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Streszczenie
Wplyw modelowych procesow przetworczych stosowanych w technologii Zywnosci na

stabilnos¢ i profil kannabinoidéw oraz terpenow z Cannabis sativa L. var. sativa

Rosliny Cannabis sativa L. var. sativa wyr6zniaja si¢ unikatowym profilem zwigzkow bioaktywnych
(kannabinoidow i terpendow) i moga stanowic sktadnik diety cztowieka. Kannabinoidy charakteryzuja
si¢ potwierdzonym dziataniem prozdrowotnym, a wspotobecne terpeny wspieraja dzialanie tych
zwigzkow. Istnieje ryzyko zdrowotne zwigzane z obecnos$cig psychoaktywnego zwigzku A%-THC, ktory
moze by¢ obecny w zywnosci zawierajacej konopie. Nieodpowiednio przygotowane produkty lub
niekontrolowane warunki przechowywania zywno$ci wytworzonej z uzyciem konopi moga przyczynic¢
si¢ do obecnosci tego zwigzku w produkcie przeznaczonym do spozycia. W ramach niniejszej pracy
opracowano metode oznaczania kannabinoidow w S$wiezych i suszonych elementach rosliny
(kwiatostany roznej wielkoSci, liscie), a takze w nasionach konopi. Na potrzeby pracy zastosowano
techniki chromatografii cieczowej oraz gazowej sprzezonej ze spektrometrig mas. W celu okreslenia
potencjalnych zmian wynikajacych z rdznych warunkéw suszenia rosliny przeprowadzono
doswiadczenie z wykorzystaniem 3 metod suszenia (temperatura otoczenia, liofilizacja oraz suszenie
konwekcyjne w trzech wariantach temperatury 50, 60 i 70°C). Suszeniu poddano kwiatostany oraz liScie
konopi. W ramach badan oceniono stopien zmian zawarto$ci sumy oraz poszczegdlnych kannabinoidow
i terpendéw w trakcie i po zakonczeniu suszenia. Przeprowadzono oceng stabilnoséci analizowanych
zwigzkéw w modelowych warunkach produkcji zZywnosci fermentowanej oraz wyrobu produktéw
cukierniczych. Zbadano wptyw procesu fermentacji na stabilno$¢ kannabinoidéw w fermentowanych
napojach mlecznych zawierajacych 0,5-2% dodatku konopnego (liofilizowany susz konopny, olej
konopny oraz etanolowy ekstrakt konopny). Sprawdzono réwniez wplyw warunkow wypieku na
stabilno$¢ kannabinoidow oraz terpendow w ciastkach kruchych zawierajacych w sktadzie 1-3% wsadu
konopnego w postaci liofilizowanego suszu konopnego. Uzyskane wyniki pozwolily na stwierdzenie,
ze warunki suszenia maja wptyw na koncowa zawarto$¢ i profil analizowanych zwigzkow oraz, ze
zastosowanie wyzszej temperatury suszenia przyczynia si¢ do zwigkszenia degradacji kannabinoidow.
Wykazano wptyw procesu fermentacji na stabilno$¢ kannabinoidow w zaleznos$ci od zastosowanego
rodzaju wsadu konopnego. Warunki prowadzenia wypieku produktow piekarniczych wplywaja na
koncowa zawartos¢ tych zwigzkow. Kluczowymi czynnikami determinujacymi stabilnosc¢
kannabinoidow i terpendéw w gotowym produkcie sg warunki procesu przygotowania wsadu konopnego

oraz forma w jakiej wprowadzany jest do produktu.

Stowa kluczowe: kannabinoidy, terpeny, suszenie, fermentacja, pieczenie






Abstract

Effect of model processing used in food technology on the stability and profile of cannabinoids
and terpenes from Cannabis sativa L. var. sativa

Cannabis sativa L. var. sativa plants are characterised by their unique bioactive compounds
(cannabinoids and terpenes) and can be a component of the human diet. Cannabinoids are characterised
by proven health-promoting effects and the co-present terpenes support the action of these compounds.
There are health risks associated with the presence of the psychoactive compound A9-THC, which may
be present in cannabis-containing foods. Inadequately prepared products or uncontrolled storage
conditions of foods made with hemp can contribute to the presence of this compound in the product for
consumption. In this study, a method was developed to determine cannabinoids in fresh and dried plant
parts (inflorescences of different sizes, leaves) and hemp seeds. Liquid chromatography and gas
chromatography techniques coupled with mass spectrometry were used for the work. To determine the
potential changes resulting from different drying conditions of the plant, an experiment was conducted
using three drying methods (ambient temperature, freeze-drying, and convection drying at three
temperature variants of 50, 60, and 70°C). Cannabis inflorescences and leaves were dried. The study
evaluated the degree of change in the content of total and individual cannabinoids and terpenes during
and after drying. An assessment of the stability of the analysed compounds under model conditions of
fermented food production and confectionery manufacture was carried out. The effect of the
fermentation process on the stability of cannabinoids in fermented milk drinks containing 0.5-2% hemp
additives (freeze-dried hemp, hemp oil, and hemp ethanol extract) was investigated. The effect of baking
conditions on the stability of cannabinoids and terpenes in shortcakes containing 1-3% hemp input in
freeze-dried hemp was also examined. The results showed that drying conditions affect the final content
and profile of the analysed compounds and that the use of higher drying temperatures contributes to
increased cannabinoid degradation. The effect of the fermentation process on cannabinoid stability was
shown to depend on the type of hemp input used. The baking conditions of bakery products influence
the final content of these compounds. The key factors determining the stability of cannabinoids and
terpenes in the finished product are the conditions of the preparation process of the hemp feedstock and
the form in which it is introduced into the product.

Keywords: cannabinoids, terpenes, drying, fermentation, baking
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Wykaz stosowanych skrotow

CBD - kannabidiol

CBDA — kwas kannabidiolowy

CBG - kannabigerol

CBGA — kwas kannabigerolowy

CBL - kannabicyklol

CBLA — kwas kannabicyklolowy

CBC - kannabichromen

CBCA — kwas kannabichromenowy

CBN - kannabinol

CBNA — kwas kannbinolowy

CBDV - kannabidiwarin

CBDVA — kwas kannabidiwarynowy

A%-THC - A°-tetrahydrokannbinol

AS-THCA-A — kwas A%-tetrahydrokannabinolowy

A%-THCYV - A°-tetrahydrokannbiwarin

AS-THCVA - kwas A%-tetrahydrokannabiwarynowy

AB-THC — A8-tetrahydrokannbinol

EFSA — Europejski Urzad ds. Bezpieczenstwa Zywnosci ( z ang. European Food Safety
Authority)

EIHA — Europejskie Stowarzyszenie Konopi Przemystowych

GOT - geranylotransferaza oliwetolanowa

LOQ — granica oznaczalnosci ( z ang. limit of quantification)

MC — poziom wilgotno$ci (ang. moisture content)

QDA — ilosciowa analiza opisowa (ang. Quantitative Descriptive Analysis)
UHPLC-HESI-MS — ultra-wysokosprawna chromatografia cieczowa sprzezona ze
spektometrem mas Orbitrap z podgrzewanym zrodiem jonow
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WSTEP

Rynek produktow zawierajacych w swoim sktadzie konopie lub pozyskane z nich
ekstrakty, make lub olej, dynamicznie si¢ rozwija. Produkty tego rodzaju wymagaja Scistej
kontroli, aby zapewni¢ ich bezpieczenstwo zdrowotne. Rosliny konopi posiadajg licznie
udokumentowane wiasciwosci prozdrowotne, przypisywane charakterystycznym substancjom
biologicznie aktywnym. Konopie zawieraja kannabinoidy a posrod nich psychoaktywny A°-
THC. Ostatni zwigzek nie jest pozadanym sktadnikiem zywnos$ci. Wydane w 2023 roku
Rozporzadzenie Komisji (UE) 2023/915 w sprawie najwyzszych dopuszczalnych pozioméw
niektérych zanieczyszczen w zywnosci reguluje poziom A%-THC jedynie w nasionach,
produktach zawierajacych nasiona konopne oraz w olejach konopnych. Natomiast podczas
produkcji zywnosci tzw. konopnej warunki suszenia, dalszego przetwarzania oraz
przechowywania sg istotnymi czynnikami wplywajagcymi na stabilno$¢ kannabinoidéw
i terpenow. Produkty zawierajace konopie sg dodatkowo uznawane za ,,nowg zywnosc”, ktora
wymaga szczegélnej kontroli i analizy substancji bioaktywnych w niej obecnych
[Rozporzadzenie Parlamentu Europejskiego i Rady (UE) 2015/2283].

Postawione w pracy hipotezy badawcze nawigzuja do elementéw poznawczych
dotyczacych okreslenia stabilno$ci wybranych kannabinoidéw oraz mozliwos$ci ograniczenia
degradacji tych zwigzkow podczas przetwarzania zywnosci zawierajacej elementy rosliny
konopi. Opracowanie odpowiednich metod i warunkow przetwarzania (np. suszenia) materiatu
ro$linnego oraz odpowiednich warunkow przechowywania dla produktéw na bazie konopi jest
istotne z uwagi na programowane funkcje i sktad produktéw. Pomimo, Ze istnieje szereg
doniesien dotyczacych stabilnosci poszczegdlnych kannabinoidow w czystej postaci, brakuje
danych dotyczacych stabilnosci tych zwigzkow w matrycy zywnosciowe] podczas
przetwarzania jak i w gotowym produkcie.

W  ramach pracy dokonano systematycznego przegladu dostgpnych danych
literaturowych dotyczacych mozliwosci wykorzystania roslin konopi w produkcji zywnosci.
Zebrano dane dotyczace stabilno$ci wybranych zwigzkéw bioaktywnych (kannabinoidow oraz
terpendw). Stabilno$¢ substancji bioaktywnych byta gléwng przestanka do podjecia badan
w ramach niniejszej pracy z uwagi na ocen¢ mozliwosci wytwarzania zywnosci funkcjonalnej
z konopi. Okreslenie zmian profilu badanych zwiazkoéw w warunkach modelowych proceséw
przetworczych stosowanych w technologii zywnosci jest niezwykle istotne do projektowania
nowych produktow. Realizacja zalozen pracy mozliwa byla dzieki wykorzystaniu

nowoczesnych instrumentalnych metod badawczych, w tym spektrometrii mas.

17



18



WYKAZ PUBLIKACJI WCHODZACYCH W SKLAD DYSERTACJI HYBRYDOWEJ
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1. PRZEGLAD PISMIENNICTWA

1.1. Cannabis sativa L. var. sativa — charakterystyka rosliny

Roslina Cannabis sativa L. jest jedng z najstarszych roslin uprawianych na $wiecie.
Nalezy do rzgdu Urticales i rodziny Cannabaceae [Hazekamp i Fischedick 2012]. Rosliny sa
powszechnie wykorzystywane jako surowiec do produkcji paszy dla zwierzat oraz jako zrodto
wiokna tekstylnego. Z czasem zaczgto je wykorzystywacé do produkcji zywnosci oraz lekow.
Pierwsze lecznicze zastosowanie konopi w Europie datuje si¢ na XIII wiek. Natomiast dziatanie
przeciwdrgawkowe czy przeciwbdlowe potwierdzono dopiero w XIX wieku [Soorni i wsp.
2017]. Za potencjalnie lecznicze wlasciwosci roslin odpowiadaja obecne w Cannabis sativa L.
kannabinoidy a za charakterystyczny smak i zapach odpowiadaja terpeny.

Morfologicznie konopie charakteryzuja si¢ niewielka liczbg szeroko rozstawionych
galezi i dlugimi, dtoniasto roztozonymi lis§émi. Konopie sa przewaznie dwupienne, ale rosliny
jednopienne ze wzgledu na lepsza uzytecznos¢ rolnicza zastgpity rosliny dwupienne w Europie.
Ros$liny zenskie sg odporne na mréz i uprawg w szklarniach. Cannabis sativa L. osiaga
wysokos$¢ 1-5 m, w zalezno$ci od warunkow wzrostu [Hazekamp i Fischedick 2012, Pellati
I wsp. 2018a, André i wsp. 2020]. Najprostszy podziat roslin w obrgbie rodzaju to podziat na
trzy oddzielne gatunki: Cannabis sativa (konopie wltdkniste), Cannabis indica (konopie
indyjskie) i Cannabis ruderalis (uwazane za forme dzikg) [Hazekamp i Fischedick 2012, Pellati
i wsp. 2018a]. Alternatywna klasyfikacja rozréznia chemotypy Cannabis na podstawie
zawartosci kannabinoidow. Chemotyp I jest uznawany za leczniczy 1 zawiera duze iloSci
psychoaktywnego AS-THC. Chemotyp II ma wlasciwosci posrednie miedzy konopiami
leczniczymi 1 witoknistymi. Chemotypy III 1 IV sa wiokniste i zawieraja duze iloSci
niepsychoaktywnych kannabinoidéw, przy stosunkowo niewielkich ilosciach zwigzkow
psychoaktywnych. Ostatnia grupa (chemotyp V) jest widknista 1 nie zawiera kannabinoidow
[Pellati i wsp. 2018a]. Ze wzgledu na wystgpowanie w roélinie rowniez psychoaktywnego A°-
THC dostepnos¢ i uprawa tych roslin jest $cisle w Europie regulowana i kontrolowana.

Roslina Cannabis sativa L. wytwarza mate owoce klasyfikowane botanicznie jako
nietupki, ale powszechnie nazywane ,nasionami”. Nietupki charakteryzuja si¢ wysoka
zawarto$cig btonnika (27-36 g/100g), thuszczu (25-35 g/100g), biatka (21-28 g/100g) oraz
weglowodanow (20-30 g/100g). W nasionach konopi znajduja si¢ rowniez estry kwasow
thuszczowych, amidy, aminy, fitosterole, terpeny. Pod wzgledem Zywieniowym sg Zrédiem
fosforu, potasu, magnezu, siarki, wapnia, zelaza i cynku, a takze witamin A, C oraz E
[Citti i wsp. 2018a, Pellati i wsp. 2018, Salami i wsp. 2020, Farinon i wsp. 2020, Alonso-

Esteban i wsp. 2020]. Stosunek kwasow thuszczowych omega-6 do omega-3 w oleju z nasion
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konopi wynosi zwykle 2:1 lub 3:1, co jest z punktu widzenia diety uwazane za optymalne dla
zdrowia cztowieka [Bartkiene i wsp. 2016]. Kwas linolowy stanowi ponad potowg calkowitej
zawartosci kwasow tluszczowych (LA, C18:2, n-6). Pozostale kwasy tluszczowe obecne
w sktadzie to kwas linolenowy (ALA, C18:3, n-3), kwas oleinowy (OA, C18:1, n-9), kwas
palmitynowy (PA, C16:0) i kwas y-linolenowy (GLA, C18:3, n-6) [Alonso-Esteban i wsp.
2020]. Nalezy pamigetac, ze utrzymanie odpowiedniego stosunku kwasow omega-6 do omega-
3 zalezy od zastosowanej metody ekstrakcji oleju (zaleca si¢ ttoczenie na zimno), pochodzenia,
odmiany i rodzaju nasion [Spano i wsp. 2020]. Biatka wchodzace w sktad nasion konopi
obejmujg albuming, biatko globularne i estydyne, ktorych spozycie ma korzystny wplyw na
regulacj¢ metabolizmu cztowieka. Estydyna stanowi 82% calkowitego biatka w nasionach
konopi [Farinon i wsp. 2020]. Biatko to ma wysokg warto$¢ biologiczna, poniewaz jego
struktura jest podobna do globulin obecnych w surowicy krwi. Profil aminokwasowy biatka
z nasion konopi jest porownywalny z profilem jaj kurzych, ale takze z profilem biatek soi, ktéra
charakteryzuje si¢ wysokim stezeniem argininy, glicyny i histydyny [Leonard i wsp. 2019].

Kwiatostany konopi wioknistych mogg stanowi¢ zrodto innych zwigzkow
polifenolowych, ktorych wlasciwosci prozdrowotne sg potwierdzone [Tomko i wsp. 2020].
Wsrdod nich wyrdzniamy flawanoidy, ktore stanowig najwigksza klase polifenoli 1 zostaty
podzielone na sze$¢ gltownych podklas: flawonony, flawonole, flawanony, flawanole,
izoflawony i antocyjanidyny [Salami i wsp. 2020, Tomko i wsp. 2020]. Zwiazki te stanowia
okoto 10% wszystkich zwigzkow bioaktywnych obecnych w konopiach. Grupa flawonoidow
izolowanych z kwiatow, lisci i pytkow obejmuje m.in. apigenine, luteoling, orientyng, kemferol
i kwercetyne, ale takze kannflawiny A i B, ktore s3 metylowanymi izoprenoidowymi flawonami
charakterystycznymi dla konopi [Salami i wsp. 2020, Flores-Sanchez i Verpoorte 2008].
W badaniach przeprowadzonych przez André i wsp. [2020], zawartos¢ flawonoidow
w kwiatostanach konopi siewnych okreslono w zalezno$ci od fazy kwitnienia. Zaobserwowano,
ze zawarto$¢ zwigzkow fenolowych zmniejszata si¢ w miar¢ rozwoju kwiatow, przy czym
najwyzsza zawartos¢ odnotowano w kwiatach zebranych we wczesnej fazie
kwitnienia. Tilbenoidy to kolejna grupa zwigzkoéw fenolowych, ktore wykazuja ochronng
I 0dstraszajgca owady role w konopiach. Zwigzki te wystepuja w liSciach, todygach i zywicy
konopi. Inne metabolity wtorne Cannabis sativa L. var. sativa to alkaloidy, ktore wykazuja
szeroki zakres bioaktywnosci. Dziatajg jako produkty koncowe metabolizmu jako repelenty
zwierzat. Z lisci, lodyg i nasion wyizolowano wiele alkaloidow, m.in. choline, nuryne,
muskaryng¢ i hordening [Flores-Sanchez i Verpoorte 2008, Horanin i Bryndal 2017, Salami
i wsp. 2020, Wen i wsp. 2020].
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1.2. Kannabinoidy i terpeny — gléwne metabolity wtérne rosliny

Kannabinoidy (fitokannabinoidy) sa jednymi z najwazniejszych bioaktywnych zwigzkéw
obecnych w konopiach [Pellati i wsp. 2018a]. Klasyfikowane sg jako meroterpenoidy
z rdzeniami rezorcynowymi zawierajagcymi tancuch boczny izoprenylowy, alkilowy lub
aralkilowy w pozycji para. Lancuch boczny alkilowy zwykle sktada si¢ z nieparzystej liczby
atomow wegla. Kannabinoidy zawierajace parzystg liczbe atoméw wegla w tancuchu bocznym
wystepujg  bardzo rzadko w  roslinach. Cannabis sativaL. zwykle wytwarza
alkilokannabinoidy, ktore charakteryzuja si¢ ugrupowaniem monoterpenowo-izoprenylowym
(C10) i tancuchem bocznym pentylowym (C5) [Hartsel i wsp. 2016, Giilck i Meller 2020].
Struktura pierécienia pochodzi z pirofosforanu geranylu [EISohly i wsp. 2017]. Typowa

struktura kannabinoidu jest pokazana na Rycinie 1.

CH,
R =CO0H (CEDA - knwas kannabidiolowy)
OH g _H (cBD - kannabidiol)
., R
iy
HO

n-pentylowy tafcuch boczny

Rycina 1. Typowa struktura kannabinoidu (np. CBD) zr6znicowana pod wzgledem R (forma
kwasowa lub neutralna) oraz dtugosci tancucha bocznego (opracowanie wtasne, Kanabus i wsp.
2021].

Fitokannabinoidy sg syntetyzowane w trichomach gruczotowych rosliny, wystepujacych
glownie w zenskich kwiatostanach. Nasiona konopi zazwyczaj zawieraja bardzo mate ilosci
kannabinoidow lub wcale ich nie zawieraja. Po pgknigciu trichoméw gruczotowych, np. pod
wpltywem wyzszych temperatur, na powierzchni rosliny tworzy si¢ lepka powtoka (zywica),
ktora pokrywa wszystkie elementy kwiatostanu, w tym nasiona. Kannabinoidy obecne
w zywicy mozna uzna¢ za zanieczyszczenie nasion. Dotychczas zidentyfikowano ponad 100
zwigzkoéw nalezacych do grupy kannabinoidéw obecnych w Cannabis sativa L. [Citti i wsp.
2018a, Giilck i Mgller 2020]. Uwaza si¢, ze kannabinoidy poczatkowo syntetyzowane sg

w formie kwasowej, a dopiero w wyniku dekarboksylacji i/lub dziatania odpowiednich
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enzymow ulegaja przeksztatceniu do form obojetnych [Ujvary i Hanus 2016,Giilck i Meller
2020]. Biosynteza CBGA bedacego prekursorem pozostatych kannabinoidéw zachodzi
w obecnos$ci jego prekursorow: kwasu oliwetolowego i pirofosforanu geranylu z udziatem
prenylazy difosforanu geranylu — GOT. Enzym ten Kkatalizuje pierwszy etap syntezy
kannabinoidow w wyniku ktorego powstaje CBGA [EISohly i wsp. 2017, Ujvary i Hanus 2017,
Citti i wsp. 2018a, Leonard i wsp. 2019, Karas i wsp. 2020]. Nastgpnie, po etapie izoprenylacji,
aktywuje si¢ cyklaza oksydacyjna, ktora generuje dalsze reakcje za posrednictwem
specyficznych  szlakow. Przemiany CBGA Kkatalizowane przez syntaz¢ Kkwasu
tetrahydrokannabinolowego prowadza do powstania AS-THCA-A. Jednak w wyniku
aktywnosci syntazy kwasu kannabidiolowego, transformacja CBGA prowadzi do powstania
CBDA, podczas gdy konwersja CBGA katalizowana przez syntaze kwasu
kannabichromenowego umozliwia powstaniec CBCA. Nastgpnie, w wyniku dekarboksylacji
tych zwiazkow, moze powstaé wiele produktow, w tym: AS-THC, CBD i CBC [Ujvary i Hanus
2017, Citti i wsp. 2018a, Leonard i wsp. 2019, Farinon i wsp. 2020, Tahir i wsp. 2021].
Terpeny to kolejne metabolity wtorne wystepujace w Cannabis sativa L. Z korzeni i czgsci
nadziemnych konopi wyizolowano zar6wno mono-, jak i seskwiterpeny. Dotychczas
zidentyfikowano w konopiach co najmniej 200 r6znych terpenéw z 20 000 znanych w naturze.
W wigkszos$ci odmian konopi najczesciej wystepuje monoterpen mircen, a takze seskwiterpeny,
takie jak B-kariofilen i a-humulen. Pozostale terpeny wystepujace w Cannabis sativa L. var.
sativa to m.in. a-pinen, limonen, linalol, bisabolol [Casano i wsp. 2011, Tomko i wsp. 2020].
André i wsp. wykazali, ze w miarg rozwoju kwiatow zawarto$¢ seskwiterpenow w nich maleje,
a zawarto$¢ monoterpenow wzrasta. Pod koniec okresu kwitnienia monoterpeny stanowig
ponad 50% terpenéw w kwiatach. W zalezno$ci od potozenia geograficznego profile terpenowe
moga si¢ rozni¢ w obrebie tej samej odmiany [Pellati i wsp. 2018, André i wsp. 2020, Tomko
i wsp. 2020]. Wedtug niektorych autorow terpeny konopi maja dziatanie przeciwdepresyjne,
przeciwzapalne i przeciwlekowe. Gtownie pelnig rolg ochronng u roslin [Salami i wsp. 2020].
Wykazano, ze terpeny moga wspomagac efekt dziatania kannabinoidow w organizmie
cztowieka. Zwigzki te wytwarzajg unikatowy aromat i smak oraz ich obecnos$¢ zwigksza
potencjalne korzysci prozdrowotne spozywanych kannabinoidéw. Terpeny sa szczegélnie
wrazliwe na wptyw przetwarzania w szczego6lnosci W warunkach podwyzszonej temperatury

np. podczas suszenia po zbiorach [Chen et al. 2021].
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1.3. Potencjalne mozliwosci i ograniczenia wykorzystania rosliny Cannabis sativa L. var.
sativa w produkcji zywnosci

W ostatnich latach obserwuje si¢ rosngce zainteresowanie konsumentéw produktami
zawierajacymi w skladzie elementy rosliny Cannabis sativa L. var. sativa np. nasiona lub
suszone kwiatostany, a takze olejami ttoczonymi z nasion konopi [Morales i wsp. 2017, Ciolino
i wsp. 2018, Christinat i wsp. 2020]. W Europie mogg by¢ stosowane w produkcji zywnosci
odmiany Cannabis sativa L., w ktorej catkowita zawartoéé¢ AS-THC oraz AS-THCA-A nie
przekracza 0,3% suchej masy [Rozporzadzenie Komisji (UE) 2023/915]. Wykorzystanie
konopi w przetworstwie spozywczym jest trudne ze wzgledu na rdzne zawarto$ci
kannabinoidow w elementach rosliny. Obecnie do celéw spozywczych mozna wykorzystywac
wylacznie nasiona konopi, a susz konopny czy ekstrakty z niego pozyskane sa klasyfikowane
jako ,,nowa zywnos$¢” zgodnie z rozporzadzeniem Parlamentu Europejskiego i Rady (UE)
2015/2283 z dnia 25 listopada 2015 r. Rozporzadzenie to definiuje ten termin jako zywnosc,
ktéra nie byla tradycyjnie spozywana w UE przed 15 maja 1997 r. Stezenie kannabinoidow
w produktach zawierajacych elementy rosliny Cannabis sativa L. zalezy od jakos$ci i1 rodzaju
surowca. Badanie przeprowadzone przez Hazekampa i Fischedicka [2012] wykazalo, ze
nominalne stezenia kannabinoidow w ro$linach tego samego typu, ale w r6znych lokalizacjach
geograficznych, roéznity si¢ o ponad 25%. W celu zmniejszenia tych réznic nalezy wdrozy¢
Scistg kontrole nad odmianami i ich metodami uprawy [Fischedick i wsp. 2010, Aizpurua-
Olaizola i wsp. 2014, EIHA 2017].

EFSA w odniesieniu do regulowanych kannabinoidow ustalita ostrg dawke referencyjng dla
ludzi (ARfD) dla A°-THC na poziomie 1 pg A%-THC/kg masy ciata [EFSA 2015]. Zgodnie z
zaleceniami Komisji Europejskiej konieczne jest monitorowanie zywnosci z konopi lub
zawierajacej skladniki konopi pod katem zawartosci AS-THC, CBN, CBD i AS-THCV
[Rozporzadzenie Komisji (UE) 2016/2115]. Produkty zawierajgce CBD nie sa regulowane
przez UE, poniewaz CBD nie jest klasyfikowane jako substancja kontrolowana. Obecnie nie
ma obowigzku znakowania zywnosci zawarto$cig kannabinoidow. Tym samym konsumenci
nie majg informacji o jakosci danego produktu [Pavlovic i wsp. 2018]. Zgodnie z badaniami
Bonn-Miller i wsp. [2017], az 58 z 84 produktow pochodzacych od réznych dostawcow z USA
zawierajacych CBD charakteryzowalo si¢ blednym oznakowaniem, a w 35 produktach stezenie
tego zwigzku nie bylo zgodne z deklaracjg producenta. W Niemczech przeanalizowano 67
produktéw zawierajagcych CBD. W 17 z nich zawarto$¢ AS-THC przekroczyta ARfD, po
uwzglednieniu iloci pobranej z produktem w przeliczeniu na kilogram masy ciala
[Lachenmeier i wsp. 2020]. W badaniach Chistinat i wsp. [2020] wykazano, ze produkty

nalezace do tej samej kategorii mogg mie¢ bardzo rdzne profile i poziomy kannabinoidow,
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chociaz do kazdego produktu dodano sktadniki z rosliny Cannabis, co stanowito 10% calego
sktadu produktu. Zawartos¢ CBD w mleku krowim (pozyskanym od kréw karmionych paszg
zawierajacg w skladzie rosliny konopi) wynosita 0,0095 mg/kg, a zwigzek ten nigdy nie zostat
okreslony w tej matrycy. Herbaty, kawy i czekolady zawierajace liscie lub kwiaty konopi
charakteryzowaly si¢ wyzsza zawartos$cig kannabinoidow niz produkty zawierajace nasiona
konopi. Powyzsza obserwacja potwierdza dostgpne doniesienia, poniewaz liScie i kwiatostany
zawieraja znacznie wigcej kannabinoidow niz nasiona konopi [Chistinat i wsp. 2020]. Sposrod
30 probek zywnosci analizowanych przez Lee 1 wsp. [2020] zawierajacych kannabinoidy, CBD
wykryto w 15 probkach w iloéciach od 31 do 70 mg/kg. Zawartos¢ AS-THC w 12 produktach
spozywczych wynosita 0,08-98 mg/kg. Zaréwno probki czekolady, jak i1 oleju konopnego
charakteryzowaly sie najwyzsza zawartoscia CBD i A%-THC sposréd analizowanych
produktow. Producenci powinni w wigkszym stopniu niz dotychczas zadbac o to, aby produkty
zawierajace kannabinoidy byly prawidlowo oznakowane. Konieczne sg rowniez do
przeprowadzenia badania dostarczajagce dowodow na stabilnos$¢ lub zmiany zachodzace w tych
produktach podczas przechowywania, aby zapewni¢ konsumentowi mozliwo$¢ spozycia
produktu z deklarowang ilo$cig kannabinoidéw przez caly okres jego przydatnosci do
spozycia.

Odpowiedni dobdr formy dodatku konopnego do produktu spozywczego gwarantuje
odpowiednig rozpuszczalnosc¢ i biodostepnosé tych zwigzkow. Wihasciwa forma zapewnia takze
wlasciwg formulacje gotowego produktu. Ekstrakty konopne charakteryzuja si¢ zywiczna,
oleista konsystencja oraz rozpuszczalno$cia w rozpuszczalnikach organicznych, tluszczach
oraz alkoholach. Dlatego formulacj¢ ptynne, w ktorych faza olejowa jest rozproszona w fazie
wodnej, zapewniajg dobrg stabilno$¢ kannabinoidéw 1 zmniejszajg podatnos$¢ tych zwigzkow
na utlenianie i degradacje¢ [Sun-Waterhouse i wsp. 2012, Ruiz Ruiz i wsp. 2017, Chen i Rogers
2019]. Do produkcji nalewek, kapsutek miekkich i napojow zawierajacych kannabinoidy
stosuje si¢ ich emulsje olejowo-wodne. Ten typ emulsji wymaga zastosowania surfaktantow
(emulgatoréw), takich jak polisacharydy, bialka i1 fosfolipidy. Wybor emulgatora zalezy od
rodzaju emuls;ji, sktadu czasteczkowego oleju 1 sity jonowej wodnego ekstraktu. State produkty
konopne s3 trudne do wytworzenia ze wzgledu na oleisty 1 Zywiczny charakter ekstraktow
konopnych. Aby rozwigzac ten problem, stosuje si¢ substancje pomocnicze w celu utworzenia
matrycy lipidowej umozliwiajacej kontrolowane uwalniania kannabinoidow i zapobieganie ich
degradacji. Fosfolipidy sa najczesciej stosowanymi emulgatorami w uktadach zawierajacych
kannabinoidy (gtéwnie AS-THC i CBD) [Charoen i wsp. 2011, Ozturk i wsp. 2014, Teo i wsp.
2016, Chen i Rogers 2019]. Producenci zywnosci rowniez zmagaja si¢ z wyzwaniem

zapewnienia jednorodno$ci stezenia kannabinoidow w kazdej porcji produktu oraz stabilnosci
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podczas przechowywania. Wiedza na temat mozliwych zmian podczas przechowywania
gotowych produktéw jest istotna w celu zapewnienia odpowiedniej jakosci 1 bezpieczenstwa
wyprodukowanej zywnos$ci. Olej z nasion konopi zawiera kwasne kannabinoidy, zwlaszcza
kwas kanabidiolowy, ktore wystepuja w oleju w najwyzszych stezeniach. Stosunek CBDA do
CBD obecnego w oleju konopnym jest dobrym wskaznikiem prawidtowych warunkéw
przechowywania oleju i procesow produkcyjnych, a takze swiezosci danego produktu. Dtugi
czas przechowywania i nieprawidlowe warunki przechowywania moga prowadzi¢ do
degradacji CBDA do CBD [Citti i wsp. 2018b, Formato i wsp. 2020].

W kilku pracach opisano przyktady proceséw produkcji zywnosci zawierajacej elementy
ro$liny konopi. Steinbach opisuje proces produkcji pralin i czekolad zawierajacych nasiona
konopi [Steinbach 1999]. W kolejnej pracy wykorzystano olej z nasion konopi i nasiona konopi
do produkcji pieczywa i wyroboéw cukierniczych [Shim 2019]. Guang i Wenwei [2006]
opracowali metod¢ wykorzystania maki konopnej w produkcji zywnosci funkcjonalne;j.
Spozycie maki powodowato zwigkszenie poziomu lipoprotein o duzej gestosci i zrownowazyto
poziom innych glicerydow u ludzi. Berghofer i wsp. [2012] uzyskali mleko z nasion konopi,
ktore nie zmienito koloru ani nie stato si¢ gorzkie po pasteryzacji. Wedlug Bisterfelda von Merr
[2014] dodawanie ekstraktu konopnego do napojow alkoholowych moze korzystnie wplywac
na trawienie. Wplyw spozycia produktow zawierajacych olej konopny i nasiona na zdrowie
cztowieka nie zostal jeszcze w petni ustalony. Do chwili obecnej wskazuje si¢, ze konopie moga
m.in. powodowac obnizenie catkowitego cholesterolu i ci$nienia krwi u 0sob spozywajacych
te produkty [Spano i wsp. 2020].

Mozliwo$¢ wykorzystania konopi w produkcji zywnosci jest uwarunkowana
wieloaspektowo. Konieczne jest kompleksowe zrozumienie w jaki sposob kannabinoidy
wplywaja na organizm czlowicka. Biologiczne efekty wywierane przez kannabinoidy sg
zwigzane z receptorami sprz¢zonymi z biatkiem G (CB1 R oraz CB: R). Kannabinoidy
oddziatluja na receptory ukladu endokannabinoidowego, ktore wystepuja gldwnie
w osrodkowym ukladzie nerwowym, a takze przewodzie pokarmowym, watrobie i sercu
(CB1 R) oraz na powierzchni komérek odpornoéciowych (CB2 R). Wykazano, ze A>-THC
1 CBD oddzialuja z uktadem endokannabinoidowym w organizmie czlowieka. Ich dziatanie
odgrywa role regulacyjna w kluczowych procesach organizmu tj. pamie¢, homeostaza, apetyt
oraz reprodukcja, a takze wykazujg dziatanie przeciwbolowe [Chanda i wsp. 2019, Wu 2019].
Liczba pozytywnych doniesien na temat kannabinoidéw i ich wptywu na organizm cztowieka
opisywanych w literaturze, wymaga czgsto potwierdzenia badaniami realizowanymi w

warunkach in vitro i in vivo. Konieczne wydaje¢ sie, precyzyjne scharakteryzowanie
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wiasciwosci kazdego kannabinoidu. Poznane dotychczas whasciwosci wskazuja, ze zwiazki te

moga w przysztosci zosta¢ wykorzystane do produkcji szerokiej grupy lekow.

1.4. Techniki analityczne wykorzystywane do identyfikacji kannabinoidéw i terpenéw
Badania obecnosci kannabinoidow w produktach zywnosciowych sg wazne z uwagi na
bezpieczenstwo zywnosci. Zapewnienie bezpieczenstwa produktow zawierajacych konopie
prowadzi do minimalizacji ryzyka wynikajagcego z obecno$ci substancji psychoaktywnych,
ktore moga mie¢ potencjalnie negatywny wpltyw na organizm cztowieka. Z uwagi na chemie
produktow zywnosciowych i liczebno$¢ roznych kannabinoidow metody chromatograficzne sa
w tego rodzaju badaniach wykorzystywane w pierwszej kolejnosci. Jedng z metod
wykorzystywanych do identyfikacji i oznaczenia kannabinoidéw jest chromatografia gazowa
sprzezona ze spektrometrig mas (GC-MS). Metoda jest czesto stosowana ze wzgledu na swoja
uniwersalnos¢, szybko$¢ oraz wysoka czutos¢. Metoda chromatografii gazowej posiada pewne
ograniczenia. Pod wptywem wysokich temperatur w chromatograficznym piecu kolumnowym
kwasowe kannabinoidy ulegaja dekarboksylacji. W celu ograniczenia tego zjawiska,
wymagane jest przeprowadzenie procesu derywatyzacji, aby mozliwe byto wykonanie analizy
zarowno kwasowych jak i neutralnych kannabinoidéw. Proces derywatyzacji polega na
przeksztatceniu wybranych zwigzkow w bardziej stabilng i lotna czasteczke [Dussy i wsp. 2005,
Flores-Sanchez i Verpoorte 2008, Chen i Rogers 2019, Micalizzi i wsp. 2021]. Kolejna metoda
to chromatografia cieczowa potaczona ze spektrometria mas (LC-MS). Umozliwia
identyfikacj¢ i oznaczanie zarowno obojetnych, jak i kwasowych kannabinoidow bez ryzyka
dekarboksylacji i konieczno$ci prowadzenia procesu derywatyzacji przed analiza, co stanowi
zalete w poréwnaniu z GC-MS [Chen i Rogers 2019, Berman i wsp. 2018]. Powyzsza technika
umozliwia ilo$ciowe oznaczanie glownych zwiazkéw obecnych w matrycy w stosunkowo
wysokich stezeniach. [McRae i Melanson 2020]. Glownym ograniczeniem chromatografii
cieczowej jest zdecydowanie nizsza rozdzielczos¢ w poréwnaniu do chromatografii gazowej.
W badaniach kannabinoidéw stosowane sa rowniez inne uklady detekcyjne w tym
spektrofotometria ultrafioletowa (UV). Ten rodzaj detektora jest najczgséciej stosowany do
analizy wysokich stgzen kannabinoidow obecnych w materialach ro§linnych w potaczeniu
z chromatografia cieczowa [De Backer i wsp. 2009, Gul i wsp. 2015]. Zastosowanie GC
potaczonego z detektorem ptomieniowo-jonizacyjnym (FID) jest ograniczone, poniewaz nie
mozna ta metodg okreslic kwasnych kannabinoidow (tj. CBDA i AS-THCA-A) bez
wczesniejszego upochadniania. Detekcja tego rodzaju ma réwniez ograniczenia w odniesieniu
do czutosci [Dubrow i wsp. 2021]. Spektrometria mas wykorzystana jako uktad detekcyjny,

a szczegolnie tandemowa spektrometria mas (MS/MS), jest znacznie bardziej czuta niz detekcja
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UV lub FID i jest znacznie czgs$ciej wykorzystywana w badaniach [Citti i wsp. 2018b, Christinat
i wsp. 2020, Dubrow i wsp. 2021].

W literaturze istniejg rowniez doniesienia dotyczace innych metod analizy kannabinoidow.
Marchetti i wsp. [2019] zastosowali metode spektroskopii *C-gNMR do okreslenia
niepsychoaktywnych kannabinoidow w widknistym typie Cannabis sativa L. Metoda ta
zapewnita wiarygodne wyniki w pordwnaniu z bardziej ztozong technikg HPLC. Spektroskopia
13C-gNMR zapewnita wystarczajaco precyzyjne wyniki, z warto§ciami granicy oznaczalnosci
(LOQ) nizszymi niz 750 ug/ml. Technika ta jest odpowiednia i korzystna do analizy
niepsychoaktywnych kannabinoidow w ekstraktach z konopi. Ponadto jest dobrg alternatywa
dla metod chromatograficznych i moze by¢ stosowana zard6wno w materiale ro§linnym, jak
i jego pochodnych. Lachenmeier i wsp. [2020] zastosowali LC-MS/MS do okre$lenia
zawartosci A>-THC w 67 probkach zywnosci. Christinat i wsp. [2020] zastosowali LC-MS/MS
do analizy obecno$ci 15 kannabinoidow w probkach oleju konopnego i nasion, a takze w
probkach herbaty, kawy, czekolady oraz jednej probce mleka pobranej od kréw karmionych
paszag z dodatkiem konopi. W pracy Lee i wsp. [2020] zastosowano LC-MS/MS do ilosciowego
okreslenia zawartosci CBD i A%THC w produktach zawierajagcych kannabinoidy
sklasyfikowanych na trzy grupy: grupa 1 (wysoka zawarto$¢ ttuszczu) — czekolada, batony
energetyczne i oleje; grupa 2 (wysoka zawarto$¢é cukru) — cukierki i galaretki; i grupa 3 (inne
produkty) — sproszkowane biatko konopne, przekgski i ptatki zbozowe. Analiza
kannabinoidow obecnych w zywnos$ci wigze si¢ z wyzwaniami zwigzanymi z matrycami,
w ktorych te zwiazki wystepuja, a takze z wlasciwym wyborem sposobu przygotowania probek
do wybranej techniki. Poniewaz zawartos¢ kannabinoidow moze rézni¢ si¢ nawet o 25%
w obrebie tej samej odmiany konopi, wykorzystanie tych ro$lin w produkcji zywnoSci
nieuchronnie generuje réznice w profilu kannabinoidow w produktach gotowych [Hazekamp
i Fischedick 2012]. Istnieje wyrazna potrzeba opracowania skutecznych i wydajnych metod do
analizy kannabinoidow. HPLC-DAD i HPLC-UV stanowig dobre alternatywy dla GC, ale

swoisto$¢ 1 czuto$¢ tych technik sg znacznie nizsze niz w przypadku GC.

1.5. Stabilnos$¢ kannabinoidéw i terpenéw w matrycach zywnos$ciowych

W ramach badan stabilnosci kannabinoidéw wigkszo$¢ badaczy skupia si¢ na dwoch
glownych zwiazkach, A°>-THC i CBD. Brakuje doniesien naukowych dotyczacych produktow
powstajacych w  wyniku termicznej degradacji kannabinoidow; wymagaja one
scharakteryzowania i oceny toksykologicznej. Istniejag doniesienia dotyczace mozliwosSci
konwersji CBD do psychoaktywnego A°-THC i odwrotnie [Golombek i wsp. 2020].

Aby zapewni¢ bezpieczenstwo produktow zawierajagcych kannabinoidy, warunki uprawy
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ros$lin, z ktorych pozyskuje si¢ ekstrakty, powinny by¢ standaryzowane, a stabilno$¢ ekstraktow
wytworzonych z tych roslin podczas przechowywania powinna by¢ sprawdzana [Lachenmeier
i wsp. 2020] Pierwsze doniesienia dotyczace wplywu temperatury i $wiatla na stabilnos¢
kannabinoidéow przedstawili Fairbarin 1 wsp. w 1976 r. Badania te obejmowaty
przechowywanie suszonych lisci konopi 1 kwiatostanéw konopi w temperaturze 5°C bez
dostepu $wiatta oraz w temperaturze 20°C z o$wietleniem i bez przez okres 98 tygodni. Analizy
obejmowaly rowniez probki sproszkowanej zywicy konopnej przechowywanej
w opakowaniach w temperaturze 20 °C z oswietleniem. Podczas przechowywania
w temperaturze 5°C w ciemnoéci zawarto§¢ A%-THC w probkach zmielonych lisci
1 kwiatostanow zmniejszyla si¢ o 10%. Przechowywanie probek lisci i kwiatostanow
w temperaturze 20°C w ciemnosci spowodowalo spadek zawartosci A>-THC o0 25%, podczas
gdy w przypadku probek przechowywanych przy dostepie $wiatta zawarto$¢ spadta o 63%
[Fairbarin i wsp. 1976]. Trofin i wsp. wykazali rowniez, ze zardwno temperatura, jak i Swiatto
wplywaja na stabilnoéé kannabinoidéw (A®-THC, CBN i CBD) ekstrahowanych z probek
zywicy za pomoca ekstrakcji prowadzonej z uzyciem mieszaniny metanol:chloroform
(9:1,viv). W pierwszym roku przechowywania w temperaturze 22°C z dostgpem $wiatta
(wariant 1) degradacja A>-THC byta 1,02 razy wyzsza niz w probkach przechowywanych
w ciemnos$ci w warunkach chtodniczych (4°C) (wariant 2). Tworzenie CBN w tych samych
probkach przechowywanych zgodnie z wariantem 1 byto 1,10 razy szybsze niz w probkach
przechowywanych zgodnie z wariantem 2. Zaobserwowano odwrotng zalezno$¢ dla zawartosci
CBD [Trofin i wsp. 2012]. W pracy Citti i wsp. [2018b] przeanalizowano wptyw temperatury
1 czasu przechowywania na stabilno$¢ 1 stopien dekarboksylacji CBDA w oleju konopnym.
Probki przechowywano w temperaturze 5, 20 1 25°C. Okres pottrwania CBDA w probkach
oleju konopnego przechowywanych w temperaturze 5°C wynosit okoto 20 miesigcy. Gdy olej
przechowywano w temperaturze 20 1 25°C, okresy poltrwania wynosity odpowiednio 49 i 20
dni. Meija i wsp. [2021] przeanalizowali stabilno§¢ siedmiu par kannabinoidow (CBC, A°-
THC, CBN, CBG, CBD, A%>THCV i CBDV, a takze ich kwasnych form) w wysuszonym
materiale konopnym przechowywanym w ciemnos$ci w temperaturach od —20 do 40°C). Sredni
miesieczny stopien degradacji A>-THCA + AS-THC wynosil 2% w temperaturze 20°C.
Zaobserwowano, ze przechowywanie ziela konopi w temperaturze 4 °C nie zapewniato
dhlugoterminowej (ponad 12 miesigcy) stabilnosci kannabinoidow. W pracy autorstwa Zamengo
i wsp. [2019] okreslono $rednig degradacje AS-THC w ciagu 100 dni, ktora wynosita 12% w
temperaturze 22°C (3-4% miesigcznie). Dostgpna wiedza dotyczaca stabilnosci
kannabinoidow podczas ogrzewania jest niewystarczajaca, aby potwierdzi¢, ze produkty

zawierajace kannabinoidy sa bezpiecznym dodatkiem lub sktadnikiem zywnosci. Jedno z badan
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przeprowadzonych przez Turek i Florian [2013] potwierdzito, ze kazdy wzrost temperatury
ogrzewania oleju konopnego powoduje dwukrotny wzrost szybkosci degradacji
kannabinoidow. Podczas badan Dussy i wsp. [2005] zaobserwowano, ze podgrzewanie
A>-THCA przez 15 min w 160°C, powoduje calkowita przemiane do A%-THC, a takze
obserwowano obecno$¢ CBN podczas podgrzewania w 180°C. Opublikowane dotychczas
wyniki badan dotyczace stabilno$ci kannabinoidow w ekstraktach z konopi i roslinach
zawierajacych te zwiazki podczas przetwarzania materiatu roslinnego, nie sg wystarczajace do
doktadnego okreSlenia wptywu réznych warunkoéw na stabilno$¢ kannabinoidow. Ostatnie
raporty dotyczace stabilno$ci kannabinoidow w matrycach zywno$ciowych pokazuja, ze
srodowisko, w ktorym przechowywane sa produkty zawierajace kannabinoidy, temperatura

ogrzewania i tzw. matryca wptywajg na stabilno$¢ kannabinoidow w produkcie koncowym.
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2. CEL, ZAKRES PRACY | HIPOTEZY BADAWCZE

Dane przedstawione w przegladzie pismiennictwa [P1] wskazujg, ze istnieje ryzyko
wystepowania psychoaktywnego AS-THC zaréwno w zielu konopi jak i gotowym produkcie
zawierajagcym wsad konopny stosowany w technologii zywno$ci. Powoduje to potencjalne
zagrozenie dla bezpieczenstwa zywnosci. Opisane w literaturze wyniki badan i dostgpne dane
sa niewystarczajace do oszacowania ryzyka zdrowotnego dla potencjalnych konsumentow
takich produktow. Niemniej, bioragc pod uwage, ze stezenie poszczegdlnych kannabinoidow,
w tym wykazujacych dziatanie prozdrowotne i psychoaktywne na organizm cziowieka, a takze
zawarto$¢ terpenow moze ulega¢ zmianom na kazdym etapie produkcji, istnieje koniecznos$¢
okreslenia wptywu procesow przetworczych na te substancje. Konieczne jest rowniez
opracowanie jednolitych metod analizy tych zwigzkéw w réznych matrycach, zapewniajacych
reprezentatywne wyniki badan. Niezbedne jest takze opracowanie skutecznych metod
produkcji, dystrybucji i przechowywania produktow zawierajacych wsad konopny, ktére
zapewnig stabilno$¢ tych zwigzkow w gotowym produkcie. W zwigzku z powyzszym w ramach
pracy podjeto badania nad wplywem proceséw produkcji zywnosci na stabilno$é

kannabinoidow i terpenow.

Celem pracy bylo:

I.  Opracowanie metody oznaczania kannabinoidow w §wiezych i suszonych elementach
rosliny i nasionach Cannabis sativa L. oraz modelowych produktach spozywczych.

[l.  Opracowanie metody oznaczania terpenow w $wiezych i suszonych elementach
ro$liny Cannabis sativa L. oraz modelowych produktach spozywczych.

I1l. Poréwnanie wplywu metod suszenia wybranych elementow rosliny Cannabis sativa
L. na zawartos¢ kannabinoidow oraz terpenow.

IV. Ocena wpltywu modelowych procesow przetworczych (wypiek oraz fermentacja
mlekowa) na stabilno$¢ i profil kannabinoidow oraz terpenéw w modelowym

produkcie spozywczym.
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Uwzgledniajac powyzsze zatozenia postawiono nastepujace hipotezy badawcze:
H1. Dobdr uktadu ekstrakcyjnego ma wplyw na wydajnos$¢ ekstrakcji kannabinoidow
1 terpendw z materiatu roslinnego.
H2. Warunki suszenia elementow ro$liny Cannabis sativa L. var. sativa wplywajg na
zawarto$¢ kannabinoidow oraz terpenéw W SUSZU.
H3. Proces pieczenia pieczywa cukierniczego z dodatkiem wsadu konopnego na bazie
liofilizowanego suszu konopnego z Cannabis sativa L. var. sativa wptywa na stabilnos¢,
sktad 1 profil kannabinoidow oraz terpenow.
H4. Proces fermentacji mlekowej produktu zawierajacego wsad konopny na bazie rosliny
Cannabis sativa L. var. sativa wptywa na stabilnos¢, sktad i profil kannabinoidéw oraz

terpenow.

Zakres pracy obejmowal:

1. Przeglad dostepnych danych literaturowych dotyczacych charakterystyki i mozliwosci
wykorzystania rosliny Cannabis sativa L. var. sativa w produkcji zywnosci, a takze
regulacji prawnych zwigzanych z tym aspektem. [P1]

2. Opracowanie metody analitycznej oznaczania kannabinoidéow w zielu Cannabis sativa
L. var. sativa. [P2]

3. Opracowanie metody analitycznej oznaczania kannabinoidow w nasionach rosliny
Cannabis sativa L. var. sativa. [Materialy nieopublikowane]

4. Opracowanie metody analitycznej oznaczania terpenéw w zielu Cannabis sativa L. var.
sativa oraz ocena wplywu metod suszenia wybranych elementow ro$liny konopi na
stabilnos$¢, sktad i profil terpenow. [Materialy nieopublikowane]

5. Poroéwnanie wplywu metod suszenia wybranych elementéw rosliny konopi na
stabilnos¢, sktad i profil kannabinoidow w roslinie Cannabis sativa L. var. sativa. [P3]

6. Okreslenie wplywu procesu pieczenia oraz czasu przechowywania pieczywa
cukierniczego z dodatkiem wsadu konopnego na bazie liofilizowanego suszu
konopnego z Cannabis sativa L. var. sativa na stabilno$¢, sktad i profil kannabinoidow,
terpenow oraz wybranych zwigzkow lotnych. [Materialy nieopublikowane]

7. Okreslenie wplywu procesu fermentacji mlekowej zachodzacej podczas produkeji
fermentowanego napoju mlecznego zawierajgcego wsad konopny na bazie ziela
Cannabis sativa L. var. sativa oraz czasu przechowywania napoju na stabilnos¢, sktad

I profil kannabinoidow, terpendow oraz wybranych zwigzkow lotnych. [P4]
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3. MATERIAL BADAWCZY I METODY BADAN

3.1.  Material badawczy

Roslina Cannabis sativa L. var. sativa odmiany “Biatobrzeskie” posiada udokumentowang
histori¢ spozycia przez ludzi i od lat wykorzystywana jest jako zrodlo CBD. Ze wzgledu na
potencjalng mozliwos$¢ zastosowania tej rosliny w produkcji zywnosci, a tym samym rowniez
zawartych w niej kannabinoidow wybrano powyzsza odmiane do przeprowadzenia prac
doswiadczalnych. Rosliny pozyskano z oddzialu Instytutu Witokien Naturalnych i Roslin
Zielarskich w Poznaniu, potozonego w Pg¢tkowie, Polska. Rosliny zebrano w szczycie
kwitnienia, a doktadnie migdzy dwudziestym dniem po rozpoczgciu kwitnienia, a dziesigtym
dniem po zakonczeniu kwitnienia [Rozporzadzenie (UE) 2017/1155]. Po zbiorze rosliny
podzielone zostaly na kwiatostany wedtug wielko$ci: mate (<10cm), srednie (10-20 cm) oraz
duze (>20cm) oraz liscie, a pozostate czgsci rosliny (korzenie i todygi) usunigto. Nastepnie
probki zamrozono i przechowywano w temperaturze —60°C. Materiat wykorzystano do badan,
ktorych wyniki przedstawiono w Publikacji [P2, P3 oraz P4] oraz cz¢éci badan, ktorych
wynikow nie opublikowano. Jako material badawczy wykorzystano roéwniez nasiona konopi
dostepne komercyjnie na polskim rynku, w celu opracowania metody ekstrakcji kannabinoidow
Z tego surowca.

Na potrzeby badan opisanych w Publikacji [P2] wykorzystano 30 probek herbat
zawierajacych w sktadzie susz Cannabis sativa L. var. sativa, dost¢gpnych na polskim rynku.
Probki herbat zawieraly w sktadzie od 40 do 100% suszu konopnego.

Laboratoryjnie wytwarzano modelowe produkty zywnosciowe tj. ciastka kruche
zawierajace susz konopny w ilosci 1, 2 i 3% (w/w) oraz fermentowane napoje mleczne
zawierajace trzy rodzaje wsadu konopnego (liofilizowany susz konopny, etanolowy ekstrakt
konopny oraz olejek konopny) w ilosci 0,5, 1 i 2% (w/v) [P4]. Pierwszy wsad konopny stanowit
liofilizowany susz konopny sktadajacy si¢ z 80% kwiatostandw oraz 20% lisci pozyskanych z
rosliny odmiany ,,Biatobrzeskie”. Etanolowy ekstrakt konopny przygotowano poprzez
ekstrakcje alkoholem liofilizowanego suszu konopnego przygotowanego wedtug procedury
opracowanej na potrzeby badan. Ostatni stosowany wariant dodatku wsadu konopnego stanowit
olejek konopny dostepny na polskim rynku jako suplement diety, zawierajacy 18%
CBD+CBDA (1650 mg) (Full Spectrum, Polska). Do przygotowania fermentowanych napojow
mlecznych wykorzystano mleko UHT o zawartosci thuszczu wynoszacej 3,8%. Do fermentacji
zastosowano kulture starterowg YC-X11 zakupiong w CHR Hansen (Hersholm, Dania).

Materiat do wykonanych badan biegtosci dla probek suszu konopnego dostarczony
zostat przez ASTM International (USA) (HFL2301 oraz HFL2305).
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3.1.1. Wzorce i odczynniki chemiczne

Certyfikowane materiaty odniesienia kannabinoidéw tj. CBD, CBDA, CBG, CBC, CBN,
CBNA, CBDVA, CBL, CBLA o stezeniu 1,0 mg/mL (MeOH) zakupiono w Restek GmbH
(Bad Homburg, Niemcy). CBGA, CBCA, A%-THC, A%-THC, AS-THCA-A, A°-THCVA,
CBDV, A%-THCV zostaly zakupione w LGC Standards Sp. z 0.0. (Lomianki, Polska).

Certyfikowane wzorce terpenow charakterystycznych dla rosliny Cannabis sativa L.
tj. (o-bisabolol, kamfen, 6-3-karen, B-kariofilen, geraniol, guaiol, a-humulen, p-cymen,
isopulegol, d-limonen, linalool, B-myrcen, nerolidol, ocimen, a-pinen, B-pinen, a-terpinen,
y-terpinen, terpinolen) o stezeniu 1,0 mg/mL zakupiono w LGC Standards Sp. z 0.0. (Lomianki,
Polska). Acetonitryl (ACN), metanol (MeOH), woda (o czystosci do LC-MS), octan etylu oraz
etanol zostaty zakupione w Witko (Lodz, Polska). Kwas mrowkowy oraz mrowczan amonu
(o czystosci do LC-MS) zakupiono w Sigma Aldrich (St. Louis, MO, USA). Certyfikowany
material referencyjny suszonych (HEMP-1) mielonych konopi zostat zakupiony od National

Research Council, (Kanada).

3.2. Metody badan
3.2.1. Analiza chromatograficzna i spektometria mas
3.2.1.1. Kannabinoidy

Analiz¢ zawarto$ci 17 kannabinoidow wykonano technikg chromatografii cieczowej
sprzezonej ze spektrometrig mas (LC-MS) przy uzyciu ultra-wysokosprawnego chromatografu
cieczowego sprzezonego ze spektrometrem mas z podgrzewanym zrodiem jonow typu
elektrorozpylanie (UHPLC-HESI-MS) (Thermo Fisher Scientific, Waitham, MA, USA).
Rozdziaty chromatograficzne prowadzono na kolumnie chromatograficznej typu C18 Cortecs
o wymiarach 2,1 x 100 mm i $rednicy ziarna 1,6 um (Waters, Miliford, MA, USA).
Opracowano metode analityczng a nast¢gpnie poddano ja walidacji. Szczegdlowe parametry
metody przedstawiono w Publikacji [P2]. Przygotowanie probek do analizy chromatograficzne;j
obejmowato m.in. etapy homogenizacji, ekstrakcji z uzyciem cieczy ekstrakcyjnej (Swieze
elementy rosliny, susz oraz nasiona konopne — metanol, fermentowane napoje mleczne —
acetonitryl, ciastka kruche zawierajace wsad konopny — MeOH:CHCI3 (95:5, v/v)) oraz dalsze
rozcienczania. Wyniki analizowano przy uzyciu oprogramowania TraceFinder™ 5.1 (Thermo
Fisher Scientific Waitham, MA, USA).

3.2.1.2. Terpeny i wybrane zwiazki lotne
Analize zawartosci 19 terpenéw w materiale roslinnym przeprowadzono z wykorzystaniem

techniki chromatografii gazowej sprzezonej ze spektometria mas (GC-MS) za pomoca
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chromatografu gazowego Agilent 7890B sprz¢zonego z jednokwadrupolowym spektrometrem
mas 5975C wyposazonym w autowtryskiwacz CTC PAL (Agilent, Santa Clara, CA, USA).
Rozdziat chromatograficzny przeprowadzono przy uzyciu kolumny kapilarnej ze spiekanej
krzemionki RTX-Wax plus 60 m x 0,25 mm x 0,25 um (Agilent, Santa Clara, CA, USA) z faza
na bazie glikolu polietylenowego. Konfiguracja byta wyposazona w kolumne ochronng/luke
retencji o wymiarach 5 m x 0,53 mm. Program temperaturowy pieca chromatografu: 2 minuty
podtrzymania w temperaturze 40°C, narost 10°C min? do 70°C (3 minuty podtrzymania),
narost 5°C min* do 100°C, narost 5°C min™* do 100°C, narost 5°C min™ do 250°C (10 minut
podtrzymania). Do wszystkich analiz stosowano stata objeto$¢ nastrzyku wynoszaca 1 pL
ekstraktu. Zastosowano wktadki do portoéw dozownika bez dzielnika strumienia wyposazone
w wate szklang. Temperatura dozownika wynosita 230°C. Natgzenie przeptywu helu przy
nastrzyku wynosito 1,5 ml/min. Temperatura zrodta jonow/analizatora spektrometru masowego
wynosita odpowiednio 230/150°C. Linia transferowa GC pracowata w temperaturze 250°C.
Spektrometr mas zostal skalibrowany wzgledem FC-43 zgodnie z zaleceniami producenta.
Przygotowanie probek do analizy chromatograficznej obejmowato m.in. ekstrakcji probki
(2g swiezego lub suszonego materiatu) z uzyciem cieczy ekstrakcyjnej (octan etylu), etapu
homogenizacji oraz rozcienczania. Wyniki wyrazono w mg/kg po uwzglednieniu suchej masy
materialu badawczego.

Przygotowane modelowe produkty zawierajace wsad konopny poddano rowniez analizie
fazy nadpowierzchniowej (head-space) za pomocg mikroekstrakcji do fazy statej (SPME —solid
phase microextraction) i dalszej analizie na drodze chromatografii gazowej sprzgzonej ze
spektrometrig mas (HS-SPME-GC-MS). W celu przeprowadzenia analizy frakcji lotnej pod
wzgledem zawartoSci omawianych terpendéw 1  wybranych zwigzkéw lotnych
charakterystycznych dla danego produktu modelowego, do 10 mililitrowego naczynka
odwazono po 1 g zhomogenizowanego fermentowanego napoju mlecznego lub rozdrobnionego
ciastka kruchego zawierajagcych wsad konopny. Dodawano 100ul roztworu standardu
wewnetrznego (roztwor uretanu o stezeniu 10 mg/ml). Naczynko zamykano i umieszczano
w termostacie. Do naczynka wprowadzono igte SPME, nast¢pnie wysuwano widkno
(CAR/PDMS/DVB) i prowadzono ekstrakcje sktadnikéw fazy nadpowierzchniowej (terpenow)
przez 30 min. w temperaturze 40°C. Po zakonczeniu ekstrakcji widkno przenoszono do komory
chromatografu gazowego, gdzie probka byta desorbowana. Uktad chromatografu gazowego
i spektrometru mas byt identyczny jak zastosowany wczesniej. W probkach analizowano
19 zwigzkéw zaliczanych do terpenéw oraz wybrane zwigzki lotne charakterystyczne dla

fermentowanego napoju mlecznego (kwas octowy, kwas mastowy, kwas kaprylowy, kwas
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propionowy, 2-butatnon, 2-pentatnon, 2-heptanon, acetoina, etanol, alkohol laurylowy) oraz dla
ciastek kruchych (2-pentatnon, 2-heptanon, acetoina, 2-nonanon, kwas octowy, furfural,
2-metylopirazyna, heksanal, heptanal oraz oktanal) [Zareba i wsp. 2008, Rutkowska i wsp.
2023]. Analizy cze$ci zwigzkow wykonano wylacznie jakosciowo. Dla kazdego rodzaju

produktu i wariantu dodatku przeprowadzono analiz¢ w trzech niezaleznych powtorzeniach.

3.2.2. Cze$¢ technologiczna
3.2.2.1. Suszenie wybranych czesci rosliny Cannabis sativa L. var. sativa ,,Bialobrzeskie”
Warunki suszenia dobierano na podstawie dostgpnych danych o parametrach stosowanych
dla tego typu materiatu roslinnego opisanych w literaturze [Kwasnica i wsp. 2023, Thamkaew
i wsp. 2021]. Suszenie tradycyjne (Metoda 1) opierato si¢ na suszeniu przygotowanych
$wiezych probek rosliny Cannabis sativa L. Suszenie prowadzono w dobrze wentylowanym
pomieszczeniu bez dostepu Swiatta, z niska wilgotno$cia wzgledna powietrza (52+1%)
[Das i wsp. 2022]. Probki kwiatostandw i lisci roztozone byly na cienkiej bibule. Temperatura
powietrza w pomieszczeniu wynosita 20£1°C. Zawarto$¢ wody w probkach (MC) sprawdzano
co 24h. Probki przed poddaniem procesowi liofilizacji (metoda 2) byly zamrozone
w temperaturze -60°C i nastgpnie suszone w temperaturze 25+1°C przez 24 h z wykorzystaniem
liofilizatora Alpha 1-4 LSCplus (Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am
Harz, Niemcy). Do przeprowadzenia suszenia konwekcyjnego (metoda 3a-c) wykorzystano
suszarke laboratoryjng (KBC G-100/250, Warszawa, Poland) z naturalnym obiegiem
powietrza. Kazdorazowo sprawdzano temperatur¢ dla uzyskania jednakowych warunkow
procesu. Probki suszono w temperaturach 50, 60 i 70°C, a ich waga byta mierzona co 1 godzing.
Proces suszenia prowadzono do uzyskania MC 10+£1% wag. Okreslono czasu niezbedny do
uzyskania zatozonej wartosci parametru. Suszenie probek przeprowadzono w  trzech
powtorzeniach, a wyjsciowa masa probki kazdorazowo wynosita 50+2g. Uzyskane wyniki

badan przedstawiono w Publikacji [P3].

3.2.2.2.Modelowe ciastka kruche z dodatkiem wsadu konopnego

Kruche ciastka zostaly przygotowane zgodnie z przepisem podanym w Tabeli 1.
Do przygotowania ciastek uzyto make pszenna o niskim wyciaggu 1 zawartosci popiotu biatego
na poziomie 0,52 % s.m. Receptura dla ciastek kruchych zastosowanych jako kontrola
wynosita: 300 g maki pszennej, 200 g masta, 100 g cukru biatego, a takze jedno swieze jajko
(okoto 70 g). Kruche ciasteczka konopne zostaly opracowane poprzez zastgpienie maki
pszennej liofilizowanym suszem konopnym w ilosci 1, 2 lub 3% (Tabela 1).
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Tabela 1. Receptura ciastek kruchych (kontrola) oraz zawierajacych wsad konopny w postaci

liofilizowanego suszu konopnego.

Poziom zastapienia maki pszennej (%0)

Skladnik
) 0 1 2 3
Maka pszenna 100 99 98 97
Masto 200 200 200 200
Cukier 100 100 100 100
Jajko 70 70 70 70
Liofilizowany

susz konopny

W pierwszym etapie make pszenng i cukier wymieszano za pomocg miksera KitchenAid
Classic. Mieszanie prowadzono do uzyskania jednolitej konsystencji ciasta (3 min). Nastepnie
dodano masto i mieszano wszystkie sktadniki przez kolejne 5 minut. W ostatnim kroku dodano
jajo kurze i mieszano ciasto przez kolejne 3 minuty. Nastepnie ciasto umieszczono w prasie do
ciastek (Ernesto, model HG00972). Uformowano ciastka o nast¢pujacych wymiarach: 20 x 30
x 5 mm. Ciastka pieczono w piecu elektryczno-powietrznym (Piccolo Wachtel Winkel,
Niemcy) w temperaturze 160°C przez 30 minut i w temperaturze 200°C przez 20 minut.
Po upieczeniu kruche ciastka schtodzono, zapakowano i1 przechowywano w temperaturze

pokojowej do dalszych badan.

3.2.2.3. Modelowe fermentowane napoje mleczne z dodatkiem wsadu konopnego

Do probowki odwazono ustalong wczesniej ilo§¢ kazdego z dodatkéw i1 dodano 10 mL
mleka UHT. Nast¢pnie przygotowane probki poddano pasteryzacji przez 5 minut w temp.
934+2°C. Po przeprowadzeniu procesu pasteryzacji probki schtodzono do temp. ok. 42+2 °C.
Dodano 0,01% zakwasu zawierajacego ~108 jtk/cm? bakterii kwasu mlekowego (Streptococcus
thermophilus i Lactobacillus delbrueckii ssp. bulgaricus). Kolejnym etapem bylo
przeprowadzenie procesu fermentacji napojow mlecznych przez ok. 3-4 h w 43°C do uzyskania
pH ~4.6 w kazdym z wariantow. Uzyskane produkty po zakonczeniu fermentacji schtodzono.

Kazdy z wariantow do§wiadczen wykonano w 3 powtdrzeniach.

3.2.3. Analiza mikrobiologiczna fermentowanych napojow mlecznych z dodatkiem
wsadu konopnego
Oznaczenie liczby mikroorganizméw charakterystycznych dla jogurtu przeprowadzono

z wykorzystaniem technik ptytkowych zgodnie z normg ISO [PN-1SO 7889:2003].
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Do oznaczenia Streptococcus thermophilus wykorzystano agar M17 (Merck, Warszawa,
Polska), a inkubacj¢ prowadzono w warunkach tlenowych w 37°C przez 48h. Liczbg
Lactobacillus bulgaricus oznaczono z uzyciem agaru MRS w warunkach beztlenowych
w 37£1°C przez 72h.

3.2.4. Pomiar pH fermentowanych napojow mlecznych z dodatkiem wsadu konopnego

Pomiar pH wykonano przed rozpoczeciem fermentacji, nastepnie prowadzono przez caly
proces fermentacji napoju mlecznego, 24h po przechowywaniu w warunkach chtodniczych
oraz w 7, 14, 21 i 28 dniu przechowywania przy uzyciu SevenExcellence pH metr S400
(Mettler-Toledo, Warszawa, Polska).

3.2.5. Pomiar skladowych barwy ciastek kruchych z dodatkiem wsadu konopnego

Instrumentalny pomiar sktadowych barwy powierzchni ciastek kruchych zostat wykonany
w systemie L*a*b* ( L* - jasnos¢ (0-100%); a* - 0§ barwy od zielonej (-a*) do czerwonej (+a*);
b* - 0§ barwy niebieskiej (-b*) do zottej (+b*)) przy uzyciu chromametru (konica Minolta;
CR-400; Japonia) metoda odbiciowa z zastosowaniem glowicy pomiarowej 8 mm, iluminantu
Des oraz kata obserwacji 2°.

Przed rozpoczeciem pomiardow urzadzenie skalibrowano za pomocg wzorca bieli
o sktadowych: L* = 98,45, a* = -0,10 oraz b* = -0.13 [Wyrwisz i wsp. 2016]. Pomiar
parametrow barwy ciastek kruchych wykonano oddzielnie w 10 losowo wybranych ciastkach.
Na podstawie uzyskanych wynikow parametrow barwy L* a* oraz b* obliczono og6lng

roéznice barwy (AE) pomigdzy probami za pomocg nastepujacego rownania (1):

AE = /(L — Lp)? + (a* — a)? + (b* — b})?

gdzie:

AE — ogolna rdéznica barwy;

L* — L, - roznica wartosci parametru L* migdzy poszczegdlnymi probami a proba
kontrolna;

a* — a, - roznica warto$ci parametru a* miedzy poszczegdlnymi proébami a proba
kontrolna;

b* — by - réznica warto$ci parametru b* miedzy poszczegdlnymi probami a proba

kontrolng.

3.2.6. Ocena sensoryczna modelowych produktéw spozywczych
Oceng sensoryczng przeprowadzono z wykorzystaniem ilosciowej analizy opisowej

(QDA). Analize przeprowadzono zgodnie z normg ISO [ISO 13299:2016] w celu oceny
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wlasciwos$ci sensorycznych probek modelowych produktéw spozywczych zawierajacych
w swoim sktadzie wsad konopny. QDA jest metoda, ktora zostala uznana za skuteczne
narze¢dzie do pomiaru cech sensorycznych réznych produktow spozywczych [Sadowska i wsp.
2015]. Test sensoryczne przeprowadzono po uzyskaniu zgody Uczelnianej Komisji Etycznej
(UEC) ds. Badan Naukowych z Udziatem Ludzi (UKE/14/2023) z dnia 13.12.2023 r.
(Uniwersytet Przyrodniczy w Lublinie). Ocena zostata przeprowadzona przez 6-0sobowy

przeszkolony panel sensoryczny. Wyniki zostaty wyrazone w j.u. (jednostkach umownych).

3.2.6.1. Fermentowane napoje mleczne

Do oceny uzyto okoto 5g kazdego z przygotowanych wariantow fermentowanych napojow
mlecznych. Atrybuty, ktore najbardziej spdjnie opisywaty przygotowane produkty zostaty
wybrane i zdefiniowane przez panel. Wybrano nastepujace atrybuty: barwa zielona, barwa
typowa dla jogurtu, zapach jogurtowy, kwasny, stodki, obcy ,.trawiasty”, smak stodki, kwasny,
kwasowy, gorzki, obcy ,trawiasty”, konsystencja 1 gestos¢. Intensywno$¢ tych atrybutow
zostata zmierzona przy uzyciu 10-centymetrowej liniowej niestrukturalnej skali graficznej,
zakotwiczonej od 0 (brak) do 10 (bardzo intensywny). Ponadto, na podstawie wyzej
wymienionych cech wyr6zniajacych, ogoélna jakos$¢ sensoryczna probek zostata dodatkowo

okreslona przy uzyciu oddzielnej skali od 0 (niska) do 10 (wysoka).

3.2.6.2. Ciastka kruche

Do oceny uzyto po 1 ciastku o wymiarach 20 x 30 x 5 mm z kazdego wariantu. Atrybuty,
ktore najbardziej spojnie opisywaly przygotowane produkty zostaly wybrane i zdefiniowane
przez panel. Wybrano nastepujace atrybuty: kolor typowy dla ciastek kruchych, kolor zielony,
smak stodki, maslany, gorzki, obcy ,trawiasty”, zapach typowy dla ciastek kruchych, zapach
obcy, kruchos¢, konsystencja. Intensywno$¢ tych atrybutéw zostala zmierzona przy uzyciu
10-centymetrowej liniowej niestrukturalnej skali graficznej, zakotwiczonej od 0 (brak) do 10
(bardzo intensywny). Ponadto, na podstawie wyzej wymienionych cech wyrdzniajacych,
ogolna jakos¢ sensoryczna probek zostata dodatkowo okre§lona przy uzyciu oddzielnej skali

od 0 (niska) do 10 (wysoka).

3.2.7. Analiza statystyczna

Analize statystyczng wynikow badan wykonano przy uzyciu oprogramowania Statistica
13.0 (StatSoft, Krakéw, Polska). Do oceny istotno$ci roznic pomigdzy wynikami wykorzystano
jednoczynnikowa analiz¢ wariancji (ANOVA) i test Tukey’a na poziomie ufnosci 95%.

Wszystkie do§wiadczenia wykonywano w co najmniej trzech niezaleznych powtdrzeniach.
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4. OMOWIENIE I DYSKUSJA WYNIKOW

4.1. Opracowanie i walidacja metody analitycznej oznaczania kannabinoidéw w

swiezych i suszonych elementach rosliny oraz nasionach Cannabis sativa L.

Przed rozpoczeciem realizacji badan przeprowadzono obszerny przeglad literatury w celu
zebrania aktualnej wiedzy na temat rosliny Cannabis sativa L. var. sativa oraz
charakterystycznych dla niej zwigzkoéw bioaktywnych — kannabinoidow. Zebrano informacje
dotyczace aspektow prawnych stosowania konopi w technologii zywnosci, glownie limitow dla
A%-THC (wykazujacego dziatanie psychoaktywne na organizm cztowicka), a takze mozliwosci
analizy kannabinoidow za pomocg chromatografii cieczowej i gazowej [P1]. Przedstawiono
ograniczenia ptynace z wykorzystania techniki GC-MS, ktéra wymaga przeprowadzenia form
kwasowych kannabinoidow w ich pochodne, aby umozliwi¢ prawidlowe oznaczenie tych
zwigzkow. Opierajac si¢ na analizie danych literaturowych na potrzeby realizacji badan
I wykonania oznaczen zawarto$ci kannabinoidow w badanych probkach zdecydowano si¢ na
wykorzystanie techniki chromatografii cieczowej sprzezonej ze spektrometria mas.
Zastosowanie tej techniki pozwolito na jednoczesne oznaczanie neutralnych jak i kwasowych
form kannabinoidéw, ktdre oznaczane z uzyciem techniki chromatografii gazowej wymagatyby
przeprowadzenia w odpowiednie pochodne. Porownano skuteczno$é¢ ekstrakeji kannabinoidow
ze $wiezego jak i suszonego ziela konopnego z wykorzystaniem roznych cieczy ekstrakcyjnych
tj. metanol, etanol, acetonitryl, heksan oraz mieszanina etanolu z heksanem (7:3, v/v) [P2].
Dos$wiadczalnie wybrano najlepsza ciecz ekstrakcyjng (metanol), ktéra pozwolita na
wyekstrahowanie maksymalnej liczby kannabinoidow obecnych w materiale roslinnym,
zarowno $wiezym jak i suszonym. W niniejszej pracy poddano analizie rowniez zawarto$¢
kannabinoidow w nasionach konopnych. Charakterystyka nasion konopi zostata szczegdétowo
opisana w przegladzie pisSmiennictwa (cze$¢ 1.1 oraz P1). Podobnie jak w przypadku
wczesniejszych  do$wiadczen,  poréwnano  wydajno$¢  ekstrakcji  prowadzonej
z wykorzystaniem roznych cieczy ekstrakcyjnych MeOH, ACN oraz EtOH. Doswiadczalnie
wybrano najlepsza ciecz ekstrakcyjng MeOH, ktéora pozwolita na wyekstrahowanie
maksymalnej ilosci kannabinoidow obecnych w badanych nasionach (23,54 mg/kg)
i jednoczesnie minimalng ilo$¢ zwigzkow powodujacych interferencje chromatograficzne.
Uzyskane wyniki pozwolity na weryfikacj¢ i potwierdzenie Hipotezy 1 [H1] - dobdr uktadu
ekstrakcyjnego ma wpltyw na wydajno$¢ ekstrakcji kannabinoidéow i terpenéw z materiatu
ros$linnego. Po zoptymalizowaniu parametrow procesu izolacji badanych substancji oraz

rozdziatu chromatograficznego dokonano optymalizacji parametrow pracy spektrometru mas.
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Prace ukierunkowane byly na uzyskanie najwyzszej czulo$ci, odpowiedniej powtarzalnosci
pomiarow i ograniczenie szybko$ci zanieczyszczania zrodta jonéw. Po okresleniu warunkow
pracy, przeprowadzono proces walidacji metody. Jako matryce na potrzeby walidacji
wykorzystano $wieze kwiatostany oraz liscie konopi oraz certyfikowany material odniesienia
w postaci suszu (CRM) HEMP-1 (National Research Council, Kanada), a w przypadku nasion
wykorzystano komercyjnie dostepne oczyszczone nasiona konopne z Cannabis sativa L. var.
sativa. Do oceny parametrow statystycznych metody postuzono si¢ wartosciami odzysku
z probek fortyfikowanych laboratoryjnie, certyfikowanego materialu referencyjnego oraz
powtarzalnos$cia wartosci odzysku. Dla wigkszosci analizowanych substancji poziom odzysku
miescil si¢ w granicach 80-105% ($wieze i suszone ziele konopne) oraz 92-103% (nasiona
konopne). Szczegdtowe wyniki walidacji dla nasion konopnych zgromadzone sa w Tabeli S1,
w Aneksie. Dla suszonego i $wiezego ziela konopnego szczegdlowe wyniki walidacji
zgromadzone sg w Tabeli 2 oraz S1, w Publikacji [P2] — materialy uzupetniajace. Rozszerzona
niepewno$¢ pomiarow (K=2, a=0,05) wynosita <10% dla wszystkich badanych zwigzkow.
Opracowana metoda analityczna charakteryzowata si¢ wysoka precyzja i doktadnoscia.
Uzyskane wyniki zawartosci kannabinoidow dla probki nasion przedstawiono w Tabeli S1 oraz
S2, w Aneksie. Zakres analityczny, wspolczynnik korelacji oraz wartosci granic
wykrywalnosci (LOD) i oznaczalnosci (LOQ) (wyrazone w pg/mL) opisane w Publikacji [P2]
oraz przedstawione w Tabeli S1 — Aneks, miaty zastosowanie we wszystkich zrealizowanych
zadaniach badawczych. Poprawnos¢ metody potwierdzono w badaniu bieglosci
zorganizowanym przez ASTM, ktérego wyniki w tym wartosci wskaznika z-score umieszczono
w Tabelach S2 i S3, w Publikacji [P2] — materiaty uzupetniajace.

Dotychczas zaledwie w kilku opublikowanych pracach skupiono si¢ na analizie
kannabinoidéw w poszczegdlnych czgéciach rosliny konopi [Ibrahim i wsp. 2018, Kleinhenz
i wsp. 2020, Kalinova i wsp. 2021]. W pracy wykonanej przez Kleinhenz i wsp. [2020]
wykazano znacznie wigksza zawarto$¢ kannabinoidéw w kwiatostanach 1 lisciach (kolejno
46076 oraz 52021 mg/kg) w porownaniu do probek analizowanych w ramach niniejszej pracy.
Wykazane roznice pomiedzy catkowita zawarto$cig kannabinoidow w elementach rosliny
mogg wynika¢ z r6znicy w odmianie ro$liny, r6znego stopnia dojrzatosci ro§liny oraz innego
potozenia geograficznego miejsc gdzie prowadzono uprawy konopi. Odnotowane przez
badaczy stezenie CBGA (1935 mg/kg) bylo ponad 10-krotnie wyzsze niz oznaczone
w niniejszej pracy (164,3 mg/kg). Takze Kalinova i wsp. [2021] wykazali rdznice
w poszczegdlnych czesciach rosliny (kwiatostany 1 liscie) pod wzgledem zawartosci

kannabinoidow w dwoéch najpopularniejszych odmianach ,,Finola” oraz ,Bialobrzeskie™.
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W kwiatostanach i li§ciach odmiany ,,Bialobrzeskie” stwierdzono wigksza zawarto§¢ CBD
(kwiatostany 262,9 mg/kg, liscie 56,7 mg/kg) i CBDA (kwiatostany 11519 mg/kg, liscie
4267 mgl/kg) w porownaniu do odmiany ,Finola”, ktora zawierala odpowiednio
135,4 mg/kg (kwiatostany), 16,54 mg/kg (liscie) CBD i 8707 mg/kg (kwiatostany), 1792 mg/kg
(liscie) CBDA. Odmiana ,Finola” charakteryzowala si¢ wyzsza zawartoscia CBGA
w kwiatostanach (1345 mg/kg) niz odmiana ,,Biatobrzeskie” (905,4 mg/kg) [Kalinovai wsp.
2021]. Zawartos¢ CBDA i CBD oznaczona w powyzszej pracy dla kwiatostanow i lisci byta
istotnie wyzsza niz te okreslone w naszym badaniu dla tej samej odmiany roslin. Wskazane
réznice w zawartosci poszczegolnych zwigzkéw w analizowanych czg$ciach rosliny moga
wynika¢ z kilku przyczyn. Pierwsza z nich jest brak wystandaryzowanych metod testowania,
a takze sposobu przygotowania probki przed oznaczeniem. W wielu pracach nie podaje si¢
w jakim okresie zostal przeprowadzony zbidr ro$lin co réwniez ma wpltyw na zawartos¢
analizowanych substancji, ktorych stezenie zmienia si¢ Wraz ze stopniem dojrzatosci rosliny co
potwierdzaja inni badacze [Fischedick i wsp. 2010, Aizpurua-Olaizola i wsp. 2014, Ergn
1 wsp. 2021]. Kolejng przyczyna, ktéra potwierdzaja autorzy [Fischedick 1 wsp. 2010, Erén
I wsp. 2021] sg warunki wzrostu oraz potozenie geograficzne, ktore majg istotny wplyw na
zawarto$¢ kannabinoidow. Jak potwierdza Park i wsp. [2022] wystepujacy ha wczesnym etapie
kwitnienia stres suszy istotnie wplywa na zmiang profilu kannabinoidow w roslinie, zmieniajac
akumulacje CBD i A>-THC, a zwiekszajac akumulacje CBG nawet o 40%.

4.1.2. Ocena wystepowania kannabinoidow w wybranych produktach konopnych

W ramach pracy opracowang metod¢ 0znaczania kannabinoidow wykorzystano dodatkowo
do oceny wystepowania tych zwigzkow w 30 probkach herbat dostgpnych na polskim rynku,
zawierajacych w swoim sktadzie susz Cannabis sativa L. var. sativa oraz probki nasion
konopnych. Szczegotowe wyniki zawartos$ci analizowanych 17 kannabinoidow umieszczono
w Tabeli 5, w Publikacji [P2] oraz w Tabeli S3 - Aneks. Na podstawie wynikéw uzyskanych
w Publikacji [P2] wykazano istotne statystycznie réznice (0=0,01) pomiedzy catkowity
zawarto$cig 17 kannabinoidéw w analizowanych probkach. Biorgc pod uwage procentowsq
zawarto$¢ suszu konopnego w analizowanych herbatach, nie mozna jednoznacznie stwierdzic,
ze produkty zlozone wylacznie z suszu konopnego zawieraja wigcej kannabinoidow
w poréwnaniu do herbat z nizszym udziatem suszu konopnego. Knezevic i wsp. [2021] okreslili
zawarto$¢ wybranych kannabinoidow (CBDA, CBD, AS-THCA-A, AS-THC, CBN)
w herbatach na bazie liSci konopi. Oznaczone $rednie zawarto$ci poszczegdlnych zwigzkow to
4,1 mg/kg CBDA, 802,0 mg/kg CBD, 111,0 mg/kg A>-THCA-A, 76,0 mg/kg A°-THC
i 52,0 mg/kg CBN. Wartosci uzyskane dla herbat na bazie lisci konopi w cytowanej pracy byty
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zgodne z tymi uzyskanymi w ramach niniejszej pracy. Herbaty na bazie lisci konopi zawieraty
znacznie mniej A%-THC niz te zawierajace kwiatostany [Knezevic i wsp. 2021]. Celowos¢
oceny zawarto$ci wybranych kannabinoidow w herbatach potwierdzaja wyniki uzyskane przez
innych badaczy [Gallo-Molina i wsp. 2019, Kladar i wsp. 2021]. Wykazali oni, ze w herbatach
na bazie konopi zawarto$é psychoaktywnego AS-THC przekraczata dopuszczalny poziom
w roslinie wynoszacy 0,3% suchej masy [Rozporzadzenie UE 2021/2115]. Pacifici i wsp.
[2017] rowniez przeanalizowali herbaty konopne pod katem zawarto$ci kannabinoidow.
Autorzy stwierdzili obecnoé¢ CBDA, CBG, CBD, CBN, A’-THC, CBC i A%THCA-A
w suszonej herbacie na poziomach wynoszacych srednio 61800, 600, 26600, 900, 33700, 1200
I 28200 mg/kg, odpowiednio. Wystepowanie kannabinoidow w tak szerokim zakresie
zawartosci w poszczegdlnych herbatach moze by¢ zwigzane miedzy innymi z dodatkami
stosowanymi w tych produktach, takimi jak ziota lub suszone owoce, ktorych proporcja
(0-60%) wptywa na sktad herbaty konopnej. Czyste herbaty konopne analizowane w naszym
badaniu, oparte wytacznie na suszonych konopiach (kwiatostany i liscie), mialy wyzsze
zawartos$ci kannabinoidow niz herbaty zawierajace 40—100% suszonych konopi. Szeroka gama
kannabinoidow w gotowych produktach, takich jak suszone konopne herbaty oparte
0 ziele Cannabis sativa L. var. sativa sugeruje, ze konieczne jest kontrolowanie poziomu
i profilu kannabinoidow w gotowych produktach dostepnych na rynku, aby wykluczy¢
ewentualne przekroczenia A° -THC w produkcie.

Dla probek nasion odnotowano najwyzsze stezenia dla CBDA (21,54 mg/kg), CBD
(1,09 mg/kg), A>-THCA-A (0,49 mg/kg) oraz CBG (0,35 mg/kg). Natomiast nie odnotowano
obecnosci (SLOQ) CBC, CBL, CBN, A>-THCV, CBDVA, A°>-THCVA oraz CBCA. Zawarto$¢
oznaczonego A%-THC wynosita 0,11 mg/kg i nie przekroczyla dozwolonej zawartosci tego
zwigzku w nasionach konopi, ktéra wynosi 3 mg/kg wedtug Rozporzadzenia Komisji (UE)
2023/915 z dnia 25 kwietnia 2023 r. w sprawie najwyzszych dopuszczalnych pozioméw
niektoérych zanieczyszczen w zywnos$ci. Uzyskane wyniki sugeruja, ze w komercyjnych
oczyszczonych nasionach konopi zawarto$é psychoaktywnego AS-THC jest na niskim
poziomie, a dominuja CBDA oraz jego neutralna forma CBD. W badaniach przeprowadzonych
przez Jang i wsp. [2020] stezenie A°-THC miescito si¢ w zakresie 0,06-5,91 mg/kg, CBD od
0,32 do 25,55 mg/kg. W kolejnej pracy wykonanej przez Christinat i wsp. [2020] analizowano
m.in. probki trzech nasion konopi. Zawartos¢ CBD miescita si¢ w zakresie 0,49-1,06 mg/kg,
CBDA 1,22-6,36 mg/kg, a AS-THC 0,15-0,21 mg/kg. Opracowana metoda oznaczania
kannabinoidow w nasionach gwarantuje wysoka wydajnos¢ ekstrakcji oraz precyzje.

A uzyskane wyniki analizy sg zblizone do wynikoéw uzyskanych przez innych naukowcow
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Abstract: Scientific demonstrations of the beneficial effects of non-psychoactive cannabinoids on
the human body have increased the interest in foods containing hemp components. This review
systematizes the latest discoveries relating to the characteristics of cannabinoids from Cannabis
sativa L. var. sativa, it also presents a characterization of the mentioned plant. In this review, we
present data on the opportunities and limitations of cannabinoids in food production. This article
systematizes the data on the legal aspects, mainly the limits of A9-THC in food, the most popular
analytical techniques (LC-MS and GC-MS) applied to assay cannabinoids in finished products, and
the available data on the stability of cannabinoids during heating, storage, and access to light and
oxygen. This may constitute a major challenge to their common use in food processing, as well as
the potential formation of undesirable degradation products. Hemp-containing foods have great
potential to become commercially popular among functional foods, provided that our understanding
of cannabinoid stability in different food matrices and cannabinoid interactions with particular
food ingredients are expanded. There remains a need for more data on the effects of technological
processes and storage on cannabinoid degradation.

Keywords: bioactive compound; cannabis; cannabidiol; tetrahydrocannabinol; food safety; food
analysis; cannabinoids; hemp food

1. Introduction

Cannabis sativa L. is one of the oldest cultivated plants on the planet. Initially, it was
used by humans as a source of roughage in animal fodder and as a textile fiber; over time,
it was used as a source of food and medicine [1,2]. The plant contains bioactive compounds
called cannabinoids [3]. The medicinal use of hemp in Europe dates to the 13th century,
however their anticonvulsant, analgesic, and antiemetic properties were not confirmed
until the 19th century [3,4]. In Europe, at the end of the 1950s, Russia and Italy were the
leading countries in land area used for the cultivation of hemp, as well as in the quality of
the products obtained [5,6]. However, after it was observed that hemp’s A9-THC induces
psychotropic effects, the awareness of its adverse effects on the human body increased, and
because of this, numerous countries ceased to grow the plant and use its seeds and flowers
in food production. After many years, hemp has gained popularity owing to its low soil
and hydrological requirements; it can be grown on almost every soil, regardless of climatic
conditions and without special fertilizers. Thanks to these advantages, hemp is becoming a
symbol of sustainable farming. Non-narcotic hemp varieties have also been found to have
positive effects in the treatment of many diseases [3,6].

Canada is one of the first countries to allow industrial hemp cultivation and remains
a major distributor in its production and export, including in food [6,7]. The European
Union is the second largest producer of Cannabis sativa L. in the world, with centers in
France, the Netherlands, Lithuania, and Romania [7,8]. For centuries, C. sativa L. has
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been used as an invaluable source of plant fiber. In the last decade, there has been a
growing interest in hemp seeds, which contain compounds that have beneficial effects
on the human body and considerable nutritional value [6]. Considering the significant
interest of scientists in the potential health benefits of cannabinoids from Cannabis sativa L.
var. sativa in food production, we aim to summarize the latest knowledge in terms of the
characteristics of the plant, cannabinoids, and assess the potential of cannabinoids for use
in food. Documentation was performed via the Scopus, ScienceDirect, and Google Scholar
databases, mostly selecting publications after the year 2010.

2. Cannabis sativa L. var. sativa—Classification and Characteristics

Cannabis sativa L. belongs to the order Urticales and the family Cannabaceae. It is an
annual plant that grows in the Northern Hemisphere in moderate climates [9]. The exact
areas in which hemp originally grew are not known because the plant has spread all over
the world and has been evolving for centuries [1-9]. There are reports of the cultivation
and use of Cannabis sativa L. in the Neolithic period. The first documented evidence of the
pharmaceutical use of the plant was found in cave artefacts dating to ca. 700 BCE. More
detailed analyses suggest that Cannabis sativa L. may have originated in Central Asia, and
then spread to Mediterranean countries, Eastern and Central European countries, and, in
particular, to Afghanistan and Pakistan. There are reports of two other centers of species
diversity of Cannabis sativa L., these being Hindustani and European-Siberian [8,10].

Hemp is characterized by a small number of broadly spaced branches and long,
palmately compound leaves. On one branch, 3-13 leaves are present [9]. Hemp is mostly
diclinous. Female plants are frost-resistant and grown in greenhouses or in countries
without low temperatures where they can survive for several years. It is important to
say that the monoecious hemp, thanks to its better usability, has largely replaced the
dioecious hemp in Europe. Cannabis sativa L. reaches a height of 1-5 m, depending on the
environment. Usually, its vegetative period lasts for 3-4 months [1,9,11-14].

Hemp's considerable genetic variability makes its taxonomic classification more diffi-
cult. Studies comparing the content of chemical compounds between groups of cultivated
and wild plants have led to contradictory interpretations and multiple hemp classifications.
At present, 750 natural compounds have been identified in hemp that represent different
chemical classes, indicating a very complex phytochemistry [2,13]. Its primary metabolites
include amino acids, fatty acids, and steroids. Its secondary metabolites include phy-
tocannabinoids, flavonoids, terpenoids, lignans, and alkaloids [15]. Phytocannabinoids
are the best-studied hemp compounds. The discovery and understanding of the biosyn-
thetic pathway of phytocannabinoids are crucial to show that the concentration of each
compound present in the plant is determined genetically because different genotypes are
characterized by different cannabinoid profiles [6].

The number of species in the genus Cannabis has been disputed by taxonomists for a
long time. There is no clearly defined nomenclature in literature for Cannabis. The simplest
division of the plants in the genus is into three separate species: Cannabis sativa (fiber hemp),
Cannabis indica (Indian hemp), and Cannabis ruderalis (considered to be a wild form) [1,9].
An alternative classification distinguishes Cannabis chemotypes based on cannabinoid
content. Chemotype I is medicinal and contains large amounts of psychoactive A9-THC
(A9-tetrahydrocannabinol). Chemotype II has intermediate properties between medicinal
and fiber hemps. Chemotypes III and IV are fibrous and contain large amounts of non-
psychoactive cannabinoids, with relatively low amounts of psychoactive compounds. The
last group (chemotype V) is fibrous and contains no cannabinoids [1]. Farinon et al. [6]
categorized only three chemotypes based on A9-THC and cannabidiol (CBD) content.
These are chemotype I, with a low ratio of CBD to A9-THC (more than 0.2% A9-THC
content in plant dry matter during the flowering period, grown for recreational /narcotic
purposes); chemotype II, with the two main cannabinoids, CBD and A9-THC, at similar
concentrations, but usually with slightly higher CBD content (for medicinal purposes); and
chemotype III, characterized by a high CBD content, with A9-THC content not exceeding
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0.2% of plant dry matter (used for industrial purposes and in food). Currently, all the
varieties are treated as one diverse species, Cannabis sativa L., with varieties being C. sativa
L. var. sativa, C. sativa L. var. indica, and C. sativa L. var. ruderalis [16]. This classification
has also been used in the work of.

C. sativa L. produces a small fruit referred to as achenes in botany, but commonly re-
ferred to as “seeds”. The pericarp is a protective layer for the grain contained in it. The fruit
consists of an embryo and mainly two seed leaves that are rich in oils, carbohydrates, and
proteins [17]. C. sativa L. var. sativa seeds are characterized by a high fiber (27-36 g/100 g),
fat (25-35 g/100 g), protein (21-28 g/100 g), and carbohydrate (20-30 g/100 g) content.
The chemical composition of seeds also includes fatty acid esters, amides, amines, phytos-
terols, terpenes, phenolic compounds, and cannabinoids [1,2,6,17,18]. They further contain
phosphorus, potassium, magnesium, sulphur, calcium, iron, and zinc, as well as vitamins
A, C, and E [2,6]. The unique nutritional value of hemp seeds stems from their high content
of essential unsaturated fatty acids (approximately 80% of total fatty acid content) [17].
The ratio of omega-6 to omega-3 fatty acids in hemp seed oil is usually 2:1 or 3:1, which
is considered optimal for human health [19]. Linoleic acid accounts for more than half of
the total fatty acid content (LA, 18:2, n-6). The remaining fatty acids include linolenic acid
(ALA, 18:3, n-3), oleic acid (OA, 18:1, n-9), palmitic acid (PA, 16:0), and y-linolenic acid
(GLA, 18:3, n-6) [18]. It should be remembered that maintaining the appropriate ratio of
omega-6 to omega-3 acids depends on a used method of oil extraction (cold pressing is
recommended), the origin of the variety, and the type of seeds [20]. Hemp seed-derived
proteins include albumin, globular protein, and estidine, the consumption of which has
a beneficial effect on regulating human metabolism. Estidine is the most abundant com-
ponent, accounting for approximately 82% of total protein in hemp seeds [6]. Estidine
has a high biological value because its structure is similar to that of globulins present
in blood serum, which means that these compounds can be used for the biosynthesis of
immunoglobulins, hormones, and enzymes [21]. This protein contains all the essential
amino acids [22]. The amino acid profile of hemp seed protein is comparable to that of
chicken eggs, but also to that of soybeans, which feature high concentrations of arginine,
glycine, and histidine [22,23]. Callaway [23] confirmed these nutritional properties of hemp
seeds by finding considerable amounts of protein and essential unsaturated fatty acids.
Despite the positive effect of hemp seed-derived protein, attention needs to be given to the
antinutritional compounds present in hemp seeds. These contain phytic acid and trypsin
inhibitors, which can negatively affect human digestive function [22].

The characteristic scent and flavor of hemp are attributed to terpenes. Both mono- and
sesquiterpenes have been isolated from hemp roots and aerial parts. At least 200 different
terpenes of the 20,000 known in nature have been found. In most hemp varieties, the most
common is monoterpene myrcene as well as sesquiterpenes such as 3-caryophyllene and
a-humulene. Among the remaining terpenes found in Cannabis sativa L. var. sativa are
a-pinene, limonene, linalool, bisabolol, and (E)-B-farnesene [24,25]. According to some
studies, hemp terpenes have antidepressant, anti-inflammatory, and anxiolytic effects.
They participate in photosynthesis and have a protective role in plants [2]. André et al. [11]
demonstrated that, as the flowers develop, their content of sesquiterpenes decreases, while
their content of monoterpenes increases. At the end of the flowering period, monoterpenes
account for more than 50% of terpenes in flowers. It is difficult to study the precise content
of terpenes in plants because, depending on geographic location, terpene profiles can
differ within the same variety [1,8,11,25]. Ingallina et al. [26] showed that each of the
analyzed species is characterized by a specific terpenoid profile in the inflorescences. The
caryophyllene E, caryophyllene oxide, and humulene were always present, and the content
of the compounds was variable depending on the variety and the growth period.

Fibrous hemp inflorescences, as a by-product in the textile industry, are a source of
polyphenol compounds with demonstrated health-promoting properties [25]. Flavonoids
constitute the largest class of polyphenols and have been divided into six main sub-
classes: flavones, flavonols, flavanones, flavanols, isoflavones, and anthocyanidins [2,25].
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Flavonoids make up about 10% of the total compounds present in hemp. The group of
flavonoids isolated from flowers, leaves, and pollen includes the O-glycoside aglycone
derivatives apigenin, luteolin, orientin, kaempferol, and quercetin, but also cannflavins
A and B, which are methylated isoprenoid flavones unique to hemp [2,15]. In tests con-
ducted by André et al. [11], the flavonoid content in hemp inflorescences was determined
depending on flowering time. It was observed that the content of phenolic compounds
decreased as the flowers developed, with the highest content reported in flowers collected
in the early flowering phase. Ingallina et al. [26] also demonstrated a decrease in the
content of flavonoids during inflorescence maturation. Spano et al. [27] showed an increase
in the content of polyphenic compounds in the first and second phase of inflorescence
maturation. The decrease in the content of this group of compounds took place at the end
of maturation. In particular, phenolic acids and flavonoids were present among the high
concentration of polyphenolic compounds in the inflorescences. Despite the differences
in the concentration of flavonoids depending on the variety, it was found that the female
inflorescences mainly contained flavone derivatives (apigenin and luteolin). Male inflores-
cences contain fewer flavonoids than female inflorescences but are characterized by the
presence of two unique flavonol compounds, quercetin-O-sophoroside and kaempferol-
O-phosphoroside. Flavonoids can constitute approximately 2.5% of the dry matter of
hemp leaves and inflorescences, while in the roots and seeds they are present in negligible
amounts [25]. Stilbenoids are another group of phenolic compounds that demonstrate a
protective and insect-repelling role in hemp. These compounds are present in the leaves,
stems, and cannabis resin. Other secondary metabolites of Cannabis sativa L. var. sativa are
alkaloids that show a wide range of bioactivities. They act as end products of metabolism
and as animal repellents. Multiple alkaloids have been isolated from leaves, stems, and
seeds, these being choline, nurine, muscarine, and hordenine [2,15,28,29].

Cannabis sativa L. var. indica is used for marijuana, hash, and hash oil; these are narcotic
preparations because they contain high amounts of psychoactive A9-THC [30]. Cannabis
sativa L. var. indica is particularly common in Southeast and Central Asia. It can be found
in European countries and rarely found in South America, Australia, and Africa [1,9]

According to an EIHA report [8], over the years 2010-2013, the production of the seeds
for food purposes in the US increased by 92%. In 2013, the production of flowers and leaves
used in medicine, dietary supplements, and oils increased by 3000% compared to 2010. In
2019, the size of the global cannabis market was valued at USD 123.9 billion. The market is
expected to grow at an annual growth rate of 14.3% from 2020 to 2027. The liberalization of
hemp cultivation (mainly of varieties with low THC content), the potential use of hemp
plants in the treatment of chronic diseases, and the use of hemp as a food ingredient are
major factors contributing to the growth of the hemp cultivation market [8,30].

3. Hemp Cannabinoids

Cannabinoids (phytocannabinoids) are one of the most important hemp bioactive
compounds [1]. They are meroterpenoids with resorcinol cores containing an isoprenyl,
alkyl, or aralkyl side chain in the para position. An alkyl side chain is usually composed of
an uneven number of carbon atoms. Orcinoids contain one carbon atom, three varinoids,
and five carbon atoms. Cannabinoids containing an even number of carbon atoms in the
side chain occur very rarely in plants. Cannabis sativa L. usually produces alkyl cannabi-
noids that are characterized by a monoterpene-isoprenyl (C10) moiety and a pentyl (C5)
side chain [13,31]. The ring structure originates from geranyl pyrophosphate [16]. A typical
cannabinoid structure is shown in Figure 1.
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CH3
R = COOH (CBDA-cannabidiolic acid)
OH R = H (CBD-cannabidiol)
.."’/,’ R
hy,
H,C :
HO
CH, CH,

n-pentyl side chain

Figure 1. Typical cannabinoid structures (e.g., CBD) differ in carboxylic acid, neutral form, and alkyl
side chain [13,16,31].

Phytocannabinoids are synthesized in the glandular trichomes of the plant, primarily
found in female inflorescences. Hemp seeds usually contain very small amounts of cannabi-
noids or none whatsoever. When the glandular trichomes crack, such as due to the impact
of higher temperatures, a viscous coating (resin) forms on the surface of the plant, which
covers all the elements of inflorescence elements, including the seeds. Resin cannabinoids
may be considered as a seed contaminant [17,31]. Based on chromatographic analysis,
cannabinoids are present at much lower concentrations in stems, pollen, and roots [15].
Since the beginning of studies relating to the cannabinoids present in Cannabis sativa L.,
more than 100 cannabinoids have been identified, some of them having a beneficial effect
on the functioning of the human body [3].

Selected cannabinoids isolated from Cannabis sativa L. are presented in Table 1. Cur-
rently, it is believed that cannabinoids are initially synthesized in an acidic form and then,
only as a result of decarboxylation and/or the appropriate enzymes, they are converted
into their neutral forms [31,32].

Table 1. Chosen cannabinoids isolated from Cannabis sativa L. [1,14,30,33-35].

Molecular Molecular Compound
Compound Name Acronym Formula Weight (g/mol) Structural Formula Nature
OH
A
Cannabigerol CBG Cy1H3,05 316.48 neutral
HO
OH
N COOH
Cannabigerolic acid CBGA Cy»H3,04 360.49 acidic

HO
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Table 1. Cont.
Molecular Molecular Compound
Compound Name Acronym Formula Weight (g/mol) Structural Formula Nature
OH
Cannabidiol CBD Cr1H390; 314.46 neutral
HO
OH
Cannabidiolic acid CBDA CppH3904 35847 COOH acidic
HO
OH
A9- A9-THC Cp1H300 314.46 neutral
Tetrahydrocannabinol 2117502 ' eutra
@]
OH

A9-

Tetrahydrocannabinolic A9-THCA Cy Hzp Oy 358.47 COOH acidic

acid A
O
OH
A8- A8-THC Cy1 H3g O 314.46 tral
Tetrahydrocannabinol 21 7730 &2 ’ neutra

@) “




Molecules 2021, 26, 6723

7 of 36
Table 1. Cont.
Molecular Molecular Compound
Compound Name Acronym Formula Weight (g/mol) Structural Formula Nature
OH
/ /
Cannabichromene CBC Cy1H390, 314.46 neutral
O
OH
. . Pz COOH
Ca““ab;‘;?;(’memc CBCA Coy Hip Oy 358.47 = acidic
0]
OH
Cannabinol CBN Cy1 Hy Oy 310.43 neutral
0]
OH
Cannabinolic acid CBNA Coy Hypg Oy 354.44 COOH acidic
O
OH
Cannabicyclol CBL Cr1H390, 314.46 neutral
0]
OH
COOH
Cannabicyclolic acid CBLA CpoH39O04 358.47 acidic
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Table 1. Cont.
Molecular Molecular Compound
Compound Name Acronym Formula Weight (g/mol) Structural Formula Nature
OH
Cannabivarin CBV Cq9 Hyp Oy 282.38 neutral
0]
OH
Cannabidivarin CBDV C19 Hy Oy 286.41 neutral
X
HO
e OH
Cannabidivarinic CBDVA Coo Hog Oy 330.42 acidic
acid COOH
HO
HO
0]
Cannabielsoin CBE Cy1 H3y O3 330.46 neutral
HO
HO
OH
OH
Cannabitriol CBT Cp1H3904 346.46 = neutral
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Table 1. Cont.

Molecular Molecular Compound
Compound Name Acronym Formula Weight (g/mol) Structural Formula Nature
OH

Cannabinodiol CBDL Cr1Hy605 310.43 neutral

HO

OH
A9-
Tetrahydrocanna- A9-THCV C19H60, 286.41 neutral
bivarin
O

Multiple studies have shown that the first step in cannabinoid biosynthesis is the
formation of olivetolic acid, but its biosynthetic pathway has not yet been fully eluci-
dated [16,32,36]. The biosynthesis of cannabigerolic acid (CBGA) occurs in the presence of
olivetolic acid precursors and geranyl pyrophosphate with the participation of prenylase
geranyl diphosphate:olivetolate geranyltransferase (GOT). This enzyme catalyzes the first
step in the synthesis of cannabinoids. This reaction produces CBGA and cannabigerovanic
acid; these are also precursors for the synthesis of many other cannabinoids that are
produced [3,16,17,22,32,37]. Subsequently, after the isoprenylation step, oxidative cy-
clase becomes active, which generates further reactions through specific enzymes. CBGA
transformations catalyzed by tetrahydrocannabinolic acid synthase lead to the forma-
tion of tetrahydrocannabinolic acid (A9-THCA). However, as a result of the activity of
cannabidiol acid synthase, CBGA transformation leads to the formation of cannabidiolic
acid (CBDA), while the conversion of CBGA catalyzed by cannabichromenic acid synthase
allows for the formation of cannabichromenic acid (CBCA). Then, as a result of the decar-
boxylation of these compounds, many products can be formed: A9-tetrahydrocannabinol
(A9-THC), cannabidiol (CBD), and cannabichromen (CBC). The same reaction pathway is
observed in the biosynthesis of the remaining cannabinoid acids from cannabigerovarinic
acid [6,17,22,32,38]. The biosynthesis pathways of selected cannabinoids are illustrated in
Figure 2.
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Figure 2. Biosynthesis pathways of selected cannabinoids [13,17,33,39].

The best-known cannabinoids that occur in Cannabis sativa L. are A9-THC and CBD.
The global interest in CBD is growing due to its demonstrated analgesic, anti-inflammatory,
and anxiolytic properties [1,39-41]. The chemical structure of CBD was determined by
Mechoulam and Shvo in 1963 [42], with A9-THC being an isomer of this compound. The
properties of selected neutral cannabinoids are listed in Table 2.
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Table 2. Properties of selected neutral cannabinoids.

Cannabis sativa L.
Variety in Which the

Use (Medicine,

Compound Name Potential Health Psychoactive Effects Compound Is Dieta Effects on the References
(Acronym) Benefits on the Human Body Present at Relatively s Endocannabinoid System
High Supplements, Food)
Concentrations
Low affinity to the CB1
3 . . . . .. and CB2 receptors, and
= Cannabigerol (CBG) Antineoplastic None demonstrated All varieties Food, medicine o L. [16,27,32,43,44]
g shows an ability to inhibit
,'.t.: anandamide uptake
g Cannabichromen (CBC) Antidepressant None demonstrated All varieties Medicine - [27,32]
o . . . .
'E anti?r?fla;;gr?riz’tor All varieties, but Dietary supplements szaiisatrg?f gr];llst;ljlc(tilgg
E Cannabidiol (CBD) . . Y None demonstrated mainly in Cannabis y supp ! 8 .. [31,44-48]
s anxiolytic, and sativa L. var. satioa food receptors, and eliminates
i antineoplastic ’ ’ the effects of A9-THC
a A9- Treatment of obesit All varieties, but Partial agonist of the CB2
g Tetrahydrocannabivarin and epileps Y None demonstrated mainly in Cannabis Medicine receptors and antagonist of [49,50]
z (A9-THCV), prepsy sativa L. var. sativa the CB1 receptors
A9- Improves sleep and All varieties, but Binds and activates the
Tetrahydrocannabinol stimulates appetite in Demonstrated mainly in Cannabis Medicine CB1 receptors [31,51-53]
3 (A9-THCQC) cancer patients sativa L. var. indica p
.g Anti-glaucoma, and
S g ..
g A8 . supports the Demonstrated, but Al.l Var.1et1es, but‘ . Binds and activates the
e Tetrahydrocannabinol treatment of weaker than A9-THC mainly in Cannabis Medicine CB1 receptors [54,55]
51 (A8-THC) damaged epithelium sativa L. var. indica p
_E of the cornea
§ Binds cannabinoid
g . .
S Demonstrated, but receg ftf?;?’,[ sl;s:\ﬁ:%zglzgher
&= Cannabinol (CBN) 10x weaker than All varieties - 4 [25,44]

A9-THC

receptors and weak
agonism to the
CB1 receptors
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The strongest psychoactive cannabinoid, A9-THC, belongs to a group of compounds
that are subject to very strict international control. This was the first phytocannabinoid
isolated from Cannabis sativa L. [54,56,57] and is a degradation product of A9-THCA [58].
It occurs in the highest concentrations in Cannabis sativa L. var. indica and interacts with
the signaling system of the endocannabinoid cell in the human body. It plays a regulatory
role in key functions including memory, homeostasis, appetite, and reproduction [2]. The
A9-THC binds and activates the CB1 receptors of the endocannabinoid system, which are
mainly present in the central nervous system as well as in the digestive tract, liver, fatty
tissue, kidneys, muscles, and heart. Activation of these receptors inhibits the release of
hormones (prolactin, estradiol, and progesterone) and neurotransmitters (acetylcholine,
dopamine, and serotonin). The endocannabinoid system also includes CB2 receptors that
are present on the surface of immune cells. Their activation stimulates the release of anti-
inflammatory cytokines [51,52]. The most common route of administration of A9-THC
to humans is the oral route, from there it is easily distributed into vascularized tissues
such as the liver and lungs [1,25,39-41]. As a drug, A9-THC is used to induce appetite and
for its antiemetic properties for people undergoing chemotherapy, but it is also used to
improve sleep [31,53]. A8- Tetrahydrocannabinol (A8-THC) is an isomer of A9-THC, which
differs by the location of the double bond. This compound also demonstrates psychoactive
properties but is much more chemically stable than A9-THC [44].

Phytocannabinoids with confirmed psychoactive properties include A8-THC, which
shows a slightly weaker effect on cannabinoid receptors. Its anti-glaucoma properties
have also been confirmed, which is due to the compound’s ability to affect the intraocular
pressure in humans [31,59]. Moreover, cannabinol (CBN), which remains a poorly studied
compound, shows tenfold weaker psychoactive properties than A9-THC [25]. This product
of A9-THCA degradation is produced when the acid is heated. Its acidic form is present
in the entire Cannabis sativa L. plant. CBN binds cannabinoid receptors, showing higher
affinity for CB2 receptors, and it is a weak agonist for CB1 receptors [44].

CBD is one of the best-studied cannabinoids present in Cannabis sativa L. This com-
pound does not have narcotic effects; therefore, it is highly likely that it can be used
therapeutically [25,31]. From in vitro studies, CBD is characterized by a weak antagonism
for CB1 and CB2 receptors [44,46]. Afrin et al. [47] and Kis et al. [48] confirmed in their
studies the benefits of CBD use in patients with lung cancer, breast cancer, and leukaemia.
CBD is also noted for its anticonvulsant, anxiolytic, and anti-rheumatoid arthritis proper-
ties. To reduce the psychotic symptoms induced by A9-THC, CBD can be used to eliminate
the negative effects of A9-THC on hippocampus-dependent memory [31,44].

In addition to CBD, confirmed non-psychoactive properties have been attributed to
cannabigerol (CBG), one of the major cannabinoids produced by Cannabis sativa L., which
is present in much lower amounts than A9-THC and CBD. It was the first compound
to be purified from Cannabis sativa L. resin. The structural property of this compound
is the presence of a linear isoprenyl residue. Hemp varieties with significantly higher
CBG content are referred to as type IV cannabis (containing significant amounts of non-
psychoactive cannabinoids). Due to the lack of narcotic effects, CBG is gaining popularity,
with varieties being developed that produce larger amounts of CBG and CBGA [16,25,32].
The acidic form of CBG and CBGA is a precursor for the biosynthesis of other important
cannabinoids. CBG has a low affinity for CB1 and CB2 cannabinoid receptors; however, it
inhibits the functioning of the endocannabinoid system [43,44,57].

CBC is another compound that does not have psychoactive effects in humans. It occurs
in dried hemp material in considerable amounts because its synthesis relies on the decar-
boxylation of CBCA induced by heating. Although it is present in all Cannabis varieties, its
properties have not been fully elucidated. The isoprene residue of the compound is oxida-
tively bound to the resorcinol ring. In many varieties of Cannabis, the presence of CBC is
associated with the presence of A9-THC. CBC is only one of the major cannabinoids, which
is characterized by blue fluorescence under UV light [25,32]. A9-Tetrahydrocannabivarin
(A9-THCV) is a homologue of A9-THC, whose side chains contribute to effects other than
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A9-THC, which makes it a phytocannabinoid with non-psychoactive properties. Consider-
ably higher amounts of A9-THCYV are present in fibrous hemp than in Cannabis sativa L. var.
indica. A9-THCV is a partial agonist of the CB2 receptor, whose activity has been measured
both in vitro and in vivo [25,44,58].

Although more than 100 phytocannabinoids present in hemp have already been
discovered, most of them have not been fully characterized yet [35]. We know very little
about cannabidivarin (CBDV), cannabivarin, cannabielsoin, cannabicyclol, cannabitriol,
and cannabitriol. CBDV is a CBD derivative that differs from cannabidiol only in that it has
a shorter side chain. It has a very weak affinity for CB1 and CB2 receptors. The psychoactive
properties of this compound have not yet been confirmed [25,44,60]. Cannabivarin, also
known as cannabivarol, is a CBN analogue with a shorter side chain. It is present in small
amounts in Cannabis sativa L. and is rarely found in fresh plants but mainly present in
dried hemp. This compound can be obtained as a result of A-THCV oxidation [25,44].
CBD can be produced by the photooxidation of CBDA and CBD [32,44]. Cannabitriol is
produced by heating CBC; its biosynthesis begins when the oxidation of A9-THC begins.
The affinity of these compounds for the CB1 and CB2 cannabinoid receptors has not yet
been described [44].

In 2019 [61], new phytocannabinoids—cannabiphorol and A9-tetrahydrocannabiphor-
ol—were isolated from hemp. These compounds have seven carbon alkyl chains. They are
the first phytocannabinoids that contain more than five carbon atoms in the chain, which
is unlike most of the cannabinoid compounds isolated from Cannabis sativa L. Based on
in vitro studies, the capacity of tetrahydrocannabiphorol to bind to the CB1 receptor is
30 times higher than that of A9-THC [61].

Although cannabinoids have gained popularity for their beneficial effects in humans,
which have been confirmed in many cases, reports on their antimicrobial properties should
also be noted but are still rare and often overlooked. Appendino et al. [62] examined
the antimicrobial properties of the major cannabinoids CBD, CBC, CBG, A9-THC, and
CBN, showing that each had activity against methicillin-resistant Staphylococcus aureus.
Ali et al. [63] confirmed that hemp extracts have antimicrobial effects. Extracts containing
mainly A9-THC and CBD are active against Gram-positive bacteria (Bacillus subtilis and
Staphylococcus aureus), while the remaining cannabinoids show bactericidal effects on Gram-
negative bacteria (Escherichia coli and Pseudomonas aeruginosa). For fungi, hemp water
and acetone extracts were compared. The acetone extract showed higher antimicrobial
activity against the bacteria Pseudomonas aeruginosa and Vibrio cholerae, as well as against
the fungi Cryptococcus neoformans and Candida albicans. This could indicate that acetone
extracts contain more extracted cannabinoids than water extracts [64]. As confirmed by
Ali et al. [63], numerous fungi can metabolise cannabinoids without adversely affecting
Aspergillus niger. Iseppi et al. [65] concluded that hemp essential oils show promise of
being antibacterial against Gram-positive bacteria; unfortunately, they were ineffective
against Gram-negative bacteria. The oils with a mixture of bioactive substances, including
cannabinoids, showed a stronger antibacterial effect, which was probably due to the
synergistic interactions between the compounds present in the oils. They found that
hemp essential oils inhibited bacterial proliferation, which can ultimately improve the
microbiological quality of finished products containing hemp extracts, oils, or components.
A study by Frassinetti et al. [66] showed that Cannabis sativa L. seed extract had selective
inhibitory activity against pathogenic strains. It also inhibited the production of biofilms
by Staphylococcus aureus. The study did not specify which compounds (e.g., cannabinoids)
present in the extracts were responsible for such effects on bacteria. The use of seed extracts
or other components of Cannabis sativa L. may be an alternative to other methods used to
control microbial growth in finished products available on the food market.

The constantly increasing interest in hemp and its compounds has led to a growing
concern about the safety of dietary supplements, dried hemp, and food containing cannabi-
noids. Over the past decade, many studies on the properties of cannabinoids have opened
up new possibilities for the use of cannabinoids other than A9-THC and CBD in addressing
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multiple human health problems. Despite this, many properties of cannabinoids present at
lower concentrations than the main cannabinoids have yet to be discovered; the acquisition
of this knowledge will allow for the wider use of such an abundant group of compounds
in medicine and functional food production.

Cannabinoids may be introduced into the human body through both the respiratory
and digestive tracts. For this article, their bioavailability and effects on the human body
after ingestion will be reviewed. Despite the constantly growing interest of consumers
in cannabinoids, there is still a lack of knowledge about their metabolic and homeostatic
effects.

The most popular cannabinoid consumer products are dietary supplements, food
and beverages containing hemp extracts or Cannabis sativa L. plant components [67]. The
consumption of CBD and A9-THC causes their bioavailability to decrease (< 20%) because
they are degraded in the acidic environment of the stomach and also in the intestines by
enzymes [68,69]. The oral administration of cannabinoids leads to an intensive increase in
the hepatic metabolism of these compounds. The maximum plasma concentrations of A9-
THC and CBD after the consumption of hemp products are reached much later (1-2 h after
consumption) than after smoking marijuana [70,71]. The application of hemp products to
the oral mucous membrane allows for higher plasma concentrations to be achieved faster
than ingestion [71]. In medicine, ingestion is the most frequent route of administration
for medicinal therapies [70]. It has been demonstrated that A9-THC passes through the
placenta and can reach the fetus, but concentrations in fetal blood are usually lower than
in maternal blood [72]. It was demonstrated that the ingestion of two A9-THC doses
(0.75 and 1.5 mg) per day was safe and well-tolerated by elderly patients suffering from
dementia. A9-THC was quickly assimilated in the body of these persons, with maximum
plasma concentrations of this compound (0.41 and 1 pg/L at 1 and 2 h following ingestion,
respectively) reached rapidly [73]. Cannabinoids are metabolized in the liver, and they
take several days to be removed from the body. The half-life of A9-THC and CBD after
ingestion is very difficult to quantify because it is influenced by the balance between the
plasma and the fatty tissue [70,71]. Ingested A9-THC is 80-90% excreted in the form of
carboxy and hydroxy derivatives, while CBD, which is not metabolized, is excreted in the
feces [67,69,70].

According to the available literature, there is no evidence to confirm that the excessive
use of cannabinoids (mainly A9-THC) may lead to overdose or death, but there are reports
of children falling into comas after consuming these compounds [69,74]. For many years, it
has been commonly believed that the overuse of Cannabis sativa L. leads to addiction. It is
presently believed that the most frequent disorders resulting from long-term Cannabis use
are increased blood pressure, bronchitis, and reduced lung capacity in persons who smoke
it. Certain cannabinoids can also affect fertility and the immune system, as well as cause
mood problems and anxiety [69].

There are still many unknowns related to the action and/or interactions of most
cannabinoids in the human body. It is extremely important to understand the pathways of
cannabinoid transformation and degradation after consuming products containing these
compounds for their toxicity in order to ensure food safety. Further studies are needed to
gain insight into the benefits of using such products and their long-term adverse health
effects in humans, which are still unclear, especially for cannabinoids that occur in lower
amounts than CBD and A9-THC.

4. Cannabis sativa L. in Food Production—Opportunities and Limitations

In recent years, there has been an increasing consumer interest in hemp seeds and
the products that contain them. The growing popularity of such products translates into
an ever-growing product range. Presently, the most popular food products are produced
from seeds, hemp flour, and hemp oil. [39,44,75]. Products containing cannabinoids are
made by adding cannabis flour derived from the seeds as well as cannabinoid oils and /or
extracts. The proportion of a given addition affects the final content of these compounds
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in the finished product, but the content mainly of THC must not exceed permissible
limits [44,76-79].

The concentration of cannabinoids in the oils depends on the variety and the seed
cleaning process. Cannabinoids are considered by some to be an impurity in pressed hemp
oils [17]. The use of hemp in food processing is extremely difficult due to the differences in
the cannabinoid content in plants. A study by Hazekamp and Fischedick [9] showed that
nominal cannabinoid concentrations in plants of the same type but in varied geographical
locations differed by more than 25%. To mitigate such differences, we can implement strict
control over the varieties and their growing methods to ensure greater homogeneity or mix
the extracts to ensure the desired homogeneity [9,77-79].

Regulations regarding the permitted content of cannabinoids in food products vary
around the world. Legal restrictions usually only apply to A9-THC and do not include
A9-THCA, which converts into A9-THC after thermal treatment. Although legal limits
differ from country to country, the ranges are usually expressed in mg/kg (ppm) of the
final product [39]. Examples of legal limits applicable to selected countries are presented in
Table 3.

Table 3. Limitation of A9-THC content in food (ppm).

0il from Total
Seeds Content in References
Seeds
Food
Germany
total content of A9-THC and 5 - 0.02-10 [79,80]
A9-THCA
Italy
total content of A9-THC and 5 2 2 [81]
A9-THCA
Switzerland
A9-THC 20 10 - [82]
Australia, New Zealand
total content of A9-THC and 10 5 <5 [83]
A9-THCA
Croatia
A9-THC ) ) 2-20 [84]
Denmark
A9-THC 10 5 0.5 [85]

In Europe, Cannabis sativa L. varieties can be used in food production wherein the total
content of A9-THC and A9-THCA in blossoming or fruiting plant tips from which the resin
has not been removed does not exceed 0.2% of dry matter. [86]. Only seeds from hemp can
be used for food purposes. Other hemp parts and their extracts are classified as “novel
foods” in accordance with the Regulation of the European Parliament and the Council (EU)
2015/2283 of 25 November 2015. This regulation defines the term as food that had not
been traditionally consumed within the EU before 15 May 1997 [87]. This group includes
foods with new or modified molecular structures; foods derived from products produced
by microorganisms, fungi, or seaweed; and whole plants or substances extracted from
them. Cannabis sativa L. var. sativa seed extracts and their derivative products containing
cannabinoids are considered “novel foods” because no history of their consumption has
been demonstrated. However, using plant parts other than seeds can be dangerous because
the cannabinoid content in different parts of the plant will vary depending on the variety
or the growing conditions; this might constitute a threat to human health.

The European Food Safety Authority [88] has established the acute human reference
dose (ARfD) for A9-THC as 1 ug A9-THC/kg. According to the recommendations of the
European Commission, there is a need to monitor food made from hemp or containing
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hemp components in terms of their content of A§-THC, CBN, CBD, and A9-THCV [89].
Despite the established acceptable limits for A9-THC in many products containing cannabi-
noids, considerable breaches have occurred [90]. Products containing CBD are not explicitly
regulated by the EU because CBD is not classified as a controlled substance. Therefore,
consumers have no legal guarantee of the quality of a given product [45]. According to
studies by Bonn-Miller et al. [91], as much as 69% of the 84 products from different vendors
from the US containing CBD were characterized by erroneous labelling, while in 42%
of the products, the concentration of this compound did not match the one declared by
the manufacturer. In Germany, 67 products containing CBD were analyzed. In 25% of
these, the A9-THC content exceeded the ARfD [92]. Producers should ensure that products
containing cannabinoids are correctly labelled. Research is also necessary to show the
changes in these compounds during storage in order to ensure that the consumer is able to
consume the product with the declared amount of cannabinoids throughout its shelf-life.
Another challenge is that many countries have their own limits for the content of these
substances in finished products. The lack of uniformity prevents the distribution of these
products beyond the borders of the country in which they were produced [93].

Hemp extracts are characterized by a resinous, oily texture and their solubility in
organic solvents, fats, and alcohols. The appropriate selection of the form (oil, extract)
in which the cannabinoids are to be added to the finished product is important so that
they have adequate solubility and do not affect the formulation of the finished product.
Extracts containing A9-THC and/or CBD usually dissolve in edible oils (e.g., coconut or
olive). However, further use of these extracts in processing requires the preparation of an
oil and water mixture. Therefore, liquid formulations in which the oil phase is dispersed
in the aqueous phase ensure good solubility in water and reduce the susceptibility of the
cannabinoids contained in them during oxidation [94-96]. Oil-water emulsions containing
cannabinoids are used in the production of tinctures, soft capsules, and beverages. This
type of emulsion requires surfactants (emulsifiers) such as polysaccharides, proteins, and
phospholipids. The choice of emulsifier depends on the emulsion type, oil molecular
composition, and ionic strength of the aqueous extract. Solid hemp products are difficult to
produce due to the oily and resinous character of hemp extracts. To solve this problem,
support substances are used to form a lipid matrix for the controlled release of cannabinoids
and to prevent the degradation of these compounds. Phospholipids are the most effective
emulsifiers for cannabinoid-containing emulsions (mainly A9-THC and CBD) [96-99]. The
lipidic properties of cannabinoids are also the reason why these compounds are highly
susceptible to oxidation, which compromises their storage stability. Another problem for
producers is to ensure homogeneity of concentration in each portion of the product. The
control of water activity in the product, as well as the adjustment of proper packaging (ap-
propriate portions, inaccessibility to oxygen and light) are the measures that will improve
the quality and durability of such products. It is also necessary to develop standardized
methods for the quantification of compounds and the full characterization of cannabinoids
to assess bioactivity and bioavailability. In order to determine the bioavailability of cannabi-
noids from food, further research needs to be conducted on the food matrices used and
the oils used as carriers [100]. Examples of opportunities and limitations that may have an
impact on the use of cannabinoids in food production are presented in Figure 3.
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Figure 3. Major opportunities and limitations that may have an impact on the potential use of cannabinoids in food

production [94-100].

Knowledge of the changes that occur during hemp oil storage under different con-
ditions is extremely important when considering their potential use in food processing.
As confirmed by Rupasinghe et al. [101], hemp seed oil is highly susceptible to rancidity
caused by heat and long-term storage. Hemp seed oil contains acidic cannabinoids, espe-
cially cannabidiolic acid, which are present at the highest concentrations in oil. The ratio of
CBDA to CBD present in hemp oil is a good indicator of correct oil storage conditions and
production processes as well as the freshness of a particular product. Long storage times
and incorrect storage conditions may lead to the degradation of CBDA to CBD [102,103].

Processing raw materials with increased temperatures, such as by drying, heating,
and combustion, changes the content of cannabinoids. As a result of these processes,
non-psychoactive carboxylic acids are transformed into neutral cannabinoids by decar-
boxylation [103-105]. A9-THC, derived from A9-THCA as a result of decarboxylation, is
transformed into CBN under the influence of light and oxygen during further oxidation
processes [96]. No enzymes participate in the decarboxylation of cannabinoid acids, which
only occurs under the influence of temperature; the higher the temperature, the faster the
process [17]. Methods of analysis of compounds present in a product may cause structural
changes in cannabinoids, but the optimum times and temperatures for decarboxylation
have not yet been determined.

In food processing, hemp seeds are mainly pressed to obtain oil and used for the
production of hemp flour. They are also ground to serve as a source of plant-based protein
and dietary fiber. Originally, the ground seeds and flour were added to energy bars,
flavored yoghurt, and baked foods [101,106,107]. Steinbach [108] developed a production
process for pralines and chocolates containing hemp seeds. In 2009, Shim [109] used
hemp seed oil and hemp seeds to produce bread and confectionery products. Guang and
Wenwei [110] developed a patent for hemp flour in the production of functional foods
because its consumption increased the level of high-density lipoproteins and balanced the
levels of other glycerides. Berghofer et al. [111] obtained hemp seed milk, which did not
change color or become bitter after pasteurization. According to Bisterfeld von Merr [112],
adding hemp juice to alcoholic beverages may benefit digestion. The health effects of
consuming products containing hemp oil and seeds have not yet been fully established.
The benefits reported so far include reductions in total cholesterol and blood pressure
in those who consume these products [20]. A very important aspect concerning the use
of cannabinoids is to enable the easiest possible application of these compounds to food.
Considering the differences in content and quality of individual cannabinoids in plants
from different geographical areas, it is necessary to apply alternative methods for synthesis
and isolation of these compounds. One of these methods is the use of synthetic biology for
the synthesis of cannabinoids in heterologous hosts. Due to the increasing susceptibility
of plants to climate change and disease, plants may synthesize fewer cannabinoids than
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originally. Chemical synthesis is required to ensure the availability of these compounds.
The biosynthesis of cannabinoids by modified and carefully selected microbial strains may
provide an alternative to traditional methods of cannabinoid extraction. The biosynthesis
of major cannabinoids requires the discovery and characterization of all key enzymes
involved in the synthesis of these compounds. Synthetic biology may enable the extraction
of more compounds presents in Cannabis sativa L. at low concentrations [113].

Nowadays, more and more consumers are interested in foods, that contain cannabi-
noids. As a result, producers are competing with each other to use cannabinoids in the
widest possible range of products. Many aspects influence the possibilities and limitations
for the use of cannabinoids in food production in the future. It is important to understand
the effects of cannabinoids on the human body and its tissues. It is also necessary to de-
termine the long-term exposure to these compounds during the consumption of cannabis
foods and the possible side effects of this. Monitoring the amount and periodicity of
consumption and the quality of hemp products will allow us to determine the exposure to
cannabinoids. Social anxiety, prejudice, and insufficient knowledge are also barriers to the
development of this type of food. It is also necessary to regulate the permissible limits of
not only THC but other cannabinoids in products. Given the number of positive reports on
cannabinoids and their effects on the human body, the concerns about adding them to food
are unfounded. It is important to precisely characterize the properties of each cannabinoid,
as the properties known so far suggest that these compounds could replace many common
drugs in the future.

5. Analytical Techniques for Food Cannabinoids

From the perspective of food safety, the analysis of cannabinoids in food products
made from hemp is extremely important. The aim of such analysis is to minimize the risk
resulting from the presence of psychoactive substances that have an adverse effect on the
human body. The choice of the technique for determining the presence of cannabinoids
depends on the nature of certain compounds as well as the levels of these analytes in the
tested material [39].

Gas chromatography coupled with mass spectrometry (GC-MS) identifies only neutral
cannabinoids with low molecular weights. This leads to the decarboxylation of the acidic
cannabinoids and the transformation into their neutral forms under the influence of high
temperatures in a chromatography column furnace [96,114]. Derivatization is used to
prevent the decarboxylation of cannabinoids. This consists of transforming molecules into
a more stable and volatile compound [14,115]. Despite the required additional stage of
sample preparation, GC-MS is often used because of its simplicity, speed, and high sensi-
tivity for determining total cannabinoid content (neutral and acidic) [34,75,116]. Liquid
chromatography coupled with mass spectrometry (LC-MS) allows for the identification and
determination of both neutral and acidic cannabinoids without decarboxylation and deriva-
tization, which is an advantage over GC-MS [96,117]. The determination of cannabinoids
by high-performance liquid chromatography (HPLC) coupled with UV detection allows
for high detection limits. It further allows for the quantification of the main compounds
present in the matrix at relatively high concentrations. However, it has the disadvantages
of low sensitivity and specificity, which limits the detection of cannabinoids present at low
concentrations that are too high [118]. An ultraviolet (UV) detection is most frequently used
for analyzing the high concentrations of cannabinoids present in plant materials [119,120].
The use of HPLC coupled to a flame ionization detector (FID) is limited as acidic cannabi-
noids (i.e., CBDA and A9-THCA) cannot be determined by this method [121]. However,
mass spectrometry, particularly tandem mass spectrometry (MS/MS), is considerably more
sensitive than UV detection or FID [39,102,121].

Marchetti et al. [122] used the method 13C-gNMR Spectroscopy to determine the non-
psychoactive cannabinoids in fiber-type Cannabis sativa L. (hemp). This method provided
reliable results compared to a more consolidated HPLC technique. 13C-qNMR Spectroscopy
offered sufficiently precise and sensitive results, with LOQ values lower than 750 pug/ mL.
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This technique is suitable and advantageous for the analysis of non-psychoactive cannabi-
noids in hemp extracts. Moreover, it is a good alternative to the chromatographic methods
and could be applied in both the plant material and its derivatives.

In 1975, Smith was one of the first to use HPLC-UV to analyze the cannabinoids present
in Cannabis sativa L. His analyzes led to the identification of eight major cannabinoids
(CBD, CBDA, CBN, A9-THC, CBC, cannabinolic acid, A9-THCA, and CBCA) [123]. In
their research on the cannabinoids present in plant material, De Backer et al. [120] used
HPLC with a diode array detector (DAD). This allowed for assays of the content of certain
cannabinoids in plant samples, which made it possible to specify the level of psychoactive
effect of a given plant and also to identify multiple types of fibrous hemp. Currently,
most cannabinoid determination methods specifically relate to A9-THC, A9-THCA, CBD,
CBDA, and CBN. This is related to the EU’s recommendation to regulate the content of
certain cannabinoids in food [89]. The most common method of food analysis is liquid
chromatography coupled with mass spectrometry because it enables assays for the content
of acidic cannabinoids, which may be converted into their psychoactive neutral forms, such
as through thermal processing [118].

In the literature, there is little information on the cannabinoid content of the cannabis
contained in foods and beverages. Most authors concentrate on analyzing hemp itself:
its inflorescences, leaves, seeds, and extracts, as well as hemp oils. RP-HPLC-UV was
used for the quantitative and qualitative determination of the cannabinoids present in
the two inflorescence samples of the same hemp variety, Cannabis sativa L. var. sativa.
The largest differences in the content of cannabinoids were observed for CBDA (sample
1-0.88 g/100 g of inflorescence; sample 2-0.93 g/100 g of inflorescence). The contents
of A-9-THC and A-8-THC were below 0.1 g/100 g of inflorescence. A9-THCV was not
present in any sample. CBGA, which is a precursor for the synthesis of other cannabinoids,
has been detected at very low concentrations. The remaining analyzed cannabinoids had
similar or the same concentrations in the two samples [124]. Similar studies were carried
out by Zampachova et al. [125] who analyzed the content of cannabinoids in Cannabis
sativa L. var. sativa inflorescences using nano-LC-UV. As expected, the highest levels were
reported for CBDA (23.8-40.9 mg/g) and CBD (5.9-32.5 mg/g). The presence of CBGA
(37.5and 31.8 mg/g) and CBG (10.9 and 2.3 mg/g) was quantified in two analyzed samples.
None of the analyzed fibrous hemp samples had a A9-THC content exceeding 0.2% of the
dry plant mass. The authors concluded that their method was faster and more selective
than other methods, such as HPLC and UHPLC. Other authors reported no differences
in cannabinoid content between the upper and lower parts of the inflorescence. Both
A9-THC and CBD were present at the highest concentrations in bracts compared to the
whole inflorescences. The authors also emphasized that the differences in the chemical
composition between plants of the same variety depend on the growth cycle, harvest
period, and the storage of harvested materials [126]. Cardenia et al. [127] developed a
rapid GC/MS method for the quantification of cannabinoids present in Cannabis sativa L.
inflorescences. The compounds with the highest concentrations were CBDA (5.2 g/100 g
of inflorescence) and CBD (1.56 g/100 g of inflorescence). CBGA and CBC occurred in
amounts lower than 1 g/100 g of inflorescence. The remaining cannabinoids were either
not detected or detected at very low concentrations. Jang et al. [128] analyzed commercially
available hemp seeds and hemp seed oil for A9-THC, CBD, and CBN content. In hemp
seeds, the concentration of A9-THC ranged from 0.06 to 5.91 mg/kg of seeds, the CBD
concentration was within 0.32-25.55 mg/kg, while CBN ranged from 0.01 to 1.5 mg/kg.
In commercially available hemp oils, the determined A9-THC content ranged from 0.3 to
19.73 mg/L, CBD from 6.66 to 63.40 mg/L, and CBN from 0.11 to 2.31 mg/L. The low CBN
concentration in all the analyzed samples indicates the freshness of the seeds and oil as
well as the storage conditions.

To ensure the safety of food and finished food products containing cannabinoids, it is
necessary to quantify the cannabinoids both as a raw material and as the finished product.
A comparison of the methods used for these analyses is shown in Table 4.
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Table 4. Comparison of analytical methods for cannabinoids in food and beverages.

Matrix Analytical Technique Sample Pfeparatu.)r.l M.e thod Cannabinoids Determined LOQ/LOD References
(Extraction, Purification)
. HPLC-UV Extraction CBDA, A9-THCA, CBD,
Hemp oil HPLC-MS/MS with 2-propanol A9-THC, CBG, CBN, CBDV 1 mg/kg/0.2mg/kg [102]
Extracti CBDV, CBDA, CBGA, CBG,
Hemp oil HPLC-HRMS . thxzfac on | CBD, CBN, A9-THC, - [129]
With £propano A8-THC, CBC, A9-THCA
Hemp oil GC-MS Extraction with diethyl ether CBD, CBN, A9-THC 0.03-0.1 mg/kg/- [130]
. HPLC-Q-Exactive-Orbitrap- CBD, A9-THC, CBN, CBG,
Hemp oil MS ” CBDA, A9-THCA, CBGA - (431
Extraction with
Beer, liqueur, seeds, oil hemp GC-MS hexane/isopropanol mixture CBD, CBN, A9-THC 0.001-0.002/0.0003-0.0006 mg/kg [131]
9:1)
Hemp oil and commercially . . o o CBD, CBDA, A9-THC,
available consumer products HPLC-DAD tf:;reicc?on X:ll?; % r/s tohr 12&{;)( A9-THCA, CBN, A8-THC, 10 mg/kg/- [132]
(dietary supplements, food, € ol depe i eg © € CBG, CBGA, CBDV, (for all products)
candies, beverages) yp A9-THCV, CBC
Hemp oil and commercially . . CBD, CBDA, A9-THC,
available consumer products Extraction with 95% or 100%
(among others: dietary GC-MS ethanol depending on the matrix A9-THCA, CBN, A8-THC, -/1mg/kg [75]
’ . CBG, CBGA, CBDV, THCV, (for all products)
supplements, food, candies, type CBC
beverages)
Hemp oils : . 1 CBG 1.8 mg/kg/0.5 mg/kg
Hemp-based extract HPLC-UV/DAD Extraction with isopropanol CBD 23 mg/ke/0.7 mg/kg [133]
Hemp seeds, hemp protein 0.15mg/kg/-
Hemp oil CBD, CBDA, A9-THC, 0.6 mg/kg/-
. Extraction with acetonitrile, A9-THCA, CBN, CBC, CBCA,
Raw and powdered milk LC-MS/MS QuEChERS CBDV, CBDVA, CBG, CBGA, 0.005 mg/kg/- [39]
Tea, coffee, chocolate THCV, THCVA, A8-THC 0.15 mg/kg/-
0.006 mg/kg/-

Mayonnaise
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Table 4. Cont.

Sample Preparation Method

Matrix Analytical Technique (Extraction, Purification) Cannabinoids Determined LOQ/LOD References
Extraction with
Food products methanol:chloroform mixture A9-THC, THCA, A8 -THC, 0.02 mg/kg/0.006 mg/kg 105
LC-MS/MS (9:1, v/0) CBN, CBD, CBDA, CBG, [105]
BGA THCV
Beverages Extraction with methanol CBG ¢ 0.002 mg/kg/0.6 mg/kg
Milk 0.00413-0.00873
mg/kg/0.00444-0.00893 mg/kg
LC-MS/MS Extraction with methanol, SPE A9-THC, A9-THC-OH, 0.00310—0.00678 [134]
H d A9-THCA : -
emp seeds
mg/kg/0.00352-0.00722 mg/kg
. Filter only, SPE, dispersive-SPE,
Chocolate, energy bars, oils QUECHERS, EMR-lipid
Candies and jellies LC-MS/MS A9-THC, CBD 0.00003 mg/kg/0.00001 mg/kg [135]
Filter only, SPE, dispersive-SPE,
Powdered hemp protein, snacks, QuEChERS
and cereals
Fermented mead with the . .
addition of extracts from HPLC-FID Extraction with hexane/ethyl CBD, CBN -/0.01 mg/L [136]
. acetate mixture (9:1 v/v)
inflorescences, leaves, and stems
Tinctures and oils CBDA. CBD. AS-THCA
. Extraction with 95% or 100% ’ i ’ 1-10 me /ke/4-40me /k
Food products (honey, candies, HPLC-DAD ethanol depending on the A9-THC, A8 -THC, CBN, 8/ X8 &/ X8 [122]

jellies, cookies)

Beverages

matrix type

CBC, CBG, CBGA, CBDV,
A9-THCV

(depending on the matrix)
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Lachenmeier et al. [92] used LC-MS/MS to determine the content of A9-THC in 67 food
samples. As much as 25% contained A9-THC at concentrations exceeding the lowest ob-
served level of adverse effect, which was 2.5 mg A9-THC/day, while 43% were classified
as unsuitable for consumption because they exceeded the ARfD of 1 ug A9-THC/kg [85].
Christinat et al. [39] used LC-MS/MS to analyze the presence of 15 cannabinoids in hemp
oil and seed samples, as well as in tea, coffee, chocolate, mayonnaise samples, and one
milk sample collected from cows fed with hemp. The study demonstrated that products
belonging to the same category may have very different cannabinoid profiles and levels,
although components from a Cannabis plant were added to each product, accounting for
10% of the entire product composition. The CBD content in cow’s milk was 0.0095 mg/kg,
and the compound was never determined in this matrix. In mayonnaise, none of the
cannabinoids were measured above the limit of quantification. Teas, coffees, and chocolates
containing hemp leaves or flowers were characterized by a higher content of cannabi-
noids than products containing hemp seeds. This is not surprising because leaves and
inflorescences contain much more cannabinoids than hemp seeds. Brighenti et al. [133]
developed a method for quantifying the non-psychoactive cannabinoids (CBDA, CBGA,
CBG, and CBD) in Cannabis sativa L. inflorescences and hemp oils, as well as in ethanolic
hemp-based extracts and hemp balms, using HPLC-UV/DAD (diode array detector). The
CBDA and CBD content of hemp inflorescences ranged from 0.1 to 46.8 mg/g and from 0.1
to0 23.9 mg/g of dry matter, respectively. CBGA is a precursor for the synthesis of other com-
pounds; therefore, its content in inflorescences amounted to <9.5 mg/g dry matter, while
CBG was <6.5 mg/g dry matter. In the hemp oils, the highest concentration (78.6 mg/mL)
was reported for CBD. The remaining cannabinoids were not detected in the oils, or they
were present in small amounts. Only CBD (193.7 mg/g) was present in the ethanolic hemp
extract. With hemp balm, the content of CBDA amounted to 44.7-80.4 mg/g of the product,
CBD amounted to 7.6-13.8 mg/g, while CBGA and CBG were present in considerably
lower concentrations, 2.0-3.9 mg/g and 0.4 mg/g, respectively. One of the hemp balms did
not contain CBGs. Ciolino et al. [132], by using HPLC-DAD, also quantified 11 cannabi-
noids in 60 food products, mainly dietary supplements and beverages. This method can
be used to quantify these compounds in multiple food products (e.g., candies, beverages,
oils, and dietary supplements) as well as in extracts and plant formulations. In commercial
buds, the dominant cannabinoid was A9-THCA (138-241 mg/g). Among all the dietary
supplement samples analyzed by the authors, the most abundant cannabinoid was CBD
(144-350 mg/g). However, the precursor of CBD (CBDA) was not detected or was present
in small amounts, which may indicate that the production process involved a thermal
processing that led to the decarboxylation of CBDA. In other studies by the same authors,
GC-MS was used to quantify 11 cannabinoids present in the extract samples from different
parts of the plant as well as in food (candies, beverages, dietary supplements, and hemp
oils). In extracts of fresh hemp inflorescences, the content of A9-THC was 10% lower than
the content of A9-THCA. A considerably higher A9-THC content was observed in hemp oils.
The dominant cannabinoids in hemp seed oils were CBDA and CBD, while A9-THC and
A9-THCA were present in small amounts. CBN was not detected in the oil samples. The
CBD content in dietary supplements was 145 mg/g. Dietary supplements also contained
small amounts of other cannabinoids (CBDV, A9-THC, CBC, CBG, CBDA, and CBN), up to
5 mg/g of the product. Detecting cannabinoids that are present in lower concentrations
than CBD can provide valuable information on the quality of the added hemp extracts
(degree of enrichment with a certain ingredient and degree of decarboxylation of acidic
cannabinoids). After analyzing the ethanol extracts up to 3 days after their preparation, it
was found that all the cannabinoids were stable [75]. Pisciottano et al. [105] developed a
method for the determination of A9-THC, A9-THCA-A, A8-THC, CBN, CBD, CBDA, CBG,
CBGA, and A9-THCV in food, beverages, and animal fodder. Their analysis included 100
samples of products from the Italian market, including 78 food products and 16 bever-
ages. CBD and CBDA were the most frequently identified cannabinoids (78% and 84%,
respectively). Samples of hemp seed flour and the flour mixture had high concentrations
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of CBD, ranging from 1.48 to 14.7 mg/kg. A high concentration of A9-THC and A9-THCA
aggregates was determined in hemp seeds and flour (2.0 mg/kg), oil (5.0 mg/kg), and
dietary supplements (2.0 mg/kg). The acidic form of CBDA was found more frequently
in beverages. A significant amount of A9-THCV and CBN (> 1 mg/kg) was found in
honey samples with added CBD and a herbal mixture containing hemp. In their studies,
Citti et al. [102] demonstrated that hemp oils are characterized by a total A9-THC content
ranging from 5 to 10 mg/kg. This value is higher than the legal limits in many countries
only if the aggregate content of A-THCA and A9-THC are taken into account. If only
neutral A9-THC is analyzed, then its content in the samples generally does not exceed
2 mg/kg. Escriva et al. [134] analyzed the occurrence of A9-THC in milk and infant for-
mula as well as in hemp seeds. In three out of five samples of infant formula, the A9-THC
content ranged from 4.76 to 56.11 ng/g. In the samples of hemp seeds that were used as
an ingredient of cow fodder, 0.82 mg A9-THC/kg of seeds was determined. No A9-THC
was detected in the milk samples. Lee et al. [135] used LC-MS/MS to quantify CBD and
A9-THC content in products containing cannabinoids divided into three groups: group 1
(high fat)—chocolate, energy bars, and oils; group 2 (high sugar)—candies and jellies; and
group 3 (other products)—powdered hemp protein, snacks, and cereals. The QuUEChERS
(Quick, Easy, Cheap, Effective, Rugged, and Safe) method was used to clean the samples,
which is often used for extracting samples to the solid phase or to clean them to eliminate
matrix contamination (e.g., sugars, organic acids, lipids, and fatty acids). Of the 30 food
samples containing cannabinoids, CBD was detected in 15 samples in amounts ranging
from 70 to 31.31 mg/kg. The A9-THC content in 12 food products was 0.08-98.62 mg/kg.
Both chocolate and hemp oil samples featured the highest CBD and A9-THC content among
the analyzed products. In their research, Fernandez et al. [130] compared the contents of
CBD, CBN, and A9-THC in hemp oils with a declared CBD content of 20 mg/mL (two
samples) and in oils without any of the above, defined cannabinoids (eight samples), using
GC-MS. In both oils, the CBD concentrations (22 mg/mL) were consistent with those
declared by the manufacturer. The A9-THC and CBN concentrations in these oils were
very low (1 mg/mL). The results for the remaining oils differed significantly from each
other. Only three oil samples from this group contained CBD, with concentrations ranging
from 0.3 to 1.5 mg/mL. A considerably higher discrepancy was observed for A9-THC
(0-29 mg/mL) and CBN (0-3.4 mg/mL). Such a high A9-THC content can, with excessive
consumption of a given oil, induce narcotic effects (especially in children) [137]. Pellegrini
et al. [131] used GC-MS to quantify CBD, A9-THC, and CBN in selected food samples
containing cannabinoids. The highest A9-THC content was observed in scented grass
(350 ng/g) and hemp seeds (328 ng/g). CBD was not detected in the seeds, whereas a high
concentration was detected in the liqueur. Beer and liqueur did not contain CBN, while
scented grass had the highest concentration (160 ng/g). Romano et al. [136] conducted two
independent experiments involving mead fermentation with the addition of each plant
component separately (inflorescences, leaves, and stems) as well as with the addition of
their blends in different proportions of individual plant components at 0.25 and 0.50%
(w/v). The meads were fermented for five weeks at 25 °C. After fermentation, HPLC-FID
analysis was conducted to quantify CBD and CBN in the finished products. CBD was
detected at 0.26 mg/L and 0.49 mg/L. This compound naturally occurs in the greatest
amount in inflorescences. No CBN was detected; this is mainly produced by A9-THC
degradation, while the plant material used in the experiments contained less than 0.2%
of A9-THC in dry matter. Dubrow et al. [122] analyzed the content of selected cannabi-
noids using HPLC-DAD in random products from the US market. The authors analyzed
147 products that were divided into the following groups: tinctures and oils, powders and
capsules, food products (honey, candies, and cookies), jellies, beverages, and products
for animals. CBD accounted for >98% of the cannabinoid profile in 46 samples, which
suggests that the products were made using CBD isolates or highly purified extracts, such
as jellies (14.05 mg/g). The highest A9-THC concentration among the analyzed samples
was reported for the tinctures and oils group (3.34 mg/g); in most samples, A9-THCA
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was not detected or it did not exceed 0.1 mg/g of the product. CBN was present in the
tinctures and oils group (1.42 mg/g). Pavlovic et al. [45] assessed the quality of 14 oils
containing CBD, commercially available in European countries. Nine of the samples had
CBD concentrations higher than their declared content. The CBD content in the oil samples
fell within 1875 to 48,879 mg/kg, indicating an enormous variability and suggesting that
stricter regulations relating to CBD content in food products need to be implemented. The
authors also quantified A9-THC and CBN. The A9-THC content exceeded 0.2% in only
one of the analyzed samples, although the manufacturer declared that the product did not
contain A9-THC. Most samples also contained CBN, a product of A9-THC oxidation. The
detection of this compound in hemp oil suggests that it was produced through an improper
process or extraction processes, or that the finished product was improperly stored.

The analysis of the cannabinoids present in food entails challenges related to the
matrices in which these compounds are present, as well as the correct choice of how samples
must be prepared for the chosen technique. As cannabinoid content differs by 25% within
a single cannabis strain, the use of these plants in food production necessarily generates
differences in the cannabinoid profile in finished products [9]. There is a clear need to
develop effective and efficient cannabinoid assays. GC-MS is the most frequently used
technique to determine cannabinoids; however, the quantitative determination of these
compounds requires an additional derivatization process to prevent the decarboxylation of
acidic cannabinoids [14,34,138]. HPLC-DAD and HPLC-UV constitute good alternatives to
GC, but the specificity and sensitivity of these techniques are much lower than those of GC.
Researchers often analyze cannabinoids using LC-MS/MS, which can be used to determine
both acidic and neutral compounds without affecting their structure and degradation
degree [78,138].

6. Cannabinoid Stability

Current data relating to the stability of individual cannabinoids are limited. Most
authors have concentrated on two main compounds, A9-THC and CBD. There is still a
lack of knowledge on the products formed by the thermal degradation of cannabinoids;
these require characterization and toxicological assessments. To ensure the safety of
cannabinoid-containing products, the cultivation conditions of the plants from which the
extracts are obtained should be standardized in the region and the stability of the extract
during storage should be checked [92]. As confirmed by Lindholst [139], from a chemical
point of view, using ethanol or methanol as solvents for cannabinoids improves their
stability, while the opposite effect is achieved with chloroform. Extracts derived from seeds,
resin, or inflorescences containing cannabinoids can be temporarily stored in chloroform.
Understanding how cannabinoids change during thermal treatment or storage under
improper conditions is extremely important because cannabinoid degradation products
can potentially demonstrate health benefits or have an adverse effect on human health. In
the future, adding these compounds to food will mean fulfilling all labeling requirements
for cannabinoid-containing products [140].

6.1. Cannabinoid Stability with Respect to Temperature, Time, and Light

The first reports relating to the effect of temperature and light on cannabinoid stability
were presented by Fairbarin et al. in 1976 [141]. These studies involved the storage of
dried hemp leaves and dried hemp inflorescences ground together at 5 °C without light
and at 20 °C with and without light for 98 weeks. The analyses also included samples
of powdered cannabis resin stored in packaging at 20 °C with and without light. During
storage at 5 °C in the dark, the A9-THC content in the samples of ground leaves and
inflorescences decreased by 10%. Storing the leaf and inflorescence samples at 20 °C in
the dark caused the A9-THC content to decrease by 25%, while for the samples stored
in light, the content dropped by 63%. Powdered cannabis resin was collected from the
surface, from a layer 2 mm below the surface, and from the middle of the package in which
the resin was stored. The A9-THC content on the powder surface decreased from 11.6 to
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5.2%. However, in samples collected 2 mm below the surface and from the middle, the
content decreased to 11.4% [141]. Grafstrom et al. [142] emphasized the role of oxygen in
the cannabinoid degradation in resin. They observed that the resin samples stored with
access to air exhibited much faster degradation of A9-THC and CBD, both in the presence
and absence of light. They found that CBD was more stable than A9-THC regardless of the
storage conditions (light and temperature). Trofin et al. [143] showed that both temperature
and light affect the stability of cannabinoids (A9-THC, CBN, and CBD) extracted from
resin samples using methanol:chloroform (9:1, v/v) extraction. In the first year of storage at
22 °C with light (variant 1), the degradation of A9-THC was 1.02 times higher than that of
samples stored in the dark under refrigerated conditions (4 °C) (variant 2). CBN formation
in the same samples stored according to variant 1 was 1.10 times faster than that of samples
stored according to variant 2. An opposite relationship was observed for CBD content.
With variant 1 storage, the CBD concentration of this compound was reduced by 0.62 times
compared to the samples stored in the dark at 4 °C. Lindholst [139] assessed the stability of
four cannabinoids (CBN, CBG, CBD, and A9-THC) during the storage of resin and resin
extracts (20-22 °C with and without light and —20 °C without light). Cannabinoids were
also extracted using methanol:chloroform at a ratio of 9:1 (v/v). The initial cannabinoid
concentrations in the resin were 0.4, 0.4, 3.5, and 11.7%. During the storage of resin samples
and resin extracts for 4 years, the total A9-THC concentration decreased in samples exposed
to light (up to 1-2%). In resin samples stored in the dark for the first 240 days, there was
an increase in the A9-THC concentration, which, in subsequent years of storage, was only
slightly lower than the initial concentration. The extract samples were characterized by
higher A9-THC degradation than observed in the resin samples stored in daylight. In all
the resin samples, CBD and CBG remained stable for the entire period of storage in the
dark at —20 °C. An increase in CBN along with a decrease in total A9-THC was observed
during storage at 20 °C, but no direct correlation was observed between CBN synthesis
and A9-THC degradation. Lindholst [139] also carried out studies related to the storage of
hemp resin extracts. The half-life of acidic A9-THC in the resin extracts was 10 times shorter
than that observed in hemp resin samples. This could be due to differences in sample
volumes, which could lead to increased light exposure, contributing to faster degradation.
No significant differences were observed for hemp resin extracts during dark storage. The
changes in A9-THC concentrations may be a consequence of the degradation into other
compounds in addition to CBN.

In another study, Trofin et al. [144] analyzed the effect of storage conditions on the con-
centrations of A9-THC, CBD, and CBN in hemp oil samples. Cannabinoids were extracted
using methanol:chloroform (9:1, v/v). The hemp oil samples were stored for 4 years at 4 °C
with and without light at 22 °C in dark glass bottles. The A9-THC concentration decreased
in all samples during storage. A higher reduction in the A9-THC content was observed
when the samples were stored in light at 22 °C (content reduction of 89.9%) compared
to refrigerated conditions (4 °C) in the dark (content reduction of 83.8%). In addition, an
increase in the CBN concentration was observed regardless of the storage conditions. In
samples stored in light at 22 °C, the concentration increased by 87.2%. Under refrigerated
conditions, the concentration of this compound was reduced by 83.2%.

Citti et al. [102] analyzed the effect of temperature and storage time on the stability
and decarboxylation degree of CBDA in hemp oil. The samples were stored at 5, 20, and
25 °C. The half-life of CBDA in the hemp oil samples stored at 5 °C was approximately
20 months. When the oil was stored at 20 and 25 °C, the half-lives were 49 and 20 days,
respectively. Meija et al. [145] conducted stability testing on seven cannabinoid pairs (CBC,
A9-THC, CBN, CBG, CBD, A9-THCYV, and CBDYV, as well as their acidic forms) in dried
hemp material stored in the dark at temperatures ranging from —20 to 40 °C). The average
monthly degradation of A9-THCA + A9-THC was 2% at 20 °C. It was observed that the
storage of these compounds at 4 °C did not ensure long-term (more than 12 months)
cannabinoid stability. Zamengo et al. [146] defined the average degradation of A9-THC
within 100 days, which amounted to 12% at 22 °C (3—4% per month).



Molecules 2021, 26, 6723

26 of 36

Peschel [147] examined the stability of CBDA, CBD, A9-THC, A9-THCA, CBG, and
CBGA in two hemp variants during the storage of hemp tinctures (20 °C with light and
4 °C without). Storage with exposure to light at 20 °C contributed to the increased decar-
boxylation of A9-THCA, CBDA, and CBGA compared to storage in the dark at 4 °C. The
author also showed that neutral cannabinoids degraded slower at 4 °C than at a higher
temperature. The main process that occurs during the long-term storage of hemp tinctures
is the decarboxylation reaction of cannabinoids. After storing the tinctures for 3 months
at 20 °C with exposure to light, both A9-THCA and A9-THC were completely degraded.
During 15 month storage at 4 °C, a decrease in the content of A9-THCA was observed
while a simultaneous increase in the content of A9-THC was observed, but the aggregate
content of these compounds decreased. The aggregate content of CBGA and CBG during
both storage variants did not change significantly.

Pacifici et al. [148] analyzed the stability of cannabinoids present in hemp tea and
hemp oils. During the storage of tea at 20 °C, a significant reduction (<50%) was observed
as compared to the initial A9-THC and CBD concentrations after 3 and 7 days, respectively.
The stability of A9-THCA, CBDA, and CBN was observed up to 14 days. At 4 °C, the
reduction in the content of A9-THC, CBN, CBG, and CBC amounted to 65% after 3 days of
storage. CBDA remained stable for 14 days. For A9-THCA and CBD, their concentrations
decreased by 70 and 40%, respectively, after 7 days of storage. For hemp oils, the highest
drop (28%) in A9-THC content was observed for oil made from inflorescences that had not
been previously heated after 14 days of storage at 20 °C. For all the remaining cannabinoids,
losses from 80 to 85% were reported after 14 days of storage, regardless of the storage
conditions. Under all storage conditions, hemp oil showed the highest stability.

Milay et al. [149] attempted to determine the optimum storage conditions (1 year) for
dried hemp inflorescences and their extracts to maintain cannabinoid content. The samples
were stored in the dark at different temperatures (—80, —30, 4, and 25 °C), whereas for
extracts, the solvents also differed (olive oil, ethanol, or dimethyl sulfoxide). For both
inflorescences and extracts, storage at 25 °C caused the greatest changes in cannabinoid
content, which made such conditions the most unfavorable for storing samples containing
these compounds. The storage of whole inflorescences and extracts at 4 °C is optimal
for maintaining the natural cannabinoid content in the samples. The use of olive oil as a
solvent improves cannabinoid stability. The acidic cannabinoids present in inflorescences
were much less susceptible to decarboxylation than hemp extracts under the same stor-
age conditions, depending on the solvent used. In ground inflorescence samples, the
decarboxylation process was more intense than in the whole inflorescence. McRae and
Melanson [119] stored samples of extracts obtained from dried and ground inflorescences
at —20 °C for 8 weeks, demonstrating that these storage conditions maintain the stability
of the cannabinoids extracts over this period. Despite the use of very low temperatures
and a limited exposure to light, the authors observed slow decarboxylation after 8 weeks.

Mudge et al. [150] assessed the stability of cannabinoid standards dissolved in 80%
methanol and stored at —20, 4, and 22 °C without light access. The standards were prepared
separately and mixed. For separately prepared standards, significant changes in the content
of A9-THCA and CBDA were observed after 30 h at 20 °C, and amounted to 6.3 and 9.6%,
respectively. The standards mixed and stored at —20 °C were degraded after 48 h of
storage and the reduction in the contents of A9-THCA and CBDA content amounted to 8.1
and 10.6%, respectively. Additionally, the research compared the stability of inflorescence
extracts prepared using 80% methanol and a mixture of methanol and chloroform (9:1,
v/v) during storage in the dark at 4 and 22 °C. It was concluded that methanol:chloroform
extracts were stable at 4 °C for 48 h and 22 °C for 36 h. Extracts in 80% methanol were also
stable at 4 °C for 48 h, but increasing the temperature led to reduced cannabinoid stability
after 24 h.

Based on the above results, it can be concluded that the longest stability of cannabi-
noids, both neutral and acidic, requires them to be stored in the dark. The use of refrigerated
temperatures reduces the loss of cannabinoids during storage caused by decarboxylation.
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6.2. Cannabinoid Stability with Heating

The available knowledge regarding the stability of cannabinoids during heating
is insufficient to confirm that products containing cannabinoids are a safe additive or
ingredient. There is a lack of data on the stability of these compounds during processing,
and the degradation products of these compounds are not fully known. One of the studies
carried out by Turek and Florian [151] confirmed that each increase in heating temperature
of hemp oil causes a twofold increase in the cannabinoid degradation rate. Thermal
degradation and oxidation are reactions that lead to undesirable changes in edible oils,
including hemp oil. The knowledge of the effect of both reactions on the quality of hemp
oil is essential to maintain the proper quality of oils used for food production. According
to many studies, hemp oil is considered unstable because it contains large amounts of
unsaturated acids (e.g., a-linoleic acid and y-linolenic acid), which are susceptible to
oxidation during heating and storage [152-154].

Dussy et al. [115] heated pure A9-THCA for 15 min at 160 °C, which resulted in the
complete conversion of A9-THCA to A9-THC, while CBN was additionally formed during
heating at 180 °C. The decarboxylation rate constant determined by Wang et al. (2016) for
A9-THCA was twice as high as those for CBDA. The conditions under which the synthesis
A9-THC reached its maximum efficiency were: 10 min at 145 °C, 15 min at 130 °C, and
20 min at 110 °C. In contrast, the maximum concentration for CBD was achieved after
heated under the following conditions: 10 min at 145 °C, 30 min at 130 °C, and 50 min at
110 °C.

Citti et al. [102] examined the decarboxylation of compounds present in hemp oil
when heated. The experiment was carried out in two variants: open and closed vials with
hemp oil. The first variant involved heating the samples in an oven; after 15 min, one vial
was removed, cooled down to room temperature, diluted, and analyzed using HPLC-UV.
This was repeated at 80, 90, 100, 110, and 120 °C. The second variant involved heating
closed vials containing hemp oil in an oven at 120 °C; after 15 min, one vial was removed,
cooled down to room temperature, diluted, and analyzed using HPLC-UV. The results
obtained for the first variant showed that at temperatures below 100 °C, the aggregate
concentrations of CBD and CBDA were not subject to significant changes (a drop of 1%
and 2%). The decarboxylation of CBDA below 100 °C led to the formation of CBD. Using a
temperature of 100 °C led to a 20% decrease in the aggregate content of these compounds.
Heating at 110 °C and 120 °C caused the aggregate content of these compounds to drop by
30 and 60%, respectively. At 120 °C, CBDA decarboxylation and CBD degradation were
simultaneously observed. It was concluded that the higher the process temperature, the
more the CBD concentration decreased, as was the aggregate content of the two compounds
formed. During the reaction carried out in closed vials at 120 °C, a linear decrease in CBDA
content was observed with the simultaneous formation of CBD, although the loss of its
aggregate concentration was about 11%. These experiments demonstrated that both the
increased temperature and oxygenation during heating affect CBDA decarboxylation, and
the influence of these factors also leads to the degradation of neutral CBD.

Casiraghi et al. [155] analyzed samples of hemp inflorescences subjected to high
temperatures (85-145 °C) before cannabinoid extraction. They concluded that the optimal
temperature was 115 °C. Under such heating conditions, the complete decarboxylation of
A9-THCA to A9-THC occurred within 40 min and did not lead to the formation of CBN.
According to the authors, heating the inflorescences before further extraction makes it
possible to obtain extracts or oils with high concentrations of neutral cannabinoids that
affect the human body, unlike the acidic cannabinoids.

Pacifici et al. [148] analyzed the content of CBDA and A9-THCA in hemp oil obtained
from hemp inflorescences pre-heated in an oven at 145 °C for 30 min. Pre-heating led to the
complete decarboxylation of CBDA and A9-THCA, but no significant increase in A9-THC
concentration was observed in contrast to CBD, which resulted from the degradation of
CBDA.
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Taschwer and Schmid [156] carried out stability tests on A9-THCA and A9-THC
at different temperatures (50, 100, and 150 °C) for samples of dried and ground hemp
inflorescences. The samples (stored at 50 °C) were collected every 2 h for the first 8 h; in
the other temperature variants (100 and 150 °C), the samples were collected every 1 h for
the first 8 h. The final samples were collected 24 h after the start of the storage period. The
contents of individual cannabinoids in the sample were expressed as percentages. A slight
effect of the temperature of 50 °C on the decarboxylation process was observed (A9-THCA
concentration changed from 12.21 to 11.69%). The same conditions for A9-THC led to an
increase in concentration from 1.51 to 2.12%, which was caused by the decarboxylation of
A9-THCA. The conditions of 100 °C and 150 °C caused the complete decarboxylation of
A9-THCA within 2 h and 1 h, respectively. For A9-THC, at 100 °C the maximum possible
compound concentration was achieved, which was 12.28%, but this reduced to 4.79%
after 24 h. However, as a result of heating A9-THC at 150 °C, the maximum possible
concentration of this compound (12.77%) was achieved after only one hour, but after 24 h,
the concentration had dropped to 0.19%. The research showed that the storage of hemp
samples at —25 °C for 4 months did not cause changes in the content of A9-THCA and
A9-THC during and after the storage period.

Peschel [147] studied the influence of pasteurization on the cannabinoid content (total
cannabinoids, the aggregate content of A9-THC, A9-THCA, and CBN) in ethanol-based
tinctures at 70 °C for 2 h and at 80 °C for 20 min. They found that both pasteurization
methods affected the total cannabinoid content or the aggregate content of A9-THC, A9-
THCA, and CBN in tinctures, resulting in a maximum loss of 20%. Pasteurization did not
accelerate the A9-THCA decarboxylation reaction.

Knezevic et al. [157] measured residual cannabinoid (CBDA, CBD, A9-THCA, A9-THC,
and CBN) in teas prepared from fibrous hemp. The samples were prepared at different
temperatures (43, 55, 70, 85, and 97 °C), volumes (59, 100, 150, 200, and 241 mL), and times
(6,10, 15, 20, and 24 min). The initial CBDA content in the plant material was 4073 mg/kg.
The CBDA content decreased from 1524 mg/kg at 43 °C (6 min) to 617 mg/kg at 97 °C
(24 min). The concentration of CBD increased as the brewing temperature increased.
The initial level was 802 mg/kg, while after brewing at 97 °C (24 min) it increased to
1710 mg/kg. The A9-THCA residue concentration in the infusion was only affected by the
water temperature. The lowest A9-THCA (29 mg/kg) content was recorded after brewing
at 43 °C (6 min), with an initial value of 111 mg/kg. The A9-THC was present in the
plant material before brewing at 76 mg/kg. The concentration changed with the brewing
temperature and time. It was concluded that brewing at 97 °C (24 min) ensured the highest
A9-THC (116 mg/kg) content in tea. Brewing the hemp teas at 70 °C (15 min/150 mL)
slightly increased the CBN content to 65 mg/kg compared to the initial value of 52 mg/kg.

Ryu et al. [158] compared the loss of neutral cannabinoids in hemp inflorescences
with the loss of cannabinoids obtained from their extracts when heated at a maximum of
135 °C for 30 min. In all cases, the content of CBD and A9-THC increased, but in the case
of hemp inflorescences, the content of neutral cannabinoids increased with time and did
not decrease after 30 min. In the inflorescence extracts, the increase in the cannabinoid
concentration was much lower than that in the fresh material, while at the end of the
heating process, both CBD and A9-THC decreased.

Despite many studies relating to the stability of cannabinoids in hemp extracts and
plants containing these compounds when processing plant material, there remain many
questions to be resolved, particularly regarding the effect of oxygen when heating certain
cannabinoids. Recent reports on the stability of cannabinoids in food matrices show that the
environment in which we store products containing cannabinoids, the heating temperature,
and matrix affect the stability of cannabinoids in the finished product. One of the recent
studies looks at the stability of these compounds in chocolate. The influence of the matrix
on the stability of the cannabinoid molecule is shown. The degree of matrix (chocolate)
interference depends on two factors: the chemical composition of the chocolate and the
chemical structure of the cannabinoids [159]. Another study determining the stability of
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cannabinoids in brownie found no significant effect of matrix ingredients on the stability of
individual cannabinoids in the final product [160]. There is no definitive information in the
literature regarding the effect of the matrix components of a given product on the stability
of cannabinoids. It is extremely important to conduct such studies in order to determine
the stability of these compounds in various food matrices. The methods of producing and
heating of final products containing dried hemp, hemp seeds, or hemp oil, which contain
cannabinoids, need to be accurately analyzed, as well as their potential degradation or
transformation in the presence of other food ingredients.

7. Conclusions

Cannabis sativa L. is gaining popularity for its biological properties, which are primarily
associated with both psychoactive and non-psychoactive cannabinoids. Hemp seeds and
their oils are also recognized for their high nutritional and health-promoting properties.
Current knowledge on Cannabis sativa L. var. sativa is very broad and allows for its accurate
characterization. The constantly increasing interest in hemp and its compounds has led to
human health safety concerns associated with the use of dietary supplements, dried hemp,
and foods containing cannabinoids. Over the past decade, many studies on the properties
of cannabinoids have opened up new possibilities for using them, other than A9-THC and
CBD, in addressing multiple human health problems. Although our knowledge of the
effects of the main cannabinoids (CBD, A9-THC, and CBG) on the human body is very
broad, there is still insufficient information about the bioactivity of the lower concentrations
of cannabinoids that are formed through the transformations of the main cannabinoids.
Expanding this knowledge will allow for a wider use of this broad group of compounds in
food production, potentially for functional foods. Based on the available knowledge, it is
not possible to choose a clear-cut technique for quantifying cannabinoids in all matrices.
Depending on the product, it is necessary to adjust the methods to the matrix in which the
compounds of interest are present. There are numerous discrepancies in the quantifications
of cannabinoids in inflorescences and hemp oils, likely caused by environmental conditions
and the plant developmental stage. Similar correlations have been observed in studies on
food. Depending on the Cannabis sativa L. var. sativa plant part, hemp oil, or extract, there
are significant differences in final concentrations of cannabinoids in finished food products.
Our current knowledge on cannabinoid stability during heating or storage under different
conditions is not sufficient to determine the level of degradation of these compounds.
There is a lack of information on the effects of food matrix ingredients and the effects
of technological processes (e.g., fermentation) on cannabinoid stability. It is necessary
to develop optimal methods for the processing of foods containing such compounds.
Defining any strategies for handling finished products (storage time and conditions) will
enable the preservation of their bioactive ingredients and thus the preservation of the
benefits of this type of food. Nowadays, the most significant unknown is the cannabinoid
degradation products present in food; therefore, cannabinoid degradation pathways need
to be studied to ensure food safety and maintain the trust of consumers. Expanding our
currently inadequate knowledge on hemp will allow for the safe use of cannabinoids in
food production, including functional food, which is currently attracting much interest
among consumers.
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Abstract: Cannabinoids are an important group of secondary metabolites found in the plant
Cannabis sativa L. The growing interest in the use of hemp in food production (e.g., hemp teas, hemp
cookies) makes it necessary to develop a method for determining these compounds in the plant, both
fresh and dried. The selection of a suitable extraction liquid for the extraction of cannabinoids and the
development of a method for the determination of 17 cannabinoids is a prelude to the development of
an effective method for the extraction of these compounds. In the present study, a novel, simple, and
efficient method was developed and validated for the determination of up to 17 cannabinoids in fresh
plant parts (inflorescences and leaves) of Cannabis sativa L. and in dried material, including hemp
teas. Analyses were performed using ultra-high-performance liquid chromatography-Q-Exactive
Orbitrap mass spectrometry setup operating with a heated electrospray interface (UHPLC-HESI-MS).
Based on the comparison, methanol was selected as the best for the extraction of cannabinoids from
fresh and dried material. The efficiency and validity of the method were assessed using certified
reference material (dried Cannabis) and confirmed by z-score from participation in an international
proficiency test conducted by ASTM International for dried hemp.

Keywords: Cannabis sativa L.; cannabinoids; hemp tea; UHPLC-HESI-MS; validation

1. Introduction

Hemp (Cannabis sativa L.) is a very versatile plant and one of the oldest crops in agricul-
ture. The plant has been used to make paper and textiles, and its seeds are a source of fatty
acids, amino acids, and fiber [1]. Cannabinoids are synthesized in the plant’s glandular
trichomes, which are found in the female inflorescences. They are meroterpenoids with
resorcinol cores containing an isoprenyl, alkyl, or aralkyl side chain in the para position.
More than 120 cannabinoids are known; the best-known are A9—tetrahydrocannabinol
(A%-THC) and cannabidiol (CBD). A’-THC has been classified as a controlled substance
due to its confirmed psychoactive properties. CBD does not exhibit psychoactive prop-
erties; instead, it is believed to have analgesic and anti-inflammatory properties [2]. A
key element in evaluating the safety of hemp products is assessing the presence of trace
amounts of the psychoactive “total A>-THC”. The term “total A°>-THC” refers to the sum
of A%-tetrahydrocannabinol (A’-THC) and A%-tetrahydrocannabinolic acid (A’-THCA-A),
which is readily converted to A’-THC by heat treatment [1]. The limits set by European
Commission (EU) Regulation (EU) 2023/915 are for maximum levels of total A’-THC
in seeds and products derived from them (hemp seed o0il—7.5 mg kg ! and seeds and
products derived from seeds—3 mg kg ') [3]. The European Food Safety Authority (EFSA)
set an acute reference dose (ARfD) of 1 ug kg~! body weight for “total A’-THC” [4]. The
current changing regulations provide many facilitations and opportunities, due to which
the market for hemp products is growing faster and faster.

Molecules 2023, 28, 8008. https:/ /doi.org/10.3390/molecules28248008

https://www.mdpi.com/journal /molecules


https://doi.org/10.3390/molecules28248008
https://doi.org/10.3390/molecules28248008
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0001-9804-5570
https://orcid.org/0000-0002-1855-3610
https://orcid.org/0000-0003-1848-2100
https://doi.org/10.3390/molecules28248008
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules28248008?type=check_update&version=1

Molecules 2023, 28, 8008

20f18

The most important and first step in the determination of cannabinoids is their ex-
traction. In recent years, many papers have been focused on technologies for extracting
bioactive compounds from Cannabis sativa L., including cannabinoids. One of the conven-
tional methods of extracting cannabinoids is liquid-solid extraction, such as maceration
or percolation [5]. However, there is a problem with finding a standard for the method of
extracting cannabinoids from fresh or dried Cannabis sativa L. There is much information
regarding the extraction liquids used during cannabinoid extraction. On the other hand,
there is a lack of appropriate comparison of the extraction liquids used to this day to
identify the most suitable one for extracting cannabinoids from both fresh and dried plant
material. According to several literature reports, the most suitable solvent for cannabinoid
extraction is methanol (MeOH) or a mixture of MeOH and chloroform (CHCl3) in a ratio of
9:1 (v/v). However, chloroform is not recommended as a solvent due to its volatility and
high toxicity [6-8]. According to Chen et al. [9], extraction of cannabinoids with ethanol
(EtOH) is associated with lower extraction recoveries compared to a mixture of MeOH and
CHCI;. The problem is related to the difficulty in separating the extracted components, as
many other substances present in the plant (e.g., fats and waxes) are extracted with EtOH
along with cannabinoids [9]. Compared to traditional solvent extraction, supercritical fluid
extraction, such as carbon dioxide, allows for easier recovery of cannabinoids with low
solvent (CO;) losses. The extract obtained by this method also requires further purification
to remove lipids and waxes [9,10]. Attempts have been made to extract cannabinoids
by other techniques. Baranauskaite et al. [11] compared maceration, ultrasound-assisted
extraction (UAE), and heat reflux extraction (HRE). The authors concluded that UAE is the
optimal extraction technique due to the low time, energy, and cost requirements. According
to Brighenti et al. [12], dynamic maceration with EtOH was a more efficient method for
extracting cannabinoids from Cannabis sativa L. compared to UAE and microwave-assisted
extraction (MAE). The lack of specific regulations regarding the conduct of cannabinoid
extraction and the methods used causes differences in the results obtained from extracting
these compounds from similar matrices [13]. Taking into account the existing differences
in the extraction liquids and methods used, this study undertook the development of
an easy extraction method using different extraction liquids to compare the number of
cannabinoids that can be extracted from plant material.

Gas chromatography coupled with mass spectrometry (GC-MS) is one of the most
widely used techniques in the quantitative analysis of cannabinoids. However, using this
technique, it is only possible to determine the total content of a given cannabinoid, which
is the sum of the acidic and neutral components, because acidic cannabinoids undergo
decarboxylation as a result of elevated temperatures during the separation step on the
column. An additional complication is the need for compound derivatization [14,15]. The
use of liquid chromatography coupled to mass spectrometry (LC-MS) does not require an
initial derivatization process before analysis, and no decarboxylation of acidic compounds
occurs during this process. This technique is a favorable alternative to GC. Using the
LC-MS technique, which exhibits high sensitivity to cannabinoids, it is possible to achieve
lower limits of quantification than with the GC-MS technique [1,2].

The aim of this study was (1) to develop a procedure for the extraction of compounds
depending on the matrices studied, (2) to select appropriate chromatographic separation
parameters for the analytes studied and analysis using an ultra-high-performance liquid
chromatography-Q-Exactive Orbitrap mass spectrometry setup operating with a heated
electrospray interface, (3) to validate the method, (4) to evaluate the suitability of the
technique for assessing the content of cannabinoids in different parts of the Cannabis sativa L.
var. sativa plant, and (5) to evaluate the content of 17 cannabinoids in commercially available
products based on Cannabis sativa L. var. sativa. This is one of the first studies on the analysis
of 17 cannabinoids in plant material.
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2. Results
2.1. Optimization of the Procedure for the Extraction of Cannabinoids from the Tested Matrices
2.1.1. Fresh Parts of Plants

The extraction efficiency of the sum of 17 cannabinoids from inflorescences (small,
medium, and big) and leaves was compared using different extraction solvents (MeOH,
ACN, EtOH, n-hexane, and EtOH:n-hexane mixture (7:3, v/v)). A three-step extraction was
performed using each extraction solvent (5 mL), and the sum of 17 cannabinoids extracted
at each extraction step was compared (Figure 1).
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Figure 1. Comparison of extracted content of cannabinoids using different solvents from different
parts of plant Cannabis sativa L. var. sativa (S—small inflorescences; M—medium inflorescences;
B—big inflorescences) and leaves. a—k—symbol indicates a statistically significant result; n = 3.

The sum of cannabinoids from three extractions with MeOH was taken as the possible
maximum amount to be extracted from fresh material. When n-hexane and a mixture
of EtOH:n-hexane (7:3, v/v) were used, the recoveries obtained were <70% and were
significantly the lowest in terms of the extracted sum of cannabinoids. Based on the
obtained results, these two types of extraction liquids were rejected. The first extraction
of inflorescences resulted in the extraction of an average of 90% (MeOH), 70% (ACN),
and 75% (EtOH) of all analyzed cannabinoids present in the inflorescences. Performing
a second extraction allowed for the extraction of 8% (MeOH), 3% (ACN), and 6% (EtOH)
more cannabinoids. The third extraction step yielded 2% (MeOH), 0.03% (ACN), and 0.06%
(EtOH) cannabinoids. For the leaves, the use of MeOH extracted 92% of the cannabinoids
in the first extraction step, 6% in the second, and 2% in the third step. The use of ACN or
EtOH to extract 17 cannabinoids from the leaves in the first extraction stage allowed an
average of 70 and 79% extraction efficiency, respectively. In the second stage of extraction,
5% of cannabinoids were extracted for two variants of extraction solvents, and in the third
stage, 0.05 and 0.04% were extracted. Based on the results, it was concluded that the most
suitable extraction liquid for the extraction of 17 cannabinoids from both inflorescences
and leaves was MeOH, as the results showed statistically significant differences (p < 0.01)
between the contents of the tested compounds in MeOH, ACN, and EtOH extracts, as
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well as the extraction efficiency of the given solvent (Figure 1). It was also found that
two-stage extraction ensured the extraction of a satisfactory sum of cannabinoids from
inflorescences and leaves. In addition, significant differences were observed in the sums of
the cannabinoids in the different elements of the plant (inflorescences of different sizes and
leaves) (Figure 1). In the case of MeOH extracts, the highest contents of the sum of these
compounds were characterized by extracts of small and medium-sized inflorescences.

2.1.2. Dried Plants

The extraction efficiency of the sum of 17 cannabinoids from the control CRM-dried
material (HEMP-1) was compared using different extraction solvents (MeOH, ACN, EtOH,
n-hexane, and EtOH:n-hexane mixture (7:3, v/v) (Figure 2). During the analyses, AB-THC
was found to be present in the CRM even though there was no specific certified value
for this compound. In the results presented here, this compound was taken into account
when comparing the extraction efficiency of the sum of 17 cannabinoids from the CRM. A
three-step extraction was performed using each extraction solvent (10 mL), and the sum of
17 cannabinoids extracted at each extraction step was compared (Figure 2). In the case of
using n-hexane and a mixture of EtOH:n-hexane (7:3, v/v), the obtained recovery results of
69% and 60%, respectively, were the lowest in terms of the extracted sum of cannabinoids.
Based on the results obtained, these two types of solvents were discarded. Performing
the first stage of extraction allowed the extraction efficiency of 90% (MeOH), 69% (ACN),
and 77% (EtOH) of the sum of 17 cannabinoids present in the CRM. The second extraction
step yielded 8% (MeOH), 6% (ACN), and 5% (EtOH) of the cannabinoids, while the third
extraction step yielded only 2% (MeOH and ACN) and 3% (EtOH).
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Figure 2. Comparison of the extracted sum of 17 cannabinoids using different solvents from CRM
(HEMP-1). a—e—symbol indicates a statistically significant result; n = 3.

The results showed statistically significant differences (p < 0.01) between the contents
of the tested compounds in MeOH, ACN, and EtOH extracts (Figure 2). Based on the
results, it was concluded that MeOH was the most suitable extraction liquid and that the
two-stage extraction provided a satisfactory sum of the extracted cannabinoid content.

2.2. Optimization of the Cannabinoid Analysis Process Using UHPLC-HESI-MS

Several authors have performed chromatographic separation using mass spectrome-
try [12,16,17]. Optimization of the mass spectrometer operation (voltage on the capillary,
gas flow) was realized based on the analysis of variants of the values of these parameters
(unpublished data), and the results of this experiment are presented in Section 4.5. Using
a high-resolution mass spectrometer made it possible to achieve better sensitivity of the
method and obtain very low quantification limits. The sample’s high dilution, described in
Section 4.4, indicates that no secondary fragmentation of compounds is required during
the analysis. Most of the published work has analyzed fewer cannabinoids than in our
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work [12,18]. There are first reports of analysis of 17 cannabinoids or more [16,17]. In the
studies presented here, the separation of analytes was evaluated using variants presented
in the above works. The authors used, among others, water and /or ACN with 0.1% formic
acid as mobile phases [12,16,17]. The analyses conducted by the above authors were oper-
ated in a mobile phase gradient. In our work, analyses were carried out using the isocratic
elution method. Given that several cannabinoids were characterized by the isomerism of
these compounds and, as a result, identical molecular weights, chromatographic separation
of the tested substances was an important issue. Identification of the compounds in the
tested samples was carried out by comparing their retention times and mass spectra with
analytical standards for these compounds. Experimentally, it was shown that the most
effective mobile phase for the separation of analytes mixture of ACN: 0.02% HCOOH,q
and 5 mM HCO,;NHy oq (75:25, v/v), which enabled separation in the shortest possible
time (10 min). This is one of the first methods to allow analysis of cannabinoids in such a
short time. The chromatogram for all 17 cannabinoids analyzed in this study is shown in
Figure 3.
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Figure 3. UHPLC-HESI-MS chromatogram of 17 cannabinoids in a calibration standard concentration
of 10 pug mL~! for each cannabinoid.

The retention time and precursor ions for the compound are shown in Table 1.

Table 1. Retention time and precursor ions for a specific compound in the UHPLC-HESI-MS system.

Compound Retention Time Precursor Ion [m/z]
CBDVA 1.25 329.1737 [M — H]~
CBDV 1.6 287.1992 [M + H]*
CBDA 1.7 359.2043 [M — H]~
CBGA 1.9 359.2208 [M — H]~
CBG 22 317.2471 [M + H]*
CBD 2.4 315.2305 [M + H]*
CBNA 2.6 353.1732 [M — H]~
A’-THCVA 2.65 329.1744 [M — H]~
A°-THCV 2.85 287.1993 [M + H]*
CBN 39 311.2003 [M + H]*
CBCA 4.85 359.2177 [M — H]~
A°-THC 495 315.2314 [M + H]*
A’-THCA-A 5.0 359.2038 [M — H]~
A8-THC 5.15 315.2305 [M + H]*
CBL 6.1 315.2305 [M + H]*
CBLA 6.5 359.2065 [M — H]~

CBC 6.6 315.2305 [M + H]*
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2.3. Method Validation

Due to the lack of cannabinoid-free matrix availability, adding these compounds or
their internal standards directly to the matrix before extraction is not practiced. Internal
standards are most often added to diluted extracts at the final stage of sample prepara-
tion [16]. An important element of method validation in the determination of cannabinoids
in samples is the determination of the matrix effect. The absolute matrix effect was calcu-
lated by comparing the slope of the matched-matrix standard curve with the slope of the
standard calibration curve. The matrix effect values obtained for all matrices (inflorescences,
leaves, and dried ground hemp) ranged from 97 to 106% (Table 2), and it can be concluded
that there is no matrix effect on the final assay result.

To prepare calibration curves of the test substances, solutions of these compounds
were prepared. The linearity of each of the analyzed compounds was evaluated based
on eight-point calibration curves determined by analyzing standard solutions of differ-
ent concentration ranges. These ranges were chosen to consider the different levels of
cannabinoid content in the plant. The concentration-response relationship of the present
method indicated a linear relationship between the concentration and peak area with R?
values of >0.995 for all 17 cannabinoids. The LOD (limit of detection) and LOQ (limit of
quantification) were evaluated by measuring the response at a signal-to-noise ratio (S/N)
of >3 for LOD and >10 for LOQ, respectively, in all types of samples spiked with the
standard solution. The determined LOD and LOQ values (Table 2) were at an appropriate
level, which enabled the identification and quantification of compounds with low con-
centrations in inflorescences, leaves, and dried hemp material. The LOQ tended to be
much lower than the range of the calibration curves since the analyzed compounds did
not occur at such low levels; nevertheless, the low LOQ values allow for future analysis
of these compounds at much lower levels. The range of calibration curves, coefficients of
determination, and LOD and LOQ for each substance are shown in Table 2. According
to the AOAC [19], the concentration of added analyte should be no less than the initial
concentration, and the fortified test sample’s response must not exceed the calibration
curve’s highest point [19]. The general assumptions of AOAC [19] and ICH [20] for the
validation of analytical methods are that the recovery values of the analytes tested should
be in the range of 80 to 120%, while the RSD for recovery must not exceed 15%. Recovery
analyses were performed for all materials used: fresh inflorescences, leaves, and dried
ground hemp (CRM). The recovery and repeatability results of the method obtained in
our case meet these criteria. In the case of inflorescences, leaves, and CRM, the recovery
values ranged from 97 to 100%, 94% to 101%, and 94 to 103% (depending on the type of
compound), respectively, while the RSD value was not greater than 10% (Supplementary
Materials Table S1). Most authors report LOQ values in pg kg_l, but in our work, this
parameter is expressed in pg mL~! due to the wide range of dilutions used, which affect
the final LOQ for a given compound. The LOQ values obtained by Brighenti et al. [12]
ranged from 1.8 to 2.5 ug mL~!, depending on the substance. A lower LOQ (1 pug mL™1)
was characterized by the method developed by Zivovinovic et al. [6]. De Becker et al. [8]
developed a determination method whose LOQs for the analyzed compounds were in the
range of 0.06-0.25 g mL~!. These values are much higher than those obtained in our work,
which allows us to conclude that the present one allows the determination of cannabinoids
at much lower concentrations. Differences in the LOQs obtained for the different methods
depend on the technique used for cannabinoid analysis.
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Table 2. Range of calibration curves, coefficients of determination, LOD, LOQ, and matrix effect for each of 17 cannabinoids.
Compound ~ Range of Calibration Coefficient of LOD LOQ LOD LOQ Matrix Effect (%)
Curve [ug mL—1] Determination [R?] [ug mL—1] [ug mL—1] [mg kg—1] [mg kg1] Inflorescences Leaves CRM

CBD 0.200-25.600 0.9997 0.0010 0.0030 1.8 6 99 101 100
CBN 0.008-1.024 0.9991 0.0020 0.0070 1.2 4 99 99 99
CBG 0.008-1.024 0.9997 0.0003 0.0009 0.6 2 99 100 100
A°-THC 0.080-10.240 0.9999 0.0011 0.0036 0.6 2 97 99 97
A8-THC 0.008-1.024 0.9993 0.0020 0.0060 0.48 1.6 100 100 104
CBC 0.020-2.560 0.9993 0.0050 0.0200 0.6 2 100 99 107
CBL 0.020-2.560 0.9991 0.0020 0.0070 0.6 2 100 100 101
CBDV 0.008-1.024 0.9994 0.0010 0.0020 0.12 0.4 101 100 101
A°-THCV 0.008-1.024 0.9982 0.0006 0.0020 0.06 0.2 99 100 99
CBDA 0.400-51.200 0.9950 0.0003 0.0009 5.4 18 102 100 106
CBNA 0.002-0.256 0.9947 0.0001 0.0002 0.12 0.4 101 101 106
CBGA 0.020-2.560 0.9967 0.00003 0.0001 0.06 0.2 101 99 101
A°-THCA-A 0.080-10.240 0.9972 0.0004 0.0013 0.6 2 100 100 99
CBCA 0.080-10.240 0.9983 0.0008 0.0030 0.6 2 100 100 102
CBLA 0.020-2.560 0.9954 0.0004 0.0012 0.06 0.2 100 100 100
CBDVA 0.020-2.560 0.9954 0.00003 0.0001 0.06 0.2 98 99 98
A°-THCVA 0.020-2.560 0.9974 0.0001 0.0002 0.01 0.04 99 99 97
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Method Validity: Analysis of CRM and Material for the Proficiency Test

The correctness of the method for the determination of cannabinoids was evaluated on
the basis of the analysis of certified reference material. Extractions were carried out accord-
ing to the optimized procedure for dried material described in Section 4.4. The correctness
of the method was assessed by analyzing the cannabinoid content of the certified reference
material (HEMP-1 CRM—dried ground hemp). This evaluation was performed according
to the recommendations of the Institute for Reference Materials and Measurements (IRMM-
JRC) [21]. This evaluation consisted of checking whether the absolute difference between
the determined analyte content and the certified value was significantly smaller than the
composite expanded measurement uncertainty and the uncertainty of the certified value
(Table 3). For this purpose, it was necessary to determine the expanded uncertainty of the
method, which took into account all relevant sources of uncertainty in the analytical proce-
dure for the determination of cannabinoids (data not presented). The uncertainty of the
method was evaluated according to EURACHEM/CITAC guidelines [22]. The composite
expanded uncertainty was calculated using the following equation (Equation (1)):

u= \/ (0.5U)% + (0.5Ucgm)% U = 2u 1)

where u is the composite uncertainty, U is the composite expansion intensity, and Ucry is
the certified concentration value.

Table 3. Results of the determination of cannabinoids in certified reference material with the declared
concentration value.

Declared Values Determined Values

Compound CerM UcrM C U Y
[mg kg—1] [mgkg~1] [mgkg1] [mg kg—1]

CBC 325.0 84.0 321.8 25.8 9
CBDV 188.0 32.0 187.3 15.0 9
CBG 47.8 94 47.3 3.3 9
CBL 74.1 13.6 74.0 52 9
CBN 490.0 70.0 484.2 38.7 9
CBNA 350.0 36.0 344.9 27.6 9
A8-THC -1 - 215 1.9 9
A°-THC 318.0 86.0 319.4 28.7 9
A°-THCV 14.3 2.0 14.1 1.3 9
CBDVA 719.0 54.0 714.8 64.3 9
CBD 5410.0 700.0 5398.7 377.9 9
CBGA 117.0 12.0 1135 9.1 9
A%-THCVA 72.8 6.4 72.3 6.5 9
CBLA 187.0 18.0 184.5 14.8 9
CBCA 448.0 108.0 450.5 40.6 9
A%-THCA-A 979.0 84.0 966.5 87.0 9
CBDA 14,600 800.0 14,536 1308 9
Total A°-THC content * 1180 140.0 1167 105.0 9
Total CBD content ** 18,200 1200 18,147 1633 9

Ccrv—ecertified concentration value; C—determined value concentration; Ucrm—declared composite expanded
uncertainty (k = 2); U—designated expanded compound uncertainty (k = 2); n—number of independent repeats;
1—no certified AS-THC content in the CRM material analyzed; * total A°-THC content: A’-THC + (0.877 x A°-
THCA-A); ** total CBD content: CBD + (0.877 x CBDA) [3].

The results obtained for the proficiency tests for dried hemp provided by ASTM Inter-
national (HFL2301 and HFL.2305) were within the accepted criteria and are the basis for con-
firming the validity of the developed method (Supplementary Materials Tables S2 and S3).
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2.4. Application of the Method to the Determination of Cannabinoids in Different Samples from
Cannabis sativa L. var. sativa

2.4.1. Analysis of the Content of 17 Cannabinoids in the Fresh Plant Cannabis sativa L.
var. sativa ‘Biatobrzeskie’

Using the developed and validated method, the cannabinoid content of inflorescence
and leaf samples (1 = nine samples for each part from nine different plants) was evaluated.
The results of the content of each of the 17 cannabinoids are presented in Table 4. The
research material used in the study, i.e., Cannabis sativa L. var. sativa “Bialobrzeskie” is
a plant that, on a plant dry weight basis, can contain a maximum of 0.3% A?-THC. The
plant is known for its high CBD content and is used on an industrial scale to produce
cannabinoid-containing foods [23,24].

Table 4. Content of cannabinoids in Cannabis sativa L. var. sativa “Bialobrzeskie”. The results of the
contents of the individual 17 cannabinoids are presented on a dry weight basis.

Part of the Plant [mg kg 1]

Compound
Small Inflorescences ~ Medium Inflorescences Big Inflorescences Leaves
CBC 16.8¢+£1.2 12.4° +0.6 104° +1.3 322+£02
CBDV 073 +£0.1 042+0.1 073 +£0.1 08°+0.1
CBG 2510407 404°+11 432¢°+41 583 +0.3
CBL <LOD <LOD <LOD <LOD
CBN <LOD <LOD <LOD <LOD
CBNA 232+£0.2 34b+0.1 242+£02 44402
A8-THC <LOD <LOD <LOD <LOD
A°-THC 11.6° +0.7 16.6 €+ 0.5 592405 6.02+0.3
A°-THCV 022401 022+0.1 032+0.1 590402
CBDVA 721.3¢+£79.8 665.2 € £70.7 385.7b +37.7 9212+14
CBD 6112 +£2.6 6572 £74 4452 £15 168.7 b +23.2
CBGA 15252 + 16.4 189.6 % £ 26.3 15092 £12.5 171.62 £12.2
A°-THCVA 479°+69 269° +£12 2520 +£27 6.12+05
CBLA 1778 £27 1753 +£09 1473 +£15 3182 +05
CBCA 13714 + 87.7 592.2b +28.4 818.4¢£749 27632 £17.1
A°-THCA-A 14184 + 87.6 62020 +22.9 842.8°+77.1 23992 +16.5
CBDA 8146 ° + 305.9 9047 +1347.3 6122 + 863.8 19922 £ 2855
A9-TH£02?)lntent " 125534 4442 560.6 > 4+ 11.7 745.1° £ 38.8 21642 +84
Total CBD content ** 7205 € +154.3 8000 € £+ 677.5 5413° + 4327 19152 + 1544

The average sum of

C
17 cannabinoids 11,993 % 42595

11,298 € 4+ 303.9 84470 + 675.8 3004 @ £ 240.4

* total A°-THC content: A°-THC + (0.877 x A°-THCA-A); ** total CBD content: CBD + (0.877 x CBDA) [3];
a—d—values within lines followed by the same letter are not significantly different according to « = 0.01.

The realized research made it possible to conclude that the level of some cannabinoids
in different parts of the plant varied. The highest total content of the tested compounds
was found in small inflorescences (11,993 mg kg 1), while the lowest was found in leaves
(3004 mg kg~1). It was found that samples of big inflorescences had a statistically significant
(p < 0.01) lower sum of 17 cannabinoids than that determined in small and medium
inflorescences. Analyzing individual substances, the highest contents were recorded for
CBDA, which was the dominant cannabinoid in all elements of the plant. Samples of
small inflorescences had significantly (p < 0.01) higher contents of A’-THCA-A and CBCA.
The inflorescences and leaves showed no evidence (<LOD) of cannabinoids such as CBL,
CBN, and A8-THC. There were no statistically significant differences (p < 0.01) in the
content of CBD, CBDA, CBLA, CBGA, and CBDYV in inflorescences of different sizes.
Based on the analyses, the leaves were found to have a significantly (p < 0.01) higher
content of cannabinoids such as CBD, CBGA, CBLA, and CBNA compared to all analyzed
inflorescences. When analyzing the cannabinoids in the plant, it is also important to
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consider the total A’-THC content and total CBD content, which indicates the total content
of acid and neutral forms of A’-THC and CBD. Statistically significant differences (p < 0.01)
were found in total A°-THC content and total CBD content in both inflorescences and leaves.

2.4.2. Analysis of Cannabinoid Content in Teas Based on Cannabis sativa L. var. sativa

The objective of this study was also to analyze the content of cannabinoids in commer-
cially available teas based on Cannabis sativa L. var. sativa. Thirty samples of teas containing
40 to 100% dried hemp in their composition were analyzed. The results of the content of these
compounds in each sample are shown in Table 5 and Supplementary Materials Table S4.

Table 5. The percentage content of the Cannabis sativa L. var. sativa and the sum of 17 cannabinoid
content determined, and the total content of A>~THC and CBD in the tea samples (mg kg™1).

Sample Percentage Content of Cannabis The Average Sum of The Total The Total
sativa L. var. sativa 17 Cannabinoids A?-THC Content * CBD Content **
1 100% 15,680 8N + 1254 372.3¢ £ 6.5 13,084 P + 21
2 100% 13,769 f8hi + 1101 514.5] + 5.4 10,852 K + 20
3 100% 9823 cde + 785 10042 + 5.1 32054+ 10
4 100% 13,282 ¢fgh + 1062 51747 +24 8998 8 + 14
5 80% 15,521 8hi 4 1241 9849t + 50 12,382° + 100
6 75% 14,317 f8hi + 1145 273.7 ¢ £+ 10.0 10,938 KIm 4 20
7 75% 17,513 1 + 1401 724.1P9 4+ 1.3 13,686 9 + 233
8 75% 13,461 f8h + 1076 6504™ 4+ 2.8 10,659 % + 118
9 75% 18,181 8hi 4 1454 716.6 P4 + 5.7 13,5519 + 61
10 40% 10,678 cdefghi 4 854 617.01 + 4.9 7320 € + 57
11 100% 13,866 8N + 1109 712.7P4 £+ 5.7 11,054 Imn 4+ 60
12 70% 8876 ¢ + 710 44700 +15 7103 € + 70
13 70% 8946 bc + 715 43630 £ 56 7220¢ + 53
14 70% 16,845 hijl + 1281 95127 +5.7 97261 + 161
15 70% 9416 bed 4 753 49281 +18 7383 ¢ + 81
16 70% 12,255 cdefgh 4 980 641.5™ £+ 1.6 7176 € + 253
17 100% 5960 2 + 476.8 1933 + 36 74762 + 17
18 100% 4107 @ + 328.6 399.18 +5.6 29220 4+ 74
19 100% 12,698 cdefgh 4 1015 504.4% + 2.8 10,437 % + 92
20 75% 2962 2 + 236 3239d 412 2106 P + 181
21 75% 37743 + 301 376.18 + 1.6 2714 ¢ + 132
22 100% 15,162 8hi 4 1213 72619+ 1.7 12,267 © + 151
23 70% 9506 <def + 760 389.2f+1.1 7922 f + 86
24 100% 13,811 f8hi + 1104 55245 +29 11,704 ™ + 224
25 100% 13,102 defgh 4 1048 625.01 +25 9619 hi 4 83
26 100% 12,084 cdefg 4 966 554.8% +2.8 9324 8 4+ 106
27 100% 13,208 defgh + 1056 661.9™ + 4.6 10,1747 + 100
28 100% 14,176 f8M1 + 1134 684.5° +3.3 11,331 ™" + 61
29 100% 9673 bede 4 773 684.7° +2.8 7461 € + 98
30 60% 19,723) + 1577 707.8P 4+ 1.0 16,703 + 47

* total A°-THC content: A°>-THC + (0.877 x A°-THCA-A); ** total CBD content: CBD + (0.877 x CBDA) [3];
a—r values within columns followed by the same letter are not significantly different according to « = 0.01.

The realized research made it possible to conclude that the level of content of some
cannabinoids in the analyzed teas varied greatly. The highest total content of 17 cannabi-
noids was recorded in tea No. 30 (60% dried hemp—19,723 mg kg~ !), while the lowest
was recorded in tea No. 20 (75% dried hemp—2962 mg kg~!). Statistically significant
differences (p < 0.01) were found between the total content of the 17 cannabinoids in the
analyzed teas. Taking into account the percentage of dried hemp in the analyzed teas, it is
not possible to unequivocally conclude that products containing 100% dried hemp contain
more cannabinoids compared to teas with a lower percentage of dried hemp. Analyzing in-
dividual substances, the highest contents were recorded for CBDA (501.2-11,692 mg kgfl),
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CBD (308.0-6448 mg kg '), and CBGA (33.3-3646 mg kg~ !). A>-THCA-A, which is the
precursor for A’-THC, was present in the tested samples in contents ranging from 58.3 to
948.7 mg kgfl. A?-THC in the teas analyzed fell within a fairly wide range of content, i.e.,
from 21.4 to 616.8 mg kg !, but did not exceed the permissible limit of 0.3% in dry plant
material [25]. CBN (4.3-80.0 mg kg~ !), A8-THC (2.5-8.5 mg kg~ !), and A°-THC exhibit
psychoactive effects, so it is extremely important to control the content of food products,
including teas based on Cannabis sativa L. var. sativa. A comparison of total A°-THC content
and total CBD content in 30 tea samples was also made. The results are shown in Table 5
and Table $4 (Supplementary Materials). Performing the analysis of total A’-THC content
and total CBD content allows determining the total content of neutral and acid forms of
A°-THC and CBD in the plant. Statistically significant differences (p < 0.01) were found
in the total A°-THC content and total CBD content of the analyzed teas. In none of the
analyzed tea samples was the total content of A’-THC greater than 0.3% of the dry weight
of the Cannabis sativa L. var. sativa plant (0.01-0.09% of dry weight). The total CBD content
ranged from 747.6 to 13,686 mg kg ! (0.08-1.37% of dry weight).

3. Discussion
3.1. Optimization of the Procedure for the Extraction of Cannabinoids from the Tested Matrices
3.1.1. Fresh Parts of Plants

There is little information regarding the extraction of cannabinoids from fresh
Cannabis sativa L. var. sativa plants. Most studies have already analyzed cannabinoids
in dried plants. Our results are among the first regarding the comparison of cannabi-
noid content in different parts of the fresh plant, taking into account inflorescence size.
Namdar et al. [26] extracted cannabinoids from fresh inflorescences of Cannabis sativa L.
using EtOH, n-hexane, and a mixture of EtOH:n-hexane (7:3 v/v). The authors showed that
it was possible to extract the highest sum of the analyzed cannabinoids using a mixture
of EtOH:n-hexane (7:3, v/v). The same authors also showed differences in the content of
cannabinoids in inflorescences occurring in the upper part of the plant and the lower parts.
The study showed that significantly more cannabinoids were found in the top inflores-
cences, which were also the biggest in the plant. The results obtained by Namdar et al. [26]
do not coincide with those obtained in our study, where it was shown that the best extrac-
tion liquid is MeOH rather than a mixture of EtOH:n-hexane (7:3, v/v). Our study also
showed that small inflorescences contained more cannabinoids than big inflorescences. The
differences may be due to a different extraction method, a different plant variety, different
growing conditions, a different degree of maturity of the plant at harvest, and different
inflorescence structures (higher proportion of leaves/stalk) [26].

3.1.2. Dried Plants

For practical reasons, to evaluate the degree of extraction with the tested solvents, dried
ground hemp was used as a certified reference material; this is of particular importance
since, on this basis, it is possible to assume a certain sum of the tested compounds. In the
literature, one can find many described extraction methods that are based on the use of
mainly solvent mixtures. Not every case cited evaluated the same extraction liquids for
extracting cannabinoids as in the study presented by us. Hence, it is difficult to have a
fair discussion. Zivovinovic et al. [6] compared different solvent mixtures for extracting
cannabinoids from Cannabis sativa L. inflorescences. They used mixtures of MeOH:H,0O (4:1,
v/v), MeOH:CHCl3 (9:1, v/v), ACN:H,0 (1:1, v/v) and 100% ACN for extraction. Extraction
with ACN yielded the lowest sum of extracted cannabinoid content. A similar observation
was observed in our study. The other mixtures used by the authors had similar cannabinoid
extraction yields, but for further analysis, the authors chose the ACN:H,O (1:1, v/v) mixture
for practical reasons [6]. A study by Mudge et al. [13] found that using a mixture of MeOH:
HyO (8:2, v/v) yields a similar sum of extracted cannabinoids from the plant compared
to a mixture of MeOH:CHCl; (9:1, v/v) [13]. McRae and Melanson [16] analyzed the
efficiency of a five-step extraction of cannabinoids from dried Cannabis sativa L. material
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using a mixture of MeOH:H,O (8:2, v/v) and MeOH:CHCl;3 (9:1, v/v). They showed that
with these mixtures, more than 98% extraction efficiency could be achieved by two-stage
extraction. The results obtained by the author confirm that the use of MeOH is legitimate in
the extraction of cannabinoids. In the present study, such mixtures were not used because
cannabinoids are water-insoluble compounds, and the use of CHCl3 during the extraction
of these compounds, as demonstrated by McRae and Melanson [16], does not increase
extraction efficiency, as this liquid is an extremely volatile substance and exhibits high
toxicity [6,16].

3.2. Application of the Method to the Determination of Cannabinoids in Different Samples from
Cannabis sativa L. var. sativa

3.2.1. Analysis of the Content of 17 Cannabinoids in the Fresh Plant Cannabis sativa L.
var. sativa ‘Biatobrzeskie’

To date, only a few cases in the literature have presented the distribution of cannabi-
noids in different parts of the plant [27-29]. Most authors focus mainly on analyzing a
few selected cannabinoids. Kleinhenz et al. [28] showed a total cannabinoid content in
inflorescences and leaves of 46,076 and 52,021 mg kg~ !, respectively. Different results were
obtained in our study, where the contents of the analyzed substances were at a much lower
level. The obtained differences in the total content may be due to the different degrees
of maturity of the plant, since, with the maturation of the inflorescences, the contents of
cannabinoids change. It should be mentioned that our work obtained differences in the
contents of some cannabinoids between different parts of the plant. Kleinhenz et al. [28]
recorded the highest concentration of CBGA in inflorescences at 1938 mg kg~!. In our
study, the content of this compound in the analyzed inflorescences of Cannabis sativa L.
var. sativa “Biatobrzeskie” plant was approximately ten times lower, averaging 164.3 mg
kg~!. Only in the case of CBD did Kleinhenz et al. [28] show no difference in the content of
this compound between inflorescences and leaves [28]. Our study showed more than twice
the concentration of CBD in leaves (168.7 mg kg~!) than in medium-sized inflorescences
(65.7 mg kg~1). Kalinova et al. [29] determined the contents of CBD, CBDA, and CBGA
in the inflorescences and leaves of the two most popular varieties of Cannabis sativa L.
var. sativa “Biatobrzeskie” and “Finola”. In the inflorescences and leaves of the “Biato-
brzeskie” variety, more CBD (inflorescences 262.9 mg kg~!, leaves 56.7 mg kg~!) and
CBDA (inflorescences 11,519 mg kg !, leaves 4267 mg kg ') were determined compared
to the “Finola” variety, which contained 135.4 mg kgf1 (inflorescences), 16.54 mg kg*1
(leaves) CBD and 8707 mg kg~ (inflorescences), 1792 mg kg ! (leaves) CBDA, respectively.
The “Finola” variety had a higher CBGA content in inflorescences (1345 mg kg~ !) than the
“Bialobrzeskie” variety (905.4 mg kg ') [29]. The CBDA and CBD contents determined by
the authors [29] for the inflorescences and leaves were significantly higher than those deter-
mined in our study for the same plant variety. Ibrahim et al. [27] also showed differences
in CBD and CBDA contents in inflorescences and leaves of Cannabis sativa L. var. sativa
fiber hemp. The contents were in the range of 13,100-21,100 mg kg ! (inflorescences) and
5700-23,000 mg kg~ ! (leaves) for CBDA and of 1000-3900 mg kg~! (inflorescences) and
700-18,600 mg kg ! (leaves) for CBD. The above study also showed a higher content of
CBD and CBDA in inflorescences and leaves extracted from fiber hemp plants than in the
research material used in this article. The indicated differences in the content of cannabi-
noids in different parts of the plant in our article and the cited works may be influenced by
several reasons. One of them is the lack of standardized testing methods through which
different authors can obtain different results when analyzing plants of the same variety.
Another reason is the degree of maturity of the inflorescences and the whole plant. Ac-
cording to Aizpurua-Olaizola et al. [30], the content of major cannabinoids such as CBDA,
A’-THCA-A, and CBGA changes with the maturation of the plant in both inflorescences
and leaves. Therefore, when analyzing cannabinoid content, it is important to provide data
on when the plant was harvested. As ErZen et al. [31] and Fischedick et al. [32] confirmed,
growing conditions and geographic location also affect the plant’s cannabinoid content.
Droughts or excessive rainfall can induce stress conditions in plants, which can synthesize
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cannabinoids to varying degrees. Park et al. [33] reported that in early flowering, drought
stress is the main cause of changes in the cannabinoid profile in inflorescences, altering
cannabinoid production by reducing CBD and A’-THC accumulation and increasing CBG
accumulation by 40%. Other authors suggest that the plant’s production and accumulation
of cannabinoids are also affected by light intensity, ambient temperature, the presence of
nutrients, high concentrations of heavy metals in the soil, phytohormones, and stresses
caused by insect and microbial pathogens [33-36]. Gorelick and Bernstein [36] showed that
both supplementation with selected minerals and their deficiency can affect the plant’s
cannabinoid profile.

3.2.2. Analysis of Cannabinoid Content in Teas Based on Cannabis sativa L. var. sativa

Currently, there are few studies analyzing the cannabinoid content of Cannabis sativa
L.-based hemp teas or dries as raw material for hemp teas. The few existing ones present
varying levels of cannabinoid content in these products [37-39]. Knezevic et al. [38]
determined the content of selected cannabinoids (CBDA, CBD, A-THCA-A, A°-THC,
CBN) in hemp-leaf-based teas. The results ranged from 4.1 mg kg~! CBDA, 802.0 mg kg !
CBD, 111.0 mg kg~ ! A°-THCA-A, 76.0 mg kg~ A°-THC, and 52.0 mg kg~! CBN. The
values obtained for hemp-leaf-based teas in the cited work were within the range of
occurrence of the analyzed compounds analyzed in our work. Hemp-leaf-based teas
contained significantly less A’-THC than those containing inflorescences [38]. In the
study by Kladar et al. [39], the hemp teas analyzed contained both hemp leaves and
inflorescences. The determined total A°-THC content for the tea samples (dry herbal
material) ranged from 13 to 8831 mg kg~ !. It should be noted that one of the samples
analyzed by Kladar et al. [39] contained almost 0.9% total A’-THC. This value is above the
limit set by the EC (EC Regulation 2021/2115), which is 0.3% for A’-THC on a plant dry
weight basis [25]. CBD levels in the samples analyzed ranged from 444 to 25,004 mg kg~*,
and CBN levels ranged from 14 to 266 mg kg~! [39]. The quoted cannabinoid contents
of the teas far exceed the levels of selected cannabinoids in the teas we analyzed. In the
context of assessing the content of A°-THC, our results indicate that its content was below
0.3% of dry weight. However, in the literature, these contents were generally higher. Gallo-
Molina et al. [10] identified this compound at an average level of 3550 mg kg’1 plant,
which exceeded the permitted content set by the EU. Pacifici et al. [37] also analyzed hemp
teas for cannabinoid content. The authors found the presence of CBDA, CBG, CBD, CBN,
A?-THC, CBC, and A?-THCA-A in dried tea at levels averaging 61,800, 600, 26,600, 900,
33,700, 1200, and 28,200 mg kg !, respectively. The occurrence of cannabinoids at such a
wide level of content in individual teas may be related, among other things, to the additives
used in these products, such as herbs or dried fruits, the proportion of which (0-60%)
affects the composition of hemp tea. Pure hemp teas analyzed in our study based on dried
hemp alone (inflorescences and leaves) tended to have higher cannabinoid content than
teas containing 40-100% dried hemp (Table 5). When assessing cannabinoid intake, it is
important to consider that teas are made into infusions. Cannabinoids dissolve poorly in
water, so incomplete intake of these substances from the product is to be expected. The
wide range of cannabinoids in finished products such as dried or hemp teas based on
Cannabis sativa L. var. sativa suggests that it is necessary to control the level and profile
of cannabinoids in finished products on the market to exclude possible exceedances of
A°-THC in the product.

4. Materials and Methods
4.1. Sample Material

Cannabis sativa L. var. sativa cultivars ‘Bialobrzeskie” were selected as research material
due to its recorded history of human consumption, the widespread use of the plant for CBD
extraction, and the production of food containing cannabinoids. The plants were obtained
from the Institute of Natural Fibers and Herbaceous Plants in Poznasi, Petkowo, Poland.
The plants were harvested at the peak of flowering (between the twentieth day after the
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start of flowering and the tenth day after the end of flowering) [40]. The harvested plants
were divided into inflorescences and leaves, and the remaining plant parts were removed.
Inflorescences were divided by size (length) into small (<10 cm), medium (10-20 cm), and
big (>20 cm). The samples prepared in this way were then frozen and stored at —60 °C.
Thirty samples of Cannabis sativa L. var. sativa-based teas available on the Polish market
were also analyzed. Certified reference materials of dried (HEMP-1) ground hemp were
purchased from the National Research Council Canada. A CRM was used for validation
and quality control purposes. This material has been rigorously tested to be homogeneous
and stable concerning the 16 cannabinoids except for AS-THC, for which the concentration
was not determined. In this article, an attempt was made to determine A8-THC in the
CRM analyzed. The material for the proficiency tests was dried hemp provided by ASTM
International (HFL2301 and HFL2305) (Supplementary Materials Tables S2 and S3).

4.2. Chemicals and Reagents

The certified reference materials of cannabidiol (CBD), cannabidiolic acid (CBDA),
cannabigerol (CBG), cannabichromene (CBC), cannabinol (CBN), cannabidiolic acid (CBNA),
cannabidivarinic acid (CBDVA), cannabicyclol (CBL), and cannabicyclic acid (CBLA) were
provided at 1.0 mg mL~! solutions in methanol (MeOH) or acetonitrile (ACN) from
Restek GmbH (Bad Homburg, Germany). Cannabigerolic acid (CBGA), cannabichromenic
acid (CBCA), A%-tetrahydrocannabinol (A°-THC), A8-tetrahydrocannabinol (A3-THC), A°-
tetrahydrocannabinolic acid (A°-THCA-A), Ag—tetrahydrocannabivarirﬁc acid (A°-THCVA),
and cannabidivarin (CBDV) were purchased from LGC Standards. Ag—tetrahydrocannabivarin
(A°-THCV) was provided at 1.0 mg mL~! solutions in MeOH or ACN from Cerilliant Cor-
poration (Round Rock, TX, USA). The certified purity value for all the CRMs was >98.00%.
Liquid chromatography-mass spectrometry (LC-MS)-grade water, ACN, MeOH, ethanol
(EtOH), and n-hexane were purchased from Witko (Lodz, Poland). Formic acid and ammo-
nium formate (LC-MS grade) were obtained from Sigma-Aldrich (St. Louis, MO, USA).

4.3. Preparation of Standard Solutions and Calibration Curves

Standard 100 pg mL~! solutions for all 17 cannabinoids were prepared by dissolving
1.0 mL of the compound reference standard in ACN or MeOH using 10 mL volumetric
flasks separately. This step was repeated as it was necessary to prepare higher dilutions for
most compounds except CBD and CBDA. All solutions were stored at <—80 °C. Eight-point
curves were prepared for 17 cannabinoids in different ranges, which were generated using
Thermo TraceFinderTM software, version 5.1 (Thermo Fisher Scientific, Pleasanton, CA,
USA). Curves in matrix were prepared by adding specific amounts of the standard (as
in the curve in solvent) to a previously prepared and appropriately diluted extract (fresh
inflorescence, fresh leaves, CRM).

4.4. Preparation of Test Samples

Before starting cannabinoid extraction, all samples previously frozen (—60 °C) were
ground to a fine powder using a Grindomix GM200 grinder (Retsch, Haan, Germany).

Fresh material: 0.1 g was weighed into 50 mL Falcon vial samples of inflorescences or
leaves and extracted with MeOH in a volume of 5 mL.

Dried material (ground dried hemp—CRM and hemp tea): 0.1 g to 50 mL Falcon vial
samples were weighed and extracted twice with 10 mL of MeOH.

Samples were homogenized (2 min. 5000 rpm) using a Unidrive X 1000 homogenizer,
Cat SCIENTIFIC (CAT Scientific Inc., Paso Robles, CA, USA). The prepared samples
were then centrifuged (2 min. 10,000 rpm) using an MPW-380R centrifuge from MPW
Med. Instruments (Warsaw, Poland). The obtained extracts of the dried material after
extraction were mixed. For analyses, 1 mL of extract filtered through a 0.22 pm 13 mm
syringe filter was used (LLG Labware, Meckenheim, Germany). For compounds for which
concentrations outside the upper range defined by the calibration curve were observed,
the extracts were diluted accordingly with the extraction liquid. Dry weight content
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was determined using a WPS 30S balance dryer (Radwag, Radom, Poland) to express
cannabinoid levels relative to the dry mass. The level of the studied cannabinoids was
calculated according to the following formula (Equation (2)):

C=a/b )

where: C—the content of the studied compound (in pg kg~!) calculated per dry weight;
a—determined content of the studied compound (in ug kg~!); b—dry weight content (in %
of the fresh weight content).

4.5. UHPLC-HESI-MS

Cannabinoids were analyzed using ultra-high-performance liquid chromatography-Q-
Exactive Orbitrap mass spectrometry setup operating with a heated electrospray interface
(UHPLC-HESI-MS) (Thermo Fisher Scientific, Waltham, MA, USA). Analyses were per-
formed on a 2.1 x 100 mm, C18 Cortecs, 1.6 um chromatography column (Waters, Milford,
MA, USA). The mobile phase consisted of a mixture of ACN: 0.02% HCOOHaq and 5 mM
HCO,;NHy o4 (75:25, v/v). Elution of analytes was carried out in isocratic mode. A constant
flow rate of 0.3 mL min~! (10 min) and a constant injection volume of 2 uL. were used for
all analyses. The column thermostat temperature was 20 °C. During ionization in the mass
spectrometer, the heated electrospray ionization (HESI) mode of operation was used in both
positive and negative polarizations with a scan range of 100-1000 m/z. The parameters of
the ionization source were as follows: spray gas flow rate (nitrogen): 50 L h~1; auxiliary gas
flow rate (nitrogen): 1 L h~1; spray voltage: +2300 V and —2000 V; capillary temperature:
305 °C.

4.6. Method Validation

The method validation was based on AOAC International guidelines [19] and by the
Validation of Analytical Procedures: Text and Methodology Q2 to meet the requirements of
the International Council for Harmonization [20]. The proposed analytical method was
validated for linearity, limits of detection (LOD) and quantification (LOQ), recovery (R),
and precision (RSD). Matrix effects were measured by comparing the ratio of the slope
coefficient of the calibration curve prepared from the analysis of standards dissolved in a
solvent to the slope of the same calibration curve resulting from the study of these standards
in the all-tested matrix. A value of 100% indicates that there is no matrix effect. There is
signal amplification if the values are >100% and signal attenuation if the values are <100%.
The extraction recovery was measured by comparing the peak area of all analyzed matrix
spiked with standards before and after extraction.

4.7. Statistical Analyses

Statistical results were analyzed using Statistica 13.1 software (Statsoft, Carlsbad, CA,
USA). One-way variance analysis (one-way ANOVA) was used to determine the significant
differences between the contents of cannabinoids in plant material. The significance of
differences was determined at a significance level of o« = 0.01. The homogeneity of the
groups was determined using the Tukey HSD test.

5. Conclusions

This article presents the characterization of a method for determining up to 17 selected
cannabinoids in fresh hemp (inflorescences and leaves) and dried material (CRM and hemp
teas). This is one of the first works on the analysis of 17 cannabinoids in such matrices using
a2.1 x 100 mm, C18 Cortecs, 1.6 um chromatography column (Waters). The developed
method was characterized by desirably low LOD and LOQ values. The method showed
correct recovery values of individual compounds and inter- and intraday precision and
accuracy values. MeOH was found to be the best extraction liquid for cannabinoids in
fresh and dried material. It was shown that the dominant cannabinoids in fresh plant parts
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(inflorescences and leaves) are CBDA, A’-THCA-A, and CBCA, and in teas containing dried
hemp CBDA, CBD, CBGA, and A?-THCA-A. The presence of psychoactive cannabinoids
(A°-THC, A8-THC, and CBN) in teas available on the food market, which was confirmed
in the samples analyzed, may be a problem for manufacturers. Due to the varying levels
of cannabinoids in Cannabis sativa L.-based products, further work is needed to develop
a standard procedure for extracting these compounds. To date, the levels of permissible
contents of total A°>-THC and A°-THCA-A established by EU law apply only to seeds and
products derived from them.

Supplementary Materials: The following supporting information can be downloaded at https:/ /www.
mdpi.com/article/10.3390/molecules28248008 /s1. Table S1: Intra- and inter-day precision data of
the determination of cannabinoids in inflorescences, leaves, and CRM (intra-day n = 6; inter-day,
day = 3, n = 3 days x 6 = 18). Table S2: Results obtained, average values, and z-score for dried
hemp proficiency tests (HFL2301). Table S3: Results obtained, average values, and z-score for dried
hemp proficiency tests (HFL2305). Table S4: The content of 17 cannabinoids for each hemp tea
sample (mg kg~ 1).
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Table S1. Intra- and inter-day precision data of the determination of cannabinoids in inflorescences,
leaves, and CRM (Intra-day n=6; Inter-day, day=3, n=3 days x 6=18)

Nominal Inflorescences Leaves CRM
concentration Measurefl R 2RSD Measure(_i R RSD Measurefl RSD
-1 (]
concentration o o concentration o o concentration R (%) o
CBD
Int 0.200 0.200 100 1 0.200 100 1 0.200 100 ]
'(‘la”" 3.200 3.190 99 3 3.180 99 3 3.190 99 3
y 25.600 25.490 99 5 25.550 99 2 25.450 99 2
Inter 0.200 0.190 95 4 0.190 95 6 0.210 105 6
dae 3.200 3.180 99 3 3170 99 8 3220 101 8
y 25.60 25.190 98 2 25280 98 6 25.620 100 6
CBN
Int 0.008 0.008 100 1 0.008 100 3 0.008 100 4
‘(‘]a”" 0.128 0.127 99 2 0.129 100 5 0.130 101 7
y 1.024 1.022 99 3 1.024 100 3 1.024 100 3
Int 0.008 0.008 100 4 0.008 100 5 0.008 100 5
’(‘l:r' 0.128 0.127 99 3 0.126 98 5 0.126 98 2
y 1.024 1.022 99 2 1.022 99 3 1.024 100 2
CBG
Int 0.008 0.008 100 1 0.008 100 4 0.008 100 1
‘(‘la”" 0.128 0.126 98 2 0.127 99 6 0.128 100 4
y 1.024 1.019 99 2 1.022 99 1 1.026 100 2
Int 0.008 0.008 100 1 0.008 100 3 0.008 100 2
‘(;aer‘ 0.128 0.125 97 3 0.124 97 5 0.130 102 8
y 1.024 1.015 99 1 1.010 98 9 1.300 100 5
A’-THC
Int 0.080 0.080 100 1 0.080 100 2 0.080 100 2
'(‘lara' 1.280 1.280 100 2 1270 100 4 1.290 100 5
y 10.240 10.240 100 2 10.250 100 2 10.250 100 6
Int 0.080 0.080 100 3 0.081 101 4 0.081 101 3
‘(‘l:r' 1.280 1.230 96 4 1.200 94 1 1.260 98 4
y 10.240 10.250 100 4 10.230 99 2 10.290 100 1
A.-THC
Int 0.008 0.008 100 3 0.008 100 4 0.008 100 3
‘(‘la”" 0.128 0.128 100 4 0.128 100 1 0.127 99 5
y 1.024 1.022 99 3 1.022 99 8 1.020 99 5
Int 0.008 0.008 100 2 0.008 100 3 0.007 88 5
'é:r' 0.128 0.128 100 1 0.120 94 4 0.123 96 6
y 1.024 1.020 99 3 1.019 99 5 1.018 99 9
CBC
Intra. 0.020 0.020 100 1 0.022 110 7 0.018 90 4
s 0.320 0.320 100 2 0318 99 5 0.319 99 4
y 2.560 2.560 100 3 2.550 99 2 2.550 99 9
Int 0.020 0.020 100 1 0.019 95 4 0.017 85 8
‘(‘laer' 0.320 0310 97 3 0316 98 3 0318 99 7
y 2.560 2.540 99 1 2.500 97 2 2.540 99 1
CBL
Intra. 0.020 0.020 100 1 0.020 100 5 0.021 100 6
i 0.320 0.320 100 1 0322 100 7 0.321 100 1
y 2.560 2.560 100 2 2.540 99 4 2.520 08 4
Int 0.020 0.020 100 2 0.019 95 5 0.018 90 10
'(‘laer' 0.320 0.330 103 6 0318 99 6 0316 98 5
y 2.560 2.540 99 3 2.520 98 5 2.500 08 8
CBDV
Int 0.008 0.008 100 1 0.008 100 4 0.008 100 3
'(‘la”" 0.128 0.125 97 4 0.124 97 4 0.122 95 4
y 1.024 1.023 99 4 1.022 99 1 1.020 99 3
Inter 0.008 0.008 100 2 0.008 100 4 0.008 100 3
dae 0.128 0.124 97 4 0.122 95 8 0.120 94 7
y 1.024 1.026 98 5 1.020 99 4 1.018 99 6

A>-THCV




Intra. 0.008 0.008 100 1 0.008 100 4 0.008 100 4
day 0.128 0.127 99 2 0.124 97 8 0.122 95 7
1.024 1.022 99 2 1.020 99 8 1.018 99 8
0.008 0.008 100 3 0.008 100 1 0.008 100 2
I’('lgeyr' 0.128 0.127 99 2 0.120 94 6 0.118 92 8
1.024 1.022 99 4 1.018 99 2 1.017 99 3

CBDA
Intra- 0.400 0.390 98 4 0.370 96 8 0.415 101 3
day 6.400 6.380 99 2 6.380 101 1 6.420 101 2
51.200 51.180 99 3 51.150 99 4 51115 101 5
Inter- 0.400 0.370 96 6 0.360 95 5 0.390 99 2
day 6.400 6.370 99 4 6.340 99 3 6.390 99 3
51.200 51.150 99 2 51.100 98 4 51.190 99 3

CBNA
Intra- 0.002 0.002 100 2 0.002 100 2 0.002 100 3
day 0.032 0.032 100 2 0.30 94 6 0.30 4 8
0.256 0.256 100 1 0.250 98 4 0.249 97 3
0.002 0.002 100 3 0.002 100 2 0.002 100 2
I’('ltfyr' 0.032 0.031 97 7 0.029 96 4 0.028 93 7
0.256 0.253 98 5 0.0248 96 8 0.245 95 6

CBGA
Intra- 0.020 0.020 100 2 0.020 100 2 0.022 100 3
day 0.320 0.320 100 3 0323 101 1 0.330 103 2
2.560 2.560 100 3 2.450 96 4 2.560 100 2
Inter- 0.020 0.020 100 4 0.019 95 7 0.018 90 10
day 0.320 0310 97 6 0.300 94 6 0315 08 5
2.560 2.540 99 4 2.400 94 5 2.500 08 7

A>-THCA-A

| 0.080 0.080 100 1 0.078 98 3 0.076 96 5
'(‘lf:; 1.280 1.260 98 2 1250 97 3 1.270 99 4
10.240 10.200 99 3 10.150 99 3 10.210 99 2
Inter- 0.080 0.080 100 1 0.075 94 8 0.073 91 10
ey 1.280 1.260 98 2 1230 96 6 1235 96 5
10.240 10.190 99 1 10.035 98 4 10.125 99 2

CBCA
Intra. 0.080 0.080 100 1 0.078 98 4 0.079 99 3
day 1.280 1270 99 2 1.260 98 4 1.290 101 5
10.240 10.220 99 2 10.200 99 3 10.180 99 2
| 0.080 0.080 100 1 0.075 94 7 0.077 96 4
‘(‘l;eyr 1.280 1270 99 3 1.240 97 5 1.250 08 5
10.240 10.180 99 3 10.175 99 2 10.140 99 2

CBLA
0.020 0.020 100 2 0.019 95 8 0.019 95 5
II:]:;- 0.320 0.320 100 2 0318 99 3 0316 98 3
2.560 2.560 100 2 2.550 99 3 2.545 99 4
Inter- 0.020 0.020 100 3 0.018 90 10 0.017 85 5
day 0.320 0.320 100 4 0316 98 4 0315 08 6
2.560 2.550 99 5 2.500 97 5 2.458 9 4

CBDVA
Intra 0.020 0.020 100 2 0.020 100 2 0.020 100 2
day 0.320 0.320 100 1 0316 98 4 0.320 100 4
2.560 2.560 100 3 2.560 100 2 2.560 100 1
| 0.020 0.020 100 1 0.018 90 10 0.018 90 8
‘(‘l;"yr 0.320 0.310 97 5 0310 96 8 0311 97 5
2.560 2.540 99 6 2.457 96 4 2320 91 4

A>-THCVA

0.020 0.020 100 1 0.018 90 7 0.018 90 8
I'&fy’" 0.320 0.320 100 2 0316 98 4 0318 99 4
2.560 2.560 100 1 2.456 96 2 2.564 101 2
0.020 0.020 100 2 0.016 80 8 0.016 80 8
I‘(‘l“*r' 0.320 0.320 100 1 0.312 97 5 0.299 93 7
2y 2.560 2.550 99 4 2.412 94 4 2218 87 6




Method and 2precision recovery values (expressed as % RSD) obtained by enriching each matrix
(inflorescences, leaves, CRM) at three different levels for each compound. Recovery was determined
based on the equation: % R = [(Ct-Cu)*100]/Ca, where Ca is the calculated (not analyzed) concentration
of analyte added to the test sample; C: is the concentration of fortified samples; Cuis the concentration

for unfortified samples.

Table S2. Results obtained, average values and z-score for dried hemp proficiency tests (HFL2301)

Results Average value
Compound Z-score
(mg kg) (mg kg™)
CBD 26,970 33,216 -1.5
CBDA 33,010 42,680 -14
CBG 4,520 4,930 -0.6
CBGA 27,520 43,280 -2.1
A>-THC 2,070 2,120 -0.2
A>-THCA-A 550 640 -1.0
As-THC 1.6 4 -0.5
A>-THCV 40 70 -0.3
A>-THCVA 370 - -
CBDV 730 970 -0.5
CBDVA 2,060 2,170 -0.4
CBN 200 200 -0.1
CBNA 40 - -
CBC 3,610 3,254 0.8
CBCA 680 3,060 -1.5
CBL 120 - -
CBLA 116 - -

Table S3. Results obtained, average values and z-score for dried hemp proficiency tests (HFL2305)

Results Average value
Compound Z-score
(mg kg) (mg kg™)
CBD 1,981 1,861 0.5
CBDA 4,080 3,480 1.2
CBG 9:350 10,400 -0.8
CBGA 50,800 77,380 -
A>-THC 720 630 0.8
A-THCA-A 270 220 0.4
As-THC 0 0 -
A>-THCV 60 90 -0.3
A>-THCVA 80 - -
CBDV 310 280 0.2
CBDVA 1100 1260 -1.0
CBN 130 110 0.4

CBNA 1850 - -




CBC 2240 2381 -0.6
CBCA 1180 1370 -1.0
CBL 20 - -

CBLA 21 - -




Table S4. The content of 17 cannabinoids for each hemp tea sample [mg kg -].
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4.2. Opracowanie i walidacja metody analitycznej oznaczania terpenéw oraz ocena
wplywu suszenia elementow rosliny Cannabis sativa L. var. sativa wybranymi metodami
na sume oraz profil terpenéow

W celu realizacji zalozen pracy niezbedne bylo opracowanie metody oznaczania terpendw
w materiale suszonym. W tym celu wykorzystano technik¢ chromatografii gazowej sprzgzonej
ze spektrometrem mas. Na podstawie przeprowadzonego przegladu literatury [P1] wybrano 3
potencjalne ciecze ekstrakcyjne (octan etylu, n-heksan oraz metanol) do izolacji zawartych
w materiale terpenow. Doswiadczalnie wybrano najlepsza ciecz ekstrakcyjng dla terpenow,
ktorg byt octan etylu. Wykorzystanie tej cieczy pozwolito na uzyskanie maksymalnej
wydajnosci ekstrakeji tych zwigzkéw. Wyniki przedstawiono na rycinie S1— Aneks. Uzyskane
wyniki pozwolity na potwierdzenie Hipotezy [H1] — dobor cieczy ekstrakcyjnej ma wpltyw na
ilo$¢ ekstrahowanych terpenow.

Po okresleniu warunkéw pracy spektrometru mas, przeprowadzono proces walidacji
metody. Jako matryce na potrzeby walidacji wybrano §wieze i suszone elementy ro$liny
Cannabis sativa L. var. sativa. Podobnie jak dla pozostatych sktadnikéw, ocene parametrow
statystycznych metody przeprowadzono w oparciu 0 warto$ci odzysku z probek
fortyfikowanych oraz powtarzalno$cia wartosci odzysku. Dla wigkszosci analizowanych
substancji poziom odzysku zaréwno dla kwiatostanow i lisci w formie §wiezej i suszonej
miescit si¢ w granicach 90-103%. Szczegdtowe wyniki walidacji zgromadzone sa w Tabelach
S3-S5, w Aneksie. Rozszerzona niepewno$¢ pomiarow (K=2, a=0,05) wynosita <10% dla
wszystkich badanych zwigzkéw. Opracowana metoda analityczna charakteryzowata sig
wysoka precyzja i doktadno$cig. Zawartos$¢ terpenow w $wiezym badanym materiale roslinnym
Cannabis sativa L. var. sativa ,,Biatobrzeskie” byta zréznicowana. Najwyzsza zawarto$cia
terpenéw charakteryzowaly si¢ kwiatostany mate (1485 mg/kg) i $rednie (1316 mg/Kkg).
Sposréd 19 analizowanych terpendw najwigksze stezenie w kwiatostanach odnotowano dla
a-pinenu  (98,3-217,5 mg/kg), P-kariofilenu (310,7-490,6 mg/kg) oraz a-humulenu
(102,6-127,2 mg/kg). W probkach lisci dominowat B-kariofilen (32,7 mg/kg). Natomiast
zawarto$¢ geraniolu oraz p-cymenu miescita si¢ ponizej granicy oznaczalnosci metody we
wszystkich wariantach probek.

Na potrzeby realizacji badan oraz weryfikacji hipotezy badawczej [H2] zastosowano trzy
modelowe techniki suszenia: suszenie w temperaturze otoczenia 20°C, bez dostgpu Swiatla
(Metoda 1), liofilizacj¢ (Metoda 2) oraz suszenie konwekcyjne w trzech wariantach
temperatury (Metoda 3a, 50°C, 3b, 60°C i 3c, 70°C). Analizy zawarto$ci 19 terpenow

wykonano przy uzyciu techniki GC-MS, a wyniki podano w przeliczeniu na suchg mase¢ probki.
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W celu uzyskania probek o podobnej koncowej charakterystyce przyjeto na podstawie
literatury, ze suszenie bedzie prowadzone do momentu uzyskania zawarto$ci wody wynoszacej
10£1%. W celu uzyskania zatozonej koncowej wilgotnosci, doswiadczalnie stwierdzono, ze
proces suszenia metodg 1 powinien by¢ prowadzony przez 10 dni, proces suszenia metoda 2
przez 24h, a suszenie konwekcyjne w temperaturze 50°C (metoda 3a) — 12h, 60°C (metoda 3b)
- 8h, 70°C (metoda 3c) - 4h. Uzyskane wyniki zawartos$ci terpenow w analizowanym materiale
przedstawiono na Rycinie 2 oraz w Tabeli S7 - Aneks. W Tabeli S7 przedstawiono oczekiwana
zawartos¢ zwigzkow przy zatozeniu ubytku wody podczas suszenia do zawartosci ok. 10% bez

wplywu czynnikéw zewngtrznych tj. temperatura czy $§wiatlo.
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Rycina 2. Wptyw warunkow suszenia probek kwiatostanow roznej wielko$ci (mate — S, $rednie
— M, duze — B) oraz lisci (L) wybranymi metodami (1 - suszenie w temperaturze pokojowej,
bez dostepu swiatta, 2 - liofilizacja, 3a - suszenie konwekcyjne w temp. 50°C, 3b, suszenie

konwekcyjne w temp. 60°C oraz 3¢ — suszenie konwekcyjne w temp. 70°C (n=3).

A-D — wartosci w obrebie tej samej litery w probkach swiezych lub poddanych suszeniu
wybrang metodg nie rdznig si¢ Statystycznie istotnie przy poziomie istotno$ci wynoszacym
p<0,05; a-e — warto$ci w obrgbie tej samej litery dla jednego rodzaju probki (np. liscie) nie

roznig sie statystycznie istotnie przy poziomie istotnosci wynoszacym p<0,05.

Proces suszenia badanych probek spowodowal na ogdét spadek zawartosci terpenow,
wyjatkiem byty probki lisci suszone metoda 1, 2 oraz 3a gdzie odnotowano istotny wzrost
stezenia tych zwigzkéw. Wzrost ten moze by¢ spowodowany rownoczesnym ubytkiem innych
substancji [Spadafora i wsp. 2024]. Istotne obnizenie zawarto$ci terpenéw w poszczegdlnych

czesciach rosélin obserwowano w przypadku probek suszonych metoda konwekcyjng
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w temperaturze 60 i 70°C. Jak potwierdza Chen i wsp. [2021], terpeny bardzo tatwo ulegaja
utlenieniu do terpenoidow podczas procesu suszenia. Ponadto ze wzgledu na wysoce lotny
charakter, terpeny/terpenoidy tatwo odparowuja w podwyzszonych temperaturach, co moze
prowadzi¢ do znacznych strat podczas procesu suszenia.

W przypadku metody 1, po zakonczeniu suszenia zaobserwowano istotnie (p<0,05) mniejsza
zawartos¢ terpenéw w kwiatostanach duzych (208,7 mg/kg) w poréwnaniu do probek
kwiatostanow matych (349,9 mg/kg) i Srednich (286,2 mg/kg). Stezenie terpenow
w kwiatostanach zmalato nawet 6-krotnie w wyniku suszenia metodg 1. Natomiast w probkach
liSci zaobserwowano wzrost sumy tych zwigzkow z 61,44 mg/kg do 72,44 mg/kg. Po
przeprowadzeniu suszenia nie zaobserwowano obecnos$ci d-3-karenu, ocymenu, y-terpinenu,
nerolidolu, guaiolu oraz a-bisabololu, ktoére obecne byly w §wiezym materiale. Terpenem, ktory
wystepowat w najwiekszej ilosci w §wiezym jak i suszonym materiale byt B-karioflen (Swieza
ro$lina — 32,76-490,6 mg/kg, suszona roslina — 23,11-213,6 mg/kg).

Zastosowanie metody 2 do suszenia lisci rosliny Cannabis sativa L. var. sativa skutkowato
uzyskaniem materialu o zblizonej zawartoéci terpendow jak w metodzie 1. Natomiast
w przypadku kwiatostanéw metoda ta pozwolita na zachowanie wigkszej ilosci tych zwigzkoéw
w suszonych probkach (432,9-711,1 mg/kg). W przypadku terpendw tj. geraniolu, nerolidolu,
guaiolu oraz a-bisabololu zaobserwowano zwigkszenie st¢zenia, ktore moglo wynikaé
z transformacji ich prekursorow skumulowanych w roslinie [Spadafora i wsp. 2024].
B-karioflen rowniez w probkach kwiatostanow podanych liofilizacji wystgpowat
w najwickszym st¢zeniu (219,4-394,8 mg/kg). W przypadku lisci dominowal a-humulen
(29,79 mg/kg).

Suszenie konwekcyjne (metody 3a,3b,3c) powodowalo najwigksze straty terpenow.
Dobdr temperatury suszenia mial wplyw na koncowg zawarto$¢ terpendéw zard6wno
w kwiatostanach r6znej wielkosci oraz lisciach. Suszenie w wariancie metody 3a powodowato
najmniejszy (2-krotny) ubytek tych zwigzkow w suszonych kwiatostanach. Natomiast
zwigkszenie o 10°C temperatury suszenia powodowato ponad 10-krotny wzrost ubytku tych
zwigzkow. Podobnie jak przy suszeniu w wariancie 1 i 2 obserwowano niewielki wzrost
stezenia terpendw w probkach liSci. Zaobserwowano, ze zwigkszenie temperatury suszenia
o 10°C wplywa istotnie statystycznie (p<0,05) na zmniejszenie stezenia terpendéw w suszonych
probkach rosliny konopi. Dominujgcymi terpenami dla probek suszonych konwekcyjnie
byty a-pinen (1,25-63,39 mg/kg), PB-kariofilen (3,57-512,6 mg/kg) oraz a-humulen
(1,71-128,9 mg/kg). Kwasnica i wsp. [2020] potwierdza, ze a-pinen jest jednym

z dominujgcych terpenéw w suszonym materiale konopnym. Chen i wsp. [2021] wykazali, ze
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suszenie gorgcym powietrzem elementow rosliny Cannabis sativa L. prowadzi do zmniejszenia
zawarto$ci sumy terpenoéw, az o 71,1%. Zwiazki monoterpenowe, w tym a-pinen, B-pinen,
myrcen, limonen oraz ocymen maja stosunkowo niskg mase czgsteczkowa wynikajacg z ich
budowy opartej o dwie jednostki izoprenowe. W konsekwencji sg zwigzkami lotnymi,
przeciwnie do seskiterpenéw, w tym B-kariofilenu, guaiolu oraz a-humulenu, ktoére maja
wickszg mase czasteczkowsg 1 sg mniej lotne (np. temperatura wrzenia przy cisnieniu
normalnym dla a-pinen wynosi ok. 155°C, a dla B-kariofilenu wynosi ok. 180°C. Poréwnujac
spodziewang zawartos$¢ terpendw wedtug zatozenia po suszeniu do zawartosci ok. 10% wody
z uzyskanymi wynikami, zaobserwowano, ze dobrane metody suszenia w przypadku suszenia
tradycyjnego oraz sublimacyjnego skutkowaty uzyskaniem materialu zawierajacego wigcej
terpenow. Analizy wykazaly istotne r6znice pomigedzy zawartoscia terpenow, a wielkoScia
i rodzajem analizowanej probki (kwiatostany mate, $rednie, duze oraz liscie). Na podstawie
przeprowadzonych do$wiadczen wykazano, ze dobor metody suszenia ma wplyw na koncowa
zawartos$¢ terpendw, a tym samym potwierdzono Hipoteze [H2] - Warunki suszenia wybranych
elementow rosliny Cannabis sativa L. var. sativa wptywaja na zawarto$¢ kannabinoidow oraz

terpenow w trakcie i po zakonczeniu suszenia.

4.3. Ocena wplywu suszenia elementow rosliny Cannabis sativa L. var. sativa wybranymi
metodami na sume oraz profil kannabinoidow

W Publikacji [P1] zebrano dane dotyczace stabilnosci kannabinoidow w matrycach
zywnos$ciowych podczas przechowywania w roznych warunkach (ogrzewanie, dostep $wiatta,
czas przechowywania). Zebrane informacje sugeruja, ze produkty degradacji kannabinoidéw
moga wykazywac¢ niekorzystny wpltyw na organizm czlowieka, a kontrola zawartosci tych
zwigzkow w gotowym produkcie jest istotna dla zapewnienia bezpieczenstwa zywnosci.
Podsumowane dane zawarte w Publikacji [P1] pozwolily na okreslenie perspektywicznych
kierunkow badan dotyczacych kannabinoidow, ktdre powinny by¢ rozwinigte w przysztosci
w celu kompleksowego poznania tego zagadnienia.

W ramach pracy dokonano oceny wplywu wybranych metod suszenia na stabilno$¢
kannabinoidow w elementach rosliny (kwiatostany roznej wielko$ci oraz liScie). Probki
poddane byly takim samym metodom suszenia jak probki do analizy zawartosci terpenow.
Uzyskane wyniki zawarto$ci kannabinoidéw w $§wiezych i suszonych czgéciach rosliny
Cannabis sativa L. var. sativa przedstawiono w Publikacji [P3] (Tabela 1). Wszystkie
przedstawione wyniki zostaty przeliczone na suchg mase analizowanego materiatu ro§linnego.

W Tabeli S1 w Publikacji [P3] — materiaty uzupetniajace, przedstawiono takze spodziewang
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zawarto$¢ kannabinoidéw przy zatozonym ubytku wody do zawarto$ci wody wynoszacej 10%,

bez wplywu czynnikoéw zewnetrznych tj. temperatura, $wiatto.
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Rycina 3. Stezenie 17 kannabinoidéw w poszczegdlnych czesciach rosliny (kwiatostany mate
— S, kwiatostany $rednie — M, kwiatostany duze — B, liScie — L) suszonych wybranymi
metodami (1 - suszenie w temperaturze pokojowej, bez dostepu $wiatta, 2 - liofilizacja,
3a - suszenie konwekcyjne w temp. 50°C, 3b, suszenie konwekcyjne w temp. 60°C oraz

3¢ — suszenie konwekcyjne w temp. 70°C (n=3).

A-C - warto$ci w obrgbie tej samej litery w probkach §wiezych lub poddanych suszeniu
wybrang metoda nie rdznig si¢ istotnie statystycznie przy poziomie istotno$ci wynoszacym
a=0.01; a-e — wartos$ci w obrgbie tej samej litery dla jednego rodzaju probki (np. liscie) nie

r6znig si¢ istotnie statystycznie przy poziomie istotnosci wynoszacym a=0.01.

Porownanie sumy 17 kannabinoidow w $wiezych kwiatostanach z probkami
kwiatostanow suszonych wybranymi metodami: suszenia tradycyjnego (1), liofilizacji (2) oraz
suszenia konwekcyjnego (3a-c) wykazato istotne (a=0,01) rdéznice w wartosci sumy
analizowanych kannabinoidéw w wybranych czgéciach rosliny. W przypadku probek lisci
zaobserwowano istotnie (p<0,01) nizszg zawarto$¢ kannabinoidow w probkach suszonych
wszystkimi metodami w poréwnaniu do zawarto$ci w $wiezym materiale. Swiezy material
charakteryzowat si¢ zawartoscig kannabinoidéw ogdtem na poziomie od 4,516 mg/g (liscie) do
11,386 mg/g (Srednie kwiatostany). W wyniku zastosowanych procesOw suszenia
kwiatostanow suma kannabinoidow miescita si¢ w zakresie od 5,147 mg/g do 22,209 mg/g),
w zalezno$ci od zastosowanej metody suszenia i wielko$ci kwiatostanu. Najwyzsze stezenie

kannabinoidow osiagnieto podczas suszenia kwiatostandw o matych rozmiarach przy uzyciu
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tradycyjnego suszenia. W przypadku lisci, zastosowanie suszenia konwekcyjnego (50°C oraz
70°C) skutkowato najwyzszym stezeniem analizowanych kannabinoidéw (3,062-3,418 mg/g).
W pordéwnaniu do swiezego materiatu, zawartos¢ kannabinoidéw w lisciach suszonych metoda
liofilizacji spadta prawie 1,8-krotnie. Suszenie z wykorzystaniem metody tradycyjnego
suszenia, spowodowalo 2-krotny wzrost zawarto$ci analizowanych kannabinoidow
w kwiatostanach w stosunku do $wiezego materiatu. Zastosowanie metody liofilizacji oraz
suszenia konwekcyjnego w temperaturze 50°C skutkowato uzyskaniem materiatu o zblizonej
sumie kannabinoidow wzgledem materialu $wiezego. Podobnie, suszenie konwekcyjne
w roznych temperaturach znaczaco wptyneto na profil kannabinoidéw w suszonym materiale.
Reasumujac, zaobserwowano, ze wyzsza temperatura suszenia, powoduje wyzszy stopien
zmian w zawarto$ci kannabinoidow. Suszenie lisci z wykorzystaniem metody tradycyjnej,
liofilizacji oraz suszenia konwekcyjnego (60°C) dato w efekcie materiat, ktory nie roznit si¢
statystycznie istotnie (p<0,01) sumg kannabinoidow. Poréwnujac uzyskane wartoSci
kannabinoidéw z warto$ciami teoretycznymi przy zawartosci wody wynoszacej 10%
zaobserwowano, ze uzyskany material po suszeniu charakteryzowat si¢ wicksza zawarto$cia
poszczegolnych zwigzkéw w pordwnaniu do wartosci teoretycznych. Zaobserwowane zmiany
stezen poszczegdlnych zwigzkéw wywotane byly m.in. ubytkiem wody, dekarboksylacjg form
kwasowych kannabinoidéw lub utlenianiem [Das i wsp. 2024].

Opisane w dostgpnej literaturze naukowej wyniki badan sugerujg wzrost zawartosci
kannabinoidéw podczas suszenia réoznymi metodami. Esfandi i wsp. [2022], przeprowadzili
suszenie probek Cannabis sativa L. w temperaturach 45, 55 i 65°C oraz w temperaturze
otoczenia ze $§wiatlem 1 bez $wiatla. Autorzy wykazali, Ze zarowno suszenie w temperaturze
pokojowej, jak 1 w roznych wariantach temperaturowych powoduje zmiany w stezeniu
analizowanych kannabinoidow (CBD i A>-THC). Suszenie w wariancie temperaturowym 55°C
miato najmniejszy wpltyw na sume tych zwiazkow (odnotowano jedynie 3-krotny wzrost),
a w wariancie suszenia bez §wiatla wzrost ten byt 8-krotny. Metoda suszenia w temperaturze
otoczenia z dostgpem Swiatla spowodowata 4-krotny wzrost sumy tych dwoch zwiazkow.
Znaczacy wzrost zawarto$ci kannabinoidow podczas suszenia konwencjonalnego moze
wynika¢ z niezahamowanego dziatania enzymow, ktére biorg udziat w konwersji kwasnych
form kannabinoidéow do ich form obojetnych [Park i wsp. 2022]. Zastosowanie wariantu
temperatury 55°C prawdopodobnie skutkuje zahamowaniem aktywnos$ci enzymow
i skroceniem czasu suszenia, dzigki czemu zmiany sg nizsze pomimo zastosowania wyzszej
temperatury procesu suszenia. Wyniki uzyskane przez Esfandi i wsp. [2022] potwierdzaja te
uzyskane w ramach niniejszej pracy. Wyzsza temperatura suszenia, powoduje wigksze zmiany

w zawarto$ci kannabinoidow w suszonym materiale. Podobnie, Uziel i wsp. (2024) poréwnali
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wplyw temperatur suszenia mikrofalowego (40, 50, 60 i 80°C) kwiatostanow Cannabis sativa
L. na stabilno$¢ wybranych kannabinoidow. W swojej pracy potwierdzili, ze wraz ze wzrostem
temperatury suszenia zawarto$¢ wybranych kannabinoidow wzrasta nawet 2-krotnie
w stosunku do $wiezego materialu w przeliczeniu na sucha mas¢. Wykazali rowniez, ze
zastosowanie temperatury 50°C podczas suszenia mikrofalowego skutkuje uzyskaniem stezen
statystycznie takich samych jak te uzyskiwane w trakcie suszenia konwencjonalnego. Z duzym
prawdopodobienstwem nalezy =zalozyé, ze obserwacja wzrostu calkowitego stezenia
kannabinoidow wynika z degradacji kwasnych kannabinoidéw do ich neutralnych form lub
form izomerycznych, a takze jednoczesnego ubytku wody z materiatu roslinnego. Proces
degradacji kwasnych kannabinoidéw jest skomplikowany i zalezy od wielu czynnikéw, tj.
temperatury, czasu oraz warunkéw srodowiskowych (dostep tlenu 1 $wiatla). Wzrost stezenia
analizowanych zwigzkow w wysuszonych probkach moze by¢ réwniez zwigzany
z transformacja gtownych prekursorow biosyntezy kannabinoidow, tj. kwasu oliwetolowego
i pirofosforanu geranylu [Kanabus i in., 2021, Uziel i wsp. 2024]. Brakuje jednak danych na
temat wptywu wielko$ci suszonych kwiatostanow i lisci Cannabis sativa L. var. sativa na profil
1 zawarto$¢ omawianych substancji.

Wptyw procesu suszenia na poszczegolne kannabinoidy a takze ich profil zostat
przedstawiony na Rycinach 1-4, w Publikacji [P3]. Suszone metoda 1 mate (22,209 mg/g)
i Srednie (18,403 mg/g) kwiatostany mialy najwyzsze sumaryczne zawartosci kannabinoidow,
a wartosci te byly nawet dwukrotnie wyzsze niz te okre§lone w $wiezym materiale. Najwiekszy
wzrost stezenia po suszeniu metoda 1 zaobserwowano dla CBC, CBG, CBD oraz AS-THC.
Dominujacymi kwasowymi kannabinoidami w analizowanych $§wiezych probkach byly CBDA,
CBCA i A>-THCA-A. Najwiekszy, nawet 100-krotny wzrost stezenia CBD zaobserwowano
w przypadku matych i duzych kwiatostanow, gdzie koncowe stezenia tych zwigzkéw wynosity
odpowiednio 5,996 i 5,348 mg/g w przeliczeniu na suchg mas¢ kwiatostanu. Zawarto$¢
A%-THC podczas suszenia kwiatostandw w temperaturze pokojowej wzrosta 100-krotnie
z 0,012-0,017 mg/g do 0,576-1,136 mg/g. Stezenie prekursora AS-THC, czyli AS-THCA-A
w $wiezych kwiatostanach wahato si¢ od 0,420-0,840 mg/g i ulegto obnizeniu po 10 dniach
suszenia w temperaturze pokojowej (0,279-0,500 mg/g). Stezenie A®-THC podczas
1 po suszeniu nie zostalo wykryte powyzej granicy oznaczalno$ci w zadnej z analizowanych
probek. Po 10 dniach suszenia w temperaturze pokojowej catkowita zawartos¢ A°-THC dla
kwiatostanoéw wynosita: mate 1,478 mg/g (0,15%), s$rednie 1,015 mg/g (0,10%) i duze
1,246 mg/g (0,13%), a dla lisci 0,341 mg/g (0,03%). Wyniki pokazuja, Ze suszenie przy uzyciu
opisanej metody nie niesie ze soba ryzyka przekroczenia dopuszczalnej catkowitej zawartosci
A®-THC w suszonych kwiatostanach i lisciach (0,3% suchej masy). CBL i CBN, ktore nie
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wystepowaly w $Swiezym materiale, zostaly oznaczone w kwiatostanach suszonych
w temperaturze pokojowej w stezeniach odpowiednio 0,550-0,846 mg/g i 0,022-0,033 mg/g,
w przypadku lisci wartosci te byty nizsze i wynosity 0,037 mg/g i 0,004 mg/g (LOQ dla CBN
oraz CBL wynosito 0,0014 mg/g). W przypadku lisci zaobserwowano spadek zawartoSci
CBGA (do poziomu 0,002 mg/g) podczas Suszenia tg metodg w poréwnaniu do $wiezego
materiatu (0,172 mg/g), przy wzroscie stgzenia CBG z 0,006 mg/g ($wiezy material) do
0,087 mg/g. W probkach kwiatostanow zaobserwowano niewielki wzrost stezenia CBDA przy
jednoczesnym wzroscie st¢zenia CBD. Wzrost stezenia CBDA moégt by¢ wywotany degradacija
jego prekursora CBGA w wyniku dziatania np. enzymoéw, ktérych dziatanie nie zostato
zahamowane podczas procesu suszenia. Wyniki niniejszej pracy sa zgodne z danymi Esfandi
i wsp. [2022], ktorzy poddali czesci rosliny Cannabis sativa L. suszeniu w temperaturze
otoczenia bez dostepu $wiatla. Autorzy poréwnali zmiany zawartosci CBD i AS-THC
w §wiezym 1 wysuszonym materiale przy uzyciu opisanej metody. Wykazali oni kolejno ponad
7-krotny i 10-krotny wzrost zawarto$ci tych zwiazkow po suszeniu. Das i wsp. [2024] poddali
probki konopi suszeniu w temperaturze 30°C. Autorzy zaobserwowali 30% wzrost zawarto$ci
A®-THC w badanych prébkach. Stezenie A>-THCA-A zmniejszylo sie 0 25% w stosunku do
$wiezego materiatu. W naszej pracy jednak zastosowanie nizszej warto$ci temperatury,
tj. 20°C, spowodowalo nawet trzykrotny wzrost zawartosci tego zwigzku prawdopodobnie
w wyniku rozpadu jego prekursoréw np. CBGA.

W wyniku suszenia metodg 2 — liofilizacja, uzyskano suszone kwiatostany male
i Srednie, ktore charakteryzowaty sie wyzsza zawarto$cig sumy kannabinoidow (kolejno 13,461
i 15,362 mg/g) niz wartos¢ okreslona w $wiezym materiale. Sposrod wszystkich
kannabinoidow analizowanych w kwiatostanach o réznych rozmiarach, najwyzsze stgzenie
odnotowano dla CBDA (5,450-8,490 mg/g), co stanowi okoto 10% mniej niz zawarto$¢
w $§wiezym materiale (6,122 - 9,047 mg/g). Stgzenie CBD, gdy kwiatostany poddano suszeniu
sublimacyjnemu, wzroslo z poziomu 0,045-0,066 mg/g do poziomu 1,149-3,890 mg/g
(w zalezno$ci od wielkos$ci probki). Intensywne odparowanie wody moglo skutkowac
obnizeniem temperatury materiatu, ktore mogto wptyna¢ na profil kannabinoidéw. Odwrotna
obserwacj¢ odnotowano w przypadku probek lisci. Suszenie tg metoda spowodowato ponad
16-krotny spadek zawartosci CBD z 1,680 mg/g do 0,105 mg/g. Zaobserwowane zmiany moga
wynikac¢ z roznic w strukturze i budowie czesci roslin (wielkos¢ blaszki lisciowej, i10$¢ nasion
w kwiatostanach, wielko$¢ kwiatostanow). W lisciach kannabinoidy sg bardziej narazone na
dziatanie czynnikow fizykochemicznych w poréwnaniu do kwiatostanow, dlatego zawartosé
tych zwigzkéw mogta wzrosng¢ w kwiatostanach w wyniku dekarboksylacji ich prekursorow.
Po liofilizacji zaobserwowano obecno$¢ CBN (0,005-0,017 mg/g) i CBL (0,011-0,311 mg/g),
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ktore nie byly wykryte w $wiezym materiale ro$linnym w st¢zeniach powyzej granicy
oznaczalnosci (<LOQ). Wykryte poziomy CBN i CBL w suszonym materiale byly
prawdopodobnie spowodowane degradacja ich kwasnych prekursorow (CBLA i CBCA), mimo
ze odnotowano 3-krotny wzrost st¢zenia tych zwigzkow. W liofilizowanych prébkach
kwiatostanow i lisci catkowita zawarto§¢ A%-THC nie przekroczyta dopuszczalnego poziomu
0,3% suchej masy ro$liny. Catkowita zawarto$¢ A%-THC dla poszczegdlnych probek
kwiatostanow wynosita: mate — 0,721 mg/g (0,07%), srednie 0,824 mg/g (0,08%), duze —
0,575 mg/g (0,06%) i liscie — 0,240 mg/g (0,02%). Kilka doniesien naukowych potwierdza, ze
ros§liny suszone z wykorzystaniem liofilizacji charakteryzuja si¢ lepszym aromatem oraz
wicksza ilo$cig zwigzkéw bioaktywnych (np. terpendéw) w poroéwnaniu z innymi metodami
suszenia [Di Cesare i in., 2003, Thamkaew i wsp. 2021]. Dotychczas wigkszos$¢ prac, w ktorych
wykorzystano suszenie sublimacyjne koncentrowata si¢ na suszeniu zi6t. Danych dotyczacych
wplywu procesu liofilizacji na czesci rosliny Cannabis sativa L. nadal brakuje. Jedno
z pierwszych badan przeprowadzonych przez Addo i wsp. [2023] donosi, ze proces liofilizacji
zwickszyl stezenie CBDA, CBGA i CBG w suszonych probkach nawet 3-krotnie w poréwnaniu
do $wiezego materialu. Zawarto§¢ wymienionych kannabinoidéw po suszeniu wahata si¢
odpowiednio od 0,380-0,450 mg/g, 2,870-4,910 mg/g i 0,570-1,330 mg/g. W naszym badaniu
stezenia omawianych kannabinoidéw wahaty si¢ od 1,863-8,490 mg/g, 0,002-0,071 mg/g
i 0,018-0,280 mg/g. W przypadku kwiatostanow zaobserwowano wzrost stezenia CBG we
wszystkich analizowanych probkach.

Trzecig metoda wykorzystang w niniejszej pracy byto suszenie konwekcyjne w trzech
wariantach temperatury (3a — 50°C, 3b — 60°C, 3¢ — 70°C). Najwigkszy wzrost catkowitej
zawartosci kannabinoidow w stosunku do $wiezego materiatu (8,562-11,386 mg/g) nastapit
podczas suszenia kwiatostanow w temperaturze 50°C (9,245-12,183 mg/g). Dominujgcym
kannabinoidem w suszonym materiale w kazdym wariancie temperaturowym byl CBDA
(1,070-6,977 mg/g), ktorego stezenie zmniejszyto si¢ nawet pigciokrotnie w poréwnaniu do
swiezego materialu. Suszenie metodg 3a skutkowato kwiatostanami zawierajagcymi znacznie
wyzszg zawartos¢ CBD niz w probkach suszonych metodami 3b 1 3¢. Z drugiej strony, suszenie
lisci wszystkimi metodami (3a-3c¢) spowodowato spadek zawartosci CBD prawie o potowe.
Przypuszcza si¢, ze CBD jest bardziej narazone na degradacje w probkach lisci niz
w kwiatostanach. Suszac kwiatostany metodami 3a-3¢ zaobserwowano obecno$¢ CBL
(0,019-0,083 mg/g) i CBN (0,002-0,017 mg/g), ktore nie byly wykrywane w S$wiezym
materiale. Natomiast w probkach lisci zwigzki te byly obecne tylko w probkach suszonych
metoda 3a (odpowiednio 0,020 mg/g i 0,003 mg/g). Roznice pomiedzy zawartoscig tych

zwigzkow moga wynikaé ze struktury suszonych czgsci, w przypadku lisci, znacznie wigkszej
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powierzchni poddanej suszeniu (wielko$¢ blaszki lisciowej), a w przypadku kwiatostanow
(ilo$¢ nasion w kwiatostanach oraz wielkos¢ kwiatostanow). Wymienione przyczyny skutkuja
miedzy innymi degradacjg tych zwigzkéw do ich pochodnych lub izomeryzacj¢ np. CBD do
AS-THC. Gdy kwiatostany suszono metodami 3b i 3¢, zaobserwowano spadek stezeh CBNA
i CBN ponizej ich poczatkowego stezenia. Z kolei w probkach kwiatostanow suszonych
metodami 3a-3c¢ nie obserwowano wzrostu stezenia CBNA oraz A>THCVA. Stezenie CBGA
w kwiatostanach, ktory jest prekursorem wszystkich analizowanych kannabinoidéw, spadto po
suszeniu wszystkimi zastosowanymi metodami. Najnizsze stezenie odnotowano po suszeniu
w temperaturze 70°C (0,002-0,006 mg/g). Zastosowany proces suszenia nie powodowat
tworzenia A-THC w kwiatostanach, ani w liSciach. Najwyzsze stezenie kannabinoidow
ogdétem w probkach liSci odnotowano po suszeniu metodg 3a (3,418 mg/g) i byto ono nizsze
niz w $wiezym materiale. Dominujagcym kannabinoidem w liciach byl CBDA, ktory
odnotowano na poziomie 1,328 mg/g po suszeniu metoda 3c. W pozostatych wariantach
koficowe stgzenie tego zwiazku w wysuszonym materiale bylo o okoto 10% nizsze.
Zastosowanie konwekcyjnego suszenia probek w réznych wariantach temperaturowych
rowniez wptyneto na poziomy A%-THC, A>-THCA-A i catkowitego AS-THC. Najwyzsze
stezenia A%-THC odnotowano dla malych kwiatostanow (1,230 mg/g - metoda 3b)
i lisci (0,267 mg/g - metoda 3b i 3c). Zastosowanie metody 3¢ do suszenia kwiatostanow
skutkowato uzyskaniem probki o najnizszym stezeniu A°-THCA-A (0,080-0,345 mg/g).
Uzyskane wartoéci calkowitego AS-THC dla probek suszonych metoda 3a mieszcza
si¢ w zakresie 0,400-0,769 mg/g. Dla metody 3b — 0,336-1,560 mg/g, a dla metody 3c —
0,337-0,671 mg/g. Nie zaobserwowano przekroczenia dopuszczalnej zawartosci tego zwiazku
w analizowanych probkach suszonych niezaleznie od metody (3a, 3b, 3c). Otrzymane wyniki
potwierdzaja, ze koncowa zawarto$¢ danego zwiazku lub sumy zwiazkow zalezy nie tylko od
temperatury suszenia, ale takze od rodzaju 1 wielkosci probki poddanej temu procesowi. Dane
literaturowe dotyczace wpltywu procesu suszenia na zawarto$¢/szybkos¢ degradacji
kannabinoidéw ogoélnie wskazuja, ze ich poziom zmienia si¢ podczas suszenia. Jedno
z pierwszych doniesien na temat suszenia cze$ci roslin zostato przedstawione przez Turnera
i Mahlberga [1984], ktorzy suszyli probki lisci Cannabis sativa L. przez 24 godziny
w temperaturze 37°C, temperaturze pokojowej (2 tygodnie) i 60°C (suszenie w piecu -
12 godzin). Zaréwno w probkach suszonych w temperaturze 37°C, jak 1 60°C zaobserwowano
2-krotnie wyzsza ilo$¢ neutralnych kannabinoidow w poréwnaniu ze §wiezym materialem
(w przeliczeniu na suchg mase¢), co wskazuje, ze proces dekarboksylacji zachodzi juz
w temperaturze 37°C. Chen i wsp. [2021] wykorzystali suszenie gorgcym powietrzem (40, 50,
60, 70, 90°C) oraz suszenie podczerwienig (40 1 60°C). Metody te zostaty wykorzystane przez
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autorow do suszenia kwiatostanow roslin Cannabis sativa L. var. sativa. Autorzy stwierdzili,
ze zastosowanie suszenia podczerwienig spowodowato wigksza utrate kannabinoidow
W poréwnaniu z suszeniem goracym powietrzem, odpowiednio o $rednio 16,2% 1 72,3%. Uziel
I wsp. [2024] porownali suszenie mikrofalowe konopi z suszeniem konwencjonalnym.
Suszenie mikrofalowe przeprowadzono w 4 wariantach temperatury (40, 50, 60 1 80°C).
Autorzy wykazali, ze zastosowanie mikrofal w suszeniu konopi znacznie skraca czas suszenia
(<4,5 godziny w zalezno$ci od zastosowanej temperatury) w poréwnaniu do suszenia
tradycyjnego (10 dni). Potwierdzili rowniez, ze stosowanie wysokich temperatur suszenia
konopi powoduje zmiany w sktadzie kannabinoidéw obecnych w suszonym materiale. Jak
potwierdzili Esfandi i wsp. [2022] wykazano, ze temperatura (45, 55, 65°C), a takze rodzaj
metody suszenia (suszenie z lub bez Swiatla, suszenie w piecu, suszenie prozniowe lub suszenie
mikrofalowe) stosowane do suszenia probek Cannabis sativa L., wptywa na wzrost st¢zenia
wybranych kannabinoidéw (CBD i A®>-THC) w suszonym materiale roslinnym. Istnieja rowniez
dane wskazujace, ze proces suszenia nie wpltywa na zmiany zawartosci kannabinoidow
w suszonym materiale. W badaniu przedstawionym przez Kwasnicg i wsp. [2023] porownano
metode konwekcyjna 50, 60 i 70°C, metode prozniowo-mikrofalowa oraz metode taczong
stosowang do suszenia lisci Cannabis sativa L. Jest to pierwsza praca, ktora nie wykazata
wplywu zastosowanej metody suszenia na zmiany w profilu analizowanych kannabinoidow.
Uzyskane w pracy i cytowane wyniki innych badaczy potwierdzajg potrzebg kontrolowania
procesu suszenia Cannabis sativa L., aby wykluczy¢ potencjalne ryzyko przekroczenia
dopuszczalnego poziomu A°-THC w suszonych materiatach. Stanowi to powazne zagrozenie
pod wzgledem zapewnienia bezpieczenstwa zywnosci, do produkcji ktoérej suszone rosliny
mogltyby by¢ wykorzystywane. Na podstawie uzyskanych wynikow potwierdzono Hipoteze
[H2] mowiaca o tym, ze dobor metody i warunkow suszenia wpltywa na profil kannabinoidow

w materiale roslinnym z Cannabis sativa L. var. sativa.
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The hemp industry uses traditional drying methods based on ambient temperature. However, these methods do not guarantee
a high-quality dried product due to the possibility of mold growth. The present study aimed to evaluate the effect of the drying
method for parts of the Cannabis sativa L. var. sativa plant (ambient temperature drying without light, freeze-drying, and co-
nvective drying at 50, 60, and 70°C) on the content of 17 cannabinoids. The leaves were separated, and the inflorescences
were subdivided according to size. Analyses were performed using UHPLC-HESI-MS. Traditional drying of the inflorescences
increased the total cannabinoid content to 17.608-22.209 mg/g DM relative to fresh material (8.562-11.386 mg/g DM). Incre-
asing the drying temperature by 10°C significantly enhanced cannabinoid degradation in the dried inflorescences. The most
significant increase in cannabidiol and A®-tetrahydrocannabinol content in the inflorescences was observed during traditional
drying (up to 10 times). The greatest decrease in the content of the main acid precursors of cannabinoids, i.e., cannabidiolic
acid and A%-tetrahydrocannabinolic acid A, was observed during convective drying (up to 3 times). The present study is one
of the first to compare the effects of drying methods on the profile of cannabinoids in selected parts of the Cannabis sativa L.

plant.

Keywords: cannabinoids, drying, hemp inflorescences, hemp leaves, UHPLC-HESI-MS

INTRODUCTION

Cannabis sativa L. var. sativa is one of the oldest cultivated plants
in the world, while cannabinoids are one of the most essential
bioactive substances of its plants [Kanabus et al, 2021]. The most
common cannabinoids include A°-tetrahydrocannabinol
(A%-THC), cannabidiol (CBD), cannabigerol (CBG), and their acid
forms [Aizpurua-Olaizola et al, 2014; Pellati et al, 2018], and can
be found in both the inflorescences and the leaves [Knezevic et
al, 2021],i.e,the parts of the plant where epidermal outgrowths
called glandular trichomes are formed, which serve for the bio-
synthesis and storage of these compounds [Xie et al, 2023]. In
contrast, they are found in trace amounts in the seeds [Kanabus
etal, 2021].The interest in hemp seeds as food to date has been
mainly due to their high contents of protein (>20 g/100 g)

and essential amino acids, and their unique and ideally balanced
fatty acid composition (25-35 g/100 g) [Farinon et al, 2020].
A potential benefit from consuming both the inflorescences
and leaves of the C. sativa plant is the delivery of the canna-
binoids to the body. When supplied to the body in adequate
doses, cannabinoids exhibit many positive actions to support
its functioning. The most important effects are analgesic, sed-
ative, anti-anxiety, and anticonvulsant ones [Baker et al, 2003].
One of the more interesting suggestions for the possible use
of the dried extracts from this plant is to apply it as an ingredient
in herbal teas or to add it to cakes or dairy products [Das et al,
2022; Kanabus et al, 2021]. However, due to very high psycho-
active activity of cannabinoids, it was necessary to regulate
their content in food, including in particular their most active
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representative, i.e, total A>-THC, the maximum content of which
in the dry matter of the plant has been set below 0.3% according
the European Union (EU) Commission Regulation No. 2023/915
[Regulation EU 2023/915].

The cannabinoid content depends not only on the part
of the plant, but also on its chemotypes, development stage
[Aizpurua-Olaizola et al,, 2016; Ubeed et al, 2022], growth con-
ditions (temperature, fertilization, humidity) [Park et al., 2022],
and post-harvest treatments such as drying [Das et al,, 2022].
Bioactive compounds are usually degraded during processing
at elevated temperatures. It is known that acidic cannabinoids
are decarboxylated by heating (even at >30°C) [Meija et al.,,
2022;Wang et al,, 2016] or by the action of enzymes (e.g., CBDA
synthase) in the plant to produce CBDA from CBGA [Kanabus
et al, 2021]. However, there is little information on changes
in the cannabinoid profile under the influence of the drying
process. Determining the thermal stability of cannabinoids is im-
portant for handling plants and selecting the method of drying
or processing of C. sativa plant parts for food production [Meija
etal, 2022]. Fresh fiber hemp is usually harvested at a high initial
moisture content (MC) (usually 80 g/100 g) and should be dried
to a safe MC value (10 g/100 g) to prevent the development
of harmful microflora [Kwasnica et al, 2020]. The most common
drying method is drying on hangers or trays. This process takes
place at 15-20°C and lasts between 3 and 10 days. The structure
of the hemp plant restricts airflow near the inflorescences, which
can result in mold growth.

The drying of agricultural products is a complex process
that involves heat and mass exchange phenomena, and can
cause physical, chemical, and biochemical modifications [Addo
et al, 2023; Kwasnica et al, 2020]. Both traditional drying (with
or without light at ambient temperature) and hot air-drying are
widely used for various plant materials. The heat and moisture
exchange rate during the hot air-drying is significantly better
than natural air-drying due to forced air convection [Chen etal,
2021]. Convective drying at 40-60°C usually does not adversely
affect the quality of the dried material. Still, the long drying time
of this process does not guarantee the high quality of the dried
plant material [Esfandi et al,, 2024]. Freeze-drying is one of the lat-
est methods used to dry plant material. It involves dehydration
by sublimation and surface desorption of the frozen product.
Freeze-dried products retain nutrients, bioactivity, and color
compared to traditionally-dried products [Addo et al,, 2023; Kiani
et al, 2018]. By operating at low temperatures, freeze-drying
potentially reduces the loss of bioactive compounds, thereby en-
suring a higher-quality of the dried products [Challa etal,, 2021].

The objective of the present study was to compare the profiles
of cannabinoids of C. sativa var. sativa dried using different meth-
ods, including freeze-drying; drying at 20°C for 10 days; and con-
vective drying at 50, 60, and 70°C to obtain MC of 101 g/100 g.

MATERIALS AND METHODS

®  Chemicals and reagents

The certified reference materials (CRMs) including canna-
bidiol (CBD), cannabidiolic acid (CBDA), cannabigerol (CBG),
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cannabichromene (CBC), cannabinol (CBN), cannabinolic acid
(CBNA), cannabidivarinic acid (CBDVA), cannabicyclol (CBL),
and cannabicyclic acid (CBLA) were purchased as solutions at
the concentration of 1.0 mg/mL in methanol (MeOH) or ace-
tonitrile (ACN) from Restek GmbH (Bad Homburg, Germany).
Cannabigerolic acid (CBGA), cannabichromenic acid (CBCA),
A°-tetrahydrocannabinol (A%THC), As-tetrahydrocannabinol
(AB-THC), A°-tetrahydrocannabinolic acid A (A°-THCA-A), A*-tetra-
hydrocannabivarinic acid (A>-THCVA), and cannabidivarin (CBDV)
were provided by LGC Standards (Teddington, UK). The solution
of A’-tetrahydrocannabivarin (A*-THCV) in MeOH (1.0 mg/mL)
was obtained from Cerilliant Corporation (Round Rock, TX, USA).
The CRMs had a certified purity value of >98.00%. Quality control
material (QCM) HEMP-1in ground hemp form (National Research
Council Canada) was used for validation. Solvents of purity for
liquid chromatography-mass spectrometry (LC-MS) analysis
of water, ACN, and MeOH were purchased from Witko (+6dz,
Poland), whereas HCOOH and HCO,NH, (LC-MS grade) were
purchased from Sigma Aldrich (St. Louis, MO, USA).

= Plant material

The Cannabis sativa L. var. sativa 'Biatobrzeskie’ plants were
selected for analysis. This variety has a documented history
of human consumption and has been used for years for CBD
extraction. Plants were obtained from the Institute of Natural
Fibres and Herbaceous Plants in Poznar, located in Petkowo,
Poland (52°12'32"N 17°15'17"E). They were harvested at the peak
of flowering, specifically between twenty days after the start
of flowering and ten days after the end of flowering [Regulation
EU 2017/1155]. After harvesting, the plants were divided accord-
ing to the size of the inflorescences (small (<10 cm), medium
(10-20 cm), and large (>20 cm)). Then, the inflorescences (S,
M and B groups, respectively) and leaves (L) were collected,
and the remaining plant parts (roots and stems) were removed.
The samples were then frozen and stored at —60°C.

= Drying methods

The drying conditions were chosen based on the usual condi-
tions for this plant material type and the literature [Kwasnica et al,
2020; Thamkaew et al,, 2021]. Each time, the drying process was
carried outto achieve MC of approximately 10+1g/100 g. The dry-
ing of the samples was carried out in triplicate, and the sample
weight was 50+0.2 g each time. The traditional drying of fresh
plant material was carried out on thin blotting paper in a ven-
tilated room without light, with low air humidity (52+2%) [Das
etal, 2022]. The ambient temperature in the room was 20+2°C.
The moisture content of the samples was checked every 24 h
during 10 days. The freeze-drying of frozen samples (—60°C)
was performed at 25°C for 24 h in the Alpha 1-4 LSC plus lyo-
philizer unit (Martin Christ Gefriertrocknungsanlagen GmbH,
Osterode am Harz, Germany). A KBC G-100/250 laboratory dryer
(Warsaw, Poland) with natural air circulation was used to carry
out convective drying at 50, 60, and 70°C, and the temperature
was checked each time for uniform process conditions. Sample
weights were recorded every 1 h for the first 12 h. After obtaining
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MCof 10g/100 g, all dried samples were ground into a fine pow-
der using a Grindomix GM200 grinder (Retsch, Haan, Germany)
and stored until analyzed.

= Preparation of extracts

Samples of both fresh and dried hemp material (0.1 g) were
extracted using MeOH (fresh material = 5 mL, dried material
- 2x10 mL) at 25%+1°C for 2 min. Mixtures of solids in solvent
were homogenized (2 min, 5000 rpm) using a Unidrive X 1000
homogenizer (CAT Scientific Inc,, Paso Robles, CA, USA) and then
centrifuged (2 min; 10,000%xg) using an MPW-380R centrifuge
(MPW Med. Instruments, Warsaw, Poland). Sample preparation
procedure was described in detail in our previous publica-
tion [Kanabus et al, 2023]. The extracts were filtered through
a 0.22 um (13 mm filter diameter) syringe filter (LLG Labware,
Meckenheim, Germany) and directly subjected to cannabinoid
analysis.

= Determination of cannabinoids

Identification and quantification of the cannabinoids were per-
formed using an ultra-high-performance liquid chromatography-
Q-Exactive Orbitrap mass spectrometry setup operating with
a heated electrospray interface (UHPLC-HESI-MS) (Thermo Fisher
Scientific, Waltham, MA, USA). Chromatographic separation was
performed using a 2.1x100 mm, C18 Cortecs, 1.6 um column
(Waters, Milford, MA, USA). The mobile phase used in the isocratic
mode (0.3 mL/min, 10 min) was a mixture of ACN and an aque-
ous 0.02% HCOOH and 5 mM HCO,NHj, solution (75:25, v/v).
Chromatographic and spectral data and spectrometer opera-
tion parameters were described in detail in our previous work
[Kanabus et al, 2023].

Standard solutions of all 17 cannabinoids with the con-
centration of 100 pg/mL were prepared by dissolving 1.0 mL
of the compound reference standard in ACN or MeOH using
10-mL volumetric flasks separately. This step was repeated as it
was necessary to prepare higher dilutions for most compounds
except CBD and CBDA. All solutions were stored at —80°C. Cal-
ibration curves in the relevant ranges for the compound were
generated using Thermo TraceFinderTM software, version 5.1
(Thermo Fisher Scientific, Pleasanton, CA, USA).

Validation of the method was described in detail in our pre-
vious publication [Kanabus et al, 2023].To confirm and maintain
the method'’s validity, a Certified Reference Material (HEMP-1)
analysis was performed for each series of cannabinoid analy-
ses (unpublished data). The recoveries achieved were within
the 80-120% target range and fulfilled the guidelines included
in ICH 2005 and AOAC 2002 [Kanabus et al., 2023].

The cannabinoid content was determined using a WPS 30S
balance dryer (Radwag, Radom, Poland), and respective results
were expressed on a dry matter basis (mg/g DM). In addition,
total A-THC content was calculated A*THC and A%-THCA-A
following Equation (1) [Regulation EU 2023/915]:

Total A®-THC = A°THC + (0.877 x A’-THCA-A)
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= Statistical analysis

Data were analyzed statistically using Statistica 13 software
(Statsoft, Carlsbad, CA, USA). A one-way analysis of variance
(one-way ANOVA) was used to determine significant differ-
ences (p<0.01) between the mean contents of individual can-
nabinoids and their sum in the fresh plant material and dried
using different methods. The homogeneity of the groups was
determined using the Tukey’s honestly significant difference
(HSD) test.

RESULTS AND DISCUSSION

This study discusses the effect of selected drying methods on
the stability of 17 cannabinoids (listed in M&M - Chemicals
and reagents) found in the Cannabis sativa L. var. sativa ‘Biato-
brzeskie'plant. The chromatographic and spectral data used to
identify these compounds were presented in our previous study
[Kanabus et al, 2023]. The conditions of the drying methods
and the time required to obtain the MC of the samples at the level
of 10 g/100 g are presented in the Supplementary Materials
(Table S1). The contents of individual cannabinoids and their
sums in fresh inflorescences and leaves, and after their drying
by the chosen methods are presented in Table 1 and Figures
1-4.The paper also presents results of determinations of the to-
tal A®-THC content, which was designed to represent the sum
of A>-THC and A®-THCA-A equivalents in a given product [Reg-
ulation EU 2023/915].

u  Effect of drying method on total cannabinoid content
The total cannabinoid content determined in the fresh mate-
rial ranged from 4.516 mg/g DM (leaves) to 11.386 mg/g DM
(medium inflorescences) (Table 1). Freeze-drying and convec-
tive drying at low temperature (50°C) allowed the preservation
of the total content of cannabinoids except for the medium-sized
inflorescences. In contrast, inflorescences dried at 60 and 70°C
contained less (p<0.01) total cannabinoids than the fresh mate-
rial. In general, the higher the drying temperature was, the lower
was the content of the total cannabinoids in inflorescences. For
leaves, a significantly (p<0.01) lower total cannabinoid content
was determined in the samples dried Vid all methods compared
to thatin the fresh material. Among dried leaves, those obtained
by convective drying (50°C and 70°C) had the highest content
of total cannabinoids (3.062-3.418 mg/g DM). Compared to
the fresh material, the cannabinoid content of leaves dried by
traditional drying and freeze-drying decreased around 1.8-fold.
The differences in the total cannabinoid content of materials
obtained by different methods may result from the different
thermal stability of individual cannabinoids and from possible
conversions between them, primarily non-enzymatic decar-
boxylation of acidic cannabinoids to their neutral forms and iso-
meric forms occurring under the influence of heating and aging
[Garcia-Valverde et al, 2022; Grafstrom et al, 2016; Meija et al,
2022;Wang etal, 2016]. The effects of each drying method used
in our study on individual cannabinoid contents were described
below in separate subsections concerning drying at ambient
temperature, freeze-drying, and convective drying.
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Table 1. Cannabinoid content (mg/g dry matter) of fresh Cannabis sativa L. var. sativa small (S), medium (M) and large (B) inflorescences and leaves (L) and after
their drying by selected methods.

Cannabinoid Part of plant | Fresh material Tradltlonal Freeze-drying .

0.168+0.010" 1.444+0,150° 0.565+0.020°* 0431+0030% 0538+0038""  0208+0.010°
M 0.125+0.006 1.154+0.048% 047140022 0.850+0.059°A 0.424+0.029% 03014004848
i B 0.104+0013 147040.039% 0.29140.001¢ 0.42240.030 0.535+0.010%® 0.36620.054%
L 0.003+0.001° 0.066+0.003 0.020£0,005%° 0.141£0,003°° 0.167+0012%° 0.175+0,004%°
S 00010001 0.125+0014% 0.020+£0.001% 0.068+0.005%* 00410003 0.063+0.004%*
M 00010001 0.150+0.009% 0.018+0.008% 0.052:0,004% 00270002 0.029+0,004
o B 00010001 012540011 0.009+0002®  0009+0.006®  0.023+0.002° 0.0070.002%
L 0.001+0,001% 0.008+0.002% 0.003+0.001¢ 0.015+0,002< 0.022+0002°°C  0.029+0.007%
S 0.025+0.007¢ 1.040+0.026% 0.280+0.015% 0.107+0.008% 0.195+0014% 020140023
M 0.040+0.001¢* 06270045 0.193+0,022%8 0.080£0.006 0.193+0011°* 0.0530,008%
e B 00430004 0970+0,023% 0.203+0.005% 0.085+0.006% 0.126+0017¢ 013440006
L 0.006+0.003 0.087+0.003%° 0.018+0,003% 0.026+0.008° 00830004 0.019+0,009°°
S < LOD% 0550+0.015% 031140030 00230002 0.02240.001®  0.022+0.001*
M < LoD 0687+0011% 026140040 0.025+0.002% 0.0260.003* 0.02120.002%
- B < LoD 0.846+0015% 0.166+0.020° 0.019+0,001% 0021400028 0.020+0.002°
L < LoD 0.037+0.004%° 001140001 0.020+0.003% < LoD <LOD®
S < LoD 0.033+0.001% 0.017+0.002% 0.003+0.001% 001440001 0.014+00014
M < LoD 00220002 001340001 0002400018 0.017+0.001°* 00130001
N B < LoD 0.030+£0001% 001400038 000240001 0.0130.003" 0012000128
L < LoD 00040001 0.005+0.002° 0.003+0.001%* < LoD < LoD
S 0002+0001°"®  0.002+0.001% 00010001 0.003+0001% 000100012 000100012
M 0.003+0,001%* 0.018+0001% 00010001 0.003+0001% 0.00140.001 0.00140.001
o B 0.002+0001°%  0002+0.002%  0.001+0.001% 0.004+0001%"%  0.002+0.001%*  0.001+0.001°
L 00040002 0001+0.001°®  0,008+0.001° 0.006+0.002* 0.002:+0.001% 0.0010.00154
S 0.01240.001¢ 1.1360.170° 0.405+0.035 0.398+0.027°4 1046400738 044040016
) M 00170001 0576+0.021°¢ 035040004 0.287+0.020%® 1.230+0.031% 0.200+£0.007¢°
e B 0.015+0.001% 1071400258 0.179+0.003 0.219+0.015°¢ 1.153+0.080% 0.232+0.006°¢
L 0.005+0.001¢ 0.148+£0075°°  0.038+0.002% 0.189:£0,004°° 0.267+0,021%¢ 0.267+0,004%
S 0.001+0001% 0.020+0,002° 0.006+0001 001340001 0014000204 0.018+0,003*
. M 000140001 0.007+0.001% 0.004£0.002%4 0.011+0002% 0.012+0001% 0.006+0.001%
e B 000140001 0.018+0.003* 0.002+0.001 0.002:+0.002 0.006+0.001% 0.001+0.001<
L 0.006+0.003* 0.002+0002°°C  0.001+0.001%8 0.004+£0.002% 0.005+0.001% 0.006+0.001%
S 072140079 057540059 0.806+0.033% 0472+0033% 07330057 041640033
M 0665400718 0510400878 052120042 058740041 04290050 09250040
o B 0385+0.038< 051140036% 0.198+0,014C 0.280£0.054% 0.440+0,030" 0250400179
L 00920014 0.046+0,009 00170002 008240008  0.020+0.003% 00210002
S 0.061+0003® 5.996+0.136 1.575+0.080% 345040458 19474013794 2977+0.159>
P M 0.066+0.007 4443+0.161% 3.890+0.186% 2450+0.171¢ 1.849+0.170% 0.864+0.021¢
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Table 1 cont. Cannabinoid content (mg/g dry matter) of fresh Cannabis sativa L. var. sativa small (S), medium (M) and large (B) inflorescences and leaves (L) and

after their drying by selected methods.

Cannabinoid Part of plant | Fresh material Tradltlonal Freeze-drying A

0.045+0002C  5348+0,192%
8D
L 1680402304 0483+0.015%®
5 0.15240016®  0.027+0,002
M 0.190£0026®  0,058+0.004%
CBGA
B 0.151£0013®  0,020+0.006%
L 0.17240.0122A 0.002+0.001%¢
5 0048+0007%  0.011+0,002%
M 0027+0010%  0,018+0.0020
AOTHCVA
B 0025+0003%  0.010+0,002%
L 0.006+0.001C  0.001+0,001<
5 0018£0003%  0,015+0.001%
M 001840002% 001740002
CBLA
B 0015£0002%  0,011+0.003%
L 003240005  0,025+0,0020
5 137140087 1.113+0,129%
M 059240028 04800036
CBCA
B 081800758  0.660+0,024%
L 0276+00170  0279+0,025%
5 0420£0017  0390+0011%
M 0600£0.023%  0.500+0.0645
DOTHCAA
B 0.840+0.077%A 0.279+0.0139¢
L 0240+0017°  0220+0,024%
5 814610305  9750+0758%
M 004740347 9.140+0284%
CBDA
B 612240863  6427+0203%
L 1992+0285®  1060+0.121<
5 11.12740778%%  22209+1 554
A B
ot M 11386+0796%  18403+].288°
cannabinoids g 856240599 17.608+1232%
L 4516+0316%  2470+0.173C

1.149+0.131°¢ 1.640+0.1115¢ 1.007+0.1020% 1.058+0.1340%
0.105+0.013¢0 1.280+0.125%° 0.848+0,094<C 1.020+0.1330%
0.053+0.013% 0.0200,0019A 0.008+0.002¢8 0.005+0.001¢*
0.058+0.003%8 0.017+0.,002¢ 0.01420,005 0.00620,0029A
0.07120,0010A 0.0160.002¢ 0.00620,004% 0.002+0,001¢
0.002+0,0010¢ 0.002+0,001°¢ 0.004+0002%5¢  0.004+0.001°®
0.011+0.001% 0.008+0.001¢A 0.020£0.002°4 0.015+0,002
0.006+0.00298 0.008+0.0019A 0.012+0.001 0.013+0.002

0.004+0.001
0.002+0.001<
0.004+0.002%8
0.0060.002

0.004+0.001%

0.008+0.00154 0.002+0.001¢° 0.001+0.001¢¢

0.002+0.001 0.005+0.0012 0.006+0.001%8

0.017+0.002%8 0.004+0.001°¢ 0.003+0.001°¢

0.011+0.001°¢ 0.002:+0.0019 0.002:+0.0019

0.017+0.001% 0.013+0.0012% 0.009+0.001

003600042 003700042 0.033+0.002% 00320008
073640081 0486+0.034% 0.388+0.027¢* 0355+0,023¢
0540£0019°®  0414+0.038%C 0.256+0018% 0370+£0012¢
0.428+0,022<€ 0638+0,037%4 040100284 0416+0036%
0.228+0,035%° 0.172+0,023 0.079+0,012%¢ 0.079+0,004%
0360+0016 0275+0,025% 0.289+0,027% 0.264+0,021%
05414003204 0.550+0.029%* 0.478+0017 0281+0018%
0451400807 0440400518 0.4640.028% 0345+0.069%
0.230+0.025%° 024140013 0.079+0,013%¢ 0.080£0.015¢
842040514 6.427+0450% 2.785+0.195% 2.092+0.108%
84900448 697740551 251240.176% 2063+0.116%
545040227 5.446+0381°%8 1.547+0.104% 3.22040.144
1.863+0.281°C 1.199+0.192°C 107040073 1.328+0.071%¢
13461+0942% 12183408520 8.043+0.563% 7163405019
15362410752 12.124+0848% 7.478+0.523% 514740360
8.619+0.603° 9.245+0.647 5.564+0.389¢ 6.077+0.425
2587+0.181° 3418+0.239¢ 2.687+0.188 3.062+0.214%0

Results are shown as mean + standard deviation (n=3). Values in the rows marked with different letters (a-f) differ significantly (p<0.01). Values in the columns (separately for each
compound) marked with different letters (A-D) differ significantly (p<0.01). LOD, limit of detection. The full names of the compounds are listed in the “Chemicals and reagents” subsection.

= Effect of traditional drying on cannabinoid profile

The total content of cannabinoids in the inflorescences de-
creased slightly during the initial period of the process, reach-
ing a minimum value after 2 (small and large inflorescences) or
4 (medium inflorescences) days of drying, and then began to
increase successively until the 10" day (Figure 1). In the case
of leaves, the decrease in the total content lasted longer, until
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the 5™ day of drying, and was definitely greater (more than
2-fold), whereas the further increase was less spectacular than
in the case of inflorescences (Figure 2). The highest increase,
up to 100-fold, in the content after traditional drying was de-
termined for CBC, CBG, CBD, and A°-THC (Table 1). The content
of CBD increased the most and the final content of this com-
pound in inflorescences ranged from 4.443 to 5.348 mg/g DM.
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Figure 1. Changes in the cannabinoid profile during traditional drying (20°C, 10 days, without access to light) of Cannabis sativa L. var. sativa small (S), medium

(M) and large (B) inflorescences.
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The A°-THC content during drying of the inflorescences at 20°C
increased from 0.012-0.017 mg/g DM to 0.576-1.136 mg/g
DM. The main acidic cannabinoids in the fresh samples were
CBDA, CBCA, CBDVA, and A*-THCA-A.The content of the A°-THC
precursor, A°-tetrahydrocannabinolic acid (A>-THCA-A), in fresh
inflorescences ranged from 0.420-0.840 mg/g DM and decreased
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after 10 days of drying at ambient temperature (0.279-0-500
mg/g DM). A decrease was also recorded in the contents
of CBCA and CBDVA ininflorescences as well as CBDVA and CBDA
in leaves. Our study results were in line with those of Esfandi et al.
[2024], who dried parts of the C. sativa L. plant at ambient tem-
perature without light. These authors compared changes in CBD
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and A°-THC contents in fresh and dried material and showed
successively more than 7-fold and 10-fold increases in the con-
tent of these compounds after drying. A higher A>THC content
in traditionally dried inflorescences compared to the fresh ma-
terial was also reported by Uziel et al. [2024]. In turn, Das et al.
[2024] dried hemp samples at 30°C and observed a 0.30-fold
increase in A>-THC content. The content of A>THCA-A decreased
0.25-fold relative to fresh material. Similar results were obtained
in the present study, and a decrease in the content of this com-
pound was observed as well.

In the case of C. sativa inflorescences and leaves, a decrease
in CBGA content was observed compared to the fresh material,
with a simultaneous increase in CBG content (Table 1). Moreover,
anincrease in CBDA content and a simultaneous increase in CBD
content were noted in small and large inflorescences. Based on
these observations, it can be assumed that CBGA was converted
at 20°C by enzymes, such as cannabidiolic acid synthase, allow-
ing the formation of CBDA and then both compounds under-
went non-enzymatic decarboxylation to the neutral forms CBG
and CBD. The enzymatic inter-conversion of CBGA to CBDA is
well established in the biosynthesis pathway of cannabinoids
during plant growth [Kim et al., 2022; Taura et al,, 2007]. In turn,
Meija et al. [2022] reported that decarboxylation of CBDA to CBD
was likely to occur even during storage of dried inflorescences
at ambient temperature.

CBL and CBN, which were absent in the fresh material (<limit
of detection, LOD), were determined in the inflorescences dried
at ambient temperature in the range of 0.550-0.846 mg/g DM
and 0.022-0.033 mg/g DM, respectively; for the leaves, the values
were lower at 0.037 mg/g DM and 0.004 mg/g DM (Table 1).
The A8-THC was not determined in any of the samples analyzed.

After 10 days of drying at 20°C without light, the total A>-THC
content was 1.478, 1.015, and 1.246 mg/g DM in the small, me-
dium and large inflorescences, respectively,and 0.341 mg/g DM
in the leaves, indicating that this drying method poses no risk
of exceeding the total A’-THC content in the dried matter
of plants according to the Commission Regulation (EU), which
is 0.3% [Regulation EU 2023/915].

u  Effect of freeze-drying on cannabinoid profile

After freeze-drying of different-sized inflorescences and leaves
of C. sativa, no A-THC was detected in any sample. Of all the can-
nabinoids identified in inflorescences of different sizes, the high-
est content was found for CBDA (5.450-8.490 mg/g DM), which
was approximately 0.1 times lower than its content in the fresh
material (6.122-9.047 mg/g DM) (Table 1). When the inflores-
cences were subjected to freeze-drying, the content of CBD
increased from 0.045-0.066 mg/g DM to 1.149-3.890 mg/g DM
(depending on the size of inflorescences). The opposite obser-
vation was noted for the leaf samples. Drying by this method
resulted in a more than 16-fold decrease in CBD content, i.e,
from 1.680 to 0.105 mg/g DM. Both CBN and CBL, which were
not detected in the fresh plant material (<LOD), were found
in the freeze-dried material (at 0.005-0.017 mg/g and 0.011-
0.311 mg/g, respectively), probably due to the decarboxylation
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of their acidic precursors (CBNA and CBLA, respectively). In freeze-
-dried inflorescence and leaf samples, the total A’-THC content
did not exceed the target level of 0.3% of plant dry matter, but its
values were relatively high: 0.721 mg/g DM (small inflorescence),
0.824 mg/g DM (medium inflorescence), 0.575 mg/g DM (large
inflorescence), and 0.240 mg/g DM (leaves).

Several literature reports suggest that freeze-drying retains
more aromatic and bioactive compounds in dried plants than
other drying methods especially those involving heating [Di
Cesare etal, 2003; Thamkaew et al, 2021].While most of the works
focus on the freeze-drying of herbs, there is a lack of information
on the bioactive compound profile of C. sativa individual plant
parts dried using this method. One of the first studies carried out
by Addo et al. [2023] reported that the freeze-drying increased
the contents of CBDA, CBGA, and CBG in dried samples by up to
3-fold compared to the fresh material. The contents of the listed
cannabinoids after drying were in the range of 0.380-0.450 mg/g,
2.870-4.910 mg/g, and 0.570-1.330 mg/g, respectively. In our
study, the contents of the cannabinoids in question fell within
the ranges of 1.863-8.490 mg/g DM, 0.002-0.071 mg/g DM,
and 0.018-0.280 mg/g DM, respectively.

u Effect of convective drying on cannabinoid profile

The convective drying of inflorescences of different sizes
and leaves was carried out using three temperatures: 50°C, 60°C,
and 70°C. The changes in the total and individual cannabinoid
contents during the drying of the inflorescences and leaves are
shown in Figures 3 and 4, respectively. The total cannabinoid
content of the small, medium and large inflorescences dried at
70°C decreased during the initial period of the process, reaching
a minimum value after 2 h of drying. In the case of drying at
50°C and 60°C, the content of cannabinoids remained similar
throughout the drying period. The most significant decrease
in cannabinoid content was observed in all inflorescences dried
at 60°C after the 8" h of drying. In the case of leaves dried at 50°C,
anincrease in the total content of cannabinoids was recorded up
to 10 h of drying, while a further two-hour drying under these
conditions resulted in a decrease in the total content of these
compounds. For leaves dried at 60°C and 70°C, cannabinoid
degradation was noted after 4 h of drying. The predominant
cannabinoid in the dried inflorescences in each temperature
variant was CBDA (1.070-6.977 mg/g DM), the content of which
decreased up to fivefold compared to the fresh material (Table 1).
Convective drying at 50°C resulted in inflorescences having a sig-
nificantly higher CBD content than the samples dried at the other
temperatures tested. On the other hand, the convective drying
of leaves at all temperatures decreased CBD content by up to half.
Inthe dried inflorescences (all condition variants), the occurrence
of CBL (0.019-0.083 mg/g DM) and CBN (0.002-0.017 mg/g DM),
which were not detected in the fresh material, was observed.
In contrast, in leaves, these compounds were present only
in the samples dried at 50°C (0.020 and 0.003 mg/g DM, respec-
tively). The content of CBGA in the inflorescences decreased
after drying at all temperatures and was the lowest after dry-
ing at 70°C (0.002-0.006 mg/g DM). The convective drying did
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Figure 3. Changes in the cannabinoid profile during convective drying at 50°C (A), 60°C (B), and 70°C (C) of Cannabis sativa L. var. sativa small (S), medium (M)
and large (B) inflorescences.

Values marked with different letters (a—c for S, A-C for M, -6 for B inflorescences) differ significantly (p<0.01). The full names of the compounds are listed
in the “Chemicals and reagents” subsection.
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not affect the formation of AS-THC in either inflorescences or
leaves. The dominant cannabinoid in leaves was CBDA, whose
content was recorded at 1.328 mg/g DM after processing at
70°C. In the variant at 60°C, the final content of this compound
in the dried material was significantly lower.

The convective drying at different temperatures also signifi-
cantly affected the levels of A>THC, A>-THCA-A, and total A°>-THC
in the dried samples (Table 1, Figures 3 and 4). The highest
content of A°THC was recorded for medium inflorescences
dried at 60°C (1.230 mg/g DM). Among the dried leaves, those
processed at 60 and 70°C had the highest A>-THC content (0.267
mg/g DM). The convective drying of inflorescences and leaves
at 70°C resulted in the samples having the lowest content
of A*THCA-A (0.080-0.345 mg/g DM). The values of total A°-
THC calculated for the samples dried at 50°C were in the range
of 0.400-0.769 mg/g DM, for these dried at 60°C the range was
0.336-1.560 mg/g DM, and content in materials dried at 70°C
ranged from 0.337 to 0.671 mg/g DM.The total A*-THC contents
determined in all analyzed samples were within the safe limit
stipulated in the Commission Regulation (EU) [Regulation EU
2023/915].

Literature data on the effect of the drying process on canna-
binoid content/degradation rates indicate that levels of neutral
cannabinoids increase after drying. One of the first reports on
drying plant parts was presented by Turner & Mahlberg [1984],
who dried leaf samples of C sativa L. for 24 h at 37°C, at room
temperature (2 weeks), and at 60°C (oven drying — 12 h). In
the samples dried at both 37°C and 60°C, a 2-fold higher amount
of neutral cannabinoids was recorded compared to the fresh
material, indicating that the decarboxylation process was al-
ready occurring at 37°C. Chen et al. [2021] used hot air drying
(40, 50, 60, 70, 90°C) and infrared drying (40 and 60°C) to dry
the inflorescences of C. sativa L. var. sativa plants. They showed
that increasing the ambient temperature to 90°C significantly
facilitated the decarboxylation of CBDA (from 0.2% to 14.1%)
and also that the use of infrared drying resulted in a higher loss
of cannabinoids compared to hot air drying by 16.2% and 72.3%
on average, respectively. Uziel et al. [2024] compared microwave
drying of hemp with conventional drying. Microwave drying
was carried out at 4 temperature variants (40, 50, 60 and 80°C).
The authors showed that the use of microwaves in drying hemp
significantly shortened the drying time (<4.5 h depending on
the temperature used) compared to traditional drying (10 days).
They also confirmed that the use of high drying temperatures
in cannabis caused changes in the composition of the cannabi-
noids present in the dried material. The cited article showed that
the highest contents of CBDA and A>-THCA-A decarboxylation
products were determined in the samples dried at 80°C, whereas
inour study — in the samples dried at 50°C. These differences may
be due to the initial content of these cannabinoids and their
precursors in the fresh material. As confirmed by Esfandi et al.
[2024], temperature (45, 55, 65°C) as well as drying method
type (drying with or without light, oven drying, vacuum drying
or microwave drying) used to dry C sativa L. samples, affect
the increase in on the contents of selected cannabinoids (CBD
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and A°-THC) in the dried plant material. There are also data in-
dicating that the drying process did not affect the cannabinoid
content of the dried material. The study presented by Kwasnica
etal. [2023] compared the 50, 60, and 70°C convective method,
the vacuum-microwave method, and combination thereof used
to dry the leaves of C. sativa L. and showed that the drying
method did not affect changes in the profile of the cannabinoids
analyzed.The results we obtained and those cited above confirm
the need to control the drying processes of the C. sativa L. plant
parts, as there is a risk of exceeding the acceptable level of A>-THC
in the dried samples. This poses a severe risk in terms of ensuring
the safety of the food produced from the dried plants. The chosen
drying process conditions may not have been sufficient to inhibit
the activity/activity of the enzymes by which the precursors
of the selected cannabinoids are synthesised, and thus changes
in the the sum and the profile of individual cannabinoids. Acidic
cannabinoids can also be synthesised. The higher temperature
of the drying process results in enhanced water diffusion from
the dried material, thus resulting in a shorter drying time. Intense
evaporation of water from the plant material may have resulted
in a lower temperature of the material (not measured during
the experiment), which affected the profile of the cannabinoid
compounds. In addition, a greater loss of water results in a slower
rate of decarboxylation. To confirm this, it would be necessary
to determine the changes/kinetics of enzymatic activity during
the drying process in order to find conditions (time and water
content) that cause a reduction in enzyme activity and accom-
panying chemical reactions.

CONCLUSIONS

The study highlights the influence of the size (small, medium,
large inflorescences) and parts (inflorescences and leaves) of Can-
nabis sativa L. var. sativa and the effect of the drying process on
the cannabinoid content of the dried materials. The use of higher
temperatures, i.e., 50°C, 60°C and 70°C, made it possible to deter-
mine differences in the content changes of cannabinoids during
drying. It was found that increasing the drying temperature
by 10°C contributed to greater degradation of the analyzed
compounds. Traditional drying resulted in dried inflorescences
containing up to 2 times more of the analyzed compounds
compared to the fresh material. In the case of leaf samples, drying
via all methods tested resulted in a decrease in the total can-
nabinoid contents (up to 2-fold). Appropriately selected drying
conditions of the C. sativa L. var. sativa plant parts make it possible
to obtain safe (containing an acceptable total A°-THC content)
raw material, which can be used to produce hemp-containing
foods or dietary supplements.

SUPPLEMENTARY MATERIALS

The following are available online at https://journal.pan.olsz-
tyn.pl/Effect-of-Selected-Drying-Methods-on-the-Cannabi-
noid-Profile-of-Cannabis-sativa-L,195594,0,2.html; Table S1.
Conditions and time of drying by the chosen method necessary
to obtain moisture content of 10+1 g/100 g in the dried parts
of the plant
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Effect of Selected Drying Methods on the Cannabinoid Profile of Cannabis sativa L. var.

sativa Inflorescences and Leaves
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SUPPLEMENTARY MATERIALS
Table S1. Conditions and time of drying by the chosen method necessary to obtain moisture

content of 10£1 g/100 g in the dried parts of the plant.

Table S1. Conditions and time of drying by the chosen method necessary to obtain moisture

content of 10+1 g/100 g in the dried parts of the plant.

Moisture Traditional ) ) .
. . Convective Convective Convective
content drying (10 Freeze-drying ) ) .
Sample drying at 50°C | drying at 60°C drying at
before days, 20°C, (25°C, 24 h)
. . . (12 h) (8h) 70°C (4 h)
drying without light)
Small
. 76+0.6 9+0.8 9+0.8 9+0.8 10+1.0 11+1.0
inflorescences
Medium
. 75+0.6 11£1.0 10+1.0 11+1.0 11£1.0 10£1.0
inflorescences
Large
) 77+£0.7 10£1.0 10+1.0 11+1.0 11£1.0 11£1.0
inflorescences
Leaves 73+0.5 10+1.0 10+1.0 11+1.0 9+0.8 10+1.0
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4.4. Ocena wplywu procesu pieczenia pieczywa cukierniczego z dodatkiem suszu
pozyskanego z Cannabis sativa L. var. sativa na stabilno$¢ termiczng kannabinoidéw,
terpenéw oraz wybranych zwiazkéw lotnych

W ramach pracy dokonano oceng wptywu procesu pieczenia pieczywa cukierniczego
(ciastka kruche) z dodatkiem liofilizowanego suszu z Cannabis sativa L. var. sativa na
stabilno$¢ analizowanych zwigzkow. Uzyskane wyniki wykorzystano do zweryfikowania
postawionej w pracy Hipotezy [H3]. W ramach prowadzonych do$wiadczen modelowych
przygotowano ciastka kruche zawierajace 1, 2 oraz 3% (w/v) suszu konopnego i wypieczono
je w dwoch réznych wariantach temperatury 160°C i 200°C w ustalonym czasie. Uzyskany
produkt przedstawiono na Rycinie 4.
Wypiek w 160°C

Kontrola

Wypiek w 200°C

Kontrola 1% 2% 3%

Rycina 4. Ciastka kruche (kontrola i probki zawierajace susz konopny) po wypieczeniu
w dwoch wariantach temperatury 160°C (30 min) 1 200°C (20 min).

Po wypieczeniu oceniono barwe wypieczonych ciastek, a takze wykonano analizy
zawarto$ci kannabinoidow oraz terpenow. Analizy wykonywano z czgstotliwoscia 7 dni przez
kolejne 28 dni przechowywania w temperaturze pokojowej. Do poprawnej analizy
kannabinoidow w przygotowanych probkach niezbedne byto opracowanie metody ekstrakcji
tych zwigzkoéw z gotowego produktu. Izolacje kannabinoidéw prowadzono z wykorzystaniem
MeOH:CHCl3 (95:5,v/v). Zastosowany uktad ekstrakcyjny zapewnit wysoka skuteczno$é
ekstrakcji. Poprawnos¢ metody | podstawowe jej parametry okre$lono w standardowej
procedurze stosowanej w ramach niniejszej pracy. Do doswiadczen walidacyjnych
wykorzystano probke ciastek kruchych bez dodatku wsadu konopnego (probka kontrolna).
Do oceny parametrow statystycznych metody postuzono si¢ warto§ciami odzysku z probek

fortyfikowanych laboratoryjnie oraz powtarzalnoscia wartosci odzysku. Dla wigkszosci
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analizowanych substancji poziom odzysku miescit si¢ w granicach 90-98%. Szczegdtowe
warto$ci granicy wykrywalnosci, granicy oznaczalnosci, wyniki walidacji, zakres analityczny
oraz uzyskane wyniki przedstawiono w Tabeli S1 oraz S8 - Aneks. Rozszerzona niepewnos$¢
pomiaréw (K=2, a=0,05) wynosita <10% dla wszystkich badanych zwigzkéw. Wyniki
zawarto$ci kannabinoidow w gotowych produktach przedstawiono na Rycinach 5-6 oraz
w Tabelach S9 i S10- Aneks.

160°C

ol

Zawarto$¢ 17 kannabinoidow
[mg/100 g gotowego produktu]
~
(6]

n
ul

a
bII I I I

Poczatkowe 1 tyd21en 2 tyd21en 3 tyd21en 4 tydz1en
stezenie Wypleczenlu

o

m1% #2% m3%

Rycina 5. Zawarto$¢ 17 kannabinoidéw w ciastkach kruchych wypieczonych w temperaturze
160°C przez 30 minut, zawierajacych wsad na bazie suszu konopnego, oraz podczas 28 dni
przechowywania (n=3). a-c — wartos$ci w obrebie tej samej litery dla jednego rodzaju probki
(np. 1% wsadu konopnego) nie réznig si¢ statystycznie istotnie przy poziomie istotnosci

wynoszacym 0=0,05.

138



200°C

[ERN
(6)]

12,5 I

-
(6x] o
QD

s3]
HT

N
o1
(@]

Zawarto$¢ 17 kannabinoiddéw
[mg/100 g gotowego produktu]
~
1

b
b o

Poczatkowe Po 1 tydzien 2 tydzien 3 tydzien 4 tydzien
stezenie  wypieczeniu

o
i

m1% m2% =3%

Rycina 6. Zawartos¢ 17 kannabinoidow w ciastkach kruchych wypieczonych w temperaturze
200°C przez 30 minut, zawierajacych wsad na bazie suszu konopnego, oraz podczas 28 dni
przechowywania (n=3). a-c — warto$ci w obrebie tej samej litery dla jednego rodzaju probki
(np. 1% wsadu konopnego) nie rdznig si¢ statystycznie istotnie przy poziomie istotnosci

wynoszacym 0=0,05

Zastosowanie rdznej temperatury wypieku oraz ilosci wsadu konopnego do ciastek
kruchych skutkowato uzyskaniem modelowych produktow zawierajacych rdézne ilosci
kannabinoidow. Najwyzszy stopien degradacji sumy kannabinoidow obserwowano w probkach
zawierajacych 3% dodatku suszu konopnego. Proces wypieku pieczywa cukierniczego nie
prowadzit do powstania A8-THC, CBN oraz CBL. Natomiast w wyniku dziatania temperatury
stezenie wszystkich analizowanych kannabinoidow uleglo obnizeniu niezaleznie od
zastosowanej temperatury wypieku. Biorac pod uwage znaczny udziat thuszczu w recepturze
ciastek kruchych mozna przypuszczaé, ze dzigki temu dziatanie temperatury nie wplyneto na
catkowita degradacje tych zwigzkow. Kannabinoidy to zwigzki tatwo rozpuszczalne
w thuszczu, ktoéry w tym przypadku zadziatat ochronnie na te substancje. Zastosowanie nizszej
temperatury wypieku i dtuzszego czasu wypieku (o 10 minut) skutkowato uzyskaniem ciastek
kruchych o mniejszej zawarto$ci analizowanych zwiazkow. Moze to wynika¢ z dtuzszego
dziatania temperatury na produkt podczas pieczenia. Poddanie przechowywaniu probek
modelowych ciastek kruchych pozwolito na okreslenie stabilnosci zawartych w produkcie
kannabinoidow w czasie. Dominujacymi zwigzkami przed wypiekiem w ciastkach byty CBDA
(1% wsadu — 6,080 mg/100g produktu), CBCA (1% wsadu — 0,990 mg/100g) oraz
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CBD (1% wsadu 0,640 mg/100g produktu). Natomiast w wyniku wypieku wartosci te ulegly
obnizeniu nawet 3-krotnie w dwoch wariantach temperatury wypieku. Podczas
przechowywania gotowych ciastek przez 28 dni stezenie psychoaktywnego AS-THC
utrzymywato si¢ na zblizonym poziomie dla probek wypieczonych w dwoch wariantach
temperatury. Z tego wynika, ze produkt ten nie stanowi zagrozenia i jest bezpieczny do
spozycia, a matryca zapewnia stabilno§¢ A>-THC podczas przechowywania. Natomiast stezenie
CBD, ktory jest potencjalnie najbardziej pozadanym zwigzkiem w tego typu produktach ulegto
Zmianie

w probkach wypieczonych w temp. 200°C. W czasie 28 dni przechowywania tych probek
obserwowano nawet 10-krotny wzrost st¢zenia CBD, ktory miedzy innymi spowodowany byt
dekarboksylacja jego kwasowego prekursora CBDA. Jest to pierwsza praca skupiajgca si¢ na
analizie kannabinoidéw w modelowym pieczywie cukierniczym z dodatkiem liofilizowanego
suszu konopnego. Dotychczas do przygotowania produktow konopnych wykorzystywano
make konopna, nasiona konopi lub pozyskany z nich koncentrat biatka konopnego, a takze olej
z nasion konopi, ktére oczyszczone nie zawieraly w sktadzie kannabinoidow [Cerino i wsp.
2021].

Kolejng czeScig pracy obejmowata okreslenie zawartoSci terpendw w przygotowanych
modelowych ciastkach konopnych. Dodatkowo sprawdzono obecnos¢ 10 podstawowych
zwigzkow lotnych charakterystycznych dla analizowanego produktu cukierniczego
(2-pentanon, 2-heptanon, acetoina, 2-butanon, kwas octowy, furfural, 2-metylopirazyna,
heksanal, heptanal, oktanal). Uzyskane wyniki przedstawiono w Tabeli S11 — Aneks.
Na podstawie przeprowadzonych analiz stwierdzono obecno$¢ trzech terpendéw (a-pinen,
d-limonen, B-kariofilen) oraz wszystkich wymienionych powyzej zwiazkow lotnych. Ubytek
pozostatych terpenow obecnych w suszu konopnym, ktory zostat zastosowany jako dodatek do
ciastek, wywotany zostal dzialaniem wysokiej temperatury podczas wypieku. Jak potwierdzaja
autorzy [Giarnetti i wsp. 2015, Merlino i wsp. 2022] obecnos¢ ketondéw (tj. 2-butanon,
2-pentanon, 2-heptanon oraz acetoina) w przygotowanych modelowych produktach wynika
z rozktadu cukru, ktoéry spowodowanego rowniez dziatanie wysokiej temperatury. Natomiast
zaobserwowana obecno$¢ aldehydow nasyconych tj. heksanal, heptanal lub oktanal zwigzana
jest z autooksydacjg kwasu linolowego lub oleinowego zachodzaca podczas pieczenia
pieczywa cukierniczego [Merlino i wsp. 2022]. Za maslany zapach ciastek kruchych
odpowiadaja m.in. 2-pentanon, 2-heptanon, oraz 2-butanon, ktérych obecno$¢ rowniez

potwierdzono w niniejszej pracy [Rutkowska i wsp. 2023].
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Uzyskane wyniki pozwolity na weryfikacj¢ Hipotezy [H3]. Wykazano, ze zar6wno warunki
procesu pieczenia (tj. zastosowana temperatura i czas wypieku), jak i czas przechowywania
gotowego pieczywa cukierniczego ma wplyw na stabilno$¢ kannabinoidow oraz terpendéw
w gotowym produkcie. Wykazano takze obecnos$¢ zwigzkow lotnych charakterystycznych dla
przygotowanego produktu modelowego, co potwierdza poprawno$¢ procesu wypieku pieczywa

cukierniczego.

4.4.1. Pomiar skladowych barwy ciastek kruchych z dodatkiem wsadu konopnego
Dodatkowym aspektem zbadanym w pracy bylo okreslenie barwy wypieczonych
ciastek. Pomiar zostat wykonany w oparciu o sktadowe barwy okreslone metoda CIE Lab dla
wypieczonych w dwdch wariantach temperatury ciastek kontrolnych oraz zawierajacych wsad
konopny. Usrednione wyniki pomiarow parametrow barwy L*, a* b* oraz AE wraz
z odchyleniem przedstawiono w Tabeli 2 i 3.
Tabela 2. Parametry barwy ciastek kruchych zawierajacych wsad konopny w ilosci 1, 2 1 3%

(w/v) wypieczonych w temperaturze 160°C przez 30 min.

Wypiek 160°C, 30 min. L* a* b* AE
Kontrola 71,41+0,68 1,08+0,15 27,51+0,38 -
Ciastko 1% 61,68+4,36 -6,20+0,82 27,36+2,05 12,15
Ciastko 2% 53,56=+1,96 -6,83+0,05 26,15+0,63 19,57
Ciastko 3% 51,55+0,61 -6,92+0,30 25,74+1,02 21,47

Tabela 3. Parametry barwy ciastek kruchych zawierajacych wsad konopny w ilosci 1, 2 i 3%

(w/v) wypieczonych w temperaturze 200°C przez 20 min.

Wypiek 200°C, 20 min. L* a* b* AE
Kontrola 70,96+0.23 1,93+0.15 29,51+0.24 -
Ciastko 1% 63,42+1.31 -5.60+0.69 29,5442.11 10,65
Ciastko 2% 55,22+0.55 -7,08+0.16 28,11+0.51 18,19
Ciastko 3% 52,36+0.46 -7,42+1.00 26,84+1.66 20,98

Ciastka kruche charakteryzowaty si¢ barwg kremowsg, a warto$ci parametru L* dla ciastek
kontrolnych wypieczonych w dwoch wariantach temperatury nie rdznily si¢ istotnie. Wartosci
tego parametru wraz ze zwigkszajaca si¢ iloscig dodatku suszu konopnego malaty, co §wiadczy
0 znacznym pociemnieniu produktu. Wartosci ujemne parametru a* §wiadczg o znacznym
udziale barwy zielonej w produkcie. W obu wariantach wypieczonych ciastek zaobserwowano
niewielki spadek wartosci b*, a bardziej z6itg barwa charakteryzowaly si¢ ciastka pieczone

w nizszej temperaturze. Zastosowanie wyzszej temperatury wypieku rowniez skutkowato
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pogorszeniem parametrow barwy dla wszystkich wariantow ciastek. Wigksze wartosci AE
pokazuja wigksze zmiany w barwie pomig¢dzy ciastkami kontrolnymi a zawierajacymi wsad
konopny w rdznej ilosci. R6znice barw AE>5 interpretuje si¢ jako bardzo wyrazng [ Wierzbicka
i wsp. [2000]. Jak potwierdza Nems$ i wsp. [2022] zastgpienie maki produktem konopnym
w tym przypadku nasionami skutkuje uzyskaniem ciastek o ciemniejszej barwie w porownaniu
do proby kontrolnej. Uzyskane przez autorow produkty rowniez charakteryzowaty sig
najwickszym udzialem koloru zielonego, ktory wzrastal wraz z iloscig dodatku. Wyniki

uzyskane w niniejszej pracy sg tozsame z powyzej przytoczonymi.

4.4.2. Ocena sensoryczna ciastek kruchych zawierajacych wsad konopny

W celu sprawdzenia akceptowalnos$ci sensorycznej przygotowanych ciastek kruchych
zawierajacych wsad konopny przeprowadzono ocen¢ sensoryczng z wykorzystaniem metody
QDA. Wyro6zniki jako$ci sensorycznej wraz z definicja oraz wyniki oceny profilowej
przedstawiono na Rycinie 11 oraz w Tabelach S12-S14 - Aneks. Wsrdd ocenianych cech
wyrozniono kolor typowy dla ciastek kruchych, kolor zielony, smak stodki, maslany, gorzki
oraz obcy, zapach typowy dla ciastek kruchych i obcy, a takze oceniono kruchos¢, konsystencje
oraz jako$¢ ogoélng modelowych ciastek kruchych. Ocenie sensorycznej poddano ciastka

wypieczone w dwoch wariantach temperatury 160 i 200°C.

Ogolna jakos¢
Kontrola 200°C
10
8
Ciastko 160°C 3% Ciastko 200°C 1%
Ciastko 160°C 2% Ciastko 200°C 2%
Ciastko 160°C 1% Ciastko 200°C 3%

Kontrola 160°C

Rycina 11. Jako$¢ ogolna ciastek kruchych zawierajagcych wsad konopny oraz probek
kontrolnych wypieczonych w dwoch wariantach temperatury (160 1 200°C).
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Najlepsza ogdlng jakoscig (9,99-7,10) charakteryzowaty si¢ ciastka wypieczone
w temperaturze 160°C we wszystkich wariantach ilosci dodatku i probki kontrolne. W drugim
wariancie probek cecha ta zostala oceniona nizej (8,77-5,11). W probkach ciastek
wypieczonych w wyzszej temperaturze bardziej wyczuwalny byt zapach i smak obcy, ciastka
byly réwniez mniej stodkie i bardziej gorzkie. Zadne z ciastek zawierajagcych wsad konopny
nie miato koloru typowego dla ciastek kruchych. Zaobserwowano istotne réznice w wynikach
oceny profilowej pomiedzy probkami zawierajagcymi maksymalne ilosci zastosowanego
dodatku (3% wsadu) w poréwnaniu do ciastek zawierajacych jedynie 1%. Ciastka zawierajace
3% wsadu konopnego w postaci suszu otrzymywatly gorsze oceny podczas oceny sensoryCznej.
Wskazuje to na to, ze proces pieczenia powoduje zmiane¢ cech sensorycznych wsadu
konopnego. Bioragc pod uwage wyrdzniki takie jak krucho$¢ i konsystencja wykazano, ze
bardziej kruche byly ciastka wypieczone w 200°C, ale lepsza konsystencja charakteryzowaty
si¢ ciastka wypieczone w 160°C. Najbardziej zielony kolor miaty probki zawierajace 3% wsadu
konopnego.

Powyzej opisane wyniki s3 jednymi z pierwszych w zakresie oceny sensorycznej
modelowych ciastek kruchych zawierajacych w swoim sktadzie liofilizowany susz konopny.
Dotychczas opublikowano prace dotyczaca analizy sensorycznej wypiekow piekarniczych —
biszkoptow zawierajacych w swoim sktadzie make konopna. Wykazano, ze probki zawierajace
w skladzie wigcej maki konopnej charakteryzowaty si¢ zapachem i smakiem typowym dla
konopi, byty bardziej zielone od pozostatych oraz biszkopty byly bardziej kruche niz w innych
analizowanych wariantach [Talens 1 wsp. 2022]. Autorzy potwierdzili potencjat i mozliwos¢
wykorzystania poétproduktow na bazie konopi do produkcji zywnos$ci co rowniez potwierdzajg

wyniki uzyskane w niniejszej pracy.
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4.5. Ocena wplywu procesu fermentacji mlekowej zachodzacej podczas produkcji
fermentowanego napoju mlecznego zawierajacego wsad konopny na stabilnos$¢
kannabinoidow, terpenéw oraz wybranych zwigzkow lotnych

W celu realizacji celu badawczego, ktorym byto okreslenie wptywu procesu fermentacji na
stabilno$¢ zwiazkow biologicznie aktywnych przygotowano fermentowane napoje mleczne
zawierajace w swoim sktadzie wsad konopny. Jako dodatek wykorzystano liofilizowany susz
konopny, etanolowy ekstrakt konopny oraz olejek konopny w ilosci 0,5, 1 oraz 2% (w/v).
Sprawdzono wptyw rodzaju wsadu konopnego na koncowa zawarto$§¢ kannabinoidow
w gotowym produkcie, wartos¢ pH, zywotnos¢ bakterii kwasu mlekowego podczas 28 dni
przechowywania chtodniczego fermentowanego napoju mlecznego. Probki do analiz pobierano
co 7 dni. Uzyskane produkty przedstawiono na Rycinie 7. Wyniki uzyskane dla tego zadania
badawczego opublikowano w Publikacji [P4].

Przed wymieszaniem

Kontrola  0.5% 1% 2% 0.5% 1% 2% 0.5% 1% 2%
Olej konopny Ekstrakt konopny Susz konopny

Po wymieszaniu

Kontrola  0.5% 1% 2% 0.5% 1% 2% 0.5% 1% 2%

Olej konopny Ekstrakt konopny Susz konopny

Rycina 7. Fermentowane napoje mleczne z dodatkiem réznego rodzaju (olej konopny, susz
konopny, ekstrakt konopny) oraz ilosci (0%, 1%, 2%) wsadu konopnego 24h po zakonczeniu
fermentacji przed i po wymieszaniu.
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Do poprawnej oceny zawartosci kannabinoidow w przygotowanych probkach
niezbedne bylo opracowanie metody ekstrakcji tych zwigzkow z gotowego produktu. Jako
ciecz ekstrakcyjng wykorzystano ACN, dzigki ktorej uzyskano wysoka skutecznos$¢ ekstrakcji.
Aby potwierdzi¢ poprawnos$¢ metody przeprowadzono walidacje. Jako matryce wykorzystano
probke fermentowanego napoju mlecznego (kontrola). Do oceny parametrow statystycznych
metody postuzono si¢ warto$ciami odzysku probek fortyfikowanych oraz powtarzalnoscia
wartosci odzysku. Dla wiekszosci analizowanych substancji poziom odzysku miescit si¢
w granicach 88-105%. Szczegdtowe wartosci LOD, LOQ, wyniki walidacji oraz zakres
analityczny przedstawiono w Tabeli S1 oraz w Publikacji [P4]. Rozszerzona niepewno$¢
pomiarow (K=2, a=0,05) wynosita <10% dla wszystkich badanych zwiazkoéw. Wyniki

zawartosci kannabinoidow w gotowych produktach przedstawiono na Rycinach 8-10.

250
Ccd

Chc
200
Cab

Be
15 I
10 Aef

ABa
. Ab I

0.5% 1% 2% 0.5% 1% 2% 0.5% 1% 2% 0.5% 1% 2% 0.5% 1% 2% 0.5% 1% 2%

Suma 17 kannabinoidow [mg/100g]
o o o

o

Przed Po fermentacji Po 7 dniach =~ Po 14 dniach = Po 21 dniach = Po 28 dniach
fermentacjag

Czas przechowywania

Rycina 8. Suma 17 kannabinoidow w fermentowanych napojach mlecznych zawierajacych
wsad konopny na bazie olejku konopnego w ilosci 0,5, 1 i 2% (w/v), przed i po fermentacji
oraz podczas 28 dni przechowywania chtodniczego (4°C).

a-f— warto$ci w obrebie tej samej litery (dla jednej ilosci wsadu, np. 0,5%) nie r6znig sig¢ istotnie
przy poziomie istotnosci wynoszacym 0=0,05; A-C wartosci w obrebie tej samej litery
(czas przechowywania) nie roznig si¢ statystycznie istotnie przy poziomie istotnosci

wynoszacym 0=0,05.
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Rycina 9. Suma 17 kannabinoidow w fermentowanych napojach mlecznych zawierajacych
wsad konopny na bazie liofilizowanego suszu konopnego w ilosci 0,5, 1 i 2% (w/v), przed i po
fermentacji oraz podczas 28 dni przechowywania chtodniczego (4°C).

a-c— wartosci w obrebie tej samej litery (dla jednej ilosci wsadu, np. 0,5%) nie r6znig si¢ istotnie
przy poziomie istotno$ci wynoszacym 0=0,05; A-C wartoSci w obrebie tej samej litery
(czas przechowywania) nie roznig si¢ statystycznie istotnie przy poziomie istotnosci

wynoszacym a=0,05.
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0.5% 1% 2% 0.5% 1% 2% 0.5% 1% 2% 05% 1% 2% 05% 1% 2% 05% 1% 2%
Przed Po fermentacji Po 7 dniach Po 14 dniach Po 21 dniach Po 28 dniach
fermentacja

Czas przechowywania

Rycina 10. Suma 17 kannabinoidow w fermentowanych napojach mlecznych zawierajacych
wsad konopny na bazie etanolowego ekstraktu konopnego w ilosci 0,5, 1 i 2% (w/v), przed

i po fermentacji oraz podczas 28 dni przechowywania chtodniczego (4°C).
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a-d— warto$ci w obrebie tej samej litery (dla jednej ilosci wsadu, np. 0.5%) nie roznig si¢
statystycznie istotnie przy poziomie istotnosci wynoszacym a=0,05; A-C wartosci w obrgbie
tej samej litery (czas przechowywania) nie réznig si¢ statystycznie istotnie przy poziomie
istotnosci wynoszacym 0=0,05.

Zastosowanie roznych form dodatku konopnego skutkowato uzyskanie fermentowanych
napojéw mlecznych charakteryzujacych si¢ rdézng zawartoscig kannabinoidéw. Najwicksza
poczatkowa sumg 17 kannabinoidow charakteryzowal si¢ fermentowany napdj mleczny
zawierajacy wsad konopny na bazie olejku konopnego (np. 1% - 103 mg/100g produktu),
a najmniej tych zwigzkéw zawieraty probki z dodatkiem ekstraktu konopnego (np. 1% - 8,14
mg/100g produktu). Przeprowadzenie procesu fermentacji napojow mlecznych z dodatkiem
ekstraktu konopnego istotnie przyczynito si¢ do ponad 10-krotnej degradacji obecnych
w produkcie kannabinoidéw. W probkach zawierajacych susz konopny oraz z dodatkiem 0,5%
olejku konopnego nie obserwowano istotnego zmniejszenia sumy kannabinoidéw po procesie
fermentacji. Zastosowanie wsadu konopnego w postaci olejku lub suszu konopnego zapewnia
nawet 10-krotnie wicksze stezenie kannabinoidéw, ktore naturalnie obecne sg w roslinie lub
umozliwia skoncentrowanie wigkszej ilosci zwiazkéw dzieki rozpuszczeniu ich w oleju..
Lipidy dziataja ochronnie na te zwigzki zapobiegajac ich degradacji w wyniku np. utleniania
lub obrobki termicznej W procesie pasteryzacji. Thuszcz posiada wyzsza temperatur¢ wrzenia
niz woda czy etanol, dzieki czemu rozpuszczone w nim zwiazki tj. kannabinoidy nie ulegaja
nadmiernemu podgrzaniu co zapobiega dekarboksylacji kwasowych zwiazkow. Zwiagzki
obecne w suszu konopnym roéwniez s3 w mniejszym stopniu narazone na dziatanie tlenu ze
wzgledu na obecno$¢ tkanki roslinnej. Wybor wsadu w postaci etanolowego ekstraktu
konopnego nie gwarantuje efektu ochronnego dla substancji bioaktywnych wyekstrahowanych
z ro$liny. Poddanie przechowywaniu przygotowanych probek fermentowanych napojoéw
mlecznych pozwolilo na okreslenie stabilno$ci zar6wno sumy 17 analizowanych
kannabinoidow oraz pojedynczych zwigzkow. Zastosowanie wsadu w postaci olejku
konopnego pozwolito na uzyskanie produktow, ktére po 4 tygodniowym przechowywaniu
charakteryzowaty sie¢ taka samg lub wyzsza suma kannabinoidow w gotowym produkcie.
Zawarto$¢ kannabinoidow w probkach zawierajacych susz konopny podczas przechowywania
nie zmienita si¢ istotnie we wszystkich wariantach. Suma 17 kannabinoidow w probkach
zawierajacych etanolowy ekstrakt konopny na poczatku przechowywania byla istotnie wyzsza
niz po zakonczeniu przechowywania we wszystkich wariantach gdzie zmniejszyta si¢
o potowe¢. Dominujagcymi kannabinoidami we wsadzie na bazie olejku konopnego byly CBD

(1% wsadu — 42,57 mg/100g produktu) oraz CBG (1% wsadu — 51,11 mg/100g produktu),
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a we wsadach na bazie suszu konopnego oraz ekstraktu konopnego dominowat CBDA (kolejno
dla 1% wsadu — 5,32 mg oraz 3,75 mg/100g produktu). Stezenie CBD po przeprowadzeniu
fermentacji oraz po przechowywaniu probek zawierajgcych wsad na bazie olejku konopnego
wzrosto 2-krotnie. W przypadku CBG stezenie tego zwigzku ulegto 10-krotnej redukcji
(w przeliczeniu na 100g gotowego produktu) po procesie fermentacji, a podczas
przechowywania obserwowano stopniowy wzrost stezenia, ale nie osiggngl on poziomu
réwnego $wiezemu produktowi. W probkach z dodatkiem etanolowego ekstraktu konopnego
proces fermentacji spowodowat ponad 90% degradacj¢ CBDA, ktorego stezenie podczas
przechowywania rowniez malalo. Po przeprowadzeniu fermentacji w analizowanych probkach
z ekstraktem konopnym nie zaobserwowano obecnosci innych kannabinoidow tj. CBC, CBG,
CBDV, A>-THCV, A’-THCVA, CBN, CBNA, CBL oraz CBLA. We wszystkich wariantach
dodatkow nie stwierdzono obecnosci AS-THC, a proces produkcji fermentowanego napoju
mlecznego z kazdym rodzajem wsadu konopnego réwniez nie przyczynit si¢ do powstania tego
zwigzku. W probkach zawierajacych susz konopny podczas przechowywania nie obserwowano
obecnosci CBL oraz CBLA. Stosowanie wsadow konopnych do zywnosci fermentowanej na
bazie konopi niesie ze soba rowniez ryzyko wystepowania psychoaktywnego A°-THC oraz jego
prekursora A>-THCA. W wyniku prowadzenia procesu fermentacji we wszystkich wariantach
prébek obserwowano ponad 90% degradacje tych zwigzkéw. Przechowywanie przez 28 dni
w warunkach chtodniczych nie wptywalo na zmiany stezen omawianych zwigzkow.
Zaobhserwowany spadek stezenia A9-THC oraz A9-THCA prawdopodobnie wywotany zostat
dziataniem temperatury podczas pasteryzacji mleka ze wsadem konopnym oraz dziataniem
tlenu.

Pomimo redukcji zawartosci, istnieje ryzyko wystepowania AS-THC w produktach
zawierajagcych wsad konopny. Nalezy podkresli¢, ze dostarczone do organizmu droga
pokarmowa zaréwno AS-THC, a takze CBD ulegaja degradacji w kwaénym $rodowisku zotadka
oraz s3 rozktadane przez enzymy w jelitach. W konsekwencji ich biodostgpnos¢ wynosi <20%
[Garrett i Hunt 1974, Gongalves i wsp. 2019].

W 2015 opublikowana przez Europejski Urzad ds. Bezpieczenstwa Zywnosci (EFSA)
opinia naukowa sugeruje, ze ostra dawka referencyjna dla catkowitego A>-THC wynosi 1 pg
A®-THC/kg masy ciata dla dorostego cztowieka [EFSA 2015]. Natomiast poglebiona analiza
przez Europejskie Stowarzyszenie Konopi Przemystowych (EIHA) sugeruje, ze warto$¢ ta jest
zbyt rygorystyczna i wynosi 7 pg A%-THC/kg masy ciata [ETHA 2020]. Potencjalne ryzyko
zwigzane z wystgpowaniem tego zwigzku moze zostaé obliczone w oparciu o zawarto$¢

A%-THC i AS-THCA: stezenie AS-THC + (0,877 X stezenie A>-THCA-A) [Rozporzadzenie
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Komisji UE 915/2023]. Na podstawie opinii mozna zatozy¢, ze przecigtne bezpieczne dzienne
spozycie catkowitego AS-THC dla osoby wazacej 70 kg wynosi wg EFSA - 70 pg, a wedtug
EIHA to 490 pg. Poréwnanie teoretycznej zawartosci AS-THC dla przygotowanych
modelowych jogurtow konopnych przedstawiono w tabeli 4.

Tabela 4. Catkowita zawartoé¢ A°-THC przed i po fermentacji oraz po 28 dniach
przechowywania (opracowanie wiasne Kanabus i wsp. 2024 — Tabela 1).

Catkowita zawarto$¢ AS-THC*
Fermentowany | Ilos¢
[mg/100g gotowego produktu]
napdj mleczny | dodatku i
] § Po 28 dniach
z dodatkiem: | % (w/v) | Przed fermentacja Po fermentacji ]
przechowywania
_ 0,5 0,21° +0.01 0,042+ 0.01 0,042+ 0.01
olejku
1 0,42° + 0.04 0,058+ 0.01 0,052+ 0.01
konopnego
2 0,83+ 0.08 0,072+ 0.01 0,073+ 0.01
liofilizowanego | 0,5 0,98° + 0.04 0,032+ 0.01 0,032+ 0.01
suszu 1 1,98 + 0.09 0,052+ 0.01 0,052+ 0.01
konopnego 2 3,94+ 0.12 0,07+ 0.01 0,072+ 0.01
etanolowego 0,5 0,84° £ 0.02 0,022+ 0.01 0,022+ 0.01
ektraktu 1 1,68° +0.03 0,032+ 0.01 0,038+ 0.01
konopnego 2 3,34 £ 0.06 0,062+ 0.01 0,062+ 0.01

*stezenie AS-THC + (0,877 x stezeniu A>-THCA-A) [Rozporzadzenie Komisji UE 915/2023].
a-b— wartosci w obrebie tej samej litery w wierszu nie roznig Si¢ istotnie przy poziomie

istotno$ci wynoszacym 0=0,05.

Na podstawie uzyskanych wynikéw catkowitego A>-THC dla probek zawierajacych wsad
konopny mozna stwierdzi¢, ze gotowy produkt po fermentacji oraz po 28 dniach
przechowywania chtodniczego jest bezpieczny dla potencjalnego konsumenta wazacego 70 kg
1 spozywajacego 100g gotowego produktu dziennie.

W dalszej czgéci pracy okreslono stgzenie terpendw w przygotowanych modelowych
fermentowanych napojach mlecznych. Dodatkowo okreslono obecnos¢ 10 podstawowych
zwigzkow lotnych charakterystycznych dla analizowanego produktu mlecznego (kwas octowy,
kwas mastowy, kwas kaprylowy, kwas propionowy, 2-butatnon, 2-pentatnon, 2-heptanon,
acetoina, etanol, alkohol laurylowy) (Tabela S15 — Aneks). Analizy wykonano 24h po

przeprowadzeniu fermentacji. Na podstawie przeprowadzonych analiz stwierdzono obecnos¢
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B-kariofilenu oraz d-limonenu we wszystkich analizowanych probkach oraz wszystkich
wymienionych powyzej zwigzkéw lotnych. We wszystkich fermentowanych napojach
mlecznych zawierajacych wsad konopny zaobserwowano obecno$¢ terpendw tj. a-humulenu
oraz neoridolu. W wariantach napojoéw z olejem konopnym obserwowano obecnos$¢ B-myrcenu,
a we wszytkich probkach zawierajacych susz konopny oznaczono obecno$¢ terpendw
tj. a-pinenu, kamfenu, B-pinenu, A-3-karenu. Wybrane zwiazki lotne rowniez byty wykrywane
przez Beshkova i wsp. [2004] oraz Zargba i sp. [2008]. Obecnos¢ 2-butanonu, 2-pentanonu czy
2-heptanonu wynika z przebiegajacych przemian biochemicznych wywotanych obecnos$cia
enzymoOw charakterystycznych dla mleka, a takze procesami autooksydacyjnymi czy
aktywnoscig metaboliczng mikroorganizméow [Zargba i wsp. 2008]. Inne sktadniki tj. kwas
mastowy czy ketony moga powstawa¢ w wyniku degradacji kwasow ttuszczowych, a takze
wolnych aminokwaséw i tych uwalnianych z biatek podczas obrobki termicznej mleka
[Ardo 2004].

Uzyskane wyniki pozwolity na weryfikacje Hipotezy [H4]. Wykazano, Zze proces
fermentacji mlekowej zachodzacej podczas produkcji fermentowanego napoju mlecznego ma
wplyw na stabilnos$¢ i sktad kannabinoidéw i terpendéw. Potwierdzono takze, ze forma wsadu
konopnego (susz, olejek, ekstrakt) ma wptyw na stabilno$¢ zawartych w nim kannabinoidow
i terpenéw oraz na koncowa zawarto$¢ analizowanych zwigzkow w gotowym produkcie.
Potwierdzono, obecnos¢ charakterystycznych zwigzkéw powstatych w wyniku prowadzenia
fermentacji przez bakterie kwasu mlekowego przy jednoczesnej obecnosci wsadu konopnego

w produkcie.

4.5.1. Ocena liczby zywotnych komorek bakterii kwasu mlekowego w gotowym

produkcie oraz w czasie przechowywania chlodniczego

W ceku potwierdzenia poprawnosci przebiegu procesu fermentacji, sprawdzono liczbe
zywych komorek S. thermophilus i Lactobacillus delbrueckii ssp. bulgaricus zastosowanych
jako kultra starterowa. Bakterie te stanowig charakterystyczng mikroflorg dla fermentowanych
napojow mlecznych — jogurtdéw oraz posiadajace potwierdzone wlasciwosci probiotyczne
[Codex Alimentarius 243-2003]. Analizy wykonano po fermentacji oraz 1, 7, 14, 21 i 28 dnia
przechowywania. Uzyskane wyniki przedstawiono w Tabeli 2 — Publikacja [P4]. Poczatkowa
liczba zywych komorek S. thermophilus po fermentacji miescita si¢ w zakresie od 10,0
do 8,7 log jtk/mL i nieznacznie ulegta obnizeniu po 28 dniach przechowywania w warunkach
chtodniczych i wahata si¢ miedzy 8,1 a 9,3 log jtk/mL. Najwigkszy spadek liczby zywych

bakterii S. thermophilus odnotowano w fermentowanym napoju mlecznym zawierajagcym 1%
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etanolowego ekstraktu konopnego, natomiast w pozostatych wariantach tego dodatku ilo$¢
bakterii nieznaczenie wzrosta. Pod koniec przechowywania najmniejszg iloscig bakterii
charakteryzowat si¢ fermentowany nap6j mleczny z dodatkiem 2% olejku konopnego.
Poczatkowa liczba bakterii Lactobacillus delbrueckii ssp. bulgaricus byta nizsza niz liczba
S. thermophilus i miescita si¢ w zakresie od 8,8 do 8,1 log jtk/mL w swiezych fermentowanych
napojach mlecznych. Najbardziej istotne wahania w ilosci bakterii obserwowano w probce
zawierajace] 2% olejku konopnego. Na podstawie przeprowadzonej analizy statystycznej
stwierdzono, ze sam dodatek wsadu konopnego nie powoduje istotnego zahamowania wzrostu
bakterii zarowno S. thermophilus jak i L. delbrueckii. Natomiast na konicowg ilo$¢ bakterii
w produkcie po fermentacji i po 28 dniach przechowywania wplywa ilo$¢ zastosowanego
dodatku konopnego (np. 2% olejku konopnego).

Glownym wyznacznikiem potencjalnych wilasciwosci funkcjonalnych jogurtu jest
obecnos$¢ i ilos¢ komorek bakterii jogurtowych i probiotycznych przez caty deklarowany okres
przydatnosci do spozycia na zalecanym poziomie (6 log jtk/mL) (Codex Alimentarius
243-2003). Wymog ten byl spetniony we wszystkich przygotowanych jogurtach przez caty
okres przechowywania. Dodatkowo warto$ci te przekraczaty 8 log jtk/mL we wszystkich
probkach  eksperymentalnych, co dodatkowo poprawia prozdrowotny potencjat
fermentowanych napojow mlecznych. Zgodnie z danymi EFSA zawarto$¢ bakterii na tak
wysokim poziomie wplywa m.in. na poprawe procesu trawienia laktozy u osoéb z obnizong
zdolnoscia do syntezy laktazy jelitowej [Kycia i wsp. 2020, Lopusiewicz i wsp. 2022].

Do chwili obecnej nie ma dostepnych wynikow badan dotyczacych wykorzystania wsadu
na bazie Cannabis sativa L. var. sativa (etanolowy ekstrakt konopny, olejek konopny czy susz
konopny) w produkcji fermentowanych napojow mlecznych. Brakuje takze informacji na temat
wplywu tych dodatkéw na przezywalno$¢ bakterii. Dotychczas prowadzone badania dotyczyly
dodatku zi6t lub przypraw do jogurtow. Illupapalayam i wsp. [2014] przeprowadzili
porownanie wpltywu dodatku cynamonu, kardamonu oraz gatki muszkatolowej na
przezywalno$¢ bakterii podczas 28 dni przechowywania w warunkach chtodniczych (4°C).
W zaleznosci od zastosowanego szczepu i obserwowanej zmiennosci zywotnosci tych bakterii
po 4 tygodniach przechowywania wszystkie jogurty zawieraly akceptowalny poziom bakterii
fermentacji mlekowej. Uzyskane w niniejszej pracy wyniki oraz przez Illupapalayam i wsp.
[2014] sg porownywalne w odniesieniu do ilosci log jednostek tworzacych kolonie

w naturalnym jogurcie probiotycznym po procesie fermentacji.
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45.2. Ocena zmiany wartosci pH podczas produkcji i przechowywania

fermentowanego napoju mlecznego zawierajacego wsad konopny

Podczas wytwarzania fermentowanego napoju mlecznego okreslono takze zmiane warto$ci
pH podczas fermentacji oraz w trakcie 28 dni przechowywania w warunkach chtodniczych.
Uzyskane wyniki przedstawiono w Tabeli 3— Publikacja [P4]. Podczas procesu fermentacji
tempo zmian pH byto wigksze w probkach kontrolnych, zawierajacych etanolowy ekstrakt
konopny (0,5%) oraz susz konopny (0,5 i 1%) niz w pozostatych wariantach. Wskazuje to na
roznice w aktywnosci kultur starterowych w obecnos$ci zastosowanych wsadéw konopnych.
Poczatkowa wartos¢ pH mleka wynosita 6,6, a sam dodatek réznych rodzajow wsadu
spowodowat niewielki wzrost wartosci pH do wartosci 6,68. Proces fermentacji prowadzit do
uzyskania koncowej wartosci pH zblizonej do 4,6. Po wyprodukowaniu napojow,
pH wszystkich probek miescito si¢ w zakresie od 4,55 do 4,65, natomiast po 24 godzinach
przechowywania warto§¢ pH zmniejszyta si¢ i wynosito od 4,40-4,55. W czasie 28 dni
przechowywania chtodniczego stwierdzono spadek pH we wszystkich analizowanych
probkach fermentowanych napojéw mlecznych. Probka kontrolna oraz zawierajaca 0,5%
ekstraktu konopnego charakteryzowaly si¢ najnizszym pH (4,13) po =zakonczeniu
przechowywania. Za to najwyzsza wartos¢ pH odnotowano dla probki zawierajacej 2% wsadu
Ww postaci suszu konopnego. Stwierdzono, ze dodatek olejku konopnego (w kazdej ilo$ci) oraz
wiekszy udziat (1 1 2%) pozostatych wsadow w probkach znaczaco wptywa na wydhuzenie
procesu fermentacji oraz wyzsze wartosci pH napojow po okresie przechowywania. Autorzy
dostgpnych wynikéw dotyczacych fermentowanych napojow mlecznych skupiali si¢ na
produktach zawierajagcych m.in. suszone wytloki owocowe. Znamirowska i wsp. [2018]
przygotowali jogurty zawierajace sproszkowany susz z wyttokow jabtkowy w ilosci 1,5 i 3%.
Zastosowana przez autoréw kultura starterowa byla taka sama jak w naszej pracy (YC-X11).
Autorzy nie wykazali réznic w wartosci pH pomiedzy proba kontrolng a probkami

zawierajacymi suszone wyttoki jabtkowe.

4.5.3. Ocena sensoryczna fermentowanych napojow mlecznych zawierajacych wsad

konopny

Wytworzone fermentowane napoje mleczne poddano ocenie sensorycznej metoda QDA.
Definicje wybranych wyr6znikéw jakosciowych oraz uzyskane wyniki przedstawiono na
Rycinach 12-14 oraz w Publikacji [P4]. Wérdd ocenianych cech znalazty si¢ zielony kolor
1 typowy kolor jogurtu, aromat jogurtu, kwasny, stodki, obcy ,,trawiasty” aromat, kwasny smak,
gorzki smak, konsystencja, gestos¢ 1 ogolna jakos¢ przygotowanych fermentowanych napojow

mlecznych.
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Zapach jogurtowy
10

Zapach obcy

“trawiasty" Zapach kwasny
Zapach stodki
—Kontrola ——Ekstrakt 0.5% Ekstrakt 1% Ekstrakt 2%
—Susz 0.5% —S5usz 1% —Susz 2% —0lej 0.5%
—0lej 1% —0lej 2%

Rycina 12. Wyr6zniki aromatu fermentowanych napojow mlecznych z dodatkiem wsadu

konopnego (skala: 0 -niewyczuwalny, 10 — bardzo intensywny)

Smak slodki
10
8
6
Smak gorzki 4 Smak obcy *"trawiasty™
Smak kwaskowy Smak kwasny
—Kontrola ——Ekstrakt 0.5% Ekstrakt 1% Ekstrakt 2%
=—Susz 0.5% —Susz 1% —Susz 2% —Qlej 0.5%

—0lej 1% —Q0lej 2%
Rycina 13. Wyro6zniki smaku fermentowanych napojow mlecznych z dodatkiem wsadu

konopnego (skala: 0 -niewyczuwalny, 10 — bardzo intensywny)
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Ogolna jakos¢
10

Gestosé Konsystencja
—Kontrola Ekstrakt 0.5% Ekstrakt 1% Ekstrakt 2%
—Susz 0.5% —Susz 1% —Susz 2% —0lej 0.5%
—Qlej 1% = Qlej 2%

Rycina 14. Gestos¢, konsystencja oraz jako$¢ ogdlna fermentowanych napojow mlecznych
z dodatkiem wsadu konopnego (skala 0-10; gestos¢: bardzo rzadka - bardzo gesta;

konsystencja: gladka - wyczuwalne elementy; ogolna jakos$¢: zta - bardzo dobra).

Stwierdzono, ze dodatek suszonych konopi (we wszystkich wariantach) miat negatywny
wplyw na og6lng jako$¢ przygotowanych probek. Najlepsza ogdlng jakos¢ (9,50) uzyskano dla
probki kontrolnej ze wzgledu na najbardziej odpowiednig gesto$¢ konsystencji, najbardziej
wyczuwalny aromat fermentowanego mleka i kolor typowy dla tradycyjnego jogurtu. Sposrod
napojow fermentowanych zawierajacych wsad konopny, najlepsza ogoélng jakoS$cia
charakteryzowaly si¢ probki zawierajace 0,5% ekstraktu konopnego, a nieco nizsze wyniki
uzyskano dla probek z dodatkiem oleju konopnego (wszystkie warianty). Najnizszg ogdlng
jakos$cig charakteryzowaty si¢ probki z dodatkiem 2% suszu konopnego. Ten wariant zostat
oceniony najnizej, poniewaz charakteryzowat si¢ zielonym kolorem, najmniej stodkim
zapachem, znaczacym obcym ,trawiastym” smakiem 1 gorzkim smakiem. Z drugiej strony
nalezy wspomnie¢, ze postrzegany gorzki smak 1 nieodpowiednia tekstura zawierajaca grudki
wynikaly z uzycia suszonego produktu, co mogto wptyna¢ na percepcj¢ sensoryczng cztonkow
zespolu oceniajacego. Fermentowane napoje mleczne zawierajace olej konopny zostaty
ocenione bardzo dobrze pod wzgledem tekstury, ktora byta gladka i kremowa w ustach.
Zwigkszenie ilosci thuszczu w probkach spowodowato poprawe lepkosci 1 tekstury, co zostato
pozytywnie odebrane przez panel sensoryczny. Probki z dodatkiem ekstraktu z konopi

(wszystkie warianty) mialy kolor najbardziej zblizony do typowego jogurtu. Probki te
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charakteryzowal najmniej kwasny i obcy ,.trawiasty” zapach. Wariant probki zawierajacy 0,5%
ekstraktu z konopi byt najmniej kwasny ze wszystkich probek zawierajacych ekstrakt z konopi.

Podobnie jak w przypadku ciastek kruchych, przedstawione w niniejszej pracy wyniki
prezentujg jedne z pierwszych badan w zakresie analizy sensorycznej fermentowanych
napojéw mlecznych wytworzonych z dodatkiem konopi. Opublikowane wczesniej wyniki
badan koncentrowaty si¢ na ocenie produktéw wytworzonych z uzyciem ekstraktow z ziét lub
ro$lin bardziej powszechnie stosowanych w produkcji zywnos$ci niz Cannabis sativa L. Prace
obejmowaly miedzy innymi wykorzystanie cynamonu, kardamonu, czosnku czy trawy
cytrynowej [lllupapalayam i wsp. 2014, Helal i Tagliazucchi 2018]. Illupapalayam i wsp.
[2014] przeprowadzili oceng sensoryczng jogurtow (metoda QDA z wykorzystaniem takiej
samej skali oceny) z oleozywicami przypraw wyekstrahowanymi z kardamonu, cynamonu
1 gatki muszkatolowej. Przygotowane jogurty osiagnely akceptacje sensoryczng wyzszg niz 7
J.u. we wszystkich przypadkach. W niniejszej pracy tylko jogurty zawierajace ekstrakty z

konopi (kazdy wariant ilosci dodatku) zostaty ocenione nizej niz 7 j.u.
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Abstract: Yoghurts are the most popular fermented dairy products. Consumer attention is directed
towards products containing inputs that enrich the product with bioactive substances. The growing
interest in the Cannabis sativa L. plant has resulted in the development of a market for hemp products.
The main aim of this research work was to determine the effect of the lactic fermentation process on
the stability of cannabinoids in fermented milk beverages containing hemp inputs (hemp oil, dried
hemp, ethanolic hemp extract) at 0.5, 1 and 2% (w/v). The effect of the type of hemp input on the
technological process (i.e., pH value, viability of LAB during 28 days of storage) was also checked
and the sensory quality of the prepared samples was evaluated. It was shown that the choice of
type/form and amount of hemp addition influenced the final cannabinoid content of the product
after fermentation and post-fermentation, but no effect on the survival of yoghurt bacteria or pH
changes during storage was confirmed. Fermented milk drinks containing hemp oil had the highest
cannabinoid content. The QDA results of the sensory evaluation of the yoghurts show that the most
acceptable product in terms of overall quality is the yoghurt containing 0.5% hemp extract and 2%
hemp oil.

Keywords: cannabinoids; fermentation; fermented milk drinks; hemp oil; dried hemp; hemp extract

1. Introduction

Yoghurt is one of the leading dairy products. According to Codex Alimentarius [1],
yoghurt is defined as fermented milk with symbiotic starter cultures of Streptococcus
thermophilus and Lactobacillus delbrueckii subsp. bulgaricus. The yoghurt bacteria (probiotics)
must be present in the yoghurt at a minimum of 107 CFU/mL throughout the shelf life, and
manufacturers must declare their presence on the label. Probiotics are ‘live microorganisms
that confer health benefits to the host when administered adequately’ [2]. The quality of this
fermented dairy beverage is primarily determined by its physical properties, i.e., texture,
stability (rate of syneresis) and appropriate consistency [3]. The aforementioned physical
characteristics of yoghurt are primarily influenced by the conditions of the fermentation
process (e.g., heat treatment of the milk, time and temperature of the process, and cooling
time and rate). The quality of yoghurt is undoubtedly influenced by the ingredients
used (e.g., milk proteins, stabilisers, fibre and prebiotics), which are usually used for
technological, functional or nutritional reasons [3-5].

Functional foods have been proven to have a beneficial effect on one or more bodily
functions over and above the nutritional impact, which effect amounts to an improve-
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ment in health and well-being and a reduction in the risk of disease [6,7]. These foods
are distinguished by their content of bioactive substances, which stimulate the desired
metabolic pathway. In contrast, according to Swiderski and Kolanowski [8], functional
foods should be separated from functional additives. Substances added to food can be
divided into two groups: food additives used in the technological process, which di-
rectly or indirectly can become food ingredients, and substances added to preserve or
improve the nutritional value [7]. These include, among other things, texture stabilis-
ers (agar, inulin, carrageenan, pectin), flavourings (fruit and vegetable injections, cereal
grains, nuts, plant extracts), as well as substances of plant origin containing bioactive
substances (caffeine, fibre). One of the plant-based additives may be dried Cannabis sativa
L. var. sativa plant, as well as extracts or oils of hemp, which contain cannabinoids. This
group of compounds has proven health-promoting properties for the human body (e.g.,
anticonvulsant, anxiolytic and anti-rheumatoid arthritis properties), among which there are
two main compounds, i.e., the non-psychoactive CBD (cannabidiol) and the psychoactive
A?-THC (A’-tetrahydrocannabinol) [9]. The positive aspects of adding cannabinoids to
food in different charge forms is that the nutritional value of the prepared product can be
improved. By introducing cannabinoids dissolved in oil, we also provide omega-3 and
omega-6 unsaturated fatty acids, which support the human body’s function. The use of
dried hemp allows us to increase the amount of protein in the yoghurt and fibre, which
also play an important role in human nutrition [9,10]. The development of a hemp extract
product with a specific CBD content requires adequate research and knowledge of the raw
material. The resulting dried/extract quality depends on the plant variety, growing condi-
tions, harvest time and extraction methods. Cannabinoids are chemically transformed over
time by heating, oxidation and interaction with other food components, including enzymes.
Therefore, it is essential to estimate the degree of degradation of active ingredients in the
food matrix and the product’s suitability for consumption [10].

The main aim of this study was to evaluate the influence of the fermentation process
and storage time on changes in the cannabinoid profile of model fermented milk drinks
with hemp inputs (hemp oil, dried hemp, ethanolic hemp extract) at 0.5, 1 and 2% (w /7).
Also, the effect of the hemp addition to the fermented milk drink on changes in pH and
lactic acid bacteria viability before and after fermentation and during 28 days of storage was
evaluated. In addition, the sensory quality and overall quality of the prepared beverages
were also assessed. This is the first paper focusing on preparing fermented dairy beverages
with hemp inputs and analysing selected parameters, including the cannabinoid content of
the prepared samples.

2. Results and Discussion
2.1. Determination of Cannabinoids in Fermented Milk Drink Samples

The main aim of this study was to evaluate changes in the cannabinoid profile during
the production of a fermented dairy beverage by adding different hemp inputs in three
variants of additive amounts (0.5, 1 and 2% (w/v)). Figure 1 shows the finished fermented
milk drinks with hemp inputs before (A) and after mixing (B).

Validation of the method for the determination of cannabinoids in hemp fermented
milk drinks was carried out, and the results (LOD—Iimit of detection, LOQ—Ilimit of quanti-
tation, R%—recovery rate and RDS%-—method repeatability) are presented in
Tables S1 and S2 (Supplementary Materials). The effect of storing the prepared samples
before 28 days under refrigeration (4 °C) was also checked, and samples for analysis were
taken every 7 days. The results obtained for the 17 cannabinoids analysed are shown in
Figures 2—4 and Tables S3-S5 (Supplementary Materials).
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Control  0.5% 1% 2% 0.5% 1% 2% 0.5% 1% 2%
Hemp oi Hemp extract Dried henp

B - After mixing

Control 05% 1% 2% 0.5% 1% 2% 0.5% 1% 2%
Hemp oi Hemp extract Dried henp

Figure 1. Finished fermented milk drink before (A) and after mixing (B) (own preparation).

Sum of 17 cannabinoids in fermented dairy milk
with hemp oil input
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Figure 2. Sum of 17 cannabinoids in fermented dairy milk with hemp oil inputs (0.5%, 1% and 2%
(w/v)) before and after fermentation and during 4 weeks of storage. af__the different small letters in
one amount of the input used, for example, 0.5%, indicate a significant difference (x < 0.05) influenced
by storage time; A~C—the different capital letters within the different samples during a specific period
of production and storage, e.g., ‘after fermentation’, indicate significant differences (« < 0.05).
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Figure 3. Sum of 17 cannabinoids in fermented dairy milk with dried hemp inputs (0.5%, 1% and

a-d

2% (w/v)) before and after fermentation and during 4 weeks of storage. *“—the different small

letters in one amount of the input used, for example, 0.5%, indicate a significant difference (x < 0.05)

influenced by storage time; 4=

—the different capital letters within the different samples during a
specific period of production and storage, e.g., ‘after fermentation’, indicate significant differences

(o < 0.05).
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Figure 4. Sum of 17 cannabinoids in fermented dairy milk with hemp extract inputs (0.5%, 1% and

a-d

2% (w/v)) before and after fermentation and during 4 weeks of storage. *“—the different small

letters in one amount of the input used, for example, 0.5%, indicate significant differences (x < 0.05)

influenced by storage time; 4=

—the different capital letters within the different samples during a
specific period of production and storage, e.g., ‘after fermentation’, indicate significant differences

(o < 0.05).

Different forms of hemp additive resulted in the production of fermented milk drinks
characterised by varying levels of cannabinoids. The highest initial total of 17 cannabinoids
was characterised by beverages containing a hemp oil-based input (e.g., 1%—103 mg/100 g
of product), while the least amount of these compounds was contained in beverages with
hemp extract added (e.g., 1%—8.14 mg/100 g of product). Carrying out the fermentation
process of dairy beverages with the addition of hemp extract significantly contributed to a
more than 10-fold degradation of the cannabinoids present in the product.

In fermented milk drinks containing dried hemp and with the addition of 0.5% hemp
oil, no significant reduction in total cannabinoids was observed after the fermentation
process. The use of hemp inputs in the form of hemp oil or dried hemp provides up
to 10 times the concentration of cannabinoids that are naturally present in the plant or
allows more compounds to be concentrated by dissolving them in oil. Cannabinoids are
compounds readily soluble in fat, which protects these compounds by preventing their
degradation through, for example, oxidation or the heating necessary for pasteurisation and
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fermentation. The compounds in dried hemp are also not directly exposed to temperature
or oxygen, as they are located in the glandular trichomes, where they are synthesised and
stored in the plant. The choice of a feedstock in the form of an ethanolic hemp extract
does not guarantee a protective effect on the bioactive substances extracted from the plant.
Selecting a suitable extraction solvent is important, e.g., herbal extracts. For such extracts,
it is possible to use water or ethyl alcohol. Other solvents, i.e., hexane or dichloromethane,
are not allowed, and their potential use for extraction requires the solvent to be removed
and such a product to be subjected to in vitro and in vivo testing to exclude toxicity [11].
Consumer expectations give direction to yoghurt producers, which should focus on the
quantity and variety of products with unique added value.

By exposing the prepared samples of fermented dairy drinks to storage, the stability
of both the sum of the 17 analysed cannabinoids and the individual compounds could
be determined. The use of inputs in the form of hemp oil yielded products which, after
4 weeks of storage, were characterised by a comparable or higher sum of cannabinoids in
the beverage. The cannabinoid content of milk beverages containing dried hemp oil during
storage did not change significantly in any variants. The sum of 17 cannabinoids in samples
containing ethanolic hemp extract at the beginning of storage was considerably higher
than after storage in all variants, where it decreased by more than 90%. The fermentation
process significantly affected cannabinoid degradation in the cannabinoid extract product.
The high degradation of these compounds (compared to other inputs) may have been
due to the absence of structure-stabilising factors for the cannabinoid molecule, which are
present in the hemp oil-based and dried inputs [12]. The predominant cannabinoids in
the hemp oil-based inputs were CBD (1% input—42.57 mg/100 g of product) and CBG
(1% input—51.11 mg/100 g of product), while CBDA was the predominant cannabinoid in
the hemp-dried and hemp extract-based inputs (for 1% input—b5.32 mg and 3.75 mg/100 g
of product, respectively) (Tables S3-5S5).

The concentration of CBD increased up to 2-fold after fermentation and storage of the
samples containing the hemp oil-based batch, depending on the amount of additive. In the
case of CBG, the concentration of this compound, depending on the amount of additive,
decreased by up to 10-fold after fermentation, and a gradual increase in concentration was
observed during storage, but did not reach the level for the fresh product (milk with the
batch before fermentation). The increase in the concentration of CBD and the decrease in
the amount of other compounds may be due to, for example, decarboxylation of the acidic
precursors for this compound and also the possible isomerisation of A9-THC to CBD [9].
In samples with ethanolic hemp extract added, the fermentation process resulted in more
than 90% degradation of CBDA, the concentration of which also decreased during storage.

After fermentation, no cannabinoids were observed in the hemp extract samples
analysed, i.e., CBC, CBG, CBDV, A’-THCV, A’-THCVA, CBN, CBNA, CBL and CBLA. No
A8-THC was found in any additive variants, and the production process of the fermented
dairy beverage with each hemp input also did not contribute to this compound. During
storage, CBL and CBLA were not observed in yoghurt samples containing dried hemp. The
use of hemp-based batches also carries a risk of the psychoactive A’>-THC and its precursor
A°-THCA. As a result of the fermentation process, more than 90% degradation of these
compounds was observed in all variants of fermented milk drinks. Refrigerated storage
for 28 days did not affect changes in the concentrations of the compounds in question.
Despite the potential risk of A>-THC in products containing hemp inputs, it has been
confirmed that, when delivered to the body via the oral route, both A?-THC and CBD are
degraded in the acidic environment of the stomach and are broken down by enzymes in
the gut, resulting in a bioavailability of <20% [13,14]. The observed decrease in A’-THC
and A’-THCA concentrations was probably caused by the effect of temperature during the
pasteurisation of milk with hemp inputs and the impact of oxygen [15,16].

In 2015, the European Food Safety Authority (EFSA) published a scientific opinion that
an adult human’s acute reference dose for total A>-THC should be 1 pug A’-THC/kg body
weight [17]. In contrast, an in-depth European Industrial Hemp Association (EIHA) analy-
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sis suggests that this value is too stringent and should be increased to 7 pug A°-THC/kg
body weight. A total daily intake of 5 mg A’-THC results in a LOEL (Lowest Observable
Adverse Effect Level) of 0.07 mg A’-THC/kg body weight (b.w.) per day, assuming a
body weight of 70 kg [18]. Based on this, it can be assumed that the average daily intake
of total A’-THC for a person weighing 70 kg is 70 pg according to the EFSA and 490 pg
according to the EIHA. The following equation can be used to assess the potential risk of
A°-THC being present at too high a level in the resulting finished product: the amount of
A°-THC + (0.877 x amount of A>-THCA-A) [19]. A comparison of the assumptions pre-
sented and the results obtained for the prepared model hemp fermented milk drinks are
shown in Table 1.

Table 1. Total A’-THC content before and after fermentation and after 28 days of storage in fermented
milk drinks with hemp inputs.

Total A°-THC Content !
[mg/100 g of Ready Product]

Amount of Hemp After 4 Weeks of

Before Fermentation After Fermentation

Additive % (w/v) Storage
0.5 0.21° 4+ 0.01 0.042 £ 0.01 0.042 £0.01
Sample with hemp oil 1.0 0.42° 4 0.04 0.052 £+ 0.01 0.052 £+ 0.01
2.0 0.83° +0.08 0.07 2 £ 0.01 0.072 £0.01
Sample with dried 0.5 0.98° 4+ 0.04 0.032 £0.01 0.032 £0.01
hemp 1.0 1.98° 4 0.09 0.052 £+ 0.01 0.052 £+ 0.01
2.0 3.94° 4+ 0.12 0.07 2 £ 0.01 0.072 £+ 0.01
Sample with hemp 0.5 0.84° +0.02 0.022 £0.01 0.022 £0.01
extract 1.0 1.68 ® 4+0.03 0.032 £+ 0.01 0.032 £+ 0.01
2.0 3.34° 4 0.06 0.06 2 £+ 0.01 0.06 2 £ 0.01

1 The amount of A°>-THC + (0.877 x amount of A’>-THCA-A) [19]. *P—the different small letters within the same
row indicate a significant difference (o < 0.05).

Based on the total A°-THC content results obtained for the samples containing the
hemp inputs, it can be concluded that the finished product after fermentation and af-
ter 28 days of refrigerated storage is safe for a potential consumer weighing 70 kg and
consuming 100 g of finished product per day.

2.2. Viability of Yoghurt Cultures

Changes in the number of viable cells of S. thermophilus and Lactobacillus delbrueckii
ssp. bulgaricus after fermentation and during 1, 7, 14, 21 and 28 days of storage at 4 °C are
shown in Table 2.

Table 2. Changes in microbial counts of yoghurt cultures (log cfu/mL) after fermentation and after 1,
7,14, 21 and 28 days of storage at 4 °C in hemp-enriched fermented milk drinks.

Amount of Hemp After Storage Time (Days)

Additive Fermentation 1 7 14 21 28
Control 9.24b +0.1 10.58> + 0.1 9.14b 4+ 0.1 9.0414+£02 934401 934401
Hemp extract 0.5% 8.7 A £ 0.1 9.04b2 + 0.3 9.1Bb + 0.1 9.04b2 +02 9182402 9181401
Hemp extract 1% 10.0¢4 + 0.1 9.0 42 £ 0.1 9.2Bb + 0.2 8941401 8841402 8847402
Hemp extract 2% 8.9 4 4 0.1 9281401 9.042 +0.1 8942 4£01 9042401 9.04+01
Streptococcus Dried hemp 0.5% 9.0 4P 4 0.1 9.242 +0.1 8.942 £ 0.1 9242 401 904402 9.0 +01
thermophilus  Dyjed hemp 1% 914 401 9.042 £ 0.1 8943401 934 103 9241405 9241405
Dried hemp 2% 9.1Bb +0.1 9.04b2 + 0.1 8.84240.1 94 401 9042 4£01 9.04b2+£0.1
Hemp oil 0.5% 8.9 Aabe 4.1 9142401 8942 +£0.1 9140 +01 9283404 9242402
Hemp oil 1% 9.0 Aabe + 0.1 9.14240.1 8.842 4+ 0.2 914 £01 8842403 8.8 42 4+ 03
Hemp oil 2% 9.0 A%bc £ 0.1 9.24b2 4 (.1 9.78> 1+ 0.6 904 £01 81 +02 81 +o1
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Table 2. Cont.
Amount of Hemp After Storage Time (Days)
Additive Fermentation 1 7 14 21 28
Control 8.54 4 0.1 8281401 83Bd 4+ 01 8443401 854 01 854401
Hemp extract 0.5% 8.6 + 0.1 8.3 402 4 0.1 8.58C £ 0.1 8242 4£01 824402 8242401
' Hemp extract 1% 8442402 8247 +0.1 834Aabd 401 928402 824 +02 8247 +0.1
Lactobacillus Hemp extract 2% 8244+ 0.1 834 401 8242401 8441401  8247+01  82474+0.1
delbrueckii Dried hemp 0.5% 8840 +0.1 86AC £ 01  84BCbc L1  83Ba+ 01  86AE£02  864A°£01
SSp. Dried hemp 1% 8.6 420 + 0.1 8.6 4b¢ +0.1 8.3 Aabe 41 8342403 834b (01 834041
bulgaricus Dried hemp 2% 8.4 4ba 40,1 8.4 ABab 1 (1 8.4Abe 1 85C2 401 834bc4p g3Adbc 4]
Hemp oil 0.5% 8.5B® 1 0.1 8.342 £0.1 834%d £ 01  8341+£01 834dbct1 834McL]
Hemp oil 1% 8.54ba £ 0.1 8.34b2 4+ 0.1 84ABbc + 01  85Brt+02 8241401 8247401
Hemp oil 2% 8.14c+0.1 8.6 ABCb + 0.1 8.8C¢ +0.1 868 £0.1 824ba02 824Pa4 (1

a-d__the different small letters within the same row indicate a significant difference (o < 0.05) influenced by
storage time in one type of yoghurt; #-C—the different capital letters within the same column indicate significant
differences (o < 0.05) influenced by the type and amount of hemp input to the yoghurt, e.g., hemp extract.

The initial number of live S. thermphilus cells after fermentation ranged from 10.0 to
8.7 log cfu/mL and decreased slightly after 28 days of refrigerated storage and ranged from
9.3 to 8.1 log CFU/mL. The greatest decrease in the number of live S. thermophilus bacteria
was recorded for the sample containing 1% ethanolic hemp extract, while the number of
bacteria increased slightly in the other variants of this additive. The use of three different
hemp batches did not adversely affect the number of S. thermophilus bacteria during cold
storage, and at the end of storage, the beverage with 2% hemp oil had the lowest amount
of the bacteria in question.

The initial number of Lactobacillus delbrueckii ssp. bulgaricus was lower than that of
S. thermophilus and ranged from 8.8 to 8.1 log CFU/mL in the fresh fermented milk drinks.
After 28 days of refrigerated storage, Lactobacillus viability did not decrease significantly and
ranged from 8.6 to 8.2 log CFU/mL. The initial and final amounts of viable Lactobacillus
bacteria were the same in the control sample and with 2% hemp extract added. The
most significant variation in the number of bacteria was observed in the drinks sample
containing 2% hemp oil. Based on the statistical analysis, it was found that the addition
of the hemp batch alone did not significantly inhibit the growth of both S. thermophilus
and Lactobacillus bacteria. However, the final number of the bacteria in question in the
product after fermentation and after 28 days of storage is influenced by the amount of
hemp additive used (e.g., 2% hemp oil).

The main determinant of fermented dairy beverages’ potential therapeutic and pro-
phylactic properties is the presence and number of yoghurt and probiotic bacteria cells
throughout the declared shelf life at the recommended level (7 log CFU/mL) [1]. This
requirement was met in all prepared samples throughout the shelf life. In addition, the
values exceeded 8 log CFU/mL in all experimental samples, further enhancing the health-
promoting potential of the finished product. According to EFSA (2010) claims, a bacterial
content at such a high level improves lactose digestion in people with reduced intestinal
lactase synthesis capacity [4,20,21].

Up to now, there have been no studies on the use of Cannabis sativa L. var. sativa-
based additives (ethanolic hemp extract, hemp oil or dried hemp) in the production of
fermented milk drinks. There is also a lack of information on the effect of these additives
on bacterial survival. Research to date has looked at the addition of herbs or spices to
yoghurt. [llupapalayam et al. [22] compared the effects of adding cinnamon, cardamom
and nutmeg on bacterial survival during 28 days of refrigerated storage (4 °C). Depending
on the strain used and the observed variability in the viability of these bacteria after
4 weeks of storage, all samples analysed contained acceptable levels of lactic fermentation
bacteria. The results obtained by us and by Illupapalayam et al. [22] are comparable to the
number of log colony-forming units in natural probiotic yoghurt and were 8 log CFU/mL
or higher [22,23].
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This is the first study demonstrating the potential use of the Cannabis sativa L. var.
sativa plant in the food industry. However, it is important to see how the hemp batches
used and the amounts of additives affect the survival of other important probiotic bacteria.

2.3.pH
Changes in pH before and after fermentation and during 28 days of storage at 4 °C are

shown in Table 3.

Table 3. Changes in pH after fermentation and during storage (4 weeks) of a fermented dairy drink
with hemp input.

Changes During Fermentation (h) Changes During Storage (Week)
Milk Milk with
UHT Hemp 1 2 3 4 24 (h) 1 2 3 4
3.8% Additive
Control ) 588 + 487D+ 458Ddx 4 4504+ 422Pf+  419F8 4+  413Pht 413Ph 4
0.05 0.03 0.02 0.02 0.01 0.01 0.01 0.01
g{fgft 6.664% +  592Bb 4  495BCc 4 465Cdx 4 453Abe +  423Df 4 420D+ 413D+ 413CDs
0.5% 0.03 0.04 0.02 0.01 0.04 0.01 0.01 0.02 +0.05
- a
Hemp 6'%005i 6.684% £ 6008+ 5008+ 4718+ 4.634Bex  446AB £ 427C8 & 4.25Ps 4.15 CPh 4.15CPh
extract 1% : 0.03 0.02 0.04 0.02 +0.02 0.04 0.02 +0.02 +0.01 +0.02
Hemp 6.684% £ 612Ab+ 5194t 4814 L 4e54r L 452ATE 43281 427Ch 420 £ 4170 +
extract 2% 0.03 0.02 0.01 0.04 0.01 0.02 0.01 0.02 0.01 0.03
E;‘fld 6.614 £ 552 4 475 455Ddx ¢ 4.40 % + 4328+ 422P5 4+ 416h+ 414D+
0 50/5’ 0.03 0.04 0.04 0.03 0.02 0.01 0.02 0.02 0.04
Dried 6.64% £ 552 4 477EB 4 457Ddx 4 44640 £ 43550 + 4315 + 4268 £ 418 +
hemp 1% 0.01 0.04 0.05 0.01 0.04 0.02 0.03 0.03 0.03
Dried 6.65% £ 563D+ 496Cc L+ 4758+ 4658 452AT 4+ 455AF 4 448481+ 440AM £ 4364 +
hemp 2% 0.04 0.02 0.01 0.03 0.01 0.02 0.02 0.03 0.02 0.03
Hemp oil 6604 £ 589CP 4+ 494BCc  471BCd 4 g59Bex . 453ABf 4+ 427C8 4 42508+ 417%h £ 417B8C ¢
0.5% 0.02 0.05 0.05 0.05 0.02 0.04 0.03 0.01 0.01 0.04
Hemp oil 6614+ 589+ 492C 4+ 4728l g58Ber 448ABf 4+ 427084+ 42508+ 420Ch L+ 4208h &
1% 0.02 0.02 0.04 0.05 0.02 0.03 0.01 0.01 0.02 0.05
Hemp oil 6.674P + 5988 L 5048t 475ABd 4 ge5her L 455AT L 42708+ 426Cs . 42588 42488h 4
2% 0.04 0.05 0.06 0.06 0.01 0.04 0.01 0.02 0.02 0.05

*—end of fermentation. Data are presented as mean =+ standard deviation (n = 3). Means with different letters
within rows (*7) and within columns (4F) differ significantly (x < 0.05).

During the fermentation process, the changes in pH decreased more in control samples
containing ethanolic hemp extract (0.5%) and dried hemp (0.5 and 1%). This indicates
differences in starter culture activity in the presence of the hemp inputs used. The initial
pH of the milk was 6.6, and the addition of the different types of feedstock alone increased
the pH of the milk with the hemp feedstock. The fermentation process was carried out
until the pH was close to 4.6. The pH value chosen is optimal for adequate growth of
both Lactobacillus delbruecki ssp. bulgaricus and Streptococcus thermophilus [24]. The length
of fermentation depended on the amount and type of feedstock used. The fermentation
process was shorter (3 h) for the control samples and those containing 0.5% hemp as extract
and 0.5% and 1% dried hemp compared to the others, where it took 4 h. After the fermented
milk beverage was produced, the pH of all samples ranged from 4.55 to 4.65, while after
24 h, the pH decreased and ranged from 4.40 to 4.55. During 28 days of refrigerated storage,
a decrease in pH was found in all samples analysed. The control sample and the sample
containing 0.5% hemp extract had the lowest pH (4.13) after storage. In contrast, the sample
containing 2% dried hemp was found to have the highest pH value. It was found that the
addition of hemp oil (in any quantity) and a higher proportion (1 and 2%) of the other
feedstocks in the fermented milk drinks significantly prolonged the fermentation process.

This is the first study to analyse pH changes during fermentation and storage of
fermented dairy drinks containing a hemp-based input. Samples containing dried hemp
are most easily compared to those containing, for example, dried fruit pomace or herbs.
Znamirowska et al. [24] prepared samples containing powdered dried apple pomace at
1.5% and 3%. The starter culture used by the authors was the same as in our work (YC-X11).
The authors showed no pH difference between the control and dried apple pomace samples.
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Ziarno et al. [25] compared the effect of the amount of addition (0.2-5 wt%) of extract of
selected herbs on fermentation efficiency. The herbs used were valerian (Valeriana officinalis
L.), sage (Salvia officinalis L.), chamomile (Matricaria chamomilla L.), chaste (Cistus L.), lime
blossom (Tilia L.), plantain (Plantago lanceolata L.) and valerian (Althaea L.). The observed
pH changes during fermentation confirmed that the extracts used did not inhibit the activity
of the lactic fermentation bacteria. It was found that a higher addition of herbal extracts
resulted in a fermented beverage with a higher pH. The results obtained in the cited work
are similar to those obtained in our work, suggesting that a hemp input is possible but
requires more detailed research.

2.4. Sensory Quality of Fermented Milk Drinks with Hemp Inputs

The characteristics of the sensory quality attributes and the results of the QDA sensory
evaluation of fresh fermented dairy beverages are shown in Figures 5-7.

Yoghurt aroma

Foreign aroma Sour aroma
Sweet aroma
e CoOntrol w==Hemp extract 0.5% Hemp extract 1% Hemp extract 2%
e===Dried hemp 0.5% ====Dried hemp 1% e==Dried hemp 2% e Hemp oil 0.5%

===Hemp oil 1% ====Hemp oil 2%

Figure 5. Aroma determinants of control fermented milk beverages and with hemp inputs (scale:
0—undetectable, 10—very intense).

Sweet flavour
10

4 Flavour foreign

Bitter flavour s o8 e ;
characteristic “grassy

s

Acidic flavour Sour flavour
=== Control ==Hemp extract 0.5% Hemp extract 1% Hemp extract 2%
=== Dried hemp 0.5% e===Dried hemp 1% = Dried hemp 2% e Hemp oil 0.5%
=== Hemp oil 1% === Hemp oil 2%

Figure 6. Flavour determinants of control fermented milk beverages and with hemp inputs (scale:
0—undetectable, 10—very intense).
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Overall quality

Density Consistency
=== Control === Hemp extract 0.5% Hemp extract 1% Hemp extract 2%
e====Dried hemp 0.5%  ====Dried hemp 1% e==Dried hemp 2% e Hemp oil 0.5%
== Hemp oil 1% === Hemp oil 2%

Figure 7. Density, consistency and overall quality of prepared fermented milk beverage control
and with hemp inputs (scale 0-10; density: very thin—very thick; consistency: smooth—perceptible
elements; overall quality: bad—very good).

Among the attributes assessed were green colour and typical yoghurt colour, yoghurt
aroma, sour, sweet, foreign ’grassy’ aroma, sour taste, sour taste, bitter taste, consistency,
density and overall quality of the prepared fermented dairy drinks. The prepared samples’
overall quality was negatively affected by the addition of dried hemp (all variants). The
best overall quality (9.50) was obtained for the control sample due to it having the most
suitable consistency density, the most noticeable aroma of fermented milk and the colour
typical of traditional yoghurt. Of the fermented beverages containing hemp inputs, the best
overall quality was characterised by samples containing 0.5% hemp extract and slightly
lower scores were obtained for samples with the addition of hemp oil (all variants). The
lowest overall quality was characterised by samples with 2% dried hemp added. This
variant was rated lowest because it was characterised by a green colour, the least sweet
smell, a significant extraneous ‘grassy’ taste and a bitter taste.

On the other hand, it should be mentioned that the perceived bitter taste and the
inadequate texture containing lumps were due to the use of the dried product, which
may have affected the sensory perception in the mouth of the panellists. The fermented
dairy drinks containing the hemp oil inputs were rated very good in terms of texture,
which was smooth and creamy in the mouth. Increasing the amount of fat in the samples
resulted in improved viscosity and texture, which was positively received by the sensory
panel. The samples with hemp extract added (all variants) had the colour most similar to
typical yoghurt. These samples had the least acidic and extraneous ‘grassy’ smell. The
sample variant containing 0.5% hemp extract was the least acidic of all samples containing
hemp inputs.

This is the first study on the sensory analysis of fermented dairy drinks with hemp
inputs in different forms and contents. Previous studies have focused on preparing samples
with extracts of herbs or plants more common than Cannabis sativa L. and include cinnamon,
cardamom, garlic and lemongrass, among others [22,26]. Illupapalayam et al. [22] con-
ducted a sensory evaluation of yoghurts with spice oleoresins extracted from cardamom,
cinnamon and nutmeg. The prepared yoghurts achieved a sensory acceptance higher than
7 IU (conventional units) in all cases. In our study, only yoghurts containing hemp extracts
(each variant of additive quantity) were rated lower than 7 IU.
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3. Materials and Methods
3.1. Materials

Freeze-dried hemp was prepared by freeze-drying the inflorescences of the Cannabis
sativa L. var. sativa plant of the ‘Biatobrzeskie’ variety. The plants were obtained from
the Institute of Natural Fibers and Herbaceous Plants (Poznani-Petkowo, Poland). The
plants were harvested at the peak of flowering (between the twentieth day after the start of
flowering and the tenth day after the end of flowering) [27]. Ethanolic hemp extract was
obtained by cannabinoid extraction with ethanol using the method of Kanabus et al. [15].
Commercially available hemp oil (18% CBD + CBDA) as a dietary supplement was pur-
chased from Cosma S.A. (Warsaw, Poland). Commercial milk (3.8% fat) was purchased
from SM Mlekpol (Grajewo, Poland). Yoghurt culture YC-X11 Yo-Flex containing Lacto-
bacillus delbrueckii ssp. bularicus and Streptococsspcus thermophilus was obtained from Chr.
Hansen (Czastkéw Mazowiecki, Poland).

3.2. Preparation of Fermented Milk Drinks

A control sample of fermented milk drinks without hemp was prepared, as well
as experimental samples with 0.5, 1.0 and 2.0% (w/v) hemp inputs (hemp extract after
extraction with ethanol, dried hemp and hemp oil). Due to the intense odour, colour
and differences in consistency of the selected batches, it was decided to add smaller
amounts to these batches in order to be able to develop this topic in the future. The hemp
additives were weighed in test tubes, then added and mixed into milk. The samples
were pasteurised at 93 & 2 °C for 5 min, cooled to 42 + 2 °C and inoculated by the
addition of yoghurt starter culture YC-X11 at a concentration of 0.1 g/L of milk. After
mixing thoroughly, the inoculated milk was incubated at 42 & 2 °C until the pH reached
4.60 £ 0.05. The fermentation was stopped at this pH by cooling the products in an ice-
water bath. Afterwards, set yoghurts were placed in the fridge at 4 °C for 28 days. Each
batch of yoghurt was prepared in triplicate. The storage time and conditions adopted
for the model products were intended to simulate the time (21-28 days on average) and
conditions of shelf storage (4-6 °C). This study was designed to test the survival rate of
lactic fermentation bacteria in fermented dairy beverages with the addition of different
hemp inputs. Also, the aim was to check whether the different forms of the additives affect
the quality and safety of the prepared product.

3.3. Chemicals and Reagents

The certified reference materials of cannabidiol (CBD), cannabidiolic acid (CBDA),
cannabigerol (CBG), cannabichromene (CBC), cannabinol (CBN), cannabidiolic acid (CBNA),
cannabidivarinic acid (CBDVA), cannabicyclol (CBL) and cannabicyclic acid (CBLA) were
provided in 1.0 mg/mL solutions in methanol (MeOH) or acetonitrile (ACN) by Restek
GmbH (Bad Homburg, Germany). Cannabigerolic acid (CBGA), cannabichromenic acid
(CBCA), A9—tetrahydrocannabinol (A°-THQ), As-tetrahydrocannabinol (AB-THQ),
A-tetrahydrocannabinolic acid A (A’-THCA-A), A°-tetrahydrocannabivarinic acid
(A°-THCVA) and cannabidivarin (CBDV) were purchased from LGC Standards (Teddington,
UK). A%-tetrahydrocannabivarin (A°-THCV) was provided in 1.0 mg/mL solutions in MeOH
or ACN by Cerilliant Corporation (Round Rock, TX, USA). The certified purity value for all
the CRMs was >98.00%. Liquid chromatography—mass spectrometry (LC-MS)-grade water,
ACN and MeOH were purchased from Witko (L6dZz, Poland). Formic acid and ammonium
formate (LC-MS grade) were obtained from Sigma Aldrich (St. Louis, MO, USA).

3.4. Preparation of Standard Solutions and Calibration Curves

Standard 100 pg/mL solutions for all 17 cannabinoids were prepared by dissolving
1.0 mL of the compound reference standard in ACN or MeOH using 10 mL volumetric
flasks separately. This step was repeated as it was necessary to prepare higher dilutions
for most compounds except CBD and CBDA. All solutions were stored at <—80 °C. Eight-
point curves were prepared for 17 cannabinoids in different ranges, which were generated
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using Thermo TraceFinderTM software, version 5.1 (Thermo Fisher Scientific, Pleasanton,
CA, USA).

3.5. Extraction of Cannabinoids from Fermented Milk Samples

The samples were mixed thoroughly before analysis. For each sample, 1 g of fermented
milk was weighed in a 50 mL Falcon vial and extracted with 9 mL ACN. The samples were
shaken for 15 min and then centrifuged (2 min 10,000 rpm) using an MPW-380R centrifuge
from MPW Med. Instruments (Warsaw, Poland). For analysis, 1 mL of extract was filtered
through a 0.22 um 13 mm syringe filter (LLG Labware, Meckenheim, Germany).

3.6. Analysis of Cannabinoids by UHPLC-HESI-MS

Cannabinoids were analysed using an ultra-high-performance liquid chromatography-
Q-Exactive Orbitrap mass spectrometry setup operating with a heated electrospray interface
(UHPLC-HESI-MS) (Thermo Fisher Scientific, Waltham, MA, USA). Detailed information
on the determination of cannabinoids is described by Kanabus et al. [15].

3.7. Method Validation

The results obtained for the development and validation of the cannabinoid determina-
tion method used in this article are shown in Table S1. To confirm and maintain the validity
of the method used, control yoghurt samples were fortified at three levels for each cannabi-
noid. The recoveries achieved were within the target range of 80-120% and fulfilled the
guidelines in ICH 2005 (https://www.ema.europa.eu/en/ich-q2r2-validation-analytical-
procedures-scientific-guideline, accessed on 1 July 2024) and AOAC 2002 (https://aoac.org,
accessed on 1 July 2024) [15].

3.8. Microbiological Analyses

The enumeration of yoghurt characteristic microorganisms was conducted after
1,7,14,21 and 28 days of storage at 4 °C in duplicates using plate techniques as reported in
the ISO Standard (ISO 7889:2003) [28]. For S. thermophilus enumeration, M17 agar (Merck,
Warsaw, Poland) was used, and the incubation was done aerobically at 37 °C for 48 h.
Lactobacillus was enumerated using MRS agar (Merck) at pH 5.2 by anaerobic incubation
(Biomeriux, Marcy—l’Etoile, France, GENbag anaer) at 37 °C for 72 h.

3.9. pH

The changes in pH of yoghurts were measured during fermentation and after 1, 7,
14, 21 and 28 days of storage at 4 °C in triplicate using a SevenExcellence pH meter 5400
(Mettler-Toledo, Warsaw, Poland).

3.10. Sensory Analysis

Quantitative descriptive analysis (QDA) was carried out according to an ISO procedure
(ISO 13299:2016) to evaluate the sensory properties of fermented dairy drink samples the
day after manufacture [29]. QDA is a method recognised as a good tool for measuring the
sensory attributes of different dairy products [30,31]. Sensory testing was carried out after
obtaining approval from the University Ethical Committee (UEC) for Research with Human
Participation Resolution No. UEC/14 /2023 (UEC University of Life Sciences in Lublin).
Sensory evaluation was carried out by a 6-member trained sensory panel. Approximately
5 g of each prepared fermented dairy drink variant was submitted for assessment. The
panel selected and defined the attributes that most consistently described the yoghurt
products. The following attributes were selected: colour green, typical of yoghurt, yoghurt
aroma, sour, sweet, extraneous ‘grassy’, taste sweet, sour, sour, bitter, extraneous ‘grassy’,
texture and density. The intensity of these attributes was measured using a 10-centimetre
linear unstructured graphical scale, anchored from 0 (none) to 10 (very intense). In addition,
based on the aforementioned distinguishing attributes, the overall sensory quality of the


https://www.ema.europa.eu/en/ich-q2r2-validation-analytical-procedures-scientific-guideline
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samples was further determined using a separate scale from 0 (low) to 10 (high). The results
were expressed in IU (conventional units).

3.11. Statistical Analysis

All experiments and analyses performed were carried out in triplicate. The results
are presented as mean measurement values. Statistical analyses were carried out using
Statistica 13 software. The effects of hemp feed addition and storage time on the pH value,
viable bacteria count and sensory evaluation of the prepared yoghurts were analysed by
one-way ANOVA. Differences between the results were tested for significance (p < 0.05).
The homogeneity of the groups was determined using the Tukey HSD test.

4. Conclusions

This study showed that the choice of hemp input form for producing a fermented
dairy beverage influences the amount of cannabinoids in the final product. The type of
hemp input also influences the sensory acceptance of the resulting fermented products.
Samples containing hemp oil had the highest overall quality among the analysed variants.
It was also shown that the cold storage time of the fermented dairy beverages did not
significantly affect the reduction of lactic fermentation bacteria. Also, no pH value increase
suggesting product spoilage was observed. Based on the results, the possibility of using
hemp-based batches based on Cannabis sativa L. var. sativa for the production of fermented
milk drinks was confirmed.
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www.mdpi.com/article/10.3390 /molecules29215056/s1, Table S1: Correlation coefficient, analytical
ranges, limit of detection (LOD), and limit of quantification (LOQ); Table S2: Recovery rate (R%) and
method repeatability (expressed as relative standard deviation, RSD%) for individual analytes at
three different fortification levels (n = 5); Table S3: Cannabinoids determined in fermented milk drink
with hemp extract input (0.5%, 1% and 2% (w/v)); Table S4: Cannabinoids determined in fermented
milk drink with dried hemp input (0.5%, 1% and 2% (w/v)); Table S5: Cannabinoids determined in
fermented milk drink with dried hemp input (0.5%, 1% and 2% (w/v)); Table S6: Sensory quality
determinants used in the profile evaluation of samples with hemp input; Table S7: Results of the
profile analysis of hemp-infused fermented milk drinks (0-10 scale).
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Table S1. Correlation coefficient , analytical ranges, limit of detection (LOD), and limit of quantification (LOQ)

Correlation coefficient

Analytical ranges

Analyte (R?) (ug/mL) LOD (ug/mL) LOQ (ug/mL)
CBD 0.9993 0.2-25.6 0.001 0.003
CBDA 0.9999 0.4-51.2 0.0003 0.0009
A-THC 0.9999 0.08-10.24 0.0011 0.0036
A-THCA-A 0.9999 0.08-10.24 0.0004 0.0013
CBC 0.9997 0.02-2.56 0.005 0.02
CBCA 0.9992 0.08-10.24 0.0008 0.003
CBG 0.9994 0.008-1.024 0.0003 0.0009
CBGA 0.9992 0.02-2.56 0.00003 0.0001
CBDV 0.9998 0.008-1.024 0.001 0.002
CBDVA 0.9999 0.02-2.56 0.00003 0.0001
A>-THCV 0.9999 0.008-1.024 0.0006 0.002
A-THCVA 0.9996 0.02-2.56 0.0001 0.0002
AS-THC 0.9998 0.008-1.024 0.002 0.006
CBN 0.9998 0.008-1.024 0.002 0.007
CBNA 0.9996 0.002-0.256 0.0001 0.0002
CBL 0.9999 0.02-2.56 0.002 0.007
CBLA 0.9997 0.02-2.56 0.0004 0.0012




Table S2. Recovery rate (R%) and method repeatability (expressed as relative standard deviation, RSD%) for
individual analytes at three different fortification levels (n=5).

Nominal Measured concentration
concentration (Lg/mL) R (%) RSD (%)
(g/mL)
CBD
0.2 0.205 103 2
1.6 1.56 98
8.0 7.75 97 1
CBDA
1.0 1.02 102 2
2.0 2.11 105 2
4.0 3.98 100 2
A-THC
0.2 0.194 97
0.6 0.58 97 1
1.2 1.153 96 1
A-THCA-A
0.1 0.097 97 2
0.6 0.59 98 2
1.2 1.18 98 3
CBC
0.1 0.088 88 6
0.3 0.269 90 3
0.9 0.871 97 3
CBCA
0.1 0.102 102 2
1.0 0.948 95
2.0 1.982 99 1
CBG
0.005 0.0048 96 6
0.01 0.098 98 3
0.02 0.019 97 8
CBGA
0.1 0.1 100 3
0.3 0.3 100 1
0.6 0.57 95 5
CBDV
0.1 0.097 97 1
0.3 0.296 99
0.6 0.592 99 1
CBDVA
0.1 0.099 99
0.3 0.301 100 1
0.6 0.595 99 1
A>-THCV
0.05 0.049 99 3
0.1 0.100 100 3
0.2 0.197 98 3

A>-THCVA




0.05 0.049 98 2
0.1 0.098 98 3
0.2 0.195 97 2

AS-THC

0.05 0.048 96 6
0.1 0.10 100 6
0.2 0.200 100 2

CBN
0.1 0.098 98 1
0.3 0.299 100 2
0.6 0.608 101 2
CBNA
0.005 0.005 100 2
0.01 0.0099 99 2
0.02 0.019 98 3
CBL

0.05 0.049 99 9
0.1 0.098 98 1
0.2 0.19 97 2

CBLA

0.05 0.05 100 2
0.1 0.099 99 2
0.2 0.198 99 1




Table S3. Cannabinoids determined in fermented milk drink with hemp extract input (0.5%, 1% and 2% (w/v)).

Amount in fermented milk drink (mg/100g of product)

Analyte Assumed amount of After fermentation 1 week 2 weeks 3 weeks 4 weeks
compound
0.5% 1% 2% 0.5% 1% 2% 0.5% 1% 2% 0.5% 1% 2% 0.5% 1% 2%  0.5% 1% 2%
CBD 0.25A+(0.02 0.50Bd + 1.01C+ (.07Ade (.094Bb (0.22CP +(0.054d +(0.08BP +(.22€P + (0.02Abc (0.058a + (.21 + 0.014b + 0.098b +0.21<P +£(0.0074a 0.0148< 0.021¢
0.04 008 +0.01 +=0.01 0.02 0.01 0.01 0.02 =+0.01 0.01 0.02 0.01 0.01 0.02 +0.001 +0.002 +0.001
CBDA 1.87Ad+  375Bd+ 7.49Ct+ (.084ab (,158c +(0.25C +(.07Aa + (0.12Bab (),.22Cc + (0.09Abc (0.168¢c +(0.25Cd + (0.084ab (.11Ba + (0,19Cab (,084ab (),10ABa 0,17 +
0.13 0.26 050 +£0.01 0.01 0.01 0.01 +0.01 0.01 =+0.01 0.01 001 =+0.01 0.01 =+0.01 +£0.01 +0.01 0.01
A-THC 0.424<+0.03 0.848 + 1.67< + (0.014b +£0.0142 + 0.024B2 0.014b +0.0142 +0.024B +0.014 +£0.0142 + (0.024Baa (0,00442 (0.01BC (0.02C +(0.0044a 0.01BC 0.02Ca +
0.06 0.11 0.01 0.01 +0.01 0.01 0.01 0.01 0.01 0.01 =+0.01 £0.001 +£0.01 0.01 +£0.001 £0.01 0.01

A-THCA-A 04840+  (0.96Bb+ 1.91+ (0.0142+ 0.024B2 (.04 +0.0142 + 0.024B2 0.03B2 +0.0142 + 0.024B2 0.0382 + 0.0142 + 0.02482 0.03B2 + 0.0142 0.024B2 0.03B +

0.03 0.07 0.03 001 =001 0.01 o001 =001 001 001 =+001 001 0.01 =001 001 =x001 +0.01 0.01
CBC 0.044b+ 0.08%+ (0.17¢+ ND4A2 NDA2 ND#2 NDA2= NDA2 ND#Aa ND#Aa ND#Aa ND4a NDA2 ND4a ND4a NDAa ND#42 NDaa
0.01 0.01 0.07
CBCA  0.544<+0.04 1.08%+ 2.16C+ 0.014b + 0.024B2 (.04 NDA2 (0.0282 + 0.04Cb NDA2 (0.0282+ 0.04%> ND#2 0.0282 + 0.03BC» ND4a (.0282 + (0.03BC2
0.08 0.16 001 =+0.01 =0.01 0.01 =0.01 0.01 =+0.01 0.01 =+x0.01 0.01 =x0.01
CBG 03140+ 0.628b+ 123+ ND4A2 NDA» ND#2 ND#2 NDAa ND#4a ND#42 ND42 ND#2 ND#42 ND#2 ND#a NDAa ND42 NDaAa
0.02 0.04 0.08
CBGA 0.074b+  (0.14B<+ (.29 + 0.00242 0.00448>0.0068%= 0.00242 0.0044820.00652 0.00242 0.0044820.0068< 0.00242 0.0044820.0068¢20.002420.0044820.0068¢
0.01 0.01 0.02 =0.001 £0.001 +0.001 £0.001 £0.001 £0.001 £0.001 £0.001 +0.001 +0.001 +0.001 +0.001 +0.001 +0.001 +0.001

CBDV 0.0034b+  0.00548> 0.01¢®+ ND#a ND#42 ND4A2 ND#42 ND#2 ND#2 ND#2 ND#2a ND#42 ND4A2 ND#42 ND#42 ND#2 NDAa NDAa
0.001 +0.001 0.01

CBDVA 0.044>+  0.088>+ (.16<> + 0.001420.0034B20.0045¢= 0.001420.0034820.00452 0.00142 0.0034820.0048< 0.00142 0.0034B20.0048¢20.001420.0034820.0048¢a

0.01 0.01 0.01 +£0.001 +£0.001 £0.001 £0.001 +0.001 +0.001 +0.001 £0.001 +0.001 +0.001 +0.001 +0.001 +0.001 +0.001 +0.001

A>-THCV ~ 0.0034b+ 0.0058°+ 0.01¢®+ ND#A2 NDAa ND#2 ND#a ND4Aa ND4a ND42 ND42 ND#a ND#42 ND#a ND#a NDAa ND42 NDaAa
0.001 0.001 0.01

A>-THCVA  0.022b+ 0.03Ab+0.06Bb+ ND4a ND4a ND#a NDAa NDAa ND4a NDAa ND4a ND#a NDAa NDA: NDAa ND4Aa NDAa  NDAa

0.01 0.01 0.01
A8-THC NDAa ND4a  ND#a ND42 ND#a ND#A2 ND#42 ND4» ND4a ND#2a ND#42 ND4a ND42 ND#2 ND4A2 ND4A2 ND4A2 NDAa
CBN ND#a  0.014b+ 0.028>+ ND#42 ND42 ND4a ND4a ND42 ND#42 ND#42 ND#42 ND42 ND#a ND4a ND4a ND42 ND#a ND#a

0.01 0.01



CBNA 0.014b+ 0.0248b+ 0.03Bb+ ND#42 ND4Aa ND#42 ND#42 ND4A2 ND#A2 ND42 ND#2 ND4A2 ND#2 ND#a ND#42 ND4A2 ND#42 NDA2

0.01 0.01 0.01
CBL NDaAa ND#a  ND#42 ND42 NDA2 ND#2 ND42 NDA2 ND4Aa ND#4a ND#42 ND42 ND#42 ND4a NDAa NDAa ND#42 ND#a
CBLA 0.014b+  0.0248b+ (0.04*+ ND#2 ND4Aa ND#42 ND#42 ND4A2 ND#A2 ND42 ND#2 ND#A2 ND#2 ND#a ND#2 ND4A2 ND#42 NDA2
0.01 0.01 0.01
Sumof17  4.07Ad+  8.14Bd+ 16.26Cd +(0.184¢ + 0.308c + 0.58C¢ +(0.14Ab +(0.268> +(0.54 +0.134b £(0.278> + 0.56bc (.114ab (.268> +£0.49 + (0.1042 0.1782 +0.28C +
cannabinoids 0.16 0.33 0.65 001 001 002 001 001 002 001 001 =002 +0.01 001 002 =+001 0.01 0.01

a-f — the different small letters within the same row (in one amount of the input used, for example, 0.5%) indicate a significant differences (a <0.05) influenced by storage time; A-
C - the different capital letters within the same row indicate significant differences (a <0.05) influenced by the differences between the content of the analyzed substance in each

week of storage



Table S4. Cannabinoids determined in fermented milk drink with dried hemp input (0.5%, 1% and 2% (w/v)).

Amount in fermented milk drink (mg/100g of product)

Analyte Assumed amount of After fermentation 1 week 2 weeks 3 weeks 4 weeks
compound

0.5% 1% 2% 0.5% 1% 2% 0.5% 1% 2% 0.5% 1% 2% 0.5% 1% 2% 05% 1% 2%
CBD 0.4042 + 0.80Bab + 1.62Cc (0.404a+ (0.83B> + 1.59b + (0.404a+ (.83Bb + 1.50C2 + (0.404a+ (.82Bb + 1.55Cab +().44Ab + (0.80Bab + 1.62C (.44Ab ().78Ba + 1.65Cd
0.03 0.04 =+0.07 0.03 0.01 0.03 0.02 0.04 0.09 0.02 0.04 0.05 0.01 0.05 +0.07 +£0.03 0.03 =+=0.01
CBDA  2.66% +5328d + 10.64Cf 2.86Ac + 5.38Bd + 9, 50Ce + 2 .80Abc + 52]Bd + 9 25Cd + 2 7]Ab + 4 9]Bbe + 9 00Cc + 2,644 + 4 878b + 8 50Cb 2 554a 4, 68Ba + 8. 14Ca
0.19 037 +£0.75 0.05 0.12 0.05 0.11 0.14 0.10 0.13 0.11 0.15 0.11 0.12 +0.15 +0.06 0.12 +0.17
AN-THC  0.344b+ 0.68B + 1.36P (.0142+ 0.02Ba+ 0.05C+ 0.0142a+ 0.02Ba+ 0.05%% + 0.0142+ (0.02B2+ 0.05Ca + 0.0142 + 0.02Ba + (.05 (.0142 0.02Ba + (0.05C
0.03 0.05 +0.10 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 +£0.01 £0.01 0.01 =+0.01
N-THCA-A 0.74Ab + 1.48Bbd+ 2 95Cb () 0242 + 0.0348a + 0.0242 = (0.024a + (0.034Ba +(0.024a + (0.0242 £ (0.03482 + (0.024a + (0.0242 £ (0.03482 + (0.024a (0.0242 (0.034Ba (.024a
0.05 0.10 +£0.20 0.01 0.02 0.02 0.01 0.02 0.02 0.01 0.02 0.02 0.01 0.02 +0.02 +£0.01 +0.02 +£0.02
CBC 0.074<d +(.13Bbc + (0.26Cd (0.064bc +(0.12B2b + 0.19Ca £+ (.0442 + (0.12Bab +£().27Cab +(.0542b + (0,118 + (.22 + (0.064bc +(.12Bab + (0.24Cc (0.084d (0.13Bbc (.26
0.01 0.01 +£0.02 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.02 0.01 0.01 +£0.02 +0.01 £0.01 £0.01
CBCA  0.72A«d +1.458d + 2.89C (.67Ac+ 1.36Bc+ 2,61+ (0.67Ac+ 1.34Bc+ 2,60 + 0.584a + 1.30Bbc + 2.63Ca + (0.604ab +7.26Bab +2 60Ba + (0.604ab 1,24Ba + 2 63Ca
0.05 0.07 +0.20 0.07 0.08 0.05 0.05 0.08 0.05 0.02 0.08 004 007 0.07 0.04 +002 002 =+0.01
CBG 0.384d + (0.76Be + 1.51C (0.454¢+ 0.97Bf+ 1.92Cf+ (.334c+ (.56Bd + 1.29Cd + (.304bc + (0.48Bc + (0.99C + (0.244P + (.36 + (.75 (.1542 0.3182 + (0.63¢2
0.03 0.06 +0.10 0.04 0.04 0.04 0.05 0.08 0.04 0.03 0.06 0.04 0.07 0.05 +£0.11 +0.02 0.02 =+0.01
CBGA 0.104b £ 0.20Bc + (0.40Cd (0. 114bc + 0.228d + (0.41Cd + 0.104> £ (0.18Bb + (0.39C + 0.094ab + (0.1682 + 0.35P + 0.0842+ (0.16B2+ (.32C2 (.0842 (0.16B2 + (0.32Ca
0.01 0.02 +0.03 0.01 0.01 0.01 0.01 0.02 0.04 0.01 002 002 0.01 0.03 +0.02 £0.01 0.01 =+0.01
CBDV  0.0054ab 0.01Ba+ (.02C2 (0.014Bed (0.02Bab + (0.03BCab (0.01Acd + (0.0142+ (.0224Ba (0,0094c 0.0142+ (0.028a + (0.0054 0.01Ba+ 0.02BCa 0.00442(.018a + (0.02Ca
+0.001 0.01 <+£0.01 +0.01 0.01 +0.01 0.01 0.01 +0.01 +0.001 0.01 0.01 +£0.001 0.01 =+£0.01 £0.001 0.01 =+0.01
CBDVA  0.05%2+ 0.0982 + (0.18C 0.064a +(.12Bbc + 0.21> + (.054a + (.10Bab +(.20Cab + (0.054a + 0.10B2b +(0.20Cab + (0.0542 + 0.10Bab + (0.20Cab (.0542 (.10Bab (.20Cab
0.01 0.01 =+0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 +£0.01 +£0.01 +£0.01 +0.01
A-THCV  0.00442b 0.0078ab 0.014<<0.006A< + 0.0098bc 0.016Cd 0.0044aba 0.006ABa 0.009C= 0.00443 0.0064Ba 0.009% 0.00442b 0.0064B2 0.009C2 0.00342 0.0068a 0.01Cab
+0.001 +£0.001 £0.001 0.001 =+0.001 +0.001 +0.001 +0.001 +0.001 +0.001 +0.001 +0.001 +0.001 +0.001 +0.001=+0.001 + 0.001 + 0.001
A-THCVA 0.024a+ (0.0582+ 0.10 0.024a+ (0.0582 + (0.09 + 0.0242+ (.04B2 + 0.08C + 0.0242 + 0.0482 + (0.08% + 0.0242 + (0.04B2 + (.08 (0.0242 (0.0482 + (.08
0.01 0.01 =+0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 +0.01 +£0.01 0.01 =+0.01
A3-THC ND2a  ND4A2 ND4A2 ND42a ND42 ND4A2 ND4a ND#a ND42 ND4 ND42» NDAa ND#a ND#4a ND#a NDAa NDAa NDaAa
CBN 0.007Ab (0.013B> 0.026<0 0.024c+ (0.02Ac+ (0.03Bc + 0.0074b + 0.0138> 0.026<> 0.0074b 0.013B0 0.026CP+ NDAa (.0138> 0.026C> NDAa (.0128a (0.024¢Ca
+0.001 +0.001 £0.001 0.01 0.01 0.01 0.001 £0.001 £0.002 +£0.001 +0.001 0.002 +0.001 +0.003 +0.001 +0.001




CBNA  0.0242+ 0.034Ba+ (.06 0.0242+ 0.034Ba + 0.06% + (0.0242 + 0.034Ba +(0.06%= + 0.0242 +0.034Ba + 0.06C= + 0.0242 +(0.034Ba + 0.06C= (0.0242 0.034Ba (.06

0.01 0.01 =+0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 =+£0.01 +£0.01 £0.01 £0.01

CBL ND4a  NDAa ND#a 0.018>+ 0.018>+ 0.025¢*+ ND42a  ND#42 ND#A2 ND42 ND#A2 ND#A2 ND42 ND#A2 ND42 ND#2 ND4Aa NDAa
0.01 0.01 0.01

CBLA  0.01342t 0.03Bb+ (.05 0.014a+ (0.024Bab (0.04C<+ NDA2 NDA= NDAa NDAa NDAa NDAa ND#a NDAa NDAa NDAa NDAa NDAa
0.001 0.01 =+0.01 0.01 =+0.01 0.01

Sum of 17 5.534d + 11.058d 22.08b4.734Abc + 9.27Bbe + 16.81Ch 4.48Aab + 8.48Bab + 15.73Cab 4.27Aa + §,03Ba+ 15.22Ca 41942+ 7.81Ba+ 14.52C 40342 7.5582 +14.11¢a

cannabinoids 044 +0.88 +1.76 0.46 090 +1.67 044 0.84 +158 042 080 +154 041 078 +148 +040 0.76 +1.45

a-f — the different small letters within the same row (in one amount of the input used, for example, 0.5%) indicate a significant differences (« <0.05) influenced by storage time; A-

C - the different capital letters within the same row indicate significant differences (a <0.05) influenced by the differences between the content of the analyzed substance in each
week of storage



Table S5. Cannabinoids determined in fermented milk drink with hemp oil input (0.5%, 1% and 2% (w/v)).

Amount in fermented milk drink (mg/100g of product)

Assumed amount of

Analyte After fermentation 1 week 2 weeks 3 weeks 4 weeks
compound
05% 1% 2%  0.5% 1% 2%  05% 1% 2% 05% 1% 2% 0.5% 1% 2% 05% 1% 2%
CBD 21.294a 42 578a 85.14Ca 42 22Ac 46 22ABab 117, 78C27 32Ab 57 35Bc 118.18Cc 42.74A¢ 61.958d 12(0.14Ccd 45.694¢ 74.12Be 121.88Cd49.294cd 85 69Bf 122.48Cd
+150 +£298 +£596 039 +050 +255 +1.70 £230 +£322 =+3.12 +3.99 +321 +4.13 =812 +447 +178 +285 =£3.56
CBDA  3.93Acx 7.86Bc+ 15.72C (.86 1.26Ba+ 13.44Ca 2.33Ab 4.168b + 16.16c 5.13Ad 11.74Bd 27.41Cd + 8,604 + 17.118e 28.96Cd 9.03Af + 18.118ef 30.38¢ +
028 055 +1.10 +0.02 0.03 +217 +0.72 051 +199 +0.87 +1.15 219 154 +099 +474 0.02 =+0.12 0.8
A-THC  0.094b +0.178> +0.350 + 0.034a (.04Ab + (.058a + (0.0342 (0.0424b (.058B2+ (.0342 0.04Ab + (0.05B2 + (0.034a + 0.044b + 0.0582 + (0.034a + (0.04Ab + (.058a +
0.01 0.01 0.02 =+0.01 0.01 0.03 +0.01 +0.01 0.03 =+0.01 0.01 0.03 0.01 0.01 0.03 0.01  0.01 0.03
AN-THCA-A 0.14Ab +£(0.288> + (.55 + 0.014a (0.014a+ (.024Ba (.0142 0.0142+0.024Ba + (0.014a 0.014a + 0.024Ba + (0.014a + 0.014a + 0.024Ba (0,014 + 0.0142 + 0.02ABa +
0.01 0.02 003 =001 0.01 +£0.02 +0.01 0.01 0.02 +0.01 0.01 0.02 0.01 0.01 =+0.02 0.01 0.01 0.02
CBC 0.084a+(.1682 +0.33C + (0.184b (.208> + (0.89¢d + (0.194b (0.204Bb (0.25Ca + (.06%a 0.31Bc+ (.31Bb+ (.18Ab + (0.398d + (0.49Cc + (0.34Ac + (0.61Be + 1.00¢d +
0.01 0.01 001 =+0.01 0.01 0.10 +0.02 +0.01 0.02 =+0.01 0.01 0.01 0.02 0.02 0.03 0.01 0.03 0.05
CBCA  0.1542a+0.30B2+0.60% + 0.28Ab (0.37Bc+ 1.26Cb+ (0.37B4 (0.33Ab 1,18+ (.31Ac 0.43Bd + 1.21Cb + (0.284Ab + (.498de 1.22Cb + (0.25Ab + (0.598f + 1.27Cb +
0.01 0.02 004 =001 0.02 0.03 +0.02 +0.01 022 =+0.03 0.07 0.11 002 =+0.04 0.14 0.02  0.02 0.02
CBG 25.56Af 51.11Be 102.22¢f 5.204a 5.71Ba+ 14.04C 9.04Ab 19.01Bb 24.31Cb + 12.204c 27.34Bc 39 56Cc + 18.78Ad 33.798d 44 .44Cd 2().084¢ 34.53Bd 50.48Ce +
+178 +357 +716 042 0.07 +0.17 022 +031 127 =+074 +0.74 212 +053 =133 +420 =+038 =+152 050
CBGA  0.06%a+(.1282+(0.30% + 0.144d (0.208> + 0.67Cd + 0.132d 0.208> + 0.64Cc+ (.114c (0.21B> (.60C + 0.114c+ 0.208b + 0.53CP + 0.094b + (0.23Bc + (0.52¢b +
0.01 0.01 001 =+=0.01 0.01 0.02 =+0.01 0.02 0.02 +0.02 +£0.03 0.04 0.03 0.04 0.05 0.01 0.01 0.02
CBDV  0.0742+0.1482 +0.28% + 0.154> (.198>+ (.70 + 0.164 0.25Bc + 0.70% + (0.164P (0.298<«d (.70 + (.16 + 0.30Bd + 0.70<0 + 0.16A + 0.358¢ + (.70 +
0.01 0.01 002 =+=0.01 0.01 0.02 +0.02 0.04 0.03 +0.02 +0.03 0.02 0.02 005 0.04 0.02 0.02 0.03
CBDVA  0.072a+0.148> +(0.27C% + 0.174> (0.308>+ (.75 + 0.17Ab 0.308b + 0.75Cb + (0.17Ab (0.328Bbc + (0.75C + (0.174b + (0.36Bbc 0.78Cbc +(.154b + (.36Bbc ().78Cbc +
0.01 0.01 0.02 =+0.01 0.01 0.02 +0.02 0.04 0.03 +0.02 0.03 0.04 0.03 +0.04 0.02 0.02 +0.02 0.03
A>-THCV  0.0034b 0.006Ba 0.012¢a 0.0054¢ 0.00642 + 0.022B< 0.0054<0.018> + 0.02> + 0.0054< 0.018> + 0.02B< + ND4Aa (.018>+ 0.028¢> NDAa (0.018P + (.02 +
+0.01 £0.002 £0.02 +£0.001 0.001 =+0.001 +£0.001 0.01 0.01 +0.001 0.01 0.01 0.01 =+0.01 0.01 0.01
A>-THCVA 0.0074a 0.0182 +(0.03% +(0.0154< 0.0228b + 0.06<> + 0.022d 0.03Bc + 0.07C+ 0.022d 0.03Bc+ (0.07C + (0.014b + 0.03Bc + 0.07C + 0.014b + 0.03Bc + 0.07C +
+0.001 0.01 0.0.1 +0.001 0.001 0.012 +0.01 0.01 0.010 =0.01 0.01 0.01 0.01 0.01 0.012 0.01 0.01 0.01
A8-THC  ND2a NDAa ND4a NDAa NDAa NDAa ND42 NDAa ND2a ND42 NDAa  NDAa  ND2a ND4Aa NDAa ND4a NDAa  NDAa
CBN 0.54c+ 1.0Bcx 2.0C+ (0.034b (0.044Ba+ (.11 + 0.0242 0.068> + 0.11¢2+ 0.024a 0.06B> + 0.11C + (0.024a + 0.068> + 0.11C + 0.0242 + 0.06B> + 0.12< +
0.01 0.01 001 =+=0.01 0.01 0.01 =+0.01 0.01 0.01 +0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01



CBNA 0.00442 0.00782 0.014% 0.014¢ 0.014b+ 0.03Bb +0.0074 0.0158¢ 0.03® + 0.0084< 0.0198d 0.03 + 0.0094<d 0.0284 + 0.03P + 0.014e + 0.024Bd (.038BP +
+0.001 £0.001 £0.001 +0.01 0.01 0.01 +0.001+0.001 0.01 +0.001+0.002 0.01 +£0.002 0.001 0.01 0.01 +0.0.1 0.0.1
CBL 0.0242 + 0.03B2 + 0.06% + 0.034 (0.0342+ 0.118> + 0.064< 0.098> + (.14 + 0.07Ad 0.10B<+ 0.14C + 0.07Ad + 0.108< + 0.14C + 0.07Ad + 0.10B< + 0.20¢d +
0.01 0.01 0.01 =+£0.01 0.01 0.01 +0.01 0.02 0.03 =+0.01 0.01 0.03 0.01 0.02 0.03 0.01 0.01 0.01
CBLA 0.034a 0.05B2 +(0.10C2 + 0.054 (0.06B> + (.25 + (0.054P 0.10B<+ 0.25» + (.054b 0.10Bc+ (.25 + (0.054P + 0.108< + 0.25 + 0.054b + 0.11Bd + 0.26< +
+0.01 001 001 +0.01 0.01 0.02 +0.01 0.01 0.02 +0.01 0.01 0.02 0.01 0.01 0.02 0.01 0.01 0.02
Sum of 17 52.004<103.958208.10¢c49.38Ab54.67ABa +144.27C239.914a 82 168> 162.86Cb 61.10A4102.968191.37Cbc 74,174 127.1384199.69Cc 79.594¢f 14(.858¢2(08.38Ccd
cannabinoids +4.68 +9.36 +18.72 +448 497 +13.19 +3.63 +746 +1486 +554 +935 +1744 +6.72 +11.54 +£1820 +7.21 +12.78 +18.99
a-f — the different small letters within the same row (in one amount of the input used, for example, 0.5%) indicate a significant differences (a <0.05) influenced by storage time; A-
C - the different capital letters within the same row indicate significant differences (a <0.05) influenced by the differences between the content of the analyzed substance in each
week of storage




Table S6. Sensory quality determinants used in the profile evaluation of samples with hemp input

No. Determinants Definition of sensory quality determinants Scale markings
1. Green colour Green colour intensity Light green - dark green
2. Colour typical for yoghurt Typical of a fermented milk baverage typical - non-typical
3. Yoghurt aroma Characteristic of natural yoghurt Undetectable - very intense
4. Sour aroma Characteristic of natural yoghurt Undetectable - very intense
5. Sweet aroma Characteristic of natural yoghurt Undetectable - very intense
6. Aroma foreign characteristic 'grassy” Foreign aroma, unusual for yoghurt Undetectable - very intense
7. Sweet flavour Basic taste, no need for explanation Undetectable - very intense
8. Flavour foreign characteristic “grassy” Foreign flavour, unusual for yoghurt Undetectable - very intense
9. Sour flavour Acidic aftertaste, persists in the mouth Undetectable - very intense
10. Acidic flavour Characteristic of natural yoghurt Undetectable - very intense
11. Bitter flavour Basic taste, no need for explanation Undetectable - very intense
12. Consistency Sensory sensation perceived upon ingestion of the sample Smooth - perceptible elements
13. Density Sensory impression received when taking and consuming a sample Very thin-very thick
14. Overall quality General sensory impression, including distinguishing marks of Bad - very good

smell, colour, texture, taste




Table S7. Results of the profile analysis of hemp-infused fermented milk drinks (0-10 scale).

No. Determinants of Control Sample Sample Sample  Sample Sample with Sample with Sample  Sample Sample with
aroma, colour, texture, with hemp with hemp with hemp with dried dried hemp dried hemp with hemp with hemp hemp oil 2%
taste and overall extract 0.5% extract 1% extract 2% hemp 0.5% 1% 2% 0il 0.5% oil 1%
assessment
1. Green colour 0.012£0.01 0.50+0.09 1.33¢+0.15 1.594+0.11 4.48°+0.54 6.74%+0.22  8.518+0.45 0.012+0.01 0.012+0.01 0.012+0.01
2. Colour typical for ~ 0.012+0.01 1.11°+0.12 2.25¢+0.16 3.13¢+0.40 8.24sh+  885"+0.87 9.351+0.55 5.54e +0.19 6.66+0.45 7.428+0.78
yoghurt 0.42
3. Yoghurt aroma 9.59de +0.54 7.14b+0.41 7.22>+0.19 7.87><+0.53 6.522+0.47 6.892+0.69 7.12>+0.45 8.11c+0.24 8.584+(0.45 8.984+0.74
4. Sour aroma 1.102+0.14 2.16°+0.13 3.03<+0.20 3.894+0.11 4.02¢+0.14 537¢+0.45 6.05"+0.24 523(+0.35 5.54% +0.13 5.778"+0.23
5. Sweet aroma 5744+ 0.22 6.56°+0.20 4.44<+0.11 3.01°+0.01 2.062+0.10 2.082+0.12 2.192+0.12 4.34+0.21 4.38<+0.12 4.39c+0.14
6. Aroma foreign 0.012+0.01 0.03>+0.01 0.06°+0.01 0.09¢+0.01 3.58/+0.14 5.74"+0.34 9.641+0.45 3.04c+0.11 5.126+0.14 7.85'+0.16
characteristic 'grassy”
7. Sweet flavour 5.58¢+0.45 5.63¢+0.12 5.54°+0.18 4.07°+0.13 2.032+0.12 2.102+0.18 1.992+0.12 2.052+0.14 2.092+0.20 2.172+0.16
8. Flavour foreign 0.012+0.01 0.022+0.01 0.07>+0.01 0.12¢+0.02 3.31d+  6.418+0.15 9.48'+0.32 3.134+0.09 5.35/+0.14 7.21h+0.17
characteristic “grassy” 0.14
9. Sour flavour 0.012+0.01 0.04>+0.01 1.41<+0.11 2.864¢+0.454.148+0.15 5.18"+0.21 6.36'+0.24 2.414x0.12 2.58¢+0.41 3.65'+0.11
10. Acidic flavour 3.152£0.67 4.51¢+£0.21 5.36¢+0.14 6.06f+0.12 4.68+0.22 5459 +0.17 6.16f+0.41 4.12°+0.13 4.15°+0.11 5.144+0.17
11. Bitter flavour 0.012+0.01 0.012+0.01 0.05>+0.01 0.09°+0.01 2.58«<+  535¢+0.25 8.78+0.11 1.99¢+0.12 2.12¢+0.17 2.22¢+0.24
0.19
12. Consistency 0.012+0.01 1.00°+0.19 1.05*+0.01 1.404+0.12 3.22¢40.07 7.13t+0.19 9.418+0.52 1.01¢£0.01 1.12¢+£0.14 1.18<x0.14
13. Density 9.87¢+0.21 5.472+0.33 7.45>+0.30 7.11* £ 0.11 8.014+0.11 8.25d¢+0.41 9.65+0.13 7.02°+0.14 8.14d¢ + 0.45 8.229¢ + (.16
14. Overall quality 9.501+(0.11 8.88sh +0.17 7.57¢+(0.14 7.04¢+0.20 5.12¢+0.22  4.78"+(0.18 3.362+0.40 8.12f+0.14 8.141+0.26 8.35fs+ 0.40

a-i - the different small letters within the same row indicate a significant differences (a < 0.05) influenced by amount and type of hemp input.
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5. STWIERDZENIA I WNIOSKI

Na podstawie przeprowadzonych w ramach niniejszej pracy badan wykazano, ze dodatek
konopi do zywno$ci wptywa istotnie na jej cechy sensoryczne a procesy przetworcze
decyduja o koncowej zawartosci substancji bioaktywnych. Realizacja celu pracy
1 weryfikacja postawionych hipotez wymagata realizacji szeregu zadan badawczych
z obszaru opracowania metod badawczych, metrologii pomiaréw i innych. W pracy
postawiono cztery hipotezy badawcze:

Hipoteza 1: Dobor uktadu ekstrakcyjnego ma wplyw na wydajnos¢ ekstrakcji
kannabinoidow i terpendw z materiatu roslinnego.

Hipoteza 2: Warunki suszenia wybranych elementéw rosliny Cannabis sativa L. var.
sativa wptywaja na zawarto$¢ kannabinoidow oraz terpendow w trakcie i po zakonczeniu
suszenia.

Hipoteza 3: Proces pieczenia i czas przechowywania pieczywa cukierniczego z dodatkiem
wsadu konopnego na bazie liofilizowanego suszu konopnego z Cannabis sativa L. var.
sativa wplywa na stabilnos¢, sktad i profil kannabinoidéw oraz terpenow.

Hipoteza 4: Proces fermentacji mlekowej zachodzacej podczas produkcji fermentowanego
napoju mlecznego zawierajacego wsad konopny na bazie rosliny Cannabis sativa L. var.
sativa oraz czas przechowywania wptywa na stabilnos$¢, sktad i profil kannabinoidéw oraz

terpenow.

W wyniku zaplanowanych i przeprowadzonych szeéciu zadan badawczych potwierdzono

wszystkie postawione hipotezy.

Ponadto dokonano nastepujacych stwierdzen 1 obserwacji:

1. Najbardziej odpowiednig cieczg ekstrakcyjna dla kwiatostanow 1 lisci, a takze nasion
konopnych jest metanol. W przypadku terpenow jest to octan etylu.

2. Zawarto$¢ kannabinoidow w materiale roslinnym zalezna jest od elementu rosliny.
Najwiece] kannabinoidow zawieraja kwiatostany, nastepnie liscie 1 najmniej
oczyszczone nasiona konopne.

3. Dobor metody i warunkow suszenia rosliny Cannabis sativa L. var. sativa ma wptyw
na koncowg zawarto$¢ substancji bioaktywnych (kannabinoidow i terpenow). Wyzsza
temperatura procesu suszenia powoduje wieksze zmiany (w tym degradacje¢) tych

zwiazkow.
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Rodzaj 1 ilos¢ wsadu konopnego do produktéw na bazie konopi wptywa na koncowa
zawarto$¢ analizowanych zwigzkéw w gotowym produkcie.

Wsad konopny do fermentowanego napoju mlecznego zapewniajacy obecno$é
kannabinoidéw w gotowym produkcie po zakonczeniu 28 dniowego przechowywania
chtodniczego to susz konopny oraz olej konopny.

Forma wsadu konopnego do fermentowanych napojéw mlecznych nie wptywa istotnie
na skuteczno$¢ procesu fermentacji, nie wptywa negatywnie na zywotnos¢ bakterii
fermentacji mlekowej oraz na warto$¢ pH.

Procesy przetworstwa zywnosci tj. fermentacja mlekowa i obrobka termiczna istotnie
wplywaja na zmiang profilu substancji bioaktywnych w gotowym produkcie.

Dobor temperatury podczas wypieku pieczywa cukierniczego wptywa istotnie na profil
kannabinoidow. Zastosowanie wyzsze] temperatury (tj. 200°C) powoduje zwigkszenie
stezen neutralnych kannabinoidéw (np. CBD i A>-THC) w poréwnaniu do zawartosci
przed wypiekiem.

Istotnie wigksze zmiany w profilu kannabinoidéw i terpendw w produkcie powoduje
obrobka termiczna ze wzgledu na zastosowanie wyzszej temperatury niz podczas

fermentacji mlekowej.

10. Najlepsza jakos$cia ogolng sposrdd ciastek kruchych zawierajacych liofilizowany susz

konopny charakteryzuja si¢ ciastka z zawartoscia 1% wsadu konopnego.

11. Najlepsza jako$cia og6lng posrod probek fermentowanych napojéow mlecznych

zawierajacych wsad konopny charakteryzuja si¢ probki zawierajace 0,5% ekstraktu
konopnego, a nieco nizsze wyniki uzyskano dla probek z dodatkiem oleju konopnego

(wszystkie warianty).
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Tabela S1. Wspotczynnik korelacji [R?], zakres analityczny oznaczania kannabinoidow, LOD

oraz LOQ [pg/mL] dla §wiezych i suszonych elementéw rosliny, a takze dla ciastek kruchych

oraz fermentowanych napojow mlecznych zawierajacych wsad konopny.

Analit Yjﬁ;ﬁj{?ﬁ‘%‘ Zakres analityczny [pg/mL] LOD [pg/mL] LOQ [pg/mL]
CBD 0,9993 0,2-25.6 0,001 0,003
CBDA 0,9999 0,4-512 0,0003 0,0009
AS-THC 0,9999 0,08-10,24 0,0011 0,0036
AS-THCA-A 0,9999 0,08-10,24 0,0004 0,0013
CBC 0,9997 0,02-2.56 0,005 0,020
CBCA 0,9992 0,08-10,24 0,0008 0,003
CBG 0,9994 0,008-1,024 0,0003 0,0009
CBGA 0,9992 0,02-2,56 0,00003 0,0001
CBDV 0,9998 0,008-1,024 0,001 0,002
CBDVA 0,9999 0,02-2,56 0,00003 0,0001
AS-THCV 0,9999 0,008-1,024 0,0006 0,002
A-THCVA 0,9996 0,02-2,56 0,0001 0,0002
ASTHC 0,9998 0,008-1,024 0,002 0,006
CBN 0,9998 0,008-1,024 0,002 0,007
CBNA 0,9996 0,002-0,256 0,0001 0,0002
CBL 0,9999 0,02-2,56 0,002 0,007
CBLA 0,9997 0,02-2,56 0,0004 0,0012

Tabela S2. Poziom wzmocnienia, odzysk [%] oraz RSD [%] dla nasion konopnych (n=6) —

kannabinoidy.

Poziom
Zwigzek wzmocnhienia Odzysk [%] | RSD [%]
[ng/mL]
0,2 99 9
CBD 3,2 97 6
25,6 103 4
0,008 98 2
CBN 0,128 100 4
1,024 101 7
0,008 97 4
CBG 0,128 98 4
1,024 99 4
0,08 98 3
AS-THC 1,28 99 2
10,240 100 1
0,008 100 4
A8-THC 0,128 100 5
1,024 100 4




0,02 99 9

CBC 0,32 99 5
2,56 98 6

0,02 98 6

CBL 0,32 100 3
2,56 100 1

0,008 92 7

CBDV 0,128 96 8
1,024 97 3

0,008 99 5

AS-THCV 0,128 99 9
1,024 100 11

0,4 98 8

CBDA 6,4 101 6
51,2 101 7

0,02 98 10

CBNA 0,32 100 9
2,56 100 11

0,02 102 9

CBGA 0,32 100 3
2,56 100 2

0,08 100 5

A>-THCA-A 1,28 98 5
10,24 102 5

0,08 100 11

CBCA 1,28 101 7
10,24 101 11

0,02 100 6

CBLA 0,32 102 7
2,56 95 4

0,02 101 9

CBDVA 0,32 103 6
2,56 101 7

0,02 99 8

A>-THCVA 0,32 98 10
2,56 99 4




Tabela S3. Zawarto$¢ wybranych kannabinoidow w probce komercyjnie dostepnych nasion

konopnych [mg/kg] (n=3).

Zwigzok Stezenie
[mg/kg]
CBD 1,09" + 0,006
CBN <LOQ?
CBG 0,3547+ 0,010
A%-THC 0,106 =+ 0,005
A3-THC <LOQ?
CBC <LOQ?
CBL <LOQ?
CBDV 0,013+ 0,001
AS-THCV <LOQ?
CBDA 21,038' + 0,988
CBNA 0,061°+ 0,005
CBGA 0,192¢+ 0,014
A>-THCA-A | 0,4949+ 0,089
CBCA <LOQ?
CBLA 0,192¢ + 0,007
CBDVA <LOQ?
AS-THCVA <LOQ?

a-h - wartosci w kolumnach oznaczone tg samg literg nie r6znig si¢ statystycznie istotnie przy
poziomie istotno$ci wynoszacym a=0,05

Tabela S4. Réwnanie krzywej wzorcowej, wspotczynnik determinacji [R?], LOD oraz LOQ
[mg/kg] dla terpendw.

Nazwa zwiazku Roéwnanie krzywej Wspotczynnik LOD LOQ
[nug/mL] determinacji [R?] [ma/kg] [ma/kg]

a-pinen y=60671x 0,9972 0,217 0,723
kamfen y=56975x 0,9993 0,279 0,932
B-pinen y=56051x 0,9973 0,191 0,637
A-3-karen y=65912x 0,9995 0,169 0,563
B-myrcen y=50752x 0,9992 0,458 1,528
a-terpinen y=85571x 0,9987 0,138 0,458
d-limonen y=69434x 0,9996 0,158 0,526
ocimen y=17903x 0,9950 0,740 2,466
y-terpinen y=75577x 0,9990 0,897 2,990
p-cymen y=92576Xx 0,9994 0,446 1,488
terpinolen y=70225x 0,9988 0,277 0,924




linalool y=70450x 0,9951 0,126 0,420
isopulegol y=77843x 0,9952 0,149 0,498
B-kariofilen y=105735x 0,9975 0,105 0,355
o-humulen y=808713x 0,9960 0,172 0,576
geraniol y=60871x 0,9918 0,692 2,306
neoridol y=113170x 0,9976 0,826 2,753
guaiol y=104546x 0,9979 0,949 3,165
a-bisabolol y=95086x 0,9969 1,179 3,931

Tabela S5. Poziom wzmocnienia [mg/kg], odzysk [%] oraz RSD [%] dla $wiezych elementow

rosliny (kwiatostany, liscie) — terpeny.

Kwiatostany Liscie

Nazwa Poziom wzmocnienia R RSD Poziom wzmocnienia R RSD

zwigzku [mg/kg] [%] | [%} [mg/kg] [%] | [%}
10 98 3 2 96 10
a-pinen 100 95 3 10 99 1
200 91 4 20 100 1
2,5 100 3 2,5 95 1
kamfen 5 101 1 5 97 2
10 101 1 10 97 1
5 102 7 1 97 1
B-pinen 50 96 3 5 100 2
100 103 2 10 102 1
5 96 3 2,5 99 4
A-3-karen 50 100 3 5 98 1
200 95 3 10 101 3
10 98 2 2,5 98 2
B-myrcen 100 100 2 5 97 1
200 98 1 10 99 1
0,5 95 4 0,5 94 4
a-terpinen S 94 3 S 97 1
10 97 1 10 96 6
5 93 3 5 100 2
d-limonen 10 100 1 10 99 1
100 94 2 100 97 3
2,5 98 5 2,5 96 5
ocimen 5 96 5 5 99 1
10 95 3 10 93 3
5 91 2 5 100 1
y-terpinen 10 100 1 10 91 1
100 100 2 50 92 2
2,5 95 2 2,5 98 3
p-cymen 5 99 1 5 96 1
10 97 1 10 97 1




5 95 1 1 96 1

terpinolen 50 97 7 95 1
100 100 4 10 99 1

0,5 99 1 0,5 92 4

linalool 5 93 1 5 91 5
10 96 2 10 94 1
0,5 96 9 0,5 92 10

isopulegol 5 98 2 5 94 4
10 95 1 10 98 1

50 101 6 10 97 1

B-kariofilen 100 97 3 100 97 2
400 99 5 200 98 3

10 99 2 50 97 1

a-humulen 100 100 4 100 95 5
200 95 6 200 97 3

5 100 2 5 94 1

geraniol 50 97 2 50 92 2
100 103 1 100 100 2

5 98 4 5 97 4

neoridol 30 91 3 50 94 1
100 99 4 100 99 2

5 98 2 5 99 2

guaiol 50 94 4 50 94 1
100 99 1 100 100 1

5 98 4 5 98 5

a-bisabolol 50 94 1 50 90 1
100 100 1 100 101 1

Tabela S6. Poziom wzmocnienia [mg/kg], odzysk [%] oraz RSD [%] dla suszonych elementow

ro$liny (kwiatostany, liscie) — terpeny.

Kwiatostany Liscie
Nazwa Poziom wzmocnienia R RSD Poziom wzmocnienia R RSD
zwigzku [ma/kg] [%] [%] [mg/kg] [%] [%]
10 93 8 2 97 4
a-pinen 100 102 3 10 94 10
200 94 4 20 100 1
2,5 100 3 2,5 91 9
kamfen 5 101 1 5 98 1
10 102 2 10 99 5
5 97 5 1 95 5
[B-pinen 50 99 3 5 100 1
100 100 2 10 100 4
5 93 3 2,5 95 3
A-3-karen 50 98 7 5 98 1
200 92 8 10 101 2




10 99 6 2,5 101 2

B-myrcen 100 95 3 5 98 1
200 97 1 10 99 1

0,5 96 4 0,5 97 4

a-terpinen 5 95 3 5 98 1
10 97 1 10 97 6

5 95 2 5 100 2

d-limonen 10 101 1 10 99 1
100 95 2 100 97 2

2,5 92 5 2,5 90 6

ocimen 5 93 5 5 96 1
10 94 3 10 91 3

5 98 5 5 98 5

y-terpinen 10 95 6 10 92 1
100 94 7 50 93 2

2,5 99 2 2,5 98 3

p-cymen 5 101 1 5 96 1
10 98 1 10 97 1

5 100 1 1 96 1

terpinolen 50 100 7 5 95 1
100 101 3 10 98 1

0,5 97 1 0,5 90 4

linalool 5 92 1 5 90 5
10 95 2 10 93 1

0,5 103 7 0,5 91 6

isopulegol 5 106 1 5 91 2
10 99 1 10 94 4

50 90 10 10 93 5

B-kariofilen 100 97 9 100 92 5
400 100 10 200 100 1

10 102 1 50 92 2

a-humulen 100 91 2 100 93 2
200 94 6 200 92 2

5 91 3 5 95 1

geraniol 50 98 5 50 93 2
100 96 1 100 100 2

5 93 3 5 97 4

neoridol 50 98 3 50 94 2
100 97 6 100 99 1

5 96 6 5 99 2

guaiol 50 96 8 50 94 1
100 98 1 100 100 1

5 99 7 5 98 5

a-bisabolol 50 97 2 50 90 1
100 96 4 100 101 1




Tabela S7. Zawarto$¢ terpenow [mg/kg + odchylenie standardowe] w kwiatostanach (S- male kwiatostany, M- $rednie kwiatostany, B — duze
kwiatostany) oraz lisSciach §wiezych oraz elementach suszonych ré6znymi metodami (metoda 1 — temperatura pokojowa, 2 — liofilizacja, 3a —

suszenie konwekcyjne 50°C, 3b — suszenie konwekcyjne 60°C oraz 3¢ — suszenie konwekcyjne - 70°C) (n=3).

Nazwa Czesé Zawarto$¢ w Swiezym Spodziewana zawarto$¢ w wysuszonym materiale przy Stezenie terpenéw po suszeniu wybrang metoda [mg/kg]
zwiazku rosliny materiale ro§linnym zawartos$ci wody (MC) ok, 10% 1 2 3a 3b 3c
. S 217,58°+0,85 31,08 41,09%4+0,39 25,80%°+0,22 49,80%°+0,51 11,945°40,36 | 1,25%%+0,07
a-pinen M 168,68°=2,29 24,10 39,43:0,45 | 23,80°:0,26 | 63,391,638 | 13,55°:0,93 | 10,12°%:0,44
B 98,30%+0,41 14,04 21,18%+0,22 33,38%+0,72 23,695%+0,32 16,86°+1,01 | 3,19%+0,04
L 8,06%9+0,18 1,15 11,45%+0,23 11,45%%+0,23 6,407°+0,07 2,58%°+0,034 | 1,60%%+0,11
S 3,19%4+0,05 <LOQ 2,08°°+0,13 0,94%°+0,02 <LOQM <LOoQ" < LoQ"
kamfen M 2,148%0,05 <LOQ 1,34%4+0,03 0,99%°+0,03 <LOoQ" <LOoQ" <LoQ"
B 2,55%+0,08 <LOQ 1,065°+0,05 1,28°°4+0,04 <LOQ" <LOoQ™ < LOoQ™
L 1,44°°+0,05 <LOQ <LoQ" <LoQ* <LOQM <LOoQ" < LOoQ"
S 48,30°+2,07 6,90 10,48%+0,05 8,73%°+0,27 16,01°°+0,87 3,918°+0,13 3,59521+0,04
B-pinen M 45,39¢+0,35 6,48 11,29%+0,05 7,60%°+0,20 24,33%%0,72 4,36°+0,11 3,76%+0,03
B 42,635+0,96 6,09 6,16%+0,16 7,98%°40,02 8,67%9+0,12 6,12°°+0,05 3,74%%10,09
L 3,25%°+0,03 <LOQ 2,70°+0,25 2,70%°+0,24 4,232+0,06 <LOQ" < LOoQ™
S 194,40%°+5 42 27,77 <LOoQ" < LOQ™ <LOoQ" <LOoQ" < LOoQ"a
3-3-karen M 196,28°+0,77 28,04 <LOQ" < LOoQ™ <LOQ" <LOQ" < LOoQ™
B 143,43%°+4,77 20,49 <LOoQ" < LOQ™ <LOoQ" <LoQ" <LoQ"
L <LOoQM <LOQ <LOQ" < LOoQ™ <LOQM <LOoQ™ < LOoQ™
S 272,52%+9 74 38,93 4,76°2+0,06 12,22°+0,26 18,97°4+0,65 9,25P°+0,53 4,69%°+0,07
B-myrcen M 208,84°°+0,50 29,83 3,23%440,16 8,39°°0,20 16,76%+0,14 4,63°+0,09 | 4,79°+0,06
B 179,18%+1,05 25,59 2,06%2+0,05 4,99%°+0,16 8,40%+0,17 6,62°9+0,05 3,14%+0,07
L 3,397+ 0,03 <LOQ <LoQ" <LoQ" <LOQ" <LOQ" < LOQA"®
S 3,74°+0,05 0,53 1,25°+0,02 0,74%°+0,01 <LOQ" <LOQ" < LOoQ™
o-terpinen M 2,5984+0,11 <LOQ 1,09°°+0,05 1,47%°+0,02 <LOoQ" <LOoQ" <LoQ*
B 1,50%9+0,05 <LOQ 0,725°+0,02 1,21°%40,02 <LOQ" <LOQ" < LOoQ™
L 2,75%°+0,08 <LOQ <LOQ" < LOoQ™ <LOQ" <LOQ" < LOoQ™
. S 8,57°+0,30 1,22 1,49°£0,02 2,34°%+0,06 6,17°°+0,03 0,838°+0,05 <LoQ*
d-limonen M 3,5050,26 <L0Q 20875002 | 17552022 60192009 | 1,20%:009 | <LOQ®
B 5,97°°+0,68 0,85 1,91°9+0,14 0,86"°+0,02 6,06°+0,14 1,11%40,08 < LOQA"®
L 1,834%+0,05 <LOQ 1,748°+0,09 1,745°+0,10 <LOoQ" <LOQ" < LOoQ™
. S 8,38°°+0,14 <LOQ <LoQ" < LOoQA"® <LOQ" <LOQ" < LOQA"®
ocimen M 7,77%°40,25 <LOQ <LOQ™ <LOQ™ <LOQ™ <LOQ™ <LOQ™
B 7,23%0+0,19 <LOQ <LOQ" < LOQ™ <LOQ™ <LOQ" < LOoQ™
L <LOoQ*? <LOQ <LOoQ" < LOoQA"® < LOQv <LOoQ" <LoQ*
S 71,82%°+1,32 10,26 <LOoQ" < LOoQ™ 3,37%°+0,14 <LOoQ" < LOoQ™
terpinen M 76,60°°+0,23 10,94 <LOoQ" <LOoQ"® <LOoQ" <LOQ" < LOQA"8
v-terp B 53,8950+0,95 7,70 <LOQ" <LOoQ" <LOQ" <LOQ" < LOQ"®
L <LoQ" <LOQ <LOoQ" < LoQ™ <LOQ" <LOQ" < LOoQ™
p-cymen S <LoQ" <LOQ <LOoQ" <LoQ" <LOoQ" <LOQ" < LOoQ"
M <LoQM <LOQ <LOoQ" < LoQ™ <LOQ" <LOQ" < LOoQ™




B <LOQ™ <LOQ <LOQ™ < LOQ™ <LOQ™ < LOQ™ < LOQ™
L <LOQ™ <LOQ <LOQ™ <LOQ™ <LOQ™ <LOQ™ <LOQ™
terpinolen B 22,28%%:0,37 3,18 <LOQ™ 1,117°+0,03 3,99%°£0,19 < LOQ™ < LOQ™
M 23,695:0,28 3,38 <LOQ™ 113%%°:0,07 | 4,135%+0,09 <LOQ™ <LOQ™
B 23,44°%:0,35 3,35 <LOQ™ 1,52%°+0,02 4,75%40,11 < LOQ™ < LOQ™
L <LOQ™ <LOQ < LOQ™ < LOQ™ <LOQ" < LOQ™ < LOQ™
. S 1,40%=0,04 <LOQ 1,49%+0,03 2,47°9:0,17 4,78%°+0,08 <LOQ™ <LOQ™
linalool M 1.34510,03 <00 11875003 | 185%0,04 | 1,54%9£0,09 < LOQR < LOQ™
B 2,50%%:0,10 <LOQ 1,30%°=0,02 1,07%+0,03 1,34%:0,09 <LOQ™ <LOQ™
L <LOQ™ <LOQ 1,37°+0,03 1,38%+0,03 <LOQ™ < LOQ™ < LOQ™
S 5 848:( 33 0,83 18,58°x1,05 | 42,0104052 | 60,457+2,36 <LOQ™ <LOQ™
isopulegol M 14,10°+0,02 2,01 17,50%:021 | 516%°+0,44 745520 34 <LOQ™ <LOQ™
B 6,14%59:0,16 0,88 13,73%+0,28 | 3,58°°+0,06 5,125°+0,09 < LOQ™ < LOQ™
L 0,674"+0,04 <LOQ 2,287°+0,11 2,297°+0,11 3,9874+0,06 <LoQ* < LOoQ*
B 490,67°%3,76 70,09 213,63°+1,96 | 394,83%+753 | 512,61°=10,49 | 35,29%+1,85 | 20,66°+0,98
B-kariofilen M 407,743 30 58,25 163,35543,95 | 309,46°42,24 | 354,36+26,25 | 19,15°+0,17 | 3,577+0,11
B 310,785%14,01 44,86 126,47%+1,74 | 21942541119 | 255,76%+7,63 | 32,96°°+1,19 | 12,96%+037
L 32,7679+0,89 468 23,117%1,29 | 23,00%%1,29 | 14177+143 | 14,737+031 | 7,39%+0,37
B 116,94%+2,19 16,70 52,14%1,07 | 106,03%+0,75 | 12891°%4.34 | 947%+027 | 699%40,29
whumulen M 127,20%40,31 18,17 45,845£0,14 | 80,43%+:0,07 | 121,68°45,36 | 1,71°%+0,05 | 6,82%°+0,22
B 102,665+0,43 14,67 34,11%+1,78 | 50,75°:0,64 | 70,99%+0,96 | 51,80°+6,62 | < LOQ™
L 7,25%+0,12 1,04 29,79°:0,26 | 29,79%+0,26 | 39,3844 62 < LOQ” < LOQ™
_ B < LOQ™ <LOQ < LOQ™ 2,62°950,02 | 12,215%0,77 < LOQ™ < LOQ™
geraniol M <LOQ™ <LOQ <LOQ™ 2,545540,13 <LOQ™ <LOQ™ <LOQ™
B <LOQ™ <LOQ <LOQ™ 4,635°+0,82 <LOQ™ <LOQ™ < LOQ™
L < LOQ™ <LOQ < LOQ™ < LOQ™ < LOQ™ < LOQM < LOQ™
. B 14,54%:2,01 <LOQ <LOQ™ 69,04°+2,90 <LOQ™ <LOQ™ < LOQ™
nerolidal M 18,45%+0,39 <LOQ <LOQ™ 65,64%°+0,75 <LOQ™ <LOQ”™ <LOQ™
B 24,99%+0,53 357 < LOQ™ 57,145°+0,38 < LOQ™ < LOQM < LOQ™
L < LOQ” <LOQ <LOQ™ < LOQM <LOQ™ < LOQ™ <LOQ™
. B 6,60°°+0,09 <LOQ < LOQ™ 30,73%+0,38 < LOQ™ < LOQ™ <LOQ™
guaiol M 3,17%+0,16 <LOQ <LOQ” 34,35%°+0,12 <LOQ” <LOQ™ <LOQ~
B 5,10°°-0,20 <LOQ < LOQ™ 22,83%°+0,36 < LOQ™ < LOQ™ <LOQ™
L <LOQ” <LOQ <LOQ™ < LOQM <LOQ™ < LOQ™ <LOQ™
S 9,09%°+0,06 <LOQ <LOQ™ 11,52%°+0,22 <LOQ™ <LOQ™ <LOQ™
a-bisabolol M 9,26°+0,16 <LOQ < LOQ™ 15,75°°+0,16 < LOQ™ < LOQM <LOQ™
B 7,50%°:0 41 <LOQ <LOQ™ 12,45%+0,14 <LOQ™ <LOQ™ < LOQ™
L <LOQ™ <LOQ <LOQ™ < LOQ™ < LOQ™ < LOQ™ <LOQ™

a-f — wartosci w wierszach (dla jednego rodzaju probki np, lici) oznaczone tg samg literg nie rdznig si¢ statystycznie istotnie przy poziomie
istotnosci wynoszacym 0=0,05; A-D — wartosci w kolumnach (dla zawartosci poszczegdlnych substancji w materiale S$wiezym lub suszonym

wybrang metoda) oznaczone tg samg literg nie r6znig si¢ statystycznie istotnie przy poziomie istotnosci wynoszacym a=0,05



r6znych poziomach wzmocnien (n=5) dla ciastek kruchych.

Tabela S8. Odzysk [R%], powtarzalnos¢ [RSD%] dla poszczegolnych analitéw na trzech

Poziom wzmocnienia

Zwigzek Odzysk [%] RSD [%]
[ng/mL]

0,2 95 3
CBD 3,2 96 6
25,6 90 7
0,008 93 4
CBN 0,128 94 5
1,024 96 7
0,008 95 9
CBG 0,128 95 4
1,024 9 3
0,08 95 2
A%-THC 1,28 96 9
10,240 97 8
0,008 97 7
A8-THC 0,128 97 6
1,024 97 9
0,02 90 9
CBC 0,32 91 9
2,56 90 10
0,02 92 4
CBL 0,32 93 4
2,56 92 5
0,008 98 3
CBDV 0,128 9 5
1,024 96 7
0,008 97 7
AS-THCV 0,128 97 7
1,024 90 7
0,4 90 6
CBDA 6,4 95 4
51,2 94 8
CBNA 0,02 92 4




0,32 93 2

2,56 92 3

0,02 94 5

CBGA 0,32 93 5
2,56 94 9

0,08 90 7

A°-THCA-A 1,28 92 7
10,24 90 6

0,08 91 4

CBCA 1,28 91 4
10,24 91 3

0,02 98 8

CBLA 0,32 94 4
2,56 96 4

0,02 95 2

CBDVA 0,32 95 4
2,56 94 5

0,02 93 4

A°-THCVA 0,32 94 4
2,56 93 4




Tabela S9. Zawarto$¢ kannabinoidow w ciastkach kruchych zawierajacych wsad konopny na bazie liofilizowanego suszu konopnego (1%, 2% i

3% (w/v)) [mg/100g gotowego produktu] przed i po wypieku w 160°C oraz podczas 28 dni przechowywania.

Stezenie kannabinoidow w gotowym produkcie [mg/100g]

Analit Stezenie poczatkowe Po wypieku w 160°C Po 7 dniach Po 14 dniach Po 21 dniach Po 28 dniach
1% 2% 3% 0,5% 1% 2% 0,5% 1% 2% 0,5% 1% 2% 0,5% 1% 2% 0,5% 1% 2%

CBD 0,320° | 0,640% | 0,960 | 0,128% | 02118 | 0,326 | 0,134% | 0,256% | 0,374°* | 0,128% | 0,249% | 0,355 | 0,134 | 0,249% | 0,364 | 0,134% | 0,249% | 0,384
+£0,012 | £0,041 | £0,097 | £0,022 | £0,041 | £0,045 | £0,012 | £0,022 | £0,074 | £0,012 | £0,045 | £0,074 | £0,011 | £0,045 | £0,045 | £0,011 | £0,022 | +0,033
CBDA 3,040%° | 6,080%° | 9,120% | 1,216% | 2,006% | 3,101¢ | 1,2774* | 24328 | 3,557 | 12164 | 23718 | 3374 | 12774 | 23718 | 3465 | 12774 | 23718 | 3,648
+ 0,145 + 0,540 + 0,875 + 0,098 + 0,125 +0,111 + 0,098 + 0,198 + 0,111 + 0,085 + 0,084 + 0,099 + 0,074 + 0,125 + 0,099 + 0,087 + 0,145 +0,152
A°-THC 0,075%° | 0,150% | 0,225 | 0,030% | 0,049% | 0,076 | 0,0314* | 0,060%® | 0,087 | 0,0304* | 0,058 | 0,083 | 0,0314* | 0,058 | 0,085 | 0,0314% | 0,058%" | 0,090
+ 0,014 + 0,030 + 0,054 + 0,004 + 0,009 + 0,013 + 0,004 + 0,010 +0,010 | £0,012 + 0,010 + 0,012 + 0,003 + 0,010 + 0,011 + 0,008 + 0,004 + 0,010
A-THCA-A 0,030* | 0,060% | 0,090 | 0,012 | 0,019% | 0,031¢ | 0,012%* | 0,023% | 0,035 | 0,012%* | 0,023% | 0,033 | 0,012 | 0,023 | 0,034% | 0,012* | 0,023% | 0,036
+ 0,005 + 0,012 + 0,017 + 0,001 + 0,003 + 0,012 + 0,002 + 0,002 + 0,008 + 0,001 + 0,006 + 0,003 + 0,001 + 0,006 + 0,009 + 0,001 + 0,003 + 0,008
CBC 0,0814° | 0,162 | 0,243 | 0,032 0,053% | 0,083 | 0,034% | 0,065% | 0,095 | 0,032% | 0,063% | 0,089 | 0,034 | 0,063% | 0,092%* | 0,034 | 0,063% | 0,097
+ 0,007 + 0,022 +0,074 | £0,002 + 0,013 + 0,004 + 0,007 + 0,009 + 0,012 + 0,003 + 0,008 + 0,007 + 0,007 + 0,008 + 0,008 + 0,005 + 0,006 + 0,009
CBCA 0,495%° | 09908 | 1,485 | 0,198% | 0,327% | 0,505 | 0,208%* | 0,396% | 0,579 | 0,198% | 03865 | 0,549 | 0,2084* | 03865 | 0,564* | 02084 | 03865 | 0,594
+ 0,033 + 0,078 +0,174 + 0,012 + 0,022 +0,012 + 0,041 + 0,087 + 0,098 + 0,022 + 0,041 + 0,038 + 0,025 + 0,056 + 0,087 +0,22 + 0,084 + 0,022
CBG 0,0114% | 0,022 | 0,033 | 0,004* | 0,007% | 0,011 | 0,005%* | 0,009% | 0,013 | 0,004%* | 0,008% | 0,012¢ | 0,0054* | 0,008% | 0,012 | 0,0054* | 0,0085% | 0,013
+ 0,001 + 0,004 + 0,002 + 0,001 + 0,001 + 0,001 + 0,001 + 0,001 + 0,001 + 0,002 + 0,001 + 0,001 + 0,001 + 0,001 + 0,001 + 0,001 + 0,002 + 0,001
CBGA 0,0514° | 0,102% | 0,153 | 0,020% | 0,034% | 0,052 | 0,021%* | 0,0415° | 0,0595¢ | 0,020%* | 0,040%" | 0,056 | 0,021 | 0,040% | 0,058 | 0,021* | 0,040%" | 0,061
+ 0,008 + 0,011 + 0,022 + 0,002 + 0,004 + 0,08 + 0,004 + 0,007 + 0,012 + 0,002 + 0,007 + 0,008 + 0,002 + 0,003 + 0,007 + 0,002 + 0,004 + 0,012
CBDV 0,006* | 0,012 | 0,018 | 0,002% | 0,004% | 0,006 | 0,003 | 0,005% | 0,007 | 0,003%* | 0,005 | 0,007 | 0,003 | 0,005 | 0,007% | 0,003** | 0,005% | 0,007
+ 0,001 + 0,002 + 0,003 + 0,001 + 0,001 + 0,001 + 0,001 + 0,001 + 0,001 + 0,001 + 0,001 + 0,001 + 0,001 + 0,001 + 0,001 + 0,001 + 0,001 + 0,001
CBDVA 0,052%° | 10,1045 | 0,156 | 0,0214* | 0,034% | 0,053 | 0,051%° | 0,086%° | 0,153 | 0,048*° | 0,089%° | 0,160<° | 0,1344c | 0,191% | 0,351 | 0,1834¢ | 0,2758¢ | 0,499<
+ 0,004 + 0,012 +0,012 + 0,003 + 0,003 + 0,010 + 0,008 + 0,009 +0,014 | £0,010 + 0,015 + 0,021 + 0,014 + 0,022 + 0,041 + 0,022 + 0,088 +0,118
A-THCV 0,0024%® | 0,00448% | 0,006% | 0,0014¢ | 0,00248* | 0,0024B* | 0,0014¢ | 0,00248% | 0,00248* | 0,0014¢ | 0,0022B* | 0,00248* | 0,001%* | 0,0024B | 0,00245 | 0,0014* | 0,00248* | 0,00245
+ 0,001 + 0,001 + 0,001 + 0,001 + 0,001 + 0,001 + 0,001 + 0,001 + 0,001 + 0,001 + 0,001 + 0,001 + 0,001 + 0,001 + 0,001 + 0,001 + 0,001 + 0,001
A-THCVA 0,0114° | 10,0228 | 0,033% | 0,004 | 0,007 | 0,011 | 0,005* | 0,009% | 0,013® | 0,004%* | 0,009% | 0,012 | 0,005 | 0,009% | 0,012 | 0,005 | 0,009 | 0,013
+ 0,001 + 0,004 + 0,007 + 0,001 + 0,001 + 0,001 + 0,001 + 0,001 + 0,002 + 0,001 + 0,001 + 0,001 + 0,001 + 0,001 + 0,001 + 0,001 + 0,001 + 0,001
AS-THC <LOQ* | <LOQ* | <LOQ™ | <LOQ** | <LOQ** | <LOQ"* | <LOQ™ | <LOQ* | <LOQA* | <LOQA* | <LOQ"* | <LOQ™ | <LOQ** | <LOQ** | <LOQ** | <LOQ"* | <LOQ"* | <LOQ*?
CBN <LOQ* | <LOQ* | <LOQ™ | <LOQA* | <LOQ** | <LOQ"* | <LOQ™ | <LOQ* | <LOQ** | <LOQA* | <LOQ"* | <LOQ™ | <LOQ** | <LOQ** | <LOQ** | <LOQ"* | <LOQ"* | <LOQ*?
CBNA 0,002 | 0,0044B* | 0,006° | 0,0014* | 0,00248 | 0,0024B | 0,0014% | 0,0024B | 0,002B | 0,001 | 0,002B | 0,0024B | 0,001%* | 0,0024B | 0,00245 | 0,0014* | 0,00248 | 0,0024B
+£0,001 | £0,001 | £0,001 | +£0,001 | £0,001 | £0,001 | £0,001 | +£0,001 | £0,001 | +£0,001 | £0,001 | £0,001 | £0,001 | £0,001 | £0,001 | £0,001 | £0,001 | +0,001
CBL <LOQ™ | <LOQ* | <LOQ™ | <LOQ™ | <LOQ™ | <LOQ™ | <LOQ™ | <LOQ™ | <LOQ™ | <LOQ™ | <LOQ™ | <LOQ* | <LOQ™ | <LOQ™ | <LOQ™ | <LOQ* | <LOQ™ | <LOQ*
CBLA 0,024%° | 10,0485 | 0,072 | 0,009% | 0,015% | 0,025 | 0,010% | 0,019%° | 0,028 | 0,0094* | 0,018% | 0,026 | 0,010 | 0,018% | 0,027 | 0,010 | 0,018% | 0,028
+0,004 | +0,004 + 0,08 +0,001 | +£0,001 | £0,002 | £0,002 | £0,003 | £0,004 | £0,001 | £0,002 | £0,004 | +£0,001 | +0,002 + 0,05 +0,001 | £0,002 | +0,003
Suma 17 42004 | 84008 | 12,600 | 1,6784 | 2,770% | 4,284 | 1,7934% | 3,405% | 5004 | 1,706 | 3,3238> | 4,776% | 1,876 | 34255 | 5,075 | 1,925% | 3,5098° | 5474
kannabinoidéw | £0,198 | £0247 | £0.874 | +£0,145 | £0,285 | +0,478 | £0,198 | £0,124 | +0,189 | +£0,241 | £0,165 | £0412 | £0,147 | £0,199 | +£0,245 | +£0,123 | £0,350 | +0,485

a-d — wartosci w wierszach (dla ilo$ci dodanego wsadu konopnego np, 1% podczas przechowywania) oznaczone tg sama literg nie rdznig si¢ statystycznie

istotnie przy poziomie istotno$ci wynoszacym a=0,05; A-C — wartosci w wierszach (dla zawartosci poszczegolnych substancji podczas przechowywania)

oznaczone tg sama literg nie r6znig si¢ statystycznie istotnie przy poziomie istotno$ci wynoszacym a=0,05




Tabela S10. Zawartos¢ kannabinoidow w ciastkach kruchych zawierajacych wsad konopny na bazie liofilizowanego suszu konopnego (1%, 2% i
3% (w/v)) [mg/100g gotowego produktu] przed i po wypieku w 200°C oraz podczas 28 dni przechowywania.

Stezenie kannabinoidow w gotowym produkcie [mg/100g]

Analit Stezenie poczatkowe Po wypieku w 200°C Po 7 dniach Po 14 dniach Po 21 dniach Po 28 dniach
1% 2% 3% 05% 1% 2% 0.5% 1% 2% 0.5% 1% 2% 0.5% 1% 2% 05% 1% 2%
BD 0,320 | 0,640% | 0,960 | 0,125 | 0,237% | 0374 | 0,632% | 2,7525 | 3.355% | 1,696A | 2496% | 3.552%° | 1,536* | 2,560% | 34565 | 1,568% | 2,432% | 3,456%
£0,012 | £0,041 | £0,097 | £0012 | £0053 | £0,014 | £0034 | 0,147 | 20174 | £0,120 | 0134 | £0,145 | 2098 | +0158 | £0,179 | 0,140 | 0,188 | £0.210
CBDA 3,040% | 6080% | 9,120 | 12167 | 2,006% | 3101 | 1277% | 24325 | 3557% | 1,216% | 2371% | 3.374% | 1277% | 2371% | 3283% | 1277% | 2,371% | 3283%
£0,145 | £0,540 | £0875 | £0141 | £0,199 | £0,198 | £0,177 | £0,147 | £0204 | £0,054 | +0.147 | £0,136 | £0,144 | £0,099 | £0,133 | 0144 | £0,184 | £0,111
e 0,075% | 0,150% | 0,225 | 0,030 | 0,055% | 0,087 | 0,038™ | 0,065% | 0,083% | 0,039%® | 0059% | 0,083% | 0,036°® | 0,060% | 0,081 | 0,037 | 0,057% | 0,081
£0,014 | 0,030 | £0054 | £0,003 | 0008 | £0,010 | £0007 | 0,018 | 0012 | £0,002 | 0,004 | 0012 | £0,004 | +0,004 | £0,009 | +0007 | £0,009 | +0,011
oTHOAA | 0030% [ 0,060% | 0,000% | 0012% | 0022% | 0035% | 0015™ | 0026% | 0035% | 0016® | 0,023% | 0033% | 0014™ | 0023 | 0033% | 0,015" | 0,023% | 0,032%
£0,005 | £0,012 | £0017 | 0,001 | 0004 | £0,007 | £0,001 | 0,003 | 0004 | £0,001 | 0,003 | +0004 | 0,001 | £0002 | 0,004 | +0,001 | £0,003 | 0,002
. 00817 | 0,162% | 0,243 | 0,032% | 0,060% | 0,095¢ | 0,041% | 0,069°® | 0,090% | 0,043 | 0,063% | 0,090 | 0,039%% | 0,065%% | 0,087 | 0,039°® | 0,062% | 0,087
£0,007 | £0,022 | £0,074 | £0,004 | £0005 | 0,008 | +0006 | £0,004 | +0,007 | £0007 | £0004 | +0014 | £0,007 | +0006 | 0,011 | +0004 | £0,007 | +0,010
CBCA 04957 | 0,090% | 1,485 | 0,193% | 0,366% | 0,579 | 0252% | 0,425°% | 0549% | 0,262% | 0386% | 0,504% | 0,236™ | 0,396% | 0,535¢ | 0,242%° | 0,376% | 0535
£0,033 | £0,078 | £0,174 | 0,020 | £0045 | £0,074 | £0,022 | £0,049 | £0071 | £0,031 | £0047 | £0025 | £0,018 | £0014 | £0,026 | +0014 | £0,036 | +0,044
. 0,011% | 0,022% | 0,033 | 0,004% | 0,008% | 0,013% | 0,006® | 0,009% | 0012% | 0,006 | 0,009% | 0,012% | 0,005 | 0,000% | 0,012% | 0,005** | 0,008% | 0,012%
£0.001 | +0.004 | £0002 | £0.001 | +0001 | £0.001 | 0001 | 0001 | +0.001 | 0001 | +0.001 | +0001 | +0.001 | 0001 | £0.001 | +0.001 | 0001 | +0.002
CBCA 0,051% | 0102% | 0,153 | 0,020% | 0,037% | 0,060 | 0,026 | 0,044% | 0,056% | 0,027% | 00408 | 0,057% | 0,025 | 0,041%% | 0,055% | 0,025% | 0,039% | 0,055%
£0,008 | +0011 | £0022 | £0002 | 0003 | 0,004 | 0002 | 0,004 | 0004 | £0002 | +0004 | +0007 | 0,004 | +0004 | £0,006 | +0004 | 0,003 | +0,004
BDV 0,006 | 0,012% | 0,018% | 0,002% | 0,004% | 0,007% | 0,003 | 0,005% | 0,007% | 0,003% | 0,005% | 0,007 | 0,003% | 0,005% | 0,006 | 0,003% | 0,005% | 0,006%
£0,001 | £0,002 | £0,003 | £0001 | 0001 | £0,001 | £0001 | 0,001 | 0001 | 0,001 | £0001 | £0001 | £0,001 | £0001 | £0,001 | +0001 | £0001 | +0,001
CBDVA | 0052 | 0104% | 0156% | 0020% | 0,038% | 0,061% | 0027 | 0045% | 0058% | 0028" | 0041% | 0,058% | 0,025 | 0,042% | 0056 | 0025 | 0040% | 0,056%
£0,004 | £0,012 | £0012 | £0,002 | £0003 | £0,010 | £0003 | £0,005 | +0,007 | £0003 | 0,004 | +0007 | £0,003 | +0003 | £0,008 | +0003 | £0,007 | 0,009
AB AB AB AB AB AB
neThoy | 0002 000%™ 1 000 | 00012 | o001 | X9%T | goorr | oo | 9% | goorn | ooor | ©9% | o001 | ooorr | O9%2 | o001 | 001 | 2972
20001 | ooy | £0001 [ 0001 | =0001 | o | £0001 [ x0001 | o | <0001 | £0001 | o | w0001 | £0001 | e | =000 | 20001 | o
Cab
NTHOVA | 001 | 0022% | 0,033% | 0004 | 0008% | 0010% | 0005* | 0009% | 0,013% | 0,004% | 0,009% 00127 1 0,005% | 0000% | 0,013 | 0,005* | 0000% | 0,013
£0001 | +0004 | £0007 | £0001 | £0001 | +0001 | +0.001 | £0001 | 0002 | 0001 | 0001 | oo | £0001 | £0.001 | £0.003 | £0,001 | +0,001 | 0001
ATHC | <LOQ™ | <LOQ™ | <LOQ™ | <LOQ™ | <LOQ™ | <LOQ™ | <LOQ™ | <LOQ™ | <LOQ™ | <LOQ™ | <LOQ™ | <LOQ* | <LOQ™ | <LOQ™ | <LOQ™ | <LOQ™ | <LoQ* | <LoQ
CBN <LOQ™ | <LOQ™ | <LOQ™ | <LOQ™ | <LOQ™ | <LoQ* | <LoQ* | <LOQ™ | <LOQ™ | <LoQ™ | <LoQ™ | <LoQ™ | <LoQ™ | <Lo@* | <LoQ | <Log | <Log | <Logm
AB AB AB AB AB AB
CBNA 0002 | 09 1 o006 | 0001 | ooor | %99 | goo1m | o001 | %092 | o014 | o001 | 0992 | go1s | oorr | 092 | gp01m | 00012 | 0002
£0001 | oo | #0001 [ 0001 | £o00r | ' | £0001 [ £0001 | oo | £0001 | £0001 | o | =000 | =0001 | oo | x0001 [ 0001 | o
CBL <LOQ™ | <LOQ™ | <LOQ™ | <LOQ™ | <LOQ™ | <LOQ™ | <LOQ™ | <LOQ* | <LOQ™ | <LOQ™ | <LOQ™ | <LOQ™ | <LOQ™ | <LOQ™ | <LOQ™ | <LOQ™ | <LOQ™ | <LoQ™
CBLA 0,024% | 0,048% | 0,072 | 0,001~ | 0,018% | 0,028% | 0012% | 0,021% | 0027% | 0,013% | 0019% | 0,027% | 0,012 | 0,019% | 0,026% | 0018% | 0,018% | 0,026®
20004 | £0004 | +008 | £0001 | £0002 | £0.002 | £0.002 | £0,003 | £0.003 | 0002 | £0.002 | £0.003 | 0002 | £0.002 | 0004 | £0.002 | £0002 | 0,003
C
sumal7 | 42000 | sdo0% | 20007 | qep1m | 28615 | 4455 | 23360 | 5904 | 7,811 | 3355% | 5523 | 7,008% | 3215% | 5602 | 7,647% | 3261 | 5442% | 7,646
Kannabinoidow | +0,198 | +0247 | of | £0.016 | £0200 | £0311 | +0.163 | 0413 | 0546 | £0235 | £0386 | £0,553 | £0225 | 0392 | +0535 | +0228 | £0392 | +0.535

a-d — wartosci w wierszach (dla ilo$ci dodanego wsadu konopnego np, 1% podczas przechowywania) oznaczone tg samg litera roznig si¢
statystycznie istotnie przy poziomie istotno$ci wynoszacym 0=0,05; A-C — warto$ci w wierszach (dla zawarto$ci poszczegdlnych substancji
podczas przechowywania) oznaczone tg sama literg nie rdznig si¢ statystycznie istotnie przy poziomie istotnosci wynoszacym 0=0,05




Tabela S11. Terpeny oraz wybrane zwigzki lotne charakterystyczne dla ciastek kruchych

zawierajacych wsad konopny (analizy wykonano w dniu wypieczenia) (n=3).

Rodzaj prébki ciastek kruchych
Nazwa Wypiek w 160°C, 30 min. Wypiek w 200°C, 20 min.
zwiazku Ciastko | Ciastko | Ciastko Ciastko | Ciastko | Ciastko
A Kontrola 1% 204 304 Kontrola 1% 204 30
Terpeny
a-pinen + + + + + + + +
kamfen
B-pinen
A-3-karen
B-myrcen
a-terpinen
d-limonen + + + + + + + +
ocimen
y-terpinen
p-cymen
terpinolen
linalool
isopulegol
B-kariofilen + + + + + + + +
a-humulen
geraniol
neoridol
guaiol
a-bisabolol
Ketony
2-pentatnon + + + + + + + +
2-heptanon + + + + + + + +
Acetoina + + + + + + + +
2-butanon + + + + + + + +
Kwasy organiczne

Kwas octowy [ + [+ [+ [+ [+ [+ [+ [+

Zwiazki furanowe
Furfural | | | | | | | |
Zwiazki aromatyczne heterocykliczne
2- + + + + + + + +
metylopirazyna

Aldehydy
Heksanal + + + + + + + +
Heptanal + + + + + + + +

Oktanal + + + + + + + +




Tabela S12. Wyrdzniki jakoSci sensorycznej zastosowane w ocenie profilowej ciastek

kruchych z dodatkiem wsadu konopnego.

jakogé

wyr6zniki zapachu, barwy, tekstury i smaku

Lp. | Wyrozniki Definicja wyroznikow jako$ciowych Oznaczenia brzegowe
jako$ciowe skali
1. | Barwa Charakterystyczna dla ciastek kruchych Typowa - nietypowa
typowa dla (bezowo-kremowa)
ciastek
kruchych
2. | Barwa Intensywnos$¢ barwy zielonej Jasno zielona —
zielona ciemno zielona
3. | Stodki smak | Smak podstawowy, nie wymaga wyjasnien Niewyczuwalny —
bardzo intensywny
4. | Maslany Charakterystyczny dla ciastek kruchych Niewyczuwalny —
smak bardzo intensywny
5. | Gorzki smak | Smak podstawowy, nie wymaga wyjasnien Niewyczuwalny —
bardzo intensywny
6. | Obcy smak | Smak obcy, nietypowy dla ciastek kruchych | Niewyczuwalny —
“trawiasty” bardzo intensywny
7. | Zapach Charakterystyczna dla ciastek kruchych Niewyczuwalny —
typowy dla | (maslany) bardzo intensywny
ciastek
kruchych
8. | Zapach obcy | Zapach obcy, nietypowy dla ciastek kruchych | Niewyczuwalny —
“trawiasty”’ bardzo intensywny
9. | Kruchos$¢ Wrazenie czuciowe odbierane przy Migkkie - kruche
spozywaniu probki
10. | Konsystencja | Wrazenie czuciowe odbierane przy Undetectable - very
spozywaniu probki, wyczuwalne grudki intense
11. | Ogoblna Ogolne wrazenie sensoryczne, obejmujgce Z%a — bardzo dobra




Tabela S13. Wyniki oceny profilowej ciastek kruchych z dodatkiem wsadu konopnego

wypieczonych w temperaturze 160°C (n=6).

Wyroézniki Wypiek w temperaturze 160°C przez 30 min.
Lp. J;;g;g;\zwé irsrtlﬁlr(; Kontrola Ciastko Ciastko Ciastko
bar wy ' 1% 2% 3%
1. | Kolor typowy dla 9,80°+0,20 | 0,50°+0,05 | 0,01+£0,01 | 0,018+0,01
ciastek kruchych
2. | Kolor zielony 0,012+0,01 | 352°+0,34 | 6,74°+0,12 | 9,029+0,14
3. | Stodki smak 9,999+001 | 941°+0,41 | 8,04°+0,18 | 7,17°+0,10
4. | Maslany smak 9,999+001 | 9,01°+0,74 | 8,13°+0,13 | 7,77+0,11
5. | Gorzki smak 0,012+0,01 | 1,12°+0,12 | 250°+0,14 | 3,339+0,14
6. | Obcy smak 0,012+0,01 | 2,04°+0,25 | 2,50 +0,22 | 5799+0,13
7. | Zapach typowy dla | 9,999+0,01 | 9,50°+0,41 | 8,41°+0,08 | 7,10°+0,12
ciastek kruchych
8. | Zapach obcy 0,012+0,01 | 001°+0,01 | 3,36°+0,14 | 6,85°+0,15
9. | Krucho$¢ 9,99°+0,01 | 9,00+0,20 | 9,00°+0,03 | 9,00®+0,25
10. | Konsystencja 8,89°+ 0,14 7,77°+0,24 6,122 £ 0,14 6,00% + 0,36
11. | Ogélna jakosé 9,999+0,01 | 7,12°+0,14 | 6,40°+£0,25 | 5,022+0,14

a-d — wartosci w wierszach (dla jednego wyrdznika jakoSciowego) oznaczone tg samg literg nie

r6znig si¢ statystycznie istotnie przy poziomie istotnosci wynoszacym 0=0,05;

Tabela S14. Wyniki oceny profilowej ciastek kruchych z dodatkiem wsadu konopnego

wypieczonych w temperaturze 200°C (n=6).

Lp. Wyrdzniki Wypiek w temperaturze 200°C przez 20 min
jakosciowe smaku, Ciastko Ciastko Ciastko
Egg\?vc;hu, tekstury, Kontrola 1% 204 30

1. | Kolor typowy dla 8,88°+0,12 | 0,01®+0,01 | 0,012+0,01 | 0,012+0,01
ciastek kruchych
2. | Kolor zielony 0,012+0,01 | 341°+0,12 | 6,41°+0,02 | 9,419+041
3. | Stodki smak 9,889+0,02 | 845°+0,14 | 812°+0,15 | 7,04+0,04
4. | Maslany smak 9,899+0,03 | 8,84°+0,15 | 855®+0,74 | 8,14°+0,09
5. | Gorzki smak 2,012+0,12 | 4,13°+0,19 | 6,96°+0,41 | 8,88°+0,12
6. | Obcy smak 0,012+0,01 | 254°+0,11 | 4,74°+0,14 | 6,98°+0,12
7. | Zapach typowy dla | 8,049+0,18 | 566°+0,16 | 3,84°+0,15 | 2,228+ 0,24
ciastek kruchych
8. | Zapach obcy 0,012+0,01 | 3,36°+0,13 | 541°+0,19 | 8,139+0,11
9. Kruchos¢ 9,99°+0,01 | 954°+014 | 9,77®+0,17 | 9,84 +0,15
10. | Konsystencja 8,749+012 | 7,71°+£0,09 | 6,74°+0,15 | 6,042+0,14
11. | Ogolna jako$¢ 8,77°+ 0,12 7,88°+0,14 | 6,12°+0,16 | 5,11*+0,12

a-d — warto$ci w wierszach (dla jednego wyroznika jakosciowego) oznaczone tg sama literg nie

rdznig si¢ statystycznie istotnie przy poziomie istotnosci wynoszacym o=0,05;




Tabela S15. Terpeny oraz wybrane zwigzki lotne charakterystyczne dla fermentowanych

napojoéw mlecznych zawierajacych wsad konopny (24h po fermentacji).

Nazwa Rodzaj prébki fermentowanego napoju mlecznego
zwiazku Kontrola Ekstrakt | Ekstrakt | Ekstrakt | Susz | Susz | Susz | Olej | Olej | Olej
0,5% 1% 2% 05% | 1% | 2% [ 0,5% | 1% | 2%
Terpeny
a-pinen + + +
kamfen + + +
B-pinen + + +
A-3-karen + + +
B-myrcen + + +
a-terpinen
d-limonen + + + + + + + + + +
ocimen
y-terpinen
p-cymen
terpinolen
linalool
isopulegol
B-kariofilen | + + + + + + + + + +
o-humulen + + + + + + + + +
geraniol
neoridol + + + + + + + + +
guaiol
a-bisabolol
Kwasy
Kwas + + + + + + + + + +
octowy
Kwas + + + + + + + + + +
mastowy
Kwas + + + + + + + + + +
kaprylowy
Kwas + + + + + + + + + +
propionowy
Ketony
2-butanon + + + + + + + + + +
2-pentanon | + + + + + + + + + +
2-heptanon | + + + + + + + + + +
Acetoina + + + + + + + + + +
Alkohole
Etanol + + + + + + + + + +
Alkohol + + + + + + + + + +
laurylowy
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Rycina S1. Porownanie wydajnosci ekstrakcji 19 terpenéw z wybranych elementow rosliny (S-
mate kwiatostany, M — §rednie kwiatostany, B — duze kwiatostany, L —liscie) z wykorzystaniem
trzech cieczy ekstrakcyjnych (octan etylu, n-heksan oraz metanol) (opracowanie wiasne)
A-C - wartosci w obrebie tej samej litery nie r6znig si¢ statystycznie istotnie przy poziomie

istotno$ci wynoszacym o=0,05
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