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Streszczenie

Na catym $wiecie obserwuje si¢ dynamiczny wzrost liczby zachorowan na przewlekte
choroby niezakazne, wsérdd ktdrych cukrzyca typu 2 i otylo$¢ osiagnety status epidemii XXI
wieku. Jedng z gltoéwnych przyczyn rozwoju tych stanéw patologicznych w organizmie
czlowieka jest niewtasciwy sposob odzywiania. Dieta charakteryzujaca si¢ nadmierng podaza
weglowodanow i thuszeczy nasyconych, przy jednoczesnym niskim spozyciu warzyw i owocow
prowadzi do zachwiania homeostazy. Kluczowa rol¢ w prewencji i leczeniu chordb
metabolicznych ogrywa zbilansowana dieta, bogata w owoce i warzywa, bgdace zrodtem
zwigzkow bioaktywnych. Jednocze$nie wéréd konsumentéw zauwazalny jest trend dbania
o ciato 1 zdrowie poprzez stosowanie roznego typu diet oraz aktywnos¢ fizyczng. Powoduje to
konieczno$¢ oferowania przez producentéw zywnosci coraz to nowych produktow,
odznaczajacych si¢ nie tylko zasobno$cig zwiazkéw bioaktywnych, ale i atrakcyjna forma
spozycia. Owoce Chaenomeles to przyktad surowca o duzym potencjale przetworczym, ale
jednoczesnie wysoka zawarto§¢ kwasow organicznych dyskwalifikuje go do bezposredniego
spozycia. Na rynku wcigz brak atrakcyjnego asortymentu z owocOw pigwowca, a wsrod
dostepnych przetworéw dominujg produkty wysokostodzone i/lub zawierajace niewielki
dodatek tych owocow.

W zwigzku z powyzszym, celem pracy bylo okreslenie i wykorzystanie potencjatu

bioaktywnego owocow pigwowca (Chaenomeles ssp.) w otrzymaniu innowacyjnych
produktéow  funkcjonalnych o zaprogramowanych wlasciwosciach prozdrowotnych
ukierunkowanych na prewencje i terapi¢ wybranych stanéw patologicznych.
Cel ten realizowano poprzez okreslenie potencjatu biologicznego zwigzkéw zawartych
w owocach pigwowca wybranych gatunkéw (C. japonica, C. speciosa, C. x superba) i odmian
(7) a nastgpnie opracowanie i optymalizacje technologii suszenia wybranymi metodami (takze
skojarzonymi z procesem odwadniania osmotycznego) (i7). Dodatkowo opracowano
technologi¢ mikroenkapsulacji soku z pigwowca oraz preparatu polifenolowego przy uzyciu
suszenia sublimacyjnego, rozpylowego i préozniowego (iii).

W wyniku przeprowadzonych badan dowiedziono, ze owoce pigwowca to atrakcyjny
surowiec charakteryzujacy si¢ bogactwem sktadu chemicznego oraz posiadajacy potencjalne
wlasciwos$ci prozdrowotne. Zidentyfikowano 15 zwigzkow polifenolowych, 5 karotenoidéw,
8 chlorofili, wszystkie izomery tokoferoli i tokotrienoli. Ponadto owoce Chaenomeles
charakteryzowaty si¢ obecnoscig wszystkich aminokwasow niezbednych oraz wykazywatly
zdolno$¢ do inhibicji enzyméw kluczowych w prewencji cukrzycy typu 2 (o-amylaza
i a-glukozydaza), otylosci (lipaza trzustkowa), choréb neurodegeneracyjnych
(acetylocholinoesteraza i butyrylocholinoesteraza) i stanéw zapalnych (15-lipooxygenaza).
Dowiedziono, ze proces suszenia kombinowanego (podsuszanie konwekcyjne i dosuszanie
mikrofalowo-prozniowe) pozwala na otrzymanie suszu o jako$ci i zawarto$ci zwigzkow
biologicznie aktywnych na poziomie zblizonym (51,04 g zwiazkéw polifenolowych/kg suchej
masy) do metody sublimacyjnej. Ponadto proces odwadniania osmotycznego w koncentratach

sokow owocowych prowadzi do skrécenia czasu suszenia, obnizenia zawartosci kwasoéw
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organicznych w owocach (od 47 do 77%) oraz wzrostu potencjalu antycholinergicznego.
Mikroenkapsulacja soku z uzyciem maltodekstryny jako no$nika oraz suszenia sublimacyjnego
1 rozpylowego zapewniala otrzymanie proszkow o najwickszym stgzeniu zwigzkéw
polifenolowych, niskiej zawarto$ci 5-hydroksymetylofurfuralu oraz wysokim potencjale
przeciwutleniajagcym. Natomiast najwyzszg retencje zwigzkow fenolowych, w tym z grupy
flawan-3-oli, w preparacie polifenolowym uzyskano po suszeniu rozpylowym, podczas gdy
suszenie prozniowe zapewnialo korzystniejsze parametry fizyczne otrzymanych proszkow.
Na podstawie przeprowadzonych badan chemicznych i technologicznych dowiedziono,
ze owoce Chaenomeles sa dobrym surowcem do produkcji atrakcyjnych produktow suszonych
a takze, ze technika mikroenkapsulacji to innowacyjny sposob na wykorzystanie tych owocoéw
w przemy$le spozywczym, zapewniajac wysokie stezenie zwigzkow bioaktywnych
o wilasciwosciach  przeciwutleniajacych, przeciwcukrzycowych, przeciw  otylosci

1 antycholinergicznych.

Stowa kluczowe: suszenie sublimacyjne, suszenie prozniowe, suszenie rozpylowe, suszenie
konwekcyjne, mikroenkapsulacja, odwadnianie osmotyczne, zwigzki bioaktywne, wlasciwosci

przeciwutleniajace, cukrzyca typu 2, choroby neurodegeneracyjne



Abstract

The incidence of chronic, non-communicable diseases is increasing rapidly worldwide,
and among them type 2 diabetes and obesity have reached the status of 21 century epidemics.
One of the main reasons for the development of these pathological conditions is improper
nutrition. A diet containing an excessive supply of carbohydrates and saturated fats, with a low
intake of fruits and vegetables, leads to an imbalance in homeostasis. Balanced diet rich in fruits
and vegetables, which are a source of bioactive compounds, plays a key role in the prevention
and treatment of metabolic diseases. There is also a noticeable trend among consumers to take
care of their bodies and health through various types of diets and physical activity.
Consequently, food manufacturers are forced to offer new products characterized not only by
the abundance of bioactive compounds but also by an attractive form of consumption.
Chaenomeles fruits are an example of a raw material with high processing potential, but high
content of organic acids makes them unfit for direct consumption. Still, the market lacks an
attractive Chaenomeles fruit assortment, and the available preserves are dominated by high-
sugar products and/or those containing a small addition of Chaenomeles fruit.

Therefore, the purpose of this study was to determine and exploit the bioactive potential

of Chaenomeles ssp. fruits in obtaining innovative, functional products with programmed
health-promoting properties aimed at prevention and therapy of selected pathological
conditions.
This objective was realized by determining the biological potential of compounds contained in
Chaenomeles fruits of selected species (C. japonica, C. speciosa, C. x superba) and cultivars
(i), and then developing and optimizing a drying technology based on selected methods (also
combined with osmotic dehydration) (i7). Additionally, the technology of microencapsulation
of Chaenomeles juice and a polyphenol extract by means of sublimation, spray, and vacuum
drying was developed (iii).

The study proved that Chaenomeles fruits are an attractive raw material characterized
by a rich chemical composition and potential health-promoting properties. Fifteen polyphenolic
compounds, 5 carotenoids, 8 chlorophylls, all tocopherol and tocotrienol isomers were
identified. In addition, Chaenomeles fruits contained all essential amino acids and were capable
of inhibiting enzymes crucial in the prevention of type 2 diabetes (o-amylase and
a-glucosidase), obesity (pancreatic lipase), neurodegenerative diseases (acetylcholinesterase
and butyrylcholinesterase), and inflammation (15-lipooxygenase).

The combined drying (convective pre-drying followed by microwave-vacuum drying) yielded
a dried product of the quality and content of biologically active compounds similar to the
sublimation method (51.04 g of polyphenolic compounds/kg of dry matter). In addition, the
osmotic dehydration of fruit juice concentrates reduced the drying time, lowered (from 47 to
77%) the organic acid content, and increased anticholinergic potential. Microencapsulation of
the juice with maltodextrin as a carrier and sublimation and spray drying provided powders
with the highest concentration of polyphenolic compounds, low content of
5-hydroxymethylfurfural, and high antioxidant potential. The highest retention of phenolic
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compounds, including flavan-3-ols, in polyphenolic extract, was measured after spray drying,
while vacuum drying provided more favorable physical parameters of the resulting powders.
The chemical and technological experiments performed during the study demonstrated
that Chaenomeles fruits are a good raw material for the production of attractive dried products.
They also confirmed that the microencapsulation is an innovative way to use the fruits in the
food industry due to their high concentration of bioactive compounds with antioxidant,

antidiabetic, anti-obesity, and anticholinergic properties.

Keywords: sublimation drying, vacuum drying, spray drying, convection drying,
microencapsulation, osmotic dehydration, bioactive compounds, antioxidant properties, type 2

diabetes, neurodegenerative diseases



1. Wprowadzenie

Pigwowiec (Chaenomeles) nalezy do rodziny rézowatych (Rosaceae) a jego nazwa tacinska
stworzona jest z potaczenia dwoch greckich stow chainein (dzieli¢, otwiera¢ si¢) oraz melon
(jabtko). Rosliny te spokrewnione sg z pigwa pospolita (Cydonia oblonga) i pigwa chinska
(Pseudocydonia sinensis), lecz roznig si¢ nie tylko wygladem owocow, morfologia lisci
i kwiatow, ale przede wszystkim sktadem chemicznym. Wyrdznia si¢ pie¢ gatunkow w obrebie
rodzaju Chaenomeles: cathayensis, japonica, sinensis, speciosa 1 thibetica oraz cztery
mieszance stworzone w wyniku krzyzowania roslin w obrgbie gatunku: C. x superba (hybryda
C. speciosa % C. japonica), C. % vilmoriniana (hybryda C. speciosa x C. cathayensis),
i1 C. x clarkiana (hybryda C. japonica x C. cathayensis). Z kolei C. x californica jest hybryda
trojgatunkowa (C. x superba x C. cathayensis) (Antoniewska i wsp. 2017; Nahorska i wsp.
2014; Zhang i wsp. 2019). W Polsce spotykane sa gtownie trzy gatunki, tj. C. japonica -
pigwowiec japonski, C. speciosa - pigwowiec okazaty i C. X superba - pigwowiec posredni,
przy czym najczesciej uprawiany jest pigwowiec japonski, poniewaz posiada najmniejsze
wymagania oraz wykazuje najwigksze przystosowanie do warunkow klimatycznych.
Doskonalenie metod uprawy krzewdéw pigwowca, celem uzyskania najwyzszej jakosci
owocow, bylo prowadzone w latach 90. XX wieku w ramach specjalnego programu
realizowanego w Polsce, Finlandii, Szwecji, na Litwie, Lotwie i Ukrainie (Baranowska-
Bosiacka i wsp. 2017; Bieniasz i wsp. 2017; Rusnak 2012).

W stanie naturalnym pigwowce wystepuja w Azji Wschodniej (Chiny i Japonia), natomiast
w Europie najwigkszy areal upraw odnotowuje si¢ w krajach nadbaltyckich. Gatunki
Chaenomeles staty si¢ popularnymi krzewami ozdobnymi w niektorych czesciach Europy
1 Ameryki Potnocnej, uprawianymi w ogrodach zarowno ze wzglgedu na barwne kwiaty, jak
1 kolczaste pedy, wykorzystywane jako zywoploty (Antoniewska i wsp. 2017; Byczkiewicz
1 wsp. 2019). Warto zauwazy¢, ze pomimo niewatpliwych walorow dekoracyjnych, krzewy
pigwowca uprawiane byly i sg dla owocow, ktore w tradycyjnej chinskiej medycynie
wykorzystuje si¢ od tysiecy lat. Owoce roznych gatunkow Chaenomeles znalazty zastosowanie
w leczeniu czerwonki, prozopalgii, reumatoidalnego zapalenia stawow, cholery, beri-beri,
zespotu niedoboru witaminy C, zapalenia jelit i zapalenia watroby ze wzgledu na obecno$¢
w ich sktadzie wielu sktadnikéw bioaktywnych, w tym gltéwnie zwiazkéw fenolowych
1 triterpendw (Huang i wsp. 2018; Zhang i wsp. 2014).

Dotychczas w badaniach in vitro i in vivo dokonano pozytywnej weryfikacji nastepujacych
wlasciwos$ci farmakologicznych owocow pigwowca: przeciwutleniajacych, przeciwzapalnych,
immunomodulacyjnych, przeciwdrobnoustrojowych i1 przeciwnowotworowych (Huang i wsp.

2018). Sproszkowane owoce C. speciosa wykorzystano z powodzeniem w leczeniu miazdzycy,
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ktérej patogeneza wywodzi si¢ od utleniania lipoprotein o matej gestosci tworzacych blaszke
miazdzycowg. Owoce pigwowca dzigki wysokiej zawarto$ci przeciwutleniaczy powodowaly
obnizenie poziomu cholesterolu we krwi (Tang 1 wsp. 2010). Polisacharyd (ztoZzony z glukozy,
ramnozy, galaktozy i arabinozy) wyekstrahowany z owocow C. speciosa hamuje wzrost guza
u myszy wraz z poprawa opdznionej nadwrazliwosci 1 wyzszym wydzielaniem interleukiny-
(IL-)2, TNF-a 1 IFN-y w surowicy krwi (Xie i wsp. 2015). Ponadto kwercetyna, kwas 3,4-
dihydroksybenzoesowy i estry metylo-3-hydroksybutanodiowe, ktore zostaty wyekstrahowane
z C. speciosa, wykazuja efekt synergiczny podczas leczenia ptasiej grypy i dlatego okazaty si¢
potencjalnymi i silnymi zwigzkami przeciwwirusowymi (Zhang i wsp. 2010).

Sktad chemiczny owocdéw Chaenomeles jest ztozony 1 ro6zni si¢ w zalezno$ci od gatunku,
wieku krzewow, $rodowiska, warunkow klimatycznych jak i metod ekstrakcji. Badania
fitochemiczne Chaenomeles pozwolily na wyizolowanie okoto 150 substancji chemicznych,
wsérod ktorych najczesciej opisywano triterpenoidy, seskwiterpenoidy, kwasy organiczne,
zwigzki fenolowe, olejki lotne 1 kwasy thuszczowe (Zhang 1 wsp. 2019). Triterpenoidy sg
jednymi z bardziej reprezentatywnych sktadnikéw bioaktywnych wystepujacych w owocach
pigwowca. Dotychczas wsérdd pentacyklicznych triterpenoidow zidentyfikowano zwigzki
z grupy ursulanéw, lupulandéw i oleanolandéw. Na szczegdlng uwage zastuguje kwas ursolowy
i oleanolowy bedace wskaznikami wykorzystywanymi do oceny i klasyfikacji jako$ci owocow
Chaenomeles (Zhang i wsp. 2019). Stwierdzono réwniez, iz zwigzki fenolowe sg istotnymi
substancjami bioaktywnymi obecnymi we wszystkich czgsciach anatomicznych Chaenomeles
(owocach, nasionach, kwiatach, liciach, pedach i korzeniach). Do tej pory z owocoéw i platkéw
pigwowca wyizolowano 1 zidentyfikowano okolo 37 flawonoidéw ktére mozna
przyporzadkowa¢ do 6 nastgpujacych grup: flawony, flawanony, flawano-3-ole, flawanole,
izoflawony oraz antocyjany (Watychowicz i wsp. 2017; Zhang i wsp. 2019). Wsérod kwaséw
fenolowych obecnych w owocach Chaenomeles w najwigkszej iloSci wystepuje kwas
chlorogenowy (Turkiewicz i wsp. 2020d; P1).

W przemysle spozywczym wzrasta zainteresowanie wykorzystaniem zapomnianych lub
mato znanych gatunkow roslin. Owoce pigwowca sg przyktadem surowca o duzym potencjale
przetworczym o czym $wiadczy jego bogaty sktad chemiczny. Czynnikiem limitujacym
wykorzystanie owocow Chaenomeles w produkcji zywnos$ci jest ich wysoka kwasowos¢,
wplywajaca na ich nieakceptowalny profil sensoryczny. W Polsce badania nad sktadem oraz
zastosowaniem owocOéw wybranych gatunkéw z rodzaju Chaenomeles w latach 70., 80. 1 90.
XX wieku prowadzita Elzbieta Lesinska (Akademia Rolnicza im. H. KoHataja w Krakowie),
w ktorych wskazany zostat potencjat do zastosowania tego surowca jako sktadnika nadzien

cukierniczych, karmelkow i produktéw scukrzonych. Asortyment produktowy z owocow
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pigwowca dostepny na rynku jest ubogi, a najczegsciej pojawiaja si¢ produkty wysokostodzone
dzemy, konfitury, marmolady i przeciery. W roku 2002 opatentowano na Litwie technologi¢
przetwarzania pigwowca japonskiego celem poszerzenia asortymentu produktowego
wytwarzanego z tego surowca, otrzymujac syrop i owoce kandyzowane (LV 12779 B, 2001).
Podejmowane byly takze proby zastosowania przetworzonych owocoOw pigwowca jako dodatku
do wyrobow cukierniczych 1 nabialowych, lecz wymagaty one aplikacji substancji stodzacych,
celem zlagodzenia odczucia smaku kwasnego lub potaczenia z innymi owocami (np. jabtkami)
lecz wowczas udzial procentowy pigwowca byt na niskim poziomie (Antoniewska i wsp.
2017).

Dlatego tez w niniejszej pracy podjeto si¢ badan nad opracowaniem nowych,
innowacyjnych kierunkéw wykorzystania owocow pigwowca, przy zachowaniu ich petlnego

potencjatu bioaktywnego.
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2. Cel i hipoteza

Celem pracy byto okreslenie i wykorzystanie potencjatu bioaktywnego owocow pigwowca
(Chaenomeles  ssp.) w  otrzymaniu innowacyjnych  produktéw  funkcjonalnych
o zaprogramowanych wlasciwos$ciach prozdrowotnych ukierunkowanych na prewencje

1 terapi¢ wybranych stanéw patologicznych zwigzanych z chorobami cywilizacyjnymi.

Postawiono nast¢pujaca hipotez¢ badawcza: owoce pigwowca to warto§ciowy surowiec,
ktérego wykorzystanie w przemysle spozywczym mozna upatrywaé poprzez technologi¢
suszenia (takze w potaczeniu z procesem odwadniania osmotycznego) oraz mikroenkapsulacje,
co prowadzi do otrzymania atrakcyjnego produktu i/lub potproduktu o wysokim potencjale

bioaktywnym.

Tak postawiong hipoteze zweryfikowano w obrebie celow szczegdétowych prezentowanej

pracy:

a) okreslenie potencjalu biologicznego zwigzkéw zawartych w owocach pigwowca
wybranych gatunk6éw i odmian oraz otrzymanych z nich produktach;

b) okreslenie przydatnosci owocoOw pigwowca w technologii suszenia poprzez wybor metody
1 parametrow procesu,

c) weryfikacj¢ zastosowania odwadniania osmotycznego owocOw przed suszeniem celem
zwigkszenia warto$ci biologicznej;

d) weryfikacj¢ zastosowania procesu mikroenkapsulacji soku i preparatu polifenolowego

Z OWOCcOW pigwoweca z uzyciem réznych metod suszenia i typodw no$nikow.
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3. Organizacja badan

3.1. Material badawczy

Materiat do badan (P1 i P2) stanowily owoce 19 odmian Chaenomeles nalezacych do trzech
gatunkow:

- owoce Chaenomeles x superba ‘Crimson and Gold’ i ‘Colour Trail’, Chaenomels japonica
‘Cameo’ 1 ‘Red Joy’ oraz Chaenomeles speciosa ‘Nivalis’ i ‘Rubra’ pozyskano z ogrodu
doswiadczalnego Uniwersytetu Przyrodniczego we Wroctawiu,

- owoce Chaenomeles x superba ‘Texas Scarlet’, ‘Nicoline’, ‘Andenken an Karl Ramcke’,
‘Pink Lady’, ‘Flavon Rose’, ‘Hollandia’, ‘Jet Trail’; Chaenomels japonica ‘Cido’, nl;
Chaenomeles speciosa ‘Simonii’ pozyskano z Instytutu Ogrodnictwa w Skierniewicach,

- owoce Chaenomeles % superba wild 1 Chaenomels japonica wild #1 1 #2 zostaty zebrane

z krzewow dziko rosnacych we Wroctawiu.

W pozostatych badaniach (P3, P4, PS5 i P6) wykorzystano owoce Chaenomels japonica

zakupione z ekologicznej plantacji (firma Pigwowiec.eu) k. Putaw.

Koncentraty sokow owocowych (jablkowy, gruszkowy, ananasowy, wisniowy, aroniowy
1z owocow czarnej porzeczki) wykorzystane w procesie odwadniania osmotycznego (P4) jak
1 no$niki (P5) uzyte w procesie mikroenkapsulacji (inulina i maltodekstryna DE 20-30) zostaty
zakupione w handlu detalicznym, odpowiednio firma Grupa Maspex sp. z 0.0. oraz Brenntag

Polska sp. z 0.0.

3.2. Schemat organizacyjny

ETAP 1

0 Analizy fizyko-chemiczne i potencjatu biologicznego owocow
woce P .
wybranych gatunkéw i odmian Chaenomeles

Publikacja 1

Publikacja 2

ETAP 2

‘ Optymalizacja procesu suszenia owocow pigwowca japonskiego Publikacja 3
Owoce
Odwadnianie osmotyczne owocow pigwowca japonskiego .
Publikacja 4

i w koncentratach sokow owocowych przed procesem suszenia
Ttoczenie

Mikroenkapsulacja soku z owocow pigwowca japonskiego L
7 e —>| Publikacja 5

Preparat N Mikroenkapsulacja preparatu polifenolowego z owocow .
polifenolowy pigwowca japonskiego Publikacja 6

Schemat 1. Ogdlny schemat organizacyjny doswiadczen
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3.3. Metodyka

3.3.1. Podstawowe analizy fizyko-chemiczne

a) oznaczenie zawarto$ci popiotu ogélnego (P1) wg PN-90/A-75101/08

b) oznaczenie zawartosci suchej masy metoda wagowa (P1, P3, P4, PS5, P6) wg
PN-90/A-75101/03

c) oznaczenie zawartosci ekstraktu ogdlnego metoda refraktometryczng (P1, P4) wg
PN-90/A-75101/02

d) oznaczenie kwasowosci ogélnej metoda miareczkowa (P1) wg PN-90/A-75101/04

e) oznaczenie pH metoda potencjometryczng (P1) wg PN-90/A-75101/06

f) oznaczenie aktywnosci wody (P3, P4, PS5, P6) wg instrukcji obstugi urzadzenia
LabMaster-aw (Novasina, Lachen, Niemcy)

g) oznaczenie barwy w modelu CIELab (P3, P4, P5, P6) wg instrukcji obslugi
spektrofotometru CM-700d (Konica Minolta Sensing Inc., Osaka, Japonia)

h) oznaczenie lepkosci (P4) wg instrukcji obshugi wiskozymetru wibracyjnego SV-10
(A&D Company Ltd., Tokio, Japonia)

1) oznaczenie ggstosci rzeczywistej, usypowej 1 porowatosci (PS5, P6) wg Michalska
i wsp. (2016) oraz Bhusari i wsp. (2014)

j) oznaczenie zawarto$ci pektyn metoda Morrisa (P1) wg Pijanowski i wsp. (1973)
z modyfikacjami

k) proces suszenia metodg sublimacyjng (P1, P2, P3, P4, P5, P6), konwekcyjng (P3,
P4) i mikrofalowo-prézniowa (P3, P4) przeprowadzono zgodnie z procedurg
opisang przez Turkiewicz i wsp. (2019a; P3) oraz Turkiewicz i wsp. (2020b; P4)

1) charakterystyke kinetyki suszenia (P3, P4) wyznaczono w oparciu o model podany
przez Lech i wsp. (2018a) oraz Lech i1 wsp. (2018b) z modyfikacjami

m) proces odwadniania osmotycznego (P4) przeprowadzono zgodnie z procedurg
opisang przez Turkiewicz i wsp. (2020b; P4)

n) proces mikroenkapsulacji metoda suszenia sublimacyjnego, proézniowego
i rozpylowego (P5, P6) przeprowadzono zgodnie z procedura opisang przez
Turkiewicz i wsp. (2020c; P5)

0) proces izolacji zwigzkow fenolowych na zywicy polimerowej (P6) przeprowadzono
zgodnie z procedurg opisang przez Michalska i wsp. (2017) 1 Turkiewicz 1 wsp.

(2021; P6).
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3.3.2. Analizy chromatograficzne

a) oznaczenie zawartosci kwasu L-askorbinowego HPLC-DAD (P1, P3, P4) wg
Wojdyto i wsp. (2013)

b) oznaczenie ilo$ciowe i jako$ciowe cukrow HPLC-ELSD (P1, P4, P6) wg Wojdylo
i wsp. (2017) oraz Turkiewicz i wsp. (2020d; P1)

c) oznaczenie ilo§ciowe i jakosciowe kwasow organicznych UPLC-PDA (P1, P4, P6)
wg Wojdyto i wsp. (2017) oraz Turkiewicz i wsp. (2020b; P4)

d) identyfikacja LC-MS/QTOF 1 oznaczenie ilosciowe UPLC-PDA zwigzkéw
fenolowych (P1, P3, P4, P5, P6) wg Wojdyto i wsp. (2016)

e) oznaczenie polimerow procyjanidyny UPLC-FL wraz ze stopnien polimeryzacji
metoda floroglucynolizy (P1, P3, P4, PS5, P6) wg Wojdyto i wsp. (2013)

f) profilowanie  przeciwutleniaczcy = UPLC-PDA  technika  derywatyzacji
postkolumnowej z uzyciem kationorodnika ABTS™" (P1) wg Turkiewicz i wsp.
(2020d; P1)

g) identyfikacja LC-MS/QTOF i oznaczenie ilosciowe UPLC-PDA karotenoidow
i chlorofili (P2) wg Wojdyto i wsp. (2018)

h) oznaczenie ilo$ciowe i jakosciowe UPLC-FL tokoferoli i tokotrienoli (P2) wg
Tkacz i wsp. (2019b)

1) identyfikacja LC-MS/QTOF i oznaczenie ilosciowe UPLC-PDA aminokwasow
technika derywatyzacji z karbaminianem 6-aminochinolinylo-N-
hydroksysukcynimidylu (AQC) (P2) wg Turkiewicz i wsp. (2020a; P2)

j) oznaczenie ilosciowe i jako$ciowe 5-hydroksymetylofurfuralu UPLC-PDA (P3, PS,
P6) wg Gokmen i Senyuva (2016) z modyfikacjami.

3.3.3. Analizy spektro- 1 fluorometryczne

a) oznaczenie aktywnosci przeciwutleniajacej metoda z kationorodnikiem ABTS™
(P1, P3, P5, P6) wg Re i wsp. (1999) z modyfikacjami

b) oznaczenie aktywnoSci przeciwutleniajagcej metodg redukcji jonow zelaza Fe?*
FRAP (P1, P3, P5, P6) wg Benzie i Strain (1996) z modyfikacjami

c) oznaczenie aktywnosci przeciwutleniajacej metoda absorpcji rodnikow tlenowych
ORAC (P1, P3, P4, PS5, P6) wg Ou i wsp. (2002) z modyfikacjami

d) oznaczenie aktywnosci przeciwcukrzycowej jako zdolnosci do inhibicji a-amylazy
(P1, P4, P6) wg Podsedek i wsp. (2014) z modyfikacjami

e) oznaczenie aktywnosci przeciwcukrzycowej jako zdolnosci do inhibicji

a-glukozydazy (P1, P4, P5, P6) wg Podsedek i wsp. (2014) z modyfikacjami
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f) oznaczenie zdolnosci do inhibicji lipazy trzustkowej (P1, P4, PS5, P6) wg Podsedek
1 wsp. (2014) z modyfikacjami

g) oznaczenie aktywno$ci antycholinergicznej jako zdolnosci do inhibicji
acetylocholinoesterazy (AChE) (P1, P4, P5, P6) wg Gironés-Vilaplana i wsp.
(2015) z modyfikacjami

h) oznaczenie aktywno$ci antycholinergicznej jako zdolnosci do inhibicji
butyrylocholinoesterazy (BuChE) (P1, P4, P6) wg Gironés-Vilaplana i wsp. (2015)
z modyfikacjami

1) oznaczenie aktywnos$ci przeciwzapalnej jako zdolno$ci do inhibicji

15-lipooxygenazy (15-LOX) (P1, P5, P6) wg Chung i wsp. (2009) z modyfikacjami.

3.3.4. Analiza statystyczna

Otrzymane wyniki poddano analizie statystycznej z wykorzystaniem programu
Addinsoft XLSTAT 2017 - statistical and data analysis solution (New York, USA).
Przeprowadzono jednokierunkowa analiz¢ wariancji (ANOVA) przy poziomie istotnosci
a=0,05. Grupy jednorodne okreslano za pomoca testu Duncana i Tukeya. Wykorzystano takze
test Kruskal-Wallis i procedur¢ Dunna do analizy nieparametrycznej. Ponadto obliczono
wspotczynniki korelacji Pearsona (R?) pomiedzy badanymi cechami, przeprowadzono analize
sktadowych gtownych (PCA) oraz analiz¢ hierarchicznego grupowania metoda aglomeracyjna

(AHC).
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4. Wyniki i dyskusja
4.1. Okreslenie skladu chemicznego i potencjalu biologicznego owocow

Chaenomeles wybranych gatunkow i odmian

Badania w niniejszej pracy rozpocz¢to od peinej charakterystyki sktadu chemicznego
1 wlasciwosci biologicznych wybranych gatunkéw i odmian owocow pigwoweca (3 gatunki, 19
odmian). Etap ten mial na celu okre$lenie wtasciwosci fizyko-chemicznych surowca, ze
szczegdlnym uwzglednieniem (ilosSciowym 1 jako$ciowym): zwigzkoéw fenolowych,
karotenoidéw, chlorofili, tokoferoli, tokotrienoli i aminokwaséw. Ponadto przeprowadzono
szeroki zakres analiz potencjatu biologicznego, w tym aktywnosci przeciwutleniajacej (ABTS,
FRAP, ORAC), wtasciwosci hamowania a-amylazy, a-glukozydazy, lipazy trzustkowej,
acetylocholinoesterazy (AChE), butyrylocholinoesterazy (BuChE) i 15-lipooxygenazy
(15-LOX). Uzyskane wyniki zostaty opublikowane w pracy P1 (ABTS on-line antioxidant,
a-amylase, o-glucosidase, pancreatic lipase, acetyl- and butyrylcholinesterase inhibition
activity of Chaenomeles fruits determined by polyphenols and other chemical compounds,
Antioxidants, 2020) oraz w pracy P2 (Carotenoids, chlorophylls, vitamin E and amino acid
profile in fruits of nineteen Chaenomeles cultivars, Journal of Food Composition and Analysis,
2020). Ten etap badan mial na celu wyselekcjonowanie odmian o najwyzszym potencjale
bioaktywnym oraz dostarczyt informacji dla wtasciwego ukierunkowania dalszych badan.

W pracy P1 (Tab. 1) przedstawiono podstawowy sktad chemiczny i wlasciwosci fizyczne
analizowanych owocow Chaenomeles. Zawarto$¢ suchej masy (sm) owocoOw zawierata si¢
w zakresie od 10,09% (C. japonica nl) do 20,40% (C. x superba wild) a popiotu od 0,32%
(C. % superba ‘Crimson and Gold’) do 0,64% (C. x superba ‘Pink Lady’). Wyniki te odnajduja
odzwierciedlenie w danych literaturowych (Lesinska 1986, Rubinskiené i wsp. 2014). Stodki
smak owocow jest zalezny od zawartosci ekstraktu, ktory odgrywa wazng role zar6wno
w owocach przeznaczonych do przetworstwa, jak i do bezposredniego spozycia. Srednia
zawarto$¢ ekstraktu analizowanych owocow pigwowca wynosila 9°Brix. Podobne wyniki
(od 5,2 do 8,8°Brix) dla 21 réznych genotypow Chaenomeles uzyskali Ros 11 wsp. (2004).
Owoce nalezace do rodzaju Chaenomeles uwazane sa za bogate w zwiazki pektynowe, ktére
znajduja si¢ gldwnie w migzszu. Przecigtna zawarto§¢ pektyn w tych owocach (1,4%
w $wiezych owocach) jest poréwnywalna do warto$ci oznaczonych w jabtkach (Nahorska
i wsp. 2014, Thomas 1 wsp. 2003). Analizowane owoce wykazywaly duze zr6znicowanie
zawarto$ci pektyn (p<0,05) od 0,65% (C. japonica nl) do 1,72% (C. X superba wild).
Niewatpliwie cecha charakterystyczng owocow pigwowca jest wysoka kwasowosé

miareczkowa, ktora dla analizowanych odmian wynosita srednio 4,64 g kwasu jabtkowego/100
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g Swiezej masy ($§m). Wysokiej kwasowosci towarzyszyly niskie wartosci pH (2,71-2,99).
Uzyskane wyniki sa zgodne z danymi prezentowanymi przez Ros i wsp. (2004).

Owoce Chaenomeles charakteryzuja si¢ znaczaco niska zawartoscig cukrow w poréwnaniu
z wieloma innymi owocami. C. x superba ‘Texas Scarlet’ byla odmiang o najwyzszej
zawartosci cukru 3,98 g/100 g $m, natomiast C. X superba ‘Jet Trail’ zawierata ich ponad
9-krotnie mniej (0,44 g/100 g $m). Gléwnym zidentyfikowanym sacharydem byta fruktoza,
a nastgpnie sorbitol i glukoza, stanowigce $rednio 40,10%, 32,89% 1 26,70% wszystkich
zidentyfikowanych cukréw. Ksyloze w $ladowych stezeniach oznaczono tylko w dwodch
odmianach C. x superba ‘Crimson and Gold’ oraz ‘Andenken an Karl Ramcke’. Dla
porownania Hellin i wsp. (2003) przeanalizowali zawarto$¢ cukru w dziesigciu genotypach
Chaenomeles uprawianych w Szwecji 1 na Litwie 1 stwierdzili, ze gtéwnymi cukrami sa
fruktoza, glukoza, sorbitol i sacharoza. Zawarto$¢ cukrow redukujacych byta zblizona do
warto$ci uzyskanych we wczesniejszych badaniach, lecz zglaszano takze obecno$¢ maltozy,
mannitolu, stachiozy, rafinozy, ramnozy i inozytolu (Hellin i wsp. 2003, Lesinska 1987,
Lesinska i wsp. 1988, Tarko i wsp. 2014).

W przeciwienstwie do zawartosci cukrow, owoce Chaenomeles zawieraja bardzo duze
ilosci kwasow organicznych (P1, Tab. 1). W analizowanych probkach oznaczono: kwas
szczawiowy, maleinowy, cytrynowy, jabtkowy, chinowy i szikimowy. Catkowita zawarto$¢
kwasow wahata si¢ od 41,64 (C. japonica ‘Cido’) do 110,31 g/kg $m (C. x superba wild),
wykazujac tym samym duze zrdéznicowanie w obrebie analizowanych genotypow (p<0,05).
Glownym kwasem byl kwas jabtkowy (81,94% wszystkich kwaséw), obecny w probkach
w stezeniach od 32,08 do 88,75 g/kg $m, co jest zgodne z wynikami Hellin i wsp. (2003). Kwas
chinowy stanowil §rednio 15,63% wszystkich kwasow, a pozostate, tj. cytrynowy, szikimowy,
szczawiowy 1 maleinowy stanowity mniejszo$¢ 1 wystgpowalty w owocach pigwowca ponizej
1,5% catkowitej ilo$ci kwasow organicznych.

Kolejnym istotnym parametrem jako$ci owocoéw jest stosunek cukrow do kwasow.
W przypadku owocow przeznaczonych do bezposredniego spozycia przyjmuje si¢, aby
zawarto$¢ cukrow przekraczata dziesigciokrotnie zawarto$¢ kwasow. W owocach rokitnika
1 cytrynach stosunek ten wynosi 1:1, a w analizowanych owocach Chaenomeles 0,3:1. Ze
wzgledu na powyzsze technologicznie wyprodukowane 100% soki owocowe nie znajduja
zainteresowania wsrdd konsumentow, a tym samym wsrod producentéw. Jako alternatywe dla
dostadzania sokow zaproponowano metode biologicznego odkwaszania, polegajaca na
zaszczepieniu soku bakteriami fermentacji mlekowej, ktore przeksztalcaja kwas jabtkowy
w kwas mlekowy charakteryzujacy si¢ lagodniejszymi wiasciwosciami sensorycznymi.

Wysokie stezenie kwasu jabtkowego powodujace bardzo niskie pH (warto$¢ ponizej 3) nie
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pozwolilo na efektywny przebieg tego procesu (badania wlasne, nie publikowane). Stad byt to
jeden z powodow odrzucenia koncepcji przygotowania produktow ptynnych jako
potencjalnego sposobu wykorzystania owocow pigwowca. Rowniez niezadowalajace byty
proby zastosowania soku pigwowcowego w mieszaninie z innymi surowcami (gruszki, jabtka)
gdyz dodatek byt ograniczony do poziomu 10-20% co stanowilo niezadowalajacy udzial tego
surowca w produkcie finalnym, nie wykorzystujac tym samym pelnego potencjatu
biologicznego owocow pigwowca.

Przeprowadzona analiza zwigzkéw fenolowych technika LC-MS/QTOF i UPLC-PDA
pozwolita zidentyfikowaé w sumie 15 zwigzkow polifenolowych (P1, Tab. 2) w 19 odmianach
trzech gatunkéw Chaenomeles. Wsérod tych zwigzkow 13 nalezato do grupy flawan-3-oli
(monomery, dimery, trimery i tetrametry procyjanidyn) a dwa pozostate byly pochodnymi
kwasu kawoilochinowego.

Owoce C. x superba ‘Nicoline’ zawieraly najwyzsze stgzenie zwigzkow fenolowych
(170,38 g/kg sm), a owoce C. speciosa ‘Rubra’ najnizsze (57,84 g/kg sm) (p<0,05).
Procyjanidyna B2 byta zwigzkiem obecnym w najwigkszej ilo$ci, w zakresie od 3,39 do 18,16
g/kg sm. Zawartos$¢ polimerycznych procyjanidyn we wszystkich badanych genotypach wahata
si¢ od 34,60 (C. x superba ‘Colour Trail’) do 109,67 g/kg sm (C. % superba ‘Nicoline’), przy
$redniej zawartosci 63,27 g/kg sm. Stopien polimeryzacji (DP) wahat si¢ od 2,43 do 4,25, co
wskazuje, ze analizowane flawan-3-ole byty oligomerami (2 < DP < 10) o niskim stopniu
polimeryzacji. Niskie warto§ci DP w owocach pigwowca sprawiaja, ze w smaku nie sg one
bardzo cierpkie i gorzkie, tak jak np. owoce aronii, ktdre rowniez zawieraja znaczne ilosci
zwigzkow procyjanidynowych, ale o znacznie wyzszym stopniu polimeryzacji (Wojdyto 1 wsp.
2014). Oznaczona catkowita zawartos¢ zwigzkéw fenolowych, tak jak ilo§¢ polimerow
procyjanidyn, byla istotnie wyzsza w analizowanych owocach niz oznaczone przez Du i wsp.
(2013) oraz Teleszko i Wojdyto (2015).

Po raz pierwszy przeprowadzono szczegétowa charakterystyke chlorofili i karotenoidéw
w owocach pigwowca przy uzyciu techniki LC-MS/QTOF 1 UPLC-PDA. Zidentyfikowano
pig¢ zwigzkow z grupy karotenoidow (pochodne karotenu i luteiny) oraz osiem pochodnych
chlorofilu (w tym chlorofilidy, feoforbidy i feofityny) (P2, Tab. 1). Owoce C. X superba
‘Nicoline’ zawieraly najwyzsze (314,94 1 227,19 mg/kg sm), a C. x superba ‘Pink Lady’
najnizsze (32,44 1 19,27 mg/kg sm) stezenie karotenoidéw i chlorofili (p<0,05). Wsrod
karotenoidow glownym zidentyfikowanym zwigzkiem byt all-frans-p-karoten ($rednio 33,17
mg/kg sm), a wsrdd chlorofili feofityna a (§rednio 20,60 mg/kg sm). Ponadto wykazano, ze
zawartos$¢ karotenoidow byla istotnie wyzsza niz chlorofili (dla C. speciosa ‘Simonii’ nawet

3 razy). Podobng zalezno$§¢ wykazali Ponder i Hallmann (2017). Poréwnujac zawartos¢
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naturalnych barwnikow w owocach Chaenomeles z innymi owocami 0 jasnym migzszu
stwierdzono, ze koncentracja karotenoidow i chlorofili w badanych owocach jest od 2 do 8 razy
wyzsza niz w migzszu jablek i jest zblizona do ich stezenia w skorce (58,72-1510,77 mg/kg sm)
(Delgado-Pelayo i wsp. 2014).

W analizowanych owocach pigwowca zidentyfikowano cztery izomery tokoferoli (T)
1 (po raz pierwszy) cztery izomery tokotrienoli (T3) (P2, Tab. 3). Owoce C. speciosa ‘Rubra’
byty najzasobniejsze w tokoferole (37,58 mg/kg sm), a owoce C. X superba ‘Crimson and Gold’
w tokotrienole (67,35 mg/kg sm). W najwigkszej ilosci zostal zidentyfikowany a-tokoferol
(a-T), ktory stanowit $rednio 50% sumy tych zwigzkéw. Sposrod wszystkich izomerow
witaminy E, o-T odgrywa zasadnicza role w organizmie cztowieka, wykazujac najwyzsza
aktywno$¢ biologiczng (Gornas 2015). W grupie tokoferoli poszczegdlne izomery
uszeregowano wedlug malejacej ilosci: a-T > B-T > y-T > 3-T, natomiast w grupie tokotrienoli:
v-T3 > B-T3 > a-T3 > §-T3. Analizujac stosunek T do T3, stwierdzono, ze tokoferoli byto
statystycznie dwukrotnie wigcej niz tokotrienoli (prawie 5-krotnie wigcej w owocach
C. japonica ‘Cido’), z wyjatkiem C. X superba ‘Crimson i Gold’, ‘Colour Trail’ i C. japonica
wild #1, gdzie dominowaly tokotrienole (p<0,05). Dla poréwnania analizowane owoce
pigwowca zawieraly wigcej tokoferoli niz popularne owoce o jasnym miazszu, np. jablka,
gruszki lub brzoskwinie (odpowiednio 4,2; 3,0 i 7,4 mg/kg $m,), ale mniej niz maliny (34,6
mg/kg $m (Chun i wsp. 2006).

Po raz pierwszy dokonano analizy pelnego profilu aminokwasowego w owocach
Chaenomeles technika LC-MS/QTOF 1 UPLC-PDA z wykorzystaniem derywatyzacji
z karbaminianem 6-aminochinolinylo-N-hydroksysukcynimidylu (AQC). Zidentyfikowano 10
aminokwasow, w tym trzy nalezace do grupy aminokwasow niezbednych (P2, Tab. 11 4).
Owoce odmiany C. x superba ‘Jet Trail’ charakteryzowata najwyzsza (2326,33 mg/100 g sm)
a C. japonica ‘Cameo’ najnizsza (15,87 mg/100 g sm) zawarto$¢ aminokwasow (p<0,05).
W najwigkszej ilo$ci oznaczono asparaging 1 kwas glutaminowy, ktore stanowity (w zalezno$ci
od badanego gatunku owocdéw) srednio 55 1 23% (C. x superba), 44 1 31% (C. japonica) oraz
67 1 17% sumy aminokwasow (C. speciosa). Pozostate aminokwasy byly w st¢zeniach
zawierajacych si¢ ponizej 8% calkowitej sumy tych zwigzkéw. W owocach Chaenomeles
zidentyfikowano trzy aminokwasy egzogenne, tj. treoning, waling i izoleucyn¢. Sa to
aminokwasy, ktorych organizm ludzki nie jest w stanie syntetyzowac i muszg by¢ dostarczane
z pozywieniem. Treonina uczestniczy w syntezie kolagenu i elastyny, walina reguluje
metabolizm mig$ni i odbudowuje tkanki, a do najwazniejszych funkcji izoleucyny naleza
regulacja poziomu cukru oraz udzial w procesach energetycznych i krwiotwoérczych (Wu

2013). Najwyzsze stezenie treoniny stwierdzono w owocach C. x superba ‘Jet Trail’, a waliny
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1 izoleucyny odpowiednio w C. speciosa ‘Simonii’ 1 ‘Rubra’. Dla poréwnania Zhang i wsp.
(2011) w badanych owocach C. speciosa okreslili caltkowita zawarto§¢ aminokwasoéw na
poziomie 260-500 mg/100 g sm. Podobnie Chung i wsp. (1988) w owocach C. sinensis
(Thouin) Koehne oznaczyli zawarto$¢ wolnych aminokwaséw réwng 383,3 mg/100 g sm.

Zainteresowanie zwigzkami o wiasciwosciach przeciwutleniajacych wzrosto na przestrzeni
ostatnich dziesiecioleci, do czego przyczynito si¢ odkrycie roli aktywnych form tlenu
w patogenezie przewlektych chorob niezakaznych, do ktorych zaliczane s3 m.in. choroby
uktadu krazenia, choroby neurodegeneracyjne i cukrzyca typu 2. Obecnie istnieje wiele metod
okreslania zdolnosci przeciwutleniajacej, dostosowanych do specyfiki badanego materiatu
i uwzgledniajacych potencjalne reakcje uboczne. W omawianej pracy wykorzystano trzy
metody do oznaczenia wilasciwosci przeciwutleniajacych owocdéw pigwowca: oparte na
zdolnosci wychwytywania syntetycznych rodnikéw (ABTS™), redukcji jonow metali, np.
zelaza (FRAP) i1 pomiarze wplywu przeciwutleniaczy na szybko$¢ proceséw utleniania
zachodzacych w probkach (ORAC).

Najwyzsza zdolno$¢ przeciwutleniajaca, zarowno ABTS, jak i FRAP, posiadaty owoce
C. x superba ‘Nicoline’ (20,61 i 21,32 mmol Trolox/100 g sm) (P1, Tab. 4). Srednia aktywnos¢
przeciwutleniajgca mierzona metodami ABTS 1 FRAP dla analizowanych gatunkéw wyniosta
odpowiednio dla C. x superba (17,39 1 17,18 mmol Trolox/100 g sm), dla C. japonica (14,98
1 13,90 mmol Trolox/100 g sm) oraz dla C. speciosa (15,27 1 14,55 mmol Trolox/100 g sm)
(»p<0,05). Dla poréwnania Teleszko i Wojdylo (2015) dla czterech odmian pigwowca
japonskiego uzyskalty wyzsze wartosci aktywno$ci mierzonej metodami ABTS i FRAP,
odpowiednio od 44,98 do 68,37 i od 30,73 do 46,57 mmol Trolox/100 g sm. Natomiast Du
1 wsp. (2013) dla C. japonica i C. speciosa okreslili podobne wartosci, odpowiednio dla ABTS
(36,54 1 14,61 mmol Trolox/100 g sm) i FRAP (11,39 i 2,80 mmol Trolox/100 g sm).
Najsilniejszy potencjat przeciwutleniajacy zmierzony w tesScie ORAC wykazaly owoce
C. x superba ‘Colour Trail’ (66,59 mmol Trolox/100 g sm). Srednia aktywno$¢ ORAC dla 19
analizowanych odmian owocow Chaenomeles wyniosta 48,35 mmol Trolox/100 g sm i byla
wyzsza niz dla karczochow (27,86 mmol Trolox/100 g sm) (Turkiewicz i wsp. 2019b) i pestek
winogron (36,46 mmol Trolox/100 g sm) (Tkacz i wsp. 2019a).

Ponadto przeprowadzono profilowanie przeciwutleniaczy za pomocg UPLC-PDA technika
derywatyzacji postkolumnowe;j z uzyciem kationorodnika ABTS"" (P1, Tab. 4), ktore nie byto
jak dotad stosowane w analizie owocow Chaenomeles. Miato ono na celu weryfikacje
potencjatu przeciwutleniajacego poszczegdlnych zidentyfikowanych zwigzkéw fenolowych.
Uzyskane wyniki potwierdzily, ze zwiagzki fenolowe z grupy flawan-3-oli wyrdzniaja si¢

silnymi wlasciwosciami przeciwutleniajagcymi oraz ze (—)-epikatechina i jej polimery
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charakteryzuja si¢ silniejszymi wlasciwosciami przeciwutleniajacymi niz (+)-katechina i jej
pochodne. Co wiecej, w wyniku przeprowadzonej analizy stwierdzono istotne wiasciwosci
przeciwutleniajace polimerdéw procyjanidyn, zgodnie z Raudone i wsp. (2016), ktdrzy rowniez
dowiedli wigksza aktywno$¢ oligomeréw i polimerow procyjanidyn niz form
monomerycznych. Ponadto, zgodnie z Zhang i wsp. (2018) potwierdzono, ze procyjanidyny
B3, B2, C1 i (—)-epikatechina sg w gtownej odpowiedzialne za zdolno$¢ przeciwutleniajaca
OWOCOW pigwowca.

Kluczowa kwestia w przeciwdzialaniu rozwojowi cukrzycy typu 2 jest znalezienie
skutecznych inhibitorow a-amylazy trzustkowej 1 a-glukozydazy jelitowej, odpowiedzialnych
za zmniejszenie glikemii popositkowej. Ponadto jako doustne $rodki hipoglikemiczne stosuje
si¢ zwiagzki o dziataniu hamujacym a-glukozydaze (Tkacz i wsp. 2019b). Wartosci ICso (mg
owocow/mL) analizowanych owocow pigwowca w przypadku inhibicji a-amylazy wahaty si¢
od 13,88 (C. x superba ‘Nicoline’) do 18,48 (C. speciosa ‘Nivalis’) i a-glukozydazy od 5,08
(C. x superba ‘Texas Scarlet’) do 15,19 (C. japonica ‘Red Joy’) (P1, Tab. 4). Miao i wsp.
(2018b) przeanalizowali zdolnos¢ inhibicji a-glukozydazy przez ekstrakty otrzymane ze skoérek
13 genotypow owocow Chaenomeles w zakresie 0,05-0,35 mg/mL i migzszu 0,04-0,43 mg/mL.
Dla poréwnania owoce Actinidia wybranych odmian wykazywaly rowniez wyzsza zdolno$¢
hamowania a-amylazy (4,13-6,40 mg/mL) i a-glukozydazy (0,18-10,00 mg/mL) niz badane
owoce pigwowca (Wojdyto i wsp. 2017).

Hamowanie aktywnosci lipazy trzustkowej wykorzystywane jest w profilaktyce otytosci,
poniewaz odpowiada ona za hydrolize¢ ponad potowy spozywanych trdjglicerydow do
zwigzkow niskoczasteczkowych i wolnych kwasow thuszczowych (Nowicka 1 wsp. 2018).
Prowadzi to w konsekwencji do zmniejszenia ilo$¢ ttuszczu wchlanianego do krwiobiegu
a inhibitory tego enzymu moga by¢ stosowane w kontroli masy ciata. Dziatanie hamujace
wobec lipazy trzustkowej (P1, Tab. 4) analizowanych owocoéw pigwowca wyrazone jako ICso
wahato si¢ od 0,04 (C. x superba ‘Andenken an Karl Ramcke’ i C. speciosa ‘Rubra’) do
0,35 mg/mL (C. japonica wild #1) (p<0,05). Warto zauwazy¢, ze dla pieciu analizowanych
odmian, tj. C. X superba ‘Colour Trail’, ‘Flavon Rose’, ‘Hollandia’, wild oraz C. japonica wild
#2, wartosci inhibicji lipazy trzustkowej oznaczono jako <0,01. Oznacza to, ze bardzo niskie
stezenie probki miato istotny i silny potencjal hamujacy. Wyniki byly podobne do uzyskanych
przez Nowicka 1 wsp. (2018) gdzie w analizie 20 odmian brzoskwini uzyskano wartosci
w zakresie od 0,07 do 2,06 mg/mL. Nalezy podkresli¢, ze dotychczas w literaturze brak byto
danych na temat aktywnosci owocéw Chaenomeles w kontekscie ich potencjatu do hamowania

lipazy trzustkowej.
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Choroba Alzheimera jest uwazana za jedno z najcze$ciej wystepujacych zaburzen
neurodegeneracyjnych i odpowiada za ponad 80% demencji wsrdd osob starszych na catym
$wiecie. Szacuje si¢, ze do 2050 roku co minut¢ moga pojawié si¢ trzy nowe przypadki
zachorowan (Honarvar i wsp. 2017). Acetylocholinesteraza (AChE) i butyrylocholinesteraza
(BuChE) sa kluczowymi enzymami w rozkladzie neuroprzekaznika - acetylocholiny, a jego
inhibitory sa wykorzystywane w leczeniu zaburzen neurodegeneracyjnych (Honarvar i wsp.
2017, Tkacz 1 wsp. 2019a). Potencjal do inhibicji AChE i BuChE przez wybrane gatunki
i1 odmiany Chaenomeles wynosit 1Cs50=6,65-20,42 1 6,06-31,59 mg owocéw/mL enzymu (P1,
Tab. 4). Odmianami cechujagcymi najwyzszg zdolno$¢ hamowania AChE i BuChE byly
C. speciosa ‘Rubra’ i C. japonica ‘Red Joy’, podczas gdy najmniej skuteczne okazaly sie
C. speciosa ‘Simonii’ 1 C. x superba wild #1. W literaturze niniejszego tematu informacje na
temat witasciwo$ci przeciwneurodegeneracyjnych dotychczas byly ograniczone, dlatego
podjeto si¢ analizy na tak szerokim spektrum genotypdw. Sancheti i wsp. (2013) podczas badan
in vivo na szczurach z indukowang cukrzyca zaobserwowali spadek aktywnosci AChE po
podaniu ekstraktu z owocow Chaenomeles sinensis.

Lipoksygenazy sa waznymi enzymami w metabolizmie lipidow, ktére przeksztalcaja
wielonienasycone kwasy ttuszczowe, kwas arachidonowy i1 kwas linolowy w odpowiadajace
im metabolity. Inhibitory 15-lipooxygenazy (15-LOX) byly glownie przedmiotem
zainteresowania w leczeniu stanéw zapalnych, ale takze choréb nowotworowych (Orafaie
1 wsp. 2018). Przeprowadzone analizy i uzyskane wyniki inhibicji 15-LOX wyraznie pokazaly
istotne zrdznicowanie wlasciwosci przeciwzapalnych (wyrazonych jako % hamowania przy
stezeniu probki 5,77 mg/mL) pomigdzy badanymi gatunkami i odmianami owocow pigwowca
(»p<0,05). Najwickszym potencjatem charakteryzowaly si¢ owoce C. X superba ‘Crimson and
Gold’ (99,81%), a najnizszym C. speciosa ‘Rubra’ (14,29%). C. X superba ‘Pink Lady’,
‘Hollandia’, ‘Jet Trail’ 1 wild uzyskaty warto$ci poza zakresem (1-100%), co oznacza, zZe
zastosowane ekstrakty mialy bardzo silne witasciwosci hamujace 15-LOX (P1, Tab. 4).
Dotychczas nie prowadzono badan w tym zakresie i bylo to pierwsze doniesienie na temat

wlasciwosci przeciwzapalnych owocow Chaenomeles.

Tak doktadna analiza wtasciwosci fizyko-chemicznych analizowanych gatunkéw i odmian
surowca pozwolita na szczegdlowa charakterystyke owocdéw pigwowca a takze wskazanie
genotypow najzasobniejszych w zwiazki bioaktywne i wykazujacych najwickszy potencjat
prozdrowotny. W kolejnych etapach badan wykorzystano owoce Chaenomeles gatunku
Jjaponica ze wzgledu na optymalng zawarto$¢ zwigzkow fenolowych (55,67-101,96 g/kg sm),
karotenoidowych (15,74-140,44 mg/kg sm) 1 tokoferoli (10,86-30,05 mg/kg sm) oraz
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ponadprzecietny potencjal przeciwutleniajacy ORAC (33,99-53,45 mmol Trolox/100 g sm).
Ponadto, sposrod wszystkich analizowanych gatunkow, krzewy pigwowca japonskiego naleza

do najcze¢sciej uprawianych na nielicznych plantacjach w Polsce, co tym samym przektada si¢

na ich dostepnos$¢ handlowa.
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4.2. Wplyw wybranych metod i parametrow procesu suszenia owocow

pigwowca dla zachowania najwyzszej jakosci suszu

W drugim etapie badan owoce pigwowca zostaly poddane procesowi suszenia.
Zastosowano rozne metody (suszenie sublimacyjne, konwekcyjne, mikrofalowo-prézniowe
1 kombinowane) oraz parametry tych proceséw (Schemat 2) w kontekscie otrzymania suszu
charakteryzujacego si¢ najwyzsza zawarto$ciga zwigzkow biologicznie czynnych oraz
aktywno$cig prozdrowotng okreslang metodami in vitro. Doswiadczenie to pozwolito na finalne
wytypowanie metody i parametrow procesu jako najkorzystniejszych do utrwalania owocow
Chaenomeles otrzymujac tym samym atrakcyjny produkt suszony. Uzyskane wyniki zostaly
opublikowane w pracy P3 (Influence of different drying methods on the quality of Japanese
quince fruit, LWT, 2019). Podj¢ta w tej czeSci pracy tematyka wydaje si¢ by¢ kluczowa
w odniesieniu do optymalizacji otrzymywania suszu z owocoOw pigwowca. Wiasciwy dobor
parametrOw procesu, tj. czasu, temperatury, a takze mocy magnetronu w przypadku suszenia
mikrofalowo-prézniowego odgrywa kluczowa role w ksztattowaniu cech fizyko-chemicznych

produktu.

Owoce

v

Krojenie

grubos$¢ plastrow= 3 mm

|

Suszenie

|
| | ' |

Sublimacyjne Konwekcyjne Mikrofalowo-prézniowe Kombinowane -
Thomory=-30°C Wariant 1 - T=50°C Wariant 1 - moc = 120W ) POdS‘?SZCI}lg I;Oilwekcw,r{e i
Tysii= 30°C Wariant 2 - T= 60°C War@ ant 2 - moc = 240W osuszenie mikrofalowo-prozniowe
t=24 godz. Wariant 3 - T= 70°C %anan:i - moc = 338%/120w War%ant 1-50°C/120W
i Cowomiy | Ve s

Vpowietrza= 5m/s = dO M= 0’05 kg/kg e 3 =
p=4-6 kPa tionkwekeyjne= 3 g0dz.

tmikrofalowo-prézniowe= do M= 0,05 kg/kg

Schemat 2. Proces technologiczny suszenia owocdéw pigwowca japonskiego wybranymi
metodami

T-temperatura [°C], t-czas [min], p-ci$nienie [kPa], M-wspotczynnik wilgotnosci [kg/kg], V-predkosé
powietrza [m/s]

Czas suszenia konwekcyjnego owocow pigwowca do tej samej wartosci wzglednej
zawarto$ci wody wynosit od 360 do 480 min. Najdluzszy czas zmierzono przy zastosowaniu

najnizszej temperatury suszenia (50°C). Podniesienie temperatury powietrza suszacego o 20°C
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spowodowato skrocenie czasu suszenia o 25%, co jest zgodne z wcze$niejszymi wynikami
Szychowski 1 wsp. (2018). Czas suszenia innych owocoéw o jasnym migzszu byl znaczaco
dhuzszy niz wymagany do wysuszenia owocoéw pigwowca do podobnej koncowej wilgotnosci
- np. dla owocodw jujube podwyzszenie temperatury powietrza z 50 do 70°C skrocito czas
suszenia o ponad 60% (Wojdyto 1 wsp. 2016). W przypadku suszenia mikrofalowo-
prozniowego czas suszenia wahat si¢ od 28 min dla mocy magnetronu 480 W do 96 min przy
zastosowanej mocy rownej 120 W. Czterokrotne zwigkszenie mocy (ze 120 do 480 W)
spowodowato skrdcenie czasu suszenia o prawie 70%. Z kolei wzrost mocy mikrofal ze 120 do
240 W spowodowat dwukrotne skrocenie czasu suszenia. W badaniach wykorzystujacych
metod¢ mikrofalowo-prézniowa Wojdyto i wsp. (2016, 2019) wskazali na zalezno$¢ pomigdzy
mocg magnetronu lub temperatury od czasu trwania procesu.

W pracy P3 (Rys. 1B) przedstawiono zmiany temperatury owocow pigwowca podczas
procesu suszenia mikrofalowo-prézniowego. Na poczatku procesu, od 2 do 8 min suszenia,
w zaleznosci od zastosowanej mocy magnetronu, zaobserwowano szybki wzrost temperatury
materiatu. Przy najnizszej mocy magnetronu materiat suszony przez 72 min charakteryzowat
si¢ maksymalng temperaturg 84°C. Podwojenie mocy mikrofal spowodowato, ze temperatura
wzrosta az do 98°C w czasie ponizej 30 min. Przy zastosowaniu mocy 480 W ta sama
maksymalna temperatura materiatu zostata osiggni¢ta juz po 26 min. Natomiast w suszeniu
kombinowanym (konwekcyjno-mikrofalowo-prézniowym) dla zastosowanych temperatur
powietrza suszacego maksymalne temperatury osiggane przez suszone owoce byly
statystycznie rownowazne i osiggnety srednio 75°C (p<0,05). Koncowy etap procesu suszenia
charakteryzowat si¢ stabilizacja temperatury, co jest zwigzane z wyczerpaniem pokladéw
wolnej wody w owocach.

W prowadzonym do$wiadczeniu monitorowano aktywnos¢ wody (aw) otrzymanych suszy
jako wskaznik kontroli jakosci produktow suszonych, zapewniajacy trwalo$¢ przechowalnicza.
Uzyskane wartosci aw mieszczg si¢ w akceptowalnym, niskim zakresie gwarantujagcym
stabilno$¢ mikrobiologiczng suszy pigwowcowych. Najnizsze wartosci ayw uzyskano
implementujgc suszenie sublimacyjne, a najwyzsze dla suszenia konwekcyjnego w najnizszej
temperaturze (P3, Tab. 2). W procesie suszenia konwekcyjnego wzrost temperatury o 20°C
powodowat spadek ay o ponad 35%. Jednak przy suszeniu kombinowanym wplyw temperatury
nie byl statystycznie istotny dla uzyskiwanych wartosci aktywnosci wody (p<0,05). Dla
porownania, Samoticha i wsp. (2016) badajac wptyw metody suszenia na jako$¢ i wtasciwosci
suszu aroniowego réwniez uzyskali najnizsze warto$ci aw po suszeniu sublimacyjnym.

Owoce Chaenomeles naleza do grupy owocow bogatych w kwas L-askorbinowy, ktoérego

stabilno$¢ jest w duzym zakresie limitowana takimi czynnikami jak: podwyzszona temperatura
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(>40°C), pH srodowiska (obojetne i zasadowe), obecnos¢ tlenu, jonow miedzi, zelaza i srebra
(Bieniasz i1 wsp. 2017). Dlatego tez ze wzgledu na prozdrowotne dziatanie kwasu
L-askorbinowego wazne jest dobranie takich parametréw procesu suszenia, ktore zapewnia
jego maksymalng retencje¢ w produkcie koncowym. Najwyzsze stgzenie kwasu
L-askorbinowego zmierzono po suszeniu owocoOw metoda mikrofalowo-préozniowa przy 120
W (7669 mg/kg sm), a najnizsze po suszeniu kombinowanym w 50°C (5738 mg/kg sm).
Zawarto$¢ kwasu L-askorbinowego w owocach suszonych metoda mikrofalowo-prézniowsa
byta istotnie wyzsza niz po procesie sublimacyjnym (p<0,05). Wzrost temperatury w suszeniu
konwekcyjnym i mocy magnetronu w suszeniu mikrofalowo-prézniowym przyczynit si¢ do
obnizenia zawartosci witaminy C w podobnym stopniu. Tozsame wyniki do uzyskanych
otrzymali Zaki 1 wsp. (2007), ktorzy analizowali zawarto§¢ witaminy C w owocach papai
w zalezno$ci od temperatury suszenia. Doszli do wniosku, ze nizsza moc magnetronu
korelowata z wyzszym st¢zeniem kwasu L-askorbinowego w produkcie. Co wigcej, owoce
wysuszone metoda mikrofalowo-préozniowa zachowatly kwas L-askorbinowy na réwnie
wysokim poziomie jak po suszeniu sublimacyjnym (7306 mg/kg sm).

W analizowanych suszach pigwowcowych 0znaczono zawartos¢
5-hydroksymetylofurfuralu (5-HMF) (P3, Tab. 2). Jego obecno$¢ jest powszechnie uwazana
jako wskaznik obrobki cieplnej produktow. Synteza 5-HMF odbywa si¢ w wyniku reakcji
Maillarda, ktére inicjowane sa poprzez niskie pH S$rodowiska, obecnos¢ cukrow
1 aminokwasow, oraz wysokg temperatur¢ (Mofhammer 1 wsp. 2006). Zawartos¢ 5-HMF
w owocach poddanych suszeniu r6znymi metodami wahata si¢ od 1,16 do 1,47 mg/kg sm
(p<0,05). Najwigksze st¢zenie S-HMF zmierzono w probkach poddanych procesowi suszenia
mikrofalowo-prozniowego przy 480 i 240 W, natomiast susze otrzymane metoda konwekcyjna
w 60 1 70°C, mikrofalowo-pr6zniowa z redukcja mocy magnetronu (z 480 do 120 W) oraz
sublimacyjng charakteryzowata najmniejsza formacja tego zwigzku (<1,24 mg/kg sm).
Zawarto$¢ 5S-HMF w probkach suszonych mikrofalowo-prézniowo wzrastata wraz z moca
magnetronu, natomiast w suszeniu konwekcyjnym temperatura powietrza suszacego byla
odwrotnie proporcjonalna do stezenia 5-HMF w suszu. Dlatego nalezy pamigtac, ze
temperatura procesu nie jest jedynym czynnikiem wplywajacym na stgzenie tego zwigzku
w finalnym produkcie. Rownie wazny jest czas trwania procesu, obecnos¢ lub brak tlenu
1 dziatanie fal magnetycznych, na co wskazuja uzyskane wyniki (P3). Ponadto zwigzki
polifenolowe takie jak kwas chlorogenowy, ktéry wystepuje w owocach pigwowca byly
dodatnio skorelowane z formacja 5-HMF, na co zwrécita uwage rowniez Michalska 1 wsp.

(2016).
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W otrzymanych suszach pigwowcowych oznaczono parametry barwy (L*a*b*), gdyz kolor
i wyglad produktu to kluczowe parametry w ocenie jakos$ci produktu i akceptowalnos$ci
konsumenckiej. Analizujac zmiany parametru L* okres$lajacego jasnos$¢ barwy, we wszystkich
wariantach odnotowano pociemnienie. Najnizszg warto$§¢ uzyskano w probkach suszonych
mikrofalowo-prozniowych przy 480 W, a najbardziej zblizong wartos¢ w poréwnaniu do
$wiezego materiatu uzyskano po suszeniu sublimacyjnym. Wojdyto i wsp. (2016) i Wojdyto
i wsp. (2019) podaja, ze suszone owoce jujuby uzyskane metoda sublimacyjng miaty
najjasniejszy kolor, lecz z uwagi na kosztochtonnos$¢ procesu metoda ta jest rzadziej stosowana
na skale przemystowa. Jednak suszenie mikrofalowo-prézniowe (wariant z redukcja mocy
480/120 W 1120 W) pozwala na uzyskanie produktu o jakos$ci zblizonej do materiatu suszonego
metodg sublimacyjng.

Wykorzystujac metode UPLC-PDA w suszonych owocach oznaczono zwiazki fenolowe
z grupy kwasow fenolowych, flawonoli, i flawan-3-oli, a polimery procyjanidyn dodatkowo
oznaczano metoda floroglucynolizy (P3, Tab. 3). Zastosowane metody i parametry suszenia
miatly istotny wplyw na zawarto$¢ zwiazkéw fenolowych (p<0,05). Sposrod wszystkich
badanych grup zwigzkéw przewazajaca wigkszos$¢ stanowity polimeryczne procyjanidyny,
nast¢pnie monomeryczne flawan-3-ole, kwasy fenolowe i flawonole. Najwyzsze stezenie sumy
zwigzkow fenolowych uzyskano po zastosowaniu procesu sublimacyjnego (57,06 g/kg sm)
a najwicksza degradacje tych zwigzkow zaobserwowano po zastosowaniu najwyzszej mocy
magnetronu w suszeniu mikrofalowo-préozniowym (38,06 g/kg sm). Analizujac catkowitg
zawarto$¢ zwigzkow fenolowych stwierdzono, ze w suszeniu konwekcyjnym czas suszenia byt
czynnikiem ograniczajacym zawarto$¢ tych zwigzkow, dlatego korzystne jest podniesienie
temperatury powietrza suszgcego na rzecz skrocenia czasu trwania procesu. W suszeniu
kombinowanym (konwekcyjno-mikrofalowo-prézniowym) zastosowanie temperatury 70°C
przyczynito si¢ do uzyskania suszu o najwickszej zawartosci zwigzkoéw polifenolowych, z kolei
dla suszenia mikrofalowo-prézniowego najbardziej korzystny byt wariant z redukcja mocy
mikrofal 480/120 W (zwigkszona retencja polifenoli o ponad 20% w poréwnaniu do wariantu
bez redukcji). Dla porownania Szychowski i wsp. (2018) badali wplyw metody suszenia na
zawarto$¢ zwigzkdéw bioaktywnych i aktywnos¢ przeciwutleniajaca owocow pigwy. Dowiedli,
ze oprocz techniki sublimacyjnej, susze otrzymane metoda konwekcyjng i kombinowang
charakteryzuja sig¢ istotnie wigksza retencja zwigzkoéw fenolowych. Uzyskane wyniki sg zgodne
z wnioskami badan prowadzonych przez Miao i wsp. (2017) 1 Samoticha i wsp. (2016), ktorzy
wskazali, ze kluczowe znaczenie dla jako$ci produktu suszonego ma nie tylko dobor metody

suszenia, ale rowniez optymalizacja jej parametréw, tj. temperatury i/lub mocy magnetronu,
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ktére moga w istotny sposob wptywaé na zawarto$¢ flawan-3-oli, flawonoli i kwasow
fenolowych.

W otrzymanych probkach suszy pigwowcowych oznaczono aktywno$¢ przeciwutleniajaca
za pomoca metody ABTS, FRAP i ORAC (P3, Tab. 4). Najwyzsze wartosci aktywnosci
przeciwutleniajacej jako zdolno$¢ do redukceji kationorodnika ABTS™ (150,19 mmol Trolox/kg
sm) jak i jonéw Fe*" (146,42 mmol Trolox/kg sm) zmierzono w probkach suszonych
mikrofalowo-prozniowo przy 480/120 W. Wykazano istotng zalezno§¢ pomiedzy aktywnoscia
przeciwutleniajaca, ktora ulegata zmniejszeniu w suszeniu mikrofalowo-prézniowym wraz ze
spadkiem mocy magnetronu, a w suszeniu konwekcyjnym wraz z dluzsza ekspozycja na gorace
powietrze, uzyskujac najmniejsze wartosci dla suszenia kombinowanego. Rowniez w metodzie
ORAC owoce pigwowca poddane suszeniu mikrofalowo-prézniowemu uzyskaty najwyzsze
warto$ci (805,31 mmol Trolox/kg sm po zastosowaniu mocy 480 W), podczas gdy suszenie
konwekcyjne i konwekcyjno-mikrofalowo-préozniowe w 50°C i przy 120 W spowodowato
2-krotne obnizenie aktywnoS$ci przeciwutleniajacej. Uzyskane wyniki s3 zgodne z wynikami
prezentowanymi w literaturze (Michalska i wsp. 2016), gdzie suszenie mikrofalowo-prézniowe
przyczynilo si¢ do wzrostu aktywnosci przeciwutleniajagcej wraz ze wzrostem mocy
magnetronu.

Obliczone wspotczynniki korelacji Pearsona pomigdzy aktywnos$cia przeciwutleniajaca
mierzong metodami ABTS, FRAP i ORAC a catkowitg zawartoscig zwigzkéw fenolowych
wynosity odpowiednio R?=0,456; 0,253 i 0,028. Stwierdzono, wiekszy udzial kwasu
L-askorbinowego (R?=0,657) w formowaniu aktywnosci przeciwutleniajagcej ORAC niz

kwasow fenolowych (R?=0,153) czy 5-HMF (R?>=0,417).

Przeprowadzone w tym do§wiadczeniu badania (P3) dowiodly, Ze suszenie sublimacyjne
zapewnia otrzymanie produktu charakteryzujacego si¢ najkorzystniejszymi parametrami
fizyko-chemicznymi oraz najwyzsza retencja zwigzkow bioaktywnych. Niemniej jednak,
metoda kombinowana, laczaca konwekcyjne suszenie wstgpne w temperaturze 70°C
1 dosuszanie mikrofalowo-prézniowe przy mocy 120 W, moze by¢ konkurencyjna szczegdlnie
w aspekcie ekonomicznym poprzez istotne skrocenie czasu suszenia. Co wigcej susze
otrzymane tg metoda charakteryzowaly si¢ najwyzsza retencja zwigzkoéw fenolowych (51,04
g/kg sm).

Uzyskane wyniki pozwalaja stwierdzi¢, ze suszone owoce Chaenomeles sa ciekawa, zdrowa
alternatywa dla tradycyjnych, czgsto wysokostodzonych lub solonych przekasek, szczegdlnie

majac na uwadze wysoka zawarto§¢ kwasu L-askorbinowego i bogaty profil polifenolowy.
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4.3. Opracowanie i optymalizacja otrzymywania suszu pigwowcowego
z zastosowaniem odwadniania osmotycznego jako modulatora

wlasciwosci funkcjonalnych

Kolejnym etapem badan stanowiacych cze$¢ sktadowa niniejszej rozprawy byto
zastosowanie zabiegu wstepnego, przed procesem suszenia, majacego na celu nie tylko
skrocenie czasu suszenia, ale przede wszystkim modyfikacje sktadu chemicznego i wtasciwosci
biologicznych suszu pigwowcowego. Realizacja tego celu opierala si¢ na opracowaniu
1 optymalizacji procesu odwadniania osmotycznego w wybranych koncentratach sokéw
owocowych (Schemat 3) oraz zastosowaniu optymalnej metody suszenia na podstawie danych
uzyskanych w pracy P3. Uzyskane wyniki zostaly opublikowane w pracy P4 (Osmotic
dehydration as a pretreatment modulating the physicochemical and biological properties of the
Japanese quince fruit dried by the convective and vacuum-microwave method, Food and
Bioprocess Technology, 2020). Proces suszenia niejednokrotnie jest czasochtonny i wymaga
poniesienia znaczacych naktadow finansowych ze wzgledu na jego energochtonny charakter.
Zaproponowany w tym etapie badan proces odwadniania osmotycznego prowadzi do redukc;ji
wyjsciowej zawartosci wody w surowcu przeznaczonym do suszenia, tym samym skracajac
czas tego procesu. Kolejnym aspektem jest modulacja sktadu fizyko-chemicznego owocow,
dzigki zastosowaniu koncentratéw sokow owocowych, zamiast np. roztworu sacharozy.
W przypadku owocoéw pigwowca niewatpliwg zaleta zastosowania odwadniania poprzez
osmoze jest redukcja zawarto$ci kwaséw organicznych oraz nadanie odmiennych cech
sensorycznych np. barwy.

W niniejszej pracy wykorzystano zmodyfikowany model Page do opisania kinetyki procesu
suszenia. Uzyskano bardzo wysoki wspdtczynnik dopasowania (r>>0,9599) oraz niski
podstawowy blad $redniokwadratowy (RMSE<0,0162) dla zastosowanej kombinowanej
metody suszenia, laczacej podsuszanie konwekcyjne 1 dosuszanie mikrofalowo-préozniowe (P4,
Tab. 1). Analizujac zmiany wspotczynnika wilgotnosci (MR) w funkcji czasu stwierdzono, ze
zastosowanie procesu odwadniania osmotycznego pozwolito uzyskaé¢ 4-krotng redukcje
warto$ci MR w poréwnaniu z owocami nie odwadnianymi. W czasie 0 min podczas suszenia
konwekcyjnego rodzaj uzytego koncentratu nie mial istotnego wptywu (p<0,05) na wartos¢
MR, za wyjatkiem owocow poddanych obrobce w koncentracie ananasowym (P4, Rys. 3a).
Podobng zalezno$¢ zaobserwowano podczas odwadniania owocow wisni (Nowicka i wsp.
2015). Uzyskanie MR na poziomie 0,25 (warto§¢ wyjsciowa dla wigkszosci probek,

z wyjatkiem wariantu odwadnianego w koncentracie ananasowym) przez owoce nhie

30



odwadniane zajeto ponad 70 min. Intensywna utrata wilgoci przez konwekcyjnie suszone
owoce miata miejsce w pierwszych 90 minutach procesu. Nastepnie krzywa ulegala
wyplaszczeniu, wartosci MR nie zmieniaty si¢ istotnie (p>0,05), przez co dalszy proces byt
nieefektywny i czasochtonny. Uzyskane wyniki s3 zgodne z badaniami prowadzonymi przez
Bchir i wsp. (2012) nad odwadnianymi owocami granatu poddawanymi suszeniu
owiewowemu, gdzie kinetyke suszenia mozna réwniez podzieli¢ na dwie fazy. Co wigcej,
stabilizacja warto§ci MR (na poziomie 0,03-0,04) dla wszystkich odwadnianych probek
nastgpita w 75 min procesu, podczas gdy dla owocoéw nie odwadnianych byt to czas dwukrotnie
dhuzszy. Wyniki te sg zblizone do tych obserwowanych przez Bchir 1 wsp. (2020), w ktérych
wspomagane ultradzwigkami odwadnianie osmotyczne skrocito czas suszenia nasion granatu
o ponad 40%. Po etapie podsuszania konwekcyjnego w temperaturze 70°C zawarto$¢ wilgoci

we wszystkich uprzednio odwodnionych probkach wynosita srednio 0,086 kg/kg sm.

Owoce

!

Krojenie

grubosc¢ plastrow= 3,3 mm

Koncentraty sokow v
owocowych: Odwadnianie osmotyczne
I E= 40°Brix

- gruszkowy, » T=45°C

- ananasowy, "

tprocesu= 90 min.
Stosunek owocow do medium
odwadniajacego= 1:3

l v A

- aroniowy,
- wisniowy,
- 7 czarnej porzeczki

Suszenie kombinowane Suszenie sublimacyjne
a) podsuszenie konwekcyjne Tkomory=-30°C
Tpoti= 30°C
T=70°C 1
t= 180 min. t=24 godz.
Vpowietrza= 5 m/s p= 0,960 kPa

b) dosuszenie mikrofalowo-prézniowe
moc= 120W

t=do M= 0,05 kg/kg

p=4-6 kPa

Schemat 3. Proces technologiczny odwadniania osmotycznego i suszenia owocOw pigwowca
japonskiego wybranymi metodami

T-temperatura [°C], t-czas [min], p-ci$nienie [kPa], M-wspotczynnik wilgotnosci [kg/kg], V-predkosé
powietrza [m/s], E-ekstrakt [°Brix]
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Ostatnim etapem suszenia bylo dosuszanie metoda mikrofalowo-préozniowg przy mocy
magnetronu 120 W. Podczas tego procesu spadek wilgotnosci nie byt juz tak znaczacy jak
w przypadku procesu konwekcyjnego (p<0,05), gdzie wartosci MR zmniejszyty si¢ 25-krotnie
dla wszystkich odwadnianych probek. Na tym etapie warto§ci MR ulegly redukcji o 15%
w poréwnaniu z probka nie odwadniang. Ze wszystkich uzytych koncentratéw koncentrat
z czarnej porzeczki obnizyl wartos¢ MR o 50% w poréwnaniu z owocami pigwowca bez
odwadniania. Zastosowanie koncentratu ananasowego i wisniowego skutkowato uzyskaniem
wyzsze] wartosci MR niz w przypadku pozostatych wariantow.

Sucha masa suszy pigwowcowych byla w zakresie od 91,89% (probka suszona
sublimacyjnie) do 95,10% (préba kontrolna, nie odwadniana). Zastosowanie procesu
odwadniania osmotycznego spowodowato zmniejszenie zawartosci suchej masy w pordwnaniu
do proby kontrolnej (p<0,05). Dla wszystkich odwodnionych wariantéw, z wyjatkiem probek
procesowanych w koncentracie ananasowym, aktywno$¢ wody byla ponizej 0,300,
a zastosowanie procesu odwadniania osmotycznego skutkowalo nizsza aw (od 8 do 17%)
w porownaniu z proba kontrolng.

Zawarto$¢ kwasu L-askorbinowego zmieniala si¢ istotnie (p<0,05) w zalezno$ci od uzytego
koncentratu owocowego (P4, Tab. 2). Najwyzsze stezenie kwasu L-askorbinowego
wystepowato w $wiezych owocach pigwowca (770,14 mg/100 g sm), a najnizsze w suszu
odwadnianym w koncentracie gruszkowym (ponad 12-krotna redukcja w poréwnaniu ze
$wiezymi owocami). W odniesieniu do proby kontrolnej (nie odwadnianej), w ktorej stezenie
kwasu L-askorbinowego wynosito 424,75 mg/100 g sm, zastosowanie tego procesu
doprowadzilo do obnizenia jego zawartosci we wszystkich wariantach (od 69 do 85%),
z wyjatkiem owocow odwadnianych w koncentracie z owocdw czarnej porzeczki.

Kolejnym oznaczeniem w omawianym artykule, stanowigcym integralng cz¢$¢ rozprawy
doktorskiej, byta analiza cukrow i kwasow organicznych. W analizowanych probach suszy
poddanych procesowi odwadniania osmotycznego stwierdzono znaczne zrdznicowanie
w profilu cukrow (p<0,05). Catkowita zawarto$¢ cukru wahata si¢ od 11,56 do 43,45 g/100 g
sm (odpowiednio dla owocow odwadnianych w koncentracie porzeczkowym i jabtkowym).
Zastosowanie odwadniania spowodowalo wzrost st¢zenia cukru we wszystkich probkach od
5 do 20 razy w poréwnaniu z nieodwadnianymi owocami pigwowca (2,15 g/100 g sm). Biorac
pod uwage =zawartos¢ poszczegélnych cukrow, susze pigwowcowe odwadniane
w koncentratach z jabtka, gruszki, ananasa i czarnej porzeczki nie zawieraly sorbitolu, a po
zastosowaniu koncentratow z wisni, czarnej porzeczki i aronii w probkach nie zidentyfikowano

sacharozy. Na tle wszystkich probek wyrdznial si¢ wariant odwadniany w koncentracie

32



aroniowym, w ktorym ponad 70% catkowitej zawartosci cukrow stanowil sorbitol, co wynika
z przewagi tego cukru w owocach aronii (Djuric i wsp. 2015).

Zawarto$s¢ kwasow organicznych w odwadnianych suszach pigwowcowych réznila si¢
istotnie migdzy probkami i wynosita od 14,11 (wariant odwadniany w koncentracie
gruszkowym) do 32,10 g/100 g sm (wariant odwadniany w koncentracie porzeczkowym) (P4,
Tab. 2). Proces odwadniania osmotycznego, niezaleznie od rodzaju uzytego koncentratu,
obnizyt istotnie (p<0,05) zawartos¢ kwasow organicznych od 47 do 77% w poréwnaniu do
proby kontrolnej (61,64 mg/100 g sm). Dla porownania Nowicka i wsp. (2015) przeanalizowali
sktad chemiczny suszonych owocow wisni wstepnie odwodnionych w koncentratach
owocowych 1 uzyskali mniejszg redukcj¢ kwasowosci (w przeliczeniu na kwas jablkowy)
o0 10-18% w poréwnaniu z owocami nieodwodnionymi. Dominujagcym kwasem we wszystkich
probkach (z wyjatkiem wariantu odwadnianego w koncentracie porzeczkowym, gdzie
dominowat kwas malonowy) byt kwas jablkowy i stanowit od 60 do 97% catkowitej zawartosci
kwaséw organicznych.

Uzyskane w tej cz¢$ci badan wyniki sg szczegdlnie istotne ze wzgledu na nieakceptowalny
smak §wiezych owocow pigwowca, powodowany ich wysoka kwasowoscig. Odwadnianie
osmotyczne w koncentratach sokow owocowych powodowato zrownowazenie smaku stodko-
kwasnego, co jest podstawowym aspektem dla akceptowalnos$ci konsumenckiej produktéw
z owocoOw Chaenomeles. Dla probki kontrolnej (suszonej, nie odwadnianej) stosunek cukrow
do kwasoéw by na poziomie 1:29, a zastosowany proces odwadniania osmotycznego
zmodyfikowat tg zalezno$¢ do wartosci od 1:0,4 (dla koncentratu jabtkowego) do 1:2,8 (dla
koncentratu z czarnej porzeczki). Byla to pierwsza proba wykorzystania procesu odwadniania
osmotycznego w zwiazku z postawionym celem utrwalenia technologicznego owocoéw
pigwowca.

Wartos$ci jasnosci barwy (L*), zaczerwienienia (a*), z6ttosci (b*) i catkowitej zmiany
barwy (AEa*b*) dla suszy z owocoéw pigwowca przedstawiono w pracy P4 (Tab. 2). Parametr
L* miat wartosci od 22,29 (probka odwadniana w koncentracie aroniowym) do 84,20 (probka
suszona sublimacyjnie). Wariant odwodniony w koncentracie ananasowym miat taka sama
warto$¢ L* jak $wieze owoce pigwowca. Generalnie proces odwadniania osmotycznego
spowodowatl znaczne przyciemnienie barwy, a tym samym obnizenie warto$ci parametru L*
w zakresie od 13 az do 70% (dla koncentratu aroniowego) (p<0,05). Odwodnienie osmotyczne
w koncentracie z wi$ni, czarnej porzeczki i aronii spowodowato istotny wzrost udziatu koloru
czerwonego w produkcie finalnym. Sg to owoce bogate w antocyjany, ktére w warunkach
kwasnych (pH owocow pigwowca: 2,71-2,99; Turkiewicz i wsp. 2020d; P1) s3a najbardziej

stabilne, co doprowadzito do zmiany barwy w kierunku odcienia czerwonego (Torskangerpoll
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i Andersen 2005). Znaczne nasycenie odcieniem zielonym nastgpito po uzyciu koncentratow
z wisni, czarnej porzeczki i aronii, dla ktérych zaobserwowano ponad 160-krotny spadek
warto$ci koordynanty b*. Parametr AEa*b* wskazywal na wielko$¢ réznicy koloru
w porownaniu z kolorem $§wiezych owocoéw pigwowca (L*=64,60, a*=-1,67 i b*=17,78).
Przyjmuje si¢, ze zmiana barwy dwdch probek jest zauwazalna przez obserwatora, gdy warto$¢
AEa*b* jest wigksza niz 5. W analizowanych probkach wartosci te wahaty si¢ od 14,70 (probki
odwadniane w koncentracie jabtkowym) do 49,64 (probki odwadniane w koncentracie
aroniowym). Ponadto zastosowanie koncentratu jabtkowego skutkowato mniejsza zmiang
barwy suszu niz w przypadku probki kontrolnej (AEa*b*=15,91).

Dla odwadnianych osmotycznie prob przeprowadzono identyfikacj¢ i analiz¢ ilo$ciowa
zwigzkow fenolowych (P4, Tab. 3). Proces odwadniania miat istotny wptyw na zawartos¢
zwigzkow fenolowych (p<0,05). W analizowanych suszach polimery procyjanidyny wraz z ich
formami monomerycznymi (flawan-3-olami) stanowily istotng wigkszo§¢ w caltkowitej
zawartosci zwigzkoéw fenolowych (odpowiednio 57,31 1 35,64%). Odwadnianie w koncentracie
aroniowym skutkowalo najmniejsza redukcja zawarto$ci zwigzkow fenolowych (12,48 g/kg
sm), natomiast najwieksza odnotowano po zastosowaniu koncentratu gruszkowego (7,32 g/kg
sm). Podsumowujac, proces odwadniania osmotycznego, niezaleznie od zastosowanego
koncentratu, doprowadzit do zmniejszenia st¢zenia zwigzkéw fenolowych od 70 do 82%
w poréwnaniu z proba kontrolng (41,49 g/kg sm), co jest zgodne z wynikami uzyskanymi
wczesniej przez Kucner i wsp. (2013). Podobny efekt odwadniania osmotycznego
zaobserwowali Bchir 1 wsp. (2012) podczas badan nad nasionami granatu, gdzie po suszeniu
konwekcyjnym w 60°C catkowita zawarto$¢ zwiazkow fenolowych ulegta zmniejszeniu o 60%
(w poréwnaniu z nasionami $wiezymi). Obserwujac zmiany w poszczegdlnych grupach
zwigzkow fenolowych stwierdzono 4-krotng redukcje zawartosci flawan-3-oli oraz 7-krotng
polimerow procyjanidyn. Regres w stezeniu polifenoli po procesie odwadniania osmotycznego
spowodowany byt ich migracja do roztworu osmotycznego, wynikajaca z réznicy potencjatu
osmotycznego. Wyjatkiem bylo wyzsze stezenie kwasdéw fenolowych w  suszach
pigwowcowych odwadnianych w koncentratach gruszkowym, wisniowym i aroniowym, oraz
flawonoli po zastosowaniu koncentratu aroniowego. Dodatkowo, poprzez zastosowanie
koncentratow z owocow czerwonych, wybrane susze zostaly wzbogacone w antocyjany
(natywnie nieobecne w owocach Chaenomeles) w ilosci od 0,75 do 1,52 g/kg sm. Badania
epidemiologiczne wskazuja na odwrotng korelacje migdzy wysokim spozyciem polifenoli
a wystepowaniem niektérych przewleklych chorob. Antocyjany sa grupa zwigzkow
polifenolowych, charakterystyczna dla czerwonych owocdéw i warzyw, posiadajaca silne

dziatanie przeciwutleniajace. Liczne badania in vitro 1 in vivo wskazuja na ich dziatanie

34



przeciwcukrzycowe 1 przeciw otylosci. Zwiazki te mogg by¢ rdwniez przydatne jako $rodki
o dzialaniu ochronnym na uktad nerwowy i sercowo-naczyniowy, a takze w zapobieganiu
1 hamowaniu rozwoju nowotwordéw (Smeriglio i wsp. 2016).

W omawianym dos$wiadczeniu aktywno$¢ przeciwutleniajaca suszy pigwowcowych
zbadano za pomocg testu ORAC, a wyniki przedstawiono w pracy P4 (Tab. 3). Najwyzsza
zdolno$cig przeciwutleniajaca charakteryzowal si¢ $wiezy pigwowiec (128,51 mmol
Trolox/100 g sm), podczas gdy najnizsza zmierzono dla suszu odwadnianego w koncentracie
ananasowym (32,35 mmol Trolox/100 g sm). Zastosowanie koncentratow z owocoéw
czerwonych w procesie odwadniania osmotycznego spowodowalo wzrost wartosci aktywnos$ci
mierzonej testem ORAC (Srednio o 22%) w poréwnaniu z koncentratami z owocoOw o jasnym
migzszu. Wynika to z wyzszego stezenia zwiazkéw fenolowych, co potwierdza wyliczony
wspolczynnik korelacji Pearsona (R?=0,760).

Aktywnos$¢ hamujaca wobec a-amylazy (ICso) zawierala si¢ w zakresie od 23,58 do 118,27
mg/mL (odpowiednio dla probki suszonej sublimacyjnie i probki kontrolnej), podczas gdy
hamowanie a-glukozydazy byto na poziomie od 1,01 do 20,01 mg/mL (odpowiednio dla probki
kontrolnej i suszu odwadnianego w koncentracie gruszkowym) (P4, Tab. 3). Dla wszystkich
odwadnianych probek zdolno$¢ hamowania a-glukozydazy byta $rednio 8-krotnie wyzsza niz
a-amylazy (p<0,05), co wedtug Unuofin i wsp. (2018), korzystnie wptywa na prawidlowe
funkcjonowanie uktadu pokarmowego i potencjalne wtasciwosci przeciwcukrzycowe. Ponadto
wykazano, ze proby odwadniane w koncentratach z wisni, czarnej porzeczki i aronii
wykazywaty wyzszy potencjal hamowania a-amylazy niz po zastosowaniu koncentratow
z jabtek, gruszek i ananaséw co zwigzane bylo z zawartos$cig zwigzkéw fenolowych, w tym
obecno$cig antocyjanow (P4, Tab. 3). W otrzymanych suszach z owocow pigwowca
oznaczono takze potencjat do inhibicji lipazy trzustkowej, ktory dla wszystkich probek wynosit
ponizej 1Cs50=0,59 mg/mL, podczas gdy najsilniejszy potencjal hamujacy odnotowano dla
$wiezych owocow pigwowca (ICs0=0,13 mg/mL). Ponadto obliczony wspdtczynnik korelacji
Pearsona potwierdzit silng dodatnig korelacje catkowitej zawarto$ci zwiazkéw fenolowych ze
zdolnoscig do hamowania a-glukozydazy (R?=0,652) oraz miedzy zawarto$cig polimerycznych
procyjanidyn a zdolno$cig do hamowania lipazy trzustkowej (R?=0,888).

Wyniki z analizy aktywnosci antycholinergicznej przedstawiono jako % hamowania przy
stezeniu 50 mg probki na mL enzymu (P4, Tab. 3). Zdolno$¢ do inhibicji AChE zawierata si¢
w przedziale si¢ od 32,54 (wariant odwadniany w koncentracie wisniowym) do 87,69% ($wieze
owoce pigwowca). Dodatkowo zaobserwowano bardzo niska aktywnos$¢ inhibicji wobec AChE
przez probki suszone sublimacyjnie i probke¢ kontrolng (wartosci <0,01). Podobnie jak

w przypadku zdolnosci do hamowania AChE, $wieze owoce pigwowca odznaczaly si¢
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najwyzszym potencjatem inhibicji BuChE (99,98%), a najnizszym probka kontrolna (40,46%).
Warto zauwazy¢, ze proces odwadniania osmotycznego zwigkszyl istotnie aktywnos¢
antycholinergiczng zaréwno dla AChE (ponad 98%), jak i BuChE (ponad 30%) w poréwnaniu
z nieodwadnianymi owocami Chaenomeles. Byly to pierwsze badania weryfikujace wplyw
procesu  odwadniania  osmotycznego w  kontek$cie = modyfikacji = wlasciwosci
antycholinergicznych otrzymanego produktu suszonego z owocdéw pigwowca.

Analizie poddano takze ptyny osmotyczne przed i po procesie odwadniania (P4, Tab. 2, 3,
5). Stwierdzono zmian¢ parametrow fizycznych (sm, aw, ekstrakt i lepkos$¢) spowodowana
rozcienczeniem roztworu wodg migrujaca z owocOw pigwowca, zmniejszeniem zawartosci
cukru i wzrostem st¢zenia kwasoOw organicznych. Ponadto roztwory odwadniajace, w wyniku
przeprowadzonego procesu, zostaly wzbogacone w zwiagzki fenolowe i charakteryzowaly si¢
zwigkszonym potencjalem przeciwutleniajagcym i przeciwcukrzycowym (inhibicja a-amylazy

i a-glukozydazy).

Podsumowujac, proces odwadniania osmotycznego istotnie ksztaltowal czas procesu,
finalnie powodujac przyspieszenie suszenia kombinowanego, co uzyskano dzigki redukcji
wyj$ciowego wspotczynnika wilgotnosci. Zmniejszenie czasu ekspozycji produktu suszonego
na dziatanie wysokiej temperatury oraz tlenu powoduje wigksze zachowanie cennych
zwigzkow bioaktywnych zwigkszajac warto$¢ biologiczng produktu suszonego. Co wigcej
uzyskano zmniejszenie charakterystycznej kwasowosci owocoOw pigwowca, co jest jedng
z gléwnych przyczyn ograniczajacych spozycie tych owocow. Byla to pierwsza proba
zastosowania procesu odwadniania osmotycznego m.in. celem redukcji zawartosci kwasow
organicznych w owocach Chaenomeles, otwierajaca nowe mozliwos$ci aplikacji tego surowca
w przemys$le spozywcezym.

Dodatkowo wzrost potencjatu antycholinergicznego (inhibicja AChE i BuChE) w wyniku tego
procesu niewatpliwie wskazuje na potencjat wykorzystania obrobki osmotycznej jako zabiegu

wstepnego przed procesem suszenia, skutkujacego wieloplaszyznowymi korzy$ciami.
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4.4. Mikroenkapsulacja jako innowacyjny sposob wykorzystania owocow

pigwoweca i stabilizacji zwiazkow bioaktywnych

Mikroenkapsulacja zostala zaproponowana jako kolejna innowacyjna metoda
wykorzystania owocow pigwowca. Produkcja proszkéw owocowych to interesujacy
i przysztosciowy kierunek dla przemyshu spozywczego, szczegélnie biorgc pod uwage
zainteresowanie konsumentow zwigkszeniem podazy skladnikow bioaktywnych w diecie,
celem ochrony przed rozwojem licznych chordb dietozaleznych, tj. cukrzyca typu 2. Proszki
owocowe otrzymywane na drodze mikroenkapsulacji moga by¢ aplikowane do szerokiej gamy
produktéw, podnoszac ich finalng warto$¢ odzywcza. Zatozono, ze na tym etapie badan
zostanie dokonana optymalizacja procesu mikroenkapsulacji soku z owocoéw pigwowca
z uzyciem roznych metod suszenia (sublimacyjnego, proézniowego i rozpytowego) oraz ich
warunkéw. W przypadku sokéw 1 koncentratow owocowych nie wystarczy jedynie dobor
najkorzystniejszej techniki suszenia ze wzgledu na specyfike tych produktéw. Obecno$é
cukrow 1/lub kwasow organicznych, przy jednoczesnej wysokiej lepkosci, zapobiega
bezposredniemu sproszkowaniu. Dlatego do procesu mikroenkapsulacji zastosowano wybrane
no$niki (inulina i maltodekstryna) zmieniajace wlasciwosci fizyko-chemiczne proszkow
i ulatwiajace ten proces. Na schemacie 4 przedstawiono proces technologiczny
mikroenkapsulacji z no$nikami soku z owocow pigwowca japonskiego. Uzyskane wyniki
zostaty opublikowane w pracy PS5 (The influence of different carrier agents and drying
techniques on physical and chemical characterization of Japanese quince (Chaenomeles
Jjaponica) microencapsulation powder, Food Chemistry, 2020).

W omawianej pracy dokonano oznaczenia wyr6znikow fizycznych (sucha masa, aktywno$¢
wody) w otrzymanych proszkach a wyniki zestawiono w pracy PS5 (Tab. 1). Zaréwno
zastosowany nos$nik, jak i sposob suszenia, mialy istotny wplyw na zawarto$¢ sm (p<0,05).
Proszki z maltodekstryng charakteryzowaly si¢ najwyzsza zawarto$cig sm, a dodatek inuliny
powodowat wzrost wilgotno$ci. Analizujac wptyw metody suszenia na zawarto$¢ sm
stwierdzono, ze proszki z mikroenkapsutkowanego soku z owocoéw pigwowca japonskiego
otrzymane metodg suszenia prozniowego w 50°C charakteryzowatly si¢ najnizsza wartoscig sm,
a wraz ze wzrostem temperatury procesu, wzrastata zawarto$¢ sm. Sposrod wszystkich metod
suszenia najwyzsza temperatur¢ (180°C) zastosowano w suszeniu rozpylowym, niemniej
jednak wartosci sm dla proszkow uzyskanych ta metoda byly nizsze niz po suszeniu

prozniowym w 90°C.
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Owoce
Rozdrabnianie
Tloczenie
Nosniki:
- inulina l
- maltodekstryna
- inulina:maltodekstryna (2:1, n/m) > Sok
- maltodekstryna:inulina (2:1, m/m) l
dodatek: 15% (m/m)
Suszenie
Sublimacyjne Prézniowe Rozpylowe
Tkomory= -30°C Wariant 1 - T= SOOC, =72 gOdZ Twiotowa= 180°C
Tpoti= 30°C Wariant 2 - T= 70°C, t= 48 godz. Twylotowa= 90°C
=24 godz. Wariant 3 - T= 90°C, t= 24 godz. przeptyw= 40 mL/min
p= 0,022 kPa p=1kPa

Schemat 4. Proces technologiczny mikroenkapsulacji z no$nikami soku z owocow pigwowca
japonskiego

T-temperatura [°C], t-czas [min], p-ci$nienie [kPa]

W przeciwienstwie do wynikow z analizy zawarto$ci suchej masy, istotnie statystycznie
réznice w aktywnosci wody byly spowodowane zastosowang metoda suszenia, a nie rodzajem
uzytego no$nika w procesie mikroenkapsulacji (»<0,05). Najnizsza aw oznaczono dla wariantu
z inuling po suszeniu sublimacyjnym (0,072), a najwyzsza dla wariantu
z inuling:maltodekstryng 1:2 po suszeniu prézniowym w 50°C (0,154). Obserwujac wplyw
metody mikroenkapsulacji odnotowano najnizsze wartos$ci aw po suszeniu sublimacyjnym,
a najwyzsze dla proszkdw po suszeniu préozniowym przy najnizszej temperaturze (50°C).
Wartos$ci aw dla mikroenkapsutkowanych proszkow jabtkowych w badaniach Michalska i Lech
(2018) byly ok. 2 razy wyzsze niz uzyskane w niniejszych badaniach, a suszenie rozpytowe
umozliwilo otrzymanie proszkéw o nizszych warto$ciach aw niz po suszeniu sublimacyjnym.
Roéznice te mogg wynikaé m.in. z réznicy w skladzie chemicznym sokéw owocowych (wigksza
zawarto$¢ cukrow w soku jabtkowym).

Gestos¢ substancji sypkich jest wazng wlasciwoscia wptywajaca na zastosowanie i funkcje
wielu materiatow, a wyniki z obliczonej ggsto$ci rzeczywistej 1 usypowej zestawiono w pracy
P5 (Tab. 1). Gegstos¢ rzeczywista (pr) nie rdznita si¢ istotnie miedzy mikroenkapsutkowanymi

proszkami z soku z owocow pigwowca japonskiego w kontekscie zastosowanego biopolimeru
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(p>0,05). Dla wariantow z dodatkiem inuliny warto$ci p; byty na poziomie 1,5180 g/cm?, a dla
wariantow z maltodekstryng ok. 1,5410 g/cm?. Istotny wplyw na uzyskane warto$ci p; miata
uzyta metoda suszenia, a co za tym idzie temperatura i czas trwania procesu. Suszenie
sublimacyjne przyczynilo si¢ do uzyskania proszkdw o najnizszej p;, natomiast suszenie
prozniowe w 90°C skutkowato uzyskaniem najwyzszej wartosci. Wyniki wskazuja na zwigzek
z zawarto$cig suchej masy - im wyzsza warto$§¢ sm, tym wyzsza gestos¢ rzeczywista (Kog
1 wsp. 2008). W przeciwienstwie do gestosci rzeczywistej, no$niki miaty istotne znaczenie dla
uzyskiwanych wartosci gestosci usypowej (pv). Proszki zawierajace inuling charakteryzowaty
si¢ najnizszg gestosciga usypowa, a najwyzsza proszki z mieszanymi biopolimerami,
zawierajacymi w przewadze maltodekstryng. Korzystne, wysokie warto$ci pp uzyskano
podczas suszenia prozniowego w temperaturze 90°C. Ponadto po suszeniu prézniowym
(niezaleznie od temperatury suszenia) proszki charakteryzowaly si¢ wyzszymi warto$ciami pp
w poréwnaniu z wariantami suszonymi sublimacyjnie i rozpytowo (Caparino i wsp. 2012,
Michalska i Lech 2018, Michalska i wsp. 2016). Zalezno$¢ ta wynika z faktu, ze po suszeniu
w prozni uzyskuje si¢ proszek o strukturze bardziej krystalicznej, czyli o mniejszej objetosci,
gdzie finalnie proszki charakteryzuja si¢ porowata i plaska powierzchnig. Koszty pakowania
1 transportu rosng wraz ze spadkiem gestosci nasypowej (Michalska 1 wsp. 2017), dlatego tez
suszenie sublimacyjne okazato si¢ najmniej korzystne pod tym wzgledem.

Kolejnym parametrem opisujacym wlasciwosci fizyczne materiatow sypkich jest
porowato$¢ (&) (P5, Tab. 1). Wérdd zastosowanych nos$nikow wystepowalo zréznicowanie
w porowato$ci otrzymanych proszkow (p<0,05). Najwyzsza porowatoscig charakteryzowaty
si¢ proszki z inuling a dodatek maltodekstryny powodowaly zmniejszenie porowatos$ci.
Poréwnujac wybrane metody suszenia, dla proszkéw suszonych sublimacyjnie i rozpylowo
uzyskano wyzsze wartosci € (do 20%) w poréwnaniu do wariantdw uzyskanych w wyniku
suszenia prozniowego. Wigksza porowato$¢ bedzie wigzata si¢ m.in. z wigkszg zdolnoscia
retencji wody, a proszki suszone w prézni beda charakteryzowaty si¢ zwarta, twardg strukturg
1 mniejsza rozpuszczalnoscig (Michalska i wsp. 2016).

Kolejnym oznaczeniem w niniejszej pracy byla analiza obecnosci 1 zawartosci 5S-HMF
w mikroenkapsutkowanych proszkach na bazie soku z owocow pigwowca. Zawarto§¢ 5S-HMF
(PS5, Tab. 3 i 4) zawierala si¢ w przedziale od 0,1 (proszki z maltodekstryng i mieszanka
inuliny:maltodekstryny 2:1 suszone sublimacyjnie) do 315,6 mg/100 g sm (wariant z inuling
po suszeniu prézniowym w 90°C). 5S-HMF nie zostal zidentyfikowany w soku $wiezym, co
$wiadczy o tym, ze wystgpuje on tylko w produktach przetworzonych. Poréwnujac

zastosowane metody suszenia, proszki otrzymane w wyniku suszenia sublimacyjnego,
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rozpylowego i prézniowego w 50 i 70°C nie réznity si¢ pod wzgledem zawartosci 5-HMF
(p>0,05). Zastosowanie temperatury 90°C w suszeniu prozniowym spowodowato 223-krotny
wzrost stezenia 5-HMF w pordwnaniu z proszkami po suszeniu sublimacyjnym. Podwyzszenie
temperatury suszenia préozniowego z 50 do 70°C zwigkszylo zawartos¢ 5S-HMF 20-krotnie,
a wzrost temperatury o kolejne 20°C przyczynit si¢ do uzyskania st¢zenia 5S-HMF prawie 260
razy wyzszego. Dla poréwnania, dwukrotny wzrost temperatury z 40 do 80°C w procesie
suszenia proézniowego soku $liwkowego spowodowat 14-krotny wzrost zawarto$ci 5S-HMF
(Michalska i wsp. 2017). Ponadto w badaniu Michalska i wsp. (2016) nad proszkami
sliwkowymi, 5-HMF nie zostat wykryty w probkach po suszeniu sublimacyjnym. Uzyte no$niki
mialy istotny wpltyw na zawarto$¢ 5-HMF w mikroenkapsutkowanych proszkach z soku
z owocOw pigwowca (p<0,05). Zastosowanie jako no$nika inuliny spowodowato 3-krotny
wzrost zawartosci 5S-HMF w poréwnaniu z maltodekstryng. Nalezy stwierdzi¢, ze wyzszy
udzial maltodekstryny w procesie mikroenkapsulacji powoduje mniejsza formacj¢ S-HMF.

Parametry chromatyczne L*, a*, b* dla mikroenkapsutkowanych proszkéw z soku
zZ owocOw pigwowca japonskiego przedstawiono w pracy P5 (Tab.1). Wartosci parametru
jasno$ci L* wynosity od 60,37 (wariant z mieszankg inuliny i maltodekstryny 2:1 po suszeniu
prézniowym w 90°C) do 98,03 (czysta maltodekstryna). Analizujac wplyw uzytych no$nikéw
na wartos$¢ parametru L*, wyzsze wartosci odnotowano dla proszkéw z maltodekstryna, a wraz
ze wzrostem udziatu inuliny w mieszance kolor ciemniat. Jasno$¢ proszku roznila si¢ istotnie
(p<0,05) dla wybranych metod suszenia. Najjasniejsze proszki uzyskano po suszeniu
sublimacyjnym, a zastosowanie suszenia prozniowego w 90°C spowodowato obnizenie
wartosci L* o 30%. Suszenie sublimacyjne i rozpylowe gwarantowato otrzymanie produktu
0 jasniejszej barwie niz po suszeniu w prézni. Podobng obserwacj¢ poczyniono w przypadku
proszkow jabtkowych (Michalska i Lech 2018). Sposrdéd wszystkich proszkow najnizsze
warto$ci koordynanty a* odnotowano przy zastosowaniu inuliny i suszenia sublimacyjnego.
Wazrost temperatury w suszeniu préozniowym o 40°C spowodowal, ze parametr a* wzrost
o 5 jednostek i tym samym kolor wysycit si¢ odcieniem czerwonym. Zastosowanie
maltodekstryny przyczynito si¢ do uzyskania proszkéw o wigkszym udziale koloru
niebieskiego, natomiast inulina powodowata zétknigcie otrzymywanych proszkow. Ze wzgledu
na charakterystyczna zottag barwe owocoOw pigwowca i soku wyzsze warto$ci parametru b* beda
korzystniejsze; zatem wiasciwe w tym kontekscie wydaje si¢ zastosowanie inuliny i suszenia
sublimacyjnego w procesie mikroenkapsulacji.

Po raz pierwszy przeprowadzono szczegdtowa analize profilu zwigzkow fenolowych

w mikroenkapsutkowanych proszkach na bazie soku z owocow pigwowca japonskiego.
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Zidentyfikowano 14 zwigzkéw z wykorzystaniem metody LC-MS/QTOF i UPLC-PDA
glownie nalezacych do grupy flawan-3-oli i kwasow fenolowych (PS5, Tab. 2 oraz Rys. 1).
Catkowita zawartos$¢ zwigzkow fenolowych w proszkach otrzymanych przy uzyciu réznych
no$nikéw i metod suszenia wynosita od 133,2 do 1359,9 mg/100 g sm, odpowiednio dla
wariantu z mieszankg inuliny i maltodekstryny 2:1 suszonego prézniowo w 90°C oraz probki
z maltodekstryng suszong sublimacyjnie (PS5, Tab. 3 i1 4). Gléwna grupe (ponad 80%
wszystkich polifenoli) stanowily flawan-3-ole na ktore sktadato si¢ 11 pochodnych katechiny.
Trimery procyjanidyn, procyjanidyna B2 i C1 (odpowiednio 17, 141 11% catkowitej zawarto$ci
zwigzkow fenolowych) byly dominujacymi zwigzkami w grupie flawan-3-oli, co jest zgodne
z wczesniejszymi doniesieniami (Nahorska 1 wsp. 2014). Polimery procyjanidyn oznaczone
z wykorzystaniem metody floroglucynolizy stanowity 17%, a kwasy fenolowe 12% catkowitej
zawartosci polifenoli.

Wybrane metody suszenia mialy istotny wptyw na zawarto$¢ zwigzkow fenolowych
w otrzymanych proszkach (p<0,05). Stezenie zwigzkow fenolowych ulegato redukcji zgodnie
z uszeregowaniem metod suszenia: sublimacyjne > rozpylowe > prozniowe w 50°C >
prézniowe w 70°C > prozniowe w 90°C. Suszenie prézniowe w 90°C powodowalo obnizenie
stezenia polifenoli az o 87%, w poroOwnaniu do suszenia sublimacyjnego. W przypadku
zwigzkow z grupy flawan-3-oli nie zaobserwowano statystycznie istotnych réznic w zawarto$ci
tych zwigzkdéw po suszeniu sublimacyjnym i rozpylowym, natomiast wzrost temperatury z 50
do 70°C podczas suszenia prézniowego powodowal spadek stezenia flawan-3-oli o 50%.
Zawarto$¢ kwasow fenolowych w proszkach poddanych suszeniu rozpytowemu byta
dwukrotnie nizsza niz po suszeniu sublimacyjnym i préozniowym w 50°C, w przeciwienstwie
do wynikow uzyskanych przez Michalska i wsp. (2016), gdzie nie stwierdzono istotnych réznic
pomiedzy zawartoscig kwasow fenolowych w proszkach sliwkowych otrzymywanych metoda
suszenia sublimacyjnego i prézniowego w 60°C (p>0,05). Zawarto$¢ polimeréw procyjanidyn
zmieniata si¢ analogicznie jak w przypadku kwaséw fenolowych. Stopien polimeryzacji dla
proszkéw otrzymanych w procesie suszenia sublimacyjnego wynidst ok. 1,5, podczas gdy
suszenie prozniowe w 90°C spowodowato jego prawie 2,5-krotny wzrost. Suszenie
sublimacyjne zapewniatlo najwigksza retencje¢ zwiazkoéw fenolowych, natomiast proces
prézniowy, niezaleznie od zastosowanej temperatury, powodowat ich najwigksza degradacje.

W odniesieniu do wptywu no$nika na zawarto$¢ zwigzkow fenolowych stwierdzono istotng
zmienno$¢ migdzy analizowanymi probkami (p<0,05). Wyzsza zawarto$¢ zwigzkow
fenolowych uzyskano w proszkach z dodatkiem maltodekstryny niz inuliny, a ich stezenie

zmniejszato  si¢  zgodnie z  uszeregowaniem  no$nikow:  maltodekstryna >
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inulina:maltodekstryna 2:1 > inulina > inulina:maltodekstryna 1:2. Zawarto$¢ flawan-3-oli,
kwaséw fenolowych 1 polimeréw procyjanidyn, analogicznie do catkowitej zawartosci
polifenoli, byta nizsza dla proszkéw z wigkszym udziatem inuliny (redukcja o ok. 20%
w stosunku do wariantéw z maltodekstryng). Podobnie do uzyskanych wynikow, Michalska
1 wsp. (2017) w badaniu nad proszkami otrzymanymi z preparatu soku sliwkowego stwierdzili,
ze dodatek maltodekstryny w wysokim stezeniu dziatat ochronnie na wybrane zwigzki (np.
kwas chlorogenowy) podczas procesu suszenia. Rodzaj uzytego no$nika nie wptynat istotnie
na zawarto$¢ polimerycznych procyjanidyn (p>0,05). Stopien polimeryzacji byt wyzszy dla
proszkéw z inuling (DP=2,3) niz dla proszkéw z maltodekstryng (DP=2,0). Mozna zatem
wnioskowa¢, ze inulina promuje laczenie jednostek flawan-3-oli w dluzsze tancuchy
oligomeryczne.

W niniejszej pracy dokonano weryfikacji wtasciwosci przeciwutleniajacych otrzymanych
mikrokapsulek metodami ABTS, FRAP i ORAC (P5, Tab. 5). Najwyzsza zdolnos¢
przeciwutleniajaca, zarowno w tescie ABTS, jak i FRAP, wykazat proszek z maltodekstryng
po suszeniu sublimacyjnym (odpowiednio 8,0 i 6,7 mmol Trolox/100 g sm). Przeprowadzona
analiza statystyczna dla wynikow aktywnosci przeciwutleniajacej w obrgbie zastosowanych
metod wykazala, ze nie miaty one istotnego wptywu na uzyskiwane wartosci (p>0,05). Z kolei
najwyzsza zdolnoscig absorpcji rodnikéw tlenowych (ORAC) charakteryzowat si¢ proszek
z mieszkankg inuliny i maltodekstryny 1:2 po suszeniu w prozni w 50°C (26,5 mmol
Trolox/100 g sm). Ponadto, w przeciwienstwie do testu z kationorodnikiem ABTS', jak
i jonami Fe**, metoda suszenia miala istotny wptyw na aktywno$¢ przeciwutleniajgcg ORAC
(»<0,05), gdzie proces suszenia rozpylowego i prézniowego w 70°C gwarantowat otrzymanie
mikroenkapsutkowanego proszku z soku z owocow pigwowca japonskiego posiadajacego
wyzsza aktywnos$¢ przeciwutleniajaca w stosunku do suszenia sublimacyjnego. Co wiecej,
zastosowane nosniki nie miaty istotnego wplywu na aktywnos$¢ przeciwutleniajaca ORAC
(p<0,05), w przeciwienstwie do testu ABTS i FRAP, gdzie proszki z maltodekstryna
wykazywaty wyzsze warto§ci w poroOwnaniu z innymi. Dla poréwnania, Michalska i wsp.
(2017) stwierdzili, ze im wigkszy byt dodatek maltodekstryny w proszkach z soku §liwkowego,
tym nizsza aktywno$¢ przeciwutleniajaca. Sposrdd wszystkich grup zwigzkoéw fenolowych
kwasy fenolowe i flawan-3-ole wykazaly najwyzsza dodatnig korelacj¢ z aktywnoscia
przeciwutleniajgcg ORAC (R?*=0,405 i 0,309). W niniejszym badaniu zaobserwowano dodatnig
korelacje miedzy zawartoscia 5-HMF a aktywnoS$cia przeciwutleniajagca mierzong testami
ABTS, FRAP i ORAC (odpowiednio R?>=0,210; 0,175 i 0,162), co sugeruje mozliwy udziat

5-HMF w formowaniu aktywno$ci przeciwutleniajacej otrzymanych proszkéw.
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W omawianej publikacji, stanowigcej sktadowa cze$¢ rozprawy doktorskiej, oprocz
aktywnosci przeciwutleniajacych po raz pierwszy dokonano weryfikacji potencjatu in vitro do
hamowania a-glukozydazy, lipazy trzustkowej, AChE i 15-LOX w mikroenkapsutkowanych
proszkach na bazie soku z owocow pigwowca japonskiego (PS5, Tab. 5).

ICso (mg owocow/mL) dla potencjatu inhibicji a-glukozydazy wynosito od 13,8 (wariant
z maltodekstryng po suszeniu sublimacyjnym) do 21,8 mg/mL (wariant z maltodekstryng po
suszeniu prozniowym w 90°C). Nie stwierdzono wptywu zastosowanych no$nikow na zdolnos¢
hamowania a-glukozydazy (p>0,05), jednak istotne r6znice byty widoczne po zastosowaniu
wybranych metod suszenia (p<0,05). Suszenie sublimacyjne, rozpylowe i prézniowe w 50°C
zapewnialy uzyskanie najnizszych wartosci ICso, natomiast wzrost temperatury w metodzie
prozniowe] skutkowatl spadkiem aktywnosci przeciwcukrzycowej (zmniejszenie aktywnosci
0 20% po suszeniu w prozni w 90°C w poréwnaniu do suszenia sublimacyjnego). Miao i wsp.
(2018b) przeanalizowali zdolno$¢ hamowania a-glukozydazy przez owoce Chaenomeles
uzyskujac wartosci w zakresie 0,04-0,43 mg/mL. Zdolno$¢ do hamowania a-glukozydazy
wykazata silng pozytywna korelacje z catkowitg zawarto$cig zwiagzkow fenolowych (R?=0,666)
i aktywno$cig przeciwutleniajaca mierzong metodg ABTS (R?=0,439).

Analizowane mikroenkapsutkowane proszki z soku z owocow pigwowca charakteryzowata
duza zmienno$¢ w odniesieniu do dziatania hamujacego wobec lipazy trzustkowej (p<0,05).
Nalezy podkresli¢, ze dla 11 analizowanych probek (gldwnie po suszeniu sublimacyjnym
1 rozpylowym) warto$ci ICso hamowania lipazy trzustkowej oznaczono jako <0,01. Dla
pozostatych wariantow wartosci te byty ponizej 0,05 mg/mL, co $wiadczy o bardzo wysokiej
aktywno$ci analizowanych proszkéw. Biorac pod uwage wplyw metody suszenia na potencjat
inhibicji lipazy trzustkowej w analizowanych proszkach stwierdzono, ze najwigksza
aktywno$cig cechowaty sie probki po suszeniu rozpytowym i prozniowym w 50°C. Analizujac
wplyw no$nika na analizowany parametr, proszki z inuling wyr6znialy si¢ nizszymi
warto$ciami ICso, a wigc wiekszym potencjatem hamowania lipazy trzustkowej. Uzyskane
wyniki wskazuja, ze proszki owocowe maja duzy potencjat do stosowania u oséb borykajacych
si¢ z problemem nadwagi, poniewaz ograniczajac aktywno$¢ lipazy trzustkowej zmniejsza si¢
ilo§¢ tluszczu wchtanianego do krwiobiegu, a tym samym wspomaga to utrzymanie
prawidlowej masy ciata.

Ze wszystkich zastosowanych metod suszenia technika rozpylowa znacznie zmniejszyla
potencjal hamowania AChE w poréwnaniu z innymi metodami - prawie dwukrotnie nizsza
aktywno$¢ w poréwnaniu do proszkow poddanych suszeniu sublimacyjnemu. Analizujac

wplyw nosnikéw na inhibicj¢ AChE nie stwierdzono istotnych (p>0,05) réznic pomig¢dzy
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proszkami z inuling i maltodekstryng. Zaobserwowano ujemng korelacje miedzy catkowita
zawarto$cig zwigzkow fenolowych a zdolno$cig hamowania AChE (R?=-0,145). Jest to zgodne
z wynikami uzyskanymi przez Wojdyto i wsp. (2018) dla owocow goji, gdzie stwierdzono, ze
zdolno$¢ hamowania AChE jest modulowana zawarto$cig karotenoidow, a nie polifenoli.
Aktywno$¢ hamowania 15-lipoksygenazy wyrazono jako procent hamowania przy st¢zeniu
probki 2,5 mg/mL. Warto podkresli¢, ze byla to pierwsza proba okreslenia potencjatu
przeciwzapalnego jako zdolno$ci inhibicji 15-LOX mikroenkapsutkowanych proszkéw na
bazie soku z owocdéw pigwowca japonskiego. Najwiekszy potencjat charakteryzowat proszki
z inuling po suszeniu rozpytowym (90,4%), a najmniejszy wariant z maltodekstryng po
suszeniu prézniowym w 90°C (29,4%) (p<0,05). Porownujac wplyw metody suszenia na
inhibicj¢ 15-LOX mozna je uszeregowa¢ wedlug malejacej aktywnosci: suszenie sublimacyjne
> suszenie rozpytowe > suszenie prozniowe w 70°C > suszenie prozniowe w 50°C > suszenie
prézniowe w 90°C. Zastosowanie metody prozniowej w 90°C przyczynito si¢ do redukcji
potencjalu hamowania 15-LOX o 38% w pordéwnaniu z metoda sublimacyjng. Stwierdzono,
ze zdolno$¢ inhibicji 15-LOX jest modulowana zawarto$cig zwigzkow fenolowych (R?=0,465),
1 ze istnieje dodatnia korelacja migdzy zdolnos$cig do hamowania a-glukozydazy 1 15-LOX

(R2=0,480).

W niniejszym opracowaniu zaproponowano nowa forme¢ wykorzystania potencjatu
bioaktywnego owocoéw pigwowca poprzez mikroenkapsulacje soku z wybranymi
biopolimerami przy zastosowaniu wybranych metod suszenia. Na profil zwigzkow fenolowych
w otrzymanych proszkach miat wplyw zar6wno sposob suszenia, jak 1 zastosowany no$nik.
Metoda sublimacyjna spowodowata najwigksza retencje polifenoli, natomiast sposrod uzytych
no$nikow maltodekstryna okazata si¢ najlepszym biopolimerem do uzyskania wysokiej jako$ci
proszku owocowego. Rowniez skojarzenie tych dwodch czynnikow zapewnilo otrzymanie
proszkow o najnizszej zawarto$ci niepozadanego S-HMF. Wybrane metody suszenia nie miaty
istotnego wptywu na aktywnos$¢ przeciwutleniajaca (ABTS, FRAP i ORAC), ale aplikacja
maltodekstryny przyczynita si¢ do otrzymania proszkéw o wigkszej aktywnosci (od 8 do 15%).
Proszki (niezaleznie od zastosowanego no$nika) otrzymane poprzez suszenie sublimacyjne
charakteryzowatly si¢ wyzszg aktywnosciag hamowania a-glukozydazy (16,2 mg/mL), AChE
(24,7 mg/mL) 1 15-LOX (72,8%) w poréwnaniu z innymi, natomiast proszki suszone
rozpytowo i prozniowo w 50°C charakteryzowatly si¢ wigkszym potencjalem do inhibicji lipazy
trzustkowej (24,7 mg/mL). Podsumowujac proszki owocowe na bazie soku z owocow
pigwoweca japonskiego otrzymane metoda mikroenkapsulacji moga sta¢ si¢ alternatywnym

sposobem aplikacji tego surowca w szerokiej gamie produktow spozywczych, zwickszajac ich
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wiasciwosci prozdrowotne (dziatanie przeciwutleniajace, przeciwcukrzycowe,
antycholinergiczne 1 przeciwzapalne) m.in. dzigki wysokiej zawarto$ci zwigzkéw
polifenolowych (1359,9 mg/100 g sm). Kluczowy jest dobér odpowiedniej metody 1 warunkéw
procesu a najbardziej korzystna pod wzgledem analizowanych wyrdéznikow do otrzymania

mikrokapsutek jest metoda sublimacyjna i rozpytowa.
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4.5. Optymalizacja technologii otrzymywania preparatu polifenolowego

Z owocOow pigwowca metodami suszarniczymi

Do kolejnego etapu badan zaproponowano wykorzystanie preparatu polifenolowego
otrzymanego z soku z owocow pigwoweca japonskiego, pozbawionego substancji balastowych,
takich jak pektyny, cukry i kwasy organiczne i inne zwigzki organiczne. Zastosowanie separacji
frakcji biologicznie aktywnej na zywicy jonowymiennej pozwolito na bezposredni proces
mikroenkapsulacji otrzymanego preparatu polifenolowego, z pominigciem substancji
no$nikowych. Zalozono, ze takie podejscie pozwoli na uzyskanie produktu charakteryzujacego
si¢ wyzszym stezeniem zwigzkow fenolowych, w poréwnaniu do produktu otrzymanego
w pracy P5. Przeprowadzono walidacje roznych metod i warunkéw suszenia (sublimacyjne,
rozpytowe i prozniowe) celem wyboru techniki i parametrow zapewniajacych otrzymanie
mikroenkapsutkowanego preparatu polifenolowego zawierajacego najwyzsze stezenie
substancji aktywnych (Schemat 5). W otrzymanych proszkach dokonano oceny potencjatu
przeciwutleniajagcego oraz  wilasciwosci  przeciwcukrzycowych, antycholinergicznych
1 przeciwzapalnych. Uzyskane wyniki zostaty opublikowane w pracy P6 (Physicochemical
characterization and biological potential of Japanese quince polyphenol extract treated by
different drying techniques, LWT, 2021). Byla to pierwsza préba otrzymania preparatu
polifenolowego z owocow pigwowca japonskiego w procesie mikroenkapsulacji
z wykorzystaniem wybranych metod suszenia.

Parametry fizyczne, tj. sucha masa, aktywno$¢ wody, gesto$¢ rzeczywista i usypowa oraz
porowato$¢ dla mikroenkapsutkowanego ekstraktu polifenolowego z owocoéw pigwowca
japonskiego zostaty przedstawione w pracy P6 (Tab. 1).

Zawarto$¢ suchej masy w proszkach wynosita od 92,95% (po suszeniu sublimacyjnym) do
98,82% (po suszeniu préozniowym w 70°C). Parametr ten ma bezposredni wptyw na sypkos¢
1 lepko$¢ proszkow 1 jest traktowany jako miara efektywnos$ci suszenia (Aziz 1 wsp. 2018).
Obliczony wspotczynnik korelacji Pearsona potwierdzil wyniki Young i wsp. (2007) gdzie
zawarto$¢ suchej masy byta dodatnio skorelowana z gestoscig usypowg (R?=0,308) i ujemnie
skorelowana z gesto$cig rzeczywistg (R?>=-0,350). Warto$ci aw w mikroenkapsutkowanym
preparacie polifenolowym réznity si¢ migdzy probkami (p<0,05) i zawieraty si¢ w przedziale
od 0,090 (wariant suszony rozpytowo i prozniowo w 90°C) do 0,105 (wariant suszony
prézniowo w 70°C). Podobnie niskie wartosci ay w zakresie od 0,074 do 0,101 uzyskali Tkacz

1 wsp. (2020) dla sproszkowanego soku z rokitnika pospolitego. Utrzymywanie jak najnizszej
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aw w produktach sypkich zapobiega ich aglomeracji, zbrylaniu i degradacji zwigzkéw

bioaktywnych (Ramakrishnan i wsp. 2018).

Owoce
v
Rozdrabnianie
A
Tloczenie
A 4
Sok
A 4
Separacja
A 4
Preparat polifenolowy
A 4
Suszenie
A A A
Sublimacyjne Prézniowe Rozpylowe
Tkomory: -30°C Wariant 1 - T= SOOC, =72 gOdZ Twlotowa= 180°C
Tpélki: 30°C Wariant 2 - T= 7OOC, t=48 gOdZ Twylotowa: 90°C
=24 godz. Wariant 3 - T= 90°C, t= 24 godz. przeptyw= 40 mL/min
p= 0,022 kPa =1 12

Schemat 5. Proces technologiczny mikroenkapsulacji preparatu polifenolowego z owocow
pigwowca japonskiego

T-temperatura [°C], t-czas [min], p-ci$nienie [kPa]

Gestos¢ rzeczywista otrzymanych proszkéw wynosita od 1,036 (po suszeniu rozpytowym)
do 1,527 g/cm® (po suszeniu sublimacyjnym) i wystepowaly istotne w warto$ciach py
w zalezno$ci od zastosowanej metody suszenia (p<0,05). Warto§¢ pt wzrastaly wraz ze
wzrostem temperatury w suszeniu prézniowym, ale przeprowadzona analiza statystyczna nie
zaklasyfikowata tych zaleznosci jako istotnych statystycznie (p>0,05). Proces suszenia mial

réwniez istotny wpltyw na wartosci pp, ktore wahaty sie od 0,265 (proszek suszony rozpytowo)
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do 0,626 g/cm? (proszek suszony prozniowo w 70°C) (p<0,05). Im nizsze wartosci pp, tym
wigcej powietrza jest uwi¢zione w pustych przestrzeniach, a tym samym wigksza mozliwo$¢
utleniania zwigzkow bioaktywnych (Aziz i wsp. 2018). Dodatkowo stwierdzono, Ze stosowanie
metody prozniowej (niezaleznie od zastosowanej temperatury) ma korzystne nastgpstwa
poprzez zmniejszenie opakowan i obnizenie kosztow transportu produkowanych proszkow,
w poréwnaniu z metoda sublimacyjna 1 rozpylowa. Poroéwnujac otrzymane wyniki
z wezesniejszymi ustaleniami dla mikroenkasputkowanego soku (P5, Tab. 1) zauwazono, ze
dodatek polisacharydéw do proszkéw miat wigkszy wplyw na warto§¢ p» niz temperatura
W suszeniu prozniowym.

Najwyzsza porowato$cig charakteryzowat sie¢ mikroenkapsutkowany preparat polifenolowy
po suszeniu rozpytowym (74,42%), a najnizsza po suszeniu prozniowym w 50°C (58,32%).
Porowato$¢ wykazuje umiarkowang ujemng korelacje z gesto$cig rzeczywistg (R?=-0,500)
i silng ujemna korelacje z gestoscig usypows (R*=-0,953). Wedtug Saifullah i wsp. (2016)
porowato$¢ jest bardzo wazna z punktu widzenia rozpuszczalno$ci dowolnego materiatu
sypkiego - im wyzsze warto$ci €, tym wigksza rozpuszczalnosc.

Zawartos¢ 5-HMF (P6, Tab. 2) w mikroenkapsutkowanym preparacie polifenolowym byty
na poziomie od 4,9 (po suszeniu sublimacyjnym) do 17,4 mg/kg sm (po suszeniu préozniowym
w 90°C). Porownujac metody suszenia otrzymane proszki roznity si¢ istotnie pod wzgledem
zawarto$ci 5S-HMF (p<0,05). Zastosowanie metody prézniowej w 90°C spowodowato ponad
3,5-krotny wzrost ste¢zenia 5S-HMF w poréwnaniu z technikg sublimacyjna, a podwyzszenie
temperatury w suszeniu prozniowym z 70 do 90°C zwigkszyto zawartos¢ tego zwigzku ponad
2-krotnie. Ponadto proszki otrzymane w wyniku suszenia rozpytowego i prézniowego w 50°C
nie r6znily si¢ istotnie pod wzgledem zawartosci S-HMF (p>0,05). Dla pordwnania st¢zenie
5-HMF w otrzymanych proszkach bylo nizsze niz w suszonych jabtkach, gruszkach
1 brzoskwiniach (40,0-100,0 mg/kg) (Choudhary i wsp. 2020).

Proszki odznaczajace si¢ najjasniejszg barwa otrzymano w wyniku suszeniu rozpytowego
(L*=83,77), a najciemniejsze po suszeniu prozniowym w 90°C (L*=74,20) (P6, Tab. 1).
Natomiast w odniesieniu do badan prezentowanych w pracy PS5 najwyzsze warto$ci parametru
L* wuzyskano dla proszkéw z soku z owocoéw pigwowca japonskiego po suszeniu
sublimacyjnym (L*=91,27). Z drugiej strony 5-HMF powstajacy podczas dlugotrwatego
ogrzewania moze by¢ zwigzany z ciemniejszym kolorem probek po suszeniu prézniowym
w 90°C (R?=0,511). Najwiekszg zmian¢ parametru a* pomigdzy zastosowanymi metodami
suszenia zaobserwowano, gdy temperatur¢ w procesie prézniowym zwigkszono z 70 do 90°C

- wowczas nastapil prawie 12-krotny wzrost warto$ci koordynanty a*, co w konsekwencji
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doprowadzito do wysycenia proszkéw odcieniem czerwonym. Wartosci parametru b* wahaty
si¢ od 16,51 (wariant po suszeniu prézniowym w 50°C) do 20,93 (wariant po suszeniu
rozpylowym). Wraz ze wzrost temperatury w suszeniu préozniowym, kolor ulegat wysyceniu
kolorem z6ttym. Te same zaleznos$ci zmian wspotrzednych a* i b* uzyskali Tkacz 1 wsp. (2020)
dla proszkéw z soku rokitnika pospolitego.

Dla uzyskania pelnego obrazu zmian przeprowadzono identyfikacje¢ i oznaczenie ilo$ciowe
zwigzkow fenolowych technika LC-MS/QTOF i UPLC-PDA (P6, Tab. 2). Zidentyfikowano
15 zwigzkow fenolowych nalezacych do dwoch réznych grup (flawan-3-oli 1 kwasow
fenolowych). Flawan-3-ole stanowity ok. 50% catkowitej zawartosci zwigzkow fenolowych,
polimery procyjanidyn 29,2%, a kwasy fenolowe 15,3%. Ekstrakt polifenolowy (nie poddany
obrobece cieplnej) charakteryzowat si¢ stezeniem polifenoli na poziomie 886,2 g/kg sm,
a suszenie sublimacyjne i pr6zniowe (niezaleznie od zastosowanej temperatury) prowadzity do
redukcji ich zawarto$ci. Rodzaj zastosowanej metody i jej parametry mialy istotny wptyw na
zawarto$¢ zwiazkéw fenolowych (p<0,05). Najwyzsze stgzenia poszczegdlnych grup
zwigzkow fenolowych uzyskano po suszeniu rozpylowym, z wyjatkiem flawan-3-oli, gdzie
technika prézniowa prowadzona w 70°C powodowata najmniejsze straty tych zwigzkow.
Najwigksza degradacje flawan-3-oli (obnizenie zawartosci o 20%) stwierdzono w probkach po
zastosowaniu najwyzszej temperatury podczas suszenia w prozni. Z kolei zawarto$¢ kwasow
fenolowych w mikroenkapsutkowanym preparacie polifenolowym zmniejszata si¢ zgodnie
z zastosowang metodg suszenia i parametrami: rozpytowe > sublimacyjne > prozniowe w 70°C
> proézniowe w 50°C > prozniowe w 90°C. Analizujac wptyw metody suszenia zaobserwowano,
ze najwigkszg retencj¢ polimeréw procyjanidyn, oprocz suszenia rozpytowego, uzyskano dla
metody prozniowej prowadzonej w 50°C oraz sublimacyjnej - odpowiednio 231,11 230,8 g/kg
sm. W odniesieniu do calkowitej zawartosci zwigzkéw fenolowych wzrost temperatury
suszenia prozniowego z 70 do 90°C doprowadzit do redukcji ich zawartosci o ponad 20%.
Natomiast Miao i wsp. (2017) w badaniach nad wptywem obrobki cieplnej 1 metod suszenia na
jako$¢ owocow Chaenomeles zaobserwowali wzrost catkowitej zawarto$ci polifenoli o 12% po
podwyzszeniu temperatury w suszeniu prézniowym z 60 do 80°C. Z kolei Michalska i wsp.
(2017) w badaniach nad mikroenkapsulacja ekstraktu z soku sliwkowego uzyskali redukcje
zawarto$ci kwasu chlorogenowego o ponad 60% po podwyzszeniu temperatury suszenia
prozniowego z 60 do 80°C.

Zdolno$¢ antyoksydacyjng otrzymanych proszkéw zmierzono trzema metodami (ABTS,
FRAP i ORAC), a wyniki przedstawiono w pracy P6 (Tab. 3). Wystapily istotne roéznice

w aktywnosciach analizowanych probek w zalezno$ci od uzytej metody suszenia (p<0,05).
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Najwyzsza aktywnos$cig przeciwutleniajgcg (zarowno w tescie ABTS jak i FRAP)
charakteryzowat si¢ preparat otrzymany metoda prozniowa w 50°C (430,3 1 294,6 mmol
Trolox/100 g sm), natomiast najnizsza po suszeniu sublimacyjnym (319,2 i 208,8 mmol
Trolox/100 g sm). W przypadku metody ORAC nie stwierdzono réznicy w uzyskanych
warto$ciach pomigdzy zastosowaniem temperatury 50 1 90°C w metodzie prézniowej (p>0,05),
natomiast po zastosowaniu 70°C udato si¢ uzyska¢ 65% wyzsza aktywno$¢ niz po procesie
sublimacyjnym (886,7 mmol Trolox/100 g sm). Poréwnujac aktywnos$¢ przeciwutleniajaca
mikroenkapsutkowanego preparatu polifenolowego do aktywnos$ci wybranych owocow
Chaenomeles stwierdzono, ze aktywno$¢ uzyskanych proszkow byta 18-krotnie wigksza (dla
metody z kationorodnikiem ABTS'™), oraz 44-krotnie wieksza (dla metody redukcji jonow Fe?*
FRAP) (Du i1 wsp. 2013). Natomiast wartosci aktywnosci przeciwutleniajacej ORAC dla
suszonego preparatu polifenolowego byly niemal 20-krotnie wyzsze niz dla suszonych owocoéw
Chaenomeles japonica (Turkiewicz i wsp. 2019b; P3). Obliczony wspotczynnik korelacji
Pearsona potwierdzit dodatniag korelacje miedzy zawarto$cia 5-HMF a aktywnoscig
przeciwutleniajgcg ABTS i ORAC (odpowiednio R>=0,651 1 0,605), co jest zgodne z wynikami
Michalska i wsp. (2017). Ponadto we wczes$niejszych badaniach nad mikroenkapsulacja soku
Z owocOw pigwoweca japonskiego potwierdzono istnienie korelacji pomigdzy stezeniem 5-HMF
a aktywnoscig przeciwutleniajacg (Turkiewicz i wsp. 2020c; P5).

W pracy P6 dokonano po raz pierwszy oceny potencjatu przeciwcukrzycowego i przeciw
otytosci jako zdolnosci do hamowania a-amylazy, a-glukozydazy i lipazy trzustkowej (ICso;
mg/mL) mikroenkapsutkowanego preparatu polifenolowego z soku z owocdéw pigwowca
japonskiego. Analizowane probki wykazaty duze zréznicowanie (p<0,05) a wplyw na to miaty
zastosowane metody suszenia. Aktywno$¢ hamujaca wobec a-amylazy wahata si¢ od 7,1 do
21,8 mg/mL (odpowiednio dla probek suszonych prézniowo w 50°C i sublimacyjnie), podczas
gdy potencjat inhibicji a-glukozydazy zawieral si¢ w przedziale od 1,6 do 3,1 mg/mL
(odpowiednio dla wariantu po suszeniu prézniowym w 90 i 70°C). Zastosowanie procesu
suszenia, niezaleznie od metody, przyczynito si¢ do zwigkszenia dziatania
przeciwcukrzycowego 1 przeciw otylosci ekstraktu polifenolowego. W poréwnaniu
z proszkiem otrzymanym technika sublimacyjng, ekstrakt bez obrobki termicznej
charakteryzowat si¢ ponad 5-krotnie nizszym potencjatem hamowania o-amylazy, prawie
2-krotnie nizszym a-glukozydazy i az 9-krotnie mniejsza aktywnos$ciag hamowania lipazy
trzustkowej. Co wiecej, metody suszenia sublimacyjnego i rozpylowego okazaly si¢
najkorzystniejsze pod wzglgdem potencjalnych wtasciwosci przeciw otylosci analizowanych
mikroenkapsutkowanych proszkow (0,4 mg/mL). Uzyskane wyniki potwierdzaja wczesniejsze

doniesienia (Miao 1 wsp. 2018a; Zaklos-Szydta i wsp. 2015), ze owoce Chaenomeles moga by¢
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obiecujacym  naturalnym  zrédlem = zwigzkéw  aktywnych o  wlasciwosciach
przeciwcukrzycowych. Ponadto wspotczynnik korelacji Pearsona obliczony dla zdolnosci do
hamowania a-amylazy i potencjatem przeciwutleniajagcym (ABTS, FRAP i ORAC) potwierdza
istnienie silnej dodatniej korelacji miedzy nimi (odpowiednio R?=0,867; 0,874 i 0,909).
Dodatkowo stwierdzono silng korelacje miedzy aktywno$cia hamowania o-glukozydazy
a zawarto$cig 5-HMF (R?=0,803); do tej pory w literaturze nie wykazano zwigzku pomiedzy
tymi dwoma skladowymi. Zwrdcono réwniez uwage, ze sposrod analizowanych grup
zwigzkow fenolowych najwiekszy wpltyw na modulowanie aktywno$ci hamowania lipazy
trzustkowej miaty polimery procyjanidyn (R?=0,806), co rowniez bylo artykutowane
w badaniach Wojdyto i wsp. (2020) nad sktadem i1 aktywno$cig biologiczng wybranych kietkow
i mikrolisci.

Wiasciwosci antycholinergiczne analizowanych proszkéw wyrazono jako zdolnos¢ do
hamowania AChE i BuChE (P6, Tab. 3). Potencjal inhibicji AChE i BuChE wyrazony jako
ICso wynosit odpowiednio od 11,3 do 39,8 i od 10,1 do 22,1 mg probki/mL wykazujac istotne
réznice miedzy zastosowanymi metodami suszenia (p<0,05). Aktywno$¢ inhibicji AChE
wzrastala wraz ze wzrostem temperatury podczas suszenia prézniowego, podczas gdy nie
odnotowano ro6znicy mi¢dzy suszeniem sublimacyjnym i rozpytowym (p>0,05). Z kolei biorgc
pod uwage zdolno$¢ do hamowania BuChE, analizowane probki mozna uporzadkowaé
w zaleznosci od rosngcej aktywnos$ci zgodnie z szeregiem zastosowanych metod: suszenie
sublimacyjne = suszenie prozniowe 70°C < suszenie prozniowe 50°C < suszenie rozpytowe <
suszenie prozniowe 90°C. Warto zauwazy¢, ze po raz pierwszy antycholinergiczne dziatanie
owocow Chaenomeles zostalo opisane w pracy P1 gdzie warto$ci byty na poziomie 11,81 16,5
mg/mL, odpowiednio dla AChE i BuChE (Turkiewicz i wsp. 2020d; P1). Stwierdzono, ze
sposrod zidentyfikowanych zwigzkéw fenolowych najwigkszy udziat w tworzeniu whasciwosci
antycholinergicznych mikroenkapsutkowanego preparatu polifenolowego maja polimery
procyjanidyn (R?>=0,285 i 0,536, odpowiednio dla AChE i BuChE). Ponadto, podobnie jak
w przypadku wlasciwos$ci przeciwutleniajacej, wspotczynnik korelacji Pearsona wskazywatl na
dodatnig korelacje miedzy zawartoscig 5S-HMF a zdolnoscig do hamowania AChE i BuChE -
odpowiednio R?=0,689 i 0,700. Co wiecej, aktywnos¢ inhibicji AChE mikroenkapsutkowanego
ekstraktu  polifenolowego byla  $rednio  dwukrotnie wyzsza niz  aktywno$¢
mikroenkapsutkowanego soku z owocow pigwowca japonskiego (PS5, Tab. 5).

W niniejszej pracy podjeto réwniez probe oceny zdolnosci hamowania 15-LOX jako
regulatora peroksydacji lipidow komorkowych, a wyniki wyrazono jako procent inhibicji przy
stezeniu probki 2,5 mg/mL. Najwyzszy potencjal wykazat wariant suszony prézniowo w 70°C

(81,6%), natomiast najnizszy po suszeniu tg samg metoda, ale w 50°C (40,7%) (p<0,05).
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Podobnie jak w przypadku zdolno$ci do hamowania a-glukozydazy i AChE, w odniesieniu do
15-LOX potwierdzono, ze przy suszeniu proézniowym Kkorzystniejsze jest skrocenie czasu

suszenia niz stosowanie nizszej temperatury.

Podsumowujac, mikroenkaspsutkowany preparat polifenolowy z soku z owocoOw pigwowca
japonskiego jest bogatym zrodtem zwigzkow fenolowych, w szczego6lnosci z grupy flawan-3-
oli ($rednio 53,4% catkowitej ich zawartosci). Suszenie rozpylowe wydaje si¢ by¢ najbardziej
korzystng metoda z punktu widzenia retencji zwigzkéw bioaktywnych, przy jednoczesnym
zapewnieniu niskiej zawartosci 5-HMF (porownywalnej z suszeniem sublimacyjnym).
Z drugiej strony, biorac pod uwage parametry fizyczne, tj. gesto$¢ rzeczywistg 1 usypowa oraz
porowatos¢, technika prézniowa pozwolita uzyska¢ najkorzystniejsze parametry proszkow,
zwlaszcza w kontek$cie potencjalnej redukcji kosztow transportu i pakowania oraz malej
podatnos$ci na procesy utleniania. Biorgc pod uwage wptyw metody suszenia i jej parametrow
na wilasciwosci biologiczne in vitro stwierdzono, ze mikroenkapsutkowany preparat
polifenolowy charakteryzowal si¢ wysokim potencjalem przeciwutleniajagcym, zwtaszcza po
suszeniu prézniowym w 50 i 70°C. Ponadto wtasciwos$ci przeciwcukrzycowe otrzymanych
proszkow byly istotniejsze po suszeniu proézniowym niz sublimacyjnym i rozpylowym,

w przeciwienstwie do wtasciwosci antycholinergicznych.
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5. Podsumowanie i wnioski

W niniejszej pracy podjeto si¢ okreslenia i wykorzystania potencjatu bioaktywnego

owocoOw pigwowca (Chaenomeles ssp.) w otrzymaniu innowacyjnych produktow

funkcjonalnych o zaprogramowanych wtasciwosciach prozdrowotnych. Osiagnigeto powyzszy

cel oraz potwierdzono zatozong hipoteze badawcza. Dowiedziono, ze owoce pigwowca to

warto$ciowy surowiec, ktory mozna z powodzeniem wykorzysta¢ do stworzenia atrakcyjnych

produktéow i/lub potproduktow, jako suszone przekaski lub mikroenkapsutkowane proszki,

z potencjatem do aplikacji m.in. w funkcjonalnych napojach owocowo-warzywnych.

Realizacja szczegotowych celow pracy pozwolita na sformulowanie nastepujacych

wnioskOw:

1.

2.

Owoce pigwowca byty zasobne w kwas L-askorbinowy (30,26-195,05 mg/100 g
owocow) oraz kwasy organiczne (41,64-110,31 g/100 g owocdéw), wsrdd ktérych
w najwickszej ilosci oznaczono kwas jablkowy, stanowiacy ponad 80% wszystkich
kwasoéw. Owoce Chaenomeles zawieraty niewielkie ilo$ci cukrow (0,60-3,98 g/100 g
owocow), z dominujaca zawartoscig fruktozy, sorbitolu i glukozy.

Najzasobniejsze w karotenoidy, chlorofile i zwiazki fenolowe byly owoce C. x superba
‘Nicoline’, natomiast w aminokwasy - C. x superba ‘Jet Trail’. Owoce C. speciosa
‘Rubra’ charakteryzowaly si¢ najwigkszym st¢zeniem tokoferoli i tokotrienoli. Wérod
polifenoli, dominujacg frakcja owocow Chaenomeles byty polimery procyjanidyn (65%
sumy tych zwigzkow).

Potencjal przeciwutleniajacy owocodw Chaenomeles byl formowany gltownie przez
polimery procyjanidyn i pozostate flawan-3-ole, co wykazato profilowanie on-line
z kationorodnikiem ABTS"". Najwickszg aktywno$¢ przeciwutleniajgcg w tescie ORAC
posiadaly owoce C. x superba ‘Colour Trail’ (66,59 mmol Trolox/100 g sm).

Badane owoce pigwowca charakteryzowaly si¢ aktywno$cig przeciwcukrzycowa,
wykazujac wysoki potencjal hamowania o-amylazy (ICs0=13,88 mg/mL dla
C. x superba ‘Nicoline’) 1 a-glukozydazy (ICs0=5,08 mg/mL dla C. x superba ‘Texas
Scarlet’). Potwierdzono takze ich potencjat antycholinergiczny, uzyskujac najwigkszy
stopien  inhibicji  acetylocholinoesterazy  dla C. speciosa ‘Rubra’
i butyrylocholinoesterazy dla C. japonica ‘Red Joy’. Owoce Chaenomeles
charakteryzowaty si¢ silng inhibicja lipazy trzustkowej (ICs50=0,04-0,35 mg/mL) oraz

zréznicowang aktywnoscig hamowania 15-lipooxygenazy.
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4. Metoda kombinowana (podsuszanie konwekcyjne w temperaturze 70°C i dosuszanie
mikrofalowo-prozniowe przy 120 W) pozwolilo na zachowanie koloru produktow
1 cennych zwigzkow bioaktywnych niz zastosowanie tych technik oddzielnie. Ponadto
czas suszenia byl 7-krotnie krétszy, zawarto$¢ zwigzkéw fenolowych dla tej metody
byta na zblizonym poziomie do suszenia sublimacyjnego.

5. Odwadnianie osmotyczne w koncentratach owocowych skutkowato obnizeniem
wilgotnosci owocow srednio o 70% oraz skrdéceniem czasu suszenia konwekcyjnego
o 60 min. Susze po procesiec odwadniania osmotycznego charakteryzowaly si¢
zwigkszong zawarto$cig cukrow (zwlaszcza po zastosowaniu koncentratu jabtkowego)
oraz znacznym zmniejszeniem zawarto§¢ kwasow organicznych (ponad 4-krotna
redukcja przy uzyciu koncentratu gruszkowego). Zawarto$¢ zwigzkow fenolowych oraz
aktywnos$¢ przeciwutleniajaca zmniejszyly si¢ istotnie (odpowiednio 70-82% 1 38-57%)
w wyniku odwadniania przy jednoczesnym wzroscie potencjatu antycholinergicznego
otrzymanych suszy (ponad 30% dla inhibicji butyrylocholinoesterazy). Ponadto
wykorzystane do tego celu koncentraty z owocow czerwonych wzbogacaty produkt
finalny w cenne zwiagzki fenolowe z grupy antocyjanow.

6. Na profil polifenolowy otrzymanych mikroenkapsutkowanych proszkdéw na bazie soku
zZ owocow pigwowca japonskiego wplyw miata zar6wno metoda suszenia, jak
1 zastosowany no$nik. Suszenie sublimacyjne gwarantowalo najwigksza retencje
polifenoli, natomiast wérdd no$nikdw najlepszym biopolimerem do uzyskania wysokiej
jakosci proszku owocowego byta maltodekstryna. Skojarzenie tych dwoch czynnikow
doprowadzito do otrzymania proszku o najnizszej zawarto$ci niepozadanego 5S-HMF.
Zastosowanie inuliny przyczynilo si¢ do zmniejszenia aktywnosci wody, wigkszej
porowatosci oraz pojasnieniu barwy. Proszki o najwigkszej aktywnosci
przeciwutleniajacej ABTS 1 FRAP (odpowiednio 8,0 i 6,7 mmol Trolox/100 g sm)
uzyskano w wyniku suszenia sublimacyjnego z uzyciem maltodekstryny.
Mikroenkapsutkowane proszki wykazywaly aktywno$¢ hamowania a-glukozydazy,
acetylocholinoesterazy i 15-LOX.

7. Preparat polifenolowy otrzymany z owocdéw pigwowca japonskiego jest bogatym
zrodtem zwiazkéw fenolowych, w szczegdlnosci z grupy flawan-3-oli (>53%
catkowitej zawarto$ci). Suszenie sublimacyjne bylo najkorzystniejsza metoda pod
wzgledem retencji zwigzkow bioaktywnych, przy jednoczesnym zapewnieniu niskiej
zawartosci 5-HMF. Najkorzystniejsze parametry fizyczne, tj. gestos¢ rzeczywista,
usypowg i porowatos¢ uzyskano stosujac proézniowa metode suszenia. Najwickszy

potencjat przeciwutleniajagcy miaty proszki suszone prézniowo w 50 i 70°C. Potencjat
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przeciwcukrzycowy mikroenkapsutkowanego ekstraktu polifenolowego byt wyzszy po
suszeniu prézniowym (ICso=7,1-15,8 1 1,6-31 mg/mL odpowiednio dla a-amylazy
i a-glukozydazy), w przeciwienstwie do wlasciwosci antycholinergicznych, gdzie
korzystniejsze warto$ci uzyskano dla preparatu polifenolowego otrzymanego metoda
suszenia prézniowego (ICs0=16,6 1 11,9 mg/mL odpowiednio dla acetylo-
1 butyrylocholinoesterazy).

8. Wymiernym efektem przeprowadzonych badan bylo ustalenie metody i parametrow
procesu suszenia dla nowego kierunku przetwarzania owocoOw pigwowca. Opracowano
metod¢ odwadniania osmotycznego w wybranych koncentratach sokéw owocowych,
ktéore moze by¢ stosowane przed suszeniem, modyfikujac wlasciwosci fizyko-
chemiczne otrzymywanego suszu i1 zwigkszajac jego wlasciwosci antycholinergiczne.
Dokonano optymalizacji procesu mikroenkapsulacji soku i preparatu polifenolowego
Z owocOWw pigwowca, stwarzajac potencjalny, nowy kierunek wykorzystania potencjatu

bioaktywnego tych owocow.

Owoce Chaenomeles stanowig warto$ciowy surowiec z potencjatem do produkcji zywnosci
o charakterze funkcjonalnym. Proces suszenia (opcjonalnie w potaczeniu z odwadnianiem
osmotycznym) oraz mikroenkapsulacja gwarantuja otrzymanie produktu cechujacego si¢
wysokim potencjatem przeciwutleniajacym. Przeprowadzone analizy inhibicji enzyméw in
vitro potwierdzily, ze zardwno susz, jak i mikroenkapsutkowane proszki na bazie owocoOw
pigwowca wykazuja potencjat do zastosowania w prewencji i leczeniu otylosci oraz cukrzycy
typu 2, lecz konieczne sa dalsze prace pozwalajace na przetozenie uzyskanych wynikéw na

model in vivo.

55



6.
L.

10.

11

12.

Literatura

Antoniewska, A., Rutkowska, J., & Adamska, A. (2017). Charakterystyka owocow
pigwowca japonskiego oraz ich zastosowanie w przemysle spozywczym. Zywnosé Nauka
Technologia Jakos¢, 24(2).

Aziz, M. G., Yusof, Y. A., Blanchard, C., Saifullah, M., Farahnaky, A., & Scheiling, G.
(2018). Material properties and tableting of fruit powders. Food Engineering
Reviews, 10(2), 66-80.

Baranowska-Bosiacka, 1., Bosiacka, B., Rast, J., Gutowska, 1., Wolska, J., Rebacz-Maron,
E., Debia, K., Janda, K., Korbecki, J., & Chlubek, D. (2017). Macro-and microelement
content and other properties of Chaenomeles japonica L. fruit and protective effects of its
aqueous extract on hepatocyte metabolism. Biological Trace Element Research, 178(2),
327-337.

Bchir, B., Besbes, S., Karoui, R., Attia, H., Paquot, M., & Blecker, C. (2012). Effect of air-
drying conditions on physico-chemical properties of osmotically pre-treated pomegranate
seeds. Food and Bioprocess Technology, 5(5), 1840-1852.

Bchir, B., Bouaziz, M. A., Ettaib, R., Sebii, H., Danthine, S., Blecker, C., Besbes, S.,
& Attia, H. (2020). Optimization of ultrasound-assisted osmotic dehydration of
pomegranate seeds (Punica granatum L.) using response surface methodology. Journal of
Food Processing and Preservation, 44(9), €14657.

Benzie, I. F., & Strain, J. J. (1996). The ferric reducing ability of plasma (FRAP) as
a measure of “antioxidant power”: the FRAP assay. Analytical Biochemistry, 239(1),
70-76.

Bhusari, S. N., Muzaffar, K., & Kumar, P. (2014). Effect of carrier agents on physical and
microstructural properties of spray dried tamarind pulp powder. Powder Technology, 266,
354-364.

Bieniasz, M., Dziedzic, E., & Kaczmarczyk, E. (2017). The effect of storage and processing
on vitamin C content in Japanese quince fruit. Folia Horticulturae, 29(1), 83-93.
Byczkiewicz, S., Kobus-Cisowska, J., Szulc, P., Telichowska, A., Szczepaniak, O.,
& Dziedzinski, M. (2019). Pigwowiec japonski (Chaenomeles japonica L.) jako surowiec
o wlasciwo$ciach prozdrowotnych—aktualny stan wiedzy. Technika Rolnicza Ogrodnicza
Lesna, 5, 22-25.

Caparino, O. A., Tang, J., Nindo, C. L., Sablani, S. S., Powers, J. R., & Fellman, J. K. (2012).
Effect of drying methods on the physical properties and microstructures of mango
(Philippine ‘Carabao’ var.) powder. Journal of Food Engineering, 111(1), 135-148.

. Choudhary, A., Kumar, V., Kumar, S., Majid, 1., Aggarwal, P., & Suri, S. (2021).

5-Hydroxymethylfurfural (HMF) formation, occurrence and potential health concerns:
Recent developments. Toxin Reviews, 40(4), 545-561.

Chun, J., Lee, J., Ye, L., Exler, J., & Eitenmiller, R. R. (2006). Tocopherol and tocotrienol
contents of raw and processed fruits and vegetables in the United States diet. Journal of
Food Composition and Analysis, 19(2-3), 196-204.

56



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

Chung, L. Y., Soo, W. K., Chan, K. Y., Mustafa, M. R., Goh, S. H., & Imiyabir, Z. (2009).
Lipoxygenase inhibiting activity of some Malaysian plants. Pharmaceutical Biology,
47(12), 1142-1148.

Chung, T. Y., Cho, D. S., & Song, J. C. (1988). Nonvolatile flavor components in Chinese
quince fruits, Chaenomeles sinensis Koehne. Korean Journal of Food Science and
Technology, 20(3), 293-302.

Delgado-Pelayo, R., Gallardo-Guerrero, L., & Hornero-Méndez, D. (2014). Chlorophyll
and carotenoid pigments in the peel and flesh of commercial apple fruit varieties. Food
Research International, 65,272-281.

Djuric, M., Brkovic, D., Milosevic, D., Pavlovic, M., & Curcic, S. (2015). Chemical
characterization of the fruit of black chokeberry grown on different types of soil. Revista
Chemie, 66, 178-781.

Du, H., Wu, J., Li, H.,, Zhong, P. X., Xu, Y. J,, Li, C. H,, Ji, K. X., & Wang, L. S. (2013).
Polyphenols and triterpenes from Chaenomeles fruits: Chemical analysis and antioxidant
activities assessment. Food Chemistry, 141(4), 4260-4268.

Gironés-Vilaplana, A., Valentdo, P., Andrade, P. B., Ferreres, F., Moreno, D. A., & Garcia-
Viguera, C. (2015). Beverages of lemon juice and exotic noni and papaya with potential for
anticholinergic effects. Food Chemistry, 170, 16-21.

Gokmen, V., & Senyuva, H. Z. (2006). Improved method for the determination of
hydroxymethylfurfural in baby foods using liquid chromatography - mass spectrometry.
Journal of Agricultural and Food Chemistry, 54(8), 2845-2849.

Gornas, P. (2015). Unique variability of tocopherol composition in various seed oils
recovered from by-products of apple industry: Rapid and simple determination of all four
homologues (a, B, v and &) by RP-HPLC/FLD. Food Chemistry, 172, 129-134.

Hellin, P., Vila, R., Jordan, M. J., Laencina, J., Rumpunen, K., & Ros, J. M. (2003)
Characteristics and composition of Chaenomeles fruit juice. Japanese Quince-Potential
Fruit Crop for Northern Europe; Rumpunen, K., Ed.; Swedish University of Agricultural
Sciences: Alnarp, Sweden, 2003; pp. 127-140.

Honarvar, N. M., Saedisomeolia, A., Abdolahi, M., Shayeganrad, A., Sangsari, G. T., Rad,
B. H., & Muench, G. (2017). Molecular anti-inflammatory mechanisms of retinoids and
carotenoids in Alzheimer’s disease: A review of current evidence. Journal of Molecular
Neuroscience, 61(3), 289-304.

Huang, W., He, J., Nisar, M. F., Li, H, & Wan, C. (2018). Phytochemical and
pharmacological properties of Chaenomeles speciosa: An edible medicinal chinese
mugua. Evidence-Based Complementary and Alternative Medicine, 2018, 9591845.
Japanese quince candies (2001). Patent nr LV 12779 B.

Kog, B., Eren, 1., & Ertekin, F. K. (2008). Modelling bulk density, porosity and shrinkage
of quince during drying: The effect of drying method. Journal of Food Engineering, 85(3),
340-349.

57



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Kucner, A., Klewicki, R., & S¢jka, M. (2013). The influence of selected osmotic
dehydration and pretreatment parameters on dry matter and polyphenol content in highbush
blueberry (Vaccinium corymbosum L.) fruits. Food and Bioprocess Technology, 6(8),
2031-2047.

Lech, K., Figiel, A., Michalska, A., Wojdylo, A., & Nowicka, P. (2018a). The effect of
selected fruit juice concentrates used as osmotic agents on the drying kinetics and chemical
properties of vacuum-microwave drying of pumpkin. Journal of Food Quality, 2018,
7293932.

Lech, K., Michalska, A., Wojdylo, A., Nowicka, P., & Figiel, A. (2018b). The influence of
physical properties of selected plant materials on the process of osmotic dehydration. LWT,
91, 588-594.

Lesinska, E. (1986). Charakterystyka sktadu chemicznego owocoéw pigwowca i ocena ich
technologicznej przydatnosci dla przetworstwa owocowo-warzywnego. Zeszyty Naukowe
Akademii Rolniczej im. H. Koltagtaja w Krakowie. Rozprawa Habilitacyjna; Wydawnictwo
Akademii Rolniczej im. H. KoHataja: Krakow, Poland, 1986; p. 118.

Lesinska, E. (1987). Characteristics of sugars and acids in the fruits of East Asian
quince. Food/Nahrung, 31(7), 763-765.

Lesinska, E., Przybylski, R., & Eskin, N. M. (1988). Some volatile and nonvolatile flavor
components of the dwarf quince (Chaenomeles japanica). Journal of Food Science, 53(3),
854-856.

Miao, J., Li, X., Zhao, C., Gao, X., Wang, Y., & Gao, W. (2018a). Active compounds,
antioxidant activity and o-glucosidase inhibitory activity of different varieties of
Chaenomeles fruits. Food Chemistry, 248, 330-339.

Miao, J., Li, X., Zhao, C., Gao, X., Wang, Y., Cheng, K., & Gao, W. (2018b). Solvents
effect on active chemicals and activities of antioxidant, anti-a-glucosidase and inhibit effect
on smooth muscle contraction of isolated rat jejunum of Chaenomeles speciosa. Journal of
Functional Foods, 40, 146-155.

Miao, J., Wei, K., Li, X., Zhao, C., Chen, X., Mao, X., Huang, H., & Gao, W. (2017). Effect
of boiling and drying process on chemical composition and antioxidant activity of
Chaenomeles speciosa. Journal of Food Science and Technology, 54(9), 2758-2768.
Michalska, A., & Lech, K. (2018). The effect of carrier quantity and drying method on the
physical properties of apple juice powders. Beverages, 4(1), 2.

Michalska, A., Wojdylo, A., Lech, K., Lysiak, G. P., & Figiel, A. (2016). Physicochemical
properties of whole fruit plum powders obtained using different drying technologies. Food
Chemistry, 207, 223-232.

Michalska, A., Wojdylo, A., Lysiak, G. P., & Figiel, A. (2017). Chemical composition and
antioxidant properties of powders obtained from different plum juice formulations.

International Journal of Molecular Sciences, 18(1), 176.

58



38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

MoBhammer, M. R., Stintzing, F. C., & Carle, R. (2006). Evaluation of different methods
for the production of juice concentrates and fruit powders from cactus pear. Innovative Food
Science & Emerging Technologies, 7(4), 275-287.

Nahorska, A., Dzwoniarska, M., & Thiem, B. (2014). Owoce pigwowca japonskiego
(Chaenomeles japonica (Thunb.) Lindl. ex Spach) zrédlem substancji biologicznie
aktywnych. Postegpy Fitoterapii, 4, 239-246.

Nowicka, P., Wojdylo, A., & Laskowski, P. (2018). Inhibitory potential against digestive
enzymes linked to obesity and type 2 diabetes and content of bioactive compounds in 20
cultivars of the peach fruit grown in Poland. Plant Foods for Human Nutrition, 73(4),
314-320.

Nowicka, P., Wojdylo, A., Lech, K., & Figiel, A. (2015). Chemical composition,
antioxidant capacity, and sensory quality of dried sour cherry fruits pre-dehydrated in fruit
concentrates. Food and Bioprocess Technology, 8(10), 2076-2095.

Orafaie, A., Matin, M. M., & Sadeghian, H. (2018). The importance of 15-lipoxygenase
inhibitors in cancer treatment. Cancer and Metastasis Reviews, 37(2), 397-408.

Ou, B., Huang, D., Hampsch-Woodill, M., Flanagan, J. A., & Deemer, E. K. (2002).
Analysis of antioxidant activities of common vegetables employing oxygen radical
absorbance capacity (ORAC) and ferric reducing antioxidant power (FRAP) assays:
a comparative study. Journal of Agricultural and Food Chemistry, 50(11), 3122-3128.
Pijanowski, E., Mrozewski, S., Horubata, A., & Jarczyk, A. (1973). Technologia produktéw
owocowych i warzywnych. PWRiL, Warszawa, 83.

PN-90/A-75101/02 Przetwory owocowe 1 warzywne. Przygotowanie probek i metody
badan fizykochemicznych. Oznaczanie zawarto$ci ekstraktu ogdlnego.

PN-90/A-75101/03 Przetwory owocowe 1 warzywne. Przygotowanie probek i metody
badan fizykochemicznych. Oznaczanie zawarto$ci suchej masy metoda wagowa.
PN-90/A-75101/04 Przetwory owocowe 1 warzywne. Przygotowanie probek i metody
badan fizykochemicznych. Oznaczanie kwasowosci ogdlnej.

PN-90/A-75101/06 Przetwory owocowe 1 warzywne. Przygotowanie probek i metody
badan fizykochemicznych. Oznaczanie pH metoda potencjometryczng.

PN-90/A-75101/08 Przetwory owocowe 1 warzywne. Przygotowanie probek i metody
badan fizykochemicznych. Oznaczanie zawarto$ci popiotu ogélnego i jego alkalicznosci.
Podsedek, A., Majewska, 1., Redzynia, M., Sosnowska, D., & Koziotkiewicz, M. (2014).
In vitro inhibitory effect on digestive enzymes and antioxidant potential of commonly
consumed fruits. Journal of Agricultural and Food Chemistry, 62(20), 4610-4617.

Ponder, A., & Hallmann, E. (2017). Comparative evaluation of the nutritional value and the
content of bioactive compounds in the fruit of individual species of chaenomeles and
quince. World Scientific News, 2(73), 101-108.

Ramakrishnan, Y., Adzahan, N. M., Yusof, Y. A., & Muhammad, K. (2018). Effect of wall
materials on the spray drying efficiency, powder properties and stability of bioactive
compounds in tamarillo juice microencapsulation. Powder Technology, 328, 406-414.

59



53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Raudone, L., Raudonis, R., Liaudanskas, M., Viskelis, J., Pukalskas, A., & Janulis, V.
(2016). Phenolic profiles and contribution of individual compounds to antioxidant activity
of apple powders. Journal of Food Science, 81(5), 1055-1061.

Re, R., Pellegrini, N., Proteggente, A., Pannala, A., Yang, M., & Rice-Evans, C. (1999).
Antioxidant activity applying an improved ABTS radical cation decolorization assay. Free
Radical Biology and Medicine, 26(9-10), 1231-1237.

Ros, J. M., Laencina, J., Hellin, P., Jordan, M. J., Vila, R., & Rumpunen, K. (2004).
Characterization of juice in fruits of different Chaenomeles species. LWT, 37(3), 301-307.
Rubinskiené, M., Viskelis, P., Viskelis, J., Bobinaité, R., Shalkevich, M., Pigul, M.,
& Urbonaviciene, D. (2014). Biochemical composition and antioxidant activity of Japanese
quince (Chaenomeles japonica) fruit, their syrup and candied fruit slices. Sodininkysté ir
darZininkyste, 33(1-2), 45-52.

Saifullah, M., Yusof, Y. A., Chin, N. L., & Aziz, M. G. (2016). Physicochemical and flow
properties of fruit powder and their effect on the dissolution of fast dissolving fruit powder
tablets. Powder Technology, 301, 396-404.

Samoticha, J., Wojdyto, A., & Lech, K. (2016). The influence of different the drying
methods on chemical composition and antioxidant activity in chokeberries. LWT, 66,
484-489.

Sancheti, S., Sancheti, S., & Seo, S. Y. (2013). Antidiabetic and antiacetylcholinesterase
effects of ethyl acetate fraction of Chaenomeles sinensis (Thouin) Koehne fruits in
streptozotocin-induced diabetic rats. Experimental and Toxicologic Pathology, 65(1-2),
55-60.

Smeriglio, A., Barreca, D., Bellocco, E., & Trombetta, D. (2016). Chemistry, pharmacology
and health benefits of anthocyanins. Phytotherapy Research, 30(8), 1265-1286.
Szychowski, P. J., Lech, K., Sendra-Nadal, E., Hernandez, F., Figiel, A., Wojdylo, A.,
& Carbonell-Barrachina, A. A. (2018). Kinetics, biocompounds, antioxidant activity, and
sensory attributes of quinces as affected by drying method. Food Chemistry, 255, 157-164.
Tang, Y., Yu, X., Mi, M., Zhao, J., Wang, J., & Zhang, T. (2010). Antioxidative property
and antiatherosclerotic effects of the powder processed from Chaenomeles speciosa in
apoe—/—mice. Journal of Food Biochemistry, 34(3), 535-548.

Tarko, T., Duda-Chodak, A., Satora, P., Sroka, P., Pogon, P., & Machalica, J. (2014).
Chaenomeles japonica, Cornus mas, Morus nigra fruits characteristics and their processing
potential. Journal of Food Science and Technology, 51(12), 3934-3941.

Teleszko, M., & Wojdyto, A. (2015). Comparison of phenolic compounds and antioxidant
potential between selected edible fruits and their leaves. Journal of Functional Foods, 14,
736-746.

Thomas, M., Guillemin, F., Guillon, F., & Thibault, J. F. (2003). Pectins in the fruits of
Japanese quince (Chaenomeles japonica). Carbohydrate Polymers, 53(4), 361-372.

Tkacz, K., Wojdylo, A., Michalska-Ciechanowska, A., Turkiewicz, 1. P., Lech, K.,
& Nowicka, P. (2020). Influence carrier agents, drying methods, storage time on physico-

60



67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

chemical properties and bioactive potential of encapsulated sea buckthorn juice
powders. Molecules, 25(17), 3801.

Tkacz, K., Wojdylo, A., Nowicka, P., Turkiewicz, I. P., & Golis, T. (2019a).
Characterization in vitro potency of biological active fractions of seeds, skins and flesh from
selected Vitis vinifera L. cultivars and interspecific hybrids. Journal of Functional
Foods, 56, 353-363.

Tkacz, K., Wojdyto, A., Turkiewicz, 1. P., Bobak, L., & Nowicka, P. (2019b). Anti-oxidant
and anti-enzymatic activities of sea buckthorn (Hippophaé rhamnoides L.) fruits modulated
by chemical components. Antioxidants, 8(12), 618.

Torskangerpoll, K., & Andersen, @. M. (2005). Colour stability of anthocyanins in aqueous
solutions at various pH values. Food Chemistry, 89(3), 427-440.

Turkiewicz, 1. P., Tkacz, K., Nowicka, P., Michalska-Ciechanowska, A., Lech, K.,
& Wojdyto, A. (2021; P6). Physicochemical characterization and biological potential of
Japanese quince polyphenol extract treated by different drying techniques. LWT, 152,
112247.

Turkiewicz, 1. P., Wojdyto, A., Lech, K., Tkacz, K., & Nowicka, P. (2019a; P3). Influence
of different drying methods on the quality of Japanese quince fruit. LWT, 114, 108416.
Turkiewicz, 1. P., Wojdylo, A., Tkacz, K., & Nowicka, P. (2020a; P2). Carotenoids,
chlorophylls, vitamin E and amino acid profile in fruits of nineteen Chaenomeles cultivars.
Journal of Food Composition and Analysis, 93, 103608.

Turkiewicz, 1. P., Wojdyto, A., Tkacz, K., Lech, K., & Nowicka, P. (2020b; P4). Osmotic
dehydration as a pretreatment modulating the physicochemical and biological properties of
the Japanese quince fruit dried by the convective and vacuum-microwave method. Food
and Bioprocess Technology, 13(10), 1801-1816.

Turkiewicz, 1. P., Wojdyto, A., Tkacz, K., Lech, K., Michalska-Ciechanowska, A.,
& Nowicka, P. (2020c; PS). The influence of different carrier agents and drying techniques
on physical and chemical characterization of Japanese quince (Chaenomeles japonica)
microencapsulation powder. Food Chemistry, 323, 126830.

Turkiewicz, 1. P., Wojdylo, A., Tkacz, K., Nowicka, P., & Hernandez, F. (2019D).
Antidiabetic, anticholinesterase and antioxidant activity vs. terpenoids and phenolic
compounds in selected new cultivars and hybrids of artichoke Cynara scolymus
L. Molecules, 24(7), 1222.

Turkiewicz, 1. P., Wojdylo, A., Tkacz, K., Nowicka, P., Golis, T., & Babelewski, P. (2020d;
P1). ABTS on-line antioxidant, a-amylase, a-glucosidase, pancreatic lipase, acetyl- and
butyrylcholinesterase inhibition activity of Chaenomeles fruits determined by polyphenols
and other chemical compounds. Antioxidants, 9(1), 60.

Unuofin, J. O., Otunola, G. A., & Afolayan, A. J. (2018). In vitro a-amylase, a-glucosidase,
lipase inhibitory and cytotoxic activities of tuber extracts of Kedrostis africana (L.)
Cogn. Heliyon, 4(9), e00810.

61



78.

79.

80.

81.

82.

3.

&4.

85.

86.

87.

88.

&9.

90.

Watychowicz, K., Janda, K., Jakubczyk, K., & Wolska, J. (2017). Chaenomeles - health
promoting benefits. Roczniki Panstwowego Zaktadu Higieny, 68(3), 217-228.

Wojdyto, A., Carbonell-Barrachina, A. A., Legua, P., & Hernandez, F. (2016). Phenolic
composition, ascorbic acid content, and antioxidant capacity of Spanish jujube (Ziziphus
Jjujube Mill.) fruits. Food Chemistry, 201, 307-314.

Wojdyto, A., Figiel, A., Lech, K., Nowicka, P., & Oszmianski, J. (2014). Effect of
convective and vacuum—microwave drying on the bioactive compounds, color, and
antioxidant capacity of sour cherries. Food and Bioprocess Technology, 7(3), 829-841.
Wojdyto, A., Lech, K., Nowicka, P., Hernandez, F., Figiel, A., & Carbonell-Barrachina, A.
A. (2019). Influence of different drying techniques on phenolic compounds, antioxidant
capacity and colour of Ziziphus jujube Mill. fruits. Molecules, 24(13), 2361.

Wojdyto, A., Nowicka, P., & Babelewski, P. (2018). Phenolic and carotenoid profile of new
goji cultivars and their anti-hyperglycemic, anti-aging and antioxidant properties. Journal
of Functional Foods, 48, 632-642.

Wojdyto, A., Nowicka, P., Oszmianski, J., & Golis, T. (2017). Phytochemical compounds
and biological effects of Actinidia fruits. Journal of Functional Foods, 30, 194-202.
Wojdyto, A., Oszmianski, J., & Bielicki, P. (2013). Polyphenolic composition, antioxidant
activity, and polyphenol oxidase (PPO) activity of quince (Cydonia oblonga Miller)
varieties. Journal of Agricultural and Food Chemistry, 61(11), 2762-2772.

Wu, G. (2013). Functional amino acids in nutrition and health. Amino Acids, 45(3),
407-411.

Xie, X., Zou, G., & Li, C. (2015). Antitumor and immunomodulatory activities of a water-
soluble polysaccharide from Chaenomeles speciosa. Carbohydrate polymers, 132,
323-329.

Young, P. M., Chiou, H., Tee, T., Traini, D., Chan, H. K., Thielmann, F., & Burnett, D.
(2007). The use of organic vapor sorption to determine low levels of amorphous content in
processed pharmaceutical powders. Drug Development and Industrial Pharmacy, 33(1),
91-97.

Zaki, N. A. M., Muhamad, 1. I., & Salleh, L. M. (2007). Drying characteristics of papaya
(Carica papaya L.) during microwave-vacuum treatment. International Journal of
Engineering and Technology, 4(1), 15-21.

Zaklos-Szydta, M., Majewska, 1., Redzynia, M., & Koziotkiewicz, M. (2015). Antidiabetic
effect of polyphenolic extracts from selected edible plants as a-amylase, a-glucosidase and
PTP1B inhibitors, and [ pancreatic cells cytoprotective agents - a comparative
study. Current Topics in Medicinal Chemistry, 15(23), 2431-2444.

Zhang, H., Geng, Y. L., Wang, D. J., Liu, J. H., Wang, X., Du, J. H., & Li, S. B. (2011).
Research on nutrient components of different species of Chaenomeles speciosa
Nakai. Shandong Science, 24(2), 24-27.

62



91.

92.

93.

94.

Zhang, L., Cheng, Y. X., Liu, A. L., Wang, H. D., Wang, Y. L., & Du, G. H. (2010).
Antioxidant, anti-inflammatory and anti-influenza properties of components from
Chaenomeles speciosa. Molecules, 15(11), 8507-8517.

Zhang, M., Zhao, R., Zhou, S., Liu, W., Liang, Y., Zhao, Z., Li, S., Wang, X., Wong, T.,
& Zhao, H. (2018). Chemical characterization and evaluation of the antioxidants in
Chaenomeles fruits by an improved HPLC-TOF/MS coupled to an on-line DPPH-HPLC
method. Journal of Environmental Science and Health, Part C, 36(1), 43-62.

Zhang, R.,Li, S., Zhu, Z., & He, J. (2019). Recent advances in valorization of Chaenomeles
fruit: A review of botanical profile, phytochemistry, advanced extraction technologies and
bioactivities. Trends in Food Science & Technology, 91, 467-482.

Zhang, S. Y., Han, L. Y., Zhang, H., & Xin, H. L. (2014). Chaenomeles speciosa: A review
of chemistry and pharmacology. Biomedical Reports, 2(1), 12-18.

63



7. Zalaczniki

Publikacje wchodzace w sktad rozprawy doktorskiej
pt. ,,Potencjalne wykorzystanie owocow pigwowca
(Chaenomeles ssp.) w otrzymaniu innowacyjnych produktow
o zaprogramowanych wlasciwosciach prozdrowotnych”
wraz z o§wiadczeniami wspotautoréw

64



Publikacja 1

Turkiewicz, 1. P., Wojdylo, A., Tkacz, K., Nowicka, P., Golis, T., Babelewski, P. (2020).
ABTS on-line antioxidant, o-amylase, o-glucosidase, pancreatic lipase, acetyl- and
butyrylcholinesterase inhibition activity of Chaenomeles fruits determined by polyphenols and

other chemical compounds. Antioxidants, 9(1), 60.

65



antioxidants m\py

Article

ABTS On-Line Antioxidant, x-Amylase,
a-Glucosidase, Pancreatic Lipase, Acetyl- and
Butyrylcholinesterase Inhibition Activity of
Chaenomeles Fruits Determined by Polyphenols and
other Chemical Compounds

1@, Paulina Nowicka 1,

Igor Piotr Turkiewicz (¥, Aneta Wojdylo 1*(, Karolina Tkacz
Tomasz Golis 2 and Przemystaw Babelewski 3

1 Department of Fruit, Vegetable and Plant Nutraceutical Technology, Wroctaw University of Environmental

and Life Sciences, 37 Chelmoniskiego Str., 51-630 Wroctaw, Poland; igor.turkiewicz@upwr.edu.pl (I.P.T.);
karolina.tkacz@upwr.edu.pl (K.T.); paulina.nowicka@upwr.edu.pl (P.N.)

Research Institute of Horticulture, Department of Pomology, Gene Resources and Nurseries, 1/3 Konstytucji
3 Maja Str., 96-100 Skierniewice, Poland; tomasz.golis@inhort.pl

Department of Horticulture, Wroctaw University of Environmental and Life Sciences, 24a Grunwaldzki Str.,
53-363 Wroctaw, Poland; przemyslaw.babelewski@upwr.edu.pl

*  Correspondence: aneta.wojdylo@upwr.edu.pl; Tel.: +48-71320-7706

check for
Received: 7 December 2019; Accepted: 4 January 2020; Published: 9 January 2020 updates

Abstract: This study aimed to identify and quantify the chemical composition and polyphenolic
profile of 19 cultivars of Chaenomeles X superba, Chaenomeles japonica, and Chaenomeles speciosa by liquid
chromatography coupled with photodiode array detector and quadrupole time-of-flight electrospray
ionization mass spectrometry (LC-PDA-QTOF-ESI-MS). Antioxidant (ABTS on-line, ABTS, FRAP,
and ORAC), as well as in vitro biological activities, i.e., the ability to inhibit x-amylase, x-glucosidase,
pancreatic lipase, acetylcholinesterase (AChE), butyrylcholinesterase (BuChE), and 15-lipoxygenase
(15-LOX) were determined. Most of the Chaenomeles species and cultivars analyzed in this study have
not been examined in this respect until now. Fruits contained 30.26 to 195.05 mg of vitamin C, 0.65 to
1.69 g of pectin, 0.32 to 0.64 g of ash, 0.60 to 3.98 g of sugars, and 41.64 to 110.31 g of organic acids in
100 g fresh weight. The lowest content of total polyphenols showed C. speciosa ‘Rubra’ (57.84 g/kg
dry weight, dw) while C. X superba 'Nicoline’ (170.38 g/kg dw) exhibited the highest concentration of
those compounds. In the phenolic compounds, polymeric procyanidin fraction predominated (65%)
with procyanidin B2, C1, and (—)-epicatechin the most abundant. The antioxidant capacity measured
by ABTS assay was mainly formed by polymeric procyanidins and flavan-3-ols, which was confirmed
by ABTS on-line profiling. Chaenomeles fruits showed high potential for inhibition of «-glucosidase
and pancreatic lipase. The analyzed cultivars displayed greater potential for acetylcholinesterase
(AChE) inhibition than for butyrylcholinesterase (BuChE). The data indicate that Chaenomeles fruits
could be regarded as a promising source of bioactive functional food.

Keywords: Japanese quince; flowering quince; LC-PDA-QTOEF-ESI-MS; «-amylase; x-glucosidase;
pancreatic lipase; AChE; BuChE; 15-LOX; antioxidant capacity; ABTS on-line; AHC analysis

1. Introduction

Chaenomeles species belong to the Rosaceae family (Maloideae subfamily) and have been known
widely in China for thousands of years. In Europe, interest in these fruits has been systematically
growing over the last twenty years. The generic name is associated with the anatomy of the fruit,
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it comes from the Greek words “chainein” (divide, open) and “melon” (apple). The systematic
affiliation and naming of Maule’s quince were ordered only a dozen years ago and currently four basic
species belong to the genus Chaenomeles, while in Poland the following three species are mainly grown:
C. speciosa (Sweet) Nakai (flowering or Chinese quince), C. japonica (Thunb.) Lindl. (Japanese quince),
and C. X superba (Frahm) Rehd. (intermediate quince) which is made from the last two because of the
easy crossing within the species [1].

Flowering quince grows up to 2 to 3 meters in height, has spiny shoots, broad and green leaves on
the edges, and dark red flowers. The fruits of this species are spherical, slightly elongated, yellow,
and aromatic. The Japanese quince is a much lower shrub (1to 1.5 m tall) and more broadly spread.
It has smaller, almost round leaves, and the flowers usually have an orange-red color. Yellow fruit
with a round shape due to the intense aroma are most often recommended for preserves. Intermediate
quince, formed from the aforementioned species, is most commonly found. It is very changeable in
appearance, because it has many cultivars differing in height, shape, size of fruit, or the color of flowers
(e.g., ‘Crimson and Gold’ blooms in red, and ‘Jet Trail” in white).

Chaenomeles fruit has been widely used in traditional medicine of the Far East, which confirms
their presence in the Pharmacopeia of the People’s Republic of China (2010). It describes Fructus
Chaenomeles speciosa, as a source of medicinal raw materials, but the fruit of other species also have
medicinal properties [2]. In vitro and in vivo studies have confirmed the anti-inflammatory, analgesic,
antispasmodic, antioxidant, immunoregulatory, and antibacterial effects of this species. The potential to
use Japanese quince fruit in the treatment of Parkinson’s disease has also been found [3]. Consumption
of the fruit of the Chaenomeles genus has been recommended for the following: rheumatism, beri-beri
disease, cholera, dysentery, and enterocolitis. In particular, Japanese quince products have been
suggested in the therapy for stomach diseases, alleviation of diarrheal symptoms and vomiting,
and also protective in liver diseases [1]. Gorlach et al. [4] proved that procyanidin extracted from
Japanese quince have proapoptotic activity of HT-29 colon and Caco-2 large intestine carcinoma
cells, where fractions containing higher proanthocyanidin oligomers are more active than that of the
lower ones.

The aim of this study was to compare the following: (i) basic chemical composition (content of
dry matter, soluble solid, ash, pectins, L-ascorbic acid, sugars, and organic acids, as well as tritable
acidity and pH); (ii) the content of bioactive compounds such as polyphenolics including polymeric
procyanidins (identification by liquid chromatography coupled with photodiode array detector and
quadrupole time-of-flight electrospray ionization mass spectrometry (LC-PDA-QTOEFE-ESI-MS) and
quantification by ultra performance liquid chromatography-photodiode array detector-fluorescence
detector (UPLC-PDA-FL); and (iii) in vitro biological activities (antioxidant, x-amylase, x-glucosidase,
AChE, BuChE, and 15-LOX inhibition activity) in the nineteen cultivars of Chaenomeles fruits.
Our secondary aim was to determine the relationships between the basic chemical composition,
polyphenolic, and specific biological activities of selected species and cultivars of Chaenomeles fruits.
It should be emphasized that this is the first such comprehensive work characterizing the chemical
composition and biological activities including as many as 19 cultivars of three different species of
Chaenomeles. The research literature contains no reports on the effects of Chaenomeles extracts on
pancreatic lipase, AChE, BuChE, and 15-lipoxygenase inhibition activity. In addition, research on
a-amylase and o-glucosidase activity of specific cultivars, described in this paper, have not been
reported by the other authors.

2. Materials and Methods

2.1. Plant Material and Sample Preparation

Three different species and nineteen cultivars of Chaenomeles fruits were used for research.
Fruit samples (C. x superba ‘Crimson and Gold’, ‘Colour Trail’, and ‘Cameo’; C. japonica ‘Red Joy’,
and C. speciosa ‘Nivalis’, and ‘Rubra’) were collected manually from bushes grown in a field trial
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established in 2016 at the experimental orchard at Wroctaw (51°07” 02.0’N, 17°04’25.0"” E). C. X superba
“Texas Scarlet’, ‘Nicoline’, “Andenken an Karl Ramcke’, “Pink Lady’, “Flocon Rose’, ‘Hollandia’, and
"Jet Trail’; C. japonica ‘Cido’; C. speciosa ‘Simonii’; and new genotype (nl) were collected from an
experimental field from the Research Institute of Horticulture in Skierniewice (51° 55" 41.688" N, 20° 9’
9.896" E). C. x superba wild and C. japonica wild #1 and #2 were collected from wild bushes located near
the Centennial Hall in Wroclaw (51° 6’ 26.548’" N, 17° 4’ 56.782"" E) in September 2018. Approximately
0.5 kg fruits (of each cultivar) were collected and then were washed with distilled water. The first part
of the study included measurements on fresh fruits of dry matter, ash, soluble solids, pH, titratable
acidity, pectin, L-ascorbic acid, sugars, and organic acids content.The second part included freeze
dried using a freeze drier (Christ Alpha 2—-4; Braun Biotech Int., Melsungen, Germany) for 24 h at the
pressure of 0.220 mbar. The samples were subsequently ground using a pestle and mortar to a fine
powder and stored vacuum packed in a freezer at —80 °C until the analysis but no longer than 5 weeks.

2.2. Extraction Procedure

Methanol extracts for determination of polyphenolic compounds were prepared as follows:
The freeze-dried powder of fruits (~1 g) was vortexed for 1 min with 6 mL methanol/water/acetic
acid/ascorbic acid (30:68:1:1, v/v/v/m), sonicated for 20 min (Sonic 6D; Polsonic, Warsaw, Poland) and left
for 24 hours at 4 °C. Then, the extract was sonicated again for 20 min, and centrifuged at 19.000 x g for
10 min at 4 °C. Finally, the extract was filtred by 0.20 um hydrophilic PTFE membrane (Millex Simplicity
Filter; Merck, Germany) and used for phenolic compounds identification by LC-PDA-QTOF-ESI-MS and
quantification by UPLC-PDA. For the determination of antioxidant and in vitro biological activities, the
same protocol as that described above was used, but a methanol/water (80:20, v/v) with 1% hydrochloric
acid mixture was used for extraction.

2.3. Physicochemical Analyses

The dry matter was measured using a vacuum dryer (SPT-200; ZEAMiL Horyzont, Krakéw,
Poland) according to Turkiewiczet al. [5], while the soluble solids content was determined in fresh
juices with are refractometer (Atago Rx 5000; Atago Co.Ltd., Kyoto, Japan) and expressed as °Brix.
Total ash content was performed as reported previously by Wojdylo et al. [6]. Pectin content was
analyzed according to the Morris method described by Pijanowski et al. [7] and expressed as g per
100 g of fresh weight (fw).Titratable acidity was determined by titration aliquots of homogenate of
fresh fruits by 0.1 N NaOH to an end point of pH 8.1 using an automatic pH titration system (pH-meter
type IQ 150; Warsaw, Poland) and expressed as g of malic acid per 100 g fw. The pH was measured
with the same equipment.

L-ascorbic acid was analyzed according to the HPLC method described previously by Wojdyto
et al. [8], and expressed as milligrams per 100 g fw. Sugars were determined by HPLC-ELSD while
organic acids by UPLC-PDA method as described previously by Wojdylo et al. [6]. All samples were
assayed in triplicate and the results were expressed as g of total sugar content or g of organic acid per
kg of fw, respectively.

2.4. Identification and Quantification of Phenolic Compounds by the LC-PDA-QTOF-ESI-MS and
UPLC-PDA Methods

Identification and quantification of polyphenols from Chaenomeles fruits was carried out using
an Acquity UPLC system (Waters Corp., Milford, MA, USA) equipped with a photodiode detector
(PDA) with binary solvent manager (Waters Corp., Milford, MA, USA) series with a mass detector G2
Q/TOF Micro mass spectrometer (Waters, Manchester, UK) equipped with an electrospray ionization
(ESI) source operating in negative modes. An Acquity UPLC BEH C18 column (2.1 X 100 mm, 1.7 pm;
Waters Corporation, Milford, USA) at 30 °C was used to perform the chromatographic separation
of 5 uL of each sample. Elution at a flow rate of 0.42 mL/min was completed within 15 min using
a sequence of elution modes, linear gradients and isocratic. The mobile phase was composed of
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solvent A (4.5% formic acid) and solvent B (acetonitrile). Samples were eluted according to a linear
gradient: 0 to 12 min, 1% to 25% B; 12 to 12.5 min, 100% B; 12.5 to. 13.5 min, 1% B; and, then, held
constant to re-equilibrate the column. Analysis was carried out using full scan, data-dependent MS
scanning from m/z 100 to 1700. Leucine enkephalin was used as the mass reference compound, to
ensure that mass was measured accurately, at a concentration of 500 pg/uL. The mass spectrometer was
operated in a negative ion mode and set to the base peak intensity (BPI) chromatograms and scaled
to 12,400 counts per second (cps) (=100%). The optimized MS conditions were as follows: capillary
voltage of 2000 V, cone voltage of 35 V, source and desolvation temperature were of 100 and 250 °C,
respectively, and desolvation gas (nitrogen) flow rate of 300 L/h. Collision-induced fragmentation
experiments were performed using argon as the collision gas, with voltage ramping cycles from 0.3
to 2 V. The characterization of the single components was carried out via the retention time and the
accurate molecular masses. Phenolic acids, flavan-3-ols and flavonols compound were optimized
to their estimated molecular masses [M-H]™ in the negative mode before and after fragmentation.
The data were collected by MassLynx™ 4.1 ChromaLynx Application Manager (Waters Corp., Milford,
MA, USA) software.

For quantification, elution was the same gradient as LC-PDA-QTOF-ESI-MS analysis. The PDA
spectra were measured over the wavelength range of 200 to 600 nm in steps of 2 nm. The runs
were monitored at the following wavelengths: flavan-3-ols at 280 nm, phenolic acids at 320 nm,
and flavonols at 360 nm. Retention times (R;) and spectra were compared with those of pure
standards. Quantification was achieved by injection of solutions of known concentrations ranging
from 0.05 to 5 mg/mL (R? < 0.9998) made from (—)-epicatechin, (+)-catechin, procyanidin B1, B2, B3,
and C1, chlorogenic acid, neochlorogenic acid, 3,5-di-caffeoylquinic acid, quercetin and kaempferol
-3-O-glucoside, and -3-O-rutinoside. 4-p-Coumaroylquinic acid was expressed as caffeic acid. Acylated
quercetin and kaempferol were expressed as quercetin and kaempferol-3-O-glucoside, respectively.
All samples were assayed in triplicate and the results were expressed as g per kg of dry weight (dw).

2.5. Quantification of Polymeric Procyanidins by the UPLC-PDA-FLMethod

Analysis of polymeric procyanidins was performed by the phloroglucinolysis method as described
previously by Wojdyloet al. [8]. The analysis was carried out on a UPLC system Acquity (Waters
Corp., Milford, MA, USA) consisting of a binary solvent manager and fluorescence detector (FL).
The fluorescence detection was recorded at an excitation wavelength of 278 nm and an emission
wavelength of 360 nm. The calibration curves, which were based on peak area, were established using
(+)-catechin, (—)-epicatechin, and procyanidin B1 after phloroglucinol reaction as (+)-catechin- and
(—)-epicatechin-phloroglucinol adduct standards. All incubations were done in triplicate. Results were
expressed as g per kg of dw.

2.6. Determination of Antioxidant and In Vitro Biological Activities

Antioxidant activities were determined using the ABTS method described by Re et al. [9] and the
FRAP method described by Benzie and Strain [10]. The ORAC assay was determined following the
method previously described by Ou et al. [11]. All samples were assayed in triplicate and the results
were expressed as mM of Trolox per 100 g of dw.

The inhibition of «-amylase, «-glucosidase, pancreatic lipase acetylcholinesterase,
and butyrylcholinesterase were measured as reported previously by Wojdylo et al. [12] and
15-lipoxygenase inhibition activity was measured using ferric oxidation of xylenol orange (FOX)
assay previously described by Chung et al. [13].

All samples were assayed in triplicate and the results were expressed as ICsg (mg of dried sample
per mL of enzyme) or % of inhibition. All spectrophotometric measurements were performed using a
plate reader Synergy H1 (BioTek Instruments, Inc., Winooski, VT, USA).
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2.7. Antioxidant On-Line Profiling by HPLC-PDA Coupled with Post-Column Derivatization with ABTS

The antioxidant activity of individual HPLC peaks was measured as reported previously by
Turkiewicz et al. [14] using an on-line HPLC antioxidant detector system. The detection wavelength
was set at 280 and 734 nm, while the injection volume of sample was 10 pL. The separation was
achieved using CADENZA C18 column (75mm X 4.6mm i.d., 3 pm; Tokyo, Japan) with a C18 guard
column at 30 °C. The gradient elution solvent was formic acid solution (solvent A, 2%) and acetonitrile
(solvent B, 100%) at a flow rate of 0.6 mL/min, 0 to 30 min, 2% to40% B, and up to 45 min column
was recognition. ABTS radical cations were produced in accordance with the method described by
Re et al. [9]. The second pump delivered the ABTS solution (at a flow rate of 0.2 mL/min) which
was mixed with the mobile phase after the first PDA detector. The mixture was guided through
PTFE reaction coil (25 m long, 0.25 mm internal diameter, at 40 °C) to a second UV detector, where
decolorization of the mixture was detected as a negative peak at 734 nm.

2.8. Statistical Analysis

Statistical analysis was conducted using XLSTAT2017, Data Analysis and Statistical Solution for
Microsoft Excel (Addinsoft, Paris, France). Significant differences (p < 0.05) between means were
evaluated by one-way ANOVA and Tukey’s test. Agglomerative hierarchical clustering (AHC) analysis
was performed to highlight correlations.

3. Results and Discussion

3.1. Physiochemical Analysis

Table 1 shows basic chemical composition and physical properties of the analyzed Chaenomeles
fruits. Dry matter content of the fruits varied significantly (p < 0.05) from 10.09% (C. japonica nl) to
20.40% (C. x superba wild). Thomas et al. [15] reported dry matter content of Japanese quince genotypes
grown in Sweden and Lithuania as ranging from 10.60% to 11.70%, while Tarko et al. [16] determined
dry matter content at the level of 12.90%. Lesiriska [17] investigated dry matter in Japanese quince fruit
grown in Poland and obtained results from 13% to 18% (average 15.5%) depending on the harvest year.
In addition, the key parameter affecting the dry matter content is sun exposure, the shortage of which
results in lower dry weight, but also maturity stage, cultivar, climatic conditions, and agrotechnical
techniques. Ash content of the analyzed Chaenomeles fruits was from 0.32% (C. X superba ‘Crimson and
Gold") to 0.64% (C. x superba ‘Pink Lady’) (p < 0.05). The results are consistent with those obtained
by Rubinskiené et al. [18], which indicates that the range of ash content in Japanese quince fruit is
0.38% to 0.46%. The content of soluble solids (mainly sugars) is an important indicator of the quality of
fruit. The sweet taste of fruits depends on the amount of soluble solid content (SSC), which plays an
important role for fruit intended for processing, as well as those for direct consumption. The SSC in
Chaenomeles fruits of selected species and cultivars was from 5.8 (C. speciosa ‘Simonii”) to 12.1 °Brix (C.
x superba wild) (p < 0.05). Higher values of the SSC were recorded in the fruit of Japanese quince by
Rubinskiené et al. [18], i.e., from 14 to 17 °Brix, while results similar to ours (9.4 °Brix) were obtained
by Tarko et al. [16] and Ros et al. [19], for 21 different genotypes of Chaenomeles fruits SSC ranged
from 5.2 to 8.8 °Brix (average 7.1 °Brix). Fruits belonging to the genus Chaenomeles are considered
rich in pectin compounds, which are located mainly in the fruit pulp. The source of pectin is mainly
immature fruit (0.85% to 1.28%), because, during the ripening of fruit, pectin is partially transformed
to monosaccharides. The average pectin content in fruits (1.4% of fresh fruit) is equal to or sometimes
higher than the values determined in apples [1,15]. The analyzed fruits showed a large variation in
pectin content (p < 0.05) and the results ranged from 0.65% (C. japonica nl) to 1.72% (C. X superba wild).
Undoubtedly, the characteristic feature of Chaenomeles fruits is high titratable acidity (TA). For the
fruit of C. japonica, C. speciosa, and C. X superba values of TA ranged from 3.11 (C. japonica ‘Cido’) to
6.16 g malic acid/100 g fresh weight (fw) (C. X superba wild). Other authors reported acidity values
for Japanese quince fruit in the range from 2.6 to 5.6 g of malic acid/100 g fw [19] and 4.10 g of malic
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acid/100g fw [16]. These values outweigh the acidity of apple juice (0.2 to 0.7 g malic acid/100 g fw) and
are comparable with lemon (5.0 to 9.0 g malic acid/100 g fw) [19]. Therefore, the fruits are classified
as extremely acidic, unsuitable for direct consumption [19]. The high acidity of the Chaenomeles juice
was accompanied by a low pH from 2.71 (C. X superba wild) to 2.99 (C. speciosa ‘Simonii’). To confirm
the results, Ros et al. [19] determined the pH of Chaenomeles fruits genotypes in the range 2.40-2.99
(average 2.60). For comparison, the pH of apple juice is 3.50 to 3.80 and lemon 2.00 to 2.30 [19].

Large variation (p < 0.05) was found in the content of L-ascorbic acid. Among the taxa studied,
the sample of C. X superba ‘Hollandia ‘had the highest amount of L-ascorbic acid (195.05 mg/100 g
fw) while C. speciosa ‘Rubra” had the lowest amount (30.26 mg/100 g fw). For comparison, Ros et
al. [19] determined the average content of L-ascorbic acid in Chaenomeles fruit at 128.26 mg/100 g.
Bieniasz et al. [20] studied the influence of storage and harvesting year on the content of vitamin C in
Japanese quince fruit. They obtained results of L-ascorbic acid content in nine Chaenomeles genotypes
in the range of 90.0-243.0 and 73.1-172.6 mg/100 g of fresh fruit in two successive years of harvest,
respectively. The obtained results are higher than for lemon (50.4 mg/100 g fw), strawberry (60.0
mg/100 g fw), and blackcurrant (86.0 mg/100 g fw) [21].

The Chaenomeles fruits are characterized by an extremely low content of sugars in comparison
with many other fruits. C. X superba “Texas Scarlet” was the cultivar with the highest sugar content,
3.98 g/100 g fw (p < 0.05), while ‘Jet Trail” ranked at the other end of the scale (0.44 g/100 g fw).
The main identified saccharide was fructose, followed by sorbitol and glucose. Each one accounted
for approximately 40.10%, 32.89%, and 26.70% of the total identified sugars, respectively. Xylose was
only found in two cultivars of C. X superba, ‘Crimson and Gold” and ‘Andenken an Karl Ramcke’,
in trace concentrations. For comparison, Hellin et al. [22] analyzed the sugar content in ten Chaenomeles
genotypes grown in Sweden and Lithuania and found that the main sugars are fructose, glucose,
sorbitol, and sucrose. The content of reducing sugars was similar to the values obtained in earlier
studies but also the presence of sucrose, maltose, mannitol, stachyose, raffinose, rhamnose, and inositol
was reported before [16,22-24]. Differences in the quantitative and qualitative composition may result
from, among other reasons, the fact that during the analysis of the whole fruit, apart from sugars,
the carbohydrate constituents of the structural polysaccharides of the Chaenomeles fruit cell wall are
also determined, which does not occur during juice analysis. One of the indicators characterizing fruit
quality is the ratio of fructose to glucose (fructose is more resistant to heating than glucose, which slows
the browning process, e.g., during the manufacture of preserves and marmalades). In the analyzed
fruits it was 1.5, while Lesiniska [23] found this index for Japanese quince fruit equal to 1.8. In contrast,
Tarko et al. [16] reported this ratio equal to 0.3. For comparison, in apples it is 1.8 and in pears 2.0 [23].
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Table 1. Basic chemical composition of selected species and cvs. of Chaenomeles fruits.

7 of 21

Species Chaenomeles x Superba
Cultivar Crimson and Texas Scarlet Nicoline Andenken an Pink Lady Colour Trail Flocon Rose Hollandia Jet Trail Wild Cameo
Gold Karl Ramcke
dry matter (%) 13.46 + 0.20h 16.21 + 0.21d 17.51 + 0.30bc 17.13 £ 0.13c 14.76 + 0.20f 13.82 + 0.20gh 11.95 + 0.25j 15.58 + 0.18e 13.92 + 0.22gh 20.40 + 0.20a 12.31 + 0.21i
ash content (%) 0.32 +£0.12j 0.43 + 0.33fghi 0.48 + 0.15defg 0.53 + 0.13bcdef 0.64 + 0.24a 0.41 + 0.11ghij 0.46 + 0.15fg 0.41 + 0.10ghij 0.51 +0.11cdefg  0.57 + 0.14abcde 0.34 + 0.44ij
SSC (°Brix) 6.8 +0.1h 11.6 + 0.0b 104 +0.1c 79 +0.1f 9.4 +0.0d 9.5 +0.1d 7.3 +0.0g 10.3 +0.1c 5.9 + 0.0 121 +0.1a 72+0.1g
pectin (%) 1.23 + 0.10def 1.57 + 0.10abc 1.62 + 0.12ab 1.69 + 0.09ab 1.10 + 0.10efg 0.99 + 0.11efgh 0.68 + 0.18ij 0.98 + 0.08fghi 1.41 + 0.10bcd 1.72 + 0.20a 0.71 + 0.10hij
a;riﬁ/(lg[)(());no‘?lfle/) 4.27 +0.13ef 4.60 + 0.10cde 4.66 + 0.49cde 5.30 + 0.15b 4.64 + 0.49cde 5.20 + 0.12bc 4.20 + 0.10ef 4.25 + 0.15ef 3.45 +0.10gh 6.16 £ 0.16a 4.66 + 0.10cde
pH 2927 +0.01d 2.801 + 0.00h 2.782 + 0.01hi 2.738 + 0.01j 2.772 + 0.00i 2.897 + 0.01e 2.855 + 0.02g 2.842 + 0.00g 2.975 + 0.01ab 2.713 + 0.01j 2.892 + 0.01ef
(]r;;/slc(())(;k:glco?‘;::) 40.83 + 0.55jk 175.32 + 0.68ab 134.38 + 0.23cd 144.17 + 0.50c 111.81 + 0.88def 47.86 + 0.74ijk 110.99 + 0.29ef 195.05 + 0.30a 70.96 + 0.55gh 143.09 + 1.00c 70.29 + 0.67ghi
Sugars (g/100g fw)
xylose 0.03 + 0.00b nd nd 0.05 + 0.00a nd nd nd nd nd nd nd
fructose 0.58 + 0.02g 1.80 + 0.35a 0.60 + 0.02g 0.51 + 0.03gh 1.34 + 0.13bcd 1.10 + 0.07def 0.94 + 0.02f 1.62 + 0.03ab 0.12 + 0.02i 1.31 £ 0.07cde 1.18 + 0.04def
sorbitol 0.30 + 0.00jk 0.95 + 0.16b 0.56 + 0.00fgh 0.75 + 0.03cde 0.72 + 0.06def 0.72 + 0.04def 0.47 + 0.01hij 0.79 = 0.01bcde 0.22 + 0.01k 1.40 + 0.05a 0.37 + 0.00ijk
glucose 0.29 + 0.00ghi 1.23 + 0.26a 0.44 + 0.02efg 0.29 + 0.01ghi 0.91 + 0.07bc 0.88 + 0.06bc 0.51 + 0.01def 0.91 + 0.02bc 0.10 £ 0.01i 0.85 + 0.04c 0.93 + 0.03bc
total 1.20 + 0.02ij 3.98 +0.37a 1.60 + 0.04hi 1.60 + 0.27hi 2.97 +0.26cde 2.70 + 0.17def 1.92 + 0.04gh 3.32 + 0.06bcd 0.44 + 0.04k 3.56 + 0.17abc 2.48 + 0.08fg
fructose:glucose 2.0 15 14 18 15 12 18 18 12 15 13
ratio
Organic Acids (g/kg fw)
oxalic 0.06 + 0.00e 0.70 + 0.05b 0.24 + 0.06bcde 0.27 + 0.00bcde 0.18 + 0.02bcde 0.23 + 0.02bcde 0.20 + 0.03bcde 0.59 + 0.09a 0.23 + 0.03bcde 0.28 + 0.04bcd 0.17 + 0.02bcde
maleic 0.01 £ 0.00a 0.01 £ 0.00a 0.01 £ 0.00a 0.01 £ 0.00a 0.01 £ 0.00a 0.01 £ 0.00a 0.01 £ 0.00a 0.01 £ 0.00a nd 0.01 £ 0.00a 0.01 £ 0.00a
citric 0.78 + 0.07de 0.90 + 0.12de 0.41 + 0.02fg 0.75 + 0.05de 0.66 + 0.09ef 1.20 + 0.02ab 1.29 + 0.10ab 1.35 + 0.09ab 0.31 £ 0.02g 1.42 + 0.07a 0.91 + 0.02cde
malic 62.52 + 1.33efg 56.12 + 1.00gh 48.61 + 1.97hi 64.34 + 3.54ef 64.87 + 3.43ef 81.44 + 2.12abc 62.14 + 1.70efg 57.64 + 0.39fg 38.83 + 1.47j 88.75 +1.32a 65.94 + 2.52¢
quinic 10.51 + 0.16fg 7.52 + 0.12ij 14.50 + 0.32bc 12.37 + 0.15de 9.91 + 0.04fgh 10.70 + 0.48efg 14.52 + 0.18bc 17.28 + 1.39a 11.50 + 0.79def 17.15 + 0.29a 8.70 + 0.04hi
shikimic 0.11 + 0.01fg 0.14 + 0.01fg 0.73 £ 0.05de 0.91 + 0.07cd 0.12 + 0.01fg 0.07 + 0.00g 0.22 + 0.01efg 0.17 + 0.00efg 0.65 + 0.00def 2.70 + 0.06a 0.10 + 0.00fg
total 73.99 + 1.57de 65.07 + 1.29¢f 64.50 + 2.37ef 78.65 + 3.82d 75.75 + 3.55d 93.65 + 2.64c 78.39 + 1.96d 77.04 + 1.96d 51.52 + 2.26g 110.31 £ 1.12a 75.82 +2.60d
sugarsiacids 02 0.6 02 02 04 03 02 04 0.1 03 03
ratio
Species Chaenomeles Japonica Chaenomeles Speciosa
Cultivar Cido Red Joy Wild #1 Wild #2 nl (New) Nivalis Rubra Simonii
dry matter (%) 13.45 + 0.15h 10.95 + 0.15k 17.76 + 0.14b 14.35 + 0.15fg 10.09 +0.111 17.04 + 0.24c 11.95 + 0.15ij 11.71 £ 0.20j
ash content (%) 0.47 + 0.23efg 0.35 + 0.15hij 0.61 + 0.31abc 0.58 + 0.22abcd 0.41 + 0.21ghij 0.43 + 0.33fghi 0.45 + 0.15fgh 0.63 + 0.23ab
SSC (°Brix) 8.4 + 0.0e 6.3 +£0.1i 10.3 + 0.0c 8.6 + 0.0e 6.3 +0.1i 10.5 + 0.0c 6.6 + 0.0h 58 +£0.1j
pectin (%) 076 +0.16hij  095+0.15fghij  1.08+0.18efg  0.90 + 0.10ghij 0.65 = 0.15] 1.29 + 0.09cde 0.85 = 0.15ghij 0.88 + 0.18ghij
TA (g of malic 311+0.11h 4.90 + 0.10bcd 5.50 + 0.15b 5.32+0.12b 3.97 £ 0.10fg 5.44 +0.14b 458 £ 0.12de 3.45 +0.10gh

acid/100 g of fw)
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Table 1. Cont.
Species Chaenomeles x Superba
Cultivar Crimson and Texas Scarlet Nicoline Andenken an Pink Lady Colour Trail Flocon Rose Hollandia Jet Trail Wild Cameo
Gold Karl Ramcke
pH 2.867 + 0.01fg 2.941 + 0.01cd 2.965 + 0.01bc 2.966 + 0.01bc 2.843 + 0.00g 2.862 + 0.00g 2.992 + 0.01ab 2.994 + 0.00a
Lrascorbicacid 35 33, 0350de 5782 + 0.23hij 10172 £021f 11413 = 0.21def 91.19 + 0.57fg 154.97 = 0.33bc 30.26 + 0.20k 53.6 + 0.09hij
(mg/100 g of fw)
Sugars (g/100 g fw)
xylose nd nd nd nd nd nd nd nd
fructose 1.57 + 0.01abc 0.18 £ 0.02i 1.11 + 0.04def 1.02 + 0.01ef 0.62 = 0.03g 1.70 + 0.02a 0.24 + 0.01hi 0.25 + 0.02hi
sorbitol 0.66 + 0.01efg 0.25 + 0.02k 1.38 +0.13a 0.92 + 0.12bc 0.33 + 0.02jk 0.88 + 0.00bcd 0.53 + 0.03ghi 0.25 + 0.02k
glucose 1.07 + 0.03ab 0.17 £ 0.01i 0.65 + 0.02d 0.62 + 0.02de 0.42 + 0.01fgh 1.21 +0.01a 0.22 + 0.00hi 0.15 + 0.01i
total 3.30 + 0.05bed 0.60 + 0.04jk 3.14 + 0.20cde 2.56 + 0.10ef 1.37 + 0.07hi 3.79 + 0.03ab 0.99 + 0.04ijk 0.65 + 0.04jk
fructose:glucose 15 11 17 16 15 14 11 16
ratio
Organic Acids (g/kg fw)
oxalic 0.13 £ 0.02cde 0.20 + 0.00bcde 0.17 + 0.05bcde 0.25 + 0.01bcde 0.65 + 0.25a 0.26 + 0.00bcde 0.09 + 0.01de 0.32 + 0.08bc
maleic nd 0.01 + 0.00a 0.01 + 0.00a 0.01 £ 0.00a 0.01 + 0.00a nd 0.01 + 0.00a 0.01 £ 0.00a
citric 0.30 + 0.06g 1.23 +0.10ab 1.35 + 0.04ab 1.33 + 0.05ab 0.94 +0.17cd 1.16 + 0.09bc 0.81 + 0.07de 0.75 +0.11de
malic 32.08 + 6.19j 79.51 + 3.82bc 86.14 + 1.30ab 86.04 + 0.78ab 56.20 + 1.79gh 74.30 + 3.99cd 67.02 + 1.20de 4793 + 1.741
quinic 9.05 + 0.76ghi 9.15 + 0.36ghi 14.22 + 0.80bc 15.10 + 0.56b 13.09 + 0.20cd 16.89 + 1.06a 6.21 £ 0.02j 12.33 + 0.43de
shikimic 0.08 +0.01g 1.12 + 0.08bcd 1.34 + 0.56bc 0.72 + 0.53de 0.12 + 0.01fg 1.48 +0.12b 1.17 + 0.05bcd 0.10 + 0.01fg
total 41.64 + 7.04h 91.21 + 4.36¢ 103.23 + 2.58ab 103.47 + 1.81ab 71.01 + 1.52de 94.09 + 5.26bc 75.30 + 1.30d 61.45 + 2.37f
sugars:acids 0.8 0.1 0.3 02 0.2 04 0.1 0.1

ratio

nd, not detected; SSC, soluble solid content; TA, tritable acidity; fw, fresh weight. + Standard deviation, value in the same columns followed by different letters are significantly different at
p < 0.05 according to Tukey’s test.
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Contrary to sugars, Chaenomeles fruits contain very large amounts of organic acids. In the analyzed
samples the following six organic acids were detected: oxalic, maleic, citric, malic, quinic, and shikimic
(Table 1). Other typical organic acids normally found in fruits, such as succinic, fumaric, and tartaric
acid, were not found in detectable amounts. The content of organic acids in Chaenomeles fruits differed
between samples (p < 0.05). Total content of organic acid ranged from 41.64 (C. japonica ‘Cido’) to
110.31 g/kg fw (C. X superba wild). Malic acid, the main organic acid (81.94% of total acids), was present
in the samples at concentrations from 32.08 to 88.75 g/kg of fw, which is consistent with Hellin et al. [22].
The highest amount was found in a sample of C. X superba wild. The range of quinic acid (15.63%
of total acids) was 6.21-16.89 g/kg fw. The remaining acids, i.e., citric, shikimic, oxalic, and maleic
were in the minority and accounted for 1.20, 0.89, 0.34, and 0.01%, respectively, of the total amount of
organic acids. Another parameter of fruit quality is the ratio of sugars to acids. For fruit intended for
direct consumption, it is required that sugars must exceed acids ten-fold. In the case of the analyzed
Chaenomeles fruits this ratio is only 0.3:1, and thus is even lower than among the fruits of sea buckthorn,
wild growing trees, and shrubs or lemons, where this ratio is 1:1. Due to the high acidity, Chaenomeles
fruits or juices are unsuitable for drinking without the addition of sweeteners. Additionally, for juices
a better alternative seems to be the inoculation of the malolactic microorganism Oenococcus oeni, which
transforms malic acid into lactic acid, characterized by lower acidity. In addition, malic acid is used in
the food industry as an acidifying additive, and therefore Chaenomeles juice, like lemon juice, can be
used as a natural acidifying agent in a wide range of food products [19,22].

3.2. Polyphenol Compounds

A total of 15 polyphenol compounds were found in the nineteen cultivars of the three Chaenomeles
species by using LC-PDA-QTOEF-ESI-MS (Table 2). Structural formulas of selected phenolic compounds
identified in Chaenomeles fruits are shown on Figure S1 (Supplementary Material). In the chromatogram
profiles (Figure 1) obtained at 280 nm, the labeled peaks 1 to 15followed an elution order. Among these
compounds, 13 were flavan-3-ols (monomers and procyanidins dimers, trimers, and tetramers) and
two were caffeoylquinic acid derivatives.

Table 2. Identification of phenolic compounds in Chaenomeles fruits on example Chaenomeles X superba
“Texas Scarlet’ by using liquid chromatography coupled with photodiode array detector and quadrupole
time-of-flight electrospray ionization mass spectrometry (LC-PDA-QTOF-ESI-MS).

Molecular MS [M-H]~-

Peak Compound R¢ (min) Amax (nm) Formula (m/2) MS/MS (m/z)
1 Procyanidin B3 11.09 280 C30H26012 577.13 425.08/451.00/407.05/289.05
2 (+)-Catechin 12,53 240/280 C15H1304 289.06 245.06/205.03/125.01
3 Procyanidin trimer 12.79 280 C45H37018 865.21 577.13/425.08/289.06
4 50 Céfﬁ‘;‘g?;ﬁ‘; acid 4559 246/326 CooHpyOu4 353.08 191.04
4-O-Caffeoylquinic acid
5 (cryp todz’h?mgenic) 13.33 246/326 CyoHpOy 353.08 191.04
6 Procyanidin trimer 13.84 280 C45H37018 865.21 577.13/425.08/289.06
7 Procyanidin B2 14.19 280 C30H6012 577.13 425.08/451.00/407.05/289.05
8 Procyanidin dimer 15.21 280 C30H26012 577.13 425.08/289.05
9 (-)-Epicatechin 15.58 240/280 C15H1304 289.06 245.06/205.03/125.01
10 Procyanidin dimer 15.80 280 C30Hp6012 577.13 425.08/289.05
11 Procyanidin C1 16.18 280 C45H37018 865.21 577.13/289.06/245.06/125.01
12 Procyanidin tetramer 16.79 280 C60H49024 1153.3 865.21/576.12/289.05
13 Procyanidin tetramer 17.00 280 C60H49024 1153.3 865.21/576.12/289.05
14 Procyanidin dimer 17.20 280 C30H6012 577.13 425.08/289.05
15 Procyanidin dimer 17.92 280 Cs0HaO12 577.13 425.08/289.05

The my/z values of flavan-3-ol ions were as follows: [M-H]~ 289 for monomer of (+)-catechin
or (—)-epicatechin, and for B-type procyanidin dimer as [M-H]~ 577, trimer as [M-H]~ 865, and for
tetramer as [M-H]~ 1153 [2,25]. Six procyanidin dimers (peaks 1,7, 8, 9, 14, and 15) were detected at
different retention times (R¢) in the electrospray-ionization quadrupole time-of-flight (ESI-QTOF) mass
spectrometry in negative ion mode. All compounds gave the same [M-H]™ parental ion at m/z 577.13 in
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accordance with the molecular formula C3oH5O17 [26]. Their molecular ions showed a fragment ion
(MS/MS) at m/z 425.08. In addition, each of these compounds had a fragmentation ion at m/z 289.05,
which confirms that the procyanidins in Chaenomeles fruit are made of (+)-catechin and (—)-epicatechin
units. Through analyzing the samples with standards and based on a comparison of Ry, it was found
that peaks 1 and 7 are procyanidin B3 and B2, respectively, which is in accordance with Du et al. [2]
and Teleszko and Wojdylo [27]. Moreover, the negative ESI-QTOF spectra of procyanidin Bl and
procyanidin B2 gave [M-H-170]" fragment ions at m/z 407 from the retro Diels—Alder F reaction of the
heterocyclic ring and loss of H,O at m/z 451 ([M-H-126] ) from cleavages betweenC4-Cs [28]. Therefore,
peaks 8, 10, 14 and 15 have been suggested to be procyanidin dimers [25]. Peak 2 (1m/z 289.06) yielded
fragment ions at m/z 245.06, 205.03, and 125.01, while peak 9 gave the same fragment ions. Due to
the fact that stereoisomers could not be distinguished by mass spectrometry, the retention times have
been compared with the standards, and those compounds have been assigned to (+)-catechin and
(—)-epicatechin, respectively.

Moreover, according to Bravo et al. [29], the [M-H-44]~ fragment at m/z 245.06 could result from
the loss of a CO, group or the loss of a -CH,—CHOH- group and the ion at m/z 205.03 is probably due
to the loss of a flavonoid A-ring. The presence of an ion at m/z 125.01 is considered to be diagnostic for
the presence of two (-OH) groups on the A-ring of flavan-3-ols [30]. The elution order of procyanidin
monomers, dimers, and trimers was procyanidin B3 < (+)-catechin < procyanidin B2 < (—)-epicatechin
< procyanidin C1. Whereas, peaks 3 and 6 with a precursor ion at m/z 865.21 and identical molecular
formula C45H3701g were designated as procyanidin trimers. Peak 11 (R¢ = 16.18 min) exhibited a
deprotonated molecule at m/z 865.21 and a MS/MS fragment at m/z 577.13, 289.06, 245.06, and 125.01.
The comparative analysis with standards confirmed that this signal came from procyanidin C1.
Additionally, this compound was reported in Japanese quince before by Teleszko and Wojdyto [27]
and Lewandowska et al. [31]. Finally, peaks 12 and 13 at Rt = 16.79 and 17.00 min, respectively,
with the molecular ion at m/z 1153.3 and molecular formula C60H49024, have been proposed to be
procyanidin tetramers.

With regards to caffeoylquinic acid derivatives, two compounds were detected at Rt = 13.20 min
and Rt = 13.33 min. Peaks 4 and 5, with the identical molecular formula C22H27014, demonstrated the
same UV absorption bands and the same [M-H]™ at m/z 353.08. Moreover, a product ion [M-H-162] at
myz 191.04, which was ascribed to quinic acid, was also the same for both compounds. On the basis of
the correct MS and MS/MS data but also the literature [5,26,31], these compounds were designated as
5-O-caffeoylquinic acid (chlorogenic) and 4-O-caffeoylquinic acid (cryptochlorogenic), respectively.

The content of each polyphenol compound was calculated using UPLC-PDA analysis.
The flavan-3-ol content including (+)-catechin, (—)-epicatechin, and procyanidin oligomers accounts
for 96.02% to 99.85% of all phenolic compounds. This indicates clearly that procyanidins were the
main polyphenol compounds in Chaenomeles fruits. Generally, there were three main compounds
(procyanidin B2, (—)-epicatechin, and procyanidin C1) in the analyzed species and cultivars of
Chaenomeles (Table 3).

Total phenolic content, calculated as the sum of individual phenolic compounds, varied
significantly between genotypes (p < 0.05), with C. X superba ‘Nicoline’ displaying the highest
(170.38 g/kg dw), and C. speciosa ‘Rubra’ the lowest content (57.84 g/kg dw). Procyanidin B2 was the
compound present in the largest amount, in the range from 3.39 (C. japonica ‘Red Joy’) to 18.16 g/kg
dw (C. X superba ‘Nicoline’). Analyzing the content of (+)-catechin and (—)-epicatechin in particular
species, C. X superba contained 0.27 to 1.07 and 2.35 to 7.68 g/kg dw, C. japonica 0.22 to 0.86 and
1.77 to 4.93 g/kg dw while C. speciosa contained 0.69 to 0.99 and 1.97 to 4.99 g/kg dw, respectively.
The content of polymeric procyanidins in all the tested genotypes ranged from 34.60 (C. X superba
‘Color Trail’) to 109.67 g/kg dw (C. X superba ‘Colour Trail’), with an average of 63.27 g/kg dw. The
degree of polymerization (DP) ranged from 2.43 (C. X superba ‘Colour Trail’) to 4.25 (C. X superba ‘Pink
Lady’), indicating that the analyzed flavan-3-ols were oligomers (2 < DP < 10) with a low degree
of polymerization. Moreover, the low DP in the Chaenomeles fruit causes them to not be astringent
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and bitter, such as chokeberry, which also contains significant amounts of procyanidin compounds
but with a much higher degree of polymerization [32]. Total phenolic content, as well as polymeric
proanthocyanidin concentrations, in this study, were higher than reported by Du et al. [2] and Teleszko
and Wojdyto [27]. C. X superba 'Cameo’ accumulated the greatest amounts of phenolic acids (3.30 g/kg
dw), and in ‘Cido’ their content was the lowest (0.15 g/kg dw). Additionally, 4-O-caffeoylquinic acid
(cryptochlorogenic) was absent in some samples, i.e., C. X superba ‘Andenken an Karl Ramcke’, ‘Pink
Lady’, wild, C. japonica wild #2, and C. speciosa 'Rubra’.

Minutos

Figure 1. Segment (9.0 to 35.0 min) of chromatographic profiles obtained before and after the
derivatization process using the ABTS reagent in samples of Chaenomeles X superba “Texas Scarlet’ (A),
Chaenomeles X superba ‘Cameo’ (B), and Chaenomeles speciosa ‘Nivalis’ (C). Peak number identities are
displayed in Table 2.
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Table 3. Content of phenolic compounds (g/kg dw) invarious species and cvs. of Chaenomeles fruits.
Chaenomeles x Superba
Peak no Crimson and Texas Scarlet Nicoline Andenken an Pink Lady Colour Trail Flocon Rose Hollandia Jet Trail wild Cameo
Gold Karl Ramcke
Phenolic acids
4 0.43 + 0.15ef 1.68 + 0.20bc 1.34 + 0.21cd 1.35 +0.10cd 0.79 + 0.13de 0.23 + 0.08ef 1.65 + 0.27bc 1.08 + 0.11cd 1.12 + 0.19cd 3.04£0.21a 3.05+0.15a
5 0.46 + 0.12bc 0.35 + 0.10bc 0.04 + 0.00c nd nd 0.36 + 0.08bc 0.41 + 0.22bc 0.45 + 0.11bc 0.06 + 0.00c nd 0.25 + 0.14bc
Sum 0.89 + 0.15ef 2.03 + 0.20bc 1.38 + 0.00de 1.35 + 0.31de 0.79 + 0.20ef 0.59 + 0.10fg 2.06 + 0.33bc 1.53 +0.18cd 1.18 + 0.27def 3.04 +£0.11a 3.30 £ 0.19a
Flavan-3-ols
1 0.28 + 0.08i 2.86 +0.22a 1.85 + 0.21cde 1.47 + 0.18efg 0.65 + 0.09hi 1.00 + 0.12gh 2.02 + 0.44bcde 1.66 + 0.36def 1.76 + 0.15cde 1.75 + 0.27cde 2.75+0.22a
2 0.27 + 0.10de 0.29 + 0.11cde 0.42 + 0.08bcde 0.37 + 0.10cde 0.42 + 0.15bcde 0.75 + 0.15abcde 0.62 + 0.22abcde 0.69 + 0.19abcde 1.07 + 0.08a 0.86 + 0.31abcd 0.86 + 0.28abcd
3 nd 2.86 + 0.44a 2.64 +0.39a 2.40 + 0.30ab nd 0.40 + 0.18f 1.07 + 0.19de 0.88 + 0.24def 0.94 + 0.09def 1.16 + 0.12de 1.97 + 0.33bc
6 1.59 + 0.18¢c 2.33 +0.28b 3.00 £ 0.30a 228 +.21b 1.03 + 0.18cde 0.87 + 0.22de 0.91 + 0.10de 1.48 +0.19cd 2.73 + 0.28ab 1.46 +0.17cd 1.39 + 0.19cde
7 10.92 +1.21d 13.40 + 1.30c 18.16 £ 1.02a 14.19 + 1.00b 5.53 + 0.50i 7.90 + 0.67f 5.74 + 0.78hi 9.29 + 0.62e 14.72 + 1.05b 9.60 £ 0.77e 8.24 + 0.46f
8 1.27 + 0.62cde 2.59 + 0.80a 2.55 +0.55a 1.84 + 0.42bc 1.34 + 0.42cde 1.28 + 0.33cde 1.20 + 0.27de 1.34 £ 0.19cde 2.16 + 0.55ab 1.17 + 0.31def 1.42 + 0.41cd
9 6.8 + 0.99bc 5.03 + 0.55d 6.99 + 0.89b 7.68 +0.77a 2.35 + 0.60gh 5.02 + 0.63d 2.79 + 0.49g 4.35 + 0.55f 6.30 + 0.68¢ 4.59 + 0.70def 4.93 + 0.66def
10 nd 0.91 £ 0.10a 0.48 + 0.25abc nd 0.23 +£0.11c nd 0.51 + 0.21abc 0.65 + 0.10abc 0.65 + 0.10abc nd 0.79 + 0.13abc
11 3.90 + 0.54de 5.88 +0.52¢ 7.58 + 1.12a 6.71 + 0.66b 1.87 + 0.28ij 3.05 + 0.65fgh 3.16 + 0.33fg 412 +0.33de 5.84 + 0.74c 4.31 £ 0.56gh 4.20 + 0.60de
12 2.39 + 0.10fgh 3.78 + 0.25bc 4.36 + 0.85ab 3.61 £ 0.33cd 1.29 + 0.00jk 1.81 + 0.31hjj 2.26 + 0.55gh 2.41 + 0.33fgh 3.07 £ 0.59de 2.05 + 0.27hi 2.05 + 0.55ghi
13 428 +£0.87d 6.03 + 0.54bc 712 +0.42a 5.81 +0.77¢c 2.68 + 0.28gh 3.70 + 0.44de 2.44 + 0.36ghi 3.49 + 0.50e 6.60 + 0.45ab 3.38 + 0.22ef 2.87 + 0.85fg
14 0.61 + 0.55fgh 1.58 + 0.30c 2.33 +0.54b 1.40 + 0.26cde 0.62 + 0.40fgh nd 0.93 + 0.58defgh 0.90 + 0.63efgh 1.14 + 0.28cdef 1.12 + 0.24cdefg 0.67 + 0.00fgh
15 2.80 + 0.60c 4.67 £0.47a 1.85 + 0.32efg 1.49 + 0.40fgh 0.93 + 0.35hi 0.48 + 0.09ij 2.20 + 0.45cde 3.55+0.27b 2.08 + 0.65def 1.17 + 0.33h 1.39 + 0.14gh
Sum 35.11 +1.18d 52.21 +1.33b 59.33 + 2.15a 49.25 + 1.22¢ 18.94 + 1.66j 26.26 + 0.99hi 25.85 + 1.15hi 34.81 + 1.66de 49.04 + 1.44c 32.62 + 2.03efg 33.53 + 1.88def
gf(l)}cl}r::\ril;ins 51.73 £ 0.99g 100.47 + 1.33b 109.67 = 1.11a 88.37 + 1.15¢ 74.33 +2.33d 34.60 + 1.21k 48.46 + 1.65hi 63.69 + 1.35f 73.53 + 0.87d 68.15 + 0.98e 54.04 +2.22g
DP 291 3.77 3.98 344 4.25 243 341 345 3.24 3.80 3.35
Total 87.73 +2.22j 154.71 + 3.00b 170.38 + 1.25a 138.97 + 1.98¢ 94.06 + 1.98h 61.45 + 1.24m 76.37 + 1.56k 100.03 + 1.54f 123.75 +1.88d 103.81 + 2.22¢ 90.87 + 1.781
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Table 3. Cont.
Peak no Chaenomeles Japonica Chaenomeles Speciosa
Cido Red Joy Wild #1 Wild #2 nl (New) Nivalis Rubra Simonii
Phenolic acids
4 0.09 + 0.02f 1.07 £ 0.17cd 0.31 + 0.15ef 1.15 + 0.10cd 2.12 + 0.20b 2.05 + 0.26b 1.29 + 0.15¢d 0.25 + 0.05ef
5 0.06 + 0.01c 0.04 + 0.01c 0.70 + 0.22b nd 0.28 + 0.16bc 0.19 + 0.10c nd 2.80 +0.33a
Sum 0.15 + 0.05g 1.11 + 0.21def 1.01 + 0.06def 1.15 + 0.15def 2.40 +0.17b 2.24 + 0.25b 1.29 +0.10de 3.05 + 0.44a
Flavan-3-ols
1 0.38 + 0.10i 1.88 + 0.19cde 0.48 + 0.11hi 1.09 + 0.17fgh 2.29 + 0.38abc 2.08 + 0.30bcd 2.51 + 0.50ab 0.37 + 0.14i
2 0.39 + 0.13cde 0.71 + 0.19abcde 0.22 +0.13e 0.56 + 0.14abcde 0.86 + 0.21abc 0.69 + 0.38abcde 0.99 + 0.39ab 0.81 + 0.25abcd
3 nd 1.04 + 0.24de nd 0.75 + 0.28ef 1.20 + 0.19de 1.37 + 0.26d 1.40 + 0.30cd nd
6 2.23 +0.15b 0.84 + 0.20e 1.17 + 0.26cde 0.91 + 0.15de 1.34 + 0.08cde 1.09 + 0.33cde 1.13 + 0.16¢cde 2.32 +0.47b
7 11.40 + 0.99d 3.39 + 0.96 6.19 + 0.54h 5.36 + 0.66i 8.40 + 0.72f 7.15 + 0.60g 3.80 + 0.58; 8.49 + 0.50f
8 1.57 + 0.50bed 0.48 +0.33g 1.09 + 0.44defg 0.77 + 0.20efg 1.57 + 0.00bcd 1.11 + 0.24def 0.56 + 0.10fg nd
9 4.37 +0.22f 1.77 £ 0.11h 4.40 + 0.43ef 2.31 +0.39gh 292 +0.18g 2.88 +0.52g 1.97 + 0.12h 4.99 + 0.12de
10 0.36 + 0.09abc 0.41 + 0.20abc 0.32 + 0.15bc nd 0.53 + 0.22abc 0.42 + 0.29abc 0.43 + 0.08abc 0.83 + 0.00ab
11 4.05 + 0.61de 1.54 + 0.88j 2.61 £ 0.71gh 2.43 + 0.70hi 3.94 + 0.59de 3.63 + 0.20ef 1.75 + 0.55) 2.79 + 0.80gh
12 0.49 + 0.141 0.39 + 0.001 3.21 + 0.27cde 1.17 + 0.40k 2.67 + 0.00efg 4.68 + 0.33a 1.58 + 0.22ijk 2.96 + 0.47ef
13 2.41 + 0.35ghi 0.89 + 0.61j 2.16 + 0.33hi 1.91 + 0.54i 3.45 + 0.96ef 2.86 + 0.46fg 0.82 +0.28; 2.55 +0.27gh
14 4.74 £ 0.19a 0.87 + 0.18efgh 0.56 + 0.11fghi 0.54 + 0.27ghi 0.72 + 0.33fgh 1.50 + 0.21cd 0.38 + 0.20hi 0.39 + 0.15hi
15 1.94 + 0.30efg 0.27 £ 0.08; 2.64 £ 0.33cd 0.45 £ 0.24ij 1.15 + 0.51h 2.42 + 0.36cde 0.31 £ 0.36 141 +0.22gh
Sum 34.33 + 1.54de 14.48 +1.11k 25.05 + 2.29i 18.25 + 1.55j 31.04 + 1.43g 31.88 + 2.00fg 17.63 + 1.55j 27.10 + 1.48h
Polymeric . . . .
1 67.48 + 1.99¢ 40.08 + 1.64j 37.37 + 1.00jk 51.35 + 1.70gh 62.31 + 1.46f 90.83 + 2.15¢ 38.92 + 1.02j 45.83 + 0.991
procyanidins
DP 4.18 272 3.16 3.87 3.53 3.95 2.70 2.74
Total 101.96 + 1.14ef 55.67 +2.15n 63.43 + 1.11m 70.75 + 1.771 95.75 + 1.65g 12495 +1.14d 57.84 + 2.05n 76.79 + 1.19k

nd, not detected; + standard deviation; DP, degree of polymerization; value in the same columns followed by different letters are significantly different at p < 0.05according to Tukey’s tes.



Antioxidants 2020, 9, 60 14 of 21

3.3. Antioxidant and In Vitro Biological Activities

The interest in compounds with antioxidant properties has been increasing over the last decades,
mainly due to the discovery of the role of active oxygen species in chronic non-infectious diseases,
such as cardiovascular diseases and cancer. Currently, there are many methods for determining the
antioxidant capacity, tailored to the specifics of the test material and taking into account the potential
side reactions. Chemical methods for determining the antioxidant capacity are based on the ability
to capture synthetic radicals (ABTS), the reduction of metal ions, for example, iron (FRAP), and the
measurement of the antioxidant effect on the rate of oxidation processes occurring in the sample
(ORACQ).

In this study, these three methods were used after measuring the antioxidant capacity of the
test samples (Table 4). The analyzed fruits of selected Chaenomeles species and cultivars showed
large variation (p < 0.05) among the samples. The highest antioxidant capacity, both ABTS and FRAP,
was shown by C. X superba ‘Nicoline’ (20.61 and 21.32 mmol Trolox/100 g dw) while the lowest was
shown by C. speciosa ‘Rubra’ (10.91 and 10.24 mmol Trolox/100 g dw). The average antioxidant activity
measured by ABTS and FRAP methods from the analyzed species was respectively, for C. X superba
(17.39 and 17.18 mmol Trolox/100 g dw), for C. japonica (14.98 and 13.90 mmol Trolox/100 g dw), and
for C. speciosa (15.27 and 14.55 mmol Trolox/100 g dw). For comparison, Teleszko and Wojdylo [27] for
four Japanese quince cultivars obtained higher values of the activity measured by ABTS and FRAP
assays from 44.98 to 68.37 and from 30.73 to 46.57 mmol Trolox/100 g dw. while Du et al. [2] for C.
japonica and C. speciosa, determined similar values for ABTS (36.54 and 14.61 mmol Trolox/100 g dw)
and for FRAP (11.39 and 2.80 mmol Trolox/100 g dm), respectively. The strongest antioxidant potential
measured by the ORAC test was shown by C. X superba ‘Colour Trail” (66.59 mmol Trolox/100 g dw)
and the lowest by C. speciosa ‘Rubra’ and C. japonica wild #2 (33.82 and 33.99 mmol Trolox/100 g
dw, respectively). The average ORAC activity for the 19 analyzed varieties of Chaenomeles fruits
was 48.35 mmol Trolox/100 g dw and was higher than for the average ORAC value for the artichoke
(27.86 mmol Trolox/100 g dw) [5] or grape seeds (36.46 mmol Trolox/100 g dw) [33]. The Global Report
on Diabetes WHO [34] states that diabetes had become a serious chronic disease worldwide, and by
2030 could become the seventh greatest killer in the world. The key issue in the fight against type 2
diabetes is finding effective inhibitors of pancreaticx-amylase and intestinal «-glucosidase, responsible
for reducing the postprandial glycemia. In addition, agents with x-glucosidase inhibitory are used as
oral hypoglycemic agents. Nevertheless, previous studies [35,36] indicate that Chaenomeles fruits may
be a potential inhibitor of x-glucosidase. IC50 (mg of dried fruit/mL) for a-amylase and «-glucosidase
ranged from 13.88 (C. X superba ‘Nicoline’) to 18.48 (C. speciosa ‘Nivalis’), and from 5.08 (C. X superba
“Texas Scarlet’) to 15.19 (C. japonica ‘Red Joy’), respectively (p < 0.05). Miao et al. [35] analyzed the
a-glucosidase inhibition ability of skin from 13 Chaenomeles fruit genotypes in the range 0.05-0.35
mg/mL and flesh 0.04-0.43 mg/mL. To compare, the Actinidia fruits of selected cultivars also showed a
higher capacity to inhibit x-amylase (4.13 to 6.40 mg/mL) and o-glucosidase (0.18 to 10.00 mg/mL) [6].
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Table 4. Antioxidant (mmol Trolox/100 g dw), x-amylase, a-glucosidase, pancreatic lipase, acetylcholinesterase, butyrylcholinesterase (ICsy, mg/mL),and

15-lipoxygenase inhibitionactivity (% of inhibition) of various species and cvs. of Chaenomeles fruits.

s . . Antioxidant Capacity In Vitro Inhibition Activities
pcecies Cultivar
ABTS FRAP ORAC o-amylase a-glucosidase Pancreatic Lipase AChE BuChE 15-LOX
Crimson and Gold 16.03 + 1.04cdef 16.00 + 0.99de 54.93 + 1.11bc 17.49 + 0.88a 7.03 + 0.20def 0.29 + 0.01ab 11.84 + 0.24efg 10.13 + 0.97efgh ~ 99.81 + 0.15a
Texas Scarlet 19.63 + 0.99ab 17.90 + 1.22bcde 53.89 + 1.37cd 14.34 + 0.48b 5.08 +0.22g 0.09 + 0.00def 17.43 + 0.56ab 8.90 + 0.70fghi 43.23 + 0.73f
Nicoline 20.61 + 1.13a 21.32 + 0.85a 51.86 + 0.90cde 13.88 + 0.98b 2.67 +0.17h 0.07 + 0.02ef 16.02 + 0.25bcd 16.14 + 0.79d 71.24 +0.18d
Andenken an Karl Ramcke 18.80 + 0.88abc 15.51 + 1.14def 40.38 + 0.83h 16.28 + 0.77ab 6.71 + 0.72defg 0.04 + 0.02f 13.03 + 0.81defg 9.96 + 0.17efgh 74.81 + 0.18¢
Chaenomeles X Pink Lady 17.65 + 1.50abcde  17.29 + 0.63bcde 57.86 + 1.00b 18.01 + 0.8%a 5.90 + 0.85fg 0.20 + 0.10bed 15.94 + 0.13bed 12.14 + 0.87e >100.00
superba Colour Trail 11.02 + 0.72h 10.56 + 0.55h 66.59 + 0.55a 17.56 + 0.99a 7.95 + 0.16¢cde <0.01 17.53 + 0.41ab 7.85 + 0.77hi 75.94 + 0.29¢
Flocon Rose 15.38 + 1.80defg 15.32 + 0.88efg 45.25 + 0.99g 15.59 + 0.66ab 7.18 + 0.11def <0.01 11.73 + 0.47efg 22.70 + 0.63bc 98.15 + 1.00a
Hollandia 18.36 + 0.63abcd 19.44 + 1.11abc 40.72 + 0.78h 16.49 + 0.32ab 6.10 + 1.23fg <0.01 10.73 + 0.74gh 15.89 + 0.44d >100.00
Jet Trail 18.91 + 0.91abc 20.04 + 1.37ab 54.80 + 0.46bc 17.97 + 1.00a 6.97 + 0.77def 0.29 + 0.01ab 12.22 + 0.65efg 8.09 + 0.99ghi >100.00
wild 17.46 + 0.81bcde 18.45 + 0.45abcd 50.18 + 0.8%ef 18.25 + 0.39a 7.17 + 0.57def <0.01 11.05 + 0.57g 31.59 + 0.95a >100.00
Cameo 15.24 + 0.24efg 11.93 + 0.33h 51.63 + 1.62de 16.75 + 0.57ab 8.54 + 0.34cd 0.12 + 0.02def 11.56 + 0.84fg 12.37 + 1.22e 36.84 + 0.44g
Cido 18.06 + 1.52abcde  18.00 + 0.65bcde 48.48 + 1.55f 16.47 + 0.56ab 6.49 + 0.4%efg 0.17 + 0.00cde 14.75 + 0.75bcde 16.42 +0.31d 42.11 + 0.56f
Chaenomeles Red Joy 13.50 + 0.50fgh 12.76 + 1.12fgh 53.43 + 0.87cd 17.45 + 0.54a 15.19 + 0.14a 0.06 + 0.01ef 7.74 + 0.34hi 6.06 + 0.41i 73.31 + 0.74cd
japonica wild #1 12.41 + 0.41gh 11.53 + 0.55h 40.28 + 0.66h 16.66 + 0.87ab 6.11 + 0.19efg 0.35 + 0.05a 12.14 + 0.20efg 3211 +1.13a 90.60 + 0.69b
wild #2 13.72 + 0.72fgh 12.30 + 0.62gh 33.99 + 1.74i 16.11 + 1.13ab 9.57 + 0.55¢ <0.01 10.13 + 0.30gh 20.68 + 0.56¢ 70.37 + 0.55d
nl (new) 16.96 + 0.96bcde 16.90 + 0.22cde 51.07 + 0.77def 16.89 + 0.98ab 6.09 + 1.22fg 0.25 + 0.05abc 14.18 + 0.49cdef 11.17 + 0.66efg 66.05 + 0.99¢
Chaenomeles Nivalis 17.54 + 0.54abcde 16.39 + 0.47cde 44.30 + 1.50g 18.48 + 0.43a 6.56 + 0.46efg 0.20 + 0.02bed 16.52 + 35bc 11.97 + 0.20ef 74.81 + 0.45¢
speciosa Rubra 10.91 + 0.91h 10.24 + 1.20h 33.82 + 0.49 18.38 + 0.77a 5.74 + 0.84fg 0.04 + 0.00f 6.65 + 0.731 11.07 + 0.81efg 14.29 + 0.99i
Simonii 17.37 + 1.37bcde 17.02 + 0.98bcde 45.18 + 1.15g 16.88 + 1.00ab 12.48 + 0.68b 0.20 + 0.05bed 20.42 + 0.99a 25.79 + 0.11b 27.37 +0.30h

+ standard deviation; value in the same columns followed by different letters are significantly different at p < 0.05according to Tukey’s test.
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The inhibitory activity of pancreatic lipase is used in the prevention of obesity, because it is
responsible for hydrolyzing more than half of the consumed triglycerides, to low-molecular compounds
and free fatty acids [37]. Therefore, it reduces the amount of fat absorbed into the blood stream and
can be used for weight loss control. Among the Chaenomeles species and cultivars with reference
to the inhibitory activity toward pancreatic lipase, significant differences (p < 0.05) were observed.
The inhibitory effect (ICsg) of the analyzed fruits ranged from 0.04 (C. X superba ‘Andenken an Karl
Ramcke” and C. speciosa ‘Rubra’) to 0.35 mg/mL (C. japonica wild #1). It should be noted that for five
analyzed cultivars, i.e., C. X superba ‘Color Trail’, ‘Flavon Rose’, ‘Hollandia’, wild, and C. japonica
wild #2, the values of pancreatic lipase inhibition were designated as <0.01. This means that a lower
concentration of Chaenomeles had the greatest inhibitory potential. The results were similar to those
obtained by Nowicka et al. [37] in 20 peach cultivars in the range from 0.07 to 2.06 mg/mL. It should be
emphasized that so far there are no data on the activity of Chaenomeles fruit in the literature as regards
the inhibition of pancreatic lipase.

Alzheimer’s disease is considered as one of the most prevalent neurodegenerative disorders and
accounts for more than 80% of dementia worldwide in the aged population. It is estimated that by 2050,
three new case may develop every minute [38]. Acetylcholinesterase (AChE) and butyrylcholinesterase
(BuChE, pseudocholinesterase) are key enzymes in the breakdown of an important neurotransmitter,
acetylcholine (ACh). Several clinical trials have confirmed that ACh inhibitors could be used to treat
this pathology [33,38]. ICs inhibition of AChE and BuChE ranged from 6.65 to 20.42 and from 6.06
to 31.59 mg of dried fruit/mL with significant differences between samples (p < 0.05). The cultivars
showing the highest ability to inhibit AChE and BuChE were found to be C. speciosa ‘Rubra’ and C.
japonica 'Red Joy’ while the least effective were C. speciosa ‘Simonii’ and C. Xsuperba wild #1, respectively.
The analyzed Chaenomeles genotypes showed similar mean AChE and BuChE inhibition values (ICsy),
13.24 and 15.32 mg/mL, respectively. It is worth noting that Sancheti et al. [39] during in vivo studies
in rats observed a positive effect of the ethyl acetate fraction from Chaenomeles sinensis, which caused a
strong decrease in AChE activity in diabetic rats.

Lipoxygenases (LOXs) are important enzymes in lipid metabolism that convert the polyunsaturated
fatty acids, arachidonic acid (AA), and linoleic acid (LA), to their corresponding metabolites.
The inhibitors of 15-LOX have mainly been of interest in the treatment of inflammatory conditions.
Recently, multiple studies have provided evidence to elucidate the relationship of 15-LOX-1 and cancer
cell growth and development [40]. The results of 15-LOX inhibition clearly showed the great variation
of obtained values between tested genotypes (p < 0.05). The 15-lipoxygenase inhibition activity was
expressed as % inhibition at a sample concentration of 5.77 mg/mL. The highest potential was exhibited
by C. x superba ‘Crimson and Gold” and ‘Flacon Rose’ (99.81% and 98.15%), while the lowest was shown
by C. speciosa ‘Rubra’ (14.29%). C. X superba ‘Pink Lady’, “‘Hollandia’, ‘Jet Trail” and wild obtained
values out of the range (>100.00), which means that the used Chaenomeles extracts had very strong
inhibitory properties against LOX. The obtained results may be a clue to continue research on cell lines
and using a simulated digestive system to verify their biological potential. Moreover, it is advisable to
carry out in vivo studies, as there is not enough information in this area.

3.4. Antioxidant On-Line Profiling by HPLC-PDA Coupled with Post-Column Derivatization with ABTS

Nowadays, sensitive on-line HPLC-ABTS methods for analyzing free radical scavenging activity
have been developed. They combine the liquid chromatography system with additional pumps
and detectors allowing the individual active components to be characterized with high sensitivity
and evaluation of the antioxidant potential of individual compounds from complex mixtures [41].
Figure 1A—C shows the analysis of the three cultivars of Chaenomeles (C. X superba “Texas Scarlet’,
C. x superba ‘Cameo’, and C. speciosa ‘Nivalis’). The upper chromatogram (positive, black) shows
the response after passing through the first detector at a wavelength of 280 nm, and the lower one
(negative, blue) is characterized by the response of the eluted compounds after reaction with the radical
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cation ABTS after passing through the second detector (A = 734 nm). The high area of negative peaks
on the lower chromatogram is proportional to the activity of individual compounds.

The characteristic elevation of the baseline in the middle part of the upper chromatogram
(Figure 1A-C) is caused by the presence of polymeric procyanidins. A mirror reflection of this elevation
in the lower chromatogram indicates that these compounds exhibit significant antioxidant activity.
Comparing the intensity of the negative response for (-)-epicatechin (peak 9), which is the second
highest peak in the order, it can be clearly seen that its antioxidant activity is disproportionate, because
this response is negligible. Comparing the activity of (-)-epicatechin and procyanidin C1 (peak 11),
whose signal in the upper chromatogram is almost 50% lower, they have a very similar response in the
lower chromatogram, and hence similar activity. Numerous in vitro and in vivo studies [1] confirm that
polyphenol compounds belonging to the flavan-3-ol group have antioxidant and anti-inflammatory
properties. Furthermore, the chemical structure of (-)-epicatechin and its polymers makes them
better antioxidants than (+)-catechin and its derivatives, but also the type B procyanidins are better
antioxidants than the A type procyanidins, and the degree of polymerization (its increase causes an
increase in activity) of the compound is important for their pro-health activity [42]. These results are
confirmed by Raudone et al. [43], who also observed greater activity of procyanidin oligomers and
polymers than (+)-catechin and (-)-epicatechin. The activity of phenolic acids (peaks 4 and 5) is lower
than catechins [44], which can be clearly seen in the blue chromatogram. The signal from chlorogenic
acid (peak 4) at 280 nm is significant, whereas its response after reaction with a radical cation is very
small. It is caused, among others, by the fact that antioxidant activity increase with the number
and position of the -OH groups on the molecule. To summarize, among all identified polyphenolic
compounds, procyanidin B3, B2, C1, and (-)-epicatechin were found to be predominant in building
antioxidant capacity of Chaenomeles fruit, in accordance with Zhang et al. [26] and Raudone et al. [43].

3.5. Agglomerative Hierarchical Clustering (AHC)

Dendrograms of agglomerative hierarchical clustering (AHC) analysis (Figure 2A,B) showed
dissimilarity of biological activities and chemical compounds (A) and between studied cultivars (B) of
Chaenomeles fruits obtained by Euclidian distance dissimilarity (within the interval 0 to 65 and 0 to 18,
respectively) using the aggregation criterion, Ward’s method.

The horizontal axis of the dendrogram represents the dissimilarity between clusters, while the
vertical axis represents the objects. Each leaf corresponds to one object and objects that are similar
to each other are combined into branches. The greater the height of the horizontal line, the less
similar the objects are. By analyzing Figure 2A, it is visible that two groups are approximately the
same size, and the third one has only two states. The first group (displayed in orange color) includes
objects showing similarity to the second group (displayed in green color). This confirms the calculated
Pearson correlation coefficient (r), which for phenolic acids and inhibition of 15-LOX is equal to
0.23, and 0.36 for organic acids and inhibition of AChE. In the second group, the branch created
between flavan-3-ols and polymeric procyanidins and the activity of ABTS and FRAP is flatter than
the others in this cluster. They are more homogeneous with each other (ABTS:flavan-3-ols, r=0.86
and ABTS:polymeric procyanidins, r=0.76). This is further confirmation (apart from on-line ABTS
antioxidant profiling) that flavan-3-ols and their polymers are responsible for the antioxidant capacity
of Chaenomeles fruits. The third group (displayed in purple) formed between the BUuChE and ORAC
inhibition activity (r=0.41) is more homogeneous with the remaining two clusters (it is flatter on the
dendrogram). This is confirmed by comparing the within-class variable, which is almost 70% lower.
From the analysis of the dendrogram it can be concluded that inhibition of AChE, BuChE and 15-LOX
are influenced by the content of phenolic acids and organic acids, while the polyphenol compounds
from the flavan-3-ols group, L-ascorbic acid, and sugars formed the activity of Chaenomeles fruit against
a-amylase and x-glucosidase. Considering the relationship between the Chaenomeles genotypes, in the
lower dendrogram (Figure 2B), the three clusters can be seen as three branches that occur at about the
same horizontal distance. The two outliers, between ‘Jet Trail” and ‘Crimson and Gold’, and ‘Red Joy”
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and ‘Colour Trail’, fused rather arbitrarily at much greater distances. Moreover, two wild genotypes
of C. japonica are similar in the context of analyzed parameters and form a cluster with C. X superba
wild with dissimilarity less than one. Not with standing, it can be concluded that there is significant
variation within the analyzed species, as well as internal cultivars.
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Figure 2. Dendograms of Agglomerative Hierarchical Clustering (AHC) analysis representing
dissimilarity relationship of biological activieties and chemical compounds (A) and between studied
cultivars (B) of Chaenomeles x superba (black), C. japonica (green) and C. speciosa (blue). PP — polymeric
procyanidins; DP — degree of polimerization.

4. Conclusions

Physiochemical composition and biological activities of the nineteen Chaenomeles species and
cultivars evaluated in this study revealed a diverse range of polyphenolic compounds and in vitro
biological properties (antioxidant, x-amylase, x-glucosidase, AChE, BuChE, and 15-LOX inhibition
activity). The analyzed fruits are rich in polymeric procyanidins and contain a high level of organic
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acids. Chaenomeles X superba ‘Nicoline” displayed the highest total phenol content (170.38 g/kg dw)
while Chaenomeles X superba ‘ColourTrail” was characterized by the highest concentration of polymeric
procyanidins (109.67 g/kg dw). Chaenomeles fruits are a good source of malic acid (41.64 to 110.31
¢/100 g fw), L-ascorbic acid (30.26 to 1195.05 mg/100 g fw), and pectins (0.65% t01.72%). In addition,
Chaenomeles X superba ‘Nicoline” showed high potential for inhibition «-amylase and «-glucosidase(as
compared with all analyzed species and cultivars), while Chaenomeles japonica ‘Red Joy’ proved to be
an effective inhibitor for AChE and BuChE. The study established Chaenomeles fruits as a source of
functional ingredients with possible pharmacological use. However, in order to verify the thesis that
Chaenomeles fruits are a source of bioactive compounds showing pro-health properties, it is necessary
to use in vivo models in further studies. Gastrointestinal systems should be used to determine the
bioavailability and digestibility of the Chaenomeles bioactive compounds. Therefore, the fruits could be
important dietary sources of natural antioxidants.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3921/9/1/60/s1,
Figure S1: Structural formulas of selected phenolic compounds identified in Chaenomeles fruits.
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ARTICLE INFO ABSTRACT

Keywords:
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This study aimed to identify and quantify carotenoids, chlorophylls, tocopherols, tocotrienols and the free amino
acid profile of 19 fruit cultivars of Chaenomeles x superba, Chaenomeles japonica, and Chaenomeles speciosa. For
this purpose ultra-performance liquid chromatography (UPLC) with a photodiode array (PDA) and fluorescence

;z?c))e?::lisls (FL) detector coupled with quadrupole time-of-flight electrospray ionization mass spectrometry (QToF-ESI-MS)
Tocofrienols was used. Most of the Chaenomeles species and cultivars analyzed in this study have not been examined in this
Vitamin A respect until now. Fruits contained 32.44-314.94 mg of carotenoids, 19.27-227.19 mg of chlorophylls,
Retinol 5.51-37.58 mg of tocopherols, and 2.06-42.30 mg of tocotrienols per kg of dry weight (dw). Analysis of the
AQC amino acid profile revealed the presence of 10 amino acids, three of them essential (i-threonine, r-valine and 1-
PCA isoleucine). The highest content of total amino acids was shown by C. x superba 'Jet Trail' (2326.33 mg/100 g
AHC dw). Among tested species, C. speciosa was characterized by the highest content of all analyzed compounds,

except for chlorophylls, present in the highest concentration in C. x superba fruits. These results indicate that
Chaenomeles fruits could be regarded as a promising source of bioactive functional food containing vitamins A

and E and indispensable amino acids.

1. Introduction

Chaenomeles is a genus of four species of deciduous shrubs, usually
1-3 m high, with thick and thorny shoots, from the Rosaceae family.
They are popular and widely cultivated in Japan, Korea, China, Bhutan
and Burma (Ros et al., 2004). These plants are related to quince (Cydonia
oblonga Mill.) and Chinese quince (Pseudocydonia sinensis, Chaenomeles
sinensis (Thouin) Koehne) but differ in many respects. The fruits — apple
(pome) shaped, yellow or green and fragrant — are edible.

Chaenomeles japonica naturally occurs in central and southern Japan,
while in Europe it was introduced in 1869 (Baranowska-Bosiacka et al.,
2017). Chaenomeles speciosa, which is the source of (Sweet) Nakai fruits,
is widely cultivated in Korea, Japan and especially in China (Sichuan,
Yunnan, Chongqing and Zhejiang provinces). Mugua fruit, as is well
known in China, is cultivated as an important crop with high commer-
cial potential to produce tea, wine, vinegar, medicinal liquor or even
seasoning (Miao et al., 2017). Research carried out in Poland, Ukraine,
Lithuania, Finland, and Latvia confirmed that in comparison with other
species, C. japonica is best adapted to the climatic conditions of northern
Europe (Baranowska-Bosiacka et al., 2017). Chaenomeles x superba,

* Corresponding author.
E-mail address: aneta.wojdylo@upwr.edu.pl (A. Wojdyto).

https://doi.org/10.1016/j.jfca.2020.103608

which was formed through the intersection of C. japonica and C. speciosa,
is very diverse and mostly cultivated in Poland.

Consumption of fruits and vegetables is strongly associated with
reduced risk of developing chronic non-infectious diseases such as
cancer, diabetes, and cardiovascular disease. Researchers estimated that
changing the lifestyle and diet would reduce the cancer-induced
morbidity in the United States by almost a third (Liu, 2013). There-
fore, over the past twenty years, the attention of scientists from around
the world has focused on the analysis of the chemical composition of
plant raw materials and their biological potential in the context of
human health protection. The health-promoting effect of fruits and
vegetables is related to a wide range of nutrients and biologically active
substances, including vitamins, minerals, and phenolic compounds.

The fruits of various species of Chaenomeles have been used for
thousands of years in traditional Asian medicine. They contain many
bioactive components, including organic acids, pectins, micro- and
macroelements, vitamin C and polyphenols. The most important prop-
erties of these fruits include a protective effect against diabetes, anti-
tumoral, anti anti-inflammatory activities (Zhang et al., 2014).
Nevertheless, from a nutritional point of view, carotenoids and
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chlorophylls, apart from being responsible for the green, yellow, orange
and red colors of fruits and vegetables, have many important functions
in the human body. f-Carotene is an important dietary source of vitamin
A while chlorophylls affect cell renewal and play an important role in
preventing skin diseases (Lanfer-Marquez et al., 2005; Rao and Rao,
2007). Vitamin E is a powerful polyunsaturated fatty acid and phos-
pholipid, forming part of cell membranes. In children, especially new-
borns, its deficiency is extremely dangerous because it can cause the
development of anemia and retinopathy, disturb the development of the
respiratory system and even result in death (Eitenmiller et al., 2016). In
the case of vitamin E deficiency in the body, the risk of cancer, infec-
tious, cardiovascular, inflammatory processes and neurological disor-
ders resulting from neuronal degeneration increases (Zielinska and
Nowak, 2014). The presence of tocopherols and tocotrienols protects the
body against free radicals. The enormous physiological importance of
amino acids in human body is well known. They are building blocks for
tissue proteins and essential substrates for the synthesis of many low
molecular-weight substances. Furthermore, the recent years have wit-
nessed growing interest in amino acids in health prevention. It is pre-
dicted that they will have a great promise in treatment of metabolic
diseases, infertility, and intestinal and neurological dysfunction (Wu,
2013).

The literature on the composition of Chaenomeles x superba is scarce.
Only one scientific article has reported some data on its amino acid
composition (Hellin et al., 2003), while carotenoids, chlorophylls and
vitamin E have never been investigated before for this species, or for
specific cultivars described in this paper. Therefore the aim of this study
was to investigate (i) the content of bioactive compounds such as ca-
rotenoids and chlorophylls (identification by LC-PDA-QTOF-MS, and
quantification by UPLC-PDA); (ii) the content of tocopherols and toco-
trienols by UPLC-FL and (iii) the profile of free amino acids with the AQC
derivatization method (identification by LC-PDA-QTOF-MS, and
quantification by UPLC-PDA) of 19 cultivars of Chaenomeles x superba,
C. japonica and C. speciosa fruits.

2. Material and methods
2.1. Reagents and standards

All standards of carotenoids, chlorophylls and tocotrienols were
purchased from Extrasynthese (Lyon, France). All amino acids and to-
copherols standards were purchased from Sigma-Aldrich (Steinheim,
Germany). The aminoquinolyl-N-hydroxysuccinimidyl carbamate
(AQC) reagent was from Synchem (Felsberg-Altenburg, Germany).
UPLC grade water, prepared by using an HLP SMART 1000s system
(Hydrolab, Gdansk, Poland), was additionally filtered through a 0.22 pm
membrane filter immediately before use. Acetonitrile, formic acid, and
methanol for ultraperformance liquid chromatography (UPLC; Gradient
grade) were from Merck (Darmstadt, Germany). Hexane, ethyl acetate,
acetone, sodium borate, calcium disodium EDTA, ammonium acetate,
and BHT were purchased from Sigma-Aldrich (Steinheim, Germany).

2.2. Plant material and sample preparation

Fruit samples (C. x superba: 'Crimson and Gold', 'Colour Trail}
C. japonica: 'Cameo’, 'Red Joy'; C. speciosa: 'Nivalis', and Rubra’) were
collected manually from bushes grown in a field trial established in 2018
at the Experimental Orchard at Wroctaw (51°07’ 02.0” N, 17°04’ 25.0”
E), (C. x superba: 'Texas Scarlet', 'Nicoline', 'Andenken an Karl Ramcke',
'"Pink Lady', 'Flavon Rose', 'Hollandia', 'Jet Trail; C. japonica: 'Cido";
C. speciosa 'Simonii' and new genotype (n1)) from an experimental field
from the Research Institute of Horticulture in Skierniewice (51° 55’
41.688" N, 20° 9’ 9.896" E) and (C. x superba wild and C. japonica wild
#1 and #2) from wild bushes located near the Centennial Hall in
Wroclaw (51° 6’ 26.548" N, 17° 4’ 56.782" E) in September 2018. In-
formation about agronomic management and postharvest treatment are
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included in the Supplementary materials. In total, the fruits of 19 cul-
tivars of three different species of Chaenomeles were analyzed.
Approximately 0.5 kg fruits of each cultivar was collected, washed
with distiller water, cut into smaller pieces, and frozen at —80 °C. Then
fruits were freeze dried (24 h; Christ Alpha 1-4 LSC, Melsungen, Ger-
many) and crushed using a closed laboratory mill (IKA A 11, Staufen,
Germany) to obtain the homogeneous dry material for further analysis.

2.3. Identification and quantification of carotenoids and chlorophylls

Extracts for determination of carotenoids and chlorophylls were
prepared as follow: the freeze-dried powder of fruits (~0.3 g) was vor-
texed for 30 min in the dark at 300 rpm (DOS-10 L Digital Orbital
Shaker, Elmi Ltd.; Riga, Latvia) with 5 mL methanol:acetone:hexane
(1:1:2, v/v/v). To prevent oxidation, also 10 % MgCOs and 1% butylated
hydroxytoluene (BHT) were added. The extraction process of solid res-
idue was repeated 4 times, each time centrifuging (4 °C, 7 min at 19 000
g; MPW-350; Warsaw, Poland) and collecting the supernatants, which
were finally evaporated to dryness (XCV-5400 XcelVap® Evaporation
System, Horizon Technology, Inc.; Salem, USA). The pellet was diluted
using 2 mL of 100 % methanol, and filtered through Millex Samplicity™
Filters (Hydrophilic PTFE, 0.20 pm, Millipore, Merck; Darmstadt, Ger-
many) before analysis.

Qualitative (LC-PDA-QTOF-MS) and quantitative (UPLC-PDA)
analysis of carotenoids (at 425 nm) and chlorophylls (at 650 nm) were
performed as described previously by Wojdyto et al. (2018). Compounds
were separated with an ACQUITY UPLC BEH C18 column (2.1 x 100
mm, 1.7 pm, Waters Corp.; Milford, USA) at 32 °C. The elution solvents
were ACN:MeOH (7:3, v/v) (A) and 0.1 % formic acid (B). Samples (10
pL) were eluted at linear gradient at flow rate of 0.42 mL/min. Identi-
fication of carotenoids was carried out using QTof mass spectrometer
(Waters Corp.; Milford, USA) equipped with an ESI source, operating in
positive mode, on the basis of fragmentation patterns and PDA profiles.
The retention times and spectra were compared to those of the authentic
standards. PDA spectra were measured over the wavelength range of
200-700 nm in steps of 2 nm. Calibration curves were made from all--
trans-p-carotene, o-carotene, all-trans-lutein, all-trans-f-cryptoxantin,
chlorophyll a, and pheophorbide a. Chlorophyll b, chlorophyllide and
pheophytin derivatives were expressed as chlorophyll a. Calibration
curves, range of concentration (linearity), limit of quantification (LOQ)
and limit of detection (LOD) of studied compounds are included in the
Supplementary materials. All incubations were done in triplicate. The
results were expressed as mg per kg of dry weight (dw).

2.4. Identification and quantification of tocopherols and tocotrienols by
the UPLC-FL

Samples for the analysis of tocopherols and tocotrienols were pre-
pared as follows. The fresh fruits (~3 g) were homogenized with 5 mL of
ethanol with 0.05 % BHT. Saponification was carried out using 1 mL of
60 % KOH, at a temperature of 70 °C and for 90 min. Then, the samples
were mixed with 10 mL hexane:ethyl acetate (9:1, v/v) with 0.05 %
BHT. After 30 min, NaOH (saturated solution) was added. The upper
layer was collected, evaporated and dissolved in 1 mL methanol with
0.05 % BHT. The solutions were filtered through a Minispike Syringe
Filter (GHP, 0.20 pm, Acrodisc®, Waters Corp.; Milford, USA) and used
for UPLC analysis.

The analysis of tocopherols and tocotrienols were performed as
described previously by Tkacz et al. (2019) using Ultra-Performance
Liquid Chromatography with fluorescence detector (UPLC-FL). The
column ACQUITY UPLC BEH RP C18 (1.7 mm, 2.1 mm x 100 mm,
Waters Corp.; Milford, USA) being protected by guard column of the
same materials was operated at 30 °C. The wavelengths of excitatio-
n/emission were 290/330 nm. Identification and quantification was
performed based on reference standards and calibration curves. Cali-
bration curves were made from a-, p-, y-, 8-tocopherol and tocotrienol.
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Calibration curves, range of concentration (linearity), limit of quantifi-
cation (LOQ) and limit of detection (LOD) of studied compounds are
included in the Supplementary materials.The samples (5 pL) were
injected, and the elution was completed in 12 min with an isocratic of
methanol with water (88:12) flow rates of 0.45 mL/min. All incubations
were done in triplicate. The results were expressed as mg per kg of dw.

2.5. Identification and quantification of free amino acids by the
LC-PDA-MS/QTof

Free amino acids were determined by following a method described
previously Collado-Gonzdlez et al. (2014). Briefly, the freeze-dried
powder of fruits (~0.2 g) with 0.5 mL methanol:water (1:1, v/v) was
sonicated for 15 min (Sonic 6D; Polsonic, Warsaw, Poland) and cen-
trifugated at 19 000 g for 10 min at 4 °C (MPW-350; Warsaw, Poland).
The extraction procedure was repeated twice. Supernatants were com-
bined and immediately derivatized. The derivatization of amino acids
and amino thiols were accomplished as follow: 350 pL of borate deriv-
atization buffer (0.2 M sodium borate, pH 8.8, with 5 mM calcium
disodium EDTA), 50 pL of amino acid standard or sample extract, and
100 pL of 10 mM AQC in ACN were mixed into propylene vial and
vortexed for several seconds. After 1 min at room temperature, the vials
were placed into ThermoMixer® C (Eppendorf AG, Hamburg, Germany)
and heated at 55 °C for 10 min. After that, the samples were analysed
immediately.

The identification and quantification of free amino acids were per-
formed using an ACQUITY Ultra Performance LC system equipped with
a photodiode array detector with a binary solvent manager (Waters
Corp.; Milford, USA) series with a mass detector G2 Q/TOF micro-mass
spectrometer (Waters; Manchester, UK) equipped with an electrospray
ionization (ESI) source operating in positive modes. Separations of in-
dividual amino acids were carried out using a AccQ Tag Ultra BEH
column (2.1 x 100 mm, 1.7 pm) (Waters Corp.; Milford, USA). The
column was kept at 50 °C, the samples at 20 °C. The injection volume
was 3 pL and the elution was performed at a flow rate of 0.50 mL/min.
The mobile phase consisted of solvent A (50 mL of solution: acetonitrile,
formic acid, and 5 mM ammonium acetate (10:6:84, v/v/v) in 950 mL
water) and solvent B (acetonitrile and formic acid; 99.9:0.1, v/v). The
gradient profile was: 99.0 % A at 0-0.30 min, 97.0 % A at 3.20 min, 88.0
% at 6.80 min, 82.0 % A at 8.95 min, 74.0 % A at 9.50 min, 67 % A at
9.80 min, 40.0 % A at 10.65 min, and 99.0 % A at 14.50-15.00 min. The
PDA spectra for amino acids were measured at wavelength 260 nm.
Retention times and spectra were compared to those of the authentic
standards of amino acids. Quantification was achieved by injection of
solutions of known concentrations ranging from 20.00-100.00 mg/L
(R>>0.9900) of amino acid standards. Calibration curves, limit of
quantification (LOQ) and limit of detection (LOD) of studied compounds
are included in the Supplementary materials. All incubations were done
in triplicate. The results were expressed as mg per 100 g of dw.

2.6. Statistical analysis

Statistical analysis was made using XLSTAT 2017: Data Analysis and
Statistical Solution for Microsoft Excel (Addinsoft; Paris, France). Sig-
nificant differences (p < 0.05) between means were evaluated by one-
way ANOVA and Tukey’s test while to highlight correlations Principal
Components Analysis (PCA) and Agglomerative Hierarchical Clustering
(AHC) have been performed.

3. Results and discussion
3.1. Identification of carotenoids and chlorophylls
A total of 13 compounds were found in the 19 cultivars of the three

Chaenomeles species by using LC-PDA-MS/QToF (Table 1). In the
chromatogram profiles (Fig. 1A) obtained at 425 nm, the labeled peaks
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1-13 followed an elution order. Among these compounds, five belong to
the group of carotenoids (lutein, p-cryptoxanthin, a- and p-carotene) and
eight were chlorophyll derivatives. It is worth noting that detection of
all-trans-p-cryptoxanthin, o-carotene and chlorophyll derivatives
(including pheophorbide a, chlorophyllide b and pheophytin epimers) in
Chaenomeles fruits is reported for the first time. All the detected com-
pounds were characterized along with their retention times (Ry), UV
spectrum, and MS data together with the interpretation of the observed
MS/MS spectra and comparison with standards.

3.1.1. Carotenoids

Carotenoids are biosynthesized by bacteria, algae, fungi, and plants,
but not by animals, which must obtain them from their food. They can be
found in colored fruits and vegetables. For example, carrots, apricots,
pumpkin and sweet potato are sources of a-carotene and p-carotene,
while tomatoes and watermelon are sources of lycopene, (-carotene,
B-carotene, phytofluene and phytoene. Mango, papaya, spinach, peaches
and prunes are sources of lutein, zeaxanthin, a-, - and {-carotene and
B-cryptoxanthin (Jaswir et al., 2011). More than 600 natural carotenoids
have been identified while only about 50 have provitamin A activity.
Among them, three are the most important precursors of vitamin A
(which are converted into vitamin A or retinol) in humans: a-carotene,
B-carotene and p-cryptoxanthin (Jaswir et al., 2011). In the human or-
ganism, carotenoids are part of the antioxidant defense system. Carot-
enoids, as well as tocopherols, are known to be efficient antioxidants and
capable of scavenging reactive oxygen species generated during photo-
oxidative stress (Stahl et al., 2000). Moreover, the beneficial effects on
human health, such as lowering the risk of cancer and enhancement of
immune system function, have been confirmed (Das et al., 2007; Rock,
2009). In addition, research Maeda et al. (2008) confirmed the positive
effect of daily consumption of carotenoids on the regulation of meta-
bolism, decreased body fat deposition and consequently weight
reduction.

Peak 3 gave an [M+H]" ion at m/z 569.40 with the molecular for-
mula C40Hs5602. The MS/MS spectra yielded fragment ions at m/z
551.11 [M+H-181" and at m/z 553.11 [M+H-18—18]", indicating the
loss of molecules of water. Those fragment ions were observed for lutein
by Delgado-Pelayo et al. (2014) and Kolniak-Ostek (2016). Comparison
with the standard allowed this peak to be assigned to all-trans-lutein.

Peak 4 (R = 7.39), which displayed a molecular ion at m/z 553.32
with the molecular formula C49HsgO, was characterized as all-trans-
B-cryptoxanthin. The characterization of this compound was based on
the reference standard.

Peaks 7, 8 and 11, with the identical molecular formula C49Hsg and a
precursor ion at m/z 537.38, showed a product ion at m/z 444.01 [M+H-
92]". The first compound (R; = 8.71 min) displayed additionally a
fragment ion at m/z 137.01 [M+H-399]" which has been recognized by
Vallverdu-Queralt et al. (2012) as characteristic of a-carotene. Two
other peaks were therefore tentatively identified as p-carotene isomers.
The presence of all-trans-p-carotene (peak 8) was confirmed by
co-elution with an authentic standard. Based on the elution order and in
accordance with Kolniak-Ostek (2016) and Wojdyto et al. (2018), peak
11 (R¢ = 9.46 min) was suggested to be 9 or 9'-cis-p-carotene.

3.1.2. Chlorophylis

Chlorophylls are pigments that are responsible for the green color of
plants. This natural colorant, whose structure is similar to hemoglobin in
blood, is essential along with sunlight for photosynthesis. Leafy greens
tend to be very high in chlorophyll, and the two foods with the highest
chlorophyll content are spinach and parsley. Chlorophyll and its de-
rivatives have a long history in traditional medicine, and various pro-
health properties, including as a wound healing and anti-inflammatory
agent, internal deodorant, potent anti-mutagen and anti-carcinogen,
have been described (Mishra et al., 2011). Most chlorophyll-based
supplements on the nutraceutical market contain a water-soluble de-
rivative of natural chlorophyll — chlorophyllin — which is potentially



LP. Turkiewicz et al.

Table 1
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Identification of carotenoids, chlorophylls and free amino acids in Chaenomeles fruits using LC-PDA-QTOF-MS method.

LC-PDA-QTOF-MS fragmentation pattern m/z

Peak no Compound R; (min) Amax (nm) Proposed molecular formula

[M+H]* MS/MS
Carotenoids and chlorophylls
1 Pheophorbide a 3.99 411/653 C35H36N405 593.37 533.37/505.37
2 Chlorophylide b 4.55 460/648 C35H32MgN4Og 629.37 597.40/569.40
3 all-trans-lutein 5.05 336/447/475 C40Hs602 569.40 551.11/533.11
4 all-trans-p-cryptoxantin 7.39 455/478 C40oHs60 553.32 535.20/497.10
5 Chlorophyll a 8.53 430/615/665 CssH7oMgN4O5 893.30 615.40/555.30
6 Chlorophyll a’ 8.64 430/615/663 Cs5H72MgN4Os 893.30 615.40/555.30
7 a-carotene 8.71 445/478 CyoHse 537.38 137.01/444.01
8 all-trans-p-carotene 8.81 425/454/478 CaoHse 537.38 444.01
9 Chlorophyll b or b’ 9.00 453/590/641 CssH70MgN4Og 907.30 629.30
10 Pheophytin b or b’ 9.27 433/599/653 Css5H72N406 885.72 553.70
11 9 or 9'-cis-p-carotene 9.46 425/454 C40Hse 537.38 444.01
12 Pheophytin a 9.58 408/503/666 Cs5H74N405 871.38 593.01
13 Pheophytin @’ 9.90 408/503/666 Css5H74N4O5 871.38 623.01/593.01
Amino acids
1 6-aminoquinoline 2.01 - C7H;0N204 145.11 -
2 Nonspecific side compound 2.32 - - 171.09 (188.12) 145.11
3 L-asparagine 3.15 260.1 C4HgN203 303.18 171.11
4 L-serine 3.94 260.1 C3H;NO3 276.18 171.11
5 Glycine 4.30 260.1 CoHsNO, 246.16 171.11
6 L-aspartic acid 5.04 260.1 C4H;NO4 304.17 171.11
7 L-glutamic acid 5.58 260.1 CsHoNO4 318.19 171.11
8 L-threonine* 5.89 260.1 C4HgNO3 290.20 171.11
9 Derivatization peak 6.30 254.1 - 203.12 171.11
10 L-alanine 6.51 260.1 C3HyNO2 260.16 171.11
11 Y-amino-n-butyric acid 6.67 260.1 C4HgNO, 274.22 171.11
12 L-valine* 8.45 260.1 CsHp1NO, 288.22 171.11
13 L-isoleucine* 9.64 260.1 CgH13NO, 302.24 171.11

-essential amino acid.

better absorbed by the human body than other isomers.

Peak 1 (R; = 3.99 min) exhibited a deprotonated molecule at m/z
593.37 and a MS/MS fragment at m/z 533.37 and 505.37. The loss of m/
z 60 is most likely due to loss of the HCOO + CHs group, which is
consistent with Delpino-Rius et al. (2018). Thus, after comparison with
an authentic standard, this compound has been identified as pheo-
phorbide a. Peak 2 at the precursor ion m/z 629.37 displayed a molec-
ular formula C35H32MgN4Og given by the formula editor. In the MS/MS
spectra, ions at m/z 597.40 01 [M+H-32]" (loss of —CH30H) and
569.40 [M+H-60]1" (loss of —COOCHS3) were observed. Thus, in accor-
dance with Kolniak-Ostek (2016) and Milenkovic¢ et al. (2012) it was
tentatively characterized as chlorophyllide b.

The two peaks (5 and 6) detected at R = 8.53 and 8.64 min displayed
the same molecular ion at m/z 893.30 and product ions at m/z 615.40
and 555.30. These fragment ions resulted from the successive loss of
CooH3g [M+H-278]" and CH3COOCq0H39 [M+H-338]", respectively
(Turkiewicz et al., 2019). Therefore, those compounds were character-
ized as isomers of chlorophyll a. On the other hand, peak 9 detected at R¢
= 9.00 min (m/z 907.30), with the molecular formula CssH;oMgN4Og,
showed a neutral loss of a phytyl chain [M+H-278]". Previous data
(Delpino-Rius et al., 2018; Turkiewicz et al., 2019) indicate that this
peak came from a chlorophyll b isomer.

The molecular ion at m/z 885.72 (peak 10) showed the molecular
formula Css5H75N406. This compound was suggested as an isomer of
pheophytin b, based on data from UV absorption and the MS/MS frag-
ment ion at m/z 553.70 demonstrated by the neutral loss [M+H-332]",
which can be interpreted as the loss of a phytyl and —CH30H group.

Finally, peaks 12 and 13 detected at R; = 9.58 and 9.90 min have
been proposed to be pheophytin a and a, respectively. Those two cor-
responding epimers of the chlorophyll a derivatives with the molecular
formula CssH74N405 showed an identical molecular ion at m/z 871.38.
Both compounds released an MS/MS fragment ion at m/z 593.01, while
pheophytin a’ showed additionally [M+H-248]" loss.

3.2. Quantification of carotenoids and chlorophylls

Carotenoid and chlorophyll content, calculated as the sum of indi-
vidual compounds (Table 2), varied significantly between genotypes (p
< 0.05), with C. x superba 'Nicoline' displaying the highest (314.94 and
227.19 mg/kg dw), and C. x superba Pink Lady' the lowest content
(32.44 and 19.27 mg/kg dw). The carotenoids account for on average 59
% of all analyzed compounds. Generally, all-trans-p-carotene was the
main compound among carotenoids (average 33.17 mg/kg dw) and
among chlorophylls it was pheophytin a (average 20.60 mg/kg dw) in
the analyzed species and cultivars of Chaenomeles. Moreover, C. X
superba 'Nicoline' contained almost 17 times more of the mentioned
compounds than C. x superba 'Pink Lady' (regarding carotenoids as well
as chlorophylls). In addition, carotenoids were on average 1.5 times
more abundant than chlorophylls (for C. speciosa 'Simonii' even 3 times
more). A similar ratio of these two dyes was calculated in the study by
Ponder and Hallmann (2017), where it was 1.24 for the fruit of C. x
superba and two C. japonica cultivars.

Ponder and Hallmann (2017) in four fruits of Chaenomeles ssp.
identified and quantified lutein (38.00-101.73 mg/kg dw), zeaxanthin
(42.76-177.06 mg/kg dw) and f-carotene (67.30-72.35 mg/kg dw).
Differences in carotenoid content may result, among other factors, from
sun exposure, cultivation method, level of nitrogen in the soil (increase
along with nitrogen fertilization) or cultivar. Moreover, average total
chlorophyll content was higher (87.24 mg/kg dw) (Ponder and Hall-
mann, 2017) than in our study (73.72 mg/kg dw). Comparing the con-
tent of natural pigments in Chaenomeles fruit to other fruit with light
flesh (apples), it was found that the concentration of carotenoids and
chlorophylls in the studied fruits is 2-8 times higher than in apple flesh
and is very close to their concentration in the peel (58.72-1510.77
mg/kg dw) (Delgado-Pelayo et al., 2014).

The primary pigment of photosynthesis is chlorophyll a, while
chlorophyll b is not necessary for photosynthesis to occur, and that is
why not all cells that perform photosynthesis have chlorophyll b. An



LP. Turkiewicz et al.

Journal of Food Composition and Analysis 93 (2020) 103608

12 A

720 740 760 780 800 820 840 880 880 900 920 940 980 980 1000 1020 1040 1060 1080
M

15000
13000 T3
1700.0 Y
16000
15000
1000
13000
12000
1000
10000
s00
w0
7000
6000
5000
1000
2000
2000

10001

B

230 240 250 260 270 280 230 300 310 320 330 340 350 360 370 380 330 400 490 420 430 440 450 460 470 480 490 600 610 620 630 540 550 560 570 680 530 600 610 620 630 640 650 660 670 680 630 700
Mautes.

4 5

0.00}———)

° C

10 11
8 12 13

180 | 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 620 640 660 680 600 620 640 660 680 700 720 740 760 780 800 820 840 860 880 900 920 940 960 980
Miutes.

Fig. 1. Chromatograms from the analysis of Chaenomeles fruit: carotenoids and chlorophylls by UPLC-PDA at 425 nm in C. x superba 'Nicoline' (A), tocopherols and
tocotrienols by UPLC-FL at 290/330 nm in C. speciosa 'Rubra’ (B) and amino acids by UPLC-PDA at 260 nm in C. x superba 'Crimson and Gold' (C). Peak number

identities are displayed in Table 1.

increase in chlorophyll b is an adaption to the shade, as it allows the
plant to absorb a broader range of wavelengths of light. Therefore, when
analyzing the ratio of chlorophyll a to b, it can be concluded, inter alia,
under which conditions of sun exposure the fruits grew, or one can as-
sume their color, because chlorophyll b is responsible more for the
yellow color (Khan Academy, 2019). In the analyzed fruits of selected
species and cultivars of Chaenomeles this ratio was at a similar level —
chlorophyll a was up to 5 times more abundant than chlorophyll b. An

exception was C. japonica wild #1, having 17 times less chlorophyll b. In
addition, C. x superba 'Flavon Rose' contained no chlorophyll, while in
C. x superba 'Hollandia', C. japonica wild #1, 'Cido' and nl no chloro-
phyll b was detected.

Bearing in mind the latest regulations established by the U.S. Food
and Drug Administration (FDA) since January 2020 vitamin A has been
listed on the new Nutrition Facts and Supplement Facts labels as retinol
activity equivalents (RAE) (FDA, 2016). Therefore, knowing the content



Table 2

Content of carotenoids and chlorophylls (mg/kg dm) in various species and cvs. of Chaenomeles fruits.

Chaenomeles x superba

Group of Peak
compounds no 'Crimson and 'Texas Scarlet' ‘Nicoline' 'Andenken an Karl 'Pink Lady' 'Colour Trail' 'Flovon Rose' 'Hollandia' ‘Jet Trail' wild
Gold' Ramcke'
0.37 +
3 nd 0.74 + 0.08bc 2.81 4+ 0.20a 0.57 + 0.24cd nd 0.82 + 0.29b nd 0.73 £+ 0.09bc 0.23 + 0.00ef 0.16def
4 6.49 + 0.85de 8.94 + 0.54bc 14.20 + 0.22a 1.86 + 0.56gh 0.74 + 0.00h 2.07 + 0.58gh gz(s)bjc:d 7.43 £0.16bcd 4.70 + 0.79ef 3.17 + 0.93fg
Carotenoids 7 20.21 +1.11d ?‘"izi * 34.02 + 1.72a 12.68 + 0.25fg 12.42 + 0.65fgh 100'2251, 17.28 £ 072  21.91£0.93cd  9.59 + 0.87jj 5.28 + 0.73k
16.98 +
8 17.02 £+ 0.95gh 0.87gh 159.07 + 2.85a 62.69 + 0.81c nd 32.56 + 0.99ef nd 28.87 £ 0.67ef nd nd
11 nd nd 104.84 + 1.46a nd nd 37.46 + 1.42d nd 33.59 + 1.61d nd 20.84 + 0.75e
Sum 43.72 + 2.56ghi ‘1187"21;;: 314.94 + 3.88a 77.80 + 1.92de 13.17 + 0.88k 83.22 + 1.47de 24.62 £+ 1.01jk 92.53 + 2.00d 14.52 + 1.64k f97.$i5jkj:
1 nd nd 5.76 £ 0.72a 1.46 £ 0.17cd 1.62 + 0.19¢ 1.12 £ 0.19de nd nd 0.65 + 0.05fg nd
2 15.65 £ 0.76¢ 7.41 + 0.88e 2.37 + 0.17fg 0.69 £ 0.10i 1.08 + 0.34ghi 1.05 + 0.10hi 34.68 £ 1.11a 22.27 £ 0.93b 1.57 + 0.41ghi (l)jgg:ltu
5 1.50 + 0.23e 1.05 £ 0.11e 10.79 + 0.85a 1.08 + 0.34e 1.13 + 0.26e 1.13 £ 0.38e 1.43 £ 0.45e 3.49 + 0.21d 1.77 £ 0.17e 3.21 + 0.76d
Chlorophylls 6 1.05 + 0.18f 2.09 + 0.35f 44.78 + 0.99a 7.25 + 0.77d 2.03 + 0.30f 5.35+0.29d nd nd 2.64 + 0.70ef 0.64 + 0.04f
phy 9 1.27 + 0.33ef 1.06 + 0.44f 18.67 + 0.81a 7.41 £+ 0.48c 1.33 £ 0.21ef 2.32 + 0.46ef nd nd 1.21 + 0.95ef 1.40 + 0.28ef
10 nd 1.68 + 0.41d 8.01 + 0.37a 1.69 + 0.33d nd 1.55 + 0.54d nd 1.18 £+ 0.55d nd 1.36 + 0.32d
14.12 + 15.96 + 8.76 + 10.45 +
12 1.00defg 114def 111.65 + 2.18a 2791 £ 1.12¢ 7.70 + 0.72fgh 22.54 + 1.06cd 0.72fgh 0.49fgh 6.92 + 0.31gh 6.49 + 0.53gh
13 11.94 £+ 0.78d 6.45 + 0.22gh 25.17 £ 1.63a 18.17 + 1.00b 4.39 £ 0.37i 7.66 + 0.14fg 4.70 + 0.85hi 6.93 £ 0.19g 6.65 & 0.94¢g 3.56 £ 0.67ij
Sum 45.53 + 2.21ef :1;57.1712hi 227.19 + 2.18a 65.66 + 1.59d 19.27 £ 1.14i 42.71 + 1.64fg 49.57 +£0.99ef  44.32 + 0.66f 21.40 + 1.54i 17.91 + 0.98i
83.94 + . 125.93 + 74.19 £ 136.84 + . 47.56 £
Total 89.26 + 2.87ef 2.00fg 542.13 + 2.22a 143.47 + 2.05d 32.44 +1.03i 1.70fgh 2.01fgh 1.55d 35.92 + 1.22hi 1.99ghi
Ch a : Ch b ratio 2.00 2.95 2.98 1.12 2.38 2.80 - - 3.65 2.75
C: Ch ratio 0.96 1.35 1.39 1.18 0.68 1.95 0.50 2.09 0.68 1.66
Chaenomeles japonica Chaenomeles speciosa
Group of compounds Peak no
‘Cido’ ‘Cameo’ 'Red Joy' wild #1 wild #2 nl (new) ‘Nivalis' '‘Rubra’ ‘Simonii'
3 0.73 + 0.28bc 0.74 + 0.38bc 0.44 + 0.16de nd 0.29 + 0.06ef 0.19 + 0.15f nd 0.67 + 0.13bc 0.88 + 0.21b
4 nd 3.65 + 0.58fg 6.90 + 0.90cd 9.14 + 0.20b 4.63 + 0.44ef 4.90 + 0.90ef 4.88 + 0.21ef 2.43 + 0.98gh 15.30 £+ 0.74a
Carotenoids 7 8.700.60ij 7.95 + 0.95j 24.46 + 0.88b 14.51 + 0.57f 10.00 =+ 1.00hij 10.65 + 0.74ghi 11.00 + 0.93ghi 22.31 + 1.15bed 24.22 + 1.62bc
8 25.02 + 1.02fg 24.57 + 1.00fg 59.84 £ 1.11c¢ 9.53 + 0.63h 41.69 + 1.88d nd 34.71 + 1.44de 86.83 + 2.25b 30.87 + 2.04ef
11 nd nd 48.80 + 1.16¢ nd 34.04 + 1.54d nd 9.33 + 0.93f 63.52 + 1.81b nd
Sum 34.45 + 1.34hjj 36.91 + 0.97hij 140.44 + 2.69c 33.17 + 1.33hij 90.65 + 1.29d 15.74 + 0.30k 59.93 + 0.44fg 175.75 + 1.77b 71.26 + 1.82ef
1 1.16 £ 0.00de nd 2.34 + 0.50b 0.53 +0.13g 0.98 + 0.10ef nd 0.87 + 0.16efg 5.80 &+ 0.39a nd
2 2.29 + 0.39fgh 8.41 £+ 0.86e 3.16 + 0.39f 9.95 + 0.96d 3.25 + 0.69f 10.59 + 0.36d 2.00 + 0.41fghi 1.04 £ 0.63hi 10.46 + 1.30d
5 0.98 + 0.20e 1.17 £ 0.09e 3.91 + 0.30d 8.37 + 0.25b 5.36 £ 0.66¢ 1.13 £ 0.40e 1.54 + 0.31e 5.87 £+ 0.88c 5.13 £+ 0.54c
Chlorophylls 6 2.06 + 0.66f 2.55 + 0.70f 10.28 + 1.14f 11.67 + 0.98bc 5.21 + 0.60de 0.72 + 0.28f 2.19 + 0.60f 13.69 + 1.66b nd
Py 9 nd 0.95 + 0.24f 4.97 + 0.58d 1.15 + 0.55ef 3.00 £+ 0.55e nd 1.13 £ 0.42ef 9.41 + 0.57b 1.03 £+ 0.23f
10 2.04 +0.18d nd 3.40 £ 0.61c nd 2.07 + 0.85d nd 1.09 + 0.18d 5.41 + 0.42b nd
12 7.59 + 0.96fgh 7.74 + 0.52fgh 43.39 + 1.07b 13.28 + 1.11efg 20.14 + 1.32cde 6.05 + 0.66gh 8.95 + 0.30fgh 49.79 + 1.34b 2.04 + 0.68h
13 6.39 + 0.38gh 10.67 + 1.21de 11.95 + 1.76d 7.63 + 0.87fg 9.33 + 0.49ef 2.49 £+ 0.52j 3.00 £ 0.54ij 15.48 - 1.00c 2.40 &+ 0.34j
Sum 22.49 + 1.67i 31.50 + 1.44h 83.41 + 2.12¢ 52.58 + 1.72e 49.35 + 1.32ef 20.99 + 0.991 20.76 + 1.64i 106.48 + 2.56b 21.07 £ 1.11i
Total 56.95 + 1.52fghi 68.41 + 1.71fghi 223.85 + 2.95¢ 85.76 + 1.14efg 140.00 + 2.17d 36.73 + 1.46hi 80.69 + 1.07fg 282.23 + 2.00b 92.33 + 1.75ef
Ch a: Ch b ratio - 3.93 2.86 17.41 3.52 - 3.30 2.08 4.98
C : Ch ratio 1.53 117 1.68 0.63 1.84 0.75 2.89 1.65 3.38

nd-not detected; + standard deviation; Ch—chlorophylls; C-carotenoids; value in the same columns followed by different letters are significantly different at p < 0.05 according to Tukey’s test.
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Table 3
Content of tocopherols and tocotrienols (mg/kg dm) in various species and cvs. of Chaenomeles fruits.
Tocopherols (T) Tocotrienols (T3) T:
i 1ti Total T,
Species Cultivars alfa beta gamma delta sum alfa beta gamma delta sum o r:tio
‘Crimson 23.22 + 0.33 + 0.29 + 1.21 + 25.05 5.23 + 5.18 + 23.61 + 8.28 + 42.30 + 67.35 + 0.59
and Gold' 1.22 cd 0.03efgh 0.10def 0.10b =+ 3.05¢ 0.23b 0.18b 1.00a 0.20a 1.00a 2.35a :
‘Texas 545+ 0.18 £ 0.02 £ 0.16 + 5.81 + 231 + 0.24 + 0.91 + 0.22 + 3.69 + 9.50 £ 1.58
Scarlet' 0.45j 0.02efgh 0.00 g 0.01ij 0.19i 0.3lef  0.04f 0.09ij 0.10k 0.19j 0.32j :
Nicoline' 23.08 + 0.09 + 0.13 + 0.86 + 24.16 2.69 + 1.25 + 5.22 + 1.86 + 11.03 = 35.18 + 219
3.08 cd 0.00gh 0.03efg 0.04d +1.16¢ 0.30de 0.25cde 0.22e 0.10h 0.50 g 0.18f ’
g“g:;‘lke“ 825+ 019+ 0.05 % 034+ 884+ 080+ 020+ 115+ 098+ 322+ 1206+ 974
Ramcke' 0.25hij 0.06efgh 0.00efg 0.04gh 0.16hi 0.20ij 0.09f 0.15hij 0.02ij 0.11jk 1.00j :
Pink Lady' 6.86 + 0.16 £ 0.04 £ 0.21 + 7.27 + 1.39+ 0.38 + 1.77 £ 0.62 + 4.17 + 11.44 + 1.74
y 0.16ij 0.04fgh 0.00fg 0.01ji 0.27i 0.09gh  0.08ef 0.10ghi  0.02)k  0.07ij 0.40j :
'Colour Trail 21.95 + 0.55 + 0.66 + 0.96 + 24.11 6.23 + 211 + 13.88 + 4.16 + 26.37 £ 50.48 +
Chaenomeles , 0.91
1.00de 0.05de 0.06¢ 0.24 cd +2.11c 0.13a 0.11c 0.88¢ 0.16de 1.37c 1.32¢
X superba 11.13
'Flovon Rose 10.69 + 0.07 + 0.09 + 0.27 + L ’ 1.86 + 0.22 + 1.43 £ 0.50 + 4.01 + 15.14 + 277
' 0.69gh 0.00gh 0.09efg 0.09hi 0.10gh 0.06fg 0.11f 0.03hij 0.00jk 0.01ij 0.18i ’
'Hollandia’ 14.80 + 0.49 + 0.05 + 0.41 + 15'75 2.87 + 0.95 + 222 + 0.56 + 6.60 + 22.35 + 2.39
0.80f 0.01def 0.01efg 0.07fg 0.25¢f 0.07d 0.05def 0.22gh 0.06jk 0.15h 0.33h ’
28.89
Jet Trail 26.99 + 0.38 + 0.44 + 1.07 + N 2.82 + 1.90 + 16.11 + 6.36 + 27.19 + 56.07 + 1.06
1.00ab 0.02defgh 0.04 cd 0.17bc 0.20b 0.22d 0.00c 1.00b 0.30b 0.19¢ 2.08b ’
17.07
wild 14.61 + 1.41 + 0.12 + 0.94 + " 0.80 £ 1.39 + 2.87 £ 0.27 £ 5.32 £+ 22.39 + 391
0.61f 0.42c 0.02efg 0.06 cd 0.07de 0.00ij 0.09 cd 0.30fg 0.03k 0.32hi 0.37h ’
13.21
Cido' 11.88 + 0.75 + 0.28 + 0.30 + " 0.36 + 0.46 + 1.79 £ 0.25 + 2.86 + 16.07 + 4.61
0.20fg 0.05 cd 0.08defg  000hi o 0.01] 0.06ef 0.21ghi  0.05k 0.06jk 0.99i :
15.71
‘Cameo’ 14.44 + 0.40 + 0.02 + 0.86 + + 3.88 + 1.48 + 6.11 + 3.16 + 14.63 + 30.33 = 1.07
0.40f 0.10defgh 0.00 g 0.04d 0.00ef 0.12¢c 0.40 cd 0.11e 0.16f 0.13d 032¢g !
Red Joy' 18.46 + 3.61 £ 1.65 + 1.85 + 25.57 418 + 5.49 + 0.46 + 3.77 £ 13.91 + 39.48 + 1.84
Y 0.41e 0.20b 0.25b 0.05a + 0.50c 0.18¢ 0.50b 0.04j 0.07e 0.09def 0.41e ’
Chaenomeles 10.86
Jjaponica wild #1 9.56 + 0.49 + 0.30 + 0.51 + N ' 1.16 £ 1.56 £ 5.86 + 4.36 + 12.94 + 23.80 + 0.84
0.00ghi 0.01def 0.10def 0.01f 0.06gh 0.16hi 0.06 cd 0.06e 0.36d 0.14ef 0.28 h ’
20.29
wild #2 18.75 + 0.44 + 0.13 + 0.97 + N 311+ 1.68 £ 5.19 + 2.56 + 12.54 + 32.82 + 1.62
0.25e 0.04defg 0.03efg 0.03 cd 0.29d 0.11d 0.02 cd 0.19%¢ 0.50 g 0.04fg 0.85fg '
30.05
new nl 28.92 + 0.17 + 0.31 + 0.65 + N 5.23 + 1.52 + 6.16 + 1.24 + 14.15 + 44.19 + 212
0.08a 0.03efgh 0.01de 0.05e 1.95b 0.23b 0.10 cd 0.16e 0.04i 0.85def 1.20d :
Nivalis' 7.30 £ 0.02 + 0.08 + 0.06 + 7.46 + 0.70 £ 0.22 + 0.90 + 0.25 + 2.06 + 9.52 + 3.62
0.15hij 0.00 h 0.00efg 0.00j 0.40i 0.05ij 0.13f 0.10ij 0.05k 0.06k 0.01j :
Chaenomeles ‘Rubra’ 26.12 + 6.21 + 4.20 + 1.05 + 17'58 5.21 + 14.65 + 3.78 £ 5.45 + 29.09 + 66.67 £ 1.29
speciosa 1.12abc 0.21a 0.20a 0.13c 1.00a 0.11b 1.00a 0.10f 0.05¢ 1.00b 0.67a '
‘Simonii' 2391 + 0.15 + 0.18 + 0.53 + 24.77 2.74 + 2.05 + 7.62 + 1.95 + 14.36 + 39.14 + 172
3.00bcd 0.15fgh 0.02defg 0.03ef +0.77¢ 0.04de 0.05¢ 0.30d 0.05h 0.36de 1.14e '
Tukey’s Multiple Range Test for mean values
Chaenomeles X superba 15.59 + 0.39 + 0.19 + 0.64 + 16.81 2.70 + 1.39 £ 6.92 + 2.38 + 13.39 + 30.20 + 1.26
P 1.02¢c 0.09¢c 0.00b 0.20b =+ 1.44c 0.41b 0.18¢ 0.60a 0.10a 0.63b 2.01b :
Ch les i . 17.00 + 0.98 + 0.45 + 0.86 + :1t9.28 2.99 + 2.03 £ 4.26 + 2.56 + 11.84 + 31.12 + 1.63
aenomees japorica 1.38b 0.10b 0.02b 0.11a Lgsp  03% 022 0.26b 0.19a  0.55¢ 1.99b :
23.27
Chaenomeles speciosa 19.11 + 213 + 1.49 + 0.55 + 4 2.88 + 5.64 + 4.10 + 2.55 + 15.17 + 38.44 + 153
P 1.22a 0.98a 0.11a 0.05b 1.00a 0.47ab 0.44a 0.17b 0.15a 0.41a 1.80a .

+ standard deviation; value in the same columns followed by different letters are significantly different at p < 0.05 according to Tukey’s test.

of a-, B-, y-carotene and p-cryptoxanthin, one can calculate the amount
of RAE. Chaenomeles fruit, depending on the studied cultivar, contains
from 6.53-420.15 pg RAE in 100 g of fresh fruit (C. japonica nl and C. x
superba 'Nicoline', respectively). Compared to other fruits, Chaenomeles
fruit on average contains more vitamin A than nectarines, apples or
oranges (17,12 and 11 pg RAE) but less than cantaloupe melon, apricots
and loquats (169, 96 and 76 pg RAE) (MYFOODDATA, 2020). Referring
the RAE content to the recommended daily intake (RDI), it was found

that 100 g of fresh fruit covers 9% of the requirement for vitamin A in
men and 11 % in women.

3.3. Quantification of tocopherols and tocotrienols

One of the most effective antioxidants that inhibit cell aging is
vitamin E, which protects the epidermis against the harmful effects of
the external environment (creating a barrier to UV rays) (Zielinska and
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Nowak, 2014). Vitamin E is a group of fat-soluble compounds that
include tocopherols (T) and tocotrienols (T3). This group includes 8
naturally occurring homologues — four of tocopherol and four of toco-
trienol, respectively a-, f-, y- and §- (Chun et al., 2006). Tocopherols are
present in all plant tissues (e.g. roots, seeds, petals, leaves and fruits) and
predominate in the form of a-T, except for seeds (a- or y-isomers).
Tocotrienols on the other hand are not usually found in the green parts
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of higher plants, but are found in high amounts in seeds. Total tocoph-
erol content usually ranged from <1 mg/kg dw (potato tubers) to very
high levels >1000 mg/kg dw in leaves and seeds (Munné-Bosch and
Alegre, 2002). Antioxidant properties of tocopherols isomers in living
organisms increase as follows: a-T > p-T > y-T > &-T with their in vitro
activity being exactly the opposite (Nogala-Kalucka and Siger, 2011;
Seppanen et al., 2010).

Table 4
Content of free amino acids (mg/100 g dm) in various species and cvs. of Chaenomeles fruits.
Species Cultivars L- L-serine L- L- L- L- L- Y-amino- L- L- Total
asparagine glycine aspartic glutamic threonine* alanine n-butyric valine* isoleucine*
acid acid acid
P 10.67
Crimson 133.38 + 19.76 + 4.66 + 77.77 £ 31.06 + 3.20 + 21.66 + 32.01 + n 3.42 + 337.58 +
and Gold' 2.13f 1.12bc 0.45e 1.12ef 089¢g 0.21e 1.25efg 1.32d 117e 0.20c 20.17 g
'Texas 234.15 + 13.41 + 2.51 + 72.02 + 72.50 + 3.17 + 38.63 + 15.98 + 8.01 + 4.80 + 465.17 +
Scarlet' 5.82e 0.67e 0.21h 1.28efg 1.54b 0.33e 1.57bc 1.18efgh 0.56f 0.18b 21.22f
Nicoline' 75.40 + 16.62 + 3.59 + 41.69 + 89.37 + 3.33 £ 30.95 + 20.55 + 15'62 2.55 + 299.67 +
2.11fgh 0.88d 0.32fg  2.01ghij  1.67a 0.27e 1.82cde  1.23efg 0.98b 0.14d 18.14 g
éﬁlngzrrllken 6.86 + 5.61 + 105+ 882+ 1637+ 150+ 1496+ 1272+ 1;.97 0.48 + 81.34 +
Rameke 0.68gh 0.42h 0.11i 1.00kl 1.05k 0.16ghij 1.03ghi  1.14gh L13d 0.08ij 3.42jk
Chaenomeles Pink Lady' 84.17 £ 3.21 £ 2.10 + 101.43 + 28.30 £ 1.24 + 19.90 + 12.19 + 2.04 + 0.61 £ 255.21 +
x superba y 2.20fg 0.32hi 0.12h 3.87e 1.63gh 0.18hij 1.22fgh 1.11h 0.08j 0.08hij 14.32gh
‘Colour 1296.71 + 10.03 + 17'76 575.11 + 49.56 + 8.38 + 44.15 + 72.08 + 5.74 + 117 £ 2080.69
Trail' 63.36b 1.01g 0.54a 10.41a 1.88e 0.67b 1.63b 2.19b 0.25h 0.23efg + 28.12b
‘Flovon 65.85 + 13.03 + 6.96 + 47.75 + 20.43 + 1.48 + 14.82 + 22.96 + 3.81 + 1.69 + 198.78 +
Rose' 3.54fgh 1.21ef 0.75¢ 1.44fghi 1.21j 0.20hij 1.00ghi 1.03e 0.33i 0.28e 3.99%hi
‘Hollandia' 372.15 + 17.25 + 7.08 + 182.28 + 24.96 + 2.62 £ 27.75 = 20.48 £ 8.13 + 3.10 £ 665.81 +
7.96d 1.33 cd 0.63c 2.87d 1.29hi 0.13efg 1.41def 2.09efg 0.42f 0.30c 14.63e
Jet Trail 1509.07 + 53.79 + 13'86 458.17 + 61.10 + 10.84 + 76.56 + 121.53 + 1521 6.19 + 2326.33
22.87a 2.08a 0.67b 5.73b 1.49¢ 0.60a 2.03a 3.13a 0.76be 0.19a + 32.17a
wild 24.55 + 10.24 + 2.59 + 33.86 + 12.93 + 1.84 + 12.20 + 12.85 + 7.39 + 0.39 + 118.84 +
1.63gh 1.10fg 0.32h  1.03hijkl  1.07Kkl 0.07fghi 1.18ghi  1.17gh 0.45fg  0.07j 7.22ij
Cido' 288.28 + 21.39 + 3.59 + 371.00 + 70.71 + 5.72 + 33.65 + 21.03 + LO.GZ 1.40 + 827.39 +
5.57e 1.47b 0.33fg 6.00c 1.99b 0.19d 1.13 cd 1.32ef 0.93¢ 0.00ef 19.37d
‘Cameo’ 3.49 £ 0.96 + 0.23 + 4.00 £ 237 £ 0.55 + 1.47 £ 2.14 + 0.24 + 0.40 £ 15.87 +
0.41 h 0.09i 0.07j 0.99L 0.54n 0.05] 0.19j 0.14i 0.00k 0.04j 1.11k
Chaenomeles Red Joy' 108.71 + 8.45 + 2.09 + 64.41 + 23.41 + 2.27 £ 18.55 + 31.95 + 2.48 + 1.14 + 263.47 +
aponica 4 8.22f 0.84g 024h  1.01fgh 1.62ij 0.08efgh 1.33fgh  1.39d 0.10 j 0.06fgh 17.73gh
JP wild #1 542.53 + 19.68 + 4.14 + 203.17 + 36.09 + 2.89 + 36.83 + 69.36 + 6.81 + 1.50 + 923.00 +
7.41c 1.29bc 0.35ef 3.09d 1.50f 0.10ef 1.46¢cde 1.83b 0.32gh 0.10ef 27.28¢c
wild #2 17.73 £ 4.62 + 1.44 + 18.23 + 14.28 + 1.18 + 8.31 + 13.65 + 3.66 + 1.00 + 84.10 +
0.97gh 0.65h 0.201 1.00ijkl 1.37k 0.06hij 0.87ij 0.88fgh 0.27i 0.18fghi 7.49jk
new nl 8.32 + 4.94 + 5.39 £ 19.99 + 7.44 + 0.76 + 11.64 + 20.08 + 2.09 £ 0.52 + 81.17 +
0.54gh 0.55h 0.39d 0.47i)kl  0.42m 0.00ij 1.03hi 0.97efgh 0.1 0.09ij 6.09jk
Nivalis' 61.52 + 8.58 + 3.56 + 37.43 £ 10.12 + 1.32 + 8.38 + 19.13 + 4.54 + 0.86 + 155.44 +
2.82fgh 0.64 g 0.27g  1.43hijk  0.661m 0.06hij 0.99ij 1.09efgh  0.19i 0.07ghij 2.33ij
, \ 1490.69 + 19.66 + 5.71 + 343.85 + 29.33 + 7.23 £ 3412 + 39.90 + 14.25 6.41 + 1991.14
Chaenomeles Rubra +
. 28.30a 1.23bc 0.38d 6.85¢ 098 g 0.17c 1.63 cd 1.37 cd 0.41a + 37.16b
speciosa 0.58¢
‘Simonii' 9.64 + 17.33 + 6.75 + 12.04 + 54.88 + 1.50 + 27.27 + 43.27 + 16'72 4.73 + 194.13 +
0.89gh 1.08 cd 0.86¢ 1.07jkl 1.61d 0.10ghij 1.11def 1.58c 0.60a 0.26b 2.45hi
Tukey’s Multiple Range Test for mean values
Chaenomeles X superba 380.23 + 16.30 + 6.22 + 159.89 + 40.66 + 3.76 + 30.16 + 34.33 £ 8.96 + 2.44 + 682.94 +
up 5.88b 1.21a 0.22a 2.88a 1.01a 0.13a 0.39a 0.50a 0.54b 0.10b 3.88b
Ch les i . 161.51 + 10.01 + 281 + 113.47 + 25.72 £ 2.23 + 18.41 + 26.37 £ 4.32 + 0.99 + 365.83 +
aenome’es japonica 3.82¢ 0.59b 0.30c  1.67b 0.99¢ 0.34b 0.11c 0.99b 0.20c  0.09¢ 2.67¢
Chaenomeles speciosa 520.62 + 15.19 + 5.34 + 131.11 + 31.44 + 3.35+ 23.25 + 34.10 £ lil'84 4.00 + 780.24 +
P 7.78a 0.97a 0.45b 1.93b 0.71b 0.28a 0.49b 0.67a 0.22a 0.14a 3.99a

GABA-Y-amino-N-butyric acid; *-essential amino acid; + standard deviation; value in the same columns followed by different letters are significantly different at p <

0.05 according to Tukey’s test.
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In the studied Chaenomeles fruits, regardless of the cultivar, four
isomers of tocopherols and four isomers of tocotrienols were identified
(Table 3, Fig. 1B). All the detected compounds were characterized along
with their retention times (Ry), observed absorption bands (Amax) and
comparison with authentic standards. Total tocopherol and tocotrienol
content, calculated as the sum of individual compounds (Table 3), varied
significantly between genotypes (p < 0.05), with C. x superba 'Crimson
and Gold' displaying the highest (67.35 mg/kg dw), and C. speciosa
'Nivalis' the lowest content (9.50 mg/kg dw). In the largest quantity we
detected o-T, which represented on average 50 % of the sum of T and T3,
ranging from 5.45 to 28.92 mg/kg dw depending on cultivar. Among all
isomers of vitamin E, o-T plays an essential role in the human body,
showing the highest biological activity (Gornas, 2015). In the tocopherol
group, individual isomers can be ranked according to their decreasing
amount: a-T > p-T > y-T > §-T, whereas in the tocotrienol group: y-T3>
B-T3 > a-T3 > §-T3. Analyzing the ratio of T to T3, it was found that
tocopherols were on average twice as abundant as tocotrienols (almost
5-fold more in C. japonica 'Cido"), except for C. x superba 'Crimson and
Gold', 'Color Trail' and C. japonica wild # 1, where tocotrienols
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dominated. Attempts have been made in the literature to determine
tocopherols in C. japonica seeds. Gornas et al. (2019) confirmed a-, -
and y-T in different Japanese quince seeds from 1117 to 1266 mg/kg oil.
It should be noted that the tocochromanol profile did not contain the &-T
isomer, whereas only -T3 was determined from tocotrienols (Gornas
et al.,, 2015). As was mentioned before, this is the first report on the
composition of T and T3 in Chaenomeles fruit. For comparison, analyzed
fruits contain more tocopherols than popular fruit with a light flesh, e.g.
apples, pears or peaches (4.2; 3.0 and 7.4 mg/kg fresh weight (fw),
respectively), but less than raspberries (34.6 mg/kg fw) (Chun et al.,
2006).

The new FDA guidelines also included vitamin E, whose content in
food products is expressed in mg of a-tocopherol. Depending on the
cultivar, 100 g of fresh Chaenomeles fruits contained on average 0.34 mg
of a-tocopherol. Assuming that the RDI for an adult is 10 mg (for men)
and 8 mg (for women), a portion of fruit covers 3 and 4%, respectively,
of the need for vitamin E. This is more than for typical citrus fruits
(limes, lemons, and oranges) but less than for kiwi fruits (up to 1.5 mg of
a-tocopherol in 100 g) (MYFOODDATA, 2020).
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3.4. Identification and quantification of amino acids

Animal as well as plant proteins are made up of about 20 common
amino acids (among more than 300 occurring in nature). The proportion
of these amino acids varies as a characteristic of a specific protein, but all
food proteins contain some of each. Amino nitrogen accounts for
approximately 16 % of the weight of proteins. Amino acids are required
for the synthesis of body protein and other important nitrogen-
containing compounds, such as creatine, peptide hormones, and some
neurotransmitters. However, non-protein amino acids such as ornithine,
citrulline, and homocysteine also play important roles in cell meta-
bolism (Wu, 2009, 2013). Although the most common recommended
intakes are established for protein, WHO (2007) also provides estimated
requirements for essential amino acids. Thus, it is assumed that the total
adult suggested intake for indispensable amino acids is 184 mg per kg
body weight per day.

In the present work, a qualitative and quantitative analysis of the free
amino acids in Chaenomeles fruits was performed using a derivatization
with AQC and UPLC-PDA-MS/QToF operated in positive ionization
mode. Thus 10 amino acids were characterized, of which three were
essential. For the cultivars analyzed in this study, this is the first attempt
of determination of the free amino acid profile. All the detected com-
pounds (Table 1, Fig. 1C) were characterized by means of their detect-
able UV spectrum and MS/MS data, together with comparison with
authentic standards.

Peak 1 (R; = 2.01 min) gave an [M+H]" ion at m/z 145.11, which is
characteristic for 6-aminoquinoline (AMQ) which is the breakdown
product of AQC reagent. This compound eluted for all samples as the
major peak before polar amino acids in early retention time, which is
consistent with Fiechter and Mayer (2011). Peak 2 detected at 2.32 min
and with an [M+H] " ion at m/z 171.09 gave a product ion at m/z 145.11
(IM—H-26]7). Moreover, this peak, like the previous one, did not have
characteristic absorption bands. According to Spacil et al. (2010) these
ions are nonspecific and were formed as a result of breaking the cleavage
of the bond between the amide nitrogen and the carbonyl carbon. Ac-
cording to other authors (Jama, 2013; Nagumo et al., 2009) this peak
was assigned as derived from the NH{ ion. Peak 9 with a parent ion at
m/z 203.12 and maximum absorption band (Apmax) at 254.1 nm displayed
the [M—H]™ daughter ion at m/z 171.11, which indicates the loss of
CH3OH (32 Da). Thus the compound was tentatively assigned to be
derivatization peak which is consistent with the findings of Jama (2013)
based on a comparison of retention time. According to literature data
(Salazar et al., 2012) the AQC reagent gives a common fragment ion at
m/z 171.11, generated by a loss of the AMQ moiety. Therefore, in all
remaining peaks (3, 4, 5, 6, 7, 8,10, 11, 12 and 13) the combination of
the parent ion (from specific amino acids or amino thiols) and this
common fragment (daughter) ion ([M + AQC+H]™) was selected for
identification (Table 1).

Total amino acid content, calculated as the sum of individual com-
pounds (Table 4), varied significantly between genotypes (p < 0.05),
with C. x superba 'Jet Trail' displaying the highest (2326.33 mg/100 g
dw), and C. japonica '‘Cameo' the lowest content (15.87 mg/100 g dw). L-
asparagine and r-glutamic acid were determined in the largest amount,
representing on average 55 and 23 % of the total amino acid content in
C. x superba, 44 and 31 % in C. japonica and 67 and 17 % in C. speciosa.
The remaining amino acid content was below 8% of the total amino acid
content. As mentioned before, in the fruits of Chaenomeles three essential
(exogenous) amino acids, i.e. .-threonine, -valine and 1-isoleucine, were
identified. Threonine participates in the synthesis of collagen and
elastin, valine regulates muscle metabolism and rebuilds tissues, while
the most important functions of isoleucine include the regulation of
sugar levels, and participation in energy and hematopoietic processes
(Wu, 2013). These are amino acids that the human body is unable to
synthesize, and must be supplied with food. The highest concentration
of 1-threonine was observed in the fruit of C. x superba 'Jet Trail', and
L-valine and 1-isoleucine in C. speciosa 'Simonii' and 'Rubra’, respectively.

10
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For comparison, Zhang et al. (2011) in a study of C. speciosa fruit
determined the total amino acid content at the level of 260—500
mg/100 g dw. Similarly, Chung et al. (1988) in the fruits of C. sinensis
(Thouin) Koehne confirmed a free amino acids content of 383.3 mg/100
g dw. Moreover, additionally to the amino acids determined in this
study, they confirmed the presence of proline, cysteine, phenylalanine
and histidine. In contrast, Hellin et al. (2003) analyzed the composition
of Chaenomeles fruit juice of selected species and cultivars and obtained
higher values for C. japonica (352.17-5771.96 mg/100 g dw), C. speciosa
(444.83 mg/100 g dw) and C. cathayensis (1062.79 mg/100 g dw), with
glutamic acid as the dominant amino acid. Differences in amino acid
concentrations according to various authors may result, among other
reasons, from the method of determination, the derivatizing agent used,
the sample pre-treatment and the detector used in HPLC analysis
(Mandrioli et al., 2013).

3.5. Principal component analysis (PCA) and agglomerative hierarchical
clustering (AHC)

PCA biplots represent distances between the observations and also
the inner products between observations and variables. Therefore a 2-
dimensional biplot (Fig. 2A) represents the information contained in
two of the principal components. The first two principal components
explained 59.15 % (PC1 = 35.45 % and PC2 = 23.70 %, respectively) of
the total variation of the experimental data. There can be noted three
large, separate groups on the chart formed from the examined fruits and
the chemical components analyzed in them. The first cluster from the
left contains the fruits of almost all analyzed cultivars, except for C. x
superba 'Jet Trail', 'Color Trail' and 'Nicoline', C. japonica 'Red Joy' and
C. speciosa 'Rubra'. Interestingly, only chlorophyllide b was found in this
group of all the compounds analyzed. The second cluster (visible in the
middle of the biplot) was formed from amino acids, tocopherols and
tocotrienols identified in Chaenomeles fruits. The Pearson correlation
coefficient between amino acids — tocopherols and tocotrienols — was r?
= 0.529 and 0.460, respectively. In addition, it contained C. x superba
'Jet Trail' and 'Color Trail' fruits, so it can be said that these cultivars
were particularly rich in the abovementioned compounds. The last
group was represented by carotenoids (except p-cryptoxanthin) and
chlorophylls as well as C. x superba 'Nicoline' fruits, which were char-
acterized (in comparison with the others) by a particularly high con-
centration of these compounds. The fruits of C. japonica 'Red Joy' and
C. speciosa 'Rubra’ were not found in any of the 3 discussed groups,
which indicates that they were different from the others in their
chemical composition. In addition, the calculated Pearson correlation
coefficient showed a higher correlation of carotenoids with tocotrienols
than with tocopherols (r> = 0.380 and 0.100, respectively). The same
relationship also occurred in the case of chlorophylls, where for toco-
trienols r2 = 0.300 and for tocopherols r* = 0.100.

Fig. 2B presents the AHC dendrogram obtained from fruit cultivars
based on Euclidean distance dissimilarity (within the interval 0-160)
using Ward’s agglomeration method. The dotted line on the chart rep-
resents the automatic truncation, leading to formation of six homoge-
neous groups. The two last groups (displayed in purple and green color,
respectively) are approximately the same size. Despite this, they are
made of cultivars belonging to different species, which show a large
diversity in relation to the analyzed compounds. The third has only two
states (C. speciosa 'Red Joy' and C. x superba 'Crimson and Gold'; yellow)
and is less homogeneous than the previous two. Moreover, 'Nicoline' is a
single state on the dendrogram (dissimilarity over 110), which reflected
the obtained results of the content of carotenoids and chlorophylls (their
concentration in fruit of this cultivar is 4-fold higher than their average
content for the C. x superba species). The conclusions resulting from the
analyzed chart are consistent with the results of Turkiewicz et al. (2020),
where the authors for the same cultivars analyzed the basic chemical
composition, phenolic content and in vitro biological activities. Selected
Chaenomeles fruits are characterized by great diversity within species.
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4. Conclusions

This study undertook the first such comprehensive analysis of ca-
rotenoids, chlorophylls, tocopherols, tocotrienols and the amino acid
profile in the fruit of 19 cultivars of C. japonica, C. speciosa and C. X
superba. The study confirmed the large qualitative and quantitative di-
versity of the analyzed compounds. Five compounds from the carotenoid
group and eight chlorophyll derivatives have been identified. Fruits of C.
x superba 'Nicoline' had the highest concentration of carotenoids and
chlorophylls, 314.94 and 227.19 mg/kg dw, with a predominant content
of p-carotene and pheophytin a, respectively. Thus, the fruit of this
cultivar contained 420.15 pg RAE in 100 g of fresh fruit, covering 9% of
the daily requirement of vitamin A in men and 11 % in women. Chae-
nomeles fruits, regardless of the cultivar, contained all isomers (o, B, ¥, 8)
of tocopherols and tocotrienols, with the most active form — a-tocoph-
erol — being determined in the largest amount (representing on average
half of the sum of T and T3). Thus, fruit of C. x superba ‘Nicoline' con-
taining the highest amount of this isomer is the richest source of vitamin
E (covering 6 and 8% of the RDI for men and women, respectively). Of
the 10 amino acids identified, three of them belong to the group of
essential ones. The highest content of the sum of amino acids was found
in the fruit of C. x superba 'Jet Trail' (2326.33 mg/100 g dw) with L-
asparagine constituting over 50 % of the total amino acids. In addition,
the calculated Pearson correlation coefficient proved a strong positive
correlation between the content of amino acids and the concentrations
of tocopherols and tocotrienols (r? = 0.529 and 0.460, respectively).

To conclude, this study confirmed that Chaenomeles fruits may be
part of a balanced diet, providing vitamins A and E, and essential amino
acids necessary for the proper functioning of the human body.
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ABSTRACT

The aim of this study was to determine the effect of different drying methods — convective drying (at 50, 60,
70 °C), vacuum-microwave drying (at 120, 240, 480 W and 480 W with reduction to 120 W), a combination (of
convective pre-drying (at 50, 60, 70 °C) and by vacuum-microwave finish drying (at 120 W)) and freeze-drying —
on the quality factors of Japanese quince fruit, including phenolic compounds, antioxidant activity, and color.
Drying kinetics were determined. The highest content of bioactive compounds was in samples after freeze-drying
(total phenolic content — 57 g/kg dw; polymeric proanthocyanidins — 41 g/kg dw). The antioxidant activity
measured by oxygen radical absorbance capacity (ORAC) assay was the highest for samples after vacuum-mi-
crowave drying at 480 W (0.8mol Trolox/kg dw). Unfavorable changes in color, formation of hydro-
xymethylfurfural (HMF) and degradation of r-ascorbic acid as well as phenolic compounds were noted along
with the increasing drying temperature and increasing magnetron power. The method that will ensure the
proper appearance of dried fruits, storage stability and at the same time guarantee the retention of bioactive

compounds seems to be freeze-drying.

1. Introduction

Chaenomeles belongs to the Rosaceae family. Currently four species
belong to the Chaenomeles genus, and in Poland the most common is C.
japonica (Thunb.) Lindl. (Japanese quince), originating in Japan. They
are widely cultivated in Japan, Korea, China and the countries of the
Baltic Sea basin (Antoniewska, Rutkowska, & Adamska, 2017).

In Poland, these shrubs are widely known for their decorative
qualities, while their use in the food industry is negligible. Although
information on the chemical composition and health properties of
Japanese quince fruit (JQF) is limited, they nevertheless point to their
exceptional nutritional value (Antoniewska et al., 2017). The content of
L-ascorbic acid ranges from 0.4 to 1.1 g/kg of fruits and is comparable
to the content in citrus fruits (Seglina, Krasnova, Heidemane, & Ruisa,
2009). Japanese quince fruit is also rich in pectin, dietary fiber and the
minerals Fe, Mg, P, Zn, Mo and Cu (Nahorska, Dzwoniarska, & Thiem,
2014). Particularly valuable ingredients found in JQF are polyphenols,
with more than 95% of their total content (6 g/kg fresh weight) being
proanthocyanidins, which are condensed flavan-3-ols (Du et al., 2013).
Detailed analysis revealed the presence of catechin, epicatechin, pro-
cyanidin B1, B2, oligomers and polymers of flavan-3-ols. Among phe-
nolic acids, chlorogenic acid was detected in significant quantities, and
quercetin derivatives among flavonols (Du et al., 2013; Nahorska et al.,

* Corresponding author.
E-mail address: aneta.wojdylo@upwr.edu.pl (A. Wojdyto).

https://doi.org/10.1016/j.1wt.2019.108416

2014).

Japanese quince fruit is not consumed in the form of raw fruits, due
to its sour taste (acidity between 35 and 45 g/kg). It is mainly processed
into juices, which may be a potential acidifier in the food industry.
Moreover, it can enrich the final products with Vitamin C, whose re-
tention is quite large in comparison to raw fruits (Seglina et al., 2009).
Due to the high content of pectin, storage stability and sensory profile,
JQF may be processed into jams, marmalades, purees and candied fruit.
They can also be added to ice cream, yogurt or jelly. Fruits can form the
basis for teas or filling for confectionery products (Antoniewska et al.,
2017). Apart from the traditional food uses of JQF, some novel food
applications have also been proposed. For example, dried snacks pro-
duced from JQF offer a new perspective for the food industry and
consumers focused on high bioactive snacks. However, as yet, there is
no literature on the influence of drying conditions on physicochemical
and phytochemical characteristics of JQF. Considering consumer pre-
ferences and characteristics of the raw material, the method of drying
should be selected to ensure retention of the maximum quantity of
bioactive compounds in the product and only slightly changed ap-
pearance (including color, taste and aroma) compared to fresh fruit.

Therefore, the aim of this study was to investigate the influence of
different methods of drying (convection, vacuum-microwave, convec-
tion-vacuum-microwave and freeze drying) and their parameters on the
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physicochemical parameters (water activity, color, HMF content),
content of bioactive compounds (r-ascorbic acid, polyphenolic com-
pounds) and antioxidant activity (ORAC, ABTS, FRAP). The use of
various drying methods was aimed at choosing the parameters which
ensure the best preservation of these characteristics.

2. Material and methods
2.1. Chemicals

2,2’-Azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), 6-hy-
droxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), 2,4,6-tri-
(2-pyridyl)-striazine (TPTZ) and methanol were purchased from Sigma-
Aldrich (Steinheim, Germany). All standards of polyphenolic com-
pounds were purchased from Extrasynthese (Lyon, France). Acetonitrile
for ultra-performance liquid chromatography (UPLC; gradient grade)
and ascorbic acid were from Merck (Darmstadt, Germany).

2.2. Plant material

Japanese quince fruits (Chaenomeles japonica; 3kg) were obtained
from cultivation in Lublin Province (Poland) at processing maturity in
September 2018 and were immediately subjected to further processing
at the University. Fresh fruits were characterized by water activity
(ay = 0.987) and values of color determinants equal to L* = 78, a* = -
1 and b* = 25. The content of r-ascorbic acid in fresh fruits was 8.0 g/
kg dry weight (dw).

2.3. Drying experiments

Just before drying, JQF were cut in slices of approximately 3 mm
wide and pitted. The moisture content of fresh fruits was
15.35 = 0.3kgkg ™! dw.

Japanese quince fruits were dried with 4 methods: (i) convective
drying - CD (convective drier designed and made at the Agricultural
Engineering Institute of Wroclaw University of Environmental and Life
Sciences), (ii) vacuum-microwave drying - VMD (VM-200;
Plazmatronika S.A., Wroclaw, Poland), (iii) combined method with a
pre-treatment by convective drying and finished by vacuum-microwave
drying - CVMD and (iv) freeze drying - FD (24 h; Alpha 1-4 LSC; Martin
Christ GmbH, Osterode am Harz, Germany). These 4 drying technolo-
gies led to the final application of 11 drying treatments: CD (50, 60 and
70°C), VMD (120, 240, 480 W and 480/120 W), combined methods
(CVMD), and FD as control.

The process of dehydration using all the above-mentioned methods
was continued until moisture content in the dried samples was
0.05kg kg ™! dw. In the case of FD, the samples were kept in the drying
chamber for 24 h (Alpha 1-4 LSC; Martin Christ GmbH, Osterode am
Harz, Germany). Hot air temperatures during convective drying were
50, 60 and 70 °C ( = 1 °C); air velocity was 0.5 + 0.1 ms™ 1. During the
vacuum-microwave drying, the initial microwave power was set to 120,
240, 480 W and 480 W reduced to 120 W. The pressure in the vacuum-
microwave drying chamber varied between 4 and 6 kPa.

In convective-vacuum-microwave drying, the fresh material was
pre-dried first at a temperature of 50, 60 and 70 °C for 3 h to achieve the
same dry weight before further final drying and finished by vacuum-
microwave drying with 120W.

The temperatures of the vacuum-microwave treated JQF samples
were measured just after taking the samples out of the dryer using an
infrared camera Flir i50 (Flir Systems Inc., Stockholm, Sweden).

2.4. Modeling of drying kinetics
Based on the weight losses of JQF samples, drying kinetics were

determined. The moisture ratio (MR) was calculated as described pre-
viously by Lech, Figiel, Michalska, Wojdyto, and Nowicka (2018a,b).
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2.5. Determination of water activity (a,,), moisture and color measurment

The water activity determination was performed on the Novasina
(LabMas-terav., Lachen, Switzerland) at 20 °C. The moisture content of
the dried samples, as well as fresh fruits, was determined by drying
ground samples in a vacuum dryer (SPT-200; ZEAMiL Horyzont,
Krakow, Poland) for 24 h at 70 °C until reaching a constant weight. The
color of dried JQF powders was determined using an A5 Chroma-Meter
(Minolta CR300; Osaka, Japan), referring to color space CIE L*a*b*.
Data were mean of three measurements.

2.6. Determination of L-ascorbic acid

L-ascorbic acid was analyzed according to the HPLC method de-
scribed previously by Wojdyto, Oszmianski, and Bielicki (2013). Fresh
fruits (2-3 g) or dried fruits (~1 g) were mixed with 50 mL of 0.1 mol/L
phosphoric acid and centrifuged at 20,000 x g for 10 min. The estima-
tion of r-ascorbic acid was carried out using a Waters liquid chroma-
tograph with a tunable absorbance detector (Waters 486), and a qua-
ternary pump with Waters 600 Controller apparatus (Waters Associates,
Milford, USA). A sample of 20 pL was injected into a Chromolith Per-
formance RP-18e column (100 X 4.6 mm) (Merck, Darmstadt, Ger-
many). The elution was carried out using 0.1 mol/L phosphoric acid at
the flow rate of 1.0 mL/min. The absorbance was monitored at 254 nm.
L-ascorbic acid was identified by comparison with the standard. The
calibration curve was prepared by plotting different concentrations of
the standard versus the area measurements in HPLC. All determinations
were done in triplicate and were expressed as g/kg dw.

2.6.1. Quantification of polyphenols (flavanols, phenolic acids, flavan-3-
ols), polymeric procyanidins and hydroxymethylfurfural

The extract of dried JQF for polyphenols analysis was prepared as
described previously by Wojdyto, Carbonell-Barrachina, Legua, and
Hernandez (2016). Dried fruits (~1 g) were mixed for 1 min with 5 mL
methanol/water/acetic acid/ascorbic acid (300:680:10:10, v/v/v/m)
and sonicated for 20 min (Sonic 6D; Polsonic, Warsaw, Poland). The
extraction was repeated twice, all supernatants were pooled after cen-
trifugation at 19,000 x g for 10 minat 4 °C. Finally, the extract was
filtred by 0.20 pm hydrophilic PTFE membrane (Millex Simplicity
Filter; Merck, Germany) and used for analysis.

Quantitative (UPLC-PDA) analysis of polyphenols (flavan-3-ols,
flavonols, phenolic acids) and HMF (at 284 nm) were performed as
described previously by Wojdylo et al. (2013) and Gokmen and
Senyuva (2006), respectively. Separations of individual analyzed
compounds were carried out using a ACQUITY UPLC BEH C18 column
(1.7 ym, 2.1 X 100 mm; Waters Corporation, Milford, USA) at 30 °C.
The samples (5 pl) were injected and the program began with gradient
elution at flow rate of 0.42 mL/min with 99-65% solvent A (0-12 min),
and then lowering solvent A to 0% for condition column
(12.5-13.5 min), the gradient returned to the initial composition (99%
A) until 15min for held constant to re-equilibrate the column. The
mobile phase consisted of solvent A (20 mL/L formic acid in water) and
solvent B (acetonitrile). The runs were monitored at the following
wavelengths: flavan-3-ols at 280 nm, phenolic acids at 320 nm, and
flavonol glycosides at 360 nm. Retention times (R,) and spectra were
compared with those of pure standards. Calibration curves at con-
centrations ranging from 0.05 to 5mg/mL (R? = 0.9998) were made
from (—)-epicatechin, (+)-catechin, procyanidin B1l, B2 and C1,
chlorogenic acid, cryptochlorogenic acid, 3,5-di-caffeoylquinic acid,
quercetin and kaempferol -3-O-glucoside and -3-O-rutinoside. Phenolic
acids were expressed as chlorogenic and cryptochlorogenic acids,
quercetin and kaempferol derivatives were expressed as quercetin- and
kaempferol-3-0-glucoside, respectively.

Analysis of polymeric procyanidins was performed by phlor-
oglucinolysis as described previously by Wojdyto et al. (2013). The
analysis was carried out on a ACQUITY UPLC system (Waters Corp.,
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Milford, MA, USA) consisting of a binary solvent manager, and fluor-
escence detector (FL). The fluorescence detection was recorded at an
excitation wavelength of 278 nm and an emission wavelength of
360 nm. The calibration curves, which were based on peak area, were
established using (+)-catechin, (—)-epicatechin, and procyanidin Bl
after phloroglucinol reaction as (+)-catechin- and (—)-epicatechin-
phloroglucinol adduct standards. All measurements were repeated
three times and were expressed as g/kg dw.

2.7. Determination of antioxidant activity

The solvent for analysis of antioxidant capacity was prepared as
described previously by Wojdyto, Carbonell-Barrachina, et al. (2016)
and Wojdyto, Figiel, et al. (2016). Briefly, the dried fruits (~1 g) were
extracted with 10 mL of 800:190:10 (v/v/v) methanol:water:acetic
acid; the extraction protocol was the same as described above.

Free radical scavenging capacities were determined using the ABTS
(radical cation decolorization assay) method described by Re et al.
(1999), and FRAP (ferric reducing antioxidant power) method de-
scribed by Benzie and Strain (1996). Spectrophotometric measurements
were performed using a UV-2401 PC spectrophotometer (Shimadzu,
Kyoto, Japan). The ORAC assay was determined on Shimadzu RF-5301
PC spectrofluorometer (Shimadzu, Kyoto, Japan) follow the method
previously described by Ou, Hampsch-Woodill, and Prior (2001). All
antioxidant capacity analyses were run in triplicate, and the results
were expressed as mmol Trolox/kg dw.

2.8. Statistical analysis

Statistical analysis was conducted using Statistica version 13.3
(StatSoft, Krakéw, Poland). Relative importance rankings on the attri-
butes and significant differences were evaluated by non-parametric
tests — Kruskal-Wallis test and Dunn's procedure. All analyses were done
in triplicate.

3. Results and disscusion
3.1. Physical properties
3.1.1. Drying kinetics

Table 1 presents the parameters used to describe the drying kinetics
model:
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MR = A-e7F" €]
While Fig. 1 illustrates changes in MR of JQF dehydrated by con-
vective drying at temperatures of 50, 60 and 70 °C (A), vacuum-mi-
crowave drying at microwave power 120, 240, 480 W and reduced
480/120 W (B), and convective-vacuum-microwave drying at tem-
peratures 50, 60 and 70 °C and microwave power 120 W (C).

According to Szychowski et al. (2018) the modified Page model is
the best model taking into account the highest value of the determi-
nation coefficient (R?) and the lowest value of the root-mean-square
errors (RMSE) as well as easy comparison. In this study, in the modified
Page model for all the drying methods used, the R? ranged from 0.9412
to 0.9994 and the RMSE from 0.0003 to 0.0290.

The convective drying time of JQF for the same relative water
content ranged from 360 to 480 min. The longest time was measured
when using the lowest temperature. Raising the temperature of the
drying air by 20° resulted in the reduction of the drying time by 25%,
which is consistent with Szychowski et al. (2018). The drying time for
other fruits was significantly higher than that required to dry JQF to a
similar final moisture content; for example in jujubes increasing the
temperature of air from 50 to 70 °C decreased the drying time by over
60% (Wojdyto et al., 2016). In the case of vacuum-microwave drying,
the drying time ranged from 28 min for 480 W to 96 min at 120 W. The
increase of power from 120 to 480 W resulted in shortening the drying
time by almost 70%. Increasing the microwave power from 120 to
240 W resulted in a two-fold reduction in the drying time. Szychowski
et al. (2018), Wojdyto, Carbonell-Barrachina, et al. (2016), Wojdylo,
Figiel, et al. (2016); and Wojdylo, Lech et al. (2019)) in their studies
obtained the same relationships for vacuum-microwave drying.

Fig. 1B shows the changes of temperature of the material during the
vacuum-microwave drying process. In the first 2-8 min of drying, de-
pending on the applied magnetron power, a rapid increase in the
temperature of the material was observed. At the lowest power of
120 W, the material after 72 min warmed up to a maximum tempera-
ture of 84 °C. Doubling power caused the material temperature to in-
crease to 98 °C in almost half the time. When 480 W was used, the same
maximum temperature of material was reached after 26 min. On the
other hand, in convective-vacuum-microwave drying at different con-
vective drying temperatures, the maximum temperatures reached were
statistically equivalent, and reached a mean of 75 °C. The final stage of
the drying process is characterized by temperature stabilization, which
is related to the depletion of free water in the material.

Table 1
Parameters of model describing the drying kinetics, drying time and final moisture content of Japanese quince fruit as affected by the drying method.
Drying method Drying conditions Parameters model* Statistics Drying time (min) MC. (8/kg)
A k n RMSE R®
CD 50°C 1 0.0029 1.34 0.0126 0.9988 480 = 10 33.6 = 0.3a
60°C 1 0.0033 1.36 0.0122 0.9989 420 = 10 27.3 = 0.1bc
70°C 1 0.0028 1.46 0.0127 0.9988 360 = 10 21.9 + 0.3f
VMD 120W 1 0.0017 1.83 0.0088 0.9994 9% =+ 4 25.3 = 1.0e
240W 1 0.0080 1.76 0.0130 0.9986 48 = 3 26.8 + 1.1bc
480W 1 0.0550 1.43 0.0290 0.9962 28 £ 2 27.6 = 0.2b
480W/120W 1 0.0610 1.38 0.0204 0.9961 62 + 26.6 += 0.3cd
CVMD 50°C/120W 0.0300 0.3650 0.45 0.0004 0.9969 180/40 + 4 21.4 + 0.2fg
60 °C/120W 0.0155 0.1110 0.68 0.0007 0.9412 180/32 = 4 20.7 = 0.1g
70 °C/120W 0.0095 0.0252 0.95 0.0003 0.9764 180/24 + 4 25.8 + 0.1de

CD-convective drying; VMD-vacuum-microwave drying; CVMD-convective-vacuum-microwave drying; *Modified Page model; A, k and n are constants of the
modified Page model; RMSE-mean square errors; R2-determination coefficient; MCy,-moisture content wet basis; = standard deviation; in each column different

letters mean significant differences between samples.
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3.1.2. Water activity

The water activities (a,,) are useful to control the quality of dried
products. The lower the a,,, the greater the assurance that any microbial
growth and other chemical reactions in food products will be inhibited
(Ng et al., 2018; Samoticha, Wojdyto, & Lech, 2016). The obtained
values are at an acceptable, low range guaranteeing their micro-
biological stability because bacteria, yeast, and molds cannot grow in
such a low ay,. The results of a,, are the lowest for freeze-drying and the

highest for convective drying at 50°C (Table 2). In the convective
process, a temperature increase of 20° caused a decrease in a,, by over
35%. However, in convective-vacuum-microwave drying, the influence
of temperature is not as significant and can be observed in the values of
water activity. After vacuum-microwave drying at 120 W the a,, was
0.140 and a fourfold increase in power caused a 30% decrease in a,,, the
variant with power reduction from 480 to 120 W, water activity was
similar to the value obtained in CD at 70 °C. Samoticha et al. (2016)



LP. Turkiewicz, et al.

LWT - Food Science and Technology 114 (2019) 108416

Table 2
Effects of drying method on water activity, color parameters and hydroxymethylfurfural content (mg/kg dw) in Japanese quince fruit.
Drying method Drying conditions Water activity Color HMF
L)‘v a+ b!«

CD 50°C 0.180 70.30 = 0.20b 4.06 = 0.17g 31.21 = 0.01b 1.29 * 0.10c
60°C 0.158 69.48 + 0.04cd 4.17 = 0.03g 30.50 = 0.05d 1.18 + 0.09e
70°C 0.116 67.20 = 0.27g 5.69 = 0.08c 29.27 = 0.08h 1.24 + 0.04d

CVMD 50°C/120W 0.134 68.28 + 0.09e 5.00 = 0.03e 29.77 = 0.05f 1.26 *= 0.03cd
60 °C/120W 0.150 67.65 = 0.24fg 5.15 = 0.07d 30.10 = 0.06e 1.29 + 0.05c
70°C/120W 0.155 69.08 + 0.02cd 4.54 = 0.03f 30.73 = 0.08c 1.40 += 0.03b

VMD 120W 0.148 68.01 + 0.22ef 4.99 = 0.05e 31.78 = 0.14a 1.39 + 0.04b
240W 0.109 65.73 * 0.40h 6.31 = 0.09b 29.51 + 0.15g 1.42 *= 0.00b
480W 0.105 63.30 = 0.32i 7.76 = 0.08a 28.72 = 0.17i 1.47 + 0.10a
480W/120W 0.117 69.61 + 0.05cd 4.61 + 0.05f 31.11 = 0.02b 1.19 = 0.30e

FD - 0.089 74.42 *+ 0.59a —0.67 = 0.05h 26.74 = 0.19j 1.16 += 0.20e

CD-convective drying; VMD-vacuum-microwave drying; CVMD-convective-vacuum-microwave drying; HMF-hydroxymethylfurfural; + standard deviation; in each

column different letters mean significant differences between samples.

investigating the effect of the drying method on the quality and prop-
erties of chokeberry also stated that the lowest values of a,, are obtained
after FD.

3.1.3. Color parameters

The color and appearance of the product are key parameters in as-
sessing quality, so on their basis we can determine the state of food
spoilage. These changes are caused by the degradation of vitamin,
colorants and polyphenolic compounds as well as enzyme activity and
the chemical reactions occurring between the product compounds (Mac
Dougall, 2010, pp. 312-342). Analyzing the changes in the L* para-
meter defining the brightness of the color, darkening was noted in all
variants. The lowest value was obtained for the vacuum-microwave
drying at 480 W and the most similar value compared to the fresh
material was obtained in FD. Seglina et al. (2009) noted that candied
JQF obtained by vacuum-microwave drying has a brighter color than
the dried fruits obtained by convective drying. Moreover, Wojdyto,
Carbonell-Barrachina, et al. (2016), Wojdylo, Lech, et al. (2019) and
Wojdyto, Figiel, et al. (2016) report that dried jujube fruits obtained by
freeze-drying had the lightest color, but the method is very expensive
and not often applied at industry level. However, vacuum-microwave
drying (480/120 W and 120 W) gives similar results and the obtained
products have near-natural color. The value of the green-red coordinate
a* changed in the same way in all drying methods and parameters —
increasing towards the red color. Its highest, six-fold increase was re-
corded in vacuum-microwave drying at 480 W. As in the case of the
parameter L*, the freeze-drying provided the smallest changes of co-
ordinate a*. In contrast, Samoticha et al. (2016) found that different
methods of chokeberry drying had various effects on the value of the a*
parameter. Convective drying and vacuum-microwave drying caused a
decrease in the proportion of green color. The value of the blue-yellow
coordinate b* increased in all obtained dried Japanese quince fruits, as
for the previous parameter. The increase in temperature in convective
drying and power in vacuum-microwave drying resulted in a decrease
in coordinate b*. Freeze-drying caused the smallest color changes.

3.2. Chemical properties

3.2.1. L-ascorbic acid

Japanese quince fruits belongs to the group of fruits rich in r-as-
corbic acid. However, Vitamin C has limited stability due to its sensi-
tivity to such factors as heating, especially in a water, neutral and al-
kaline environment, presence of oxygen, copper, iron and silver ions
(Bieniasz, Dziedzic, & Kaczmarczyk, 2017). Therefore, due to the
health-promoting effect of r-ascorbic acid, it is important to choose
parameters of the drying process that provide its maximum retention in
the final product. The content of L-ascorbic acid in JQF depending on

the drying method is shown in Table 3. The highest concentration of t-
ascorbic acid was in vacuum-microwave drying fruits at 120 W and the
lowest convective-vacuum-microwave drying at 50 °C. The content of L-
ascorbic acid in fruit dried by vacuum-microwave method was higher
than in those after freeze-drying. Degradation of ascorbic acid depends
on several factors, which include besides oxygen and temperature also
moisture content (Cui, Li, Song, & Song, 2008). Under the influence of
microwaves, non-specific new compounds could also be formed, which
caused an increase in the content of r-ascorbic acid. However, there are
no reports in the literature on this topic, so it is advisable to continue
research in this area. The increase of temperature in convective drying
and power in vacuum-microwave drying contributed to a decrease in t-
ascorbic acid content to a similar extent. Within the vacuum-microwave
drying, the use of 480 W with reduction to 120 W resulted in the largest
loss of ascorbic acid content. Consistent results were obtained by Zaki,
Muhamad, and Salleh (2007), who studied the content of Vitamin C in
the dried fruits of papaya depending on the drying temperature. They
concluded that lower microwave power helped to maintain a higher
content of r-ascorbic acid in the product. Freeze-drying contributed to
the preservation of L-ascorbic acid at an equally high level (7306 mg/kg
dw) as vacuum-microwave drying. In previous studies it was empha-
sized that vacuum microwave drying preserved the vitamin C content
better than by convective drying (Kamiloglu et al., 2016; Lin, Durance,
& Scaman, 1998; Wojdyto et al., 2016). Moreover, Asami, Hong,
Barrett, and Mitchell (2003) investigated the effect of the drying
method on the content of biologically active compounds in strawber-
ries, and demonstrated that convective drying causes three times
greater losses of Vitamin C than freeze-drying.

3.2.2. Hydroxymethylfurfural content

Low pH, the presence of sugars and amino acids, as well as a high
temperature drying process, are factors contributing to the Maillard
reaction and formation of HMF. Its presence is commonly used as an
indicator of heat treatment of products (Mofhammer, Stintzing, &
Carle, 2006). The content of HMF in fruits subjected to drying by dif-
ferent methods ranged from 1.16 to 1.47 mg/kg dw. The highest HMF
value was recorded for vacuum-microwave drying at 480 W and 240 W,
while convective drying at 60 and 70 °C and vacuum-microwave drying
at 480/120 W and freeze-drying resulted in the lowest amount of this
compound (< 1.24 mg/kg dw). The HMF content increased along with
the magnetron power in vacuum-microwave drying, while in con-
vective drying the drying air temperature was inversely proportional to
the HMF concentration in the dried fruits. Therefore, it should be re-
membered that the temperature of the drying process is not the only
factor affecting the concentration of HMF in the product. The duration
of the process and the presence or absence of oxygen and magnetic
waves are equally important. In addition, compounds such as
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chlorogenic acid, which occurs in JQF in large quantities, have been
shown to contribute to the formation of HMF (Michalska, Wojdyto,
Lech, Lysiak, & Figiel, 2016). Although the presence of HMF was in the
analyzed dried JQF, its concentration was very low compared to the
mean range in other dried fruits, which was from 1 to 780 mg/kg dw
(Murkovic & Pichler, 2006).

3.2.3. Polyphenolic compounds

Flavonols, phenolic acids, and flavan-3-ols were evaluated in JQF by
UPLC-PDA, and polymeric proanthocyanidins were additionally de-
termined by UPLC-FL (Table 3). The methods and parameters of drying
had a significant influence on the content of polyphenolic compounds
(total phenols). Of all investigated groups of compounds, polymeric
proanthocyanidins formed a large majority, followed by monomeric
flavan-3-ols, phenolic acids and flavonols.

The highest concentration of polymeric proanthocyanidins was in
fruits after freeze-drying, which was adopted as a reference method. In
turn, JQF dried by vacuum-microwave drying at 480 W was char-
acterized by their lowest concentration. The greatest retention of
polymeric proanthocyanidins, besides freeze-drying, was obtained by
convective-vacuum-microwave drying at 70 °C. In vacuum-microwave
drying, reduction of magnetron power from 480 to 120 W allowed
obtain of fruit with higher polymeric proanthocyanidins content. Freeze

Table 3
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processing time. Among the convective-vacuum-microwave drying
treatments, the use of a temperature of 70 °C contributed to obtaining a
dried sample with the highest total phenols content and in vacuum-
microwave drying at 480/120 W. Teleszko and Wojdyto (2015) ana-
lyzed the content of total phenols in the fruits of four Japanese quince
cultivars and the total polyphenol content ranged from 54 to 92 g/kg
dw. The content of individual groups decreased in the order polymeric
proanthocyanidins > flavan-3-ols > flavonols > phenolic acids.
Szychowski et al. (2018) investigated the effect of the drying method on
the content of bioactive compounds and the biological activity of
quince fruit. They reported that, apart from freeze-drying, convective
drying and convective-vacuum-microwave drying provide the greatest
retention of total phenols. In accordance with the conclusion of Miao
et al. (2017), Samoticha et al. (2016) and Wojdylo, Carbonell-
Barrachina, et al. (2016) and Wojdyto, Figiel, et al. (2016), not only
drying method but also drying conditions, i.e. temperature, magnetron
power and presence or absence of oxygen, can affect polyphenolic
composition, including flavan-3-ols, flavonols and phenolic acids.
Summarizing all drying methods, freeze-drying still ensures the highest
content of total phenols, but it should be borne in mind that this is one
of the most expensive methods, the use of which in the food industry is
marginal precisely because of its costs.

Effects of drying method on r-ascorbic acid (mg/kg dw) and phenolic compounds (g/kg dw) in Japanese quince fruit.

Drying method Drying conditions r-ascorbic acid

Phenolic compounds

PP FL PA F TP
CDh 50°C 6723 = 28d 32.22 + 1.00d 8.75 = 0.30g 1.59 *= 0.09c 0.15 + 0.06d 42.72 * 0.20h
60°C 6445 * 40e 34.95 + 1.05¢ 7.80 = 0.03i 1.48 = 0.10c 0.12 + 0.06f 44.35 + 0.30f
70°C 6007 + 38g 34.47 + 0.03c 8.82 *+ 0.22g 1.60 + 0.05c 0.11 + 0.03f 45.00 + 0.12d
CVMD 50°C/120W 5738 = 32h 34.91 + 0.09¢ 7.97 + 0.06h 1.50 = 0.10c 0.10 = 0.02g 44.48 + 0.35e
60 °C/120W 6501 =+ 48e 29.79 + 0.20f 9.39 * 0.40e 1.52 = 0.02c 0.14 + 0.02de 40.84 + 0.19i
70°C/120W 6236 = 61f 35.82 + 0.10b 13.47 = 0.11b 1.59 * 0.01c 0.16 = 0.04c 51.04 + 0.28b
VMD 120w 7669 * 36a 29.10 + 0.10f 9.89 + 0.06d 0.90 + 0.05d 0.16 + 0.04b 40.05 * 0.30j
240W 7012 * 21c 31.33 + 0.33e 9.80 + 1.00d 1.55 = 0.05c 0.13 = 0.10e 42.82 = 0.23g
480W 6948 + 10c 27.35 = 0.05g 8.86 = 0.22f 1.71 = 0.01b 0.14 + 0.02de 38.06 + 0.16k
480W/120W 6778 = 19d 34.52 = 0.12c 10.38 = 0.07c 2.14 + 0.04a 0.15 + 0.00cd 47.18 + 0.28c
FD - 7306 *+ 54b 40.68 + 0.08a 14.41 = 0.09a 1.77 = 0.07b 0.20 = 0.02a 57.06 = 0.20a

CD-convective drying; VMD-vacuum-microwave drying; CVMD-convective-vacuum-microwave drying; PP-polymeric proanthocyanidins; FL-mono-, di- and oligo-
meric flavan-3-ols; PA-phenolic acids; F-flavonols; TP-total polyphenols; = standard deviation; in each column different letters mean significant differences between

samples.

drying also resulted in the least degradation of flavan-3-ols. By contrast,
convective drying at 60 °C led to the lowest flavan-3-ols content. The
negative effects of microwave power were evident, and significantly
reduced the content of flavan-3-ols by about 30% compared to freeze-
drying. Japanese quince fruit dried using convective-vacuum-micro-
wave drying at 70°C was characterized by the flavan-3-ols content
closest to that of freeze-drying, as was the case with polymeric proan-
thocyanidins.

The content of phenolic acids, in comparison to the previous two
groups of compounds, varied in a different way. Vacuum-microwave
drying with power reduction contributed to obtaining the highest
content of these compounds, while the use of power 120 W led to the
highest degradation of phenolic acids. Within the convective drying and
convective-vacuum-microwave drying, there were no statistically sig-
nificant differences in phenolic acids content depending on the used
temperature. Flavonols had the lowest initial concentrations. Japanese
quince fruit subjected to freeze-drying was characterized by the highest
content of flavonols (0.20 g/kg dw), and convective-vacuum-micro-
wave drying at 50 °C led to the reduction of their content by 50%.
Analyzing the total phenols, it was stated that in convective drying the
drying time is a factor limiting the content of polyphenols, so it is
preferable to raise the temperature of the drying air and reduce the

3.2.4. Antioxidant activity

The antioxidant activity cannot be evaluated using only one
method, due to the complexity of the composition of plant raw mate-
rials and possible reactions between them (Valadez-Carmona, Cortez-
Garcia, Plazola-Jacinto, Necoechea-Mondragén, & Ortiz-Moreno,
2016). In this study, the antioxidant activity of dried JQF was in-
vestigated by ABTS, FRAP and ORAC assays (Table 4). The highest
values of antioxidant activity were observed for samples dried by va-
cuum-microwave drying, obtaining for the ABTS and FRAP methods
(both for vacuum-microwave drying 480 W). Subsequently, the anti-
oxidant activity values decreased in the drying of vacuum-microwave
drying together with the decreasing magnetron power, and in con-
vective drying along with the longer exposure to hot air, obtaining the
smallest values for convective-vacuum-microwave drying.

Also in the ORAC assay JQF dried by vacuum-microwave drying
obtained the highest value, while convective drying and convective-
vacuum-microwave drying at 50 °C led to the lowest values. Correlation
coefficients between antioxidant activity measured by ABTS, FRAP and
ORAC methods and total phenols content were: R> = 0.456; 0.253 and
0.028, respectively. The contribution of r-ascorbic acid and HMF con-
tent to antioxidant activity measured by ORAC assay was found to be
more important than that for total phenols (R? = 0.657 and 0.417,
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respectively). Vacuum-microwave drying contributed to the increase of
antioxidant activity (ABTS, FRAP and ORAC) of the dried JQF (in-
creased with the increase of the magnetron power), which is in ac-
cordance with Michalska et al. (2016).

Table 4
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and after applying vacuum-microwave drying it increased from 3 to
18% for the ORAC assay. Most likely under the influence of the high
power of microwaves, new chemical compounds were created that in-
creased the antioxidant capacity of dried fruit.

Effects of drying method on antioxidant activity (mmol Trolox/kg dw) in Japanese quince fruit.

Drying method Drying conditions

Antioxidant activity

ABTS FRAP ORAC
CDh 50°C 123.85 + 5.8e 114.33 + 0.9de 368.90 + 5.0g
60°C 140.05 = 12.6abc 138.38 * 7.8abc 459.41 + 11.2f
70°C 131.11 = 1.0cde 116.08 = 6.8de 378.48 + 26.4g
CVMD 50 °C/120W 120.93 + 3.4e 103.42 = 9.8e 370.04 * 7.3g
60 °C/120W 124.08 + 5.2e 112.08 + 7.3de 328.43 + 22.9h
70°C/120W 147.24 = 3.8ab 140.32 = 10.3ab 661.18 + 15.7e
VMD 120W 127.07 + 3.9de 121.48 + 3.1cd 718.01 * 12.6¢
240W 128.97 + 4.1cde 124.57 = 0.50bcd 704.84 * 2.8cd
480W 141.17 * 7.8abc 147.40 = 19.1a 805.31 + 1.9a
480W/120W 150.19 * 6.2a 146.42 + 8.1a 744.22 * 16.8b
FD - 144.82 + 12.2ab 140.78 + 6.7 ab 681.89 + 2.6de

CD-convective drying; VMD-vacuum-microwave drying; CVMD-convective-vacuum-microwave drying; + standard deviation; in each column different letters mean

significant differences between samples.
3.3. Principal components analysis (PCA)

For visualization of the analyzed variables (phenolic compounds, 1-
ascorbic acid and HMF content but also antioxidant activity) of the JQF
after different drying methods, PCA was performed (Fig. 2). The first
two PC explained 69.54% of the total variation of the experimental
data. One group of elements showing the largest positive correlation
between variables and factors was created on the chart. Three protocols
measuring antioxidant activity (ABTS, FRAP and ORAC) were positively
correlated with each other, and the greatest part in the formation of this
activity have oligomeric flavan-3-ols and flavonols. As a result of the
principal component analysis, it can be also stated that the content of
HMF was mostly related to the content of r-ascorbic acid.

4. Conclusions

Drying resulted in a decrease in the content of total phenols by
10-33%, regardless of the method used. Antioxidant activity was not
directly proportional to the content of identified bioactive compounds

Among applied techniques, the greatest qualitative changes oc-
curred during convective drying especially and the smallest after freeze-
drying. In the method using convection, at a temperature of 70 °C, dried
fruits had a higher total phenolic content than those dried at 50 °C, due
to the 2h longer drying process at a lower temperature. Convective-
vacuum-microwave drying allowed better preservation of the color of
products and valuable bioactive compounds than convective drying and
vacuum-microwave drying separately.

To conclude, freeze-drying ensures that the highest quality product
is obtained. Nevertheless, combined method of convective pre-drying at
70°C and vacuum-microwave drying at 120 W can be a competitive
way of drying taking into account the economic aspect and reduction of
the drying time (204 = 4 min) almost seven-fold while ensuring si-
milar quality of the freeze-drying product. Considering the low use of
JQF in the food industry despite the high pro-health value, resulting
mainly from the content of polyphenolic compounds and r-ascorbic
acid, it seems reasonable to extend the range of products based on these
fruits on the functional food market. Dried JQF can be an interesting,
healthy alternative to traditional, often high-sugar or high-salted
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Fig. 2. PCA scores plot showing the relationship among chemical parameters and biological activity of Japanese quince fruit dried by different methods.
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snacks. Low sugar content, high acidity and a rich polyphenolic profile
perfectly fit into the functional food segment, especially for people who
care about well-being and a healthy body.
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Abstract

The aim of this study was to determine the effect of osmotic dehydration (OD) using fruit concentrates (apple, pear, pineapple,
sour cherry, blackcurrant, and chokeberry), before combined drying involving convective drying and vacuum-microwave finish
drying, on the drying kinetics and physiochemical parameters (dry weight, water activity, content of L-ascorbic acid, sugars,
organic acids, and phenolic compounds). Moreover, biological activities, including antioxidant, antidiabetic, and anticholinergic
activities, of the dried Japanese quince fruit and osmotic fluids before and after osmotic dehydration have been assessed. The
chokeberry concentrate reduced the final moisture ratio by half compared with the non-OD Japanese quince fruit, and the
pineapple and sour cherry concentrates hindered the dehydration process during vacuum-microwave drying. OD significantly
shortened the combined drying time compared with non-OD samples. The OD Japanese quince fruit was characterized by an
increased content of sugars (up to 20 times more) and a significant reduction in the content of organic acids (even 77% reduction
compared with non-OD fruit). Total phenolic content and antioxidant capacity of OD fruits decreased, but increased inhibition
potential of -amylase, acetylcholinesterase, and butyrylcholinesterase was observed. Osmotic fluids were also analyzed before
and after the OD, and the following changes were found: reduction of sugars and increase of organic acid content, increase in
phenolic content, antioxidant and antidiabetic potential, regardless of the concentrate used. To sum up, the osmotic dehydration
process has the potential to modulate the chemical composition and biological properties of the Japanese quince fruit.

Keywords Chaenomeles - Osmotic dehydration - Combineddrying - UPLC-PDA-FL - x-Amylase - x-Glucosidase - Antioxidant
capacity

Introduction Therefore, a category of minimally processed food has been

created, which is subjected to mild methods of fixation,

In recent years, one of the most important subjects of interest
in the food industry has been the production of high-quality
food, having a sensory profile and chemical characteristics as
close as possible to fresh raw material (Kowalska et al. 2016).

P4 Aneta Wojdyto
aneta.wojdylo @upwr.edu.pl

Department of Fruit, Vegetable and Plant Nutraceutical Technology,
Wroctaw University of Environmental and Life Sciences, 37
Chelmonskiego Street, 51-630 Wroclaw, Poland

Institute of Agricultural Engineering, Wroctaw University of
Environmental and Life Sciences, 41 Chetlmonskiego Street,
51-630 Wroctaw, Poland

which, in addition to extension of shelf-life, will guarantee
high nutritional value and storage stability (Yadav and Singh
2014). This type of food includes, among others, intermediate
moisture food (Ahmed et al. 2016). Another challenge faced
by food technologists is to develop processing techniques for
raw plant materials that enrich their composition with bioac-
tive compounds (mainly vitamins and phenolic compounds)
often lost during thermal treatment and/or compounds that are
not found in raw material but are new, additional ingredients
which increase their nutritional value (Ciurzynska et al. 2016).
A potential way to achieve the above goals is by using osmotic
dehydration (OD).

For the osmotic dehydration process, hypertonics with
consumer-acceptable sensory characteristics are used, and
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they are most often sugar solutions (glucose, fructose, su-
crose), sorbitol, sodium chloride, starch and corn syrups,
maltodextrins with different dextrose contents, glycerol, or
fructooligosaccharides (Ahmed et al. 2016; Piasecka et al.
2009). However, due to the adverse effects of sugars and salts
on the human body, attempts have been made to use fruit juice
concentrates, e.g., chokeberry (Jiménez et al. 2020; Lech et al.
2015), cherry (Nowicka et al. 2015b), or blackcurrant
(Nowicka et al. 2015a), which, in addition to ensuring ade-
quate osmotic pressure, can enrich the product with biological
active compounds.

According to Chandra and Kumari (2015) and Yadav and
Singh (2014), the main advantages of the osmotic dehydration
process include the improvement of the quality of the final
product in terms of color, smell, and texture. The OD process
leads to weight reduction, so it saves energy in subsequent
processes (e.g., drying) and reduces packaging and distribu-
tion costs. The raw material during the process is constantly
immersed in the liquid and the anaerobic conditions protect
against oxidative and enzymatic browning. The disadvantages
include the increase in sweetness (excessive salinity when
using NaCl) and the reduction of the perception of the sour
taste, which can distort the natural characteristics of the prod-
uct. Nonetheless, in the case of the Japanese quince fruit
(JQF), lowering the acidity is undoubtedly an advantage and
can increase the consumer acceptability of final products.

Osmotic dehydration can be an independent or pretreat-
ment process improving functional and nutritional properties
(Masztalerz et al. 2020; Yadav and Singh 2014). OD can
precede processes such as freezing, deep-frying, pasteuriza-
tion, air-drying, vacuum drying, microwave drying, or freeze-
drying (Piasecka et al. 2009; Ahmed et al. 2016; Chandra and
Kumari 2015). Combined methods are used to reduce drying
time and, as a result, spare energy consumption and increase
the quality of the dried product (Wojdyto et al. 2016). One
such method involves combining convective drying with
vacuum-microwave drying (VMD). The dried material is sub-
jected to convective predrying to reduce humidity and mass
and is finally dried by the vacuum-microwave method—con-
vective-vacuum-microwave drying (CVMD). In current liter-
ature on osmotic dehydration, the authors used this process
before drying by air, vacuum, microwave, or unconventional
processing techniques such as ohmic heating or pulsed elec-
tromagnetic field (Ciurzynska et al. 2016).

It is worth mentioning that the authors in earlier studies
(Turkiewicz et al. 2019a) attempted to dry the Japanese quince
fruit to investigate the impact of various drying techniques and
parameters on the final quality of dried fruit. In these studies,
the combined method (CVMD) allowed to obtain a product of
the highest quality comparable to the effects of freeze-drying
(FD).

However, there is limited information on the use of OD as a
pretreatment before the combined CVMD method. Moreover,

@ Springer

most publications on the application of OD process of fruit
focus only on modeling kinetics and the impact of OD on
physical parameters (Allali, Marchal, & Vorobiev 2010;
Bchir et al. 2012a, b; Ferrari et al. 2013; Uribe et al. 2011),
while there are no reports on the possible impact of OD on
biological activity of both dehydrated material and osmotic
fluids. So far, no comprehensive analysis of osmotic fluids
for phenolic compounds, organic acids, and sugars using
UPLC methods has been performed. It is worth noting that
this is the first attempt to dehydrate the Japanese quince fruit,
which seems to be a great raw material for this process, taking
into account its chemical composition (low sugar content and
high acidity).

In this study, the authors focused on qualitative and quan-
titative changes in the composition of dehydrated JQF and
liquids before and after the OD process. The aim of this study
was to investigate (i) basic physiochemical properties of the
dehydrated and dried Japanese quince fruit (water activity,
color, content of dry matter, L-ascorbic acid, sugars, and or-
ganic acids) and fluids (fruit concentrates) before and after the
dehydration process (additionally soluble solid content (SSC)
and viscosity); (ii) identification and quantification of pheno-
lic compounds, including polymeric procyanidins, by UPLC-
PDA-FL; and (iii) in vitro biological properties (antioxidant,
antidiabetic, and anticholinergic activities).

Material and Methods
Chemicals

UPLC-grade water, prepared by using an HLP SMART
1000 s system (Hydrolab, Gdansk, Poland), was additionally
filtered through a 0.22-pum membrane filter immediately be-
fore use. Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid), phloroglucinol, hydrochloric acid, acetic ac-
id, formic acid, sulfuric acid, ascorbic acid, acetonitrile, meth-
anol for UPLC (gradient grade), sodium acetate, and sodium
hydroxide were purchased from Sigma-Aldrich (Steinheim,
Germany). All standards for the quantification of phenolic
compounds were from Extrasynthese (Genay, France).

Plant Material

Japanese quince fruits (Chaenomeles japonica; 5 kg) were
obtained from cultivation in Lublin Province (Poland) at pro-
cessing maturity in October 2019 and were immediately sub-
jected to further processing. Fruits were washed and cut into
the cylinders of 5.0 = 0.1 mm in diameter and 3.3 + 0.2 mm
thickness. Concentrated fruit juices (from apple, pear, pineap-
ple, sour cherry, blackcurrant, and chokeberry) were pur-
chased in a retail store. The parameters of Japanese quince



Food Bioprocess Technol (2020) 13:1801-1816

1803

fruits and concentrated fruit juices are presented in Tables 2
and 3, and Table 4, respectively.

Osmotic Dehydration

The commercial concentrated fruit juices were used as an
osmotic solution. Each juice was adjusted to 40 °Bx by dilut-
ing the concentrate with 5-mL portions of water until the ap-
propriate degrees Brix was measured by a Pocket PAL-3 re-
fractometer. The osmotic dehydration process of Japanese
quince fruits (JQF) was performed in water baths at 45 °C
for 1.5 h. The ratio of fruit slices to osmotic solution was
maintained at 1:3 (100 g:300 mL), and the mixture was man-
ually agitated every 5 min. The mass transfer during osmotic
dehydration (OD) was calculated according to the method
previously described by Lech et al. (2017).

Drying Process

Directly after OD, JQF were dried using the combined method
(CVMD) and were first predried using the convective method
(CD) at a temperature of 70 °C for 180 min before further
finally drying using the vacuum-microwave method (VMD)
with a magnetron power of 120 W. In Figs. 1 and 2, convec-
tive and vacuum-microwave dryers are presented. The control
was Japanese quince fruit not subjected to osmotic dehydra-
tion (non-OD JQF). For comparison, freeze-drying (FD) was
also used for non-OD JQF. The equipment for drying was
characterized previously by Lech et al. (2018b). Air velocity
in CD was 0.5 + 0.1 m/s and the pressure in the VMD varied
between 4000 and 6000 Pa. Parameters of VMD are as fol-
lows: frequency: 2450 MHz, power density: 120 W/100 g
fresh sample = 1.2 W per g of fresh sample. The samples in
FD were kept in the drying chamber for 24 h (Alpha 1-4 LSC;

Martin Christ GmbH, Osterode am Harz, Germany). The tem-
perature of the dried samples was measured using an infrared
camera (FLIR 150, FLIR Systems Inc., Stockholm, Sweden).
The sample weight was 100 g and the tests were carried out in
two technological replications.

Based on the weight losses of Japanese quince fruit sam-
ples, drying kinetics were determined. The moisture ratio
(MR) was calculated according to Eq. 1:

(1)

where M(¢) and M, denote moisture content achieved after the
drying time ¢ and initial moisture content, respectively.
Preliminary tests conducted that the best fitting was obtained
for the modified Page model (Eq. 2), where A, n, and k are
constants and ¢ is the drying time.

MR = A - K (2)

Physical Analysis (Water Activity (a,,), Dry Weight,
Color, Soluble Solid Content (SSC), and Juice Viscosity)

The a,, determination was performed using LabMaster-aw
(Novasina AG, Lachen, Switzerland) at 25 °C. The dry weight
was determined by drying samples in a vacuum dryer
(VACUCELL 111 ECO LINE, Medcenter Einrichtungen
GmbH, Planegg, Germany) for 24 h at 70 °C and pressure
of 100 kPa and expressed as percentage. The color of the
samples was measured using a spectrophotometer (CM-
700d, Konica Minolta Sensing, Inc., Osaka, Japan), referring
to the color space CIE L*a*b*. The concentration of fruit
juices was measured using a Digital Refractometer Pocket
PAL-3 (Atago Co. Ltd., Tokyo, Japan) and expressed as

N N N N N
6 | | |
| \ ! | \
7 // = ‘
—(—
& |

Fig. 1 Convective dryer. 1 basket for dried material, 2 support element, 3 air supply duct, 4 autotransformer, 5 heaters, 6 regulating slide, 7 expansion
tank, 8 thermocouple, 9 flexible connector, 10 fan, 11 transmission belt, 12 motor, and 13 base
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Fig. 2 Vacuum-microwave dryer. 1 magnetrons, 2 drying chamber, 3 wire, 4 fan, 5 pressure regulator, 6 motor, 7 vacuum pump, 8 expansion tank, 9

closing valve, and 10 transmission chain

degrees Brix. Viscosity was measured using a Vibro
Viscometer SV-10 (A&D Company, Limited, Tokyo, Japan)
for osmotic solutions (at 45 °C) before and after OD and
expressed as millipascal-second. All measurements were per-
formed in triplicate.

Chemical Analysis
Determination of L-Ascorbic Acid, Sugars, and Organic Acids

L-Ascorbic acid was analyzed as described previously by
Turkiewicz et al. (2019a). Briefly, approx. 1 g of the dried
sample was mixed with 20 mL of 0.1 M phosphoric acid
and centrifuged at 19,000g for 10 min using MPW-350
(MPW Med. Instruments, Warsaw, Poland), and supernatants
were filtered through Millex Samplicity™ Filters
(Hydrophilic PTFE, 0.20 um, Millipore, Merck; Darmstadt,
Germany) before analysis. Determination of vitamin C was
achieved using ultra-performance liquid chromatography
(UPLC) with a photodiode array (PDA) detector. A sample
of20 uL was injected into a Chromolith® Performance RP-18
endcapped column (100 x 4.6 mm; 2 pum, Merck, Darmstadt,
Germany), and the elution was carried out using 0.1 M phos-
phoric acid at the flow rate of 1.0 mL/min. The absorbance
was monitored at 254 nm. The measurements were performed
in triplicate and the results were expressed as milligrams per
100 g dry weight (dw).

The extract of the dried Japanese quince fruit for sugar and
organic acid analysis was prepared as follows: dried sample (~
0.5 g) was placed into a 20-mL volumetric flask, diluted with
redistilled water, and incubated at 98 °C for 30 min with
constant shaking using water bath (GFL 1083, Gesellschaft
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fiir Labortechnik, Burgwedel, Germany). Then, the part of the
sample was placed into a 10-mL plastic tube and centrifuged
at 19,000g for 10 min using MPW-350 (MPW Med.
Instruments, Warsaw, Poland); the supernatant was filtered
through ISOLUTE® C18 columns (Biotage®, Uppsala,
Sweden) using PRESSURE+ 48 positive pressure manifold
(Biotage®, Uppsala, Sweden), and then—before injection—
through Millex Samplicity™ Filters (Hydrophilic PTFE, 0.20
um, Millipore, Merck; Darmstadt, Germany).

The profile and content of sugars were determined the by
high-performance liquid chromatography (HPLC) method
using the Merck-Hitachi L-7455 liquid chromatograph
(Merck KGaA, Darmstadt, Germany) with an evaporative
light-scattering detector (ELSD; PL-ELS 1000, Polymer
Laboratories Inc., Amherst, MA, USA). The separation of
sugars was performed on an Unison UK-Amino column
(250 x 3 mm; 3 pum, Imtakt, Portland, OR, USA). Eighty-
seven percent of acetonitrile (v/v) was used as the mobile
phase for isocratic elution. The flow rate was 0.7 mL/min,
sample injection volume 4 pL, and elution time 17 min.

The analysis of organic acids was performed using ultra-
performance liquid chromatography (UPLC) with photodiode
array (PDA) detector. The column Polymex IEX H (250 x 8
mm; 8 um, Watrex, Praha, Czech Republic) being protected
by the guard column of the same materials was operated at 25
°C. The samples (10 uL) were injected, and the isocratic elu-
tion was completed in 27 min with 9 mM sulfuric acid (v/v) at
a flow rate of 0.8 mL/min. The results were monitored at 210
nm.

The measurements were performed in triplicate and the
results were expressed as grams of sugar or grams of organic
acid per 100 g of dw.
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Identification and Quantification of Polyphenols
(Flavonols, Anthocyanidins, Phenolic Acids, Flavan-3-
ols) and Polymeric Procyanidins

The extract of the dried Japanese quince fruit for polyphenol
analysis was prepared as described previously by Wojdyto
et al. (2013).

UPLC-PDA analyses of polyphenols (flavan-3-ols at 280
nm, flavonols at 360 nm, phenolic acids at 320 nm, and
anthocyanidins at 520 nm) were performed as described pre-
viously by Turkiewicz et al. (2020b). Separations of individ-
ual polyphenols were carried out using the ACQUITY UPLC
BEH C18 column (100 x 2.1 mm; 1.7 um, Waters
Corporation, Milford, USA) at 30 °C. The samples (5 pL)
were injected and the program began with gradient elution
with 99-65% solvent A (0—12 min), and then lowering solvent
A to 0% for condition column (12.5-13.5 min), the gradient
returned to the initial composition (99% A) until 15 min for
held constant to re-equilibrate the column. The mobile phase
consisted of solvent A (2% formic acid, v/v) and solvent B
(acetonitrile). Retention times (R;) and spectra were compared
with those of analytical standards. Calibration curves at con-
centrations ranging from 0.05 to 5 mg/mL (R = 0.9998) were
made from (—)-epicatechin; (+)-catechin; procyanidin B1, B2,
and C1; chlorogenic acid; cryptochlorogenic acid; 3,5-di-
caffeoylquinic acid; quercetin- and kaempferol-3-O-glucoside
and quercetin- and kaempferol-3-O-rutinoside; and cyanidin-
3-O-glucoside. Flavan-3-ols were expressed as (—)-epicate-
chin, flavonol derivatives as quercetin-3-O-glucoside, and
phenolic acids as chlorogenic acid while anthocyanidins as
cyanidin-3-O-glucoside.

Analysis of polymeric procyanidins was performed by the
phloroglucinolysis method as described previously by
Turkiewicz et al. (2020a). The analysis was carried out on a
UPLC system Acquity (Waters Corp., Milford, MA, USA)
consisting of a binary solvent manager, and fluorescence
(FL) detector. The fluorescence detection was recorded at an
excitation wavelength of 278 nm and an emission wavelength
of 360 nm. The calibration curves, which were based on peak
area, were established using (+)-catechin, (—)-epicatechin, and
procyanidin B1 after phloroglucinol reaction as (+)-catechin-
and (—)-epicatechin-phloroglucinol adduct standards. All
measurements were repeated three times. The results were
expressed as milligrams per 100 g dw.

Determination of In Vitro Biological Activities

The extract for following analysis was prepared as described
previously by Turkiewicz et al. (2019b).

The antioxidant activity was determined using the oxygen
radical absorbance capacity (ORAC) assay as previously de-
scribed by Wojdyto et al. (2018). The results were expressed
as millimoles of Trolox per 100 g of dw. The antidiabetic

activity was measured as inhibition of «-amylase, o-glucosi-
dase, and pancreatic lipase, while the anticholinergic activity
was measured as inhibition of acetylcholinesterase (AChE)
and butyrylcholinesterase (BuChE) as reported previously
by Tkacz et al. (2019b). All samples were assayed in triplicate
and the result was expressed as ICs (mg of dried sample per
mL of enzyme) or percentage of inhibition (for concentration
50 mg dried sample per mL of enzyme).

All measurements were performed using a plate reader
(Synergy H1, BioTek Instruments, Inc., Winooski, VT, USA).

Statistical Analysis

Statistical analysis was conducted using XLSTAT 2017: Data
Analysis and Statistical Solution for Microsoft Excel
(Addinsoft, Paris, France). Significant differences (p < 0.05)
between means were evaluated by the non-parametric
Kruskal-Wallis test and Dunn’s procedure. All analyses were
done in triplicate. To highlight correlations, principal compo-
nent analysis (PCA) has been done.

Results and Discussion
Drying Kinetics
Table 1 presents the parameters used to describe the drying

kinetics by a modified Page model, which is the best model
taking into account the highest value of the determination

Table 1 Parameters of model describing the drying kinetics of the
Japanese quince fruit dehydrated in various fruit juices

Drying method Sample Parameter model* Statistics
A k n RMSE R’

CD Control 1.000 0.003 1.430 0.0163 0.9979
Apple 0265 0.019 1.060 0.0062 0.9948
Pear 0276 0.022 1.020 0.0045 0.9974
Pineapple 0262 0.018 1.060 0.0045 0.9972
Sour cherry 0272 0.017 1.110 0.0068 0.9941
Blackcurrant 0.282 0.013 1.150 0.0049 0.9973
Chokeberry  0.299 0.007 1.300 0.0068 0.9957

VMD Control 0.011 0.100 0.399 0.0001 0.9884
Apple 0.014 0.760 0.611 0.0003 0.9599
Pear 0.013 0.062 0.387 0.0001 0.9692
Pineapple 0.013 0.139 0.221 0.0001 0.9944
Sour cherry  0.013 0.015 0.658 0.0001 0.9686
Blackcurrant 0.011 0.041 0.482 0.0001 0.9712
Chokeberry  0.012 0.049 0.354 0.0001 0.9931

*Modified Page model; A, k, and n are constants of the modified Page
model; RMSE, root mean square errors; R? , determination coefficient

@ Springer



1806

Food Bioprocess Technol (2020) 13:1801-1816

coefficient (R%) and the lowest value of the root mean square
errors (RMSE) (Petkovi¢ et al. 2020). This model has been
used to predict the drying behavior of many fruit materials,
such as quinces (Szychowski et al. 2018) and apples
(Masztalerz et al. 2020).

Figure 3a, b illustrates changes in moisture content (Mc) of
OD JQF dehydrated by CD at a temperature of 70 °C while
Fig. 3c, d shows the changes observed for dehydration by
VMD at microwave power 120 W. In this study, in the mod-
ified Page model for convective and vacuum-microwave dry-
ing, the R? was above 0.9599 and the RMSE was below
0.0163. High R* and low RMSE proved good agreement be-
tween the thin-layer modeling equation and the experimental
data, in agreement with studies of Cano-Lamadrid et al.
(2017). The analysis of Fig. 3a, b (the change in moisture ratio
(MR) as a function of time during the CD process) shows that
MR of non-OD JQF was more than 4 times higher than after
using OD. The MR at 0 min of CD was not influenced by the
concentrate used for the osmotic dehydration, except for OD
JQF in pineapple (Fig. 3a). A similar relationship was ob-
served during sour cherry dehydration described by
Nowicka et al. (2015a). Obtaining MR = 0.25 (baseline for
OD samples) by non-OD JQF took over 70 min. Moisture loss
was relatively quick only in the first 90 min of the CD process;
later on, the curve flattened, MR no longer changed signifi-
cantly, and the process was ineffective and time-consuming.

=1.0

BN
NN
" ‘-\\\:\‘\'\

;

The obtained results are consistent with the research by Bchir
et al. (2012¢) over pomegranate seeds after OD and CD,
where the drying kinetics could also be divided into two
phases. In addition, MR value stabilization (at 0.03—0.04)
for all OD samples occurred after 75 min of the process, while
for non-OD JQF, this time was twice as long. These results are
close to those observed by Bchir et al. (2020) where
ultrasound-assisted osmotic dehydration reduced the drying
time of pomegranate seeds by over 40%. This is due to the
fact that they contained much more moisture to remove than
samples that lost some of the water in the OD process. After
CD, the moisture content in all sour cherries previously osmo-
dehydrated in fruit concentrates was on average 0.086 kg/kg
dw. The last stage of drying was VMD. During this process,
the decrease in moisture content was no longer as significant
as in the case of CD, where the MR was reduced 25 times for
all OD JQF samples. In the case of VMD, MR for OD JQF
decreased on average by 15% compared with that for non-OD
JQF. In contrast to CD, OD had a significant effect on MR
changes during VMD (Fig. 3c, d). Of all the concentrates
used, the blackcurrant concentrate reduced MR by 50% com-
pared with non-OD JQF. In this way, the composition of the
osmotic solution affected the final MR of samples, and the
application of pineapple and sour cherry concentrates resulted
in obtaining a higher MR value than the other variants. For
comparison, Cano-Lamadrid et al. (2017) in the research on
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Fig. 3 Drying kinetics of the Japanese quince fruit (JQF) after osmotic
dehydration (OD) process in: Ap apple, Pe pear, Pi pineapple, S sour
cherry, Bl blackcurrant, and Ch chokeberry concentrates treated by
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microwave power 120 W (¢, d); Q, non-OD JQF; MR, ¢, and 7 stand for
moisture ratio, time, and temperature, respectively



Food Bioprocess Technol (2020) 13:1801-1816

1807

pomegranate arils found that the use of pomegranate concen-
trate shortens the process of CVMD, while apple concentrate
hinders the drying process.

Moreover, the values of constant A (Table 1) indicated the
MR of JQF samples dehydrated by combination of OD-
CVMD at the initial time of the VMD. The largest MR chang-
es and thus the largest water losses during VMD were noted
during the first 12 min of the process. The highest temperature
of dried OD JQF samples was in the initial phase of VMD.
The sample for which apple concentrate was used for OD
obtained a temperature over 100 °C. A significant increase
in temperature was associated with achieving critical moisture
content (0.0730 kg/kg dw). JQF was impregnated with a con-
centrate which blocked the capillaries and thus the possibility
of free water evaporation. According to Nowicka et al.
(2015a), the increase in intracellular pressure and the accumu-
lation of energy from microwaves led to temporary
overheating of the material. Szychowski et al. (2018), who
analyzed the drying kinetics of quince fruit, reported that the
maximum temperature of the samples in microwave-vacuum
drying depended on the balance of energy generated by water
contained in fruit under the influence of the magnetron and
energy necessary for its evaporation. In turn, samples
dehydrated in apple, pineapple, and blackcurrant concentrates
were characterized by similar temperature variability during
the VMD process as non-OD JQF. In addition, these samples
obtained the lowest final MR values.

Physiochemical Changes in OD JQF

Table 2 presents the physical and chemical properties of fresh,
dehydrated, and dried Japanese quince fruits (JQF). Dry mat-
ter content in the JQF ranged from 91.89% (JQF after FD) to
95.10% (non-OD JQF). The use of the osmotic dehydration
(OD) process resulted in a decrease in the dry matter content
(in the case of all fruit concentrates) compared with non-
dehydrated fruit (p < 0.05). In all dehydrated variants, except
for the samples dehydrated in pineapple concentrate, water
activity (a,,) was below 0.300. Moreover, the use of the OD
process resulted in lower water activity (from 8 to 17%) com-
pared with the control sample, except for the JQF OD in
pineapple and blackcurrant concentrates. Similar results
were obtained by Nowicka et al. (2015a) for dehydrated cher-
ry fruits.

Compared with the variety of other parameters which re-
quire an analytical approach in a food laboratory, the fresh,
appealing, and appetizing color of food products represents
the only and immediately perceptive quality aspect. Color
influences not only our tastes but even more so our purchasing
decisions (fo buy or not to buy) as consumers of foods. The
color lightness (L*), redness (a¢*), yellowness (b*), and total
change in color (AEa*b*) values of JQF after OD and non-
OD JQF are shown in Table 2. The value of the L* parameter

ranged from 22.29 (JQF OD in chokeberry) to 84.20 (JQF
after FD). JQF dehydrated in the pineapple concentrate had
the same final level of L* as the fresh JQF. As in the studies by
Silva et al. (2014), where apple slices were dehydrated in
sucrose solution, FD provided the product with the lightest
color. In general, the OD-CVMD process caused significant
darkening of the color and thus a decrease in the L* parameter
value, from 13 up to 70% for chokeberry concentrate, com-
pared with non-OD JQF (p < 0.05). Similar results for OD
pumpkin in chokeberry concentrate were obtained by Lech
et al. (2018b). Osmotic dehydration in the sour cherry,
blackcurrant, and chokeberry concentrates caused a signifi-
cant increase in the share of red color (a*) in the final product,
amounting to 21.87, 19.32, and 17.39, respectively. These are
fruits rich in anthocyanins, which in acidic conditions (pH of
the JQF 2.71-2.99; Turkiewicz et al. (2020a)) are the most
stable and therefore significantly caused color saturation with
a red shade (Torskangerpoll and Andersen 2005). In addition,
the OD process in pear, apple, and pineapple concentrates
caused an increase in parameter a* (from 1- to 7-fold) com-
pared with non-OD JQF (1.36), while causing a small change
(p < 0.05) in the value of the b* parameter compared with the
non-OD JQF (29.36)—an increase from 8 to 16%. Significant
color saturation with green followed after the use of other
concentrates, i.e., sour cherry, blackcurrant, and chokeberry,
for which a more than 160-fold decrease in the value of the b*
parameter was observed. The same tendency to lower the
value of parameter b* for different pumpkin cultivars subject-
ed to the OD process, among others in chokeberry concen-
trate, was observed by Lech et al. (2018a). Another parameter
is AEa*b*, which indicates the size of the color difference in
comparison with the color of fresh JQF (L* = 64.60, a* = —
1.67, and b* = 17.78). It is assumed that the color change of
two samples is noticeable by the observer when the AEa*b*
value is greater than 5. In the analyzed samples, those values
ranged from 14.70 (JQF OD in apple) to 49.64 (JQF OD in
chokeberry). The use of apple concentrate resulted in a smaller
color change of JQF than for the non-OD sample (15.91).

L-Ascorbic acid is one of the important water-soluble vita-
mins. For humans, it is an essential nutrient and it can be taken
as an index of quality of processes (Santos and Silva 2008).
The content of L-Ascorbic acid in OD JQF depending on the
used fruit concentrate is shown in Table 2. The highest con-
centration of L-Ascorbic acid was in fresh JQF and the lowest
in JQF dehydrated in pear. Compared with the control sample
(non-OD), where the concentration of L-Ascorbic acid was
424.75 mg/100 g dw, the use of OD led to a reduction in its
content in all variants (from 69 to 85%), except for JQF OD in
blackcurrants.

Japanese quince fruits are known for their very low sugar
concentration, which makes them more similar to vegetables
than fruits. The main identified saccharide in JQF was fruc-
tose, followed by glucose and sorbitol. Sucrose was not
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detected. These results are in line with previous research on
JQF by Turkiewicz et al. (2020a). In the analyzed samples of
OD JQF, there was considerable variation (p < 0.05) in the
content of sugars and their type. For the JQF after osmotic
dehydration, values of total sugar content ranged from 11.56
(blackcurrant) to 43.45 g/100 g dw (apple). The use of the OD
process resulted in an increase in sugar concentration in all
samples by 5 to 20 times compared with non-OD JQF (2.15 g/
100 g dw). Considering the content of individual sugars, JQF
OD in apple, pear, pineapple, and blackcurrant did not contain
sorbitol, and sucrose was not present in the samples after the
application of sour cherry, blackcurrant, and chokeberry con-
centrates. Among all samples, JQF OD in chokeberry stands
out, with sorbitol accounting for over 70% of the total sugar
content, which is due to the predominance of this sugar in
chokeberry fruit (Djuric et al. 2015).

JQF contains large amounts of organic acids, which makes
them unsuitable for direct consumption. In fresh, FD, and non-
OD JQF, the following five organic acids were detected:
oxalic, citric, maleic, malic, and shikimic (Table 2). The con-
tent of organic acids in OD JQF samples differed between
samples (p < 0.05) and ranged from 14.11 (JQF OD in pear)
to 63.97 g/100 g dw (fresh JQF). The osmotic dehydration
process, irrespective of the type of concentrate used, reduced
the content of organic acids by 47 to 77% compared with non-
OD JQF. For comparison, Nowicka et al. (2015a) analyzed
the chemical composition of dried sour cherry fruits
predehydrated in fruit concentrates and obtained a smaller
reduction of acidity (calculated as malic acid) by 10-18%
compared with non-dehydrated fruit. The JQF samples after
the OD process can be ordered by increasing acidity: pear <
apple < chokeberry = sour cherry < pineapple < blackcurrant.
Compared with fresh JQF, the OD samples in apple and
blackcurrant concentrates contained isocitric and succinic
acids, and malonic acid was absent in the OD samples in sour
cherry and chokeberry. Citric acid was not detected only in
JQF OD in pineapple. The dominant organic acid in all sam-
ples (except JQF OD in blackcurrant, where malonic acid
predominated) was malic acid and constituted from 60
(pineapple) to 97% (fresh JQF) of total organic acid content.

Flavonols, phenolic acids, and flavan-3-ols were evaluated
in fresh, FD, non-OD, and OD JQF by UPLC-PDA, while
polymeric procyanidins were determined by UPLC-FL. In
addition, the degree of polymerization (DP) was calculated
and the results are shown in Table 3. The osmotic dehydration
had a significant influence (p < 0.05) on the content of indi-
vidual phenolic compounds as well as total phenolic content
(TPC). In JQF, polymeric procyanidins with monomeric
flavan-3-ols formed a large majority (57.31 and 35.64% of
TPC), followed by phenolic acids. Flavonols were measured
in very small quantities and anthocyanins were not detected.
The highest concentration of TPC was in fresh and non-OD
JQF—42.56 and 41.49 g/kg dw, respectively. These results

are consistent with those obtained by Turkiewicz et al.
(2019a) for JQF dried by different methods. OD in chokeberry
resulted in the least degradation of TPC, while OD in pear led
to the lowest total phenolic content. In general, the osmotic
dehydration process in all concentrates led to a reduction of
the TPC by 70 to 82% compared with non-OD JQF, which is
consistent with the results obtained by Kucner et al. (2013). A
similar effect of the OD process was observed by Bchir et al.
(2012c¢) in a study of pomegranate seeds, where after the OD
and CD at 60 °C, TPC was reduced by almost 60% compared
with fresh seeds. A similar relationship occurred when observ-
ing individual groups of compounds—the concentration of
flavan-3-ols decreased on average by 4 times, and
procyanidins by over 7 times. The regress in TPC after OD
process was due to the migration of phenolic compounds to
osmotic solution caused by the difference in osmotic potential,
which is in line with that of Bchir et al. (2012c). The exception
is higher concentration of phenolic acids in OD JQF in pear,
sour cherry, and chokeberry concentrates, flavonols in OD
JQF in chokeberry, and anthocyanins, which appeared when
red concentrates were used for dehydration, i.e., sour cherry,
blackcurrant, and chokeberry. Similar results were obtained
by Nowicka et al. (2015b) dehydrating sour cherry fruits in
apple concentrate, obtaining a reduction TPC from 23 to 41%
depending on the variety of fruit. In contrast, Lech et al.
(2018a) obtained a significant, almost 9-fold increase in the
TPC in pumpkin dehydrated in chokeberry concentrate. These
differences may result from the fact that the osmotic dehydra-
tion process is influenced by many factors, including duration
of the process, temperature, type, and concentration of osmot-
ic fluid and intensity of agitation (Ahmed et al. 2016). In
addition, the method and parameters of the drying process
could significantly affect the TPC in the final product. The
degree of polymerization (DP) increased compared with
non-OD JQF, the highest value being obtained for OD JQF
in chokeberry (2.72) and the lowest value for OD JQF in
pineapple (1.10).

In this study, the antioxidant activity was tested using the
ORAC assay and the results for fresh and dehydrated JQF are
shown in Table 3. The highest antioxidant capacity was
shown by fresh JQF (128.51 mmol Trolox/100 g dw), while
the lowest was measured for JQF OD in pineapple concentrate
(32.35 mmol Trolox/100 g dw). Non-OD JQF had almost
twice as high antioxidant activity as JQF after FD (p <
0.05). Similar relationships have been reported earlier, where
the use of microwaves was followed by an increase in antiox-
idant capacity (Michalska et al. 2017; Turkiewicz et al.
2019a). Similar results have been reported by Bchir et al.
(2012c) for the dried pomegranate seeds after OD. They con-
cluded that a reduction in antioxidant activity (over 60% com-
pared with fresh seed) could be explained due to loss of bio-
logically active compounds as phenolics and vitamins, as a
result of the OD and high temperature during drying. The
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activity in both AChE (over 98%) and BuChE (over 30%)
compared with non-OD JQF. The calculated Pearson correla-
tion coefficient confirmed the strong negative correlation of
the ability to inhibit AChE and BuChE with monomeric
flavan-3-ols (R = — 0.93 and — 0.97, respectively) as well as
with polymerized forms (R* = — 0.91 and — 0.93, respective-
ly). This is consistent with the research of Tkacz et al. (2019a)
on Vitis vinifera, where it was found that among all groups of
phenolic compounds, flavan-3-ols are the weakest cholines-
terase inhibitors.

Physiochemical Changes in OD Fluids

Table 4 presents the physical parameters, including color, of
fruit juice concentrates before and after osmotic dehydration.
The dry weight and soluble solid content in selected fruit
concentrates before the OD process were on average 40%
and 40 °Bx, respectively, and decreased as a result of the
process. Apple and pineapple concentrates had the highest
final dw and SSC, while chokeberry had the lowest. On aver-
age, dw and SSC decreased by over 16%. It is the result of
water migration from Japanese quince fruit tissues during the
OD process and thus dilution of solutions. Water activity in
fruit juice concentrates before and after the osmotic dehydra-
tion process showed significant differentiation (p < 0.05).
Before OD, a,, values were above 0.938 and increased for
pear, sour cherry, and blackcurrant concentrates. For others
(apple, pineapple, and chokeberry), a,, values were lower than
before the OD, but remained above 0.900. The viscosity of the
solution is one of the factors influencing the process of osmot-
ic dehydration, and when the solution is concentrated, its pen-
etration deeper into the dehydrated tissue is directly limited by
viscosity (Phisut 2012). The viscosity of the concentrates be-
fore the OD was on average 3.84 mPa, except for the pineap-
ple concentrate, whose viscosity was almost 4 times higher
compared with the others. The OD process reduced the vis-
cosity by an average of one third, which is consistent with the
results of Lech et al. (2017).

The brightness of concentrates expressed as the L* value
(Table 4) was the lowest for blackcurrant and chokeberry con-
centrates, and for pineapple, it was more than twice as high.
As a result of OD, the color of pineapple, sour cherries, and
blackcurrant concentrates brightened, while for the others, L*
values decreased. The values of parameter a*, after OD, for
pear, sour cherry, and chokeberry concentrates increased,
which was associated with a shift in color saturation toward
red. In turn, observing changes in the proportion of blue and
yellow, expressed by the value of b*, increase of the share of
yellow in pear and chokeberry concentrates was noted.

In order to examine the chemical composition of fruit con-
centrates used as osmotic agents, the sugar and organic acid
content was evaluated, and the results are provided in Table 4.
For the fruit juice concentrates before osmotic dehydration,

values of total sugar content ranged from 39.41
(blackcurrant) to 67.28 g/100 g dw (pineapple). The OD pro-
cess resulted in a decrease in sugar concentration in all sam-
ples by up to 20% compared with samples after OD. Sugars
were absorbed by the Japanese quince fruit tissue, which can
be observed by analyzing the sugar content in dried JQF after
the OD in Table 2. The opposite situation occurred in the case
of organic acid content. The osmotic dehydration process in-
creased the content of organic acids in concentrates after the
OD by up to 50% (apple concentrate) compared with the ini-
tial values. The exception was the blackcurrant and chokeber-
ry concentrates, where the acid content increased after the OD.
The reason may be that these two concentrates had the highest
initial content of organic acids (109.48 and 89.47 g/100 g,
respectively). Thus, the concentration difference between the
acid content in JQF was not sufficient for the exchange to take
place, as was the case for apple concentrate, whose initial
content was the lowest of all, and the increase in concentration
after the OD was the largest.

Total phenolic content, calculated as the sum of individual
phenolic compounds, varied significantly between used fruit
juice concentrates (p < 0.05), with chokeberry displaying the
highest (41.71 g/kg dw) and apple the lowest content (2.26
g/kg dw; Table 5). The main detected phenolic group was
flavan-3-ols, followed by polymeric procyanidins, phenolic
acids, anthocyanidins, and flavonols. For concentrates before
OD, they accounted for 65, 16, 12,9, and 5% of total phenolic
compounds, respectively. The exception was the chokeberry
concentrate, for which phenolic acids were the majority.
Anthocyanins were absent in apple, pear, and pineapple con-
centrates, while flavonols were not detected in pear and pine-
apple concentrates. The osmotic dehydration process led to an
increase in the total phenolic content by up to 75% (apple
concentrate), except for the blackcurrant concentrate, for
which a slight decrease in TPC was noted (36.98 g/kg dw).
Analyzing the changes of individual groups of phenolic com-
pounds, there were mainly increases in the concentrations of
polymeric procyanidins (on average 27%) and flavan-3-ols
(on average 21%), because these two groups form the majority
in the content of TPC in JQF (Turkiewicz et al. 2020a).
Anthocyanins stand out from all the groups, because their
concentration has decreased, while pear and pineapple con-
centrates have been enriched with flavonols, which were not
detected before the OD, as was mentioned before. The degree
of polymerization has decreased as a result of the OD process,
which indicates a decrease in the number of catechin units in
the procyanidin chains.

What is more, the content of phenolic compounds is corre-
lated with the antioxidant capacity (Pearson’s correlation co-
efficient R = 0.87). It can be observed that the antioxidant
capacity values measured in ORAC assay increase significant-
ly (p < 0.05) for the fruit juice concentrates after OD (Table 5),
except for chokeberry concentrate. The largest, almost 4-fold
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anticholinergic activity than non-OD and FD JQF, which in
turn were closer to o-amylase and pancreatic lipase inhibiting
activity. The third group was created from concentrate sam-
ples of fruits with dark flesh (cherry, blackcurrant, and choke-
berry), TPC and «-glucosidase inhibitory activity. The con-
tent of flavan-3-ols correlated more strongly with the inhibi-
tion of a-glucosidase (R* = 0.53) than the content of phenolic
acids (R* = 0.13), oppositely to the study of Wojdylo et al.
(2017) on Actinidia fruits. In addition, anthocyanins and fla-
vonols were found close to concentrate samples, the content of
which was much higher than for other samples.

Conclusions

The study revealed that the osmotic dehydration of Japanese
quince fruit in fruit concentrates resulted in a reduction of the
moisture ratio by an average of 70% compared with the non-
OD JQF. In addition, the use of the OD process resulted in a
reduction of convection drying time by 60 min. The choke-
berry concentrate reduced the final MR by 50% compared
with the non-OD JQF, and the pineapple and sour cherry
concentrates hindered the dehydration process during VMD.
The use of OD in fruit concentrates generally resulted in dark-
ening and warming of the color of the final product. OD JQF
was characterized by an increased content of sugars (especial-
ly after using apple concentrate) and a significant reduction in
the content of organic acids (more than a 4-fold reduction with
the use of pear concentrate). TPC and ORAC antioxidant ca-
pacity decreased as a result of osmotic dehydration, but in-
creased inhibition potential of x-amylase (blackcurrant con-
centrate) was obtained. It should also be noted that a signifi-
cant increase in anticholinergic potential was found after

@ Springer
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application of pear concentrate (AChE inhibition) and
blackcurrant (BuChE) after the OD process. Osmotic fluids
were also analyzed before and after the OD. A change in
physical parameters (dw, a,,, SSC, and viscosity) was found
due to dilution during the OD, reduction of sugar content, and
increase in organic acid concentration. Importantly, there was
an increase in TPC and antioxidant and antidiabetic potential,
regardless of the concentrate used. To sum up, the osmotic
dehydration process significantly influenced the acceleration
of the CVMD drying process, the decrease of the characteris-
tic acidity of JQF, and the increase of anticholinergic poten-
tial, which was not observed for non-OD fruits. Osmotic fluids
after dehydration were richer in phenolic compounds and
were characterized by increased antioxidant and antidiabetic
potential.
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ABSTRACT

Fruit powders can become a new and innovative direction of using the potential of Japanese quince (JQ) fruit in
an affordable form. Therefore, physical (dry matter, true and bulk density, porosity and color) and chemical
parameters of JQ juice powders obtained by using different carrier agents and drying techniques were evaluated.
The juice was mixed with maltodextrin, inulin and a mixture of both in different proportions and dried using
freeze, spray, and vacuum (50, 70, and 90 °C) drying techniques. The identification and quantification of
phenolic compounds in JQ juice powders were performed by LC-PDA-QTOF-MS and UPLC-PDA, respectively,
while antioxidant capacity was measured using ABTS, FRAP and ORAC assays. In addition, enzymatic in vitro
inhibition tests of a-glucosidase, pancreatic lipase, acetylcholinesterase and 15-lipoxygenase were performed.
Among the drying techniques applied, freeze-drying resulted in the highest retention of polyphenols, while
among the carrier agents maltodextrin was found to be the best biopolymer for obtaining high-quality fruit
powder and also ensured powders with the lowest content of undesirable hydroxymethylfurfural.

1. Introduction

The production of food powders is growing day by day. The global
fruit powder market in 2017 was valued at $13.52 billion and a com-
pound annual growth rate (CAGR) of 7.4% is expected to be reached by
2025. Northern Europe and Asia are the two most important markets
for fruit powders, while the growing interest in functional beverages
has strengthened the position of the European market (Hexa Research,
2018).

The increase in consumer interest in forgotten or unpopular fruits,
observed over the past two decades, has made Chaenomeles the object of
interest for the food industry (Antoniewska, Rutkowska, & Adamska,
2017). Japanese quince (JQ) fruit is an example of a raw material with
high processing potential, but at the same time the high content of acids
disqualifies it from direct consumption (Nahorska, Dzwoniarska, &
Thiem, 2014). The natural growth area of JQ fruits is the central and
southern part of Japan, although it is cultivated in many other countries
of the world (Lithuania, Latvia, Russia, Belarus, Ukraine, Sweden,
Finland and Poland) (Jakobija & Bankina, 2018; Mihova, Kondakova, &

* Corresponding author.
E-mail address: aneta.wojdylo@upwr.edu.pl (A. Wojdyto).
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Mondeshka, 2012). For example, the total area of Chaenomeles planta-
tions in Latvia was 200 ha in 2016 (Mihova et al., 2012). JQ fruit can be
used as a rich source of polyphenols, the most largest fraction being
proanthocyanidins (57.06 g/kg dry weight [dw], of which 70% is
polymeric procyanidins), which is reflected in the significant anti-
oxidant activity measured by the ORAC test (68.19 mmol Trolox/100 g
dw) (Turkiewicz, Wojdyto, Lech, Tkacz, & Nowicka, 2019), and it ex-
hibits a number of health-promoting activities (Strek et al., 2007;
Zhang, Han, Zhang, & Xin, 2014).

Therefore, these fruits are a valuable raw material for which powder
production can be an innovative method of application for food, in-
creasing their final nutritional value and pro-health qualities. This is an
interesting and future-oriented direction considering consumers who
are becoming more health conscious and are focusing on increasing
their nutritional intake to prevent chronic disorders resulting from
nutrient deficiencies. Fruit powders can be used in the bakery and
confectionery industry, dairy products, beverages, snacks, and others.
Above all, beverages dominate the market owing to the high applica-
tion of fruit powders in smoothies, fruit drinks, energy drinks, and
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carbonated drinks. Enhanced water and ready-to-drink beverages are
seeing an increased consumer demand (Hexa Research, 2018).

For many years, the most common drying technique has involved
spraying liquid in a hot air stream, known as spray drying (SD).
However, despite some of the mentioned advantages having been
confirmed in research (Minh, 2019; Shishir et al., 2018; Tchabo et al.,
2019), SD of juices containing significant amounts of low molecular
weight sugars requires the use of carriers that lower the viscosity of the
powder, thus increasing the efficiency of the process (Fazaeli, Emam-
Djomeh, Ashtari, & Omid, 2012; Tonon, Freitas, & Hubinger, 2011).
Nevertheless, attempts were also made to obtain fruit powders using
other drying methods, such as freeze-drying (FD) (Michalska & Lech,
2018; Michalska, Wojdyto, Lysiak, & Figiel, 2017; Shishir et al., 2018),
which is currently considered the best because of the largest retention
of labile bioactive compounds (phenolic compounds, vitamin C) and
color parameters (Turkiewicz et al., 2019). Nevertheless, the dis-
advantage of FD is the high cost of the process, slowness and the dif-
ficulty of using it on an industrial scale (Szychowski et al., 2018;
Wojdyto, Nowicka, & Babelewski, 2018). Vacuum drying (VD) is a new
method in the production of fruit powders that can become an alter-
native to SD and FD. This method allows one to reduce energy con-
sumption by lowering the pressure and thus the temperature needed to
evaporate the water. In addition, the use of VD can help in obtaining
powders with better sensory values (than after SD) and with a higher
nutritional value (Michalska et al., 2017).

In the case of fruit juices and concentrates, it is not enough to
choose the most favorable drying method due to the specificity of these
products. The high content of sugars and organic acids at the same time
as high viscosity prevents direct pulverization. Therefore, various types
of biopolymers are used as carrier agents altering the physicochemical
properties of fruit powders. Such substances include maltodextrins,
natural gums, proteins, waxes and fructooligosaccharides such as in-
ulin, which will affect the physicochemical properties of fruit powders
(Michalska et al., 2017). Maltodextrin (MA) is the most commonly used
carrier due to its transparency, neutral smell and taste, good solubility
and low price (Chong & Wong, 2017). Another biopolymer obtained
mainly from chicory root (Cichorium intybus) is inulin (IN). Previous
studies have reported that the most important properties of inulin are
its high thermal stability, resistance to sticking, agglomeration, and
crystallization (Leyva-Porras, Lopez-Pablos, Alvarez-Salas, Pérez-
Urizar, & Saavedra-Leos, 2015). The use of these carrier agents or their
mixtures in different proportions can result in powders with different
physical and chemical properties.

Therefore, the aim of this study was to investigate the influence of
different carrier agents (inulin, maltodextrin and a mixture of them)
and drying methods (spray, freeze and vacuum (SD, FD and VD) drying)
on the physical parameters (dry matter, water activity, true and bulk
density, porosity and color parameters), content of phenolic com-
pounds, antioxidant capacity (ABTS, FRAP, ORAC) and enzymatic in
vitro inhibition tests of a-glucosidase, pancreatic lipase, acet-
ylcholinesterase and 15-lipoxygenase. The use of various biopolymers
and drying techniques was aimed at choosing the best to ensure the
highest quality of the final product.

2. Material and methods
2.1. Chemicals

All standards of polyphenolic compounds were purchased from
Extrasynthese (Lyon, France). Water for chromatography analysis pre-
pared by using an HLP SMART 1000 s system (Hydrolab, Gdansk,
Poland), was additionally filtered through a 0.22 um membrane filter
immediately before use. Acetonitrile and methanol for ultra-
performance liquid chromatography (UPLC; Gradient grade) were from
Merck (Darmstadt, Germany). Maltodextrin (dextrose equivalent:
20-30) and Amberlite® XAD-16 resin were supplied by Brenntag
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(Kedzierzyn-Kozle, Poland) while inulin by Beneo-Orafti (Tienen,
Belgium). The rest reagents and solvents for biological activities ana-
lysis were purchased from Sigma-Aldrich (Steinheim, Germany).

2.2. Plant material and sample preparation

JQ fruits (Chaenomeles japonica ssp.) were obtained from cultivation
in Lublin Province (Poland) at processing maturity in September 2018.
The fruits (5 kg) were washed, pitted, and mixed using a Thermomix
(Wuppertal, Vorkwek, Germany). The obtained mash was pressed by a
laboratory hydraulic press (SRSE, Warsaw, Poland) and centrifuged for
10 min at room temperature at 5,000 g (Sigma 6 K15, Shrewsbury, UK).
FQ juice was mixed with 15% (w/w) commercial inulin, maltodextrin
and mix of those two (inulin: maltodextrin 2:1 and 1:2 w/w, respec-
tively). All samples were subjected to different drying techniques and
further analysis.

2.3. Drying methods

Freeze drying (FD) was carried out in freeze dryer (Christ Alpha
2—-4; Braun Biotech Int., Melsungen, Germany) for 24 h at the pressure
of 0.022 kPa. The temperature within the drying chamber was — 30 °C,
while the heating plate reached 30 °C. The FD sample was considered as
the control sample. Spray drying (SD) was performed by Mini Buchi
Spray-dryer B190 (Buchi, Flawil, Switzerland). The spray dryer was
operated at an inlet temperature of 180 °C while the rate of feeding was
40 mL/min. Vacuum drying (VD) at 50, 70 and 90 °C was performed in
a vacuum dryer VACUCELL 111 ECO LINE (MMM Medcenter
Einrichtungen GmbH; Planegg, Germany) at a pressure of 1 kPa for,
respectively, 72 h, 48 h and 24 h. Finally, 5 variants of drying were
obtained. All process was made in technological duplicate.

2.4. Physical analysis

2.4.1. Dry matter content and water activity

The dry matter content (dm) of powders were performed in a va-
cuum dryer (SPT-200, ZEAMiL Horyzont, Krakéw, Poland) at 80 °C for
72 h at the pressure of 1 kPa. The determination of water activity (a,)
was performed on the Novasina (LabMas-terav., Lachen, Switzerland)
at 20 °C. The measurements were done in triplicate.

2.4.2. Color

The color of the samples was determined with reference to the
International Commission on Illumination color space (L*a*b*) using a
spectrophotometer (CM-700d; Konica Minolta Sensing, Inc., Osaka,
Japan). The measurements were done in triplicate and data were pre-
sented as an average.

2.4.3. True density, bulk density and porosity

True density (p,), bulk density (p,) and porosity (¢) were measured
as reported previously by Michalska and Lech (2018). True density (g/
cm®) was calculated as a ratio of the sample mass (m) to its total volume
(Vy), excluding the air pores according to Eq. (1):
L7 (1)

Bulk density (g/cm®) was calculated as a ratio of the sample mass
(m) to its bulk volume (Vy,), according to Eq. (2):

m

=y, @

Porosity (%) of the powders was calculated using the relationship
between the bulk (p,) and the true density (p,) as in Eq. (3):

€= (1 - &) X 100
Py (3)
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The powders were weighed with an analytical balance with an ac-
curacy of 0.0001 g (XA 60/220/X Radwag, Radom, Poland), the total
volume was measured with an HumiPyc™/model 2 Gas Pycnometer
(InstruQuest Inc., Coconut Creek, FL, USA) while bulk volume was
measured with a graduated cylinder. The container was filled with the
samples (10 = 0.5 mL) and then gently shaken to obtain the smallest
volume of the samples. All measurements were done in triplicate.

2.5. Chemical analysis

2.5.1. Identification of polyphenols by the LC-PDA-QTOF-MS method

The samples for polyphenol analysis were prepared as previously
described by Turkiewicz et al. (2019). The presence of polyphenols in
JQ juice powders was identified using Acquity UPLC system (Waters
Corporation, Milford, USA) with a QTof mass spectrometer (Waters,
Manchester, UK). An Acquity UPLC BEH C18 column (2.1 X 100 mm,
1.7 um; Waters Corp.) was used to perform the chromatographic se-
paration previously described by Wojdyto, Nowicka, Carbonell-
Barrachina, and Hernandez (2016). Samples (5 pL) were injected into a
gradient system at a flow rate of 0.42 mL/min. The mobile phase
consisted of 4.5% formic acid in deionized water (A) and acetonitrile
(B). Samples were eluted according to a linear gradient: 0-12 min,
1-25% B; 12-12.5 min, 100% B; 12.5-13.5 min, 1% B. The analysis was
prepared by ionization mode at negative (M—H)~ before and after
fragmentation within mass scanning from m/z 100 to 1700. The data
were collected by Mass-Lynx TM v 4.1 software.

2.5.2. Quantification of polyphenols, polymeric procyanidins and
hydroxymethylfurfural (HMF) using the UPLC-PDA system

The analysis of polyphenolic compounds was carried out using the
Acquity UPLC system (Waters Corp., Milford, USA). Polyphenolic
compounds were monitored at the following wavelengths at 280 nm
(flavan-3-ols), 320 nm (phenolic acids) and 360 nm (flavonols and
flavanons). Quantification was achieved by injection of solutions of
known concentrations ranging from 0.05 to 0.5 mg/mL (R*> < 0.9998)
of (-)-epicatechin, (+)-catechin, chlorogenic acid, quercetin, and
kaempferol-3-O-glucoside, -galactoside, and -rutinoside, as standards.

Analysis of polymeric procyanidins was performed by phlor-
oglucinolysis method as described previously by Wojdyto, Oszmiariski,
and Bielicki (2013).The analysis was carried out on a UPLC system
Acquity (Waters Corp., Milford, MA, USA) consisting of a binary solvent
manager, and fluorescence detector (FL). The fluorescence detection
was recorded at an excitation wavelength of 278 nm and an emission
wavelength of 360 nm. The calibration curves, which were based on
peak area, were established using (+)-catechin, (-)-epicatechin, and
procyanidin B1 after phloroglucinol reaction as (+)-catechin- and
(-)-epicatechin-phloroglucinol adduct standards. To calculate the de-
gree of polymerisation (DP) of polymeric procyanidins, the sum of all
subunits (flavan-3-ol monomer and phloroglucinol adducts), corrected
by subtracting the content of flavan-3-ol monomers separately (assayed
by UPLC-FL), was divided by the sum of all flavan-3-ol monomers,
again corrected by subtracting the content of flavan-3-ol monomers
assayed separately. All incubations were done in triplicate. Results were
expressed as mg per kg of dw.

The analysis of HMF was performed using the Acquity UPLC system
(Waters Corp., Milford, USA) according to Turkiewicz et al. (2019).
HMF was detected at 284 nm and quantification was achieved by in-
jection of HMF standard solutions of known concentrations ranging
from 0.05 to 2 pg/mL (R% < 0.9998). All incubations were done in
triplicate. Results were expressed as mg per kg of dw.

2.5.3. Analysis of antioxidant activities and enzymatic in vitro inhibition
tests

The extracts for following analysis was prepared as described as
follow: the sample (~0.5 g) was vortexed for 1 min with 7 mL me-
thanol/water (80:20, v/v) with 1% hydrochloric acid mixture,
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sonicated for 20 min (Sonic 6D; Polsonic, Warsaw, Poland) and left for
24 h at 4 °C. Then, the extract was sonicated again for 20 min, and
centrifuged at 19.000 X g for 10 min at 4 °C. Finally, the extract was
filtered by 0.20 um hydrophilic PTFE membrane (Millex Simplicity
Filter; Merck, Germany) and used.

Antioxidant activities were determined using the ABTS method,
FRAP and ORAC as previously described by Turkiewicz et al. (2019)
protocols. All samples were assayed in triplicate and the results were
expressed as mmol of Trolox per 100 g of dw.

The inhibition of a-glucosidase, pancreatic lipase and acet-
ylcholinesterase were measured as reported previously by Turkiewicz,
Wojdyto, Tkacz, Nowicka, and Hernandez (2019) while 15-lipox-
ygenase inhibiting activity was investigated according to Chung et al.
(2009). All samples were assayed in triplicate and the result was ex-
pressed as ICso (mg of dried sample per mL of enzyme) while for 15-
lipoxygenase inhibition activity in % of inhibition.

All spectrophotometric and spectrofluorometric measurements were
performed using a plate reader Synergy H1 (BioTek Instruments, Inc.,
Winooski, VT, USA).

2.6. Statistical analysis

Statistical analysis was conducted using XLSTAT 2017: Data
Analysis and Statistical Solution for Microsoft Excel (Addinsoft, Paris,
France). Significant differences (p < 0.05) between means were eval-
uated by one-way ANOVA and Duncan’s multiple-range test. Principal
components analysis (PCA) also has been done.

3. Results and disscusion
3.1. Physical analysis

The dry matter content (dm) in JQ juice powders present in Table 1.
In general, both the used biopolymer and the drying method had a
significant impact on the content of dm in JQ juice powders (p < 0.05).
In general, maltodextrin powders had an average highest dry matter
content and the addition of inulin caused an increase in humidity.
Differences in dm content in the analyzed powders may result, among
other factors, from different sorption capacities (Michalska & Lech,
2018). Analyzing the impact of the drying method on the dry matter
content, it was found that the powders obtained as a result of VD at
50 °C were characterized by the lowest dm value, and an increase in
temperature to 90 °C allowed the driest powders to be obtained. Of all
drying methods, the highest temperature (180 °C) was used in SD, but
nevertheless the average dm values were lower than for VD 90 °C. In
addition, the drying time for FD and VD 90 °C was the same, and the dm
values after FD were much lower.

Bacteria, yeast and molds cannot grow in products with low water
activity (a,), which is why this parameter is an important issue af-
fecting the microbiological stability of powders and other food products
(Turkiewicz et al., 2019). Water activity results (Table 1) are the lowest
for inulin powder after FD and the highest for IN:MA 1:2 after VD at
50 °C. Analyzing the effect of the carrier agent (inulin, maltodextrin and
mixtures thereof), no significant differences (p > 0.05) were found in
the mean a,, values for the fruit powders. In the case of drying methods,
the lowest average values of a,, were observed after FD, while the
highest average values of a,, were observed for powders after VD at
50 °C. The a,, values of apple powders in the research of Michalska and
Lech (2018) were on average 2 times higher than those obtained in this
study. Moreover, SD made it possible to obtain powders with lower
values of a,, than after FD. These differences may result, among other
factors, from the difference in the chemical composition of the fruit
juices (higher sugar content in apple juice), which also translated into
differences in porosity. Compared to fresh juice with a,, = 0.878, the
water activity of JQ juice powders was reduced on average by 90%.

The density of bulk materials, particles and powders is an important
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Table 2
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Identification of phenolic compounds in Japanese quince fruit juice using LC-PDA-QTOF-MS.

Peak Compound R, (min) Amax (NM) MS [M—H] (m/z) MS/MS (m/z)

1 5-0-Caffeoylquinic acid (chlorogenic acid) 3.86 246/326 353.09 191.06

2 p-Coumaroyl hexoside 4.01 316/326 325.09 163.04/145.03

3 Procyanidin Bl 4.07 280 577.13 425.08/289.05

4 Procyanidin trimer 4.13 280 865.20 577.13

5 Procyanidin B2 4.26 280 577.13 456.15/425.09

6 Procyanidin dimer 4.41 280 577.13 425.08/289.05

7 (-)-Epicatechin 4.74 240/280 289.06 245.08/187.05

8 Procyanidin C1 5.06 280 865.21 565.21/403.16/289.07
9 Procyanidin trimer 5.21 280 865.20 695.16/525.10/289.07
10 Procyanidin tetramer 5.39 280 1153.26 865.20/720.16/289.07
11 Procyanidin trimer 5.54 280 865.20 695.16/525.10/289.07
12 Syryngic acid hexoside derivative 5.85 353 403.16 241.10/197.12

13 Procyanidin dimer 6.39 280 577.13 456.15/425.09/289.09
14 Procyanidin dimer 6.48 280 577.13 456.15/425.09/289.09

property affecting the use and function of many materials. The true
density (py) did not differ significantly between JQ juice powders in the
context of the used biopolymer (Table 1). The average p, value for
variants with inulin was 1.5180 g/cm?®, and for those with maltodextrin
1.5410 g/cm>. The effect of drying, and thus the temperature and
duration of the process, had a significant impact on the true density
(p < 0.05). SD contributed to obtaining powders with the lowest
average p, value, while VD at 90 °C resulted in obtaining the highest
value. The results show a relationship with the dry matter content. The
higher the dm value, the higher the true density (Koc, Eren, & Ertekin,
2008). Bulk density (py) is a characteristic of a volume of divided ma-
terial such as powders, grains, and granules. In contrast to the true
density, the carrier agents had significant importance for p;,, values.
Inulin powders had an average lowest bulk density and the highest with
mixed biopolymers with a predominance of maltodextrin. Favorable,
high average values of bulk density were obtained during VD at 90 °C.
Moreover, the highest bulk density values were recorded after VD (re-
gardless of the drying temperature) compared to FD and SD (Caparino
et al., 2012; Michalska & Lech, 2018; Michalska, Wojdyto, Lech, Lysiak,
& Figiel, 2016). This dependence is due to the fact that after VD a
powder with a more crystalline structure is obtained, i.e. with a smaller
volume than after FD and SD, where finally the powders are char-
acterized by a porous flat surface with occulted air content. The costs of
packaging and transport increase with decreasing values of bulk density
(Michalska et al., 2017). Therefore, SD turned out to be the least fi-
nancially advantageous, obtaining the lowest average p, values
(0.4860 g/cm®). Another parameter describing the physical properties
of loose materials is porosity (¢). Among the carrier agents there was
diversity in porosity (p < 0.05). The highest porosity characterized
powders with inulin and the addition of maltodextrin caused a decrease
in the porosity of the analyzed powders. Comparing selected drying
methods, generally FD and SD resulted in higher porosity of powders
(up to 20%) compared to VD (regardless of drying temperature). Higher
porosity will be associated with, among others, greater water absorp-
tion of the material, while the VD process will result in a product with a
compact, hard structure and lower solubility (Michalska et al., 2016).
The chromatic parameters L*, a*, b* of fresh JQ juice were 62.72,
0.80 and 27.69, respectively and for other samples present in Table 1.
The L* parameter values ranged from 60.37 (IN:MA 2:1 after VD 90 °C)
to 98.03 (MA), reaching a very high value almost equal to the bright-
ness of pure white. Analyzing the effect of the carrier agents (p < 0.05)
on the L* parameter value, the highest average L* values were observed
for powders with maltodextrin, and with increasing inulin in the blend,
the color darkened to the value of 76.42 for pure biopolymer. Powder
brightness differed significantly (p =< 0.05) for selected drying
methods. The highest average L* value was obtained for FD and the use
of 90 °C in VD caused a decrease of almost one-third, contrary to
Michalska et al. (2017). Powders obtained as a result of SD and those

after VD 50 °C did not differ in terms of the discussed equalizer, despite
the difference in the drying temperature used in these two methods.
Obtaining the darkest powders by VD 90 °C is associated with partial
charring of the material and a significant reduction in the L* value. In
general, FD and SD resulted in products with a lighter color than those
obtained as a result of VD. A similar observation was made in the case
of apple powders (Michalska & Lech, 2018). Shortening the drying time
and eliminating the influence of oxygen affects the brightening of the
color. Values of parameter a* ranged from —5.92 (IN after FD) to 3.92
(IN:MA 2:1 after VD 90 °C). Of all powders, the lowest values of the
attribute a* were noted when inulin and the FD process were used,
which indicates a tendency to a greenish color. An increase in VD
temperature by 40 degrees caused the a* parameter to increase by al-
most 5 units and thus the color shifted towards a red tone. The use of
maltodextrin contributed to obtaining powders with greater proportion
of blue, while inulin caused yellowing of the color. In turn, the value of
blue-yellow coordinate b*, FD and VD at 90 °C allowed more yellow
powders to be obtained compared to VD at 50 °C, which caused color
cooling towards a blue color. Contrary to the results obtained by
Michalska and Lech (2018) for apple powders, the increase in tem-
perature in VD caused a decrease in the value of parameter b*. Due to
the characteristic yellow color of JQ fruit and juice, higher values of the
parameter b* will be more favorable; thus in this context it seems ap-
propriate to choose freeze-drying and inulin as the carrier agent.

3.2. Chemical analysis

3.2.1. Identification and quantification of phenolic compounds

About 14 compounds were identified by using LC-PDA-MS/QTOF,
mainly flavan-3-ols and phenolic acid derivatives as a minor compo-
nents in analyzed JQ juice powders. Compounds (peaks 1-14) were
numbered by their order of elution and are displayed in Table 2 and
Fig. 1. The identifications were made according to PDA spectra, MS and
MS/MS data, and molecular ions [M—H] ~; data available in the sci-
entific literature and authentic standards were also used. Additionally,
some derivatives were putatively assigned, on the basis of analogous
fragmentations.

Peak 1 exhibited [M—H]~ ions atm/z 353.09 and an MS/MS
fragment at m/z 191.06 was characterized as 5-O-caffeoylquinic acid by
comparison with analytical standards. The presence of chlorogenic acid
in JQ fruit is also confirmed by previous studies (Du et al., 2013;
Teleszko & Wojdyto, 2015; Zhang et al., 2018). Peak 2 showed
[M—H]™ ions atm/z 325.09 and MS/MS fragments at m/z 145.03
(base peak; [coumaric acid-H-H>0] ) and 163.04 (-162 Da; hexosyl
moiety) and thus could be identified as p-coumaroyl hexoside

Five procyanidins dimers (peaks 3, 5, 6, 13 and 14) were detected
at different retention times in the ESI-QTOF in negative ion mode. All
compounds gave the same [M—H] parental ion at m/z 577.13. Peak 3)
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Fig. 1. UPLC-PDA chromatogram at 280 nm of Japanese quince juice. Peak number identities are displayed in Table 2.

showed fragment ions at m/z 425.08 ([M—H—152] ~; loss of CgHgO3)
and 289.05 ([M —H —288] ~; loss of C;5H;50¢), which indicate the loss
of a catechin unit. Comparing the retention time and MS data with the
standard, this compound was assigned as procyanidin B1. The MS/MS
spectrum of peak 5 yielded ions at m/z 456.15 and 425.09. Based on
literature data (Teleszko & Wojdyto, 2015; Zhang et al., 2018) and after
comparison with an authentic standard, this compound was identified
as procyanidin B2. Peak 6 with product ions at m/z 425.08 and 289.05
has been proposed to be a procyanidin dimer (Owczarek et al., 2017).
Two peaks (13 and 14) displayed the same molecular ion at m/z 577.13
and product ions at m/z 456.15, 425.08 and 289.05. The resulting
fragment ions indicate the successive reduction of the flavan-3-ol ske-
leton. Therefore, those compounds were characterized as procyanidin
dimers. Peak 4 exhibited a deprotonated molecule at m/z 865.20 and an
MS/MS fragment at m/z 577.13, indicating the presence of three ca-
techin units in the chemical structure. Thus, this compound was ten-
tatively suggested to be a procyanidin trimer (Du et al., 2013; Owczarek
et al., 2017). Additionally, Peaks 9 and 11 also showed a molecular ion
at m/z 865.20. Each of these compounds had fragmentation ions at m/z
695.16, 525.10 and 289.07. Thus those compounds were identified as
procyanidin trimers by comparison of their fragmentation behavior
with previous research (Spinola & Castilho, 2017). Peak 7 displayed the
[M—H] parental ion at m/z 289.06 along with characteristic fragment
ions at m/z 245.08 and 187.05. The retention time has been compared
with the standards, and this compound has been assigned to (-)-epica-
techin. Additionally, this compound was reported in JQ before by
Owczarek et al. (2017), Du et al. (2013), Teleszko and Wojdylo (2015)
and Lewandowska et al. (2013). Peak 8 exhibited a deprotonated mo-
lecule at m/z 865.21 and MS/MS fragments at m/z 565.21, 403.16 and
289.07. The comparison analysis with standards confirmed that this
signal came from procyanidin C1, which additionally express in other
fruits (Wojdyto & Nowicka, 2019). Peak 10 displayed an [M—H] ion
at m/z 1153.26 and its MS/MS spectrum yielded fragment ions at m/z
865.20 ([M—H-—288]"; loss of Cy5H;2,06), 720.16 and 289.07
([IM—H-864] ), indicating loss of a procyanidin trimer. Therefore,
this compound based on literature data and the MS fragmentation
pattern was tentatively identified as a procyanidin tetramer (Owczarek
et al., 2017). Finally, Peak 12 with a precursor ion at m/z 403.16 and
observation of MS/MS fragmentation ions at m/z 197.12 ([syringic
acid-H] 7) and at m/z 241 (from the loss of a hexose) pointed to syringic
acid hexoside derivative (Barros, Duefias, Pinela, Carvalho, Buelga, &
Ferreira, 2012; Spinola & Castilho, 2017). It bears mentioning that this
compound has not previously been reported in plants of Chaenomeles.

The content of each polyphenol compound was calculated using
UPLC-PDA analysis. The total phenolic content (TPC) in JQ juice

powders obtained using different carrier agents and drying methods
ranged from 1359.9 to 133.2 mg/100 g dw for, respectively, MA after
FD and IN:MA 2:1 after VD at 90 °C (Tables 3 and 4). The main group
(over 80% of all phenolics) comprised flavan-3-ols consisting of 11
catechin derivatives identified by LC-PDA-MS/QTOF. Procyanidin tri-
mers, procyanidin B2 and C1 (17, 14 and 11% of TPC, respectively)
were predominant compounds in the flavan-3-ol group, which is in line
with previous reports (Nahorska et al., 2014). Polymers of procyanidins
determined in the phloroglucinolysis assay account for 17% and phe-
nolic acids account for 12% of the total polyphenol content. Among
phenolic acids, the largest amount of syringic acid hexoside derivative
(11%) was identified, while chlorogenic acid and p-coumarylhexose
were found in similar concentrations, reaching respectively 11 and 7%
of the sum of phenolic acids. The total content of phenolic compounds
in the juice was 3056.7 mg/100 g dw, of which flavan-3-ols accounted
for 58% (1792.2 mg/100 g dw). The selected drying methods had a
significant impact on the phenolic content (p < 0.05). Comparing the
influence of the drying method on the average content of phenolic
compounds in JQ juice powders, they can be ranked by decreasing
content: FD > SD > VD50°C > VD70°C > VD 90 °C. The highest
TPC content was found in powders after FD, and VD at 90 °C in relation
to FD caused their reduction by as much as 87%. For comparison,
Horszwald, Julien, and Andlauer (2013) for chokeberry powders ob-
tained by three methods (FD, SD and VD at 40, 60 and 80 °C) did not
find significant differences (p > 0.05) between the values of total
phenolic content. In the case of compounds from the flavan-3-ol group,
no statistically significant differences in the concentrations of these
compounds were observed using FD and SD, while an increase in
temperature in VD from 50 to 70 °C caused a decrease in the content of
flavan-3-ols by 50%. The content of phenolic acids in powders sub-
jected to SD was two times lower than after FD and VD at 50 °C, con-
trary to results obtained by Michalska et al. (2016), where there were
no differences (p > 0.05) between phenolic acid content in plum
powders after FD and VD at 60 °C. The content of polymeric procya-
nidins changed analogically as in the case of phenolic acids, reaching
the average highest value for FD and the lowest after VD at 90 °C. The
average degree of polymerization (DP) for powders obtained in the
freeze-drying process was 1.5, while VD at 90 °C resulted in its almost
2.5-fold increase. The degree of polymerization of procyanidins is re-
sponsible for their bitter taste, and the taste may deteriorate with its
increase. In general, freeze-drying provided the largest retention of
phenolic compounds, while VD, regardless of the temperature used,
caused their greatest degradation. Turkiewicz et al. (2019), who in-
vestigated the influence of different drying methods on the quality of
JQ fruit, also found that freeze-drying allows one to obtain the highest
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content of polyphenols, and contrary to our results, TPC increased with
increasing temperature in VD.

Regarding the effect of the carrier agent on the content of biologi-
cally active compounds, significant variance was found between sam-
ples (p = 0.05). The highest average total phenolic content value was
obtained for maltodextrin and the lowest for powders with a mix of
inulin and maltodextrin in a ratio of 1:2. JQ juice powders can be
ranked by decreasing TPC: MA > IN:MA 2:1 > IN > IN:MA 1:2. As
well as TPC, flavan-3-ol, phenolic acid and polymeric procyanidin
contents were the highest for powders with inulin. The use of inulin,
compare to maltodextrin, reduced the value of total polyphenols by
20%. Michalska et al. (2017) in a study of powders obtained from
different plum juice formulations stated that addition of maltodextrin at
high concentration had a protective effect on the selected compounds
(e.g. chlorogenic acid) during the drying process. Analyzing the average
contents of individual identified compounds, the concentrations of all
were higher for powders with maltodextrin than with inulin except for
the trimer and tetramer procyanidin (peaks 10 and 11). The carrier
agent used did not affect the content of polymeric procyanidins
(p > 0.05). The mean degree of polymerization was higher for pow-
ders with inulin (DP = 2.3) than for those with maltodextrin
(DP = 2.0). It can therefore be concluded that inulin promotes the
combination of flavan-3-ol units into longer oligomer chains.

3.2.2. Hydroxymethylfurfural analysis

Hydroxymethylfurfural (HMF) is a widespread food contaminant
formed as a result of the heating process and can be used as a quality
marker for many processed foods, including fruit, coffee, honey and
milk (Murkovic & Pichler, 2006). Previously, HMF was identified in
dried JQ fruit (Turkiewicz et al., 2019). The HMF content (Tables 3 and
4) in JQ juice powders ranged from 0.1 (MA and IN:MA 2:1 after FD) to
315.6 mg/100 g dw (IN after VD at 90 °C). HMF was not detected in
fresh juice, which is confirmed by the fact that it is only present in
processed products. Comparing the drying methods, the powders ob-
tained as a result of freeze-drying, SD and VD at 50 and 70 °C did not
differ in terms of HMF content (p > 0.05). The use of VD at 90 °C
resulted in a 223-fold increase in HMF concentration compared to FD.
Increasing the temperature in VD from 50 to 70 °C increased the HMF
content in powders 20-fold, and the increase in temperature by another
20°contributed to achieving a HMF value almost 260 times higher. For
comparison, a two-fold increase in vacuum drying plum juice powders
from 40 to 80 °C caused a 14-fold increase in HMF content (Michalska
et al., 2017). Moreover in the study of Michalska et al. (2016) on whole
plum powders, HMF was not detected in samples after FD. The carrier
agents had a significant impact on the HMF content in JQ juice powders
(p = 0.05). The use of inulin resulted in a 3-fold increase in HMF
content as compared to maltodextrin. It can be stated that a higher
proportion of maltodextrin in the fruit powder causes less formation of
HMF, which is in line with Michalska et al. (2017).

3.2.3. Antioxidant capacity and enzymatic in vitro inhibition tests

In the current study, the antioxidant capacity of the obtained JQ
juice powders was measured by the ABTS, FRAP and ORAC methods
(Table 5). The highest antioxidant capacity, both ABTS and FRAP, was
shown by maltodextrin powder after FD. The results of average anti-
oxidant capacity measured by those methods showed no differences,
suggesting that drying methods had no influence on ABTS and FRAP
values (p > 0.05). In turn, the highest oxygen radical absorption ca-
pacity (ORAC) was shown by inulin and maltodextrin powder (1:2)
after VD at 50 °C, while the lowest was observed for inulin after VD at
50 °C. It was found that the drying method had a significant effect on
the value of ORAC antioxidant capacity (p < 0.05). Powders obtained
by SD and VD at 70 °C had the lowest antioxidant capacity, while after
FD and VD at 50 and 90 °C they had the highest values of antioxidant
capacity. Moreover, the carrier agents had no effect on the ORAC an-
tioxidant capacity, unlike ABTS and FRAP, where powders with
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maltodextrin showed higher antioxidant capacity compared to others.
In contrast, Michalska et al. (2017) stated that the greater the addition
of maltodextrin in plum juice powders was, the lower were the anti-
oxidant capacity values. Of all groups of phenolic compounds, phenolic
acids and flavan-3-ols showed the highest positive correlation with
antioxidant activities measured by ORAC assay (r*> = 0.40 and 0.30). In
the current study, a positive correlation between HMF and antioxidant
activity measured by ABTS, FRAP and ORAC assay was observed
(r> = 0.21, 0.17 and 0.16, respectively), suggesting possible partici-
pation of HMF in the formation of antioxidant capacity in the studied
powders.

The a-glucosidase inhibitory activities of JQ juice powders are
presented in Table 5, and a-glucosidase inhibitory activities of powders
vary significantly (p < 0.05). In fact, oral agents that inhibit a-gluco-
sidase are used as oral hypoglycemic agents, which is why finding
natural foods with such properties may be useful in diabetes preven-
tion. ICs¢ (mg of dried fruit/mL) for a-glucosidase ranged from 13.8
(MA after FD) to 21.8 mg/mL (MA after VD at 90 °C). There was no
effect of the carrier agents on the ability to inhibit a-glucosidase.
However, differences in ICsq values were visible after the application of
selected drying methods. FD, SD and VD 50 °C, provided the highest
activity in inhibition of a-glucosidase, while the increase in tempera-
ture in VD caused a decrease in activity (reduction of activity by > 20%
after using VD 90 °C compared to FD). For comparison, Miao et al.
(2018) analyzed the a-glucosidase inhibition ability of Chaenomeles in
the range 0.04-0.43 mg/mL (for fruit flesh). The ability to inhibit a-
glucosidase showed a strong positive correlation with the total phenolic
content (r> = 0.66) and with the antioxidant capacity of ABTS
(r? = 0.43). For comparison, Wojdyto, Nowicka, Oszmianski, and Golis
(2017) showed that inhibition of a-glucosidase was highly associated
with the content of polymeric procyanidins and phenolic acids.

Among the JQ juice powders with reference to the inhibitory ac-
tivity toward pancreatic lipase, significant differences (p < 0.05) were
observed. It should be emphasized that for 11 analyzed samples (mainly
after FD and SD), the values of pancreatic lipase inhibition (ICsy) were
designated as < 0.01. For other powders, these values were below
0.05 mg/mL. Considering the effect of the drying method on pancreatic
lipase inhibition activity in the analyzed powders, it was found that
powders after SD and VD 50 °C showed the greatest inhibitory ability.
In turn, when considering the effect of the biopolymer, powders with
inulin stood out from the others with lower ICso values, and therefore
greater potential for pancreatic lipase inhibition. The obtained results
indicate that the fruit powders have a high potential for application in
people struggling with the problem of overweight, because limiting the
activity of pancreatic lipase reduces the amount of fat absorbed into the
bloodstream and thus helps in maintaining normal body weight.

Of all drying methods used, SD significantly reduced the ability to
inhibit acetylcholinesterase (AChE) compared to other methods - al-
most two times lower average activity compared to powders subjected
to FD. Analyzing the effect of the carrier agents on acetylcholinesterase
inhibition, there were no significant (p > 0.05) differences between
powders with inulin and maltodextrin Nevertheless, the use of a mix-
ture containing these two biopolymers resulted in a decrease in AChE
inhibition from 28 to 54%, for a mixture with a predominance of inulin
and maltodextrin, respectively. A negative correlation between total
phenolic content and inhibition of AChE was observed (r? = -0.14).
This is in agreement with the results obtained by Wojdyto et al. (2018)
for goji fruit, where it was found that the ability to inhibit AChE de-
pends on the presence of carotenoids, not on TPC.

The 15-lipoxygenase inhibition activity was expressed as percentage
inhibition at a sample concentration of 2.5 mg/mL. The highest po-
tential was exhibited by JQ juice powder with inulin after SD (90.4%),
while the lowest was shown by maltodextrin powder after VD at 90 °C
(29.4%). Comparing the influence of the drying method on the average
15-LOX inhibition by JQ juice powders, they can be ranked by de-
creasing activity: FD > SD > VD70°C > VD50°C > VD 90 °C. The
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Antioxidant capacity (mmol Trolox/100 g dw), antidiabetic, antiobesity, anticholinesterase (ICso; mg/mL) and 15-lipoxygenase (LOX) inhibition activity (%) of

Japanese quince fruit juice and powders.

Sample Drying method Antioxidant capacity a-Glucosidase Pancreatic lipase AChE 15-LOX
ABTS FRAP ORAC

Juice fresh 15.3 * 1.2 135 = 0.0 83.7 + 5.8 142 * 1.4 <01 15.6 * 1.7 > 100.0

IN FD 4.0 + 0.18 3.3 = 0.0f 25.4 + 2.7%¢ 19.4 + 0.24¢ 0.4 + 0.0° 16.6 + 0.3° 68.0 = 0.6
SD 56 + 0.1% 4.9 + 0.4 21.6 + 1.2f 16.7 = 0.4° <0.1 14.7 = 0.1° 90.4 + 0.6
VD 50 °C 5.6 + 0.3% 5.0 = 0.1 16.6 + 1.3" 18.5 + 0.6¢ <01 24.0 * 0.8°f 439 * 0.6°
VD 70 °C 5.4 = 0.5%f 43 £ 0.9° 17.1 + 1.28" 17.2 + 0.8° <0.1 29.8 + 0.5" 725 + 0.8°
VD 90 °C 7.2 £ 0.5° 6.3 * 1.2 26.2 = 1.2%° 20.4 = 0.9 0.4 * 0.1° 19.8 * 0.8° 63.8 = 0.9

MA FD 8.0 + 0.2% 6.7 + 0.1% 23.5 + 1.0%f 13.8 + 1.0° <01 23.7 * 0.6 70.4 = 0.2
SD 55 + 0.0% 4.6 + 0.5% 21.7 + 1.4f 16.7 + 0.4° <01 23.9 + 0.3 43.2 + 0.3°
VD 50 °C 6.6 + 0.1 5.6 + 0.1° 25.0 + 1.2 17.3 + 0.7° <01 27.4 + 0.38 58.9 + 0.6
VD 70 °C 6.9 = 0.0 5.7 + 0.23¢ 23.3 + 1.0%¢ 19.1 + 0.8¢ 0.4 + 0.0° 33.6 * 0.8 46.6 = 0.9"
VD 90 °C 51 = 0.29f 4.8 + 0.0%% 23.1 + 0.9%f 21.8 + 0.6% 0.5 + 0.0° 36.4 + 0.5 29.4 + 0.6%

IN : MA (1:2) FD 6.4 + 0.2° 5.6 + 0.0° 21.8 + 0.3°f 147 + 0.5% <01 36.0 = 0.02 75.2 + 0.7¢
SD 5.6 + 0.0¢ 47 + 0.2 24.2 + 1.4 15.2 + 0.4° <01 97.5 = 1.3™ 65.8 + 0.4"
VD 50 °C 56 + 0.1% 5.0 = 0.2 26.5 * 1.4° 16.8 + 0.2¢ 0.1 + 0.0 30.9 + 0.2! 50.1 * 0.4™
VD 70 °C 56 + 0.19 4.9 + 0.1%% 18.6 + 0.28" 21.2 + 0.9% 0.5 + 0.0° 41.8 + 0.4! 60.1 = 0.9
VD 90 °C 47 + 0.1f 45 + 0.1° 17.9 + 0.58" 22.9 + 05" 0.5 + 0.0° 24.3 = 0.5 32.0 + 0.8°

IN : MA (2:1) FD 6.4 + 0.2° 5.2 * 0.2¢ 24.0 + 0.3%¢ 16.9 + 0.8° 0.4 + 0.0° 22.6 * 0.5¢ 775 = 0.5°
SD 50 * 0.2° 45 * 0.4° 19.1 + 0.88 19.5 + 0.7% <01 27.1 = 0.78 75.7 + 0.6%
VD 50 °C 5.4 + 0.3%f 5.1 + 0.0% 22.8 + 0.9%f 16.3 = 0.3¢ <01 232 * 0.3% 50.9 + 0.4™
VD 70 °C 5.2 = 0.7%f 5.3 = 0.6 19.0 + 0.98 18.8 + 0.7¢ 0.1 = 0.0 20.3 * 0.9° 76.6 = 0.7°
VD 90 °C 6.3 + 0.4° 4.9 + 1.4 22.9 + 1.0%f 18.7 + 0.7¢ 0.4 + 0.0° 16.2 + 0.2° 55.3 * 0.5

Duncan’s Multiple Range Test for mean values
FD 6.2 * 0.2° 52 * 0.4° 237 + 1.4° 16.2 = 1.2% 0.2 * 0.0° 247 + 0.5° 72.8 + 1.7°
SD 54 + 0.4% 4.7 + 0.4° 21.7 + 1.0%° 17.0 + 1.4° <01 40.8 = 0.7° 68.8 = 0.9°°
VD 50 °C 5.8 + 0.2° 52 + 0.7% 227 + 1.1% 17.2 + 1.9% <0.1 26.4 = 0.9° 51.0 = 1.2¢
VD 70 °C 58 + 0.5% 51 = 0.4° 19.5 + 1.4° 19.7 + 0.9° 0.3 + 0.0° 28.7 + 1.0° 55.1 = 1.4°
VD 90 °C 59 * 0.2° 51 * 0.8° 22,5 = 1.6% 209 + 1.1° 0.4 * 0.0° 24.2 = 0.6 451 + 0.8°
IN 55 + 0.5" 48 + 0.7° 21.4 + 1.0° 18.4 + 1.3° 0.1 * 0.0° 21.0 + 0.2° 67.7 = 0.7°
MA 6.4 * 0.6° 55 + 0.6° 233 = 1.2° 18.0 * 1.2% 0.2 * 0.0° 21.9 + 0.2° 67.2 + 0.7°
IM:MA (1:2) 56 + 0.1° 50 = 0.9% 21.8 + 1.4° 18.2 + 1.2° 0.2 + 0.0° 46.1 + 0.7° 56.6 + 0.7°
IM:MA (2:1) 5.7 + 0.2° 5.0 + 0.5% 215 + 1.2° 17.7 = 1.6° 0.2 + 0.0° 29.0 + 0.9° 49.7 = 0.7°

IN-inulin; MA-maltodextrin; + -standard deviation; FD—freeze drying; SD-spray drying; VD-vacuum drying at 50, 70 and 90 °C; a-q—different lowercase letters
within the column in the group of powders indicate significant differences between samples (p < 0.05) according to Duncan’s test.

use of VD at 90 °C reduced the ability of inhibition of 15-lipooxygenase
by 38% compared to FD. The mean activity values for inulin and
maltodextrin were at a similar level, while the use of a mixture of these
two carrier agents resulted in a reduction of percentage inhibition. It
was found that the ability to inhibit 15-lipoxygenase is moderated by
the total phenolic content (r? = 0.46) and that there is a positive cor-
relation between the ability to inhibit a-glucosidase and 15-LOX
(r? = 0.48). However, no relationship was found with the HMF content
@ = -0.24).

3.3. Principal component analysis (PCA)

To better understand the trends and relationships among the studied
variables and factors, principal component analysis (PCA) was applied
(Fig. 2). PCA examined the relationships between chemical composition
(polyphenolic profile and HMF content) and biological activities (an-
tioxidant, a-glucosidase, pancreatic lipase, AChE and 15-LOX inhibi-
tion) of JQ juice powders. The two main principal components identi-
fied (PC1 and PC2) explained 79.51% of the total data variance. The
other principal components with a minor effect on the model were
discarded. In Fig. 2 two clusters created between variables and factors
can be seen. The first cluster consisted of HMF which affected the de-
gree of polymerization of procyanidins and correlated with 15-lipox-
ygenase inhibition activity. Moreover, this cluster also includes samples
with inulin and a mixture of inulin and maltodextrin in two variants.
This indicates similar characteristics of the powders obtained using
these biopolymers. This group also includes powders dried under va-
cuum at 70 and 90 °C, which indicates the lack of significant impact of
those temperatures in this drying method on the physicochemical
properties of the final product. In the second, a clear correlation
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between the inhibition of acetylcholinesterase and antioxidant capacity
measured by ABTS, FRAP and ORAC assays was observed. The same
relationship between antioxidant capacity and the ability to inhibit
AChE was previously reported by Turkiewicz et al. (2019) and
Turkiewicz et al. (2019). Moreover, phenolic compounds (TPC, phe-
nolic acid, flavan-3-ols and polymeric procyanidins) were positively
correlated with the activity for inhibiting a-glucosidase and pancreatic
lipase (Wojdyto et al., 2017). The highest positive correlation was
found between maltodextrin powders after FD (located closest to each
other in the second, positive quadrant of the biplot).

4. Conclusions

In this study, the influence of the drying method and the carrier
agents on the chemical composition (content of polyphenolic com-
pounds and HMF) and physical properties of JQ juice powders of
polyphenols was evaluated. The major group of phenolic compounds
present in the powders comprised flavan-3-ols consisting of 11 deriva-
tives, among which procyanidin B2, C1 and (-)-epicatechin were pre-
dominant. Moreover, three phenolic acid derivatives were detected and
polymeric procyanidins made up approximately 17% of the mean total
phenolic content. As well as the drying method, also the biopolymer
used affected the phenolic profile in the obtained powders. Among the
drying techniques applied, FD resulted in the highest retention of
polyphenols, while among the carrier agents maltodextrin was found to
be the best biopolymer for obtaining high-quality fruit powder. Also the
use of FD and maltodextrin ensured that powders with the lowest
content of undesirable HMF were obtained. The used drying methods
and carrier agents had a significant impact on the physical parameters
of JQ juice powders. FD for most of the analyzed parameters (dry
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Fig. 2. Principal component analysis (PCA) scores
plot showing correlations between variables and

8
e ABTS
* FRAP
6 L
4 |

—

factors of Japanese quince fruit juice powders.
IN-inulin; MA-maltodextrin; SD-spray drying;
FD-freeze drying; VD-vacuum drying at 50, 70 and
90 °C; HMF-hydroxymethylfurfural; DP-degree of
polymerization; PP-phenolic acids; F-flava-3-ols;
TPC-total phenolic content.
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matter, water activity, porosity and color) had a positive effect on the
powders quality. The use of inulin has contributed to the reduction of
water activity, higher porosity and more favorable color parameters.
The selected drying methods did not have a significant impact on an-
tioxidant capacity (ABTS, FRAP and ORAC), but the use of maltodextrin
allowed powders with higher activity to be obtained. Powders (re-
gardless of the carrier agent used) obtained as a result of FD were
characterized by higher activity for inhibition of a-glucosidase, AChE
and 15-LOX in comparison to others, whereas SD and VD at 50 °C were
more advantageous in terms of pancreatic lipase inhibition. To sum up,
VD to obtain JQ juice powders caused deterioration of all discussed
parameters compared to FD and SD.
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ARTICLE INFO ABSTRACT

Keywords: The aim of this study was to determine the effect of different drying methods — freeze drying, spray drying and
Chaenomeles japonica vacuum drying (at 50, 70, 90 °C) — on the quality factors of Japanese quince polyphenol extract, including
Drying physical parameters, phenolic compounds, and in vitro biological activities (antioxidant, anti-diabetic, anti-
I;?I}Iﬁ;lemls obesity, and anticholinesterase). The highest content of bioactive compounds was observed in samples after

freeze drying (total phenolic content — 912.7 g/kg dry weight [dw]; flavan-3-ols — 467.3 g/kg dw). The anti-
oxidant activity measured by Oxygen Radical Absorbance Capacity (ORAC) assay was the highest for samples
vacuum dried at 70 °C (1455.5 mol Trolox/kg dw). Moreover, strong anti-diabetic properties were obtained after
vacuum drying, and the samples subjected to freeze drying and spray drying showed the most favorable anti-
cholinergic potential. Unfavorable changes in color, formation of 5-hydroxymethylfurfural (5-HMF) and
degradation of phenolics were noted along with the increasing drying temperature in vacuum drying. For vac-
uum drying, the most optimal temperature is 70 °C, as the final product obtained in this way is characterized by
favorable physical properties, a beneficial content of biological compounds, a low concentration of undesirable
5-hydroxymethylfurfural and satisfactory biological properties.

Antioxidant capacity

1. Introduction

Japanese quince (Chaenomeles japonica (Thunb.) Lindl. ex Spach) is
an endemic species, whose homeland is in central and southern Japan. It
occurs mainly on mountain slopes (even at altitudes of 2,000 m above
sea level) and on the banks of rivers and lakes. In Europe it quickly
spread as an ornamental shrub and is now planted in parks and gardens.
Its popularity is evidenced by the fact that currently over half a thousand
varieties of these plants are cultivated. The decorative and nutritional
advantages of the shrubs and their aromatic fruits have been appreciated
in many countries and now they are grown almost in the entire
temperate climate zone.

Numerous studies (Du et al., 2013; Turkiewicz, Wojdyto, Tkacz,
Nowicka, et al., 2020; Urbanaviciute et al., 2020) on Japanese quince
fruits prove that, apart from the high content of organic acids, they are a
rich source of phenolic compounds, with the dominant group of poly-
meric proanthocyanidins (PACs), which can constitute up to 79% of the
total phenolics. PACs (also known as condensed tannins) have been

* Corresponding author.
E-mail address: aneta.wojdylo@upwr.edu.pl (A. Wojdyto).
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quantified in a large amount in grape seeds, chokeberry, nuts, cocoa and
black beans (Rauf et al., 2019). The building blocks of PACs include
(+)-catechin and (—)-epicatechin linked by C-C and occasionally C-O-C
bonds. Based on their B-rings, the four most common B-type PAC dimers
are B1, B2, B3 and B4 (Ky et al., 2016). The main pharmacological ac-
tivities ascribed to PACs are: antioxidant and radical scavenging,
anti-cancer, antimicrobial, cardioprotective, anti-diabetic and
anti-obesity (Smeriglio, Barreca, Bellocco, & Trombetta, 2017).

Fruits and vegetables are good sources of pectin, dietary fiber, oli-
gosaccharides, organic colors, vitamins and, more importantly, poly-
phenols. These bioactive compounds can be isolated and/or purified in
order to obtain them in a concentrated form (extract). They can then be
used in the production of fortified functional foods or dietary supple-
ments (Aziz et al., 2018). The worldwide polyphenols market size was
valued at $1.28 billion in 2018 and is expected to reach an estimated
CAGR of 7.2% from 2019 to 2025. The main factors contributing to such
significant growth in this market over the last 20 years is the developing
functional food and beverage industry, as well as technological advances
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in the polyphenol extraction process (GVR, 2019).

Drying is one of the indispensable techniques for large-scale food
preservation, offering numerous benefits including storage stability,
lowering packaging requirements, and reducing the mass for trans-
portation (Hnin, Zhang, Mujumdar, & Zhu, 2019). However, the tech-
niques and processing conditions used to produce fruit extract powders
depend on the characteristics of the phytochemicals present in the
extract. Among the commonly known drying techniques, spray drying
(SD) is usually applied to produce the fruit juice powder. However, the
high process temperature and the high exposure of labile bioactive
compounds to oxygen are the two major disadvantages of this process. In
addition, in the case of sticky food, e.g., rich in sugars or oligosaccha-
rides, agglomerates clog the dryer, which in turn reduces the efficiency
of the process (Muzaffar, Nayik, & Kumar, 2018). Freeze drying (FD) in
many industries is used for the reliable preservation of a wide spectrum
of heat-sensitive products. Unfortunately, its disadvantages include still
unsatisfactory energy- and cost-effectiveness. Furthermore, the high
porosity of the dried materials has a negative effect on their storage
stability (Ciurzynska & Lenart, 2011). Therefore, vacuum drying (VD)
seems to be an effective compromise between SD and FD, while
providing an anaerobic environment for the protection of labile chem-
icals, shorter process times, and the possibility of using it on a larger
scale due to the lower cost.

In the production of powders based on fruit juices, it is necessary to
use carrier agents (such as inulin or maltodextrin) to eliminate unfa-
vorable physicochemical changes occurring during the drying process
(sticking to the dryer wall, clumping) (Aziz et al., 2018). However, in the
production of juice extract powders, free from ballast substances (pectic
compounds, sugars, and organic acids), it is possible to carry out the
drying process without the use of coating compounds.

Therefore, this study aimed to investigate the influence of different
drying methods (vacuum, spray and freeze drying) on the physical pa-
rameters (water activity, true and bulk density, porosity, and color pa-
rameters), content of phenolic compounds, antioxidants (ABTS, FRAP,
ORAC) and biological (anti-diabetic, anti-obesity, anticholinesterase,
and anti-15-LOX) activities on Japanese quince polyphenol extract
(JQPE). So far, no attempt has been made to determine the effect of the
drying method and parameters on the quality of the JQPE, including the
content of undesirable 5-hydroxymethylfurfural (5-HMF).

2. Material and methods
2.1. Chemicals

Chromatographic solvents were from Merck (Darmstadt, Germany).
Chemicals for antioxidant and biological activities were purchased from
Sigma-Aldrich (Steinheim, Germany). All standards of phenolic com-
pounds were purchased from Extrasynthese (Lyon, France). UPLC grade
water, prepared by using an HLP SMART 1000 s system (Hydrolab,
Gdansk, Poland), was additionally filtered through a 0.22 pm membrane
filter immediately before use.

2.2. Plant material and preparation of Japanese quince polyphenol
extract (JQPE)

Japanese quince (Chaenomeles japonica (Thunb.) Lindl. ex Spach)
fruits were harvested from one bush from cultivation in Lublin Province
(Poland) at processing maturity in September 2018. The fruits (30 kg)
were washed, pitted, and mixed using a Thermomix (Vorkwek; Wup-
pertal, Germany). The obtained mash was pressed by a laboratory hy-
draulic press (SRSE, Warsaw, Poland) and centrifuged (10 min, 4 °C,
8000 g) using a refrigerated laboratory centrifuge (MPW-380R, MPW
Med. Instruments; Warsaw, Poland). To obtain a polyphenol extract,
saccharides and organic acids were removed from juice using a glass
column filled with Amberlite™ polymeric resin XAD-16 and 80% (v/v)
ethanol as a solvent to the elution process. Next, solvent was removed by

LWT 152 (2021) 112247

a scale rotary evaporator (Hei-VAP Expert, Heidolph; Schwabach, Ger-
many) at 40 °C, thus producing a Japanese quince polyphenol extract
(JQPE) which was subjected to different drying techniques and further
analysis. In order to verify the removal of sugars and organic acids from
JQPE, a chromatographic analysis (HPLC-ELSD and UPLC-PDA,
respectively) was performed according to the protocol previously
described by Turkiewicz, Wojdyto, Tkacz, Lech, and Nowicka (2020).
From 30 kg of fruit, 15 L of Japanese quince juice were produced, from
which 1500 mL of JQPE was obtained (after removing ballast substances
and ethanol).

2.3. Drying methods — preparation of JQPE powders

Freeze drying (FD) was carried out in freeze dryer (Christ Alpha 2-4,
Braun Biotech Int.; Melsungen, Germany) for 24 h at the pressure of
0.220 mbar. The temperature within the drying chamber was —30 °C,
while the heating plate reached 30 °C. Spray drying (SD) was performed
by a Mini Buchi Spray-dryer (Buchi; Flawil, Switzerland). The spray
dryer was operated at an inlet temperature of 180 °C while the rate of
feeding was 40 mL/min. Vacuum drying (VD) at 50, 70 and 90 °C was
performed in a VACUCELL 111 ECO LINE (Medcenter Einrichtungen
GmbH; Planegg, Germany) at a pressure of 1 kPa for, respectively, 72 h,
48 h and 24 h. Finally, five variants of drying were obtained and 90 mL
of JQPE was used for each. All processes were performed in duplicate.

2.4. Physical analysis of JQPE and JQPE powders

2.4.1. Dry matter, water activity and color parameters

The dry matter content (dm) of powders was determined in a vacuum
dryer (SPT-200, ZEAMIL Horyzont; Krakéw, Poland) at 80 °C for 72 h at
the pressure of 100 Pa. The determination of water activity (a,,) was
performed using a LabMaster water activity analysis instrument
(Novasina AG; Lachen, Switzerland) at 20 °C. The measurements were
made in triplicate. The color of the samples was determined with
reference to the CIE L*a*b* color space using a portable sphere type
spectrophotometer with vertical alignment (CM-700d, Konica Minolta
Sensing, Inc.; Osaka, Japan). The data were presented as an average of
three replications.

2.4.2. True density, bulk density and porosity

True density (p; g/cm®), bulk density (pp; g/cm?) and porosity (¢; %)
were measured as reported previously (Michalska, Wojdyto, Lech,
Lysiak, & Figiel, 2016).

The powders were weighed with an analytical balance with an ac-
curacy of 0.0001 g (XA 60/220/X Radwag; Radom, Poland), the total
volume was measured with an HumiPyc/model 2 Gas Pycnometer
(InstruQuest Inc.; Coconut Creek, USA) while bulk volume was
measured with a graduated cylinder. The container was filled with the
samples (10 + 0.50 mL) and then gently shaken to obtain the smallest
volume of the samples. All measurements were made in triplicate.

2.5. Chemical analysis of JQPE and JQPE powders

2.5.1. Identification of polyphenols by the UPLC-ESI-Q-TOF-MS method
The polyphenol extracts were prepared as previously described
Wojdyto, Nowicka, Carbonell-Barrachina, and Hernandez (2016). The
presence of polyphenols in Japanese quince juice extract was identified
using Acquity UPLC system (Waters Corporation, Milford, USA) with a
QTof mass spectrometer (Waters, Manchester, UK). An Acquity UPLC
BEH C18 column (2.1 x 100 mm, 1.7 pm; Waters Corp.) was used to
perform the chromatographic separation previously described by Woj-
dyto, Figiel, et al., (2016). Samples (5 pL) were injected into a gradient
system at a flow rate of 0.42 mL/min. The mobile phase consisted of 2%
formic acid in deionized water (A) and acetonitrile (B). Samples were
eluted according to a linear gradient: 0-12 min, 1-25% B; 12-12.5 min,
100% B; 12.5-13.5 min, 1% B. The analysis was prepared by ionization
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mode at negative (M-H)~ before and after fragmentation within mass
scanning from m/z 100 to 1700. The data were collected by Mass-Lynx
TM v 4.1 software.

2.5.2. Quantification of polyphenols, polymeric proanthocyanidins (PACs)
and 5-hydroxymethylfurfural (5-HMF) using the UPLC-PDA-FL system

The analysis of polyphenolic compounds was carried out using the
Acquity UPLC system (Waters Corp., Milford, USA). Polyphenolic com-
pounds were monitored at the following wavelengths at 280 nm (flavan-
3-ols), 320 nm (phenolic acids) and 360 nm (flavonols and flavanons).
Quantification was achieved by injection of solutions of known con-
centrations ranging from 0.05 to 5 mg/mL (R? < 0.9997) of (—)-epi-
catechin, (4)-catechin, chlorogenic acid, quercetin, and kaempferol 3-
O-glucoside, -galactoside, and -rutinoside, as standards.

Analysis of polymeric proanthocyanidins (PACs) was performed by
phloroglucinolysis method as described previously by Wojdyto, Osz-
mianski, and Bielicki (2013). The analysis was carried out on a UPLC
system Acquity (Waters Corp., Milford, MA, USA) consisting of a binary
solvent manager, and fluorescence detector (FL). The fluorescence
detection was recorded at an excitation wavelength of 278 nm and an
emission wavelength of 360 nm. The calibration curves, which were
based on peak area, were established using (+)-catechin, (—)-epi-
catechin, and procyanidin Bl after phloroglucinol reaction as
(+)-catechin- and (—)-epicatechin-phloroglucinol adduct standards. All
incubations were done in triplicate. Results were expressed as g per kg of
dw.

The analysis of 5-HMF was performed using the Acquity UPLC sys-
tem (Waters Corp., Milford, USA) according to Turkiewicz, Wojdyto,
Lech, Tkacz, and Nowicka (2019). Detection of 5-HMF was at 284 nm
and quantification was achieved by injection of solutions of known
concentrations ranging from 5.00 to 50.00 mg/L (R? < 0.9998) of
5-HMF standard. All incubations were done in triplicate. Results were
expressed as mg per kg of dw.

2.5.3. Analysis of in vitro antioxidant and biological activities

The extracts for following analysis was prepared as described pre-
viously (Wojdyto, Nowicka, Laskowski, & Oszmianski, 2014).

Antioxidant activities were determined using the ABTS method,
FRAP and ORAC as previously described by Wojdyto, Nowicka, Tkacz,
and Turkiewicz (2020). All samples were assayed in triplicate and the
results were expressed as mmol of Trolox per 100 g of dw. The
anti-diabetic and anti-obesity activities were measured as inhibition of
a-amylase, a-glucosidase and pancreatic lipase (Nowicka, Wojdyto, &
Laskowski, 2018) while anticholinesterase properties were measured as
inhibition of acetylcholinesterase (AChE), butyrylcholinesterase
(BuChE). Activity against 15-lipoxygenase (15-LOX) were investigated
according to Turkiewicz, Wojdyto, Tkacz, Nowicka, et al. (2020). All
samples were assayed in triplicate and the result was expressed as ICsg
(mg of sample per mL of enzyme) while for 15-LOX inhibition activity as
% inhibition (for 2.5 mg of sample per mL of enzyme). All spectropho-
tometric and spectrofluorometric measurements were performed using a
plate reader Synergy H1 (BioTek Instruments, Inc.; Winooski, USA).

2.6. Statistical analysis

Statistical analysis was conducted using XLSTAT 2017: Data Analysis
and Statistical Solution for Microsoft Excel (Addinsoft; Paris, France).
Significant differences (p < 0.05) between means were evaluated by
non-parametric Kruskal-Wallis test and Dunn’s procedure. Principal
components analysis (PCA) also has been done.
3. Results and discussion

3.1. Physical analysis

The dry matter (dm) content of Japanese quince polyphenol extract
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(JQPE) was 9.28%, while for powders ranged from 92.95% (freeze-
dried) to 98.82% (vacuum-dried at 70 °C) (Table 1). This parameter has
a direct impact on the flowability and stickiness of powders and is taken
as a measure of drying efficiency (Aziz et al., 2018). Michalska, Wojdyto,
Lysiak, and Figiel (2017) in the study of plum juice extract also obtained
powders with the lowest dm after freeze drying (FD). In addition, Cal-
1skanKoc (2020) proved that the moisture content of red pepper powder
can be lowered by applying a microwave finish drying after FD. The
calculated Pearson correlation coefficient (r?) confirmed the results of
Young et al. (2007), where dm is weakly positively correlated with bulk
density (py) — r* = 0.30, and weakly negatively correlated with true
density (p) — r> = —0.35.

The water activity (ay,) is used by food designers to create shelf-
stable food products — the lower the a,, value, the longer the shelf life.
Furthermore, keeping the a,, as low as possible prevents agglomeration,
caking and degradation of bioactive compounds (Ramakrishnan, Adza-
han, Yusof, & Muhammad, 2018). The a,, in dried JQPE samples differed
between samples (p < 0.05) and ranged from 0.090 (SD and VD 90 °C) to
0.105 (VD 70 °C). Similarly low a,, values in the range from 0.074 to
0.101 were obtained by Tkacz, Wojdyto, Michalska-Ciechanowska et al.
(2020) for powders obtained from different sea buckthorn juice
formulations.

The density of powder plays an important role in determining the
mixing and packing properties as well as forming the powder into tablet
form. True density (p) corresponds to the real solid density and does not
consider the spaces between particles. Table 1 shows that p; ranges from
1.036 (for SD) 1.527 g/c:m3 (for FD) and there are significant differences
in pt depending on the drying method used. In the studies by Turkiewicz,
Wojdyto, Tkacz, Lech, and Nowicka (2020) on fruit powders from
Chaenomeles juice, it was proved that the drying method influenced pt, in
contrast to the carriers used, where no significant differences were
noted. Moreover, a tendency can be noticed, according to which the
value of pt increases with the temperature increase in VD, but the per-
formed statistical analysis did not classify these relations as significant
(p > 0.05). Bulk density (pp) is related to the porosity of the powder and
is one of the properties used to specify loose products. The drying pro-
cess had a significant influence (p < 0.05) on the py, values, which
ranged, as in case of dm, from 0.265 (for SD) to 0.626 g/cm3 (for VD
70 °C). The lower the pb values, the more air is entrapped in the voids,
and therefore the greater the possibility of oxidation (Aziz et al., 2018).
In addition, it can be stated that the use of VD (regardless of the applied
temperature) may have practical consequences for reducing packaging
and transport costs, compared to the FD and SD method. In contrast,
CaliskanKocg (2020) obtained almost two times higher pb for red pepper
powders after FD than after VD at 80 °C. The reasons for such differences
probably can be found in the properties of ballast substances removed in
JQPE. Moreover, comparing the obtained results to the earlier findings
Turkiewicz, Wojdyto, Tkacz, Lech, and Nowicka (2020) it can be notice
that the addition of polysaccharides to powders has a greater impact on
the pb value than the drying temperature in VD.

Porosity (¢) is defined as the void fraction in the sample. The highest
¢ value was observed for the JQPE after SD (74.42%) and the lowest
after VD at 50 °C (58.32%). Porosity shows a moderate negative cor-
relation with true density (r> = —0.50) and strong negative correlation
with bulk density (® = —0.95). According to Saifullah, Yusof, Chin, and
Aziz (2016) the porosity is very important from the point of view of
solubility of any powdery material — the higher the ¢ values, the greater
the solubility.

The color parameters of JQPE and JQPE powders are given in
Table 1. The chromatic parameters were measured in reference to the
CIE L*a*b* color space. The lightest powders were obtained after the SD
process (83.77), while the darkest were obtained after VD at 90 °C
(74.20). In contrast, Turkiewicz, Wojdyto, Tkacz, Lech, and Nowicka
(2020) obtained the highest values of the L* parameter for Japanese
quince juice powders after FD (average 91.27). On the other hand, the
hydroxymethylfurfural (HMF) formed during prolonged heating could
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Table 1
Physical parameters of Japanese quince juice extract powders.

LWT 152 (2021) 112247

drying dry matter (%)  aw true density p; (g/cm®)  bulk density p, (g/cm®)  porosity £ (%)  color parameters

method " o b

JQPE* 9.28 + 0.00 0.848 + 0.00 - - - 81.23 + 0.01 —0.804£0.01  20.00 + 0.01
FD 92.95 + 0.05%  0.100+0.010"®  1.527 + 0.010* 0.435 + 0.005° 71.50 + 1.108  80.91 +0.01®  -0.86+0.01°  20.52 +0.01€
SD 97.97 £ 0.04°>  0.090 + 0.010®  1.036 + 0.005° 0.265 + 0.005% 74.42+1.00 83.774+0.01* -1.21+0.01%  20.93 +0.02%
VD 50 °C 98.58 + 0.06°  0.099 +0.005*®  1.428 + 0.100° 0.595 + 0.010° 58.324+1.12°  76.52+0.01¢ —0.28+0.00¢ 16.51 + 0.01%
VD 70 °C 98.82 + 0.02*  0.105 + 0.010*  1.430 + 0.010° 0.626 + 0.005* 56.25 + 1.055  72.67 +0.015  -0.26 £0.01®  17.61 +0.01°
VD 90 °C 98.16 + 0.04°  0.090 + 0.010®  1.458 + 0.005"F 0.518 + 0.005¢ 64.50 + 1.00¢  74.20+0.01°  2.63 + 0.01* 21.41 +0.01%

JQPE-without applying any heat treatment (before drying) and therefore not included in the statistical analysis; +—standard deviation; FD-freeze drying; SD-spray
drying; VD-vacuum drying at 50, 70 and 90 °C; a,~water activity; A-E—different capital letters within the column in the group of extract indicate significant dif-

ferences between samples (p < 0.05).

be related to the darker color of samples after VD at 90 °C (Pearson
correlation coefficient r? = 0.51). The largest change of the a * param-
eter between the drying methods used was observed when the temper-
ature in the VD process increased from 70 to 90 °C - then there was an
almost 12-fold increase in the a* coordinate value, which thus led to a
redder color of the powders. Values of parameter b* ranged from 16.51
(powder after VD 50 °C) to 20.93 (powder after SD). Along with the
increase in temperature in drying VD, the color was warming towards
yellow. The same relationships in changes in a* and b* coordinates were

Table 2

obtained by Tkacz, Wojdyto, Michalska-Ciechanowska et al. (2020) for
sea buckthorn powders.

3.2. Chemical analysis

3.2.1. Identification and quantification of phenolic compounds

An overview of all the main identified compounds in the JQPE by
UPLC-ESI-Q-TOF-MS using the negative mode is given in Table 2 and
Fig. 1. The compounds are summarized along with their retention time

Identification and quantification of phenolic compounds (g/kg dm) and 5-hydroxymethylfurfural (5-HMF; mg/kg dm) in Japanese quince polyphenol extract powders

using LC-PDA-QTOF-MS.

Compound R Amax MS [M-H]~ MS/MS (m/z) JQPE* FD SD VD 50 °C VD 70 °C VD 90 °C
(min) (nm) (m/z)
Chlorogenic acid (5-0- 3.86 246/ 353.09 191.06 19.3 + 17.6 + 18.8 + 18.2 + 19.8 + 15.1 +
caffeoylquinic) 326 0.6 0.8° 0.378 0.9"B 0.28 0.3¢
p-Coumaroyl hexose 4.01 316/ 325.09 163.04/145.03 52402 47+ 5.0 + 4.9+ 53+0.4% 42+0.1°
326 0.148¢ 0.0%8 0.01B¢
Syryngic acid hexoside 5.85 353 403.16 241.10/197.12 150.8 + 142.0 + 143.5 + 106.5 + 118.7 + 12.6 +
9.8 6.8% 914 1.8¢ 2.7% 0.2°
Sum of phenolic acids 175.3 + 164.3 + 167.4 + 129.7 + 175.3 + 31.9 +
6.9 7.28 7.14 5.6¢ 6.9 1.4°
Procyanidin B1 4.07 280 577.13 425.08/289.05 35+01 35+01% 30+02° 43+02*% 38+02° 45+03"
Procyanidin trimer 413 280 865.20 577.13/289.07 27.9 + 26.9 + 26.4 + 27.1 + 29.4 + 22.8 +
1.3 1.3¢ 0.9¢ 0.8% 1.34 0.3°
Procyanidin B2 4.26 280 577.13 456.15/425.09 1521 + 149.4 + 154.8 + 142.8 + 153.9 + 97.3 +
8.9 8.8% 4.94 2.6¢ 3.0% 1.8°
Procyanidin dimer 4.41 280 577.13 456.15/425.08/ 8.6+0.6 10.6+ 82+03° 93+07° 89+ 5.4 + 0.5°
289.05 0.5% 0.45¢
(—)-Epicatechin 4.74 240/ 289.06 245.08/187.05 98.0 + 92.2 + 97.9 + 93.0 + 100.5 + 80.1 +
280 2.8 2.65¢ 2.8% 1.75¢ 2.94 1.1¢€
Procyanidin C1 5.06 280 865.21 565.21/403.16/ 48.6 + 46.2 + 49.7 + 45.8 + 50.1 + 36.4 +
289.07 1.5 1.5° 1.44 1.58 1.74 0.6¢
Procyanidin trimer 5.21 280 865.20 695.16/577.13/ 58.7 + 55.8 + 58.6 + 57.0 + 55.5 + 52.1 +
525.10/289.07 1.8 1.4% 1.54 1.6%8 1.6° 1.5¢
Procyanidin tetramer 5.39 280 1153.26 865.20/720.16/ 19.1 + 19.7 + 18.8 + 17.8 + 16.7 + 20.3 +
289.07 0.9 0.9% 0.2% 0.7¢ 0.5¢ 0.9%
Procyanidin trimer 5.54 280 865.20 695.16/577/13/ 81+02 81+ 8.4+00% 77+ 7.4 + 6.3 +0.1¢
525.10/289.07 0.248 0.18¢ 0.35¢
Procyanidin dimer 6.39 280 577.13 456.15/425.09/ 81+01 7.4+ 7.5+ 7.6 + 8.1+0.1% 7.9+0.0"
289.09 0.0%8 0.148 0.148
Procyanidin dimer 6.48 280 577.13 456.15/425.09/ 35.4 + 32.7 + 34.0 £ 35.5 + 37.4 + 41.6 £
289.09 1.6 1.7¢ 0.95¢ 1.48¢ 0.9% 0.8*
Sum of flavan-3-ols 468.0 + 4526 + 467.3 + 447.9 + 35+0.1 374.7 +
11.4 10.9% 9.478 11.1% 11.7¢
Polymeric proanthocyanidins (PACs) 2429 + 230.8 + 278.0 + 231.1 + 200.8 + 223.8 +
12.0 10.1% 8.94 6.58 7.7¢ 10.0%¢
Total Phenolic Content (TPC) 886.2 + 847.7 + 912.7 + 808.6 + 816.7 + 630.4 +
21.5 22.8° 18.9* 16.5¢ 17.5¢ 14.4°
DP 1.6 1.5 1.6 1.6 1.4 1.7
5-hydroxymethylfurfural (5-HMF) 01+00 05+£00D 0.6+00° 06+01° 07+00° 1.7+05"

JQPE—without applying any heat treatment (before drying) and therefore not included in the statistical analysis; +—standard deviation; FD-freeze drying; SD-spray
drying; VD-vacuum drying at 50, 70 and 90 °C; DP-degree of polymerization; A-D-different lowercase letters within the column indicate significant differences

between samples (p < 0.05).
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Fig. 1. UPLC-PDA chromatogram segment (1.00-10.00 min) at 280 nm of freeze-dried Japanese quince polyphenol extract. 1-Chlorogenic acid (5-O-caffeoylquinic),
2-p-coumaroyl hexose, 3-Procyanidin B1, 4-Procyanidin trimer, 5-Procyanidin B2, 6-Procyanidin dimer, 7-(—)-epicatechin, 8-Procyanidin C1, 9-Procyanidin trimer,
10-Procyanidin tetramer, 11-Procyanidin trimer, 12-Syryngic acid hexoside, 13-Procyanidin dimer, 14-Procyanidin dimer.

(Rp), UV-vis maxima (Aqx), m/z for the deprotonated molecule and MS/
MS fragments. In the present study 15 phenolic compounds belonging to
two different groups were tentatively identified. A detailed description
of fragmentation is described in the publication of Turkiewicz, Wojdyto,
Tkacz, Lech, and Nowicka (2020).

The content of each phenolic compound was quantified using UPLC-
PDA, while polymeric proanthocyanidins (PACs) were additionally
determined by UPLC-FL (Table 2). The flavan-3-ols including (—)-epi-
catechin and procyanidins oligomers account for 51.2-59.4% of the
total phenolic content (TPC), indicating that this group was in the ma-
jority in JQPE. Polymeric PACs constituted on average 29.2% of the
TPC, and phenolic acids constituted 15.3%. Overall, there were two
representative compounds (procyanidin B2, and syringic acid hexoside).
JQPE without heat treatment was characterized by a TPC of 886.2 g/kg
dw, and FD and VD (regardless of the temperature used) led to a
reduction in the content of polyphenols. SD was an exception, where
TPC increased by 2.9%. The methods and parameters of drying had a
significant influence on the content of phenolic compounds (p < 0.05) in
JQPE powders. The highest concentrations of individual groups of
phenolic compounds were obtained after SD, except for flavan-3-ols,
where the VD at 70 °C resulted in the lowest losses of these com-
pounds. The highest degradation of flavan-3-ols (a decrease of one fifth
compared to its contents after VD at 70 °C) was found in samples after
application of the highest temperature in VD. In turn, the content of
phenolic acids in JQPE decreased in the following order: SD > FD > VD
70°C > VD 50 °C > VD 90 °C, leading to more than 80% degradation of
these compounds after the use of VD 90 °C. For example, Michalska et al.
(2017) in research on plum juice extract noted a reduction in the content
of chlorogenic acid by more than 6% after increasing the temperature in
VD from 60 to 80 °C. Analyzing the effect of the drying method, it was
observed that the greatest retention of polymeric PACs, besides SD, was
obtained by VD at 50 °C and FD —231.1 and 230.8 g/kg dw, respectively.
Referring to TPC, an increase in temperature in VD from 70 to 90 °C
caused a decrease in TPC content by over 20%. In contrast, Miao et al.
(2017), in research on the effect of heat treatment and drying methods
on the quality of Chaenomeles fruits, observed an increase in TPC by 12%
after increasing the temperature in VD from 60 to 80 °C.

3.2.2. 5-HMF analysis

During thermal processes (such as drying) in food processing, non-
enzymatic browning reactions take place, including the Maillard reac-
tion and caramelization, imparting desirable organoleptic characteris-
tics to food products (Lee et al., 2019). However, compounds such as
5-hydroxymethylfurfural (5-HMF) formed during non-enzymatic
browning can have negative effects on the human body. Ingestion of
5-HMF above the recommended dietary limit may cause carcinogenic-
ity, genotoxicity and organotoxicity (Choudhary et al., 2020). At the
same time, the limits of its dietary intake have so far been established
only for a few products (including honey), which is why it is so impor-
tant to control its concentration in food. The 5-HMF content (Table 2) in
JQPE powders ranged from 4.9 (after FD) to 17.4 mg/kg dw (after VD at
90 °C). Comparing the drying methods, the obtained powders differed
significantly in terms of 5-HMF content (p < 0.05). The use of VD at
90 °C resulted in an over 3.5-fold increase in 5-HMF concentration
compared to FD. Increasing the temperature in vacuum drying from 70
to 90 °C increased the 5-HMF content in powders over 2-fold. Moreover,
SD and VD at 50 °C did not differ significantly in terms of 5-HMF con-
tent. For comparison, the content of 5-HMF in the obtained powders was
similar to that in fruit juices (0.4-21.9 mg/kg) but lower than in dried
fruit (1.0-2200.0 mg/kg) (Choudhary et al., 2020). Michalska et al.
(2017) obtained values for plum juice extract powders below 0.1 mg/kg
dw with no clear differences between the drying methods used. This
value is close to the 5-HMF content in JQPE without heat treatment
(0.01 mg/kg dw).

3.2.3. Antioxidant activities and enzymatic in vitro inhibition tests

The antioxidant capacity of the dried JQPE was measured by three
methods (ABTS, FRAP and ORAC), as shown in Table 3. There were
significant differences in activities between samples dried using
different methods (p < 0.05). The highest antioxidant capacity for
powders was demonstrated by VD samples at 50 °C (430.3 and 294.6
mmol Trolox/100 g dw), while the lowest was observed for FD (319.2
and 208.8 mmol Trolox/100 g dw) — both in the ABTS and FRAP
methods, respectively. In the case of the assessment of oxygen radical
absorbance capacity (ORAC), no difference was found between the
application of temperature 50 and 90 °C in the vacuum method, while
by application of 70 °C in VD it was possible to obtain 65% higher
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Antioxidant capacity (mmol Trolox/100 g dw), anti-diabetic, anti-obesity, anticholinesterase (ICso; mg/mL) and 15-lipoxygenase (15-LOX) inhibition activity (%) of

Japanese quince polyphenol extract powders.

Drying method Antioxidant capacity a-Amylase «a-Glucosidase Pancreatic lipase AChE BuChE 15-LOX
ABTS FRAP ORAC

JQPE* 259.8 + 9.2 142.6 + 4.6 460.3 + 4.5 1208+ 1.2  5.6+0.0 3.6 +0.0 51.0 + 0.9 49.8 + 1.2 99.8 + 0.8
FD 319.2 + 2.8% 208.8 +5.1°  886.7 + 0.5° 21.8 + 0.8° 2.9 + 0.25¢ 0.4 + 0.0* 16.0 + 0.7° 221 40.4° 4294 0.4°
SD 411.2 + 5.9 257.3 + 5.1% 1178.0 + 2.55¢ 15.8 + 0.4¢ 2.6 +0.6° 0.4 + 0.5% 16.6 + 0.8% 11.9 + 0.2% 48.6 + 0.0¢
VD 50 °C 430.3 + 2.0* 294.6 + 4.6" 1249.5 + 4.5° 7.1 +0.24 2.5+0.3° 0.6 + 0.0% 39.8 + 0.6° 14.4 + 0.2¢ 40.7 + 0.8%
VD 70 °C 390.9 + 1.1¢ 239.6 + 3.7¢ 1455.5 + 2.5 10.8 + 0.5% 3.1 +0.0¢ 1.0 +0.2¢ 28.2 + 0.6° 22.0+0.6°  81.6+0.8*
VD 90 °C 417.8 + 5.6° 229.7 + 4.1¢ 1255.7 + 1.4% 15.9 + 0.9¢ 1.6 +0.1% 0.7 + 0.2% 11.3 + 0.5 10.1+0.4*  69.8+0.6°

JQPE—without applying any heat treatment (before drying) and therefore not included in the statistical analysis; +—standard deviation; FD—freeze drying; SD-spray
drying; VD-vacuum drying at 50, 70 and 90 °C; A-E—different capital letters within the column in the group extract indicate significant differences between samples

(p < 0.05).

activity than after the FD process (886.7 mmol Trolox/100 g dw). It was
noted that for JQPE without heat treatment, the activity measured by
ABTS, FRAP and ORAC assays were respectively 18.8; 31.7 and 48.1%
lower compared to JQPE powder after FD. The presence of ethanol in
JQPE and the potential side compounds that may be formed during the
drying process and absent in JQPE, most likely may have contributed to
the reduction of antioxidant activity, but requires further research to
determine the cause of this trend. Comparing the antioxidant capacity of
dried JQPE to the activity of selected Chaenomeles species fruits, it was
found that on average for the ABTS method, the JQPE activity is 18
times higher, and for the FRAP method more than 44 times (Du et al.,
2013). On the other hand, for the ORAC method, the values obtained for
JQPE powder are on average over 20 times higher than for the Chae-
nomeles japonica fruits dried by different methods (Turkiewicz et al.,
2019). The calculated Pearson correlation coefficient confirmed the
positive correlation between the 5-HMF content and the antioxidant
capacity of ABTS and ORAC (r2 = 0.65 and 0.60, respectively), which is
consistent with the results of Michalska et al. (2017). Moreover, in the
study of Turkiewicz, Wojdyto, Tkacz, Lech, and Nowicka (2020) on
Japanese quince juice powders the dependence in the presence of 5-HMF
on antioxidant capacity was proven.

Table 3 also shows the anti-diabetic and anti-obesity potential of
dried JQPE expressed as ability to inhibit a-amylase, a-glucosidase, and
pancreatic lipase (ICsp; mg/mL). The analyzed samples showed large
variation (p < 0.05) among the used drying methods. The inhibitory
activity against a-amylase ranged from 7.1 to 21.8 mg/mL (for VD 50 °C
and FD, respectively), while a-glucosidase inhibition was between 1.6
and 3.1 mg/mL (VD 90 and 70 °C, respectively). The use of the drying
process, regardless of the method, contributed to the increase in anti-
diabetic and anti-obestity activity of Japanese quince polyphenol
extract. Compared to the powder obtained after FD, JQPE without
thermal treatment was characterized by over 5 times lower potential for
inhibiting a-amylase, almost 2 times lower for a-glucosidase and as
much as 9 times lower activity for inhibiting pancreatic lipase. The use
of vacuum drying at 90 °C resulted in obtaining a value similar to the
inhibition of a-amylase as after the SD. Moreover, FD and SD turned out
to be the most advantageous in terms of potential anti-obesity properties
of JQPE powders (0.4 mg/mL). The obtained results confirm previous
reports (Miao et al., 2018; Zaklos-Szyda, Majewska, Redzynia, &
Koziolkiewicz, 2015) that Chaenomeles fruits may be promising natural
sources for active compounds with antidiabetic properties. The Pearson
correlation coefficient calculated for ability to inhibit a-amylase and
antioxidant capacity (ABTS, FRAP and ORAC) confirms a strong positive
correlation between them (r? = 0.86, 0.87 and 0.90, respectively).
Moreover, a strong correlation between the a-glucosidase inhibition
activity and the content of 5-HMF (r? = 0.80) was found; until now there
has been no information on the correlation of these two factors in the
literature. It was also noted that among the analyzed groups of phenolic
compounds, the polymeric PACs had the greatest influence on modu-
lating pancreatic lipase inhibition activity (r? = 0.80), which was also
confirmed in the recent study by Wojdylo et al. (2020) on the biological

activity of sprouts and microgreens.

The anticholinergic properties in the analyzed dried JQPE were
expressed as the ability to inhibit acetylcholinesterase (AChE) and
butyrylcholinesterase (BuChE). Attempts were also made to assess the
ability to inhibit 15-lipooxygenase (15-LOX) as a regulator of cellular
lipid peroxidation. ICs¢ inhibition of AChE and BuChE ranged from 11.3
to 39.8 and from 10.1 to 22.1 mg of sample/mL (Table 3) with signifi-
cant differences between samples dried by different methods (p < 0.05).
Activity against AChE increased with increasing temperature in VD,
while no difference was noted between FD and SD. In turn, considering
the ability to inhibit BuChE, JQPE samples can be ordered according to
increasing activity as follows: FD = VD 70 °C < VD 50 °C < SD < VD
90 °C. It is worth noting that for the first time the anticholinergic ac-
tivities of Chaenomeles fruits were investigated by Turkiewicz, Wojdyto,
Tkacz, Nowicka, et al. (2020) and for the Japanese quince were on
average 11.8 and 16.5 mg/mL for AChE and BuChE, respectively. The
polymeric PACs were found to have the greatest contribution to the
formation of anticholinergic properties of the dried JQPE among the
phenolic compounds identified (r> = 0.28 and 0.53 for AChE and BuCheE,
respectively). Moreover, as in the case of antioxidant capacity, the
Pearson correlation coefficient indicates a positive correlation between
the 5-HMF content and the ability to inhibit AChE and BuChE - 0.68 and
0.70, respectively. As with the antioxidant, anti-diabetic and
anti-obesity activity, the AChE and BuChE inhibition activity of the
JQPE without thermal treatment was respectively two and three times
lower, than after FD. On the other hand, the AChE inhibition activity of
powders obtained from JQPE is on average twice as high as the activity
of powders from Chaenomeles juice (Turkiewicz, Wojdyto, Tkacz, Lech,
& Nowicka, 2020).

The 15-LOX inhibition activity was expressed as % inhibition at a
sample concentration of 2.5 mg/mL. The highest potential was exhibited
by VD JQPE at 70 °C (81.6%), while the lowest was shown by VD JQPE
at 50 °C (40.7%) (p < 0.05). As in the case of the ability to inhibit
a-glucosidase and AChE, with regard to 15-LOX it is confirmed that it is
more advantageous in vacuum drying to shorten the drying time instead
of decreasing the temperature. Moreover, of all the methods used to
measure the antioxidant capacity, the anti-15-LOX activity is most
strongly correlated with the ORAC assay (r* = 0.73) and there is no
correlation with the content of phenolic acids (% = 0.00).

3.3. Principal component analysis (PCA)

A PCA biplot (Fig. 2) shows both PC scores of samples and loadings of
variables and allowed better understanding of the relationship between
bioactive compounds and in vitro biological activities of JQPE dried by
different methods. The first two modes of the PCA explained more than
80% of the observed variance, and therefore it can be assumed that the
demonstrated dependencies are reliable. The upper left quadrant con-
tains the variables that show the greatest correlation with each other.
Thus, it can be seen that the three methods used to assess the antioxidant
capacity (ABTS, FRAP and ORAC) are correlated. Moreover, the activity
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Fig. 2. PCA biplot showing scores of samples (blue dots) and loadings of variables (red vectors). JQPE-without applying any heat treatment (before drying);
FD-freeze drying; SD-spray drying; VD-vacuum drying at 50, 70 and 90 °C; PACs—proanthocyanidins; AChE-acetylcholinesterase; BuChE-butyrylcholinesterase; 15-
LOX-15-lipoxygenase. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

to inhibit a-amylase and the ability to inhibit 15-LOX have a strong
positive correlation with antioxidant capacity. These results are
confirmed by the observations of Tkacz, Wojdyto, Turkiewicz, and
Nowicka (2020) on sea buckthorn berries. This group included samples
dried at the lowest temperature (VD at 50 °C). In the lower left quadrant
there are, among others, anticholinergic activities (against AChE and
BuChE) affected by the presence of 5-HMF. Therefore, the VD at 90 °C
was in the same group, in which the largest amounts of this compound
were formed. In addition, as in the Cano-Lamadrid et al. (2020) study on
pomegranate fruit sheets, a dependence of anticholinergic activity on
the ability to inhibit a-glucosidase was found. The upper right corner
was occupied by flavan-3-ols and phenolic acids, the content of which in
the analyzed samples of dried JQPE was dependent on each other. The
last group was composed of polymeric PACs modulating anti-obesity
activity and the FD and SD method, which ensured the greatest reten-
tion of polymeric PACs.

4. Conclusions

The polyphenol extract from Japanese quince fruit was found to be a
rich source of phenolic compounds, in particular from the flavan-3-ol
group (on average 53.4% of the total phenolic content). SD seems to
be the most advantageous method in terms of the retention of bioactive
compounds, while ensuring a low content of 5-HMF (comparable to FD).
On the other hand, taking into account the physical parameters, i.e. true
and bulk density and porosity, VD provided the most favorable param-
eters, especially in the context of the potential reduction of transport and
packaging costs and the low susceptibility to oxidation processes. Con-
ducting the VD process at 90 °C resulted in negative chemical changes
(3.5-fold increase in 5-HMF concentration compared to FD) as well as
deterioration of color parameters (significantly darkening). Considering
the influence of the drying method and its parameters on biological
properties, it was found that the dried JQPE was characterized by a high
antioxidant potential, especially after the application of VD at 50 and
70 °C. In addition, the antidiabetic properties of JQPE powders were
greater after VD than FD and SD, in contrast to anticholinergic proper-
ties. In summary, VD may be an alternative to the previously widely

used SD in the industry, but it is necessary to conduct further research, e.
g. using polysaccharide carrier agents, to improve the physical proper-
ties and potentially protect labile phenolic compounds.

Funding

Work financed from Ministry of Science and Higher Education
budgetary funds for science in 2018-2021, as a research project under
the “Diamond Grant” program — nr DI2017 006347. The publication was
the result of the activity of the research group “Plants4FOOD”.

CRediT authorship contribution statement

Igor Piotr Turkiewicz: Writing — review & editing, Formal analysis,
Methodology, Visualization. Karolina Tkacz: Formal analysis, Meth-
odology. Paulina Nowicka: Formal analysis. Anna Michalska-Cie-
chanowska: Conceptualization, Formal analysis, Methodology.
Krzysztof Lech: Formal analysis, Methodology. Aneta Wojdyto:
Conceptualization, Methodology, Writing — review & editing, Supervi-
sion, Project administration, Funding acquisition.

Conflict of interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

References

Aziz, M., Yusof, Y., Blanchard, C., Saifullah, M., Farahnaky, A., & Scheiling, G. (2018).
Material properties and tableting of fruit powders. Food Engineering Reviews, 10(2),
66-80. https://doi.org/10.1007/s12393-018-9175-0

CaliskanKog, G. (2020). The effect of different drying techniques and microwave finish
drying on the powder properties of the red pepper powder (Capsicum annuum L.).
Journal of Food Science & Technology, 57, 4576-4587. https://doi.org/10.1007/
513197-020-04496-1

Cano-Lamadrid, M., Tkacz, K., Turkiewicz, I. P., Nowicka, P., Hernandez, F., Lech, K.,
et al. (2020). Inhibition of enzymes associated with metabolic and neurological
disorder by dried pomegranate sheets as a function of pomegranate cultivar and fruit


https://doi.org/10.1007/s12393-018-9175-0
https://doi.org/10.1007/s13197-020-04496-1
https://doi.org/10.1007/s13197-020-04496-1

LP. Turkiewicz et al.

puree. Journal of the Science of Food and Agriculture. https://doi.org/10.1002/
jsfa. 10850

Choudhary, A., Kumar, V., Kumar, S., Majid, I., Aggarwal, P., & Suri, S. (2020). 5-
Hydroxymethylfurfural (HMF) formation, occurrence and potential health concerns:
Recent developments. Toxin Reviews, 1-17. https://doi.org/10.1080/
15569543.2020.1756857

Ciurzynska, A., & Lenart, A. (2011). Freeze-drying-application in food processing and
biotechnology-a review. Polish Journal of Food and Nutrition Sciences, 61(3),
165-171. https://doi-10org-100005dzd016a.han.bibl.up.wroc.pl/10.2478,/v10222-0
11-0017-5.

Du, H., Wu, J., Li, H., Zhong, P.-X., Xu, Y.-J., Li, C.-H., et al. (2013). Polyphenols and
triterpenes from Chaenomeles fruits: Chemical analysis and antioxidant activities
assessment. Food Chemistry, 141(4), 4260-4268. https://doi.org/10.1016/j.
foodchem.2013.06.109

Grand View Research (GVR). (2019). Market analysis report; polyphenols market size, share
& trends analysis report by product (grape seed, green tea, cocoa), by application
(beverages, food, feed, dietary supplements, cosmetics), and segment forecasts, 2019 -
2025. Retrieved from https://www.grandviewresearch.com/industry-analysis
/polyphenols-market-analysis?utmsource=pressrelease&utmmedium=referral&utm
campaign=PRNFeb27DietarySupplementsRL3&utmcontent=Content Accessed
November 6, 2020.

Hnin, K. K., Zhang, M., Mujumdar, A. S., & Zhu, Y. (2019). Emerging food drying
technologies with energy-saving characteristics: A review. Drying Technology, 37(12),
1465-1480. https://doi.org/10.1080/07373937.2018.1510417

Ky, 1., Le Floch, A., Zeng, L., Pechamat, L., Jourdes, M., & Teissedre, P. L. (2016).
Tannins. Encyclopedia of Food and Health, 247-255.

Lee, C.-H., Chen, K.-T., Lin, J.-A., Chen, Y.-T., Chen, Y.-A., Wu, J.-T., et al. (2019). Recent
advances in processing technology to reduce 5-hydroxymethylfurfural in foods.
Trends in Food Science & Technology, 93, 271-280. https://doi.org/10.1016/j.
tifs.2019.09.021

Miao, J., Li, X., Zhao, C., Gao, X., Wang, Y., & Gao, W. (2018). Active compounds,
antioxidant activity and a-glucosidase inhibitory activity of different varieties of
Chaenomeles fruits. Food Chemistry, 248, 330-339. https://doi.org/10.1016/j.
foodchem.2017.12.018

Miao, J., Wei, K., Li, X., Zhao, C., Chen, X., Mao, X., et al. (2017). Effect of boiling and
drying process on chemical composition and antioxidant activity of Chaenomeles
speciosa. Journal of Food Science & Technology, 54(9), 2758-2768. https://d0i:10.100
7/s13197-017-2712-7.

Michalska, A., Wojdyto, A., Lech, K., Lysiak, G. P., & Figiel, A. (2016). Physicochemical
properties of whole fruit plum powders obtained using different drying technologies.
Food Chemistry, 207, 223-232. https://doi.org/10.1016/j.foodchem.2016.03.075

Michalska, A., Wojdylo, A., Lysiak, G. P., & Figiel, A. (2017). Chemical composition and
antioxidant properties of powders obtained from different plum juice formulations.
International Journal of Molecular Sciences, 18(1), 176. https://doi.org/10.3390/
ijms18010176

Muzaffar, K., Nayik, G. A., & Kumar, P. (2018). Production of fruit juice powders by
spray drying technology. International Journal of Advance Research in Science and
Engineering, 7(3), 59-67.

Nowicka, P., Wojdylo, A., & Laskowski, P. (2018). Inhibitory potential against digestive
enzymes linked to obesity and type 2 diabetes and content of bioactive compounds in
20 cultivars of the peach fruit grown in Poland. Plant Foods for Human Nutrition, 73
(4), 314-320. https://doi.org/10.1007/s11130-018-0688-8

Ramakrishnan, Y., Adzahan, N. M., Yusof, Y. A., & Muhammad, K. (2018). Effect of wall
materials on the spray drying efficiency, powder properties and stability of bioactive
compounds in tamarillo juice microencapsulation. Powder Technology, 328, 406-414.
https://doi.org/10.1016/j.powtec.2017.12.018

Rauf, A., Imran, M., Abu-Izneid, T., Ul-Hagq, 1., Patel, S., Pan, X., et al. (2019).
Proanthocyanidins: A comprehensive review. Biomedicine & Pharmacotherapy, 116,
108999. https://doi.org/10.1016/j.biopha.2019.108999

Saifullah, M., Yusof, Y., Chin, N., & Aziz, M. (2016). Physicochemical and flow properties
of fruit powder and their effect on the dissolution of fast dissolving fruit powder
tablets. Powder Technology, 301, 396-404. https://doi.org/10.1016/j.
powtec.2016.06.035

LWT 152 (2021) 112247

Smeriglio, A., Barreca, D., Bellocco, E., & Trombetta, D. (2017). Proanthocyanidins and
hydrolysable tannins: Occurrence, dietary intake and pharmacological effects. British
Journal of Pharmacology, 174(11), 1244-1262. https://doi.org/10.1111/bph.13630

Tkacz, K., Wojdyto, A., Michalska-Ciechanowska, A., Turkiewicz, I. P., Lech, K., &
Nowicka, P. (2020). Influence carrier agents, drying methods, storage time on
physico-chemical properties and bioactive potential of encapsulated sea buckthorn
juice powders. Molecules, 25(17), 3801. https://doi.org/10.3390/
molecules25173801

Tkacz, K., Wojdyto, A., Turkiewicz, I. P., & Nowicka, P. (2020). Anti-diabetic, anti-
cholinesterase, and antioxidant potential, chemical composition and sensory
evaluation of novel sea buckthorn-based smoothies. Food Chemistry, 338, 128105.
https://doi.org/10.1016/j.foodchem.2020.128105

Turkiewicz, I. P., Wojdyto, A., Lech, K., Tkacz, K., & Nowicka, P. (2019). Influence of
different drying methods on the quality of Japanese quince fruit. Lebensmittel-
Wissenschaft und -Technologie- Food Science and Technology, 114, 108416. https://doi.
org/10.1016/j.1wt.2019.108416

Turkiewicz, I. P., Wojdylo, A., Tkacz, K., Lech, K., Michalska-Ciechanowska, A., &
Nowicka, P. (2020). The influence of different carrier agents and drying techniques
on physical and chemical characterization of Japanese quince (Chaenomeles japonica)
microencapsulation powder. Food Chemistry, 323, 126830. https://doi.org/10.1016/
j.foodchem.2020.126830

Turkiewicz, I. P., Wojdylo, A., Tkacz, K., Lech, K., & Nowicka, P. (2020). Osmotic
dehydration as a pretreatment modulating the physicochemical and biological
properties of the Japanese quince fruit dried by the convective and vacuum-
microwave method. Food and Bioprocess Technology, 13(10), 1801-1816. https://doi.
org/10.1007/s11947-020-02522-w

Turkiewicz, L. P., Wojdyto, A., Tkacz, K., Nowicka, P., Golis, T., & Babelewski, P. (2020).
ABTS on-line antioxidant, a-amylase, a-glucosidase, pancreatic lipase, acetyl-and
butyrylcholinesterase inhibition activity of chaenomeles fruits determined by
polyphenols and other chemical compounds. Antioxidants, 9(1), 60. https://doi.org/
10.3390/antiox9010060

Urbanavi¢iiité, 1., Liaudanskas, M., Bobinas, C., Sarkinas, A., Rezgiené, A., & Viskelis, P.
(2020). Japanese quince (Chaenomeles japonica) as a potential source of phenols:
Optimization of the extraction parameters and assessment of antiradical and
antimicrobial activities. Foods, 9(8), 1132. https://doi.org/10.3390/foods9081132

Wojdyto, A., Figiel, A., Legua, P., Lech, K., Carbonell-Barrachina, A. A., & Hernandez, F.
(2016). Chemical composition, antioxidant capacity, and sensory quality of dried
jujube fruits as affected by cultivar and drying method. Food Chemistry, 207,
170-179. https://doi.org/10.1016/j.foodchem.2016.03.099

Wojdyto, A., Nowicka, P., Carbonell-Barrachina, A. A., & Hernandez, F. (2016). Phenolic
compounds, antioxidant and antidiabetic activity of different cultivars of Ficus carica
L. fruits. Journal of Functional Foods, 25, 421-432. https://doi.org/10.1016/j.
jff.2016.06.015

Wojdyto, A., Nowicka, P., Laskowski, P., & Oszmianski, J. (2014). Evaluation of sour
cherry (Prunus cerasus L.) fruits for their polyphenol content, antioxidant properties,
and nutritional components. Journal of Agricultural and Food Chemistry, 62(51),
12332-12345. https://doi.org/10.1021/jf504023z

Wojdyto, A., Nowicka, P., Tkacz, K., & Turkiewicz, I. P. (2020). Sprouts vs. microgreens
as novel functional foods: Variation of nutritional and phytochemical profiles and
their in vitro bioactive properties. Molecules, 25(20), 4648. https://doi.org/10.3390/
molecules25204648

Wojdyto, A., Oszmiarniski, J., & Bielicki, P. (2013). Comparison of polyphenolic
composition, antioxidant activity and PPO activity of some cultivars of quince
(Cydonia oblonga Miller) fruits. Journal of Agricultural and Food Chemistry, 61(11),
2762-2772. https://doi.org/10.1021/jf304969b

Young, P. M., Chiou, H., Tee, T., Traini, D., Chan, H.-K., Thielmann, F., et al. (2007). The
use of organic vapor sorption to determine low levels of amorphous content in
processed pharmaceutical powders. Drug Development and Industrial Pharmacy, 33(1),
91-97. https://doi.org/10.1080/03639040600969991

Zaktos-Szydta, M., Majewska, 1., Redzynia, M., & Koziotkiewicz, M. (2015). Antidiabetic
effect of polyphenolic extracts from selected edible plants as a-amylase,
a-glucosidase and PTP1B inhibitors, and p-pancreatic cells cytoprotective agents-a
comparative study. Current Topics in Medicinal Chemistry, 15(23), 2431-2444.
https://doi.org/10.2174/1568026615666150619143051


https://doi.org/10.1002/jsfa.10850
https://doi.org/10.1002/jsfa.10850
https://doi.org/10.1080/15569543.2020.1756857
https://doi.org/10.1080/15569543.2020.1756857
https://doi-1org-100005dzd016a.han.bibl.up.wroc.pl/10.2478/v10222-011-0017-5
https://doi-1org-100005dzd016a.han.bibl.up.wroc.pl/10.2478/v10222-011-0017-5
https://doi.org/10.1016/j.foodchem.2013.06.109
https://doi.org/10.1016/j.foodchem.2013.06.109
https://www.grandviewresearch.com/industry-analysis/polyphenols-market-analysis?utmsource=pressrelease&amp;utmmedium=referral&amp;utmcampaign=PRNFeb27DietarySupplementsRL3&amp;utmcontent=Content
https://www.grandviewresearch.com/industry-analysis/polyphenols-market-analysis?utmsource=pressrelease&amp;utmmedium=referral&amp;utmcampaign=PRNFeb27DietarySupplementsRL3&amp;utmcontent=Content
https://www.grandviewresearch.com/industry-analysis/polyphenols-market-analysis?utmsource=pressrelease&amp;utmmedium=referral&amp;utmcampaign=PRNFeb27DietarySupplementsRL3&amp;utmcontent=Content
https://doi.org/10.1080/07373937.2018.1510417
http://refhub.elsevier.com/S0023-6438(21)01400-6/sref9
http://refhub.elsevier.com/S0023-6438(21)01400-6/sref9
https://doi.org/10.1016/j.tifs.2019.09.021
https://doi.org/10.1016/j.tifs.2019.09.021
https://doi.org/10.1016/j.foodchem.2017.12.018
https://doi.org/10.1016/j.foodchem.2017.12.018
https://doi:10.1007/s13197-017-2712-7
https://doi:10.1007/s13197-017-2712-7
https://doi.org/10.1016/j.foodchem.2016.03.075
https://doi.org/10.3390/ijms18010176
https://doi.org/10.3390/ijms18010176
http://refhub.elsevier.com/S0023-6438(21)01400-6/sref15
http://refhub.elsevier.com/S0023-6438(21)01400-6/sref15
http://refhub.elsevier.com/S0023-6438(21)01400-6/sref15
https://doi.org/10.1007/s11130-018-0688-8
https://doi.org/10.1016/j.powtec.2017.12.018
https://doi.org/10.1016/j.biopha.2019.108999
https://doi.org/10.1016/j.powtec.2016.06.035
https://doi.org/10.1016/j.powtec.2016.06.035
https://doi.org/10.1111/bph.13630
https://doi.org/10.3390/molecules25173801
https://doi.org/10.3390/molecules25173801
https://doi.org/10.1016/j.foodchem.2020.128105
https://doi.org/10.1016/j.lwt.2019.108416
https://doi.org/10.1016/j.lwt.2019.108416
https://doi.org/10.1016/j.foodchem.2020.126830
https://doi.org/10.1016/j.foodchem.2020.126830
https://doi.org/10.1007/s11947-020-02522-w
https://doi.org/10.1007/s11947-020-02522-w
https://doi.org/10.3390/antiox9010060
https://doi.org/10.3390/antiox9010060
https://doi.org/10.3390/foods9081132
https://doi.org/10.1016/j.foodchem.2016.03.099
https://doi.org/10.1016/j.jff.2016.06.015
https://doi.org/10.1016/j.jff.2016.06.015
https://doi.org/10.1021/jf504023z
https://doi.org/10.3390/molecules25204648
https://doi.org/10.3390/molecules25204648
https://doi.org/10.1021/jf304969b
https://doi.org/10.1080/03639040600969991
https://doi.org/10.2174/1568026615666150619143051

mgr inz. Igor Piotr Turkiewicz Wroctaw, 07.02.2022 r.

Katedra Technologii Owocow, Warzyw

i Nutraceutykow Roslinnych

Wydziat Biotechnologii i Nauk o Zywnosci
Uniwersytet Przyrodniczy we Wroctawiu
ul. Chetmonskiego 37

51-630 Wroctaw

OSWIADCZENIE

Oswiadczam, ze jestem wspétautorem publikacji pt.:

Turkiewicz, I.P., Tkacz, K., Nowicka, P., Michalska-Ciechanowska, A., Lech, K.,
Wojdyto, A. (2021). Physicochemical characterization and biological potential of Japanese
quince polyphenol extract treated by different drying techniques. LWT-Food Science and
Technology, 152, 112247. doi: 10.1016/j.lwt.2021.112247.

Méj udziat w przygotowaniu tej publikacji polegat na kierowaniu projektem
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fizykochemicznych, chromatograficznych i potencjatu biologicznego in vitro produktéw
z owocow pigwowca. Opracowatem technologie otrzymywania proszkéw pigwowcowych,
przygotowatem tekst publikacji, opracowalem merytorycznie otrzymane wyniki,
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Wyksztalcenie:
2018 - 2022

2017 -2018

2013 -2017

Staze naukowe:

01.03.-01.07.2022
01.02.-01.03.2020
05.04. - 04.05.2019
15.07. - 14.08.2018
01.03.-31.05.2018

Szkolenia:

15-17.12.2021

19-22.09.2021

15-17.05.2019

01.01.-30.06.2019

04-05.06.2016

16-17.04.2016

19-20.03.2016

20-21.02.2016

Uniwersytet Przyrodniczy we Wroclawiu, Technologia zywnoS$ci
1 zywienia, Studia doktoranckie I11°

Uniwersytet Przyrodniczy we Wroclawiu, Technologia zywnos$ci
1 zywienie czlowieka, Studia magisterskie II° (egzamin 20.06.2018),
Ocena: bardzo dobra

Uniwersytet Przyrodniczy we Wroclawiu, Technologia zywnoS$ci
1 zywienie cztowieka, Studia inzynierskie 1° (egzamin 07.02.2017),
Ocena: bardzo dobra

University of Lisbon, Lisbon, Portugalia (Bekker, NAWA)
University of Minnesota, Saint Paul, USA (PROM-NAWA)
CEBAS-CSIC, Murcia, Hiszpania (PROM-NAWA)

Tymbark MWS Sp. z o0.0. Sp. k., Olsztynek

Universidad Miguel Herndndez, Orihuela, Hiszpania (ERASMUS+)

Szkolenie z obslugi wysokosprawnego chromatografu cieczowego
Acquity UPLC sprzezonego z wysokorozdzielczym spektrometrem
mas Xevo G2-QTof, Waters, Wroctaw.

V edycja Akademii Chemii Analitycznej "Spektrometria mas
w chromatografii cieczowej - praktyczne zastosowania", SHIM-POL
A.M. Borzymowski, Warszawa.

Podstawy technik chromatografii i tandemowej spektrometrii mas
(LC-MS/MS) w oznaczeniach ilo§ciowych, MS Ekspert Sp. z o.0.,
Warszawa.

Program Szkoleniowo - Mentoringowy TopMinds 2019. Inicjatywa
Stowarzyszenia Top 500 Innovators i Polsko-Amerykanskiej Komisji
Fulbrighta, Warszawa.

Wymagania Standarow sieciowych IFS i BRC, Swisscert Sp. z o.0.,
Krakow.

Auditor wewnetrzny HACCP, Swisscert Sp. z 0.0., Krakow.

Auditor wewnetrzny systemu zarzadzania jako$cig ISO 9001, Swisscert
Sp. z 0.0., Krakow.

Pelnomocnik systemu zarzadzania bezpieczenstwem zywno$ci ISO
22000, Swisscert Sp. z 0.0., Krakow.
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Projekty badawcze:
a) kierownik

Diamentowy Grant VII. Ministerstwo Nauki i Szkolnictwa Wyzszego. DI2017 006347.
07.09.2018-06.09.2021: ,,Potencjalne wykorzystanie owocoéw pigwowca (Chaenomeles spp.)
w otrzymaniu innowacyjnych produktéw o zaprogramowanych wlasciwo$ciach
prozdrowotnych”.

Innowacyjny Doktorat. Uniwersytet Przyrodniczy we Wroctawiu. N070/0015/20. 01.01.2020-
31.12.2020: ,,Modulowanie warto$ci odzywczej 1 wiasciwosci funkcjonalnych owocow
Chaenomeles japonica procesem odwadniania osmotycznego™.

b) wykonawca

POIR.01.01.01-00-1170/19-00. POIR 2014-2020. 01.06.2020-31.05.2023: , Innowacyjne
rozwigzania technologiczne w procesie opracowywania produktow o wyzszym poziomie
zwigzkow bioaktywnych”.

Preludium 18. Narodowe Centrum Nauki. 09.06.2020-08.06.2023; ,,Wplyw dodatkow
pochodzenia naturalnego na formowanie si¢ produktéw reakcji Maillarda i karmelizacji oraz
na wlasciwosci biologiczne proszkéw owocowych”.

POIR.01.01.01-00-0261/17. POIR 2014-2020. 19.01.2018-02.02.2021. ,,Opracowanie nowych
przetworéw warzywno-owocowych o ukierunkowanych wlasciwosciach prozdrowotnych”.

PJ.re.027.3.2019. Ministerstwo Rolnictwa 1 Rozwoju Wsi. 01.04.2019-31.12.2019:
,Innowacyjne rozwigzania w zakresie wykorzystania warzyw i owocow”’.

HOR.re.027.9.2018. Ministerstwo Rolnictwa i Rozwoju Wsi. 01.04.2018-31.12.2018:
,Badania nad innowacyjnymi rozwigzaniami w celu poprawy cech 1 parametréw
sensorycznych produktéw przetworstwa owocow ekologicznych z uwzglednieniem
zachowania sktadnikow odzywczych otrzymywanych produktow”.

Publikacje nie wchodzace w sklad rozprawy doktorskiej:

Turkiewicz, L. P., Wojdyto, A., Tkacz, K., Nowicka, P. (2021). UPLC/ESI-Q-TOF-MS analysis
of (poly)phenols, tocols and amino acids in Chaenomeles leaves versus in vitro anti-enzyme
activities. Industrial Crops and Products, 181, 114829. doi: 10.1016/j.indcrop.2022.114829
IF: 5,645 MEIN: 200 pkt

Wojdyto, A., Nowicka, P., Turkiewicz, I. P., Tkacz, K. (2021). Profiling of polyphenols by
LC-QTOF/ESI-MS, characteristics of nutritional compounds and in vitro effect on pancreatic
lipase, a-glucosidase, o-amylase, cholinesterase and cyclooxygenase activities of sweet
(Prunus avium) and sour (P. cerasus) cherries leaves and fruits. Industrial Crops and
Products, 174, 114214. doi: 10.1016/j.indcrop.2021.114214 IF: 5,645 MEIN: 200 pkt

Vieira, M. V., Turkiewicz, I. P., Tkacz, K., Fuentes-Griinewald, C., Pastrana, L. M., Fucifios,
P., Wojdyto, A. Nowicka, P. (2021). Microalgae as a potential functional ingredient: evaluation
of the phytochemical profile, antioxidant activity and in-vifro enzymatic inhibitory effect of
different species. Molecules, 26(24), 7593. doi: 10.3390/molecules26247593 IF: 4,412 MEiN:
140 pkt
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Wojdylo, A., Nowicka, P., Turkiewicz, 1. P., Tkacz, K., Hernandez, F. (2021). Comparison of
bioactive compounds and health promoting properties of fruits and leaves of apple, pear and
quince. Scientific Reports, 11(1), 1-17. doi: 10.1038/s41598-021-99293-x IF: 4,380 MEiN: 140
pkt

Yusuf, E., Tkacz, K., Turkiewicz, I. P., Wojdylo, A., Nowicka, P. (2021). Analysis of
physiochemical compounds content in different varieties of carrots, including qualification and
quantification of sugars, organic acids, minerals, and bioactive compounds by UPLC. European
Food Research and Technology, 247(12), 3053-3062. doi: 10.1007/s00217-021-03857-0
IF: 2,998 MEIN: 70 pkt

Wojdylo, A., Turkiewicz, I. P., Tkacz, K., Hernandez, F. (2021). Fruit tree leaves as new
valuable source of tocopherol and tocotrienol compounds. Journal of the Science of Food and
Agriculture, 102(4), 1466-1474. doi: 10.1002/jsfa. 11481 IF: 3,639 MEiN: 100 pkt

Tkacz, K., Wojdylo, A., Turkiewicz, I. P., Nowicka, P. (2021). Triterpenoids, phenolic
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