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Wykaz stosowanych skrotow

A8-THC

A9-THC

8-OH-i1so-HHC

90-OH-HHC
CBD
CBG
CBN
GC
GC-MS
LC
LLE
MS
NMR
SPE
TCA
TFA

QuEChERS

(—)-trans-A8-tetrahydrokannabinol
(—)-trans-A’-tetrahydrokannabinol
8-hydroksy-izo-heksahydrokannabinol
9a-hydroksyheksahydrokannabinol

kannabidiol

kannabigerol

kannabinol

chromatografia gazowa

chromatografia gazowa sprz¢zona ze spektrometrig mas
chromatografia cieczowa

ekstrakcja w ukladzie ciecz-ciecz

spektrometria mas

spektroskopia magnetycznego rezonansu jadrowego
ekstrakcja do fazy stalej

kwas trichlorooctowy

kwas trifluorooctowy

metoda ekstrakcji z ang. Quick, Easy, Cheap, Effective, Rugged,
and Safe



Wprowadzenie

Konopie uznaje si¢ za jedng z najbardziej kontrowersyjnych ro§lin w naszym
spoleczenstwie. Z jednej strony jest zrodtem marihuany oraz haszyszu — popularnie
przyjmowanych przez cziowieka przetworow wywotujacych efekt narkotyczny [1],
z drugiej jednak strony konopie posiadajg niezaprzeczalne wtasciwosci lecznicze, przez co
sg w grupie najstarszych roslin uprawnych wykorzystywanych przez cztowieka [2,3].
Podstawowymi substancjami czynnymi odpowiedzialnymi za efekt dziatania konopi na
ludzki organizm jest grupa zwiazkow organicznych okreslanych mianem kannabinoidéw.
Najbardziej znanymi przedstawicielami tej grupy sa: (—)-trans-A9-tetrahydrokannabinol
(A9-THC) oraz kannabidiol (CBD). Nalezy wspomnie¢ réwniez o dwoch zyskujacych
coraz wicksza popularno$¢ kannabinoidach: kannabigerolu (CBG) oraz kannabinolu
(CBN).

Zainteresowanie chemig oraz farmakologia konopi rozpoczgto si¢ w latach 40-tych
XX wieku, kiedy po raz pierwszy Adams i wspoipracownicy wyizolowali z roslin
konopnych blisko 90 kannabinoidéw [4,5]. Kolejnym punktem przetomowym w historii
konopi bylo opisanie struktury i stereochemii CBD oraz A9-THC przez Raphaela
Mechoulama, odpowiednio w roku 1963 1 1964 [6]. Na przetomie lat 80-tych 1 90-tych
XX wieku dokonano kolejnego istotnego odkrycia opisujac istnienie uktadu
endokannabinoidowego z receptorami kannabinoidowymi CB1 i1 CB2 w ludzkim
organizmie [7]. Wykazano, Ze nasz organizm jest zdolny do wytwarzania kannabinoidow
— okres$lanych mianem endokannabinoidéw — ktérych dzialanie opiera si¢ na interakcjach
ze wspomnianymi receptorami. Efekt terapeutyczny badz narkotyczny przyjmowania
kannabinoidéw pochodzenia egzogennego rowniez oparty jest na ich oddziatywaniu
z uktadem kannabinoidowym [8,9]. Stad tez w najczesciej spotykanej obecnie definicji
kannabinoidow okreslane sg one jako organiczne zwigzki, naturalne lub syntetyczne, ktore

oddziatujg z receptorami kannabinoidowymi.



Ogolna charakterystyka kannabidiolu, kannabigerolu,

kannabinolu oraz A9-tetrahydrokannabinolu

Najlepiej przebadanym i opisanym w literaturze ze wszystkich kannabinoidow jest
(—)-trans-A9-tetrahydrokannabinol ~ (nazwa  systematyczna: 6aR,10aR)-6a,7,8,10a-
tetrahydro-6,6,9-trimetylo-3-pentylo-6H-dibenzo[b,d]piran-1-ol). =~ Zwigzek ten jest
w najwigkszym stopniu odpowiedzialny za psychoaktywny efekt dziatania $rodkow
narkotycznych pozyskiwanych z konopi [10]. Warto zauwazy¢, ze najwicksza zawartos¢
A9-THC wystepuje w roslinach z gatunku Cannabis indica [11]. Wedlug raportu
opublikowanego w 2021 roku narkotyki pochodzenia konopnego s3 najczescie)
przyjmowanymi S$rodkami psychoaktywnymi na §wiecie. W raporcie tym szacuje si¢
réwniez, ze w samym 2019 roku przynajmniej jednego kontaktu z wytworami z konopi
indyjskich do$wiadczyto 4% globalnej populacji [12]. Nalezy jednak podkresli¢ iz,
w literaturze coraz czesciej eksponowane s3 wlasciwosci lecznicze
A9-THC [13]. Obecnos$¢ tego zwigzku w preparatach medycznych moze wywotywac efekt
terapeutyczny lub wzmacnia¢ ten wywotany przez inne kannabinoidy np. CBD. Jednak
wlasciwosci narkotyczne A9-THC powoduja, ze dystrybucja produktéw leczniczych
zawierajacych ten zwigzek jest mocno ograniczona, badz nielegalna w wielu krajach swiata
[14,15]. Natomiast w panstwach, w ktorych preparaty tego typu sa dopuszczalne, zawieraja
one gltownie mieszaning A9-THC 1 CBD (np. popularny Sativex), ze wzgledu na
podobienstwo efektu terapeutycznego obu kannabinoidéw [16].

Obecnie drugim réwnie popularnym kannabinoidem jest wspomniany kannabidiol
(nazwa systematyczna: 2-[(1R,6R)-3-metylo-6-(prop-1-en-2-ylo)cykloheks-2-enylo]-5-
pentylobenzeno-1,3-diol). Zwigzek ten jest pozbawionym wtasciwosci psychoaktywnych
izomerem A9-THC. Sposrod wszystkich kannabinoidow znajduje on na ten moment
najwigkszg ilo§¢ zastosowan w medycynie. Uznaje si¢, ze CBD ma szczegodlny potencjat
w leczeniu chorob neurologicznych np. epilepsji [17]. Zwraca si¢ réwniez uwage na
mozliwe wykorzystanie go w terapii cukrzycy [18], uzaleznien [19], schizofrenii [20] oraz
nowotworow [21]. Przedkliniczne badania wykazuja rowniez dziatanie przeciwwymiotne
1 przeciwbolowe [22]. Gtéwnym naturalnym Zrédtem CBD sg konopie z gatunku Cannabis
sativa, gdyz w przeciwienstwie do Cannabis indica zawieraja znacznie mniej
psychoaktywnego A9-THC [11,23].

Kolejnym wartym uwagi zwigzkiem wyizolowanym z konopi jest kannabigerol

(nazwa systematyczna: 2-[(2E)-3,7-dimetylookta-2,6-dienylo]-5-pentylobenzeno-1,3-
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diol). Kannabinoid ten, podobnie jak CBD, nie wykazuje wlasciwosci psychoaktywnych
po przyjeciu przez cztowieka. CBG jest wymieniane jako sktadnik preparatow
stosowanych przede wszystkim w u$mierzaniu przewlektego bolu i leczeniu stanow
zapalnych [24]. Wskazuje si¢, ze moze obniza¢ cis$nienie t¢tnicze oraz polecany jest
w terapii depresji 1 zaburzen nastroju [25]. W roslinach konopi CBG wystepuje w bardzo
matych ilosciach, bowiem zwigzek ten jest prekursorem pozostatych kannabinoidow,
przeksztalcajac si¢ w A9-THC oraz CBD w trakcie biosyntezy w ro$linie [6,26].
Czwartym z wymienionych w tytule podrozdziatu kannabinoidéw jest kannabinol
(nazwa systematyczna: 6,6,9-trimetylo-3-pentylobenzo[c]chromen-1-ol). Koniczy on szlak
przemian wymienionych wyzej kannabinoidéw i powstaje na drodze dehydrogenacji
A9-THC [27]. Fakt ten powoduje, ze CBN jest uznawany przez wielu jako marker starzenia
si¢ konopi [28]. Ze wzgledu na to, ze tworzy si¢ z A9-THC i ma podobng do niego budowg,
to wykazuje niewielka psychoaktywnos¢. Nie jest ona jednak tak silna i odurzajaca, jak
w przypadku A9-THC [29]. CBN znalazl zastosowanie szczegdlnie w leczeniu
bezsennosci, jako zwigzek utatwiajacy zasnigcie i poprawiajacy jako$¢ snu [30]. Ma

dzialanie przeciwzapalne, przeciwdrgawkowe 1 antybiotyczne [31].



Cel pracy

Wszystkie prozdrowotne wiasciwosci kannabinoidow, a w szczegolnosci CBD,
zwickszajg nie tylko liczbe pojawiajacych si¢ na rynku preparatow medycznych
zawierajacych je w swoim sktadzie, ale rowniez kosmetykow, suplementow diety oraz
produktéw spozywczych. Zaréwno stosowanie przez cziowieka coraz wigkszej iloSci
dostepnych legalnie produktow, ktorych kannabinoidy sg gtownymi sktadnikami, jak
rowniez nielegalnych $rodkéw psychoaktywnych pochodzenia konopnego, wzmaga
potrzebe dokladnego oznaczania tych zwigzkow w samych preparatach, materiale
ro$linnym oraz ludzkich i zwierzgcych ptynach ustrojowych. Zagadnienie to jest tak samo
istotne z punktu widzenia medycyny, weterynarii, jak i kryminalistyki.

Procedura analizy kannabinoidow z matryc biologicznych, takich jak ludzkie
1 zwierzece plyny ustrojowe lub material roslinny, jest procesem zlozonym, w trakcie
ktérego pojawiajg si¢ problemy utrudniajace rzetelne oznaczanie analizowanych
zwigzkow. Dotycza one zarowno etapu przygotowania probki do analizy, jak i etapu samej
analizy oraz wigzg si¢:

— ze stopniem odzysku analitow w pierwszym etapie procedury analitycznej,
— zmozliwg ich transformacja w pierwszym i drugim etapie procedury oraz
— zczulo$cig analizy, ktora jest pochodng optymalizacji pierwszego etapu procedury,
jak 1 wihasciwego doboru aparatury wykorzystywanej w drugim etapie przy
jednoczesne] wiedzy o mozliwoSciach 1 ograniczeniach samej aparatury
chromatograficzne;.
Dlatego tez celem niniejszej pracy byto poznanie problemédw, z ktorymi moze spotkac si¢
analityk zajmujacy si¢ oznaczeniem kannabinoidow w zlozonych matrycach (gtownie

ptynach ustrojowych), oraz zaproponowanie sposobow rozwigzania niektdrych z nich.
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Skrotowe omowienie problemow badawczych podjetych

w pracach stanowiacych podstawe doktoratu

Procedura analizy ksenobiotykow w matrycach biologicznych to zazwyczaj proces
ztozony, w ktérym nalezy wyrdzni¢ etap przygotowania probki do analizy oraz sama
analiz¢ koncowsg. Problemy utrudniajagce rzetelng ocen¢ ilosciowa analizowanych
zwigzkéw moga pojawiaé si¢ zard0wno na pierwszym, jak i drugim etapie stosowanej
procedury. Bardzo czg¢sto wynikaja one z przemian, jakim ulegajg anality w trakcie etapu
przygotowania probki do analizy, jak 1 podczas samej analizy, szczegdlnie jesli warunki
panujace na tych etapach (fizykochemiczne parametry danego procesu/etapu) mozna
zaliczy¢ do ekstremalnych w odniesieniu do oznaczanych zwigzkow.

Jednym z najpopularniejszych obecnie kannabinoidow, ktoéry nie wykazuje
psychoaktywnego dzialania, jest CBD. Z literatury [32] wiadomo, ze zwiazek ten in vivo
wsoku  zotadkowym  przeksztalca si¢ do  9a-hydroksyheksahydrokannabinol
(90-OH-HHC), 8-hydroksy-izo-heksahydrokannabinol (8-OH-iso-HHC), CBN i A9-THC.
Badania przeprowadzone w ramach prezentowanej pracy doktorskiej wykazaly, ze zwiagzki
te tworza si¢ rowniez w trakcie analizy CBD w probkach osocza, jesli analize t¢ wykonuje
si¢ technika chromatografii gazowej wykorzystujac jako metode przygotowania probki
precypitacj¢ bialek osocza odczynnikiem stracajacym bialka o charakterze kwasowym.
Oprocz wyzej wymienionych zwigzkow w trakcie analizy CBD, wykorzystujacej stragcanie
biatka jako procedurg przygotowania probki osocza do analizy, powstaje takze A8-THC,
co dodatkowo utrudnia mozliwo$¢ doktadnego ilosciowego oznaczenia kannabidiolu
w probkach osocza. Wyniki tych badan zostaty opublikowane w pracy [D1].

Sposrdod szeregu zwigzkdéw o charakterze kwasowym, ktore wykorzystuje si¢ do
wytracania biatek osocza przed analiza zawartych w nim ksenobiotykow warto wyr6znic¢
kwas trifluorooctowy (TFA) i trichlorooctowy (TCA). W wyniku badan przeprowadzonych
z wykorzystaniem TFA jako czynnika wytracajacego biatka osocza z jego probek
zawierajacych CBD wykazano, ze w trakcie analizy tego kannabinoidu, poza wyzej
wymienionymi produktami jego transformacji (9a-OH-HHC, 8-OH-iso-HHC, CBN,
A9-THC 1 A8-THC), tworza si¢ dodatkowo trifluoroacylowe pochodne A9-THC i A8-THC.
Ich ilos¢ zalezy od temperatury panujacej w dozowniku GC. Wprawdzie wymienione
pochodne A9-THC 1 A8-THC sg znane z literatury 1 otrzymano je wczesniej na drodze
derywatyzacji CBD 1 A9-THC za pomoca bezwodnika kwasu trifluorooctowego, ale

dopiero w trakcie badan prowadzonych w ramach prezentowanej pracy doktorskiej
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wykazano mozliwo$¢ ich tworzenia w dozowniku GC, w przypadku kiedy TFA
wykorzystuje si¢ jako czynnik wytracajacy biatka osocza. Szczeg6ly tych badan zawiera
praca [D4].

Roéwnie interesujace jak badania dotyczace TFA sa wyniki otrzymane podczas
stosowania TCA. Zostaty one opublikowane w pracy [D6]. Dowiedziono w niej nie tylko
tworzenia si¢ analogicznych pochodnych A9-THC i1 A8-THC (j. trichloroacylowych
estrow A9-THC 1 A8-THC) w trakcie analizy tych kannabinoidéw w probkach osocza, ale
wykazano roéwniez, ze w przypadku uzycia TCA jako czynnika wytracajacego biatko,
w znacznie wigkszych ilo§ciach powstaja dichloroacylowe pochodne A9-THC i A8-THC
w stosunku do trichloroacylowych. W celu udowodnienia niespodziewanej mozliwos$ci
tworzenia si¢ dichloroacylowych pochodnych A9-THC i A8-THC podczas analizy CBD
1 A9-THC technikag GC mimo, ze do wytracania biatek osocza uzyto TCA, a nie kwasu
dichlorooctowego, otrzymano te pochodne w skali mikropreparatywnej. Otrzymane
pochodne przebadano technikami spektroskopowymi, uzupetiajagc tym samym literature
naukow3 1 wskazujac na pewne nieprawidlowosci w bazie widm masowych NIST14.

Jedng z istotnych kwestii dotyczacych oznaczania ksenobiotykow w ztozonych
matrycach biologicznych jest czulo§¢ ich analizy. Najprostszym sposobem
wykorzystywanym w celu zwigkszenia czuto$ci analizy okreslonego zwiazku jest jego
derywatyzacja. Najpopularniejsze sposoby derywatyzacji zwigzkow to sililacja oraz
acylacja. W drugim z wymienionych procesow stosuje si¢ gldéwnie halogenki 1 bezwodniki
kwasowe, ktore przyczyniaja si¢ do obnizenia pH s$rodowiska prowadzonej reakcji.
Transformacja CBD do A9-THC i izomeryzacja tego drugiego kannabinoidu do A8-THC
w kwasowym $rodowisku w istotny sposob utrudnia oznaczenie ilosciowe CBD, A9-THC,
jak 1 ich mieszanin. Z tego powodu sporo uwagi podczas realizacji badan prowadzonych
w ramach pracy doktorskiej po§wiecono eksperymentom, ktore miaty na celu opracowanie
sposobu blokady wymienionych przemian podczas acylacji tych kannabinoidow.
W efekcie badan wykazano, Ze przemiany te mozna zablokowa¢ wykorzystujac w trakcie
derywatyzacji kannabinoidow trzeciorzedowe aminy i azyny. Ten nowatorski sposob oraz
warunki jego prowadzenia zostaty przedstawione w pracy [D5].

Jak wynika z literatury [33,34] oraz do$wiadczen nabytych podczas badan
realizowanych w ramach pracy doktorskiej, czutos¢ analitycznego oznaczania CBD, CBN
1 A9-THC za pomocg GC-MS jest stosunkowo wysoka i wystarczajgca do oznaczen tych
kannabinoidow w prébkach osocza, ktére sg badane z powoddow kryminalistycznych czy

medycznych. Odmiennie przedstawia si¢ sytuacja w odniesieniu do CBG. Przeprowadzone
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eksperymenty wskazuja, iz niska odpowiedz detektora MS na CBG wynika z jego
transformacji w komorze jonizacyjnej, w trakcie ktorej znaczna ilosci czgsteczek tego
zwigzku przeksztatca si¢ w czasteczki piranowej pochodnej CBG. Jak wynika z badan,
czuto$¢ oznaczania CBG mozna znacznie zwigkszy¢ poprzez jego cyklizacje do formy
piranowej na etapie przygotowania probki do analizy. Nalezy jednak zauwazy¢, ze proces
cyklizacji tego kannabinoidu powoduje zakwaszenie srodowiska, w ktorym transformacji
ulega nie tylko CBG, ale takze CBD (do A9-/A8-THC) i A9-THC (do A8-THC). Skutkiem
tego opracowany sposob zwigkszania czutosci analizy CBG technika GC-MS powoduje,
ze iloSciowe oznaczenie CBD 1 A9-THC jest niezbyt doktadne, gdy wszystkie trzy
kannabinoidy sg obecne w badanej probee. Procedura cyklizacji CBG jest prosta 1 mozliwa
do przeprowadzenia w zlozonych matrycach, takich jak probki krwi/osocza i ekstrakty
ros§linne. Praca [D7] zawiera szczegdty opisanej procedury oraz ukazuje niepublikowane
dotad widma MS 1 NMR réznych derywatow CBG oraz jego piranowej pochodnej. Dane
te stanowig istotne wzbogacenie literatury naukowej dotyczacej analizy CBG.

Zjawiskiem komplikujacym ilosciowa ocene¢ analitu technika GC w ztozonych
matrycach, np. we krwi 1 osoczu lub materiatach roslinnych, jest efekt matrycowy.
Konsekwencja obecno$ci w badanej probee substancji wywotujacych efekt matrycowy jest
zwigkszenie sygnalu oznaczanego analitu w odniesieniu do tego, jaki uzyskuje si¢ dla niego
w przypadku probki wolnej od substancji wywotujacych ten efekt. Jednym z dodatkow
wykorzystywanych czesto w produkeji polipropylenowych naczyn laboratoryjnych (w tym
strzykawek jednorazowych), ktory kontaminuje probke podczas czynnosci laboratoryjnych
z wykorzystaniem takich naczyn, jest oleamid (nazwa systematyczna: (Z)-oktadek-9-
enamid). W ramach badan opublikowanych w pracy [D2] udowodniono, ze oleamid
indukuje efekt matrycowy, ktory wptywa na wzrost wielkosci sygnatu CBD 1 wielu innych
zwigzkow. Jednak efekt ten w przypadku oleamidu ma charakter przejSciowy.
Przedstawione wyniki dowodza, ze zidentyfikowany przejsciowy efekt matrycowy moze
z powodzeniem by¢ wykorzystany do poprawy czutosci oznaczen iloSciowych
ksenobiotykow, w tym kannabinoidow. Sposob ten zostal réwniez uwidoczniony w pracy
[D3], w ktorej potwierdzono jego uzytecznos$¢ takze w analizie z obszaru kryminalistyki,
pokazujac wzrost czuto$ci analizy A9-THC 1 jego metabolitow we krwi/osoczu
prowadzonej z wykorzystaniem techniki GC-MS.

Jak zaznaczono wyzej, jedng z istotnych kwestii dotyczacych oznaczania
ksenobiotykdw w ztozonych matrycach biologicznych jest czulo$¢ ich analizy. Czulosé

ztozonych procedur analitycznych zalezy nie tylko od czutosci zastosowanego instrumentu

12



analitycznego, ale takze od stopnia odzysku badanego analitu przez zastosowang metode
przygotowania probki. Majac to na wzgledzie w prowadzonych w ramach pracy
doktorskiej badaniach sporo uwagi poswigecono ocenie uzyteczno$ci czterech metod
przygotowania probki do analizy chromatograficznej, ktore sa najczesciej wykorzystywane
w procedurach analitycznych oznaczania ksenobiotykow — precypitacji biatek, ekstrakcji
w uktadzie ciecz-ciecz (LLE), ekstrakcje do fazy statej (SPE) oraz metodzie QuEChERS
(ang. Quick, Easy, Cheap, Effective, Rugged, and Safe). Z przeprowadzonych badan
wynika, ze najwyzszg czulo$¢ analizy chromatograficznej kannabinoidow we krwi/osoczu
uzyskuje si¢ przy zastosowaniu SPE jako metody przygotowania probki. Wniosek ten
potwierdzaja zarowno wyniki badan przeprowadzonych z wykorzystaniem technik LC, jak
i GC w koncowej fazie analizy. Stopnie odzysku poszczegolnych kannabinoidéw metoda
SPE sa podobne i bliskie 100%. W przypadku trzech pozostatych metod przygotowania
probek, stopnie odzysku poszczegdlnych kannabinoidow w ramach danej metody sa
réwniez podobne, jednak ich warto$ci sa wyraznie nizsze niz uzyskiwane przy uzyciu SPE.
Ponadto supernatanty otrzymywane w trakcie precypitacji bialek, LLE oraz QuEChERS
zawierajg interferenty wywotujace efekt matrycowy, co utrudnia wiarygodng oceng
iloSciowg badanych kannabinoidéw za pomocg techniki GC. Szczegoty przedstawionych

badan zawarte s3 w pracy [DS].
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Whioski

Analiza kannabinoiddow w zlozonych matrycach biologicznych powinna by¢
prowadzona z wykorzystaniem techniki LC. Mozliwe jest wowczas zastosowanie
dowolnej metody przygotowania probki, ktore sa powszechnie wykorzystywane
w procedurach analitycznych substancji nielotnych i trudnolotnych. Poza tym
uzycie LC w analizie koncowej ogranicza bledy w ilosciowej ocenie CBD
i A9-THC, tj.zwigzkow podatnych na przeksztalcenia (transformacje
1 izomeryzacj¢) w trakcie ich oznaczen technikg GC.

W przypadku konieczno$ci uzycia techniki GC do analizy kannabinoidéw (brak
chromatografu LC, zbyt niska czulo$¢ aparatury LC czy tez wyzsze koszty analizy)
zalecanym sposobem przygotowania probki do analizy jest SPE.

W przypadku zastosowania precypitacji biatek, LLE czy QuEChERS, jako metody
przygotowania probki w procedurze analizy kannabinoidéw z wykorzystaniem GC,
moze wystapi¢ efekt matrycowy, ktory utrudnia rzetelno$¢ oznaczania ilosciowego
tych zwigzkow.

Zastosowanie kwasowych odczynnikéw wytracajacych biatka osocza w trakcie
przygotowania probki do analizy kannabinoidow z uzyciem techniki GC wywotuje,
poza efektem matrycowym, transformacj¢ CBD do A9-THC oraz izomeryzacj¢
A9-THC do A8-THC. Poza wymienionymi zwigzkami w trakcie przemian tworza
si¢ jeszcze 90-OH-HHC, 8-OH-iso-HHC oraz CBN.

Wykorzystanie popularnie stosowanych odczynnikow stracajacych biatka osocza,
tj. TFA 1 TCA, w oznaczaniu CBD 1 A9-THC prowadzi do powstania (oprocz
wymienionych wyzej produktow transformacji) takze trifluoroacylowych
(w przypadku TFA) oraz trichloroacylowych 1 dichloroacylowych (w przypadku
TCA) estréw A9-THC i A8-THC.

Czuto$¢ analizy kannabinoidéw mozna zwigkszy¢ poprzez ich derywatyzacje.
Acylacja, jako jeden ze sposobdw derywatyzacji, prowadzi do przeksztatcen CBD
1 A9-THC analogicznych jak opisane powyzej. Przeksztatcenia te moga zostac
zablokowane poprzez wykorzystanie w trakcie derywatyzacji trzeciorzegdowych
amin i azyn.

Sygnat detektora MS w odpowiedzi na CBG mozna zwigkszy¢ poprzez klasyczng

derywatyzacj¢ tego kannabinoidu (sililacja, acylacja) oraz jego cyklizacje.
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Udowodniono, ze drugi z wymienionych sposobow jest znacznie bardziej
efektywny.

e Wykorzystanie w czynno$ciach laboratoryjnych (takze tych dotyczacych analizy
kannabinoidéw) naczyn polipropylenowych wykonanych z uzyciem oleamidu jako
czynnika poslizgowego, moze by¢ powodem nierzetelnych wynikéw wynikajacych
z efektu matrycowego wywolywanego przez ten zwigzek.

e Do zwigkszenia czutos$ci analizy kannabinoidéw techniki GC mozna wykorzystaé
przejsciowy efekt matrycowy. Korzystne w tym celu jest kontrolowane uzycie

oleamidu, ktory indukuje takie zjawisko.
Zdecydowana wigkszo$¢ zagadnien zawartych w powyzszych wnioskach stanowi

nowo$¢ naukowa 1 nie byla wczesniej poruszana w literaturze dotyczacej analizy

chromatograficznej zwigzkdw chemicznych, a w szczeg6lnosci kannabinoidow.
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Streszczenie w jezyku polskim

Na rozprawg doktorskg pt.: ,,Problemy w ilosciowej ocenie kannabidiolu,
kannabigerolu 1 kannabinolu w matrycach biologicznych” sktada si¢ cykl o$miu
powiazanych ze sobg tematycznie artykuldéw w czasopismach naukowych, posiadajacych
wskaznik cytowan (ang. impact factor). Siedem z nich jest juz opublikowanych, a jeden
przyjety do druku.

Procedura analizy kannabinoidow w matrycach biologicznych jest procesem
ztozonym, w trakcie ktérego pojawiaja si¢ problemy utrudniajace rzetelne oznaczanie
ilosciowe analizowanych zwiazkéw. Dotyczg one zarowno etapu przygotowania probki do
analizy, jak i samej analizy.

Jednym z problemoéw, na ktorych skupity si¢ badania przeprowadzone w ramach
pracy doktorskiej jest potencjalna transformacja kannabinoidéw w pierwszym i drugim
etapie procedury analitycznej. Wykazano [D1], ze CBD, w trakcie analizy wykonywanej
technikg GC po wykorzystaniu precypitacji biatek odczynnikiem o charakterze kwasowym
jako metody przygotowania probki, przeksztatca si¢ do CBN, A9-THC, A8-THC,
9a-hydroksyheksahydrokannabinolu oraz 8-hydroksy-izo-heksahydrokannabinolu. Poza
tym wykazano, ze zastosowanie kwasu trifluorooctowego, jako odczynnika wytracajacego
biatka w procesie przygotowania probki do analizy CBD 1 A9-THC technikg GC, powoduje
dodatkowo powstanie trifluoroacylowych pochodnych A9-THC 1 A8-THC, oprocz
wymienionych wyzej produktow transformacji [D4]. Dowiedziono réwniez, ze
zastosowanie w identycznej procedurze kwasu trichlorooctowego prowadzi do powstania
dichloroacylowych pochodnych A9-THC 1 A8-THC [D6], co bylo trudnym do
przewidzenia efektem.

Czulo$¢ analizy kannabinoidow to kolejny problem badawczy poruszany
w doktoracie. Najprostszym sposobem zwigkszenia czuto$ci analizy zwigzkéw jest ich
derywatyzacja, ktéra w pewnych przypadkach prowadzona jest w warunkach kwasowych.
W przypadku CBD i1 A9-THC skutkuje to ich przeksztalceniem i spadkiem sygnatu.
W wyniku prowadzonych badan opracowano sposob blokady przemian tych
kannabinoidow w srodowisku kwasowym [D5].

Sporo uwagi w badaniach poswiecono niskiej czuto$ci oznaczania CBG przy
wykorzystaniu GC-MS. Wyjasniono przyczyny 1 zaproponowano howy sposob
transformacji tego zwiazku, ktory pozwala zwigkszy¢ odpowiedz detektora wzgledem

CBG, a tym samym poprawi¢ czuto$¢ jego analizy [D7].
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Zjawiskiem komplikujagcym iloSciowa ocene¢ analitow w technice GC jest efekt
matrycowy. Udowodniono, ze jednym z czynnikow indukujacych przejsciowy efekt
matrycowy, ktdry znaczaco wplywa na doktadno$¢ oznaczen kannabinoidéw i innych
ksenobiotykow, jest oleamid [D2]. W badaniach potwierdzono réwniez uzyteczno$¢
wykorzystania oleamidu, poniewaz wywoluje on przemijajacy i kontrolowany efekt
matrycowy, umozliwiajagc tym samym zwickszenie czulos$ci analizy A9-THC 1 jego
metabolitow we krwi/osoczu prowadzonej przy uzyciu techniki GC-MS [D3].

Istotnym zagadnieniem w oznaczaniu kannabinoidow jest dobdr metody
przygotowania probki do ich analizy. Przeprowadzono badania pos$wigcone ocenie
uzytecznos$ci czterech metod przygotowania probki do analizy chromatograficznej, ktore
sa najczesciej wykorzystywane w procedurach analitycznych ksenobiotykow — precypitacji
biatek, ekstrakcji w uktadzie ciecz-ciecz (LLE), ekstrakcji do fazy statej (SPE) oraz
metodzie QUEChERS. Ustalono, Ze najwyzsza czuto$¢ analizy kannabinoidow otrzymuje

si¢ stosujac SPE [DS].
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Streszczenie w jezyku angielskim

The doctoral dissertation entitled: "Issues related to the quantitative assessment
of cannabidiol, cannabigerol, and cannabinol in biological matrices" consists of a series
of eight thematically related articles in scientific journals with an impact factor. Seven
of them have already been published and one has been accepted for publication.

The procedure of analyzing cannabinoids in the biological matrices is a complex
process during which problems arise and hinder the possibility to quantify the analyzed
compounds. It concerns both the stage of sample preparation for analysis and the analysis
itself.

One of the problems that the research focused on is the possible transformation
of cannabinoids in the first and second stages of the analytical procedure. It was shown
[D1] that CBD during the GC analysis, after using protein precipitation with an acidic
reagent as a sample preparation method, is transformed into CBN, A9-THC, A8-THC,
9a-hydroxyhexahydrocannabinol, and 8-hydroxy-iso-hexahydrocannabinol. Moreover, the
research indicates that the use of trifluoroacetic acid as a protein-precipitating reagent in
the sample preparation method for CBD and A9-THC prior the GC analysis, additionally
causes the formation of trifluoroacyl derivatives of A9-THC and A8-THC in addition to the
above-mentioned transformation products [D4]. It was also proven that the use
of trichloroacetic acid in an identical procedure leads to the formation of dichloroacyl
derivatives A9-THC and A8-THC [D6], which was a difficult-to-predict effect.

The sensitivity of cannabinoid analysis is another issue addressed in the doctoral
dissertation. The most straightforward method to increase the sensitivity of the analysis
of compounds is their derivatization, which in some cases is conducted under acidic
conditions. In the case of CBD and A9-THC, this results in their transformation and
a decrease in their signal. As a result of the research, a method to block the transformation
of these cannabinoids in an acidic environment was developed [D5].

Much attention has been paid to the low sensitivity of CBG determination using
GC-MS. The reasons were explained and a new method of transforming this compound
was proposed, which allows to increase the detector's response to CBG, and thus improve
the sensitivity of its analysis [D7].

A phenomenon that complicates the quantitative assessment of analytes in the
GC technique is the matrix effect. It has been proven that one of the factors inducing the

transient matrix effect, which significantly affects the accuracy of the determination
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of cannabinoids and other xenobiotics, is oleamide [D2]. The studies also confirmed the
usefulness of the application of oleamide as it causes a transient and controlled matrix
effect, thus enabling increased sensitivity of the analysis of A9-THC and its metabolites
in blood/plasma using the GC-MS technique [D3].

An important issue in the determination of cannabinoids is the selection of the
sample preparation method for their analysis. Research was conducted to assess the utility
of four sample preparation methods for chromatographic analysis that are most often used
in xenobiotic analytical procedures — protein precipitation, liquid-liquid extraction (LLE),
solid phase extraction (SPE) and the QUEChERS method. It has been established that the
highest sensitivity of cannabinoid analysis is obtained using SPE [DS].
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Zyciorys naukowy
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ARTICLE INFO ABSTRACT

Keywords: The growing popularity of supplements containing cannabidiol (CBD), mainly CBD oils, in self-medication of
CBD transformation humans and the increased interest in this compound in different preclinical and clinical trials stimulates the
A9-THC L development of procedures of CBD analysis in plasma for the study of CBD pharmacology in people and animals
Elgs;z;/;;lesmpltanon or in establishing dose—therapeutic effect relationships of this compound. Preliminary removal of protein by its
LC-MS precipitation from plasma is still one of the willingly applied plasma sample preparation methods in many

analytical procedures estimating plasma drug concentration, including CBD. The present paper shows that a
significant amount of CBD transforms to A9-tetrahydrocannabinol (A9-THC) in a hot GC injection system when
acidic precipitation agents, such as TFA, TCA, HClO4, HoSO4, ZnSO4 or CHCl3, are used for plasma protein
precipitation. The transformation degree depends on the temperature of the GC injector, the concentration of the
precipitation agent and the incubation time of plasma with the precipitating agent. At the CBD plasma con-
centration equal to 50 ng/ml, which is approximately the mean level for patients treated for epileptic syndromes,
the CBD transformation degree can exceed 20%. For a reliable estimate of CBD in blood plasma, neutral pre-
cipitation agents (e.g. ACN, MeOH, acetone) should be used when plasma deproteinization precedes GC analysis.
The presented results are important not only for analysts cooperating with pharmacologists and for medicine
doctors examining the activity of CBD-containing drugs in the therapeutic process, but also for forensic scientists
who may erroneously find innocent people guilty of using marijuana or its preparations.

1. Introducion

Cannabidiol (CBD), 2-[(1R,6R)-3-metylo-6-(prop-1-en-2-ylo)cyklo-
heks-2-enylo]-5-pentylobenzeno-1,3-diol, is the second after delta-9-
tetrahydrocannabinol (A9-THC) most abundant cannabinoid among
the nearly 120 identified ones in marijuana and hemp plants [1-4].
Although it was discovered as early as in 1940 by R. Adams et al. [5],
CBD has become a major area of widespread researches only in recent
years. In particular, its biological activities are a topic of many inter-
esting reports that suggest probable therapeutic benefits of CBD. Po-
tential activity of CBD in the treatment of epileptic syndromes is
especially emphasized [6,7]. In consequence of many available reports
supporting the utility of CBD as an effective remedy in antiepileptic
therapy [8], the United States FDA approved Epidiolex, the first drug
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E-mail address: michal.dybowski@poczta.umes.lublin.pl (M.P. Dybowski).
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with CBD authorized for use in epilepsy treatment. As results from the
literature, a positive effect of CBD is wider. It is being espoused as po-
tential treatment for immune dysfunctions [9], diabetes [10], addictive
behavior [11,12] and cancer [13-15]. Studies also have suggested
positive outcomes in patients with schizophrenia [16,17]. Preclinical
studies demonstrate also its ant-nausea and analgesic effects [18,19].
Due to CBD’s numerous biological activities and its potential therapeutic
benefit, research is pursued with a view toward clinical applications as
the absence of psychotropic effects and other adverse events gives CBD a
major advantage over other cannabinoids.

In the face of the increased wave of CBD popularity in preclinical,
clinical, and observational trials, effective methods for the analysis of
CBD in plasma are critical for the study of its pharmacology in humans
and animals and in establishing dose-therapeutic effect relationships of
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the compound. Several analytical procedures have been developed for
measuring CBD and other cannabinoids together with their metabolites
in plasma or whole blood applying GC-MS [20-23], two-dimensional
GC-MS [24], and HPLC-MS/MS [14,25-29] equipments. Although
most of them involve classical or automated liquid-liquid extraction
(LLE) or solid-phase extraction (SPE) as sample preparation method for
CBD analysis in plasma, some of them recommend the older method;
protein precipitation [14,30,31]. The last approach is not totally wrong
as CBD is a highly hydrophobic molecule and strongly binds with plasma
proteins [31,32]. Moreover, this sample preparation procedure is very
simple, quick to perform and does not require special equipment. As
recently reported [30], its application with HPLC-MS/MS allows to
quantify CBD in plasma with sensitivity lower than 0.1 ng/mL.

There are many compounds and mixtures which can be used as
protein precipitation agents in the analytical procedures of drug assay in
plasma. In general, they can be divided into two groups: neutral (e.g.
acetonitrile, methanol, acetone) and acidic (e.g. HySO4, CF3COOH,
ZnSO4 CCI3COOH, HClO4, CHCI3) [31,33-39]. As demonstrated in
Ref. [40], CBD, in artificial gastric juice which is strongly acidic me-
dium, converts to 9a-hydroxyhexahydrocannabinol (9a-OH-HHC),
8-hydroxy-iso-hexahydrocannabinol (8-OH-iso-HHC), cannabinol (CBN)
and A9-THC. In this context, the question arises whether the mentioned
compounds can also be formed during the protein precipitation process
frequently applied as sample preparation procedure for CBD analysis in
plasma by GC or HPLC, and if so, how they influence the accuracy of
CBD concentration estimation in plasma samples.

2. Experimental
2.1. Materials

Acetonitryle and methanol (LC/MS grade) were purchased from
Merck (Warszawa, Poland). Formic acid (99%), trichloroacetic acid
(TCA) (>99%), trifluoroacetic acid (TFA) (>99%) and phosphate buff-
ered saline (PBS), human serum albumin (HSA) (97%) were acquired
from Sigma-Aldrich (Poznan, Poland). Perchloric acid (60%), zinc sul-
fate heptahydrate (99% powder), sulfuric acid (96%) n-hexan (99%),
acetone (99%) and chloroform (99.9%) were obtained from POCH
(Gliwice, Poland). Deionized water was purified by the Milli-Q system
(Millipore Sigma, Bedford, MA, USA). The standards (certified reference
materials) of A9-THC (1.0 mg/mL in methanol -Cerilliant) and CBD (1.0
mg/mL in methanol - Cerilliant) were acquired from Sigma-Aldrich
(Poznan, Poland).
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2.2. Collecting plasma samples

Two types of blood plasma were applied in the experiments: human
plasma and plasma from pig blood. The first one was used in the ex-
periments examining the probability of CBD transformation to its de-
rivatives during plasma analysis procedure involving protein
precipitation (see Figs. 1-2, Fig. 2S in supplementary material and
Table 1). The estimation of the influence of some experimental param-
eters on the CBD transformation degree requires statistical analysis and,
in consequence, more measurements using up a large volume of plasma.
Hence, this part of the experiments was performed with plasma from pig
blood (see Figs. 25-6S in supplementary material).

Human plasma samples were obtained by the centrifugation of
human blood samples. The blood samples were collected by a registered
nurse from volunteers, after obtaining their informed consent, using a
single closed system containing an S-Monovette coagulation activator,
according to the manufacturer instructions (Sarstedt AG, Niimbrecht,
Germany), and thoroughly mixed in order to maintain their homoge-
neity. Pig plasma was separated from pig blood donated by a local meat
processing plant (CIOCZEK, Lublin, Poland).

2.3. Plasma protein precipitation procedure

An appropriate volume of the precipitation agent was added to 500
pL of human plasma or pig plasma or HSA solution or pig plasma for-
tified in protein by HSA addition or egg white protein solution, each
containing CBD. The samples were vortex mixed, incubated for a given
time and centrifuged for 5 min at 18600 x g. The separated supernatants
were subjected to GC-MS and LC-MS analysis. The following precipita-
tion agents were applied in the experiments: ACN, MeOH, ACN/MeOH
(10/1 v/v) mixture, MeOH+1 %HCOOH, 0.2 M ZnSO4 in MeOH/H,0
(7/3 v/v) mixture, CHCl3, HoSO4, TFA, TCA and HCIO4. The volumes of
the individual precipitating agents, in the form of the volume ratio of
precipitating agent to plasma, are given in Tables 1 and 2, and in cap-
tions to the figures. In the same places are given information concerning
the CBD plasma concentration, the concentration of the applied pre-
cipitation agents and the incubation times of plasma with precipitating
agent before supernatant centrifugation.

2.4. GC-MS/MS measurements

Qualitative and quantitative analyses of CBD and its transformation
products were conducted using a gas chromatograph hyphenated with a
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Fig. 1. Exemplary GC-MS (A, C) and LC-MS (B, D) chromatograms (in TIC mode) of supernatants centrifuged from human plasma samples containing CBD (5 pg/ml)
after 1 h incubation with 50% TFA (A, B) and ACN (C, D). In the case of TFA and ACN, precipitation agent/sample volume ratio equals 1/5 and 1/3, respectively;

temperature of GC injector - 300 °C.
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Fig. 2. MRM chromatograms from GC-MS/MS (A, C) and SIM chromatograms from LC-MS (B, D) of supernatants centrifuged from human plasma samples containing
CBD (50 ng/ml) after 1 h incubation with 50% TFA (A, B) and ACN (C, D). In the case of TFA and ACN, precipitation agent/sample volume ratio equals 1/5 and 1/3,

respectively; temperature of GC injector - 300 °C.

Table 1

The presence (+) and absence (—) of A9-THC peak on GC-MS and LC-MS
chromatogram of supernatant isolated from CBD containing plasma after its
preliminary deproteinization by typically used precipitation agent.CBD con-
centration in plasma sample - 50 ng/ml; Incubation time of plasma sample with
precipitation agent — 1 h.

Precipitating agent Sample Precipitation agent/ Appearance of Lit.
sample volume ratio ~ A9-THC peak
on
chromatogram
GC- LC-
MS MS
Acetone plasma/ 2.4/1 - - [33]
PBS
1/4
ACN plasma 2/1 - - [34]
ACN plasma 3/1 - - [34]
MeOH plasma 2/1 - - [34]
MeOH plasma 3/1 - - [34]
ACN/MeOH (10/1 plasma 11/1 - - [35]
v/V)
MeOH + 1% plasma 3/1 - - [36]
HCOOH
0,2 M ZnSO, in plasma 4/1 + - [31]
MeOH/H,0 7/3
v/v
0,2 M ZnSO, in plasma 8/1 + - [31]
MeOH/H,0 7/3
v/v
0,2 M ZnSO, in plasma 80/1 + - [31]
MeOH/H,0 7/3
v/v
Chloroform plasma/ 2.4/1 + - [33]
PBS
1/16
50% HySO4 plasma 1/5 + - [371
50% TFA plasma 1/5 + - [38]
50% TCA plasma 1/5 + - [38]
10% HCIO4 plasma 1/1 + - [39]

Table 2

CBD concentration values estimated by GC/MS in human plasma samples spiked
with the examined compound after their preliminary deproteinization by
neutral precipitation agents. Incubation time with precipitating agent - 1 h in-
cubation; temperature of GC injector - 300 °C; precipitation agent/sample vol-
ume ratio equals 3/1 in the case of ACN, MeOH and acetone/PBS and 11/1 for
ACN/MeOH.

CBD concentration in spiked
plasma sample [ng/mL]

Precipitation agent

ACN MeOH ACN/ Acetone/
MeOH PBS

CBD concentration estimated in the spiked plasma
sample [ng/mL + SD]

25 24.23 + 24.56 + 24.61 + 24.49 +
0.87 0.98 1.02 1.01

50 49.61 + 49.72 £ 49.67 + 49.88 +
1.79 1.98 2.05 2.05

75 74.93 £ 74.88 + 74.89 + 74.67 £
2.70 2.99 3.10 3.07

triple quadruple tandem mass spectrometer detector (GCMS-TQ8040;
Shimadzu, Kyoto, Japan). GC-MS/MS conditions were as follows:

capillary column: Zebron ZB5-MSi (30 m x 0.25 mm i.d., 0.25 pm
film thickness; Phenomenex, Torrance, CA, USA)

carrier gas: helium (grade 5.0);

flow rate: 1.56 ml/min;

high-pressure injection mode: 250.0 kPa for 1.5 min;

injector temperature: 225, 250, 275; 300 and 325 °C;

- injection volume: 1 pL;

temperature program: initial temperature 60 °C held for 2 min, I
ramp at a rate of 9 °C/min to the temperature 220 °C, I ramp at a rate
of 5 °C/min to the temperature 280 °C, III ramp at a rate of 10 °C/
min to the final temperature and held for 15 min;

tandem mass spectrometer operated with normalized electron en-
ergy of 70 eV;

ion source temperature: 225 °C;

collision gas: argon (grade 5.0);

For qualitative purposes the full SCAN mode with range 40-550 m/z
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was employed and for quantitative analyses the Multiple Reaction
Monitoring (MRM) mode was used.

2.5. Optimization of MRM transitions for MS/MS detection

Quantitative analysis of CBD and A9-THC with a GC-MS/MS in-
strument was operated in the MRM mode. For this reason, the drug
fragmentation pathways for CBD and A9-THC were established and
energies for MRM transitions were optimized. To find the optimal
collision energies (CE) for MRM transitions, the standard solutions of
CBD and A9-THC were used. Four characteristic MRM transitions for
CBD and five for A9-THC were monitored. The collision cell was oper-
ated at 5, 9, 12, 15, 18, 21, 24, 27 and 30 eV. The results of those ex-
periments are summarized in Fig. 1S A,B and Table 1S (supplementary
materials). Three MRM transitions of the highest intensity were selected
for further experiments:

e 314 > 193 (CE = 21eV), 314 > 231(CE = 24eV) and 246 > 231 (CE
= 21eV) for CBD,

e 314 > 299 (CE = 12¢V), 314 > 271(CE = 15eV) and 314 > 231 (CE
= 18eV) for A9-THC.

Qualitative analysis of CBD transformation products (9a-OH-HHC;
A8-THC; 8-OH-iso-HHC and CBN) was also performed on the GC-MS/
MS instrument operated in the SCAN and MRM mode. The following
MRM transitions (of the highest intensity) were selected for the
experiment:

332 > 299 (CE = 15eV) for 9a-OH-HHC,

314 > 231 (CE = 18eV) for A8-THC,

332 > 231(CE = 15eV) for 8-OH-iso-HHC and
310 > 295 (CE = 21eV) for CBN.

2.6. LC-MS measurements

LC-MS system composed of an UHPLC chromatograph (UltiMate
3000, Dionex, Sunnyvale, CA, USA) and a linear trap quadrupole-
Orbitrap mass spectrometer (LTQ-Orbitrap Velos, Thermo Fisher Sci-
entific, San Jose, CA) was applied for the chromatographic analyses of
the examined supernatants. ESI ionization source operating in the pos-
itive polarization mode at needle potential equal to 4.5 kV was
employed. Nitrogen (>99.98%) was used as sheath gas (at 40 arbitrary
units), auxiliary gas (at 10 arbitrary units) and sweep gas (at 10 arbitrary
units). Capillary temperature equalled 320 °C. The scan cycle used a full-
scan event at the resolution of 60,000. Chromatographic separations
were performed on Gemini C18 column (4.6 x 100 mm, 3 pm; Phe-
nomenex, USA). The mobile phase components were: A - 25 mM formic
acid in water and B - 25 mM formic acid in acetonitrile. Isocratic elution
was applied using mobile phase containing 40% of B component. The
total run time was 15 min at the mobile phase flow rate 0.5 mL/min.

Analyzing supernatants from plasma samples containing 5 pg/ml of
CBD, MS spectra in the range of 100-1000 m/z were continuously
collected in the course of each run. In the case of supernatants from
plasma samples containing 50 ng/ml of CBD, the SIM function was used
to better visualize the chromatographic separation and to remove the
signal connected with the plasma components and the precipitation
agent. The monitored ions were as follows:

311 m/z for CBN;

315 m/z for CBD, A9-THC and A8-THC, and.

333 m/z for 9a-OH-HHC and 8-OH-iso-HHC.

2.7. Calibration
The linearity of the assay was calculated by the least square method

and expressed as the coefficient of determination (R?). Calibration plots
were prepared using:
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- blank pig plasma samples spiked with CBD at the concentration
levels of 0.5, 1, 2.5, 5, 10, 25 and 50 ng/mL

- blank pig plasma samples spiked with A9-THC at the concentration
levels of 0.5, 1, 2.5, 5, 10 and 20 ng/mL

- blank human plasma samples spiked with CBD at the concentration
levels of 0.10, 0.25, 0.5, 1.0, 2.5 and 5 pg/mL

- blank human plasma samples spiked with A9-THC at the concen-
tration levels of 0.05, 0.10, 0.25, 0.5, 1.0 and 2.5 pg/mL.

Each solution was prepared in triplicate.
2.8. Statistical analysis

All data are presented as the mean of three independent measure-
ments (n = 3). Variance analysis (ANOVA) was applied to compare
differences in the amounts of the remaining CBD and the formed A9-
THC by examining:

- the influence of incubation time of plasma with 10% TFA
- the influence of protein concentration.

Differences in the tested groups were considered significant for p
values lower than 0.05 and F values higher than F.;. Variance analysis
showed statistically significant differences for the examined groups.

3. Results and discussion

As stated in Introduction, CBD converts in artificial gastric juice to
four CBD derivatives: 9a-OH-HHC, 8-OH-iso-HHC, A9-THC and CBN
[40]. To answer the question if the same compounds are formed when
protein precipitation process is applied as sample preparation procedure
for the estimation of CBD concentration in plasma, the supernatants
centrifuged from human plasma samples spiked with CBD after their
preliminary protein precipitation by TFA or ACN were examined. The
results of their GC-MS and LC-MS analyses (TIC chromatograms) are
shown in Fig. 1 A-D. It is important that the CBD concentration in plasma
samples used for the experiments was 5 pg/ml (i.e. 10 times lower than
in the experiments examining CBD transformation in gastric juice [40]
and about 100 times higher than the average CBD concentration in the
plasma of patients taking CBD due to drug-resistant epilepsy [41]). As
results from the chromatograms, the presence of all the mentioned CBD
derivatives is confirmed only in the case of the supernatant obtained
from plasma sample after its preliminary deproteinization by the acidic
precipitation agent TFA, and only by GC-MS equipment (Fig. 1 A). In
addition to the peaks representing the CBD derivatives mentioned in
Refs. [40], GC-MS chromatogram contains still one more peak (peak 4)
identified as A8-tetrahydrocannabinol (A8-THC). This cannabinoid was
not reported as a transformation product of CBD in gastric juice [40].
The LC-MS chromatogram of the same supernatant (after protein pre-
cipitation by TFA) (Fig. 1 B) shows the presence of only two CBD de-
rivatives: A9-THC and A8-THC. As the CBD concentration in the human
plasma sample was high, 9a-OH-HHC, 8-OH-iso-HHC and CBN should be
formed in sufficient amount to be registered by LC-MS equipment.
Hence, the absence of the last mentioned CBD derivatives in this su-
pernatant looks puzzling. This data suggests that the pathway of CBD
transformation during protein precipitation by an acidic agent is
different than that in gastric juice and/or that CBD, during protein
precipitation by an acidic agent, either does not transform to some CBD
derivatives or it does but the kinetics of these transformations are very
slow. The last supposition is in agreement with the results of the report
dealing with the formation of CBD derivatives in artificial gastric juice of
pH = 1.2 [40]. The CBD transformation process described in Ref. [40]
was performed in a highly concentrated solution (50 pg/mL) at 37 °C
during 20 h and the resulting CBD conversion degree to A9-THC, CBN,
9a-OH-HHC and 8-OH-iso-HHC was very low - 2.9, 1.1, 1.4 and 10%,
respectively [40]. The plasma proteins precipitation is a relatively
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short-lasting process. As the kinetics of CBD transformation at room
temperature is very slow, the absence of some CBD derivatives peaks on
the LC-MS chromatogram (Fig. 1 B) should not be surprising. It results
from the LC-MS data (Fig. 1 B) that about 0,32% and 0,03% of CBD
transforms to A9-THC and A8-THC, respectively, during 1 h incubation
of a plasma sample with TFA.

The analysis of the GC-MS and LC-MS chromatograms corresponding
to the supernatant after protein precipitation by TFA (Fig. 1 A and B) and
the differences in the chromatographic separation conditions indicate
that most of the discussed CBD derivatives are formed in the GC injector.
The conditions prevailing in the GC injector, i.e. high temperature and
slightly increased pressure, favor and accelerates the transformation of
CBD to its derivatives. The CBD transformation in the hot GC injector
does not occur when the non-acidic precipitation agent ACN is applied
for plasma deproteinization (see Fig. 1C).

The results presented in Fig. 1 were obtained using human plasma
samples containing very high CBD concentration with respect to that
estimated in the plasma of an epilepsy patient treated with CBD-
containing drugs or supplements [41]. As the kinetics of any chemical
reaction, including CBD transformation, strongly depends on the con-
centration of the reacting components, it was decided to repeat the
above experiments using a human plasma sample with CBD concentra-
tion at 50 ng/ml, the level most frequently found in patients’ plasma
[41]. Exemplary GC-MS and LC-MS chromatograms of appropriately
prepared supernatants are presented in Fig. 2 A-D. In this case the MRM
function in GC-MS and the SIM function in LC-MS measurements were
applied. As can be seen, only one among the discussed CBD trans-
formation products, A9-THC, is registered only by GC-MS in the super-
natant obtained from the human plasma sample after its preliminary
deproteinization by TFA (see Fig. 2 A). The chromatograms from Fig. 2
partly confirm the conclusions from Fig. 1 and indicate that the kinetics
and, consequently, also the main pathways of CBD transformation in
high temperature of the GC injector are different than those in gastric
juice at 37 °C [40] and that only A9-THC is formed.

MRM chromatograms of supernatants obtained after protein pre-
cipitation by TFA from samples of human plasma, pig plasma, HSA so-
lution and egg white protein solution, all containing CBD with the same
concentration (50 ng/ml), are presented in Fig. 2S A-D (see supple-
mentary materials). Their comparison indicates that the type of
precipitated protein does not have any essential influence on the amount
of the formed A9-THC, as the magnitudes of the corresponding peaks are
very similar.

There are many compounds and mixtures recommended for protein
precipitation during analytical procedures of drug assay in plasma [31,
33-39]. Table 1 lists the protein precipitation agents used in the ex-
periments to check which of them catalyze the transformation of CBD to
A9-THC. These experiments were performed with human plasma sam-
ples containing 50 ng/ml CBD. As results from the table, A9-THC peak
appears only on GC-MS chromatograms when an acidic agent was
applied for protein precipitation. The other CBD derivatives in acidic
supernatants were not detected. The information contained in Table 1
refers to the supernatants separated from plasma samples after their 1 h
incubation with the precipitation agent. These results show again that in
high temperature of the GC injection system a part of CBD is transformed
to A9-THC when an acidic participation agent is used for plasma
deproteinization. The transformation occurs even at weak acidification
of plasma environment - see the results for ZnSO4 (lately a willingly used
plasma protein precipitation agent) or for CHCl3 (easily decomposing
with formation of HCl in high temperature of the GC injection system).

Examining analogous samples incubated with precipitation agent for
longer time (more than 4 h), it appeared that A9-THC peak began to be
registered on the LC-MS chromatogram when strong acidic precipitation
agents such as 50% H3SO4, 50% TCA and 50% TFA were applied. It
confirms the transformation of CBD to A9-THC at room temperature,
however, the process is very slow.

The results presented above are important both from the
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pharmacological as well as forensic points of view. The application of GC
and an acidic precipitation agent for plasma deproteinization in
analytical estimation of CBD concentration in plasma can, for example:

— lead to improper establishing dose-therapeutic effect relationships
for this compound or,

— cause erroneous accusation of marijuana abuse by a person taking
CBD, the legal cannabinoid not exhibiting psychotropic effects.

Most important for the analysts is the magnitude of analytical error
caused by the application of the discussed procedure for the estimation
of CBD concentration in a plasma sample. To illustrate this problem a
number of examinations were performed by GC-MS of supernatants
obtained from CBD containing plasma samples deproteinized by TFA. In
those experiments pig plasma samples were applied. As the trans-
formation degree of CBD can depend on hydrogen ion concentration,
different TFA/sample volume ratio were applied for protein precipita-
tion. Temperature is another important factor influencing reaction ki-
netics, including CBD transformation. For this reason the GC-MS
measurements were performed at three different temperatures of the GC
injection system. In all of them plasma samples of CBD concentration
equal to 50 ng/ml were applied. The obtained experimental data
allowed to estimate the percentage of residual CBD after its trans-
formation and the concentration of formed A9-THC, which would be the
concentration estimated in plasma by a forensic investigator in real
practice. It should be additionally pointed out that CBD and A9-THC are
poorly volatile compounds and the magnitude of the detector’s response
to these compounds strongly depends on the temperature of the GC in-
jection system. A case like that is shown in Fig. 3S (see supplementary
materials). This is why separate calibration curves prepared at given
injector temperatures were required to perform the above estimations.

The influence of TFA concentration on the percentage of CBD after its
transformation during the applied procedure and on A9-THC plasma
concentration which would probably be detected in the plasma of a
person tested for marijuana abuse are shown in Fig. 4S A and B,
respectively (see supplementary materials). As results from the plots, the
transformation degree of CBD to A9-THC depends both on the concen-
tration of the acidic precipitation agent and the temperature of the GC
injection system: the higher the concentration of hydrogen ions (= the
stronger the acidification of a plasma sample by an acidic precipitation
agent) and/or the higher the GC injector temperature, the greater the
amount of CBD transforming to A9-THC during the high temperature GC
injection.

The discussed procedure of estimating CBD concentration by GC
using plasma deproteinization by an acidic precipitation agent as sample
preparation method also has important criminological implications.
CBD users may erroneously be accused of the abuse of marijuana and its
products. The plots in Fig. 4S B demonstrate that using the discussed
procedure in the analysis of plasma samples with a CBD concentration of
50 ng/ml, high A9-THC concentration level can be found even up to 8
ng/ml. Such hypothetical concentration significantly exceeds the value
assumed in criminology as “the state under the influence of the psy-
chomotor action of A9-THC”, i.e. 2.5 ng/ml in EU directives [42].

In the discussion of the content of Table 1 it is noted that A9-THC can
appear in the supernatant from plasma with 50 ng/ml CBD concentra-
tion, but only after a long incubation of the plasma sample with strong
acidic precipitation agents like HpSO4, TCA or TFA. As the extended
incubation period may lead to the decrease of CBD concentration in
supernatant, it can be expected that the incubation time should also
have impact on further transformation of the remaining (non-trans-
formed) CBD to A9-THC, i.e. on the process occurring in a hot GC
injector. This possibility also seems worth considering as the prepared
samples can wait a long time for analysis, for instance in the injection
system. The influence of the incubation time of plasma with 50% TFA on
the percentage of remaining CBD and on the A9-THC plasma concen-
tration is illustrated by Fig. 5S A and B (see supplementary materials). As
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appears from the diagram, the impact of incubation time on the
analytical results is considerable when the time is shorter than 4 h. The
differences between the percentage of remaining CBD or A9-THC con-
centrations at longer incubation times are statistically insignificant. The
last statement is valid in the experimentally examined system, i.e. for
plasma samples of CBD concentration equal to 50 ng/ml and 50% TFA as
precipitating agent.

It is generally known that CBD is a hydrophobic compound strongly
binding with plasma proteins [31,32], particularly with their main
component, albumin. The range of protein concentration in normal
human plasma is quite wide and extends from 66 to 87 g/1 [43]. How-
ever, plasma containing significantly less protein fraction is not rare.
The level 45 g/l is considered as critical concentration of total protein
concentration. The percentage of the remaining CBD and the A9-THC
concentrations estimated by GC-MS in supernatants from the pig plasma
samples reinforced in protein (by adding different amounts of HSA) and
having the same CBD concentration (50 ng/ml) are illustrated in Fig. 6S
A and B, respectively (see supplementary materials). The presented data
does not show any essential influence of protein concentration on the
transformation degree of CBD to A9-THC, what results from the fact that
the CBD transformation process mainly occurs in a hot GC injector
system. This finding is additionally supported by the data presented in
Fig. 2S showing the influence of protein type on the CBD transformation
degree as the matrices applied in those experiments differed in protein
concentrations, too.

As results from Fig. 1C and 2C, CBD transformation in the hot GC
injector does not occur when the non-acidic precipitation agent ACN is
applied for plasma deproteinization. The transformation also does not
occur when other non-acidic precipitation agents are used for the
deproteinization of CBD containing plasma.

Table 2 shows the values of CBD concentrations estimated by GC/MS
in three differently spiked human plasma samples when preliminary
protein precipitation was performed with the most frequently used
neutral precipitation agents: ACN, MeOH, ACN/MeOH mixture or
acetone/PSB mixture. As can be seen, at each examined concentration
level:

- the estimated values of CBD concentration are very close to the real
CBD concentration in a given plasma sample;

- the type of the applied precipitation agent has no essential influence
on the estimated value of CBD concentration.

The presented results prove that for a reliable analysis of CBD in
blood plasma neutral precipitation agents should be used when plasma
deproteinization process is one of the analytical steps.

4. Conclusions

Most chromatographers believe that if a sample can be analyzed GC
or HPLG, it is advisable to choose GC, because GC separation is easier
and cheaper, the equipment is less expensive and, most importantly,
detection is more sensitive than in HPLC. That is why GC is very often
the method of choice in the case of CBD analysis. If so and if the applied
analytical procedure employs protein precipitation as a sample prepa-
ration method before GC quantitation, then neutral precipitating agents
(e.g. ACN, MeOH, acetone) should be used. Precipitation of plasma
proteins is one of the oldest methods of simplifying plasma composition
employed for sample preparation in analytical procedures estimating
the drug concentration in this complex biological matrix. Due its easy
performance, no special requirements concerning laboratory equipment
and low costs of precipitating agents, the method is willingly used also in
recently developed analytical procedures.

As results from the presented data, the application of acidic agents,
such as TFA, TCA, HCIO4, HySO4, ZnSO4, CHCl3, for protein precipita-
tion from plasma samples containing CBD causes the transformation of
the compound to A9-THC. Although at room temperature the
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transformation process occurs very slowly, its speed increases signifi-
cantly at elevated temperatures. When GC is applied for the analysis of
plasma supernatant, the degree of CBD transformation to A9-THC in a
hot GC injector can exceed even 20%. The magnitude of the trans-
formation degree depends on the GC injector’s temperature, hydrogen
ion concentration in sample containing the precipitation agent and the
incubation time of the examined plasma sample with precipitation
agent.

The presented results are important not only for the accuracy of
clinical trials examining CBD pharmacokinetics and dose-therapeutic
effect relationships of CBD in different disease entities but also for
forensic investigations. The growing popularity of CBD-containing
supplements, mainly CBD oils, in self-treatment of humans can lead to
the increase of erroneous accusations of innocent people of using
marijuana or its preparations when the GC-MS system is applied in
forensic laboratories.
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Conversion of cannabidiol (CBD) to A9-tetrahydrocannabinol (A9-
THC) during protein precipitations prior to plasma samples analysis by
chromatography — Troubles with reliable CBD quantitation when

acidic precipitation agents are applied
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Fig. 1S. Optimization of collision energies of MRM transitions for CBD (A) and A9-THC (B).
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Fig. 2S. MRM chromatograms of supernatants after protein precipitation by TFA from samples
of human plasma (A), pig plasma (B), HSA solution (C) and egg white protein solution (D)
containing 50 ng/ml CBD. Incubation time with 50 % TFA - 1 h incubation; Precipitation
agent/sample volume ratio equals 1/5; temperature of GC injector - 300 °C.
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or supplements containing CBD, e.g. CBD oil. CBD plasma concentration - 50 ng/ml;
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were applied.



o

"

CBD remainings [%]
& 2

A9 THC concentrﬂion [ng/mL]

lncubnuon time [h:s] : Incubatmn hme [hrs]

Fig. 5S. The influence of incubation time of plasma with 50% TFA (TFA/plasma volume ratio
—1/5) on (A) - percentage of untransformed CBD, and (B) - the A9-THC plasma concentration
Injector temperature — 300 °C; CBD plasma concentration - 50 ng/ml; In this experiments pig

plasma was applied.

o
1

* HSA addition [g/L] *  HSA addition [g/L)

00

8
[ng/mL]

]

&

CBD remainings [%]

]

é?—THC c_onccntratlon

Fig. 6S. The percentage of untransformed CBD (A) and A9-THC concentration (B) estimated
by GC-MS in supernatants from pig plasma samples reinforced with HSA.CBD sample
concentration - 50 ng/ml; Injector temperature — 300 °C; 50 % TFA/sample volume ratio — 1/5.



Table 1S. Multiple reaction monitoring (MRM) transitions and collision voltages of CBD and A9-
THC for gas chromatography — tandem mass spectrometry.

Retention Qualitative . Collision Quantitative MRM
. MRM transition .re
Compound time voltage transition
. [mass > product
[min] [VI] [mass > product mass]
mass]
314>193 21
CBD 24.94 314>231 24 246>231
246>231 21
314>299 12
A9-THC 26.27 314>271 15 214>299

314>231 18
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The paper discusses the matrix effect evoked by oleamide (OLA), a compound frequently found in sam-
ples processed and/or stored in lab polypropylene vials or disposable syringes. In the case of many
substances a higher response for their samples containing OLA than for net solutions is observed. The
analyte signal gain resulting from OLA presence in the examined sample depends on the ratio of OLA
concentration to analyte concentration. A characteristic feature of the matrix effect evoked by oleamide
is its short duration, which makes the chromatographic data (retention value and signal magnitude of
examined compound) repeatable and reproducible. The identified “transient matrix effect” may signifi-
cantly increase the sensitivity of many analytical procedures employing GC. Evoking the transient matrix
effect by means of OLA in the experimental analytical quantitation of cannabidiol in plasma allowed to
lower its limit of detection (LOD) by more than 50 %.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Plasma protein precipitation, liquid-liquid extraction and solid
phase extraction are the most frequently applied sample prepara-
tion methods in analytical procedures of blood/plasma components
[1,2]. In recent attempts to create the best procedure of sam-
ple preparation for the chromatographic analysis of xenobiotics
in blood/plasma, more and more attention has been paid also to
QUuEChERS [3,4]. Due to the small volume of blood/plasma sam-
ples, all the mentioned sample preparation procedures are usually
carried out in plastic, mostly polypropylene, low volume vessels
like for instance the Eppendorf tube. Polypropylene (PP) used for
the production of the Eppendorf tubes, disposable syringes and
other laboratory auxiliary vessels contains in their structure a num-
ber of necessary additives (plasticizers, antioxidants, emulsifiers,
etc.), which, during the activities required by the analytical pro-
cedure, may migrate to the examined samples and contaminate
them. One of the additives frequently used in the production of
polypropylene laboratory vessels is oleamide (OLA) [IUPAC: (Z)-
Octadec-9-enamide]. This compound, plying the role of lubricant
in the production of polypropylene vessels, very easily migrates to
and contaminates samples during their transport, storage and/or
laboratory activities performed using PP vessels. The negative influ-

* Corresponding author.
E-mail address: michal.dybowski@poczta.umcs.lublin.pl (M.P. Dybowski).

https://doi.org/10.1016/j.jpba.2021.114265

ence of OLA on the result of biochemical assays of samples stored in
PP vessels is known [5]. According to our preliminary studies, the
presence of OLA in blood/plasma samples causes an signal increase
of xenobiotics during their GC analysis. A specific nature of this OLA-
induced effect indicate that it can be used to increase the sensitivity
of xenobiotics analysis in blood/plasma by GC, which is novelty of
the presented study.

The paper discusses the positive and negative impact
of OLA presence in samples containing cannabidiol (CBD),
2-[(1R,6R)-3-metylo-6-(prop-1-en-2-ylo)cykloheks-2-enylo]-5-
pentylobenzeno-1,3-diol, on CBD quantitative estimation. It is
worth mentioning that this cannabinoid is one of the most fre-
quently mentioned component of marijuana and hemp plants in
the literature [6,7]. Considerable interestin the bioactive properties
of CBD resulting from a number of preclinical and clinical studies
and observations, as well as a marked increase in the use of dietary
supplements containing CBD in the human self-treating process
[8], stimulates the development of reliable and sensitive analytical
procedures of its quantitation in blood/plasma samples [9] (e.g. to
establish dose-therapeutic effect relationship) or in plant material
[10] (e.g. to determine its profitability in the production of CBD
and supplements containing this compound).

0731-7085/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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2. Materials and methods
2.1. Materials

Acetonitrile (LC—MS grade), anhydrous magnesium sulfate
(99.5 % powder; MgS0O,4) and sodium chloride were purchased
from Merck (Darmstadt, Germany). The Sepra C18-E sorbent
(50 pwm, 65 A) used in the QUEChERS process was obtained
from Phenomenex (Torrance, CA, USA). Formic acid (99 %),
anthracene, fluoranthene, biphenyl, bisphenol A, testosterone,
cholesterol, human serum albumin (HSA) and phosphate buffered
saline, pH 7.2 (PBS) were acquired from Sigma-Aldrich (Poz-
nan, Poland). Glycerol was obtained from Avantor Performance
Materials Poland (Gliwice, Poland). Synthetic cannabinoid called
as CP-47,497 {IUPAC: 2-[(1R,3S)-3-hydroksycykloheksylo]-5-(2-
metylooktan-2-ylo)phenol} was purchased from LGC Standards
Group (Lomianki, Poland). The standards of cannabidiol (CBD),
cannabidiol-D3 (CBD-Dj3), cannabigerol (CBG), cannabinol (CBN) all
of 1.0 mg/mL in methanol (Cerilliant) were acquired from Sigma-
Aldrich (St. Louis, MO, USA). Deionized water was purified by the
Milli-Q system (Millipore Sigma, Bedford, MA, USA).

Human plasma samples were obtained by the centrifugation
of human blood samples. The blood samples were collected by a
registered nurse from volunteers, after obtaining their informed
consent, using a single closed system containing an S-Monovette
coagulation activator, according to the manufacturer instructions
(Sarstedt AG, Niimbrecht, Germany), and thoroughly mixed in
order to maintain their homogeneity.

2.2. Test solutions

The preliminary studies showing the effect of OLA presence
on the CBD signal magnitude (see Fig. 1) were performed in PP
Eppendorf test tubes without knowledge about OLA migration to
examined samples and about OLA concentration in samples. More
detailed studies showing the effect of OLA presence on the signal
magnitude of selected substances (mainly of CBD) were carried
out in glass vessels using solutions of these compounds without
OLA addition and with known OLA concentration. Their concen-
trations are given in the captions to the figures. To avoid the
influence of interfering matrix components existing in a natural
sample (e.g. plasma components) on the analyte signal magnitude,
it was decided to perform a part of experiments applying plasma
simulant instead of human plasma. 7% HSA solution in PBS was used
in this purpose.

2.3. Eppendorf tube extraction

In order to confirm OLA emissions from the Eppendorf tubes
(Eppendorf Tubes® - Eppendorf AG, Germany) used in the experi-
ments, a 1.5 mL test tube was filled with acetonitrile, sealed tightly
and left for 30 min at room temperature. After that time, the con-
tents of the test tube was analyzed by GC-MS/MS.

2.4. QuEChERS

To plasma or HSA solution (700 L) spiked properly with CBD
and placed in a PP Eppendorf tube or in glass vial, the internal stan-
dard (10 pL of CP-47,497 solution, concentration 10 pg/mL) was
added. The mixture was hand-shaken for 2 min, whereupon MgS0,
(200 mg) and NaCl (50 mg) were added. After vortexing for 1 min,
acetonitrile (700 wL) was introduced to the tube and the whole sus-
pension was vortexed again and next centrifuged at 12000 rpm for
3 min. Finally, the aliquot (600 L) was cleaned-up by d-SPE with
20 mg of C18, centrifuged at 12000 rpm for 3 min and subjected to
chromatographic analysis.

Journal of Pharmaceutical and Biomedical Analysis 204 (2021) 114265

When examining the influence of OLA addition on the analyte
signal magnitude in the analytical procedure involving QUEChERS,
OLA solution was added to the final QUEChERS extract before its GC
analysis.

In order to estimate the detection limit (LOD) for CBD using this
method, QUEChERS extracts from CBD spiked plasma samples were
injected. The LOD was considered to be signalto-noise ratios equal
to 3.

2.5. GC-MS/MS measurements

Quantitative analyses of CBD and other examined compounds
were conducted using a gas chromatograph hyphenated with
a triple quadruple tandem mass spectrometer detector (GCMS-
TQ8040; Shimadzu, Kyoto, Japan). GC separations were performed
employing capillary column Zebron ZB5-MSi (30 m x 0.25 mm
i.d., 0.25 pm film thickness- Phenomenex, Torrance, CA, USA) and
helium (grade 5.0) as carrier gas with flow rate 1.56 mL/min. The 1
WL samples were injected into the column using injection system
working at 310 °C in high-pressure splitless injection mode (150.0
kPa for 1.5 min).

The chromatographic process was performed using the follow-
ing temperature program:

- initial temperature 60 maintained for 2 min, I ramp at a rate of
9° °C/min to the temperature 220 °C, Il ramp at a rate of 5 °C/min
to the temperature 280 °C, Ill ramp at a rate of 10 °C/min to the
final temperature 310 °C and maintained for 15 min.

The MS conditions were as follows:

- tandem mass spectrometer operated with normalized electron
energy of 70 eV;

- ion source temperature: 225 °C;

- collision gas: argon (grade 5.0);

For qualitative purposes the full SCAN mode with range 40-550
m/z was employed and for quantitative analyses the Multiple Reac-
tion Monitoring (MRM) mode was used.

2.6. MRM transitions for MS/MS detection

GC-MS/MS quantitation of all the examined compounds was
performed in the MRM mode. For this reason, the fragmentation
pathways for each compound were established and energies for
MRM transitions were as follows:

314> 193 (CE = 21eV), 314 > 231(CE = 24eV) and 246 > 231 (CE
=21eV) for CBD,

178 > 152 (CE = 15eV), 178 > 89 (CE = 15eV) and 152 > 89 (CE =
15eV) for Anthracene,

154 > 128 (CE = 15eV), 154 > 76 (CE = 15eV) and 128 > 76 (CE =
15eV) for Biphenyl,

202 > 174 (CE = 21eV), 202 > 101(CE = 24eV) and 174 > 101 (CE
= 21eV) for Fluoranthene,

264> 132 (CE=21eV), 264 > 118(CE = 24eV) and 132 > 118 (CE
=21eV) for BAP,

310> 295 (CE = 21eV), 310 > 238(CE = 30eV) and 295 > 238 (CE
=27eV) for CBN,

316 > 231 (CE = 15eV), 316 > 193(CE = 15eV) and 316 > 123 (CE
= 6eV) for CBG,

318 > 215 (CE = 15eV), 300 > 215(CE = 15eV) and 233 > 215 (CE
= 15eV) for CP-47,497,

228 > 213 (CE = 15eV), 228 > 135(CE = 15eV) and 213 > 135 (CE
= 15eV) for Bisphenol-A,

288 > 246 (CE = 15eV), 288 > 124(CE = 15eV) and 246 > 124 (CE
= 15eV) for Testosterone,
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Fig. 1. CBD signal magnitudes from GC-MS/MS (A) and LC-MS (B) data for CBD solution in acetonitrile (white bars); QUEChERS extract obtained in glass tube from CBD
spiked HSA sample (gray bars); QUEChERS extract obtained in PP Eppendorf tube from CBD spiked HSA sample (black bars). CBD concentrations in samples examined by
GC-MS/MS were the same and equaled 600 ng/mL. CBD concentration in samples examined by LC-MS equaled 6 p.g/mL.

386 > 301 (CE = 15eV), 386 > 275(CE = 15eV) and 368 > 301 (CE
= 15eV) for Cholesterol,

92> 74 (CE=15eV), 74 > 61(CE = 15eV) and 74 > 43 (CE = 15eV)
for Glycerol.

2.7. LC-MS

An LC-MS system composed of an UHPLC chromatograph
(UltiMate 3000, Dionex, Sunnyvale, CA, USA) and a linear trap
quadrupole- Orbitrap mass spectrometer (LTQ-Orbitrap Velos,
Thermo Fisher Scientific, San Jose, CA) was applied for the chro-
matographic analyses of the examined CBD solutions. ESIionization
source operating in the positive polarization mode at needle poten-
tial equal to 4.5 kV was employed. Nitrogen (>99.98 %) was used
as sheath gas (at 40 arbitrary units), auxiliary gas (at 10 arbitrary
units) and sweep gas (at 10 arbitrary units). Capillary temperature
equalled 320 °C. Chromatographic separations were performed on
Gemini C18 column (4.6 x 100 mm, 3 wm; Phenomenex, USA). The
mobile phase components were: A — 25 mM formic acid in water
and B —25 mM formic acid in acetonitrile. Isocratic elution was
applied using mobile phase containing 40 % of B component. The
total run time was 15 min at the mobile phase flow rate 0.5 mL/min.
The SIM function was used for analyzing CBD solutions. The 315 m/z
ion was monitored.

2.8. Statistical analysis

All results are presented as the mean value of five independent
measurements (n = 5) + SD. The magnitude of chromatographic
signals were compared using analysis of variance (ANOVA). The
differences in the signal magnitudes were considered as significant
for p < 0.05 and Fj; < Fexp.

3. Results and discussion

Fig. 1 shows the CBD signal values obtained in GC-MS/MS
(Fig. 1A) and LC-MS (Fig. 1B) measurements for the supernatant
prepared from an exemplary HSA sample spiked with CBD follow-
ing QUEChERS procedure in a glass test tube (gray bars) and PP
Eppendorf tube (black bars). White bars in Fig. 1A and B represents
CBD signal values obtained in GC-MS and LC-MS analyzes after the
injection of acetonitrile CBD solution of the same CBD concentra-
tion as in the HSA sample. Although the presented results clearly
indicate nearly 100 % recovery of CBD from the HSA sample by
the QUEChERS technique, more important for the paper’s research
question is the exceptionally large magnitude of the CBD signal

180000

160000
140000
120000 -+ *

100000 +—

80000 —

Detector response

60000

40000

20000 +—

Fig. 2. CBD signal magnitudes from GC-MS/MS data obtained for CBD solution
in OLA-free acetonitrile (white bar); CBD solution in acetonitrile containing OLA
(dark gray bar); QUEChERS extract obtained from CBD spiked OLA-free HSA sample
(light gray bar); QUEChERS extract obtained from HSA sample spiked with CBD and
OLA (black bar). CBD concentration - 600 ng/mL, OLA concentration - 5 pg/mL. All
samples prepared in glass vials.

obtained in the GC-MS/MS measurements for the HSA sample pro-
cessed in a PP Eppendorf tube. It is about 28 % higher than that
obtained for the same sample processed in a glass vessel (compare
gray and black bars in Fig. 1A). This suggests that during the QUECh-
ERS procedure some components of PP vial could be extracted and
may have produced the so-called “matrix effect” [11]. This phe-
nomenon causes a higher response in sample solution containing
matrix components than in net solutions [12,13], which was dis-
cussed a few times in the literature, especially in the context of
pesticides analysis in samples containing co-extracted matrix com-
ponents [11,14-17]. The data presented in Fig. 1A suggest that it
also occurs during the GC analysis of CBD (and other compounds -
see below) in samples contaminated with the low-volatile compo-
nents of PP vessels. The possibility of sample contamination with
the components of PP used for the production of different labora-
tory equipment is strongly suggested by Fig. 1S (see supplementary
materials) showing an exemplary chromatogram of the acetonitrile
extract from PP Eppendorf tubes. As can be seen, the main volatile
contaminant of the samples processed in the applied Eppendorf
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Fig. 3. Exemplary GC-MS chromatogram (Scan) of CBD solution in acetonitrile with OLA addition.
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OLA in constant concentration (5 pg/mL) (gray bars) were used (Fig. part A), and OLA concentration increase on the CBD signal magnitude when CBD solutions in OLA-free
acetonitrile (white bars) and CBD solutions in acetonitrile containing OLA in escalating concentrations (gray bars) were used (Fig. part B). CBD concentration - 600 ng/mL.

tubes is OLA, which evokes the observed matrix effect. The dia-
grams in Fig. 2 confirm this supposition. The CBD signal magnitudes
for the OLA-added samples (dark gray and black bars) are clearly
larger than those for the OLA-free ones (white and light gray bars).
Thus, the presence of OLA not only influences the results of the bio-

chemical tests [5] but also the results of the GC chromatographic
analyses.

As results from the literature [11], the matrix effect evoking the
increase in the analyte signal magnitude is caused by the blockade
ofthe existing active centers or by the creation of new active centers
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resulting from the accumulation of low-volatile matrix compounds
in the GC system. If so, the increase in the analyte signal magni-
tude in subsequent injections of the sample containing low-volatile
sample contaminants (e.g. OLA) should be higher and higher. The
diagram in Fig. 2S (see supplementary materials) presenting the
CBD signal magnitudes obtained in five subsequent injections of
CBD solutions of the same CBD concentration in acetonitrile con-
taining OLA and free from OLA, injected alternately, contradicts this
expectation. In both CBD solutions, the CBD signal magnitude and
its retention are constant and repeatable. It is also worth noting at
this point that the data in Figs. 1 and 2 are characterized by a small
spread (small SD values), which also indicate the reproducibility
of the quantitative data. Thus, the matrix effect discussed in this
paper cannot be related to the permanent accumulation of OLA in
the chromatographic system. Taking into account small differences
in vapor pressure of both OLA and CBD and their boiling temper-
atures (ca. 394 and 425 °C, respectively), it is probable that OLA
co-condenses with CBD at the beginning of the column and modi-
fies the stationary phase, increasing the solubility of CBD in it. After
reaching the appropriate temperature in the column operation pro-
gram, OLA starts to migrate and leaves the column in due time in
the form of a separate peak (see Fig. 3). Hence, the observed matrix
effect should rather be specified as “transient matrix effect”.

The magnitude of the CBD signal increase due to the identified
transient matrix effect depends on the mutual quantitative ratio
between the analyte and OLA. This is confirmed by the diagram in
Fig. 4 illustrating (1) the effect of the CBD concentration increase on
the magnitude of its signal established using solutions with ever-
increasing CBD concentration in acetonitrile without OLA (white
bars) and with OLA in constant concentration (gray bars) (see
Fig. 4A), and (2) the effect of the OLA concentration increase on
the magnitude of the CBD signal determined using solutions with
a constant concentration of CBD in acetonitrile without OLA (white
bars) and with OLA in increasing concentrations (gray bars) (see
Fig. 4 B).

A decrease of the increment in the CBD signal magnitude for
the first case (see the percentage increment of signal magnitude in
Fig. 4A) and an increase of the increment in the CBD signal mag-
nitude for the second case (see the percentage increment of the
signal magnitude in Fig. 4B) is observed. The results from Fig. 4 are
consistent with the description of transient matrix effect presented
above and confirm that the increase in the magnitude of the ana-
lyte signal depends on the relative amount of the analyte and OLA
in examined sample.

The question appears whether transient matrix effect induced
by OLA applies only to CBD or to other compounds, too. Fig. 3S
(see supplementary materials) shows the signal magnitudes of sev-
eral exemplary compounds injected to GC-MS in the form of their
acetonitrile solutions with and without OLA. The concentrations of
individual substances in the corresponding solutions were the same
(600 ng/mL). As the presented examples demonstrate, the presence
of OLA does not alter the signal magnitude of aromatic hydrocar-
bons (anthracene, fluoranthene, biphenyl). A positive influence of
OLA presence on the change of signal magnitude is observed for
medium polar substances (CBG, CBD, CBN, CP-47,497, bisphenol
A, testosterone, cholesterol, glycerol). This is understandable since
the OLA is mid-polar component and its co-condensation with ana-
lytes at the beginning of the column favors the solubility growth of
those analytes which strongly interact with OLA or exhibit a similar
nature to OLA. Among the examined polar compounds the greatest
signal gain resulting from OLA presence in the sample is observed
for bisphenol A, and the smallest for the synthetic cannabinoid
CP-47,497 and glycerol.

When analyzing the results presented above, the reproducibility
of the analyte signal increase (exemplified CBD) resulting from the
transient matrix effect deserves particular emphasis. It indicates
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Fig. 5. CBD signal magnitudes from GC-MS/MS data obtained for CBD solution pre-
pared in glass vial using OLA-free acetonitrile (white bar in part A); CBD solution
prepared in glass vial using acetonitrile containing OLA (black bar in part A); CBD
solution prepared in PP vial using OLA-free acetonitrile (gray bar in part A) and for
QUuEChERS extract prepared in glass vial using CBD spiked OLA-free human plasma
sample (white bar in part B); QUEChERS extract prepared in PP vial using CBD spiked
OLA-free human plasma sample (gray bar in part B); QUEChERS extract prepared in
glass vial using CBD spiked human plasma sample with OLA addition (black bar in
part B). CBD concentration — 200 ng/mL, CBD-D3 concentration - 200 ng/mL, OLA
concentration - 5 pg/mL.

the possibility of using the effect to increase the sensitivity of GC
analysis (toincrease the analyte signal magnitudei.e. tolower LOD).
Taking onto account such a possibility in the context of quantifying
trace amounts of xenobiotics, it should be remembered that natu-
ral samples like plasma very often contain low volatile substances,
which can also cause matrix effect increasing signal magnitude of
analyzed substances. Fig. 5 shows the CBD signal values obtained
in GC-MS/MS measurements for CBD solutions prepared in glass
(white and black bars) and PP vials (gray bar) (Fig. 5A) and for
supernatants prepared from human plasma samples spiked with
CBD, in accordance with QUEChERS procedure performed in glass
(white and black bars) and PP vials (gray bar) (Fig. 5B). Its analysis
confirms the previously formulated conclusions and leads to the
following additional ones that (1) the CBD signal increase is caused
not only by OLA but also by plasma matrix components, and (2) the
increase of CBD signal resulting from the presence of plasma matrix
components is additionally magnified by OLA.

A few methods can be used to counteract the matrix effect
[11,12,14,15,18,19,20]. They are either labour-intensive [11], or
require the usage of previously modified GC equipment [20], or
cause quick column deterioration, or are of limited effectiveness
[11,12,14,18,19]. Their application can eliminate also the transient
matrix effect evoked by OLA, intentionally added to the sample to
increase the signal magnitude of the quantified analyte. To avoid
the probability of losing the OLA effect of heightening the sensitiv-
ity of xenobiotic analysis in plasma by GC an appropriate internal
standard should be used. Its losses in the process of sample prepa-
ration for analysis and its signal gain due to the presence of OLA
should be the same as for an analyte. Hence, the usage of deuter-
ated analyte as internal standard in the analytical procedure seems
to be the only option.

As results from Fig. 4, the increase of analyte signal magnitude
(exemplified by CBD) resulting from the presence of OLA in the
sample depends on the concentration ratio of the two components.
Consequently, by injecting calibration solutions with different ana-
lyte concentrations and a constant concentration of the internal
standard and a constant concentration of the substance causing
transient matrix effect (OLA), a calibration curve will be obtained,
which will have to be approximated by a polynomial equation. Its
course will depend on the OLA concentration used in preparing
calibration solutions, and the accuracy of its course will depend
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on the number of points defining the calibration plot (i.e. the
number of calibration solutions). Fig. 4S (see supplementary mate-
rials) shows exemplary calibration curves for CBD quantification in
plasma samples using QUEChERS as sample preparation technique.
The calibration plots were prepared using plasma solutions with-
out OLA and adding OLA to QUEChERS extract. Deuterated CBD was
used as an internal standard. In this experiment, OLA reduced LOD
of QUEChERS procedure for CBD estimation by 53 % (LOD lowered
from 1.03 ng/mLin the case of OLA-free samples to 0.48 ng/mL after
OLA addition).

4. Conclusions

The presented results show that the presence of OLA in sam-
ples examined by GC causes the signal magnitude increase of CBD
and many other compounds in relation to their signal magnitude
in OLA-free samples. The reason for this is matrix effect, which
in the case of OLA should be referred to more accurately as tran-
sient matrix effect. It makes the magnitude of the signal gain for an
examined analyte reproducible. The presented results prove that
the identified transient matrix effect can be used to improve the
sensitivity of a number of analytical quantitation of xenobiotics in
plasma by GC. For this purpose, internal calibration with a deuter-
ated analyte as an internal standard should be used. Moreover, OLA
should be added to the sample just before its injection.
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Fig. 1S. GC-MS (SCAN) chromatogram of acetonitrile extract from PP Eppendorf tube.
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Fig. 2S. CBD signal magnitudes from GC-MS/MS data obtained in five consecutive injections
of CBD solution in OLA-free acetonitrile (white bars) and CBD solution in acetonitrile
containing OLA (gray bars). CBD concentration — 600 ng/mL, OLA concentration — 5
pug/mL.
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with squares) using QUEChERS as sample preparation method before GC analysis.
Deuterated CBD (200 ng/mL) was applied as internal standard. All steps of analytical
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ARTICLE INFO ABSTRACT

Keywords:
Oleamide-induced transient matrix effect
Analytical sensitivity increase

Methods for the analysis of cannabinoids in bio-matrices are continually being developed, to achieve a proper
sensitivity required for their detection and accuracy in their quantification. The presented paper shows that the
analytical sensitivity of GC-MS to THC and its metabolites in blood samples can be significantly increase by

;:g OH oleamide (OLA) addition to the examined sample, which evokes the matrix effect of transient character. The
THC-COOH magnitude of signal increment resulting from oleamide presence in the examined sample is the greatest for THC

metabolites and depends on oleamide concentration in the examined sample. The use of transient matrix effect to
increase the sensitivity of the analysis can be applied not only in QUEChERS procedure, which is applied in the
described experiments, but also in other blood sample preparation methods. Evoking the transient matrix effect
by means of OLA in the experimental analytical quantitation of THC and its metabolites in blood allowed to
lower limit of detection (LOD) approximately by 20.5%, 87.6% and 90.1% in the case of THC, THC-OH and THC-

COOH, respectively.

1. Introduction

The matrix effect is a phenomenon that can complicate accurate
quantification of an analyte by GC in complex matrices, e.g. in blood and
plasma or plant materials [1-3]. It is caused by low-volatile matrix
components condensing on the active sites of GC injection liner and/or
GC column and preventing the irreversible adsorption and/or degra-
dation of analytes due to their interaction with those sites. As a conse-
quence, the signal magnitude of the analyte being determined is greater
than that obtained for analyte samples free of substances causing the
matrix effect. Since the quantity of matrix components in a given matrix
type varies (e.g. blood from different individuals, plant material from
different plantations), the signal magnitude change of the analyzed
substance resulting from the matrix effect is different and, in conse-
quence, a reliable quantitative estimation of analytes is problematic. A
few ways to compensate for the matrix effect were described in the
literature [3-8]. They are either labor-intensive [4], or require the usage
of previously modified GC equipment [5], or cause quick column dete-
rioration, or are of limited effectiveness [3,4,8].

Oleamide (OLA) [IUPAC: (Z)-Octadec-9-enamide] is one of the
compounds in blood and plasma samples found by us to cause the matrix
effect [9]. The compound, plying the role of a lubricant in the

* Corresponding author.
E-mail address: m_dybowski@interia.pl (M.P. Dybowski).

https://doi.org/10.1016/j.jpba.2022.114800

production of polypropylene vessels and disposable syringes, very easily
migrates to and contaminates blood and plasma samples during their
transport, storage and/or other activities performed using PP vessels. In
the course of our research on the determination of xenobiotics in blood
and plasma by GC method, it was observed that OLA caused the matrix
effect significantly increasing the signal of the analyzed compound [9,
10]. Further research showed that OLA-induced matrix effect did not
cause permanent modification of the chromatographic system (the
retention data of analytes in subsequent GC separations were the same);
therefore it can be referred to as the transient matrix effect [9]. In view
of the above, the idea appeared of using OLA-induced transient matrix
effect to increase the sensitivity of the analysis. This idea seems to be
particularly important in biomedical analyses, when not only the drug,
but also its metabolites are determined in the biological material.

One of the most frequently detected substances in the blood of people
suspected of using psychoactive substances is A9-tetrahydrocannabinol
(THC) [11-13]. The paper discusses the effect of OLA addition on the
increase in the signal size of THC and its major metabolites,
11-hydroxy-A9-tetrahydrocannabinol (THC-OH) and 11-nor-9-carbox-
y-A9-tetrahydrocannabinol (THC-COOH) [13-15], and shows how to
use this amide to increase the sensitivity of GC analysis of these com-
pounds in derivatized blood and plasma samples. The analysis of THC
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Fig. 1. The exemplary difference in GC-MS/MS signal magnitude of THC and
THC-TMS observed after the injection of their solutions in acetonitrile without
and with OLA addition - white and dark gray bars, respectively.

and its metabolites in blood and plasma samples generally requires the
use of an appropriate sample preparation method. For this purpose,
protein precipitation method, liquid-liquid extraction (LLE), solid phase
extraction (SPE) and QUEChERS are most often used [13,16-20]. In this
experiments QuEChERS was applied.

2. Materials and methods
2.1. Materials

Acetonitrile, n-hexane, ethyl acetate (all LC-MS grade), anhydrous
magnesium sulfate (99.5% powder; MgSO4), sodium chloride, iron (III)
chloride, zinc (II) chloride, copper (II) chloride, hexamethyldisilazane
(HMDS) and trimethylchlorosilane (TMCS) were purchased from Merck
(Darmstadt, Germany). The Sepra C18-E sorbent (50 um, 65 A) used in
the QUEChERS process was obtained from Phenomenex (Torrance, CA,
USA). OLA and the standards (certified reference materials) of THC (1.0
mg mL-1 in methanol T-005 Cerilliant), THC-d3 (1.0 mg mL"! in meth-
anol T-011 Cerilliant), 11- THC-OH (1.0 mg mL7 in methanol H-027
Cerilliant), THC-OH-d3 (100.0 pg mL7 in methanol H-041 Cerilliant),
THC-COOH (1.0 mg mL"! in methanol T-010 Cerilliant) and THC-COOH-
d3 (100.0 pg mL! in methanol T-004 Cerilliant) were acquired from
Sigma-Aldrich (St. Louis, MO, USA).

Journal of Pharmaceutical and Biomedical Analysis 215 (2022) 114800

2.2. Types of examined samples

In order to show the effect of OLA addition on the increase in the
signal size of THC and its major metabolites, THC-OH and THC-COOH,
the following test solutions and samples were prepared:

- THC, THC-OH and THC-COOH solutions in acetonitryl (concentra-
tion of each component equal 10.0 ng mL-1);

- THC solutions (10.0 ng mL-1) in methanol and methanol containing
Fe (IID), Zn (II) and Cu (II) ions (1.0 and 2.0 mg mL-1 of each ion);

- THC solution (10.0 pg mL-1) in methanol and methanol containing
Fe (III) ions (2.0 mg mL-1);

- blood samples from voluntaries, which were spiked with THC, THC-
OH and THC-COOH (concentration of each component equal 10.0
ng mL-1);

- blood samples taken from persons suspected of DUID (Driving Under
the Influence of Drug) with positive cannabinoid test result.

All blood samples were collected by a qualified person from volun-
taries and persons suspected of DUID with positive cannabinoid test
results on a Drager DrugTest 5000 tester (Drager, Liibeck, Germany).
The blood samples (2 x5.0 mL) were collected using a single closed
system from Sarstedt AG (Niimbrecht, Germany) containing an S-Mon-
ovette coagulation activator and subsequently mixed thoroughly in
order to maintain their homogeneity and stored at — 20 °C ( + 2 °C)
before undergoing the analytical procedure involving QUEChERS and
LLE.

2.3. QuEChERS

To a blood sample (750.0 pL) placed in a glass vial, the internal
standards (10.0 pL of THC-d3, THC-OH-d3, THC-COOH-d3 solution,
concentration 10.0 pg mL ') were added. The mixture was hand-shaken
for 2 min, whereupon MgSO4 (200.0 mg) and NaCl (50.0 mg) were
added. After vortexing for 1 min, acetonitrile (1500.0 pL) was intro-
duced to the tube and the whole suspension was vortexed again and
centrifuged at 12,000 rpm for 3 min. Finally, the aliquot (1600.0 pL) was
cleaned-up by p-SPE with 20.0 mg of C18, centrifuged at 12,000 rpm for
3 min and subjected to the derivatization procedure by silylation.

2.4. LLE

To a blood sample (1500.0 pL) placed in a glass vial, the internal
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Fig. 2. The exemplary difference in GC-MS/MS signal magnitudes of a THC-TMS, b THC-OH-TMS and ¢ THC-COOH-TMS observed after injection of their solution in
acetonitrile without OLA addition (white bars) and with OLA addition before and after derivatization process - light gray and dark gray bars, respectively.
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White bars - OLA-free analyte solution in acetonitrile; gray bars — acetonitrile
solutions of the analytes containing different OLA concentration.

standards (20.0 pL of THC-d3, THC-OH-d3, THC-COOH-d3 solution,
concentration 10.0 pg mL™) were added. Liquid-liquid extraction was
carried out with 3000.0 pL n-hexane/ethyl acetate (9/1, v/v) for 2 min
on a vortex shaker. After centrifugation (12,500 rpm for 3 min), the
organic phase was withdrawn and subjected to the derivatization pro-
cedure by silylation.

2.5. Sample derivatization: silylation procedure

1500.0 pL of the examined sample (blood QUEChERS/LLE extract, or
acetonitryl solution of THC, THC-OH and THC-COOH or acetonitryl/
methanol solution of THC) was dried in nitrogen stream. The dried
residue was reconstituted with 1500.0 pL of derivatization mixture
consisting of HMDS/TMCS/acetonitryle (1:1:1 v/v) and mixed for 2
min. To terminate the derivatization process, the obtained mixture was
heated at 60 °C for 15 min, and - after cooling - methanol (300.0 puL) was
added. The resulting trimethylsilyl (TMS) derivatives were centrifuged
at 12,000 rpm for 5 min. The individual TMS derivatives were desig-
nated in this paper as follows: THC-TMS, THC-OH-TMS and THC-COOH-
TMS.

Three types of silylated samples were prepared for GC-MS/MS
analysis:

1. samples without OLA
2. samples to which OLA solution was added before silylation, and
3. samples to which OLA solution was added after silylation

Journal of Pharmaceutical and Biomedical Analysis 215 (2022) 114800
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Fig. 4. GC-MS/MS signal magnitudes of a THC-TMS, b THC-OH-TMS and ¢
THC-COOH-TMS obtained in five consecutive injections of their OLA-free
samples (white bars) and samples with OLA addition after the termination of
derivatization process (dark gray bars). OLA concentration - 60 pg mL™.

To exclude quantitative errors resulting from sample volume in-
crease due to OLA addition, the OLA-free samples were supplemented
with an appropriate volume of acetonitrile.

2.6. Thermal treatment of THC solution containing Fe (III) ions

THC solutions (50.0 pg in 5.0 mL) in methanol and methanol con-
taining Fe (III) ions (2.0 mg mL ™) were heated at 100 °C in tightly closed
glass vials for 5 h. After cooling, the samples were analyzed using
LC-MS.

2.7. GC-MS/MS measurements

Quantitative analyses of THC, THC-TMS, THC-OH-TMS and THC-
COOH-TMS.were conducted using the GC-MS/MS TQ8040 (Shimadzu,
Kyoto, Japan) equipped with a ZB5-MSi fused-silica capillary column
(30.0 m x 0.25 mm i.d., 0.25 pm film thickness; Phenomenex). Helium
(grade 5.0) as carrier gas and argon (grade 5.0) as collision gas were
used. Column flow was 1.56 mL min™, and 1.0 pL of the sample was
injected by an AOC-20i+s type autosampler (Shimadzu). The injector
was working in high pressure mode (250.0 kPa for 1.5 min; column flow
at initial temperature was 4.90 mL min™!) at the temperature of 320 °C.
The following temperature program was applied:

For 2 min 60 °C, then a linear temperature increase up to 320 °C at
the rate of 10 °C min’!, and hold at 320 °C for 15 min

The mass spectrometer was operated in multiple reaction monitoring
(MRM) mode using optimal conditions — see [13]. The ion source was
operated at 220 °C.

In order to estimate the limit of detection (LOD) and the limit of
quantitation (LOQ) of TMS derivatives, their acetonitrile solutions were
injected. The LOD and LOQ were considered as signal-to-noise ratios
equal to 3 and 10, respectively.
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Fig. 5. The effect of the OLA addition to the derivatized supernatants from blood samples of marijuana smoking persons on the change of GC-MS/MS signal
magnitude of a THC-TMS, b THC-OH-TMS and ¢ THC-COOH-TMS. OLA-free samples - white bars; samples with OLA addition - dark gray bars. OLA concentration -

60 ug mL,
2.8. LC/MS measurements

The HRMS analyses of the thermally treated THC solutions were
carried out at conditions described in [21] using the LC-MS equipment.
composed of an UHPLC chromatograph (UltiMate 3000, Dionex, Sun-
nyvale, CA, USA) and a linear trap quadrupole-Orbitrap mass spec-
trometer (LTQ-Orbitrap Velos, Thermo Fisher Scientific, San Jose, CA)
was applied for the chromatographic analyses of the examined samples.
ESI ionization source operating in the positive polarization mode at
needle potential equal to 4.5 kV was employed. Nitrogen (> 99.98%)
was used as sheath gas (at 40 arbitrary units), auxiliary gas (at 10
arbitrary units) and sweep gas (at 10 arbitrary units). Capillary tem-
perature equalled 320 °C. The scan cycle used a full-scan event at the
resolution of 60,000. Chromatographic separations were performed on
Gemini C18 column (4.6 x 100.0 mm, 3.0 pm; Phenomenex, USA).
Mobile phase A was 25.0 mM formic acid in water; mobile phase B was
25.0 mM formic acid in acetonitrile. The gradient program was started at

35% B, increasing to 95% for 40 min, followed by isocratic elution
(100% B) for 5 min. The total run time was 45 min at the mobile phase
flow rate of 0.4 mL min’..

2.9. Statistical analysis

All results are presented as the mean values of five independent
measurements (n = 5) + SD. The magnitudes of chromatographic sig-
nals were compared using analysis of variance (ANOVA). Variance
analysis (ANOVA) was applied to compare differences in the signal
response of THC, THC-OH, THC-COOH and their silyl derivatives, THC-
TMS, THC-OH-TMS and THC-COOH-TMS by examining the influence of:

- OLA presence in examined sample
- OLA concentration;
- metal ion concentration
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OLA-free samples - white bars; samples with OLA addition - dark gray bars. OLA
concentration - 60 pg mL™. Fexp = 1826,20 > Fepp = 5,32, p = 9,91 e-11, Feyp
=1552,85 > Fgi = 5,32, p=1,89 e-10 and F., =1299,01 > Foy = 5,32,
p=3,85 e-10 for metal ion concentration equal 0, 1.0 and 2.0 pg mL?,
respectively.

Differences in the signal magnitudes were considered significant for
p <0.05 and Fri¢ < Fexp.

3. Results and discussion

As noted in Introduction, the presence of OLA in the samples
analyzed by GC may cause the matrix effect manifested by the increase
of the signal magnitude of the analyzed substances. For the determina-
tion of THC in blood and plasma samples, the procedure with or without
derivatization of this psychoactive compound can be used [13,22,23].
For THC derivatization, the silylation procedure is most often applied.
Therefore, in the first stage of the presented experiments, the impact of
OLA addition to samples containing THC and its silyl derivative
(THC-TMS) on their signal size was checked. To the derivatized samples
OLA was added after the termination of the derivatization process. The
results of the experiments are presented in Fig. 1. Not only do they show
positive influence of OLA presence in the examined samples on the
increment of THC and THC-TMS signal size (Fex>Fcrit), but also
demonstrate extremely high signal size increment for the silyl derivative
of THC (Fexp=824,38>Fi4=5,32; p = 2,34 e-09).

As the addition of OLA to the analyzed sample significantly increases
the signal magnitude of THC-TMS, next question concerns the effect of
OLA presence on the signal magnitude of the main THC metabolites,
THC-OH and THC-COOH, and more precisely of their silyl derivatives
THC-OH-TMS and THC-COOH-TMS. Assuming the possibility of the
signal increase for derivatives of THC metabolites due to OLA presence,
a decision had to be made whether the amide should be added to the
examined sample before or after its derivatization, remembering that
THC metabolites can be analyzed by GC only after their prior derivati-
zation. The solution is provided by the results presented in Fig. 2. The
figure shows the signal magnitudes of silyl derivatives of THC and its
two main metabolites THC-OH and THC-COOH obtained for the sample
without OLA (white bars), for the sample with OLA added before its
derivatization (light gray bars) and for the sample with OLA introduced
after its derivatization and termination of the silylation process (dark
gray bars). It is seen that the addition of OLA to the sample prior to its
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derivatization does not increase the signal corresponding to the silyl
derivatives of THC and its metabolites. This is understandable as OLA
contains an amino group which are derivatized during silylation. The
silyl derivative of OLA does not evoke the matrix effect (i.e. it does not
act as an analyte protectant). In Fig. 2, the greatest increase in the signal
resulting from the addition of OLA to the sample after its derivatization
is observed in the case of THC-COOH-TMS. The studies carried out with
the use of the GC-MS/MS instruments show that a certain OLA con-
centration in the injected model sample, for instance 60.0 ug mL?,
causes a 2.98-fold increase in the THC-TMS signal, 4.02-fold increase in
the THC-OH-TMS signal and 4.76-fold increase in the THC-COOH-TMS
signal in relation to signal of these individual compound in OLA-free
samples. Statistical significance of signal increase for individual com-
pounds is as follows: Fey,= 2557,60>F;= 5,32; p = 8,64 e-11 for THC-
TMS, Fexp= 2557,60>F = 5,32; p = 5,59 e-11 for THC-OH-TMS and
Fexp= 2863,16>F = 5,32; p = 1,65 e-11 for THC-COOH-TMS.

The results presented in Figs. 1 and 2 were obtained using samples
containing the same concentrations of THC, THC-OH and THC-COOH.
The same amount of 60.0 pg/mL OLA was introduced into them in
required cases. It should be noted, however, that the increment of the
signal size of silyl derivatives of THC and its metabolites depends on the
OLA concentrations in the final sample. This is illustrated in Fig. 3. The
greatest increase in the signal magnitude resulting from the increase in
OLA concentration is observed for THC-COOH-TMS. Statistical signifi-
cance of signal increase for individual compounds, due to different OLA
concentration, is as follows: Fex,= 353,43>F;= 2,87; p = 3,03 e-18 for
THC-TMS, Fexp= 753,89>Fcri= 2,87; p = 1,69 e-21 for THC-OH-TMS
and Fxp= 945,33>Fcr= 2,87; p = 1,78 e-22 for THC-COOH-TMS.

In [9], the matrix effect evoked by OLA in relation to many
non-silanized xenobiotics was recognized as the “transient matrix ef-
fect”. The diagram in Fig. 4 presenting the signal magnitudes of
THC-TMS, THC-OH-TMS and THC-COOH-TMS obtained in five subse-
quent injections of their solutions of the same concentration in aceto-
nitrile containing OLA (gray bars) and free from OLA (white bars),
injected alternately, show that the matrix effect evoked by OLA is also
“transient” in relation to the silyl derivatives of THC and its metabolites.
In both types of solutions, the signal magnitudes of individual com-
pounds (and their retention) are constant and repeatable.

The effect of OLA addition on GC-MS/MS signal magnitude of THC-
TMS, THC-OH-TMS and THC-COOH-TMS examined in the blood sam-
ples of people suspected of smoking marijuana is seen in Fig. 5. The data
demonstrate that OLA addition to the resultant blood samples causes a
visible increase of the signal magnitude of the examined silyl derivatives
(the greatest for THC-COOH-TMS); however, the observed signal in-
crements for individual compounds are not as great as for their solutions
in acetonitryle. The reason is that blood and plasma samples contain
many Lewis acids [e.g. metal ions like Fe (III), A1(III), Zn(II), Cu(Il) etc.],
which, in GC injection conditions, catalyze the polymerization of some
part of silyl derivatives of THC and its metabolites, and, in consequence,
lower the increment of their signal resulting from the OLA-induced
matrix effect. Statistical significance of signal increase for individual
compounds, due to OLA addition, in the presence of Lewis acids in the
sample, is as follows: Fex,= 172,58 >F = 4,01; p = 9,57 e-19 for THC-
TMS, Fexp= 2180,38>F= 4,01; p = 1,56 e-46 for THC-OH-TMS and
Fexp= 3445,39>F.;= 4,01; p =5,49 e-52 for THC-COOH-TMS. The
presence of Lewis acids can also lead to the conversion of A8-THC-TMS
to A9-THC-TMS. This explanation is supported by the data in Figs. 6 and
7. Fig. 6 shows the increases of the GC-MS/MS signal for THC-TMS
resulting from OLA addition to its solutions containing/and free of
metal [Fe (III), Zn (II) and Cu (II)] ions, while Fig. 7 shows LC-MS
chromatograms of THC solutions with and without metal ions. These
solutions, before the chromatographic process, were subjected to the
heat treatment. Fig. 6 proves that the increase in the THC-TMS signal
size resulting from the transient matrix effect is considerably smaller for
the sample with metal ions, whereas Fig. 7 indicates the appearance THC
dimer in the THC solution containing these Lewis acids. As Lewis acids in
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Fig. 7. LC-MS chromatograms (SIM mode) of THC-TMS solutions with (b) and without (a) the addition of Fe (III) ions, which before the chromatographic process

were subjected to heat treatment.

blood and plasma lower the concentration of silyl derivatives of THC and
its metabolites in the GC injection system, the OLA-evoked signal
increment in the presence of Lewis acids is smaller than in the Lewis
acid-free systems. However, the observed signal increment for these
compounds, resulting from OLA addition to the analyzed blood sample/s
is still considerable — see Fig. 8 which shows the data obtained with
application of QUEChERS and LLE. The results of variance analysis for
the OLA addition to QuEChERS and LLE supernatants form blood sample
on the signal increase of individual compounds are collected in Table 1.
As results from the table, the differences in signal magnitudes are sta-
tistically significant. Thus, the OLA-induced "transient matrix effect" can
be used to increase the sensitivity of the analysis of THC and its me-
tabolites. In this experiment, OLA addition (60.0 pg mL™) reduced LOD
of QUEChERS procedure for estimation of:

- THC by 20.5% (LOD lowered from 0.010 ng mL™ in the case of OLA-
free samples to 0.008 ng mL™! after OLA addition);

- THC-OH by 87.6% (LOD lowered from 0.12 ng mL™ in the case of
OLA-free samples to 0.015 ng mL™! after OLA addition);

- THC-COOH by 90.1% (LOD lowered from 0.09 ng mL™ in the case of
OLA-free samples to 0.009 ng mL ™ after OLA addition);

4. Conclusions

The present study shows that the analytical sensitivity of GC-MS
used for analyzing THC and its metabolites in blood and plasma samples
can be significantly increased by OLA addition to the examined sample
to evoke the transient matrix effect. Although some metal ions present in
the blood and plasma catalyze the polymerization of THC and its me-
tabolites, (and in consequence they reduce the analyte amount during
their evaporation and transfer from the GC injector to the column), the
increase in size of the analytes signals resulting from the addition of OLA
is significant. Using OLA to increase the analysis sensitivity of THC and
its metabolites in blood and plasma samples, the following need be taken
into account:

1. OLA should be added at the end of the sample preparation procedure
(just before sample injection) — see Fig. 9;

2. the magnitude of the signal increase due to the transient matrix effect
depends on the quantitative ratio of the analyte to OLA;

3. the usage of deuterated analytes as internal standards is preferred
when internal calibration is applied.
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Fig. 8. The exemplary effect of OLA concentration increase in the derivatized QuEChERS and LLE supernatant from blood sample of marijuana smoking person on
the change of GC-MS/MS signal magnitude of THC-TMS (a and a’), THC-OH-TMS (b and b’) and THC-COOH-TMS (c and ¢’).

Table 1

F-values and p-values obtained during variance analysis for the effect of OLA
addition to QuEChERS and LLE blood supernatants on THC, THC-OH and THC-
COOH signal magnitude increase.

Compound Sample preparation method
QuEChERS LLE

THC Fexp = 11,99 > Fpip = 3,89 Fexp = 11,18 > Fpyp = 3,89
p=1,38e-03 p=1,82e-03

THC-OH Fexp = 290,38 > Fpir = 3,89 Fexp = 116,09 > F i = 3,89
p=6,88e-11 p=1,41e-08

THC-COOH Fexp = 346,36 > Foryp = 3,89 Fexp = 150,97 > Forip = 3,89
pP=244e-11 p=312e-09

The use of the transient matrix effect to increase analysis sensitivity
can also be made in other blood sample preparation methods [24], not
only in the QUEChERS procedure reported in the present work.
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ABSTRACT

The knowledge of compounds stability in the process of sample preparation for analysis and during anal-
ysis itself helps assess the accuracy and precision of estimating their concentration in tested samples.
The present paper shows that a significant amount of CBD present in the blood/plasma sample ana-
lyzed by means of GC transforms in the hot GC injector not only to 9«-hydroxyhexahydrocannabinol, 8-
hydroxy-iso-hexahydrocannabinol, delta-9-tetrahydrocannabinol, A8-tetrahydrocannabinol, and cannabi-
nol but also to the trifluoroacetic esters of A9-THC and A8-THC, when trifuoroacetic acid is used as
protein precipitation agent. The amount of those newly revealed CBD transformation products depends
on the GC injector temperature and on the extrahent type when extracts of the supernatants centrifuged
from human plasma samples are analyzed after their preliminary protein precipitation by trifuoroacetic
acid.

Although trifuoroacetic acid as a protein precipitating agent has many disadvantages, it is quite of-
ten used for this purpose due to its very high protein precipitation efficiency. The results presented in
the study demonstrate why the use of trifuoroacetic acid for plasma samples deproteinization should be

avoided when CBD is determined by GC.

© 2022 The Author(s). Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Cannabidiol (CBD), 2-[(1R,6R)—3-methyl-6-prop-1-en-2-
ylcyclohex-2-en-1-yl]-5-pentylbenzene-1,3-diol is one of the
ingredients of marijuana and hemp plants most frequently
discussed in the literature [1-4]. This compound, devoid of psy-
chotropic effect, unlike delta-9-tetrahydrocannabinol (A9-THC),
has recently been extensively researched due to its biological
properties suggesting therapeutic benefits. Although the poten-
tial activity of CBD is especially emphasized in the treatment
of epileptic syndromes [5,6], the compound is also espoused as
supporting the treatment of immune dysfunctions [7], diabetes
[8,9], addictive behavior [10] and cancer [11,12]. Preclinical stud-
ies have also demonstrated its anti-nausea and analgesic effects
[13,14]. High interest in CBD resulting from research and clinical
observations, as well as a marked increase in the use of dietary
supplements containing CBD in self-healing therapies [15], require
the development of reliable and sensitive analytical procedures for
its quantitative determination in blood/plasma samples.

* Corresponding author.
E-mail address: dawid@poczta.umcs.lublin.pl (A.L. Dawidowicz).
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Several analytical procedures have been developed for mea-
suring CBD and other cannabinoids together with their metabo-
lites in blood/plasma samples applying GC [16,17] and HPLC [18-
20] equipment. Most of them involve classical or automated liquid-
liquid extraction (LLE) or solid-phase extraction (SPE) as sample
preparation method. QUEChERS is also recommended as sample
clean-up technique for cannabinoids analysis [21,22]. As CBD is
a highly hydrophobic molecule and strongly binds with plasma
proteins [23,24], some reports recommend using for this purpose
the analytical procedures involving protein precipitation [19,25]. As
protein precipitation is a very simple and quick sample prepara-
tion method not requiring special equipment, it is willingly used
in many analytical procedures of xenobiotics estimation, including
cannabinoids, in blood/plasma samples [19,24].

Several protein precipitation agents are used in the an-
alytical procedures of drug assay in blood/plasma, most of-
ten organic solvents (e.g. acetonitrile, methanol, acetone), acidic
agents (eg H,S04, CF3CO0H, ZnSOy, (NH4)ZSO4, NH4NO3, NH4C1,
CCl3COO0H, HClO4, CHCI3) and neutral salts (MgSO4 Na;SO4, NaCl,
MgCl,, CH3COONH,, HCOONH,) [24,26-32]. As demonstrated in
[33,34], if an acidic precipitation agent is used, a significant
amount of CBD in a sample analyzed by GC transforms in
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the hot GC injector to 9w-hydroxyhexahydrocannabinol (9c-OH-
HHC), 8-hydroxy-iso-hexahydrocannabinol (8-OH-iso-HHC), delta-
9-tetrahydrocannabinol (A9-THC), A8-tetrahydrocannabinol (A8-
THC), and cannabinol (CBN).

One of the longest-used protein-precipitating reagents is
CF3COOH (TFA). The major disadvantage of TFA, and other protein
precipitating agents, is sometimes insufficient sample clean-up,
which may hinder the chromatographic separation and quantifica-
tion of the analytes. Nevertheless, TFA is still used due to its very
high protein precipitation efficiency in relation to other agents. Ac-
cording to Andrews and Paterson [35], the anhydride of this acid
(trifluoroacetic anhydride - TFAA) is able to react with CBD and
A9-THC, forming a stable A9-THC-TFA ester. If so, it needs to be
established whether TFA derivatives with A9-THC and eventually
with other CBD transformation products (9«-OH-HHC, 8-OH-iso-
HHC, A8-THC and CBN) are formed when TFA is applied as protein
precipitation agent in the sample preparation for CBD analysis in
plasma by GC ? The chemical structures of CBD and all its men-
tioned transformation products suggest the possibility of forming
esters with TFA. Hypothetically, as many as 77 mono-, di-, tri- and
tetra-TFA esters could be formed (their structures are shown in the
supplementary materials). The answer to the above question is not
only theoretically interesting but may also be practically valuable
for the accuracy of CBD quantification in plasma samples by GC
when TFA is used for protein precipitation. An additional argument
to answer the above question is that TFA’s has much weaker acyla-
tion abilities of OH groups in organic compounds than TFAA. Thus,
the aim of the study is to find out whether GC allows for accurate
quantification of CBD in blood/plasma samples if TFA is used for
their deproteinization.

2. Materials and methods
2.1. Reagents and standards

Acetonitrile (ACN) (LC/MS grade), anhydrous magnesium sul-
fate (99.5% powder; MgSO4) and sodium chloride were purchased
from Merck (Warszawa, Poland). The standards (certified reference
materials) of A9-THC (1.0 mg/mL in methanol - Cerilliant) and
CBD (1.0 mg/mL in methanol - Cerilliant), CBD-D3 (1.0 mg/mL in
methanol - Cerilliant), THC-D3 (1.0 mg/mL in methanol - Ceril-
liant), trifluoroacetic acid (TFA) (>99%) and trifluoroacetic anhy-
dride (TFAA) were acquired from Sigma-Aldrich (Poznan, Poland).
Dichloromethane (DCM), hexane, chloroform (CHCl3) and ethyl ac-
etate (EtOAc), all of analytical grade, were purchased from the Pol-
ish Chemical Plant POCh (Gliwice, Poland). DMSO-dg was bought
from Armar AG (Dottingen, Switzerland). CBD crystal (>99%) was a
gift from CannLAB (Krakéw, Poland). Deionized water was purified
by the Milli-Q system (Millipore Sigma, Bedford, MA, USA).

2.2. Preparation of CBD-TFA and THC-TFA esters

Preliminary studies have indicated that not only 9«-OH-HHC,
8-0OH-iso-HHC, A9-THC, A8-THC and CBN [34] but also trifluo-
roacetic esters of CBD or THC are formed in the GC injector. There-
fore, in separate experiments, CBD and THC were esterified using
trifluoroacetic acid anhydride. The obtained TFA esters were tested
by NMR and GC-MS. The GC-MS data were useful in identifying
the compounds formed in the GC injector.

The procedure of syntethizing trifluoroacetic ester of CBD or
THC was as follows. The trifluoroacyl derivatives of CBD and THC
were prepared heating a mixtures composed of TFAA/DCM (20:80)
(500 pL) and CBD or THC solution in DCM (20 mg/mL) (500 pL)
at 65 °C for 60 min. The molar ratio of TFAA to CBD or THC was
0.72: 0.03. The liquid phase from individual reaction mixtures was
subsequently evaporated under nitrogen stream. The dry residue
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was dissolved in an appropriate solvent (DMSO-d6 or acetonitrile)
and subjected to further measurements. THC for the synthesis was
obtained from CBD following the procedure described in [36].

2.3. Plasma protein precipitation procedure

TFA, the precipitation agent (25 pL), was added to 475 pL of
human plasma containing CBD (10 pg/mL). The samples were vor-
tex mixed, incubated for 1 h and centrifuged for 5 min at 18,600
x g. The separated supernatants were analyzed by GC-MS and LC-
MS. Protein precipitation in the experiments was performed with
the use of excess amount of TFA, as provided for the precipitation
procedures.

2.4. Extraction of supernatants from plasma

The extraction process of supernatants from blood/plasma sam-
ples is used in some cases as an additional sample purification step
and may involve different solvents. In order to determine the effect
of the solvent type on CBD transformation in the GC injector, test
samples were prepared in the following way. To supernatants cen-
trifuged from human plasma samples spiked with CBD (10 pg/mL),
after their preliminary protein precipitation by TFA (500 uL), ACN
or DCM or EtOAc or hexane (500 L) was added and vortex mixed
(2 min). Next, the mixtures were centrifuged for 5 min at 18,600 x
g and the separated organic phases were subjected to GC-MS anal-
ysis. When ACN was used as extracting solvent, NaCl/MgSO,4 (1/4-
250 mg) was added to the mixture before its vortexing to reduce
the miscibility of ACN and H,0, and to allow phase separation of
these liquids. It is worth mentioning that anhydrous MgSO, is a
strong water binding agent, the heat emitted during water binding
reaction favors the extraction of analytes from the sample matrix
- see QUEChERS technique [37]

2.5. GC-MS measurements

Qualitative analyses of CBD, CBD-TFA esters and TFA esters of
CBD transformation products were conducted using a gas chro-
matograph hyphenated with a triple quadruple tandem mass
spectrometer detector (GCMS-TQ8040; Shimadzu, Kyoto, Japan).
GC-MS conditions were as follows: capillary column - Zebron
ZB5-MSi (30 m x 0.25 mm i.d., 0.25 pm film thickness; Phe-
nomenex, Torrance, CA, USA); carrier gas: helium (grade 5.0); flow
rate: 1.0 ml/min; splitless/split injection mode (sampling time:
1.00 min); glass wool packed liner (AG0-4683, Phenomenex) -
34 mm ID x 95 mm L x 5 mm OD; injector temperature: 280;
295 and 310 °C; injection volume: 1 pL; temperature program -
initial temperature 60 °C held for 3 min and then the temperature
increase to 310 °C at a rate of 12 °C/min. The final temperature
was held for 15 min. Mass spectrometer parameters: normalized
electron energy of 70 eV; ion source temperature: 225 °C.

The full SCAN mode with range 40-750 m/z and SIM mode
for m/z=410, 428, 506, 524, 542, 620, 638 and 716 were used.
These m/z values correspond with molecular ions of individual es-
ters from Fig. 1S.

In order to analyse extracts from the supernatants centrifuged
from human plasma samples spiked with CBD after their prelim-
inary protein precipitation by TFA, multiple reaction monitoring
(MRM) mode was used. GC-MS/MS analysis was performed us-
ing characteristic MRM transitions at optimal collision energies
(CE) for A8-THC-TFA and A9-THC-TFA. Three MRM transitions (m/z
=> m/z) of the highest intensity were selected for further experi-
ments:410 => 327 (CE = 20 eV), 410 => 367 (CE = 15 eV) and
395 => 367 (CE = 12 eV) for A8-THC-TFA and for A9-THC-TFA.
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Fig. 1. GC-MS chromatograms (A, B in Scan and C, D in SIM mode) of the supernatants centrifuged from human plasma samples spiked with CBD (10 pg/mL) after their
preliminary protein precipitation by TFA (A,C), and CBD solution (10 pg/mL) in acetonitrile containing TFA (B,D).

2.6. LC-MS measurements

An LC-MS system composed of an UHPLC chromatograph
(UltiMate 3000, Dionex, Sunnyvale, CA, USA) and a linear
trap quadrupole-Orbitrap mass spectrometer (LTQ-Orbitrap Velos,
Thermo Fisher Scientific, San Jose, CA) was applied for the chro-
matographic analyses of the examined supernatants. ESI source
operating in the positive ionization mode at needle potential of
4.5 kV was employed. Nitrogen (>99.98%) was used as sheath gas
(at 40 arbitrary units), auxiliary gas (at 10 arbitrary units) and
sweep gas (at 10 arbitrary units). Capillary temperature was main-
tained at 320 °C. The resolution of MS was 60,000. Separations
were performed on a Gemini C18 column (4.6 x 100 mm, 3 pum;
Phenomenex) using gradient elution. Mobile phase A was 25 mM
formic acid in water; mobile phase B was 25 mM formic acid
in acetonitrile. The gradient program started at 30% B increasing
to 90% for 40 min, and ended with isocratic elution (90% B) for
20 min. The total run time was 60 min at the mobile phase flow
rate 0.4 mL/min.

Analysing the examined samples, the SIM function was used
to better visualize the chromatographic separation and to remove
the signals from insignificant mixture components like the plasma
components and the precipitation agent. Pseudo molecular ions
[M+H]* of m/z=411, 429, 507, 525, 543, 621, 639 and 717, corre-
sponding with esters presented in Fig. 1S, were monitored.

2.7. NMR measurements

NMR measurements were performed at 298 K using a Ascend
600 MHz instrument (Bruker, Bremen, Germany). The DMSO-dg so-
lutions of the obtained samples were examined using 'H, 13C, DEPT
135, 9F, TH-1H COSY, multiplicity-edited 'H-13C HSQC and selec-
tive 1D TOCSY techniques.

3. Results and discussion

To find out whether TFA ester is formed when using protein
precipitation process as sample preparation procedure in estimat-
ing CBD presence in human plasma, (1) the supernatants cen-
trifuged from its samples spiked with CBD (10 pg/mL) after their
preliminary protein precipitation by TFA, and (2) CBD solutions
(10 pg/mL) in acetonitrile containing TFA were examined using
GC-MS working in SCAN and SIM modes. In order to facilitate
the identification of CBD transformation products in the GC injec-
tor, plasma samples containing a high concentration of the ana-
lyte were used deliberately. In the course of chromatographic sep-
aration in SIM mode, m/z=410, 428, 506, 524, 542, 620, 638 and

716 ions corresponding to the molecular weight of individual es-
ters (see Fig. 1S) were searched for. The results of the GC-MS
analyses are shown in Fig. 1A-D. The obtained chromatograms in-
dicate only the presence of m/z=410 compounds, which can be
attributed with great probability to the mono-TFA esters of CBD
and/or THC. In order to confirm this preliminary assumption, ap-
propriate amounts of CBD and THC were esterified using TFAA in
separate experiments (see 2.2 in Experimental). The structures and
chromatographic data of the obtained TFA esters were determined
using NMR and GC-MS. The results of the NMR measurements are
presented in Figs. 2A-C and 2S-10S.

19F spectrum (Fig. 3S) acquired for the reaction products of
CBD with TFAA shows a strong signal in —74.00 ppm and mul-
tiple minor signals at similar positions, correlating well with the
typical chemical shift range for trifluoroacyl groups [38], and thus
confirming its presence in the obtained derivatives. The region of
aromatic protons from 'H spectrum (Figs. 2A and 2S) reveals the
presence of two doublets in positions 6.76 and 6.63 ppm that can
be assigned as correlating aromatic protons (see COSY and HSQC
spectra - Figs. 6S and 7S in supplementary materials). These sig-
nals are significantly shifted toward higher chemical shifts compar-
ing to the analogous resonances of CBD or A9-THC [39], which -
together with the observed strong fluorine resonance - indicates
the presence of a trifluoroacyl moiety in place of the OH pheno-
lic group. The lack of significant signals in the range 9-10 ppm, in
which protons of phenolic OH are observed for CBD and THC (see
CBD 1H spectrum in Fig. 8S in supplementary material), addition-
ally indicates the presence of the trifluoroacyl group attached to
the aromatic ring. Moreover, the signal in position 5.75 ppm can be
identified as resonance from the alkene proton of the cycloalkene
ring of the CBD derivative. Using COSY and HSQC correlations ob-
served for this ring and comparing 1D selective TOCSY spectrum
obtained for 5.75 ppm resonance with similar 1D selective TOCSY
spectrum for the analogues proton of A9-THC (see Fig. 9S in sup-
plementary material), it can be seen that the considered trifluoroa-
cyl ester contains a cycloalkenyl ring identical to that of A9-THC.
All the above observations allow us to identify the main reaction
product as a trifluoroacyl ester of A9-THC (see structure no. 62 in
Fig. 1S). The examined sample also contains trifluoroacyl esters of
other THC isomers and non-modified THC isomers, as can be in-
ferred from the presence of multiple small doublets in the ranges
6.8-6.6 ppm and 6.2-6.0 ppm (see Fig. 2A,B), respectively. The sec-
ond trifluoroacyl ester of THC in the examined sample is A8-THC-
TFA (see structure no. 61 in Fig. 1S). It results from the presence of
resonances in positions at 5.42 and 5.39 ppm (see Fig. 2C), which
can be attributed to alkene protons of the cycloalkene rings of A8-
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Fig. 3. GC-MS chromatograms (SIM mode) of A8-THC-TFA and A9-THC-TFA mixtures obtained after esterification of CBD (A) and A9-THC (B) by TFAA.

THC and its TFA ester. The observed signals are consistent with the
data reported for A8-THC in CDCl; in [39]. Hence, the NMR mea-
surements show that the esterification of CBD by TFAA leads to the
formation of two TFA monoesters of THC, A9-THC-TFA and AS8-
THC-TFA, of molecular weight equal 410. It should be stressed that
the same esters are formed during the esterification of A9-THC by

TFAA. For confirmation see Fig. 10S in the supplementary materi-
als. A9-THC-TFA structure and its NMR data are presented in Fig.
11S and Table 1S, respectively.

The GC-MS chromatograms of ACN solutions of A8-THC-TFA
and A9-THC-TFA mixtures (10 pg/mL) obtained after esterification
of CBD and A9-THC by TFAA are presented in Fig. 3. They show
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Fig. 4. LC-MS chromatograms (SIM mode in positive polarization) of: - the supernatant centrifuged from human plasma sample spiked with CBD (10 pg/mL) after their
preliminary protein precipitation by TFA (A); - CBD solution (10 pug/mL) in acetonitrile containing TFA (B); - acetonitrile solutions of A8-THC-TFA and A9-THC-TFA mixtures
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that the retention data and MS spectra of these esters are the same
as those registered for the compounds of m/z=410 when analysing
supernatant centrifuged from human plasma samples spiked with
CBD after their preliminary protein precipitation by TFA and/or
CBD solution in ACN containing TFA (see Fig. 1). Hence, if TFA is
used as protein precipitation agent, CBD contained in the sample
analyzed by GC transforms not only to 9«-OH-HHC, 8-OH-iso-HHC,
A9-THC, A8-THC and CBN but also to A9-THC-TFA and A8-THC-
TFA. In the GC system they elute in the order from A8-THC-TFA to
A9-THC-TFA, which results from the elution order and peak inten-
sities of their precursors, i.e. A8-THC and A9-THC, respectively.
Another related question is when exactly the esterification pro-
cess of A8-THC and A9-THC by TFA occurs: during protein precip-
itation or in the hot GC injector. Therefore it was decided to test
the supernatants centrifuged from human plasma samples spiked
with CBD (10 pg/mL) after their preliminary protein precipitation
by TFA as well as properly prepared solutions of CBD and THC by

LC-MS. Fig. 4 presents LC-MS chromatograms (SIM mode in posi-
tive polarization) of:

- the supernatant centrifuged from human plasma spiked with
CBD (10 pg/mL) after preliminary protein precipitation by TFA
(A),

- CBD solution (10 pg/mL) in acetonitrile containing TFA (B),

- acetonitrile solutions of A8-THC-TFA and A9-THC-TFA mixtures
(100 pg/mL) obtained after esterification of CBD by TFAA (C),

- acetonitrile solutions of A8-THC-TFA and A9-THC-TFA mixtures
(100 pg/mL) obtained after esterification of A9-THC by TFAA
(D).

In the course of chromatographic separation, ions correspond-
ing to the molecular weights of esters from Fig. 1S were searched
for. The absence of A9-THC-TFA and AS8-THC-TFA in the super-
natant centrifuged from the human plasma sample spiked with
CBD and in CBD solution containing TFA indicates that either these
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Fig. 6. GC-MS/MS chromatograms (in MRM mode) of extracts from the supernatants centrifuged from human plasma samples spiked with CBD (100 ng/mL) after their
preliminary protein precipitation by TFA, which were obtained using ACN (A), CHCl; (B) DCM (C), EtOAc (D) and hexane (E).

esters do not form during protein precipitation by TFA, or they do,
but their formation kinetics is very slow. These results and those
presented in Fig. 1 indicate that A9-THC-TFA and A8-THC-TFA are
formed in the hot GC injector when TFA is used as protein pre-
cipitation agent. An increase in the GC injector temperature fa-
vors their formation, as seen in the diagram in Fig. 5 showing the

change of the GC-MS signal magnitude of A9-THC-TFA and AS8-
THC-TFA as a function of the GC injector’s temperature.

The type of solvent in which a chemical reaction occurs, in-
cluding esterification, is also a factor influencing the reaction ki-
netics. It is worth noticing that the extraction process of super-
natants from blood/plasma samples is used in some cases as an
additional sample purification step [40,41]. GC-MS chromatograms
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(using MRM function) of the extracts from the supernatants cen-
trifuged from human plasma samples spiked with CBD after their
preliminary protein precipitation by TFA, obtained using hexane,
EtOAc, DCM, CHCl;3 and ACN are shown in Fig. 6. They indicate
that the amount of A8-THC-TFA and A9-THC-TFA formed in the
GC injector depends on the polarity of the extracting solvent. The
peaks of A8-THC-TFA and A9-THC-TFA do not appear on the GC
chromatogram when hexane, non-polar solvent, is used as extract-
ing solvent. The TFA derivatives do form in the presence of other
extracting solvents, but in varying amounts. The results of the last
experiment might allow to find out the relationship between the
degree of CBD transformation in the GC injector and the polarity
of the extracting solvent by relating them to the polarity of indi-
vidual solvents at temperature of the GC injector (i.e. in 310 °C).
Unfortunately, all commonly known solvent polarity scales were
developed under normal conditions. In all probability, the observed
differences in the amount of the formed TFA derivatives are con-
nected with different amounts of TFA co-extracting with CBD to a
given solvent from blood/plasma sample after protein precipitation.
Various enthalpy of the processes occurring in the GC injector and
different polarity and density of sample vapor in the GC injector
due to the presence of different solvents may also play a part, yet
the first explanation seems most probable.

It is also worth noting Fig. 6B showing the formation of A8-
THC-TFA and A9-THC-TFA when CHCl; as the extractant in purifi-
cation step is used. Its content does not quite agree with Holler
et al. [42], who showed that CHCl; prevents the transformation
of CBD during its acylation with TFAA. It should be remembered,
however, that CHCl; at the temperature of GC injector partially de-
composes to HCl, which in turn acidifies the injector atmosphere
and catalyzes CBD transformation. Hence, the result in Fig. 6B is
not surprising.

4. Conclusions

Methods for the analysis of cannabinoids in biological matri-
ces are continually being developed, specifically to achieve the ac-
curacy and precision in estimating their concentration in tested
samples. As reported in [33,34], if protein precipitation by acidic
agents is applied as sample preparation method in blood/plasma
analysis, a significant part of CBD contained in the sample ana-
lyzed by GC transforms to 9«-OH-HHC, 8-OH-iso-HHC, A9-THC,
A8-THC and CBN. The present study takes this knowledge further
by demonstrating the formation of two additional CBD derivatives
in the GC injector, A8-THC-TFA and A9-THC-TFA, if TFA is used
for protein precipitation. Although TFA, unlike TFAA, has a much
lower acylation capacity of OH groups in organic compounds and
does not cause cannabinoids esterification during protein precipi-
tation performed at ambient temperature, it is able to form A8-
THC-TFA and A9-THC-TFA esters in GC injector conditions. The
amount of A8-THC-TFA and A9-THC-TFA esters strongly depends
on the GC injector temperature and the solvent type in the injected
sample.

The knowledge of cannabinoids stability in the process of sam-
ple preparation for analysis and during analysis itself helps as-
sess the accuracy and precision of estimating their concentration
in tested samples. The obtained results demonstrate why the use
of trifuoroacetic acid for plasma samples deproteinization should
be avoided when CBD is determined by GC.
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Figure 1S. TFA esters of CBD and CBD transformation products that can be formed when
protein precipitation process by TFAA is applied to the procedure of CBD estimation in

blood/plasma samples.
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Figure 2S. 'H spectrum of reaction products of CBD with TFAA (DMSOg).
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Figure 3S. '°F spectrum of reaction products of CBD with TFAA (DMSOg).
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Figure 4S. '3C spectrum of reaction products of CBD with TFAA (DMSOg).
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Figure 5S. DEPT 135 spectrum of reaction products of CBD with TFAA (DMSOg).
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Figure 6S. '"H-'H DQF COSY spectrum of reaction products of CBD with TFAA (DMSOg).
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(DMSOg) with CH: cross peaks shown as negative signals (green) and CHs and CH

cross peaks shown as positive signals (blue).



5

Lo

" L

T T T T T T T T

95 90 85 80 75 70 65 60 55

Figure 8S. 'H spectrum of CBD (DMSOg).

5.0
fl [

T T
45 4.0

ppm]

3.5

3.0 2

5 20

1.5




6.8 6.4 6.0 1.6

1l [ppm]

T T T T T T T T T T T T T T
6.8 6.4 6.0 5.6 52 4.8 4.4 4.0 16 3.2 2.8 24 20 1.6

f1 [ppm]

Figure 9S. 'H selective TOCSY spectra obtained by irradiation of A9-THC-TFA ester in 5.75
ppm (A) and by irradiation of A9-THC in 6.37 ppm (B).
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Figure 11S. Enumeration of nuclei in A9-THC-TFA ester.



Table 1S. 'H and '*C NMR data of the A9-THC-TFA ester in DMSOg.

No. dc du (m, J/Hz)®
1 33.1, CH 3.06 (brd, 10.7)
2 121.7, CH 575, 1.4)
3 1354, C -
4 23.0, CH3 1.61 (brs)
5 30.8, CH2 2.11¢ (m)
6 1.87¢(m)

24.1, CH2 1.34¢ (m)
7 45.0, CH 1.56' (m)
8 77.6, C -
9 27.0, CH3 1.37 (s)
10 19.0, CH;3 1.02 (s)
1’ 114.1, C -
2’ 147.5, C -
3 -2.C -
4’ 114.8, CFs -

(Jcr=285 Hz)
5 113.1, CH 6.76 (d, 1.4)
6’ 142.8, C -
7' 116.1, CH 6.63 (d, 1.3)
8’ 154.3, C -
1" 34.4, CHz 2.498 (m)
2" 30.0, CH2 1.54" (m)
3" 30.3, CH»z 1.24° (m)
4" 21.9, CH2 1.28° (m)
5" 13.8, CH;3 0.86 (t,7.1)

2 3’ carbon chemical shift could not be clearly determined due to the lack of compound long-term stability.
>¢ Overlapped signals are reported without designated multiplicity.
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ARTICLE INFO ABSTRACT

Keywords: Methods: for the analysis of cannabinoids in bio-matrices are continually improved to achieve best possible
CBD sensitivity in their detection and accurate quantification. It has been well documented that CBD cyclizes to A9-
THC . THC and A9-THC isomerizes to A8-THC under acidic conditions by means of a Lewis-acid-catalyzed process,
CBD and THC tranSﬁ,)rmatmn causing difficulty in accurate quantification of A9-THC in the presence of CBD, of CBD itself and of A9-THC itself
CBD and THC acylation L. . L
Sample derivatization when these compounds have to be derivatized by acylation. The present paper shows that CBD cyclization and
A9-THC isomerization can be blocked by tertiary amines or azines, which capture protons appearing in the
derivatizing mixture during acylation. The efficiency of the described acylation of CBD depends on the time and
temperature of the derivatizing process, whereas the degree of CBD acylation, i.e. the synthesis of mono- or di-
acylate CBD derivative, depends on the mutual ratio of the cannabinoid, the acylating agent and the proton
binding compound. The way of mono- and di-acyl CBD derivatives formation described in the paper has not been
reported yet. The paper contains a comprehensive analytical characterization of two types of CBD acyl de-

rivatives, CBD-TFA and CBD-Ac, obtained by NMR, GC-MS and LC-MS.

1. Introduction

Of the nearly 120 cannabinoids identified in marijuana and hemp
plants, the most frequently analyzed recently in various types of sam-
ples, especially bio-matrices, are THC and CBD. The first compound due
to its psychoactivity. THC is prohibited in many countries and its abuse
in any form is considered a crime [1,2]. The second one, CBD, due to its
bioactive, but not psychotropic properties. It is suggested in medicinal
treatments of many diseases, and in particular in antiepileptic therapy
[3-5]. For these reasons methods for analysis of CBD and THC in
bio-matrices are continually being developed to achieve a proper
sensitivity required for their detection and accuracy in their quantifi-
cation. The most frequent way of increasing the chromatographic
analysis sensitivity of examined compounds is their preliminary deriv-
atization. However, the derivatization process may prevent quantifica-
tion of easily transforming analytes. A well-described case is just the
analysis of CBD and A9-THC, which - during derivatization with acid
anhydrides [e.g. with trifluoroacetic anhydride (TFAA)]- are easily
converted to A9-THC and A8-THC, and to A8-THC [6-11], respectively.
The amounts of these transformation products are dependent on the
reaction conditions (i.e. acidic strength of by-products, reaction time,

* Corresponding author.
E-mail address: dawid@poczta.umes.lublin.pl (A.L. Dawidowicz).

https://doi.org/10.1016/j.talanta.2022.123777

and temperature) [12-14]. The acylation process of CBD and THC re-
sults in identical retention times and mass spectra of their derivatives,
which makes impossible to quantify their precursors [8,15,16]. Even if
the object of analysis is A9-THC only, consideration must be given to the
possibility of CBD presence in the sample when acid anhydride is used as
derivatizing agent. Difficulties in accurate quantification of THC in the
presence of CBD or of CBD itself when derivatized with acidic anhydride
is due to the different rates of CBD cyclization to A9-THC and A9-THC
isomerization to A8-THC, and the acylation reaction of CBD and/or
THC. The cyclization and isomerization processes, running under acidic
conditions according to the Lewis-acid-catalyzed process [17,18], are
much faster. The present work describes and discusses the procedure of
CBD and THC acylation with their transformation blockage. The
described method of the transformation blockage of these compounds
during their derivatization by acylation allows for accurate and reliable
quantification of CBD in the presence of THC, THC in the presence of
CBD and CBD/THC itself.
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2. Experimental
2.1. Materials

Acetonitryle (ACN) (LC/MS grade), anhydrous magnesium sulfate
(99.5% powder; MgS0O4) and sodium chloride were purchased from
Merck (Warszawa, Poland). The standards (certified reference mate-
rials) of A9-THC (1.0 mg/mL in methanol - Cerilliant) and CBD (1.0 mg/
mL in methanol - Cerilliant), trifluoroacetic anhydride (TFAA), acetic
anhydride (Ac30), acyl chloride (AcCl), trimethylamine (TEA), N-eth-
yldiisopropylamine (EDiPA), N,N,N’,N’- tetramethylethylenediamine
(TMEDA), morpholine (Mor), N-methylmorpholine (NMM), pyridine
(Pyr), 4-dimethylaminopyridine (DMAP), nicotine (Nico), azobenzene
(AB) were acquired from Sigma-Aldrich (Poznan, Poland). Dichloro-
methane (DCM) and toluen (analytical grade) were purchased from the
Avantor Performance Materials Poland (Gliwice, Poland). Deuterated
chloroform (CDCl3) DMSO-dg was bought from Armar AG (Dottingen,
Switzerland). CBD crystal (>99%) was a gift from CannLAB (Krakéw,
Poland). Deionized water was purified by a Milli-Q system (Millipore
Sigma, Bedford, MA, USA).

The blood samples were collected by a registered nurse from vol-
unteers, after obtaining their informed consent, using a single closed
system containing an S-Monovette coagulation activator, according to
the manufacturer instructions (Sarstedt AG, Niimbrecht, Germany), and
thoroughly mixed in order to maintain their homogeneity.

2.2. Derivatization of CBD, A9-THC or CBD/d9-THC mixture by TFAA
in the absence of proton capturing agent (classical acylation way)

The acylation of CBD or A9-THC, or CBD/A9-THC mixture was
performed heating their solutions in dichloromethane (50 pL) with
TFAA (20 pL) at 65 °C for 60 min. The concentration of cannabinoids in
their dichloromethane solutions was 1 mg/mL in the case of CBD or A9-
THC. In the case of CBD/A9-THC mixture, the concentration of each
cannabinoid was 0.5 mg/mL. Next, the low volatile components of the
reaction mixture were evaporated under nitrogen stream and the ob-
tained dry residue was dissolved in ACN (1 mL) and subjected to GC-MS
analysis. The high CBD and/or THC concentrations, unexpected in real
blood samples for forensic analysis, were used merely for demonstration
purposes.

2.3. Derivatization of CBD and A9-THC by TFAA in the presence of TEA
as proton capturing agent — the influence of reaction time and temperature
on the conversion degree of CBD to CBD-di-TFA and A9-THC to d9-THC-
TFA

The mixture composed of:

— 500 pL of toluene solution of CBD (0.1 mg/mL) or A9-THC (0.1 mg/
mL),

— 250 pL of toluene solution of TFAA (5.0 mg/mL) and

— 250 pL of toluene solution of TEA (2.4 mg/mL)

was heated at 25, 65 and 105 °C for 5, 10, 20, 30, 40, 50, 60 and 70
min. Finally, the low volatile components of the mixture were evapo-
rated under nitrogen stream and the obtained dry residue was dissolved
in ACN (1 mL) and subjected to GC-MS analysis.

To avoid sediment precipitation in the reaction mixture containing
proton capturing agent, toluene instead of dichloromethane was used in
these experiments. Moreover, the used toluene solutions of CBD/THC
and acylating agent were more diluted but amounts of these components
in reaction mixtures were the same as in the described before classical
acylation procedure.
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2.4. Derivatization of CBD or A9-THC, or CBD/d9-THC mixture by
TFAA or Ac20 or AcCl in the presence of various proton capturing agents

To the mixture composed of:

- 500 pL of toluene solution of CBD (0.1 mg/mL) or A9-THC (0.1 mg/
mL) or CBD/A9-THC mixture (0.05/0.05 mg/mL) and

- 250 pL of toluene solution of TFAA (5.0 mg/mL) or AcoO (2.4 mg/
mL) or AcCl (1.8 mg/mL),

the toluene solution of a proton capturing agent (250 pL) was added.
The type of capturing agent (amine/azine) and its concentration is given
in Table 1. The obtained mixture was heated at 65 °C for 60 min. Finally,
the low volatile components of the mixture were evaporated under ni-
trogen stream and the obtained dry residue was dissolved in ACN (1 mL)
and subjected to GC-MS analysis.

2.5. Preparation of di-acyl CBD derivative (CBD-di-TFA and CBD-di-Ac)
in amounts sufficient for NMR analysis

Trifluoroacyl and acyl derivatives of CBD (CBD-di-TFA and CBD-di-
Ac) were prepared by carefully mixing 250 pL of toluene solution of
TEA (TEA concentration 25 mg/mL) with 500 pL of toluene solution of
CBD (CBD concentration 2 mg/mL). Next, 250 pL of toluene solution of
TFAA (TFAA concentration 55 mg/mL) or Ac20 (Acy0 concentration 25
mg/mL) was added and the resulting mixture was heated at 65 °C for 60
min. Finally, excessive amounts of acylating agent and toluene were
evaporated under nitrogen stream and the dry residue was dissolved in
1 mL of CDCl3 for NMR analysis, or in 10 mL of ACN for GC-MS and LC-
MS analysis.

2.6. Preparation of mono-acyl CBD derivative (CBD-mono-TFA and
CBD-mono-Ac) in amounts sufficient for NMR analysis

The preparation process of mon-acyl CBD derivatives, both CBD-TFA
and CBD-Ac, was performed in the same way as that for di-acyl CBD
derivatives. The only difference was the concentration of the applied
proton capturing agent, TEA, which amounted to 50 mg/mL.

2.7. Preparation of blood samples for GC-MS analysis

Two steps can be distinguished in the applied procedure of blood
sample preparation for GC-MS analysis:

- isolation of examined cannabinoid from plasma using QUEChERS
and
- acylation of dry residue obtained from QuEChERS aliquot.

MgSO4 (200 mg) and NaCl (50 mg) were added to a blood sample
(700 pL) spiked properly with CBD or A9-THC or mixture of CBD/A9-
THC - concentrations of individual cannabinoids are given below. After
vortexing for 1 min, acetonitrile (700 pL) was introduced and the whole
suspension was vortexed again and then centrifuged at 12,000 rpm for 3
min. The isolated aliquot (600 pL) was evaporated under nitrogen
stream.

The dry residue obtained from QuEChERS aliquot was dissolved in
300 pL of TEA solution in toluene (TEA concentration 5 mg/mL). To this
mixture, 300 pL of toluene solution of TFAA (5 mg/mL) was added and
the resulting composition was heated at 65 °C for 40 min. Finally, the

Table 1
Concentration of individual proton-capturing agents used in acylation process.

TEA EDiPA TMEDA Mor NMM Pyr DMAP Nico AB

Concentration [mg/mL]
2.4 3.1 1.4 2.0 2.4 1.8 1.8 1.9 2.2
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excessive amounts of acylating agent and toluene were evaporated
under nitrogen stream. The obtained dry residue was dissolved in ACN
(600 pL) and subjected to GC-MS analysis.

The examined blood samples contained the following cannabinoid
concentrations:

- A9-THC - 20 ng/mlL;

- CBD - 20 ng/mL;

- CBD - 5 ng/mL and A9-THC - 15 ng/mL;
- CBD - 10 ng/mL and A9-THC - 10 ng/mL;
- CBD - 15 ng/mL and A9-THC - 5 ng/mL.

The above CBD/THC concentrations are in the range of those
determined in real blood samples of cannabis/hemp consumers.

2.8. GC-MS measurements

Qualitative analyses of CBD, CBD-TFA and CBD-Ac esters were
conducted using a gas chromatograph hyphenated with a triple
quadruple tandem mass spectrometer detector (GCMS-TQ8040; Shi-
madzu, Kyoto, Japan). GC-MS conditions were as follows:

capillary column: Zebron ZB5-MSi from Phenomenex, Torrance, CA,
USA (30 m x 0.25 mm i. d., 0.25 pm film thickness)

carrier gas: helium (grade 5.0);

flow rate: 1.0 mL/min;

injector temperature: 310 °C;

injection volume: 1 pL;

temperature program: initial temperature 60 °C held for 3 min, and
then the temperature increase to 310 °C at a rate of 12 C/min. The
final temperature was held for 15 min;

mass spectrometer operated with normalized electron energy of 70
ev;

- ion source temperature: 225 °C.

The full SCAN mode with range 40-650 m/z was used.

2.9. LC-MS measurements

A LC-MS system composed of an UHPLC chromatograph (UltiMate
3000, Dionex, Sunnyvale, CA, USA) and a linear trap quadrupole-
Orbitrap mass spectrometer (LTQ-Orbitrap Velos, Thermo Fisher Sci-
entific, San Jose, CA) was applied for the chromatographic analyses of
the examined supernatants. An ESI ionization source operating in the
positive polarization mode at needle potential of 4.5 kV was employed.
Nitrogen (>99.98%) was used as sheath gas (at 40 arbitrary units),
auxiliary gas (at 10 arbitrary units) and sweep gas (at 10 arbitrary units).
Capillary temperature equalled 320 °C.

The resolution of MS was 60,000. Separations were performed on a
Gemini C18 column (4.6 x 100 mm, 3 pm; Phenomenex, USA) using
gradient elution. Mobile phase A was 25 mM formic acid in water;
mobile phase B was 25 mM formic acid in acetonitrile. The gradient
program started at 30% B increasing to 90% for 40 min, and ended with
isocratic elution (90% B) for 20 min. The total run time was 60 min at
the mobile phase flow rate 0.4 mL/min.

The function of secondary (MS?) ion fragmentation was applied for
spectra of the CBD esters under investigation.

2.10. NMR measurements

NMR measurements were performed at 298 K using a Bruker Ascend
600 MHz instrument. The CDCl3 or DMSO-dg solutions of the obtained
samples were examined using 1H, 13C, 19F, 1H-1H COSY, multiplicity
edited 1H-13C HSQC and selective 1D TOCSY techniques.
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3. Result and discussion

Fig. 1 presents GC-MS chromatograms (in SCAN mode) of samples
containing A9-THC (A), CBD (B) and A9-THC/CBD mixture (C) after
their preliminary TFAA derivatization performed in the classical acyla-
tion way (see experimental section) during which the reaction envi-
ronments become acidic. As can be seen in each case, there are two main
peaks in the chromatograms, which are identified as trifluoroacetic es-
ters of A8-THC and A9-THC (A8-THC-TFA and A9-THC-TFA - peak 1
and 2, respectively). Such effect of CBD and A9-THC derivatization
process by TFAA is very well known from the literature [8,9] and results
from the acidification of reaction environments during esterification,
which favours the closure of the open moiety present on the CBD
structure to a closed pyran ring, thus producing A9-THC and the isom-
erization of A9-THC to A8-THC. These transformation processes pre-
clude the quantification of THC in the presence of CBD or CBD itself after
their prior acylation.

3.1. Derivatization of CBD, A9-THC or CBD/d9-THC mixture by TFAA
in the presence of TEA playing the role of proton capturing agent

Our experiments show that the CBD cyclization and THC isomeri-
zation can be blocked by tertiary amines capturing protons in statu
nascendi, which appear in the reaction medium during the esterification
process. GC-MS chromatograms of samples containing A9-THC, CBD
and A9-THC/CBD mixture after their preliminary TFAA derivatization
performed in the presence of TEA as a proton-binding agent are pre-
sented in Fig. 2 A-C. To better illustrate the differences in the chro-
matographic picture of the sample containing THC and CBD after its
derivatization with and without TEA addition in the derivatizing
mixture, Fig. 2 shows again the chromatogram of the sample containing
both cannabinoids after its derivatization by TFAA at the absence of TEA
(see Fig. 2 D). All chromatograms are presented in SCAN mode. The
analysis of (A-C) chromatograms in Fig. 2 shows that neither CBD
cyclization to A9-THC nor A9-THC isomerization to A8-THC occur when
TEA is present in the derivatizing mixture. In this case, TFAA reacts with
A9-THC forming only A9-THC-TFA. This derivative is well known and
described in literature [8,19]. The single peak in chromatogram (B) and
peak 1 in chromatogram (C), both in Fig. 2, can be attributed with high
probability to the trifluoroacetic CBD derivative (CBD-TFA). Because, to
the authors’ knowledge, there is no literature data allowing to confirm
the above identification, it was decided to synthetize this CBD-TFA de-
rivative in greater amount, to examine its structure using NMR and
LC-MS/MS, and to compare its GC-MS data with those for the single peak
in Fig. 2B and peak 1 in Fig. 2C.

3.2. NMR, LC-MS and GC-MS data of CBD-di-TFA

'H and '°F NMR spectra of the synthetized CBD-TFA derivative
dissolved in CDCl3 are shown in Fig. 3A and B. The proton spectrum
shows the presence of CBD-like spin systems in terms of the number of
resonances and chemical shifts of nuclei. Significant differences are
observed only for aromatic ring resonances. Broad signals of two aro-
matic protons are seen in the position 6.9 ppm. These protons are
notably deshielded comparing to the analogous protons of CBD in CDCl3,
for which the positions are 6.28 ppm and 6.16 ppm (see Table 1S in
supplementary material). The last observation and the lack of phenolic
OH groups signals suggest that both OH groups were acetylated with
trifluoroacetyl groups. The latters resonate at —74.3 ppm and —74.6
ppm (see 1°F NMR spectrum in Fig. 3B). The NMR data obtained for the
“CBD-di-TFA derivative” are summarized in Table 2S (see supplemen-
tary material).

The exemplary LC-MS chromatogram of the CBD-di-TFA methanolic
solution is shown in Fig. 1S (see supplementary material), whereas HR-
MS data corresponding to this compound are gathered in Table 3S (see
supplementary material). The obtained HR-MS data indicate that
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Fig. 1. GC-MS chromatogram (in SCAN mode) of sample containing A9-THC (A), or CBD (B), or A9-THC/CBD mixture (C) after its TFAA derivatization performed in

a classical way, i.e. without addition of a proton-binding agent.

elemental composition of CBD-di-TFA [M + H] " ion is CasHaoFs04, and
its molecular weight equals 507.19709 Da. The very low difference
between the theoretical and the experimental mass (Appm) for CBD-di-
TFA ions prove the correctness of NMR analysis. The m/z values and
intensities of individual product ions obtained by direct injection of
CBD-di-TFA solution into the ion source of the ion-trap mass spec-
trometer are also collected in Table 3S. As can be seen, the eight ions
appear on CBD-di-TFA spectrum of m/z equal:123.1; 193.2; 313.1;
325.1; 341.2; 394.2; 410.2 and 439.1.

The NMR and HR-MS results presented above are the first published
report concerning CBD-di-TFA.

The GC-MS chromatogram for the synthetized CBD-di-TFA deriva-
tive is presented in Fig. 2S (see supplementary material). Its retention
value and MS spectrum are the same as the corresponding data for the
compound represented by the single peak in Fig. 2B and by peak 1 in
Fig. 2C. Hence, the two peaks are identified as CBD-di-TFA, which is
formed during CBD derivatization, when CBD cyclization to THC is
blocked by TEA. As results from Fig. 2, the ratios of signal magnitudes in
chromatograms (C) and (D). are almost the same. It indicates that THC
quantification in the presence of CBD is possible when CBD cyclization
to THC and A9-THC isomerization to A8-THC are blocked.

3.3. Derivatization of CBD, A9-THC or CBD/d9-THC mixture by Acz0 in
the presence of TEA playing the role of proton capturing agent

Acetic acid anhydride (Acg0) is another acylation agent used for
derivatization of chromatographed compounds even more frequently
than TFAA. Fig. 4 shows the GC-MS chromatograms (in SCAN mode) of
samples containing A9-THC (A), CBD (B) and A9-THC/CBD mixture (C)
after their preliminary AcyO derivatization performed with the use of
TEA as proton-binding agent. In this case, CBD cyclization to A9-THC
and A9-THC isomerization to A8-THC is also not observed, just like in
the case of TFAA with TEA. A single peak in Fig. 4B and peak 1 in Fig. 4C
belong to the di-acetic CBD derivative (CBD-di-Ac). This identification
results from the comparison of its GC-MS data with those for CBD-di-Ac,
obtained separately in greater amount, and from the NMR and LC-MS/
MS data for this separately prepared compound - see discussion below.

3.4. NMR, LC-MS and GC-MS data of CBD-di-Ac

The 'H NMR spectrum of the separately synthetized “acetyl CBD
derivative” is shown in Fig. 5. Compared to the 'H NMR data for CBD in
DMSO (see Table 4S in supplementary material), it reveals signals of two
additional groups in range 2.30-2.09 ppm, which can be identified as
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Fig. 2. GC-MS chromatogram (in SCAN mode) of sample containing A9-THC (A), or CBD (B), or A9-THC/CBD mixture (C) after its TFAA derivatization performed in
the presence of TEA playing the role of a proton-binding agent. Chromatogram (D) of A9-THC/CBD mixture after its TFAA derivatization performed in a classical
way, i.e. without addition of a proton-binding agent - inserted for easier data comparison of the changes in the chromatographic picture.

two methyl groups. It clearly indicates the attachment of two acetyl
moieties to CBD. The 6.73 ppm signal from two aromatic protons
observed in Fig. 5 provides evidence for the acetylation of both phenol
OH groups. The signal from two aromatic protons for CBD dissolved in
DMSO occurs at 6.02 ppm. The position difference of aromatic reso-
nances results from the influence of the attached acetyl groups. 'H and
13C NMR data obtained for the “acetyl CBD derivative” are summarized
in Table 5S (see supplementary material).

The LC-MS (see Fig. 3S in supplementary material) and HR-MS (see
Table 6S in supplementary material) results indicate the following mo-
lecular weight and elemental composition of CBD-di-Ac: 399.25343 Da
and Cy5H3504, respectively. The very low difference between the theo-
retical and the experimental mass (Appm) for CBD-di-Ac ions proves the
correctness of NMR analysis. The m/z values and intensities of

individual product ions obtained by direct injection of CBD-di-Ac solu-
tion into the ion source of the ion-trap mass spectrometer are also
collected in Table 6S. As can be seen, the six ions appear on CBD-di-Ac
spectrum of m/z equal: 123.1; 193.2; 297.2; 313.1; 339.2 and 355.2.

This is the first report presenting the NMR and HR-MS results for
CBD-di-Ac similarly as for CBD-di-TFA.

The GC-MS chromatogram for the synthetized CBD-di-Ac derivative
is presented in Fig. 4S (see supplementary material). The retention value
and the MS spectrum of this derivative are the same as the corresponding
data for the compound represented by the single peak in Fig. 4B and by
peak 1 in Fig. 4C. Hence, the presented data confirm that CBD cycliza-
tion and A9-THC isomerization can be blocked by TEA also when the
derivatization of these cannabinoids by AcyO is performed.
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Fig. 3. 1H (A) and 19F (B) NMR spectra of the synthetized CBD-TFA derivative.

3.5. CBD derivatization by TFAA, Ac20 or AcCl in the presence of
different proton capturing agents

The results presented so far have been obtained using TEA as an
agent capturing protons released during CBD and A9-THC acylation by
acid anhydrides. It should be noted that the blockade of CBD cyclization
and A9-THC isomerization can also be achieved by using other com-
pounds highly capable of proton coordination. The effect of the use of
different amines and azines for blocking the possible CBD cyclization
during acylation of this compound by TFAA or Acy0 or AcCl is sum-
marized in Table 2. The (+) and (&) signs indicate that a total CBD
amount in sample (+) or only its portion (+) is acylated during sample
derivatization, but THC and its acyl derivative do not appear in the post-
reaction mixture. The (—) sign indicates that the process of CBD acyla-
tion does not occur - the acylation process of primary and secondary
amine is quicker than that of CBD. The arrow (|) sign informs about the
appearance of solid precipitate in the post-reaction mixture. As appears
from the table, CBD cyclization is blocked when tertiary amines and
azines are used as proton-capturing agents. Primary and secondary
amines are easily acylated and therefore no blockage of CBD cyclization
is observed in their presence - see the results concerning morpholine, a
heterocyclic compound featuring secondary amine groups. When AcCl is
used for CBD acylation, a solid precipitate can appear in the reaction
mixture. It is a hydrochloride of the amine applied as a proton-capturing
agent in CBD acylation. There is no precipitate in the case of AB, but it is
an azine not amine compound.

3.6. The influence of reaction time and temperature on CBD-di-TFA and
d9-THC-TFA formation

The coordinate bond between nitrogen and hydrogen ion is ther-
molabile. Hence, the effect of blocking of CBD cyclization and A9-THC
isomerization by amines during the acylation process of these cannabi-
noids can depend on temperature. On the other hand, temperature de-
termines the rate of chemical reaction, including acylation. Hence, the
net temperature effect is worth considering. Fig. 6 shows the influence of
acylation time of CBD (Fig. 6 A) and A9-THC (Fig. 6 B) on the degree of

its their conversion to CBD-di-TFA and A9-THC-TFA in the presence of
TEA, estimated at three different temperatures: 25, 65 and 105 °C. In-
crease in the applied temperature range promotes CBD and A9-THC
acylation. Total CBD and A9-THC acylation by TFAA in the presence of
TEA can be achieved even within 10 min when the process is performed
at 105 °C.

3.7. NMR, LC-MS and GC-MS data of CBD-mono-TFA and CBD-mono-
Ac

The acylation process for analytical purposes is usually carried out
using an excessive amount of acylating reagent which, in the case of
CBD, leads to the modification of two OH groups of this molecule. It
should be noted, however, that the monoacyl derivative of CBD may
appear in the reaction mixture if insufficient acylating agent amount or
excessive proton capturing agent amount is used. The following section
briefly discusses the analytical properties of CBD-mono-TFA and CBD-
mono-Ac which are helpful in identifying these CBD monoacyl de-
rivatives, if they accidently formed in the reaction mixture.

NMR and LC-MS/MS data for CBD-mono-TFA and CBD-mono-Ac are
presented in Tables 7S and 8S (see supplementary material), whereas
Fig. 58 (see supplementary material) shows their MS spectra from GC-
MS. As results from Table 7S A, summarizing 1H, 13¢ and '°F NMR
data for CBD-mono-TFA in CDCls, two distinct signals of aromatic pro-
tons are observed in positions 6.49 ppm and 6.64 ppm in the 'H spec-
trum. These signals, as in the case of CBD-di-TFA, are shifted to positions
higher than for CBD, although the deshielding effect in this compound is
less pronounced, indicating mono acylation with the trifluoacetyl group.
The identification correlates well with the presence of the 6.07 ppm
signal that can be assigned to a single proton of the phenolic OH group.
The fluorine resonance of the attached trifluoroacetyl group can be
observed in position —74.4 ppm in the °F spectrum (see Table 7S A in
supplementary material).

The 'H and 3C NMR data for CBD-mono-Ac in DMSO are collected in
Table 7S B. The 'H spectrum of “CBD-acyl derivative” reveals the
presence of one methyl group in position 2.11 ppm, which can be
attributed to the acetyl group. Moreover, the presence of two doublets of



R. Typek et al.

q 00

A9-THC

Talanta 251 (2023) 123777

A9-THC-Ac

230 240 250

Retention time [min]

/

CBD-di-Ac

I ) U S P PN S

e ——— ST

e
23.0 24.0 25.0

26.0

S s

27.0 28.0

T e e P L B i A A O

29.0 30.0 3.0 3z.0 33.0

Retention time [min]

£ 200

1.00

T
23.0 24.0 25.0

Retention time [min]

Fig. 4. GC-MS chromatogram (in SCAN mode) of sample containing A9-THC (A), or CBD (B), or A9-THC/CBD mixture (C) after its AcyO derivatization performed in

the presence of TEA.
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Fig. 5. 1H spectrum of reaction products of CBD with TFAA (DMSO6).

aromatic protons at positions 6.45 ppm and 6.23 ppm is observed in this
spectrum. These chemical shifts are intermediate between the value
observed for the analogous nuclei of “diacetyl-CBD” and CBD in DMSO.

The broad singlet in 9.33 ppm relating to only one proton of the phenolic
OH group is also observed for the considered aromatic ring. These sig-
nals justify the identification of the obtained derivative as “mono-acet-
ylated CBD”.

As results from Table 8S A, the molecular weight and elemental
composition of CBD-mono-TFA are as follows: 411.21477 Da and
Co3H3gF303, respectively, whereas m/z of its most intensive fragment
ions are: 313.2, 325.1 and 341.2. Analogous data for CBD-mono-Ac are
as follows: 357.24292, Cy5H3504, and 313.2 (see Table 8S B in supple-
mentary material).

The MS spectra from GC-MS measurements for CBD-mono-TFA and
CBD-mono-Ac are shown in Fig. 5S A and 5S B. A comparison of the data
in Fig. 5S A and Fig. 2 or 1S, and the data in Fig. 5S B and Fig. 4 or 4S
shows the MS spectra for the respective mono- and di-acyl CBD de-
rivatives are very similar. There is one ion less in the EI spectrum of the
mono-acyl derivatives.

According to the authors’ best knowledge, the above data are the
first reported analytical characteristics concerning mono-acylated CBD.

3.8. Chromatographic analysis of CBD and THC in blood samples - the
cannabinoids acylation with blockade of their transformation

The utility of the described procedure is shown in Fig. 7 illustrating
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Table 2
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The effect of amines and azines usage for CBD cyclization blockage during the cannabinoid acylation by TFAA or Ac,O or AcCl.

Protective agent

Acylation agent

TEA EDiPA TMEDA Mor NMM Pyr DMAP Nico AB
TFAA + + + - + + + + +/-
Ac20 + + + - + + + + +
AcCl +1 +1 +1 -l +1 +1 +1 +1 +
+ formation of CBD derivatives only.
- deactivation of acylation agent.
+/— partial deactivation of acylation agent.
| precipitate formation during derivatization process.
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Fig. 6. The influence of acylation time of CBD (A) and A9-THC (B) by TFAA in b=
the presence of TEA on the derivatization degree of these cannabinoids. Tem- e e m‘"‘ T
perature of acylation process: 25 (dashed line with triangles), 65 (solid line with Retention time [min]
squares) and 105 °C (dotted line with diamonds). .
‘: E
the results of GC-MS analyses of A9-THC and CBD in blood samples after QE
their appropriate preparation involving TFAA derivatization performed ;..'Z CBD-di-TFA
in the presence of TEA. As can be seen, only trifluoroacetic esters of CBD Boe
and/or A9-THC (CBD-di-TFA and A9-THC-di-TFA) are registered on the din g TGS
chromatogram, although the initial cannabinoids and their other de- - J: )

rivatives were also searched for in GC column outlet during the analyses
(see caption to Fig. 7). Hence, the presented results prove that the
quantification of THC in the presence of CBD is possible not only in an
artificial sample but also in a natural one, when the processes of CBD
cyclization to THC and A9-THC isomerization to A8-THC are blocked.

4. Conclusions
Methods for the analysis of cannabinoids in bio-matrices are

continually improved to achieve best possible sensitivity for their
detection and accuracy in their quantification. The most frequent way of

248 250 80 w0 gAs 280 30 40 30 dae

Retention time [min]

Fig. 7. GC-MS chromatogram (in SIM mode) of blood sample containing- A9-
THC (A), or - CBD (B), or - mixture of A9-THC/CBD of molar ratio equal 3/1 (C)
or - mixture of A9-THC/CBD of molar ratio equal 1/1 (D) or - mixture of A9-
THC/CBD of molar ratio equal 1/3 (E) after its appropriate preparation pro-
cedure involving TFAA derivatization performed at the presence of TEA - for
cannabinoid concentration see experimental part.
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sensitivity increase of examined compounds analysis is their preliminary
derivatization. Although silylation of compounds, including cannabi-
noids, is used for this purpose most often, there are many examples
indicating that their acylation with acid anhydride or acid chloride is
more advisable.

Difficulty in accurate quantification of A9-THC in the presence of
CBD or of CBD itself or A9-THC itself when derivatization of these
compounds by acylation is necessary, is due to a higher speed of CBD
cyclization to A9-THC and/or A9-THC isomerization to A8-THC in
relation to the speed of CBD and/or THC acylation. The presented results
demonstrate that CBD cyclization and THC isomerization can be blocked
by capturing protons in statu nascendi which appear in the reaction
medium during the acylation process, using tertiary amines or azines.
The described acylation procedure is applicable using both anhydrides
and acid chlorides. The efficiency of CBD acylation depends on the time
and temperature of the process, and the degree of CBD acylation de-
pends on the mutual ratio of the cannabinoid, the acylating agent and
the proton-binding compound.
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Table 1S. 'H and '*C NMR data of the CBD in CDCls.

No. dc, type du (J in Hz)
1 37.3, CH 3.85, m
2 124.1, CH 5.57,s
3 140.0, C -
2.23, m
4 30.4, CH; 2.10. m
5 28.4, CH, 1.82, m*
6 46.2, CH 2.39, m
7 23.7,CH3 1.79, brs?
8 1494, C -
9 110.8, CH, 4.66, quint (1.5)
4.56, brs
10 20.5,CHs 1.66, s
1’ 113.8,C -
2! 153.8,C -
3 109.8, CH 6.28, brs
4 143.1, C -
5' 108.0, CH 6.16, brs
6' 156.0, C -
2'-OH - 4.68, brs
6'-OH - 5.99, brs
1" 35.5, CH; 2.43,t(7.7)
2" 30.6, CH; 1.56, quint (7.5)
3" 31.5, CH, 1.27, m®
4" 22.5, CH, 1.31, m°
5" 14.0, CH3 0.88,t(7.0)

b Qverlapping signals.



Table 2S. 'H, *C and 'F NMR of CBD-di-TFA in CDCls.

No. dc, type Ou (J in Hz) or o
1 38.7, CH 3.52, m
2 121.9, CH 5.10, s
3 135.8,C -
4 30.1, CH; 2.13, m
2.00,dd (17.7,4.9)
5 28.5, CH; 1.80, m
1.71,qd (12.5,5.4)
6 45.5,CH 2.57,ddd (12.5,10.5, 2.4)
7 23.0, CHj 1.62, s°
8 147.2,C -
9 115.5, CH; 4.55,t(1.7)
4.44,s
10 19.5, CHs 1.52,s
1’ 126.4, C -
2 148.3,C -
3 121.5 or 120.1%, CH 6.90, m®
4 143.6, C -
5 121.5 or 120.1%, CH 6.90, m®
6' 148.3,C -
1” 35.1, CH; 2.61,t(7.8)
2" 30.3, CH; 1.61, m°
3" 31.3, CH; 1.31, m¢
4" 22.4, CH, 1.32, m4
5" 14.0, CH3 0.89,t(6.9)
1" 155.6, C, brs -
2" 114.6, CF; -74.34 or -74.56°, brs
Jer=286.0 Hz
3" 155.6, C, brs -
4'" 114.6, CFs;, -74.34 or -74.56°, brs
Jer=286.0 Hz

a.¢ Considered signals cannot be unequivocally assigned.
>d Qverlapping signals.



Table 3S. MS? and HR-MS data of CBD-di-TFA.

HRMS
Theoretical mass Experimental mass
(Da) (Da) AmDa A ppm Formula
507.19700 507.19709 0.09 0.18 CasHa2oF6O4
MS/MS
MS! MS?
Parent Base
) Secondary peak
ion peak
m/z m/z m/z Intensity (%)
123.1 3.2
193.2 7.5
313.1 12.4
507.2 410.2 325.1 47.8
341.2 273
394.2 5.1

439.1 23.2




Table 4S. 'H and '*C NMR data for CBD in DMSO-ds.

7
8
9

10

1’

2!

3!

4’

5/

6
2'-OH
6’-OH
1"

o

3"

4"

5"

dc, type
36.0, CH
127.3, CH
130.5, C
30.8, CH»

30.0, CH:
44.1,CH

23.8,CHs
149.6, C
110.1, CH»

19.7,CHs
114.6,C
156.7, C
107.0, CH
140.6, C
107.0, CH
156.7, C

35.4, CH:
30.8, CHz
31.5, CH:
22.5, CHz
14.4, CHs

Ou (J in Hz)
3.83, m
5.09, s

2.10,td (11.3, 5.3)
1.92,dd (17.2,4.3)
1.69, m

1.63, m*

3.03, ddd (12.5, 10.4,
2.3)

1.60, brs*

4.50,d (2.3)
441, m
1.59, s

6.02,s

6.02, s

8.65, brs

8.65, brs
2.30,t(7.6)
1.47, quint (7.5)
1.25, mP

1.29, m°
0.86,t(7.1)

&5 Overlapping signals.



Table 5S. 'H and '*C NMR data of CBD-di-Ac in DMSO-ds.

S R S

O 00 3 N W

1III
2III
37”
47”

dc, type
37.9, CH
124.5, CH
133.0,C
30.2, CH,

28.5, CH2
45.7, CH
23.7, CHs
141.9,C
111.5, CH»

19.4, CH;

1264, C

147.9, C

119.9 or 121.8%, CH
141.9, C

119.9 or 121.8%, CH
149.9, C

34.6, CH,

30.4, CH;

31.2, CH»

22.4, CH,

14.4, CHs

169.5, C

21.1, CH;

169.5,C

21.1, CHs

Ou (J in Hz)
3.42, m
4.95, brs
2.17, m®

1.97, brd (17.6)
1.68, m

2.62, m
1.61, brs
4.46, m

4.37,brd (1.9)
1.56, s

6.76, s

6.76, s

2.51, m

1.53, quint (7.6)
1.24, m®

1.29, m®
0.85,t(7.1)

2.24 0or2.179, brsP

2.24 or 2.17 4, brs®

a4 Considered signals cannot be unequivocally assigned.
b ¢ Qverlapping signals.



Table 6S. MS? and HR-MS data of CBD-di-Ac.

HRMS
Theoretical mass Experimental mass
(Da) (Da) AmDa A ppm Formula
399.25354 399.25343 -0.11 0.28 C25H3504
MS/MS
MS! MS?
Parent Base
) Secondary peak
ion peak
m/z m/z m/z Intensity (%)
123.1 3.5
193.2 7.7
399.3 355.2 297.2 4.2
313.1 16.5
339.2 21.4




Table 7S. 'H, '*C and '°F NMR data for CBD-mono-TFA in CDCI; (Table 7S A) and 'H and

13C NMR data for CBD-mono-Ac in DMSO-ds (Table 7S B).

B

No. dc, type du (J in Hz) or & dc, type du (J in Hz)

1 38.0, CH 3.48, brs 35.9, CH 3.84, brs

2 122.6, CH 5.52,s 125.9, CH 5.00, brs

3 141.2,C - 131.8,C -

4 30.3, CH» 222, m 30.6, CH, 2.15, m°
2.11, m 1.96, m

5 27.9, CH, 1.83, m* 29.2, CH, 1.67, m
1.74, qd (12.4, 5.4) 1.64, m

6 45.5,CH 243, m 46.1, CH 2.64, brs

7 23.6, CH3 1.79, brs* 23.8, CH; 1.61, brs!

8 146.7, C - 148.6, C -

9 111.9, CH» 4.60, quint (1.5) 110.8, CH» 4.43, brs
4.39, brs 4.41, brs

10 19.9, CH; 1.55, s 19.5, CH; 1.59, brs¢

1 118.5,C - 120.5,C -

2! 156.0, C - 156.5,C -

3 112.7, CH 6.48, s 114.6, CH 6.23,d (1.5)

4' 143.5, C - 141.2,C -

5 116.0, CH 6.64, s 112.8, CH 6.45,d(1.4)

6' 147.7, C - 1504, C -

2'-OH - 6.08, brs - 9.4, brs

1" 35.3, CH, 2.52,t(7.6) 35.0, CH, 2.40,t(7.7)

2" 30.3, CH, 1.58, quint (7.6) 30.6, CH, 1.50, quint (7.5)

3" 31.4, CH, 1.28, m® 31.3, CH; 1.24, m®

4" 22.4, CH, 1.31, mb 22.4, CH, 1.29, m®

5" 14.0, CH3 0.88, t(7.0) 14.4, CH; 0.86,t(7.1)

1" 155.6, C, brs - 169.2, C -

2 114.7, CF;, -74.41, brs 21.1, CH; 2.11, brs®

Jer=286.0 Hz

¢ Overlapping signals.



Table 8S. MS? and HR-MS data of CBD- mono-TFA (Table 8S A) and CBD-mono-Ac

(Table 8S B).
A
HRMS
Theoretical mass Experimental mass
(Da) (Da) AmDa Appm Formula
411.21470 411.21477 0.07 0.17 Ca3H30F303
MS/MS
MS! MS?
Parent Base
) Secondary peak
ion peak
m/z m/z m/z Intensity (%)
123.1 2.7
193.2 6.4
411.2 313.2 325.1 34.2
341.2 21.3
410.2 5.5
B
HRMS
Theoretical mass Experimental mass
(Da) (Da) AmDa Appm Formula
357.24297 357.24292 -0.05 0.14 C25H3504
MS/MS
MS! MS?
Parent Base
. Secondary peak
ion peak
m/z m/z m/z Intensity (%)
123.1 5.7
193.2 7.5
357.2 313.2
297.2 6.2
356.2 9.7
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Fig. 1S. LC-MS chromatogram of CBD-di-TFA methanolic solution.
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Fig. 2S. GC-MS chromatogram and MS data for the synthetized CBD-di-TFA derivative.
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Fig. 4S. GC-MS chromatogram for the synthetized CBD-di-Ac derivative.
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ABSTRACT

The knowledge about the stability of compounds and possible ways of their transformation in the process of
sample preparation for analysis and during analysis itself is very helpful in the assessment of possible errors
which can appear when an accurate and precise estimation of compound concentration in tested samples is
attempted. The present paper shows that a significant amount of CBD present in the blood/plasma sample
analyzed by means of GC transforms in the hot GC injector not only to 9a-hydroxyhexahydrocannabinol, 8-hy-
droxy-iso-hexahydrocannabinol, A9-tetrahydrocannabinol, A8-tetrahydrocannabinol, and cannabinol but also to
the trichloroacetic esters of A9-THC and A8-THC and, unexpectedly, to their dichloroacetic esters when tri-
chloroacetic acid is used as protein precipitation agent. The increase of GC injector temperature favors the
formation of dichloroacetic esters of A9-THC and A8-THC in relation to their trichloroacetic ones. The
appearance of dichloroacetic esters of A9-THC and A8-THC among CBD transformation products is probably the
result of the thermal decomposition of their trichloroacetic esters. The transformation of trichloroacetic de-
rivatives of organic compounds into their dichloroacetic derivatives in GC injector has not been reported yet. The
instability of trichloroacetic derivatives of A8-/A9-THC during their GC analysis is probably accounts for the lack
of their GC-MS spectra in the databases. NMR, GC-MS and LC-MS spectra of the newly discovered derivatives
constitute an important element of the work. The obtained results demonstrate why the use of trichloroacetic
acid for plasma samples deproteinization should be avoided when CBD and/or THC are determined by GC.

1. Introduction

(iv) the attenuation of unwanted side-effects of A9-THC used as a
medicine.

Cannabidiol (CBD), 2-[(1 R,6 R)— 3-methyl-6-prop-1-en-2-ylcyclo-

hex-2-en-1-yl]— 5-pentylbenzene-1,3-diol is one of the ingredients of
marijuana and hemp plants most frequently discussed in the literature
[1-4]. This non-psychoactive cannabinoid, equally popular today as the
psychoactive A9-tetrahydrocannabinol (A9-THC), is of interest for its
bioactive properties suggesting therapeutic use. Current knowledge
about the pharmacological actions of CBD is smaller than that of
A9-THC, yet there is already no doubt that its pharmacological actions
differ markedly from those of the latter compound [5,6]. Research has
shown [7-12] that CBD may be applicable for:

(i) the management of epilepsy and certain other central motor
disorders;
(ii) the treatment of anxiety, psychotic illnesses, and neurotoxicity,
for instance associated with stroke;
(iii) inflammation treatment;

* Corresponding authors.

Other potential therapeutic uses for CBD include vomiting, glau-
coma, sleep and appetite disorders, and cancer [13-17].

The growing interest in CBD resulting from research and clinical
observations, as well as a marked increase in the use of dietary sup-
plements containing CBD, especially CBD oils, in self-healing therapies
[18] necessitate the development of reliable and sensitive analytical
procedures for its quantitative determination in blood/plasma samples.
Although the analytical procedures for the determination of CBD in
blood/plasma samples by chromatographic methods recommend the use
of LLE, SPE or QUEChERS as sample preparation methods, it should be
noted that many analysts still adhere to the older method of sample
preparation, i.e. protein precipitation. Protein precipitation as blood/-
plasma sample preparation method is especially recommended in
analytical procedures of xenobiotics strongly binding to plasma proteins
[19-22] one of them being hydrophobic CBD [23,24].
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As shown in [25,26], a significant amount of CBD present in the
blood/plasma sample analyzed by means of GC undergoes trans-
formation in the hot GC injector when acidic protein precipitation
agents are used for deproteination of the samples before analysis. CBD
transformation products are particularly numerous in the GC injector
when trifluoroacetic acid (TFA) is used as a deproteinizer. In case of
TFA, CBD transforms not only to 9a-hydroxyhexahydrocannabinol
(9a-OH-HHC), 8-hydroxy-iso-hexahydrocannabinol (8-OH-iso-HHC),
A9-tetrahydrocannabinol (A9-THCQ), A8-tetrahydrocannabinol
(A8-THC), and cannabinol (CBN), which generally form when any acidic
deproteining agent is used, but also to the trifluoroacetic esters of
A9-THC and A8-THC.

A compound more commonly used to deproteinize blood/plasma
samples than TFA is its analog, trichloroacetic acid (TCA). Due to its
chemical reactivity, equally high as that of TFA, it is worth exploring
whether TCA derivatives with A9-THC, A8-THC, and also with other
CBD transformation products (9a-OH-HHC, 8-OH-iso-HHC and CBN) are
formed when TCA is applied as a protein precipitation agent in sample
preparation for CBD analysis in plasma by GC.

The study shows not only why the estimation CBD concentration in
blood/plasma samples by GC is not possible if TCA is used for their
deproteinization, but also presents unexpected transformation of tri-
chloroacetic esters of A9-THC and A8-THC to their dichloroacetic de-
rivatives in GC injector.

2. Materials and methods
2.1. Reagents and standards

Acetonitrile (ACN) (LC-MS grade) was purchased from Merck
(Warszawa, Poland). The standards (certified reference materials) of A8-
THC and A9-THC (1.0 mg/mL in methanol - Cerilliant) and CBD (1.0
mg/mL in methanol - Cerilliant), trichloroacetic acid (TCA) (>99%),
formic acid, deuterated chloroform (CDCl3), trichloroacetic anhydride
(TCAA), and dichloroacetic anhydride (DCAA) were acquired from
Sigma-Aldrich (Poznan, Poland). Dichloromethane (DCM), n-hexan and
sodium bicarbonate were purchased from Avantor Performance Mate-
rials Poland S.A. (Gliwice, Poland). CBD crystal (>99%) was a gift from
CannLAB (Krakéw, Poland). Deionized water was purified by the Milli-Q
system (Millipore Sigma, Bedford, MA, USA).

The blood samples were collected by a registered nurse from vol-
unteers, after obtaining their informed consent, using a single closed
system containing an S-Monovette coagulation activator, according to
the manufacturer instructions (Sarstedt AG, Niimbrecht, Germany), and
thoroughly mixed in order to maintain their homogeneity. Blood donors
did not take preparations containing cannabinoids. After collection,
blood samples were stored at + 4 °C and used within 48 h.

2.2. Preparation of THC-TCA and THC-DCA esters

Preliminary studies have indicated that not only trichloroacetic es-
ters of A8-THC and A9-THC but also dichloroacetic esters of A8-THC
and A9-THC are formed in the GC injector during CBD analysis in blood/
plasma samples if TCA is used for their deproteinization. In order to
confirm the above, these esters were synthetized using CBD in separate
experiments and tested by NMR, LC-MS and GC-MS.

As known from [27,28], CBD in an anhydrous acidic environment
cyclizes into A9-THC, which than transforms into A8-THC. CBD acyla-
tion with acetic acylation reagents, like TCAA or DCAA, leads to acetic
derivatives of A8-THC and A9-THC. The synthesis procedure of AS8-,
A9-THC-TCA and A8-, A9-THC-DCA mixtures was as follows:

2.2.1. Preparation of THC-TCA esters

The trichloroacyl derivatives of A8-THC and A9-THC were prepared
by heating the mixture composed of TCAA solution in DCM (25%) (500
pL) and CBD solution in DCM (20 mg/mL) (500 pL) at 65 °C for 60 min.

Journal of Pharmaceutical and Biomedical Analysis 230 (2023) 115388

The molar ratio of TCAA to CBD was 0.68: 0.03. To remove the excess
amount of the derivatizing agent and byproducts formed during the
reaction, the obtained mixture was subsequently extracted with satu-
rated sodium bicarbonate water solution (3 x1 mL). Finally, the organic
phase was divided into two portions, each of which was evaporated to
dryness under nitrogen stream. The obtained dry residues were dis-
solved in an appropriate solvent ( CDCl; or acetonitrile) and subjected to
further analysis. The above procedure is optimal and results from
studying the influence of time, temperature and analyte concentrations
on the formation of THC-TCA esters in its DCM solution.

2.2.2. Preparation of THC-DCA esters

The dichloroacetic esters of A8-THC and A9-THC were prepared
analogically to the trichloroacetic esters, but dichloroacetic anhydride
(DCAA) was used as a derivatizing reagent. The molar ratio of DCAA to
CBD was 0.77: 0.03. The above procedure is optimal and results from
studying the influence of time, temperature and analyte concentrations
on the formation of THC-DCA esters in its DCM solution.

2.3. Plasma protein precipitation procedure

TCA, the precipitation agent (25 pL), was added to 475 pL of human
plasma containing CBD (10 pg/mL). The samples were vortex mixed,
incubated for 1 h, and centrifuged for 5 min at 18,600 x g. To 400 pL of
the obtained supernatant 400 pL of hexane was added. After vortexing
the mixture was centrifuged and hexane phase was subjected to GC-MS.

Protein precipitation in the experiments was performed using excess
amount of TCA, as provided for the precipitation procedures.

2.4. GC-MS measurements

Qualitative analyses of CBD and CBD transformation products were
conducted using a gas chromatograph hyphenated with a triple quad-
rupole tandem mass spectrometer detector (GCMS-TQ8040; Shimadzu,
Kyoto, Japan). GC-MS conditions were as follows: capillary column -
Zebron ZB5-MSi (30 m x 0.25 mm i.d., 0.25 uym film thickness; Phe-
nomenex, Torrance, CA, USA); carrier gas: helium (grade 5.0); flow rate:
1.0 mL/min; splitlesst injection mode (sampling time: 1.00 min);
injector temperature: 260; 285 and 310 °C; injection volume: 1 pL;
temperature program - initial temperature 60 °C held for 3 min and
subsequently increased to 310 °C at a rate of 12 °C/min. The final
temperature was held for 15 min. Mass spectrometer parameters:
normalized electron energy of 70 eV; transfer line temperature: 285 °C;
ion source temperature: 225 °C. The full SCAN mode with range 40-550
m/z was used.

In order to analyze extracts from the supernatants centrifuged from
human plasma, samples spiked with CBD after their preliminary protein
precipitation by TCA, multiple reaction monitoring (MRM) mode was
used. GC-MS/MS analysis was performed using characteristic MRM
transitions at optimal collision energies (CE) for the examined com-
pounds. Three MRM transitions (m/z = > m/z) of the highest intensity
were selected for further experiments:

1. CBD: 314 = > 246 (CE = 20 eV), 314 = > 231 (CE = 15 eV) and
314 = > 193 (CE = 12 eV);

2. A8-THC: 314 = > 246 (CE = 20 eV), 314 = > 231 (CE =15 eV)
and 314 = > 193 (CE =12 eV);

3. A9-THC: 314 = > 246 (CE = 20 eV), 314 = > 231 (CE = 15 eV)
and 314 = > 193 (CE = 12 eV);

4. CBN: 310 = > 295 (CE = 20 €V), 310 = > 238 (CE = 15 eV) and
295 = > 238 (CE = 12 eV);

5. A8-THC-DCA: 425 = > 409 (CE = 22 eV), 425 = > 297 (CE =18
eV) and 297 = > 229 (CE = 12 eV);

6. A9-THC-DCA: 425 = > 409 (CE = 22 eV), 425 = > 297 (CE=18
eV) and 297 = > 229 (CE = 12 eV);
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Fig. 1. GC-MS chromatograms (in Scan mode) of the supernatant centrifuged from human plasma samples spiked with CBD (10 pg/mL) after its preliminary protein
precipitation by TCA (A), and CBD solution (10 pg/mL) in acetonitrile containing TCA (C). GC-MS spectra (B) and (D) correspond to unidentified substances (peaks

1-4) from (A) and (C) chromatograms, respectively.
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Table 1
1H and '3C NMR data of A8-THC-DCA (A) and A9-THC-DCA (B) in CDCls.
4
5
6
9
A B
No. 8¢, type Sy (J in Hz) 8¢, type Sy (J in Hz)
1 31.6, CH 2.59, td (10.9, 4.8) 33.8, CH 3.10, m
2 36.4, CH, 2.84, dd (16.7, 4.0) 123.3, CH 5.93, m
1.90, m
3 134.1,C - 134.6, C -
4 23.5, CHj 1.67,s 23.2, CHs 1.65, s°
5 119.6, CH 5.42, m 30.9, CH, 2.14, m
6 27.6, CH, 2.14, m 24.9, CH, 1.90, m
1.81, m® 1.35,m
7 44.9, CH 1.80, m® 45.4, CH 1.68, m°
8 77.2,C - 77.4,C -
9 27.5, CHg 1.39,s 27.4, CHs 1.42, s
10 18.6, CHs 1.10, s 19.3, CHs 1.10, s
1 110.3,C - 110.8,C -
2 149.2,C 149.3,C
3 162.5,C - 162.0, C -
Y 64.2, CHCl, 6.15, s 64.1, CHCl, 6.16, s
5/ 113.3, CH 6.45, d (1.6) 113.1, CH 6.47, d (1.6)
6 143.4,C - 143.2,C -
7 116.2, CH 6.62, d (1.6) 116.0, CH 6.60, d (1.6)
8 154.7, C - 154.4, C -
1 35.5, CH, 2.51, t (7.7) 35.3, CHy 2.52,t (7.7)
2 30.6, CH, 1.58, quint (7.5) 30.8, CH, 1.57, quint (7.5)
3 29.7, CH, 1.27, m® 29.7, CH, 1.27, m¢
4 22.4, CH, 1.30, m” 22.6, CH, 1.29, m¢
5/ 14.2, CHs 0.89, t (7.0) 14.0, CH; 0.88, t (7.1)

a-d Overlapping signals.

7. A8-THC-TCA: 462 = > 446 (CE = 22 eV), 462 = > 297 (CE = 18
eV) and 297 = > 229 (CE = 12 eV);
8. A9-THC-TCA: 462 = > 446 (CE = 22 eV), 462 = > 297 (CE =18
eV) and 297 = > 229 (CE = 12 eV);
9. exo-THC: 314 = > 299 (CE = 20 eV), 314 = > 271 (CE=15¢eV)
and 314 = > 231 (CE = 12 eV);
10. 9a-OH-HHC: 332 = > 314 (CE = 20 eV), 332 = > 299 (CE = 15
eV) and 314 = > 231 (CE = 12 eV).

2.5. LC-MS measurements

An LC-MS system composed of an UHPLC chromatograph (UltiMate
3000, Dionex, Sunnyvale, CA, USA) and a linear trap quadrupole-
Orbitrap mass spectrometer (LTQ-Orbitrap Velos, Thermo Fisher Sci-
entific, San Jose, CA) was applied for the chromatographic analyses of
the examined samples. Electrospray ionization source operating in the
positive ionization mode at needle potential of 4.5 kV was employed.
Nitrogen (>99.98%) was used as sheath gas (at 40 arbitrary units),
auxiliary gas (at 10 arbitrary units) and sweep gas (at 10 arbitrary units).
Capillary temperature was maintained at 320 °C. The resolution of MS
was 60,000. Separations were performed at 25 °C on a Gemini C18
column (4.6 x100 mm, 3 um; Phenomenex) using gradient elution.
Mobile phase A was 25 mM formic acid in water; mobile phase B was 25
mM formic acid in acetonitrile. The gradient program started at 30% B
increasing to 90% for 40 min, and ended with isocratic elution (90% B)
for 20 min. The total run time was 60 min at the mobile phase flow rate

0.4 mL/min.

Analyzing the examined samples, the SIM function was used to better
visualize the chromatographic separation and to remove the signals
from insignificant mixture components like the plasma components and
the precipitation agent. Pseudo molecular ions [M+H]" of m/z = 425,
and 460, corresponding with dichloroacetic and trichloroacetic esters of
A8-THC and A9-THC, were monitored.

2.6. NMR measurements

NMR experiments were performed using Ascend 600 MHz instru-
ment (Bruker, Bremen, Germany). The CDCl3 solutions of the obtained
samples were examined using H, 3¢, 'H-3¢ HSQC, H-'H COSY and
selective 1D TOCSY techniques.

3. Results and discussion

To find out whether TCA esters with A9-THC and A8-THC are formed
when protein precipitation process is used as sample preparation pro-
cedure in estimating CBD presence in human plasma, the supernatants
centrifuged from its samples spiked with CBD (10 pg/mL) after their
preliminary protein precipitation by TCA were examined using GC-MS
working in SCAN mode. In order to facilitate the identification of CBD
transformation products during GC analysis, plasma samples containing
a high concentration of the analyte were used deliberately. The results of
the GC-MS analyses are shown in Fig. 1A. As can be seen, in addition to
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Table 2
1H and '3C NMR data of A8-THC-TCA (A) and A9-THC-TCA (B) in CDCls.
4
A B
No. 8¢, type Sy (J in Hz) 8¢, type 8y (J in Hz)
1 31.6, CH 2.62 td (10.7, 4.7) 33.9, CH 3.14, m
2 36.4, CH, 2.89, dd (16.9, 3.9) 123.5, CH 5.99, m
1.93, dd (16.0, 10.7)
3 134.0, C - 134.7,C -
4 23.4, CHj 1.66, s 23.1, CHj 1.63, s
5 119.7, CH 5.42, m 30.9, CH, 2.14, m
6 27.8, CH, 2.15, m 24.8, CH, 1.91, m
1.82, m* 1.39, m
7 44.9, CH 1.82, m* 45.4, CH 1.69, m
8 77.6,C - 77.8,C -
9 27.4, CH3 1.40, s 27.4, CH3 1.43,s
10 18.6, CHs 1.22;s 19.3, CHs 1.11,s
1 110.5, C - 110.1,C -
2 149.7, C 149.3, C
3 160.2, C 159.9, C
4 89.7, CCl3 - 89.9, CCl3 -
5 113.0, CH 6.51,d (1.6) 112.7, CH 6.50, d (1.6)
6’ 143.4,C - 143.2,C -
7' 116.4, CH 6.65, d (1.6) 116.3, CH 6.63,d (1.6)
8 154.6, C - 154.7, C -
1 35.5, CH, 2.53, t (7.4) 35.4, CH, 2.51, t (7.4)
2/ 30.5, CH, 1.59, quint (7.6) 30.6, CH, 1.58, quint (7.5)
3 31.6, CH, 1.31, m® 31.6, CH, 1.30, m¢
4 22.5, CH, 1.32, m? 22.5, CHy 1.31, m¢
5 14.1, CHs 0.89,t(6.9) 14.7, CHs 0.88,t (7.0)

a-c Overlapping signals.

the peaks corresponding with CBD transformation products typically
forming in the GC injector when an acidified CBD sample is analyzed (i.
e. 9a-OH-HHC, 8-OH-iso-HHC, CBD, A9-THC, A8-THC and CBN), the
chromatogram additionally contains four peaks belonging to unknown
substances (peaks 1-4). Their GC-MS spectra are shown in Fig. 1B. The
same compounds appear on the chromatogram of CBD solutions (10 pg/
mL) in acetonitrile containing TCA (see Fig. 1C and D), which excludes
their relationship with plasma components.

Compounds identification by the GC-MS method comes down to
establishing their retention and spectroscopic data compared with the
data collected in appropriate databases. This basic way of compounds
identification cannot be applied to compounds 1-4 due to the absence of
their data in the bases and literature. Nevertheless, the detailed analysis
of the obtained GC-MS data (see Fig. 1) suggests that these are di- and
trichloroacetic esters of A8-THC (peak 1 and 3, respectively) and di- and
trichloroacetic esters of A9-THC (peak 2 and 4, respectively). This
identification is supported by the following arguments:

1. the intensities of fragmentation ions in the spectrum of A8-THC are
similar to those in the spectrum of compound 3, and the intensities of
fragmentation ions in the spectrum of A9-THC are similar to those in
the spectrum of compound 4;

2. m/z of molecular ion of compounds 3 and 4 is greater from the mass
of THC by 145, which equals to the molar mass of trichloroacetyl
moiety;

3. m/z of molecular ion of compounds 1 and 2 is greater from the mass
of THC by 110, which equals to the molar mass of dichloroacetyl
moiety;

4. on the spectra of compounds 1-4, the presence of the isotopic en-
velope of molecular and fragment ions corresponding to the appro-
priate number of atoms (containing chlorine 35 and 37) with M and
M-+ 2 isotopes in 3:1 ratio is observed;

5. the difference in m/z for compounds 3 and 1 and for compounds 4
and 2 is 35/37 Da, which indicates the elimination of chlorine from
trichloroacetyl moiety;

6. the elution sequences of compounds 1 and 2 as well as 3 and 4
correspond to the elution sequences of their precursors, A8-THC and
A9-THC, and are in agreement with the change in the physico-
chemical properties of these derivatives (i.e. with the increase in
their molar mass and boiling point).

In the absence of any independent GC-MS data on the formed THC
derivatives, the above identification requires additional research, the
more so that when TCA was used as a protein precipitation agent, mainly
dichloroacetic derivatives of both THCs were obtained, and not - as
assumed - their trichloroacetic derivatives, what is surprising given the
results reported in [29] about trifluoroacetic derivatives of THC.

In order to confirm the presence of di- and trichloroacetic derivatives
of THC in the examined samples (see Fig. 1), two types of their mixtures
were prepared on preparative scale in separate experiments (see 2.2.
Experimental):
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Fig. 3. GC-MS chromatograms (in Scan mode) of the mixture of dichloroacetic (A) and trichloroacetic (B) derivatives of A8- and A9-THC.

1. the mixture of dichloroacetic derivatives of A8- and A9-THC, and
2. the mixture of trichloroacetic derivatives of A8- and A9-THC

The LC-MS chromatograms and NMR spectra of these mixtures are
presented in Fig. 2 and Fig. 1S (see supplementary materials), respec-
tively, whereas the NMR data of individual di- and trichloroacetic de-
rivatives of THC are collected in Tables 1 and 2.

Following Fig. 1S (see supplementary materials), each mixture, apart
from the main components, i.e. dichloroacetic or trichloroacetic de-
rivatives of A8- and A9-THC, contains also trace amount of their pre-
cursors, i.e. A8- and A9-THC.

The GC-MS chromatograms of the obtained mixtures are presented in
Fig. 3. The chromatogram corresponding with the mixture of dichloro-
acetic derivatives of A8- and A9-THC (see Fig. 3A) consists of 4 peaks.
The two small peaks are identified as A8- and A9-THC and the two main
peaks as their dichloroacetic derivatives. The retention data and spectra
of the main peaks are the same as for compounds 1 and 2 (see Fig. 1).
Hence, it can be concluded that they belong to the dichloroacetic esters
of A8-THC and A9-THC. This conclusion is additionally supported by
Fig. 3B showing the chromatogram for the mixture of trichloroacetic
derivatives of A8- and A9-THC. It consists of 6 peaks. The first two ones
are identified as A8- and A9-THC, the last two as their trichloroacetic
derivatives, and the two dominating middle peaks as belonging to their
dichloroacetic derivatives. This somewhat surprising result indicates
that trichloroacetic derivatives of A8- and A9-THC decompose in the hot
GC injector forming dichloroacetic derivatives of these cannabinoids
and explains why mainly dichloroacetic esters of A8-THC and A9-THC
are formed in the GC injector during CBD analysis in blood/plasma

samples by GC when TCA is used as their deproteinizer.

Fig. 2S (see supplementary materials) shows the influence of GC
injector temperature on the signal ratio of dichloroacetic to trichloro-
acetic esters of A8-THC and A9-THC. As can be seen, the increase of GC
injector temperature favors the formation of dichloroacetic derivatives
of these cannabinoids in relation to their trichloroacetic derivatives.

At this point, attention should be directed to the physicochemical
properties of the trichloroacetic acid itself. As known in the literature
[30], trichloroacetic acid in reaction systems subjected to even a slight
energetic action is transformed into dichloroacetic acid. Such trans-
formation has not been reported so far in relation to trichloroacetic
derivatives of organic compounds. The present paper demonstrates that
trichloroacetic derivatives of A8- and A9-THC do undergo this type of
transformation in the hot GC injector, leading to the formation of
dichloroacetic derivatives of these cannabinoids.

Additionally GC analyses performed with trichloroacetic derivatives
of other organic compounds indicate that they are also transformed in
GC injector into their dichloroacetic derivatives. The results of the
additional experiments are not discussed here. It is worth mentioning at
this point that such instability of trichloroacetic derivatives of both A8-/
A9-THC and many other organic substances under GC injection condi-
tions is probably the reason not only for the lack of their GC-MS spectra
in the databases, but also for erroneous spectra of many other tri-
chloroacetic derivatives present in the databases, e.g. trichloroacetic
acid decyl ester (CAS 65611-33-8), trichloroacetic acid hexadecyl ester
(CAS 74339-54-1).

The results presented in Fig. 1 were obtained on samples containing
CBD in a significant concentration, not found in routine medical
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Fig. 4. GC-MS/MS chromatograms (in MRM mode) of supernatants centrifuged from human plasma samples spiked with CBD (30 ng/mL) after their preliminary

protein precipitation by TCA.

practice. In order to check:

1. whether di- and trichloroacetic esters of A8- and A9-THC are formed
in the GC injector during analysis of blood/plasma samples from
people using this cannabinoid in medical purposes, and if so,

2. whether the formation of di- and trichloroacetic esters of A8- and A9-
THC may affect the accuracy of CBD estimation,

the experiment from Fig. 1 was repeated using plasma samples con-
taining a therapeutic level of CBD concentration. Fig. 4 shows GC-MS
chromatograms (using MRM function) of the supernatants centrifuged
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from human plasma samples spiked with CBD (30 ng/mL) after their
preliminary protein precipitation by TCA. In the course of chromato-
graphic separation, all possible derivatives of CBD (see Fig. 1) were
searched for. As results from the presented chromatograms, not only all
of them are registered by the detection system, but they form in signif-
icant amounts (especially dichloroacetic ester of A8-THC). Such CBD
transformations diminishes its amount in the examined sample and
precludes the estimation of accurate concentration of this cannabinoid.

4. Conclusions

The knowledge of compounds stability in the process of sample
preparation for analysis and during analysis itself helps assess the ac-
curacy and precision of estimating their concentration in the tested
samples. As reported in [29], if protein precipitation by TFA is applied as
a sample preparation method in blood/plasma analysis, a significant
part of CBD contained in the sample analyzed by GC transforms not only
to 9a-OH-HHC, 8-OH-iso-HHC, A9-THC, A8-THC and CBN (i.e. typical
transformation products of CBD in any acidic environmental), but also to
two trifluoroacetic esters of THC: A9-THC-TFA and A8-THC-TFA. The
present study takes this knowledge further by demonstrating the for-
mation of four other THC derivatives in the GC injector if TCA is used for
protein precipitation. Two of them, A8-THC-TCA and A9-THC-TCA, can
be treated as analogues of A8-THC-TFA and A9-THC-TFA, and two
others - A8-THC-DCA and A9-THC-DCA - are the products of
A8-THC-TCA and A9-THC-TCA decomposition in the hot GC injector.
The amount of each trichloroacetic and dichloroacetic ester of A8-THC
and A9-THC strongly depends on the GC injector temperature. The ob-
tained results demonstrate why the use of trichloroacetic acid for plasma
samples deproteinization should be avoided when CBD and/or THC are
determined by GC. The transformation of trichloroacetic derivatives of
organic compounds into their dichloroacetic derivatives in GC injector
has not been described yet. The instability of trichloroacetic derivatives
of both THC, A8-/A9-THC during their GC analysis is probably the
reason for the lack of their GC-MS spectra in the databases.
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Fig. 1S. LC-MS chromatograms (in Scan mode) of the mixture of dichloroacetic (A) and

trichloroacetic (B) derivatives of A8- and A9-THC.
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While the analytical sensitivity of CBD, A9-THC or CBN estimation by GC-MS is similar
and sufficiently high, it is exceptionally low in the case of CBG (ca. 25 times lower than
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Abstract

Purpose

According to recent reports CBG concentration level in blood and body fluids may have
forensic utility as a highly specific albeit insensitive biomarker of recent cannabis smoking.
While the analytical sensitivity of CBD, A°-THC, CBC or CBN estimation by GC-MS is
similar and sufficiently high, it is exceptionally low in the case of CBG (ca. 25 times lower
than for the other mentioned cannabinoids). The purpose of this study is to explain the reasons
for the extremely low analytical sensitivity of GC-MS in estimating CBG and to present

possible ways of its improvement.

Methods
NMR data and GC-MS responses to CBG and its various derivatization and transformation

products were studied.

Results

The validation data of individual derivatives of CBG and its transformation products were
established. CBG silylation/acylation or hydration allows to decrease LOD about 3-times,
whereas the formation of pyranic CBG derivative leads to 10-times decrease of LOD. The
paper enriches the literature of the subject by providing MS and NMR spectra, not published
so far, for derivatives of CBG and its transformation products. The most likely cause of low

GC-MS response to CBG is also presented.

Conclusions

The presented results shows that although the signal increase of CBG can be obtained through
its derivatization by silylation and/or acylation, the greatest increase is observed in the case of
its cyclization to the pyranic CBG form during the sample preparation process. The CBG
cyclization procedure is very simple and workable in estimating this cannabinoid in

blood/plasma samples.
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GC-MS, signal enhancement, cannabigerol, sample derivatization, CBG cyclization
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Introduction

Cannabinoids constitute a group of at least 150 diverse organic compounds exhibiting
bioactive properties due to their ability to interact with CB1 and CB2 receptors of the
endocannabinoid system that is very important one for various health systems [1-3]. Although
psychoactive A’-tetrahydrocannabinol (A°-THC) is still the most famous cannabinoid in this
group [4-6], cannabidiol (CBD), devoid of psychotropic effect, has become nowadays just as
popular due to its medicinal properties [7, 8]. In addition to its potential activity in the
treatment of epileptic syndromes [9-11], preclinical studies demonstrate wider bio-activity of
CBD, suggesting its possible usage in the treatment of many other disease entities [12, 13].
Lately, more and more attention has also been paid to the bioactive properties of another
cannabinoid, cannabigerol (CBG). The literature on its bioactive properties is not as extensive
as on CBD, but it indicates, infer alia, its cytotoxic effect against epithelioid carcinoma and
breast cancer, and its stimulating effect on a number of receptors important for pain,
inflammations, and heat sensitization [14]. Recently, CBG has also become an interesting
object for forensic analysis researchers. The reports [15-18] show that it may be treated as a
highly specific, though insensitive, biomarker of recent cannabis smoking. Because A’-THC
can persist in the blood after the psychoactive effects of intoxication have subsided, especially
in regular users, short-lived minor cannabinoids such as CBG have merited investigation as
additional indicators of recent cannabis inhalation. Another reason for the interest of forensic
analysts in the determination of CBG in physiological fluids is related to its alpha-2-

adrenergic action promoting hypotension and bradycardia [19], what can cause fatal descent.

Growing interest in the mentioned cannabinoids and their bioactive properties, as well as a
marked increase in the use of dietary supplements containing these cannabinoids in self-
healing therapies [20], require the development of reliable and sensitive analytical procedures
for their quantitative determination in different types of matrices. While both gas
chromatography (GC) or high performance liquid chromatography (HPLC) can be used for
this purpose, GC is a more pragmatic option as the choice a simpler, cheaper and a more
sensitive technique. In this technique gas chromatography-tandem mass spectrometry (GC-
MS/MS) is becoming a routine analytical instrument, advisable especially when analyzing

compounds in very complex matrices (e.g. in plasma/plant material) [21-23].

A very important feature of any analytical procedure is its sensitivity towards the examined

compound. In forensic and clinical analysis, high sensitivity analytical methods are usually
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preferred. The more sensitive the analytical method, the lower concentration level of given
xenobiotic can be determined in examined sample. As results from the previous reports [24,
25] and our experiences, the sensitivity of analytical estimation of CBD and A°-THC (or such
cannabinoids like CBC and CBN) using GC-MS is similar and sufficiently high, but it is
exceptionally low for CBG. The aim of this study is to explain the reasons for the extremely
low analytical sensitivity of GC-MS in estimating CBG and to present possible ways of its

improvement.

Materials and methods

Materials

Acetonitrile (ACN) (LC/MS grade), the standards (certified reference materials) of CBC,
CBN, CBG, CBD and A’-THC (1.0 mg/mL in methanol - Cerilliant), trifluoroacetic
anhydride (TFAA), hexamethyldisilazane (HMDS) and trimethylchlorosilane (TMCS),
palladium on carbon (Pd/C) and p-toluenesulfonic acid (PTSA) were acquired from Merck
(Merck KGaA, Darmstadt, Germany). Dichloromethane (DCM) and sodium dicarbonate were
purchased from the Polish Chemical Plant POCh (Gliwice, Poland). CDCl3 was purchased
from Armar AG (Déttingen, Switzerland). CBG crystal (>99%) was a gift from CannLAB
(Krakow, Poland). Hydrogen and nitrogen were obtained from Air Liquide Polska (Krakow,
Poland). Deionized water was purified by the Milli-Q system (Merck Millipore, Merck
KGaA, Darmstadt, Germany).

Human plasma samples were obtained by the centrifugation of human blood samples. The
samples were collected by a registered nurse from volunteers, after obtaining their informed
consent, using a single closed system containing an S-Monovette coagulation activator
(Citrate 3.2%), following the manufacturer’s instructions (Sarstedt AG, Niimbrecht,
Germany), and thoroughly mixed in order to maintain their homogeneity. The plasma samples

were CBG free.
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CBG silylation procedure (formation of CBG-2TMS)

The CBG silylation was carried out according to the optimal procedure described in the
reports [25, 26]. The mixture consisting of 500 uL of CBG solution in ACN (1 mg/mL) and
500 pL of silylation mixture (HMDS/TMCS/ACN 1:1:1 v/v/v) was heated at 35 °C for
60 min. The mixture was subsequently centrifuged at 12,000 rpm for 5 min and the obtained
supernatant was divided into two parts. One part was diluted 500 times using ACN and
subjected to GC/MS analysis. The other one was evaporated under nitrogen stream, dissolved

in CDCl3 (500 pL) and subjected to nuclear magnetic resonance (NMR) analysis.

CBG acylation procedure by TFAA (formation of CBG-2TFA)

The CBG acylation was carried out according to the optimal procedure described in the
reports [27, 28]. The mixture consisting of 500 uL of CBG solution in ACN (1 mg/mL) and
TFAA (130 uL) was heated at 65 °C for 60 min. After that, the high volatile components of
the reaction mixture were evaporated under nitrogen stream and the obtained dry residue was
dissolved in an appropriate solvent before GC/MS and NMR analysis. In GC/MS analysis, the
dry residue was dissolved in ACN (1 mL) and then diluted 1000 times. In NMR analysis, the
dry residue was dissolved in CDCI3 (500 pL).

CBG hydrogenation (formation of CBG-4H)

The suspensions consisting of Pd/C (1 mg) and 1 mL of CBG solution in DCM (5 mg/mL)
were mixed for 3 hours in hydrogen atmosphere at ambient temperature and then centrifuged
at 12,000 rpm for 2 min. The obtained supernatant, before its GC/MS analysis, was diluted
5000 times using DCM, whereas before NMR analysis, the supernatant was evaporated to
dryness and the obtained dry residue was dissolved in CDCIl3; (500 pL). The above procedure

is the result of optimizing the time and temperature of the process.
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Formation of pyranic CBG structure (Pyr-CBG) in chemical process (chemical CBG

cyclization)

The mixture consisting of 500 pL of CBG solution in ACN (5 mg/mL) and 500 pL of PTSA
solution in ACN (1 mg/mL) was heated at 75°C for 2 hours. In the case of the reaction
product estimation by GC-MS, the obtained mixture was diluted 2500 times using ACN and
subjected to GC-MS analysis. The above procedure was optimized studying the influence of

time and temperature on the course of CBG cyclization in its ACN solution.

The estimation of the reaction product by NMR requires the removal of PTSA from the
mixture. To do this, the obtained mixture was evaporated to dryness under nitrogen stream.
Next, the dry residue was dissolved in DCM (500 pL) and extracted 3 times by the saturated
water solution of NaHCOs; (500 pL), removing water phase each time. Finally, the cleaned
organic phase was evaporated under nitrogen stream and the obtained dry residue was

dissolved in CDCl5 (500 uL).
Silylation of pyranic CBG structure (formation of Pyr-CBG-TMS)

The mixture consisting of 500 pL of CBG solution in ACN (5 mg/mL) and 500 puL of PTSA
solution in ACN (1 mg/mL) was heated at 75 °C for 2 hours and then evaporated to dryness
under nitrogen stream. Next, the dry residue was dissolved in DCM (500 pL) and extracted
3 times by saturated water solution of NaHCO3 (3x500 pL), removing water phase each time.
Finally, the cleaned organic phase was evaporated under nitrogen stream and the obtained dry
residue was silylated by heating at 35°C for 60 min with 1 mL of silylation mixture
(HMDS/TMCS/ACN 1:1:1 v/v/v). The mixture was subsequently centrifuged at 12,000 rpm
for 5 min and the obtained supernatant, after its prior 2500 fold dilution by ACN, was
subjected to GC-MS analysis.

Formation of pyranic CBG structure in physical processes (physical CBG cyclization)

To find out if an energetic physical action on CBG can transform it into its pyrenic form,

separate CBG samples were exposed to high temperature, UV and electron stream radiation.

CBG thermal treatment Thermal treatment of the CBG sample was performed in a closed
glass vessel containing argon atmosphere at 270 °C for 2 hour using a classical laboratory

oven.
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CBG exposion to UV radiation The CBG sample, placed in a thin quartz tube, was exposed to
UV radiation for 5 min using a high energetic UV lamp emitting 2.0 kW energy

CBG exposion to electron stream radiation The CBG sample was exposed to electron stream
for 10 hours using the electron source of energy 7 eV. UHV Flood Gun (PreVac, Rogow,

Poland) was used for this purpose.

After the physical treatment, each sample was dissolved in DCM and subjected to GC-MS

analysis.

Preparation of plasma samples for GC-MS analysis of CBG, CBN, CBD, A9-THC and CBC
mixture using QuEChERS procedure

The version without CBG cyclization

MgSOs4 (200 mg) and NaCl (50 mg) were added to a plasma sample (700 pL) spiked properly
with the mixture of CBG/CBN/CBC/CBD/A’-THC. The concentration of individual
cannabinoids (CBG, CBN, CBD, A’-THC and CBC) was 20 ng/mL, similar to the
concentration of that determined in the real blood samples from cannabis/hemp consumers
[29, 30]. After vortexing for 1 min, ACN (700 puL) was introduced and the whole suspension
was vortexed again and then centrifuged at 12,000 rpm for 3 min. The isolated aliquot was

subjected to GC-MS analysis.

The version with CBG cyclization

MgSO4 (200 mg) and NaCl (50 mg) were added to a plasma sample (700 pL) spiked properly
with the mixture of CBG/CBN/CBC/CBD/A’-THC — the concentrations of individual
cannabinoids were the same as in the version without CBG cyclization. After vortexing for
I min, 700 pL of PTSA solution in ACN (0.5 mg/mL) was introduced and the whole
suspension was vortexed again and then centrifuged at 12,000 rpm for 3 min. The isolated
aliquot (600 puL) was heated at 75 °C for 2 hour. After cooling, the obtained solution was
subjected to GC-MS analysis.
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GC-FID measurements

ACN solution of CBG, CBD, THC, CBC and CBN mixture was analysed using gas
chromatograph with the flame ionization detector GC-FID model GC-2010 (Shimadzu,
Kyoto, Japan). 1 pL. sample was injected by an AOC — 20i type autosampler into a ZB5-MS
fused-silica capillary column (30 m x 0.25 mm i.d., 0.25 pm film thickness) (Phenomenex,
USA). Separation conditions were the following: carrier gas - hydrogen (grade 5.0); flow rate
- 1.0 ml/min; split injection mode; injector temperature — 310 °C. The temperature program
involved: initial temperature 150 °C held for 5 min; temperature increase to 260 °C (at a rate
of 9 °C/min) and maintained for 4 min; further temperature increase to 300 °C (at a rate of

6 °C/min).

GC-MS/MS measurements

Qualitative analyses of the examined cannabinoids and CBG transformation products were
conducted using a gas chromatograph hyphenated with a triple quadrupole tandem mass
spectrometer detector (GCMS-TQ8040; Shimadzu, Kyoto, Japan). GC-MS conditions were
as follows: capillary column - Zebron ZB5-MSi (30 m x 0.25 mm 1i.d., 0.25 pm film
thickness, Phenomenex, Torrance, CA, USA); carrier gas helium (grade 5.0); flow rate 1.0
ml/min; splitless/split injection mode (sampling time: 1.00 min); injector temperature 310 °C;
injection volume 1 pL; temperature program - initial temperature 60 °C held for 3 min
subsequently increased to 310 °C at the rate of 12 °C/min and held for 15 min. Mass
spectrometer parameters: normalized electron energy of 70 eV; ion source temperature
225°C. The TIC mode with range 40-750 m/z was used in analysing solutions of
cannabinoids and CBG transformation products. In order to analyse QUEChERS extracts from
the supernatants centrifuged from human plasma samples spiked with CBG, CBN, CBD, A9-
THC and CBC, multiple reaction monitoring (MRM) mode was used. GC-MS/MS analysis
was performed using characteristic MRM transitions at optimal collision energies (CE) for the
examined compounds. Three MRM transitions (m/z => m/z) of the highest intensity were

selected for further experiments:

314 > 231 (CE = 24eV), 314 > 193 (CE = 21eV) and 246 > 231 (CE = 21eV) for CBD,
316 > 231 (CE = 15eV), 316 > 193 (CE = 15¢V) and 316 > 123 (CE = 6eV) for CBG,
314 > 299 (CE = 12eV), 314 > 271 (CE = 15¢V) and 314 > 231 (CE = 18eV) for A>-THC,
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314 > 299 (CE = 12eV), 314 > 271 (CE = 15eV) and 314 > 231 (CE = 18eV) for A’-THC,
316 > 231 (CE =15eV), 316 > 193 (CE = 15eV) and 316 > 123 (CE = 6eV) for Pyr-CBG,
314 > 299 (CE = 15eV), 314 > 231 (CE = 15eV) and 299 > 231 (CE = 6eV) for CBC,

310 > 295 (CE =21eV), 310 > 238 (CE = 30eV) and 295 > 238 (CE =27eV) for CBN.

MRM transitions selected for quantification of individual cannabinoids were bolded and

underlined.

NMR measurements

NMR experiments were performed using the Ascend 600 MHz instrument (Bruker, Bremen,
Germany) equipped with 5 mm BBO probe at 298 K. Before 1H and 13C spectra acquisition,
examined samples were dissolved in CDCl3. '"H-'H Double Quantum Filtered COSY and 'H—
13C Multiplicity Edited HSQC techniques were employed to facilitate assignment of proton
and carbon resonances. Acquisition and processing of considered spectra were performed
using TopSpin 3.5 and IconNMR software (Bruker, Bremen, Germany). Tetramethylsilane
was used as an internal standard for calibration of 'H and '*C chemical shifts. NMR data are

gathered in Table 1S and 2S (see supplementary materials).

Method validation

To validate the analytical methods, certified standards of individual CBG derivatives and Pyr-
CBG should be purchased. Such substances are not commercially available. For this reason,
purified CBG derivatives and Pyr-CBG obtained for NMR analysis were used as validation
standards. Their purity was 95.3, 96.4, 99.2 and 98.7% for CBG-2TMS, CBG-2TFA, CBG-
4H and Pyr-CBG, respectively. These values were estimated by GC-MS using peak
normalization method. The compounds used for methods validation should be treated as Type

II standards.

The methods were validated in terms of linearity, the limit of detection (LOD), the limit of
quantification (LOQ) and the intraday and interday precision and accuracy measurements. To
evaluate the method linearity, five replicated analytical procedures were performed for each
examined concentration level. The LOD and LOQ were considered to be signal-to-noise ratios
equal to 3 and 10, respectively. The intra- and interday precisions and accuracies were

evaluated by statistical analysis of the quantitative results (obtained on the same day and on

9
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three different days) for five independent samples containing test compounds (20 ng/ mL).
The linearity of the assay was calculated by the least squares method and expressed as the
coefficient of determination (R?). Calibration plots were prepared using ACN spiked with the
target analytes at concentration levels of 10, 25, 50, 75 and 100 ng/mL for CBG, 5, 10, 25, 50
and 75 ng/mL for CBG-2TMS, CBG-2TFA and CBG-4H, and 1, 2.5, 5, 10, 25 ng/mL for
Pyr-CBG. The solutions were prepared in triplicate.

Results

Fig. 1 shows exemplary chromatograms of CBG, CBD, CBC, A°-THC and CBN mixture
obtained using GC with FID and MS detector (a and b, respectively). The molar
concentrations of the components in the mixture were the same (0.5 mM). As can be seen, the
GC-MS response for CBD, CBC, A’-THC or CBN is similar and high, it is exceptionally low

in the case of CBG (ca. 25 times lower than for the other mentioned cannabinoids).

The most frequent way of increasing the chromatographic analysis sensitivity to the examined
compounds is their preliminary derivatization, usually performed by silylation or acylation.
Fig. 2 shows the size of the GC-MS response to CBG itself and to its silyl and acyl derivative
obtained after CBG silylation with TMCS/HMDS (a) and acylation with TFAA (b). MS and
NMR spectra of the obtained TMS derivative of CBG are provided in ¢ and e, respectively,
and of the obtained TFA derivatives of CBG in d and f, respectively.

The size change of the GC-MS signal resulting from the saturation of alkyl-diene chain in the
CBG molecule by hydrogen is shown in Fig. 3a, whereas Fig. 3b and € c present,
respectively, MS and NMR spectra of the obtained saturated derivative of CBG.

The presence of alkyl-diene chain and phenolic groups in CBG allows the formation of its
pyranic derivative (Pyr-CBG). The diagram of such a transformation illustrates Fig. 4. The
change in the GC-MS signal size resulting from CBG transformation into Pyr-CBG is
presented in Fig. 5a, whereas MS and NMR spectra of this compound are shown in Fig. 5b

and c, respectively.

Fig. IS (see supplementary materials) shows the chromatograms of DCM solutions of the

CBG samples exposed to high temperature, UV and electron stream radiation. These
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chromatograms indicates that CBG can be cyclized to its pyranic form by energetic physical

action.

According to the results presented in Fig. 2a and Sa, the silylation of CBG increases the
sensitivity of its GC-MS estimation about 3 times, whereas the cyclization of CBG about 9
times. Fig. 2S (see supplementary materials) shows GC-MS response to pyranic derivative of

CBG before and after its silylation by TMCS/HMDS mixture.

The validation data for CBG, CBG derivatives (CBG-2TMS, CBG-2TFA, CBG-4H) and Pyr-
CBG are gathered in Table 1.

The practical utility of the signal enhancement of CBG by its cyclization is shown in
Fig. 6 illustrating the results of GC-MS analyses of CBG, CBN, CBD, A°-THC and CBC
mixture in plasma samples. Classical QUEChERS and QuUEChERS with the CBG cyclization

process were used as blood sample preparation methods in the analytical experiments.

Discussion

As results from Fig. 1 showing exemplary chromatograms of CBG, CBD, CBC, A’-
THC and CBN mixture obtained by GC with FID and MS detector, FID responses to
individual cannabinoids are similar. This is not a surprising effect in the analysed compounds
and results from the same number of carbon atoms in each of them and from their structural
similarity. A slightly different chromatographic image of the tested mixture is observed in
GC-MS. While the MS responses to CBD, CBC, A>-THC and CBN are similar, the MS signal
for CBG is extremely low (ca. 25 times lower than for the other mentioned cannabinoids),
which confirms experimentally our earlier observations and sparse literature reports [24, 25]

about poor response of the MS detector to CBG.

The most frequent way of increasing the chromatographic analysis sensitivity to the
examined compounds is their preliminary derivatization, usually performed by silylation or
acylation. As can be seen from the spectroscopic data presented in Fig. 2c-f, the use of
excessive amounts of silylating or acylating reagents in the CBG derivatization process,
which is common practice in the case of the same processes with other compounds, leads to
the derivatization of both phenolic groups of this cannabinoid. As seen in Fig. 2a and b, the

silyl and acyl derivative of CBG evokes a GC-MS signal about 3 times higher than
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unmodified CBG. Thus, these ways of CBG derivatization allow to lower LOD in the
analytical estimation of CBG (see Table 1), but it still remains much greater than the LOD for
non-derivatized CBD, CBC, A>-THC or CBN. In the case of the equipment used in these
experiments LOD for the last mentioned cannabinoids does not exceed 0.1 ng/mL. It is worth
noting here that the figure also enriches the literature of the subject by providing MS and
NMR spectra of the obtained CBG-2TMS derivatives (c and e, respectively) and CBG-2TFA

derivatives (d and f, respectively).

A characteristic feature of the CBG molecule, in contrast to CBD, CBC, A°-THC and
CBN, is the presence of an alkyl-diene chain. The saturation of multiple bonds in the analyte
with hydrogen is difficult to classify as a classical derivatization procedure, but it was
intended to raise the CBG signal in GC-MS analysis. According to NMR data presented in
Fig. 3c and Table 1S (see supplementary materials), 3-hour hydrogenation process of CBG
provides total saturation of this cannabinoid — the obtained saturated CBG derivative (CBG-
4H) does not contain double bonds in alkyl chain. As it can be seen from Fig. 3a, GC-MS
signal increment resulting from the saturation of both double bonds in alkyl-diene chain of
CBG is similar to that observed after CBG silylation and/or acylation i.e. the saturated
derivate of CBG (i.e. CBG-4H) evokes a GC-MS signal about 3 times higher than unmodified
CBG. However, this effect is much less practical as it was achieved after a 3-hour saturation

process, much longer than the 1-hour silylation/acylation classical derivatization.

Due to the presence of alkyl-diene chain and phenolic groups, CBG can be
transformed into its pyranic form (see Fig. 4). The molecular structure of this transformation
product is more similar to the molecular structure of CBD, CBC, A>-THC and CBN than to
CBG. Following the results presented in Fig. 5a, CBG cyclization evokes ca. 9-fold increase
of the GC-MS signal, significantly higher than classical CBG derivatization
(silylation/acylation) or CBG saturation. The pyranic derivative of CBG presented in this
study is a new compound obtained by cyclization of CBG, and this is why it can be call either
cyclo-CBG or pyro-CBG (because it has a pyran ring). The structure of the obtained Pyr-
CBG, presented in Fig. 4, is confirmed by NMR data (Fig. 5¢ and Table 2S in supplementary
materials). It is worth noting here that another cyclic derivative of CBG has been described in
the literature [31], resulting from the metabolism of CBG by human Cytochrome P450s,
which was briefly called cyclo-CBG. It should have been named hydroxycyclo-CBG or furan-
CBG because it has a furan ring. To avoid confusion, the cyclic derivative of CBG identified

and synthetized by us will be referred to as Pyr-CBG in the further part of this paper.
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A more detailed analysis of the results shows that the MS spectrum of Pyr-CBG (see
Fig. 5b) is almost identical to the MS spectrum of CBG itself (see MS library). Various
intensity of the CBG molecular ion is the only difference in these spectra, and it is visibly
higher in the spectrum of Pyr-CBG. These findings suggest that when CBG is analysed, all its
molecules entering into the ionization chamber are transformed to its pyranic form. Only a
small part of the molecules of this compound undergo ionization and fragmentation processes
evoking low GC-MS response. It can be assumed that when CBG is analyzed, most of the
energy from the EI source is consumed in its cyclization process. Hence, the GC-MS signal
from its pyranic structure is greater than that of CBG itself (see Fig. 5a), as all the energy of

the EI source is used to ionize Pyr-CBG molecules.

To confirm that CBG can be cyclized to its pyranic form by energetic physical action,
separate CBG samples were exposed to high temperature, UV and electron stream radiation.
As can be seen from Fig. 1S (see supplementary materials), UV and electron stream radiation
cause CBG transformation to its pyranic form, which does not happen in the thermally treated
CBG sample. It is worth noting that only a small part of the thermally treated CBG sample
dissolves in DCM, and that the GC-MS signal of its solution is lower than that of the solution
of the unheated CBG sample. These observations are probably connected with CBG
polymerization and transformation to CBC [32] during its heating process — see CBC peak in
Fig. 1Sa (see supplementary materials). Taking into account the results of two other
experiments, CBG exposures to UV and electron stream, CBG transformation to the pyranic

form in the GC-MS ionization chamber is very likely.

According to the results presented in Fig. 2a and 5a, the silylation of CBG increases
the sensitivity of its GC-MS estimation about 3 times, whereas the cyclization of CBG about
9 times. NMR data for Pyr-CBG (Fig. 5c¢ and Table 2S in supplementary materials) prove that
it has one free phenolic group (see Fig. 4), which enables a two-step CBG transformation:
cyclization (step one) and silylation/acylation (step two). The related question arises whether,
for example, the silylation of Pyr-CBG will make CBG analysis sensitivity higher than
cyclization of CBG itself? As follows from Fig. 2S (see supplementary materials), showing
GC-MS responses to Pyr-CBG before and after its silylation, the silylation process in this

particular case does not lead to the increase of the GC-MS signal.

The presence of 3,7-dimethylocta-2,6-dien chain in the CBG molecule allows also for

the Diels-Alder reaction to be carried out and to form six other transformation products of this
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cannabinoid. The possible products of CBG transformation which can be obtained in the
Diels-Alder reaction are shown in Fig. 3S (see supplementary materials). Diels-Alder reaction
was not tested in the present study because the conditions required for its performance (high
temperature and expensive catalyst) make it impractical in the routine CBG analyses in

blood/plasma samples.

As results from the performed experiments, the greatest sensitivity of CBG estimation
by GC-MS is observed in the procedure involving cyclization of the cannabinoid to its
pyranic form (see Table 1). Fig. 6 showing the results of GC-MS analyses of plasma samples
containing CBG, CBN, CBD, A°-THC and CBC mixture proves the practical utility of the
CBG cyclization. The comparison of the chromatograms of supernatants from plasma samples
obtained by classical QUEChERS and by QuEChERS with the CBG cyclization process,
which were used as sample preparation methods, indicates that the novel procedure of CBG
transformation is applicable in the analytical procedures of real samples. The presented figure
shows that the cyclization process causes:

— amultiple increase of the CBG signal;

— remaining of CBC and CBN signals at the same level;

— the decrease of CBD signal. It is obvious as the cyclization of CBG to its pyranic
form requires an acidic environment, in which CBD transform to A°-/A3-THC [23]

— the increase of A’-THC signal, which results from CBD transformation in acidic
environment (see above comment)

— the appearance of A®-THC signal, which results from CBD transformation to A®-/A-
THC and A’-THC isomerization to A%-THC in acidic environment (see above
comments)

Although the presented chromatograms indicate that the cyclization process causes an
additional CBD and THC transformations, nevertheless, the method has great potential in

increasing the CBG signal making the quantification of this bio-marker in real samples easier.
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Conclusions

It is suggested that due to the relatively rapid metabolism of CBG, the estimation of its
concentration in blood or oral fluid can be used to determine cannabis use. A low CBG signal
in its GC-MS analysis seriously limits accurate estimation of the cannabinoid in the tested
samples. The performed experiments indicate that the low response of the MS detector
towards CBG results from its transformation to the pyranic CBG form, which occurs as an
effect of electrons energy absorption by CBG molecules in the MS ionization chamber. The
most frequent method of increasing the chromatographic analysis sensitivity to the examined
compounds is their preliminary derivatization. The presented results shows that although the
signal increase of CBG can be obtained through its derivatization by silylation and/or
acylation, the greatest increase is observed in the case of its cyclization to the pyranic CBG
form during the sample preparation process. The CBG cyclization procedure is very simple

and workable in estimating this cannabinoid in blood/plasma samples.

The presented transformation of CBG to its pyranic form seems to be one of the best
ways to increase the analytical sensitivity of GC-MS to CBG, but it has one disadvantage. The
cyclization of CBG to its pyranic form requires an acidic environment, in which not only
CBG undergoes structural transformation in such an environment, but so does CBD (to A°-
/A3-THC) and A®-THC (to AS-THC). Therefore, if it is necessary to accurately determine the
concentration of THC/CBD in the test sample, these cannabinoids should be determined
before and then CBG using the described method. Although the cyclization process causes an
additional CBD and THC transformations, nevertheless, the method has great potential in

increasing the CBG signal making the quantification of this bio-marker in real samples easier.
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and after derivatization, respectively. MS spectra of CBG-2TMS (c¢) and CBG-2TFA
(d). NMR spectra of CBG-2TMS (e) and CBG-2TFA (f).
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587  Table 1. Linearities, intra- and interday precisions and accuracies, limits of detection (LOD),

588 limits of quantification (LOQ) of CBG, CBG-2TMS, CBG-2TFA, CBG-4H and Pyr-
589 CBG, respectively.
Compound
Tested parameter
CBG CBG-2TMS CBG-2TFA CBG-4H Pyr-CBG
Linearity (R2) 0.9991 0.9969 0.9975 0.9988 0.9987
Intraday precision 3.17 4.56 4.61 3.74 3.88
(% RSD) : : ) ) )
Interday precision
3.32 4.82 4.79 3.95 4.21
(% RSD)
Intraday accuracy 98.7 97.9 97.1 98.2 97.9
(%)
Interday accuracy 97.6 96.2 96.6 97.1 96.9
(%)
LOD (ng/mL) 2.78 0.93 0.91 0.83 0.26
LOQ (ng/mL) 9.26 3.09 3.03 2.76 0.86

590 R2 coefficient of determination, RSD relative standard deviation, LOD limit of detection, LOQ limit of quantification

591
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Table 1S. 1H and 13C NMR data of CBG-4H derivative in CDCls

No. Oc, type Ou (Jin Hz)
2.60, m
1 20.7, CH, 254 m
1.53, m*
2 36.4, CH, 135, m°
3 33.2, CH 1.48, m*
4 19.6, CH3 0.95,d (6.5)
1.33, m°
5 37.2, CH, 113, m°
6 39.4, CH, 1.12, m°
7 22.5, CH, 1.31, m*
8 28.0, CH 1.51, m*
190 22.7, CH; 0.86, d (6.8)
1 113.0,C -
2' 1544, C -
3 108.0, CH 6.22,s
4’ 142.0, C -
5! 108.0, CH 6.22,s
6 154.4,C -
2'-
OH - 4.97, brs
6" 4.97, brs
OH ] v
1" 35.5, CH, 2.43,1(7.8)
2" 30.9, CH, 1.55, m*
3" 31.6, CH, 1.29, m®
4" 22.7, CH, 1.30, m°
5" 14.1, CH; 0.88,t(7.0)

*¢ Overlapping signals.




Table 2S. 1H and 13C NMR data of Pyr-CBG derivative in CDCl;.

No. dc, type Ou (J in Hz)
1 16.5, CH, 2.60, td (6.8, 2.5)
1.84, m
2 30.4, CH, 177, m
3 75.7,C -
4 24.0, CHs 1.28,s
5 39.2, CH, 1.62, m
6 22.3, CH, 2.09,9(7.9)
7 124.3, CH 5.10, m
8 131.6,C -
9 25.7, CHs 1.67, s
10 17.7, CH3 1.59, s*
1 105.6, C -
2' 1534,C -
3 106.3, CH 6.17,d (1.3)
4' 142.5,C -
5! 109.8, CH 6.27,d (1.2)
6 154.6, C -
(%P_I - 4.72, brs
1" 35.6, CH, 2.44,1(7.5)
2" 30.9, CH, 1.56, m*
3" 31.7, CH, 1.29, m°
4" 22.7, CH, 1.31, m°
5" 14.2, CH; 0.88,t(7.0)

+> Qverlapping signals.
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ARTICLE INFO ABSTRACT

Keywords:

Cannabinoids quantitation
Sample preparation methods
SPE

The sensitivity of complex analytical procedures depends not only on the sensitivity of the analytical instrument
used, but also on the recovery degree of the examined analyte by the employed sample preparation method. The
recovery degrees of individual cannabinoids reported in literature, estimated using the same sample preparation
method, are unexpectedly divergent. Therefore, the aim of this study was a thorough assessment of the most
QuEChERS i . R R
Protein precipitation commonly used sample preparation methods, such as protein precipitation, LLE, QUEChERS and SPE, in the
LLE context of the reliability of the obtained results. The presented report shows that the highest sensitivity, precision
and reliability of the chromatographic analysis of CBG, CBD, A9-THC and CBN in human plasma can be obtained
using SPE. The recovery degrees of these cannabinoids by SPE are highly repeatable and exceed 95 %, while they
are significantly lower for such sample preparation methods as protein precipitation, LLE and QUEChERS (ca. 80,
65 and 87, respectively). Moreover, the supernatants obtained by the latter methods contain interferents evoking
matrix-effect, which makes reliable quantification of the listed cannabinoids by GC difficult. To our knowledge,
the paper is the first such extensive comparison of sample preparation procedures used for the determination of
cannabinoids in plasma by GC-MS and HPLC-MS. The presented results and the discussion allow to understand
why different recovery degrees for the same xenobiotic can be find in literature despite they have been estimated

using the same or different sample preparation method or different chromatography types.

1. Introduction

Out of over 150 known cannabinoids, CBD, CBG, A9-THC and CBN
are the most often mentioned ones today as components of pharma-
ceutical preparations helpful in medical therapies or dietary supple-
ments supporting the functioning of the human body. Their great
popularity results from scientific reports [1] indicating their potential in
treating many diseases and ailments. According to [2,3], CBD may be
applicable in the management of epilepsy and some other central motor
disorders; in the treatment of inflammation states, anxiety, psychotic
illnesses, and neurotoxicity (for instance associated with stroke); for the
attenuation of unwanted side-effects of A9-THC used as a medicine, and
in other conditions. CBG, in turn, is credited with cytotoxic effect against
epithelioid carcinoma and breast cancer, or with stimulating effect on a
number of receptors important in pain, inflammations, and heat sensi-
tization [4]. CBN, unlike CBD and CBG, has weak psychoactive prop-
erties (about 10 times weaker than A9-THC), yet many countries allow
its usage in sleep aiding remedies due to its sedative effect on humans.
Its anticonvulsant, anti-inflammatory, antibiotic, and anti-MRSA

* Corresponding author.
E-mail address: michal.dybowski@mail.umcs.pl (M.P. Dybowski).

https://doi.org/10.1016/j.jpba.2023.115563

(methicillin-resistant Staphylococcus aureus) properties are also well
known [5].

The interest of potential users (doctors, quacks and people interested
in autotherapy) in specific cannabinoids has led to their huge and un-
controlled supply. There are many products on the market today that
contain the four cannabinoids dealt with in this article. They are avail-
able not only in the form of drugs officially approved by pharmaceutical
supervision, but also in various products (cannabinoid oils, cosmetics,
dietary supplements, drinks and others) not subjected to strict control in
many countries. Consequently, in research works concerning controlled
cannabinoids use (e.g. to establish dose-therapeutic effect relationships)
as well as the effects of their accidental or uncontrolled consumption
(poisoning, allergies, forensic investigations), the determination of
cannabinoids in samples of blood/plasma is becoming more and more
important.

CBG, CBD, A9-THC and CBN are highly hydrophobic molecules of
high affinity to bind with plasma proteins. Several analytical procedures
have been developed for their estimation in plasma or whole blood
applying GC-MS [6], two-dimensional GC-MS [7], and LC-MS/MS [8]
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equipment. They employ liquid-liquid extraction (LLE), solid-phase
extraction (SPE), QUEChERS or protein precipitation as sample prepa-
ration methods before the cannabinoid analysis [9,10]. Although there
are reports in the literature on the determination of cannabinoids in
plasma using different sample preparation methods [6-10], there is no
unequivocal comparison of these methods in terms of their reliability
and usefulness. Due to the fact that there are distinct differences in re-
covery degree of a given cannabinoid reported in the literature with the
use of same sample preparation method, such a comparison seems to be
exceptionally justified. This paper presents and discusses the usefulness
of the above methods in the context of the sensitivity and precision of
the cannabinoids analysis in plasma by CG-MS and LC-MS.

2. Materials and methods
2.1. Reagents and standards

Acetonitrile, dichloromethane and methanol (all LC/MS grade),
phosphate buffered saline, pH 7.2 (PBS), the standards of cannabigerol
(CBG), cannabidiol (CBD), tetrahydrocannabinol (A9-THC), and
cannabinol (CBN), all of 1.0 mg/mL in methanol (Cerilliant), were
purchased from Merck (Darmstadt, Germany). The Sepra C18-E sorbent
(50 pm, 65 ;\) was obtained from Phenomenex (Torrance, CA, USA).
Acetone (99.5 %), n-hexan (99 %), sodium dihydrogen phosphate
dihydrate and di-sodium hydrogen phosphate anhydrous, anhydrous
magnesium sulfate (99.5 % powder), and sodium chloride were pur-
chased from Avantor Performance Materials Poland (Gliwice, Poland).
Deionized water was purified by the Milli-Q system (Millipore Sigma,
Bedford, MA, USA).

100 mL blood samples were collected by a registered nurse from 10
volunteers, after obtaining their informed consent, using a single closed
system containing an S-Monovette coagulation activator, according to
the manufacturer’s instructions (Sarstedt AG, Niimbrecht, Germany),
and thoroughly mixed in order to maintain their homogeneity. The
samples were centrifuged and the separated plasma was pooled to obtain
one representative plasma matrix.

2.2. Plasma sample preparation methods for GC-MS and LC-MS analysis
of the examined cannabinoids

Four plasma sample preparation methods were used in the experi-
ments: protein precipitation (PP), liquid-liquid extraction (LLE),
QuEChERS, and solid phase extraction (SPE).

2.2.1. Protein precipitation procedure

Numerous compounds and mixtures can be used as protein precipi-
tation agents in the analytical procedures of drug assay in plasma. In
general, they fall into three groups: organic solvents (e.g. acetonitrile,
methanol, acetone), acidic agents (e.g. HoSO4, CF3COOH, CCl3COOH,
ZnS0y4, (NH4)2S04, NH4NO3, NH4Cl, HC1O4, CHCl3) and neutral salts (e.
g. MgS04, NaySO4, NaCl, MgCl,, CH;COONH,4, HCOONH,) [11-13]. As
demonstrated in [14,15], if an acidic precipitation agent is used, a sig-
nificant amount of CBD or A9-THC in a sample analyzed by GC trans-
forms to their derivatives, making it difficult to accurately quantify these
cannabinoids. This is why organic solvent, acetonitrile, was used as
precipitation agent in the reported experiments.

Acetonitrile (2 mL) was added to human plasma (1 mL) containing
mixture of CBG, CBD, A9-THC and CBN (concentration of each canna-
binoid for GC-MS and LC-MS measurements is given in the figures or
captions), vortexed and centrifuged for 10 min at 4000 rpm. The sepa-
rated supernatant was analyzed by GC-MS. Before LC-MS analysis, the
supernatant was evaporated and the obtained dry residue was recon-
stituted in MeOH.

2.2.2. Liquid-liquid extraction
Two extraction procedures were used in the experiments: with and
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without the addition of protein precipitation agent.

Extraction without protein participation agent (classical extraction). To
1 mL of plasma sample containing mixture of CBG, CBD, A9-THC and
CBN (for each cannabinoid concentration see figures and their captions),
3.0 mL of n-hexane was added. After 5 min vortexing or vortexing and
sonification, the mixture was centrifuged (4000 rpm for 10 min) and the
withdrawn organic phase was evaporated using nitrogen stream. The
obtained residue was dissolved in an appropriate solvent (ACN for GC-
MS or MeOH for LC-MS) and subjected to chromatographic analysis.

Extraction with the addition of protein precipitation agent. Some
extraction procedures of cannabinoid from plasma samples recommend
the addition of a protein precipitation agent to the sample just before the
extraction process [16]. It is sometimes advisable in the case of drugs
strongly binding with plasma proteins. To 1 mL of human plasma sample
with the mixture of CBG, CBD, A9-THC and CBN (for each cannabinoid
concentration see figures and their captions), ACN (2 mL) and hexane (3
mL) were added. The mixture, after 5 min vortexing or vortexing and
sonification, was centrifuged (4000 rpm for 10 min), and the withdrawn
organic phase was evaporated using nitrogen stream. The obtained
residue was dissolved in appropriate solvent (ACN for GC-MS or MeOH
for LC-MS) and subjected to chromatographic analysis.

2.2.3. QUEChERS

To 1 mL of plasma sample containing the mixture of CBG, CBD A9-
THC and CBN (for each cannabinoid concentration see figures and their
captions), MgSO4 (200.0 mg) and NaCl (50.0 mg) were added. After
vortexing for 1 min, acetonitrile (1 mL) was introduced to the vial and
the whole suspension was vortexed again and centrifuged at 4000 rpm
for 10 min. Finally, the aliquot (1800 pL) was cleaned-up by d-SPE with
15 mg of C18 (Sepra C18-E sorbent) and centrifuged at 4000 rpm for 10
min. The separated supernatant was diluted three-fold in ACN and
analyzed by GC-MS. Before LC-MS, the supernatant (1 mL) was evapo-
rated and the obtained dry residue was dissolved in MeOH (3 mL).

2.2.4. Solid phase extraction

1 mL of plasma sample with mixture of CBG, CBD, A9-THC and CBN
(for each cannabinoid concentration see figures and their captions) was
diluted with 4 mL of phosphate buffer (0.1 M, pH 6), carefully mixed and
applied to a solid-phase extraction column (Sepra C18-E sorbent, 500
mg) coupled with a vacuum manifold (SPE-12 G processor, J.T. Baker,
N.J., USA). Prior to SPE procedure, the SPE column was conditioned by
flushing with 2 x 3 mL of methanol, 2 mL of water, 2 x 2 mL water/
methanol (80:20; v/v) and dried for 10 min. The cannabinoids were
eluted with 7 mL of dichloromethane/acetone (50:50; v/v). The ob-
tained extract was evaporated under a slight stream of nitrogen,
reconstituted in 3 mL of appropriate solvent (ACN for GC-MS or MeOH
for LC-MS) and subjected to analysis.

The methods described above result from preliminary research
aimed at determining their optimal performance in relation to the tested
cannabinoids. All sample preparation procedures were performed in
glass laboratory vessels and vials.

2.3. Determination of free CBG, CBD, A9-THC and CBN concentration -
equilibrium dialysis

The binding of CBG, CBD, A9-THC and CBN to plasma proteins was
determined using equilibrium dialysis [17]. 1 mL of plasma was dialyzed
against an equal volume of isotonic PBS (pH 7.2). The dialysis was
performed using a self-made two-compartment dialyzers containing
YM-10 membranes (product no. 40424, Millipore, Bedford, MA, USA) of
10 kDa molecular mass cutoff in previously established optimal condi-
tions (37 °C for 6 hr). Aliquots from the buffer cells were diluted with
methanol (1:9 v/v) and transferred to LC-MS analysis. The binding de-
gree of individual cannabinoids was estimated according to [18].
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2.4. Chromatographic measurements

Qualitative analyses of the examined cannabinoids were conducted
by means of gas and liquid chromatography.

GC-MS measurements. A gas chromatograph hyphenated with a triple
quadruple tandem mass spectrometer detector (GCMS-TQ8040; Shi-
madzu, Kyoto, Japan) was used. GC-MS conditions were as follows:
capillary column - Zebron ZB5-MSi (30 m x 0.25 mm i.d., 0.25 pym film
thickness; Phenomenex, Torrance, CA, USA); carrier gas - helium (grade
5.0); flow rate 1.0 mL/min; splitless/split injection mode (sampling time
1.00 min); injector temperature 310 °C; injection volume 1 pL; tem-
perature program - initial temperature 60 °C held for 3 min and then
increased to 310 °C at the rate of 12 °C/min. The final temperature was
held for 15 min. Mass spectrometer parameters: normalized electron
energy of 70 €V; ion source temperature 225 °C. In order to analyse
supernatants from human plasma samples spiked with cannabinoids,
multiple reaction monitoring (MRM) mode was used. GC-MS/MS anal-
ysis was performed using characteristic MRM transitions at optimal
collision energies (CE) for the examined compounds.

Three MRM transitions (m/z > m/z) of the highest intensity were
selected for further experiments:

314 > 231 (CE = 24 eV), 314 > 193 (CE = 21 eV) and 246 > 231 (CE
= 21 eV) for CBD,

314 > 299 (CE=12¢eV), 314 > 271 (CE=15¢€V) and 314 > 231 (CE
= 18 eV) for A9-THC,

316 > 231 (CE=15¢eV), 316 > 193 (CE=15¢eV) and 316 > 123 (CE
= 6 eV) for CBG,

310 > 295 (CE = 21 eV), 310 > 238 (CE = 30 eV) and 295 > 238 (CE
= 27 eV) for CBN.

LC-MS measurements. LC-MS system composed of an UHPLC chro-
matograph (UltiMate 3000, Dionex, Sunnyvale, CA, USA) and a linear
trap quadrupole-Orbitrap mass spectrometer (LTQ-Orbitrap Velos,
Thermo Fisher Scientific, San Jose, CA) was applied for the chromato-
graphic analyses of the examined supernatants. ESI ionization source
operating in the positive polarization mode at needle potential equal to
4.5 kV was employed. Nitrogen (>99.98 %) was used as sheath gas (at
40 arbitrary units), auxiliary gas (at 10 arbitrary units) and sweep gas (at
10 arbitrary units). Capillary temperature was 320 °C. The scan cycle
used a full-scan event at the resolution of 60,000. Chromatographic
separations were performed on a Gemini C18 column (4.6 x100 mm, 3
um; Phenomenex, USA). The mobile phase components were: A — 25 mM
formic acid in water, and B - 25 mM formic acid in acetonitrile. Isocratic
elution was applied using mobile phase containing 40 % of B compo-
nent. The total run time was 15 min at the mobile phase flow rate 0.5
mL/min.

When analyzing supernatants from plasma samples, the SIM function
was used to better visualize the chromatographic separation and to
remove the signals originating from the plasma components and the
precipitation agent. The monitored ions were as follows:

315 m/z for CBD and A9-THC,
317 m/z for CBG,
311 m/z for CBN.

3. Results and discussion

The sensitivity of complex analytical procedures requiring the use of
sample preparation method depends not only on the sensitivity of the
analytical instrument used, but also on the recovery degree of the
examined analyte by the employed method. The higher the recovery
degree, the higher the analytical procedure sensitivity. A low detection
limit of the examined analyte in analytical procedures is especially
important in estimating drug concentration in complex biological
matrices, e.g. in plasma, to establish a dose-therapeutic effect
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relationships. Drugs are known to exist in blood/plasma in either a free
and a bound form. The drug binding degree with plasma proteins ex-
presses the strength of its interaction with them. The higher the binding
degree of drug to plasma proteins, the more difficult it is to achieve its
100 % recovery degree in the sample preparation procedure [19,20].
The experimentally determined binding degrees for individual canna-
binoids with human plasma proteins are gathered in Table 1. The pre-
sented data prove that they are extremely high, ca. 99 %. The obtained
data are in agreement with fragmentary literature dealing with CBD and
A9-THC [17]. Table 2.

In the case of drugs strongly binding with plasma proteins, PP is
frequently recommended as the method of choice for sample prepara-
tion. The recovery degrees of CBG, CBD, A9-THC, and CBN estimated on
the basis of GC-MS and LC-MS analysis of PP supernatants from plasma
are presented in Fig. 1A and B, respectively. The results established by
GC-MS for individual cannabinoids are very divergent and significantly
exceed 100 %. Such values of recovery degrees for the examined can-
nabinoids suggest that PP supernatant injected on the column contains,
apart from the cannabinoids, also compounds evoking matrix effect [6,
21]. The diagram in Fig. 1C (part I), showing the influence of CBD
concentration in plasma samples on its recovery degree calculated from
GC-MS analyses of PP supernatants, confirms this supposition - the in-
crease of CBD concentration in a plasma sample causes that the impact
of matrix effect on the analyte signal magnitude less and less relevant [6,
21]. At high analyte concentration, the quantification errors resulting
from matrix effect may be omitted. Additional evidence confirming the
occurrence of matrix effect in the analytical procedure of cannabinoids
using the GC involving PP is the result presented in part II of Fig. 1C. It
shows that the degree of CBD recovery from plasma estimated by GC
employing PP, after which d-SPE sample clean-up was performed to
decrease the concentration of interferents evoking matrix effect, equals
about 80 %. This value was established for plasma samples containing
2.0 pg/mL of CBD, the concentration at which the influence of matrix
effect on the magnitude of the CBD signal is very pronounced when
d-SPE clean-up after PP is omitted (compare the bars marked with one
asterisk in part I and II of Fig. 1C). It is compatible with that estimated
from HPLC analysis of non-cleaned PP supernatant (compare part II of
Fig. 1Cand Fig. 1B). It should be remembered that matrix effect does not
occur in HPLC.

The data presented in Fig. 1 indicate that:

- the recovery degrees of the individual cannabinoids in the analytical
procedure involving PP as the method of plasma sample preparation
are about 80 %. Ca. 20 % of the cannabinoids contained in the
sample is co-precipitated and occluded in the centrifuged protein
sediment. ACN as plasma protein precipitating agent was used in
these experiments. A similar recovery degrees of the studied canna-
binoids from plasma are registered with the use of neutral precipi-
tating salts (e.g. MgSO4, NaySO4, NaCl, MgCl,). The use of acidic
precipitating agents (in PP procedure) might allow to receive higher
recovery degrees of the examined cannabinoids; yet they should not
be used in CBD and A9-THC quantification, as an acidic environ-
mental catalyses the transformation of CBD to A9-THC and the
isomerization of A9-THC to A8-THC [14,15]

- HPLC is a more convenient and reliable analytical method than GC to
quantitate the examined cannabinoids in the PP supernatant. The

Table 1
Binding degree of CBG, CBD, A9-THC and CBN (in %) with human
plasma proteins.

Compound Protein binding degree [%]
CBD 99,82
A9-THC 99,75
CBG 99,71
CBN 99,84
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Table 2

Relative standard deviation in quantification of examined cannabinoids by GC
and HPLC procedures involving different sample preparation methods.

Compound  Sample preparation method

Journal of Pharmaceutical and Biomedical Analysis 234 (2023) 115563

occurrence of matrix effect during GC analysis of cannabinoids in PP
supernatants limits the use of this technique to plasma samples
containing cannabinoids to high concentration levels at which the
influence of matrix effect on the final result is irrelevant (see bars
with two asterisks in part I of Fig. 1C). The use of GC for the analysis

LLE PP QuEChERS  SPE o
Relative standard deviation RSD [%] of PP supernatants from plasma samples containing low levels of
Analytical method GG CBD 730  61%  45% 38% cannabinoids, usually founq in human blood, requlres. the removal of
AQ-THC 71%  6.0% 43% 3.6 % substances that cause matrix effect (e.g. by performing d-SPE after
CBG 75% 62% 4.4% 3.7 % the PP procedure), or the use of calibration methods eliminating
CBN 72% 58% 4.6% 3.8% errors resulting from matrix effect (e.g. the use of deuterated ana-
¢ CBD 69%  58%  4.0% 3.1% lytes as internal standards in the internal calibration method [14,
A9-THC 67% 54% 43% 3.2% 151)
CBG 6.8 % 55% 4.2 % 3.5% :
CBN 7.1% 55% 4.1 % 3.4%
The recovery degrees of CBG, CBD A9-THC and CBN estimated on
the basis of GC-MS and LC-MS analysis of LLE supernatants from plasma
Fig. 1. Recovery degree of CBD (green bar),
CBG (orange bar), CBN (blue bar) and A9-THC
(red bar) calculated from GC-MS (A) and LC-MS
(B) analysis of PP supernatants from human
350 100 plasma samples containing 0.1 ug/mL (for GC-
315.1% MS) or 0.2 ug/mL (for LC-MS) of each canna-
300 90 821% g11% binoid. Recovery degree of CBD calculated from
- 787%  7g1% GC-MS analysis of PP supernatants from plasma
80 +— ?E samples with different cannabinoid concentra-
250 4 tion (diagram C - part I) and recovery degree of
— — 707 CBD calculated from GC-MS analysis of d-SPE
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2 200+ i containing 2.0 ug/mL CBD (diagram C - part II).
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are presented in Fig. 2A and B, respectively. The analysis of these dia-
grams shows that the recovery degree of individual cannabinoids by LLE
is similar but very low (ca. 30 % and 25 % from GC-MS and LC-MS data,
respectively). In these experiments hexane was applied as extracting
liquid. It is worth mentioning that almost the same recovery of canna-
binoids from plasma is obtained with the hexane/ethyl acetate mixture
(9/1 v/v) - another popular extractant applied for the isolation of hy-
drophobic drugs from plasma (data not presented in this paper). The
main reason of the extremely low recovery degree of individual can-
nabinoids from plasma by LLE seems to be very strong binding of these
hydrophobic analytes to plasma proteins. If it is true, any additional
process preceding and/or assisting LLE which would facilitate the
disintegration of protein-cannabinoid complex should increase the
cannabinoids recovery degrees by this method. Fig. 2C presents the in-
fluence of ultrasounds and preliminary protein precipitation by ACN or
NaCl on the recovery degree of CBD assumed in this experiment as a
representative of the examined cannabinoids. Each of the used modifi-
cations of the classical LLE process enhances the recovery degree of CBD.
The presented results confirm the literature reports recommending the
initial precipitation of protein before the extraction process of canna-
binoids from plasma [16], but they also indicate that the process (i.e.
LLE preceded by protein precipitation) benefits from the support by
ultrasounds. Hence, it can be assumed that strong binding of individual
cannabinoids to plasma proteins is responsible for their low recovery
degree by LLE (see Fig. 2A and B). The similarity of the recovery degrees
of individual cannabinoids determined by GC and HPLC using
ultrasound-assisted LLE preceded by protein precipitation (compare
Fig. 2D and E) indicates the absence of interferents evoking matrix effect
in the obtained supernatants. According to these results, about 35 % of
each cannabinoid is in settled phase (i.e. in the mixture of protein
sediment, rest of plasma and ACN). Hence, the loss of the examined

A B

100 - 100 -
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80 80
= 70 = 70
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cannabinoids in LLE preceded by precipitation is greater than in PP. It is
also worth noting that the recovery degrees of individual cannabinoids,
we determined using LLE, are consistent with the literature data for this
procedure [22].

The recovery degrees of CBG, CBD A9-THC and CBN estimated on
the base of GC-MS and LC-MS analysis of QUEChERS supernatants from
plasma are presented in Fig. 3A and B, respectively. Its analysis shows
that recovery degrees of individual cannabinoids by QUEChERS are very
high, and that the recovery degrees determined from GC-MS data are
slightly higher (on average ca. 7 %) than those from LC-MS data. It can
results from a small influence of matrix effect on signal magnitudes of
individual cannabinoids despite the use of d-SPE sample clean-up. The
results presented in Fig. 3C confirm this supposition. At cannabinoid
concentrations at which the impact of matrix effect is meaningful, the
recovery degree estimated by GC-MS is the same as that estimated by LC-
MS. It needs to be mentioned at this point that the standard amount of C-
18 sorbent applied in our experiments (15 mg) is insufficient to remove
interferents evoking GC matrix effect, whereas its increase causes the
loss of the examined analytes (data not presented in this paper). Thus, as
the amount and type of interfering compounds, and consequently the
size of the matrix effect, depends on plasma origin, the amount of sor-
bent added in the sample clean-up step should be optimized individually
to the examined matrix.

The recovery degrees of CBG, CBD A9-THC and CBN estimated on
the base of GC-MS and LC-MS analysis of SPE extracts from plasma
samples are presented in Fig. 4A and B, respectively. As appears from
Fig. 4B, the recovery degrees of individual cannabinoids calculated from
LC-MS data are the highest of those received by other sample prepara-
tion methods (compare with Figs. 1B, 2B, and 3B). Moreover, they are
almost the same, within experimental error, as those calculated from
GC-MS measurements. This indicates that the SPE extracts do not
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Fig. 2. Recovery degree of CBD (green bar), CBG (orange bar), CBN (blue bar) and A9-THC (red bar) calculated from GC-MS (A) and LC-MS (B) analysis of LLE
supernatants from plasma samples containing 0.1 ug/mL (for GC-MS) or 0.2 pg/mL (for LC-MS) of each cannabinoid. Recovery degree of CBD calculated from GC-MS
analysis of LLE supernatants obtained at the ultrasounds assistance or after preliminary protein precipitation (using NaCl or ACN) or at the ultrasounds assistance and
preliminary protein precipitation (using ACN) from plasma samples containing 0.1 pg/mL of CBD (diagram C). Recovery degree of CBG, CBD, A9-THC and CBN
calculated from GC-MS (D) and LC-MS (E) analysis of LLE supernatants obtained at the ultrasounds assistance and preliminary protein precipitation (using ACN) from
plasma samples containing 0.1 pg/mL (for GC-MS) or 0.2 ug/mL (for LC-MS) of each cannabinoid.
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Fig. 3. Recovery degree of CBD (green bar), CBG (orange bar), CBN (blue bar) and A9-THC (red bar) calculated from GC-MS (A) and LC-MS (B) analysis of
QuEChERS supernatants from plasma samples containing 0.1 pg/mL (for GC-MS) or 0.2 pg/mL (for LC-MS) of each cannabinoid. Recovery degree of CBD calculated
from GC-MS analysis of QUEChERS supernatants from plasma samples with different cannabinoid concentration (diagram C).
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Fig. 4. Recovery degree of CBD (green bar), CBG (orange bar), CBN (blue bar) and A9-THC (red bar) calculated from GC-MS (A) and LC-MS (B) analysis of SPE
extracts from plasma samples containing 0.1 ug/mL (for GC-MS) or 0.2 pg/mL (for LC-MS) of each cannabinoid. Recovery degree of CBD calculated from GC-MS
analysis of SPE extracts from plasma samples with different cannabinoid concentration (diagram C).

contain compounds inducing matrix effect in the GC analysis of the
tested cannabinoids. The absence of effect of the concentration changing
of cannabinoid (CBD) on its recovery degree by SPE confirms the above
statement (see Fig. 4C). It is worth stressing that the almost 100 % de-
gree of SPE recovery of individual cannabinoids compares favorably
with the 40-80 % degrees reported in the literature [23-25]. However,
the explanation of this difference requires separate research, taking into
account the impact of plasma sample storage conditions, the presence of
xenobiotics and a few other factors.

4. Conclusions

The recovery degree of the analyte by the sample preparation
method used in its quantitation is a key factor influencing the sensitivity
of the analytical procedure. According to the performed research, the
highest sensitivity of the chromatographic analysis of CBG, CBD, A9-
THC and CBN in plasma can be obtained using SPE as a sample prepa-
ration method. It can be performed without restrictions using GC as well
as HPLC in the final stage of the analysis. The recovery degrees of in-
dividual cannabinoids with SPE is similar and close to 100 %. In the case
of other sample preparation methods- PP, LLE-assisted by ultrasounds
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after protein precipitation and QUEChERS- the recovery degrees of in-
dividual cannabinoids within a given method are also similar, but their
values are visibly lower than those obtained using SPE. In addition, the
supernatants obtained in this way contain interferents evoking matrix
effect, which makes reliable quantification of the examined cannabi-
noids by GC difficult. The latter problem is especially important because
the amount and type of interfering compounds, and thus the size of the
matrix effect, depends on plasma origin.

To our knowledge, the paper is the first such extensive comparison of
sample preparation procedures used for the determination of cannabi-
noids in plasma by GC-MS and HPLC-MS.
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