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1. Wprowadzenie

Wiodace metody instrumentalne chemii analitycznej stosowane obecnie
w badaniach laboratoryjnych juz teraz zapewniajg znakomitg jakoS¢ wynikow,
a jednoczes$nie bezustannie sg one udoskonalane. Uscislajgc pojecie jakosci wynikow,
mowa tutaj o podstawowych charakterystykach metody analitycznej takich jak m.in.:
selektywnos¢ (wzglednie rowniez specyficznosc¢) zapewniajgca pewnos¢ co do
prawdziwosci otrzymanego wyniku; liniowos¢é oznaczajgcg, w Scisle okreslonym
zakresie wartosci, brak przektamania spowodowanego wielkoscig analizowanego
parametru; czutosé okreslajgcg najmniejszg mozliwg od wykrycia (jakosciowo), jak
rébwniez i do oznaczenia (ilosciowo) warto$¢ parametru; precyzje stanowigcg o
powtarzalnosci uzyskiwanych wynikow; doktadnosé bedgcg miarg zbieznosci
uzyskiwanych wynikéw z ich rzeczywistg wartoscig; a takze inne, niewymienione tutaj,
lecz niezaprzeczalnie istotne cechy [1,2]. Zanim przedstawione zostang przyktady
konkretnych metod analitycznych, warto juz teraz zasygnalizowac¢ konieczno$é
kompleksowego spojrzenia na zagadnienie jakim jest ostatecznie stosowany protokét
analityczny bedgcy w praktyce potgczeniem kilku réznych technik, odmiennych i
wyspecjalizowanych w swojej funkcji. Dopiero czerpanie z komplementarnych korzysci
kazdej z rozpatrywanych metod zapewnia w rezultacie uzyskanie znakomitej jakosci
wynikow.

Za wiodgce metody instrumentalne powszechnie uwazane sg m.in. zastosowane
w prezentowanych w przedfozonej rozprawie doktorskiej badaniach: wysokosprawna
chromatografia cieczowa (HPLC, ang. high-performance liquid chromatography);
tzw. miekkie metody jonizacji (ang. soft ionization); oraz tandemowa spektrometria
mas (MS, ang. mass spectrometry). Co niezwykle znamienne, zadna z wymienionych
metod nie nalezy do najnowszych osiggnie¢ nauki.

Technika rozdzielania chromatograficznego, ktéra umozliwia wyodrebnienie
poszczegolnych skfadnikédw mieszaniny w celu ufatwienia ich identyfikacji oraz
precyzyjniejszego pomiaru, znana jest juz ponad sto lat. Za pioniera chromatografii
kolumnowej uwazany jest pracujgcy na poczgtku XX wieku w Warszawie (Uniwersytet
Warszawski oraz Politechnika Warszawska) Michait Cwiet (ros. Muxamn LiBeT),
stosujgcy kolumny wtasnej produkcji do rozdzielania i identyfikacji barwnikéw
roslinnych [3]. Udoskonalony wariant kolumnowej chromatografii cieczowej — HPLC —

do uzytku wprowadzony zostat we wczesnych latach szescdziesigtych XX wieku [4].
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Pierwsze doniesienia naukowe o zastosowaniu HPLC ukazaty sie kilka lat p6zniej na
tamach wysoce prestizowych czasopism Nature [5] oraz Analytical Chemistry [6].

Rozdzielenie sktadnikéw prébki jest jednak zaledwie poczgtkiem catego procesu
analizy instrumentalnej. Aby wykry¢ i oznaczy¢ sktadniki probki, zarowno takiej
poddanej uprzedniej preparatyce, jak i nie, niezbedne jest zastosowanie metody
detekcji. Wykorzystana w prezentowanej rozprawie doktorskiej metoda detekcji za
pomocg spektrometrii mas wymaga wczesniejszego obdarzenia tadunkiem
elektrycznym (jonizacji) wszystkich analizowanych sktadnikéw prébki. W tym celu w
prezentowanych badaniach uzyta zostata metoda jonizacji przez elektrorozpylanie
(ESI, ang. electrospray ionization), ktéra nalezy do tzw. migkkich metod jonizacji. Jest
to grupa metod pozwalajgcych na nadanie czgsteczce tadunku elektrycznego bez
degradacji (fragmentacji) jej struktury, a tym samym umozliwia okreslenie masy catej
czagsteczki. Wprowadzona w 1968 roku [7] metoda ESI, obecnie wykorzystuje w
praktyce pdzniejsze osiggniecia Johna Fenna. Prowadzone przez niego od lat
osiemdziesigtych XX wieku badania zostaty w 2002 roku wyréznione Nagrodg Nobla
w dziedzinie chemii [8], w szczegdlnosci za przetomowe wdrozenie ESI jako metody
jonizacji sprzezonej ze spektrometrig mas [9].

Z kolei najstarszg sposrod omawianych metrykg, swoimi poczatkami siegajgca az
XIX wieku, moze pochwali¢ sie metoda spektrometrii mas [10]. Pierwszy detektor typu
kwadrupol (ang. quadrupole — jego nazwa nawigzuje do czterech pretéw generujgcych
pole elektryczne filtrujgce czgsteczki obdarzone fadunkiem elektrycznym) stworzony
zostat w 1953 roku [10]. Osiggniecie to stworzylo podwaliny dla konstrukcji
analizatoréw mas typu putapka jonowa (ang. ion trap). Badania te zostaty w 1989 roku
wyréznione Nagrodg Nobla, tym razem w dziedzinie fizyki, dla Wolfganga Paula —
tworcy pierwszego kwadrupola [11]. Wspoétczesne kwadrupole w praktyce czesto
posiadajg jednak nie cztery, a osiem pretébw zapewniajgcych korzystniejszg
charakterystyke pracy. Nastepnym krokiem na $ciezce rozwoju spektrometrii mas byto
stworzenie urzgdzen wykorzystujgcych kilka potgczonych ze sobg analizatorow mas.
Przyktadem tandemowego spektrometru mas jest wykorzystywany w badaniach
prezentowanych w rozprawie doktorskiej detektor typu potréjny kwadrupol (ang. triple
guadrupole). Potréjny kwadrupol (a tym samym technika tandemowej spektrometrii
mas — MS/MS) po raz pierwszy zastosowany zostat w 1978 roku [12]. Dzisiaj jego
konfundujgca nazwa jest juz tylko zasztoscig historyczng, gdyz stosowane obecnie

potrojne kwadrupole posiadajg jedynie dwa analizatory mas typu kwadrupol — a trzeci
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(srodkowy) zastgpiony w nich zostat specjalng komorg zderzen (ang. collision cell)
umozliwiajgcg fragmentacje wybranej czgsteczki w celu poznania jej struktury oraz
zwiekszenia selektywnosci uzyskiwanych pomiaréw (ze wzgledu na wystepowanie
specyficznych par jon molekularny — jon fragmentaryczny).

Omowione powyzej przeszto sto lat rozwoju wybranych metod analitycznych
(Ryc. 1) przekfada sie bezposrednio na osiggang obecnie znakomitg jakos¢ wynikow,
m.in. uzyskiwanych dzieki stosowanemu w prezentowanych w rozprawie doktorskiej

badaniach protokotowi analitycznemu (Ryc. 2).

Piarwszy pomiar stosunku Plerwsze zastosowane MS -
ladunku do masy {(Z/m) pomiar stasunku masy do Wprowadzenie Planwsze zastosowanie Pierwsze zaslosowanie
CZRHI0CZak dunku (MVZ) czasteczek plerwszego HFLC MSMS SPME
{Thomson | Everett) (Dempster) (Waters Corporation) (Yost i Enke) (Arthur | Pawliszyn)

N TP p—

Pierwsze zasiosowanie Pierwsze zastosoware MS Pierwsze zastosowanie ESI Pierwsze zastosowanie

chromatografi typu kwadrupol (Dole | wsp.) ESIMS
kolumnowey (Paul) - nagroda Nobla 18689 (Yamasheta i Fenn)
(Cwiet) nagroda Nobla 2002

Ryc. 1. Linia czasu wybranych osiggnie¢ w dziedzinie rozwoju metod analitycznych.

Jednakze ta doskonata jako$¢ wynikdéw obarczona jest jednoczesnie duzg
wrazliwoscig opisywanej aparatury na wszelkie zanieczyszczenia. Wsréd przyczyn
upatrywa¢ mozna m.in. wykorzystania w urzgdzeniach tego typu licznych elementéw
podatnych na wystepowanie zatorow. Przykfady stanowig: ciasno upakowane kolumny
chromatograficzne o matej wielkosci czgsteczek wypetnienia — szczegdlnie czgsteczek
ponizej 2 um Srednicy stosowanych w standardzie ultra wysokosprawnej
chromatografii cieczowej (UHPLC, ang. ultra high-performance liquid chromatography)
— w zamian charakteryzujgcych sie bardzo wysokg zdolnoscig rozdzielcza;
waskie rurki i potgczenia zestawu (U)HPLC operujgce w warunkach wysokiego
cisnienia atmosferycznego (nawet rzedu tysigca atmosfer dla metod UHPLC), ktére
zapewniajg warunki pracy niezbedne dla osiggniecia kompatybilnosci ze
wspomnianymi wczesniej ciasno upakowanymi kolumnami; a takze wagskie kapilary
zrédta jondw oraz analizatora mas — zapewniajgce duzg doktadnosé pomiaru.
Ponadto wysoce podatne na zabrudzenie nielotnymi solami oraz makroczgsteczkami
(np. peptydy i biatka) jest samo zrodio jondw typu ESI, co moze skutkowac
koniecznoscig zmudnego czyszczenia. Oznacza to zarazem przestoj w pracy catego

instrumentu analitycznego.



Rozwigzaniem tego problemu jest stosowanie wytgcznie kosztownych odczynnikow o
klasie czystosci LC-MS. Odczynniki takie sg pozbawione czgsteczek wielkosSci
powyzej 0,2 um, a takze charakteryzujg sie one bardzo niskim stezeniem wszelkich
elektrolitow — a zatem jondw, ktére moglyby za sprawg konkurowania o tadunek
elektryczny ostabiaé¢ jonizacje badanych substancji. Jednakze przede wszystkim,
skutecznym remedium jest wdrozenie metody preparatyki probek. Jest to jednoczesnie
tzw. ,waskie gardto” catego protokotu analitycznego, poniewaz sam proces
przygotowania prébki przektada nawet na 1/3 wypadkowo uzyskanego btedu
pomiarowego [13,14]. Ws$rod wiodacych metod przygotowania probek znajdujg sie
bedgce newralgiczng czescig tej rozprawy doktorskiej metody mikroekstrakcyjne
(rozdziaty 8 i 9) [15]. Pierwsza sposrod tych metod, technika mikroekstrakcji do fazy
statej (SPME, ang. solid-phase microextraction) zostata wprowadzona i
spopularyzowana przez pochodzgcego z Gdanska profesora Janusza
Pawliszyna [16]. Dalsze informacje na temat metod mikroekstrakcyjnych znajdujg sie

W rozdziale 7.

Etap protokotu analitycznego Metody stosowane w przedstawionej rozprawie

1. Pobranie probki do badan * Rozwigzania opisane w rozdziale 6

2. Przygotowanie probki

(separacja analitow od zanieczyszczen) s Nistody/ IivooIeH Saying (TeRealany 7-8)

3. Rozdziat analitow obecnych w .
oczyszczonej probce Metoda (U)HPLC

4. Przygotowanie analitow do pomiaru * Metoda ESI

5. Pomiar analitow * Metoda MS/MS

Ryc. 2. Schematyczne przedstawienie kolejnych etapéw protokotu analitycznego oraz

metod stosowanych w przedstawionej rozprawie doktorskie;.



Doskonatym polem do praktycznego zastosowania, a zarazem do dalszego
rozwoju wszystkich wymienionych metod sg badania antydopingowe, badania
kierowcow i wykonywane w miejscu pracy, analizy kryminalistyczne i toksykologiczne,
a takze terapia monitorowana stezeniem leku (TDM, ang. therapeutic drug monitoring)
[17-22]. W szczegdlnosci dotyczy to kontroli uzywania nowoopracowanych substanciji
niezatwierdzonych do stosowania u ludzi (ang. designer drugs) oraz srodkow
odurzajgcych takich jak narkotyki (w tym m.in. opioidowe leki przeciwbdlowe),
substancje psychotropowe (w tym m.in. leki nasenne, przeciwlekowe i uspokajajgce),
a takze tzw. dopalacze (NPSs, ang. new psychoactive substances). Wspdlng cechg
wiekszosci z wymienionych specyfikéw jest ich duza sita dziatania, co przektada sie
bezposrednio na stosowanie ich w matych dawkach (np. rzedu nanogramow), a tym
samym wypadkowo na niskie stezenia analitéw (np. rzedu pg/mL (= ng/L) [23]) obecne
w ptynach ustrojowych wykorzystywanych w badaniach. Oczywiste staje sie wowczas,
ze analiza takich substancji wymaga zastosowania bardzo czutej metodyki.
Dodatkowo wyjgtkowg charakterystykg wymienionych badan jest koniecznosé
doktadnego i precyzyjnego okreslenia stezenia substancji, ze wzgledu na
wystepowanie Scisle okreslonych dla niej stezen progowych. Wartosci te sg
newralgiczne biorgc pod uwage podejmowane na ich podstawie decyzje
(np. o dyskwalifikacji i zawieszeniu sportowca, o wydaniu wyroku, czy o zwolnieniu
dyscyplinarnym pracownika). Niezbedne jest, aby stosowana metodologia zapewniata
absolutng pewnosc¢ i powtarzalnos¢ wynikdw, a tym samym nie mogta zostac
zakwestionowana jako dowdd w postepowaniu. Temat specyfiki badan zwigzanych z
wykrywaniem i oznaczaniem substancji zakazanych (dopingu farmakologicznego i
srodkoéw odurzajgcych) zostat dogtebniej opisany w rozdziatach 3 i 4.

Na koniec wprowadzenia zasygnalizowana zostanie problematyka ztozonosci
materiatu biologicznego stosowanego do badan laboratoryjnych w celu wykrywania
wspomnianych substancji. Najczesciej jest on ptynem ustrojowym (krew, mocz lub
slina) z obecnymi substancjami drobnoczgsteczkowymi (w tym leki) oraz
niepozgdanymi podczas badan makromolekutami (takimi jak biatka i peptydy, a
czasami nawet cate komorki). Zagadnienie materiatéw biologicznych stosowanych do

badan oraz metod pobierania prébek zostanie oméwione w rozdziatach 5 i 6.
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2. Cel pracy

Gtéwnym celem prowadzonych badan byto udoskonalenie metod przygotowania
prébek, ze szczegdélnym uwzglednieniem zastosowania metod mikroekstrakcyjnych
do pozniejszego oznaczania substancji zakazanych (dopingu farmakologicznego i
Srodkow odurzajgcych) w probkach sliny przy wykorzystaniu aparatury HPLC-ESI-
MS/MS. Dodatkowe cele stanowity wykorzystanie $liny jako tzw. alternatywnego
materiatu do badan (wzgledem zazwyczaj stosowanych materiatdéw takich jak krew i
mocz), a takze opracowanie zupetnie nowej metody przygotowania prébek.

Na potrzeby realizacji przedstawionych celéw kompleksowo ocenione zostaty
dostepne komercyjnie urzgdzenia stuzgce do pobierania prébek sliny. Dodatkowo
wdrozone oraz poddane dogtebnej analizie zostaty nowe rodzaje pokry¢ urzadzen do
mikroekstrakcji do cienkiej powtoki (TFME, ang. thin-film microextraction). Ponadto z
wykorzystaniem najnowszych osiggnie¢ technologii druku 3D przygotowane zostaty

innowacyjne urzgdzenia ekstrakcyjne.
3. Krétka historia badan antydopingowych

Nie sposob dzisiaj stwierdzi¢ co jest zjawiskiem wcze$niejszym — sportowe
wspotzawodnictwo czy zazywanie substanciji poprawiajgcych wydolnos¢ organizmu
(PEDs, ang. performance enhancing drugs). Natomiast z catg pewnos$cig wiadomo,
ze juz w starozytnosci zazywano liczne substancje uwazane obecnie za doping
farmakologiczny, takie jak: sterydy anaboliczne (AASs, ang. anabolic-androgenic
steroids) [24]; stymulanty osrodkowego ukfadu nerwowego (OUN, ang. central nervous
system) [25], np. efedryna [26] i kokaina [27]; kannabinoidy [28-29]; oraz s$rodki
przeciwbolowe, np. opium zawierajgce morfine [29-30]. Za doskonaty przykiad
postuzy¢ moze Milon z Krotonu — zapasnik i szesciokrotny mistrz igrzysk olimpijskich
rozgrywanych w VI wieku p.n.e. [24]. Jego dieta skiadata sie gtébwnie z miesa
wotowego, ktorego spozywat az kilka kilogramdéw dziennie, w szczegdlnosci za$
obfitowata ona w bycze jadra (bogate w endogenne AAS — gtdwnie w testosteron) [24].
Nie nalezy jednak przecenia¢ podazy AAS pochodzgcej z tego typu diety. Bycze jgdra
zawierajg okoto 4 pg testosteronu w 100 g tkanki [31], co przy biodostepnosci

testosteronu po podaniu doustnym wynoszgcej okoto 3,5% [32] przektada sie zaledwie
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na okoto 0,14 ug/100 g. Terapeutycznie stosowane dawki testosteronu wynoszg
zazwyczaj 158-237 mg, ponadto podawane sg 2 razy dziennie [33]. Prosta kalkulacja
wskazuje na konieczno$¢ spozycia niemal 8 ton byczych jgder, aby osiggng¢ dawke
stosowang terapeutycznie.

Wiadomo rowniez, ze juz od czasow antycznych doping uwazano za powazny
problem. Za podawanie srodkéw pobudzajgcych koniom wyscigowym, winnego
skazywano nawet na kare smieci [34]. Jednak az do XX wieku, nie istniaty metody
badan laboratoryjnych, ktére pozwolityby wykry¢ oszustwo bez ztapania kogo$ na tzw.
goragcym uczynku. Pionierem badan antydopingowych (wtasnie w wyscigach konnych)
byt warszawski farmaceuta Alfons Bukowski [35]. W 1910 roku opracowat on metode
wykrywania alkaloidéw (m.in. heroina, kofeina oraz kokaina) w konskiej slinie. Swojg
metode stosowat z powodzeniem na miedzynarodowych wyscigach organizowanych
w Budapeszcie, Moskwie, Petersburgu, Warszawie oraz Wiedniu [35-36]. Pomimo
wdrozenia w 1928 roku pierwszych przepiséw zabraniajgcych stosowania dopingu u
sportowcow [37-38], na pierwsze badania probek pochodzacych od ludzi trzeba byto
poczekac¢ jeszcze kolejne 40 lat — do Zimowych Igrzysk Olimpijskich w Grenoble w
1968 roku [38]. Przebadano woéwczas zaledwie 86 prébek (Ryc. 3), z ktérych wszystkie
okazaty sie by¢ negatywne [39].
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Ryc. 3. Liczba probek poddanych testom antydopingowym podczas kolejnych
Zimowych Igrzysk Olimpijskich. Dane na podstawie informacji prasowej MKOI [39].
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Dla poréwnania podczas rozgrywanych w 2021 roku Letnich Igrzysk Olimpijskich w
Tokio przebadano juz 6200 prébek (Ryc. 4) [40].
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Ryc. 4. Liczba probek poddanych testom antydopingowym podczas kolejnych
Letnich Igrzysk Olimpijskich. Dane na podstawie informacji prasowej MKOI [39] oraz
danych International Testing Agency [40] w przypadku Igrzysk w Tokio 2020
(ze wzgledu na pandemie COVID-19 rozegranych w 2021 roku).

Poczynajgc od 1968 roku badano wytgcznie prébki moczu, a nadzoér nad testowaniem
sportowcow sprawowata Komisja Medyczna Miedzynarodowego Komitetu
Olimpijskiego (MKOI, ang. International Olympic Committee) [36-37]. Krew jako
materiat do badan antydopingowych, po raz pierwszy wykorzystano podczas
Zimowych Igrzysk Olimpijskich w Lillehammer w 1994 roku. Pie¢ lat pézniej, w 1999
roku, utworzono Swiatowg Agencje Antydopingowg (WADA, ang. World Anti-Doping
Agency) — wyspecjalizowang organizacje zrzeszajgcg krajowe instytucje zajmujgce sie
zwalczaniem dopingu, w tym m.in. Polskg Agencje Antydopingowg (POLADA, ang.
Polish Anti-Doping Agency)). W 2004 roku WADA przejeta od Komisji Medycznej MKOI

nadzoér nad walkg z miedzynarodowym procederem dopingu [36].
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W ostatnich latach, w skali catego swiata WADA przeprowadza nawet 344 tys. testow
antydopingowych rocznie (Ryc. 5), z czego zazwyczaj ponad 1% z nich dostarcza
wynikow pozytywnych — czyli wskazuje na obecnos¢ niedozwolonych substancji w
organizmie (Ryc. 6) [41-50].
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Ryc. 5. Laczna liczba probek poddanych testom antydopingowym w ciggu danego
roku. Dane na podstawie raportow WADA [41-50]. Na wykresie poczgwszy od 2019
roku wida¢ wyrazny spadek ilosci wykonywanych testéw antydopingowych
spowodowany pandemig COVID-19 [49-50].
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Ryc. 6. Odsetek wynikbw pozytywnych dla probek poddanych testom
antydopingowym w ciggu danego roku. Dane na podstawie raportow WADA [41-50].
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Obecnie jednak, w dalszym ciggu do badan pobierane sg wytgcznie probki moczu
oraz (zdecydowanie rzadziej [41-50]) krwi. Analiza materiatow takich jak pot, wiosy,
czy stosowana w prezentowanych badaniach Slina pozostaje wytgcznie domeng

laboratoriéw zajmujgcych sie rozwojem metod analitycznych.

4. Ogodlna charakterystyka substancji stosowanych jako

doping farmakologiczny oraz srodki odurzajace

4.1. Substancje dopingujace

WADA rokrocznie publikuje liste substancji oraz metod, ktérych stosowanie jest u
sportowcow niedozwolone [51]. Wspotczesne wydania listy wyszczegdlniajg
11 kategorii substancji zakazanych, sposrdod ktorych cze$c¢ jest zabroniona przez
caty czas (kategorie S0-S5), natomiast inne wytgcznie w trakcie trwania zawoddéw
sportowych (S6-S9). Poszczegolne kategorie substancji dopingujacych wedtug
wykazu WADA [52] zostaty przedstawione na Ryc. 7. Istnieje rowniez specjalna
kategoria substancji zakazanych wylgcznie w  wybranych dyscyplinach
(P1 — B-blokery). Do wspomnianych dyscyplin nalezg m.in.: golf, tucznictwo,
skoki narciarskie, sporty motorowe, czy strzelectwo. Sg to zatem dyscypliny
ktadgce szczegodlny nacisk na precyzje wykonywanych ruchéw, tym samym takie w
ktérych stosowanie [-blokerow zmniejszajgcych drzenie miesniowe bytoby
szczegolnie korzystne.

Ponadto u sportowcow niedozwolone jest takze wykonywanie pewnych zabiegow,
ktére wedtug wykazu WADA podzielone zostaty na 3 kategorie niedozwolonych
metod (M1-M3). Wsréd wspomnianych metod znajdujg sie m.in.: transfuzje krwi
(wykonywane w celu eliminacji niedozwolonych substancji z organizmu),
wlewy dozylne powyzej 100 ml na 12 godzin (powodujgce obnizanie stezenia analitow
w probce krwi oraz przyspieszanie ich eliminacji z moczem (lub ich metabolitéw)),
a takze podmiana i manipulowanie (np. rozciehczanie) probkami pobranymi do
badan [52].
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Ryc. 7. Kategorie substancji dopingujgcych wedtug najnowszego wykazu WADA [52]
wraz z przyktadami substancji wykrywanych u sportowcéw [41-50] oraz potencjalnymi
korzysciami wynikajgcymi z ich stosowania [36,53].

Wprowadzone skroty: ADHD — zespdt nadpobudliwosci psychoruchowej z
deficytem uwagi (ang. attention deficit hyperactivity disorder); POChP — przewlekta
obturacyjna choroba ptuc ptuc (ang. chronic obstructive pulmonary disease);
SARM - selektywny modulator receptora androgenowego (ang. selective androgen
receptor modulator); SERM - selektywny modulator receptora estrogenowego
(ang. selective estrogen receptor modulator); THC — A%-tetrahydrokannabinol

(ang. A°-tetrahydrocannabinol)

Wiele sposrod substancji zakazanych w sporcie jest powszechnie stosowanych
jako leki [53], w tym rowniez jako leki dostepne bez recepty w aptekach. Dlatego,
przepisy antydopingowe dopuszczajg zazywanie wybranych lekéw przez sportowcow
na zasadzie uzyskania specjalnego zezwolenia (TUE, ang. therapeutic use
exemption). Warunkiem otrzymania TUE jest m.in. orzeczenie lekarskie wydane na
podstawie badania stwierdzajgcego wystepowanie konkretnej dolegliwosci oraz brak
alternatywnych lekéw na te dolegliwo$¢ (nieuwzglednionych w wykazie substancji
dopingujgcych). Jednak przede wszystkim, o TUE nalezy ubiega¢ sie przed
rozpoczeciem stosowania danego leku [54-55]. W wyjatkowych i udokumentowanych
sytuacjach (takich jak stany nagte, np. interwencja na oddziale ratunkowym) mozliwe
jest wsteczne (retroaktywne) przyznanie TUE [36]. W przypadku watpliwosci
sportowcy majg takze mozliwos¢ konsultacji z instytucjami zajmujgcymi sie
zwalczaniem dopingu. Przyktadem jest m.in. POLADA udostepniajgca specjalng
wyszukiwarke online: Baza Lekdéw Zabronionych [56].

Do najczesciej stosowanych substancji dopingujgcych nalezg przede wszystkim
sterydy anaboliczne (np. stanozolol, dehydrochlorometylotestosteron i drostanolon),
substancje pobudzajgce OUN (metylofenidat, kokaina, amfetamina) oraz diuretyki

(furosemid, hydrochlorotiazyd, kanrenon).
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4.2. Srodki odurzajace

W Swietle przepisow polskiego prawa srodki odurzajgce (zwyczajowo okreslane
mianem narkotykéw, a od niedawna réwniez i dopalaczy) okresla Rozporzgdzenie
Ministra Zdrowia z dnia 17 sierpnia 2018 wraz z pozniejszymi zmianami [57].
Rozporzadzenie dzieli wymienione srodki na substancje psychotropowe (grupy I-P,
[I-P, 1I-P i IV-P), narkotyki (grupy I-N, 1I-N, IlI-N i IV-N) oraz nowe substancje
psychoaktywne (grupy I-NPS, 1I-NPS, lII-NPS, IV-NPS i V-NPS).

Poza substancjami stosowanymi wytgcznie w celach pozamedycznych,
ministerialny wykaz zawiera takze liczne lekarstwa. Wsrdod tych najczesciej
stosowanych znajdujg m.in. opioidowe leki przeciwbdlowe (np. fentanyl, morfina, czy
oksykodon) oraz dziatajgce poprzez receptory benzodiazepinowe leki nasenne,
przeciwdrgawkowe, przeciwlekowe i uspokajajgce (np. alprazolam, klonazepam i
zolpidem). Wedtug przepiséw WADA, wiele sposrod srodkéw odurzajgcych nalezy
réowniez do wykazu substancji dopingujacych, w szczegdlnosci zas do kategorii
S6 (substancje pobudzajgce OUN), S7 (narkotyki) oraz S8 (kannabinoidy) [52].

Koniecznos¢ Scistego nadzoru nad stosowaniem substancji odurzajgcych
doskonale obrazujg doroczne statystyki opisujgce przypadki zgonéw spowodowanych

przedawkowaniem lekéw (Ryc. 8).
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Ryc. 8. Roczna liczba zgonéw spowodowanych przedawkowaniem lekéw w USA [58].

Na przyktadzie Stanéw Zjednoczonych Ameryki, na przestrzeni 20 lat, widoczny jest
znaczacy wzrost liczby $miertelnych przedawkowan. Dane wskazujg na 70630 takich
przypadkow w 2019 roku, co stanowi ponad czterokrotny wzrost wzgledem 17415
przypadkéw zarejestrowanych w roku 2000. Najwiekszy udziat we wspomnianym
Zjawisku majg opioidy oraz pochodne benzodiazepiny (odpowiednio 70,6% i 13,7%
wszystkich przypadkow w 2019 roku) [58].

Szczegodlnie niepokojgcy jest zauwazalny w ciggu ostatniej dekady (Ryc. 8)
gwattowny wzrost udzialu syntetycznych opioidow, gtéwnie fentanylu i jego
pochodnych (od 7,1% w 2013 roku do 51,5% w 2019 roku [58]). Zjawisko to okreslane
mianem epidemii opioidowej stanowi niezwykle powazny problem spoteczny [59-60],
ale takze nowe wyzwanie dla laboratoriéw analitycznych [61].
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5. Rodzaje materiatdw biologicznych stosowanych do
badan laboratoryjnych ze szczegélnym uwzglednieniem
materiatéw wykorzystywanych do wykrywania

niedozwolonych substancji

Jak zostato uprzednio wspomniane (rozdziat 3), jedynymi stosowanymi obecnie
materiatami do badan antydopingowych sankcjonowanych przez WADA sg krew oraz
mocz [62]. Sg to jednoczesnie materiaty biologiczne najczes$ciej wykorzystywane do
rutynowych oznaczen laboratoryjnych [63], takich jak m.in. badanie poziomu
hormondow, mikro- i makroelementow oraz oznaczania rozmaitych biomarkerdow.
Z tego wzgledu oba ptyny ustrojowe zwykio sie okreslaé mianem klasycznych
(badz tez konwencjonalnych) materiatdbw do badan [64-65]. Jednakze ani krew,
ani mocz nie sg idealnymi materiatami analitycznymi.

W przypadku krwi, wiekszo$¢ analizowanych substancji drobnoczgsteczkowych
(lekbéw) obecnych jest w postaci zwigzanej z biatkami (gtéwnie z albuminami i
z ai-glikoproteinami [66-67]), co wymaga wdrozenia specjalnych metod rozbicia takich
potaczeh w celu ukazania catkowitego stezenia oznaczanej substancji. Przyktadem
metody rozbijania potaczenh lek-biatko jest denaturacja biatek z wykorzystaniem
rozpuszczalnikbw organicznych, wystepujgca w trakcie przeprowadzania
najpopularniejszej techniki ekstrakcji analitdw z probek — ekstrakcji ciecz-ciecz
(LLE, ang. liquid-liquid extraction) [63]. Szczegdlnym przypadkiem sg natomiast
sytuacje, w ktérych badaczowi zalezy wytgcznie na okresleniu stezenia frakcji wolnej
leku, ktéra to jest postacig aktywng farmakologicznie. Ma to miejsce np. w przypadku
monitorowania farmakoterapii oraz medycyny spersonalizowanej [68]. Wéwczas z
powodzeniem zastosowanie znajdujg m.in. metody mikroekstrakcyjne [68-69].

W przypadku probek moczu, badane substancje wystepujg najczesciej w postaci
metabolitéw. Mogg to by¢ zaréwno metabolity | fazy (zmienione chemicznie [70-71]),
jak réwniez i metabolity Il fazy (sprzezone z innymi czgsteczkami lub grupami
funkcyjnymi utatwiajgcymi ich wydalanie z organizmu poprzez zmniejszenie
hydrofobowosci, a tym samym zwiekszenie rozpuszczalno$ci w wodzie bedacej
gtdwnym sktadnikiem moczu [72]). Z obecnoscig analitbw w postaci sprzezonych

metabolitéw Il fazy wigze sie drobna niedogodnos¢ w postaci koniecznosci dodawania
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enzymow rozdzielajgcych takie potgczenia, w celu okreslenia catkowitego stezenia
substancji w moczu. Przyktadem jest WADA wymagajgca dodawania B-glukuronidazy
do kazdej probki moczu analizowanej w aspekcie wzajemnych proporcji endogennych
sterydodw anabolicznych (tzw. profil sterydowy) [73]. Alternatywag jest sumowanie
stezen niezmetabolizowanego zwigzku i wszystkich jego metabolitow [74], co wymaga
dodatkowych czynnoscii moze przyczynia¢ sie do powigekszenia niepewnosci pomiaru.
Znacznie istotniejsza jest jednak konieczno$¢ znajomosci metabolizmu danego
zwigzku chemicznego — warunek czesto niemozliwy do spetnienia w przypadku nowo
powstatych substancji dopingujacych oraz srodkéw odurzajgcych.

Przytoczona charakterystyka krwi i moczu jako materiatu do oznaczania substancji
zakazanych oraz wynikajgce z niej niedogodnosci, a takze dodatkowe problemy
dotyczgce pobierania prébek wymienionych materiatdw (opisane w rozdziale 6),
sg niewatpliwie jedng z gtébwnych motywacji do wdrozenia tzw. alternatywnych
materiatdbw do badan [75]. Do grupy tej zaliczane sg m.in. pot, $lina, wiosy oraz
wydychane powietrze [65,75]. W dziedzinie kryminalistyki sporym uznaniem cieszy sie
analiza probek wiosoéw i paznokci, ktérych gtbwng zaletg jest kumulacja analitow
umozliwiajgca okreslenie historii stosowania badanej substancji na przestrzeni
tygodni, a nawet lat [76-78]. Istotnymi problemami, sg jednak niskie stezenie analitéw,
a przede wszystkim brak mozliwosci doktadnego okreslenia czasu spozycia substancji
oraz brak bezposredniej korelacji miedzy stezeniem substancji a zastosowang dawka
[77]. Szczegdlnie dwie ostatnie cechy praktycznie wykluczajg potencjalne
zastosowanie witosow i paznokci w badaniach antydopingowych, gdzie stosowanie
wielu substancji zabronione jest wytgcznie w trakcie trwania zawodow (klasy S6-S9),
a w przypadku innych niedozwolone jest wytacznie powyzej okreslonej dawki [52].

Obiecujgcym materiatem do badan antydopingowych jest natomiast slina [79].
Jest ona zarazem materiatem powszechnie stosowanym do kontrolowania trzezwosci
kierowcow oraz w miejscu pracy [80]. Ogélnodostepne sg réwniez domowe narkotesty
wykorzystujgce prébki  Sliny do wykrywania najpopularniejszych  srodkow
odurzajgcych. U Zzrodet popularnosci sliny lezy jej charakterystyka. Jest ona
wydzielana do jamy ustnej jako bezposredni przesgcz osocza, w zwigzku z czym
zawiera praktycznie wszystkie obecne w nim substancje drobnoczgsteczkowe, a takze
peptydy i biatka. Istnieje kilka réznych mechanizmow, za pomocg ktorych dochodzi do
przenikania lekéw do sliny. Najwazniejszym z nich jest dyfuzja prosta (transport

pasywny). Istotne sg réwniez ultrafiltracja przez pory (dotyczaca gtéwnie matych
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(<300 Da) i polarnych struktur) oraz transport aktywny z wykorzystaniem
przenosnikow w postaci biatek btonowych (dotyczgcy wiekszych (>1000 Da) struktur
takich jak peptydy i biatka) [81]. Wsrod zalet stosowania $liny do wykrywania substancji
zakazanych wymieni¢ mozna obecno$¢ analitbw w postaci niezmetabolizowanej, a
takze ich wyzsze stezenia (wzgledem moczu i osocza [82]). Ostatnia cecha wynika
wprost ze specyfiki zjawiska dyfuzji biernej, ktoremu podlegajg czgsteczki
niezjonizowane, zgodnie z gradientem stezen. Substancje zasadowe obecne w
osoczu (wiekszos$c¢ lekow), po przeniknieciu do $liny ulegajg w niej jonizacji na skutek
znalezienia sie w kwasowym srodowisku (fizjologiczne pH osocza znajduje sie
zakresie 7,38-7,42 [83], natomiast pH Sliny wynosi zazwyczaj 6,7 [84]). Po tym jak
ulegng jonizacji, czgsteczki nie biorg juz udziatu w ustalaniu réznicy stezen formy
niezjonizowanej substancji (warunkujgcego dyfuzje bierng). W zwigzku z czym, do
Sliny przenikajg kolejne czgsteczki leku ulegajgce w niej jonizacji, a caty proces
powtarza sie [79]. Wypadkowe stezenie analitu jest zatem wyzsze w $linie. Natomiast
okres wystepowania analitow w Slinie jest zazwyczaj nieznacznie krétszy niz ma to
miejsce w przypadku osocza i moczu [82]. Zdecydowanie szybciej trafiajg one jednak
z osocza do sliny niz do moczu. Najwazniejszym ograniczeniem w stosowaniu $liny do
kontroli antydopingowej wydaje sie jednak brak egzogennego markera pozwalajgcego
na okreslenie stezenia probki (a tym samym np. weryfikacji czy nie zostata ona
rozcienczona w celu ukrycia faktu stosowania dopingu). Przyktadowo w tym celu, dla
probek moczu WADA zaktada oznaczanie stezenia kreatyniny [73].

Wspdlng cechg dla wiekszosci najpopularniejszych matryc biologicznych do badan
laboratoryjnych, poza ich ztozonoscia, jest takze podatnosc niektérych z obecnych w
nich analitdw na czynniki zewnetrzne. Do najwazniejszych z nich nalezg temperatura
przechowywania préobki, ekspozycja na $wiatto czy kontakt z oksydantami
(powietrze) [85]. Istotna jest réwniez wrazliwos¢ substancji badanych na rozkfad
enzymatyczny [85], dziatalnos¢ drobnoustrojow oraz utrate analitow w wyniku kontaktu
Z powierzchnig urzgdzen do pobierania prébek [86], co szczegdétowo omowione

zostanie w rozdziale 6.
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6. Metody pobierania materiatdbw biologicznych do
wykrywania niedozwolonych substancji ze szczegélnym

uwzglednieniem prébek sliny

Wsréd konwencjonalnych materiatow biologicznych do badan antydopingowych
najczesciej stosowany jest mocz [41-50]. Probki moczu pobiera sie do specjalnych
polimerowych pojemnikdéw z nakretkg. Jednak sam proces wigze sie przede wszystkim
z ryzykiem podmiany probki [79]. Jest to szczegolnie istotne w przypadku badan
antydopingowych, ale takze w przypadku narkotestow wykonywanych w miejscu
pracy. W zwigzku ze wspomnianym ryzykiem, WADA wymaga obecnos$ci specjalne;j
osoby nadzorujgcej oddawanie probki moczu podczas kontroli [62]. Uzyskane w ten
SposOb ograniczenie sposobnosci do podmiany probki, wigze sie jednoczesnie z
naruszeniem prywatnosci i dyskomfortem dla badanych sportowcéw — réwniez tych
uczciwych. W przypadku kontroli wykonywanej po wysitku fizycznym (np. po treningu,
czy po zawodach sportowych), problem moze stanowi¢ réwniez pobranie stosownej
objetosci probki do badan — na skutek wystepowania stanu odwodnienia organizmu.

Prébki krwi pobierane sg przy wykorzystaniu specjalnych probdéwek prézniowych.
Wytworzona w ten sposob réznica cisnieh zapewnia pasywny przeptyw krwi do
probowki [87]. Zazwyczaj do celdw analizy substancji drobnoczgsteczkowych stosuje
sie polimerowe probdéwki z czerwong nakretkg — zawierajgce aktywator krzepniecia
(w postaci naniesionej na $cianki cienkiej warstwy zmikronizowanych czgsteczek
krzemionki), za to pozbawione antykoagulantéw, konserwantéw oraz zelu
oddzielajgcego elementy morfotyczne krwi od osocza [87]. Z technicznego punktu
widzenia do badan wykorzystywana jest zatem najczesciej surowica, czyli krew
pozbawiona skrzepu powstatego na skutek aktywac;ji fibrynogenu (zawierajgcego w
sobie rowniez erytrocyty) [88]. Samo pobieranie prébek krwi jest natomiast zabiegiem
inwazyjnym — wigzgcym sie z naruszeniem ciggtosci tkankowej osoby badanej [79].
Dosy¢ rozpowszechnionym zjawiskiem jest takze fobiczny lek przed igtami
(tac. trypanophobia). Szacuje sie, ze dolegliwos¢ ta dotyczy¢ moze nawet 10% catego
spoteczenstwa [89].

Wymienione powyzej czynniki oraz te dotyczgce samej natury materiatdw
stosowanych do badan (oméwione uprzednio na tamach rozdziatu 5), skfaniajg do

poszukiwania mniej ucigzliwych rodzajow prébek biologicznych. Jak rowniez zostato
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wspomniane, takim wtasnie obiecujgcym materiatem do badan jest Slina. Ponadto,
oddawanie probek $liny jest preferowane przez same osoby poddawane badaniom
(wzgledem oddawania probek moczu lub krwi) [90-91]. W najprostszym wariancie,
Slina moze by¢ pobrana do polimerowej probéwki poprzez pasywne sgczenie (plucie).
Szeroko rozpowszechnione sg jednak specjalne rozwigzania do pobierania sliny,
sktadajgce sie najczesciej z elementdéw absorpcyjnych (wacikow) oraz probéwek.
Jednak w trakcie wczesniejszych eksperymentow (przeprowadzonych podczas
realizacji pracy magisterskiej autora) zauwazono istotne straty niektérych substanc;ji
badanych po pobraniu préobek z wykorzystaniem bawetnianych wacikéw. W celu
okreslenia optymalnej metody pobierania probek sliny oraz doktadniejszego poznania
zjawiska utraty analitow podczas pobierania probek, w trakcie realizacji rozprawy
doktorskiej dokonano kompleksowej analizy wszystkich dostepnych komercyjnie
(w momencie przeprowadzania eksperymentu) urzgdzen zawierajgcych waciki
chtonne. Przebadano réwniez zwyczajne polimerowe probowki laboratoryjne
o roznych pojemnosciach. Wyniki tej analizy zostaty opublikowane w ponizszej
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Ordl flurd testing is steadity building its posation as & valuable complernent or aRernative to plasma and
unne andyses in everyday laboratory practice. However, the great sgnificance of the sample collection
process n the attainment of representative results is not always paralieled by the attention given to its
Informed selection. Few avaluaticns of commercially avallable sample callection devices hawve been pub-
lished until now, and the curem work intends to fill this gap by presanting an evaluation of swabs from 15
different devices for the analyss of 49 popular drugs. Swabs, derived from sarmple collection devices,
were used to collect a drug-fortéied mixture. Then, swab-retrieved samples were subjected to irstrumen-
tal analysis with the high-performance liquid chromatography coupled with tandem mass spectrometry
method, Results within the 80-120% range were corsidered to have no significant Impact on analyte
concantration (thus satistactoryl and were observed in 44.1% of all results. Qut of the 15 evaluated swabs.
7 provided results in the aorementioned range for mere than half of the substances under study. The
possibility of matrix elfects onginating from swab materisle was also nvestigated. The wsection of an
apprepriate oral flud sample cellection method plays a cribcal role in the success of the analytical pro-
cedure, a fact that 5 well-llusirated by the tremendous difgrances between analyte concentrations
observed in this research. Perhaps. the tedious labour of Improving sample preparation and analysis
methods already in-use Could be spared if only greater empihasis were 1o be put on the improvement and
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Introduction

Oral fluid is a direct filtrate of blood, well resembling the
small molecule content of its native plasma. Drug transfer
from plasma and ks subsequent oral fluld concentration
depend on multiple factors. Some of the ey determinants of
this process include the chemistry of the drug (molecular
weight, acidity, and lipophilicity), its circulating form [electric
charge, extent of plasma protein binding), and ratio of pH
values between both matrices. Small (<300 Da), basic, lipophi-
lic, neutral, unbound, and unmetabolized drugs are generally
expected to be present in oml fluid,'™ Basic substances are
especially biased towards higher oral fluid concentrations due
to the so-called jontrapping phenomenon, Such basic drugs
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better selection of suitable solutions for oral fluid collection.

are present in plasma {pH = 7.35-7.45) as neutral molecules,
but ionize after diffusion to more acidic oral fluid (pH =
6.2-7.4), subsequently becoming no longer involved in the
equilibrium-driven process of passive diffusion, and thus
remaining trapped in oral fluid at increasing total
concentrations.”

Oral fluid is an already well-established bioanalytical speci-
men alternative or complementary to plasma or urine in the
fields of forensics and therapeutic drug monitoring (TDM), as
well as for examination procedures related to driving under
the influence of drugs and workplace testing.™ The use of
oral fluid in doping control is also an increasing trend. '

The provision and collection of oral fluid specimens is con-
venient, noninvasive, and preferred over blood or urine
donation according to the results of several survey-based
studies.”*** Oral fluid samples can be collected by passive
drool (o simply spitting) into plastic tubesivials, wa rinsing
with a special extraction solution (as in the saliva collection
system device from Greiner BioOne International), or col-
lected with absorptive materials, 'The use of commercially
available devices made of absorptive materials is more popular

Analyst, 2020,148, 7279-7282 | 7279
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with donors and their supervisors, being praised as more
hygienic and casier to handle.” However, passive drool
remains unparalleled in terms of sample quality due to it car-
rying the lowest number of factors negatively affecting the col-
lected oral fluid and therefore providing the truest results
among the described collection methods,

However, despite possible drawbacks such as analyte loss
due to unspecific binding to collection swabs, swab handle
and transport tube materials (this issue is especially importamt
for A%tetmhydrocannabinol (THC) analysis'**7), or contami-
nants originating from collection device elements, the use of
absorptive devices is currently predominant in oral fluid
sample collection. Rarely are such commercial products vali-
dated for specific analyte collection (usually an endogenous
hormone - e.g. Salivette® Cortisol from Sarstedt), and reports
on device performance for exogenous substance collection are
scarce and limited only to the most popular drugs.'™" Such a
situation hinders the development of oral fluid testing in
general. To address this uncertainty, several evaluations of
commercial products have been already published in scientific
literature, but these are unfortunately limited only to a single
or few devices at a time."”"* " Rescarch by Langel et al””
{(comparing 9 different devices) stands out as perhaps the most
comprehensive work to date. Regrettably, more than a decade
after its publication in 2008, only 5 out of 9 tested devices still
remain available on the market, decreasing its usefulness for
contemporary researchers, Therefore, the herein presented
cvaluation of swabs from 15 various devices for the analysis of
49 commonly abused substances could be of substantial aid in
the selection of an appropriate collection device for a given
drug or class of drugs and may help avoid numerous difficul-
ties at the very first step of the analytical process - sample col-
lection. This may play a significant role in the successful ana-
lysis of potent drugs present in biological matrices only at
trace amounts,

Experimental section
Substances analysed

A total of 49 commonly abused substances [drugs of abuse
and doping agents) were selected for a comparison of recov-
eries from swabs based on the latest report of The European
Monitoring  Centre  for Drugs and Drug  Addiction
{EMCDDA),” and laboratory testing figures of The World Anti-
Doping Agency (WADA)™ Among the chosen compounds, 21
are considered recreational drugs and 43 are substances
banned in sports (from all classes listed in WADA's Prohibited
List?™) - see Table A1 in ESI At for a detailed list. The selected
substances include 6 most abused drugs in Europe: cannabis
(as THC and its long-Jasting metabolite 11-nor-9-carboxy-A™
tetrahydrocannabinol {THC-COOH)), cocaine, heroin, amphet-
amine, methamphetamine, and ecstasy (3,4-methyl-
enedioxymethamphetamine, MDMA).* Also, 13 of the 15 most
frequently detected doping agents were analysed: clenbuterol
{with 320 reported offences in 2018 according to the latest

7280 | Analyst, 2
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annual report by the WADA), stanozolol [235), furosemide
(172), nandrolone (150), THC-COOH (141), methandicnone
(131), hydrochlorothiazide (127), meldonium (111), amphet-
amine (95), and methylphenidate (91), as well as boldenone,
cocaine, and terbutaline (87 offences each).®

Sample collection devices

A total of 15 different swabs from oral fluid collection devices
from 10 different manufacturers were compared during experi-
ments (see Fig. 1). Their characteristics based on available
product information (instructions and leaflets) are summar-
ized in Table 1. It should be noted that this work evaluated
only the swabs, and as such it may be less relevant in the case
of 5 devices, where the processed sample should be placed
into an extraction fluid (buffer and/or preservative solution),
according to the recommended protocol, if the device is used
as recommended. These particular devices are the Oasis
Diagnostics® Accu-SAL™, OraSure Technologies Intercept®
2™ Thermo Scientific™  Oral-Eze™, StatSure™  Saliva
Sampler™, and Immunalysis™ Quantisald,

HPLC-MS/MS analysis

All samples were analysed on a Shimadzu LCMS-8060 triple
quadrupole system, Samples (8 pL injection volume) were sep-
arated on an Agilent InfinityLab Poroshell 120 EC-C18 column

Fig.1 Oral fluld collection devices. Devices presented: 1 -
Salimatrics® SalivaBlo Oral Swab: 2 ~ Porex® Saliva Collection Swab
(type 7. 3 ~ Porex® Salva Collection Swab (fype U 4 - Sarstedt
Salivette®; 5 - Sarstedt Salvette® Cortiscl; 6 — Drager DCD™ 5000; 7
= Malvern Medical Developments Oracol, 8 - Oasis Dragnostics®
VerseSALE; 9 - Oass Disgnostics® SuperSAL™; 10 - Qasis
Diagnostics® MicroSAL™; 11 ~ Qusis Diagnostics® AccurSAL™; 12
CraSure Technologies Intercept® 127 13 « Thermo Scentinc™ Oral-
Eze™, 14 StatSure™  Saliva  Sampler™; 15 Immunatyss™
Guantisal®.
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(3 » 100 mm, 2.7 pm) with a matching Agilent InfinityLab
Poroshell 120 EC-C18 guard column (3 # 5 mm, 2.7 pm), using
gradient elution in reversed-phase mode. Column oven temp-
erature was set at 25.0 °C. Phase A consisted of LC-MS grade
water {LiChrosolv®, Merck) with 0.1% formic acid (Optima™
LC/MS, Fisher Chemical), and phase B consisted of LC-MS
grade acetonitrile (CHROMASOLV™, Honegywell) with 0.1%
formic acid (Optima™ LC/MS, Fisher Chemical). Gradient
starting conditions were 10% phase B (maintained for
0.5 min), followed by a linear increase of phase B concen-
tration to 100% (for 25.5 min), hold at 100% phase B {for
3 min) and column re-equilibration with 104 phase B (6 min).
Total running time was 35 min per sample. The total flow rate
was 300 uL min~*. Investigated analytes and their respective
monitored iz ratios are listed in Table A2 in ESI AP

Experimental design

In order to obtain as reliable results as possible, LC-MS grade
water was used to mimic oral fluid in a preparation of testing
solution spiked with the analytes. By doing so, widely known
factors that would have negative impact on data quality, if oral
fluid was to be tested instead of ultrapure water, were omitted.
For example, irreproducibility of oral fluid could be an
outcome of circadian secretion rhythms of endogenous hor-
mones, separation of oral fluld emulsion (formation of kyers
with different densities and protein contents’'), bacterial and
enzymatic activity,” and sample contamination with the
residue of food or mouth hygiene products among other
reasons. However, such design of the experiment raises con-
cerns over the relevance of its results in accordance with the
actual oral fluid testing. To address these concerns and reas-
sure that the results are relinble, a follow-up experiment imol-
ving oral fluid samples was performed to compare recovery
values recorded for both martrices, the results of which are pre-
sented and discussed in this work,

As 2 means to enable substance recovery comparisons
between various devices under evaluation, unified proceedings
were always applied, which sometimes necessitated alterations
of the protocols recommended by o facturers of said
devices, Also, only the absorptive parts (swabs) of the devices
were used for sampling, without attached handles or dedicated
extractors that accompany certain devices for collection from
living donors.

Drug recovery

Drug recoveries from oral fluid collection device swabs were
tested by inserting swabs into a spiked mixrure with the above
specified analytes at individual concentrations of 10 ng mL™".
‘The first step was carried out in 15 ml Faleon type plastic
tubes, Swabs were fully immersed in the mixture for 60 min to
allow the analytes to bind to the absorption materials, Next,
each swab was removed with single-use nitrile gloves and
squeezed with a disposable needle-less plastic syringe (5 or
10 mlL capacity, depending on swab size) into a 2 mL
Eppendorf plastic tube. However due to the stiff structure of
Driiger DCD™ 5000 swabs it was not possible to squecze them
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with a syringe barrel, and instead centrifugation in special
tubes with pre-cut holes in their bottom was incorporared.
Centrifuged samples were then tansferred to the 2 mL
Eppendorf tubes. All of the 2 mL tubes were centrifuged
(1500g, 3 min, 4 °C) to forve sedimentation of particulate resi-
dues originating from the swab [the formation of which was
already reported in the literature®’). The supernatant was then
transferred into silanized 2 mL HPLC vials with PIFE-bonded/
silanized caps. Each swab type was tested in quadruplicate.
Drug recoveries were caleulated as mean values relative to the
mean values (7 = 4) of the reference sample [portion of the
drug-spiked mixture, measured twice before and twice after
the samples of each swab type)

Non-specific binding of drugs to laboratory plastics

While prepared samples were kept in silanized vials in order
to reduce drug losses related to non-specific binding, the
experimental proceedings required the use of multiple labora-
tory plastics (see the Drug recovery paragraph). Given this, non-
specific binding of the analytes to 15 mL Falcon tubes, 5 or
10 mL syringes, and 2 mL Eppendorf tubes was assessed by
incubating the drug mixture inside plastics for 60 min, and
then measuring such samples against reference samples, Each
experiment was repeated 4 times,

Matrix effect assessment

In order to test the hypothesis that some of the tested swabs
from oral fluid collection devices could contaminate samples,
which could in turn affect MS/MS detection, an additional
experiment was performed. Drug-free water was collected with
each swab and subsequently recovered from swabs using the
same protocol described in the Drug recovery paragraph.
Samples of matrices retrieved from the sample collection
device swabs, as well as the neat matrix, were then spiked with
the drug mixture (each substance present in the concentration
of 10 ng mL™") and subjected to instrumental analysis. Resules
were caleulated as signals d from the spiked matrix
collected with swabs relative to signals from the spiked neat
matrix. Each type of swab was tested in triplicate.

Eligibility of testing y from swabs with ultrapure water

Oral fluid (negative for all the analytes) provided by two volun-
teers was spiked with 43 drugs at a concentration of 10 ng
mL"" each, Informed consent was obtained from the partici-
pants prior to sampling, and all experiments were performed
in compliance with applicable policies and guidelines [per-
mission to conduct experiments with oral fluid was issued by
the Bioethics Com of Collegium Medicumn in Bydgoszez
at Nicolaus Copernicus University in ‘Torun, permission
number KB 651/2018), Six drugs used for previous experiments
were excluded from this test, due to the insufficient recovery of
the extraction method (hydrochlorothiazide and psilocybin), or
intense matrix effect causing the previously tested recovery
values to exceed 150% (bi prolof, meld N N'lﬂhy“
phenidate, and phencyclidine),
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Drug-fortified oral fluid samples were collected with
Sarstedt Salivette® swabs and handled with the same protocol
as described in the Druy recovery paragraph. Prior to instru-
mental analysis, the analytes were extracted from oral fluid
recovered from the swabs with the use of C18 SPME LC fiber
probes [Supelco®). The following éstep extraction protocol
was used: | < preconditioning #1 (1.5 mL methanol/water {90/
10, wv), 60 min, 850 rpm agitation); 11 - preconditioning #2
(1.5 mL methanolwater (10/90, v/v), 60 min, 850 rpm agita-
tion); 111 - rinse #1 (1.5 mL of water, 2 §, no agitation); IV -
extmction (700 pl of oral fluid, 60 min, 850 rpm agitation); V -
rinse #2 (1.5 mL of water, 2 s, no agitation); V1 - desorption
(150 pL  acctonitrile/water/formic  acid  (80/19.9/0.1, wiv),
60 min, 850 rpm agitation). The injection volume was 1.2 pL
(4 % 0.3 pL) in POISe injection. Swabs were tested in triplicate,
and the recovery values were compared with the ones recorded
after the use of ultrapure water as the matrix,

Results and discussion

The detection method was linear in the anticipated concen-
tration range of 1-10 ng mL™". Coefficient of determination
values from 7-point calibration curves for all substances
exceeded R* = 0.99, both without and with 1/a or 1/a* weight-
ing applied.

‘The stability of the tested drugs during the 60 min
sampling period at room temperature and during the period
of time in which samples were placed in a refrigerated auto-
sampler (maintained at 4 “C) until LC-MS/MS analysis should
not influence the results, as all reference samples were stored
under exactly the same conditions throughout the entire
process,

Drug recovery

No significant drug losses (recovery values in the 80-120%
range] for the majority of the tested substances were observed
for 7 out of the 15 evaluated swabs (full results are presented
in ‘Table B2 in ESI B¥). The greatest number of recovery values
in such a range (29 out of 49 drugs) was achieved with 3
different swabs: Porex® Saliva Collection Swab (fype 1), Porex®
Saliva Collection Swab {gype 1), and Drdiger DCD™ 5000. The
majority of results were also satisfactory for the Salimetrics®
SalivaBio Oral Swab (28/49), StatSure™ Saliva Sampler™
(27/49), Immunalysis™ Quantisal® and Oasis Diagnostics®
AccuSAL™ (both 25/49). Significant analyte loss (recoveries
below 80%) for more than half of the tested drugs was
observed with 4 swabs. The lowest numbers of undesired
results (below 80%) were observed with Driger DCD™ 5000
{only 8 out of 49) and Porex® Saliva Collection Swab (type 1)
(949)

In terms of the drugs being analysed, anastrozole, beta-
methasone, nandrolone, and prednisone proved to be the least
affected by the collection process, with recoveries in the
B0-120% range for 14 out of the 15 tested swabs, On the other
hand, compounds such as LSD, methadone, nebivolol, stano-
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zolol, and 'THC could not be recovered by any of the tested
swabs in the 80-120% range. The highest measured values of
these drugs were achieved with OraSure Technologies
Intercept® 2™ for LSD (69.9%), Oasis Diagnostics®
AccuSAL™  for methadone (77.7%), Oasis  Diagnostics®
versi-SAL® for nebivolol (59,94%) and stanozolol (77.6%), and
StatSure™ Saliva Sampler™ for THC (17.3%)

Non-specific binding of drugs to laboratory plastics

The majority of the tested substances were not affected by
non-specific binding to laboratory plastics utilized in this
research (detailed results for this experiment are presented in
Table Bl in ESI Bt). Cases of recoveries below 80% of reference
sample included phencyclidine, canrenone, and stanozolol
loss on the 15 mlL Falcon tubes (76.1%, 62.1%, and 61.8%
recoveries, respectively). With THC-COOH, substance loss was
observed on 3 of the 4 tested plastics [22.4% recovery from
15 mL Falcon tubes, 40.3% from 5 mL syringes, and 47.7%
from 10 mL syringes). The greatest decline in concentration
was measured for THC (20.53% recovery from 15 mlL Falcon
tubes, 23.9% from 5 mL syringes, 24.5% from 10 mL syringes,
and 41.3% from 2 ml. Eppendorf tubes).

All of the affected substances have hydrophobic structures,
with log P values of 2.7 for canrenone, 3.6 for phencyclidine,
4.5 for stanozolol, 6.3 for THC-COOH, and 7.0 for THC (all
data according to the PubChem database™). Non-specific
binding of non-polar analytes to the surfaces of various poly-
mers has been previously reported in the literature (moss
notably for THC).*"*"-**

Matrix effect

While matrix effects are mostly dependent on the selected
LC-MS conditions, differences in observed matrix effects
between samples collected with different sample collection
swabs, but measured by the same analytical method, indicate
that the presence of undesirable impurities may have played a
role in the generation of matrix effects, resulting in signal

h sion in MS analysis.

The majority of the drug recovery results described in the
Drug recovery paragraph (393 out of 735 (53.5%)) does not
seem to be significantly biased, as measured values of corres-
ponding matrix effects were within the 80-120% range (see
Table B3 in ESI Bt).

Among the tested substances, alprazolam and anastrozole
were the Jeast prone to matrix effects, as results obtained with
all evaluared swabs fell within the aforementioned range. For
betamethasone, nandrolone, and prednisone, only 1 adverse
result was recorded. In contrast, resules for phencyelidine were
only unbiased with Driiger DCD™ 5000 (97.8%). Only 2 out of
the 15 tested swabs yielded matrix effect values within the
desired range (80-120%) for cach of the following compounds:
clenbuterol (Porex® Saliva Collection Swab (npe I7) - 86.5%
and Sarstedt Salivette® Cortisol - 89.5%), cocaine (Sarstede
Salivette® - 106.9% and Oasis Diagnostics® Micro-SAL™ -
96.2%), methadone (Malvern Medical Developments Oracol -
110,8% and Oasis Diagnostics® MicroSAL™ - 117.4%), and

1t Or Supp
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metoprolol {(Porex® Saliva Collection Swab (Hpe 17} - 92.9%
and Sarstedt Salivette® Cortisol - 99.0%).

A total of 160 out of 735 results were below 80% - indicat-
ing signal suppression. Results below 80% were measured
with 8 swabs for fenoterol, meldonium, propranolol, and zolpi-
dem, and with as much as 9 swabs for LSD, No cases of signal
suppression were present with the Oasis  Diagnostics®
Accu-SAL™. Only 1 such case occurred with the OraSure
Technologies Intercept® i2™, Immunalysis™ Quantisal® and
StatSure™ Saliva Sampler™,

On the other hand, 182 obtained results were over 120%, -
suggesting signal enhancement. Elevated matrix effect values
were registered with 10 of the 15 tested swabs for methadone
and methylphenidate, 11 swabs for buprenorphine, 12 swabs
for atenolol, and 13 swabs for phencyclidine, Only 2 such
cases oocurred with the Oasis Diagnostics® Micro-SAL™ and
Malvern Medical Developments Oracol,

Nevertheless, the majority of results were within 80-120%
for 8 out of 15 swabs. The greatest number of unbiased results
was obtained with the Drdger DCDY 5000 (for 33 out of 49
analysed drugs) The remaining 7 swabs are Porex® Saliva
Collection Swab (type /1) (32/49), Porex® Saliva Collection Swab
{nype 1) (31/49), Salimetrics® SalivaBio Oral Swab and Thermo
Scientific™  Oral-Eze™ (both 30/49), Sarstedt Salivette®
Cortisol  (29/49), Immunalysis™ Quantisal® (27/49), and
StatSure™ Saliva Sampler™ (26/49).

Assessment of matrix effect influence on the results

Establishment of matrix effect values from sample collection
swabs enables an assessment of corrected recovery values for
each substance. For this purpose, following the methodology
previously proposed by Matuszewski et al,"* the equation cor-
rected drug recovery [%] = (drug recovery [%)/matrix effect (%))
* 100% was used to compute corrected recovery values.

While such approach results in only putative results, it is

justified by a nearly 2-fold decline in the number of suspi-

ly high y val - above 120% (from 127 to 76
cases) and a 6-fold decline in especially peculiar cases of more
than doubled recovery values (from 30 to just 5 cases). Among
the 735 computed values, 5 cases contributed to less than
0.7% frequency within all corrected results. Corrected recovery
values for each drug and each sample collection swab are pre-
sented in Table B4 in ESI B.#

With respect to drug recovery results, after applying correc-
tion for matrix effects, 13 out of 15 swabs (instead of 7/15) pro-
vided results within the 80-120% range for more than half of
the evaluated substances, although the greatest numbers of
such results (36/49) were still achieved with the Porex® Saliva
Collection Swab (type J) and Driger DCD™ 5000 ( previously,
2949 before correction ).

It is also worth mentioning that matrix cffects exceeding
200% after collection of samples with swab-based devices for
some of the substances lysed in this r h (e.g bupre-
naephine, LSD, methadone, THC, and zolpidem) have already
been reported in the literature, with matrix effect values as
high as 3358% for THC (before IS correction),*
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Further discussion

Recovery results from this research are mostly in agreement
(within 120% of given value) with values previously reported in
seientific literature, In total, 64 eligible results for 4 various swabs
were found in 10 unique reports. All the corresponding results are
listed in Table 2. it should be emphasized that a direct comparison
is only possible for Malvem Medical Developments Oracol and
Sarstedt Salivette®, while for the Immunalsis™ Quantisal® and
StatSure™ Saliva Sampler™ the substance reoovery values could
hine been altered by this work not using dedicated exrction
buffers, It is likely an explanation for poorer recovery of some ana-
Ivtes (like THC), and for weaker conrelation between the results
(especially for the StatSure'™ Saliva Sampler™).

For the Malverm Medical Developments Oracol, the attained

its are in compl for 4 out of 6 common analytes after
applying correction for matrix effects (and also for 4 out of 6
before that correction).”” The Pearson’s correlation coefficient
value is r = 0,66 (r = 0,73 before correction), n = 5.

For the Immunalysis™ Quantisal®, results are compliant
for 8 out of 9 substances (4/9 before correction), 7 #2203
The correlation coefficient value is r = 0.59 {r = 0.43 before cor-
rection), n = 20,

with the StatSure'™ Saliva Sampler™, 4 out 6 drugs have
similar recovery values [3/6 before correction).*™* The
Pearson’s coefficient value is » = 0.22 {r « -0.19 before correc-
tion), n = 6.

The Sarstedt Salivette®, as the most thoroughly studied
device, enabled a comparison of results for 12 drugs. Results
were  in agreement  for 9 of them (6/12  before
correction].****777% The correlation coefficient is r = 0.56 (r =
0.54 before correction), r = 21,

Influence of non-specific binding on the results

Although non-specific binding of some especially non-polar ana-
htes to surfaces of polymers used in this research was noted and
described in the Non-specific binding of drugs to labovatory plastics
paraggraph, the isue affected only a marginal fraction of results
and all of the 15 evaluated swabs were equally burdened by this
phenomenon. Therefore, the reoovery results were not corrected for
its influence. However, this could partially explain lesser recovery
values than previously reported for non-polar substances (particu-
fary THC and THC-COOH). For eample, if the THC nreooveries
would be corrected for the influence of the nonsspecific binding
using an established value of 79.5% substance loss on the 15 mL
Falcon tubes (as the analytes had the longest exposure time (1 h)
with this particular ype of plastic), the recovery values would
increase from the 0.4-17.3% range (with a mean value of 6.9% and
a median of 7.4%) to the 1.5-84,4% range (with a mean value of
33.4% and a median of 36.3%), Nonetheless, the differences
between the swabs would still remain exactly proportional to the
ones prior to such comrection.

Eligibility of testing recovery from swabs with ultrapure water

The outcome of the follow-up experiment seems to reassure
the relevance of results achieved with ultrapure water in
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Table 2 Comgparison of substance recavery values [%) from oral fluid collection devi lished in this ch with corresponding dats pre-
wiously reported in scientific literature

Substance Recovery corrected for Previousdy reported

Collection device Substance recovery matrix effect eeovery Source

Malvern Medical Developments Oracol Alpeazolam 2.3 24.3 19.2 27

Amphctamine 654 733 69.1 27

Cocaine 662 L2 351 F

MDMA s 541 520 27

Marphine 83.7 103.0 81.5 27

THC 04 03 <12.5 27

hsis™ Quantisal Alpeazolam n3 9469 1L 27

Amphetamine 98.1 906 98 26

M.2-96.9 22

§9.7 27

280 36

Cocaine 230.7 1303 97 26

91.2-95.7 22

81.7 27

280 36

Ketamine 101.3 988 280 36

MDMA 1355 9.2 2.3 7

«80 a6

Methamphetamine 135.3 Y6.5 93.1-103.8 22

100 26

280 36

Morphine 112.5 90.6 91.9-98.7 22

98 26

u2.7 7

=80 36

THC 99 6.7 94 26

§1.3-91.4 22

80 20

7585 17

48.7-67.5 36

358 27

THC-COOH 69.2 109.8 93 26

S o™ Saliva pler™ Alpeazolam 93.7 3.0 91.1 7

ine 97.2 85.5 §8.7 7

Cocine 2323 1355 85.6 27

MDMA 133.0 85.8 86.3 27

Morphine 1038 54 8.5 27

THC 17.3 6.7 854 27

73 17

Sarstedt Salivete® Alpeazolam 85.3 913 273 27

Amphetamine 718 4 85.63-86.07 12
34-57 2

518 27

Ruprenorphine 58.0 449 20.2-21.7 37
Cocaine 1081 1011 91-92 2

G0.84-91.56 12

81.7-91.4 38

=733 17

333 27

Heroin 100.0 H7.4 79.2-85.2 38

»73.3 37

MDMA 9 803 26.5 27

Methadone 69.6 510 17.4-50.8 37

Methamphetamine 110.3 97.8 §7.97-88.81 12
55-59 2

Morphine 99.4 724 7846-81.63 12

739-78.3 3

>73.3 37
846 2

332 27

Phencyclidine 195.6 9.4 76,34-81.71 12

THC 57 7 <12.5 27

THC-COOH 7.3 87 12.17-37.41 12
12-47 2
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accordance with testing oral fluid samples. Recovery values
measured using both martrices are similar for tested swabs,
and there is a strong positive correlation beeween both datasets
(Pearson’s correlation coefficient value is 7 = 0.73, i = 43). Less
than a quarter of compared pairs (oral fluid vs water) differ by
mare than 20%. On avemge, recoveries were 5,8% greater from
the oral fluid, than from water (median of 7.0%), and that
small difference was likely caused by the use of an extraction
method, which was sitated  for ing biological
matrices. Impact of the sample preparation pracess on the
final result is commonly acknowledged.™ And as was aptly
concluded by majors: Sampic processing nypically accounts for at
least one-third of the error generated." RSD values are also
higher with oral fluid samples (average of 5.1%, and median
of 3.4%). Increased variation of the results was expected for
biological matrices, as this was the main rationale behind
using ultrapure water for the main evaluation of the swabs.
Full results of this comparison are presented in Table B5 in
ESI B.t

Conclusions

‘The choice of an adequate oral fluid sample collection method
is critical to the attainment of representative results, as certain
methods can enormously influence analvte concentrations.
Differences in analyte recovery values as great as 100 fold
between samples collected with different collection swab types
were observed in this research. Yet, this issue seems to be mas-
sively underrecognized and underappreciated. Many research-
ers tend to prioritize Improving existing sample preparation
and analysis methods, while many difficulties could be easily
avoided by focusing attention on obtaining samples of
superior quality - with emphasis placed on the sample collec-
tion step, This paper aims to initiate further discussion on this
subject. Furthermore, the disclosed findings could be of sub-
stantial aid in the selection of an appropriate oral fluid sample
collection method for HPLC-MS/MS analysis of 49 widespread
drugs of abuse and doping agents,
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Tab. A1 Detailed list and classification of analysed substances.

Substance dag ol therapeutic  doping agent aralytical standard
abuse drug {WADA class)* supplier
[#\-)-ampbetamine v v $6 stimulants [t
{#\-) mathamehetamine v * SE stemulants L
[9\-)33 A-methvdenedioxyrwthamph ine [MDMA) v * 56 stienulants [
methylhaxanamine [4-methyibexan-2-amine, DMAA) x x $6 stimnulants. Sama
cocaine v v S6 stnulants ({4
mettylpheridate v v $6 stimulamts e
Ratharvida (N,N-diethylnicatinamide) ® v $6 stiulants Aldrich
strychnine » * S6 stimulants Sgma
{8 tetrabydrocannabinel (THC) v v 58 cannabincids o
-1 1-n0r-9-carty Qs hvpd bincl {THC-COOH) x x 58 cannabincids \&C
morphine v v $7 narcotics (Lo
hercin [diacetyimorphine) v v S7 narcotics e
hydrocodane v v » Cenllant®
axycodons v v £7 narcotics LGC
[*\-)-mathadons v v 57 narcotics Cerillam®
buprenorphine v v 57 narcotics Cerllant®
fentamyd v v £7 narcotics e
ketamine v v * GC
phencyclidine (PCP) v * £0 non-approved substances [{c4
hsergic acd diethydamide (L0} v x 50 non-approved substances WGC
psilocybin v x 50 non-approwed substances Cerillam®
dlpeazolam v v » e
clonazepam v v * Cerillam*
flunitrazepam v v = \GC
rolpidem v v »* e
ol (! 14 VETRANAL™
(5% ! ¥ } x v 51 anabolic agents {sigma- Aldrich}
methardienone (methandrastenolone) > v $1 anabokic agents Cesillam®
e ol (19 w) x v S1 anabolic agents \GC
stanceaiol * v S1 anabolc agents [T
clenbuterct L v S1 anabolkc agents ({4
52 peptide hormenes, growth factors,
iutamoren |MK-677) x x related substances and mimetics Cayman Chemicals
fencterol L] v $3 beta-2 agorists e
sutatamol (albuterol) x v 53 beta-2 agoeists C
terbutaine L v £3 beta-2 agonists [{cd
anastrocole x v $4 hormaone and metabolic modulators (L
meidonium * v 54 hormone and metabolic modulators £0am
canrenone L] v £5 diuretics and masking agents Sqgma
chiorothisnde ® v $5 diuretics and masking agents Sigma-Aidrich
hydrechlorothvazide x v S5 diuretics and masking agents LGC
furosemide L] v 5 diuretics and masking agents Sgma
betamethasone * v 58 ghacocorticoids [tes
predakolone * v £8 phucocorticoids Sgma
predaisone ® v $9 ghucocorticolds Sgma
aenclol x v P1 beta-blockers \GC
hopralal * v P1 beta blockers GC
carteolol * v P1 beta-blockers use
metopralal x v P1 beta-Blockers (e
nebholol x v P1 beta-blockers Sgma
propranciol L v P1 beta-blockers Wl

*asccording to 2020 Prohibited List. [Sttes:/Seww wada-ame.cop/en/resources fcience-med ane/prohibted-let-documents, WADA 2019}



Tab. A2 List of selected MS/MS parameters for the analytes. Substances arranged by increasing retention time.,

substance

meldanium
psilocybin
maorphine
salbutamol
terbutaline
atenclel
fencterol
nikethemde
cartasiel
amphetamine
anycodone
hydrecodone
methamphetamine
chiorothisnde
methylhexaramine
MOMA
strychnine
hydrochlorothvazide
ketamine
metapralal
clenbuterc
methylpheridate
heroin

cocaine
rolpidem

s

boprolol
phencyclidine
proprandlo!
fentaryd
predaisalone
prednizone
buprenorphine
intamonan
betamethasone
furosemide
nebivelel
methadone
dpearclam
anastrorole
stancealol
boldenone
<lonazepam
nandralone
methardenone
flunitrazepam
canrenone
THC-COOH

THC

precursor lon [my'z)

147.00
284,50
286,10
240.00
2600
267.00
04.00
17890
293.00
135.50
316,10
300.00
150.00
254.00%
11620
154.00
334.50
256.00%
237.50
267.90
2720
234.00
37010
103.50
307.90
32390
326.20
244.00
260.10
33700
361.00
355.00
46810
529.00
393.10
32905
406.10
31000
30&.50
294.00
329.20
287.00
316.00
27520
101.20
31390
341.00
345.00
315.00

quantifier
58.10
58.10
152,10
148.10
15210
145.10
107.15
108,05
237.15
91.10
298.20
199.15
$1.10
21405
57.10
163.10
184,10
269.00
12505
116.15
20305
84.15
165.15
182.20
23515
223.20
116.20
91.05
116.20
188.20
147.15
34135
55.15
267.10
373.25
284,85
151.10
26515
281,15
225.20
81.15
121.20
270.10
108.10
12105
268.15
107.15
3272.10
193.10

product jons [m/'z]

59.15
205.20
201.15
22225
107,05
190.20
135.15
£0.10
202.15
119.15
241.20
171.10

65.10
1M.10

41.10
105.10
156.20
205.10
220.10

7415
13210

56.10
168.20
8210
236,20
208,15

7405
86.10
182.10
105.15
32520
267.20
39625
a5
355.15
205.10
123.10
105.10
205,15
21020
a5.15
135.20
11405
23.10
149.25
239.10
187.25
1.25
123.10

quakfier(s)

24005
16510
16620
12510
74.15
286.10
7210
74.10
65.10
25610
12815
11920
21510

13310
12915
7755
20718
7210
16815
9110
21110
105.10
263.20
207.10
7210
159.20
155.20
103.10
307.45

41425
6315
279.10
12610
103.10

oS
274,10
1505
12110

77.15
207.15
25730

7700
183.10
23515
19330
259.15

retention time [min)

1499
2433
2642
2913
3.015
3089
4.281
4453
4.548
4.625
4629
4.928
5.001
5012
5.115
5185
5330
5.421
5.665
6407
6531
6,650
B.866
7338
7383
7.688
7.868
8607
8775
5114
9277
9.409
5672
10382
10.798
11043
11098
11322
11,393
11412
11.4%6
11.942
11.970
12320
12,582
12.750
15.029
19.874
24.788

*regative ionization mode
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Tab. B1 Drug recoveries [%] from laboratory plastics. Relative standard deviations (RSDs) [%] given in brackets, drugs arranged by increasing

retention time, n=4,
15mL SmL 10mL 2mL
substence Fakon tube syringe syringe Eppendorf tuba
mekdonium 92438 99.6(0.7) 1003 (1.0) 100.6{1.3}
psilocybin 93.5(1.1) 99.2 (0.6) 1002(0.8) 99.1{1.2}
marphine 110.8(32) 100.7(29) 1056(2.5) 100.5{2.3}
salbutamol 103.210.7) 1003(1.1) 1015(1.2) 99.7{1.4}
terbutaline 105.3(13) 101.2(15) 1005(1.2) 1003 §0.7)
atenclol 97.3(46) 97.4(7.6) 1025(3.8) 110016.7)
fenaterol 108.8(1.7) 99.4(1.4) 97.6(08) 99.3 0.8}
nikethamide 103.0010) 59.6(17) 922 (09) 100.7 §0.9}
carteclol 96.3(9.2) 581(9.1) 104.2(3.5) 110.3{7.5}
OO 1031.3(11.4) 97.9(9.0) 102.3(24) 117.3{9.7}
amphetamine 101.9(3.35) 101.1(4.5) 104.2(3.8) 103.0{5.0)
chiorothiazide 99.5(0.8) 1002(0.7) 102.1(0.9) 98.6 10.9}
hydrocodons 1145 (16.7) 101.5(12.8) 1063 (5.5) 187{13.1)
methamphetamine 96.5(12.2) 101.6(9.9) 1057 (7.3) 113.1{11.6)
methylhexanamine 101.6(58) 101.9(5.7) 1041 (43) 1041 {7.1)
MOMA 93.3(11.7) 101.2 (10.7) 103.4 (7.0 114.9{12.9)
hydrochlorothaode 100.7(3.3) 100.5(4.3) 1024(3.7) 9.7 (1.8}
“rychnine 116 (2.49) 100.9(13.2) 1D48(74) 122.7{18.3)
ketamine 105.6(2.7) 100.3(2.4) 102.2(0.8) 100.4 (2.6}
metoprolol 96.4 (10.4) $73(9.1) 1020(4.7) 111.4{10.6)
cenbuteral 97.217.5) 9R80(63) 104.1(2.5) 107.1{7.3}
methyiphenidate 173.314.7) 97.4(50) 1056 (4.6) 100.6 (4.9}
heroin 127.2(28) 595(39) 1088 (2.0) 1028{2.1)
rolpicdenm 104.012.0)0 100.7(2.2) 102.9(1.5) 101.2{1.9}
waine 117.0(21.0) 99.7(166) 103.9(8.6) 121.7{19.3)
LS0 103.2(14) 996 (11) 1010 (1.0) 100.2 (1.2}
bisopeolol 89.2 (15.9) M.5(11.0) 1005(2.7) 115.9{13.7)
phencydidine 76.1(202) S18(10.7) NR26(38) 1239{23.4)
propeanciol 102.8(52) 1001 (600 103.1(3.6) 105.3 {6.0}
prednisolone 98.7 (0.9) 97.7(31) 97.9(13) 98.7 (3.2}
fentamyl 105.5(202) 101.3(158) 10E4(58) 121.6{14.8)
pradnisone 96.5 (1.0) 100.1(4.3) 90(11} 101.5{2.5)
buprencephing 106.4(4.5) 59.2 (5.0) 1056 (3.5) 110.6 4.5}
ibutamaren 115.4(0.7) 104.0 (5.0} 109.1(39) 107.2{4.9)
betamethasces 89.212.3) 95.7(38) 101.0(30) 9B.7 {4.7}
furcsende 94.9 (0.5) 97.8(13) 101.4(2.2) a8.7 (1.8}
nebivolol 118.0(2.3) $9.1(4.1) 1044 (4.0) 103.3{7.0}
alprazolam 98.3(1.1) 100.5(1.2) 1005 (0.7) 101.7 0.9}
anastrozole 100.9(1.0) 100.9(1.4) 1010(0.7) 1009 (1.3}
stanacolol 61.8(0.6) 94.9(19) 96.7(28) 99.8{3.8}
methadane 94.8112.1) 96.4(10.2) 1013(3.1) 114.2{17.0)
boldencne 92.3(0.5) 585(14) 99.4 (0.5) 100.4 (1.5}
clonazepam 99.0(0.6) $9.1(12) 100.7 (0.7) 100.8{1.2)
nandrolong §92.211.9) 5282(1.8) s828(2.1} 93.3{1.3}
methandenons 50.8 (0.5) 5$93(21) 993(12) 100.3{1.5}
flunitrazepxam 98.0(1.3) 99.7(17) 1006 (1.0) 99.7 (0.8}
canrenone 62.1(2.8) 97.8 (2.0 e9(13) 100.5{2.7)
THC-COOH 224(64) 403 (87) 47.7(15.3) 87.7{3.8}

THC 205 (3.5) 239(61) 245(119] 413(11.0}
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Tab. BS Drug recoverles [%] from Sarstedt Salvette® swabs — comparison of results recorded from spiked oral fluld (n=3) and spiked
ultrapure water (nw4}. Relative standard deviations (RSDs) [%] glven In brackets,

b spiked oral fluid spiked uitrapure water
morphine 89.217.4) $4(47)
salbutamel a7.1(239) 812(28)
terbutaline 852(121) 55.0(19)
atenolol 242237 119.4(3.6)
fenoterol 65.1(11.2) 350(59)
nikethamice 856(12.1) 693(18)
carteciol 663 (63) 60.1(43)
oxycodone 617 (4.6) 9.2 (28}
amphataming 78.8(4.6) T18(57)
chiorothvazide 1061 (20.7) 1208(2.7)
hydrocodane 66.9(7.5) 906(28)
methamghetamine 7410610 110335
methdhexanamine 5170147 M.0(38)
MDMA 705 (2.6) 719(56)
strychnine 63.2(130) 653 (80)
ketamine 737 (9.6) $33(40)
metoproiol 635 (4.1) 66.9(54)
denbuteral 693 (69) S5.6(64)
heroin 7100 1000(3.2)
2alpidem 658 (6.6) 0791}
cocane T21(54) 1081(9.3)
S0 54.3(105) 193(184]
propranciol 61.9(7.9 4890101
prednisclone 4.7 (5.3) 284.4(44)
fertany! 87.4(88) 76.1(6.7)
prodrisone 94.5 (5.6) 95.4(1.1)
buprenorphine 24.4(7.8) S80(67)
ibutamoren 82.2(13.0) 56.2(98)
betamethazone 20.4(21.7) £21(34)
furcsemide 74.4(2156) €692 (45}
oebolel 143(395) 189(10.1)
alpeazolam 85.7(4.0) 253 (45)
ansstrozole 91.5(12.0) 96.8 (7.0
stanazolol B5.7(353) 13.9(9.0}
methadone 828 (89) 696 (4.2}
boldencne $03(7.9) T56(55)
conazepam 82.4(7.4) 717 (40
nandrolone 21.7(103) 835(32)
methandienone 958(68) F73(51)
funitrazepam 87.0(66) TTART)
canrenone 222(87) T04(32)
THC-COOH 646(13.4) 73(68]

THC 164 (187 5.7(335)




7. Metody oczyszczania probek materiatéw
biologicznych ze szczegélnym uwzglednieniem  metod

mikroekstrakcyjnych

Najprostszg, a zarazem najczesciej stosowang, metodg przygotowania probek jest
ich rozcienczenie [63]. Jednak ze wzgledu na to, ze nie dochodzi wéwczas do
oczyszczenia probki, nie jest to metoda zapewniajgca najwyzszg jako$¢ wynikow,
zwtaszcza w przypadku badania ztozonych materiatdw biologicznych posiadajgcych
liczne sktadniki utrudniajgce analize. Dla prowadzenia analiz z wykorzystaniem
aparatury HPLC-ESI-MS/MS szczegolnie niekorzystne sg makroczgsteczki (np. biatka
i thuszcze), a takze sole (szczegodlnie nielotne, takie jak fosforany [92]) i elektrolity
obecne we wszystkich ptynach ustrojowych [93]. Poza prozaiczng niedogodnoscig w
postaci koniecznosci czestszego czyszczenia zabrudzonych instrumentow
analitycznych, niepozgdane elementy materiatdw biologicznych stosowanych do
badan pogarszajg takze samg jakos¢ uzyskiwanych wynikow poprzez obnizanie lub
podwyzszanie sygnatu rejestrowanego przez detektor. Uzyskiwane wéwczas wyniki
stajg sie niedoktadne (to znaczy odbiegajg od wartosci rzeczywistej), a zjawisko to
znane jest jako tzw. efekt matrycy (ang. matrix effect) [94]. Gtdwng przyczyng
wystepowania efektu matrycy jest obecnos$¢ w ptynach ustrojowych fosfolipidow (w tym
produktéw ich fragmentacji takich jak nielotne reszty fosforanowe) [95], a takze
licznych jonéw konkurujgcych z analitami o elektrony podczas procesu jonizacji [96].

Aby przezwyciezy¢ opisane problemy stosowane sg metody ekstrakcyjne stuzgce
oddzieleniu analitu od zawartych w prébce zanieczyszczen. Wsréd trzech najbardziej
rozpowszechnionych metod ekstrakcyjnych znajdujg sie ekstrakcja ciecz-ciecz (LLE),
ekstrakcja do fazy statej (SPE, ang. solid-phase extraction), oraz mikroekstrakcja do
fazy statej (SPME) [63]. Biorgc pod uwage stopien oczyszczenia probki, SPE zapewnia
lepsze rezultaty od LLE, natomiast najlepsze rezultaty mozna uzyskac z
wykorzystaniem metod mikroekstrakcyjnych takich jak SPME [97-98]. Wynika to z
unikatowego mechanizmu dziatania SPME, w ramach ktérego urzgadzenie
ekstrakcyjne umieszczane jest w probce (lub nad probkg w przypadku analizy
zwigzkow lotnych), nastepnie po zwigzaniu analitow jest zabierane z prébki.
Wyekstrahowane zwigzki sg wéwczas poddawane desorpcji. Podczas procesu nie

dochodzi do ekstrakcji makromolekut takich jak peptydy i biatka [99-101], a ekstrakcja
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szczegolnie niepozadanych fosfolipidow jest marginalna [98]. W przypadku faz
ekstrakcyjnych wigzgcych analizowane substancje za pomocg mechanizmu adsorpciji
(wiekszos¢ pokry¢ stosowanych w SPME, zawierajgcych m.in. grupy funkcyjne:
diwinylobenzenowg (DVB, ang. divinylbenzene); polidimetylosiloksanowg (PDMS,
ang. polydimethylsiloxane); oraz oktadecylowg (Cis) [102]) nie dochodzi rowniez do
ekstrakcji jondw metali, a zatem obecne w probkach biologicznych elektrolity ulegaja
oddzieleniu od analitow. Wobec eliminacji najistotniejszych czynnikdbw generujgcych
efekt matrycy [94-95], dla prébek oczyszczonych za pomocg SPME uzyskiwane sg
bardzo doktadne wyniki. Ewentualne utrzymujgce sie wzmocnienie lub ostabienie
sygnatu rejestrowanego przez detektor po zastosowaniu SPME mozna ttumaczy¢
wptywem innych substancji drobnoczgsteczkowych, jest to jednak problem mozliwy do
rozwigzania z wykorzystaniem metod chromatograficznych. Gtbwnym mankamentem
metody SPME, w stosunku do LLE i SPE, jest niecatkowity odzysk analitow z probki.
Wynika on z niewyczerpujgcego mechanizmu ekstrakcji, ktéra w przypadku SPME
zachodzi poprzez dazenie do osiggniecia stanu rownowagi stezen (analitu) pomiedzy
fazami ekstrakcyjng (urzgdzenie SPME) a ekstrahowang (prébka) [103]. Ten problem
jest z kolei mozliwy do rozwigzania przy odpowiedniej optymalizacji metody [98], czyli
dobraniu odpowiednich do danej aplikacji parametrow SPME takich jak: rodzaj fazy
ekstrakcyjnej, metoda desorpcji oraz warunki samego procesu desorpcji (m.in. czas
trwania, temperatura procesu, a takze intensywno$¢ mieszania probki) [103].
Przytoczona powyzej charakterystyka podstawowych metod oczyszczania
materiatbw biologicznych wskazuje na zalety skflaniajgce do zastosowania
metody mikroekstrakcyjnej — TFME (bedgca modyfikacjg SPME) — w badaniach
prezentowanych w rozprawie doktorskiej. TFME (w poréwnaniu z SPME) zapewnia
kilka korzysci szczegolnie pozgdanych przy analizie substancji niedozwolonych, m.in.
wiekszg powierzchnie fazy ekstrakcyjnej zapewniajgcg wiekszy odzysk analitéw, a
zatem wyzszg czutos¢ metody [104], a takze kompatybilnos¢ z wysokoprzepustowym
standardem 96-dotkowych ptytek (zapewniajgcych mozliwos¢ przygotowywania

jednoczesnie 96 lub nawet wiekszej ilosci probek) [105-110].
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8. Nowe rozwigzania w mikroekstrakcji (czes¢ 1)

Zastosowanie nowych rodzajéw pokry¢é urzadzen TFME

Badania antydopingowe, podobnie jak oznaczanie s$rodkéw odurzajgcych,
wymagajg jednoczesnego monitorowania prébek w aspekcie obecnosci niezwykle
duzej ilosci substancji. Potencjalny cel stanowig tysigce roéznorodnych zwigzkéw
chemicznych [51]. Wymusza to koniecznos¢ stosowania licznych, komplementarnych
wzgledem siebie metod analitycznych do wykonywania wyspecjalizowanych
oznaczen [36]. Wptywa to takze na potrzebe wdrazania kompromisowych rozwigzan
w trakcie procesu optymalizacji konkretnych metod. Wsrod decyzji takich znajduje sie
m.in. wybor metody ekstrakcji (w tym konkretnego rodzaju faz ekstrakcyjnych)
zapewniajgcych ekstrakcje jak najszerszego spektrum analitéw.

Jak zostato zauwazone (rowniez przez innych autorow), jednym z gtdéwnych
ograniczeh wptywajgcych na mozliwos¢ zastosowania metod mikroekstrakcyjnych
w codziennej praktyce laboratoryjnej jest mata r6znorodnos¢ dostepnych komercyjnie
rodzajow pokry¢ (faz ekstrakcyjnych) takich urzadzen [111-112]. W ramach badan
przedstawionych w rozprawie doktorskiej dokonano kompleksowego poréwnania
12 zréznicowanych rodzajow pokryé, w wiekszosci nie stosowanych wczesniej
w opracowanych protokotach mikroekstrakcyjnych. Analizowane pokrycia réznig sie
miedzy sobg przede wszystkim typem oddziatywan miedzyczgsteczkowych
zapewniajgcych wigzanie analitow do urzgdzen ekstrakcyjnych.

Kolejnym krokiem byto poréwnanie wtasciwosci czgsteczek stosowanych do
wykonywania pokry¢. Do tego badania wykorzystano wytgcznie jeden,
najpopularniejszy rodzaj czgsteczek (z przytgczonymi grupami Cisg), za to o réznych
rozmiarach poréwnywanych czgsteczek. Zweryfikowano réwniez wptyw grup
pomocniczych, zapewniajgcych wiekszg kompatybilnos¢ faz ekstrakcyjnych z wodnym
srodowiskiem oczyszczanych prébek biologicznych.

Wyniki tych badan opublikowano w ramach nastepujgcych publikacji:
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n routine laboratory testing s currently hindered by the limited number of coatings compatible with the
ubtqunous Iugh-pcrformmcc ligquie! chmmahography (HPLC) systems, Only octadecyl (Cyg) and poly-
livinylb ligands are © by marketed for this To add this situ-

ation, the present study evaluated 12 HPLC-compatible coatings, induding several chemistries not
currently used in this application, The stationary phases of SPME devices in the geometry of thin film-
coated blades were prepared by applying silica particles bonded with varlous functional Hgands (Cys.
octyl, phenyl-hexyl, 3-cyanapropyl, benzenesulfonic acid, and selected combinaticas of these), as well as
unbonded silica, to a metal support. Mast of mesc cncmlsmes have not been previously used as
miTosaraction coatings, The 48 most ly were selected ta assess the
extraction efficacy of each coating, and eight desorpts lvent were used to optimize the
desaorption conditions, All samples were malyzed using an HPLC syslcm coupled with triple quadrupole
tandem mass <pcctromy This cvaluwon enables selection ol the best-performing coatings for
quantifying pr by and i gates the relaticaship b extraction efficacy and the
physicochemical charactenstics of the analytes. Ultimately. using thc most suitable coatings is essential
for trace-level analysis of chemically diverse prohibited substances.

© 2022 The Authors, Published by Elsevier BV, on behalf of Xi'an Jlaatong University, This is an open

access article under the CC BY-NC-ND license (http: creativecommuons.org/licensesoy-nc-nd 4.0/

L Introduction

Solid-phase microextraction (SPME) is an established and highly
regarded sample preparation technique that has been successfully
used for various applications [1]. including the determination of
prohibited substances such as drugs of abuse and doping agents
|2.3]. However, for more than 30 years after its introduction in 1990
[4L the full potential of this method has yet been realized. In
particulas, the limited selection of commercially available coating
chemistries limits the practical implementation of SPME in
conjunction with liquid chromatography [5.6]. Currently, only
octadecyl (Cg) and polydimethylsiloxane divinylbenzene (PDMS/
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DVB) ligands are marketed as SPME stationary phases compatible
with the ubigquitous high-performance liquid chromatography
(HPLC) systems,

Thin-film microextraction (TFME) was proposed as an alterna-
tive format of SPME [7]; compared to SPME fibers, TEME increases
the volume of the extracting phase and may improve both recovery
and sensitivity for trace level analysis [£). At the same time, the
higher area-to-volume ratio means the extraction tinme was not
extended. The first TEME devices were prepared using PDMS as the
stationary phase [7]. However, PDMS is prone to swelling and
phase-bleeding when introduced to some LC solvents [9]. In addi-
tion, PDMS was found to be unsuitable for the extraction of certain
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drugs (induding some benzodiazepines) because of the slow ki-
netics of the process. Accordingly, Cyg-amide or Cyg-bonded silica
particles were proposed as better SPME coatings for this applica-
tion [10].

To date, only a handful of TFME coatings have been used for
the extraction of prohibited substances. The published applica-
tions predominantly used Cyg as the stationary phase |11-15)
However, other chemistries more suitable for extraction from
aqueous biological samples were also investigated, Examples
include mixed-mode Cyg (Cyy and benzenesulfonic acid), polar
end-capped Cie polar enhanced  polystyrene  (PS)-DVE,
hydrophilic-lipophilic balance (HLB), and phenylboronic acid
{PBA) [15]. Several studies that compared these chemistries have
produced diverse results. Cyz and HLB coatings were evaluated
for the extraction of doping agents (f-blockers and f;-agonists)
from plasma and urine. The results of this study are favorable for
the HLB coating [17). PBA and PS-DVE were used for the
extraction of several drugs (including benzodiazepines) from the
plasma. A greater efficacy for benzodiazepines was achieved with
PS-DVB [18]. Another study evaluated Cps. HLB, and PS-DVB
coatings for the extraction of prohibited substances from
plasma. The HIB coating performed the best in terms of the
greatest extraction efficacy, and no significant carry-over was
observed [191. A more comprehensive study examined four
coatings (Cyg, mixed-mode Cpg, PBA, and PS-DVB) for the
extraction of 110 doping agents from urine. The authors
concluded that the Cyg coating performed best in terms of the
highest efficacy and lowest carry-over eflect [20]. The most
recent study compared as many as eight different coatings
{graphene, graphene oxide, multiwalled carbon  nanotubes
({MWONTS), carboxylated MWCNTSs, Cye. HLB, PBA, and PS-DVB)
for the extraction of various analytes. including some pro-
hibited substances. Once again, the Cyy coating was found to be
superior for the extraction of nonpolar substances [21].

The present study focused on assessing those altemative
stationary phases that are popular in LC applications, but have
mostly not been evaluated as microextraction coatings. The
experiment was conducted in ITwo conseécutive parts. Initially,
the six homogenous coatings tested were Cyg, octyl (Cg). phenyl-
hexyl (Phe-Hex), 3-cyanopropyl (CN). benzenesulfonic  acid
(SCX), and unbonded silica (SIL). The Cyxe coatings served as a
reference because of their popularity as microextraction coat-
ings [11-17,19-21] Based on the results acquired. mixed com-
positions were selected for the second part. The principle for
selection of the mixed compositions was to combine different
extraction mechanisms o achieve optimal extraction efficacy
and the broadest possible analyte coverage. As a result. 12 LC-
compatible coatings were cvaluated for the extraction of 48
prohibited substances. The introduction of novel stationary
phases was combined with the important advancements of the
last few years; these include device biocompatibility achieved
by incorporating biologically inert polyacrylonitrile (PAN) to
immobilize the stationary phases, and high-throughput TFME
blades, which improved processing time to under 2 min per
sample in this study. Additionally, microextraction methods are
known 1o allow the implementation of green analytical chem-
istry principles, including reduction of the required sample
volume and consumption of organic solvents: microextraction
also enables simultaneous sample collection, extraction, and
analyte preconcentration [1,22.23). In doping control and
forensic applications, there are particular advantages to conve-
nient tailored chemistry that can efficiently extract the struc-
turally diverse analytes present at trace levels; these fields will
therefore greatly benefit from microextraction methods, This
study is an important step toward fulfilling this goal.

Journal of Pharmocosticod Asolysis 12 (2022) 470430
2. Materials and methods
2.1. Chemicals

2.1.1. Coating particles

In this study, five types of silica particles bonded with functional
groups, as well as SIL, were evaluated as the stationary phases of
TFME devices (Fig. 1)

Additionally, six coating compositions were created by
combining nonpolar Cy particles with polar SIL or less-nonpolar
CN-type particles, which were characterized by different extrac-
tion mechanisms. For each mixed composition, three different
proportions, namely, 3:1,1:1, and 1:3 (m/m ). were tested. increasing
the number of coatings in this comparison to 12 different types,

All particles were supplied by Phenomenex (Phenomenex [nc.;
Torrance, CA, USA) and had very similar parameters to the silica
(such as particle size and pore diameter), which enabled unbiased
and credible comparison of the bonded functional groups. See
Table 1 for further details.

2.12. Analytes

Forty-cight prohibited substances, either drugs of abuse andfor
doping agents, were used to compare the coatings. The selection of
analytes was based on the worldwide popularity of their misuse
|24-26). The drugs of abuse were cannabinoids, central-nervous-
system stimulants, opioids, hallucinogens, and sedatives. In total,
21 analytes were in this category. Substances prohibited in sports
according to the World Anti-Doping Agency [ 27 ] were sedected based
on the prevalence of doping offences involving their use in recent
years [26] Of the 42 selected doping agents, 27 were unique com-
pounds and 15 were in common with the 21 drugs of abuse. A
complete list of the analytes and their suppliers is presented in
Table S1.

The test mixture for extraction was prepared by spiking
analytical standards into LC-MS grade water to achieve the 50 pg/L
concentration of each analyte. Following an approach that has
previously been used successfully [28). water was used to mimic
biofluids composed mainly of this solvent (such as plasma, ocal
fluid, or urine ). This approach minimizes factors that could bias the
results, in particular, the affinity of drug-protein binding, enzymatic
activity, microbsal activity, sample density, and sample ionic
strength, all of which may differ between individual biological
samples and may, in turn, affect the veracity of the results, The
impact of blood hematocrit levels on the SPME method, for
example, has been reported in the literature [29].

2.1.3. Other chemicals

The following chemical reagents were used in this work:
acetonitrile (LC-MS grade; Chromasolv, Honeywell International
Inc,, Charlotte, NC, USA), ammonium hydroxide (LC-MS grade;
Fluka, Honeywell International Inc,, Charlotte, NC, USA), NN-
dimethylformamide { DMF: Sigma-Aldrich, Merck KGaA, Darmstadr,
Germany). formic acid (LC-MS grade; Optima, Fisher Chemical,
Thermo Fisher Scientific Inc., Waltham, MA, USA), 2-propanol {LC-
MS grade; Chromasolv, Honeywell International Inc., Charlotte, NC,
USAL methanol (LC-MS grade; Chromasoly, Honeywell Interna-
tional Inc., Charlotte, NC, USA), PAN (Aldrich, Merck KGaA, Darm-
stadt, Germany), and water (LC-MS grade: LiChrosolv, Merck KGaA,
Darmstadt, Germany .

2.2. Preparation of TRME blades
The precut metal blade supports were purchased from PAS

Technology (PAS Technology Deutschland GmbH, Magdala, Ger-
many), each with 12 pins in a row. Prior to spraying, the blades
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were prepared by ultrasound-assisted etching in concentrated hy-
drochloric acid (Fluka, Honeywell International Inc., Charlotte, NC,
USA) for 1 h, The process produced a black layer of anhydrous iron
{111y chlonde, which was carefully scrubbed to expose the prepared
metal surface.

The tip of each pin (1 cm) was spray-coated with one of the
preparations described in Section 2.1.1, following a protocol slightly
madified from that of Mirnaghi et al, [12]. A coating shurry was
prepared by dispersing the particles in DMF solution of PAN. The
proportions used were constant for cach type of coating, ic.
PAN:DMF:particles {1.000:18,380:2,375, m/m/m). The blades were
covered in 10 thin-film layers; after application, cach layer was
cured immediately in a 110 “C oven for 3 min (180 °C for 2 min for
the Cg particles).

2.3. Extraction method

All extractions were performed in 2 mL 96-well Deep-well
Plates (Nunc, Thermo Fisher Scientific Inc.. Waltham, MA, USA) and
with a 96-well plate-compatible benchtop SHI0 Heater-Shaker
{Ingenteurbiro CAT, M. Zipperer GmbH; Ballrechten-Dottingen,
Cermany),

The extraction protocol comprised six steps: 1) first pre-
conditioning (1 mL of methanol:water (50:50. V/V). 2 h, 850 min~*

Table 1
Characeeristics of the particles used for prepagacion of the stationary phases.
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agitation); 2) second preconditioning (1 ml of methanol:water
(50:50, V/V), 0.5 b, 850 min "' agitation}; 3) first rinse {1 mL of
water, 5 s, no agitation); 4) extraction (1 mL of test mixture, 2.5 h,
850 min ' agitation); 5) second rinse (1 mL of water, 5 5, no
agitation); and 6) desorption (1 mL of desorption solvent, 2 h, 850
min ' agitation),

Eight desorption solvent (DS) compositions were used to optimize
the desorption: DS1 — acetonitrile/water/formic acid (80:19.9:0.1, v/
V/V): DS2 = acetonitrile:methanol:water: formic acid (40:40:19,9;0.1,
VAV/VIVY DS3 = methanol:water:formic acd (80:19.9:01, VV/V),
DS4 . acetonitrike:2-propanol: methanol:water: formic aad (30:25:
25:199:00, VV/VV/V): DS5 — acetonitrile:water:ammonium ly-
droxide (80:199:01, VW/V): DS6 = acetonitrile:methanol:water:
ammonium hydroxide (40:40;19.9:0.1, VAV/V/V); DS7 = methanol:
water:ammonium hydroxide (80:19.9:0.1, VA/V); and DS8 - aceto-
nitrile:2-propanol:methanol:water-ammonium  hydroxide (30:25:
25:19.9:0,1, V/V/V/V/V). Each coating-desorption solvent combination
was tested in triplicate.

24. HPLC-MS/MS method

All samples were analyzed with a Shimadzu LCMS-8060 triple
quadrupole {Shimadzu Corporation, Kyoto, Japan) system fitted
with an Agilent InfinityLab Pocoshell 120 EC-Cyg analytical column
(3 « 100 mm, 2.7 pm) and guard column {3 = 5 mm, 2.7 pm)
(Agilent: Santa Clara, CA. USA). Separations were run in gradient
elution mode, with the column temperature fixed at 250 °C, and a
300 pL/min total flow rate of both mobile phases. Phasc A
comprised water with 01% formic acid, and phase B comprised
acetonitrile with 0.1% formic acid. The gradient plot of phase B
concentrations was as follows: 10% for 0.5 min, lincarly increased to
100% (25,5 min), an isocratic hold at 100% (3 min), then 10X for
column re-equilibration (6 min), totaling 35 min per sample. The
resultant chromatograms of the analyzed substances under opti-
mum conditions are presented in Fig. 2.

The high organic content (80%) of the desorption solvents used
in this study was significantly higher than the starting compaosition
of the conventional gradient elution reversed-phase HPLC method
(mostly aqueous at the time of sample injection). As such, it can
decrease retention of polar analytes. To address this issue, a pre-
liminary test was performed to determine the maximal injection
volume of the 50 pg/L analyte mixture in each variant of the
desorption solvent used. As a result, an injection volume of 0.3 uL
was established as an upper limit compatible with our HPLC

Particle  Particle type  Bondded ligand End- Torad Susface

Sibica particke parameters. Recommenched apphcations Maint interaction

Cappi cabon  cowera mechanisms
P (%) (umalemy Pk Poe - Surace
sioe diameter  arca
() (&) (m’/g)
Cin Luna Cye Octadecyl Yes 1638 im 83 104 381 Very hydrophobs pound. ydrophek
[ Luna Gy eyl Yes 1260 345 857 0 1% drophots pound Hydraphals
Phe-Hex  Luna FREP Phenyl with Yes 1509 267 95 104 384 Aromatic compounds and moft- T (aomaticl,
Plae-Mex hexyl linker yolar compounds hydrophobac, and
dipole-digole
o Luna CN 3.Cyamopropyl Yes ™ N/A 848 105 34 Palar compounds and m-x, dipole-dipale,
=COOH, —C0, =NHz ~=NHR, or  and hydrophobic
~NR; containing compounds
S0 Luna SCX Benzencsulfonic  No st 053 848 105 Ere) Fo {y charged ¢ ds  ke-cxchange, m-x
20d with ethyl and amine and polyamine (aromaticl and
linker ini pound ydrophobs
saL Luna sfica Nooe (unbeeded  No - - 837 104 381 Polar compounds Hydrogen-bondisg
silica) and lon-excharge
“Th wal vida (nO expers al data available) —: no data: Cuy octadocyt: Gy octyl; Phe-Hex: phenyl-hexyl: ON: 3-cyamopropyl: SOU benzenesulionse acd; SIL:
unborded silica.
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method. The retention time of the analytes and ions monitored in
tandem MS detection is listed in Table S1.

The extracts for the batch-to-batch reproducibility study were
analyzed using a Shimadzu LCMS-8045 triple quadrupole system
(Shimadzu Corporation; Kyoto, Japan). To compensate for the
lower sensitivity of the instrument (in comparison with the Shi-
madzu LCMS-B0E0). the 0.4 mL aliquots of the extracts were
evaporated dry using a CentriVap refrigerated concentrator with
a =50 “C cold trap {Labconco; Kansas City, MO, USA) and recon-
stituted in 50 pL of LC-MS grade water. The injection volume for
the reconstituted extracts was 1.6 ul, and all other HPLC-MS/MS
parameters were the same as those used previously for the main

study.

2.5. MS/MS date processing

The results of the experiments were presented as ratios created
by stacking the mean signal measured for the sample (n — 3)
against the mean measurement of the reference sample (n = 41 The
reference sample comprised a portion of the same test mixture
used for all extractions and was stored under identical conditions
for the duration of the experiment. The reference sample was
measured in quadruplicate with each batch of samples extracted
with a certain type of coating.

Such a ratio would be synonymous with the extraction yield, il
not for the open-bed configuration of the 96-well plates that
enabled evaporation of the solvents during desorption at room
temperature.

To mitigate the impact of the desorption solvent composition on
the analyte jonization efficacy in the electrospray ion source, each
ratio was additionally stacked against the signal measured from the
analyte mixture spiked into the corresponding desorption solvent
composition. P ial autosampler carry-over effects induced by
the sample solvent composition change throughout the analysis {by

Journaf of Prarmoacestival Asalyiis 12 (2022) 470430

from introducing a stronger solvent) were also addressed and
corrected.

26, Statistical analysis

To assess normality, the dataset was subjected to a log-
transformation. Normal distribution was verified using the
Kolmogorov-Smirnov test, Lilliefors test, and Shapiro-Wilk test.

One sample Student's t-test was used to determine which
coating and desorption solvent were associated with the highest
extraction efficacy relative to the reference established by the
mean value recorded for the entire dataset. The null hypotheses
were accepted for the following coating-desorption solvent
combinations: Cg {(DS2-DS8). Cie (DS1, DS3-DS8), Phe-Hex
(DS6), Cg + CN (3:1) (DS1, DS5-DS8), Cz + CON (1:1)
(DS1-DS8), Cg + CN (1:3) (DS), DS5-DS8), and Cz + SIL (3:1)
(DS7). The acceptance of null hypotheses for these combinations
signified that the recorded number of quantified analytes
exceeded the reference point. This corresponds well with the
results shown in Fig. 3. However, statistical analysis revealed
that although the highest number of quantificd analytes was
obtained for the Cq and Cyg coatings, the most universal type of
coating was Cg + CN {1:1), as only the results obtained for the
Cs + CN (1:1) coating allowed the acceptance of the null hy-
pothesis for every tested type of desorption solvent.

The dataset was analyzed using [BM SPSS Statistics for Macin-
tosh, version 26.0. (IBM Corp., Armonk, NY, USA) and Statistica
version 13 (TIBCO Software Inc. Palo Alto, CA, USAL

3. Results and discussion
3.1. Comparison of coatings

The large number of results generated in this rescarch necessi-

lution of the analy idue from the injection system resulting tated statistical analysis instead of a direct comparison; complete
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tables with 4608 ratios and relative standard deviation (RSD)
values are available in Tables S2 and S3. Subsequently, all results
were divided into 8 segments corresponding to the 8 desorption
solvent compositions tested, A direct comparison within such
segments should not bias the outcome, as only identical solvents
were characterized with kientical solvent evaporation intensitics
during the desorption step, and with the same impact on the
electrospray ionization efficacy. For each segment, the numbers of
results (from 48 possible, the number of analytes tested ) in the 2nd
quartile (Qz, upper half), 3rd quartile {Qs. upper quarter), and the
90th percentile {Pag, in this case a single highest result) were
assessed for each of the 96 compared coating-desorption solvent
combinations, as shown in Table 2,

To further highlight the differences between the evaluated
coatings. the results for all 8 segments were summarized within a
single coating type. Fig. 3 shows a graphical representation of this
approach.

The results showed that the Cy and Cyg coatings were superior in
terms of the number of quantified analytes in the 2nd quartile, with
323 and 313 results, respectively. The highest count of 323 results in
Q; for Cg was B5 times higher than that of the overall worst-
performing Gz~ SlL-type coatings, However, mixed coatings
comprising Cg + CN performed much better in all three proportions
tested, With 285 results in Qu, the coating comprising Cs — CN{1:1)
generated 7.5 times as many such results as did the Gz + SIL{1:1)
coating, with only 38 results.

Moreover. the coating comprising Cg — CN {1:1) generated the
greatest number of quantified analytes in both the 3rd quartile and
90th percentile. With 197 results in Qs this particular type of
coating outperformed the Cg type by 9 results (188 results) and the
Cys type by 60 resules (1371 With 110 results in Peg, the Cg + ON
{1:1) coating surpassed the Cg type by 23 results (87) and the Cy=
type by 69 results (41), which constituted more than a 2.5-fold
difference.

The three best-performing coatings (Ca, Cia, and Cg +~ CN(1;1))
in terms of efficacy, were similarly well repeatable and had simi-
larly low coefficients of variation. For the Cg coating, the median
RSD was in the range ol 16%-4,9%, depending on the analyte and
desorption solvent used. For the Cys coating, the median RSD was in

323 BP, Q,

313

Number of quantified analytes above given thrashold

mQ,
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the range of 1,7%-71%, while for the Cg — CN(1:1)-type coating, the
median RSD was in the range of 1.5%—4.8%

Certain analytical challenges were encountered in this study. In
23 out of the 96 tested coating-desorption solvent combinations,
psilocybin was not extracted in a quantifiable amount for the
analytical method used: no coating type was found to be suffi-
ciently effective to enable its quantification after the attempted
desorption to DS1. Furosemide, one of the analytes ionized in
negative mode, could not be quantified after extraction with polar
o less nonpolar coatings (CN, SCX, and SIL types) with desorption
to any of the 8 tested desorption solvent compositions. This was
probably due to the generally lower extraction efficacy of these
coatings exacerbated by the presence of formic ackd in HPLC mobile
phases, which hindered the electrospray ionization in the negative
mode. Hydrochlorethiazide, another analyte ionized in negative
mode, could not be quantified after extraction with SCX coating and
desorption to DS1 (also containing formic acid as an additive).

32, Extroction with Cg = CN (1:1) coating

The coating comprising Cg — ON (1:1) particles provided the
greatest number of quantified analytes in both Qy and Peg and
excelled in terms of the number of quantified analytes in Q; and in
repeatability based on low RSD values, Therefore, of the 12 tested
coatings, Gy — CN (1:1) was the best composition for the extraction
of the 48 commonly abused substances that were investigated in
this study,

The Cy particles provided hydrophobic-type interactions be-
tween the extracted analyte and extraction phase ligands, The N
particles provided =- and dipole-dipole type interactions [30,31]
as well as hydrophobic interactions, According to the hyd rophobic-
subtraction model [22 28], CN particles were characterized by a
hydrophobicity parameter {H) nearly half as low as that of Cy: 045
vs, 0,88 [39]. where both H values are relative to the typical
Cyg-bonded type-B silica particles [32]. Cg particles are recom-
mended for the extraction of hydrophobic compounds, while CN
particles are best suited for the extraction of polar and certain
functional group-containing (—COOH, —CO, —NH,, —~NHR, and
~NRz2) compounds. With the mixed Cg — CN (1:1) coating

Type of coating

Hg 3. d mumber of
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Table 2
Number of quanbfied analyees in the 2nd quartile (Qs L 3rd guartile (Q,), and 90th percentile [Py $or each coating-desarpiian solvers combinacion.
Desarpcion sovent Coating
Cin G Pre-Hex N KX SiL Cov N s+ N G N Gy v SIL Gy o SIL Gy« SIL
(3:1) (1:1) (1:3) (3:1) (1) :3)
051 Q »n »n 0 ? b " 42 45 42 34 " 9
Qs 4 £ 3 1 2 1 k2] 40 ki 15 1 1
Pay 2 1 o 0 o 1 3 23 7 4 1 o
52 @ 9 40 wn 13 1 24 9 41 42 18 6 5
Q 10 b2l S 5 o 1 2 31 % 8 1 1
Pany 3 1 o 1 o 3 o 24 5 1 o o
053 QU % Q 6 2 2 1 37 4 » 16 4 3
Q = 3 n 5 o w " n s 5 2 1
Pan 7 17 1 2 0 3 1 13 3 1 0 0
D54 Q 2] 1 19 19 3 27 29 2 38 22 Rl 7
Q n % 8 7 0 n 8 n 16 9 0 1
(™ 9 7 [ 2 0 n 0 13 5 1 0 o
(L) Q@ 4 » 13 1% 28 24 » 3 n 18 5 3
Q 16 13 6 5 23 it 16 n n 2 1 o
Pan 9 0 o o 17 o o 16 4 1 1 o
056 @ 0 «Q n 22 28 2 0 6 5 15 0 1
Q 0 b 7 4 18 1" " 0 19 2 o o
P 5 16 1 1 [ 1 1 2 “ 1 0 0
057 Q b =] Q 11 15 27 19 42 6 ] 24 6 5
Q 7 19 2 6 15 8 24 2% pas] 8 o o
P 2 10 0 1 5 0 2 9 17 2 0 0
S8 Q o “o 25 24 29 7 " 26 2% 20 2 5
Qs n B 14 ? 24 15 1 6 6 5 0 0
Py 4 b o 1 9 1 o 3 a 1 o o
Compositions. of desorp h (L3 ) Mormec acid (8X:19.9:0.0, VAWWVE DS2 - xrik hanol formic sad (40:40:1990.1, VMYV

D63 = metkanol;waterformic acd (8219.9:0.1, VWV D54 = Kﬂoﬂlll‘ 2-propanalmethanolwater foarmic acid (30:25:25: 19901, VWYV DSS = acetonitrile; water:

ammonium hydrocide (80:19.9:0.1, V'VvV] D56 «
l:water

[40:40219.9:0.0, WVV)V); DST « methanol:waterammanium hy-

droxide (80:19.9:0.0, VV/V): DSS - ihe=2-peopanol:meth

maderate (Pearson’s coefficients (r) in the range of 0,300-0.500)
to strong (r > 0.500) two-way significant correlations could
be observed between the analyte pK; value and its extraction ef-
ficacy. and between the analyte logP value and its extraction
efficacy.

With logP values calculated by ChemAxon softwase |40, cor-
relations (r) were in the range of 0.421-0.536 (n « 45, P < 0.004;
median — 0.500, mean — 0.490) for the Cs — CN (1:1) coating. While
the correlations were higher for the hydrophobic Cy coating with
values in the range of 0.627-0.790 (n = 45 P < 0001;
median = 0,755, mean = 0,746), they were not observed (not sig-
nificant for five out of eight desorption solvents) for the CN coating
on its own, with r values in the range of 0.243-0.381 (n - 45,
P < 0,108; median = 0280, mean = 0,300),

The correlations between pK, (strongest acidic) values [40) of
the analytes and their extraction cfficacy for the Cg — CN {1:1)
coating were strong, in the range of 0,661-0,738 (n - 33,P < 0,001;
median — 0.700, mean — 0,698 ), while they were weaker for the ON
(r = 0523-0631 (n = 33, P < 0002; median = 0557,
mean « 0.573)) and Cy (r « 0442-0542 (n < 33, P < 0.001;
median — 0481, mean — 0.483)) coatings on their own. Therefore,
analytes with higher pK, (strongest acidic) values were preferred
by these coatings, especially by the 3-cyanopropyl group-
containing Cz — CN (1:1) and CN types. With higher pK; (stron-
gest acadic) values, these analytes were peesent either as cationic or
neutral species during the extraction. To some degree. the
increased interaction of the positively charged species with the 3.
cyanopropyl ligands could be explained by the occurrence of the
cation— interactions [41 |, as the 3-cyanopropyl ligands are known
o exert = interactions [31]

a5

yroxide (30:25:25:19.9:0,1, VAWVVL

All correlations discussed in this section are summarized in
Table 3.

3.3. Desorption from Cz + CN (1:1) coating

Several factors affected the desorption from coatings prepared
with two distinct types of particles. For Cg ligands, the steric
repulsion of the analytes was greater for methanol-based solvents
than for acctonitrile-based solvents [42,43], This phenomenon was
clearly visible in the results of this study, with desorption being
more effective in solvents containing 80% methanol than in those
containing 80% acetonitrile (Table 2) with both formic acid (DS3 vs
DS1) and ammonium hydroxide (DS7 vs. DSS) as additives. More-
over, an acctonitrile-rich environment enabled analyte bonding by
the stationary phase via both the adsorption mechanism (interac-
tion of the analyte-solvent complex with the ligand) and the
partition mechanism (analyte-ligand direct interaction). while
methanol only enabled bonding by the partition mechanism |44).
In theory, this could further enhance desorption from Cg particles to
methanol-based solvents,

For CN particles. acetonitrile present in the desorption solvent
should suppress m-w and dipole-dipole interactions between the
ligands and analytes [31], enhancing desoeption from this partic-
ular coating in comparison with methanol. However, the results of
this study do not provide evidence for the significance of this
phenomenon.

A comparison of the desorption efficacy of the mixed Cg — (N
(1:1) coating for each desorption solvent composition tested s
shown in Fig. 4.
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The results indicate that DS1 performed best in terms of the
number of quantified analytes in Q; and Pyq but it was not possible
to quantify psilocybin after desorption to this composition. There-
fore, DS7 was the second best in terms of the number of quantified
analytes in Q and Py, the best composition tn terms of the number
of quantificd analytes in @z, and the best for versatility cnabling
quantification of every tested analyte,

In general. acidic or basic additives seemed to shift the prefer-
ence between acetonitrile and methanol as the optimal solvents for
desorption from this type of coating. With formic acid as an addi-
tive, the acetonitrile-based DS1 was superior to the methanol-
based DS3. With ammoenium hydroxide as an additive, the
methanol-based DS7 was more effective than acetonitrile-based
DS5, and a mixture of acetonitrike and methanol in even pro-
poctions (DS6) was between the two in terms of the number of
quantified analytes in Qz, Q3, and Pan

34. Batch-to-batch reproducibility of Cg + CN (1:1) coatings

The inter-batch reproducibility of the Cg + CN(1:1) coatings was
assessed based on the extraction of the testing mixture with five
individually prepared batches of TFME blades. Four samples were
extracted for each batch and the RSD values were caleulated. The
evaluated coatings provided reproducible extraction efficackes with
a median RSD value of 7.5% (n — 47, mean — 9.9%). Detailed results
are presented in Table S4.

3.5. Impact of hydrophobicity

Cyg. Cy, and Phe-Hex were the three most hydrophobic coat-
ings in this study. According to the hydrophobic-subtraction
madel [32] the hydrophobicity parameter M is the greatest
contributoer to analyte retention [34,37). Based on this model, the
hydrophobicity of the column packing matenials used for the
preparation of TFME coatings is 1,00 for Cyg, 088 for Gy, and 0.78
for Phe-Hex [39).
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The three most nonpolar coatings also showed strong two-way
significant correlations between the extraction efficacies and logP
values of the analytes, The correlations were calculated with four
datasets of logP values computed by the ACD/Labs [45] ALOGPS
[40], ChemAxon [40), and XLogP 3.0 [46] programs.

The correlation coefficients (r) for the Cyg coating with ACD/Labs
data were in the range of 0.4B0-0.665 (n — 47, P < 0.001;
median — 0626, mean — 0.606), depending on the desorption
solvent composition (calculated for all eight varants), The corre-
lations computed with the ALOGPS data were in the range of
05080657 (n — 45, P < 0.001; median — 0,623, mean — 0.608),
those with the XLogP data were in the range of 0.527-0.659
(n = 48, P < 0.001: median = 0,619, mean = 0.612), and the highest
values were observed with data from ChemAxon in the range of
0602-0.737 (n — 45, P < 0.001; median ~ 0.703, mean - 0.693).

Stronger correlations were observed for the Cg coating, with
Pearson’s coeflicients with ACD/Labs, ALOGPS, XLogP, and Chem-
Axon data i the range of 0.482-0700 (n « 47, P < 0001;
median — 0661, mean — 0644), 05400713 (n — 45, P < 0.001;
median — 0680, mean — 0.667) 0574-0.737 (n — 48, P < 0.001;
median = 0696, mean = 0.687), and 0627-0.790 (n = 45. P < 0.001;
median = 0,755, mean = 0.746), respectively, This outcome, a
stronger analyte-hydrophilicity fextraction-efficacy correlation for
the less-hydrophobic of the two compared alkyl ligands, might be
somewhat explained by the S parameter, defined in the
hydrophobic-subtraction moded as “steric resistance to insertion of
bulky solute molecules into the stationary phase” |3%). According to
this model, the longer alkyl chain of the Cq ligand is less accessible
to the analytes than the shorter Cg chain. Moreover, Cg particles had
approximately 25% higher surface coverage than Cig particles (395
vs. 301 pmol/m) based on the certificates of analyses.

For the Phe-Hex coating, similar but slightly lower correlation
coefficient values were observed than those for Cyy. The data from
ACD/Labs correlations produced an r value of 0.371-0.553 (n = 47,
P < 0011; median — 0496, mean — 0487), while data from
ALOGPS gave 7 — 0.467—0.608 (it — 45, P < 0.002; median - 0.562,

Table 3
Correlations b the selected phy ch | properties of the analytes (pK, (stromgest acidic) and bogP vahues) and cher extraction efficacies with Cy « CN(1:10.C,
and ON coutings. Pearson's r values are presented, witl P values given in brackets.
Cowing Desarption solvent logP (u - 45) pK; (strongest odic) (v - 33)
G+ CN(1:1) nst DAGR"™ (0001) Q208" (0,000)
Ds2 0A497™ 10.001) 0.706™ (0.000)
Ds3 05217 (0.000) 694" (0.000)
Ds4 0529 (0000} Q691" (0000)
0S5 04447 (0.002) 0661 (0.000)
DS 04217 (0.004) Q668 (0.000)
Ds? 0:503" (0000} Q718" (0.000)
Dss 0536 (0.000) Q738" (0.000)
Ce st 0627 (0000) Q452" (0/008)
ns2 07317 (0000} 04517 (0,008)
Ds3 0,777 (0.000) 0.442° (0010)
DS 07507 (0.000) QA76™ (0005)
Dss 0,750" (0.000) 542" (0001)
Dss 0.754"" (0.000) a513" (0.002)
ns? 07567 (0.000) Q506" (0.003)
05§ 0.750" (0.000) QARS" (D00)
(& ost 025 (0.090) QK177 (0.000)
Ds2 0,360° (0015) 06317 (0,000)
Dns3 03817 (0.010) 0599 (0.000)
Ds4 03327 (0.026) 0560 (0.001)
Dss D285 (0.057) Q549 (0001)
Dss 0273 (0.069) 0553 (0.001)
ps? 0267 (0.077) 0553 (0.001)
0S8 0243 (0.107) Q523" (0,0002)

Two way significant correlation, P < Q05 "'P < 0.01.
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§ & & & & & & &

Number of quantified analytes above given threshokd

Type of desarption solvent

Fig. 4. Number of quanofed asadytes in the Q,, Q. asd Py foc the G + ON (1:1) ating and every desaupion solvent testod, Compositions of desorption selvents:
D51 = acetonknic:water:formic acd 'lu 1930.1 VVVE usz acetonltrije:methanob-water:formic acid (40:40-19.9:01 VMV)V: D53 - rnem.mol water:formic ackd (80 19.9:0,

VWV D54 - itrile:2-peopa formic ocid (10:25:25:199:01, YWYWVE D83 — droxide (80:19.901, YWV
D55 - ile: i de (44019901, WWVVE DST = ewth ium hydroxide (B0:19.9:0.0, WWV): DSB = acetankrde:2-
propancimeth i hydroxide (30:25:25:19.9:0.1, YY)

mean ~ 0.556), data from XLogP gave r ~ 0.527-0.647 {n -~ 48, chain because of the presence of a phenyl group providing an
P < 0001; median = 0.590, mean = 0.593), and data from Chem- additional =-m interaction mechanism between the ligand and the
Axon gave r = 0,603-0.733 (n = 44, P < 0,001; median - 0,688, analyte, Phe-Hex ligands also had lower accessibility for analytes
mean — 0.683). The Phe-Hex ligand, although comprising 12 car- |38), which further complicates the direct comparison of the
bon atoms, had characteristics different from those of the Cy; alkyl observed correlations with those for the Cg and Cyg alkyl ligands.

‘lille 4
b I hobacity of the ytes (determined by logP vabees) and their extracton efficacies with Cyy C and Phe-Hex coatings. Pearson’s r values are
mwud with P vakees grven in brackets,
Coateg Desorption solvent logP dataset
XlogP30 (o . 48)" ALOGES (in . 45)" ChemAxan (n .. 45)"" ACDJLabs (n . 47)

Cix st 0527 (0.000) 0508 [0.000) 602 (0,000} Q480" (0.001)
ns2 0502 (0.000) 0584 (0.000) 0579 (0.000) Q576" (0.000)
Ds3 0639 (0.000} 0.630 (0.000) 0.724 {0,000} 0.629" (0.000)
] 0,659 (0.000) 0657 (0.000) 0.737 (0.000) Q665" (0.000)
055 05615 (0.000) 0617 (0,000) 0559 (0.000) Q622" (0.000)
Dss 0501 (0.000) 0604 (0.000) 0586 (0.000) Q605" (0.000)
sy 0,623 (0.000) 0.628 (0.000) 0.706 {0.000) Q630 (0.000)
(] 0,629 (0,000} 0634 (0.000) 0,707 (0,000} Q639" (0.000)

G DSt 0574 (0.000) 0540 (0.000) 0.627 (0.000) 0.482"" (0.001)
ns2 0,708 (0.000) 0677 (0.000) 0,751 (0,000} Q656" (0.000)
ns3 0,722 (0.000) 0696 (0.000) 0,777 (0,000} Q673" (0.000)
D84 0.737 (0.000) 0.713 10.000) 0.790 [0.000) 0700 (0.000)
Dss 0676 (0.000) 0665 (0.000) 0,750 (0.000) Q646" (0.000)
D56 0591 (0.000) 0579 (0.000) 0,754 (0.000) Q660" (0.000)
Ds? 0,554 (0.000) 0581 (0.000) 0.756 (0.000) Q661" (0.000)
DS§ 0697 (0.000) 0637 (0.000) 0.759 (0.000) Q674 (0.000)

Phe-Hex nsi 0527 (0.000) 0467 (0.001) 0503 (0000} Q371" (0010}
ns2 0515 (0.000) 0568 (0.000) 0.701 {0,000} A504" (0L000)
D53 0591 (0.000) 0533 (0.000) 0567 (0,000} Q455" (0.001)
Ds4 0547 (0.000) 0508 (0.000) 0.733 (0.000) Q553" (0.000)
Dss 0588 (0.000} 0570 (0.000) 0553 (0.000} Q.51 (0.000)
Ds6 0579 (0,000} 0552 (0.000) 0677 (0.000) a481" (0oMm)
Ds? 0587 (0.000) 0556 (0.000) 0632 (0.000) 0.490" (0.000)
D58 0612 (0.000} 0592 (0.000) 0.711 {0.000) 0.535"" (0.000)

Two-way significant correlaion, ‘P < 006, P < QD1

an
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Al correlations discussed in this Section are summarized in
Table 4.

Finally, it is worth considering that the Cye. Ca. Phe-Hex, and all
mixed-coating compositions containing Cg particles could have
suffered to some degree from the stationary phase collapse phe-
nomenon during the extraction step performed in 100% aqueous
conditions, with which they were not compatible. This issue may
explain the deviations between the experimental and theoretically
anticipated extraction efficacics for these coatings, as previously
described by Sobczak et al. [16].

3.6, Impact of ionic interactions

The acidity of the analyte determines the optimal pH value for
the extraction and desorption steps of the microextraction method.
lonic interactions are present between the analyte and the ligands
of the stationary phase, as well as between the desorption solvent
and the extracted analyte. The pH value s especially impoctant for
coatings with extraction driven by ion-exchange mechanisms, such
as strong cation exchange (SCX). The intensity of the ionic in-
teractions is determined by whether the particles of the stationary
phase are end-capped or not, with interactions more prominent for
non-end-capped particles because of the free silanol groups pee-
sent on their surface, [n this evaluation, two coatings were prepared
exclusively with non-end-capped particles: SCX and SIL. lonic in-
teractions, to some degree, also influence all other silica-based
stationary phascs, including those relying on hydrophobic inter-
action mechanisms, such as Cyg [34-36] or Cy. An explanation for
this is the incomplete substitution of residual silanols during the
end-capping process resulting from the steric impedances [47)
lonic interactions are especially high at a pH value of 7.0, owing to
the ionization of both acidic silanols and basic solutes such as
amines [48]. Usually, silanols interact only with cations, not with
anions or uncharged molecules [49]. However, the interaction of
ion-paired anions is still possible |50}

The SCX coating exhibits a strong contribution of silanols [51]
most likely because of its low bonding density with benzene-
sulfonic acid ligands (only 0,53 umol/m). The optimal sample pH
value for this coating should be 2 units below the pK,, value of the
analyte during the extraction, while the pH value of the desorption
solvent should be 2 units above that value during the desorption
step, The median pK, (strongest basic) value of the tested analytes
was 869 (n = 44) [40]; therefore, basic desorption solvent com-
positions with 0.0% ammonium hydroxide (DS5-DS8) provided
much more effective desorption from the SCX coating than the
corresponding (same solvent content) acidic compositions with
01% formic acid (DS1-DS4). In addition, the amine modifier
{NH4OH) may compete for ion-exchange sites with the analytes
[52], aiding the desorption process. There was a strong correlation
between the pK; value of the analyte and the efficacy of its
extraction with this coating, suggesting an increased extraction ol
more basic drugs. The correlation coefficients were in the range of
0.746-0873 (n — 44, P < 0001; median — 0863, mean — 0.843),

Another stationary phase where wnic interactions provided the
main extraction mechanism was the SIL which acted through
Iydrogen bonds created by hydroxyl groups {—0H) and ionic bonds
created by ionized silanols (—07) [52] Similar to the SCX coating.
there was also a strong correlation between the pi, value of the an-
alyte and the eficacy of its extraction with silica-based coating, In this
case, the correlation coeffickents were in the range of 0.861-0.876
(m =44, P < 0.001; median = 0870, mean = 08691 Therefore, with
the SO and SIL coatings, basic drugs are strongly preferred over acidic
drugs. In this study, the extraction efficacies of the most basic drugs
(buprenorphine (pK; 12,54), phencyclidine {pK; 10.56), and meth-
amphetamine (pK, 10.21)were, on average, over 14 times higher than

a8
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Table 5

Correlations beeween pk, (stroegest basic) of the analytes and their extraction ef-
ficacses with SCX and SIL coatmgs. Pearson's r values are presented, with F values
Fven ie beackets.

Coating Desorption solvernt K, (strongest basic)
(n=44)"

SoX D51 0.859 (0.000)
052 Q807 (0.000)
D53 0.746 (0.000)
D54 0.850 (0.000)
S5 Q873 (0.000)
DS6 Q867 (0.000)
057 0.869 (0.000)
D58 0871 (0.000)

SIL 51 0.869 (0.000)
052 Q876 (0.000)
053 0O.870 (0.000)
054 0.875 (0.000)
D55 Q.80 (0.000)
D56 Q856 (0.000)
D57 0.866 (0.000)
D58 0861 (0.000)

" Two-way significant correlation (P < 0,01).

the corresponding extraction efficacies for the most acidic drugs (THC
(pK; —4.90), THC-COOH (pi; —4.90), and canrenone ( pi; - 4.80) [40).
This could be explained by the high reactivity of silanols with basic
compounds [53). All correlations discussed in this Section are sum-
marized in Table 5,

4. Conclusions

Currently, commercially available SPME devices prepared with
Cyg or POMS/DVB coatings do not fulfil all of the specific demands
created by the analysis of prohibited substances. A broader selec-
tion of readily available stationary phases is desirable for thor-
oughly utilizing the advantages of microextraction methods in
everyday analytical practice. This work takes a significant step
toward fulfilling this goal, proposing a novel mixed coating
comprising Cg + CN(1:1) particles as the most suitable type for the
extraction of 48 representative prohibited substances. In com-
parison with the commonly used Cye particles, which provide
extraction exclusively by lwdrophobic-type interactions, this
mixed composition provides additional w-= and dipole-dipole
type interactions to enhance the extraction efficacy and analyte
coverage of the microextraction devices. In addition, it was
determined that for the extraction of a diverse panel of analytes,
the established Cig coatings were outperformed by the less hy-
drophobic Cg coatings. In terms of repeatability, all of these coat-
ings provided very good results, with the Cz — CN {1:1) coating
having the lowest RSD values. Therefore, this new mixed coating
provides an opportunity to improve the performance of future
microextraction devices.
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Table S1. Analyzed substances.
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Table S2. Extraction ratios, n=3.
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Table S3. RSD values, n=3.
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Table S4. Reproducibility, n=4.

substance
meldonium
psilocybin
morphine
salbutamol
terbutaline
atenolo
fenoterol
nikethamide
carteolol
oxycodone
amphetamine
chlorothiazide
hydrocodone
methamphetamine

methylhexanamine
MDMA
hydrochlorothiazide

strychnine
ketamine
metoprolol
clenbuterol
methylphenidate
zolpidem
cocaine

LSD

bisoprolol
phencyclidine
propranolol
prednisolone
fentany
prednisone
buprenaorphine
ibutamoren
betamethasone
furosemide
nebivolol
alprazolam
anastrozole
stanozolol
methadone
boldenone
clonazepam
nandrolone
methandienone
flunitrazepam
canrenone
THC-OH
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Abstract: Octadecyl {Cy5) groups are arguably the most popular ligands used for preparation of solid
phase microextraction (SPME) devices. However, conventional Cyg-bonded silica particles are not
fully compatible with the nearly 100 aqueous composition of typical biological samples (e.g., plasma,
saliva, or urine). This study presents the first evaluation of thin-film SPME devices coated with
special water-compatible Cyg-bonded particles. Device performance was assessed by extracting a
mixture of 30 model compounds that exhibited various chemical structures and properties, such as
hydrophobicity. Additionally, nine unique compositions of desorption solvents were tested. Thin-
film SPME devices coated with Cyg-bonded silica particles with polar end-capping groups (10 um)
were compared with conventional trimethylsilane end-capped Cys-bonded silica particles of various
sizes (5, 10, and 45 um) and characteristics. Polar end-capped particles provided the best extraction
efficacy and were characterized by the strongest correlations between the efficacy of the extraction
process and the hydrophobicity of the analytes. The results suggest that the original features of
octadecyl ligands are best preserved in aqueous conditions by polar end-capped particles, unlike with
conventional trimethylsilane end-capped particles that are currently used to prepare SPME devices.
The benefits associated with this improved type of coating encourage further implementation of
microextractraction as greener alternative to the traditional sample preparation methods.

Keywords: sample preparation; thin-film microextraction; solid phase microextraction; octadecyl;
polar end-capped particles; liquid chromatography; TEME; SPME; C18; HPLC-MS/MS

1. Introduction

Ever since liquid chromatography moved towards its current leading position among
available analytical methods, both sample preparation and chromatographic separation
were performed predominantly with octadecylsilane (ODS, Cyg)-bonded particles. Joseph
Jack Kirkland, one of the early pioneers in high-performance liquid chromatography
(HPLC) stated that “C18-based silanes were readily available at that time and reasonable in
cost” [1] when the method was initially developed, and since then, “tradition” paved their
way to their present status, Regardless of circumstantial beginnings, Cg-bonded particles
are often superior to any alternative in many applications and are thus likely to remain
popular. However, evolution in this field is occurring. Novel supports with improved
particle shapes, chemistry, and increased purity; end-capping that mitigates undesired
interactions; and incorporating additional functional groups as end-capping agents or as
complementary functional ligands are a few of the more recent technological advances in
this field of study. Thus, polar end-capped, polar embedded, positively charged surface,
or mixed-mode (containing ion-exchanging groups) chemistries are readily available in
contemparary octadecylsilane HPLC and UHPLC columns.

For sample preparation, methods such as solid phase extraction {SPE) or solid phase
microextraction (SPME) also strongly rely on octadecyl (Cyg) chains as the most popular
chemistry that has been successfully used in combination with liquid chromatography. This
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fact is perhaps best highlighted by the currently available SPME devices that are designed
for direct immersion into liquid samples. Such solutions are particularly sought when
so-called “green” extraction procedures are desired or during the analysis of thermally
unstable and non-volatile compounds that cannot be analysed with gas chromatography.
In such cases, Ciy-based coatings are one of only two options that are marketed as SPME
devices and are compatible with liquid chromatography; the other option is PDMS/DVB
(polydimethylsiloxane/divinylbenzene). SPME is considered a “greener” alternative to
concurrent sample preparation techniques. In accordance with the principles of Green
Analytical Chemistry, microextraction methods reduce organic solvents consumption, and
combine sample collection, extraction and analyte enrichment above required concentra-
tion into a single step [2-4]. Additionally, the method is characterized by low energy
consumption, low laboratory waste production, and device reusability, while still enabling
performance comparable or superior to the traditional methods [5]. Cg-coated SPME tips
and fibers are already popular around the world, as indicated by the publications of many
research groups within the last 2 years [6-9]. C)z is also one of most popular coating types
for the development of new SPME solutions, such as thin-film microextraction (TFME)
blades. Although just recently commercialized, the format of TEME had already been
shown to be useful in high-throughput analysis of biological fluids due to its physical sta-
bility, long-term reusability, and high degree of reproducibility [10,11]. Additionally, TFME
is characterized by a greater surface area, which increases the extraction efficacy (yield),
and thin layer(s) of the coating that makes attainment of thermodynamic equilibrium of
the process easier compared to commercially available SPME tips or fibers. Concurrently,
the format of the blades allows extraction from common 96-well deep well plates, which
enables full or partial automation of the extraction process and yields a large improvement
in sample throughput [12].

TFME blades with C,3 coatings were first used to extract four benzodiazepines from
urine and phosphate-buffered saline (PBS) in 2009 [13). Many other applications of the
simultaneous extraction of diverse analytes from complex biological matrices have been
reported. Examples include extraction of benzodiazepines from plasma and PBS [14], 49
doping agents from saliva [15], a study of repaglinide metabolism [16], and obtaining fish
tissue extracts [17]. Cjg coatings are also often subjected to comparisons with different
coating chemistries in various applications, Selected publications on this subject from the
last eight years compare four coatings with regard to the extraction of 110 doping agents
from urine [18]; five coatings with regard to the extraction of phenolic compounds from
wine, grapes, and berries [19]; seven coatings in metabolomic processes [20]; two coatings
with regard to the extraction of abused drugs from plasma, blood, and urine [21]; twao
coatings with regard to the extraction of beta-blockers and bronchodilators from plasma
and urine [11]; and eight chemistries with regard to the systemic evaluation of thin-film
microextraction coatings [22]. The results of these studies often demonstrated that Cyg is
the most suitable coating type for a given application.

A common strategy used to increase the efficacy of TFME blades is an implementation
of chemistries theoretically more suited for the use with aqueous samples than the conven-
tional C 5. Most popular solutions include mixed-mode C)5 (octadecyl with strong cationic
exchanger of benzenesulfonic acid) [15,19], polar enhanced {with unspecified weak anionic
exchanger) polystyrene-divinylbenzene (PS-DVB) [18-20,22-24], hydrophilic-lipophilic
balance (HLB) [11,20-22), and phenylboronic acid (PBA) [18-20,22,23] coatings. However,
the selection of optimal chemistry is highly dependent on target analytes and their pro-
prieties, with each coating characterised by its unique advantages and limitations. For
example, PS-DVB coatings were more efficient than PBA coatings for extraction of diverse
small molecules from plasma and PBS. In addition, they did not require preconditioning,
unlike PBA coatings [23]. PS-DVB coatings were also superior to Cyg, mixed-mode, or
PBA coatings in terms of number of doping agents extracted from urine samples and their
amounts, but also were characterized by greater carry-over, what prevented their use for
anti-doping control purposes [18]. In another study, divinylbenzene (DVB) coatings were
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selected over the considered Cyx coatings for the extraction of six anti-inflammatory and an-
tibacterial drugs from water samples. The reason stated by the authors was DVB’s known
suitability for extraction of small molecules from water [25]. Bearing structural similarity
to DVB, the HLB particles comprised poly(divinylbenzene-co-N-vinylpyrrolidone) were
purposely designed to exert both hydrophobic and hydrophilic type interactions [26] and
thus, provide a universal stationary phase for simultaneous extraction of chemically diverse
analytes. The benefits of HLB TFME coatings, such as an excellent wettability in aqueous
conditions [21], even without preconditioning, were demonstrated for the extraction of
nine quaternary ammonium compounds (with mixed hydrophaobic-hydrophilic nature)
from buffered water [27]. Evaluated by several authors, HLB coatings were superior to
the compared alternatives for extraction of small molecules from aqueous media. The
examples include better efficacy and lower carry-over than the Cyg and PS-DVB coatings
for the extraction of 25 prohibited substances from plasma [28], greater efficacy than C
for extraction of eight drugs from plasma and urine [11], and greater efficacy than DVB for
extraction of six chlorination by-products from hot tub water [26].

However, one fundamental aspect concerning silica-based C,g particles has yet to
be addressed by researchers. While the stationary phase (coating) is initially wetted
in the SPME method during the preconditioning step via insertion into a water-water
miscible organic solvent mixture that allows stationary phase wetting to occur under
atmospheric pressure [29], the subsequent step of extraction is also performed in a water-
based matrix (e.g., plasma, saliva, or urine) under atmospheric pressure. According to the
Washburn equation, a pressure of approximately 100 bars (10 MPa) would be required
for Cys-bonded silica particles with 100 A pores (a commonly used dimension) to remain
wet in pure water [30]. Therefore, just as in liquid chromatography, solid phase collapse
(dewetting, or chain folding) [1,29] may occur at this stage, potentially altering the efficacy
and physicochemical nature of the extraction process,

This study reports the first known attempt to investigate this topic by introducing
fully water-compatible Cyg-based stationary phase end-capped with polar groups as a
coating of thin-film microextraction blades. A comparison of the performance of these
polar and conventional trimethylsilane (TMS) end-capped particles of different sizes is
also presented,

2. Results and Discussion
2.1, Data Quality

This study evaluated four types of SPME coatings and nine different compositions of
desorption solvents; in total, 36 unique conditions were tested. Each coating~desorption
solvent combination was tested in triplicate. Due to the diverse nature of samples present in
different solvents (e.g., unique ionization intensity in electrospray ion source), every result
was stacked against the mean value (n = 4) that was recorded for the reference sample pre-
pared with a mixture of analytes spiked into the corresponding type of desorption solvent.

Several calibration runs in the expected concentration range of 5-100 ng /mL were
performed in all acetonitrile-based, isopropanol-based, and methanol-based desorption
solvents, The mulh'n§ 7-point calibration curves always provided coeffidents of deter-
mination exceeding R* = 09912 for every analyte with a 1/a” weighting (see Table S1 in
Supplementary Materials for more details). Additionally, no problems with carry-over or
poor peak shapes were found with any of the analytes, and good reproducibility of the
results was achieved. Relative standard deviation (RSD) was below 10% for over 98.6% of
the results (median RSD = 3.1%) and did not exceed 15% at any time.

Analysis of the signal recorded for internal standards spiked into desorption solvents
confirmed the stability of the detector throughout the experiment. The relative standard
deviations in each desorption solvent tested were 4.1-10.1% (median = 5.5%) for oxycodone
14, 2.9-8.4% (median = 3.8%) for cocaine Dy, 8.9-12.5% (median = 10.8%) for alprazolam
Dy, and 3.8-14.9% (median = 5.0%) for THC-COOH Dy.
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2.2. Statistical Analysis

Normality was assessed within the datasel for results determined by desorption
with the same type of desorption solvent using the Shapiro-Wilk test. The initial results
conformed to a normal distribution for every desorption solvent composition except for one,
DS3n comprised methanol /water (80/20, v/v). Following log-transformation, a normal
distribution was found in all groups; the testing null hypothesis confirmed the normal
distribution of the results. Each group contained an equal number of results, and analysis
of variance (ANOVA} performed with the Levene test confirmed the null hypothesis
and homoscedasticity of the data. Fulfilment of these conditions allowed us to apply
parametrical tests, such as the Pearson correlation coefficient or one-way ANOVA, which
are vulnerable to deviations from normality. A one-way ANOVA showed no significant
differences in the average values of the dependent variable within the analysed groups,

2.3. Quantitative Reswlts (Extraction Efficacy)

With three out of four types of coatings, the desorption solvent labelled as DS3a and
composed of methanol /water/formic acid (80/19.9/0.1, »/v) yielded the best efficacy,
except with the 5 pm particles, which also performed worst in this evaluation, where DS1b
containing isopropanol /water /ammaonium hydroxide (80/19.9/0.1, /o) was the mast
effective. Methanol used as a solvent has been reported to increase steric repulsion of bulky
solutes better than acetonitrile [31,22] which may explain the more effective desorption
observed with this type of solvent. Steric repulsion is also determined by the density of the
ligands bonded with the particle [31]; therefore, the “more crowded” 5 um particles may
have prevented bulky solutes from being intercalated between hydrocarbon chains during
the extraction and thus excluded this mechanism from influencing desorption efficacy.

As mentioned before, the poorest extraction efficacy was achieved with coatings
prepared with the 5 wm particles. With desorption to the best performing desorption
solvent type (DS1b), the extraction efficacy exceeded the median recorded for the entire
dataset only in 12 out of 30 analytes (40%), and only a single analyte (methadone) extraction
vield was in an upper quarter of the results. With no analyte, the best extraction efficacy
was achieved with this type of coating,.

With the three remaining coatings, the 10 um particles yield extraction efficacies above
the median for 28 out of 30 analytes (hydrocodone and oxycodone were the exceptions),
within the 3rd quartile for 18 analytes (60%); however, the best extraction efficacy was
not recorded with this type of coating after desorption to the most effective desorption
solvent (DS3a).

The largest tested particles {45 pm) performed much better, and extraction efficacy
exceeding the median value was recorded for every single analyte after desorplion to DS3a.
Additionally, 28 results in the 3rd quartile were recorded, as well as the largest extraction
efficacy of the eight analytes.

With Phenomenex™ Synergi™ Hydro-RP, which are the only particles end-capped
with polar functional groups, results above the median were achieved for all analytes after
desorption to DS3a. One less result in the 3rd quartile was recorded than for the 45 um
particles (27 out of 30); however, concurrently, the largest extraction efficacy was recorded
for more than double the number of analytes (18 out of 30, or 60°%).

Figure 1 shows the number of results above the median (upper half), in the 3rd quartile
(upper quarter) and the number of best results for the most effective coating-desorption
solvent combinations for each coating type. The results of statistical analysis for every tested
coating-desorption solvent combination are shown in the Supplementary Materials Table S2.
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5 pm (with TMS 10 pm (with TMS 10 pm (with polar 45 pm (with TMS
end-capping) end-capping) end-capping) end-capping)

m2nd quarie = 3rd quartie = beslt result

Figure 1. Number of results above the median (2nd quartile), in the 3rd quartile, and the number of best results recorded for

the most effective coating-desorption solvent combinations for each coating type. Results for 5 wm particles after desorption

to DS1b comprised isopropanol /water/ammonium h:. droxide (80/19.9/0.1, ©/v) are shown; results for the other p.uri\'h,\

after desorption to DS3a comprised methanol /

vater/ formic acid (50/19.9/0.1, are shown.

With regard to the top extraction yields for a given analyte, most results (18 = 60%
of all) were recorded for the 10 um particles with polar end-capping groups (all cases
after desorption to DS3a) and for the 10 pm particles with TMS end-capping in 2 cases
{1 with DS3n and | with DS3b}. For the 45 um particles, 10 cases were recorded (8 after
desorption to DS3a, 1 with DS1b, and 1 with D52a). No such results were achieved with the
5 um particles. The optimal extraction efficacies and optimal conditions for every tested
analyte are shown in Table 1, and the comprehensive results with all extraction vields and
corresponding relative standard deviations for every analyte are shown in Table 53 in the
Supplementary Materials. Median extraction efficacy, extraction efficacy determining the
3rd quartile, as well as top extraction efficacy for given substance are also provided in
Table 53 in Supplementary Materials for easier interpretation of the results,

The impact of the physicochemical characteristics of the stationary phases on their
extraction performance in this study can be assessed based on the three coatings prepared
with TMS end-capped particles. The larger particles performed better than the smaller ones
(45 pm > 10 pm > 5 pm). However, this seemed to be an outcome of larger specfic surface
areas, that were associated with the particles’ sizes (490 m? /g > 381 m?
In addition, the extraction performance was corelated with the particles” pore widths.
Generally, particle
greater specific surface area). In this study, pores’ size decreased with anincreasing particles’
size (116 A for 5 um particles, 104 A for 10 um particles, and 64 A for 45 um particles),
and so increased the particles’ performance. A similar pattern could also be observed for
other particle types, such as HLB, where particles with 13 A pores performed better than
particles with 71 A or 80 A pores [26]. As noted by the authors, the increased porosity
is of an advantage for the extraction of small molecules. With similar pore sizes (71 A
and 80 A), larger particles performed better for all tested analytes (30-60 pm > 5 um) [26)
More details on the particles used in this study are shown in Table 2

>338 m?/g).

s with narrower pores have more crowded ligands [33] (therefore, a
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Table 1. Optimal extraction efficacies [76] and conditions. Relative standard deviations [%] given in brackets, n = 3,

substances arranged by retention order.

Substance

fenoterol
carteolol
oxycodone
hydrocodone
ketamine
remifentanil acid
metoprolol
b-acetyloodeine
methylphenidate
zolpidem
cocaine
LSD
melatonin
bisoprolol
phencyclidine
cortisol
buprenorphine
alprazolam
anastrozole
methadone
11-deoxycortisol
boldenone
clonazepam
agomelatine
methandienone
flunitrazepam
androstenedione
canrenone
progesterone
THC-COOH

Extraction Efficacy with 10 ym
Polar End-Capped Particles and

Desorption to DS3a

48.0 (6.7)
71.0(3.2)
52.4(8.2)
52.4 (3.4)
97.8 (1.8)
63.7 (4.4)
90.2(2.9)
112521
85.7 (1.4)
125.5(2.5)
1024 (0.6)
1150 (4.4)
9.1 (4.8)
1209 (3.2)
114.5 (2.4)
1229(5.2)
117.0{4.1)
120.7 (4.7)
1244 (1.6)
1185 (4.3)
1313(7.4)
1311 2.7)
1153 (1.3)
1228(35)
128.1 {3.0)
124.5(2.2)
1295 (2.9)
1315 (4.5)
127.9 (4.8)
1190 (4.3)

Optimal Extraction Conditions

. Stationary Phase +

Extraction Efficacy Des M;‘y‘ ol
65.1(22) 45 um + DS3a
85.8(3.0) 45 um + DS3a
76.1(3.5) 45 um + D&3a
93.5(2.1) 45 um + DS2a
102.1(1.9) 45 pum + DS3a
83.9(1.8) 45 um + D83a
95.1(33) 45 um + DS3a
N76(5.7) 10 um + DS3b
944 (1.6) 45 um + DS3a

128 (0.6)

$9.5(24)

139.9 (1.9)

10 um polar end-capped partices + DS3a
10 pm polar end-capped particles + DS3a

10 pm polar end-capped particles + DS3a
10 pm polar end-capped particles + DS3a
10 pum polar end-capped particles + DS3a
10 um polar end-capped particles + DS3a
10 um polar end-capped particles + DS3a
10 um polar end-capped particles + DS3a
10 pm polar end-capped particles + DS3a
10 um polar end-capped particles + DS3a
10 pm polar end-capped particles + DS3a
10 pum polar end-capped particles + DS3a
10 pm polar end-capped particles + DS3a
10 um polar end-capped particles + DS3a
10 um polar end-capped particles + DS3a
10 pm polar end-capped particles + DS3a

10 um polar end-capped particles + DS3a
10 pm polar end-capped particles + DS3a

45 um + DSIb

45 um + DS3a

10 pm + DS3n

Please note that the extraction efficacies above 100% are due to the evaporation of onganic solvents during the desorption step,
which occurred under the controlled temperature in open bed configuration of 96-well plates, Desorplion solvents compositions:
DSIb = isopropanal /water/ammonium hydroxide (80/19.9/0.1, o/0); DS2a = acetonitrile/ water /formic acid (80/199/0.1, v/v);
D53a = methanol/ water/ formic acid (80/199/0.1, v/v); DS53n = methanol /water (80,20, v/ 1) DS3b = methanol /water/ammonium

hydroxide (80/19.9/0.1, »/2).

Table 2 Characteristics of particles used to prepare TFME coating,.

Nominal M d Pare Speific Total Surface c ible
Particle Type Particle Size Particle Size Diameter Surface Carbon Coverage m .
(] fum| 1Al Area [m¥g] 1%l (nmole/m?] pii Rang!
NUCLEODUR® e
Cyu Hiee 5 NJA 16 38 18 A 1-11
Luna® C1&2) 10 8.7 104 381 16.38 3m 15-10
Synergi™ -
Hydro-RP 10 7.6 88 449 189 237 1575
CHROMABOND® Cyeec 45 3 64 490 14° N/A 28

* According to the information provided in product catalogue.

2.4, Relationship between Extraction Efficacy and Amalyte Charackeristics

This study evaluated thin-film microextraction devices coated with immobilized
octadecyl-bonded silica particles. However, silica surfaces can never be entirely bonded
with ligands. Due to steric impedance, it is estimated that below half of the silanol groups
present on silica surfaces are bonded with octadecylsilane molecules [1], and part of these
silanols becomes permanently inaccessible to end-capping agents such as TMS duning
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synthesis [34,35]. This incomplete substitution of silanols causes multiple interactions be-
tween the stationary phase (coating) and analytes to affect the extraction efficacy. This phe-
nomenon also explains why no single parameter of the analyte can be perfectly correlated
with extraction yield (i.e,, Pearson’s coefficient of exactly r = 1). Several physicochemical
properties of the analytes were selected by the authors as potentially affecting extraction,
and the correlation of these parameters with the efficacy of the process was investigated.
All physicochemical descriptors used for calculations are available in online databases and
are shown in Supplementary Materials Table S4,

As expected from a coating prepared with hydrophobic octadecyl-bonded particles,
there were two-way significant and strong positive correlations (Pearson’s coefficient
values of r > (.5) between the extraction efficacy and hydrophobicity of the analytes.
Expressed as the logarithm of the partition coefficient (logP) or the distribution coefficient
{logD), the hydrophobicity of the analyles was computed using several programs. logP
values were calculated with the ACD/Labs [36], ALOGPS [37,38], ChemAxon [37,38], and
XlogP3.0 [39] programs, logD values at pH 7.4 were calculated with ACD/Labs [36]. Out
of this group of descriptors, logD at pH 7.4 was characterized by the highest correlations
with extraction efficacy. Given that logD considers whether the molecule is ionizable or not
(and majority of the analytes extracted in this study are), these results are not surprising,
and the extractions were performed from PBS, which has a nominal pH value of 7.4, Of the
four coatings investigated in this study, one prepared with the 45 pm particles exhibits the
lowest correlations. The median correlation coefficient value was r = 0.533 (0.495-0.618,
p < 0.005, n = 8). Greater correlations were observed for smaller particle sizes with median
value of r = 0,698 (0.615-0.769, p < 0.001, »# = 9) for the 10 um particles and r = 0.756
(0.612-0.796, p < 0.001, 2 = 9) for the 5 pum particles. The largest correlations occurred with
the 10 um particles with polar end-capping with a median value of r = 0.767 (0.646-0.787,
p < 0.001, # = 9). Stronger correlations were also found in the most efficient desorption
solvents, achieving maximum values with the 10 and 45 um particles (both with DS3a)
and near-maximum values for the 5 (r = 0.743 in DS1b vs. r = 0.796 in DS1a) and 10 pm
particles with polar end-capping (r = 0.784 in DS3a vs. v = 0.787 in DS1b).

Other investigated analyte parameters included the polar surface area [A?], which
was computed with ACD/Labs [36], Cactvs 3.4.6.11 [39], and ChemAxon [37,38] programs;
the polarizability [A3], which was computed with ACD/Labs [36], and ChemAxon [37,38];
pKa, which was computed with ChemAxon [3728]; and the number of hydrogen acceptor
and donor spats, which were computed with ACD/Labs [36], Cactvs 3.4.6.11 [3] and
ChemAxon [37,35]. Of this group of descriptors, two-way significant positive correlations
were only observed between the extraction efficacy of the 45 um particles and the pKa value
(strongest acidic) of the analytes. The median coefficient value was r = 0.593 (0.551-0.602,
p <001, n = 5). However, two-way significant negative correlations were present with
the extraction yield and pKa value (strongest basic) for the 5 um particles with a median
value of r = —{1L.488 (—0.545--0.486, p < 0.009, n = 3), the 10 um particles with a median
value of r = —0.516 (—0.517-—0.502, p < 0.007, n = 4), and the 10 um polar particles with a
median value of r = ~(L.513 (~0.525-~0.497, p < 0.007, » = 3). Correlations between the
extraction efficacy and number of donor spots for hvdrogen bonds were also negative for all
particle types. Stronger correlations were observed with data from ChemAxon (number of
pairs = 28 analytes) than with data from the ACD/Labs and Cactvs programs (n = 30 both).
With the 5 um particles, the median correlation value was r = —0.537 (~0.601--0.480,
p < 0.01, » = 8). With the 10 um particles, r = —0.544 (-0.643-—-0.484, p < 0.009, n = 9).
With the 10 pm polar particles, £ = —0.529 (—0.563-—0.493, p < 0.008, # = 9). With the
45 pum particles, r = ~0.611 (- 0.698--0.560, p < 0.002, n = 9).

All of the two-way significant correlations discussed above are summansed in Table 3.
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Table 3. Two-way significant correlations [Pearson’s r values] discussed in Section 2.4. p Values given in brackets,

P ter Desorption 10 gm Polar 5um 10 pm 45 ym
Solvent End-Capped Pnudes Particles Pil'ﬁdes Pu!ldes
DSta 0.780 (0. UM) 0.796 (0.000) 0 768 (0 000) 0. 576 (0.001)
DSlin 0.767 {0.000) 0.794 (0.000) 0.752 (0.000) 0.568 (0.001)
DS1b 0787 {0L00) (L7453 (0.000) Q677 {(.000) 0.547 (0.002)
logD DS2Za 0782 {0.000) 0.728 (0.000) 0.708 (0.000) 0.513 (D.004)
atpli=74 D52n 0.739 {0.0001) 0.756 (0.000) 0,698 (0.000) 0.495 (0.005)
[36) DS2b 0.731 {0.000) 0.763 (0.000) 0.641 (0,000) 0,498 (0.005)
DS3a 0.784 {0.000) 0.792 (0.000) 0.769 (0.000) 0,618 (0.000)
DS3n 0.646 {0.000) 0,612 (0.000) 0.615 (0.000)
DS3b 0.726 {0.000) 0.683 (0.000) 0.629 (0.000) 0.518 (0.003)
DSla 0,602 (0.004)
pKa DS1b 0.551 (0.010)
(stromgest acidic) DS2a 0.593 (0.005)
137,38) DS2b 0.565 (0.008)
DS3b 0.600 (0.004)
DSla ~0.436 (0.008) ~0,515 (0.005)
) DS2a —0.525 (0.004) —=0.517 (0.005)
“"“‘E‘;ﬁﬁ"‘“’ DS2n 0497 (0.007) ~04S5(0008) 0,502 (0.007)
o D53a ~0.513(0.005) ~0.545 (0.003) ~0.516 (0.005)
DSla ~0.493 (0.008) ~0430 (0.010) ~0.489 (0.008) ~0.590 {0.001)
DSin ~ 01498 (0.007) ~0.525 (0.004) ~0.531 (0.004) 0,621 {0.000)
DS1b — (544 (0L003) —0.585 (0.001) —0.621 (0.000) —0.619 (0.000)
H donors DS52a —(.526 (0.004) —0.536 (0.003) —0.513 (0.005) —0.611 {0.001)
[37.38] DS2n —0.529 {0.00M) =0.540 (0.003) —0.556 (0.002) =0.560 {0.002)
o DS2b —0.554 (0.002) —0.535 (0.003) —0.619 (0.000) —0.663 {0.000)
DS3a ~0.494 {0.008) ~0.4584 (0.009) ~0.562 {0.002)
DS3n 0.559 (0.002) ~0.538 (0.003) ~0.544 (0.003) ~0.584 {0.001)
DS3b ~0.563 (0.002) <0601 (0.001) ~0.643 (0.000) ~0.698 {0.000)
Desorption solvents positions: DSla = isopropancl /water/ formic acid (80/19.9/0.1, v/v); DS1n = isopropanol /water (80,20, v/v);
DS1b =k panol /water /. ium hydroxide (80/19.9/0.1, v/ v); DS2a = acetonitrile/ water /formic acd (50/19.9/0.1, v/v); DS2n = ae-
tondtrile/ water (80/20, v/v); DS2b « acetonitrile/water /ammonium hydroxide (80/19.9/0.1, v/v); DS3a « methanol /water/ formc acid
(80/19.9/0.1, v/o); DS3n = methanol fwater (8020, o/0); DS3b = hanol / water /| ium hydroxide (80/199/0.1, v/v).
3. Materials and Methods

3.1. Particles Used to Prepare TFME Coafings

In this study, thin-film microextraction coatings were prepared using 4 different types
of silica particles bonded to octadecyl ligands and end-capping groups. Macherey Nagel™
NUCLEODUR® Cg Htec (henceforth referred to as 5 um particles”), Phenomenex” Luna®
C18(2) (10 um particles”), and Macherey-Nagel™ CHROMABOND™ Cygec (“45 pm parti-
cles”) were all end-capped with trimethylsilane, and Phenomenex® Synergi™ Hydro-RP
(10 pm polar end-capped particles”) was end-capped with a polar ethanol group [40]; see
Figure 2 for visualization.

Additionally, apart from the differences in end-capping type, important particle
parameters included the particles’ size, pore diameter, specific surface area, and total
carbon load (see Table 2 for more details).
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Figure 2. Octadecyl-bonded silica particies with trimethylsilane (top) and with polar ethanol {(bottom) end-capping groups

3.2. Preparation of TFME Blades

Thin-film microextraction blades were prepared following a protocol that was previ-
ously described by Mimaghi et al. [10] with certain adjustments including reduction of
the drying temperature (from 180 °C to 110 “C) to avoid thermal damage to the coating
particles [41].

Pre-cut metal blades (PAS Technology Deutschland GmbH, Magdala, Germany) were
etched in concentrated hydrochloric acid (Fluka™, Honeywell Intemational Inc., Charlotte,
NC, USA) for 60 min in an ultrasonic bath. The etched blades were cleaned using distilled
water and then dried in an oven (150 “C for 30 min)

Next, the blades were covered with 10 layers of previously prepared biocompatible
coating with a nitrogen operated sprayer (see Figure 3). After applying each layer, the
blades were dried in an oven (110 °C for 3 min). Each type of prepared coating con-
sisted of Cig-bonded silica particles dispersed in an N N-dimethylformamide solution
of polyacrylonitrile. For every 1.000 g of particles, 7.739 g of N,N-dimethylformamide
(Sigma-Aldrich™, Merck KGaA, Darmstadt, Germany) and 0421 g of polyacrylonitrile
(Aldrich™, Merck KGaA, Darmstadt, Germany) were used.

&
aflamtit s "5' 2

il

[

Figure 3, TEME Blades. Left: Metal surface before (top) and after (bottom) etching in hydrochloric
acid. Right: TFME blade before (top) and after (bottom} applying coating,
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3.3. Reference Standards

Analytical standards of 30 structurally diverse small molecules, such as therapeutic drugs,
endogenous hormones, drugs of abuse, doping agents, and their metabolites, were used in this
study. The full list presented in alphabetical order includes: 6-acetylcodeine, 11-deoxycortisol,
11-nor-9carboxy-A’-tetrahydrocannabinol (THC-COOH), agomelatine, alprazolam, anastro-
zole, androstenedione, bisoprolol, boldenone, buprenorphine, canrenone, carteolol, clonazepam,
cocaine, cortisol, fenoterol, flunitrazepam, hydrocodone, ketamine, lysengic acid diethylamide
(LSD), melatonin, methandienone, methadone, methylphenidate, metoprolol, oxycodone,
phencyclidine, progesterone, remifentanil acid, and zolpidem.

More details about the reference standards used in this study, including their suppliers,
are shown in Supplementary Materials Table S5.

3.4. Preparation of the Samples

A testing mixture was prepared by spiking phosphate-buffered saline with stock
solutions of all reference substances (to achieve 50 ng/mL concentration). The prepared
testing solution was aliquoted to the Y6-well DeepWell™ Plates (Nunc™, Thermo Fisher
Scientific Inc,, Waltham, MA, USA) and used for extractions. A single lot of testing mixture
was used throughout the experiment, and all extractions were performed simultaneously
to minimize any possible inconsistencies in the results.

A mixture of 4 deuterium-labelled standards (alprazolam Ds, cocaine D3, oxycodone
D;3, and THC-COOH D3) was added ata 3 ng/mL concentration to every type of desorption
solvent as an internal standard.

3.5. Extraction Protocol

All extractions were performed in Y6-well plates using plate-compatible SH10 Heater-
Shaker (Ingenieurbiiro CAT, M. Zipperer GmbH, Ballrechten-Dottingen, Germany). The
extraction protocol included: 1st preconditioning (1.5 mL methanol /water (50/50, v/v),
1 h, 850 rpm agitation); 2nd preconditioning (1 mL methanol /water (50/30, v/), 1 h,
850 rpm agitation); 1st rinse (1.5 mL water, 5 s, no agitation); extraction {1 mL of testing
mixture (30 ng/mL in PBS), 2.5 h, 850 rpm); 2nd rinse (1.5 mL water, 5 s, no agitation); and
desorption {1 mL of desorption solvent, 2 h, 850 rpm). The temperature during the entire
protocol was monitored and kept at 18.8 “C. Nine different variants of desorption solvents
were used, and their compositions are shown in Table 4. Each variant was spiked with a
mixture of deuterium-labelled reference standards at a concentration of 3 ng/ml.

Table 4. Compesition of desorption solvents,

Desorption Solvent Composition
DS1a IPA/W /FA (80/19.9/0.1, 2/7)
DS1n IPA/W (80/20, v/v)
DS1b IPA/W/AH (80/19.9/0.1, /)
DS2a ACN/W /FA (80/19.9/0.1, v/ o)
DS2n ACN/W (80/20, v/3)
DS2b ACN/W/AH (80/19.9/0.1, v/)
DS2a MeOH/W/FA (80/199/0.1, o/2)
DS3n MeOH /W (80/20, v/7)
DS3b MeOH/W/AH (80/19.9/0.1,v/7)

Chemicals used: ACN = acetonitrile (LC-MS grade; CHROMASOLV™, Honeywell International Inc,, Charlotte,
NC, USAY AH » ammondum hydroxide (LC-MS grade; Fluka™, Honeywell Intemational Inc., Charlotte, NC,
USA]; FA = formic acid (LC-MS grade; Optima™, Fisher Chemical, Thermo Fisher Scientific Inc., Waltham,
MA, USA IPA = isopropanal (LC-MS grade; CHROMASOLV™, Honeywell International Inc,, Charlotte, NC,
USA); MeOH « methanol (LCMS grade; CHROMASOILNV™, Honevwell International Inc., Charlotte, NC, USA,
W = water (LC-MS grade; LiChrosoly™, Merck KGaA, Darmstadt, Germany).

Additionally, the reference samples were transferred to the unoccupied wells of the 96-
well plates prior to the desorption step. Therefore, the samples and the reference samples
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were affected equally by the evaporation of the desorption solvents. Such an approach
excluded the impact of the evaporation on the results.

3.6, HPLC-MS/MS Method

Samples were analysed with 2 Shimadzu LCMS-8060 triple quadrupole (Shimadzu
Corporation, Kyoto, Japan) system equipped with an Agilent InfinityLab Poroshell 120 EC-
Cl8 analytical column (3 » 100 mm, 2.7 um} and guard column (3 x 5 mm, 2.7 pm) {Agilent,
Santa Clara, CA, USA) using a method previously optimized and described by Sobczak and
Goryriski [42]. Thus, the column was maintained at 25.0 °C, an injection volume of 0.2 pLL
was used, and separation was performed in gradient elution mode. Mobile phases consisted
of water (LC-MS grade; LiChrosolv®™, Merck KGaA, Darmstadt, Germany) and acetonitrile
(LC-MS grade; CHROMASOLV ™, Honeywell International Inc., Charlotte, NC, USA), both
with an addition of 0.1% formic acid (LC-MS grade; Optima™, Fisher Chemical, Thermao
Fisher Scientific Inc., Waltham, MA, USA). A full list of retention times and monitored
precursor-product ion(s) transitions is shown in Table 56 in Supplementary Materials.

3.7. Statistical Analysis

The dataset was analysed with IBM SPSS Statistics for Windows, Version 26,0, (IBM
Corp, Armonk, NY, USA).

4. Conclusions

Thin-film microextraction blades coated with silica particles containing polar end-
capping groups provided the best extraction efficacy out of all evaluated types of octadecyl-
bonded particles. This type of coating is also characterized by the strongest correlations
between the efficacy of the extraction process and hydrophobicity of the analytes, despite
not having the highest density of hydrophobic octadecyl ligands. For example, while
the hydrophobicity parameter (H) of Synergi™ Hydro-RP particles containing polar end-
capping groups is higher than the H parameter of an average octadecyl particle (according
to the hydrophobic-subtraction model [43,44]), the H of these particles is lower than the
H of NUCLEODUR™ C)5 Htec particles [44]. This was not reflected by the results of this
study, where the less hydrophobic polar end-capped particles provided better extraction
efficacy of the hydrophobic analytes. This suggests that the extraction of small molecules
from aqueous samples with the conventional TMS end-capped octadecyl-bonded particles
differs from the theoretical expectations. Moreover, in the hydrophobic-subtraction model,
polar end-capping groups closely resemble TMS groups [45]; thus, this difference in end-
capping type does not provide a satisfactory explanation for the correlations observed
with the tested particles. Therefore, one may hypothesize that the extraction yields of TMS
end-capped particles are below the theoretical optimal performance due to immersion
in a water-based matrix, with which they are not compatible. Such a situation could
not occur with water-compatible polar end-capped particles that retained their original
characteristics throughout extraction. This reasoning seems to elucidate the benefits of
using fully water-compatible stationary phases for extraction from aqueous samples, and
was reflected by the results of this study.

Additional investigation is required to assess whether water-compatible polar end-
capping can improve extraction efficacy with ligands other than the octadecyl groups
that were evaluated in this study, Some examples of stationary phases that are relatively
popular in liquid chromatography and susceptible to so-called stationary phase collapse
include octyl (Cs) and phenyl-hexyl. These chemistries could significantly benefit from
the incorporation of polar end-capping groups. However, if that were confirmed, then a
significant breakthrough in sohid phase microextraction could be achieved by preserving
all original ligand traits, which may result in improved extraction efficacy. This process
may then broaden the range of successfully used liquid chromatography-compatible
coatings for future SPME devices and promote methods’ use as a green alternative for
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sample preparation enabling low organic solvent consumption without compromising the
extraction yield.

Supplementary Materials: The following are available online, Table S1. Coefficients of determina-
tion (R?) determined during calibration runs in different desorption solvents,; Table 52. Number
of results in each category for every stationary phase—desorption solvent combination.; Table S3.
Extraction efficacies [%] for cach stationary phase—desorption solvent combination.; Table S4. Essen-
tial physicochemical proprictics of the analysed substances.; Table S5. List of reference standards in
alphabetical order; Table $6. Monitored procursor—product ion(s) transitions,
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Table S1. Coefficients of determination (R?) determined during calibration runs in different desorption solvents. Substances

arranged by retention order.
coefficient of determination (R?) in d b comp

substance wopropancl/water {80/20, v/v) | acetanitrile/water (80/20, v/v) | methanol/water (80/20, v/v)
fenoterol 0.9996 0.99%9 05982
carteolol 0.9993 0.9996 1.0000
oxycodone 0.9991 0.9985 0.9984
hydracodone 0.9592 0.9958 05991
ketamine 0.9989 0.9958 1.0000
remifentanil acid 0.9993 0.9984 0.9995
metoprolol 1.0000 0.9958 0.5980
&-acetylcodeine 0,9935 0.99%8 1.0000
methylphenidate 0.9939 09958 0.5995
zolpidem 1.0000 09991 1.0000
cocaine 0.9594 0.9959 0.5989
(E] 0,9939 0.9959 05973
melatonin 0.9999 0.9997 0599
bisoprolol 0.9998 09959 05997
phencycidine 0.9998 0.9953 0.5901
cortisol 09978 09954 05998
buprenorphine 09996 09992 0.9999
alprazolam 09975 0.9997 0.9989
anastrozole 1.0000 0.9957 0.5984
methadone 0.9982 1.0000 05999
11-deonycortisol 0.9%44 0.9999 05978
boldenone 1.0000 0.9981 05988
clonazepam 09991 0.9976 05991
agomelatine 0.9589 09958 05995
methandlencne 09993 0.9999 09980
flunitrazepam 0.9998 0.9999 0.9999
androstenedione 0.9930 09951 05995
canrenone 0.9919 09912 0.599%
progesterone 0,9999 09998 05999
THC-COOH 0.9978 0.9998 1.0000
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Table 52. Number of results in each category for every stationary phase — desorption salvent combination. Table orranged by

the type of stationary phase.
stationary phase + desorption solvent number of results:
combination above median {in Q) in 3% quartile (Qs) best results
Sum + D513 2 - -
5 pm + DS1n
5um + D5S1b 12 1
S pm + DS2a 5 -
5 um + D52n - - -
5 um + DS2b 6 - -
5um + D533 - - -
S um + D53n 1 1 -
S pm + DS3b 10 1
10pm+DS1a 22 17 -
10 pm + DS1n 6 1 -
10 um + DS1b 28 6 -
10 um + DS2a 29 13 -
10 um + DS2n 28 13 -
10 um + DS2b 23 1 .
10pm+DS3a 28 13 -
10 pm + DS3n 14 5 1
10 um + D33b 28 8 1
10 um with polar end-capping 4+ DS1a 10 2 -
10 pum with polar end-capping  DS1n 3 - -
10 pm with polar end-capping = DS1b 5 -
10 um with polar end-capping + DS2a 20 15
10 pm with polar end-capping = DS2n 20 g -
10 pm with polar end-capping « DS2b - - -
10 um with polar end-capping + DS3a 30 27 18
10 um with polar end-capping « DS3n 1 -
10 pum with polar end-capping = DS3b 2 -
45 pm + DS1a 24 14 -
45 um + DS1n 14 4
45 um + DS1b 29 26 1
45 um + DS2a 25 12 1
45 um + DS2n 23 12 -
45 um + DS2b 18 10 .
45 pum + DS3a 30 28 g
45 um + D33n 15 7 -
45 um + D33b 20 12 -
Desorption  solvents  compositions: DS1a = isopropanol/water/formic  acid (80/19.9/0.1, i)
DS1n = isopropanol/water {80/20, v/v); DS1b = isopropancl/water/ammonium  hydroxide (80/19.9/0.1, v/v);
DS2a = acetonitrile/water/formic  acd  (80/199/0.1, w/v); DS2n =  acetonitrilefwater  (80/20,  v/v);

DS52b = acetonitrile/water/ammonium hydroxide (80/19.9/0.1, v/v); DS3a = methanol/water/formic ackd (80/19.9/0.1, v/v);
053n = methanol/water (80/20, v/v); D53b = methanol/water/ammonum hydroxide (80/19.9/0.1, v/v).
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Table 53, Extraction efficacles [%] for each stationary phase = desorption solvent combination [SP + DS). Relative standard deviations [%] given in brackets, ne3, substances orranged
by retention order.
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Table 54. Essentlal physicochemical proprieties of the analysed substances. Substonces arranged by retention order.

Az | % ) = = ks N
g~ o . 3 | =2 | 23| 32| 32| 22 | 24 m.v 2.5 5.1 2] ex =
T = ~ z 3 m z z z - - ds| 2s € 2 e 2
AR I I AR HIEE £5 |34 HEEHEEHRIIRH IR AR
AR RN IREEHE R R R HE : :
5 J HIBLIRURUIERIE LR LR N IR
% 3 3 2
N 2 |1 :
fosoterol 303147058 0 136 147 0.29 045 93.0 €95 93 3175 33.7 2355 963 5 5 5 5 S 5
carnsoiel 292178693 10 105 142 1135 024 N6 J059 n M 2.3 1341 976 & 3 4 3 5 3
crpeodone J15.340858 1.2 108 1.0% 187 onas 5.0 900 “w 12e 5.0 IRST LR B 3 B 1 -] 1
Bydrocodons 295.152144 22 213 1% 143 01 388 877 39 3205 N3 1800 461 < o L o 4 0
b 237092042 2 268 335 2.18 200 231 910 29 2497 2.1 1878 745 2 1 2 1 2 1
remfurtand acd $62.184172 -0 NA NA 1.58 -1.14 8.2 NA ar NA 5.1 NA NA & 3 A NSA r 1
metogrobl 207383844 19 8 10 p %, ] -0.2% w0 0.2 1 1% 206 J409 98y 4 2 4 2 4 2
Gacetylcodene 341.162708 17 NA N/A 209 112 420 NA 48 MA %.6 WA NA 5 0 A NA S 0
mathylehenidane 233141579 02 147 125 255 02 383 3333 38 2621 %4 NA 909 3 1 } s 1 3 1
soipdem 307.168862 15 318 m 30 508 36 061 L 3506 N1 WA sS85 2 © 2 o 4 0
cocane 303,18058 3 197 .25 108 122 558 588 kL 2% .7 NA LR o o 3 o % o
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brogesiol 315225308 19 230 b 214 012 0.0 £995 &0 3850 %7 1409 967 s 2 s 2 s 2
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bupreneiphine 467.301559 50 453 315§ 343 343 6.2 6216 23 5311 52.1 750 1254 5 2 S 2 5 2
alpeasclam M CuINA 21 2235 .57 250 263 a1 4307 45 nn »0 I8 30 508 3 o 3 o 4 o
Anastroeoie 293,1640406 21 231 i 057 268 A3 7329 k] 3197 3.7 NA 200 e o L o S 0
methadone 305205264 39 418 501 420 280 2.3 31 20 36.23 3.0 1973 9.12 2 o 2 0 2 0
11 L 348214409 15 297 158 274 67 M6 Tan0 % KBS 5.5 1259 -3.30 4 2 & 2 4 2
beldencos 286,193280 i R 15 150 5 s 03 ar 3826 n pLY. 1 -0 A8 1 3 1 1 1 1
315041059 2.4 2.76 315 234 253 8713 2728 37 2555 32.2 113% 136 & 1 & 1 13 1
agomeatise 243125929 7 243 .04 227 0m 383 31833 38 2743 2.0 1596 R 2 1 2 1 3 1
ot handenone 300208930 16 358 164 408 % 3.3 230 ar 3500 ME B 86 053 2 1 b 1 X 1
funtrazepam 313086209 1 220 5% 144 203 TR T8A9 B 230 N4 NA 10 5 o e o J 0
ndrosienedions 285,193230 7 253 393 250 29 341 e 32 33120 2.4 1903 430 2 0 2 0 2 0
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Table SS. List of reference standards in alphabetical order.

substance reference standard grade manufacturer
(-)-11-nor-9-carboxy-deltad-THC
MeOH soluton 1 mL CRM {primary standar LGC
{THC-COOH} me/ {primary d}

G-acetylcodeine ACN solution 1 mg/mL CRM {primary standard) Cerillant
11-deoxycortisol MeOH solution 1 mg/mL CRM {primary standard) Cerillant
agomelatine MeQH solution from N/A TRC

powder 1 mg/mL
alprazolam MeOH solution 2 mg/mL CRM {primary standard) LGC
MeOH solution from reference standard
ast le LGC
nastrozo powder 1 mg/mL {100%)
androstenedione ACN solution 1 mg/miL CRM {primary standard) Cerlllant
bisoprolol MeOH solution 1 mg/mL CRM {primary standard) LGC
boldenone MeOH solution from analytical standard {» VETRANAL™ {Sigma-
powder 1 mg/mlL 9B%) Aldrich)
buprenorphine MeOH solution 1 mg/mL CRM {primary standard) Cerillant
caneenone MeOH solution from HPLC [ 97%) sigma
powder 1 mg/mL
MeOH solution from USP reference standard
carteolol UsP
powder 1 mg/mL {100%)
clonazepam MeOH solution 1 mg/mL CRM {primary standard) Cerillant
cocaine ACN solution 1 mg/miL CRM {primary standard) LGC
. MeOH salution from
cortisol N/A A
powdes 1 mg/mL d N/
fenoteral MeOH solution from reference standard LGC
powder 1 mg/mL (99.9%)
flunitrazepam MeOH solution 2 mg/mL CRM {primary standard) LGC
hydracodane MeOH solution 1 mg/mL CRM {primary standard) Cerillant
ketamine MeOH solution 1 mg/mL CRM {primary standard) LGC
lysergic acid diethylamide (LSD) ACN solution 1 mg/mL CRM {primary standard) LGC
MeOH solution from .
melatonin TLC {=98% Sigma
powder 1 mg/mL { )
: 1,2-dimethoxyethane I .
methand CRM standa Cerillant
ienone solution 1 mg/mL {primary rd) erillani
methadone MeOH solution 2 mg/mtL CRM {primary standard) Cerillant
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methyiphenidate MeOH solution 1 mg/mL CRM {primary standard) LGC
metoprolol MeOH solution 1 mg/mL CRM {primary standard) LGC
axycodone MeOH solution 1 mg/mL CRM {primary standard) LGC
phencydidine MeOH solution 1 mg/mL | CRM {primary standard) LGC
progesterone Mm‘:';‘::/:’:" N/A N/A
remifentanil acld ACN solution 100 pg/mi CRM {primary standard) Cerillant
z0lpidem MeOH solution 1 mg/mL CRM {primary standard) LGC
deuterium-labelled intermal standards
alprazolam Dy MeOH solution 100 pg/mb | CRM {primary standard) Cerillant
cozaine Dy ACN =olution 100 pg/mi CRM {primary standard) Cerillant
oxycadone D; MeOH solution 100 pg/mi | CRM {primary standard) Cerillant
b)-11-nor-9-carboxy-deltad-THC Ds | \sony corution 100 pg/mt | CRM {primary standard) Carillant

{THC-COOH D3)
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Table S6. Monitored precursor — product ion(s) transitions. Sub arranged by re order.
retention time precursor ion product ions [m/z):

substance [min] [m/z] 1 2 3
feroterol 4156 304.00 107.15 135.15 286.10
canteolol 4499 293.00 237.15 202.15 74.10
oxycodone Ds 4532 319.00 30120 244.10 259.20
oxycodone 4567 31610 298.20 24120 256,10
hydrocodone 4914 300.00 19915 17110 12815
ketamine 5711 237.90 125.05 220.10 207.15
remifentanil acid 6.755 363.00 11310 146.20 214.15
metoprolol 65499 267.90 11615 7415 7210
E-acetykodeine 6911 342.00 225.15 165.15 187.20
methylphenidate 6.765 234.00 8415 56.10 9110
wipidem 7537 307.90 235.15 236.20 263.20
cocaine 7501 303.90 18220 82.10 105.10
cocaine Dz 7503 307.00 185.20 77.10 85.20
LSD 7844 323.90 223.20 208.15 207.10
melstonin 8.0438 232.90 17420 130.15 159.10
bisoprolol 8.018 326.20 116.20 74.05 7210
phencychdine 8328 244,00 91.05 86,10 159.20
cortisol 9.4%0 363.20 121.00 327.20 105,00
buprenorphine 9391 468.10 55.15 396.25 41425
alprazolam Dy 11.420 314.10 21020 286.10 279.25
alprazolam 11484 308.90 205.15 281.15 27410
anastrozole 11.506 294,00 225.20 210.20 115,05
methadone 11622 310.00 265.15 105.10 77.05
11-deoxycortisol 11617 347.15 97.10 109.05 79.05
boldenone 12.042 287.00 12120 135.20 77.15
clonazepam 12062 316.00 270.10 21405 207.15
agomelatine 12210 244,00 185.20 170,10 141.10
methandienone 12691 301.20 12105 149.25 77.00
flunitrazepam 12851 31390 26815 235.10 183.10
androstenadione 14.570 287.30 97.05 109.05 7895
canrenone 15.153 341.00 107.15 187.25 23515
progesterone 17.880 315.00 97.10 109.10 297.30
THC-COOM D; 19.956 348.00 330.20 302.25 196.25
THC-COOH 19982 345.00 327.10 299.25 193.30
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9. Nowe rozwigzania w mikroekstrakcji (czes¢ 2).
Zastosowanie technologii druku 3D oraz polimeréw

adsorpcyjnych

Kolejnymi aspektami, ktérych udoskonalenie moze korzystnie wptynaé na
popularyzacje danej metody przygotowania prébek sg m.in.: tatwos¢ wykonania oraz
niski koszt. W przypadku metody TFME, jej zastosowanie jest stosunkowo proste,
a urzadzenia ekstrakcyjne mozna wykorzysta¢ wielokrotnie (w zwigzku z czym koszt
zastosowania tej metody jest relatywnie niski) [98]. Niestety, sama produkcja urzgdzen
TFME jest zmudnym i czasochtonnym procesem [107], ktéry w dodatku jest
stosunkowo kosztowny.

Czesciowym rozwigzaniem tego problemu jest produkcja tanszych zamiennikéw
niektérych komponentéw urzgdzen mikroekstrakcyjnych z wykorzystaniem technologii
druku 3D. Jednak zupetnie przetomowa moze by¢ mozliwos¢ wykorzystania w
dziedzinie preparatyki probek najnowszych osiggnie¢ druku 3D, m.in. wprowadzenia
nowych polimerowych materiatbw do druku 3D (w postaci tzw. filamentéw). W
szczegolnosci zas, obiecujgce perspektywy ma zastosowanie materiatdw
powszechnie stosowanych w chemii analitycznej jako adsorbenty (np. poliamidy [113-
116]) do wykonania urzgdzen ekstrakcyjnych wytgcznie z wykorzystaniem druku 3D.
Jest to rozwigzanie zaréwno proste w realizacji, jak i mato kosztowne, a takze wysoce
zautomatyzowane (a wiec réwniez wysoce powtarzaine).

Innowacyjne badania nad zastosowaniem druku 3D do przygotowania urzgdzen

ekstrakcyjnych zostaty zaprezentowane w ramach nastepujgcych publikacji:
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Polyamide Noncoated Device for Adsorption-Based Microextraction
and Novel 3D Printed Thin-Film Microextraction Supports

Dominika Kolodziej, Lukasz Sobczak, and Krzysztof Gorynski™

Eﬁm This: Anal. Chem. 2022, 54, 2764-2T1 E Read Online

ACCESS| Article Recommendations |
ABSTRACT: Polyamide noncoated device for adsorption-based e
microextraction (PANDA microextraction) is a brand new, easy to

prepare, environmentally friendly, inexpensive, and efficient sample

preparation method created entirely with the use of 3D printing,

The proposed method s based on the extractive propricties of the -
unmodificd polyamide and carbon fiber blends and is compared Application of TPME
i ,coating with toxic
/&% chemicals

il Metrics & Moo © Supporting Information

with the highly sclective thin-film microextraction (TFME), In
addition, 31 printing was used to simplify the process of TEME.
Prototype sample preparation devices were evaluated by the
extraction of oral fluid spiked with 38 small molecules with diverse

chemical natures, such as lipophilicity in the log P range of 0.2— m
72. The samples were analyzed by high-performance liquid

chromatography coupled with tandem mass spectrometry. The

results indicate that chemically and thermally resistant 3D printed supports can be successfully used as a cost-saving, environmentally
friendly sol for the prep of TEME devices, alternative to the conventional metal supports, with only marginal differences
in the extraction yield (mean = 4.0%, median = 1.8%, range = 0.0=22.3%, n = 38). Even more remarkably, in some cases, the newly
proposed PANDA microextraction method exceeded the reference TEME in terms of the extraction efficacy and offered excellent
sample cleanup as favorable matrix effects were observed (mean = <8.5%, median = 7.5%, range = <34.7<20.0%, n = 20). This
innovative approach paves the road to the simplified sample preparation with the use of emerging extractive 3D printing polymers,

3D printing emerged in the late 1980s when Charles Hull
patented the Standard Tessellation Language (with the stl fle
format} for the transmission and processing of 3D data files to
a self-prepared prototype of a 3D printer based on stereo-
lithography (SLA)." However, it was only after Michael Cima
and Emanuel Sachs incorporated fused deposition modeling
(FDM), the invention of Scott Crump,” into their 3D printing
system that the technology was fast-tracked to mainstream wse.
FDM owes its success to its affordability and compatibility
with an unparalleled plethora of polymers that are readily
prepared as spooled filaments. The described method relies on
heating the filaments to their melting point and applying the
semisolid polymers layer by layer to create the designed
prototype. In addition, FDM is appreciated for providing good
reproducibility, as well as for the chemical and mechanical
resistance of the final products. Another significant benefit is
the ability to freely and instantly modify the shape and size of
the prototype, all at the refatively low cost of the commercially
available fil ts. This multitude of benefits has resulted in
the rapid expansion of FDM 3D printing into new fields,
including analytical chemistry and sample preparation.’™”
Most often, sample preparation is a critical part of the
analytical protocol and is necessary for the attainment of high-
quality and unbiased results. Thus, the benefits of implement-
ing 3D printing into analytical methadology are rapidly gaining

© 2022 The Authers. Potdtihod by
Arnescan Chemical Socety

v ACS Publications 2764

increasing interest, well mirrored by the number of studies
indexed by the phrase 3D printed” in the Web of Science
database. However, papers published on the extraction devices
that were prepared exclusively by the 31 printing method are
still scarce, Some especially interesting examples of the fully 3D
printed prototypes include the study of Su et al, who
demonstrated the application of polyacrylate for the binding
of trace elements in seawater to the solid-phase extraction
(SPE) preconcentrator,” an idea further continued by the
authors with various polyurethane-based prototypes.” Another
rescarch group proposed 3D printed LAYFOMM-60 (CC-
Products, Germany) as a stationary phase for the extraction of
small molecules.” LAYFOMM-80 is a polyurcthane-based
thermoplastic containing water-soluble polyvinyl alcohol
(PVA) that needs to be eluted with water after printing, for
example, to increase the surface porosity. Published
applications include the extraction of the antidiabetic drug
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ch.

glimepmdr. cnnm'on of ende- and exogenous ils from
)| and phosphate-buffered saline,”" and extraction of
atylpuperume denvates of anxiolytic drugs.”'
Another interesting idea was pursued with polybuty

i i aspects such as organic solvent
consumptlon rcduction. design enabling  degradation, and
process sustainability, may now be impeccably implemented
by combining the benefits of 3D prnting and microextraction

terephtbalate (PBT), a type of 3D printable thermoplastic
material. Although not 3D printed by the authors of this study,
it was proposed as a supporting matersal for coating with
microextraction stationary phases due to its good chemical
resistance and biocompaubility.'* PBT fibers and blades were
coated with a polyacrylonitrile hydrophilic lipophilic balance
(PAN-HLB) y phase and evaluated for the extraction
of 17 doping agents from blood plasma, urine, and whole
blood with good results. However, until recently, there were
significant impediments that prevented the straightforward
implementation of 3D prototyping in the development of
microextraction-based sample preparation methods, especially
with regular FDM 3D printers. The reason for these
impediments was simple, yet no obvious solution was available
at the time, As established through extensive method
development, a preferred method for the application of
microextraction coatings s spray painting, the results of
which are superior to dipping or brush painting,'’ but the
protocols nec the use of high (cmpctalun:
(n Teast 110 °c)"tor curing the sprayed coati
this requirement of good thermal resistance and good Lhemucal
resistance to the strong organic solvents that are used in the
process, such as N,N-dimethylformamide (DMF), significantly
hindered the 3D prototyping of the microextraction supports
due to the lack of compatible and 3D printable materials, For
example, thin-ilm microextraction {TFME) supports 3D
printed from PBT would not be able to withstand the
temperature of 125 °C that is used for coating with PAN-
HLB"* or the heat wave encountered when entering the oven
because of the diminished heat deflection temperature (HDT).
Fortunately, this obstacle can now be overcome with recently
commercialized thermoplastics such as carbon fiber-reinforced
polyamides (PA + CF). These emergin biocomposites can be
obtained from lignocellwlosic blomass'’ and decomposed wnh
gtntk- solvent treatment utilizing nonhazardous rcngcnts,
g their inability in addition to their already proven
blocompatiblllty 1% Morcover, neat pnlyﬂmldc 6 was
previously reported as a stationary phase used in SPE cohmns
for on Imc sample preparation preceding the i
analysis™™ and for the : preparation of hcad;pacc solid-phase
microextraction fibers.”"* The versatility and apphicability of
this polymer were additionally demonstrated by the authors
through its application for thc determination of bisphenal A
contaminants in envi | waters,”" various insecticides in
soil and waters,”' ochratoxin A in beer,”” and resveratrol in
wines,™ Rcmadubly, polyamide 6 pmvnded nearly superior
results in P with the acclai ctadecyl {Cyy)
stationary phase.”’ In addition, the supcriosity of the 3D
structures prepared with polyamide 6 over the corresponding
2D structures was shown for the extraction of chloroben-
zencs.”” However, it should be underined that although
polyamide 6 was first synthesized in 1938, all of the
aforementioned studics used clectrospun fibers, and until
recently, the polyamides were not available as 3D printing
filaments,

M , the introduction of polyamides as 3D g
filaments enables pursuing more environmentally aware
interests, parallel to the focus on developing and improving
the analytical solutions. The principles of green analytical

ey 'y

prep techniques, Microextraction methods such
as TEME facilitate low-volume sample analysis by combining
extraction with preconcentration {occurring during the
desorption step) into a single analytical protocol. Reduced
sample loading with micmextr.lmon me(lwds results i
decrmcd nrganic lvent consumption ison with

ion techniq ‘8"" :\ddmunaﬂy
the pomblhty and hocompmhlhzy of microextraction

thods grants unparalleled ability to p direct on-site
pling in envi tal reuan:h or in vivo sampling in
medical studi lowing si ling and L

preparation.”’ With ex vive applications, boocompahbnhty is
not only a trendy catch phrase but also has 2 direct impact on
extraction efficacy. With biocompatible microextraction
methods, extraction of the analytes from complex matrices
such as blood, oral fluid, or plasma vnlhoul coextraction of
undesired macromolecules is possible” owing to the abwnce
of peptide and protein adsorption to the stationary phase, ™
These characteristics, in conjugation with low laboratory waste
pmduction and potential for reusability of the extraction
devices,'" demonstrate the unambiguous benefits of green
annl)mcal chcrmstry mulnng from the replacement of the
p thod wuh micmeunmon

whllc still o(fcﬂng- parable extraction p

Furthermore, dircct adsorption of the .'uulytcs to boooom-
patible 3D printed microextraction devices prepared with
sustainable biocomposites without additional laborious pre- or
postprocessing offers an unprecedented opportunity to capital-
ize on the benefits of microextraction techniques while
imult ly eliminating the use of any harmful reagents.
For comp the preparation of relatively green TEME
coatings still regrettably requires the use of highly toxic
concentrated hydrochlonc acid and DMF, a potential
carcinogen and teratogen.'”

Building upon these possibilities, we aimed to fulfill the
following goals:

{1) obtain affordable and blocompatible 3D printed support
for TEME devices, charactertzed by good chemical and
thermal resistance;

(2) prepare efficient and sustainable extraction devices with
3D printed biocomposites, sparing laborious pre- or
postprocessing with harmful chemicals.

Two promising blends of polyamides (nylons) with carbon
fiber were selected based on their biocompatibility, high HDT,
and sustainable production: polyamide 6 « carbon fiber 15%
(PA6 + CF15) and polyamide 12 4 carbon fiber 15% (PA12 +
CF13). To the best of our knowledge, the present study
introduces 3D printed TEME supports and 3D printed ready-
to-use polyamide noncoated device for adsorption-based
microextraction (PANDA  microextraction), which do not
require pre- or postprocessing with any hazardous chemical
agents, for the first time.

M EXPERIMENTAL SECTION

Preparation of Microextraction Devices, The blades
used as supports for the TEME coatings were prepared from
precut metal sheets (PAS Technology, Genmany) and by 3D
printing with a2 FDM mcthod. All the supports had cqual

Perpedadang' 10100 Liaccanakcham 303672
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dimensions and shapes of 96-well-compatible 12-pin blades to
ensure equal areas of the applied TEME coatings. Devices in
the newly proposed PANDA microextraction format were
prepared exclusively with 3D printing and bad the same shape
and size as the TEME supports.

The 3D designs were prepared in Blender version 2.82 (Free
Software Foundation, Inc.) as stl fles, then sliced and
converted to printer-compatible .geode fles in PrusaShicer
(Prusa Research, Czech Republic), and prototyped with a
Prusa i3 MK2 printer (Prusa Research, Czech Republic) from
two different types of polyamide and carbon fiber blends: 1.75
mm PA6 + CFIS (Spectrum Industrial, Spectrum Group,
Poland) and 1.75 mm PAI2 + CFIS (Fibedab, Fiberogy,
Poland). The printer was fitted with a double-sided textured
polyetherimide (PEI) powder-coated spring steel sheet (Prusa
Research, Czech Republic) and ruby nozzle {BROZZL,
Schimautz GmbH, Austria) for a 0.4 mm E3D V6 hot end.
As recommended by the manufacturer, the PA6 « CFIS
filament was conditioned for 2 h in an oven set at 75 °C before
use, The following parameters were used for the printer: 15%
linear infill on the pins of the prototypes, 13% 45° triangular
infill for the remaining part of the prototypes, a heat bed
temperature of 90 °C, a nozzle temperature of 260 °C, a height
of 0.2 mm for the first layer, and a height of 0.05 mm for the
remaining layers, A three-layer skirt outline was used. The
printing speeds were 20 mm s~ for the first layer, 45 mm s™'
for perimeters, 25 mm ™' for small perimeters, 80 mm ™' for
solid infill, 40 mm s~ for top solid infill, 30 mm s~ for bridges,
and 40 mm <~ for the gap fill,

The metal blades were ctched in concentrated hydrochloric
acid (Fluka, Honeywell) for 60 min in an ultrasonic bath to
increase thelr surface porosity, After cleaning with distilled
water, the blades were dried in an oven set at 150 “C for 30
min.

A TFME coating was prepared by dispersing 10 pm C 4
bonded silica particles with polar end-capping groups (Synergi
Hydro-RP, Phenomenex) in DMF (Sigma-Aldrch, Merck
Group) solution of PAN (Aldrich, Merck Group). One
centimeter of the coating was applicd on the tips of the
blades, cach consisting of 10 layers of coating slurry, utilizing a
nitrogen- opcratcd sprayer and a previously established

protocol.”” Each layer was dricd for 3 min in an oven set at
lIO °C immediately after application. This temperature was
previously determined to be optimal for the process.'*

Extraction Method. An extraction device was created by
combining cight 12-pin blades to form a 96-pin brush
compatible with 96-well 2 mL DeepWell plates (Nunc,
Thermo Scientific), The experiments were performed with a
semiautomatic plate-compatible benchtop SH10 Heater-
Shaker (Ingenicurbiiro CAT, Germany). Protocol included
prccnn&nnmw in methanol/water (50/30, v/v; 1.3 mL, 60
min, 850 min~" agitation); first rinsc with water (1.3 mL, 5 5,
no agitation); extraction from spiked oral fluid (1 mL, 2.3 h,
850 min~" agitation); second rinse with water (1.5 mL, $ 5, no
agitation); and desorption to methanol fwater/formic acid
(80/19.9/0.1) contaiming deuterium-labeled reference stand-
ards at § pg L' concentration {1 ml, 2 h, 850 min~'
agitation ). Formic acid (Optima, Fisher Chemical), methanol
(CHROMASOLV, Honeywell), and water {LiChrosoly, Merck
Group) were all LC—MS grade reagents. All experiments were
performed in quadruplicate.

HPLC-MS/MS Method. The extracts were analyzed by
high-performance liquid ch graphy coupled with tand

mass spectrometry {HPLC-MS/MS) on a Shimadeu LCMS-
8060 triple quadrupole. The chromatographic method for the
Agilent InfinityLab Poroshell 120 EC-C18 column (3 X 100
mm, 2.7 gm) fitted with a guard column {3 X § mm, 2.7 gm)
was based on gradient clution with acetonitrile (CHROMA-
SOLV, Honeywell; LC~-MS grade) and water {LiChrosolv,
Merck; LC-MS grade) as the mobile phases and was
previously used for the separation of similar solutes.”" The
gradient program began with 10% acetonitrile maintained for
0,5 min, succeeded by a linear increase to 100% at 26 min
mark; 100% acetonitrile was maintzined for 3 min, followed by
rapid drop to 10% for column re-equilibration for the next 6
min. In total, ﬁwpdlmpmpunlookhmmpaumpk
Both mobile ph ined 0.1% formic adid, the total flow
rate vr.u 300 uL min~", the injection volumc was 0.7 pl, and
the « was d at 250 °C. The
retention times and precussor—product fon transitions are
listed in Table S1 in the Supporting Information.

Oral Fluid Collection and R nce Standards, Oral
fluid samples were obtained from two healthy volunteers
(female aged 24 and male aged 27) in accordance with
applicable regulations, These volunteers declared no previous
use of the analyzed substances. The samples were pooled
together to obtain a uniform matrix and sptlml with a mixture
of 38 reference standards, each at a 50 pg L™ concentration,
The spiked matrix was mixed on a benchtop shaker and stored
for 60 min at room temperature to allow drug—protein
binding,

Reference standards of the 38 various small molecules (log P
calculated with the XLogP3.0 program is in the range of 0.2—
7.2, and molecular masses are in the range of 149.12-52824
Da)*" were purchased from LGC Standards (LGC Poland)
and Sigma-Aldrich (Sigma-Aldrich Poland} as ready-to-use 1 g

! stock solutions or pnepmd by dissolving the powder in
LC ~MS-grade methanol. Deuterium-labeled reference stand-
ards of the 20 analytes were purchased from the same suppliers
as 100 mg L™" stock solutions or prepared from powder. A full
list of reference standards is presented in Table S2 in the
Supporting Information.

B RESULTS AND DISCUSSION

This study compared the newly propesed format of PANDA
microextraction with three TFME devices. Each of these
TFME devices comprised three ol ts: a support (for the
application of the coating layers), a PAN binder, and C,-
bonded silica particles. Water-compatible polar end-capped
particles were used for this study as they were previously
determined to be more suitable for the ag ples than
the ¢ sonal trimethylsilane end-capped particles.”” Three
materials were tested as TEME s : conventional precut
metal, PAG + CFLS, and PAIZ + CFIS. In addition, the
isolated impact of every element of the TEME devices on the
extraction efficacy was investigated. Extensive results for all
analytes and every factor further disclosed in this paper can be
found in Table 53 in the Supporting Information.

Data Quality, All of the 38 analyzed small molecules were
successfully extracted and quantified with the HPLC-MS/MS
method using both TFME and PANDA microextraction as the
sample preparation techniques, The lincanity and sensitivity of
the HPLC-MS/MS system were verified with calibration runs
of a drug-spiked desorption solvent, which resulted in at least
7-point calibration curves. The mean coefficient of determi
nation calculated with 1/a* weighting was R* = 0.9998. The
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Figure 1. Extraction efficacies of TEME devices prepared with didf support materials, Sub ged clockwise by their Jog £ value,

lowest recorded values were R* = 0.9974 for nandrolone and
R* = 09981 for stanozolol The calibration runs were
performed in the 175 pg L™' concentration range for every
analyte with the exception of three steroid drugs (canrenone,
nandrolone, and stanozolol), for which the quantification range
was §=75 pug L™, Lower ends of the ranges were compared
with previously reported limits of quantification (LOQs) for
TEME methods, ™" with similar or superior results obtained
in this study. Full comparison & presented in Table S4 in the
Supparting Tnformation. The stability of the instrament was
monitared by the system suitability test (SST) samples run in
duplicate at regular intervals of 10 samples. The mean relative
standard deviation (RSDD) for 30 consecutive SST samples was
5.7% (median = 5.3%, min = 3.4%, max = 10,5%, n = 38),
Adsorption to Noncoated TFME Supports. The
method of 3D printing with FDM was shown to be perfectly
suited for the preparation of TEME supports, Due to the small
diameter of the extrudate that is squeezed through the nozzle,
small objects such as pins of the TFME blades are compaosed
of several parallel bundles of molten and resolidified Alaments,
This structure provides a porous but highly reproducible
surface that docs not require preprocessing with concentrated
hydrochloric acid before application of the TFME coating.
Neither metal nor PAI2 + CFIS adsorbs the analytes well,
and this trait is desirable for the support materials. In contrast,
PAG6 + CF13 provides good extraction efficacy and is described
in subseq paragraphs as an al ive extraction device
(PANDA microextraction) rather than a support material,
For both the metal and PA12 + CF15, the amount of the
extracted analyte (from nonspecific binding) was on average

2767

just 2.8% (n = 38). For PAI2 + CFI1S, the extracted amounts
were in the range of 0.4—13.1% (i = 31), but only in the case
of nine analytes were they sufficient for quantification. In the
case of the metal, the extracted amounts were in the range of
0.0-21.7% (n = 33), but these amounts were sutficient only for
the quantification of 12 of the analytes, However, two drugs
{nebivolol and sta lol) were obyi licrs contributing
to the significant increase in the observed mean values, For
comparison, the median values of the extracted amounts were
only 0.7% (n = 31) for the metal and 1.2% {n = 33) for PAI2 +
CF15. Such compound-specific fluctuations, present only for a
few of the analytes, exclude transfer of the small fraction of the
original sample (a droplet) on the extraction device as an
explanation for these results.

Adsorption to noncoated surfaces is, however, dependent on
the analytes’ hydrophobicity, Below a log P value of 2,7 {n =
24)," no recorded result was above the LOQ for the PAI2 +
CF13, and oaly two such results were observed for the metal
[for ibutamoren (2.6%) and strychnine (2.3%)]. Above a log P
value of 4.5 (n = 6)," every analyte can be extracted, allowing
its quantification with both noncoated supports (although with
relatively poor efficacy).

Adsorption to the PAN Binder. PAN is widely used as 2
biocompatible binder for immobilizing particles comprising the
stationary phase of TFME devices, As such, it exhibits only
weak adsorptive properties toward small molecules. Therefore,
as cxpected, the extraction efficacies of the TEME supports
coated with PAN (without C,-bonded particles) were
marginal.
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Table 1. Extraction Efficacies of Fenoterol and THC from Oral Fluid with Selected Mic ction Devices”
axtractian solwtance
PANDA ssicrocetraciion Cycutted TEME o the cosved TEME un the Coy<oated TFME on fhe
device (nuncoated PAS + CFI5) PAS « CF1S suppest }An + CF1S suppost meul suppore
fenoterol 286% (1.6%) 19.0% (4.0%) 113% (20%) 92% (13%)
THC 12.9% (4.9%) 112% (31%) 122% (7.2%) B7% (S4%)

“Corresponding relative standard deviations given in p

For PAN-coated metal supports, the mean extracted amount
was just 3.1%. Out of 38 analytes, 3 were not detected, and 23
were below their LOQs. Therefore, only 12 analytes could be

ified with a mean extraction yield of 7.5%.

PAN-coated PA12 + CF1S supports delivered similar results.
The mean extracted amount was 2.4%, with 9 analytes below
the limit of detection (LOD), 20 below the LOQ, and only 9
analytes extracted in quantifiable amounts with a mean
extraction yield of 5.1%.

In contrast, the PAN-coated PA6 + CF15 supports were
characterized by significantly greater extraction efficacies with
an average of 11.1%, No analytes were below the LOD, and
only one (oxycodone) was below the LOQ. However, it should
be noted that noncoated PA6 + CF15 (PANDA micro-
extraction) exhibited significant adhesion of the small
molecules, and the PAN coating only decreased the extraction
efficacy by an average of 10.3% (min = 0,9%, max = 29.9%, n =
38). One centimeter of the coating was applied. Therefore, a
small fraction of the support was immersed in the sample
during extraction due to the apphbed agitation,

Once again, it was evident that 2 out of 38 analytes were
outliers prone to nonspecific binding regudless of the contact
surface, For stanozolol (log P = 4,5)," the amount extracted
with the PAN-coated metal was 182% (and 18.0% for
noncoated metal), with a PAN-coated PA12 + CF1S extracted
amount of 8,6%—falling below the LOD (and 11.1% for
noncoated PA12 + CF135). For nebivolol (log P = 300,
extracted amount with the PAN-coated metal was 25.496
(21.7% for noncoated metal) and with the PAN-coated PA12
+ CF15, the extracted amount was 10.3% (13.1% for
noncoated PA12 + CF1S).

Impact of the TFME Support Material on the
Extraction Efficacy. All compared materials (metal and
both PA + CF blends) were shown to be equivalent
alternatives as supports for TFME coatings, providing very
similar extraction efficacies and good reproducibility of the
results,

The mean TFME efficacy with the metal support was only
03% greater than that with the PA6 + CF1S support (median
= =0.8%, min = —12.8%, max = 25.0%, n = 38) and only 1.0%
smaller than that with the PA12 + CF15 support (median =
—0.1%, min = —22.3%, max = 20.7%, n = 38).

The mean differences in the extraction efficacies were 5.1%
(median = 33%, min = 0.1%, max = 25.0%, n = 38) between
the metal and PAS + CF15 and only 4.0% (median = 1.8%,
min = 0.0%, max = 223%, n = 38) between the metal and
PA12 + CF13. Therefore, the PA12 + CF15 supports provided
results more similar to those of the metal supports than those
of the PA6 + CFI5 supports. F:g\m: 1 demonstrates the

quival of the ies recorded with both
metal and PA12 + CF1S TFME supports, Few of the distinct
exceptions, for which an above.average differences b

(difference in the umcbon efficacy = 5.9%, log P = 3.9)™ and
khme bolic st Jol (difference = 6.4%, P =
4.5)," nandrolone (dxﬂ'aence = 7.1%, log P = 26)
methandienone (difference = 13.3%, log P = 3.6)."

The repeatability of the results recorded with all compared
types of supports was very good, and only nonsignificant
variations were observed. The mean RSD value for the metal
support was 3.0% (median = 2.9%, min = 0.7%, max = 7.8%, »
= 38); for PAS6 + CFI15, the mean RSD = 2.7% (median =
2.8%, min = 1.19%, max = 7.1%, n = 38); and the most favorable
mean RSD value of less than 2.7% (2.68%) was recorded for
PAI2 + CF15 (median = 2.5%, min = 0.9%, max = 7.2%, n =
38).

PANDA Microextraction—Efficacy, Linearity, and
Repeatability. In this study, all analytes could be sufficiently
extracted (i.e, above their levels of quantification) by PANDA
microextraction with very good reproducibility (mean RSD =
2.6%, median = 2.4%, min = 0,6%, max = 5,8%, n = 38), These
low RSD values, lower than the numbers recorded for TFME
devices, result from evading the necessity of manually spray-
painting the TFME coatings.

Remarkably, in addition to its versatility in allowing
sufficient extraction of all the analytes in this study, PANDA
microextraction exceeds TFME devices with C,; coatin Vgs )n
terms of extraction efficacies of fenoterol (log P = 2.0)
A-tetrabydrocannabinol {THC; log P = 7.0). See Tabh 1
for details,

The extraction efficacies for the remaining 36 substances
were in the range of 4.9-60.9%, but most importantly, they
were always sufficient for the quantification of every analyte
from a relatively small injection volume of 0.7 yL and without
any additional sample processing (such as evaporation of the
solvent for preconcentration of the sample). This potentially
allows the application of this method for the extraction of Jess
stable analytes.

In comparison with the C,,-coated TFME, PANDA
microextraction provides adsorption of the analytes by the
hydrophobic, hydrogen bonding, and dipole~dipole type
interactions, rather than exclusively by the hydrophobic-type
interactions such as octadecyl functional groups.” Never-
theless, both extractive phases are best suited for the extraction
of similar substances, specifically the hydrophobic multicyclic
structures [with boldenone (log P = 3.5), canrenone (kg P =
2.7), ibutamoren (log P = 1.3), methandienone (log P = 3.6),
nandrolone (log P = 2.6), nebivolol (log P = 3.0), and
propranolol (log P = 3.0) as mutual examples].”" In the case of
PANDA microextraction, the best extraction efficacies were

ded for the substances in the log P range of 1.3—5.0 (with
a mean log P value of 3.2, 1 = 10). With TFME, the best
extraction efficacies were observed for analytes in the log P
range of 1.3-40 (mesm 3.0, n = 10). PANDA micro-
d worse only for the most hydrophilic ones

extracts e

both support materials could be observed, include more
hydrophobic analytes such as synthetic opicid methad

olthcurgdmoknﬂu,wnhlhcloanluumthenngcof
02-23 {(mean = 1.8, n = 10). No such trend could be
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observed for TFME, with the worst results being for molecules
with the log £ values in the wide range of 1.0-7.2 (mean = 3.4,
n = 10). Therefore, PANDA microextraction provided more
consistent coverage of the analytes likely to the several unique
adsorption mechanksms,

Adsorption and desorption to the PA6 + CF15 surface were
determined as linear processes by preparing calibration curves
(5-8 points, depending on extraction efficacy) from drug-

Further Discussion. Undoubtedly, the most important
part of a microextraction device 5 its extractive surface.
PANDA microextraction, prepared entirely by 3D printing
from a sustainable PA6 + CFIS blend, allows cxtraction by
direct adsorption of the analytes to its surface. Moreover, no
pre- or postprocessing with chemicals is required. Minor
postprocessing only involves cutting out the remnants of the
idle printer head movements (ca, 3 min, see Figure 2).

spiked oral fluid samples with PANDA microextraction sampl
preparation in conjugation with HPLC-MS/MS analysis. The
resulting cocfficient of determination values, calculated with 1/
a* weighting, were in the R* = 0.9530-0.9995 range (mean =
09776, median = 0.9809, » = 36).

PANDA Microextraction and TFME—Sample Cleanup
{Matrix Effect). [n addition, sample cleanup provided by the
PANDA microextraction method was compared with that of
the TFME devices prepared with three alternative support
materials under comparison in this study. The degree of

le ol wias i based on the differences in the
slgml intensitics of 20 deuterium-labeled internal standards
(ISs) spiked to the desorption solvent. One batch of the spiked
desorption solvent was used for all extractions and preparati

-

Figure 2. Easy and chemical free preparation process of PANDA
microextraction.

of the SST sample. Therefore, it was possible to demonstrate a
direct relationship between the differences observed in signals
measured for 1Ss after extraction with a given device type and
for SST {mean value from four SST samples, both preceding
and succeeding the extracted samples). As all extraction
protocols were uniform, the degree of sample cleanup provided
by a given microextraction device was the only variable
sccounting for the differences observed in the IS signal
intensities. The degree of le cleanup affects MS detection
and is generally referred to as the matrix ..ﬂ'en. In this study,
negative matrix cect values signify signal suppression, while
positive values result from signal enhancement.

For all of the compared microextraction devices, low average
matrix effects were observed and only sporadically exceeded
+20% for certain drugs. All matrix effect values can be found in
Table S5 in the Supporting Information. With regard to the
Cigcoated TEME devices, devices with metal support
provided a mean matrix effect of —103% (median »
=10.3%, min = =17.1%, max = =1.8%, n = 20); with the
PAG6 + CFIS support, the mean value was = 15,3% (median =
=14.7%, min = =47.3%, max = 0.5%, » = 20); and with the
PAI2 + CFI13 support, the mean value was —10.5% (median =
=11,3%, min = —19.0%, max = —3.5%, n = 20). For PANDA
microextraction, the mean matrix effect was —8.5%, with a
median value of =7.5% and a range of =34.7=20.0%, »n = 20.

Utilizing the matrix effect to correct for the extraction
efficacies of the 20 matching pairs (analyte—the IS of the
analyte), one may observe that the differences between the
extraction efficacies of the TEME devices prepared with metal
and alternative support materials decreased even further than
previously described. For the Cg-coated PA6 < CFIS, the
mean difference decrcased from 4.1% {median = 2.8%, min =
02%, max = 15.9%, n = 20) to 3.5% (median = 2.7%, min =
0.7%, max = 11.0%, n = 20). With the PAI2 + CF15 support,
the difference decreased from 2.7% {median = 1.4%, min =
0.1%, max = 17.4%, 1 = 20) to 2.4% (median = 1.3%, min =
02%, max = 13.0%, n = 20). Thus, additional argument for the
preparation of TFME coatings with the PA12 + CF1S supports
is given a3 its perf e is similar to that p i with the
conventionally used metal supports.

L 4

Similarly, microextraction supports 3D printed from PAI2 +
CF13 arc ready for application of the coating without prior
ctching in hydrochloric acid and the laborious cleaning
procedure and as a result, providing cost and time savings, as
well 25 diminished environmental impact of the preparation
process.

For ¢ P son, the prep of conv i 1 TEME
devices required approximately 2 h for preparation of the
supports, 1 h for application of the coatings, and additional
time for pmtpmccmng of the coatings after spray painting, in
total over 4 h.'” In addition to the time consumed, the average
cost of a single 12-pin TFME blade prepared for this study was
40.5 $ (335 8 for the coating slurry and 7 $ for the metal

upport) and harmful reagents such as concentrated hydro-

chloric acid and DMEF were used in the process. With 3D
printed polyamide-based TFME supports, the overall prepara-
tion time was reduced by approximately 1 h 40 min (from ca. 2
h to ca. 20 min for the preparation of the supports), and the
cost was limited by 6.8 § per single TFME blade {from 7 $ to
just 0.2 §). With the presented savings, over 99% of the
remaining cost is down to the cost of the coating itsel It is
also worth mentioning that thanks to the identical shape,
chemical and thermal resistance, as well as the adhesive and
porous surface, the 3D printed supports can be chemically
functionalized with any given type of microextraction coatings,
just like the conventional metal supports

In contrast to TFME, the complete process of PANDA
microextraction took only 20 min (17 min for prototyping and
3 min for poslpcoccssing), instead of over 4 h. The entire
postprocessing method was chemical-free and comprised 2
simple single step of cutting out the remnants of the idle
printer head movements. The total cost of PANDA micro-
extraction preparation was 0.2 § {for 063 m of the filament to
create 2.04 g prototype of the 12-pin blade), over 200 times
less than 40.5 $ for a single TEME blade. However, it must be

L 2 i m' 1, (' lativel h.# prep 44 “Pu“hm
LO!(S, TEME devices are teusable. dividing the initial
investment per multiple samples extracted. Additionally, less
laboratory waste is generated than with altemative (eg,
protein precpitation or liquid—liquid extraction) sample
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preparation methods, Just like TFME, PANDA micro-
extraction can potentially also be reused multiple times as no
degradation of the device occurs during extraction or
desorption with the proposed extraction protocol. If necessary,
it can also be recycled without hazardous sobvents.' Similar to
the TFME,"*""*" PANDA microextraction can also be
operated in semi- or fully automated high-throughput mode.
Owing to the use of 96-well plates and two benchtop shakers,
in this study, up to 192 samples could be processed
simultancously, resulting in less than 2 min preparation time
per sample. It should also be stressed that FDM 3D printing,
used to prepare both PANDA microextraction and polyamide-
based TFME supports, is considered a zero-waste method due
to the complete use of substrate materials (in these cases, the
filament) and the kack of generated byproducts.

W CONCLUSIONS

The present study demonstrates the benefits associated with
the implementation of 3D printing in analytical sample
preparation. For the first time, alternatives to the costly
metal supports of TEME devices are proposed. [n addition, a
promising new PANDA m-crocxtracnon format is introduced,
These advances were ial ilizing novel carbon fiber-
reinforced polyamide biocomposites, which are both sustain-
able’™"* and biocompatible.' "

Both TFME and PANDA microextraction methods are
companble with 96-'«[[ phtes. allowing the simultancous

of ! ples. The new TEME supports

pteparrd ‘with PAIL + CF15 are equivalent to the coaven-
tionally used metal supports. However, their introduction helps
preserve the environment, financial resources, and time. In
turn, PANDA microextraction provides not only 2 reduction in
production costs (ca. 200 times) and time savings (over 12
times) but also excellent sample cleanup, good extraction
cfficacy, and reproducibility—in the case of some analytes,
these qualities were superior even to those of the established
and highly selective TEME method. PANDA microextraction,
prepared with a PA6 + CFIS biocomposite, 5 ready to use
after prototyping and only a brief postprocessing step, which is
a significant improvement over the polyurethane-based
LAYFOMM-60 first proposed for 3D printed extraction
devices, According to the recommendations of the fac-
turer, LAYFOMM-60 requires a 2—4 day preconditioning
protocol to elute water-saluble PVA before it is ready to use,
especially to minimize matrix effects when samples are
analyzed by HPLC-MS. PANDA microcxtraction only requires
cutting out the remnants of the idle p head
Therefore, the entire preparation process is free of any reagents
(particularly, cuncenlr.ned hydrud'nlonc acid and DMF) In
addition to the p fits and
PANDA microextraction can be shared as a ready-to-print file
and prepared with a portable 3D printer on-site immediately
before its use. No spedialized laboratory equipment or good
technical skills are necessary for the process. Unlike spray
painting of handmade TEME coatings, with its outcome highly
dependent on the practical and manual experience of the
personnel preparing the device (10 layers of dense coating
slurry are applied on both sides of the supports with a hand
sprayer), additional validation steps are needed to ensure
adequate repeatability of the product,

As demonstrated in this stwdy, PANDA microextraction
offers unique advantages that can be applied in sample
preparation for numerous structurally diverse small molecules:

277

doping agents, end s h
and therapeutic drugs In addition, blommpatiblllty enables
direct application in in vivo studics (e.g, saliva sampling) and
simphifics the analytical protocol, possibly allowing analysis of
the most labile analytes. Ultimately, this study introducing
brand new sample preparation method paves the road to the
future application of emerging extractive 3D printing polymers
to encourage a new direction in general analytical chemistry,
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Table S1. Monitored precursor — product ion(s) transitions.
substasce refention | precursor product ions:
time [min] | ion [miz] 1 [miz] CE V| 2 [mi7] CE [V] 3 [miz] CE [V]
fenoterol 4.1% 304.00 107.13 =31 13515 -18 286,10 -14
caneolol 4.499 293.00 23715 -16 202.15 =21 74.10 -23
oxycodone Dy 4,532 219.00 01,20 =20 24410 =) 259,20 =27
oxycodone 4.567 2610 298 .20 =19 241.20 =29 256,10 =26
hydrocodone D 4.564 303,00 199.10 11 171,15 -4 128,00 =53
hvdrocodore 4.914 300,00 199.15 -30 17110 -H) 128.15 -5%
methamphetamane Ds 3.023 1549 9210 -20 110 -20 121.20 -14
methamphelamnine S036 150.00 9110 -21 65.10 -4l 119.20 -15
MDMA Dy 5227 198,90 16510 =14 107.15 -24 135,20 =20
MDMA 3242 194,00 163 10 =13 105,10 -24 13310 =20
strvehnine 3430 33450 184.10 -7 156.20 -+ 129.15 -53
ketaming Dy $.732 242.04 12908 -28 224.10 -1% 211.10 -1%
Ketamine RNl 2379 12508 =26 220.10 -14 207.15 -14
meiopeokol 6499 267.% 116.15 -19 7415 -22 72.10 =20
Gracety keodeine 6911 342,00 22515 =27 165,15 47 197,20 =31
clenbuterol Dy 06.648 286.00 204.10 -18 268.20 -12 169.08 -30
ckenbuterol 6.681 27710 20303 -16 132.10 -8 168.15 =30
ety Iphenidate 6.765 234.00 8415 -20 5610 -6 9110 -46
volpadem Dy, 7.517 2400 23510 =16 236.20 =29 263,20 =27
Ipid 7.517 307,90 23515 =36 236.20 -28 263,20 =26
cocaine 7501 303,90 18220 -20 8210 -0 105,10 =33
cocane Dy 7503 30700 183.20 -20 7710 -85 8520 -3
LSD D TR 327.00 226.20 -25 210.20 - 208.15 =29
LSD TR 32390 223.20 -24 208.15 -28 207.10 -42
bisoprolol 8018 326.20 116.20 -19 7405 -26 72,10 =25
phencychdine Dy 8 801 249,00 9613 =32 86.15 -15 164,25 -14
phencyelidine KRR 24400 91 .03 -0 8610 -13 139.20 -14
propeanolol D1 8912 26700 18920 -18 117.20 -19 161,20 =26
properanolol 8980 260.10 116.20 =19 183.10 -18 155.20 =26
fentany | D« 9.325 342,10 18820 -24 105,10 -39 103,05 -55
fentany 1 9364 33700 188.20 =23 10515 «37 103,10 =55
buprenomline 9891 468 10 5515 -4 196,25 =10 41425 <35
buprenomphine Dy 9895 472.10 Su.1% -52 H10.20 42 415.25 -37
butamoren 10604 $29.00 267.10 =21 9118 -82 263.15 -1%
nebivolol 11,348 H06.10 15010 =31 123.10 -42 103,10 -55
alprazokam D« 11,420 34,10 210.20 -42 286,10 =27 279,25 =27
alprazolam 11,484 208,90 20513 <28 281,15 40 274,10 =26
ok 11545 259400 223.20 -2 210.20 -4 115,05 -53
stanozobol 11743 329.10 8113 46 9515 41 121.10 ~3%
methadone Ds 1 1.585 21510 268.15 -16 105.05 -18 77.18 -55
i 11,622 210,00 26515 =15 105,10 -27 7705 -55
1 1 -deoxy cortisol 11617 347,15 97 10 =30 109.05 =32 7905 =50
bold: 12,042 287.00 121.20 -22 13520 «15 7715 =535
cloraepam 12.062 316.00 270.10 -25 21405 =38 207.18 =34
clonazepam Dy 12,108 319.% 27418 -26 21815 -37 211.20 =34
agonelal 12.210 244,00 185.20 -16 170,10 -27 141.10 -47
nandrobon: 12528 275.10 109.10 «27 239.10 -18 25730 =17
methandicnone 12.691 301.20 12103 <24 149.25 <13 7700 -53
flunitrazepam 12.851 31390 26813 =27 239.10 <34 183,10 =53
Nunitrzepam Dy 12.861 32100 27513 -7 246.15 -7 245,10 =37
clomfene 15.133 406,10 10015 -25 7210 -5 $8.15 -39
Lamoxifen 15.607 372.00 7210 =24 70.10 -6 129.15 =27
Canrenone 15,153 24100 107.15 =30 18725 =21 23515 =25
canrenone Dy 15,204 34720 107.20 <31 18920 24 91.10 -S4
THC-COOH D 19.956 348.00 33020 -17 30225 -20 19%.25 -27
THC-COOH 19.9%2 345.00 327.10 -16 209.25 =21 193.30 -26
THC Ds 24,938 21780 195.05 =19 23545 =10 RS05 -35
THC 24.968 31500 193,10 -22 123,10 -32 259.15 -19
Substances arcanged by retention order. CE = collision energy .
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Iysorph sod deedp banads (LSDY ACN sokdion 1 gL COM (pranty sandnd) LGC
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TR e MOH sobekon 1217 CEM (priwary sandndy LGC
iy e sy MOH ke 1217 CRM (priwany ganded) e
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rnde ke ACN sohdwon 121" COM provany sandond) (K0S
nctnolsl MOM soktion rees pomder | gl HISC = A% Syra-Aknck
asvcedene MaOH ok 1217 CRM (priwary sundond) 160
e heding MO sokaion 121 CRM (prwnary Sandondy LGC
et ON soktion 1217 M (peiwary Sandond) 1GC
waromkl ACN wohenos 1 21" CM (prwrany eantnd) LG
wrycheex MaON sokeion freeponcer | gL NI = Serma-Akinck
lazwoafas MaON sokeson Deenponcer | gL ard el atadand (0 N Sema-Aknck
(A s drpcnnabined {THC) MO sokaion 11 CRM (pramary canted) 1GC
Zokwion MeOH sokthon 2" CHM (pronmry Sandody LGC
deovtamniciios weorml tandiriy
1) Aanciiy kredey sotenpictaeanc Dy (MOMA Dy MO scbmeen 100 iz 11 COM {prommry sandand) Cordlart
i - A7 ety dncnmeo U (THC-CO0H 1) MO s 1) oag L CRM (peiwary Santndy Cordlns
ek Dy MO e 0 g L CEM (prwwan) sandad) Condbiny
begrerenphion Oy MeOH sodwrwen g LY CRM (prirary sundondy Codun
camoene Dy MOB sohaticn fom powder 003 mg | BT 1GC
ckrbescred D, MU sckaen 100 g L COM (poazary danknd) Cordbint
coesrspan ), MO schuen 100 e L7 CIM (prizary dandnd) Cordbunt
cocang Dy ACN wktion 100 g L' COM (prany wandaad) Cordlint
Towaty 1 0 WKCE] schmcrens (00 1o LT M (priwuty andody Cerdint
[T MeCH sotaen 100 o L CHM (prumty Sankad) LGC
Inydecadasc Uy MO sobaen 00 e LY CEM (pranty sanknd) Condbint
Laaenre . MO sckwens 1) e L CHM (prinmry Sandond) LGC
hsergse bl dhetby bowde LS00 D) ACK wolsthon 100 rag 171 CRM | priwary eandand) Corduny
o thngietapane [y MO sodwan o0 g L' CRM (e gandndy Coedbn
ot 1 MOH sobwse o0 e L CHM gty Sundndy Cendunt
ancedone ) MO schween 100 s 1 CHAM (pevrury sandond) Cordlart
pheacy: biac Dy MeOH scbaen 1000z 11 CHM (pramnry standond) Cordlent
poponeiol SEOH * 4% EM HO sokdion 100 oy L COM prarary danded) Condtiel
WK aendino! 0 (THC D) MeOH wdwen o mg 11 CEM (peimary sxndond Cordlun
ol Dy MO sobewn o 1 CRM (pewrary sundond Condrt

Substances arranged by retention order. MeOH = methanol. ACN = acctoaitrile: CRM = cerfied reference matenial.
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Table S3. Extraction efficacies [%6] of evaluated microextraction devices, and their elements.

TEME hisdes with Coy crarting TPME bdes with no contang. TPME bades with PAN-omly coating
support PAGHCFIS
PAGCFIS | PAIZICFIS mesal (PANDA PAI2ICFIS nenl PASICFIS | PAIZICFIS et
Dicsocsathoa)
fesedcrol 1D0Em 13420y 9.2¢8.3) 26(18) 79T | 026 138458) | 060 | 0383
ol FEEFEE SERTERT) 2020 In a7 N | 0S5dse . [CFYEEN) Q64T | D4R
anscodone s80.0 B[208) 207078 2128 WOCI29) Y | 04355 120035 | 063 | odnn
Iredopcndore AEU RS Ry 474005 AN (R TN [ TR RN TR N ). T4 QRS ohHILY
ety mp bt NRENRY) 259 20055 4700 ansN LTSI TN an(zze D4R
MOMA 30029 HETR) 29.1(45) [EETE) IXTERTRN INRIEEEIE 3200 Q832 | 06867
stnvchamng RUETANT] S66Q15) ST403 % W <100 ERNIEEY] TR < 10D 23417 %
betamine “ren 300 ERENTET) EETERT) Qv | 066 41008 I3 | 0688
mesopeolol JCITEET) WS ENTTR) EXNEAT) 06132 | 05(S5me 1TEY Q62 | o420
et kodooe T4 Sl 61T SRS T, | 0731 2R Q7R3 | OK(12K
clerbuend 45300 ETEET) %247 212008) 10049 | 0925 106 (8.4} 1027 | ooiie
et phearale [CERE) WS A8 9026 asrk s | 0sane 24496) 0S5IR9E | 05125
ipdon AR2a 183 SLcGm Wi ~1oD Lzens G260 < 10D LA
coxine 3543.6) ITETEE T8 (40) 5203.4) aseTt | 0ac24 pETTER AR(IE3) | DS RS
LsD 000 AQ0 5124 21623 09128 % | 10¢7 R S015.5) Qo | LIt
bsogprobol 6L902) o2 63130 AR asQn" L) el RUTHUR 0TaLe [N p-Shg
phencyelidne SRELK) KA 622029 174028) anEet | 105 92059 LLagme | aTig e
prpamid 6244007 GRS M2Gn nean IRAM 28501 b2 LTLIY 25005% RRIYRR )
fomtare | nwan T o) ey 2703 20002 29421 14.3455) 22106) EETS N
bapeeronphine 62105 SE3(16) 64307y ME2% h3i(4E) ERN] KR5] 139(79) 63230 S260)
Batamoren “oen sien 202 M64028) 12089 2549 15.4480) <100 L1002y
mbivokd T3NS T (L0) T 609 (43) 131¢56) 27008 433452 103 (186) 254452)
sprecoken 8300 892 8) 554135 10958 < 10D <100 412n <100 IR
w0k IURTAN) WK A T <100 10D 170020) <100 CETIERTR
stanguolol 00(26) [EITE) HEYER) 8706 114186 | 1804108 | 3860193 | 860132 15.2489)
methudone EEA RARTY 23005 MmN 9005 19¢184)* A4 2) 1578 0) AN S59014%)
11-deosyconeal TN M TRIQT) WAy WO <100 nne 10649 %) <100 <1LOD
tokdescn: 0700 TR RS TH AT sy [E TR <100 129401 165 <100
clomsemim RCAESAN] 4500 A2 MAm L(160) LETS o N L TEE] LIz CETICATR
P 728423 0.34206) 6710209 23016) 15050 06408)* 19.346.1) EENTEET) 06155
teasdslone $3847.0) TRO¢2) 002N EECITEY <10D 0o* IS8T 00 0.0%
metandenone 50416 GE3415) RS EUE T ETRTIE ] Lesn “<10D 12.7483) ~10D D385
[ 0410 LT S1.5035) 118025 <10D <10D 4616.4) 10D <10D
clomifeng R4 155005 PTRTY M50 CXTIER] RO6T) 16047 3) 55113, TRy
o 2500019 FEETEE) 218020) 200039) 530118 $3(73) 125470} ann EEYTEN
cHoRnone 100.0(18) SBI25) 9.5 (19 T3 20¢109) ¢ 00 16.9{44) 27(1006) ¢ 10D
THC-COOH SEROLT) SL6409) o2 18100 IRAT) FEYTEE SK(LS) 190027+ 3500
T naan 122472 K754 RYED s A2 18006 LUTLS 24105
Conesponding relative standard deveation values (%) gmen n pmlhwcs. substances arcanged by retention order, « = 4. *indicates results
below the established LOQ (5 pg L™ for canrenone, dol; 1 pg L™ for all olher substances).



Table S4. Comparison of the presented method with previously published limits of quantification [in pg L] for Thin-Film

Microextraction
Reves-Gar-
a?'f;}.:; Vasiljevic ¢t al, Goryriski et al.. osctal,
tefoucace this sidy | Chim. Acta | Rapid Commun. Mass Spec- | J. Pharm. Biomed Anol. | CHroma-
2004, 899, | fram. 2019, 33 14231433, 2016, 127, 147-155. ey
6981 s 1379,
40-49.
it oral fMluid urine urine Plasma unine plasns plasma
G-acerybocodeine 1 5 - . - . N
anastrozoke 1 5 - . - . "
bisoprolol 1 5 - - - - 0.5
buprenorphine 1 A - - - - -
canrenone 5 5 - . . . -
clenbuterol 1 13 - - - - 03
cocaine | 5 - . - . -
fevoterol 1 1 - . 0.23 039 .
fentamy | 1 5 03 1 - - N
hvdrocodons | . 25 25 - - .
melhadone 1 - 25 10 - - .
methamphetamine 1 5 - - - - s
meloprolol 1 5 - . . . 025
nandrolone s 10 - - - - -
oxycodone 1 5 25 25 - . -
propranclol 1 5 - - - . 1
stanozolol s 10 - - - - 0.s
sinvchnane 1 10 - . - . 1
THC 1 5 - . . . .
Substances armanged in alphabetical order.
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Table S5, Matrix effects |%] determined for evaluated microextraction devices, and their elements.

TEME Wt with Cos coudig. TEME bodes wich oo Geing TINE Wodes with PAN wah costeg;
et PALACYILS
o raorCrs FALZHLIS actal (FANDA PALMCHDY wesd FAsCHIY PFALZCHIY ot
Menodmdiea)

exyandons BRI Y] e LIV A2 [ULCTE R S M AR TEE ) 125004 niw
hrdmoadone AR I Saen 2w LRI [LCITED) IR [ERITET) Brian
rathrgde anee AT ATy FLTEEN EUTENT &aq1 ) wingy [RYEEN 18004 AT
NDMA A5G IR ELTLEN TS Hidn BTN Nian 154059 LER TR
[ 2415 ETRI N ETYEAT) T noRn Kei27) ErTy sran
cheabanrel BRI BT s M EARCL) FERRTES EIETLNH LLT R avin
2okadom ETETEI) REETTEY) AN TART) FETEI) I e CRITE o
oacai EEETEI) SAT6 19 RECITE eI L3025 naaR 1A% S0 IIEED
LSO RUETI B ATERS RIETAE LEREM 1300 LX) RN SIH® GR(LSY
phescs chline 30H ATEUT RS TR - TiL& SN RUTTET] ERITET) NG nan
peopeaniel EIITIEET) ETETEIT) RERTTE) SATOM 7482 EEETTED) [ S048% 10
[ EETE] EEITEN NIRRT PR 1504 e EXTER) 1EE% EEITE
Pepeswinie BRI R RETErTY RN HeQn NIy RATEE ) 138059 Hogm
Apauobn TEUR “an =250y Moy Ty niBsy NS5 16675 %) BATam
bk EENE] 15087 AT ETEFTY 19425 CXITEN 182 EEYTEY ETTEr
kg ERITRN AE0 XA 03} D210 19465 RNRERT) RETE 16008 UEFFE
Mamaceapon 4124 REETLES] S0 4500 ATl niow Higsn 156m 40
cancrone nsen A8 -3 20y B TN TR nen 12701 % A8AN
THCCOCH DR TIAT] 505 ahMY TN Biae »ouw LLET U [RATER Y niny
THC “12 S A0 4TQm 62134 209 nian num 154065 RLTER

Conesponding relative standard deviation values [%o] given m parcaiboses, substances arranged by relcation osder, » = 4.
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Innovative, simple, and green: A sample preparation method based on 3D

printed polymers
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ARTICLE INFO ABSTRACT

Haedling Bfitce: Maria Dolonss Liyue de

The present study evaluates the capability of Bfices 3D peisted th lastic pody as nowvel
Casro phases for the extraction of forty-three physicochemically diverse amlymﬁwnmﬁtdhmnotd ﬂmd
ples. Profolype extraclion devices were prepaned in 96-well plate-comgatible format using fused deponition
Keyworde modellog 30 prinser. The sample preparaticn was perfarmed with S-step protocol utilizing 96-well plates and
&T::amhmd semiautomated benchtop shaker. All resulting extracts were analyzed via high-performance liquid chromatog-
Tused deposttion mot:ilu raphy (operated im reversed-phase gradicnt clution mdﬁ:) and tandem mass spectrametry (with dectrospray
Sample poeparation hmmtmaﬂmplequadmpokm T ioeally ble results were ohserved for theoe
Ocel Buid types: p de 6 (rednd hﬂhls%cubonﬂbef) M\'Fohmw[polyumhnnewkhmmmhbde
Saliva pdy\mi alcohol), 20d S-FLEX S0A (1 pol hame). Furthy this stedy also introduces an
Polynmide od and repeatable 3D printi echod for the lml fabri of hnsh lhnmahpul. and highly ad«ﬂw
Polyurethane sample preparation devices, man d which are m&/-loun vithout amy ¥ g o jeal
HPLCMENS functionalization, As such, the propased printing method a significant step ds the introduction of
movel polymeric stativoary phases for analytical ssmple preparaton, thus providing lal v pervoanel with a
enethod that & safer and wsore while eininizi gt | imp
1. Introduction produced by the bustion of fossil fuels [7). The implementation of

Over one hundred years have passed since Leo Hendrik Baekeland
was granted a patent for the first synthetic polymer, Bakelite, in 1909
[1]. Following this breakthrough, polymers rapidly began to impact all
mduwydayﬂfe&lswueapemllymmthem
% istry. As a result, laboratories now have a
myo(, ymeric prod to choose, from common ex-

o]
PP

ABS as stationary phase for headspace thinfilm microextraction
(HS-TFME) was possible thanks to its mechanical and chemical resis-
tance, as well as its poeasity and the presence of nitrile (-CN) functional
groups oa ils surface [8]. Carbon fiber has also been proposed as an
environmentally fisendly sorbent that complies with the principles of
gmenaulyudchmnry[‘) 12]). In prior studies, organic cotton fiber
was th d into carbon fiber for the determination uf

dables and i parts, all the way to the latest stationary
pbusunu:lfwnmplepmmnun [2-6).

The tremendous significance of polymen in modern analytical
d!aulstrylsnoccluﬂymmmlymﬂle dance of new studi

hlorophenol: inL unne[n]amd £l. in

water samples [12] via disy solid-phase extraction (DSPE). Else-
where, poly-g-caprolactone (PCL) nanofibers have been proposed for the
ex ion of parabens from problematic matrices, particularly those

18 these compounds, but also in the unparalleled creativity and
dvmwdmmmhmofmmwmklnmumﬂﬂhnw
itrile butadiene styrene (ABS) nanofibers as new sor-
benlslwtbedewmludonolpobmlicmmﬁchydxwmwm)

that are rich in proteins. Indeed, findings have shown that the use of PCL
nancfibers in online solid-phase extraction (SPE) peotoccls can enable
the selective extraction of analytes (i.e., without coextraction of mac-
romolecubes) [13), Other studbes have d d polystyrene’s

Abbreviationess PANDA Microextraction, Poly Amide Noa-coated Device for Adsorption-based Microextraction; FOM, fused depositicn modding; TEME, thin-film
microextraction; SPME, solid.phise microextraction; PAG -+ CF15, Polyantide 6 redgforcad with 25 9 carbon fiber,
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D Fododaky et ol

considerable potential as a thin-film mic ticn (TFME) b
for the extraction of methadone from wrine [14], as a solid-phase
microextraction (SPME) sorbent for the separation of pesticides from
honey[l%],andm > tion by packed sorbent (MEPS) for the
of ial bolites in blood serum [16]. However, in
addldon !o its a.(dlem adsorptive properties, polystyrene offers good
This f hled its use in the knitting of
imprinted acrylate microspheres and the production of o selective SPME
sorbent, which both outperformed commercial fibers for the extraction

of parabens from water samples [17].

Currently, much research attention is being devoted m the imple-

Tafonsse 257 (2023) 124280

3D printing logy offers an unprecedented opportunity for proto-
type customization, including format, shape, and sze modifications.
Without a doubt, the unrestricted freedom to adjust surface texture is an
essential advantage of 3D printing. For example, Bagheri et al. found
that the use of 3D structures enabled an 8-10 fold improvensent in the
extraction vield of chlorob d to the ponding 20
structures [50). Given that rep i h the mechanical
strength of polymers [20,31,52], it is cnoml 1o highlight the fact that
the FDM 3D printing process involves heating the polymers to their
medting point before resolidifying them to form a predesigned proto

lype Moreover, dmebeneﬂumalmmmmedbymﬂcandy

mentation of polyamides (nylons) in lytical p These pmr ) dmnndhmhlymd\mdﬁlmdulm
pdymatcmda«lpummladym thanks to a bi R o all the p & d in this [7.8,11-17,
uooof‘ bl such as: 1 mothanlealmddnmbml 21-"7]aremwmmmmlal]y dlable as 3D printing fil that are
green ch patible synthesis from | 1) -nbl:wnhthemon lar FDM ‘*‘?‘ the
bbmm[lﬁl:ndamytingm-mummlydoaml qui of available ck i n- | g, owing 1o the
harmful reagents [19], but that also reinf the hanical and dh ....o(newpolynms.ndnmhlmdaofrxkumomfhe
chemical durability of the resaltant polym [20]. Huwcver. poly- majority of these emerging polymers have yet to be introduced to
amides’ ability to provide the sedecth prion of targ lytes is analytical chemistry, espedallyasnmandomy phases that could be
d)emnfmmmwnns pts to i T them into sampl perfectly fit for ple p thod hnscdonsobdenmm
Benedé et al. proposed the use of polyamide phmslnthehghldlhn it ity, we elected to pursue

SRL

wiolirati

mxcd papu for the extraction of six penbdllin-dedmd

olt}nhinnovad\cmmepmmtnudywmpomn

from saliva [21], while other hers have also empd lyamid.
Gsamkxthemmmdwnfmuhvaanduﬂne(
Polyamkles ndvamm havebcen further demoastrated in ae\ual
suc preparaty applmnbommdudmslhe
extraction of phenol andt' phenols [23), bisphenol A (24), and

gens [25]. R ly, polyamide 6 has also d as a novel sta-
tonary phase for food analysis, with researchers having examined its
use for the extraction of resveratrol from wines [26) and ochratoxin A
from beer [27].

From the above summary, llnapparen(lhalabmndarrayo‘ap—
bications have been propoesed for a vast selection of p Hc
themlhnghmlukswklhnlcvmpmbmnvdynndduu:ﬂy
compares these adsorptive polymers, especially when applied as sta-
ﬁmmpbmﬁrmemdnnﬂlmlamFﬁmlnudy

of the peoperties of fifteen 3D printing
ﬁlamenu featuring cdeven unique chemical compasitions by applying
them to extract forty-three model compounds from fortified oral fluid
sumples.

2. Materials and methods
2.1. Preparation of the 3D printed extraction devices

All 3D printed extraction devices were prepared in the form of 12-pin
blades, smilar to thoss used in TFME [33], !hntwu'ecumpwbkm!h
commercial 96-well plates. The p ype were prepared in
Blender 2.82 3D creation suite (Pmc Software Foundation, Inc.) and
saved asst] files, While the devices were similar to the

addresses this research gap by providing exp | dista relating to

the extraction efficacy, extraction repeatability, and degree of amplf

ial metal TFME blades available from PAS Technology
DmuchhndGmbH some minor modifications were made, such as

clean-up achieved using various adsorptive pol for ple prep-

dening the entire prototype by 0.8 mm (relative to the y axis) and

mdmﬁcpmmdmlum ppocted by a theoretical d )
detailing the molecul i of small molecule adsorption o
enable the informed selection of polymers for future analytical appli-
cations. The primary benefit of this study is that it establishes the
background essential to enabling the implementation of adsorptive
polymers into specialized analytical procedures. For example, in a
mml bmduhmush study [zl.weappbed 3D printing unnanfuaed
g (FDM) technique to fabri a bi patible
polymulcumplemwhadmfmmpolyamdc6rdnlw«:dmth
15% carbon fiber, The device - known as “PANDA chroextracbon
{PolyAmide Noa-coated Device for Adsorption-based Micr
~was the first fully 3D printed device to be prepared from a chemically
unmodified and non-proprietary polymtha!hadpmwmlyodybem
used as a sorbent in non-3D-printed sample prep
ally with excellent results. Prior studi h 'JD,""‘,wns
employed for the of small molecules b lusively used the
poreus LAYFOMM-60 (OC Products, Germany ) which has been shown to
be an effective stationary phase for the jon of the anti-<Babeti
drug, ghimepiride [6], various anxiolytic drugs (23], and steroids [29],
Thus, the development of PANDA Microextraction has opened up the
tremendously rich selection of readily available polymers for use as

thendelwgth(lhtcknus)dueh pin from 0.625 mm to 2
mm. &uudming the prototypes minimized the ton of the
polymets after 3D printing and ensured compatibility with the format of
96-well plates, while increasing the side length of the pins provided
additional extractive area, thus improving extraction efficacy.

Next, the prepared 3D model was sliced into ten 0.2 men layers using
PrusaSlicer (Prusa Research, Czech Republic). At this stage, a selection
of distinctive 3D printing parameters (¢.g., heat bed temperature and
extruder ) were integrated into the printer-compatible.
goode files, which were prepared individually for each polymer type,
Finally, the 3D models were prototyped using a Prusa |3 MK3§ 3D
printer (Prusa R h, Czech Republic). A detailed list of the 8
parameters is available in Table S1 in the Supporting Information,
Depending oa the polymer type, the printer was fitted with either a brass
or ruby nozzle (both from BROZZL, Brozzl GmbH, Austria) for a 0.4 mm
E3D V6 hotend and double-sided wxmmd polyetherimide (PE)) powder-
coated spring steed sheet (Prusa R h, Czech Republic), or a h
double-sided PEI-coated spring steel sheet (Prusa Research, Crech
Republic).

Given the diversity of the evaluated polymers and the accompanying
dlﬂacmlnSDpﬂnﬂngpmmathmtbcbmdnmof

novel stationary phases - all thanks to the increasingly popular 3D

The importance of this achievement should not be overshadowed by

thenumcmmmpksdpdymlhlhﬂmb«ampkmdasmﬂ-
h or the of M| il

)4

Goaary § poly-
dimethylsiloxane (PDMS)bued microextraction devkes. as the use of

It (190-267 (), we anticipated that the prepared
pruotypes could contract to varying degrees. To address this issue, each
of the 3D pented extraction devices was measured after cooling down,
and the contraction coefficient was determined based on the relative
ertor caleulated using the actual and anticipated dimensions. For the
majority of the polymers, the contraction coefficient was within the
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prevstablished £1% limit, with the lowest contraction being observed
for the polyamides and the high jon being chserved for
polypropylene (PP) and high impact polystyrene (HIPS), Consequently,
memv\wdmodek&wthmpdymrnnmpmvdbymhns the

Tafonsse 257 (2023) 124280

chromatographic separation on an Agilent InfinityLab Poroshell 120
BC-C18 analytical column (3 x 100 mm, 2.7 ym) with a guard column
(3 % 5 mm, 2.7 um; both columns from Agilent, USA), LC-MS-grade
acetonitrile and water (LiChrosolvx, Merck Group, Poland), both con-

original models during slicing. The updated p ypes were y
within =1% of the size-range limit,

2.2, Preparation of the samples

The target analytes selected for this study consisted of 43 small
molecules containing a broad range of physicochemical properties,
unique chemical structures, mobeculsr masses between 135,10 Da and
528.24 Da, and logP values between ~2.1 and 7.1 [34). All reference
standards, as well as 20 d labelled i 1 standards, were
purchased as ready-to-use stock solutions from LGC Standards (LGC,
Poland) and Mesck (Merck Group, Poland), or were prepared by dis-
solving pure analytical standards in LC-MS-grade methanol (CHRO-
MASOLV™, Honeywell International Inc., USA). Detailed information
about the reference standards used in the work is available in Tuble $2 of
the Supporting Information,

Two volunteers (one 25-year-ald female and one 28-year-old male),
who were naive to the analyzed drugs were recruited as sample donors,
Hm,crallluldwucouecledﬁomwhwﬂdmimolsmpoly
propylene test tubes (s such method was previ ined not to
bhslbeuuinedmnhsl"’»]).uddmpooledmtbemhnam-
form matrix. Collecti was in d with the
apphcablugdabons?ooledwal&ndvmthensp:hdmlhm
standards to obtain a comcentration of 50 ng/ml. Finally, the
drug-spiked matrix was condiboned for 60 min at room temp

% 0.1% formic acd (Optima™, Thermo Fisher Scientific Inc.,
USA), were used as mobile phases. Separations wese performed at
25.0 °C with a total flow rate of 300 pl/min and a volume of 0.7 pl, for a
il run Gme of 35 min per sample, More details on HPLC-MS/MS
retention times and procursor - product-lon transitions can be found
in Table S5 in the Suppocting Information.

2.5. Method walidation

The HPLC-MS/MS method used in this study was previously devel-
opudbyourwhsmup{mtheqmdﬁamdvaﬂouapmlubmd

ved ,‘ (oral ﬂmd, plasma, and urine)

ptepandvmhtllm'ﬁlm 7
modginalanulylkd | was sfy bjected to full
Lidaty d wnlnbelatstgmd&nudtheﬂu

ropeanMedicinaAgemy[EMA) [37] and the Food and Drug Admin-
istration (FDA) [38). Drug-free blomatrices were purchased from Lee
Biosoluions™ Inc, USA, and collected from drug-naive volunteer in
accordance with the applicable regulations. All samples (excluding zero
and blank samples) were prepared by spiking the drug-free matrices
with a mixture of reference standards, to achieve predefined concen-
trathons. The matrices were either pooled from multiple donors, or ob-
tained from a single donor - depending on the specific criteria for each
vahdamnexpmml. In particular, the investigated parameters of the

included: selectivity (signal for blank des);

using o semi-automated benchtop shaker to age drag-p
binding. The pH value of the samples was not adjusted.

2.3, Extraction protocol

E were perf d in drupli in 2 mL 96-well

DeepWell™ plates (Nunc“‘ Thermo F\ahu Scientific Inc., USA) using
a semi-astomated benchtop SH10 Heater-Shaker (lngmm:him CAT,

li ¥ (m?mmhhlbmcmmdmsd:fﬁsulm
with 4-5 replications per cach point); sensitivity; accuracy and precision
(ata (iffcf:ﬂcommwl levels, both intra and extra-day); recovery
of the 3 i |l carry-over ( d after
injecting the highest concentration sample); matrix effect {assessed with
blank samples from 6 unique individuals and water, with all samples
spiked after the extraction at two ¢ thon leveds); sample stability
before the extraction (stored at room temperature (20 “C) for 24-48 h,

M. Zipperer GmbH, Germany) in an airconditioned | y main-
wned nl 20,0 “C. The five-step extraction protocol included: pre-

di g with hanal /water (50/50, v/v; 1.5 mL, 60 min, 850
pm asimnon). rinse with water (1.5 ml, 5 5, no agitation); extraction
from oral fluid samples (1 ml, 25 h, 850 rpm agitation); rinse with
water (1.5 ml, § 5, no agi ); and desorption to methanol/water/

frig d a1 4 °C for 5-7 days, and after 3 freeze/thaw (- 20°C/20°C)
cycles); and stability of the extracts a1t HPLC sutosampler temperature
(4 °C) ~ all stability experi wem,’ d at 2 different con-
centrations. All samples were analyzed in randomized order, and at least
2 precursor — product umdom were used p« each analym for tandem
mass Addlit the was

formic ackd (8019.9/0.1, v/v/v) spiked with 20 isotope-labelled in-
ternal standards at 8 ng/mL (1 mL, 2 h, 850 rpm agitation). LC-MS grade
formic acid {Optima'™, Thermo Fisher Scentific Inc., USA), methanol
{CHROMASOLV™, Honeywell International Inc., USA), and water
{LiChrasolvk, Merck Group, Poland) were used in all of the above steps.

Methanol /water/formic acld (80/19.9/0.1, v/v/v) was chosen as
elution medium for all analytes and polymers. This decision was based
on previous studies, where it proved to be both effective [2], and
arguably the most versatile out of all compared desorption solvents [36],
However, in such conditbions, those malytes that have a strong inter-
sction with the polymers would not be sufficiently desorbed and could

be p at low in the el
2.4, Instrumental analysis

The obtained lyzed with a Shimadzu LCMS-8060
triple quadrupole consksting ola high-performance Bquid chromato-
graph coupled with an ek pray ion source and tandem mass spec

trometer (Shimadzu Corporation, Shim-Pol AM. Borzymowski, Poland),
The samples extracted with each polymer type were tested in quadra-
plien:ﬁnsmannlyﬁulmnhodlnsedonmcﬁnﬁpmouly

ployed for the separati ohhesameotmmllarioluta[ﬂ,i’i f)l.

Jled bya syuun suitability test (SST) uuug analytes other than the
drugs under study, and the retention times were monitared for any
shifts. The presented study used the same instrumental method as the
pfﬂmuly vnlndnurl ymloml and the anly difference was the use of an

ive hod (TFME was replaced with
3D-printed exlracnoo dev»ces). Therefore, only a partial validation was

pﬂﬁmdﬁrthnmldy(aspﬂ of the validation guide-
lines [37,36]). Partial validaty Tuded of the precision
mdmmyd&cmhpnwaﬂwmmmmwedmu,
a reference ad: {pal 6 reinforced with 15% car

bmﬁber)u]wnuudmexm&imodelcomoundsﬁm&em
fied oral fluid sample (in 50 ng/ml, concentration). In addition, some of
the key HPLC-MS/MS system parameters were verified for the 43
reference umdudnusedln this stady. ln\uuwcd}ll’l.CMSIMSp&
included 1 y of the signal-to P in-
mmlhnawuﬂongrmge(lﬁtg/nl.mﬂuqms-pmnl
calibration curves), and repeatability of the attained results (within 20
measurements of a 50 ng/mL concentration).

3. Results and discussion

ln this study, we evalusted fifteen unique 3D printed sample prep-

In beief, the protocol ¢ d of d-phase gradi

devices, and as such this stedy comprises the most
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comprehensive analysis to date in this innovative field of analytical
science. A full list of the polymers used in this work is presented in
Tuble 1.

The selected 30 printing filaments included several replicates of the
most abundant polymer types obtained from different manufacturers,
including ABS, polyethylene reeephthalate glyool-modified (PET-G), ad
polylactic acid (PLA). The inclusion of multiple specimens of the same
polymer allowed us to cross-check the attained results and evaluate how
the unique procedures and additives used during flament production
impacts the device's eventual adsorptive properties towards small
molecisles,

The prototype devices were prepared In a format compatible with
commercinl 96-well plates (see 72 1) to ennble high-throaghput sample
prepatation (below 2 min extraction time per sample in this study), with
sampling being followed by highly selective instrumental analysis via
high-performunce Lquid chromstography coupled with tundem mass
spectrometry {HPLC-MS/MS).

3.1. Initial assessmerst of the polymers

Due to incomplete and often inconclusive information about the
chemical resistance of the evalunted polymers to typical HPLC solvents,
an initial assessenent was conducted to verify their compatibility with
certain chemicals, including the methanal -based (80%) desorption sol
vent cantaining 0L1% farmic acd. Nooe of the tested polymers showed
any visible sign of degradation after being immersed in this solution for
2h at ambient temperatures (ca. 2.0 C) and 850 rpm agitation. These
conditions were employed 1o mimsc the desarption step of the extraction
peatocal.

3.2, Quuodity of results atrained with HPLC MS/MS systern and partial
validation of the saaple propararion method

Hepeatability of the HPLC-MS/MS system was monitored by 20
measurements of the refereace sample containing a mixture of all the
evaluatex] analytes (each in 50 ag/ml concentration). The resndts ob-
taived were repoatable with calculated redative standard deviation
(RSD) values within 3,8-19.3% range (mean = 7.1%, median « 6.1%, n

43). The caly ontlier with BSD above 15% was morphine (19.3%). The
signal-to-concentration response increase of the Instrument was assessed

Table 1
List of evaluated 3D printing polymers.

. Filamess Polymes Type Maméactore

1 ARS wrabnitzibe tatintion Filazbogy, Filerial
Ly reee

2 ANS RO serybmitrie bestadiens N/A
dyreen

’ UFS potystyrenie {high imgey) N/A

4 LATFOMM. polyurethane - paiyving MOROLAY, LAY -

oo slerdnl FILAMENTS'™, CCMrocerts

5 FAS 4 CP1S polymaside &« cmboo fbey Spetrure [ndesirial
(1) Spectyum Geosg

o PALZ polynmide 12 carbom fiber Mberbogy, Pibwrial

s {15%)

T PCPRT pelyrarhonate Polyraker™ Indstrial
polytnzylone tvwptsadae

. PETO polyvehylone serepdilialooe Fbezboyy, Fberial
ghycol modified

U] mra polyredylere sorophithalas Pruza Ressorrh
ghyool rmdifie)

10 FLA pobytaco: acd Flament PM

Il FLAEASY polyioess ackd IWheciogy, Nhwerlals

12 LA 'EARL polylmrs ackd N/A

1 FMMA podyethyl methaery e FI0 Rlamern

"m w pelspropriens Tenkdore

15 SER o polyurethase Spevirur Mamenits,
{thersugdadic) Spextrues Cevap

Palymers sre listed la alphubetical ceder, NJA ~ no detuls avatlable.

Talonse 257 (20Z0) 124080

a

-
=

Fig. 1. Presogype 30 gmoied polymenc extmetion devices in n 96-ywell-plate-
compatibde forma

in the 1-75 ng/mb ringe. As a resuly, the linear working range was
ascertainod within the boundaries cormespoading to extraction efficacies
af 2-150%. All results below | ng/ml were reported in this stady as
results below the limat of quantification (LOQ). The resulting 8-point
callbwation corves, ealenbated with 1/a° welghting, delivered high co
efficient of determination values in the R¥ « 0L9814-1.0000 range
(mean = 0.9982, median = 0.9994, n = 43). All the calculated regres-
slon cueve exquations delivered pasitive slope values, what indicared that
in each cnse there was a positive linear relationship between the increase
of signal and the increase of ialyte cooontration. Discussed results are
available in Talie 54 in the Supporting Information,

Partial validotion of sample preparation method included testing
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method's precision and accuracy. In terms of precision, the eval d
method resulted in RSD values in 1.2 Q.Mn‘nge(msm 4.3%, me-
dian = 4.3%, n = 33} No results were above the 15% threshold,
Therefore, the evaluated method was p to be precise. In terms of
accuracy, the recarded RSD values were in 1.5-31.0% range (mean «
9.4%, median = 7.3%, n = 33). Several RSD values were above the 15%
threshold, for ple: buprenoephine (15.5%), tamoxifen (20.29%),

prolol (21,2%), nandrolon (23.5%), hydrocodone (26.4%), and A”-
tetrahydrocannabinol (THC; 31.0%). These results suggest matrix effect
derived from oral fluid samples, and d the ity of signal
correction, Full results of the partial validation are available in Table 85
in the Suppoeting Information.

3.3, Quuantitative resulis

The comprehensive quantitative n’dm o( lhm rlndy mdudm;

3.4. Polyaméde 6 reinforced with 15% carbon fiber

While PA6 + CF15 was the only filament type to require thermal
conditioning (80 “C fer 2h) pvnot to 3D pdnlins, this mmtmml step
served to enh its hanical by i g its surface
roughness, This increased surface mughms belped w0 decrem trans-
verse stresses between individual layers of the 3D print, thus producing a

more durable prototype [40], As noted above, the PA6 + CF15 prototype

provided the beaad age for the targeted small molecules, sae-
c:-fulkymblngﬂmcxtruhwmdqumuﬁmbmd!Oofﬁmalym
Moreover, the extracted P d kable physico-

chemical diversity (with hydmboboddu ranging from logP 0.2 10 7.1,
and molecular masses ranging from 135.10 Da to 528.24 Da {34]),
suggesting this polymer’s potential future use for a variety of unique
applications [2]. The only analytes that could not be sufficiently
extracted with this polymer were the more polar structures, namedy,

extraction efficacies and the
(Rso)valusfwallandyumdall,, types, are available in
Table 56 in the Supporting Infoemation. All RSD values m:ncalmland
from corrected signals to diminish bias of the results from

danium (logP = —2.1), nikethamide (logP — 0.3), and heroin (logP

= 1.5) [34]).
The highest extraction efficacies for the PAG + CF15 prototype were
rdexd for lal (60.4%, RSD — 8.1%, n ~ 4), nebivolol (58.2%,

Bt &

mymmdtxmhﬂmﬂummuﬂmngmwmby

RSD « 1.29, n =« 4), higenamine (50.9%, RSD « 0.9%, n « 4), ago-

datine (50.5%, RSD - 4-3!6.n 4).mdbupmmhhe(486%.ﬂso
= 3.8%, 0 - 4). The b the basic physi-

L

] properties of these molecules (e.g., ther hydrophobicities,
polar surface areas, pX.s, number of hydrogen-

stacking the mean signal ms d for the d samp the

mean signal d for the refe ) (l.e.,nnnlﬁumnmuem

50 ng/mlL concentration in desorption Ive ), The refe P cochemi
was measured in quadruplicate with each batch of samples d molecul
with the ssme polymer type. Additional of signal supp

slon/enlnncemem (s0 called matrix effect [39]) was conducted using

labelled i dards spiked into the desorption sol-
vent, Results based on 20 matching analyte - internal standard pairs are
avallable kn Table 57 In Supporting Informarion.

As shown in Fig 2, three polymer types dearly outperformed the
others in terms of number of analytes sucoessfully quantified, when used
a5 an extraction phase.

Of the analyzed polymers, polyamide 6 renforced with 15% carbon
fiber (PA6 — CF15) pravided the best performance, enabling the quan-
tification of 40 out of 43 target small molecules, while LAYFOMM 60
wits a close second with 39 of 43 small molecules, and S-FLEX S0A
{Spectrum Group, Poland) was third with 25 analytes extracted. Each of
!bmpolymsmducusdm&mlbdow.wnhspmnlanphmsm
the pi h E xhdr dsorption of small
molmulu In addition, idi lly fi ble re-
mmllbedxmam”(hmummlmmhfulm
research.

Nurmer of quantifed mahte

&«9{‘{"6"’6‘

,p

bonding donor and scceptor sites, or types of functional groups)
further highlights the universal potential of polyamide 6-based pro-
totypes for the on of small molecules. All of the aforementioned
descriptons of the analytes are available in Table S8 in the Supporting
Infarmation. Theobmwdvmndlllyof(he?%+6ﬂ$p'omrywwan
the result of | ms b and
the analyres (hyﬂmphob-c hydrogen  bonding, and dipoled:pole}
created by the polyamide 6 [11].

In addition to favorable extraction efficacies and broad analyte
coverage, the PA6 + CF15 prototype provided a very repeatable
extraction prooess with low RSD values (mean « 5.3%, median « 4.9%,
min = 0.9%, max = 32.9%, n = 40), as well as good selectivity with low
matrix effects (mean = 6.0%, median = 2.5%, min = —3.3%, max —
38.4%, n « 19). The prototype's RSD exceeded the 15% threshold only
twice {17.8% for atenolol and 32.9% for morphine), while the matrix
effects only breached the +209% limit for two analytes (+22.08 for
hydrocodaone and +38.4% for morphine).

I| 5
-'- 'III -.--

“’0"*48*4*‘" ",y

Palymer tpe

Fig. 2. Number of analytes {out of 43) quastified after

with each poly

type. Polymers are asvanged in alphabetical ceder.
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3.5. LAYFOMM-60

In contrast to the PAG6 + CF15 prototype, the LAYFOMM-60 device
required after 3D printing. This post-processing step ibed
rinsing the polyvinyl alcobol with water (following manufacturer’s in-
structions, three 24 h conditioning cyches were performed with water
exchange after each cycle), resulting in a highly p rface that

Tafonsse 257 (2023) 124280

5.5%, n = 4), and agomelatine (51.7%, RSD = 4.9%, n = 4).

The RSD values indicated that the SFLEX 90A device provided
repeatable extraction (mean = 9.4%, median = 7.6%, min = 3,1%, max
= 24.3%, n = 25), while the recorded matrix effects confirmed its
selectivity (mean <« 12.1%, median « 15.0%, min « ~18.2%, max «
35.7%, n = 20). Rare outhiers with RSD values exceeding the 15%
threshold included ck pam (15.4%), tamoxifen (19.6%), stanozolol

greatly expanded the prototype’s adsorptive area [12]. Once this process
had been completed, the LAYFOMM-60 prototype was assessed for its
extraction efficacy.

Combined with this post-processing step, the LAYFOMM-60 proto-
type provided the second best analyte coverage, quantifying 39 of 43
target analytes. As with the PA6 + CF15 prototype, the four unquanti-
fred analytes tended to be more polar, including meldonium (logP =
~2.1), nikethamide (logP ~ 0.3), atenalol (logP ~ 0.2), and salbutamol
(logP = 0.3). The LAYFOMM-60 protolype demoastrated particularly
good extraction efficacies for nebivolol (88.2%, RSD — 3.8%, n — 4),
stanozolol (82.4%, RSD « 2.7%, n « 4), buprenarphine (72.9%, RSD
10.3%, n = 4), propranolol (56.2%, RSD = 8.3%, n = 4), fentanyl
(55.9%, RSD — 7.5%, n — 4), tamaxifen (55.2%, RSD - 13.4%, n — 4),
agomelatine (54.4%, RSD « 5.0%, n « 4), and nandrolone (53.2%, RSD
= 9.29%, n = 4). For this prototype, analyte adsorption was achleved
through the hydrophobic, hydrogen bonding, dipole dipole, and x-x
type interactions provided by the polyurethane.

LAYFOMM-60 was also characterized by repeatable extraction with
Jow RSD values (mean = 9.6%, median = 8.8%, min = 2.5%, max =
29.1%, n = 39) and good selectivity with Jow matrix effects (mean =
8.8%, median = 9.5%, min = —45.8%, max = 28.0%, n =~ 20), Excep-
tons to this trend included the RSD values for hydrocodone (15,.2%),
terbutaline (15.996), THC (16.4%), morphine (16.89%), and metoprolol
{29.1%). In addition, significant signal suppression was observed for
THC (marrix effect = —456%), while signal enbancements were

rded for amphetamine (matrix effect — +21.2%), hydrocodone
{+25.8%), and morphine (-+28.6%). Some of these results, which were
generally bess favorable than those obtained with the PAG + CF15 pro-
totype, may have Ited from the i plete elution of polyvinyl acd
during the preconditioning process (Le., by allowing the device to soak
in water for 4 days with daily water changes, per manufactures
specifications).

3.6. SFLEX 90A

h, 1 .

(20.1%), and THC (24,5%). While significant signal suppression (matrix
effoct below —2096) was not observed, signal enhancement (matrix of-
fects exceeding +209) was present in the cases of heroin (422.1%),
cdenbuterol (+24,1%), and hydrocodone (+35.7%).

3.7. Other polymers

Apart from the polyamide 6 (reinforced with 15% carbon fiber) and
polyurethane-based devices discussed above, prototypes were also
fabricated using ABS, PA12 + CF15, PC-PBT, PET-G, PLA, PMMA, PP,
and HIPS. The findings indicated that each of these polymers provided
extraction efficacies that enabled the successful quantification of
selected analytes. Overall, 14 of the 15 tested polymers provided results
above the LOQs established in this study. The sole exception to this trend
was 1 of the 3 tested PLA-based devices. The two most hydrophobic

b were ssfully d by every type of polymer; spe-
cifically, the extraction efficacies for tamoxifen (JogP ~ 7.1) ranged from
3,2% 10 66,69 (n = 14), and from 2.4% to 27.5% (n = 14) for THC (logP
= 7.0). The findings further indicated that mnyoflbr tested polymers
were suitable for joa of other hydrophobé Fori
Mlhtheucepﬂondﬂudpld-m.dloflhepolmmmmuo
extract nebivolol (JogP « 3.0) with efficacies ranging from 2.2% to
72.9% (n = 13). Similarly, with the exception of PET-G (both types), PLA
(2 of 3 types), and PMMA, all of the tested polymess provided extraction
efficacies ranging from 2.2% to 72.9% (n = 10) for buprencrphine (logP
=5.0)

Notably, inconsistencies were observed among the devices made
from the same type of polymers sourced from different manufacturers,
For instance, the differences between the two types of PET-G were
marginal, with a maximal recorded difference of merely 0.8% (n - 3}
and @ relative error of 0.21. Similarly, the maximal difference in

ion efficacy b the two types of ABS was only 3.7% (n = 7),
with a relative error of caly 0.34. However, significant differences in the
number of analytes quantified after sample preparation were observed
mngtbe:l!ypudPMhsedpomtypts(u_.SanD).Thnsnnng

for .

SFLEX 90A is the ial nameofa
{TPU) with a 90A score on the Shore Hardness Scale. Unhkethe PAG —
CF15 and LAYFOMM 60 polymers, 3D printed prototypes made from S-
FLEX S0A do not require pre- or post-processing. Furthermore, S-FLEX
S0A is also relatively user friendly, as its high elasticity helps to avoid
damage 1o the prototype during agitation-aided sample preparation,
which can sometimes pose & problem with mare brittle polymers, such
a5 polymethyl methacrylate (PMMA) and polyamide 12 reinforoad with
15% carbon fiber (PA12 4 CF1S), or with certain functionalized slica
particle-based stationary phases used in conventional microextraction
devices.

Similar to LAYFOMM-60, the adsorption of small molecules to S-
FLEX 90A is mediated by the hydmphohc hydrogen bonding, dipo-

these p ple prep without accounting for the subtle
dlfkmm in their chemical constitution (and resulting adsorptive
properties) could prove problematic. For example, while the PLA-PEARL
device provided extraction efficacies of 12.4% (RSD = 2.1%) and 13.1%
(RSD ~ 3.1%) for tamoxifen and nebivalol, respectively, the plain PLA
device was unable 1o t these suly ‘es above the LOQ.

3.8, Further discussion

The main advantage of 3D printed sample preparation devices is the
enormous flexibility they provide to adjust the chemistry of the
extraction phase and shape of the device to create tailored extraction
devioes in-lab that are suited to a specific analyte or application.

Je-dipole, and z-x type i bled by the poly
[42-44]. However, the porosity of the S-FLEX 90A prototype was not

h d after 3D printing; as a result, the observed performance of
these two poly differed iderably for some analytes.

The S-FLEX 90A prototype enabled the successful determination of
25 of 43 analytes. As with the LAYFOMM-60 prototype, the - FLEX 90A
desioe was best suited for the extraction of very non-polar analytes, with
the best results being recorded for stanczolol (Jog? = 4.5), THC (logP =
7.0), and tamoxifen (logP « 7.1). In particular, the highest extraction
efficacies were observed for stanozolol (89.5%, RSD = 20.1%, n = 4),
tamoxifen (66.6%, RSD = 19.6%, n = 4), buprenorphine (65.1%, RSD =

Furth e, the p d methodalogy is rather inexpensive, as prices
olSDpnnnngﬁlmlspoobuudmlhuuudyUSOg)mwmun18
$-85 $ range. It should also be emphasized that the 1l cost and
associated workload are predominantly affected by the type of targeted
small molecule. With some analytes, relatively bastc polymers such as
ABS or S FLEX 90A were able to provide results that were comparable to
those of mare expens time< g alternatives requiring pre-
of post-processing. It is also essential to highlight the fact that, in this
study, prototyping a single sample preparation device only required
4,42 g of 3D peinting filament (1.48 m of the spool), Thus, a single spool
of filament could be sufficient to create around 170 prototypes that
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carresponds to a cost within 0.1 $-0.5 § range (per unit). The printing
process took only 26 min per device and was fully automated aftes
Joading the filament into the printer. Upon the completion of the 3D
peinting, some of the prototypes had to be stripped of the |

Tafonsse 257 (2023) 124280

sample agitation during th
ability of the process.

It should further be emphasized that the tested polymers (particu-
larly poly [45], carbon fiber [47), and polyurethanes [45]) are

Ited in the d d repeat-

strands left by idle printer head movements. This procedure took little
time (3-5 min per prototype), was undemanding, and could be per-
formed with basic pliers. H , this stef be elimi d by nsing a
maore advanced 3D peinter (with enclosed print chambers), as thess
printers offer significantly highes print resolution and leave no remnants
of the polymer oa the final device. Thus, the use of a moce advanced 3D
peinter can save preparation time and improve the repeatability of the
devices.

Without a doubt, the need to thermally precondition the PAG + CF15
filament or elute pol)'vlnyl akohol (PVA) from LAYFOMM-60 pro-

totypes is i pared to the methods used to
fabricate couvmuonal nmmcm sample preparation devices,
whwh Ly i wents, the proposed 3D

hod ik clear benefits, particularly in rela-
ncatodmsnfuyol" 1 and reduwond environmental

impact. As such, palynmde-hsnd adsorptive palymers such as PAS +
CF15 are especially appealing ials for future h. Not oaly can

entiredy biocompatible and biodegradable, largely due to the presence of
unide 2Zroups. 'I'htu un!de mxlpu are respoasible for the effective

of dsorption (i.c., via hydrogen bonding,
dipole-dipole, and x-x type interactions), and they also mimic natural
peptide boads to avold triggering immune respoases in living donors,
This b patibility is an ial fe of the tested polymers, as it
allows them to be safely implemented for the analysis of any given
blological sample, especially in in vivo studies.

The use of the proposed 3D printing technique to prepare extraction
desvioes offers some key advantages, First, it enables a nearly endless
selection of surfaces and shapes for prototypes, thus allowing the pro-
duced devices 10 meet even the most specific demands of various ap-
plications. Moreover, the costs associated with this method are
remarkably low, with the cost of single prototype ranging from 0.1 § to
0.5 §. Furthermare, prototyping with the FDM 3D printing method is
very convenient, as it significantly reduces the time and effort required
1o prepare a extraction devioe [2]. This benefit was demonstrated in the

these polymers be produced and recycled in a fully imabl

[19,19], but no ch ] waste is g d during either process.
Furthermore, the use of the FOM 3D printing method supports the
zevo-waste principle of green analytical chemistry, as it only consumes
the portion of polymser required 1o fabricate the sampling device, while

P m-dy,uixonlywd&%nﬂnmpmdmnmdyto-mepmdm
using the proposed fully Thus, these
advantages can enable the fabricallon of a large ‘sutaber of selective
sample preparation devices in a short time with relatively minimal cost
and labar, At the same time, the proposed 3D peinting method offers a

leaving the remainder for future use with no negative q (e.
8, spailage).

Ultimately, the ability to easily implement 3D printed prototypes
into existing analytical protocols - as was demonstrated in this stody -
and the unrestricted customization offered by 3D printing opens up an
entire vista of new and exciting oppartunities in modern analytical
chemistry.

feasible means of producing customized devices for more intricate ap-
plications, while sull offering excellent reproducibility due to its auto-
mation capability. In addition, no prior expertise in 3D modelling is
necessary, as the prepared printable datafile can be shared with fellow
analysts and used to prepare prototypes oa any given FDM 3D printer,
thanks to the universal file formars,

Finally, it is worth emphasizing that the demonstrated extraction

efficacies and selectivity ds the targeted small mol were
4. Conclusions achieved using basic and ¢ sally available 3D printing polymers,
without any additional chemical functionalization or extensive optim-
This study constitutes, by faz, the most compeehensive rison of lization of the extraction protocols. Therefore, while this study is a

3D printed thermoplastic polymers with adsorptive properties medl'w
memdmdmnmmmwmmlmlwdm
ly available for FDM 3D printing that are campatibl
vmhbuc:ll)pnmmmd as such, ltshmnldmmhmmnddyumldle
Mocmudomfouandydcnl ists who are | d in enhancing
their h with 3D printing techniques at a relatively minimal cost.
m,mmydm:polymnmmedintﬁswwkhadnmw
viously been triaked as extractive phases, nor had their compatibility
mthpopﬁxmdymlmﬂhod&mdnu"ﬂﬂmhmwm
been d. This work addressed this gap in
mellmnumhyapﬂylnslsﬂynubadwmmmahm
and representative group of 43 model compounds from fortified human
oral fluid in order 1o assess their extraction efficacy and selectivity for

the target analytes.

The results showed that Lhepruo(ypo fabricated from polyamide 6
(PAG 4 CF15) and two paly polymers (LAYFOMM. 60
and S-FLEX 90A) significantly outperformed the other tested prototypes.
The firm structure of polyamide 6 proved advantag as it ib
uted to the PA6 + CF15 device's 1) jon repeatability

vn]nnblegmdcmtbeurd'wpdmedpolmuhlhemmhnof

small molecules, further is d to fully explait the poten-
tial of this emerging technique in andydcd chemistry,
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Table S1. 3D printing parameters used for preparation of extraction devices.

recommended  recommended

actwal printing  actual heat bed

W filament lc::::: e t :‘: I::: ‘e tulpl:amm lemp[:ature s::ﬂrk:;:c
[°C] 1°C)
1 ABS 250-265 90-110 260 105 — 110* textured
2 ABS PRO 220-240 80 255 105 — 110 textured
3 HIPS 220240 100 220 100 —110* smoolh
4" LAYFOMM-60 220-230 <50 225 60 texturcd
5¢ PAG + CF15 235260 80-100 260 9% textured
6 PAI12 +CFIS 255270 90-110 260 90 textured
7 PC-PBT 260280 100-115 265 105 — 110* textured
8 (F':g;fb) 230-250 9 240 9% textured
9 PET-G (Prusa) 250 T0-90 230 — 240 85 —907* textured
10 PLA 200-220 60 215 60 smooth
11 PLAEASY 200-230 50-70 215 57 smooth
12 PLA PEARL 190-220 <60 215 60 smooth
13 PMMA 230-250 60-90 267 110 smooth
14 PP 210-260 90-130 190 100 = 110* smooth
15 S-FLEX 90A 200-230 50-70 220 50 textured
Polymers arranged i alphabetical order.

? Indicates temperature increase after printing the initial layer.

3D printed prototype conditioned by soaking in water for 4 days (with daily water change). to ¢lute water-soluble poly-

vinyl akohol.

¢ Filament conditioned in oven al 80 °C for 2 h before printing,

S2
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Table S3. Selected HPLC-MS/MS parameters.

substance retention time  precursor ion product jons [m/z]
[min] [m/z] 1 2 3
meldonium 1,496 147.00 SR.10 £9.15
morphine Dy 2342 292.00 152.15 153.10 181.05
morphine 2.356 286.10 152.10 201.15 165.10
salbutamol 2.632 240.00 148.10 22225 166.20
terbutaline 2,745 226.00 152.10 107.05 125.10
alenolol 2814 267.00 145.10 190.20 7415
higenamine 3819 272.00 107.05 255.20 161.10
fenoterol 4.154 304.00 107.15 135.15 286.10
nikethamide 4279 178.90 108.05 80,10 72,10
carteolol 4.490 293.00 237.15 20215 74.10
amphetamine Ds 449 14110 96.10 124.15 95.10
oxycodone D 4.521 319.00 301.20 244,10 25920
amphetamine 4,545 135.90 9110 119.15 65,10
oxycodone 4.556 316.10 298.20 241.20 256.10
hydrocodone Dz 4.895 303.00 199.10 171.15 128.00
hydrocodone 4.900 300.00 199.15 171.10 12815
methamphetamine Dy 4951 154 90 92,10 91.10 12120
methamphetamine 4.967 150.00 91,10 65,10 11920
MDMA Ds 5.156 198.90 165.10 107.15 135.20
MDMA 5173 194.00 163.10 105.10 133.10
strychnine 5355 33490 184.10 156.20 129.15
ketamine D 5674 242.00 12905 22410 21100
ketamine 5.702 237.90 125.05 220.10 207.15
mctoprolol 6.487 267.90 116.15 74.15 72.10
clenbuterol Dy 6.578 286.00 20410 268.20 16905
clenbuterol 6.616 277.10 20305 132.10 168.15
methy Iphenidate 6.745 23400 8415 %6.10 91,10
G-acctyloodcine 6.892 342.00 225.15 165.15 197.20
heroin Dy 6,934 379.00 27220 21215 33520
heroin 6971 37010 16515 268.20 21110
zolpidem Dy 7451 314.00 235.10 236.20 263.20
cocaine D: 7468 307.00 185.20 77.10 85.20
cocaine T473 303.90 182.20 82.10 105.10
solpidem 7.510 30790 23515 236.20 26320
LSD D 7.821 327.00 226.20 210.20 20815
LSD 7.827 323.9% 22320 208.15 207.10
bisoprolol 8.010 326.20 116.20 74.05 72.10
phencyclidine Ds 8.736 249.00 96,15 86,15 16425
phencychidine 3.782 244.00 9105 86,10 159.20
propranolol Dy 8.868 267.00 117.20 189.20 161.20
propranolol 8.940 26010 116.20 183.10 15520
fentanyl Ds 9,266 34210 188.20 10510 103.03
fentany] 9,305 337.00 105.15 188.20 103.10
S6
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retention time  precursor ion

product ions [m/z]

substance [min] [m/z] 1 2 3
buprenorphine Dy 9,863 472,10 $9.1% 400.20 41525
buprenorphine 9870 468.10 5515 396.25 41425
ibutamoren 10.577 529.00 267.10 91.15 263.15
ncbivolol 11.328 H06.10 151.10 123.10 10310
alprazolam 11,451 308.90 205.15 28115 274.10
anastrozole 11,465 294.00 22520 210.20 115.08
methadone D 11.574 313.10 268.15 105.05 7715
methadone 11,593 310.00 265.15 105.10 77.05
stanozolol 11,610 329.10 81,15 95,15 121.10
clonazepam D; 11.971 319.90 27415 21815 211.20
boldenonc 11.99% 287.00 121.20 135.20 77.15
clonazcpam 12.026 316.00 270.10 214.05 207.15
agomelating 12,170 244.00 185.20 170,10 14110
nandrolone 12.378 275.10 10910 239.10 25730
methandienone 12.636 301.20 121.05 14925 77.00
tamoxifen 15.676 372.00 72.10 70.10 129.15
THC-COOH D, 19.893 348.00 330.20 30225 19625
THC-COOH 19.929 345.00 32710 299.25 19330
THC D; 24776 317.80 195.05 235.95 85.05
THC 24.802 315.00 193.10 123.10 259.15

Substances arranged by retention time.
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Table S4. Results of HPLC-MS/MS system assessment: repeatability (relative standard
deviations (RSDs)), coefficients of determination (R?), and constituents of regression curve

equations determined during calibration runs.

2 ression curve equation
substance (nnfg)) (n': 8) ux q’nlmepl
meldonium 7.6% 0.9996 3.3E-11 -1.1E-13
morphine 19.3% 09814 4.2E-10 1.2E-11
salbutamol 6.5% 0.9999 1.7E-11 1.9E-17
terbutaline 38% 0.9994 2.7E-11 -1.1E-13
atenolol 11.3% 0.9991 1.9E-10 -9.7E-13
higenaming 5.7% 0.9999 6.3E-11 -1.2E-13
fenoterol 5.5% 0.9994 1.5E-11 -5 7E-14
nikethamide 6.3% 0.9999 4.0E-11 -1.3E-14
cartcolol 6.1% 0.9992 3.7E-11 -1.5E-13
amphetamine 10.0% 0.9994 1.8E-10 -1.0E-12
oxycodone 92.0% 0.9954 93E-11 -1.1E-12
hydrocodone 6.1% 0.9972 3.7E-10 -3 5E-12
methamphetamine 5.4% 0.9991 935E-12 -4 9E-14
MDMA 5.8% 0.9999 30E-11 -6 4E-14
strychnine T.0% 0.9991 5.6E-10 -3.3E-12
ketaming 6.8% 0.9993 34E-11 -1.5E-13
metoprolol 5.3% 0.9999 4.2E-10 -T8E-13
G-acctylcodeine 8.5% 0.9959 1.3E-10 -1 4E-12
clenbutcrol 5.7% 0.9995 4.06E-11 -2.0E-13
methylphenidate 5.7% 1.0000 44E-12 2.7E-15
heroin 10.0% 0.9934 6.2E-09 -B.6E-11
zolpidem 5.9% 0.9999 T8E-12 -2 0E-14
cocaine 6.3% 0.9997 1.3E-11 -4 8E-14
LSD 5.5% 0.9988 23E-11 R.0E-14
bisoprolol 9.3% 0.9999 2.7E-11 <5 4E-14
phencyclidine 6.0% 1.0000 23E-11 1.9E-14
propranolol 6.3% 0.9984 1.3E-10 -8.1E-13
fentanyl 5.4% 0.9994 6.1E-12 -2.7E-14
buprenorphine 7.9% 0.9993 2.9E-10 -1 4E-12
sbulamoren 5.6% 0.9981 1.7E-10 «1.3E-12
necbivolol 9.6% 0.9999 1LIE-10 29E-13
alprazolam 5.7% 0.9899 6.6E-10 8.SE-12
anastrozole 7.3% 1.0000 9.1E-11 <3.6E-14
stanozolol 9.7% 0.9939 1.2E-08 =1.7E-10
methadone 5.8% 1.0000 S50E-12 -5.5E-15
boldenone 5.2% 0.9921 20E409 =3.2E-11
clonazepam 8.3% 1.0000 23E-10 -1.5E-13
agomelating 5.4% 0.9997 1.5E-10 3.0E-13
nandrolone 7.2% 0,9992 1.7EL8 6.9E-11
methandienone 4.3% 0.9999 1.2E-09 -1 0E-12
tamoxifen 5.2% 0.9999 1.5E-12 -2.8E-13
THC-COOH 6.0% 1.0000 4.1E-10 -2.2E-13
THC 8.1% 0.9999 23E4" -9 1E-14
Substances arranged by retention order,
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Table S5. Results (RSD values) of partial validation of sample preparation method with
reference adsorptive polymer type.

recision accura

substance p(n - 4) (a= 3;’
fenoterol 9.5% 8 9%
carteolol 4.4% 10.5%
oxycodone 7.7% 1.5%
hydrocodone 7.3% 26.4%
MDMA 4.5% 5.9%
strychnine 5.1% 11.4%
ketamine 5.0% 3.5%
metoprolol 8 4% 21.2%
6-acetylcodeine 1.8% 7.3%
clenbuterol 2.0% 12.7%
methylphenidate 5.5% 2.9%
zolpidem 2.9% 6.7%
cocaine 3.6% 2.3%
LSD 2.2% 3.7%
bisoprolol 3.0% 3.0%
phencyclidine 3.6% 2.5%
propranolol 1.2% 6.4%
fentanyl 3.2% 1.6%
buprenorphine 3.8% 15.5%
ibutamoren 4.7% 2.7%
nebivolol 1.2% 15.0%
alprazolam 1.6% 8.1%
anastrozole 1.9% 12.7%
stanozolol 8.1% 7. 7%
methadone 3.5% 2.0%
boldenone 52% 4.3%
clonazepam 5.5% 5.2%
agomelatine 4.3% 2.3%
nandrolone 6.2% 23.5%
methandienone 4.4% 9.3%
tamoxifen 3.0% 20.2%
THC-COOH 1.7% 11.5%
THC 4.9% 31.0%

Substances arranged by retention order, polymer type = polyamide 6 reinforced with 15% carbon fiber.
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Table S8, Selected physicochemical descriptors of the analytes.

R MON0EsOtopic mass ogP polar surface arca pE ! H-bonding sites
[Da] * [ENE {stromgest acidic) npest basic) P domors

H-aoety loodene 3411627 7 450 N/A NiA s a
agomeliing 243.12%9 27 ma 159% 094 2 1
alpmzolam 30K 0829 21 431 1K 08 3 o
amphetamine 1351048 1% 200 N/A 1001 1 1
anastrozmle 2931640 21 %3 N/A 200 4 0
atenolol 2661630 02 86 PENY 9.67 4 3
besoprokol 3NS5 19 @0 PR 967 5 2
boldenone 2861933 is 3 1886 OR8 2 1
Bupsenomphine 467303 30 622 750 1254 s 2
cancolol 2921787 10 N6 134 976 4 1
clenbuteno! 276,079 22 &3 1406 963 3 3
Closarepam RARIEA 24 £73 1= 1.86 4 1
Cocalne 3031471 23 SSR N'A R8s s a
femoserol 3031470 20 a0 LS 963 k) $
fentamy | 362202 40 2ia NA 877 2 o
hemin 369.15% 15 as N/A S0 3 o
higenamine 27LIXR 22 n? 875 9.58 4 4
hydrocodose 299.1521 22 R8 1800 861 4 O
ibutamonen 52% 2406 i3 1300 N/A NA 7 2
ketmine 2370920 22 Pl | 1878 TAS 2 1
LSD 3B io W3 17.02 798 2 1
MDMA 1931103 22 0.5 N/A 1014 3 1
meldonium 146 1055 =21 22 414 NiA 3 1
methadane 309 2003 39 203 199 912 2 a
methamphetaming 149124 21 120 N/A w2 1 1
methandicnone 300 2089 36 73 1886 053 2 1
methy Ipbenidate 2131416 02 33 N/A S.09 3 1
meiopeolol 2671884 19 507 Hn 9.67 4 2
morphane 285.1365 ns 529 1026 992 4 2
wandsolone 2741933 16 3 1928 088 2 1
nmebivolol 4051752 30 710 13.52 B850 7 3
nikethemide 1781106 03 312 NA 361 2 o
oxyoodone 3150471 12 590 13.57 877 s 1
phency cliding 243 1987 i6 32 N/A 1056 1 a
propranolol 291872 3o 418 4 967 3 2
salbutamel 2191821 03 n? w2 940 4 4
stanozolol 32m2818 45 489 o2l 286 2 2
strychmine 31681 19 28 N/A NiA 3 O
tamoxifen ITI240 71 125 N/A 8.76 2 o
terbutaline 2251365 09 n RR6 9.76 4 4
THC I 70 25 934 490 2 1
THC-COOH 341988 63 8 421 =4 ¥ 4 2
zolpidem 3071685 28 376 NA 565 2 a

Substances arranged in alphabetical order.

* PubChem Database. Available online: https://pubchem. nebinlm nih.gov/ (accessed on 9 July, 2022).

* XLogP3.0. PubChem Dalabase. Available online: hitps://pubchem nebi.nlm nih.gov/ (accessed on 9 July, 2022),
< Cactys 3.4.6,11; PubChem Database. Available online: hips://pubchem nchi nlm nih gov/ (accessed on 9 July, 2022),

¢ ChemAxon; DrugBank Databasc. Available online: https://www.dmgbank.com/ (accessed on 9 July, 2022) and:
D.S. Wishart, Y.D. Feunang. A. Marcu, ct al., HMDB 4.0—The Human Mctabolome Database for 2018, Nuclex: Acids
Res. 46 (2018) D0S-D617,
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10. WhniosKi

Zaprezentowane w przedstawionej rozprawie doktorskiej innowacje umozliwiajg
realizacje wszystkich zatozonych przed rozpoczeciem badan celéw. Do kluczowych

sposrod wyznaczonych zadan nalezaty:

e Zastosowanie $liny jako tzw. alternatywnego materiatu do badan;
e Udoskonalenie etapu przygotowywania probek z wykorzystaniem metod
mikroekstrakcyjnych;

e \Wdrozenie zupetnie nowych rozwigzan w dziedzinie preparatyki probek.

Na poczagtkowym etapie badan potwierdzono mozliwos¢ stosowania obiecujgcego
materiatu biologicznego jakim jest slina, do oznaczania substancji niedozwolonych.
Jednoczes$nie wskazano na wady dostepnych obecnie urzgdzenh do pobierania prébek

Sliny, przede wszystkim na wysokie straty niektérych sposréd badanych substancii.

e Aby w przysztosci wdrozy¢ $line jako podstawowy materiat do badan,
niezbedne wydaje sie¢ by¢ opracowanie udoskonalonych urzadzen do

pobierania jej prébek.

Podczas dalszych badan udoskonalono kolejny (po pobieraniu probki) etap protokotu
analitycznego, jakim jest jej oczyszczanie. Zastosowano w tym celu TFME, czyli
technike nalezagcg do wysoce selektywnych metod mikroekstrakcyjnych. W ramach
rozwoju metody TFME wprowadzono szereg istotnych innowacji w postaci nowych

rodzajow faz ekstrakcyjnych.

e Wykazano korzysci ze stosowania faz ekstrakcyjnych ztozonych z
potaczenia grup oktylowych (Cg) oraz 3-cyjanopropylowych (CN),
w stosunku 1:1. Takie potgczenie zapewnia skuteczniejszg (wyzszy odzysk
analitow) oraz bardziej powtarzalng ekstrakcje (mniejsza zmiennos¢ pomiedzy
wynikami) zréznicowanych chemicznie zwigzkéw (wzgledem pozostatych 11
zastosowanych w tym poréwnaniu faz ekstrakcyjnych). Podstawg zwiekszonej

skutecznosci faz ekstrakcyjnych sktadajacych sie z czgsteczek Cgi CN jest
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wprowadzenie dodatkowego (przyktadowo wzgledem popularnych faz
stacjonarnych skfadajgcych sie wytgcznie z grup Ci8) mechanizmu ekstrakcji.
Oprocz podstawowego mechanizmu wigzania analitow, jakim sg w tym
przypadku oddziatywania hydrofobowe, mieszanka Cg i CN dzieki obecnosci

grup CN zapewnia réwniez odziatywania typu 1m—11 oraz dipol—dipol.

Udowodniono rowniez korzystny dla procesu ekstrakcji z prébek wodnych
(np. $liny) wptyw stosowania polarnych (etanolowych) grup pomocniczych.
Polarne grupy pomocnicze, w porownaniu do zwyczajowo stosowanych grup
trimetylosililowych (TMS, ang. trimethylsilyl group), nie tylko zabezpieczajg
powierzchnie fazy ekstrakcyjnej przed wystepowaniem niepozgdanych
(niespecyficznych) oddziatywah pomiedzy fazg ekstrakcyjng a analitami (co
moze to by¢ zrodlem utraty powtarzalnosci procesu ekstrakcji), ale takze
utrzymujg czasteczki wody w poblizu odpowiadajgcych za ekstrakcje
ugrupowan hydrofobowych. Jest to korzystne zaréwno z powodu zapobiegania
zjawisku tzw. zapadania sie hydrofobowych grup funkcyjnych w srodowisku
wodnym (dochodzi wowczas do obnizenia skutecznosci ekstrakcji), jak i ze
wzgledu na umozliwienie skuteczniejszego wigzania hydrofilowych analitow

obecnych w wodzie.

Wykazano takze, ze przy przygotowywaniu urzgdzen TFME korzystniejsze
jest stosowanie czgsteczek o mniejszej wielkosci wewnetrznych porow.
Jest to cecha istotniejsza niz wielkoS¢ czgsteczek wykorzystywanych do
przygotowania faz ekstrakcyjnych. Wynika to z wiekszej gestosci grup
funkcyjnych wystepujgcej wewnatrz ciasniejszych poréw, co przektada sie

bezposrednio na wzrost wtasciwej powierzchni ekstrakcyjnej czgsteczek.

Z wykorzystaniem techniki druku 3D zaproponowano alternatywng metode

przygotowywania wewnetrznej struktury (podpor pokrywanych fazg ekstrakcyjng)

urzgdzen TFME, zachowujgc jednoczesnie kompatybilnosé z wysokoprzepustowym

formatem 96-dotkowych ptytek.

Do wykonania odpornych termicznie oraz chemicznie podpér TFME

wykorzystano nowy rodzaj termoplastycznego (mozliwego do druku 3D)
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polimeru jakim jest poliamid 12 wzmocniony wiéknem weglowym.
W poréwnaniu do stali nierdzewnej (tradycyjnie stosowanej do przygotowania
urzgdzen TFME), jest to rozwigzanie tansze, szybsze w przygotowaniu
oraz eliminujace stosowanie szkodliwych odczynnikéw takich jak stezony

kwas chlorowodorowy.

Jednak przede wszystkim, technika druku 3D umozliwia wykonanie kompletnych
(od razu gotowych do uzycia) urzgdzen ekstrakcyjnych w jednym prostym kroku.
Jestto mozliwe dzieki wykorzystaniu powszechnie dostepnych i relatywnie mato

kosztownych materiatéw charakteryzujgcych sie wtasciwosciami adsorpcyjnymi.

e Za pomocag druku 3D z wykorzystaniem poliamidu 6 wzmocnionego
wiéknem weglowym przygotowano innowacyjne urzadzenie do ekstrakcji
substancji drobnoczgsteczkowych ze ztozonych materiatow biologicznych.
Otrzymane w ten sposdb narzedzie do przygotowania prébek
charakteryzowato sie kluczowymi zaletami metod mikroekstrakcyjnych, w
szczegolnosci takimi jak duza powtarzalno$¢ procesu ekstrakcji, wysoki
stopien oczyszczenia probki (mato nasilony efekt matrycy), a takze
kompatybilnos¢ z wysokoprzepustowym standardem 96-dotkowych ptytek.
Jednoczes$nie wzgledem referencyjnej metody TFME uzyskano znaczng
redukcje kosztow (okoto 200-krotng) oraz czasu (ponad 12-krotng)

przygotowania urzgdzen ekstrakcyjnych.

e Podobnie jak w przypadku urzgdzen TFME z fazami ekstrakcyjnymi ztozonymi
z potgczenia czgsteczek Cg i CN, za korzystne wiasciwosci wydrukowanych
z poliamidu 6 urzadzen ekstrakcyjnych odpowiada wykorzystanie kilku
komplementarnych mechanizméw ekstrakcji: oddziatywania hydrofobowe,

odziatywania typu dipol-dipol oraz wigzania wodorowe.

e Nowo opracowang metode przygotowania probek nazwano PANDA
microextraction (ang. polyamide noncoated device for adsorption-based

(microextraction)).
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Ponadto dokonano kompleksowej analizy przygotowanych z wykorzystaniem

druku 3D urzadzen ekstrakcyjnych stworzonych z 11 zrdéznicowanych polimeréw

charakteryzujgcych sie wtasciwosciami adsorpcyjnymi.

Podczas poréwnania potwierdzono zalety wykorzystania poliamidu 6 jako
bardzo obiecujgcego polimeru do produkcji urzadzen ekstrakcyjnych.
Urzadzenia wykonane z poliamidu 6 charakteryzowaty sie wysokim odzyskiem
badanych substancji oraz doskonatg powtarzalnoscig procesu ekstrakcji.
Wysoka powtarzalno$¢é wynikéw zostata uzyskana dzieki sztywnej strukturze
poliamidu 6 wzmocnionego wioknem weglowym, co wptyneto na poprawe

wiasciwosci kinetycznych procesu ekstrakciji.

Ponadto korzystne wyniki zapewnity rowniez urzadzenia wydrukowane z
réznych rodzajéw poliuretanu (LAYFOMM-60 i S-FLEX 90A). Polimer ten
umozliwia ekstrakcje szerokiego spektrum analitow dzieki potgczeniu az 4
komplementarnych mechanizméw oddziatywan miedzyczgsteczkowych.
S3 to oddziatywania hydrofobowe, odziatywania typu dipol—-dipol, odziatywania

typu 1m—11 oraz wigzania wodorowe.

Dodatkowg korzys¢ stanowi brak negatywnego wptywu stosowanych do
produkcji urzadzen ekstrakcyjnych polimeréw na srodowisko. Zaréwno
poliamid 6, poliuretan, jak réwniez i widkno weglowe sg materiatami mozliwymi
do uzyskania z przetworzonych resztek organicznych, a takze mozliwymi do
ponownego przetworzenia bez wykorzystania szkodliwych odczynnikéw.
Zarazem sg to materiaty odporne na dziatanie podstawowych odczynnikéw

laboratoryjnych.
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Reasumujgc, szczegdlnie interesujgcym kierunkiem rozwoju przysztych metod
analitycznych, spetniajgcym specyficzne wymagania analiz antydopingowych, kontroli
stosowania srodkow odurzajgcych oraz terapeutycznego monitorowania lekéw jest
zastosowanie druku 3D do produkcji urzadzen ekstrakcyjnych. Wsrod najbardziej
obiecujgcych polimeréw adsorpcyjnych stosowanych w tym celu znajdujg sie
poliamid 6 i jego potgczenia z wibknem weglowym, a takze r6zne rodzaje poliuretanu.
Co wiecej, wszystkie wymienione powyzej polimery sg materiatami biokompatybilnymi,
co sprawia, ze mozliwe jest ich wykorzystanie do badan prowadzonych na
zywych organizmach, w tym do badan prowadzonych na cztowieku. Tym samym
mozliwe staje sie stworzenie w przysziosci otrzymanych za pomocg druku 3D
urzadzen tgczacych etapy pobierania probki oraz jej oczyszczania na potrzeby
pozniejszej analizy instrumentalnej. Umozliwiatoby to m.in. istotne udoskonalenie
procesu pobierania probek $liny — co jak wspomniano na poczatku tego rozdziatu
wydaje sie by¢ niezbedne dla upowszechnienia stosowania tego wysoce obiecujgcego

materiatu biologicznego do badan.
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11. Streszczenie

Stosowanie srodkéw odurzajgcych i substancji dopingujgcych jest problemem
towarzyszgcym ludzkos$ci od czaséw starozytnych. Jednakze dopiero od stosunkowo
niedawna postep naukowy umozliwit kontrole ich stosowania, a zarazem skuteczng
walke z tym procederem. Obecnie zwalczaniem zjawiska dopingu w sporcie zajmuje
sie przede wszystkim Swiatowa Agencja Antydopingowa, ktéra do przeprowadzania
badan wykorzystuje wytgcznie probki krwi oraz moczu.

Badania zaprezentowane w przeditozonej rozprawie doktorskiej majg na celu
popularyzacje wykorzystania $liny jako obiecujgcego materiatu biologicznego do
kontroli stosowania substancji zakazanych. Jednak w szczegodlnosci koncentrujg sie
na wprowadzeniu innowacji w dziedzinie przygotowania prébek do analiz
laboratoryjnych. Przedmiotem badan jest zaréwno udoskonalenie obecnie
stosowanych metod mikroekstrakcyjnych, jak rowniez wdrozenie nowych rozwigzan.

W ramach przedstawionych badan dokonano kompleksowej analizy wszystkich
dostepnych komercyjnie urzgdzen do pobierania probek sliny (15 réznych rodzajow).
Poréwnano réwniez 12 rodzajéw faz ekstrakcyjnych urzgdzen mikroekstrakcyjnych
oraz 11 rodzajéw adsorpcyjnych polimeréw stosowanych do przygotowania
innowacyjnych urzgdzen ekstrakcyjnych przy zastosowaniu techniki druku 3D. Wiele
sposrod wymienionych rozwigzan nie byto przedtem wykorzystywanych w dziedzinie
chemii analitycznej. Do prowadzonych badah stosowano szeroki panel (30-49)
wyselekcjonowanych i reprezentatywnych substancji wzorcowych oraz probki Sliny
pochodzgce od ochotnikdw. Analizy instrumentalne prowadzono przy zastosowaniu
wysokosprawnej chromatografii cieczowej oraz tandemowej spektrometrii mas.

Uzyskane wyniki potwierdzity mozliwos¢ stosowania sliny jako materiatu do badan,
jednoczesnie uwydatnity koniecznos¢ udoskonalenia metod pobierania jej probek.
Wykazano takze korzysci ze stosowania nowych rodzajéw faz ekstrakcyjnych,
zwtaszcza zitozonych z potgczenia grup oktylowych i 3-cyjanopropylowych (1:1),
a takze zalety stosowania polarnych grup pomocniczych dla faz ekstrakcyjnych
uzywanych w urzgdzeniach mikroekstrakcyjnych. Najwazniejsze osiggniecie stanowito
jednak wprowadzenie zupetnie nowej metody przygotowania probek — PANDA
microextraction — mozliwe dzieki stworzeniu urzgdzen ekstrakcyjnych wytgcznie za

pomocg druku 3D przy uzyciu poliamidu 6 wzmocnionego wibknem weglowym.
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12. Summary

The prevalence of psychoactive substances misuse, as well as chasing unfair
advantage by the means of doping in sports, are burdening mankind since ancient
times. However, lately thanks to the novel scientific advancements we are able to
control and effectively counter the aforementioned issues. As of now, the World Anti-
Doping Agency — which is spearheading the efforts to combat doping in sports —
controls the competitors by exclusively testing blood and urine samples.

Research presented in the following doctoral thesis aims at providing arguments
for the use of oral fluid as an excellent testing specimen for controlling the misuse of
prohibited substances. However, the special emphasis is put on introduction of new
devices for analytical sample preparation. The scope of this goal ranges from
improving the current devices used in microextraction methods, to establishing the
brand new sample processing method.

The presented study involved in-depth evaluation of all commercially available
devices for oral fluid sample collection (in total 15 different devices). Moreover,
investigated sample preparation devices involved as many as 12 different chemistries
of the microextraction devices, as well as 11 unique adsorptive polymers used for
fabrication of the innovative extraction devices prepared exclusively with 3D printing
technique. Many of these devices were introduced to the analytical chemistry for the
very first time. Major part of the research was conducted with oral fluid samples
collected from volunteers and with a broad (30-49) selection of model compounds
(that were physicochemically diverse, as well as highly relevant to the actual
applications). For laboratory testing, the methods of high-performance liquid
chromatography and tandem mass spectrometry were used.

The attained results confirmed applicability of oral fluid as testing specimen.
However, at the same time they highlighted the great demand for the improved sample
collection methods. Moreover, the studies presented the benefits of using novel
microextraction chemistries, especially comprised of mixed octyl and 3-cyanopropyl
(1:1) -bound particles, as well as entitled with polar end-capping groups. Yet
undoubtably, the greatest amongst the presented achievements was the introduction
of a brand new sample preparation method — PANDA microextraction — accomplished

exclusively with a 3D printing technique from carbon fiber-reinforced polyamide 6.
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wizualizacji danych; napisaniu manuskryptu; wprowadzaniu uwag | poprawek do manuskryptu
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Bydgoszcz, 13.04.2023

dr Krzysztof Goryriski

Wydzial Technologil i Inzynierii Chemicznej
Politechnika Bydgoska im. JJ. Sniadeckich
ul. Seminaryjna 3

85-326 Bydgoszcz

Oéwiadczam, e praca:

Sobczak, t.; Kolodziel, D.; Goryiski, K. Benefits of Innovative and Fully Water-Compatible
Stationary Phases of Thin-Film Microextraction (TFME) Blades. Mofecules 2021, 26, 4413.
DOI: 10.3390/molecules26154413

powstafa w zwigzku z realizacjq badafh w ramach autorskiego projektu nr LIDER/44/0164/L-
9/17/NCBR/2018, na ktdry otrzymatem finansowanie z NCBIR i ktorym kierowatem oraz zatrudniatem
z pieniedzy grantu wspétautoréw publikacji. Jednoczeénie deklaruje, e wszystkie badania
wykorzystane w publikacji w catosci sfinansowane zostaly z kierowanego przeze mnie grantu.

M6j wkiad polegat na: opracowaniu metodologii badar; pozyskaniu zasobow i funduszy do realizacji
pracy; zarzadzaniu projektem; nadzorze nad projektem; wprowadzaniu uwag i poprawek do
manuskryptu; zatwierdzeniu ostatecznej wersji artykulu; autor korespondencyjny.

e
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Bydgoszcz, 17.05,2023

mgr Dominika Kolodziej

Katedra Technologii Chemicznej $rodkéw Leczniczych

Wydzial Farmaceutyczny, Collegium Medicum im. Ludwika Rydygiera w Bydgoszczy
Uniwersytet Mikotaja Kopernika w Toruniu

ul. Jurasza 2, 85-089 Bydgoszcz

Oéwiadczam, fe w pracy:

Kolodziej, D.; Sobczak, t.; Goryfiski, K. Polyamide Noncoated Device for Adsorption-Based
Microextraction and Novel 3D Printed Thin-Film Microextraction Supports, Anal, Chem. 2022,
94, 2764~2771. DOI: 10.1021/acs.analchem.1c03672

MG&j wkiad polegal na: zaproponowaniu tematyki badan; opracowaniu metodologii badad; zebraniu
dokumentacji; przeprowadzeniu badad; opracowaniu danych; wizualizacjl danych; napisaniu
manuskryptu; wprowadzaniu uwag i poprawek do manuskryptu
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Bydgoszcz, 17.05.2023

mgr tukasz Sobczak

Katedra Toksykologii | Bromatologil

Wydzial Farmaceutyczny, Collegium Medicum im. Ludwika Rydygiera w Bydgoszczy
Uniwersytet Mikotaja Kopernika w Toruniu

ul. Jurasza 2, 85-089 Bydgoszcz

Osdwiadczam, Ze w pracy:

Kolodziej, D.; Sobczak, +; Gorysiski, K. Polyamide Noncoated Device for Adsorption-Based
Microextraction and Novel 3D Printed Thin-Film Microextraction Supports. Anal, Chem. 2022,
94, 2764-2771. DOL: 10.1021/acs.analchem.1c03672

M6j wkiad polegal na: zaproponowaniu tematyki badafi; opracowaniu metodologii badan; zebraniu
dokumentacji; przeprowadzeniu badan; opracowaniu danych; walidacji wynikéw; wizualizacji danych;
napisaniu manuskryptu; wprowadzaniu uwag | poprawek do manuskryptu
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Bydgoszcz, 13.04.2023

dr Krzysztof Goryrski

Wydziat Technologii i Inzynierii Chemicznej
Palitechnika Bydgoska im. J.J. Sniadeckich
ul. Seminaryjna 3

85-326 Bydgoszcz

Oéwiadczam, ie praca:

Kotodziej, D.; Sobezak, t.; Goryriski, K. Polyamide Noncoated Device for Adsorption-Based
Microextraction and Novel 3D Printed Thin-Film Microextraction Supports. Anal. Chem. 2022,
94, 2764~2771. DOL: 10.1021/acs.analchem. 1c03672

powstata w 2wigzku z realizacia badah w ramach autorskiego projektu nr LIDER/44/0164/L-
9/17/NCBR/2018, na ktory otrzymatem finansowanie z NCBIR i ktérym kierowalem oraz zatrudniatem
z pieniedzy grantu wspélautoréw publikacji. Jednoczesnie deklarujg, e wszystkie badania
wykorzystane w publikacji w caloéci sfinansowane zostaty z kierowanego przeze mnie grantu,

M6] wkiad przy pisaniu pracy polegal na: pozyskaniu zasobow i funduszy do realizacji pracy;
zarzadzaniu projektem; nadzorze nad projektem; wprowadzaniu uwag | poprawek do manuskryptu;
satwierdzeniu ostatecznej wersji artykutu; autor korespondencyjny.

G T
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Bydgosacz, 17,05.2023

mgr Dominika Kolodziej
Katedra Technologii Chemicznej Srodkéw Leczniczych

Wydziat Farmaceutyczny, Collegium Medicum im. Ludwika Rydygiera w Bydgoszczy
Uniwersytet Mikotaja Kopernika w Toruniu
ul, Jurasza 2, 85-089 Bydgoszcz

Oswiadczam, ze w pracy:

Kolodziej, D.; Sobczak, t.; Goryriski, K. Innovative, Simple, and Green: A Sample Preparation
Method Based on 3D Printed Polymers, Talonte 2023, 257, 124380.
DOI: 10.1016/j.talanta.2023.124380

M6] wkiad polegat na: zaproponowaniu tematyki badan; opracowaniu metodologii badar; zebraniu
dokumentacli; przeprowadzeniu badan; opracowaniu danych; walidacji wynikéw; wizualizacji danych;
napisaniu manuskryptu; wprowadzaniu uwag | poprawek do manuskryptu

)
‘iﬁﬁoﬂ7‘
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Bydgoszcz, 17.05.2023

mgr tukasz Sobczak

Katedra Toksykologii i Bromatologii

Wydzial Farmaceutyczny, Collegium Medicum im. Ludwika Rydygiera w Bydgoszczy
Uniwersytet Mikotaja Kopernika w Toruniu

ul. Jurasza 2, 85-089 Bydgoszcx

Oswiadczam, 2e w pracy:

Kotodziej, D.; Sobczak, t.; Goryriski, K. Innovative, Simple, and Green: A Sample Preparation
Method Based on 3D Printed Polymers, Tolonto 2023, 257, 124380.
DOL: 10.1016/).talanta.2023.124380

Mo) wkiad polegat na: zaproponowaniu tematyki badan; opracowaniy metodologii badar; zebraniu
dokumentaci; przeprowadzeniu badari; opracowaniu danych; walidacji wynikéw; wizualizacji danych;
napisaniu manuskryptu; wprowadzaniu uwag i poprawek do manuskryptu
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Bydgoszcz, 13.04.2023

dr Krzysztof Goryfiski

Wydzial Technologii | Inzynierii Chemicznej
Politechnika Bydgoska im. J.J. Sniadeckich
ul, Seminaryjna 3

85-326 Bydgoszcz

Oswiadczam, ze praca:

Kolodziej, D.; Sobczak, t.; Goryriski, K. Innovative, Simple, and Green: A Sample Preparation
Method Based on 3D Printed Polymers. Tolonta 2023, 257, 124380.
DOI: 10.1016/j.talanta.2023.124380

powstala w zwigzku z realizacjy badah w ramach autorskiego projektu nr LIDER/44/0164/L-
9/17/NCBR/2018, na ktéry otrzymatem finansowanie z NCBIR i ktérym kierowatem oraz zatrudniatem
z pienigdzy grantu wspélautoréw publikacjl. Jednoczednie deklaruje, ze wszystkie badania
wykorzystane w publikacji w catosci sfinansowane zostaty z kierowanego przeze mnie grantu.

M6j wkiad przy pisaniu pracy polegat na: pozyskaniu zasobdéw i funduszy do realizacji pracy;
zarzadzaniu projektem; nadzorze nad projektem; wprowadzaniu uwag i poprawek do manuskrypty;

zamkrdzeniu ost.tm"ej wersji amkmu; autor kmspoﬂdeﬂcyj“v.
1 ~ !
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14.2. Zgody na prowadzenie badan:
di2o1G

KUJAWSKO ~ POMORSKI Bydgoszez, dn, 01.02, 2016 1.
WOJEWODZKI INSPEKTOR FARMACEUTYCZNY
w BYDGOSZCZY

WIFBY-KK.857.2.4.2016

DECYZJA

Na podstawie art.35 ust.2, ust.4 pkt2, ust.5 i 6 ustawy z dnia 29 lipca 2005 r.
o przeciwdziataniu narkomanii (tj. Dz.U. z 2012r. poz. 124 ze zm.) w zwigzku z §5 i 12
Rozporzadzenia Ministra Zdrowia z dnia 09 listopada 2015r. w sprawie wydawania zezwolen
na wytwarzanie, przetwarzanie, przerabianie, przywoz, dystrybucje albo stosowanie w celu
prowadzenia badan naukowych srodkow odurzajacych, substancji psychotropowych lub
prekursordw kategorii 1 (Dz.U. z 2015r poz. 1951) oraz art. 104 1 107 § 4 ustawy z dnia 14
czerwea 1960 1. Kodeks postepowania administracyjnege (tj. Dz.U. z 2016 r., poz. 23) po
rozpatrzeniu wniosku z dnia 17.12,2015r (data wplywu 05.01.2016r.)

Kujawsko — Pomorski Wojewddzki Inspektor Farmaceutyczny
w Bydgoszezy

udzicla zezwolenia jednostee naukowej:

UNIWERSYTET MIKOLAJA KOPERNIKA W TORUNIU

na stosowanie, w zakresie dziatalno$ci statutowej przez Uniwersytet Mikolaja Kopernika
w Toruniu Collegium Medicum im. Ludwika Rydygiera w Bydgoszezy Katedra i Zaklad
Farmakodynamiki i Farmakologii Molekularnej, Wydzial Farmaceutyczny, ul, Dr A,
Jurasza 2, 85-089 Bydgoszcz, substancji psychotropowych grupy I-P, II-P, III-P, IV-P i
§rodkow odurzajgeych grupy I-N, II-N i IV-N w celu prowadzenia badan naukowych tj.
opracowanie nowej analitycznej metody rownoleglego oznaczania wielu grup lekow i Srodkdw
dopingujacych stosowanych przez sportowedw, kicroweow pojazdéw mechanicznych i
mlodziez szkolng (..dopalacze™) w standardowych i alternatywnych matrycach biologicznych.

Wyzej wymienione grupy srodkow odurzajacych i substancji psychotropowych bedg
stosowane w postaci roztwordw wzorcowych. Przewidywane zuzycie na poziomie 50-100mg
miesigcznie, kazdego z zakupionych srodkéw,

Podmiot prowadzgcy badania zobowigzany jest:
I. Przechowywaé posiadane $rodki odurzajace i substancje psychotropowe w sposob
zabezpieczajgcy przed kradziezy lub zniszczeniem, w tym podczas transportu,
2. prowadzi¢ ewidencje wiw substancji zgodnie § 12 Rozporzagdzenia Ministra Zdrowia
z dnia 09 listopada 2015r. w sprawie wydawania zezwolen na wytwarzanie,
przetwarzanie, przerabianie, przywoz, dystrybucje albo stosowanie w celu prowadzenia
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badan naukowych srodkéw odurzajgeych, substancji psychotropowych lub prekursorow
kategorii 1,

Na podstawie art. 107 § 4 Kodeksu postgpowania administracyjnego odstapiono
ad uzasadnienia decyzji.

POUCZENIE

Od niniejszej decyzji shuzy stronic odwolanie do Gléwnego Inspektora Farmaceutycznego
w Warszawie za posrednictwem Kujawsko-Pomorskiego Wojewddzkiego Inspektora
Farmaceutycznego w Bydgoszczy w terminie 14 dni od jej doreczenia,

. Kujawsko - Pormorsi
Wojpswadzk Wﬂumnun&rq
w 2y -

N A

imgr fanm. Zofia m?‘eer,«.m

Otrzymuja:
1.Wnioskodawca — 2 egz
2.aa

Adnotacja:

Dokonano zaplaty oplaty za ziozenie wniosku o wydame zezwolenin w wysokosci 750,00 21 w dniu 30 grudnia
2015 r. na konto Wojewodzkiego Inspektoratu Farmaceutycznego ar 75-1010-1078-0078-9422-3100- 0000,
Podstawa prawna; art, 39 ust. 8 19 pke | ustawy z dn. 29 lipea 2005 r. o przeciwdziataniu narkomanii (tj. Dz.U. z
2012 r.poz. 124)1
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Uniwersytet Mikolaja Kopernika w Toruniu
Collegium Medicum im L. Rydygiera w Bydgoszezy
KOMISJA BIOETYCZNA
UL M. Sklodowskiej-Curie 9, 85-094 Bydgoszcz, tel.(052) 585-35-63, fax.(052) 585-38-11

KB 651/2018 Bydgoszcz, 25.09.2018r.

Dzialsjac na podstawie art.29 Ustawy z dnia 5 grudnia 1996 roku o zawodzie lekarza (Dz.U. z 1997 r. Nr
28 poz. 152 (wraz z pdiniejszymi zmianami), zarzadzenia Ministra Zdrowia | Opieki Spolecznej z dnia || maja
1999 1. w speawie szczegolowych zasad powolywania | finansowania oraz trybu dziatania komisji bicetycznych
(Dz.U.Nr 47 poz.480) oraz Zarzadzeniem Nr 21 Rektora UMK z dnia 4 marca 2009 r, z poZn. zm. w sprawie
powolania oraz zasad dzialania Komisji Bioetycznej Uniwersytetu Mikolaja Kopemnika w Toruniu przy
Collegium Medicum im Ludwika Rydygiera w Bydgoszczy oraz zgodnie z zasadami zawartymi w ICH - GCP

Komisja Bioetyczna przy UMK w Toruniu, Collegium Medicum w Bydgoszczy

(skind podano w zalgczeniu), na posiedzeniu w dniu 25.09.2018 r. przeanalizowala wniosek,
ktdry zlozy! kierownik badania:

dr n. farm. Krzysztof Gorynski
Katedra Farmakodynamiki i Farmakologii Molekularnej
Collegium Medicum w Bydgoszezy

2 zespolem w skladzie

- prof. dr hab. n. med. Jacek Kubica, dr n. farm. Krzysztof Gorynski,
dr n. med. Ewa Oboriska, mgr farmacji Lukasz Sobezak,

w sprawie badania:

wNowoczesne rozwigzania technologiczne dedykowane szybkiemu wykrywaniu
wybranych lekéw i zwigzkéw drobnoczasteczkowyeh w ilinie - grant LIDER IX
w ramach finansowania NCBiR.”

Po zapoznaniu si¢ ze zlozonym wnioskiem i w wyniku przeprowadzonej dyskusji oraz glosowania
Komisja podjeia o

Uchwale o pozytywnym zaopiniowaniu wniosku
W sprawie przeprowadzenia badan, w zakresie okredlonym we wniosku pod warunkiem:

* poinformowania uczestnikéw badania o celu oraz zakresie badaft i uzyskania od kazdego z nich osobnej,
pisemnej, $wiadomej zgody na udzial w bedaniu, zgodnie z obowiazujacymi przepisami, datowanej
najpozniej na moment rozpoczecia badania & nic wezesniej ni2 data uzyskania 2 Komisji Bioetycznej zgody
na takie badanie;

* zchowania tajemnicy wszystkich danych, w tym danych osobowych pacjentow, umoliwiajacych ich
identyfikacj¢ w ewentualnych publikacjach:

¢ Zzapewnienia, 2e osoby uczestniczace w eksperymencie badawezym nie s ubezwlasnowolnione. nie sa
zolnierzami sluzby zasadniczej, nie s3 oscbami pozbawionymi wolnodci, nie pozostajg w zaleznosci
shazbowej, dydaktycznej lub innej z prowadzacym badanic;

¢ sugerujemy uzyskanie podpisu uczestniks badania pod informacjs o badaniu. lub sporzadzenie formalarza
informacji i $wiadomej zgody na udzial w badaniu na jednej kartce.

Jednoczednie informujemy, i2 Zgoda na udzial w badaniu™ winna zawieraé m.in: imig¢ | nazwisko badanej

osoby; Nr historii choroby pacjenta (L.ksgl. OddziahwPoradni) oraz date i podpis badancj osoby, & takle
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2
klauzule, ¢ uczesinik badania wyraza zgodg na przetwarzanic danych osobowych dotyczacych realizacii tematy
badawczego, z wyjgtkiem publikacji danych osobowych.

Kierownik badania zobowiazany jest do przechowywania wszystkich dokumentow dotyczacych badania przez
okres dwudziestu lat.

Zgoda obowiqzuje od daty posiedzenia (25.09.2018 r.) do korica 2021 r.

Wydana opinia dotyczy tylka rozpatrywanego wniosku = wwsglgdnieniem przedstawionego projektu;
kazda™ zmiana | modyfikacia wymaga wzyskania odrgbnej opinii. Wnioskodawco zobowigzany fest do
informowania o wyzelkich poprawkach, ktdre moglyby mieé wplyw na opinig Komisji oraz poinformowania o
zakovezeniu badania.

Od ninigjszej nchwaly podmiot zamierzajgey preeprowadzic eksperyment medyczny, kierownik zaklodu
opieki zdrowotnel, w kidref ekspesymenmt medycsny ma byé prreprowadzony, mogg wniesé odwolanic do
Odwolawcze) Komisjl Bloetyeznef pray Ministrze Zdrowia, za posrednictwem Komisjt Bioetycznej przy
Callegium Medicum im. L. Rydvgiera w Bydgoszezy, w terminie 14 dni od daty otrsymania nintejszef Uchwaly.

Prof. dr hab. med. I Sliwka

meodnigr;ﬁ‘misj Bioetycznej

Otrzymuje:

drn. farm. Krzysziof Gorynski

Katedra Farmakodynamiki i Farmakologii Molekularnej
Collegium Medicum w Bydgoszczy
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Dorobek naukowy:

I. Publikacje niebedace przedmiotem rozprawy doktorskiej:

1. Sobczak, t.; Gorynski, K. Leki z apteki a doping w sporcie. Farm. Pol. 2018, 74,
199-205.

Punktacja: ministerialny wykaz czasopism punktowanych: 8

2. Sobczak, t.; Gorynski, K. Pharmacological Aspects of Over-the-Counter Opioid
Drugs Misuse. Molecules 2020, 25, 3905. DOI: 10.3390/molecules25173905

Punktacja: IF: 4,412; ministerialny wykaz czasopism punktowanych: 140

Suma punktacji prac nieobjetych rozprawa doktorska:

IF: 4,412; ministerialny wykaz czasopism punktowanych: 148

taczna punktacja wszystkich prac:

IF: 42,545; ministerialny wykaz czasopism punktowanych: 768

161



Il. Udziat w konferencjach — plakaty

1. Temat: Co Slina na wtdkno przyniesie..., czyli udoskonalenie techniki oznaczania
popularnych substancji odurzajgcych i psychotropowych w ptynie pochodzgcym z
jamy ustnej z zastosowaniem metody SPME-LC-MS
Autorzy: Ltukasz Sobczak, Krzysztof Gorynski, Michael Pasek, Barbara Bojko

Konferencja: Zjazd Zimowy Sekcji Studenckiej Polskiego Towarzystwa
Chemicznego

Miejsce i data: Bydgoszcz, 8-9 grudnia 2017

2. Temat: New solutions applied in oral fluid drug testing: fine-tuning and optimization
of the SPME-LC-MS method
Autorzy: Ltukasz Sobczak, Barbara Bojko, Krzysztof Gorynski
Konferencja: MSACL 2019 EU. The 6th European Congress & Exhibits: Mass
Spectrometry: Applications to the Clinical Lab

Miejsce i data: Salzburg, Austria, 22-26 wrzesnia 2019

3. Temat: Novel Sample Preparation Methods for Prohibited Substances Analysis —
Which Criteria are Most Important for Analysis?

Autorzy: Krzysztof Gorynski, tukasz Sobczak, Mitosz Roézanski, Paulina

Gorynska, Arkadia Cieptuch, Marcin Stachowiak, Stawomir Gorynski, Bartosz
Sadowski, Janusz Pawliszyn, Barbara Bojko

Konferencja: PITTCON 2020 Conference & Expo: The Clear Advantage

Miejsce i data: Chicago, USA, 1-5 marca 2020

4. Temat: Dobdr grup funkcyjnych fazy stacjonarnej w metodzie mikroekstrakcji do
fazy statej (SPME) do oczyszczania prébek stosowanych w kontroli
antydopingowej

Autorzy: tukasz Sobczak, Arkadia Cieptuch, Marcin Stachowiak, Krzysztof

Gorynski
Konferencja: ANALIZA ZAGADNIENIA, ANALIZA WYNIKOW - WYSTAPIENIE
MEODEGO NAUKOWCA, Edycja

Miejsce i data: Krakow, 1-2 kwietnia 2020 (online)
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. Temat: Zwalidowana metoda analityczna do wykrywania i oznaczania w slinie
substancji odurzajgcych i Srodkdw dopingujgcych przy wykorzystaniu
mikroekstrakcji do fazy statej oraz wysokosprawnej chromatografii cieczowe;j
sprzezonej z tandemowg spektrometrig mas (SPME-HPLC-MS/MS)

Autorzy: Ltukasz Sobczak, Michael Pasek, Krzysztof Gorynski

Konferencja: DOKONANIA NAUKOWE DOKTORANTOW, VIII EDYCJA
Miejsce i data: Krakow, 27-28 kwietnia 2020 (online)

. Temat: MIKROEKSTRAKCJA DO FAZY STAtEJ (SPME) - metoda

przygotowania prébek z zastosowaniem formatu wtokien

Autorzy: Ltukasz Sobczak, Krzysztof Gorynski
Konferencja: DOKONANIA NAUKOWE DOKTORANTOW, VIII EDYCJA
Miejsce i data: Krakow, 27-28 kwietnia 2020 (online)

. Temat: Analysis of prohibited substances from saliva: comparison few extraction
phases applied in sample preparation

Autorzy: Krzysztof Gorynski, tukasz Sobczak, Marcin Stachowiak, Paulina

Gorynska, Stawomir Gorynski
Konferencja: 1st Virtual Festival of Life and Earth Sciences
Miejsce i data: Online, 20-26 lipca 2020

. Temat: The importance of using correct sampling procedures to obtain meaningful
and representative analysis results

Autorzy: Paulina_Gorynska, Krzysztof Gorynski, tukasz Sobczak, Stawomir

Gorynski, Katarzyna Kuhn
Konferencja: 1st Virtual Festival of Life and Earth Sciences
Miejsce i data: Online, 20-26 lipca 2020

. Temat: Sample preparation with thin-film microextraction (TFME) as reliable and
reusable method for drugs of abuse analysis: validated TFME-LC-MS/MS protocol
for oral fluid, plasma, and urine

Autorzy: Ltukasz Sobczak, Dominika Kotodziej, Krzysztof Gorynski

Konferencja: QUO VADIS Life Sciences

Miejsce i data: Opole 23-27 czerwca 2021 (online)
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lll. Udziat w konferencjach — referaty

1. Temat: Saliva drug testing by SPME-LC-MS — a promising complement to
traditional antidoping control?

Autorzy: Ltukasz Sobczak, Krzysztof Gorynski, Michael Pasek, Janusz Pawliszyn,

Barbara Bojko
Konferencja: iIMEDIC 2017 2nd International Medical Interdisciplinary Congress
Miejsce i data: Bydgoszcz, 10 czerwca 2017

2. Temat: Solid phase microextraction coupled to high sensitive LC-MS/MS system
in analysis of prohibited substances from saliva - new insights

Autorzy: Krzysztof Gorynski, tukasz Sobczak, Michael Pasek, Paulina Gorynska,

Vincent Bessonneau, Janusz Pawliszyn, Barbara Bojko
Konferencja: ExTech 2017. 19th International Symposium on Advances in
Extraction Technologies

Miejsce i data: Santiago de Compostela, Hiszpania, 27-30 czerwca 2017

3. Temat: SPME as sample preparation technique applied in prohibited substances
analysis from various matrices - promising tool for doping control laboratories?

Autorzy: Krzysztof Gorynski, tukasz Sobczak, Michael Pasek, Paulina Gorynska,

Janusz Pawliszyn, Barbara Bojko
Konferencja: MSACL 2017 EU. The 4th Annual European Congress of the
Association for Mass Spectrometry: Applications to the Clinical Lab

Miejsce i data: Salzburg, Austria, 10-14 wrzesnia 2017

4. Temat: Slina w analizie antydopingowej - mit, czy nowe mozliwosci w kierunku
szybkiej kontroli?

Autorzy: Krzysztof Gorynski, Lukasz Sobczak, Michael Pasek, Paulina Gorynska,

Janusz Pawliszyn, Barbara Bojko
Konferencja: XXIlIIl Naukowy Zjazd Polskiego Towarzystwa Farmaceutycznego
Farmacja w Polsce: perspektywy nauki i zawodu

Miejsce i data: Krakow, 19-22 wrzesnia 2017
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. Temat: Novel sample preparation techniques applied in prohibited substances
analysis from various matrices: which criteria are most important for analysis?

Autorzy: Krzysztof Gorynski, Mitosz Roézanski, tukasz Sobczak, Paulina

Gorynska, Janusz Pawliszyn, Barbara Bojko
Konferencja: 1st Annual North American Mass Spectrometry Summer School
Miejsce i data: Madison, USA, 6-9 sierpnia 2018

. Temat: Oral fluid testing for the detection and quantification of beta-blockers by
highly sensitive SPME-LC-MS method

Autorzy: tukasz Sobczak, Michael Pasek, Barbara Bojko, Krzysztof Gorynski

Konferencja: iMEDIC 2019 4th International Medical Interdisciplinary Congress
Miejsce i data: Bydgoszcz, 1 czerwca 2019

. Temat: Evaluating of the saliva sampling devices for the determination of
pharmacologically active compounds: old and new solutions

Autorzy: Krzysztof Gorynski, tukasz Sobczak, Stawomir Gorynski, Bartosz

Sadowski
Konferencja: PITTCON 2020 Conference & Expo: The Clear Advantage
Miejsce i data: Chicago, USA, 1-5 marca 2020

. Temat: Poréwnanie komercyjnych urzgdzen do pobierania probek sliny w aspekcie
zastosowania w kontroli antydopingowej przy uzyciu wysokosprawnej
chromatografii cieczowej sprzezonej z tandemowg spektrometria mas (HPLC-
MS/MS)

Autorzy: Ltukasz Sobczak, Bartosz Sadowski, Krzysztof Gorynski

Konferencja: ANALIZA ZAGADNIENIA, ANALIZA WYNIKOW - WYSTAPIENIE
MEODEGO NAUKOWCA, Edycja

Miejsce i data: Krakow, 1-2 kwietnia 2020 (online)

. Temat: Wptyw dostepnych komercyjnie zestawdw do pobierania prébek sliny na
oznaczanie popularnych substancji odurzajgcych

Autorzy: Ltukasz Sobczak, Bartosz Sadowski, Krzysztof Gorynski

Konferencja: DOKONANIA NAUKOWE DOKTORANTOW, VIII EDYCJA
Miejsce i data: Krakow, 27-28 kwietnia 2020 (online)
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10.Temat: Udoskonalenie metody preparatyki probek zawierajgcych substancje
odurzajgce z wykorzystaniem mikroekstrakcji do fazy statej (SPME)

Autorzy: tukasz Sobczak, Arkadia Cieptuch, Marcin Stachowiak, Krzysztof

GorynsKi
Konferencja: DOKONANIA NAUKOWE DOKTORANTOW, VIII EDYCJA
Miejsce i data: Krakow, 27-28 kwietnia 2020 (online)

11. Temat: A comparative study of saliva sampling devices for the determination of
pharmacologically active compounds

Autorzy: Stawomir Gorynski, tukasz Sobczak, Bartosz Sadowski, Paulina

Gorynska, Katarzyna Kuhn, Krzysztof Gorynski
Konferencja: 1st Virtual Festival of Life and Earth Sciences
Miejsce i data: Online, 20-26 lipca 2020

12. Temat: Determining the mostimportant criteria of sampling and sample preparation
applied in prohibited substances analysis from saliva

Autorzy: Krzysztof Gorynhski, tukasz Sobczak, Arkadia Cieptuch, Marcin

Stachowiak, Stawomir Goryniski, Katarzyna Kuhn, Dominika Kotodziej
Konferencja: 4th International Caparica Christmas Conference on Sample
Treatment 2020

Miejsce i data: Caparica, Portugalia, 30 listopada - 3 grudnia 2020 (online)

13.Temat: Impact of sample collection device type on analyte concentration for the
HPLC-MS/MS analysis of commonly abused substances from oral fluid

Autorzy: Ltukasz Sobczak, Bartosz Sadowski, Krzysztof Gorynski

Konferencja: 4th International Caparica Christmas Conference on Sample
Treatment 2020

Miejsce i data: Caparica, Portugalia, 30 listopada - 3 grudnia 2020 (online)
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14. Temat: Advances in microextraction sample preparation methods — recent
developments and appealing perspectives for the future
Autorzy: Ltukasz Sobczak, Dominika Kotodziej, Krzysztof Gorynski

Konferencja: iMEDIC 2021 5th International Medical Interdisciplinary Congress
Miejsce i data: Bydgoszcz, 5 czerwca 2021 (online)

15.Temat: Preparation of alternative 3D printed thin-film microextraction (TFME)
supports
Autorzy: Dominika Kotodziej, tukasz Sobczak, Krzysztof Gorynski

Konferencja: iMEDIC 2021 5th International Medical Interdisciplinary Congress
Miejsce i data: Bydgoszcz, 5 czerwca 2021 (online)

16.Temat: 3D printed polyamide and carbon fiber blends as an alternative support for
thin-film microextraction (TFME) devices or an alternative stationary phase for
extraction of small molecules
Autorzy: Dominika Kotodziej, tukasz Sobczak, Krzysztof Gorynski
Konferencja: QUO VADIS Life Sciences

Miejsce i data: Opole, 23-27 czerwca 2021 (online)

17.Temat: New water-compatible Cig coating of thin-film microextraction (TFME)
devices is superior over conventional Cig coatings in extraction of small molecules
from aqueous samples
Autorzy: Lukasz Sobczak, Dominika Kotodziej, Krzysztof Gorynski
Konferencja: QUO VADIS Life Sciences
Miejsce i data: Opole, 23-27 czerwca 2021 (online)

18.Temat: Novel Water-compatible Type of Stationary Phase for Thin-film
Microextraction (TFME) of Small Molecules from Aqueous Samples

Autorzy: Ltukasz Sobczak, Dominika Kotodziej, Krzysztof Gorynski

Konferencja: 37th International Symposium on Microscale Separations and
Bioanalysis
Miejsce i data: Boston, USA, 12-15 lipca 2021 (online)
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19.Temat: Preparation of Thin Film Microextraction (TFME) devices with 3D printing
technology: alternative supports and novel extractive phases from polyamide with
carbon fiber

Autorzy: Dominika Kotodziej, tukasz Sobczak, Krzysztof Gorynski

Konferencja: 5th International Caparica Christmas Conference on Sample
Treatment 2021
Miejsce i data: Caparica, Portugalia, 15-18 listopada 2021

20.Temat: Thin Film Microextraction (TFME) demonstrated as effective and reusable
sample preparation method for quantification of prescription-only medicines:
validated TFME-HPLC-MS/MS protocol for oral fluid, plasma, and urine samples

Autorzy: Ltukasz Sobczak, Dominika Kotodziej, Krzysztof Gorynski

Konferencja: 5th International Caparica Christmas Conference on Sample
Treatment 2021
Miejsce i data: Caparica, Portugalia, 15-18 listopada 2021

V. Nagrody

1. Nagroda: nagroda za 1 miejsce (referat)
Temat: Saliva drug testing by SPME-LC-MS — a promising complement to
traditional antidoping control?

Autorzy: Ltukasz Sobczak, Krzysztof Gorynski, Michael Pasek, Janusz Pawliszyn,

Barbara Bojko
Konferencja: IMEDIC 2017 2nd International Medical Interdisciplinary Congress

Miejsce i data: Bydgoszcz, 10 czerwca 2017

2. Nagroda: nagroda za 3 miejsce w wydzialowym konkursie prac magisterskich
Temat: Opracowanie metody analitycznej do oznaczania w slinie wybranych
substancji zakazanych w sporcie metodg mikroekstrakcji do fazy statej sprzezonej
z chromatografig cieczowg i spektrometrig mas

Autorzy: Lukasz Sobczak, Krzysztof Gorynski (opiekun naukowy)

Miejsce i data: Bydgoszcz, 26 pazdziernika 2017
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3. Nagroda: nagroda publicznosci w wydziatowym konkursie prac magisterskich
Temat: Opracowanie metody analitycznej do oznaczania w $linie wybranych
substancji zakazanych w sporcie metodg mikroekstrakcji do fazy statej sprzezonej
z chromatografig cieczowg i spektrometrig mas

Autorzy: tukasz Sobczak, Krzysztof Gorynski (opiekun naukowy)

Miejsce i data: Bydgoszcz, 26 pazdziernika 2017

4. Nagroda: nagroda za 2 miejsce (poster)
Temat: Co slina na wtdkno przyniesie..., czyli udoskonalenie techniki oznaczania
popularnych substancji odurzajgcych i psychotropowych w ptynie pochodzgacym z
jamy ustnej z zastosowaniem metody SPME-LC-MS

Autorzy: Ltukasz Sobczak, Krzysztof Gorynski, Michael Pasek, Barbara Bojko

Konferencja: Zjazd Zimowy Sekcji Studenckiej Polskiego Towarzystwa
Chemicznego
Miejsce i data: Bydgoszcz, 8-9 grudnia 2017

5. Nagroda: nagroda za 3 miejsce (referat)
Temat: Oral fluid testing for the detection and quantification of beta-blockers by
highly sensitive SPME-LC-MS method
Autorzy: Lukasz Sobczak, Michael Pasek, Barbara Bojko, Krzysztof Gorynski

Konferencja: IMEDIC 2019 4th International Medical Interdisciplinary Congress

Miejsce i data: Bydgoszcz, 1 czerwca 2019

6. Nagroda: nagroda w konkursie krotkich wystgpien (Lightning Talk)
Temat: New solutions applied in oral fluid drug testing: fine-tuning and optimization
of the SPME-LC-MS method
Autorzy: Lukasz Sobczak, Barbara Bojko, Krzysztof Gorynski
Konferencja: MSACL 2019 EU. The 6th European Congress & Exhibits: Mass
Spectrometry: Applications to the Clinical Lab

Miejsce i data: Salzburg, Austria, 22-26 wrzesnia 2019
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7. Nagroda: najlepszy poster
Temat: Dobor grup funkcyjnych fazy stacjonarnej w metodzie mikroekstrakcji do
fazy statej (SPME) do oczyszczania prébek stosowanych w kontroli
antydopingowej
Autorzy: tukasz Sobczak, Arkadia Cieptuch, Marcin Stachowiak, Krzysztof

Gorynski
Konferencja: ANALIZA ZAGADNIENIA, ANALIZA WYNIKOW - WYSTAPIENIE
MELODEGO NAUKOWCA, Edycja

Miejsce i data: Krakow, 1-2 kwietnia 2020 (online)

8. Nagroda: nagroda za 1 miejsce (referat)
Temat: Advances in microextraction sample preparation methods — recent
developments and appealing perspectives for the future

Autorzy: Ltukasz Sobczak, Dominika Kotodziej, Krzysztof Gorynski

Konferencja: iMEDIC 2021 5th International Medical Interdisciplinary Congress
Miejsce i data: Bydgoszcz, 5 czerwca 2021 (online)

9. Nagroda: nagroda za 2 miejsce (referat)
Temat: Preparation of alternative 3D printed thin-film microextraction (TFME)
supports

Autorzy: Dominika Kotodziej, tukasz Sobczak, Krzysztof Gorynski

Konferencja: IMEDIC 2021 5th International Medical Interdisciplinary Congress

Miejsce i data: Bydgoszcz, 5 czerwca 2021 (online)

10.Nagroda: nagroda za 1 miejsce (referat)
Temat: 3D printed polyamide and carbon fiber blends as an alternative support for
thin-film microextraction (TFME) devices or an alternative stationary phase for
extraction of small molecules
Autorzy: Dominika Kotodziej, tukasz Sobczak, Krzysztof Gorynski
Konferencja: QUO VADIS Life Sciences

Miejsce i data: Opole, 23-27 czerwca 2021 (online)
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11.Nagroda: nagroda w konkursie krotkich wystgpien (Excellent Shotgun
Communication Prize)
Temat: Thin Film Microextraction (TFME) demonstrated as effective and reusable
sample preparation method for quantification of prescription-only medicines:
validated TFME-HPLC-MS/MS protocol for oral fluid, plasma, and urine samples

Autorzy: Ltukasz Sobczak, Dominika Kotodziej, Krzysztof Gorynski

Konferencja: 5th International Caparica Christmas Conference on Sample
Treatment 2021

Miejsce i data: Caparica, Portugalia, 15-18 listopada 2021

V. Granty

1. Gtéwny wykonawca czesci analitycznej grantu
SALIVA - Nowoczesne rozwigzania technologiczne dedykowane szybkiemu
wykrywaniu wybranych lekéw i zwigzkéw drobnoczgsteczkowych w  Slinie
finansowanego przez Narodowe Centrum Badan i Rozwoju w ramach umowy
numer LIDER/44/0164/L-9/17/NCBR/2018 programu Lider IX
Lata: 2019-2021

2. Grant wyjazdowy: MSACL 2019 EU Young Investigator Educational Grant
Laureat: tukasz Sobczak
Konferencja: MSACL 2019 EU. The 6th European Congress & Exhibits: Mass
Spectrometry: Applications to the Clinical Lab
Miejsce i data: Salzburg, Austria, 22-26 wrzesnia 2019
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VI. Kursy, szkolenia i warsztaty

1. Temat: Szkolenie z obstugi oprogramowania LabSolutions LCMS oraz konserwacji
i obstugi zestawu z omowieniem sposobow rozwigzywania napotykanych
probleméw, zwigzanych z obstugg chromatografu cieczowego sprzezonego ze
spektrometrem mas SHIMADZU LCMS-8060
Miejsce i data: Bydgoszcz, 24-26 kwietnia 2019

2. Temat: Everything You Wanted to Know about Internal Standards But Were Too
Afraid to Ask
Miejsce i data: Online, 28 maja 2019

3. Temat: Szkolenie aplikacyjne dotyczgce pracy z systemem SHIMADZU LCMS-
8050/8060 oraz oprogramowaniem LabSolutions LCMS (ver. 5.xx)
zorganizowanym przez firme SHIM-POL A.M. Borzymowski
Miejsce i data: Krakow, 5-7 czerwca 2019

4. Temat: Where Ultra LC Performance Meets Selectivity: NEW Kinetex Core-Shell
PS C18

Miejsce i data: Online, 26 czerwca 2019

5. Temat: LC-MSMS 101: Getting Started with Quantitative LC-MS/MS in the
Diagnostic Laboratory
Miejsce i data: Salzburg, Austria, 22-24 wrzesnia 2019 (MSACL 2019 EU 6th

European Congress & Exhibition)

6. Temat: MALDI-MS technology combined with automated interpretation software, a
solution adapted to high throughput screening
Miejsce i data: Salzburg, Austria, 22-24 wrzesnia 2019 (MSACL 2019 EU 6th

European Congress & Exhibition)
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7. Temat: Robustness and reliability of the novel pre-analytical filtration system
CLAM-2030 and LCMS-8050
Miejsce i data: Salzburg, Austria, 22-24 wrzes$nia 2019 (MSACL 2019 EU 6th
European Congress & Exhibition)

8. Temat: Rethinking the capability and workflows in clinical metabolomics and
biomarker research using the LCMS-9030 Q-TOF technologies
Miejsce i data: Salzburg, Austria, 22-24 wrze$nia 2019 (MSACL 2019 EU 6th
European Congress & Exhibition)

9. Temat: Advancing analytical workflows for prohibited substance detection in
equine athletes
Miejsce i data: Online, 18 marca 2020

10.Temat: HPLC Workshop — Good Practice and Troubleshooting
Miejsce i data: Online, 15 kwietnia 2020

11.Temat: Oh no! Not another boring webinar on column lifetime?
Miejsce i data: Online, 29 kwietnia 2020

12. Temat: Your Favourite C18 is not a Method Development Toolkit

Miejsce i data: Online, 6 maja 2020

13.Temat: Chiral HPLC Introduction — Method Development and Applications
Miejsce i data: Online, 20 maja 2020

14.Temat: Role of Column Morphology, and Bonded Phase in Reversed-Phase
Selectivity

Miejsce i data: Online, 26 maja 2020

15.Temat: HILIC — A Systematic Approach

Miejsce i data: Online, 3 czerwca 2020
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16. Temat: HPLC Column Care

Miejsce i data: Online, 10 czerwca 2020

17.Temat: The Basics of Solid Phase Extraction
Miejsce i data: Online, 17 czerwca 2020

18.Temat: Sample Preparation: Liquid/Liquid Extraction, Supported Liquid Extraction,
Protein Precipitation and Phospholipid Depletion
Miejsce i data: Online, 24 czerwca 2020

19.Temat: Troubleshooting SPE
Miejsce i data: Online, 21 lipca 2020

20.Temat: Strategies for Improving Resolution in Chromatography
Miejsce i data: Online, 28 lipca 2020

21.Temat: UHPLC Small Particle Solutions for Big Chromatography Challenges

Miejsce i data: Online, 22 wrzesnia 2020

22.Temat: HPLC System Optimization

Miejsce i data: Online, 24 wrzesnia 2020
23.Temat: Reversed Phase Method Developement. Mobile Phase Selection &
Selectivity Consideration

Miejsce i data: Online, 8 pazdziernika 2020

24. Temat: Overview of Sample Preparation Techniques for Biological Samples

Miejsce i data: Online, 27 pazdziernika 2020
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