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Abstrakt

Dizertaini prace se sklada ze dvou tematickyehsti; prvni cast se zabyva
charakterizaci trypsinu, enzymu vyuZivaného v mnaoiekém vyzkumu k identifikaci
proteinovych sekvenci, a rychlosti trypsinovéhipéhi peptid. Druhacast je zardrena
na chiralni separace biologicky aktivnich latek.

V prvni ¢asti projektu byla studovana kinetik&gni syntetickych peptidtrypsinem
a vyvinuta metoda vysokeiinné kapalinové chromatografie (HPLC) pro detekchto
peptidh a jejich fragmeni. Za pouziti enzymové reakce v roztoku a metody ERlyly
stanoveny relativni rychlostni konstantyépté reakce problematickych sekveith
motivi. Bylo objasgno, které aminokyseliny v okoli &ného mista zpomaluji
enzymovou reakci a v jaké polozécv Sttpnému mistu je jejich vliv ne§¥Si. Dale bylo
zjisténo, Ze trypsin je schopen nizké exopeptidazoveévigktipredevsim § Stépeni na
konci peptidového tettzce. Dale byly zjigny a porovnany d&nnosti i
chromatografickych kolon s imobilizovanym trypsinetmobilizace na pevny nasise
VvyuzZiva pro zvysSeni mnozstvi enzymuagtniciho se katalytické reakce a pro z&jiSt
lepsi opakovatelnosti a reprodukovatelnosti vysiedicinnost kolony syntetizované na
University of North Carolina at Chapel Hill byla )@vnana s &innosti dvou komeng
dostupnych kolon. Jako substrat byl pouZd,-benzoyl-L-arginin 4-nitroanilid
hydrochlorid a testovaci podminky zahrnovaly pdugépara&nich pufi o mizném pH,
raznych piitokd mobilnich fazi a teplot. Za¢kterych podminek, igdevsSim fi pH 9,0,

vykazovala nov syntetizovana kolona vysstitinost nez kolony komeni.

Ve druhécasti prace byly vypracovany a optimalizovany metétBL.C a kapilarni
elektroforézy (CE) pro separaci enantiotnényptofanu a jeho derivatpouzivanych pro
raizné &ely nag. ve farmaceutickém pmyslu. V gipad CE byl jako chirélni selektor
pouzit cyklodextrin (CD) a jeho derivaty. Vyvoj HELmetody vyZzadoval pouziti vice
raznych chiralnich stacionarnich fazi a sepaieh mod. Byly testovany stacionarni faze
na bazi CD, cyklofruktanu (CF), teikoplaninu i psdgharid. Bylo dosaZzeno separace
vSech analyt na zakladni linii. Na zakl&dziskanych vysledk byl diskutovan sepatai
mechanismus pouzitych kolon. Dizeéma prace zahrnuje také rozsahlé reSerSe tykajici se
enantioseparaci d&, aminokyselin a dalSich chiralnich latek metodamPLC,
superkritickou fluidni chromatografii (SFC), plyreav chromatografii (GC) a
elektrokinetickou chromatografii.



Abstract

This dissertation thesis composes of two parts; fingt part focus on the
characterization of trypsin, enzyme frequently udadproteomic research for the
investigation and identification of protein sequesicand its peptide digestion kinetics.
The second part is aimed to the enantioseparatiopi®logically active compounds.

First part of this project focus on tryptic digesti of synthetic peptides and the
development of HPLC method for the identificatioh synthetic peptides and their
fragments. Using the in-solution digestion and HPn©€thod, relative kinetic constants
were determined for problematic sequences. Amindsaesponsible for the decrease in
trypsin catalytic activity and their location towlarthe cleavage site were studied. Certain
slight exopeptidase activity of trypsin was notedpecially at the end of peptide chain.
Furthermore, three columns with immobilized trypsised in HPLC were compared
concerning their catalytic activity. The immobilian of enzymes on solid support is used
to elevate the amount of enzyme present duringstgeand to assure better repeatability
and reproducibility of obtained results. Activity@new trypsin column synthesized at the
University of North Carolina at Chapel Hill was cpamed to two commercially available
trypsin columns.N,-benzoyl-L-arginine 4-nitroanilide hydrochloride svaused as a
substrate and the separation conditions testeddadl the use of various buffer pH, flow
rates and temperatures. The results showed thaheimy synthetized trypsin column
showed much higher activity than the commercial spnespecially at pH 9.0

measurements.

The second part deals with HPLC and CE chiral sgper methods for the
determination of tryptophan and its unnatural danxes. These analytes can be used for
instance in pharmaceutical industry for variousppses. In the case of CE measurements,
native cyclodextrin and its derivatives were useclairal selectors. The optimization of
HPLC method required application of various chsttionery phases. Stationary phases
based on derivatized cyclodextrins, cyclofructaegoplanin and polysaccharides were
tested. All the analytes were baseline separataded®on the obtained results separation
mechanisms were discussed. This part also includessast research on the
enantioseparation of pharmaceuticals, amino agidsother chiral compounds by HPLC,
SFC, GC and EKC separation methods.
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Seznam pouzitych zkratek

ACN — acetonitril

BEH — ethylene bridged hybrid silica

CD - cyklodextrin

CE — kapilarni elektroforéza

CF - cyklofruktan

CSP - chiralni stacionarni faze

GC - plynova chromatografie

HILIC — hydrofilni interakni kapalinova chromatografie
HPLC - vysokotdinna kapalinova chromatografie
MeOH — methanol

MP — mobilni faze

RP — reverzni méd

SFC - superkriticka fluidni chromatografie

UNC — University of North Carolina

UPLC — ultradinn& kapalinova chromatografie



1. Uvod

Biologicky aktivni latky Ize definovat jako sloeniny, které jsou i v nizkych
koncentracich schopny oviievat Zivotni pochody, jak pozitivnim tak i negaiinm
zpisobem. Mezi biologicky aktivni latkyadime nap makromolekuly typu protein
[éCiva, vitaminy a aminokyseliny, latkyipodniho i syntetickéhotwodu. Velké mnoZstvi
téchto latek je chiralni - vyskytuji se v odliSnyclogtorovych usp@danich, ktera

navzdory stejnému sumarnimu vzorci mohou vykazoyatou biologickou aktivitu [1].

Zakladni sloZzkou proteinjsou L-enantiomery aminokyselin, ale vlivem vysohky
teplot, starnutim neb&innosti mikroorganizri postupg dochézi k gemené na jejich D-
analogy. Ty vSak mohou zasahovat do metabolismarénrf a zfsobit toxickou reakci, v
piipadt zabudovani do proteinu mohoutugpbit i ztratu biologické funkce [2]. D-
aminokyseliny Ize nalézt napv buréénych sénach mnoha bakterii [3], odkud se mohou
uvolovat do okoli [4]. U vysflejSich biologickych systéin nag. u ¢lovéka, mize
vyskyt D-aminokyselin doprovazet rozvojkterych onemoaini, nag. Diabetes mellitus
[5] nebo Alzheimerovu chorobu [6]. ¥lech vysglejSich organisrin se ffirozere vytvasi
kyselina D-asparagovaigrevSim metabolickymi pochody souvisejicimi senstém [2].
Z diavodu diagnostiky, prevence a boje profizmym chorobam je ptgba vyvoje
spolehlivych a efektivnich metod pro detekci a ididci proteini a jejich stavebnich

jednotek.

Identifikace proteif a jejich aminokyselinového sloZeni probih&astji za vyuziti
specifickych proteolytickych enzyin{7]. NejpouzivagjSim enzymem ke &beni proteid
za (Eelem jejich analyzy je pro vysokou specifitu triypg7,8], a to pedevsim k fipraw
vzorki pro tvorbu peptidovych map, stanoveni primarnulkdtry proteiri a post-
transl&nich modifikaci [9]. &koli jsou optimalni podminky pro trypsinovou hydipl
detailre popsany [10], stanoveni rychlostié@ni tzv. problematickych sekvenci bylo
dosud opomijeno. Trypsin&gti aminokyselinové&ettzce pouze na karboxylovém konci
argininu a lysinu [11], ale aminokyseliny obklomijiS&pné misto mohou tuto reakci
vyznamrié zpomalovat. Neépsgji jsou nekompletd nasStpené sekvence pozorovany
v blizkosti kyselych aminokyselin (kyseliny aspare§ a glutamova) nebo Vipac, Ze je
v sekvenci pitomno vice &pnych mist jdoucich za sebou [12]. Znalost rychmims$t
konstant hydrolyzy &chto sekvenci by po zabudovani do prograpro identifikaci
peptidi mohla vést ke snizeni mnozZstvi fake$ozitivnich vysledi a k podstatnému



urychleni vyhodnocovani ziskanych dat. Enzymov@esti Ize provést dvna zmisoby.
Konvertné se pouziva reakce v roztoku, ale ta je zatizenshanmevyhodami,ipdevsim
autolyzou. Vyrazné vylepSeni postuptegistavuje imobilizace enzymu na pevny dposi
kterd umo#uje pouziti podstatnvy3Siho mnoZzstvi enzymu a eliminuje nevyhody reakc
v roztoku [13,14]. Pouziti komé&mich chromatografickych kolon s imobilizovanym

trypsinem by nidlo vést k ¥tSi opakovatelnosti a spolehlivosti vyslédk

Chiralni separace biologicky aktivnich latek majdnesni do®é obrovsky vyznam,
protoze mnoho kv, chemikdlii a latek pouZivanych v potraviském péimyslu a
zemedelstvi vykazuje chiralitu. Stalestsi diraz je kladen na vypracovani toxikologickych
a environmentalnich analyz vlivu jednotlivych enamteri, se kterymi je Uzce spjata
potreba rychlych, spolehlivych a citlivych metod. Uplati v této problematice nalezla
piredevsSim kapalinovd chromatografie, kterou lze pouyatd rhzré polarni analyty
pochazejici ziznych tym matric [15]. Velké mnoZstvi dostupnych chirdlnich
stacionarnich fazi jeStvice ugednosituje pouziti této techniky [16]. rikladem
biologicky aktivnich latek mohou byt neproteinogerderivaty tryptofanu, pouzivané
nag. ve farmacii k vyvoji novych I&v, jako biologické sondy nebo katalyzatory
[17,18,19]. DAl Ize zminit népodni derivaty prolinu, pouzivané v peptidomimetice
zlepSeni biologické dostupnosti¢ié a odolnosti w¢i enzymim [20], nebo p-aryl-
substituovang-aminokyseliny, které isobi jako inhibitory enzyfy maji neurologickou

aktivitu a pouZzivaji seipvyvoji novych I&€iv [21].

2. Cile prace

Cilem dizertani prace bylo studium peptica aminokyselin vysoka@innou kapalinovou
chromatografii.

Dil¢i cile 1ze rozdlit do nasledujicich bad

e Studium rychlostnich konstant ¢geni problematickych peptidovych sekvenci
trypsinem.

* Porovnani tinnosti kome&n¢ dostupnych kolon s imobilizovanym trypsineméwv
now syntetizované kolahv laboratdi.

* Vyvoj vhodnych metod pro chiralni separace tryptofaa jeho neproteinogennich

derivati pro screeningoveé a purifikai (cely.
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3. Teoreticky ivod do analyzy biologicky aktivnicHatek

3.1. Trypsinové S€peni aminokyselinové sekvence protein

Proteiny spolén¢ se sacharidy a lipidy p@at mezi makromolekuly nezbytné
k existenci zivota na Zemi. Zakladem proteinovébtzce jsou aminokyseliny, jejichz
poradi utuje nejen vysSi strukturu protéinale také jejich funkci. V proteomickém
vyzkumu je protein izolovan, denaturovan a nasiedozloZzen na kratké peptidové
fragmenty, které jsou identifikovany &eptji hmotnostni detekci. beni je obvykle
provadgno enzymatickou katalyzou. Aby mohlo dojit k hygtadké reakci, musi byt
Sttpné misto a okolni sekvence aminokyselin kompaiitsl aktivnim centrem enzymu.
Navazanim peptidu na enzym dochazi kesmkonformace aktivniho centra, kterou
zaina samotna reakce.chkteré aminokyseliny v bezprdstinim okoli &tpného mista
mohou zabranit navazani na enzym nebo mohou ovivniny konformace na aktivnim
centru enzymu tak, Ze protth reakce nebude vyhodna a reakce bude probihatlipoma
[22]. Ve vysledné sisi pak pozorujeme peptidové fragmenty s vynecharsipinymi
misty (z angl. miscleavage), i kdyZ je réakdoba dostate¢ dlouha.

Trypsin je pro vysokou specifitu nejpouzi¥g@im enzymem pro &beni proteif
[7,8]. Optimalni podminky pro trypsinoveéspeni jsou udavany nasledavipH v rozmezi
7-9 jednotek (v zavislosti na zdroji) [23,24] altgp 37°C. SniZzenim pH na hodnoty 2-4
dojde k inaktivaci enzymu, aktivita se navrati pieidy ihned po zrané pH na optimalni
hodnotu, ale $ zvySeni teploty nad 37°C enzym postélenaturuje az do upiné ztraty
aktivity. Specifita Stpeni trypsinem spgdva ve schopnosti &bit proteiny pouze na
karboxylovém konci lysinu a argininu, pokud po ni@masleduje prolin [9]. Mezi faktory,
které negativé ovliviwuji rychlost enzymové reakce, sadi pH, teplota, fitomnost
organickych rozpoustlel, autolyza, vysSi struktury égeného proteinu a samotna
sekvence aminokyselin. Kyselé aminokyseliny nadiézee v bezprogtdni blizkosti
Sttpného mista sniZuji rychlost enzymové reakce. lejadalenost od &ného mista je
zdsadni a maueny dopad na rychlost reakce [12,11]. Aminokyseltnosekvence
obklopujici S¢pné misto se obvykle popisuje jako P4-P3-P2-P1-HPR"-P3"-P4", kde
mezi aminokyselinami P1 a P1" dochazi ke&psdé reakci [25]. B analyzach
.-miscleavage” sekvenci se v okoli vynechanéh&priho mista néasgji objevuji
negativié nabité kyseliny asparagova a glutamova, zejmépazicich P3, P4, P1’ a P2'.

Tyto dw aminokyseliny vytvé solné nlistky s bazickym argininem a lyzinem a zatuja
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tak jejich navazani na kyselinu asparagovou v aktivcentru trypsinu¢imz dochazi k
brareni interakce s enzymem [12]. ,Miscleavage” sekveseabjevuji také vifpadech,
kdy je v aminokyselinovéntettzci umistno rekolik Stépnych mist za sebou. Bylo
popsano, Ze trypsin neni schopen pracovat jako eptimfaza, tzn. nedokazeggit na
Uplném zaatku nebo konci peptidovéhdetzce [26]. V sekvenci je obvykle
hydrolyzovano pouze jedno épné misto, ostatni uz enzymové reakci nepodléhaji.
Negativni vliv na Stpeni peptidové vazby byl publikovan také pro dalinokyseliny,
histidin, tyrosin, tryptofan a fenylalanin [11], skytujici se v blizkosti §pného mista.

S vyzkumem struktury a funkce protéife Uzce spjata piba rychlych, nenataych
a efektivnich sepataich metod. V proteomickém vyzkumu je &eggji vyuzivanou
technikou metoda HPLC v reverznim modu (RP) [7]eds® uplatuji také CE a gelova
chromatografie. V fipadct HPLC a CE metod fite S€pna reakce probihat jak otdne
tak i pfimo v separénim systému. Obrovskou vyhodu on-line metdedstavuje posileni
stability enzymu u¢i autolyze, zvySeni odolnostiuw teplo€, pH nebo fitomnosti
organickych rozpoustlel [13,14]. Pro pouziti v kapalinové chromatograe enzym
imobilizuje na membrany [14,27], polymerni nebdksijelové nosie [8], nandastice
[28] i magnetické&iastice [29]. Nevyhodou imobilizace enzyrje ucita ztrata dinnosti
vlivem strukturnich zrén doprovazejicich vazbu na pevny povrch [27], kierdsSak
kompenzovana stechiometrickyét8im mnozstvim enzymu c¢astniciho se reakce.
Pouzitim imobilizovaného enzymu tak Ize vyrazzkratit dobu 3fpné reakce. Reakce
v roztoku obvykle probiha 12-24 hodin, oproti tommaakce na imobilizovanych
enzymovych reaktorech ke byt ukodena po gkolika minutach, jak udavaji vyrobci

komekn¢ dostupnych trypsinovych kolon [30,31].
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3.2. Chiralni separace

Chiralita je pirozenou vlastnosti ffrodnich latek. Chiralni molekuly maji stejné
sloZzeni, ale liSi se prostorovym ugpdanim a v chirdlnim prdasdi vykazuji @zné
vlastnosti. Chiralni latky se vyskytuji ve foémizomei, které si jsou navzéjem
zrcadlovymi obrazy a nazyvame je enantiomery [1,%2}Sina I&€iv, chemikalii a latek
pouzivanych v potravirtdakém piimyslu a zeradélstvi vykazuje chiralitu, a proto je nutné
prozkoumat chovani vSech jejich izomerejen v lidskémde, ale také vdlech ostatnich
organiznii a v zivotnim progedi. Divodem takto rozsahlych toxikologickych studii jsou
praw rozdilné vlastnosti jednotlivych enantiorier chirdlnim prosedi, které mohou byt
divodem rozdilnych biologickych¢inki. Zatimco je jeden izomer aktivni, druhyabe
vykazovat nizSi nebo Zadnou farmakologickotindost, gipadré jiné az nezadouci
acinky [32,33]. Problematika chiralnich d& vstoupila do Sirokého p&domi
v Sedesatych letech 20. stoleti, kdy doSlo k tiggimu incidentu s thalidomidem a
teratogenni &inek jednoho z enantiometbyl zjisS€n prilisS pozd [34]. Tato tragédie se
stala meznikem v regulaci¢ig. DalSim gikladem rozdilnych &inkd enantiomer a
problematiky spravného v¥hu testovacich zvat ve farmakologickych studiichtibe byt
omeprazol, l&vo pouzivané jako inhibitor protonovych pumpi poruchach traveni.
Testy na potkanech ukazaly, Reenantiomer ma vyssic¢iinnost, zatimco i testech na
psech nebyl zjigh rozdil v &innosti enantiomér a farmakologicky vyzkum wloveka

N A2 4

ukazal o 90% vysSsicinnostR-enantiomeru [35].

Uginnou metodou pro separace chirdlnich latek jgedevsim kapalinova
chromatografie (LC). Mezi dalSi vyznamné metody fipasuperkriticka fluidni
chromatografie (SFC), CE a GC. [32]. Metoda HPLCvjsowasnosti nejpouzivaysi
technikou pro separaci chiralnich latek vzhlederelké robustnosti, opakovatelnosti a
prenositelnosti analyz. DalSi vyhodou této metodyn@znost pouziti &olika riznych
modi v zavislosti na povaze separovanych latek. Poddariy mobilni (MP) a
stacionarni faze rozliSujeme tyto chromatografici@y: (i) normalni mod — polarni SP a
nepolarni MP; (i) RP — nepolarni SP a polarni Mi; polarné-organicky mod — jako MP
se pouziva stz acetonitrilu (ACN) s methanolem (MeOH), nebo samymoMeOH
s malym pidavkem Kkyseliny octové nebo triethylaminu; (iv) dngfilni-interakni
kapalinova chromatografie (HILIC) - polarni SP & MloZzena z ACN a vodné faze
(pufru) do max. 30% objemu. [16]
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Chiralni separace Ize vHPLC provéstéaha zmisoby — pimym a nepimym.
Pri ptimych separacich jsou nejvice pouzivany systéentyraloi stacionarni fazi (CSP),
kterd miZze byt utena pro jeden nebo vice niddVyuziti CSP umoiuje snadnou
identifikaci, pog. i izolaci enantiomér. Déle Ize pouZzit chirdIni selektor jako aditivum
v MP, ale tento postup nenifils vyuzivan z dvodu nizSi selektivity a dinnosti
chromatografického systému a vysoké sgut aditiv. Fi negimych separacich se
vyuZivd reakce enantiomiers opticky cistym derivatizénim c¢inidlem ped vlastni
analyzou. Vytveené stabilni diastereoizomery jsou separovany ir&ofm prostedi.
Nevyhodu nefimé metody pedstavuje fedevSim nutnost vysoké optické&stoty
derivatiz&niho cinidla, moZnost racemizace analytithbm derivatizace aasova
narainost fipravy derivatu. Tato metoda neni vhodn& pro sespgmativni a preparativni

Gcely. Hlavni nevyhodouifiimych metod je vysoka cena CSP [16,32].

CSP pouzivané v LC podléhaji neustalému vyvoji akedalovani, & uz v oblasti
chiralnich selektdr nebocastic, na které je selektor navazan. Véssmosti jsou nejvice
vyuzivany polysacharidové CSP na bazi derivatizévarlulozy a amylézy. Dale je
vhodné zminit CSP na bazi makrocyklickych antilsio{teikoplanin, vankomycin),
derivatizovanych i nativnich CD a CF, syntetickygolymefi nebo molekularh
vtisténych polymed [16,36].
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4. Vysledky a diskuze

Publikace | — Objasreéni trypsinového S€peni: Uréeni a srovnani rychlostnich

konstant enzymatické hydrolyzy problematickych sekenci

Jak bylo zmigno vySe, jednim z negativnich jeyprovazejicich trypsinové &teni
proteini je produkce tzv. ,miscleavage” sekvenciefloze je tento enzym veli¢asto
pouzivan v proteomickém vyzkumu, nebyla dosud betgirozkouména kinetika &eni
problematickych sekvenci. basreni afinity trypsinu ké&mto sekvencim a teni
rychlostnich konstant &nych reakci je wezité nejen pro usnadni a zgesréni
vyhledavani v databazich hmotnostnich spekter,i gleo vyvoj novych enzymovych
modifikaci. Zavedeni rezistentnich sekvenci do prodrdaptide Mass Fingerprinting by
vyznamré urychlilo a zgesnilo vyhodnocovani vysledlka zmenSilo by mnoZzstvi faleSn

pozitivnich identifikaci.

Publikace | se zabyva (i) vlivem kyselin glutamové a asparaga\(@) n¢kolika po
soke jdoucich Stpnych mist na rychlost trypsinoveha@@ni. Reaéni podminky byly
zvoleny tak, aby bylo za pomaléhoip&hu reakce umozmo podrobné sledovani zm
v reakni snesi. Jako substrat byly pouzity syntetické peptidydanou sekvenci
aminokyselin bez sekundarni struktury. Produktyyemavé reakce byly separovany
vyvinutou RP-HPLC metodou (Obr. 1). NavrZzena metdgda pouzita ke stanoveni
relativnich rychlostnich konstangphych reakciiznych sekvetnich motivi. Syntetické
peptidy pouZité v této praci #ly zakladni aminokyselinovyetszec LYAA[X]LYAVR *.
Uprosted sekvence se nachazely 1-3 aminokyseliging S€&pného mista. Dva tyrosiny
(Y) v sekvenci umoznily detekci peptic jejich fragmerit pii vinovée délce 280 nm, kdy

je minimalizovana interference ¢istot a mobilni faze.

Trypsin je vysoce specificky enzym, kterye@t pouze na karboxylovém konci
aminokyselin argininu a lyzinu. Vysledky ukazalye Irypsin preferuje &§né misto
obsahuijici arginin, pra¥godobré kvali slabSi vazb lysinu do aktivniho centra. Postranni
fettzec argininu je delSi, a proto e tvdit vodikové vazby fimo s kyselinou
asparagovou na jeho ginPostrannietzec lysinu vytvé vodikové niistky se serinem a
s kyselinou asparagovou je spojen i@ pres molekulu vody [37]. Z tohototdodu
byly nangtené rychlostni konstanty pepiidbsahujicich arginin vyssi.

1 A —alanin, L — leucin, R - arginin, V — valin,-Ytyrozin
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Déle byl sledovan vliv pozice kyselych aminokysehiti Sttpnému mistu na rychlost
enzymové reakce, a to na pozicich P3, P2, P2" aKBBeliny asparagova a glutamova
jsou znamy svou schopnosti zpomalovat rychlost amakpokud se nachazeji
v bezprogtedni blizkosti &pného mista (P1). Jejich vzdalenostivstpnému mistu je
zdsadni a maueny dopad na rychlost reakce. Bylo zji®, Ze umisini kyseliny
glutamové nebo asparagovéep Stpnym mistem zpomaluje rychlost reakce vyggizn
Sekvence obsahujici tyto aminokyseliny na pozici PP3 se 8pily velice obtizg,

v prabéhu rekolika hodin, zatimco obdobny peptid bez nich bybtolyzovan hem
dvou minut. Podobny trend byl zaznamenan u ob&ngth mist. Jako si&jsi inhibitor

reakce se projevila kyselina asparagova ve vsgdphagech mireni.

Sekvence obsahujici¢kolik po solé jdoucich Spnych mist jsou ozkavany za
negastji se objevujici ,miscleavage” motivy. Publikaci | byly studovany sekvence se
dvéma SEpnymi misty, a to ddma argininy, lysiny, nebo parem arginin-lysin aitys
arginin. Tyto sekvence ochatrpodléhaji hydrolyze a trypsin si &ipprednosti vybira
arginin jako &tpné misto. Hydrolyzovano je vSak pouze jedno zeudtgpnych mist, coz
vede k produkci ,miscleavage” pepiidB. Keil popsal, Ze trypsin neni schopen pracovat
jako exopeptidaza — neumégit na Uplném z&tku nebo konci peptidovéketézce [26].
Toto tvrzeni bylo ¢asténé vyvraceno. Po 2 minutach enzymové reakce byl
veSkery fivodni peptid naspen, ale stadle dochazelo ke &mam ploch pik vzniklych
fragmenti.. Bylo zjiS&€no, Ze trypsin je prawgodobr schopen exopeptidazové aktivity, a
to predevsim pokud je &né misto na konci peptidovébetézce. Rychlost reakci je vSak

podstatg nizsi nez u fivodniho peptidu.
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LYAAK[RE]JLYAVR

LYAAKR
ELYAVR

__:J‘\»(\P/\_JJL L k kk_

Obr. 1 llustrativni chromatogramy separacesp&ného peptidu a jeho fragmént
v zavislosti na dob enzymové reakce. Peptid s aminokyselinovou sekvenc
LYAA[RE]JLYAVR, kterd obsahovala jako &pné misto arginin (R) nasledované
kyselinou glutamovou (E), byl trypsinem hydrolyzavaa dva fragmenty. Sepam
podminky: kolona Atlantis dC18; MP ACN/10 mM octamonny, pH 3,0; linearni
gradient MP 10-18% ACNv(v) v ¢ase 0-6 min, 6-20 min 18% ACN; 280 nm; teplota
kolony 30°C; teplota autosampleru 20°C; davkovabojgim 6pl.
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ABSTRACT: Trypsin, a high fidelity protease, is the most
widely used enzyme for protein digestion in proteomic
research. Optimal digestion conditions are well-known and
so are the expected cleavage products. However, missed
cleavage sites are frequently observed when acidic amino acids,
aspartic and glutamic acids, are present near the cleavage site.
Also, the sequence motifs with successive lysine and/or
arginine residues represent a source of missed cleaved sites. In
spite of an adverse role of missed cleaved peptides on
proteomic research, the digestion kinetics of these problematic
sequences is not well-known. In this work, synthetic peptides
with various sequence motifs were used as trypsin substrates.
Cleavage products were analyzed with reversed-phase high

Peptide; [X] = sequence motif, trypsin cleaves past R

trypsin
trypsin

LYAA[RILYAVR cleavage, LYAA[R] + LYAVR
[RTE], [RE], [RTD], trypsin,

[ER], [RD] moderate cleavage inhibition

[DR], [DTR], [ETR] LS strong cleavage inhibition

R-arginine, T-threonine, E-glutamic acid, D-aspartic acid

performance liquid chromatography, and the kinetic constants for selected missed cleavage sites were calculated. Relative
digestion speed for lysine and arginine sites is compared, including the digestion motifs flanked with aspartic and glutamic acid.
Our findings show that DK and DTR motifs are cleaved by trypsin with 3 orders of magnitude lower speed than the arginine site.
These motifs are likely to produce missed cleavage peptides in protein tryptic digests even at prolonged digestion times.

n the proteomic research, enzymatic digestion is one of the

key steps in the identification of proteins and their
posttranslational modifications. Proteins are usually identified
using proteolytic enzymes, which are valued for their
specificity.’ In the forties of the last century, Kaj
Linderstrom-Lang” studied the interactions of proteolytic
enzymes with proteins. He concluded that the peptide
fragments should be formed until all cleavage sites are digested.
The resulting peptide set is then referred to as “limit peptides”.
Such a reaction course would be ideal, but in practice, the
enzymes often fail to cleave all scissile bonds, even though the
reaction time is sufficiently long. This phenomenon may be in
part caused by secondary and tertiary structure of proteins,
when certain cleavable sites are sterically inaccessible for the
enzyme. In addition, certain amino acid motifs are not cleavable
or are cleaved with slow kinetics, despite the fact that they are
freely accessible to the enzyme.

According to convention,” the amino acids surrounding the
cleavage site are labeled as P4—P3—P2—P1—||—P1'—P2'—P3'—
P4', where the position between the amino acids P1 and P1’ is
the scissile bond. Cleavage site and the surrounding amino acid
sequence must be compatible with the analogously arranged
enzyme’s active center to allow reaction to proceed. If any
amino acid interferes with steric or electrostatic arrangement of
the active center, the reaction will be significantly slower or will
not proceed at all.*

-4 ACS Publications  © 2015 American Chemical Society
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Trypsin is the most widely used enzyme for protein digestion
in proteomic research.' It produces relatively short peptide
chains (10—12 amino acids long in average) bearing typically
two positive charges, a useful feature for MS detection.”
Trypsin is a highly specific protease; it cleaves peptide bonds at
the C-terminal side of lysine (K) or arginine (R) residues,
except when followed by proline (P).° Speed of proteolytic
digestion is affected by well-known factors such as pH,
temperature, presence of organic solvents, and autolysis”’
along with protein structure.’”*

An important, but often neglected, factor is the origin of
trypsin. The authors of a recent study’ compared bovine and
porcine trypsins, which represent a majority of commercially
available trypsin enzymes. They reported that bovine trypsin
produced a higher number of peptides containing missed
cleavages, whereas porcine trypsin produced more semitryptic
peptides. In addition, cleavage sites showed variable digestion
kinetics patterns, which could be related to differences in
protein affinity into the substrate binding pockets.

The specificity of proteases including trypsin have been
widely investigated.'” Unfortunately, data available in the
MEROPS database lack details about the effect of neighboring
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amino acids to the cleavage speed.'’ It is well-known that
trypsin cleaves certain motifs with relatively slow kinetics; these
incompletely cleaved peptides are termed missed cleavage
peptides. Such digestion products are created when adjacent
lysine and/or arginine are present in the sequence or in the
vicinity of the scissile site up to the P4 residue.””'"> The
presence of glutamate or aspartate acidic residues (E or D) near
the cleavage site also reduces the proteolysis speed.”'*~"> The
distance toward the cleavage site has an impact on the digestion
rate; negative influence of glutamic and aspartic acids on
digestion efliciency has been reported from position P4 to
P3".%"* These amino acids form salt bridges with basic arginine
and lysine, competing with the complementary aspartic acid at
the bottom of the trypsin active site.” Similar inhibition was
reported for scissile sites flanked by phosphorylated serine and
threonine residues, which also carry a negative charge.'®"”

Yen and co-workers’ suggested that the arginine digestion
site is preferred over lysine. This can be caused by a different
strength of lysine and arginine bonds with the enzyme. Binding
of arginine is stronger due to its longer side chain, which is able
to reach the bottom of the active center and form hydrogen
bonds directly with aspartic acid. On the other hand, lysine
forms hydrogen bonds with serine and it is indirectly attached
to aspartic acid through a water molecule, which results in a less
convenient position of lysine and its scissile bond.'® According
to this finding, different rules for di7gestion at lysine and
arginine residues have been observed.” Therefore, it can be
predicted that the kinetic parameters of enzymatic reactions will
be affected differently by the presence of acidic amino acids. In-
depth characterization of trypsin’s affinity to problematic
sequences and determination of their kinetic constants could
lead to improved peptide detection protocols, signature peptide
quantitation,'* and development of new enzymatic modifica-
tions.

Recent studies investigated improved digestion strategies,
such as trypsin immobilization on different supports.'’
Nevertheless, in-solution and in-gel digestion using a
commercially available trypsin remains the primary method
for sample processing in proteomics.”"’

The digestion speed of proteins strongly depends on their
nature,”” such as the presence of disulfide bridges, specific folds,
solubility, glycosylation, and combinations of all the above
features, which can make the cleavage motifs inaccessible to the
enzyme. As far as we know, the only authors, who studied the
digestion kinetic of trypsin in detail, were Brownridge and
Beynon.'* They compared the proteolysis of certain peptide
sequences using standard and native proteins. They observed a
decrease in kinetic constant values caused by acidic amino acid
residues present in the vicinity of the cleavage site.

Two types of studies of tryptic substrate specificity have been
described in the literature. The first approach utilizes
combinatorial synthesis of libraries of labeled peptide
substrates. This library is subjected to enzymatic reaction, the
extent of which is monitored in parallel with plate readers
employing colorimetric or fluorometric assay.'>*"** Various
strategies for synthesis of combinatorial substrates have been
recently reviewed by Poreba and Drag.*’ The second popular
approach utilizes LC/MS proteomic methods; the enzyme
specificity is inferred from the peptides generated by global
proteome digest. These products of digestion are sequenced
and identified by mass spectrometry.”®'*'*** The hybrid
approach of synthetic peptide libraries cleaved by an enzyme
and investigated by MS methods has also been utilized.”>*?
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The advantage of such strategies is that the complete, or
nearly complete, matrix of possible neighboring amino acids
can be investigated. However, for investigation of eight amino
acid long motifs consisting of XXXB— || —XXXX, where X is any
of the 20 amino acids and B is R or K, a cleavage site would
require 2 X 207 = 2560 million experiments. In reality, less
complex studies are typically carried out.*®

Although the labeled peptide libraries permit quantitative
measurement of the nearest neighbor effect on the digestion
speed, the combinatorial studies have traditionally been aimed
toward a simpler goal: elucidation of the enzyme primary
specificity. Little quantitative data have been collected on
relative tryptic digestion speed of various amino acid motifs.””
The studies utilizing the LC/MS proteomic approach and
global digest suffer from a different drawback: only qualitative
or relative estimates of trz?tic digestion speed can be inferred
from the existing data.®”

The trypsin digestion fidelity is of major importance in LC/
MS proteomic research. Highly complex mixtures of peptides
generated in global proteome digest present a challenge even
for the high resolution LC/MS instruments.”” " Because the
protein/peptide identification is performed via a theoretical
database search, a complication of an already daunting problem
by including missed cleaved, partially tryptic, and nontryptic
peptides is undesirable.””**” Relaxing the search criteria to
accommodate such peptides may result in a greater number of
identifications, but the probability of false positive identification
steeply increases.’’ ™"

The negative effect of the aspartate and glutamate residues in
proximity of scissile site on digestion speed was discussed in
several articles.””'*'*'%*3 The relative digestion speed of such
sequence motifs is not known, but they are a potential source of
missed cleavage peptides. Using longer digestion time or
greater concentration of trypsin will drive the reaction to
completion; however, it may also produce undesirable semi-
tryptic peptides due to potential chymotryptic activity present
with the trypsin.>”*’

The proteomic LC/MS experiment could benefit from better
understanding of tryptic cleavage kinetics. Search and scoring
algorithms can be adjusted such that the most probable missed
cleavage motifs are not penalized.”* The knowledge of poorly
cleavable primary sequence motifs may enable more rational
design of proteomic experiments.

The main motivation behind our work was to gain a better
understanding of tryptic digestion kinetics. For this purpose,
porcine trypsin and short synthetic peptides free of the
secondary structure were used. We selected a limited set of
peptide substrates with primary sequence motifs expected to
produce missed cleavages.”'”'*'® The sequence motifs
contained acidic amino acid residues in the vicinity of the
cleavage site or two successive lysine and/or arginine residues.

B EXPERIMENTAL SECTION

Chemicals and Reagents. Porcine trypsin T0303, N,-
benzoyl-L-arginine 4-nitroanilide hydrochloride (L-Bapna,
purity >99%), acetonitrile (ACN, gradient grade), formic acid
(reagent grade >95%), acetic acid (purity >99.8%), trifluoro-
acetic acid (TFA, purity 99%), and ammonium acetate (purity
>99%) were supplied by Sigma-Aldrich (St. Louis, MO, USA).
Sodium bicarbonate (purity p.a. > 99.7%) was supplied by
Fluka (Steinheim, Germany). The synthetic peptide samples
(purity >80%) of general sequence LYAA[X]LYAVR, where
the [X] represents 1—3 amino acids including the digestion site,
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were manufactured by GenScript USA Inc. (Piscataway, NJ,
USA). The deionized water was purified with a Rowapur and
Ultrapur system from Watrex (Prague, Czech Republic). The
10 mM ammonium acetate solution was prepared by dissolving
an appropriate amount of ammonium acetate in deionized
water and adjusted with acetic acid to reach pH 3.0.

Instrumentation and Methods. For the peptide purifica-
tion procedure, the Agilent 1220 Infinity Gradient HPLC
System with a G4290C series autosampler, column oven, and
integrated variable wavelength detector, all controlled by
OpenLAB CDS ChemStation software from Agilent Tech-
nologies (Santa Clara, CA, USA), was used. The analytical
column was Atlantis dC18, 150 X 3.0 mm, S um (Waters,
Milford, MA, USA).

The HPLC method used for kinetic constants determination
utilized Waters Alliance System with Waters 2690 Separation
Module, Waters 2487 UV—vis 2-channel detector, an 717 Plus
autosampler, and Waters Alliance Series column heater. The
instrument control and data collection were performed with
Empower software. Peptide analysis was carried out using
Atlantis dC18 column (Waters, Milford, MA, USA), 150 X 3.0
mm, 3 ym, equipped with a 0.45 um precolumn filter.

Peptide Purification. Mobile phase consisted of ACN and
0.02% TFA. The linear gradient rose from 10% to 18% ACN in
6 min and was held for 15 min at 18% ACN. The column was
re-equilibrated for 30 min. The flow rate was 0.4 mL/min,
column oven temperature was 30 °C, injection volume was 100
4L, and the detection wavelength was 280 nm. Peptide samples
(15—19 mg) were diluted in 0.4 mL of 50% TFA and 0.1 mL of
ACN. After scouting runs, 100 uL aliquots were injected on the
HPLC system. Main peak hearth-cutting and fraction collection
were performed manually. Collected solutions were dried using
a water bath at 25 °C.

Repeatability Test. To evaluate the repeatability of the LC
method and kinetic constant measurement, L-Bapna was used
as a substrate. L-Bapna and trypsin stock solutions were diluted
in 50 mM NaHCO; to a 1 mg/mL concentration. Trypsin
solution was prepared fresh for every reaction and stored for 3
min on ice. L-Bapna was thermostated at 22 °C before trypsin
addition. Trypsin to substrate mass ratio was 1:100. Reaction
was stopped by addition of 35 uL of concentrated formic acid
to 35 pL of digestion solution. Repeatability was determined on
two substrate concentration levels, 0.5 and 1 mg/mL. Kinetic
constants were determined 10 times for both concentration
levels. For every measurement, 25 fractions were taken and
analyzed three times by HPLC. The standard deviance was 5%
for both concentration levels. The LC method for monitoring
the L-Bapna digestion was performed using Atlantis dC18
column, 150 X 3.0 mm, 3 ym. Mobile phase consisted of 40/60
(v/v) deionized water and ACN; flow rate was 0.4 mL/min,
column temperature was 30 °C, injection volume was 4 uL, and
the detection wavelength was 254 nm.

Kinetic Constants Determination. Peptide samples (0.5
mg) were dissolved in 50 uL of 0.1% TFA and sonicated for 15
min, and then, 950 yL of 50 mM NaHCOj; was added. Trypsin
(1 mg/mL) was dissolved in S0 mM NaHCO;; the solution
was prepared fresh for each reaction and rested for 3 min on
ice. Peptide solutions were thermostated for 15 min at 22 °C
prior to addition of trypsin. On the basis of preliminary testing,
trypsin to substrate ratio 1:100 was chosen to provide a suitable
reaction time for comparison of digestion kinetics of different
sequence motifs. Reaction was stopped by addition of 35 yL of
concentrated formic acid to 35 uL of digestion solution. The
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kinetic constants for each peptide were measured five times.
For each kinetic measurement, 25 time points were used for
reaction progress monitoring. Aliquots were taken at selected
time intervals and analyzed three times by gradient HPLC.
Peptide analysis was performed using an Atlantis dC18, 150 X
3.0 mm, 3 ym column. Mobile phase consisted of 10 mM
ammonium acetate solution, pH 3.0, and acetonitrile. Linear
gradient rose from 10% to 18% ACN in 6 min, followed by a
hold for 10 min at 18% ACN. Column re-equilibration was
performed for 25 min. The flow rate was 0.4 mL/min, column
oven temperature was 30 °C, and injection volume was 6 uL.
Detection wavelength was 280 nm, because peptides contained
tyrosine (Y) residues. This detection wavelength produced a
chromatogram with flat baseline; few impurities were detected.

Data Analysis. The digestion speed of peptide substrates
was calculated from the decrease of original peptide peak area
(%) with time. Figure 1 shows that LYAA[DK]LYAVR peptide

m Experimental data
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Figure 1. Data analysis of tryptic digestion of peptide LYAA[DK]-
LYAVR. Raw data followed an exponential decay function; the first
order kinetic constant was obtained from the linear fit of natural
logarithm of peak area versus the digestion time.

area (%) decreases exponentially during digestion, suggesting
the first order kinetics. The dependency of the natural
logarithm of peak area (%) on time was fitted linearly; the
absolute value of the slope represents the kinetic constant value.
This approach was used for evaluation of kinetic constants of all
studied sequence motifs. For long time in-solution digestions, it
is possible that trypsin is partially inactivated due to autolysis.
However, no trypsin inactivation was apparent in our
experiments up to 8 h.

B RESULTS AND DISCUSSION

Kinetic Constants Repeatability Measurement. To
evaluate the repeatability of the whole procedure of kinetic
constant measurement (pipetting error, LC repeatability, curve
fitting), L-Bapna was used as a substrate. Repeatability for ten
experiments (n = 10) determined on two concentration levels
(0.5 and 1 mg/mL) was less than $% relative standard
deviation, which is sufficient for our purposes. The repeatability
of peptide digestion kinetic constants measurement, shown in
Table 1, based on three-to-five repetitions (n = 3—S5) is usually
less than 10% with a few exceptions exceeding 13%. We suspect
that this added variability is caused by weighting error when
preparing working solutions of peptides and trypsin and
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Table 1. Sequence Motifs and Related Kinetic Constants

Obtained for Studied Peptides”

kinetic kinetic
digestion constant RSD” sequence constant RSD”
motif [x1073%71] [%] motif [x107371] [%]
[R] 41.49 36 K] 13.40 53
[RTE] 18.73 17 [KTE] 8.54 59
[RE] 18.48 2.8 [KE] 8.89 62
[RTD] 18.41 5.1 [KTD] 12.53 8.6
[ER] 1529 8.0 [EK] 3.20 7.8
[RD] 13.87 9.6 [KD] 224 6.1
[ETR] 1.87 13 [ETK] 4.65 138
[DR] 127 130 [DK] 0.13 3.0
[DTR] 0.24 7.0 [DTK] 3.24 3.7
[RR] 30.27 49 [KK] 10.84 5.8
[KR] 20.15 1.5 [RK] 21.67 1.4
[RR*]¥ 15.83 4.9 KK 343 5.8
[R*R]? 14.44 49 [K*K]? 7.41 5.8
[KR*]¢ 14.70 1.5 [K*R]? 545 1.4
[R*K]“ 17.67 1.4 [RK*]¥ 3.99 115
LYAAR*R? 241 - LYAAK*K? 0.94 -
R*LYAVR? 0.015 - K*LYAVR? 0.002 -

“Synthetic peptides have general sequence LYAA[X]LYAVR where
[X] represents a sequence motif consisting of 1—3 amino acids
including the lysine/arginine (K/R) cleavage site. Glutamate/aspartate
acidic amino acids (E/D) were located before/after the cleavage site
directly or separated by threonine (T). Sequences with two successive
lysine and/or arginine residues were also studied. The kinetic constant
was calculated as a slope of linear relationship of peptide In(peak area
%) versus time. “Relative standard deviation, n = 3—5. “Not estimated.
b = Cleavage site position.

pipetting error when sampling the aliquots of reaction mixture
in selected time intervals. Measured kinetic constants are valid
for the model peptide substrate and digestion procedure using
1:100 substrate to enzyme ratio. Change in the conditions will
affect the absolute values of kinetic constants; however, the
relative trends should not change.

Comparison of Peptide Digestion Kinetic. Studied
sequence motifs are comprised of (i) simple LYAA[X]LYAVR
peptides where [X] is either arginine or lysine cleavage site and
(i) motifs where arginine and lysine are flanked with acidic
amino acids, aspartic and glutamic acids. Those amino acid
residues followed the cleavage site, preceded it, or were
separated by one threonine residue. (iii) In addition, motifs
with successive lysine and/or arginine residues such as [KK],
[RR], [KR], or [RK] were studied. Cleavage site sequences and
results are summarized in Table 1.

Peptides with Single Digestion Site. First, the peptides
with simple [K] and [R] digestion sites (not surrounded by the
“problematic” amino acids) were compared. As suggested in the
literature,” arginine bond cleavage is preferred over the lysine.
Peptide bond at N terminus of arginine was cleaved
approximately 3 times faster than the one of lysine (Table 1).
This is most probably related to lysine’s weaker binding in the
trypsin’s active site pocket.'®

Figure 2 compares the digestion speed of peptides containing
[R], [RD], [DR], [RTD], and [DTR] digestion motifs. It is
apparent that the cleavage speed is affected by proximity of
acidic amino acid. The acidic amino acids (aspartic acid in this
case) preceding the location of cleavage in either the P2 or P3
position lower the digestion speed more significantly than the
same acidic amino acids following the cleavage site (P1’ or P2’
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Figure 2. Dependencies of digestion progress of selected peptides on
time. General peptide sequence is LYAA[X]LYAVR, where [X]
represents R, RD, DR, RTD, and DTR, sequence motifs. The decay
rate of selected peptides was calculated as follows: Peak area % = 100
% 107, For kinetic constants k, see Table 1.

positions). This cleavage inhibition is more significant when the
acidic amino acids are separated by another amino acid residue,
in our case by threonine. Similar trends are observed for both
aspartic and glutamic acids flanking both arginine or lysine
cleavage sites (Table 1).

Figure 3 plots a relative digestion speed of peptides used in
this study normalized to digestion speed of LYAA[R]JLYAVR
(100%). Comparison of reaction speed suggests that in general
the aspartic acid is a more potent digestion inhibitor than
glutamic acid. This effect could be caused by the higher acidity
of the aspartic acid side chain and the fact that it is naturally
present in the active site pocket of trypsin. The pK, values of
side chains of aspartic and glutamic acids are 3.9 and 4.3,
respectively.”*

The relative digestion speed of arginine sequence motifs can
be sorted in descending order as [R] > [RTE] ~ [RE] ~
[RTD] > [ER] > [RD] > [ETR] ~ [DR] > [DTR]. The
digestion of [DTR] motif was about 170-fold slower than
digestion of [R]; it takes only 2 min to digest [R] motif,
whereas [DTR] requires 5.3 h to completion (99% of substrate
consumed).

Kinetic constants obtained for the lysine digestion site have a
slightly different order: [K] ~ [KTD] > [KE] ~ [KTE] >
[ETK] > [DTK] ~ [EK] ~ [KD] > [DK] (Figure 3 and Table
1). In agreement with previously reported trypsin’s preference
for arginine,” the kinetic constants measured for the lysine
digestion site are generally lower compared to their counter-
parts with arginine, except the DTK and ETK motifs. The
lysine site exhibited similar trends in digestion kinetics as
arginine; proximity of aspartic acid lowered the digestion speed
more significantly than glutamic acid in all cases (Figure 3 and
Table 1).

Data in Figure 3 confirm the trends illustrated in Figure 2.
Peptides with a cleavage site followed by an acidic amino acid
(D, E) are digested more readily than peptides with a cleavage
site preceded by D or E. Figure 3 (Table 1) shows that similar
trends are observed for both arginine and lysine digestion sites
flanked with aspartic and glutamic acid. Both the nature (D vs
E) and the position of acidic amino acid in the vicinity of the
cleavage site affect the speed of digestion. According to our
findings, [DK] and [DTR] are the most likely motifs to
produce missed cleavage peptides in protein tryptic digests.
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Figure 3. Relative digestion speed of peptides investigated in this study. Digestion speed is normalized to peptide with [R] sequence motif,

representing 100% digestion rate.

Successive Lysine and Arginine Motifs. According to
the “Keil rules”,” the sequences with successive lysine and/or
arginine are frequently thought of as missed cleavage
patterns.”'>** Our experiments show that such peptides are
digested relatively rapidly (Table 1). However, the products of
[RR], [KK], [KR], and [RK] peptide digest are missed cleavage
peptides, because they cannot be further cleaved into limit
peptides. For example, the peptide LYAA[RR]LYAVR with two
arginine sites is cleaved into LYAAR and RLYAVR products, or
in an alternative reaction, to LYAARR and LYAVR peptides.
LYAARR and RLYAVR cannot be readily cleaved into final
products due to lack of trypsin exopeptidase activity (inability
to cleave at peptide termini).”> Russell and co-workers®
suggested that missed cleavage of these sequences can also be
caused by the presence of a high concentration of organic
solvents in the digestion solution. The results summarized in
Table 1, and reported by Yen and co-workers,” suggest that
missed cleavage of peptides with successive lysines/arginines is
not caused by their competition for bonding with trypsin’s
active site pocket’ but mainly by the lack of trypsin
exopeptidase activity.”'®> In other words, the KLYAVR,
RLYAVR, or in general peptides with K/R at N-terminus (at
P1 position) are not good substrates for trypsin, because they
are missing the P4—P3—P2 amino acids involved in enzyme
pocket binding. The peptide with missed cleaved motifs at C-
terminus, such as LYAARR and LYAAKK, have full binding
motif P4—P3—P2—P1—||—P1’. One expects that P1’ terminal
arginine or lysine will be readily cleaved. The relatively slow
observed digestion speed may be due to the proximity of the
acidic moiety (C-terminus carboxyl), which has presumably a
similar inhibitory effect as the proximity of aspartate or
glutamate amino acids to a scissile bond."®

Chromatograms in Figure 4 show the digestion of LYAA-
[RR]JLYAVR (panel A) and LYAA[KK]LYAVR (panel B). In
contrast to peptides with a single scissile bond generating two
products, the tryptic digestion of peptides with two cleavage
sites produces four peptides. The products were identified
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according to their retention. A complete digestion of parent
peptides in Figure 4 is finished in approximately 2 min (Figure
4). However, the product peak areas continue to change,
although with a slower speed. Most noticeably, the LYAARR
(panel A) and LYAAKK (panel B) cleavage products are
subsequently digested into LYAAR and LYAAK limit peptides.
The liberated arginine or lysine do not absorb UV light at 280
nm; therefore, they are not detected in the chromatograms.
Detailed insets in Figure 4 reveal that KLYAVR and RLYAVR
peptides are also gradually cleaved; their area decreases very
slowly, while the area of product peptide LYAVR increases in
time. This reaction is either the result of minor exoprotease
activity of trypsin or an outcome of trypsin catalyzed reversed
reaction, peptide elongation, followed by cleavage to limit
peptides. Both mechanisms can explain the observed results.

Table 1 lists the kinetic constants of peptides with [RR],
[KK], [KR], and [RK] motifs calculated from the disappear-
ance of the parent peptides. The kinetic constants decrease in
descending order as [RR] > [RK] ~ [KR] > [KK]. This is
consistent with findings of Yen et al” and our results,
suggesting that trypsin preferably cleaves at R over K positions.
The observed digestion speed of [RR] peptide is approximately
3-fold greater than that of [KK] peptide; a similar reaction
speed ratio to that observed for [R] and [K] peptides (Table
1). The relative digestion speeds for peptides with single or
double digestion sites were [R] > [RR] and [K] > [KK]. This
finding is counterintuitive, because the two parallel reactions for
double cleavage sites should result in a faster digestion speed of
parent peptide. It suggests that the presence of the second basic
amino acid inhibits the reaction speed at both cleavage
positions. Competition for the bond in the active site pocket
of trypsin and less favorable ionic interactions may be
responsible for this observation.

As mentioned above, we calculated the kinetic constants for
[RR], [KK], [KR], and [RK] peptides. However, since we
monitor specific products of the peptides cleavage, we can also
calculate the kinetic constants for each specific scissile site. To
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Figure 4. Chromatograms of digestion reaction of peptides LYAA-
[RR]JLYAVR (panel A) and LYAA[KK]LYAVR (panel B). Parent
peptides and four cleavage products are well resolved in chromato-
grams. For LC conditions, see the Experimental Section.

clarify the location of the site, it is marked with an asterisk in
Table 1 and in the following discussion when appropriate.
The digestion speed of peptide [RR] is a sum of parallel
[R*R] and [RR*] reactions. Consequently, the kinetic constant
kigr) can be calculated as sum of kinetic constants kig«z) and

k[RR*] (eq 1).

kirr) = kirer) + Kirre (1)

The digestion kinetics for each specific cleavage position can
be calculated from the ratio of peak areas of specific digestion
products. For LYAA[RR]LYAVR, the reaction generates
LYAARR and LYAVR peptides for the [RR*] reaction
(cleavage after the second arginine) and LYAAR and RLYAVR
peptides for the [R*R] reaction (cleavage after the first arginine
(Figure 4A)). The situation is complicated by the fact that
LYAARR peptide is cleaved in a subsequent reaction into
LYAAR and R; as discussed previously, the area of the
LYAARR peak in Figure 4A decreases in time, while the area of
the LYAAR peptide visibly increases. For this reason, we chose
to calculate the kinetics of [R*R] and [RR*] parallel reactions
using the relative area of RLYAVR and LYAVR peptides.
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Although RLYAVR is being slowly cleaved into LYAVR, the
speed of this subsequent reaction is several orders of magnitude
slower; hence, it does not affect the specific peak areas within
the time scale of our experiment.

Assuming that RLYAVR and LYAVR peptides have the same
molar absorption at UV 280 nm (both contain a single aromatic
tyrosine in the same LYA sequence motif) and that kinetic
constants for two parallel reactions are additive as given in eq 1,
the kinetic constants kjp+) and ks can be calculated from
areas of observed peaks at any point during the reaction using
the eqs 2a and 2b. The site specific kinetics of [KK], [KR], and
[RK] peptides can be calculated in the same fashion.

ARLYAVR

k[R*R] = k[RR] X

Arryave  Aryavr (2a)
A
k — k X LYAVR
[RR*] [RR]
Appyavr T Aryavr (2b)

The values of site-specific kinetic constants (Table 1) show
that sequence motifs KR and RK are preferably cleaved at the
arginine position. This is consistent with the report from Yen et
al.” and with the other results listed in Table 1. The values of
site specific digestion constants suggest that the presence of the
second arginine/lysine residue adjacent to the cleavable
arginine/lysine position slows down the digestion speed
approximately 2- to 3-fold.

As pointed out earlier, the parent peptides [RR], [KK],
[KR], and [RK] are cleaved relatively rapidly (within 2 min) to
produce missed cleavage peptides. As shown in Figure 4 for
[RR] and [KK] examples, the missed cleavage products are
further digested by trypsin at a slower reaction speed. Digestion
speed of selected peptides was measured by extending the
reaction time up to 360 min. We found that digestion speed of
LYAAR*R and LYAAK*K peptides is approximately 15-fold
reduced compared to [R] and [K] motif peptides, respectively
(Table 1). The cleavage of terminal arginine in the R¥*R motif
was about 3-fold faster than K*K motif digestion. The
measurement of K¥LYAVR and R*LYAVR peptides digestion
kinetics was more difficult, because the reactions progressed at
extremely low speed. These kinetic constants listed in Table 1
should be treated as approximate estimates.

The knowledge of digestion kinetics of partially trypsin
resistant motifs may be applicable in biopharmaceutical
research.”’ ™" Mass spectrometry compatible surfactants used
for denaturation of proteins for enzymatic digestion®'~*
reduce constraints of protein solubility and higher order
structure (accessibility of scissile bonds). However, poorly
cleavable motifs identified in this work remain a hindrance for
protein digestion speed.'* Ren and colleagues”” illustrated that
the typical alkaline buffer pH used in tryptic digestion induces
artificial modifications such as asparagine deamidation and N-
terminal glutamine cyclization. The amount of these
modifications and production semitryptic peptides™”*” is
directly proportional to the incubation time. The knowledge
of poorly cleavable motifs could lead to alternative peptide
mapping strategies. For example, the monoclonal therapeutic
antibody Trastuzamab sequence contains three poorly cleavable
motifs DK and one DR (sequence with highlighted sites is
provided as Figure S1, Supporting Information). By accepting
that cleavage of such motifs proceeds in orders of magnitude
slower speed than the cleavage of the remaining sites, one may
choose to accept the selected missed cleaved peptides and
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reduce the digestion time significantly”” without compromising
the peptide mapping repeatability or sequence coverage.

B CONCLUSIONS

In this work, we measured relative tryptic digestion speed for
synthetic peptides with cleavage sites consisting of arginine or
lysine flanked with neutral, acidic, or basic amino acids. The
estimated kinetic constants are valid for short peptides without
a secondary/tertiary structure and used experimental con-
ditions. The digestion motif relative speed rules should be
extended to proteins with caution; the impact of protein higher
order structure cannot be neglected.® The conclusions from our
experiments are as follows: (i) The arginine peptide bond is
hydrolyzed approximately 3-fold faster than the lysine bond.
(i) Proximity of acidic amino acid (aspartate or glutamate
residue) significantly reduces the digestion speed at both
arginine and lysine positions. (iii) Aspartic acid is a more potent
inhibitor than glutamic acid in most cases. (iv) Acidic amino
acids preceding the arginine/lysine scissile bond reduce the
digestion speed more significantly than the acidic amino acid
following the cleavage position. (v) Peptides with [DR], [DK],
[ETR], and [DTR] motifs were cleaved approximately 2 orders
of magnitude slower compared to peptides with simple
arginine/lysine site. (vi) The presence of the second lysine/
arginine adjacent to the lysine/arginine digestion site slows
down the digestion speed in both cleavage positions. Digestion
speed is decreased approximately 2—3-fold. The produced
missed cleavage peptides (LYAARR or LYAAKK) were further
digested by trypsin to limit peptides at about a 15-fold slower
reaction speed compared to LYAA[R]LYAVR and LYAA[K]-
LYAVR peptides, respectively. K*LYAVR and R*LYAVR
missed cleavage peptides were also further digested. However,
the reaction speed was 3000—6000-fold slower compared to
digestion of LYAA[R]JLYAVR and LYAA[K]LYAVR peptides,
respectively. (vii) The a priori knowledge of poorly cleavable
motifs could be used to adjust the proteomic LC/MS search
and scoring algorithms. (viii) The knowledge of relative
digestion kinetics of protein sequence motifs could be used
for rational development of the digestion protocols. When
accepting a limited number of missed cleaved peptides with
poorly cleavable motifs, the digestion times can be shortened,
resulting in a minimization of undesirable products (deami-
dated or semitryptic peptides).

To our knowledge, these results are the first direct
measurement of proteolytic digestion kinetics of selected
missed cleavage motifs. This study should enhance the
understanding of relative tryptic digestion speed, in order to
obtain reproducible, efficient, and predictable digestions of
protein samples. We believe that these results could
considerably impact the proteomic research and aid the
development of new enzymatic modifications.
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Publikace Il — Porovnani katalytické &innosti tii trypsinovych kolon pouzivanych

v kapalinové chromatografii

Imobilizace enzym na pevny nosije vhodnym prosedkem jak zabranit necimym
jevim, které doprovazi enzymové&geni v roztoku. V fipac trypsinu je &chto nevyhod
nekolik. Nejvyznamgjsi je casova narénost enzymové reakce, ktera obvykle trva 12-24
hodin. Trypsin se do red&ki snesi piidava v malém mnozstvi, obvykle v pdm 1:50,
aby nedochéazelo k autolyze. Molekuly trypsinu jschopny se navzajem hydrolyzovat, a
tak dochéazi ke kontaminaci analyzovaného vzorkhtiegmi peptidovymi fragmenty.
DalSi nevyhody fedstavuje mala odolnostidi organickym rozpoustlim a vysokym
teplotam, jejichZ pouziti by mohlo podstatzvysit efektivitu &pné reakce [13,14]. VSem
témto nevyhodam se Ize vyhnout imobilizaci enzymar&izabrauje autolyze, umatije
tisicinasobné zvySeni mnozstvi enzyméasiniciho se &bné reakce, pouziti vysSich
teplot a organickych rozpoustel. Velkou vyhodu fedstavuje také ipmé zapojeni
do HPLC aparatury¢imz Ize omezit manipulaci se vzorkem a vnaseni ahykanalyz.
Produkci ,miscleavage” sekvenci, ktera byla diskata v pedeslé publikaci, se timto
zpusobem nelze vyhnout, ale vzhledem k velkému zrydldazymové reakce by se jejich

mnozstvi ndlo vyznamm sniZzit.

Publikace Il obsahuje uteni a srovnanidinnosti i trypsinovych kolon, z nichz dy
Perfinity a Poroszyme, jsou kondaé dostupné. Kolony Poroszyme a Perfinity jsou jiz
né¢jakou dobu dostupné a pouzivané, jejich vyrobdbuii vysokou dinnost, rychlé
realkéni ¢asy vramci Bkolika minut, odolnost &i vysokym tlakim, teplotam a
opakovatelné vysledky pro nékt vice nez 250 vzork Treti kolona je prototypem
vytvorenym ve skupi# prof. J. Jorgensona na University of North Ca@lat Chapel Hill
(UNC), USA a stale podléh&a vyvoji. Jako jedina bylanbyt kompatibilni i s UPLC
pristroji. U zmirgnych trypsinovych kolon byla &&na a porovnana katalytick&imnost
vyjadiend jako Ubytek plochy piku substratwpgté reakce po aplikaciaznych
separanich podminek. Byl studovan vliv pH separéno pufru, pitoku mobilni faze a
teploty. Zvolené testovaci podminky v této praoujspH 7,0; 8,0; 9,0; teploty 20, 25, 30 a
37°C; patok mobilni faze 0,1, 0,2 a 0,3 ml/min. Zna rychlosti plitoku mobilni faze
souvisi s dobou setrvani analytu v kalovzhledem k rozram UNC prototypu byla
doba setrvani analytu v koled4, 22 and 15 sippratocich 0,1, 0,2 a 0,3 ml/min. Prace se

zantiuje také na opakovatelnost analyz a celého prockdwn substrat pro enzymovou
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reakci byl zvolenN,-benzoyl-L-arginin 4-nitroanilid hydrochlorid (ObR), ktery je
obvykle vyuzivan k o&feni &innosti trypsinu [38,39].

Vybrané kolony se liSi nogm, na kterém je imobilizovan trypsin, velikostirjp@
puvodem pouzitého enzymu (Mewy/howzi). Rozdily mezi kolonami shrnuje Tabulka 1.
V pripact UNC kolony byl trypsin imobilizovan na hybridnilikagelové ¢astice (BEH,
300 A) modifikovanym postupem popsanym v litefat[#0]:

1) 0,6 g BEHcastic bylo pes noc zativano na 110 °C.

2) Po ochlazeni byloflano 220ul triethoxysilyl butyraldehydu ve 4 ml ethanolu a
smés byla michana 2 hrippokojové teplat.

3) Do reakni smesi bylo gidano 10 ml 50 mM (NK).CO; a ¢éastice byly tikrat
proplachnuty 20-30 ml stejného roztoku. Po proptéthbyly kcasticim gidany 4 ml
(NH,4)2COs.

4) 80 mg trypsinu bylo rozpusto ve 4 ml (NH),CO3; a 2 ml 1 M NaCNBH. Snts
byla priddna k BEH¢asticim a 2 h ponechandi pokojové teplat. Nasleds byly
piidany 2 ml 1 M ethanolaminu a gereagovala dalSich 30 mirtastice byly tikrat
proplachnuty 20-30 ml (Np.COs.

5) Nakonec bylyastice s imobilizovanym trypsinem rozmichany ved&sdyselinou

trifuoroctovou, pH 4, a vpraveny do kovové kolongoamerech 2,1 x 30 mm.

Mnozstvi imobilizovaného trypsinu bylo stanovenceldpofotometricky B vinove
délce 562 nm reakci s h&mim sérovym albuminem. Na 1 mg BEH sorbentu bylo
imobilizovano 84 mg trypsinu. dhnost imobilizovaného trypsinu byla stanovena
spektrofotometricky za pouZziti substratl-benzoyl-L-arginin ethyl ester hydrochloridu
jako znEna absorbancefipvinové délce 253 nm. Byla porovnana &nice zavislosti
absorbance na d&breakce vroztoku d&i reakci stejného mnozZstvi trypsinu
imobilizovaného na BEHsticich rozptylenych v re&kim pufru. MnoZstvi trypsinu
imobilizovaného v kolo& bylo 5,7 mg a enzym si zachoval 35-40 %indosti Vici
cerstw pripravenému roztoku trypsinu. | s takovou ztratéunosti se reakcecastni o ti

fady vice trypsinu neZpreakci v roztoku, kde se obvykle pouziva mnozkbléem 1 pg.

Pfi porovnani dinnosti vySe zmiénych trypsinovych kolon bylo zaznamenano
nekolik trendi. (i) Reakni rychlost roste s rostoucim pH pufru. Nejlépegroxzatelny byl
tento trend na UNC prototypu, ktery vykazovat patistvyssi &innost g pH 9,0 nez fi
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pH 7,0 a 8,0. (ii) Rychlost &eni roste s rostouci teplotou. (iii) Se sniZujisenpfitokem
mobilni faze se zvySuje mnoZstvi ngEného substratu. Vyjimka v tomto chovéani byla

zaznamenana u kolony Poroszyniienpeieni v pufrech o pH 7,0 a 8,0.

Optimalni rozsah pH pro trypsinovéégeni udavaji vyrobci Sigma Aldrich a
Worthington Biochemical Corporation jako pH 7-9 [28]. Experimental& byl vSak

zZjistén vyznamny poklesdinnosti studovanych kolonippH 7,0 a nejvyssi dinost byla

zaznamenanatippouziti reakniho pufru o pH 9,0.

NO,

O H
HCl
HN
J—NH;
HN

Obr. 2 Struktura substratu\,-benzoyl-L-arginin 4-nitroanilid hydrochloridu, psitého

pro porovnani &innosti trypsinovych kolon.

Tab. 1 Obecné parametry testovanych kolon s imobilizowainypsinem.

Poroszyme Perfinity UNC prototyp
Rozmery 2,1 x 30 mm, 20 2,1 x 33 mm, 20 2,1 x30mm,5
pum pum pum
Velikost pok 500-10000 A >>1000 A 300 A
Maximalni tlak 2500 psi 2500 psi 15000 psi
Pracovni teplota 25-67 °C 25-67 °C 20-60 °C
Sorbent PDVB PDVB BEH
Pavod trypsinu Howezi Vepiovy Howezi

PDVB - polystyrendivinylbenzen, BEH — ethylen briddsdbrid silica
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Abstract

Trypsin is the most widely used enzyme in proteomic research due to its high
specificity. Although the in-solution digestion is predominantly used, it has several
drawbacks, such as long digestion times, autolysis, and intolerance to high temperatures or
organic solvents. To overcome these shortcomings trypsin was covalently immobilized on
solid support and tested for its proteolytic activity. Trypsin was immobilized on bridge-ethyl
hybrid silica sorbent with 300 A pores, packed in 2.1 x 30 mm column and compared with
Perfinity and Poroszyme trypsin columns. Catalytic activity of enzymatic reactors was tested
using N,-Benzoyl-L-arginine 4-nitroanilide hydrochloride as a substrate. The impact of buffer
pH, mobile phase flow rate, and temperature on enzymatic activity was investigated.
Digestion speed generally increased with the temperature from 20 to 37 °C. Activity also
increased with pH from 7.0 to 9.0; the activity of prototype enzyme reactor was highest at pH

9.0, when its activity exceeded both commercial reactors.

Introduction

Enzymatic proteolysis is a common method for liquid chromatography - mass
spectrometry (LC-MS) identification, and characterization of proteins. The choice of enzyme
is typically trypsin, a highly specific protease, which cleaves peptide bonds only after
arginine and lysine residues [1]. The use of trypsin is associated with a number of difficulties.
In-solution digestion can be time consuming (up to 24 hours); speeding up reaction by adding
more trypsin leads to enzyme autolysis and production of undesired peptides. Other
drawbacks are loss of trypsin activity at elevated temperatures (partly resulting from

increased autolysis) [2] or in the presence of organic solvents [3].
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Some of these limitations can be overcome by enzyme immobilization on solid
support. Immobilized enzymes can be used in either batch mode digestion or as flow through
reactors. Both approaches have been investigated over the past two decades and several
commercial products have been introduced. However, adoption of immobilized enzyme
reactors (IMERSs) for protein analysis has been slow due to their price, stability, and in many
cases an incorrect application. For example, although IMERs can be highly active, capable of
digesting the proteins in seconds, the speed of proteolysis can be reduced by
secondary/tertiary protein sequence (inaccessible digestion sites). Presence of chaotropic
agents used to denature proteins may inactivate immobilized enzyme, while the presence of
primary sequence motifs with slow digestion kinetics may result in generation of missed
cleavage peptides. The dependence of tryptic digestion kinetics on primary protein sequence
was recently studied [4-6].

Despite these shortcomings, IMERs hold the promise of protein digestion within
minutes, if not seconds, depending on immobilized enzyme activity. Since the intermolecular
collisions of trypsin are minimal in immobilized reactors, high enzyme concentration can be
used, promoting speed of digestion, while minimizing enzyme autolysis. Packed IMERs can
be easily used with LC instrumentation in flow through mode, reducing the sample
manipulations and possible contamination. Trypsin can be immobilized using a wide variety
of carriers; monoliths, silica particles, nano particles, membranes etc. [7-9]. The nature of the
carrier is the most important factor in determining activity stability, and capacity of
enzymatic reactors; stationary phase can either stabilize or denature the enzyme [7]. As
suggested in a recent review [8], the development of carriers with superior characteristics,
such as high mechanical strength, large surface area, low back pressure, high enzyme loading
capacity, and good biocompatibility is the main goals of current IMER research.

The commercially available IMERs are reportedly stable in organic solvents, high
flow rates, elevated temperatures, and compatible with LC working pressures. The most
frequently used is Poroszyme® Immobilized Trypsin Cartridge from Applied Biosystems®
based on polystyrene divinylbenzene (PDVB) particles. The manufacturer states, that this
column provides enhanced biomolecule access via large pores, fast 1-5 min digestion, high
sample recovery, and chemical stability [10]. Poroszyme columns have been available since
1995, applied mainly to peptide mapping [11-30]. A similar product StyrosZyme™ TPCK-
Trypsin column manufactured by OraChrom was applied to on-line BSA digestion [31] and
compared to other trypsin columns [32]. Perfinity Biosciences offer two trypsin columns
based on a similar carrier. The company suggests that digestion does not require a reduction

2
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and alkylation of proteins prior on-line proteolysis. Perfinity Biosciences used Shimadzu LC
multi-column workstation for automated protein digestion, peptide separation and MS
analysis. This approach was used for identification of transferrin peptides [33], characterizing
the post-translational modifications of human serum albumin [34] and for analysis of
therapeutic proteins [35]. Although the immobilized enzymatic reactors have gained
considerable attention in past years, few articles compared activity of research IMER
prototypes to the commercial ones [29,32].

In this work we investigated the activity of a prototype immobilized trypsin reactor
based on 5 pm bridged ethyl hybrid (BEH) silica particles with 300 A pores. The prototype
IMER was compared to Poroszyme and Perfinity IMERs available in similar column
hardware dimensions (Table 1). We investigated catalytic activity and digestion repeatability
of three IMERs at various temperatures, flow rates (residence time) and buffer pH. N,-
Benzoyl-L-arginine 4-nitroanilide hydrochloride, a common digestion substrate, was utilized

to evaluate the trypsin activity in this study.

Experimental section
Chemicals and reagents

N,-Benzoyl-L-arginine 4-nitroanilide hydrochloride (BAPNA, >99%), N,-Benzoyl-L-
arginine ethyl ester hydrochloride (BAEE), acetonitrile (ACN, gradient grade), chloroacetic
acid (ACS reagent, 37%), calcium chloride (Dri™ >97%), Trizma® base (Tris, >99.9%),
ethanolamine (>98%) and trypsin (T1426, TPCK Treated, essentially salt-free, lyophilized
powder, >10,000 BAEE units/mg protein) were supplied by Sigma Aldrich (St. Louis, MO,
USA). Micro BCA Protein Assay Reagent Kit and trifluoroacetic acid (>99.5%) were
supplied by Thermo Fisher Scientific (Waltham, MA, USA). ALD Coupling Solution which
contained 1 M NaCNBH3; was obtained from Sterogene (Carlsbad, CA, USA), triethoxysilyl
butyraldehyde (90%) from Gelest Inc. (Morrisville, PA, USA), ammonium bicarbonate
(>99.5%) from Fluka (Buchs, Switzerland), anhydrous ethanol (>99.5%) from Acros
Organics (Belgium, NJ, USA). Non-bonded bridged ethyl hybrid (BEH) silica particles (5
um, 300 A) were supplied by Waters Corporation (Milford, MA, USA). Deionized water was
purified with a Rowapur and Ultrapur system from Watrex (Prague, Czech Republic). 50 mM
ammonium bicarbonate buffer was made by dissolving the appropriate amount of ammonium
bicarbonate in deionized water and adjusted to pH 9.0 with 1 M NaOH. Tris digestion buffer
composed of 0.05 M Tris, 0.01 M calcium chloride titrated to desired pH by 2 M chloroacetic
acid.

3

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135

Analytical Chemistry

Preparation of IMER prototype

The trypsin immobilization was carried out at the University of North Carolina at
Chapel Hill (UNC) using protocol adapted from Ahn et al. [36]. Approximately 0.6 g of BEH
silica particles supplied by Waters Corporation were added to a 25 mL round bottom flask
and placed in an oven (110 °C) overnight prior to immobilization. When cooled, the flask and
its contents were kept under a constant flow of nitrogen. Then 220 pL of triethoxysilyl
butyraldehyde in 4 mL of anhydrous ethanol was added to the flask. The mixture underwent
magnetic stirring for 2 hr at room temperature. Approximately 10 mL of 50 mM ammonium
bicarbonate buffer (pH 9.0) was added to the reaction and the mixture was transferred into a
50 mL centrifuge tube. The particles were washed three times via centrifugation with 20-30
mL of 50 mM ammonium bicarbonate buffer to remove unreacted silane. After the final
decant, particles were slurried in 4 mL of buffer in a round bottom flask with magnetic stirrer.
80 mg of trypsin dissolved in 4 mL of 50 mM ammonium bicarbonate buffer, followed by the
addition of 2 mL of ALD Coupling Solution (containing 1 M NaCNBHj3). Reaction was
performed for 2 hr at room temperature. Afterwards, 2 mL of 1 M ethanolamine was added
to quench the reaction for another 30 min at room temperature. Particles were washed three
times with 50 mM ammonium bicarbonate buffer to remove excess of trypsin and
ethanolamine using the above described protocol. BEH particles with immobilized trypsin
were slurried in water with trifluoroacetic acid (pH 4.0) and packed into the 2.1 x 30 mm
column hardware.

The amount of immobilized trypsin was estimated using Micro BCA Protein Assay
Reagent Kit. Presence of protein was measured as a color reaction at 562 nm using UV-VIS
puQuant microplate spectrophotometer (BioTek, Winooski, VT, USA). BSA was used to
construct the calibration plot of absorbance versus mg of protein. The amount of immobilized
trypsin per 1 g of BEH sorbent was approximately 84 mg.

To determine the activity of immobilized trypsin, BAEE was used as substrate.
BAEE digestion was monitored as change in UV absorbance at 253 nm using Labda35
UV/VIS spectrometer (Perkin Elmer, Waltham , MA, USA). Slope of the UV absorbance
change versus time obtained for trypsin in-solution digestion was compared to equal amount
of trypsin immobilized on BEH particles dispersed in the reaction buffer. The retained

activity of immobilized trypsin was ~35-40 % compared to freshly prepared trypsin solution.
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Instrumentation and Methods

The activity of immobilized trypsin (IMERs) was determined by Waters CapLC 2487
spectrophotometer with the absorbance measured at 253 nm and the amount of immobilized
enzyme was determined at 562 nm.

HPLC analyses were carried out using a Waters Alliance System composed of Waters
2690 Separation Module, Waters 2487 UV-VIS 2-channel detector, 717 Plus autosampler and
Waters Alliance Series column heater and cooler (Waters Corp., Milford, MA, USA).
Instrument control and data collection were performed by Empower 2 software. For
enzymatic digestion, three different trypsin columns were used, i.e. Poroszyme® (Applied
Biosystems, Foster City, CA, USA), Perfinity (Perfinity Biosciences Inc., West Lafayette, IN,
USA) and prototype IMER synthesized at University of North Carolina at Chapel Hill using a
modified method described previously [36]. Separation of digestion products was carried out
using an XTerra® RP18 column (Waters, Milford, MA, USA), 150 x 3.0 mm, 3.5 um. In
Table 1 we list IMER data provided by manufacturers. Although the operating temperature
range is up to 67 °C, digestion temperatures above 40 °C may result in reduction of IMER

lifetime, especially in combination with organic solvents.

Table 1. General parameters of tested trypsin IMERs.

Poroszyme Perfinity UNC Prototype
Dimension 2.1 x30mm, 20 pum 2.1 x 33 mm, 20 pm 2.1 x 30 mm, Spm
Pore size 500-10000 A >>1000 A 300 A
Maximum pressure 2500 psi 2500 psi 15000 psi
Operating temperature 25-67 °C 25-67 °C 20-60 °C
Sorbent PDVB PDVB BEH
Trypsin origin Bovine Porcine Bovine

Digestion experiments were carried out using BAPNA as a substrate. BAPNA was
prepared at concentration 6 mg/mL in mixture of 25% ACN, 25% water and 50% digestion
buffer (v/v/). 100 pL of BAPNA substrate was injected on IMER connected in series to
separation column (mobile phase gradient passed through both IMER and separation
column). Substrate BAPNA and its yellow digestion product p-nitroaniline were identified
and quantified using UV-VIS detector set at 254 and 410 nm detection wavelengths. Mobile
phase consisted of Tris buffer (pH 7.0, 8.0 or 9.0) and ACN. Three different gradients and
flow rates were used. The rationale for changing flow rate was to alter the residence time of

substrate on the IMER column. The completeness of digestion is expected to decrease at

5

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195

Analytical Chemistry

elevated flow rates. Mobile phase gradient started at 95/5 Tris/ACN volume ratio held for 1
min; it was raised to 50/50 in 110, 70 and 50 min for flow rates 0.1, 0.2, and 0.3 mL/min,
respectively. Given the physical dimension of IMERs and volume fraction of reactor
containing mobile phase (g ~ 0.7), the estimated residence times of substrate on the IMERs
were 44, 22 and 15 seconds for flow rates 0.1, 0.2, and 0.3 mL/min, respectively. Separation
and digestion temperature was 20, 25, 30 and 37 °C. The autosampler temperature was set to
25 °C.

The IMER experiments started at pH 8.0 (recommended pH for tryptic digestion)
followed by pH 7.0 and pH 9.0. The order of temperature experiments for each IMER at
given pH was 20, 25, 30, and 37 °C; each digestion condition was tested at 0.3, 0.2 and 0.1
mL/min flow rate, respectively. Initial mobile phase composition, i.e. 5/95 (v/v) ACN/Tris
buffer, is recommended by column manufacturers to enhance digestion. Since the presence of
organic modifier in the buffers affects the activity of hydronium ions [37], we report pH of
aqueous buffer before the addition of acetonitrile. On-line digestion measurements were
performed in eight repetitions for each separation conditions; the calculated relative standard
deviation (RSD) values are reported. Enzyme in all columns was treated by N-tosyl-L-
phenylalanine chloromethyl ketone (TPCK) by manufacturer to minimize the undesired

chymotrypsin activity.

Results and discussion

With the advancements of methods in proteomic research, fast, repeatable and more
reliable protein digestions are needed. The application of IMER technology has the potential
to accomplish that and simplify the digestion procedure significantly. When the IMER
hardware and packing are compatible with high-pressure, the IMERSs can be utilized in flow-
through mode serially connected to an HPLC column. In such case, protein sample can be
introduced by HPLC injector, transported by the stream of mobile phase to the IMER,
digested, and the resulting peptides trapped onto an HPLC column, followed by gradient
elution of digestion products. The manufacturers of commercial IMERs indicate that the
proteins can be repeatedly digested within several minutes. This is significantly faster
reaction speed than typically achieved with in-solution digestions. The degree of protein
digestion can be controlled by adjusting the mobile phase flow rate, and IMERs can be used

for hundreds of analyses with reproducible results.
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In our setup the mobile phase gradient was passed via IMERs; enzyme was repeatedly
exposed to high concentration of acetonitrile (up to 50%) and a slight decrease in trypsin
catalytic activity was noted. To insure meaningful comparison we performed the pH, flow
rates and temperature experiments in the same order for all three tested IMERSs.

In this article we compared activity of two commercially available and one in-house
made prototype trypsin IMERs. To evaluate the LC-UV-VIS analysis repeatability we first
performed analysis of BAPNA substrate without the IMER in the flow path and compared it
with the setup where the IMER was placed between the injector and a RP18 HPLC column.
Obtained RSD values of eight repetitive analyses are summarized in Table 2. The LC
analysis repeatability (no IMER) was 1.4%; the variability with IMER was several time
higher (see Table 2). The increased variability is in part due to the digestion process, and in
part caused by integration error of substantially smaller peak (BAPNA substrate is partially
or nearly completely converted by the IMER to digestion product). Average RSD obtained

for trypsin digestion in tandem with separation on RP18 column was 5.4%.

Table 2. RSD values of injections obtained with XTerra RP18 column only and trypsin
reactors connected in series with XTerra RP18 column for various IMER's and pH
conditions. RSDs were calculated from substrate peak area. All experiments were performed

in eight replicates (n=8).

Perfinity Poroszyme UNC Prototype RP18

RSD [%] RSD [%] RSD [%] RSD [%]
pH 7.0 2.6 3.7 4.8 1.3
pH 8.0 6.1 6.7 3.1 1.4
pH 9.0 5.4 9.2 6.7 1.3

IMER activity data (percent of BAPNA substrate remaining) are summarized in Table
3. Several common trends were observed for all three IMERSs: (i) Digestion speed increases
with increasing pH. This is most obvious for the UNC prototype, which had significantly
higher activity at pH 9.0 than pH 8.0 or 7.0. (ii) With exception of a few experiments at pH
7.0 (suboptimal pH) the IMERs activity increases with temperature. The most complete
digestion was observed at 37 °C. (iii) Digestion improves at lower flow rate (longer
residence time of substrate on IMER). Notable exceptions from this trend are the Poroszyme

IMER at pH 8.0 and experiments at the suboptimal pH 7.0.
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Table 3. Activity of Perfinity, Poroszyme and UNC prototype IMERs measured as percent of
undigested peak area of BAPNA substrate at indicated pH, temperatures, and flow rates. All
experiments were performed in eight replicates (n=8); RSDs were comparable with values

shown in Table 2. Complete RSD data are provided in supplementary Table S1.

Perfinity pH 7.0 Poroszyme pH 7.0 UNC prototype pH 7.0

0.3 mL/min 0.2 mL/min 0.1 mL/min 0.3mL/min 0.2mL/min 0.1 m[/min 0.3 mL/min 0.2 mL/min 0.1 mL/min
20°C 582 % 62.8% 59.9% 20°C 63.7% 56.0 % 58.0 % 20°C 62.5% 66.9 % 53.1%
25°C 59.2% 61.0 % 62.0 % 25°C 61.1% 53.6 % 554 % 25°C 61.5% 55.7% 50.1%
30°C 59.4% 58.0 % 58.0% 30°C 60.6 % 532% 52.1% 30°C 58.7% 55.7% 472 %
37°C 58.7% 63.1% 542 % 37°C 59.5% 58.5% 56.5% 37°C 54.0% 53.6% 524%

Perfinity pH 8.0 Poroszyme pH 8.0 UNC prototype pH 8.0

0.3 mL/min 0.2 mL/min 0.1 mL/min 0.3mL/min 0.2mL/min 0.1 m[/min 0.3 mL/min 0.2 mL/min 0.1 mL/min
20°C 35.1% 292% 17.6 % 20°C 40.7% 21.4% 23.5% 20°C 40.4% 17.3% 10.3%
25°C 26.0 % 20.3 % 11.1% 25°C 324% 13.8% 16.8 % 25°C 33.9% 13.7% 7.8%
30°C 182% 11.9% 84 % 30°C 224% 10.7 % 12.1% 30°C 273% 82% 52%
37°C 11.0% 6.0 % 6.7% 37°C 16.1 % 7.7% 12.1% 37°C 21.7% 5.7% 3.0%

Perfinity pH 9.0 Poroszyme pH 9.0 UNC prototype pH 9.0

0.3 mL/min 0.2 mL/min 0.1 mL/min 0.3mL/min  0.2mL/min 0.1 m[/min 0.3 mL/min 0.2 mL/min 0.1 mL/min
20°C 324% 252% 19.1 % 20°C 41.0% 34.0% 16.6 % 20°C 7.8% 13% 0.0%
25°C 25.6% 18.4 % 13.9% 25°C 32.8% 25.5% 9.3% 25°C 6.5% 1.5% 0.0%
30°C 20.1 % 11.0 % 52% 30°C 258% 16.0 % 4.7 % 30°C 6.0 % 21% 0.0%
37°C 11.8% 32% 0.4 % 37°C 16.3 % 53% 0.5% 37°C 4.0% 0.3 % 0.0%

The optimal pH range for tryptic digestion is 7-9 according to Sigma Aldrich [38] or
7.8-8.7 according to Worthington Biochemical Corporation [39]. Our results indicate great
loss of trypsin activity at pH 7.0 for all IMERs used in the study. Interestingly, the UNC
prototype (prepared using TPCK treated bovine trypsin from Sigma Aldrich) exhibited
significantly higher activity at pH 9.0; at flow rate 0.1 ml/min no undigested BAPNA
substrate remained.

Given that 2.1 x 30 mm IMER hardware has ~0.1 mL volume, packing density of
BEH is 0.7 g/mL, and amount of trypsin immobilized on UNC prototype is ~78 mg/mL, the
amount of trypsin in the prototype IMER is approximately 5.7 mg. Even if only 35-40%
remains active, the amount of trypsin available for digestion is three orders of magnitude
higher than the amount typically used for in-solution protein digestion (microgram amounts
of trypsin). This explains why IMER's has a potential to perform faster digestions compared
to in-solution proteolysis typically practiced today. Out of the three IMERSs tested in this
study, the UNC prototype outperformed the Poroszyme and Perfinity at pH 9.0 and
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performed comparably well at pH 7.0 and 8.0. It should be noted that BEH sorbent is stable

in such pH range.

Conclusion

IMERs based on pressure resistant particles are suitable for direct on-line digestions
in flow through mode. High amount of trypsin immobilized on sorbent facilitates faster
digestion times, compared to traditional in-solution digestion methods. Trypsin activity was
not significantly affected at elevated pressure used in this study even with mobile phases
containing high acetonitrile concentrations. We found that the activity of all the IMERs were
suboptimal at pH 7.0; several fold faster digestion was observed at pH 8.0 and 9.0. The
highest activity of the UNC prototype was measured at pH 9.0 for all temperatures and flow
rates. At this pH, the UNC prototype IMER activity surpassed the commercial enzymatic
reactors used in this study. Temperature had moderate effect on digestion speed; the IMERs
activity improved 2-3 fold when increasing the digestion temperature from 20 to 37 °C.

All three IMERS selected for this study proved to stable at elevated working pressure
(2500 psi). The UNC prototype IMER is compatible with high operational pressure up to
15000 psi. Immobilizing trypsin onto a high pressure compatible media opens a possibility of
future studies that require high flow rate and high pressure operation with IMER serially

connected to long columns or columns packed with sub-two micron particles.
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Suplementary Table S1: RSD values (%) for Perfinity, Poroszyme and UNC prototype IMERs digestion using BAPNA as a substrate. All
experiments at indicated pH, temperatures, and flow rates were performed in eight replicates (n=8). Large RSD values were observed for
experiments where BAPNA substrate is nearly consumed (peak integration becomes difficult). Values n.a. represent measurements where

BAPNA substrate was digested completely, no RSD's can be calculated.

Perfinity pH 7.0 Poroszyme pH 7.0 UNC prototype pH 7.0
0.3 mL/min 0.2 mL/min 0.1 mL/min 0.3 mL/min 0.2 mL/min 0.1 mL/min 0.3 mL/min 0.2 mL/min 0.1 mL/min
20 °C 0.3% 6.2 % 4.1% 20 °C 22% 6.2 % 4.9 % 20 °C 22% 3.1% 10.1 %
25°C 1.4 % 2.0 % 33% 25°C 1.7 % 6.6 % 2.7% 25°C 1.6 % 59% 6.9 %
30°C 1.6 % 5.6 % 1.8% 30°C 1.9% 3.7 % 6.0 % 30°C 2.7% 1.3% 53%
37°C 0.3% 8.6 % 3.6% 37°C 24 % 2.9% 4.13 % 37°C 1.6 % 23% 5.7%
Perfinity pH 8.0 Poroszyme pH 8.0 UNC prototype pH 8.0
0.3 mL/min 0.2 mL/min 0.1 mL/min 0.3 mL/min 0.2 mL/min 0.1 mL/min 0.3 mL/min 0.2 mL/min 0.1 mL/min
20 °C 2.9% 1.2% 2.5% 20 °C 23% 43% 3.1% 20 °C 3.1% 7.1% 8.1 %
25°C 0.1% 3.7% 3.0% 25°C 4.9 % 7.3 % 4.5% 25°C 3.5% 6.9 % 24 %
30°C 4.5% 9.8% 9.9% 30°C 43 % 5.1% 9.1% 30°C 3.0% 18.3 % 9.2%
37°C 4.4 % 42 % 10.2 % 37°C 10.0 % 8.3 % 23% 37°C 2.1% 8.5% 55%
Perfinity pH 9.0 Poroszyme pH 9.0 UNC prototype pH 9.0
0.3 mL/min 0.2 mL/min 0.1 mL/min 0.3 mL/min 0.2 mL/min 0.1 mL/min 0.3 mL/min 0.2 mL/min 0.1 mL/min
20 °C 2.7% 0.9 % 2.7% 20 °C 3.1% 0.5 % 4.7 % 20 °C 4.6 % 15.5 % n.a.
25°C 2.3% 2.6% 1.9% 25°C 51% 2.6 % 7.6 % 25°C 7.1% 224 % n.a.
30 °C 53 % 0.4 % 30.4 % 30°C 6.0 % 12.6 % 33% 30°C 44.9 % 12.9 % n.a.
37°C 20.5 % 8.5% 83.0 % 37°C 6.8 % 12.2 % 46.8 % 37°C 50.4 % 553 % n.a.
12
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Publikace 1l — P¥imé CE a HPLC metody k separaci tryptofanu a jeho

neproteinogennich derivati

Tryptofan a jeho neproteinogenni derivaty jS@sto pouzivany k vyvoji a syntéze
IéCiv nebo jako chiralni katalyzatory [19]. Dale seotyaminokyseliny zavadi dietzci
bioaktivnich peptid, nag. pro zvySeni jejich odolnostiigi enzymim [41].

Publikace Il se zabyva vyvojem a optimalizaci separace enagtiotnyptofanu a
jeho derivah metodami HPLC a CE. Analyty bylo mozné rétmddo tii skupin: (i)
bazické — tryptofan methyl ester, tryptofan butgtee, tryptofan oktyl ester, tryptofan
benzyl ester, tryptofanol; (ii) kyselé N,-BOC-tryptofan; (iii) amfoterni — tryptofan, 5-
fluoro tryptofan, 5-hydroxy tryptofan.

Metody CE byly vyvinuty za pouziti CD a jeho detivdako chiralnich selektéra
jsou vhodné fedevsim pro kontroldistoty enantiomer. NejlepSich vysledk bylo pro
bazické derivaty tryptofanu dosazeno za pouzitiatasNanéhoy-CD a acetatového pufru
(10 mM LIOH/20 mM kyselina octova, pH 4,74). Enamtery tryptofan oktyl esteru byly
separovany v duélnim systénfdCD + sulfatovanyy-CD v pufru o stejném sloZeni.
Enantiomery tryptofanu a jeho amfoternich deidvdiyly separovany za pouZziti
sulfatovanéhg-CD a fosfatového pufru, pH 2,09. NejnangSi bylo nalezeni vhodnych
podminek pro separaci enantiorindéryseléhoN,-BOC-tryptofanu. B pouziti heptakis(6-
amino-6-deoxy)3-CD a acetatového pufru byly i tyto enantiomeryasepany na zakladni
linii. Metodou CE byly separovany enantiomery vSecxtalyti na zakladni linii atas

separace népkracil 8 min.

Pti vyvoji vhodnych HPLC metod bylo nutné pouzifizné typy chiralnich
stacionarnich fazi a sepamdch modi vzhledem k velkym strukturnim rozdith mezi
analyty. Byly testovany chiralni stacionarni faza bazi teikoplaninu, CD, CF a
polysacharid. Vyvinuté HPLC metody jsou vhodné pro kontr@igtoty enantiomer i
pro semipreparativniéély. NejlepSi enantioseparabl-BOC-tryptofanu R = 1,79) bylo
dosazeno v normalnim mdédu za pouziti kolony ChalalpB, obsahujici tris(3,5-
dimethylfenylkarbamat) celulézy jako chirdini selektor a MP slozené z
hexan/izopropanol/kyselina trifluoroctova v objeréov pongru 80/20/0,1. Enantiomery
bazickych derivdt tryptofanu byly separovany v normalnim médu ngnstdolorg, MP
obsahovala stejné organické slozky a jako aditivethanolamin nebo kyselinu

trifluoroctovou. Vliv sloZzeni MP na separaci enantefti butyl esteru tryptofanu v RP
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modu ilustruje Obr. 3. Tryptofan a jeho amfotermiridaty byly na teikoplaninovych
kolonach Chirobiotic T a Chirobiotic T2 separovamgy zakladni linii v HILIC i polara
organickém maédu. Obr. 4 zobrazuje separaci enastiotichto analyt v HILIC mddu

na kolorg T2. Nejjednodussi MP pro separaci tryptofanu @ jamfoternich derivatse
skladala ze 100 % MeOH. Na kolonach obsahujicickopéanin byl testovan vliv
mnoZstvi MeOH na retenci enantiormdryptofanu a jeho amfoternich derittatBylo
potvrzeno, Ze kolony na bazi teikoplaninu vykaztgv. ,mixed mode“ chovani —

v zavislosti na mnoZstvi organické faze vykazujiov@ni charakteristické pro vice
chromatografickych mad Fi nizkém obsahu MeOH v MP se systém chova jako
reverzni, zatimco ip vysokém obsahu MeOH ipchazi do HILIC mdédu. U obou
chromatografickych systéirse sice pouzivaji obdobné slozky MP, ale systéence je
opany. V RP mddu se na retenci anélytejvice podili hydrofobni interakce, takze latky
s vysSi polaritou eluuji nejive a s rostoucim mnozstvim organické slozky Mnes
klesa. V HILIC systému, podobnako @i separacich na normalni fazi, se retence zvySuje
s polaritou analytu a sniZuje se zvySenim polaviBy — s rostoucim mnoZzstvim organické
sloZzky v MP roste retence. Proto je HILIC systénodijSi pro separace polarnich latek,
nag. pro peptidy nebo polarni d&a, které jsou v RP systému eluovany v blizkosti

mrtvéhocasu kolony.

Obr. 3 Vliv sloZzeni MP na enantioseparaci bazického besgeru tryptofanu v RP médu
na koloré s derivatizovanyng-CD (Astec Cyclobon® | 2000 HP-RSP). (A) MeOH/10
mM octan amonny, pH 4,0 40/60; (B) MeOH/10 mM ocaamonny, pH 4,0 30/70/).
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Obr. 4 Separace enantiontetryptofanu, 5-fluoro tryptofanu a 5-hydroxy tryfdou na
kolon¢ Chirobiotic T2 v MP MeOH/10 mM octan amonny 95¢6/), pH 4,0.
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Tryptophan and its eight derivatives considered in this work are biologically important compounds. Since
their enantiomers can exhibit different behavior, efficient enantioselective separation methods are
needed for both analytical and preparative purposes. In capillary electrophoresis cyclodextrins and their
derivatives were proved to be suitable chiral selectors. Two pH values of background electrolytes were
tested in order to affect ionization of the analytes and consequently their enantioseparation.
Enantiomers of all analytes in this study were baseline separated within 8 min using capillary elec-

Key Wo,rdS: . trophoresis. However, different separation systems/conditions were required. In HPLC various separation
Enantloseparatlon . . . . . .

Tryptophan modes and columns (based on derivatized polysaccharides, cyclofructan, cyclodextrin and teicoplanin)
Unnatural amino acids were used. The best results of enantioseparation of tryptophan and its amphoteric derivatives were
HPLC achieved with teicoplanin based chiral stationary phases and methanol as a mobile phase. Proposed con-
CE ditions were suitable even for purification purposes. This study can serve as a tool for simplifying the

method development for enantioseparation of tryptophan and its derivatives.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

In a large number of biochemical processes the essential amino
acid (AA) tryptophan (Trp) plays a crucial role [1]. The indolic side
chain of tryptophan residue has unique structural and chemical
properties. Trp and its unnatural (unusual) derivatives are impor-
tant building blocks for the total synthesis of various products
and development of new drugs, biological probes, and chiral small
molecule catalysts [2-4]. Introduction of the unusual AAs in pep-
tide chains has attracted a considerable interest to overcome the
pharmacological limitations of bioactive peptides [5,6]. Various
specific applications of Trp derivatives can be found in the litera-
ture. For example, 5-hydroxy Trp can serve as an effective antiox-
idant and radioprotector [7]; L-enantiomer of tryptophanol is used

Abbreviations: AcOH, acetic acid; ACN, acetonitrile; BEN, D,L-Trp benzyl ester;
BOC, N-(tert-butoxy)carbonyl; BTrp, N-BOC-D,L-Trp; BUT, D,L-Trp butyl ester; CF,
cyclofructan; CS, chiral selector; CSP, chiral stationary phase; DS, degree of
substitution; EA, ethanolamine; HEX, n-hexane; IPA, propane-2-ol; MeOH, metha-
nol; MET, D,L-Trp methyl ester; OCT, D,L-Trp octyl ester; OL, D,L-tryptophanol; 5FL,
5-F-D,L-Trp; 5-OH, 5-OH-D,L-Trp; TEA, triethylamine.

* Corresponding author at: Faculty of Science, Department of Physical and
Macromolecular Chemistry, Charles University in Prague, Albertov 2030, CZ-128 43
Prague 2, Czech Republic.

E-mail address: kveta.kalikova@natur.cuni.cz (K. Kalikova).
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1383-5866/© 2015 Elsevier B.V. All rights reserved.

as a chiral synthon to assemble indolo[2,3-a]quinolizidine alka-
loids [8]; L-Trp methyl ester was used as starting compound for
synthesis of compounds with antimicrobial activity [9], various
esters of tryptophan can be used for synthesis of antimicrobial
peptides [10]; N-BOC-Trp (N-(tert-butoxy)carbonyl-Trp) is used
in peptide synthesis [11,12].

Unnatural AAs, as many other pharmaceutical substances, can
be chiral. They are often synthesized as racemates if prepared by
non-asymmetric synthesis. For this reason, enantioseparation and
purification are essential before further application. CE and HPLC
techniques represent good choices for solving these tasks [13-22].

The aim of this work was to screen possibilities for the develop-
ment of fast and effective separation environments of CE and HPLC
for Trp and its structurally related but different derivatives. The
analytes of our interest were D,L-Trp, D,L-Trp methyl ester (MET),
D,L-Trp butyl ester (BUT), D,L-Trp benzyl ester (BEN), D,L-Trp octyl
ester (OCT), 5-F-D,L-Trp (5FL), 5-OH-D,L-Trp (50H), N-BOC-D,L-Trp
(BTrp) and D,L-tryptophanol (OL). The structures are shown in Sup-
plementary material, Fig. S1. Development and optimization of CE
methods were focused especially on design of fast analyses for the
enantiomeric purity screening. Developed HPLC methods are pro-
posed for enantioseparation and further purification of Trp and
its derivatives for semipreparative purposes. Widely used
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cyclodextrin (CD) and its derivatives [23-25] were used as chiral
selectors (CSs) in CE experiments. For HPLC analyses, application
of different types of chiral stationary phases (CSPs) and separation
modes was essential for successful enantioseparation due to signif-
icant structural differences of tested analytes.

2. Experimental
2.1. Chemicals and reagents

Methanol (MeOH, Chromasolv®, gradient grade, for HPLC,
>99.9%), acetonitrile (ACN, Chromasolv®, gradient grade, for HPLC,
>99.9%), n-hexane (HEX, Chromasolv® for HPLC, >97%), propane-
2-ol (IPA, Chromasolv® for HPLC, >99.8%), ammonium acetate
(purity > 99%), acetic acid (AcOH, purity >99.8%), ammonium
hydroxide solution (ACS reagent, 28-30%), ethanolamine (EA, ACS
reagent > 99.0%), triethylamine (TEA, minimum 99%), trifluo-
roacetic acid (TFA, 99%), dimethylsulfoxide (DMSO, ACS reagent,
99.9%), lithium hydroxide monohydrate, (2-hydroxypropyl)-
B-cyclodextrin (HP-B-CD) of 0.8 M substitution and average
M; = 1460, heptakis(2,6-di-O-methyl)-B-cyclodextrin (DM-B-CD),
B-cyclodextrin (B-CD), 6-O-o-maltosyl-B-cyclodextrin hydrate
(Malt-B-CD) and sulfated B-cyclodextrin (S-p-CD) sodium salt
(12-15 mol per mol B-CD) were supplied by Sigma Aldrich (St.
Louis, USA). Orthophosphoric acid 85% was purchased from
Lachema (Neratovice, Czech Republic) and 0.1 M sodium hydroxide
solution was product of Agilent Technologies (Waldbronn,
Germany). Sulfated a-cyclodextrin (S-o-CD) sodium salt (DS (degree
of substitution) ~12), sulfated y-cyclodextrin (S-y-CD) sodium salt
(DS~14) and heptakis(6-amino-6-deoxy)-p-cyclodextrin (A-p-CD)
heptahydrochloride were purchased from CycloLab (Budapest,
Hungary). Water for solution preparation was deionized by the
Watrex Rowapur and Ultrapur system (Prague, Czech Republic).
Tryptophan and its derivatives were obtained as follows:
D-tryptophan methyl ester hydrochloride, L-tryptophan methyl
ester hydrochloride, D-tryptophan benzyl ester, L-tryptophan benzyl
ester, D-tryptophanol, 97%, L-tryptophanol, 97%, D,L-tryptophan,
99%, 5-fluoro-D,L-tryptophan were purchased from Sigma-Aldrich
(St. Louis, USA). D,L-tryptophan butyl ester hydrochloride was
obtained from Pfaltz&Bauer (Waterbury, USA) and D,L-
tryptophan octyl ester from Santa Cruz Biotechnology (Heidelberg,
Germany). 5-hydroxy-D,L-tryptophan was purchased from
Molekula (Miinchen, Germany) and N-o-BOC-L-tryptophan,
N-0-BOC-D-tryptophan from Fluka (Buchs, Switzerland).

2.2. Instrumentation

CE experiments were carried out using Agilent 3DE capillary
electrophoresis instrument operated by ChemStation software
from Agilent Technologies (Waldbronn, Germany). Detection was
performed with a built-in diode array detector at a wavelength
of 217 nm. Fused silica capillary with i.d. of 50 pm and o.d. of
375 um (Polymicro Technologies, Phoenix, AZ) was used. The total
and effective lengths of the capillary were 49.5 cm and 41.0 cm,
respectively.

All chromatographic measurements were performed on Waters
Alliance System (Waters, Milford, USA) composed of Waters 2695
Separation Module, Waters 2996 Photodiode Array Detector, an
autosampler 717 Plus, and Waters Alliance Series column heater,
controlled by Empower software, which was used for data acquisi-
tion and analyses. In this study, following columns were used: two
teicoplanin-based columns Astec CHIROBIOTIC™ T (T) and Astec
CHIROBIOTIC™ T2 (T2); a cyclodextrin-based CSP containing R,S-
hydroxypropylether derivatized B-CD - Astec CYCLOBOND™ I
2000 HP-RSP column (HP CD) (SUPELCO®, Bellefonte, USA); two

cyclofructan (CF) -based columns Larihc CF7-DMP and Larihc
CF6-RN  (AZYP, Arlington, TX, USA) containing 3,5-
dimethylphenylcarbamate functionalized cyclofructan 7 (CF7)
and R-naphthylethyl carbamate modified CF6, respectively; two
polysaccharide-based columns with guard columns, CHIRALPAK
AD-RH (AD RH) and CHIRALPAK IB (IB) obtained from Chiral Tech-
nologies Europe (lIllkirch, France), containing tris(3,5-dimethylphe-
nylcarbamate) of amylose and tris(3,5-dimethylphenylcarbamate)
of cellulose, respectively. All tested columns and guard columns
were sized 250 x 4.6 mm i.d. and 10 x 4.6 mm i.d, respectively,
both particle size 5 pm.

2.3. Software

Computer program PeakMaster 5.3 [26,27] was used to design
and optimize the composition of buffers for CE and HPLC measure-
ments and for calculation of their ionic strength and the theoretical
pH values. For CE data evaluation programs Origin 8.1 (OriginLab
Corporation, Northampton, MA) and Microsoft Office Excel 2010
were used. MarvinSketch online calculator (ChemAxon Kft., Buda-
pest, Hungary) was utilized for acid dissociation constants estima-
tions. Resolution R was calculated by the means of the operating
software of CE and HPLC instruments.

2.4. Procedures

All CE and HPLC experiments were carried out in triplicates. The
temperature of capillary or column was maintained at 25 °C. All
buffers employed in CE and HPLC experiments were filtered with
Minisart syringe filters (Sartorius Stedim Biotech, Goettingen, Ger-
many), pore size 0.45 pm. Stock solutions of samples for both CE
and HPLC experiments were prepared in concentration of 1 mg/
mL using MeOH for MET, BUT, OCT, BEN, BTrp, OL or MeOH/water
80/20 (v/v) for Trp, 5FL, 50H as solvents.

2.4.1. CE measurements

A new capillary was conditioned with deionized water for
20 min, with 0.1 M NaOH for 10 min and again with water for
5 min. Prior to each run, the capillary was flushed with separation
buffer for 3 min. Samples were injected hydrodynamically at
10 mbar x 9 s. Separation voltage was —15 kV (anode at the detec-
tor side) or +25 kV (cathode at the detector side) depending on the
charge of the particular analyte. When indicated, additional pres-
sure of 30 or 40 mbar was applied to shorten the analysis time.
Two acidic background electrolytes (BGEs) with a 10 mM ionic
strength were employed for CE measurements: the acetate buffer
composed of 10 mM LiOH and 20 mM acetic acid with theoretical
pH 4.72 and the phosphate buffer composed of 20 mM phosphoric
acid with theoretical pH 2.07. Experimental pH values of acetate
and phosphate buffers were 4.74 and 2.09, respectively. Appropri-
ate amount of particular CS was dissolved directly in BGEs and fil-
tered. The pH of the BGE was verified again after addition of CSs as
addition of even neutral CS to BGE can substantially change the
buffer pH [28,29]. No significant pH changes were observed. Stock
solutions of analytes were diluted by BGE to inject sample contain-
ing 0.05 mg/mL of individual enantiomers. When electrophoretic
mobilities were calculated, 0.1% DMSO was present as electroos-
motic flow marker in the sample injected. Migration times of ana-
lytes were determined as a time of the peak apex. Only for the
electrophoretic mobility calculations, migration times were
obtained by fitting the peak by Haarhoff-Van der Linde function
[30,31].

2.4.2. HPLC measurements
Chromatographic measurements were carried out at a flow rate
1.0 mL/min and UV detection at wavelengths of 220 and 280 nm.
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Sonication for 30 min was used for degassing the aqueous and HEX
parts of the mobile phases. Ammonium acetate buffers (10 mM
ammonium acetate/52 mM acetic acid, pH 4.00 and 10 mM ammo-
nium acetate/3.2 mM ammonium hydroxide, pH 8.80) were pre-
pared by dissolving the appropriate amount of ammonium
acetate in water and mixing it with calculated amount of acetic
acid or ammonium hydroxide. The correctness of buffer prepara-
tion was verified by measurements of experimental pH value.
The 1% TEA-acetate (TEAA) buffer was prepared by titration of 1%
(by volume) aqueous solution of TEA with acetic acid to pH 4.00.
Void volume was determined using the solvent peak.

3. Results and discussion

The acid-base properties of analytes are decisive for the selec-
tion of suitable separation environment, mainly in CE techniques.
Different acid-base behavior obviously requires different condi-
tions for successful enantioseparation of Trp and its derivatives.
There are basic (MET, BUT, OCT, BEN, OL), acidic (BTrp) or ampho-
teric (Trp, 5FL, 50H) analytes in the set of Trp derivatives. Based on
the calculated values of acidic dissociation constants of Trp and its
derivatives a suitable pH of separation systems, mainly in CE, was
designed; see Table S1 in Supplementary material.

3.1. CE separation

3.1.1. Basic Trp derivatives

Acetate buffer composed of 10 mM LiOH/20 mM acetic acid was
selected as a suitable BGE for the enantioseparation of OL and Trp
esters. Acetate buffer at pH 4.74 maintains all basic derivatives
fully positively charged while its pH is not too low to cause hydrol-
ysis of the esters. Regarding that Trp derivatives contain indolic
part suitable for fitting the CD cavity, cyclodextrins (CDs) were
the CSs of choice. Although published strategies for enantioselec-
tive separation of basic compounds recommend starting with sul-
fated derivatives of CDs [32-34], in this work, the enantioselective
capabilities of four neutral CDs were screened first. The advantage
of neutral CS lies mainly in the fact that it does not increase the
ionic strength of the BGE. Constant ionic strength (even at various
concentration levels of CS) allows to measure at constant voltage
without a danger of excessive Joule heating. Moreover, the even-
tual determination of complexation constants of the CS with ana-
lytes is easier when constant ionic strength conditions are
obeyed [35-39].

The interaction capabilities of four neutral CD derivatives,
namely native B-CD, HP-B-CD, DM-B-CD and Malt-B-CD towards
five basic Trp derivatives — MET, BUT, OCT, BEN and OL were tested.
All tested analytes showed some interaction with all four neutral

Table 1

CD derivatives, which proved that CDs are a suitable group of CSs
for our purpose. Baseline enantioseparation of BUT and BEN in
the presence of 5 mM HP-B-CD and a partial enantioseparation of
MET and BUT with 5 mM DM-B-CD were observed. Although we
tried to further optimize the separation conditions, none of the
tested neutral CDs was enantioselective to all of the five basic
Trp derivatives.

As a next step, sulfated CDs were used as CSs. All three sizes of
sulfated CDs (S-a-CD, S-B-CD, S-y-CD) at three concentration levels
(2.5 mM, 5.0 mM and 7.5 mM) were tested for enantioseparation of
basic analytes. Negative separation voltage of —15kV was used
because the interaction of positively charged Trp derivatives with
multiply negatively charged sulfated CDs leads to a negative effec-
tive mobility of the basic Trp derivatives. Additional pressure of
+30 mbar was applied during the measurements for reducing the
analysis time. S-o-CD separated only enantiomers of BUT within
8 min with resolution values R, 5 =1.45, Rso=1.45 and R;5=1.25
at 2.5, 5.0 and 7.5 mM concentrations of S-o-CD, respectively.
Under given separation condition, S-p-CD caused partial enan-
tioseparation of MET (R,5=1.27, Rsg=1.13 and R;s=1.02), BUT
(R2_5 =1.09, Rso= 1.04 and R;5= 0.99) and BEN (R2‘5 =1.29,
Rsp=1.12 and R;5=1.10) derivatives. In the separation system
containing S-B-CD, OCT repeatedly showed deformed, extra
broaden peak. All separations took less than 9 min. In the presence
of S-y-CD MET, BUT, BEN and OL derivatives were baseline sepa-
rated at all three concentration levels of the CS. OCT provided only
partial separation in the presence of S-y-CD. Migration times and
resolution values for all basic derivatives in separation system with
S-y-CD are summarized in Table 1.

Resolution values of enantiomers of MET, BUT, BEN and OL
derivatives were high even at the lowest consumption of S-y-CD
and there was no need for further optimization. Illustrative electro-
pherograms of enantioseparation of MET, BUT, BEN and OL deriva-
tives by means of 5.0 mM S-y-CD are shown in Fig. 1A.

Enantioseparation of OCT was further optimized. Prolongation
of separation time (by no additional pressure application) did not
lead to baseline separation because of bad peak shape of OCT enan-
tiomers. In the course of first screening of interaction possibilities
of neutral CDs, strong interaction and good peak shape were
observed with native B-CD. Therefore, mixed CSs system composed
of S-y-CD and B-CD was tested. The best concentration ratio of S-y-
CD to B-CD was 4.0-1.0 mM. Keeping the same separation condi-
tions, the enantioseparation was significantly improved (R = 1.76)
as shown in Fig. 1B.

3.1.2. Trp and amphoteric derivatives
The enantioseparation ability of sulfated CDs towards Trp
derivatives was proved already for the basic derivatives and thus,

Resolution and migration times of basic and ampholytic Trp derivatives in acetate buffer (10 mM LiOH/20 mM acetic acid, pH 4.74) or phosphate buffering solution (20 mM

phosphoric acid, pH 2.09) containing 2.5, 5.0 or 7.5 mM S-y-CD.

Analyte 2.5mM S-y-CD 5.0 mM S-y-CD 7.5 mM S-y-CD
R ty/min tp/min R t;/min tp/min R t;/min tp/min

pH 4.74

MET 8.08 6.18 8.36 6.96 5.51 6.98 6.54 5.32 6.60
BUT 4.09 5.09 5.93 3.62 473 5.34 3.33 4.62 5.16
oCT n/a 4.18 4.27 0.61 4.01 4.14 0.60 3.99 4.10
BEN 8.52 6.29 8.58 7.30 5.65 7.26 6.79 5.48 6.88
oL 9.28 4.38 6.20 8.46 4.23 5.63 8.05 4.21 5.47
pH 2.09

Trp 4.61 4.92 5.84 4.30 4.65 5.43 4.10 4.57 5.30
5FL 435 4.84 5.66 4.02 4.59 5.29 3.91 4.49 5.15
50H 2.36 5.91 6.49 2.31 5.62 6.14 2.26 5.38 5.86

n/a - partial separation was observable but R was not possible to calculate.
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Fig. 1. Enantioseparation of basic Trp derivatives (A) MET, BUT, OCT, BEN with
5.0 mM S-y-CD and (B) OL with mixed CSs: 1.0 mM B-CD + 4.0 mM S-y-CD; acetate
buffer (10 mM LiOH/20 mM acetic acid, pH 4.74), separation voltage —15KkV,
additional pressure +30 mbar.

the same CSs were tested for Trp, 5FL and 50H. No enantiosepara-
tion was achieved at pH 4.74 where all amphoteric analytes were
neutral (for pK, constants see Supplementary material, Table S1).
Lower pH BGE, 20 mM phosphoric acid, pH 2.09, was used to keep
Trp, 5FL and 50H partially positively charged. The same concentra-
tions of sulfated a-, B- and y-CDs (2.5, 5.0 and 7.5 mM) under the
same experimental conditions (—15 kV, +30 mbar) were tested. No
enantioseparation was observed in the presence of S-o-CD. When
S-B-CD was employed, partial separation of Trp enantiomers at
the individual S-B-CD concentration levels (Ry5=1.16, Rso=1.11,
and R7'5 = 108) and 5FL (R2_5 =0.95, RS,O =0.82, and R7'5 = 067)
was achieved within 7 min. Only slight indication of enantiosepa-
ration was observed in the case of 50H derivative.

S-y-CD provided enantioseparation of all three amphoteric
derivatives at all three concentration levels. Resolution values
were high enough to shorten the analysis time by applying
+40 mbar of additional pressure. All analysis in presence of S-y-
CD took less than 7 min. Resolution values and migration times
in the presence of various concentration of S-y-CD are listed in
Table 1.

3.1.3. Acidic Trp derivative — BTrp

BTrp was the only representative of acidic derivatives of Trp.
S-y-CD was tested as potential CS in order to keep the same CS
for all analytes. However, interaction of BTrp (in its neutral form)
with S-y-CD did not yield enantioselective separation. BTrp has
been already successfully separated by teicoplanin [40] and the work
of Vespalec et al. [41] has shown the possibility to separate BTrp
enantiomers using B-CD. As the dependence of enantioselectivity
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Fig. 2. Enantioseparation of BTrp in acetate buffer (10 mM LiOH/20 mM acetic acid,
pH 4.74); separation voltage +25 kV, no additional pressure; (A) 1.0 mM A-B-CD; (B)
2.5 mM A-B-CD.

on concentration of B-CD (in acetate buffer, pH 4.74) goes through
a maximum [37], starting (5.0 mM) and lower (1.0 mM) concentra-
tions of B-CD were tested. Only partial enantioseparation of BTrp
within long analysis time (20 min) was achieved at 1.0 mM B-CD.
Finally, acetate buffer, pH 4.74, was used to obtain partially
negatively charged BTrp and oppositely charged CS A-B-CD was
employed. Positive voltage of 25 kV and no additional pressure
were applied. Although 1.0 mM concentration of A-B-CD was suffi-
cient to obtain fully separated enantiomers of BTrp derivative
(R =3.24) within 6 min, significant fronting of peaks was observed
(Fig. 2A). The peak shapes of BTrp enantiomers were improved by
increasing the CS concentration as shown in Fig. 2B, where electro-
pherogram obtained with 2.5 mM A-B-CD (R = 4.20) is depicted.

3.2. HPLC separation

3.2.1. Basic Trp derivatives

Initially, reversed-phase (RP) separation mode was employed
for enantioseparation of OL and Trp esters. Partial enantiosepara-
tion of all Trp esters was obtained using the amylose based Chiral-
pak AD-RH column with 10 mM ammonium acetate, pH 8.80 and
ACN [21] or MeOH as organic modifiers (data not shown). Further
optimization of mobile phase composition did not lead to baseline
separation of any of the AA. Consequently, hydroxypropylether
derivatized p-CD CSP (Astec Cyclobond™ I 2000 HP-RSP column)
was tested. Baseline separation (R >3) of BUT was obtained in
mobile phase composed of MeOH/10 mM ammonium acetate, pH
4.00, 30/70 (v/v). Analysis time did not exceed 22 min and the opti-
mized method is suitable for semipreparative purposes. Partial
enantioseparation of MET and BEN was also observed with the
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Table 2

The best results obtained in the NP and RP modes with respect to analysis time and resolution of enantiomers, retention factor of the first eluted enantiomer (k),

enantioselectivity (o), resolution (R).
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Analyte NP mode RP mode
CSP k1 o R MP composition (v/v/v) CSP k1 o R MP composition (v/v)
Basic
MET 1B 5.87 1.10 1.40 HEX/IPA/EA 85/15/0.1 HP CD 2.40 1.07 0.96 MeOH/buffer A 10/90
BUT 1B 3.05 1.10 1.51 HEX/IPA/EA 85/15/0.1 HP CD 1.90 1.18 1.85 MeOH)/buffer A 40/60
OCT 1B 2.42 1.11 1.55 HEX/IPA/EA 85/15/0.3 AD RH 27.53 1.05 0.81 ACN/buffer B 40/60
BEN 1B 5.59 1.10 1.30 HEXIPA/EA 85/15/0.1 HP CD 1.50 1.06 1.00 MeOH/buffer A 20/80
oL 1B 10.71 1.37 1.56 HEX/IPA/TFA 90/10/0.1 X X X X X
Acidic
BTrp CF7 4.80 1.12 1.50 HEX/IPA/TFA 90/10/0.05 HP CD 14.35 1.05 1.50 MeOH)/buffer C 10/90
1B 0.88 1.23 1.79 HEX/IPA/TFA 80/20/0.1

Buffer A: 10 mM ammonium acetate, pH 4.00.
Buffer B: 10 mM ammonium acetate, pH 8.80.
Buffer C: 1% TEAA, pH 4.00.

IB: CHIRALPAK IB column.

HP CD: CYCLOBOND™ I 2000 HP-RSP column.
AD RH: CHIRALPAK AD-RH column.
CF7: Larihc CF7-DMP column.

Table 3

The best results obtained for Trp and its ampholytic derivatives on teicoplanin-based columns in different separation modes, retention factor of the first eluted enantiomer (k;),

enantioselectivity (o), resolution (R).

Analyte
CSP k1 o R MP composition
Trp T 2.14 1.94 2.99 MeOH
T2 1.61 1.35 1.29 MeOH
5FL T 1.73 2.24 3.88 MeOH
T2 1.42 1.65 2.10 MeOH
50H T 2.52 247 3.80 MeOH
T2 231 1.80 2.34 MeOH
HILIC mode
CSP k1 o R MP composition (v/v)
Trp T 1.63 1.93 3.45 MeOH/buffer A 95/5
T2 1.40 135 1.51 MeOH/buffer A 95/5
5FL T 1.32 2.24 4.60 MeOH/buffer A 95/5
T2 0.85 1.61 3.00 MeOH/buffer A 80/20
50H T 1.81 2.41 4.63 MeOH/buffer A 95/5
T2 1.50 1.64 3.11 MeOH/buffer A 90/10
PO mode
csp kq o R MP composition (v/v/v)
Trp T 2.20 1.88 1.91 MeOH/AcOH/TEA 100/0.1/0.05
T2 1.45 1.35 1.50 MeOH/AcOH/TEA 100/0.5/0.1
5FL T 1.87 2.12 2.46 MeOH/AcOH/TEA 100/0.1/0.05
T2 1.31 1.63 2.32 MeOH/AcOH/TEA 100/0.5/0.1
50H T 2.67 243 2.85 MeOH/AcOH/TEA 100/0.1/0.05
T2 2.04 1.77 247 MeOH/AcOH/TEA 100/0.5/0.1

Buffer A: 10 mM ammonium acetate, pH 4.00.
T: CHIROBIOTIC™ T column.
T2: CHIROBIOTIC™ T2 column.

B-CD-based CSP. Nevertheless, no enantioseparation of OL was
achieved under tested separation conditions.

As a next step, normal phase (NP) separation systems were
applied. First, CF-based CSP was tested as it had been reported to
be suitable for the enantioseparation of analytes with primary
amine functional group [42-44]. Only partial enantioseparation
(R~ 1) of all analytes was observed using the Larihc CF6-RN col-
umn. The best CSP for enantioseparation of basic Trp derivatives
was the cellulose-based one (Chiralpak IB column) - see Table 2.
Baseline separations of BUT and OCT enantiomers were achieved
in reasonable analyses times (less than 15 min). Baseline separa-
tion of OL enantiomers was achieved only with the addition of
TFA to mobile phase while EA was more promising mobile phase
additive for enantioseparation of Trp esters.

3.2.2. Acidic Trp derivative — BTrp

BTrp enantiomers were baseline separated in NP mode with
Larihc CF7 DMP or Chiralpak IB columns and also in RP mode with
B-CD-based CSP- see Table 2. However, the long analysis time in
the RP mode was not suitable for practical use. The best enan-
tioseparation of BTrp enantiomers was obtained in separation sys-
tem with Chiralpak IB column and mobile phase composed of HEX/
IPA/TFA 80/20/0.1 (v/v/v).

3.2.3. Trp and amphoteric derivatives

CSPs based on teicoplanin (Chirobiotic T and T2 columns) were
used for their unique capability to resolve primary and secondary
amino acids in the native state [18,45]. These two columns differ
in the unequal chiral selector coverage (higher on Chirobiotic T2)
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Fig. 3. The effect of MeOH content in mobile phase on retention time of the first
eluted enantiomer of Trp, 5FL and 50H.

and distinct linkage chemistry. It has been demonstrated before
that higher teicoplanin coverage is not a prerequisite for better
enantioseparation [46]. Silanol groups of silica gel carrier seem to
participate on the retention mechanism of Chirobiotic T column.
However, the extent of this contribution to retention mechanism
is dependent on the mobile phase composition and analytes prop-
erties. The enantioseparation was performed on both columns in
RP, HILIC and polar organic (PO) modes. Enantiomers of Trp, 5FL
and 50H were baseline separated using Chirobitotic T column with
simple mobile phase composed of pure MeOH - see Table 3. Reso-
lution values of the enantiomers ranged between 2.99 and 3.88.
High resolution values and mobile phase composed of a single
organic solvent indicate a possible utilization of the method for
purification purposes. Enantiomers of 5FL and 50H were also base-
line separated in pure MeOH on Chirobiotic T2 column.

The effect of MeOH and buffer content in the mobile phase on
retention and resolution of enantiomers was tested on both col-
umns. Results confirmed mixed mode behavior of the
teicoplanin-based CSPs [19] - see Fig. 3. The U-shaped dependen-
cies indicate a change of the interaction/retention mechanism for
all tested analytes. In the mobile phases with lower MeOH content
teicoplanin-based CSPs exhibited a typical RP behavior while the
mobile phases with high MeOH content resulted in a HILIC system.
It is worth mentioning that higher resolution of all enantiomers
was observed in HILIC mode. Baseline enantioseparation of all
three analytes was achieved also in PO mode on the both CSPs.
The best mobile phase composition in PO mode was not the same
for both columns. Higher amounts of acidic and basic additives
were required using the Chirobiotic T2 column - see Table 3. How-
ever, for both columns higher content of AcOH than of TEA in the
mobile phase was necessary for successful enantioseparation of
these amphoteric analytes.

4. Conclusion

CE and HPLC methods were found for separation of enantiomers
of Trp and its eight (basic, amphoteric or acidic) derivatives of bio-
logical interest. The search for proper separation conditions
showed that even the subtle changes in the analyte structure
caused by derivatization require substantial changes of the separa-
tion system.

Different CDs proved their ability to serve as chiral selectors in
CE. Good results of Trp esters enantioseparation were obtained
with S-y-CD. However, baseline separation of OCT was achieved

only with dual selector system (B-CD + S-y-CD). The most exacting
task was the separation of BTrp enantiomers, which was successful
with A-B-CD at last. Separation conditions were found for baseline
resolution in an analysis time not exceeding 8 min.

In HPLC, polysaccharide-, CF-, CD- and teicoplanin-based CSPs
were tested for their potential use for the enantioselective separa-
tion of Trp and its derivatives. Some of the optimized separation
systems granted conditions even for semipreparative use. An easy
to prepare separation system found for possible purification of Trp,
50H and 5FL was composed of teicoplanin based CSP and pure
MeOH as mobile phase.
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Publikace IV — Chiralni stacionarni faze na bazi chklickych oligosacharidi

pouzivanych pro kontrolu ¢istoty Ié¢iv

Na enantiomerntistotu I&€iv jsou v dnesni dabkladeny vysoké naroky,redevsim
od nechvalty zndmého incidentu s thalidomidem v Sedesatychchetainulého stoleti
[34]. Uvedeni l&iva na trh dnes nu#n predchazi rozsahlé studie na toxicitu a
farmakologické dinky jednotlivych enantiomér [32,33]. Se zaji$him enantiomerni
Cistoty I&iv je spojen vyvoj efektivnich a citlivych sepanéch metod, které budou
schopny detekovat i stopova mnozstvi nezadoudichépi. Nefasgji se pouziva metoda
HPLC sCSP, dale vtéto oblasti nalezly uplatn GC, SFC, CE, micelarni

elektrokineticka chromatografie a kapilarni elektramatografie.

Publikace IV shrnuje metody vhodné pro separacivéza pouziti CSP na bazi
cyklickych oligosacharidl — CD, CF a jejich derivat— v rozmezi let 2000 a 2015.
Zakladnim rozdilem meziémito chiralnimi selektory jsou sacharidové jednotkae
kterych se skladaji, a velikost jejich kavity. Vetlem k gmto rozditim vykazuji rozdilné
separani vlastnosti. CD jsou tweny 6 - 8 glukopyranosovymi jednotkami, které vyiva
hydrofobni kavitu [42]. CF jsou t¥eny obdobnym ptiem fruktofuranosovych jednotek
vytvérejicich kavitu hydrofilni, ktera je mensSi nez u @I3]. Oba chirélni selektory maji
v nativnim stavu nizSi enantioselektivnicinnost nez jejich derivaty. Vzhledem
k rozdilnym fyzikalg-chemickym vlastnostem nalezly v HPLC CD CSP ugilaitn
piedevsim v RP modu a CF CSP v normalnim a p&larganickém modu. CSP na bazi
CF byly pouzity také v HILIC pro achiralni separdé#iv a jejich neistot. Lze @dekavat,
Ze v budoucnosti budou s rostouci oblibou ultrafjetih separaci ugdnosbovany
metody SFC a UPLC, ckoli je vyvoj stacionérnich fazi kompatibilnich émito

technikami porérné narany.
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Purity Control; A Review

Kvéta Kalikova, Tereza Slechtova and Eva Tesafova*

The Department of Physical and Macromolecular Chemistry, Faculty of Science, Charles University in Prague,

Prague, Czech Republic

Abstract: Oligosaccharide-based chiral stationary phases are frequently used for enantioselective separations by different
chromatographic techniques, namely gas chromatography, high performance liquid chromatography, supercritical fluid
chromatography or capillary electrochromatography. Their multimodal application potential (they are compatible with
both polar and/or non-polar mobile phases) makes them suitable chiral selector candidates for separation of a wide variety
of structurally diverse compounds. In this paper, separation systems utilizing cyclodextrin- or cyclofructan-based chiral
stationary phases in analyses of pharmacologically active compounds are summarized. The review covers the period from
2000 to 2015. This review article can be helpful to analysts searching for an appropriate method for the

separation/determination of pharmaceuticals of their interest.

Keywords: Cyclodextrin, cyclofructan, pharmaceuticals, drugs, enantioseparation, enantioselectivity, chromatography

1. INTRODUCTION

It is a well-known fact that different enantiomers of drugs
can exhibit distinct biological effects in the chiral
environment of living organisms. The unequal behavior of
drug enantiomers was alerted by the case of thalidomide in
the sixties of the 20™ century, when the teratogenic effect of
one enantiomer was recognized too late. The thalidomide
tragedy was a landmark in drug regulation [1,2], but the
proposal that the tragedy could have been avoided if only
single enantiomer had been used is misleading. Later, it was
proved that both enantiomers are teratogenic [3] and the drug
racemizes in the body [4]. Efficient separation methods are
needed for the separation, determination and isolation of
even traces of unwanted enantiomers present in
pharmaceuticals, since the differences in efficiency, toxicity
and pharmacological effects must be considered before a
new drug appears on the market and can be administered.
Among the methods wused, high performance liquid
chromatography (HPLC) employing chiral stationary phases
(CSPs) is a technique of choice for its reliability [5-7].
Nevertheless, other chromatographic methods such as gas
chromatography (GC), supercritical fluid chromatography
(SFC) or capillary electrochromatography (CEC) are also
applied, mainly for the analytical purposes. The utilization of
enantioselective techniques for separation of pharmaceuticals
is reviewed in many publications [for example 8-13], but
none of them focused directly on the use of cyclic
oligosaccharide-based CSPs, namely cyclodextrin (CD),
cyclofructan (CF) and their derivatives. This review displays
these CSPs used for analyses of drugs by various
chromatographic techniques, namely GC, HPLC, SFC and
CEC for the period between years 2000 and 2015.

*Address correspondence to this author at the Department of Physical and
Macromolecular Chemistry, Faculty of Science, Charles University in
Prague, Hlavova 8, 128 43 Prague, Czech Republic; Tel: +420 221 95
1296; E-mail: tesarove@natur.cuni.cz
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Reviewed articles deal either with (i) development,
description and validation of the enantioselective methods
for drug analyses, or (ii) preparation of new CSPs and
evaluation of their separation potential by a set of analytes
including drug representatives.

1.1. Cyclodextrins versus cyclofructans

CDs and CFs are both cyclic oligosaccharides composed
of several monosaccharide units. CDs consist of
glucopyranoses, while CFs are formed by fructofuranoses.
Despite certain structural similarity, CD- and CF-based CSPs
behave differently. CDs (o, B and y) compose of 6, 7 or 8 D-
glucopyranose units and possess a hydrophobic cavity. Its
size is proportional to the number of saccharide units - 5.2 A
for a-CD, 6.4 A for p-CD and 8.3 A for y-CD. Precise fit of
analyte or its hydrophobic part into rigid cavity of CD is the
main/leading “interaction” of the retention mechanism in
reversed phase (RP) mode [14,15]. CFs consist preferentially
of 6, 7 or 8 D-fructofuranose units (abbreviations: CF6, CF7,
CF8, respectively) connected by B-(2,1) linkages creating a
crown-ether skeleton. CFs have much smaller cavity with
inner diameters 2.3 A for CF6, 4.1 A for CF7 and 4.7 A for
CF8. CF core is hydrophilic due to the presence of crown
oxygens [16,17]. Compared to their derivatives, both chiral
selectors (CSs) possess lower enantioselective abilities in the
native state. The derivatization procedure offers new or
modified interaction properties compared to the native CSs.

2. SEPARATION/ANALYSIS IN GC

The right choice of CSP is essential for successful direct
chiral separation in GC. There is no other possibility for
modifying the enantioselective environment in GC than
altering the CSP. Although several reviews concerning the
use of CD-based stationary phases in GC were published
[15,18,19], none of them directly focus on the analysis of
pharmaceutical compounds in the year period of 2000-2015.

© 2014 Bentham Science Publishers
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GC methods on CD-based CSPs suitable for
pharmaceutical analyses of different drug enantiomers are
summarized in Table 1 [20-25]. Derivatized CD-based CSPs
were used in all cases and in the majority of publications
derivatization of the analytes was required before separation.

Analytes of great interest were methylamphetamine
and its precursors and intermediates [23-25]. Various
capillary Astec Chiraldex columns were used to
simultaneously separate enantiomers of all these compounds
in one run.

Table 1.
3. SEPARATION/ANALYSIS IN HPLC

In HPLC, enantioselective separation can be substantially
affected not only by the choice of CSP but also by mobile
phase (MP) composition. Separation mode determines the
interaction mechanism which is responsible for the
enantioselective recognition. CSPs based on CDs or CFs and
their derivatives can be used in all separation modes, i.e.
normal phase (NP), RP, polar organic (PO) mode or
hydrophilic interaction liquid chromatography (HILIC). In
NP mode, polarity of MP is lower than polarity of the
stationary phase. Usual MP components are n-hexane (HEX)
or n-heptane, some alcohol and often a small amount of
acidic or basic additives. In RP mode, polarity of MP is
higher than that of stationary phase. Water or buffer phase is
combined with organic modifier, usually acetonitrile (ACN)
or methanol (MeOH). Typical MPs for PO mode compose of
MeOH or ACN as the main component and acidic or basic
additives. In HILIC, typical MP contains ACN (min 60-70
volume %) and aqueous part (water or buffer).

3.1. Native cyclodextrin-based CSPs
3.1.1. Chiral separations

Despite the fact that derivatized CD-based CSPs usually
provide better enantioseparation results, some authors also
successfully applied native CD-based CSPs. Native B-CD
CSP (commercial name Cyclobond I (B) column) was
successfully used for simultaneous separation of enantiomers
of PNU-83894 and its metabolite PNU-83892 in plasma
[26]. PNU-83894 and PNU-83892 are active circulating
metabolites of an anticonvulsant drug PNU-54494A [27].
Optimized RP separation conditions were: ACN/water
containing 0.2% triethylamine (TEA) adjusted with acetic
acid (HAc) to pH 6.0, 20/80 (v/v) as a MP, temperature 21-
23 °C. Optimized method was subsequently validated. B-CD-
based CSP composed of B-CD polymer coated silica support
was prepared and successfully used for the enantioseparation
of warfarin [28]. Separation conditions were: MeOH/0.1M
sodium acetate buffer, pH 4.0, 20/80 (v/»v) as a MP,
temperature 25 °C. Good enantioselectivity, o = 1.3, was
obtained under above mentioned conditions. Simple LC-MS
method for simultaneous determination of enantiomers of
anticholinergic  drugs produced as racemates, i.e.
trihexyphenidyl, biperiden and procyclidine in human
plasma was developed [29]. PO mode chromatographic
conditions were: ACN/MeOH/HAc/TEA  95/5/0.5/0.3
(v/v/v/v) and native B-CD CSP (Cyclobond I 2000 column).
Quantitation was performed by electrospray ionization MS
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using diphenidol as an internal standard. HPLC-tandem MS
method for the analysis of warfarin enantiomers in human
plasma was developed and validated [30]. Baseline
resolution of warfarin and internal standard enantiomers (p-
chlorowarfarin) was achieved on a B-CD column with MP
composed of ACN/HAC/TEA 100/0.3/0.25 (v/v/v) at a room
temperature. Analysis time did not exceed 8 min. Monolithic
silica columns with chemically bonded B-CD were prepared
and successfully used for the enantioseparation of some
chiral drugs [31]. Enantiomers of oxazepam, cromakalim,
norgestrel, methadone and prominal were baseline separated
in RP mode under various chromatographic conditions
depending on the drug structure. A big advantage of the use
of monolithic columns is the possibility to operate at high
flow rates to fasten the separation while maintaining high
efficiency. Cyclobond I 2000 column was used for the
enantioseparation of anti-allergic drug azelastine and its
three metabolites [32]. Under optimized conditions,
ACN/MeOH/45 mM ammonium acetate, pH 4.7, 9/21/70
(v/vv), temperature 5 °C, enantiomers of azelastine and its
major metabolite demethylazelastine were separated
simultaneously. Weaker performance was observed for two
other chiral metabolites, 6-hydroxy-azelastine and 7-
hydroxyazelastine. Nevertheless, chiral impurity of more
than 0.5% was detected in both azelastine metabolites.
Afterwards, optimized HPLC method with MS-MS detection
was applied for the biotransformation study of azelastine
enantiomers in rats after oral application. S-(+)-azelastine
metabolic pathway is completely different compared to R-(-
)-azelastine. Pihlainen and Kostiainen used Cyclobond I
2000 column for the enantioseparation of methorphan and
amphetamine  derivatives, ie.  3,4-methylenedioxy-
ethylamphetamine and 3,4-methylenedioxy-
methamphetamine [33]. PO mode was the most convenient
for methorphan, MP composed of MeOH/ACN/HAC/TEA
10/90/0.03/0.02 (v/v/v/v). On the other hand, RP mode gave
the best results for enantioseparation of both amphetamine
derivatives. Baseline enantioseparations were observed with
MP composed of MeOH/1% triethylammonium acetate
(TEAA) buffer, pH 4.0, 5/95 (v/v). All separations were
performed at 15 °C. Simple RP HPLC method with native -
CD CSP (LichroCART 250-4 ChiraDex column) was
developed and validated for simultaneous determination of
eslicarbazepine acetate and its metabolites, oxcarbazepine, S-
licarbazepine and R-licarbazepine in human plasma [34].
Chromatographic separation was achieved in 25 min by
isocratic elution in MeOH/water 12/88 (v/v) as a MP,
temperature 30 °C. Method for the enantioseparation and
determination of perindopril erbumine, an ACE inhibitor,
was developed and some validation parameters were
determined [35]. Optimized chromatographic conditions
were: Chiradex column (B-CD chemically bonded to
spherical silica gel particles), ACN/50 mM phosphate buffer,
pH 3.0, 55/45 (v/v), room temperature. Baseline separation
was observed within 8 min. Optimized method was
successfully applied for the analysis of S-enantiomer content
in commercial tablets containing perindopril erbumine
racemate. Enantiomers of oxazepam were successfully
separated on native B-CD CSP (Cyclobond I 2000 column)
in RP mode within 8 min with enantioselectivity o = 1.5
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[36]. Optimized chromatographic conditions were:
MeOH/buffer (LiOH/HAc 9.90/60.0 mM), pH 4.01, 40/60
(vv) as a MP, temperature 25 °C. 2D RPLC method with
electrospray ionization-tandem MS was developed and
validated to determine sertraline enantiomers in rat plasma to
support pharmacokinetic studies [37]. Method was applied to
separate and determine the diastereomers and enantiomers of
sertraline simultaneously. System consisted of Hisep-RAM
column in the first dimension for trapping proteineous part
of plasma and a chiral Cyclobond I 2000 column in the
second dimension. MP composed of ACN/0.1%
trifluoroacetic acid (TFA), 86/14 (v/v).

3.1.2. Achiral separations

Native B-CD-based CSPs were also used for achiral
separations of some drugs. Cyclobond I 2000 column was
used for the separation of different organic acids in PO
mode, MPs composed of ACN/MeOH/TEA/HAc (v/v/iv/iv)
[38]. Analytes were eluted under gradient conditions and the
elution order depended on the number, type and position of
hydrogen bonding functional groups present in the molecule.
Optimized conditions were used to evaluate the purity of
potential pharmaceutical drug candidates that showed
activity towards a kinase target vascular endothieal growth
factor (Vegf). Using this method, purity estimates, which
were difficult to determine by other HPLC methods, were
obtained. HPLC method using Cyclobond I column for the
simultaneous determination of ampicillin, sulbactam, and
cefoperazone in pharmaceutical formulations was developed
[39]. MP composed of MeOH/5 mM TEAA buffer, pH 4.5,
35/65 (v/v). Proposed method was reproducible and
convenient for routine analyses of these drugs in sterilized
water, saline, or 5% dextrose injection solutions. Cyclobond
I B-CD column was applied for the separation of drug
substance 2-[4-(1-hydroxy—4-[4-(hydroxydiphenylmethyl)—
1-piperidinyl]-butyl)-phenyl]-2-methylpropionic acid (para
isomer) and its meta isomer (positional isomeric impurity)
[40]. The para isomer has antihistamine properties and is
classified as a histamine H-1 receptor antagonist. Optimized
separation conditions were: ACN/0.02 M ammonium acetate
buffer as a MP, pH 4.0, flow rate 0.45 mL/min. Under these
conditions, meta isomer impurity eluted prior to the parent
peak. New HPLC method for the simultaneous determination
of ticarcillin (TIC) and clavulanic acid (CA) in
pharmaceutical formulations was designed and validated
[41]. TIC, a-carboxypenicillin, is a semisynthetic B-lactam
antibiotic, and CA works as a potent and irreversible -
lactamase inhibitor. Baseline separation was achieved on a
Cyclobond I column with MeOH/16 mM ammonium acetate
buffer, pH 6.0 50/50 (v/v) as a MP. Method was successfully
applied for the simultaneous determination of these two
drugs in sterilized water and 5% dextrose injection solutions.
Separations of estrogen metabolites, i.e. sulfates and
glucuronides, were performed in HILIC with native B-CD
[42]. ACN and 5 mM ammonium acetate as a MP and flow
rate 0.2 mL/min were used. Three estrogen glucuronides, i.e.
estrone-3-glucuronide,  17p-estradiol-3-glucuronide  and
estriol-3-glucuronide were well resolved at 70% ACN.
Baseline resolution was achieved for all estrogen metabolites
studied (three glucuronides mentioned above and two
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sulfates, estrone sulfate and 17f-estradiol sulfate), but their
strong retention resulted in a substantial band broadening.

3.2. Cyclodextrin derivatives-based CSPs

As already mentioned above, derivatives of CDs offer
new interaction possibilities and thus increase the application
potential of CD-based CSPs, in general and also in drug
analysis. Many different CD derivatives-based CSPs were
prepared and some of them are even commercialized.

3.2.1. Chiral separations

Enantiomers of lorazepam, a benzodiazepine drug, were
baseline separated in RP mode with carboxymethyl B-CD
CSP (Shodex ORpak CDBS-453 column) [43]. Optimized
separation conditions were: ACN/0.2 M NaCl with 1% HAc
13/87 (v/v), temperature 15 °C. Optimized method was
applied for the determination of lorazepam enantiomers in
plasma after administration of a therapeutic dose of racemic
drug. Under these conditions, no interconversion of
enantiomers was observed. Series of norborn-2-ene-
derivatized PB-CD-based CSPs were prepared via ring-
opening metathesis graft-polymerization and successfully
used for the enantioseparation of proglumide, drug that
inhibits gastrointestinal motility and reduces gastric
secretions [44]. The best MP composition was
ACN/MeOH/HAC/TEA 98/2/0.2/0.2 (v/v/NW/v). Acetylated
derivative of B-CD CSP (Cyclobond I 2000 Ac column) was
used for the separation of citalopram and its metabolites,
desmethylcitalopram and didesmethylcitalopram [45]. The
best separation conditions were: MeOH/10 mM citric acid
adjusted to pH 6.3 with TEA 55/45 (v/W») as a MP,
temperature 30 °C. Individual analytes were baseline
separated but only partial enantioseparation of all these
enantiomers was achieved in one run. Separation of three
stereoisomers of B-blocker nadolol was obtained using
heptakis (6-azido-6-deoxy-2,3-di-O-phenylcarbamolyted) B-
CD bonded CSP and MeOH/1% TEAA buffer, pH 5.5,
20/80 (v/v) as a MP at 20 °C [46]. Under optimal conditions,
complete separation of the most active enantiomer (R,S,R)-
nadolol was achieved. Similar results for nadolol
enantiomers were obtained with perphenyl carbamoylated p-
CD immobilized onto silica gel as a CSP and the same MP
composition as mentioned before [47]. Tolperisone, a
centrally acting muscle relaxant, was enantioseparated using
heptakis(6-azido-6-deoxy)perphenylcarbamated B-CD
chemically immobilized on silica gel as CSP [48]. Optimized
MP composed of MeOH/1% TEAA buffer, pH 5.0, 60/40
(v/v) and temperature 22 °C. Baseline enantioseparation was
observed within 13 minutes. New chemically bonded B-CD-
based CSP was prepared in a "one pot" process by reaction
of phenylated B-CD with silica gel [49]. This CSP was
successfully applied for the separation of metoprolol,
lorazepam and oxazepam enantiomers in NP mode.
Optimized MPs composed of n-heptane/propane-2-ol (IPA)
90/10 (v/v) for oxazepam and lorazepam, and n-
heptane/IPA/diethylamine 80/20/0.1 (v/v/v) for metoprolol.
HPLC method with Cyclobond 1-2000 RSP column ((R,S)-
hydroxypropyl modified B-CD) for the enantioseparation of
oxazepam, lorazepam and temazepam was developed [50].
Low temperature 12 °C was used during the separation to
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avoid spontaneous chiral interconversion of enantiomers.
Optimized MP composition was the same for all drugs, i.e.
ACN/1% TEAA buffer, pH 4.5/water 19/8/73 (v/v/v). The
same CSP but different MP composition, i.e.
ACN/ethanol/TEA/HAc 100/1/0.001/0.001 (v/Av/iv/v), was
used for the determination of oxazepam enantiomers in
rabbit plasma. An EP/B-CDN" polymer column prepared by
adsorption of epichlorhydrin/B-CDN" polymer (linkage of
about one hydroxypropyl trimethyl ammonium group per -
CD unit) on Lichrospher Si-100 column was successfully
applied for the enantioseparation of warfarin [51]. Separation
conditions were: MeOH/0.1 M sodium acetate with HAc, pH
4.0, 30/70 (v/v) as a MP and temperature 22 °C. A novel
CSP prepared by immobilization of heptakis(6-azido-6-
deoxy-2,3-di-O-phenylcarbamoylated)-3-CD  onto  the
surface of amino-functionalized silica gel was used for the
enantioseparation of a variety of drugs in RP and NP modes
[52]. Individual drugs, chromatographic conditions and
parameters are summarized in Table 2. As expected, RP
mode was favored for the enantioresolution. Brush-type 2-
hydroxypropyl-B-CD CSP was developed using superficially
porous particles (SPP), which are advantageous for ultrafast
separations due to the high efficiencies and relatively low
back pressures [53]. Using this CSP, enantiomers of pain-
relievers nefopam and methadone were baseline separated in
MPs composed of ACN/20 mM ammonium acetate 65/35
and ACN/0.1% acetic acid 78/22, respectively.

Table 2.

Cyclobond 1-2000 RSP column was used for the
enantioseparation of modafinil, a stimulant approved by the
FDA to be used in the management of excessive sleepiness
associated with narcolepsy [54]. To investigate the
pharmacokinetics of modafinil in patients, HPLC method for
the separation and quantitation of modafinil enantiomers in
human serum was improved and validated. Gradient elution
was used, MP A composed of 20 mM sodium phosphate
adjusted to pH 3.0 with o-phosphoric acid, MP B composed
of 30% ACN in MP A. MP B increased from 30% to 60%
over a 30 min period and then returned to 30% B for 5 min.
Various dihydrofurocoumarins (substituted psoralens and
substituted angelicins) were baseline resolved on Cyclobond
I RSP (hydroxypropyl B-CD as CS), Cyclobond I AC (acetyl
B-CD as CS) and Cyclobond I DM (2,3-dimethyl B-CD as
CS) columns in RP mode [55]. Simple MPs were used, i.e.
MeOH/water or ACN/water in different volume ratios
depending on the enantiomers separated. All the separations
were carried out at a room temperature. Two CSPs, ph-a-CD
and ph-y-CD, were prepared from mono(6*-azido-6"-
deoxy)perphenylcarbamoylated o- and y-CDs immobilized
onto silica gel [56]. Ph-y-CD CSP showed good
enantioselectivity for bendroflumethiazide and
trichlormethiazide enantiomers under RP conditions. The
best MP compositions were MeOH/1% TEAA buffer, pH
4.75, 30/70 (v/v) and MeOH/1% TEAA buffer, pH 4.75, 5/95
(vv) for bendroflumethiazide and trichlormethiazide,
respectively. Ph-a-CD CSP showed higher enantioselectivity
for a broader spectrum of drugs. Enantiomers of
bendroflumethiazide, trichlormethiazide, bupivacaine and
chloroquine were baseline separated in MPs composed of
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MeOH and 1% TEAA buffer of various pH values in
different volume ratios according to the structure of
separated drugs. Proglumide and some [-blockers,
propranolol, alprenolol and pindolol were baseline
enantioresolved using a CSP prepared by immobilizing
mono(6”*-N-allylamino-6*-deoxy)-perphenylcarbamoylated

B-CD onto the surface of silica gel via hydrosilylation [57].
Optimized chromatographic conditions for all these drugs
were: MeOH/1% TEAA buffer, pH 5.5, 35/65 (v/v) as a MP
and ambient temperature. Armstrong’s group synthesized
and evaluated nine dinitrophenyl (DNP) substituted B-CD-
based CSPs for the enantioseparation of various classes of
chiral compounds [58]. Prepared CSPs differed at the degree
of substitution of DNP group on B-CD and also at the
position of nitro groups on phenyl ring. Three CSPs
contained also additional trifluoromethyl group on phenyl
ring and one had additional amino substituent on phenyl
ring. All these CSPs were confirmed as multimodal,
operating in RP, NP and PO modes. Baseline
enantioseparations of different chiral drugs were observed,
e.g. norephedrine  hydrochloride,  oxyphencyclimine
hydrochloride, indapamide, ketoprofen, iophenoxic acid,
mephenytoin, aminoglutethimide, oxazolidinone derivatives,
oxazepam, nefopam hydrochloride, methyl trans-3-(4-
methoxyphenyl)glycidate, naringin, flavanone, 5-(4-
hydroxyphenyl)-5-phenylhydantoin and chlorthalidone under
different separation conditions. RP mode was the most
promising. New B-CD bonded silica called RAM-Chiral was
designed for a direct determination of chiral drugs in
biological fluids [59]. This RAM-chiral CSP was
synthesized by a two step process: (i) introduction of B-CD
carbamate on 70 A pore size amino silica, (ii) coating of the
external silica surface with bovine serum albumin (BSA).
Drugs were retained and resolved by B-CD selector, while
plasma proteins were excluded from RAM-chiral column by
the BSA coated external silica surface. The drugs of interest
were benzodiazepines, namely oxazepam, lorazepam,
temazepam and lormetazepam. Plasma proteins were eluted
with 100 mM sodium phosphate buffer, pH 7.0, followed by
a step gradient elution with MP composed of the same buffer
(80%) and MeOH (20%). The recovery of racemic drugs
from plasma doped with benzodiazepines was almost 100%.
Calix[4]arene-capped [3-(2-0-B-CD)-2-
hydroxypropoxy]propylsilyl-appended silica particles were
synthesized as a new CSP and applied for the
enantioseparation of some drugs [60]. Baseline separations
of tryptophan and indapamide enantiomers were achieved in
RP mode at a room temperature. Optimized MP for
separation of tryptophan enantiomers was ACN/water 40/60
(v/v). Excellent resolution of indapamide enantiomers, R =
5.14, was observed within 7 min in a simple MP composed
of ACN/water 60/40 (v/v). Rao et al. developed RP HPLC
method for the simultaneous separation of antidepressant
sertraline and related enantiomeric impurities using
Cyclobond I 2000 DM column (dimethyl B-CD CSP) [61].
Optimized chromatographic conditions were: ACN/0.4%
TFA, pH 3.0, 20/80 (v/v) as a MP, temperature 30 °C.
Optimized method allowed separation of cis (15.,4S), (1R,4R)
and also trans (15,4R), (1R,4S) enantiomers of sertraline HC1
along with 5 other related enantiomers. Designed method
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was validated for the determination of enantiomeric purity of
sertraline HCl in drug substances and formulations.
Cyclobond I 2000 DNP column (dinitrophenyl substituted 3-
CD CSP) was wused for the enantioseparation of
methanobenzazocines, compounds with analgesic activity,
under RP conditions [62]. Two of the tested compounds
belong to 1,5-methano-3-benzazocine group and three to 2,6-
methano-3-benzazocine  group. Four of five tested
enantiomeric pairs were baseline separated in MPs
composed of MeOH or ACN and ammonium acetate buffers,
pH 5.0 or 7.0, in various volume ratios depending on the
structure of enantiomers. Other B-CD-based columns, i.e.
Cyclobond T 2000 and Cyclobond I 2000 DM, were also
tested for the enantioselective recognition ability against
methanobenzazocines. Both columns showed
enantioselectivity only for compounds from 2,6-methano-3-
benzazocine group. Permethyl-p-CD, B-CD and R,S-
hydroxypropyl-B-CD CSPs prepared by a novel synthetic
route were used for the enantioseparation of 19 B-lactams,
which are the most widely used types of antibiotics [63].
Eleven of them were baseline separated on permethyl-3-CD,
two on R,S-hydroxypropyl-B-CD and one on -CD CSPs in a
MP composed of ACN/0.1% TEAA, pH 5.0, 10/90 (v/v).
Resolution higher than 5 was observed for some enantiomers
on permethyl-B-CD CSP. Vancomycin-capped (3-(2-O-B-
CD)-2-hydroxypropoxy)-propylsilyl-appended silica
particles were prepared and used as a new type of B-CD-
based CSP for the separation of some racemic drugs in RP
mode [64]. This new CSP type combines vancomycin and -
CD CSs sites and thus can provide multiple interactions with
analytes. Racemic proglumide, warfarin, pindolol and
phenylalanine were successfully enantioseparated in MPs
composed of ACN/aqueous part 10/90 (v/v). The aqueous
part composed of water, 1% TEAA buffer, pH 7.0, for
phenylalanine and pindolol, and 1% TEAA buffer, pH 4.0,
for proglumide and warfarin. Ibuprofen enantiomers were
baseline separated on a new B-CD functionalized organic
polymer monolith in RP mode within 7 min [65]. CSP was
prepared by covalently bonding ethylenediamine-B-CD to
poly(glycidyl methacrylate-co-ethylene glycol
dimethacrylate) monolith via ring opening reaction of epoxy
groups. Optimized MP composed of MeOH/0.5% TEAA
buffer, pH 4.0, 30/70 (v/v). Heptakis(6-deoxy-6-azido-
phenylcarbamoylated)-B-CD CSP was prepared by a click
chemistry and used for the enantioseparation of a variety of

pharmaceutically active compounds [66]. Baseline
enantioseparations of flavanone and some flavanoids (6-
methoxyflavanone, 7-methoxyflavanone, 4’-

hydroxyflavanone), B-blockers (alprenolol, propranolol), (-
agonists (terbutaline, dobutamine, fenoterol) and atropine
were achieved in RP mode. Different MPs compositions
were suitable for these groups of pharmaceuticals. MP
composed of MeOH/water 50/50 (v/v) for flavanone and
flavonoids; MeOH/1% TEAA, pH 4.2, 35/65 (v/v) for B-
blockers, fenoterol and atropine; MeOH/1% TEAA, pH 4.2,
5/95 (v/v) for terbutaline; MeOH/1% TEAA, pH 4.2, 50/50
(v/v) for dobutamine. The same research group prepared two
new CSPs by immobilization of mono-6-azido-
perphenylcarbamated-B-CD (CCP) and mono-6-azido-
permethylated-B-CD (CCM) onto alkynyl modified silica via
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click chemistry [67]. CCM CSP showed good
enantiorecognition for a-ionone and 3-methyl-a-ionone in a
simple MP composed of MeOH/water 30/70 (v/v). CCP CSP
exhibited wider enantioselectivity in RP mode. Baseline
enantioseparations of flavanone and some flavonoids (6-
methoxyflavanone, 7-methoxyflavanone, 4’-
hydroxyflavanone), B-blocker nadolol, atropine, and thiazide
diuretics (bendroflumethiazide, cyclothiazide) were achieved
in MPs composed of MeOH/1% TEAA, pH 6.5, or
ACN/water in different volume ratios. Flow rates 0.5
mL/min and 0.7 mL/min were used in case of CCM and CCP
CSPs, respectively. Thamarai Chelvi et al. synthesized new
BACD-HPS packed column and wused it for the
enantioseparation of drugs and intermediates in
pharmaceutical synthesis in RP and NP modes [68]. BACD-
HPS (bromoacetate-substituted [3-(2-0-B-CD)-2-
hydroxypropoxy]propylsilyl-appended silica particles) was
prepared by treatment of 3-(2-0-B-CD)-2-
hydroxypropoxypropylsilyl-appended silica particles with
bromoacetyl bromide. Enantiomers of benzyl mandelate,
phenylalanine and nadolol were successfully resolved in
simple MPs composed of ACN or MeOH and water in
various volume ratios. Excellent resolution R = 5.54 of
promethazine enantiomers was observed in NP mode, MP
composed of IPA/HEX 20/80 (v/v), at a room temperature
within 16 min. Racemic pindolol was baseline separated (R =
1.75) on a newly prepared CSP, rifamycin-capped (3-(2-O-f-
CD)-2-hydroxypropoxy)-propylsilyl-appended silica
particles, in RP mode [69]. Optimized chromatographic
conditions were: ACN/1% TEAA bufter, pH 7.0, 10/90 (v/v)
as a MP and a room temperature. This new type of CSP has
CS with two recognition sites: rifamycin and -CD. New
chiral-CD-RAM CSP was synthesized and applied for the
determination of certain chiral drugs in biological samples
with direct injection [70]. Atom transfer radical
polymerization (ATRP) initiator bound porous silica was
synthesized to perform surface initiated polymerization.
Then, CSP was synthesized by grafting poly(glycidyl
methacrylate) (pGMA) on the surface of silica followed by
B-CD immobilization. On the surface of this B-CD
immobilized material, external pGMA layer was synthesized
via second round ATRP. After hydrolysis, hydrophilic
structure was formed to create a diffusion barrier for
proteins. Good enantioseparation and recovery (for BSA)
results were obtained for samples containing BSA and chiral
drug, i.e. chlorthalidone, aminoglutethimide, amlodipine or
chlorpheniramine. MP composition differed for individual
samples. For the isocratic elution of sample containing
chlorthalidone and BSA, MP composed of 1% TEAA buffer,
pH 4.9. Gradient elution was necessary for other three
samples: MeOH/0.3% TEAA buffer, pH 5.4, 0-50 min 1/99
to 30/70 (v/v) for BSA with aminoglutethimide; ACN/0.3%
TEAA buffer, pH 6.8, 0-40 min 0/100 to 20/80 (v/v) for BSA
with chlorpheniramine; ACN/0.3% TEAA buffer, pH 6.8, 0-
20 min 0/100 to 20/80 (v/v) for BSA with amlodipine. Next
year, the same research group prepared new type of CD-
click-RAM CSP, also applicable for the determination of
chiral drugs in biological samples directly injected to HPLC
system [71]. A different synthetic procedure was used,;
poly(2-methyl-3-butyn-2-ol methacrylate) (pMBMA) was
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grafted onto porous silica gel by a surface-initiated ATRP in
order to synthesize an inner layer for f-CD immobilization.
The azide-modified B-CD was bound to pMBMA by click
chemistry. Then, second ATRP reaction was used to graft
external pGMA layer onto the silica gel. The external
hydrophilic layer was subsequently created by pGMA epoxy
group hydrolysis. Samples of human plasma spiked with
racemic mandelic acid or chlorthalidone were analyzed.
Chromatographic results showed that proteins were excluded
from the column in 6 min and the enantiomers were
separated (o = 1.45 for mandelic acid and a = 1.30 for
chlorthalidone). This CSP showed better enantioseparation
ability than the material synthesized in their previous work.
Three B-CD-based CSPs were developed applying novel
bonding chemistry [72]. Separation performances of B-CD,
(R,S)-2-hydroxypropyl-B-CD, and permethyl-B-CD-based
CSPs were compared based on the resolution values of chiral
compounds, including chiral drugs. Chromatographic
parameters and conditions, which yielded baseline
separations, are summarized in Table 3.

Table 3.

Permethylated-B-CD CSP proved to be the most effective
among the CSPs prepared. Wang et al prepared and
successfully used two covalently bonded cationic B-CD
CSPs by graft polymerization of 6*-(3-vinylimidazolium)-6-
deoxyperphenylcarbamate-B-CD chloride (IMPC) or 6"-
(N, N-allylmethylammonium)-6-deoxyperphenylcarbamoyl-
B-CD (AMPC) chloride onto silica gel [73]. Baseline
enantioseparations of diuretic thiazides, bendroflumethiazide
on AMPC and trichlormethiazide and althiazide on IMPC
CSPs in a MP composed of HEX/IPA 70/30 (v/v) were
observed. IMPC CSP was also suitable for the
enantioseparation of various pharmaceuticals, i.e. fenoterol,
dobutamine, 6-methoxyflavanone, 7-methoxyflavanone or
4’-hydroxyflavanone in RP mode. MPs composed of MeOH
and 0.1% TEAA buffer of different pH values and various
volume ratios. Perera et al. used B-CD-based CSPs for the
enantioseparation of 17 racemic tetrahydrobenzimidazoles,
intermediates in a synthesis of pharmacologically important
pyrrole-imidazole alkaloids [74]. Different B-CD-derivatives,
i.e. dimethylated B-CD, dimethylphenyl carbamate B-CD, R-
and S-naphthylethyl carbamate B-CD, acetylated B-CD,
hydroxypropyl ether -CD and native B-CD as CSs for CSPs,
were tested to achieve baseline enantioseparations of the
analytes of interest. MPs composed of ACN or MeOH and
20 mM ammonium acetate buffer, pH 4.1, in various volume
ratios. Dimethylated B-CD CSP showed the best success
ratio, the highest number of baseline separations.
Enantiomers of different drugs, chloroquine, indapamide,
indoprofen, proglumide and warfarin were baseline separated
on a new type of CSP composed of 4-isopropylcalix[4]arene-
capped (3-(2-0-B-CD)-2-hydroxypropoxy )propylsilyl
appended silica particles [75]. All chiral drugs except
indapamide were enantioresolved successfully in pure
MeOH as a MP. Excellent resolution R = 6.54 for
indapamide enantiomers was achieved in a MP composed of
MeOH/water 20/80 (v/v) at room temperature. New
restricted access CSPs (poly-CD-RAM) were synthesized for
direct analysis of biological samples by HPLC [76].
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Hydrophilic microparticles containing 3-CD were prepared
via one-pot synthesis using reversible addition-fragmentation
chain-transfer precipitation polymerization, a
“controlled/living” radical polymerization technique. Poly-
CD-RAM I CSP was successfully used for direct separation
of human plasma samples spiked with chlorthalidone,
indapamide or ibuprofen enantiomers. During analysis,
plasma proteins were totally excluded from the column
(retention times 2.7 - 6.4 min) and the enantiomers were well
separated from each other. MeOH and 0.3% TEAA buffer,
pH 4.9 or 5.4, in different volume ratios were tested as MPs.
Sets of drugs of various pharmaceutical groups,
fluoroquinolones, proton pump inhibitors, B-blockers, 5-
hydroxytryptamine receptor antagonists and oxazolidinone
antibiotics were enantioseparated on two new types of B-CD
derived CSPs with multiple urea linkages [77]. CSPs were
prepared through the Staudinger reactions between
aminopropyl silica gel and CD derivatives, namely
heptakis(6-azido-6-deoxy-2,3-di-O-3,5-
dimethylphenylcarbamoylated)-B-CD and heptakis(6-azido-
6-deoxy-2,3-di-O-3,5-dichlorophenylcarbamoylated)-B-CD.
Three separation modes were tested, i.e. NP, RP and PO. All
chromatographic measurements were performed at a room
temperature. Suitable chromatographic conditions for the
individual drugs differed depending on their chemical
structure. In this work, effects of MP composition were
discussed in detail. Such study could be helpful for the
development of chiral separation methods with modified
CD-based CSPs. Enantiomers of pseudoephedrine,
methylephedrine and methadone were baseline separated on
Cyclobond I 2000 RSP column in RP mode [78]. Optimized
MP compositions were: MeOH/ACN/0.5% TEAA buffer,
pH 4.2, 2.5/2.5/95 (v/v/v); MeOH/ACN/0.5% TEAA buffer,
pH 4.2, 0.5/0.5/99 (v/v/v); MeOH/0.5% TEAA buffer, pH
4.2, 5/95 (v/v) for pseudoephedrine, methylephedrine and
methadone, respectively. SPP-based hydroxypropyl-B-CD
(HPBCD) CSP was produced and successfully used for the
enantioseparation of chlorthalidone [79]. HPBCD was
bonded to 2.7 um SPPs. Effective baseline separation was
observed within 3 min with resolution R = 2.8 in a MP
composed of ACN/10 mM ammonium acetate, pH 4.1, 15/85
(v/v). Lower resolution value, slightly higher analysis time
and approximately three times lower efficiency were
observed with the same CSs bonded to 3 um or 5 um fully
porous particles used for comparison.

For the analyses of pharmaceuticals, miniaturized
methods which require only small amounts of chemicals and
analytes were also applied. However, quantity of papers that
can be traced in the literature is not high.

Capillary HPLC, with heptakis(2,6-di-O-methyl-3-O-
pentyl)-B-CD immobilized to aminopropyl silica as a CSP,
was successfully used for the enantioseparation of various
drugs in RP mode [80]. Drugs of different groups, i.e.
barbiturates, profens (carprofen, ibuprofen, flurbiprofen,
naproxen) and several heterocyclic drugs (tiberal, ethotoin,
oxapadol, gluthethimide, ketorolac) were baseline separated.
Separations were performed with ACN or MeOH and
phosphate buffer, pH 4.0, in various volume ratios as MPs at
room temperature and constant inlet pressure 350 bar.
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Nano-LC technique was used for the enantioseparation of
nomifensine, a norepinephrine-dopamine reuptake inhibitor
[81]. A monolithic column containing covalently bonded
hydroxypropyl B-CD as a CS was prepared by simple one-
step in situ polymerization. The best MP composition was
MeOH/0.1%  TEAA  buffer 20/80 (vv). 2,3,6-
Tris(phenylcarbamoyl)-B-CD-6-methacrylate was used as a
functional monomer for the preparation of B-CD-based
polymer [82] or B-CD-based silica monoliths for nano-LC
[83]. Various groups of chiral pharmaceuticals were
separated on these monoliths. Baseline separations were
achieved for alprenolol, bufuralol, carbuterol, cizolirtine,
desmethylcizolirtine, celiprolol, eticlopride, ifosfamide, 1-
indanol, propranolol, tebuconazole and tertatolol under RP
conditions using MP composed of MeOH and 0.1% TFA.
The  silica-based  monoliths  showed  comparative
enantioselectivity to the polymer monoliths.

3.2.2. Achiral separations

Some achiral separations of CD derivatives-based CSPs
in drug purity control can be traced in the literature.
Separations of estrogen metabolites, sulfates and
glucuronides, were performed in HILIC with acetylated B-
CD CSP [42]. ACN and 5 mM ammonium acetate as a MP
and flow rate 0.2 mL/min were used. Three estrogen
glucuronides, i.e. estrone-3-glucuronide, 17p-estradiol-3-
glucuronide and estriol-3-glucuronide were well resolved at
80% ACN. Fluorinated active pharmaceutical ingredients
(APIs) were achirally separated from their impurities -
desfluoro analogs wusing SPP functionalized with
hydroxylpropyl-p-CD [84]. Ofloxacin, ciprofloxacin and
voriconazole were baseline separated from their desfluoro
analogs in MPs composed of ACN/MeOH/TFA/TEA in
various volume ratios. MP used for the separation of
ezetimibe from its impurity composed of MeOH/5 mM
ammonium acetate, pH 4.0, 50/50 (v/v).

3.3. Cyclofructan-based CSPs

Separations on CD-based CSPs are performed
preferentially in RP mode, in which the CD hydrophobic
cavity is employed. An opposite situation arises with CF-
based CSPs, where the hydrophilic crown ether core
determines that the majority of enantioseparations can be
achieved in NP or PO modes.

3.3.1. Chiral separations

First synthesis and application of CF-based CSPs was
presented in 2009 by the Armstrong’s group [16]. Various
derivatives of CF6 differing in the derivatization group (four
aliphatic and ten aromatic groups) and the degree of
substitution were developed and applied for the
enantioseparation of chiral compounds, including chiral
drugs. For example, enantiomers of Il-aminoindan, o-
methylbenzylamine, bendroflumethiazide, orphenadrine
citrate salt, cromakalim, althiazide, lormetazepam, warfarin
and thalidomide were baseline separated on CF-based CSPs
in NP or PO modes. Results showed that these CSPs are able
to separate a broad variety of enantiomers. CF-based CSP
prepared by bonding isopropyl-carbamate functionalized
CF6 (IP-CF6) to silica gel was successfully used for the
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enantioseparation of precursors, intermediates and chiral
drugs containing primary amino group [85]. For example,
enantiomers of normetanephrine hydrochloride, octopamine
hydrochloride, phenylpropanolamine hydrochloride, 2-
amino-1-phenylethanol, histidinol dihydrochloride,
amlodipine, tocainide, trans-2-phenylcyclopropyl-amine and
a-methylbenzylamine were baseline separated in PO mode.
MPs mostly composed of ACN/MeOH/HAcC/TEA in
different volume ratios. Two aromatic-functionalized CF
CSPs, R-naphthylethylcarbamate CF6 (RN-CF6) and
dimethylphenyl-carbamate CF7 (DMP-CF7) were able to
enantioresolve various classes of chiral drugs and
intermediates in NP HPLC [86]. Baseline enantioseparations
of a,0-diphenylprolinol, oxyphencyclimine hydrochloride,
bendroflumethiazide, tolperisone hydrochloride, althiazide,
phensuximide, warfarin and a-methyl-a-phenyl-succinimide
were achieved on RN-CF6 CSP in various MPs in NP mode,
depending on the compound structure. DMP-CF7 CSP was
used for the enantioseparation of cromakalim, althiazide, 4-
chlorophenyl-2,3-epoxypropyl ether, warfarin, a-methyl-a-
phenyl-succinimide, methyl trans-3-(4-
methoxyphenyl)glycidate and 5-methyl-5-phenyl hydantoin
in different MPs. Excellent resolution R = 5 was obtained for
5-methyl-5-phenyl hydantoin on DMP-CF7 CSP in a MP
composed of heptane/ethanol/TFA 95/5/0.1 (vA/w), at
temperature 20 °C. Baseline enantioresolution (R = 2.25) of
hydrolytic decomposition product of fluridil was observed
using RN-CF6 CSP in a MP composed of HEX/IPA/TFA
60/40/0.5 (v/v/v) [87]. Separation was performed at 25 °C.
Direct enantioseparation of novel biologically active
spiroindoline phytoalexins with potential anticancer and
antimicrobial activity was achieved with RN-CF6 CSP [88].
All of the eighteen racemic mixtures were separated
including cis- and trans-diastereoisomers in NP mode, i.e. in
MPs composed of HEX/IPA 95/5 (v/v) or HEX/IPA/TFA
95/5/0.1 (v/v/v). Diuretic butizide was successfully
enantioseparated on DMP-CF7 CSP in NP mode (Fig. 1)
[89]. Using MPs composed of HEX/IPA 70/30 (v/v) or
HEX/IPA/TFA 80/20/0.5 (v/v/v) resulted in resolution values
R=1.98 and R = 2.59, respectively.

Figure 1.

IP-CF6 CSP (commercial name Larihc CF6-P column)
was used for the enantioseparation of primary amines
including chiral biologically active compounds in NP and
PO modes [90,91]. Simple MPs composed of HEX/ethanol
(wvv) or ACN/MeOH (v/v), flow rate 2 mL/min and
temperature 30 °C yielded successful enantioseparations.
Enantiomers of l-aminoindan, a-methylbenzylamine,
norphenylepinephrine,  normetanephrine,  norephedrine,
octapamine, phenylpropanolamine efc. were baseline
separated under above mentioned conditions. IP-CF6 and
DMP-CF7 CSPs were used for the enantioseparation of illicit
drugs and controlled substances in PO and NP modes [78].
Baseline separated drugs and chromatographic conditions are
summarized in Table 4. IP-CF6 CSP exhibited wider
enantioselectivity for these compounds.

Table 4.
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CSP prepared by chemical bonding of CF6,
functionalized with isopropyl carbamate groups (IP-CF6) on
SPPs (2.7 wum) was used for the enantioseparation of
amlodipine [92]. Baseline enantioseparation was observed
within 18 min in a MP composed of ACN/MeOH/HAC/TEA
80/20/0.3/0.2 (v/v/W/v). Lower resolution value, higher
analysis time and significantly lower efficiency were
observed with the same CSs bonded to 3 um or 5 um fully
porous particles used for comparison. Larihc CF6-P column
was applied for the determination of methionine enantiomers
in a dietary supplement sample [93]. Optimized MP
composed of MeOH/ACN/HAC/TEA 75/25/0.3/0.2 (v/v/v/v)
and temperature 0 °C. Under the optimized conditions, some
validation parameters were calculated. No interfering peaks
were found in the chromatogram of real sample, which
confirmed the specificity of the proposed HPLC method.
Three CF-based columns, Larihc CF6-P, Larihc CF6-RN and
Larihc CF7-DMP were used to develop HPLC methods for
the enantioseparation of four racemic phenylisoserine
analogues, intermediates in the synthesis of chemotherapy
drug paclitaxel. The effects of (i) MP composition, (ii)
nature and concentration of various additives (alcohols,
amines and acids) in RP and NP modes, (iii) specific
structural features of analytes, (iv) temperature on the
retention were examined. Separations were carried out at
constant MP compositions in the temperature range 5-35 °C.
Changes in standard enthalpy, standard entropy, and free
energy were calculated [94].

3.3.2. Achiral separations

CF-based CSPs also enabled achiral separations in
HILIC. Sets of B-blockers, xanthines, salicylic acid and its
derivatives or water soluble vitamins were successfully
separated on silica-bonded sulfonated CF6 (SCF6) [95] or
covalently bonded native CF6 CSPs [96]. Separation
conditions differed according to CSP used and compounds
separated. Biologically active enkephalin and vasopressin
related peptides were separated using CF6 (Frulic-N CF6
column) and IP-CF6 CSPs [97]. Set of four enkephalin-
based pentapeptides was baseline separated within 25 min
and 36 min on Larihc CF6-P and Frulic-N CF6 columns,
respectively. MP composed of ACN/20 mM ammonium
acetate, pH 4.0, 88/12 (v/v). Five nonapeptides were also
baseline separated on both CSPs used in a MP containing
ACN/20 mM ammonium acetate, pH 4.0, 80/20 (vW).
Slightly higher analysis time was observed on Frulic-N CF6
column. Four classes of therapeutical peptides were
separated on Frulic-N CF6 and Larihc CF6-P columns [98].
Peptides under investigation were: (i) cyclosporin A and C,
microbial secondary metabolites used as immune
suppressants; (ii) buserelin, leuprorelin, goserelin, and
gonadorelin, synthetic gonadotropin hormones;  (iii)
oxytocin, octreotide, and desmopressin, synthetic cyclic
disulfide linked hormone-regulating hormones and (iv)
daptomycin, teicoplanin, and vancomycin, non-ribosomally
derived polycyclic antibiotics utilized for penicillin- and
other antibiotic-resistant infections. Optimized MP
composed of ACN/20 mM ammonium acetate buffer, pH 4.1
or 6.5, in various volume ratios. Larihc CF6-P column
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provided the best resolution for the cyclosporins and Frulic-
N CF6 column provided the best resolution for the cyclic
hormone group. SPPs functionalized with native and IP-CF6
were used to separate three fluorinated APIs - antibiotics
ofloxacin and ciprofloxacin, and antifungal agent
voriconazole - from their desfluoro analogs in PO mode [84].
MPs composed of ACN/MeOH/TFA/TEA in volume ratios
90/10/0.3/0.2 and 95/5/0.3/0.2 for the separations with native
and IP-CF6 CSPs, respectively.

4. SEPARATION/ANALYSIS IN SFC

Supercritical fluid chromatography is gaining its
popularity in the field of enantioselective separations during
the last years [10,99,100]. Supercritical fluids lying between
gas and liquid states have unique features, such as liquid-like
densities and dissolving power and gas-like viscosities and
diffusion abilities. These properties make them ideal
candidates for major MP components in SFC. In praxis, the
main MP constituent is supercritical CO, because of easily
achievable high flow rates. Therefore, much faster analyses
can be obtained in SFC than in HPLC. Concerning CSPs, the
same types as in LC can be applied in SFC.

4.1. Cyclodextrin-based CSPs

B-cyclose-6-OH-T and B-cyclose-6-OH CSPs were
synthesized and wused for the enantioseparation of
aminoglutethimide in SFC [101]. The best separation
conditions were: CO,/MeOH + 0.2% DEA 70/30 (v/v) as a
MP, flow rate 3 mL/min, Ap 15 bar, temperature 30 °C.
Higher enantioselectivity (o0 = 1.44) for aminoglutethimide
enantiomers showed p-cyclose-6-OH-T CSP. Diuretic
thiazides, ie. bendroflumethiazide, trichlormethiazide,
althiazide, indapamide and chlorthalidone were baseline
separated using cationic B-CD-based CSP (VIMPCCD-Poly)
[102].  Stationary  phase composed of  6"-(3-
vinylimidazolium)-6-deoxyperphenylcarbamate B-CD
chloride immobilized on silica by co-polymerization.
Optimized MP for the enantioseparation of diuretics
composed of CO,/MeOH 90/10 (v/v), flow rate 1 mL/min,
back pressure 15 MPa, temperature 40 °C. Resolution of the
enantiomers ranged from 1.87 to 3.94. The same CSP was
suitable also for the enantioseparation of flavanone
derivatives 4’-hydroxyflavanone and hesperetin. Optimized
MPs were CO,/IPA 97/3 (v/v) and CO,/IPA 90/10 (v/v) for
4’-hydroxyflavanone and hesperetin, respectively. New
chemically immobilized cationic B-CDs were applied as
CSPs in packed column SFC for the enantioseparation of
thiazide diuretics [103].Vinylene-functionalized cationic
phenylcarbamoyl B-CDs were co-polymerized with vinylized
silica in the presence of azobisisobutyronitrile and
conjugated monomers. Baseline separation of
bendroflumethiazide and trichlormethiazide enantiomers
were achieved in a MP composed of CO,/MeOH 90/10 (v/v),
flow rate 1 mL/min, back pressure 15 MPa and temperature
40 °C.

4.2 Cyclofructan-based CSPs

Althiazide enantiomers were baseline resolved within 6
min on RN-CF6 CSP under gradient elution [16]. MP
consisted of CO, and cosolvent composed of
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MEOH/ethanol/IPA 1:1:1 and 0.2% diethylamine, flow rate
4 mL/min. Gradient MP composition was 5% cosolvent hold
during 0-0.6 min, 5-60% during 0.6-4.3 min, 60% hold
during 4.3-6.3 min, 60-5% during 6.3-6.9 min, and 5% hold
during 6.9-8.0 min. DMP-CF7 CSP was used for the
separation of butizide enantiomers [89]. Optimized
separation conditions were: CO,/IPA 70/30 (v/v) as a MP,
flow rate 4 mL/min, temperature 40 °C, back pressure 120
bar. Under these conditions butizide enantiomers were
resolved with resolution value R = 2.01. Enantiomers of 1-
aminoindan, a-methylbenzylamine, norphenylepinephrine,
normetanephrine, norephedrine, octapamine and
phenylpropanolamine were baseline separated on Larihc
CF6-P column [90,91]. MPs composed of CO, and 20, 25 or
40 volume % of MeOH with 0.3% TFA and 0.2% TEA, flow
rate 4 mL/min and temperature 30 °C.

5. SEPARATION/ANALYSIS IN CEC

Capillary electrochromatography is another high
performance  separation  technique suitable for
pharmaceutical quality control, clinical chemistry or

toxicology. CEC with CSPs represents a separation system
similar to HPLC where the MP flow is created by
electroosmotic flow instead of pressure or in addition to
pressure.

5.1. Cyclodextrin-based CSPs
5.1.1. Chiral separations

Wistuba and Schurig used CEC with B-CD-based
monolith for the enantioseparation of some profens and
barbiturates [104]. Prepared monolith composed of
permethylated B-CD covalently linked via an octamethylene
spacer to dimethylpolysiloxane. MPs used composed of
MeOH/20 mM MES (2-(N-morpholino)ethanesulfonic acid)
buffer, pH 6.0, 3/7 (v/v). Separations with R > 2.3 for
mephobarbital, 5-ethyl-1-methyl-5-(n-propyl)-barbituric acid
and hexobarbital were obtained with 12 bar and positive
voltage 20 kV and 15 kV, respectively. Similar separation
conditions except voltage 25 kV and pressure 140 bar were
used for the enantioseparation of carprofen and ibuprofen.
Only enantiomers of carprofen were baseline separated under
these conditions. Allyl carbamoylated B-CD derivatives were
attached to a negatively charged polyacrylamide gel to form
a CSP and successfully used for the enantioseparation of
terbutaline, metaproterenol, propranolol, a-methyltryptamine
and clenbuterol [105]. Optimized conditions for terbutaline,
metaproterenol and propranolol were as follows: 200 mM
Tris/300 mM boric acid buffer, pH 9.0, applied voltage 171-
357 V/ecm. The same buffer composition, pH 7.0, and the
same voltage were used for baseline separation of o-
methyltryptamine and clenbuterol enantiomers. Enantiomers
of tropicamide and mephenytoin were successfully separated
using negatively charged, and warfarin using positively
charged polyacrylamide gels copolymerized with 2-hydroxy-
3-allyloxy-propyl-p-CD (allyl B-CD) in 100 mM Tris/150
mM boric acid buffer, pH 8.2 [106]. These gels were
covalently linked to a capillary wall. Excellent resolution, R
= &.18, was achieved for hydantoin mephenytoin
enantiomers using anionic gel with 75 mM allyl B-CD.
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Drugs of different pharmacological groups, i.e. tryptophan,
praziquantel, atropine and verapamil were baseline
enantioseparated using dynamically modified sulfated 3-CD-
based stationary phase [107]. Capillary column was packed
with strong anion exchange stationary phase, sulfated B-CD
was added to the MP and dynamically adsorbed to the
packing surface. MP consisted of 30% MeOH and 2 mg/mL
sulfated B-CD in 30 mM TEAA buffer, pH 4.0, separation
voltage was 10 kV and temperature 25 °C. High resolution,
R = 11.23, was achieved for atropine enantiomers under
these conditions. Four stereoisomers of labetalol, a mixed
o/p adrenergic antagonist were baseline separated on bonded
cyclam-capped B-CD-appended silica materials as CSP
[108]. Optimized conditions were: ACN/10 mM Tris buffer,
pH 8.6, containing 2 mM Ni(ClO,), 70/30 (v/v), voltage 15
kV. This CS contains three recognition sites, B-CD, cyclam
and its side arm and exhibits excellent enantioselectivities in
CEC. Previously described cyclam-capped B-CD-bonded
silica particles were successfully used as a CSP for the
enantioseparation of various chiral drugs in CEC [109]. For
example, baseline separations of indapamide, isoproterenol,
tolperisone, proglumide, oxprenolol, pindolol, metoprolol,
indoprofen, bromopheniramine, propranolol or warfarin
enantiomers were achieved in MPs composed of ACN and
10 mM Tris HCI buffer, pH 8.6, in different volume ratios.
Other separation conditions were: voltage 10 or 15 kV,
temperature 20 °C. Resolution values ranged from 1.75 to
7.86. Metoprolol enantiomers were baseline separated on
CSP prepared of polyrotaxane monolith containing neutral p-
CD and vinylsulfonic acid as ionic comonomer in the
polymerization mixture [110]. Separation conditions were:
ACN/0.05% TEAA buffer, pH 4.5, 50/50 (v/v) as a MP,
separation voltage 5 kV. Enantioseparations of barbiturates
hexobarbital and mephobarbital were performed on a
permethylated B-CD CSP which was covalently bonded via
thioether spacer to silica by pressure-supported CEC [111].
Optimized separation conditions for both compounds were:
MeOH and 0.5 mM ammonium acetate as a MP, voltage
20.5 kV, additional pressure 10 bar. For on-line detection
with ESI- and CIS- (coordination ion spray) MS was used
modified sheath-liquid interface with 160 pg/mL of CoCl,.
High separation efficiency of CEC combined with high
selectivity and sensitivity of CIS-MS offers a possibility to
detect and identify enantiomers also in complex matrices.
Two novel types of crown ether capped B-CD bonded silica,
namely 4-"aminobenzo-X-crown-Y(X =15, 18 and Y =5, 6,
resp.) capped [3-(2-O-B-CD)-2-hydroxypropoxy Jpropylsilyl-
appended silica, were prepared and used as CSPs (AB15C5-
CD-HPS and AB18C6-CD-HPS) for separation of chiral
drugs [112]. Both prepared CSPs exhibited high selectivity
for a wide range of chiral compounds. Chiral drugs, which
were baseline separated on these CSPs, separation conditions
and chromatographic data obtained are summarized in Table
5.

Table 5.

Barbiturates, i.e. mephobarbital, hexobarbital, thiopental
and 5-ethyl-1-methyl-5-(n-propyl)-barbituric acid and profen
carprofen were well enantioseparated using a chiral
monolithic stationary phase containing permethyl B-CD
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[113]. Stationary phase was prepared by fusion of permethyl
B-CD-silica particles and linking them to the internal
capillary wall. Separation voltage was 15 kV or 20 kV and
MPs composed of MeOH/10 mM sodium acetate buffer, pH
4.5 in various volume ratios depending on the drugs
separated. Lin et al. used a capillary packed with
perphenylcarbamoylated B-CD bonded-silica particles for the
separation of enantiomers of synephrine, propranolol and
isoproterenol [114]. The best MP composition for
propranolol and synephrine was MeOH/1% TEAA buffer,
pH 4.6, 7/3 (v/v). Different buffer, i.e. 5 mM phosphate
buffer, pH 6.3, but the same volume ratio of MeOH/buffer
was required for the separation of isoproterenol enantiomers.
Applied voltage and additional pressure were 15 kV and 55
bar, respectively. B-CD derivatized BSA covalently bonded
to the inner surface of the capillary served as suitable CSP
for the enantioseparation of antihistamine chlorpheniramine
[115]. Fast baseline enantioseparation during 2 minutes was
observed under the following conditions: 20 mM sodium
phosphate, pH 3.5, as a MP, separation voltage -18 kV,
column pressure 0.1 MPa. Enantiomers of baclofen, a
muscle relaxer and antispastic agent were baseline separated
on B-CD-bonded silica monolithic CSP prepared by a single-
step sol-gel approach [116]. Separation conditions were:
ACN/1% TEAA buffer, pH 7.0, 30/70 (v/v) as a MP,
separation voltage 10 kV, additional pressure 2 bar. New
capillary column coated with carbosilane dendrimers with
peripheral Si-Cl groups and B-CD was prepared and applied
for the enantioseparation of chlortrimeton (ie.
chlorpheniramine) enantiomers [117]. The best separation
conditions were: 40 mM phosphate buffer, pH 3.5,
separation  voltage 16 kV. The enantioselective
polymethacrylate-based monolithic column, prepared by
ring-opening  reaction of epoxy groups from
poly(glycidylmethacrylate-co-ethylene dimethacrylate)
monolith with a novel B-CD derivative bearing 4-
dimethylamino-1,8-naphthalimide =~ functionalities, = was
successfully used for a simultaneous separation of ibuprofen
and naproxen enantiomers [118]. Baseline separation of all
four enantiomers was obtained within 12 min under
following conditions: mixture of 70% ACN and 30% MeOH,
containing 350 mM HAc and 5 mM TEA as a MP, voltage -
15 kV, additional pressure 50 psi, temperature 20 °C. Under
these conditions, naproxen enantiomers eluted first.
Perphenylcarbamated B-CD CSP prepared by a click
chemistry was applied for the separation of
bendroflumethiazide and 7-methoxyflavanone enantiomers
[119]. Baseline enantioseparations were observed under
following conditions: ACN/5 mM NaH,PO,, pH 7.0, 40/60
(v/v), applied voltage 10 kV for bendroflumethiazide, 5 kV
for 7-methoxyflavanone, temperature 25 °C. CSPs prepared
by immobilizing aspartate (Asp)-p-CD or NH,-B-CD to the
epoxy-activated  poly(glycidyl = methacrylate-co-ethylene
dimethacrylate) monolith were successfully used for the
enantioseparation of mexiletine hydrochloride and/or
oxybutynin chloride [120]. Asp-B-CD-based CSP showed
higher enantioselectivity as both chiral drugs were baseline
enantioseparated, while only oxybutynin  chloride
enantiomers were successfully separated on NH,-B-CD-
based CSP. Therefore, Asp-B-CD-based CSP was used for
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the separation of mexiletine hydrochloride in human plasma
sample. Separation  conditions were: 5 mM
phosphate/trolamine buffer, pH 4.5, voltage -10 kV,
temperature 20 °C. Migration times of the enantiomers were
3.46 and 3.84 min, respectively, and plasma components did
not interfere. Gu and Shamsi synthesized new chiral
monomer glycidyl methacrylate-bonded f-CD (GMA-B-CD)
and subsequently prepared chiral monolith by
polymerization of GMA-B-CD monomer with ethylene
dimethacrylate [121]. GMA-B-CD2 (molar ratio GMA: -
CD 2.8:1, degree of substitution 2.0) monolithic column
showed the highest enantioselectivity for tested chiral drugs.
Baseline separated were (i) neutral drugs, i.e. chlorthalidone,
flavanone, (ii) basic drugs, ie. pseudoephedrine,
propranolol, prilocaine, aminoglutethimide and (iii) acidic
drugs, i.e. hexobarbital and catechin. The best separation
conditions were slightly different for each group of drugs:
neutral, acidic drugs and prilocaine: ACN/5 mM ammonium
acetate buffer with 0.3% TEA, pH 4.0, 50/50 (v/v),
separation voltage 20 kV, temperature 25 °C; for basic drugs
(pseudoephedrine, propranolol, aminoglutethimide): ACN/5
mM ammonium acetate buffer with 0.3% TEA, pH 3.0 50/50
(v/v), separation voltage 20 kV, temperature 25 °C. Chu et
al. synthesized new hyperbranched polycarbosilanes and
coated on the inner surface of fused silica capillaries [122].
The end groups of hyperbranched polycarbosilanes were
modified with 2-O-(2-hydroxypropyl)-B-CD. Antibiotic
ofloxacin was baseline enantioseparated on these CSP types
in 0.04 M phosphate buffer, pH 3.0, and applied voltage of
16 kV. Three drugs of different class of medications, i.e.
zopiclone, chlorpheniramine and tropicamide were well
enantioseparated using B-CD or thiolated f-CD modified
gold nanoparticles as a CSP in CEC [123,124]. Separation
conditions were as follows: 12.5 or 25 mM phosphate buffer,
pH 3.0, temperature 20 °C, selected separation electric field
strength 300 or 312.5 V/cm. Nie et al. prepared and applied a
sulfobutyl ether-B-CD capillary CSP for enantioseparation of
10 dihydropyridine drugs (e.g. amlodipine, nimodipine,
nicardipine) [125]. Optimal separation conditions were
slightly different for particular drugs, MP composed of 20
mM NaH,PO,, pH 4.0, containing 4 mM sulfobutyl ether-B-
CD and ACN (volume content ranged from 10% to 25%),
separation voltage 15-25 kV and temperature 15 °C.

5.1.2. Achiral separations

CD-based CSPs showed also interesting capabilities for
the achiral applications in pharmaceutical analyses in CEC.
B-CD-bonded silica packed capillary column was used for
the separation and quantitation of anti-HIV nucleosides
[126]. Drugs of interests were nucleoside HIV reverse
transcriptase inhibitors (NRTIs), i.e. zidovudine, lamivudine,
didanosine and its administrated form, stavudine and hivid.
Optimized separation conditions were as follows: ACN/20
mM TEAA buffer, pH 5.5, 10/90 (v/v) as a MP, temperature
20 °C and separation voltage -15 kV. Baseline separation of
all six nucleosides was obtained within 7 min.

CONCLUSION
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The importance of enantioselective methods for the
analyses of pharmaceuticals is reflected by a high number of
scientific papers. It is obvious from this review that the
majority of chiral separations of drugs on the cyclic
oligosaccharide-based CSPs were performed using HPLC
and CEC methods. According to different physicochemical
characteristics of CD- and CF-based CSPs, CD stationary
phases were utilized in RP mode and CF stationary phases in
NP or PO modes in HPLC in the majority of cases. CF-based
stationary phases also found employment in HILIC for
achiral separations of various pharmaceuticals and their
impurities. Nevertheless, SFC and GC methods also found
utilization in the enantioresolution of pharmaceutically
active compounds. It can be predicted, that the use of SFC or
UPLC methods will be favored with the growing interest in
ultrafast analytical separations. A challenging area is the
development of new chiral columns compatible/applicable in
ultrafast separation methods. Recent research in the field of
SPP-based CSPs is promising. Concerning the applicability
of cyclic oligosaccharide-based stationary phases, the best
results yielded derivatized CD-based CSPs, which is
confirmed by the highest number of papers. However, native
CD-based and derivatized CF-based CSPs also gave
successful enantioresolution of various chiral drugs.

This review article gives an overview of chiral separation
systems with CD- and CF-based CSPs that were used in the
analyses of pharmaceutically active compounds. It can help
in choosing proper chiral separation system for particular
drugs, intermediates or impurities.
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Figure (1). The influence of the organic modifier in MP on the separation of butizide enantiomers using SFC
[80]. MP composed of CO,/organic modifier 80/20 (v/v); A - MeOH, B - EtOH, C - IPA.



Table 1. GC methods using CD-based CSPs applicable in pharmaceutical analyses.

Selector/capillary column Analyte Separation conditions Note Ref.
2,3,6-tri-O-methyl--CD 2-Oxabicyclo[3.3.0]octane H, as a carrier gas analytes derivatized with acetic [14]
2,3-di-O-methyl-6-O-(tert-butyldimethylsilyl)- | derivatives and its precursors anhydride and/or
p-CD various temperature gradients trifluoracetic anhydride
2,3-di-O-acetyl-6-O-(tert-butyldimethylsilyl)-p- constant linear velocity 50 cm/s cyclopentanic and bicyclic
CDh cyclopentanic rings are structural
features of many important natural
In-house immobilized columns products and pharmaceutical drugs
2,6-di-O-pentyl-3-trifluoroacetyl-y-CD Ketamine He as a carrier gas analytes derivatized with trifluoroacetic | [15]
Norketamine 40 °C (0 min) at 20 °C/min to 140 | acid anhydride
Astec Chiraldex™ G-TA 5,6-Dehydronorketamine °C (10 min) study of protein calorie malnutrition on
at 0.5 °C/min to 150 °C (14 min) | the pharmacokinetics of ketamine
at 10 °C /min to 170 °C (4 min) enantiomers in rats
flow rate 1.7 mL/min
heptakis-(2,3-di-O-methyl-6-O-t- Ibuprofen methyl ester H, as a carrier gas separation of all six enantiomers in one | [16]
butyldimethyl-silyl)-p-CD Fenoprofen methyl ester various temperature gradients run
Ketoprofen methyl ester pressure 83 kPa
Hydrodex -6-TBDM
2,6-di-O-pentyl-3-propionyl-y-CD Methylamphetamine He as a carrier gas analytes derivatized with trifluoroacetic | [17]
Ephedrine 100 °C (1 min) at 5 °C/min to 140 | anhydride
Astec Chiraldex™ G-PN Pseudoephedrine °C (9 min) MS detection
at 10 °C/min to 170 °C (4 min)
constant linear velocity 47.5 cm/s | separation of all six enantiomers in one
run
2,3-di-O-methyl-6-t-butyl-silyl B-CD Methylamphetamine He as a carrier gas methylamphetamine purity control [18]
+ its precursors and PFP derivatives: 115 °C (28 min)
Astec Chiraldex™ B-DM intermediates at 5 °C/min to 150 °C (5 min) 3 analytes derivatized with
Pseudoephedrine TFA derivatives: isothermal pentafluoropropanoic anhydride

Chlorinated intermediates
Ephedrine

temperature 110 °C

flow of carrier gas 1 mL/min
injector and detector temperatures
200 °C

ephedrine derivatized with
trifluoroacetic anhydride




2,6-di-O-pentyl-3-propionyl-y-CD

Astec Chiraldex™ G-PN

Methylamphetamine
+ its precursors and
intermediates
Pseudoephedrine
Chlorointermediates
Ephedrine

He as a carrier gas

65 °C (3 min) at 10 °C/min to 126
°C (13min)

at 4 °C/min to 140 °C (9 min)
flow gradient: 2.9 mL/min (23
min) at 1.1 mL/min

to 1.8 mL/min (4 min) at 2.2
mL/min to

4.5 mL/min(6 min)

analytes derivatized with trifluoroacetic
anhydride

simultaneous separation of all
enantiomers in one run

PFP pentafluoropropanoic derivatives, TFA trifluoroacetyl derivatives




Table 2. The enantioseparations of chiral drugs on a novel CSP prepared by immobilization of heptakis(6-azido-
6-deoxy-2,3-di-O-phenylcarbamoylated)--CD on amino-functionalized silica gel under optimized conditions
[45].

Drug MP (viv) ki a R

Brompheniramine MeOH/1% TEAA, pH 5.33 30/70 2.27 1.25 1.77
Pindolol MeOH/1% TEAA, pH 5.33 30/70 0.91 1.34 1.43
Isoproterenol MeOH/1% TEAA, pH 4.33 20/80 0.22 5.06 3.88
Acebutolol HCI MeOH/1% TEAA, pH 4.33 20/80 1.39 1.30 3.00
Alprenolol MeOH/1% TEAA, pH 4.33 20/80 2.02 1.50 2.18
Bendroflumethiazide ACN/water 30/70 5.80 1.49 3.76
Propranolol n-hexane/IPA 80/20 4.29 1.43 1.79

IPA, propane-2-ol; k;, retention factor of the first eluted enantiomer; a, separation factor; R, resolution of
enantiomers

Table 3. Enantioseparation values of pharmaceutically active compounds on three different CD-based CSPs
under optimized separation conditions. MP composed of MeOH/1% triethylammonium phosphate buffer, pH
3.5 (v/v) at ambient temperature [64].

Compound CSP MP (vIv) | k; a R
Acenocoumarol PMBCD | 66/34 6.12 1.14 2.15
Warfarin PMBCD | 66/34 2.29 1.22 2.94
HPBCD | 74/26 4.33 4.18 4.18
Tropic acid PMBCD | 74/26 1.52 2.06 2.06
BCD 66/34 1.76 1.78 1.78
Terbutaline HPBCD 66/34 1.76 2.54 2.54
HPBCD | 90/10 16.71 | 1.80 1.80
Fluoxetine PMBCD | 90/10 2.67 2.33 2.33

CSP: BCD, B-CD-bonded CSP; HPBCD, (R,S)-hydroxypropyl-f-CD-bonded CSP; PMBCD, permethyl--CD-
bonded CSP

Table 4. Chromatographic data of chiral illicit drugs and controlled substances baseline separated on IP-CF6 and
DMP-CF7 CSPs under optimized conditions [70].

Compound CSpP MP (volume ratio) a R

Lysergic acid diethylamide IP-CF6 90ACN/10MeOH/0.3HACc/0.2TEA 1.15 2.5
Stanozolol IP-CF6 80HEP/20EtOH/0.1TFA 1.51 2.0
Cathinone HCI IP-CF6 70HEP/30EtOH/0.1TFA 1.09 1.5

3,4-Methylenedioxyphenyl-

2-butanamine hydrochloride IP-CF6 60ACN/40MeOH/0.3HACc/0.2TEA 1.08 1.5
Phenylpropanolamine IP-CF6 60ACN/40MeOH/0.3HACc/0.2TEA 1.08 1.5
Clenbuterol DMP-CF7 80HEP/20EtOH/0.1TFA 1.19 |20
Temazepam DMP-CF7 80HEP/20EtOH/0.1TFA 1.10 | 1.8

ACN, acetonitrile; MeOH, methanol; HAc, acetic acid; TEA, triethylamine; HEP, heptane; EtOH, ethanol; TFA,
trifluoroacetic acid




Table 5. Separation data of chiral drugs studied on CSPs AB15C5-CD-HPS and AB18C6-CD-HPS [102].

Voltage

Drug CSP | MP (vlv) V) K a R

Fenipentol A ACN/phosphate 60/40 12 1.08 1.67 | 2.11
Isoproterenol A ACN/phosphate 60/40 12 0.63 1.31 2.53
Indapamide A ACN/phosphate 40/60 14 0.76 1.34 | 2.76
Pindolol A ACN/phosphate 40/60 16 0.45 1.98 7.74
Bromopheniramine B ACN/phosphate 60/40 12 0.92 1.54 | 2.42
5-Methyl-5-phenylhydantoin B ACN/phosphate 60/40 12 1.24 2.44 9.58
Proglumide B ACN/phosphate 40/60 16 1.06 1.66 | 4.05
Metoprolol B ACN/phosphate 40/60 12 1.18 1.59 4.95
Labetalol B ACN/phosphate 40/60 16 1.16 1.21 4.85
Promethazine B ACN/Tris HCI 50/50 10 0.54 1.56 591
Indoprofen B ACN/Tris HCI1 50/50 10 0.23 1.80 | 2.64

CSP A: ABI5C5-CD-HPS; CSP B: AB18C6-CD-HPS; buffer composed of Tris HC1 (10 mM, pH 8.8) with

H;P0O,.NaOH (5 mM, pH 8.8) for CSP A or with H;PO,.KOH (5 mM, pH 8.8) for CSP B




Publikace V — Stanoveni poréru enantiomeri aminokyselin chromatografickymi

metodami pro uréeni st&i a v diagnostice gkterych chorob

Vyskyt D-enantiometr aminokyselin v organickych materialech se vyuiivadikaci
zmeén nebo poruch viznych &dnich oborech, tauz z Iék@#ského nebo technologického
hlediska. D-aminokyseliny vznikaji v bkadch a tkanichipjejich morfologickém vyvoji a
starnuti, jsou dlezitymi ukazateli i vyvoji nékterych chorob a jejich diagnosticeii p
biologickém a geologickém datovani a podilely sevyoji Zivota na ZemiPublikace
V shrnuje chromatografické metody vyvinuté zglém stanoveni pofru enantiomer
aminokyselin viiznych biologickych materialech, jidle i v meteoche Riprava vzork je
pon¥rné narana, je nutné vyvarovat se podminek, za kterych bghlen dojit
k izomerizaci studovanych aminokyselirtirRé separani metody vyZzaduji pouziti CSP,
pii nepgimych metodach se aplikuje vhodné chiralni derpaatii cinidlo. Derivatizace se
pouziva pedevSim fi stopovych analyzach biologickych vzdrike zvySeni citlivosti
separanich metod. Matrice analyzovanych vzorksou fiznorodé. Mohou to byt
biologické materialy, jako jsou biologicke tekutinytkar, ocni ¢ocky, dentin (zubovina)
a rostlinné biky, déle také jidlo nebo farmaceutika [2,44]. Degekizomerizace
aminokyselin v proteinech je instrumentalmarand, obvykle se pouziva HPLC nebo GC
s hmotnostni detekci. Obdrzena spektra se pak pavayi se spektry syntetickych
peptidh pro lokalizaci specifickych mist, na kterych dozhk izomerizaci aminokyselin
[45]. K detekci izomerizace volnych aminokyselin ebvykle pouZiva derivatizace
vhodnymginidlem a fluoresceni detekce.

~Screening” biomarker provazejicich netdtelnd onemoc#ni, jako je nap Diabetes
mellitus, schizofrenie, roztrousena skler6za nebo Alzhedwveeichoroba, nabyva v dnesni
doke velkého vyznamu sijbyvajicim p@&tem pacient a vyvojem vhodnych separsch
metod [46,47,48]. Vyvoj&hto onemockni Ize sledovat z izomerizace aminokyselin v
proteinech, pfedevSim z posru D- a L-enantiomér serinu a kyseliny asparagové
v mozku, mozkomiSnim moku, mip séru nebo plazén Ke znmeénam v pondru
enantiomel kyseliny asparagové dochazi také procesem stanaktiu lidi, tak i u
ostatnich zZiveéichu [49]. Jako vhodny material k této analyze se pmjéioni ¢ocky
nebo dentin ze zub Klicovym bodem stanoveni $tde také vhod# zvolend metoda,ip
které nesmi dochézet k dalSim racermnia proce8m. Determinace sta fosilnich
materiai dle racemizace aminokyselin se pouziviéedevSim pro paleontologicke,

archeologické a biogeochemické&ely [50]. Na zaklad téchto n¥teni se ziskavaji

75



informace padtebné nejen k porozumi geologického vyvoje planety, ale také vzniku
Zivota na Zemi [51]. Studovanymi materialy jsou ¢asgji moiské i suchozemské
sedimenty, speleotémy a fosilni schrankdkkysi. Mérg ¢asto se takto analyzuji kosterni

pozistatky, u kterych se spiSe vyuziva radiouhlikovayay [52,53].
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Abstract: Occurrence of D-amino acids in organic matter is a useful indicator of various changes or
disorders in different fields of science, technology and human life in general. Determination of
amino acid enantiomers, namely enantiomeric ratio of amino acids or excess of certain D-amino
acids, represents a useful tool in the studies of aging processes, fossils or biomarkers in
disease/disorder diagnosis. The amount of D-amino acids is usually very low. Therefore, suitable
sample pretreatment and highly selective and sensitive separation methods are essential for
D-amino acid analysis. Chromatographic techniques offer appropriate choices for solving these
tasks. This review covers the advances in methodology and development of improved
instrumental chromatographic methods focused on D,L-amino acids determination. New findings
are also briefly commented.

Keywords: chromatography; amino acid; enantiomeric ratio; aging; dating; biomarker

1. Introduction

Formerly, it was believed that the proteins in living organisms are composed exclusively of
L-amino acids (AAs). Later on, it has been recognized that some tissues contain also D-AAs, namely
D-aspartic acid which is accumulated during aging. The formation of D-Asp was explained as a
result of spontaneous racemization in different tissues [1,2]. In 1991, a protein (relative molecular
weight 22,500) containing D-Asp was isolated from bovine lens and characterized as aA-crystallin
by SDS-PAGE method and immunoblot analysis [2]. Other simple procedure used at that time for
the determination of optical activity and purity was polarimetry. Since then, it was a great challenge
to develop new fast and sensitive separation methods. Among the possible methods used for the
enantioselective separation/determination of AAs in different matrices, gas chromatography,
micellar electrokinetic chromatography (MEKC) and high- or ultra-performance liquid
chromatography mostly prevail [3-7]. Other methods are used less frequently. Direct or indirect
chromatographic methods can be used for the separation of AA enantiomers [8]. Advantages and
disadvantages of indirect methods as kinetic resolution or possibility of racemization are clearly
summarized in work of Ilisz et al. [9]. In order to improve the detection sensitivity and separation
selectivity, AAs were often derivatized. Matrices in which AAs were analyzed were rather different,
ranging from biological materials such as various biological fluids and tissues, lens, dentin, through
plant cells, to meteorites [10,11], food stuff and pharmaceutical formulations [3,12,13]. The
importance of D-AAs is mapped for the formation and differentiation of cells and tissues, biological

Separations 2016, 3, x; d0i:10.3390/ www.mdpi.com/journal/Separations
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and geological dating, the origin of life on Earth, diagnostics, in food control and clinical
biochemistry.

A general problem which must be taken into account is a possible AA racemization during
acidic hydrolysis of proteins or peptides [14,15]. This procedure is a usual part of sample
pretreatment before analysis. Realization of more exact D/L-analysis, which eliminates racemization
generated by hydrolysis, was demonstrated [16] and subsequently optimized [17]. Hydrolysis
should be performed in deuterated solvents, usually in deuterated hydrochloric acid [16,18,19]. Any
molecule that is inverted during this step automatically becomes labelled with deuterium. This
method differentiates D-isomers formed during protein acid hydrolysis from the initial contribution
of the sample.

Post-translational modifications of proteins do not always result in a change of their mass, thus
they are difficult to detect by mass spectrometry (MS). For example, chiral residue epimerization
within a peptide does not lead to mass shifts, but can be identified by independently acquired
tandem MS or by LC-MS, where the separated isomers are treated separately. To evaluate the
isomeric species, multiple tandem MS spectra at the same m/z must be acquired to confirm
epimerization [20]. Specific sites of AA isomerization within each peptide can be identified by
comparison with synthetic peptides. Disordered regions of a-crystallin proteins were demonstrated
to undergo the highest degree of isomerization, which could have important implications on
chaperone functionality within the context of aging. Equation 1 [20,21] can be used for the evaluation
of isomerization/epimerization by MS.

Sciorob = Risomer = Ra/RB 1)
Ra and Rs represent ratios of the relative intensities of a pair of fragment ions which varies the most
between two isomers; Risomer = 1 indicates that the two tandem MS spectra are exactly identical, i.e. no
isomerization occurs; Risomer > 1, a larger number reflects a higher probability of isomerization.

The aim of this work is to show and explain the importance of determination of D- and L- AAs
in various fields, which represents a useful and irreplaceable tool in the studies of aging processes,
fossils or biomarkers in disease/disorder diagnosis. Since the chromatographic methods are
appropriate for this purpose, detailed description of separation conditions and chromatographic
advances are also included.

2. D/L amino acid ratio as a tool for the determination of aging and dating

2.1 Food and beverage analysis

Enantiomeric ratio of AAs (and other compounds) in food is a parameter that gives valuable
information about its quality. The ratio of enantiomers can indicate contamination, wrong treatment,
adulteration, aging, different flavors or geographical origin [22,23]. Interesting reviews dealing with
separation of enantiomers in food analysis, where the authors consider also D/L-AAs, were
published by Fanali and coworkers [5,24]. D-Ala, D-Val, D-Thr, D-Leu, D-Ser, D-Asx, D-Met, D-Phe
and D-GIx present in wines (Roupeiro white) bottled during the period 1978-1989 were shown to be
suitable markers for the biotechnological process used in vinification [25]. However, it was not
possible to correlate D/L. AA ratios to the age of wine. GC analysis of pentafluoropropyl AA propyl
esters was carried out on a capillary column Chirasil-Val (Chirasil-Val columns were developed by
the team of Bayer [26] and are still widely used in chiral GC). Detailed study of the content of D-Pro
and some other D-AA enantiomers in 26 wine samples did not provide evidence for correlation
between storage time of bottled wine and quantity of D-AAs [27]. The separation method used was
similar to  that published 15 years earlier. AAs were converted into
N(O)-pentafluoropropionyl-(2)-propyl esters and chiral stationary phase Chirasil-L-Val was used for
enantioselective separation by GC. A substantial improvement in sensitivity was achieved by MS
detection. Non-proteinogenic AAs in date fruits were examined by following steps: ion-exchange
chromatography of hydrolyzed samples; derivatization with
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6-aminoquinoyl-carbamyl-N-hydroxysuccinimidyl carbamate; separation of derivatives by RP
HPLC with a C18 stationary phase under gradient elution; GC-MS analysis of total hydrolysates
using Chirasil-L-Val or Lipodex E (3-butyl-2,6-pentyl y-cyclodextrin) chiral stationary phases (CSPs)
[28]. Chemical composition, sensorial properties, and nutritional value of fruit depended on the
respective cultivar as well as the stage of ripening, time of harvesting and processing. Relatively
large amounts of non-proteinogenic AAs, such as (25,5R)-5-hydroxypipecolic acid,
1-aminocyclopropane-1-carboxylic acid or y-amino-n-butyric acid were detected besides common
proteinogenic AAs. Very low amounts of D-Ala, D-Asp, D-Glu, D-Ser and D-Phe (1.2-0.4 %, relative
to the corresponding L-enantiomers) were determined in Saudi Arabian date fruits. The
characteristic taste of sake is attributed to contents of specific D- and L-AAs [29]. The long aging
process “Choukijukusei” effectively increases the D-AA content in sakes, but the mechanism of this
increase is still unknown. Different derivatization procedures were used for the determination of D-
and L-AAs in 141 sake bottles by HPLC with fluorescence detection. Two precolumn derivatization
methods with o-phthalaldehyde and N-acetyl-L-cysteine or with (+)-1-(9-fluorenyl)ethyl
chloroformate/l-aminoadamantane and one postcolumn derivatization method with
o-phthalaldehyde and N-acetyl-L-cysteine were used. RP HPLC with C18 stationary phase under
gradient elution was employed, but different enantiomers required different separation conditions.
Shim-pac Amino-Na column was used to separate D,L-cysteine with gradient elution. Sakes
contained following D-AAs: Ala, Asn, Asp, Arg, Glu, Gln, His, Ile, Leu, Lys, Ser, Tyr, Val, Phe, and
Pro while D-Met, D-Thr or D-Trp were not found in any of the samples analyzed. D-AAs found in
the highest amount were D-Ala, D-Asp, and D-Glu ranging from 34.4%, over 12.0 % to 14.6%,
respectively. Content of D-AAs in the sake samples brewed with deep-sea water and with the long
aging process are higher compared to other sake samples. Two dimensional (2D) HPLC was used for
the enantioselective AA metabolome analysis of the Japanese traditional black vinegars [30]. This
method combines an achiral separation on a microbore-monolithic octadecylsilica (ODS) column in
the first dimension and a narrowbore-enantioselective Pirkle-type or quinine-based (Sumichiral
OA-2500 or 3200 or Chiralpak QN-AX) columns in the second dimension. Pre-column fluorescence
derivatization with 4-fluoro-7-nitro-2,1,3-benzoxadiazole (NBD-F) was performed before analysis.
High amounts of D-Ala, D-Asp and D-Glu were found, while relatively small amounts of D-Ser,
D-Leu and D-allo-lle were observed. Developmental changes in the amount of D-AAs during
fermentation and aging processes were also investigated. High amounts of D-Ala (4000-5000
nmol/mL) were present in aged Kurozu vinegars, and the values were almost similar to those
observed in Kurozu vinegars fermented for 1 year. The amount of L-Glu significantly decreased. On
the other hand, the amount of D-Ser was likely to increase after long-term aging processes.
D-enantiomers of Ala, Asp, and Glu were shown to be useful indicators of cheese ripening [31]. Free
AAs were extracted from the cheese and achiral ion-paring RP HPLC method was optimized in
order to completely separate the AAs of interest from all other AA species present in extracts.
Dowex anion-exchange resin-based chromatographic method was also optimized to simplify the
sample mixture before chiral ligand-exchange chromatography analysis with a CSP based on
S-trityl-L-cysteine. Cu(Il) nitrate solution was used as a mobile phase (MP) for complexation. The
highest difference between enantiomeric excess (ee) values in ripened and fresh cheese was found
for Ala (ee 83.0% in ripened sample while 20.5% in fresh cheese) and the least difference showed Glu
(ee values changed from 91.8 to 99.0 %).

2.2 Age determination of humans and animals

The D-Asp to L-Asp ratio in proteins obtained from eye lenses [2,32,33] or dentine from teeth
[34] can be used for the age estimation of humans or animals, since these materials are well
preserved from additional racemization. Special focus is dedicated to the determination of D/L-Asp
in dentin. Methods for the determination of Asp racemization are discussed in the review by
Yekkala et al. [35]. Many of these methods used GC analysis. However, in this review special
attention was given to efficiency and sensitivity of HPLC coupled with fluorescence detection, since
this method revealed higher ratios of Asp racemization. Effects of sample preparation and buffer
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conditions were studied. Usual approach to estimate the age from human or animal teeth is by
D/L-Asp ratio from hydrolyzed dentin [36-40]. Many papers regarding this topic were published.
Some articles concentrate just on the determination of D/L-Asp using a previously described method
[36]. AAs from dentin were derivatized with o-phthalaldehyde-N-acetyl-L-cysteine and separated by
RP HPLC with fluorescence detection. Advantages of this method are 15 min short analysis time
(including derivatization and chromatographic analysis) and good sensitivity of detection (1 pmol).
Another group of papers deals with the method improvement and proper evaluation of the results.
The authors tested different separation conditions, e.g. effect of pH [37] and temperature [40], in
order to improve method accuracy and reliability. Consequently, conditions for the analysis under
which no additional racemization occurs were optimized. The racemization rate can differ
depending on the protein structure [33]. The reliability of age estimation based on Asp enantiomeric
ratio from different tissues depends on the way of sample preservation, preparation and analysis.
Racemization must not proceed during the analysis. Teeth were found to fulfill these requirements.
Despite the well-preserved collagen in dentin, some racemization, i.e. higher D/L-Asp ratio, was
observed at higher temperatures [40]. Benesova ef al. performed an interesting study [39], in which
two well-established routinely used methods were compared. (i) AAs from hydrolyzed collagen
from dentin derivatized with o-phthaldialdehyde-N-acetyl-L-cysteine (OPA-NAC) were separated
by RP HPLC on C8 column, (ii) AAs for GC analysis were converted into trifluoroacetic acid
isopropyl esters. Chiral XE-60-5-VAL-SA-PEA fused silica column was used for GC measurement.
Both methods were shown to be accurate and reliable. However, the HPLC method provided lower
racemization values for all samples tested. This result could be attributed to the derivatization
procedure in GC, where racemization can occur. New GC method for the enantioselective separation
of derivatized AAs was introduced using novel six chiral selectors, S-(-)-t-Leu-cyclopropylamide,
5-(—)-t-Leu-cyclopentylamide, S5-(-)-t-Leu-cyclohexylamide, 5-(—)-t-Leu-cycloheptylamide,
5-(—)-t-Leu-cyclooctylamide, S-(-)-t-Leu-cyclododecylamide, anchored to polydimethylsiloxane.
S-(-)-t-Leu-cyclooctylamide was found to be suitable for the age estimation from the Asp
racemization extent in human dentin [38]. Increased detection sensitivity for the determination of
polar AAs was achieved by the selective ion monitoring (SIM) mode (m/z 134) with zero needle
potential [41]. The utility of zero needle voltage ESI was demonstrated on the age determination of
human teeth by the Asp racemization method. Enantioseparation of Asp from tooth extract was
performed on a teicoplanin-based Chirobiotic T column with MP composed of 90% methanol, 9%
water, and 1% of a 30% NHs (by volume) and detection by zero voltage ESI-MS. The gain in
signal-to-noise ratio was 40-50 times higher than detection at 4 kV. Racemization of L-Asp to D-Asp
in eye lens was used for the age estimation of narwhals [32]. After protein hydrolysis a modified
analysis method which provided better separation of diastereomers was carried out. Derivatization
with OPA-NAC was performed in 0.1 M sodium borate buffer, pH 9.4. The use of C18 stationary
phase and mobile phase containing sodium citrate, pH 5.6, as the buffering agent instead of sodium
acetate [42] improved the resolution between the diastereomeric derivatives of Asp. Longevity of
different whale species could be estimated from the results obtained. Some relation between age and
adaptation to a variable climate was suggested.

2.3 Analysis of fossil matter

In general, diverse racemization (or epimerization) rates of different AAs serve for dating of
organic matter originating in different geological periods [43]. AA racemization in proteins from
fossil material was used for the age determination in archaeometry, biogeochemistry, aquatic and
even terrestrial surroundings. Different mathematical models were proposed to describe the extent
of AA racemization vs. time that could be used in geochronology. The simplest linear equation
resulting from the first order kinetics of D/L racemization is valid under isothermal conditions. A
more thorough understanding of the temperature sensitivity would be necessary to achieve accurate
equations taking into account all factors affecting the time dependent racemization. A detailed
summary of the different expressions was made by Clarke and Murray-Wallace [44]. A
comprehensive review published by Schweitzer et al. covers some recent powerful analytical tools,
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their advantages and limitations, and how can they be applied to paleontological and archaeological
sciences in order to elucidate the characteristics of extinct organisms and their paleoecological
environments. Among various techniques/methods (their principles are described in detail) applied
to fossils, collagen AAs from tissues including their L- and D-enantiomers are mentioned just briefly
[45]. The potential of AA racemization usage along with luminescence and lipid biomarkers in
organic matter analysis relevant to speleothems (chemically precipitated cave deposits) offers a tool
to record changes in the surrounding environment. Methods used were luminescence
spectrophotometry, HPLC and GC-MS. Advantages and disadvantages of these approaches were
summarized in a huge review [46]. Chromatographic determination of D/L. AA ratios in geological
material, e.g. fossil molluscs, suffered from wide discordance attributed to differences in chemical
procedures and instrumentation [47]. However, Dahl and Meyer pointed out that other uncertainties
potentially arise directly from the chromatograms, incomplete resolution of adjacent AA peaks or
low signal-to-noise ratio. Although the peak-size measurement method yielded highly inaccurate
results when applied to marginal chromatograms, accurate peak-size ratios were recovered from the
same chromatogram by first deconvolving peaks by chemometric algorithms before applying the
traditional graphical methods. This procedure represents a convenient approach to recover useful
age information (relative or absolute) from important geological samples. A fully automated
procedure for racemization study of AAs in fossils was introduced by Kaufman and Manley [48]. RP
HPLC method allowing baseline separation of at least nine pairs of DL-AAs was developed. Method
consisted of online pre-column derivatization of DL-AAs with OPA together with the chiral thiol,
N-isobutyryl-L-cysteine (IBLC) to yield fluorescent diastereomeric derivatives of chiral primary
AAs. Derivatization procedure developed by Briickner et al. [49] for food analysis was modified and
optimized. Chromatographic separation was performed on C18 column and MPs composed of
acetonitrile (ACN), methanol (MeOH) and acetate buffer with gradient elution. Fluorescent
detection of the AA derivatives attained detectability in a sub-picomole range, which was sufficient
for milligram-size molluscan samples. Hydrolysis time and temperature differed for older and
younger molluscs. Sodium azide was added to protect the sample solution from bacteria. Method
proposed by Kaufman and its modification [50] is still used in this field. Determination of AA
racemization in fossil invertebrates serves as a suitable tool in geochronology [51-65]. Examples of
invertebrates, AAs and analytical methods used are summarized in Table 1. Kinetic studies of
ostrich eggshell (OES) confirmed that the intra-crystalline protein fraction in OES is useful for AA
geochronology [66]. The intra-crystalline fraction in ostrich eggshell is more challenging to isolate
than that from mollusc shells (frequently/usually used). The intra-crystalline AAs approximate a
closed system and follow predictable patterns of hydrolysis and racemization for all AAs. A new
scaling method of relative reaction rates determination estimated by the application of scaling
factors to overlap observed rates of racemization (or hydrolysis) at different temperatures was
introduced. Chromatographic method described by Kaufman and Manley was used for the
determination of D- and L-AAs. L-homo-Arg was used as an internal standard. Since the rate of
hydrolysis and racemization of Ile, Phe, Val, Ala, Asx, Glx and Ser was predictable, these AAs could
be used for the relative age estimation of OES samples in the archaeological and geological contexts.
The determination of racemization extent of Asp, Glu and Val was used to assign relative and
numeric ages, and examine the taphonomy of the sedimentary infill of Apollo 11 Rockshelter from
Namibia [67]. Results were obtained by HPLC analysis [47] of 37 ostrich eggshell samples from the
rockshelter sedimentary succession. The racemization of AAs in fossil bones is less frequently used
for age determination. Hydrolyzed bone samples were precolumn derivatized and the enantiomeric
ratio was measured by HPLC [68]. Different reagents leading to fluorometrically active derivatives
of a-AAs and imino acids were formed. His, Phe, Asp, Glu, Ala, Ile, and Val were the best indicators
for the age determination. Based on half-lives of racemization and plotting the D/L ratio as a
function of time for various AAs, the calibration curves were obtained; results correlated with the
first order kinetics. Using this method, the age of fossil bone samples could be determined in the
range of 2000-500 000 years.

Table 1: Fossil invertebrates, AAs and analytical methods used in geochronology.
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Taxon AAs ratio Derivatization Method Note Ref.
Saxidomus Asp, Glu,Ala, Phe  OPA-IBC RPHPLC  geochronology [51]
Mercenaria Leu, Ile/Allo-Ile
Ostracoda Asp, Glu OPA-IBLC RPHPLC  temperature history of [52]
Bonneville Basin, Utah
geochronology, paleothermometry
Pulleniatina Asp, Glu, Ser OPA-IBLC RPHPLC  deep marine sediments [53,54]
temperature sensitivity of
AA racemization, geochronology
Bouchardia, Semele  Asp N-TFA isopropyl der. GC geochronology [55]
Mercenaria Ala, Leu, Glu, procedure to convert GC/MS stable carbon isotope composition [56]
Phe, Ile/Allo-Ile Asn to Asp; Gln to Glu of AAs in modern and fossil
Mercenaria
Bythinia spp., Asp, Glu, Val, OPA-IBLC RPHPLC  racemization/epimerization of AAs [57]
Corbicula, from the intra-crystalline fraction
Valvata (biomineral) of river shells,
geochronology
Candona Asp, Glu OPA-IBLC RPHPLC  effect of oxidizing pre-treatment [58]
on AA composition
Bithynia, Tyr, Leu, Phe, Val, various, dependingon RP HPLC; interlab proficiency study [59]
Saxidomus Ala, Arg, Ser, Glx,  the separation method ~ GC modern heated ostrich eggshell
Asx, Ile/Allo-Ile samples for comparison,
geochronology
Ostracoda Asp, Glu OPA-IBLC RPHPLC  AA racemization rate of four [60]
(Herpetocypris main ostracoda species
Candona, Ilyocypris,
Cyprideis)
Liloa, Scissulina, Asp, Glu, Val, Ser, OPA-IBLC RPHPLC  including radiocarbon dating [61]
Pinguitellina Ala, Phe, Leu, geochronology
Ile/Allo-Ile
Patella, Strombus, Asx, Glx, Ser, Ala, OPA-IBLC RPHPLC  intra-crystalline proteins [62,63]
Tibia, Chicoreus Val for geochronology
Trochus,Anadara
Globigerinoides spp.  Asp, Glu, Ser OPA-IBLC RPHPLC  deep sea sediments [64]
Neogloboquadrina geochronology
Pulleniatina
Glycymeris Asx, Glx, Ser, Ala, OPA-IBLC RP HPLC  effect of bleaching and high [65]
Val temperature, intra-crystalline

protein geochronology
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However, factors that affect racemization, i.e. temperature, pH, or soil composition, must be strictly
controlled in order to get reliable results. The most frequently used methods for dating were
radiocarbon analysis and D/L-AAs ratio determination and their results usually correlated.
RP-HPLC method with fluorescence detection for the determination of Asp and Ala enantiomeric
ratios in fossil bones was developed [69]. The D/L ratio served as a marker of DNA preservation.
Hydrolyzed bone samples were derivatized with OPA-NAC and the diastereomers were separated
on Atlantis dC18 column, MP composed of MeOH and acetate buffer, pH 5.5, under gradient
elution. Developed method provided a simple and effective tool for rapid identification of ancient
bone samples suitable for DNA extraction and amplification. AA chronology of fossils in sediments
can provide the estimation of geological age. Harada et al. examined the applicability of AA
chronology to the age determination of siliceous sediments from northwestern North Pacific over a
300-kyr time span [70]. Reversible first-order kinetic model and a parabolic model were used to
determine the relationship of D/L ratio of Asp and reference ages. Asp is suitable for the age
determination of sediments in the order of 105 years, since its racemization reaction rate is one of
highest of all AAs. Large differences were observed between Asp ages estimated by the first-order
kinetic model and the reference ages, while the parabolic estimates were consistent with the
reference ages. Individual steps for the analysis of AA enantiomers were: protein hydrolysis,
purification via cation exchange resin column, AA conversion to N-trifuoroacetyl isopropyl ester
derivatives, GC separation on a chiral fused silica Chirasil-L-Val column (CHROMPAC) and
detection by flame ionization detector. The application of whole-rock AA racemization offers a new
dating approach for previously undatable bioclastic grainstones, calcarenites and oolites in a similar
way as marine shells and land snails [71,72]. The ratio of D-Allo-Ile/L-lle determined by ion
exchange HPLC measures the extent of Ile epimerization. RP HPLC method [48] focused
particularly on D/L Asp, Glu, and Ser. Racemization of these AAs occurs at moderately faster rates
compared to D-Allo-Ile/L-Ile. Ser was used as an indicator of contamination in the deposits or
during the laboratory preparation. Study of coastal Chilean sediments showed that the
decomposition of organic matter proceeds faster at greater water depth [73]. Estimates of
mineralization of total hydrolysable AAs (THAA) showed that the reactivity of sedimentary AAs
decreased with increasing water depth and also as a result of progressive degradation of organic
matter incorporated in the sediment. Concentrations of D-Asp, D-Glu, D-Ser and D-Ala served for
the estimation of contribution of AAs from bacterial cell walls (peptidoglycan AAs) to THAA. The
contribution of peptidoglycan AAs to THAA increased with increased sediment depth and age. The
origin of sedimentary organic matter and the influence of microbial reworking in the Hauraki Gulf,
New Zealand, were determined using the stable carbon isotopic composition of sedimentary D- and
L-AAs [74]. GC/MS method with Chirasil-Val fused silica capillary column was used to resolve the
TFA isopropyl esters of AAs. Using the same column and GC-isotope ratio MS, TFA isopropyl
esters of the AAs were directly analyzed for their stable carbon isotopic compositions. Obtained
data strongly suggested extensive microbial reworking of sediments in the Hauraki Gulf. The
racemization rate constants of chiral AAs such as Asx, Glx and Ala were determined in terrestrial
sediments from Rikubetsu, Hokkaido, Japan [75]. The racemization rate constants were plotted as In
[(1 + D/L)/(1 - D/L)] versus sediment age. The RP HPLC determination of AA enantiomers was
obtained using precolumn derivatization with OPA-NAC, followed by SPE of hydrophobic
impurities on C18 cartridge and separation on C18 analytical column under gradient elution
conditions. In a different study, the amount of Asp adsorbed on a mineral layer was analyzed by
HPLC [76]. Phenomenex Chirex 3126 (D)-penicillamine column and mobile phase composed of 85%
2 mM CuCl: solution and 15% MeOH (v/v) were used. The determination of Asp can add valuable
information about the conditions on the early Earth and possibly help to explain the origin of life.
Combined experimental approach and computer modeling can bring some insight to the processes
in the early Earth life. The potential of layered double hydroxide minerals to act as hosts for Asp was
studied and the host guest structure elucidated. Analytical methods (including sample collection,
extraction, treatment/conditioning, preconcentration and determination) dealing with
characterization and determination of organic nitrogen and phosphorus are clearly summarized in a
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review by Worsfold et al. [77]. Amelung et al. focused on the soil characterization by changes in
organic nitrogen content and enantiomeric AA composition [78]. GC technique using Chirasil-L-Val
capillary column was used for the separation of AA derivatives. Correlation among racemization,
climate changes and microbial activity was difficult to define. Processes taking place in arable soil
were also studied [79]. The assessment of AA enantiomers was used to gain insight into the origin
and relative age of soil organic nitrogen. Derivatized AAs, N-pentafluoropropionyl-AA isopropyl
esters, were separated on a chiral capillary column using GC with flame ionization detector. GC/MS
analysis of AA esters on a capillary Chirasil-Val column was used to investigate synthesis and
dynamics of AA enantiomers in soil [80]. Mass spectrometer was set in negative ion chemical
ionization mode with CHa as reaction gas. The incorporation of N or BC isotopes into AA
enantiomers was traced. The key point was to differentiate newly biosynthesized and inherent AAs.

3. D-amino acids as biomarkers of diseases/disorders

Proteins are subjected to numerous forms of damage during aging. McCudden et al. reviewed
the biochemistry of AA racemization in proteins and its clinical application to musculoskeletal
diseases [81]. Since the racemization occurs slowly, the quantification of D-AAs is particularly useful
when directed at long-lived proteins, such as those found within musculoskeletal tissues. As many
of these diseases are caused by dysregulation of protein turnover rates, it is supposed that the
determination of the racemization level in particular biomarkers could improve the diagnostic and
prognostic information value. The concentrations of many D-AAs in organs and tissues alter during
various diseases. Chervyakov et al. summed up the role of D-AAs in normal aging and pathogenesis
of neurodegenerative diseases [82]. Distribution and physiological role of D-AAs during normal
aging, occurrence of D-AAs in pathology, relation between D-AAs and conformational diseases of
brain and some methods for the determination of D-AAs and their metabolites are also included.
D-aspartyl residues were detected in various proteins from diverse tissues of elderly individuals
[83]. Moreover, detection of D-f3-Asp is associated with some age-related diseases. Fujii et al.
described a method for the detection of D-B-Asp at specific sites in particular proteins, proposed a
mechanism by which Asp residues invert and isomerize to D-B-form with age under physiological
conditions and discussed factors that favor such a reaction. Ultra-high performance liquid
chromatography methods for the determination and analysis of disease biomarkers including some
chiral methods for AAs were clearly reviewed [84]. Several review papers focused on the presence of
D-AAs in mammals, their function, diagnostic value as biomarkers and also HPLC methods for their
determination [85-90]. The enantioseparation of D,L-AAs continues to be a subject of immense study
due to its significant importance in various areas. Despite recent improvements in analytical
techniques which facilitated the accuracy of AA enantiomer analysis at the trace level, there is still a
need to develop new, more sensitive, rapid and robust methods [4]. Next section focus on
chromatographic methods developed for the determination of L- and D-AAs in physiological fluids
and tissues. Some of these methods were applied for the determination of D,L-AAs in samples from
patients with different diseases. Certain new findings were made in the role of D,L-AAs in various
diseases/disorders.

3.1 Chromatographic methods for the AA determination in biological samples

Recent discovery of specific functions of D-AAs in humans will inevitably lead to the
elucidation of D-AA abnormalities in various diseases/disorders. Therefore, high-throughput
analysis techniques are necessary to determine D-AAs in biological fluids and tissues [91]. Fuchs et
al. developed and validated two chromatographic methods, i.e. GC-MS and LC-MS for the
determination of D-Ser, L-Ser, and Gly in cerebrospinal fluid (CBF) [91]. Pentafluoropropionic
anhydride was used for sample derivatization before CG analysis. Analysis was carried out on a
Chirasil-L-Val (N-propionyl-L-valine-tert-butylamide polysiloxane) fused-silica capillary column
under programmed temperature elution with helium as a carrier gas. Samples were derivatized with
Marfey’s reagent [92] before LC analysis. Gradient elution of AA derivatives was performed on
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Atlantis dC18 column, linear gradient composed of 100% MP A (250 mg ammonium formiate in 1 L
of water; pH adjusted to 4.6 with formic acid) to 50% MP B (ACN) in 15 min. Using these methods,
age-dependent concentration ranges of studied AAs in human were determined. MEKC with
laser-induced fluorescence (LIF) detection was developed for the determination of chiral AAs in CBF
and urine [93]. AAs were derivatized with chiral reagent, i.e. (+)- or (-)-1-(9-anthryl)-2-propyl
chloroformate before analysis. Separation electrolyte consisted of 20 mM borax buffer pH 9.8. The
micellar system consisted of 20 mM sodium dodecyl sulfate (SDS) and 7.5 mM sodium deoxycholate
(SDC). D-Ala, D-GIn, and D-Asp were detected in CBF and D-Ala and D-Glu in urine. Grant et al.
developed a simple and versatile methodology using HPLC with fluorimetric detection to
simultaneously determine D-Ser along with other metabolically related neuroactive AAs in the
glutamatergic system: L-Ser, L-Glu, L-Gln, and Gly in human plasma [94]. AAs were derivatized by
a combination of two chiral thiol reagents, OPA and IBLC. Separation was carried out on Symmetry
C18 column by a concave MP gradient. This methodology is proposed for studying the role of AAs
in the glutamatergic system in the pathophysiology and treatment of neurological and psychiatric
disorders. A straightforward approach for the determination of D-AA trace levels in mammals
utilizes 2D on-line column-switching system consisting of non-enantioselective and enantioselective
separation parts in combination with sensitive pre-column or post-column derivatization [95-97].
Hamase et al. [95] described a 2D HPLC method for the comprehensive analysis of small quantities
of branched aliphatic D-AAs in the presence of large amounts of their L-congeners in mammalian
tissues and physiological fluids. Target analytes were determined as their fluorescent derivatives,
pre-column labeled with NBD-F. Authors established a multi-loop 2D column-switching HPLC
system, combining on-line a reversed-phase system (Capcell pak C18 MG II column) as the first
dimension with an enantioselective column (Chiralpak QN-AX or Chiralpak QD-AX) in the second
dimension for the simultaneous determination of D-Val, D-allo-Ile, D-Ile, and D-Leu. Chiral columns
contain weak anion exchange-type CSP with quinine (or quinidine) tert-butylcarbamate moiety as
chiral selectors and provide reversal elution order of the enantiomers. Significant amounts of D-Leu
were found in rats in all the tissues and physiological fluids tested. High amount of D-allo-Ile was
determined in urine. D-allo-Ile was also found in the urine of dogs and mice. This scientific group
also developed micro 2D HPLC method for the determination of hydrophilic AA enantiomers (His,
Asn, Ser, Gln, Arg, Asp, allo-Thr, Glu and Thr) in mammalian tissues and physiological fluids [98].
This method combines a microbore-monolithic ODS column in the first dimension and
narrowbore-Pirkle-type chiral column (Sumichiral OA-2500S or Sumichiral OA-2500R) in the second
dimension. Derivatization of AAs with NBD-F was performed before analysis. D-isomers of all
investigated AAs were found in rat urine but at various enantiomeric ratios. Developed procedure
was also successfully used for the determination of D- and L-Ser in urine and serum of mice after
renal ischemia-reperfusion injury (IRI), known as a mouse model of acute kidney injury [99]. The
level of D-Ser gradually increased in serum after renal IRI in parallel with creatinine, whereas the
L-Ser level decreased sharply in the early phase after IRI. The work provides a novel understanding
of the AA imbalance during renal failure and offers a new potential biomarker for the early detection
of acute kidney injury. Column-switching chiral HPLC system using similar column types and
derivatization agent as mentioned above was formerly applied for the determination of minute
amounts of D-Ala in rat tissues [100]. It was revealed that the amount of D-Ala is highest at the age
of 6 weeks and then significantly decreases, and the amount of D-Ala is significantly higher during
the daytime than the nighttime. Han et al. used 2D HPLC method for the determination of D-AAs in
biological samples [101]. This method combines columns and derivatization agents mentioned
above; monolithic ODS column in the first dimension, Chiralpak QD-1-AX column in the second
dimension and NBD-F for derivatization. This method was applied to analyze the aging model
senescence accelerated mouse prone 1 (SAMP1) mice which had low immunocompetence. There
was an obvious increase of D-Asp in thymus and spleen of SAMP1 mice compared to the accelerated
senescence resistant mice. Visser et al. developed and validated sensitive, fast and simple
UPLC/MS/MS method for the quantification of both enantiomers of proteinogenic AAs in body
fluids [102]. Seven different chiral derivatization agents for the D-AA analysis were compared.
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(S)-NIFE (N-(4-nitrophenoxycarbonyl)-L-phenylalanine 2-methoxyethyl ester) reagent offered an
outstanding performance in the terms of sensitivity and enantioselectivity. The diastereoisomers
were separated on Acquity BEH C18 column under gradient elution. MP composed of ACN and 10
mM ammonium hydrogencarbonate, pH 9.5. Baseline separation (R > 2.45) was achieved for all 19
chiral proteinogenic AA isomers. It was shown that D-AAs in stable isotope tracers could result in
erroneous estimates of enrichment, particularly if urine is used as a surrogate for plasma enrichment
[103]. To describe the effects of D-AA content of less than 0.2% in 3 different AA tracers on the
isotope enrichment in urine and plasma, Arg, Pro, and Phe tracers were given enterally to human
neonates. The enrichment was measured in urine and plasma by HPLC with teicoplanin-based
Chirobiotic T column and tandem MS. Labeled D-Arg resulted in an enrichment overestimate of
20% in plasma and 87% in urine. Smaller effect was obtained for D-Phe, where the overestimate was
5% in plasma and 40% in urine. D-Pro had no significant effect. The same Phe tracer was tested also
on children and adults. A reduction in the overestimate in children compared with infants and no
effect on enrichment in adults were observed. Stable isotope-labeled AA studies should be
performed, particularly in children, to ensure that this potential error is identified and eliminated.
Reischl et al. developed an enantioselective LC-MS/MS method applicable for the analysis of
proteinogenic AAs in urine [104]. This method utilizes a derivatization step on the amino group with
an iron ferrocenyl propionate hydroxy succinimide ester followed by enantioselective anion
exchange chromatography with cinchona alkaloid-based CSP. Homemade HALO-QD-AX-CSP
contains #-butyl-carbamoylquinidine immobilized on a highly efficient fused core chromatographic
support material. MP composed of 90% MeOH with 10% water and 100 mM ammonium
formate/0.1% formic acid (v/v). Baseline enantioseparation for all proteinogenic AAs except for Pro,
Arg and His was achieved. Cinchona alkaloid-based zwitterionic ion-exchange type enantioselective
column, Chiralpak ZWIX(+) was successfully used for a simultaneous analysis of D-Ala, D-Asp, and
D-Ser besides their L-forms in rat plasma and tissues [105]. Sensitive and selective chiral LC-MS/MS
method was developed and validated for this purpose. AAs were derivatized with
6-aminoquinolyl-N-hydroxysuccinimidylcarbamate or p-N,N,N-trimethylammonioanilyl
N’-hydroxysuccinimidyl carbamate iodide before analysis. MP composed of MeOH/aqueous
solution containing 50 mM ammonium formate and 50 mM formic acid 98/2 (v/v) ratio. Three D-AAs
and their L-enantiomers were simultaneously determined within 20 min in biological samples.
Selective and high-throughput LC-MS/MS method using a surrogate analyte and an authentic
matrix to determine D-Ser in mouse brain was developed and validated [106]. To ensure the validity
of D-Ser determination, [2,3,3-2H]D-serine and ['"N]D-serine were used as a surrogate analyte and an
internal standard, respectively. Enantiomeric separation was performed within 6 min on a chiral
crown ether column (CROWNPAK CR(+)), MP composed of 0.3% trifluoroacetic acid at 5°C without
derivatization. Results demonstrated that the surrogate analyte method is valid for the accurate
measurement of D-Ser in mouse brain and is time-saving in the means of sample preparation and
analysis. Furthermore, method successfully provided D-Ser levels in brain of normal mice. Sugimoto
et al. developed new, highly sensitive and specific LC/ESI-MS/MS method with the same chiral
column for the determination of L- and D-Ser in human plasma [107]. Phosphate buffered saline
(PBS) was used as a surrogate matrix. D- and L-Ser in human plasma and PBS were treated by
cationic exchange solid phase extraction (CE SPE) and no sample derivatization. Elution was
isocratic, MP composed of 0.3% trifluoroacetic acid in 10% ACN and the separation temperature was
below 4°C. This method offers a direct enantioseparation of D- and L-Ser without a time-consuming
and/or poor qualitative derivatization step. The same scientific group also developed LC/ESI-MS/MS
method for the determination of L- and D-Leu in human and animal plasma [108]. PBS was used as a
surrogate matrix for the preparation of calibration curves and quality control samples. CE SPE was
applied for the extraction of D- and L-Leu from plasma. The enantioseparation was performed on
CHIRALPAK ZWIX(-) column, MP composed of MeOH/ACN/1 M ammonium formate/formic acid
50/50/2.5/0.2 (v/v/v/v). Baseline enantioseparation was accomplished without a derivatization step to
accurately determine the D- and L-Leu in plasma. The fragmentation at m/z 43 for D- and L-Leu
enabled the discrimination of D,L-Ile and D,L-allo-Ile by MS. Mochizuki et al. synthesized new chiral
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labeling reagents, i.e. L-pyroglutamic acid succinimidyl ester (L-PGA-OSu) and its isotopic variant
(L-PGA[d5]-OSu), for the derivatization and consequent enantioseparation of AA derivatives by
UPLC/ESI-MS/MS [109]. Nine pairs of proteolytic AAs were completely separated by RP
chromatography using ACQUITY UPLC BEH C18 column under isocratic elution conditions; MP
composed of ACN-water mixture containing 0.1% (v/v) formic acid. Method efficiency was
demonstrated by analyzing AAs in human serum samples. Proposed procedure using L-PGA-OSu
and L-PGA[d5]-OSu was intended for D,L-AA chiral metabolome study. A novel triazine-based
chiral  derivatization agent  (S)-2,5-dioxopyrrolidin-1-yl-1-(4,6-dimethoxy-1,3,5-triazin-2-yl)
pyrrolidine-2-carboxylate was synthesized and applied for the determination of chiral amines and
AAs in saliva of healthy volunteers by UPLC/ESI-MS/MS [110]. Diastereomers derived from
proteolytic AAs except serine were well separated under isocratic elution conditions by RP
chromatography using an ACQUITY UPLC BEH C18 column. D,L-Ser was separated on a Capcell
Core ADME (core-shell type column with adamantyl functional group bonded on the polymer
coated silica). Although the simultaneous separation of proteolytic D,L-AAs by a single
chromatographic run was not possible, the enantiomeric separations of 19 AAs were performed
using several elution profiles and different columns. The amount of the D-isomer in saliva was
negligible for most AAs, except Ala and Pro.

3.1.1 Chromatographic determination of AAs as possible biomarkers of diseases/disorders
Nowadays, the importance of chiral AA analysis for the screening of new biomarkers is arising
in the diagnostic applications. N-methyl-D-aspartate (NMDA) receptors are involved in learning
and memory processes. It was shown that in Alzheimer’s disease (AD) there is a reduction of
NMDA receptors [111]. NMDA also play an important role in pathophysiology of schizophrenia.
D-Ser may function as an endogenous agonist of the Gly site in the NMDA receptor [112,113]. A
reduction in serum levels of D-Ser, an endogenous co-agonist of the NMDA receptor, was reported
in schizophrenia [112]. D" Aniello et al. supposed there is a relation between reduced levels of D-Asp
in brain and reduction of NMDA receptor signal transduction system, since D-Asp is an endogenous
agonist of NMDA receptor [111]. Using an HPLC method, regional distribution of free D-Asp levels
in post mortem brain samples from patients with AD were determined. Significantly lower D-Asp
levels in Alzheimer’s patients compared to controls were found. Thorsén et al. focused on AA
enantiomeric composition of 3-amyloid peptides from deceased AD patients [114]. Peptides were
hydrolyzed with mineral acid, free AAs were derivatized with chiral reagent, ie. (+)- or
(-)-1-(9-anthryl)-2-propyl chloroformate, and subsequently separated using MEKC-LIF method. The
separation electrolyte consisted of 20 mM borate buffer adjusted to pH 9.8 with 0.1 M NaOH. The
micellar system consisted of 20 mM SDS and 7.5 mM SDC. Method allowed simultaneous
determination of nine AA enantiomers. Samples revealed impurities which could overshadow or
dilute racemization events inherent to the (-amyloid peptides. Thus, more rigorous peptide
purification protocols must be designed. The role of D-Ser in the pathophysiology of AD was also
studied [115]. The reason of the study was that D-Ser may function as an endogenous agonist of the
Gly site on the NMDA receptor which was implicated in the pathophysiology of AD. Previously
described HPLC column-switching method with fluorimetric detection was used [116]. AAs were
derivatized with 4-nitro-7-piperazino-2,1,3-benzoxadiazole fluorescent reagent. At first, step
gradient elution was performed on ODS column; initial MP composed of ACN, MeOH and 0.1%
trifluoroacetic acid. Then the analysis method was switched to chiral, using phenylcarbamoylated
B-cyclodextrin (CD) column and MP composed of ACN/MeOH/water 75/20/5 (v/v/v). D-Ser serum
levels determined in patients with AD were slightly lower than those of controls. In contrast, serum
levels of L-Ser in patients were slightly higher than those of controls. This study suggested that
reduced activity of serine racemase, an enzyme catalyzing the formation of D-Ser from L-Ser, can
play a role in the pathophysiology of AD. Samakashvili et al. used chiral MEKC-LIF method for the
determination of D- and L-AA content in CBF samples related to different AD stages [117]. Samples
were derivatized with fluorescein isothiocyanate (FITC) before analysis. Running buffer composed
of 100 mM sodium tetraborate, 80 mM SDS and 20 mM -CD at pH 10.0. Using this method, L-Arg,
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L-Leu, L-Gln, y-aminobutyric acid, L-Ser, D-Ser, L-Ala, Gly, L-Lys, L-Glu and L-Asp were detected
in all the CBF samples. Some of the results shown in this work seem to disagree with those shown in
literature (e.g. not significant variation in D-Ser level was observed depending on the AD stage),
while some of them agree with the results obtained by others (e.g. L-Asp occurs at significantly lower
concentrations in AD CBF than normal CBF). The post-translational AA racemization (AAR) and AA
isomerisation (AAI) are typical markers of protein aging and could significantly induce the density
and localization of plaque deposition in brain tissues [118]. AD is related to the formation and
aggregation of amyloid-p peptide plaques in human brain. Inoue et al. developed a covalent chiral
derivatized wultra performance liquid chromatography tandem mass spectrometry
(CCD-UPLC-MS/MS) method for the determination of post-translational AAR and AAI of
N-terminal amyloid-f3 peptide (N-Afi-5) in human brain tissues [118]. Covalent chiral derivatization
reagent
(R)-(-)-4-(N,N-dimethylaminosulfonyl)-7-(3-isothiocyanatopyrrolidin-1-yl)-2,1,3-benzoxadiazole
was used for the derivatization of amyloid-p peptides. Separation was performed by ACQUITY
UPLC BEH C18 column; MP composed of 50 mM aqueous ammonium formate with 0.01% formic
acid and 0.01% formic acid in MeOH. The CCD-UPLC/MS/MS assay of potential N-Api-sdiscovered
the presence and ratio levels of these N-Afi-ssequences with L-Asp, D-Asp, L-isoAsp, and D-isoAsp
in AD patients. A novel UPLC/ESI-MS/MS method for the determination of biomarker candidates,
chiral amines and carboxyls in AD brain homogenates, was developed [119]. Solutions of carboxyls
or amines were derivatized with a pair of enantiomers of chiral derivatization reagents, i.e. (S and
R)-1-(4,6-dimethoxy-1,3,5-triazin-2-yl)pyrrolidin-3-amine or (S and
R)-2,5-dioxopyrrolidin-1-yl-1-(4,6-dimethoxy-1,3,5-triazin-2-yl) pyrrolidine-2-carboxylate.
Derivatives were separated by gradient elution using water/ACN containing 0.1% formic acid on
ACQUITY UPLC BEH C18 column. As a result, only L-Phe and L-lactic acid were identified as
decreased and increased biomarker candidates in the AD brain, respectively. This strategy should be
helpful for the identification and extraction of chiral metabolomics in samples from different
environments. The determination of chiral metabolites in different sample groups is currently in
progress in author’s laboratory.

Xie et al. developed and fully validated LC/MS/MS method for the determination of D-Ser
levels in human plasma [120]. Method was successfully applied to sequential changes in plasma
D-Ser and L-Ser levels in 6 CRPS (complex regional pain syndrome) patients receiving a continuous
5-day intravenous infusion of (R,S)-ketamine. Method utilizes pre-column derivatization using
(R)-1-Boc-2-piperidine carbonyl chloride. Separation was performed on Zorbax Eclipse XDB-C18
column under gradient elution; MP composed of water with 0.3% TFA (eluent A) and MeOH with
0.3% TFA (eluent B). Interesting results were observed. In three patients (R,S)-ketamine
administration produced a continuous drop in D-Ser levels with a maximum decrease of 20%. This
treatment also produced increased D-Ser levels in two patients, with a 35% and 21% increase,
respectively. But one patient had an initial 17% increase in circulating D-Ser levels on the third day
followed by 8% reduction at the end of the treatment. These results indicate the importance in
determining the D-Ser levels in plasma and their potential role in physiological response. Above
mentioned method was also applied for the determination of D-Ser plasma levels in patients with
(R,S)-ketamine treatment-resistant depression [121]. Baseline (before infusion of ketamine) D-Ser
and also L-Ser plasma concentrations were significantly lower in ketamine treatment responder than
in ketamine treatment non-responder. Obtained data suggested that the pre-treatment
determination of baseline D-Ser levels in major depressive disorder patients could be used as
effective, rapid, and simple method for the prediction of antidepressant response to ketamine
treatment.

Palsson et al. used previously reported HPLC methods with fluorescence detection [122-124] to
explore glutamate hypothesis of bipolar disorder by examining peripheral and central levels of AAs
related to glutamate signaling [125]. Study included 215 patients with bipolar disorder and 112
healthy controls. Serum levels of Glu, Gly and D-Ser were significantly higher whereas L-Ser levels
were lower in patients as compared to controls. No differences between the patient and control
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group in AA levels were observed in CBF. Obtained results could be interpreted as a systemic
aberration in AA metabolism which affects several AAs related to glutamate signaling.

2D HPLC method with electrochemical detection was developed and used for the
determination of homo-cysteine, methionine and cysteine enantiomers in human serum [126]. AAs
were separated from each other by achiral column (Purospher RP-18) in the first dimension and their
enantiomers were separated on teicoplanin-aglycone based column (Chirobiotic TAG) in the second
dimension by on-line system. MP composed of ACN/MeOH/25 mM phosphate buffer, 1 mM
1-octanesulfonic acid sodium salt, pH 2.7 3/3/94 (v/v/v). Method was applied to the analysis of
human serum of healthy volunteers and patients with multiple sclerosis. D-enantiomers of all tested
AAs were not detected in serum samples. Preliminary results showed that patients with multiple
sclerosis had higher levels of Met in comparison to healthy volunteers. Nevertheless, no
generalization can be made, since only three samples from patients were tested.

GC/MS method employing RT-yDEXsa (2,3-di-acetoxy-6-O-tert-butyl-dimethylsilyl -CD
doped into 14% cyanopropylphenyl/86% dimethyl polysiloxane) column for AA determination in
human serum and urine was developed and applied to urine samples from patients with renal
insufficiency [127]. Method required protein removal by precipitation before AA derivatization with
methyl chloroformate/methanol and reaction performance at neutral pH. In comparison to healthy
volunteers, D-ratios of Ala, Val, Pro, Thr, Asp, and Asn significantly increased in patients. The
differences in D-AA ratios were mainly result of significant decrease in L-AA concentrations
normalized by creatinine levels.

Free D-AAs can also serve as biomarkers of diabetes mellitus (DM). Min et al. developed
UPLC/ESI-TOF-MS method for the determination of D,L-AAs derivatized with
R(-)-4-(3-isothiocyanatopyrrolidin-1-yl)-7-(N,N-dimethylaminosulfonyl)-2,1,3-benzoxadiazole ~ in
nails of diabetic patients [128,129]. Separations of derivatives were performed by gradient elution on
ACQUITY UPLC BEH C18 column, MPs contained water and ACN with 0.1% formic acid or 5 mM
ammonium acetate. Method provided trace detection of D,L-AAs and enabled the detection of
D-Ala, D-Pro, D-Val, D-Ile and D-Leu from nails of diabetic patients and healthy volunteers. No
significant difference in the content of L-AAs was observed. However, statistically significant and
strong correlation between the D/L-AA concentration ratios for Ala, Val, Ile and Leu was observed.
Chiral GC-MS method for the determination of free D-AAs in urine was developed, validated and
applied to a gestational DM study [130]. Pentafluoropropionic anhydride was used for sample
derivatization before analysis. Chiral separations were carried out on a Chirasil-L-Val fused-silica
capillary column under programmed temperature elution with helium as a carrier gas. % D-relative
amounts were determined for Ala, Val, Thr, Ser, Leu, Asx (Asp+Asn), Glx (Glu+Gln), Met, Phe, Tyr,
Orn and Lys. Statistically significant differences were observed only for D-Phe and higher values
were found in the gestational DM group in comparison with pregnant women with normal glucose
tolerance.

4. Conclusions

This review article gives an overview of AA enantiomeric ratio utilization in various fields as
well as analytical separation methods suitable for the determination. The growing interest in the
determination of chiral AAs from biological samples is obvious from the number of novel papers
including improved and/or new chromatographic methods. New findings in AA analyses of fossil
matters used in geochronology are usually achieved by well-established chromatographic methods.
On the other hand, significant improvement of chromatographic methods is actual especially for the
determination of D-AAs in various biological fluids and tissues. Progress in this field was enabled
by the introduction of 2D HPLC and fast and sensitive UPLC/MS methods. Both direct and indirect
chiral separation methods are used. Indirect LC methods require appropriate chiral derivatization
agent while direct methods suitable chiral stationary phase. Also non-chiral derivatization agents
are frequently used in direct methods to increase selectivity and sensitivity. Certainly, racemization
of AAs during sample preparation or derivatization must be avoided.
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Abbreviations

The following abbreviations are used in this manuscript:

AA: amino acid

MEKC: micellar electrokinetic chromatography
MS: mass spectrometry

CSP: chiral stationary phase

2D: two dimensional

ODS: octadecylsilica

NBD-F: 4-fluoro-7-nitro-2,1,3-benzoxadiazole
MP: mobile phase

ee: enantiomeric excess

OPA-NAC: o-phthaldialdehyde-N-acetyl-L-cysteine
SIM: selective ion monitoring

IBLC: N-isobutyryl-L-cysteine

ACN: acetonitrile

MeOH: methanol

OES: ostrich eggshell

THAA: total hydrolysable AAs

CBF: cerebrospinal fluid

LIF: laser-induced fluorescence

SDS: sodium dodecyl sulfate

SDC: sodium deoxycholate

L-PGA-OSu: L-pyroglutamic acid succinimidyl ester
NMDA: N-methyl-D-aspartate

AD: Alzheimer’s disease

FITC: fluorescein isothiocyanate

AAR: AA racemization

AAI AA isomerisation
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CCD-UPLC-MS/MS: covalent chiral derivatized ultra performance liquid chromatography tandem mass

spectrometry
DM: diabetes mellitus
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Publikace VI — Enantioselektivni separace v superktické fluidni chromatografii

Rostouci obliba SFC v chiralnich separacich je gitedevsim lepSi konstrukci SFC
pristroja a zvySenou robustnosti této metodBublikace VI piiblizuje mechanismus
separace v SFC, zabyva se dostupnymi chirdlningiostarnimi fazemi a shrnuje
publikované chiralni analyzy v letech 2000-2013.

Metoda SFC je zaloZena na pouZiti superkritickéakap jako hlavni slozky MP.
Superkritické kapaliny maji unikatni vlastnostijigh hustota a rozpou&ti schopnost je
obdobna jako u kapalin, nizkou viskozitou a difmnilastnostmi se podoba plym
[54]. Vysledkem &chto vlastnosti je niZzSi tlak v chromatografickégstému, a tedy
moznost pouZivat &kolikanasobg vyssi pfitoky MP v porovnani sdinou HPLC bez
ztraty separani innosti [55]. Nefasgji se pouziva oxid uhdity, ktery je snadno
dostupny, netoxicky, nellavy a jeho kritickych hodnot se dosahuje snadno<{1B1 °C,
px = 74 bar). Jako organické modifikatory se obvygtmizivaji MeOH, ACN, ethanol
nebo izopropanol, dale se pouZzivaji kysela a z&saditiva, nap kyselina trifluoroctova
a triethylamin. Sepatai systém lze k zisk&ni vySSich hodnot rozliSetépgiho tvaru
piki modifikovat gidavkem aditiv, &t uz organickych latek nebo kyselin/bazi. Vlivem
pridavku organickych modifikatarprobiha ¥tSina SFC separaci v subkritické oblasti. Pro
piipravu CSP lze pouzit Sirokou Skalu chiralnich lgeld. V dnesni dob se uplaiuji
piedevSim polysacharidové CSP na bazi derivatizovaelélozy a amylézy. Dale se
pouZzivaji CSP na bazi derivatizovanych CD a CHKoaninu, syntetickych polymer

Pirklovy nebo ionto¥ vyménné chininové a chinidinové CSP.
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1. Introduction

Routine qualitative and quantitative analyses, separations of
complicated matrices, preparative scale separations or chiral sep-
arations are common and irreplaceable part of pharmaceutical,
agrochemical and food productions. Nowadays, high performance
liquid chromatography (HPLC) predominates as separation tech-
nique in both analytical and preparative scale. However, demands
of the market on the limits of detection/quantification and anal-
ysis time rapidly increase. To meet these requirements producers
of HPLC apparatus lowered dwell volumes and made the devices
trouble-free as much as possible. Producers of HPLC columns mini-
mized the particle size to dimensions, which were not applicable 20
years ago due to unacceptable increase of the system pressure that
could not be maintained at that time. (Contemporary modern sys-
tems working with extremely high pressures are termed therefore
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ultra high performance/pressure liquid chromatography (UHPLC).)
Moreover, shell particles and monolithic columns were invented
and improved. Nevertheless, there still remained the possibility for
improving the properties of mobile phases. This made a space for
supercritical fluid chromatography (SFC).

Supercritical fluid is formed if temperature and pressure of a
gas or liquid exceed their critical values. Supercritical fluids have
unique features lying between gas and liquid states. Liquid-like
densities and dissolving capabilities together with gas-like vis-
cosities and diffusion properties make them ideal candidates for
major mobile phase components [1,2]. In general, critical values
of the majority of substances cannot be routinely achieved but
critical temperature and critical pressure of CO, (T¢=304.12K,
pc =73.74 bar) are easily attainable. Moreover, CO, has other favor-
able properties as it is non-toxic, non-flammable, can be easily
purified and is relatively cheap. Its high molecular diffusivity
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considerably enhances mass transfer [1]. The separation tech-
nique, which uses supercritical fluid as the main component of the
mobile phase, is widely accepted as SFC, despite the fact that the
majority of SFC separations take place in subcritical region due to
the addition of organic modifiers [1,2]. It is worth noticing that
SFC can substitute both normal phase and reversed phase HPLC
separation modes, despite the fact that it was often incorrectly
considered to be only a normal phase system [2]. Three inde-
pendently changeable and strictly controlled conditions, namely
pressure, temperature and mobile phase composition enable sep-
aration of a large number of compounds in reasonable analysis
time. Wide variety of possible organic modifiers facilitates the
method development and significantly accelerates the optimiza-
tion of separation. Principal features of the SFC separation systems
enable also trouble-free column coupling suitable for analyses of
complicated mixtures. The SFC mobile phases enable high flow
rates and therefore fast analyses. Post-analysis evaporation of CO,
keeps products concentrated in the organic modifier. Last but
not least, compounds are usually better soluble in mixtures of
supercritical fluids and organic modifiers than in pure organic
solvents [1,3].

SFC has been introduced more than 50 years ago [4]. How-
ever, only few papers were published during the next two decades,
despite the fact that SFC pioneers substantially improved the
instrumentation [e.g. 5-7]. The rebirth of SFC started in early
80s of the 20th century. Since then there were keen dispu-
tations between the supporters of packed and open tubular
SFC columns. Open tubular columns (OTC) were considered to
provide better chromatographic efficiency due to the lower pres-
sure drop. These columns were also compatible with common
GC detectors and furthermore they were supported by strong
marketing strategy mainly on the US market. The described
situation caused a temporary abatement of more user-friendly
packed columns [8,9]. However, technical difficulties and poor
reproducibilities/repeatabilities of the methods resulted within
a few years in the extinction of OTC in SFC [8,9]. SFC as a
method regained its popularity in the 90s. This was supported
by the boom of packed SFC columns that proved to have big-
ger separation potential than the OTC. Consequently, SFC could
substitute or even surpass HPLC in many applications. The
main difficulties with back-pressure regulation, consistent flow
rates, modifier addition and automation have been resolved.
Modern SFC apparatus are compatible with common chromato-
graphic detectors including MS detector [10,11]. Moreover, first
attempts to employ sub-2-pm and shell particles in SFC have
succeeded [12,13].

In 2013 a new SFC apparatus was introduced by Waters
as ultraperformance convergence chromatography UPC2, which
opens a new possible dimension of analytical instrumentation.
SFC is becoming a widely accepted and used technique in
both academic and commercial spheres. A number of interest-
ing reviews, which cover history [8,12], applications [3,9,14] and
also the physicochemical point of view [1,2,15] has emerged
recently.

The aim of our work is to provide a comprehensive lit-
erature overview focused on chiral SFC separations covering
the time period from 2000 till August 2013 according to
Web of Science. As fast and efficient enantioselective separa-
tions are essential demands mainly in pharmaceutical industry,
SFC using chiral stationary phases seems to be a good solu-
tion. For the right choice of a SFC method some basic
knowledge of the stationary phases is fundamental. Therefore,
we start with basic description of available chiral stationary
phases (CSPs) and properties of separation systems in SFC, and
then we summarize applications that are clearly arranged in
tables.

2. Chiral stationary phases and chiral SFC separation
process

Open tubular, packed capillary, and packed column formats
were utilized in chiral SFC, although the field has been dominated
by applications involving packed columns in recent years [16,17].
The unique properties of supercritical fluids make packed column
SFC the most favorable choice for fast enantioselective separations
among all possible separation techniques [18]. For chiral SFC sep-
arations most HPLC chiral stationary phases can be directly used
[3] and new types of CSPs are still being developed. While many
papers are focused on particular applications by chiral SFC (see
Tables 1 and 2) only few papers deal with fundamental SFC stud-
ies [9]. In this chapter we give an overview of CSPs used in SFC
and review some theoretical aspects that can be useful in method
development and optimization of the enantioselective SFC separa-
tions.

2.1. Polysaccharide-based CSPs

CSPs based on derivatized polysaccharides are most popular
in SFC nowadays [19,20]. Recent development in their synthesis
and application was reviewed by Chankvetadze [21] in 2012. As
native polysaccharides showed only weak chiral recognition abil-
ity, various derivatives, particularly of cellulose and amylose, were
developed [22,23]. These derivatives behave differently in terms
of enantioselectivity. For example, amylose benzoates show much
lower recognition abilities than the cellulose derivatives. This may
be a consequence of lower conformational stability of the amylose
derivatives [23]. Tris(phenylcarbamates) of cellulose and amylose
differ in their higher-order structure, i.e. left-handed 3/2 and 4/1
helical chain conformations, respectively. The difference in their
helical structures may result in different chiral recognition ability
[23-26].

Amylose-based Chiralpak AD column (amylose tris(3,5-
dimethylphenylcarbamate) CSP) was applied for basic
determination of interactions responsible for retention and
chiral discrimination of thiazolbenzenesulfonamide compound
[27]. The results revealed that while the main adsorbing inter-
actions are formed between the hydroxyl group of the analyte
(OH group is located on alkyl chain connected to pyridine ring)
and the carbamate group of the CSP, chiral discrimination was
achieved through an inclusion mechanism within the chiral cavity
created along the amylose chains. It was demonstrated that the
process is enthalpy-driven. A full factorial design with three center
points was used for study of the influence of chromatographic
conditions (column temperature, column back-pressure, and
methanol content in the mobile phase) on the chromatographic
behavior, ie. retention and enantioselectivity of amino alcohols
on Chiralcel OD (cellulose tris(3,5-dimethylphenylcarbamate)
CSP) and Chiralpak AD columns [28]. The centerpoint conditions
were set as Chiralcel OD column, 10mM DMOA and 50 mM
acetic acid in MeOH/CO, 20/80 (v/v), column temperature 30°C,
column back-pressure 200bar. The column temperature and
concentration of MeOH had a greater impact on chromatographic
performance than column back-pressure. Differences between
predicted and experimental data were less than 10%. A mixed
theoretical and empirical isotherm was used to describe the
adsorption behavior of 1-phenyl-1-propanol enantiomers as a
function of temperature, density and modifier concentration at
the same time on Chiralcel OD column [29]. The authors found
that the separation performance was better at 30°C than at 40°C
if the other conditions were kept the same. Consequently, the
same column was used under nonlinear adsorption conditions.
A binary Langmuir isotherm was applied to describe adsorption
of 1-phenyl-1-propanol enantiomers as a function of density and
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Fig. 1. Comparison of enantioseparation of flavanone on the generic OD-H columns and the Chiralpak AD-H and five other polysaccharide-based CSPs. Separation conditions:
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injection volume 10 wl.
Reproduced with permission from [171]. © 2010 Elsevier.

modifier concentration [30]. Bao et al. used the equilibrium dis-
persive (ED) model to describe the chromatographic process [31].
For the estimation of single-component adsorption isotherms of
trans-(—)- and -(+)-paroxol, overloaded single-component elution
profiles were used to calculate adsorption capacity by the elution
characteristic point (ECP) method. The isotherms obtained were
further validated by comparing experimental elution profiles on
Chiralpak AD-H (amylose tris (3,5-dimethylphenylcarbamate) CSP)
column with the predictions based on the ED model. Inversion of
elution order of paroxol enantiomers when using 2-PrOH instead
of MeOH or EtOH suggested that chiral recognition mechanism on
Chiralpak AD-H column could be quite different in SFC and HPLC.
The enantioseparation of flurbiprofen on Chiralpak AD-H column
was studied under linear and non-linear conditions [32]. The linear
isotherms showed characteristics typical of SFC systems, i.e. the
Henry constants decreased with increasing density and modifier
concentrations. Non-linear isotherms were obtained by matching
experimental elution profiles of pure enantiomers with calculated
ones that were based on competitive Langmuir and bi-Langmuir
isotherms. It was found that mass transfer coefficients were rather
high, which was reflected in the sharp elution profiles. The satura-
tion capacities did not show regular trends with neither the density
nor the modifier concentration. A binary retention time method
(BRTM) for measurement of competitive Langmuir isotherm
parameters was developed [33]. The method utilizes measured
retention times of the two shock fronts of binary injections and
the Henry constants to estimate the isotherm parameters. Two
schemes, G-BRTM and V-BRTM were introduced. The G-BRTM
can be used for both mass and volume overload conditions, while
the V-BRTM can be used only for volume overload injections.
However, the V-BRTM is expected to be more robust as no bounds
for the ranges of the decision variables are required and hence is
independent of user’s input.

Retention data were previously obtained on Chiralcel OD and
Chiralcel OB-H (cellulose tribenzoate) columns [30,34]. Wenda
et al. presented multi-objective optimization analysis and exper-
imental implementation of a single column isocratic SFC process
for the enantioseparation of flurbiprofen using Chiralpak AD-
H column [35]. Optimization problems can be sorted into two
kinds with respect to the number of objective functions, namely
single and multi-objective. These two kinds of optimization prob-
lems are conceptually different. Single objective problems seek

to maximize or minimize one objective function and thus result
in unique set of decision variables. In the case of multi-objective
optimization there may not exist an unique optimum (i.e. a sin-
gle point) with respect to all the objectives. Instead, there would
be an entire set of optimal solutions (i.e. a curve known as Pareto
curve) when the objectives conflict with each other. Simulation of
the process was carried out using a detailed model with equilib-
rium description by a competitive Langmuir isotherm. West et al.
investigated factors participating in the chiral recognition on two
polysaccharide-based columns, Chiralcel OD-H (cellulose tris(3,5-
dimethylphenylcarbamate) CSP) and Chiralpak AD-H [36,37]. The
reasons for successful enantioseparation were shown to be clearly
different on the two CSPs. Indeed, steric fit along with hydrogen
bonding seemed to be the most important for good enantiorecogni-
tion on Chiralpak AD-H. However, enantiorecognition on Chiralcel
OD-H column required not only hydrogen bonding but also
dipole-dipole and - interactions. Two chlorinated polysaccha-
ride CSPs, cellulose tris-(3-chloro-4-methylphenylcarbamate) and
amylose tris-(5-chloro-2-methylphenylcarbamate) (Lux Cellulose-
2 and Lux Amylose-2 columns) were used for investigating effects
of molecular structure of chiral fluoro-oxoindole-type compounds,
temperature, modifier nature and its content on retention and
enantioresolution in SFC [38]. The effect of temperature was
shown to be of less significance than the other factors studied.
However, the temperature was strongly dependent on the station-
ary phase, the mobile phase and structure of analytes. De Klerck
et al. compared the enantioselectivity of twelve polysaccharide-
based CSPs from different manufactures [39]. They confirmed the
presumption that CSPs containing the same selector do not always
display the same enantioselectivity. Many works using various
polysaccharide-based CSPs are focused also on thermodynamic
studies (using van’'t Hoff plots, dependences of Ink on recipro-
cal thermodynamic temperature) of enantioseparation processes:
Chiralpak IB (cellulose tris(3,5-dimethylphenylcarbamate) immo-
bilized onto silica gel CSP) column [40]; Chiralcel OD-H, Chiralpak
AD, Lux Cellulose-2, Lux Amylose-2 columns [41-44]; Lux Cel-
lulose 1 (tris(3,5-dimethylphenylcarbamate) CSP), Lux Cellulose
2 columns [45,46]; Chiralcel OD-H [47] and Chiralpak IC (cel-
lulose tris (3,5-dichlorophenylcarbamate) immobilized on silica
gel) columns [48]; Sino-Chiral O] (cellulose tris(4-methylbenzoate)
CSP) column [49]; Chiralpak AD-H column [50] were used for these
studies.
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Various screening strategies were developed and applied for
different polysaccharide-based columns [51-59]. For detailed
information, i.e. columns and mobile phase compositions see
Table 1 (Fig. 1).

2.2. Cyclic oligosaccharides

2.2.1. Cyclodextrins

Cyclodextrins (CDs) used in enantioselective separation systems
are composed of 6-8 p-glucopyranose units. These units linked
together form a relatively hydrophobic cavity while hydrophilic
hydroxyl groups on the rim can serve for additional interactions or
can be further derivatized [3]. Formation of enantioselective inclu-
sion complexes of analytes with the hydrophobic cavity of CDs can
be hindered by the apolar carbon dioxide in SFC [60]. The major-
ity of works deals with syntheses of new CD derivatives and their
evaluation.

Synthesis and application of some novel cyclodextrin (CD) CSPs
applied also in SFC appeared in some review papers dealing with
chromatographic separations in general [61,62]. The structure of
[B-cyclodextrin is depicted in Fig. 2A.

Four mono-2 and mono-6-0-pentenyl-(3-CD-CSPs were com-
pared in terms of their enantioselectivity for aminoglutethimide
and thalidomide [63]. The influence of the nature of heteroatom
functionality in the spacer arm between CD and support and
regioselectivity of the pentenyl spacer in position 2 or 6 on the
glucopyranosidic unit were evaluated. The impact of the position
of the pentenyl moiety was of crucial importance in the chiral
discrimination phenomenon. SFC with these CSPs is suitable for
the enantioseparation of aminoglutethimide but not effective for
thalidomide.

Sumichiral OA-7500 column composed of heptakis(2,3,6-tri-O-
methyl)-3-CD was compared with amylose-based CSP (Chiralpak
AD-H column) in terms of enantioselectivity [64]. The effects of
various separation conditions were investigated and compared
for both columns. It was found that lower alcohol content in
the mobile phase improved enantioseparation of a-tetralol on
the Sumichiral column and 1-phenylethylamine on the Chi-
ralpak AD-H column, while this effect was not observed with
either a-tetralol or 2-phenylpropionic acid on the Chiralpak
AD-H column. Four cationic 3-CD derivatives, namely mono-
6-(3-methylimidazolium)-6-deoxy-perphenylcarbamoyl-f3-CD
chloride (MPCCD) [65], mono-6-(3-methylimidazolium)-
6-deoxyper(3,5-dimethylphenylcarbamoyl)-3-CD
chloride (MDPCCD), mono-6-(3-octylimidazolium)-
6-deoxyperphenylcarbamoyl-3-CD chloride (OPCCD)
and mono-6-(3-octylimidazolium)-6-deoxyper(3,5-
dimethylphenylcarbamoyl)-3-CD chloride (ODPCCD), were
synthesized and physically coated onto porous spherical silica
gel to obtain CSPs [66]. Obtained results revealed that the CSPs
containing an n-octyl group on imidazolium moiety and phenyl-
carbamoyl groups on the CD ring provided enhanced analyte
- chiral substrate interactions over CSPs bearing methyl group
on the imidazolium moiety and 3,5-dimethylphenylcarbamoyl
groups on the CD ring. OPCCD CSP showed the best separation
abilities for tested analytes. Vinyline-functionalized cationic 3-CD
was co-polymerized with vinylized silica in the presence of azo-
bisisobutyronitrile and conjugated monomers to form chemically
immobilized CSP applicable in SFC [67]. The results showed that
analytes undergoing good chiral resolution contained ionizable
moieties (forming anions), which take part in electrostatic attrac-
tions with the cationic moiety on the CSP. Other cationic [3-CD
CSPs were prepared for application in SFC, i.e. cationic -CD
perphenylcarbamoylated derivatives chemically bonded onto
vinylized silica using a radical co-polymerization [68]. Authors
found out that electrostatic forces between enantiomers and

the cationic moiety of B-CD are important for retention and
enantioseparation. Aromatic cationic moiety on 3-CD derivative
enabled better enantioseparations than an aliphatic one.

2.2.2. Cyclofructans

Cyclofructan-based CSPs were introduced in 2009 by
Armstrong’ group [69]. Cyclofructans (CFs) are macrocyclic
oligosaccharides that consist of six or more B-(2—1) D-
fructofuranose units. According to the number of fructofuranose
units in the macrocyclic ring the common abbreviations for these
compounds are CF6, CF7 and CF8 [69]. In contrary to CDs the central
core of CFs is hydrophilic, has the crown ether like structure - see
Fig. 2B. Derivatization of CFs significantly increases their enantio-
selectivity. Preliminary results showed enantioselective separation
power of R-naphthylethyl CF6 CSP (Larihc CF6-RN column) in SFC
[69]. More detailed study was performed with dimethylphenyl
carbamate CF7 CSP (Larihc CF7-DMP column) in SFC and the results
were compared with those obtained in HPLC [70]. The interactions
contributing to retention in various mobile phase compositions
were revealed by linear free energy relationship in both separation
systems. The distribution and strength of individual interaction
types varied with the mobile phase compositions. The results
suggested that adsorption of certain components of the mobile
phases plays more important role in SFC than in HPLC. Dispersion
interactions showed similar negative values using both techniques.
The main contribution of hydrogen bond acidity was also compara-
ble for both methods. However, the propensity to interact with n-
and/or m-electron pairs of solutes was significant only in SFC. The
effect of column back-pressure on enantioseparation using binary
mobile phases was tested on R-naphthylethyl CF6 CSP and other
nine columns in the mobile phase composed of MeOH/CO, 20/80
(v/v) [71]. Increased apparent dead time (tp) was observed at an
increased column back-pressure. The analysis of the experimental
data indicated that ty depends not only on the relative density
change along the column length but also on the adsorption of the
modifier (MeOH) onto the stationary phase. The measured reten-
tion (k) over pressure was found to follow a linear relationship. As
the column back pressure increased from 100 to 200 bar, resolution
decreased only slightly, on average 6%, mainly due to the retention
and efficiency decrease. The higher the retention of a compound
the more sensitive was its retention to pressure changes. This
empirical observation was validated based on the SFC separation
of 11 pairs of enantiomeric drug-like molecules on all tested
columns.

2.3. Ion exchange CSPs

Quinine (QN) and quinidine (QD) are alkaloids of the Cinchona
family [72]. The QN- and QD-based CSPs (see Fig. 3) can possess
besides the ion-pairing interactions, a combination of hydrogen
bond formation, w-1r and van der Waals interactions [73]. Quinine
and quinidine-derived anion-exchanger CSPs showed good enan-
tioselective potential for separation of acidic enantiomers also in
SFC[72,74]. It was found that a carbamoyl modification of the sec-
ondary hydroxyl group at C9 position of the alkaloid significantly
enhanced the enantiorecognition capabilities of the resulting chiral
selector. The tert-butyl carbamates of QN and QD immobilized on
spherical silica gel turned out to be the most versatile compromise
of structure variations (QN-AX and QD-AX columns).

Anovel strong cation exchange type CSP based on a syringic acid
amide derivative of trans-(R,R)-2-aminocyclohexanesulfonic acid
was prepared [75]. The results point to the existence of carbonic
and carbamic acid salts formed as a consequence of reactions occur-
ring between carbon dioxide, the alcoholic modifiers and the amine
species present in the sub/supercritical fluid medium, respectively.
The authors proved that retention on this CSP is predominantly
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Fig. 2. Structure of cyclic oligosaccharides. (A) B-Cyclodextrin and (B) cyclofructan.

based on an ion exchange mechanism, according to the stoichio-
metric displacement model.

2.4. Macrocyclic glycopeptide CSPs

To this family of CSPs belong mainly teicoplanin (T), teicoplanin
aglycone (TAG), ristocetin A (R) and vancomycin (V)-based phases.
Glycopeptide antibiotics consist of an aglycone “basket” and pen-
dent carbohydrate moieties, which are missing, of course, in
teicoplanin aglycone structure [76]. The aglycone portion of these
compounds is made up of 3 or 4 macrocyclic rings, which contain
ether, amide and peptide linkages. In addition, one or more carbo-
hydrate moieties are attached at various locations to each of the
aglycones. Macrocyclic glycopeptide CSPs are used less frequently
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Fig. 3. Structures of weak anion exchangers. (A) QN-AX (quinine-based) and (B)
QD-AX (quinidine-based).

for chiral separation in SFC nowadays. Teicoplanin-based (Chi-
robiotic T) column was used in a set of other nine columns in
simulated moving bed SFC [77]. The chiral recognition capabilities
of three macrocyclic glycopeptide-based chiral columns, namely
Chirobiotic T, Chirobiotic TAG and Chirobiotic R, were evaluated
with supercritical and subcritical fluid mobile phases [78]. All
separations were performed with an outlet pressure regulated at
100 bar, temperature 31°C and at flow rate of 4mLmin~!. Vari-
ous amounts of MeOH ranging from 7 to 67% (v/v) were added to
the CO, along with small amounts (0.1-0.5%, v/v) of TEA and/or
TFA dependent on the analyte structure. Chirobiotic TAG column
was the most effective, closely followed by the Chirobiotic T col-
umn. Both teicoplanin-based CSPs were able to separate, partially
or fully, 92% of the enantiomers tested. The ristocetin chiral selec-
tor could partially or baseline resolve 60% of the enantiomers. Three
macrocyclic glycopeptides CSPs, namely Chirobiotic T, Chirobiotic
V and Chirobiotic TAG columns were compared in terms of their
enantioselectivity for twenty-four structurally related coumarin
derivatives [79]. The relationship between the analyte structure
and CSPs’ enantioselectivity was discussed. The majority of these
derivatives could be separated in less than 10 min on the Chiro-
biotic columns. Another paper was focused on the influence of
variation of separation conditions on enantioseparation on risto-
cetin A-based CSP (Chirobiotic R) [80]. Seven of the set of nine
analytes studied were enantioseparated in SFC, while all could be
separated using different modes of HPLC. The authors found out
that varying conditions and structures did not allow identification
of the interactions responsible for chiral recognition. The effect of
additives (isopropylamine and triethylamine) concentrations on
the chromatographic behavior of vancomycin-based CSP (Chiro-
biotic V) was examined [81]. Many analytes failed to elute from the
vancomycin-based CSP in the absence of an additive and the most
noticeable effect of increasing additive concentration was a signifi-
cant decrease in retention. Chirobiotic V column was used as one of
a set of ten chiral columns for new SFC tandem column screening
tool [82]. The modification of SFC instrument enabled to screen
ten different columns and twenty-five different tandem column
arrangements. The resulting setup could be useful for screening
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of multicomponent separation problems in general. The effect of
column back-pressure on SFC enantioseparation was tested on
teicoplanin-based CSP (Chirobiotic T column) [71]. The results of
this work are described in more detail in Section 2.2.2 as CF-based
column was also tested.

2.5. Pirkle or brush type CSPs

Pirkle CSPs were developed to be either m-electron accep-
tors or m-electron donors and later also columns with both
m-donor and m-acceptor phase attributes [83]. Chirex 3005 col-
umn consisting of (R)-1-naphthylglycine and 3,5-dinitrobenzoic
acid found its applicability also in chiral SFC/tandem mass spec-
trometry [84]. The conditions of analysis of ketoprofen enantiomers
providing a good balance among sensitivity, resolution, and sam-
ple throughput used for further validation were: flow rate of
5mLmin~! and 55% MeOH in CO, as mobile phase. The first order
kinetic equation was used to determine the enantiomerization bar-
rier of some of 3-hydroxy-1,4-benzodiazepine enantiomers and
N-(p-methoxybenzyl)-1,3,2-benzodithiazol-1-oxide in SFC with
Whelk-01 (R,R) column [85,86]. Chirex 3022 column, (S)-indoline-
2-carboxylic acid and (R)-1-(a-naphthyl) ethylamine with urea
linkage CSP and Whelk-0O1 (S,S) column were used in a unique
column switching technique called “Simulated Moving Columns”
(SMC) [87]. SMC use two or three short chiral columns connected in
series, and enable the unresolved enantiomers to separate repeat-
edly and exclusively through each of the columns until sufficient
resolution is attained. Unlike the traditional closed-loop recycling
chromatography where analytes are cycled through a single col-
umn and pump, SMC works independently on the pumps and
therefore loss in resolution (due to band broadening) is avoided.
In SMC, there is no increase of the system back-pressure in the
process, since the total physical length of the columns remains
constant, regardless of how many cycles are required to achieve
resolution. So, SMC allows improvement of separation by virtually
multiplying the column length which provides increased reso-
lution at a constant pressure. The Whelk-O1 (S,S) column and
polysaccharide-based CSPs were used for evaluating new mobile
phase modifier 2,2,2-trifluoroethanol [88]. This modifier was used
as an alternative to alcohols for enantioseparation of alcohol sensi-
tive compounds. It was shown that trifluoroethanol exhibits ability
to resolve a variety of enantiomers when conventional alcohol
modifiers should not be used for the analytical application or the
preparative separation. Szczerba and Wrezel tested effects of vary-
ing co-solvents for chiral SFC method development on Whelk-O1
column [89]. The authors found out that increasing polarity of
alcohol correlates with decreasing selectivity and retention for
tested analytes. The Whelk-O1 (R,R) column was used for test-
ing of column back-pressure effects on enantioseparation [71]. The
results of this work are described in more detail in Section 2.2.2.
This CSP combines both mr-electron donor (tetrahydrophenan-
threne moiety) and mr-electron acceptor (3,5-dinitrobenzoyl
group) with amide hydrogen donor-acceptor site in a semi-rigid
scaffold [90].

2.6. Synthetic polymeric columns

Despite the fact that synthetic polymeric CSPs can be pre-
pared according to the requests of analysts, they did not
find wide routine use in any of the chromatographic separa-
tion systems. Nevertheless, polymeric chiral columns also found
applications in SFC. Kromasil CHI-TBB column composed of (0,0~
bis-4-tert-butylbenzoyl)-N,N’-diallyl-L-tartar diamide was found
to be suitable for enantioseparation in SFC [91-93]. For more details
see Table 1. Adsorption isotherms for the ibuprofen enantiomers
were determined on a Kromasil CHI-TBB column at a temperature

of 40°C and pressures of 15.6 and 17.0 MPa [94]. The porosity of
the stationary phase was calculated from chromatograms of pure
n-hexane. The measured overall porosity of the analytical column
was ¢ =0.703. Han and coworkers proposed empirical equations for
calculation of retention factor and resolution values of ibuprofen
enantiomers using Kromasil CHI-TBB column [95]. Two poly-
meric CSPs based on trans-(1S,25)-cyclohexanedicarboxylic acid
bis-4-vinylphenylamide, and trans-N,N’-(1R,2R)-cyclohexanediyl-
bis-4-ethenylbenzamide monomers were prepared and evaluated
in SFC [96]. Authors found out that different orientation of the
amide group of monomer used for synthesis of the two CSPs
resulted in significant differences in their enantioselectivities. The
CSPs were highly complementary to each other. Only 8 enan-
tiomers from a total of 42 were separated on the both CSPs. Most
chiral molecules tested were separated just on one column. P-
CAP (poly(trans-1,2-cyclohexanediyl-bis acrylamide) column was
found to be beneficial in the separation of a complex mixture of
enantiomers and achiral impurities. A key advantage of this type
of CSP is the fact that it is available in both enantiomeric forms,
allowing reversal of elution order of enantiomers [97]. The poly-
meric N,N’-[(15,2S5)-1,2-cyclohexanediyl] bis-2-propenamide (P-
CAP), the polymeric N,N’-[(1R,2R)]-1,2-diphenyl-1,2-ethanediyl]
bis-2-propenamide (P-CAP-DP), the polymeric trans-9,10-dihydro-
9,10-ethanoanthracene-(11S5,125)-11,12-dicarboxylic acid bis-4-
vinylphenylamide (DEABV) and the polymeric N,N’-[(1R,2R)-
1,2-diphenyl-1,2-ethanediyl] bis-4-vinylbenzamide (DPEVB) were
bonded to 5pm silica particles and used for preparation of
four chiral columns [98]. Their enantioselectivity was tested
with a set of 88 structurally different chiral compounds. All
enantiomers were separated on one or more of the pre-
pared CSPs. However, the DPEVB CSP was significantly less
efficient while the DEABV CSP seemed to be the most
broadly applicable of these CSPs. Three CSPs were synthesized
based on (1S,2S)-1,2-bis(2,4,6-trimethylphenyl) ethylenediamine,
(1S,25)-1,2-bis(2-chlorophenyl) ethylenediamine, and (1S,25)-1,2-
di-1-naphthylethylenediamine via a simple free-radical-initiated
polymerization in solution [99]. All three CSPs showed enantiose-
lectivity for alarge number of racemates with a variety of functional
groups, including amines, amides, alcohols, amino acids, esters,
imines, thiols, and sulfoxides. Their performances were compared
with that of P-CAP-DP commercial polymeric column (the chiral
monomer used is (15,25)-1,2-diphenylethylenediamine). P-CAP-DP
CSP added -7 interaction possibilities [99,100] that were not
available in the P-CAP phase. The new polymeric CSPs showed sim-
ilar or better enantioselectivities and faster separation capability
compared with the commercial column.

2.7. Molecularly imprinted polymers CSPs

Molecularly imprinted polymer (MIP)-based CSPs are composed
of chiral “receptor” selective for one enantiomer of the pair. High
selectivity arises from shape-selective recognition sites, gener-
ated by the imprinting process [101]. MIPs are often prepared in
form of monoliths. If the monolith swells, its through pores will
decrease in size resulting in lower permeability, and consequently
leading to reduced reproducibility [102]. Physical properties of
mobile phases and the polymer swelling will depend on the
CO,/organic modifier ratio, temperature and pressure. Manipu-
lation of these variables should enable the polymer swelling to
be “tuned” [103]. While MIP CSPs were applied for many years
in chiral HPLC separations [101] only few publications deal with
their use in SFC. MIPs as CSPs in SFC were first used in 2000
[104]. Two types of MIP CSPs were prepared, for the templates
free base racemic propranolol and L-enantiomer of phenylalanine
anilide (L-PA) were used. After several days under SFC conditions,
the performance of the photochemically initiated L-PA MIP was
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Summary of CSPs, mobile phase compositions, separation conditions (back-pressure, flow rate and temperature) and applications of SFC methods for enantioselective
separation. Main mobile phase component was CO,.

CSP/column Analyte Separation conditions Note References
Amylose tris(3,5-dimethylphenylcarbamate)
Chiralpak AD 2-Bromo-methyl-2-(2,4- 8% ACN Comparison of SFC and [144]
dichlorophenyl)-1,3- HPLC
dioxolan-4-yl
methylbenzoate
2-Oxatetracyclo Various amounts of MeOH Method development [145]
[5.4.0.0'8.0>11] or EtOH
undec-9-ene derivatives 200bar, 1 or 2mLmin~",
20 or 30°C
Albendazole sulfoxide 30% 2-PrOH Method development [146]
200bar, 3mLmin~', 35°C
Cetirizine 30% (2-PrOH+0.1% Method development [147]
TEA+0.1% TFA)
20 MPa, 2 mLmin~', 35°C
Citadiol 10% (MeOH +0.25% TEA) HPLC method validation [148]
120bar, 4mLmin~1, 40°C and comparison to SFC
Cyclic ditryptophan MeOH +H,0 Interface for analytical [149]
(98/2)+20 mM ammonium pyrolysis
formate
Gradient: 0.2-1.2 mLmin~!
at 20 min
1.8mLmin~! CO,
Bifonazole 30% EtOH Method development, [43]
20 MPa, 2 mLmin~', 35°C effect of temperature
Econazole, miconazole, 15% or 20% MeOH Method development, [150]
sulconazole 20MPa, 2 mLmin~"', 35°C effect of temperature
Itraconazole 40% [EtOH +2-PrOH
(15/85)]
20MPa, 2 mLmin~!, 35°C
Ketoconazole 30% (EtOH +0.1% TEA+0.1% Method development, [151]
TFA) effect of temperature
300 bar, 3mLmin~?, 35°C
Ketoconazole Various amounts of Comparison of AD and [152]
EtOH+0.1% TEA+0.1% TFA OD columns
200bar, 2mLmin~1, 35°C
4 Dioxolane compounds Various amounts of ACN or
ketoconazole EtOH or MeOH or 2-PrOH
(+0.1% TEA+0.1% TFA as
needed)
200bar, 2mLmin~', 35°C
1,3-Dioxolane derivatives Various amounts of EtOH Method development, [153]
or MeOH or 2-PrOH or ACN effect of temperature;
(+0.1% TEA+0.1% TFA as 3 out of 4 compounds
needed) separated
200bar, 2mLmin~1, 35°C
Triadimefon 10% EtOH Method development [154]
200bar, 2mLmin~', 35°C
Triadimenol EtOH
Triadimefon + triadimenol Gradient: 5% up to 2 min,
rise to 25% at 1.8% min~!
200bar, 2mLmin~', 35°C
Lansoprazole, omeprazole, Various amounts of EtOH Method development, [155]
pantoprazole, rabeprazole or MeOH or 2-PrOH effect of temperature
20 MPa, 2 mLmin~', 35°C
Lansoprazole, omeprazole, 30% EtOH or MeOH or Screening for preparative [156]
pantoprazole, rabeprazole 2-PrOH, all with 0.1% TEA separation
30% [MeOH + ACN +TEA
(50/50/0.1)]
50% [MeOH +2-PrOH + TEA
(90/10/0.1)]
210bar, 4mLmin~', 40°C
Omeprazole, pantoprazole Various amounts of 2-PrOH Comparison of SFC and [157]
20 MPa, 2 mLmin~"', 35°C HPLC
Oxfendazole 40% (EtOH +0.1% TEA+0.1% Method development [147]
TFA)
20MPa, 2 mLmin~!, 35°C
Metoprolol and 18 20% (MeOH + 10 mM Comparison of AD and OD [28]
aminoalcohols DMOA +50 mM HOACc) columns
200bar, 2mLmin~1,30°C
Mianserin, propranolol, MeOH (+0.1% NH40H) Ammonium hydroxide as [136]

trans-stilbene oxide

Gradient: 10-65% in
1.8 min, hold for 0.67 min
120bar, 5mLmin-1, 40°C

mobile phase additive
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CSP/column

Analyte

Separation conditions

Note

References

Ibuprofen

Flurbiprofen, ibuprofen,
ketoprofen, naproxen

Ketoprofen,
N-CBZ-phenylalanine,
propranolol, warfarin
Flurbiprofen, hexobarbital,
mianserin, oxprenolol,
suprofen

Fenoprofen

Praziquantel
Acenocoumarol, sulpiride
Propiomazine
Promethazine, verapamil
Warfarin

Trans-3-ethoxycarbonyl-4-
(4'-fluorophenyl)-1-methyl
piperidine-2,6-dione
Thiazolbenzenesulfonamide,
tetrazolbenzenesulfon-
amide

6 triazole pesticides

6 benzimidazole sulfoxides

12 chiral drugs

20 pharmaceutical
racemates

20 compounds (10
commercial + 10 Pfizer)

23 commercial +23
proprietary compounds

32 compounds (alcohols,
amines, amino acid esters)

40 chiral drugs

50 compounds

72 commercially available
racemates +44 Amgen
compounds

15% 2-PrOH

160 bar, 2mLmin~!, 40°C
15% or 10% MeOH or EtOH
or 2-PrOH or

2-PrOH +5 mM citric acid
150bar, 1 or 1.5mLmin?,
30°C

Various amounts of
MeOH +0.5% IPA

15MPa, 2mLmin~', 30°C
10% MeOH

25% 2-PrOH

30% 2-PrOH

25% MeOH

5% 2-PrOH

20% 2-PrOH

30% EtOH

24MPa, 7 mLmin~', room
temperature

9.5% 2-PrOH

15MPa, 2mLmin~’,
308.15K

50% (EtOH +0.5% TEA)
250bar, 2mLmin~', 40°C

Various amounts of MeOH
or EtOH or 2-PrOH (+0.1%
TEA+0.1% TFA as needed)
200bar, 2mLmin~1,35°C
Various amounts of EtOH
or MeOH or 2-PrOH or ACN
20MPa, 2 mLmin~!, 35°C
10% MeOH (+0-1% IPA or
TEA)

20MPa, 2 mLmin~', 30°C
EtOH +0.1% IPA

Gradient: to =20%,

t(5 min) = 20%, £(10 min) = 35%,
t(15 min) = 35%

18 MPa, 2.5 mLmin~!
MeOH +0.1% IPA or TFA or
both

EtOH +0.1% ESA

Gradient: 5-40% at 2.5%
min~!

150bar, 2mLmin~!, 35°C
MeOH or EtOH or 2-PrOH
(+0.1% DEA or TEA as
needed)

Gradient: 10-55% over
1.5min at 30% min~', 55%
kept for 1 min

120bar, 5mLmin~1, 40°C
10% EtOH with or without
2% amine additive

Various amounts of MeOH
or EtOH or 2-PrOH, all with
0-1% cyclohexylamine
200bar, 1.5mLmin"1,40°C
Various amounts of MeOH
or EtOH or 2-PrOH, all with
0.5% IPA or TFA

200 or 100 bar, 1.5 or
3mLmin~?, 30°C

EtOH (+0.1% TFA or TEA as
needed)

Gradient: 0-50% at
3.3%min"', hold for 5 min
3000 psi, 2mLmin~!, 40°C
MeOH or EtOH or 2-PrOH,
all with 0.2% DEA
Gradient: 5-55% over 8 min
100bar, 5mLmin~!

Development of method
suitable for SMB
Reversal elution order

Evaluation of standard
reference material

Comparison of SFC,
POSC, NPLC

Human plasma sample

Method development,
effect of temperature

Method development,
effect of temperature

Method development

Method development,
effect of temperature

Comparison of TEA and IPA
additives

Evaluation of new SFC/MS
experimental arrangement

Screening method
development

Comparison of chiral
columns by screening

Effect of amine mobile
phase additives

Screening method
development

Comparison of HPLC, SFC,
CE

Evaluation of unusual
modifiers;

30 commercial and 38
Amgen samples separated

[158]

[137]

[159]

[160]

[161]

[42]

[27]

[162]

[44]

[81]

[163]

[56]

[54]

[131]

[57]

[59]

[133]
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CSP/column Analyte Separation conditions Note References
Chiralpak AD-H 1-Phenylethylamine 4% (2-PrOH +0.1% DEA) Method development, [64]
11.8 MPa, 5mLmin~1, 25°C effect of pressure
2-Phenylpropionic acid 4% MeOH
7.9 MPa, 5mLmin~', 40°C
a-Tetralol 6% 2-PrOH
13.7MPa, 4mLmin!, 40°C
-Methylphenylalanine-N- 20% [MeOH +EtOH (50/50)] Method development [164]
benzylcarbamate methyl 100bar, 2mLmin~', 35°C
ester
Amphetamine + methamphetamine  10% (2-PrOH +0.5% Effect of amine mobile phase [131]
cyclohexylamine) additives
150 bar, 5mL min~!
Ibuprofen +1- 10% MeOH Chiral column coupling [82]
phenylethylamine 200 bar, 1.5mLmin~", 35°C (AD-H+IA)
Flurbiprofen, propranolol 15-40% MeOH SFC with polarimetric [119]
HCl, thioridazine HCI, 5mLmin~1, 25 or 40°C detection
tramadol HCI
Flurbiprofen 19% MeOH Methodology to design SFC [35]
135bar, 0.97 mLmin~! separation
Flurbiprofen 0.07 mLmin~" EtOH, Effect of pressure and [32]
1mLmin~! CO, modifier concentration
120bar, 30°C
Fenoterol, thioridazine 20% (MeOH +20mM NH3) NH3; as mobile phase additive [135]
100 bar, 4mLmin~', 40°C
Fulvestrant 25% [MeOH +ACN (95/5)] Method development [165]
2.5mLmin~', 55°C
Naringenin Various amounts of MeOH NHj3 as mobile phase additive [135]
with 20 mM NHs or 0.2%
DEA or 0.2% DMEA
100 bar, 5mLmin~!, 40°C
Neonicotinoid insecticides Various amounts of EtOH Method development, [47]
150bar, 2mLmin~', 35°C comparison to HPLC
Paroxol 5% MeOH Method development, [31]
15MPa, 2mLmin~1, 35°C adsorption isotherm
Piperidine derivative, Various amounts of Intelligent 4 column [53]
warfarin MeOH + 10 mM NH40Ac screening
100 bar, 2 mLmin~!
Primaquine diphosphate 20% (MeOH +0.4% DEA) Contaminant analysis [166]
4mLmin-!,35°C
Proline derivatives 5-10% (EtOH +0.1% TFA) Comparison of SFC and HPLC [50]
100 bar, 2.5 mLmin~"', 35°C
Sotolon 2.5% MeOH Method development, effect [121]
8MPa, 1.5mLmin"!, 28°C of pressure and temperature
Six 3-substitued-4- Various amounts of MeOH Screening for preparative [167]
arylquinolinones or EtOH or 2-PrOH method development
150bar, 2mLmin~', 35°C
Seven <y-lactones (Cs-C12) 1.5-3% 2-PrOH Method development, effect [168]
7-14 MPa, of temperature
1.3-2.35mLmin"!,
30-40°C
8 Pyrazinones 10% MeOH or EtOH or Preclinical testing [169]
2-PrOH
150bar, 2mLmin~!, 35°C
9 Amides MeOH (+0.1% IPA) Effect of additives and [48]
MeOH +ACN +FA +IPA column temperature;
(75/25/0.3/0.3) 7 amides separated, 5
Gradient: 5-50% at 6.5% baseline
min~!, hold for 1 min
150bar, 4mLmin~!, 40°C
12 compounds, including 4 20% or 40% of MeOH or TFE as mobile phase modifier [88]
alcohol sensitive EtOH or 2-PrOH or ACN or
compounds TFE
100bar, 3mLmin~', 40°C
20 compounds (10 amines 20% or 40% ACN or MeOH CBZ derivatization [170]
and their CBZ-derivatives) or EtOH or 2-PrOH or
2-BuOH (+0.1% DEA)
100bar, 2.5mLmin"1, 40°C
36 compounds (amino acid 20% (EtOH+0.1% ESA) ESA as mobile phase additive [132]
esters, amino acids, 180bar, 2mLmin~!, room
3-blockers, amines) temperature
40 commercial MeOH (+0.2% DEA as Comparison to P-CAP column [97]
compounds + 100 needed) by screening;

proprietary compounds

Gradient: 7% held for

2 min, increased to 50% at
7% min~', held for 2 min
100bar, 4mLmin~!, 35°C

86% neutral, non-nitrogen
containing compounds, 83%
acidic compounds and 85%
basic and neutral compounds
separated
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Table 1 (Continued )
CSP/column Analyte Separation conditions Note References
48 compounds MeOH +25 mM IBA Screening approach for CSP [171]
Gradient: 4% for 4 min, evaluation;
ramp to 40% at 4% min~’, [llustrative separation in
hold for 2 min Fig. 1
200bar, 2mLmin~1,35°C
57 pharmaceutical Various amounts of 2-PrOH Chiral screening approach [172]
compounds or MeOH with IPA or TFA
or both
150bar, 3mLmin~!, 30°C
59 pharmaceutical 10% MeOH (+0.5% IPA or Comparison of [39]
compounds (basic, TFA or both) polysaccharide columns
amphoteric, neutral, acidic) 150bar, 3mLmin-1, 30°C
135 compounds 10% MeOH Factors contributing to [37]
170bar, 3mLmin~1, 25°C enantiomer separation
Chiralpak IA Lansoprazole, omeprazole, 30% EtOH or MeOH or Screening for preparative [156]
pantoprazole, rabeprazole 2-PrOH, all with 0.1% TEA separation
30% [MeOH + ACN + TEA
(50/50/0.1)]
210bar, 4mLmin~', 40°C
Mephobarbital, warfarin 10% MeOH Guideline for mobile phase [51]
selection
12 compounds, including 4 Various amounts of DCM or TFE as mobile phase [88]
alcohol sensitive ethyl acetate or THF or TFE modifier
compounds (+0.1% DEA)
100bar, 3mLmin~!, 40°C
20 compounds (10 MeOH +0.1% IPA or TFA or Screening method [56]
commercial + 10 Pfizer) both development
EtOH +0.1% ESA
Gradient: 5-40% at 2.5%
min~!
150 bar, 2mLmin~!, 35°C
23 commercial +23 MeOH or EtOH or 2-PrOH Comparison of chiral [54]
proprietary compounds (+0.1% DEA or TEA as columns by screening
needed)
Gradient: 10-55% over
1.5min at 30% min~', 55%
kept for 1 min
120bar, 5mLmin~!, 40°C
72 commercially available MeOH or EtOH or 2-PrOH, Evaluation of unusual [133]
racemates +44 Amgen all with 0.2% DEA modifiers;
compounds MeOH +DCM + DEA 10 commercial and 27
(80/20/0.2) Amgen samples separated
MeOH +THF + DEA by screening
(80/20/0.2)
MeOH + DCM + THF + DEA
(80/10/10/0.2)
Gradient: 5-55% over 8 min
100 bar, 5mL min~!
RegisPack Fluoxetine 7.5% (MeOH +0.1% TEA) Comparison of Regis [174]
120bar, 3mLmin~!, 30°C columns
Flurbiprofen 30% MeOH
120bar, 3mLmin~', 30°C
Naringerin 25% MeOH Development of method [175]
suitable for SMB
Vitamin Ky 5% MeOH Method development; [176]
150bar, 2mLmin-1, 30°C 7 of 8 isomers separated
9 chiral drugs Various amounts of Comparison of Regis [177]
2-PrOH +0.5% DEA columns;
125bar, 4mLmin~', 40°C 6 compounds separated
130 compounds screened 10% MeOH Comparison of Regis [178]
150bar, 3mLmin~!, 25°C columns;
64% compounds separated
Amylose tris((S)-a-methylbenzylcarbamate)
Chiralpak AS Binaphthol 10% 2-PrOH Development of method [77]
16 MPa, 2mLmin~', 40°C suitable for SMB
Ephedrine 10% EtOH Comparison of SFC, POSC [160]
and NPLC
Lansoprazole, omeprazole, 30% EtOH or MeOH or Screening for preparative [156]

pantoprazole, rabeprazole

2-PrOH, all with 0.1% TEA
30% [MeOH +ACN +TEA
(50/50/0.1)]

210bar, 4mLmin~1,40°C

separation
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CSP/column Analyte Separation conditions Note References
Tramadol HCI MeOH SFC + polarimetric [119]
Gradient: 0% for 0.25 min, detection
rise to 50% over 3.5 min,
hold for 2.5 min
40°C
20 compounds (10 MeOH +0.1% IPA or TFA or Screening method [56]
commercial + 10 Pfizer) both development
EtOH +0.1% ESA
Gradient: 5-40% at 2.5%
min~!
150bar, 2mLmin~!, 35°C
20 compounds (10 amines 20% or 40% of ACN or CBZ derivatization [170]
and their CBZ-derivatives) MeOH or EtOH or 2-PrOH
or 2-BuOH (+0.1% DEA)
100 bar, 2.5 mLmin~"', 40°C
23 commercial +23 MeOH or EtOH or 2-PrOH Comparison of chiral [54]
proprietary compounds (+0.1% DEA or TEA as columns by screening
needed)
Gradient: 10-55% over
1.5min at 30% min~', 55%
kept for 1 min
120bar, 5mLmin~!, 40°C
40 chiral drugs Various amounts of MeOH Screening method [57]
or EtOH or 2-PrOH, all with development
0.5% IPA or TFA
100 or 200bar, 1.5 or
3mLmin~', 30°C
50 compounds EtOH Comparison of HPLC, SFC, [59]
Gradient: 0-50% at 3.3% CE
min~!, hold for 5 min
3000 psi, 2mLmin~', 40°C
72 commercially available MeOH or EtOH or 2-PrOH, Evaluation of unusual [133]
racemates +44 Amgen all with 0.2% DEA modifiers;
compounds Gradient: 5-55% over 8 min 10 commercial samples
100bar, 5mLmin~! separated
Chiralpak AS-H 1-(1-tert-Butoxyvinyl)-4- 3% (MeOH +0.2% TFA) Enantiomeric purity [179]
methoxy 120bar, 3mLmin~1, 40°C
pyrrolidine-2-carboxylic
acid
B-Methylphenylalanine-N- 20% MeOH Method development [164]
benzylcarbamate methyl 100bar, 2mLmin~1, 35°C
ester
Piperidine derivative, Various amounts of Intelligent 4 column [53]
warfarin MeOH +10 mM NH40Ac screening
100bar, 2mLmin~!
Six 3-substitued-4- Various amounts of MeOH Screening for preparative [167]
arylquinolinones or EtOH or 2-PrOH method development
150bar, 2mLmin~!, 35°C
8 pyrazinones 10% MeOH or EtOH or Preclinical testing; [169]
2-PrOH 1 compound separated
150bar, 2mLmin~!, 35°C
9 amides MeOH (+0.1% IPA) Effect of additives and [48]
MeOH +ACN +FA +IPA column temperature;
(75/25/0.3/0.3) 1 amide baseline separated
Gradient: 5-50% at 6.5%
min~!, hold for 1 min
150 bar, 4mLmin~!, 40°C
12 compounds, including 4 20%or 40% of MeOH or TFE as mobile phase [88]
alcohol sensitive EtOH or 2-PrOH or ACN or modifier
compounds TFE
100 bar, 3mLmin~1, 40°C
40 commercial MeOH (+0.2% DEA as Comparison to P-CAP [97]
compounds + 100 needed) column by screening;
proprietary compounds Gradient: 7% held for 33% of acidic compounds
2 min, increased to 50% at and 65% of basic and
7% min~', held for 2 min neutral compounds
100bar, 4mLmin-1, 35°C separated
57 pharmaceutical Various amounts of 2-PrOH Chiral screening approach [172]
compounds or MeOH, all with IPA or
TFA or both
150 bar, 3mLmin~!, 30°C
59 pharmaceutical 10% MeOH (+0.5% IPA or Comparison of [39]

compounds (basic,
amphoteric, neutral, acidic)

TFA or both)
150 bar, 3 mLmin~!, 30°C

polysaccharide columns
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CSP/column

Analyte

Separation conditions

Note

References

Amylose tris(3,5-dichlorophenylcarbamate)

Chiralpak IE

Norphenylephrine HCI

Amylose tris(5-chloro-2-methylphenylcarbamate)

Lux Amylose-2

Chiralpak AY

Chiralpak AY-H

Sepapak-3

(4S-Trans)-4-(ethylamino)-
4-(N-acetamide)-5,6-
dihydro-(6S)-methyl-4H-
thieno-[2,3-b]thiopyran-
7,7-dioxide
Fluoro-oxindole
derivatives

23 commercial +23
proprietary compounds

47 basic, neutral,
amphoteric and 12 acidic
compounds

57 pharmaceutical
compounds

59 pharmaceutical
compounds (basic,
amphoteric, neutral, acidic)

Acebutolol HCl, ketoprofen

57 pharmaceutical
compounds

12 compounds, including 4
alcohol sensitive
compounds

48 compounds

59 pharmaceutical
compounds (basic,
amphoteric, neutral, acidic)

Amylose tris(5-chloro-2-methylphenylcarbamate)

RegisPack CLA-1

9 chiral drugs

130 compounds screened

Cellulose tris(3,5-dimethylphenylcarbamate)

Chiralcel OD

1-Phenylethanol,
bupicavaine, verapamil
1-Phenylethanol

1-Phenyl-1-propanol

EtOH +0.1% NH4OH
Gradient: 5-60% in 1.8 min,
hold for 0.6 min,

105 bar, 4mLmin~1, 40°C

15% EtOH
200bar, 2mLmin~!, 35°C

Various amounts of EtOH
or MeOH

150bar, 3mLmin~1, 25°C
MeOH or EtOH or 2-PrOH
(+0.1% DEA or TEA as
needed)

Gradient: 10-55% over
1.5min at 30% min~!, 55%
kept for 1 min

120bar, 5mLmin~1, 40°C
Various amounts of MeOH
with IPA or TFA or both
150bar, 3mLmin~1, 30°C
Various amounts of 2-PrOH
or MeOH, all with IPA or
TFA or both

150bar, 3mLmin~1, 30°C
10% MeOH (+0.5% IPA or
TFA or both)

150bar, 3mLmin~', 30°C

EtOH +0.1% NH4,OH
Gradient: 5-60% in 1 min,
hold for 0.4 min,

105 bar, 1.5 mLmin~', 40°C

Various amounts of 2-PrOH
or MeOH, all with IPA or
TFA or both

150bar, 3mLmin~1, 30°C

20%or 40% of MeOH or
EtOH or 2-PrOH or ACN or
TFE

100bar, 3mLmin~', 40°C
MeOH +25 mM IBA
Gradient: 4% for 4 min,
ramp to 40% at 4% min~1,
hold for 2 min

200bar, 2mLmin~1,35°C
10% MeOH (+0.5% IPA or
TFA or both)

150bar, 3mLmin~!, 30°C

Various amounts of
2-PrOH +0.5% DEA
125bar, 4mLmin~', 40°C
10% MeOH

150bar, 3mLmin~!, 25°C

10% MeOH

150bar, 3mLmin~!, 25°C
MeOH

Gradient: 2-30% in 1.2 min,
hold 1.8 min

150bar, 2mLmin~1, 25°C
2.7% MeOH

17 MPa, 1 mLmin~', 30°C
2.4% MeOH

150bar, 1 mLmin~', 30°C

4.9% MeOH
170bar, 1 mLmin~"', 30°C

CSP comparison by
screening

Method development,
effect of temperature

Effect of modifier and
temperature

Comparison of chiral
columns by screening

Screening and evaluation
of mobile phase additives

Chiral screening approach

Comparison of
polysaccharide columns

CSP comparison by
screening

Chiral screening approach

TFE as mobile phase
modifier

Screening approach for CSP
evaluation;

[llustrative separation in
Fig. 1

Comparison of
polysaccharide columns

Comparison of Regis
columns;

9 compounds separated
Comparison of Regis
columns;

52% compounds separated

Comparison of
polysaccharide columns
Enzymatic reaction

Development of method
suitable for SMB
Method development,
effect of pressure and
temperature

Non-linear adsorption
isotherm

[173]

[41]

(38]

[54]

[134]

[172]

(39]

[173]

[172]

(88]

[171]

(39]

[177]

[178]

[180]

[181]

[129]

[29]

(30]
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CSP/column Analyte Separation conditions Note References
2-tert-Butyldimethyl- 0.15mLmin~! EtOH, Comparison of SFC, [182]
siloxy 3mLmin~' CO, HPLC, GC
methyl-5-(8'- 100kg cm2,45°C
ethoxycarbonyl-7'-
nonenyl)-3-methylfuran
2-tert-Butyldimethyl- 0.1 mLmin~' EtOH,
siloxy 3mLmin~! CO,
methyl-5-(9'-hydroxy-8'- 120kg cm—2,45°C
methyl-7'-enyl)-3-
methylfuran
anti-3-Isopropenyl-12- 0.2 mLmin~" EtOH,
methyl-13- 3mLmin~! CO,
oxabicyclo[8.2.1]trideca- 200kg cm~2, 45°C
1(12),10-dien-2-ol
Albendazole sulfoxide 10% MeOH Method development [146]

200bar, 2mLmin~', 35°C
Binaphthol 5% 2-PrOH Development of method [77]
16 MPa, 2mLmin~', 40°C suitable for SMB
Diltiazem hydrochloride 13% (2-PrOH +0.5% DEA) Comparison to HPLC [183]
180kgcm~2,2mLmin~',
50°C
Alprenolol, atropine, 10% MeOH Comparison of SFC, [160]
mandelic acid, etoprolol, POSC, NPLC
warfarin
Nadolol 10% EtOH
Metoprolol and 18 20% (MeOH +10 mM Comparison of AD and OD [28]
aminoalcohols DMOA +50 mM HOAc) columns
20% (MeOH + 10 mM
DMOA +50 mM TFA)
200bar, 2mLmin~', 25 or
30°C
Indapamide, Various amounts of Evaluation of standard [159]
N-CBZ-phenylalanine, MeOH +0.5% IPA reference material
ropranolol, warfarin 15MPa, 2mLmin~', 30°C
Nutlin-3 35% EtOH Development of [184]
100bar, 2mLmin~', 30°C purification method
Polychlorinated biphenyls 100% CO, Method development, [49]
150bar, 2mLmin-1, 36°C effect of temperature
Tetralol 5.4% EtOH Development of method [125]
150 or 200 bar, 40°C suitable for SMB
Four Various amounts of EtOH Comparison of SFC and [144]
cis-2-(2,4-dichlorophenyl)- or MeOH HPLC
1,3-dioxolanes
4 Dioxolane compounds Various amounts of ACN or Comparison of AD and OD [152]
ketoconazole EtOH or MeOH or 2-PrOH columns
200bar, 2mLmin~1, 35°C
20 compounds (10 amines 20%or 40% of ACN or MeOH CBZ derivatization [170]
and their CBZ-derivatives) or EtOH or 2-PrOH or
2-BuOH (+0.1% DEA)
100bar, 2.5mLmin"', 40°C
20 compounds (10 MeOH +0.1% IPA or TFA or Screening method [56]
commercial + 10 Pfizer) both development
EtOH +0.1% ESA
Gradient: 5-40% at 2.5%
min~!
150bar, 2mLmin~1, 35°C
20 pharmaceutical EtOH +0.1% IPA Evaluation of new SFC/MS [163]
racemates Gradient: to =20%, experimental arrangement
t(5 min) =20%, t(10 min) =35%,
t(15 min) = 35%
18 MPa, 2.5 mLmin~!
40 chiral drugs Various amounts of MeOH Screening method [57]
or EtOH or 2-PrOH, all with development
0.5% IPA or TFA
200 or 100 bar, 3 or
1.5mLmin',30°C
50 compounds EtOH Comparison of HPLC, SFC, [59]
Gradient: 0-50% at 3.3% CE
min~!, hold for 5 min
3000 psi, 2mLmin~, 40°C
72 commercial and 44 MeOH or EtOH or 2-PrOH, Evaluation of unusual [133]

proprietary Amgen
racemates

all with 0.2% DEA
Gradient: 5-55% over 8 min
100 bar, 5mL min~!

modifiers;

14 commercial and 6
Amgen racemates
separated
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Table 1 (Continued )
CSP/column Analyte Separation conditions Note References
Chiralcel OD-H (4S-trans)-4-(ethylamino)- 20% 2-PrOH Method development, [41]
4-(N-acetamide)-5,6- 200bar, 2mLmin~1, 35°C effect of temperature
dihydro-(6S)-methyl-
4Hthieno-[2,3-
b]thiopyran-7,7-dioxide
B-Methylphenylalanine-N- 20% MeOH Method development [164]
benzylcarbamate methyl 100bar, 2mLmin~1, 35°C
ester
Cinnamonitrile and 15% MeOH Achiral and chiral column [113]
hydrocinnamonitrile 120bar, 1 mLmin~1, 30°C coupling
intermediates
Citalopram 5% 2-PrOH HPLC method validation [148]
120bar, 4mLmin~1, 40°C and comparison to SFC
Ketamin, 20% (EtOH +0.5% DEA) Comparison of [185]
trichlormethiazide 210bar, 4mLmin~!, 40°C cellulose-based
Metoprolol +9 structure 20% MeOH or EtOH or columns
analogues 2-PrOH, all with 0.5% DEA
20% [MeOH + ACN + DEA
(50/50/0.5)]
210bar, 4mLmin~', 40°C
Pindolol, propranolol 30% MeOH Metabolic stability [186]
100 bar, 4mLmin~!, 45°C
35% (MeOH +0.2% IPA) Determination in blood [187]
100bar, 3mLmin~', 45°C sample
Neonicotinoid insecticides 10% EtOH SFC method development, [47]
150bar, 2mLmin~!, 35°C comparison to HPLC
Warfarin +indapamide 20% MeOH Effect of column [71]
200bar, 3mLmin~1, 35°C back-pressure
5 3-Blockers 20% EtOH or MeOH or ESA as mobile phase [132]
2-PrOH, all with 0.1% ESA additive
180bar, 2 mLmin~!, room
temperature
Six 3-substitued-4- Various amounts of MeOH Screening for preparative [167]
arylquinolinones or EtOH or 2-PrOH method development
150bar, 2mLmin~!, 35°C
8 pyrazinones 10% MeOH or EtOH or Preclinical testing [169]
2-PrOH
150 bar, 2mLmin~!, 35°C
9 amides MeOH (+0.1% IPA) Effect of additives and [48]
MeOH +ACN +FA +1PA column temperature;
(75/25/0.3/0.3) 8 amides separated, 7
Gradient: 5-50% at 6.5% baseline
min~!, hold for 1 min
150bar, 4mLmin~', 40°C
12 compounds, including 4 20% or 40% of MeOH or TFE as mobile phase [88]
alcohol sensitive EtOH or 2-PrOH or ACN or modifier
compounds TFE
100 bar, 3 mLmin~!, 40°C
40 commercial MeOH (+0.2% DEA as Comparison to P-CAP [97]
compounds + 100 needed) column by screening;
proprietary compounds Gradient: 7% held for 86% of neutral,
2 min, increased to 50% at non-nitrogen containing
7% min~', held for 2 min compounds, 17% of acidic
100bar, 4mLmin~', 35°C compounds and 80% of
basic and neutral
compounds separand
48 compounds MeOH +25 mM IBA Screening approach for CSP [171]
Gradient: 4% for 4 min, evaluation;
ramp to 40% at 4% min~’, [llustrative separation in
hold for 2 min Fig. 1
200bar, 2mLmin~1, 35°C
57 pharmaceutical Various amounts of 2-PrOH Chiral screening approach [172]
compounds or MeOH, all with IPA or
TFA or both
150bar, 3mLmin~!, 30°C
59 pharmaceutical 10% MeOH (+0.5% IPA or Comparison of [39]
compounds (basic, TFA or both) polysaccharide columns
amphoteric, neutral, acidic) 150bar, 3mLmin~1, 30°C
135 compounds 10% MeOH Factors contributing to [37]
170bar, 3mLmin~1, 25°C enantiomer separation
Chiralpak IB 1-phenylethanol, 10% MeOH Comparison of [180]
1-(2-naphthyl)-ethanol, 150bar, 3mLmin~!, 25°C polysaccharide columns
bupicavaine
Acetofenate, benalaxy, 3% or 10% 2-PrOH Method development, [40]

diclofop-methyl,
difenoconazole,
myclobutanil

150bar, 2mLmin~1, 35°C

effect of temperature
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CSP/column Analyte Separation conditions Note References
Ketamin, 20% EtOH +0.5% DEA Comparison of [185]
trichlormethiazide 210bar, 4mLmin~!, 40°C cellulose-based
Metoprolol +9 structure 20% MeOH or EtOH or columns
analogues 2-PrOH, all with 0.5% DEA

20% [MeOH +ACN + DEA

(50/50/0.5)]

210bar, 4mLmin~', 40°C
Polychlorinated biphenyls 100% CO; or 1% EtOH Method development, [49]

150bar, 2mLmin~', 36°C effect of temperature
20 compounds (10 MeOH +0.1% IPA or TFA or Screening method [56]
commercial + 10 Pfizer) both development

EtOH +0.1% ESA

Gradient: 5-40% at 2.5%

min~!

150 bar, 2mLmin~!, 35°C
23 commercial +23 MeOH or EtOH or 2-PrOH Comparison of chiral [54]
proprietary compounds (+0.1% DEA or TEA as columns by screening

needed)

Gradient: 10-55% over

1.5min at 30% min~', 55%

kept for 1 min

120bar, 5mLmin~!, 40°C
72 commercially available MeOH or EtOH or 2-PrOH, Evaluation of unusual [133]
racemates +44 Amgen all with 0.2% DEA modifiers;
compounds MeOH +DCM + DEA 13 commercial and 5

(80/20/0.2) Amgen samples separated

MeOH +THF + DEA by screening

(80/20/0.2)

MeOH +DCM + THF + DEA

(80/10/10/0.2)

Gradient: 5-55% over 8 min

100 bar, 5mL min~!

Lux cellulose-1 Fluoro-oxindole Various amounts of EtOH Effect of modifier and [38]

derivatives or MeOH temperature
150bar, 3mLmin~!, 25°C
Heterocyclic a-enamido Various amounts of MeOH Method development, [46]
phosphine compounds or EtOH effect of temperature
150bar, 3mLmin~!, 30°C
Phosphine containing 5% EtOH Effect of modifier and [45]
a-amino acid esters 150 bar, 3mLmin~', 30°C temperature
Propranolol 25% (MeOH +0.1% NH40H) Ammonium hydroxide as [136]
120bar, 1.5mLmin~',40°C mobile phase additive
Trans-stilbene oxide MeOH +0.1% NH4OH CSP comparison by [173]
Gradient: 5-60% in 1.8 min, screening
hold for 0.6 min,
105 bar, 4mLmin~', 40°C
23 commercial +23 MeOH or EtOH or 2-PrOH Comparison of chiral [54]
proprietary compounds (+0.1% DEA or TEA as columns by screening
needed)
Gradient: 10-55% over
1.5 min at 30% min~!, 55%
kept for 1 min
120bar, 5mLmin~', 40°C
47 basic, neutral, Various amounts of Screening and evaluation [134]
amphoteric and 12 acidic MeOH +IPA or TFA or both of mobile phase additives
compounds 150 bar,
3mLminmLmin~1,30°C
57 pharmaceutical Various amounts of 2-PrOH Chiral screening approach [172]
compounds or MeOH, all with IPA or
TFA or both
150bar, 3mLmin~!, 30°C
59 pharmaceutical 10% MeOH (+0.5% IPA or Comparison of [39]
compounds (basic, TFA or both) polysaccharide columns
amphoteric, neutral, acidic) 150bar, 3mLmin~1, 30°C
Sepapak-5 57 pharmaceutical Various amounts of 2-PrOH Chiral screening approach [172]
compounds or MeOH, all with IPA or
TFA or both
150bar, 3mLmin~', 30°C
59 pharmaceutical 10% MeOH (+0.5% IPA or Comparison of [39]

compounds (basic,
amphoteric, neutral, acidic)

TFA or both)
150bar, 3mLmin~', 30°C

polysaccharide columns
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CSP/column Analyte Separation conditions Note References
Kromasil CelluCoat Ketamin, 20% (EtOH +0.5% DEA) Comparison [185]
trichlormethiazide 210bar, 4mLmin~1,40°C of
Metoprolol +9 structure 20% MeOH or EtOH or cellulose-
analogues 2-PrOH, all with 0.5% DEA based
20% [MeOH +ACN + DEA columns
(50/50/0.5)]
210bar, 4mLmin~', 40°C
48 compounds MeOH +25 mM IBA Screening approach for CSP [171]
Gradient: 4% for 4 min, evaluation;
ramp to 40% at 4% min~1, [llustrative separation in
hold for 2 min Fig. 1
200bar, 2mLmin~1,35°C
Epitomize 1C Trans-stilbene oxide MeOH +0.1% NH4OH CSP comparison by [173]
Gradient: 5-60% in 1 min, screening
hold for 0.4 min,
105bar, 1.5mLmin~',40°C
RegisCell Atenolol, metoprolol, 50% (MeOH +0.1% TEA) Comparison of Regis [174]
propranolol 120bar, 5mLmin~1, 30°C columns
Trans-stilbene oxide, 30% (MeOH +0.1% TEA)
warfarin 120bar, 5mLmin~!, 30°C
48 compounds MeOH +25 mM IBA Screening approach for CSP [171]
Gradient: 4% for 4 min, evaluation;
ramp to 40% at 4% min~!, [llustrative separation in
hold for 2 min Fig. 1
200bar, 2mLmin~', 35°C
130 compounds screened 10% MeOH Comparison of Regis [178]
150bar, 3mLmin~!, 25°C columns;
56% compounds separand
Reprosil OM Ketamin, 20% (EtOH +0.5% DEA) Comparison of [185]
trichlormethiazide 210bar, 4mLmin~', 40°C cellulose-based
Metoprolol +9 structure 20% MeOH or EtOH or columns
analogues 2-PrOH, all with 0.5% DEA
20% [MeOH +ACN + DEA
(50/50/0.5)]
210bar, 4mLmin~', 40°C
Cellulose tris(3-chloro-4-methylphenylcarbamate)
Chiralcel 0Z-H 57 pharmaceutical Various amounts of 2-PrOH Chiral screening approach [172]
compounds or MeOH, all with TFA or
IPA or both
150bar, 3mLmin~', 30°C
59 pharmaceutical 10% MeOH (+0.5% IPA or Comparison of [39]
compounds (basic, TFA or both) polysaccharide columns
amphoteric, neutral, acidic) 150bar, 3mLmin~', 30°C
Lux cellulose-2 (4S-Trans)-4-(ethylamino)- 30% EtOH Method development, [41]
4-(N-acetamide)-5,6- 200bar, 2mLmin~', 35°C effect of temperature
dihydro-(6S)-methyl-4H-
thieno-[2,3-b]thiopyran-
7,7-dioxide
Fluoro-oxindole Various amounts of EtOH Effect of modifier and [38]
derivatives or MeOH temperature
150bar, 3mLmin~!, 25°C
Phosphine containing 5% EtOH Method development, [45]
a-amino acid esters 150bar, 3mLmin~1, 30°C effect of temperature
23 commercial +23 MeOH or EtOH or 2-PrOH Comparison of chiral [54]
proprietary compounds (+0.1% DEA or TEA as columns by screening
needed)
Gradient: 10-55% over
1.5min at 30% min~', 55%
kept for 1 min
120bar, 5mLmin~!, 40°C
47 basic, neutral, Various amounts of Screening and evaluation [134]
amphoteric and 12 acidic MeOH +IPA or TFA or both of mobile phase additives
compounds 150bar, 3mLmin~1, 30°C
57 pharmaceutical Various amounts of 2-PrOH Chiral screening approach [172]
compounds or MeOH, all with TFA or
IPA or both
150 bar, 3mLmin~!, 30°C
59 pharmaceutical 10% MeOH (+0.5% IPA or Comparison of [39]

compounds (basic,
amphoteric, neutral, acidic)

TFA or both)
150 bar, 3mLmin~!, 30°C

polysaccharide columns
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CSP/column Analyte Separation conditions Note References
Sepapak-2 48 compounds MeOH +25 mM IBA Screening approach for CSP [171]
Gradient: 4% for 4 min, evaluation;
ramp to 40% at 4% min~’, [llustrative separation in
hold for 2 min Fig. 1
200bar, 2mLmin~1, 35°C
Cellulose tris(4-methylbenzoate)
Chiralcel OJ Binaphthol 10% 2-PrOH Development of method [77]
16 MPa, 2mLmin~', 40°C suitable for SMB
Ketoprofen 5% 2-PrOH Comparison of SFC, [160]
Methadone 5% MeOH POSC, NPLC
Tetramisol 10% MeOH
Trans-stilbene oxide MeOH +0.1% NH,OH Ammonium hydroxide as [136]
Gradient: 10-55% over mobile phase additive
1.5min
120bar, 5mLmin~1, 40°C
Nutlin-3 35% [EtOH +ACN (1:1)] Development of [184]
100bar, 2mLmin-1, 30°C purification method
20 pharmaceutical EtOH +0.1% IPA Evaluation of new SFC/MS [163]
racemates Gradient: ty = 20%, experimental arrangement
t(s min) = 20%, £(10 min) =35%,
t(15 min) =35%
18 MPa, 2.5 mL min~!
20 compounds (10 amines 20% or 40% of ACN or CBZ derivatization [170]
and their CBZ-derivatives) MeOH or EtOH or 2-PrOH
or 2-BuOH (+0.1% DEA)
100 bar, 2.5 mLmin~"', 40°C
20 compounds (10 MeOH +0.1% IPA or TFA or Screening method [56]
commercial + 10 Pfizer) both development
EtOH +0.1% ESA
Gradient: 5-40% at 2.5%
min~!
150bar, 2mLmin~1, 35°C
23 commercial +23 MeOH or EtOH or 2-PrOH Comparison of chiral [54]
proprietary compounds (+0.1% DEA or TEA as columns by screening
needed)
Gradient: 10-55% over
1.5 min at 30% min~!, 55%
kept for 1 min
120bar, 5mLmin~', 40°C
40 chiral drugs Various amounts of MeOH Screening method [57]
or EtOH or 2-PrOH, all with development
0.5% IPA or TFA
100 or 200bar, 1.5 or
3mLmin~!, 30°C
50 compounds EtOH Comparison of HPLC, SFC, [59]
Gradient: 0-50% at 3.3% CE
min~!, hold for 5min
3000 psi, 2mLmin~!, 40°C
72 commercially available MeOH or EtOH or 2-PrOH, Evaluation of unusual [133]
racemates +44 Amgen all with 0.2% DEA modifiers;
compounds Gradient: 5-55% over 8 min 11 commercial samples
100bar, 5mLmin~! separated
Chiralcel OJ-H 4-Chloro-indole, 20% ACN Achiral and chiral column [114]
6-chloro-indole 100bar, 3mLmin~', 40°C coupling
B-Methylphenylalanine-N- 20% MeOH Method development [164]
benzylcarbamate methyl 100bar, 2mLmin~1, 35°C
ester
Piperidine derivative, Various amounts of Inteligent 4 column [53]
warfarin MeOH +10 mM NH40Ac screening
100bar, 2mLmin~!
Sotolon 1.5% ACN Method development, [121]
12MPa, 1.5mLmin~"', 30°C effect of pressure and
temperature
Six 3-substitued-4- Various amounts of MeOH Screening for preparative [167]
arylquinolinones or EtOH or 2-PrOH method development
150 bar, 2mLmin~!, 35°C
8 pyrazinones 10% MeOH or EtOH or Preclinical testing; [169]
2-PrOH 6 compounds separated, 2
150 bar, 2 mLmin~!, 35°C baseline
9 amides MeOH (+0.1% IPA) Effect of additives and [48]

MeOH + ACN + FA +IPA
(75/25/0.3/0.3)

Gradient: 5-50% at 6.5%
min~!, hold for 1 min

150 bar, 4mLmin~', 40°C

column temperature;
4 amides separated, 1
baseline
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CSP/column Analyte Separation conditions Note References
12 compounds, including 4 20% or 40% of MeOH or TFE as mobile phase [88]
alcohol sensitive EtOH or 2-PrOH or ACN or modifier
compounds TFE

100bar, 3mLmin~', 40°C
40 commercial MeOH (+0.2% DEA as Comparison to P-CAP [97]
compounds + 100 needed) column by screening;
proprietary compounds Gradient: 7% held for 57% neutral, non-nitrogen

2 min, increased to 50% at containing compounds,

7% min~', held for 2 min 50% acidic compounds and

100bar, 4mLmin~1, 35°C 60% basic and neutral

compounds separated

57 pharmaceutical Various amounts of 2-PrOH Chiral screening approach [172]
compounds or MeOH, all with TFA or

IPA or both

150bar, 3mLmin~!, 30°C
59 pharmaceutical 10% MeOH (+0.5% IPA or Comparison of [39]
compounds (basic, TFA or both) polysaccharide columns
amphoteric, neutral, acidic) 150bar, 3mLmin~1, 30°C

Lux cellulose-3 23 commercial +23 MeOH or EtOH or 2-PrOH Comparison of chiral [54]

proprietary compounds (+0.1% DEA or TEA as columns by screening
needed)
Gradient: 10-55% over
1.5min at 30% min~!, 55%
kept for 1 min
120bar, 5mLmin-1, 40°C
57 pharmaceutical Various amounts of 2-PrOH Chiral screening approach [172]
compounds or MeOH, all with TFA or
IPA or both
150bar, 3mLmin~', 30°C
59 pharmaceutical 10% MeOH (+0.5% IPA or Comparison of [39]
compounds (basic, TFA or both) polysaccharide columns
amphoteric, neutral, acidic) 150bar, 3mLmin~!, 30°C
Sino-Chiral O] Polychlorinated biphenyls 100% CO; or addition of Method development, [49]
modifiers (EtOH or MeOH effect of temperature
or 2-PrOH)
150 bar, 2mLmin~!, 36°C

Cellulose tris(3,5-dichlorophenylcarbamate)

Chiralpak IC 4-(1-Cyclopropylethyl)-6- 10% MeOH or EtOH or Preclinical testing [169]
(6-(difluoromethoxy)-2,5- 2-PrOH
dimethylpyridin-3- 150bar, 2mLmin~1, 35°C
ylamino)-5-0x0-4,5-
dihydropyrazine-2-
carbonitrile
Acebutolol HCI EtOH +0.1% NH,OH CSP comparison by [173]

Gradient: 5-60% in 1 min, screening
hold for 0.4 min,
105bar, 1.5mLmin~',40°C
Nicardipine 20% (MeOH + 1% DEA) Guideline for mobile [51]
Omeprazole 30% (THF + 1% DEA) phase selection
9 amides MeOH (+IPA) Effect of additives and [48]
MeOH + ACN +FA +IPA column temperature;
(75/25/0.3/0.3) 8 compounds baseline
MeOH +ACN +TFA +IPA separated
(75/25/0.1/0.1) Gradient:
5-50% at 6.5% min~"', hold
for 1 min
150bar, 4mLmin~', 40°C
12 compounds, including 4 Various amounts of DCM or TFE as mobile phase [88]
alcohol sensitive ethyl acetate or THF or TFE modifier
compounds (+0.1% DEA)
100 bar, 3mLmin~!, 40°C
23 commercial +23 MeOH or EtOH or 2-PrOH Comparison of chiral [54]
proprietary compounds (+0.1% DEA or TEA as columns by screening
needed)
Gradient: 10-55% over
1.5 min at 30% min~!, 55%
kept for 1 min
120bar, 5mLmin~!, 40°C
48 compounds MeOH +25 mM IBA Screening approach for CSP [171]

Gradient: 4% for 4 min,
ramp to 40% at 4% min~!,
hold for 2 min

200bar, 2mLmin~1, 35°C

evaluation;
[llustrative separation in
Fig. 1
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CSP/column Analyte Separation conditions Note References
72 commercially available MeOH or EtOH or 2-PrOH, Evaluation of unusual [133]
racemates +44 Amgen all with 0.2% DEA modifiers;
compounds MeOH + DCM +DEA 10 commercial and 27

(80/20/0.2) Amgen samples separated
MeOH +THF + DEA by screening

(80/20/0.2)

MeOH +DCM +THF + DEA

(80/10/10/0.2) Gradient:

5-55% over 8 min

100bar, 5mLmin~!

Cellulose tris(4-chlorophenylcarbamate)

Chiralcel OF (=)-(R)-2-tert- MeOH Enantiomeric composition [188]
Butyltetrahydro Gradient: 4% for 4 min,
imidazolidin-4-one ramp to 40% at 2% min~’,

hold for 3 min
200bar, 1.5mLmin1,35°C
Diltiazem hydrochloride 13% (2-PrOH + 0.5% DEA) Comparison of SFC and [183]
180kg cm~2,2mLmin~", HPLC
50°C
Diltiazem 22.5% (2-PrOH +0.1% DEA)
hydrochloride + 3-hydroxy 180kg cm~2,2mLmin~!,
diltiazem hydrochloride 60°C
Cellulose tris(phenylcarbamate)
Chiralcel OC Diltiazem hydrochloride 13% (2-PrOH + 0.5% DEA) Comparison of SFC and [183]
180kg cm~2,2mLmin~1, HPLC
50°C
Cellulose tribenzoate
Chiralcel OB-H Ibuprofen 2% 2-PrOH Development of method [158]
160bar, 2mLmin~', 40°C suitable for SMB
Sotolon 1.5% MeOH Method development, [121]
12MPa, 1.5mLmin~"', 30°C effect of pressure and
temperature

Cellulose tris(4-chloro-3-methylphenylcarbamate)

Lux cellulose-4 23 commercial +23 MeOH or EtOH or 2-PrOH Comparison of chiral [54]
proprietary compounds (+0.1% DEA or TEA as columns by screening

needed)
Gradient: 10-55% over
1.5min at 30% min~!, 55%
kept for 1 min
120bar, 5mLmin~', 40°C
47 basic, neutral, Various amounts of Screening and evaluation [134]
amphoteric and 12 acidic MeOH +IPA or TFA or both of mobile phase additives
compounds 150bar, 3mLmin~1, 30°C
57 pharmaceutical Various amounts of 2-PrOH Chiral screening approach [172]
compounds or MeOH, all with TFA or
IPA or both
150bar, 3mLmin~', 30°C
59 pharmaceutical 10% MeOH (+0.5% IPA or Comparison of [39]
compounds (basic, TFA or both) polysaccharide columns
amphoteric, neutral, acidic) 150bar, 3mLmin~', 30°C
Sepapak-4 48 compounds MeOH +25 mM IBA Screening approach for CSP [171]
Gradient: 4% for 4 min, evaluation;
ramp to 40% at 4% min~', [llustrative separation in
hold for 2 min Fig. 1
200bar, 2mLmin-1, 35°C
ChromegaChiral CC4 Norphenylephrine HCI EtOH +0.1% NH,OH CSP comparison by [173]
Gradient: 5-60% in 1 min, screening
hold for 0.4 min,
105bar, 1.5mLmin~',40°C
Mono-6-0-pentenyl-3-cyclodextrin
B-Cyclose-6-OH Aminoglutethimide 30% (MeOH +0.2% DEA) CSP synthesis and [63]

B-Cyclose-6-OH-T

Aminoglutethimide

Ap=15bar, 3mLmin~!,
30°C
30% (MeOH +0.2% DEA)
Ap=15bar, 3mLmin-!,
30°C

evaluation
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CSP/column

Analyte

Separation conditions

Note

References

Mono-2-0-pentenyl-3-cyclodextrin

B-Cyclose-2-OH

B-Cyclose-2-OH-T

Aminoglutethimide

Aminoglutethimide

Heptakis(2,3,6-tri-O-methyl)--cyclodextrin)

Sumichiral OA-7500

Cationic [3-cyclodextrin derivatives

Mono-6-(3-methyl
imidazolium)-6-
deoxyperphenyl
carbamoyl-3-CD
chloride

Mono-6-(3-
octylimidazolium)-6-
deoxyperphenylcarbamoyl-
B-CD
chloride

4-Vinylpyridine-3-CD

N-allyl-N-methyl
amine-f3-CD

6A-(3-vinylimidazolium)-
6-deoxyper
phenylcarbamate-3-CD
chloride

B-Cyclodextrin-polysiloxane

a-Tetralol

10 aryl alcohols

14 phenyl alcohols

Bendroflumethiazide,
trichlormethiazide
Bendroflumethiazide

14 Racemates (flavanones,
thiazides, DNS-amino
acids)

1-Phenylalcohol,
2-phenyl-1-cyclohexanol

Permethyl-f3-cyclodextrin polymethylsiloxane OTC

1-Naphthyl-1-ethanol,
1-phenyl-1-propanol,
2-phenyl-trans-
cyclohexanol,
a-phenylethanol,
pantoyllactone,
trans-1,2-cyclohexanediol

R-naphthylethyl carbamate-cyclofructan 6

Lahric RN-CF6

Althiazide

Dimethylphenyl carbamate cyclofructan 7

Larihc DMP-CF7

0-9(tert-Butylcarbamoyl) quinine

Chiralpak QN-AX

8 binaphthol derivatives

Bendroflumethiazide, BP
34
Butizide, TTNH,

13 B-ketosulfonic acids

20 chiral acidic compounds

31 chiral acidic analytes

30% (MeOH +0.2% DEA)
Ap=15bar,3mLmin"!,
30°C
30% (MeOH +0.2% DEA)
Ap=15bar, 3mLmin!,
30°C

2% 2-PrOH
9.8 MPa, 5mLmin~"', 25°C

3% 2-PrOH
17 MPa, 3mLmin~', 40°C

3% 2-PrOH
17 MPa, 3mLmin~', 40°C

10% MeOH

15MPa, 1 mLmin~', 40°C
10% MeOH

15MPa, 1 mLmin—!, 40°C
1-40% 2-PrOH

15MPa, 1 mLmin~', 40°C

100% CO,
152 bar, 40°C

100% CO,
130-160atm, 30°C

MeOH +EtOH +2-PrOH
(1:1:1)+0.2% DEA
Gradient: 5% 0-0.6 min,
5-60% 0.6-4.3 min, 60%
4.3-6.3 min

4mLmin~!

5% MeOH (+TFA as needed)
or 2-PrOH

120bar, 4mLmin~!, 40°C
20% (2-PrOH +0.5% TFA)
120bar, 4mLmin~', 40°C
Various amounts of 2-PrOH
120bar, 4mLmin-1, 40°C

25% (MeOH +200 mM
HOAc+100 mM NHs)

150 bar, 4mLmin~!, 40°C
Various amounts of
MeOH +0.4% FA+0.35 mM
ammonium formate
150bar, 3mLmin~!, 40°C
25% (MeOH +200 mM
HOAc+100 mM NHs)

150 bar, 4mL min~!, 40°C

CSP synthesis and
evaluation

CSP synthesis and
evaluation

Method development,
comparison of
polysaccharide and CD CSP

Effect of chiral selector
loading on
enantioseparation

CSP synthesis and
evaluation

CSP synthesis and
evaluation

CSP synthesis and
evaluation

Effect of pore size

Effects of restrictor

CSP synthesis and
evaluation

Comparison of HPLC
and SFC, LFER

Method development;
11 separations, 8 baseline

Method development

Method development,
effect of temperature;
25 separations, 22 baseline

[63]

[63]

[64]

(65]

(66]

[67]

(68]

[189]

[108]

[69]

[70]

[190]

[72]

[74]
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CSP/column Analyte Separation conditions Note References
0-9(tert-Butylcarbamoyl) quinidine
Chiralpak QD-AX 13 B-ketosulfonic acids 25% (MeOH +200 mM Method development; [190]
HOAc+100 mM NHj3) 13 separations, 12 baseline
150bar, 4mLmin~', 40°C
31 chiral acidic analytes 25% (MeOH +200 mM Method development [74]
HOAc+100 mM NH3) effect of temperature;
150 bar, 4mLmin~', 40°C 27 separations, 21 baseline
Trans-(R,R)-2-amino cyclohexane sulfonic acid
14 amines 25% (MeOH +100 mM CSP synthesis and [75]
FA+50 mM ammonium evaluation
formate)
25% MeOH +50 mM NHj; or
TEA
150bar, 40°C
Teicoplanin
Chirobiotic T Binaphthol 10% 2-PrOH Development of method [77]
16 MPa, 2mLmin~', 40°C suitable for SMB
Indapamide, 15% MeOH +0.5% IPA Evaluation of standard [159]
N-CBZ-phenylalanine, 15MPa, 2mLmin~?, 30°C reference material
propranolol
Ibuprofen 5% 2-PrOH Development of method [158]
160 bar, 2mLmin~!, 40°C suitable for SMB
Nutlin-3 40% MeOH Development of [184]
100bar, 2mLmin~', 30°C purification method
24 dihydrofurocoumarin Various amounts of MeOH Method development [79]
derivatives 100bar, 3mLmin~1,31°C
50 compounds EtOH +0.1% HOAc +0.1% Comparison of HPLC, SFC, [59]
TEA CE
Gradient: 0-50% at 3.3%
min~!, hold for 5 min
3000 psi, 2mLmin~1, 40°C
111 chiral compounds Various amounts of MeOH Comparison of macrocyclic [78]
(heterocyclic compounds, (+TEA or TFA or H,0 or antibiotics-based columns;
propionic acid derivatives, glycerol as needed) 92% compounds separated
B-blockers, sulfoxides, 100 bar, 4mLmin~!, 31°C
derivatized and
underivatized amino acids)
Teicoplanin aglykone
Chirobiotic TAG 24 dihydrofurocoumarin Various amounts of MeOH Method development [79]
derivatives 100 bar, 3mLmin~!, 31°C
111 chiral compounds Various amounts of MeOH Comparison of macrocyclic [78]
(heterocyclic compounds, (+TEA or TFA or H,0 or antibiotics-based columns;
propionic acid derivatives, glycerol as needed) 92% compounds separated
B-blockers, sulfoxides, 100 bar, 4mLmin~!, 31°C
derivatized and
underivatized amino acids)
Ristocetin A
Chirobiotic R 3a,4,5,6-Tetrahydrosuccin, Various amounts of MeOH Effect of modifier, flow rate [80]
5-(4-hydroxyphenyl)-5- or EtOH (+0.5% H,0 or and temperature
phenyl-hydantoin, HOAC as needed)
5-methyl-5- 210bar, 2mLmin~1,30°C
phenylhydantoin,
efavirenz, imido[3,4-
b]acenaphthen-10-one,
thalidomide, warfarin
Coumachlor, thalidomide, 25% (MeOH +10 mM TFA) Comparison of commercial [107]
warfarin 150bar, 1 mLmin~', 40°C and in-house immobilized
Csp
24 dihydrofurocoumarin Various amounts of MeOH Method development [79]
derivatives 100bar, 3mLmin~1, 31°C
111 chiral compounds Various amounts of MeOH Comparison of macrocyclic [78]
(heterocyclic compounds, (+TEA or TFA or H,0 or antibiotics-based columns;
propionic acid derivatives, glycerol as needed) 60% compounds separated
B-blockers, sulfoxides, 100 bar, 4mLmin~',31°C
derivatized and
underivatized amino acids)
Ristocetin OTC Dichlorprop, ketoprofen, 30% (MeOH +0.7% TEA) Comparison of commercial [107]

warfarin

250bar, 1 mLmin~1,25°C

and in-house immobilized
CSP
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CSP/column Analyte Separation conditions Note References
Vancomycin
Chirobiotic V Indapamide, propranolol, 15% (MeOH +0.5% IPA) Evaluation of standard [159]
warfarin 15MPa, 2mLmin~!, 30°C reference material
12 chiral drugs 15% MeOH (+0-1% IPA or Comparison of TEA and IPA [81]
TEA) additives
20MPa, 2mLmin~', 30°C
20 compounds (10 MeOH +0.1% IPA or TFA or Screening method [56]
commercial + 10 Pfizer) both development
EtOH +0.1% ESA
Gradient: 5-40% at 2.5%
min~!
150bar, 2mLmin~!, 35°C
Vancomycin OTC Dichlorprop, ketoprofen, 30% (MeOH + 1% TEA) Comparison of SFC, RPLC, [191]
mepivacaine, metoprolol, 250bar, 35°C NPLC, POPLC
thalidomide, verapamil
(R)-1-Naphthyl glycine and 3,5-dinitro benzoic acid
Chirex 3005 Ketoprofen 55% MeOH Determination in plasma [84]
5mLmin~! sample
Ketoprofen, warfarin 15% (MeOH +0.5% IPA) Evaluation of standard [159]
15MPa, 2mLmin~', 30°C reference material
20 compounds (10 EtOH (+TFA or NH4TFA or Comparison of Pirkle CSPs [83]
commercial + 10 NH40Ac)
proprietary) MeOH (+0.1% IPA)
gradient 5-40%
(S)-Indoline-2-carboxylic acid and (R)-1-(a-napthyl)ethylamine
Chirex 3022 Indapamide 20% (MeOH +0.5% IPA) Evaluation of standard [159]
15MPa, 2mLmin~1, 30°C reference material
20 compounds (10 EtOH (+TFA or NH4TFA or Comparison of Pirkle CSPs [83]
commercial + 10 NH40Ac)
proprietary) MeOH (+0.1% IPA)
gradient 5-40%
(S)-tert-Leucine and (R)-1-(a-naphthyl)ethylamine
Chirex 3020 20 compounds (10 EtOH (+TFA or NH4TFA or Comparison of Pirkle CSPs [83]
commercial + 10 NH40Ac)
proprietary) MeOH (+0.1% IPA)
gradient 5-40%
(S)-Proline and (R)-1-(a-naphthyl)ethylamine
Chirex 3018 20 compounds (10 EtOH (+TFA or NH4TFA or Comparison of Pirkle CSPs [83]
commercial + 10 NH40Ac)
proprietary) MeOH (+0.1% IPA)
gradient 5-40%
(R)-Phenylglycine and 3,5-dinitrobenzoic acid
Chirex 3001 20 compounds (10 EtOH (+TFA or NH4TFA or Comparison of Pirkle CSPs [83]
commercial + 10 NH40Ac)
proprietary) MeOH (+0.1% IPA)
gradient 5-40%
(R)-Phenylglycine and 3,5-dinitroaniline
Chirex 3012 20 compounds (10 EtOH (+TFA or NH4TFA or Comparison of Pirkle CSPs [83]
commercial + 10 NH40Ac)
proprietary) MeOH (+0.1% IPA)
gradient 5-40%
4-(3,5-Dinitrobenzamido) tetrahydrophenanthrene
(5,5)-Whelk-01 2-Methyl-1-indanone 5% 2-PrOH Simulated moving columns [87]
1500 psi, 2mLmin~', 50°C (two tandem Whelk
columns)
12 compounds, including 4 20% or 40% of MeOH or TFE as mobile phase [88]
alcohol sensitive EtOH or 2-PrOH or ACN or modifier
compounds TFE
Various amounts of DCM or
ethyl acetate or THF or TFE
(+0.1% DEA)
100bar, 3mLmin~1, 40°C
20 compounds (10 amines 20% or 40% ACN or MeOH CBZ derivatization [170]
and their CBZ-derivatives) or EtOH or 2-PrOH or
2-BuOH (+0.1% DEA)
100bar, 2.5mLmin"', 40°C
20 compounds (10 MeOH (+0.1% IPA or HOAc) Comparison of Pirkle CSP [83]

commercial +10
proprietary)

gradient 5-40%
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Table 1 (Continued )

CSP/column Analyte Separation conditions Note References
(R,R)-Whelk-0l1 N-(p-Methoxybenzyl)- 20% MeOH Enantiomerization energy [86,85]
1,3,2-benzo 200bar, 2mLmin~1,50°C barrier
dithiazol-1-oxide
Lorazepam, oxazepam, 12.5% (MeOH +0.5% DEA) Enantiomerization energy [85]
temazepam 200bar, 2mLmin-1, 40°C barrier
Whelk-01 Chlormezanone, devrinol, Various amounts of 2-PrOH Effect of varying cosolvents [89]
indapamide, Troger’s base or MeOH or EtOH or THF or
ACN
20 compounds (10 MeOH +0.1% IPA or TFA or Screening method [56]
commercial + 10 Pfizer) both development
EtOH +0.1% ESA
Gradient: 5-40% at 2.5%
min~!
150 bar, 2mLmin~!, 35°C
3,5-Dinitrobenzoyl derivative of diphenylethylenediamine
(5,5)-Ulmo 20 compounds (10 MeOH (+0.1% IPA or HOAc) Comparison of Pirkle CSPs [83]
commercial +10 Gradient 5-40%
proprietary)
N-3,5-Dinitrobenzoyl-3-amino-3-phenyl-2-(1,1-dimethylethyl)-propanoate
(5.5)-B-Gem 20 compounds (10 MeOH (+0.1% IPA or HOACc) Comparison of Pirkle CSPs [83]
commercial + 10 Gradient 5-40%
proprietary)
Dimethyl N-3,5-dinitro-benzoyl-amino-2,2-dimethyl-4-pentenyl phosphonate
(5,5)-o-Burke 20 compounds (10 MeOH (+0.1% IPA or HOAC) Comparison of Pirkle CSPs [83]
commercial + 10 Gradient 5-40%
proprietary)
3,5-Dinitrobenzoyl leucine
L-Leucine 20 compounds (10 MeOH (+0.1% IPA) Comparison of Pirkle CSPs [83]
commercial +10 Gradient 5-40%
proprietary)
3,5-Dinitrobenzoyl derivative of 1,2-diaminocyclohexane
(S,S)-DACH 20 compounds (10 MeOH (+0.1% IPA or HOAc) Comparison of Pirkle CSPs [83]
commercial +10 Gradient 5-40%
proprietary)
0,0'-Bis(4-tert-butylbenzoyl)-N,N’-diallyl-L-tartar diamide
Kromasil CHI-TBB Binaphthol 5% 2-PrOH Development of method [77]
16 MPa, 2 mLmin~', 40°C suitable for SMB
Ibuprofen 4-7% 2-PrOH Development of method [158]
160bar, 2mLmin~1, 40°C suitable for SMB
4% 2-PrOH Method development, [92]
13MPa, 1 mLmin~?, effect of pressure and
311.15K temperature
5% 2-PrOH Comparison of SMB and [192]
15.6 MPaq, 313K batch processes
2-PrOH Method development, [95]
100bar, 1 mLmin-!, effect of pressure and
311.15K temperature
5% 2-PrOH Adsorption isotherm [193]
15.6 MPa, 313K
Mitotane 14% MeOH Method development, [91]
160bar, 5mLmin~!, effect of temperature
303.15K
Naproxen 11% 2-PrOH Method development, [93]
9.4 MPa, 293K effect of pressure and
temperature
0,0'-Bis(3,5-dimethyl benzoylbenzoyl)-N,N’-diallyl-L-tartar diamide
Kromasil CHI-DMB Binaphthol 10% ethyl acetate Development of method [77]
16 MPa, 2mLmin~', 40°C suitable for SMB
Ibuprofen 100% CO, Development of method [158]
160 bar, 2mLmin~!, 40°C suitable for SMB
Trans-(1S,2S)-cyclohexanedicarboxylic acid bis-4-vinylphenylamide
57 compounds Various amounts of CSP comparison in SFC and [96]

MeOH +TFA
4mLmin~', 32°C

HPLC mode;
26 separations, 9 baseline
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CSP/column Analyte Separation conditions Note References
Trans-N,N'-(1R,2R)-cyclohexanediyl-bis-4-ethenylbenzamide
57 compounds Various amounts of CSP comparison in SFC and [96]
MeOH +TFA HPLC mode;
4mLmin~1,32°C 24 separations, 4 baseline
N,N’-(S,5)-1,2-cyclohexanediyl-bis-2-propenamide
P-CAP 40 commercial compounds MeOH (+0.2% DEA as Comparison of P-CAP to [97]
and 100 proprietary needed) polysaccharide columns;
Gradient: 7% held for 50% of neutral,
2 min, increased to 50% at non-nitrogen containing
7% min~', held for 2 min compounds and 40% of
100bar, 4mLmin~!, 35°C basic and neutral
compounds separand
88 compounds 10-40% MeOH or EtOH or Comparison of synthetic [98]
2-PrOH, all with 0.2% TFA polymeric CSPs;
100 bar,4mLmin~', 31°C 49 separations, 12 baseline
N,N'-(1,2-diphenyl-1,2-ethanediyl)bis-2-propenamide
(R,R)-P-CAP-DP 88 compounds 10-40% MeOH or EtOH or Comparison of synthetic [98]
2-PrOH, all with 0.2% TFA polymeric CSPs;
100bar, 4mLmin-1, 31°C 49 separations, 14 baseline
(8,5)-P-CAP-DP 100 compounds Various amounts of MeOH CSP synthesis and [99]
or EtOH, all with 0.1% TFA evaluation;
2mLmin~', 40°C 44 separations, 8 baseline
(1S,2S)-1,2-Bis(2,4,6-trimethylphenyl)ethylenediamine
3Me-P-CAP-DP 100 compounds Various amounts of MeOH CSP synthesis and [99]
or EtOH, all with 0.1% TFA evaluation;
2mLmin~?, 40°C 43 separations, 13 baseline
(18,25)-1,2-Di-1-naphthyl ethylenediamine
Naph-P-CAP-DP 100 compounds Various amounts of MeOH CSP synthesis and [99]
or EtOH, all with 0.1% TFA evaluation;
2mLmin-1, 40°C 57 separations, 9 baseline
(1S,25)-1,2-Bis(2-chlorophenyl)ethylenediamine
Cl-P-CAP-DP 100 compounds Various amounts of MeOH CSP synthesis and [99]
or EtOH, all with 0.1% TFA evaluation;
2mLmin~', 40°C 47 separations, 5 baseline
Trans-9,10-dihydro-9,10-ethanoanthracene-(11S,125)-11,12-dicarboxylic acid bis-4-vinylphenylamide
88 compounds 10-40% MeOH or EtOH or Comparison of synthetic [98]
2-PrOH, all with 0.2% TFA polymeric CSPs;
100bar, 4mLmin-1, 31°C 49 separations, 20 baseline
N,N'-[(1R,2R)-1,2-Diphenyl-1,2-ethanediyl]bis[4-vinylbenzamide]
88 compounds 10-40% MeOH or EtOH or Comparison of synthetic [98]
2-PrOH, all with 0.2% TFA polymeric CSPs;
100 bar,4mLmin~', 31°C 18 separations, 1 baseline
Molecularly imprinted polymers
(—)-Ephedrine Ephedrine 30% [MeOH +IPA+H,0 Comparison of different [103]
(93:5:2)] imprinted polymers
200bar, 2mLmin~!, 60°C
Racemic propranolol Metoprolol (succinate), Various amounts of Method development [104]
propranolol, propranolol MeOH + HOAc for MIP CSP
HCl 150 bar, 2mLmin~!, 50°C
L-Phenylalanine anilide Phenylalanine anilide 40% [MeOH +HOACc (95:5)]
150bar, 2mLmin~*, 50°C
Boromycin
DL-Methionine-f3- 30% (MeOH +20 mM Determination of [105]
naphthylamide, tetramethylammonium structural characteristics
pL-Tryptophan benzyl nitrate) and separation mechanism
ester, 100bar, 4mLmin~', 40°C
pL-Tryptophan methyl
ester HCL
Nickel(II)-bis[(3-hepta fluorobutanoyl)-10-methylene-(1R)-camphorate]
Chirasil-Nickel 2-(29-Methylphenyl)-2,3- 60°C Complexation SFC in [106]
dihydro-4H-pyron capillary columns
5-Isopropyl-lI-methyl-5- 50°C, gradient

propyl-(1H,3H,5H)-
pyrimidin-2,4,6-trione
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CSP/column Analyte Separation conditions Note References
5-ethyl-l-methyl-5-propyl- 50°C, gradient
(1H,3H,5H)-pyrimidin-
2,4,6-trione
dimethyl-1,19-binaphthyl- 100°C
2,29-dicarboxylate
endosulfanlactone 60°C
mecoprop methyl ester 110°C
MTH-proline 27°C,35MPa
Zinc(II)-bis[(3-heptafluorobutanoyl)-10-methylene-(1R)-camphorate]
Chirasil-Zinc 2-Naphthyloxirane 40°C, gradient Complexation SFC in [106]

Ibuprofen 80°C, gradient capillary columns

2-BuOH, 2-butanol; 2-PrOH, 2-propanol; ACN, acetonitrile; CBZ, carboxybenzyl; CD, cyclodextrin; DCM, dichloromethane; DEA, diethylamine; DMEA - dimethylethylamine;
DMOA, N,N-dimethyloctylamine; DNS, dansylchloride; ESA, ethanesulfonic acid; EtOH, ethanol; FA, formic acid; HOAc, acetic acid; IBA, isobutylamine; IPA, isopropy-
lamine; MeOH, methanol; NH4OAc, ammonium acetate; NH4,TFA, ammonium trifluoroacetate; NPLC, normal phase liquid chromatography; POPLC, polar organic phase

liquid chromatography; POSC, polar organic solvent chromatography; TEA, triethylamine; TFA, trifluoroacetic acid; TFE, 2,2,2-trifluoroethanol; THF, tetrahydrofuran,

found to significantly deteriorate whereas the thermally initiated
propranolol MIP revealed only subtle changes of separation per-
formance after a long period of operation. Extremely broad peak in
combination with retention dependency on the sample load remain
a general problem with the application of MIPs in SFC [104]. Twelve
years later, (—)-ephedrine-molecularly imprinted polymers differ-
ing in amount and type of functional monomer, crosslinker and
concentration of (—)-ephedrine were prepared and used as CSP
[103]. The authors used and compared 21 (—)-ephedrine-imprinted
CSPs prepared. The optimized separation conditions were: the
mobile phase CO,/modifier 70/30 (v/v), where the modifier com-
prised MeOH/IPA/H,0 93/5/2 (v/v/v), the column temperature
60°C, the pressure 200 bar and the flow rate 2.0mLmin~!. These
CSPs could find applications in preparative SFC.

2.8. Miscellaneous CSPs

Boromycin is a macrodiolide antibiotic that contains a stere-
ogenic borate moiety. D-Valine ester of boromycin was covalently
bonded to silica gel through a urea linkage forming CSP [105].
High selectivity for enantiomers of primary amine containing com-
pounds was observed. Enantioselective retention mechanism was
ascribed to charge—charge interactions, hydrogen bonding with the
cleft oxygens, and steric repulsion.

2.9. Packed capillary CSPs

Packed capillaries were utilized formerly in chiral SFC
where packed columns dominate nowadays. Nickel (II)-
and zinc (II)-bis[(3-heptafluorobutanoyl)-10-methylene-(1R)-
camphorate] were chemically bonded to poly(dimethylsiloxane)
(Chirasil-nickel and Chirasil-zinc, 50 pm i.d. packed capillar-
ies) to form chiral Lewis acid selectors [106]. These CSs were
successfully used in complexation SFC for enantioseparation of
Lewis base solutes (selectands). Supercritical CO,, a potential
complexation agent, was compatible with complexation SFC
and did not appear to block coordination sites at the Lewis acid
selector in competition with Lewis base selectands. Complex-
ation SFC seems to be a useful tool for separation of thermally
labile, configurationally labile and less-volatile selectands. Ris-
tocetin A CSP in a packed capillary was prepared and compared
with commercial ristocetin A CSP (Chirobiotic R™) in terms of
enantioselectivity [107]. The commercial ristocetin A CSP gave
similar results for enantioseparation of warfarin, coumachlor and
thalidomide. Interestingly, differences were observed between
CSPs for enantiomers of dichlorprop and ketoprofen, which were
separated on the prepared CSP and could not be separated on the
commercial phase. Differences between these CSPs were observed

due to different immobilization of the CS. Capillaries packed with
cyclodextrin CSs were also utilized in SFC. 12-15cm capillary
columns packed with 5 wm porous (300A) silica particles deacti-
vated with 3-cyanopropyldimethylchlorosilane and encapsulated
with CD-substituted polymethylsiloxane were prepared [108].
Most separations were carried out in less than 1 min using these
columns. The effect of pore size on a speed of enantioseparation
was tested using (3-CD polysiloxane-encapsulated 10 pm silica
particles (80, 300 and 1400A pore sizes) packed in capillary
columns [109]. The highest column efficiency was achieved using
1400 A pore particles, indicating that convective mass transfer was
generated by a very small portion of mobile phase flowing through
the larger pores. No significant difference between 80 and 1400 A
pore particles in terms of resolution per unit time was observed.

2.10. Tandem-column coupling and two-dimensional SFC

Low-pressure drops generated in SFC enable tandem coupling
of columns [110]. Separation selectivity and/or efficiency can be
altered by coupling different or identical columns in series, respec-
tively. Whatever is the nature of the stationary phase used, the
retention time on coupled columns is lower than the sum of the
retention times on individual columns [2]. This was explained by
the lower retention time in the first column because of the greater
internal pressure due to the serially coupled column. It must be
noticed that with SFC, the different back-pressures experienced by
the columns in the two A-B or B-A arrangements could possibly
lead to subtle differences in chromatographic results under iso-
cratic elution [82]. With gradient elution, the order of the columns
in a tandem arrangement can have a more profound influence on
chromatographic behavior, with the greatest difference when the
retention on the two individual columns is significantly different.
KR100-5CHI-TBB (25 cm) and Chiralpak AD (5 cm) or Chiralcel OD
(5cm) columns connected in series were used for control of drug
enantiomeric purity [111] - see Table 1. A tandem-column method
using Chiralpak AD-H and Chiralcel OD-H columns was used to
achieve baseline separation of a mixture of four stereoisomers
[112]. This mixture could not be baseline separated with individual
Chiralpak AD-H and Chiralcel OD-H columns. All four stereoisomers
were baseline separated with tandem-columns in mobile phase
composed of 90% CO, and 10% 2-PrOH/EtOH (50/50 (v/v)) within
14 min.

Two dimensional separation systems are used mainly if achi-
ral separation followed by an enantioselective one are performed.
A directly coupled achiral/chiral SFC/MS method was developed
for the profiling of a three-step stereoselective synthesis of cinna-
monitrile and hydrocinnamonitrile intermediates [113]. The most
effective separation was observed with Phenomenex Luna Silica



K. Kalikovd et al. / Analytica Chimica Acta 821 (2014) 1-33 27

column coupled with Chiralcel OD-H column in 15% MeOH as
mobile phase, and flow rate of 1 mLmin~!. The baseline separation
of all components (enantiomers and diastereomers) was obtained
within 9 min.

An analytical two-dimensional SFC/SFC/MS system was
designed and implemented to streamline enantiomeric analysis
of complex mixtures of pharmaceutical racemate samples [114].
The first dimension chromatography was performed on an achiral
(pyridine-based) column to separate a desired racemate from
impurities and the second dimension chromatography was con-
ducted on a chiral column (Chiralcel OJ-H) to resolve the pair of
enantiomers.

2.11. Preparative SFC

Chromatographic enantioseparation in preparative scale is
routinely used in pharmaceutical R&D to generate individual enan-
tiomers. SFC has many advantages over HPLC for these separations,
i.e. rapid screening of separation conditions at the analytical scale,
rapid preparative separations, higher purification throughputs,
lower solvent consumption and waste generation and higher prod-
uct concentrations post separation [115-117]. A review focused
mainly on the latest examples of pharmaceutical separations on
CSPs in SFC for efficient analyses and preparative-scale purifi-
cations was prepared by Wang et al. [118]. The advantages of
the use of preparative SFC instrumentation with tandem UV and
polarimetric detection for confirming enantioseparation and for
determining optimum preparative column injections were pre-
sented [119]. Polarimetric confirmation of enantioseparation was
carried out for racemic mixtures of propranolol HCl, thioridazine
HCI, tramadol HCl, and flurbiprofen using Chiralpak AD-H column
using CO,/MeOH in various volume ratios as mobile phases. An
evaluation of injection conditions, i.e. mixed stream vs. modifier
stream injection, for preparative SFC under isocratic conditions was
performed by Miller and Sebastian [120]. Mixed stream injection
introduces sample solution just prior to the column after carbon
dioxide and the modifier solvent are mixed. Modifier stream injec-
tion introduces sample solution into the modifier flow stream prior
to mixing with carbon dioxide. For the majority of compounds eval-
uated, modifier stream injection gave better resolution.

Many papers dealing with preparative SFC indicate great
application potential of this method [e.g. 122-124]. The specific
applications are summarized in Table 2.

2.12. Supercritical fluid simulated moving bed chromatography

The first enantioseparation in supercritical fluid simulated mov-
ing bed chromatography (SF-SMB) unit was reported in 2001 [124].
The main objective in SMB is to overcome the fixed bed operation
of the single column chromatography and to implement a config-
uration, in which the stationary and the mobile phases move in
countercurrent directions [15]. Triangle theory is one of the best
known approaches for designing the SMB [15,125]. The triangle
theory is based on the equilibrium theory of chromatography, in
which mass transfer resistances are neglected, i.e. it is assumed
that the efficiency of the columns is infinite. This theory allows an
easy graphical description of the internal flow rates and the switch
time which are determining the flow rate ratios. The triangle is
determined through the adsorption isotherm and Henry constants.
In SMB the solid beds are fixed and the continuous movement of
the solid is simulated by periodically switching the inlet and outlet
ports of the unitin the same direction of the mobile phase flow. Each
section of the SMB unit is divided into a number of subsections so as
to closely mimic the counter-current movement of the solid phase.

Each subsection consists of a chromatographic column, equipped
with a sufficient number of valves for connecting it to all the outlets
and to all the inlets of the process. After mixing with or withdrawal
of an external stream the resulting stream is fed to the follow-
ing chromatographic column [126]. The productivity of the SMB
SFC process depends on a large number of parameters, such as the
property of stationary phase, column length, number of columns
in each zone, temperature, pressure gradient, modifier type, and
modifier content. Changing only one of these parameters influences
the separation behavior of the system and an empirical predic-
tion for a suitable combination of parameters is not possible [77].
An increase in availability and robustness of SFC-SMB will poten-
tially boost the exploitation of enantioselective chromatography
into drug development and production [127]. SMB or other multi-
column setup are predominating at large scale production (>20-kg
scale) [128]. Adsorption isotherms of ibuprofen enantiomers were
used for simulation of the chromatographic separation of the enan-
tiomers in SMB SFC [94]. Rajendran et al. demonstrated that the
triangle theory is well suited for the design of SF-SMB units [129].
Nonlinear isotherms measured on a Chiralcel OD column were
used in combination with the triangle theory for simulated moving
bed design to select operating conditions for the supercritical fluid
SMB [129].

2.13. Mobile phases in SFC

Mobile phases in SFC consist of carbon dioxide combined with
an organic modifier for affecting polarity of the mobile phases and
thus the interaction/elution behavior [130]. Without any organic
modifier the analytes mostly do not elute. Mobile phase additives
also improve enantioseparations and peak shapes. The modifiers
mostly used are alcohol-type solvents, such as methanol, ethanol,
2-propanol or acetonitrile. The use of basic and acidic additives,
i.e. triethylamine, trifluoroacetic acid (TFA) must also be consid-
ered/evaluated. Various aliphatic and cyclic amines were used as
mobile phase additives for improvement of enantioseparation of
amine compounds on Chiralpak AD and AD-H columns [131]. All
enantiomers of amphetamine and metamphetamine were base-
line resolved in 5 min using 10% 2-PrOH with 0.5% cyclohexylamine
as a mobile phase on Chiralpak AD-H column. Stringham used
ethanesulfonic acid as an additive for successful separation of
basic compounds that were not separated in SFC previously [132].
This strong acid acts as a counter-ion to a wide range of amines.
Byrne et al. used 2,2,2-trifluoroethanol as an alternative modifier
in the analysis and purification of alcohol-sensitive chiral com-
pounds [88]. Other non-traditional modifiers, i.e. dichloromethane
and tetrahydrofuran with methanol were also used [133]. It was
found out that the use of non-traditional solvents could result in
drastic changes, both positive and negative, in analytical enantio-
selectivity. These modifiers are utilized as a second tier approach
when adequate selectivity is not obtained with common modifiers
or when low methanol solubility results in poor preparative separa-
tions. The work by De Klerck et al. was focused on the simultaneous
use of the acidic additive TFA and the basic additive isopropylamine
(IPA) for enantioseparations [134]. The results showed that com-
bining TFA and IPA in the mobile phase can substantially increase
enantioselectivity of the chromatographic system, compared to
the individual use of these additives. Non-aqueous ammonia [135]
and ammonium hydroxide [136] were successfully used as mobile
phase additives instead of diethylamine. The clear advantage of
these additives over more commonly used basic modifiers is their
high volatility that makes them easy to remove in order to simplify
the post-purification. Reversal of elution order on Chiralpak AD col-
umn with the change of alcohol modifiers, methanol for 2-propanol,
was observed [137].
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Table 2
Summary of chiral separation system compositions and separation conditions used for preparative or semipreparative purposes. Main mobile phase component was CO,.
CSP/column Analyte Separation conditions References
Amylose tris(3,5-dimethylphenylcarbamate)
Chiralpak AD Lansoprazole 20% MeOH [194]
20MPa, 8 mLmin~!, 35°C
Pantoprazole 25% 2-PrOH
20MPa, 8 mLmin~!, 35°C
Rabeprazole 25% MeOH
20MPa, 8 mLmin~!, 35°C
Albendazole sulfoxide 30% 2-PrOH [195]
200 bar, 8mLmin~', 35°C
Omeprazole 25% EtOH [196]
20MPa, 8 mLmin~', 35°C
Omeprazole 50% [MeOH +2-PrOH + TEA (90/10/0.2)] [156]
210bar, 76 g min~!, 40°C
Sotolon 2.5% MeOH [121]
8 MPa, 8mLmin~', 28°C
Warfarin 30% (MeOH +0.2% DEA) [133]
100 bar, 80 mL min~!
Chiralpak AD-H 1-(4-Chlorobenzylhydryl) piperazine, 25% (MeOH +0.2% DEA) [120]
4-benzoloxy-2-azetidinone, disopyramide, 120bar, 126 mLmin~', 40°C
pantothenol, sulconazole, warfarin
1,5-Dimethyl-4-phenyl-2-imidazolidinone 15% (MeOH +0.2% DEA)
120bar, 126 mLmin~1, 40°C
a-(2,4-Dichlorophenyl)-1H-imidazole-1- 35% (MeOH +0.2% DEA)
ethanol 120bar, 126 mLmin~', 40°C
Benzylmandelate, propranolol 20% (MeOH +0.2% DEA)
120bar, 126 mLmin~1, 40°C
Fenoterol 30% (MeOH +0.2% DEA)
120bar, 126 mLmin~', 40°C
2-Phenylglutaric anhydride 15% TFE [88]
100bar, 10 mLmin~?!, 40°C
3,5-Difluoromandelic acid 3% (EtOH +0.5% TFA) [57]
100 bar, 2.4 mLmin~!
Flurbiprofen 15% MeOH [197]
147 bar, 72 g min~1, 30°C
3-Methylphenylalanine-N-benzylcarbamate 15% [MeOH +EtOH (50/50)] [164]
methyl ester 100bar, 50mLmin-1, 35°C
Warfarin 30% MeOH [114]

100bar, 30-70 mLmin~"', 40°C

Chiralpak IA Warfarin 30% [MeOH + DCM + DEA (50/50/0.2)] [133]
100 bar, 80 mL min~!

RegisPack Naringenin 25% MeOH [122]
4mLmin~1,30°C

Amylose tris((S)-a-methylbenzylcarbamate)

Chiralpak AS Binaphthol 18% MeOH [97]
100bar, 70mLmin~, 60°C
Substituted piperazine 12% (MeOH +25 mM IBA) [198]

100bar, 50 mLmin~1, 35°C

Cellulose tris(3,5-dimethylphenylcarbamate)

Chiralcel OD 1-Phenyl-1-propanol 2.55% MeOH [129]
18 MPa, 30g min—', 30°C
Nutlin-3 35% MeOH [184]
100 bar, 300 mLmin~', 30°C
Alprenolol, arginin(pmc), atenolol, MeOH [199]
corticosterone, coumarin, erythromycin, Gradient: 10-60% in 2.5 min
FMOC-alanin-COOH, 2000 psi, 15mLmin~1, 40°C

FMOC-threonin-(t-Bu)-COOH, imipramine,
metoprolol, promethazine, tolbutamide,
verapamil, warfarin

Chiralcel OD-H Atenolol 20% (MeOH +20 mM NHjs or 0.2% DEA) [135]
80gmin~!

Cellulose tris(3,5-dichlorophenylcarbamate)
Chiralpak IC Mandelamide 10% MeOH [54]
100bar, 70 mLmin~1, 40°C

Cellulose tris(3-chloro-4-methylphenylcarbamate)
Lux Cellulose-2 Fluoro-oxindole derivatives 10% MeOH [38]
150bar, 3mLmin~*, 30°C



K. Kalikovd et al. / Analytica Chimica Acta 821 (2014) 1-33 29

Table 2 (Continued )
CSP/column Analyte Separation conditions References
Cellulose tris(4-chloro-3-methylphenylcarbamate)
Lux Cellulose-4 Bendroflumethiazide 25% MeOH [54]
100bar, 70 mLmin~1, 40°C
4-(3,5-Dinitrobenzamido)tetrahydrophenanthrene
Whelk-01 (R,R) CBZ-N-benzyl-a-methyl benzylamine 43% 2-PrOH [170]
100 bar, 350 mL min~!
N,N’-(S,S)-1,2-Cyclohexanediyl-bis-2-propenamide
P-CAP Binaphtol 30% MeOH [97]

100 bar, 70 mLmin~1, 40°C

See Table 1 footnotes for abbreviations.

As chiral environment in SFC can be also created with chiral
mobile phase (and an achiral stationary phase) various chiral selec-
tors were used as a mobile phase additives. However, this way
of creating enantioseparation conditions is less popular than the
use of CSPs. An ion-pairing agent, Z-(L)-arginine was used as chi-
ral counter ion with Hypercarb column for enantioseparation of
substituted dihydropyridines [138]. The kinetics of adsorption and
desorption of dimethylated-f3-cyclodextrin mixtures (MeCD) as
mobile phase additives was tested on Hypercarb column [139]. The
proposed chiral separation system had a short equilibration time
and showed high reproducibility. MeCD as chiral selector in the
mobile phase with Hypercarb column were used for enantiosepa-
ration of different chiral compounds [140]. The adsorbed quantity
of MeCD onto the Hypercarb column was measured for various
chiral selector concentrations using the breakthrough method.
Authors found out that dominant mechanism for the chiral dis-
crimination was the diastereomeric complexation in the mobile
phase. Gyllenhaal and Karlsson used L-(+) tartaric acid as a mobile
phase additive to methanol modified CO, with DMOA and Hyper-
carb column for separations of various enantiomers [141]. Good
selectivity was obtained for tertiary amino alcohols. Retention and
selectivity increased with increasing concentration of the chiral
selector.

2.14. Temperature and pressure

Mobile phase density that partially determines the solvent
strength is dependent on temperature and pressure [3]|. Gener-
ally, mobile phase density increases with increasing pressure and
decreases with increasing temperature [ 1,142]. Selectivity of chiral
separations decreases with temperature until enantiomers coelute
at the isoeluotropic temperature [143]. Above this temperature,
the elution order reverses and selectivity increases with tempera-
ture. The isoelution temperature of a racemic mixture is not only
dependent on the analyte but also on the mobile phase composi-
tion[110,143]. Although these effects are well known, temperature
and pressure are often chosen empirically [ 110]. The reversal of elu-
tion order on Chiralpak AD column was achieved only by change of
temperature [137].

3. Applications

Analytical and preparative scale SFC applications, including
CSPs, separation conditions and aim of each study, are summarized
in Tables 1 and 2, respectively. This transparent way of presenta-
tion can offer an easy orientation in the separation systems used in
SFC for enantioselective analyses.

Chiral mobile phase additives which represent another, seldom
used possibility of creation of the chiral separation system in SFC
are discussed in the previous section, in Section 2.13.

4. Conclusions

Supercritical fluid chromatography seems to be a separation
technique of future because it offers fast and efficient analyses. The
growing interest in the field of SFC can be seen from the increasing
number of papers dealing with this separation technique. It is not
surprising that SFC found its use also for separation of chiral com-
pounds. Enantioselective separation environment in SFC is mostly
created with CSPs, chiral mobile phase additives are used rarely.
This fact reflects also the results of our literature search where
separation systems with CSPs predominate.

This review article gives an overview of chiral separation sys-
tems that were used in theoretical studies and/or applications in
SFC in recent years. It shows the possibilities of SFC in enantio-
selective separations and serves as an aid for easier choice of the
proper chiral separation system in SFC.
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5. Zawr

Predkladana dizertai prace, tvéena komentovanym souborem Sesti publikaci, se
zabyva problematikou kinetiky trypsinovéhcé@@ni peptid a chiradlnimi separacemi

biologicky aktivnich latek.

Trypsin je v proteomickém vyzkumu pouzivan k popasainokyselinovych sekvenci
proteini, ale jeho vyuziti je zatizenctkolika nevyhodami, jako je autolyza a produkce
.,miscleavage” sekvenci. HIlubSi pochopeni trypsimavéstpeni problematickych
sekvernich motivi a stanoveni odpovidajicich rychlostnich konstang¥jnosem pro
identifika¢ni techniky proteifi i pro vyvoj novych enzymovych modifikaci. Zavedeni
rezistentnich sekvenci do prognafeptide Mass Fingerprinting by vyznagrurychlilo a

zpiesnilo vyhodnocovani vysledla snizilo by mnozstvi fale8ipozitivnich identifikaci.

Provedeni enzymové hydrolyzy na trypsinové k&loreapojené §$imo
v chromatografickém systémutqustavuje dalSi zjednoduSeni artegmwni celého
identifikaéniho procesu. Omezi se tak manipulace se vzorkesma kilo procesu analyzy
vnasi dalSi negesnosti a vy§Si mnoZstvi enzymu zvysi rychlost akopatelnost reakce.
Byla syntetizovana trypsinova kolona 2,1 x 30 mjaka nosé byly zvoleny BEH4stice.
Tato kolona vykazovalacinnost srovnatelnou, zakterych podminek i vysSi nez kolony

komegni.

Chiralni separace biologicky aktivnich latek jsalledité nejen pro kontroldgistoty
l&Civ, ale také fi sledovani pibéhu rekterych chorob, starnuti i pro studie zgemé na
vyzkum vzniku Zivota na Zemi. Byly vypracovanyrozsahlé reSerSemované chiralnim
separacim metodou SFC a enantioseparacim aminokysd&iv chromatografickymi
metodami. Dale byly vyvinuty metody HPLC a CE vhédmro purifik&ni i screeningové

analyzy enantiomértryptofanu a jeho neproteinogennich derivat
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