr. 25. V optimalizovanych podminkach bylo
mozn¢ identifikovat 28 necistot, pievazné ON zkracenych na 5 nebo 3 'konci nebo kratsSich
ON se zbytkovou fosfatovou skupinou (1 necistota) nebo cyklickou fosfatovou skupinou
(8 necistot). V ptipadé¢ OL1 (nemodifikovaného analogu nusinersenu) jsme identifikovali

26 necistot s vys$§im zastoupenim necistot se zbytkovou fosfatovou skupinou.

o |5 N- “N- a) béZny 3’konec RNA
£ [g'N-1e ) . 3 N-7 cyc L’ ) : Y
T [3 N3 5 N7 ﬂ |
z | A o ;
3" N-13 cyc 3" N-6 cyc haze
Y e
5 N-13 5 N6
g } J\ b) 3’konec se zbytkovou
o | 3"N-sicye A fosfatovou skupinou (PO)
5 N-12 5 N5 OH OH !
] ) |
5" N-11 n 5 N4 Jl o baze
3" N-11 cyc A_h 3"N3 fL
= 3 N2 5
e h ﬂ c) 3’konec s cyklickym
5 N-10 | Al ﬂ fosfatem (cyc) O OH
3°N-10 cyc h 5"N-2 A O oL%:O
- baze 224
> 5 N
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Obr. 25: Analyza necistot zcela modifikovaného sekvencniho analogu nusinersenu (OL2).
Gradientova eluce: Omin=100% MF A, 1min=100% MF A, 21min=50% MF A. Slozeni
MF: MF A: 10mM octan amonny v ACN/voda, 75/25 (v/v); MF B: 10mM octan amonny
ve vodé, pH 6,8. Teplota kolony: 40 °C, MS detekce (QDa detektor). Kolona: Acquity
Premier BEH Amide (1,7 pm, 50%2,1 mm) Oznaceni: 5'n-14 oznafuje ON zkraceny na
5’konci o 14 nukleobazi oproti hlavnimu ON onaenému OL; cyc oznacuje pfitomnost
cyklického fosfatu, PO ptitomnost zbytkové fosfatové skupiny na 3’konci; (P=0O)
oznacuje, ze v sekvenci se na jednom misté vyskytuje misto thiofosfatu fostat. Prevzato
z Publikace X.

Vramci spoluprace s Dr. Sylwii Studzinskou z polské univerzity Mikuldse
Kopernika v Toruni jsme méli moznost analyzovat vzorky plasmy pacientd 1écenych
Spinrazou (obsahujici terapeuticky ON nusinersen) proti spinalni svalové atrofii. Vzorky
plasmy byly odebirany lé¢enym pacientim po tieti ddvce Spinrazy, ktera se aplikuje ptimo

do mozkomiSniho moku lumbalni punkci. Vzorky pro LC analyzu byly déale podrobeny
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extrakci kapalina-kapalina (fenol/chloroform/isoamyl alkohol (25:24:1 v/v/v)) k odstranéni
proteint a lipidl ze vzorku. Analyza metaboliti nusinersenu ve vzorku plasmy je ukazana
na Obr. 26. Celkem bylo nalezeno 11 metabolitli, ale pouze nékteré z nich bylo mozné
s jistotou identifikovat (Tabulka S5 v Doplikovych datech, str. 76). Ackoliv méfeni
probihalo na MS detektoru typu Q-ToF a bylo vyuzito fragmentacnich spekter, identifikace
takto kratkych ON je velmi naro¢nd. Navic tyto metabolity obsahuji kromé thiofosfatové
modifikace jesté dva dalsi typy modifikaci, a to 2'-O-methoxyethylovou skupinu na ribose
a methylované cytosiny a uridiny. Na Obr. 26 je také vidét, Ze nebylo mozné dosahnout
separace vSech metabolitd, a to ani pfesto, Ze pro jejich analyzu byla pouzita tiikrat delsi

kolona (15 cm) nez pro vSechny ostatni experimenty.
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Obr. 26: Analyza vzorku plasmy déti 1écenych Spinrazou (G€inna latka nusinersen) proti
spindlni svalové atrofii. Gradientova eluce: Omin=100% MF A, 1min=100% MF A,
60min=80% MF A. Slozeni MF: MF A: 10mM octan amonny v ACN/voda, 75/25 (v/v);
MF B: 10mM octan amonny ve vod¢, pH 6,8. Teplota kolony: 40 °C, MS detekce (Q-ToF).
Kolona: Acquity Premier BEH Amide (1,7 pm, 150%2,1 mm). Pfevzato z Publikace X.
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Tabulka 5: Seznam testovanych ON, jejich sekvence a pozice PS modifikace (*)

OZNACENI SEKVENCE
delsi ON (studium necistot)

21mer allPO 5'-TTT TAG CAT TTT TAC GAT TTT-3"

21mer 1PS3’ 5-TTT TAG CAT TTT TAC GAT TT*T-3"

21mer 1PS5’ 5-T*TT TAG CAT TTT TAC GAT TTT-3"

21mer 1PScenter 5-TTT TAG CAT T*TT TAC GAT TTT-3’
21mer 2PS3’ 5-TTT TAG CAT TTT TAC GAT T*T*T-3"
21mer 2PS5’ 5-T*T*T TAG CAT TTT TAC GAT TTT-3"
21mer 2PScenter 5-TTT TAG CAT T*T*T TAC GAT TTT-3"
21mer 1PS3°5’ 5'-T*TT TAG CAT TTT TAC GAT TT*T-3’
21mer 2PS3°5’ 5-T*T*T TAG CAT TTT TAC GAT T*T*T-3"
21mer 2PScenter3’s’ S5-T*T*T TAG CAT T*T*T TAC GAT T*T*T-3"

21 mer allPS S5'-T*T*T * T*A*G * C*A*T * T*T*T * T*A*C * G*A*T * T*T*T-3’
allPS 20mer (5'N-1) 5" T*T * T*A*G * C*A*T * T*T*T * T*A*C * G*A*T * T*T*T 3~
allPS 19mer (5'N-2) 5T T*T*A*G * C*A*T * T*T*T * T*A*C * G*A*T * T*T*T 3’
allPS 18mer (5'N-3) 5" T*A*G * C¥*AXT * T*T*T * T*A*C * G*A*T * T*T*T 3’

krats§i ON (studium metaboliti)

2mer allPO 5'TT 3’
2mer allPS 5" T*T 3’
3mer allPO 5"TTT 3
3mer allPS 5" T*T*T 37
4mer allPO 5"TTTT 3’
4mer allPS 5" T*T*T*T 3’
Smer allPO 5"TTTTT 37
Smer allPS 5" T*T*T*T*T 3’
6mer allPO 5"TTTTTT 37
6mer 1PS3’ 5"TTTTT*T 3’
6mer 2PS3’ 5 TTTT*T*T 3’
6mer 3PS3’ S"TTT*T*T*T 3°
6mer 4PS3’ 5" TT*T*T*T*T 3’
6mer allPS 5" T*T*T*T*T*T 3’

Analogy nusinersenu

OL1 allPO 18 mer (RNA) 5'UCACUUUCAUAAUGCUGG 3'
OL2 allPS 18 mer (RNA) 5'U*C*A*C*U*U*U*C*A*U*A*A*U*G*C*U*G*G 3'
Nusinersen

[2'-0-(2-methoxyethyl)] 5" mU*mC*A*mC*mU*mU*mU*mC*A*mU*A*A*mU*G*mC-mU*G*G 3’

allPO znac¢i nemodifikovany ON, allPS znaci pIné modifikovany ON, 5'N-1 znac¢i ON
zkraceny o 1 nukleobazi na 5 konci (typicka necistota)
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5 Zavér

Predkladana disertacni prace je souborem 10 publikaci, které lze rozdélit do tfi na
sebe navazujicich tematickych celkd.

Prvni Céast prace je vénovana detailni charakterizaci interak¢niho potencidlu
vybranych stacionarnich fazi. Ktomuto ucelu byly pouzity jak jednoduché
chromatografické testy (napt. Waltersiv test), tak i komplexnéjsi ptfistupy (LFER model),
jejichz vysledky jednoznaéné koreluji. Kromé vlivu typu samotného ligandu a endkapingu
byl ukazan i velmi vyznamny vliv typu ¢astic na retenci, selektivitu a tvar pika. Zatimco
SF s BEH casticemi vykazuji konstantni chromatografické chovani v celém rozsahu pH,
CSH castice poskytuji aniontové-vyménny charakter v pH < 6 z divodu pfitomnosti
pyridylové skupiny na jejich povrchu. HSS ¢astice vyznamné umociiuji efekt residuélnich
silanolii, ktery se zaCind projevovat jiz v pH ~ 5 zvySenim retence kladné€ nabitych analytd,
a naopak snizenim retence analytli zaporné nabitych. Mix-mdd kolona Premier BEH
C18AX vykazovala nejvyssi hydrofobicitu z testovanych kolon a zaroven poskytovala
aniontové-vyménny charakter az do pH ~ 7,5, a to z divodu pfitomnosti terciarniho
amonia. Pro detailni charakterizaci elektrostatickych interakci byla vyvinuta novd metoda,
kterd vyuziva Cisté vodné MF se stabilni iontovou silou, které je mozné ptipravit v malych
rozestupech pH (dichloroctova kyselina + vodny roztok amoniaku). Aplikac¢ni potencial
testovanych kolon byl nésledné ovéten pro Ctyfi skupiny modelovych sloucenin s riiznym
charakterem, a to 1) profeny (kyselé analyty); ii) derivaty kathinonl (bazické analyty); iii)
flavony (neutralni analyty) a iv) dipeptidy (zwitterionické analyty).

Na zaklad¢ dat ziskanych podrobnou charakterizaci interak¢nich moznosti riznych
SF, byly pro druhou ¢ast prace zaméienou na chromatografii peptidl a proteinli vybrany
kolony s mix-mdd charakterem. Vybér vhodného pH a koncentrace vodné slozky MF se
ukdzal jako klicovy pro rizné dlouhé peptidy, a to nejen z hlediska retence, ale také
symetrie pikll. Na zékladé¢ komplexniho popisu vlivu rtiznych chromatografickych
podminek na retenci a symetrii pika peptidl byla vyvinuta nova metoda pro on-line $tépeni
proteinil s naslednou separaci na mix-méd koloné v UHPLC. Pied samotnym on-line
Stépenim proteint byl testovan vliv chromatografickych podminek (teplota, pH, pratok,
pritomnost organického modifikatoru) na aktivitu imobilizovaného trypsinu v IMER. Na
zéklad¢ ziskanych poznatka byly vybrany nasledujici podminky: teplota 37 °C; pH 8,5;

gradient pritoku bez pfitomnosti ACN na pocatku gradientu, kdy dochazi k samotnému
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Stépeni. V téchto podminkich bylo nésledné on-line nastépeno nékolik proteini. Pro
vSechny proteiny byl =ziskdn srovnatelny nebo vys$§i pocet tryptickych
fragment( v porovnani s off-line S§tépenim za vyuziti ,,spin kolonek*, naopak mnozstvi
1 poCet chymotryptickych fragmentt a tzv. ,,miscleavage® fragmenta byl v ptipad¢ on-line
Stépeni vétsi. Vzhledem k vyuziti MS detekce neni vys$§i mnozstvi téchto fragmentt
vyznamnou komplikaci.

Tteti Cast prace je zaméfena na velmi aktudlni téma, tj. terapeutické oligonukleotidy
ve dvou modech kapalinové chromatografie, a to IPRPLC a HILIC. Oba mdédy jsou
charakteristické komplexnim retenénim mechanismem, ve kterém se uplatiiuje vice druhii
interakénich mechanismti. Pro IPRPLC byl proveden detailni vyzkum vlivu
typu/hydrofobicity a koncentrace IP ¢inidla (alkylamonium) a protiiontu (octan vs. HFIP)
na potlaceni separace diastereomeril thiofosfatovych oligonukleotidil a rozliSeni hlavniho
oligonukleotidu (n) a jeho kratSiho analogu (n-x meru). Stfedné hydrofobni IP systémy
(napt. DBAA nebo HAA) vykazovaly nejvyssi selektivitu pro rizné dlouhé ON a zaroven
vyznamn¢ potlaCovaly separaci diastereomert thiofosfatovych ON. Nahrazeni octanu za
HFIP vede k Uc¢innéjSimu potlaceni separace diastereomert (pii pouziti stejného IP
alkylaminu), ale snizuje selektivitu vi¢i ON sridznou délkou. Detailni testovani
chromatografickych podminek ukazalo, Ze separacni teplota hraje v analyze terapeutickych
PS ON vyznamnou roli. S rostouci teplotou roste potlaceni separace diastereomerti, ¢imz
dochazi ke ztiZeni pikil, coZ ma za nasledek zlepSeni separace ON s rtiznou délkou. HILIC
predstavuje alternativu k IPRPLC a pifi spravném pochopeni reten¢nich/interakcnich
mechanismi vykazuje vysoky potencial pro separaci a naslednou identifikaci necistot
a metaboliti PS ON, a to pfedev§im z divodu jeji bezproblémové kompatibility s MS
detekci. V optimalizovanych podminkach byla identifikovdna fada necistot analogu
terapeutického ON nusinersenu. Vybér vhodnych podminek vedl k separaci a identifikaci
n¢kolika metabolitli nusinersenu ve vzorku plasmy pacienta 1é¢eného Spinrazou (G¢inna

latka nusinersen), coz potvrzuje vhodnost HILIC/MS metod pro realné aplikace.
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7 Dopliikova data

Tabulka S1: Hodnoty regresnich koeficienti LFER modelu podle rovnice 1.1. (statisticky
vyznamné koeficienty jsou uvedeny tu¢n¢). Slozeni MF: ACN/kyselina mravenéi, pH 2,1;
40/60 (v/v). Deskriptory D™ and D" byly vypoc¢teny za pouziti pH vodné-organické MF
(pH* 2,4)

Kolona a b d d’ e 5 v c R? N

XSelect CSHC18  hodnota  -046 -1,65 0,13 -0,37 024 -023 1,77 -0,64
p-hodnota 0,00 0,00 064 000 006 011 000 000 0936 68

+CI 021 023 053 022 025 029 033 031

XSelect CSH FP hodnota 032 -1,12 0,15 -03 022 013 109 -0,60
p-hodnota 0,00 0,00 041 000 001 018 000 000 0937 68

+CI 014 015 037 015 0,17 020 023 022

XSelect CSHPH ~ hodnota  -0,31 -1,33 0,00 -042 0,18 -0,18 141 -0,55
p-hodnota 0,00 0,00 099 000 007 012 000 000 0941 68

+CI 016 018 042 018 020 023 026 024

XSelect HSS C18  hodnota  -0,54 -1,64 0.0 -0,37 025 -029 1,75 -0,39
p-hodnota 0,00 0,00 073 000 006 006 000 002 0933 68

+CI 022 024 056 024 026 021 035 033

XSelect HSS C18 SB hodnota  -0,51  -1,22 -034 -036 018 -0,14 145 -0,62
p-hodnota 0,00 0,00 011 000 006 020 000 000 0946 68

+CI 016 017 041 017 019 022 026 024

XSelect HSSPFP hodnota  -0,32 -143 051 037 025 -020 140 -056
p-hodnota 0,00 0,00 002 000 002 009 000 000 0924 68

+CT 017 018 043 018 020 023 027 025
XBridge C18 hodnota  -0,57 -1,47 003 -029 027 -031 157 -044
p-hodnota 0,00 0,00 091 002 005 005 000 001 0921 68
+CI 022 024 057 024 027 031 035 034

XBridge Shield RP18  hodnota  -0,33 -1,61 -0,03 -0,38 027 -021 154 -0,50
p-hodnota 0,00 0,00 089 000 002 0,13 000 000 00936 68
+CI 009 021 050 021 023 027 031 029

+CI interval spolehlivosti, R koeficient determinace, N pocet analytl v LFER modelu
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Tabulka S2: Hodnoty regresnich koeficienti LFER modelu podle rovnice 1.1. (statisticky

vyznamné koeficienty jsou uvedeny tuc¢né). Slozeni MF: ACN/10mM octan amonny, pH

4,7; 40/60 (v/v). Deskriptory D" and D" byly vypoéteny za pouziti pH vodné-organické MF

(pH* 5,4)

Kolona a b d dt e s v c R? N

XSelect CSHCI18 hodnota -040 -1,57 -0,50 -033 -0,03 -0,17 2,02 -0,58
p-hodnota 0,00 0,00 0,00 000 071 004 000 000 0978 66

+CT 0,13 0,12 015 015 014 016 021 0,18

XSelect CSHFP  hodnota  -0,37 -1,59  -0,03 022 -008 005 147 -0,57
p-hodnota 0,00 0,00 0,77 0,06 0,48 0,70 0,00 0,00 0,924 66

+=CI 0,20 0,19 0,23 0,23 0,22 0,25 0,32 0,28

XSelect CSH PH hodnota 032 -143 -0.24 -0,18 -0,05 -0,10 1,74 -0,55
p-hodnota 0,00 0,00 0,00 0,01 0,40 0,17 0,00 0,00 0,975 66

+=CI 0,12 0,11 0,13 0,14 0,13 0,14 0,19 0,16

XSelect HSS C18  hodnota  -0,56 -1,77 -032  -046 -001 -0,12 210 -046
p-hodnota 0,00 0,00 0,01 000 096 029 000 000 00965 66

+CI 018 017 021 021 020 022 029 025

XSelect HSS C18 SB hodnota 048 -133 -046 0,24 -0,05 -0,10 1,76 -0,04
p-hodnota 0,00 0,00 0,00 0,00 0,54 0,23 0,00 0,00 0,966 66

+=CI 0,14 0,13 0,15 0,16 0,15 0,17 0,22 0,19

XSelect HSS PFP hodnota  -0,40  -1,40 -049 033  -0,04 000 1,54 -044
p-hodnota 0,00 0,00 000 000 051 098 000 000 0970 66

+=CI 0,12 0,12 0,14 0,15 0,14 0,15 0,20 0,17

XBridge C18 hodnota 051 -164 -034 -039 0,02 -0,15 1,99 -0,61
p-hodnota 0,00 0,00 0,00 0,00 0,82 0,17 0,00 0,00 0,967 66

+CT 0,17 0,16 0,19 020 019 021 028 024

XBridge Shield RP18  hodnota ~ -0,43  -1,86 -0,06 -0,56 -0,12 009 196 -0,62
p-hodnota 000 000 0,67 000 035 053 000 000 0936 66

+=CI 0,24 0,22 0,27 0,28 0,26 0,29 0,38 0,33

+CI interval spolehlivosti, R koeficient determinace, N pocet analytli v LFER modelu
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Tabulka S3: Hodnoty regresnich koeficienti LFER modelu podle rovnice 1.1. (statisticky
vyznamné koeficienty jsou uvedeny tuc¢né). Slozeni MF: ACN/10mM octan amonny, pH
8,0; 40/60 (v/v). Deskriptory D™ and D' byly vypoc¢teny za pouziti pH vodné-organické MF
(pH* 7,8)

Kolona a b d d* e s v c R? N

XSelect CSHC18  hodnota  -0,63 -1,60 -0,28 -0,04 0,18 -009 132 -0,17
p-hodnota 0,00 0,00 000 077 013 048 000 025 0942 64

+CI 021 020 019 028 024 027 034 030

XSelect CSH FP hodnota  -049 -1,03 -040 0,17 030 -0,02 068 -0,10
p-hodnota 0,00 0,00 000 011 000 084 000 036 0935 64

+CI 016 0.5 014 021 018 020 025 022

XSelect CSHPH ~ hodnota  -048 -1,60 043 021 005 006 123 -023
p-hodnota 0,00 0,00 000 008 066 061 000 007 0950 64

+CI 018 0,17 016 024 021 023 029 026

XSelect HSS C18  hodnota  -0,59 -1,69 039 -0,09 023 -0,15 143 -0,02
p-hodnota 0,00 0,00 000 055 006 028 000 089 0945 64

+CI 022 021 020 029 025 028 034 031

XSelect HSS C18 SB hodnota  -0,55 -1,05 -049 0,14 030 -027 119 0,23
p-hodnota 0,00 0,00 000 021 000 002 000 006 0944 64

+CI 018 0,16 016 023 020 023 027 024

XSelect HSS PFP hodnota  -0,58 -1,20 -039 008 0,13 -007 1,00 0,04
p-hodnota 0,00 0,00 000 049 020 056 000 076 00939 63

+CI 018 017 017 025 020 023 030 026

XBridge C18 hodnota  -0,69 -1,71 -0,03 0,10 053 -033 129 -0,43
p-hodnota 0,00 0,00 081 059 000 007 000 003 00906 64

+CI 030 027 026 038 033 037 045 04l

XBridge Shield RP18  hodnota  -0,63 -1,69 -0,18 -0,07 026 003 134 -0,52
p-hodnota 0,00 000 014 066 008 087 000 001 0912 64
+CI 027 024 024 035 030 033 041 037

+ClI interval spolehlivosti, R koeficient determinace, N pocet analytl v LFER modelu
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Tabulka S4: Fragmenty a jejich hodnoty m/z deklarované ve standardu nastépeného

cytochromu C.

Fragment Pozice Sekvence Hmotnost (Da) [M+H]* [M+2H]**
Tl 2-6 GDVEK (+acetyl) 546,5780 589
T4 10-14 IFVQ 633,7887 634
T5 15-23 CAQCHTVEK (+hem) 225043 817[119]
T8 29-39 TGPNLHGLFG 1168,3206 585
”mls%e_%age 40-54 TGQAPGFSYTDAN 1584,7057 793
T10 41-54 TGQAPGFSYTDAN 1456,5316 729
T12 5773  GITWGEETLMEYLENP 2010,2459 1006
”m‘ﬁ;‘fgge 57-74  GITWGEETLMEYLENP 21384200 1070
,,miscleavage*
T304 74-80 YIPGT 805,9726 404
T4 75-80 YIPGT 677,7985 678
T15 81-87 MIFAGI 779,0081 780
T19 93-100 EDLIAYL 964,1265 965
Chym;’fgg“‘:ky 93-98 EDLIAY 722,7930 723
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Tabulka S5: Sekvence pravdépodobnych metaboliti nusinersenu, jejich hmoty a hodnoty m/z

Metabolit
Oznaceni Hodnota m/z Naboj Dekonvolutni hmota [Da] Predpov;:]z)zrlla hmota Pravdépodobna sekvence Pravdépodobny metabolit
617,73718 -2 T T , ,
Ml 123647773 1 1237,4760 1236 A*mU*G 5’N-11+3’N-4
696,77176 -2 G*mU*mC*MoeR 5’N-15+3"N-1 or
M2 1394,54477 -1 1395,5441 1395 mU*G*mC*MoeR 5’N-12+3°N-3
mC*A*mU* 5’N-7+3’N-8 or
M3 601,77687 -2 1205,5537 1205 mU*mC*A* 3’N-15 or
A*mC*mU* 5’N-2+3’N-13
M4 661,2532 -2 1324,5046 1325 *A*mU*G* 5’N-11+3’N-4
mC*mU*mU* 5’N-3+3’N-12 or
M5 595,75245 -2 1193,5049 1194 mU*mU*mC* S N-5+3"N-10
M6 697,26371 -2 1396,5274 - neidentifikovano -
653,26689 -2 *A*A*mU* 5’N-10+3"N-5 or
M7 1307,53331 1 1308,5333 1308 *mU*A*A* 5'N-9+3'N-6
M8 731,317095 -2 1464,6340 1464 *mU*mU*mU*MoeR 5’N-4+3’N-11
M9 A*mC*mU*MoeR* 5’N-2+3’N-13 or
728,76776 -2 1459,5355 1458 mU*mC*A*MoeR* 5’N-6+3"N-9 or
mC*A*mU*MoeR* 5’N-7+3’N-8
MI10 771,29979 -2 1544,5995 1543 G*G*mU*mC 3’N-14
M1l 806,8181 -2 1615,6362 1614 A*mU*A*A* 5’N-84+3’N-6
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ARTICLE INFO ABSTRACT

Keywords: A well performed, detailed charcterization of stationary phase properties can serve as a useful tool for choice of
Linear free energy relationship suitable separation environment for a given purpose. This work shows effects of particle type/technology and
Particle type ligand chemistry on retention and peak shape of neutral, acidic, basic and zwitterionic compounds. Eight col-
Ligand type umns differing in endcapping technology, particle type and ligand bonded were evaluated, namely XSelect CSH
Hauld ehromatography C18, XSelect CSH Phenyl-Hexyl, XSelect CSH Fluoro-Phenyl, XSelect HSS C18, XSelect HSS C18 SB, XSelect HSS
Retentivity PFP, XBridge C18 and XBridge Shield RP18. A simple Walters test for evaluation of hydrophobicity and silanol

activity was performed, Mobile phases composed of acetonitrile and aqueous part (pH 2.1; pH 4.7 and pH 8.0)
were used. More detailed description of interactions participating in the retention mechanism was provided by
the linear free energy relationship model, For a more detailed characterization of possible electrostatic inter-
actions, compounds with permanent charge across selected pH range were used. A good agreement between the
Walters test results, the expanded linear free energy relationship model, and the test of ionic-interactions was
observed, suggesting that each testing method provides value for characterization of the solute-stationary phase

interactions.

1. Introduction

With growing sample complexity, demand on chromatographic
sorbents performance is increasing. New sorbents with unique proper-
ties can contribute to better separation of a wide range of analytes.
Retention of analytes is affected by a number of sorbent parameters,
such as carrier (typically silica gel), particle ligand type, pore size, or
additional sorbent modifications (embedded polar groups, endcapping,
charged groups); differences in all of these parameters lead to different
LC performance | 1-3 ). Companies supplying chromatographic columns
investigate new particle technologies to achieve the required efficiency
and selectivity of the separation systems. In this study, all chromato-
graphic columns were obtained from a single manufacturer to ensure
that the results are affected only by differences in particle and ligand
types of the stationary phase (SP) [4].

One of the commonly used group of SPs is based on bridged ethy-
lene hybrid (BEH) particles [5-2]. XBridge™ columns utilize BEH

particles to achieve greater sorbent stability in wide pH range (pH
1-12), longer lifetime and usage at higher temperature than conven-
tional silica sorbents. Among the most commonly used is the XBridge
C18 column; the complementary XBridge Shield RP18 column is also
available, where embedded carbamate group in the bonded ligand
structure provides alternative selectivity (notably for phenolic com-
pounds) compared to SPs with straight alkyl chain [9,10]. BEH sorbents
are utilized for reversed-phase (RP) and hydrophilic interaction liguid
chromatography (HILIC) in both high performance liquid chromato-
graphy (HPLC) and ultra-high performance liquid chromatography
(UPLC) variations [11,12], The XSelect™ family of chromatographic
columns uses two different particle technologies - charged surface hy-
brid (CSH) and high strength silica (HSS) particles. CSH particles in-
corporate a low-level surface positive charge moiety-pyridyl. The sor-
bents have been shown to improve peak shape of basic molecules in
acidic low-ionic-strength mobile phases (MPs) [13]. BEH particles are
neutral in the whole range of pH, while CSH particles are protonated at

Abbreviations: ACN, acetonitrile; BEH, bridged ethylene hybrid; CSH, charged surface hybrid; FP, fluoro-phenyl; Hl, hydrophobicity index; HILIC, hydrophilic
interaction liquid chromatography; HPLC, high performance liquid chromatography; HSS, high strength silica; LFER, linear free-energy relationship; MP, mobile
phase; PFP, pentafluoro-phenyl; PH, phenyl-hexyl, RP, reversed phase; RPLC, reversed phase liquid chromatography; SFC, supercritical-fluid chromatography; SI,
silanol index; SP, stationary phase; UPLC, ultra-high performance liquid chromatography
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pH = 7 [14]. At pH = 6, a low anion-exchange retention for in-
organic ions was observed [15]. The presence of positive charge on the
CSH columns makes them potentially applicable for mixed-mode
chromatography [16.17]. Three different ligands are available on the
CSH sorbent — octadecyl (C18), phenyl-hexyl (PH) and pentafluoro-
phenyl (PFP).

The HSS particle technology has been reportedly developed as an
alternative to BEH and CSH particles. The HSS columns provide higher
retention of all compounds because of their larger surface (pore dia-
meter 100 A) in comparison with BEH and CSH columns (pore diameter
130 A). Moreover, due to the higher possibility of ion-exchange inter-
actions, basic compounds retention may be enhanced on HSS columns.
Five 5Ps with different ligands bonded to HSS particles are commer-
cially available — HSS T3 (trifunctional C18), HSS C18, HSS C18 SB, HSS
PFP (pentafluoro-phenyl) and HSS CN (cyano-propyl) [18]. The type of
the ligand, the particle type and the presence/absence of endcapping
significantly affect SP properties.

In order to simplify the choice of the proper SP for a given purpose,
several tests have been proposed [eg. 19-21]. One of the commonly
used tests designed for characterization of reversed SPs is the Walters
test, which describes hydrophobicity and silanol activity of the SPs
[22]. It is based on two predominant retention mechanisms occurring in
RPLC - hydrophobic and silanophilic interactions, Proportions of these
interactions depend on the hydrocarbon coverage and the amount of
unreacted silanol sites [23]. The residual free silanol groups can con-
tribute to retention and peak tailing of basic compounds [24]. Wal-
ters proposed the relative retention of anthracene and benzene in
acetonitrile/water 65/35 (v/v) MP for the hydrophobicity test, and the
relative retention of anthracene and N N-diethyltoluamide in pure
acetonitrile for the characterization of the silanol activity, Other tests
based on similar principles are available in the literature, for example
the Galushko test [25] or the Engelhardt test [26].

In order to gain a deeper insight on the interactions taking part in
the separation mechanism and thus, for a more complex characteriza-
tion of chromatographic columns, several approaches were proposed
[27]. Among them, the linear free-energy relationship method (LFER),
often named as the solvation parameter model, is widely used [28-30].
The regression function mostly used in RPLC, is shown in the Eq. (1)
[31]:

logk = eE + 55 + ad + bB + W + ¢ (1)

where k is the retention factor of solute, descriptors E, 8, A, B and V are
the properties of solute, namely excess molar refraction (£), dipolarity/
polarizability (S), hydrogen bond acidity and basicity (A or B) and
McGowan characteristic volume (V), respectively. All these parameters
are well described and tabulated for a large variety of compounds [32].
Corresponding lower-case letters are representatives of the separation
system and characterize the magnitude of differences in the given in-
teraction type between the SP and MP. They describe the tendency of
interactions through n- and n- electrons, ¢; the dipolarity/polarizability
and willingness to participate in dipole-dipole and dipole-induced di-
pole interactions, s; hydrogen bond interactions, a and b; and dispersion
interactions/hydrophaobicity, v. Constant ¢ obtained as an intercept
from LFER is related to phase ratio and any other possible interactions
not covered by the model in the Eq. (1).

This regression function (Eq. (1)) was modified [33] and extended
[34,35], by taking into account dissociation of solutes and their elec-
trostatic interactions, resulting in an improved LFER model presented in
Eqg. (2):
logk = eE + sS + ad + bB +vW + d-D~ + d*D* + ¢ (2)

The electrostatic interactions of analytes are represented by the
terms " and D*. The system constants d- and d* characterize the at-
tractive and repulsive interactions in the separation system. The de-
scriptors correspond to negative charge carried by anionic and zwit-
terionic species (D) and a positive charge carried by cationic and
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zwitterionic species (D7), They are defined as degree of ionization
according to the Egs. (3) and (4):

10PH =Ky
EETST T (3)

e 10(PEL =PI
1 + 10®K;pHO) (4

where pH* stands for the pH of hydro-organic MP and pK,* is the ne-
gative decadic logarithm of dissociation constant of a given species in
that MP. In order to obtain the exact values of:pH in hydro-organic MP,
organic buffers would need to be used for the calibration of pH elec-
trode. However, in common practice, aqueous buffers are used for ca-
libration and ‘:pH (pH*) of hydro-organic phase is determined instead.
Moreover, the aqueous dissociation constants, K, are also commonly
used [34,36].

The LFER was implemented as a useful tool for both solute-solvent/
phase interaction study and column characterization in HPLC e.g.
[37-42], as well as in gas chromatography e.g. [43,44], electrokinetic
chromatography e.g. [45.46] and supercritical-fluid chromatography
(SFC) e.g. [47 48],

The aim of this work was to investigate differences in interaction/
retention possibilities among chromatographic columns with different
types of sorbents and surface chemistry ligands in LC. The influence of
the particle type (specifically HSS, CSH and BEH) has been previously
studied in detail in SFC system [49]. Four sets of structurally different
analytes, i.e. neutral, acidic, basic, zwitterionic, were used for evalua-
tion and comparison of peak shapes and columns retentivity. The
Walters test served for a basic characterization of hydrophobicity and
silanol activity. In order to obtain more general information about the
contribution of individual interactions in the tested separation systems,
the extended LFER model (Eq. (2)) was used in this study. For addi-
tional characterization of possible electrostatic interactions, compounds
with a permanent charge across the selected pH range were used.

2, Materials and methods
2 1. Instrumentation

All chromatographic measurements were performed using the
Waters Alliance system (Waters Corporation, Milford, CT, USA) con-
sisting of Waters 2695 Separation Module, Waters 2996 Photodiode
Array Detector, autosampler 717 Plus, and Waters Alliance Series
column heater. Empower software was used for system control and data
acquisition. The following eight columns were tested: XSelect® CSH™
C18, XSelect® CSH™ Phenyl-Hexyl, XSelect® CSH™ Fluoro-Phenyl,
XSelect® HSS C18, XSelect® HSS C18 SB, XSelect® HSS PFP, XBridge®
C18, XBridge® Shield RP18. All tested columns, particle size 5 pm,
150 % 4.6 mm LD., were obtained from Waters Corporation (Milford,
CT, USA).

2.2, Chemicals and reagents

Acetonitrile (Chromasolv® gradient grade, for HPLC, =99.9%),
methanol (Chromasolv® gradient grade, for HPLC, =99.9%), ammo-
nium acetate (purity = 98%), ammonium formate (purity = 97%),
formic acid (purity = 95%), acetic acid (purity = 99%) and ammo-
nium hydroxide solution (28,0-30.0% NH3) were supplied by Sigma-
Aldrich (5t Louis, MO, USA). Sodium hydroxide solution for HPCE
(0.1 N Sodium hydroxide) was supplied by Agilent Technologies (Santa
Clara, CA, USA). All of the naphtoflavones (a-naphthoflavone, p-
naphthoflavone, 3-hydroxy-a-naphthoflavone and 3-hydroxy-f-naph-
thoflavone), profens (ibuprofen, indoprofen, carprofen, ketoprofen and
fenoprofen), N N-diethyltoluamide, benzenesulfonic acid, toluene-
sulfonic acid and trimethylphenylammonium chloride were purchased
in analytical grade purity from Sigma-Aldrich (St. Louis, MO, USA).
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Dipeptides (H-Tyr-Phe-OH, H-Phe-Tyr-OH, H-Ala-Trp-OH, H-Trp-Ala-
OH) were supplied by Bachem (Bubendorf, Switzerland). Cathinone
derivatives  (4-chloro-N-butylcathinone (4-CBC), 4-chloro-N, N-di-
methylcathinone (4-CDC), 4-chloro-N-isopropyleathinone (4-CIC), 1-(4-
fluorophenyl)-2-(isopropylamino)pentan-1-on  (4F-NPF), 1-(4-chloro-
phenyl)-2-pyrrolidin-1-yl-pentan- 1-one (4-CPRC)) were purchased from
internet vendors. For structures of the compounds see Table 51 in
Supporting material. The list of 74 test solutes for LFER measurements
(all of analytical grade purity), which were supplied by Sigma-Aldrich
(St. Louis, MO, USA), and their corresponding descriptors is shown in
the Supporting material Table 52.

2.3. Procedures

The stock solutions of analytes were prepared by dissolving the
analytes in methanol at concentration 1 mg mL™" (for solid samples)
and 10 pL mL™" (for liquid samples). Several compounds (dipeptides,
xanthine and guanine) were dissolved in a mixture of methanol and
water/sodium hydroxide because of their poor solubility in methanol.
The first system peak was used as a dead time marker. All measure-
ments were performed in triplicate.

The MPs composed of acetonitrile and aqueous part in volumetric
ratio 40/60 (v/v) were used for analysis of sets of analytes and the LFER
measurement. Volumetric ratio 20/80 (v/v) was used for separation of
dipeptides. The following aqueous parts of MPs were used for experi-
ments: formic acid, pH 2.1; 10 mM ammonium formate buffer, pH 2.5;
10 mM ammonium formate buffer, pH 2.8; 10 mM ammonium acetate
buffer, pH 3.5; 10 mM ammonium acetate buffer, pH 4.7 and 10 mM
ammonium acetate buffer, pH 8.0. For calculation of buffer constituent
concentrations, and corresponding pH values, PeakMaster 6 software
(freeware, downloadable at echmet.natur.cuni.cz) was used [50].
10 mM ammonium formate buffer was prepared by dissolving appro-
priate amount of ammonium formate in deionized water and adjusted
with formic acid to reach pH 2.5 or 2.8. 10 mM ammonium acetate
buffer was prepared by dissolving appropriate amount of ammonium
acetate in deionized water and adjusted with acetic acid to reach pH 3.5
or 4.7 or with ammonia to reach pH 8.0. The buffers were filtered with
0.45 pm syringe filters (Whatman, GE Healthcare, Chicago, IL, USA)
before use. Aqueous solution of formic acid pH 2.1 (365 mM) was
prepared by diluting appropriate volume of formic acid with water,

MP flow rate was 1 mL min~". Injection volume was 5 L and de-
tection wavelengths were 220 nm, 254 nm and 280 nm. All chroma-
tographic measurements were performed at column temperature 25 “C,
except the Walters test which was performed at column temperature
40 *C. The sample temperature was 20 °C for all measurements. Marvin
software (product of ChemAxon company), was used for caleulation of
log D values in the corresponding pH of aqueous part of the MP and for
calculation of pK, values of analytes. Multiple linear regression analysis
of log k versus the solute descriptors was performed using NCSS soft-
ware (Kaysville, UT, USA) [51].

3. Results and discussion
3.1. Walters test

In order to determine hydrophobicity and silanol activity of selected
columns, the Walters test was performed. Its results are presented in
Fig. 1. The silanol index (SI) depends on the number of unreacted and
non-endcapped silanol groups on the SP surface. With increasing
number of free silanol groups, SI reaches higher values. The hydro-
phobicity index (HI) value increases with the hydrophobicity of the SP.
A group of four columns with octadecyl ligand which exhibit similar
hydrophobicity and silanol activity (XBridge C18, XBridge Shield RP18,
XSelect CSH C18 and XSelect HSS C18) is obvious in Fig. 1. All these
columns have high HI because of the long hydrophobic alkyl chain in
their structure and the highest HI value was found for the XSelect HSS
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Fig. 1. Results of Walters test; silanol index, SI, and hydrophobicity index, HI,

Open markers denote C18 columns, filler markers are used for phenyl or (penta)
fluoro-phenyl columns,

C18 column, In addition, all these SPs are endcapped, which corre-
sponds to their low SI value. In contrast, the column XSelect HSS C18
SB is not endcapped — it has much higher silanol index, and lower
hydrophobic index compared to the other tested SPs with octadecyl
ligand. The remaining three columns (XSelect CSH FP, XSelect HSS FFP
and XSelect CSH PH) are less hydrophobic, because they have a shorter
alkyl chain (propyl or hexyl) terminated with aromatic ring. The XSe-
lect CSH PH column is endeapped, which corresponds to low SI value,
similarly to other endcapped columns. The XSelect CSH FP and XSelect
HSS PFP columns show mutual similarity, i.e. lower HI and high SI
values, because both are not endcapped. Furthermore, these two col-
umns contain the same ligand but are bonded to a different type of
particles. The simple test summarized in Fig. 1, tells about basic
properties and differences of the SPs. The obtained facts correspond to
the more complex LFER method results, which will be discussed later.

3.2 Retention of structurally different groups of compounds

Differences in retentivity of the columns and peak symmetry were
investigated by analysis of four structurally diverse sets of analytes:
neutral compounds (naphtoflavones), acidic compounds (profens),
basic compounds (cathinone derivatives), and zwitterionic compounds
(dipeptides). MPs were composed of ACN and aqueous part, i.e. formic
acid, pH 2.1; 10 mM ammonium acetate buffer, pH 4.7 or pH 8.0 40/60
(v/v), except for the dipeptides where volumetric ratio 20/80 (v/v) was
used instead.

Retention and peak shapes of neutral naphtoflavones were almost
unaffected by the pH of the MP. This is in an agreement with their
inability to become charged within the tested pH range. Fig. 2A shows
trends in retentivity and peak symmetry for the most retained p-
naphtoflavone. Peaks exhibit good symmetry (symmetry factor about 1)
in the tested pH range for all columns, Results also show that the fastest
elution can be achieved on the XSelect CSH FP and XSelect CSH PH
columns, On the other hand, the highest retention was observed on the
XSelect HSS C18 column, which correlates with the highest HI value
obtained by the Walters test. As retention in RPLC depends much on the
polarity of analytes, the calculated log D values (Table 51 in Supporting
material) correlate with the observed retention behavior. The experi-
mental data for more detailed description are summarized in Tables 53,
55 and 57 in Supporting material.

Aqueous part of MP pH 8.0 is inappropriate for acidic profens.
Profens are negatively charged (i.e. they are more polar, see the log D
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Fig. 2. Trends in retentivity and peak symmetry (A,) for individual compounds from 4 different groups of analytes (A: - naphtoflavone, B: ibuprofen, C: 4-CPRC, Dt
H-Tyr-Phe-OH]). MP composition for A,B,C: ACN/aqueous part, 40,60 (v/v); for Dt ACN/aqueous part, 20/80 (v/v). Retention times were used instead of retention
factors because of elution with or before dead time marker in some cases. Columns: 1-XBridge C18; 2-XBridge Shield RP18; 3-XSelect HSS C18; 4-XSelect HSS C18 SB;
5-XSelect CSH C18; 6-XSelect CSH PH; 7-XSelect CSH FP; B-XSelect HSS PFP. The dotted line symbolized the ideal peak symmetry.

values in Table 51 in Supporting material) so, their retention is much
lower and peaks much broader at basic pH than at acidic pH of the MP.
Trends in retention and peak symmetry for ibuprofen are shown in
Fig. 2B. The results clearly indicate decrease in retention with in-
creasing pH of the MP. The longest retention was observed on the
XSelect HSS C18 column (the same as for naphtoflavanes). The shortest
retention of profens provide fluoro-phenyl class of columns. This cor-
responds with HI values obtained from the Walters test. Worse peak
symmetry (fronting peaks) in basic MP is also evident.

Retention and peak symmetry of basic cathinone derivatives are
also strongly influenced by the MP pH. Trends for the most retained 4-
CPRC are shown in Fig. 2C. MPs composed of aqueous part of pH 4.7 or
pH 8.0 caused prolonged retention compared to pH 2.1. In acidic MPs
cathinone derivatives are positively charged (more polar and thus less
retained), while at basic pH the majority of tested cathinones is charged
only partially (see pKa values in Table 51 in Supporting material). The
dependence of retention of cathinone derivatives on the sorbent
chemistry is also evident. They have almost no retention on all the CSH
columns (Tables 53-A and S3-B in Supporting material). This can be
attributed to repulsive interactions between the positively charged
analytes and the positively charged CSH particle surface. The most
significant difference was observed between the XSelect HSS PFP and
the XSelect CSH FP columns. The column XSelect HSS PFP showed the
highest retention for cathinone derivatives, while these analytes were
practically unretained on the latter column (Tables 53-A and 53-B in
Supporting material), Both columns have the same ligand but bonded to
different particle types. Similar effect was observed for the XSelect CSH
C18 (low retention) and the XSelect HSS C18. In general, HSS particles
provide higher retention of basic compounds and are more suitable for
separation of polar analytes in comparison with other particle types.
Symmetry of peaks strongly depends on pH of the MP. Fig. 2C shows
that on all tested columns (except for the XSelect CSH FP) 4-CPRC tends
to tail at acidic MP while fronting was observed in basic pH. Similar

effects were observed for all cathinones (see Tables 53, S5 and 57 in
Supporting material)., Fig. 2C also confirms that CSH particles provide
better peak shape of basic compounds in acidic low-ionic-strength MPs.
The significance of particle technology is evident from the comparison
of fluoro-phenyl class of columns, XSelect CSH FP and XSelect HSS PFP,
and also from the comparison of C18 type columns, CSH C18 with
XBridge C18 and HSS C18 columns. Peak symmetry is much better on
the columns with CSH particles at pH 2.1.

Polar zwitterionic compounds, dipeptides, need a higher amount of
aqueous part in the MP to be retained. Generally, the MP ACN/formic
acid, pH 2.1; 20,/80 (v/v) is the most suitable for dipeptides (see Tables
S4-A and 54-B in Supporting material). MPs composed of aqueous part
of pH 4.7 or pH 8.0 cause very low retention (see Table 56 in

Supporting material), Fig. 3 documents the differences among columns
with the same ligand, but bonded to different particle type (see also
Tables 54-A and S4-B in Supporting material). The comparison of

XSelect HSS C18 = XSelect CSH C18 and XSelect HSS PFP x XSelect
CSH FP clearly shows that the HSS columns exhibit higher retention of
dipeptides compared to the CSH columns with the same ligand. Re-
pulsion of positively charged dipeptides and positively charged CSH
particles in acidic pH of the MP is responsible for these results. Fig. 2D
shows retention and peak symmetry of H-Tyr-Phe-OH. Very low re-
tention of the dipeptide on the CSH columns was observed, whereas the
highest retention accompanied with the best peak symmetry was ac-
quired on the XSelect HSS PFP column.

3.3. LFER

The retention of 74 structurally different analytes with known de-
seriptors were included to the LFER model (see Table 52 in Supporting
material). The LFER study was performed in three MPs, namely ACN/
formic acid, pH 2.1, ACN/10mM ammonium acetate, pH 4.7 and ACN/
10 mM ammonium acetate, pH 8.0 40/60 (v/v). Both LFER Eqgs. (1) and
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Table 1

Regression coefficients (statistically significant in bold) of the LFER Eq, (2), MP: ACN/formic acid, pH 2.1; 40/60 (v/v). Calculated from LFER Eq. (2) where

descriptors D' and D were calculated using pH of hydro-organic MP (pH* 2.4).

Column a b d d* e s v [ Rr* N
KSeleat CSH C18 value —0.46 —1.65 0.13 —0.37 0.24 —0.23 1.77 —0.64
pvalue 0.00 0.00 0.64 0.00 0.06 011 0.00 0.00 0.936 68
+ I 0.21 0.23 0.53 0,22 0.25 0.29 0.33 0.31
XSelect CSH FP value —0.32 —1.12 0.15 —0.36 0.22 —013 1.09 —0.60
pvalue 0.00 000 0.41 0.00 .01 0.18 000 0.00 0.937 68
+ C1 0.14 0.15 0.37 0.15 0.17 0.20 0.23 0.22
XSelect CSH PH value -0.31 -1.33 0,00 -0.42 0.18 =018 1.41 =0.55
pvalue 0.00 0.0 .99 0.00 0.07 0.12 000 0.00 0.941 68
= Ol 0.16 0.18 0.42 0.18 0.20 0.23 0.26 0.24
XSelect HSS C18 value -0.54 -1.64 0.10 -0.37 0.25 -029 1.75 -0.39
pvalue 0.00 0.0 0.73 0.00 0.06 0.06 0,00 0.02 0.933 68
+ 0.22 0.24 0.56 0.24 0.26 0.21 0.35 0.33
NSelect HSS C18 SB value -0.51 -1.22 —0.34 -0.36 0.18 -014 1.45 ~0.62
pvalue 0.00 0.0 0,11 0.00 0,06 0,20 000 0.00 0.946 68
+ Ol 0.16 0.17 0.41 017 019 0.22 0.26 0.24
NSeled HSS PFP value -0.32 ~1.43 ~0.51 0.37 0.25 -0.20 1.40 ~0.56
pvalue 0.00 0.0 0.02 0.00 0.02 0.09 000 0.00 0,924 68
+ I 017 0.18 0.43 018 0.20 0.23 0.27 0.25
XBridge C18 value —-0.57 —1.47 0.03 —0.29 0.27 —0.31 1.57 —0.44
pvalue 0.00 0.00 0.91 0.02 0.05 0.05 0.00 0.01 0.921 68
+ Ol 0.22 0.24 0.57 0.24 0.27 0.31 0.35 0.34
XBridge Shield RF18 value —-0.33 —-1.61 —0.03 —-0.38 0.27 —-0.21 1.54 —0.50
pvalue 0.00 0.00 0.89 0.00 0.02 0.13 0.00 0.00 0.936 68
= Ol 0.19 0.21 0.50 0.21 0.23 0.27 0.31 0.29

+ CI confidence interval, R* coeficient of determination, N number of analytes used for LFER model

(2) were evaluated. Application of the Eq. (2] led to a slight increase of
the coefficients of determination, R?, in comparison with the Eq. (1) -
see Tables 1-3 and Tables 58-510 in Supporting material. Table 1
summarizes calculated regression coefficients of the LFER Eq. (2) in the
MP with formic acid. The distribution of positive and negative values of
the regression coefficients corresponds with general description of RP
mode. The dominant and opposite interactions participating in all of the
tested systems are described by the coefficients v and b, respectively,
which is typical for RPLC systems [34]. The XSelect HSS C18 and
XSelect CSH C18 columns showed the highest hydrophobicity (highest
value of the coefficient v). This is consistent with results of the Walters
test. Both columns have the same carbon load but they differ in particle
technology and ligand density (higher for XSelect HSS C18). The most
polar of tested C18 columns was the XSelect HSS C18 SB with the

lowest coefficient v and HI values. This column has the lowest carbon
load and is not endcapped. The XBridge C18 and XBridge Shield RP18
columns with 18% and 17% carbon load, respectively, exhibit similar
hydrophobicity, meaning that incorporated carbamate group embedded
to the latter column does not significantly change column hydro-
phobicity. In general, lower hydrophobicity was observed for phenyl-
based columns in comparison with all the C18 columns.

The second dominant interaction type expressed by the coefficient b
(Table 1) is preferred in the MP (negative values of the regression
coefficient). Among the C18 columns, the lowest difference between the
SP and MP in hydrogen bond acidity (the lowest absolute value of the
regression coefficient b) was observed for the XSelect HSS C18 SB,
which correlates with the highest silanol activity calculated from the
Walters test. The highest difference in hydrogen bond acidity was
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Table 2

Regression coefficients (statistically significant in bold) of the LFER Eq. (2), MP: ACN/10 mM ammonium acetate buffer, pH 4.7; 40/60 (v/v), Calculated from LFER

Eq. (2) where descriptors I¥ and D" were calculated using pH of hydro-organic MP (pH* 5.4).

Microchemical Journal 159 (2020} 105466

Column a b d d” e § ¥ c R
XSelect CSH C18 value =0.40 =157 =050 —0.33 =0.03 =017 2.02 =0.58
pvalue 0.00 0.00 0.00 0.00 0.71 0,04 0.00 0.00 0.978
E 0.13 012 015 015 0.14 .16 0.21 0.18
XSelect CSH FP value -0.37 -1.59 =003 0.22 -0.08 005 1.47 -0.57
p-value 0.00 0.00 077 0.06 0.48 0.70 0.00 0.00 0.924
E 0.20 0.19 0.23 0.23 0.22 0.25 0.32 0.28
XSelect CSH PH value -0.32 —1.43 —0.24 -0.18 =0.05 =010 1.74 =0.55
pvalue 0,00 0,00 0,00 0.01 0,40 017 0.0 0,00 0.975
+ 0 012 011 013 0.14 0.13 0.14 0.19 016
KSelect HSS C18 wvalue —=0.56 =177 =0.32 =046 =0.01 =012 210 = 0.46
p-value 0,00 0,00 001 0,00 0,96 0,29 0,00 0,00 0,965
+ 0l 0.18 0.17 0.21 0.21 0.20 0.22 0.29 0.25
XSelect HSS C18 SB value —=0.48 =133 =046 0.24 =005 =010 1.76 = 0.64
p-value 0,00 0,00 0,00 0,00 0.54 0,23 0.0 0,00 0.966
+ 0 0.14 013 015 016 0,15 017 0.22 019
XSelect HSS PFP value —0.40 —1.40 —0.49 0.33 —0.04 0,00 1.54 —0.44
p-value 0.00 0.00 0.00 0.00 0.51 0.98 0.00 0.00 0.970
+ I 0.12 0.12 0.14 0.15 0.14 0.15 0.20 017
XBridge C18 value —0.51 —1.64 —0.34 —0.39 0.02 —0.15 1.99 —0.61
p-value 0.00 0.00 0.00 0.00 0.82 017 0.00 0.00 0.967
E 017 .16 0.19 0.20 0.19 0.21 0.28 0.24
XBridge Shield RP18 value -0.43 - 1.86 =006 —0.56 =012 009 1.96 —0.62
p-value 0.00 0.00 0.67 0.00 0.35 0.53 0.00 0.00 0.936
E 0.24 0.22 0.27 0.28 0.26 0.29 0.38 0.33

+ €I confidence interval, R* coeficient of determination, N number of analytes used for LFER model

observed for the XSelect CSH C18 and XSelect HSS C18 columns, which
show the highest hydrophobicity. Among the phenyl/PFP class of col-
umns, the XSelect CSH FP column shows the lowest hydrophobicity
(v = 1.09), and the lowest absolute value of the coefficient b.

The regression coefficient a, expressing hydrogen bond basicity, is
statistically significant and negative in all the separation systems tested.
The absolute values of the coefficient a are much smaller than those of
the coefficient b. It means that the effect of hydrogen bond basicity on
the retention is smaller than that of hydrogen bond acidity (b).

The regression coefficient 5 describing the phase’s ability to interact
with dipolar and/or polarizable solutes, is statistically insignificant for
almost all of the separation systems,/columns. We conclude that dipolar
interactions do not significantly participate on the retention of analytes
on the SPs investigated in this study.

The e coefficient expressing interactions with n- and n- electrons is
statistically significant for both fluorophenyl-based columns and for
both XBridge octadecyl columns. The obtained values of the coefficient
¢ are small (ranged between 0.22 and 0.27) as compared to the values
of other coefficients (see Table 1).

The coefficients d” and d* in Eq. (2) describe ionic interactions.
Generally, the coefficient d” describes the difference between the SP and
MP acting as a cation. The coefficient d is statistically insignificant for
all the separation systems tested except for the system with the XSelect
HSS PFP column where this interaction type is preferred between the
analytes and the MP. The coefficient d* is negative for all separation
systems tested (except for that with the XSelect HSS PFP column),
hence this interaction type is preferred between the analyte and the MP.
In the buffer of pH 2.1 the free silanol groups are uncharged and do not
contribute to electrostatic interactions and thus, to the value of coef-
ficient d”. Therefore, positively charged analytes will preferably in-
teract with the MP. The intercept c relating to the phase ratio and in-
teractions, which are not covered by the regression coefficients of the
LFER equation is statistically significant and negative in all the se-
paration systems tested.

Comparing regression coefficient values obtained using Eq. (1) (see
Tables 58) and Eq. (2) (see Table 1) it can be seen that the trend is the
same for all the regression coefficients.

The buffer/MP pH has a great impact on the coefficients of the LFER

equation. The LFER resulis obtained for all columns using the Eq. (2) in
the MP composed of ACN/10 mM ammonium acetate buffer, pH 4.7 are
summarized in Table 2, The coefficient v increased in all the tested
separation system compared to the systems with acidic MP discussed
above (see Table 1), The absolute value of coefficient b increased or did
not change within confidence interval (CI). The values of coefficient a
did not change within Cl with the MP pH change. Interactions described
by the coefficients e and s do not significantly contribute to the reten-
tion. The effect of free silanol groups at non-endcapped columns be-
comes apparent at the MP aqueous part pH 4.7. All the separation
systems with these columns, i.e. XSelect CSH FP, XSelect HSS C18 SB
and XSelect HSS PFP, show positive values of the coefficient d*
(Table 2). At this pH both the free silanol groups and bases are charged,
which is why the retention of positively charged analytes increases.
This effect is also obvious in Fig. 4. The CSH-based sorbents show minor
anionic interactions with analytes [13,15,52]. As shown previously, the
degree of ionic attraction/repulsion increases in the order XSelect CSH
C18 = XSelect CSH PH <= XSelect CSH FP [15]. This is consistent
with the distribution of the coefficient d values for the CSH-based
columns (Table 2). The highest difference in this interaction type (the
highest negative value of the d” coefficient) between the SP and MP was
observed for the CSH C18 column. On the other hand, the lowest dif-
ference (comparable in both SP and MP) was observed for the CSH FP
sorbent. As the anionic interactions of CSH-based sorbents are expected
to be minor their contribution to the overall retention is low (low values
of d” coefficients) compared to e.g. “hydrophobicity”. The same trend of
the d’ coefficient values for CSH-based sorbents was observed with the
more acidic MP composed of ACN/10 mM ammonium acetate buffer,
pH 3.5 where the pyridyl groups of CSH sorbent are positively charged
- see Tables 511 and 512 in Supporting info. For a more detailed de-
scription of the electrostatic interactions in various pH of the MPs see
3.4 “Evaluation of electrostatic interactions™. The intercept ¢ is negative
again.

Comparing the regression coefficient values obtained using the Eqg.
(1) (see Table 59) and the Eq. (2) (Table 2) it can be seen that the trend
is the same for all the coefficients within CI.

An increase of pH of the aqueous part of MP to pH 8.0 leads to
changes of strength of the individual interactions (Table 2). The
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Table 3

Microchemical Journal 159 (2020) 105466

Regression coefficients (statistically significant in bold) of the LFER Eq. (2), MP: ACN/10 mM ammonium acetate buffer, pH 8.0; 40/60 (v/v). Calculated from LFER
Eq. (2) where descriptors I and DY were calculated using pH of hydro-organic MP (pH* 7.8).

Column a b d [ e 5 v c IS N
XSelect CSH C18 value -0.63 =160 -0.28 =0.04 0.18 =0.09 1.32 =017
p-value 0.00 0,00 0.00 0.77 013 0.48 0,00 0.25 0,942 64
+ 1 0.21 0.20 0.19 0.28 0.24 027 0.34 0.30
XSelect CSH FP value -0.49 -1.03 =0.40 017 0.30 =0.02 0.68 =0.10
p-value 0.00 0,00 0.00 011 0.00 0.84 0,00 0.36 0,935 64
= (1 016 015 0.14 0.21 018 0.20 0.25 022
XSelect CSH PH value —0.48 - 160 —0.43 0.21 0,05 0,06 1.23 -0.23
pevalue 0,00 0,00 0,00 0,08 0.66 0.61 0.0 0.07 0.950 64
+ 0.18 017 0.16 0.24 021 0.23 0,29 0.26
XSelect HSS C18 walue =0.59 - 1.69 =0.39 =0.09 0.23 =0.15 1.43 =0.02
p-value 0,00 0,00 0,00 0.55 0,06 0.28 0.0 0.89 0.945 64
+ 0.22 021 0.20 0.29 0,25 0.28 0,34 0.31
XSelect HSS C18 5B walue =0.55 - 1.05 —=0.49 0.14 0.30 -=0.27 1.19 =0.23
p-value 0,00 0,00 0,00 0,21 0,00 0,02 0.0 0,06 0.944 64
+ 0 0.18 016 016 0,23 0,20 0,23 0,27 0,24
XSelect HSS PFP value —0.58 —1.20 —0.39 0.08 013 —0.07 1.00 0.04
p-value 0,00 0,00 0.00 0.49 0.20 .56 0.00 0.76 0,939 63
+ 0 0.18 017 017 0.25 0,20 0,23 0,30 0.26
XBridge C18 value —0.69 -171 —0.03 0.10 0.53 -0.33 1.29 —0.43
p-value 0.00 0.00 0.81 0.59 0.00 007 0.00 0.03 0.906 64
Eaw 0.30 0.27 0.26 0.38 0.33 037 0.45 0.41
XBridge Shield RP18 value -0.63 -1.69 =0.18 =0.07 0.26 003 1.34 =0.52
p-value 0.00 0,00 0.14 0.66 0.08 0.87 0,00 0.01 0.912 64
= (1 0.27 0.24 0.24 0.35 0.30 033 .41 0.37

+ {1 confidence interval, R* coeficient of determination, N number of analytes used for LFER model.

contribution of hydrophobicity (coefficient v) to the retention is lower
at this pH. The coefficients a and b, deseribing hydrogen bonding in-
teractions, are negative and statistically significant in all the separation
systems tested. A higher difference of hydrogen bond basicity (coeffi-
cient a) between the SP and MP was observed with basic MP, In the
acidic MPs it was observed that the absolute values of the coefficient a
are much smaller than those of the coefficient b, The interactions de-
scribed by the regression coefficient s influence the retention of ana-
lytes only in the separation system with the XSelect HSS C18 SB
column. The negative coefficient s decreases retention of analytes that
can interact by these interactions. Compared to the MP with buffer pH
of 4.7, the interactions described by the coefficient e increase the re-
tention of analytes on three columns, namely XSelect CSH FP, XSelect
HSS C18 SB and XBridge C18. In separation systems with other columns
this interaction type is comparable in the SP and MP. Regarding the
electrostatic interactions, the effect of the CSH dopant was not noticed
at basic pH as CSH becomes uncharged above the pH of 6-7. The
coefficient d if statistically significant is negative, meaning that this
interaction type is preferred between the analyte and the MP. The effect
of free silanol groups which can be described by the coefficient d” is

B 40
10' 35_
8- 30+ )
_ = 25
= =
£9 £ 20
= 15+
10
5_
4 i [ ] i B
1 2 3 4 5 6 7 8 1 2 3 4 5
Columns Columns

not reflected correspondingly in basic pH as the majority of basic
analytes became uncharged at this pH. For a more detailed description
of electrostatic interactions in various pH of the MPs see section
“Evaluation of electrostatic interactions™.

Comparing the regression coefficient values obtained using Eq. (1)
(see Table 510) and Eq. (2) (Table 3), it can be seen that the Eq. (2)
offers better fit with the chromatographic data.

Discussion can be found in the literature as to whether it is more
appropriate to use the aqueous buffer pH to calculate the D" and D™
descriptors instead of the apparent hydro-organic pH of the MP [53].
We decided to primarily use the apparent hydro-organic pH for the D
and D" descriptors calculations and the obtained LFER results are
discussed above, The deseriptors D™ and D" were also caleulated for the
aqueous buffer pH and the LFER model was performed (data not
shown). Comparing the obtained regression coefficients the trend is the
same for both types of D™ and D calculations. So, we can conclude that
no substantial change in the regression coefficients was observed.

To summarize, two dominant interaction types were observed in all
the tested chromatographic systems. Hydrophobicity, expressed by the
coefficient v, is preferred between the analyte and the SP and reaches

Fig. 4. Effect of pH on retention of benzenesulfonic
acid (A) and trimethylphenylammonium cation (B)
for all tested columns, MP composition: ACN/agu-
eous part; 40/60 (v/v). Retention time was used
instead of retention factor because of the elution
before dead time marker in some cases, Columns: 1-
XBridge C18; 2-XBridge Shield RP18; 3-XSelect HSS
C18; 4-XSelect HSS C18 SB; 5-XSelect CSH C18; 6-
XSelect CSH PH; 7-XSelect CSH FP; B-XSelect HSS
FPFP.

i
6 7

8
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neutral compounds

Fig. 5. Correlation of retention factors k of
compound from LFER set and permanently
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the highest values for C18 columns. The second dominant interaction,
hydrogen bond basicity, expressed by the coefficient b, is stronger be-
tween the analyte and the MP. lonic interactions between the analyte
and SP particles are strongly influenced by the mobile phase pH, since
protonation and dissociation of the analyte and SP particles depend on
the MP pH. At buffer pH 4.7 the prolonged retention of positively
charged basic compounds was observed on non-endcapped columns as
is reflected by the positive value of the coefficient d”. Positive charge
on the surface of CSH particles in acidic buffers pH was confirmed (the
coefficient d). The contribution of ionic interactions is much lower than
of hydrophobicity and hydrogen bond basicity as these columns are
marketed as RP columns,

3.4. Evaluation of electrostatic interactions

The ability of the SPs to interact by electrostatic interactions was
further investigated by analysis of permanently negatively charged
acids (benzenesulfonic acid, pKa = -2.36; toluenesulfonic acid, pKa = -
2.14) and permanently positively charged trimethylphenyl ammonium
cation. Another base (propranolol, pKa = 9.67) from the LFER set can
be also used for evaluation of electrostatic interactions —see Figure 51
in Supporting material. All measurements were performed in MPs
composed of ACN/aqueous part, 40/60 (v/v) with the aqueous parts of
pH values 2.1; 2.5; 2.8; 3.5; 4.7 and 8.0,

Fig. 4A shows the dependence of the benzenesulfonic acid retention
on the pH of the aqueous part of the MP for all tested columns. The
results confirm the presence of positive charge on the surface of CSH
particles at pH 2.1, i.e. significantly higher retention of negatively
charged acid on columns with CSH particles in comparison with col-
umns containing other particle types. Retention of benzenesulfonic acid
on the three CSH columns gradually decreases with increasing pH. The
same trends were observed for toluenesulfonic acid (see Supporting
material, Figure 52). The degree of “electrostatic interactions™ on in-
dividual columns with CSH particles decreases as follows: XSelect CSH
FP > XSelect CSHPH > XSelect CSH C18, which is in agreement with
the LFER results and previously published results [15].

Fig. 4B shows the dependence of the retention of positively charged
trimethylphenylammonium cation on the pH of aqueous part of the MP,
The results clearly show differences in endcapping. Non-endcapped
columns (XSelect HSS C18 SB, XSelect CSH FP and XSelect HSS PFP)
provide increase in retention of trimethylphenylammonium cation at
pH 4.7 and pH 8.0 in comparison with other columns and pH of MPs. At
pH 8.0, non-endcapped silanol groups are fully dissociated and they can
interact with positively charged analytes. Retention is even higher for
non-endcapped HSS particles. HSS particles provide higher retention
because of the smaller pore diameter and thus larger surface in

k XBridge C18

comparison with other particle types. The same effect was observed for
propranolol (see Supporting material, Figure S1).

For further comparison of retentivity of C18 columns, the experi-
mentally measured retention factors k of 74 analytes (the LFER analytes
plus permanently charged analytes) obtained on neutral column
(XBridge C18) and columns with ion-exchange properties (HSS C185B,
CSH C18) were plotted. Fig. 5 clearly shows a high degree of similarity
in retention of neutral compounds between each pair of sorbents since
all columns are based on the same chemistry. Fig. 5A shows positively
charged outliers, which are relatively more retained on the XSelect HSS
C18SE column in basic conditions. On the other hand, Fiz. 5B shows
negatively charged outliers, which are more retained on the XSelect
CSH C18 column in acidic conditions in comparison with the neutral
XBridge C18 column. These dependencies support the LFER results that
retention is mainly influenced by hydrophobicity, but electrostatic in-
teractions also play an important role in the retention of charged ana-
lytes.

4. Conclusions

In conclusion, column retentivity depends not only on the type of
ligand bonded to the carrier but also on the type of particles and end-
capping technology. [n this work, eight columns differing in particle
type, i.e. charged surface hybrid (CSH), high strength silica (HSS) or
bridged ethylene hybrid (BEH); the ligand bonded, ie. octadecyl,
phenyl, fluorophenyl, and the endcapping technology were evaluated
and compared. Significant differences among the SPs were observed,

The Walters test is useful in sorting the columns into groups ac-
cording to their polarity. First group, comprising of more hydrophobic
C18 columns, showed lower silanol activity. The only exception was the
XSelect HSS C18 SB column, which is not endcapped and thus exhibits
lower hydrophobicity and higher silanol index. Second group of col-
umns exhibited lower hydrophobicity because of shorter alkyl chain
terminated with aromatic ring. The values of LFER hydrophobicity
coefficient v and hydrogen bond basicity coefficient b were consistent
with the Walters test trends. Hydrogen bond basicity had lower impact
on retention compared to hydrogen bond acidity. The effect of other
interaction types depended on the MP pH, since the pH of MP affects
protonation and dissociation of both analytes and of the SPs. In other
words, buffer pH can strongly alter the strength of interactions re-
sponsible for retention. Based on the LFER findings, silanol and ionic
interactions are important contributors to the retention in RPLC. On the
other hand, the retention of neutral naphtoflavones is nearly unaffected
by the MP pH.

Evaluation of electrostatic interactions was performed by analysis of
permanently positively and negatively charged compounds. The
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presenice of a positive charge on the surface of CSH particles in acidic
buffer pH was confirmed. The results also showed increasing retention
of positively charged compounds on non-endcapped columns in basic
pH of the MP. It confirms that endcapping technology has a great im-
pact on retention behavior and selectivity.

The results from LFER well correlated with those obtained from the
Walters test and the electrostatic interactions evaluation and can pro-
vide an explanation of differences among columns in terms of re-
tentivity. Modification of the classic LFER with charge related terms
was useful to detect ionic interaction of analytes with selected types of
SPs.
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In this work we utilized basic and acidic analytes to investigate the ionic interaction participation in
retention behavior of selected reversed-phase and polar columns. The test analytes included nitrate, ben-
zenesulfonate and trimethylphenylammonium ions. The fully aqueous mobile phase comprising 10 mM
dichloroacetic acid buffered with ammonia solution to desirable pH was used for retention experiments,
Developed method was utilized to study the ionic interactions of stationary phases in pH range between
2.5 and 9.0, We demonstrate that selected sorbents used for reversed-phase and hydrophilic interac-
tion chromatography separations exhibit cation- or anion-exchange interactions. We compare the results
to novel Atlantis PREMIER BEH C18 AX mixed-mode column that combines reversed-phase and anion-
exchange interaction modes. We evaluated the relative retention strength of selected columns for anionic

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

In reversed-phase liquid chromatography (RP LC) the retention
is dominated by hydrophobic interactions, while in hydrophilic in-
teraction liquid chromatography (HILIC) the dominant retention
mode is ascribed to analyte partitioning between stagnant water
rich layer at the sorbent surface and acetonitrile rich mobile phase
[1]). It is known that additional interactions (dipoles, H-bond acid-
ity/basicity, ionic silanol interactions) may participate in both types
of chromatography [2-4|, but those are regarded as secondary, or
even undesirable interactions [5,6].

Some of the modern RP stationary phases, such as charged sur-
face hybrid sorbents (CSH) [7,8], have population of ionizable func-
tional groups bonded to surface with the goal to improve peak
shapes for basic molecules [7-10]. Other commercial stationary
phases with charged ligands bonded to surface in addition to RP
or HILIC chemistry are marketed as mixed-mode columns [10-12],
for example Primesep columns [13], Scherzo columns [14,15] Ac-
claim columns [16,17] or Atlantis PREMIER BEH C18 AX column
| 18]. The goal of additional ionic interactions is to provide an alter-
native selectivity to common RP and HILIC columns. While mixed-
mode columns may provide desirable retention of ionic species
that would otherwise be unretained by RP (HILIC) mode, the con-
tribution of secondary retention mechanism can make the method
development more complex [ 19].

* Corresponding author,
E-mail address: Martin_Gilar@waters.com (M. Gilar)

https:{/doi.org/ 10,1016 chroma. 2020.461301
0021-9673/© 2020 Elsevier BV, All rights reserved.

Various versions of mixed-mode stationary phases recenily pre-
pared were reviewed by Sykora et al. [20]. Commercially avail-
able stationary phases were reviewed by Zhang and Liu [11] and
Mansour and Danielson [21]. Movel mixed-mode stationary phases
were applied to separation of small organic molecules and inor-
ganic anions/cations [22-27]. While multiple columns capable of
mixed-mode interactions are available to users, the relative con-
tribution of selected separation modes to analyte retention is not
well known. For example, the anionic interaction of Charged Sur-
face Hybrid RP sorbents with analytes is expected to be minor
[7,8], while Primesep or Acclaim mixed-mode family columns ex-
hibit relatively strong retention for ionic analytes [12-14,16,17,19].
Selected HILIC stationary phases based on silica or immebilized
charged ligands provide for ionic interactions that participate in
the overall analytes retention [28-31]. Contribution of silanols to
retention of basic compound in RP LC is well known [2,32-34]; it
has been also recognized as one of the retention modes in HILIC
not only with silica columns, but also with derivatized silica sur-
faces [28,30,35-40].

Many stationary phases provide secondary mode of interactions
alongside the main retention mechanism, e.g. ionic interactions in
RP and HILIC columns [5,32,39,41,42], yet they are not marketed
as mixed-mode columns. A clarification of the terminology used in
the literature would be useful. We suggest that term mixed-mode
chromatography is reserved to columns where two or more reten-
tion modes contribute substantially to analytes retention. However,
the contribution of multiple retention modes to analyte retention
is often unknown. The methods for column characterization are
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needed. In this work we focus on ionic interactions in addition to
hydrophobic interactions.

Method for characterization of ionic interactions in liquid chro-
matography has not been standardized yet. Useful tests were pro-
posed by various groups [3,4,33,39,43-46). Mixed-mode properties
of columns combining RP with ionic interactions were tested with
hydrophobic analytes (polycyclic aromatic hydrocarbons, alkylben-
zenes, phthalates and phenols) and highly polar charged analytes
(such as nucleobases or small organic anions) [22,25,27].

Inorganic anions were also used to test anion-exchange prop-
erties of the sorbents. Nitrates, nitrites, iodides, iodates, bromides,
bromates and thiocyanates are most often used for this purpose
[22-24,26,32]. Cation-exchange nature of stationary phases can be
investigated using organic {choline} or inorganic (potassium, mag-
nesium, sodium, zinc, lithium) cations [27,32]. The advantage of
polar inorganic ions (cations and anions) is that they are not re-
tained in RP mode, hence they probe only ionic interactions with
the sorbent.

Mixed-mode columns combining ionic interactions with ei-
ther RP or HILIC retention mode are now available to wusers
[11,13,14,19,20,47). However, the information about the stationary
phase structure, nature of charged ligand, and its pKa is not al-
ways reported by manufacturers. An information about a degree
of ionic interactions of available columns is of primary interest for
the analysts. The method development will differ for sorbents with
low and high ion-exchange activity. For example, the columns with
high degree of ionic interactions will require greater buffer con-
centrations to ensure the elution of charged analytes. When the
mobile phase compatibility with mass spectrometry detection is
desired, the low concentration of volatile salts used as eluent is
preferred [7,14,18].

The goal of this study is to develop a method suitable for eval-
uation of ionic interactions in liquid chromatography. The study in-
cluded representative examples of reversed-phase sorbents {C18,
Phenyl-hexyl and Fluoro-Phenyl chemistry) with endcapped, non-
endcapped, charged-surface hybrid stationary phases [7-9], and
mixed-mode Atlantis Premier BEH C18 AX column. In addition
to reversed-phase stationary phases we studied selected sorbents
with hydrophilic surface chemistry such as diol and diol modified
with diethylamine.

2, Experimental
2.1. Materials and reagents

Acetonitrile  (Chromasolv®  gradient grade, for HPLC),
dichloroacetic acid (ReagentPlus®, purity = 99%), ammonia
solution (28.0-30.0% NH;), benzenesulfonic acid (purity = 98%),
and trimethylphenylammonium chloride (purity = 98%) were
purchased from Sigma-Aldrich (St. Louis, USA). Thiourea (purity
= 99%), potassium iodide, and potassium nitrate (purity = 99.8%)
were purchased from Lachema (Brno, Czech Republic). Deionized
water was purified with Rowapur and Ultrapur system from
Watrex (Prague, Czech Republic).

2.2, LC instrumentation and columns

All chromatographic measurements were performed on the Wa-
ters Alliance system (Waters Chromatography, Milford, USA) con-
sisting of 2690 D Separation Module, 2487 Dual 5 Absorbance
Detector, 717 Plus autosampler, and Waters Alliance Series col-
umn heater. Empower 2 software was used for data acquisition
and analysis. The columns tested in the study were obtained from
Waters (Milford, USA). The column description and properties are
summarized in Table 1. All columns sized 150 = 4.6 mm, particle
size 5 pm.

2.3. Experimental procedures

Stock solutions of analytes were prepared by dissolving the an-
alytes in deionized water at concentration 1 mg mL-!. Aqueous
mobile phases (MPs) without presence of organic solvent modifiers
were used, They were prepared by adjusting 10 mM aqueous solu-
tion of dichloroacetic acid with ammonia solution to reach the pH
values from 2.5 to 9.0 with 0.5 steps. The rationale for using fully
aqueous MPs is two-fold. (i) pH of MP, pKa of analytes, and pKa
of stationary phases are not affected by organic solvent. (ii} po-
lar compounds are often separated in RP and mixed mode RP un-
der aqueous mobile phases to achieve desirable retention [10,18].
The effect of buffer concentration in MP on retention was tested
on Torus DEA column {pH=3.0, buffer concentration of MP ranged
from 10 mM to 50 mM with 10 mM increments). Flow rate was
1 mL min~!, injection volume was 5 uL Detection wavelengths
were 240 nm for nitrates and iodides and 254 nm for benzenesul-
fonic acid, and trimethylphenylammonium ions. All measurements
were performed at column temperature 25 °C, The column was
equilibrated with the MP for 40 min before the first injection. In-
dividual measurements were repeated three times and averaged.
Thiourea was used as a dead time (fyy) marker; t; was determined
with MP composed of acetonitrile/deionized water 70{30 (v/v) to
eliminate the residual hydrophobic retention of thiourea in aque-
ous MPs.

ChemaAxon software (product of ChemAxon company ) was used
for calculation of pKa values of analytes and MP components.

3. Results and discussion

3.1. Development of method for estimation of ionic interactions with

sorbent

lonic and hydrophobic interactions with stationary phases were
evaluated with charged test analytes in the wide range of mo-
bile phase pH. Nitrate, iodide and benzenesulfonate anions rep-
resented negatively charged markers while trimethylphenylammo-
nium cation was selected as positively charged marker. The inor-
ganic nitrate and iodide ions were chosen as analytes that are re-
tained by ionic interactions only (no hydrophobic retention mech-
anismy). Inerganic anions were previously used in chromatographic
research as void volume markers since they are not retained in
RP LC [48,49]. Nitrate and other selected ions can be conveniently
monitored by ultra-violet (UV) or alternatively by MS detectors
[32,50].

Organic ions selected for the study have modest retention in RP
mode, therefore they can be eluted from the selected columns with
fully aqueous MPs. Protonation/deprotonation of analytes strongly
affects their retention in RP LC [51-53]. The rationale of using per-
manently charged test compounds was to evaluate the protona-
tion/deprotonation of sorbent in wide range of mobile phase pH.
The change of sorbent surface ionization is expected to be reflected
in the test samples retention [32].

The MP was prepared from 10 mM dichloroacetic acid solution
buffered with concentrated ammonia solution in range of pH 25
- 9.0 in 0.5 pH increments. The dichloroacetic acid was selected
for its low pKa value ~ 2.3 (estimated by ChemAxon software). Our
first approach utilized ammonium formate and acetate buffers, but
the protonation of acids at pH below their respective pKa values
decreases an effective concentration of formate and acetate ions
in the buffer. Due to this effect the retention of anionic test ana-
Iytes on positively charged sorbents increased dramatically even if
the protonation of stationary phase did not change. Therefore, we
prepared buffers from dichloroacetic acid buffered with ammonia
solution (pKa 8.9). This MP should provide nearly constant concen-
tration of dichloroacetate and ammonium ions in pH range ~ 3.5 -
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Table 1
Properties of columns used in the study.

Sorbent Cha Ligand Carbon Pore Pore Surface
Column® Ligand Structure type rﬁ Endcapping density load diameter vilumie area
(umol-m™) (%) (A) fem’g™)  (m™g’)
—0,
CSHC18 [\__fzf“;“H_.»-m,m-.u.m,a---\._,«.u.-n.u.»-t,_,,-m,,- CSH pyridyl proprietary 23 15 130 07 185
o
XSelect CSH | Yok
N e e P T CSH pyridyl proprietary 23 14 130 0.7 185
Ph 1 L
enyl-Hexy a ‘L-:—‘:]
F
— F. o F
XSelect CSH T, ]) il e
Fluoro-Phenyl '\___,_*'_00_;5' R “‘T’A'F CSH pyrdyl nong 23 10 130 07 185
F
I’?SS 'I"; i, e HSS none proprictary 1.6 11 100 07 230
nsscmtss e e e HSS none nonge 1.6 & 100 0.7 230
Hx:;l;;;) : ¥ HSS none none 32 7 100 0.7 230
.""\"ox
XBridge C18 L J,-‘ﬂ-,iwm_,mu_.n.x,,.-.Vﬁ..v,.-.\,_,mup\_,.- BEH nome proprietary 31 18 130 07 185
L
. —~—~—0,
ME::‘&EH 'f\ CB A BEH alkylamine  proprietary 1.6 17 95 07 270
e
" _'0\ oH
ToruspioL  (* }ﬂjﬁ-\,-m-ouﬁu - BEH none proprietary na na. 130 07 185
==0
S R oH .
orus DEA | l u-,s{ v,,\__ﬂ\u,l\u‘a — BEH none proprietary na. na 130 0.7 185
N

150 = 46 mm column packed with 5 pm sorbent.

Fig. 1. Schematic representation of silica stationary phase surface chemistry with bonded alkyl groups, negatively charged silanol group, bonded positively charged moiety

k. and silanol endcapping.

8.0. The downside of our choice is the low buffering capacity in
the pH range 4.5 - 6.5.

Fig. 1 shows a schematic representation of silica-based sor-
bent derivatized with alkyl ligand, endcapped with trimethyl-
silyl moiety, and derivatized with positively charged group. Neg-
atively charged residual (not endcapped) silanols can act as

cation-exchange moieties [5,32,54], while positively charged sur-
face groups may facilitate anion-exchange interaction mechanism
in addition to reversed-phase retention [8]. Recent trend in col-
umn research is to combine anion or cation interactions with HILIC
or RP mode to modify the retention and selectivity of stationary
phase to address specific analytical applications [11,14,15].
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Fig. 2. Experimentally measured retention factor k versus the mobile phase pH for nitrate anion (A, B, C), benzenesulfonate anion (D, E F) and trimethylphenylammonium
cation (G, H, [). Panels A, D, and G compare reversed phase columns based on hybrid-silica sorbents. Panels B, E and H compare silica based C18 column and polar Torus
DIOL column, Panels C, F, and | show results for Torus DEA column with dominant anion-exchange retention mode. MP for all experiments was 10 mM dichloroacetic acid

adjusted to desirable pH with ammonium hyd roxide,

3.2. lonic interactions investigation of selected columns

Fig. 2 compares retention trends of negatively charged ni-
trate (panels A, B, C) and benzenesulfonate anions (panels D, E,
F) with trends of positively charged trimethylphenylammonium
cation (panels G, H, I). Negatively charged iodide ions showed sim-
ilar trends as nitrate ions (see Supplementary Fig. 51). For better
clarity we divided evaluated columns into three groups. First group
(Fig. 2, panels A, D, G) represents hybrid-silica RP sorbents. Hybrid-
silica sorbents are similar to conventional silica particles, but their
formulation includes organofunctional silanes [9,55-57]. Although
they have similar morphology as silica, hybrid-silica sorbents ex-
hibit higher pH stability, and less pronounced tailing for basic an-
alytes [5G], presumably due to lower acidity of residual surface
silanols, A separate class of sorbents known as Charged Surface
Hybrid {CSH) is hybrid-silica modified with ionizable pyridyl lig-
and. Published reports recommend CSH sorbents for separation of
peptides, basic analytes [7-10] and as a column with alternative
selectivity to conventional C18 sorbents [58].

First group of columns include XBridge C18 sorbent (hybrid-
silica with C18 chemistry) which shows no significant change of
retention for test analytes within pH range 2.5 - 9.0 (Fiz. 2A,D,G).
We conclude that XBridge C18 does not exhibit significant ionic-
interactions. In comparison, CSH reversed-phase sorbents show
distinct increase of retention of anionic analytes at acidic mobile
phase pH when the pyridyl surface modifier (pKa~5-6) is posi-
tively charged. Fiz. 2A and D show that all CSH columns retain
nitrate and benzenesulfonate more strongly than XBridge C18 col-
umn. Furthermore, trimethylphenylammonium cation retention is

suppressed at acidic pH compared to neutral XBridge C18 col-
umn (Fig. 2G). These observations suggest that CSH sorbents have
anion-exchange properties at pH<6 in addition to RP retention.
The degree of ionic attraction/repulsion increases in the order CSH
C18 = CSH Phenyl-Hexyl = CSH Fluoro-Phenyl. This is intriguing
observation, since all CSH sorbents have the same concentration
of pyridyl ligand at the surface [59]. The different ionic-interaction
strength is presumably due to steric shielding of a surface charge
with RP ligand. Relatively long C18 ligand shields the ionic inter-
actions more effectively than shorter Phenyl-Hexyl and shortest
Fluore-Phenyl ligands (see Table 1 for structures),

Fig. 2A,D,G indicate that above pH 6 the pyridyl surface groups
of CSH sorbents are discharged [18] and ionic interactions no-
longer contribute to retention. Retention factors of analytes on
CSH C18 and CSH Phenyl-Hexyl columns remain constant and
the retention strength is comparable to neutral XBridge C18 sor-
bent (Figs. 2A, B). On the other hand, CSH Fluoro-Phenyl column
behaves differently. The retention of trimethylphenylammonium
cation sharply increases at basic pH (Fig. 2G), while the reten-
tion of anions decreases (Fig. 2A, D). The observed cation-exchange
activity of CSH Fluoro-Phenyl sorbent is due to non-endcapped
silanols on the surface that act as cation-exchange sites above pH
-6-7.

The first group includes mixed-mode Atlantis Premier BEH C18
AX column, The column combines RP (C18) and anion-exchange re-
tention modes. Because alkylamine is stronger base than pyridyl
group (amine pKa ~ 10.6), Atlantis Premier BEH C18 AX column re-
tains anions in wider pH range than CSH columns (Fig. 2A, D). Re-
tention trends on Atlantis Premier BEH C18 AX reveal a decrease in
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anionic retention and increase in cation retention at pH 7-8, which
suggests diminished contribution of ionic retention mode. This is
far from expected pKa of alkylamine surface modifier, when we
would expect loss of sorbent surface charge. A possible explana-
tion is that residual silanols remaining on the surface after endcap-
ping become deprotonated in vicinity of pH 7 and alter the overall
surface charge via formation of zwitter ions with surface bound
amines.

Comparison of second group of columns is shown in Fig. 2, pan-
els B, E, H. The group includes silica C18 sorbents with exception
of polar hybrid-silica Torus DIOL column. Torus DIOL was designed
for Supercritical Fluid Chromatography (SFC), but it is applicable
also for HILIC separations [G0]. RP columns in the second group
include HSS T3 (C18 sorbent) with endcapped silanols, HSS C18
SB (SB refers to selectivity for bases), and HSS PFP bonded with
pentafluorophenyl ligand. The latter two RP sorbents are not end-
capped (Table 1).

Fig. 2B, E, H show that HSS T3 column has minimal ionic inter-
actions with test analytes; the retention factors do not change sig-
nificantly with mobile phase pH. In contrast, the non-endcapped
HSS C18 SB and HSS PFP columns exhibit strong cation-exchange
interactions as the silanols become more charged at increased pH
(repulsion of anions and attraction of cations). Because of this be-
havior the HSS C18 SB stationary phase is recommended as column
with “orthogonal” selectivity to endcapped C18 columns (e.g. HSS
T3). It is important to understand that the apparent selectivity dif-
ferences are ionic in nature; relative retention of neutral analytes
is not strongly affected [2,43,51].

Fig. 2B shows slightly negative retention factor for nitrate an-
ion below pH 6. Although it is difficult to measure retention factor
near zero (due to peak shape and difficulties to precisely measure
column void volume), this observation suggests an exclusion of ni-
trate from the sorbent pores due to ionic repulsion. Decrease in re-
tention was observed also for benzenesulfonate on non-endcapped
HSS €18 SB and HSS PFP columns in Fig. 2E, but the retention fac-
tor remains above zero because of hydrophobic interactions.

Polar Torus DIOL column shows minimal retention for test an-
alytes (Fig. 2B, E, H). The observed repulsion of anions on Torus
DIOL column at basic pH resembles the cation-exchange interac-
tions of non-endcapped columns, This behavior is intriguing, be-
cause polymeric diol layer is expected to effectively shield all sur-
face silanols. It is unclear whether portion of hybrid-silica silanols
remains accessible for chromatographic interactions, or whether
hydrolyzed epoxy siloxanes moieties become an alternative source
of silanols on the bonded surface.

The third group includes Torus DEA, the only column in the
set with primary anion-exchange retention mode (Fiz. 2C,Fl). Torus
DEA sorbent, originally designed for SFC, is prepared by polymer-
ization of epoxy siloxanes on hybrid silica as described above for
Torus DIOL phase, followed by derivatization with diethylamine
moiety and ring opening of remaining epoxides. Diethylamine lig-
and with pKa of ~ 10.6 is fully charged below pH ~ 9. The column
was included in the study for comparison with CSH and Atlantis
Premier BEH C18 AX columns.

As expected, the retention of inorganic nitrate and benzenesul-
fonate ions on Torus DEA is significantly higher compared to all
tested columns (Fig. 2C, F). Surprisingly, the anion-exchange reten-
tion gradually diminishes for MP above pH-5. The retention loss
occurs well above the pKa value of DEA ligand. This observation
is reminiscent to trends obtained with Atlantis Premier BEH C18
AX column. It is unclear whether this retention behavior is due to
the same mechanism that is deprotonation of residual silanols of
Torus DEA sorbent, which results in formation of zwitter-ions and
decreases DEA surface charge.

Fig. 21 illustrates that overall positively charged Torus DEA sor-
bent repels the trimethylphenylammonium cation from the sur-

face. The analyte elutes before the column void volume (retention
factor lower than zero).

To further elucidate the retention mechanism of Torus DEA
column we performed experiments with different concentrations
of ammonium dichloroacetate (10 to 50 mM) in the MP. A de-
crease in retention of anionic compounds at elevated ammonium
dichloroacetate concentration was observed, a behavior consistent
with anion-exchange chromatography retention mode (see Supple-
mentary Fig. 52).

Further inspection of results in Fiz. 2 suggests additional con-
clusions about retention mechanism of selected columns. For ex-
ample, anion-exchange retention factors of nitrate and benzene-
sulfonate on Torus DEA are comparable (Fig. C, F), while substan-
tial retention differences were observed for nitrate and benzene-
sulfonate on CSH and on Atlantis Premier BEH C18 AX columns,
respectively (Fig. 2A, D). It appears that retention contribution of
ion-exchange and RP modes is not simply additive, but multiplica-
tive, as proposed by Neue and colleagues [G]. Retention models for
retention prediction of ion-exchange-RP mixed-mode chromatogra-
phy are subject of current research [G1].

To our knowledge only Hydrophobic Subtraction Model
database [3,4,62] included comprehensive database of RP columns.
The database enables user to compare limited information about
cation or anion exchange activity of columns. The method pro-
posed in this work could be useful for comparison of relative ionic
interaction strength of sorbents across wide range of MP pH.,

4. Conclusions

The method for investigation of ionic interactions of chro-
matographic sorbents was proposed. Nitrate marker was selected
for testing anionic interactions without a measurable hydropho-
bic (RP) retention. Benzenesulfonic acid and trimethylphenylam-
monium markers were chosen as anionic and cationic analytes
suitable for characterization of ionic and hydrophobic interactions
of columns with aqueous mobile phases.

The obtained data illustrate that ionic interactions participate
in retention of both reversed-phase and polar (HILIC) columns to
various degrees. We made the following conclusions:

(i) CSH columns exhibit mild anion-exchange interactions at pH
below 6.0, This is due to pyridyl modifier present on CSH sor-
bents surface that becomes charged in acidic pH. At pH above
6.0 the pyridyl moiety is discharged; retention of CSH C18 be-
comes similar to XBridge C18 column.

(1) Sorbents with non-endcapped silanols (HSS C18 SB, HSS PFP,
CSH Fluoro-Phenyl) have strong ionic activity above pH ~7. Free
silanols provide cation-exchange interactions with basic ana-
Iytes. No significant silanol interactions was evident for end-
capped RP sorbents tested (XBridge C18, HSS T3, CSH Phenyl-
Hexyl, CSH C18).

(iii) Torus DIOL column shows minor cation-exchange activity in the
pH range 6.0 - 9.0. This activity was apparent from behavior of
both cationic and anionic test analytes.

(iv) Torus DEA polar column has no observable RP retention; the
retention is dominated by anion-exchange activity due to the
presence of immobilized positively charged amino groups.

(v) Atlantis Premier BEH C18 AX column has anion-exchange ac-
tivity in full range of investigated pH 2.5-9.0. The anionic re-
tention diminishes above pH 7, well before expected pka value
of primary alkylamine surface modifier. We speculate that this
behavior is related to deprotonation of residual silanols on the
sorbent surface leading to diminished surface charge.

It should be pointed out that the developed test can provide
only a relative comparison of ionic and hydrophobic interactions
for the tested sorbents. Overall retention depends not only on the
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immobilized ligands but also on the sorbents phase ratio that is
closely related to sorbent pore size or morphology.

The focus of the presented study was to evaluate ionic inter-
actions of selected columns. Many questions remain unanswered,
for example whether the surface modification of RP columns with
charged moiety alters their hydrophobic retentivity [24] or to what
extent the ionic and hydrophobic retentions are synergistic, In
other words, whether ionic and hydrophobic interactions mutually
enhance their retention strength.

In the subsequent study we plan to investigate mixed-mode
columns available on the market with wider set of analytes includ-
ing both charged and neutral analytes.
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Abstract

In this work, effects of particle and ligand types on retention and separation of sets of neutral (naphthoflavones), acidic
(profens), basic (cathinones), and zwitterionic (dipeptides) biologically active compounds are shown in detail and discussed.
Nine columns differing in ligand and particle types were tested, namely XSelect HSS C18, XSelect HSS C18 5B, XSelect
HSS PFP, XSelect CSH C18, XSelect CSH Phenyl-Hexyl, XSelect CSH Fluoro-Phenyl, XBridge C18, XBridge Shield RP18,
and Atlantis PREMIER BEH C18 AX. Various mobile phases differing in acetonitrile/aqueous part volume ratio and aque-
ous part pH, i.e. pH=2.1, pH=4.7, and pH=38.0 were tested and compared in terms of analytes” retention and separation.
Results showed significant effect of ionic interactions resulting from particle types used or additional ionisable functional
groups bonded to the surface on retention and separation of charged compounds. All tested sets of compounds were baseline

separated but different conditions, that is column type and mobile phase composition, were needed.
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Introduction

Recently, the supply and the demand for new chromato-
graphic sorbents have been increasing. Chromatographic
columns are supplied by several manufacturers, and each
has different “know-how™ concerning the production pro-
cess and innovation. Retention and separation potential of
the columns are affected by the number of factors, which
includes: carrier type, ligand type, particle type, pore size,
and various sorbent modifications (e.g. endcapping, charged
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moiety) [1-5]. Companies involved in the development of
new stationary phases are continuously improving columns’
efficiency, including research in the field of particle technol-
ogy. The choice of particle type can fundamentally affect
not only retention but also the peak shape [6]. In this work,
all chromatographic columns were obtained from a single
manufacturer to ensure that the results are affected only by
differences in particle and ligand types of the stationary
phase and not by differences in packing procedure |7, 8].
In this work, we compare columns with different ligands
and three different particle types: bridged ethylene hybrid
(BEH) particles, charged surface hybrid (CSH) particles,
and high-strength silica (HSS) particles. Columns with BEH
particles are commonly available on the market under the
designation XBridge™. Special BEH particles” structure is
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designed to achieve longer lifetime and greater sorbent sta-
bility in wide pH range (pH 1-12). Simultaneously, XBridge
columns allow using at higher temperatures and pressures in
comparison with conventional silica sorbents [9, 10]. One
of the most common columns from this family is XBridge
Cl8 column [11]. A complementary column to conventional
octadecyl-based columns, especially in terms of the selec-
tivity for phenolic compounds, is the XBridge Shield RP18
column [12]. This column contains embedded carbamate
group in the bonded octadecyl structure, which is responsi-
ble for different selectivity. A special case is a mixed-mode
column Atlantis PREMIER BEH C18 AX, which utilizes
BEH particles to bond both octadecyl ligands and anion-
exchange groups [13, 14].

The XSelect™ family of chromatographic columns
includes two different particle types, CSH and HSS. The
CSH particles contain pyridyl groups (pK,; ~ 5-0) as charge
modifiers bonded to the surface of the particles. This low-
level surface charge can improve peak shape of basic com-
pounds in acidic low-ionic strength mobile phases [15]. The
presence of a positive charge on stationaryphase surface is
limited by pH of mobile phase. Pyridy] group is positively
charged at pH <7, but anion-exchange mechanism for inor-
ganic ions was confirmed at pH <6 [13]. Three different
ligands bonded to CSH particles were tested—octadecyl,
phenyl-hexyl (PH), and pentafluorophenyl (PFP).

The HSS particle technology was developed specifi-
cally to complement the chromatographic performance of
BEH and CSH particles [16]. Compared to them, HSS par-
ticles” higher silanophilicity offers increased retention of
polar compounds [15]. Moreover, smaller pore diameters
(100% 107" m) and thus larger surface of HSS particles
provide increased retention of all compounds in compari-
son with BEH and CSH columns of same dimension, which
are available in 130 107" m variants [16, 17]. Three HSS
columns were used in this work: XSelect HSS C18, XSelect
HSS C18 5B, and XSelect HSS PFP.

The endcapping also significantly affects columns reten-
tivity, selectivity and thus separation behavior. Non-end-
capped columns containing free silanol groups can provide
electrostatic interactions in mobile phases, where free silanol
groups are dissociated. This causes enhanced retention of
positively charged compounds and reduced retention of
negatively charged compounds [6].

The aim of this work was to describe the differences
among nine chromatographic columns under isocratic
reversed-phase mobilephase conditions. The effect of the
particle type, ligand type, and endcapping technology was
investigated in terms of columns applicability for the separa-
tion of structurally diverse compounds. Four sets of structur-
ally different analytes, i.e. neutral naphthoflavones, acidic
profens, basic cathinones, and zwitterionic dipeptides, in
various pH of aqueous part of mobile phase and organic
modifier/agueous part volume ratios can provide comprehen-
sive information about retentivity, selectivity, and separation
behavior of the columns.

Results and discussion

The differences in retentivity and selectivity of nine tested
columns (for their basic properties see Table 1) were exam-
ined by analysis of four structurally diverse sets of analytes
in different mobile phases. Mobile phases were composed
of acetonitrile and aqueous part, i.e. formic acid, pH=2.1,
10 mM ammonium acetate buffer, pH=4.7, or 10 mM
ammonium acetate buffer, pH=28.0. Two ratios of acetoni-
trile/aqueous part, 60/40 and 40/60 (v/v), were tested for all
the columns and for all sets of analytes. In some cases, addi-
tional volume ratios were used to improve separation: ace-
tonitrile/aqueous part 70/30, 50/50, 30/70, and 20/80 (w/v).
List of all analytes, their corresponding structures, pK , and
log D values is shown in Table 51 in Supporting Material.

Table1 Basic properties of nine tested columns, the information can be found at www.waters.com

Column Particle type Ligand Endeapping Charge modifier
XSelect® HSS C18 HSS Octadecyl Yes None

XSelect® HSS C18 SB HSS Octadecyl No None

XSelect® HSS PFP HSS Pentafluorophenyl No None

XSelect® CSH™ C18 CSH Octadecyl Yes Pyridyl
XSelect@ CSH™ Phenyl-Hexyl CSH Phenyl-hexyl Yes Pyridyl
XSelect® CSH™ Fluoro-Phenyl CSH Pentafluorophenyl No Pyridyl
XBridge® C18 BEH Octadecyl Yes None
XBridge® Shield RP18 BEH Octadecyl + carbamate group Yes None

Atlantis™ PREMIER BEH C18 AX BEH Octadecyl Yes Alkylamine

Particle types: HS5 high-strength silica, CSH charged surface hybrid, BEH bridged ethylene hybrid
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Naphthoflavones

As can be expected, retention and peak shape of neutral
naphthoflavones are almost unaffected by pH of aqueous
part of mobile phase. Peak symmetry factors for all tested
naphthoflavones in all tested conditions are close to 1. The
retention order of naphthoflavones was the same for all
tested columns in all the tested mobile phases. The only
exception was XSelect HSS PFP column, which will be dis-
cussed later. As retention in reversed-phase chromatography
depends much on polarity of analytes, the calculated log D
values (see Table S1 in Supporting Material) correlate with
observed retention order. More polar hydroxylated - and
-naphthoflavones eluted before nonhydroxylated - and
-naphthoflavones. In each pair a-derivative eluted before
-derivative. Using XSelect HSS PFP column, change in
the elution order with changing in acetonitrile/agueous part
ratio was observed for all tested mobile phases pHs. Fig-
ure 1 shows that hydroxylated o- and - naphthoflavones
eluted before nonhydroxylated - and p- naphthoflavones
in all conditions, but the change in elution order of a- and
[-derivatives in both pairs was observed. In mobile phase
composed of acetonitrile /10 mM ammonium acetate buffer,
pH=8.0: 60/40 (v/v) p-derivatives were eluted before
a-derivatives. Increasing amount of the agueous part in
mobile phase, i.e. acetonitrile / 10 mM ammonium acetate
buffer, pH = 8.0; 50/50 (w/v) resulted in co-elution of appro-
priate a- and p-derivatives. Further increase in aqueous part
in mobile phase (acetonitrile / 10 mM ammonium acetate
butfer, pH=8.0; 40/60 (1/v)) led to partial separation, but in
opposite elution order of a- and (-derivatives.

Generally, octadecyl columns and column XSelect HSS
PFP exhibit higher retention of naphthoflavones than other
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Fig. 1 Chromatograms of separation of naphthoflavones, change in
retention order with changing of mobilephase composition. Mob-
ilephase composition: acetonitrile / 10 m M ammonium acetate
buffer, pH=8.0 in three different acetonitrilefaqueous parl ratios,
column: XSelect HSS PFP. Peak identification—1: 3-hydroxy-fi-
naphthoflavone; 2: 3-hydroxy-a-naphthoflavone; 3: fi-naphthoflavone;
4: a-naphthoflavone

columns. The highest retention provides mixed-mode col-
umn Atlantis PREMIER BEH C18 AX. Baseline separation
of naphthoflavones could be achieved within 8 min in mobile
phase composed of acetonitrile/aqueous part; 70/30 (v/v) on
the following columns: XBridge C18, XBridge Shield RP185,
XSelect HSS C18, Xselect CSH C18, XSelect CSH PH, and
Atlantis PREMIER BEH C18 AX. Mobilephase composi-
tion acetonitrile/aqueous part 40/60 (v/v) enabled baseline
separation of naphthoflavones on XSelect HSS C18 SB col-
umn (analysis time 60 min) and XSelect CSH FP column
(analysis time 30 min }—see Tables S3 and S5 in Supporting
Material. All chromatographic data obtained for naphthofla-
vones are summarized in Tables S2, 83, §5, S6, 59, and 510
in Supporting Material.

Profens

Retention of acidic profens decreases with increasing pH
of aqueous part of mobile phase on all the columns. Since
profens are negatively charged at basic pH (i.e. they are more
polar, see the log D values in Table S1 in Supporting Mate-
rial), aqueous part of mobile phase of pH=8.0 is not suit-
able for their retention and separation in RP chromatography
(see Fig. 2 for example). Retention of profens is low and
peaks are broadened with great tendency to front at pH=8.0.
Mobile phases composed of aqueous parts of pH=2.1 and
pH =4.7 appear more suitable for profens separation in terms
of their retention and symmetry factors (close to 1). While
on all reversed-phase octadecyl-based columns change of
the pH of mobile phase agqueous part from 2.1 to 4.7 caused
a decrease in retention, the retention increased on mixed-
mode column Atlantis PREMIER BEH C18 AX and small
increase in retention on XSelect CSH C18 column is also
evident (see Tables 53, S6, and Fig. 3). It is caused by the
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Fig.2 Chromatograms of separation of profens. Mobilephase compo-
sition: acetonitrilefaqueous part, 40060 (wv). Column: XSelect CSH
C18. Peak identification—1: indoprofen; 2: ketoprofen; 3: fenoprofen;
4: carprofen; 5: ibuprofen
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Fig.3 Dependence of retention factor of ibuprofen on mobile phase
pH for XBridge C18 column (black), XSelect HSS C18 (dark gray),
XSelect CSH C18 column (light gray), and Atlantis PREMIER BEH
Cl8 AX column (white). Mobilephase composition: acetonitrile/
agqueous part, 20/60 (wiv)

occurrence of electrostatic interactions between positively
charged stationary phase and partially negatively charged
ibuprofen (pK ; =4.85) in mobile phase composed of ague-
ous part of pH=4.7. The increase in retention on column
XSelect CSH C18 is small in comparison with mixed-mode
column, because the charge on column XSelect CSH C18
at pH =4.7 does not play so important role. Figure 3 also
shows that positively charged mixed-mode column Atlantis
PREMIER BEH C18 AX at mobile phase with aqueous part
of pH=8.0 does not provide longer retention of profens in
comparison with other columns. This behavior was previ-
ously explained in [13] as follows: “residual silanols remain-
ing on the surface after endcapping become deprotonated
in vicinity of pH="7 and alter the overall surface charge via
formation of zwitterions with surface bound amines.”
Column Atlantis PREMIER BEH C18 AX provides the
highest retention of profens at aqueous parts of pH=2.1 and
pH =4.7. In mobile phases composed of acetonitrilefaque-
ous part of pH=2.10r 4.7; 50/50 (v/v), baseline separation
can be achieved within 16 min and 37 min, respectively.
In mobile phases composed of acetonitrile/aqueous part,
pH=2.1 or pH=4.7; 40/60 (v/v), columns XSelect HSS
C18 SB, XSelect CSH PH, and XSelect HSS PFP provided
baseline separation within 15 min; columns XBridge C18,
XSelect HSS C18, and XSelect CSH C18 within 30 min. In
some cases, the change in volume ratio of acetonitrile/aque-
ous part or using gradient elution could improve the separa-
tion and shorten the analysis time. Under the same mobile-
phase composition, lower selectivity, i.e. separation of only
four profens, on XBridge Shield RP18 (within 20 min) and
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Fig. 4 Chromatograms of separation of cathinone derivatives, effect
of aqueous part pH on retention and separation. Mobile-phase com-
position: acetonitrilefaqueous part; 40/60 (w/v); aqueous part: for-
mic acid, pH=2.1; 10 mM ammonium acetate buffer, pH=4.7 and
pH=28.0. Column: XSelect HSS C18. Peak identification—1: 4-CDC;
2: 4-CIC; 3: 4F-NPP; 4: 4-CBC; 5: 4-CPRC

XSelect CSH FP (within 10 min) was obtained. Retention
order of profens was the same on all the columns in acidic
mobile phases and corresponds to calculated log D values
(Table S1 in Supporting Material): indoprofen, ketoprofen,
fenoprofen, carprofen, and ibuprofen. Only pentafluorophe-
nyl ligand bonded to different particles caused a switch in
elution order of the last two eluting profens, i.e. ibuprofen
eluted before carprofen, on columns XSelect CSH FP and
XSelect HSS PFP. This behavior confirms different selectiv-
ity of the columns.

Cathinone derivatives

Retention of basic cathinone derivatives is also strongly
influenced by the agueous part pH [18]. Increasing pH
of aqueous part of mobile phase caused prolongation of
retention compared to lower pH values (Fig. 4). Cathinone
derivatives are very polar in acidic pH, which causes their
low retention in reversed-phase conditions, and less polar
in basic pH, which results from the change in their charge.
Figure 4 also shows change in elution order with pH change.
In mobile phase composed of agueous part of pH=2.1 and
pH=4.7, cathinone derivatives are positively charged, while
at basic pH, the majority of tested cathinones is charged only
partially. pK, values of the cathinone derivatives are around
8.2 (see Table S1 in Supporting Material) and 4-chloro-N, N-
dimethylcathinone (4-CDC) is nearly neutral (pK, =6.8).
Retention behavior also correlates with calculated log D
values (see Table S1 in Supporting Material). The high-
est log D value for 1-(4-chlorophenyl)-2-(pyrrolidin-1-yl)
pentan- 1-one (4-CPRC) correlates with the highest retention
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on all columns in all three tested pH values of agueous parts
of mobile phase. Compounds 4-chloro-N-butylcathinone
(4-CBC) and 1-(4-fluorophenyl)-2-(isopropylamino)pentan-
l-one (4F-NPP) have similar log D values (0.29 and 0.25
in acidic conditions; 3.09 and 3.00 in basic conditions) and
they are eluted always next to each other. Similar rule works
for 4-chloro-N-1sopropylcathinone (4-CIC) and 4-CDC in
basic mobile phase (log D values 2.60 and 2.57, respec-
tively). The elution order was the same for all the columns,
where cathinones were retained. In aqueous part of mobile
phase of pH=2.1 and pH=4.7, the retention order was as
follows: 4-CIC, 4-CDC, 4F-NPP, 4-CBC, and 4-CPRC (see
Tables 83, 86, and §7 in Supporting Material). Retention
order in basic mobile phase was rather different: 4-CIC,
4-CDC, 4-CBC, 4F-NPP, and 4-CPRC (see Tables S§10 and
S11 in Supporting Material). Only phenyl-based columns
showed the same retention order in acidic and basic mobile
phases. Based on these results and calculated log D values,
it can be assumed that the retention and the change in the
retention order of cathinone derivatives is affected by more
types of interactions participating in the interaction/separa-
tion mechanism. This confirms different selectivity of the
columns. Figure 4 also shows the effect of aqueous part pH
on peak shape. Generally, in aqueous part of pH=8.0, peaks
of cathinone derivatives show tendency to front (except
for column XSelect CSH FP), while in aqueous parts of
pH=2.1 and pH =4.7, they exhibit tendency to tail.

The dependence of retention and separation of cathi-
none derivatives on the type of the column particles is also
evident. Figure 5 shows differences in retention of 4-CBC
among column without charge modifier XBridge C18,
column XSelect CSH C18 with pyridyl group as a charge
modifier, mixed-mode column Atlantis PREMIER BEH C18
AX with alkylamine as charge modifier and non-endcapped
column without charge modifier XSelect HSS C18 SB.
Cathinones had almost no retention on all CSH columns in
acidic mobile phase. Their very low retention can be attrib-
uted to repulsive interactions between positively charged
analytes and positively charged CSH particle surface. This
effect diminished at pH=4.7, where electrostatic repulsion
of cathinones from CSH particles decreased. For the same
reason, i.e. electrostatic repulsion, mixed-mode column
atpH=2.1 and pH=4.7 is not suitable for cathinones. At
pH=8.0, cathinones are only partially positively charged
and retention on all columns is higher. As can be seen from
Fig. 5, the retention in all tested mobile phases is the highest
for non-endcapped column XSelect HSS C18 SB, because of
its higher surface. Moreover, at pH of aqueous parts 4.7 and
8.0, electrostatic attraction with free silanol groups increases
retention of cathinones. This effect is the most significant
in mobile phase with aqueous part of pH =8.0, where free
silanol groups are fully dissociated.
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Fig.5 Dilferences in retention of 4-CBC on four different columns.
Mobilephase composition: acetonitrile/aquecus part; 40/60 (w);
aqueous part: formic acid, pH=2.1; 10 mM ammonium acetate
buffer, pH=4.7; 10 mM ammonium acetate buffer, pH=8.0. Col-
umns: XBridge C18 (black), XSelect CSH CI18 (gray), Atlantis PRE-
MIER BEH C18 AX (dashed), and XSelect HSS C18 SB (white).
Retention times were used instead of retention factors because of elu-
tion before dead time marker in some cases

The most significant difference in retention of cathinones
attributed to the particle type was observed between XSe-
lect HSS PFP and XSelect CSH FP columns (columns with
the same ligand bonded to the different particles) in mobile
phase composed of aqueous part of pH =2.1. Column X Se-
lect HSS PFP showed the highest retention for cathinone
derivatives, while these analytes were almost not retained
on the column with CSH particles, because of the significant
electrostatic repulsion (Table 83 in Supporting Material).
Similar effect was observed for XSelect CSH C18 (almost
no retention) and XSelect HSS C18 (baseline separation
in acetonitrile/formic acid, pH=2.1; 30/70 (v/v) within
6 min). Comparing the columns, XSelect HSS C18 SB col-
umn seems to be the best choice for separation of cathinone
derivatives in terms of fast analysis and baseline separa-
tion (mobile phase acetonitrile/formic acid, pH =2.1: 40/60
(vw/v), analysis time 5 min). The baseline separation of these
compounds was observed also on XBridge C18 and XBridge
Shield RP18 columns within 16 min in mobile phase ace-
tonitrile/formic acid, pH=2.1; 20/80 (v/v). Regarding the
basic agueous part of mobile phase, 50 volume % of aque-
ous part was the best solution for the majority of columns
for providing baseline separation of cathinone derivatives
(Table S11 in Supporting Material).

Dipeptides

Dipeptides are polar compounds which need a higher
amount of agueous part in the mobile phase to be retained
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and separated. Generally, the mobile phase acetonitrile/for-
mic acid, pH=2.1; 20/80 (w/v) is suitable for baseline sepa-
ration of dipeptides on all columns with HSS particles and
XBridge C18 column. Retention order in this mobile phase
was as follows: H-Trp-Ala-OH, H-Phe-Tyr-OH, H-Ala-Trp-
OH, and H-Tyr-Phe-OH on XBridge C18, XSelect HSS C18,
XSelect HSS C18 SB, and XSelect HSS PFP. Separation
of only three dipeptides (within 3 min) can be achieved on
column XBridge Shield RP18 in mobile phase acetonitrile/
formic acid, pH=2.1; 20/80 (v/v). On the other hand, the
mobile phase composed of acetonitrile/formic acid, pH=2.1
was not suitable for dipeptide separation on mixed-mode
column Atlantis PREMIER BEH C18 AX and all columns
with CSH particles, probably due to the electrostatic repul-
sion resulting in very weak retention (see Tables 54 in Sup-
porting Material). Enhanced retention of dipeptides can be
achieved on mixed-mode column Atlantis PREMIER BEH
C18 AX using aqueous part of pH =4.7 and pH =8.0 (see
Fig. 6). The change in retention order with the change of
mobile phase pH was observed for this column. In mobile
phase composed of acetonitrile/aqueous part of pH=4.7
20/80 or 10/90 (v/v), retention order was as follows: H-Trp-
Ala-OH, H-Ala-Trp-OH, H-Phe-Tyr, and H-Tyr-Phe-OH,
while mobile phase composed of acetonitrile/aqueous part
of pH=8.0; 20/80 or 10/90 (v/v) provides following reten-
tion order: H-Ala-Trp-OH, H-Trp-Ala-OH, H-Tyr-Phe-OH,
and H-Phe-Tyr-OH.

The results show that the type of the column particles
plays again an important role (see Table S4 in Supporting
Material). It was confirmed that columns with HSS par-
ticles provide higher retention and thus better separation
compared to columns with CSH particles, due to the repul-
sion of CSH particles with positively charged dipeptides.

Deteclor response

timin

Fig.6 Chromatograms of separation of dipeptides. Mobilephase
composition: acetonitrile /10 mM ammonium acetate  buffer,
pH=4.7; 10/90 (w/v). Column: Atlantis PREMIER BEH CI18 AX.
Peak identification—1: H-Tyr-Ala-OH; 2: H-Ala-Trp-OH; 3: H-Phe-
Tyr-OH; 4: H-Tyr-Phe-OH
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The aqueous parts of pH=4.7 and pH= 8.0 are not suit-
able for separation of dipeptides on all tested columns
except for mixed-mode column (see Tables S8 and S12
in Supporting Material). On the other hand, aqueous part
of pH=2.1 is not suitable for separation of dipeptides on
mixed-mode column. This behavior can be related to the
zwitterionic character of dipeptides which causes bad peak
shapes and very low retention under certain conditions.

Conclusion

To conclude, columns retentivity and selectivity differ
with the ligand type, as well as with the particle type and
endcapping technology. In this work, nine columns differ-
ing in particle and ligand types and endcapping technology
were compared in terms of applicability to the separation
of four sets of structurally diverse compounds. Table 2
shows the appropriate separation conditions, i.e. column
type and mobilephase composition, for specific groups of
analytes.

Generally, retention and separation of neutral naphtho-
flavones were almost unaffected by pH of mobile phase.
The only exception was XSelect HSS PFP column, where
decrease in retention in basic pH of mobile phase was
observed. Separation of acidic profens can be performed
only in acidic pH of mobile phase, basic pH of mobile
phase provided weak retention and bad peak shapes. Basic
cathinone derivatives cannot be separated on mixed-mode
column Atlantis PREMIER BEH CI18 AX and columns
with CSH particles in acidic pH of mobile phase since
they are positively charged. On the other hand, basic pH
of mobile phase provided prolonged retention of cathi-
none derivatives and allowed baseline separation on all
the columns. Mobile phase composed of aqueous part of
pH=2.1 was suitable for dipeptides baseline separation on
all columns with HSS particles and XBridge C18 column
while the mobile phases with aqueous parts of pH=4.7
and pH = 8.0 were suitable for separation on mixed-mode
column Atlantis PREMIER BEH C18 AX.

Endcapping of the columns also significantly affects
their chromatographic behavior. For example, non-end-
capped column XSelect HSS C18 5B provides signifi-
cantly higher retention of positively charged cathinones in
basic pH of mobile phase in comparison with endcappped
column XSelect HSS C183, due to the electrostatic attrac-
tion with dissociated free silanol groups.

We were able to baseline separate all sets of selected
compounds in various conditions, such as column type and
mobilephase composition. Application potential for analy-
sis of structurally diverse biologically active compounds
of all tested columns was proved.
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Table2 Summary of the suitability of the columns for separation of the sets of analytes

Aqueous part of pH=2.1

Aqueous part of pH=4.7

Aqueous part of pH=8.0

Neutral Acidic Basic Zwitterionic Neutral  Acidic  Basic  Zwitterionic Neutral Acidic  Basic Zwilterionic

XSelect® HSS v v v v v v v X v X v X
Cl8

XSelect® HSS v v v v v v v X v X > 90 min X
CI&SB

XSelect® HSS v v v v v v v X v X >0 min X
PFP

XSelect® CSH™ v X X v v v X v X v X
CI8

XSelect®@ CSH™ v X X v v v X v X v X
Phenyl-Hexyl

XSelect® CSH™ v X X v v v X v X v X
Fluoro-Phenyl

XBridge® C18 v v v v v v v X v X v X

XBridge® Shield v X v v v v X v X v X
RP18

Atlantis™ PRE- v v X X v v X v v X v v
MIER. BEH C18
AX

v suitable; X not suitable

This work can serve as a guide for simplifying the
method development—i.e. the choice of suitable column
and mobile phase for particular purposes.

Experimental

Acetonitrile (Chromasolv® gradient grade, for
HPLC, 2 99.9%), methanol (Chromasolv® gradient grade,
for HPLC, = 99.9%), ammonium acetate (purity = 98%),
ammonium formate (purity =97%), formic acid
(purity =95%), acetic acid (purity > 99%), and ammonium
hydroxide solution (28.0-30.0% NH,) were purchased
from Sigma-Aldrich (St. Louis, USA). Sodium hydroxide
solution for HPCE (0.1 N sodium hydroxide) was supplied
by Agilent Technologies (Santa Clara, USA). All naphtho-
flavones (a-naphthoflavone, f-naphthoflavone, 3-hydroxy-
a-naphthoflavone, and 3-hydroxy-p-naphthoflavone),
profens (indoprofen, ibuprofen, fenoprofen, ketoprofen,
carprofen) were supplied in analytical-grade purity from
Sigma-Aldrich (St. Louis, USA). Dipeptides (H-Phe-
Tyr-OH, H-Tyr-Phe-OH, H-Trp-Ala-OH, H-Ala-Trp-OH)
were purchased from Bachem (Bubendorf, Switzerland).
Cathinone derivatives (4-chloro-N, N-dimethylcathinone,
1-(4-chlorophenyl)-2-(pyrrolidin-1-yl)pentan-1-one,
4-chloro-N-isopropylcathinone, 4-chloro-N-butylcathi-
none, 1-(4-fluorophenyl)-2-(isopropylamino)pentan- 1-one)
were purchased from internet vendors. For structures of all
tested compounds, see Table S1 in Supporting Material.

Instrumentation and chromatographic conditions

All chromatographic measurements were performed using
the Waters Alliance system (Waters Corporation, Milford,
USA) consisting of Waters 2695 Separation Module,
Waters 2996 Photodiode Array Detector, autosampler 717
Plus, and Waters Alliance Series column heater. Empower
software was used for system control and data acquisition.
Following nine columns were tested: XSelect® HSS C18,
XSelect® HSS CI18 SB, XSelect® HSS PFP, XSelect®
CSH™ (C138, XSelect® CSH™ Phenyl-Hexyl, XSelect®
CSH™ Fluoro-Phenyl, XBridge® C18, XBridge® Shield
RP18, Atlantis™ PREMIER BEH C18 AX. All tested col-
umns, particle size 5 pm, 150 x 4.6 mm, were obtained
from Waters Corporation (Milford, USA).

Stock solutions of analytes were prepared by dissolv-
ing the sample in methanol at concentration 1 mg em™
(for solid samples) and 10 mm® em™ (for liquid samples).
Dipeptides were dissolved in mixture of methanol and
water (50/50 (v/v)) with addition of 10 mm°® of sodium
hydroxide because of their poor solubility in pure metha-
nol. The first system peak was used as a dead time marker.
All measurements were performed in triplicate.

For analysis of all sets of analytes, the mobile phase
composed of acetonitrile and aqueous part in volume ratios
40/60 and 60/40 (v/v) was used. Some other volumetric
ratios (70/30, 50/50, 30/70, and 20/80 (v/v)) were used to
improve the separation in individual cases. The following
aqueous parts of mobile phases were used: formic acid,

'@ Springer
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pH=2.1, 10 mM ammonium acetate buffer, pH=4.7, and
10 mM ammonium acetate buffer, pH =8.0. For calcu-
lation of buffer components concentrations, and corre-
sponding pH values, PeakMaster software was used [19].
10 mM ammonium acetate buffer was prepared by dissolv-
ing appropriate amount of ammonium acetate in deionized
water and appropriate amount of acetic acid (for reach
pH=4.7) or ammonium hydroxide (to reach pH=8.0)
was added. Aqueous solution of formic acid pH=2.1
(365 mM) was prepared by diluting the appropriate vol-
ume of formic acid with deionized water.

Basic chromatographic conditions were set as follows:
mobile phase flow rate 1 em® min~', injection volume 5
mm’, column temperature 25 °C, and sample temperature
20 °C. Detection wavelengths were 220 nm, 254 nm, and
280 nm. Marvin software (product of ChemAxon company)
was used for calculation of log D values in corresponding
pH of aqueous part of mobile phase and for calculation of
pK , values of analytes.

Supplementary Information The online version contains supplemen-
tary material available at https:/doi.org/10.1007/s00706-021-02807-6.
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ABSTRACT

In this work, two mixed-mode columns from a different manufacturers and one marketed as a reversed-
phase column were characterized and compared in the terms of their interaction abilities, retentivity,
peak symmetry, and applicability for peptide separation. All the tested columns contain octadecyl lig-
and and positively charged modifier, i.e. pyridyl group for the reversed-phase column XSelect CSH C18,
quaternary alkylamine for mixed-mode column Atlantis PREMIER BEH C18 AX, and permanently charged
moiety (details not available from the manufacturer) for mixed-mode column Luna Omega PS C18. For
detailed characterization and comparison of their interaction potential, several approaches were used.
First, a simple Walters test was performed to estimate hydrophobic and silanophilic interactions of the
tested columns, The highest values of both parameters were observed for column Atlantis PREMIER BEH
C18 AX. To investigate the effect of pH and buffer concentration on retention, mobile phases composed
of acetonitrile and buffer (ammonium formate, pH 3.0; ammonium acetate pH 4.7 and pH 6.9) in var-
jous concentrations (SmM; 10mM; 15mM and 20mM) were used. The analysis of permanently charged
compounds was used to describe the electrostatic interaction abilities of the stationary phases. The most
significant contribution of electrostatic interactions to the retention was observed for Atlantis PREMIER
BEH C18 AX column in the mobile phase with buffer of pH 3.0. A set of ten dipeptides, three pentapep-
tides and one octapeptide was used to investigate the effects of pH and buffer concentration on retention
and peak symmetry. Each of the tested columns provides the optimal peak shape under different buffer
pH and concentration. The gradient separation of the 14 tested peptides was used to verify the applica-
tion potential of the tested columns for peptide separation. The best separation was achieved within 4
minutes on column Atlantis PREMIER BEH C18 AX,

© 2021 Elsevier BV, All rights reserved.

1. Introduction

the retention of most analytes [5]. On the other hand, MMC uti-
lizes at least two different types of interactions between analyte

Mixed-mode chromatography (MMC) allows the separation of a
wide range of analytes with different properties on one chromato-
graphic column in one run [1,2]. In most traditional chromato-
graphic systems, one major type of interaction/retention mecha-
nism predominates, and other “secondary interactions” are usu-
ally undesirable [3]. For example, detrimental secondary inter-
actions were observed during the development of RP stationary
phases (5Ps), where non-endcapped silanol groups exhibited an
ion-exchange (IEX) activity, causing the peak tailing of basic ana-
lytes [4]. Although the second interaction mechanism can be ob-
served, it is often weak and does not significantly contribute to

* Corresponding author.
E-mail address: kalikova@natur.cuni.cz (K. Kalikovd)

https:/fdoiorg 100016/j.chroma.2021. 462182
0021-9673 /0 2021 Elsevier BV, All rights reserved.

and the SP simultaneously, which significantly affect the reten-
tion [G). Compared to the conventional RP single-mode 5Ps, mixed-
mode (MM) SPs provide alternative separation selectivity, and an
improved loading capacity [7].

Several approaches for implementing MMC have been described
[8-10). Nevertheless, covalent modification of a carrier or ligand
with different types of functional groups within a single SP is the
current trend for preparation of MM SPs [11]. This approach guar-
antees a homogeneous distribution of different functional groups
on the surface of the sorbent,. By combining traditional chromato-
graphic modes, various MM columns can be prepared: RPF/IEX,
RP/HILIC { hydrophilic interaction liquid chromatography), HILIC/IEX
and RPJHILIC/IEX [12,13].

RPJIEX LC offers the advantage for separation of charged po-
lar compounds, over the traditional single mode RPLC [14]. Lig-
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ands for RPLC{IEC contain hydrophobic moieties, usually alkyl
chains of different lengths, e.g. octyl (C8) or octadecyl (C18), or
phenyl group and ionizable functional groups, which are em-
bedded within, bonded on the termini of the hydrophobic moi-
eties or independently on the sorbent to provide lon-exchange
interactions.

Although MMC development has been on-going for decades
[4,15,1G], there is only a limited number of commercially avail-
able MM columns. Due to the continuing demand for new SPs
with high stability and selectivity, many scientists continue to de-
sign and develop new materials to further expand the diversity of
the sorbents. Several publications on MMC are related to the syn-
thesis of new MM SPs for a specific application [17,18]. Generally,
MM SPs have been mainly used for the separation of biomolecules
such as amino acids [19,20], nucleic acids [15], peptides and pro-
teins [11,21-23]), and RNA [24] derivatives. Although the MMC has
been successfully used for the separation of complex mixtures of
analytes, understanding of the chromatographic behaviour of com-
mercially available MMC columns is limited [25-30].

Besides columns with the commercial designation “mixed-
mode”, there are also columns that are marketed as RP, but un-
der certain conditions they may provide MM character [31,32]. This
is the case of already mentioned interactions provided by disso-
ciated free silanol groups. Another example is columns with lig-
and bonded on charged surface hybrid (CSH) particles. The CSH
particles contain a pyridyl group as a charge modifier bonded to
the surface of the particles. This low-level surface charge was de-
signed to improve the peak shape of basic compounds in acidic
low-ionic strength mobile phases (MPs) [33]. The presence of a
positive charge on the SP surface is limited by pH of MP. According
to the literature, pyridyl is positively charged at pH < 7 [34], but
our previous work confirmed an anion-exchange (AEX) mechanism
for inorganic ions at pH = 6 [35].

In this work three columns containing octadecyl ligand and
positively charged modifier, ie. pyridyl group for the column XS-
elect CSH C18 marketed as RP column [36], quaternary alkylamine
for MM column Atlantis PREMIER BEH C18 AX [37] and positively
charged moiety (details not available from the manufacturer) for
MM column Luna Omega PS C18 [38,39] were characterized and
compared. All the columns should provide RPJAEX retention mech-
anism under selected conditions. Two approaches were used for
detailed characterization of the contribution of both types of inter-
actions/mechanisms to overall retention. Simple Walters test was
used to describe hydrophobic interactions (HI) and silanophilic in-
teractions (SiOH index) of tested SPs [40]. The HI value increases
with the hydrophobicity of the SP [41] and is affected by ligand
chemistry, ligand bonding density, particle type, and nature of end-
capping.. For conventional RP 5Ps, the SIOH index describes the hy-
drogen bonding with silanols and its value increases with the in-
creasing number of accessible free silanol groups [31,42-44]. Since
all the columns wsed in this work contain a positively charged
modifier in addition to the C18 ligand, the SIOH index describes
hydrogen bonding not only with silanols but also with other func-
tional groups. .

To characterize {AEX) character, the chromatographic tests of
permanently positively negatively charged, zwitterionic and neu-
tral compounds were performed [35]. The effects of buffer pH
and concentration on peak symmetry were investigated. Gener-
ally, peak tailing occurs, when along with the dominant interac-
tion mechanism, strong secondary interactions with a low density
contribute to the retention. The active sites become saturated at
low concentrations which leads to peak tailing [45,46G). Moreover,
in MPs with a high content of aqueous part small changes in con-
ditions can affect the concentrations of the MP solvent composi-
tion in the stationary phase. However, the electrostatic repulsion
has been shown to improve peak shape [47].

Journal of Chromatography A 1648 (2021) 462182

The low population of ionizable groups on the surface can pro-
duce the tailing due to overloading effect (thermodynamic contri-
bution to the tailing); in this case the peak tailing increases with
the mass of injected sample [48,49]. In this work all experiments
were performed with the same mass load conditions (injected vol-
ume, sample concentrations), so the trends in peaks symmetry
should be unaffected by this effect.

This work aims to investigate the retention mechanism of com-
mercially available MM columns, which combine reversed-phase
and AEX modes. Obtained results were compared with “reversed-
phase” CSH-based column, which provides a mixed-mode retention
mechanism only in a narrow pH range. The application potential of
MMC was demonstrated for peptide separation.

2. Experimental
2.1. Materials and reagents

Acetonitrile (Chromasolv® gradient grade, for HPLC, = 99.9%),
ammonium acetate {purity = 98%), ammonium formate {purity
= 97%), formic acid (purity = 95%), acetic acid (purity = 99%),
and ammonium hydroxide solution (28.0-30.0% NH3) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Sodium hydrox-
ide solution for HPCE (0.1 N sodium hydroxide) was supplied
by Agilent Technologies (Santa Clara, USA). Anthracene, benzene,
caffeine, pyridine, aniline, benzoic acid, N,N-diethyl-m-toluamide,
benzenesulfonic acid, toluenesulfonic acid, and trimethylphenylam-
monium chloride were purchased in analytical grade purity from
Sigma-Aldrich (5St. Louis, USA). The list of all tested dipeptides,
which were supplied by Bachem (Bubendorf, Switzerland), includ-
ing their pK; values is shown in the Supporting material, Table
§1. Met®enkephalin, leucine enkephalin, leucine enkephalinamide,
and angiotensin Il were purchased in analytical grade purity from
Sigma-Aldrich (St. Louis, MO, USA). Deionized water was purified
with Rowapur and Ultrapur system from Watrex (Prague, Czech Re-
public).

2.2, UPLC instrumentation and columns

All chromatographic measurements were performed on the Wa-
ters Acquity UPLC H-Class system (Waters, Milford, USA). The sys-
tem was equipped with a quaternary solvent manager, an au-
tosampler, a column thermostat, and a photodiode array detec-
tor. Mass spectra of peptides were obtained from Waters Acquity
UPLC H-Class system with Acquity QDa Mass Detector (Waters,
Milford, USA) which is a compact single quadrupole mass detector
equipped with an electrospray ionization interface. The QDa was
operated in positive ion mode by applying a voltage of 0.8 kV w
the ESI capillary and the cone voltage was set at 15 V. The de-
solvation temperature (Probe temperature) was set to 600°C. The
Empower 3 software was used for system control, data acquisi-
tion, and results processing. Following columns were tested: At-
lantis PREMIER BEH C18 AX (Waters, Milford, USA), Luna Omega PS
C18 (Phenomenex, Torrance, USA), and XSelect CSH C18 (Waters,
Milford, USA). Both Waters columns dimensions were 100 = 2.1
mm; particle size 1.7 gm; Phenomenex column dimensions were
100 = 2.1 mm; particle size 1.6 pm.

2.3. Experimental procedures

Stock solutions of all peptides were prepared by dissolving
the analytes in a mixture of deionized water acetonitrile [ACN),
50/50 (v/v) at concentration 0.5 mg mL~! with the addition of
10 pl of 01M sodium hydroxide because of their poor solubility.
Stock solutions of other anmalytes (anthracene, benzene, caffeine,
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Table 1

Basic description of the columns and results of Walters test
Column Particle Size {pm) Pore Size (15\} Surface Area (mfeg ')  Carbon load (%)  SIOH index HI
Atlantis PREMIER BEH C18 AX 1.7 95 270 17 0.54 4.48
Luna Omega PS C18 1.7 100 260 11 049 4.06
KSelect CSH C18 16 130 185 15 051 4.08

Hydrophobicity index (HI), Hl= Kpmncene [Koenzens, MP composition:

IF‘NJ‘J-cheﬂu’]-JﬂJmhuluirJJ"k.l|l|l|r.|'.e||=l MP composition: 100 % ACN.

pyridine, aniline, benzoic acid, N,N-diethyl-m-toluamide, benzene-
sulfonic acid, toluenesulfonic acid and trimethylphenylammonium
chloride) were prepared by dissolving in a mixture of deionized
water|ACN, 50/50 (v/v) at concentration 1 mg mL~!, The peak of
injected deionized water was used as a column void time marker.
Individual measurements were repeated three times and averaged.
The relative standard deviations of the retention factors were lower
than 1% for three consecutive injections.

In Walters test the relative retention of anthracene and benzene
in ACN/water 6535 (v/v) MP is used for description of HI, and the
relative retention of anthracene and N,N-diethyl-m-toluamide in
pure ACN characterize SIOH index. For the analysis of peptides MPs
composed of ACN and buffer in different volumetric ratios (namely
2[98; 5/95; 10/90, 15/85 and 20/80 (v/v)) were used. Volumetric ra-
tio ACN/buffer 30/70 (v/v) was used for the analysis of neutral and
permanently charged compounds. The following buffers were used:
ammonium formate, pH 3.0; ammonium acetate, pH 4.7 and am-
monium acetate, pH 6.9, The effect of buffer concentration (5 to 20
mM in 5 mM steps) on retention and peak shape was studied; the
correlation between buffer concentration and ionic strength can be
found in Table S2 in Supporting material. Use of PeakMaster 6 soft-
ware (freeware, downloadable at echmet.natur.cuni.cz) enables cal-
culation of pH value after entering the required concentrations of
all bufferscomponents into the software [50]. Ammonium formate
buffer was prepared by dissolving the appropriate amount of am-
monium formate in deionized water and adjusted with formic acid
to reach pH 3.0. Ammonium acetate buffer was prepared by dis-
solving the appropriate amount of ammonium acetate in deionized
water (pH 6.9) and adjusted with acetic acid to reach pH 4.7 (the
added volumes of acids are summarized in Table 52 in Support-
ing material). Due to the chromatographic measurements in differ-
ent mobile phase volumetric ratios and gradient elution, the pH
of pure aqueous parts of mobile phases were measured. However,
the procedure of pH description in mixed solvents can be found
in literature [51]. The buffers were filtered with 045 pm nylon
membrane filters {(Whatman, GE Healthcare, Chicago, IL, USA) be-
fore use.

Flow rate was 0.4 mL min~', injection volume was 1 uL De-
tection wavelengths were set at 254 nm and 280 nm, based on
the UV-spectra measurements. All measurements were performed
at column temperature 35°C, except for the Walters test, which
was performed at column temperature 40°C. Sample temperature
was 10°C for all measurements. The Marvin software (product of
ChemAxon company) was used for the calculation of pK; values
and charge states of peptides.

3. Results and discussion
3.1. Walters test

The results of Walters test are summarized in Table 1. Values of
both HI and SIOH index correspond to the values obtained for end-
capped C18 stationary phases (HI about 4.0 and SI0H index about
0.5) [31]. The trend for SIOH index and HI is the same, that is the
increase of SIOH index values correlates with the increase of HI
values, Column Atlantis PREMIER BEH C18 AX exhibits the highest

ACN[water, 65/35 (v/v): silanol index (SIOH index), SIOH index=

values of both SIOH index and HI, even though all tested columns
have the same ligand (C18) and are endcapped. It correlates with
the different carbon load among the tested columns (see Table 1).
Interestingly, the results also show a similarity of HI and SIOH in-
dex values for MM column Luna Omega PS C18 and RP column X5-
elect CSH C18. Accordingly, the chromatographic behaviour of Luna
Omega PS C18 and XSelect CSH C18 columns was found to be sim-
ilar (see next sections).

3.2. Evaluation of electrostatic interactions

The ability of the SPs to interact by electrostatic interac-
tions was investigated by analysis of permanently negatively
charged acids (benzenesulfonic acid, pKa=-2.36; toluenesulfonic
acid, pKa=-2.14), permanently positively charged trimethylpheny-
lammonium cation, and several other ionizable compounds (ben-
zoic acid, pKa=4.08; pyridine pKa=5.12; aniline pKa=4.64). Two
neutral substances (caffeine, benzene) whose retention should not
be affected by pH or buffer concentration of the MP were used for
comparison of the studied SPs. All measurements were performed
in MPs composed of ACN/buffer, 30/70 (v/v). The effect of buffer pH
and concentration on retention was investigated as follows: three
different buffers, i.e. ammonium formate, pH 3.0; ammonium ac-
etate, pH 4.7 and 6.9, in four different concentrations, i.e. 5mM;
10mM; 15mM; 20mM, were tested. The buffers used in this work
are very weak (if any) ion-pairing agents, thus the ion-pairing ef-
fect should not dominate and is not taken into account [52].

The results obtained from the analysis of caffeine and benzene
confirmed that the retention and peak shape of neutral substances
does not fundamentally change with the change of buffer pH and
concentration (see Tables $3:A-C, S4:A-C, 55:A-C in Supporting ma-
terial). The contribution of electrostatic interactions to the reten-
tion depends on the MP pH since the pH affects protonation and
dissociation of both the analytes and the SP surface. The retention
behaviour of positively and negatively charged compounds in var-
ious MPs (different buffer pH and buffer concentration) provides
important information about the effect of electrostatic interactions
on retention, and peak symmetry (see Tables 53:A-C, 54:A-C, 55:A-
C in Supporting material).

Fig. 1A-C show the retention behaviour of twoluenesulfonic acid
on selected MM columns. Atlantis PREMIER BEH C18 AX shows
higher retention of negatively charged toluenesulfonic acid com-
pared to the other columns, most significantly in the MP with a
buffer of pH 3.0, This observation confirms that there is a signif-
icant contribution of electrostatic interactions between the nega-
tively charged analyte and positively charged SP. The same trend
can be seen for benzoic acid, which is only partially negatively
charged depending of buffer pH, so the increase in retention is
less apparent (see Fig. 51 in Supporting material). Fig. 1A also
illustrates the decrease in retention of acid with an increasing
buffer concentration on column Atlantis PREMIER BEH C18 AX,
due to the competition of charged analytes and buffer constituents
for electrostatic interaction sites on the SP. Since charged acids
are hydrophilic, their retention is lower and almost unaffected by
buffer concentration on Luna Omega PS C18 and XSelect CSH C18
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Toluenesulfonic acid
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Fig. 1. The effect of buffer pH and concentration on retention of permanently charged analytes. MP composition: ACN/buffer; 30/70 (v/v). Buffers: ammonium formate, pH

30 (A, D); ammonium acetate pH 4.7 (B, E} and ammonium acetate pH 6.9 (C F).

columns due to the weak contribution of electrostatic interactions
(Fig. 1A-C).

Fig.  1D-F show the chromatographic behaviour of
trimethylphenylammonium cation in MP with buffers of pH
3.0 - 6.9. The negative retention factors suggest an exclusion from
the sorbent pores due to ionic repulsion. The reasons of exclusion
effects are clearly described in Refs, [53,54]. Atlantis PREMIER BEH
C18 AX column exhibits the lowest retention due to the highest
electrostatic repulsion of analyte from positively charged SP. On
the contrary, columns Luna Omega PS C18 and XSelect CSH C18
with lower availability of positive charge on the SP surface exhibit
slightly lower repulsion of positively charged compounds com-
pared to Atlantis PREMIER BEH C18 AX column. At higher buffer
concentration the ionic repulsion is reduced (Fig. 1D-F), but due
to minimal retention the observed effect is weak. Similar results
were obtained for pyridine (see Fig. S1 in Supporting material).

Further inspection of Fig. 1A-C reveals, that the retention of
negatively charged toluenesulfonic acid decreases with increasing
pH, most apparently for Atlantis PREMIER BEH C18 AX column.
Since the SP should bear positive charge in the investigated pH
range, the decrease in retention may be explained by deprotona-
tion of free silanols at higher pH, leading to partial neutralization
of SP surface charge. For the same reason, the retention of pos-
itively charged analyte slightly increases at pH 4.7 and 6.9 (see
Fig. 1E and F).

From the experiments discussed in Fiz. 1 (and supporting Fig.
S1) we conclude that Atlantis PREMIER BEH C18 AX provides
stronger ionic interactions than the other two tested columns.
This column contains quaternary alkylamine {pKa™10.6) as a charge
modifier. Pyridyl group (pKa'5-6) present in column XSelect CSH
C18 contributes less to the electrostatic interactions and Luna
Omega PS C18 shows comparably low ionic contribution to reten-
tion. Although information about the charge modifier is not avail-
able for Luna Omega PS C18, we can assume that the accessibility
of positive charge is similar to the XSelect CSH C18 column.

3.3, Effect of buffer pH and concentration on retention of peptides

Peptides exhibit amphoteric character; their behaviour in
reversed-phase and mixed-mode (RPJAEX) chromatography de-

Table 2
pl and charge z values of peptides at the experimental conditions.
pl z(pH30) z(pH47) z(pH &)

Angiotensin [T 7.00 270 1.21 0.10
Met*enkephalin 560 080 0.07 017
Leucine enkephalinamide  8.70 1.00 1.00 0.83
Leucine enkephalin 560 080 0.07 017
Dipeptides 5.60 080 0.07 017

pends strongly on the analyte charge, which in turn depends on
the MP pH. We calculated the test peptides pl and apparent charge
z according to Schimura et al. [55] for MP pHs used in this study
(pH 3.0, 4.7 and 6.9; see Table 2).

The dipeptides, and enkephalins don't have basic or acidic
amino acids in their sequence; their charge depends solely on the
pKa of the carboxy and amino terminal groups. These peptides
have positive charge at pH 3.0 (z = 0.80), while they are zwit-
terionic at pH 4.7 (z = 0.07), or carry a partial negative charge
at pH 69 (z -0.17). Leucine-enkephalinamide, having termi-
nal carboxylic group amidated, and angiotensin Il with two ba-
sic amino acids in the sequence (arginine and histidine) are pos-
itively charged in the entire range of experimental pH 3.0-6.9 (see
Table 2).

To investigate the effect of pH and buffer concentration on pep-
tide retention we used the same buffers as described in the previ-
ous section in following volumetric ratios ACN/buffer: 2/98; 5/95;
10/90, 15/85 and 20/80 (v/v). Fig. 2 illustrates the retention be-
haviour for H-Phe-Trp-OH. The cationic analyte is electrostatically
repulsed from the charged surface at pH 3.0 (Fig. 2A), most notably
at low buffer concentrations. Atlantis PREMIER BEH C18 AX column
exhibits the lowest retention at pH 3.0 conditions, suggesting that
it has the highest availability of positive charge on the SP surface
(greatest ionic repulsion) from the three evaluated columns.

Fig. 2B shows the retention of H-Phe-Trp-OH at pH 4.7, where
the dipeptide apparent charge is near zero (Table 2). The repul-
sive force is diminished, and the retention of peptide improves
for Atlantis PREMIER BEH C18 AX column. Interestingly, the reten-
tion on this column is greater at low buffer concentration. This
behaviour indicates that while the calculated charge is near zero
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Fig. 2. The effect of buffer pH and concentration on retention of H-Phe-Trp-OH, MP composition: ACN[buffer; 1585 (w'v). Buffers: ammonium formate, pH 3.0 (A); ammo-

nium acetate pH 4.7 (B) and pH 6.9 (C).

value (Table 2) the dipeptide retention indicates that the attrac-
tive electrostatic effect of carboxy group prevails over the repulsive
force of amino group at pH 4.7 (opposite trend compared to pH
3.0). The data obtained at pH 6.9 displayed in Fig. 2C show similar
trends; the dipeptide retention further improves for all columns,
most noticeably on Atlantis PREMIER BEH C18 AX. The electrostatic
contribution to retention on XSelect CSH C18 is less apparent, pre-
sumably because the SP is mostly neutral at pH 6.9 [35]. Dipeptide
retention on XSelect CSH C18 and Luna Omega PS C18 show only
minor retention change with buffer concentration at pH 4.7 and
6.9 (Fig. 2B and C) suggesting that the electrostatic contribution to
the peptide retention is less significant compared to Atlantis PRE-
MIER BEH C18 AX column.

The retention data for the remaining dipeptides show similar
trends to those in Fig. 2. The data are provided as Supporting ma-
terial, Tables 53:A-C, S4:A-C, 55:A-C.

The peptides containing multiple charged amino acids in the
sequence have more complex chromatographic behaviour; the
method development is expected to be more difficult. Neverthe-
less, the principles of retention remain the same as for dipeptides;
mixed-mode columns combine electrostatic attraction/repulsion
forces and hydrophobic interactions.

The retention trends of selected peptides on the three evaluated
columns are shown in Fig. 3. Retention and separation selectivity of
pentapeptides and octapeptide is strongly affected by the MP com-
position, buffer pH and concentration (see Figs. S2 and 53 in Sup-
porting material). At pH 6.9 the peptides charge (Table 2) and col-
umn surface charge are diminished and ion-exchange mechanism
plays lesser role in the peptide retention; the retention is mostly
insensitive to the MP buffer concentration (Fig. 3 C, F and I). At pH
47 and 3.0 the electrostatic interactions become more significant,
and the MP buffer concentration effect becomes apparent. The re-
tention of mostly positively charged leucine enkephalinamide and
angiotensin Il strongly decreases with decreasing buffer concentra-
tion at pH 4.7 and in particular at pH 3.0. High concentration of
MP buffer can partially mitigate the retention suppression (elec-
trostatic repulsion) and alter the retention of peptides, but the re-
tention order remains dramatically different compared to experi-

ment at pH 6.9. The trends in Fig. 3 validate our initial conclusions
about the relative contribution of AEX retention mechanism of the
three columns. The AEX strength decreases in the order: Atlantis
PREMIER BEH C18 AX = Luna Omega PS C18 = XSelect CSH C18.

Additional retention data for different acetonitrile content in
the MP are provided as Supporting material, Fig. S2, Tables 53, 54,
and S5).

3.4. Effect of buffer pH and concentration on peak symmetry of
peptides

Both the type of SP and the composition of MP significantly af-
fect the peak symmetry of peptides. The same buffers as in previ-
ous sections were used.

Fig. 4 illustrates the trends in symmetry factor of H-Phe-Ala-
OH. In MP composed of buffer of pH 3.0, H-Phe-Ala-OH is pre-
dominantly positively charged (Table 2). The strong electrostatic
repulsion of analyte from charged SP surface produces enhanced
peak symmetry for Atlantis PREMIER BEH C18 AX compared to
other columns (Fig. 4A). The hypothesis that electrostatic repul-
sion is responsible for improved symmetry is supported by the ob-
servation that the peak tailing increases at higher buffer concen-
tration when the repulsive interactions are suppressed. However
the Luna Omega PS C18 shows the opposite peak symmetry trend
(Fig. 4A). The reasons for this observation are unknown. No signif-
icant change in peak symmetry was observed for XSelect CSH C18
column,

In MP composed of buffer of pH 4.7 dipeptides are in zwit-
terionic form. Fig. 4B shows that symmetry factors are similar
for Luna Omega PS C18 and XSelect CSH C18 columns; symme-
try factor values are close to 1. The contribution of ionic inter-
actions to peptide retention is minimal and a good peak sym-
metry was observed. However, the charge still plays a significant
role on the Atantis PREMIER BEH C18 AX column where the tail-
ing increases at lower buffer concentrations. In MP composed of
buffer of pH 6.9 dipeptides are in zwitterionic form with par-
tial negative charge. The dipeptide peaks were severely tailing; in
some cases it was impossible to reliably integrate the peaks (see
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the symmetry factor values in Tables S5:A-C in Supporting mate-
rial). Similar behaviour was observed for longer peptides, e.g. for
Leucine enkephalin. On the other hand, leucine enkephalinamide
with overall positive charge is observed as symmetrical peak shape
under these conditions (due to electrostatic repulsion, see Fig, $4
in Supporting material). In this work we did not evaluate whether
the peak tailing is driven by kinetic, thermodynamic, or combined
chromatographic effects.

3.5. Peptide separation

Gradient separation of 14 peptides was performed to demon-
strate the application potential of the tested columns for these

compounds. Separation in MMC is strongly influenced by the
charge of both the analyte and the SP, which is affected by MP
pH. The contribution of electrostatic interactions to the retention
is also affected by the buffer concentration. The choice of buffer
concentration can attenuate or enhance electrostatic interactions.
Based on the initial screening, the optimal chromatographic sepa-
ration conditions for gradient elution were selected. The most ef-
fective separation of all the peptides was achieved in 5mM ammo-
nium formate, pH 3.0. However, these conditions are not always
optimal in terms of peak symmetry. Fig. 5A shows gradient sepa-
ration of the set of dipeptides, pentapeptides, and octapeptide on
column Atlantis PREMIER BEH C18 AX. All 14 peptides were base-
line separated within 4 minutes.
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Fig. 5. Separation of set of 14 peptides, gradient elution. Buffer: 5 mM ammonium formate, pH 3.0, Analytes: 1: H-Tyr-Ala-0H; 2: H-Ala-Tyr-0H; 3: H-Phe-Ala-0H; 4: H-Als-
Phe-OH; 5: H-Trp-Ala-OH; 6: H-Ala-Trp-OH; 7: H-Phe-Tyr-OH; 8: H-Tyr-Phe-OH; 9: Angiotensin [I; 10: Leucine enkephalinamide; 11: H-Phe-Trp-OH; 12: Met®enkephalin; 13:

H-Trp-Phe-0OH; 14: Leucine enkephalin.

Due to the need for sufficient resolution of peaks 9-12, it was
necessary to use a less steep gradient and thus analysis times on
the other two columns are longer (Fiz. 5B and C). Comparing the
chromatograms at Fig. 5A-C, it is obvious that the columns provide
different elution order of the peptides. The identity of all peaks
was confirmed by the QDa Mass Detector. Mass spectra of all the
tested peptides are shown in Fig. 55 in Supporting material.

4. Conclusion

Ultra-performance liguid chromatography with MM 5Ps can
serve as a useful tool for the analysis and separation of various
polar/charged compounds. A detailed characterization of the 5Ps
and thus appropriate understanding of the retention/interaction
mechanisms is crucial for method development. In this work, three
columns containing octadecyl ligand and positively charged mod-
ifier were characterized and compared in the terms of retentivity,
selectivity, and peak symmetry.

The simple Walters test was used to obtain general information
about the differences in silanophilic interactions and hydropho-
bic interactions of the tested columns, The results show that col-
umn Atlantis PREMIER BEH C18 AX exhibits the highest values
of both SIOH index and HI. The analysis of permanently charged
compounds was used to evaluate the electrostatic interactions of
SPs at various chromatographic conditions, such as pH and buffer
concentration. The contribution of electrostatic interactions of SPs
to retention was found to be most relevant at acidic conditions
(pH = 3.0). The Atlantis PREMIER BEH C18 AX column shows
stronger retention of negatively charged compounds in a wider pH
range compared to the other two tested columns. Atlantis PREMIER
BEH C18 AX also exhibited the highest contribution of electro-
static interactions to the retention of the tested analytes. MM col-
umn Luna Omega PS C18 and RP column XSelect CSH C18 showed
similar retention behavior; the columns provide only modest ionic
interactions, The effect of buffer pH and concentration on reten-
tion and peak symmetry of peptides confirmed the similarity of
columns Luna Omega PS C18 and XSelect CSH C18. The only differ-
ence between these two columns is apparent at buffer of pH 4.7,

where column Luna Omega PS C18 still exhibits significant contri-
bution of electrostatic interactions to the retention, while column
XSelect CSH C18 does not. Baseline separation of 14 peptides was
achieved on all the tested columns. However, the fastest analysis
within 4 minutes was obtained on column Atlantis PREMIER BEH
C18 AX. These results confirm the suitability of MM columns for
peptide analysis.
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Abstract

In this work, the evaluation and comparison of mixed-mode chromatography and reversed-phase chromatography for separa-
tion of peptides and protein digests have been performed. The effects of pH of aqueous part of mobile phase as well as the
effects of organic modifier on retention, resolution, and peak shape were investigated on several columns including three
mixed-mode columns possessing reversed-phase/anion-exchange mechanism, two reversed-phase octadecyl columns, and
one column with mixed-mode reversed-phase/anion-exchange character only in defined pH range. The set of peptides varying
in their polarity, length, amino acid sequence, and charge state, namely dipeptides, N-blocked dipeptides, and oligopeptides,
was selected to describe the chromatographic behavior under different conditions properly. These measurements showed the
potential of mixed-mode chromatography columns for analysis of differently charged peptides in a single run. The applica-
bility of the tested conditions has been verified by the analysis of cytochrome C digested fragments. Two types of samples
were analyzed and compared, i.e., commercial cytochrome C digested standard and cytochrome C digested via trypsin
spin columns. The obtained results point to the necessity of using mass spectrometry detection because of large number
of unknown peaks in cytochrome C digested standard, probably originating from chymotryptic and miscleavage activities.
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Introduction

Mixed-mode chromatography is a promising tool for the
analysis and separation of a wide range of compounds [1,
2]. The reason is utilization of at least two different types
of interactions between the analyte and the stationary phase

[~ Kvéta Kalikova
kalikova @natur.cuni.cz

Department of Physical and Macromolecular Chemistry,
Faculty of Science, Charles University, Hlavova 8,
128 00 Prague, Czech Republic

simultaneously, which can significantly affect the retention
and separation [3]. Therefore, it is possible to analyze a
variety of compounds differing in their physico-chemical
properties (such as polarity, charge state) in a single chroma-
tographic run [4]. This can be very advantageous for analysis
of peptides/protein digests, since these analytes are usually
multiply charged and differ largely in polarity [5, 6].
Mixed-mode chromatography is not an entirely new
concept. For example, “hydrophobic interactions” were
observed in ion-exchange chromatography and affinity
chromatography, and electrostatic interactions may occur
in size exclusion chromatography [7]. Before mixed-mode
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chromatography has been reckoned as a novel individual
chromatographic approach, secondary interactions (such
as originating from dissociated silanols [8]) in traditional
chromatography modes were often considered undesir-
able—they were identified as the main causes of peak tail-
ing, and therefore there was an effort to eliminate or at least
minimize them [9-11]. Mixed-mode chromatography differs
from other single chromatographic modes by providing two
or more significant different types of interactions, and thus
all interactions contribute to the retention [3]. Generally,
mixed-mode chromatography can be achieved by several
approaches: (i) serial connection of two columns with differ-
ent stationary phase/retention modes [12], (ii) mixing of two
types of packing materials in one column [13], (iii) chemical
bonding of a functional group in a ligand chain or support
[14]. Covalent modification of a carrier or ligand with dif-
ferent types of functional groups within a single stationary
phase is the dominant approach to obtain mixed-mode sta-
tionary phases nowadays.

In this work, mixed-mode stationary phases combining
reversed-phase and anion-exchange retention mechanisms
were used. Therefore, both “hydrophobic interaction™
between the analyte and C138 ligand, and electrostatic inter-
action between the analyte and positively charged moiety
of the stationary phase contribute to the overall retention
[15]. Whether it will be electrostatic attraction or repulsion
is determined mainly by the pK, of the functional groups of
the analytes and by the pH of the aqueous part of the mobile
phase [16]. Hence, it is clear that mixed-mode chromatogra-
phy provides an increased number of tunable mobile phase
parameters, which makes the method development more
flexible, but also complex [17, 18].

Specifically, three columns containing octadecyl ligand
and positively charged modifier, i.e., pyridyl group for col-
umn XSelect CSH CI18, quaternary alkylamine for column
Atlantis PREMIER BEH C18 AX, and positively charged
moiety (details not available from the manufacturer) for col-
umn Luna Omega PS C18 were used and compared in this
work. Column XSelect CSH C18 is marketed as a reversed-
phase column; however, the presence of pyridyl groups
brings a positive charge to the stationary phase at mobile
phase pH < 6 [19]. The other two mixed-mode columns
should provide permanent positive charge, but our previ-
ous work reveals the similarity of the column Luna Omega
PS C18 with column XSelect CSH C18 in terms of the pH
range in which the electrostatic interaction with a positively
charged moiety is applied [5]. The schematic structures and
basic properties of stationary phases evaluated in this work
are summarized in Table 1.

Mixed-mode stationary phases have been mainly used
for separation of biologically active molecules, including
peptides and proteins [5, 20-23]. For more complex protein
molecules, digestion into smaller fragments/peptides is a
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necessary step preceding their analysis [ 1, 24 ). Digestion of
proteins is usually executed by trypsin, which cleaves pro-
teins at their C-terminal arginine or lysine residues (unless
proline follows) [25]. Trypsin digestion can be performed
by several ways, e.g., in solution, via trypsin spin columns
or on-line (immobilized trypsin reactor coupled with lig-
uid chromatography or capillary electrophoresis systems)
[26-28]. While digestion in solution requires the presence
of a buffer (Tris—HCI), strict pH, and temperature control
(pH="7.8, temperature 37.0 °C) [29], and is very time con-
suming, digestion via spin column may be a suitable alterna-
tive, which is easy and fast [30].

As mentioned above, tested mixed-mode stationary
phases combine the advantages of two separation modes
(reversed phase and anion exchange) and are able to sepa-
rate complex mixtures of analytes based on their polarity
and charge simultaneously. For this reason, the set of vari-
ous peptides differing in their properties (polarity, charge,
length, amino acid sequence) was chosen for investigating
the effects of chromatographic parameters on the retention,
separation, and peak shape. The single mode C18 column
was used for comparison. Based on the obtained results,
optimal conditions for analysis of digested cytochrome C
were selected.

Results and discussion
HPLC measurements

First of all, preliminary measurements of a set of 22 various
peptides were performed on an HPLC system. The effects of
pH of aqueous part of mobile phase on retention and resolu-
tion of individual groups of peptides (dipeptides, N-blocked
dipeptides, and oligopeptides) were investigated on three
different columns—XBridge C 18 (reversed phase), XSelect
CSH C18 (mixed-mode character at pH < 6), and Atlantis
PREMIER BEH C18 AX (mixed mode). The goal of this
study was to investigate the retention behavior of various
peptides in wide pH range to describe the mixed-mode sta-
tionary phases properly and to compare mixed-mode chro-
matography and reversed-phase chromatography in terms of
retentivity and selectivity for peptides.

Figure 1 clearly shows the importance of using gradient
elution for the analysis of mixture of various peptides—
while dipeptides need highly aqueous mobile phase to be
retained (95 vol% of aqueous part), blocked dipeptides
exhibit sufficient retention even in mobile phase composed
of 60-40% by volume of acetonitrile, depending on the used
column and pH of aqueous part of mobile phase. Blocked
dipeptides contain benzoyl protecting group at N-termi-
nus, and thus they are much more hydrophobic than their
non-blocked counterparts. The “hydrophobic interaction™
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Table 1 Schematic structures of stationary phases and their basic properties

Column name

Stationary phase structure

Interaction properties

XBridge C18
(HPLC)

PREMIER BEH
C18 (UHPLC)

reversed-phase column

XSelect CSH
C18

reversed-phase column with
anion-exchange character at
pH<6

pK. of pyridyl group ~5-6

Atlantis

PREMIER BEH
C18 AX

mixed-mode column
(reversed-phase + anion-
exchange mechanism)

permanently positively
charged quaternary
alkylamine

interactions with negatively
charged dissociated silanols
prevails at pH = 6.8

Luna Omega PS
C18

mixed-mode column
(reversed-phase + anion-
exchange mechanism)

positively charged moiety
(no details available)

similar interaction behavior
as column XSelect CSH
Cl18

between the benzoyl group and C18 ligand (present in
each tested stationary phase) results in higher retention in
comparison with the non-blocked dipeptides.pK, values of
carboxy groups of N-blocked dipeptides vary within the
range 3.5-3.9, i.e., as the dipeptides are more charged with
increasing pH, they are becoming more polar, and thus their
log D values decrease (Table S1 in Supporting material).
This is the reason of decreasing retention of Z-Phe-Trp-OH
on reversed-phase XBridge C18 column (Fig. 1A) with
increasing pH (pH=2.1 and pH = 3.0 exhibits comparable
retention). For column XSelect CSH CI18 (Fig. 1B), the situ-
ation is very similar, even though the stationary phase sur-
face should be positively charged at pH < 6. In fact, pyridyl
groups on CSH particles are only partially positively charged
at pH =4.7, and thus higher dipeptide polarity prevails over

the electrostatic attraction (as was for peptides already
shown in [5]) and the retention decreases with increasing
pH.

This is not the case of mixed-mode column Atlantis PRE-
MIER BEH C18 AX (Fig. 1C), where the highest retention
was observed at mobile phase with aqueous part of pH=4.7,
where the strong electrostatic interaction between negatively
charged N-blocked dipeptide and positively charged station-
ary phase surface is applied. At mobile phase with aque-
ous part of pH=6.8, the electrostatic repulsion with dis-
sociated free silanols prevails and the decrease in retention
was observed. But the retention is still higher in comparison
with stationary phases without positively charged moiety.
The higher retention of N-blocked dipeptides at mobile
phase with aqueous part of pH=2.1 (where no electrostatic
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Fig. 1 Retention factors of selected representatives of peptides
(Z-Phe-Trp-OH as blocked dipeptide, triptorelin as therapeutic oli-
gopeptide, and H-Ala-Phe-OH as dipeptide) in dependence on the
content of acetonitrile in mobile phase (5-60 volumetric percent-

interactions take a role) on mixed-mode column in com-
parison with other columns can be caused by the difference
in pore size (XBridge C18 pore size 130> 107" m; XSe-
lect CSH C18 pore size 130 % 107" m; Atlantis PREMIER
BEH C18 AX pore size 95x 107" m). The retention trends
for other tested N-blocked dipeptides were the same (Fig.
S1in Supporting material).pK, values of carboxy groups
of non-blocked dipeptides vary within the range 3.5-3.8
and pK, values of amino groups are in the range 8.0-8.5
(Table S1 in Supporting material). Log D values are much
lower in comparison with N-blocked dipeptides (negative,
because of missing benzoyl group) and their trend depend-
ing on pH is exactly opposite, i.e., with increasing pH, log
D value increases and the values are almost the same for
mobile phases with agueous part of pH=4.7 and pH=6.8
(Table S1 in Supporting material). It may be explained by
the similar charge distribution, at mobile phase with aque-
ous part of pH=4.7, all amino groups are positively charged
and only a part of the carboxy groups is negatively charged.
Similarly, at mobile phase with agueous part of pH=06.8,
all carboxy groups are negatively charged and only a part of
the amino groups is positively charged. This is the reason
why the retention of dipeptides on XBridge C18 column is
not decreasing in a whole pH range, but only up to pH=4.7
(Fig. 1 A). Asin the case of N-blocked dipeptides, retention
behavior on XSelect CSH C18 column is very similar to

@ Springer

mobile phase composition
acetonitrilefagueous part (v/v)

ages), the pH of the agueous part of mobile phase (pH=2.1, pH=13.0,
pH=4.7, and pH=06.8) and used stationary phase (A: XBridge CI18,
B: XSelect CSH C18, C: Atlantis PREMIER BEH C18 AX)

the classical reversed-phase column (Fig. 1B). At mobile
phase with aqueous part of pH=2.1 electrostatic repulsion
between positively charged pyridyl groups on the stationary
phase surface and positively charged amino groups further
reduces the already very low retention. No positive charge
on the stationary phase surface is available above pH=4.7,
and thus only electrostatic repulsion between the negatively
charged carboxy groups and negatively charged free silanols
can apply. This results in very low retention in all tested pH
values. Mixed-mode column Atlantis PREMIER BEH C18
AX exhibits increasing retention with increasing pH of the
aqueous part of mobile phase. No retention of dipeptides
was observed at mobile phase with aqueous part of pH=2.1,
because of the repulsion of positively charged amino group
and positively charged stationary phase surface. With
increasing pH of agueous part of mobile phase, larger part
of carboxy groups (capable of electrostatic attraction with
the positively charged stationary phase surface) is dissoci-
ated and thus the retention is increasing. Moreover, free
silanol groups can interact with the charged amino groups,
and thereby the retention increases. The retention trends for
other tested non-blocked dipeptides were similar (Fig. S2in
Supporting material).

Since oligopeptides/therapeutic peptides contain more
functional groups enabling multiple charging, the descrip-
tion of retention behavior is more complex and differs for
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individual peptides. All three tested columns exhibit no
retention of oligopeptides at mobile phase with agueous
part of pH=2.1 (the highest polarity of oligopeptides, log D
values are summarized in Table S1 in Supporting mate-
rial). Columns XBridge C18 and XSelect CSH CI18 provide
the same trends—the increasing retention with increasing
mobile phase pH for triptorelin (Fig. 1), leuprolide, and gos-
erelin. Individual trends in retention of other oligopeptides
are shown in Fig. 83 in Supporting material. Mixed-mode
column Atlantis PREMIER BEH C18 AX exhibits the same
trend for all tested oligopeptides—increasing retention with
increasing mobile phase pH (Fig. 83 in Supporting material).

Based on the obtained results, we can assume appropri-
ate conditions for separation of mixture of all the tested
peptides, i.e., dipeptides, blocked dipeptides, and oligopep-
tides. It was revealed that oligopeptides exhibit no reten-
tion at mobile phase aqueous part of pH =2.1. In addition,
pH=2.1 shows very low selectivity for N-blocked dipeptides
in comparison with pH=6.8 (Fig. S4 in Supporting mate-
rial). Therefore, mobile phase with aqueous part of pH=2.1
was not used for analysis of the peptides * mixture. For non-
blocked dipeptides, it seems to be advantageous to use rather
higher pH of aqueous part of mobile phase (pH=6.8) in
combination with a mixed-mode column (if pH=2.1 was
excluded). Moreover, these conditions are also suitable for
analysis of blocked dipeptides.

Figure 2 shows the comparison of the best obtained
results for separation of mixture of peptides. Columns XSe-
lect CSH C18 and Atlantis PREMIER BEH C18 AX at
mobile phase aqueous part of pH=6.8 exhibited the high-
est selectivity and suitable resolution of most of the tested
peptides in comparison with column XBridge C18 and other
tested pH values of the aqueous part of the mobile phase.
However, it is clearly visible that mixed-mode column
Atlantis PREMIER BEH C18 AX provides higher retention
times, thus inferior peak shapes (which can be obviously
subjected to further optimization).

Further investigation of these two columns (XSelect CSH
C18 and Atlantis PREMIER BEH C18 AX) revealed that for
analysis of cytochrome C digested fragments, column Atlan-
tis PREMIER BEH C18 AX provides better selectivity (no
co-elution was observed—Fig. S5 in Supporting material).

UHPLC measurements

The obtained results from HPLC measurements revealed
great potential of mixed-mode chromatography for analy-
sis of peptides/cytochrome C digests. Therefore, we were
interested in the further evaluation of two different columns
marketed as mixed-mode—Luna Omega PS C18 (similar to
XSelect CSH C18 column, losing positive charge at pH > 6)
and Atlantis PREMIER BEH C18 AX (permanently posi-
tively charged). Just to confirm the benefits of mixed-mode
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Fig. 2 Comparison of separation of mixture of peptides. A column
XSelect CSH C18; B Atlantis PREMIER BEH C18 AX. Gradient
elution—r; acetonitrile/10 mM ammonium acetate, pH=6.8, 5/95
(W) Tygmin Acetonitrile/10 mM ammonium acetate, pH= 6.8, 30/70
(wv). Detection wavelength 254 nm. Analytes: 1: H-Ala-Tyr-OH; 2:
H-Tyr-Ala-OH; 3:H-Val-Tyr-OH; 4:H-Ala-Phe-OH; 5: H-Phe-Ala-
OH; 6: [Met’|-enkephalin; 7: [Lys®]-vasopressin; 8: Z-Tyr-Ala-OH; 9:
[Leu’]-enkephalin; 10: angiotensin II; 11: Z-Ala-Tyr-OH; 12: Z-Ala-
Phe-OH; 13: Z-Ala-Trp-OH; 14: Z-Phe-Ala-OH; 15: Z-Trp-Ala-OH;
16: gosereling 17: leuprolid; 18: tritoreling 19: Z-Phe-Leu; 20: Z-Trp-
Phe-OH; 21: Z-Phe-Trp-OH

chromatography for our purpose, reversed-phase column
PREMIER BEH C18 was also tested. Since UHPLC meth-
ods exhibit higher efficiency, the following experiments were
carried out at UHPLC instrumentation, which additionally
enables us the analysis of some other peptides, which are
not UV detectable, and thus different detection, in our case
mass spectrometry detection, is needed. To show the poten-
tial of mixed-mode stationary phases for separation of pep-
tides, the effects of pH of aqueous part of mobile phase and
moreover the effect of type of organic solvent (methanol vs.
acetonitrile) on retention, separation, and peak shape were
investigated. Two different pHs of aqueous part of mobile
phase were tested: acidic pH (0.1% solution of formic acid:
26.5 mM, pH =2.7, which is usually used for peptide analy-
sis [31, 32]), and basic pH (26.5 mM ammonium formate,
pH=8.0, which would be appropriate for possible future
on-line protein digestion by trypsin).

Figure 3 confirms the differences between mixed-mode
chromatography and reversed-phase chromatography, as well
as the differences between different mixed-mode columns
(also previously described in [5]). For all tested peptides
(the two examples are shown in Figs. 3A, B), mixed-mode
columns at mobile phase aqueous part of pH=2.7 exhibited
significantly lower retention in comparison with reversed-
phase column (applies for both methanol and acetonitrile).
The reason is electrostatic repulsion between predominantly

@ Springer

122



998

Z. Kadlecova et al,

Fig.3 The effects of pH and
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positively charged peptide and mixed-mode stationary phase
surface. On the other hand, at mobile phase with aqueous
part of pH=8.0, exactly opposite trend was observed, i.e.,
electrostatic attraction between predominantly negatively
charged peptide and positively charged mixed-mode station-
ary phase result in higher retention on mixed-mode columns
than on reversed-phase column; however, only a small dif-
ference between Luna Omega PS C18 and reversed-phase
column PREMIER BEH C18 was observed (because Luna
Omega loses at pH> 6 positive charge). In addition, elec-
trostatic repulsion between the negatively charged analytes
and dissociated silanol groups on the stationary phase sur-
face also contribute to the retention. The overall retention
depends on the number of free residual silanol groups, and
the retention is, therefore, the result of the combination of
following interaction mechanisms—"hydrophobic™ interac-
tion, electrostatic repulsion, and electrostatic attraction.

Not surprisingly, mobile phases with methanol provide
significantly higher retention in comparison with acetoni-
trile. Comparing the symmetry factors, no meaningful dif-
ferences between methanol and acetonitrile were observed
(Fig. 3). Regarding the effect of mobile phase aqueous part
pH on the retention and peak symmetry, it was observed that
higher pH (pH =8.0) provides higher retention in compari-
son with lower pH (pH=2.7). This effect is very significant
for mixed-mode columns while retention on reversed-phase
column is not very affected by pH of aqueous part of mobile
phase, which indicates the essential role of stationary phase
charge. In addition, it was observed that higher pH mostly
provides better peak shape (lower symmetry factor), which
was the most significant for reversed-phase column PRE-
MIER BEH C18 (Fig. 3).
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Another goal was to find suitable conditions for sepa-
ration of mixture of 12 peptides in UHPLC system. The
large number of gradient types for each column in combina-
tion with each aqueous part pH and each organic modifier
has been tested. Table 2 clearly shows that achieving the
baseline separation of all peptides of interest was the most
problematic on reversed-phase column at pH =8.0 and on
column Luna Omega PS C18. Under these conditions, it
was not possible to resolve both pairs leuprolide—carbetocin
and angiotensin II-leucine enkephalin—the change in gradi-
ent conditions leads to the loss of the resolution of one or
the other pair. But we were able to baseline separate all the
peptides on mixed-mode column Atlantis PREMIER BEH

Table2 The success of the gradient separation of the mixture of 12
peptides and cytochrome C digests. Summary of the shortest obtained
analysis times. The corresponding gradients are given in Table $2 in
Supporting material

Mixture of 12 peptides Cywchrome ¢

pH=27 pH=80 pH=27 pH=80
Mixed-mode column Atlantis PREMIER BEH C18 AX
Acetonitrile v 7.5 min v 13min -~ v 11 min v 20 min
Methanol ¥ 5.5 min v 18min v 30min v 36 min
Mixed-mode column Luna Omega PS C18
Acetonitrile v 7.5 min ¥ ldmin v 12min v 20 min
Methanol ¥ 105min v 13min v 30min ¥ 50min
Reversed-phase column PREMIER BEH CI18
Acetonitrile v 8 min ¥ 13min ¥ 25min v 25 min
Methanol v 10.5 min X 12min v 35 min v 33 min

v baseline separated, ¥ not baseline separated
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C18 AX, even within 5.5 min while using mobile phase with
methanol (the fastest obtained analysis of peptide mixture
is depicted in Fig. 56 in Supporting material). Generally,
in mobile phases with aqueous part of pH=8.0, very low
signals from UV detection for Gly-Glu and Lys-Lys-Lys
were observed (because of the significant peak deteriora-
tion); thus, usage of mass spectrometry detection is very
advantageous.

Cytochrome C was selected as a model protein due to
the availability of standard of its digests, which enables
the comparison of digested standard and cytochrome C
digested via spin columns. The list of cytochrome C digests
declared in standard and corresponding m/z values is shown
in Table 83 in Supporting material. From the HPLC meas-
urements, it turned out that the conditions suitable for the
separation of peptides may not be suitable for the separation
of cytochrome C digests at the same time. Thus, analysis of
cytochrome C digests (from digested standard and obtained
by digestion via spin column) was performed in previously
tested UHPLC conditions, i.e., three columns, acetonitrile
vs. methanol, aqueous part of pH=2.7 vs. pH=8.0, and in
large number of gradients (differing from the gradients used
for analysis of 12 peptides).

Table 2 summarizes obtained results, i.e., whether it was
possible to baseline separate all cytochrome C digests and
the shortest analysis ime. The fastest analysis of cytochrome
C digested fragments was obtained using mixed-mode col-
umn Atlantis PREMIER BEH C18 AX (mobile phase with
acetonitrile and aqueous part of pH=2.7), where all 13
fragments declared in standard certificate were baseline
separated within 11 min (Fig. 4A). Figure 4B shows the

Fig.4 Separation of 13
cytochrome C digested frag-

comparison with different mobile phase (but the same sta-
tionary phase), i.e., mobile phase with methanol in com-
bination with aqueous part of pH =8.0. These conditions
may be very advantageous for on-line protein digestion. The
comparison of Figs. 4A, B shows that in both conditions, we
can achieve baseline separation of all 13 fragments, but with
different elution order (different mobile phase pH).
Fragment T19C originates from chymotryptic activity
(Table S3 in Supporting material, the amino acid sequence
does not end with lysine or arginine), which may occur dur-
ing trypsin digestion as a result of impure trypsin or trypsin
autolysis [33]. This fragment was not found in the sample of
cytochrome C digested via spin column, which corresponds
to the statement of the manufacturer that trypsin spin col-
umns are highly purified and immobilization prevents the
trypsin autolysis [34]. Fragments T9-10, T12-13, and T13-
14 are the consequence of miscleavage activity, their pres-
ence is declared in cytochrome C digested standard and they
were observed also in sample digested via spin column.
The missing chymotryptic fragment is not the only
difference between cytochrome C digested standard and
cytochrome C digested via spin column. The comparison of
analysis of these two samples (digested standard vs. digested
via spin column) revealed increased number of peaks for
cytochrome C digested standard, which indicates number
of impurities (Fig. 5). Impurities in digested protein sam-
ple are often a consequence of chymotryptic or miscleavage
activity, which is common while using in-solution digestion,
especially for extended time of digestion [35]. On the other
hand, lower chymotryptic and miscleavage activity can be
achieved by digestion via spin columns. Obtained data point
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to the problematic nature of the analysis of protein digestion
samples without mass spectrometry detection. Besides the
chymotryptic peak and the number of impurities, no sig-
nificant differences between the spin digestion and digested
standard were observed, i.e., comparable retention of 12
fragments was achieved.

Conclusion

The goal of our study was to show the great potential of
mixed-mode chromatography for analysis of peptides
and protein digests. Several columns, including mixed-
mode and reversed-phase columns, were used in HPLC
and UHPLC systems. The effect of pH of agueous part of
mobile phase and the effect of the type of organic modifier
on the retention, selectivity, resolution, and peak shape were
investigated.

Analysis of dipeptides with easily defined charge state
contributed to the description of mixed-mode retention
behavior. It was shown that mixed-mode column Atlantis
PREMIER BEH C18 AX exhibits the highest retention of
negatively charged dipeptides at mobile phase aqueous part
of pH =4.7. At higher pH, the electrostatic repulsion with
negatively charged residual silanols prevails. It was con-
firmed that column XSelect CSH C18 (marketed as reversed-
phase) possesses significant mixed-mode character only in
mobile phase of aqueous part of pH=2.1 and pH=3.0.
Using HPLC, the baseline separation of various 21 peptides
has been achieved on column XSelect CSH C18. In terms
of the peak shape, PREMIER BEH C18 column in acidic
pH (2.7) was found as the most inappropriate (symmetry
factors higher than 8 for mobile phase with acetonitrile, for
methanol even higher).

The analysis of cytochrome C digests on UHPLC points
to the necessity of mass spectrometry detection due to

@ Springer
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the number of miscleaved/chymotryptic fragments in
cytochrome C digested standard. It was shown that Atlan-
tis PREMIER BEH C18 AX column is the most universal
from the tested columns. The both acetonitrile and meth-
anol with acidic (pH=2.7) and basic (pH=28.0) aqueous
parts of mobile phase are suitable for baseline separation of
cytochrome C digests. Mixed-mode column Luna Omega
PS C18 showed comparable results except for mobile phase
composed of methanol and ammonium formate buffer,
pH=8.0.

Experimental
Chemicals and materials

Acetonitrile (LC-MS grade) and methanol (LC-MS grade)
were supplied by VWR International (Radnor, USA), water
for LC was purchased from Honeywell (Charlotte, USA)}—
used for UHPLC measurements. Acetoniirile (Chmmasnl\-'@
gradient grade, for HPLC, = 99.9%), methanol (Chmmasolv'@
gradient grade, for HPLC, > 99.9%), ammonium acetate
(purity = 98%), ammonium formate (purity =97%), formic
acid (purity = 95%), acetic acid (purity = 99%), ammonium
hydroxide solution (28.0-30.0% NH,), and trifluoroacetic
acid (purity 99%) were purchased from Sigma-Aldrich (St.
Louis, USA). Deionized water was purified with Rowapur
and Ultrapur system from Watrex (Prague, Czech Repub-
lic). All dipeptides were purchased from Bachem (Buben-
dorf, Switzerland), except Z-Phe-Leu and H-Val-Tyr, which
were supplied by Sigma-Aldrich (St. Louis, USA). Goser-
elin acetate salt, leuprolide acetate salt, bradykinin acetate
salt, and carbetocin were purchased from Bachem (Buben-
dorf, Switzerland). Lys-Lys-Lys, Val-Tyr-Val, angiotensin I,
angiotensin IT, [Lys*]-vasopressin, [Met’]-enkephalin acetate
salt hydrate, and [Leu’]-enkephalin acetate salt hydrate were
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supplied by Sigma-Aldrich (St. Louis, USA). Cytochrome C
digestion standard was supplied by Waters (Milford, USA).
Cytochrome C from bovine heart (purity >95%), trypsin
spin columns, and protein extraction reagent type 4 were
purchased from Sigma-Aldrich (St. Louis, USA). The list of
all tested analytes, their structures, log D and pK, values is
presented in Table S1 in Supporting material. Marvin soft-
ware (product of ChemAxon company) was used for calcula-
tion of log D values in corresponding pH of aqueous part of
mobile phase and for calculation of pK, values of peptides.

Instrumentation and chromatographic conditions—
HPLC measurements

All HPLC measurements were performed using the
Waters Alliance system (Waters, Milford, USA) consist-
ing of 2690 D Separation Module, 2487 Dual 4 Absorb-
ance Detector, 717 Plus autosampler, and Waters Alliance
Series column heater. Empower 2 software was used for
system control and data acquisition. Following columns
were used: XSelect CSH C18, XBridge C18 and Atlantis
PREMIER BEH C18 AX. All tested columns, particle
size 5 pm, 150x4.6 mm, were obtained from Waters
(Milford, USA).

Stock solutions of most of the analytes were prepared
by dissolving the sample in methanol at concentration
1 mg cm™*. More polar peptides (H-Val-Tyr-OH, H-Ala-
Tyr-OH, H-Tyr-Ala-OH) and angiotensin 11 were dis-
solved in mixture of methanol and water (50/50 (v/v))
at concentration 1 mg em™. Several peptides (Z-Ala-
Phe-OH, Z-Ala-Tyr-OH, Z-Phe-Ala-OH, Z-Phe-Leu, and
Z-Tyr-Ala-OH) needed to be dissolved at higher concen-
tration 5 mg cm™, because of very low UV response. The
first system peak was used as a dead time marker. All
measurements were performed in triplicate.

Mobile phases composed of acetonitrile and aqueous
part in volume ratios from 5/95 to 60/40 (v/v) with 5 vol-
ume percentage steps were used. For analysis of mixtures
of peptides and cytochrome C digests, gradient elution
was used. The following aqueous parts of mobile phases
were used: 365 mM formic acid, pH=2.1; 10 mM ammo-
nium formate buffer, pH=3.0: 10 mM ammonium acetate
buffer, pH=4.7 and pH =6.8. For calculation of buffer
components concentrations, and corresponding pH val-
ues, PeakMaster software was used [36]. Basic chroma-
tographic conditions were set as follows: mobile phase
flow rate 1 cm® min~', injection volume 5 mm®, column
temperature 25.0 °C, sample temperature 20.0 °C, detec-
tion wavelengths 254 nm and 280 nm. For analysis of
cytochrome C digests, injection volume was 15 mm* and
detection wavelength was 214 nm.

Instrumentation and chromatographic conditions—
UHPLC measurements

Waters Acquity UPLC H-Class system (Waters, Milford,
USA) was used for UHPLC measurements. The system was
equipped with a quaternary solvent manager, an autosam-
pler, a column thermostat, a photodiode array detector and
a QDa mass detector. The Empower 3 software was used for
system control, data acquisition, and results processing. Fol-
lowing columns were tested: Atlantis PREMIER BEH C18
AX: PREMIER BEH C18 (Waters, Milford, USA), both col-
umns dimensions were 100 2.1 mm; particle size 1.7 pm;
column Luna Omega PS C18 (Phenomenex, Torrance, USA)
with dimensions 100 x2.1 mm; particle size 1.6 pm.

Stock solutions of the peptides were prepared by dis-
solving the sample in deionized water at concentration
1 mg cm™, The first system peak was used as a dead time
marker. All measurements were performed in triplicate.

Mobile phases were composed of acetonitrile or metha-
nol and aqueous part in volume ratios from 0/100 to 60/40
(wv) with 5 volume percentages steps. For analysis of mix-
ture of peptides and cytochrome C digests, gradient elution
was used. As aqueous part of mobile phase (mobile phase
(B)), 0.1% formic acid, pH=2.7 was used (corresponds to
26.5 mM solution of formic acid). Similarly, aqueous part
of pH= 8.0 was prepared as 26.5 mM ammonium formate
with addition of ammonium hydroxide to reach the pH=8.0.
In both cases, the same amount of formic acid/ammonium
formate + ammonium hydroxide as was added to the mobile
phase B was added also to the mobile phase A (to keep the
ionic strength constant during the gradient). Mobile phase A
contains organic solvent—pure methanol (with formic acid or
ammonium formate +ammonium hydroxide), pure acetoni-
trile (with formic acid) or mixture acetonitrile/water, 80/20
(w/v) (ammonium formate + ammonium hydroxide), because
of a low solubility of ammonium formate in pure acetoni-
trile. Basic chromatographic conditions were set as follows:
mobile phase flow rate 0.3 em® min~', injection volume
I mm®, column temperature 37.0 °C, sample temperature
10.0 °C, detection wavelengths 214 nm and 220 nm +QDa
detection (positive mode, cone voltage 15 V, probe tempera-
ture 600 °C).

Cytochrome C trypsin digests

Two samples of cytochrome C digests were analyzed: (i)
standard of digested cytochrome C, (ii) cytochrome C
digested via spin column. Standard of digested cytochrome
C was dissolved in 200 mm® of 0.055% trifluoroacetic acid.
Spin digestion was performed exactly according to the
manual enclosed to the trypsin spin columns (from Sigma-
Aldrich). Digestion via spin column includes following
steps: protein denaturation (using mixture of urea, thiourea,
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and detergent protein extraction reagent type 4), spin column
washing and equilibration (using 100 mM ammonium bicar-
bonate reaction buffer is a part of the spin column package),
and digestion itself (100 pg of protein is applied, 15 min take
the digestion). The products of digestion are washed from
the spin column by deionized water and the sample is ready
for LC analysis.

Supplementary Information The online version contains supplemen-
tary material available at https:fdoi.org/10. 1007/500706-023-0308 8-x.
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Liquid chromatography coupled with mass spectrometry is widely used in the field of proteomic analysis after
off-line protein digestion. On-line digestion with chromatographic column connected in a series with immobi-
lized enzymatic reactor is not often used approach. In this work we investigated the impact of chromatographic
conditions on the protein digestion efficiency. The investigation of trypsin reactor activity was performed by on-
line digestion of N-e-benzoyl-L-arginine 4-nitroanilide hydrochloride (BAPNA), followed by separation of the
digests on the mixed-mode column. Two trypsin column reactors with the different trypsin coverage on the
bridged ethylene hybrid particles were evaluated.

To ensure optimal trypsin activity, the separation temperature was set at 37.0 °C and the pH of the mobile
phase buffer was maintained at 8.5, The on-line digestion itself ongoing during the initial state of gradient was
carried out at a low flow rate using a mobile phase that was free of organic modifiers, Proteins such as cyto-
chrome C, enolase, and myoglobin were successfully digested on-line without prior reduction or alkylation, and
the resulting peptides were separated using a mixed-mode column, Additionally, proteins that contain multiple
cysteines, such as a-lactalbumin, albumin, f-lactoglobulin A, and conalbumin, were also successfully digested on-
line (after reduction and alkylation). Moreover, trypsin immobilized enzymatic reactors were utilized for over
300 injections without any noticeable loss of digestion activity.

1. Introduction producing readily interpretable peptide mass spectra [5,6]. Before the

digestion itself, protein denaturation is necessary (unfolded protein is

Liquid chromatography (LC) coupled with mass spectrometry (MS) is
the method of choice in the field of protein analysis [ 1]. The bottom-up
approach is the most used method for protein identification in
proteomics.

Protein digestion is usually performed with trypsin, a highly specifie
serine endoprotease, which hydrolyzes peptide bonds at the carboxyl
side of arginine and lysine residues [ 2,3], except when the arginine and
lysine is followed by proline residue. The rate of hydrolysis is slower if
an acidic amino acid is located on either side of the cleavage site [4].
Trypsin digestion produces peptides with a basic residue at the carboxyl
terminus, amenable for sensitive mass spectrometry analysis, and

more accessible to digestion). In case of proteins containing cysteines
(formation of disulfide (5-8) bridges) the reduction and alkylation is
recommended for an efficient digestion. Generally, optimal conditions
for trypsin activity are temperature about 37 °C and pH around 8.0 [4].
The performance of enzymatie digestion has a fundamental influence on
the success of proteomic analysis.

Besides the trypsin high activity, the specificity is also crucial. During
the trypsin digestion a minor chymotrypsin or chymotrypsin-like ac-
tivity can occur [7]. It leads to the nonspecific digestion of phenylala-
nine, tyrosine, tryptophan, or leucine residues on C-terminus [8). This
can result either from the presence of a chymotrypsin contamination

Abbreviations: ACN, acetonitrile; BAPNA, N-o-benzoyl-L-arginine 4-nitroanilide hydrochloride; IMER, immobilized enzymatic reactor; MeOH, methanol; MM,

mixed-mode; MP, mobile phase; TIC, total ion chromatogram.
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(variable depending on trypsin vendor), or pseudotrypsin (y-trypsin), a
product of trypsin autolysis, which possesses such an activity in addition
to the characteristic trypsin properties [9].

Trypsin digestion can be performed in several ways. The “in-solu-
tion" procedure is predominantly used [10] with a standardized pro-
cedure described by protein digestion protocols [ 11 ]. This procedure has
several drawbacks, such as long digestion time (up to 24 h), trypsin
autolysis (can be reduced by addition of Ca*"), need of strict tempera-
ture control and intolerance to organic solvents [12]. Some of these
limitations can be overcome by enzyme immobilization on suitable
support (i.e. immobilized enzymatic reactors (IMERs)) [10]. The main
advantages of an IMER include the enhanced thermal, pH and autolytic
stability [13]. IMERs can be prepared in various formats, e.g. mem-
branes, capillaries, on-chip reactors, columns - spin columns or LC
columns [14-16],

Immobilized enzymes can be used in either batch mode digestion or
as a flow through reactors [101. Both approaches have been investigated
and several commercial products have been introduced [17]. IMERs
have been shown to facilitate very fast protein digestion within minutes
[18] or even seconds [17]. However, routine implementation of IMERs
for protein analysis has been limited by their price, low stability, and
lack of the standard digestion protocol. Another consideration is the
compatibility of the LC mobile phase (MP) with the digestion buffer for
the on-line digestion experiment (especially pH, presence of organic
modifier, digestion buffer requirement) [19]. Therefore, the use of
IMERs without direct connection to LC instrumentation (such as spin
columns) or using LC trypsin columns with switching valves, fraction
collectors or chromatography in 2D or 3D arrangement (“pseudo on-
line”) is often preferred [20-23]. Coupling the IMER online to an
analytical system reduces the time needed for multi-step workflows,
reduces the need for sample handling in-between steps (avoiding sample
loss and contamination), and enables automation [ 24.25]. As this topic
is of a long-term interest the progress in on-line IMER-based analytical
LC platforms is thoroughly summarized in recent review [24].

In the current work, we developed a method for the direct connection
of the trypsin reactor and analytical columns in series (“on-line”)
without need for switching valves or fraction collectors. Only one MP
was used for both the protein (dissolved in the denaturant) digestion and
for separation of the digests on a mixed-mode (MM) column (combining
C18 ligand and positively charged quaternary alkylamine (RP/AEX
retention mode) that provided superior peptide separation [26]. The
effects of mobile phase composition on separation performance of pep-
tides and cytochrome C digests using the same mixed-mode column have
been investigated previously [27]. Great potential of mixed-mode col-
umn Atlantis PREMIER BEH C18 AX was shown — both acetonitrile and
methanol with acidic (pH 2.7) and basic (pH 8.0) aqueous parts of
maobile phase were suitable for baseline separation of cytochrome C
digests. The results were compared with C18 column of the same di-
mensions and it was shown that higher separation performance has been
achieved on mixed-mode column. C18 column provided worse separa-
tion of both set of 12 various model peptides and cytochrome C digests at
both tested pHs [27]. The goal of this work was to develop simple
method for on-line digestion enabling improved sample throughput and
utilize a conventional unmodified LC instrumentation. An improved
understanding of the digestion and separation mechanisms can improve
the adoption of on-line protein digestion with the potential of speeding
up the protein analysis.

2. Materials and methods
2.1. Materials and reagents

Acetonitrile (ACN, LC-MS grade) and methanol (MeOH, LC-MS
grade) were supplied by VWR International (Radnor, USA). Water for

LC was purchased from Honeywell (Charlotte, USA). Ammonium
formate (purity > 99.995 %) and ammonium hydroxide solution

Journal of Chromatography B 1228 (2023) 123866

(28.0-30.0 % NH3) were purchased from Sigma-Aldrich (St. Louis,
USA). Cytochrome C digestion standard was supplied by Waters (Mil-
ford, USA). N-a-benzoyl-L-arginine 4-nitroanilide hydrochloride
(BAPNA, purity > 99 %), cytochrome C from bovine heart (purity > 95
%), bovine serum albumin (BSA, purity > 96 %), enolase from beakers
yeast, myoglobin from equine skeletal muscle (purity > 98 %), con-
albumin from chicken egg white, w-lactalbumin from bovine milk,
fi-lactoglobulin A from bovine milk were supplied by Sigma-Aldrich (St
Louis, USA). Amino acid sequences of all tested proteins are shown in
Table 51 in Supporting material. Trypsin Spin Columns, Protein
Extraction Reagent Type 4 (a mixture of urea, thiourea, and C;Bz0O
detergent) and ProteoPrep Reduction and Alkylation Kit (tribu-
tylphosphine for reduction and iodoacetamide for alkylation) were
purchased from Sigma-Aldrich (St. Louis, USA). Nylon membrane filters
(0.45 pm) were supplied by Whatman (Chicago, USA).

2.2, Instrumentation and columns

Initial chromatographic measurements were performed on the Wa-
ters Acquity UPLC H-Class system (Waters, Milford, USA). The system
was equipped with a quaternary solvent manager, an autosampler, a
column thermostat, a photodiode array detector and a QDa mass de-
tector. The Empower 3 software was used for system control, data
acquisition, and results processing. To confirm fragment identification
and to identify the unknown peaks, additional measurements using
UHPLC MS/MS ToF instrumentation were performed. Agilent 1290 In-
finity Il LC System with a binary pump (Agilent Technologies, Inc.,
Waldbronn, Germany) interfaced with maXis™ Q-ToF mass spectrom-
eter (Bruker Daltonics, Bremen, Germany) was used. Hystar 3.2 and
otofControl 4.0 software were used for the information-dependent
acquisition, while the LC-MS data were processed by Bruker Data-
Analysis 4.4 software (Bruker Daltonics, Bremen, Germany). Two
trypsin columns with dimensions 30 x 2.1 mm, and MM column Atlantis
Premier BEH C18 AX (Waters, Milford, USA) with dimensions 100 = 2.1
mm; particle size 1.7 pm were used.

2.3, Experimental procedures

Stock solution of BAPNA was prepared by dissolving BAPNA in ACN/
water, 25/75 (v/v) at concentration 10 mg mL ! (for trypsin activity
evaluation additionally: 1 mg mL™"; 5 mg mL™%; 15 mg mL™'; 20 mg
mL "), Stock solutions of proteins used for on-line digestion were pre-
pared by dissolving in deionized water/denaturant, 50/50 (v/v) at
concentration 2 mg mL ! As a denaturant, protein extraction reagent
type 4 (a mixture of urea, thiourea and C;BzO detergent) was used.
Stock solutions of proteins used for digestion by trypsin spin columns or
proteins required reduction and alkylation (cys-cys proteins) were
prepared according to the user manual attached to the purchased
equipment [28]. The first system peak was used as a column void time
marker. For all measurements gradient elution was used — the gradient
of MP composition as well as the gradient of flow rate (from 0.1 mL
min ! to 0.3 mLmin ') - see the used gradients for individual proteins
in Table 51 in Supporting material Part I. MP A was composed of 26.5
mM ammonium formate in ACN/water, 80/20 (v/v). As MP B 26.5 mM
ammonium formate in water was used. pH of MPs was adjusted by
ammonium hydroxide solution to reach pH 85 for MP A (¥pH of
hydro-organic MP) and pH 8.5 for MP B. For trypsin activity evaluation
additional ¥pHs/pHs were tested: pH 7.0; pH 7.5; pH 8.0; pH 9.0 (for
simplicity hereafter called only as MP pk). For investigation of the effect
of organic solvent on trypsin IMER activity, both ACN and MeOH based
MPs were used — MP A was composed of 26.5 mM ammonium formate in
organic solvent/water, 50/50 (v/v), MP B was 26.5 mM ammonium
formate in water, The volume ratio 50,50 was used to be able to easily
calculate organic solvent percentage in MP during inidal state of
digestion. All MPs were filtered before use. Injection volume was 5 pL
(for trypsin activity evaluation additionally in range from 1 pL to 10 pL).
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Column temperature was 37.0 “C (for trypsin activity evaluation addi-
tionally: 25.0 °C; 28.0 °C; 31.0 °C; 34.0 °C; 40.0 °C) and sample tem-
perature was 10.0 °C for all measurements. All digestion experiments
were performed in triplicate. RSD of peak intensity of individual frag-
ments for repetitive measurements did not exceed 4 %.

QDadetector settings: mass range 50-1250 m/z, positive mode, cone
voltage 15 V, probe temperature 600 “C. Q-ToF detector settings: mass
range: 100-3500 m/z; fragmentation: collision-induced dissociation;
spectra rate: 2 Hz, product ion spectra rate: 4-16 Hz (depending on
precursor intensity), collision energy: 70 eV (50 % of the cycle time), 35
eV: (50 % of the cycle time); dry gas temperature: 350 “C; capillary
voltage: 4500 V; nebulizer: 1.5 bar. Mass range for precursor selection:
300-2500 m/z; precursor charge between +1 and +5; precursors were
selected with a 3 s cycle time and from each selected precursor 3 frag-
mentation spectra were acquired. Identification of peptides was per-
formed manually based on precursor masses and characteristic
fragments.

2.4, Trypsin digestion procedure

Trypsin digestion was carried out by two different ways: a) “on-line"
by digestion on UHPLC trypsin columns directly connected with the
analytical MM column and b) “off-line” by using commercially available
trypsin spin columns (see the experimental settings in Schema S1 in
Supporting material), The sequences and masses of tryptic/chymo-
iryptic/miscleaved peptides for individual proteins were obtained from
in-silico protein digests using expasy web [29],

2.4.1. Trypsin spin columns (off-line)

The whole procedure consists of several steps: protein sample
denaturation, initial column preparation (washing, equilibration) and
sample digestion itself. Each step was performed by centrifugation ac-
cording to the attached manual, and the whole process required 1-1.5 h.
For short version of trypsin spin columns usage manual see Supporting
material Part L.

2.4.1.1. UHPLC columns with immobilized trypsin (on-line). Both trypsin
columns were prepared using 450 A diol sorbent, which is commonly
used for size exclusion chromatography. Diol was reduced to aldehyde
and trypsin was immobilized with reductive amination through the
aldehyde. Two trypsin columns differing in trypsin coverage were tested
and compared: IMER 1 (coverage 3.0 ymol m ™) and IMER 2 (coverage
5.0 pmol m™3.

3. Results and discussion
3.1. Evaluation of trypsin IMER activity

For evaluation of trypsin IMER activity N-o-benzoyl-L-arginine 4-
nitroanilide hydrochloride (BAPNA) was used as a substrate. BAPNA is
digested by trypsin into p-nitroaniline and benzoylarginine. Both sub-
strate and the products of digestion are detectable with UV detection
and could be used to measure the trypsin IMER activity.

In the initial experiments we used the trypsin IMER for BAPNA
digestion and analysis (no separation column was used). Trypsin IMERs
provided a different retentivity for BAPNA and the digestion products
facilitating their slight resolution (see Fig. S1 in Supporting material).

In the subsequent experiments, BAPNA substrate was injected on
IMER connected in series with MM separation column; the injected
sample and the MP gradient passed through both IMER and separation
column. The trypsin IMER activity was estimated from the BAPNA peak
area. The calibration curve for BAPNA was constructed for nine con-
centration levels ranging from 1 ng to 25 pg BAPNA injections on LC
column (IMER was removed from the flow path). This calibration curve
is shown in Fig. 52 in Supporting material.
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3.1.1. Optimization of BAPNA substrate mass for trypsin IMER activity
measurement (IMER digestion capacity)

It is necessary to optimize a suitable substrate mass (and injection
volume) for trypsin IMER activity measurements. We prepared five
BAPNA solutions in concentrations (1 mg mL_l; 5 mg mL_l; 10 mg
mL ;15 mg mL~Y; 20 mg mL ') and injected volumes between 1 L and
10 pL. This gave us the ability to inject 1-200 pg of substrate on trypsin
IMER. FVig. 1 illustrates the relative signal of undigested BAPNA
normalized to the total injected mass of BAPNA. This gave us the in-
formation about the trypsin IMER digestion capacity. When low sub-
strate mass is injected (up to the 120 pg and 60 pg BAPNA mass for IMER
1 and IMER 2, respectively), very low BAPNA signal was detected. It
indicates that within this mass range, the similar amount of BAPNA was
undigested and almost no change in digestion capacity can be found. At
200 pg injected amount about 7 % and 14 % of BAPNA was undigested
for IMER 1 and IMER 2, respectively (Fig. 1A and B). Based on this
experiment we selected 10 mg mL Vand 5 4L injection conditions for the
following experiments (50 pg BAPNA mass, see the chromatogram in
Fig. 83 in Supporting material). Using > 10 mg mL ! concentrations of
BAPNA was found to be problematic; we observed a sample precipita-
tion in chilled autosampler.

3.1.2. Effect of mobile phase pH on trypsin IMER activity
The pH for optimal trypsin activity has been reported to be between 7
and 8 [30]. However, the optimum may be altered by the trypsin
immobilization or source of enzyme. For this reason, we investigated the
effect of MP pH on trypsin activity for both types of trypsin [IMERs.
Fig. 2 shows that both types of immobilized trypsin reactors have
better activity at pH > 7.0, with optimum near pH 8.5.

3.1.3. Effect of temperature on trypsin IMER activity

Tryptic digestions are typically performed at t = 37 °C, but other
temperatures were considered. We monitored the effect of the IMER
temperature on the digestion efficiency to investigate the significance of
the temperature on the IMER activity. Not surprisingly, Fig. 2C and D
show an increase in digestion efficiency with the temperature in a
chosen temperature range. At temperatures 37.0 °C and 40.0 °C less than
0.1 % of BAPNA remained undigested on both trypsin reactors. How-
ever, from the comparison of Fig. 2A-B and Fig. 2C, D is obvious that the
effect of temperature is less significant than the effect of MP pH { % of
undigested BAPNA are in range up to 3 % and 22 %, respectively).

3.1.4. Effect of flow rate on trypsin IMER activity
While the temperature and pH determine the trypsin activity

whether it is immaobilized or not, the flow rate is relevant parameter only
for column enzyme reactors. In the case of on-line digestion, it is
necessary to consider the impact of MP flow rate on the substrate contact
time with the immobilized enzyme.

It was observed that MP flow rate has only small influence on trypsin
IMER activity (see Fig. 2E and 2F). Trypsin activity slightly decreases
with increasing flow rate, but even at a highest possible flow rate (with
respect to the system pressure), less than 1 % of BAPNA remains undi-
gested, On the other hand, at flow rate 0.2 mL min™', no undigested
BAPNA was observed for both trypsin columns. The results confirm that
in tested flow rate range the trypsin digestion efficiency slightly depends
on the time for which trypsin and substrate are in contact. Based on
these results, the flow rate 0.3 mL min ' in combination with the slower
initial state of gradient (0.1 mL min ! for first 2 min of gradient and 0.2
mL min~! for third minute of the gradient, where the digestion itself
takes place) was chosen for the experiments with on-line digestion of
complex proteins. The rationale was to maximize the digestion effi-
ciency while maintaining good speed and efficiency of LC analysis.

3.1.5. Effect of organic solvent on trypsin IMER activity

It is known that trypsin is sensitive to the presence of the organic
modifier [31]. Therefore, we examined the effect of organic modifier
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(ACN or MeOH) percentage present in the MP during the initial/diges-
tion state of gradient (first two minutes of gradient). The experimental
results summarized in Iig. 3 reveal that higher than 5-10 % of organic
solvents decrease the IMER digestion efficiency. MeOH is less detri-
mental totrypsin IMER activity than ACN (compare Fig. 3A/3B for IMER
1 and Fig. 3C/3D for IMER 2). Even though the MeOH reduces the
digestion speed less than ACN, we preferred ACN-based MP because it

maintained better peptide peak shapes in the LC analysis. Moreover,
presence of ACN in MP did not visibly reduce the IMER performance
over the extended time and multiple experiments (see the next section).

3.1.6. Stability of IMER activity
Stability of IMER was investigated over 300 injections. Even though
the MP gradient passes through the IMER during each experiment with
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of undigested BAPNA and p-nitroaniline, precluding the peak quantitation,

acetonitrile content as high as 50 % (v/v) during the final state of
gradient, no trend in decreasing the trypsin IMER digestion activity was
abserved (Fig. S4 in Supporting material; the percentage of undigested
BAPNA remains under 0.1 % during 300 injections). We conclude thata
temporary exposure of immobilized trypsin to modest percentage of
organic solvent does not cause a permanent decrease of IMER activity.

3.2, On-line digestion of proteins

After the initial evaluation of trypsin IMERs with BAPNA we per-
formed on-line digestions of selected proteins. All experiments were
performed with MP containing ammonium formate, pH 8.5 (no organic
solvent) in the initial phase of the gradient to maintain the optimal
digestion conditions. MM column provided good retention and separa-
tion of digested peptides with 26.5 mM ammonium formate, pH 8.5 MP
and ACN gradient. Peptides were identified with MS detection. Protein
samples were dissolved in denaturing agent to unfold the protein and
make it more amenable to digestion (see denaturing agents in experi-
mental section).

3.21. Cytochrome C

Cytochrome C contains only two cysteines, hence the reduction/
alkylation is not necessary for digestion. Because the digested cyto-
chrome Cstandard is commercially available, we used it for comparison
with different digestion methods in terms of observed peptides (tryptic
vs, chymotryptic fragments, number of miscleavages). The amino acid
sequence of cytochrome C and the expected peptides are listed in
Table 51 in Supporting material Part I and Table 52 in Supporting ma-
terial Part 111, respectively.

The same number of tryptic fragments was observed for all three
approaches, see I'ig. S5-A in Supporting material Part IIl. Fragments T2
and T21 were not found in any sample. Neither fragment KKATNE
(typical double miscleavage of terminal amino acids of Cytochrome C)
was not found. For all types of the samples, we observed similar
sequence coverage, 94 % (Table 1)

We further investigated the number of identified miscleaved

Table 1

Ratios of heights/intensities of tryptic fragment/chymotryptic fragment and
tryplic fragment/miscleaved fragment for fragments declared in cytochrome C
digested standard and sequence coverage for all types of samples,

Cytochrome C Digestion via On-line On-line
digested standard spln column digestion digestion
IMER 1 IMER 2
Tryptic fragment/chymotryptc fragment
hma 041 106.76 3.28 247
h'ﬂﬂ(.'
Trypiic fragment/miscleaved fragment
hria 160 110 1.10 1.15
h'ﬂ 10
Az 074 0,63 0.68 0.86
hnzoas
hnia 380 202 1.15 1.45
h'ﬂ] 14
Sequence coverage
x/105 94 94 94 94
]

“Heights/intensities instead of areas were chosen because of problematic eval-
uation of MS peak area due to the necessity of smoothing. Sequence coverage:
the percentage value of how many amino acids of a protein are identified /found
in the digestion fragments; x represents the number of found amino acids in
tryptic fragment sequences.

fragments (one miscleavage was considered only) and number of
chymotryptic fragments (for simplicity no miscleavage was considered).
On-line digestion provided higher number of miscleaved peptides in
comparison with spin digestion and digested sample (Fig. S5-B in Sup
porting material Part III). The number of chymotryptic fragments was
comparable for all methods of digestion and standard (slightly higher
number of chymotryptic fragments provided by on-line digestion — see
Fig. 55-C in Supporting material Part III).

We also evaluated the relative intensity of the fragments. The ratio of
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peak intensity of tryptic and chymotryptic/miscleaved version of the
peptides can be used for the evaluation of the cleavage activity or fi-
delity. Cytochrome C digest standard has more abundant chymotryptic
fragment T19C than tryptic version T19 (intensity ratio less than 1)
(Table 1). On the other hand, using spin column led to significantly more
tryptic than chymotryptic version of the peptide (T19C was nearly un-
detectable). On-line IMER experiments generated two-to-three times
greater abundance of tryptic than chymotryptic fragments. The ratios of
tryptic fragment/miscleaved versions of individual peptides are similar
for all types of tryptic digestions. The only exception is T13-14,/T14 pair,
for which twenty times lower intensity of miscleaved/tryptic peptide
pair was observed when using trypsin spin column.

The results suggest that miscleavage activity depends on the protein
primary sequence, rather than on the trypsin digestion method. How-
ever, the chymotryptic activity is greater for in-solution digestion (the
purchased digested standard was prepared in-solution) and least evident
with spin column digest. We speculate that short digestion times with
spin column and IMERs reduce the secondary production of chymo-
tryptic peptides.

Similar sequence coverage was observed for all cytochrome C di-
gests. However, Figs, S6 and 57 show that digested cytochrome C
standard contains number of unidentified peaks (I'ig. 57 in Supporting
material). Comparison of SIR plots in Fig. S8 in Supporting material
demonstrates that on-line digestion provides similar results as digestion
via spin column as well as analysis of digested standard.

3.2.2. On-line digestion of proteins without disulfide bonds

To verify the activity of trypsin IMERs, two additional proteins,
myoglobin and enolase, were tested. For comparison, off-line digestion
with trypsin spin column was performed. Enolase contains only one
cysteine, myoglobin none. Neither reduction nor alkylation was
required to disrupt the disulfide bonds and achieve a complete protein
digestion.

Mpyoglobin tryptic digestion yields 18 fully tryptic peptides (and 3
lysine short clips, see Table 53 in Supporting material Part IV). All thase
peptides were successfully identified in all experiments meaning 100 %
sequence coverage (see Fig. S12 in Supporting material), Fig. 59 in
Supporting material Part IV shows a similar number of miscleaved
(Fig. 59-B) and chymotryptic peptides (Fig. 59-C) in all myoglobin di-
gests, Selected intensity ratios for individual tryptic/miscleaved and

Table 2
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tryptic/chymotryptic fragment pairs are summarized in Table 2.
Myoglobin digestion results were similar to cytochrome C experiments;
spin column digestion has significantly lower chymotryptic activity than
the on-line experiments and higher relative content of tryptic peptides
than miscleaved peptides (Table 2) with few exceptions. Comparison of
MS TIC (total ion chromatogram) and 214 nm UV chromatograms
(Figs. S10 and S11 in Supporting material Part IV) reveals that on-line
digestion yields greater number of digested peptides than spin diges-
tion. These peaks do not correspond to the expected myoglobin frag-
ments. The most of them correspond to the miscleaved fragments
(confirmed by Q-ToF measurements).

The results from both types of protein digestion revealed the number
of unknown peaks occurring in all proteins with significant intensity
(clearly visible on TIC plots as well as on 214 nm chromatograms). The
series of the measurements has been performed and some of those peaks
were the system peaks. The results showed that peaks m/z 799; m/z 400
and m/z 386 originate from the denaturing agent (present in sample of
denaturant without protein, not present in sample of pure water; C;Bz0
detergent has molecular weight 399.5 Da). Peaks m/z 387, m/z 453; m/
£ 679 and m/z 327 were observed in all measurements, even without
trypsin column, which excludes trypsin autolysis fragments. The bold
masses represent the most intense peaks (see TIC plots in Supporting
material).

Enolase is digested by trypsin into 52 fragments, from which 42 are
unique fully tryptic peptides and the rest are short SK (4x), R (3x), K
(2x) or L (1 x ) fragments (Table 54 in Supporting material Part V).
Fig. 513-Ain Supporting material Part V shows the summary of peptides
found in all digestion experiments. Off-line digestion has lower number
of tryptic fragments in comparison to on-line digestion; sequence
coverage was 88 % and 93 %, respectively (Table 2). Spin digestion
provides lower chymotryptic activity and more complete tryptic digest
(lower intensity of miscleaved peptides, see Figs. 513-B and S13-C in
Supporting material Part V). The only exception is ratio T4,/T4-5 where
opposite trend was observed. The comparison of MS TICand UV 214 nm
chromatograms (Figs. 514, 515 and 516 in Supporting material Part V)
shows comparable digestion efficiency for all experiments, and presence
of system peaks.

3.2.3. Proteins containing disulfide bonds (cys-cys proteins)
Proteins with multiple cysteines in the sequence can form

Ratios of heights/intensities of tryptic fragment /chymotryptic fragment and tryptic fragment/miscleaved fragment for selected pairs of fragments; and sequence

coverage for all types of samples,

MYOGLOBIN ENOLASE
Digestion via spin On-line digestion On-line digestion Digestion via spin On-line digestion On-line digestion
column IMER 1 IMER 2 column IMER 1 IMER 2
Tryptic fragment/chymoiryptic fragment
hn 18.38 9.50 12.50 hrie 5.80 4,75 4.21
E h‘ﬂ -
i 74.40 46.41 46,42 I 45.36 12.28 15.89
hyvre hrzic
Trypiic fragment /miscleaved fragment
hn 1.80 0.33 0.71 By 381 5.82 7.12
bz firs s
A 1.40 0.24 0.25 hran 32.85 1.25 1.18
hJ'J 4 h’l"U 41
hoyr 1.16 1.76 2.60 By 2,20 1.80 1.50
hrrs hyse-a7
Sequence cowrage
x/154 100 100 100 x/437 BB 93 93
(%) (%)

*Heights/intensities instead of areas were chosen because of problematic evaluation of MS peak area due to the necessity of smoothing. Sequence coverage: the
percentage value of how many amino acids of a protein are identified/found in the digestion fragments; x represents the number of found amino acids in tryptic

fragment sequences,
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intramolecular disulfide bridges that support the protein secondary/
tertiary structure. The disulfide bonds are typically reduced and alky-
lated prior to protein digestion. In this work four proteins, o-lactal-
bumin, p-lactoglobulin A, albumin, and conalbumin were reduced by
tributylphosphine and alkylated with iodoacetamide prior to digestion
using ProteoPrep reduction and alkylation kit according to manufac-
turer’s manual [28].

The expected tryptic peptides are listed in Table 55 Part VI for
a-lactalbumin, Table 56 in Part VII for f-lactoglobulin A, Table 57 Part
VIN for albumin and Table 58 Part IX for conalbumin in Supporting
material. MS SIR chromatograms of tryptic peptides for all tested pro-
teins are shown in Supporting material (Fig. S18 in Part VI for a-lact-
albumin, Fig. 520 in Part VII for p-lactoglobulin A, Fig. S22 in Part VIII
for albumin and Fig. 524 in Part IX for conalbumin).

As opposed to previous digestion experiments, where the spin
digestion device yielded favorable results, the on-line IMER digestions
offered better sequence coverage for cys-cys proteins (Table 3). This was
due to the missing peptides in off-line digestions (see Figs. 517 (Part V1),
519 (Part VI, 521 (Part VII) and 523 (Part IX) in Supporting material)
for all four proteins. Very low sequence coverage for spin digestion of
a-lactalbumin was due to missing longest peptides T1, T5, T7 and T8,
Fig. 517). Table 3 illustrates a significantly higher sequence coverages
for IMER 2 in comparison with IMER 1. The differences were observed
not only in the number of fragments found, but also in the intensity. The
MS signal intensity was always higher for the IMER 2, in some cases ten-
fold higher.

Additional data analyses for a-lactalbumin and p-lactoglobulin A
indicate lower chymotryptic activity of spin digestion (Figs. 517 (Part
VI) and S19 (Part VII) in Supporting material) and lower amount of
miscleaved peptides than on-line digestion (Table 3). This is consistent
with previously observed results,

3.3. Evaluation of the proposed setup and comparison with other systems

One of the advantages of the proposed setup is the high-pressure, pH
and temperature stability of IMERs and thus usage in UHPLC systems, It
has been shown that high pressure is usually detrimental for enzyme-
based flow-through systems because it may affect enzyme activity
[32]. Thus, low pressure supports such as monolith or open tubular
capillary are more frequently used [32]. Monolithic phases are also
attractive due to the simplicity of preparation, lower flow resistance
even with smaller pore sizes and can be prepared in a wide range of
chemistries and morphologies compared to packed columns [33,34].
However, the high-pressure did not affect the activity of the IMERs used
in this work and such stability was described previously for pepsin and
trypsin IMERs [10,35]. On the other hand, compared to nano-LC systems
[36,37 ], which are frequently used in proteomics the proposed setup is
aimed for UHPLC systems and therefore higher mobile phase

Table 3
Sequence coverages for cys<ys proteins,

Digestion via spin - On-line digestion On-line digestion

column IMER 1 IMER 2
w-Lactalbumin 28 70 ¥
x/142 (%)
[+Lactoglobulin 42 62 75
A
x/178 (%)
Albumin 72 86 90
x/607 (%)
Conalbumin 65 85 91
x/705 (%)

*Heights/intensities instead of areas were chosen berause of problematic eval-
uation of MS peak area due to the necessity of smoothing, Sequence coverage:
the percentage value of how many amino acids ofa protein are identified/found
in the digestion fragments; x represents the number of found amino acids in

tryptic fragment sequences,
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consumption. As UHPLC systems are known for high separation effi-
ciency, nanoflow LC technique allows the highest level of sensitivity
[38]. However, for our purpose, the sensitivity of the system was suffi-
cient. The proposed setup is simple, suitable for any HPLC/UHPLC
systems without need of any modification of common instrumentation.
The mobile phase used offers a new alternative to frequently used
ammonium bicarbonate or hydrogencarbonate buffers [6,39].

As the aim of the work was to show applicability of mixed-mode
column for simple on-line protein digestion, other chromatographic
columns/modes were not explored. Therefore, the mobile phase
composition as well as gradient slope were optimized for the proposed
setup. In the case of use different chromatographic modes, the separa-
tion conditions may differ. The proposed setup was evaluated using
various proteins and showed very promising results and simple
arrangement, The use of different chromatographic modes and more
complex samples could be useful and may become a subject of the future
work.

4. Conclusion

In this work, rapid method for on-line trypsin digestion of proteins
was developed. The simple LC setup used tryptic column reactor con-
nected in series with mixed-mode chromatographic column without a
need for switching valves. The activity and stability of two types of
trypsin IMERs (IMER 1 ws. IMER 2) were investigated with BAPNA
substrate. The effects of temperature, MP pH, flow rate and organic
solvent content in the MP on the digestion efficiency were investigated.
pH of the MP and the organic solvent content have the most significant
effect on the immobilized trypsin activity. Based on the results, MP pH
8.5 and separation temperature 37.0 °C were chosen for the subsequent
experiments with proteins, Proteins were digested using the initial
aqueous gradient conditions, the fragments were trapped on mixed-
mode chromatographic column and eluted with the gradient of
acetonitrile.

Proteins such as cytochrome C, enolase and myoglobin were digested
without sample reduction and alkylation. Spin digestion and on-line
digestion provided comparable sequence coverages (=88 %). On-line
digestion exhibited higher chymotryptic activity and greater amount
of miscleaved peptides then spin digestion device.

The proteins containing multiple cys—cys bonds were reduced and
alkylated off-line prior to tryptic digestion. In this case the off-line
digestion provided significantly lower sequence coverages in compari-
son with on-line protein digestion.

By directly connecting the trypsin column to the MM column in a
series, a higher sample throughput can be achieved compared to alter-
native digestion methods. This approach is uncomplicated and can be
adopted in most laboratories without need for LC instrument
modifications.
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ABSTRACT

lon-pairing reversed-phase liquid chromatography was utilized for the analysis of native and phospho-
rothioate oligonucleotides of the identical sequence but different amount and position of phosphoroth-
ivate modifications, The effects of ion-pairing amines nature (alkyl chain length, hydrophobicity) and
concentration on retention, nfn-1 resolution, and diastereomeric separation of phosphorothioate oligonu-
cleotides were investigated using octadecyl column. Eight different ion-pairing agents at two concen-
trations (10 mM and 100 mM) buffered with acetic acid were investigated. The resolution of n and n-1
mers oligonucleatides improved with hydrophobicity and concentration of ion-pairing amines. lon-pairing
amines with moderate hydrophobicity were most successful in suppressing diastereomeric resolution.
However, a partial separation of phosphorothioate oligonucleotide diastereomers was observed with all
ion-pairing systems, which resulted in wider peaks compared to phosphorodiester oligonucleotides of
the same sequence. This phenomenon complicates the n and n-1 mers separation of oligonucleotides
with high degree of phosphomothioate modifications. Separation of oligonucleotides with different num-
ber of phosphorothioate modifications was observed, which may be useful for therapeutic oligonucleotide
analysis. The aim of the work was to identify the ion-pairing systems useful for chromatograp hic charac-

terization of phosphorothioate oligonucleotides.

© 2022 Elsevier BV, All rights reserved,

1. Introduction

Mucleic acids with therapeutic potential and mRNA vaccines
represent rapidly emerging modalities in the pharmaceutical in-
dustry [1,2]. Advances in the synthesis of chemically modified
oligonucleotides {ONs) have enabled the development of novel
strategies in genetic medicine [3]. Therapeutic ONs are used in
antisense or gene therapy (4], eg for the treatment of Duchenne
muscular dystrophy (marketed as Casimersen) [5] or for the treat-
ment of homozygous familial hypercholesterolemia (Inclisiran) [G].
Synthetic ONs are often chemically modified to increase their in-
vivo resistance against endo- and exo- nuclease degradation [7,8].
Moreover, suitable modification can improve cellular uptake and
target binding properties.

One of the widely used modification is the phosphorothioat-
ion of internucleotide linkages. Replacement of one of the non-
bridging oxygens of the phosphate group with a sulfur creates a

* Corresponding authors.
E-rail addresses;
Martin_Gilar@waters.com (M. Gilar).

kali kv natu r.cuni.cz (K. Kalikowva),

https: /'doiorg 10.0016/j.chroma.202 2463201
0021-9673/0 2022 Elsevier B.V. All rights reserved.

phosphorothioate (PS) linkage [9,10]. This modification introduces
a chiral center into the phosphate group leading to the formation
of 2? diastereomers, where z is the number of PS modifications
[11]. Since the diastereomers have different physico-chemical prop-
erties, they can be separated on the conventional achiral stationary
phases (5Ps). Due to partial resolution of multiple diastereomers
the chromatographic peaks of PS ONs appear wider than those of
their native (phosphodiester) counterparts [12,13]. Available sepa-
ration techniques do not provide sufficient separation power to re-
solve thousands-to-millions of diastereomers. Therefore, it is desir-
able to develop the separation methods capable of suppressing the
separation of PS ONs diastereomers while maintaining the resolu-
tion of full-length PS oligonucleotide (n) from its shorter synthetic
impurities (n-1, n-2..., n-x; x represents the number of truncated
nucleatides).

lon-pairing (IP) reversed-phase (RP) liquid chromatography (LC)
methods have been applied to separation of nucleic acids, mRNA
digests, plasmids [14-16], dsDNA restriction fragments [17,18] and
to analysis of oligonucleotides [19-21], The retention mechanism
in IP RP LC is complex issue, which can be described by electro-
static theory. Although the electrostatic theory has not been ex-
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Table 1

Journal of Chromatography A 1676 (2022) 463201

The list of all tested 21mer OMs, their sequence, number of PS linkages and number of diastereomers,

MName Sequence Schematic Sequence Mumber of PS5 Linkages Number of Diastereomers
allro 5<TTT TAG CAT TTT TAC GAT TTT-3 0 0

1PS3° 5<TTT TAG CAT TTT TAC GAT TT*T-3 1 2

1PS5° 5<T*TT TAG CAT TTT TAC GAT TTT-3" 1 2
1PScenter 5<TTT TAG CAT T*TT TAC GAT TTT-3 1 2

2P53° 5<TTT TAG CAT TTT TAC GAT T*T°T-3" 2 4

2PS5° 5<T*T=T TAG CAT TTT TAC GAT TTT-3" 2 4
2PScenter 5<TTT TAG CAT T*T*T TAC GAT TTT-3" 2 4

1PS3% 5<T*TT TAG CAT TTT TAC GAT TT*T-3" 2 4

2P§37 5<T*T*T TAG CAT TTT TAC GAT T"T*T-3 4 16
2PScenter3z” 5¢T*T*T TAG CAT T*T*T TAC GAT T*T'T-3" 6 654

allps 5¢TTT * T*A*G * CAT* T*TT* T*A*C* G*A'T* T"T*T-3" 20 1,048,576

* represents PS linkage.

tended specifically to oligonucleotides yet, the retention principles
of IP RP LC also apply to them [22-26]. The retention mecha-
nism is based on interactions between positively charged IP agent
(ie. alkylamines) and negatively charged (thio)phosphate group of
ONs [27]. Generally, both formation of neutral complex of IP agent
and analytes, and the adsorption of IP agent on hydrophobic sta-
tionary phase surface leading to ion-exchange retention mecha-
nism may explain the increasing retention of OMNs with increas-
ing hydrophobicity of IP agent (eg. alkylamines) [28,29]. “Strong”
IP systems such as tributylammonium acetate or triethylamine
(TEA)-hexafluoroisopropanol (HFIP) systems were shown to be use-
ful for analysis of PS ONs [20,30]. Such IP systems with strong
electrostatic retention require higher amounts of organic modifier
to elute ONs from RP LC columns, which reduces the hydropho-
bic interactions of ONs with RP stationary phase - the mecha-
nism that is presumably responsible for diastereomeric separation
[22,31].

Widely used IP systems for ONs analysis consist of TEA buffered
with acetic acid or HAP as a counter ions [32-34|. HFIP is used
for LC MS applications instead of acetic or other buffering acids
[35-37] because it provides useful separation with reduced amine
concentration and does not suppress MS signal. However, HFIP is
significantly more expensive than acetate mobile phase (MP) ad-
ditive. Some other fluoroalcohols, e.g. trifluoroethanol, can be used
as a weak acid buffering the alkylamine, however no significant
changes in chromatographic behavior compared to HFIP were ob-
served [38-40].

Chromatographic methods for ONs analysis utilize conventional
RP columns, i.e. octyl, octadecyl (C18) and phenyl columns [41-43],
although other SPs have been considered [44]. All alkyl-RP station-
ary phases exhibit similar retention behavior, and although phenyl
columns may provide different selectivity, the retention mecha-
nism remains the same (i.e. combinations of RP and electrostatic
interactions) [41). Recently, LC separation of PS ON diastereomers
was investigated by several groups [14,20,41,44], however, a com-
prehensive study of IP agents impact of diastereomeric separation
has not been published yet.

Aim of this work is to investigate the nature of IP systems
and their concentration on the diastereomeric separation of PS
ONs. Because the latest generation of antisense and siRNA oligonu-
cleotides utilize selective PS modification of inter-nucleotide link-
ages [45], we investigated oligonucleotides with various numbers
and position of PS linkages. The goal of presented study was to
identify IP systems that (i) promote the separation of diastere-
omers to support the analysis of partially thioated ONs isomers
when desired; (ii) identify IP systems that suppress the diastere-
omeric separation for analysis of fully thioated ONs or ONs with
multiple PS linkages; and (iii) investigate the ability of selected IP
systems to resolve n and n-1 species of synthetic oligonucleotides.
The effect of temperature on separation of ONs diastereomers will
be addressed in the subsequent report.

2. Materials and methods
2.1. Materials and reagents

Acetonitrile (ACN, Chromasolv® gradient grade, for HPLC, =
99.9%), ammonium hydroxide solution (28.0-30.0% NH3), diethy-
lamine (DEA, purity = 995%), triethylamine (purity = 99%), di-
isopropylamine (DIPA, purity = 99.5%), dipropylamine (DPA, pu-
rity 99%), hexylamine (HA, purity 99%), dibutylamine (DBA, purity
= 99.5%), octylamine (OA, purity 99%), dihexylamine {DHA, purity
97%), 11,1,3,3,3-hexafluoro-2-propanol (purity = 99%), and acetic
acid (purity = 99%) were purchased from Sigma-Aldrich (St. Louis,
USA). The list of 21mer ONs synthetized by Integrated DNA Tech-
nologies (Coralville, USA) with their sequences and PS linkage posi-
tions is given in Table 1. The structure of 2PScenter3Z' ON is shown
in Fig. 51 in Supporting material for clarity. The shorter mers, ie.
20mers, 19mer and 18mer, sequences analogous to allPS and 1P5-
center ON, but truncated at Sterminus by 1, 2, and 3 nucleobases,
respectively (see the sequences in Table $1 in Supporting material),
were synthesized by KRD (Prague, Czech Republic). Deionized wa-
ter was purified with Rowapur and Ultrapur system from Watrex
(Prague, Czech Republic).

2.2, Instrumentation and columns

All chromatographic measurements were performed on the Wa-
ters Acquity UPLC H-Class system {Waters, Milford, USA). The sys-
tem was equipped with a quaternary solvent manager, an autosam-
pler, a column thermostat, and a photodiode array detector. The
Empower 3 software was used for system control, data acquisi-
tion, and results processing. Premier BEH C18 columns (Waters,
Milford, USA) with dimensions 50 = 2.1 mm; particle size 1.7 pum
were used. For hydrophobic alkylamines {i.e. DBA, HA, OA, DHA)
we dedicated one column per each MP type to avoid lengthy re-
equilibration of columns with different alkylamines.

2.3. Experimental procedures

Stock solutions of all tested ONs were prepared by dissolving
the analytes in deionized water at concentration 50 pmol uL-1. The
first system peak was used as a column void time marker. Indi-
vidual measurements were repeated three times. For all measure-
ments gradient elution was used. MP B was fully aqueous, con-
sisting of 10 or 100 mM alkylamine buffered with acetic acid to
pH 8.0. Alternatively, MP B was aqueous 10 mM or 100 mM am-
monium acetate (AmAc) adjusted to pH 8.0 with ammonium hy-
droxide solution (RP separation mode, MP does not contain alky-
lamine), MP A was composed of ACN/water 80/20 (w/w) with ad-
dition of the same amounts of alkylamine and acetic acid as was
added to MP B to reach the same concentration. For MP com-
posed of AmAc, ratio ACN/water 20/80 (w/w) was used because

139



Z Kadlecowd, K Kalikovd, E. Tesarovd et al.

of poor solubility of AmAc in ACN. Following IP systems were
tested: diethylammonium acetate (DEAA), triethylammonium ac-
etate (TEAA), diisopropylammonium acetate (DIPAA), dipropylam-
monium acetate (DPAA), dibutylammonium acetate (DBAA), hexy-
lammonium acetate (HAA), octylammonium acetate (0OAA), dihexy-
lammonium acetate (DHAA). To prepare MP TEA-HFIP we added
triethylamine (to reach 5 mM concentration) into 50 mM aque-
ous HFIP solution (MP B). The unadjusted pH of HAP-based MP
B was 85. MP A was composed of ACN/water 50/50 {w/w); the
same amounts of TEA and HFIP were added as in MP B (5 mM and
50 mM, respectively). The gradient slope is 1% ACN per minute for
all experiments regardless of IP systems used. For detailed descrip-
tion of MPs and gradients for all tested IP systems see Table 52
in Supporting material. All MPs were filtered with 0.45 pm nylon
membrane filters (Whatman, GE Healthcare, Chicago, USA) before
use. Flow rate was 0.4 mL min~!, injection volume was 1 uL De-
tection wavelength was set at 260 nm, based on the UV-spectra
measurements. Column temperature for all experiments was 60 °C.
The effect of temperature will be discussed in future work. Sample
temperature was 10 °C for all measurements.

24, Selection of conditions

All alkylammonium acetate MPs were adjusted with acetic acid
to pH 8.0. At this pH the phosphate (phosphorothioate) internu-
cleotide linkages are negatively charged and interact with posi-
tively charged IP agents. All used alkylamines have pKa values in
the range 10.5 - 11,5, thus they are fully positively charged at pH
8.0, even in the presence of organic solvent [33]. Both MPs A and
B contain the same amount of IP agents ensuring that the con-
centration of IP agent remains constant during the gradient. Initial
gradient strength was chosen so that 21mer phosphodiester ON re-
tention is approximately 10 min with 1% ACN per minute gradient,
The relative retention and diastereomeric separation of all 21mers
of common sequence but different number of PS linkages was in-
vestigated with selected IP systems.

3. Results and discussion
3.1. Effects of ion-pairing systems on ONs retention

The IP additives into MP have been used to improve the reten-
tion of highly polar ionic molecules [28,46). The retention mecha-
nism could be explained by electrostatic theory, where hydropho-
bic IP agents form equilibrium between MP and SP, modify the
SP surface with the charge (in case of oligonucleotides positively
charged amines), which promotes the retention of ionic molecules
with the opposite charge [23,47). The type (hydrophobicity, alkyl
chain length) as well as the concentration of IP amine have direct
impact on the retention [24,26,31,48). Elution of ONs in IP RP LC
is realized with the gradient of organic solvent. Organic solvent re-
duces the population of positively charged alkylamines adsorbed
on the RP 5P and counter both electrostatic and hydrophobic in-
teractions of ONs with the SP. The retention of oligonucleotides in
IP RP LC primarily depends on the “hydrophobicity” of IP system,
which correlates with a) the number of carbon atoms in the struc-
ture of alkylamine, and b) branching of alkyl chain in the structure
of alkylamine [22,44].

Oligonucleotides are polar molecules, only few percent of ACN
in the MP is required for their elution from C18 columns in the
absence of IP agents or with TEAA buffers [19]. It was shown that
the retention of ONs (similarly to proteins) strongly depends on
the organic modifier content in the MP [49] and that ONs elute
within narrow range of the organic modifier percentage [19]. This
phenomenon can be utilized to compare the relative retention
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Fig. 1. ACN percentage at the time of elution of allPO (A) and allPS (B) ONs. For
gradient conditions and exact values of ACN% for each system see Table 52 in Sup-
porting material,

“strength” of the alkylamine IP systems [22]. Fig. 1 shows the per-
centage of ACN in MP at the time of elution for allPS and allPO
analytes using 100 mM and 10 mM IP MPs. Stronger ONs retention
was observed with longer (more hydrophobic) alkylamines because
the IP reagents are more effectively adsorbed on the C18 5P and
promote a stronger electrostatic retention (Fiz. 1). AlIPS exhibits
somewhat higher retention compared to allPO, otherwise the ACN
percentage trends are similar (see Fig. 1). This information could
be used for the method development with different IP systems,
e.g. for the choice of the acetonitrile initial percentage required to
achieve a reasonable oligonucleotide elution time with the shallow
gradients [19,49].

Fiz. 1 can be used to rank the strength of IP system simi-
larly to approach proposed recently [22]. Diethylamine or triethy-
lamine could be classified as weak while the hexyl-, octyl- and
dihexyl- amines as strong IP agents. The alkyl chain length is the
primary factor responsible for the [P agent apparent hydrophobic-
ity. Although TEA, DIPA, DPA and HA have 6 carbon atoms, the
oligonucleotide retention increases with the IP alkyl chain lengths:
TEAA < DIPAA < DPAA < HAA. The impact of alkylamine branch-
ing on oligonucleotide retention was reported previously [44]. We
observed a similar behavior for OAA that afforded significantly
greater retention for ONs than branched DBAA, although both IP
reagents have 8 carbon atoms.

Fig. 1 shows that ON retention also depends on the buffer con-
centration, but the retention is dominated by the hydrophobicity
of IP system.

3.2. Effects of ion-pairing systems on diastereomeric separation

The diastereomers present in phosphorothicate ONs complicate
their analysis due to their partial separation in IP RP LC. This ef-
fect can be observed in Fig. 2 and in Fig. 52 in Supporting ma-
terial. Fig. 2 presents the sample of five 2Imer oligonucleotides
of a common sequence containing none, one, two, four, or six
inter-nucleotide PS modifications, The gradient was 1% ACN/min in
all experiments, gradient start was adjusted to elute the oligonu-
cleotides in a comparable elution time window using the data
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Fig. 2. Separation of 2Imer oligonucleotides of the same sequence with none (allPO
- 1), one (1PS5: 2), two (2PS5¢ 3), four (2PS32 4) and six (2PScenter3Z - 5) phos-
phorothioate modifications. The initial gradient strength was adjusted to achieve
oligonucleotides elution in a comparable time window (retention time around
10 min). For gradient conditions see Table 52 in Supporting material.

obtained in Fig. 1 for allPO oligonucleotide. As noted earlier, PS
oligonucleotides exhibit the effect of “peak widening” caused by
the diastereomeric separation. This effect is most clearly visible in
the TEAA chromatogram in Fig. 2; allPO oligonucleotide elutes first
as a single peak, 1PS5" elutes second resolved into 2 isomers fol-
lowed by 1PS3'5' resolved into 4 isomers. Peak 4 (2PS3'5' oligonu-
cleotide consisting of 16 partially resolved isomers) appears as a
broad peak due to partial diastereomer resolution, and the last
eluting peak 5 (2PScenter3'5" oligonucleotide) is very wide due
to the presence of 64 overlapping isomers (for the schematic se-
quences with the positions of phosphorothioation see Table 1).

Fig. 2 illustrates the mechanism of peak “broadening” reported
for PS oligonucleotides [13]. The diastereomeric resolution is more
pronounced for weak IP reagents, while it appears to be sup-
pressed for stronger ion pairing systems (Fig, 2). From these re-
sults we hypothesize that the diastereomeric separation is caused
by hydrophobic interactions with C18 SP that are more pronounced
at low concentrations of ACN [20] used in IP RP LC with hy-
drophilic alkylamines (Fig. 1). Strong IP agents require high per-
centage of ACN to elute oligonucleotides, which leads in reduc-
tion of the diastereomeric separation. However, the diastereomeric
separation suppression is incomplete. Inspection of Fig. 2 and Ta-
bles $3-$12 (Supporting material) reveals that PS oligonucleotide
peaks are wider than allPO oligonucleotide for all IP systems, Ap-
parently, electrostatic interactions also contribute to separation of
diastereomers, as observed in anion-exchange (AEX) LC [50] or
capillary zone electrophoresis [51]. Based on results in Fig. 2 the
DPAA, DBAA and HAA IP systems are promising for separation of
allPs oligonucleotides in scenarios when the suppression of iso-
meric separation is desired.

Fig. 3 shows separation performed in 10 mM IP buffers for
another mixture of 21 mer oligonucleotides of the same se-
quence, but different number of PS modifications. The mixture in-
cluded allPO oligonucleotide, two oligonucleotides with 1PS link-
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Fig. 3. Comparison of simultaneous separation of several ONs by using 10 mM P
systems, Analytes: 1: allPO; 2: 1PS37 3: 1PS5E 4 1PS3E 5: 2PS3E G 2PScenterdZ
For gradient conditions see Table 52 in Supporting material.

age (placed on 5 or 3’ end), oligonucleotide with two PS link-
ages (5’ or 3’ end), oligonucleotide with 4PS linkages (both termini
had two PS linkages), and oligonucleotide with G6PS linkages (both
termini and center had two thiolations; see Table 1). The separa-
tion trends are consistent with those observed in Fg. 2; the sep-
aration of diastereomers is enhanced for hydrophilic IP reagents.
The overall retention of ONs is decreased compared to 100 mM
buffer experiment (Fig. 2) as expected, due to lower retention
via IP mechanism. The retention of ONs of the same sequence
increases with the number of PS linkages (both in Fz 2 and
Fig. 3). This could be explained by delocalization of negative charge
that makes phosphorothicates more strongly retained in AEX and
makes for stronger IP interactions with PS ON [52]. However, two
oligonucleotides with single PS linkage (peaks 2 and 3 in Fig. 3)
were resolved from each other in most of the IP systems in Fig. 3.
Similar results were observed for additional oligonucleotides mod-
ified with 1PS and 2PS linkages placed on 3’, 5, or in center
(data are not shown in Fig. 3). Therefore, the retention of oligonu-
cleotides does not strictly follow the degree of thiolation, it also
depends on the position of PS linkage in the sequence (see Ta-
bles 53 - 512 in Supporting material). Although the separation of
ONs with different amounts of PS linkages is not the primary goal
of this work, it is useful for analysis of therapeutic PS oligonu-
cleotides oxidation [13].

PS modification of ONs is known to improve oligonucleotide re-
sistance in-vivo towards exo- and endo- nucleases [7]. Limited thi-
olation of 5" and 3’ termini is favored over full PS oligonucleotide
modification. This strategy leads to formation of limited number of
diastereomers that could be resolved chromatographically. When
the diastereomeric separation is desired, the results in Fig. 2 and
3 indicate that hydrophilic IP systems are recommended. However,
such IP systems may be less efficient for the separation of n from
n-x impurities [22]. The separation of n from n-x will be investi-
gated in the next section.

3.3, Effects of ion-pairing systems on resolution of n and n-x mers
Separation of target oligonucleotides from their shorter syn-

thetic impurities (n-x) or metabolites is the main goal of LC anal-
ysis [53]. Accordingly, we investigated the ability of IP systems to
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Fig. 4. Resolution of 21mer and 20mer for allPS ON (A) and 1PScenter ON (B). For
gradient conditions see Table 52 in Supporting material. (*retention lost).

resolve n and n-1 {ie. 21mer and 20mer) for two selected ONs,
namely allPS and 1PScenter ONs (see Fig. 4). We also investigated
the resolution of n and n-2 mer (21mer and 19mer), n and n-3
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mer (21mer and 18mer), n-1 and n-2 (20mer and 19mer), and n-2
and n-3 (19 mer and 18mer) for allPS ON (see Table S13 in Sup-
porting material and Fig. 5). All n-x species were prepared syn-
thetically with the sequence truncated at 5' end by x number of
nucleotides. Such ONs are representative of the typical impurities
arising from the full-length ONs synthesis. Baseline resolution of n
and n-1 mers (resolution R = 1.5) is desirable for oligonucleotides
purity measurement and quantification.

Fig. 4 summarizes two observed trends: (i) more hydrophobic
IP systems provide higher resolution of n and n-1 (21/20 mer),
and (ii) 100 mM [P systems are in most cases more efficient
than 10 mM IP systems for n and n-1 separation. These find-
ings are consistent with the electrostatic hypothesis of IF separa-
tion, where higher concentration and hydrophobicity of IP agents
lead to formation of greater charge density on the surface of the
SP [24,26,47,48). As discussed earlier, the suppression of diastere-
omeric resolution in relatively hydrophobic IP systems also im-
proves the separation of n and n-1 oligonucleotides. The compar-
ison of allPS ON and 1PScenter ON data (Fig. 4) shows that the
n and n-1 resolution for 1PScenter ON is generally greater that
for all PS ON sample. We attribute this to partial peak broaden-
ing due to multiple diastereomers present in the allPS oligonu-
cleotides; Tables 53-511 illustrate that allPS peak are always sig-
nificantly wider than partially thioated or phosphodiester ONs of
the same sequence. The only exception was observed in TEA+HFIP
mobile phase (Fig. 4); the separation of ONs in TEA+HFP IP sys-
tems will be discussed in the following section.

100mM AmAc pr— 10mM AmAc I,-"-I 1424344
[ [
a — _ I'x._ S T | Y
100mM DIPAA 1\ 10mM DIPAA l‘ 1424344
2 |
3 -'II
L
100mM DBAA 1 10mM DBAA 1|
| 2|
4, 31: [ 4|3'|"-|
_II‘. - - ~ ____.II-__'I-.,II"-I e _J.. . . - ...Jlu'-lljl\.
100mM HAA 1 10mM HAA |
| |
i il
100mM DHAA iy [V AR
4 3 2« I 1
l = ) lq.'|3' l'l
o | ——— 1|14
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5mM TEA+ 50mM HFIP i":lﬂif;ups ”
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Fig. 5. Resolution of n and n-1 mer, n-1 and n-2 mer and n-2 and n-3 mer for allPS ON for selected IP systems. For gradient conditions see Table 52 in Suppaorting material.
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Fig. 6. Comparison of simultaneous separation of several PS ONs by using 10 mM
TEAA and 5 mM TEA + 50 mM HFIP. Analytes: 1: allPQ; 2: 1P55! 3: 2PS5] 4: 2PS3E
5: 2PScenterdf: For gradient conditions for each [P system see Table 52 in Support-
ing material.

We also analyzed the mixture of 18-21mer of allPS ON repre-
senting a full-length ON contaminated with synthetic n-x impuri-
ties. Fig. 5 shows that acceptable resolution of all four ONs (18-
21mer) can be achieved with more hydrophobic IP systems. AmAc
and DEAA do not provide resolution of 18-21mer peaks at any
concentration (see Table 513 in Supporting material). TEAA, DIPAA
and DPAA provide partial separation of PS ONs of different length,
separation is significantly improved for 100 mM IP concentration
(see example of DIPAA in Fig. 5 and data for TEAA and DPAA in
Table 513 in Supporting material). Hydrophobic IP systems enable
baseline resolution of all 18mer - 21mer PS ONs peaks with both
10 mM and 100 mM IP concentrations. Significantly wider peaks
were observed with 100 mM concentrations, especially for 100 mM
DHAA (Fig. 5).

3.4. The effect of HFIP on diastereomeric separation of PS ONs

The most common IP system used for PS ONs analysis is rel-
atively hydrophilic TEA buffered with HFIP [19,32,54], This seems
contradictory to the results presented in the previous sections,
The improved separation of ONs in TEA/HFIP systems is reportedly
due to enhanced TEA adsorption on the SP due to its low solu-
bility in HFIP solutions [22,32]. This hypothesis explains why the
TEA+HHRAP buffers offer significantly higher resolution of n and n-1
mer compared to 10 mM TEAA (see Fig. 4). The effect of perfluoro-

Table 2
Suitability of [P systems to individual applications.
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alcohols on the IP RP LC separation of oligonucleotides has been
investigated by several groups, but it is not completely understood
[19,22,33,38].

Therefore, we investigated 5 mM TEA + 50 mM HFIP IP sys-
tem for separation of PS ONs, Fig. 5 shows that 5 mM TEA with
50 mM HHP buffer system provides acceptable retention and sep-
aration of n and n-1,...n-x PS ONs, We also investigated the sep-
aration of 21mer ONs of the same sequence with different num-
ber of PS linkages. The comparison of 10 mM TEAA and 5 mM
TEA + 50 mM HFIP buffer systems is shown in Fig. 6. The latter
buffer system provides an efficient suppression of diastereomeric
separation which results in narrow peaks (Fig. 6) and higher reso-
lution then 10 mM TEAA. The suppression of diastereomeric sepa-
ration is in our opinion the primary reason for the improved sepa-
ration of PS ONs (see Figs. 4 and 5; Table 513) in TEA/HAP sys-
tems. The systematic study of alkylamines other than TEA with
HFIP buffer system for separation of PS ONs has not been pub-
lished yet. As a next step we plan to expand this work by eval-
uation the effect of HAP and other fluoroalcohols with different
alkylamines as IP agents on diastereomeric separation and resolu-
tion PS ONs varying in the position and number of PS linkages.

4. Conclusion

In this study we investigated the IP systems and their effect on
the separation of phosphorothioate ONs in IP RP LC. Eight IP sys-
tems at two concentrations (10 mM and 100 mM) were studied.
The nature and concentration of IP systems had strong impact on
retention, diastereomeric separation, resolution and resolution of
PS ONs. Recommended chromatographic systems for specific ap-
plications are summarized in Table 2.

We observed strong relationship between alkylamine chain
length (hydrophobicity) and IP systems ability to promote reten-
tion and separation of ONs via electrostatic interactions. When us-
ing more hydrophobic alkylamines a higher ACN concentration is
required to elute the oligonucleotides. This results in a suppression
of hydrophobic interaction of oligonucleotides with the C18 SP and
corresponding suppression of diastereomeric resolution of PS ONs.
While this was a general trend, a partial separation of PS ONs di-
astereomers was observed for very strong [P system such as OAA
and DHAA. This suggests that the participation of electrostatic in-
teractions in the separation of diastereomers cannot be completely
discounted. Higher resolution of mers of different length for both
tested analytes was observed for more hydrophobic IP systems,
however the highest resolution was observed for DBAA.

We also observed separation of ONs of the same sequence and
different degree/position of PS linkages for all investigated IP sys-
tems. This could be useful for quality control of PS ONs and reso-
lution of their partially oxidized impurities. We briefly compared
TEA/HFIP system with TEA-acetate system. TEA/HFIP MP has a

Suppression of Diastereomeric

Resolution of n and n-1

Separation of ONs with Different

Separation MERS Mumber of PS Linkages Nates

AmAC X X X i
DEAA X X

TEAM X X X

DIPAA X X X .
DPAA N X v

DEAA V' V' V'

HAA N N N

AN Al ¥ X" L
DHAA A v X v, -
TEA+HFIP N v X ]

o/ suitable; X not suitable; * broad peaks - partial diastereomeric resolution; apoor solubility in ACN; e higher concentration (100 mM) is significantly better; ¥ poor
solubility in water, prepare buffer in ACN/water mixture; - lower concentration (10 mM) is significantly better; B limited HFIP solubility in ACN, high cost.
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strong ability to suppress diastereomeric separation while concur-
rently provides good resolution of n and n-1 species. This work can
serve as a guide for PS ONs method development, eg. for selection
of suitable IP system for specific oligonucleotide applications.
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ABSTRACT

Ton-pairing reversed-phase liquid chromatography was utilized for the analysis of native and phosphorothioated
oligonucleotides differing in the length (2-6mers and 21mer) and the number and position of phosphorothicate
maodifications, We investigated the influence of counterion (acetate vs. hexafluoroisopropanaol) on the adsorption
of eleven alkylamines on the stationary phases. A stronger adsorption of charged alkylamines on octadecyl- and
phenyl-based stationary phases led to greater retention of oligonucleotides, and the adsorption of alkylamines
was promoted with greater concentration of hexafluoroisopropanol in the mobile phase, Selected amines (trie-
thylamine, dipropylamine, hexylamine) were used to study the resolution of n and n-x mers (main peak and its
impurities shortened at Send), and diastereomeric separation of phosphorothioated oligonucleatides. The results
confirmed a crucial role of alkylamine and counterion choice on the diastereomeric separation. The increasing
hydrophobicity of alkylamine led to diminished diastereomeric selectivity which produced narrower phos-
phorothioated oligonucleotides peaks and led to improved n/n-x separation. Using hexafluoroisopropanol
instead of acetate as counterion further enhances this effect (except for 100 mM concentration of hexa-
fluoreisopropancl in combination with highly hydrophobic hexylamine). The elevated column temperature led
to suppression of the diastereomeric resolution and improved resolution of n and n-x mers oligonucleotides.
Baseline separation of oligonucleotides with different number of phosphorothioate linkages was achieved, this
may be useful for therapeutic oligonucleotide analysis,

1. Introduction

more difficult. This has been also the case for siRNA drugs with smaller
number of PS modifications, typically 1 or 2 PS modifications on the 3’

Therapeutic oligonucleotides (ONs) are rapidly developing group of
pharmaceuticals. Recent report mentioned that therapeutic ONs repre-
sent more than 4 % of the total number of new drugs approved by the U,
S. Food and Drug Administration (FDA) from 2016 to 2023 [1]. ONs
modification, specifically phosphorothioation, improves in-vivo stabil-
ity, but leads to the formation of 27 diastereomers (where z is the number
of phosphorothioate (PS) modifications), which significantly compli-
cates their analysis [2]. The presence of large number of diastereomers
(e.g. 1,048,576 isomers of fully modified 21mer PS ON) presents a
challenge for the ONs separation [2]. It has been shown that PS ONs
have significantly wider peaks than unmodified (PO) ONs of the same
sequence, which was attributed to the partial resolution of PS ONs di-
astereomers [4-7]. Due to this phenomenon, the analysis of PS ONs is

* Corresponding author,
E-mail address: loveta, kalikova @natur.cuni.cz (K. Kalikova).
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and 5 ends of the ONs [8,9].

Development of nucleic acid-based therapeutics benefits from the
advances of analytical methods suitable for their characterization.
Capillary electrophoresis [10] and anion-exchange liquid chromatog-
raphy (AEX) [11,12] exhibits very high selectivity for ONs with different
length (different number of charges), but these methods are not directly
compatible with mass spectrometry (MS) detection [13].
Two-dimensional (2D) chromatographic techniques can overcome this
problem in case of using MS compatible mobile phase (MP) in the second
dimension (e.g. AEX — RP LC combination]) [14]. Nowadays, for analysis
of PS ONs two approaches are mainly used: i) hydrophilic interaction
liquid chromatography (HILIC), which is less prone to separation of
diastereomers [15,16], however the diastereomers can be separated
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Table 1
The list of oligonucleotides with their sequences and position of PS modification
.

NAME SEQUENCE

longmers

21mer unmodified (allPO)  5TTT TAG CAT TTT TAC GAT TTT-3

21mer 1PS3 S5-TTT TAG CAT TTT TAC GAT TT*T-3

21lmer 1PS5 ST*TT TAG CAT TTT TAC GAT TTT-3

21mer 1PScenter S5<TTT TAG CAT T*TT TAC GAT TTT-3

21mer 2PS3 5TTT TAG CAT TTT TAC GAT T*T*T-3

21mer 2PS5 5-T*T*T TAG CAT TTT TAC GAT TTT-3

21mer 2PScenter STTT TAG CAT T*T*T TAC GAT TTT-3

21mer 1PS§35 S-T*TT TAG CAT TTT TAC GAT TT*T-3

21mer 2P535 STHT*T TAG CAT TTT TACGAT T*T*T-3

21mer 2PScenter3s S-T*T*T TAG CAT T*T*T TAC GAT T*T*T-¥

21 mer fully modified STHTHT * T*AG * C*AT * T*T*T * T*A*C * G*A*T*
[allFS} ™T*T-3

allPs 20mer (5N-1) 5 TT *T*AYG * C*AYT *T*T*T * T*A*C * G*AT *

T T3¥

allPs 19mer (5N-2) 5 THT*A*G* C*AMT * T*T*T * T*AC * G*AYT *T*T*T
F

allPS 18mer (5N-3) 8 TAMG T COAYT Y THTT * T*AC * G*AT * T*T*T 3

shortmers

allPo 2mer 5T ¥

allPs 2mer 5 T'T 3

allPO 3mer 5" TIT ¥

allPs 3mer 5 TT*T ¥
allPO 4mer 5 TITT 3

allPs 4mer 5 TT*T*"T3
allPo Smer 5 TTTTT 3

allPS Smer 5 T*T*T*T*T 3
allPO mer 5 TITTTT 3

1PS 6mer 5 TTTTT*T ¥
2PS bmer 5 TTTT*T*T 3
3PS Gmer 5 TIT*T*T*T ¥
4PS fmer 5 TIr*1T*T*1*T 3
allPs 6mer 5 T*T*T*T*T*T 3

allPO indicates unmodified OM, allPS indicates fully modified ON, 5N-1 in-
dicates ON shortened about one nucleotide at Send.

under certain conditions [17]; and ii) ion-pairing reversed-phase liquid
chromatography (IP RP LC), where separation of diastereomers is sup-
pressed by adding of ion-paring reagents into the MP [18].

The role of IP reagent in [P RP LC was investigated recently. It was

| A: BEH C18 column

t. (min}

{B: BEH Phenyl column
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shown that with increasing hydrophobicity of IP reagent the retention as
well as the ability to suppress the diastereomeric separation of PS ONs is
increasing. This can be explained by the fact that with increasing hy-
drophobicity of IP reagent increases the co-solvent fraction in the
gradient, which results in the lower selectivity of diastereomers [3,0].
The comprehensive description of co-solvent gradient and ion-pairing
gradient modes applied for oligonucleotides was published recently
[19-21]. Notably the highly hydrophobic IP reagents (octylamine or
dihexylamine) yielded broader peaks which suggests that ionic in-
teractions also participate in diastereomeric separation [5]. IP reagents
are essential for the retention of ONs [22]; however, their traces per-
sisting in LC system can compromise the sensitivity of subsequent LC MS
analyses in positive electrospray ionization (ESI) mode [23,24].

The introduction of hexafluoroisopropanol (HFIP) as an acidic
modifier by Apffel et al. [25,26] was crucial for sensitive LC MS of ONs.
HFIP can buffer the MP pH, but due to its high vapor pressure and
volatility does not suppress the ESI of ONs, and thus provides excellent
MS signal [25,27]. Moreover, it was shown that using HFIP instead of
acetate as a counter ion for triethylamine (TEA) reduces PS diastereo-
meric selectivity [5].

Several recent studies have investigated the separation on PS ONs.
The effect of IP alkylamine hydrophobicity [5-7,28] and column tem-
perature [29,30] on diastereomeric separation and resolution of n and
n-x oligonucleotides differing in the number/position of phosphor-
othioation was studied in detail. However, only one study investigated
the HFIP based MPs [28]; thus the above-mentioned effects (the effect of
temperature and HFIP concentration) were not described in details, yet.
Moreover, the selectivity differences between phenyl based and C18
(alkyl) stationary phases in context of [P RP LC of oligonucleotides are
not fully understood [31,32].

The aim of this work was to systematically summarize how the
choice of IP alkylamine (triethylamine /dipropylamine/hexylamine), IP
concentration, counterion type (acetate vs. HFIP) and its concentration
influences the separation of short (2-6 mer) and longer (18-21mer) PS
ONs. We investigated the differences between C18 and phenyl based
stationary phases (SPs) for PS ON’s separation and peak broadening due
to resolution of their diastereomers. This work is an extension of recent
publications that described the effects of IP reagents and temperature on
analysis of various phosphorothioated ONs [5,29].
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Fig. 1. Retention of alkylamines on C18 and phenyl columns using ammonium acetate or ammonium-HFIP mobile phases at various concentrations, Temperature: 60
“C. *alkylamines in bold have been selected for further studying (based on our previously published work [5]).
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Fig. 2. Comparison of 10 mM TEAA, 10 mM DPAA and 10 mM HAA systems in terms of suppression of diastereomeric separation. Gradient conditions: TEAA: 0-20
min => 4-29 % MP A; DPAA: 0-20 min = > 8-33 % MP A; HAA: 0-20 min == 25-50 % MP A, MP A contains 10 mM alkylammonium acetate in MeCN/water, 80,20
(v/¥). MP B is fully aqueous with the same IP reagent concentration. Column: Acquity UPLC BEH Phenyl. ONs: fully modified (allPS) 2-6mers. Temperature: 60 °C.

2, Materials and methods
2.1. Materials and reagents

Acetonitrile (MeCN, Chromasolv® gradient grade, for HPLC, > 99.9
%), methanol (Chromasolv® gradient grade, for HPLC, > 99.9 %),
ammonium hydroxide solution (28.0-30.0 % NH3), diethylamine (pu-
rity = 99.5 %), triethylamine (purity > 99 %), diisopropylamine (purity
=99.5 %), dipropylamine (DPA, purity 99 %), tripropylamine (purity =
98 %), hexylamine (HA, purity 99 %), dibutylamine (purity > 99.5 %),
octylamine (purity 99 %), dihexylamine (purity 97 %), heptylamine
(purity 99 %), 1,1,1,3,3,3-hexafluoro-2-propanol (purity > 99 %), and
acetic acid (purity = 99 %) were purchased from Sigma-Aldrich (St
Louis, USA). N-butyldimethylamine (purity 98 %) was supplied by TCI
(Tokyo, Japan). The list of tested ONs synthetized by Integrated DNA
Technologies (Coralville, USA) with theirsequences and PS modification
positions is shown in Table 1. The 20mer, 19mer and 18mer, sequences
analogous to 21mer allPS, but truncated at Sterminus by 1, 2, and 3
nucleobases, respectively (see the sequences in Table 1), were synthe-
tized by KRD (Prague, Czech Republic). Deionized water was purified
with Rowapur and Ulirapur system from Watrex (Prague, Czech
Republic).

2.2, Instrumentation and columns

All chromatographic measurements were performed on the Waters
Aequity UPLC H—Class system (W aters, Milford, USA). The system was
equipped with a quaternary solvent manager, an autosampler, a column
thermostat, photodiode array detector and QDa mass detector. The
Empower 3 software was used for system control, data acquisition, and
results processing. Three different columns with dimensions 50 = 2.1
mm and particle size 1.7 pm were used, namely Acquity Premier BEH
C18, Acquity UPLC BEH C18 and Acquity UPLC BEH Phenyl (Waters,
Milford, USA). For hydrophobic HA based MPs we dedicated one column
to avoid lengthy re-equilibration of columns with less hydrophobic
alkylamines.

2.3. Experimental procedures

2.3.1. Alkylamine retention

Stock solutions of alkylamines were prepared by dissolving of 10 uL
of alkylamines in 1000 pL of methanol. Subsequently, 10 pL of this so-
lution was dissolved in 1000 pL of water. MP A contained pure aceto-
nitrile. MP B was fully aqueous, consisting of ammonium acetate (pH
8.0) or HFIP buffered with ammonia (pH 8.0), both at salt concentra-
tions 10 mM, 25 mM, 50 mM or 100 mM. Individual measurements were
repeated three times. Columns Acquity UPLC BEH C18 and Acquity
UPLC BEH Phenyl were used for these experiments. For all measure-
ments gradient elution was used as follows: 0 min =1 % MP A; 22.5 min
= 50 % MPA. Flow rate was 0.5 mL min ', injection volume was 2 pL.
Column temperature for all experiments was 60 °C, sample temperature
was 10 °C, MS detection using QDa detector (listed in previous subsec-
tion) in positive ESI mode was used (method parameters: cone voltage
15 V, probe temperature 600 °C, factory default setup). Individual single
ion records (SIR) have been exiracted using selected m/z (see the
example in Fig. S1 in Supporting material).

2.3.2. Andlysis of oligonucleotides

Stock solutions of all tested ONs were prepared by dissolving the ONs
in deionized water at concentration 50 pmol pL_l. Both MPs (MP A and
MP B) contained 10 mM [P reagents (TEA, DPA, or HA) buffered with 10
mM acetic acid or 100 mM HFIP to reach pH 8.0 or 8.5 in aqueous part of
MP, respectively. MP B was fully aqueous, MP A was composed of
MeCN /water 80/20 (w/w) — in case of MPs with acetic acid; or MeCN/
water 50/50 (w/w) - in case of MPs with HFIP. The change in MeCN
content (from 80 % to 50 %) in MP A with HFIP is necessary due to the
lower solubility of HFIP in MeCN. In addition, the change in initial
gradient conditions (lowering the amount of MP A and thus additional
lowering the amount of MeCN) is needed to obtain similar retention as
with acetic acid.

Some other concentrations of MP constituents were also tested (5
mM and 2.5 mM for IP reagents; 50 mM, 25 mM and 10 mM for HFIP).
All MPs were filtered with 0.45 pm nylon membrane filters (Whatman,
GE Healthcare, Chicago, USA) before use. Individual measurements
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Fig. 3. Comparison of systems with acetate (A) and HFIP (B) as counterions in
terms of suppression of diastereomeric separation. A: 10 mM TEAA, gradient
conditions: 0-20 min => 4-29 % MP A; MP A contains 10 mM triethy-
lammonium acetate in MeCN/water, B0/20 (w/v). B: 10 mM TEA + 100 mM
HFIP, gradient conditions: 0-20 min == 040 % MP A; MP A contains 10 mM
triethylamine+ 100 mM HFIP in MeCN/water, 50/50 (v/v), MP B is fully
aqueous with the same TP reagent concentration, Column: Acquity UPLC BEH
C18. ONs: 6mers with various number of PS modifications (from zero to five).
Temperature: 60 °C.

were repeated three times. For all measurements gradient elution was
used (see gradient description in Table S1 in Supporting material). The
analyses were performed with gradients that elute 21mer allPS ON at
approximately 10 min. Flow rate was 0.4 mL min~, injection volume
was 2 pL. Detection wavelength was set at 260 nm, based on the UV-
spectra measurements. Column temperature was set in the range 10°C
to 90 °C (with 10°C increments), nevertheless for the most experiments
the column temperature was 60 “C. The temperature was controlled by
the column thermostat with active pre-heater. The mobile phase con-
tainers were kept at ambient temperature. All tested columns were
packed with BEH sorbent compatible with the given temperature range.
Sample temperature was 10 “C for all measurements.

3. Results and discussion
3.1. Investigation of alkylamine retention/adsorption

It has been previously reported that alkylamine retention on C18 SP
correlates with their efficiency as IP reagent for separation of ON's [28].
The same report suggested that HFIP addition to mobile phase improves
selected alkylamines efficiency as IP reagents, but this observation was
not explored. Therefore, we investigated the impact of mobile phase
buffer type (acetate vs. HFIP-based buffers) on the retention of selected
IP reagents on C18 and phenyl columns. Fig. 1 confirms the published
observations that the [P alkylamine hydrophobicity (retention)

Journal of Chromarography A 1730 (2024) 465074

increases with the number of carbons in the alkylamine, but alkyl
branching is also important [5-7,29]. Moreover, Fig. 1 shows that
HFIP-based MPs improve retention of tested alkylamines [28] and this
behaviour is HFIP concentration dependent, which implies that alkyl-
amines are better adsorbed on SP in presence of HFIP, Similar obser-
vation was previously reported for TEA-HFIP system (enhanced
resolution of ONs; higher MeCN content in MP is required for ONs
elution in TEA-HFIP versus TEA-acetic acid IP systems [33-35]). In
addition to these published findings we observed that tertiary alkyl-
amines (TEA and tripropylamine) are more affected by HFIP concen-
tration than primary amines (HA, octylamine). [n contrast, alkylamine
retention increases only modestly with ammonium acetate concentra-
tion in 10-100 mM buffer concentration range. ig. 1 shows similar
retention trends for both C18 and phenyl sorbents, but the alkylamine
retention increase with HFIP concentration is more pronounced on the
latter column. The retention data presented in Fig. 1 can be used to rank
the ion-pairing MP efficiency. The ON retention and n/n-x resolution are
expected to be greater for increasingly hydrophobic IP systems [28] and
concentration of HFIP (assuming constant alkylamine concentration in
the MP). However, the n/n-x separation is also affected by the ON
sequence and presence of PS diastereomers.

3.1.1. The effect of stationary phase type on retention, resolution, and
suppression of diastereomeric separation of PS ONs

Two reversed-phase SPs (C18 and phenyl-based) were selected to
investigate the effect of SP chemistry on retention and resolution of PS
ONs. Since ONs analysis benefits from bioinert environment, we also
performed the experiments using Acquity Premier BEH C18 column.
Premier columns have chemically modified metallic hardware that
blocks the interactions between negatively charged analytes and metal
surface [36]. Since these interactions occur more noticeably for =10 nt
ONs, we did not notice significant differences between Premier and
conventional C18 columns (pH of MP -~ 8) for unmodified (allPO)
2-6mer ONs. The results are shown in Fig. S2 in Supporting material for
both acetic acid- and HFIP-based IP MP systems.

Recent reports demonstrated that phenyl column is less prone to the
diastereomeric separation of tested PS ONs in comparison with C18
column [6,7]. This was also confirmed for HFIP MP by the data shown in
Table S2 in Supporting material, where lower peak widths (indicating
the suppression of diastereomeric separation) were observed for
phenyl-based column in comparison with C18 column. However, based
on the results summarized in Fig. 1 there is no significant difference in
alkylamine adsorption on the SP surface between those columns.
Table 52 also shows higher ONs retention observed for C18 column with
acetate buffers, HFIP systems vielded relatively higher retention on
phenyl-based column. This is illustrated in Fig. S3 in Supporting mate-
rial on the separation of 6mer ONs with various number of PS
modifications.

3.1.2. The effects of mobile phase compesition on retention, resolution and
diastereomeric separation of PS ONs

The potential of individual IP systems to resolve ONs differing in the
length has been studied. Fig. S4 in Supporting material describes dif-
ferences in retention of unmodified 6mer and 21mer in individual MPs
(the percentage increase in retention between 6mer and 21mer). It can
be clearly seen that differences in retention of 6mer (black column) and
21 mer (grey column) increase with increasing hydrophobicity of IP re-
agent for both systems (acetate and HFIP), which indicates higher po-
tential of hydrophobic IP systems to resolve ONs based on their length.

As has been reported previously [5-7,30], the choice of alkylamine
has a significant impact on diastereomeric selectivity, which correlates
with the amount of co-solvent fraction in the gradient. The reduction of
diastereomeric separation with increasing alkylamine hydrophobicity is
shown on the example of separation of allPS 2-6mer ON on Acquity
UPLC BEH Phenyl colummn (Fig. 2). Similar trends were observed also for
C18 columns (Fig. S5 in Supporting material).
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In addition to the choice of alkylamine, the separation of di-
astereomers is affected also by the choice of counterion (acetate vs.
HFIP). As previously reported [5,22], the HFIP-based IP MPs are more
useful for suppression of diastereomeric separation of PS ONs. This is

demonstrated on the example of 6mer ONs with 0-5 PS modifications in
Fig. 3. Similar trends were observed for various 21mer ONs with
different number and position of PS modifications (see Table 83 in
Supporting material). Fig. shows that the suppression of

3
=]
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diastereomeric separation is enhanced when using HFIP buffers
compared to acetates, but it is not complete.

The choice of gradient conditions has also significant effect on dia-
stereomeric separation of PS ONs, It is clearly visible on the example of
10 mM HAA MP in Fig. 56 in Supporting material. While in the case of a
longer analysis due to the higher proportion of aqueous buffer in the MP
at the beginning of the gradient, separation of diastereomers/impurities
occurs, with an increase in the amount of MeCN in the MP at the start of
the gradient, it is possible to achieve very fast analysis and narrow

peaks.

3.1.3. The effects of buffer conceniration on retention, resolution and
suppression of diastereomeric separation of PS ONs

In addition to concentration of IP alkylamines in the MP, the con-
centration of counter ion (acetate or HFIP) can also affect the IP reten-
tion mechanism. Fig. 1 shows that the increase in HFIP concentration
leads to greater adsorption of the IP reagent on RP SP, which results in
higher suppression of diastereomeric separation. The effect of HFIP
concentration on diastereomeric separation is illustrated in Fig. 4 for
DPA-HFIP system (DPA concentration was kept constant). The same
trend, i.e. increasing suppression of diastereomeric separation with
increasing HFIP concentration, was reproduced also for TEA-HFIP sys-
tem. For highly hydrophobic HA system we were not able to obtain the
results with 100 mM HFIP concentration because of the baseline noise
(Fig. 57 in Supporting material). This is probably due to a poor misci-
bility of HFIP MPs with high concentrations of MeCN.

3.1.4. The effects of temperature on retention, resolution and suppression of
diastereomeric separation of PS ONs

A recent report investigated the effects of column temperature on
diastereomers selectivity of PS ONs from both theoretical and experi-
mental point of view [27]. In our previous work we showed that
increased column temperature enhances the n and n-1 resolution in [P
systems containing acetic acid [29], primarily due to peak width
reduction of PS ONs (suppression of diastereomeric resolution). In the
present work we expanded the experiment to HFIP buffers at tempera-
ture range 10-90 °C. Fig. 5 shows the chromatographic behaviour of
allPS 21mer, 20mer, 19mer and 18mer ONs test mixture in TEA-HFIP
MP. The peak broadening observed at lower temperatires (20-30 °C)
leading to loss of n and n-x ON resolution is presumably due to diaste-
reomeric separation. High temperature separation conditions reduced
the peak widths (diastereomeric separation) and provided an overall
better resolution of 18-21mer PS ONs.

The example of separation of 21mer ONs with various number of PS
maodifications is shown in Fig. S8 in Supporting material. System TEA-
HFIP at 90 “C lost the ability to resolve individual ONs based on num-
ber of PS modifications; this is probably related to the lower resolution
power of this system [5], and low retention. Similar trends were
observed for phenyl-based column (see Table S4 in Supporting
material).

4. Conclusion

In this study we investigated the effect of counterion (acetate vs.
HFIP) on the adsorption of selected alkylamines on the octadecyl- and
phenyl-based SPs. Alkylamine ion-pairing reagent adsorption on SP (IP
reagent hydrophobicity), its concentration and the counterion buffer
concentration had impact on the retention and separation of PS ONs.
The (undesirable) resolution of multiple PS ONs diastereomers leads to
peak broadening, which lowers the achievable n/n-x oligonucleotide
separation. The experiments with three IP alkylamines (TEA, DPA, HA)
and two counterions (acetate, HFIP) illustrate that hydrophobic IP re-
agents and HFIP mabile phase are better suited for PS ON's analysis, if
the suppression of diastereomeric separation is desired. This effect was
observed for both ONs: i) 21mers, which are typical length of thera-
peutic ONs, and ii) shortmers, i.e. 2-6mers, which are potential

Journal of Chromarography A 1730 (2024) 465074

metabolites of therapeutic ONs, The higher column temperature was
shown to reduce the separation of diastereomers.

While the nature and concentration of alkylamine IP reagents impact
on ONs separation was investigated previously, the impact of counterion
on retention, diastereomer separation, and resolution of PS ONs was not
systematically studied, yet. We observed that the replacement of acetate
with HFIP in MP promotes the adsorption of alkylamines on the SP.
HFIP-based MPs provided narrower peaks by suppressing the chro-
matographic resolution of PS ONs diastereomers, especially at elevated
HFIP concentrations. These observations confirmed previous report that
hydrophobic alkylamines (DBA, HAA) suppress the diastereomeric
separation more efficiently than hydrophilic alkylamines (TEA, DPA),
and the separation of PS ONs benefits from elevated temperature for
both acetate and HFIP-based IP systems. The described effects for tested
ONs were similar for octadecyl- and phenyl-based columns.
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ABSTRACT

Analysis of diastereomers of phosphorothioate oligonucleotides in ion-pairing reversed-phase liquid chro-
matography is affected not only by the character and concentration of ion-pairing system, but also hy
the separation temperature, In this work, eight ion-pairing systems at two concentrations buffered with
acetic acid were used with octadecyl column to investigate the effects of temperature (in the range from
20 °C to 90 °C) on retention, diastereomeric separation, resolution of mers of different length and reso-
lution of oligonucleotides with different number of phosphorothioate linkages. It was observed that ele-
vated temperature suppresses the diastereomenc separation and oligonucleotide peaks become narrower,
This improves the resolution of n and n-1 mers at elevated temperature, Plots of In k {k = retention
factor) versus reciprocal absolute temperature show that for 100 mM ion-pairing systems the increase
in temperature does not lead to simple decrease in oligonucleotides retention as generally observed in
reversed-phase liquid chromatography. The aim of this work is to improve chromatographic method for

analysis of phosphorothioate oligonucleatides.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Phosphorothioation is one of the most common modification
of oligonucleotides (ONs) utilized to minimize their in-vivo enzy-
matic degradation [1]. While the phosphorothioate (PS) modifica-
tion increases in-vivo stability of ONs, it also makes their chro-
matographic analysis more challenging due to the formation of
diastereomers. The presence of multiple potentially separable iso-
mers may cause broadening of chromatographic peaks and compli-
cate the ONs analysis. For this reason, the suppression of diastere-
omeric separation can be beneficial for the resolution of the target
peak from the shorter ON impurities [2,3].

It has been shown that ion-pairing (IP) system nature and con-
centration have strong impact on ONs chromatographic analysis
(see our previous work [4] and other reports [2,5-7]). The effect
of IP system choice on PS ONs separation was investigated recently
[8-10]). The diastereomeric separation is promoted with hydrophilic

* Corresponding author at: Department of Physical and Macromolecular Chem-
istry, Faculty of Science, Charles University, Hlavova 8, 12800, Prague, Czech Repub-
lic,

“ Corresponding author at: Waters Corporation, 34 Maple Street, Milford, MA
01757, USA,

E-mail addresses: kalikova@naturcunicz (K. KalTkovd), Martin_Gilar@waters.com
(M. Gilar).

https: /M oiorg 10.1016/j.chroma. 2022463473
00219673} 2022 Elsevier BV, All rights reserved.

IP systems and suppressed with hydrophobic IP alkylamines [4,11].
IP mobile phases (MPs) buffered with hexafluoroisopropanol are
suitable for PS ON separations and for liquid chromatography (LC)
coupled with mass spectrometry (MS) applications [7,12-15]. De-
spite of significant number of studies, the separation temperature
has been so far overlooked as a parameter for optimization of PS
ONs analysis [16].

Generally, column temperature has an impact on retention, se-
lectivity, resolution, peak shape and efficiency. Using elevated tem-
perature in LC analysis of ONs offers several benefits, such as in-
creased efficiency, lower backpressure, and faster analysis [17,18].

The most commonly used column temperature for the chro-
matographic analysis of RNA and DNA-based ONs is 60 =C [2,19,20),
Occasionally even higher temperature is required to eliminate sec-
ondary ONs structures due to formation of homoduplex loops such
as hairpins or intermolecular complexes such as G-quadruplexes
[21,22] which complicate chromatographic analysis. The elevated
temperature minimizes the undesirable secondary structure effects
on ONs retention and peak shape [23].

Although the temperature is an important parameter of the
chromatographic analysis of ONs, no comprehensive study of its
effects on PS ONs diastereomeric separation has been published
yet. The goal of this work is to investigate the effects of sepa-
ration temperature on (i) retention, (ii) diastereomeric resolution,
(iii) resolution of n and n-1, n-2... short-mers, and (iv) resolu-
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Table 1

Journal of Chromatography A 1681 (2022) 463473

The list of all tested ONs, their sequence, number of PS linkages and number of diastereomers.

Mame Sequence Mumber of PS linkages Number of diastereomers
21 mers

allPo 5:TTT TAG CAT TTT TAC GAT TTT-3" 1] 1]

P53 5<TTT TAG CAT TTT TAC GAT TT*T-3 1 2

1Ps5° 5¢T*TT TAG CAT TTT TAC GAT TTT-3 1 2
1PScenter 5TTT TAG CAT T*TT TAC GAT TTT-3 1 2

PS5 5<TTT TAG CAT TTT TAC GAT T*T-T-3° 2 4

PS5 5¢T*T*T TAG CAT TTT TAC GAT TTT-3 2 4
2PScenter 5¢TTT TAG CAT T°T*T TAC GAT TTT-3 2 4

1PS3%° 5«T*TT TAG CAT TTT TAC GAT TT*T-3° 2 4

2P53F° 5<T*T*T TAG CAT TTT TAC GAT T*T*T-3" 4 16
2PS3itenter 5<T*T*T TAG CAT T*T*T TAC GAT T*'T*T-3" ] 64

allPs 5TTT* T*AG * C°AT *T*T*T* T*A*C* GAT* T"T*T-3 20 1 048 576
20mers

allPs n-1 5TT*TAG*CATTTT* T'AC® AT TTT-3 19 524 288
1PScenter n-1 5TT TAG CAT T*TT TAC GAT TTT-3" 1 2

19mer

allPs n-2 5:TTAG* CATTTT T'AC* GAT" T'T'T-3 18 262 144
18mer

allPs n-3 STAG * CA'T* T'T'T * T"AC * G*A'T* T"T"T-3" 17 131072

“denotes phosphorothioate linkage,

tion of ONs with various number of PS modifications. Obtained
results can serve as guidelines for chromatographic method de-
velopment in laboratories pursuing the analysis of therapeutic
PS ONs,

2. Experimental section
2.1. Materials and reagents

Acetonitrile (ACN, Chromasolv® gradient grade, for HPLC, =
99.9%), ammonium hydroxide solution (28.0-30.0% NH;), diethy-
lamine (purity = 99.5%), triethylamine (purity = 99%), diiso-
propylamine (purity = 99.5%), dipropylamine (purity 99%), hexy-
lamine (purity 99%), dibutylamine {purity = 99.5%), octylamine
(purity 99%), dihexylamine (purity 97%), and acetic acid (purity
= 99%) were purchased from Sigma-Aldrich (St. Louis, USA). The
list of 21mer ONs synthetized by Integrated DNA Technologies
(Coralville, USA) with their sequences and PS linkage positions
is given in Table 1. Table 1 shows also the sequences of the
shorter mers, i.e. 20mers, 19mer and 18mer, sequences analogous
to allPS and 1PScenter ON, but truncated at Sterminus by 1, 2,
and 3 nucleobases, respectively, which were synthetized by KRD
(Prague, Czech Republic). Rowapur and Ultrapur system from Wa-
trex (Prague, Czech Republic) was used for water purification and
deionization.

2.2, Instrumentation and columns

Waters Acquity UPLC H-Class systemn (Waters, Milford, USA)
consisting of quaternary solvent manager, autosampler, column
manager, and photodiode array detector was used for chromato-
graphic measurements. Empower 3 software was used for sys-
tem control, data acquisition, and results processing. Separation
was performed with 50 = 21 mm; 1.7 pum Premier BEH C18
columns (Waters, Milford, USA). For hydrophobic alkylamines (i.e.
dibutylamine, hexylamine, octylamine, dihexylamine) one column
per each alkylamine was used to avoid lengthy re-equilibration of
columns with different alkylamines, For the investigation whether
the obtained temperature trends are valid also for different C18
column, the column XBridge C18 (50 = 2.1 mm; 2.5 pm; Waters,
Milford, USA) was tested under one condition (100 mM triethylam-
monium acetate, whole temperature range) and results were com-
pared (see Figs. 51-53 in Supporting material).

23. Experimental procedures

ONs stock solutions (concentration 50 pmol pL—') were pre-
pared by dissolving the ONs in deionized water. Gradient elution
was used for all measurements. Aqueous MP B with 10 mM or
100 mM concentration of alkylamine were buffered with acetic
acid to pH 8.0, Ammonium acetate (AmAc) 10 mM or 100 mM
MPs B were prepared by dissolving AmAc in water and adjusted to
pH 8.0 with ammonium hydroxide solution (this MP does not con-
tain alkylamines). MP A was composed of ACN/water 80/20 (w/w)
with addition of the same amount of alkylamine and acetic acid
as in MP B to maintain the same buffer concentrations. MP com-
posed of AmAc, ratio ACN/water 20/80 (w/w) was used to main-
tain the solubility of ammonium acetate. For experiments with var-
ious IP systems, different initial MP conditions were used, but the
gradient slope was always 1% ACN per minute. Following IP sys-
tems were investigated: diethylammonium acetate (DEAA), triethy-
lammonium acetate (TEAA), diisopropylammonium acetate (DI-
PAA), dipropylammonium acetate (DPAA), dibutylammonium ac-
etate (DBAA), hexylammonium acetate (HAA), octylammonium ac-
etate (OAA), and dihexylammonium acetate (DHAA). For the de-
scription of MPs and gradients used see Table 51, Supporting ma-
terial. All MPs were filtered with 0.45 pm nylon membrane fil-
ters (Whatman, GE Healthcare, Chicago, USA) before use. Flow rate
was 0.4 mL min~!, injection volume was 1 uL. The first system
peak was used as a column void time marker. Individual measure-
ments were repeated three times. Based on the UV-spectra mea-
surements, the detection wavelength was set at 260 nm. Column
temperature effect on separation was investigated in range 20 °C
to 90 °C with 10 °C increments. Sample temperature was 10 °C for
all measurements.

24, Selection of conditions

All MPs were prepared with pH 8.0 fto ensure that
(thio)phosphate groups of ONs are negatively charged and thus
available for electrostatic interaction with positively charged IP
agents adsorbed on the hydrophobic surface of C18 stationary
phase. MPs A and B were prepared in all cases such that the
concentration of IP reagent during the gradient elution remains
constant. Initial gradient ACN concentrations were chosen to
ensure that the retention of ONs is approximately 10 min. 21mer
PS ON (allPS), partially thioated 21 mer with PS internucleotide
linkages at selected positions, and 21 mer ON (denoted allPQ, no PS
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modification) used in the study have the same primary sequence
(Table 1). This allowed us to investigate the effect of the number
of PS linkages on the ONs retention and diastereomeric separation,
Ammonium acetate MPs was used as reversed-phase (RP) system
for comparison with IP RP LC systems. Experimental temperature
range was limited by the column heater module used in this
study.

3. Results and discussion
3.1. Effect of temperature on retention

IP RP LC has been described as mixed-mode chromatography
where both hydrophobic and ienic interactions participate in sep-
aration [11). The relationship between In k and inverse tempera-
ture 1/T in RP LC is expected to be linear [24). However, we ob-
served that in IP RP LC the In k versus 1/T relationship is more
complex (Fig. 1) and strongly non-linear for all investigated IP sys-
tems. The retention data in Fig. 1 for 1P53%' oligonucleotide were
successfully fitted by second-degree polynomial fit. Another obser-
vation in Fig. 1 is that ON retention (In k) is greater for 100 mM
compared to 10 mM IP system, where the contribution of IP reten-
tion mode is weaker. The retention loss at elevated temperature is
more apparent for 10 mM experiments; this is evident from the
steeper raise of the relationship (red line), and for weak IP sys-
tems (DEAA, TEAA);for additional data see Tables S2 - 510, Sup-
porting material. For relatively strong IP systems (DBAA, HAA, OAA
and DHAA at 100 mM concentration) we observed a retention in-
crease with temperature at the low end of experimental tempera-
ture {20 °C); the retention maxima marked by arrow in Fig. 1 were
observed close to 30 °C (see also Tables 54, S5 and 510, Supporting
material). Interpretation of these observations are not straight for-
ward. The retention in IP RP LC depends on hydrophobic retention
of ONs with C18 SP, adsorption of charged IP reagents on C18 sur-
face, that in turn provides electrostatic interactions with ONs phos-
phate backbone. All three “interactions” are impacted by separation
temperature. While the electrostatic retention forces are enhanced
at elevated temperature [25), hydrophobic adsorption strength of
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both ON and IP reagent on C18 surface declines with temperature,
counteracting the gains in ionic retention.

Additional data for retention behavior temperature effects for
two oligonucleotides are provided as Fig. 54 in Supporting mate-
rial.

3.2. Effect of temperature on diastereomeric separation

Fig. 2 demonstrates a significant effect of column temperature
on diastereomeric separation for 2PS3Z¢enter oligonucleotide ana-
lyzed with 100 mM TEAA system. The separation of diastereomers
is clearly suppressed at elevated temperature, and therefore the
overall peak width decreases. Additional data for all PS ONs sam-
ples and all investigated IP systems show similar trends (see Tables
53-510 in Supporting material). As reported in our previous study
[4], the separation of diastereomers is most pronounced for AmAc
(non-IP MP), very weak DEAA, and weak TEAA IP systems (only
TEAA system is shown in Fig. 2). Despite of this trend the sepa-
ration of diastereomers can be effectively suppressed at 90 °C, at
least for the 2PS3Zfenter ON example (Fig. 2). The separation at
more commonly used 60 °C temperature shows peak broadening
due to partial separation of diastereomers. Fig. 2 illustrates a typi-
cal problem encountered in PS ONs method development. PS ONs
peaks appear much wider than PO-ONs when applying similar LC
conditions.

Fig. 2 illustrates that the separation of PS ONs, in case that the
suppression of diastereomeric separation is needed, may benefit
from a higher separation temperature. On the other hand, AmAc
and DEAA systems have somewhat atypical different resolution
trends compared to other IP systems (Fig. 55, Tables S2 and S3 in
Supporting material).

In our previous work [4] we reported that separation of PS ONs
diastereomers generally decreased with IP systems hydrophobicity
(DEAA<=TEA<DIPAA <DPAA < DBAA<=HAA). The extremely hydropho-
bic (OAA<=DHAA) alkylamines at 100 mM concentration showed a
reversed trend; the PS ONs peaks became somewhat broader again.
In the current study we aim to investigate the impact of IP systems
in conjunction with separation temperature (20-90 =C). The reten-
tion data, peak widths, and resolution of diastereomers for samples
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Fig. 1. Dependence of In k on 1/T for all tested MPs for 1PS320N, For gradient conditions for each IP system see Table §1 in Supporting material, Black squares — 100 mM

buffers; red circles - 10 mM buffers.
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Fig. 2. Effect of temperature from 20 °C to 90 *C on diastereomeric separation of 2PS3%enter OM. IP system: 100 mM TEAA. For gradient conditions see Table 51 in

Supporting material.

specified in Table 1 are summarized in Tables $2-510, Supporting
material. In summary, moderately hydrophobic IP systems (DPAA,
DBAA, HAA) and elevated temperatures (60-90 “C) are preferred
choice for separation of PS ONs when the goal is to suppress the
diastereomeric separation.

While the impact of temperature shown in Fig. 2 and in sup-
plemental Tables S2-510 is compelling, the separation goal in ONs
analysis is not to reduce peak widths (which also depends on col-
umn efficiency, and gradient slope), but to resolve the full-length
ON n from its n-x impurities. The impact of temperature on reso-
lution of n and n-1 (n-x) for selected PS ONs will be discussed in
the next section.

Additional data illustrating the effect of temperature, IP agent
character and concentration on peak width for allPO and allPS
oligonucleotides are shown in Fig. S6-A and SG6-B in Supporting
material.

3.3, Effects of temperature on resolution of n and n-x mers

Recently, we reported that resolution of n and n-1 mers im-
proves with concentration and hydrophobicity of IP systems in the
MP [4,11]. However, the effect of separation temperature was not
studied. The data presented above suggest that temperature is cru-
cial parameter for separation success of PS ONs. The peak broad-
ening due to a resolution of diastereomers may be detrimental for
separation of n and n-x species.

Fiz. 3 shows the resolution of n and n-1 mers for IP sys-
tems investigated in 20 - 90 °C temperature range for allPs
oligonucleotides. The resolution of n and n-1 mers increases
with increasing temperature except for AmAc mobile phase and
weak IP system DEAA that do not provide any resolution. The
horizontal dashed line in Fig. 3 indicates a desirable value of
R = 15 (baseline resolution). The highest resolution was obtained
for DBAA in most temperature conditions. Surprisingly, moder-
ately hydrophobic (HAA) and highly hydrophobic IP systems (OAA
and DHAA) that show the highest separation performance for
PO ONs [11] exhibit somewhat lower resolution between allPS

and allPS n-1 ONs especially at low temperature (Fig. 3). This
is probably due to diastereomeric resolution that leads to wider
peaks and reduced resolution, in particular at low separation
temperatures,

Similar trends were observed for separation of n/n-1 species of
1PScenter ON (Fig. 57); both n and n-1 samples have only two di-
astereomers, therefore the observed resolution is greater than for
allPs species comprising of more than half million of diastereomers
(Table 1).

Additional data for temperature effects on resolution of allPS
21mer, 20mer, 19mer and 18mer ONs are listed in Tables 511-
519, Supporting material. Fig. 4 shows selected chromatograms il-
lustrating the impact of peak broadening on resolution of n/n-x
species. The effect of band broadening is most significant for TEAA
mobile phase at low temperature (20 °C) where no separation is
achieved. High temperature (90 °C) reduced the peak widths for
all IP systems and one can observe partial resolution of 18-21 mer
oligonucleotides even with TEAA mobile phase. As was described
earlier (also in our previous work [4]), very hydrophobic IP sys-
tems at high concentration (see 100 mM OAA in Fg. 4) promote
partial diastereomeric separation. While the separation selectivity
improves for HAA and OAA systems, the peak broadening reduces
the resolution, most noticeably for 100 mM OAA experiment at
20 °C (Fig. 4). The peak broadening while using highly hydropho-
bic IP systems suggests that the participation of electrostatic in-
teractions in the separation of diastereomers cannot be completely
discounted (see our previous work [4]). The results suggest that
hydrophobic IP systems offer the highest peak capacity for separa-
tion of PO ONs, but the best separation of allPS ONs is achieved
with moderately hydrophobic IP agents, for example with DBAA
(Fig. 3).

In the next experiment we investigated the impact of tempera-
ture on separation of 21 mer ONs of the same sequence, but with
different number of PS modifications. The recent trend in design
of therapeutic oligonucleotides is the minimal use of PS modifi-
cations, often just one or two PS modifications on one or both
termini. The loss of PS modification due to oxidation needs to be
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Fig. 3. Effect of temperature from 20 °C to 90 °C on resolution of allPS and allPS n-1. For gradient conditions for each [P system see Table 51 in Supporting material,
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Fig. 4. Resolution of n and n-1 mer, n-1 and n-2 mer and n-2 and n-3 mer for allPS ON for selected [P systems. For gradient conditions see Table S1 in Supporting material.

tested in production quality control. Finding an IP system suitable
for resolution of ONs with different number/position of PS modifi-
cations is highly desirable.

We investigated selected IP systems and temperature range for
analysis of 21 mer ONs listed in Table 1. Fig. 5 shows the separa-
tion of ONs with zero (allPO), one {1PS5), two (2PS5), four (2PS3%)
and six (2PScenter3#) phosphorothioate modifications at 20 °C and
90 °C with 100 mM mobile phases. AmAc and the weakest IP sys-
tem (DEAA) enable partial diastereomeric separation at both tem-
peratures. With multiple overlapping peaks we cannot distinguish

the individual ONs. TEAA and DIPAA show partial diastereomeric
separation, but the ONs are resolved into the peak groups accord-
ing to number of PS modifications. All IP systems retain more
strongly the oligonucleotides with greater number of PS modifi-
cations. Best resolution of the sample is achieved with DIPAA or
DBAA systems at 90 °C (Fiz. 5). As pointed out earlier, very hy-
drophobic OAA and DHAA IP systems exhibit wide peaks as the di-
astereomeric separation is more pronounced than with moderately
hydrophobic IP systems. Table S20 in Supporting material provides
detailed summary of all results.
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Fig. 5. Separation of 21mer ONs of the same sequence with zero (allPO - 1), one (1PS5¢< 2), two (2P55¢ 3), four (2P53%: 4) and six (2PScenter3# - 5) phosphorothioate

maodifications. For gradient conditions see Table 51 in Supporting material.

4, Conclusion

We observed a general decrease of PS ONs peak widths with
separation temperature, presumably due to reduction of hydropho-
bic retention component in IP RP LC, This led to suppression of di-
astereomeric resolution (at elevated temperature) and resulted in
an improved resolution of n and n-x shorter mers. The best res-
olution of allPS oligonucleotides was observed with DBAA mobile
phases. Highly hydrophobic IP systems (OAA, DHAA) produced rel-
atively wide peaks for allPS ONs and other PS ONs, most noticeably
at low temperatures. We speculate that the diastereomeric separa-
tion is promoted with such IP systems via ionic interactions, al-
though the exact mechanism is unknown.

Separation of ONs with different number of P5 modifications
was achieved. The best IP systems for such application were DPAA
and DBAA at elevated temperature. These moderately hydrophobic
IP systems are useful for quality control of PS oligonucleotides and
PS oxidation products analysis.

Overall, for the application where diastereomer separation
needs to be suppressed and concurrently the reselution of n and n-
x mers and resolution of ONs with various degree and position of
PS modification is desired, 100 mM HAA at all temperatures seems
to be the most versatile option. The suitability of individual chro-
matographic systems and temperatures for applications of interest
are summarized in Table S20 in Supporting material.

This study provides guidelines for laboratories developing
methods for analysis of PS ONs. High column temperatures in the

range of 60-90 °C improve quality of PS ON's separation and are
advisable despite of the expected reduction in column lifetime.
Declaration of Competing Interest

The authors declared no conflict of interest,

CRediT authorship contribution statement

Zuzana Kadlecova: Investigation, Methodology, Writing - origi-
nal draft, Writing - review & editing. Kvéta Kalikova: Supervision,
Methodology, Writing - original draft, Writing - review & edit-
ing, Funding acquisition. Eva Tesafova: Writing - review & editing.
Martin Gilar: Conceptualization, Methodology, Resources, Writing
- original draft, Writing - review & editing.

Data availability

The data are available as on-line Supporting material to the ar-
ticle,

Acknowledgment

The authors gratefully acknowledge the financial support of the
Czech Science Foundation, grant no. 20-196555.

160



Z Kadlecovd, K Kalikovd, E. Tesafovd er al.

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.chroma.2022.463473.

References

[1] A. Goyon, P. Yehl, K. Zhang, Characterization of therapeutic oligonucleotides by
liquid chromatography, |. Pharm, Biomed, Anal, 182 (2020) 113105, doi: 10,1016/
J4pba.2020.113105.

|2] N. Li, N.M. El Zahar, JG. Saad, ERE van der Hage, M.G. Bartlett, Alkylamine
ion-pairing reagents and the chromatographic separation of oligonucleotides,
J. Chromatogr, A 1580 (2018) 110-119, doi:10.1016/jchroma 2018.10.040,

[3] X. Chen, Z Liu, L. Gong, Evaluating the interplay among stationary phases/ion-
pairing reagents/sequences for liquid chromatography mass spectrometry anal-
ysis of oligonucleotides, Anal. Biochem. 625 (2021) 114194, doi:10.1016/.ab.
2021.114194.

4] Z. Kadlecovd, K. Kalikowd, E. Tesafowd, M. Gilar, Phosphorothioate oligonu-
cleotides separation in ion-pairing reversed-phase liquid chromatography: ef-
fect of ion-pairing system, |. Chromatogr, A 1676 (2022 ) 463201, doi: 10,1016/},
chroma.2022.463201.

[5] AL. McGinnis, B. Chen, M.G. Bartlett, Chromatographic methods for the de-
termination of therapeutic oligonucleotides, | Chromatogr, B 883-884 (2012)
76-94, doi: 10.1016 fj.jchromb.2011.09.007.

[6] L. Gong, Analysis of oligonucleotides by ion-pairing hydrophilic interaction lig-
uid chromatography/electrospray ionization mass spectrometry, Rapid Com-
mun, Mass Spectrom. 31 (2017) 2125-2134, doi: 10,1002 rem. 8 004,

[7] S. Studziiiska, R. Rola, B. Buszewski, The impact of ion-pairing reagents on the
selectivity and sensitivity in the analysis of modified oligonucleotides in serum
samples by liquid chromatography coupled with tandem mass spectrometry, J.
Pharm. Biomed. Anal. 138 (2017) 146-152, doi:10.1016/j,jpba.2017.02.014,

[8] M. Enmark, |. Bagge, J. Samuelsson, L. Thunberg, E. Ornskow, H. Leek, F. Limé,
T. Fornstedt, Analytical and preparative separation of phosphorothioated
oligonucleotides: columns and ion-pair reagents, Analyt. Bioanalyt, Chem. 412
{2020) 299-309, doi: 10.1007/s002 16- 019-022 36-9.

[9] M. Enmark, M. Rova, |. Samuelsson, E. Omskov, F. Schweilcart, T. Fornstedt, In-
vestigation of factors influencing the separation of diastereomers of phospho-
rothioated oligonucleotides, Analyt, Bioanalyt, Chem. 411 (2019) 3383-3394,
doi:10.1007/s00216- 019-01813-2.

[10] M. Enmark, S. Harun, |. Samuelsson, E Ornskov, L Thunberg, A. Dahlén,
T. Fornstedt, Selectivity limits of and opportunities for ion pair chromato-
graphic separation of oligonucleotides, . Chromatogr. A 1651 (2021) 462269,
doi: 10,1016 fj.chroma. 202 1.46 2269,

[11] M. Donegan, .M. Nguyen, M. Gilar, Effect of ion-pairing reagent hydrop hobicity
on liquid chromatography and mass spectrometry analysis of oligonucleotides,
]. Chromatogr. A 1666 (2022) 462860, doi:10.1016/j.chroma.2022.462860.

[12] K.J. Fountain, M. Gilar, J.C. Gebler, Analysis of native and chemically modified
oligonucleotides by tandem ion-pair reversed-phase high-performance liquid
chromatography/electrospray ionization mass spectrometry, Rapid Commun.
Mass Spectrom. 17 (2003) 646-653, doi: 10,1002/ rcm.559.

Journal of Chromatography A 1681 (2022) 463473

[13] M. Gilar, K.J. Fountain, Y. Budman, |.L. Holyoke, H Davoudi, J.C. Gebler, Char-
acterization of therapeutic oligonucleotides using liquid chromatography with
on-line mass spectrometry detection, Oligonucleotides 13 (2003) 229-243,
doi: 10,1089/ 154 545703322460612.

[14] L. Gong Comparing ion-pairing reagents and counter anions for jon-pair
reversed-phase liquid chromatography/electrospray ionization mass spectrom-
etry analysis of synthetic oligonucleotides, Rapid Commun, Mass Spectrom. 29
{2015) 2402 -2410, doi: 10,1002/ rcm. 7409,

[15] B. Chen, M.G. Bartlett, Evaluation of mobile phase composition for enhanc-
ing sensitivity of targeted quantification of oligonucleotides using ultra-high
performance liquid chromatography and mass spectrometry: application to
phosphorothioate deoxyribonucleic acid, J. Chromatogr, A 1288 (2013) 73-81,
doi: 10.1016/j.chroma.2013.03.003.

[16] LM Cunliffe, D.P. Dreyer, RN. Hayes, R.P. Clement, | X. Shen, Using temper-
ature to optimize resolution and reduce analysis times for bioanalytical di-
astereomer LC-MS/MS separations, |. Pharm. Biomed. Anal. 54 (2011) 179-185,
doi: 10.1016/jj pba.2010.08.017.

[17] L Lurie, L Li, Use of High-Temperature Liguid Chromatography with Sub-2 pm
Particle C18 Columns for the Analysis of Seized Drugs, |. Liq. Chromatogr, Relat,
Technol. 32 (2009) 2615-2626, doi:10.1080/ 10826070903 245516,

[18] S Heinisch, J.-L Rocca, Sense and nonsense of high-temperature liquid chro-
matography, ]. Chromatogr. A 1216 (2009) 642-658, doi :10,1016/).chroma.2008,
1.0749,

[19] M.M. Elzahar, M. Magdy, AM El-Kosasy, M.G. Bartlett, Degradation product
characterization of therapeutic oligonucleotides using liquid chromatography
mass spectrometry, Analyt. Bioanalyt, Chem, 410 (2018) 3375-3384, doi:10,
1007/s00216-018-1032-8.

|20] V.B. Ivleva, Y-0. Yu, M. Gilar, Ultra-performance liquid chromatogra-
phyftandem mass spectrometry (UPLC/MS/MS) and UPLC/MSE analysis of
RMNA oligonucleotides, Rapid Commun, Mass Spectrom. 24 (20010) 2631-2640,
doi: 10.1002/rcm. 4683,

[21] SM. McCarthy, M. Gilar, |. Gebler, Reversed-phase ion-pair liquid chromatog-
raphy analysis and purification of small interfering RNA, Anal. Biochem. 390
{2009) 181-188, doi:10.1016j.ab2009.03.042.

|22] PJ. Oefner, Allelic discrimination by denaturing high-performance lig-
uid chromatography, |. Chromatogr. B 739 (2000) 345-355, doi:10.1016/
S0378-4347(99)00571-X,

[23] M. Biba, CJ. Welch, JP. Foley, B. Mao, E. Vazquez, R.A. Arvary, Evaluation of
core-shell particle columns for ion-pair reversed-phase liquid chromatography
analysis of oligonucleotides, |. Pharm. Biomed, Anal, 72 (2013) 25-32, doi:10.
1016 j.jpba. 2012.09.007.

[24] RJM. Vervoort, E. Ruyter, AJJ. Debets, H.A, Claessens, CA. Cramers, GJ. de
Jong, Characterisation of reversed-phase stationary phases for the liquid chro-
matographic analysis of basic pharmaceuticals by thermodynamic data, J.
Chromatogr. A 964 (2002) 67-76, doi: 10.1016/S0021-9673(02)00589-7.

|25] DNAPac™  PA200  Oligonucleotide HPLC  Columns, (nd).  hitps:
{fwww. thermofisher.comjdocument-connect fdocument-connect.html?
url=https: {assets.thermofisher.com TF5- Assets% 2FC MD% 2Fmanuals®
2FMan-065036- LC- DNAPac- PA200-RS-Columns- Man065036- EM.pdf (accessed
April 19, 2022)

161



Publikace

Hydrophilic interaction liquid chromatography with mass spectrometry
for the separation and identification of antisense oligonucleotides

impurities and nusinersen metabolites

Vosahlova Z., Kalikova K., Gilar M., Szymarek J., Mazurkiewicz-Betdzinska M.,
Studzinska S.

Journal of Chromatography A, 2024, 1713, 464535.

162



Journal of Chromatography A 1713 (2024) 464535

Contents lists available at ScienceDirect

e Journal of Chromatography A
ELSEVIER

journal homepage: www.alsevier.com/locate/chroma

Hydrophilic interaction liquid chromatography with mass spectrometry for &&=
the separation and identification of antisense oligonucleotides impurities
and nusinersen metabolites

Zuzana Vosahlova “, Kvéta Kalfkova » , Martin Gilar", Jakub Szymarek ‘, Maria Mazurkiewicz-
Beldziriska ©, Sylwia Studzinska %%

* Department of Physical and Macromolecular Chemistry, Faculty of Science, Charles University, Hlavowa & 12800, Prague, Czech Republic

" Warers Corporation, 34 Maple Street, Milford MA 01757, USA

© Deparement of Developmental Neurology, Medical University of Gdansk, 7 Debinki Sir, PL-80-952, Gdansk, Poland

A Chair of Environmental Chemistry and Bicanalytics, Faculty of Chemistry, Nicolaus Copernicus University in Torun, 7 Gagarin Str., PL-87-100 Torun, Poland
“Centre for Modern Interdisciplinary Technologies, Nicolaws Copernicus University in Torw, 4 Wiknska 5t, 87-100 Torun, Poland

ARTICLE INFO ABSTRACT

Keywaords:

Phosphorothicate oligonucleotides
Hydrophilic interaction liquid chromatogr aphy
Impurities and metabalites

Musinersen

Amide stationary phase

With the development of therapeutic oligonucleotides for antisense and gene therapies, the demand for
analytical methods also increases. For the analysis of complex samples, for example plasma samples, where the
use of mass detection is essential, hydrophilic interaction liquid chromatography is a suitable choice, The aim of
the present work was to develop a method for separation and identification of the oligonucleotide impurities and
metabolites by hydrophilic interaction liguid chromatography.

First of all, the effects of different chromatographic conditions (e.g. pH of the aqueous part of the mobile
phase, buffer concentration, column temperature) on the retention and separation of phosphorothioate oligo-
nucleotides standards on the amide stationary phase were investigated. A set of model oligonucleotides con-
taining a fully modified 21mer and its typical impurities (shortmers and oligonucleotides with different number
of thiophosphate modifications) was used. The results showed that the concentration of the salt in the mobile
phase as well as its pH, are the most influential parameters with regard to peak shape and separation.

The knowledge gained was applied to the analysis of an unpurified 18mer oligonucleotides, analogues of the
drug nusinersen used for the treatment of spinal muscular atrophy. The successful separation and identification
of twenty-six and twenty-eight impurities was performed with the developed HILIC method. The method was
applied to analysis of musinersen metabolites of serum samples of patients treated with Spinraza,

1. Introduction

The importance and the use of therapeutic oligonucleotides (ONs) in
gene and antisense therapy has been growing significantly in recent
years [1,2]. Therapeutic ONs are used for the treatment of e.g. spinal
muscular atrophy (nusinersen) (2] or cytomegalovirus infection of the
retina of patients with AIDS (fomivirsen) [4]. Naturally occurring ONs
are sensitive to endo- and exonuclease activities. Synthetic therapeutic
ONs are chemically modified in order to increase their resistance to
these enzymes, which leads to an increase in their in vivo stability and
effectiveness [5,0].

One of the common modifications is phosphorothioation, where one

* Corresponding authors,

(or more) oxygen atoms that do not participate in the phosphodiester
bond are replaced by sulfur [7]. This modification leads to the formation
of a chiral center on the phosphorus atom and formation of 2" di-
astereomers, where n is the number of thiophosphate substitutions (PS)
[#]. With a higher number of PS modifications, the number of poten-
tially separable diastereomers increases causing the problem with
analysis of PS ON synthetic impurities. Additional classes of ONs im-
purities are products of sugar or base residue modifications, product
truncation (N-1, N-2 impurities) or incorporation of an additional
nucleotide (N + 1 product) and other longmers [9,10]. Two trends can
be currently observed in ONs analytics. The first is related to the sepa-
ration of impurities formed during the synthesis of these compounds,
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while the second is related to the therapeutic monitoring of antisense
drugs and their metabolites. In both tasks the efficient separation of ONs
is a key requirement for the separation method.

Currently, two main approaches are used for the analysis and sepa-
ration of metabolites and impurities of therapeutic phosphorothioate
ONs: i) ion-pair (IP) reversed-phase (RP) liquid chromatography (LC)
{where the diastereomeric separation is suppressed by IP system) [11];
i) hydrophilic interaction liquid chromatography (HILIC), which is less
prone to separation of diastereomers [12]. Both approaches have their
limitations—most of IP agents cause contamination of mass spectrom-
eter (MS), while HILIC MS signal is reduced by alkali ion ON adducts
(potential for impurities and metabolites signal loss) [13]. On the other
hand, the main advantage of HILIC is utilization of MS compatible
mobile phases, while IP RP LC provides higher MS sensitivity, better
reproducibility, and many possibilities how to affects the separation of
diastereomers and ONs by changing the chromatographic conditions
(temperature, mobile phase composition) [14]. The resolution of
modified ONs mixtures in both modes of liquid chromatography is
limited due to closely related structure of target ON and its impurities or
metabolites [9,10,15]. The primary drivers for application of HILIC for
separation of therapeutic phosphorothioate ONs was its alternative
selectivity and potential to avoid [P agents in LC MS analysis [16].

The first application of HILIC on the analysis of ONs was presented
by Alpert in 1990 for the separation of oligothymidylic acids with
different chain lengths (from 12 to 30) [17]. The first HILIC separation
of ONs without PS modification using commercial columns, ie., a
diol-based stationary phase Luna® HILIC and a TS5Kgel® Amide-8B0
column, was reported in 2010 [18]. Separation and identification of
antisense phosphorothioate ONs were first presented by Easter et al.
[19], but the optimized method was able to separate only two ONs
within 20 min, Next, the systematic studies of HILIC for the analysis of
phosphorothicate antisense ONs and their impurities were performed
[20]. The impact of stationary phase type, mobile phase (MP) salt and its
concentration on the separation and determination of selected com-
pounds by HILIC ESI MS was investigated. The comparison of [P RP LC
and HILIC MS sensitivity for ONs was presented by Lobue in 2019 [21].
A few additional reports on analysis of therapeutic ONs in HILIC were
presented [13,22,23], Comprehensive study about utilization of zwit-
terionic stationary phases in HILIC for ONs characterization was pub-
lished by Lardeux et al. [24]. Recently, HILIC was also utilized for the
profiling of diastereomers of various ONs formats especially that with
chemical modification at the sugar moieties [25].

The main goal of this work was to develop robust selective HILIC
method suitable for the separation of impurities and metabolites of
therapeutic ONs. The amide stationary phase was chosen, since the
earlier studies found that it is best suited for ONs separations [18-20].
The PREMIER variant of amide column was used to minimize the ONs
nonspecific adsorption to metal surfaces that can cause peak broadening
(or signal loss), and poor reproducibility of chromatographic results [26,
27]. MNusinersen analogues were selected for the study, due to its
importance in the spinal muscular atrophy (SMA) therapy. To the best of
our knowledge, such studies for nusinersen in HILIC were performed for
the first time. The comprehensive retention studies were done at initial
stage to identify the LC conditions suitable for analysis of phosphor-
othioate shortmers. The resolution of nusinersen analogues and their
impurities was investigated, followed by method application to analysis
of nusinersen metabolites extracted from SMA patient serum samples.
The separation of ONs was crucial; HILIC with amide stationary phase
permitted successful LC MS analysis of ONs.

2. Materials and methods
2.1. Materials and reagents

Acetonitrile (ACN, LC-MS grade) was supplied by VWR International
(Radnor, USA). Water for LC was purchased from Honeywell (Charlotte,
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USA). Ammonium formate (purity >99.995 %), ammonium acetate
(purity =99 %), ammonium hydroxide solution (28.0-30.0 % NH;) and
formic acid (purity >95 %) were purchased from Sigma-Aldrich (St.
Louis, USA). Deionized water was purified with Rowapur and Ultrapur
system from Watrex (Prague, Czech Republic).

2lmer ONs and 2-6mer ONs were synthetized by Integrated DNA
Technologies (Coralville, USA). The shortmers, i.e. 20mer, 19mer and
18mer, analogous to 21mer allPS, but truncated at Sterminus by 1, 2,
and 3 nucleobases, respectively, were synthetized by KRD (Prague,
Czech Republic). Unmodified (OL1) and phosphorothicate (OL2) 18mer
riboONs of similar sequence were purchased from Sigma-Aldrich (Gil-
lingham, Dorset, UK). Both, OL1 and OL2, were desalted raw products
without any purification because they were used as model compounds
for the development of a method for the impurity's separation and
identification. Additionally, their aqueous solutions were frozen and
thawed and stored for two days at a temperature of 35 °C to increase the
amount of impurities, which will be the products of the decomposition
of these ONs [ 28], The list of all tested ONs, their sequences and position
of phosphorothioation is given in Table 1.

The following reagents were used during the serum sample prepa-
ration step: a mixture of phenol/chloroform/iscamyl alcohol (25:24:1)
(VWR International, Gdarisk, Poland) and chloroform (Merck KGaA,
Darmstadt, Germany).

2.2 Instrumentation and columns

Initial chromatographic experiments were performed on the Waters
Acquity UPLC H-Class system (Waters, Milford, USA). The system was
equipped with a quaternary solvent manager, an autosampler, a column
thermostat, a photodiode array detector and a QDa mass detector. The
Empower 3 software was used for system control, data acquisition, and
results processing. Next, preliminarily optimized separation methods

Table 1
The list of all tested oligonucleotides, their sequences, position of phosphor-
othication (marked by *) and molecular masses,

Name Sequence Molecular
mass [ Da]
MODEL OLIGONUCLEOTIDES
allPS 2lmer S T*T*T* T*A*G *C*A*T* T*T*T *T*A*C* G*A*T  6703.4
(DNA) ST &
allPs 20mer ST *THAYG * CYANT *THTHT * T*AYC * GYAYT * HG383.2
(5'N-1) T*T*T 3
allPS 19mer 5 T*T*A*G * C*A*T * T*T*T * T*A*C* G*A*T * 60629
(5'N-2) T*T*T 3
allPs 18mer BTAYG Y CYANT * THTHT* TYAYC * GYAYT * T*T*T 57427
(5'N-3) ¥
Shortimers
allPO 2mer 51TT3 546.4
allPs 2mer 5TT 3 5625
allPO 3mer 5TIT3F 850.6
allPs 3mer 0 ) 8827
allPO 4mer 5 TITT3 1154.8
allPS 4mer 5 T*T*T*T 3 1203.0
allPO Smer 5 TTTTT &' 1459.0
allPs Smer 5 TTT*T'T 3 1523.3
allPO mer 5 TTTTIT 3 1763.2
1PS Gmer 5 TTTTT*T 3' 1779.3
2PS bmer 5 TITT*T*T § 1795.3
IPs bmer 5 TIT*T*T*T 3 1811.4
4PS hmer 5 TT*T*T*T*T 3 1827.5
allPS 6mer 5 T*T*T*T*T*T 3 1843.5
Musinersen analogues
0oLl 5 UCACUUUCAUAAUGCUGG 3 5653.7
allPO
18mer
(RMNA)
oLz 5 URCHAMCHUY U U CRA YU A AR UG UGG 3 5927.0
allps
18mer
(RMNA)
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were transferred to liquid chromatograph coupled with Quadrupole
Time-of-Flight (Q-TOF) mass spectrometer to obtain higher MS resolu-
tion and sensitivity. The 1260 Infinity Quaternary System (Agilent,
Waldbronn, Germany) high-performance liquid chromatography
(UHPLC) system with a binary pump, vacuum chambered micro-
degasser, thermostatically controlled autosampler, column compart-
ment, and a diode-array detector (DAD) was used in the present study.
The system was equipped with Agilent 6540 UHD Accurate-Mass Q-TOF
mass spectrometer (Waldbronn, Germany) with electrospray ionization.
The negative ion mode was applied and the full scan mass spectra were
recorded within the mass range of m/z 500-3200. The data were
collected with the use of Agilent Mass Hunter Software (version
B.04.01).

Acquity Premier BEH Amide columns (Waters, Milford, USA) with
particle size 1.7 pm were used, inner diameter 2.1 mm, and three
different lengths (50, 100, 150 mm).

2.3. Experimental procedures

2.3.1. Sample preparation

Standards of ONs are provided in lyophilized form. Stock solutions
were prepared by dissolution in deionized water at a concentration of
300 pM. These stock solutions were stored in a freezer and diluted 3
times by ACN before use (to reach the final concentration 100 puM in
water:ACN; 1:2).

A pediatric patient with genetically confirmed SMA1 was enrolled at
the Division of Developmental Neurology, the Medical University of
Gdarisk at the University Clinical Centre. The Spinraza dosage was 5 mg
in 5 ml during the lumbar puncture. The 3 ml of serum samples were
taken before the administration of the first dose and after the third dose,
Samples were taken by relevant guidelines of the Medical University of
Gdarisk (Poland) and approved by the Independent Bioethics Committee
for Scientific Research at the Medical University of Gdansk (permission
no. NKBEN,/778,/2022).

Serum samples were prepared by liquid-liquid extraction (LLE) with
the use of a phenol/chloroform/isoamyl alcohol mixture (25:24:1 v/v/
v). The 2 ml of serum sample was first diluted with redistilled water at a
ratio of 1:3. Next, 3 ml of phenol/chloroform/isoamyl alcohol mixture
and 3 ml of diluted serum were mixed and next centrifuged (RCF =
20,160 » g for 20 min). The supernatant was taken for an additional LLE
extraction step with chloroform (at a ratio of 1:4). This step was
repeated to remove residual phenol.

2.3.2. Mobile phases and analysis conditions

Generally, two types of MP composition were used (marked as MP [
and MP II). Initial measurements (retention study) were performed in
MP I consisting of pure acetonitrile in MP A I and aqueous partin MPB L.
Several MPs B I were tested: 10 mM ammonium formate (pH 3.0, pH 4.7,
pH 6.8 and pH 8.0); 10 mM ammonium acetate (pH 4.7, pH 6.8); for
ammonium formate pH 8.0 concentrations from 5 mM to 25 mM (5 mM
steps) were also tested. As the most optimal MP B I 25 mM ammonium
formate, pH 8.0 was chosen. For analysis of impurities and metabolites
MP II was used (because of need of higher MS sensitivity). MP A II was
composed of 10 mM ammonium acetate in ACN/water 75/25 (v/v) and
MP B II was 10 mM ammonium acetate, pH 6.8. For all measurements
gradient elution was used. The most optimal gradient for MP [ was
gradient [: 0-25 (min), 97-55 (%A); for MP I gradient II: 0-1-21 (min),
100-100-50 (%A).

All MPs were filtered with 0.45 pm nylon membrane filters (What-
man, GE Healthcare, Chicago, USA) before use. The first system peak
was used as a column void time marker, Flow rate was 0.4 mL min~?,
injection volume was 1-5 pL. Detection wavelength was set at 260 nm,
based on the UV-spectra measurements. Column temperature was 40 °C,
except of the testing of the effect of temperature on retention and res-
olution, where temperature range 10-90 °C (10 °C steps) was tested.
Sample temperature was 10 °C for all measurements.
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2.3.3. Mass spectrometer settings

All MS measurements were performed in negative mode. QDa de-
tector settings: mass range 50-1250 m/z, cone voltage 30 V, probe
temperature 600 “C. Most of Q-TOF-MS parameters were applied based
on our earlier studies [29,30], consequently capillary voltage was equal
to 4000 V, drying gas flow —10 L min~!, shielding gas flow 10 Lmin?,
octopole voltage 800 V, drying gas temperature 350 °C, shielding gas
temperature 400 °C, and collision energy 25 eV. The nebulizer gas
pressure, skimmer voltage, and fragmentor voltage were optimized
during the study, as they had the greatestimpact on ON signals. Finally,
the selected values were as follows: 20 psi for nebulizer gas pressure,
100 V for skimmer voltage, and 200 V for fragmentor voltage.

The identification of impurities and metabolites was performed by
assigning charge states of ions observed at the full scan spectra, calcu-
lation of masses, and application of deconvolution with the use of Mass
Hunter Software. The sequence assignment of impurities and metabo-
lites was done after determination of their molecular mass with the use
of e.g. RoboOligo and Mongo Oligo Mass Calculator v2.06 programs [ 31,
32]. Both software’s determine the sequence or masses of ONs provided
by the MS analysis of multi-charged ions. Mongo Oligo may provide the
possible CID-product ions. Furthermore, fragmentation spectra were
registered and fragment ions were assigned following the scheme of
McLuckey [33]. The exact process of metabolites identification was
presented in detail in our previous publication [29].

3. Results and discussion

The study was divided into three parts in order to develop a suitable
HILIC method for separation of ONs impurities and metabolites
extracted from serum samples of patient treated by nusinersen. In the
first part we were focused primarily on the retention studies of selected
ONs (see selected ONs in Table 1), since this is a necessary stage in the
comprehensive development of each separation method. These ONs
were selected for the following reasons: 21 mer and its shorter impuritizs
as representatives of therapeutic ONs of first generation; 2-6mers with
different number of PS modifications because of their similar length fo
metabolites of those therapeutic ONs. During the initial experiments, the
effect of MP pH, salt concentration and column temperature on the
retention and separation of phosphorothioated ONs varying in the
length and number of PS modifications was done. The main purpose of
this part of the study was to find the optimal conditions suitable for
separation of ONs impurities and metabolites. The second part of our
study was devoted to the optimization of MS conditions for identifica-
tion of ONs. The last part was devoted to the application of the devel-
oped HILIC Q-TOF-MS method to the analysis of real samples
(unpurifired ONs standards, nusinersen metabolites). These studies were
performed for the first time for nusinersen analogues and metabolites in
HILIC.

3.1. The effects of chromatographic parameters on retention and
resolution of model mixture of ONs

ON impurities and their metabolites are usually shorter sequences of
the main compound. For this reason, the model sample, used during the
retention studies, was a mixture of fully phosphorothicated 21mer with
5'N-1 (20mer), 5N-2 (19mer) and 5'N-3 (18mer) ONs. The focus was to
investigate the HILIC method capability to suppress diastereomer sep-
aration and concurrently to check its separation performance for the
target ONs and their shorter impurities/metabolites.

The analysis of model mixture in different pH of MP showed signif-
icant differences (see Fig. 1). In MP pH 3.0 no ON was eluted within
almost 60 min. This is probably caused by very strong interaction of ON
with metal surface of instrumentation used. Between MPs with pH 4.7
and 8.0 only small decrease in retention with increasing pH was
observed, which was in agreement with the published reports [13].
Table 81 in Supporting material summarizes obtained values of peak
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Fig. 1. The effect of MP pH on retention and resolution of model mixture (allPS
21mer - allPS 18mer). Experimental conditions: ACQUITY Premier BEH Amide
Column (1.7 pm, 50 = 2,1 mm); MP composition MP A: ACN, MP B; 10 mM
ammonium formate in water; gradient elution: 97-55 % MP A in 25 min (20
min re-equilibration); column temperature: 40 °C; autosampler temperature
10 °C; flow rate: 0.4 mL min~; injection volume 1 (L; UV detection A = 260
nm. The scale of detector response is not the same and thus system peaks look
differently. * indicates 17mer, an impurity of ONs standards.

widths and resolutions. MP with pH 4.7 provided significantly lower
resolution than pH 6.8 and 8.0. On the other hand, the highest resolution
was observed for MP with pH 8.0, and the narrowest peaks provided MP
with pH 6.8. Based on these results we conclude that acidic pH is not
suitable for ON analysis by HILIC and amide stationary phase, while
near-neutral and slightly basic pHs are. We selected pH 8.0 for the
subsequent experiments, however pH 6.8 also provided sufficient peak
resolution and thus it was used in another part of our study.

The effect of salt concentration on chromatographic performance is
shown in Fig. 51 in Supporting material. Our results are in agreement
with previously published observations [21]. An increase in concen-
tration of ammonium formate led to the decrease in peak width,
improvement in peak shape and resolution of ONs with different length.
Moreover, slight increase in retention with increasing salt concentration
was observed, which is usually attributed to the electrostatic repulsion
between ONs and stationary phase surface. However, there should be no
electrostatic interaction between neutral stationary phase and nega-
tively charged ONs, unless there are residual silanols on the stationary
phase surface [34]. Described effects were most significant in range
5-20 mM, while the results for 20 mM and 25 mM ammonium formate
were very similar (Fig. 51). The highest concentration was selected for
further experiments.

While the effect of column temperature has a great impact on chro-
matographic performance in IP RP LC, where increased temperature
helps to suppress the diastereomer separation [35], in HILIC the effect of
column temperature is negligible (see Fig. 52 in Supporting material).
With increasing temperature only very slight increase in retention was
observed, which is probably related to the size of ONs and change of
their structure. Moreover, increase in retention with increasing tem-
perature in HILIC has been previously observed [36].

Since the impurities and metabolites are shortmers, we decided to
apply our optimized conditions (25 mM ammonium formate, pH 8.0,
gradient elution) for the analysis of shortmers (2-6mers, different
number of PS modifications). Fig. 2 shows that developed method
allowed for separation of ONs based on their length (both modified and
unmodified), and also based on the number of PS modifications. In
addition, the retention behavior is opposite than in IP RP LC, i.e. in
HILIC with increasing number of PS modifications the retention de-
creases. The reason is higher hydrophilicity of ONs with phosphodiester
bond (PO) than phosphorothioate one (PS). Inspection of Fig. 2 reveals
one additional trend—the peaks of all PS ONs are about 25 % wider than
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Fig. 2. Separation of ONs based on their length and the number of PS modi-
fications, Experimental conditions: ACQUITY Premier BEH Amide Column (1.7
pm, 50 = 2,1 mm); MP composition MP A: ACN, MP B: 25 mM ammonium
formate in water, pH 8.0; gradient elution; 97-55 % MP A in 25 min (20 min re-
equilibration); column temperature: 40 °C; autosampler temperature 10 °C;
flow rate: 0.4 mL min'; injection volume 1 uL; UV detection 4 = 260 nm,

their all PO counterparts. This suggests that diastereoseparation is not
completely suppressed even under HILIC conditions (similar to IP RP
LC), which has been reported recently [25],

Application of amide column and HILIC makes it possible to separate
ONs with different length and number of phosphorothioate modifica-
tions. Properties of stationary phase, neutral surface groups with high
polarity allow successful resolution of the model ONs standards.

3.2, Application of developed HILIC method to the analysis of real
samiples

Two types of samples were selected to verify applicability of the
method. The first type are unpurified oligonucleotides: unmodified OL1
and phosphorothioate OL2, Their analysis by HILIC with mass spec-
trometry will verify the applicability of this mode for the separation and
identification of oligonucleotide impurities. The second type of samples
are extracts from the serum of patient treated with an oligonucleotide-
based drug. The purpose of the present research was only to verify if
the developed HILIC method allows the separation of metabolites
extracted from biological samples. Our goal, however, was not to study
metabolism, as this has already been done and described extensively in
earlier studies [29].

3.2.1. ONs impurities

To increase MS sensitivity while maintaining resolution and peak
shape the separation conditions were slightly changed —-10 mM
ammonium acetate, pH 6.8 was used (Figs. S3 and 54 in Supporting
material). The ammonium acetate was added into both MP A and MP B
to keep the ionic strength constant. pH of 6.8 was selected to ensure easy
and repeatable preparation. The same results were observed also for
nusinersen analogues as shown in Fig. 3A-D, i.e, no significant differ-
ence in resolution between the two salts used in the MP and also
different MP pH values (I'ig. 3A,B). Lowering salt concentration caused
reduction of analysis time (Fig. 3B,D). Similar effect was noticed for the
change of ammonium formate to ammonium acetate (Fig. 3C,D). The
sharper gradient profile (Iig. 3E) caused lowering the peaks width, due
to, e.g. reduction of diastereomeric resolution. Finally, method gradient
optimization significantly reduced retention time (almost twice)
without loss of resolution (Figs. 3D,E and S5) in Supporting material).

The MS operating parameters were not optimized extensively, as this
has already been the subject of several studies [25,26]. Nevertheless, it
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Fig. 3. The impact of salt used in the MP on the separation of OL2 im purities,
Experimental conditions: ACQUITY Premier BEH Amide Column (1.7 pm, 50 x
2.1 mm); mobile MP: MP A: ACN, MP B: saltin water (A, B, C, D) or MP A: ACN/
salt 75/25 (v/v), MP B: salt in water (E); gradient elution: 3-55 % MP A in 30
min (A, B, C, D) or 0-50 % MP B in 21 min (E) (20 min re-equilibration);
column temperature: 40 °C; autosampler temperature 10 “C; flow rate: 0.4
mL min~ " injection volume 4 plL; UV detection 4 = 260 nm. Part of the chro-
matogram is zoomed in: 16-32 min for A,B,C,D; 8-18 min for E.

was observed that a few parameters have a particular effect on the MS
response for ONs (Table $2). The peak areas increased when fragmentor
voltage decreased, contrary to skimmer and nebulizer pressure. The
greatest MS response for OL1, OL2, and their impurities was observed
for fragmentor voltage equal to 200 V, while the skimmer equalled to 80
V and nebulizer pressure 20 psi.

The assignment of charge states of ions observed at the full scan
spectra and next mass calculation, or mass deconvolution was done for
the identification of impurities (Fig. 4). Next, sequence assignment was
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performed by impurity mass calculation with the use of the Mongo Oligo
Mass Calculator v2.06 program. The masses of ONs detected in the
sample were compared with the masses of impurities calculated by the
software. The probable impurities were consistent with the mechanism
of their formation. It is a common practice because most types of ON
impurities are already well-known and described in the literature. They
are formed as N-shortmers (at 5 or 3’ end), or 3'end shortmers with
additional phosphate (PO) or thiophosphate (PS) or 2',3"-cyclic phos-
phate (cyc) groups [37]. Moreover, base mismatches, basic impurities
(loss of adenine or guanine), or ONs with phosphate diester linkage
(P=0) instead of phosphorothioate ones (P—5) may be observed [37].

Figs. 4, 87, and S8 present the exemplary full scan spectra, adducts,
and deconvolution results for OL1, OLZ2, and some of their impurities.
The accurate mass for OL1 and OL2, as well as for their impurities could
be readily determined, even when additional peaks of sodium and po-
tassium adducts were observed (Figs. 4, S7, and 58). The traces of non-
volatile cations in the mobile phase [13,21] contribute to adducts pre-
sent in ONs MS spectra (Figs. 57, S8 in Supporting material). Conse-
quently, the ion current is shared over a greater number of signals,
which decreases the intensity of the target ON signal and reduces the
sensitivity of MS detection [13,21]. In the case of the present study,
adduct peaks were of relatively low abundance (Figs. 57, S8 in Sup-
porting material), making identification effective without significant
signal intensity loss. Although metal adducts are the most frequently
suggested as one of the disadvantages of HILIC application to ON
analysis [13,19], our results do not entirely confirm this assertion, since
the identification is possible. Nevertheless, it is likely that reduction in
adducts would increase the sensitivity in HILIC. Our results are in line
with previous research supporting the benefit of HILIC in the reduction
(but not complete removal) the adduct formation issues [13].

The two charge states at the full scan spectra for the majority of
impurities were observed (Figs. §7, S8 in Supporting material), except
for one impurity for OL1 (5'N-12) and five for OL2 (3'N-6 cyc, 3'N-7 cyc,
3" N-11 cye, 3" N-12 cyc, 3N-12) where only one charge state was
noticed. Additionally, three charge states were noticed for OL1 and OL2
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35 15
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Fig. 4. The full scan spectra (A,D]), adducts (B,E), and deconvoluted masses (C,F) for OL1 (A, B, C) and OL2 (D, E, F). Experimental conditions: ACQUITY Premier
BEH Amide column (1.7 pm, 50 « 2,1 mm); MP composition MP A: ACN/10 mM ammonium acetate (pH 6.8) 75/25 (v/v), MP B: 10 mM ammonium acetate (pH 6.8);
gradient elution program: 0-1 min. 100 % MP A, 1-21 min. 100-50 % MP A (20 min re-equilibration); column tem perature: 40 °C; autosampler temperature 10 “C;

flow rate: 0.4 mL min '

fragmentor voltage 200 V; drying gas flow 10 L min~
tem perature 400 “C,

i injection volume 5 pl; mass spectrometric conditions: nebulizer gas pressure 20 psi, skimmer voltage 80 V, capillary voltage 4000 V,
!, shielding gas flow 10 L min~

!, octopole voltage 800 V, drying gas temperature 350 °C, and shielding gas
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(these were —3, —4, and — 5 with —4 being the most abundant) (Table 2,
Fig. 4). Regarding the charge state distribution at the full scan spectra of
ON polyanions, it shifted to lower m/z values together with decreasing
in the length (and simultaneously, the number of ionized phosphate
groups) (Table 2, Figs. 57 and S8 in Supporting material). The charge
state distribution in HILIC depends on the length of the ON, similar to
the most abundant ion. These effecis are not related to the modification
of ONs.

Table 2 collects the most abundant ion of each impurity with its
charge state, deconvoluted mass, retention time, and sequence of
probable impurity based on Q-TOF-MS analysis. Twenty-six impurities
were annotated for OL1, while twenty-eight for OL2. Fig. 5 presents EIC
for each of identified OL1 impurities, while Fig. 59 for OL2.

In the case of OL1, mainly shortmers were identified, precisely fail-
ure sequences lacked a various number of nucleotides from both the 3°
and 5 ends (Table 2). Characteristically, in the case of impurities
resulting from the incomplete synthesis process shortmers at the 5" end
have hydroxyl groups (from 5N-2 to 5N-14). Shortmers formed as an
ON degradation products at the 3’ end position mostly have a phosphate
(PO) group (8 impurities), less often cyclic phosphate (cye) (3 impu-
rities) (Table 2). As for the elution order, in general, retention increases
with the elongation of the ON chain, which is a result of the increasing
polarity of the molecule. Moreover, 3-shortmers always have greater
retention compared to 5 shortmers of the same number of nucleotides in
the sequence, due to the presence of an additional phosphate group or a
cyclic phosphate.

HILIC appeared to be efficient method for ONs impurities separation
with good selectivity (lack of coelution of OL1 impurities together with
the main compound) (Fig. 5). In addition, two longmers have been also
identified: OL1 with an additional phosphate group (OL1 PO) and OL1
with additional guanosine (OL1 +G) (Table 2), Both impurities were
completely separated from the main compound (Fig. 5).

The trends observed for OL1 are analogous to OL2 (Table 2). One
impurity was also identified where the sulfur atom in one of the phos-
phorothioate groups was swapped for oxygen (OL2 P=0) (Table 2). It
was eluted together with the main compound and its separation from
OL2 was impossible under any of the conditions applied during the study
(Figs. 59, S10B in Supporting material).

The application of the developed method did not provide complete
separation of all identified impurities, regardless of whether the ON was
modified (OL2) or not (OL1). An attempt was made to change the
gradient program, however, this did not improve separation, while
additionally increased the broadening of peaks. Two more amide col-
umns with 100 mm and 150 mm lengths were also used (Figs. S10A and
S11 in Supporting material). In the case of OL2, the resolution of im-
purities eluted before the main peak was increased when 150 mm col-
umn was applied (Fig. S10A in Supporting material), contrary to closely
related impurities eluted with the main peak (Fig. S10B, C in Supporting
material). Greater improvements in the resolution of impurities for
longer column were observed for unmodified OL1 (Fig. S11 in Sup-
porting material).

3.2.2. ONs metabolites

Generally, therapeutic ONs are metabolized /hydrolyzed in human
body because of endo- and/or exonucleases present in plasma and tis-
sues [38], By modifying of ONs, the stability increases, but they still
undergo the metabolism and can be cleaved by nucleases practically
anywhere between oxygen on 3" end and phosphorous from phosphate
group (cleavage of phosphodiester linkage) [39]. This results in a huge
number of very short ONs as metabolites.

The simplest method of isolation of ONs from serum is phenol/
chloroform LLE described in experimental section. The LLE removes
proteins and lipids form the aqueous ONs sample prior to its LC MS
analysis. Two plasma samples were selected for the study: sample prior
to the first dose of nusinersen (control sample, no target ON was
detected) and the sample after the fourth dose of the drug. The
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metabolites of nusinersen found in the patients plasma were short (3-,4-
mers) fragments of target ON; [P RP LC does not allow their complete
separation [29]. The developed HILIC method was suitable for separa-
tion and analysis of short ON metabolites.

Eleven metabolites were identified in a manner analogous to impu-
rities, and they had also been identified previously [29]. Their probable
sequence, masses, and parent ions are summarized in Table 3, while
fragmentation spectra for three exemplary metabolites were presented
in Fig. S12. The short sequence of metabolites made it impossible to
unambiguously identify all of them with strictly defined nusinersen
fragments, even with the use of fragmentation, since the masses of
fragments is similar for some of the metabolites (Fig. $12). It should be
noted that these ONs have two other types of modification in addition to
the phosphorothioate modification (extensively tested earlier in this
research): 2-0-methoxyethyl group in ribose moieties and methylated
cytosine and uridine.

For most of the detected metabolites (seven compounds), only one
signal with charge state equal —2 was observed on the spectra in full
scan mode (Fig. S13D in Supporting material). For the rest, there were
two signals with charge —1 and —2 (Fig. S13A in Supporting material).
Analogous trends were observed for impurities with short, several-
nucleotide sequences (Table 2), This confirms that the shorter the ON,
the lower the charge state of the main signal. However, this effect may
also be related to the low number of metabolites or their poor ionization,
due to the modified structure.

In the initial stage of the study, a 50 mm Amide column was used.
Complete separation of the metabolites was not achieved, with the
coelution of as many as four metabolites (M2-M5) in one peak and three
of them (M9-M11) in the other (Fig. S14A). Decreasing the percentage
of ammonium acetate at the end of the gradient increased the analysis
time but did not increase the separation significantly. However, partial
separation of metabolites M9, M10, M11 was achieved (Fig. 514B). In
the next step, two longer columns of 100 mm and 150 mm were used.
The total analysis time and metabolites retention increased, but the
resolution was not higher, neither for coelution M2, M3, M4, M5 or
coelution M9, M10, M11 (Fig. 515). The gradient changes for 150 mm
column allow partial separation of M2 from M3, M4, M5, and increased
resolution of M9, M10 and M11 (Fig. 6). At the same time, however, the
analysis time is longer, and the separation is not complete anyway. The
results indicate that the separation of very short, modified, and struc-
turally similar ONs is very challenging for HILIC despite the use of
UHPLC, a long column, and changes in the gradient elution program.
Nevertheless, it should be emphasized that this is also difficult to achieve
for IP RP HPLC [29,40], and the advantage of the developed HILIC
method is the absence of ion pair reagents.

The M1 metabolite has the lowest polarity and is therefore eluted as
the first one (Figs. 6,514, §15). M3 and M5 coelute with M4, all of which
are 3mers. M3 and M5 have only three phosphorothioate groups (unlike
M4), but they include more polar nucleotides, no guanosine (G)
(Table 3). Therefore, most likely the resultant polarity of M4, M3 and M5
is similar. Next, M2 is eluted due to increased polarity of M2 compared
to the other three metabolites (additional 2-O-methoxyethylribose)
(Fig. 6B, Table 3). Somewhat surprising is the elution of M7 after M3,
M4, and M5 (Figs. 6, 514, 815), since each one of them is a 3mer
(Table 3). The next eluted M8, a 3mer composed of three polar mU and
an additional 2"-0-methoxyethylribose (Table 3). The M9, M10 and M11
metabolites are the last to elute from the amide column (Figs. 6, 514,
515). Two of these metabolites are 4mers, and retention increases with
ON length in HILIC due to greater polarity. M9, on the other hand, is a
3mer, but it has additional 2'-O-methoxyethylribose (Table 3). Tt is
possible to partially separate these three metabolites and then M9 is
eluted before M10 and M11 (Fig. 6A), which is most likely closely
related to the fact that there are only three nitrogenous bases in its
structure.
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Table 2

Impurities identified in OL1 and OL2.
m/z values for the most abundant lon ~ Charge  Impurity Impurity sequence Deconvaluted mass [Dal — Retention time [min]
oL1
618.5960 2 5'N-14 5'CUGG 3’ 12391923 9.57
7H3.59054 -2 3'N-13 PO 5 UCACU 3 - PO 15691811 12,20
944.1 3064 -2 5'N-12 5 UGCUGG 3 1890.2613 1275
TIBTEITT 3 5'N-11 5 AUGCUGG 3 22193111 13.39
4845443 -3 5 N-10 5 AAUGCUGG 3 25483655 14.01
821.75231 -3 3'N-10cye 5 UCACUUUC 3 - cyc 2468.2581 14.31
931.77153 3 3'N9 cye 5 UCACUUUCA 3 - eye 27983113 14.67
950.79667 3 5'Na 5 UAAUGCUGG 3' 2855.3901 14.78
827 TE525 -3 3'N-10 PO 5 UCACUUUC 3 - PO 24862677 14.98
93777304 -3 3'N9 PO 5'UCACUUUCA 3 - PO 2816.3208 15.31
106048043 3 5'N8 5 AUAAUGCUGG 3 31B4.4425 15.23
1143 46167 -3 3'NT7 cye 5 UCACUUUCAUA 3 - cye 3433.3859 15.74
1162 16075 3 5'N7 5 CAUAAUGCUGG 3 3489.1021 15.95
1039,78193 -3 INBPO 5 UCACUUUCAU 3' - PO 31223485 16,00
114946452 3 3'NTF PO 5 UCACUUUCAUA 3 - PO 34513946 16.26
1264, 16821 -3 5'N-6 5" UCAUAAUGCUGG 3 37955023 16.45
1259 1498 -3 3 N-b PO 5 UCACUUUCAUAA 3 - PO 3780.4487 16,56
1024, 38187 -4 5'N-5 5 UUCAUAAUGCUGG 3 41015290 16.96
13611574 3 3'N-5 PO 5 UCACUUUCAUAALU 3'- PO 4086.4716 17.15
11040, 88825 —4 5 N-4 5 UUUCAUAAUGCUGEG 3 4407.5515 17.42
110687875 4 3'N4PO 5" UCACUUUCAUAALG 3 - PO 44315171 17.68
1177.14833 -4 5'N-3 5 CUUUCAUAAUGCUGG 3 4713.0930 17.88
125966106 4 5'N-2 5' ACUUUCAUAAUGCUGG 3 50426456 18.01
1183 38879 -4 3'N-3PO 5 UCACUUUCAUAAUGC 3' - PO 47370574 18.09
14124273 —4 0Ll 5 UCACUUUCAUAAUGCUGG 3° 5653.7093 18.44
1432 41926 —4 OL1 PO 5 UCACUUUCAUAAUGCUGG 3 - PO 5733.6760 19,40
1482 42756 4 OL1 + G 5' GUCACUUUCAUAAUGCUGG 3 59337076 19.85
oLz
6425604 2 5'N-14 5 CYMUYGHG S 1287.1203 6.64
F75.56021 -2 3'N-13 5 URCTANCYD 3 1553.1204 741
B06.54049 -2 3'N-13cye  5'U*C*A*C*U 3'- cye 1615.0048 B.86
B23.07247 -2 5'N-13 5 GHCTUGEG 3 1648.1473 9.37
967 54076 2 A'N-1Zeye  5'UMCHAYCYUYU 3 - eye 19370815 10,25
GH4.07 3096 -2 5'N-12 5 UMGROYUNGHG 3 1970.0815 10,55
T70.7 249 -3 5'N-11 5 ATURGRCTURGEG 3 23151760 11.29
1128 54225 2 3'N-1leye 5 U*C*AYCYU*UU 3 -eyc 2259,0845 11.39
B3B.37969 -3 3'N-10 5 USCEANCHYUYLOAC 25181403 11.66
BR6.06867 -3 5'N-10 5 AT ATURGTCTUNGAG 3 2661,2061 12,00
B859.36589 3 3'N-10eye 5 U*C*A*C*U*U*UC 3 - cye 2580,5991 12.46
9340255 -3 5' N9 5 UCAYATUSGH O UGG 3 2983.7069 12,86
1108, 74565 -3 5'N-8 5" AFUR AFARURGRCHURGHG 3 3329.2384 13.32
1202 37925 3 3'NTF PO 5 URCYAYCHUMUAUACAYURA 3 - PO 36098767 13.57
1082 04391 -3 3'N-8 cye 5'U*C*A*CYUU*UACHAY U 3 - cye 32486324 13.63
119705261 -3 3 N-T cyc 5 UCHARCYUAUMUSCHAAYURA 3 - cyc 35941578 14.00
1215.75029 3 5'N7 5 CrAYUNATAMUYGHCHUGHG 3 3650.2518 14.17
131206136 -3 3 N-b cyc 5 UACHAYCYUAUYUMC AR UMA YA S - oy 39391841 14,35
132308361 3 5'N6 5 UCrAYUTA*ATUNG*CYU* GG 3 39720625 14.69
106429721 -4 3'N-5cye 5 URCrAYCUUUC A UA*AYU 3 - cye 42611906 14.97
1072 56286 4 5'N-5 5 UrUCHATUAT AUGHCT UGG 3 42942528 15.19

(continued on next page)
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Table 2 (continued )
myz values for the most abundant ion Charge  Impurity Impurity sequence Deconvoluted mass [Da] Retentlon time [min]
1153.31412 4 5'N-4 5 UrU*U*Cr AYUA* A*UYGHCY UM GG 3 46167555 15.72
121956568 —4 3'N-3 5 USCHACYUMUM UG AR A A UG YC 3 AHBL 2627 15.88
1299.81725 4 3'N-2 5 UC*A*CUUUC A UA A UG C*U 3 52032690 16.26
1233.56603 —4 5'N-3 5" CHUAIAURCr AYU AR AMUAGH O URG G 3 4938.2653 16,20
1319.5749% 4 5'N-2 5 AYCUMUMUACHAY U ARAYURGHCMUMGH G 3 5283.2998 16.49
140032916 —4 5'N-1 5 CAXCY UM UACH AT U AAY UG *C UGG 3 56053190 16,85
1480.57930 —4 0Lz 5'UACHAYCYUMUM D CRAY U AYA UG REYUMG G 3 5927.0099 17.05
1476.58422 4 OL2(P=0) 5 U*C*A*C*U*UUC*AUA*A*U*G*C*UG*G 3' (P—=0)  5910.8362 17.49
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Fig. 5. Extracted jon chromatograms for impurities of OL1, Experimental conditions: ACQUITY Premier BEH Amide column (1.7 pm, 50 = 2.1 mm); MP composition
MP A: ACN/10 mM ammonium acetate (pH 6.8) 75/25 (v/v), MP B: 10 mM ammonium acetate (pH 6.8); gradient elution programs: 0-1 min. 100 % MP A, 1-21 min.

100-50 % MP A (20 min re-equilibration); column temperature: 40 “C; autosampler temperature 10 “C; flow rate: 0.4 mL min
spectrometric conditions: nebulizer gas pressure 20 psi, skimmer voltage 80 V, capillary voltage 4000 V, fragmentor voltage 200 V; drying gas flow 10 L min ",

L. injection volume 5 pl; mass
1

shielding gas flow 10 Lmin ', octopole voltage 800 V, drying gas temperature 350 °C, and shielding gas temperature 400 °C. Peak broadening of OL1 is caused by
partial column overloading for the dominant oligonucleotide (OL1 concentration is 10-100 fold higher than the shorter oligonucleotide impurities detected in

the sample),
4, Conclusion

The aim of this work was to develop HILIC method using amide
stationary phase for analysis of phosphorothioated therapeutic ONs. We
investigated the effects of several chromatographic parameters (pH of
the aqueous part of the MP, buffer concentration, separation tempera-
ture) on retention and resolution of phosphorothioated ONs differing in
the length and the number of PS modifications. The results showed that
pH 6.8-8.0 is recommended for ONs analysis, while pH 4.7 provided

broader peaks and at pH 3.0 21mer ONs were not eluted within 60 min.
The separation (peak symmetry) improved with buffer concentration
from 10 to 25 mM buffers. More sensitive MS detection was achieved
when replacing ammonium formate with ammonium acetate. The effect
of separation temperature on retention and resolution was not
significant.

The impurities were identified in the sample of 18mer ONs (ana-
logues to nusinersen). In allPO anologue 26 impurities, in allPS analogue
even 28 impurities were partially separated and identified by Q-TOF. In
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Table 3
The sequences of probable nusinersen metabolites, m/z values for observed ions, their charge states, and masses,
Abbreviation Observed lons [m/z] Charge state Metabolite
Deconvoluted mass [Da] Predicted mass [Da] Probable sequence Probable metabolites
M1 617.73718 -2 12374760 1236 ArmUGT 5'N-11+3N-4
123647773 1
M2 69677176 -2 1395.5441 1395 GrmU*mC* MoeR SN-15+3N-1 or
1394.,54477 -1 mU*G*mC* MoeR S5N-12+3N-3
M3 601.77687 2 1205.5537 1205 mCr AT mU* 5N-7 4 3'N-8 or
mU*mCrA* FN-15 or
ArmCrmU* 5N-2 + IN-13
M4 661,2532 -2 1324.5046 1325 AFmUTGY SN-11+3N-4
M5 595.75245 2 1193.5049 1194 mC*mU*mU* 5N-3 4+ 3'N-12 or
miU*mb*mc* 5N-5 + 3N-10
Mé 697.26371 =2 1396.5274 unidentified
M7 653.20689 2 1308.5333 1308 ACAYmUY 5N-104+3N-5 or
1307.53331 1 ml* AT AN 5N-9 4 3N6
MB F31.317095 -2 1464.6340 1464 mUmU*mU*MoeR 5N-4 + 3N-11
Mo 72876776 -2 1459.5355 1458 ArmC*mUMoeR* 5N-2 + 3N-13 or
mU*mC*A*MoeR* 5'N-6 + 3NG or
mC*A*mU*MoeR* SNT + INS
M10 F71.29979 -2 15445995 1543 G*GrmU me IN-14
M1l BO6.8181 -2 1615.6362 1614 ArmUATAY 5'N-8 + 3N-6

where: * — phosphorothicate group; MoeR - 2-0-methoxyet hylribose.
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Fig. 6. Base peak chromatograms and extracted ion chromatograms for metabolites extracted from serum sample of SMA patient treated with nusinersen: (A)
gradient elution program 0-1 min. 100 % MP A, 1-30 min. 100-85 % MP A (20 min re-equilibration); (B) 0-1 min. 100 % MP A, 1-60 min. 100-80 % MP A (20 min
re-equilibration). Experimental conditions: ACQUITY Premier BEH Amide column (1.7 pm, 150 » 2.1 mm); MP composition MP A: ACN/10 mM ammonium acetate
(pH 6.8) 75/25 (w/v), MP B: 10 mM ammonium acetate (pH 6.8); column temperature: 40 “C; autosampler temperature: 10 “C; flow rate: 0.4 mL min " '; injection
volume 5 ul; mass spectrometric conditions: nebulizer gas pressure 20 psi, skimmer voltage 80 V, capillary voltage 4000V, fragmentor voltage 200 V; dryving gas flow
10 L min ', shielding gas low 10 L min 1, octopole voltage 800V, dryving gas temperature 350 °C, and shielding gas temperature 400 °C.

the next step analysis of extracts from plasma samples from children
treated by Spinraza has been performed. Eleven shortmer metabolites
have been identified, but unformunately it was not possible to separate all
of them, even with the use of a longer column. Metabolites were very
short (2-4mers), contrary to impurities. Moreover, metabolites se-
quences were very similar, often differing in one group. It appears that
separation of this type of ONs mixtures is challenging in HILIC, contrary
to resolution of dozens of impurities. Nevertheless, it should be
emphasized that this is also difficult to achieve for [P RP HPLC, and the
advantage of the developed HILIC method is the absence of ion pair

reagents.

To conclude, MS compatible HILIC method without using of ion-
pairing agents has been developed and successfully applied for the
analysis of impurities in nusinersen analogues as well as for analysis of
metabolites in serum samples.
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