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Streszczenie
Wplyw wysokich ciSnien na biodostepnosé¢ antyoksydantow owocow i warzyw

Celem pracy byta weryfikacja hipotezy badawczej: obrobka wysokocisnieniowa produktow
owocowych i warzywnych moze zwigksza¢ biodostgpnos¢ antyoksydantow w nich wystepujacych.
Soki i puree z czarnych porzeczek oraz soki z burakow ¢wiktowych poddano obrobce wysokim
cis$nieniem hydrostatycznym (HHP) w 200, 400 i 500 lub 600 MPa przez 5 minut w temperaturze
20°C oraz ditlenkiem wegla w stanie nadkrytycznym (SCCD) w 10, 30 i 60 MPa przez 10 minut w
45°C. Ponadto wykonano probg odniesienia polegajaca na obrobce termicznej produktow w 45°C
przez 10 min w celu oszacowania wptywu temperatury w technice SCCD oraz pasteryzacji w 85°C
przez 10 minut dla poréwnania uzyskanych wynikow z tradycyjna pasteryzacja termiczng.
Wszystkie probki poddawano symulacji trawienia w trzyetapowym modelu in vitro z dializa.
W probkach przed trawieniem oraz po kazdym z etapéw trawienia 0znaCzono pojemnosc
przeciwutleniajaca z rodnikami ABTS+e i DPPHe oraz zawarto$¢ antocyjanow i witaminy C
(w czarnej porzeczce) i betalain (w buraku ¢wiklowym). Podjeto réwniez probg analizy
metabolitow po trawieniu delfinidyno-3-O-rutynozydu, gtéwnego barwnika antocyjanowego
obecnego w czarnej porzeczce, w celu wyjasnienia niskiej biodostgpnosci tych zwigzkow.
Uzyskane wyniki potwierdzity postawiong hipoteze badawcza. Odnotowano zwigckszong stabilno$¢
podczas trawienia oraz biodostepnos¢ antyoksydantéw w produktach poddanych obrobee
wysokocisnieniowej przy wybranych parametrach, w poréwnaniu z probkami pasteryzowanymi,
anawet probami sokoéw surowych w niektorych przypadkach. Wzrost pojemnosci
przeciwutleniajacej, pomimo spadku zawarto$ci Oznaczanych antyoksydantow w probkach
poddanych dziataniu HHP i SCCD potwierdzil przypuszczenia, ze powstajgce metabolity
odgrywaja kluczowa role w ksztattowaniu wiasciwosci prozdrowotnych produktow.

Stowa kluczowe
wysokie ci$nienia hydrostatyczne, ditlenek wegla w stanie nadkrytycznym, biodostepnosé,
antocyjany, witamina C, betalainy, pojemno$¢ przeciwutleniajaca

Abstract
The influence of high pressures on the bioaccessibility of fruit and vegetable
antioxidants

The aim of the study was to verify the hypothesis that high-pressure processing of fruit and
vegetable products may increase the bioaccessibility of their antioxidants. Blackcurrant juices and
puree and beetroot juices were treated with high hydrostatic pressure (HHP) at 200, 400 and 500 or
600 MPa for 5 min at 20°C and supercritical carbon dioxide (SCCD) at 10, 30 and 60 MPa for
10 min at 45°C. In addition, a reference samples were performed by heat treatment at 45°C for 10
min, to estimate the effect of temperature in the SCCD technique and pasteurization at 85°C for 10
min to compare the results with traditional thermal pasteurization. All the samples were digested in
the three-stage in vitro model with dialysis. In the samples before and after each stage of
digestion, the antioxidant capacity measured with ABTS+e and DPPHe radicals as well as
anthocyanins and vitamin C content (in blackcurrant) and betalains content (in beetroot) were
determined. There was also an attempt to determine the metabolites of delphinidin-3-O-rutinoside
after digestion, which is the main anthocyanin pigment present in blackcurrant, in order to explain
the low bioaccessibility of these compounds. The obtained results confirmed the research
hypothesis. Increased stability during digestion and bioaccessibility of antioxidants was noted in
products treated with high pressures at selected parameters, compared to pasteurized samples and
raw samples, in some cases. The increase in antioxidant capacity, despite the decrease in
antioxidants content during digestion in the HHP and SCCD samples, proves that the formed
metabolites have a large impact on modeling the antioxidant properties of products.

Keywords
high hydrostatic pressure, supercritical carbon dioxide, bioaccessibility, anthocyanins,
vitamin C, betalains, antioxidant capacity
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Wykaz publikacji stanowigcych monotematyczny cykl publikacji bedacy

podstawg do ubiegania si¢ o stopien naukowy doktora:

[P1] Trych, U., Buniowska, M., Skapska, S., Zhu, Z., Bi, J., Liu, X., Barba, F. J. &
Marszatek, K (2020). Impact of HPP on the bioaccessibility/bioavailability of nutrients and

bioactive compounds as a key factor in the development of food processing. In Present and Future

of High Pressure Processing (pp. 87-109). Elsevier.
|onzo: O, MNISW/ MEiNzozl =20

[P2] Trych, U., Buniowska, M., Skapska, S., Starzonek, S., & Marszatek, K. (2020). The
Bioaccessibility of Antioxidants in Black Currant Puree after High Hydrostatic Pressure
Treatment. Molecules, 25(15), 3544.

|onzo: 4.411, MNISW/ MEiNzozl =140

[P3] Trych, U., Buniowska, M., Skapska, S., Kapusta, 1., & Marszatek, K. (2022). Bioaccessibility
of Antioxidants in Blackcurrant Juice after Treatment Using Supercritical Carbon Dioxide.
Molecules, 27(3), 1036.

|F2022: 4.927, MNISW/ MEiNzozl =140

[P4] Trych, U., Buniowska-Olejnik, M., & Marszatek, K. (2022). Bioaccessibility of Betalains in
Beetroot (Beta vulgaris L.) Juice under Different High-Pressure Techniques. Molecules, 27(20),
7093.

IF2022= 4.927, MNiISW / MEiN2021 = 140

Sumaryczny Impact Factor publikacji wchodzacych w monotematyczny cykl publikacji wynosi
|F2022 =14.265

Zgodnie z listg czasopism punktowanych opublikowang przez MNiISW / MEiN2o21 powyzsze

publikacje wyceniane sg sumarycznie na 440 punktoéw, bez podziatu na autorow.

IF oraz liczbe punktow MNISW / MEiN2021 obliczono na podstawie danych z roku, w ktorym

ukazata si¢ publikacja lub ostatniego roku, dla ktorego dane te zostaty opublikowane.

Wyniki badan przedstawione w niniejszej rozprawie zrealizowano w ramach projektu pt. ,,Badanie
wplywu wysokiego ci$nienia na bioprzyswajalnos¢ hydrofilowych antyoksydantow przetworow
z owocow i warzyw” sfinansowanego z subwencji przyznanej przez MRiRW (projekt nr 134-01-
Z0O) w okresie od 10.2019 do 12.2022.
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1. Wstep

Owoce i warzywa to produkty bogate w zwigzki o wlasciwosciach antyoksydacyjnych,
ktore maja potencjalne wlasciwosci prozdrowotne i sg sktadnikami niezbednymi do
prawidtlowego funkcjonowania organizmu. Zwigzki te moga hamowac reakcje utleniania
oraz neutralizowa¢ nadmiar wolnych rodnikow w organizmie, ktore przyspieszajg procesy
starzenia, a w skrajnych przypadkach mogg przyczynia¢ si¢ do powstawania zmian
nowotworowych. Dostarczanie sktadnikéw o wlasciwosciach przeciwutleniajacych
z zywnoscig nie jest jednak jednoznaczne z tym, ze zostang one w pelni przyswojone
i wykorzystane przez nasz organizm. Dlatego kluczowe jest zdobycie wiedzy na temat
biodostepnosci tych sktadnikow dla ludzkiego organizmu. Wiedza na temat biodostepnos$ci
jest istotna w projektowaniu zywnosci prozdrowotnej, w ktorej kluczowy jest rzeczywisty
wplyw na organizm cztowieka, a nie tylko sktad ilosciowy substancji aktywnej w produkcie
spozywczym. Ze wzgledu na réznorodnos$¢ czynnikow wplywajacych na proces trawienia
i wchianiania w przewodzie pokarmowym, najdoktadniejsza metoda oceny biodostepnosci
sa badania in vivo. Odwzorowanie warunkow panujacych w przewodzie pokarmowym
w testach in vitro jest trudne do uzyskania, jednakze osiagnigto w tej sprawie
mi¢dzynarodowy konsensus grupy INFOGEST, dzigki czemu wyniki badan in vitro sg
wystandaryzowane, a metodologia badawcza stosowana w réznych osrodkach naukowych
na §wiecie porownywalna. Organizacja INFOGEST powstata w ramach akcji COST (2011-
2015), a od 2015 roku funkcjonuje jako migdzynarodowa sie¢ badawcza, zrzeszajgca ponad
440 naukowcow ze 150 instytutéw z catego $wiata. Jej gtownym celem jest poprawa
wlasciwos$ci zdrowotnych ZywnoS$ci poprzez zgltebianie i1 dzielenie si¢ wiedzg na temat
procesu trawienia [Minekus i wsp. 2014; Brodkorb i wsp. 2019].

W ostatnich latach duze zainteresowanie w $wiecie nauki budza mozliwosci poprawy
biodostepnosci wybranych skladnikow biologicznie aktywnych, dlatego poszukuje sig¢
metod pozwalajacych ograniczy¢ degradacje tych sktadnikow w stosunku do tradycyjnej
obrobki termicznej, a nawet poprawi¢ ich biodostepnos¢ w odniesieniu do zywnosci
nieprzetworzone;j.

Techniki wysokoci$nieniowej obrobki zywnosci, takie jak: wysokie cis$nienie
hydrostatyczne (HHP) oraz ditlenek wegla w stanie nadkrytycznym (SCCD) ciesza si¢
zainteresowaniem przemystu ze wzgledu na wysoka jako$¢ produktow otrzymywanych z
ich wykorzystaniem, przy jednoczesnym zachowaniu bezpieczenstwa i przedluzonej
przydatnosci do spozycia. Ponadto najnowsze wyniki badan wskazuja, Ze ich zastosowanie

moze istotnie wplywac¢ na biodostepnos¢ niektorych sktadnikéw zywnos$ci. Stanowig one
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rowniez obiecujgcg alternatywe dla tradycyjnej obrobki termicznej zywnos$ci, ktora
przyczynia si¢ do utraty duzej czesci termolabilnych sktadnikow bioaktywnych
0 wilasciwosciach prozdrowotnych. Kluczowe znaczenie ma jednak dobor odpowiednich
parametrow procesu do produktu i efektu jaki chcemy uzyskac. Istnieja doniesienia
literaturowe wskazujace, ze obrobka wysokoci$nieniowa zywno$ci moze mie¢ pozytywny
wplyw na biodostepnos¢ lipofilowych substancji bioaktywnych takich, jak np. karotenoidy.
Istnieje jednak niewielka ilos¢ doniesien literaturowych na temat biodostepnosci
hydrofilowych substancji o wlasciwosciach przeciwutleniajacych, takich jak antocyjany
czy witamina C. Niewielka ilo$¢ dostepnych wynikéw badan na temat biodostepnosci
hydrofilowych sktadnikow biologicznie aktywnych owocow i warzyw, szczegdlnie po
obrdbcee innowacyjnymi technikami wysokoci$nieniowymi byto podstawa do podjecia prac

badawczych w tym kierunku.

2. Biodostepnos¢

Biodostgpno$¢ sktadnikow odzywcezych 1 zwigzkdéw bioaktywnych jest definiowana
jako cze$¢ danej substancji, ktora zostata uwolniona z matrycy, a nastgpniec moze by¢
wchlonigta do krwioobiegu, gdzie moze podlega¢ procesom metabolicznym [Minekus
i wsp. 2014]. W nomenklaturze anglojezycznej spotykane jest czesto rozrdznienie pojeé
biodostgpnosci (ang. bioaccessibility) i bioprzyswajalnosci (ang. bioavailability),
w odréznieniu do publikacji polskich, gdzie podobny podziat jest rzadko spotykany.
Wedlug zagranicznych zrodel pojecie ,,bioprzyswajalno$¢” obejmuje szerszy niz
,biodostgpnos¢” zakres procesow majacych miejsce w organizmie czlowieka, poniewaz
dotyczy frakcji zwigzkow, ktore po wchtonigciu sg transportowane i wykorzystane podczas
wypehiania funkcji fizjologicznych w organach docelowych oraz moga by¢
magazynowane w tkankach [Fernandez-Garcia i wsp. 2009, Rodriguez-Roque i wsp.
2013]. Istniejg doniesienia, ze niektore sktadniki bioaktywne mogg by¢ wchianiane nie
tylko poprzez nabtonek jelita cienkiego, ale réwniez na wczesniejszych odcinkach
przewodu pokarmowego. Dlatego niekiedy badane sg pod tym kontem ptyny ustrojowe
zotadka oraz potencjalny stopien wchlaniania po trawieniu na tym etapie pPoOprzez
odniesienie zawarto$ci zwigzkéw bioaktywnych po trawieniu na etapie Zotadka do
zawartos$ci zwigzkow przed trawieniem [Carbonell-Capella i wsp. 2014; Milbury 1 wsp.
2002].

W badaniach biodostepnosci bardzo czgsto wykorzystywane sg modele trawienia

invitro, ktorych zadaniem jest jak najdoktadniejsze odwzorowanie warunkow
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fizjologicznych panujagcych w przewodzie pokarmowym. Powstaja coraz bardziej
zaawansowane modele, uwzgledniajace dynamiczny przeptyw tresci pokarmowej
pomigdzy poszczegodlnymi odcinkami uktadu, ciagly pomiar i automatyczng kontrole pH,
a takze umozliwiajg wprowadzenie mikrobioty jelitowej. Aby przeprowadzi¢ symulacjg
wchianiania substancji przez nabtonek jelit do krwioobiegu wykorzystywana jest
najczesciej metoda dializy przez potprzepuszczalne membrany celulozowe, wirowanie lub
hodowle linii komorkowych (np. Caco-2) [Carbonell-Capella i wsp. 2014, Minekus i wsp.
2014].

Badania in vivo z udzialem ludzi bez watpienia umozliwiajg najpelniejsza ocene
biodostepnosci, jednakze wigza si¢ z nimi pewne ograniczenia. Przeprowadzenie takich
badan wymaga zapewnienia kontrolowanych warunkéw zywienia osob biorgcych w nich
udziat oraz wyselekcjonowania odpowiedniej grupy ochotnikow, co jest niezwykle trudne.
Standaryzacja jest utrudniona a poréwnywalnos$¢ i powtarzalnos¢ wynikow niewielka.
Dodatkowo wymagana jest zgoda komisji bioetycznej, a koszty takich prac sg wysokie.
Badania in vitro sg cenne we wstgpnej ocenie biodostepnosci, gdyz pozwalajg zrozumieé
pewne mechanizmy kierujgce procesami trawienia i wchtaniania sktadnikow bioaktywnych
oraz ich potencjalne dziatanie w organizmie [Hur i wsp. 2011; Egger i wsp. 2016]. Analiza
biodostgpnosci sktadnikow bioaktywnych jest niezb¢dna do oceny ich faktycznego
wykorzystania przez organizm. Ponadto poprawa biodostepnosci poprzez zastosowanie
innowacyjnych technik utrwalania zywno$ci pozwala na zaprojektowanie zywnoS$ci

funkcjonalnej zapewniajacej wigksze korzysci prozdrowotne.

3. Uzasadnienie wyboru materialu badawczego 1 ocena biodostgpnosci wybranych

sktadnikow bioaktywnych

Polska jest najwickszym w Europie oraz drugim na $wiecie producentem czarnych
porzeczek (Ribes nigrum L.) [FAOSTAT 2021]. W 2021 r. zebrano 110 000 ton tych
owocow, co stanowi ponad potowe ich §wiatowej produkcji [GUS 2021]. Czarne porzeczki
zaliczane moga by¢ z powodzeniem do tzw. ,,superowocow” ze wzgledu na wysoki
potencjal przeciwutleniajgcy, wynikajacy gltownie z bardzo wysokiej zawartoSci
witaminy C i antocyjanéw. Owoce te wyrozniaja si¢ rowniez wysoka zawartoscig pektyn,
kwasow organicznych oraz sktadnikdw mineralnych. W mniejszej ilosci mozna znalez¢ w
nich rowniez witaminy z grupy B, K oraz prowitaminy A (B-karoten). Ze wzgledu na
wysokg zawarto$§¢ przeciwutleniaczy s3 one cenione w profilaktyce chorob

nowotworowych, uktadu krazenia i wad wzroku [Nowak i Zmudzinska-Zurek 2010;
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Paredes-Lopez i wsp. 2010]. Owoce te nadajg si¢ do bezposredniej konsumpcji w formie
surowej, a takze sg bardzo dobrym surowcem do produkcji sokow, mrozonek, dzemow i
nalewek. Liczne wlasciwosci prozdrowotne czynig je rowniez interesujgcym sktadnikiem
do projektowania zywnosci funkcjonalnej [Nour i wsp. 2011].

Czarne porzeczki zawieraja od 160 do 285 mg/100 g kwasu L-askorbinowego, dlatego
juz gars¢ tych owocow wystarczy, aby pokry¢ jego zalecane dzienne spozycie (RDA)
[Nour iwsp. 2011]. Kwas L-askorbinowy, w wyniku utleniania wigzania endiolowego
(wigzanie podwojne pomiedzy dwoma grupami -OH w pierscieniu y-laktonowym) moze
ulega¢ przeksztatlceniu w kwas L-dehydroaskorbinowy (Rysunek 1). Reakcja ta jest
odwracalna i obie formy kwasu wykazujg aktywno$¢ witaminowg. Witamina C to zwigzek
chemiczny stosunkowo stabilny w stanie statym, lecz podatny na degradacje w postaci
roztworu. Zwiazek ten jest szczegdlnie wrazliwy na zasadowe i obojetne pH, wysokie
temperatury, obecno$¢ tlenu i niektore jony metali [Janda i wsp. 2015]. Witamina C jest
zwigzkiem o wysokiej aktywnosci biologicznej i pelni wiele funkcji w organizmie. Miedzy
innymi wspomaga produkcj¢ i zachowanie kolagenu niezbednego do tworzenia tkanki
tacznej oraz utatwia gojenie si¢ ran. Jest niezbednym sktadnikiem w leczeniu anemii dzigki
zwigkszaniu wchianiania zelaza i sprzyjaniu w produkcji czerwonych krwinek [Janda i
wsp. 2015]. Witamina C wykazuje dziatanie antymutagenne dzigki zdolnosci do
neutralizacji wolnych rodnikow oraz hamowania syntezy rakotwoérczej nitrozoaminy w
zotadku [Vallejo i wsp. 2004]. Badania epidemiologiczne na szczurach dowiodly rowniez,
ze dtugotrwale podawanie matych dawek witaminy C moze mie¢ znaczacy wplyw
w zapobieganiu udarom mozgu [Li i wsp. 2019].

Witamina C wchitaniana jest w dwunastnicy i proksymalnym odcinku jelita cienkiego,
zarowno w wyniku transportu biernego jak i aktywnego. W aktywnym transporcie kwasu
L-askorbinowego szczegoélng role pelni aktywny transporter zalezny od jondéw sodu
(SVCT1), natomiast w przypadku kwasu L-dehydroaskorbinowego funkcj¢ te posiadaja
rowniez transportery glukozy (GLUTL1). Biodostgpnos¢ witaminy C jest zalezna od
podanej dawki i jest samoistnie regulowana w wyniku wysycania aktywnych transporterow
btonowych oraz mechanizmoéw wydalania nerkowego. Doniesienia literaturowe wskazuja,
ze syntetyczny kwas L-askorbinowy podany droga doustng osiaga maksymalng
biodost¢pnosé, bliska 100%, przy dawce do 200 mg, ktora spada przy stopniowym
zwigkszaniu dawki. Powyzej dawki 1250 mg biodostepno$¢ osigga statg wartos¢ (33%).
Proces wchlaniania zakioca miedzy innymi palenie tytoniu, przyjmowanie niektorych

lekow, zaburzenia trawienia oraz choroby nerek [Regulska i Litwiniuk 2020].
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Rysunek 1. Wzor chemiczny kwasu  L-askorbinowego oraz  kwasu

L-dehydroaskorbinowego [Janda i wsp. 2015].

Owoce czarnej porzeczki sg rOwniez bogatym zrodtem polifenoli (500-1342 mg/100 g),
wsrdd ktorych najliczniejszg grupe stanowig antocyjany (160-411 mg/100 g) a ich ilosé¢
zalezna jest gtownie od odmiany, regionu i warunkéw uprawy, dojrzatosci oraz warunkoéw
przechowywania po zbiorach [Bakowska-Barczak i Kolodziejczyk 2011; Wojdyto i wsp.
2013]. Antocyjany to pigmenty rozpuszczalne w wodzie, umiejscowione w wakuolach
roélin, ktorych podstawa struktury jest szkielet weglowy C6-C3-C6, zwany kationem
flawyliowym. Czasteczki antocyjanow skladaja si¢ z aglikonu (antocyjanidyny)
potaczonego z resztami cukrowymi (glikozydy) (Rysunek 2) [Wrolstad i wsp. 2005,
Fernandes i wsp. 2014]. Sa to zwiazki podatne na degradacje pod wptywem zmiennego pH,
wysokiej temperatury, obecnosci tlenu, $wiatlta i jonow metali. Sa takze wrazliwe na
dziatanie enzymow tkankowych (B-glukozydazy, polifenolooksydazy i peroksydazy) oraz
mikroorganizméw psujacych jak i mikroflory jelitowej. Zmienne pH ma znaczacy wptyw
na przemiany antocyjandw. Przy pH ponizej 3 wystepuja one w postaci czerwonych
kationow flawyliowych. Wraz ze wzrostem pH do 4, kationy te przeksztalcajg si¢ w
fioletowe zasady chinoidalne. Przy pH 4-6, w wyniku rozerwania pierscienia, moga
powstawac bezbarwne hemiketale, a takze zotte chalkony. W obecnosci zwigzkoéw takich
jak fenole i jony metali (m.in. magnezu, miedzi i glinu) moga ulega¢ reakcjom
kopigmentacji. W wyniku réznych warunkow przetwarzana i przechowywania moga
przeksztatca¢ si¢ W nierozpuszczalne, polimerowe, bragzowe pigmenty [Wrolstad i wsp.
2005, Michalska i wsp. 2017].

Antocyjany posiadaja szczegolne wlasciwosci przeciwutleniajgce, przeciwzapalne,
przeciwdrobnoustrojowe i neuroprotekcyjne. Sg w stanie indukowac apoptoze¢ komorek,
co moze znalez¢ zastosowanie w terapiach przeciwnowotworowych. Hamujace dziatanie
antocyjanOw na proces karcynogenezy jest zwigzane takze z dziatlaniem na

wewnatrzkomorkowe czasteczki sygnatowe odpowiedzialne za inicjacje nowotworu
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i proliferacje komorek [Lyall i wsp. 2009]. Badania na modelach zwierzecych wykazuja
mozliwo$¢ przenikania pochodnych antocyjanow przez bariere krew-moézg. Ze wzgledu na
swoje wlasciwosci neuroprotekcyjne sg obiecujacymi suplementami diety hamujacymi
stres oksydacyjny w mozgu i zapobiegajacymi chorobom neurodegeneracyjnym, takim jak
choroba Alzheimera, Parkinsona i stwardnienie rozsiane [Ptatosz i wsp. 2021, Rashid i wsp.
2014].

R1 R2
H H pelargonidyna
OH H cyjanidyna
OH OH delfinidyna
OCH3 H peonidyna
OCH3 OH petunidyna
OCH3 OCH3 malwidyna

OH

Rysunek 2. Struktura antocyjanow: kation flawyliowy z przylaczong reszta cukrows, oraz
przyktady podstawnikow tworzacych najpopularniejsze 1 najczgsciej] wystepujace

antocyjany [Marszatek i wsp. 2017c].

Biodostgpnos¢ antocyjandw dostarczanych droga pokarmowa jest niewielka i wynosi
ok. 1%. Ich maksymalne stezenie w osoczu ksztaltuje si¢ na poziomie kilkudziesigciu nM
1 wystepuje nieco ponad godzine po spozyciu. Nalezy jednak zaznaczy¢, ze badania czesto
nie uwzgledniajg wszystkich pochodnych antocyjanow, ktore mogly powsta¢ w szlaku
metabolicznym oraz mozliwosci ich powrotu z zoétcig do przewodu pokarmowego
[Fernandes iwsp. 2014, Grajek 2007]. Wchianianie antocyjanow w przewodzie
pokarmowym moze spowalnia¢ zwigzanie ich z wielkoczgsteczkowymi sktadnikami
tkanki roslinnej, takimi jak celuloza, pektyna czy blonnik [Ribas-Agusti i wsp. 2018].
Wedlug aktualnych doniesien antocyjany moga by¢ wchtaniane w r6zny sposob na r6znych
odcinkach przewodu pokarmowego, rozpoczynajac od jamy ustnej az po jelito grube.

Antocyjany moga by¢ obecne w osoczu krwi juz po 5 minutach od kontaktu z tkanka
nablonkowg jamy ustnej, ponadto w jamie ustnej wystepuja podobne transportery, jak
w jelicie, ktore moga sprzyja¢ wchlanianiu antocyjandw réwniez w ustach [Sigurdson

i wsp. 2019]. Istnieja rowniez przestanki, ze antocyjany moga by¢ wchtaniane w postaci
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aglikonow i glikozydow przez btone Sluzowa zotadka [Milbury i wsp. 2002, Cao i wsp.
2001]. W jelicie cienkim antocyjany sg szybko metabolizowane i pojawiajg si¢
w krwioobiegu lub sg wydalane z z6lcig i moczem zarowno w postaci nienaruszonej, jak
I metabolizowanej. Za transport na tym odcinku przewodu pokarmowego potencjalnie
odpowiadajg transportery glukozy (SGLT1, GLUT2), ale mozliwy jest rowniez bierny
transport aglikonow [Fernandes i wsp. 2014]. Zwigzki nie wchionigte w jelicie cienkim sg
metabolizowane w dalszej kolejnosci przez mikroflore jelita grubego [Mueller i wsp.
2017]. Metabolity antocyjandéw identyfikowane w ptynach ustrojowych zwierzat i ludzi sa
to najczesciej pochodne metylowane, glukuronidowane i siarczanowane [Fernandes i wsp.
2014, Pratosz i wsp. 2021]. Antocyjany sg réwniez metabolizowane do kwasow
fenolowych, w szczegdlnosci kwasu protokatechowego, ktory jest wskazywany jako
metabolit w duzej iloSci obecny w ptynach ustrojowych, moczu i kale ludzi na diecie
bogatej w antocyjany [Vitaglione i wsp. 2007]. Pomimo ogolnie niskiej biodostgpnosci
antocyjanow, badania epidemiologiczne wskazujg na ich pozytywny wptyw na organizm.
Moze to wynika¢ z biologicznej aktywnosci metabolitow antocyjanow wytwarzanych
w organizmie, a takze z ich potencjalnego synergistycznego oddziatywania z innymi

zwigzkami [Fernandes i wsp. 2014, Lila i wsp. 2016].

Buraki ¢wiklowe (Beta vulgaris L.) to jedne z najbardziej popularnych warzyw
okopowych uprawianych w Polsce. Ich produkcja w 2021 r. wyniosta 239 tys. ton,
w wyniku czego Polska utrzymata pozycje najwickszego producenta tych warzyw w Unii
Europejskiej [GUS 2021]. Wykorzystywane sa do produkcji sokéw, produktow
fermentowanych, konserwowych, mrozonych czy suszonych, a takze shuzg do
pozyskiwania naturalnych czerwonych barwnikéw spozywczych. Sa one niezwykle
cennym sktadnikiem diety ze wzgledu na zawartos¢ witamin (C, A, E, K, z grupy B), kwasu
foliowego, przeciwutleniaczy, aminokwasow, garbnikéw i soli mineralnych (mangan,
magnez, potas, sod, fosfor, zelazo, cynk, miedz, bor, krzemiany i selen) [Ceclu i Nistor
2020, Chhikara 2020].

Wiodaca grupa zwiazkow fenolowych w burakach ¢wiktowych sa betalainy, ktorych
zawartos¢ wacha si¢, w zalezno$ci od odmiany i warunkéw uprawy, W granicach
800-1300 mg/L surowego soku [Wruss i wsp. 2015]. Sg to rozpuszczalne w wodzie
heterocykliczne pigmenty azotowe bedace pochodnymi tyrozyny. Wéréd nich wyrézniamy
dwie podgrupy zwigzkow: betaksantyny, charakteryzujace si¢ zotto-pomaranczowg barwa

I betacyjaniny, odpowiedzialne za czerwono-fioletowa pigmentacj¢. Podstawg budowy

19



tych zwigzkow jest kwas betalamowy, ktory w przypadku betacyjanin laczy si¢
z glukozydem cyklo-DOPA-5-O-Glc (Rysunek3). Betalainy sg wrazliwe na zmiany pH,
podwyzszong temperature, $wiatlo, dziatanie enzymow, obecno$¢ tlenu i jonow metali
[Pandita i wsp. 2020, Nirmal i wsp. 2021].

Buraki ¢wiklowe nalezg do pierwszej dziesigtki warzyw o najwigkszych
wilasciwo$ciach przeciwutleniajacych. Ich spozywanie jest zalecane w profilaktyce
przeciwnowotworowej i choréb uktadu krazenia [Silva i wsp. 2021, Lechner i Stoner 2019].
Liczne badania wykazaly szereg wlasciwosci prozdrowotnych burakow, takich jak silne
dziatanie przeciwzapalne i przeciwbakteryjne, obnizanie ci$nienia krwi oraz zmniejszanie
poziomu lipoprotein o niskiej gestosci (LDL) [Rahimi i wsp. 2019, Fu i wsp. 2020, Clifford
i wsp. 2015, Pietrzakowski i wsp. 2010]. Sa one roéwniez gtownym zrodtem azotanow w
diecie, ktore sa odpowiedzialne za prawidlowe napigcie i homeostaze naczyn
krwionoénych oraz rozluznianie, proliferacje i wzrost migsni gladkich [Pandita i wsp.
2020]. Badania donoszg, ze spozycie burakow ¢wiktowych zmniejszyto czestosé
wystepowania nowotworow skory, ptuc, watroby, okrgznicy i przetyku. Betalainy byty
rowniez w stanie hamowac proliferacje komorek nowotworowych: raka szyjki macicy i

raka pecherza moczowego in vitro [Ceclu i Nistor 2020].
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Betaksantyny Betacyjaniny
R; = glutamina = wulgaksantyna I R; = B-glukoza, Ry=- = betanina
Ri = kwas glutaminowy = wulgaksantyna I Ri= B-glukoza, Ry = - = izobetanina
R, = prolina = indykaksantyna R, = B-glukoza, Ry= H = neobetanin

Rysunek 3. Wzor chemiczny betalain: betacyjaniny/ betaksantyny lub budowa (cyklo-
DOPA) [Nirmal i wsp. 2021].
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Wochtanianie jelitowe betalain odbywa si¢ gtdéwnie W wyniku bezposredniej dyfuzji,
W mniejszym stopniu rowniez Z udziatem transporterow biatkowych. Przyjmuje si¢, ze
betacyjaniny mogg by¢ wchlaniane do krwiobiegu w postaci niezmienionej i nie sg
sprzggane z kwasem glukuronowym ani siarczanami. Na biodostgpno$¢ betalain maja
wplyw takze ich interakcje z innymi sktadnikami diety [Klewicka 2012, Sawicki i wsp.
2020]. W badaniach in vivo na szczurach, ktorym podawano dozotgdkowo sfermentowany
sok z burakow, stwierdzono, ze zard6wno natywne, jak i metabolizowane betacyjaniny
moga by¢ wchlaniane przez komorki btony §luzowej zotadka. W zotadku, krwi i moczu
szczurow  Wykrywano gtéwnie betaning, izobetaning, neobetaning, betanidyny
i dekarboksylowane formy betacyjanin [Sawicki i wsp. 2020]. W badaniach z udziatem 10
zdrowych mezczyzn, ktorzy spozywali sok z burakéw lub cate buraki, nie wykryto betaniny
w o0soczu krwi, jednak poziomy tlenku azotu wzrosty po 8 godzinach od spozycia soku
[Clifford i wsp. 2017].

4. Niekonwencjonalne metody przetwarzania zywno$ci

Techniki wysokoci$nieniowe zaliczane sg do nietermicznych metod utrwalania
zywnosci | stanowig obiecujaca alternatywe dla tradycyjnej pasteryzacji i sterylizacji.
Ciesza sie¢ one coraz wiekszg popularnoscig, zarowno w badaniach naukowych
jak i produkcji komercyjnej. Zastosowanie nowatorskich technik utrwalania jest
uzasadnione w celu projektowania produktéw o zwigkszonych walorach prozdrowotnych,
poprzez ograniczenie negatywnego wplywu wysokiej temperatury na produkt, dzigki
czemu jego jako$¢ jest niepordéwnywalnie wyzsza niz w przypadku tradycyjnej termicznej
pasteryzacji i sterylizacji. Wsrod technik wysokoci$nieniowych wyrdznia si¢ miedzy
innymi wysokie ci$nienia hydrostatyczne — High Hydrostatic Pressure (HHP) i ditlenek
wegla w stanie nadkrytycznym/ pod wysokim cisnieniem — Supercritical Carbon Dioxide/
High Pressure Carbon Dioxide (SCCD/ HPCD) [Marszatek i wsp. 2014].

Obrobka zywnosci jest rowniez jednym z czynnikdw wptywajacych na biodostepnos¢
sktadnikow aktywnych. Istniejg doniesienia naukowe, ze zastosowanie technik
wysokoci$nieniowych, takich jak HHP i SCCD, moze nie tylko wplywa¢ na wyzsza
stabilno$¢ zwiazkoéw korzystnych dla zdrowia, ale i zwigkszaé ich biodostgpnosé [Barba
i wsp. 2015, Zhao i wsp. 2019], poza udowodnionym juz w wielu pracach wptywem na
wydtuzenie terminu przydatnosci do spozycia [Marszatek 1 wsp. 2015, Marszalek 1 wsp.
2018, Marszatek 1 wsp. 2017d, Marszatek 1 wsp. 2019b].
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4.1. Wysokie ci$nienie hydrostatyczne (HHP)

HHP jest stosowane w przemysle spozywczym W celu przedtuzenia przydatnosci do
spozycia produktow poprzez inaktywacje natywnej mikroflory oraz zmniejszanie
aktywnos$ci enzymow tkankowych. Brak wplywu wysokiej temperatury przyczynia si¢ do
zachowania cennych termolabilnych sktadnikow bioaktywnych, przy jednoczesnym
zachowaniu wiasciwosci sensorycznych (smak, zapach, barwa) na poziomie zblizonym do
produktu surowego. Technika ta stosowana jest na $wiecie na coraz wigkszg skale do
utrwalania produktow owocowych i warzywnych, ale rowniez dan gotowych do spozycia,
mie¢sa | owocow morza [Barba i wsp. 2018, Sokotowska i Nasitowska 2019].

Mechanizm dziatania HHP polega na transmisji ci$nienia w sposdb natychmiastowy
i rtownomierny na calg probke, niezaleznie od jej ksztattu, objetosci i konsystencji.
W przemysle stosowane sg obecnie cisnienia do 600 MPa, natomiast w skali laboratoryjnej
mozna osiaggna¢ nawet do 1400 MPa i wigcej. Proces przebiega zwykle w czasie od kilku
do kilkunastu minut i najczesciej prowadzony jest w temperaturze otoczenia. W wyniku
sprezania medium przenoszacego cisnienie, nastepuje adiabatyczny wzrost temperatury
(w przypadku wody jest to 3-5°C na kazde 100 MPa), a wytworzone ciepto jest
przenoszone do komory wysokiego ci$nienia oraz utrwalanego produktu. Wysoka
zawartos¢ wody w produktach owocowo-warzywnych, a takze duza pojemnos$¢ cieplna
komory HHP minimalizujg efekt termiczny ogrzewania adiabatycznego [Barba i wsp.
2018]. Wysokie cisnienie wptywa na redukcje aktywnosci enzymow roslinnych poprzez
oddzialywanie na stabe wigzania chemiczne (wodorowe, jonowe, hydrofobowe)
odpowiedzialne za tworzenie drugorzgdowej 1 trzeciorzgdowej struktury biatek. Wptyw na
hamowanie aktywnos$ci enzymatycznej jest zalezny od zastosowanych parametrow
procesu. Inaktywacja komorek drobnoustrojow zachodzi rowniez w  wyniku
mechanicznego uszkodzenia komorek drobnoustrojow [Szczepanska i wsp. 2021].
Cisnieniowanie przeprowadzane jest najczgsciej w systemie periodycznym, na produktach
zapakowanych w opakowania jednostkowe wykonane z tworzyw sztucznych. Najnowsze
rozwigzania pozwalajg rowniez na potciggla produkcje sokoéw z rozlewem aseptycznym,
co znaczaco zwigksza wydajnos$¢ procesu [Marszatek i wsp. 2021].

Wplyw wysokich ci$nien na biodostepno$¢ moze by¢ spowodowany zmianami, jakie
wywoltujag one w strukturze tkanek roslinnych. Procesy te mogg utatwi¢ uwalnianie
zwigzkow bioaktywnych z matrycy zywnosci 1 posrednio wpltyngé na zmiany
biodostepnosci. Oddzialywanie wysokich ci$nien na aktywno$¢ niektorych endogennych

enzymow, np. pektynolitycznych, uwalnianych z uszkodzonych komorek, rowniez moze
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sprzyja¢ ekstrakcji zwigzkéw bioaktywnych ze struktur komérkowych, a w konsekwencji
prowadzi¢ do poprawy ich biodostepnosci [Barba i wsp. 2015]. Nalezy pamig¢tac, ze wptyw
wysokich ci$nien na biodostepnos¢ zalezy od rodzaju badanych zwigzkow bioaktywnych

oraz matrycy zywno$ciowej [Cilla i wsp. 2018].

4.2. Ditlenek wegla w stanie nadkrytycznym (SCCD)

Wiele aktualnych badan wskazuje, ze SCCD jest technika, ktéra moze by¢ stosowana
W przemysle spozywczym w celu utrwalania zywnos$ci. Podobnie jak HHP, przyczynia si¢
do niszczenia natywnej mikroflory oraz znacznego obnizenia aktywnosci enzymow
tkankowych, przy jednoczesnym zachowaniu wysokiej zawarto$ci antyoksydantow oraz
jakos$ci sensorycznej produktow [Marszatek i wsp. 2015, 2018].

Mechanizm procesu polega na penetracji produktu ditlenkiem wegla, ktory przy
temperaturze powyzej 31,1°C i ci$nieniu 7,38 MPa osigga stan nadkrytyczny. CO, w stanie
nadkrytycznym ma niska lepkos¢ (3-7 x 107° Pa-s) i niemal zerowe napiecie
powierzchniowe, dzigki czemu z tatwoscig dyfunduje w matrycy zywnos$ci [Xue i wsp.
2016]. CO2 w stanie nadkrytycznym obniza pH wewnatrz komorek mikroorganizméow,
zaburzajac ich procesy metaboliczne, powoduje modyfikacj¢ bton komoérkowych oraz
fizyczne rozerwanie tkanek roslinnych, przyczyniajac si¢ do ekstrakcji zwigzkoéw
bioaktywnych. Jest on zatwierdzony jako substancja bezpieczna do stosowania w zywnosci
(GRAS), jest nietoksyczny, niepalny, niedrogi, fatwo dostepny oraz dzigki wysokiej
lotno$ci, tatwy do usunigcia z probki po procesie [Marszatek i wsp. 2019a, 2017a].

SCCD wykorzystywany jest w przemysle oraz w licznych badaniach naukowych do
ekstrakcji olejkow zawierajacych kannabinoidy (CBD) z konopi, suplementow diety,
chmielu, olejkow eterycznych, wanilii, czosnku i innych przypraw [Marszatek i wsp.
2017c, Qamar i wsp. 2021]. Technika mikronizacji, czyli mikrokapsutkowania
z wykorzystaniem plynéw nadkrytycznych znalazta rowniez szerokie zastosowanie
w farmacji. Wykazano, ze zastosowanie tej technologii zwigkszalo biodostepnosé
substancji czynnej leku [Liu i wsp. 2020, Kankala i wsp. 2017]. Utrwalanie produktéw
owocowych i warzywnych technika SCCD ma ogromny potencjal, ale nie jest jeszcze
stosowane na skale przemystowa. Przy cisnieniach dziesigciokrotnie nizszych niz
w przypadku HHP, pozwala na otrzymanie produktéw wysokiej jakosci 1 bezpiecznych
mikrobiologicznie. Jedng z barier stosowania tej techniki na szerszg skalg jest wcigz
niepetna znajomos$¢ parametrow zapewniajacych pelng inaktywacje enzymow

endogennych o wysokiej odpornosci na wysokie ci$nienia. Drugim ograniczeniem jest
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aplikacja gtownie w plynnych produktach spozywczych, takich jak soki, gdyz
przetwarzanie catych owocow, moze powodowaé znaczng deformacj¢ tkanek [Damar
I wsp. 2006, Marszatek i wsp. 2017c].

Obecnie brakuje badan na temat wptywu utrwalania zywnosci z wykorzystaniem SCCD
na biodostepnos$¢ antyoksydantow. Dostepne publikacje dotycza jedynie produktow
pomidorowych i biodostepnosci likopenu. Zastosowanie SCCD przy wybranych
parametrach przyczyniato si¢ do zwigkszenia izomeryzacji trans-likopenu do cis-likopenu,
ktory charakteryzuje si¢ wyzsza biodostepnoscia [Zhao i wsp. 2019].

Przegladu literatury dokonano wykorzystujac pierwsza z monotematycznego cyklu

publikacji [P1].

5. Hipoteza badawcza, cel i zakres pracy

Hipoteza badawcza:

Zastosowanie HHP i SCCD do utrwalania soku/ puree z czarnych porzeczek oraz soku
z burakéw ¢wiklowych  zwigksza  biodostgpno$¢  hydrofilowych  zwigzkow
przeciwutleniajacych.

Hipoteza ta weryfikowana bylta przy pomocy hipotez szczegdtowych formutowanych na
poszczegolnych etapach badan:

H1. Zastosowanie HHP wplywa na zwigkszenie biodostgpnosci witaminy C
i antocyjandw w puree z czarnej porzeczki.

H2. Zastosowanie SCCD wplywa na zwickszenie biodostepnosci witaminy C
I antocyjanéw w soku z czarnej porzeczki.

H3. Zastosowanie HHP wplywa na zwigkszenie biodostepnosci betalain w soku
Z buraka ¢wiktowego.

H4. Zastosowanie SCCD wptywa na zwigkszenie biodostepnosci betalain w soku
Z buraka ¢wikltowego.

H5 Obrobka wysokoci$nieniowa technikami HHP i SCCD wptywa na zwigkszenie
potencjatu przeciwutleniajacego produktow z czarnej porzeczki i buraka ¢wikltowego

po trawieniu.
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Cel:

Celem pracy bylo zbadaniec mozliwosci zastosowania wysokich cis$nien

hydrostatycznych i ditlenku wegla w stanie nadkrytycznym dla poprawy biodostepnosci

wybranych antyoksydantow obecnych w owocach i warzywach, z wykorzystaniem

modelowego przewodu pokarmowego in vitro.

Zakres pracy:

Graficzny opis zakresu pracy zostal przedstawiony na Rysunku 4.

Zakres pracy obejmowat:

Przygotowanie materiatu do badan: produkcja puree 1 soku z czarnej porzeczki
oraz soku z buraka ¢wiktowego,

Obrobka otrzymanych sokow/puree: termiczna, wysokim ci$nieniem
hydrostatycznym oraz ditlenekiem wegla w stanie nadkrytycznym, przy
wybranych parametrach ci$nienia,

Przeprowadzenie symulacji trawienia w modelu przewodu pokarmowego
in vitro uzupetnionego dializa,

Przeprowadzenie = oznaczen  zawarto$ci  wybranych  antyoksydantow
hydrofilowych oraz pojemnos$ci antyoksydacyjnej, przed trawieniem oraz po
kazdym etapie trawienia i dializie,

Obliczenie biodostepnosci badanych antyoksydantow,

Identyfikacja metabolitéw antocyjanéw w modelowym badaniu symulacji

trawienia gldwnego antocyjanu czarnej porzeczki (rutynozydu 3-O-delfinidyny).
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Faza jelitowa
(roztwor pankreatyny i zold, pH = 5.00, 2 h inkubadji)

Dializa
(membrana dializacyjna wypelniona 25 ml NaHCQs, pH = 7.50, 2 h)

Rysunek 4. Schemat zakresu pracy obejmujacy czg$¢ technologiczng i cz¢$¢ analityczng

prowadzonych badan.

Rysunek 5. Schemat organizacji badan z podziatem na publikacje, w ktorych opisano
poszczegolne etapy pracy.
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6. Materiaty i metody badawcze

6.1. Material badany

6.1.1. Owoce, puree i sok z czarnych porzeczek

Czarne porzeczki (Ribes nigrum L.) odmiany Tisel zostaly zakupione w lokalnej
hurtowni i zamrozone w temp —28°C do momentu rozpoczecia eksperymentow. Czes$¢
owocOw rozgnieciono w mozdzierzu (M) w celu zasymulowania przezuwania W jamie
ustnej. Kolejng cze$¢ przetworzono na puree (P) poprzez rozdrobnienie
w wielofunkcyjnym robocie kuchennym CL-30 (Robot Coupe, Francja) oraz
zhomogenizowanie w miynku koloidalnym (Rietz, San Francisco, USA) w celu
rozdrobnienia tkanki owocow do czastek o wielkosci ponizej 0,5 mm. Z tej samej partii
owocOw przygotowano rowniez SOK NFC (FJ) stosujac obrobke enzymatyczng miazgi
enzymem pektynolitycznym w dawce 400 g/tone (Klerzyme 150, DSM, Lille, France) w
temp. 45°C przez 1,5 h, a nastepnie wytloczenie na prasie hydraulicznej (Tako,
Czgstochowa, Polska). Otrzymane probki zapakowano w butelki szklane (200 ml),
zamrozono 1 przechowywano w temp. —20°C do czasu przeprowadzania analiz.
Przygotowany w ten sposob material zostal wykorzystany do przeprowadzenia

eksperymentow opisanych w publikacjach P2 i P3.

6.1.2. Sok z burakéw ¢wiktowych
Buraki ¢wiklowe (Beta vulgaris L.) zakupiono na lokalnym targu. Warzywa umyto,
usunigto czgsci niejadalne i przygotowano z nich sok NFC (FJ) z wykorzystaniem
sokowiréwki J80 Ultra (Robot Coupe, Francja). Sok zapakowano w butelki szklane (200
ml), zamrozono i przechowywano w temp. -20°C do czasu przeprowadzania analiz, ktore

byly przedmiotem pracy P4.

6.2. Cze$¢ technologiczna

6.2.1. Obrobka termiczna

Puree (TT) oraz sok z czarnej porzeczki (T85) i sok z buraka ¢wiklowego (T85)
pasteryzowano w pasteryzatorze wannowym (Labo Play, Polska) w temperaturze 85°C
przez 10 min. Pasteryzacja jest tradycyjna i najczesciej stosowang technikg utrwalania
produktow owocowych i warzywnych, dlatego zastosowano ja w celu porownania
uzyskanych wynikow z produktami przetwarzanymi innymi technikami. W celu
wyeliminowania wptywu tagodnej obrobki termicznej w przypadku techniki SCCD, dla
poréwnania przygotowano dodatkowe probki, ktore poddano tagodnej obrobcee termicznej
w 45°C przez 10 min (T45) [P2, P3, P4].
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6.2.2. Wysokie ci$nienie hydrostatyczne

Puree z czarnej porzeczki i sok z buraka ¢wikltowego zapakowano w butelki PET lub
HDPE i poddano obrébce HHP przy ci$nieniu 200, 400 i 500/600 MPa, w czasie 5 min i
temperaturze 20°C (HHP200, HHP400, HHP500/HHP600). Probki produktéw z czarnych
porzeczek poddano dziataniu wysokiego ci$nienia przy wspotpracy z Instytutem Wysokich
Cisnien — UNIPRESS w Warszawie z wykorzystaniem komory HHP, model U4000. Soki
z buraka ¢wiktowego poddano obrobce cisnieniowej na urzadzeniu CALIBER 70x1
(EXDIN Solutions Sp. z o.0., Krakow, Polska). Maksymalne stosowane ci$nienie byto

limitowane technicznymi mozliwo$ciami urzadzenia [P3, P4].

6.2.3. Ditlenek wegla w stanie nadkrytycznym
Soki z czarnej porzeczki oraz buraka ¢wiklowego poddano dziataniu SCCD przy: 10,
30 1 60 MPa, przez 10 min, w temperaturze 45°C (SCCD10, SCCD30, SCCD60). Proces
przebiegat w trybie periodycznym w aparacie Speed SFE 4 (Applied Separations, USA).
Probke utrwalano w komorze, wyposazonej w termoparg kontrolujaca temperature,
przeptukanej wczesniej CO2 w celu wyeliminowania obecnosci tlenu. Maksymalne

stosowane cisnienie byto limitowane technicznymi mozliwo$ciami urzadzenia [P2, P4].

6.3. Czgsc¢ analityczna

6.3.1. Model trawienia in vitro

Metodyke trawienia w przewodzie pokarmowym in vitro opracowano na podstawie
badan przeprowadzonych przez Buniowska 1 wsp. (2017) oraz zgodnie
z migdzynarodowym konsensusem grupy INFOGEST [Minekus’a i wsp. 2014]. Do
zakrgcanych butelek na 100 ml z ciemnego szkta pobrano 50 ml soku/ puree lub wody
destylowanej jako proby Slepej. Symulacje trawienia w jamie ustnej rozpoczeto poprzez
dodanie 5 ml roztworu enzymow slinowych (alfa-amylazy i mucyny), doprowadzenie pH
do 6,75 £ 0,20 za pomocg roztworow HCI (12 M lub 0,5 M) i NaOH (0,5 M lub 3 M) o
stezeniach dobranych do badanej matrycy (HI 211 m, Hanna Instruments, Woonsocket, RI,
USA) i termostatowanie roztworu w tazni wodnej z wytrzasaniem (Labo Play, SWB 8N,
Bytom, Polska) w 37°C przy 90 RPM, przez 10 minut. Probke o objetosci 10 ml po
trawieniu w jamie ustnej pobrano do analiz, a do pozostatej czgsci dodano 20 ml roztworu
pepsyny (3,2 g pepsyny, 2 g NaCl i 7 ml 38 % HCI w litrze wody destylowanej) i
doprowadzono do pH 2,00. Uzyskane probki ponownie inkubowano przez 2 h w 37°C
wytrzasajac przy 90 RPM. Ponownie 10 ml probki z etapu symulacji trawienia w zotadku

pobrano do analiz, a 20 ml z pozostatego roztworu przeniesiono do czystych butelek, gdzie

28



kontynuowano symulacje trawienia jelitowego poprzez doprowadzenie pH roztworu do
5,00 + 0,20 i dodanie 5 ml roztworu pankreatyny (1 g/L) i z6tci (25 g/L). Odpowiednio
wczesniej przygotowano 30 cm odcinki membrany celulozowej, wyjatowionej i
wypetnionej 25 ml NaHCO3 (0,5 M, pH 7,5). Tak przygotowane membrany dializacyjne
zanurzano W roztworach probek przygotowanych wczesniej do trawienia jelitowego i
inkubowano przez 2 h, 37°C. Uzyskany roztwor wewnatrz membrany dializacyjnej
stanowit frakcj¢ zwigzkow potencjalnie wchtaniang do krwioobiegu na drodze transportu
biernego. Roztwor z wngtrza membrany jak i spoza niej zabezpieczono do analiz. Po
zakonczeniu kazdego z etapéw symulacji trawienia probki pobrane do analiz umieszczono
w tazni lodowej na 10 minut, w celu przerwania dzialania enzyméw trawiennych.
Symulacja trawienia kazdego rodzaju prébek zostata wykonana w trzech powtorzeniach.
Probki pobrane do analiz przechowywano w zamrazarce w -20°C. Biodostepno$¢ (BAC)
wybranych antyoksydantéw obliczono na podstawie stosunku ich zawartosci we frakcji
potencjalnie wchtanianej do krwioobiegu (dializat) do wej§ciowej zawartosci w produkcie
przed rozpoczgciem symulacji trawienia (Réwnanie 1) i wyrazono w procentach [P2, P3,

P4].

BAc (%) =100 x (BCdiaIizat/BCprzed trawieniem) (1)
Roéwnanie 1. Obliczanie biodostepnosci (BAc — biodostepnos¢ antyoksydantu; BCaializat
— zawarto$¢ antyoksydantu w dializacie; BCprzed trawieniem — zawarto$¢ antyoksydantu przed

trawieniem).

6.3.2. Oznaczanie zawartosci witaminy C

Oznaczenie  zawartosci  witaminy C  jako  kwasu  L-askorbinowego
I L-dehydroaskorbinowego w probkach puree i sokoéw z czarnej porzeczki przeprowadzono
wedtug metody przedstawionej przez Odriozola-Serrano i wsp. (2007). W celu oznaczenia
kwasu L-askorbinowego probki rozcienczano 0,01% kwasem m-fosforowym, w zaleznosci
od rodzaju probki i filtrowano przez jednorazowy filtr strzykawkowy (0,45 um, Macherey-
Nagel, Diren, Niemcy). W celu oznaczenia sumy kwaséw L-askorbinowego
i L-dehydroaskorbinowego 0,5 ml wczeéniej przygotowanej probki mieszano z 0,5 ml
roztworu ditiotreitolu (DTT) (1 g/L w 0,01% kwasie m-fosforowym). Przed rozpoczeciem
oznaczen probki z DTT pozostawiono na 1 h w ciemnym miejscu w temperaturze 4°C.
Do analizy wykorzystano technik¢ wysokosprawnej chromatografii  cieczowej
wykorzystujac aparat HPLC firmy Waters (Milford, MA, USA) wyposazony W modut
separacyjny (2695 Separations Module) i detektor fotodiodowy (2995 Photodiode Array
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Detector). Rozdzial prowadzono na kolumnie Sunfire C 18, 5 um, 4,6 mm x 250 mm
Z odwrocong faza, wyposazonej w prekolumneg Sunfire C18 Sentry, 5 um, 4,6 mm x 20
mm (Waters, Milford, MA, USA) w temperaturze 25°C i przeptywie 1 m/min. Faze
ruchomag stanowit 0,01% kwas m-fosforowy. Czas analizy wynosit 10 min, a objetos¢
nastrzyku 10 ul. Kwas L-askorbinowy identyfikowano przy dtugosci fali 245 nm natomiast
zawarto$¢ kwasu L-dehydroaskorbinowego obliczono z réznicy migdzy sumg obu kwasow

po reakcji z DTT a zawarto$cig kwasu L-askorbinowego w probce bez DTT [P2, P3].

6.3.3. Ekstrakcja antocyjandéw z puree z czarnej porzeczki

Okoto 0,5 g probki homogenizowanej (przed trawieniem oraz po etapie trawienia
W jamie ustnej i zotagdku) odwazano na wadze technicznej (Medicat LTD 1600C, Zurich,
Szwajcaria) a nastepnie ekstrahowano 80% roztworem metanolu zakwaszonym 0,1% HCI
poprzez wytrzasanie przez 5 min przy 400 RPM (wytrzasarka, DLAB, Labindex, SK-0330-
Pro, Warszawa, Polska) oraz dziatanie ultradzwickami przez 5 min (faznia ultradzwickowa,
MKD-6, Warszawa, Polska). Nastepnie calos¢ wirowano przez 5 min przy 9961 g
(wirébwka, Rotina 380R, Hettich, Tuttlingen, Niemcy). Supernatant zbierano do kolby

miarowej 0 objetosci 50 ml powtarzajac ekstrakcje szesciokrotnie [P2].

6.3.4. Oznaczanie zawartosci antocyjanéw

Oznaczanie zawarto$ci antocyjanéw zostalo przeprowadzone zgodnie z metodyka
opisang przez Oszmianskiego (2002). Odpowiednie rozcienczenia sokow i ekstraktow
z czarnej porzeczki (pkt. 6.3.3.) oraz probki produktow po kazdym etapie trawienia
filtrowano (0,45 pm) przed analiza chromatograficzng. Zastosowano uktad HPLC
i kolumng chromatograficzng analogicznie jak w punkcie 6.3.2. Analiz¢ prowadzono
w temperaturze 25°C, probki termostatowano w 5°C w autosamplerze, obj¢tos¢ nastrzyku
wynosita 10 ul, a czas analizy 26 minut. Zastosowano gradientowy przeptyw eluentow:
A— 4,5% wodny roztwor kwasu mrowkowego 1 B — roztwor sktadajacy si¢ w 80%
z acetonitrylu i 20% eluentu A. Szybkos¢ przeptywu wynosita 1,0 ml/min, a profil
gradientu byt nastepujacy: 0 min — 0% A, 7 min — 17% A; 15 minut — 17% A; 21 minut —
100% A; 26 min — 0% A. Antocyjany oznaczono ilosciowo przy dtugosci fali 520 nm. Ilos¢

antocyjanow podawano w przeliczeniu na cyjanidyno 3-glukozyd [P2, P3].

6.3.5. Oznaczanie zawarto$¢ betalain
Analiza zawartosci Dbetalain zostata przeprowadzona zgodnie z metodologia

przedstawiong przez Ravichandran i wsp. (2013). Analizy wykonano wykorzystujac
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zestaw chromatograficzny opisany w pkt. 3.3.2. Rozdziat prowadzono na kolumnie Sunfire
C8, 5 um 250 x 4,6 mm potaczonej z prekolumng Sunfire C8, 5 um, 20 x 4,6 mm (Waters,
Milford, USA) w temperaturze 30°C. Odpowiednie rozcienczenia sokow filtrowano przez
filtr strzykawkowy 0,45 um (Waters, Milford, USA). Rozdzial prowadzono przez 60 min,
przy predkosci przeptywu fazy ruchomej 1 ml/min i nastrzyku 10 ul. Faze ruchomg
stanowit 0,2% kwas mrowkowy (A) i acetonitryl (B) natomiast rozdziat prowadzono w
systemie gradientowym: 0 min — 100% A, 7 min — 100% A, 7-17 min — 97% A, 17-27
minut — 90% A, 27-35 minut — 90% A, 35-45 minut — 80% A, 45-50 minut — 0% A, 50-55
minut — 100% A, 55-60 minut — 100% A. Betacyjaniny identyfikowano przy dtugosci fali
538 nm i wyrazano je jako rOwnowaznik betaniny, podczas gdy betaksantyny wykrywano
przy dtugosci fali 480 nm i wyrazano jako rownowaznik wulgaksantyny | [P4].

W celu identyfikacji betalain, §wiezy sok z burakéw 5-krotnie rozcienczono 0,2%
kwasem mrowkowym (faza A), a nastgpnie odwirowano. 2 ml supernatantu naniesiono na
kolumng Sep-Pak C18 (Waters, Mil-ford, USA). Betaksantyny eluowano 6 ml fazy A, a
betacyjaniny 6 ml fazy B (acetonitryl), zebrano w 10 ml kolbie i dopetniono do kreski.
Calkowite st¢zenie obu barwnikow obecnych w zebranych frakcjach okreslono
spektrofotometrycznie na podstawie molowych wspodtczynnikow ekstynkcji 1 obliczono

wedlug rownania 2.

Zawartos¢ betalain (mg/L) = A x DFE x MV x 1000/ (e x 1) (2)

Rownanie 2. Zawarto$¢ betacyjanin i betaksantyn (A — absorpcja, DF — wspotczynnik
rozcienczenia, MW — masy czasteczkowe, e — molowy wspotczynnik ekstynkcji, 1 —
dhugos¢ drogi optycznej. (Betacyjaniny — MW = 550 g/mol; ¢ = 60 000 L/mol x cm;
Betaksantyny — MW = 308 g/mol; e = 48 000 L/mol x cm).

Otrzymane frakcje o znanych stezeniach postuzyty do przygotowania serii rozcienczen
do krzywych wzorcowych (R2 > 0,99). Poszczegolne betalainy zidentyfikowano
analogicznie jak we wczesniejszych pracach [Sokotowska i wsp. 2017] oraz na podstawie
czasOw retencji porownywanych z danymi literaturowymi [Nemezer i wsp. 2011, Khan i
Giridhar 2015, Miguel 2018].

6.3.6. Oznaczanie pojemnosci przeciwutleniajacej wobec rodnika ABTS+e
Analiz¢ przeprowadzono wedlug metody opisanej przez Re i wsp. (1999). Roztwor
rodnikow sporzadzono poprzez potaczenie 7 mM ABTS++ 12,45 mM nadsiarczanu potasu,
a nastepnie inkubacj¢ W ciemnym miejscu przez 18 h. Przed uzyciem roztwor rodnikow

rozcienczono etanolem do absorbancji 0,740-0,750 mierzonej przy dtugosci fali 734 nm.
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Roztwor Troloxu w etanolu (1 mg/ml) stanowit material odniesienia, z ktorego
przygotowano sze$ciopunktowa krzywa wzorcowa o stezeniach: 50, 100, 150, 200, 250,
300 pg/ml. Probki ekstraktow (pkt. 6.3.3.) lub sokow z czarnej porzeczki i buraka
¢wiktowego, przed i po trawieniu, byly odpowiednio rozcienczane, tak aby ich absorbancja
miescilta si¢ w zakresie pomiarowym po odbarwieniu roztworu. Do kuwety odmierzano
0,025 ml kolejnych wzorcoOw Troloxu, badanej probki lub wody jako proby Slepej,
nastepnie dodawano 2,5 ml roztworu rodnikow ABTS+e i doktadnie mieszano. Probki
inkubowano w 30°C przez 6 minut, a nast¢gpnie mierzono absorbancj¢ przy dlugosci fali
734 nm wobec etanolu. Wyniki wyliczono z uwzglednieniem krzywej wzorcowej oraz
rozcienczenia i wyrazono jako rownowaznik pojemno$ci przeciwutleniajgcej Trolox
(TEAC — Trolox Equivalent Antioxidant Capacity). Do pomiaru absorbancji zastosowano
spektrofotometr UV/Visible Ultrospec 2000 (Pharmacia Biotech, Wielka Brytania) [P2,
P3, P4].
6.3.7. Oznaczanie pojemnosci przeciwutleniajgcej wobec rodnika DPPHe

Analiz¢ wykonano zgodnie z metoda przedstawiong przez Yen i Chen (1995). Rodniki
DPPHe (1 mM) rozpuszczono w metanolu, inkubowano przez 3 h w ciemnym miegjscu i
rozcienczono okoto 10-krotnie do uzyskania absorbancji 0,700-0,800 przy 517 nm. Do
pomiarow absorbancji wykorzystano spektrofotometr opisany w punkcie 3.3.6. Wykonano
réwniez krzywa wzorcowa z roztworu Troloxu w etanolu (1 mg/ml), uzyskujac szesé
punktow o stezeniach: 10, 20, 30, 40, 50 i 100 pg/ml. Probki ekstraktow (pkt. 3.3.3.) lub
sokéw z czarnej porzeczki 1 buraka ¢wiklowego, przed i po trawieniu byty odpowiednio
rozcienczane, tak aby ich absorbancja miescita si¢ w zakresie pomiarowym po odbarwieniu
rodnika. Analize przeprowadzono poprzez odmierzanie do kuwety 0,1 ml kolejnych
roztworéw Troloxu, badanej probki lub wody jako proby slepej oraz 2 ml roztworu
rodnikbw DPPHe, anastgpnie pozostawienie kuwety w ciemnos$ci na 30 min w
temperaturze pokojowej (22 + 1°C). Absorbancj¢ mierzono przy dtugosci fali 517 nm
wobec etanolu. Wyniki wyliczono z uwzglgdnieniem krzywej wzorcowej oraz
rozcienczenia i wyrazono jako rownowaznik pojemnosci przeciwutleniajacej Trolox

(TEAC — Trolox Equivalent Antioxidant Capacity) [P2, P3, P4].
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6.3.8. ldentyfikacja metabolitow delfinidyno-3-O-rutynozydu za pomoca
ultrawysokosprawnej chromatografii cieczowej sprzezonej z tandemowym
spektrometrem mas — UPLC-MS/MS

Analizy wykonano zgodnie z metodologia zaproponowang przez Kapusta i wsp. (2018).
Analizy prowadzono przy uzyciu systemu UPLC-PDA-MS/MS ACQUITY (Waters,
Milford, MA, USA) z detektorem PDA i tandemowym kwadrupolowym spektrometrem
masowym (TQD). Rozdziat prowadzono na kolumnie BEH C18 (100 mm x 2,1 mm, 1,7
um, Waters) w temperaturze 50°C. Faze¢ ruchoma stanowity roztwory: 2% kwas
mrowkowy (A) i 2% kwas mroéwkowy w wodnym roztworze acetonitrylu (40% v/v) (B).
Gradientowy przeptyw eluentu, przy predkosci 0,35 ml/min, przebiegat nastepujaco: 0 min
5% B, 0-8 min liniowo do 100% B, 89,5 min na przemywanie i powr6t do warunkow
poczatkowych. Probki przesgczono przez filtr membranowy (0,45 um, Merck Millipore,
Burlington, MA, USA) i wstrzykni¢to bezposrednio do kolumny chromatograficznej,
objetos¢ nastrzyku wynosita 5 pl. Parametrami zastosowanymi dla TQD byly: napiecie
kapilarne 3,5 kV; napigcie stozka 30 V w trybie dodatnim i ujemnym; zrédto utrzymywano
w temperaturze 250°C, a temperaturg desolwatacji 350°C; przeptyw gazu w stozku 100 1/h;
i przeptyw gazu desolwatacyjnego 800 I/h. Jako gaz kolizyjny zastosowano argon przy
natezeniu przeptywu 0,3 ml/min. Detekcje 1 identyfikacje zwigzkéw chemicznych oparto
na charakterystycznych widmach PDA, stosunku masy do tadunku oraz fragmentach jonow
powstatych po dysocjacji wywotanej kolizjg (CID). Analiza iloSciowa byta mozliwa tylko
dla jednego zwiazku 1 opierata si¢ na okre§lonych przejsciach MS w trybie monitorowania
wielu reakcji (MRM). Oceng ilosciowa zwigzku przeprowadzono na podstawie krzywej
wzorcowej. Do zbierania i przetwarzania danych stosowano oprogramowanie Waters
MassLynx v.4.1 [P3].

6.4. Analiza statystyczna

W celu statystycznej analizy wynikéw przeprowadzono jednoczynnikowg analize
wariancji ANOVA oraz analiz¢ istotnosci réznic wartosci Srednich testem Tukeya na
poziomie ufnosci a = 0,05. Do analizy statystycznej wykorzystano oprogramowanie
Statistica 7.1 (StatSoft, Tulsa, OK, USA). Wszystkie rodzaje produktéw poddawano
trzykrotnej symulacji trawienia, a analizy chemiczne wykonano w dwoch powtorzeniach
[P2, P3, P4].
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7. Omowienie 1 dyskusja wynikow

7.1. Wpltyw HHP na stabilno$¢ i biodostepno$¢ witaminy C

Wplyw HHP na stabilnos¢ i biodostgpnos¢ witaminy C jako kwasu L-askorbinowego
W puree z czarnej porzeczki zostat opisany w publikacji P2. Zastosowanie obrobki HHP
przy cisnieniu 200 i 400 MPa nie wptyng¢to istotnie na zawartos¢ witaminy C w produktach
z czarnej porzeczKi. Pomig¢dzy probkami poddanymi réznym sposobom utrwalania
zauwazalne byty statystycznie istotne rdznice w zawarto$ci witaminy C na poszczegolnych
etapach trawienia, co moze $§wiadczy¢ 0 zwigkszonej wydajnosci ekstrakcji sktadnikow
Z matrycy potaczonej z ich wigkszg stabilno$cig w przewodzie pokarmowym. Znaczacy
wplyw na stabilno$¢ witaminy C w czasie trawienia miaty najprawdopodobniej drastyczne
zmiany pH na poszczegdlnych etapach symulacji. We wszystkich probkach odnotowano
okoto 50% spadek mierzonej zawartosci kwasu L-askorbinowego po symulacji trawienia
w jamie ustnej (pH=6,75 + 0,20), nastepnie jej wzrost na etapie symulacji trawienia
w zotadku (pH=2,00 £ 0,20). W probkach po trawieniu w jelicie cienkim i dializie
(pH=7,50 £+ 0,20) odnotowano okoto 98% degradacj¢ witaminy C. W dializacie
witamine C wykryto jedynie w probkach poddanych wczesniej obrobce HPP przy ci$nieniu
400 i 600 MPa ale byty to §ladowe ilosci tego zwigzku. Inni autorzy rowniez odnotowali
znaczng degradacje witaminy C po trawieniu w alkalicznych warunkach panujacych
w jelicie, np. 0 91%, w przypadku surowych brokutow [Vallejo i wsp. 2004], czy tez >95%
w sokach z granatow [Pérez-Vicente i wsp. 2002]. Badania nad witaming C w sokach
wieloowocowych potwierdzily rowniez jej stabilnos¢ w warunkach zotadkowych na
poziomie ponad 75% oraz istotny spadek podczas trawienia jelitowego [Rodriguez-Roque
I wsp. 2013]. Obserwowane przemiany kwasu L-askorbinowego mozna tlumaczy¢
utlenianiem go do kwasu L-dehydroaskorbinowego w obojetnym $rodowisku obecnym
w jamie ustnej i redukcja powstatego kwasu ponownie do kwasu L-askorbinowego
w kwasnym Srodowisku zotadka. Reakcje te sa odwracalne i mogly przyczyni¢ si¢ do
zmian W mierzonej zawartosci witaminy C w poszczegdlnych etapach trawienia.
W literaturze S$wiatowej brak jest innych podobnych badan dotyczacych przemian
zawartos$ci witaminy C podczas trawienia, obejmujacych etap jamy ustnej, a takze wptywu
techniki HHP na jej stabilno$¢ i biodostepnosc.

Biodostepno$¢ witaminy C w puree z czarnej porzeczki, obliczona na podstawie jej
zawartosci w dializacie, byta bardzo niska i siegata ok. 1% w probkach utrwalanych
technika HHP przy ci$nieniu 400 i 600 MPa. Jednocze$nie byla istotnie wyzsza niz ta

obliczona dla witaminy C obecnej w probkach pasteryzowanych i nieprzetworzonych,
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w ktoérych siegata zaledwie 0,3%. Zwigkszona biodostgpnos¢ witaminy C w probkach
utrwalanych HHP byla powigzana z jej wyzszg stabilnoScig podczas trawienia,
W szczegblnosci na etapie prowadzenia dializy. Cisnienie ponizej 400 MPa nie wptywato
istotnie na biodostepnos¢ witaminy C. Zjawisko to mozna tlumaczy¢ niedostateczng
degradacja enzymow tkankowych, takich jak oksydazy polifenolowe i1 peroksydazy, ktore
mogty przyspiesza¢ degradacj¢ witaminy C podczas etapu trawienia w jamie ustnej, przy
pH (6,7 = 0,2) sprzyjajacym aktywnos$ci tych enzymoéw [Marszatek i wsp. 2019a].
Ze wzgledu na to, ze witamina C moze by¢ rowniez wchlaniania w zotadku lub
proksymalnym odcinku jelita cienkiego [Rodriguez-Roque 2013], przeprowadzono analize¢
potencjalnego stopnia wchlaniania tego zwigzku po symulacji trawienia pepsyna.
Potencjalny stopien wchlaniania witaminy C po trawieniu w zotadku byt zdecydowanie
wyzszy, €O wynikalo ze znacznie wyzszej stabilnosci tego zwigzku w niskim pH
panujacym na tym etapie trawienia. Zastosowanie HHP przy 400 i 600 MPa skutkowato
wyzszym 0 odpowiednio 5% i 10% potencjalnym stopniem wchianiania witaminy C
W poréwnaniu do probek nieutrwalanego puree. W przypadku probek utrwalanych HHP
przy cisnieniu 600 MPa potencjalny stopien wchianiania witaminy C si¢gat 90% i byt na
poziomie najmniej przetworzonych owocOw czarnej porzeczki, zmiazdzonych jedynie
W mozdzierzu przed symulacjg trawienia.

Badania dotyczace wptywu HPP na biodostepnos¢ witaminy C sg nieliczne i nie
wyjasniajg w pelni mechanizmu zachodzacych zaleznos$ci. Cilla i wsp. (2012) odnotowali,
ze pomimo zachowania wysokiej stabilno$ci witaminy C w probkach sokéw owocowo-
mlecznych po zastosowaniu HPP (400 MPa, 40°C, 5 min), nie odnotowano wzrostu
biodostepnosci tego sktadnika. Z kolei w badaniach Rodriguez-Roque i wsp. (2015)
wykazano wzrost biodostepnosci witaminy C w napojach owocowych z woda, mlekiem
lub napojem sojowym poddanych obrobce HPP (400 MPa, 40°C, 5 min) w poréwnaniu
Z probkami poddanymi obrdbce termicznej (90°C, 60 s). Autorzy stwierdzili, ze HPP moze
przyczynia¢ si¢ do inaktywacji enzymow odpowiedzialnych za utlenianie witaminy C,
takich jak oksydaza askorbinianowa i peroksydazy, podczas gdy krotkotrwate ogrzewanie
moze nie wystarczy¢ do inaktywacji tych enzymoéw i moga one powodowac wigksza
degradacj¢ witaminy C przed trawieniem.

Mechanizm odpowiedzialny za réznice w przebiegu trawienia probek utrwalanych
wysokim ci$nieniem w porownaniu do pasteryzowanych i nie poddawanych obrébce, jak
réwniez wptywu HHP na biodostepnos¢ nie jest do konca poznany. Wiadomo, ze wysokie

cisnienia hydrostatyczne moga wptywaé¢ na wigzanie sktadnikow bioaktywnych
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z wielkoczgsteczkowymi strukturami, takimi jak pektyny, co powodowato spowolnienie
ich uwalniania w czasie symulacji trawienia, mniejszg degradacje tych skladnikoéw
I mniejsza podatno$¢ na konwersj¢ do niewykrywalnych form [Ribas-Agusti i wsp. 2018].
Wysokie cisnienia moga tez wptywac na zwigkszenie ekstrakcji zwigzkow bioaktywnych
poprzez uszkodzenie struktur komorkowych matrycy roslinnej. Bardzo duzy wpltyw na
biodostepnos¢ sktadnikow bioaktywnych ma rowniez rodzaj matrycy pokarmowej [Lingua

i wsp. 2018, Rodriguez-Roque, 2013].

7.2. Wptyw HHP na stabilnos¢ i biodostgpnos¢ antocyjanow

Wptyw HHP na stabilno$¢ i biodostepno$¢ antocyjandw w puree z czarnej porzeczki
zostal opisany w publikacji P2. Profil antocyjanéw czarnej porzeczki jest bardzo
charakterystyczny dla tych owocow i sktada si¢ z: delfinidyno-3-O-rutynozydu (df-3-O-
rut), cyjanidyno-3-O-rutinozydu (cy-3-O-rut), delfinidyno-3-O-glukozydu (df-3-O-glu) i
cyjanidyno-3-O-glukozydu (cy-3-O-glu). Zastosowanie HHP, czy pasteryzacji termicznej
nie powodowato istotnego obnizenia zawartosci antocyjanéw w puree z czarnej porzeczki.
Dynamika degradacji antocyjanéw byta podobna jak w przypadku witaminy C. Na etapie
trawienia w jamie ustnej obserwowano znaczny spadek mierzonej zawartosci antocyjanow,
nastepnie wzrost ich zawartosci na etapie zotadka oraz drastyczng degradacje w warunkach
panujacych w jelicie. Podobne zjawisko odnotowywano w badaniach innych autorow
[Carbonell-Capella i wsp. 2015, Lingua i wsp. 2018, Bouayed i wsp. 2011, Correa-Betanzo
i wsp. 2014, Tagliazucchi i wsp. 2010, McDougall i wsp. 2005]. Wynikajg one gtownie
Z przemian chemicznych antocyjandw tj. przemian zwigzanych z tworzeniem si¢ chinonéw
I bezbarwnych hemiketali w wyniku zmiany pH $rodowiska [Torskangerpoll i Andersen
2005]. Reakcje te sg odwracalne, co wptywa na mierzong zawarto$¢ antocyjanéw na
réznych etapach trawienia. W probkach pasteryzowanych odnotowano 70% spadek
zawarto$ci antocyjanow na etapie jamy ustnej, natomiast w probkach utrwalanych HHP
przy cisnieniu 200 MPa, 400 MPa i 600 MPa odpowiednio 64, 55 i 56%, co $wiadczy o
tym, ze antocyjany w probkach po HHP byly stabilniejsze w obojetnym pH. Dziatanie
ochronne mogt wywotaé potencjalnie wyzszy udziat btonnika rozpuszczalnego w probkach
HHP [Yan i wsp. 2019]. Podobnego efektu nie zaobserwowano na etapie trawienia w jelicie
cienkim, stopien degradacji antocyjanéow byt bardzo duzy i nie réznit si¢ znaczaco w
probkach poddanych innym sposobom utrwalania (95-99%).

Biodostepno$¢ antocyjanéw ogodtem byta bardzo niska. Nie wykazano wptywu HHP

I pasteryzacji na popraw¢ biodostgpnosci antocyjanow, ktora we wspomnianych probkach
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soku i puree wynosita zaledwie 0,2—-0,3%. W owocach rozgniecionych w mozdzierzu, ktore
odwzorowuje spozycie $wiezych owocoéw, odnotowano najwyzszg biodostepnosé
antocyjanow (1,62%) w stosunku do puree w stanie surowym oraz po kazdym rodzaju
obrébki, co potwierdza przypuszczenia, ze stopien rozdrobnienia surowca ma istotny
wpltyw na biodostepnos¢ sktadnikow bioaktywnych. Tkanka owocow spozywanych na
swiezo moze dziata¢ ochronnie na antocyjany umozliwiajagc im dotarcie do koncowych
odcinkéw przewodu pokarmowego w niezmienionej formie. Ze wzglgedu na doniesienia
0 mozliwo$ci wchlaniania antocyjanéw réwniez poprzez Sciany zotadka [Milbury i wsp.
2002, Cao i wsp. 2001], wyliczono potencjalny stopien wchianiania na podstawie
zawarto$ci antocyjanOw na tym etapie trawienia. Wysoka stabilno$¢ antocyjanow
w kwasnym pH zotadka wplywa na wyzszy potencjalny stopien wchianiania antocyjanow,
ktory siggat 63-66% dla probek utrwalanych HHP. Zastosowanie ci$nienia 600 MPa
pozwolito na uzyskanie na tym etapie trawienia istotnie wyzszego potencjalnego stopnia
wchianiania antocyjandw niz w probkach pasteryzowanych (o 13%) a takze surowych
(0 6%).

Niska biodostepno$¢ antocyjanow potwierdzajg inne zrodta [Grajek 2007, Ribas-Agusti
i wsp. 2018]. Antocyjany to zwiazki szczegdlnie wrazliwe na warunki otoczenia, takie jak:
pH, temperatura, obecnos¢ tlenu, $wiatta, jony metali, enzymy tkankowe, mikroorganizmy
iinne [Sharma i wsp. 2016]. Ograniczona biodostepno$¢ antocyjanéw w formach
natywnych moze by¢ zwigzana z potaczeniami z innymi sktadnikami tkanki ro$linnej,
takimi jak pektyny, ktorych bogatym zrodtem sa czarne porzeczki. Z drugiej strony
zwigzanie w wielkoczasteczkowych strukturach moze przyczynia¢ si¢ do zwigkszenia
stabilno$ci tych zwigzkow w przewodzie pokarmowym 1 umozliwi¢ transport tych
zwigzkoéw do jelita w niezmienionej formie [Ribas-Agusti i wsp. 2018]. Biodostgpnosé
poszczegblnych antocyjanow jest zalezna od ich budowy chemicznej, np. wigksza liczba
grup —OCH3 sprzyja stabilnos$ci zwigzkow w przewodzie pokarmowym dzigki czemu
biodostepnos¢ tych zwigzkéw moze by¢ wigksza w poréwnaniu do antocyjanow o innej

budowie czasteczki [Peixoto i wsp. 2018].

7.3. Wpltyw HHP na stabilno$¢ i biodostgpnos¢ betalain

Wptyw HHP na stabilno$¢ betalain w probkach soku z buraka ¢wiktowego w czasie
trawienia i ich biodostepnos¢ opisano W publikacji P4. Wsrod zwigzkoéw nalezacych do
betalain oznaczono i analizowano zawarto$¢ betanin, izobetanin i neobetanin, nalezacych

do grupy betacyjanin, oraz wulgaksantyny 1 iwulgaksantyny Il, nalezacych do
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betaksantyn. Sposob obrobki (termiczna, HHP i SCCD) oraz wysokos$¢ stosowanego
ci$nienia nie miaty istotnego wptywu na profil betalain w soku z burakoéw. Procesy obrobki
termicznej w 45°C i 85°C oraz HHP przy cisnieniu 200 MPa nie przyczynily si¢ do
degradacji betacyjanin i betaksantyn w porownaniu do surowego Soku przed trawieniem.
Betacyjaniny i betaksantyny okazaly si¢ by¢ jednak wrazliwe na dzialanie wyzszych
parametréw cisnienia. Odnotowano istotny spadek zawarto$ci obu tych grup zwiagzkow po
zastosowaniu HHP przy 400 i 500 MPa o odpowiednio 16% i 23%, aczkolwiek aktualne
doniesienia literaturowe sa niejednoznaczne. Istniejg prace wskazujace na to, ze proces
HHP przyczynit si¢ do spadku [Sokotowska i wsp. 2017, Ubeira-lIglesias i wsp. 2019], jak
i wzrostu [Paciulli i wsp. 2016, Jiménez-Aguilar i wsp. 2015] zawartosci betalain. Rdznice
te moga wynika¢ z roznorodnosci odmianowej burakow, jak réwniez aktywnosci
natywnych enzymow tkankowych przyspieszajacych degradacje tych sktadnikdw.

Dynamika trawienia betalain réznita si¢ w zaleznosci od rodzaju pigmentow
(betacyjaniny, betaksantyny) oraz zastosowanej obrobki. Betacyjaniny ulegaty wigkszej w
poréwnaniu do betaksantyn degradacji po symulacji trawienia w jamie ustnej oraz
wykazywaly wyzszg stabilno$¢ w kwasnym pH Zotadka. Betaksantyny pozostaty stabilne
w pH jamy ustnej a ich zawarto$¢ drastycznie malata na etapie symulacji trawienia w
zotadku i ulegata niewielkim zmianom po symulacji trawienia jelitowego. Betacyjaniny
Z kolei ulegly znacznej degradacji po trawieniu w alkalicznym $rodowisku jelita.
W badaniach innych autoréw odnotowano istotny wplyw matrycy soku z opuncji figowej
1 buraka ¢wiklowego na wyzsza stabilno$¢ betacyjanin podczas symulacji trawienia w
zoladku w poréwnaniu do trawienia ekstraktow z tych surowcow. Podobna zalezno$¢ nie
wystapita w przypadku wulgaksantyny I, ktora ulegata stopniowej degradacji w czasie
trawienia [Tesoriere i wsp. 2008].

Obrobka HHP przy cisnieniu 200 MPa w najmniejszym stopniu wptywata na degradacje
betalain na kazdym kolejnym etapie trawienia w poréwnaniu do pozostatych technik
I parametréw utrwalania. Zastosowanie 400 i 500 MPa nie spowodowato pozytywnego
wplywu na stabilno$¢ betacyjanin 1 betaksantyn. Catkowity spadek zawartosci betalain w
czasie trawienia w poréwnaniu z zawartoscig przed trawieniem wynosit okoto 72% (+5%)
w probkach HHP i okoto 79% (£1,5%) w probkach soku surowego i sokow po obrobce
termicznej w 45°C i 85°C, co skutkowalo poprawg biodostepnosci betalain ogdtem w
probkach HHP. W innych badaniach in vitro odnotowywano utrate betalain w przewodzie
pokarmowym do 96-99% [Desseva i wsp. 2020, Sawicki i wsp. 2019]. Betalainy sa

metabolizowane do kwasu betalamowego i cyklo-DOPA, a takze form
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dekarboksylowanych [Sawicki i wsp. 2019] oraz ulegaja degradacji pod wplywem
obecnosci tlenu i zmiennego pH. Ich stabilno$¢ i stopien ekstrakcji z tkanki roslinnej zaleza
rowniez od rodzaju matrycy zywnosci [Nirmal i wsp. 2021].

Zastosowanie HHP poprawilo biodostepnos¢ betacyjanin w poréwnaniu z probkami
surowych sokéw oraz utrwalanych termicznie w 45°C i 85°C, ale nie wptyn¢ta na
biodostepnos¢ betaksantyn. Poczatkowa wysoka zawarto$¢ betalain w sokach surowych
I po obrobce termicznej nie wplyneta na uzyskanie wyzszej biodostepnosci pigmentéw w
testowanych probkach. Sposrod testowanych parametrow HHP najkorzystniejszy wptyw
na biodostgpnos¢ obu grup betalain miato cisnienie 200 MPa. Biodostepnos¢ betacyjanin i
betaksantyn 1 ich wrazliwo$¢ na dziatanie obrobki wysokoci$nieniowej roézni si¢ ze
wzgledu na réznice w budowie chemicznej tych zwigzkoéw [Desseva i wsp. 2020, Gomez-
Maqueo i wsp. 2021]. Gémez-Maqueo i wsp. (2021) odnotowali wzrost biodostgpnosci
betaniny 0 20-27% w probkach migzszu opuncji figowej poddanego obrobce HHP przy
350 MPa, w czasie 5 min, w poréwnaniu do probek nieutrwalanych. Podobnych efektow
nie przyniosto zastosowanie cisnienia 100 i 600 MPa, co autorzy ttumaczyli mozliwym
wplywem zastosowanych parametréw ci$nienia na zmiany sktadnikow obecnych w
matrycy pokarmowej, takich jak enzymy i polisacharydy. Nie odnotowano rowniez
zwigkszonej biodostepnosci indykaksantyny, atakze betalain pochodzacych ze skorki
owocow. Wplyw parametréw ci$nienia na biodostepnos$¢ byl niezalezny od poczatkowe;j
zawartosci tych zwigzkow przed trawieniem, co znajduje potwierdzenie réwniez W
niniejszej pracy. Zastosowanie HHP moze przyczynia¢ si¢ do poprawy ekstrakcji
zwigzkoéw bioaktywnych z tkanki roslinnej oraz powodowa¢ zmiany W matrycy ro$linnej,
takie jak wzrost zawartosci rozpuszczalnego blonnika pokarmowego, ktory mogt
zwigkszy¢ stabilno$¢ betalain w uktadzie pokarmowym [Gomez-Maqueo i wsp. 2021].
Obrobka HHP moze zmniejsza¢ ilos¢ komplekséw polifenoli z biatkami w poréwnaniu z
probkami poddanymi obrébce termicznej, co moze pozytywnie wptywac na biodostgpnosé¢

zwigzkow wielkoczasteczkowych [Stiibler i wsp. 2020].

7.4. Wptyw HHP na pojemno$¢ przeciwutleniajaca podczas trawienia

Wptyw HHP na pojemno$¢ przeciwutleniajaca probek na réznych etapach trawienia
opisano w publikacji P2 oraz P4.

Pojemnos$¢ przeciwutleniajgca przed trawieniem mierzona wobec ABTS+e w probkach
czarnej porzeczki utrwalanych HHP przy ci$nieniu 400 i 600 MPa nie rdznila si¢ istotnie

wobec probek niepoddanych obrobee i byla istotnie wyzsza w porownaniu do probek
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pasteryzowanych i HHP przy 200 MPa. W metodzie z rodnikiem DPPHe, nie wykazano
statystycznie istotnego wplywu Sposobu utrwalania na wtasciwosci przeciwutleniajgce
czarnej porzeczki przed trawieniem, a takze na etapie symulacji trawienia w jamie ustne;j.
W probkach badanych metoda z rodnikiem ABTS+e trawienie enzymami $§linowymi
i pepsyng zwiekszalo pojemno$é przeciwutleniajgcg owocow, €O nhajprawdopodobnigj
wynikalo z uwalniania z matrycy roslinnej zwigzkéw o wysokim potencjalne
antyoksydacyjnym np. kwaséw fenolowych. Zastosowanie cisnienia 400 i 600 MPa
spowodowalo wzrost pojemnosci przeciwutleniajagce] w porownaniu do probek
pasteryzowanych, na etapie symulacji trawienia w jamie ustnej. Na etapie trawienia
W zotadku wzrost ten byt obserwowany jedynie w przypadku probek HHP przy 400 MPa.
Podobne obserwacje odnotowano w przypadku analiz z rodnikami DPPHe, gdzie
zaobserwowano wzrost pojemnos$ci przeciwutleniajacej w probce po trawieniu pepsyna
oraz pozytywny wplyw zastosowania ci$nienia 400 i 600 MPa w poréwnaniu do
pasteryzacji. W wyniku symulacji trawienia w jelicie cienkim nastgpowat znaczny spadek
pojemnos$ci przeciwutleniajagcej we wszystkich probkach, skorelowany z degradacja
zwigzkow bioaktywnych czarnej porzeczki. Nalezy jednak zwrédci¢é uwage, ze spadek
pojemnos$ci przeciwutleniajacej byt nieporownywalnie mniejszy niz spadek zawarto$ci
antocyjanow 1 witaminy C. Moze to wskazywa¢ na obecno$¢ metabolitow antocyjandw,
0 znacznie wyzszym potencjalne przeciwutleniajagcym w poréwnaniu do zwigzkow,
z ktorych powstaly. Zarowno w metodzie z rodnikiem ABTS+e jak i DPPHe probki
utrwalane technika HHP przy ci$nieniu 400 i 600 MPa wykazywaly istotnie wyzsza
pojemnos$¢ przeciwutleniajacag we frakcji jelitowej i dializacie w poréwnaniu do probek
pasteryzowanych. Moze to $wiadczyé o pozytywnym wplywie HHP na uwalnianie
sktadnikow w trakcie trawienia i wchtanianie w przewodzie pokarmowym.

W innych badaniach wykazano pozytywny wptyw obrébki HHP w poréwnaniu do
pasteryzacji na pojemnos$¢ przeciwutleniajagca (DPPHe+) po trawieniu sokow owocowych
z dodatkiem mleka krowiego [Rodriguez-Roque i wsp. 2015]. Podobnie Briones-Labarca
i wsp. (2011) odnotowali pozytywny wplyw warunkow cisnieniowania (500 MPa, 10 min)
1 trawienia na aktywno$¢ przeciwutleniajaca jabtek, w poréwnaniu do probek
nieutrwalanych. Wyniki tych prac wskazuja, ze obrobka HHP moze przyczyniaé¢ si¢ do
wzrostu stezenia przeciwutleniaczy w przewodzie pokarmowym poprzez ich uwalnianie ze
struktur komorkowych lub poprzez inaktywacje enzymoéw tkankowych, co powoduje
wyzszg podaz przeciwutleniaczy [Rodriguez-Roque i wsp. 2015, Briones-Labarca i wsp.

2011]. Roznice w pojemnosci przeciwutleniajacej produktow podczas trawienia moga
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zaleze¢ roéwniez od rodzaju matrycy [Rodriguez-Roque i wsp. 2015]. W badaniach
biodostepnosci antocyjanéw w ekstraktach z wisni z dodatkiem glinki mineralne;j
wykazano prawie dwukrotny wzrost pojemnosci przeciwutleniajacej (ORAC) po trawieniu
w warunkach jelita cienkiego, pomimo drastycznego spadku zawarto$ci antocyjanow.
Potwierdza to przypuszczenia, ze metabolity powstate po rozpadzie lub przeksztatceniu
antocyjanoéw posiadaja silniejsze wlasciwosci przeciwutleniajgce niz substraty, z ktorych

powstaty [Singh & Kitts 2019].

W probkach soku z burakow ¢wiklowych [P4] utrwalanych HHP przy ci$nieniu
200 MPa oznaczono najwyzsza pojemnos¢ przeciwutleniajacg z rodnikiem DPPHe oraz
ABTS+e, na poziomie nieréznigcym si¢ od surowego soku. Z kolei zastosowanie cisnien
400 1 500 MPa poskutkowato oznaczeniem najnizszych warto$ci pojemnosci
przeciwutleniajacej, zblizonych do warto$ci uzyskanych w soku pasteryzowanym. Proces
trawienia wplywat na zmiany wlasciwosci przeciwutleniajacych sokow z buraka, podobnie
jak w przypadku sokoéw z czarnej porzeczki (DPPHe). Analiza pojemnosci
przeciwutleniajacej z rodnikami DPPHe wykazata wyrazny jej spadek na etapie trawienia
W jamie ustnej, wzrost po trawieniu na etapie zotadkowym oraz ponowny spadek na etapie
symulacji trawienia w jelicie, co byto skorelowane z zawartoscig betalain ogotem w soku
Z burakow. Z kolei pojemnos¢ przeciwutleniajgca 0znaczona wobec ABTS+e wzrastata po
trawieniu jelitowym we wszystkich probkach z wyjatkiem pasteryzowanych. Uzyskane
wyniki $wiadczag o réznym powinowactwie powstalych metabolitow wobec DPPHe
i ABTS+e. Ponadto wysokie ci$nienia prawdopodobnie sprzyjaja powstawaniu
metabolitow o whasciwosciach przeciwutleniajacych znacznie wyzszych niz substraty,
Z ktérych one powstaty.

W przypadku analizy z rodnikami DPPHe probki utrwalane technikg HHP przy cisnieniu
400 1 500 MPa odznaczaty si¢ nizsza redukcja pojemnosci przeciwutleniajacej po trawieniu
enzymami $linowymi niz probki soku surowego i1 utrwalanego termicznie. Na etapie
trawienia pepsyng soki utrwalane technikqg HHP, niezaleznie od parametréw cisnienia,
zachowaly najwyzszg pojemnos$¢ przeciwutleniajgcg w pordOwnaniu z pozostatymi
probkami. Probki utrwalane ci$nieniem 200 MPa po trawieniu na etapie jelita
charakteryzowaly si¢ nadal najwyzszym potencjatem przeciwutleniajacym, cO nie
potwierdzito si¢ W analizie probek po dializie. Silne wlasciwosci przeciwutleniajace soku
z buraka po zastosowaniu HHP 200 MPa byly skorelowane nie tylko z wysoka poczatkowa

zawartoscig betalain, ale i ich stabilno$ciag w czasie trawienia. Test ABTS+e potwierdzit
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korzystny wptyw zastosowania cisnienia 200 MPa na pojemnos¢ przeciwutleniajacg sokow
z buraka po trawieniu na etapic zotadka, jelita oraz w dializacie. Wzrost pojemnosci
przeciwutleniajacej, pomimo ogoélnego spadku zawartosci betalain w czasie trawienia,
Swiadczy o pojawieniu si¢ metabolitow tych zwigzkow, majacych znaczny wpltyw na
ksztaltowanie si¢ wtasciwosci przeciwutleniajacych badanych sokow.

W innych Dbadaniach odnotowano podobnag dynamike¢ zmian pojemnosci
przeciwutleniajacej w czasie trawienia burakow ¢wiktowych. Zauwazono rowniez utrate
wiasciwosci przeciwutleniajagcych w probkach po obrobce termicznej, jak w niniejszych
badaniach w tescie z rodnikiem DPPHe+ [Wang i wsp. 2020]. Gomez-Maqueo i wsp. (2019)
odnotowali znaczng poprawe aktywnos$ci przeciwutleniajgcej migzszu opuncji figowej po
zastosowaniu HHP przy 350 MPa w czasie 5 min, a uzyskane wyniki byly skorelowane
z zawartoscig zwigzkow fenolowych. Badania handlowych sokéw z burakow ¢wiklowych
réwniez potwierdzaty szczegdlny udzial metabolitdéw powstajacych w czasie trawienia na
dziatanie przeciwutleniajace spozywanych sokow. Podobnie jak w niniejszym badaniu,
zmiennos$¢ pojemnosci przeciwutleniajacej byta uzalezniona od zastosowanych rodnikow,
DPPHe« lub ABTS+e¢ [Wootton-Beard i wsp. 2011]. Metabolity powstajace z rozpadu
betalain i przyczyniajace si¢ do wzrostu pojemnosci antyoksydacyjnej trawionego soku to
gtownie produkty dekarboksylacji i deglikozylacji. Stezenie betacyjanin w surowicy krwi
jest raczej niskie w stosunku do przyjetej dawki, jednak ich wysoki potencjal
przeciwutleniajgcy sprawia, ze spozycie nawet niewielkiej ilosci tych zwigzkow
(w mikromolach) zmniejsza procesy utleniania warstwy lipidowej bton komorkowych oraz
hamuje procesy rozktadu hemu w hemoglobinie, mioglobinie i cytochromach [Klewicka
2012, Sawicki i wsp. 2019]. Roéznice w pojemnosci przeciwutleniajgcej oznaczonej
z rodnikami DPPHe lub ABTS++ moga wynika¢ migedzy innymi z innego powinowactwa
sktadnikéw bioaktywnych ze wspomnianymi rodnikami, innego mechanizmu ich
powstawania, reakcji ze sktadnikami kwasow zoétciowych oraz odmienne;j stabilno$ci tych

rodnikow [Desseva 1 wsp. 2020].

7.5. Wptyw SCCD na stabilnos¢ i biodostepnos¢ witaminy C
Wptyw SCCD na stabilnos¢ witaminy C (jako sumy kwasu L-askorbinowego
i L-dehydroaskorbinowego) na kolejnych etapach trawienia i jej biodostepno$¢ w probkach
soku z czarnej porzeczki zostaty opisane w artykule trzecim, nalezacym do cyklu publikacji
[P3]. Zastosowanie SCCD w sokach z czarnej porzeczki, niezaleznie od parametrow

ci$nienia pozwolito na zachowanie wysokiej zawarto$ci witaminy C, ktéra w kwasnym
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srodowisku soku wysyconym CO, w stanie nadkrytycznym mogta pozostaé bardziej
stabilna [Oulé i wsp. 2013, Fabroni i wsp. 2010]. Niskie pH $rodowiska moze rowniez
sprzyja¢ stabilnosci witaminy C w podwyzszonej temperaturze [Rodriguez-Roque i wsp.
2013]. Kwas L-askorbinowy byt gtowng forma witaminy C w probkach soku przed
trawieniem (98%), jednak na etapie trawienia w jelicie cienkim zdecydowanie dominowat
kwas L-dehydroaskorbinowy (76-93%). Zastosowanie SCCD przy 30 i 60 MPa
indukowato przemiany kwasu L-askorbinowego do kwasu L-dehydroaskorbinowego
bardziej niz pasteryzacja termiczna. Na etapie symulacji trawienia w jelicie, w probkach
po zastosowaniu SCCD odnotowano 2-4% wyzszg zawarto$¢ tego kwasu niz w probkach
pasteryzowanych i 15-17% wyzsza niz w probkach surowego soku.

Wykazano wzrost zawarto$ci witaminy C ogoélem we wszystkich probkach po symulacji
trawienia w jamie ustnej oraz istotny spadek po trawieniu w zotagdku. Zawarto$¢
witaminy C ogotem po trawieniu jelitowym zmniejszyta si¢ o 45-66% w poréwnaniu z
etapem symulacji trawienia w zotadku. Zastosowanie SCCD nie wptyneto na zwigkszenie
stabilno$ci tego zwigzku w czasie trawienia. Wigkszos¢ witaminy C pozostatej po
symulacji trawienia jelitowego zostata biernie przetransportowana przez btone¢ celulozowa
symulujaca barierg nablonkowa jelita cienkiego.

Nie wykazano pozytywnego wptywu obrobki SCCD ani pasteryzacji na biodostgpnos¢
witaminy C, ktéra wynosita w tych probkach 25-28%. Najwyzszg biodostepnosé
witaminy C ogétem odnotowano w soku surowym (40%) i po tagodnej obrobce termicznej
w 45°C (46%). Poczatkowa wyzsza stabilno$¢ witaminy C w probkach utrwalanych SCCD
w poréwnaniu do probek po obrobce termicznej i w sokach nieutrwalanych nie
determinowata wyzszej biodostgpnosci witaminy C.

Jak juz wspomniano w pkt. 4.1., w innych badaniach wskazywano na wysoka stabilno$¢
witaminy C w kwasnym $rodowisku zotadka i znaczng degradacje w warunkach jelitowych
[Pérez-Vicente i wsp. 2002, Vallejo i wsp. 2004]. Z drugiej strony, badania in vivo
wskazujg na biodostepnos¢ witaminy C u zdrowych, niepalacych osoéb na poziomie 70-
80% (przy dawce 180 mg) [Janda i wsp. 2915]. Roznice w dynamice trawienia oraz
biodostepnosci witaminy C pomig¢dzy badaniami opisanymi w artykule drugim i trzecim
[P2, P3] mogly wynika¢ glownie z zastosowanie innej matrycy, jaka byto puree. Znaczny
wplyw rodzaju matrycy na trawienie, stabilnos$¢ i biodostepnos¢ sktadnikéw bioaktywnych
wykazano rowniez w innych badaniach [Lingua i wsp. 2018]. Dostepne nieliczne badania
na temat wptywu SCCD na biodostepno$¢ substancji pochodzacych z zywnos$ci dotyczyty

tylko karotenoidow [Zhao i wsp. 2019]. Prezentowane badania sa wedtug wiedzy autorki
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pierwszym doniesieniem na temat biodost¢pnosci witaminy C z produktéw poddanych
dziataniu SCCD.

7.6. Wptyw SCCD na stabilno$¢ i1 biodostgpnos¢ antocyjanow

Wptyw SCCD na stabilno$¢ i biodostepnos$¢ antocyjanow w soku z czarnej porzeczki
zostaly opisane w publikacji P3. W niniejszym badaniu przedstawiono zawarto$¢
antocyjanow ogodtem jak i poszczegdlnych monomerdw, charakterystycznych dla czarnej
porzeczki (df-3-O-rut, cy-3-O-rut, df-3-O-glu, cy-3-O-glu). Zastosowanie SCCD do
utrwalania probek sokéw z czarnej porzeczki istotnie wptyneto na retencje antocyjanow,
ktorych zawarto$¢ niezaleznie od zastosowanego ci$nienia byla wyzsza niz w soku
surowym. Najlepszy efekt uzyskano stosujac technikg SCCD przy cis$nieniu 30 i 60 MPa,
w przeciwienstwie do pasteryzacji, ktora przyczynita si¢ do degradacji antocyjanéw 0 37%.
Obrobka termiczna W 45°C nie miata istotnego wplywu na catkowita zawartosé
antocyjanow. Inne badania potwierdzaja, ze technika SCCD pozwala na utrzymanie
wysokiej stabilnosci antocyjanow pochodzacych z owocow [Marszatek i wsp. 2017¢c], lub
powoduje jedynie niewielkg ich utratg [Marszalek i wsp. 2015, Fabroni i wsp. 2010].
Przyczyng tego zjawiska moze by¢ miedzy innymi inaktywacja lub zmniejszenie
aktywnosci enzymow tkankowych [Pozo-Insfran, i wsp. 2007], czy tez zwigkszona
ekstrakcja zwigzkow z matrycy soku NFC [Briongos i wsp. 2016].

W wyniku symulacji trawienia w jamie ustnej nastapit spadek catkowitej zawartosci
antocyjanow ogdtem we wszystkich probkach soku z czarnej porzeczki. W probkach soku
surowego i po tagodnej obrdobce termicznej w temp 45°C degradacja ta wyniosta 20 %,
W probkach pasteryzowanych 36%, a w probkach potraktowanych SCCD az 61-72%.
Po symulacji trawienia w zotadku odnotowano dalszy spadek zawartosci antocyjanow
ogotem w probkach surowego soku i po obrobece termicznej w 45°C. W pozostatych
probkach zawarto$¢ antocyjanéw wzrosta w przedziale od 6% w probkach utrwalanych
SCCD przy 60 MPa do 43% w probkach pasteryzowanych. Utrwalanie sokow technikg
SCCD nie przyczynialo si¢ do zwigkszenia stabilno$ci antocyjandw w podwyzszonym pH
jamy ustnej. Ostatecznie zawarto$¢ antocyjanéw ogdtem w tych probkach nie byta wigksza
na etapie jamy ustnej i zoladka w poréwnaniu do probek pasteryzowanych czy tez soku
surowego. Trawienie w jelicie cienkim wraz z dializa spowodowato utrate antocyjanow we
wszystkich probkach o 85-90%. Niemniej jednak najwyzszg zawarto$¢ antocyjanow
ogétem w dializacie charakteryzowaly si¢ probki po obrébce SCCD przy 10 MPa oraz

probki przygotowane z surowego Soku. Jak juz wspomniano, wyzsza stabilno$¢
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antocyjanéw w zotadku 1 duza degradacja tych zwigzkéw w jelicie cienkim jest zwigzana
z drastycznymi zmianami pH i zostata juz opisana w innych badaniach [Lingua i wsp. 2018,
Bouayed i wsp. 2011, Correa-Betanzo i wsp. 2014].

Najwyzsza biodostepnos¢ antocyjanéw ogoétem stwierdzono w soku niepoddanym
zadnej obrobce (4,4%), nastgpnie w probkach utrwalanych termicznie i SCCD przy 10 MPa
(2,7-3,4%). Obrobka SCCD nie przyczynita si¢ do poprawy biodostepnosci antocyjanow
ogotem, jednak przy zastosowaniu ci$nienia 10 MPa odnotowano poprawe biodostepnosci
monomerow delfinidyny (df-3-O-glu i df-3-O-rut) w stosunku do probek po obu
wariantach obrobki termicznej. Cyjanidyny wykazywaty jednak wyzsza biodost¢pno$é niz
delfinidyny, a najbardziej dostepnym z nich glikozydem byt cy-3-O-rut, we wszystkich
badanych probkach. W badaniu antocyjanéw pochodzacych z jagéd odnotowano, ze
delfinidyny byly najmniej dostepnymi glikozydami [Peixoto i wsp 2018], jednak ich
metabolity moga mie¢ duze znaczenie w ksztaltowaniu potencjatu przeciwutleniajacego
w osoczu krwi [Correa-Betanzo i wsp. 2014].

W celu zweryfikowania hipotezy dotyczacej biodostepnosci metabolitow antocyjandw
przeprowadzono dodatkowe do§wiadczenie polegajace na trawieniu roztworu modelowego
antocyjanu, wystepujacego w soku z czarnej porzeczki w najwigkszej ilosci (df-3-O-rut).
Analizy monomeru oraz jego metabolitbw wykonano metoda UPLC-MS/MS.
Stwierdzono, ze glownym metabolitem tego zwigzku byl kwas protokatechowy, ktory
pojawit si¢ po trawieniu na etapie jamy ustnej, a najwigksze jego stezenie wykryto na etapie
zotadka. Kwas protokatechowy nalezy do grupy kwasow fenolowych i charakteryzuje si¢
silnymi wlasciwosciami przeciwutleniajacymi [Jeszka, Kobus-Cisowska & Dziedzic
2010]. Jego obecnos¢ wyjasnia istotny wzrost mierzonej pojemnosci przeciwutleniajacej
badanych roztworéw. W probkach utrwalanych technikg SCCD przy cisnieniu 30 1 60 MPa
odnotowano wyzszy wspolczynnik przyrostu pojemnosci przeciwutleniajacej w stosunku
do stezenia antocyjanow ogdtem na etapie symulacji trawienia jelitowego oraz dializatu.
Moze $wiadczy¢ to o tym, Ze zastosowanie tej obrobki sprzyjato powstawaniu metabolitow
takich jak kwas protokatechowy podczas trawienia. Powstawanie kwasu protokatechowego
w wyniku trawienia antocyjanéw potwierdzono w badaniach in vivo [Mallery i wsp. 2011,
Vitaglione i wsp. 2007].

Istniejg tylko nieliczne badania na temat wptywu SCCD na biodostepno$¢ substancji
pochodzacych z zywnos$ci i dotyczyly one tylko karotenoidow [Zhao i wsp. 2019].
Zastosowanie SCCD powoduje uszkodzenie scian komorkowych i wspomaga uwalnianie

sktadnikow bioaktywnych z matrycy pokarmowej. W badaniach innych autorow
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zauwazono, ze po obrobce SCCD zwickszyt si¢ udzial matych czastek i zmniejszyt udziat
duzych czastek w migzszu soku pomaranczowego, w poréwnaniu z sokiem bez obrobki.
Podczas usuwania CO2 z komory dochodzi do indukcji duzych napr¢zen wewngtrznych,
powodujacych rozpad uszkodzonych na etapie ttoczenia czastek tkanki [Briongos i wsp
2016, Niu i wsp. 2010].

7.7. Wptyw SCCD na stabilnos¢ i biodostepnos¢ betalain

Wptyw SCCD na stabilnos$¢ betalain w probkach soku z buraka ¢wiklowego w czasie
trawienia i ich biodost¢pno$¢ zostaly opisane w publikacji P4. Profil betalain w soku z
buraka ¢wiktowego nie ulegal zmianie pod wptywem obrobki SCCD. Zastosowanie
ci$nienia 60 MPa przyczynito si¢ do zachowania betacyjanin i betaksantyn na poziomie
oznaczonym w surowych sokach. Z kolei zastosowanie ci$nienia 10 i 30 MPa powodowato
istotny spadek zawartosci barwnikow, odpowiednio o 21 i 34%. W badaniach innych
autordOw rowniez zwrocono uwage na niskg stabilno$¢ betalain w sokach z buraka
¢wiktowego poddanych utrwalaniu SCCD [Liu i wsp 2010, Marszatek i wsp. 2017b].

Stabilno$¢ pigmentéw z grupy betacyjanin i betaksantyn rdznita si¢ na poszczegolnych
etapach symulacji trawienia oraz po zastosowaniu réznego rodzaju obrobki. Zastosowanie
SCCD w soku z buraka ¢wiktowego pozwolito na zachowanie wyzszej stabilnosci
betacyjanin i betaksantyn w czasie symulacji trawienia, niz w przypadku probek soku
surowego i utrwalanego termicznie. Dziatanie na soki ci$nieniem 30 i 60 MPa okazato si¢
korzystniejsze w porownaniu do probek utrwalanych przy cisnieniu 10 MPa. Po symulacji
trawienia jelitowego w probkach utrwalanych SCCD przy cisnieniu 60 MPa odnotowano
najmniejszy spadek zawarto$ci betacyjanin (44%) w odniesieniu do etapu trawienia
w zotadku, w przeciwienstwie do probek pasteryzowanych, gdzie spadek byl najwiekszy
(74%). Wysoka stabilno$cia w czasie trawienia odznaczaly si¢ rowniez betalainy
w probkach utrwalanych SCCD przy 30 MPa. Pomimo najnizszej zawarto$ci pigmentow
przed trawieniem, pozostawaly one trwalsze niz w innych prébkach, na kazdym etapie
trawienia, poczawszy od jamy ustnej, az do dializatu, gdzie stabilno$¢ betalain nie roznita
si¢ istotnie od probek utrwalanych SCCD przy 60 MPa.

Zastosowanie SCCD przy wszystkich trzech parametrach ci$nienia przyczynito si¢ do
poprawy biodostepnos$ci betacyjanin i betaksantyn w poréwnaniu do sokow
pasteryzowanych. W przypadku ci$nienia 30 i 60 MPa wyzszg biodostepnos¢ obu grup
pigmentéow odnotowano takze w stosunku do sokéw surowych i ogrzewanych w 45°C,

anawet probek HHP [P4], pomimo dziesi¢ciokrotnie nizszych wartos$ci cis$nienia
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stosowanych w technice SCCD. Wskazuje to na wigkszy wptyw ditlenku wegla w stanie
nadkrytycznym na biodostepnos¢ sktadnikéw bioaktywnych niz samej wysokosCi
ci$nienia. Lagodna obrdbka termiczna nie miata istotnego wpltywu na poczatkowa
zawartos¢ betalain, ich stabilno$¢ podczas trawienia oraz na biodostgpno$¢. Oznacza to, ze
efekt wywolany zastosowaniem techniki SCCD byt zwigzany jedynie z wptywem CO3
w stanie nadkrytycznym, a nie temperatury. Poczatkowa wysoka zawarto$¢ betalain nie
determinuje ich biodostepnosci, poniewaz istotnym czynnikiem jest zachowanie
stabilno$ci zwigzkow podczas procesow trawiennych. Probki utrwalane SCCD przy
cisnieniu 30 MPa wykazywaty najwyzsza biodostgpno$¢ betacyjanin (23%) 1 betaksantyn
(32%) pomimo poczatkowo najnizszej stabilnosci tych zwigzkéw w probkach przed
trawieniem. Mechanizm przyczyniajacy si¢ do poprawy stabilnosci i biodostepnosci
betalain w soku z buraka ¢wiklowego nie zostat do konca poznany, jednak otrzymane
wyniki badan $wiadcza 0 szczegdlnej roli CO2 wtym mechanizmie. Dzigki jego
wiasciwosciom sktadniki bioaktywne moga by¢ uwalniane z tkanek obecnych w soku NFC,
dzigki czemu oznaczona ich zawarto$¢ jest wyzsza i przez to bardziej dostepna dla
organizmu. Ponadto zwigzki te mogg by¢ rowniez zamykane w wielkoczasteczkowych
strukturach np. btonnika, co moze wptywaé na poprawg ich stabilnosci w przewodzie
pokarmowym. Brak jest obecnie wigkszej ilosci prac dotyczacych wptywu techniki SCCD

na biodostepnos¢ zwigzkow bioaktywnych, szczegdlnie hydrofilowych.

7.8. Wptyw SCCD na pojemnos¢ przeciwutleniajgcg podczas trawienia

Wptyw SCCD na pojemno$¢ przeciwutleniajaca probek na réznych etapach trawienia
opisano w publikacji P3 oraz P4. Zastosowanie SCCD do obrobki soku z czarnej porzeczki
przyczynito si¢ do zwigkszenia poczatkowej pojemnosci przeciwutleniajgcej oznaczanej
z rodnikiem ABTS+e, ktora niezaleznie od zastosowanych parametrow, byta istotnie
wyzsza niz w SOKU Surowym i po obrobce termicznej. Pojemnos¢ przeciwutleniajagca wobec
rodnikow DPPHe przed trawieniem rowniez byta istotnie wyzsza w probkach po obrobce
SCCD w poréwnaniu z probkami pasteryzowanymi, jednak rdéznice te nie byly az tak
znaczace.

Odnotowano znaczny wplyw procesow trawiennych na pojemnos¢ przeciwutleniajaca
sokéw z czarnej porzeczki. Przy czym zauwazono wyzsza jej warto$¢ na poszczegdlnych
etapach trawienia w sokach utrwalanych SCCD przy 30 1 60 MPa, w porownaniu do probek
utrwalanych termicznie (45°C i 85°C). Co ciekawe, na etapie jamy ustnej odnotowano

wzrost pojemnosci przeciwutleniajacej przy jednoczesnym spadku zawarto$ci antocyjanow
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ze wzgledu na niekorzystne dla ich stabilnosci pH. Juz na etapie jamy ustnej moze
dochodzi¢ do transformacji antocyjanéw do zwigzkoéw fenolowych 1 innych pochodnych,
charakteryzujacych si¢ znacznymi wlasciwos$ci przeciwutleniajgcymi. Zaréwno
w metodzie z wykorzystaniem rodnikoéw DPPHe, jak i ABTS++ nastgpit spadek pojemnosci
przeciwutleniajgcej po symulacji trawienia jelitowego z dializg (ABTS+e: spadek 0 39—
74%; DPPHe: spadek o 83-94%). Po trawieniu probki poddane dziataniu SCCD we
wszystkich wariantach ci$nienia charakteryzowaly si¢ istotnie wyzsza pojemnos$cia
przeciwutleniajaca niz probki pasteryzowane i nie roznity si¢ istotnie od surowego soku.
W przypadku testu z rodnikiem ABTS+e tendencja ta utrzymywata si¢ w dializacie,
Z wyjatkiem probki utrwalanej technikg SCCD przy cisnieniu 10 MPa, gdzie obserwowano
spadek pojemno$ci przeciwutleniajacej. W przypadku testu DPPHe nie odnotowano
statystycznie istotnych roznic pojemnosci przeciwutleniajacej pomigdzy probkami po
dializie. Obrobka termiczna w temperaturze 45°C nie miata wplywu na zmiang potencjatu
antyoksydacyjnego sokow, w zwiazku z tym pozytywny wptyw obrobki SCCD mozna
przypisa¢ jedynie zastosowaniu ditlenku wegla w stanie nadkrytycznym.

Spadek pojemnosci przeciwutleniajgcej na poszczegolnych etapach symulacji trawienia
byt znaczacy, ale nie proporcjonalny do degradacji antocyjanow, ktore sa glownym
sktadnikiem odpowiedzialnym za ksztattowanie wlasciwosci przeciwutleniajacych
w czarnej porzeczce. Zjawisko to mozna tlhumaczyé wysokim  potencjatem
antyoksydacyjnym metabolitéw antocyjandéw, ktore powstaly po trawieniu. Obliczony
wspotczynnik okreSlajacy stosunek pojemnosci przeciwutleniajacej do zawartoSci
antocyjanow (1 puM Trolox/ 1 mg/L antocyjandéw) W soku z czarnej porzeczki
charakteryzowat si¢ znacznym wzrostem na kazdym etapie trawienia. We frakcji dializatu
odnotowano trzykrotny wzrost tego wspotczynnika dla probek utrwalanych SCCD przy 60
MPa oraz dwukrotny w probkach utrwalanych SCCD przy 30 MPa w poréwnaniu do
probek kontrolnych. Zjawisko to moze $wiadczy¢ o wptywie techniki SCCD na poprawe
dostepnosci przeciwutleniaczy w przewodzie pokarmowym, dzigki czemu moga one
w latwiejszy sposob ulega¢ metabolizmowi w organizmie i zwigksza¢ potencjat
antyoksydacyjny soku.

Metabolity powstajace podczas trawienia antocyjanOw w znaczacy sposob przyczyniaja
si¢ do Kksztattowania wlasciwosci przeciwutleniajacych produktow spozywczych.
Przyktadem jest kwas protokatechowy wykryty w modelowym badaniu trawienia
df-3-O-rut, charakteryzujacy si¢ wysoka aktywnos$cig przeciwutleniajaca. W badaniach

in vitro wykazano, ze po spozyciu soku z czerwonych pomaranczy (n=6), jako zrédta
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antocyjanéw, odnotowano wysokie st¢zenia kwasu protokatechowego w 0soczu, co
przyczynito si¢ do wzrostu krotkotrwatej aktywnosci antyoksydacyjnej [Vitaglione i wsp.
2007]. Niska stabilno$¢ delfinidyny jest rekompensowana powstajacymi w wyniku jej
rozpadu metabolitami o wysokim potencjalne przeciwutleniajacym. Wyjasnia to paradoks
niskiej biodostepnosci polifenoli, w tym antocyjandéw, przy jednoczesnym silnym dziataniu
antyoksydacyjnym i udowodnionym pozytywnym wplywie na organizm [G0Szcz i wsp.
2017].

W sokach z burakow ¢wikltowych poddanych dziataniu SCCD odnotowano nizsza
pojemnos¢ przeciwutleniajaca z rodnikiem DPPHe w pordéwnaniu do probek soku
surowego i po obrobce termicznej. Natomiast test z rodnikiem ABTS+e wykazal brak
statystycznie istotnych réznic pojemnosci przeciwutleniajacej W probkach utrwalanych
SCCD przy 60 MPa i 10 MPa, w sokach surowych oraz po tagodnej obrobce termiczne;j.
W tescie z udzialem rodnika DPPHe, odnotowano wyzsza wyjSciowa pojemnos¢
przeciwutleniajacg W sokach utrwalanych SCCD w porownaniu do sokéw surowych i po
obrébce termicznej. Symulacja trawienia w jamie ustnej nie powodowata istotnych zmian
pojemnosci przeciwutleniajgcej wobec rodnika ABTS+e w sokach utrwalanych SCCD,
surowych 1 po obrébce termicznej. Nie wykazano roéwniez pozytywnego wptywu SCCD na
pojemno$¢ przeciwutleniajagca w sokach z burakow ¢wiktowych na etapie trawienia
pepsyng, ktora byla mniejsza badz nie rdznita si¢ istotnie od probek surowych
i ogrzewanych sokéw. W sokach traktowanych cisnieniem 60 MPa odnotowano istotnie
wyzszg pojemnos$¢ przeciwutleniajgcg po trawieniu jelitowym, w poroéwnaniu do
pozostatych probek. Po dializie najwyzsza pojemno$¢ przeciwutleniajacg wobec rodnikoéw
DPPHe odnotowano w probkach utrwalanych SCCD przy cisnieniu 30 i 60 MPa,
aw sokach po zastosowaniu SCCD przy 10 MPa roéwniez byla ona istotnie wyzsza
w porownaniu do innych probek. Analiza wobec rodnika ABTS+» potwierdzita pozytywny
wplyw zastosowania SCCD przy 60 MPa na pojemno$¢ przeciwutleniajacg sokow z buraka
¢wiktowego po dializie w poréwnaniu do obrébki termicznej w 85°C. Nie roznila si¢ ona
statystycznie istotnie od warto$ci oznaczonej w soku surowym i po tagodnej obrobce
termicznej. Pomimo zmniejszajacej si¢ stabilnosci betalain na skutek niekorzystnych
warunkéw panujacych w przewodzie pokarmowym, ich wlasciwos$ci antyoksydacyjne nie
zostaly utracone, gdyz najprawdopodobniej metabolity tych zwigzkoéw nadal odznaczaty
si¢ wysoka aktywnos$cig przeciwutleniajaca.

W innych pracach obejmujacych badania nad sokami z czerwonych grejpfrutow

[Ferrentino i wsp. 2009], naparu z hibiskusa [Ramirez-Rodrigues i wsp. 2012], sokami
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jabtkowymi [Porto i wsp. 2010], czy tez z liczi [Liu i wsp. 2015] wykazano, ze

zastosowanie SCCD pozwolito na zachowanie wtasciwosci przeciwutleniajagcych na tym

samym lub wyzszym poziomie co w produktach nieutrwalanych. Inne zrédta donosza, ze

sam proces trawienia przyczynial si¢ do spadku aktywno$ci przeciwutleniajacej

w kolejnych etapach trawienia i byt on skorelowany z zawartoscig antyoksydantow

[Burgos-Edwards i wsp. 2017, Bouayed i wsp. 2011].

1)

2)

3)

4)

5)
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8. Obserwacje i spostrzezenia

Wplyw procesdéw technologicznych na stabilno$¢ antyoksydantow:

Zastosowanie HHP do utrwalania sokow z czarnej porzeczki pozwolito na zachowanie
najwyzszej zawartosci witaminy C (200 1 400 MPa/5 min) oraz antocyjanow (wszystkie
parametry) w poréwnaniu do innych stosowanych technik. W przypadku sokow
Z buraka ¢wiktowego najkorzystniejsze okazato si¢ cisnienie 200 MPa w czasie 5 min.
Parametry te pozwolity na zachowanie antyoksydantéw na niezmienionym poziomie
w stosunku do surowca.

W sokach z czarnej porzeczki poddanych dziataniu SCCD oznaczono wyzsze
zawartosci witaminy C i antocyjandw niz w probkach sokéw surowych. W sokach
Z burakéw ¢wiktowych zawarto$¢ betalain na poziomie surowego soku odnotowano
jedynie w sokach utrwalanych przy cisnieniu 60 MPa przez 10 min. Pozostale
parametry powodowaty degradacje tych zwigzkow.

Pasteryzacja w 85°C/10 min, przyczynila si¢ do istotnej utraty antocyjanéw oraz nie
miala wptywu na zawarto§¢ witaminy C i betalain w poréwnaniu do surowych sokow
zZ czarnej porzeczki oraz burakow ¢wiktowych.

Obrobka termiczna w 45°C/10 min nie miata istotnego wplywu na zawarto$¢
badanych zwiazkow.

Stabilno$¢ antyoksydantéw podczas trawienia:

Dynamika trawienia sktadnikow bioaktywnych zalezy w duzej mierze od rodzaju
matrycy oraz badanego antyoksydantu jak rowniez warunkow panujgcych na
poszczegolnych etapach modelu przewodu pokarmowego, w szczegolnosci zmiennego
pH srodowiska:

- Witamina C i antocyjany w puree oraz antocyjany w soku z czarnej porzeczki:
odnotowano istotny spadek ich zawartoSci w jamie ustnej, nastepnie wzrost mierzonej
zawartos$ci na etapie symulacji trawienia w zotadku oraz drastyczng degradacje po

symulacji trawienia w jelicie cienkim z dializa.



6)

7)

8)

- Witamina C w soku z czarnej porzeczki: obserwowano niewielki wzrost jej zawarto$ci
w jamie ustnej oraz spadek w zotadku i w jelicie cienkim.

- Betacyjaniny w soku z buraka ¢wiklowego: zaobserwowano spadek zawarto$ci po
symulacji trawienia w jamie ustnej, stabilizacj¢ w zotadku i znaczng degradacje po
trawieniu w jelicie cienkim.

- Betaksantyny w soku z buraka ¢wiklowego: wykazywaty stabilno$¢ w warunkach
trawienia w jamie ustnej i duza wrazliwo$¢ na etapie zotadka oraz znacznie mniejsza
na etapie jelita cienkiego.

Stabilno$¢ antyoksydantow w czasie trawienia roznita si¢ w zaleznosci od
zastosowanej obrobki:

- Zastosowanie HHP zwigkszylo stabilnos¢ witaminy C (przy 400 i 600 MPa) oraz
antocyjanow (200, 400 i 600 MPa) w czasie trawienia puree z czarnej porzeczki.
Zauwazono, ze w obojetnym pH jamy ustnej antocyjany byly bardziej stabilne
w probkach utrwalanych technika HHP. Obrobka HHP przy cis$nieniu 200 MPa
korzystnie wplywata na stabilno$¢ betalain w soku z buraka ¢wiklowego na kazdym
kolejnym etapie trawienia.

- Zastosowanie SCCD nie wptyngto na zwigkszenie stabilno$ci witaminy C oraz
antocyjanow ogolem w czasie trawienia sokéw z czarnej porzeczki. Odnotowano
jednak wyzszg stabilnos$¢ betacyjanin i betaksantyn w czasie symulacji trawienia soku
z buraka ¢wiklowego, w poréwnaniu do soku surowego i utrwalanego termicznie,
a takze HHP przy 400 1 500 MPa.

- Zastosowanie SCCD przy 30 1 60 MPa indukowalo przemiany witaminy C do formy
kwasu L-dehydroaskorbinowego. W probkach po zastosowaniu SCCD odnotowano
2-4% wyzsza zawarto$¢ tego kwasu niz w probkach pasteryzowanych i 15-17% niz
W probkach surowego soku na etapie trawienia jelitowego.

Wplyw procesdéw technologicznych na biodostepno$¢ wybranych skladnikoéw:

Zauwazono istotnie wyzszg biodostepnos¢ witaminy C w probkach utrwalanych HHP
przy 400 i 600 MPa w poréwnaniu do probek soku surowego (~1%) oraz wyzszy
potencjalny stopien wchtaniania z etapu Zotadka o kolejno 5% i 10% w poréwnaniu do
probek surowych.

Nie wykazano wpltywu HHP na poprawg¢ biodostepnosci antocyjanéow. Odnotowano
jednak wyzszy potencjalny stopien wchlaniania antocyjanow w probkach utrwalanych
przy cisnieniu 600 MPa po symulacji trawienia w zotadku, 0 odpowiednio 13% i 6%

W poréwnaniu do probek pasteryzowanych i1 surowych owocow czarnej porzeczki.
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9) Zastosowanie HHP poprawito biodostepnos$¢ betacyjanin w poréwnaniu z probkami
sokow surowych oraz utrwalanych termicznie w 45°C 1 85°C, ale nie wptyneta
na biodostgpnos¢ betaksantyn. Sposrod parametrow HHP najkorzystniejszy wplyw
na biodostepnos¢ obu grup betalain mialo cisnienie 200 MPa.

10) Zastosowanie obrobki SCCD sokow z czarnej porzeczki nie wplyneto na poprawe
biodostepnosci witaminy C, nie rdznilta si¢ ona istotnie statystycznie od biodostepnosci
oznaczonej w probkach pasteryzowanych i wynosita 25-28%.

11) Nie odnotowano istotnie wyzszej biodostepnosci antocyjanéw ogotem w sokach
z czarnej porzeczki poddanych obrobce SCCD, jednak przy zastosowaniu 10 MPa
nastgpita poprawa biodostepnosci monomerow delfinidyny (df-3-O-glu i df-3-O-rut)
w stosunku do probek po obrdobcee termicznej w 45°C i 85°C.

12) Badania modelowe potwierdzily obecnosé¢ kwasu protokatechowego jako
metabolitu df-3-O-rut, zwigzku 0 wysokim potencjale przeciwutleniajacym.

13) Zastosowanie SCCD przy wszystkich badanych poziomach cisnienia przyczynito si¢
do poprawy biodostgpnosci betacyjanin i betaksantyn w poréwnaniu do sokow
pasteryzowanych. W przypadku ci$nienia 30 1 60 MPa wyzsza biodostepnos¢ obu grup
pigmentéw odnotowano takze w stosunku do sokéw surowych 1 ogrzewanych w 45°C.

Wplyw procesow technologicznych na pojemno$¢ przeciwutleniajaca:

14) Po trawieniu jelitowym oraz dializie, probki czarnych porzeczek utrwalane HHP przy
400 i 600 MPa wykazywaty istotnie wyzszg pojemno$¢ przeciwutleniajacg (ABTS-,
DPPH?¢), w poréwnaniu do probek pasteryzowanych. Moze to $wiadczy¢ o wptywie
HHP na zwigkszone uwalnianie sktadnikow w trakcie trawienia, efektywniejsze ich
metabolizowanie i wchtanianie w przewodzie pokarmowym.

15) Zastosowanie HHP przy 200 MPa przyczynito si¢ do zachowania silnych wtasciwosci
przeciwutleniajacych soku z buraka, ktore byly skorelowane nie tylko z wysoka
poczatkowa zawartoscig betalain, ale rowniez ich stabilnoécig w czasie trawienia.

16) Soki z czarnej porzeczki po obrobce SCCD we wszystkich wariantach cisnienia
charakteryzowaly si¢ istotnie wyzsza pojemnoscig przeciwutleniajgcg niz probki
pasteryzowane i nie roznity si¢ istotnie od surowego soku (ABTS+e) na etapie jelita
cienkiego i dializatu (z wyjatkiem SCCD przy ci$nieniu 10 MPa).

17) We frakcji  dializatu odnotowano trzykrotnie wyzszy stosunek pojemnosci
przeciwutleniajgcej do stezenia antocyjanow w probkach po utrwalaniu SCCD przy 60
MPa oraz dwukrotnie wyzszy w probkach po utrwalaniu SCCD przy 30 MPa w

porownaniu do probek kontrolnych.
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18) Obrobka termiczna w temperaturze 45°C nie miata wplywu na zmiang potencjatu
antyoksydacyjnego sokoéw, w zwigzku z tym pozytywny wptyw obrobki SCCD mozna
przypisa¢ jedynie zastosowaniu ditlenku wegla w stanie nadkrytycznym.

19) Obrobka SCCD sokéw z buraka ¢wiklowego korzystnie wplyneta na pojemnosé
przeciwutleniajgcg po trawieniu w jelicie cienkim i dializacie, w poréwnaniu do probek
pasteryzowanych (DPPHe i ABTS+e¢). Najkorzystniejsze okazalo si¢ zastosowanie
cisnienia 60 MPa. Pomimo zmniejszajacej si¢ stabilnosci betalain na skutek
niekorzystnych warunkow panujacych w przewodzie pokarmowym, ich wtasciwos$ci
antyoksydacyjne nie zostaty utracone, gdyz metabolity tych zwigzkéw nadal

odznaczajg si¢ wysoka aktywnoscig przeciwutleniajaca.
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9. Whnioski
Przeprowadzone badania na modelu in vitro przyczynily si¢ do cze$ciowego

potwierdzenia hipotezy gtéwnej oraz hipotez szczegoétowych postawionych w niniejszej
pracy:

1. HHP przy wybranych parametrach ci$nienia wplywa na poprawe biodostepnosci
witaminy C w puree z czarnej porzeczki, jednakze podobnego efektu nie wykazano wobec
antocyjanow. Technika ta pozwala na wigksze zachowanie badanych zwigzkow w trakcie
trawienia, umozliwiajgc jednocze$nie uzyskanie wyzszego potencjalnego stopnia

wchianiania witaminy C i antocyjandéw na etapie zotadka.

2. SCCD nie wptyneto na poprawe biodostepnosci witaminy C oraz sumy antocyjanow
wsokach z czarnej porzeczki. Poprawg¢ biodostepno$ci odnotowano natomiast
dla monomeréw delfinidyny przy ci$nieniu 10 MPa. Roznice w biodostepnosci roznych

monomeréw moga wynikac z r6znej budowy chemicznej tych zwigzkow.

3. HHP przyczynia si¢ do poprawy biodostepnosci betacyjanin w sokach z buraka
¢wiktowego, jednak nie wplywa na biodostgpno$¢ betaksantyn. Wyzsza biodostepnosé
betacyjanin wskazuje na znaczenie budowy chemicznej tych zwiazkéw w ocenie

biodostepnosci.

4. Zastosowanie obrobki SCCD moze by¢ skutecznym narzedziem do produkcji sokow
z buraka ¢wiklowego o zwigkszonych wtasciwosciach prozdrowotnych poprzez poprawe

biodostepnosci betacyjanin 1 betaksantyn oraz do projektowania zywnos$ci funkcjonalne;j.

5. Wzrost pojemnosci przeciwutleniajgcej przy jednoczesnej degradacji sktadnikow
bioaktywnych podczas trawienia wskazuje na powstawanie metabolitow 0 wysokiej

aktywnosci np. kwasu protokatechowego z antocyjanow.

6. Uzyskane wyniki $wiadcza o mozliwosci poprawy biodostepnosci wybranych
sktadnikow bioaktywnych poprzez zastosowanie innowacyjnych nietermicznych technik
przetworstwa zywnos$ci. Prace te wymagaja jednak potwierdzenia w do$wiadczeniach

Z udzialem mikrobioty jelitowej w warunkach in vivo.
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1 Introduction

To function correctly, the human body needs to ingest food in proper proportions using
a wide variety of ingredients. It is essential that nutrients, such as vitamins and minerals,
are obtained via food. However, simply ingesting nutrients does not guarantee they will be
completely utilized by the human body. Not only do nutrients need to be provided, they
must also be absorbed. Therefore it is important that attention is paid to increasing the bio-
availability of nutrients (Cilla, Bosch, Barbera, & Alegria, 2018). The term bioavailability is
crucial when describing the process of effective nutrition, and in the development of new
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food products. Proper nutrition and ensuring the better absorption of nutrients make it pos-
sible to prevent noncommunicable diseases such as obesity, cardiovascular diseases, cancer,
etc. (Cilla, Gonzalez-Sarrias, Tomds-Barberdn, Espin, & Barberd, 2009; Fernandez-Garcia,
Carvajal-Lérida, & Pérez-Gélvez, 2009).

The term bioavailability has many definitions, depending on the perspective, and may
vary according to the field of science it concerns. From the physiological point of view, it
is the fraction of a drug or other substance which enters the circulatory system after being
introduced into the body and can, therefore, have an active effect (Srinivasan, 2001). The
bioavailability of nutrient and bioactive compounds can, therefore, be defined as the fraction
of an administered substance capable of being absorbed and available for use in physiolog-
ical functions or storage (Barba, Koubaa, et al., 2017; Carbonell-Capella, Buniowska, Barba,
Esteve, & Frigola, 2014). For clarification, it should be noted that the term bioavailability
comprises two other concepts: bioaccessibility and bioactivity. It is important to differentiate
between them because they refer to very similar functions and are often incorrectly used in-
terchangeably (Fig. 1). The term bioavailability describes availability for absorption, metabo-
lism, tissue distribution, and bioactivity. The idea of bioavailability draws upon the definition
of bioactivity. Since biological activity is excluded from the definition of bioavailability, it is
possible to find a term closer to the concept of bioaccessibility (Fernandez-Garcia et al., 2009;
Galanakis, 2017).

| Bioavailability |

l

Bioavailability is the key to nutritional

efficiency. From the total intake of food,
a lower amount is assimilated and used
for storage and metabolic functions

Bioaccessibility Bioactivity
v Events that take place during v Transport and assimilation by
food digestion for the target tissue
transformation into potentially v Events that take place during
bioaccessible material interaction with biomolecules
v Absorption/ assimilation through v" Metabolism or
epithelial tissue biotransformation and
v Presystemic metabolism generation of a biomarker
v Physiological response

FIG. 1 Relations between concepts of bioavailability, bioaccessibility, and bioactivity. Physiochemical events in-
volved at each stage (Fernandez-Garcia et al., 2009).
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Prior to discussing the health benefits of nutrients on the human body, it is important to
analyze whether and how the digestive process affects nutrients released from the matrix
which is why the term bioaccessibility is important for many researchers undertaking various
modifications to this concept. One definition states that bioaccessibility is the quantity of a
compound that is released from its matrix in the gastrointestinal tract and therefore becomes
available for absorption (Paustenbach, 2000). Unfortunately, the definitions based on absorp-
tion fail to present the beneficial effects of nutrients that cannot be absorbed (e.g., calcium
binding of bile salts in the tract) (Carbonell-Capella et al., 2014). The other definition, which
includes releasing and the possibility of absorption, also involves transportation through the
intestinal epithelial cells reaching the circulatory system and hepatic metabolism (Cardoso,
Afonso, Lourenco, Costa, & Nunes, 2015; Cilla et al., 2018; Ferndndez-Garcia et al., 2009).
It should be emphasized that the quantity of bioavailable substance may be less than the
amount released from the food matrix due to the inability to convert into an available form,
transformation of the substance into an unabsorbed form or interactions with nonabsorbed
ingredients (Afonso et al., 2018; Stahl et al., 2002).

The concept of bioactivity relates to ideas representing: the transportation of nutrients to
target tissues, biotransformation to active forms, generation of the biomarkers, substance in-
teraction with biomolecules, the impact they exert on metabolism and the resulting physio-
logical reactions (e.g., antioxidant, antiinflammatory properties) (Barba, Saraiva, Cravotto,
& Lorenzo, 2019; Ferndndez-Garcia et al., 2009). Bioactivity does not always relate to the
possibility of the component’s absorption. For instance, it also concerns the nondigestible
polysaccharides, oligosaccharides, and dietary fiber which, despite being nonabsorbent,
bring several health benefits. Data on bioactivity is necessary to confirm such health benefits
(healthy properties or reduced risk of disease). A study of bioaccessibility, excluding bioactiv-
ity, is sufficient to support claims regarding the nutritional content of food and comparing it
to other food products (Barba et al., 2019).

2 Methods for determining bioaccessibility

At this stage of development, there is no defined model for studying bioaccessibility and
bioavailability. For instance, a number of methodologies are used to evaluate the bioavail-
ability and bioaccessibility of bioactive compounds and comparing the different techniques
is complex as the conditions between them vary, therefore making it necessary to use in vivo
studies to obtain appropriate results (Carbonell-Capella et al., 2014). Several methods are
used for testing the bioavailability of nutrients, nevertheless in vitro and in vivo tests can be
considered the two main methodological categories.

Recently, the standardized INFOGEST static in vitro simulation of gastrointestinal food
digestion protocol, based on an international consensus developed by the COST INFOGEST
network, seems to be an interesting attempt to homogenize the different in vitro tests to de-
termine the bioaccessibility of nutrients and bioactive compounds (for more information see
Brodkorb et al., 2019).

The methods used for measuring bioactivity (regardless of the type) are based on events
occurring at the point when the bioactive component interacts with biomolecules. This inter-
action creates a metabolite, signal, or response that will change and intensify until a systemic
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physiological response is obtained, therefore providing a health benefit (Barba et al., 2019).
Fundamental bioavailability research is based on in vivo studies conducted on humans or
animals. Research on people is mainly based on analyses of blood and urine samples from
healthy volunteers at a predetermined time after serving them a known amount of food
or drink, rich in specific nutrients (Braga, Murador, de Souza Mesquita, & de Rosso, 2018;
Moreda-Pineiro et al., 2011). For many of the factors affecting the digestive process and bio-
availability of ingredients (especially hormonal and nervous control, feedback mechanisms,
mucosal cell activity, the complexity of peristaltic movements, and influence of the immune
system), in vivo experiments are the most reliable and correspond to the real conditions pre-
vailing in the human organism. However, the in vivo technique is time-consuming. It requires
meticulous planning and specific resources for adequate experimental control. This technique
also has some analytical and ethical restrictions (Cardoso et al., 2015). In vivo methods rep-
resent a standard approach to determining the bioaccessibility of food nutrients or bioactive
compounds, and are used for the validation of in vitro models. The multistage and complex
digestive and absorption process mean that a detailed picture is not obtained through bioas-
say studies (Fernandez-Garcia et al., 2009).

Due to their considerable diversity, the in vitro methods provide a wider experimental
field, which may be useful to obtain a broader understanding of bioaccessibility (Cardoso
et al., 2015). Procedures based on in vitro gastrointestinal digestion imitate the physiological
conditions in the digestive tract (Buniowska, Carbonell-Capella, Frigola, & Esteve, 2017; Cilla
et al., 2011). This method comprises two or three sequential phases: oral (depending on the
needs), gastric, and small intestinal, performed for a set period, pH, and temperature condi-
tions. Briefly, the first step involves incubating the homogenized sample with the amylase
solution at pH 6.5-6.9. Yet, it is often overlooked in the studies. The process is carried out in
the gastric phase at about pH 2, with the addition of HCI and pepsin. Afterwards, there is
intestinal digestion at about pH 7, involving pancreatic enzymes and bile salts. The soluble
component in the digested samples is collected using methods such as centrifugation or dial-
ysis across a semipermeable membrane to receive the bioaccessible fraction (Buniowska et al.,
2017; Cilla et al., 2018; Carbonell-Capella et al., 2014; He et al., 2016; Rodriguez-Roque, Rojas-
Grati, Elez-Martinez, & Martin-Belloso, 2013). Sometimes, digestion simulations involving
colon microbiota are also conducted. It is known that active ingredients such as polyphenols
can be digested with the participation of microorganisms and they also have a mutual influ-
ence on each other (Ozdal et al., 2016; Podse¢dek, Redzynia, Klewicka, & Koziotkiewicz, 2014).
Bioaccessibility can be established using Eq. (1) and expressed as a percentage.

Equation 1 Calculation of bioaccessibility (Rodriguez-Roque et al.,

2015).

BC,;
Bioaccessibility (%) = 100 x ———e=d_

nondigested

In the equation, BCyjgestea €Xpresses the concentration of the bioactive compound in the
digested sample and BCyondigested Means the concentration of the bioactive compound in the
nondigested sample (Rodriguez-Roque et al., 2015).
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The process of digestion in the gastrointestinal tract can be carried out in a special periodic
system, comprising two successive compartments that adequately imitate the stomach and
small intestine. It is formed of two glass units lined with a flexible silicone wall cover. The
units are controlled via a computer connected to the operator panel and a programmable logic
controller (Fernandez-Jalao, Sanchez-Moreno, & De Ancos, 2017). Simulated gastrointestinal
digestion can be performed with static or dynamic models. The static model, as opposed to
dynamic, does not accurately simulate the parameters of physiological digestion because it
runs under constant conditions. This excludes intestinal peristalsis and physical processes
such as shearing, mixing, and hydration. The dynamic models allow more accurate simula-
tion of the real state represented by the in vivo model through the use of gradual changes in
the pH level and enzymes, and the removal of dialyzed components (Alegria, Garcia-Llatas,
& Cilla, 2015).

Cell cultures are used to improve the method of determining the bioaccessibility of com-
pounds released from the food matrix in the digestion process. The most popular and the
most adequate to assess the bioavailability of ingredients administered by the oral route is
the Caco-2 model. This is a monolayer of a human colon carcinoma cell line (Braga et al.,
2018; Machhar et al., 2013). One of the most helpful features of these cells is their ability to
spontaneously differentiate. They form a monolayer of well-polarized cells and exhibit many
of the functional and morphological properties of mature human enterocytes. Their nucleus
is located in the basal part; they have numerous mitochondria and a brush border in the top
part. Caco-2 cells can produce enzymes, inter alin aminopeptidase, esterase and sulfatase.
They also contain transport proteins responsible for the transportation of sugars, amino acids,
peptides, vitamins, and they produce P-glycoproteins, which are known as drug resistance
proteins (Machhar et al., 2013). The Caco-2 cell model allows the simulation of the intestinal
epithelial barrier and is useful in measuring the interaction, uptake and cellular transporta-
tion of the food ingredients, drugs, and toxins (Alegria et al., 2015; Lee, Kim, Park, Holzapfel,
& Lee, 2018).

3 Impact of high-pressure processing on bioaccessibility

There are many factors influencing the bioavailability of bioactive compounds derived
from food products. Those resulting from individual variations of gastrointestinal physiol-
ogy lack significance with in vitro methods (Maisanaba et al., 2018). Those, however, that are
very important, include the physicochemical properties of food matrices, the structure of the
bioactive compound, and the methods of technological treatment. Studies conducted so far
have confirmed that the impact of processing on the bioaccessibility and bioavailability of
nutrients correlates with the type of nutrient, structure, and composition of the food matrix,
as well as the processing technique applied (Cilla et al., 2012).

Alternatives to the thermal treatment of food products are being sought more and
more. Therefore, techniques based on the impact of high-pressure processing has triggered
the interest of scientists and food technologists. High-pressure processing is considered
to be an innovative food processing technology that is beneficial because of the low use
of heat and preservatives. The process ensures the microbiological safety of food prod-
ucts and extends shelf life by inactivating many pathogenic and spoiling microorganisms
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(Barba, Mariutti, et al., 2017; Andrés, Villanueva, & Tenorio, 2016; Varela-Santos et al., 2012).
It maintains sensory properties and nutritional values (Barba, Esteve, & Frigola, 2012;
Marszatek, Szczepariska, Wozniak, et al., 2019; Westphal, Schwarzenbolz, & Béhm, 2018).

High-pressure techniques include high-pressure processing (HPP) also known as high
hydrostatic pressure (HHP), high-pressure homogenization (HPH), and supercritical carbon
dioxide/high-pressure carbon dioxide (SCCD/HPCD) (Marszatek, Wozniak, Kruszewski, &
Skapska, 2017). Depending on the pressurization technique used, different types of mecha-
nisms influence bioaccessibility. A pressure of 200 MPa, which affects the entire product in
the HHP process, damages the walls of the plant cell thus causing an increase in the bioac-
cessibility of biologically active ingredients by releasing them from the plant matrix (Barba,
Terefe, Buckow, Knorr, & Orlien, 2015). Under the high-pressure homogenization process,
shear forces, cavitation, and turbulent movements also act on the product, as a result of
forcing it through the homogenizer valve (Marszatek et al., 2017). The SCCD mechanism
is based on inactivation of the microorganisms and enzymes by lowering the pH of the
cytoplasm, disturbance of the electrolytic balance of cells, and the leaching of constituents
through cell membranes. This process is combined with high-pressure action of up to 60 MPa
(Marszatek et al., 2017). Unfortunately, there is a lack of research on the impact of SCCD on
the bioaccessibility of nutrients. The only research available so far indicates that treatment
under this method at 20MPa for 20, 40, and 60 min has contributed to a significant increase
in the bioaccessibility of lycopene compared to the control and heat treatment (Zhao, Sun,
Ma, & Zhao, 2018).

The use of high-pressure technology can improve the bioaccessibility of nutrients. However,
in view of the multiplicity of factors affecting that process and their mutual correlations, it is
difficult to unambiguously state which processing conditions are the most ideal in terms of re-
tention and stability of the nutrients (Fernandez-Garcia et al., 2009). High pressure may have
an impact on the bioaccessibility of nutrients mainly through its effect on the food structure
and through the activity of endogenous enzymes released from divided cells (Barba et al.,
2015; Putnik et al., 2017; Wang, Riedl, Somerville, Balasubramaniam, & Schwartz, 2011). Cell
breakdown using high-pressure treatment increases the extractability of compounds located
inside the cell structures (Herranz et al., 2018). Changes in the structure of compounds may
also occur during this process. Phenols may undergo, among other things, hydroxylation,
methylation, glycosylation and also form phenolic derivatives because of partial degradation
and loss of sugar moieties (Dugo et al., 2005).

3.1 Influence of the composition and structure of the food matrix

The structure of the food matrix has a significant impact on the bioavailability of nutri-
ents. The size of particles, their distribution among the tissues, and content of fibers, fats or
phytosterols with binding properties, all determine the bioaccessibility of bioactive compo-
nents trapped in the structure of the food’s matrix. Other important factors are interactions
that occur between compounds in the food matrix (Carbonell-Capella et al., 2014; Cilla et al.,
2012). The various studies provide conflicting results which show the difficulties in determin-
ing the effect of the matrix and type of compound on bioavailability. They reflect the com-
plexity of the interaction between the compounds in the matrix and between the matrix and
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the processes applied (Barba et al., 2015; Van Buggenhout et al., 2010). The viscosity of food
matrices is also a factor that can be linked with changes in the bioaccessibility of bioactive
compounds in the gastrointestinal tract (Herranz et al., 2018). The bioaccessibility is inversely
correlated with the value of Bostwick’s consistency index and viscosity, which increase as a
result of high-pressure homogenization (Panozzo et al., 2013).

Bioactive components (e.g., phenolic compounds, carotenoids, glucosinolates, and vitamin
C, among other things), are present in significant amounts in fruit and vegetable products.
Consuming at least five portions of vegetable and fruit a day is recommended. Due to their
high nutritional values, and delicate structure and sensitivity to temperature, fruit and veg-
etable products are often the basis for applying high-pressure techniques (Barba, Mariutti,
et al., 2017). Plant products are also a rich source of fiber, which is an important pro-healthy
compound but can, on the other hand, hinder the availability of some other nutritious ingre-
dients (Colle, Van Buggenhout, Van Loey, & Hendrickx, 2010).

There are researches in which scientists have used the milk matrix to study the bioavail-
ability and bioaccessibility of different compounds (Cilla et al., 2012, 2011; He et al., 2016;
Rodriguez-Roque et al., 2015, 2016). Milk is a complex mixture and is susceptible to the influ-
ence of heat and pressure treatment. The micelles in milk are dynamic in nature and therefore
subject to dissociation. Therefore, the level of the pressure applied, the temperature, and time
of the process should be properly selected. Experimental data indicate that following pres-
sure treatment at 350 MPa, the level of calcium-binding casein increased in the soluble milk
phase while applying the pressure of 450 MPa reduced the levels of soluble calcium and phos-
phorus. Serum proteins have been notably denatured by pressures above 250 MPa (Cadesky,
Walkling-Ribeiro, Kriner, Karwe, & Moraru, 2017; Orlien, Boserup, & Olsen, 2010). High pres-
sure stimulates changes in the rennet coagulation process by inducing protein binding in
micellar form. Pressure parameters not exceeding 250 MPa shortened the rennet coagulation
time, the pressure of 400MPa had little effect, and at 600 MPa the clotting time increased.
Temperature also played an important role in this process (lower temperature increases the
speed of rennet coagulation) in combination with high pressure. This phenomenon may also
affect the bioaccessibility of nutrients derived from milk-based products (Zobrist, Huppertz,
Uniacke, Fox, & Kelly, 2005).

The presence of fat in the food matrix also has a significant positive impact on the bio-
availability and bioaccessibility of nutrients, and also facilitates the uptake of toxins and food
contaminants. Research on pesticide residues in cherry tomatoes and their assimilation in the
gastrointestinal tract in an in vitro model showed that the addition of oil notably influenced
their bioaccessibility at the gastrointestinal stage (Liu et al., 2018). However, the digestive
process itself plays a fundamental role in reducing the bioavailability of toxins through met-
abolic processes that cause the modification or degradation of food contaminants. Thermal
processing of vegetables and fruits before consumption also reduces the content of harmful
substances such as cylindrospermopsins (Maisanaba et al., 2018). The oil matrix may undergo
crystallization because of high pressure, which limits nutritional availability (Gupta, Kopec,
Schwartz, & Balasubramaniam, 2011; Knockaert, Lemmens, Van Buggenhout, Hendrickx,
& Van Loey, 2012). On the other hand, high pressure promotes the formation of emulsions
and the dissolution of carotenoids in the lipid fraction (Svelander, Lopez-Sanchez, Pudney,
Schumm, & Alminger, 2011).
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3.2 Influence on the nutrients and bioactive compounds

The bioavailability and bioaccessibility of nutrients and bioactive compounds are deter-
mined by the characteristics of a given constituent, such as the chemical structure and manner
of metabolization. The diversity of test results reflects on the importance of the hydrophilic or
lipophilic nature of the compound and correlations between the component and matrices in
which it is located (Van Buggenhout et al., 2010).

3.2.1 Lipophilic compounds

In the context of the impact of high pressure on bioavailability, carotenoids are the most fre-
quently studied lipophilic compounds (Table 1). Because of their hydrophobic structure, these
compounds dissolve poorly in the aqueous conditions of the digestive tract. Additionally, ca-
rotenoids are located in the chromoplasts of cells. Their location within the chromoplast sub-
structure and cell wall are the two principle natural structural barriers regulating the release
of carotenoids in the digestive process. Therefore, it is important to work towards improv-
ing the bioavailability of lipophilic compounds beneficial to health through novel processing
techniques (Palmero, Lemmens, Hendrickx, & Van Loey, 2014; Rodriguez-Roque et al., 2016).

A few studies show the results of the changes in the stability of tocopherols and bioacces-
sibility in the food product after processing. The availability of tocopherols depends strictly
on the isomer that is being analyzed. The fruit juice-milk beverage study showed the con-
tent of a-, y-, and 8-tocopherol at various levels depending on the type of milk used (full,
skimmed, and soy). The dairy matrix in combination with high hydrostatic pressure (HHP)
resulted in greater improvement in the bioaccessibility of tocopherols and carotenoids than
thermal treatment (TT) (Cilla et al., 2012). The use of HHP to preserve spinach puree led
to a significant increase in the bioaccessibility of carotenoids, chlorophylls, and vitamin E.
However, it did not affect the total carotenoids content in the wild rose puree. HHP increased
the extractivity of carotenoids, which probably contributed to improving their bioaccessibil-
ity (Westphal et al., 2018).

Pressure processing of carrots, broccoli, and green beans at 400 and 600MPa did not af-
fect the content of a- and f-carotene, therefore it did not change the bioaccessibility of these
ingredients. However, a marked increase was noted in the in vitro availability of lutein in
green beans after HHP preservation at 600 MPa. The disruption of cellular structures in seeds,
under the influence of high pressures, could facilitate the release of lutein from plant tissues
during the in vitro digestion process. However, from a nutritional point of view, the effect of
HHP on the bioaccessibility of lutein would be considered minimal (Mclnerney et al., 2007).
In studies of heat treatment, high pressure and techniques combining heat and pressure used
on raw and preheated tomato juice, the bioaccessibility of f-carotene improved irrespective of
the technique selected. Prewarmed juice showed more favorable results in terms of the bio-
accessibility of f-carotene than raw juice. Lycopene bioaccessibility did not improve after any
treatment, despite the 12% increase in extractability. In the pressure-treated samples, lycopene
crystals were greater and more visible (Gupta et al., 2011). The effects of HHP, high-intensity
pulsed electric fields (HIPEF) and heat treatment on the bioaccessibility of carotenoids in fruit
juices with the addition of water, bovine milk, or soy milk were compared. The bioaccessibility
decreased with each type of treatment, however, it was definitely lower in thermally stabilized
beverages, where the loss of the bioaccessibility of compounds reached 63%. The exception
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TABLE 1 High-pressure effect on bioaccessibility of lipophilic compounds.

Effect on bioaccessibility/bioavailability

Processing Bioactive Higher than Higher
method Parameters compound Food matrix control than TT References
HHP 400MPa, 40°C, 5min a-Tocopherol Juice-milk beverages X Cilla et al., 2012
y-Tocopherol X
8-Tocopherol
carotenoids X
HHP 200, 400, 600 MPa; 5, 10min; Carotenoids, Spinach puree X Westphal et al.,
room temp. chlorophylls and 2018
vitamin E
Carotenoids Wild rose puree
HHP 400 MPa a- and B-Carotene  Carrots, broccoli and McInerney,
green beans Seccafien,
. Stewart, & Bird,
600 MPa Lutein Green beans X
2007
p-Carotene Broccoli
HHP 700 MPa, 30°C, 5min p-Carotene Tomato juice X Gupta etal.,
HHP+TT 700MPa, 100°C, 5min 2011
Lycopene
HHP 400MPa at 40°C for 5min Carotenoids Juice-milk beverages X Rodriguez-
L . Roque et al.,
cis-violaxanthin + X 2016
neoxanthin
HPH 10 MPa, 1 cycle o- and B-carotene  Carrot emulsions X Svelander et al.,
10 MPa, 10 cycles si 2011
100 MPa, 1 cycle Lycopene Tomato emulsions
HPH + TT 8.4-132.7 MPa, 14-34°C Lycopene Tomato pulp Colle et al., 2010
(> 47.9MPa)
HPH 10 MPa, 37°C Lycopene Tomato pulp Colle et al., 2013
HPH+MV 10 MPa, 37°C +20min 90°C X

Continued



TABLE 1 High-pressure effect on bioaccessibility of lipophilic compounds—cont’d

Effect on bioaccessibility/bioavailability

Lower
Processing Bioactive Higher than Higher than
method Parameters compound Food matrix No effect control than TT control References
HPH 10MPa, 4°C Lycopene Tomato pulp +oil X Knockaert,
. . Lemmens, et al.,
HHP+TT mild  15min, 450 MPa, 20°C X 2012
HHP + TT 20 min, 600 MPa, 45°C X
strong
HHP + TT 600MPa, 117°C X
sterilization
HPH > 50MPa B-Carotene Carrot puree +/— oil X Knockaert,
o . Pulissery, et al.,
HPH + TT +90°C, 10min X 2012
HPH + TT/ + 600MPa, X
HHP 45°C, 20min
HHP + TT mild 500MPa, B-Carotene Carrot slices X Knockaert et al.,
25°C, 16min 2011
HHP + TT 600MPa, X
strong 45°C, 20min
HHP + TT 600MPa, 117°C, 9.6 min X
sterilization
HPH single pass 20, 50, 100 MPa  Lycopene, f- Tomato pulp X Panozzo et al,,
carotene, and 2013
lutein
HPH 100 MPa Lycopene and Tomato X Palmero et al.,
fB-carotene chromoplasts- model 2016
B-Carotene Tomato cells- model X
Lycopene and Tomato insoluble X
fB-carotene phases-model
SCCD 10, 20 MPa, 10, 20, 40, 60 Lycopene Tomato juice X Zhao et al., 2018
min, 55°C;
30 MPa, 20 min
30 MPa, 10, 40, 60 min, 55°C X

HHP, high-pressure processing; HPH, high-pressure homogenization; MV, microwave heating; SCCD, supercritical carbon dioxide; TT, thermal treatment.
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was cis-violaxanthin + neoxanthin, in which the bioaccessibility increased by 79% in sam-
ples treated with HIPEF and HPP (Rodriguez-Roque et al., 2016). Other studies confirmed the
positive effects of HHP and HIPEF techniques on the stability of bioactive compounds such
as vitamin C, carotenoids, and flavanones compared to pasteurization (Morales-de la Pena,
Welti-Chanes, & Martin-Belloso, 2016; Sanchez-Moreno et al., 2005).

The impact of high-pressure homogenization (HPH) on the microstructure was studied
together with changes in the bioaccessibility of carotenoids. Experiments were performed
under various conditions in tomato and carrot emulsions (5% olive oil). Homogenized sam-
ples with further thermal pasteurization were compared to samples subjected only to ther-
mal pasteurization in order to investigate the possibility of the additional tearing of the food
matrix and increasing the bioaccessibility of carotenoids in the preprocessed material. HPH
notably increased their discharge from the matrix and the incorporation of a- and f-carotene
into the droplets of the carrot emulsion but did not affect the bioaccessibility of lycopene from
tomato under the conditions investigated. Although HPH can damage cellular structures,
active compounds (such as lycopene) may stay trapped in the cells, limiting their bioacces-
sibility. The absorption of carotenes by Caco-2 cells depended on cis-trans isomerization and
the concentration of the compounds in the digestive solution (Svelander et al., 2011).

In other studies, the pressure values of HPH were increased for tomato pulp to investigate
the effect of pressure on structural changes to the matrix and the bioaccessibility of lycopene.
Heat treatment was applied after the use of HPH to check whether it would further increase
bioaccessibility. HPH could breakdown cell clusters in tomato pulp. Pressure above 47.9 MPa
enabled the total destruction of the cells and the systematic distribution of cell material in-
side the samples. The analysis of particle size distribution also confirmed this relationship.
It showed a higher proportion of small particles thus improving the homogeneity of tomato
pulp at a higher pressure. Although HPH supported by heat treatment did not cause loss of
lycopene in tomatoes, it still decreased the bioaccessibility of this compound. According to
this study, higher pressure in HPH may reinforce the fiber structure, presented by an analy-
sis of the percentage of sludge. This led to an increase in product viscosity. So the lycopene
remaining in the fiber structure of the tomato pulp became less susceptible to digestive en-
zymes and bile salts and was less bioaccessible. Nor did thermal treatment (30 min, 90°C),
which causes greater disturbance of the cellular structure after HPH, improve the availability
of lycopene in tomato pulp (Colle et al., 2010). In a later study conducted by this author,
microwave heating at 90°C for 20min, used after HPH, improved the bioaccessibility of lyco-
pene. Predamaged cellular barriers could be broken by heat treatment, improving the release
of lycopene during digestion. Microwave heating at a higher temperature (120°C) signifi-
cantly increased the bioaccessibility of lycopene. HPH preceding this thermal treatment had
no other effect on the biological availability of this compound (Colle et al., 2013).

Tomato puree, with and without 5% of added oil that was not homogenized under high
pressure, showed the lowest bioaccessibility of lycopene compared to the treated samples.
The pasteurization processes, both thermal and high pressure, mild and intense, did not
have a negative effect on lycopene bioaccessibility. However, a decrease in bioaccessibility
was observed in the samples which after HPH were further subjected to thermal steriliza-
tion and equivalent high-pressure processing. Subsequent high-temperatures, and equivalent
high-pressure processes, induced lycopene degradation by oxidation the compound previ-
ously transferred via HPH to the oil phase (Knockaert, Lemmens, et al., 2012).

2. Impact of HPP on bioactive compounds content and bioaccessibility /bioavailability
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The same author observed the damaging effects of HPH on cells at pressure values above
50 MPa, which increased the bioaccessibility of p-carotene trapped in chromoplasts. Further
use of thermal pasteurization increased the bioaccessibility of f-carotene in the carrot puree
with 5% oil added. This was due to the softening of the cell walls and the increased solubility
of f-carotene in the oil at an elevated temperature. In contrast, high-pressure pasteurization
caused a reduction in bioaccessibility. According to the authors, high pressure could strengthen
the cell walls and induce the oxidation of -carotene. Furthermore, the factor that could have
a negative impact on the bioaccessibility of carotenoids is the crystallization of the oil under
some HPH conditions (Knockaert, Pulissery, et al., 2012). In other studies, conducted by this
author, the use of HHP paired with the pasteurization of carrot slices enabled lowering the
temperature in this process. Also, the aim was to achieve higher availability of f-carotene com-
pared with raw and pasteurized samples without the use of pressure (Knockaert et al., 2011).
In studies on tomato pulp, it was found that the higher the Bostwick consistency measurement
and viscosity of the matrix, the lower the bioaccessibility of carotenoids (lycopene, f-carotene,
and lutein) in vitro. The viscosity of the products increased under the influence of HPH be-
cause of matrix damage and the formation of fiber networks. The carotenoid type and its loca-
tion within the matrix affected this relationship (Panozzo et al., 2013). Model systems were also
used to investigate the effect of HPH on the bioaccessibility of carotenoids in tomato-based
products. The systems varied in the occurrence of natural structural barriers (chromoplast
substructure and cell walls or only chromoplast substructure) and in the presence of a soluble
and insoluble phase isolated from tomatoes. The network of insoluble fibers built during the
process could reduce the contact surface between the oil and digestive enzymes thus leading
to a decrease in the in vitro availability of carotenoids. HPH caused the breakdown of the
chromoplast structure and cell clusters, resulting in a slight increase in the bioaccessibility of
lycopene and f-carotene in the system using only chromoplasts. HPH has a more significant
impact on the bioaccessibility of f-carotene in model systems containing cell walls fraction
(Palmero et al., 2016). Research on the influence of thermal treatment on model systems iso-
lated from tomatoes, orange, red, and atomic red carrots showed no change, or a decrease in
the bioavailability of carotenoids, depending on the compound (Palmero et al., 2014).

The only study found so far on SCCD’s impact on bioaccessibility concerns lycopene in
tomato juice. The processing parameters applied were 10, 20, and 30 MPa at 10, 20, 40, 60 min,
and 55°C. The study showed that the technique implemented improved the bioavailability of
lycopene at 10 and 20 MPa, and the most after 40 and 60 min. Compared to the control sample
a decrease was recorded only at 30MPa (10, 40, and 60min). The positive effect of SCCD can
be attributed to the isomerization of the lycopene to cis-form, which has higher bioaccessibil-
ity in the gastrointestinal tract. In turn, the negative effect of higher pressure and time elonga-
tion may result from the precipitation of proteins and the creation of barriers that reduce the
availability of lycopene (Zhao et al., 2018).

3.2.2 Hydrophilic compounds

The studies available on the effect of high pressures on hydrophilic components bioac-
cessibility are presented in Table 2. Antioxidants with a hydrophilic structure are mainly
compounds from polyphenols and vitamins (Santhakumar, Battino, & Alvarez-Suarez, 2018).
The beneficial effects of antioxidants on health depends on their bioaccessibility. Ingredients
that are easily soluble in water should be accessible in the gastrointestinal environment.
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TABLE 2 High-pressure effect on bioaccessibility of hydrophilic compounds.

Effect on bioaccessibility/ bioavailability

Lower
Processing Bioactive No Higher than Higher than
method Parameters compound Food matrix effect  control than TT  control References
HHP 200 MPa, Folate Cauliflower, leek, X Melse-Boonstra et al., 2002
5min string bean
HHP 300,450, and  Folate Cauliflower, baby X Wang et al., 2011
600MPa, carrots, carrot greens
30°C, 5min
HHP 400 MPa, Flavonols Onion powder X Fernandez-Jalao et al., 2017
25°C, 5min .
Specific flavonols X
ex. Quercetin
diglucoside
HHP 400MPa, Flavonols Onion powder, apple  x Herranz et al., 2018
25°C, 5min powder, quercetin
Phenols X
supplement
HPH 250 MPa Phenols Juice-milk beverages X He et al., 2016
HHP 400MPa, Vitamin C Juice-milk beverages X Rodriguez-Roque et al., 2015
40°C, 5min ” .
Specific phenolic X
HHP 400MPa, Vitamin C Juice-milk beverages X Cilla et al., 2012
40°C, 5min
HHP 400 MPa, Vitamin C Orange juice X Sanchez-Moreno et al., 2003
40°C, 1 min
HHP 400MPa, Vitamin C Vegetable soup X Sanchez-Moreno et al., 2004
40°C, Imin "gazpacho"

HHP, high-pressure processing; HPH, high-pressure homogenization; TT, thermal treatment.
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However, they are often characterized by a tendency to transform into other forms, and to
degradation, such as anthocyanins. Nevertheless, their antioxidant properties are preserved
and maximized, therefore they have a positive effect on the human body (Singh & Kitts,
2019). One of the main factors affecting the bioavailability of phytochemical components is
their molecular weight and chemical structure. Hydrophilic phenolic aglycones can be trans-
ported through the intestinal epithelium by diffusion. Most of the polyphenols are present in
glycosidic form, which affects their transportation from the intestine. In order to be absorbed,
active transportation based on a hydrogen ions gradient or PepT1 transporter is needed
(Karas, Jakubczyk, Szymanowska, Ziotek, & Zielifiska, 2017).

It is necessary to apply a moderately elevated temperature to efficiently inactivate en-
zymes during the high-pressure process. High hydrostatic pressure results in the greater
stability of anthocyanin compared to traditional thermal treatment. The mechanisms of an-
thocyanin degradation are described by first-order reaction kinetics. The calculated activation
energy has much lower values in HHP processes than in thermal pasteurization (Marszatek
etal., 2017). The increase in temperature caused by mechanical stress in the high-pressure ho-
mogenization process can have a negative impact on the stability of anthocyanins. However,
research has proven that it is an anthocyanin-safe technique if the cooling system is used
to control the process temperature (Frank, Kohler, & Schuchmann, 2012; Karacam, Sahin, &
Oztop, 2015). Studies on the impact of high hydrostatic pressure on the stability of antioxi-
dants in cloudy apple juice showed no statistically significant effect on the changes to vitamin
C, although, a decrease was observed in the content of gallic acid, flavonols, and dichydro-
chalkons (Marszatek, Szczepanska, Starzonek, et al., 2019).

The structure of bioactive compounds is very important in assessing bioavailability. Some
studies on the transport of anthocyanins by the Caco-2 small intestine epithelial cell model
have revealed a difference in the penetration of different types of anthocyanins. Glucose-
based anthocyanins, such as cyanidin glucoside or peonidin glucoside, showed greater bio-
accessibility than their galactose-based counterparts. Besides sugar residues, the nature of
the aglycone part is also important for bioaccessibility (Faria et al., 2009). Anthocyanins are
susceptible to gastrointestinal microbiota, which can hydrolyze anthocyanin glycosides into
those accessible to specific enzymes (Braga et al., 2018).

In most cases, folic acid occurs in a form associated with the polyglutamate chain and
with regard to absorption needs to undergo enzymatic digestion to monoglutamate. Melse-
Boonstra et al. (2002) analyzed whether the processing of vegetables rich in folic acids, such
as cauliflower, leek, string beans, supports the breakdown of polyglutamate into an easily
digestible form of monoglutamate. After applying techniques such as freezing, thawing, and
high hydrostatic pressure (200 MPa, 5 min), despite the loss of folic acid at a level of > 55%,
the proportion of monoglutamate in the vegetables examined doubled or tripled which leads
to the conclusion that processing treatments, such as HHP, may increase the bioaccessibility
of folates. However, it is necessary to refine the technology to prevent the loss of these com-
pounds in processed water (Melse-Boonstra et al., 2002). The increased bioaccessibility of
folates may derive from the impact of high pressure on the structure of plant tissue as well
as from the effect on the activity of endogenous enzymes. After cell deterioration, enzymes
from the hydrolase group such as y-glutamyl hydrolase are released and can hydrolyze com-
plex folate molecules into short-chain or monoglutamyl folate. However, it should be empha-
sized that thermal treatment (e.g., blanching of vegetables) causes the inactivation of these
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enzymes (Wang et al., 2011). Onion powder samples subjected to the pressure of 400 MPa at
25°C for 5min were characterized by a higher overall content of flavonols after digestion than
the control samples, however, unfortunately, this process did not translate into an improve-
ment in bioaccessibility. The type of matrix certainly had a great effect, flavonols derived from
onions were more accessible than those released during digestion from the dietary supple-
ment quercetin. In addition, accessibility differed depending on the type of compound, and
the highest values were determined for quercetin diglucoside (23%-96%) (Ferndndez-Jalao
et al., 2017). Other studies conducted on the matrices showed similar results. HHP (400 MPa
at 25°C for 5min) increased the susceptibility of flavonols to extraction but had no effect
on their bioaccessibility and only a slight effect on the availability of phenols. Processing
significantly changed the microstructure of onion and apple powders and the supplement
quercetin, with a decrease in viscosity over the next stages of digestion. Higher values of the
consistency coefficient and viscosity in onion powders after HHP compared to nonprocessed
ones were also observed in nondigested samples and in the oral and gastric phase. This can
be explained by the deformation of the cell wall and a reduction in turgor caused by pressure.
This phenomenon may explain the higher total phenol values observed in HHP onion gastric
digestion phases compared to the control (Herranz et al., 2018).

Research on the use of high-pressure homogenization for improving the bioaccessibil-
ity of hydrophilic components is remarkably rare. Work so far presents the effects of HPH
(250MPa) and pasteurization (80°C/30min and 90°C/3s) on the bioaccessibility of phenols
and the antioxidant capacity of apple, orange, and grape juices with the participation of a
milk matrix. The use of homogenization regressed or had no effect on the bioaccessibility of
phenols in juices to which milk was added. According to this research, thermal treatment is
more effective in increasing the functional value of these products. The low HPH efficiency
may result from the action of oxidoreductive enzymes released from the disrupted cells, caus-
ing the oxidation and degradation of polyphenols (He et al., 2016).

The effect of HHP methods, high-intensity pulsed electric field (HIPEF), and heat treat-
ment on the bioaccessibility of vitamin C and phenolic compounds, as well as the hydrophilic
antioxidant activity of drinks based on fruit juices with and without milk, were investigated.
Both nonthermal techniques showed similar positive effects on the bioaccessibility of vitamin
C, compared to the heating (90°C, 1min) of the juice sample but each type of treatment re-
sulted in a loss of the bioaccessibility of the vitamin. High pressure and HIPEF improved the
bioaccessibility of some phenolic compounds, e.g., hesperidin and rutin, irrespective of the
matrix type, but did not affect the total phenolic content determined by HPLC. Techniques
such as HHP and HIPEF are able to inactivate the enzymes released from cells at the same
time as these processes take place at relatively low temperatures. Therefore, thermolabile an-
tioxidants can remain stable and bioactive in gastrointestinal digestion. Bioaccessibility also
depended on the matrix type. Soy milk showed better bioaccessibility of the active ingredi-
ents than bovine milk (Rodriguez-Roque et al., 2015). This can be justified by the high content
of phenolic compounds that naturally exist in soy milk as they could have an additional
antioxidant function. On the other hand, bovine milk is rich in proteins and vitamins that can
form complexes with active compounds from fruit juices and reduce their availability (Claeys
etal., 2013).

Another team of researchers (Cilla et al., 2012) had differing results and concluded that
fruit juice with the addition of soy milk was characterized by a lower bioaccessibility of
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vitamin C than juices with bovine milk. In addition, it was demonstrated that the bioacces-
sibility of vitamin C is higher after short heat treatment (90°C for 305s) of the juices than after
HHP at 400MPa, 40°C, and 5min. High-pressure treatment could promote the formation of
complexes in combination with milk components more than pasteurization. This resulted in
increased viscosity and reduced the availability of ascorbic acid molecules in the digestive
model. A significantly lower loss of active ingredients in the process of simulated digestion
was noticed than in earlier studies. The differences between the two studies could result from
the varying methods used to obtain a bioavailable fraction (centrifugation in Cilla et al., 2012
and dialysis in Rodriguez-Roque et al., 2015) and from applying various formulas and pro-
portions of beverage preparation in the individual studies.

Sanchez-Moreno et al. conducted in vivo studies focusing on the bioavailability of vitamin
C in orange juice (Sanchez-Moreno et al., 2003) and vegetable soup “gazpacho” (Sanchez-
Moreno et al., 2004) processed using high hydrostatic pressure (400 MPa/40°C/1min). Twelve
healthy volunteers (6 women and 6 men) participated in the studies. The researchers col-
lected fasting blood samples before analysis. They performed another test after 7 and 14 days
of consuming the tested product. It was shown that drinking 500mL of HHP treated orange
juice daily increased the vitamin C content in the blood plasma. After 7 days of consuming
500mL of “gazpacho” soup, there was a significant increase in the vitamin C content in the
plasma. This proves that the HHP preservation allows maintaining the bioavailability of vi-
tamin C and the resulting health-promoting values of the food products (Sanchez-Moreno
et al., 2003, 2004).

3.2.3 Mineral compounds

Several researchers have investigated the impact of high hydrostatic pressure on the bio-
availability of minerals in food products (Table 3). Briones-Labarca et al. reported the addi-
tional value of enzymatic digestion obtained from “Algarrobo” seed extracts. Analysis of the
extracts received after the in vitro digestion of seeds treated with high hydrostatic pressure
(500MPa during 2, 4, 8, and 10min) showed an increase in the total antioxidant capacity.
Also, using the longest applied time, an increase in solubility and dialysability of Ca, Fe, and
Zn was noted (Briones-Labarca, Venegas-Cubillos, et al., 2011). In other studies, carried out
by the same team on apples treated with HHP using the same parameters as before, there
was an increase in the bioaccessibility of Ca, Fe, and Zn and total antioxidant capacity. They
claimed the pressure could disturb the continuity of the cell wall structure and lead to the
release of mineral compounds into the extracellular phase. It also found that the bioacces-
sibility did not depend on the mineral concentration in the test solution (Briones-Labarca,
Muioz, et al., 2011).

In another study using milk-based fruit beverages, a higher bioavailability of calcium and
phosphorus in products preserved with high pressure was observed compared to those sub-
jected to thermal treatment. High hydrostatic pressure may also be useful in designing milk
products with higher nutritional values (Cilla et al., 2011). The pressurization of milk induces
destabilization and the dissociation of casein micelles, which is accompanied by the release of
Ca, P, Mg, and casein into the supernatant. Furthermore, the types of casein: alpha(S1-) and
alpha(52-) located in the core of the micelles were released which indicates that high pressure
disrupts micelles including their internal structure (Regnault, Dumay, & Cheftel, 2006). The
process of converting calcium from a micellar (insoluble) to a soluble form is reversible and
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TABLE 3 High-pressure effect on bioaccessibility of mineral compounds.

Effect on bioaccessibility/ bioavailability

Processing Bioactive Higher than Higher than

method Parameters compound Food matrix No effect control TT References

HHP 500MPa, 10min  Ca, Fe, Zn "Algarrobo" seed X Briones-Labarca,
Venegas-Cubillos,
Ortiz-Portilla,
Chacana-Ojeda,
& Maureira, 2011

HHP 500MPa, 10min  Ca, Fe, Zn Apples X Briones-Labarca,
Munoz, &
Maureira, 2011

HHP 400MPa, 36°C, Ca, P Juice-milk X Cilla et al., 2011

5min beverages
HHP 300 MPa Ca, Cu Germinated X Xia, Wang, Xu,
brown rice Mei, & Li, 2017

HHP, high-pressure processing; TT, thermal treatment.
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depends on the properties of the milk. Unfortunately, the released minerals may also bond to
other proteins and inorganic compounds (Barba et al., 2015).

The effect of high pressure on the bioaccessibility of mineral compounds, amino acids, and
starch was also studied in germinated brown rice. The use of this treatment increased the
bioaccessibility of calcium, copper, and essential amino acids (AAs). It also enhanced the total
antioxidant capacity and starch resistance to hydrolysis. This was beneficial for maintaining a
low glycemic index. HHP significantly induced the accumulation of free AAs by accelerating
mass transfer and enzymatic reactions in the pressurized samples. The highest values were
determined at a pressure of 300 MPa, and with its increase structural changes in starch oc-
curred, resulting in a decrease in bioaccessibility. At 300 MPa, the process of gelation of starch
granules began which lowered their hardness and also the parameters of the texture profile
such as cohesiveness, gumminess, and resilience. The study demonstrated a close correlation
between texture parameters and the bioavailability of mineral compounds (Xia, Tao, et al.,
2017; Xia, Wang, et al., 2017).

4 Conclusions

High-pressure affects the bioaccessibility of nutrients in various ways, depending on
the structure of the compounds and the composition of the matrix. Many of the studies
presented demonstrate the positive effect of high-pressure treatment on the bioaccessibil-
ity and bioavailability of bioactive components. A positive pressure effect was mainly the
result of:

e maintaining the high stability of the compounds due to low process temperatures and the
inactivation of enzymes from the oxidoreductase group

e increase in the extractivity

e damage to the cell structure (cell wall and chromoplasts) and release of bioactive
compounds

e supporting the dissolution of carotenoids in oil

¢ influence on the activity of enzymes from the group of hydrolases supporting the
breakdown of polyglutamates into monoglutamates

Some studies also showed no effect or a negative impact of pressure on bioaccessibility.
According to the research analyzed, this may result from:

the formation of large lycopene crystals after pressure

entrapment of lycopene in the cell structure

changes in the fiber structure

increase in viscosity

increased susceptibility to oxidation of the lipophilic compounds (e.g., lycopene) after

transferring to the oil phase

oil crystallization under pressure

® enzyme activity from the group of oxidoreductases on the components released from
cells, using low-pressure parameters

e changes in the structure of proteins in dairy matrices.
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The bioaccessibility of components under high pressure varied depending on the nature of
the ingredient (e.g., isomerization of tocopherol or the type of phenyl compound). It also dif-
fered depending on the food matrix to which pressure was applied (e.g., the addition of a milk
component or the absence or presence of oil). The effect of pressure on bioavailability has not
been revealed. Depending on the matrix used, higher hydrostatic pressure caused an increase
or decrease in bioaccessibility resulting from changes to the tissue structure. Higher pressure
caused an increase in the viscosity of products which debilitates the availability of active ingre-
dients. It also effectively inactivates enzymes reducing the content of nutritionally beneficial
components. High-pressure homogenization is mainly used to improve the bioaccessibility of
lipophilic components that are more connected in the tissue structures and harder to access in
the aqueous stomach environment. In the context of the bioaccessibility of hydrophilic compo-
nents and minerals, the majority of studies apply to the study of hydrostatic pressure.

The assessment of bioavailability is very important to learn about the real possibility of the
body benefiting from active ingredients. The type of processing and parameters used, among
many other factors, play an important role in modulating the bioavailability of nutrients.
On the whole, they should be taken into consideration when developing new products with
health-promoting properties. Beyond that, the research presented shows discrepancies, there-
fore, proving the need to conduct further studies in this area, in order to expand knowledge
on the impact of high pressure on biological accessibility.
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Abstract: The aim of the study was to investigate the effect of high-pressure processing (HPP) and
thermal processing (TP) on the bioaccessibility of vitamin C and anthocyanins as well as changes
in the antioxidant capacity (AC) using ABTS+e and DPPHe tests on blackcurrant (Ribes nigrum L.)
puree during the steps in the digestive process. The puree was subjected to HPP at 200, 400, and
600 MPa for 5 min (room temperature) or TP at 85 °C for 10 min. The controls were untreated puree
(P) and fruit crushed in a mortar (M). All the samples were digested in a static in vitro digestion
model, including the mouth, stomach, and small intestine, and subjected to dialysis. The vitamin
C, anthocyanin, and antioxidant capacity were monitored at each step of the digestion process.
The potential bioaccessibility of the antioxidants studied was calculated in relation to the undigested
sample. TP and HPP enabled a high content of vitamin C, anthocyanins, and AC to be maintained.
After simulated digestion in the small intestine, a significant decrease was observed in the vitamin
C and anthocyanins (approximately 98%) content. However, a high stability (approximately 70%)
of both compounds was noted at the gastric stage. HPP and TP significantly affected the potential
bioaccessibility of vitamin C and anthocyanins, although the bioaccessibility of both compounds in the
samples treated using HPP was higher than when using TP. Moreover, the potential bioaccessibility of
vitamin C after HPP treatment (400 and 600 MPa) was higher than the bioaccessibility calculated for
the M and P control samples. TP and HPP treatment negatively affected anthocyanin bioaccessibility
after dialysis. The most favorable pressure was 400 MPa, as it allowed maintaining the best antioxidant
activity after digestion.

Keywords: bioaccessibility; high hydrostatic pressure; black currant; vitamin C; anthocyanins;
antioxidant activity; in vitro digestion model

1. Introduction

Berries, including blackcurrants (Ribes nigrum L.), are distinguished by their excellent nutritional
values. Due to their mineral, vitamin, and antioxidant content, they are recommended from a nutritional
point of view. They are a rich source of vitamin C and anthocyanins responsible for their intensely
dark red color [1]. Blackcurrants contain 160-285 mg/100 g of ascorbic acid; therefore, consuming
approximately 20 g of this fruit provides the recommended daily allowance (RDA) for vitamin C [2].
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Depending on the variety, region, ripeness, growing, and storage conditions, the concentration of
polyphenols can be as much as from 500 to 1342 mg/100 g, and most of them are anthocyanins
(160411 mg/100 g) [3,4]. Blackcurrants are very good material for the production of juices, frozen
foods, jams, and tinctures and can also be eaten as fresh fruit. Their many nutritional compounds
also make them an interesting ingredient for the functional foods sector [2]. Their high content of
antioxidants could help in the prevention of tumors and cardiovascular diseases. Anthocyanins are
also responsible for anti-inflammatory, antimicrobial, and neuroprotective effects, the induction of cell
apoptosis, and may help in maintaining eye health [5,6]. The free radical scavenging mechanisms,
and inhibiting the formation of carcinogenic nitrosamine in the stomach, contribute to the antimutagenic
and antioxidant effect of vitamin C [7]. Epidemiological studies in rats have proven that the long-term
low-dosage administration of vitamin C prior to middle cerebral artery occlusion had a neuroprotective
effect and may protect the brain against damage and strokes [8].

The bioavailability of nutrient and bioactive compounds is defined as the part of a substance
administered for digestion and it is capable of being absorbed and available for use in physiological
functions [9]. The concept of “bioavailability” includes availability for absorption, which is determined
as “bioaccessibility”, absorption, tissue distribution, and bioactivity. Itis not essential for all antioxidants
to be fully absorbed from the digestive tract into the systemic circulation in order to fulfill their function
and bring beneficial effects for the human body. By remaining in the intestines and colon, they can
protect epithelial cells from oxidative DNA damage and cancerous changes associated with the release
of free radicals [10].

Due to the difficulties associated with performing and comparing in vivo tests, static in vitro
models are often used to assess bioaccessibility. In vitro tests map optimal conditions in the
gastrointestinal tract, help to avoid ethical problems, and enable us to understand certain mechanisms
that guide the digestive processes and the absorption of bioactive components and their potential
bioaccessibility [11,12].

Numerous studies have shown the positive effects of high-pressure processing (HPP) on the
stability of bioactive ingredients, compared to thermal processing, and the increase in the bioaccessibility
of selected nutritional compounds was confirmed. HPP may affect plant tissue structures and increase
the extractability of bioactive ingredients, simultaneously having a positive effect on their initial stability.
Moreover, this treatment can disrupt the structure of the ingredients, both bioactive (polyphenols,
folates) and those capable of binding them (such as pectin), thus making them more available. Therefore,
high hydrostatic pressure may be a useful method of preservation in designing functional foods with
high nutritional values [13,14]. According to our best knowledge, there are a limited number of studies
on the influence of HPP on the bioaccessibility of anthocyanins and vitamin C, as well as changes
to the antioxidant capacity (AC), during the digestive steps; therefore, the aim of this study was to
evaluate the influence of HPP conditions on the potential bioaccessibility of anthocyanins, vitamin
C, as well as changes in the AC after simulated digestion in the mouth, stomach, and small intestine.
Moreover, the passive transport of metabolites through the artificial membrane was investigated after
dialysis. The differences between the HPP and thermal processing (TP) techniques, as well as between
the various degrees of tissue disruption (puree and crushed fruits), were also highlighted.

2. Results and Discussion

2.1. Effect of Processing on the Bioaccessibility of Vitamin C

The vitamin C content in blackcurrants before digestion was the highest in fresh fruit crushed
in a mortar (M), followed by untreated (P) and HPP treated puree at 200 MPa (HPP200) (Table 1).
All the processes were insignificant regarding the degradation of vitamin C (except for the HPP600
sample) before digestion, which indicates that the vitamin C in blackcurrants is quite resistant to
thermal treatment. This may be due to the fruit’s natural high acidity. In the control samples, vitamin C
occurred only in the form of L-ascorbic acid, and only this bioactive form of the vitamin was analyzed.
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Table 1. Results of physicochemical analyses of blackcurrants at various stages of digestion.

. Saliva Stomach Non-Dialysed .
Sample Non-Digested SD Digesti?/,e SD Digestive SD Intestin}:ﬂ SD D1aly§ate SD
Code Sample Fracti . . Fraction
raction Fraction Fraction

M 229.482 6.43 134.422 3.89 205.42 2 6.73 3.714b 0.36 <1.0P -

L-Ascorbic Acid P 227242 4.45 112.02° 5.08 177.62 ¢ 7.03 3.48 be 0.16 <1.0P -

(AA) TP 221.56 ab 4.71 104.37 ¢ 5.80 133.66 4 5.79 2354 0.37 <1.0" -

[mg/100 g] HPP200 229.202 241 97.70 € 4.26 140.95 4 4.69 2.90¢d 0.30 <1.0P -
HPP400 22523 ab 1.65 117.63 b 2.67 189.17 be 5.36 4082b 0.33 2202 0.49
HPP600 217.38 ¢ 6.92 117.02b 3.61 194.95 ab 9.37 4.182 0.50 2.092 0.35
M 736.70 38.30 257.43 ¢ 12.99 454.69 2 24.49 10.22 ¢ 1.25 11.86 2 0.95
Sum of P 638.04 b 43.52 251.94 be 10.19 391.43b 21.53 3.074 0.58 3.49P 0.91
Anthocyanins TP 601.98 b 25.31 178.15 ¢ 9.56 330.07 © 13.47 8.84°¢ 0.75 1.53¢ 0.38
[mg/ke] HPP200 619.09 4213 220234 1875  39141° 1587 14.10° 1.04 141°¢ 0.47
HPP400 626.05 P 44.38 287.852 13.91 408.71b 22.38 19.022 1.33 1.77 ¢ 0.47
HPP600 622.81P 43.22 277.29 ab 16.04 419472 2403 4644 0.76 1.61°¢ 0.40
M 30.802 0.81 32.48b 0.83 38.28 b 1.95 12.812 0.54 11.25b 0.42
P 30.11 @b 1.16 31.70 0.78 35.86 ¢ 0.90 945Pb 0.06 9.31¢ 0.48
ABTS*® TP 27.03 ¢ 1.49 28.38 ¢ 0.96 35.76 ¢ 1.18 294¢ 0.09 6.80 d 0.12
(pm/mL TEAC) HPP200 27.95¢ 1.36 28.91°¢ 1.17 35.30 ¢ 0.66 5.29d 0.23 9.34¢ 0.26
HPP400 28.20 be 0.73 37.294 1.03 42,022 0.66 9.59b 0.39 13.442 0.47
HPP600 31.822 1.59 34912 0.78 3549 ¢ 0.66 6.25¢ 0.22 9.39¢ 0.37
M 4572 1.63 22212 1.17 25.81b 1.43 4362 0.20 4412 0.03
P 47.24° 1.57 23.752 0.96 26.08 ab 0.55 4222ab 0.14 3.33¢d 0.08
DPPH* TP 45112 0.11 21.332 0.82 21.99¢ 1.14 3.86 bc 0.20 3.184 0.05
(um/mL TEAC) HPP200 47352 0.34 22.052 0.54 22.67°¢ 1.15 3.63°¢ 0.15 3.45¢ 0.03
HPP400 45612 0.28 22,632 1.33 28.944 0.94 4632 0.20 3.83b 0.01
HPP600 45.892 0.45 21992 1.00 27.15 b 1.36 4562 0.20 341°¢ 0.11

30f15

M-fruit manually crushed in a mortar; P-unprocessed puree; TP—thermally pasteurized puree; HPP200—puree after HPP at 200 MPa; HPP400—puree after HPP at 400 MPa; HPP600—-puree
after HPP at 600 MPa; n = 3, small letters a—c, indicate statically significant differences in the mean values within a column at a confidence level of « = 0.05; SD-standard deviation. ABTS**:
2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic) acid diammonium salt, DPPH®: 2,2-diphenyl-1-picrylhydrazyl, TEAC: Trolox Equivalent Antioxidant Capacity.
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The concentration of L-ascorbic acid decreased by approximately 50% in all the samples after
salivary digestion. The significant degradation in vitamin C could be connected with the raising of the
pH value to 6.75 + 0.20. Furthermore, it was evident that vitamin C was less stable in the samples
treated with HPP at 200 MPa as well as TP. This phenomenon may be connected with the oxidation of
L-dehydroascorbic acid to L-dehydroascorbic acid at a higher pH in the mouth. The most stable form
of vitamin C was in the M samples, which was probably due to the larger fruit particles that can protect
less available nutrients inside the tissue. During the digestive phase in stomach conditions, the vitamin
C concentration increased significantly compared to the salivary phase. The highest concentration of
vitamin C was observed in the M and HPP600 samples. Higher pressures promoted the reversibility of
the degradation reactions, and lower concentrations of vitamin C were found when lower pressures
were applied. In the unprocessed P samples, the vitamin C concentration was lower than in the samples
treated using HPP at 400 and 600 MPa, and higher than in the same samples treated using 200 MPa
and treated with TP. The acidic environment of the stomach is able to promote the stability of vitamin
C, which is also confirmed by other studies—however, in the context of polyphenols [15].

Vitamin C was largely destroyed as a result of digestion in the small intestine (approximately
98-99%), irrespective of the type of processing and the conditions; whereas in dialysate, vitamin C
was only detected in the samples treated using HPP at 400 and 600 MPa. The highest content of the
vitamin was found in HPP600 samples (up to 4.18 mg/100 g), and the lowest content was found in the
TP sample (2.35 mg/100 g). Such a large degradation of vitamin C may by caused by the high pH in the
small intestine. Vitamin C is sensitive to environmental changes and is unstable in alkaline and neutral
pH, at high temperatures, and in the presence of oxygen and some metal ions [16,17]. Other authors
have also confirmed that vitamin C degraded under intestinal conditions, showing a decrease of 91%
after the digestion of fresh broccoli [7]. Other studies reported a significant degradation in vitamin C
(>95%) in pomegranate juice, after in vitro digestion at the small intestine stage [18]. Studies involving
vitamin C and phenolic compounds have also confirmed their high stability in stomach conditions
(a recovery of more than 75%) as well as a decline in their concentration during intestinal digestion [19].
According to our best knowledge, there is currently no research describing the changes in vitamin C at
all the stages of digestion, including salivary digestion. The relative bioaccessibility (BAc) calculated
for vitamin C after dialysis in relation to the non-digested sample is slight (Figure 1a). The highest BAc
at this stage was calculated for vitamin C in samples treated using HPP at 400 and 600 MPa (about
1%). The BAc of vitamin C from the small intestine fraction was slightly higher, ranging from 1% in
sample T to 2% in TP and HPP600-treated samples (Figure 1b). The BAc of vitamin C in samples
treated under pressure at 400 and 600 MPa was higher than the BAc calculated for unprocessed M
and P puree. This means that HPP may increase the BAc of vitamin C, which is probably due to the
enhanced extraction of this compound from the tissue. HPP treatment may increase the extractivity of
bioactive ingredients; however, the type of food matrix is of great importance to the further effect of
increasing BAc [14,20]. It transpired that a pressure of 200 MP was insufficient to increase the BAc
of vitamin C. This phenomenon may be justified by the low degradation of tissue enzymes such as
polyphenol oxidases and peroxidases, which may accelerate the degradation of vitamin C. On the
other hand, vitamin C is metabolized at a high pH and may also be absorbed by the epithelial lining
of the small intestinal as metabolites. Ascorbic acid can be absorbed via a sodium-dependent active
transporter (SVCT1) mainly in the ileum and jejunum, while the absorption of dehydroascorbic acid is
facilitated by diffusion in the duodenum and jejunum using glucose transporters. Generally, it is clear
that compounds undergoing dialysis would be available for absorption in the human body, but in the
case of vitamin C, it is highly probable that ascorbic acid is absorbed into the human cardiovascular
system from the stomach or just at the beginning of the small intestine [21]. The BAc of vitamin C
after digestion in the stomach phase was very good and was within the limits—from 60% for TP
and HPP200-treated samples, and up to 90% for M and HPP600 samples (Figure 1c). It should be
emphasized that vitamin C from HPP-treated samples at 600 MPa had a greater BAc than the P sample,
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which indicated that the HPP technique may increase the BAc of vitamin C. However, TP significantly
decreases the Bac to below the BAc recorded for the P and M samples.
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Figure 1. Relative bioaccessibility of total vitamin C in blackcurrants after different processing:
M-—crushed in a mortar; P-untreated puree; TP-thermal pasteurized puree; HPP200-high pressured
puree at 200 MPa; HPP400-high pressured puree at 400 MPa; HPP600-high pressured puree at 600 MPa;
(a) in the dialysate stage; (b) in the intestinal stage; (c) in the gastric stage; small letters a—e indicate
statically significant differences in the mean values between samples at a confidence level of & = 0.05.

There is limited research on the effect of HPP on the bioaccessibility of vitamin C. Aschoff et al.
(2015) assessed the BAc of vitamin C in orange juices and observed that thermal pasteurization
increased the BAc of vitamin C compared to fresh orange juice [22]. Cilla et al. (2012) verified the effect
of short thermal treatment (90 °C, 30 s) on vitamin C BAc in fruit juices, with the addition of various
types of milks compared to HPP treatment at 400 MPa and 40 °C for 5 min. They concluded that HPP,
in contrast to thermal treatment, enabled the retention of vitamin C at a level similar to fresh juices.
However, the retention of vitamin C did not contribute to an increase in the BAc of this component.
The authors concluded that HPP can promote the formation of aggregates of whey protein in juices
with the addition of milk and protect against the degradation of vitamin C by increasing viscosity,
which may influence the reduction in the BAc of ascorbic acid molecules in the in vitro digestion
model [23]. In another study, an increase in the BAc of vitamin C in fruit beverages with water, milk,
or soymilk treated using HPP (400 MPa, 5 min, 40 °C) compared to thermally treated (90 °C, 60 s)
samples was reported. The authors confirmed that HPP may contribute to the inactivation of enzymes
responsible for vitamin C oxidation such as ascorbate oxidase and peroxidases, whereas short-term
heating may not be sufficient to inactive these enzymes [24].
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2.2. Effect of Processing on the Bioaccessibility of Anthocyanins

According to the data presented in Table 1, the content of the sum of anthocyanins in blackcurrants
before digestion was the highest in crushed fruits (sample M) and was 736.70 mg/kg of raw material.
The sum of anthocyanins in the other samples was between 638.04 and 601.98 mg/kg in P and TP treated
puree, respectively. The total anthocyanin content was higher in HPP-treated samples than in the TP,
M, and P-treated ones, thus confirming that anthocyanins in blackcurrants are quite stable at high
pressures [25]. Four main anthocyanin monomers were found: delphinidin-3-o-rutinoside (Df 3-o-rut),
cyanidin-3-o-rutinoside (Cy 3-o-rut), delphinidin-3-o-glucoside (Df 3-0-glu), and cyanidin-3-o-glucoside
(Cy 3-o0-glu), and the same anthocyanin composition was found by other authors [26]. Cy 3-o-rut,
which is the second most common anthocyanin in the cultivar of blackcurrant studied, is also known
to be the most stable after thermal treatment [27].

The salivary digestion of all the samples caused a significant degradation in the anthocyanins
(Table 1). Similarly, according to Carbonell-Capella et al., 2015. In beverages based on exotic fruits,
the recovery of total anthocyanins detected after the salivary phase was significantly lower than
those in the non-digested samples [28]. It is well known that anthocyanins are very sensitive to pH
changes, and this reaction is reversible [25]. The largest decrease in these pigments was noted in the TP
sample, reaching a value of 178.15 mg/kg, whereas the lowest was in the HPP200, M, and T samples:
220.23 mg/kg, 257.43 mg/kg, and 251.94 mg/kg, respectively. The most stable anthocyanins were in
the HPP400 and HPP600 samples and amounted to 287.85 mg/kg and 277.29 mg/kg. As a result of
digestion in an acidic stomach environment, the anthocyanin content increased significantly, but the
concentration of this pigments reached 55-65% of the concentrations noted in the samples before the
first step of digestion. A similar relationship was also found in another study. After the simulated
digestion of grape samples in the mouth phase, the anthocyanin content was lower than in the control
sample, before digestion, whereas it increased significantly in the gastric phase. Ultimately, 45% of the
anthocyanins were available after the gastric stage. The authors concluded that this phenomenon is
related to the type of food matrix, since there was no similar relationship in wine samples [15].

Simulated intestinal digestion resulted in a drastic decrease in anthocyanin contencentration.
The highest degradation was noted in the P, HPP600, and TP sampled and reached from 0.5% to
1.5% compared to undigested samples. The best anthocyanin retention was noted in the M, HPP200,
and HPP400 samples, where the concentration of these pigments was as high as 3% of the original value.
A similar concentration of anthocyanins was detected in the dialysate obtained from untreated M and P
samples. All the treatment processes resulted in a significantly lower absorption of anthocyanins after
dialysis by artificial membranes. Similarly to vitamin C, the Bac of anthocyanins calculated according
to the ratio of the substance in the dialysate and non-digested samples was very low (Figure 2a). For all
the treated samples, the BAc was approximately 0.2-0.3%, and no statistically significant differences
were observed. For samples M and P, the Bac of anthocyanins was higher and reached 1.62% and
0.55%, respectively. Taking into consideration the content of the substance digested at the gastric stage,
the BAc of anthocyanins was statistically significantly lower in the TP samples (55%) compared to the
HPP-treated samples (Figure 2¢c). The BAc of anthocyanins in the M and P samples was significantly
lower compared to the HPP-treated samples, but it was still higher than the BAc calculated for the
TP samples.

Previous studies confirm the high stability of anthocyanins in the gastric digestion phase and
a large decrease in BAc after intestinal digestion [15,29-32]. The authors justified this phenomenon
by the break in the anthocyanin ring when the pH of the environment changes from acidic (pH 2)
to alkaline (pH 8). Only delphinidin- and malvidin-6-acetoyl 3-glucosides were relatively stable to
changes in the pH and showed far less degradation [30]. In the bioaccessibility studies of polyphenols
(including anthocyanins) in apples, other authors observed a significant degradation in anthocyanins
after digestion at the intestinal stage. This was explained by the pH changes from acidic in the
stomach to alkaline in the small intestine, as well as by the action of pancreatin and bile. The release of
anthocyanins from the fruit matrix is most effective during gastric digestion [15,29]. Bouayed et al.
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(2011) noted that most polyphenols and flavonoids were already available in the gastric phase, but not
all polyphenols detected in the intestinal stage were available for absorption under the conditions
simulated by dialysis experiments. Studies of anthocyanin derived from blueberries proved that the
delphinidine derivatives were unstable under gastrointestinal digestion. They were not detected after
digestion and showed the lowest BAc. The differences in the availability of various anthocyanins may
be related to the number of -OCH3 groups present in the different molecules. It has been noted that a
larger number of these groups promote bioavailability, since larger structures may contribute to less
degradation and susceptibility to conversion to nondetectable (colorless) forms [33].

14 a 2.5
=1.2 {1 @ 5 ab 2
Z10 1 220 b i 1
o L. Q T C de 1
=038 l B 15 L oz e
[ © 1 1
204 b b 3
s E 1T 2os
$0.2 1 I £
0.0 0.0
N N R S R Q,@Q Q@Q Q@Q
R 3 R XXX
X ¥ SRS
(a) (b)
100 a a
= c b L
— + I
g & £ dd
< 60 I I
[+2]
£ 40
(%]
& 20
0
S &
s R & &S
NS NS NS
RS RS RS

(c)

Figure 2. Relative bioaccessibility of total anthocyanins in blackcurrants after different processing:
M-—crushed in a mortar; P-untreated puree; TP-thermal-treated puree; HPP200-high-pressured puree
at 200 MPa; HPP400-high-pressured puree at 400 MPa; HPP600-high-pressured puree at 600 MPa;
(a) in the dialysate stage; (b) in the intestinal stage; (c) in the gastric stage; small letters a—d indicate
statically significant differences in the mean values between samples at a confidence level of « = 0.05.

Anthocyanins are very susceptible to degradation under the influence of temperature, light, pH changes,
the presence of oxygen, sugars, sulfites, ascorbic acid, metal ions, and other pigments. They are also sensitive to
the activity of tissue enzymes (3-glucosidase, polyphenoloxidase, and peroxidase), and microorganisms [25].
At a pH below 3, anthocyanins are found in the form of red flavylium cations. As the pH increases to 4,
these cations are transformed into purple-violet quinoidal bases. At pH 4-6, colorless hemiketal forms
may occur and also yellow retro-chalcones, resulting from ring opening. Furthermore, anthocyanins
may undergo co-pigmentation reactions that occur in the presence of some compounds, such as other
phenols and metal ions (including magnesium, coppet, and aluminum), which increases their stability.
Anthocyanins may also be easily transformed into insoluble polymeric brown pigments, which are
liable to degradation at elevated temperatures, causing the polymerization of monomeric anthocyanins
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to form brown compounds [25]. Anthocyanin bioaccessibility from foods is very limited. Even after
consuming large amounts of these compounds, their maximum plasma concentration is at a level
of several tens of nM and occurs just over an hour after ingestion. Moreover, the concentration of
anthocyanins in the urine is less than 0.1% of the initial dose. However, it should be noted that studies
often do not take into account all anthocyanin derivatives that may have arisen in the metabolic
pathway, and moreover, they often forget about the possibility of biliary excretion back into the
gastrointestinal tract [34,35]. The low bioaccessibility of anthocyanins may also be connected with
their bonding with other plant tissue components, such as cellulose, pectin, and fiber [35]. As the
blackcurrant is known to be a fruit containing a large amount of pectin (2.5 g/100 g), this hypothesis is
highly probable [36].

However, anthocyanins can also be absorbed in a glycoside form through the gastric mucosa,
as has been demonstrated in several studies [37,38]. Studies conducted on rats fed a diet enriched with
blackberry anthocyanins have shown that anthocyanins and their metabolites can accumulate in the
tissues of organs such as the bladder, prostate, testicles, heart, and adipose tissue. This demonstrates
their bioavailability from the gastrointestinal tract and the circulatory system to targeted organs.
Anthocyanins can be absorbed from the stomach and intestines, but they can also reach the colon,
where they are metabolized by the microbiota, which confirmed the hypothesis that these compounds
do not have to be stable in the small intestine [39].

The mechanisms describing the metabolism and absorption of anthocyanins are not yet fully
understood. There are indications that they may even be absorbed in the mouth, as anthocyanins can
be present in the blood plasma 5 min after their contact with the oral epithelial tissue. In addition,
there are similar transporters in the mouth as in the intestine that can contribute to the absorption of
anthocyanins from the oral cavity [40]. The gastrointestinal microflora plays also an important role in
the digestion and absorption of anthocyanins [41]. Research results indicate that colon fermentation
reduces the antioxidant activity of polyphenols and their potential to inhibit cancer cells [30]. In spite of
the generally low bioavailability of anthocyanins, epidemiological studies indicate their positive effect
on the body. This may be due to the biological activity of the metabolites and catabolites produced by
microorganisms, as well as their potential synergistic interaction with other compounds [39].

It has been shown that food processing, including high-pressure techniques, can increase the
bioaccessibility and bioavailability of antioxidants through the chemical or physical modification of
food. The application of HPP helps in the retention of thermolabile antioxidants during processing
and therefore favors more effective absorption in the gastrointestinal tract [35]. To the best of our
knowledge, there is currently a lack of research on the effects of high pressure on the bioaccessibility of
anthocyanins. Rodriguez-Roque et al. (2015) demonstrated that HPP treatment (400 MPa, 5 min, 40 °C)
improved the bioaccessibility of total phenols compared to thermal treatment and control samples.
The authors explained that HPP may affect the bioaccessibility of phenolic compounds by intervening
with their structure (e.g., hydroxylation, methylation, isoprenylation, dimerization, and glycosylation).
Phenolic derivatives may also be formed through the partial degradation of linked forms. HPP can
also improve the bioaccessibility of active ingredients by affecting the structure of fiber, fats, and
phytosterols, which are often associated with other food components, disturbing their absorption [24].

2.3. Effect of Processing on the Antioxidant Capacity of Blackcurrant Puree in a Simulated Digestive System

Measuring the antioxidant capacity (AC) of food products with 2,2’-azino-bis(3-ethylbenzothiazoline-
6-sulfonic) acid diammonium salt (ABTS**) and 2,2-diphenyl-1-picrylhydrazyl (DPPH®) radicals relies on
a single electron transfer mechanism [42]. In the control samples, the AC measured with ABTS*® was
between 27.03 and 31.82 pM/mL Trolox Equivalent Antioxidant Capacity (TEAC) in the TP and HPP600
samples, respectively. A similar trend was observed using DPPH?® radicals, but the values were from
45.11 to 45.89 uM/mL TEAC, respectively (Table 1).

The highest AC in the salivary digestive fraction measured with ABTS*® was noted for HPP-treated
samples at 400 and 600 MPa, whereas the type of processing and conditions were insignificant in tests
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using DPPH®. The lowest AC was noted in samples treated using TP and HPP at 200 MPa. The AC
measured with the ABTS™® test increased significantly in all the samples compared to the undigested
samples, which indicates that digestion in the salivary step may increase the antioxidant potential
of the nutritional compounds found in blackcurrants. By contrast, the method using the DPPH®
radical noted a 50% decrease in AC in all the samples, and these values did not show statistically
significant differences.

Digestion in the stomach caused a further increase in AC measured with ABTS** in all the samples.
The greatest changes were noted for the TP and HPP200 samples, where AC increased by almost
26% and 13%, respectively, compared to the salivary digestion stage. Despite the significant growth,
their value was still lower than in the other samples. The highest value of AC was recorded in the
HPP400 sample, reaching 42.02 pM/mL TEAC. Similarly, using the DPPH® method, an increase in
AC was observed after gastric digestion. The highest increase occurred in the HPP400 and HPP600
samples, 28% and 23%, respectively.

During simulated digestion in the small intestine, there was a significant decrease in AC in all
the samples. It was probably associated with a decrease in the vitamin C and anthocyanin content.
Under the ABTS*™® method, the decrease ranged from 66% in M to 92% in the TP samples. The M
sample showed the highest AC, followed by HPP400 and P, whereas the pasteurized samples had the
lowest AC. There were similar relationships in the dialysate fraction. In most of them, an increase in
AA was observed, indicating that the bioaccessible fraction contains metabolites of the tested active
ingredients, which was characterized by high AC. In addition, a pressure of 400 MPa also had the
greatest beneficial effect on the AA of the fruit product.

Rodriguez-Roque et al. found that the use of HPP reduced hydrophilic antioxidant activity
(measured by the DPPH® method) in fruit and soy-fruit beverages, but not below the AC noted for
heat-treated samples. Depending on the matrix used, HPP caused an increase (in juices with milk),
did not change (in juices with soymilk), or caused a decrease (in juices with water) in AC after digestion
compared to the control samples, which indicates that the AC of food components is highly dependent
on the food matrix. However, HPP always provided a higher AC than heat treatment in this experiment.
The authors concluded that processing can cause changes in the structure of the analyzed substances,
reducing or increasing their activity. The oxidation of certain bioactive compounds present in food
may be the reason for the decrease in the AC of the food matrix after processing. However, processing
can improve the concentration of antioxidants by their release from the food matrix or due to the
inactivation of degradative enzymes [24]. In the research conducted on apples and algarrobo seeds,
Briones-Labarca et al. also noticed an increase in the total antioxidant capacity (DPPH® method) after
applying HPP treatment (500 MPa, 10 min). Processing contributed to the release of antioxidants and
an increase in their solubility after breaking the cell wall structure [43,44]. Anthocyanin bioaccessibility
and antioxidant activity (ORAC method) in tart cherry extracts with the addition of mineral clay were
also studied. Despite a large decrease in the anthocyanin content after digestion under duodenal
conditions, an almost twofold increase in antioxidant activity (ORAC) was noted. This may indicate
that the metabolites formed after the breakdown or transformation of anthocyanins may still have
antioxidant activity and that this activity is much stronger than before digestion [45].

3. Materials and Methods

3.1. Reagents and Solvents

The following reagents, enzymes, and laboratory equipment were purchased at Sigma-Aldrich
(St. Louis, MO, USA): mucin from the porcine stomach—type II, x-amylase, heat-stable, (TDF-1004,
24975 U/mL), pepsin from porcine gastric mucosa (250 U/mg solid), pancreatin from the porcine
pancreas (8 x USP specifications), bile extract from porcine, sodium dodecyl sulfate—ACS reagent,
sodium bicarbonate >99.5% used to simulate digestion, dialysis tubing cellulose membrane (average flat
width 25 mm), 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic) acid diammonium salt (ABTS** radical),
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2,2-diphenyl-1-picrylhydrazyl (DPPH?® radical), (+)-6-hydroxy-2,5,7,8-tetramethyl-chromane-2-carboxylic
acid (Trolox), DL-dithiothreitol (HPLC) (DTT), phosphoric acid 85%, acetonitrile (HPLC), formic acid
>95.0% and sodium hydroxide pellets >98.0%, (NaOH).

Other reagents were obtained from Chempur (Piekary Slaskie, Poland), such as di-sodium
hydrogen phosphate anhydrous pure p.a. 299.0% (NayHPO,), di-potassium hydrogen phosphate
(KoHPOy), sodium chloride pure p.a. >99.9% (NaCl) and di-sodium edetate standard solution
0.01 mol/L (EDTA). Hydrochloric acid pure p.a. ACS reagent 37% (HCl) and potassium peroxodisulfate
>99.0% were purchased from Honeywell Fluka (Seelze, Germany). Ethanol (96% CZDA) and methanol
(HPLC grade) came from Avantor (Gliwice, Poland).

3.2. Raw Materials

3.2.1. Blackcurrant Fruit Processing

The research material were frozen blackcurrants (Ribes nigrum L.) of the Tisel cultivar bought from
a local market. Whole raw materials were divided into two parts. One part of the fruit was subjected to
manual crushing (J > 5.0 mm) with a mortar (M). The other part was thawed and processed into puree
(P) (@ < 0.2 mm) with a colloid mill (Rietz, San Francisco, CA, USA). The puree obtained was divided
into two subsequent parts and packed into 100 mL glass jars or 50 mL high-density polyethylene
(HDPE) bottles. The glass jars were pasteurized in a laboratory bath pasteurizer (Labo Play, Bytom,
Poland) at 85 °C for 10 min (TP). The puree packed in HDPE bottles was subjected to high-pressure
processing (HPP) in a high-pressure U4000chamber (UNIPRESS, Warsaw, Poland) at 200, 400, and 600 MPa
(HPP200, HPP400, HPP600) and room temperature for 5 min. To limit adiabatic heating, all the bottles
were cooled in an ice bath immediately after HPP. All the samples were frozen at —18 °C before analysis.

3.2.2. Extraction of Bioactive Compounds from Raw Materials

An extraction of bioactive compounds was prepared from all the samples before and after
processing as well as after digestion in salivary and gastric steps. The intestinal fraction and samples
after dialysis were analyzed directly without additional extraction. About 0.5 g of the sample was
extracted by shaking for 5 min at 400 RMP (DLAB, Labindex, SK-0330-Pro, Warsaw, Poland) with 80%
methanol solution acidified with 0.1% HCl and by ultrasonication for 5 min (ultrasonic bath, MKD-6,
Warsaw, Poland). The supernatant was centrifuged for 5 min and 10,342x g (centrifuge, Rotina 380R,
Hettich, Tuttlingen, Germany) at 4 °C. Extraction was repeated six times to a final supernatant volume
of 50 mL.

3.3. In Vitro Digestion, Dialysis, and Calculation of Bioaccessibility

In vitro gastrointestinal digestion was conducted according to method presented by Minekus et al.,
2014 [46] and Buniowska et al. (2017) [47] with slight modifications. All samples were digested in
triplicate, and distilled water was used instead of blackcurrants for the blank sample. Simulated
digestion was started from the salivary step. Fifty grams of each sample was transferred to a dark glass
bottle (100 mL) and mixed with 5 mL of a saliva enzyme solution (2.38 g Na,HPOy, 0.19 g K;HPOy,
8 g NaCl, 100 mg mucin, and a-amylase of 200 U/L enzyme activity, dissolved in 1 L of distilled water).
The pH was adjusted (pH meter HI 211, Hanna Instruments, Woonsocket, RI, USA) to 6.75 + 0.20
by the addition of HCI (12 mol/L) or NaOH (2 mol/L), and the solution was incubated in a shaking
water bath (Labo Play, SWB 8N) at 37 °C and 90 RPM for 10 min. To start the simulation of the gastric
phase, 13.08 mg pepsin was added, and the pH was adjusted to 2.0 by the addition of HCI (12 mol/L).
The mixtures were incubated in a shaking water bath (37 °C/90 RPM) for 2 h in the dark. Twenty grams
of the sample from the stomach stage was transferred to a fresh dark glass bottle and titrated with
NaOH (2 mol/L) to pH 5.00 + 0.20 to initialize the intestinal phase. Then, 5 mL of pancreatin (1 g/L) and
bile (25 g/L) dissolved in distilled water were added. Finally, the dialysis membrane filled with 25 mL
NaHCOs solution (0.5 M, pH 7.5) was immersed in the mixture for the dialysis step. Dialysis cellulose
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membranes were prepared the day before by boiling in 0.01 mol/L EDTA (with 2% NaHCOs3; and 0.1%
sodium dodecyl sulfate) for 10 min. The mixtures obtained were incubated again for 2 h in the shaking
water bath under the previous conditions and cooled in the ice bath for 10 min. Samples were collected
from each step of the simulated digestion for analysis. Bioaccessibility (BAc) was calculated according
to Equation (1).

BAc [%] =100 x (Bcdigested/ BCnon—digested) @

where BAc—bioaccessibility of bioactive compound; BCgjgesteq—the concentration of bioactive
compound in the digested sample; BCpon-digested—the concentration of bioactive compound in the
non-digested sample.

3.4. Chemical Analysis

3.4.1. Determination of L-Ascorbic Acid (AA)

Determination of the vitamin C content was performed according to the method presented by
Odriozola-Serrano et al. (2007) [48]. The sample was transferred into a vial after appropriate dilution by
0.01% m-phosphoric acid and filtering on the disposable syringe filter (0.45 pm, Macherey-Nagel, Diiren,
Germany). A Waters chromatographic system (Milford, MA, USA) equipped with a 2695 Separations
Module and 2995 Photodiode Array Detector was used. A column—Sunfire C 18, 5 pm, 4.6 mm X 250 mm
with reversed phase and Sunfire C18 Sentry guard insert, 5 pm, 4.6 mm x 20 mm (both Waters)—was
thermostated at 25 °C. Samples were eluted isocratically with 0.01% m-phosphoric acid as an eluent at a
flow rate of 1 mL/min for 10 min. The AA was quantified using UV absorption at 245 nm.

3.4.2. Determination of Anthocyanins

For a quantitative determination of anthocyanins, the method described by Oszmianski (2002) [49]
was used. The previously prepared extracts or intestinal fraction or dialysate were filtered through
a disposable syringe filter (0.45 pm). The HPLC system and column were the same as described in
Section 3.4.1. Ten pL of the samples was eluted for 26 min at 25 °C with the following eluents: a 4.5%
aqueous solution of formic acid (A) and an 80% solution of acetonitrile in a previous solution of formic
acid (B) at a flow rate of 1.0 mL/min as follows: 0 min—-0% A; 7 min-17% A; 15 min-17% A; 21 min—-100%
A; 26 min—0% A. The anthocyanins were quantified at 520 nm. The amount of anthocyanins was
calculated as cyanidin 3-glucoside.

3.4.3. Antioxidant Activity against ABTS** Radical

Determining the antioxidant activity against the ABTS*® radicals was carried out according
to the method described by Re et al. (1999) [50]. The solution of cationic radicals was prepared
by combining 7 mM of ABTS*® and 2.45 mM of potassium persulfate. The solution was left in a
dark place for 18 h to form colored radicals. The solution was diluted with ethanol to obtain an
absorbance measured at 734 nm with a UV/Visible Spectrophotometer (Ultrospec 2000, Pharmacia
Biotech, Amersham, UK) between 0.740 and 0.750. One mg/mL solution of Trolox in ethanol was
diluted into six 10-mL volumetric flasks, creating solutions in the following concentrations: 50, 100,
150, 200, 250, and 300 pg/mL to determine the calibration curves. Then, 0.025 mL of subsequent Trolox
standards or samples were mixed with 2.5 mL of ABTS** radical solution and incubated at 30 °C for
6 min. The blank sample contained water instead of a sample extract. The antioxidant capacity was
expressed as Trolox Equivalent Antioxidant Capacity (TEAC) per 1 mL of the sample.

3.4.4. Antioxidative Activity against the DPPH® Radical

The determination of the antioxidant activity against the DPPH® radical was carried out according
to the method presented by Yen and Chen (1995) [51]. A 1 mM stock solution of DPPH® in 80%
methanol was prepared and incubated in a dark place for 3 h to obtain a concentration of 0.1 mM
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and absorbance within 0.700-0.800 at 517 nm (Ultrospec 2000, Pharmacia Biotech). A standard curve
was prepared from Trolox dissolved in methanol (1 mg/mL) in six 10 mL volumetric flasks, obtaining
concentrations of 10, 20, 30, 40, 50, and 100 ng/mL, respectively. Then, 2 mL of radical solution and
0.1 mL of the test sample were mixed, and the absorbance was measured after incubation for 30 min in
darkness. The antioxidant activity was expressed as Trolox Equivalent Antioxidant Capacity (TEAC)
per 1 mL of the sample.

3.5. Statistical Analysis

The results obtained were subjected to a one-way analysis of the variance and an analysis of the
statistical significance of the differences in mean values using the Tukey test at a confidence level of «
= 0.05. Statistica 7.1 software (StatSoft, Tulsa, OK, USA) was used for data analysis. All technological
procedures as well as digestion were carried out triplicate, whereas all analytical analyses were carried
out in duplicate.

4. Conclusions

HPP as well as TP enabled the retention of vitamin C, anthocyanins, and high antioxidant capacity
in blackcurrant products in almost all the samples. Digestion under salivary conditions caused a
decrease in the vitamin C and anthocyanin concentration as well as the antioxidant capacity measured
with DPPH®, which was connected with the changes in the natural pH of fruits in salivary digestion.
On the other hand, both the vitamin C and anthocyanin concentration increased after stomach digestion,
which can be justified by the low pH in the stomach. The first step in the oxidation of vitamin C and the
transformation of anthocyanins into quinoidal bases and colorless hemiketals are reversible reactions
and may be the reason why an increase of these compounds in the stomach was observed. As a result of
further digestion in the small intestine and dialysate digestion stages, a very high degradation of each
compound was noted, thus confirming other authors’ findings. The biological activity of vitamin C
and anthocyanins may be related to the absorption of these compounds in the early stages of digestion
or similar activity of their metabolites.

Despite the low stability of each compound during digestion, a higher bioaccessibility of vitamin
C and anthocyanins after HPP treatment was observed. The higher the pressure used, the better
bioaccessibility was observed, especially at the gastric stage. The lowest bioaccessibility of vitamin C
and anthocyanins was observed in all the TP-treated samples at each of the digestion steps (except
for the intestinal step for anthocyanins). The results of antioxidant capacity varied depending on the
radical used in the assay (ABTS** and DPPH?®). Antioxidant capacity against the ABTS** radical in the
in vitro digestion model increased slightly after the simulation of salivary digestion; then, it reached
the highest value at the stage of simulated gastric digestion, thereby indicating that the metabolites of
the selected nutritional compounds from blackcurrants may indicate greater antioxidant potential.

A small number of papers on the impact of HPP on the bioaccessibility of hydrophilic antioxidants
in food, as well as the promising results of this research, encourage their continuation. Further studies
will be focused on determining selected metabolites in the nutritional compounds found in blackcurrants,
as well as the use of more advanced methods to simulate the absorption of nutritional compounds and
metabolites in more natural conditions, for example with Caco-2 cell lines.
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Abstract: Blackcurrant juice (Ribes nigrum L.) was subjected to supercritical carbon dioxide (SCCD)
at 10, 30, and 60 MPa for 10 min at 45 °C, as well as thermally treated at 45 and 85 °C for 10 min
to determine the stability, antioxidant capacity (AC), and bioaccessibility (BAc) of vitamin C, total
anthocyanins, and their individual monomers. An in vitro gastrointestinal digestion model completed
with dialysis was used to assess BAc. The use of SCCD at each of the pressures applied improved the
stability of vitamin C, total anthocyanins, and AC before in vitro digestion. As a result of digestion,
the total content of vitamin C, anthocyanins, and AC decreased. The highest BAc of vitamin C
was noted in fresh juice (FJ) (40%) and after mild heat treatment at 45 °C (T45) (46%). The highest
BAc of total anthocyanins was also noted in the FJ (4.4%). The positive effect of the application of
SCCD on the BAc of the delphinidin-3-O-glycosides was observed compared to T45 and thermal
pasteurization at 85 °C (T85). Although SCCD did not significantly improve the BAc of vitamin
C and total anthocyanins, the higher AC of SCCD samples after intestinal digestion (ABTS+e and
DPPHe) and in dialysate (ABTS+e) compared to thermally treated was observed. The protocatechuic
acid was detected by UPLC-PDA-MS/MS as the major metabolite formed during the digestion
of delphinidin-3-O-rutinoside. This may indicate the influence of SCCD on improvement of the
accessibility of antioxidants for digestion, thanks to which more metabolites with high antioxidant
activity were released.

Keywords: bioaccessibility; supercritical carbon dioxide; blackcurrant; vitamin C; anthocyanins;
antioxidant activity; in vitro digestion model

1. Introduction

Growing awareness of the impact of proper nutrition on the health and quality of
human life is one of the most important topics for food technologists, especially with regard
to the application of emerging techniques for food preservation. Modern food preservation
techniques, such as treatment with supercritical carbon dioxide (SCCD) might be a good
alternative to thermal heating since it allows maintaining a high antioxidant content while
ensuring food safety and high sensorial properties [1-3]. Supercritical CO, is a non-toxic,
inexpensive, readily available, non-flammable medium that is approved as safe. It is
characterized by a low viscosity (3-7 x 10~° Pa s) and zero surface tension, thanks to which
it is able to quickly and effectively penetrate the sample [4]. SCCD carried out at a pressure
ranging from 7.28 up to 60 MPa allowed for the effective reduction of microorganisms, even
by more than three logarithmic cycles. The use of the parameters of 60 MPa, 30 min, and
45 °C made it possible to obtain strawberry juice while maintaining good microbiological
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quality even for 12 weeks of storage at 6 °C [2]. SCCD also enables the inactivation of
tissue enzymes such as polyphenol oxidase or peroxidase, thereby inhibiting the browning
processes [2,3,5]. Penetration of a food sample with supercritical carbon dioxide causes
a decrease in the pH inside the cell, physical disruption of the tissues, modification of
cell membranes, and the extraction of intracellular compounds. In fruit and vegetable
processing, SCCD is used primarily in liquid foods such as juices, where processing fruit
caused significant tissue damage before preservation. Supercritical carbon dioxide is used
in the food industry on a large scale for the extraction of caffeine from coffee beans, for the
production of hop extracts, and for the de-alcoholization of wine. The use of SCCD has
also been patented for, inter alia, the recovery of flavorings of seasonings and purification,
fractionation and deodorization of oils. The fruit and vegetable preservation by SCCD
technique has great potential, but is not yet used on an industrial scale [6].

The black currant contains 160-285 mg /100 g of ascorbic acid and 160-411 mg/100 g of
anthocyanins, which are the most abundant representatives of polyphenols in that fruit [7].
Vitamin C and anthocyanins are well known for their anti-inflammatory, antibacterial, and
neuroprotective properties. The high content of these antioxidants in blackcurrants makes
this fruit a recommended dietary component in the prevention of cancer, cardiovascular
diseases, and vision defects [8-10]. Vitamin C supports the production and preservation of
collagen necessary for the formation of connective tissue. L-ascorbic acid facilitates the heal-
ing of wounds. It is an essential ingredient in the treatment of anemia thanks to increasing
iron absorption and influencing the production of red blood cells. As a strong antioxidant,
it participates in redox processes and is responsible for the destruction of free radicals [8,11].
The characteristic of blackcurrant anthocyanin profile consisting of the delphinidin and
cyanidin rutinosides and glucosides, has application in detection adulteration in juices
and wines. The intense dark red color, stability in acidic food, and the strong antioxidant
properties of black currant make this fruit a great raw material for the production of juices
and wines, as well as an additive in the production of functional food [11]. Studies in mouse
models confirmed the possibility of anthocyanin extracts, obtained from Kenyan purple
tea, crossing the blood-brain barrier. Due to their neuroprotective properties, they are
promising dietary supplements for inhibiting oxidative stress in the brain and preventing
neurodegenerative diseases such as Alzheimer’s, Parkinson’s, and multiple sclerosis [12].

There are indications that anthocyanins may have a positive effect on the body even
though their absorption by the intestinal epithelium is very limited. The metabolism and
absorption of these substances are complicated and not fully understood. However, to
take full advantage of the health benefits that can be associated with the consumption of
antioxidant-rich fruits, it is important to ensure the highest possible bioavailability and
bioaccessibility of these compounds so that they can reach the target tissues and organs in
the human body [10,13]. Bioaccessibility is defined as the amount of an active compound
that is released from the matrix and is available for absorption into the bloodstream [14]. The
bioaccessibility study was performed using an in vitro model that simulated digestion in
the mouth, stomach, and small intestine along with dialysis through a cellulose membrane
simulating the passive transport of components through the intestinal epithelium into
the bloodstream.

Technological processing of food is one of the factors influencing the bioaccessibility
of nutrients and bioactive compounds. The aim of the present research was to investigate
whether SCCD also affects the stability and bioaccessibility of bioactive ingredients such as
vitamin C and anthocyanins in blackcurrant juice after digestion in an in vitro gastrointesti-
nal model. Moreover, the metabolites of selected anthocyanins after in vitro digestion and
dialysis were detected using UPLC-PDA-MS/MS. The diagram of the work carried out in
these studies is presented in Figure 1.
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Gastric phase
(pepsin solution, pH = 2.00, 2 h incubation)

(dialysis membrane filled with 25 ml NaHCO3, pH =7.50, 2h incub;r[:im)b

Bioaccessibility calculations
(vitamin C, anthocyanins)
BAc [%] = 100  (BCuigestea/BCron-digested)

Figure 1. A schematic diagram showing the work flow described in this study.

2. Results and Discussion
2.1. Stability and Bioaccessibility of Vitamin C after SCCD Treatment

According to the data presented in Table 1, the vitamin C content in the control
samples of blackcurrant juice before digestion ranged from 150 mg/L in untreated juice
to 172.54 mg/L in juice treated using SCCD at 60 MPa. SCCD improved the stability and
extractability of the vitamin C from the tissue to the juice. Thermal treatment did not
significantly affect the vitamin C content. The vitamin C content in blackcurrant juice
was similar to the values obtained in other studies, which ranged from 60 to 280 mg/L
depending on the country of origin of the fruit [11]. Marszalek et al. (2018) reported no
effect of SCCD treatment under pressure of 10-60 MPa on the vitamin C content in apple
juice [3]. The higher sensitivity of vitamin C was observed in strawberry juice, where
about 30% of the vitamin C was degraded after SCCD treatment under a pressure of
30 and 60 MPa [1]. In the studies conducted on orange juice, SCCD caused a 12% reduction
in vitamin C compared to the control samples, but a 43% decrease in this vitamin after
pasteurization was also noted. Vitamin C is susceptible to degradation in the presence of
oxygen and active oxidative enzymes. In turn, supercritical CO; is a poor solvent for the
extraction of this vitamin and does not contribute to its degradation. The replacement of
the oxygen dissolved in the liquid juice matrix with supercritical CO, could be beneficial
for the better stability of vitamin C in products [15,16]. It transpires that the vitamin C
contained in blackcurrant juice is resistant to the application of temperature. A low pH of
the environment could have a protective effect on the chemical structure of vitamin C [17].
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Table 1. L-ascorbic acid (AA), L-dehydroascorbic acid (DHAA) and total vitamin C content at each
stage of the digestion of blackcurrant juice.

Total Vitamin C

Sample AA (mg/100 mL) DHAA (mg/100 mL) (AA+DHAA) (mg/100 mL)
FJ 147.71 € + 11.04 229°¢+0.71 150.00 € + 11.08
_ T45 155.09 ¢ + 3.56 3172 4+ 0.91 158.25 b + 3,14
£ T85 155.81 P +2.82 1.95 € 4 0.65 157.76 P + 2.60
§ SCCD10 162.68 2 + 8.80 3232 4121 165.91 2 + 936
SCCD30 156.93 b¢ + 5.60 3.842 4 0.38 160.77 b¢ + 5.82
SCCD60 169.39 2 + 2.66 3.153b 4+ 0.92 172.542 +2.25
F 188.72 b¢ + 15.05 9.102 + 1.64 197.82 3P + 16.59
T45 201.552P + 11.03 1.83 ¢+ 0.49 203.38 2P + 11.44
K T85 180.99 € + 12.66 6.96P + 156 187.95b +13.71
S SCCD10 210912 + 4.06 2.35¢+0.83 213.26 @ + 3.66
SCCD30 201.71 2P + 4.87 8.69 2 + 1.26 210.39 @ + 4.95
SCCD60 196.97 abc + 3.59 7.93 3P + .48 204.90 2P + 3.12
FJ 170.03 @ + 14.71 2.73¢+0.51 172.77 @ + 14.42
o T45 161.06 @ + 3.57 240+ 0.77 163.46 % +3.73
=) T85 151.76 ® +9.45 8.192b + 527 159.96 2 + 9.56
§D SCCD10 151.88 b +11.08 11.652 +2.31 163.53 2 +9.43
SCCD30 131.45 € + 12.82 4.08b¢ +1.09 135.52 € +12.79
SCCD60 152.9423b + 537 1.87°+0.62 154.81 P + 5.49
F 4253 +0.93 13.83 P +2.18 18.082 +2.93
= T45 2.19b¢ +0.70 14.812 + 3.15 16.99 2P + 3.67
-é T85 1.50 ¢4 +0.17 12.203b + 2.45 13.70bc + 2,61
Qe SCCD10 2.53b +0.36 10.79° +1.72 13.32b¢ +1.36
g SCCD30 1.06 9¢ + 0.36 1094 +1.12 12.00 ¢ + 0.72
SCCD60 0.46 © + 0.06 6.28 ¢ + 0.67 67449 +0.67
FJ 42,612 +4.33 17.26° +1.69 59.87P + 5.87
@ T45 33.61° +2.50 38.752 £+ 5.30 72.37 2 + 3.09
g T85 23.04¢+1.21 20.17¢ + 3.36 4321°¢+4.14
s SCCD10 30220 +2.89 16.04¢ +1.21 46.26 ¢ +£3.79
° SCCD30 21.94¢ + 347 18.69 € +2.21 40.63°¢ +1.84
SCCD60 21.43¢+1.79 23.86 € + 3.59 4528 + 252

FJ-fresh juice; T45-thermal treated juice at 45 °C; T85-thermal treated juice at 85 °C; SCCD10-juice after supercritical
carbon dioxide treatment at 10 MPa; SCCD30-juice after supercritical carbon dioxide treatment at 30 MPa; SCCD60-
juice after supercritical carbon dioxide treatment at 60 MPa. The same superscripts letter indicate no significant
difference between mean (p < 0.05) in the columns within each digestion stage.

A total of 98% of vitamin C in the control samples was present in the L-ascorbic acid
(AA) form. Due to digestion, it underwent reversible oxidation to L-dehydroascorbic
acid (DHAA). During the simulated digestion in the small intestine, DHAA became the
dominant form of vitamin C, reaching 76-93%. In the dialysate, the DHAA content again
fell slightly, ranging from 29% in the F] samples to 54% in the T45 samples. In the conditions
prevailing in the digestive system, DHAA could also undergo further decomposition due
to diketogulonic acid, 2-hydroxyfurfural, and other 5-carbon compounds [18].

The higher total vitamin C content in all treated and untreated samples were detected
after first step of digestion in mouth in comparison to the same samples before digestion in
mouth. Higher levels of vitamin C in samples after oral digestion compared to undigested
samples may occur due to the activity of salivary enzymes. Enzymatic extraction of vitamin
C from the juice tissue increased the content of this vitamin compared to non-digested
samples. In contrast, the concentration of vitamin C significantly decreased after gastric
digestion. Due to intestinal digestion and dialyse, the total vitamin C content decreased by
45-66% compared to the stomach stage. In our previous studies, we observed a decrease
in the vitamin C content at the stage of oral digestion, and then, an increase in vitamin C
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concentration in the acidic environment of the stomach, which could have been caused
by using a different matrix (puree). After intestinal digestion and dialysis, the vitamin
C was significantly degraded (~98%). Studies conducted on blended fruit juice made
from orange, pineapple, and kiwi showed high vitamin C stability after gastric digestion
(recovery > 75%) and a significant decrease in vitamin C stability in an alkaline pH, which
occurred in the intestinal step of digestion [17]. During the study of the bioaccessibility
(BAc) of bioactive ingredients, including vitamin C from broccoli inflorescences, only a
7% loss of vitamin C after digestion in gastric conditions was noted, but as much as a
91% degradation in intestinal conditions [19]. Similarly, in the studies of pomegranate juice,
a 95% loss of vitamin C after intestinal digestion was reported [18]. Vitamin C is commonly
known to be an unstable bioactive compound sensitive to changes in pH (pH > 4), high
temperature, enzyme activity, oxygen, light, and some metal ions [7].

It can also be observed that most of the vitamin C remaining after the simulation of
intestinal digestion was passively transported across a cellulose membrane simulating
the epithelial barrier of the small intestine. The most effective diffusion took place in
samples treated using SCCD60 (87%), followed by the T45 sample (81%). Other processing
conditions resulted in an absorption level of vitamin C ranging from 76 to 78%. The
absorption of vitamin C in the human organism differs depending on the type of metabolite.
Riboflavin and ascorbic acid are absorbed via a sodium-dependent active transporter
(SVCT1) in the upper part of the small intestine. Dehydroascorbic acid can be absorbed
thanks to glucose transporters and facilitated diffusion in the duodenum and jejunum. It is
also worth mentioning that age, habits, medications taken, and physiological characteristics
affect the high variability of the actual BAc of vitamin C ingested by the human alimentary
tract [18,20].

The highest BAc of total vitamin C was noted for FJ (40%) and T45 (46%) (Figure 2).
BAc after T85 and SCCD treatment was about 25-28%. SCCD did not improve the BAc
of vitamin C. The effect of a lower pressure level in the SCCD treatment was insignificant
compared to other pressure parameters and pasteurization. The initial higher vitamin C
stability in the samples treated by SCCD compared to the thermal and control samples
does not make the BAc of vitamin C higher in these samples. The digestive processes that
took place in the simulated in vitro digestion model had a great influence on the Bac of
vitamin C. To the best of our knowledge, there are no studies on the BAc of vitamin C in
samples treated using SCCD. In our previous research, the influence of High Hydrostatic
Pressure (HHP) on the BAc of antioxidants in blackcurrant puree was indicated. We
reported that the BAc of vitamin C in dialysate was unfortunately very low and reached
only 1% in samples treated using HHP in 400 and 600 MPa. Due to the possibility of the
absorption of vitamin C just after gastric digestion, BAc after that stage was considered
and ranged between 60% in pasteurized samples and 90% in HHP 400 and 600 MPa [7].
The differences in the bioaccessibility obtained in our studies could largely be due to
using a different food matrix, which was also noted by other researchers. For instance,
polyphenols contained in wine were more readily bioaccessible than those derived from
grapes. In the case of solid food matrices, digestion at the mouth and stomach stages plays
a very important role. The process of mastication in an appropriate pH and the presence of
digestive enzymes, provides additional extraction of bioactive compounds and is essential
for their release and availability for absorption [21].

In other studies, the BAc of vitamin C varied depending on the type and composition
of the food matrix and the method of assessing the absorption of substances into the
bloodstream (centrifugation or dialysis). Rodriguez-Roque et al. [17] who used a dialysis
membrane in their studies, reported a BAc level of vitamin C from blended fruit juice
of 15%. In other studies, also using a cellulose membrane, the BAc of vitamin C was
obtained at a lower level of approx. 2.5% (in pomegranate juice) and 3.2% (in broccoli
inflorescences) [18,19]. Among the studies using the centrifugation technique to assess
BAc, Cilla et al. (2012) noted large differences in the BAc of vitamin C depending on the
addition of a protein component to the mixed fruit juice and the processing technique.
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HHP treatment (400 MPa, 40 °C, 5 min) did not improve the BAc of vitamin C compared to
short thermal treatment (90 °C, 30 s).

60.0 ,

50.0

40.0 I c C C c
' B & B

20.0

Bioaccessibility [%]

10.0

0.0

FJ T45 T85 SCCD10  SCCD30  SCCD60

Figure 2. Bioaccessibility of total vitamin C in the dialysate after different processing: FJ-fresh juice;
T45-thermal treated juice at 45 °C; T85-thermal treated juice at 85 °C; SCCD10-juice after supercritical
carbon dioxide treatment at 10 MPa; SCCD30-juice after supercritical carbon dioxide treatment at
30 MPa; SCCD60-juice after supercritical carbon dioxide treatment at 60 MPa (The same letter above
the bars indicates no significant difference between the mean (p < 0.05) bioaccessibility of the samples
after the different type of treatment).

2.2. Stability and Bioaccessibility of Anthocyanins and Determination of Delphinidin Metabolites
after In Vitro Gastro-Intestinal Digestion

The total anthocyanin content in blackcurrant juice in the control samples ranged
from 1 173 mg/L in the SCCD30 samples to 498 mg/L in the T85 samples (Table 2).
The SCCD treatment of the juice positively influenced the retention and extractability of
anthocyanins, which, regardless of the pressure applied, were higher than in the fresh
juice. The best effect was obtained using SCCD treatment at 30 and 60 MPa. On the other
hand, pasteurization at 85 °C definitely contributed to the degradation of anthocyanins.
Thermal treatment at 45 °C did not have a significant effect on the total anthocyanin content.
Four major anthocyanins were determined in the blackcurrant juice, in descending order
of concentration: delphinidin-3-O-rutinoside (df-3-O-rut), cyanidin-3-O-rutinoside (cy-3-
O-rut), delphinidin-3-O-glucoside (df-3-O-glu), and cyanidin-3-O-glucoside (cy-3-O-glu).
Other studies confirmed that SCCD treatment allows maintaining the high stability of
anthocyanins derived from plants [6], thanks to the inactivation of the polyphenol oxidases
and reduction in the activity of peroxidases. Processing using the SCCD method may result
in the occurrence of reversible changes in the structure of proteins, such as enzymes, and
inactivate them [22]. As a result of the SCCD treatment (30 and 60 MPa, 45 °C, 30 min)
on strawberry juice, anthocyanin degradation following first-order kinetics was observed.
The processing temperature and time were the most important for preservation conditions
followed by pressure [1]. In the other studies, SCCD treatment at 23 MPa decreased the
anthocyanin content compared to the control samples of blood orange juice by about 8%,
which did not differ significantly from the values obtained for the thermal treated samples
(88-91 °C, 30 s). On the other hand, the application of 13 MPa showed a slight loss of
anthocyanins compared to the control samples, and the stability of the anthocyanins was
higher than in the pasteurized samples [16].



Molecules 2022, 27, 1036

7 of 21

Table 2. Total anthocyanin content at each stage of digestion of blackcurrant juice.

Sample Df-3-O-glu (mg/L) Df-3-O-rut (mg/L) Cy-3-O-glu (mg/L)  Cy-3-O-rut (mg/L)  Total Anthocyanins (mg/L)
FJ 111.13¢ + 5.85 371.914 + 18.76 45.75¢ 4+ 2.18 259.66 € + 12.28 788.45 € + 39.07
_ T45 101.36 € + 9.04 342.26 ¢ + 30.38 41.45¢ 4354 236.86 € 4 20.05 721.93 € 4 62.99
£ T85 73624 +4.14 236.99 € +2.42 285349 +1.94 159.28 4 + 2.95 498434 +11.27
§ SCCD10 138.80P +19.38 460.60 © + 31.44 56.08° +7.35 306.72° +27.17 962.20° + 25.31
SCCD30 159.952 + 8.23 579.44 2 + 34.45 71552 + 6.19 383.67 @ + 28.74 1173.02 @ + 64.69
SCCD60 159.90 @ + 4.85 521.73b +11.37 62.77° +1.90 334.94b + 745 1079.34 @ + 25.30
FJ 96.142 £+ 11.09 314.952 +19.52 34.952 + 6.09 186.232 + 10.10 632.28 @ + 45.36
T45 85.242 4+ 21.99 289.64 2 + 27.35 31.982 4+ 291 162.13 3P + 18.40 568.99 @ + 59.44
= T85 4497 +13.15 153.49P + 16.45 17.25° + 537 105.52 ¢ + 22.08 321.23b +27.05
S SCCD10 48.74b + 242 165.39P + 6.50 18.55° + 0.65 111.90 € + 4.34 344.58° + 13.21
SCCD30 49.97° +8.19 150.17° + 2.04 19.05° + 3.26 108.77 ¢ + 10.14 327.95° + 20.68
SCCD60 56.08° + 7.80 20856 + 13.46 21.12° £ 295 132.90 > +9.04 418.66° +21.29
FJ 66.37 @ + 6.28 237172 + 15.89 27.142 + 256 165.86 2 + 6.94 496552 + 26.55
o T45 54.24¢ +6.95 238.862 + 13.54 22110 +2.31 126.41 < + 16.47 441.62° +26.36
‘g T85 60.332P + 6.08 212.41° +10.14 21.86° +3.69 165.46 2 4 11.30 460.05° + 19.41
§D SCCD10 66.57 2 + 1.54 228.10 2P + 4.48 25.842 + 0.56 154.12 3P £+ 3.29 474627 + 926
SCCD30 62.223b + 145 213.37b + 427 24.00 2> + 0.38 143.22° + 257 442.82° 4 853
SCCD60 62.56 2P +2.98 212.83° +7.91 23.97 2 +0.82 142.92° + 5,06 44227° + 16.64
FJ 1.8849 +0.73 11.11° + 1.88 1.03P +0.31 1153 +1.62 25.55¢ + 2.30
= T45 4132 + 049 18.59 2 + 1.83 2272 +0.69 17.402 £+ 2.55 42392 + 528
5 T85 3.17b¢ +0.31 16.112b + 2,67 1.912 4+ 0.29 15.86 2 +2.33 37.042 + 352
3 SCCD10 3.40 2bc + (.33 16347 +1.16 2052 +0.10 16912 + 0.62 38.69 2 + 2.04
& SCCD30 3.773b +0.32 16.26 % + 3.04 2032 +0.26 16.782 + 1.80 38.832P + 4.06
SCCD60 2.80° + 0.64 12.88 ¢ + 2,64 1.772 £ 0.19 14619 +1.27 32.05b¢ +4.73
FJ 3.632 £ 0.79 15.722 £+ 0.95 1.932 +0.29 13292 +2.11 34.562 + 3.94
I T45 1.67° +£0.14 6.53° 4091 1.28% +0.14 9.98° +0.90 19.46° + 1.63
§ T85 0.96° +0.16 40344093 1.08b +0.08 821 +1.15 14.28 ¢ +1.21
E SCCD10 3962 +0.83 1251 + 227 1.76 2 +0.22 13.96 2 + 2.59 32.192 4+ 5.41
© SCCD30 0.94° 4+ 0.06 4594 +0.25 1.04% +0.08 8.17b¢ 4 0.40 14.75°¢ + 0.73
SCCD60 0.96° 4 0.39 4269 +0.18 1.19P +0.26 6.40¢ + 0.27 12.81¢ 4+ 1.04

FJ-fresh juice; T45-thermal treated juice at 45 °C; T85-thermal treated juice at 85 °C; SCCD10-juice after supercritical
carbon dioxide treatment at 10 MPa; SCCD30-juice after supercritical carbon dioxide treatment at 30 MPa; SCCD60-
juice after supercritical carbon dioxide treatment at 60 MPa; df-3-O-glu-delphinidin-3-O-glucoside; df-3-O-rut-
delphinidin-3-O-rutinoside; cy-3-O-glu-cyanidin-3-O-glucoside; cy-3-O-rut-cyanidin-3-O-rutinoside. The same
superscripts letter indicates no significant difference between the mean (p < 0.05) in the columns within each
digestion stage.

As a result of digestion at the oral stage, the total anthocyanin content decreased in
all samples. In the FJ and T45 samples, there was a decrease of 20-21%, in the T85 of
36%, and in the samples treated with SCCD by as much as 61-72%. After digestion in
gastric conditions, a further decrease in the total anthocyanins in the FJ and T45 samples
of 22% was recorded. In the remaining samples, the anthocyanin content increased in
the range of 6% in SCCD60 to 43% in T85. The total anthocyanin content after simulated
gastric digestion was the highest in the FJ] samples. Insignificant differences were observed
in the remaining samples. The digestion at the small intestine and after dialysis stage
decreased the amount of total anthocyanins in all samples by 85-90%. Less anthocyanins
were absorbed by a membrane into the dialysate compared to vitamin C. The amount of
anthocyanins in the dialysate was higher only in the FJ samples than detected on the other
side of the membrane. Finally, insignificant differences were observed between SCCD10
and the FJ] sample after dialysis.

Other studies have confirmed a decrease in anthocyanins as a result of simulated
digestion. The conditions reflecting those in the stomach were the most favorable for
anthocyanin stability. On the other hand, at the small intestine digestion stage, there was a
significant decrease in the anthocyanin content [7,21,23]. This phenomenon was explained
mainly by changes in pH, which are one of the factors that significantly influence the struc-
tural changes of anthocyanins. An alkaline pH contributes to the aglycone ring breakage
and formation of insoluble polymeric brown pigments [24]. In the studies conducted on
blackcurrant puree, a more pronounced increase in the anthocyanin content was noticed
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during simulated gastric digestion. In a more complex matrix, containing more plant tissue
and pectin than the juice, pepsin digestion and the effect of an acidic pH played a greater
role in the extraction of bioactive compounds [7]. Anthocyanins are located in the vacuoles
of cells, therefore, after consuming less processed fruit, the release of these compounds
occurs during digestion [25].

The mechanisms of anthocyanin absorption in the gastrointestinal tract have not been
thoroughly investigated. In vivo studies on humans and animals, based on the analysis
of anthocyanins concentration in blood and tissues, provide evidence that, apart from
the small intestine, they can be partially absorbed in the oral cavity [26], and also in a
glycosidic form through the active transporters in the gastric mucosa [27]. The microbiota
of the large intestine is also of great importance for the metabolism and absorption of
anthocyanins [24,28].

The BAc of total anthocyanins was the highest in fresh juice (4.4%), then in the T45,
T80 and SCCD10 samples (2.7-3.4%), the lowest in SCCD30 and 60 (1.3 and 1.2%) (Figure 3).
SCCD did not improve the BAc of total anthocyanins compared to the thermally treated
and untreated samples. The most accessible glycoside was cy-3-O-rut, in all types of
samples. Cyanidins turned out to be more bioaccessible than delphinidins. Among the
SCCD variants, the highest BAc of total anthocyanins was obtained after the application of
10 MPa. The SCCD treatment at 10 MPa improved the BAc of df-3-O-glu and df-3-O-rut
compared to the samples subjected to thermal treatment at 45 and 85 °C. Peixoto et al. (2018)
reported in a study of anthocyanins derived from blueberries that delphinidin derivatives
were degraded by simulation of digestion and were the least bioaccessible glycoside. The
greater the number of -OCHj groups in anthocyanin, the less susceptible the molecule
was to convert or decay to undetectable forms. Consequently, these compounds were
more available for absorption [29]. Delphinidin and malvidin derivatives in acetylated
form maintained a high resistance to pH changes and lower degradation under digestive
conditions. These can be one of the metabolites that are stable in the gastrointestinal tract
and therefore enhance the antioxidant status of the blood plasma [24].
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Figure 3. Bioaccessibility of blackcurrant juice anthocyanins in the dialysate after different processing:
FJ-fresh juice; T45-thermal treated juice at 45 °C; T85-thermal treated juice at 85 °C; SCCD10-juice
after super critical carbon dioxide at 10 MPa; SCCD30-juice after super critical carbon dioxide at
30 MPa; SCCD60-juice after super critical carbon dioxide at 60 MPa. (The same letter above the bars
indicates no significant difference between the mean (p < 0.05) bioaccessibility of the samples after
the different type of treatment).
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Irrespective of the structure of different anthocyanins, the metabolites released after
enzymatic and/or acidic hydrolysis may play an important role in human health.

To better understand this phenomenon, UPLC-PDA-MS/MS analysis were used
to determine anthocyanin metabolites during digestion in model conditions (Table 3).
The results obtained showed that the major metabolite of df-3-O-rut, the most abundant
anthocyanin in blackcurrants, was protocatechuic acid. This compound was present in
an amount possible to quantify after the first step of digestion with the use of salivary
enzymes, and after simulation of gastric digestion. It was not detected in the intestinal
and dialyse stage, possibly due to the low concentration caused by sequential dilutions
(Table 4). Depending on the material tested, different anthocyanin metabolites have been
found in the available publications. Our results have been confirmed in some in vivo
studies on humans [30,31]. Mallery et al. (2011) conducted clinical studies on the effect of
oral digestive conditions on metabolism and bioactivation of black raspberry anthocyanins
using the LC/MS-MS technique. An analysis of the salivary samples after rinsing the mouth
with preparations based on lyophilized black raspberry showed the presence of the parent
anthocyanins as well as protocatechuic acid as a functional, stable metabolite, up to 4 h after
administration [30]. Other studies dealt with the in vivo metabolism of cyanidin glycosides
in blood orange juice (HPLC/MS/MS). A total of 44% of the metabolites detected in the
blood plasma collected within 24 h after juice consumption were protocatechuic acid, a
significant amount was also detected in the fecal samples, but not in the urine. It was shown
that after digestion and absorption into the body, 73% of the ingested cyanidin glycosides
turned into protocatechuic acid. This metabolite may have contributed to the short-term
increased antioxidant capacity of blood plasma after the consumption of cyanidin-rich
foods [31]. Goszcz et al. (2017) found that delphinidin was a very unstable anthocyanin
(t1/2~30 min) and the main product of its degradation was gallic acid. The degradation
of delphinidin was investigated by LC-MS/MS analysis of solutions incubated for 30 min
in phenol red-free tissue culture medium (pH 7.4, temperature 37 °C). It was shown that
at a concentration of 100 uM of both delphinidins and gallic acid showed cytotoxicity
to a cultured cell model of the human umbilical vein endothelium, and had a protective
effect on the cells at lower concentrations (100 nM-1 uM) [32]. In the in vivo studies of the
metabolism of berry anthocyanins in humans, it was found that during 48 h of observation
after consuming bilberry-lingonberry purée with and without oat cereals, the phenolic
acid content in urine increased. Homovanillic and vanillic acids have been detected as
the main metabolites of anthocyanins. As in this study, gallic acid was not found to be a
breakdown product of delphinidin glycosides [33]. Other authors reported that hippuric
acid was the main metabolite of anthocyanins detected in urine and the tissues of rats
on a wild blueberry-enriched diet [34]. Phenolic acids are compounds that present very
good antioxidant properties. The metabolites and degradation products catalyzed by the
microbiota may be responsible for the health benefits attributed to anthocyanins [28].

Table 3. UPLC-PDA-MS/MS properties of delphinidin 3-O-rutinoside and protocatechuic acid as its
major detectable metabolite (condition as in p. 3.4.5.2.).

No Compound RT [M — H] Fragment Ions Absorbance Maxima
(Min.) (mlz) (ml/z) (nm)
1 Delphinidin 3-O-rutinoside 2.71 6117 303 277,525
3,4-Dihydroxybenzoic acid 214 153~ 109 260, 294

(protocatechuic acid)

The bioavailability of anthocyanins in in vivo studies is reported to be very low,
ranging from 1-2%, as they are often found only in slight amounts in urine, blood, and
target organs. However, this value may be underestimated as the calculations do not
consider all metabolites, activity of the microbiota in the anthocyanin’s degradation, and
conjugates that may have an additional effect on the bioavailability of anthocyanins. The



Molecules 2022, 27, 1036

10 of 21

proven beneficial effects of consuming anthocyanin-rich foods on many health aspects
further indicate the shortcomings of these data [10].

Table 4. The content of delphinidin-3-O-rutinoside (Df-3-O-rut) and protocatechuic acid at individual
stages of the digestion simulation.

Stage of Digestion Df-3-O-rut (ug/mL) Protocatechuic Acid (ug/mL)
control 49.74 + 0.89 0.0
oral 16.25 £ 1.34 0.63 £ 0.02
gastric 52.66 £ 3.25 0.44 £ 0.02
intestinal 3.65 + 0.02 0.0
dialysate 0.0 0.0

In our previous studies, the BAc of anthocyanins calculated as the ratio of the substance
in the dialysate to that in the control samples was very low (maximum 1.6% in fruit crushed
in a mortar). No improvement in the BAc of anthocyanins was observed using HHP
treatment, irrespective of pressure conditions. However, due to the possibility of absorption
of the glycoside form of anthocyanins from the stomach, BAc after this digestive step was
also considered. The BAc of total anthocyanins after simulation of gastric digestion was
significantly higher in the samples treated with HHP than with thermal pasteurization,
reaching the highest value after the application of 600 MPa (68%) [7].

There are studies showing the beneficial effect of the SCCD technique on bioaccessibil-
ity when used in the pharmaceutical industry to complex the active substance of a drug
onto polymeric carriers such as silica or cyclodextrin. SCCD activation and SCCD-assisted
impregnation methods have proved to be promising strategies to obtain better quality
medical preparations [35]. However, with regard to food-derived substances, only sparse
research was found and all of it concerned the effect of SCCD on the BAc of lipophilic
compounds such as carotenoids. Zhao et al. [36] investigated the effect of SCCD at a
pressure of 10, 20, and 30 MPa, at 55 °C for 10, 20, 40, and 60 min on the physicochemical
properties, isomerization, and in vitro BAc of lycopene in tomato juice. The effect of the
SCCD parameters on phenolics was different, depending on the type of compound detected.
The application of 10 MPa did not show a positive effect on the total phenolic compound
content compared to the control samples, but it positively influenced the caffeic and chloro-
genic acid content compared to the heat-treated samples. Conditions of 20 and 30 MPa
had a positive effect and in particular the use of 30 MPa for 40 and 60 min had a more
positive effect on the phenolic compound content (myricinic acid, ferulic acid, naringin, and
chlorogenic acid) compared to the control. The BAc of lycopene increased significantly after
treatment at 20 MPa for 20, 40, 60 min compared to the control and heat-treated samples.
The SCCD samples at 20 MPa for 10 min, and 10 MPa at all pressure-holding times also
showed a higher BAc of lycopene than the control and thermally treated samples. Damage
to the cell barriers and sample homogenization may be the reason for the improvement in
BAc. SCCD supports the release of bioactive ingredients from the food matrix [36]. It was
found that SCCD increased the content of cis-lycopene isomers, which are more accessible
than the frans isomers. Other researchers noticed that SCCD caused an increase in the
volume of the proportion of small particles, while there was a decrease in the volume of
the proportion of large particles in the settling pulp of orange juice compared to untreated
juice, thus having a homogenizing effect on the food matrix. The cause of this process
was the induction of high internal stresses causing the breakdown of particles during CO,
removal from the vessel [37,38]. In the research of Ubeyitogullari (2018), SCCD was used
to produce low-crystallinity phytosterol nanoparticles by impregnating phytosterols into
nonporous starch aerogels. The use of this technique allowed for a twenty-fold increase
in the BAc of phytosterols [39]. In a study of the BAc of lycopene extracted using SCCD
from tomato pomace, it was shown that it was about 2.4 times higher compared to hexane
extraction. Extracts rich in cis-lycopene, obtained using SCCD treatment can be used
to design novel functional foods while increasing the use of by-products of the tomato
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processing industry [40]. SCCD processing may affect the BAc of polyphenols by increasing
the extractability of these compounds under pressure. Moreover, penetration of the sample
by CO, changes the pH of the environment to more acidic, which may contribute to the
hydrolysis of polyphenols to simpler phenolic compounds [3].

2.3. Effect of Processing on the Antioxidant Capacity of Blackcurrant Juice in a Simulated
Digestive System

The antioxidant capacity (AC) in control samples measured using the method with
DPPHe radicals ranged from 13.90 to 15.35 uM/mL TEAC and was statistically significantly
higher in FJ and SCCD treated samples compared to T85 (Figure 4). AC increased after
digestion at the oral and stomach stage, and then significantly decreased after digestion
in intestinal conditions and in dialysate. Following simulated oral digestion, the AC of
FJ, SCCD at 10 and 60 MPa increased significantly, while SCCD at 30 MPa, T45, and T85
statistically had a significantly lower AC. After simulated gastric digestion, the AC of the
FJ and T45 did not change significantly, but in the other samples the AC decreased in the
range of from 11% in the SCCD-treated samples at 60 MPa to 27% in SCCD treated at
30 MPa. Due to simulated digestion in intestinal conditions and dialysate, a significant
decrease in AC was noticed in all the samples. In the intestinal stage, samples treated using
SCCD in all the pressure variants had similar level of AC as FJ and T45 samples and were
significantly higher than T85 samples. However, no statistically significant differences were
noted between the AC after dialysis.
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Figure 4. Antioxidant capacity (AC) of blackcurrant juice determined using the DPPHe assay at
each step of digestion after different processing: FJ-fresh juice; T45-thermal treated juice at 45 °C;
T85-thermal treated juice at 85 °C; SCCD10-juice after super critical carbon dioxide at 10 MPa;
SCCD30-juice after super critical carbon dioxide at 30 MPa; SCCD60-juice after super critical carbon
dioxide at 60 MPa. (The same letter above the bars indicates no significant difference between the
mean (p < 0.05) within each digestion stage).

Similar trends in the AC changes were confirmed by the results obtained using the
ABTS+e assay, but the AC was significantly higher in all the SCCD-treated samples than in
those subjected to thermal treatment and FJ samples (Figure 5). After digestion at the oral
stage, there was a noticeable increase of AC in FJ, T45, T85, and SCCD60. The AC changes in
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SCCD10 and SCCD30 were insignificant. The highest AC after oral digestion was recorded
in FJ samples, followed by SCCD, regardless of the type of pressure applied. T85 samples
had the lowest AC. The increase in AC in FJ (70%) may have occurred due to the action
of salivary enzymes, which contributed to the release of bioactive compounds from plant
cells into the juice. Likewise, in other studies, at the earlier stages of digestion, a greater
release of bioactive ingredients was noticeable in the non-processed samples. It was only at
the intestinal stage that the advantage of the treated samples over the control ones in terms
of antioxidant content could be observed [41]. Simulation of gastric digestion resulted in
the unification of the AC to similar values in all the samples (25.4-30.3 uM/mL), with no
statistically significant differences between them. Similarly to the DPPHe assay, there was
a decrease in AC after the simulation of intestinal digestion; however, it was smaller than
that observed using ABTS+e (ABTS+e: decrease of 39-74%; DPPHe: decrease of 83-94%).
SCCD samples in all pressure variants were characterized by significantly higher AC than
the samples subjected to thermal treatment and did not differ significantly from the FJ. This
trend was maintained in the dialysate, with the exception of the SCCD10 sample, where the
lowest AC was observed. The AC in the dialysate ranged from 8.8 to 15.3 uM/mL TEAC,
and these values were similar to those at the intestinal stage. In contrast, thermal treatment
at 45 °C did not cause an increase in AC, therefore the positive effect of SCCD treatment
can only be attributed only to the application of supercritical carbon dioxide.
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Figure 5. Antioxidant capacity (AC) using the ABTS+e assay at each step of digestion after different
processing: FJ-fresh juice; T45-thermal treated juice at 45 °C; T85-thermal treated juice at 85 °C;
SCCD10-juice after super critical carbon dioxide at 10 MPa; SCCD30-juice after super critical carbon
dioxide at 30 MPa; SCCD60-juice after super critical carbon dioxide at 60 MPa. (The same letter above
the bars indicates no significant difference between the mean (p < 0.05) within each digestion stage).

The decrease in AC at each step of the digestive tract was significant, but much lower
in comparison to the anthocyanins degradation. This phenomenon can be justified by the
high AC of anthocyanins metabolites, whose concentration increased after digestion. The
calculated coefficient expressed as antioxidant capacity per 1 mg/L of anthocyanins in
blackcurrant juice (Figure 6) indicates that the AC increased significantly in relation to 1
mg of anthocyanins per liter. Considering the calculated coefficient in the dialysate step of
digestion, the AC of the SCCD60 sample was three-fold higher, and the SCCD30 sample
was two-fold higher than the control’s. This phenomenon may indicate the influence of
SCCD on improvement the accessibility of antioxidants for digestion, thanks to which more
metabolites were released and they could influence the AC of the fruit juice.
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Figure 6. Coefficient of the ratio of increase the antioxidant capacity (AC) in relation to the total
anthocyanins content in blackcurrant juice after different processing: FJ-fresh juice; T45-thermal
treated juice at 45 °C; T85-thermal treated juice at 85 °C; SCCD10-juice after super critical carbon
dioxide at 10 MPa; SCCD30-juice after super critical carbon dioxide at 30 MPa; SCCD60-juice after
super critical carbon dioxide at 60 MPa.

Other authors’ studies indicate the effectiveness of the SCCD method in maintaining
the high antioxidant capacity of food products [42—45]. In the study of red grapefruit juice
after SCCD treatment, at several pressure variants and times, no significant differences
were detected in the total phenol content, ascorbic acid content, and AC compared to
untreated juice [42]. Similarly, an examination of a hibiscus infusion treated using SCCD
(34.5 MPa, 8% CO,, 6.5 min and 40 °C) indicated a slight loss of anthocyanins (9%) and no
significant changes in phenolic compounds or AC during 14 days of storage [43]. The AC
of apple juices subjected to SCCD at 35 °C, 15 min and pressure of 15 or 25 MPa turned out
to be significantly higher with the use of higher pressure. Moreover, both pressures applied
improved the AC compared to the fresh samples. As mentioned before, SCCD can promote
conformational changes in the secondary structure of proteins and the inactivation of tissue
enzymes [44]. The lychee juice treated with SCCD (8 MPa, 36 °C, 120 s) also showed higher
AC measured using FRAP and ABTS+e assays, as well as more total phenols and flavonoids
compared to thermal treated juice (100 °C, 60 s), and UHT (134 °C, 4 s). Treatment with
SCCD supported preservation of the bioactive compounds due to the exclusion of oxygen
and a mild temperature [45].

In our previous studies, AC measured using ABTS+e radicals also increased after
oral digestion and additionally the DPPHe and ABTS+e assays were in line with the
improvement in AC after gastric digestion and the lowering of AC in intestinal condi-
tions [7]. The effect of simulated gastrointestinal digestion on the content of phenolic
compounds and their antioxidant capacity in wild Chilean currants was investigated. As
a result of digestion, there was an approx. 50% decrease in the content of total phenols
and flavonoids, and approx. 80% in anthocyanins and hydroxycinnamic acids, as well
as a decrease in antioxidant activity at each stage of digestion, correlated with the loss of
bioactive compounds [46]. In studies conducted on strawberry juices enriched with inulin
and oligofructose, treated with ultrasound, simulated gastrointestinal digestion resulted in
a decrease in the content of phenolic compounds, flavonoids, and AC at each subsequent
stage of the process. However, at the stage of the small intestine, higher AC (TEAC) and
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the content of the aforementioned bioactive compounds were noticed in the ultrasonically
treated samples compared to the unprocessed ones [41].

The metabolites formed during the digestion of vitamin C and anthocyanins contribute
remarkably to the antioxidant properties presented by the food products. For instance,
protocatechuic acid detected in the samples in model conditions was the main metabolite
of delphinidin-3-O-rutinoside. After the consumption of blood orange juice, as a source
of anthocyanins, by six healthy subjects, high plasma concentrations of protocatechuic
acid were noted, which contributed to an increase in short-term antioxidant activity [31].
Protocatechuic acid is one of the many metabolites that can be formed as a result of
anthocyanin digestion in the gastrointestinal tract. The pathway of its formation from
delphinidin-3-O-rutinoside is shown in Figure 7, according to available publications [6,47].
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Figure 7. Proposed pathway for the formation of protocatechuic acid from delphinidin-3-O-rutinoside
in the gastrointestinal tract.

Bouayed et al. (2011) [23] showed that the AC (FRAP and ABTS+e) of antioxidants
in apples after digestion with dialysis was about 50% lower than the values originally
contained in the pre-digested sample. According to available studies, AC is correlated
with the antioxidant content at a given stage of digestion. In addition, AC is influenced by
environmental conditions such as pH, the interactions of antioxidants with other matrix
components (iron and other mineral ions, dietary fiber, proteins), and the chemical structure
of the compounds. The free radical scavenging activity of polyphenols depends on the
number and position of the hydrogen donating hydroxyl groups on the aromatic rings of
the molecules. Therefore, aglycones indicate a higher AC than their glycosides [23].

It has also been found that due to its low stability, delphinidin does not have a
significant influence on AC, but its metabolites may be responsible for strong antioxidant
properties. The parent compound is not necessary to obtain high AC. This explains the
paradox of the low bioavailability of polyphenols, including anthocyanins, while exerting
strong antioxidant effects and health benefits [32].
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3. Materials and Methods
3.1. Reagents and Solvents

Sigma-Aldrich (St. Louis, MO, USA) was the supplier of the dialysis tubing cellulose
membrane (avg. flat width 25 mm) and most of the enzymes and reagents, as follows: mucin
from the porcine stomach—type II, a-amylase, heat-stable, (TDF-100A, 24,975 U/mL),
pepsin from the porcine gastric mucosa (250 U/mg solid), pancreatin from the porcine
pancreas (8 x USP specifications), porcine bile extract, sodium dodecyl sulfate—ACS
reagent, sodium bicarbonate > 99.5%, 2,2"-Azino-bis(3-ethylbenzothiazoline-6-sulfonic)
acid, diammonium salt (ABTS+e radical), 2,2-diphenyl-1-picrylhydrazyl (DPPHe radical),
(£)-6-hydroxy-2,5,7,8-tetramethyl-chromane-2-carboxylic acid (Trolox), DL-dithiothreitol
(HPLC) (DTT), phosphoric acid 85%, acetonitrile (HPLC), formic acid > 95.0%, and sodium
hydroxide pellets > 98.0%, (NaOH).

Other reagents were obtained from Chempur (Piekary Slaskie, Poland), such as: di-
sodium hydrogen phosphate anhydrous pure p.a. > 99.0% (Na,HPOy), di-potassium
hydrogen phosphate (K,HPOj), sodium chloride pure p.a. > 99.9% (NaCl) and di-sodium
edetate standard solution 0.01 mol/L (EDTA). Hydrochloric acid pure p.a. ACS reagent
37% (HCl) and potassium peroxodisulfate > 99.0% were purchased from Honeywell Fluka
(Seelze, Germany). Ethanol—96% CZDA and methanol (HPLC grade) came from Avantor
(Gliwice, Poland).

3.2. Testing Material
Preparation of Blackcurrant Juice

The research material was juice made from frozen blackcurrants (Ribes nigrum L.) of
the Tisel cultivar, which is of Polish origin and bought from the local wholesaler. To produce
blackcurrant juice, the fruit was enzymatically treated with a pectinolytic preparation
(Klerzyme 150, DSM, Lille, France) for 1.5 h at 45 °C, and then squeezed in a hydraulic
layer press (Tako, Czestochowa, Poland). The juice was transferred into 250 mL glass
bottles and divided into six portions. The first was left without further processing (F]).
The second was heated to 45 °C for 10 min (T45), the third was pasteurized at 85 °C for
10 min (T85), both thermal processes were carried out in a laboratory pasteurizer (Labo
Play, Bytom, Poland). The next portions were treated with supercritical carbon dioxide
in the batch system using a Spe-ed SFE 4 (Applied Separations, Allentown, PA, USA).
The method consists of placing the sample in a thermostatic pressure chamber, to pump
CO; at the applicable pressure, and then leave it for a specified period of time to ensure
penetration. Three pressure variants were applied: 10, 30, and 60 MPa for 10 min, at 45 °C
(5CCD10, SCCD30, SCCD60). Selected pressure parameters cover the entire operating range
of the device, from minimum to maximum, with the optimal duration time of the process.
Pasteurization carried out at 85 °C for 10 min is a widely used method of preserving fruit
products in bath pasteurization. Mild heat treatment at 45 °C was used to exclude the
influence of temperature in the treatment using SCCD. The samples were frozen before
carrying out further research. Samples not subjected to digestion were considered to be
control samples.

3.3. In Vitro Digestion Model with Dialysis and Calculation of Bioaccessibility

In vitro gastrointestinal digestion was conducted according to a slightly modified
method presented by Buniowska et al. (2017) [48] and international consensus on the
in vitro digestion method suitable for food [14]. Three replications of the juice samples, and
distilled water as a blank sample, were poured into dark glass bottles and mixed with 5 mL
of salivary enzyme solution (2.38 g of NaHPOy, 0.19 g of K;HPOy, 8 g of NaCl, 100 mg of
mucin and x-amylase with enzymatic activity 200 U/L, solution per 1 L of distilled water).
The pH of the solution was then adjusted (HI 211 m, Hanna Instruments, Woonsocket,
RI, USA) to 6.75 £ 0.20 by adding HC1 (12 mol/L) or NaOH (2 mol/L). The solution was
incubated in a shaking water bath (Labo Play, SWB 8N, Bytom, Poland) at 37 °C and 90 rpm
for 10 min. Gastric digestion was then performed by adding pepsin solution and adjusting
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the pH to 2.0 with HCI (12 mol/L) and again incubating for 2 h. A total of 20 mL of each
gastric digestion sample was placed in a clean bottle, titrated with NaOH (2 mol/L) to
pH 5.00 £ 0.20, and 5 mL of pancreatin (1 g/L) and bile solution (25 g/L) were added
to carry out the intestinal phase. The previously prepared dialysis membranes (cellulose,
width 25 mm, length 30 cm) filled with 25 mL of NaHCOj; solution (0.5 M, pH 7.5) were
immersed in the digested samples. The samples were incubated once more for 2 h under
the same conditions. In order to finish the digestion simulation, the samples were cooled
in an ice bath for 10 min. Samples were taken from each phase of the simulated digestion
and frozen and stored until analysis. The dialysate solution inside the membrane is part of
the sample potentially accessible to get into the bloodstream. Bioaccessibility (BAc) was
determined using Equation (1) and is expressed as a percentage.

BAc [%] =100 x (BCdigested/ BCnon—digested) 1

Equation (1). Calculation of bioaccessibility (Bac—bioaccessibility of bioactive com-
pound; BCyigestea—the concentration of bioactive compound in the digested sample;
BChron-digested—the concentration of bioactive compound in the non-digested sample).

3.4. Chemical Analysis
3.4.1. Determination of Vitamin C

The vitamin C content was determined as a sum of L-ascorbic acid (AA) and L-
dehydroascorbic acid (DHAA) according to the method introduced by Odriozola-Serrano
et al. (2007) [49]. The sample was diluted using 0.01% phosphoric acid and filtered on
a disposable syringe filter (0.45 um, Macherey-Nagel, Diiren, Germany). A solution of
dithiothreitol (DTT) (1 g/L in 0.01% phosphoric acid) was used as the reducing agent to
indicate the sum of AA and DHAA. Samples mixed with DTT in a 1:1 proportion were
kept for 1 h in a dark place and at 4 °C before further analysis. The devices used for the
analysis were: Waters chromatographic system (Milford, MA, USA), 2695 Separations
Module, 2995 Photodiode Array Detector, Sunfire C 28 column, 5 um, 4.6 mm x 250 mm
with reversed phase and Sunfire C18 Sentry guard insert, 5 um, 4.6 mm x 20 mm (both
Waters, Milford, MA, USA). Samples were eluted isocratically using 0.01% phosphoric acid
at a flow rate of 1 mL/min. Compounds were quantified using UV absorption at 245 nm.
The amount of DHAA was calculated based on the difference between the sum of both
acids and AA.

3.4.2. Determination of Anthocyanins

The total anthocyanin content and their individual monomers were determined accord-
ing to the method presented by Oszmiariski (2002) [50]. The equipment and column used
for the analysis were the same as described before in Section 3.4.1. The sample injection
was 10 pL, and the analysis time was 26 min, the column was heated to 25 °C as before.
A 4.5% aqueous formic acid solution (A) and an 80% acetonitrile solution in the previous
formic acid solution (B) at a flow rate of 1.0 mL/min were the eluent. Anthocyanins were
quantified using vis absorption at 520 nm. The amount of anthocyanins was calculated as
cyanidin-3-glucoside.

3.4.3. Antioxidant Capacity According to the ABTS+e Radical Assay

The method described by Re et al. (1999) [51] was the principle used to determine the
antioxidant capacity with the ABTS+e radical. A total of 18 h before starting the analyses, a
cationic radical solution was prepared by combining 7 mM ABTS+e and 2.45 mM potassium
persulfate and was kept in a dark place. The radical solution was diluted with ethanol
to an absorbance of 0.740-0.750 at a wavelength of 734 nm. The 1 mg/mL solution of
Trolox in ethanol was the reference material, which was also used to prepare the standard
curve. During the analysis, 0.025 mL of the sample, or distilled water as a blank, was
dispensed into cuvettes, 2.5 mL of ABTS+e radical solution was added, mixed thoroughly,
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and incubated at 30 °C for 6 min. Absorbance was measured at 734 nm in ethanol. The
antioxidant capacity was determined using Equation (2) and expressed as Trolox Equivalent
Antioxidant Capacity (TEAC). The absorbance was measured with the use of a Pharmacia
Biotech UV /Vis spectrophotometer, model Ultrospec 2000 (Amersham, UK).

AC [uM/mL] = ((Ag — As) x 100 x a x D)/1000 )

Equation (2). Calculation of antioxidant capacity (AC) (Ap—absorbance of the blank;
As—absorbance of the sample; a—coefficient from the standard curve (y = ax); D—dilution
carried out during sample preparation and in the cuvette.

3.4.4. Antioxidative Capacity According to DPPHe Radical Assay

The method presented by Yen and Chen (1995) [52] was the guideline used to deter-
mine the antioxidant capacity with the DPPHe radical. A solution of the DPPHe radical
(1 mM) in methanol was prepared 3 h before starting the analyses and left to incubate in
a dark place. After this time, it was diluted with 80% methanol to obtain a concentration
of 0.1 mM and an absorbance in the range of 0.700-0.800. A standard curve was prepared
using Trolox dissolved in methanol (1 mg/mL). A total of 2 mL of DPPHe solution and
0.1 mL of juice, or a blank sample, were mixed in a cuvette. After incubation at room
temperature in the dark for 30 min, the absorbance of the samples was measured at 517 nm.
A Pharmacia Biotech spectrophotometer (Ultrospec 2000; Amersham, UK) was also used
this time. The antioxidant capacity was determined using Equation (2) and expressed as
Trolox Equivalent Antioxidant Capacity (TEAC).

3.4.5. Determination of Anthocyanin Metabolites in a Model System
Preparation of the Delphinidin-3-O-Rutinoside Solution

In order to recognize the metabolites that are formed after anthocyanin digestion,
an aqueous solution of 0.05 mg/mL of delfinidin-3-O-rutinoside (Df 3-O-rut) was pre-
pared and subjected to simulated digestion in the same conditions as the blackcurrant
juice. The solution was subjected to LC-MS/MS analysis before digestion and after each
digestion step.

LC-MS/MS Analysis

The analysis was carried out according to the methodology developed by Kapusta et al.
(2018) [53]. Anthocyanin metabolites were investigated using a UPLC-PDA-MS/MS Wa-
ters ACQUITY system (Waters, Milford, MA, USA), with binary pump manager, sample
manager, column manager, PDA detector, and tandem quadrupole mass spectrometer
(TQD) with electrospray ionization (ESI). The separation was performed using a BEH C18
column (100 mm x 2.1 mm i.d., 1.7 um, Waters) kept at 50°C. The applied solvents were:
2% formic acid in water v/v (mobile phase A) and 2% formic acid in 40% acetonitrile in
water v/v (mobile phase B). The gradient program was set as follows: 0 min 5% B, 0-8 min
linear to 100% B, 8-9.5 min for washing and return to initial conditions. Before injection,
samples were filtered through a membrane filter (0.45 um, Merck Millipore, Burlington,
MA, USA) and injected directly into a chromatographic column. The injection volume
was 5 pL (partial loop with needle overfill) and the flow rate was 0.35 mL/min. The
parameters applied for TQD were: capillary voltage 3.5 kV; cone voltage 30 V in positive
and negative mode; the source was maintained at 250 °C and the desolvation tempera-
ture was 350 °C; cone gas flow 100 L/h; and desolvation gas flow 800 L/h. Argon was
used as the collision gas at a flow rate of 0.3 mL/min. The detection and identification of
chemical compounds were based on characteristic PDA spectra, mass to charge ratio and
ion fragments formed after collision-induced dissociation (CID). The quantitative analysis
was possible only for one compound and was based on specific MS transitions in Multiple
Reaction Monitoring (MRM) mode. The most intense transitions 611 > 303 were used
for the quantification. Quantification was performed by injecting a standard solution of
certain concentration ranging from 0.05 to 5 mg/mL. External standard calibration lines
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were generated by three repeated injections of standard solutions at seven concentration
levels (0.05; 0.1; 0.25; 0.5; 1; 2.5; and 5 mg/L) at 1 day. A plot of peak area with respect to
the corresponding concentration was used to demonstrate linearity. The linear regression
equation and correlation coefficient were calculated by weighted (1/x?) least-squares linear
regression analysis. Linearity was considered to be acceptable when correlation coefficients
were R? < 0. Waters MassLynx software v.4.1 was used for data acquisition and processing.

3.5. Statistical Analysis

A statistical analysis of the results obtained was carried out using the Statistica 7.1
program (StatSoft, Tulsa, OK, USA). A one-way analysis of variance with the ANOVA test
and a significance analysis of the differences in mean values were performed using Tukey’s
test with a confidence level of o = 0.05. Each sample was digested in three independent
trials and analyzed in duplicate.

4. Conclusions

Supercritical carbon dioxide (SCCD) processing at 10, 30, and 60 MPa for 10 min and
45 °C contributed to an improvement in the stability of vitamin C, total anthocyanins,
and antioxidant capacity (AC) measured using the ABTS+e assay in blackcurrant juices.
Thermal treatment at 85 °C was insignificant for the stability of vitamin C, but caused a
significant degradation of total anthocyanins and a decrease in AC. As a result of simulated
gastrointestinal digestion in the in vitro model, ascorbic acid was gradually oxidized to
dehydroascorbic acid, and the total vitamin C and anthocyanin content decreased. No
improvement in the BAc of vitamin C and total anthocyanins was reported after SCCD
treatment. The positive effect of SCCD at 10 MPa was noted for the BAc of glycosides:
delphinidin-3-O-glucoside and delphinidin-3-O-rutinoside compared to thermal-treated
samples. Overall, cyanidins were more bioaccessible than delphinidins, led by cyanidin-3-
O-rutinoside in all sample types. An inverse correlation between AC and BAc of antiox-
idants was noted. This may indicate the formation of metabolites that were impossible
to detect, but showed a high antioxidant value. The calculated BAc concerns dialysate
compounds in the parent form, while they may have degraded to undetectable forms
that are still of high antioxidant value. The UPLC-PDA-MS/MS analysis of the digested
delphinidin-3-O-rutinoside extract showed that the main metabolite of this glycoside is
protocatechuic acid, distinguished by its high antioxidant activity. SCCD is a non-thermal
processing technique that increases the extractivity of bioactive compounds and reduces
their degradation by penetrating the sample using CO, at supercritical state, while dis-
placing oxygen, and inactivating tissue enzymes. The significantly higher antioxidant
activity in the SCCD samples, especially at 30 and 60 MPa, than in the thermal samples,
suggests that this technique may be an effective method of improving the health value of
antioxidant-rich products.
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Abstract: The influence of high hydrostatic pressure (HHP) and supercritical carbon dioxide (SCCD)
on the bioaccessibility of betalains in beetroot (Beta vulgaris L.) juice was investigated. Freshly
squeezed juice (F]) was treated at a mild temperature of 45 °C for 10 min (T45), pasteurization at 85 °C
for 10 min (T85), HHP at 200, 400, and 500 MPa at 20 °C for 5 min (HHP200, HHP400, HHP500) and
SCCD at 10, 30 and 60 MPa at 45 °C for 10 min (SCCD10, SCCD30, SCCD60). The juice was subjected
to an in vitro digestion system equipped with dialysis. The content of betalains was measured
with the aid of a High-Performance Liquid Chromatography (HPLC), the antioxidant capacity (AC)
(ABTSe+, DPPHe) was analyzed during each digestion step, and the bioaccessibility of betacyanins
and betaxanthins was assessed. The SCCD at 30 and 60 MPa significantly increased pigments’
bioaccessibility compared with other samples. The 30 MPa proved particularly advantageous, as
it increased the bioaccessibility of the total betacyanins and the betaxanthins by 58% and 64%,
respectively, compared to the T85 samples. Additionally, higher bioaccessibility of betacyanins
was noted in HHP200 and HHP400, by 35% and 32%, respectively, compared to FJ, T45, and T85
samples. AC measured by ABTSe+ and DPPHe assays were not unequivocal. However, both assays
showed significantly higher AC in SCCD60 compared to T85 (21% and 31%, respectively). This
research contributed to the extended use of the HHP and/or SCCD to design food with higher
health-promoting potentials.

Keywords: bioaccessibility; high hydrostatic pressure; supercritical carbon dioxide; beetroot;
betalains; antioxidant capacity; in vitro digestion model

1. Introduction

Beetroots (Beta vulgaris L.) are vegetables extremely rich in bioactive compounds with
numerous pro-health properties [1,2], used in producing juices, ready-to-eat, frozen, or
dried products, and are also used to obtain natural red food pigments. The leading group of
phenolic compounds in beetroots are betalains as heterocyclic and water-soluble nitrogen-
containing tyrosine-derived pigments with two subgroups: betaxanthins, yellow-orange
pigments, and betacyanins responsible for red-purple color. The basis of the structure
of these compounds is betalamic acid [4-(2-oxoethylidene)-1,2,3,4-tetrahydropyridine-2,6-
dicarboxylic acid], derived from the cleavage of the aromatic ring of dihydroxypheny-
lalanine (DOPA) [3,4]. Red beets are among the top ten vegetables with the greatest
antioxidant properties. Their consumption is recommended in order to prevent cancer
and cardiovascular diseases [5,6]. Numerous studies reported health benefits such as
strong anti-inflammatory and antibacterial effects, lowering blood pressure, and reducing
low-density lipoprotein (LDL) levels [7-10]. Betalains are sensitive to pH changes, heat,
light, and oxygen. Therefore, the matter of interest is the investigation of emerging food
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processing techniques to preserve betalains-rich products and improve the absorption of
these pigments in the digestive system [8].

High Hydrostatic Pressure (HHP) is a food processing technique considered an al-
ternative to thermal preservation, which is successfully used to damage pathogenic and
spoilage microflora and reduce the activity of tissue enzymes responsible for browning
reactions. In addition, it can assist the preservation of thermolabile bioactive ingredients,
such as antioxidants, and retains sensory properties similar to the fresh product [11,12].
Supercritical Carbon Dioxide (SCCD) is a technique used in industry to extract selected
compounds (caffeine, hops extracts, essential oils). However, this technique could be
proposed as a good alternative for HHP and thermal pasteurization [13]. It can inactivate
native microflora and significantly decrease tissue enzymes while the bioactive compounds
are remained untouched. Due to the penetration of supercritical carbon dioxide into the
sample, the tissues are physically disrupted, the cell membranes are modified, and the
pH inside the cells is reduced. Therefore, the intracellular compounds could be extracted
easily [14-16]. Depending on the process parameters, high pressure may increase, decrease
or completely inhibit the activity of tissue enzymes. The decrease in enzyme activity is
directly proportional to the pressure applied, and these reactions are most often described
according to the first-order kinetic reactions [17]. The main limitation in using the HHP
and SCCD techniques for preserving fruit and vegetable products is still incomplete knowl-
edge of the parameters ensuring full inactivation of endogenous enzymes with high bar
resistance. In addition, products are HHP treated in plastic packaging, and applying this
technique in a continuous system is difficult. The SCCD treatment can only be used to
preserve liquid foods, such as fruit and vegetable juices, beer, and milk, as processing the
whole fruit causes significant tissue damage [12,13].

The concept of “bioaccessibility” is defined as the fraction of components released
from the food matrix in the gastrointestinal tract and then possible to be absorbed by
the intestinal epithelium cells and metabolized [18]. The calculation of bioaccessibility is
essential to assess the intake of vitamins and other bioactive compounds into the body.
Analyzing the bioaccessibility of antioxidants in high-pressure processed fruit and vegetable
products may help design functional food with increased pro-health values. The most
accurate model for bioaccessibility is in vivo studies with the human body simulation.
However, it is associated with bioethical commissions and the complications with the
standardization and comparability of research. Therefore, in vitro studies are valuable in
the initial assessment of bioaccessibility, allowing an insight into the processes that may
occur due to pH conditions and gastrointestinal enzymes. Cell cultures (e.g., Caco-2),
centrifugation, or semi-permeable dialysis membranes are most often used to assess the
absorption of substances into the bloodstream [18,19].

Increased awareness of the impact of diet on preventing civilization diseases like
obesity, cardiovascular diseases, and cancer additionally emphasizes the importance of
efforts to improve the bioaccessibility of bioactive compounds. In the current in vitro
investigation, it is assumed that processing of beetroot juice under selected SCCD and HHP
parameters may improve the bioaccessibility of betalains and antioxidant properties of
juice after gastrointestinal digestion. In this context, this is the first study regarding the
influence of SCCD and HHP on the bioaccessibility of betalains in the beetroot juice matrix.

2. Results and Discussion
2.1. Effect of HHP and SCCD on Betalains Content in Comparison to Thermal Treatment

Betanin, isobetanin, and neobetanin from the betacyanins, and vulgaxanthin I and
vulgaxanthin II from betaxanthins were identified as the most abundant pigments in beet-
root juice. Several compounds from the betaxanthin group, which were not identified
qualitatively, were also detected (Supplementary Materials Figures S2 and S3). The beta-
cyanins content in all betalains was as high as 88%; 86% (£1%) was represented by betanins.
Betaxanthins constituted only 12% of total betalains, whereas vulgaxanthin I was the most
common compound from this group of pigments (77% =+ 1%). The juice treatment with
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both non-thermal techniques had no significant effect on the betalains composition. On the
other hand, the same techniques significantly influenced the concentration and stability
of betalains during simulated digestion. The content of betacyanins (betanin, isobetanin,
and neobetanin) in fresh beetroot juice was 893 mg/L (Figure 1), whereas the content of
betaxanthins was only 128 mg/L (Figure 2). These data are supported by other studies
where authors reported betalains concentration in the range 800-1300 mg/L of fresh beet-
root juice, with the highest concentration of betaxanthins being 75-95% and the lowest
betacyanins approximately 5-25%, depending on the beetroot variety [3,20].
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Figure 1. Content of total betacyanins (betanin, isobetanin, and neobetanin) in beetroot juice after
different processing on every stage of simulated gastro-intestinal digestion. FJ—untreated juice;
T45—thermal treatment of sample at 45 °C; T85—pasteurized sample at 85 °C; HHP200—sample
subjected to HHP at 200 MPa; HHP400—sample subjected to HHP at 400 MPa; HHP500—sample
subjected to HHP at 500 MPa; SCCD10—sample treated by SCCD at 10 MPa; SCCD30—sample
treated by SCCD at 30 MPa; SCCD60—sample treated SCCD at 60 MPa. (Different letters over the
bars indicate significant differences between total betacyanins content at each step of simulated
digestion (p < 0.05).

The content of both groups of these bioactive compounds in the fresh juice (FJ) did
not differ significantly from the samples heated at 45 °C (T45) and 85 °C (T85). Other
investigations proved that mild heating at temperatures below 50 °C should not affect
the betacyanins. Moreover, betacyanins were not degraded by the short heat treatment
(up to 3 min) even at 80 °C. However, the thermal treatment of beetroot at 90 °C for
3 min contributed to a decrease in the concentration of betacyanins by 25%. In contrast,
the extension of the duration of the process to 10 min did not affect further betalains
degradation [21]. High temperatures cause betanin degradation into betalamic acid and
cyclo-DOPA. Isobetanin may also be found as a product of this degradation reaction. This
hypothesis is very likely, as a slight increase in its content was noted in the T85 samples
(5%). Most of the thermal reactions of degradation of betanin are reversible, depending
on the initial betanin content, temperature, and acidity of the environment. The acidic
environment favors the regeneration of betanin to its original form [21,22].
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Figure 2. Content of total betaxanthins (vulgaxanthin-I, vulgaxanthin-II, and other betaxanthins)
in beetroot juice after different processing on every stage of simulated gastro-intestinal digestion.
T45—thermal treatment of sample at 45 °C; T85—pasteurized sample at 85 °C; HHP200—sample
subjected to HHP at 200 MPa; HHP400—sample subjected to HHP at 400 MPa; HHP500—sample
subjected to HHP at 500 MPa; SCCD10—sample treated by SCCD at 10 MPa; SCCD30—sample
treated by SCCD at 30 MPa; SCCD60—sample treated by SCCD at 60 MPa. (Different letters over
the bars indicate significant differences between total betaxanthins content at each step of simulated
digestion (p < 0.05).

Similarly, to thermal treatment, HHP at 200 MPa and SCCD at 60 MPa were able to
maintain the content of betacyanins and betaxanthins at a not statistically different level
from fresh juice samples. Employing HHP at 400 and 500 MPa and SCCD at 10 and 30 MPa
significantly affected the betalain content in beetroot juice compared to the other treatment
parameters in both techniques. Both betacyanins and betaxanthins were equally sensitive
to the aforementioned high-pressure processing parameters. The content of these pigments
decreased in samples HHP400, HHP500, SCCD10, and SCCD30 compared to the FJ samples
by 16%, 23%, 21%, and 34%, respectively. The lowest content of these compounds was
recorded in SCCD30 samples.

Depending on the applied parameters of HHP, other researchers noted both de-
creases [23,24] and increases [25,26] in betalain content. Sokotowska et al. (2017) [23]
noted a decrease in betacyanins by 11.3-12.2% and betaxanthins by 7.7-8.9% in beetroot
juice after application of high pressure at 300, 400, and 500 MPa for 10 min and the tem-
perature up to 26 °C. It was found that betaxanthins were also more stable under HHP
than betacyanins [23]. There is a hypothesis that higher degradation of these compounds
may be caused by a baro-induced increase in oxygen in the sample, which may result in a
decrease in the betalains content caused by faster oxidation processes. This hypothesis was
confirmed by other authors who used HHP at 650 MPa, for at least 15 min. Moreover, they
noted that prolonging the processing time from 15 to 30 min increased the betanins content
compared to the control and blanched samples [25].

Considering HHP, the higher pressure resulted in the greater loss of betalain, unlike
in SCCD, where the content of betalain in the SCCD60 samples was similar to the FJ
samples. This phenomenon can be explained by the fact that the penetration of samples
by supercritical CO, under 10 and 30 MPa contributed to the reduction in free forms of
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betalains. At the same time, 60 MPa caused the release of betalains from the plant vacuoles
and bounded in with proteins, fiber, or other carbohydrates. The obtained results indicate
that the extraction of these compounds exceeded their degradation in the case of the highest-
pressure parameters applied in the SCCD treatment of not from concentrate (NFC) beetroot
juice. Higher pressures in the SCCD treatment contribute to a greater inactivation of tissue
enzymes, which also prevents further degradation of bioactive compounds [3,4,14].

Liu et al. (2010) [27] analyzed the influence of SCCD in a continuous system in the
pressure range of 4.5-30 MPa on, inter alia, the stability of betalains in red beet extracts.
Continuous SCCD treatment at 30 MPa resulted in a significant decrease in betanin and
isobetanin concentration by about 20%, similar to the present study [27]. In previous studies
of the same research group, the content of betalains in the beetroot extract was examined
after applying SCCD in a batch system at 37.5 MPa and 55 °C for 60 min or pasteurization
at 95 °C and 5 min. The authors observed that SCCD treatment significantly decreased
betanin, isobetanin, vulgaxanthin I, and II content by 7, 13, 17, and 19%, respectively.
The thermal treatment not only resulted in a slight degradation of betacyanins but also
increased the concentration of betaxanthins by about 14%. The spectrophotometric color
measurement showed a greater proportion of yellow pigments in the blanched extracts,
which was consistent with the increase in betaxanthins content and confirmed that these
compounds might have been formed from other compounds under thermal treatment [28].
Studies on the effect of SCCD and thermal treatment on the degradation of betanin and
isobetanin in aqueous solutions have shown that the degradation of these compounds
follows first-order kinetic reactions. SCCD combined with a temperature of 45 °C (up to
66 °C) accelerated the degradation of betalains compared to thermal treatment alone [29].
Marszatek et al. (2017) [17] noticed a reduction in the betalains in beetroot juice after SCCD
processing, along with increasing pressure, time, and temperature parameters. Under the
most demanding conditions (60 MPa, 55 °C, 30 min), the degradation of betacyanins and
betaxanthins reached 58% and 32%, respectively [17].

2.2. Effect of Simulated Gastrointestinal Digestion on Betalains Content in Beetroot Juice after
Different Treatment

The decrease in betacyanins by 22% (£5%) during the simulated oral digestion was
noted in all samples except the SCCD30. In the gastric digestion stage, the content of these
compounds remained at a similar level, whereas a significant decrease was noted after the
intestinal digestion step (the smallest decrease by 44% in the SCCD60 and 74% in the T85
samples, compared to the gastric digestion stage). Regarding betaxanthins, the conditions
prevailing at the stage of simulated mouth digestion did not adversely influence the stability
of these compounds. However, at the gastric digestion step, a significant decrease was
observed (av. 70% =+ 2%) compared to the oral digestion stage. As a result of simulated
intestinal digestion, betaxanthins were further degraded by 17% (£2%), except for SCCD30
and SCCD60 samples (higher content of these compounds was noticed). Betaxanthins are
more sensitive to an acidic environment than betacyanins, which have been mentioned in
other studies [21,30]. Concerning betacyanin, an average of 46% (£3%) of the compounds
passed the membranes during the dialysis step.

The highest concentration of betacyanins in the intestinal phase and dialysate was
recorded in SCCD30, SCCD60, and HHP200 samples. It was reported that about 56% (£ 3%)
of initial concentration betaxanthins were detected in dialysate, whereas the highest content
was detected in SCCD30 and SCCD60 samples. It means that SCCD technology improves
the bioaccessibility of betaxanthins significantly. At the same time, the lowest content of
betacyanins was noticed in thermally treated samples T45, T85, and HHP500. Moreover, the
lowest content of betaxanthins was noted in HHP500 samples. Da Silva et al. (2019) [31]
noted a gradual decrease in the betanin content after digesting the purified beetroot juice
extract by 7% in the simulated oral cavity, 35% in the stomach, and 46% in the intestines,
compared to the initial sample [31]. A purified extract could have contributed to greater ex-
posure of betanins to acidic pH and a greater decrease in betanins content in the gastric stage
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compared to current findings with NFC (not from concentrate) juice. This phenomenon can
be justified by a much higher concentration of other compounds like fiber in NFC juice com-
pared to juice extracts. In the studies by Tesoriere et al. (2008) [30] on fresh and processed
cactus pear fruit and beetroot and purified extracts, a protective impact of the matrix on the
stability of betacyanins in simulated gastric digestion was demonstrated. In contrast, the
matrix did not affect the stability of vulgaxanthin I, which was gradually degraded due to
simulated digestion [30]. In the present study, the decrease in betacyanin and betaxanthin
content after gastrointestinal digestion was similar among the samples treated in the same
way. The loss of those pigments reached approximately 72% (£5%) in the HHP samples and
approximately 79% (£1.5%) in the FJ, T45 and T85 samples compared to the initial content.
In the SCCD samples, both pigments’ content decreased due to digestion by approximately
65% (£3), except in the SCCD30 sample, where betaxantines decreased was only 41% and
betacyanins by 53%. Other studies regarding in vitro gastrointestinal digestion of beetroot
juice reported a 96% loss of betacyanin and 73% loss of betaxanthin [32] as well as a 98.6%
decrease in the total betalain content [33]. In the gastrointestinal tract, betalains can undergo
decarboxylation, isomerization, or cleavage [32]. As their major metabolites, the betalain
precursors (betalamic acid and cyclo-DOPA), 17-decarboxy-neobetanin, and 6'-O-feruloyl
betanin were identified in the in vitro study [33]. Betalains are sensitive to light, oxygen,
the activity of tissue enzymes, and high temperatures. They are also the most stable at
pH 3-7. Their stability and extraction also depend on the structure and matrix of the tissue
as well as the concentration of pigments [4].

2.3. Bioaccessibility of Betalains after HHP and SCCD Treatment in Comparison to
Thermal Treatment

The bioaccessibility (BAc) of the total betacyanins ranged from 9.5% in the T45 and
T85 samples to 22.6% in the SCCD30 samples. The BAc of total betaxanthins ranged from
11.5% and 11.8% in HHP500 and T85, respectively, to 32.3% in SCCD30 (Figure 3). Despite
the higher initial stability of betaxanthins in fresh juice and thermal treated samples, the
highest losses due to digestion were noted. The SCCD30 samples showed the highest BAc of
betacyanin and betaxanthins despite the initially lowest stability of these compounds in the
samples before digestion. Higher BAc of betacyanin and betaxanthins also distinguished the
samples subjected to SCCD at 10 and 60 MPa than the others. The use of HHP improved
the BAc of betacyanin compared to FJ, T45, and T85 but did not improve the BAc of
betaxanthins. Among the HHP samples, 200 MPa had the most beneficial effect on the BAc
of both groups of betalains.

No similar studies were conducted about HHP and SCCD on the BAc of betalains
pigments in red beetroot juices. There is only one study on the effects of HHP on BAc of
betalains from prickly pear fruit [34], as well as scarce studies on the effects of other emerg-
ing techniques on betalains BAc [35]. Other reports consider the effect of high-pressure
processing on the BAc of different hydrophilic bioactive ingredients, including previous
research by our team [36-39]. The BAc of betacyanins and betaxanthins varies due to differ-
ences in their chemical structure. Desseva et al. (2020) [32] reported a significantly lower
recovery of betacyanins (approx. 4%) compared to betaxanthins (approx. 27%) in in vitro
gastrointestinal digestion. The BAc of betalains also depends on the glycosylation of these
compounds and accompanying components in the diet. In this group of pigments, betanin
and betanidin are compounds with the highest antioxidant properties. Consumption of
even tiny amounts of these compounds (in micromoles) by humans and animals reduces the
oxidation processes of the lipid layer of cell membranes and inhibits heme decomposition
processes in hemoglobin, myoglobin, and cytochromes [21]. The intestinal absorption of
betalains is primarily mediated by direct diffusion. The concentration of betacyanins in
the blood serum is low concerning the consumed dose, suggesting impaired absorption of
these compounds. Some betalain digestion products are transported by protein conveyors,
with energy expenditure. It is assumed that betacyanins are absorbed into the bloodstream
unchanged and are not conjugated with glucuronic acid or sulphates [21,40].
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Figure 3. Bioaccessibility (BAc) of total betacyanins and total betaxathins from beetroot juice af-
ter different processing: T45—thermal treatment of sample at 45 °C; T85—pasteurized sample at
85 °C; HHP200—sample subjected to HHP at 200 MPa; HHP400—sample subjected to HHP at
400 MPa; HHP500—sample subjected to HHP at 500 MPa; SCCD10—sample treated by SCCD at
10 MPa; SCCD30—sample treated by SCCD at 30 MPa; SCCD60—sample treated by SCCD at 60 MPa.
(Different letters over the bars indicate significant differences between the mean bioaccessibility of
betacyanins and betaxanthins (p < 0.05).

In in vivo studies on rats administered intragastrically fermented beetroot juice found
that both native and metabolized betacyanins can be absorbed through the gastric mucosa
cells. Betanin, isobetanin, neobetanin, betanidines, and decarboxylated forms of beta-
cyanins were largely detected in the gastric fluids and the blood and urine of rats [40].
In studies involving 10 healthy men who consumed beetroot juice or whole beets, no
betanin was detected in the blood plasma. However, NOx levels increased 8 h after juice
consumption [41].

Gomez-Magqueo et al. (2021) [34] demonstrated a positive impact of HHP at 350 MPa
and 5 min on the BAc of betanin from prickly pear fruit pulp. Depending on the fruit
variety, an increase of 20-27% was noted compared to non-treated samples. On the other
hand, there was no improvement in the BAc of indicaxanthin and peel-derived betalain.
Using parameters 100 and 600 MPa simultaneously did not bring positive results. The BAc
was calculated from the non-treated samples to the samples centrifuged after intestinal
digestion. Similar to our research, the effect of pressure parameters on BAc was irrespective
of the initial content of these compounds before digestion. These results were justified by
an increase in the extractability of bioactive compounds from plant tissue and changes
in the components of the fruit matrix, such as soluble dietary fiber, which could increase
the stability of betalains in the digestive system [34]. The HHP treatment can reduce the
amount of polyphenol complexes with proteins compared to thermally treated samples,
which may increase the BAc of polyphenols [36]. Our previous research focused on the
influence of HHP and SCCD treatment on the BAc of anthocyanins and vitamin C in
blackcurrant juice/puree, indicating that both techniques can improve the BAc of bioactive
compounds, depending on the parameters used. The improvement of bioaccessibility as a
result of different high-pressure processing methods may occur due to increased extraction
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of bioactive compounds from the tissue as well as binding them with macromolecular
compounds such as fiber or pectin. The metabolites formed during digestion significantly
impact the products’ antioxidant properties [37,38].

2.4. The Influence of Treatment on the Antioxidant Properties of Beetroot Juice in an In Vitro Model
of the Gastrointestinal Digestion

The antioxidant capacity (AC) in the non-digested beetroot juice, according to analysis
using DPPHe radicals, was the highest in HHP200 and FJ samples (about 7.6 uM/mL)
(Figure 4). The application of other techniques (thermal, HHP, or SCCD) contributed to the
reduction in the AC of beetroot juice compared to FJ] samples. The lowest AC measured
by the DPPHe assay was noted in HHP400 samples (5.00 uM/mL). After in vitro oral
digestion, a notable AC reduction in all samples ranging from 37% in HHP400 to 74% in
T85 was noticed. On the other hand, under the conditions prevailing during simulated
gastric digestion, an increase in AC was remarked in all samples by 56% (+10%) compared
to the previous digestion step. In the samples treated by HHP, the AC reached a value
greater than before digestion, which may indicate the release of metabolites of compounds
with high AC. After digestion in the intestine conditions, the AC measured by the DPPHe
assay decreased by 66% (£7%). The highest AC in the dialysate was achieved by SCCD30
and SCCD60 samples (2.74 and 2.78 uM/mL, respectively), and the lowest by FJ samples
(1.65 pM/mL). The AC of the SCCD10 and HHP500 samples was statistically significantly
higher than those treated at 400 and 200 MPa and heat treated at 45 °C and 85 °C. In the
DPPHe assay, the correlation between the AC and the total betalains in the beetroot juice
was noticeable.

control oral gastric intestinal dialisate

MT45 WT85 WHHP200 mHHP400 HHP500 SCCD 10 SCCD 30 [1SCCD 60

Figure 4. Results of DPPHe analysis of antioxidant properties (AC) of beetroot juice after different
treatments on every stage of simulated digestion. FJ—untreated juice; T45—thermal treatment
of sample at 45 °C; T85—pasteurized sample at 85 °C; HHP200—sample subjected to HHP at
200 MPa; HHP400—sample subjected to HHP at 400 MPa; HHP500—sample subjected to HHP
at 500 MPa; SCCD10—sample treated by SCCD at 10 MPa; SCCD30—sample treated by SCCD at
30 MPa; SCCD60—sample treated by SCCD at 60 MPa. (Different letters over the bars indicate
significant differences between the mean antioxidant capacity at each step of simulated digestion
(p < 0.05).

The AC in the control samples measured by the ABTSe+ assay was the highest in
SCCD60 (9.81 uM/mL) and was not statistically significantly different from SCCD10 and
HHP200 (Figure 5). The samples after thermal treatment at 85 °C, HHP400, HHP500, and
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SCCD30 had lower AC than the FJ samples. The lowest AC was recorded in HHP500
samples (7.41 uM/mL). The ABTSe+ assay did not indicate a decline in AC after digestion
with the salivary enzymes and oral pH. Contrary to the DPPHe method, there was a decline
in AC caused by simulated gastric digestion compared to the previous digestion step, from
15% in T85 to 37% in SCCD60 samples. The exception is the AC of the HHP200 sample,
which increased by 9% compared to the oral digestion stage while reaching the highest
value. Simulated intestinal digestion increased the AC in all samples compared to gastric
digestion. In addition, dialyzed samples reached higher AC than before dialyze, except for
samples after SCCD treatment, where the AC remained at a similar level. This might be
caused by the attendance of compounds characterized by high antioxidant activity in the
dialysate. Despite the decreasing stability of betalains due to unfavorable conditions in the
gastrointestinal tract, their antioxidant properties have not been lost, as the metabolites of
these compounds are still distinguished by high antioxidant activity. Following the ABTSe+
assay, the highest AC in the dialysate was found in the SCCD60 samples (10.87 uM/mL).
They were not statistically significantly different from the AC of the FJ, T45, and HHP200
samples. The lowest AC was recorded in HHP500 samples (7.96 uM/mL). The results of
the AC obtained with ABTSe+ and DPPHe methods are not unequivocal.
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Figure 5. Results of ABTSe+ analysis of antioxidant properties (AC) of beetroot juice after different
treatments on every stage of simulated digestion. FJ—untreated juice; T45—thermal treatment
of sample at 45 °C; T85—pasteurized sample at 85 °C; HHP200—sample subjected to HHP at
200 MPa; HHP400—sample subjected to HHP at 400 MPa; HHP500—sample subjected to HHP at
500 MPa; SCCD10—sample treated by SCCD at 10 MPa; SCCD30—sample treated by SCCD at 30 MPa;
SCCD60—sample treated by SCCD at 60 MPa. (Different letters over the bars indicate significant
differences between the mean (p < 0.05) antioxidant capacity at each step of simulated digestion).

The beneficial effect of HHP and SCCD treatment on the antioxidant properties of
fruit and vegetable products was also noticed by previous investiagtions [42—44]. Gomez-
Magqueo et al., 2019 [42] reported a significant improvement in the antioxidant activity
of the pulp of the prickly pear after using the HHP at 350 MPa/5 min. It was correlated
with the content of phenolic compounds. Rodriguez-Roque et al. (2015) [43] pointed to
the possibility of improving the antioxidant capacity (DPPHe) in fruit drinks with the
addition of milk by treatment with HHP (400 MPa, 5 min). In addition, this treatment
allowed the preservation of the higher AC of the fruit juices compared to the thermal
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processing, regardless of the matrix. Briones-Labarca et al. (2011) [44] also reported stronger
antioxidant properties of apples processed with HHP (500 MPa, 2-10 min) compared to
untreated samples.

Our team’s research has reported a positive effect of the SCCD at 30 and 60 MPa on
the AC (ABTSe+ and DPPHe) of blackcurrant juice subjected to simulated gastro-intestinal
digestion compared to thermally treated juices (45 and 85 °C, 10 min). SCCD improved the
availability of antioxidants for digestion, thereby releasing more products of metabolism
with potent antioxidant properties, such as protocatechuic acid [38]. Wang et al., 2020 [22]
obtained similar AC results in the digestion stages as in DPPHe tests in this study. Under
the oral digestion conditions, there was a decrease in AC. However, it was reversible at
the gastric digestion step and rich the highest AC in those conditions. The decrease in
AC after intestinal digestion occurred in the DPPHe, ABTSe+, and FRAP (ferric-reducing
antioxidant power) assays. The loss of antioxidant activity in beetroot after heat treatment
due to the loss of phenols, flavonoids, and betalains was also indicated [22]. Another
study compared the AC of 23 fruits and vegetable juices bought in the local market before
and after in vitro digestion. The beetroot juice is distinguished by the highest content of
total polyphenols and AC, among other juices. According to the FRAP assay, beetroot
juices from both producers showed a two-fold increase in AC at the stomach digestion
stage. In the first juice, which also showed a slight decrease in total polyphenols (6%), this
high level of AC was maintained even after intestinal digestion. In the second juice, the
AC returned to a value close to that obtained in the fresh juice, although the polyphenol
content was almost halved due to intestinal digestion. This supports the assumption that
AC is shaped by metabolites formed upon digestion of the native antioxidants in beetroot.
Less antioxidant losses than our study may be due to the omission of the digestive step
in the mouth, the reduction in gastric digestion to 1 h, and the use of centrifugation after
duodenum digestion, as opposed to dialysis, as in this study. As in the present study, the
variation in AC was strongly related with the application of DPPHe or ABTSe+ radicals.
This shows that the methods for determining activity do not always overlap, and the
response to radicals may differ depending on the matrix [45].

Desseva et al. (2020) [32] also obtained varied results of AC analysis in beetroot juice
after digestion by DPPHe, ABTSe+, FRAP, and CUPRAC (cupric ion reducing antioxidant
capacity) assays. The authors report that the differences in results can be the presence of
bile acids, the affinity of the radicals for the sample components, a different mechanism
of radical formation and stability, and other reaction temperature conditions. Metabolites
formed from the breakdown of betalains and contribute to the high antioxidant capacity of
the digested juice are betalain deglycosylation products, as well as neobetanine or cyclo-
DOPA. Betalamic acid and cyclo-DOPA glucoside formed in the alkaline environment do
not exhibit antioxidant properties, but they can demonstrate them at acidic pH [21].

3. Materials and Methods
3.1. Reagents and Auxiliary Materials

Cellulose membrane for dialyzing (avg. flat width 25 mm, molecular weight cut-off = 14,000)
and digestive enzymes such as «-amylase (TDF-100 A, 24,975 U/mL), mucin from the porcine
stomach—type II, pepsin from the porcine gastric mucosa (250 U/mg solid), pancreatin from
the porcine pancreas (8 x USP specifications), porcine bile extract, and reagents such as sodium
dodecyl sulfate—ACS reagent, sodium bicarbonate > 99.5%, (£)-6-hydroxy-2,5,7,8-tetramethyl-
chromane-2-carboxylic acid (Trolox), 2,2-diphenyl-1-picrylhydrazyl (DPPHe radical), 2,2-Azino-
bis (3-ethylbenzothiazoline-6-sulfonic) acid, diammonium salt (ABTS+e radical), acetonitrile
(HPLC) and sodium hydroxide pellets > 98.0% (NaOH) were provided by Sigma-Aldrich
(St. Louis, MO, USA).

Reagents such as disodium hydrogen phosphate anhydrous pure p.a. > 99.0% (Na,HPOy),
dipotassium hydrogen phosphate (K;HPOy), sodium chloride pure p.a. > 99.9% (NaCl), and
di-sodium wersenate standard solution 0.01 mol/L were supplied from Chempur (Piekary
Slaskie, Poland). In addition, Honeywell Fluka (Seelze, Germany) provided pure hydrochlo-
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ric acid p.a. ACS reagent 37% (HCI) and potassium peroxodisulfate > 99.0%, and Avantor
(Gliwice, Poland) provided formic acid 98-100% CZDA, ethanol 96% CZDA and methanol
(HPLC grade).

3.2. Testing Material

Fresh beetroot (Beta vulgaris L.) juice was selected for the research, and vegetables
of Polish origin were purchased at the local market. The vegetables were washed and
squeezed in the Robot Coupe Juicer (model J80 Ultra, France) to produce beetroot juice.
One batch of juices was left without any treatment (FJ). The next two batches of samples,
in the same type of packaging, were subjected to thermal treatment at 45 °C for 10 min
(T45) and pasteurization at 85 °C for 10 min (T85) in a pasteurization water bath (Labo Play,
Bytom, Poland). Mild heat treatment was used to verify if the temperature was relevant
in the SCCD, while pasteurization is a traditional method of juice preservation used as a
comparative method for emerging techniques. SCCD juice treatment was carried out in
150 mL glass jars at three pressure parameters: 10, 30, and 60 MPa, for 10 min, at 45 °C
(5CCD10, SCCD30, SCCD60) in the batch mode in a Speed SFE 4 (Applied Separations,
Allentown, PA, USA). The HHP treatment was carried out in 250 mL PET bottles at 200,
400, and 500 MPa, 5 min, and 20 °C (HHP200, HHP400, HHP500) in the CALIBER 70 x 1
device (EXDIN Solutions Sp. z 0.0., Krakéw, Poland). In both methods of high-pressure
treatment, the applied pressure conditions covered the whole scope of the parameters in the
devices, with the optimal time length of the processes. Until the analyzes were performed,
the samples were stored in a freezer at —20 °C. Controls are all sample types regardless
of treatment but prior to simulated digestion. Figure S1 in the Supplementary Materials
presents the research’s scope and workflow.

3.3. Simulation of Gastrointestinal Digestion and Determination of Bioaccessibility

In vitro, gastrointestinal digestion simulation among dialysis was carried out under
the model presented by Buniowska et al. (2017) [46] and Minekus et al. (2014) [19]. Oral
digestion was simulated by mixing 50 mL of the juice or water as a blank sample and 5 mL
of salivary enzyme solution. Using HCl or NaOH buffers, the pH was adjusted (HI 211 m,
Hanna Instruments, Woonsocket, RI, USA) to 6.75 4+ 0.20, and then the solution was left
for 10 min in a shaking water bath (Labo Play, SWB 8N, Bytom, Poland) at 37 °C, 90 rpm.
After collecting part of the sample for analysis, 20 mL of pepsin solution (2 g of NaCl, 7 mL
of HCl, 3.2 g of pepsin per 1 L of distilled water) was added, and the pH was adjusted to
2.00 as needed. Then, samples were incubated for 2 h again in the previously described
parameters. To initiate simulated intestinal digestion, 20 mL of the solution from the gastric
phase was moved to the clean bottle. Its pH was adjusted to 5.00 £ 0.20 and mixed with
5 mL of pancreatin (1 g/L) and bile solution (25 g/L). The cellulose membrane, cut into
30 cm sections, sterilized, washed, and filled with 25 mL of NaHCO3 (0.5 M, pH 7.5), was
dipped in the prepared sample and incubated for 2 h. The solution inside the dialysis
membrane is considered potentially absorbed into the bloodstream. The samples were
inserted into an ice bath for 10 min to complete the digestion process. All kinds of juice
samples were subjected to simulated digestion in triplicate. Samples of each digestion and
dialysis step were collected and stored in the —20 °C freezer until analysis. Equation (1)
was employed to determine bioaccessibility (BAc).

BAc (%) =100 x (BCdigested/BCbefore digestion) @

Equation (1). Calculating bioaccessibility (BAc—bioaccessibility of the analyzed
compound; BCyjgesteq—the amount of analyzed compound in the juice after digestion;
BChefore digestion —the amount of analyzed compound in the juice before digestion).
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3.4. Chemical Analysis
3.4.1. Identification of Betalains

Fresh beetroot juice was 5 times diluted with 0.2% formic acid (phase A) and then
centrifuged. A total of 2 mL of the supernatant was applied to a Sep-Pak C18 column
(Waters, Milford, CT, USA); The betaxanthins were eluted with 6 mL of phase A and the
betacyanins with 6 mL of phase B (acetonitrile), both were collected in 10 mL flask and
made up to the mark. The total concentration of both dyes present in the collected fractions
was determined spectrophotometrically based on the molar extinction coefficients and
calculated according to Equation (2).

Betalain content (mg/L) = A x DF x MV x 1000/(e x 1) )

Equation (2). The concentration of betalain (A—absorption, DF—dilution factor, MW—
molecular weights, e—molar extinction coefficient, l—pathlength. (Betacyanins—MW = 550 g/mol;
e =60,000 L/mol x cm; Betaxanthins—MW = 308 g/mol; e = 48,000 L/mol x cm) were applied.

The obtained fractions with known concentrations were used to prepare a series of
dilutions for standard curves (R2 > 0.99). LOD and LOQ for both groups of pigments were
determined on the basis of the signal to noise ratio, which was S/N = 10 in the case of
LOQ, and S/N = 3 in the case of LOD. Betaxanthins: LOQ > 0.5 mg/L; LOD > 0.2 mg/L.
Betacyanins LOQ > 2 mg/L LOD > 0.6 mg/L.

3.4.2. HPLC Analyses of Betalains

The analysis was carried out by the methodology presented by Ravichandran et al.
(2013) [47]. For this purpose, a Waters 2695 HPLC system connected to a Photodiode Array
Detector 2996 (Waters, Milford, CT, USA) was used. A Sunfire C8 column (250 x 4.6 mm,
5 um, Waters, Milford, CT, USA) and a pre-column (Sun Fire C8, 20 x 4.6 mm, 5 mm,
Waters, USA) were heated to 30 °C. Samples of the juices were diluted as needed and
filtered through the 0.45 um syringe filter (Waters, Milford, CT, USA). During 60 min and
the flow of 1 mL/min, 10 pL of the juice was dispensed with 0.2% formic acid (A) and
acetonitrile (B). The flow gradient of the eluates was as follows: A: B [%]; 100:0 (0 min);
100:0 (0-7 min); 97:3 (7-17 min); 90:10 (17-27 min); 90:10 (27-35 min); 80:20 (35-45 min);
0:100 (45-50 min); 100:0 (50-55 min); 100:0 (55-60 min). Betacyanins were detected at
538 nm and expressed as betanin equivalent, while betaxanthins were detected at 480 nm
and expressed as vulgaxanthin I equivalent.

Individual betalains were identified based on an earlier experiment [23] and literature
data on the typical retention order during the RP-HPLC separation [48-50], as well as their
fluorescent properties at an excitation wavelength of 465 nm and an emission wavelength
of 510 nm. Yellow pigments are highly fluorescent because of four conjugated double
bonds, while betacyanins do not present fluorescence due to the conjugation of bonds with
the cyclo-DOPA aromatic ring [51].

3.4.3. ABTS+e Radical Assay

To determine the antioxidant capacity with the ABTS+e radicals, the method presented
by Re et al. (1999) [52] was applied. The cationic solution of radicals was prepared by
mixing 7 mM ABTS+e and 2.45 mM potassium persulfate and leaving it in the darkness for
18 h before starting the analyses. The radical solution was diluted with ethanol to obtain an
absorbance of 0.740-0.750 at a wavelength of 734 nm on a UV /Visible Spectrophotometer
(Ultrospec 2000, Pharmacia Biotech, Amersham, UK). Trolox (1 mg/mL) in ethanol was
applied to prepare a six-point calibration curve with the following concentrations: 50, 100,
150, 200, 250, and 300 pg/mL. Then, 0.025 mL of the juice, Trolox standard in the case
of a blank sample, and 2.5 mL of ABTS+e solution was dispensed into the cuvette and
incubated at 30 °C for 6 min. The absorbance was determined at 734 nm, and the result
was expressed in Trolox Equivalent Antioxidant Capacity (TEAC).



Molecules 2022, 27, 7093

13 of 16

3.4.4. DPPHe Radical Assay

To determine the antioxidant capacity with the DPPHe radicals, the method presented
by Yen and Chen (1995) [53] was used. The DPPHe radicals (1 mM) were dissolved in
methanol, incubated for 3 h in the darkness, and diluted approximately 10-fold to obtain
the absorbance of 0.700-0.800 at 517 nm on a spectrophotometer described in the previous
assay. A standard curve was also made of a solution of Trolox in methanol (1 mg/mL),
obtaining the concentrations in the following points: 10, 20, 30, 40, 50, and 100 pg/mL. The
analysis was performed by dispensing 0.1 mL of juice, standard or distilled water sample as
a blank and 2 mL of DPPHe radical solution into the cuvette, then leaving it in the darkness
for 30 min and room temperature (22 + 1 °C) to incubate. The absorbance was measured at
517 nm. The result was expressed in Trolox Equivalent Antioxidant Capacity (TEAC).

3.5. Statistical Analysis

The one-way analysis of variance was performed with the ANOVA test, and the
significance analysis of differences in mean values with the Tukey’s test on the confidence
level of « = 0.05. The Statistica 7.1 software (StatSoft, Tulsa, OK, USA) was employed
for statistical analysis. Each type of beetroot juice sample was conducted into simulated
digestion in triplicate, and chemical analyses were performed in duplicate.

4. Conclusions

Thermal treatment (45 and 85 °C) did not reduce the stability of betacyanin and be-
taxanthins in the control samples (non-digested). Applying HHP200 and SCCD60 also
allowed for maintaining the high stability of betacyanin and betaxanthins. The type of the
beetroot juice treatment and process parameters did not affect the betalain composition but
influenced their stability during simulated digestion. As a result of the unfavorable pH con-
ditions and the presence of enzymes, the content of betalains decreased during digestion.

In the juices subjected to SCCD at 30 and 60 MPa, the bioaccessibility of betacyanins
and betaxanthins was statistically significantly higher than in all other types of samples.
The 30 MPa proved particularly advantageous, as it increased the bioaccessibility of the
total betacyanins and the total betaxanthins by 58% and 64%, respectively, concerning the
pasteurized samples. In the juices treated with HHP at 200 and 400 MPa, a significant
improvement in the bioaccessibility of betacyanins by 35% and 32%, respectively, was
also observed in fresh juices and thermally treated. The AC in the beetroot juices differed
depending on the radical used in the analysis. The decreased stomach AC in the stomach
in the ABTSe+ assay correlated with the betalain concentration decrease at this step of
simulated digestion. In turn, in the method with DPPHe radicals, there was a significant
increase in AC in the stomach. This may indicate greater sensitivity to compounds stable at
acidic pH (such as polyphenols and betacyanins). The DPPHe assay showed a decrease
in the AC after digestion, which was noticeably higher in the SCCD and HHP500 than
in the other samples. According to the ABTSe+ assay, the antioxidant capacity increased
by 7-14%, and in dialysate, it was significantly higher in SCCD60, HHP200, FJ, and T45
samples compared to others.

Applying high-pressure techniques such as HHP and SCCD to beetroot juices with
selected pressure parameters may improve the bioaccessibility of betalains. Increasing
the extraction and affecting the food matrix could improve the stability of betalains in
the gastrointestinal tract, making them more accessible for metabolism and absorption.
It would be necessary to confirm the beneficial influence of high-pressure techniques on
the bioaccessibility of betalains and the related health benefits for the human body in
in vivo studies.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules27207093 /s1, Figure S1: The scope and the workflow
of the research.; Figure S2: Chromatogram showing HPLC analysis of betaxanthins in fresh beetroot
juice (FJ) at 480 nm.; Figure S3: Chromatogram showing HPLC analysis of betacyanins in fresh
beetroot juice (F]) at 538 nm.
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