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ABSTRAKT

Krevni vzorky jsou standardné analyzovany ve formé¢ plazmy nebo séra. Jako alternativa pro
vzorkovani a skladovani krve se stale castéji uplatnuji suché krevni skvrny (DBS).
V piedlozené disertacni praci jsou DBS zpracovany a analyzovany kapilarni elektroforézou
(CE), ktera byla v minulosti pro analyzu DBS vyuZzivana velmi zfidka. Nicméné¢ CE nabizi
mnohé vyhody, dané vyvojem této techniky v posledni dobé, kterymi standardni analytické
metody nedisponuji. Pfimé spojeni CE s mikroextrakénimi technikami a simultanni stanoveni
analyta ptitomnych v komplexnich matricich vede k minimalizaci nebo eliminaci nedostatkti
DBS analyz, jako je napiiklad vliv matrice, vliv hematokritu a nehomogenni distribuce analytt
v DBS. V nejjednodussim mozném uspotadani je dosazeno upravy, davkovani a analyzy DBS
vzorkli vyhradné komer¢ni CE pfistrojem. Vyvojem novych plné rozpustnych vzorkovacich
materiald pro DBS je dosazeno lepSich extrakénich vlastnosti a kvantitativnich vysledku.
Vyvinuté postupy zahrnuji nové metody pro tcinnou upravu DBS vzorkd a jejich ptfimou
analyzu bez nutnosti zdsahu operdtora a dosahuji dostateCnou selektivitu a citlivost pro

stanoveni vyznamnych analyt nejenom v DBS, ale i v dalSich vzorcich se slozitymi matricemi.

KLICOVA SLOVA

Suché krevni skvrny, kapilarni elektroforéza, ptimé spojeni, aminokyseliny, acidicka a bazicka

1é¢iva, mikroextrakéni techniky, rozpustné polymerni pény.



ABSTRACT

Blood samples are normally analyzed in the form of plasma or serum. As an alternative
for blood sampling and storage, dry blood spots (DBS) have been increasingly used in recent
years. In the actual dissertation thesis, DBS are processed and analyzed by capillary
electrophoresis (CE), which has been very rarely used for DBS analysis in the past. However,
CE offers several features, given by the recent development of this technique, not available
for standard analytical methods. Direct coupling of microextraction techniques to CE
and simultaneous determination of analytes present in complex matrices leads to minimization
or elimination of deficiencies in DBS analysis, for example the effect of sample matrix,
hematocrit effect, and inhomogeneous distribution of analytes in DBS. In the simplest possible
arrangement, sample treatment, injection, and analysis of DBS samples are achieved
exclusively by a single commercial CE instrument. Application of newly developed fully
soluble materials for DBS sampling offers better extraction efficiency and more accurate
quantitation. The developed concepts include new methods for efficient treatment of DBS
samples and their direct analysis without the need for operator intervention and they provide
sufficient selectivity and sensitivity for the determination of important analytes not only in DBS

but also in other complex samples.

KEYWORDS

Dried blood spots, capillary electrophoresis, in-line coupling, amino acids, acidic and basic

drugs, microextraction techniques, soluble polymer foams.
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1 UVOD

Krevni vzorky se v klinické praxi standardné odebiraji a zpracovavaji v ,,mokrém* stavu, tedy
ve form¢ krevni plazmy nebo séra ziskaného odbérem venozni krve. Alternativni technikou
muze byt vzorkovani kapilarni krve ve formé suchych krevnich skvrn (DBS) [1]. Odbér
a analyza vzorkl krve ve formé DBS se stavaji v oblasti analytické chemie popularni technikou
(viz obr. €. 1). Poprvé v roce 1963 R. Guthrie ukazal, ze odbér malého objemu krve z paty nebo
biiSka prstu na kousek filtracniho papiru, ktery byl poté nékolik dni skladovan, by mohl
poskytnout spolehliva analytickd méfeni pro klinické studie [2]. Od té doby je odbér DBS Siroce
vyuzivan pro screeningové vysetfeni vrozenych metabolickych poruch u novorozenct [3].
V poslednich letech se DBS uplatiiuje také v oblasti farmakokinetiky, toxikologie [4],
preklinickém a klinickém vyvoji 1éCiv [5, 6] a pfi terapeutickém monitorovani 1é¢iv [7, 8, 9].
Nicméné je dlouhd cesta k tomu, aby byla tato technika vzorkovani plné vyuZivéna, jak
ve vyzkumu, tak iv klinické praxi zejména kvuli problémim s nehomogenitou vysledného
vzorku a kvantitativnim stanovenim.

Piekvapivé je, Ze v Sirokém portfoliu analytickych technik pouzivanych pii vyvoji
vzorkovani a analyz DBS je kapilarni elektroforéza (CE) malo pouZzivanou technikou.
CE je totiz predurcena k analyze vzorkli s minimalnimi objemy, tudiz nedochézi k velkému
zfedéni analytll eluovanych z DBS. Tato separacni technika také umoZiiuje v kratkém case
soucasné stanovit vice slozek vzorku. CE instrumentaci je moZné piimo spojit s rliznymi
technikami mikroextrakce, které umoznuji ptecisténi vzorku a piipadné i zakoncentrovani
analytua [9, 10].

1894
2000 1772

1600 1548

1200 1145

200 778

Pocet publikaci

370

3 7 16

0

1963 1980 1990 2000 2005 2010 2015 2020 2021 2022

Obr. ¢ 1: Publikacni cinnost v jednotlivych letech v obdobi 1963-2022 v oblasti pouziti DBS.

(Extrahovano z databdaze WOS pouzitim klicového slova ,,dried blood spot ™).



2  RESENA PROBLEMATIKA SUCHYCH KREVNICH SKVRN

2.1 Metody pripravy DBS

Ve srovnani s konven¢nim vzorkovanim zilni krve je vzorkovani DBS piijemné;jsi a jednodussi
metodou odbéru vzorkd s vétsim komfortem pro pacienta. Odbér DBS ma tadu vyhod
a nevyhod oproti konven¢nimu odbéru vzorki ze Zily. Hlavni vyhodou DBS je méné invazivni
odbér vzorku. Misto bolestivé venepunkce s ndslednym odebranim venoézni krve v fadech
mililitrG se malé mnozstvi kapilarni krve (obvykle mensi nez 50 pl) odebira z vpichu lancetou
z paty (u kojencti), z biiska prstu (u dospélych) nebo z ocasu (u zvitrat). Odbér vzorkt je tedy
vhodny pro vSechny skupiny pacientt, kde mize byt venepunkce piili§ invazivni [1]. Odbér
DBS je diky jednoduchosti mozno provést samotnymi pacienty.

Odebrand krev se nanese na vzorkovaci kartu a ponechd se 2-3 hodiny volné susit
na okolnim vzduchu [8]. Velkou vyhodou DBS je dlouhodoba stabilita analytii ve srovnani
se vzorky krevni plazmy nebo séra, protoze pii suseni vzorkl krve je fada latek, napt. enzymt,
deaktivovana. Vzorkovaci karty mohou byt pouzity pro sbér, skladovéani a analyzu i jinych
biologickych materialii, nez je krev (napf. mo¢, plazma, sérum). Pro transport do laboratoie
jsou karty zabaleny do uzaviratelného plastového sacku s vysouSedlem a jsou poslany postou
nebo jinymi piepravnimi spolecnostmi. V laboratofi jsou bud’ podrobeny analyze, nebo jsou
uskladnény pro dalsi pouziti [10].

Problematika nedostatkii pii vzorkovani a analyze DBS je komplexné zkouména. Odbér
malého objemu krve v fadech pl je jedna z hlavnich vyhod, ale paradoxné& i nevyhod, protoze
je mozné provést zpracovani vzorku pied vlastni analyzou jen jednou a neni k dispozici
nahradni vzorek. Odbér vzorkd DBS neni vhodny pro analyty citlivé na vzduch a pro tékavé
analyty [1, 9]. Koncentrace analytii v kapilarni krvi se mohou liSit od koncentraci ve vendzni
krvi a musi byt stanovena korelace mezi témito dvéma matricemi pifed jakoukoli
farmakokinetickou a toxikokinetickou analyzou nebo pted terapeutickym monitorovanim lé€iv.
analyzu, je vSak hodnota hematokritu v krvi [9, 11]. Hematokrit udavd pomér objemu erytrocytt
k celkovému objemu krve a pohybuje se mezi 0,37 a 0,51 (t. 37 % a 51 %) u zdravého
dospé€lého jedince [12]. Hematokrit je za fyziologickych okolnosti vys$si u novorozencii
(45 - 60 %) au populace zijicich ve vysokych nadmotskych vyskach [13, 14]. Hematokrit

ma pfimy vliv na velikost krevni skvrny nanesené na vzorkovaci DBS kartu. Naptiklad vyssi



hodnota hematokritu znaci vyssi viskozitu krve, coz mé za nasledek mensi plochu krevni skvrny
na vzorkovaci DBS karté. Naopak krev s nizkou hodnotou hematokritu poskytne vétsi plochu
krevni skvrny [11]. RGznd hodnota hematokritu odebranych vzorkli také indukuje
nehomogenitu krevni skvrny na DBS karté. Dochézi k tzv. ,halo efektu®, kdy krevni buiky
zustavaji na stfedu nanesené krevni skvrny, zatimco plazma migruje k periferii. V ptipade,
ze se pro analyzu pouzije jen vyiez riznych ¢asti DBS muze vliv hematokritu mit negativni

dopad na kvantitativni analyzu DBS [9, 15, 16].

2.1.1 Vzorkovaci karty

Pro odbér vzorktl krve ve form& DBS se pouzivaji rizné komeréni DBS karty podle typu
analytickych pozadavkl. Karty Whatman 903 se bézn¢ pouzivaji pro screeningové vysetieni
novorozencl. Karty FTA DMPK typu A, B, C se pouZivaji pro farmakokinetické
nebo toxikokinetické studie a karty FTA Elute jsou uréeny predevsim k purifikaci DNA.
Pro odbér krve byly legislativnimi organy schvéleny karty Whatman 903, Ahlstrom GenSaver
2.0 a Perkin Elmer 226 [8].

Odbérové karty pro vzorkovani DBS jsou vyrobeny z celulozy. Na karté jsou vyznacené
oblasti (viz obr. €. 2), do kterych se nadavkuje vzorek a necha se po dobu 2—3 hodin schnout.

Karty jsou skladovany v uzaviratelnych plastovych obalech s vysousedlem [17, 18].

------
rrrrr
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Whatman 903™[LOT] 7083417 W162

Whatman 903™ Specimen Collection Paper LOT 7083417
Whatman w162

st 10534320 Rev.AB

Obr. ¢. 2: Priklad odbérové karty se ctyrmi odbérovymi zonami (Whatman 903).

2.1.2  Odbér krve a vzorkovani na DBS karty

Zpusoby odbéru krve pro vzorkovani ve formé DBS jsou stile feSenou problematikou,
protoZze maji urcitd omezeni, kterd brani jejich SirSimu vyuziti. Pfed samotnym odbérem kapky

krve je nutné misto vpichu prohtat (teplou vodou po dobu 5 minut pro zvySeni prokrvenosti)
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a vydesinfikovat. Pro odbér DBS se kapilarni krev ziskdva z vpichu automatickou lancetou
do paty (obr. €. 3 - A) nebo bfiska prstu (obr. €. 3 - B). Krev se nevymackava, ale okoli mista
vpichu se mirn€¢ masiruje pro podporu prutoku krve [15]. Prvni kapka je setiena sterilnim
tamponem, protoze obsahuje vice tkanové tekutiny a mohla by mit vliv na vyslednou analyzu.
Druhd kapka je odebrana na vzorkovaci kartu s pfesné definovanou savosti ptilozenim
k vyzna€ené hranici, kterd vymezuje mnozstvi odebrané krve. Je kladen diraz na to, aby krev
vyplnila celou vyznac¢enou odbérovou zonu na DBS kart€¢. Misto vpichu je po odbéru

vydesinfikovéano [17].

evr

Obr. ¢. 3: Nejvhodnéjsi zony odbéru pro DBS vzorky, A — z paty novorozence, B — z briska prstu [17].

DBS se v minulosti pouzivaly ptfedev§im pro kvalitativni a semikvantitativni analyzu.
S vyvojem analytickych pristroji se metodika DBS zacala uplatiiovat 1 pro kvantitativni
analyzu, kdy je nutné znat presny objem vzorku, ktery byl odebran. Pro kvantitativni analyzu
je metoda odbéru z kapky krve limitovéana z hlediska odebrani opakovaného a ptesného objemu
vzorku také dochdzi k nerovnomérné distribuci krve na odbérové DBS karté vlivem
hematokritu — viz kapitola 2.1 [17, 15].

Jednim z pfistupll, jak je moZné zjistit objem krve naneseny na DBS karté, je méfeni
specifické vodivosti eluatu. Obsah hlavnich slozek krve urcujicich specifickou vodivost
je pro zdravou populaci konstantni, proto lze objem krve odebrany na DBS kartu stanovit
meéfenim vodivosti vodného DBS eluatu [19]. Podobné Ize pro korelaci objemu krve
nanesen¢ho na DBS kartu pouzit koncentraci nékterych anorganickych ionti (napft. sodiku
a drasliku) v DBS eluatu [20, 21]. Dal§im zpfesnénim mulze byt odebrani presného objemu
pomoci pipety nebo jednordzové sklenéné kapilary diskutované zde volumetrickych
odbérovych zafizeni (diskutovanych v kapitole 2.1.3 a 2.1.4) kalibrovanych na pfesny objem
v tadech pl [15].

11



Z odbérového mista se krev odebere do kalibrované sklenéné kapilary (obr. ¢. 4 — A).
Nasledn¢ se naplnéna kapilara ptilozi k odbérové karté (obr. €. 4 — B) az do plného ptenosu

krve na kartu. Velka pozornost musi byt vénovéana odbéru a suseni vzorku, protoze nedostatecné

mnozstvi odebrané krve nebo pifipadné malo usuSeny vzorek mize znehodnotit vysledky

analyzy [15].

Obr. ¢. 4: Odbér a vzorkovani kapilarni krve pomoci sklenéné kapilary na vzorkovaci DBS kartu;
A — odber kapilarni krve z briska prstu do sklenené kapilary, B — prenos odebrané krve na DBS kartu.

Vzorkovaci DBS karta s odebranymi skvrnami se ponechd 2—3 hodiny schnout ve stojanu
pii laboratorni teploté. Proces schnuti nesmi byt urychlen pasobenim horkého vzduchu
ani ponechanim na slunci [17]. Takto pfipravené karty s DBS vzorky je moZné skladovat
zabalené v uzaviratelném plastovém obalu s vysousedlem, nebo je lze poslat k analyze
do laboratote. Odbérové karty DBS jsou legislativnimi organy povazovany za material
bez biologického nebezpeci, a proto mohou byt transportovany beéznou piepravni sluzbou
do laboratoie. Metoda vzorkovani kapilarni krve v podobé DBS je diky jednoduchosti odbéru
a transportu vhodna pro odbér vzorkli v domécnosti nebo v mistech s omezenymi moznostmi

odebirani vzorkd plazmy nebo séra [10].

2.1.3 VAMS (Volumetric absorptive microsampling)

Tato technika odmérného vzorkovani mikro-objemii se pouziva k ziskani suchych krevnich
vzorkll nebo jinych biologickych matric pro fadu bioanalytickych analyz [22]. Rozviji techniku
odbéru krve na odbérové DBS karty, kterd se Siroce pouziva v poslednich 40 letech.
VAMS je technika, kterd vyznamné eliminuje nékteré nevyhody dosavadni metody odbéru
DBS (zptesiiuje odebrany objem a eliminuje vliv hematokritu, tzv. ,halo efekt®) [22, 23].

Zatizeni VAMS obsahuje plastovou rukojet’ s absorpcni Spickou vyrobenou z hydrofilniho
polymeru (viz obr. ¢. 5). Podle velikosti polymerni $picky je absorbovéano do pora 10 ul, 20 ul
nebo 30 pl krve [22, 24].

12



Absorpéni

Rukojet’

Obr. ¢. 5: Odbeérove zarizeni VAMS na objem 10 ul, nalevo — VAMS bez krve, napravo — VAMS
s odebranou krvi [22].

Odbér technikou VAMS se provadi prilozenim Spicky ke kapce krve, pfi¢emz je nutné,
aby krev nepfiSla do kontaktu s plastovou rukojeti a nedoslo tak k ptfeplnéni odbé&rového
zafizeni. Odbér kapildrni krve z bfiSka prstu pomoci VAMS se provadi pod thlem 45°, jak je
definovano vyrobcem (viz obr. €. 6A). Poté se vzorek necha ve stojanu uschnout (viz obr. ¢.
6B) atakto pfipraveny vzorek je mozné skladovat nebo upravit pro analyzu v laboratofi

(viz obr. €. 6C) [24].

A B C

L4

Obr. ¢. 6: Odbeér vzorku kapilarni krve pomoci VAMS; A — krevni kapka se ziskdva z vpichu do briska
prstu lancetou a poté se prvni kapka setre sterilnim tamponem. Dotykem polymerni Spicky pod wihlem
45° se zdruhé kapky odebere vzorek, B—odebrany vzorek se suSi ve stojanu 2-3 hodiny,
C — pro analyzu je polymerni Spicka odlomena do elucniho rozpoustédia [24].

Polymerni $picky byly navrZzeny jako alternativni vzorkovaci materidl vzhledem k jejich
preddefinovanym konstantnim rozmériim a absorp¢nim vlastnostem, coz umozituje odebrat
pfesné objemy vzorkl nezavisle na obsahu hematokritu v odebrané krvi. VAMS je stéle vice

uznéavanou alternativou ke konvenc¢nim odbértim pomoci DBS odbérovych karet [24, 25].
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2.1.4  DalSi komerc¢ni odbérové zarizeni pro vzorkovani kapilarni krve

Vzorkovani na odbérové DBS karty je prezentovano jako neinvazivni odbér kapilarni krve.
DBS poskytuje kvantitativni informaci v ptipadé, ze je na odbérovou kartu odebran piesny
objem vzorku. Odbér presného objemu vzorku kapilérni krve na kartu ve vybavené laboratofi
s vyskolenym personalem je jednoduse proveditelny, ale pro klinické studie pti odbéru vzorku
mimo laboratoft je odbér piesného objemu obtizny.

V poslednich letech byly navrzeny riizné strategie pro eliminaci tohoto problému
(napt. VAMS viz kapitola 2.1.3). Dal§im z nich je mikrofluidni zafizeni pro odbér krve na DBS
kartu (Hemaxis, Capitainer) [26, 27, 28]. Zafizeni obsahuje mikrofluidni kandlky
s preddefinovanym objemem 5 a 10 pl, které jsou integrovany s odbérovou kartou. Dalsi
komeréni odbérové zatizeni je na bazi sklenénych kapilar (hemaPEN), krev je vzorkovana
na predem vytiznuty papirovy disk [15]. I kdyZ jsou popsané postupy pro odbér kapilarni krve
realizovany odlisné, jejich cilem je odbér pfesného objemu vzorku na odbérové médium,

coz je klicové pro presnou kvantifikaci.

2.1.5  Alternativni materialy pro vzorkovani kapilarni krve

V poslednich letech byly zkoumany rtizné materidly pro odbér DBS, které v nékterych
aspektech piekonavaji standardni odbérovd média. A. Gjelstad a jeji kolektiv predstavili
alternativni algindtové a chitosanové materidly, které jsou pii eluci rozpustné, na rozdil
od standardnich celulozovych vzorkovacich DBS karet a polymernich VAMS [18]. Alginat
a chitosan jsou biopolymery, které se mohou vyrabét ve formé vlaken, pén nebo gell a jsou
komeréné pouzivané v oblastech hojeni ran, tkanového inZenyrstvi a pii fizeném uvoliovani
1&¢iv [29, 30]. Krevni skvrna je nanesena na alginatovy nebo chitosanovy material a ususena.
Nasledné je skladovéna nebo podrobena analyze stejnym zptisobem jako u vzorkd odebranych
standardné¢ na DBS karty. Pfi eluci se material rozpusti v eluénim roztoku a vysledny eluat
se pifimo pouziva pro dalsi zpracovani a analyzu. Skutec¢nost, Ze se béhem eluce rozpusti cely
odbérovy materidl, a tim padem také celda DBS, miiZe zajistit zlepSeni vytéZznosti pro sledované
analyty. Nicméng¢, protoze se vzorkovaci sorbenty DBS rozpusti, zvysi se komplexnost eluatu,
které proto nejsou piimo kompatibilni s naslednou analyzou a je nutna jejich uprava.
U komer¢né dostupnych DBS karet byly vytézky az Skrat nizsi, nez v ptipad¢ vzorkovani

na alginatovy nebo chitosanovy materidl, kde vytézky u vybranych analyti dosahovaly
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az 100 %. Zvysené vytéznosti predstavuji obrovsky potencial pro vyvoj a aplikaci
alternativnich materiala, protoze dosud tyto materidly nejsou bézné pouzivané [18].
V budoucnu by tyto rozpustné materidly mohly najit uplatnéni u VAMS technologii,

které doposud pouzivaji pro vzorkovani polymerni $picku z nerozpustného materialu.

2.2 Analyza DBS vzorki

Ptipravené DBS na odbérovych médiich (viz kapitola 2.1) mohou byt v laboratoii bud’
skladovany nebo podrobeny analyze. Pro analyzu je nutné z DBS karty vyfiznout vhodnou ¢ast
skvrny. U odbéru z kapky krve, ktera nema piesné definovany objem vzorku na odbérové karte,
dochdzi k nerovnomérné distribuci krve kviili riznym hladinam hematokritu (viz kapitola 2.1).
Dochézi tak ke snizeni presnosti a opakovatelnosti kvantitativnich analyz [15] zvlaste, kdyz
jsou pro analyzu pouzity disky vyrazené zriznych mist odebrané DBS [9]. VhodnéjSim
pfistupem pro eliminaci negativniho vlivu hematokritu je vzorkovani pfesného objemu krve
a nasledn¢ vytezani celé DBS [11] (viz kapitola 2.1.2).Vzorkovani krve na perforovanou zénu
nebo pfedem vyraZeny disk z DBS karty se provadi proto, aby vSechna krev byla zachycena
pouze v definované oblasti [11, 15, 31, 32].

Standardni postup zpracovani odbérovych médii je proces naro¢ny na ¢as a na posloupnost
pracovnich ukoni. Pfi eluci se vyfiznuty disk se vzorkem suché krve umisti do vialky
a prevrstvi se vhodnym rozpoustédlem. Podle typu zvoleného rozpoustédla se mohou do eludtu
uvolnit rizné analyty a slozky krve. Vznikly kapalny eludt se odstfedi nebo odpafi
do sucha a rekonstituuje vhodnym rozpoustédlem [18]. BéZzné se pro eluci pouziva
deionizovand voda, pfipadné slaba kyselina, zdsada nebo je mozné krevni skvrnu eluovat smési
vody a metanolu (¢i acetonitrilu) nebo Cistym organickym rozpoustédlem. Organicka
rozpoustédla se pro eluci pouzivaji v piipade, Ze je pro analyzu nezbytné€ nutné vysrazet
proteiny ze vzorku nebo pro eluci nepolarnich latek. Pfi eluci dochazi u stanovovanych analytl
ke sniZeni jejich koncentrace v porovnani s ptivodni kapilarni krvi, proto musi byt pro jejich
stanoveni pouZzity citlivé analytické metody [1, 18].

Pro nékteré metody jsou nutné jest¢ dalSi kroky upravy vzorku jako je derivatizace
(pro zvySeni citlivosti detekce nebo tékavosti stanovovanych analytil), pfipadné pisobeni
ultrazvuku (pro zlepSeni extrakéni nebo elucni vytéznosti). Proces upravy je zvolen podle
stanovovanych analytl a pouzité¢ analytické metody. Pfiklady rtiznych instrumentalnich

analytickych metod pouzitych k analyze vzorki DBS jsou uvedeny v tab. ¢. 1. Byly vybrany
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tak, aby zndzornily rozsah pouzitych analytickych metod v zavislosti na jejich dosazenych

limitt detekee (LOD) [1].

Tab. ¢. 1: Vybrané priklady analytickych metod pouzitych na vzorky DBS [1, 3].

Metoda stanoveni  Zpracovani DBS vzorku LOD [pg/ml] Aplikace*
GC-MS Derivace/eluce Casti skvrny 1,0 NBS
GC-MS/MS Derivatizace/eluce 2,010° TDM
LC-UV Eluce DBS disku 1,510° TDM/NBS

LC-fluorescence Eluce DBS disku, derivatizace 5,010° TDM

LC-MS Eluce DBS disku 1,010° TDM/NBS/DMPK
LC-MS/MS Eluce DBS disku 2,010* TDM/NBS/DMPK
LC-HRMS Eluce DBS disku 0,1 TDM

DESI-MS Ptimy nastiik vzorku 0,01 NBS / TDM
DART-MS Ptimy nasttik vzorku 0,3 TDM

ICP-MS Eluce DBS disku 0,03 Elementarni analyza
CE-ESI-MS Eluce DBS disku 0,03 NBS

* DART-MS = hmotnostni spektrometrie s pfimou analyzou v redlném Gase, DESI-MS = hmotnostni spektrometrie
s desorpéni elektrosprejovou ionizaci, DMPK = metabolismus 1é¢iv / farmakokinetika, GC = plynovd chromatografie,
HRMS = hmotnostni spektrometrie s vysokym rozlisenim, ICP-MS = hmotnostni spektrometrie s indukéné vazanym
plazmatem, LC = kapalinova chromatografie, MS = hmotnostni spektrometrie, NBS =novorozenecky screening,

TDM = terapeutické monitorovani 1é¢iv

Je docela prekvapivé, Ze v Sirokém portfoliu analytickych technik pouzivanych pro analyzu
DBS je CE velmi malo pouZivanou analytickou koncovkou. Ve srovnani s jinymi analytickymi
technikami aplikovanymi pro analyzu analyti z DBS eluatu je CE instrumentace mnohem
jednodussi a finanén€ méné narocna. Dosud byla CE v této oblasti vyuZita pouze pro analyzu
biochemicky vyznamnych sloucenin [33, 34] a aminokyselin [3]. CE je vSak pfedurCena
pro analyzy minimalniho objemu vzorki. Navic je to technika pro rychlé separace umoziujici
soucasné monitorovani vice slozek vzorku najednou v kratkém casovém intervalu.

Tyto charakteristiky CE mohou byt uzitecné pii analyze raznych analytd v DBS eluatu.
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Navic instrumentace CE je ve srovnani s jinymi analytickymi technikami mnohem jednodussi

a umoznuje piimé propojeni s riznymi technikami mikroextrakce [35, 36].

2.3 Instrumentace kapilarni elektroforézy

Schematicky nékres CE instrumentace je zndzornén na obr. €. 7. Sklada se ze zdroje vysokého
napéti (0-30 kV), dvou platinovych elektrod, separacni kapilary z kiemenného skla s vnéjsi
vrstvou polyimidu (vnitini primér kapilary 10-100 um, délka kapilary 30—70 cm), dvou vialek
s roztokem elektrolytu (BGE), detektoru a systému pro sbér dat pripojeného k pocitaci [36].
Nabité analyty jsou separovany v kapilafe na zaklad¢ jejich riizné elektroforetické mobility,
velikosti a sméru elektroosmotického toku. Ionty migruji separacni kapilarou rznou rychlosti
a oddéli se do jednotlivych zdn, které jsou detekovany v riznych ¢asech pii prichodu
detektorem. Jednotlivé zény jsou ndsledné vizualizovany ve formé elektroforeogramu,
kde jednotlivé piky odpovidaji zéondm ionti se stejnou elektroforetickou mobilitou [37].
Vyhodou CE je, ze muze byt provedena v mnoha opera¢nich modech, které umoziuji separace

kladn¢ a z&dporn€ nabitych stejné tak jako neutralnich analytd.

Vyhodnocovaci
zafizeni

Detektor

Kapilara

Vstupni vialka I‘ ] Vystupni vialka
Zdroj vysokého

napéti
Obr. ¢. 7: Schematicky nakres kapildarni elektroforézy [36].

CE je jednou z nejrychleji vyvijejicich se analytickych technik [38], existuje pro to nékolik
divodl. Jednim znich je jednoduchost CE instrumentace a s tim spojené nizké naklady
na spotfebni material (kapildra aj.), dale také vysoka separac¢ni u¢innost, minimalni spotieba
roztokli a vzorkil. Nevyhodou CE instrumentace je niz§i dlouhodoba stabilita analytického
sytému ve srovnani s chromatografickymi technikami a nizsi citlivost detekce pii pouziti

UV-VIS detektoru.
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Niz8i stabilita syst¢tmi CE je zplusobena malymi zménami elektroosmotického
toku, ke kterému dochazi vlivem postupného opotiebeni vnitiniho povrchu separacni kapilary
a tim jsou zplsobeny zmény v migracnich Casech analyti a Uc€innosti jejich separace [39].
Pro zlepSeni stability elektroosmotického toku CE systému se mohou do BGE pfidat
vysokomolekuldrni slouceniny (napi. derivaty celuldzy a polymerni roztoky), které ovlivni
povrchovy ndboj na vnitini stén¢ kapilary a potlaci vliv elektroosmotického toku [36].

Dévkované mnozstvi vzorku (standardné v fadu pl az nl) do CE je limitovano objemem
separacni kapilary. Celkova efektivni draha optickych detektort v CE je dana vnitinim
prumérem separacnich kapilar. Kratka opticka drdha detektoru je spolu s malym objemem
davkovaného vzorku diivodem niZzsi citlivosti CE analyz, proto byly zkoumany rizné ptistupy
pro zlepSeni detekénich limiti. Nejjednodussi alternativou je pouziti selektivnéjSich
a citlivéjsich detek¢nich zafizeni ve spojeni s CE, napiiklad hmotnostni spektrometrie (MS)
[40] nebo laserem indukovanou fluorescence [41]. Detekéni citlivost miize byt také zvySena
pouzitim vhodnych procest upravy vzorkd (viz kapitola 2.4), které umozni pfi spojeni

s komerc¢ni CE precisténi, zakoncentrovani a naslednou analyzu analytt (viz kapitola 2.5) [36].

2.4 Mikroextrak¢ni techniky

Analyza DBS neni trividlnim Ukolem z divodl komplexniho slozeni matrice a nizké
koncentrace vétSiny stanovovanych analytl. Kapilarni krev obsahuje krevni elementy, vysoké
koncentrace proteini (~70 g/1), malé anorganické ionty (~ 300 mM), lipidy (~8 g/1) a také dalsi
biochemicky vyznamné latky, jako je glukdza, mocovina, aminokyseliny a mastné
kyseliny. Nékteré matri¢ni slozky (obzvlasté makromolekuldrni) mohou ulpivat na vnitinich
strukturach analytickych systémi, zejména kolon (v kapalinové a plynové chromatografii)
a separacnich kapilar (v CE), coz mize vést k niz$i analytické Uc¢innosti nebo mize dojit
az k poSkozeni analytického systému [36].

Ptimé davkovani komplexnich krevnich vzorkli do analytického systému bez ptredchozi
upravy je mozné jen vyjimecné. Tradicné se pro Upravu pouzivaji techniky zaloZené na extrakci
kapalina-kapalina (LLE) a extrakci na pevné fazi (SPE). Techniky LLE vyZaduji velké objemy
organickych rozpoustédel a vzorkli. SPE pracuje s velkymi objemy vzorkd, na druhou stranu
jilze snadno miniaturizovat a automatizovat, proto miZze byt pouZzivana v klinické praxi
[42, 43]. V minulosti byly k tradi€nim extrakénim technikam navrZeny alternativni pfistupy,

které¢ kladou stale vétSi diiraz na usporu Casu, snizeni potfizovacich a provoznich ndklada,
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zjednoduSeni a automatizaci celého procesu a také na snizeni spotieby organickych cinidel.
Dalsim cilem vyvoje novych extrakénich technik byla také snaha o pfimé spojeni s analytickym
systémem. Jednou z dalSich motivaci pro vyvoj byla i moznost izolace sledovanych slouc¢enin
pfimo v misté¢ odbéru [36, 44]. Zvlastni pozornost je v posledni dobé vénovana
mikroextrakénim technikdm zalozenych na pienosu analyti pfes membranu, mezi které patii
mikrodialyza [45], extrakce ptfes dutd vldkna [46-48], extrakce pies kapalnou membranu
na pevném nosici (SLM) [49-51] a elektromembranové extrakce [51, 52].

Po vice nez tii desetileti je znacny zdjem o vyvoj mikroextrak¢nich technik [53-58]
a zejména o mikroextrakci ptes SLM [46, 49-51, 53, 57, 59, 60]. V extrakcich ptes SLM jsou
cilové analyty pfeneseny z mililitrového objemu donoru do SLM a nasledné do mikrolitrového
objemu akceptoru na opacné stran¢ SLM. SLM je obvykle vytvofena jako tenkd vrstva
rozpoustédla nemisitelného s vodou ukotveného v nosném materidlu a ptsobi jako selektivni
bariéra pro pfenos cilovych analytt. Slozky matrice vzorku (krevni elementy, solné ionty,
proteiny a dalsi interferujici sloZzky) jsou U¢inné zadrzovany SLM, kterd zajisti preciSténi
vzorku. Navic, objem akceptoru je niz$i nez objem vzorku, a proto dochézi k zakoncentrovani
cilovych analyti v akceptoru, ktery mize byt pouzit pro opakované analyzy na CE systémech.
Mikroextrakéni techniky tak mohou byt feSenim pro CE analyzy vzorku obsahujicich nizké

koncentrace analyti, které by jinak byly pod detek¢nimi limity pouzité CE metody [36, 61].

2.5 Spojeni CE s mikroextrakénimi technikami

Mikroextrakéni techniky se vétSinou pouzivaji v off-line uspotadani, kde je krok tpravy
provadén oddélené a vysledny extrakt je manualné pienesen do analytického systému. Existuji
vSak aplikace, u kterych je tento off-line ptenos vzorkti nevhodny z divodu mozné kontaminace
pfi ruéni manipulaci nebo nutnosti bezobsluZznych analyz. Automatizace extrakéniho
a analytického procesu je v popiedi zdjmu. V minulosti byla publikovéana originalni uspotadani
pro piimé spojeni riznych technik membranové extrakce k béZzn€ dostupnym analytickym
metoddm (prevazné k separatnim metodam) [35, 49, 62]. Instrumentace rutinné pouzivanych
analytickych metod (HPLC, MS) jsou slozité a nédkladné, proto je nutny dalsi vyvoj, zejména
s ohledem na kvantitativni analyzu [63, 64].

Narozdil od vySe uvedenych metod vyuzivd CE vyrazné jednodussi instrumentaci a nizsi
davkované objemy. CE v posledni dob¢ ukazuje vysoky potencial také pro klinickou analyzu

[65-67] a je velmi atraktivni pro analyzu komplexnich vzorkl [68, 69]. Pfimého spojeni CE
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s mikroextrakce do kapalné faze (LPME) bylo dosazeno zmensenim extrakéni jednotky [70],
a tim 1 snizenim davkovaného objemu vzorku do kapilary [71] nebo davkovanim pouze Casti
akceptorového roztoku [72]. Pii vyvoji piimého spojeni LPME a CE byla pro jednoduchou
kontrolu pfenosu analytii mezi extrakénim systémem a separacni kapildrou pouzita laboratorné
sestavend CE. Pouziti laboratorn¢ sestavené CE instrumentace ale vyzadovalo ru¢ni manipulaci
s kapilarou a Gplnd automatizace LPME/CE nebyla mozna. Pozd¢ji bylo pfimé spojeni LPME
s komeréni CE dosazeno pomoci na miru vyrobeného mikroextrakéniho zatizeni
kompatibilniho s CE vialkami. Vysledny vodny akceptorovy roztok obsahujici analyty, které
byly béhem extrakéniho procesu transportovany pres membranu, byl pfimo automaticky
analyzovéan stavajici komer¢ni CE instrumentaci [36].

Pro tucely extrakce lze pouzit membrany s rGznou selektivitou, jako jsou dialyzaéni
membrany, polymern¢ inkluzni membrany nebo SLM. Pouziti membran s riznymi vlastnostmi
zajisti vysokou variabilitu nastaveni extrakce DBS s CE, které umozni pfimou analyzu riznych
klinicky dileZitych analytt. Selektivita pro ptenos specifickych analyti mize byt dale upravena
slozenim membrany, jak bylo neddvno uvedeno pro SLM [73, 74] a polymerné inkluzni

membrany [61].

2.6  Vyuziti DBS

DBS se obvykle pouzivaji pro novorozenecky screening vrozenych dédi¢nych metabolickych
poruch [3]. Postupem casu se analyza DBS roz$ifila i na mikrobiologické a epidemiologické
sledovani chorob [60]. Mezi dalsi dulezit¢ aplikace DBS patii molekuldrni metody
pro stanoveni DNA nebo RNA, imunologické studie a testovani infekénich chorob u kojencti,
déti 1 dospélych [75]. Dalsi uplatnéni DBS je v oblasti toxikokinetickych a farmakokinetickych
studii [4], terapeutického monitorovani 1é¢iv [7] a forenznich analyz [76]. Kromé toho se DBS
pouzivaji pro stanoveni mnoha metabolickych meziproduktt, jako jsou zlucové kyseliny,

karnitin, kreatinin, homocystein a varianty hemoglobinu [77].

2.6.1 Dédi¢né poruchy metabolismu aminokyselin

Dédi¢né metabolické poruchy jsou heterogenni skupinou zhruba deviti set vzacnych onemocnéni
s vrozenou genetickou mutaci, ktera je zpiisobena enzymovym deficitem nebo disfunkci
strukturdlniho ¢i transportniho proteinu v organismu. Nasledkem toho dochazi k naruseni

biochemické reakce latek, které se mohou v organismu hromadit. V¢asné diagnostika t€chto poruch
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je dalezitd pro jejich 1écbu a vétSinou rozhoduje o miife poskozeni pacienta [78].
Mezi nejéast&jsi dédiéné poruchy metabolismu aminokyselin v Ceské republice patii
fenylketonurie, hyperfenylalaninemie, alkaptonurie a tyrozinémie. [79, 80].

Fenylketonurie a hyperfenylalaninemie jsou vrozené poruchy metabolismu aminokyseliny
fenylalaninu. Pfi¢inou onemocnéni je mutace genu, kterd zplUsobuje deficit
fenylalaninhydroxyldzy (PAH), kterd hydroxyluje fenylalanin na tyrosin. Fenylalanin
je aminokyselina, kterd je obsazena v bilkovinach rostlinnych i Zzivoc¢isnych organismu.
U hyperfenylalaninemie je plazmatickd koncentrace fenylalaninu zvySena (viz tab. ¢. 2).
U nemocnych pacientl s koncentraci fenylalaninu v plazmé vyssi nez 600 umol/l organismus
neprodukuje PAH nebo ma enzym jen velmi nizkou aktivitu a dochdzi k hromadéni
fenylalaninu, které vede k poruchdm centrdlni nervové soustavy (mentdlnimu postizeni

az k demenci) [3, 78].

Tab. ¢. 2: Klasifikace poruch metabolismu podle hladiny fenylalaninu a aktivity PAH v krvi [43].

Nazev onemocnéni Plazrpatlclfa koncep,trace Rezidualni aktivita PAH [%]
fenylalaninu pted terapii [umol/1]

Hyperfenylalaninemie 120-600 >5
Mirna fenylketonurie 600-1200 1-5
Fenylketonurie 1200 <1

Dalsimi dédiénymi  poruchami metabolismu aminokyselin, projevujici se jiz
v novorozeneckém véku, jsou tyrozinémie a alkaptonurie, které jsou zpisobené poruchou
metabolismu aminokyseliny tyrosinu. Tyrosin je vyznamny pro proteosyntézu
neurotransmitertt (dopaminu, adrenalinu, noradrenalinu), melaninu a hormonu thyroxinu.
Metabolismus fenylalaninu a tyrosinu a jejich metabolické poruchy jsou zobrazeny na obr. €. 8

[78].
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Obr. ¢. 8: Metabolismus fenylalaninu a tyrosinu a jejich metabolické poruchy [81].

Dédi¢né metabolické poruchy zminénych aminokyselin se projevuji uz po narozeni. Jakmile
zacne novorozenec pit matefské mléko, hladina aminokyselin v jeho krvi za¢ne stoupat
avptipadé¢ fenylketonurie dochézi v disledku zvySeného fenylalaninu postupné
k rozvoji mentalni retardace, kterd dale progreduje ve stiedné tézkou az tézkou. Z tohoto
divodu je nutnd v¢asna diagnostika jesté pred klinickymi projevy. Pokud se onemocnéni
jedince potvrdi, je nutné zahdjit 1écbu pomoci specidlni potravinové diety s nizkym obsahem
fenylalaninu ve stravé. Vysledkem nizko-bilkovinové diety u dédi¢nych poruch metabolismu
aminokyselin fenylalaninu a tyrosinu by mélo byt udrZzeni optimalni stdlé koncentrace
fenylalaninu v krvi, kterou je tfeba pravidelné kontrolovat. Nadmérné sniZeni hladiny
fenylalaninu se projevuje nechutenstvim, unavou, anémii a prijmy. Dilezitou soucasti
nizkobilkovinové diety je podavani aminokyselinovych léCebnych ptipravkii bez obsahu
fenylalaninu, které se pfizplisobuje véku a potfebam nemocného. Dale je dilezity neomezeny
pfijem potravin s velmi nizkym obsahem fenylalaninu, napt. cukr, med, maslo, nékteré druhy
zeleniny (salatova okurka, hlavkovy salat) nebo ovoce (jablko, hruska). Vylozené¢ nevhodné
pro pacienty trpici fenylketonurii jsou potraviny s vysokym obsahem bilkovin
a tim i fenylalaninu (maso, vejce, ofechy, obiloviny, mléko), at' jiz zivociSného nebo
rostlinného plivodu. Spravné by mél byt obsah fenylalaninu na vSech potravinach uveden
v ramci jejich sloZeni [78]. Dieta by méla byt naordinovana uz v novorozeneckém veku, tedy

v obdobi vyvoje mozku. Po ukoneni vyvoje mozku se sniZzuje iriziko jeho poSkozeni.
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Dulezitost dodrzovani dietniho pldnu v obdobi dospélosti je zatim predmétem diskusi

odbornikt a je velmi individualni [82].

2.6.1.1  Screening dédi¢nych poruch metabolismu u novorozenci
Celoplosny novorozenecky screening se provadi z DBS odebrané mezi 48. a 72. hodinou
po narozeni. Rozmanitost dédiénych metabolickych poruch vyzaduje Sirokou Skalu
analytickych separa¢nich metod pro jejich diagnostiku. Separacni a detekéni postupy
od jednoduchych aplikaci az po slozit¢é instrumentdlni metody se voli podle
fyzikéalné-chemickych vlastnosti stanovovanych analytll. Zvolend metoda také musi eliminovat
vliv biologické matrice, obsahujici velké mnozstvi interferujicich latek, mnohdy
v koncentracich vysoce pfevysujici stanovované analyty. Analyty obsazené v malém mnozstvi
vzorku jsou obvykle zastoupeny v koncentraci nmol/l az mmol/l, proto je nutné volit metodu
s velmi citlivou detekei. V této oblasti se nejcastéji vyuziva kombinace chromatografickych
systému s vysoce selektivni a citlivou MS. S pfichodem MS se analyzy DBS staly velmi
popularni po celém svété a ocekava se, ze s dal§im rozvojem a rozSifovanim DBS vzorkovani
dojde k revoluci v oblasti klinické diagnostiky. S nastupem elektrosprejové ioniza¢ni techniky
(ESI-MS) se provadi rozsifeny novorozenecky screening dédi€nych metabolickych poruch
pomoci kvantitativni analyzy aminokyselin a acylkarnitinii z DBS [3, 83].

Navzdory uspéSné aplikaci ESI-MS existuje stale fada vyznamnych analytickych vyzev,
hlavné pii komplikovaném zpracovani vzorki. Jako vhodna alternativa miZe byt zminéno
spojeni CE-ESI-MS, které nabizi pfimou analyzu aminokyselin, acylkarnitini a jejich

stereoizomertl z DBS bez nutnosti pfedchozi derivatizace a dalSich Gprav vzorki [83].

2.6.2 Farmaceuticka perspektiva DBS

Analyza DBS se pouZziva pii novorozeneckém screeningu po cela desetileti, ale v posledni dobé
se stale vice uplatiuje iv oblasti analyzy 1éCiv pro vyvoj novych 1ékli. Ve srovnani
s konven¢nim odbérem Zilni krve nabizi technika odbéru vzorkit DBS praktické, klinické
a finan¢ni vyhody (viz kapitola 2.1) [84, 85]. V poslednich letech bylo publikovano nékolik
metod pro kvantifikaci lé¢iv z DBS (naptiklad antiepileptik, imunosupresiv, antiretrovirotik,
1é¢iv pro kardiovaskuldrni terapii, psychoaktivnich latek a antibiotik) [1, 9] [13].

A. J. Wilhelm a kol. [9] shrnuli vyuziti DBS v terapeutickém monitorovani IéCiv.
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2.6.2.1 Interakce lé¢iv s potravinami

Léky mohou pomoci eliminovat mnoho zdravotnich problémii. Aby byla zajisténa jejich
bezpecnost a dostatecna ucinnost, musi byt podany spravné. Léky by mély mit mimofadné
specificky a predvidatelny t¢inek pro vSechny pacienty, nemély by interagovat s jidlem nebo
jinymi léky, mély by vykazovat linedrni G¢innost a byt zcela netoxické v jakékoli davce.
Nicméné¢ tento idedlni 1€k jesté nebyl objeven [86].

Interakci se oznacuji procesy, pii kterych dochdzi ke zméné aktivity 1é¢iva. Nejcasté)si
jsou vzajemné interakce mezi 1éCivy, ale mize také dochazet k interakcim mezi 1é¢ivem
a potravinami nebo dopliiky stravy. Strava a zivotni styl maji na uzivani 1¢kti vyznamny vliv.
Pro kazdy 1ék jsou doporucené jiné podminky uzivani, je tedy nutné pacienty s témito pravidly
seznamit a informovat je, zda je nutné 1€k uzivat pred jidlem, po jidle nebo soucasné s nim [87].

Interakce 1é¢iv s potravinami vede bud'to ke snizeni G¢inku a tim padem k selhani terapie,
nebo ke zvySeni ucinku s ndslednym rizikem vzniku ireversibilniho toxického plisobeni.
Na rozdil od snadného pfistupu k informacim o vzijemnych interakcich mezi 1é¢ivy, nejsou
informace o interakcich 1éCiv s potravinami vzdy snadno dostupné. Jednim zl1éCiv
interagujicich s potravinami je napfiklad warfarin. Pfesné stanoveni ucinkii potravy
na konkrétni 1€k je obtiznym a sloZitym procesem, proto je nutné hledat jednoduché a financné

dostupné analytické metody pro stanoveni terapeutické koncentrace 1€¢iv z DBS [86, 87].

2.6.2.1.1 Interakce warfarinu s potravinami

Warfarin (4-hydroxy-3-(3-oxo-1-fenylbutyl) kumarin) fadime mezi 1éCiva, kterd potiebuji
zvlastni dietni opatfeni. Vyznamné interaguje s celou fadou potravin a tim mtiize zpusobit
zavazné zdravotni komplikace. Jeho u¢inek musi byt pravidelné monitorovan. Warfarin patii
mezi nejéastéji uzivana peroralni antikoagulancia. U¢inek warfarinu je zalozeny na blokovani
vitaminu K, ktery aktivuje protrombin (faktor II) a triddu srazlivych faktort VII, IX a X.
Hlavnim zdrojem vitaminu K (fylochinon) pro lidsky organismus je konzumace zelenych
rostlin. Vitamin K je nezbytnym pro y-karboxylaci glutamatovych zbytkii na koagulacnich
faktorech II, VII, IX a X, které jsou syntetizovany jatry v biologicky neaktivni forme.
Karboxylace téchto faktorti pfimo souvisi s oxidaci vitaminu K na jeho epoxidovou formu.
Warfarin mé antikoagula¢ni u¢inek diky své strukturalni podobnosti s vitaminem K (zobrazeno
na obr. €. 9) se mlize vazat na enzym epoxidovou reduktizu vitaminu K, ktery katalyzuje

pfeménu epoxidu vitaminu K zpét na vitamin K [88]. Na zéklad¢ slozitosti hemostatického
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mechanismu a farmakokinetiky warfarinu existuje celd fada potencidlnich interferenci

s potravinami [89].

A O B

ooy O

CHj CHj CHj
Obr. ¢. 9: Strukturdlni podobnost mezi warfarinem (A) a vitaminem K (B) [89].

Pokud je pfijem vitaminu K nestaly a jeho hladina v krvi kolisa, dochédzi k neustalym
zménam srazlivosti krve, coz mize pacienta 1éCeného warfarinem ohrozit na zivoté [90].
Je prokazéano, ze k interakci s warfarinem dochazi u 58 rznych druht rostlin. Za potraviny
a byliny, které v nejvétsi mife ovliviiuji u€inky warfarinu jsou oznafeny zenSen, Cesnek,
ginkgo biloba, tfezalka teckovand, zazvor, Salvéj a s6jové boby. Mezi potraviny a fytofarmaka,
které zvySuji ucCinek antikoagulac¢nich 1ékl, fadime papdju, hiebi¢ek, hefmanek, rebarboru,
cerny rybiz, borlvky, celer a mnoho dalSich. Naopak snizeni u€inki warfarinu zplsobuje
aloe vera, sojové boby, zeleny caj, vojtéska, psillium a potraviny bohaté na vitamin K,
mezi které se fadi predevsim brokolice, kapusta, hlavkové zeli, Spenat, kufeci a kriti maso,
jatra, olivovy a s¢jovy olej, maliny, ostruziny, mango a kiwi [89].

Vzhledem k hemoragickym nebo trombotickym rizikiim spojenych s antikoagula¢ni terapii
warfarinem je nutné neustidle sledovat srazlivost krve pomoci protrombinového c¢asu
vyjadieného jako mezindrodni normalizovany pomeér (INR). Sledovani pomoci standardnich
koagulacnich testl sraZlivosti vyzaduji Casté invazivni odbéry krve, obvykle kazdy den
pii zah4jeni lécby a jednou za kazdé dva tydny nebo jednou za mésic pii dlouhodobém uZzivani
stabilni davky warfarinu. Hlavnim problémem stanoveni INR jako standardniho koagula¢niho
testu jsou socialni a ekonomické naklady spojené s Castymi navstévami pacientli odbérovych
a antikoagulac¢nich klinik. Stanoveni koncentrace warfarinu a jeho aktivnich metabolitd v DBS
by mohlo poskytnout uZite¢né informace dopliiujici test INR pro méné invazivni a pohodlng;si
nastaveni antikoagulani terapie. Dosud byla koncentrace warfarinu stanovovéana
pomoci ultra-vysokoucinné kapalinové chromatografie spojené¢ s elektrosprejovou

ionizaci-tandemovou hmotnostni spektrometrii (UHPLC-ESI-MS/MS) [85].
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3 CiL PRACE

Cilem dizerta¢ni prace je vyvoj novych postupti a metod vyuzivajici CE pro analyzu DBS.
Prace je také zaméfena na vyvoj metodiky pro pfimé davkovani vzorku a u¢innou eliminaci
negativnich vlivli vznikajicich v disledku vzorkovani, extrakce a eluce DBS. Vyvinuté postupy
umozni G¢innou Upravu komplexnich vzorkl a jejich pfimou bezobsluznou analyzu a zajisti
dostatecnou selektivitu a citlivost pro stanoveni vyznamnych analytii ve vzorcich se slozitymi
matricemi. Analyzovany budou relevantni analyty v DBS (napt. aminokyseliny, acidicka
a bazicka 1éCiva). Aminokyseliny budou analyzovany jako markery metabolickych poruch,
z nichz nékteré mohou souviset pfimo s vyzivou nebo naopak poukazovat na nutnost jeji apravy
pro kompenzaci téchto poruch. Metody analyzy 1é¢iv budou aplikovany pro jejich kvantitativni
stanoveni a zjednoduSeni terapeutického monitorovani. Vyvinuté postupy tak mohou

pfedstavovat G€inné nastroje pro potravinaisko-biomedicinské analyzy.

Resené dilgi tkoly:
- vyvoj CE metod a postupli pro piimé sledovani charakteristik a vybranych

modelovych analyti v DBS,

- in-line spojeni CE metod s technikami mikroextrakce pro analyzu DBS a piimé

davkovani analyt z DBS eluatu do separaéni kapilary,

- zjednoduSeni odbérti vzorkl, extrakci, analyz a i¢innd eliminace negativnich vlivl

pii1 odbéru vzorkl krve (napt. vliv hematokritu),

- vyvoj eluénich postupli pro piimy nastiik DBS eluatu do separacni kapilary

pro analyzu aminokyselin,

- realné aplikace vyvinutych metod pro stanoveni koncentraci acidickych a bazickych

1é¢iv a terapeutické monitorovani 1é¢iv,

- vyvoj novych rozpustnych odbérovych vzorkovacich material pro kvantitativni

analyzy DBS.
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4 DISKUZE

Tato kapitola podrobn¢ diskutuje experimentalni vysledky, které jiz byly v pribéhu
doktorandského studia publikovany ve védeckych casopisech. Ptilozené ¢lanky a dopliujici
podkladové informace samoziejmé& také obsahuji podrobné popisy metod a vysledki
dosazenych béhem studia. VSechny ¢lanky a dopliujici informace jsou k této praci pfipojeny
jako pftilohy (viz kapitola 9), jejich seznam se stru¢nym popisem piispeévku autorky této prace
je uveden v kapitole 8.

Predlozena prace se zaméfuje na vyuziti CE pro analyzu DBS. Krevni vzorky jsou
standardné analyzovany ve formé plazmy nebo séra. V mnoha aplikacich se nov¢ stale Castéji
uplatnuji také DBS. V ramci predloZzené disertacni prace jsou DBS analyzovany pomoci CE,
ktera byla v minulosti pfi feSeni DBS problematiky vyuzivana velmi ztidka. CE nicmén¢ nabizi
mnoh¢ vyhody, dané vyvojem této techniky a instrumentalniho uspotfaddani v posledni dobé,
kterymi zavedené analytické metody nedisponuji (viz kapitola 2.5). Vyuziti pfimého spojeni
CE s mikroextrakénimi technikami (kapitola 4.1) asimultinni CE stanoveni analytd
a vybranych matri¢nich komponent mtze vést k minimalizaci a eliminaci né€kterych nedostatki
pfi analyze DBS. Price je zamé&fena na vyvoj metodiky pro pfimé davkovani a analyzy
relevantnich analytt v DBS (kapitola 4.2). Témi mohou byt napiiklad markery metabolickych
poruch, z nichz nékteré mohou souviset ptimo s vyzivou nebo naopak poukazovat na nutnost
upravy vyzivy pro kompenzaci téchto poruch. Zpracovani a analyza DBS metodou CE se tak
muze stat ucinnym ndastrojem v potravinarsko-medicinskych analyzach i laboratorni praxi.
V poptedi zajmu préce je i ucinnd eliminace negativnich vlivli vznikajicich v duasledku
vzorkovani a eluce DBS (kapitola 4.2.1), a s tim souvisejici zjednoduseni odbéru DBS vzorkt
pro mozny samoodbér presné¢ definovaného objemu kapilarni krve (kapitola 4.2.3). Préce
se také zabyva vyvojem plné¢ automatizovaného analytického zpracovani a analyzy DBS vzorki
pomoci CE-UV (kapitola 4.2.2 a 4.2.4) a dale se zaméfuje na vyvoj novych rozpustnych

odbérovych materiald pro kvantitativni analyzu DBS (kapitola 4.2.5).

4.1 Spojeni CE s mikroextrakénimi technikami pro analyzu komplexnich

vzorku

Komplexni biologické vzorky vétSinou nelze piimo analyzovat pomoci separa¢nich technik,

protoze jejich matrice obsahuji vysoky podil proteinii a dal$ich interferujicich latek. Tyto latky
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mohou interferovat se sledovanymi analyty, které jsou vzhledem k ostatnim slozkam v matrici
pritomny ve stopovém mnozstvi. Je tedy nezbytné, aby biologické vzorky byly pted analyzou
precistény od nezadoucich latek a piipadné aby analyty byly zakoncentrovany. Uprava vzorku
pted vlastni analyzou mé vliv na vSechny nésledujici kroky a soucasné je kritickym a ¢asove
presnost a spravnost stanoveni. V minulosti se pouzivaly pro upravu vzorku tradi¢ni extrakéni
techniky (LLE [91], SPE [92] ), ke kterym byly navrzeny alternativni pfistupy a jejich vyvoj
pokracuje 1 v soucasnosti. Tyto extrakéni metody, obecné nazyvané mikroextrakcni techniky,
obvykle nabizeji srovnatelnou upravu vzorku s vyhodou podstatného snizeni nakladd, dopadu
na zivotni prostiedi a spotieby biologickych vzorkd, pouzitych roztokti irozpoustédel.
Ve vétsin€ mikroextrakénich technik je také vyrazné zkracena doba Upravy, nicméné toto neni
obecné pravidlo. Mezi nejpouzivanéjsi patii naptiklad mikroextrakce zjedné kapky
(SDME [93]), HF-LPME [53] a SLM extrakce [49-51].

Extrakce se vétSinou provadéji off-line v na miru vyrobenych mikroextrakénich zatizenich
a vysledné extrakty se pfenesou do vhodné analytické instrumentace, kde je provedena jejich
analyza. SLM extrakce mohou byt spojeny piimo s CE bez nutnosti manualniho pienosu
vyslednych extraktli. Vyvoj a principy pfimého spojeni extrakce ptes SLM s CE jsou popsany
v kapitole 4.1.1. V kapitole 4.1.2 je prezentovano nové usporadani mikroextrakéniho zatizeni,
které umoziiuje spojeni HF-LPME s CE za ucelem uc¢inného preciSténi a prekoncentrace

cilovych analytl z komplexnich vzorki pro jejich pfimou analyzu.

4.1.1 Primé spojeni SLM extrakce s CE

SLM extrakce byly pfimo spojeny s HPLC, GC a dal§imi analytickymi technikami, ale pfimé
spojeni s CE ptedstavuje atraktivni alternativu [49, 50, 94]. Davkované objemy v CE jsou
vyrazné€ nizsi nez u jinych analytickych technik a jsou dobie kompatibilni s mikrolitrovymi
objemy akceptorovych roztoki vzniklych extrakei pies SLM. Spojeni SLM extrakéniho
zatizeni s CE bylo dosazeno pfimym kontaktem separacni kapilary s povrchem membrany.
Analyty pfenesené pfes membranu (SLM) byly davkovany z difuzni vrstvy fazového rozhrani
nachazejici se tésn€ u povrchu membrany [36].

V priloze I byly zkoumany tifi rizné plandrni polypropylenové (PP) membrany,
aby se komplexn¢ prozkoumal vliv tloustky nosného materidlu na uc¢innost extrakce pires SLM

piimo spojené s komer¢ni CE. Charakteristické parametry vybranych tfi PP membran jsou
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shrnuty v tab. ¢. 3 a snimky membran elektronovym rastrovacim mikroskopem (ESM) jsou

znazornény na obr. €. 10.

Tab. ¢. 3: Parametry PP membrdan.

Typ membrany | Celgard® 2500 Accurel PP 1IER/P  Accurel PP 2E-HF R/P
Tloustka 25 pym 100 pm 170 pm

Porozita 55% n/a n/a

Velikost port 0,064 pm 0,1 pm 0,2 pm

n/a — data nebyla vyrobci uvedena

Obr. ¢. 10: Snimky t/i PP membran s riznou tloustkou ziskané pomoci ESM.

Na pocatku bylo nutné pfipravit mikroextracni zatizeni kompatibilni s pfistrojem
Agilent 7100. Zatizeni se skladalo z donorové a akceptorové jednotky, které byly oddéleny PP
membranou impregnovanou organickym rozpoustédlem. Analyty pfitomné v donorovém
roztoku byly difuzné pteneseny pfes SLM na zdkladé jejich distribucnich koeficientii
souvisejicich s organickym rozpoustédlem impregnovanym v pérech membrany. Pienosy
modelovych bazickych 1é¢iv ptes porézni PP membrany s riznou tloustkou byly vyznamné
ovlivnény tlouStkou membrany a nejucinnéjsi pfenosy byly ziskany pro nejtenci (25 pm)
membranu. Rovnovahy extrakéniho procesu bylo navic dosaZeno nejrychleji a spotieba
organickych rozpoustédel pro impregnaci byla nejnizsi pro 25 um PP membranu. Na extrakci
byl nutny pouze 1 pl organického rozpoustédla, coz bylo Skrat a 7krat méné nezu 100 a 170 pm
PP membran. Mechanicka stabilita SLM nebyla ovlivnéna tloustkou membrany a bylo mozné
vicenasobné davkovani z povrchu SLM, které vyzadovalo pifimy kontakt separacni kapilary

s membranou. Nezddouci slozky matrice byly G€inn¢ eliminovany z nefedénych télnich tekutin
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(mo¢ a plazma), coz ukazuje uzitecnost tenkych SLM v pfimych CE analyzach komplexnich
biologickych vzorka. Tato zékladni studie experimentalné ovétila, ze tloustka membrany hraje
klicovou roli v pfenosech modelovych analyti pfes SLM a potvrdila diive navrzené principy
extrakce pomoci SLM.

Vysledné elektroferogramy demonstrujici pfimé spojeni extrakce ptes SLM s CE-UV pro
analyzu lidské moci bez obsahu stanovovanych analyti a lidské moc¢i obohacené Ctyfmi
bazickymi l1é¢ivy v koncentracich 0,5 a 10 pg/ml jsou znazornény na obr. ¢. 11 A a pro analyzu
lidské plazmy bez obsahu stanovovanych analytt a lidské plazmy obohacené bazickymi 1éCivy
o koncentracich 0,5 a 10 pg/ml jsou znazornény naobr. ¢. 11 B. Vysledky studie
experimentalné ovefily schopnost extrakce pies SLM piecistit komplexni vzorky lidské plazmy
a moci od nezddoucich slozek, proto je mozné tuto metodu pouzit i pro jiné komplexni vzorky
jako jsou napt. DBS. Limitujicim faktorem pro vyuziti této techniky je eluce DBS, pfi které

dochazi ke ziedéni vzorku a pro dosazeni dostate¢né citlivosti je nutné zakoncentrovani analyta.
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Obr. ¢. 11 - In-line spojeni extrakce pres SLM s CE-UV pro analyzu bazickych léciv v lidské moci (A)

a lidské plazmé (B). (a) moc/plazma v 10mM NaOH, (b) moc/plazma s pridavkem 0,5 ug/ml ctyr

bazickych léciv v 10mM NaOH, (c) moc/plazma s pridavkem 10 ug/ml ctyr bazickych léciv v 10mM
NaOH;, akceptor, 10mM HCL.

4.1.2  Primé spojeni HF-LPME s komer¢ni CE

Uprava komplexni matrice (DBS, kapilarni krev) a navic také zakoncentrovani analytd je

mozné pomoci pfimého spojeni mikroextrakéni metody HF-LPME s CE, postupny vyvoj
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a aplikace jsou uvedeny v priloze III, V a VI. Pro extrakci DBS pomoci HF-LPME byl
ze vzorkovaci karty vyrazen disk o priméru 10 mm (obsahujici celou DBS) (obr. &. 12 A).
Vyrazeny disk byl umistén na dno vialky a ptevrstven 550 pl elu¢niho roztoku (obr. €. 12 B).
Porézni duté vlakno (HF) bylo nasazeno na drzdk vytvoteny z PP pipetovaci Spicky a bylo
impregnovdno mikrolitrovym objemem rozpousStédla nemisitelného s vodou, jeho vnitini
prostor byl naplnén 5 pl akceptoru a celé mikroextrakéni zatizeni bylo umisténo do CE vialky
s 550 pl elu¢niho roztoku (obr. ¢. 12 C). Eluce kapilarni krve z DBS a HF-LPME probihala
soucasn¢ béhem trepani vialky (obr. ¢. 12 D). Vysledny akceptorovy roztok byl analyzovan
pfimym déavkovanim z vldkna, bez dal§i rucni manipulace s vyjimkou vlozeni CE vialky

do autosampleru (znazornéné na obr. ¢. 12 E, (eluat je pro ilustraci nahrazen DI vodou)). Eluat

a DBS disk nejsou pied davkovanim z vialky odstranény.

B

Obr. ¢. 12: Schéma procesu pripravy (4) a eluce DBS (B) spojené s HF-LPME (C, D) a primé
davkovani do CE (E).

Ptenos analyti do akceptorového roztoku je fizen gradientem pH a selektivitou
membrany. Analyty jsou U¢inn¢ prekoncentrovany, zatimco slozky matrice jsou eliminovany
membranou. Po dosazeni rovnovahy na obou strandch membrany je koncentrace analytd
v akceptorovém roztoku po dlouhou dobu konstantni a umoziuje automatizované davkovani
precisténych a prekoncentrovanych vzorkii do CE. NavrZzené uspotadani bylo aplikovano
pro piimé stanoveni modelovych bazickych 1é¢iv v lidské moci a vzorcich DBS (priloha I1).

V priloze V byla extrakce provedena pomoci vyvinutého jednordzového mikroextrakéniho
zafizeni, které se skladalo z 3D tisténého drzaku, na ktery bylo nasazeno HF. Drzéak

snasazenym vldknem byl umistén do vialky kompatibilni s pfistroji Agilent CE
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pro automatizovanou analyzu (obr. ¢. 13). 3D tistény drzédk udrzuje konstantni polohu vldkna

vzorku.

A

v CE vialce béhem extrakce a souc¢asné smétuje separacni kapilaru do vldkna béhem davkovani

B C
R_.4,0 mm

Elektroda
/

;H&
0,5 mm
|

2 CE vialka

21,7 mm

R,y 0,6 mm
R;, 0,3 mm

Vlakno

9,5 mm

Obr. ¢. 13: A — Schéma a rozmeéry 3D tisténého drzdaku, B — schéma 3D tisten¢ho drzaku s nasazenym
dutym viaknem, C — schéma 3D tisteného dridku s dutym viadknem uvniti CE vialky zndzornujici
tubularni elektrodu a separacni kapilaru.

Vyvinutd metoda byla pouzita pro analyzu vybranych acidickych 1é¢iv v DBS a odpadnich

vodach. Pfi zpracovani je nutna ru¢ni manipulace pouze na pocatku pti vyrazeni DBS disku.
Reprezentativni  elektroferogramy stanoveni

ibuprofenu a naproxenu v DBS eluatech
(po oralnim podani tabletky Ibalgin 400 mg a Nalgesin-S 275 mg) jsou na obr. €. 14.

Univerzalni charakter HF-LPME a CE by navic mohl

rozs8ifit pouzitelnost
navrhovaného uspofadédni na Sirokou $kalu analytii a matric v kombinaci s MS. CE-UV analyzy
pti precisténi vzorkd odpadnich vod byly nedostacujici v aspektech citlivosti 1 selektivity,
proto byla HF-LPME spojena s metodou kapilarni izotachoforézy vyuzivajici hmotnostni

spektrometrii s elektrosprejovou ionizaci (ITP-ESI-MS). V HF-LPME/ITP-ESI-MS byl
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akceptorovy roztok z dutého vldkna davkovan piimo za vedouci elektrolyt a ITP separace byla

realizovana umisténim davkovaciho konce kapilary do koncového elektrolytu.
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Obr. ¢. 14: Primé HF-LPME/CE-UV stanoveni ibuprofenu (4) a naproxenu (B) v DBS eluatu.

4.2  Kvantitativni analyza DBS

Pti odbéru DBS se mikrolitrovy objem kapilarni krve odebira na papirovou odbérovou kartu
z paty nebo z prstu. Odbér DBS vzorkl je tak vhodny pro vSechny jedince véetné kojenct
a star§ich lidi, pro které mize byt venepunkce pfili§ invazivni [1]. Krevni skvrna se po odbéru
susi 2-3 hodiny na okolnim vzduchu za vzniku DBS. Karta se po usuSeni vlozi do plastového
sacku s vysouSedlem a DBS se takto miize skladovat ptipadné pouZit pro analyzu. Vzhledem
k jednoduchosti odbéru 1ze DBS také odebirat doma, coz vyrazné zvysSuje ochotu pacientli
ucastnit se klinickych studii. Vzorkovaci karty s DBS jsou povazovany za material, ktery neni
biologicky nebezpecny, a jejich prepravu do analytickych laboratofi mohou provadét bézné
postovni a balikové doruc¢ovaci spolecnosti [1, 8]. VétSina analyt v DBS je stabilni pii okolni
teploté, a proto DBS umoziiuji jednoduchy odbér a transport krevnich vzorkl ze vzdalenych
oblasti nebo oblasti s omezenymi zdroji, kde by odbér a transport plazmy nebo séra nebyly
prakticky ani ekonomicky proveditelné. Dal§imi vyhodami odbéru DBS vzorki jsou vSeobecné
schvaleni legislativnimi organy, lepsi stabilita analytl v suchych nez v ,,mokrych* vzorcich
krve, vyrazné snizeni celkovych nékladi a kompatibilita DBS eluati se standardnimi

analytickymi technikami [1, 8, 9, 83].
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Kromé vyhod, uvedenych v predchozim odstavci, ¢eli vzorkovani DBS také nékolika
analyzu je hladina hematokritu v krvi. Hladina hematokritu ma pfimy vliv na velikost DBS
atim i na mnozstvi krve obsazené¢ ve vyrazenych dil¢ich castech DBS. Rlzné hodnoty
hematokritu vyvolavaji odliSnou distribuci analytdh na vzorkovaci kart¢ v disledku
nehomogenity DBS, coz mlize mit dalSi nepfiznivé dopady na kvantitativni analyzu (viz

kapitola 2.1) [9, 14].

4.2.1 Eliminace negativnich vlivi

Byly popsany razné ptistupy pro korekci nebo eliminaci vyse uvedenych neptiznivych dopadi
na kvantitativni analyzu DBS. Ty zahrnovaly napiiklad vyrazeni celé DBS misto dil¢ich ¢asti
DBS [9] a pouziti pfediezanych DBS karet [11, 31]. VySe uvedené ptistupy jsou vSak zatizeny
nutnosti odebirat pfesny objem krve na DBS kartu pomoci kalibrovanych pipet v laboratornim
prostfedi. Nicméné pro odbér krve pacientem je mozno pouzit sklenéné kapilary kalibrované
na dany objem (kapitola 2.1.2), ptipadné odbérovda VAMS (kapitola 2.1.4), nebo lze aplikovat
ptipadnou korekci krevniho objemu stanovenim obsahu drasliku nebo sodiku v DBS vzorcich
[20, 21].

Metoda, kterd umoziiuje kvantitativni stanoveni drasliku a sodiku pro vypocet piesné¢ho
objemu krve a zdrovenl umozinuje stanoveni koncentrace aminokyselin v DBS eluatech v rdmci
jediné analyzy je prezentovana v priloze II. Vybrané hlavni matri¢ni slozky v DBS vzorcich
(napf. sodik a draslik) jsou u standardni populace konstantni a byly pouzity pro stanoveni
objemu krve nanesené na DBS kartu. CE nabizi u¢inny néstroj pro rychlé stanoveni cilovych
analytli soucasné¢ s objemem DBS v ramci jedné analyzy. To mize vyznamné zjednodusit
kvantitativni analyzy DBS, které obvykle vyZaduji pouziti dalSich off-line analytickych metod,
pouzivani interniho standardu nebo Casové naro¢nou optimalizaci na ofekavané hodnoty
hematokritu. Navrhovand metoda by se tak mohla stit zakladnim pilifem pro stanoveni
neznamého objemu krve v DBS a pro kvantitativni analyzu relevantnich analytt

(aminokyseliny, 1€¢iva, biologické markery, biomolekuly atd.) v rdmci jediné analyzy.

4.2.2  Aplikace vyvinuta pro stanoveni aminokyselin

Metoda, kterd umoziiuje kvantitativni stanoveni pfesného objemu krve a koncentrace

aminokyselin v DBS eluatech je prezentovana v priloze II. Kvantitativni stanoveni
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aminokyselin je dtlezité pro diagnostiku vrozenych metabolickych poruch u novorozenct.
Pfi této poruse je nutna vcasnd diagndza jiz v novorozeneckém véku a je nutné vybrané
aminokyseliny vytadit z potravy a dodrzovat pfisnou dietu cely zivot. Diky univerzalnimu
charakteru vodivostni detekce lze v jediné CE analyze soucasn¢ stanovit anorganickeé,
organické a biochemické analyty. Kapilarni elektroforézu s kapacitné vazanou bezkontaktni
vodivostni detekci (CE-C*D) lze tedy pouZit pro stanoveni pfesného objemu DBS kvantifikaci
hlavnich anorganickych kationtd (K',Na®,Cl) a pro soucasné stanoveni vybranych
aminokyselin ve vzorku DBS. Do kapilarni krve byly pfidany rizné koncentrace fenylalaninu
(300, 600 a 1200 uM) a vysledné vzorky krve byly naneseny na vzorkovaci DBS karty. Takto
ptipravené¢ DBS vzorky byly pouzity pro kvantitativni stanoveni fenylalaninu v kapilarni krvi
a pro prokazani vhodnosti navrzené metody pro stanoveni abnormalnich hladin fenylalaninu
v lidském t&le, které mohou souviset s fenylketonurii. Cty¥i elektroferogramy demonstrujici
postupné se zvysujici hladiny fenylalaninu v kapilarni krvi jsou znazornény na obr. €. 15.
Cerveny zaznam ukazuje koncentraci fenylalaninu typickou pro zdravé jedince, erny zaznam
odpovida zvySené koncentraci fenylaninu pfi hyperfenylalaninemii, modry zdznam odpovida
koncentraci fenylalaninu pro mirnou fenylketonurii a zeleny zdznam odpovida koncentraci

fenylalaninu pfi zdvazné fenylketonurii.

0 uM

300 uM

600 uM

AN .
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AN .
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Obr. ¢ 15: CE-C'D stanoveni aminokyselin v DBS eludtu obsahujicim zvysujici se koncentrace
fenylalaninu. Do kapilarni krve bylo pridano 0, 300, 600 a 1200 uM fenylalaninu.
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4.2.3  Samoodbér s automatizovanym zpracovanim DBS pro klinickou analyzu

Koncept navrzeny v priloze IV byl zaméfen na zjednoduSeni odbéru krve a nésledného
zpracovani DBS, aby poskytl novy a uzivatelsky piijemny analyticky nastroj pro analyzu krve.
V navrhovaném analytickém konceptu byl feSen aspekt vlastniho odbéru kapildrni krve
ve form&€ DBS néasledovany plné€ automatizovanou analyzou s minimalnimi poZadavky
na analytickou laboratot. Pro vlastni odbér mikrolitrového objemu kapilarni krve z btiska prstu
byla pouzita jednorazova souprava. Odebrané vzorky krve byly odeslany do laboratote pro plné
automatizované zpracovani a analyzu DBS, které byly provedeny komercéni CE pfistrojem.
Kvantitativni vysledky byly ziskdny do 20 minut od dodani vzorku DBS do laboratofe.
Odbérova souprava obsahuje jednorazové zafizeni pro samoodbér DBS a je urcena
pro jednoduchy odbér ptesné¢ definovaného objemu kapildrni krve. Souprava je vhodna
i pro osoby bez Skoleni v odbéru krve. Odbér krve a tvorbu DBS tak lze provadét doma
ve zndmém prostiedi a s podstatné vysSim komfortem ve srovnani s Zilnim odbérem
v 1¢ékatskych zatizenich. Dal§imi vyhodami domaciho odbéru DBS vzorki jsou méné invazivni
odbér krve akrat§i casova ndroCnost. Navic naklady na bézné komponenty soupravy

jsou minimalni. Vzorkovaci souprava je navrzena tak, aby byla co nejuniverzalnéjsi

pro nasledné zpracovani (viz obr. €. 16).

Obr. ¢. 16: Fotografie vybalené vzorkovaci samoodbérové soupravy pro DBS. A — sterilni latexové
rukavice; B — jednordzova lanceta; C — sucha gaza; D — dezinfekcni gaza impregnovand isopropyl
alkoholem; E — sklenend vialka s uzavérem (F); G — vyrazeny disk z DBS karty; H— odbérova
kapilara se zatkami; I — sacek s vysousedlem,; J — uzaviratelné sacky na zip s identifikacnimi Stitky
a navodem k pouziti, vSe zabalené v obdlce — K.
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Nasledné byla prace v priloze IV zaméfena na vyvoj plné automatizovaného procesu
pro DBS eluci a CE-UV analyzu vysledného eluatu. Po vyjmuti vialky s DBS ze sacku byla
vialka uzaviena a vlozena do karuselu CE autosampleru. Nésledné procesy jako davkovani
eluent do vialky a homogenizace vzorku (probublavani vzduchem z prazdné vialky) byly
provadény internim tlakovacim systémem CE piimo pies separacni kapilaru. Jednotlivé kroky
jsou podrobn¢ popsany v tab. ¢. 4. Schéma tohoto automatizovaného zpracovani DBS pomoci
CE je znazornéno na obr. €. 17.

Tab. ¢. 4: CE sekvence pro plné automatizovanou DBS eluci a CE-UV analyzu. Vsechny postupy byly
autonomné provadeény CE pristrojem.

Akce Doba trvani Tlak/Napéti
1. DBS eluce
plnéni vialky 80 ul ACN 180s 950 mbar
homogenizace eluatu vzduchem 60 s 950 mbar
plnéni vialky 20 ul deionizované vody 140 s 950 mbar
homogenizace eluatu vzduchem 300 s 950 mbar

2. Kondicionovani separa¢ni kapilary

promyvani 0,1 M NaOH 60 s 950 mbar
promyvani DI vodou 90 s 950 mbar
promyvani roztokem BGE 120 s 950 mbar

3. CE-UV analyza
davkovani DBS eluatu 12s 55 mbar

CE separace a detekce 240's +25kV
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Obr. ¢. 17: Schéma automatizovaného zpracovani DBS pomoci CE. A — umistent vialky s DBS do CE
karuselu, B — plneéni vialky 80 ul ACN, C — homogenizace vzduchem, D — plnéni vialky 20 ul DI vody,
E — homogenizace vzduchem, F — davkovani eludtu do CE.

4.2.4  Aplikace vyvinuté automatizované metody pro stanoveni warfarinu

Warfarin je nejrozSifenéj$i peroralni antikoagulant pouzivany ve velkém poctu
dlouhodobych klinickych testil, které vyZzaduji ptesnou kontrolu srazlivosti krve (trombotické
a vaskularni patologie). Farmakologické uc¢inky warfarinu se rutinné stanovuji pomoci INR
[94]. Hlavnimi priivodnimi nepiijemnostmi pii stanoveni INR jsou invazivni odbéry Zilni krve
a pravidelné navstévy klinickych laboratofi. Alternativou, kterd vyrazné zvySuje komfort
pacienta a zjednodusuje odbér vzorki, je stanoveni warfarinu v kapilarni krvi odebrané
ve form¢ DBS. Stanoveni warfarinu v DBS muZe nabidnout doplitkové informace k testu INR.
Odbér DBS vzorkii miZe pacient provadét doma a mulZe predstavovat prvni krok
k pohodInéjsimu terapeutickému monitorovani warfarinu a zlepSeni kvality pacientova Zivota.

V priloze IV je ptedstaven novy analyticky koncept pro analyzu warfarinu v DBS. Pii 1éc¢bé
warfarinem je dulezité dodrZovat piisna dietologicka opatieni, aby nedochédzelo ke kolisani
aktivity ucinné latky. Navrhovany koncept byl demonstrovan doméacim vzorkovanim DBS
kapilarni krve obsahujici warfarin, odeslanim vzorkli do naSi laboratofe a provedenim
automatizované eluce a stanoveni warfarinu v DBS pomoci CE. Jeden z dobrovolnikii mél
diagnostikovanou nadmérnou srazlivost krve, byl 1éfen warfarinem a sledovan
ve specializovaném klinickém centru. Lécba warfarinem trvala 6 mésict a 1€k byl po tomto
obdobi zménén. Byli jsme tedy schopni ziskat a analyzovat skutecné DBS vzorky obsahujici
warfarin. Vysledné elektroferogramy DBS vzorkované pacientem v rtiznych fazich 1écby jsou

znézornény na obr. €. 18.
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Obr. ¢. 18: Automatizované CE-UV analyzy DBS po samoodberu dobrovolnikem lécenym warfarinem.
Vzorky DBS byly odebrany 1 mésic pred (a), 1 den pred (b), 3 dny po (c), 7 dni po (d) a 1 mésic po (e)
ukonceni lecby warfarinem. * — neznamé matricni komponenty.

4.2.5 Aplikace novych rozpustnych odbérovych materiala

Vyvoj alternativnich odbérovych materiali je v poptedi aktualniho vyzkumu. Jednou
z alternativ k celul6zovym kartdm je neddvno vyvinuty odbérovy materiadl VAMS, ktery
absorbuje fixni objem krve, coz umoziuje eliminaci vlivu hematokritu. VAMS maji odbérovou
polymerni $picku vyrobenou z nerozpustného materidlu, kterd mize mit vliv na extrakéni
vytéznosti sledovanych analytd [95, 96]. Dalsim alternativnim odbérovym materidlem jsou
rozpustné vzorkovaci sorbenty na bazi alginatu, chitosanu a karboxymetylceluloézy [18].
Aplikace rozpustnych sorbentli umoznuje odbér, transport i skladovani kapilarni krve
obdobnym zpisobem jako u béznych odbérovych DBS karet, navic se slozky krve mohou diky
rozpustnosti sorbenti snadnéji uvoliiovat do DBS eluatu. Ve srovnani s celulozovymi kartami
vSak vyroba alginatovych a chitosanovych vzorkovacich sorbenti vyzaduje pomérné
sofistikované procesy, je ¢asov€ narocnd a pouZzivd znacné mnoZstvi chemickych ¢inidel
(pénidla, gelujici ionty, modifikatory pH a zmé&kcovadla). Nevyhodou je také vysokd cena
chitosanu a niz8i rozpustnost chitosanu a komercnich karboxymetylcelul6zovych materidli
[18]. Navic rozpusténé vzorkovaci sorbenty DBS nemusi byt piimo kompatibilni s naslednou

analyzou, proto je nutna Uprava eluati, ktera se obvykle provadi ru¢né a off-line [18].
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V priloze VI byly tizenou lyofilizaci pfipraveny riizné polymerni pény, které byly pouzity
pro odbér a analyzu DBS. Polymerni pény jsou levné, snadno se pfipravuji, umoziuji rychlé
suSeni odebraného malého objemu kapildrni krve pfi okolni teploté, uplnou rozpustnost
ve vodnych roztocich a ptimou analyzu DBS spojenim HF-LPME a CE. Sorp¢ni polymerni
péna s presnymi rozméry byla umisténa do CE vialky a DBS byla vytvotena piimo v CE vialce,
¢imz se eliminovala dalsi ru¢ni manipulace s biologickym materidlem. Proces eluce DBS
zahrnoval Uplné rozpusténi polymerni pény i DBS a zajistil zlepSenou dostupnost vSech slozek
krve v DBS eluatech. V disledku toho bylo dosaZeno témé&f Giplné extrakce cilovych analytt,
kterda byla prokdzéna HF-LPME/CE stanovenim acidickych 1é¢iv v  DBS odebranych
na vyrobené polymerni pény. Slozeni polymernich pén bylo optimalizovano pro odbér
aanalyzu DBS. Pény byly pfipraveny z polyvinylpyrollidonu (PVP) nebo smési
karboxymetylcelulozy (CMCO07) a oxidované-6-karboxycelulozy (OC) jednoduchym
zpusobem zaloZenym na homogenizaci vodné polymerni disperze, pipetovani daného objemu
disperze do 96jamkové desticky a postupném zmrazeni/lyofilizaci disperze. Vysledné
polymerni pény byly porézni disky jednotnych rozmért (cca 6 x 3 mm) (obr. €. 19 A) s plnou
rozpustnosti ve standardnich vodnych roztocich. Na rozpustné polymerni pény bylo pipetovano
10 pl kapilarni krve (obr. €. 19 B). Nasledné byl vzorek krve suSen ve standardni CE vialce.
Po ususeni nasledovalo piecisténi, eluce DBS pomoci HF-LPME (obr. ¢. 19 C-D) a analyza

pomoci CE.

£ — - i : T <

Obr. ¢. 19: Fotografie zobrazujici tvorbu DBS na 6% PVP péné s naslednou DBS eluci a extrakci.
A —vlozeni 6% PVP peny do CE vialky; B — DBS z kapilarni krve vytvorena v polymerni péné;
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C — naplnéni CE vialky 550 ul 25mM HCI a jednorazovym HF-LPME zavizenim; D — prithledny DBS
eluat po rozpusteni peny a HF-LPME DBS eludtu.

V disledku plné rozpustnosti vzorkovacich pén bylo dosazeno vysoké extrakéni vytéznosti
(ER) cilovych analytii, coz bylo prokdzano stanovenim modelovych acidickych 1é¢iv v DBS
pomoci HF-LPME/CE. Do kapilarni krve byla pfidana 1éCiva a obohacena krev byla
vzorkovanana 6% PVP, 1% CMC07/2% OC a na dalsi komer¢ni odbérové sorbenty (Whatman,
VAMS, Ahlstrom).

Pro DBS nanesené na 6% PVP ¢i 1% CMC/2% OC byly hodnoty ER pro stanoveni
naproxenu a diklofenaku srovnatelné s ER pro DBS nanesené na kartdich WhatmanTM 903.
Hodnoty ER vsak byly 1,4krat, 1,8krat a 1,9krat vyssi pro ibuprofen, ketoprofen a warfarin
v DBS nanesenych na 6% PVP. Hodnoty ER pro DBS nanesené na 6% PVP byly jesté vyrazné
vyssi (az 2,8krat a 10,6krat) ve srovnani s DBS nanesenymi na nerozpustné vzorkovaci
sorbenty VAMS a Ahlstrom (GenCollectTM 2.0).

Odbér krve na rozpustné polymerni pény nabizel rychlejsi dobu piedipravy a vyssi extrakéni
vytéznosti ve srovnani se standardnimi odbérovymi DBS sorbenty. Kromé toho rozpustné
polymerni pény vykazovaly nepatrné zmény v koncentracich analytu pro DBS pfipravené
z krevnich vzorkil s riznymi hodnotami hematokritu. Léciva vzorkovand na rozpustnych
pénach a skladovana pfi laboratorni teploté byla stabilni po dobu ctyt tydnl. Nové PVP
a CMCO07/0OC pény proto piedstavuji atraktivni alternativu, ke standardnim odbérovym DBS

sorbentiim, a mohou v budoucnu tvotit novou skupinu odbérovych DBS sorbentf.
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5

ZAVER

Predlozena dizertacni prace se zabyva vyvojem metod pro stanoveni vybranych analyti v DBS,

ale zabér prace ma daleko Sirsi rozsah. Krom¢é moznosti kvantifikace DBS se prace zabyva

vyvojem extrakcnich metod a postupii pro ptimé davkovani DBS eluatu do separacni kapilary.

Dalsi ¢ast je zaméfena na samoodbér a vzorkovani kapilarni krve za vzniku DBS a nasledné

automatizované zpracovani vzorku pro CE analyzu. V neposledni fadé je prace vénovana

vyvoji novych rozpustnych odbérovych materiali za ucelem zvySeni extrakéni vytéznosti

analyt z DBS a eliminace negativnich vlivil pii odbéru vzorki krve (napf. vliv hematokritu).

Vysledky jsou prezentovany formou diskuze Sesti védeckych ¢lankt, které jsou pfipojeny jako

ptilohy v kapitole 9.

Je prezentovan komplexni vyzkum, ktery je prvni systematickou experimentalni studii
zabyvajici se vlivem tloustky membrany na extrakéni vytéznost pii extrakcich
pfes SLM, které jsou piimo spojeny s CE. Pfenosy modelovych bazickych léciv
pres porézni PP membranu jsou vyznamné ovlivnény tloustkou membrany

a nejucinngjsi prenos je ziskan pro nejtenci (25 um) membranu.

Je predstaven novy koncept pro stanoveni objemt kapilarni krve v DBS
vzorcich. Koncept je zalozen na principu CE-C*D stanoveni hlavnich anorganickych
iontt (K*, Na" a CI"). Koncentrace stanovenych iontl lze pouZit pro vypocty presného
objemu odebrané krve v DBS. Zaroven je mozné v ramci stejné analyzy provést
kvantitativni stanoveni konkrétnich analyt. Vyvinuty koncept je vhodny naptiklad pro
kvantifikaci aminokyselin ve vzorcich DBS s nezndmymi objemy, ktery je zvlasté

zajimavy pii screeningu vrozenych metabolickych poruch.

Je popsano nové uspotadani, které umoziuje piimé spojeni HF-LPME s CE pro t¢inné
preciSténi a prekoncentraci cilovych analyti z komplexnich biologickych vzorkl
a jejich pfimou analyzu. NavrZené uspofadani je pouZito pro piimé stanoveni vybranych
modelovych bazickych 1é¢iv v lidské moci a ve vzorcich DBS. Tato metoda je zvlasteé
vyhodna pfi analyze DBS, protoze DBS eluce a HF-LPME eluentu jsou provedeny
soucasné béhem jednoho kroku, po kterém nésleduje pfima CE-UV analyza. Doba
zpracovani DBS je tak sniZena na minimum a ru¢ni zpracovani DBS je omezeno pouze

na pocateni vyrazeni DBS z odbérové karty. Navrhovany koncept HF-LPME/CE

42


https://www-sciencedirect-com.ezproxy.lib.vutbr.cz/topics/chemistry/poly-propylene

je dale aplikovan pro stanoveni terapeutickych koncentraci modelovych acidickych
1é¢iv. v DBS a muze byt obzvlast¢ atraktivni pro farmakokinetické studie
a biomedicinské aplikace. Krom¢ toho je navrzend instrumentace vhodna také pro
pfimou analyzu dalSich vysoce komplexnich vzorkli se stopovymi koncentracemi

cilovych analyti.

Je predstaven novy koncept samoodbéru krve ve form¢é DBS, transport DBS
do laboratofe posStou, plné automatizované zpracovani a analyza DBS. Navrzeny
koncept predstavuje vhodny nastroj pro klinické analyzy a mize vyznamné ovlivnit
uroven Iékafské péce zainteresovanych subjektt. Eliminuje potiebu castych
a pravidelnych navstév Iékarskych center a bolestivy odbér zilni krve obvykle nutny pro
standardni  klinické testy. Vysledky je navic moZzné sd€lovat subjektim
telefonicky. Dalsimi pfednostmi jsou méné invazivni odbér kapildrni krve pomoci
jednorazové samoodbérové sady a pohodli odbéru krve ve zndmém prostiedi
doma. Pfepravu DBS do laboratofe mohou provadét postovni nebo balikové dorucovaci
spolecnosti a DBS je automaticky analyzovéna v laboratofi se zanedbatelnym zasahem
personalu. Eluce DBS a nasledna piima analyza eluatu se provadi pomoci komeréné
dostupného CE pfistroje a kvantitativni vysledek je ziskdn témét okamzité¢ po dodani

DBS do laboratore.

Jsou ptedstaveny polymerni pény z PVP nebo smési CMC07 a OC. Jejich slozeni je
optimalizovdno pro odbér a analyzu DBS. Pény jsou pfipraveny jednoduchym
postupem, ktery zahrnuje homogenizaci vodné polymerni suspenze, pipetovani dan¢ho
objemu suspenze do 96jamkové desticky a lyofilizaci suspenze. Vysledné polymerni
pény jsou porézni disky s jednotnymi rozméry (cca 6 x 3 mm) a plné rozpustné
ve standardnich vodnych roztocich. Rozpustné polymerni pény umoziuji odbér
nepatrnych objemi kapilarni krve a rychlé susSeni krve ve standardni CE vialce,
po kterém néasleduje uprava DBS (eluce a HF-LPME) piimo ve vialce a ptima CE
analyza. Odbér krve na rozpustné polymerni pény nabizi kratSi dobu piipravy a zlepSené

extrak¢ni vytéznosti analytll ve srovnani se standardnimi odbérovymi DBS sorbenty.
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6

BUDOUCI PERSPEKTIVA

Vysledky a zkuSenosti, které jsme ziskali v experimentech prezentovanych v této praci, pfinesly

nové¢ otazky a cile, které bychom v budoucnu radi vysvétlili a kterych bychom chtéli

v budoucnu dosahnout.

Zde je jejich kratky vycet:

aplikovat vyvinuté metody na dalsi suché vzorky se slozitou matrici (napt. moc, sliny,
hlen, mozkomisni mok, potravinové vyrobky, vzorky zivotniho prostfedi), a analyzu

dal$ich analytti (napf. polutanty, antibiotika, vitaminy, mineraly, biomarkery),

vyvinout automatizovanou metodu pro piimé spojeni extrakci pfes SLM s CE, kterd by

umoznila pfimé davkovani a analyzu analyti z DBS,

vyvinout piimé spojeni HF-LPME s komer¢ni CE, kterd by zahrnovala cely proces
manipulace s kapalinami potfebny pro HF-LPME (impregnace HF organickym

rozpoustédlem, plnéni HF akceptorovym roztokem, ddvkovani akceptoru z HF),

automatizovat zpracovani DBS vzorkli pomoci pfistroje pro sekvenéni analyzu pfimo

spojeného ke komerc¢ni CE,

vyvinout postupy pro zvySeni citlivosti a selektivity automatizovanych CE analyz,

napt. pomoci zakoncentrovani analytt v kapilare, ptipadné pouziti ESI-MS detekce,

vyuzit vyvinuté analytické metody na vzorky odebrané pomoci komeréné dostupnych

odbérovych souprav nekvalifikovanymi klinickymi subjekty.
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8.1 Podil na publikovanych ¢lancich

Ptiloha I:

Lenka RySava vypracovala koncepci experimentalni prace, v ramci experimentalni prace se
vénovala priprave a analyze vzorki pomoci CE. Spolupodilela se také na upraveé vzorkli pomoci
extrakce pres SLM. V ramci piipravy publikace pfipravila vétSinu kapitol, zajistila i grafickou

interpretaci vysledkl. Podle sytému Apollo ji v autorském kolektivu pfislusi autorsky podil

80 %.

Ptiloha II:

Lenka RySava se podilela na experimentalni strategii, v rdmci experimentalni prace se vénovala
ptipravé a analyze vzorkii pomoci CE pro stanoveni endogennich aminokyselin z DBS.
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popisujici analyzu aminokyselin z DBS a také na grafické podobé obrazki a abstraktu. Podle

sytému Apollo ji v autorském kolektivu ptislusi autorsky podil 45 %.

Ptiloha III:

Lenka RySava se spolupodilela na experimentalni praci tykajici se grafického 3D navrhu a tisku
extrakénich jednotek, zaroven konzultovala experimentalni vysledky. Déle se zapojila
do vyhodnoceni a zpracovani dat a také se autorsky spolupodilela na ptipravé publikace
predevSim grafického abstraktu. Podle systému Apollo ji v autorském kolektivu piislusi

autorsky podil 30 %.

Priloha IV:
Lenka RySava navrhla a vypracovala navrh koncepce celé¢ experimentdlni prace. V ramci
experimentalni prace se vénovala odbéru vzorkt, jejich nasledné analyze pomoci vyvinuté

metody. V rdmci pfipravy publikace byla koordindtorkou, zajistila nédvaznost jednotlivych
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kapitol, zajistila 1 grafickou stranku publikace (od grafického abstraktu az po jednotlivé
obrazky), interpretace a diskusi vysledkl. Podle systému Apollo ji v autorském kolektivu

ptislusi autorsky podil 60 %.

Piiloha V:

Lenka RySava se podilela na navrhu experimentalnich cilG a piipravé krevnich vzorki.
Na publikaci se podilela na grafickém navrhu, a také na interpretaci vysledkl. Zajistovala 3D
tisk drzaku dutého vldkna pro vyvinutou HF-LPME metodu. Podle sytému Apollo ji

v autorském kolektivu ptislusi autorsky podil 20 %

Piiloha VI:

Lenka RySava byla zodpovédna za navrh experimentl a experimentalnich strategii. Vénovala
se predev§sim vyvoji HF-LPME metody pro analyzu krevnich vzorkii na nové vyvinutych
polymernich pénach. Déle se spolupodilela na vyvoji polymernich pén a méteni jejich struktury

na SEM. Podle sytému Apollo ji v autorském kolektivu piislusi autorsky podil 35 %.
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ABSTRACT

The effect of membrane thickness oo extraction performance was systematically examined in extractions
through supported lguid me mbranes {SLM), which were in-line coupled to capillary electrophoresis (CE).
Three porous polypropylene membranes with different thicloness (25, 100 and 170 pom ) were used as sup-
parts for SEM extractions of model basic drogs {nortriptyline, papaverine, haloperidol and loperamide]
from complex samples. The analytes were transferred threush che SLASs by a pll gradient and were
in-line mjected, separated and guantified using a commercial CE instrament with ultravioler (L) detec-
tion. Transfers of the model drugs throngh S3I0 decreased with the increased membrane thickness [in
the order: 25 = 100 = 170 pm) and highest rransfers were achieved for the thinnest membrane, Interfer-
ences from complex sample matrices were efficiently eliminated, moreover, impregnation of the 23 pan
muembrane required signifcantly reduced volume of organic sulvent, Mechanical stalnlivy ol the impreg-
mated 25 pm membrane was excellent doting in-line injections, which necessitared direct contact of CE
separation capillacy wich the SLM. Repeatabilicy of the hyphenarced SLAM-CE-UV method [using the 25 pim
membrane] was lover than 11% (RS walues of peals areas) and calibration curves were sbiictly lingar in
(.53 g/ mil concentration range {cocfficionts of determination = 0997, Transfers of the hasic drogs
from donor solutions (standard and vndiluzed human urine/plasmal through the 3LMs ranged from 45
1o 237% and Himits of detection were between 0.02 and 0.15 ag/imL.

& 20049 Elsevier BV, All rights reserved.

1. Introduction

of inerl porous polymeric materials (usually polypropylene (PP
or polytetrafluorethylene {PTFE] foil or hollow fiber), which are

Extractions hrough membranes formed by solid supporis
impregnated with carrier salutions were describhed already in 19705
[1.2]. These membranes were made of a layer of a glass [iber paper
placed berween twa dialysis papers, the membranes were rather
thick and the extractions tosk usually several hours to complete.
Application of supported liquid membrane [SLM) for extracrion
purposes was first described in late 19705 [3,4] and SLMs were ini-
tially used in chemical industry [5,6]. Suitability of SLMs in samiple
pretreatment was later explored by Audunsson using thin sheet
SEMs, which separated donor and acceptor solution streams in a
flow system [7.8].

The original concept of cxtraction thraugh SLM was gener-
ally accepted for sample treatment and SLAs are nowadays made

P torresponding aurhnor,
E-mail address: kubanéiach.c

(1" Kuhdii).
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impregnated with water tmiscible solvents, Principles of ana-
Ivte transter through SLM were comprehensively described in
former publications [5,7.8], moreover, numereus review articles
can be found in the literature reporting on fundamental aspects
anel on applications of SLM extractions in various analytical Gelds
[2-15].

SLM extractions rely on diffusive transfer of analytes of interest
from one adqueat s solution (donar solution, which is located on one
side of the 5LM] into the SLM and then from the SLM into another
aquenus solution {acce pror solution, which is locared on the oppo-
site side of the 5LM). The transfer of analytes into and from the
SLA is achieved by selection of appropeiate liquid membrane and
by forming a pH gradient on both sides of the SLM. Inthe pH gradi
ent, analytes are neutral in the donor solution, which prametes
their distribution inta the 5LM. They are transferred as neutral
species through the liguid membrane in the polymeric support and
they reach the phase interface between 5LM and acceptor solution.
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Acceptor solution pH is adjusted ta a value, which promotes their
camplete ionization, and the analytes are transferred to the accep
tar salution from the phase interface. Their back-extraction from
acceptor into 5LM 1s avoided since ionic analytes tend to remain
in aqueous solutions, Composition af the liquid membrane and pH
of the two agueous phases play an important role in cross-5LAM
transfer of analytes as well as of matrix components and proper
selecrion of these variables is essential for efficient elimination of
malrix species (salts, proteins, lipids, etc,) Moreover, as the volume
ratios of donor to acceptor solution are usually ranging from tens
o hundreds and extraction efficiencies reach up to 90%, substantial
analyte enrichmenr can be achisved in SLM extractions [9,10].

SLM extractions are mostly carried out off-line in purpose-made
micraextraction devices and resulring accepror solutions are trans-
ferred for analyses to a suitable analytical instrumentation. This
might be high performance liquid chromatography (HPLC], mass
spectrometry (MS) and capillary electrophoresis [CE) for agqueous
acceprars from three-phase SIM extractions or gas chromarogra-
phy {GC) for orzganic acceptors after two-phase 5LM extractions
110]. Less commonly, SLM extractions can be coupled to analyt-
ical instrumentation and injections of pretreated samples can be
performed an-line with no necd for manual transfer of the result-
ing acceptors [16]. SLM extractions were on-line coupled to HPLC,
GC and other instruments [16-18], moreover, direcl coupling Lo
CE represents an attractive alternative since injection volumes are
significantly reduced in CE and are well compalible with micio-
liter volumes of accepoor solutions resulting from SLM extractions
[19]. History, developments and principles of direct coapling of SLM
extractions ro CF were summarized in a recent tutorial [20].

In-line coupling of S5LM extraction to CE was also achiewved
by direct contact of the separation capillary with the SLM sur-
face and by injecting the analytes transferred through the SLM
from the diffusive layer at the phase interface between SLM and
acceptor solution [21]. Operational solutions in this microextrac-
tion system are stagnant {with no agitation] and transfer rates of
analytes should be reciprocally proportional to the phase interface
thickness according to definition of membrane permeability coef-
ficient in [22). Application of supporting materials wich differentc
thicknesses might thus have direet bearing on specific extraction
parameters (e.g. time and efficiency), nevertheless, effects of sup
porting material thickness on transler characternistics bave not been
investigated in SLM extractions coupled to CE. Surprisingly, effects
of supporting material thickness on extraclion performance have
neither heen investigated for planar sheet SLM extractions nor for
HE-LI'MEs. In the currenl practice, extractions through SLMs use
commercially available supports with thickness of ca, 100 pm for
planar sheet membranes and 200-300 wm for tubalar HEs (wall
thickness). Rarely, thinner (25 wm [23]) ar thicker (450 wm [24])
supports were applied in SL extractions but with no rationaliza-
rion for their use.

In this contribution, three different planar membranes were
investigated to comprehensively examine the effect of the sup-
portng material thickness on transfer efficiency of SL extractions
in-line coupled (o CF, It was demonstrated that supporting mate-
rial thickness {and thus 5LM thickness] plays an important role in
the cross-SEM cransfers of model analytes (hasic drugs), which were
faster and higher for thinner supports. Consumption af liquid mem
brane decreased considerably wilh supporl thickness and reguired
1 pLorganic solvent anly forimpregnation of 25 pm thick PP mem-
brane discs. Thin membranes (25 pn} were characterized by the
same mechanical stability as thicker membranes (100 or 170 pm]
during direct contact with CE separation capillary and efficienc
elimination of marrix components was achieved tor extractions of
undiluted human urine and plasma samples independently of the
membrane thickness.

2. Materials and methods
2.1, Reagents, standard solutions and bady fliids

Al ehemicals were of reagent grade and dejonized (D)
water with resistivity higher than 18 M2 cm was used through-
oul, Stock selutions of basic drugs {1mg/mL, Sigma, Steinhein,
Germany) were prepared from pure chemical {haloperidol) and
Trom hydrochloride salts (nortriptyline, loperamide and papaver-
ine)in merhanal (Lach-Mer, Neratovice, Czech Republic) and were
stored at 2000 Standard selutions of basic drugs were pre-
pared hy dissolving appropriate volumes of the stock solutions
in DI water. Optimum BGE solution for CE-UV-vis determination
of hasic drugs consisted of 15 mh sadium dibydrogen phosphare
with 13mM phosphoric acid (pH 2.23) and was prepared daily.
Qrganic solvent for impregnation of PR membranes was 1-ethyl-2-
nitrobenzene (ENB, = 98%, Fluka, Buchs, Switzerland ). Operational
scalutions of HC were prepared from concentrated HC (37%, Lach-
mer) and solutions of NaOH were prepared from MNaOH [Lach-Mer).

Physiological saline solution of 150mM was prepared from
NaCl {Pliva-Lachema, Brno, Czech Republic). Human urine sam
ples were obtained from valunteers at the Institute of Analytical
Chemistry after 24-hour collection and were leept at 4 °C for one
day. Human plasma samples were purchased as lyophilized pow-
ders from Sigma, were prepared according to supplier's instructions
(dissolved i 1 mL of DL water) and stored at —20°C,

22 Copillory electrophoresis

A 7100 CE instrument (Agilent Technologies, Waldbronn,
Germany wasoperated ata potential of + 25 kKW applied at the injec-
tion side of the separation capillary for all runs. Detection of basic
drugs was performed using the in-huilt UV-vis diode array detec-
tor at 200 nm. Separation capillary used was a fused silica capillary
(73 pm MY375 pm O, Ly =45cm and Ly =368 cm) supplied by
Polymicro Technologies ( Phoenix, AZ, USA), Prior to the firstuse, the
Brare capillary was flushed for 15 min cach with 100 mb NaOH, DI
water and BGE solution. At the beginning of each working day, the
capillary was flushed for 2 min cach with 50 mM NaOH, DI water
and BGE solution. Between two consecutive CE analyses, the capil
lary was Mushed with 50 mbd NaOH {30 s), DI waler {30 s] and BGE
solution [B0s). At the end of each worlking day, the capillary was
Mushed for 2 mineachwith 50 mb NaOH, Dhwater and air, All Qush-
ing procedures were performed at a pressure of 350 mbar. Capillary
temperature was maintained at 25 °C and hydrodynamic injections
were performed ar S0mbar for 55 The CT instrument was con-
trolled, and analytical signals were acquired, by ChemStation CE
saftware [ Agilent Technologies ).

The high wvoltage electrode at the injection side was 5mm
shorter [G7100-60033, Agilent Technologies] than the standard
electrode. The short electrode eliminated possible contamination
af the low volumes of acceprar solutions due to their contact with
electrode as was reported earlier [25] and ensured direct contact
of the sepavation capillary with SLMs, The separation capillary pro-
truded by approx. § mm from the short electrode.

2.3, Micro-extraction device and its function

Tailor-made microextraction devices were prepared according
Lo the previously reported procedure [25] and were compatible
with Agilent 7100 CE instrument. Each device consisted of a donar
and an acceplor unit, which were separated by a flat sheeo 21
membrane impregnated with an organic solvent {5LM ). Danor and
acceptor units were scalpel-cut from 200 L I micropipetie tips
[T1. Medical, Torreglia, Traly, Part No. 28063 to the length of 11 and
10 mm, respectively. For the 25 pm thick PI' membranes. acceptor
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Table 1
Parameters of PP membranes,

Membrane type Celgard® 2500 Accurcl FRFAERT  Accurcl PP 2E-HF RjT

Thickness 25 pm 1000 pum 170 pm
IFaTasiny EEE ma. n.a.
'ore size OB m 1 pm 0.2 pm

n.a. = not pailable

units were shortened to 7 mm [ by cutting off 3 mm at the narrower
end), Flar sheet PP membranes (discs with 11 mm diameter) were
cut from Celgard® 2300 {Celgard LLC, Charlotte, MC, USA] and from
Accure] PPE R/P and Accurel PP 2E-HF B/P (Membrana, Wupper-
tal, Cermany] using a corl borer. Characteristic parameters of the
three PP membranes are summarized in Table 1Tand election scan-
ning microscope (ESM ] images of the membranes are depicted in
Figure 51 in Supplementary data.

The 11 mm discs of 25, 100 and 170 wm thick PP membranes
were impregnated with 1, 5 and 7 L of ENB, respectively. Imme-
diately when the solvent snaked inta the membrane pores, the disc
wias placed on top of a donor unit and pressed against boltom of
an acceptor unit, Twenty pl. of donor solufion was pipetted into
the denor unit followed by pipetting 20 L of acceptor solution
into the acceptor unit and extraction time was measured from this
moment., Analytes present in the donor solution were diffusively
transferred through the SIM hased on their distribution coetfi-
cients related to the organic solvent impregnated in the membrane
pores, At diffusive conditions, a decreasing concentration gradicnt
of the transferred analytes is formed in the direction from the SLM
surface and rather long extraction times are necessary to obtain
equilibrium in the entire acceptor solution. In order to shorten
the pretreatment tme, the injection end of the separation capil-
lary must be positioned as close o the SLM as possible. Thus, the
exlracted analyvies were injected directly [rom the SL surface in
the acceptor unit of the device. Dimensions of the microextraction
device were selected o fit the internal diameter of the Agilent 1
sample vials [Part No. 5182-0567) and the device was placed in a
stainless-steel compression spring with the following dimensions:
wire thickness, 200 pm; 0D, 5.8 mim; lengrh, 7 mm; numberof coils
7.(Pruziny Cermik, Brno, Czech Republic]. The sample vial with the
spring and the extraction device was closed with a polyurethane
snap cap (Agilent Technologies, Part Mo, 5181-1512), The soft com-
pression spring released the pressure during the direct contact of
the separation capillary with the SLM surface and eliminated pos-
sible perforation of the SLM, see Figure 52 in Supplementary data,
NMicroextraction devices were disposable and a new device was
prepared for cach extraction.

Transfer of analytes through the SLA was calculated based on
the following equation:

Co finel

Transfer (%) = w 100 n

o initial
where C, gy, 15 the final concentration of an analyte at the
membrane facing acceptor solution and Cy gy is the initial con-
centration of the analyte in donor solution. Since donor and
acceplor solution volumes were identical (20001, no volume cor-
rections were carried aut.

3. Results and discussion
3.1, Extractions through SLs with different thicknesses

Four hasic drugs were selected as model analytes. Chemical
structures, pk, values and log P values of nortriptyline, papaverine,

halaperidel and laperamide are shown in Figure 53 in Supplemen-
tary data. BGE solution consisting of 15 mM NaH, P04 and 15 mM
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Fig. 2. Ellect ol membeane icloess on exlraction Lime ol papaverine, Eslraclion
and CEconditions as fon g, 1,

HyPOy ar pH 2,23 |26 was used for CE-UV determination of the
four basic druzs transferred through the different 5L0s. PP mem

Branes with three different thicknesses {25, 100 and 170 pwm ) were
examined as supporting material for SLM extraction in-line cou

pledd o CE. Initial experimental conditions involved extractions of
a standard denor solution containing 10 pg/mL of the basic drugs
prepared in 130mb NaCl solution, which corresponds Lo Nacl
concentration in physiological solution. Acceptor solution was DI
waler, SLMz were prepared by impregnating the membranes wilh
appropriate volumes of ENB {exact EMB volumes can he found in
Chapter 2.3), and the mluence of membrane thickoesses on the
crass-5LM transpartwas investigared for extraction time of 19 min,

This tme was selected as a good compromise for duration of SLM

extracrion since 19 min was sufficient to ensure equilibrium srare
at the SLM for 100 pm thick PP membranes previously [27]. Cor-
responding results are depicted in Fig. 1 and clearly demonstrare
that highest analyte transfers were achieved for the 25 pum thick PP
rnemhl'anr‘,

In order to confirm the above observations, time-dependent
analyte transfers were determined for the three PP membranes,
First CE-UV analysis was performed at | min extraction time
ane 5 additional analyses were carvied out from the same SLM
microextraction device in Gmin intervals. The total extraction
time was 31 min and corresponding results for papaverine Lrans-
fer through the three membranes are depicted in Fig. 2. At the
selected exlraction conditions, papaverine exhibits highest trans-
fer through the EMB-impregnated SLhs and was thus selected
[or graphical presentation; similar time-dependent profiles were
ahserved tor extracrions of the ather three analytes and the three
SLMs, Fizo 2 demonstrates rapid transfer of papaverne through
the 25 pm rhick membrane. More than 0% of the drug was trans-
ferred Lo the acceptor side of the SLM within 1 min and a platean
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[71-81% of vansferred papaverine) was formed for subsequent
extraction times 7-31min. Maximum transfers of papaverine
through 100 pm and 170 pm membranes were lower (45-51 %
and 26-27 %, respectively) and were achieved at 13-31 min and at
25-31 min, respectively, The major differences in analyte transfers
were observed in the early stage of the microexiraction process
demonstrating 10-fold and 3-fold improvement at 1 and 7 min
extraction time, respecrively, for 25 ws. 170 pm membranes. We
assume that these differences were associated with significantly
shorter diffusion path for 25 pom membrane and thus an accelerared
transfer of analytes in the early stage of the exlraction process as
was thearetically elucidated by Pedersen-Rjergaard and coworkers
[22]. In subseguent Chaplers, all experiments were always carned
aut wirh the three memhbranes to investigate the effect of mem-
brane thickness on extraction performance at semi-optimized and
aptimized conditions, Graphical outputs of the experiments were
presented for the 25 pm thick membrane, which exhibited best
extraction performance,

3.2, Optimization of the donor and the accepror solution pH

The initial eptimization of denor and acce pror solution com pasi-
tion was carried out with extractions of donor solutions containing
150 mM MaCl and 10 pefml of the four basic drugs at nealral or
alkaline conditions {addition of 10 mh NaOH ) and for twao different
acceplor solutions (D] water and 10 mM HCD), Electropherograms
depicting analyte peaks after extractions at different donor and
avceptor conditions are shown in Figure 54 in Supplementary data.
Trace ashows extraction and in-line injectionaf a hlank donorsolu-
uoen, which contained 150 mb NaCl but oo drugs, and shows ne
analytical signals at migration times of the four analytes. The four
additional traces (b - e] show electropherograms for extractions
and in-line injections of the four basic drugs at different donor
and acceptor conditions. Extractions of the drugs into Dl water
favoured transfers of papaverine, see traces b and d, whereas can-
siderable increase in transfer of nortriptyline and haloperidol was
observed for 10 mM HC acceptors. Anincrease in cransfer efficie ncy
of all analytes was observed for extractions from alkaline donor
solutions (traces d and ) compared to extraction from DI swarer
(traces b and c). Highest transfers for nortriptyline, haloperidol and
loperamide were achieved for extractions ftom alkaline donor solu-
tions into acidic acceptor solutions and additional investigations
ncluding lne-tuning of NaOH and HCLconcentrations were carried
out. On the other hand, extractions of papavering were not consis-
tent with the above observations and highest transler of papaverine
was obtained from saline donor selution (wirhaut pH adjustment)
into DI water as acceptor, We assume that the different papaverine
hehaviour was associated with irs lowest pk, (6.0) and log P (3.08)
values (see Figure 53 in Supplementary data). Thus, if papaverine
was the target analyre, different extraction conditions shotild T
used preferentially.

32,1, Acceptor solution pH

Further optimizations were carried out with donor solutions
consisting of different matrices (1530mM MNaCl, undiluted human
urine and undiluted human plasma) and enly the vresults for body
fluid samples are presented graphically. Donor salutions were
adjusted by addition of TM NaOH 1o achieve [inal concenlra-
tion of 10mM NaQH and effect of acceptor solurion composition
(0-25 mM HCL on translers of the four drugs (spiked at 10 g /mlL)
was investigated. Fiz. 3 shows transfers of the four analytes from
urine (panel A} and plasma (panel B} samples and conlioms che
previously ohserved improvement of transters achieved ar acidic
acceptor conditions, The translers improved moest significantly in
the 0-10mM NCI cancentration range and a marginal improve-
mient was achieved by Turther acidification of acceptor solution Lo
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250 — —8— loperamide
—_ & papavering —
= - ——
B
2
g —3
i
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Fig. 3. EMecr of N coneenmiarion inacceptor solutomm on SUR exorstiens, Dxia
rian cnivdiriona: (A7 donar, human unne spiked wirh 10 pgiml of feur basic drugs,
H adjusted by addition of TOmk NaOH: (B) donor, human plazma spiked with
A0 g/l of fowr basic drugs, pH adjusted by addicion of 10 mM MaOH: 5L, 25 um
[P membrane impregnated wich 100 EMB; extracrion time, 19 min. CE conditions
as for Fig. 1.

25mh HCI. As the CE system was maore susceptible to the low pH
and high conductivity of the injected 25 mM HCLacceplor {broader
peaks due to reduced stacking of the injected zone), 10 mhd HClwas
Tinally selected as the most convenient acceplor solution,

3220 Donor solution pH

The same three matrices spiked with the four drugs (10 pwg/ml.)
were extracted int 10mM HCl acceptor solution and composi-
rion of the donor solutions was adjusted by addition of different
volumes of 1M NaOH solution to achieve final concentrations of
0-25 M MaOH, Transfers of analytes as a funcrion of donor NaOH
concentration are shown i big 4. A significant increase in trans-
fer of haloperidol was ohserved for all alkaline donor solutions,
Transfer of nortriptyline and loperamide increased for 5 and 10 mM
MNaOH and a reduction was obtained for 25 mhd NaOH, Papaverine
transfer was lowered by allialization of donor solutions and as dis
cussed before, best performance was achiceved for extractions from
body fluids with no pH adjustments. Based on these measurements,
10 mh MNaOH solution was selected as the oplimum donor solulion
COMposition.

3.3. Extractions of body fluids through membranes with different
thicknesses

The oplimum extraction conditions {10mbd MaOH as donor
phase and 10mM HCI as accepror phase) were used for extrac-
tions of the four basic drugs from undiluted urine and plasma
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Fig, a4, Effecr of Maoll concentiation in domoe seluniom an SEA exteactions, B
fon condiiions: (A7 denar, human urine spiked with 10 pgiml. of frour asic drogs,
(Bl donar, human plasma spiked wich 10 g ml of four basic drogs; acceptor 10 mad
HLl SLIL 25 o P rnembrane impregnaced wich 1 wL ENE: extraction time, 19 min.
CE comditions as for Fiz. 1.

samples through the three PP membranes (25, 100 and 170 um
thick}, Extractian time was selected as 19 min, Graphical presenta-
tion of analyte ransfers through the three membranes extracted
from plasma sample is depicted in Figure 55 in Supplementary
data and clearly demonstrates advanrages of using the thinnest PP
membrane over the two thicker ones, About two-fold and four-
fold better transters were obtained for extractions through 25 pm
membranes in comparison (o 100 and 170 i membranes, respec-
tively. The same ditferences in transfer efficiency [about two- and
four-fold ) were obtained [or extractions from urine samples, too,

34. Extraction time

Transfers of basic drugs to the phase interface were measured
fior extraction times 1-31 min in 6 min intervals, Fig, 5 illusirates
gradually increasing transfers of all analytes from donor solu
tien of human plasma to the phase interface in the first 13min
followed by a plateau and a decrease in the transfers of the ana
Iyles fonr 13-19min and 25-31 min, respectively. Hishest transfers
of analytes were ohtained for extracrion rimes hetween 13 and
19min. Repeatability of analyte transfecs for different extraction
times was considered and relative standard deviation (RSD] val-
ues up o 208 were gbserved [or 1-13 min extractions, which
improved cansiderahly (RS0 =9.9%) for longer extracrion times
(19-31min). The improved ESD values are consistent with bet-
ter equilibration of drug concentrarions at the phase interface for
longer extraction lmes, Since extraction time is typically the cru-

300 = #—haloparidol

——nortiptline
250 = @ loperamide

200 JTE T

150 S

analyte transfer (%)

10 15 20 25 30
axlraction time (min)

Flg. 5. Effect of excraction fime nn SUM exteacrions nf basic drogs, Exiracrion condi-
rtiens: donar, human plasma spiked wirh 10 pg!mil of the four basic drugs in 10mM
MatH: acceptar, 10 m HCL: 510, 25 porn PP membrane impregnaced wich 1 pl ENE;
cxtraction time, 19 min. CE conditions as for Fig. 1.

cial parameter, which determines duration of the enfive analytical
protocol, and high repeatability is essencial for good analytical per
formance, 19 min extraction tme was selected for all subsequent
experiments. If higher sample throughpur was required, shorter
exlraction timws (e.g, 7 and 13 min) might be applicable, however,
ar the expense of slightly reduced analyte rransfers and extraction
process repeatability.

3.5 Analytical performanee

Analytical performance af in-line coupling of SITM extraction to
CE analysis for determination of basic drugs was examined at the
following conditions, SEMs were formed by impregnating 25 pm
thick PP membranes with 1 L of EMB. Acceptor solutions were
10mM HCL and donor selutions contained various concentrations
of basic drugs and were adjusted by addition of 1 M MaOH to achieve
final concentration of 10mdd NaOH. Extractions woere carricd out
for 19 min and extracted analytes were injected into CE directly
from Lhe SLM surface in the acceplor unit of the microextraction
dewice. For analyses of standard solutions, the basic drugs were
always added (o saline solution containing 150 mi NaCl, For anal-
yses of real samples, drug-free human plasma and urine samples
were used undiluted and were st extracted as blank samples
withourspiking with the drugs, Mo analytical signals were detected
at migration tmes of the four analytes demonstrating that the
drugswere nat present in human plasma and urine samples or were
at concentrations below the limit of detection (LOD) of the method.
T analyses of body fluids after drug ingestion, interferences from
metabolic products of the parent drugs might be observed. In such
case, application of M5 detector would be the proper approach to
differentiate between the metaboelites and the parent drugs.

The drug-free plasma and urine were spiked with the four basic
drugs and repeatability of the analytical technique was evaluated
for extractions of doner solutions containing 10 e fml of the four
basic drugs fraom five individual microextraction devices. Repeata
bility, expressed as RSD values of peak aveas [or five analyses ol the
same sample (urine and plasmaj, was within the 4.0-9.9% range
and is summarized i Table 2, Repeatability was also measured
for analyses of five unique urine and three unique plasma samples
and RS0 values were lower than 11% demonstrating insignilicant
effectof sample martrix on the extraction and analytical process. The
RSD values are summarized in ‘Table 2 and comply with require-
ments on repeatability in binanalytical method validation [28].

Table 2 alsw summarizes coelfivients ol determination for linear-
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Table 2
Analytical parameters for the determination of basic drgs by in-line coupling of

5L exlraction e CF CE conditiens as lor Fig, L Exlraction conditions as lor Fig, G
Calibwation vampe= 0550 g fml

Mortripeyline  Mapaverine  Haloperidal  Loperamide

Standlaved
Teansfer (%) 10 pgiml. 1593 SAK PEIR] HUK
RS0 (%) 10 pgiml 51 EEY 13 T3
r? 0599 09806 0097 Q095
LOD [pg/ml] 003 01z ooz on7
LOG {pe/ml} oo 0.4z [ERiH] 023
Human urine
Transler (2] 10pgiml 1458 52.3 21238 T6.8
RED (%) 10 pginl? 73 63 3l T
RS0 05) 10 parfml” a7 kAl 70 28
= n=uy 1,585 [FRL HSE
1003 {pgfiml ) 1102 [IRE3 12 i
L0 [paiml] 14 .42 [FRIE] 0.2
Human plazma
Transfer (£ 10 pgiml 1052 431 2105 [
RED(E) 10 pgiml? 40 GO 6.8 20
RED (X1 10 pgiml® 108 29 T4 103
! n=a7 n.sa7 noa3 0.aga
LOD [pefmL; nos 0% s ong
1Ak 050 ] 041

* onc wrine and one plasma sample analysed S-times (n=235) after spiking wich
0 pe/mb ol drugs,

* Hve unigue vrine samples analysed 2-times (e = 0] after spiking with 10 pg/ml
ol drugs,

Cothrer vnigue plazma samples analysed 2-tmes o= 8] aller spiking with
T tmlool diigs,

ity measurements in 0.5-30 pg/ml concentration range (17 = 0987
- 0.999), analyte transfers calculated for 10 g/mL concentrations
of analyres [45-231%] and LODs (0.02 - 015 pg/mlL)y 100 (0.08 -
0.5 pg/mL) ef the SLM-CE-UY method. LODs and LOQs were defined
as the lowest concentration of analyre giving analyrical signal three
and ten times higher than baseline naise (5/N=3 and 5/N=10),
respectively, and are suitable for most clinical applications [29],

Resulting electropherograms demonstrating in-line coupling of
SLM extraction to CE-UV analysis of blank human urine and human
urine spiked with the four basic drugs at 0.5 and 10 pg/mL concen
trations are depicted in Fig. GA and SLM-CE-UV analyses of blank
human plasma and human plasma spiled with the basic drugs at
0.5 and 10 g/ ml concentrations are depicted in Fig, GE.

4. Conclusions

A comprehensive investigation is presented, which is the first
systemaltic experimental study of the effects of membrane thick-
ness on extraction performance of SLM extractions in-line coupled
to CE. Transfers of model basic drugs through porous I'I' mem-
hranes with ditferent rhicknesses were significantly influenced by
the membrane thickness and most efficient transfers were obtained
fior the thinnest (25 ) membrane, In addition, equilibrium of the
extraction process was achieved faster and consumption of organic
solvents for membrane impregnation was reduced for the 25 pum PR
membrane. Only 1 pL of organic solvent was necessary per extrac
tion, which was 5-fold and 7-fold lower than for 100 and 170
PP membranes. Mechanical stability of the 5LM was not affected
by membrane thickness and multiple injectiong from SL sucface,
which required direct contact of the separation capillary with the
mwembrane, were possible Tor the 25 pm thick membrane. Matrix
components were efficiently eliminated from undiluted human
body [uids {urine and plasma) demenstrating usefulness of thin
SLMs in direct CT analyses of complex hinlogical samiples. This fun-
damental study experimentally verified that membrane thickness
plays a key role in cross-SLM transfers of model analyres and con-
firmed the formerly elucidated principles of extraction through
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Fig. 6. In-line coupling of SLA extracrion to CE for analysis of basic drugs in human
urine (4] and human plasma (B ). Extraction conditions as for Fig. 5 excepr donor, (2}
blank urinz/plazma in 10 mM Na0H, (b urinefplasma spiked with 0.5 wgiml of the
fowr drugs in 10 mhd Ma0H, (o) urine) plazma spiked with 10 pgémL of the four basic
dlrugs i 10 mM MaOH; acceplor, [0 mM HCL CE condilions as for Fig, L

SV Thin membranes represent an interesting supporting mate-
rial due to their more efficient cross-membrane transfer/reduced
environmental impact and findings reported in this manuscripl
might be applied more generally to SLM extraction and HF-LPME
technigques,
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Figure S1. ESM images of three PP membranes with different thickness.
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Figure S2. Schematic drawing of the process for in-line coupling of microextraction across
SLM to a commercial CE instrument. (A) Sample vial before sample injection, (B) sample vial

during injection of the pretreated sample.
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Figure 53. Chemical structures, pK. values

(www.drnebank.ca, 16® December 2018).
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Figure 54, Transfer of basic drugs measured by in-line coupling of SLM extraction to CE at
various conditions of donor and acceptor solutions. Extraction conditions: (a) donor, 130 mM
NaCl; acceptor, DT water; (b) donor, 150 mM NaCl spiked with 10 pg/mL of four basic drugs;
acceptor, DI water; (¢) donor, 150 mM NaCl spiked with 10 pg/mL of four basic drugs in
10 mM NaQOH; acceptor, DI water; (d) donor, 150 mM NaCl spiked with 10 pg/mL of four
basic drugs: acceptor, 10 mM HCI: (&) donor, 150 mM NaCl spiked with 10 pg/mL of four
basic drugs in 10 mM NaOH; acceptor, 10 mM HCI CLE conditions: BGL solution, 15 mM
NaH;PO; and 15 mM HaPOy at pH 2.23; voltage, + 25 kV: injection, 50 mbar for 5 5, detection

wavelength, 200 nm.
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Figure S5, Effect of membrane thickness on SLM extraction of human plasma. Extraction
conditions: donor, human plasma spiked with 10 pg/mL of the four basic drugs in 10 mM
NaOH; acceptor, 10 mM HCL; SLM, ENB (1, 5 and 7 pL lor 25, 100 and 170 pm membranes,
respectively): extraction time, 19 min. CE conditions as for Figure S4.
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ABSTRACT: Blood volume in dried blood spot (DBS} analysis is assumed to be constant for DBS punches with a fixed area.
However, Wood volume in the punch is dependent on several factors associated with the blood compaosition and is preferentially
normalized by off-line analysis for quantitative purposes. Instead of using external instrumentation, we present an all-in-one
approach for the simultaneous determination of exact blood volume in the DBS punch and the quantitation of target analytes, A
DBS is eluted with 500 pL of elution solvent in a sample vial, and the eluate is directly subjected to an antomated analysis by
capillary electruphoresis with capacitively coupled contactless conductivity detection (CE-C'D). The capillary blood volume in
the eluate is calculated from the concentrations of the inorganic blood constituents (K', Na ', or C17) determined by CE-C°D,
which are linearly proportional to the blood volume originally sampled onto the DBS card. Alternatively, conductivity of the
DBS eluate can be used for the blood volume determination by using C'Dina nonseparation flow-through moede. The methods
are suitable for the determination of blood volume in anknown DBS 5amp]cn by pund‘\ing out the entire DBS or by
subpunching a small section of a large DBS with varations of the true vs the determined volume £5.5%. Practical suitability was
demonstrated by the simultaneous CE-C*D determination of K~ and Na* {for DBS volume calculation) and amino acids (target
analytes) in unknown DBS samples. Quantitative analysis of selected amino acids (related to inborn metabolic disarders) in the
unknown DBS was compared with a standard analytical procedure using wet-blood chemistry, and an excellent fit was obtained.
The use of CE-C*D represents an important milestone in quantitative DBS analysis since the detection technique is universal,
and the separation technique enables the determination of cations andfor anions and the use of multiple detectors, which
further enhance ,\‘l:]l:ct'ivi{yfﬂcnbi{ivit}' of the ;malysis and the TATEE of detectable ana]yh:';.

pubs.acsong/ac

H uman blood is predominantly sampled in a "wet” format,
and the analysis of venous blood {(serum or plasma) is
the golden standard in clinical applications." An alternative
technique for blood sampling is the collection of capillary
bload in form of dricd blood spots {I)HSh}.l Since the
introduction in 1963,* DBS sampling has been widely adopted
for the determination of metabolic disorders in newborns*™
and has also gained significant interest in pharmacolkinetic,
toxicokinetic, and thl:rapc:utic: l]rug monitaring studies.”™

In DBS sampling, a microliter volume of capillary blood is
collected on a paper-based sampling card from a heel prick or a
rmgc:r prick. 1YBS e.amp]ing is thus suitable for all individuals
including infants and elderly people, for whom venipuncture
might be too invasive." The spot is then dried for 3 h at
amhbient air to form the DBS, the card is par:kl:d into a plahtic:

< ACS Publications & 2019 american Chemical Society
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bag with a desiccant, and the DBS can be stored at ambient
conditions for further use. Due to the sampling simplicity,
DBSs can alse be self-collected at home, which significantly
increases the wi“ingm_'ﬁs of Patil}nti: o Parlicipah_‘ it climical
studies.”* The sampling cards with the DBSs are considered
non-biohagardous material, and their transport to analytical
laborataries can be accornplished by regular mail and parcel
delivery CL}I‘I‘II‘J;II‘IiL‘h.I'é Muost analytes in [YBSs are stable at
ambient temperature for days to weeks, and thus, DBSs enable
simp]u sampIing and tr;mhport of Waood samp[ce. from remaote

Received:  October 23, 2019
Accepted:  December 3, 2019
Published: December 3, 2119

D0 100037 fAacs.anakhem hiss s
Anal. Libam, I, B2, 15571544

73



Analytical Chemistry

areas or areas with limited resources, where plasma/semm
ﬁampling and transpurt would not be practicaﬂy,"’ccunumic:a”}r
feasible. Further features of DBY sampling are general
acceptance of DBS samples by legislative authorities, better
stability of analytes in dry compared to wet blood samples,
significant reduction of overall costs, and compatibility of DBS
eluates with standard analytical I:eclmiu.]ues.lj_"

Besides the benefits evidenced in the former paragraph, [R5
sampling also faces several challenges. The small blood volurne,
which is one of the DBS benefits, limits the possibility of
performing  replicate analyses and  simultancously  requires
highly sensitive but expensive amalytical methods, such as
GC/MS/MS and LC/MS/MS." The DBS is usually processed
]'Jy pundling a pﬂ_\durmcd prart of the 1IBS, |_"|r_d:ing| c:xtr;u_'ting,
centrifnging, evaporating the extract to dryness, and recon-
stituting it with a suitable solvent, which are time and labor
consuming, Automation of DBS elution/analysis is still in its
infancy, and although systems for hyphenation of DBS elution
to HPLC™'" and for direct injection from DBS inte MS'' were
presented, they are rather complex and costly. DBS sampling is
not sunitable for air-sensitive and volatile analytes, moreover,
analyte concentrations in capillary Bood might differ from
those in venous blood, and the correlation between these two
matrices must be established before a clinical assay.

|Jcr}|aps the maost iln[mrlan& paramcter inﬂuuncing 1¥BS
sampling and subsequent quantitative analysis is the hema-
tocrit level (volume percentage of blood cells) in blood.
Hematoerit levels vary between 37% and 31% for healthy
adults,'” however, they can differ more significantly in specific
populations, e.g., neonates, children, and people living at high
altitudes” ‘Ihe hematoerit level has a direct bearing on the
DBS size and, thus, on the amount of blood in the subpunched
part of the DB5. Moreover, different hematocrit levels induce
different analyte distribution on the DBS card due to the [DBS
nonhomogeneity and the so-called volcano effect, which can
have further adverse effects on the quantitative anaI}'sis_"'l"

Warious JPPT[TH.III'IL‘!; were described for the correction or
elimination of the above-reported adverse effects on the
quantitative DBS analysis. These included, for example,
punching the whole MBS instead of a DBS ﬁuhpum:h" and
the use of perforated or precut DBS cards.'*'* Nevertheless,
these two approaches are burdened by sampling of an exact
blood volume to the 1388 card and are not compatible with
one of the major DBS advantages, i.e., sampling at home by a
nonskilled person with no need for a precise volumetric device.
Correction of the blood volume by the determination of
potassinim or sodium content in the DBS subpunch was
suggested, nevertheless, this approach requires additional
instrumentation/analyses.”™' " Standardization of the hema-
tocrit in calibration standards close to the expected hematocrit
levels of the blood samples is possible but is time-consuming/
laborious.” The differences in sampled blood volumes might be
also eliminated by the recently developed volumetric
absorplive 'mit:mﬁam!;r‘[ing [(WAMS) devices, which sbsorh a
fived blood volume,™ or corrected by conductivity measure-
ments of the final DBS eluate before analysis.”® Unfortunately,
the wse of VAMS and conductivity measurements s limited by
a rather high cost of the VAMS devices™ and by the use of a
lab-made ring disc electrode for conductivity measurements,"”
\‘I_‘RP(:CH\-‘(:I}«'.

Capillary electrophoresis (CE) is the analytical method of
choice for rapid analyses of minute sample volumes™"** and is
thus perfectly suited to the analysis of DBSs. Moreover, CE
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enables simultaneous determination of multiple sample
comstituents with different P]‘I}c’:\‘il:['}l_‘]‘l(:]‘l‘li[_‘.‘{l propertics when
combined with a universal detector, such as with a capacitively
coupled contactless conductivity detector (C*D)™ These
characteristics are considered useful for quantitative analyses of
[ra\‘kicu]ar ana])fh_‘.ﬁ in [YBS ham[}]l}.ﬁ and for correction of
varying blood volumes associated with DBS sampling. A novel
analytical approach is presented in this contribution, which is
based on the use of a commercial CE-C'D} instrument, it
enables the determination of the exact blood wolume in
unknown DBS samples by quantifying major inorganic ions in
the DBS eluate or by measuring the eluate conductivity and is
fu"y autormated. In the nPtirnizt:tI prnr_‘cdun:, I("J Ma®, and
cationic analytes (amino acids related to inbom metabolic
disorders) are simultaneously determined by CE-C'D in the
DBS eluate. Concentrations of K* and Na* are used for the
caleulation of the exact blood volume in the unknown DBS
sample, and the volume is subsequently used for the
determination of the original amine acid concentrations. The
proposed technigue can be further extended to the anionic
analytes by wsing CI7 for the DBS volume cleulations.
Moreover, the nondestructive character of C'D favors this
technigue also for simultaneous coupling with other
commercially available CE detectors (U —vis, MS, and
LIE),"** which might further enhance analytical selectivity/
sensitivity and extend the range of detectable analytes,

B EXPERIMENTAL SECTION

Reagents, Standard Solutions, and DBS Samples. All
chemicals were of analytical reagent grade, and deionized (D1)
water had a resistivity higher than 18 ME2-cm. Stock solutions
of sodium, chloride, and potassium (1 M) were prepared from
NaCl and KCl, respectively (Pliva-Lachema, Brno, Czech
Rupub]ic} in DI water. Details on the preparation of stock
solutions of amino acids are given in the Supporting
Information,

All stock solutions were stored in a refrigerator at 4 “C.
Standard solutions of inoTganic ions and amino acids were
prepared by disselving approprate volumes of the stock
solutions in DI water, DI water/methanol (5030, v/v), or
pure methanol (Lach-Ner, Neratovice, Crech Republic). A 100
mhl NaOH solution for separation capillary conditioning was
prepared from NaOH pellets (Lach-Ner} in DI water. DBS
samples were obtained by spotting the capillary blood from a
finger prick onto a Whatman 903 Protein Saver sampling card
{(GE Healthcare Ltd, Cardiff, UK). The DBS samples were
collected from volunteers at the Institute of Analytical
Chemistry who signed written informed consent.

Capillary Electrephoresis. CE analyses were performed
with a 7100 CE instrument {Agilent Technologies, Waldbronn,
Germany) equipped with an Admet C*'D (Admet, Prague,
Crech Republic). The optimum background electrolyte (HGE)
solution consisted of 1.6 M acetic acid with 0.1% (v/v} Tween
20 and | mM 18-crown-6 at pH 2.1, The BGE solution was
prepared daily from a 5 M stock solution of acetic acid
(=99.9%, Fluka, Buchs, Switzerland), 1% (v/v) stock solution
of Tween 20 (Sigma), and 10 mM stock solution of 18-crown-
6 (Sigma). Inorganic cations and amino acids were separated
at a p:ltcnti.ﬂ of +30 kv '-lPP“L‘d at the injection side of the
separation capillary. For the analyses of inorganic anions, the
polarity of the electric potential was reversed to —30 kV. C'D
was operated at 1.84 MHz and 50 ¥V, through a fused silica
(F8) separation capillary (25 pm id /375 pmood, 1, = 50 em
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and Ly = 37 em) supplied by Polymicro Technologies
(Phoenix, A¥, USA). Prior to the first use, the bare r:a_[ri“ar}r
was preconditioned by flushing with 100 mM NaQH (15 min),
DI water (5 min}, and BGE solution {5 min). Between two
consecutive CH analyses, the capillary was flushed with 100
mM NaOH (2.5 min), DI water (1.5 min), and BGE solution
{5 min). At the end of each working day, the capillary was
flushed with 100 mM NaOH (3 min), [} water (3 min), and
air (5 min). All flushing procedures were performed at the
pressure of 950 mbar. Capillary temperature was maintained at
25 °C, and hydmdynamic imjections were pcrﬁ’.nrrm.‘d at 100
mbar for 30 s. The CE instrument was controlled, and the
analytical signals were acquired by ChemStation CE software
{Agilent Technologies).

The high voltage electrode (P/N G7100-60033, Agilent
Technologies) at the injection side was 5 mm shorter than the
standard electrode at the capillary outlet. The short electrode
eliminated the possible contamination of the DBS eluate by
liquid residues located between the tubular electrode and the
separation capillary ond simultaneously also the possible
contamination of the electtode by the DBS eluate. The
separation capillary protruded by approximately 8 mm from
the short electrode to ensure a proper injection from the
Agilent 7100 CE glass snap-cap vial (2 mL; P/N 5182-9697)
ey mEaining 500 w1, of the DIBS cluate, The injection end of the
separation capillary was immersed into a glass vial with DI
water prior to the injection of the DBS eluate in order to aveid
the contamination of the DBS cluate by the BGE solution.

Conductivity Measurements., Conductivity measure-
ments were performed using the sane CE-C'D instrument
(F\Eilcnk 'I'cc}mu]ugil_'.l:;".'\dmut)_ A short segment of 4 FS
capillary {25 pm 1.d./375 pm o, Ly, = 30 cm and Lz = 17
cm) from Polymicrs Technologies was used for conductivity
measurements, and  the C”)_.n"l.‘api":zry temperature  was
maintained at 25 “C. The bare capillary was preconditioned
by Hushing with 100 mM NaOH (5 min) and DI water (2
min). For c'n measuremnents, a standard solution or 2 DBS
eluate was flushed through the capillary for 0.75 min, flushing
was stopped for another 0L13 min, during which the
conductivity was measured, and finally, the capillary was
flushed with DI water for | min. Between the C'D
measurements of two DBS eluates, a 1 min flush with 100
mM NaOH was incuded before the DI water flush; the
flushing pressure was 950 mbar in all cases. The CE electrodes
and C§D data acquisition were the same as in the previous
paragraph,

DBS Sampling, Spiking, Storage, and Elution. DBS
samples were obtained by pipetting various wvolumes of
capillary blood from 2 finger prick onte the Whatman 903
Protein Saver sampling card. Before pricking, the fingertip was
wiped off with a lint-free cotton pad soaked with ethanol
{Lach-Ner), Ethanol at the fingertip was evaporated to avoid
blood precipitation, and the fingertip was pricked using an
automated skin puncture device (ACCU-CHEK FastClix,
Roche, Mannheim, Germany) with disposable lancets, which
were discarded after use. The first drop was wiped off with a
er cotton pad, and exact volume was withdrawn from the
subsequent drop using a micropipette with an adjustable
volume (2—20 or 5—50 ul, ProLine Plus, Bichit, Helsinki,
|"in|;1nd} inte a gradualcd Pulyprnp}«'lcnc rnic“:pipcllc tiP
{Sorenson Bioscience Inc, Salt Lake City, UT, USA; One
Touch 1-20 or 1-330 xL). The blood from the tip was
quantitatively dispensed onto the sampling card (into the
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center of the sampling circle) and was air-dried in a holder for
3 hoto form the DBS, The DBS with an “unknown” volume was
formed by a lab-assistant by pipetting a certain volume of
capillary blood, which was not known to the analyst, onto the
DBS sampling card and dried as described above. For a DBS
“it]’l rcauy unkntsv-‘n VC'IUmL’l L'aPi“aT}’ hIC'[‘d was d"‘lPPL"]
directly from the finger prick into the center of the DBS
sampling circle (the whole circle was filled with blood) and
dried as described above. For spiking and standard addition
calibration, 99 ul. of L‘;lpinar)' blood was mixed with 1 gl of
amine acids standard solution in a 250 gL PCR tube, the
spiked blood was pipetted by the ProLine Plus micropipette to
the sampling card, and the resulting BSs were dried as
described above, Each DBS card was stored in a closed plastic
bag with a desiccant in a refrigerator at 4 “C for up to three
months.

The elution of capillary blood from the DBS for conductivity
and CE measurements was performed according to the
following procedure and is depicted in Figure SL (i) The
entire 155 was cut from the sampling card wsing a 10 mm
cork-borer, For the analysis of a DBS with an unknown
volume, only a part of the DBS was cut with a smaller (6, 7, or
5 mny; see Results and Discussion) cork-borer. (i} The
resulting dise of the Whatman 903 card with the DBS was
placed at the bottom of a clean Agilent glass snap-cap vial (2
mL; P/N 5182-9697) using a tweezer. The diameter of the
DBS disc was lower than the L.d. of the glass vial. (iii) The DBS
was cluted dircetly in the g]a.ﬁﬁ vial with a .ﬁpcciﬁu volume of [
water, methanol/DI water, or methanol. For elution with DI
water, 500 gL of DI water was pipetted into the vial, and the
vial was closed and agitatl.'l] at 1000 rpm fur 100 min. For
elution with methanol/DI water, 250 gL of methanol was
pipetted into the vial, and the vial was closed and agitated at
1000 rpm for § min Subsequently, 250 xL of DI water was
added to the vial, and the vial was closed and agitated at 1000
rpm for another 5 min. For elution with methanol, 500 gL of
methanol was pipetted into the vial, and the vial was closed
and agitated at 1000 rpm for 10 min. The vials were agitated
using a Yibramax 110 (Heidolph Instruments GmbH,
Schwabach, Germany) agitator. In order to minimize
manipulation with the DBS sample and to avoid contamination
of the DBS cluate, the Whatman 903 disc was not rermoved
from the vial after the DBS elution and the CE injection was
performed directly from the free solution above the disc. DBS
eluates were used only on the day of elution and were atored at
4 °C.

B RESULTS AND DISCUSSION

Conductivity Measurements, The analytical response of
the C*D was examined with a set of standard NaCl solutions
and showed a linear relationship in the intended conductivity
range (see procedures and Pigures §2 and §3 for the resulting
conductivity plot and the calibration curve). The stability of
the DBSs for conductivity measurements and the elution time
required for the complete transfer of the DBS to the elution
solvent were examined with real 10 gL DBSs. No statistically
significant variations were observed for up to one month old
DBSs, and complete elution was achieved by agitating DBSs at
1000 rpr for 10 min (see Experimental Section Bigure S4 and
corresponding text in the Supporting Information),

The response of the C'D to the conductivities of real DBS
samples was examined with sets of DBSs prepared by pipetting
7, B, 10, 12, 15, and 20 gl of capillary blood onto the DBS
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sampling cards, drying them, and eluting them with 500 gL of
DI water, One individual s;lm[rlc:d three DBS sets on 1 day (at
8:00 am, 12:00 pm, and 400 pm.), and all sets were
processed the next day. The same individual sampled one DBS
set on three consecutive days, and the sets were processed 1
Jay after the last set was collected, In an]t]itinnJ five individuals
sampled one DBS set each, and the sets were processed the
next day; hematocrit levels were within the range specified for
healthy adults in ref 12. Note that the DBS samples were
prl_'pan:l] by cach individual, and thus, the observed variations
in conductivity did not only account for the differences in
blood composition at different day-times and days and among
different individuals but also for the sampling procedure,

Linear relationships were obtained for all DBES sets
{coefficients of determination (') > 0.9926), demonstrating
that the automated C*D measurement represents an attractive
method for the determination of blood volume in unknown
DBS samples by conductivity measurements of the DBS
eluates. The results are swnmarized in Table 51 and show no
statistically significant differences (at the 0.08 significance
level) in the calibration curve parameters, Relative standard
deviation (RSD) values for the slope and the intercept were
1.2, 0.9%, and 2.4% (slope) and 0.7%, 1.3%, and 3.4%
(intercept) for interday, intraday, and individual-to-individual
DBS sets, respectively.

Elution with Different Solvents. The elution of DBS is
usually carried out with DI water, organic solvents, or aqueous
mixtures of organic solvents. The elution with organic or
partially organic solvents might be especially useful when the
target analytes are hydrophobic compounds and when the
matrix effects are to be suppressed. The DBS sets (7—20 ul.)
were eluted with three different elution solvents (DI water,
50% (v/v) methanol/DI water, and 100% methanol),
corresponding conductivities were measured with the [ogn}
and the resulting calibration curves are depicted in Figure 1. All

&0
L
01 waler: 12 = 0.597;._../
5 60 s
£ e
) T
g A Methanol: r = 0.0671
a 4
E,
ooz
0 ol (3 water; 1« 0,999

T T T T
g 10 12 14 16 1B 20
Wul)

Figure 1. Calibration curves with cocffidents of determination for

conductivity measurements of DBSs with different blood velumes
eluted with the three different elution solvents (500 gL},

three curves showed perfect linearity (r* = 0.8971) while being
characterized by different slope and intercept values. This is,
however, not surprising since DI water, methanol /DI water
mixtures, and methanol have different conductivitics and
conductivities of inorganic ions (which are eluted from the
DBSs and contribute most significantly to the total blood
c:nnductivit}r} in the three solvents change with methanol
content,

Mareover, DBS processing with organic solvents eliminates
the elution of some blood constituents from the DBS, which
might otherwise partly contribute to the cluate conductivity as

1560

well. This has been evidenced by a complete discoloration of
the DBS disc cluted with 1D water, dL‘T'I'l['}I'IhtI’:lfi]‘lg that all
blood constituents were transferred to the aqueous selution
resulting in a red-brownish color of the eluate. On the
contrary, the DDBS discs remained vi:\‘ua“}r almuost unl:hangl.'l]
after elution with methanol/DI water and methanol, and the
eluates were colorless. The red blood cells, proteins, and other
macromaolecular compounds were preserved in the discs during
the elution with methanol {or methanol/DI water), and only
low molecular weight compounds were eluted into the free
selution.

Conductivity Measurement of Blood Yolume in DBS
Samples. The suitability of the proposed C*D approach was
examined by the determination of the exact bloed volume in
“unknown” DBS samples. Spots with three different “un-
known” volumes (from the low, mid, and far end of the
calibration range) were formed on the card, and their exact
volumes were determined by measuring the conductivities of
their eluates and by subsequent calculations using the derived
calibration equations. The results are summarized in Table 1
and reveal that the calculated volumes were in perfect
accordance with the truly pipetted blood volumes and did
not differ by more than 3.7%. The “unknown™ DBS volumes
were also determined for the two remaining elution solvents
(tm:khanuh methanoel /131 \-\'.ﬂl_‘r:]J and r_‘omparch agreements
(=3.0% difference) were achieved.

CE-C*D for the Determination of Inorganic lons in
DBS Samples. CE-C'D is a universal analytical method,
which can be used for the determination of anions and cations
with varicus physicochemical pmper:ies.zo In the actual
experiments, 2 BGE solution that enables the determination
of norganic cations, anions, and selected target analytes is
desirable, and according to our former experience,” acetic
acid-based BGE solutions were examined. The optimization
procedure is comprehensively described in the last section of
the manuscript and in the Supporting Information.

The uptimi';.l_'d BGE solution consisted of 1.6 M acetic acid
(pH 2.1) with the addition of | mM 18-crown-6 and 0.1% (v/
v) Tween 20 and provided the simultaneous CE-C*D
determination of inorganic  cations and amino acids. 18-
Crown-6 was added to the BGE to aid K' and NH,' separation
and Tween 200 to avoid excessive attachment of macro-
molecular blood constituents to the capillary walls, The BGE
was also suitable for the determination of inorganic anions by
simply switching the HV polarity and enabled comprehensive
determination of inerganic ion content in blood by two
separate CE runs (Figure 2).

A detailed characterization of the CE-CD system for the
determination of inorganic cations and anions was carried out
with standard solutions and real DBS eluates. The CE-C'D
performance worsened significantly for the DBS eluates, and an
extended procedure {including consecutive flushing with 100
mM NaOH, DI water, and BGE solution), which is
surnmarized in the Supporting [nformation, was required to
ensure stable CE-C°D performance.

Elution with Different Solvents. Linearity of the CE-
C'D method for the determination of inorganic cations and
aniens in DBESs with different blood volumes was also
examined. Standard solutions containing specific concentra-
tions of [(*, Na+J and C17 l)'Pica] for ca}ji“ar)' Bload were uH}dJ
and the results are summarized in Figure 55, Excellent linearity
was achieved for all three elution solvents (DI water,
methanol /D water, and methanol). Lincarity of the CE-C'D
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Table 1. Comparison of “Unknown™ and Calculated DES Volumes Determined by Total Conductivity Measurements”
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“{A) The same individual sampled three DBS sets at ditferent times on the same day. (B) The same individual sampled vne DBS set on three consecutive days, (C) Five individuals sampled one DBS set
on the same day, DBSs were cluted with 500 gL of DI water. Universal calibration used all calibration data for the caleulation of the “unknown” volumes. "% difference of the “unknown” and the

caleulated volume.
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Figure 2. CE-C*D determination of inorganic cations (A) and anions
{B} in DBS eluate (20 uL of DBS eluted with 300 gL of DI water).
BGE solution: 1.6 M acetic acd, 1 mM L8-crown-8, 1% {v/v)
Tween 20, pH 2.1; separation voltage: +30 kv (A) and —30 kv (B);
injection: 100 mlar » 30 5 Cl L84 MHz at 50 Vi

of the real DBS samples was subsequently examined with
several sets of DBSs prepared by pipetting 7, 10, 13, 16, 19,
and 22 pL of capillary blood onto the DBS sampling cards,
drying t}n_'TnJ and c:IuEing them with methanol/ 1] water, The
DBS calibration sets were spotted onto the sampling cards in a
similar way as reported in the section Conductivity Measure-
ments (ie, three DBS sets were sampled by one individual at
different times of 1 day, the same individual sampled one DBS
set on three consecutive days, and five DBS sets were prepared
by five different individuals on the same day). The overall
results are surnmariced in Table 52 and confirmed the Tinear
relationship between the DBS volume and peak area of the
three major inorganic ions in the DBS eluates. Moreover, the
variations of the calibration equations for the DBS sets
sampled on 1 day, sampled on three consecutive days, and
sampled by five different individuals were marginal with RSDy
values lower than 2.6%, 4.5%, and 5.9%, respectively.

Subsequently, three sets of DBSs with volumes between 7
and 22 pl. were prepared and cluted with the three different
elution solvents, and calibration curves were plotted for the
three inorganic ions after quantitative CE-C*D determination.
Figure 3 depicts lincar relationships for the three cluting
solvents (' = 0.9949) with slightly different slope values. This
indicates that the content of the inorganic ions eluted from the
DBS might be different for different sobvents and the same
clution solvent must be used for quantitative measurements of
the calibration and the unknown DBS samples. A compre-
hensive discussion on the suitability of the three elution
solvents o RS processing is given in the 511}_11111rling
Infermation and in Table 53, and the procedure combining
the elution with methanol/DI water was adopted for
quantitative measurements of "unknown” DBS samples in
the subsequent experiments.

DOk 1009021 s anakch e 84815
Anal. S, 2030, 92, 15571284

77



Analytical Chemistry

FOO =
00 —
500 —
A00 —

DI wales

300
. F=0006
200~ T

00 e #=08975

p=ak area [my-sh

0 =

T T T T T T T 1

& 10 12 14 16 1B 20 22
W (k)

Tl =

00 —

IethanaliDl water

r=08d

peak area (mis)

LT
—— T
T T T T T T T 1
& 10 12 14 16 16 20 22
W ul)

700 —
500
500

Methanc

400 —
300 —
200+, -
100

=

peak ares (myha)

o—

I I I I I 1 T 1
&0 12 4 16 18 20 22
W {uL)

Figure 3. Calibration curves with cocficents of determination for
peak arca measurements of inorganic ions in DBS cluates prepared in

three different elution solvents. Red trace, Cl7 blue trace, Na ; black
trace, I

CE-C°D Determination of Blood Volume in DBS
Samples. The "unknown" DBSs were formed as reported in
the section Conductivity Measurements. Two different blood
volumes (from the far end of the calibration r.mge} WEere

pipetted onto the card, and the exact volumes were determined
hy guantitative CE-C'} determination of the three inorganic
ions in the eluates and by subsequent calculations using the
derived calibration equations. The results are summarized in
Table 2 and reveal that the calculated volumes were in perfect
accordance with the real volumes of the "unknown™ DBS
samples and did not differ by more than 3.5%.

Finally, five unknown DBSs were formed by filling the whole
sampling circle with capillary blood, and the central part of the
DBS was subsequently punched out using a 6, 7, or 8 mm cork
barer. ‘The three sives were selected in order to cover the Blood
volumes within the calibration range, and the particular DBS
subpunches were cluted  with methanol /D1 water. Blood
volumes in the eluates were determined using the formerly
derived calibration equations and are summarized in Table 54,
which also includes blood volume calculations based on the
eluate conductivity for comparison. The differences in the
volumes determined by the calibration curves of the three iony
are statistically not significant (RSD < 3.7%) and confirm the
applicability of the proposed approach for the determination of
blood volume in unknown DBSs.

Determination of Endogenous Amino Acids in DBS
Samples. Thanks to the universal character of the
conductivity detection, inorganic, organic, and biochemical
species can be determined simultaneously in one CFE run. The
CE-C'D can thus be used for the determination of the exact
DBS volume by quantifying major inerganic cations and for the
simultaneous determination of selected endogenous amino
acids in the unknown [DBS .Qamplc_

DBS samples were prepared by spotting 20 pL of capillary
bload onto the X8B3 sampling card, drying the spots for 3 h,
and eluting the spots with methanol/D1 water. The eluates
were subjected to the CE-C*D) determination in the cationic
meode, and acetic acid content in the BGE solution (containing
1 mM 18-crown-f and 0.1% (v/v) Tween 20) was varied
between 1.2 and 1.7 M. The best separation of endogenous
amine acids was achieved at 1.6 M acetic acid (see Figure S6),
and a representative  electropherogram demonstrating the
simultaneous determination of inorganic cations and amino
acids is depicted in Figure 57, In addition, woomed-in regions
of electropherograms recorded for the CE-C'D analyses of
amine acids in DBS eluates from five different individuals are
depicted in Figure 4, Slight differences were observed for the
content of some amino acids, which are consistent with the

Table 2. Comparison of “Unknown” And Calculated Dbs Volumes from the Peak Areas of the Three Inorganic lons

Determined by CE-C'D?

A B &
pipetted “unknown” wolume (L) 19.5 s 19.5 0.5 19.5 0.5
calenlated volume, K* (L) 28 Lz 2036 oew”  1sss  zFxt wer o 33wt 1was o 13wt 2005 zawt
universal calibration, K (L) 1842 S5%" 1948 s0%Y 2021 3TRY 0 2L11 0 A0WY 1886 33w 1oed 42m"
RSD (%), peak area, K~ 11 k% 7 09 6.1 62
caleulated volume, Na® (L) Ay 0TR" 4 LA%T U T T I X R 1 ¥ L T X S i
universal calibratiom, Na' () 20041 475" ansq 22w 1908 wh o rese aawt e3s oes® 1mEr st
RSD) (%), peak areq, Na* 33 07 5.2 70 &4 7.6
caleulated volume, C17 (L) s 33%Y 2075 12wt 1930 oomY 203 lewt 1esT 03wt 2035 Tt
universal calibration, €17 (L) W24 8% 208 Le%® 1907 22w 1969 40%° 1991 1% 2091 Lot
RSD (%), peak area, CI7 4.1 2.3 23 33 35 14

“(A) The same individual sampled three DBS sets at different times on the same day, (B) The same individual sampled one DBS set on three
same day. MBSz were eluted with 300 pl. of methanol /DT warer, Universal
calibration used all calibration data for the caleulation of the “unknewn” volumes, % difference of the “unknawn” and the calenlated vohame.

cansecutive days, (C) Five individuals sampled one DS set on the
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Higure 4. Detail of the CE-C'D determination of aming acids in TIRS
eluate (20 pL of DBS cluted with methanol /DT water S50/50 (v/v}) of
five individuals. CE-C°TY conditions as for Figure 2. Prak description:
L, Chal; 2, Crea; 3, Orn; 4, Lys; 5, Argz 6, His; 7, Gly; 8, Al 9, Val;
10, e 11, Lew; 12, Ser; 13, The; 14, Glo; 15, Glu; 16, Phe; 17, Tyr
L8, Pro; *, unknown.

rather narrow ranges of amino acid concentrations in the blood
of healthy individuals.” Validation parameters for the CE-C*D
analysis of amino acids eluted from DBSs for five independent
samples (from the same individual and from different
individuals) are reported in Table 5.

Capillary blood was spiked with different concentrations of
Phe (300, 600, and 1200 gM; sce the Experimental Section for
the spiking procedure), and the resulting blood samples were
spotted onto the DBS sampling cards along with unspiked
capillary blood. The set of the DBS samples was emploved for
the guantitative determination of Fhe in capillary blood (LLl;'ing
a standard addition method) and to demonstrate the suitability
of the proposed method for the determination of abnormal
levels of Phe in the human h()l]y, which migl'lt he related o
PKU. Four electropherograms demonstrating the gradually
increasing Phe levels in capillary blood are depicted in Figure
5. The red trace shows a Phe concentration typical for healthy

TR
T
Y "

T B00 um

4 5 B ? 8 a1
migration time (min}

Figure 5. CE-C*D determination of inorganic cations (not shown)
and amino acids | detailed view) in DBS cluate (20 gL of DBS eluted
with 500 gL of methanol/DI water 50750 (v/v)}} containiog
increasing concentrativns of Phe, CE-C'D conditions as for Figure
2. Capillary Blood was spiked with 0, 300, 600, and 1200 g Phe,

individuals; the black trace uorresponds to a trigger Phe
concentration in PEU, and the Hul:,."'gruun traces cnrn_'ﬁ_[mnd
to Phe concentrations typical for a serious PEUL Details about
LODs and linearities achieved for Phe [and Tyr, also related to
PKLI} are summarized in ‘T'able 55

DBSs with Unknewn Blood Volume for Amine Acid
Analysis. To demonstrate the applicability of the CE-C'D
method for the guantitative determination of amino acids in
1IBSs with unknown volume, capillary blood was spotted from
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a finger prick onto a DBS sampling card to fill the whole
Samp]ing circle and the central 8 mm part of the DBS was
punched out. The DBS subpunch was then eluted according to
the previously described procedure, and the eluate was
subjected to CE-C*D analysis. The volume of the capillary
Bload in the ﬁuhpunch was caleulated from the [rc:a]( arcas of
K" and Na~ and cormesponded to 194 + 0.8 uL, which was
subsequently used for exact quantitation of Phe in the DBS.
On the basis of the previously employed standard addition
method, Phe concentration was calewlated to be 61,3 £ 2.6
#M. The same capillary blood (not sampled to the DBS card)
was processed according to a procedure described in ref 27
using precipitation with an excess of methanol and
centrifugation. The supernatant was only diluted with DI
water/methanol to achieve the same final dilution {~25.8-fold)
and the same methanol content (30%, v/v) as was used for the
clution of the MBS subpunch. The resulting supernatant was
directly analyzed by CE-C*D, and The concentration (64.5 +
2.8 uM) was determined from three consecutive injections.

B CONCLUSIONS

In this contribution, a novel approach for the determination of
capillary blood volumes in 13BS samples is prosented. The
methed relies on conductivity measurements in contactless
mode and enables quantitative determination of exact blood
volumes in DBS eluates. Conductivity of the DBS eluates is
linearly proportional to the capillary blood volume originally
spotted onto the DBS sampling card. Moreover, linear
relationships are also obtained for the peak areas of major
inorganic ions (K_, N;1+J and Cl_} determined by CE-CHY s
the Blood wolume in the DBS eluates, and the derved
calibration curves can be used for the calenlations of the exact
blood volumes in unknown DBSs. Since CE-C*D is a universal
analytical method and enables the determination of jons with
different physicochemical properties, it can be used for the
simultaneous determination of inerganic ions and various
nrganic and  binchemical cnmpnunds. 'J']'lusJ one CH-C*]]
analysis can be used for the determination of the exact blood
volume in the DBS eluate {by quantifying K'/Na' or Cl” in
the cationic or anionic CE modes, respectively) and for the
quantitative determination of partir:ular .'maI}rh:.li_ The
developed approach is demonstrated to be suitable for
automated CE-C*D quantification of amino acids in DBS
samples with unknown volumes, which might be particularly
inh:n_'.ﬁting in the SLTL‘I}TIing of inbhorm metabaolic disorders.
Moreover, since C°D is 2 nondestructive detection technique,
CE-C'D can be in-line coupled with other CE detection modes
(g, MS), which might further enhance selectivity/sensitivity
of the quantitative DB analyses and considerably extend the
range of detectable analytes.

B ASS0CIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https:// pubs.acs.org/doi/ 101021 acs analchem 9bO4845,

(i) DBS elution scheme, (i) continuous C*D monitor-
ing of eluate conductivity, (iii) effect of agitation time/
speed on DBS elution, {iv} DBS stability, (v) CE
stability, {vi) lincar regression parameters for con-
ductivity measurements, (vii} lnearity measurements
for peak areas of inorganic ions vs DBS volumes, (viii}
DBS clution with various solvents, (ix) effect of BGE
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composition on CE-C*D determination of amino acids,
and {x) effect of elution solvent composition on the
elution of aming acids from DBSs (PDE)
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Figure 51. Visual description of the entire DBS elution process and injection into CE-C*D.
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Preparation of amino acid stock solutions. Stock solutions of the [ollowing amino acids were
prepared in DI water from pure chemicals (L-forms, Pliva-Lachema and Sigma, Steinheim,
Germany): creatinine (Crea), lysine (Lys), arginine {Arg), histidine (His), glycine {Gly), alanine
(Ala), valine (Val), isoleucine (Tle), leucine (Leu), serine (Ser), threomine (Thr), asparagine
(Asn), methionine (Met), citrulline (Cit), tyrosine (Tyr), tryptophan (Trp). phenylalanine (Phe),

proline {Pro), ornithine (Orn), glutamic acid (Glu), glutamine (Gln). cysteine (Cys) and aspartic

[B¥]
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acid (Asp); concentrations were 100 mM, except for Tyr and Trp (1 mM) and Phe (25 mM).

Stock solution of choline (Chol, 10 mM) was prepared in DI water from choline chloride.

Conductivity measurements. Lincar response of the C*D in the intended conductivity range
was examined with a set of standard solutions of NaCl prepared in DI water. NaCl
concentrations for the calibration protocol were based on the NaCl concentration in a
physiological solution (~ 130 mM) and took into account the final dilution during DBS elution
with 300 L of the elution solvent. The artificial “eluates™ (corresponding to 7, 8, 10, 12, 15
and 20 pL of blood) were prepared by mixing stock solution of NaCl with DI water and had
final concentrations of 2.1, 2.4, 3.0, 3.6, 4.5 and 6 mM NaCl, respectively. The NaCl solutions
were flushed through the C'D according to the procedure described in the Experimental
Section and conductivity signals werc obtained by subtracting the conductivity signal of DL
water from the conductivity signal of each particular NaCl solution. A record of the whole
calibration protocol is depicted in Figure 52 and the resulting calibration curve is shown in
Figure S3. The curve was linear in the whole calibration range and coefficient of determination
was (L9988, These experiments confirmed that response of the C*D is linear in the selected
conductivity range and that the CE instrument can be used for automated C*D measurements
of DBS cluatcs.

DBS processing involves elution of the capillary blood from the DBS by a suitable solvent.
During the elution, various blood constituents are released into the solvent, which in the case
of aqueous solutions include, among others, salts, red blood cells, proteins, fats and various
macromolecular compounds. Proteins, fats and macromolecules might adhere to the inner
capillary wall during C*'D> measurements and change the conductivity reading of DBS eluates.
A simple flushing procedure was thus applied to avoid capillary contamination by these blood

constituents and an additional flush with 100 mM NaOH for | min was included after C*D
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measurement of a real DBS eluate. Constant conductivity readings for DI water were obtained
after the flushing procedure and confirmed no attachment of blood constituents to the capillary

wall.

Figure 52, Conductivity measurements of standard NaCl solutions corresponding to capillary
blood volumes. The number above cach step reports NaCl concentration (in mM) and U denotes

an “unknown” NaCl sample.
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Figure 83. Calibration curve with the coefficient of determination for the conductivity

measurements of standard NaCl solutions performed in Figure 52,
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Processing time for a complete elution of the blood constituents from the DBS was examined
by preparing a set of identical DBSs (10 pL of blood) and cluting them at different agitation
speed (150 — 1500 rpm) and time (0 — 23 min) by 500 pL of DT water. Conductivity of the
resulting eluates was determined by C'D according to the aforementioned procedure.
Corresponding results are depicted in Figure S84 and demonstrate an incomplete elution of the
DBS constituents for low agitation speeds (150 and 500 rpm) and a complete elution at high
agitation speeds (1000 and 1500 rpm). Stable conductivity readings were achieved after elution
for 8 min at 1000 and 1500 rpm. DBS clution was thus performed at 1000 rpm for 10 min in all

subsequent experiments.
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Figure S4. Effcct of agitation rate and time on clution of real DBS samples. DBS spots (10 pL

of capillary blood), DI water (500 pL) was used as the elution solvent.
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Table $1. Parameters of the conductivity measurements, (A) The same individual sampled
three DBS sets on different times of one day. (B) The same individual sampled one DBS set on

three consecutive days. (C) Five individuals sampled one DBS set on the same day.

A B C
Slope [ntercept Slope Intercept Slope [ntercept
0.9359 -5.2868 0.9379 -5.2788 0.9460 -5.2052
RSD (%) 1.2% 0.7% 0.9% 1.3% 2.4% 34%
r r r
0.9963 0.9926 (.9926
R5D (%) 0.1% 0.2% (.4%
6
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Stability of the DBSs for the conductivity measurements was examined by preparing a set of
identical 10 pL. DBSs and by eluting them immediately, one week and one month after drying.
500 pL of DI water was used as the elution solvent (see Experimental Section). Five DBSs
were used for each group of experiments and the DBSs for the two later groups were stored
refrigerated at 4 "C. Conductivity measurements of the eluates were statistically not different
al the 0.05 significance level and, compared (o the Meshly eluted DBSs, the conductivities

differed by 3.3% and 2.9% for the one week and the one month old DBS samples, respectively.

The suitability of the optimized BGE solution for CE-C'D analyses of inorganic cations
and anions was examined by standard solutions containing concentrations of K¥, Na* and CI”
typically found in capillary blood and in real DBS eluates. Excellent analytical performance
wis oblained in BGE solution consisting of 1.6 M acetic acid, 0.1% (v/v) Tween 20 and 1 mM
18-crown-6 (pH 2.1). The capillary was flushed with the BGE solution only between two
consecutive CE runs and RSD values for migration times (tw) and peak areas (PA) were better
than 0.1% and 2.8%, respectively. The same analytical procedure was lested with aqueous
eluates of DBSs, which significantly worsened analytical parameters of the method due to the
presence of the macromolecular blood components, and the RSD values increased up to 8%
(L} and 50% (PA). The capillary Mush with the BGE solution between two CE analyses ol the
real DBS eluates was not sufficient to renew the separation capillary inner surface and a
thorough NaOH flush (1{{) mM, 2.3 min) was required. Using the flushing procedure with
NaOH, DI waler and BGE solution, the RSD values (for K*, Na® and C17) dropped back Lo their
typical values and did not exceed 0.5% (tm) and 5% (PA) even for the highest DBS volume.
The same flushing procedure was also included for CE-C*D analyses of DBSs eluted with
methanol/DT water and methanol. Although the transfer of the interfering blood constituents Lo

these elution solvents was eliminated due to the presence of methanol, the above optimized
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flushing procedure was applied in order to maintain constant capillary conditions and thus

stable CE-C'D) performance.

Linearity of the optimized CE-C*D method for the determination of inorganic cations and
anions in DBSs with different blood volumes was examined with standard solutions containing
specific concentrations of KY, Na®and ClI in D1 water, respectively. These concentrations were
based on the typical content of the ions in capillary blood, took into account dilution of the
capillary blood during DBS elution (500 uL. of elution solvent) and ranged from 0.4 1o 2.2 mM,
0.8 to 4.4 mM and (.88 to 4.84 mM (corresponding to 4 — 22 pL of blood) for K™, Na™ and C1
, respectively. The calibration curves (peak areas vs. “blood volume™) were strictly linear in the
whole calibration range and coefficients of determination were 0.9996, 0.9957 and 0.9971 for
K*, Na* and CI', respectively. Corresponding calibration curves are depicted in Figure S5A.
The same standard solutions of the inorganic ions were prepared in 30% (v/v) methanol/DI
water and 100% methanol and were analysed by the CE-C'D method. The calibration curves
arc depicted in Figure S8B and S53C along with corresponding coefficients of determination.
Quantitative results of the calibration curves determined for the ions prepared in the three
different matrices were statistically not different at the 0.05 significance level and confirmed
that linear response and comparable analytical signals are achieved independently of the sample

medium.

Figure S5. Calibration curves with coefficients of determination for peak arca measurcments
of inorganic 1ons in standard solutions prepared in three ditferent elution solvents. K, Na® and
CI™ concentrations correspond to their concentrations in blood volume (4 — 22 pL) diluted with

500 uL of the cluent. Red trace — CL°, blue trace — Na*, and black trace - K™,
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Stability of the DBSs for the inorganic ion determination by CE-C*D was examined by
preparing a set of identical 20 pL. DBSs and by eluting them immediately, one week and one
month after drving. The DBSs were cluted with methanol/DI water (see Experimental
Section), which eliminated the co-elution of the proteinacecus matrix and ensured stable CE-
C'D performance. Five DBSs were used for each group of experiments and the DBSs for the
two later groups were stored refrigerated at 4 °C. Quantitative analysis of K', Na" and CI”
revealed no statistically significant differences (at the 0.03 significance level) in content of the
three inorganic 1ons in the eluates and the results for the one week and for the one month old
DBS samples dillered by less than 2.1% and 2.7%, respectively, in comparison (o the resulls

for the freshly eluted DBSs,

Table 82, Paramelers ol the linearily measurements of peak areas for the three inorganic ions
determined by CE-C'D. {A) The same individual sampled three DBS sets on different times of
one day. (B) The same individual sampled one DBS set on three consecutive days. (C) Five

individuals sampled one DBS sel on the same day. DBSs were eluted with 500 pL methanol/DI

water.
A B C
K' Na' 8] K' Na' Cl K' Na' Cl
slope 3089 TLIG2 28957 3442 10449 28192 3066 10588 20335
RSD (%), slope 7% 1.5% 2.6% 1.24% 4.5% 28% 5.9% 4.7% 0.1%%
s (9977 04960 09997 09971 OU9EE 0997 09963 09971 (1.9996
RSD (%), r° 0.06%: 0.03%  0.01% 015% 0% 002% 0.12% 0ll%  00l%

Processing of DBS with varicus clution solvents revealed that proteins and other
macremolecular blood constituents were eluted from the DBSs by DI water, but had no negative
effect on the quantitative CE-C*D determination of the three inorganic ions. The inorganic ions

migrate faster than the matrix ions and the capillary was flushed with NaOH/BGE solution after

10
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each separation, which ensured stable EOF and migration times of the fast analyte ions (RSD
values of 1y = 0.5%). Note, however, that the presence of the matrix components in the eluate
might have an adverse effect on the determination of other ions (i.e., drugs, amino acids, etc.)
due to the matrix/analyte comigration and enhanced shifts of migration times for slower
analytes, For these reasons, DI water was not used for DBS elution in the subsequent section.
The presence of matrix components was not evidenced in the DBS eluates cluted with

methanol/DI water and methanol.

Table $3. Determination of calibration curve parameters for the inorganic ions in standard

solutions and DBS samples eluted with different elution solvents,

DI water Methanol/DI water Methanol

[on Slope r’ Slope 2 Slope r’

Standard solutions
Na' 12.854 0.9971 13103 0.9994 13705 0.9975
K* 4.160 0.9987 4183 09996 4586  0.9992
Cl 29.189  0.9996 30107 049991 29.689 0.9975
DBS samples
Na* 10.568 09963 9.674 09949 8594 09984

K* 0.9975 3110 089950 2323 0.9968

[N
Lh
Ln
it

Cl- 26.030 0.9990 29212 (09970 23428  (0.9975
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Table $4. Blood volume determined in DBS sub-punches of 6, 7 and 8 mm size. DBSs were

eluted with 500 pL. methanol/DI water.

Sub-punch diameter (mm} 6 7 8

Calculated volume, K* (uL) 8.05 12.81 19.82
Calculated volume, Na™ (puL) 8.59 13.60 21.94
Calculated volume, CI™ (uL) 8.8 13.20 21.07
Calculated volume, Conductivity (plL) 8.37 12.89 21.30
RSD (%) 2.5%% 2.5% 3.7%

Optimization of BGE solution composition was aimed at a complete separation of selected
amino acids related to inhom metabolic disorders (namely Phe and Tyr for the determination
of PKU, but might be also applicable to Val, Leu, lle for the determination of MSUD). The
eflect of the acetic acid concentration on the CE separation of the endogenous DBS amino acids
in the 1.4 — 1.7 M range is depicted in Figure S6 and a representative electropherogram
demonstrating the simultaneous determination of inorganic cations and amino acids is depicted
in Figure §7. Selected validation data of the CE-C*D method are presented in Table 85. Limit
of detection (LOD) was defined as 3 x §/N and coefticients of determination (%) were reported

for 1.5 — 48 uM concentration range in DBS eluent,
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Figure 86. Optimization of acetic acid concentration in the BGE solution for the CE-C*D
determination of amino acids. BGE solution: 1.4 — 1.7 M acetic acid, 1 mM 18-crown-6, 0.1%
(w/v) Tween 20, pH 2.1 separation voltage: + 30 kV: injection: 100 mbar x 30 s: 25/360 pm

i.d.fo.d. fused silica capillary, detection; 1.84 MHz at 50 V.
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Figure 87. CE-C*D determination of inorganic cations and amino acids in DBS eluate (20 pL

DBS eluted with 500 pL. methanol/DI water 50/50 (viv)). CE-C'T) conditions as for Figure 2.
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Table S5. Validation parameters for five subsequent CE analyses of five DBSs formed by one

individual and five different individuals.

Same individual Different individuals

FRSD %RSD %RSD HBRSD LOD

- PA - PA (uM) 1
K* 0.8% 22% 1.5% 34%
Na™ 0.6% 3.0% 1.4% 3.3%
Phe 1.0% 3.7% 1.9% 1.7% 0.46 09971
Tyr 1.0% 3.2% 1.9% 3.1% 0.59 0.9969
14
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Elution of the amino acids from the DBS samples was cxamined with methanol and
methanol/DI water. Electropherograms of the CE-C*D analyses of the DBS eluates obtained by
clution with methanol/DI water and pure methanol are depicted in Figure 88 and demonstrate
rather similar profiles of the amino acids. Note, however, that a considerable ditference is
visible for the early migrating amino acids (migration times 3 — 4 min) in the two traces and
demonstrates different elution properties of the fully organic and the partly agqueous clution
solvent. This can be explained by the general characteristics of the rapid amino acids (Crea,
Lys, Arg, His), which are all hydrophilic and are thus preferentially eluted into the partly

aqueous solvent.

Figure S8, Detail of the CE-C'D determination of amino acids in DBS eluate (20 pL. DBS)
cluted with 500 uL of pure methanol and methanol/DI water 30430 (v/v). The shift in migration
times of amino acids is due to injection of different content of methanol into separation capillary

for the two solvents.
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Complex sample In-vial HF-LPME Atline CE injection and analysis.

ABSTRACT: A simple and cheap all-in-one concept for at-line coupling of hollow fiber liquid-phase microextraction {HF-LPME)
to commercial capillary electrophoresis (CE) is demonstrated, which cnables the direct analysis of comples samples. A disposable
microextraction device compatible with injection systems of Agilent CE instruments is proposed, which consists of a short segment
of a porous HF attached to a tapered polypropylene holder. The holder maintains a constant position of the HF in a CE vial during
extraction and simultaneously guides the injection end of a separation capillary into the HF lumen for automated CE injection and
analysis. In a typical analytical procedure, the HE s impregnated with a water-immiscible solvent, its lurnen is illed with 5 gL of an
aqueous acceptor solution, and the microextraction device is placed in a 2 mL glass CE vial containing 550 4L of a doner solation.
The vial is agitated at 750 rpm for 10 min, and the resulting acceptor solution is injected directly from the HF lumen into the
commercial CE. No additional manual handling is required, except for the transfer of the CE vial to the CE autosampler. Multiple
complex samples can be simultaneously pretreated in a multiple-well plate format, thus significantly reducing the total analysis time,
Suitability of the analytical method is demonstrated by the direct determination of model basic drugs (nortriptyline, haloperidol,
loperamide, and papaverine) in physiological solutions, urine, and dried blood spot {DBS) samples. Repeatability of the method is
hetter than 12.8% {%RSI)J, extraction recoveries range bebween 34 and 76%, and envichment factors are 37—84. The method is
linear in a range of 2 orders of magnitude {(R* = 0.9977) with limits of detection of 0.7=1.55 pg/L. The method has a high potential
for the direct analysis of DBS samples since DBS elution and HF-LPME are performed simultanecusly during the 10 min agitation.
The manual [IBS haru]]ing i thus reduced to inserting the DDBS punch into the CE vial r,‘n'ly. Muoreover, the universal character of the
HF-LPME might extend the applicability of the method to a wide range of analytes/matrices, and combination with other
commercial detectors might improve the selectivity /sensitivity of the CE analysis.
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B INTRODUCTION retained by the SLM, resulting in an excellent sample cleanup.

For more than tluee decades, substantial interest has been Moreower, beeause the acceptor volume is u,\‘ua'ﬂy Tower than

devoted to the development of microextraction techniques'™ the sample volime, the enrichment of target analytes in
and particularly to liquid-phase microextraction (_I;:PME) acceptor solution is achieved, thus making the extraction
through a supported liquid membrane (SLM)."*"™% In
LPME through SLM, target analytes are transterred from a
milliliter volume of an aqueous sample into an SLM and
ﬁub.i:utiul_‘nﬂ}«' into a microliter volume of an acceptor solution
on the opposite side of the SLM. The SLM is usually formed as
a thin layer of a water-immiscible solvent anchored in the
supporting material and acts as a selective barrier for the
transfer of target analytes. Sample matrix components (salt
ins, proteing, and other inturfuring .'Ep&:&:il.‘h} are ul]—luiunﬂy

process suitable for trace analyses.
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LPME iz mostly performed off-line, ie, the sample
treatment s pc:rﬁlrrnl:d in oA separate prnl_'c:durc: and the
resulting acceptor is manually transferred to the anmalytical
system for injection and analysis. The off-line approach might
be suitable for most standard Prnr_tl]un:ﬁ, nevertheless, some
applications might benefit from the coupling of LPME to an
analytical system, and various set-ups for their direct coupling
have been deseribed, 11 The volume of the aceeptor solution
after LPME is usually in the microliter range and is thus
perfectly compatible with injection volumes in liguid and gas
chromatography and in nonseparation analytical technigues,
The direct coupling of LPME to such analytical instruments
can, therefore, be achieved by transferring the entire acceptor
selution into their injection systems wsing a syringe or a
peristaltic pump.'*~"*

Capillary electrophoresis (CE), on the contrary, uses
significantly lower injection volumes, and the transfer of the
entire acceptor solution to CE is definitely more challenging,
Mevertheleas, CE has shown a high potential for clinical
analysis recently' *™ ' and is thus very attractive for the analysis
of minute complex samples. Compatibility between the LPME
acceptor volumes and the CE injection system was achieved by
reducing the extraction unit size,"" on-capillary treatment of
the microliter sample volume,'” or injection of a tragment of
the aceeptor solution smI}«'_m Lab-made CE instruments were
exclusively used for the direct coupling of CE to LPME, which
enabled the simple control of the transfer between the
extraction system and the separation capillary. Nevertheless,
the use of the lab-made CEs required manual manipulations
with the capillary, and automation of the LPME/ CE procedure
was not possible. Later on, the direct coupling of LPME to
commercial CE was achieved by wsing purpose-made micro-
extraction devices compatible with the sample vials in CE
autosamplers, The tailored devices allowed for the automation
of the extraction/separation process, however, at the expense
af repealed use of the devices and thus possible sample Carry-
o Timited PrLLunc_L"ntr_ltlcm ahﬂlty 3

Even more convenient compatibility of the acceptor solution
and the CE injection volumes can be achieved by the d.lrect
coupling of a single drop micraextraction {SDME) to CEF
In SDME—CE, a small drop of an aqueous acceptor sohltlon is
covered with a thin layer of 2 water-immiscible solvent at the
tip of the separation capillary, which is immersed dircetly into o
sample solution or into its headspace. All operations, including
filling the capillary with various solutions, formation of the
solvent layer on the acceptor drop, and back-injection of the
acceptor selution after SDME, are performed with a
commercial CE and can be automated On the other hand,
the drop at the capillary tip is not very stable, the technique is
suitable for a limited range of analytes only, and analysis of
highly complex samples, such as biological samples or body
fluids, is not readily possible.” >

In this contribution, we present an environmentally friendly
and cost-effective setup for atline coupling of hollow hber
liquid-phase microextraction (HE-LPME) to CE for the direct
analysis of complex biclogical samples. The HF-LPME
FTUL'CdLlTC CNSUres L‘ml’.'il:'l'lt ﬁamplc r:]l.'a:nup and Pfl}u(!ncuﬂtTﬂ-
tion of model analytes from urine and dried blood spot (DBS)
samples into a microliter volume of an acceptor salution filled
in the lumen of the HE. The HE is imprugnalcd with a
negligible volume of a water-immiscible solvent to form the
SLM, which enables a selective transfer of model analytes from
the sample to the scceptor solution and retaing interfering

over issues

matrix components in the sample. The HF-LPME process is
PL“I’ﬁ}TTI‘IL'I] in a CE sarnp'h_‘ vial fitted with a tailor-made
disposable microextraction device, which is suitable for at-line
CE injection of the acceptor solution directly from the HE
lumen. Thus, the CE injection requires no operator’s
intervention and can he Fu“}r automated  for batch-wise
measurements. The developed setup is suitable for various
complex samples, but it might be particularly attractive for
DBS analysis since DBS elution and HF-LPME of target
ll'l'lal)'tl.'ﬂ arc PCTFlJnTlCd "i'iT'I'll.lItll'l'lL'UlJS‘[}l’ during one commaon
agitation cycle. Moreover, the DBS elution/HE-LPME process
is performed in a multiple-well plate format and pretreatment
of up to 30 samples at a time is possible, which significantly
reduces the sample processing/analysis time.

M EXPERIMEMTAL SECTION

Reagents, Standard Solutions, and Body Fluids.
Analytical reagent grade chemicals and deionized water with
resistivity higher than 18 Mil-cm were used for the
experiments. Stock solutions of nortriptyline hydrochloride,
loperamide hydrochloride, papaverine hydrochloride, and
haloperidol {Sigma, Steinheim, Germany) were prepared at a
concentration of LOOY mg/L of the drug in pure methanol
{Lach-Ner, Neratovice, Czech Republic) and were stored in a
deep-freezer at —20 "C. Standard solutions and donor
solutions were prepared by dissolving appropriate volumes of
the above-reported stock solutions in deionized water and in
various HCl or NaOH solutions. Organic solvents for SLM
impregnation were 1-ethyl-2-nitrobenzene (ENE, = 98%,
Fluka, Buchs, Switrerland), 4-nitrocumene (4NC, = 98%,
Tokya Chemical Industry, Tokyo, Japan), 2-nitrophenyl octyl
ether (NPOE, > 99%, Fluka), and dihexyl ether (DHE, 97%,
Sigma-Aldrich, Steinheim, Germany). Operational solutions
for extractons were Prupan:t] ]'J}«' dinsnlving HCT (37%1 Lach-
Ner) or NaOH (pellets, Lach-Ner) in deionized water. Stock
solutions of 500 mM acetic acid and 500 mM sodium acetate
were prepared from the corresponding chemicals (Fluka and
Sigrna). A background clectrolyte {BGE) sulution for the CE-
UY determination of the basic drags was prepared from these
two stock solutions and was mived with acetonitrile (Lach-
Mer) and deionised water,

A physiological solution was prepared by dissolving NaCl
(Pliva-Lachema, Brno, Czech Republic) in deionized water and
had a concentration of 150 mM (~0.9% w/v). Body fluids
were eollected from volunteers at the Institute of Analytical
Chemistry. All volunteers signed a written informed consent.
Human urine samples were obtained by 24 h collection and
were kept in a refrigerator at 4 “C for 1 day and then in a deep-
freezer at —20 °C for one moenth. DBS samples were formed by
spotting 22 gL of capillary blood from a finger prick onto a
Whatman 903 Protein Saver {GE Healthcare Ltd, Cardiff,
UK) sampling card and by drying the spots at laboratory
temperature for 3 h. For DBS samples spiked with the drugs,
22 ul of capillary blood was mixed with | pL of a standard
drug solution in a PCR microvial (250 pL) and 22 pL of the
mixture was transferred to the sampling card. “The Sampling
cards with the DBSs were stored in zip-lock plastic bags with a
desiceant (in a refrigerator at 4 *C) for three months. The DBS
sample for extraction and CE analysis was prepared by
punching the whole DBS from the card, inserting it inte a glass
snap-cap CE vial {2 mL; Agilent Technologies, Waldbronn,
Germany, P/N 5182-9697) with tweezers, and pipetting 550
gL oof an clution selution to the vial, The DBS clubion was

Btz deongs 10102 1 s anabkhiem, DU i0a3?
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Figure 1. Schematic drawing of the DBS formation/clution process coupled with HF-LPME and at-line injection inta CE.

carried out simultanecusly with the HF-LPME and is described
in the section Microextraction Devices.

Capillary Electrophoresis. Scparation, detection, and
quanti fication of the basic drugs were carfied out using
7100 CE instrument [Agilent Technologies) equipped with an
in-built UV—Vis diode aray detector. The detection wave-
length was set at 200 nm. The BGE solution was optimized
earlier,™ congisting of 30 mM sodium acetate, 30 mM acetic
acid, and 30% (v/v} acetonitrile with apparent pH 5.2, and was
prepared daily. The basic drugs were separated at a potential of
+135 kV, applied at the injection gside of a fused silica separation
capillary (75 pm .. /375 pmoo.d, L, = 45 am and L, = 36.8
cm), which was supplied by Polymicro Technologies (Phoenix,
AZ), Details on capillary equilibration can be found in the
Suppurting Information. Standard and acceptor solutions were
injected hydrodynamically at 50 mbar for 5 s Equilibration,
injection, separation, and data acquisition were controlled by
the ChemStation CE software (Agilent Technologies).

‘The short tubular clectrode (Agilent ‘Technologies, P/N
GT7100-60033) at the injection side was 5 mm shorter than the
standard tubular electrode (Agilent Technologies, P/N G7100-
60007), which was mounted at the CE outlet side. The
separation capillary protruded by & mm from the short
electrode. The short electrode was a necessary prerequisite for
a proper injection procedure since it did not contact the HE

7173

holder, it eliminated possible contamination of the acreptor
solution and the protruding injection end of the separation
capillary was immersed directly in the acceptor sclution. A
detailed description and a schematic drawing of the injection
process are rr:purlr:d in the sectiom Microestraction Devices
and in Figure 1, respectively.

Microextraction Devices. Each microextraction device
was tailor-made from a 1000 wL polypropylene (PP)
micropipette tip (FL. Medical, Torreglia, Italy, Part No,
28053) and a porous PP HF (Accurel PP 300/1200,
Membrana, Wuppertal, Germany). The tip was cut with a
razor blade to a length of 22 mm (measured from the narrow
end). The upper part of this 22 mm long segment had an o.d.
slightl}r lqrgr:r than & mm and was slopp.:d by the vial orifice
when inserted into the glass CE vial {see Figure 1D,F). The
tapered tip segment acted as a holder for the porous HF and as
a guide for the tubular electrode and the separation capillary.
The HF {tubular membrane with a wall thickness of 300 ym,
an i.d. of 1200 gm, and a pore size of 0.2 gm) was cut into 9
mm long extraction units, which were cdosed at the hottom by
mechanical pressure (squeezing the bottom 1 mm by tweezers)
and were sealed by heating the squeezed part for 2 s at 90 "C.
The HF extraction unit was stretched over the narrow end of
the holder to form the whole microextraction device, The
deviees were preassermbled and stored in a plastic box, were
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disposable [estimated costs are 0.01 €/device), and were used
for one extraction unl}«'_

Before HF-LPME, the HF was impregnated with a suitable
organic solvent for 10 s and excess of the solvent was wiped off
by a lint-free tissue. Immediately after the impregnation, 5 gL
of an acceptor solubion was transferred to the HF lumen 11}! a
Hamilton syringe (10 yL, Hamilton, Bonaduz, Switzerland, flat
tip) and the whole microextraction device was placed into the
glass CE wvial with a donor solution. A photograph and a
schermnatic l]rawing of the microextraction device in the CE vial
are shown in Figure 10,F, respectively.

The HF-LPME was carried out in a multiple-well plate
format by placing the vial with the microextraction device and
the donor solution into a vial holder (Agilent Technologies, P/
N 9301-0722), which was fived in a Vibramax 100 (Heidolph
Instruments GinbH, Schwabach, Germany) agitator (Figure 51
in the Supporting Information). The holder can accommodate
multiple vials, and up to 50 samples can be pretreated at the
same time, For the HF-LPME of a DBS sample, 2 10 s disc
(Cuntaining the whole [DBS) was punched out from the [PBS
sampling card (Figure 1A} and was placed on the bottom of
the vial (Figure 1B) before 550 uL of an elution solution was
added (Figure 1C). Elution of the capillary blood from the
DBS and HE-LPME took place simultancously during the vial
agitation {Figure 1E). When the extraction was completed, the
vial with the extracted sample required no handling other than
transfer to the autosampler carousel of the CE instrument. The
acceptor solution was injected directly from the HF lumen
after inunersing the injection end of the separation capillary
into the acceptar solution (Figure 1F,G). The eluate and the
DBS dise were not removed from the vial before the CE
injection. HE-LPMEs of standard selutions and urine samples
differed only by pipetting of 350 uL of the donor solution
instead of the elution solvent into the vial. The subsequent
steps [ Figure 10—G) were same as for the DBS samples.

Calculations. Extraction recoveries and enrichment factors
of the HE-LPMEs were calculated according to ref 8 and are

summarized in the Supporting Information.

B RESULTS AND DISCUSSION

Capillary Electrophoresis Optimization for At-line
Injection from the HF. All experiments were carried out with
the tailor-made microextraction devices by filling a non-
impregnated HF with 3 uL of a standard solution of the four
basic drugs {10 r|1g,,"[‘}J inserting the device in the sample vial,
and wsing no donor solution. A constant height of the HF
inside the CE vial was ensured by the holder made of the
micropipette tip, which also guided the separation capillary
inte the HF lumen. Two tubular dectrodes (standard and
short length) were examined for injections from the HF lumen.
During injections with the standard length electrode, the
clectrode contacted the funmel-like shapc of the holder and
pushed the holder into the vial. Since this can lead to damage
of the vial or the electtode, CE injection with the short
electrode was preferred. The short electrode moved freely into
and out of the holder and ensured a correct pnsitil‘m of the
separation capillary with regard to the HF lumen position
(see Figure 1F,G).

‘The Tength of the separation capillary protruding from the
short tubular electrode was optimized between 5 and 10 mm
(with 1 nun incremenls}, and two extreme sitnations were
observed. Air was injected into the separation capillary when
the capillary protruded by 5 and 6 mm, because the injection
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end was too short. For the separation capillary protruding by
10 rmm, the injection end contacted the sealed bottom of the
lumen and penetrated the HF or detached the HF from
the holder. The standard solution was properly injected from
the HE Tumen for the separation r:a[ri”ar}r prntrudirlg l’fy T-9
mm, and § mm was chosen as optinm for the subsequent CE
experiments. To examine the repeatability of the CE injection
from the tailor-made microextraction devices, five e.ubﬁcqucnt
injections were carried out from one device and one injection,/
device was carried out from five unique devices. The relative
standard deviation (RS1D) values were 2.4—4.7 and 2,1—4.9%
tor the first and the second set of injections, respectively, and
did not significantly differ from those for standard CE
injections performed from the glass CE wvial filled with 800
HL of the same standard solution (1.9—4.5%).

Parameters of the HF-LPME At-line Coupled to CE. All
variables :AITL\r:ting the HE-LPME Pl}'rfnrrnam:l} were examined
at the follewing initial conditions. A denor solution containing
1 mg/L of the four drugs was prepared in alkaline media (10
mM NaOH) to promote their transfer into the SLM. NaCl
(150 mM) was added to the donor solution to simmlate typical
MNaCl concentrations in body fluids and physiological solutions,
The acceptor solution was 10 mM HC to promote the drugs’
release from the SLM. HE-LPMEs were cartied out by
agitating CE wials at 500 rpin for 20 min.

Organic 5olvent. The composition of the organic salvent is
the most important parameter in LPME, and four individual
solvents, previously used for microextractions of basic drugs,
were tested. Highest extraction recoveries (~50%) of
nortriptyline, haloperidol, and loperamide were achieved for
HE-LPMEs through DHE; nevertheless, papaverine behaved
differently and was most efficiently extracted through ENB.
Based on the above observations, a mixed solvent of DHE and
ENB l:'l:] (\.'.-"\.r}) was used for the SLM impregnation, which
improved the extraction ethciencies of all drugs and reached
the extraction recoveries between 50 and 70%. 'Impm\fement of
extraction cfficiencics of basic drugs thrnugh mixed solvent
SLMs was also reported previously,”™ and the DHE/ENE
mixture was used as the SLM in all subsequent experiments.
Bxtraction recoveries for individual solvents and for the mised
DHE/ENB solvent are depicted in Figure 2,

Agitation. The transfer of analytes in HF-LPME is based on
their availability at the HF-phase interface; thus, the eficiency
of the cross-SLM transter can be increased by agitation. The
transfer of the basic drugs was low at fully stagnant conditions
(0 rpm), and estraction recoveries did not exeeed 3%, The
agitation speed was increased to 150, 300, 450, 600, 750, 900,
and 1050 rpm, and its effect is demonstrated in Figure 52 in
the Supperting Information. A gradual increase in extraction
recoveries was achieved between 130 and 750 rpm, and a
platean was formed for faster agitation speeds. Although the
extraction recoveries were comparable for 730-1050 rpm,
significantly higher RSD values were obtained for the fastest
agitation speed. At 1050 rpm, a rather pronounced vortes was
formed in the sample vial and the HF was not immersed
properly in the donor solution, resulting in the compromised
repeatability of the HF-LPME process. Agitation at 750 rpm
was thus selected for further experiments.

Extraction Time. In diffusive extractions, time plays a
Signir(cant role sinee the extraction process needs to reach the
equilibrium state, which may take several minutes (for
microliter volumes) up to several hours (for millilicer—liter
\.'n]r.lr1'u:e.}."""lJ In the developed setup, volumes of sample and
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Figure 2, Effect of vrganic solvent compusition on HE-LPME at-line
coupled to CE for the determination of model basic drugs, HF-LPME
conditions: acceprar, 5 ploof 10 mM HCL; donor, 550 gL of the four
basic drugs {1 mg/L) in 10 mM NaOH induding 150 mM Nall;
agit:n'inn :peed. MHF rpmy; extraction time, 200 min,

aceeptor solutions are in the microliiter range and extraction
time was examined between 0 and 20 min, The corresponding
curves for the four analytes are depicted in Figure 53 in the
Supporting Information and demonstrate 2 gradual increase in
extraction efficiency for the first 10 min and leveling off during
the next 10 min, Extraction efficiencies reached 60—80%, and a
nearly exhaustive transfer from the sample to the acceptor
solution was observed for nortriptyline and haloperidol.
Rllpual;lbilit)' of the extraction frrocess was characterned h}r
RSD values below 10% and did not change significantly for the
10—20 min extraction tmes; an extraction time of 10 min was
selected for all subsequent measurements.

Acceptor and Donor Solutions. 'I'he transfer of target
analytes in HE-LFME is based on a pH gradient, which is
usually achieved by pH adjustments of the operational
solutions, The analytes are in their neutral form in the donor
solution, which facilities their transter into the SLM, whereas
they are ionized in the acceptor solution, which facilitates their
release from the organic phase into the agueous acceptor. For
extractions of basic drugs, this is usually achieved by
alkalization of the donor solution and acidification of the
acceptor solution,

Optimization of the acceptor solution was performed with
varying concentrations of HC (0-50 mM) at a constant
composition of the donor solution—NaOH (10 mM), NaC’l
{150 mM), and the four drugs (1 mg/L). The results are
depicted in Figure 3 and demonstrate significantly improved
extraction recoveries for acidic acceptor sclutions. HF-LFME
into deionized water resulted in no extraction of papaverine,
extraction recoveties for haloperidel and loperamide were
<10%, and for nortriptyline was ~30%. This situation
conforms with the fundamental principles of HF-LPME and
can be explained by a higher degree of ionization of the drugs
with higher pk, values (603, 8.66, 941, and 1047 for
papaverine, haloperidol, loperamide, and nortriptyline, respec-
tively)} and thus their more efficient release from the SLM. No
significant differences were observed for extractions into 10—
50 mM HCI aceeptors, and comparable extraction recaveries
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Figure 3. Effect of HCl in acceptor solution (5 @L) on HF-LPME at-
line coupled to CE for the determination of model basic drugs. TF-
LPME conditions: SLM, DHE/ENB (1:1, v/v); doner, 550 wL of the
four basic d.mgs {1 mg_r'l..) in 10 mM NaOH i.m:lmang 150 mM NaCl;
agitation speed, 750 mpm; extraction tme, 10 min,

[60—80%) were achieved. Figure 54 in the Supporting
Information demonstrates an additional feature of the
increased HCl concentration in the acceptor solution on
subsequent CE separations, e, deteriorated peak shapes for
higher HCl concentrations. These are related to the higher
conductivity of the injected zone in comparison to the BGE
solution conductivity and are most pronounced for S0 mb
HC, which disables baseline separation of the target analytes.
A 10 mM HCI acceptor solution was selected due to the
excellent extraction performance and good compatibility with
the BGE ﬁn]ulior\, rl:ﬁu]ting in .ﬂ'larp and well-defined anal)'tc
peaks.

For the donor solution with no pH adjustment {donor in
deionized water at pH ~ 6}, the transfer of nortriptyline,
haloperidol, and loperamide was not efficient (extraction
recoveries <3%) and papaverine was transferred with a
recovery ~30%. At pH ~6, the first three drugs are almost
completely ionized, whercas papaverine is jonieed from about
50% only. By alkalization of the donor solution, ionization of
all analytes was suppressed to the minimum and their efficient
transfer from the donor to the SLM was achieved, The
observations are cvidenced in Figure 4, and alkalization of the
donor solution by 10 mM NaOH was further applied. Note,
however, that alkalization of some biological samples might not
be efficient with the 10 mM NaOH and thus a higher
concentration of NaOH might be necessary for extractions of
samples with a higher buffering capacity, such as urine and
blood. Figure 4 also confirms that no deterioration of
extraction recoveries was observed for NaOH concentrations
up to 100 mi,

Validation of the HF-LPME At-line Coupled to CE. The
donor solution for calibration purposes consisted of 10 mb
NaOH, 150 mM NaCl, and the four drugs in the concentration
range 2—-300 wg/L (6-point calibration), For walidation
purposes, concentrations of the drugs in the donor solution
were 100 and 100 pg/L. The acceptor solution was 10 mM
HC, and HE-LPMEs were carried out at 750 rpm for 10 min,
Extraction recoveries ranged from 62 to 76%, which
corresponded to enrichment factors of 68—84. Repeatability
of the analytical process, including the HF-LPME and CE
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Figure 4. Effect of NaOH in donor selution on HF-LPME at-line
coupled to CF for the determination of madel basic drugs, HF-LPME
conditions: SLM, DHE/ENB (121, viv); acceptor, 5 pl. of 10 mM
HCly danor, 530 pL of the four basic drugs (1 mg/L} in 1530 mM
MNaCl; agitation speed, 730 rpm; extraction time, 10 min.

analysis, was better than 8.1 and 9.3% (RSD) for the 100 and
10 ug/L concentration levels, respectively. Calibration curves
wore linear in the entire calibration TAngE, with cocfficients of
determination better than 0.9990, Limits of detection {LODs)
were defined as analytical signals three times higher than
background noise and ranged from 0.7 to 0.95 pg/L; all
validation data are shown in 'Table 1. HF-LPME/CE-LV
analyses of a blank (10 mM NaOH, 150 mM NaCl) and three
standard donor solutions {10 mM NaOH, 150 mM NaCl
spiked at 5, 10, and 50 pg/1. of the four drugs) are depicted in
Figure %5 in the Supporting Information.

The HF-LPME can be performed in a multiple-well plate
format, with a large number of samples being processed
simultancously. Thus, the sample treatment  throughput
increases significantly and multiple extracts have to be analyzed
by CE after the HF-LPME. Since each CE analysis lasts
approximately 9 min, CE analysis is the limiting step of the
analytical work-flow and a major part of the pretreated samples
will be analyzed with a certain delay after their HF-LPME
processing. As the extraction process involves the transfer of
ana]yh:‘i fram the donor to the acceptor solution on the basis
of the pH gradient and the established equilibrium, long-term

stability of this equilibrium (i.e., of the concentration of target
analytes in the resulting acceptor solutions) was examined,
Thirty unique microextraction devices were placed in 30 glass
vials filled with the above-specified donor solution (at 50 ug/L
of the four drugs). The set of the 30 samples was extracted
during ane 100 min HE-LPME run, and 5u‘|’s$|§r.1un:nl|)', all wvials
were transferted to the CE autosampler carousel. An
unattended sequence was programmed and run, which
included analysis of the 30 pretreated samples and 6 calibration
standards with subsequent quantitation. The quantitative data
are reported in Table 51 in the Supporting Information and
confirm  the equilibrium  stability. Once the drugs were
transferred through the SLM to the acidic acceptor solution,
they were fully ionized, did not interact with the SLM, and did
not diffuse back to the SLM/donor solution. Repeatability of
peak areas was better than 11% [RSD} and proved that the
multiple-well plate HF-LPME with subsequent automated CE
analysis is svitable for the direct determination of drugs
pretreated from multiple complex samples,

HF-LPME/CE-UVY Analysis of Human Body Fluids.
Urine and DBS samples were used unspiked and spiked with
the four basic drmgs. Therapeutic concentrations of the drugs
range from 1 to 2000 pug/L in blood samples; no data are
available for wrne™ Urine has a high bulfering capacity,
containg high concentrations of inorganic salts, urea, and
creatinine, and the addition of 10 mM NaOH was not
sufficient for alkalization of urine .Qarnp]uﬁ. Thus, 495 HL of
urine was mixed with 55 pL of 1 M NaOH solution and
transferred to the glass vial for the HF-LPME. The resulting
100 mM NaOH increased the pH of all urine samples to 212.3
{independently of their composition) and the jonization of the
basic drugs ways efhciently suppressed. Importantly, it has been
demonstrated earlier in the fcceptor and Donor Solutions
section that donor NaOH concentrations up to 100 mM have
no negative effect on the HE-LPME performance. Five drug-
tree urine samples were analyzed as blanks, and no comigration
of the matrix components with the target analytes was
observed. Figure 56 in the Supporting Information depicts a
representative electropherogram of an HF-LFPME/CE-UV
analysis of blank urine (bottom trace) and shows several
peaks related to the matrix (labeled with a cross) and to the
extraction system (labeled with an asterisk). They are all
baseline separated from the peaks of the target analytes, as can
be seen from the three other electropherograms, which depict
HF-LPME/CE-UY analyses of the same urine spiked with 2, 5,
and S0 pg/L of the four drugs,

Table 1. Analytical Parameters for HE-LPME Coupled to CE/UV—Vis Analysis of Complex Samples™”

imatelx standard urine dried blood spot
analyte Nor Hal Lop Fap Nor Hal Lop Fap Nor Hal Lop Fap
EXITACHON Tecovery [, Th 71 fid a7 &7 0 47 51 36 6 34 A1
10 peg /L
cxtmaction recovery (%) 74 73 k3 T -] L) Bl 4 38 58 34 53
10 gL
enrichment fuctor Bl—-B+  T9-R0  GR-TD  T4T7  T4-TH  T6-T7 255 RT3 4043 6566 3T S7—5R
AT (%), 10w 4.7 64 a3 B 102 Ik 1.5 b (IR 126 12.8 114
RETY (4], 100 jegiL 4.1 39 81 16 83 ug 5.4 75 0o w1 s 76
Iy Q9950 [L99E 10,9945 L] 09995 LS00 05951 DHI9G QY31 Y95 05977 0.9596
LoD {pgdL) o7 0.7 095 0.75 0.8 0o 11l 085 12 09 L35 0.9
100 {prgiL) 23 23 32 25 2.7 29 37 28 40 29 52 20

“Nor = nartriptyling, Hal = haloperidol, Lop = loperamide, and Pap = papaverine PHF-LPME conditions as for Figures S4and 53 and Figure 5 and

CE conditions as for Figure 5,
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DEBS samples were prepared by pipetting 22 uL of unspiked
and Rpﬂ(ud capi"aT}«' Blood onto the sampling cards ar_‘ccm]'ing
to the procedures described in the Experimental Section,
Standard DBS processing involves punching the spot, elution
of the capillary blood with a suitable solution, sample
pretreatrent, and transfer to an ana]}ftica] instrument. In the
proposed HF-LPME procedure, the elution and the pretreat-
ment can be performed simultanecusly, since as soon as blood
elutes from the DBS, blood components diffuse into the free
clution solution and can partition into the SLM. The actual
setup for HE-LPME of DBS thus facilitates a two-step
procedure, and the agitation time required to achieve
equilibrium for the transfor of the drugs to the acceptor
solution might differ from that for liquid samples, The effect of
elution/extraction time was examined for 0—20 min using
DBSs spiked with 50 pg/L of the four deugs, and resulting
curves are depicted in Figure 57 in the Supporting
Information. Equilibrivm was achieved after 10 min of
elution/extraction, and the DBS processing time was
consistent with the extraction time for the liquid samples
(standard, urine). NaOH (10 mM) was used as the elution
sobvent, which ensured adequate alkalization (pH = 12.2) of
the resulting eluates. Capillary blood is diluted during the
clution step, and thus alkalization by 10 mM NaOH s
sufficient. In addition, the dry nature of the DBS constitutes no
limitations tor the HE-LPME. The DBS elution process
gradually releases the analytes into the donor solution, which
are immediately transferred through the SLM to the acceptor
solution, and induces no measurable increase in the HF-LPME
time.

A representative clectropherogram of 2 DBS blank (formed
by spotting drug-free capillary blood) is depicted in Figure §
{bottom trace). CE-UV measurements revealed several peaks
related to the extraction system (organic solvents used in SLM,
labeled with an asterisk), which were haseline separated from
the target analytes with no comigration. The other three
electropherograms depict CE-UV analyses of DBSs formed by
spotting the same drug-free capillary blood spiked with 2, 5,
and 50 sig/L of the four drugs.

The walidation of the HF-LPME/CE-UV method for the
determination of the four basic drugs in urine and DBS
samples is summarized in Table 1, and most parameters are
comparable to those for standard selutions. Extraction
recoveries for urine {47—70%) were comparable to those for
standard solutions, whereas some decrease was observed for
recoverics of nortriptyline and Joperamide (36 and 34%,
respectively) for extractions from DBSs, This can be attributed
to the drug—protein binding since the deugs are spiked divectly
into capiuar)' blood, and their availability for the HF-LPME
might be affected by these interactions.” Enrichment factors
ranged from 32 to 77 for urine and from 37 to 66 for DBS
samples. Repeatability of the elution/extraction,/analysis of the
foar d\‘ugh was boetter than 12.8% {RSU} and conformaed with
the requirements for the bioanalytical method walidation
{http://www.fda.gov/downloads/Drugs/ Guidances/
wemO70M07.pdf, accessed on January 15th 2020). Linear
calibration curves with coefficients of determination >0.9977
were achieved, and LODs were between 0.8 and L3S pg/L.

B CONCLUSIONS

A new microextraction setup is described, which enables at-line
coupling of HF-LPME to CE for efficient cleanup and
preconcentration of tarpet analytes from complex biological

FA

5 mAU

SOpglk
5 pg/lL
2ue ,IL\_Ju,_M-.,_.L__H'-,,ﬁ»

_blank NG | Y
| | | |
1 2 3 4 5

migration time (min)

Figure $. Atline coupling of HF-LPME to CE-UV for the direct
determination of model basic deugs in DBS, HE-LPME conditions:
SLM, DHE/ENB (1:1, /%) aceeptor, 3 gL of 10 mM HCL donor,
1BSs spiked with the four basic drugs and eluted with 350 pL of 10
mM MaOH; agitation spead, 75 rpm; extraction time, T min, CE
conditions: BGE solution, 30 mi sodiom acetate, 3 mM acetic adid,
and 30% (v/v) acctonitrile at apparent pH 5.2; separation voltage, 4
15 KV; injection, 50 mbar for § 5; detection wavelength, 200 nm; 1 =
nortriptyling, 2 = haloperidol, 3 = loperamide, 4= papaverine; + =
unknuwn CUmPU\m{lS &Um salnpll.‘ matrix, = un]u'wwn l.'UIl'JPlJ'\II\dS
from SLM solvents,

samples and for their direct analysis. The HF-LPME is
Pl_‘rfurmm] with a dispnﬁah]l} microextraction 1]1:\:ic:|_‘J which
consists of a tapered plastic holder with a porous HF, and is
compatible with Agilent CE instruments for automated
analysis. The holder maintaine constant position of the HF
in a CE vial during extraction and simultancously guides the
separation capillary inte the HE lumen during CE injection. In
a typical procedure, the HF is impregnated with a microliter
volurne of a water-immiscible solvent, its lumen is filled with 5
HL of an aqueous acceptor solution, and the microextraction
device is placed in a CE vial with 350 pL of an aqueous
complex sample. Subsequently, the vial is positioned into an
apitator and up to 50 samples can be pretreated simultancously
using a multiple-well plate format. The resulting acceptor
solutions are analyzed by direct injection from the HF lumen,
with no additional manual handling except for loading the CE
vials into the CE autosampler, The transfer of the analytes to
the acceptor solution is driven by a pH gradient and by the
selectivity of the SLM; thus, composition of operational
solutions and SLM was comprehensively  optimized. The
analytes are efficiently preconcentrated in the HF lumen,
whereas matrix components are eliminated from the transfer
by the SLM. The established equilibrium is constant over a
comsiderable [lc:riud of time and enables automated batch-wise
CE analyses of the pretreated samples with a throughput of
seven samples per hour. The proposed setup was exemplified
with the direct determination of 4 set of model basic drugs in
buman wrine and DBS% samples. The setup is particularly
beneficial in the analysis of DBSs since DBS elution and HE-
LPME are performed simultaneously during one agitation
cycle, which is followed by the at-line CE-UV analysis. The
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DBS processing time is thus reduced to a minimum, and the
manual DBS handling is minimized to the initial DBS
punching, Moreover, the universal character of the HF-
LPME and the CE might extend the applicability of the
proposed setup to a wide range of analytes/matrices, and
combination  with mass spectrometric ar laser-induced
fluorescence detectors might further improve selectivity
sensitivity of the analytical method.
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Discussions of capillary equilibrations and calculations of
extraction parameters, a photograph of 2 multiple-well
plate extraction, effects of agitation speed and extraction
time, CE |:]|.‘|.'trnp]'|cmgrams of basic drugs for different
H(C] concentrations, HF-LPME,/CE-UV determination
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Capillary equilibration. Initial cquilibration was performed by flushing the separation
capillary with 100 mM NaOH (135 min), deionized water (5 min), and BGE solution (15 min).
A daily equilibration included flushing the capillary with 100 mM NaOH (5 min), deionized
water (5 min), and BGL solution (3 min). The capillary was flushed with 100 mM NaOH (1
min), deionized water (1 min), and BGE solution (1 min) between two consecutive CE analyses
and with 100 mM NaOH, deiomized water, and air (5 min each} al the end of a working day. The
capillary was pressurized at 950 mbar during all flushing procedures and the capillary cartridge

tetnperature was maintained at 25 °C.

Calculations. Lxtraction recoveries and enrichment factors of the HI'-LPMLs were calculated

according to equation (1) and (2), respectively:

) . o, firad Fo o Ca, i
Lxtraciion recovery (Vo) = e 100 = xS x 1N {1}
Md, suisial Fa o Ca. v
. . (.'d, e y
Enrichment facior = (23
. it

WHEIE 1y fina AN Dy i a0¢ the number of the analyte moles finally transferred into the acceptor
solution and the number of the analyte moles mitally present in the donor solution, respectively.
¥, is the acceptor solution volume, V, is the donor solution volume, C, g is the final analyte
concentration in the acceptor solution and Cgj,ma 15 the initial analyte concentration in the donor

solution.
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Figure S1. Photograph of an agitator with a holder for simultaneous extraction of up to 50

samples.
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Figure 82, Liffect of apitation speed on HI-LPML at-line coupled to CL for the determination
of'model basic drugs. HF-LPME conditions: SLM, DHE:ENB (1:1, v/v); acceptor, 5 L of 10
mM HCI; donor, 550 4L of the four basic drugs (1 mg/L) in 10 mM NaOH including 150 mh

NaCl; extraction time, 20 min.
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Figure S3. Effect of extraction time on HF-LPME at-line coupled to CE for the determination
of model basic drugs. HF-LPMLE conditions: SLM, DHE:ENB (1:1, wv); acceptor, 5 L. of 10
mM HCL; donor, 550 pL of the four basic drugs (1 mg/L) in 10 mM NaOH including 150 mM

NaCl; agitation speed, 750 rpm.
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Figure 4. Liffect of HCI concentration on CL determination and peak shapes of model basic
drugs after HF-LPME of the four basic drugs at | mg/L. CE conditions: BGE solution, 30 mM
sodium acetate, 30 mM acetic acid and 30% (v/v) acelonitrile at apparent pH 5.2; separation
voltage, + 15 kV; injection, 50 mbar for 3 s; detection wavelength, 200 nm; 1 — nortriptyline, 2

haloperidol, 3 loperamide, 4  papaverine.
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Figure 85. At-line coupling of HIF-LPML to CL-UV for the direct determination of the four
basic drugs in standard solutions. HF-LPME conditions: SLM, DHE:ENB (1:1, v/v); acceptor,
5 pL of 10 mM HCT; donor, 550 gL of the four basic drugs in 10 mM NaOH including 150 mM
NaCl; agitation speed, 730 rpm; extraction time, 10 min. CL conditions as for Figure 84; * —

unknown compounds from SLM solvents.
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Table S1. Lffcct of the simultancous multiple-well extraction process on the repeatability of

the HF-LPME-CE/UV-Vis of the four basic drugs.

Analyle RSD{%), n =30
Nortriptyline 9.1
Haloperidol 11.0
Loperande 8.7
Papaverine 74
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Figure S6. At-line coupling of HI'-LPML to CL-UV for the direct determination of model
basic drugs in urine. HF-LPME conditions: SLM, DHE:ENB (1:1, v/v); acceptor, 3 uL of 10
mM HCI; donor, 550 4L of urme spiked with the four basic drugs and adjusted o 100 mM
NaOH; agitation speed, 750 rpm; extraction time, 10 min. CI conditions as for Fipure 84; +

unknown compounds from sample matrix, *  unknown compounds from SLM solvents.
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Figurc 7. Liffect of agitation time on simultancous DBS clution/HI-LPML of the four basic
drugs. HF-LPME conditions as for Figure S6 except for donor, capillary blood spiked with the

four drugs at 50 pg/L, DBS eluted with 550 gL of 10 mM NaOH.
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Dried Blood Spot Self-Sampling with Automated Capillary
Electrophoresis Processing for Clinical Analysis

Lenka Ryvsavd, Milo§ Dvofik, and Pavel Kubdn*

Abstract: A simple and copvenient concepy of Mood sampling
Followed by oa jfully awiomated analvsis §s presented. A
disposable sampling ki iy wsed for aconrare self-sompling of
capillary Blaod from a finger prick. A fugh-thronghput blocd
sampling i thuy enabled, which s esseniial fn many climical
asyavy ard considerably improves [ife quality end comfort of
ievolved subjects. The collected Dlood sapples are mailed 1o
o Aaborefory Jor a fwlfy wwiormafed died blood spor (1E8)
prrocexsiny i aaalvsis, which are pecformed with o commer-
cial capillary elecirophoresis instramend. Quendililive resalis
ore obfiined within 200min from ke DS delivery e the
fabrovetory. The presented  concept o exemplifted by the
cleterminoiion of warliin Slood concentrafions and dimon-
sirates excellent analyiiced perfonmance. Moreover, thiv con-
cept iy remeralfy applivable fooowide rige of endopgenous ind
exogenons Mood composnds and represents o novel aid
aftractive analytical ool for personalized health monitoring.

Introduction

‘Traditional elinical approaches are hased on the analysis
of body fluids, and blood is the preferred sample in most
clinical assays!"! To obtain blood samples, the presence of the
mwvestigated subjects/patients in clinical laboratories is re-
guired, which is time-consuming for both the subjects/paticnts
and the laboratory staff, and wsually involves painful venous
phlebotomy. The above-mentioned shortcomings have led to
recent developments in the field of patient-centric micro-
sampling that can provide a wide range of benefits including
less painfulidisruptive blood sampling methods? Y Ttinvolves
self-sampling of a microliter volume of capillary blood, which
is withdrawn from a finger prick and forms a dried blood spot
(DBS) Besides, it aims at enabling the collection of
samples in a familiar and convenient environment {usually at
home) and at lreating every subjeel individually (personalized
mudicine ), Blood sell-sampling allows casier collection of
climical dala by deercasing the impact en the subjecls alse in
terms of reduced travel cxpenditure und time away [rom work
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and may inerease the willingness for frequent and regular
moniloring  during  therapics. I has been shown highly
ellective Lor the lreatment of diabeles)” nevertheless, cx-
panding the anulviical Grgel range s one of the most
importlant chullenges of the lorlheoming decade(s).™

The standard DBS colleclion procedure uses puper-bascd
sampling cards, which adsorb capillary blood, and the spots
are dried up in ambient air for several hours!” The sampling
cards with the DIESs present no biohazand and can be
transparted 1o analylical laboratories by any means, for
example, mail, parcel delivery companies, et More re-
cently, novel approaches were proposed, which simplify the
DBS collection and avoid the detrimental effecs of DIRS
sampling on gquantitative 13135 il]lal}'bﬁb.[u_lﬂ One of the
proposed lechniques is capillary blood collection by end-10-
end plass capillaries, which is economical and allows the
withdrawal of exact blood volumes from finger pricks with
high aceuracy and precision!™ Moreowver, by immediate
transfer of the collected hlood anto a pre-punched collection
card for storage, the adverse hematocrit effects on the
quantitative 1IBS analyses are eliminared ™" The most
essential advantage of using the glass capillaries is the fact
that accurate/precise blood collection is achieved also by
subjects with no training in blood collection ] The DBS self-
sampling can be done at home and the withdrawal of 2 minute
blood sample makes the experience more acceptable for
subjects with severe anemia, infants, and children. The
subjects have less anxiety and inconvenience and the blood
samples can be collected at a higher sampling rate than with
the standard venous phlebotomy.!" The DBS self-sampling
might thus open new horizons i personalized medicine,
chronic disease monitoring, drug dosing optimization, and
therapeutic drug monitoring (TN ) E

The collected DBS 15 usually processed by punching
d predelined parl of the DBS (or using the enlire pre-punched
DES). whichis [ollowed by clution, extraction. centrilugation,
evapordlion, and reconstitution of the extract wilh a suilable
solvent," The complete provess is time- and lubor-consuming
and ils [ucililalion 1s al the [orelfronl of current rescuarch.
During the last decade, rather complex and costly systems
have been presented, which aimed at the hyphenation of the
MBS elution 1o the analvsis by HIPLCSS or at the direct DBS
analvais by M5 and these techniques have successfully served
for automated DS analyses/™™ In comparison 1o 1PLC
and M5, capillary electrophoresis (CE) offers a cheaper,
simpler, and more effective instrumental configuration, while
il s still perfectly suitable for antomated sample freatment
and analvsis! ™1 Moreover, CL is predestined for handling!
injecting minute sample volumes (vpically obiained by DBS
processing) and is distinguished by o high separation elli-
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ciency and the ability to simultaneously determine multiple
sample constituents in a short time. All these characteristics
are heneficial for clinical/bioanalytical assays and it is rather
surprising that CE playved an insignificant role in the DBES
analyscs in the past®

In this contribulion, a novel concepl of capillary Blood
scll-sumpling lollowed by a [ully aulomated DBS processing!
analysis is prosemted. A low-cosl, disposuble DBS sell-
sampling kil is developed, which enables aceurale und precise
al-home collection of cupillary blood [rom a lnger prick onto
a pre-punched DBS sampling dise accommuodaled in a slun-
dard snup-cap vial. Exactly 20 pL of blood is dispensed onto
the disc using a glass cupillary, the vial is placed inlo a zip-lock
bap with a desiceant, dricd up and sent w a laborutory, On
arrivil 1o the luboralory, the snap-cup vial with the DBS s
Ioaded into g commercial CEinstroment and the DRS Qs
clufed by an aviomated sequence, As opposed 10 current
automated DS elution systems,™ the laboratory stafl does
uod physically contact the IMES material, which is protected in
the vial, The resulting eluate is injected directly rom the vial
into the CI separation capillary for analvsis. The DS elution
and analvais arve performed fully autonomously by a single off-
the-shell apalytical instroment and enable the diredd prefreat-
mentanalysis of the sell-sampled DES with an efficient
elimination of matrix interferences and no operator's inter-
vention.

The proposed concept was aptimized by warfarin-spiked
DHS samples and its suitahility for clinical assayvs was
exemplified by self-sampling of warfarin-containing 1JHSs,
mailing the [DBSs to the laboratory and antomared 13BS
analysis by CE. Warfarin was selected as the most widespread
oral anticoagulant wsed in a large number of long-term
clinical assays that reguire regular control of blood coagu-
Tation, and due to the absence of a proper clinical method for
the exact blood warfarin determination.* =1 Sueh method
might complement the current warfarin clinical monitoring
{blood clotting expressed as international normalization ratio
{INR}). Besides, although various subjects exhibit various
INR values for the same warfarin hlood concentration, the
ratio between INR and warfarin blood concentration is rather
stable for each subject™ and the latter might be clinieally
relevant after the initial dosing setup. Moreover, with some
subjects, measurements of blood warfarin levels are essential
as they may climinale uncertainly due o resistance (o
anlicoagulants, interaction with pharmaceoticals, inleruelion
wilh [oods, and possible warlarin inloxicalion, =l

During clindeal assays, subjects ure ollen obliged Lo daily
visils Lo medical centers [or intravenous blowd phlebolomy ul
thee start of the therapy [ollowed by less requent bul regular
visiis/blood withdrawals in the later therapeutic stages. The
stggested concept can thus sigmficantly improve their life
cormfor due o the elimination of the painful phlebotomy and
the absence of the travelavisits to medical centers and may
open new  horizons for assavs requiring  high-throughput
sample collection/analysis More importantly, the universal
character of the DBS collection and CE analvsis provides
a peneral wol for a regular, patient-centric health satus
moniforing, Such fools are essential in determination of
endogenous blood constituents, monitering ol chronic dis-
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eases, optimization of drug dosing, TDM, ete. and might
prapel a shift from the actual sick-care to a prevention-based
healthcare system. Besides, the proposed workflow may also
open new directions for on-site analysis without the need for
the trunsporl W the laboratory by coupling the DBS scll-
sampling with ministurized and poriable separation insiru-
ments, *

Results and Discussion
Kit for the DBS Self-Sampling

A single-use DBS sumpling kil was designed [or 4 con-
venient sell-sampling of capillary blood and [or compatibility
with commercial analytical instruments, Details on the
vendors of the kit sub-units are given in the Supporting
Information {50), The kit contained a sterile latex glove,
a disposable lancet, a dry cotion pad, a disinfection pad
soaked with isopropyl aleohol, a glass snap-vap vial (2 mlL)
with a polvurethane (PU) cap, a pre-punched DBS sampling
dhise (10 mm dinmeter). a glass capillary (20 pl, 30 mm long)
with plugs, a bag with desiccant, two plastic zip-lock bags,
sample wdentification label and “Instructions [or use™ in an
envelope. Photographs of the 1DBS sampling kit are depicted
in Figure 83 in the S1.

DBS Collection Using the Self-Sampling Kit, Delivery to the
Laboratory, and Storage

The kit includes disposable cquipment for DBS self
sampling and is intended for a simple withdrawal of an exactly
defined volume of capillary blood. The kit is suitable also for
individuals with no training in blood collection. Blood
collection and MBS formation can, thus, be performed at
home in a familiar environment and with a considerahly
higher comfort compared to venous phlebotomy in medical
centers. Additional advantages of the at-home DBS self-
sampling are less invasive blood withdrawal, reduced time
requirements, increased sampling frequeney, and higher will-
ingness to undergo regular medical monitoring. Moreover,
the cost of the ofl-the-shell components is minimal and the
price of the eniire sampling kitis less thun 1 €, Collecled DBS
samples are mailed direetly Lo laboratory [or analysis with no
need [or additional travelling expendilure and’or time away
[rom work (sve Figure 1)

To make the sampling kil as much universal as possible,
Lthe [ollowing uspecls were considered. (1) A standard 2 mL
snap-cap vial compatible with most commercial analytical
instrurments was selected, In the presented concept, CE was
used as the apalylical method of choice, but (he DBS seli-
sampling procedure followed by a manual DBS elution can be
used also with commercial HPLC, GO MS and  other
analviical instruments, (i) The IDBS sampling dise was pre-
punched from an approved Whatman'™ Y03 sampling card
using a 10 mm puncher and was placed on the bottom of the
vial. The size of the sampling disc was chosen two exactly [it the
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Figure . A scherme of the proposed analytical concept of a DBS self-sampling and an automated CE analysis. A) Capillary blaod withdrawal,
B blood adsorption by DBS sampling disc, C} DBS packing, ) transport to laboratory, £} DS laading into CE carousel, F) DBS clution /CE

analysis, G) quantitative CE data.

internal dismeter of the vial and nol o move oul of the
posilion within the vial,

Capillary Blood Collection

Capillary Blood and D138 were sampled by voluntesrs
Irom the lostitute of Amnalviical Chemistry affer signing
a wrillen informed consent, Belore the DBS sell-sampling,
the confent of the kit was removed [rom the bags, The latex
elove was pul on one hand and the sopropy] alcohal-soaked
pad was used for disinfection of the index finger of the other
hand. Alcahal on the fingertip was left to evaporate to avoid
blood precipitation. The disinfected fingertip was pricked
with the disposable lancet and the first drop of blood was
wiped off with the dry cotton pad. The next drop was
withdrawn into the glass capillary to collect the exactlv
defined volume of capillary blood. The glass capillary was
subsequently placed into the snap-cap vial to contact the DBS
sampling dise. There was no need for a precise centering of
the capillary in the vial and the capillary entered the vial
under an angle, which disabled hlood contact with the vial
wall. The entire blood wvolume was thus quantitativelv
adsorbed by the sampling disc and the capillary was disposed
of into the “Biological material” ziplock bag by turning the
vial upside down. The procedures are depicted in Figure 54
and in ¥ideo 81 in the 8T).

Capillary blood voalume collected on the DBS sampling
disc i a crucial parameter in quantitative DBS analysis. End-
to-end gluss capillary can withdraw an exact volume of blood
and dispense 1L guantitalively onlo the sampling dise without
a speciul training ™ A wide selection of the capillaries is
aviilable wilth dilferent dimensions and volumes, The inlernal
height ol the snup-cap vidl with the sampling dise 18 approx.
30mm und thes cupillares wilh a height = 30 mm were
considered convenient. The maximum volume of capilliry
Dlood the pre-punched 10 mm sampling discs adsorbed was
26 =3 pL for three different bematocrit levels (low, medium,
high"™y and for this reason capillaries with 10, 20 and 30 pL
volumes were investigated. 10 pl capillaries provided small
spots on the sampling discs bt the low blood volume might
have a negative consequence on the analvtical method
sensilivity, 30 pl. capillaries oversaturaied the sampling discs
and irreproducible volumes of blood remained in the
capillaries, 20 pl. capillaries Tormed well-defined spots on
the sampling discs. blood was quantitatively adsorbed by the

www.angewandte org & 2ozo Wiley VOH GrmbH

sampling material und 20 pL capilluries were thus selected [or
[urther experiments. The acouraew/precision ol the 20 uL
capillaries were comprehensively examined by the with-
drawal of deionized (D1 water and capillary blood and the
resulis are presented in chapter Precision and accuracy of the
2 ul glass capillaries in the 51

Capillary Blood Drying

The standard procedure alter capillary blood collection is
drying the blood sample to form the DYES. In a typical RS
sampling, capillary blaod is dried at ambient air for 2-3 K0
Capillary blood collected on the pre-punched disc accomme-
dated in the snap-cap vial can exhibit different drving
hehavior due to the limited air circulation and the collected
Blood might drv up slowly or the drving process might be
impaired. ‘Two procedures for the in-vial drying of blood
samples were, therefore, examined.

The first procedure involved drying the blood sample
an open snap-cap vial (placed wvertically) at ambient air
conditions. The drying time was monitored for 1 24h by
welghting the vial with the dry DBS sampling disc, the freshly
prepared blood spot, and the hlood spot during the drying
procedure. DBSs were completely dried up after 12 h {see
Figure 83, black trace, in the ST).

The second procedure involved a desiccant bag, which was
placed together with the uncapped vial with a freshly spotted
capillary blood in the “Sample™ zip-lock bag. The desiccant
und the vial were pluced horizontally in the zip-lock bag and
the bag was closed, The desiceant in the bag adsorbs the
wipors during Lhe blood drying up and cnables the DBS
[ormation, The drying ume was cxamined {or 1-24 h aceord-
ing o the above-reported weighling procedure, The DBSs
ware formed alter 3 h dryving ume (see Figure 83, red trace, in
the 81, which was 4-[old [uster than withoul desiceant and
wis comparable to the standard DS drying time.

Figure 56 in the 51 depicts the effect of the drving time
(with desiceant) on the CL analysis of DBS eluates (Lor
details on elution conditioms, see chapter Manual DRS
elution), Elution amd analysis of DBSs, which were not dried
propecly (0 1, and 2 by, reveal lower elution efficiency of
a model analvie and peak dispersionshift due o the co-
elution of matris components, Proper DBS drying is thus
essential; the addition of the desicoant 1o the zip-lock bag
alter the capillary blood self-sampling and drying the spot Lor
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3 b befare shipment was applied to all blood samples (see also
chapter DBS drying hefore shipment to the laboratory in the
ST).

Delivery to the Laboratory and Storage

Immediately alter the Blood sell-sumpling, the snup-cap
vial with the spot, the desiceant, und the PL cap were placed
inte the zip-lock bug with the identilication label (sumple 1D,
date/lime of collection), which was [lled in. The remuining
components of the kil (Blood-contuminated) were placed into
the other wip-lock bag, The 3 h drving lime was allowed o
[orm the DBS, The twe zip-lock bags were packed inte un
covelope and mailed (o the laboratory [or lurther processing!
analysis and disposal af the biological material, respectively,
The DES samples were processed immediately alter delivery
or were stored at 4°C until processing.

Optimization of the CE Instrument Set-up with Warfarin as
o Model Analyte

All warfarin concentrations in the manuscript indicate
warfarin concentrations in the ariginal and undiluted capillary
blond. For the optimization of the separation capillary
alignment, M55 were prepared from drug-free capillary
blaod spiked with 25 pgml. " of warfarin. The initial ehition
conditions  (eluate  volume: 500 upl.  apitation  speed:
100 rpmi; agitation time: 10 min) were adopted from onr
previous work!"™ and eluate volumes of 300 and 100 pl. were
examined during the optimization procedure. The elution
mixture consisted of acetonitrile (ACN) and DI water (4:1, w/
v} and was based on the results in chapter Composition of the
elution mixture in the 81, The CE-TU7V method was adopted
from!! and its optimization for warfarin analysis is described
in the 81

The interspace between the inner wall of the CE tubular
electrode and the outer wall of the CE separation capillary
can hold a few pLs of liquid (from flushing. ete.) and has been
reported as a contamination source of samples with minute
volumes " Taking into account the low volume of DBS
cluates and the necessity to climinate their possible contam-
ination by the contact with the CE cleetrode (and vice versa)
a shorl clectrode asscmbly wis usced al the CE injection side,
which dovs nol contuct the cluales

Also, due 1o the low ligoid levels of the cluale (Le the
height of the ree cluate in the vial ubove the DBS disc), the
kength of the injection (inlel) end of the separation capillary
had 1o be oplimized, The optimum length of the injection end
protruding from the tubular electrode depends on the eluate
height and was 7 and 10 mm for the 5000 and 100 pl. eluate
volumes, respectively, Longer injection end (11 mm) resulted
in the direct contact with the DRS disc, reduced injection
volume due 1o partial capillary clogging, possible contami-
nation of the injection end by blood precipitates, and possible
capillary rupture. Shortening the injection end allected the
sampling process by injection of air, which was observed lor
injection end lengths <6 mem (300 pl eluate volume) and
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=9mm (100 pL eluate volume), and resulted in the electric
current failure during the subsequent CE analysis. The
procedure for setting up exact capillary lengths is described
in chapter Capillary electrophoresis and Figure 82 in the 5L

Muanual DBES Elution

Ditails on the manuad DBS clulion are presented in the S1
and deseribe oplimization ol the composition of the ¢luent
mixlure, cluton me and clution volume. Besl clution
characteristics were achieved lor the sequential DBS clution
wilh ACN and DI waler at a <1 wiv ratio (sce Figure 87 and
S8 in the SI). Elution tmes of 1 min (ACN) and 5 min (DI
willer p al an agitation speed of 1000 rpm were upplicd, which
ensured exhaustive elution ol warlarin  (99-100%) and
excellent repeatability (RS0 < 4.7%), see Figore 2, The
optimized eluent volume was 10O pl (80 pl ACN and 20wl
D water ), which enabled munimum DRSS dilution and reliable
CLinjection ol the eluate for a sensitive warlarin determi-
nation (see Figure 89 in the 511 A graphical Scheme of the
enfire manual elution process is shown in Figure S100in the 81

100 -
80 -

60 —

40 —

elution recovery (%)

I | I I I 1
0 2 4 6 g 10
agitation time (min)
Figure 2. Effect of agitation time on the elution of warfarin from DBS
samples. Red trace: offect of ACN apitation time (O] water agitation
tirme 5 rin). blue trace: eflect of O waker agitation tirme (ACH

apitation lire T min). Elution was carried out with 400 uL of ACH
followed by 100 pL of B water al the agitation speed of 1000 rpm.

Analytical Performance

The analylical perlormunce of the CE-UY method [or the
determination of warlarin in DIBSs was examined o1 the
above-optimized experimental conditions, Drog-free DI3Ss
from healthy individuals (m = 3) were eluted/analvzed and the
analvtical signals showed no peak(s) in the migration lime of
warfarin,

Warlarin was not present in the blood samples or was
present at concentrations below the method LOD, Several
matrix compoments were detected in the eluates, nevertheless,
they migrated at times different Irom warlarin and did not
interfere with its determination. Subsequently, the drug-free
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blood was spiked with warfarin and analytical parameters of
the method were determined.

The repeatahility of the analytical procedure was eval-
uated for blood spiked with 0.5, 10, and 3.0 pgmL™ of
warfarin. Five DBSs were analyzed for each concentration
and the repeatability, expressed us RSD values of warlarin
peak arcus, was beller than 54%. IU evideneed an insignil-
ivant ellecl of the sumple mulris on warlarin clution from
DEBESs und cxecllent repeatabilily of the analylical procedure,
The BRSD values arc summarized in Table 1 und comply with
the requirements on repealabilily in bicanalylical method
validation, ™ Alse summurized in Table 1 are coclicients of
delermination for lincarily measuremenis in the 0.35-
SpgmL! conventration range (1 =0.9999) and LODVLOG
{0.110.35 pgmL~") of the CE-UY method. LOD and LOQ
were delined as the lowest concentration of warlarin giving
analylical signal three and ten lines higher than baseline
noise (SN =3 and 5N =10). respectively, and were well
below ifs lower therapentic congentration (1 ngml=").*

Table 1: Analyrical parameters for the determination of warfarin in DBS
samples by manual DBS elution and CE-UV determination. Elution
conditions as for Figure 3 and CE-UV conditions as for Figure 5, =3

Pararmeter
RSO {36). 0.5 prml™’ 54
RSD (%), 1.0 pgml’ 47
RSO {36), 3.0 pgml | 52
P 0.35-5.0 pgml 1) 0.9999
LoD (pgml '} 011
LOG (pgmL " 035

Effect of Blood Hematocrit and DBS Ageing on Elution
Characteristics

Various hematocrit levels and DBS ageing may have
a direct impact on the elution of selected analytes from DBSs
and the DBSs stabilite!”) The following experiment was
performed to examine the robustness of the proposed
analytical procedure. Capillary blood samples with Tow,
medium, and high hematocerit levels™ (n =3 for each level)
were prepared and spiked with 1 pgmL™ of warfurin, The
resulling DBSs were cluled and analyzed immediately aller
the drving period (3 h) and uller 14 days {in the laler case,
cavh vidl with the DBS was stored in a zip-lock bag with the
desicount al umbient room conditions), The resulls are
depicted in Figure 3 and demonstrate statistieally insignilicant
differences (1-2% ) for the analyses of the {resh ve the aged
D355,

Elutien of warfarin from DISss with different hematocrit
levels resulted in gradually increasing warlarin concentrations
for lower hematocrin levels and increased from 92 10 97 %
{Tresh DBSsY and 90 1o 96 % (aged DBSs) for the high vs the
low hematocrit level, The difference values are within the
Bicanalvtical method validation range ¥ and DBS & weing had
also no effect on the CL performance (see Vigure 511 in the
51, The proposed concept can thus be used lor warlarin
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Figure 3. Ciect of DBS hematocnt levels and DBS storage time on the
elution of warfarin from DBS sarmples. Elution canditions as for

Figure 7 except for volumes (ACHN — 80 ul and O water — 20 ul) and
agitation times (1 tin and 5 min),

determination in DS samples independently of their hem-
atocrit content and age,

Automated DBS Elution/CE Analysis

The proposed concept was aimed at the simplification of
hland collection and subsequent hlood processing to offer
a nowel and user-friendly analytical tool for hlood analvsis
Two major aspects were considered in the proposed analytical
coneept: (1) the self-sampling of capillary blood in the form of
DBS, which was addressed earlier, and {i1y automation of the
DBS processing/analysis with minimum requirements on the
analvtical laboratory staff.

To comply with both aspects, a fully automated process for
the DBS clution and CE-TIV analvsis of the resulting eluate
was elaborated. After removal from the zip-lock bag, the
snap-cap vial with the DBS was closed with the PU cap and
loaded into the CE amtosampler carousel. All subscquent
liquid handling {eluent transfers to the snap-cap vial) and
sample conveclion (air bubbling [tom an emply vial) proce-
dures were perlommed by the internal CE pressurizing svsiem
dircetly through the sepuration capillary, Shorl electrode
assemblics were used on both sides of the CE sysiem, DBS
clution was performed al the CE outlel side and cluate
injection ul the CE nlet side, respectively. The vapillary
protruded by 12 und 10 mm [rom the clectredes al the CE
outlet and inlet side, respectively, The provedure for setling
up exact capillary lengths is described in chapter Capillary
electrophoresis and Figure 52 in the 51,

Lluent tvpes/volumes and convection times were adopted
from the manual elution procedure, First, 50 pL of ACN was
tramsferred to the vial and the eluent was bubbled with air For
1 min to eliminate DBS matris components, Second, 20 pl, of
D weater was translerred 1o the vial and warlfarin was eluted
from the DBS by bubhling air through the eleent mixtore or
5 min. Shorter tfimes (2, 3 and 4 min) resulted in incomplete
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warfarin elution and longer times (7 and 10 min) confirmed
the completion of warfarin elution. The completion of the
elution process was additionally evidenced by running the
fully automated DBS clution/analvsis, which was followed by
a substquent ofl-line agitalion of the vial at 100 rpm lor
5 min and CE anulysis,. No statistically sipnificant difference
in warlurin peuk arcas was observed [or the consceutive CE
analyscs, Aller the DBS clution, the sepuration capillary was
cquilibrated by sequential NaOH, DI waler. and BGE
solution fush und the resulling DBES cluawe was dircotly
mjecled from the vial inlo the separation capillary [or CE
separation and warlurin quantilicution. Details of the se-
quence [or the CE-quiomated DBES clulonfanalvsis  are
summuarized in Table 2 and a copy of the sequence in the
ChemSuation CE sollware 15 shewn in the SI0 A graphival
Scheme of the entire analytical process and a time-lapse video
of the avtomated DIS elution are presented in Figure 4 and
Yideo 52 in the 5L respectively.

The total analviical fime was 20 min and enabled a fully
autonomaous DS elution and analysis with a sample through-
putl of 3 samples per hour, The analytical parameters of the
automated method were determined for a set of drog-free
DS samples spiked with warlarin according 1o procedyres
reporfed in chapter Analvtical perfommance. The data are
surmmarized in Tahle 3 and are consistent with those achieved
far the manual [PBS elution and CE-UY analvsis. The sample

Table 2: CL sequencze for a fully avtemated DBS elution and CE-LY
determination ol warfarin, Al procedures were autonormausly performed
by the CE instrurment, BGE salution and detection wavelength as for
Figure 5,

Action Duration Pressure Voltage
1. DBS elutian®
Ta. Vial filling with 80 plL of ACN 1805 930 mbar {95000 Pz)
Tb. Bubsbling with air™ 605 950 rbar {85000 Pa)
1o Vial filling with 20 pl of Dl water 1405 850 mbar {95000 Pa)
1d. Bubbling with air*! 300s 850 mbar {95000 Pa)
2, Separatian capillary conditioning
Fa. 001 B MaDH flush 60 s 950 mbar {95000 Fa)
#h. DI water flush a0 s 950 mbar {95000 Fa)
2c. BGE solution flush RS 950 mbar {35000 Fa)
3 CEUY analysis
Ja. DBS cluste injection 1is 55 mbar (5500 Pa)
3b. Warlarin separation 240 5 25 kW

[a] the snap-can vial with the DBS was at the CE outlet to enable
oressurizing &t 950 mbar (95000 Pa). |b| bubkling with airwas achieved
by pressurizing an empty snap-cap wial,

Research Articles

Table 3: Analytical parameters far the determinatian of warfzrin in DBS
samples by the fully automated DBS alution and CE-UW determination.
Elutian znd CE conditions as for Table 2 and Figure 5, n= 5

Parameter
RSO (3}, 05 ugml ! G
£, 1.0ngml ' 51
I0ugml ' 4.5
[035-50ugml ) 0.9938
LOD (peml ") 011
LOG (ugmL ) 035

throughput of the [ully avtomated DBS clutionfanalysis is
approximately 2-fold lower thun that of the manual DBS
clulivnfanalysis in 96-well plate [ormat, Neverlheless, the
automated method eliminates the multiple manual steps (see
Figure 51000 the 510, can be performed ully autonomously in
a 24 hT days regime and the ol cost per sample is more
than 7-Told lower {(see Table 82 and corresponding text in the
S1 Lor the total cost-analysis). Besides, no external instru-
mentation is required and possible operator-induced errors
are avolded, which further simplify and streamline the
analviical waorkow,

Application to Warfarin-Containing Blood Samples

Justification of the proposed concept was demaonstrated
hw at-home [DBS sampling of warfarin-containing capillary
hland, mailing the samples to our laharatary, and ranning the
automated DHES elution/CHE determination of warfarin. One
of the volunteers has been diagnosed with excessive blood
clotting and was warfarin-treated and monitored in a speci-
alized clinical center. The warfarin treatment took 6 months
and the medication was changed after this period. Thus, we
were able to obtain and analvze real warfarin-containing DBS
samples.

The volunteer collected five DDBS samples at different
stages of the treatment and resulting CE-UY electrophera-
grams of the DBS cluates are depicted i Figure 5. Quanti-
tative analyses of warfarin in the DBS cluates (cach eluate
wis wnalyzed three lmes) were bused onoun exlernal
calibration curve plotted for warlarin-spiked drug-lree DBSs.

The lirst DBS was sampled one month belore the end ol
wurlurin trealment {Figure Sa) and evidenced the presence of
warfurin (241 =0.15 ugmL~") wilhin the therapeulic range, ™!

1
b
F'y

—

c

¥ [}
| | | :
- & L o

Figure 4. A scheme of the autornated DBS processing and CE-UY analysis. A) DBS loading into €F carousel, By vial filling with 280 ul of ACN,
C) air bubhbling, O} wial filling with 20 pL of DI water, E) air bubbling, F) CE injection. &) CE-UV separation
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migration time (min)
Figure 5. Autorrated CEUV analyses of DBSs after sellsampling by
a warfarin-treated velunteer, DBS samples were collected 1 manth
befare (a) 1 day before (B), 3 days after (o), 7 days after (d), and
1 manth after (2] warfarin discortinuatian. Elution ard CE-UY condi-
tians as for Tahle 2; BGE solution, 30 mM acetic acid, 30 mM sadium
acetate and 30% (vfv) ACM at pH 5.2: detaction wavelength, 205 nm;
#; unknown matrix compownds; EOF - clectroosmotic flow.

The second DHES was sampled the day before warfarin
discontinuation (Figure 5hy and the determined warfarin
concentration (246 1 011 paml. ") confirmed the stable
warfarin blood level during treatment. Tweo additional [JHSs
were sampled 3 davs (Figure Sc) and 7 days (Figure 5d) after
warfarin discontinuation with the determined warfarin con-
centration of 1.62 = 0.08 and 0.45 £ 003 pgml °, respectively.
The last DBS was sampled one month after the warfarin
discontinuation and confirmed its complete elimination from
the body as well as its baseline separation from all co-eluted
DBS matrix components (Figure 5¢) and justified the suit-
ahility of the proposed analytical concept. The concentrations
determined in DBS samples after warfarin discontinuation
{Figure 5c¢) correlate well with its mean half-life (3642 h)
in blood plasma®! The quantitative results were compared
with the determination of warfarin in the DBS cluates using
a ITHPLC-MS/MS method with statistically non-significant
differences. Details on the TTHPLC-MS/MS method and the

tal und in Tuble 53 in the SL, respeelively.

Conclusion

A powel concept of blood seli-sampling in the form of
DS, transport of the DS 1o a laboratory by mail, and fully
automated DRSS processingfanalysis is presenied, The pro-
posed concept rellects the actual analvtical trends. constitutes
a vonvenient ool for clinical analyses and may significantly
improve the comfort and life quality of involved subjects, It
climinates the need for frequent and regular visits 10 medical
centers and the painful phlebotomy usually associated with
standard clinical methods, Moreover, the results can be
corminunicated to the subjects by phone thus further reduce
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the travel expenditure to the minimum. Cther merits are the
less invasive capillary blood collection from a finger prick
with a single-use DBS self-sampling kit and the comfort of
blood sampling in a familiar environment at home. The DBS
lrunsporl o the laboralory can be accomplished by mail or
parcel delivery companics und the DBS is automaticully
anulveed in the laboratory with negligible stall intervention.
The DBES clution und subsequent on-line analvsis of the
cluate are performed using o single oll-the-shell CE insiru-
ment and the guantitative resull is oblained ulmost instantly
alter the DBS delivery o the laboratory,

The proposed analylicul concepl is exemplificd by DBS
sampling and analysis of warlarin and may open new herizons
for clindeal assavs requiring high-throoghput sample collee-
tonfanalvsis It is simple, cheap, rapid, robust, and aceuraic
and ensures exhaustive elution of the model analyvie Trom
DESs and sufficient sepsitvily for ifs determination al
therapentic levels, Moreover, the concept can be applied 1o
a wide range of clinically relevant compounds, which possess
similar characteristics as the model analyte and are thus
amenable o the at-home DRSS self-sampling with  the
subseguent automated CE analvsis, For compounds with
lower therapeutic levels, the actual concept can be extended
by tsing oo-capillary CL preconcentration techmigues or
selectivessensitive detectors,™ which will enable adequate
sensitivity for most TIM assavs ™

The proposed concept, therefore, provides a genaral
solution o personalized health monitoring  (endogenous
hlond constituents monitoring, chronic disease monitoring,
drug dosing optimization, TIM, etc.). and might propel
a shift from the actual sick-care to a prevention-hased
healtheare system. It also offers an clegant analytical tool
for critical (i.e. pandemic) situations, which require consid-
erably reduced personal contacts between the subjects and
the clinicians but maintain the need for frequent and repular
clinical blood testing,
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EXPERIMENTAL SECTION

Reagents, standard solutions, and lahoratory equipment

Analytical reagent prade chemicals were used for the experiments and deionized (DI) water
with resistivity higher than 18 M£-cm was used throughout. The stock solution of wartfarin
(1 mg/mlL) was prepared from an analytical standard (Sigma, Steinheim, Germany) by dilution
with methanol (MeOH, Lach-Ner, Neratovice, Czech Republic) and was stored at - 20 °C.
Standard solutions of warfarin were prepared duily by dissolving appropriate volumes of the
stock solution in DI water. Background electrolyte (BGE) solution for capillary electrophoresis
(CE) measurements was prepared daily [rom acetonitrile (ACN, Lach-Ner), DT water, and stock
solutions of 1 M acetic acid (HAc. Fluka, Buchs, Switzerland) and 1 M sodium acetate {NaHAc,
Sigma). The stock solutions were stored at a temperature of 4 °C in a refrigerator. LC/MS grade
solvenls for mohile phase preparation, ACN, DT water and lormic acid, were purchased from
Honeywell Burdick and Jackson (Seclze, Germany). Manual liquid handling procedures were
performed with adjustable micropipettes (2 20 puL, 20 200 pL and 200 1000 pL, Proline
Plus, Biohit, Helsinki, Finland). The agitation of snap-cap vials with DBS samples was done

with a Vibramax 110 (Heidolph Instruments GmbH, Schwabach, Germany) agitator.

Capillary electrophoresis

CE analyses were facilitated using an Agilent 7100 CE (Agilent Technologies) instrument at a
potential of + 23 kV applied at the injection side of a separation capillary. For manual DBS
elution and CE analysis, a shorl (P/N G7100-60033, Agilent Technologies) and a standard (P/N
G7100-60007) electrode were used at the injection and at the outlet side of the CE instrument,
respectively. The short clectrode was 5 mm shorter than the standard electrode. For CE-
automated DBS elution and analysis, both electrodes were short. Detection was performed

using an in-built UV-Vis diode array detector and warfarin was detected at 205 nm. Wartarin
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was previously detected at 200 nm) and 306 nm!? in CE, nevertheless, our measurements
showed UV-absorbance spectrum with a maximum at 205 nm. Detection wavelength
optimization was carried at 190 — 320 nm and the resulting signal-to-noise (5/N) ratios are

illustrated in Figure 81 and confirm our detection wavelength selection.

Figure S1. /N ratios for warfarin CE-UV determination at various detection wavelengths, CE
conditions: BGE solution, 30 mM HAc, 30 mM NaHAc and 30% ACN at pH 5.2; voltage, +

25 kV; injection, 55 mbar (5500 Pa) for 12 s; warfarin concentration 1 pg/mL.
250 —
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Separation capillary was a bare fused silica capillary (75 pm 1.d./3735 pm o.d., Ly = 45 cm and
Low = 36.8 cm) supplied by Polymicro Technologies (Phoenix, AZ, USA) and protruded by
10 and 12 mm [rom short CE electrodes on the inlet and outlet side, respectavely (see Figure

82A). Polyimide coating (2 mm) was bumed off on both capillary ends. As it is difficult to
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precisely measure the capillary lengths protruding from the electrodes inside the CE instrument,
setting up the correct lengths of the capillary ends can be most conveniently done by measuring
the lengths of the separation capillary exposed from the CE cartridee. For the inlet side. the
total exposed length was 52.5 mm and for the outlet side, the total exposed length was 54.5
mim, see Figure 52B.

CL separation of warfarin, blood interfercnces, and other standard acidic drugs was examined
in two different BGE solutions consisting of 30 mM acetate buffer with the addition of 30%
MeOH or 30% ACN (v/v). The optimum BGE solution for CE-UV determination of warfarin
consisted of 30 mM NaHAc, 30 mM HAc and 30% (v/v) ACN with an apparent pH 5.2.°1 In
this BGE solution, warfarn was baseline resolved [rom all blood interlerences as well as rom
ibuprofen, naproxen, ketoprofen, and diclofenac as the typical acidic drugs, which might
potentially interfere with the warfarin determination. Peak shapes were also considerably better
(sharp and symmetrical) resulting in a betler separation elliciency In comparison 0 the MeOH-
based BGE solution. Initial equilibration of a new capillary was carried out for 15 min each
with 100 mM NaOH, DI water, and BGE solution. At the beginning of each working day, the
capillary was (Tushed with 100 mM NaOH, DI water, and BGE solution lor 2 min each. Between
two consecutive CE analyses, the capillary was flushed with 100 mM NaOH (1 min}, DT water
(1.5 min), and BGE solution (2 min). At the end of cach working day, the capillary was flushed
with 100 mM NaOH, DI water, and air for 5§ min each. All [Tushing procedures were performed
at the pressure of 950 mbar (95000 Pa) and the capillary temperature was maintained at 25 *C,
Hydrodynamic injections were performed at 35 mbar (5500 Pa) for 12 s; these conditions
ensured best S/N ratios and number ol theoretical plates for injections of warlarin standard
solutions, The CE instrument was controlled, and analytical signals were acquired by

ChemStation CE software (Agilent Technologies).
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Figure S2. Separation capillary end lengths for the automated DBS elution and CE analysis.
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Ultra high performance liguid chromatography — mass spectrometry/mass spectrometry
(UHPLC-MS/MS)

Quantitative results of warfarin in real DBS samples were confirmed by UHPLC-MS/MS
determination of wartarin in the resulting eluates. An Agilent 1290 Infinity II UHPLC System
(Agilent Technologies, Palo Alto, CA, USA) coupled with electrospray ion source (EST) and
Agilent 6490 Triple Quadrupole mass spectrometry system was used for UHPLC-MS/MS
analyses.

UHPLC separations were performed using a Zorbax C18 Eclipse plus column, 3.0 = 50 mm;
1.8 um {Apilent Technologics, USA), heated at 40 "C. A mixture of 0.1% formic acid in DI
waler {A) and 0.1% [ormic acid in ACN (B) was used as the mobile phase. The Tow rale was
set at 0.4 mLfmin and the injection volume was 2 ul.. The gradient elution was carried out by
increasing percentage of ACN as follows: a lincar gradient from 20 to 80% B during 5.0 min
followed by elution at 80% B for 1.5 min. The column was then re-equilibrated 1o initial
conditions (20% B) for 1 min, The total run-time was 7.5 min. The retention time of warfarin
was 3.22 nuin.

Quantitative analysis was carried oul in a multiple reaction monitoring (MRM) mode using the
transition m/z 309.1 — 163 in positive ion mode. Other MRM transitions were used for
qualitative confirmation. The following MS parameters were fixed for all substances: gas
temperature: 250 °C; gas low: § Limin; nebulizer: 33 psi (227527 Pa); sheel gas lemperature:
400 *C: sheet gas flow: 12 Limin; capillary voltage: 3000 V; nozzle voltage: 300 - 600V,

A summary of precursor and product ions, collision enersics and fragmentor voltages is

presented in the [ollowing Table S1.
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Table $1. Sclected parameters of the MS/MS detection.

Precursor ion Product ion Collision energy Fragmentor
[m/z] [m/z] [¥] vl
309.1 163 12 91
309.1 251 24 a1
300.1 43.1 36 91
309.1 147 91 a1
307.1 161 20 125
307.1 250 24 25

Agpilent MassHunter software (version 10.0) was used for data acquisition and quantification of

the analysis results.

DBS collection

Capillary blood and DBSs were sampled by volunteers from the Institute of Analytical
Chemistry aller signing a writlen informed consent. The Tnstitute of Analytical Chemistry has
not an ethical committee. The rescarch was approved by the director of the Institute of
Analytical Chemistry and the leading scientists of the Departments at the Institute of Analytical
Chemistry. The DBS sample collection was carmied oul according o the Declaration of
Helsinki. Six volunteers (one of thenm being treated with warfarin) were piven a set of DBS

sampling kits (see Figure 83) and the Instructions for use (sce Figure 54).

57

128



DBS self-sampling kit details

Two photographs of the DBS self-sampling kit are depicted in Figure 83. The set contained a
sterile latex glove: A (Paul-Hartmann AG, Heidenheim, Germany), a disposable lancet: B
(Haemolance Plus Normal Flow, HTL Strefa, Ozorkdw, Poland), a dry cotton pad: C (Batist
Medical a.s., Cerveny Kostelec, Czech Republic), a disinfection pad soaked with isopropyl
alcohol: D (Van Qostveen Medical B.Y., Wilnis, The Netherlands), a glass snap-cap vial (2
mL): E with a polyurethane (PU) cap: F (Agilent Technologics, Waldbronn, Germany, P/N
5182-9697 and P/N 5181-1512), a DBS sampling disc: G (10 mm, inside the vial) pre-punched
from Whatman™ 903 Protein Saver sampling card (GE Healtheare Ltd, Cardiff, UK). a glass
capillary with plugs: H (20 pL, 30 mm, Keraglass a.s., Otvovice, Crech Republic), a bag with
desiceant: 1 (SPX Flow Technology, Florida, USAJ}, two plastic zip-lock bags: J (Ecofol s.r.o.,
Usti nad Labem, Czech Republic) with identification labels, and Instructions for usc (sec

Figure 54, all packed in an envelope: K.

Figure 83. Photographs of the packed and the exposed content of the DBS self-sampling kit
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Figure 84. Instructions for use for the DBS sampling kit.
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The entire analytical worktlow is schematically depicted in Fignre 1 and consists of the
following steps, which are detailed in chapters Kit for the DBS self-sampling and DBS collection
using the self-sampling kit. delivery 1o ihe laboratory and storage in the main manuscript.
Capillary blood was withdrawn from a finger prick into a glass capillary (Figure 1A) and was
gquantitatively dispensed onto a pre-punched sampling disc (Figure 1B and 1C). The DBS
sample and all components of the sampling kit were inserted in labelled zip-lock bags and
shipped to the laboratory (Figure 1D). In the laboratory, the snap-cap vial was closed (Figure
1E) and elution of the DBS sample was carried out manually or full y automatically by the CE
system (Fignre 1F). The resulting DBS cluates were quantitatively analysed by CE (Figure
1G). The collected DBS samples were stored in closed zip-lock bags with a desiccant at 4 °C

for up to three months.

Drug-free and warfarin-spiked DBS samples

Drug-free DBSs were formed by pricking a finger of a healthy volunteer, collecting 20 L of

capillary blood inlo a glass capillary, and spotting the blood sample onto a pre-punched
Whatman™ 903 DBS sampling disc in a snap-cap vial. The spot was dried up in the vial, which
was placed in a zip-lock bag with a desiccant, at ambient temperature/humidity for 3 h.

Spiking the blood sample with warlarin was realized by pipetting 5 pL of warlarin standard
solution into a 250 pL. PCR vial, subsequent pipetting of 95 pL of capillary blood into the PCR
vial and mixing the two liquids for 5 5. Four aliquots of the spiked blood were withdrawn with
20 uL glass capillanies, spotled onto pre-punched Whatman '™ 903 DBS sampling discs in snap-
cap vials and dried up at the above-reported conditions for 3 h. The four DBSs were prepared
in about &0 s, i.e. before the blood started to clot and disabled its free flow into/from the 20 uL
alass capillaries. The sampling procedure was identical to that described for the DBS sampling

kit in chapters Kit for the DBS self-sampling and DBS coflection using ihe self-sampling kit
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delivery to the laboratory and storage (in the main manuscript) except for the shipment to the

laboratory,

Precision and accuracy of the 20 pL glass capillaries

The volumes withdrawn with the capillaries were examined with DI water and capillary blood,
The capillarics were weighted before and after the withdrawal of the liquid samples and resulted
in excellent accuracy (withdrawn volume) and precision (RSD values). The determined
volumes (# = 3) were 20,10 + 0.17 uL and 1298 + 0.26 pl. for DI water and capillary blood,
respectively. Subsequently, the withdravwn liquid samples were transferred to pre-punched DBS
sampling dises [rom the capillaries and the transferred volumes were determined by weighting
the discs before and after the liquid transfers. The determined volumes (r = 5) were 19.30 £
0.33 pL and 19.76 £ 0.23 uL for DI water and capillary blood. respectively, and demonstrated

a complete transler of capillary blood o the sampling discs.

DBS drying hefore shipment to the laboratory

Although the rapid drying time using the desiccant in the zip-lock bag (3 h) might allow DBS
formation during the transport, a concept of in-transport drying of capillary blood was rejected
for two reasons. (1) Shipment of wet blood represents a biological hazard and would not be
approved by the authorities. (i) Wet blood samples shipment in different localities and seasons
might result in improper drving process and samples might arrive to the laboratory frozen or
wet if transported at freezing conditions. Such conditions are expected to be encountered during
winter time in many localities around the world and would spoil the samples. For these reasons,
the proposed concept involved the 3 h at-home drying time after capillary blood self-sampling,

which ensured complete blood drying up and DBS formation. It did not add a significant extra

512

133



time to the entire transfer process and provided safe handling of blood samples by the

mail/parcel delivery companies and the laboratory staff,

DBES elution

DBSs were eluted directly in the snap-cap vials with a specific volume of ACN and DI water.
To minimize manipulation with the DBS sample and to avoid possible contamination of the
DBS cluate, the Whatman™ 903 sampling disc was not removed from the vial afier the DBS
elution and the CE injection was performed directly from the free eluate above the disc. Two
different elution processes were developed and DBS eluates were used on the day of elution
only.

The manual elution process was performed by pipetting a given volume of ACN (80 — 400 pL)
into the snap-cap vial with the DBS, the vial was closed with a PU cap and agitated at 1000 rpm
for 1 min. Subsequently, a given volume ol DT water (20 — 100 pL) was added Lo the vial, the
vial was closed and agitated at 1000 rmpm for another 5 min, The final optimized elution volumes
were 80 uL of ACN and 20 uL of DI water (see chapter Elurion volume),

The Tully automated elution process was perlormed by loading the snap-cap vial with the DBS
into the CE autosampler carousel and transferring ACN and DI water to the vial by the CE
separation capillary. Using the optimized volumes, the vial was first filled with 80 pL of ACN
and air bubbled for 1 min, [ollowed by the addition of 20 pL of DT water with another air
bubbling for 3 min. All liguid transfers and bubbling with the air were carried out by the CE
internal pressurizing system and the procedure is detailed in chapter Awtomated DBY elution/CE

analysts n the main manuseript and visualized in Video 82,
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Figure 85. Optimization of the DBS drying time in a snap-cap vial at ambient
temperature/humidity with and without a desiccant, Manual elution was carried out with 400
1L of ACN followed by 100 pL of DI water at the agitation speed of 1000 rpm for 5 and 5 min,
respectively. CE conditions as for Figure 81; detection wavelength, 205 nm; warfarin

concentration, 25 pg'ml; # = 3.
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Figure 86. Optimization of DBS drying time in a snap-cap vial using a desiccant in the zip-
lock bag. CE conditions as for Figure S1; detection wavelength, 205 nm. Elution conditions as
for Figure 85; wartarin concentration, 25 po/mL; * — unknown matrix compound; EOF —

clectroosmotic flow.
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Manual DBS elution

DBS elution is usually carried out with DI water, organic solvents, or aqueous mixtures of
organic solvents.*! DBS clution with organic or partially organic solvents might be especially
use(ul when the matrix elfecls are Lo be suppressed and when the tlargel analyles are
hydrophobic compounds.!!! The spiked DBS samples (25 pg/mL of warfarin) were eluted with
three pure elution solvents (DI water, MeOH. and ACN) and various aqueous/organic mixiures.
The DBS elution process was frst exarmimed with 500 L of the pure solvents agitated at 1000
rpm for 10 min. Electropherograms of the three eluates are shown in Figure S7A. Deteriorated
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CE performance and no warfarin peak were observed for DBSs eluted with DI water due to the
co-glution of high molecular-weight blood matrix components and their adsorption to the
sgparation capillary wall. DBS elution with ACN climinated most blood components while
several trace components were detected in the MeOH-based eluates. Nevertheless, CE
measurements of the purely organic eluates revealed no warfarin (in ACN) and only poorly
detectable warfarin (in MeOH) due its hydrophilic and polar character. Thus, a two-step clution
process was examined in the following protocol using DBS elution with an organic solvent
(elimination of matrix components) followed by elution with DI water (warfarin release from
the DBS due to the increase of the eluate polarity).

Composition of the elution mixture

For the sequential elution, 400 pL of MeOH or ACN was pipetted into the snap-cap vial with
the DBS, the vial was closed and agitated at 1000 rpm for 5 min. Subsequently, 100 pL of DI
waler was added Lo the organic eluate, the vial was closed and agitated at 1000 rpm lor another
5 min, The ability of the two-step procedure to eliminate matrix interferences (proteins, red
blood cells, lipids, etc.) and to elute warfarin was characterized by CE analyses of the resulting
eluates. Reduced elution ol matrix components and improved elution ol warlarin were achieved
for the ACN:DI water mixture and electropherograms of the warfarin-spiked DBS samples

cluted with McOH:DI water and ACN:D] water are shown in Figure S7B.

Figure 87, Effect of elution solvent on elution of warfarin from DBS. CE conditions as for
Figure 81; detection wavelength, 205 nm. (A} Llution was carried out with 500 uL of a pure
solvent al the agitation speed of 1000 rpm for 10 min. (B) Elution was carried out with 400 gL
of MeOH or ACN followed by 100 uL. of DI water at the agitation speed of 1000 rpm for 5 and
3 min, respectively; warfarin concentration, 25 pg/mL; ¥ unknown matrix compound; EOF

electroosmotic Mow.
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The two-step elution process was further examined at different ACN:DI water ratios (1:1, 2:1.
3:1, 401, 5:1 and 6:1, w/v) to obtain optimum conditions for the warfarin elution from the DBS
samples. The resulting electropherograms are depicted in Figure S8, Elution of wartarin from
DBSs was inefticient for the high ACN content (3:1, 6:1, v/v, and pure ACN) while co-elution
of matrix components disabling warfarin determination was observed for the high DI water
content (1:1, w/v). The highest efficiency for warfarin clution. minimum co-clution of matrix
components, and optimal CE separation with best S/N ratio of warfarin were achieved with the

ACN:DI water ratio of 4:1 (v/v).
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Figure 88. Two-step elution of warfarin from DBS samples at different ACN:DI water ratios.
CE conditions as for Figure 81; detection wavelength, 205 nm. Elution was carried out with
different volumes of ACN and DI water at the specified ratios to achieve total elution volume
500 pL; agitation time, 5 mun each; agitation speed, 1000 rpm; warfarin concentration, 25

pegfml; * — unknown matrix compound; EOF — electroosmotic flow.
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Elution time

DBS elution time is one of the crucial parameters, which determine the duration of the entire
analvtical process. The two-step elution process was, therefore, optimized to achieve exhaustive
elution of warlarin from the DDBSs with the highest possible repeatability in the shorlest possible
time, The first step, blood matrix elimination, was examined by agitating the vial with the DBS
and 400 pL of ACN at 1000 rpm for 0, 1, 3, 5,7, and 10 min. After the ACN agitation, 100 pL
ol DI water was added 1o the vial, and warlarin was eluted by agitating the vial at 1000 rpm for

an additional 5 min. The 0 min ACN agitation time denotes pipetting DI water into the vial
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immediately after ACN. The resulting eluates were analysed by CE and the effect of ACN
agitation time on warfarin elution is depicted in Figure 2 (red trace) in the main manuseript.
ACN agitation time of 1 min was sufticient for an efficient DBS matrix elimination and longer
ACN agitation did not essentially affect warfarin content in the eluate. The second step,
warfarin elution with 100 ul of DI water, was optimized by agitating the ACN/DI water
mixture at 1000 rpm for 0 — 10 min (bluc trace in Figure 2) using the ACN agitation time of 1
min. The () min DI water agitation time denotes no agitation after DI water pipetting and
immediate analysis of the elution mixture by CE. At short agitation times, the elution of
warfarin was incomplete and the repeatability of the clution process was significantly
compromised (RSD: 42.1%., 22.1% and 7.6% for (0, 1. and 3 min, respectively). Exhaustive
elution of warfarin (99 — 100%) and improved repeatability (RS = 4.7%) were achieved for
agitation times 5 — 10 min. The optimized two-step DBS elution process was, therefore, realized
by ACN agitation for 1 min [ollowed by additon o DT waler/agitation ol the mixture for
another 5 min and resulted in an excellent elution efficiency (99 £ 4%).

FElution volume

Tmitially, DBSs were prepared by spotting 20 pl. of warfarin-spiked capillary blood onto the
sampling discs and these were eluted with 400:100 pl. of ACN:DI water. Warfarin
concentration in the spiked blood was 23 pg/mL to compensate for the 25-fold dilution during
DBS elution and o ensure clearly detectable analytical signals of warlarin for the CE-UV
analyses of the DBS eluates, Warfarin therapeutic range in blood is 1 — 3 pg/mL,'™ thus the
analvtical protocol required a further optimization to achieve sufficient CE-UV sensitivity at or
even helow the therapeutic concentrations.

The eluent volume was considered an important variable as the dilution factor directly

influences the method sensitivity in terms of warfarin hmit of detection/quantification

(LODVLOQ). The pre-punched 10 mm sampling disc with the DBS adsorbs approx. 30 gL of
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the eluent. The remaining eluent in the vial forms a free solution above the disc and is used for

the CE injection. The ratio ACN:DI water (4:1) was kept constant and the total eluent volume
was reduced to 400, 200, 100, 75, and 50 pL. The lowest volume, which ensured repeatable
DES elution and reliable injection of the resulting eluate into the CE system, was 100 pL,
corresponding to 5-fold dilution of the original capillary blood. The low dilution factor ensured

adequate sensitivity of the CE-UV method and Figure 89 depicts ¢lectropherograms of cluted

DBSs prepared from drug-free capillary blood and the same blood spiked with 1 pg/mL of

warfarin. A graphical scheme of the entire manual elution process is shown in Figure S10.

Figure 89. CE-UVY determination of wartarin in DBS cluate of drug-free and warfarin-spiked
capillary blood. CE conditions as for Figure 81; detection wavelength, 203 nm. Elution
conditions: ACN (80 pL, 1 mimn agitation) and DI water (20 pl, 5 mun agilation); agitation
speed, 1000 rpm; warfarin concentration, 1 pg/mL; * — unknown matrix compound; EOF —

clectroosmotic flow.
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Figure S10. A graphical scheme of the manual DBS elution  CE analysis process. A
Pipetting of 80 pL. of ACN, B — vial capping and transfer to the agitator, C — agitation at 1000
rpim for 1 min, D — transfer from the agitator, E — vial uncapping and pipetting of 20 pL of DI
water, F - vial capping and transfer to the agitator, G agitation at 1000 rpm for 5 min, H
transfer to the CE carousel, 1 — CE injection, ] — CE/UV separation. Manual steps (A, B, D, E,

I, H), automated steps (C, G, L 1.
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Figure §11. CE-UV determination of warfarin in eluates of fresh and aged DBSs. CE
conditions as for Figure S1; detection wavelength, 205 nm. Elution conditions: ACN (80 pL,
1 min agitation) and DI water (20 pL, 5 min agitation); agitation speed, 1000 rpm; warfarin
conceniration, | pg/mL; haematocrit level  medium; *  unknown matrix compound; EOF

electroosmotic flow,
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Total cost and time analysis

The cost estimates for the manual DBS elution followed by an automated CE-UV analysis and
the fully automated DBS elution/CE-UY analysis are based on the actual prices for the
products/services in Germany. Prices of reagents, solvents and consumables are from Sigma-
Aldrich webpage, labour costs are based on an average salary of a laboratory assistant and
clectricity costs are based on an average cost of one kWh in 2019, The costs are estimated for
the analysis of 96 DBS samples and are summarized in Table 82. DBSs are cluted with the
same volumes of elution solvents (ACN and DI water) for both procedures. The manual DBS
processing requires 192 micropipette tips for filling the 96 wials with ACN and DI water,
whereas only 5 tips are needed for filling the elution solvents into CE vials (or [urther handling
by the CE instrument. The total processing time per sample (90 s for manual (see Figure S10
for all manual steps) and 6 s for automated (just vial capping) analysis) requires 2.4 h of the
laboratory stalT labour for manual DBS processing vs. 10 min for the automated DBS
processingfanalysis, The costs of the flush (100 mM NaOH and DI water) and BGE solutions
for CE analyses are same for both procedures. With the sample throughput of 6 and 3 samples/h
[or the manual vs. the aulomated DBS analysis, respectively, the total CE operational time (i.e.
electricity consumption) for the analysis 926 DBS samples (including anal ysis of calibration and
quality control standards) will be 24 vs, 48 hours, respectively. Additional costs of the agitator
(required for the manual DBS elution) are not included in the estimation.

The sample throughput of the fully automated DBS elutionfanalysis is approximately 2-fold
lower than that of the manual DBS elution/analysis. However, the antomated method eliminates
all manual steps, can be performed fully autonomously in a 24h/7 days regime and the wotal cost
per sample is more than 7-fold lower as documented in Table 82. Besides, no external
instrumentation is required and operator-induced errors are avoided, which turther simplify and

streamline the entire analytical work Tow.
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Table 82. Total cost-analysis for the manual DBS elution followed by an automated CE-UV

analysis and the fully automated DBS elution/CE-UY analysis of 96 DBS samples,

Item Manual DBS processing Automated DBS processing
DBS solvents L5€ 1.5€
Consumables® BE 02€

Staff labour® 48 € 33¢€

CE solvents" I € I €

Electricity® [.2€ 24€
Total’ 59.7€ 8.4¢€

"8 mL of HPLC arade ACN and 2 mL of DI water (https://www.sigmaaldrich.com)

Y 192 vs. 5 micropipette tips for the manual vs. the antomated DBS processing
(hiips:/feww sigmaaldrich.com)

£ 2.4 hours vs. 10 min for the manual vs. the automated DBS processing

(20 €/hour: https:Hwww.stellenanzeigen.de/gehalt-vergleich/laborassistent-in/)

42 mL of 100 mM NaOH. 2 mL of DI water and 4 mL of BGE solution
(https:/fwww.sigmaaldrich.com)

24 hours vs. 48 hours CE operational time for the manual vs. the automated DBS processing
(0.3 €%Wh : hups://de.wikipedia.org/wiki/Strompreis: 4 KWhiday (PC + Agilent 7100 CE
data sheet))

"additional costs of the agitator (required for the manual DBS elution) are not included

Table 83. Quantitative resulls for warlarin determination in DBS samples ol a warlarin-trealed
subject using the fully automated DBS elutionfanalysis by CE-UV and the analysis of the

resulting eluate by UHPLC-MS/MS, n = 3; concentrations in pg/mL.

Sample CE-UY UHPLC-MS/MS
DBS 1 241 £0.15 232+ 005
DBS 2 246 £0.11 234004
DBS 3 1.62 £ 0.08 1.58 £0.03
DBS 4 0.45 £0.03 041 +£0.01
DBS 5 n.d. = LOQ

nd. notdetected
LOQ - limit ol quantification
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Detailed sequence for the tully automated DBS elution and CE-UV determination of warfarin.

The sequence is exported from Agilent 7100 CE ChemStation software.

Dats Fils @ CraChem32hlsDazarlenza-warfasinh2020-06-30 02-44-53 RS - LE -
lmz 1.D

Aog. Method: WaR OF W

The Acq. Melhod's InsLrument Faramelers Tor Lhe 30 warsa:
Vialtakle Information for Mothod:

Viald Used in Hearms

1 METHOD Waste
METHOD 0.1 ¥ HaaH
MEITRZD 01 water

) BGE flush

EBCE run Tnl
EGE run Qut
DI water
HETHOE Acelanitrlile
WMATHOD Vial with ths DRI
HMETHOD Empty wvial

S I S R N N

g

1
1

i

fesl

FZeplenizh Bxecution HMode: Herial
Maa? lactric: Yen

Cassette Tenpersturs
Casselle Tenperalure Mode: Tenperalure sl
Temparatire: shoi fo

Presszurs

Preszure Mode: o-r
Frassure: e

Inlet vial: &
outlet ¥Vizl: ki
Power: a0 W
Valtage: Zho0 KW
Currenl

Curranl: 120 pA
Current Loewer Limit Alarm Mode: oIt

Replenish Program
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Fraconditioning Program
Faramster

11 Outle 00
48 Cutlet: 20)
In 10 dullsi: 30
300s {Inlsl: 48 2ublsl: 300
G0s (Inlet: 2 Outlet: 1)
30s (Inlet: 3 Outlst: 1)
120z {Inlel: 5 Callel: 1)

Iosction vwial Outlest: 3)

ronditioning Frogram

Stop Tims
Stoptime Mode: Time s=t
Stoptime: 2,00 wir

Fost Tims
Posttime Mode: oIf

Timetakls

Parameter
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Video 81. A video demonstrating the DBS self-sampling. The video includes: (i) envelope
unpacking, (ii) removing the single components of the DBS self-sampling kit from the zip-lock
bags, (iii) preparation for capillary blood collection, (iv) capillary blood collection into the end-
to-end 20 pL glass capillary, (v) dispensing the collected blood onto the pre-punched DBS
sampling disc, (vi) disposal of the 20 pl. end-to-end glass capillary, (vii) packing the in-vial
DBS sampling disc spotted with blood into the “Sample” zip-lock bag with desiccant and vial
cap, (viii) packing the “Biological material” zip-lock bag, (ix) packing both zip-lock bags into

the envelope for shipment.

Yideo S2. A time-lapse video (selected procedures 10-times Taster) of the fully automated DBS
elution inside the Agilent 7100 CE instrument. The video includes: (i) loading the vial with the
DBS sample, (ii) filling the DBS sample vial with 80 pL ACN, (iii) loading the inlet vial with
air, {iv) bubbling the eluale with air for 60 5, (v) loading the inlet vial with DT water, (vi) filling
the DBS sample vial with 20 pl. DI water, (vii) loading the inlet vial with air, (viii) bubbling

the eluate with air for 300 s, (ix) loading CE operational vials.
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1. Introduction

The automation of analytical processes is an important quest for

Dircet analysis of complex samples is demonstrated by the at-line conpling of hollow tiber liquid-phase micro-
extraction (HE-LPME) tn capillary elecrrophorasis [CE). The hyphenation of the preparative and the analyrical
technigue Is achleved through a 30-printed mieroextraction device with an HI located in a sample vial of a
commercial CE instrument. The internal geometry of the device guides the CE separation capillary into the HF
and the CE injection of the HE-LPME extract is performed directly from the HF lumen. The 30-prindng process
ensures miform dimensions of the devices, their constant position inzide the sample vial, and axcellent
repentability of the TIF-LPME as well as the CUdnjection, The devices aee cheap (—0.01 €} and disposable, Qs
climinating any possible sample-carryover, morcover. the at-line CE analysis of the cxmrace is performed fully
automomnusly with no need for aperator’s intervention. The developed HE-LPMEACE-UUV methad is applied ro
the determination of acidle deugs in deied hleod spet and wastewater samples and s characterlzed hy excellent
repeatability (BSD, 0,6-0,6%1, lincarity (17, 0.9991-0,9909), enrichment (EF, 20-97), sensitivity (LOD, 0.2-3.4
pasL, end sample throughpue (7 samples/h). A further improvement of selected characteristics of the analytical
method is achieved by the at-line coupling of HE-LPME o capillary isotachophoresis {TTP) with electrospray
iomisativn-mass speciromelry (ESI-MSL The HE-LPMEATP-ESIEMS system Gacilitales enhanced selectivily,
matrix-froe analvtival signals, and up we 34-fold better sensidvity due o the use of ESI-MS detection and acddi-
tional an-capillary TP preconcentratinn of the HF-LPRMFE. extracts.

(8PE) [2]. Despite their distinet advantages, LLE and SPE also exhibit
abvicus limitatiens, sucl as high environmental impace, high costs, high
comsumption of samples/reagents, laborious processes, and low degree

many scientific areas including environmental and clinical analysis, In
some analytical processes, the automation can be readily implemented
because the sanples of Interest have simple matrices and can be injecred
directly with no or minimum sample trearment, Nevertheless, many
samples are highly complex, thelr matelx components may interfere with
subseqment analyrical methods, and & comprehensive sample treatment
is usually required belore analysis. Thus, the aulomated analysis of
complex samples necessitates full aucomation of the sample treatment
and the analytical procedire, moreover, it also requires a lool suitable
for the direct coupling of the two procedures.,

Complex samples can be processed by the traditional pretocstment
techniques of liquid-liquid exwaction (LLE] [ 1] or solid-phase exwaction

* Corrcsponding author.
Fepnail adidress: Kb

achen (P, Kuhai).

hitt dorg/ 10,1016 talanta, 2021, 123068

of automation. The incorporation of down-scaled extraction techniques
inte the analytical workflow has, therefore, artracted a great deal of
artention over the past two decades [3,4]. From these sample pretreat-
ment  technigques,  solid-phase  microextraction  (SPME)  [5] and
liquid-phase microextraction (LML) [5] have paved the way for the
application of new micro-preparative approaches in analytical chemis-
try [7,8]. The marriage of the new microexiraction lechnigues with the
subsequent analysis is more straightforward, moreover, it offers an
additional benefit in terms of beller suilability for the automation of the
sample treatment and analysis.

Amungst the plethora of varous LIPME scl-ups, single-drop micno-
extraction {SDME) and supported liguid membrane (SLI) extraction

Tecaived 4 Oc..mber 2021; Receivad in revised form 11 Movember 2021; Aceepred 13 Novembar 2021

Available nnling 15 Movemher 2021
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were comsidered attractive doe to theit ease of operation and suitability
for automation [5]. The velwmnes of the resulting extracts are in the pL
range and are thus comparable with injecton volumes in Tiguid chro-
matography (LC) and gas chwomatography (GC) as well as in
non-separation analytical technigques, The direct coupling of SDME or
S5LM extraction to those analytical techniques can, therelore, be ach-
ieved by transferring the entire extract into the injection system using a
syringe or a peris@allic pump [9.10]. However, SDME is a lwo-phase
extraction process |11,12], the resulting acceptor is uswally organic
and is compalille with GC only. Another drawback of SDME is the rather
lowr stability of the hanging drop in agitated sample solutions, which is
wven more compromised for comples samples [15]. The stability of the
organic phase can be improved by using pelvmeric support (e.g, porous
polypropylene (P1F)), which is impregnated with an organic solvent o
forn the SLM [6]. Besides, the use of the SLM enables a facile application
of a two-phase or a three-phase extraction process and the resulting
extracts are thus directly compatible with most analytical technigues,
including GG, LG, M5, and capillary electrophoresis (CF) [9,10].

The most prominent techuique exploiting the principles of SLM ex.
tractioms is hollow fiher-liquid phase microectraction (HE-LPME) [14],
which has become an established technique thanks to the simple
extraction principle, instromentation, and cheap/disposable consum-
ables. Nevertheless, although [IF-LPME olfers high Nexibility, excellent
sample ¢lean-up, high preconcentration power, and is supported hy
more than 20 years of research, subsequent analyvsis of the resulting
acceptor solution is mostly carried out off-line |15 17]. Antomation of
the entire analytical process was achicved by the coupling of HE-LPME
to flow through, LG, or GC technique and by transferring the entire
extract into the analylical system. However, such coupling necessitated
the application of external instrumentation, ie. flow injection or
seqpuential injection manifold, syringe pump, commercial autosampler,
and wanster lines, and was rather complex [2], In CE, the compatibility
hetween the typical injection volume and the volume of the HE-LPME
extract was achieved by reducing the excraction unit size [18] and
un-capillary meatment of the extract [19]. In arder to cnsure simple
transfer of the extract to the separation capillary, the HF-LPME/CE
coupling was almost exclusively  tealized  with lab-made CF in-
struments and required multiple manuval operations, HF-LPME/CE
automation was later achieved by a purpose-made modification of the
separation capillacy [20], The modilication procedure was rather deli-
cate, had compromised repeatabilicy, and was not suitable for com-
mercial CE with tubular electrodes. Moreowver, the same IIF was applied
for multiple HF-LPMEs and was prone to clogzing and sample
carry-over, especially  for extractions of dirly complex samples.
Recently, our group has intraduced a simple and cost-effective set-np for
al-line coupling of HF-LPME wo commercial CE lor the direct analysis of
body fluids, which addressed most of the above-mentioned drawbacks
[21]. The HE-LPME swas carried vut in g CH sample vial filled sith a body
tluid and che vial was fitted with a tailor-made disposable HE-LFME
device, which cnabled autonomous at-line CE injection of the extract
directly trom che HT lumen.

Despite the aumation of the HE-LPME/CE process, manual propa-
ration of IF holders and low selectivity/sensitivigy of CE-UV can be the
limiting factors for hroadening the application range of the technigque,
and an improved HT-LPME/ACE concept is presented in this conrribution.
A-printing technology was applicd for repeatable batch production of
IIF holders with delined dimensions resulting in the exact positioning of
the HF-LPME device inside the vial and excellent repeatahility of the
hyphenated [IF-LEMLE/CE analytical process. Benelits of the autonoe-
mous HF-LPMFE/CF have heen demonstrated by monitoring concencra-
tens of orally administered acidic drugs in dred blood spol (DBS)
samples, The minimally invasive collection of DBSs and the batch-wise
DBS pretrealmenlsanalysis have enabled blood sampling at a high [re-
quency and reduced the DBS analysis time, and the proposed concept
might thus be highly attractive for high-resolution pharmacokinetic
analyses. Moreowver, it has been shown thart the proposed concept is also
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suitahle for the direct analysis of samples with highly complex matrices
and with trace concentrations of target analyses, This was achieved by
the at-line injection of HF-LEME extracts of wastewater oo CF operated
in a [ree-acid isotachophoresis (ITP) mode coupled to electrospray
iomization-mass spectrometric (FS1-MS) detection. The HF-LPME/TTP-
LSI-MS coupling enabled excellent selectivity and macrix-lree analyl-
ieal signals due to the HF-LPME clean-up and the nse of the FSI-MS
detection, and improved sensitivily due o he synergislic preconeen-
tration effect of HF-LPME and on-capillary ITP.

2. Experimental
2. 1. Reagents, standard solutions, and real samples

Analytical reagent grade chemicals and deicnized (DI) water with
resistivity higher than 18 M4 om were nsed for the experiments, Stock
solutions of warlarin, ibupeolen, naproxen, ketoprofen, and diclofenac
(Sigma, Steinheim, Germany) were prepared by dissolving 1 mg of the
drug in 1 ml of methanol {Lach-Ner, Neratovice, Ceech Republic) and
were stored in a deep-freezer at — 20 “C, Standard solutions for CE an-
alyses of the drugs were prepared by diluting stock solutions of the drugs
with DI warter or NaOH solutions, Steck selutions of 1 M HCL, 1 M NaQH,
and 1 3 MaCl were prepared by dissolving concentrated HCL NaQH
pellecs. and crvstalline NaCl (all Lach-Mer) in DI water. Aeceptor solu
tioms for HE-LPMES woere prepared by diluting the: NaOH stock solulion
with DI water and donor solutions were prepared by diluting stock so
Tutions of the drugs, HCL, and NaClwith D1 water, Organic solvents for
SLM impregnation were dihewyl ether (DHE, 97%, Sigma), 4-nitrocu
mene (4-NC, = 98%, Tokyo Chemical Industry, Tokyo, Japan), 1-
ethyl-2-nicrobenzene (ENG, = 98%), 2-nitrophenyl octyl ether (NPOEL.
G T-ootanol (U900}, T-nonanel (=99, all Fluka, Buchs,
Switzerland) and various mixrures of the sclvents, Backgreund electro-
Iyte (BGE) salutions for CE-UV were made from srock solutions of 500
b aeetic acid and 500 md sodiwn acetate (prepared Irom the corre-
sponding chemicals, Fluka and Sigma), acetonitrile (Lach-Ner), and D1
witer. Leading and terminating electrolyte solutions for ITP-ESI-MS
were made by diluting stock solutions of 100 mM formic acid and
100 M propionic acid {prepared from the corresponding acids, Sigma)
with DI water.

DBS samples were formed by spolting 22 pLoof capillary bleed rom a
finger prick onto Whatman™ 903 Protein Saver (GE Healthcare Lud,
Cardiff, UK) sampling card and by drying the spots al laboratery wm-
perature for 3 h, For spiked DBS samples, 22 pL of capillary blood was
mixed with 1 pLoof a stamdard druy solution inoa PCR microvial (250 pl)
and 22 pL of the mixture was transterred to the sampling card. Capillary
Dlamwd samples wore donated by volunteers al the Institale of Analviical
Chemistey after signing written informed consent. The sampling cards
with the IDBSs were stored in zip-lock plastic bags with a desiceant (in a
refrigerator ac 4 “C) for up to three months, Wastewater samples were
callected n August 2020 and February 2021 ar the municipal waste-
waler treatment station (Greno-Modfice, Czech Republic), were deep-
frozen immediately after collection and stored ar — 20 “C for up
three months.

2.2 Capillary electrophoresis

Separation, detection, and quancdfication of the acidic drugs were
varriced out nsing a 7108 CF instrument (Agilent Technologies, Wald-
bronn, Germany) equipped with a UV-Vis diode array detector and an
ESI-MS (6130 single quadrupole, Agilent Technologies) detectar, BGE
solution for CE-UV consisted of 30 mbl sodinm acetate, 30 mb acetic
acid, and 30% {v/v) acetomitrile with apparent pH 5.2 [22] and was
prepared daily. The separation voltage was | 25 kV and was applied to
the injection end of a fused silica separation capillary (75 pm i.d. 375
pm o.d., Ly = 45 cm and L.y = 36.8 cm) supplied by Poly
nologies (Phoenix, AZ, USA), The capillary temperature was maintained
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at 25 ~C. Standard and acceptor solutions wene injected hydrodynami-
cally at 50 mbar for 5 s. Analvtical signals were monitored at 200, 214,
and 226 nm,

Free-acid ITP-ESI-MS of acidic drugs was reported earlier [23] and
was carried out in 10 mM formic acid as the leading electrolyte and 10
mM proplonic acid as the terminating electrolvre. The electrolytes were
prepared daily, A separation voltage of - 20 kW was applied to the in-
Jjeetlon end of a fused silica separation capillary (100 pm L.d. /375 pm o
d., Lygs = Lo = 100 cm, Polymicre Technologies) with the additional
pressure of — 10 mbar (o compensate for the ESI sucton. The capillary
temperatiure was maintained at 20 “C. Standard and acceptor solutions
were injected hydrodynamically at 50 mbar for 30 s, The CE-MS
coupling was done via ESI using a CE-ESI-MS spraver kit (Agilent
Technolegies, GLe07A). A coaxial sheath ligoid flow, compsed of 1%
[¥/¥) acetic acid in 50% (v/v) methanol, was employed dwing the
ITP-ESI-MS analyses. It was supplied via splitter by using a 1200 series
isocratic pump (Agilent Technologies) at a flow rate of 8 pL/min, The MS
detector was operated in selected fon monitoring (SIM) mode using the
following operation parameters: capillary voltage, 3500 V negative;
nehulizer pressure, 10 psi; drying gas flow, 10 L/ming drying gas tem-
perature, 200 “C. Fragmentor values of 130 and 150 were emploved tfor
M5 detection atm,/z 205, 229, 253, and m/z 250, respectively, Details on
caplllary equilibration precedures and capillary Qushing berween ana-
Ivses for CE-UV and ITP-ESI-MS modes can he found in the Supple-
mentary Data, The CE and MS instruments were controlled and data
acquisition was performed by the ChemStation CE software (Agilent
Technalogies).

2.3 Hollow fiber lquid-phase microextroction

HF-LFME was carried oul with a 3D-printed holder and a HF
evtraction unit. The holder (see Fig. 1 A for details) was 3D-printed by a
Phaton Mona printer (Anycubic Technolagy Coo Lid., Shenehen, PRC)
using the photopolymerization principle via LCD-based stereo-lithog-
raphy initiaved by UV light at 405 nm. A clear 3D-printing UY scosidve
vesin (Basic, UV wavelength 405 nm) was purchased from Anycubic
Technology Co. Lid. The extraction unit (9.5 mm long) was cut from a
porous pelypropylene HT (Accurel PP 300/1200, Membrana, Wupper-
tal, Germany, wall thickness = 300 pm; 1.d. = 1200 pm; pare size = 0.2
pim) and was elosed at the boctom by meehanical pressure and sealed by
heat [21]. The resulting extraction unit was stretched over the narmow
end of the holder to orin a disposable IIF-LPME device (Fig. LB, which
was used for ane extraction only. Resin consumption per holder was

A By &0mm B
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1.0 mm
CE vial
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£
-
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R 03 i
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Fig. 1. A - Scheme and dimensions of the 30-printed holder, B —scheme of the
3D-printed holder with an attached HF. C - scheme of the 30-printed holder
with the HF inside the CF vial depicring the rubular elecrrode and the separa-
tiom eaplllary of the CE Instewment,
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(L15 ml. and the total cost of the complete HE-LPME device was ~(007 €.
We are also confident that with slight modifications, the proposed
HF-LPME device might be applied to other analytical techniques, such ag
LC or GC, and broaden the application range of this concept.

The HF-LPME was performed according te the following steps. (i) A
alass CL vial (Agilent Technologies, P/N 5182-9697) was [llled with
550 plL of a donor salution. (i) The HF of the HF-LPME device was
impregnated with an organic solvent for 10 s and excess of the solvent
was wiped off by a lint-free tissue. (iii) The lumen of the HF was filled
wilh 5 pL of an acceplor solution by a 10 pL Hamilton syringe with a at
tip. (iv) The resulting HF-LPME device was inserted into the glass CE vial
with the donor solutdon and the vial was closed with a polvarethane cap
(Agilent Technologies, P/N 5181-1512). (v} The vial was placed in a vial
holder (Agilent Technologics, AN 9301-0722) secured to Vibramax
1040 agitator (Heidolph Instruments GmbH, Selnwabach, Germany) and
the HF-LPMHE was inftated. Up to 50 samples were extracted simulta-
neously by agitation at 900 rpm for 30 min.

DBS samples were processed by punching out a 10 mm dise (con-
taining the entire DBS] from the DBS sampling card and inserting the
dise on the hattom of the glass CE vial. The vial was then filled with 550
pL of DBS eluent, completed with the HE-LPME device, closed with the
cap, and extracted according to steps (i) — (v) described in the previons
paragraph. The elution of dried caplllary blood [rom the DBES and IIE-
LPMF. of analytes from the DRS eluate took place simultaneously dur-
ing the vial agication. The vial with the excracted DBS was transferred to
CE autosampler after HF-LPME and the acceptor solution was injected
direetly from the HE lumen. The eluate and the DBS dise were retained in
the vial during CE injection. HF-LPME of wastewater was realized by
pipetting 550 pl of wastewater into the glass vial (step (i) and by
proceeding with steps (ii) — (v) reported in the previous paragraph.

2.4, Calculntions

Extraction recovery (ER) and enrichment factor {EF) values were
valenlated according to Ref. [21] and comesponding oquations are
detailed in the Supplementary Data.

3. Results and discussion
3.1, CE a-line coupled o IIF-LEME

The CL set-up was optimized for the acline injecton of the pre-
treated complex sample directly from the HF-LPME device according to
the requirements specified in our previous publication [21]. A short
tubunlar electrode (Agilent Technologies, P/N G7100-60033) was
installed at the injection side of the CE instriiment and the separation
capillary was pushed 8 mm out of the electrode. The novel 3D-printed
HF halder ensured excellent repeatability of the HE posidon inside the
CE vial and thus also excellent injection performance. The upper part of
the holder was printed with a thin rim, which sat on the glass CE vial
orifice and ensured constant height of the holder and thus of the HF
inside the vial. The conieal shape of the helder guided the electrode inte
the holder and the separation capillary into the HT lunen. During in-
jection, approx. 3 mm of the separation capillary were immersed in the
acceptor solution inside the HF and ar least 3 consecutive CE injections
could be performed from one HE-LPME device. & scheme of the
IIF-LFME device during CE injection is visualized in Fig. 1C. A standard
solution of the five acidic drugs (10 mg1) in 10 mM NaOH was used for
the subsequent repeatability measurements. The repeacability of three
consecutive injections from twenty unique HF-LPME devices was =4.9%
(RED, n = 607 and was comparable Lo injection repealability from
twenty glass GF vials filled with 600 pL of the standard solution (RSD
4.3, n = 60,

152



B, Mk et il
A2 HE-LPME optimization

Initial HE-LPME performance was investigated with a donor solution
containing 250 pgL ol the acidic drugs, 10 mb I1C], and 130 mb NaCl
Acidie domor conditions were selected to promote the dgs” transfer {in
neutral Torm) to the SLM and NaCl was included to simulate the con-
ditions for HF-LPMEs of real samples. On the opposite side of the STM,
the transferred drugs were ionized and released inlo an alkaline aceeplor
solution consisting of 10 mb NaOH. The HF-LPME process was accel-
crated by agilation at 750 rpm for 10 min. Each variable aflecting the
HF-LPME performance was then comprehensively investigated using a
une-at-the-time approach w achiove the most efficient and interference-
tree extraction of the drugs,

The mast impoertant variable for the HE-LPME sclectivily and effi-
ciency is the SLM composition. Six various solvents were used for the
SLM impregnation and the resulting KR values are depicted i Fig 57 n
the Supplementary Data. In the firse set of experiments, pure EMB,
NPOF, T-pctanol, T-nonanol, 4-NC, and DHE were examimed. Best
extraction efficiencies (ER. - 35-48%) were achieved for DHE and 4-NC.
Hven hetter efficiencies (FR = 40-60%) were achieved in the second set
of experiments for mixed SLM solvents (DHEEND (1:1 v %) and DHE:4-
NC (1:1 w/v)). However, 5LMs containing nitrated arganic solwvents
resulted In the transler of waces of unknown compounds (eom the sol-
vents into the acceptor salutions, which interfered with the CF-UV
determination of some drugs, The interferences observed for the most
efficient SLIV (DHE:4-MC (1:1 v/v)) are depicted in Figz. 52 in the Sup-
plementary Dala and disabled proper quanbfication of didofenac.
Because this work aimed at the simultanesus HE-LPME of the entire
group of model acidic drugs, DHE was selected axs the SLM solvenl for all
subsequent experiments. Nevertheless, specific mixed-solvent SLMs
might b proferred if more efficient extractons of pardealar analvies
{which are not aftected by the observed interferences, or the in
terferences are eliminated by the selective MS deteotion) are desirable

The HF-LPME selectivity and efficiency are also influenced by the
compasition of the domor and the acceptor solution. Ar the beginning of
the HF-LPME process, analytes are transferred from the denor solution
ta the SLM. This is achieved by converting the analytes of interest into
their neutral forms. The target acidic drugs have pl; values —4-5
(herpssfgo dmghanl comydmgss, last accessed on Seprember 15th,
2021), are neurral at acidic conditions, and various doner selutions were
thus tested without and with the addition of HCI (0-100 mW). Addi-
tenally, 150 mA NaCl was always added to the donor soluton, The
acceptor was a 10 mM MNaOH solution to promote the release of the
largel analyies from the SLM. ER data are presented in Fig 53 in the
Supplementary Data. The donor solution with no additon of HCI
exhilited poor extraclion performance because the analyles were mostly
ionized at the near-neutral conditions (pH - 6.4) and were not ateracted
by the SLM. The increased donor acidity eliminated analyles” ionization,
improved the extraction performance, and resulted in ER values 38 48%
for 25 mM HCL A further improvement of ER values was abserved for 50
M HCL nevertleless, it was not significant fexcept ibuprofen) and was
aceompanded Ty o slivht reduction in repeatabilicy (see the ereor bars),
Aecepror solution was examined at 0-50 mM NaQH concentrations and
the resulting FR values are presented in Figo 54 in the Supplementary
Data. Analytes were not efficiently released from the SLAM at the near-
neutral scceptor conditions {1 water only) and the hest ER valoes
were achieved lor 10 and 25 mM NaOIl acceptor solutions. A slight
recuction of ER values and a significant broadening of CE-UY signals of
the drugs were abserved [or 20 mM NaOIL The latter resulted [rom the
mismarch between the extract and the BGE conduetivity [21] and was
party abserved also for 25 mAM NaOQH. Based on the above experiments,
the most svitable donor and acceptor solutions for the HE-LPME of the
live acidic drugs were 25 mM HC and 10 mM NaOH, respectively.

The HF-LPME efficiency is also directly related to the availabiligy of
largel analyles at the phase interface between the agqueous and the
organic solution and agitation has a significant effert on the ER values.
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At no or too low agitation, the analytes” renewal at the phase interface is
not efficient and at too high agitation, donor solution might not properly
vamtact the HF due to the pronouneed vorces in the vial [21]. Agitation
time was [ncreased to 30 min o ensure a sulliciently long extraction
process and agitation speed was examined in the 600-1200 rpm tange,
Dest extraction elliciencies (ER — 70-87%) lor the actual IIF-LPME
ser-up were achieved at 900 rpm and the ER data for all examined
agitalion speeds are shown in Fig 55 in the Supplementary Dala.

Fxtraction time plays a crucial role in HF-LPME because the svstem
should ideally reach the equilibrium state before the HE-LFME can be
terminated, Extraction time was examined for O 30 min and corre-
sponding curves demonstraling ER values at different extraction times
are shown in Fiz 2. Ibuprefen, ketoprofen and diclofenac reached
cquilibrium afier 15 min of extraction, nevertheless, further increase of
ER was ohserved for warfarin and naproxen up to 30 min, Repeatability
of the extraction process improved with time as s evidenced by the
lowest standard deviation values for the 30 min extraction time. Since
multiple samples were extracted simultaneously (Chaprer 3.4.), the
sample pretreatment time was not the limiting factor of the analytical
procedure: and an extraction time of 30 min was 3
quent experiments.

wtend for all su

3.3, Suitatility for HF-LPME/CE of multiple samples

HF-LPMEs were carried out in a multiple-well plate format, which
enabled simultaneaus pretreatment of up to 50 samples. The CE auto-
sampler carousel can acconunodate 50 vials, however, several auto-
sampler positions have to be reserved for BGFE solutions, CE flushing
solutions, and CE calibration standards. Thus, the adlosampler offers
approx. 40 pogitions, which can be loaded with sample wials for
aulenomous CE analyses. Forty standard doner selutions (spiked with
100 padL of the five acidic drugs) were simultaneously extracted at the
previously optimized HE-LPME conditions and the stability of the ach-
ieved exmaction equilibrinm was examined. In a cypical HF-LPME
cyuilibriom, acidic drogs transferred o the alkaline acoeplor solulion
are negatively charged, do not partition into the SLM again, and their
acceplor concentrativms should remain fairly stable. The 40 sample vials
with the extracted donor solutions were loaded into the CE autosampler
amd a sequence was ser up for autonomeus CH analyses of the resultng
extracts. The concentrations determined for the five acidic drugs in the
aceeptor solutions are depicted in Fig 56 in the Supplementary Data,
Injections 13, 27, and 29 failed and ne analytical signals were recorded
for the dmgs. We assume that an air bubhle was formed inside the HF
luimen during manual [ling with acceptor solution o the asceptor $0-
Intion lewvel has lowered during the HE-LPME resulting in no acceptor
injection into the separation capillary. The remaining 37 injections were

100 =
o r Z -
# 80 r _a__..§-—_-4
&= =="-¢ —
g ’ [
g 60
a
2
5 40 - ihuprofen
§ —— dicipfenac
= . nAproxen
§ 0 ; Ketoprofen

wiarkarin

0 _LI' T I I T I 1
o 5 o 15 20 25 30
axlraction Hmse (min)

Fig, 2. Effect of exiraction time on the HE-LPME of mudel acidic drogs. HE-
LPME conditions: SLM, DHE: aceeptor, 5 pL of 10 mb NaOH; donor, 550 pL
of the five acidic dmgs (250 pg10 in 25 mi HC and 1500 mM Mall; agiratinn
speed, Q00 pg -
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evaluated and repeatability of the HF-LPMEACH-UY procedure was
caleulated for the five acidic drugs. RSD wvalues ranged from 6.3%
(ibuprofen) to 4.4% {(warfarin) and confirmed the stability of the
extraction equilibria and sultability of the proposed approach loc the
antonomous harch-wise analyses of acidic drigs in complex samples.
The total time for the preparation (assembling the [IF-LPME devices,
pipetting donor solutions, impregnating 51Ms, and filling with aceeptor
solutons) of the 40 sample vials was B0 min, exlraction Ume was 30 min
and CE analyses of the 40 samples took 240 min, offering a sample
throughput of approx. 7 samples/h.

3.4, Anclytical parameters

The analvbical paramcters were determined for donor solations
consisting of 25 mM HCl, 150 mM NaCl and warious concentrations of
the five acidie drugs. For validation purposes, nao concentration levels
of the drugs (10 and 100 pg L) were selected, The accepror solution was
10 mM NaOH, the 816 solvent was DHF, and the HE-LPME was carried
oUC ar A0 rpm for 30 min. Linearity was measured in the 5-250 pg/L
calibration rangewith 7 calibration points, All analytical parameters are
suinnarized in Table L. ER values ranged from 64 to B9%, which cor-
responded to FFs of 71-97. The repeatahility of the analytical process,
which combines the repeatability ol both [[F-LPML and CE-UV tech-
nigques, was excellent with RSD values below 6,0%, Calibration curves
were linear in the entire calibration range with coelficienls of delermi-
nation better than 0,9991, Limits of detection (LODs) were defined as
analylical signals three times higher than backsround noise and ranged
from 0.2 to 1.2 pgs/L. HF-LPME/CE-UV analyses of a donor blank (25
md HCL, 150 mM NaCl, no drogs) and three donor solulions afler the
addirion of 5, 10, and 50 pg/L of the acidic drugs to the blank ave
depicted in Fig. 57 in the Supplementary Data.

3.5 DHrect DBS analysis

Typical therapeutic concentrations of the five acidic drogs in hlood
samples range (rom 0.5 to 100 mg/L [24]. In the [ollowing experiments,
drug-free DBS samples, spiked DBS samples, and DBS samples after oral
administeation of ibupealen and naproxen were analyzed. Conventional
NRS processing results in a considerable blood dilution (repically 10 to
100-fold) and drug concentrations in the DBS eluates might be oo low
far their determination by standard analytical techniques. Moreowver,
even the diluled blood matrix might e detrimencal w the analytical
process, In the proposed HF-LPME procedure, DBES elution, sample
clean-up, and analyle preconcentralion are achieved simullancously
since as soon as hlood elutes from the DBS, blood components are
released inte the eluale and can partition inlo the SLA.

Two aspects, which differ from the HF-LPME of liquid donor solu
tions, were considered for DBS analyses: (1) the effect of blood baffering
capacity on eluate pH and consequently on HE-LPME efficiency and (i)

Tahle 1
Analytical parameters of the LIF-LEME al-line coupled e CLE for the delermi-
nation of acidic drugs in physiological solutions.
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the effect of extraction time on HE-LPME efficiency due to the need for
the elution of analytes from the DBS before HI-LPME,

Drug-free capillary blood was spiked with 1700 pg AL of the five acidic
drugs and the resulting DBESs were eluted with DI water and 10-100 mM
HE1 as elution solutions, ER values are depicted in Fig. 58 in the Sup-
plementary Data and demonstrate no IIF-LPME at physiological eondi-
tioms {[VBSs eluted with DT water) and comparable extraction efficiencies
at all acidic condilions. The acidic drugs were fully ionized al physio-
logical conditions, did not partition into the SLM and acidic elution
solvenls were mandalory. The extraction tme was examined between 5
and 30 min and the results were consistent with those reported earlier
for standard solutions. ER values reached nearly a platean after 15-20
min agitation and a slight increase of ER values was further achieved for
warfarin and naproxen at 30 min. These results demonsirate that the
elution of the dried blood has not affected the speed of the HF-LPME
process. The analytes were gradoally released from the DBS o the
eluate. nentralized at acidic conditions, and transterred through the SLM
to the acceptor solution. Based on the above-ohtained data, DRSs woere
eluted with 25 mP HCl by agitation at 900 rpm for 30 min in all sub-
S('.[Il](‘.'n‘ (‘.Kl'l“.l'i'l'l'l[!'l'l =,

WValidation of the HI-LPMEACE-UV method for the determination of
the five acidic drugs in DRS samples is summarized in Table 2, Most
parameters show comparable data to those [or standard selutions. TR
values (49-70%) are slightly lower and can be explained by the in-
teractions of the drugs with the blood matrix because all five acidic
drugs exhibit =99% drug-protein binding [25] and were spiked directly
into raw capillary blood. EFs ranged nom 54 o 77 and BSD values were
helow 5.2%. Linearity measurements were carried out in the 10 250
e L calibration range, the calibration curves had 6 calibration poinis
and coefticients of determination were better than 0.9991. LODs were
between (L3 and 1.7 pu/L. Representative clectropherograms of a blank
DES (formed by spotting drug-free capillary blood) and spilied DBSs
(spotted after spiking the same drug-free capillary Blood with 10, 25,
and 50 pg/L of the drugs) analyzed by the HF-LPME/CE-UV method are
depictedd i Figo 5. Major blood interferents (such as salts, proteins,
phospholipids, and other macromolecular compounds) were etficiently
climinated by the HE-LPME as was evidenced by the analytical signals of
the blank DBS sample. A few blood matrix compounds were co-extracted
into the acceptar solition and detected, nevertheless, they were baseline
separated from the target analytes, their concentrations were minimal
and did not interfere with the determination of target analyres,

The method LODs were sultable for the determination of all acidic
drugs in blood samples and repeatability conformed with the re-
quirements for the bioanalytical method validation Chicps: e [,
lownload, last accessed on September 15th, 2021).
The presented set-up used only 22 pl. of capillary blood per sample and
DESs could be collected at virtually any interval because DES callection
reguired no phlebotomy andser cannula insertion. ‘The developed HE-
LPME/CE-UV method was examined for the determination of

gov media/ Tl

Table 2
Analytical parmuneters of the DE-LEME a-line coupled o CF for the decermi-
nation of acidic drogs in DBS samples.

Parameler Warlarin  Thuprolen  Maprosen  Kelepeolen  Diclolese
FR 1%, 10 pas (8] BRG E7A TN BN
L
FF ka K- 74 B6.0 TN a5
RED [, 100 5.1 &0 5.3 3.6 4.1
bl
ER 0¥, 100 TO.E 545 E4.1 &l BOLF
I
EF e Al 3.5 T L]
RALH(], 100 11 la A6 14 ]
_|.|p'[.
R* N5 {9991 09933 09995 0.9992
LOD [T 0. na n.z LA 1.2
TOG (a1 1.9 1.1 nw 21 R

Parametes Warlarin  Touprolen  Naproxen  Mewprofen  Diclolanac

FR (30, W0pgs 488 6.5 Gan 9.0 6.0
I

g 537 75.4 5a.2 5.9 TAE

), 10 2.9 a5 52 18 Az

il

ER (%), 100 w0 69.0 646 696 64.0
pgAL

EF 538 V5.9 718 Fo.5 V0.4

RS0 {54, 100 a0 6.2 15 [R5 La
7l

R 0.9999 0.9991 00597 05997 0.9991

10T {1 na 0.5 %] 1% 17

10 (T 2.9 1.5 1.0 2.4 5.5
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Fig. 8. At-line coupling of HF-LPME to CE-UV for the direct determination of
miodel aeldic deugs n DBES samples ar (A) 200 nm, (B} 214 s and (C) 226 nm,
HF-LPME condilions: SLM, DHE; svceptor, 5 pLoof 10 mM NaOH; dunor, DBESs
elured with 550 pL of 25 mi{ HCL; agitation speed, 200 rpm; extraction time,
30 min. CF conditions: BGE solution, 30mM sodium acetate, 30 mM acetic acid
and 304 (v/v} acetonileile al apparent pll 5.2 sepamtion vollage, 25 kv,
injection, 50 mbar for 5 55 detection wavelengths, 200, 214, and 226 nm; peak
deseriprion, I — warfarin, 2 - fhuprofen, 3 - naproxen, 4 - keroprofen, 5
dlelofenac,
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ibuprofen and naproxen in DBSs after oral administration of Thalgin 400
(400 mg of ibuprofen) and Nalgesin S {275 mg of naproxen)} tablets,
respectively, For the determination of ibuprofen, DRS samples were
collected at @, 15, 30, 45, 60, 75, 90, 105, 120, 150, 180, 210, 270, and
1440 min after the drug administration due to a rapid action of the drug
and Its short hall-life (ty,z — 0.9-2.5 h) [24]. Due to a longer by of
naprosen (9-22 h) [24], DBS samples for the determination of naproxen
were collecled at 0, 30, 60, 90, 120, 150, 180, 240, 300, 360, 420, 600,
1080, and 1440 min after the drug administration. The resulting curves
demonsirating the drug concentrations ai different times alter admin-
istration are depicted in Fig, 59 in the Supplementary Data. Maximum
cancentrations (ibuprofen, gy, = 27.5 mg/L and naproxen, cg,, = 26
mg/L) were determined for DESs collected 75 and 150 min {ty, ) after
the druy administration and were within the therapeoutc concentration
ranges reported earlier |24]. The resulting electropherograms showing
the direct analyses of DESs hefore (t) and after the drug administration
(tuax At their ¢,.,) are depicted in Fiz, 4. The drug concentrations fol-
lowed their predicted t),2 in a human body. Thuprofen concentration
wits reduced to 5.4 mg/L at 270 min and ibuprofen was fully eliminated
at 1440 min. Naproxen concentrations were reduced to 14.4 and 7.0
mg L at 600 and 1440 min, respectively.

0.05A.U. ibuprofen A

migration time {min)

naproxen ‘ B

I

2 3 4
migration time {min)

Fig. 4. Direct HF-LFME/CE-UV determination of ibuprofen (A) and napruxen

(B} in DBSs collected at by and tyy, after oral administration of the two drogs.

HF-LPMEACE-UY eonditions as far 1z, 5 derecrion wavelengrth was 200 nm for
Ibuprofen and 226 nm for naproxen,
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3.0, DHrect wastewaber analysis

Congentrations of avidic drugs in wastewater vary significantly and
can be as high as several thousand pg/L [26]. Nevertheless, they are
typically present at trace concentrations in wastewaters (ng/L to low
pesL range) [27] and their determination in untreated samples is tather
difficult by most analytical methods due to the sample complexity and
method sensitivily issies.

The four most abundant acidic drugs, ibuprofen, naproxen, keto-
profen, and diclofenac, were selected for the actual study because they
are regularly controlled by authorities in wastewater and are among the
emerging water pollutants. In order to climinate the sample matrix and
to increase the method sensitivity, wastewater samples were pretreated
with the developed HE-LPME. The HE-LPME conditions were identical ta
those applied to HF-LPMEs of DESs and the extraction equilibrium was
achicved by the agitation of acidificd wastewater samples (25 mM HCI)
at 900 rpm for 30 min, Fig. S10 in the Supplementary Data shows the
resulting electropherograms of pretreated influent wastewater samples
[raw and spiked with 10 and 20 pg/L of the four acidic drugs) at-line
injected to CE-UVY, Wastewater samples contain solid particles and
inorganic salts, which were efficienty elininated during HT-LPME.
Eesides, they contain also a large number of organic compounds with
physico-chemical propertes similar to the acidic deugs. Because ITF-
LPME is nat a species-selective technique, co-extraction of several ma-
Lrix compounds was observed and the detected analviical signals
confirmed the high complexity of the influent wastewater. Due to the
non-selective character and lower sensitivity of UV detection, partial
comigration of some analytes with the co-extracted organic matrix
components was observed and  the concentration of diclofenac in
wastewater was below the method LOD, respectively. Fundamental
analytical parameters of the HE-LPME/CE-UY methad for the analysis of
wastewater samples are summarized in Table 51 in the Supplementary
Data.

The sensitivity and selectivity of CE for the determination of acidic
drugs can he improved by the application of on-capillary TP stacking
and ESI-MS detection [23]. Because the CE-UV analyses of the pre-
treated wastewater samples showed some deficiencies in both aspects
[sensitivity as well as selectivity), the HT-LPME was at-line coupled to
the previously developed ITP-ESI-MS methad, The original method was
extended by the determination of two additional acidic drugs (naproxen
and ketoprofen), The suitability of the HF-LPME acceptor for the
ITP-ESI-MS analvses was examined by injections of standard solutions of
acidic drugs prepared in DI water and 10 mM NaOH and revealed no
measurable  differences im the analytical performance. In the
HF-LPME/ITP-ESI-IS, a short plug of the acceptor sclution from the HE
lumien was al-line injected right behind the leading electrolybe and TP
separation mode was realized by placing the capillary injection end into
the terminating clectrolvie. 'The negative pressure of — 10 mbar was
applied to the inlet CE vial to compensate for the ESI suction, Analytical
parameters of the HF-LPME/TTP-ES1-MS method for the determinaton
of acidie drugs in wastewater samples are sununarized in Table 2. The

Table 3
Analyrical parameters of the HF-LPME ar-line coupled to TTR-RSI-MS for the
detenmination of acidic drugs in influenl wastewoter samples,

Parameter Ibuprofen  Maprozen  Ketoprofen  Diclofense

ER (%%} w7 44.2 9.0 2R1

Er 4.4 166 769 9

RS0 [%a) ] +.4 1.4 5.0

Concentratlon ln sample 1 152 194 EX:] 149
(ug/Ll

Concentration in sample 2 a0 5.2 a0 L2
g

L .93497 0.9990 0.9993 0.99a0

100 (g T) nz na [tH ] o0

1000 (gL .6 n.a 0.3 0.3
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extraction efficiencies were slightly reduced in comparison to standard
solutions and DBS samples and resulted in ER values of Z8-70%,
Wastesvater samples contain large amounts of organic matter and solid
particles and partial sorpton of the drugs on these matrix components
[28] is very likely the reason for the reduced ER values, Nevertheless,
the hyphenated analytical method demonstrated sulficient EFs (31-77)
and good repeatability (RS <9.3%). Due ta the higher sensitivity of the
ITP-ESI-MS methed, LODs improved by a factor of up Wo 34 in compar-
ison to HF-LPME/CE-UV, were as low as 100 ng/L, and enabled trace
determination of the drugs in waslewater samples. Moreover, the unigque
selectivity of the ESI-MS detection in the SIM mode resulted in
matrix-free quantification of the drugs and improved reliability of the
quantitative results. Representative electropherograms of the determi-
nation of naproxen and diclfenac in raw and spiked influent waste-
water samples are depicted in Tig. 5 and quantitative results of the
wastewater analyses ate summarized in Table 3. A comparison with
previous analytical methods for the determination of acidic drugs in
complex samples is presented inTable 4. The proposed concept was
comparable with the previous methods in terms of all analytical pa-
rameters (except for EF) and outperformed them in terms of sample
pretreatment time and sample volune, moreover, it was operated in the
automated maode,

naproxen A

IEUG counts

0 5 10 15 20
migration time {min)

250 counts

diclofenac

Weastaiwaler

| I | | 1
1} 5 10 15 20
migration time {min)
Fig. 5. Direct HF-LPMEATP-ESI-MS determination of nuproxen (A) and dicle-
fenac (B) in influent wastewater. HF-LPME conditions as for Fig. 3 and ITP-ESI-

MS condirions as in Experimental. Relative intensiries of negarive STM signals
were callected at msx 229 for naproxen and oz 250 for diclofenac,
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Talble 4
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Analytical performance of the proposed method and previous methods reported in che literamre for che determination of acidic drugs in complex samples vsing HF-

LEME piineipplas.

Amatetes Sample Analytical FR T LT { e Sample welme Preparation timessample Awsomarion Referenoe
preparition texchmigue Gl 13 [ml} {rmin)
Lbw, Map EME CE-LIY 2] lag-1e4 1-2 4 i Rt [24]
[bu, Di HE-LFVE LIZ/ME-MS nr. nr o103 50 1 Mo [20]
Thu, Kot, Map, THWE — HF- LI-ES1-Ki8 2430 Y-1E1E 0 04a Lo ah 4 120 No [21]
Thr 1PME
Thaz, Die: TF-TFMF Loy nr. T A%-53 50 5 bt [32]
Thnz, K1, TIF TR Loany Py | 4397 1643 (X 15 Wes adl
Map, Dic
Ibue, Let, HI-LFME LC-Uw S AT-BLS 001005 LinE) 45 Yes 541
Nap, Die
Lba, Liet, HE-LFME CE-LW @5 [TP-ESL- ab-g4 S1-u7F 01-3.4 £.58 u7a wes This wask
Map, LHe, s
War
FME  electromembrane extraction, PHWFE  pressurised hot water extraction, noe. oot reported, = (ng-gl.

4. Conclusions

Direct determination of model acidic drugs in complex samples is
demonstraied by the at-line coupling of HE-LFME (o CE. The front end of
this hyphenared system serves for efficient sample mearment and is
realized by the inserton of a disposable 3D-printed microexiraction
device with an HF directly inte a CE vial with the complex sample, The
application of the 3D-printng lechnology ensures superh device-to-
device repeatability and constant pasition of the device inside the CE
vial, thus priwiding excellent repeatability of the HE-LPME and CE in-
jection, The 3D-printed device guides the CE separation capillary into
the HE and the extract is al-line injected directly from the HE lumen, The
samples ave extracted in a multiple-well plate format enabling simul-
taneous prefreatment of up to 50 samples, which are subsequently
loaded ince an autosampler of a commercial CE instrument for fully
autonomous CF ;111;11}'9;[55.

Renefits of the at-line HF-LPMEACE coupling are demonstrated by
the direet analyses of RS samples, DBS samples are fully compatible
with the developed apalytical method, ave characterized by a simple
collection, transport, and storage, and their atractiveness for hiomed-
ical amalysis has been growing steadily in recent years. The proposed [IF-
LPME/CE concept enables a facile and rapid determination of thera-
peutic concentrabions of model acidic drugs in DBSs and might be
particularly atractive for high-resolution pharmacokinetic studies and
Liomedical applications. Moreover, the proposed Instrumenlation is also
suitable for the direct analysis of highly complex samples with wace
comeentrations of target analyies, such as wastewaler samplos, by the at-
line injection of the resulting extracts to the CE instrument aperated in
ITP-ESI-MS mode. The HE-LPMESTTI-ESI-MS  hyphenation ensunes
matrix-free analytical signals due to the HF-LPME sample clean-up and
o FA1-MS detection and improved ser ty due to the syner-
gistic preconcentration etfect of HI-LPME and cu-capillary ITF and
holds a great promise for race analyses of various complex samples in
the future.
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Cupillary equilibration,

CE-UV. Initial equilibration was performed by flushing the separation capillary with 100 mM
NuaOH for 10 min, deionized water for 100 min, and BGE solution for 10 min. The equilibration
at the beginning of a working day included flushing the capillary with 100 mM NaOH for 5
min, detomzed water for 3 min, and BGE solution for 3 min. Between two consecutive CE
analyses, the capillary was lMushed with BGE solution for 1 min. At the end ol a working day,
the capillary was flushed with 100 mM NaOH, deionized water, and air (5 min cach). The
capillary was pressurized at 950 mbar during all flushing procedures and the capillary cartridge
temperalure was maintained at 25 °C.

TTrP-ESI-MS. Initial equilibration was performed by flushing the separation capillary with
100 M NaOQH for 60 min, deionized water for 30 min, 100 mM HCI for 60 min, and detonized
waler [or 30 min. The equilibration at the beginning of a working day included (Mushing the
capillary with deionized water for 30 min. Between two consecutive CE analyses, the capillary
was flushed with leading electrolyte for 5 min. At the end of a working day, the capillary was
Mushed with deionized water for 30 min. The capillary was pressurized at 950 mbar during all

flushing procedures and the capillary cartridge temperature was maintained at 20 °C.
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Culculations. Extraction recovery (ER) and enrichment factor (EF) values of the HF-LPMEs

were caleulated according to equation (1) and (2), respectively:

@, fimal Va C:.'. ari a7 .

ER(%)= """ w100=""5x """ x 100 0
Fhal |, éndria! Vr.' Crl' L it

EF = (C“” (2)

where Na final and Dy inida are the number of the analyte moles finally transferred into the acceptor
solution and the number of the analyte moles initally present in the donor solution, respectively.
Va is the acceptor solution volume, Vyis the donor solution volume, C.gina is the final analyte
concentration in the acceptor solution and Cjnia is the initial analyte concentration in the donor

solution.

Figure 81, Effect of the SLM composition on ER (%) values of the acidic drugs. HE-LPME
conditions: acceptor, 5 pl. of 10 mM NaOH; donor, 550 pL of the five acidic drugs (250 pg/L)

in 10 mM HCI and 150 mM NaCl; agitation speed, 750 rpm; extraction time, 10 min; # = 3.
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Figure 52. Interfering peaks observed for the HF-LPME/CE-UV of a standard solution
extracted through mixed SLM consisting of DHE:4-NC (1:1, v/v). HF-LPME conditions as for
Figure 51. CE conditions: BGE solution, 30 mM sodium acetate, 30 mM acetic acid and 30%
(v/v) acetonitrile at apparent pH 3.2; separation voltage, + 25 kV; injection, 50 mbar for 5 s,
detection wavelength, 200 nm; | warfarin, 2 ibuprofen, 3 naproxen, 4 ketoprofen; 5

diclofenac: * — unknown interfering components.
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Figure 83, Effect of the donor solution composition on ER (%) values of the acidic drugs. HF-

LPME conditions: SLM, DHE; acceptor, 5 pL of 10 mM NaOH; donor, 550 pL of the five

acidic drugs (250 pg/L) in 150 mM NaCl; agitation speed. 750 rpm: extraction time, 10 min; #
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Figure 34, Effect of the acceptor solution composition on ER (%) values of the acidic drugs.

HF-LPME conditions: SLM, DHE; aceeptor, 5 pL; donor, 550 pL of the five acidic drugs (250

pg/Ly in 150 mM NaCl and 25 mM HCI; agitation speed, 750 rpm; extraction time, 10 min; »
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Figure S5, Effect of the agitation speed on ER (%) values of the acidic drugs. HF-LPME

conditions: SLM, DHE; acceptor, 5 pL of 10 mM NaOH: donor, 350 uL of the five acidic drugs

(250 pg/L) i 25 mM HCI and 150 mM NaCl; extraction tme, 30 min; n = 3.
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Figure 56, Repeatability of 40 consecutive HE-LPME/CE-UV analyses of the acidic drugs, HF-
LPME conditions: SLM, DHE; acceptor, 5 pL of 10 mM NaOH; donor, 550 pL of the five
acidic drugs (100 pg/L) in 25 mM HC1 and 150 mM NaCl; agitation speed, 900 rpm: extraction

time, 30 min. CE conditions as for Figure 52.
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Figure S7. Electropherograms for the HFE-LPME at-line coupled to CE-UV for the
determination of the five acidic drugs in standard donor solutions at (A) 200 nm, (B) 214 nm

and (C) 226 nm. HE-LPME conditions as for Figure $6 and CE conditions as Tor Figure 52,
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Figure S8, Effect of the donor solution composition on ER (%) values of the acidic drugs

extracted from DBSs. HF-LPME conditions: SLM, DHE: acceptor, 5 pL of 10 mM NaOH;

donor, drugs-ree capillary blood spiked with 100 pg/L of the drugs and the DBSs eluted with

550 uL of various HCI solutions; agitation speed, 900 rpm; extraction time, 30 min: # = 3.
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Figure 59, Pharmacokinetics of ibuprofen and naproxen in DBS samples determined by the at-
line coupling of HF-LPME to CE-UV. HF-LPME conditions as for Figure 58 (DBSs were

eluted with 25 mM HCI) and CE conditions as lor Figure 82,

30
j '
3 25— ibuprofen
E
5 20 —
©
2 15—
Qo
2
8]
@ 5-
)

0 —
I I I I 1 I 1 I I 1 I 1 I I 1 |
0 500 1000 1500
DBS collection time (min)

30 4
% 25 naproxen
E
.5 20 —
©
< 15—
Q
e
g5 10—
8]
8 5
0

0 —

0 500 1000 1500
DBS collection time (min)

512

170



Figure $10. Electropherograms for the HF-LPME at-line coupled to CE-UVY for the
determination of the five acidic drugs in influent wastewater at (A) 200 nm, (B) 214 nm and
(C) 226 nm. HF-LPME conditions as for Figure 86 and CE conditions as Tor Figure 82, 1 —
ibuprofen, 2 — naproxen, 3 — ketoprofen; 4 — diclofenac.
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Table 51. Analytical parameters of the HF-LPME at-line coupled to CE-UV for the

determination of acidic drugs in influent wastewater samples.

Parameter Ibuprofen Naproxen Ketoprofen Diclofenac
ER (%) 348 444 62.5 26.4¢

ErF 383 48.8 68.8 29.07

RSD (%) 8.7 1.9 8.2 9.6
Concentration in sample 1 (ug/Ly 137 204 4,7 n.d.
Concentration in sample 2 (pg/L) 94 4.7 2.6 n.d.

R? (19991 (.9994 0.9997 0.9395
LOD (ug/L) 1.7 0.6 0.9 34

LOQ (pgfL) 5.7 1.9 29 114

L after spiking wastewater with 10 pg/L of diclolenac

n.d. — not detected
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e The best performance was achieved
with foams made of 6%
polyvinylpyrrolidone.

» The foams outperformed standard sor-
bents in terms of processing time and
efficiency.
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Polymeric foams tailor-made of polyvinylpyrrolidone (PVP) and carboxymethylcellulose/oxidized 6-carboxycel-
lulose (CMCO7/0QC) composite were proposed as suitable sorbents for the collection and analysis of dried blood
spots (DBSs). The PVP and CMC07/0C foams were casy to prepare, enabled collection of minute volumes of
capillary blood, and blood drying at ambient temperature. The resulting foams were prepared as small porous
discs with uniform dimensions (approx. 6 » 3 mm) and were fully soluble in aqueous solutions. The DBSs were
formed in standard capillary electrophoresis (CE) vials fitted with the soluble foam discs and enabled the direct
in-vial DBS processing and at-line analysis by CE The DBSs were pretreated with a simple process, which
involved a complete dissolution of the foam disc in an acidic solution and a simultaneous hollow fiber liquid-
phase microextraction (HF-LPME) in one step. The complete solubility of the foam disc with the DBS served
for a quantitative transfer of all blood components into the eluate and a nearly exhaustive HF-LPME of target
analytes, whereas the blood matrix and the polymeric foam components were efficiently retained by the organic
solvent impregnated in the walls of the HF. The suitability of the PVP and CMC07/0C foams for the collection
and the direct analysis of DBSs was demonstrated by the HF-LPME/CE determination of model acidic drugs
(warfarin, ibuprofen, naproxen, ketoprofen, and diclofenac) at therapeutically relevant concentrations.
Repeatability of the analytical method was better than 8.1% (RSD), extraction recoveries ranged from 70 to 99%
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(for PVP foam), calibration curves were linear over two orders of magnitude (R? higher than 0.9991), and limits
of detection were less than 44 pg/L (for concentrations in undiluted capillary blood). The soluble polymeric
foams exhibited non-significant variations in analyte concentrations for DBSs prepared from blood samples with
different hematocrit levels and for aged DBSs (less than 9.2%), moreover, they outperformed standard DBS
sampling devices in terms of sample pretreatment time and extraction recovery.

1. Introduction

The key factors of the contemporary biomedical assays are simple
collection, transport, and storage of biomedical samples, minimum
manipulation with the samples, and facile sample pretreatment and
analysis. Novel analytical concepts for biomedical assays have, there-
fore, been systematically investigated and have aimed at the elimination
of various drawbacks associated with the biomedical use of liquid blood
samples. Collection, processing, and analysis of liquid blood are usually
burdened by the need for a trained phlebotomist, invasive draw process,
demanding transport and storage conditions, laborious and time-
extensive sample pretreatment, and high costs of analytical proced-
ures. An alternative concept to the collection of venous blood, i.e. the
collection of capillary blood from a finger or a heel prick in the form of a
dried blood spot (DBS), has attracted considerable attention and has
been generally accepted for specific dinical assays [1-3].

The capillary blood volumes are typically much smaller (<100 yL),
the DBS collection is considerably less invasive and it is suitable for
remote sampling and self-sampling even by individuals with no previous
experience with blood microsampling [4-6]. Capillary blood is usually
collected on a cellulose-based DBS sampling card, is dried out at the
ambient temperature and the resulting DBS is thereafter suitable for
simple transport and storage [2,3]. Despite the above-mentioned bene-
fits, the actual DBS analyses have also certain limitations, which prevent
their wider use and as a consequence, novel methods for the DBS
collection, processing, and analysis are currently being investigated.

One of the main shortcomings of the actual methods is the DBS
processing, which is mostly performed manually by a multiple-step
process, is time-consuming, and laborious. As an alternative to the
manual DBS processing, semi-automated and automated procedures
were suggested recently, which offer a more convenient DBS elution,
pretreatment, and analysis [2,7-11], Moreover, capillary blood is usu-
ally sampled as a drop with an unknown volume and the distribution of
analytes on DBS cards and the extraction efficiency may differ due to the
different blood hematocrit levels and related chromatographic effects on
sampling cards [12,13]. Their subsequent impact on DBS processing
(manual as well as (semi)-automated) and quantitative DBS analysis
might be enormous and various approaches were described for correc-
tion or elimination of these adverse effects. These are, for example, the
application of perforated or precut DBS cards [14,15], or the use of a
whole DBS punch [16] instead of the currently preferred DBS sub-punch.
Nevertheless, the above-mentioned approaches are burdened by the
need for sampling an exact blood volume to the DBS card and blood must
be collected using a precise volumetric device or an end-to-end glass
capillary [11,17,18]. Another alternative approach is the determination
of unknown blood volume by the determination of potassium, sodium
and/or chloride content in the DBS eluate [19-21], the measurement of
the DBS eluate conductivity [21,22] or the non-contact prediction of
hematocrit levels in DBS [23,24].

Collection of blood samples with unknown and/or uneven volumes
can also be eliminated by the recently developed volumetric absorptive
microsampling (VAMS), in which an exact volume of capillary blood is
absorbed by a polymeric tip of a defined size [25]. However, the use of
VAMS might be limited by the rather high cost of the device [26] and the
use of the polymeric sorbent tip. Blood penetrates deeply into the VAMS
3D geometry and is fixed in the internal cavities of the sorbent, which
might prolong the elution times and decrease the analyte yields during
subsequent processing [27,28]. Moreover, the use of VAMS constitutes

an environmental burden due to the necessary disposal of the plastic
components of VAMS sets and the polymeric tips containing blood
sample residues,

Indeed, commercial DBS sampling devices have several disadvan-
tages and there is an urgent quest for novel DBS sampling concepts,
which could outperform the actual state-of-the-art devices. Their
development is, thus, at the forefront of the actual DBS research [18,25,
29,30]. One of the prominent alternatives to cellulose-cards and VAMS
are the recently developed soluble DBS sampling sorbents based on
alginate, chitosan, and carboxymethylcellulose [31,32]. The application
of the soluble sorbents enables collection/transport/storage of capillary
blood in a similar way as with the ordinary sampling devices, moreover,
blood constituents might be released more easily into the DBS eluate due
to the sorbents’ solubility [31,32]. However, in comparison to cellulose
cards, the production of alginate and chitosan DBS sampling sorbents
requires rather sophisticated processes, is time-extensive, and uses
multiple chemical reagents (foaming agents, gelling ions, pH modifiers,
and plasticizers) [31]. Another disadvantage is the high cost of chitosan
polymers and the lower solubility of chitosan [31] and carboxymeth-
ylcellulose sheets [32]. Moreover, the dissolved DBS sampling sorbents
might not be directly compatible with the subsequent analysis, thus,
pretreatment of the eluates is necessary, which is usually carried out
manually and off-line [31,32].

Sample pretreatment might, thus, be necessary for most analytical
applications of DBSs (collected on standard or alternative sorbents). The
aim of the DBS pretreatment is to eliminate interfering compounds from
the DBS matrix and to increase the final analyte concentration in the
extract. This can be simultaneously achieved by extracting target ana-
lytes from a relatively large volume of the DBS eluate into a few mi-
croliters of extraction solvent or acceptor solution using a hollow fiber
liquid-phase microextraction (HF-LPME) [33-35]. In HF-LPME, the HF
is impregnated with a microliter volume of a water-immiscible solvent
to form the so-called, supported liquid membrane (SLM) and filled with
a microliter volume of an acceptor solution. The SLM enables a selective
transfer of target analyte(s) from the DBS eluate to the acceptor solution
and retains interfering components in the eluate. Recently, it was
demonstrated that HF-LPME can be performed in a CE sample vial fitted
with a tailor-made disposable microextraction device, which is suitable
for at-line CE injection of the acceptor solution directly from the HF
lumen [36]. Thus, the CE injection requires no operator's intervention
and can be fully automated for batch-wise CE measurements. The
developed setup is suitable for various complex samples, but it might be
particularly attractive for DBS analysis since DBS elution and HF-LPME
of target analytes are performed simultaneously during one common
agitation cycle [36,37].

In this contribution, various polymeric foams were prepared by
controlled lyophilization as new sorbents for DBS collection and anal-
ysis. The polymeric foams were cheap, easy to prepare, enabled collec-
tion of minute volumes of capillary blood, drying at ambient
temperature, complete solubility in aqueous solutions, and direct DBS
analysis by the at-line coupling of HF-LPME to CE. A small cylindric
sorbent disc with exact dimensions (made of the developed polymeric
foam) was placed inside a CE vial and the DBS was formed directly in the
CE vial, thus eliminating further manual manipulations of the biological
material. The DBS elution process involved a complete dissolution of the
polymeric foam and the DBS and ensured an improved availability of all
blood components in the eluates. Consequently, nearly exhaustive
extraction of target analytes was achieved as was demonstrated by the
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HF-LPME/CE determination of acidic drugs in DBSs collected on the
tailor-made polymeric foams.

2. Experimental
2.1. Chemicals and solutions

Deionized (DI) water with resistivity higher than 18 MQ e¢m was
prepared by exchange of ions in a mixed-bed ion exchanger water pu-
rification system G7749 (Miele, Giitersloh, Germany). All chemicals
were of analytical reagent grade. Warfarin, ibuprofen, naproxen, keto-
profen, and diclofenac sodium salt were from Sigma-Aldrich (Steinheim,
Germany). The five acidic drugs were dissolved at a concentration of
1.000 mg/L in pure methanol (Lach-Ner, Neratovice, Czech Republic)
and were stored at —20 °C. Standard solutions and donor solutions were
prepared by dissolving appropriate volumes of the above-reported stock
solutions in DI water and various HCl or NaOH solutions, The organic
solvent for the SLM impregnation was dihexyl ether (DHE, 97%, Sigma-
Aldrich). Stock solutions of 1 M HCl and 1 M NaOH were prepared by
dissolving concentrated HCl (37%, Lach-Ner) and NaOH pellets (Lach-
Ner) in DI water and were used for preparing operational solutions for
HF-LPMEs and CE analyses. Stock solutions of 500 mM acetic acid and
500 mM sodium acetate were prepared from acetic acid (>>99.9%, Fluka,
Buchs, Switzerland) and erystalline sodium acetate (>99%, Sigma-
Aldrich) in DI water. Background electrolyte (BGE) solutions for the
CE determination of acidic drugs were prepared from these two stock
solutions, acetonitrile (Lach-Ner) and DI water. Polymeric foams were
made of gelatin (GEL, from bovine skin, type B, Sigma-Aldrich), poly-
vinyl alcohol (PVA, 99+% hydrolyzed, Sigma-Aldrich), carboxymeth-
ylcellulose sodium salt powder (CMCO7, degree of substitution 0.7,
Sigma-Aldrich), carboxymethylcellulose sodium salt cloth (CMC02, de-
gree of substitution 0.2, Holzbecher, Ceska Skalice, Czech Republic),
oxidized 6-carboxycellulose (OC, Synthesia, Pardubice, Czech Repub-
lic), and polyvinylpyrrolidone (PVP, K 90, Sigma-Aldrich).

2.2, Preparation of soluble polymeric foams

Porous polymeric foams were prepared by freeze-drying their
aqueous dispersions, Depending on their solubility, polymers were
either dissolved or disintegrated in DI water to achieve the dispersion
concentration ranges of 0.5-10% (w/v). PVA-based and PVP-based
dispersions were prepared by dissolving PVA or PVP powder on a
magnetic stirrer (Variomag Poly 15, ThemoFisher Scientific, Waltham,
MA, USA) at room temperature by stirring at 400 rpm for 20 h. GEL
dispersions were prepared by dissolving powdered gelatin biopolymer
on the magnetic stirrer at 60 *C by stirring at 400 rpm for 1 h. CMC07
and OC dispersions and their mixtures were prepared by dissolving
powdered biopolymers on the magnetic stirrer at room temperature by
stirring at 400 rpm for 5 h. CMC02 dispersions were prepared by dis-
integrating (T 18, IKA Instruments, Staufen, Germany) finely cut cloth
pieces at 6000 rpm for 5 min. CMC02/0C mixtures were prepared
similarly by the disintegration of CMC02 and by mixing the resulting
CMCO2 dispersion with dissolved OC solution. Homogenous viscous
dispersions of all polymers were pipetted into 96-well plates (plasma-
treated, VWR, Radnor, PA, USA). Afterward, the 96-well plates filled
with the polymeric dispersions were frozen in a freezer at —-25°Cfor 1 h
and put in a freeze-drier (Christ Epsilon 2-10D LSCplus, Osterode am
Harz, Germany) for lyophilization at —35 °C for 48 h.

2.3. Capillary blood collection and DBS pr T4

Details on the capillary blood collection using DBS cards and VAMS
can be found in the Supporting Information. For blood collection onto
soluble polymeric foams, a foam was placed in a CE glass vial (2 mL;
Agilent Technologies, Waldbronn, Germany, P/N 5182-9697), 10 uL of

blood was pipetted (details in the Supporting Information) onto the
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foam, the vial was placed in a plastic zip-lock bag with a desiccant, and
the bag was closed. A DBS was formed within 3 h. The typical steps of the
DBS collection on a 6% PVP soluble polymeric foam are depicted in
Fig. 1A-D.

All collected DBSs were processed in the glass CE vials. Details on the
processing of DBSs collected on DBS cards and VAMS devices can be
found in the Supporting Information and followed the recommendations
of their producers. For processing the DBSs on polymeric foams, the CE
vial with the DBS was filled with 550 pL of an eluent, and target analytes
were simultaneously eluted and extracted by agitation at 1050 rpm for
30 min using Vibramax 100 agitator (Heidolph Instruments GmbH,
Schwabach, Germany). Fig. 1E-F represent the processing of a DBS
collected on a 6% PVP soluble polymeric foam. After completion of the
elution and extraction, the vial with the extracted sample was trans-
ferred to the CE autosampler carousel for at-line injection.

2.4. Hollow fiber liquid-phase microextraction

A comprehensive description of the HF-LPME instrumentation and
procedure for the DBS pretreatment can be found in an earlier publi-
cation [37], is described in the Supporting Information, and involves the
subsequent steps. (i) Placing the DBS into the glass CE vial, (ii) filling the
vial with an eluent, (iii) impregnating the HF with an organic solvent,
(iv) filling the HF lumen with an acceptor solution, (v) inserting the
HF-LPME device into the vial, (vi) closing the vial, and (vii) agitating the
vial.

2.5. Capillary electrophoresis

CE measurements of the DBS eluates pretreated by HF-LPME were
carried out with a 7100 CE instrument (Agilent Technologies). Details
on BGE solution composition, CE operational parameters, electrode se-
lection and exact setting of the separation capillary injection end can be
found in the Supporting Information and Fig. 51.

2.6. Calculations

Extraction recovery (ER) values were calculated according to
Ref. [36] and the corresponding equation is specified in the Supporting
Information.

2.7. Statistical analysis

At least three samples were measured for each experimental analysis
throughout the study. The data are graphically presented with standard
deviations. Statistical analyses were carried out using open-source Py-
thon scientific library SciPy [38]. Statstical significance was assessed
using t-test and one-way ANOVA.

3. Results and discussion
3.1. Preparation of the polymeric foams

The aim of this study was to investigate the properties of tailor-made
polymeric materials that could be applied as suitable alternatives to
commercial devices for the collection of DBSs. The study focused on the
development of novel polymeric foams, which would (i) enable simple
preparation optimally from a single component only, (ii) high stability
on contact with capillary blood, (iii) full dissolution of the foam sorbent
as well as the resulting DBS in aqueous solutions, and (iv) highly effi-
cient extraction of model analytes from the liquid eluate. The initial
selection involved 2% PVA, 3% GEL, 1% CMC07 powder, 0.5% CMC02
cloth, 2% OC, and 6% PVP.

The preparation method has a significant influence on the pore size
of the resulting foam and thus also on the absorption capacity of the
sorbent and its solubility. The foams were prepared by pipetting 150 pL
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Fig. 1. Photographs depicting the DBS formation on the 6% PVP soluble polymeric foam with the subsequent DBS elution and extraction. A - inserting 6% PVP foam
inside the CE vial; B - pipetting 10 pL of capillary blood onto the foam; C — absorption of blood by the foam; D — formation of the DBS on the foam; E — filling the CE
vial with 550 pL of 25 mM HCl and a disposable HF-LPME device; F — translucent reddish solution after the foam/DBS dissolution.

of the dispersions into 96-well plates followed by freeze-drying
(lyophilization). Direct lyophilization at —35 “C produced polymeric
foams with al defects and i i ly sized pores, thus several
different pre-lyophilization freezing approaches were examined to
improve the pore uniformity and the structural integrity of the produced
foams. Shock freezing using liquid nitrogen (—196 °C) produced vari-
ously shaped foams, that did not stay intact as one cylindrical disc. On
the contrary, more structurally consistent foams with uniform pore
distribution were obtained by pre-freezing the dispersions in a deep
freezer at —25 °C for 1 h and this pre-freezing procedure was used for all
subsequent experiments. The polymeric dispersions cool down gradu-
ally and at a rather slow rate by deep freezing as opposed to the use of
liquid nitrogen or direct lyophilization (where the temperature change is
immediate) and the milder temperature changes have a major effect on
the structural stability of the foam [39,40].

3.2. Solubility of the polymeric foams

The resulting foams were removed from the well plates (see the
Supporting Information), placed in the glass CE vials and their solubility
was investigated by adding 550 pL of various aqueous solutions (DI
water, 100 mM HCI, 100 mM acetic acid, and 100 mM NaOH) or organic

1 (methanol and itrile) and agitating the vials at 1050 rpm
for 30 min. All polymeric foams were insoluble in the org: 1 D

PVP were fully soluble in the aqueous solutions. The foam made of 0.5%
CMCO2 doth dissolved partially in the aqueous solvents leaving small
cloth debris in the solutions. The solubility difference between 1%
CMCO07 and 0.5% CMCO2 foams was expected as it is mainly related to
their degree of substitution. The lower the degree of substitution, the
less soluble the CMC fibers are, the substitution degree 0.4 being the
threshold value [41]. Polymeric foams prepared from PV A and GEL were
insoluble in both, aqueous and organic solvents, and were thus excluded
from further experiments.

Subsequent experiments were carried out with single component
dispersions and polymeric foams were prepared from 0.5 to 3% CMCO07,
0.5-1% CMCO02, 2-4% OC and 4-10% PVP. The solubility of the PVP
foams improved for lower PVP concentrations resulting in fully soluble
(4 and 6%), partially soluble (8%), and insoluble (10%) foams. How-
ever, immediate dissolution occurred for the lowest PVP concentration
and preliminary tests with capillary blood revealed that 4% PVP foams
were not suitable for reliable DBS collection due to their nearly complete
dissolution upon contact with the blood drop. Similar characteristics (i.
e., very fast dissolution and poor ability for the collection of capillary
blood) were also observed for low concentrations of CMC07 and OC. The
solubility of the foams can be adjusted by mixing different polymeric
components and a set of binary composite dispersions with various
compositions and concentrations of CMC07, CMC02, and OC was sub-

quently prepared for further solubility testing. Their solubility char-

while the polymeric foams made of 1% CMCO07 powder, 2% OC, and 6%

acteristics are summarized in Table | and showed similar behavior to
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Table 1

Solubility of polymeric foams,
Foam composition pH Elution solvent

H.0 100 mM HCl 100 mM HAc 100 mM NaOH MeOH ACN

0.5% CMC07 7.00 b4 + 4 v x x
1% CMC07 7.04 L4 v v v X x
2% CMQ07 7.08 b4 v 4 v x E
3% CMQ07 7.11 b4 s s v X x
0.5% CMC02 7.00 / / /! / x x
1% CMC02 7.05 X X X ® X x
2% OC 6.49 b4 v 4 v * x
3% OC 6.53 v v v v ® *
4% OC 6.64 b4 ' v Vv X x
4% FVP 7.19 v 4 v v x x
&% PVP 6.19 b4 v s v x x
8% PVP 5.11 /! 7/ / F x ®
10% PVP 4.96 x x x x X x
0.5% CMC02/2% OC 6.55 / 7 s / * x
1% CMO02/2% 0C 6.50 / '3 / Z x *
0.5% CMC07/0.5% OC 6.90 L ' s v x x
1% CMO07/0.5% OC 6.64 v 4 v v x x
1% CMC07/1% OC 6.68 L4 Cd v v X x
1% CMQ07/1.5% OC 6.60 U4 d‘ 4 4 % x
1% CMQ07/2% 0C 6.63 v v v v X x
1% CMO07,/2.5% OC 6.51 x x x X x *
1% CMC07/3% OC 6.56 = X X x X x
1.5% CMC07/2% OC 6.62 ® x x a x x
2% CMQ07/2% 0C 6.60 * X X x X x
2.5% CMC07/2% OC 6.71 * X X x X x
3% CMO07/2% 0C 6.67 *® * * ® ® ®

HAc — acetic acid.

/ — fully soluble.

/= partially soluble.

« — insoluble.

PVP, i.e. dissolution upon contact with the blood drop and poor solu-
bility for low and high polymer concentrations, respectively. Two foams
(the mixture of 1% CMC07/2% OC and 6% PVP) were selected for
further experiments due to their ease of preparation, suitability for
capillary blood collection, and full solubility in model aqueous solu-
tions. Detailed electron scanning microscope images of internal struc-
tures of the two selected foams, and two foams rejected due to their too
high (1% CMCO07) and too low (1% CMCO02) solubility are depicted in
Fig. 52 in the Supporting Information.

3.3. Polymeric foams as DBS sampling sorbents

In a typical DBS collection, capillary blood is collected onto a solid
(paper card, VAMS) sampling device and blood is dried up at ambient
temperature for 2-3 h. The soluble polymeric foams behave differently
from the solid sorbents on contact with blood, and their properties and
the required drying period were examined in detail in the following
experiments. A volume of 10 pl of capillary blood was accurately
transferred onto the 6% PVP and 1% CMC07/2% OC foams prepared
according to the previous procedure from 150 pL of the dispersions.
During the contact with the polymeric foam, capillary blood was grad-
ually absorbed by the inner structure of the foam (see Fig. S3 in the
Supporting Information) and the top surface dissolved partially. The
stability of the sampling foam was given by the volume of the dispersion
used for lyophilization and was optimized in the next section. The open
vial with the foam,/blood was subsequently placed in a zip-lock bag with
a desiccant, the bag was closed, and the DBS formation at ambient
temperature was monitored by weighing the vial at 30-720 min (see
Fig. 54 in the Supporting Information). The desiccant in the bag absor-
bed the liquid fraction evaporated from blood, and the DBSs were
formed in 3 h for both foams; the in-bag drying can be used e.g. for
patient-centric DBS collection and immediate shipment to a laboratory.
Drying time of 3 h was also achieved for DBSs formed in open vials and

dried at ambient temperature.
3.4. Dissolution of polymeric foams with DBSs followed by HF-LPME

The selected polymeric foams are fully soluble in most aqueous so-
lutions regardless of their pH and composition. The resulting eluates
contain dissolved polymers and DBS matrix components, which are
difficult to handle with standard separation techniques and result in
analytical interferences and/or analytical system poisoning. In the pre-
sented study, a three-phase HF-LPME was selected as the most suitable
pretreatment method, because HF-LPME enables efficient clean-up of
complex samples and maintains high enrichment capability. Moreover,
HF-LPME can be at-line coupled to commercial CE, and the resulting
acceptor solutions can be injected directly from the HF lumen. Initial
operating conditions for the HF-LPME/CE of acidic drugs (acceptor so-
lution, 10 mM NaOH; elution solvent, 25 mM HCI; agitation, 900 rpm;
time, 30 min) were adapted from the previous publication [37], and
‘were re-examined for DBS extractions from the soluble foams. The entire
HF-LPME optimization is summarized in the Supporting Information
and the only modified variable was the agitation speed (1050 rpm),
which ensured faster and more efficient dissolution of the foams.

The volume of the polymeric dispersion pipetted to the 96-well
plates was investigated first. The minimum volume that formed a
liquid column in the well was 100 pL and the maximum volume the well
could accommodate was 500 pL. However, after the lyophilization of
100 pL of the dispersions, the resulting foams deteriorated significantly
after the 10 pL capillary blood sampling because blood saturated the
entire foams. After the lyophilization of 500 pL of the dispersions, the
resulting foams extended from the wells and the top parts had non-
uniform shapes. Thus, a minimum and a maximum volume of the dis-
persions were selected, offering the testing range 150-400 pL. The
volume of the dispersion determines the size of the foam and conse-
quently, larger foams can adsorb larger volumes of capillary blood. On
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Fig. 2. Electropherograms for the determination of the five acidic drugs in
blank and spiked DBSs. HF-LPME conditions: SLM, DHE; acceptor, 5 jL of 10
mM NaOH; donor, a DBS (blank or spiked with the five acidic drugs at 2750 pg/
L) eluted with 550 pL of 25 mM HCI; agitation speed, 1050 rpm; extraction
time, 30 min. CE conditions: BGE solution, 30 mM sodium acetate, 30 mM
acetic acid, and 30% (v/v) acetonitrile at apparent pH 5.2; separation voltage,
+25 KV; injection, 50 mbar for 5 s; detection wavelength, 200 nm.

the other hand, larger foams result in more concentrated and viscous
eluates, which might have a direct bearing on the HF-LPME efficiency
and might also result in an increased co-extraction of the foam compo-
nents. The volume of the elution solvent (25 mM HCI) was set at 550 pL
offering the most convenient HF-LPME conditions [37]. DBSs were
formed by pipetting 10 pL of drug-free capillary blood spiked with 2750
pg/L of the five acidic drugs to the foams (final concentrations of the
drugs in DBS eluates were 50 pg/L). Overlaid electropherograms of a
blank DBS collected on the 6% PVP, 1% CMCO07/2% OC foams, and
Whatman™ card and a spiked DBS collected on the 6% PVP foam after
HF-LPME of the eluates are depicted in Fig. 2. Several compounds were
co-extracted during the HF-LPME from blank and spiked DBS eluates.
However, since they migrated at times different from the analytes, or
their analytical signals were below the method limit of quantification
(LOQ), or their signals could be attenuated by the selection of a
species-specific detection wavelength (e.g. 214 nm for diclofenac and
226 nm for naproxen, see Fig. 55 in the Supporting Information), they
did not interfere with the CE determination of the analytes.
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ER values for HF-LPMEs of the eluates of the two polymeric foams
were determined by at-line CE analyses of the resulting acceptor solu-
tions and are depicted in I'ig. 3A (6% PVP) and 3B (1% CMCO7 /2% OC).
Comparable ER values were obtained for 6% PVP foams prepared from
150 to 200 pL of the dispersion. A considerable decrease in ERs was
observed for larger PVP foams, which was attributed to the higher vis-
cosity and complexity of the resulting eluates. Similarly, maximum ER
values were achieved for 1% CMC07/2% OC foams prepared from 150
L of the dispersion, while ERs considerably decreased for the larger
CMC/OC foams. To achieve minimum consumption of chemicals, reli-
able DBS collection, and efficient HF-LPME, polymeric foams were
prepared from 150 L of the dispersions in all subsequent experiments.
The resulting polymeric foams were discs with a diameter of 5.9 + 0.05
mm (given by the i.d. of the 96-well plate) and a height of 2.6 + 0.1 mm
and 3.0 + 0.1 mm for 6% PVP and 1% CMCO07 /2% OC, respectively, (n
= 5, mean value + SD).

3.5. Minimum drying time and DBS stability

The minimum drying time was further examined by dissolving the
foams with spiked DBSs, extraction of the analytes by HF-LPME, and CE
analysis. The elution solution was pipetted into the vial with the DBS
immediately after the drying time (30-720 min) elapsed, the complete
HF-LPME device was placed into the vial, and the DBS was dissolved/
extracted at 1050 rpm for 30 min. The acceptor solution enriched with
the analytes was at-line injected into CE-UV for the determination of the
five acidic drugs. ER values for the two polymeric foams are depicted in
Fig. S6 in the Supporting Information. A gradual increase of FR values
was observed for drying times 30-120 min, ER values reached their
maxima at 180 min and formed a plateau at 180-720 min. Conse-
quently, the minimum drying time of 3 h experimentally achieved by
gravimetry in Fig. 54 was confirmed by the actal HF-LPME/CE mea-
surements and was consistent with drying times for standard DBS
collection devices (paper cards and VAMS) [2,26]. Fig. 57 shows two
photographs of the dissolved 6% PVP and 1% CMC07/2% OC foams
with DBSs. Translucent reddish solutions were obtained, indicating a
complete dissolution of the foam components and the DBS.

Solubility characteristics of the polymeric foams and stability of the
acidic analytes in DBSs collected on the polymeric foams were investi-
gated for four weeks. The foams with the DBSs were stored in CE vials in
closed zip-lock bags with the desiccant - one set of DBSs was refrigerated
at 4 °C and the other one was stored at room temperature. The foams
were dissolved, extracted, and analyzed 3 h and then one, two, three,
and four weeks after the DBS collection. Solubility of the polymeric
foams was not affected by the storage temperature nor by the storage
time and all foams were fully soluble in 550 pL of 25 mM HCL The
stability of the target analytes in DBSs collected on the foams was
examined by HF-LPME/CE analyses of the resulting eluates and is
summarized in Fig. 58 in the Supporting Information [37]. The ER
values ranges were 66-95% and 37-93% for 6% PVP and 1%
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Fig. 3. The effect of the polymeric dispersion velume on the ER values of acidic drugs extracted from DBSs formed on the resulting foams.
A - 6% PVP, B - 1% CMCO07/2% OC. HF-LPME conditions as for Fig. 2 (spiked concentration, 5500 pg/L). The bars show a mean value + SD (n = 3).
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CMCO07/2% OC, respectively, and did not differ by more than 7.8% for
the various storage conditions and times. The results were evaluated by
a t-test at « = 0.05 level of significance and showed that the differences
in ER values for both foams at the two storage conditions and the four
storage times were statistically not significant; differences in ER values
between the two foam materials were statistically significant.

3.6. Effect of blood hematocrit and DBS ageing

Former studies have demonstrated serious effects of blood hemato-
crit and prolonged DBS storage time on quantitati ve DBS analyses. These
have mainly been affected by the different sizes of DBSs, different dis-
tribution of analytes in central /peripheral parts of DBSs, time-instability
of some analytes in the dried matrices, and their storage time-dependent
elution [11-13,18]. To verify the robustness of the proposed soluble
foams for DBS collection, drug-free capillary blood samples with
different levels of hematocrit (low/medium/high, 25/43/61%) were
prepared according to Refs. [11,18], spiked with 550 pg/L of the five
acdidic drugs (final concentrations of the drugs in DBS eluates were 10
pg/L), and sampled on the 6% PVP and 1% CMCO07/2% OC polymeric
foams. The first set of DBSs was eluted, extracted, and analyzed imme-
diately after collection and drying for 3 h, and the second set of DBSs was
processed in the same way four weeks later (after being stored in a
closed zip-lock bag with the desiccant at room temperature). ER values
determined for DBSs at different hematocrit levels and different storage
times are depicted in Fig. 4, The drugs concentrations extracted from
eluates of DBSs with different hematocrit values were constant and the
differences (defined as ERmax — ERmin) were 0.2-7.7% for 6% PVP and
0.7-9.2% for 1% CMC07/2% OC soluble foams. Similar differences were
determined also for the fresh vs. the aged DBS samples; the differences
were 0.4-8.5% for 6% PVP and 0.1-8.3% for 1% CMCO07/2% OC. Sta-
tistical evaluation of the results (one-way ANOVA or t-test at « = 0.05
level of significance) indicated a non-significant effect of the hematocrit
levels and the DBS storage time on ER values. They also confirmed a
statistically significant difference in ER values for the two foam
materials.

3.7. Comparison of soluble polymeric foams, DBS cards, and VAMS

The major difference between the elution of DBSs from insoluble and
soluble DBS sampling sorbents is the availability of blood compounds in
the final eluates. In principle, blood is absorbed by the sorbent and
penetrates into its internal structure, which is insoluble for cellulose-
based cards and VAMS. The blood sample dries up inside the internal
structure of the sorbent and various blood components (including target
analytes) might be retained by the sorbent during DBS elution and, thus,
not available for subsequent processing and analysis [27,28,31]. Careful
optimization is, thus, needed to ensure robust and quantitative release of
target analytes into the eluate. On the contrary, the application of
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Fig. 5. The effect of the DBS collection sorbent on the ER values of acidic drugs
extracted from DBSs formed on paper-based sampling cards, VAMS, and soluble
foams. HF-LPME conditions as for Fig. 4. The bars show a mean value £ SD (n
=3)

soluble sampling sorbents ensures complete dissolution of the DBS
sampling sorbent as well as all blood components, and thus their full
availability in the DBS eluates. To examine the effect of the solubility of
various sampling sorbents on the determination of acidic drugs in DBSs,
drug-free capillary blood was spiked with 550 pg/L of the model drugs
and a 10 pL volume was collected by the soluble polymeric foams,
standard cellulose-based sampling cards, and VAMS devices. The DBS
elution and HF-LPME of the drugs from the soluble foams were per-
formed simultanecusly according to the above-optimized procedure.
DBSs collected on commercial DBS sampling devices were eluted in 550
pL of 25 mM HCl at elution conditions recommended by the producers
(typically 1200 rpm and 60 min), and were followed by HF-LPMEs of the
resulting eluates at 1050 rpm for 30 min. ER values are shown in Fig. 5
and demonstrate pronounced differences for various sampling sorbents.
The highest extraction yields were obtained for DBSs eluted from 6%
PVP soluble foams resulting in 70-99% ER values demonstrating nearly
exhaustive extraction of all (except diclofenac (70%)) acidic drugs.
Lower ER values (44-54%) were obtained for naproxen and diclofenac
eluted from DBSs formed on 1% CMCO07/2% OC foams. We assume that
these acidic drugs interact with the cellulose-based polymers after the
foam and the DBS are dissolved because recoveries of other drugs (e.g.
warfarin and ketoprofen) were not affected and demonstrated their full
availability in the resulting eluates.

For the DBSs collected on Whatman™ 903 cards, ER values compa-
rable to 6% PVP were obtained for the determination of naproxen and
diclofenac. However, ER values were 1.4, 1.8, and 1.9-fold lower for
ibuprofen, ketoprofen, and warfarin, respectively. The other two insol-
uble sampling sorbents exhibited even more pronounced performance
deterioration and resulted in up to 2.8-fold and 10.6-fold lower re-
coveries (in comparison to 6% PVP) for DBSs collected on VAMS

Fig. 4. The effect of DBS hematocrit levels and
DBS storage time on the ER values of acidic drugs
extracted from DBSs formed on soluble polymeric
foams. A — 6% PVP, B — 1% CMCO07/2% OC. HF-
LPME conditions as for Fig. 3 except for spiked
drug concentration (550 pg/L).

The DBSs were processed 3 h (fresh) and 4 weeks
(aged) after collection; the hematocrit levels were
25, 43, and 61% for low, medium, and high,
respectively. The bars show a mean value + SD
(n =3).

low medium high low medium high low medium high low medium high
fresh = aged - fresh - aged .
wwarfarin ~ wibuprofen = naproxen ketoprofen  mdiclofenac mwarfarin  ®ibuprofen naproxen ketoprofen  ® diclofenac
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Table 2
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Analytical parameters of the HF-LPME at-line coupled to CE for the determination of medel acidic drugs in DBSs collected on soluble polymeric foams, HF-LPME and
CE conditions as for Fig. 5, n = 5. Concentrations, LODs and LOQs are expressed as the drug concentrations in the undiluted capillary blood before DBS collection and

elution. Calibration range = 275-27500 pg/L.

Foam Parameter warfarin ib i ketoprofen diclofenac
6% PVP ER (%), 125 pg/L 97.6 101.8 80.4 87.5 62.6
RSD (%), 125 pg/L 4.6 29 45 5.8 22
ER (%), 275 pg/L 9.8 98.4 83.5 86.0 65.7
RSD (%), 275 pa/L 58 4.2 22 1.8 2.1
ER (%), 5500 pg/L 94.9 9.2 85.1 921.5 69.5
RSD (%), 5500 pg/L 26 1.8 1.6 7.5 81
ER (%), 27500 pg/L 97.1 97.6 845 85.4 70.4
RSD (%), Z7500 jg/L 43 3.1 | 4.8 2.8
R* 0.9995 0.9991 0.9991 0.9992 09994
LOD (pg/L) 38 a3 16 33 38
LOQ (pg/L) 125 109 53 109 125
1% CMC/2% OC ER (%), 125 pg/L 9.7 68.9 40.1 913 49.1
RSD (%), 125 pg/L 5.4 6.2 16 2.0 10
ER (%), 275 pg/L 94.8 72.5 425 93.4 50.5
RSD (%), 275 pg/L 45 5.5 24 1.8 31
ER (%), 5500 pg/L 91.3 74.1 43.5 95.1 53.7
RSD (%), 5500 pg/L 3.9 55 4.8 1.4 13
ER (%), 27500 pg/L £9.4 72.5 45.0 96.8 49.4
RSD (%), 27500 pg/L 28 4.4 14 1.9 31
R* 0.9996 0.99%6 0.9996 0.9993 09994
LOD (ug/L) 38 44 33 33 44
LOQ (ug/L) 125 145 109 109 145
(Mitra®) and Ahlstrom (GenCollect™ 2.0) devices, respectively.
0.04 A.U. ibuprofen

3.8. Analytical performance

The analytical parameters for the determination of acidic drugs in
DBS samples collected on soluble polymeric foams are summarized in
Table 2. The analytical procedure involved the simultaneous dissolution
of the polymeric foam, elution of DBS, and HF-LPME of the resulting
eluate, which were achieved by agitating the DBS in 550 pL of 25 mM
HCl at 1050 rpm for 30 min. The HF-LPME acceptor solution was 10 mM
NaOH and was subsequently at-line injected into the CE-UV instrument
for the determination and quantification of extracted acidie drugs. Blank
DBS samples were formed by sampling drug-free capillary blood (see
Fig. 2 and S5) onto the soluble foams. The drug-free capillary blood was
spiked with 125, 275, 5500 and 27500 pg/L (4 quality control samples)
of the five acidic drugs and repeatability of the analytical procedure
(expressed as RSD values of peak areas) was evaluated for DBSs formed
on the two soluble foams. Repeatability for the determination of acidic
drugs in five DBS samples was within 1.6-8.1% and 1.3-5.5% for soluble
foams consisting of 6% PVP and 1% CMC07/2% OC, respectively. Inter-
day (three different days) and inter-sample (three different volunteers)
repeatability was better than 8.0% and is summarized in Table S1 in the
Supporting Information. The RSD values comply with the requirements
on repeatability in bioanalytical method validation and demonstrate
that the effect of the sample matrix on the extraction and analytical
process was well within acceptance limits [42,43]. ER values were
70-99% and 44-95% for the analyses of DBSs formed on 6% PVP and
1% CMCD7/2% OC soluble foams, respectively. The linearity of the
technique was measured for a concentration range of 275-27.500 pg/L
(6 calibrators at 275, 550, 1375, 2750, 5500, and 27500 pg/L in DBS
matrix) and the obtained coefficients of determination (RZ) were
0.9991-0.9996. The concentrations of calibrators were back-calculated
from the calibration curve, did not differ from the nominal values by
more than 10.5%, and showed that the linear model can be accepted
[42,43]. LODs and LOQs of the method were 16-44 pg/L and 53-145
pg/L, respectively, and were suitable for the determination of thera-
peutic concentrations of acidic drugs (1-50 mg/L) in clinical samples
[44]. The LODs and LOQs were defined as the lowest concentrations of
an analyte giving analytical signals three- and ten-times higher than
baseline noise (S/N = 3, §/N = 10), respectively, and were calculated for

— PVP
— CMc/ocC
—— Whatman

| | | |
0 1 2 3 4
migration time (min)

Fig. 6. At-line coupling of HF-LPME to CE-UV for the direct determination of
ibuprofen in DBS samples collected on various DBS collection sorbents 90 min
after ibuprofen administration. HF-LPME and CE conditions as for Fig. 2. Native
ibuprofen concentration after drug ingestion, 29.3 mg/L.

the original undiluted capillary blood.

3.9. Determination of ibuprofen therapeutic concentrations

The developed soluble polymeric foams were further tested for the
collection of capillary blood and pretreatment/analysis of the resulting
DBSs after oral administration of a tablet containing 400 mg of
ibuprofen. Capillary blood was collected before and 90 min after the
drug administration (ibuprofen’s half-life in humans is 0.9-2.5 h) [44].
Blood was collected onto the two soluble foams and additionally also
onto the Whatman™ collection card. Several minor compounds were
detected in the blank samples as a result of their co-extraction from the
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DBS eluates during HF-LPME. They do not interfere with the determi-
nation of ibuprofen, as has been verified by the HF-LPME/CE analysis of
a spiked DBS sample collected on the 6% PVP (see Fig. 2), and their
identification was not necessary. The electropherograms in Fig. 6 depict
the determination of ibuprofen in capillary blood collected on the three
different DBS sampling sorbents after the drug administration; the
electropherograms were offset by 2 s for better readability. The results
are consistent with the trends reported for DBS samples spiked with
addic drugs in the previous paragraph, demonstrating exhaustive
HF-LPME of ibuprofen for the 6% PVP soluble foam. Ibuprofen con-
centration in the DBS sample was determined as 29.3 + 0.9 mg/L (n =3,
mean value + SD) and conforms with its typical therapeutic concen-
trations [44].

4. Conclusions

Various polymeric foams were prepared and their composition
optimized for the collection and analysis of DBSs. The foams were pre-
pared from PVP or amixture of CMCO7 and OC in a simple manner based
on homogenization of an aqueous polymeric dispersion, pipetting a
given volume of the dispersion into a 96-well plate, and gradual
freezing/lyophilization of the dispersion. The resulting polymeric foams
were porous discs of uniform dimensions (approx. 6 x 3 mm) with full
solubility in standard aqueocus solutions. The soluble polymeric foams
enabled collection of minute volumes of capillary blood and blood
drying in a standard CE vial, which were followed by an in-vial DBS
pretreatment (elution and HF-LPME) and at-line CE analysis. The DBS
elution process involved the simultaneous dissolution of the entire foam
as well as the entire DBS and ensured a quantitative transfer of all blood
components into the eluates. As a result of their full availability in the
eluates, nearly exhaustive extractions of target analytes were achieved,
which were demonstrated by the HF-LPME/CE determination of model
acidic drugs in DBSs collected on the developed polymeric foams. The
soluble polymeric foams exhibited low variations in analyte concen-
trations for DBSs prepared from blood samples with different hematocerit
levels and for aged DBSs. The acidic drugs stored in the foam-based DBSs
at ambient temperature were stable for at least four weeks, Blood
collection on the soluble polymeric foams offered faster pretreatment
times and improved ERs in comparison to standard DBS sampling de-
vices, The new PVP and CMCO7/0C foams, therefore, represent an
attractive alternative to standard DBS collection devices and might
constitute a new group of DBS sampling sorbents in the future. More-
over, since the HF-LPME operational conditions (i.e. SLM/donor/
acceptor solution composition) can be fine-tuned for specific ionic spe-
cies, the suggested concept might be applied to a broad range of analytes
and various analytical and detection techniques.
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Experimental

Blood sampling onto DBS cards, VAMS, and polymeric foams

Capillary blood was collected by volunteers at the Institute of Analytical Chemistry after
signing a written informed consent. Collection of DBSs was approved by the Research Council
of the Institute of Analytical Chemistry. Before pricking, the fingertip was wiped off with a
lint-free cotton pad soaked with ethanol (Lach-Ner). Ethanol at the fingertip was left to
evaporate to avoid blood precipitation. The fingertip was pricked using an automated skin
puncture device (ACCU-CHEK FastClix, Roche, Mannheim, Germany) with disposable
lancets, which were discarded after use. The first blood drop was wiped off with a dry cotton
pad and the second drop was used for blood sampling. Exactly 10 pL of capillary blood was
pipetted into a graduated polypropylene micropipette tip (Sorenson Bioscience Inc., Salt Lake
City, UT, USA; One Touch 1 — 20 pL) using a fixed-volume micropipette (10 puL, Eppendorf,
Hamburg, Germany). Blood from the tip was quantitatively dispensed onto a DBS sampling
card (Whatman™ 903 Protein Saver, GE Healthcare Ltd, Cardiff, UK, or Ahlstrom
GenCollect™ 2.0, Ahlstrom Germany GmbH, Birenstein, Germany) and was air-dried at room
temperature in a holder for 3 h to form the DBS. For blood sampling by VAMS,
Mitra® Clamshell devices (blood capacity of 10 pL, Neoteryx, Torrance, CA, USA) were
applied. Capillary blood flew spontaneously into the internal structure of the porous polymeric
VAMS tip and the exact blood volume (given by the size of the tip) was absorbed [1]. After
blood collection, the VAMS device was left in the dedicated box and was dried up for 3 h at
room temperature. For blood sampling onto a soluble polymeric foam, the foam was removed
from the 96-well plate. Some foams attached to the well wall during lyophilization and these
were detached from the wall by a stainless pin. The released foam was carefully removed with
a tweezer and placed in a CE glass vial (2 mL: Agilent Technologies, Waldbronn, Germany,

P/N 5182-9697), see Figure 1A, 10 puL of capillary blood was quantitatively pipetted onto the
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foam (Figure 1B), was allowed to soak into the internal foam structure (Figure 1C), and to dry
up (Figure 1D).

DBS samples spiked with the drugs were prepared by mixing 90 pL of capillary blood with 10
pL of a standard drug solution in a PCR microvial (250 pL) and 10 pL of the mixture was
pipetted onto the polymeric foam, onto the DBS sampling card or was absorbed by the VAMS
device. All collected DBSs were processed in the glass CE vials. The DBS elution solution
must meet certain criteria for the subsequent HF-LPME: (i) it must be aqueous to dissolve the
polymeric foams, (ii) must be acidic to render the target analytes neutral, and (iii) must not
contain organic solvent not to dissolve the SLM.

The DBS on a polymeric foam was formed directly in the CE vial and was used with no
modifications. The CE vial with the DBS was filled with 550 puL of an eluent, and target analytes
were simultaneously eluted and extracted by agitation at 1050 rpm for 30 min (Vibramax 100,
Heidolph Instruments GmbH, Schwabach, Germany). Figures 1E — 1F represent the processing
of a DBS collected on a 6% PVP soluble polymeric foam. The DBS formed on a DBS card was
processed by punching out a 10 mm disc with the entire DBS from the card and by placing the
disc into the CE vial. The CE vial with the DBS was filled with 550 uL of an eluent, DBS was
eluted by agitation at 1200 rpm for 60 min and target analytes were extracted by agitation at
1050 rpm for 30 min. For processing the DBS formed by the VAMS device, the tip with the
DBS was removed from the supporting rod and placed into the CE vial. The CE vial with the
DBS was filled with 550 puL of an eluent, DBS was eluted by agitation at 1200 rpm for 60 min
and target analytes were extracted by agitation at 1050 rpm for 30 min. After completion of the
extraction, the vial with the extracted sample was transferred to the CE autosampler carousel

for at-line injection.
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Hollow fiber liquid-phase microextraction

HF holders for the at-line coupling of HF-LPME to CE were 3D printed from a clear UV
sensitive resin (Basic, 405 nm) using a Photon Mono 3D printer (both Anycubic Technology
Co. Ltd., Shenzhen, PCR). The dimensions of the conical holders were specified in our previous
publication [2]. Each holder was fitted with a 9.5 mm long extraction unit cut from a porous
polypropylene hollow fiber (Accurel PP 300/1200, Membrane, Wuppertal, Germany) with
outer diameter (o.d.), internal diameter (i.d.), wall thickness, and pore size of 1800, 1200, 300,
and 0.2 pum, respectively. The extraction unit was sealed by mechanical pressure and heat on
one side (approx. 1 mm of the unit) and the open side of the unit was stretched over the narrower
end of the holder.

A comprehensive description of the HF-LPME procedure for the DBS pretreatment can be
found in publication [2] and is briefly summarized here. The DBS disc (punched from the card,
VAMS, or foam) is placed into the glass CE vial and the vial is filled with 550 pL of an eluent
using an Eppendorf micropipette. The HF is impregnated with an organic solvent (by dipping
the HF for 10 s into the solvent and wiping-off the solvent excess by a lint-free tissue) and the
HF lumen is filled with 5 pL. of an acceptor solution using a Hamilton syringe with flat tip. The
HF-LPME device is inserted into the glass vial and the vial is closed. Finally, the vial is placed
on the Vibramax 100 agitator and agitated at 1050 or 1200 rpm as specified in the previous

Section.

Capillary electrophoresis

Acidic drugs were detected by a built-in UV-Vis detector at 200 nm (warfarin, ibuprofen, and
ketoprofen), 214 nm (diclofenac), and 226 nm (naproxen). The BGE solution for the
determination of the acidic drugs was optimized previously [3] and consisted of 30 mM sodium

acetate, 30 mM acetic acid, and 30% (v/v) acetonitrile. The BGE solution was prepared daily
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and had an apparent pH of 5.2. CE separations were performed in a fused silica capillary (75
pm i.d./375 pm o.d., Lia = 45 cm and Ler = 36.8 cm), supplied by Polymicro Technologies
(Phoenix, AZ, USA). The separation voltage applied to the inlet electrode was +25 kV, the
temperature inside the CE cartridge was 25 °C, and injections were performed
hydrodynamically at 50 mbar for 5 s. The inlet platinum electrode (Agilent Technologies, P/N
G7100-60033) was 5 mm shorter than the outlet platinum electrode (Agilent Technologies, P/N
G7100-60007) to avoid sample cross-contamination with BGE solution during the injection [2].
The injection end of the separation capillary protruded 8 mm from the short electrode, thus
approx. 3 mm of the capillary were immersed in the acceptor solution during injection, and the
acceptor solution was injected directly from the HF lumen. For an exact setting of the injection
end length, the total length of the capillary exposed from the CE cartridge (at the injection side)

was 49 mm and is visualized in Figure S1 in the Supporting Information.

Calculations
Extraction recovery (ER) values of the HF-LPME of dried blood spots (DBSs) eluted from

soluble polymeric foams, DBS cards, and VAMS were calculated according to equation (1):

Na, final

x 100 = v”_ o C. final

Nd, initial Vi Cn‘ Linitial

ER (%) = x 100 (1)

where ng finat and ng iniviat are the number of the analyte moles finally transferred into the acceptor
solution and the number of the analyte moles initially present in the donor solution, respectively.
V. is the acceptor solution volume, Vg is the DBS eluate volume, Caina is the final analyte
concentration in the acceptor solution and Cgnitial is the initial analyte concentration in the

capillary blood divided by a factor of 55 (10 uL DBS diluted by 550 pL of the eluate).
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Results and discussion

Hollow fiber liquid-phase microextraction optimization

Ten pL of drug-free capillary blood spiked with 5500 pg/L of the five acidic drugs was pipetted
to the foams. The drugs were extracted from the resulting DBSs into a 10 mM NaOH acceptor
solution. The acceptor solution composition was based on our previous publication [2] and
ensured full ionization of acidic drugs at the SLM/acceptor solution phase interface. The pH of
the eluent might be affected by the presence of blood components from DBS and polymeric
components from the foams and because acidic drugs (with pK, values between 4 and 5) were
extracted, acidic eluate conditions were examined. Acidic conditions promote the transfer of
the drugs (in their neutral form) to the SLM at the eluate/SLM phase interface. The results are
depicted in Figure S8 and demonstrate low ER values for DI water (8 — 33%) and 10 mM HCI
(14 — 48%), maximum ER values for 25 and 50 mM HCI (39 — 97%), and slightly reduced ER
values for 100 mM HCI (22 — 90%). Soluble foams were thus eluted with 25 mM HCI in all
subsequent experiments.

The extraction efficiency is considerably influenced by the presence of target analytes at the
phase interface between the eluent and the SLM. In HF-LPME, efficient transfer of target
analytes to the phase interface is achieved by the eluate agitation. Moreover, agitation is also
crucial for rapid and efficient dissolution of the polymeric foam to release DBS components
into the eluate. If the eluate is then insufficiently agitated, the distribution of analytes between
the aqueous and the organic phase may not be sufficient and may induce low ER values. On the
contrary, too vigorous agitation may form a pronounced vortex in the eluate and the eluate may
not contact the HF properly, which consequently may again induce low ER values. The
agitation speed was, therefore, examined in the range of 600 — 1350 rpm for 30 min and the
corresponding results are depicted in Figure S9. Highest ER values were achieved for agitating

6% PVP foams at 1050 rpm (74 — 97 %) and 1% CMCO07 / 2% OC foams at 900 rpm (46 —
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100%). The slightly higher agitation speed required for HF-LPME of PVP-based foams might
be explained by their slightly higher stability and lower solubility. A further increase of the
agitation speed was not necessary because the HF-LPME efficiency was nearly constant
(plateaus were observed or ERs slightly decreased) for speeds higher than 1050 rpm. Soluble
foams were thus eluted at 1050 rpm in all subsequent experiments.

Another crucial factor in HF-LPME is the extraction time. The extraction system should ideally
reach an equilibrium state in the final phase and due to the application of a soluble foam as the
DBS sampling sorbent, the foam is supposed to completely dissolve in the elution solvent. The
fully dissolved foam might consequently ensure exhaustive transfer of target analytes from the
eluate since they are not retained in the sorbent. Extraction time was examined for 0 — 50 min
and corresponding curves demonstrating ER values at different extraction times are shown in
Figure S10. The 6% PVP and 1% CMC07 / 2% OC polymeric foams were fully dissolved in
10 and 7 min, respectively, and the transfer of the acidic drugs to the acceptor solution was
completed in about 30 min. Nearly exhaustive extractions (ER = 76 — 98%) were obtained for
all acidic drugs eluted from 6% PVP polymeric foams and for warfarin, ibuprofen, and
ketoprofen eluted from 1% CMCO07 / 2% OC polymeric foams. ER values for naproxen and
diclofenac from 1% CMCO07 / 2% OC polymeric foams at 30 min extraction time were slightly
lower and were 49 and 56%, respectively. Because sample processing by HF-LPME can be
simultaneously performed for multiple DBS samples, the 30 min extraction time is not limiting

and was applied for all subsequent experiments.
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Figure S1. A photograph of the separation capillary exposed from an Agilent 7100 CE cartridge

with the exact capillary length of 49 mm at the inlet (injection) end.
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Figure S2. Electron scanning microscope (MIRA 3, Tescan, Brno, Czech Republic) images of
the selected polymeric foams demonstrating optimum (6% PVP, 1% CMCO07 / 2% OC), too
high (1% CMCO07) and too low (1% CMCO02) porosity of the foams.
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Figure S3. Gradual absorption of capillary blood by the polymeric foam made of 6% PVP.

Blood volume, 10 puL. The foam was placed on a pin for better visualisation of the absorption.
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Figure S4. The effect of the drying time on the capillary blood sample weight. Capillary blood
(10 pL) was sampled on polymeric foams made of 6% PVP and 1% CMCO07 / 2% OC and the

corresponding decrease in weight (due to the DBS formation) was determined gravimetrically.

The points show a mean value = SD (n = 3).
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Figure S5. Electropherograms recorded at different detection wavelengths for the
determination of compounds co-extracted by HF-LPME from a blank DBS. HF-LPME
conditions: SLM, dihexyl ether (DHE); acceptor, 5 pL of 10 mM NaOH; donor, 6% PVP foam
with a DBS (10 pL of capillary blood) eluted with 550 uLL of 25 mM HCI; agitation speed, 1050
rpm; extraction time, 30 min. CE conditions: BGE solution, 30 mM sodium acetate, 30 mM
acetic acid, and 30% (v/v) acetonitrile at apparent pH 5.2; separation voltage, + 25 kV;
injection, 50 mbar for 5 s. (*) possible comigration with diclofenac (attenuated at 214 nm); (+)
partial separation from naproxen (attenuated at 226 nm). All other compounds were fully

separated from the analytes or were below the method LOQ.
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Figure S6. Optimization of the capillary blood drying time. Capillary blood (10 pL) was
sampled on soluble polymeric foams made of (A) 6% PVP and (B) 1% CMCO07 /2% OC. The
foam with the capillary blood was inside a glass CE vial, which was placed in a zip-lock bag
with a desiccant and dried up at ambient temperature for 30 — 720 min. HF-LPME conditions

as for Figure S5 (spiked concentration, 5500 pg/L). The points show a mean value + SD (n =

3).
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Figure S7. DBS eluate after dissolution of a 6% PVP (left) and 1% CMCO07 / 2% OC (right)

polymeric foam (with 10 pL DBS) in 550 pL of 25 mM HCl.
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Figure S8. Stability of the acidic drugs in DBSs collected on soluble polymeric foams made of
(A, B) 6% PVP and (C, D) 1% CMCQ07 / 2% OC stored at laboratory temperature (A, C) and in

a refrigerator at 4 °C (B, D). HF-LPME conditions as for Figure S6. The bars show a mean

value + SD (n=3).
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Figure S9. The effect of HCI concentration in donor solution (DBS eluate) on the ER values of
the HF-LPME for the determination of model acidic drugs. A — 6% PVP, B — 1% CMCO07 / 2%
OC. HF-LPME conditions as for Figure $6, except HCI concentration. The bars show a mean

value + SD (n=3).
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Figure §10. The effect of agitation on the ER values of the HF-LPME for the determination of

model acidic drugs. A 6% PVP, B

1% CMCO7 /2% OC. HF-LPME conditions as for Figure

56, excepl agitation speed. The points show a mean value = SD (n = 3).
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Figure 811. The effect of extraction time on the ER values of the HF-LPME for the

determination of medel acidic drugs. A

6% PYP, B

1% CMCO7 / 2% OC. HF-LPME

conditions as [or Figure S6, excepl extraction time. The points show a mean value = SD (n =

3.
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Table S1. Repeatability of the HF-LPME at-line coupled to CE for the determination of model
acidic drugs in DBSs collected on soluble polymeric foams. HF-LPME conditions as for Figure
S6. Concentrations are expressed as the drug concentrations in the undiluted capillary blood
before DBS collection and elution. Inter-day data measured at three different days in one week;

inter-sample data measured for DBSs of three different volunteers at one day; n = 3.

Foam Parameter Warfarin  Ibuprofen Naproxen Ketoprofen Diclofenac

Inter-day measurements

6% PVP RSD (%), 275 ug/L 3.8 25 34 3.9 42
RSD (%), 5500 pg/L 2.5 6.3 8.0 4.6 4.1
RSD (%), 27500 pg/L 5.9 3.7 42 4.8 5.0
1% CMC RSD (%), 275 pg/L 3.3 %1 2.9 3.0 6.5
/2% 0OC RSD (%), 5500 pg/. 2.8 23 40 36 38
RSD (%). 27500 pg/L 6.0 5.5 6.7 4.4 3.8

Inter-sample measurements

6% PVP  RSD (%), 275 pg/L 3.9 5.7 34 5.6 4.4

RSD (%), 5500 pg/L. 1.7 X 3.9 2.3 34

RSD (%). 27500 pg/L 4.6 3.8 2.2 2.3 3.7

1% CMC RSD (%), 275 pg/L 4.1 2.7 4.4 72 7.3

/2% OC RSD (%), 5500 pg/L 2.6 2.4 2.6 43 3.2

RSD (%), 27500 pg/L 4.3 52 4.7 5.3 6.0
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10 SEZNAM POUZITYCH ZKRATEK A SYMBOLU

BGE
CE

C*D
CMCO07
DART-MS
DBS
DESI-MS
DMPK
DNA

ESI

ER

ESM

GC
HF-LPME
HF

HPLC
HRMS
ICP-MS
INR

ITP
LC-UV
LLE

LOD
LOQ
LPME
MS

NBS

oC

PAH

PP

zakladni elektrolyt

kapilarni elektroforéza

kapacitn¢ vazana bezkontaktni vodivostni detekce
karboxymetylceluldza

hmotnostni spektrometrie s pfimou analyzou v realném cCase
sucha krevni skvrna

hmotnostni spektrometrie s desorpéni elektrosprejovou ionizaci
metabolismus 1é¢iv / farmakokinetika.

deoxyribonukleova kyselina

elektrosprejova ioniza¢ni technika

extrakéni vytéznost

elektronova rastrovaci mikroskopie

plynova chromatografie

mikroextrakce pies duté vlakno

porézni duté vlakno

vysokoucinna kapalinovéa chromatografie

hmotnostni spektrometrie s vysokym rozliSenim
hmotnostni spektrometrie s indukéné vazanym plazmatem
mezinarodni normalizacni pomeér

izotachoforéza

kapalinova chromatografie s detekci v ultrafialové oblasti
extrakce kapalina-kapalina

limit detekce

limit kvantifikace

mikroextrakce do kapaln¢ faze

hmotnostni spektrometrie

novorozenecky screening

oxidovana-6-karboxyceluldza

fenylalaninhydroxyléza

polypropylen
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PVP
RSD

SDME
SPE
SLM
TDM
UV-VIS
UHPLC
VAMS

polyvinylpyrrolidon

relativni standardni odchylka

koeficient determinace

mikroextrakce do jedné kapky rozpoustédla

extrakce na pevné fazi

kapalna faze na membranovém nosici

terapeutické monitorovani 1éciv

spektrofotometrie s detekci v ultrafialovo-viditelné oblasti
ultra-vysokouc¢inna kapalinovéa chromatografie

technika odmérného vzorkovani mikro-objemu
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potravin, potravinaiskych surovin a odpadt (FCH-S-21-7483)

2021 — 2022 Resitel KING - Soluble materials for dried blood spot self-sampling and
automated analysis (FCH-K-21-7023)

2020 — 2021 Aplikace progresivnich metod a postupi v ramci modernich
potravinaiskych véd (FCH-S-20-6316)

2019 —-2020 Vyuziti pokro€ilych metod a postupl v ramci modernich potravinaiskych
véd (FCH-S-19-5983)

2018 —2020 Vyuziti kapilarni elektroforézy pii analyze suchych krevnich skvrn
(GA CR 18-13135S)

2017 -2018 Nové mikroextrakéni postupy pro upravu, prekoncentraci a analyzu
vzorkd s komplexnimi matricemi (GA CR 16-09135S)

2016 -2018 Studium vztahu mezi strukturou, transportnimi a tokovymi vlastnostmi
biopolymernich gelti na mikro i makroskopické arovni (TA CR LD
15047)

2016 -2018 Vyuziti koncepce biorafinerie k valorizaci odpadni biomasy
dievozpracujiciho primyslu (LD 15031)

UCAST NA AKCICH:

- 2020 — 2022 - Absolvovani kurzu pedagogického minima na Institutu celozZivotniho

vzdélavani VUT

- 5-13.5. 2020 Kurz time managementu a fizeni lidskych zdroji

- 3.-4.12.2020 Kurz prezentovani AV CR, Brno: kurz zamé&feny na rétoriku a vefejné

vystupovani
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- 18.—22.11.2019 - Kurz zakladd védecké prace, Ustav analytické chemie AV CR,

Brno, CR: kurz zaméfeny na techniky a metodiku védecké préce.

- Pedagogicka praxe — 1. a 3. ro¢nik DSP asistence pfi vedeni diplomantii a bakalait
pfi praktické ¢asti jejich zavére¢nych praci. Podil na vyuce praktik z instrumentalni
a strukturni analyzy — tlohu kapilarni elektroforéza, tj. instrumentace, ktera je hlavni

uzitou analytickou technikou dizertace.

ZAHRANICNI SPOLUPRACE:

DEPARTMENT OF CHEMISTRY

University of the Balearic Islands Universitat

Carretera de Valldemossa km 7.5
) de les Illes Balears
E-07122 Palma de Mallorea, llles Balears, Spain

Prof. Manuel Miro

E-mail: manuel.miro @uib.cs
FAX: +34 971 173426

Tel: +34 971 172746

Reviews Editor
Analylica Chimica Acla

Elsevier Publishing Group January 18, 2022

To whom it might concern

A confirmation of the international collaboration of MSc. Lenka RySava (Brno
University of Technology)

Hereby, I confirm that L am the principal investigator of the research project fluidic anafvrical
platformy for assessing envirommental and human exposure to emerging coniaminarnty
proposal granted by the Spanish Ministry of Science and Tnmovation (MCIN) and the Spanish
State Research Agency (AEI) through project PID2020-117686RB-C33 (MCIN/AET)

and that RNDr. Pavel Kubai, Ph.D. Dse. from the Institute of Analytical Chemistry of the
Czech Academy of Sciences (supervisor of MSc. Rysavd) is a cooperating subject in this
grant proposal. MSc. Ryfava and the two teams have carried out a scientific rescarch within
this grant praject, and the results of this intemational collaboration have been presented on a
scientific conference (Latin-American Symposium on Biotechnology, Biomedical,
Biopharmaceutical, and Industrial Applications of Capillary Electrophoresis and Microchip
Technology — LACE 2021, Sao Paulo, Brazil) thus demonstrating the collaboration among the
Ph.D. student, my rescarch group (FI-TRACE at the University of the Balearic Islands.

www fitrace.es), and the research group of the collaborator (RNDr. Kuban).

Y ours sincerely,

Manuel Miré
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