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Streszczenie
Produkty odpadowe przemyslu owocowego jako potencjalna alternatywa
pozyskiwania substancji bioaktywnych, ze szczegélnym uwzglednieniem frakcji
lipidowej

Celem pracy byto pozyskanie 1 charakterystyka olejow z nasion oraz zwigzkow
bioaktywnych z wytlokow pozbawionych nasion z czarnej porzeczki, czerwonej
porzeczki, jezyny, aronii i maliny, ktére wyekstrahowano przy uzyciu tradycyjnych
1 zaawansowanych metod, tj. ekstrakcja wspomagana ultradzwigkami oraz ekstrakcja
wspomagana pulsacyjnym polem elektrycznym. Dokonano optymalizacji procesu
ekstrakcji wspomagane] ultradzwickami w celu uzyskania olejow z najwigksza
wydajnoscig i o mozliwie najwyzszej stabilnosci oksydacyjnej zmierzonej z uzyciem
ciSnieniowej  réznicowej  kalorymetrii  skaningowej.  Nastepnie  uzyskane
w zoptymalizowanych warunkach oleje oraz oleje kontrolne uzyskane w procesie
klasycznej ekstrakcji w ukladzie ciecz-cialo state poddano szczegodtowej analizie.
Wyznaczono parametry kinetyczne reakcji utleniania olejow, przeanalizowano
wlasciwos$ci termiczne, w tym charakterystyki migkniecia i krystalizacji oraz okre$lono
profil kwasow thuszczowych 1 ich rozmieszczenie w czasteczkach triacylogliceroli. Na
podstawie uzyskanych badan sformutowano wniosek, i1z ekstrakcja wspomagana
ultradzwigkami pozwolita uzyskac olej z nasion pozyskanych z produktow odpadowych
z wytloko6w z czarnej i czerwonej porzeczki, jezyny, aronii i maliny z wyzsza
wydajno$ciag oraz z poprawiona, wzgledem ekstrakcji klasycznej, stabilno$cig
oksydacyjna. Zastosowanie ultradzwickow w procesie ekstrakcji nie wplyn¢to jednak
znaczaco na pozostale zbadane wiasciwosci olejow z nasion ze wzgledu na fakt,
ze parametry kinetyczne, wtasciwosci termiczne oraz profil kwasow ttuszczowych zaleza
gléwnie od uzytego surowca. Przeprowadzono takze optymalizacje ekstrakcji zwigzkoéw
bioaktywnych z wyttokéw pozbawionych nasion. Celem optymalizacji bylo uzyskanie
ekstraktow o najwigkszej zawartosci polifenoli ogdélem oraz najwyzszej aktywnosci
przeciwutleniajgcej. W otrzymanych w optymalnych warunkach ekstraktach oznaczono
zawarto$¢ antocyjanow. Do ekstrakcji olejéw z nasion owocoéw jagodowych
wykorzystano takze proces ekstrakcji wspomaganej pulsacyjnym polem elektrycznym
1 uzyskane wyniki porownano z wynikami uzyskanymi dla olejéw pozyskanych metoda
ekstrakcji wspomaganej ultradzwigkami. Oleje uzyskane w wybranych warunkach
procesow przeanalizowano pod katem czasu indukcji reakcji utleniania, charakterystyki
migknigcia 1 krystalizacji, profilu kwasow tluszczowych oraz stabilno$ci termiczne;.
Podsumowano, iz zastosowanie pulsacyjnego pola elektrycznego o odpowiednich
parametrach skutkowato wydluzeniem czasu indukcji reakcji utleniania, przy
jednoczesnym braku wplywu na profil kwasow tluszczowych i1 przebieg krzywych
migknigcia olejow. Sformutowano wnioski, z ktorych najwazniejszy wskazuje na to,
iz ekstrakcja z zastosowaniem alternatywnych technik moze przyczyni¢ si¢ do
wzmozonej ekstraktywnosci zwigzkow bioaktywnych, chronigcych olej przed procesami
utleniania w czasie przechowywania. Co istotne, alternatywne metody ekstrakcji
pozwolilyby na skrocenie czasu procesu oraz zmniejszenie zuzycia rozpuszczalnikow.
Dodatkowo, zaprojektowanie doswiadczenia metoda plaszczyzny odpowiedzi
umozliwito otrzymanie olejow z nasion oraz ekstraktow z wyttokow o pozadanych
wlasciwosciach.

Stowa kluczowe: ekstrakcja wspomagana ultradzwiekami, pulsacyjne pole elektryczne,
oleje, zwiazki bioaktywne, produkty odpadowe.



Abstract

Fruit industry by-products as a potential alternative for obtaining bioactive
substances, with particular emphasis on the lipid fraction

The aim of the study was to obtain and characterize oils from seeds and bioactive
compounds from seedless pomace of blackcurrant, redcurrant, blackberry, chokeberry,
and raspberry, extracted using both traditional and advanced methods, including
ultrasound-assisted and pulsed electric field extraction. The ultrasound-assisted
extraction process was optimized to maximize oil yield and enhance oxidative stability,
measured by pressure differential scanning calorimetry. Oils obtained under optimized
conditions and through traditional liquid-solid extraction were analyzed for oxidation
kinetic parameters, thermal properties, including melting and crystallization
characteristics, and fatty acids profiles and their distribution in triacylglycerols. The study
concluded that ultrasound-assisted extraction produced oils with higher yield and
improved oxidative stability compared to traditional methods, but other properties like
oxidation kinetics, thermal properties and fatty acids profiles were mainly dependent on
the raw material. Additionally, the extraction of bioactive compounds from seedless
pomace was optimized for maximum total polyphenol content and antioxidant activity.
Anthocyanin levels were also measured in the extracts obtained in optimized conditions
of extraction. For seed oil extraction, a pulsed electric field-assisted process was also used
and compared with ultrasound-assisted extraction. The oils obtained under selected
treatment conditions were analyzed for oxidation induction time, melting and
crystallization characteristics, fatty acids profiles, and thermal stability. It was concluded
that the use of a pulsed electric field with appropriate parameters extended the oxidation
induction time without affecting the fatty acids profile or melting characteristics of the
oils. The main conclusion drawn was that alternative extraction techniques can enhance
the recovery of bioactive compounds, which in the case of oils, protect them from
oxidation during storage. Additionally, these alternative methods reduced processing time
and solvent consumption. Furthermore, the design of the experiment using the response
surface methodology allowed for the extraction of oils from seeds and extracts from
seedless pomace with desired properties.

Keywords: ultrasound-assisted extraction, pulsed electric field, oils, bioactive
compounds, by-products.
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1. WSTEP

W obecnych czasach zauwazalny jest stale rosngcy problem marnotrawienia i strat
zywnosci. Wedhug Organizacji Narodow Zjednoczonych do spraw Wyzywienia
1 Rolnictwa (FAO) problem ten moze dotyczy¢ nawet 45% owocow 1 warzyw. Zgodnie
z dyrektywa Parlamentu Europejskiego i Rady 2018/851 z dnia 30 maja 2018 r.
gospodarowanie odpadami w Unii Europejskiej nalezy przeksztalci¢ w zrownowazone,
aby poprawi¢ jakos$¢ s$rodowiska, chroni¢ zdrowie ludzkie, zapewni¢ rozwazne,
efektywne i racjonalne wykorzystywanie zasobow naturalnych oraz propagowac zasady
gospodarki o obiegu zamknigtym. W dyrektywie zwrdécono réwniez uwage na
konieczno$¢ prowadzenia dziatan w zakresie zapobiegania powstawania oraz
zmniejszania ilo$ci odpaddow zywnosci, zardwno wsrod konsumentow, jak i w procesach
produkcji 1 przetworstwa. Dyrektywa obliguje tez panstwa cztonkowskie do dziatan
majacych na celu zmniejszenie ilosci wytwarzanych odpadéw zywnosciowych o 30% do
2025 roku oraz o 50% do 2030 roku. Wywigzanie si¢ z powyzszego zobowigzania
stanowi wyzwanie dla naukowcoéw i1 producentdw zywnosci, ktorzy powinni poszukiwaé
nowych sposobow utatwiajacych utylizacj¢ odpadow. Istnieje wigc potrzeba prowadzenia
dzialan  ograniczajagcych powstawanie odpadéw oraz opracowania metod
umozliwiajacych ich wykorzystanie.

W zwigzku z powyzszym poszukiwane sg nowe sposoby zagospodarowania
produktéw odpadowych przemysthu owocowego. Wyttoki owocowe, bedace gtownym
odpadem w procesie produkcji sokéw, koncentratow owocowych i win zawierajg zwiazki
bioaktywne, a nasiona, obecne w wytlokach, stanowig zrodto oleju, zawierajacego m.in.
tokoferole, tokotrienole, sterole oraz nienasycone kwasy ttuszczowe.

W celu odzyskania cennych zwiazkéw z nasion oraz wytlokéw owocowych
stosowana jest ekstrakcja. Klasyczne metody ekstrakcji moga by¢ jednak czasochlonne
oraz niekorzystne dla srodowiska naturalnego. Zastosowanie alternatywnych metod, np.
ekstrakcji wspomaganej ultradzwigkami lub pulsacyjnym polem elektrycznym pozwala
na zwigkszenie wydajnosci procesu, skrocenie czasu ekstrakcji oraz poprawe jakosci
otrzymanych produktéw, przy jednoczesnym zmniejszeniu naktadow energii oraz ilosci
zuzytych rozpuszczalnikéw. Istnieje wigc potrzeba doboru parametrow ekstrakcji w taki
sposOb, aby wydajno$¢ procesu, atakze jakos¢ uzyskanych ekstraktow i oleju byty

zadowalajace.
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2. PRZEGLAD PISMIENNICTWA

2.1. Wytloki owocowe jako produkt uboczny przemyshu owocowego

W ostatnich latach odnotowano znaczny wzrost w globalnej produkcji owocow,
szacowany na 63% pomiedzy rokiem 2000 a 2022 [1] oraz, zwigzang z nim, zZnaczaca
dziatalno$¢ w zakresie przetworstwa owocowego. Jedng z konsekwencji zwigkszenia
produkcji w sektorach przetworstwa owocowego jest znaczna ilo$¢ wytwarzanych
produktow ubocznych, m.in. wytlokow owocowych. Wytloki s3a pozostatoscia
z produkcji sokéw, koncentratow i win. Sktadajg si¢ ze skorek owocow, nasion oraz
zdrewnialych elementow i stanowi¢ moga 25-35% masy pierwotnej surowca [2]. Ich
nieracjonalne gospodarowanie moze przyczynia¢ si¢ do zanieczyszczenia srodowiska,
dodatkowo generujac straty finansowe [3]. Na szczeg6lng uwage zastuguja wyttoki
z owocOow jagodowych, ze wzgledu na znaczna produkcje tych owocow w Polsce,
wynoszaca wg. danych Gléwnego Urzedu Statystycznego (GUS) prawie 4,4 min ton
w 2023 roku [4]. W badaniach dotyczacych sktadu wytlokéw z owocow jagodowych
odnotowano obecno$¢ rozpuszczalnej 1 nierozpuszczalnej frakcji  btonnika
pokarmowego, thuszczu oraz biatka [5].

W niniejszej pracy doktorskiej materiat badany zawezono do wytlokéw owocow
zrodzajow Ribes L., Rubus L. 1 Aronia Medik., z uwagi na duza popularnos$¢
wymienionych owocéw w regionie oraz ze wzgledu na ograniczong liczbe
opublikowanych prac, dotyczacych ekstrakcji olejow 1 zwiazkéw bioaktywnych
z wymienionych owocéw. W celu okreslenia petlnego spektrum mozliwosci
zagospodarowania wyttlokdbw owocowych na podstawie przegladu literatury oraz
w odniesieniu do czesci doswiadczalnej osobno omowiono ekstrakcje 1 wtasciwosci oleju
pozyskanego z nasion owocoéw jagodowych oraz ekstrakcje 1 wlasciwosci ekstraktow
polifenolowych uzyskanych zpozbawionych nasion wytlokéw badanych owocow

jagodowych.

2.2. Oleje z nasion owocow jagodowych

Nasiona owocow jagodowych zawieraja olej. Charakterystyka takiego oleju,
obejmujaca profil kwasow ttuszczowych, rodzaj i zawarto$¢ zwigzkéw bioaktywnych,
odpornos¢ na utlenianie oraz wlasciwosci termiczne zalezna jest od konkretnego
surowca, jego odmiany, sposobu uprawy, roku zbioru, warunkow przechowywania

1 innych czynnikéw [6,7].
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2.2.1. Profil kwasow tuszczowych

Niezaleznie od warunkéw uprawy 1 przechowywania, oleje z nasion owocoOw
jagodowych charakteryzowaly si¢ wysoka zawarto$cig wielonienasyconych kwasow
thuszczowych (PUFA), wsrod ktorych dominowat kwas linolowy. Wedlug danych
literaturowych, olej z nasion aronii zawieral do 71,1% [8-10], olej z nasion malin
do 54,5% [8,10-13], olej z nasion jezyny do 68,0% [10-12], olej z czarnej porzeczki
do 57,8% [8,12,14,15], a olej z czerwonej porzeczki do 44,0% [12,16] kwasu linolowego,
co wptywalo na ich wlasciwosci odzywcze i technologiczne. Dowiedziono, iz wysoka
zawarto$¢ wielonienasyconych kwasow ttuszczowych sprawila, ze oleje roslinne byly
mniej stabilne 1 mialy krotszy okres przydatnosci do spozycia, poniewaz byly bardziej
podatne na utlenianie [17-19]. Mimo to, nienasycone kwasy tluszczowe maja duza
warto$¢ odzywcza i FAO rekomenduje zamiange w diecie thuszczow nasyconych na
nienasycone [20]. Badania kohortowe wykazaty, ze ogdlne spozycie PUFA, bez wzgledu
na pochodzenie, przyczyniato si¢ do zmniejszonej $Smiertelnosci ogétem [21] oraz do
zmniejszenia ryzyka zespotu metabolicznego [22], a PUFA pochodzenia ro$linnego
pomagaty regulowaé poziom insuliny [23]. Ponadto, w olejach z nasion owocow
jagodowych dominowaly kwasy: linolowy i a-linolenowy, okre§lane jako niezbedne
nienasycone kwasy tluszczowe, gdyz organizm cztowieka nie jest zdolny do ich
wytworzenia. Oleje z nasion owocow jagodowych stanowig wigc potencjalne Zrodto

cennych z zywieniowego punktu widzenia zwigzkow.

2.2.2. Zwigzki bioaktywne w olejach z nasion owocow jagodowych

W olejach z nasion owocow jagodowych oznaczono takze zawarto$¢ sktadnikow
bioaktywnych, np. witaminy E- tokoferoli i tokotrienoli (glownie a- 1 y-tokoferolu)
[8,11-13,24], steroli (z przewazajacym udziatem [-sitosterolu) [8,11,12], fosfolipidow,
karotenoidéw, polifenoli [25,26]. Dzieki zdolno$ci do zapobiegania reakcji utleniania,
tokoferole chronig PUFA przed oksydacja. Jednakze, podczas przetwarzania w wysokich
temperaturach lub w olejach o duzym udziale PUFA, mozna bylo zaobserwowac
obnizenie ich skuteczno$ci jako przeciwutleniaczy, a nawet dziatanie propagujace
utlenianie. Z perspektywy zywieniowej, spozywanie witaminy E w odpowiedniej ilo$ci
jest istotne, przy czym a-tokoferol odgrywa kluczowa role jako najaktywniejszy
przeciwutleniacz w organizmie cztowieka 1ijedyny tokoferol zdolny do pokrycia

zapotrzebowania na witaming E.
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2.2.3. Stabilnos¢ oksydacyjna i wtasciwosci termiczne

Sktad oleju wptywa na jego odporno$¢ na utlenianie oraz na wilasciwosci
termiczne, ktore determinujg uzyteczno$¢ technologiczng oleju i jego stabilno$¢ podczas
przechowywania. Jedng z metod stosowanych do oceny stabilnosci oksydacyjnej oleju
jest ci$nieniowa roznicowa kalorymetria skaningowa (PDSC). Stabilno$¢ oksydacyjna
charakteryzuje dany olej, ale zalezy od czasu przechowywania, metody obrobki surowca
1 sposobu pozyskania oleju. W badaniach Raczyk i1 wsp. [27], zaobserwowano,
iz tloczone na zimno oleje z nasion jezyny i maliny charakteryzowaty si¢ czasem indukcji
reakcji utleniania, (OIT) zmierzonym metoda PDSC w 120°C, wynoszacym
odpowiednio 12,5-38,4 min i 38,4-49,4 min, poréwnywalnym do OIT uzyskanego dla
oleju rydzowego, oleju z wiesiotka oraz oleju znasion czarnuszki [28]. Do oceny
wlasciwosci termicznych oleju, np. charakterystyki migknigecia lub krystalizacji
najczesciej stosowang metoda jest réznicowa kalorymetria skaningowa (DSC). Z uwagi
na §cisty zwigzek wlasciwosci termicznych ze sktadem chemicznym probki, przebieg
krzywych migkniecia lub krystalizacji jest typowy dla danego materiatu i nie zalezy w tak
znacznym stopniu od warunkow przechowywania lub sposobu pozyskania oleju.
Gléwnym czynnikiem warunkujacym wynik analiz DSC jest Zrodlo pochodzenia oleju.
DSC zostalo takze uznane jako uzyteczne narzedzie do potwierdzenia autentyczno$ci
olejow [29]. W pracy Rajagukguk 1 wsp. [30] dla tloczonego na zimno oleju z nasion
maliny uzyskano krzywe migknigcia z trzema charakterystycznymi maksimami,
w temperaturach okoto -45°C, -43°C 1 -23°C oraz krzywe krystalizacji z jednym
maksimum wyznaczonym w temperaturze okoto -62°C. Podobny przebieg krzywych
migknigcia 1 krystalizacji oraz warto$ci maksymalne pikow uzyskano w pracy Mici¢

1 wsp. [31] dla oleju z nasion maliny wyekstrahowanego przy uzyciu heksanu.

2.3. Ekstrakty polifenolowe

Polifenole naleza do grupy wtornych metabolitow obecnych w Zywnosci
pochodzenia ro$linnego. Sa to zwigzki o potencjale przeciwutleniajagcym, o rdznej
budowie chemicznej, jednak ich klasyfikacja nie jest $cisle okreslona. Zwykle termin
,polifenole” odnosi si¢ do flawonoidéow (w tym podgrup: antocyjanoéw, flawonoli,
flawanonow, flawonéw, flawonoli iizoflawonoidoéw), tanin, stilbenéw oraz kwasow
fenolowych 1 ich pochodnych [32]. Cho¢ polifenole sa uznawane za zwigzki

nieodzywcze, odgrywaja istotng role w profilaktyce zdrowotnej dzigki swojej zdolnos$ci
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do neutralizowania wolnych rodnikdéw. Suplementacja zwigzkami polifenolowymi moze
by¢ pomocna w terapii choréb jelit [33], poprawie funkcji moézgu [34-37], profilu
lipidowego [38,39]. Wykazano takze korzystny zwigzek miedzy ich spozywaniem,
a obnizonym ryzykiem rozwoju chordb sercowo-naczyniowych [40] 1 nowotworow

[41,42].

2.3.1. Aktywnos¢ przeciwutleniajgca ekstraktow polifenolowych

W zwiagzku z obecnoscig polifenoli w wytlokach z owocow jagodowych
zasadnym wydaje si¢ ich pozyskiwanie na drodze ekstrakcji. Stwierdzono,
iz przemystowe wytloki z aronii byly bogate w polifenole, ktorych catkowita zawartos¢
(TPC), okreslona metoda Folina—Ciocalteu, wynosita 5,5 g katechiny/100 g suchej masy
(s.m.). Wéréd polifenoli dominowaty antocyjany (1,80 g/100 g s.m.), kwasy fenolowe
(0,31 g/100 g s.m.) oraz flawonole (0,184 g/100 g s.m.). Aktywno$¢ przeciwutleniajgca
w tescie oceniajgcym zdolnos¢ redukowania jondéw zelaza (FRAP) wyniosta 1,11 mmola
ekwiwalentu jonow zelaza (FE)/g s.m.[43]. Podobne wyniki uzyskano w analizie
handlowych wyttokoéw z aronii, w przypadku ktorych TPC wyniosta 4,2 g ekwiwalentu
kwasu galusowego (GAE)/100 g s.m., a aktywno$¢ przeciwutleniajgca oznaczona testem
FRAP- 47,38 mmola FE/100 g s.m., natomiast testem z wykorzystaniem rodnika DPPH-
131,06 mmola ekwiwalentu Troloksu (TE)/100 g s.m. [44]. Gléwne zwiazki fenolowe
w wyttokach z aronii, zidentyfikowane za pomoca wysokosprawnej chromatografii
cieczowej (HPLC), to procyjanidyny w stezeniu 9,6 g/100 g s.m.- dwukrotnie wyzszym
niz w §wiezych owocach 1 prawie siedmiokrotnie wyzszym niz w soku [45].

W wytlokach z czarnej porzeczki oznaczono antocyjany jako dominujace
sktadniki wystepujace w stezeniu od 344,6 do 1046,1 mg/100 g wyttokéw, w zaleznosci
od roku zbioru. Wartos¢ aktywnosci przeciwutleniajacej, zmierzonej w tescie DPPH,
wynosita od 93,3 do 126,5 umol TE/g §wiezej masy wyttoku [46]. W badaniach Jara-
Palacios 1 wsp. [47] dotyczacych wlasciwosci wyttokow z czerwonej porzeczki, maliny
1jezyny wykazano, ze wytloki z czerwonej porzeczki charakteryzowaly si¢ najwyzsza
TPC (3446,59 mg GAE/100 g s.m.), w pordwnaniu do wyniku uzyskanego dla wyttoku
z maliny - 2014,66 mg GAE/100 g s.m. oraz wytloku z jezyny - 1699,62 mg GAE/100 g
s.m. Stezenie antocyjanéw w badanych wyttokach, oznaczone z uzyciem HPLC, byto
zblizone i wynosito od 149,91 mg/100 g s.m. (wytloki z czerwonej porzeczki) do 188,05
mg/100 g s.m. (wyttoki z maliny). Najwyzsza aktywnos$cig przeciwutleniajaca,

oznaczong z uzyciem kationorodnika ABTS, charakteryzowaty si¢ wyttoki z czerwone;j
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porzeczki (60,83 mmol TE/100 g s.m.), a nizsze warto$ci zaobserwowano dla wyttokow

z maliny (29,75 mmol TE/100 g s.m.) i jezyny (22,54 mmol TE/100 g s.m.).

2.4. Konwencjonalne metody ekstrakcji

Sposobem na pozyskanie oleju z nasion, a takze ekstraktow bogatych w zwiazki
polifenolowe z wyttokow jest ekstrakcja. Metody pozwalajace na ekstrakcj¢ olejow oraz
zwiagzkow bioaktywnych z wyttokow owocdéw jagodowych opisano w publikacji [P1].
Klasyczne metody ekstrakcji z materiatdéw roslinnych obejmujg ekstrakcje w uktadzie
ciato stale-ciecz, np. ekstrakcja z zastosowaniem aparatu Soxhleta. Do zalet takich metod
mozna zaliczy¢ prostote przeprowadzenia procesu oraz liniowg zalezno$¢ wydajnos$ci
ekstrakcji od czasu trwania procesu do osiggniecia punktu maksimum [48]. Jednakze, jak
opisano w publikacji [P1], klasyczne metody ekstrakcji obarczone sa takze dlugim
czasem trwania, znacznym zuzyciem odczynnikdéw organicznych, wysokim zuzyciem
energii elektrycznej w zwigzku z koniecznoscig dlugiego ogrzewania lub mieszania
probki, co moze powodowac takze przyspieszong degradacje zwigzkow bioaktywnych
o niskiej stabilno$ci termicznej [49,50]. Klasyczne metody ekstrakcji sg wiec zazwyczaj
stosowane jako metody odniesienia, do ktorych poréwnywaé mozna nowsze, bardziej

zaawansowane metody.

2.5. Alternatywne metody ekstrakcji

Celem ograniczenia niekorzystnych dla $rodowiska naturalnego oraz jakosci
probki skutkéw klasycznych metod ekstrakcji, a takze w celu przyspieszenia procesu,
zaczeto stosowac alternatywne metody ekstrakcji, obejmujace procesy wspomagane przy
uzyciu zaawansowanych technologicznie urzadzen lub enzyméw, opisane w publikacji
[P1]. Do wyodrgbnienia oleju z nasion oraz zwiazkow bioaktywnych z wyttokow
zaproponowano ekstrakcje wspomagang ultradzwieckami (UAE); pulsacyjnym polem
elektrycznym (PEF); mikrofalami; ekstrakcje pod zwiekszonym ci$nieniem; ekstrakcje
z uzyciem dwutlenku wegla w stanie nadkrytycznym oraz wspomagang enzymatycznie.
W niniejszej pracy do ekstrakcji olejow z nasion czarnej i czerwonej porzeczki, jezyny,
aronii 1 maliny zastosowano ekstrakcj¢ wspomagana ultradzwigkami oraz pulsacyjnym
polem elektrycznym, a do ekstrakcji zwigzkéw bioaktywnych z pozbawionych nasion
wytlokéw z czarnej 1 czerwonej porzeczki, jezyny, aronii i maliny zastosowano ekstrakcje

wspomagang ultradzwigkami.
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2.5.1. Ekstrakcja wspomagana ultradzwigkami

Technologie z uzyciem ultradzwickow odgrywaja kluczowa rol¢ w osigganiu
celow zréwnowazone] ,zielonej” chemii 1 ekstrakcji, za sprawg znacznego
przyspieszenia procesOw chemicznych 1 fizycznych w polu ultradzwigkowym.
Zastosowanie ultradzwigkow umozliwia przeprowadzenie ekstrakcji w znacznie
krétszym czasie, z wysoka powtarzalnoscia i przyczynia si¢ do mniejszego zuzycia
rozpuszczalnikoOw, uproszczenia obrobki materiatu oraz ograniczenia zuzycia energii.
U podstaw mechanizméw dziatajacych w polu ultradzwickowym znajduje si¢ zjawisko
kawitacji, co opisano w publikacji [P1]. Zjawisko kawitacji odpowiada za generowanie
intensywnych sil $cinajacych w uktadzie. Gdy pecherzyki kawitacyjne imploduja
w rozpuszczalniku, dochodzi do gwattownego wzrostu cisnienia cieczy, co moze
przyczynia¢ si¢ do lepszej penetracji rozpuszczalnika w glab materiatu poddawanego
ekstrakcji, a takze powodowa¢ mechaniczne naruszanie struktury. Ponadto, implozja
pecherzykéw w cieczy prowadzi do tworzenia, tzw. makroturbulencji i mikromieszania,
ktére pobudzaja transfer masy mi¢dzy materiatem a ekstrahentem. Schemat dzialania
ultradzwickdw zaprezentowano na rysunku 1. Zwickszenie wydajnosci ekstrakceji
i skrocenie czasu procesu wspomaganego ultradzwickami w poréwnaniu do ekstrakcji
tradycyjnej sa powodowane takze przez szereg zjawisk fizycznych generowanych przez
ultradzwigki. Podczas UAE dochodzi do: fragmentacji materiatu, erozji na powierzchni
materiatu, tzw. efektu sonokapilarnego, sonoporacji, detekstruracji, powstawania
miejscowych naprezen Scinajacych. Kazde z wymienionych zjawisk, a takze ich
jednoczesne oddzialywanie na materiat i ekstrahent, prowadza do rozbijania struktur,
takich jak komorki roslinne, co umozliwia efektywniejsze procesy ekstrakcji w krotszym
czasie [51,52]. Do ekstrakcji wspomaganej ultradzwigkami stosowane sg rézne aparaty,
m.in. myjki ultradzwickowe oraz procesory ultradzwigckowe. W zaleznosci od typu
urzadzenia 1 modelu rézne parametry moga podlega¢ modyfikacjom. W przypadku
najpopularniejszych procesorow ultradzwigkowych z wymienng sonotroda, ktora
zanurza si¢ w probce poddawanej ekstrakcji, najczgsciej regulacji podlega amplituda

ultradzwigkow, czas ekstrakcji, temperatura.
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Rys. 1. Schemat ilustrujacy dziatanie ultradzwickow [P1].

Ekstrakcja wspomagana ultradzwigkami byta juz stosowana do ekstrakcji oleju
1 frakcji polifenolowej z nasion i wyttokow owocoéw jagodowych, co podsumowano
w publikacji [P1]. Teng 1 wsp. [53] wyekstrahowali z uzyciem tej metody olej z nasion
maliny. Stwierdzili, ze w przypadku zastosowania UAE zawarto$¢ witaminy E
1 aktywno$¢ przeciwutleniajagca (ABTS) ekstraktow byly wyzsze w poréwnaniu do
wynikow uzyskanych dla ekstraktow uzyskanych konwencjonalng metoda z uzyciem
aparatu Soxhleta. Eksperyment nie obejmowal jednak szczegdtowej analizy wtasciwosci
oleju wyekstrahowanego za pomocg ultradzwigkdéw. Autorzy nie okreslili stabilno$ci
oksydacyjnej oraz stabilnosci oleju podczas przechowywania. Milanovi¢ i wsp. [54]
wyekstrahowali poprzez zastosowanie UEA olej z produktow ubocznych przemystu
winiarskiego. Wykazali, ze ekstrakcja wspomagana ultradzwigkami umozliwita
uzyskanie oleju z pestek winogron o wyzszej aktywnos$ci przeciwutleniajgcej i zawartosci
a- tokoferolu w poréwnaniu do oleju ttoczonego na zimno. W olejach wyekstrahowanych

Z uzyciem ultradzwiekow, oznaczona metoda HPLC, zawartos¢
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a-tokoferolu wynosita 1,83-2,77 mg/100 g oleju, a w przypadku olejow tloczonych na
zimno - 0,54-1,67 mg/100 g oleju. Czas indukcji reakcji utleniania (zmierzony metoda
Rancimat) oleju uzyskanego metodg ekstrakcji wspomaganej ultradzwigkami byt
rowniez znacznie dtuzszy niz w przypadku oleju ttoczonego na zimno. Ponadto opisano
pewne roznice w profilach kwasow thuszczowych olejow w zaleznosci od metody
ekstrakcji, z nieco wyzsza zawartoscig nasyconych kwasow thuszczowych (SFA)
w przypadku zastosowania UAE. Wyzszy udzial nasyconych kwasow ttuszczowych
w olejach ekstrahowanych przy uzyciu ultradzwigkéw mozna przypisa¢ ww. zjawisku
kawitacji, ktére lokalnie tworzy ekstremalnie wysokie temperatury 1 ci$nienia.
Te miejscowe, gwaltowne zjawiska moga sprzyja¢ reakcjom utleniania, a tym samym
przeksztatcaniu wielonienasyconych 1 jednonienasyconych kwaséw thuszczowych
w kwasy nasycone. W konteks$cie wspomaganej ultradzwigkami ekstrakcji oleju bardzo
wazne jest wiec odpowiednie dobranie parametréw ekstrakcji w taki sposéb, aby
osiggna¢ maksymalng wydajno$¢ procesu, bez doprowadzenia do degradacji sktadnikoéw
bioaktywnych oraz utleniania kwasow ttuszczowych.

UltradZzwigki stosowane byly réwniez do ekstrakcji hydrofilowych zwiazkéw
bioaktywnych z wytlokéw owocowych. Zafra-Rojas i wsp. [55] ekstrahowali woda
destylowang ekstrakty z wyttoku z jezyny. Zastosowanie procesora ultradzwickowego,
generujacego fale ultradzwiekowa o amplitudzie 91% w czasie 15 min., umozliwito
uzyskanie ekstraktu zawierajacego o 246% wigcej antocyjanéw ogétem (TAC) niz
w przypadku ekstraktu uzyskanego metoda klasyczng w ukladzie ciato stale-ciecz.
W badaniach Sady i wsp. [56] takze zastosowano procesor ultradzwigkowy do ekstrakcji
zwiazkéw bioaktywnych z wytloku zaronii z uzyciem etanolu. Proces poddano
optymalizacji, a najkorzystniejsze wyniki odnoszace si¢ do TPC oraz aktywnosci
przeciwutleniajacej (DPPH) uzyskano stosujac 60% wodny roztwér etanolu 1 czas
ekstrakcji - 20 min. Uzyskany ekstrakt charakteryzowat si¢ TPC wynoszaca 188 mg
GAE/g s.m. 1 aktywnoscig przeciwutleniajaca - 49,2 mmol TE/100g s.m.

2.5.2. Ekstrakcja wspomagana pulsacyjnym polem elektrycznym

PEF to nietermiczna metoda przetwarzania zywnosci. Obrobka za pomocg PEF
polega na wielokrotnym stosowaniu impulsOw o nat¢zeniu pola elektrycznego od 0,1 do
100 kV/cm wzgledem probki umieszczonej miedzy elektrodami. W rezultacie materiat,
niezaleznie od tego, czy jest to ciecz, czy ciato stalte, jest narazony na dziatanie pola

elektrycznego, ktore powoduje powstawanie porow w blonach komoérkowych, tzw.
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elektroporacje, co wyjasniono szczegétowo w publikacji [P1]. Schemat dziatania
pulsacyjnego pola elektrycznego przedstawiono na rysunku 2. Powstawanie porow
prowadzi do mechanicznego rozpadu bton komorkowych, a materiat jest okreslany jako
zdezintegrowany. Zastosowanie PEF skutkowa¢ moze polepszeniem wydajnosci
ekstrakcji zwigzkéw bioaktywnych dzigki zwigkszonej dyfuzyjnosci substancji

wewnatrzkomorkowych i zintensyfikowanemu przenoszeniu masy [57,58].

Rys. 2. Schemat ilustrujacy dzialanie pulsacyjnego pola elektrycznego [P1].

Zastosowanie PEF jako obrobki wstgpnej przed ekstrakcja oleju z nasion owocow
nie jest jeszcze szeroko opisane. Istnieje ograniczona liczba wynikdéw badan dotyczacych
wplywu PEF na wlasciwos$ci oleju uzyskanego z nasion metoda ttoczenia na zimno lub
ekstrakcji z wykorzystaniem rozpuszczalnikow. Rabago-Panduro 1 wsp. [59] badali
wptyw PEF zastosowanego jako obrébka wstgpna przed mechanicznym tloczeniem oleju
z orzechow pekan. Obrobka PEF skutkowata poprawa wydajnosci ekstrakcji, ktora byta,
w zaleznosci od zastosowanego nat¢zenia pola PEF, nawet o 21,4% wyzsza niz
w przypadku proby kontrolnej. Guderjan 1 wsp. [60] opisali wptyw obrobki PEF na
wydajno$¢ ekstrakcji 1 jako$¢ oleju rzepakowego ekstrahowanego heksanem.
Zastosowanie PEF o natezeniu pola 7 kV/cm 1 liczbie impulséw wynoszacej 120
spowodowato zwigkszenie wydajnosci ekstrakeji do 32% w przypadku nasion tuskanych
1 45% w przypadku nasion nietuskanych, w poréwnaniu do odpowiednio 23% 1 43%
w probkach kontrolnych. Badania wlasciwos$ci chemicznych wykazaty, ze olej
ekstrahowany po obrobce PEF charakteryzowat si¢ nieco wyzsza wartoscig liczby

kwasowej, co sugerowato, ze w wyniku zastosowanej obrobki PEF mogly powstaé
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w reakcji hydrolizy niepozadane wolne kwasy tluszczowe, a mozliwa przyczyna tego
zjawiska, wedtug autoréw, moglo by¢ uwolnienie lipazy z komorek nasion rzepaku.
Moradi i Rahimi [61] badali wplyw zastosowania PEF (natezenie pola 0,8 kV/cm oraz
1,1 kV/em) na wydajnos¢ ekstrakcji i cechy jakosciowe oleju stonecznikowego.
Zastosowanie PEF skutkowato wzrostem wydajnosci ekstrakeji o 3,2% 15,3% dla
warto$ci nat¢zenia pola odpowiednio 0,8 i 1,1 kV/cm w poréwnaniu do ekstrakcji
konwencjonalnej w uktadzie ciato stale-ciecz. Oleje uzyskane zuzyciem ekstrakcji
wspomagane] PEF charakteryzowaly si¢ rowniez wyzsza zawartoscig tokoferoli.
Na podstawie zdje¢ ze skaningowego mikroskopu elektronowego (SEM) wykazano,
iz nasiona poddane obrobce PEF cechowaly si¢ bardziej porowata powierzchnia, co
mogto przyczynic¢ si¢ do wyzszego wspotczynnika dyfuzji rozpuszczalnika do materiatu,
a w konsekwencji do zwigkszenia wydajnosci ekstrakcji.

W literaturze opisane sa proby wykorzystania PEF do wspomagania ekstrakcji
zwigzkow polifenolowych z wyttokow owocowych, gtéwnie winogron, pomaranczy,
wiéni 1 brzoskwin. W przypadku badan dotyczacych wyttokéw z owocow jagodowych,
zastosowano PEF do ekstrakcji polifenoli 1 antocyjanow z wyttoku z jagod. Bobinaite
1 wsp. [62] zastosowali obrobke PEF przed procesem ttoczenia soku z jagdd, a nastgpnie
zwigzki bioaktywne ekstrahowali z wyttoku metodg klasyczng w ukladzie ciato state-
ciecz z zastosowaniem zakwaszonego (kwasem solnym) etanolu uzytego jako
rozpuszczalnika. Zastosowanie obrobki PEF o natezeniu 5 kV/cm i energii 10 kJ/kg przed
tloczeniem soku przyczynito si¢ do zwigkszenia TPC 1 TAC odpowiednio o 79% 1 106%
w wytloku w porownaniu do wyttoku uzyskanego z ttoczenia bez obrobki PEF. Zhou
1 wsp. [63] ekstrakcji wspomaganej PEF poddali wytlok zjagdd, z tym, ze PEF byt
zastosowany bezposrednio do ekstrakcji antocyjanow z wyttoku. Proces ten zostat
zoptymalizowany w taki sposob, aby osiagna¢ jak najwyzsza wartos¢ TAC.
Zastosowanie 60% wodnego roztworu etanolu z 0,1% dodatkiem HCI jako
rozpuszczalnika oraz parametréw PEF: nat¢zenia pola 20 kV/cm, liczby pulsow - 10
i czasu ekstrakcji - 15 minut poskutkowato uzyskaniem TAC wynoszacej 223,13 mg/l
ekstraktu. Poréwnano takze ekstrakcje wspomagana PEF do ekstrakcji wspomaganej
ultradzwigkami 1 stwierdzono, iz zastosowanie PEF jest efektywniejsza metodg - proces
ekstrakcji wspomaganej ultradzwigkami prowadzono przez 60 min, a TAC w ekstrakcie

byla nizsza.
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3. CEL PRACY I HIPOTEZY BADAWCZE

Celem pracy doktorskiej bylo pozyskanie zwigzkow bioaktywnych, ze
szczegblnym uwzglednieniem frakcji lipidowej z: wytlokdw z czarnej i czerwonej
porzeczki, jezyny, aronii i1 maliny, co obejmowalo otrzymanie wytlokow oraz
opracowanie metody pozyskiwania znich nasion; okreslenie parametrow proceséw
izolowania oleju z nasion oraz zwiazkéw bioaktywnych z wytlokéw owocowych
pozbawionych nasion przy zastosowaniu zréznicowanych technik ekstrakcji, zar6wno
tradycyjnych, jak rowniez zaawansowanych - wspomaganych ultradzwickami
1 pulsacyjnym polem elektrycznym. Cel pracy obejmowal rowniez szczegdtowa
charakterystyke frakcji thuszczowej z nasion czarnej i czerwonej porzeczki, jezyny, aronii
i maliny oraz oznaczenie zawartosci zwigzkow polifenolowych 1 aktywnosci
przeciwutleniajacej wyttokow pozbawionych nasion.

Hipotezy badawcze:

H1. Niekonwencjonalne metody wspomagania ekstrakcji, takie jak pulsacyjne pole
elektryczne oraz ultradzwicki majg wptyw na wydajnos¢ procesu ekstrakcji oraz jakosé¢
olejow 1 zwigzkoéw bioaktywnych pozyskiwanych z produktéw odpadowych przemystu
OWOCOWEgO.

H2. Zaprojektowanie doswiadczenia metoda ptlaszczyzny odpowiedzi umozliwia
dobranie parametrow ekstrakcji zapewniajacych odpowiednia wydajnos¢ procesu
1jakos$¢ pozyskanej frakcji ttuszczowej oraz zwigzkow polifenolowych z produktéw
odpadowych przemystu owocowego.

H3. Nasiona owocow jagodowych stanowig surowiec do pozyskania olejow bogatych
w kwasy tluszczowe nienasycone, ktore moglyby znalez¢ zastosowanie w wybranych

galeziach przemystu spozywczego i/lub kosmetycznego.
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4. ORGANIZACJA BADAN, MATERIAL I METODY

4.1. Organizacja badan

Badania podzielono na kilka etapow:

I etap obejmowal przygotowanie do przeprowadzenia doswiadczen, dokonano
przegladu literatury z zakresu alternatywnych metod ekstrakcji oleju z nasion
owocOw 1 zwigzkow bioaktywnych z wytlokéw owocowych, a takze
przeprowadzono badania wstepne dotyczace ekstrakcji wspomagane]
ultradzwigkami oraz ekstrakcji wspomaganej pulsacyjnym polem elektrycznym,
co umozliwito wyznaczenie dalszych celéw badawczych.

II etap obejmowat zebranie materialu do badan oraz przeprowadzenie ttoczenia
sokow z czarnej 1 czerwonej porzeczki, jezyny, aronii i maliny, suszenie
wytlokdw, oznaczenie ich aktywnosci wody oraz mechaniczny podziat
wysuszonego materialu na nasiona i pozbawiony nasion wyttok, ktore stanowity
material wlasciwy do badan.

IIT etap obejmowal optymalizacje procesu ekstrakcji wspomaganej
ultradzwigkami oleju z nasion czarnej i czerwonej porzeczki, jezyny, aronii
1 maliny oraz zwigzkow bioaktywnych z wyttokow pozbawionych nasion. W tym
etapie okreslono tez najkorzystniejsze parametry ekstrakcji metoda plaszczyzny
odpowiedzi, a uzyskane w tych warunkach oleje z nasion 1 ekstrakty z wytlokow
pozbawionych nasion poddano szczegdélowym analizom, poréwnujac wyniki do
prob  kontrolnych, otrzymanych =z zastosowaniem ekstrakcji klasycznej
w uktadzie cialo state-ciecz.

IV etap obejmowatl uzyskanie oleju z nasion czarnej i czerwonej porzeczki,
jezyny, aronii 1 maliny w procesie ekstrakcji wspomaganej pulsacyjnym polem
elektrycznym przy uzyciu zrdéznicowanych parametrow napigcia oraz poboru
energii oraz porownanie tej] metody ekstrakcji do ekstrakcji wspomaganej
ultradzwigkami 1 ekstrakcji klasycznej. Uzyskane w tym etapie oleje poddano

szczegotowej analizie.

Graficzng ilustracj¢ przebiegu badan w pracy doktorskiej przedstawiono na rysunku 3.
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Rys. 3. Schemat badan przeprowadzonych w ramach pracy doktorskiej; ponizej przerywanej linii

wymieniono analizy przeprowadzone jedynie dla probek ekstraktow oraz olejow uzyskanych

w najkorzystniejszych warunkach ekstrakcji wspomaganej ultradzwickami.

4.2. Material

28

surowce: porzeczka czarna (Ribes nigrum L.) odmiany Ruben i porzeczka
czerwona (Ribes rubrum L.) odmiany Jonkheer van Tets zostaty zakupione jako
swieze od lokalnego dostawcy; Swieze owoce maliny (Rubus idaeus L.) odmiany
Polana 1 aronii (Aronia melanocarpa (Michx.) Elliott) odmiany Nero zostaty
pozyskane dzigki uprzejmosci rolnikow z okolic Putaw (woj. lubelskie); owoce
jezyny (Rubus fruticosus L.) odmiany Brzezina pozyskano z Instytutu
Ogrodnictwa — Panstwowego Instytutu Badawczego w Skierniewicach, a owoce
pochodzity ze zbioru Rubus prowadzonego w ramach celowego zadania ex situ
Ministerstwa Rolnictwa 1 Rozwoju Wsi - ochrona zasobdéw genowych roslin
ogrodniczych,

odczynniki: n-heksan, odczynnik Folina-Ciocalteu, standard kwasu galusowego,

weglan sodu, nadsiarczan potasu, kwas solny, chlorek wapnia, eter dietylowy,



siarczan (VI) magnezu, kwas octowy, metanol i wodorotlenek potasu zakupiono
w przedsigbiorstwie Chempur w Piekarach Slaskich w Polsce; s61 diamonowa
2,2’-azobis(3-etylobenzotiazolino-6-sulfonianu) (ABTS), kwas (£)-6-
hydroksy2,5,7,8-tetrametylochromano-2-karboksylowy (Troloks) zakupiono od
Thermo Scientific Chemicals (Waltham, MA, Stany Zjednoczone); roztwor soli
z6tciowych, TRIS, lipaze trzustkowa 1 standard cyjanidyno-3-glukozydu
zakupiono od Sigma-Aldrich, Inc. (St. Louis, MO, Stany Zjednoczone).

4.3. Metody

4.3.1. Metody technologiczne

— tloczenie soku: soki tloczono z okoto 10 kg owocow za pomoca prasy
hydraulicznej (HPL 14, Bucher Unipektin, Niederweningen, Szwajcaria) pod
maksymalnym ci$nieniem 3 bardw,

— suszenie wytlokow: wytloki otrzymane po tloczeniu sokdéw suszono
w laboratoryjnej suszarce konwekcyjnej w temperaturze 45°C 1 przy przeplywie
powietrza 1,5 m/s,

— oddzielenie nasion od wyttoku: po wysuszeniu oddzielono mechanicznie za
pomocg sit nasiona od wytloku 1 podzielono material na dwie frakcje: nasiona -
publikacje [P2], [P4], [PS] 1 frakcje wyttoku pozbawiong nasion — publikacje
[P2], [P3]. Nasiona postuzyty do ekstrakcji oleju, a frakcja wytloku owocowego
pozbawiona nasion - do ekstrakcji zwigzkow bioaktywnych; dodatkowo
oddzielone nasiona zmielono przy uzyciu mtynka laboratoryjnego (IKA-Werke
GmbH & Co. KG, Staufen im Breisgau, Niemcy) stosujac 20,000 obr/min

w czasie 30 s.

4.3.2. Charakterystyka materiatu

— za pomocg higrometru Rotronic Hygrolab C1 (Rotronic AG, Bassersdorf,
Szwajcaria), zmierzono aktywno$¢ wody (aw) w temperaturze 25 + 0,3°C

w suszonych wyttokach przed procesem oddzielania mechanicznego.
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4.3.3.  Zaplanowanie doswiadczenia ekstrakcji wspomaganej  ultradzwigkami
z zastosowaniem metody plaszczyzny odpowiedzi

— z zastosowaniem programu Design-Expert sporzadzono plan doswiadczenia
ekstrakcji wspomaganej ultradzwickami oleju z nasion czarnej i czerwonej
porzeczki, jezyny, aronii i maliny - publikacje [P2], [P4] oraz ekstrakcji frakcji
polifenolowej z wyttokow owocowych pozbawionych nasion - publikacje [P2],
[P3]. Zmiennymi parametrami procesu byly: amplituda ultradzwickow oraz czas
dziatania ultradzwigkdw, natomiast odpowiedziami: w przypadku ekstrakcji oleju
znasion - czas indukcji reakcji utleniania (OIT lub Tmax) zmierzony
z wykorzystaniem ci$nieniowej réznicowej kalorymetrii skaningowej (PDSC)
oraz wydajnos¢ ekstrakcji oleju (W). W przypadku ekstrakcji frakcji
polifenolowej z wytlokéw owocowych pozbawionych nasion odpowiedziami
byty: zawarto$¢ polifenoli ogétem (TPC) zmierzona spektrofotometrycznie,
oznaczona z wykorzystaniem odczynnika Folina-Ciocalteu oraz aktywno$¢
przeciwutleniajaca, zmierzona spektrofotometrycznie, okreslona

z wykorzystaniem kationorodnika ABTS.

4.3.4. Metody ekstrakcji

— ekstrakcja wspomagana ultradzwickami (UAE) oleju z nasion czarnej 1 czerwonej
porzeczki, jezyny, aronii 1 maliny - publikacje [P2], [P4], [P5]. Do ekstrakcji
uzyto procesor ultradzwigkowy UP400S firmy Hielscher Ultrasonics GmbH
(Tetlow, Niemcy), z mozliwoscig regulacji poziomu amplitudy, moca wyjsciowa
400 W 1iwymienng sonotrodg. Odwazono okoto 2 g zmielonych nasion
1 umieszczono w 50-mililitrowych probdéwkach typu Falcon, zmieszano z 30 ml
n-heksanu uzytego jako ekstrahent (stosunek m/v: 1/15), nastepnie sonotrodg
zanurzono w probowce natychmiast po dodaniu rozpuszczalnika. W celu
uniknigcia degradacji zwigzkoéw bioaktywnych probowke umieszczono w lazni
lodowej (rysunek 4), a temperatur¢ kontrolowano przy uzyciu termometru
immersyjnego w taki sposob, aby nie przekraczata 45°C. Po zakonczeniu
procedury uzyskane ekstrakty przefiltrowano przez saczek bibutowy i osuszono
bezwodnym siarczanem (VI) magnezu. Rozpuszczalnik odparowano za pomoca
rotacyjnej] wyparki prozniowej (BR-215, Biichi Labortechnik AG, Flawil,

Szwajcaria) w temperaturze 40°C, pod minimalnym cisnieniem 70 bar. Probke

30



potraktowano dodatkowo azotem, aby usuna¢ ewentualng pozostatos¢

rozpuszczalnika.

Rys. 4. Schemat procesora ultradzwigkowego, uzywanego w trakcie badan, na podstawie

rysunku w [P2].

ekstrakcja wspomagana ultradzwigkami (UAE) frakcji polifenolowej z wytlokow
pozbawionych nasion - publikacje [P2], [P3]. Do ekstrakcji wykorzystano ww.
procesor ultradzwigkowy. Odwazono okoto 2 g wytlokow pozbawionych nasion
1 umieszczono w 50-mililitrowych probowkach typu Falcon, nast¢pnie dodano 30
ml wody destylowanej (stosunek m/v: 1/15) 1 natychmiast zanurzono sonotrodg.
Uktad umieszczono, podobnie, jak w przypadku ekstrakcji oleju z nasion, w tazni
lodowej (rysunek 4), a temperature kontrolowano termometrem immersyjnym,
tak aby nie przekraczala 45°C. Po zakonhczonej ekstrakcji ekstrakty
przefiltrowano przez saczek bibutowy do kolb miarowych o objetosci 50 ml
1uzupelniono woda destylowang. Tak przygotowane probki postuzylty do
dalszych analiz;

klasyczna ekstrakcja cialo state-ciecz oleju z nasion czarnej i czerwonej
porzeczki, jezyny, aronii i maliny - publikacje [P2], [P4] 1 [PS]. Odwazono 2 g
zmielonych nasion, umieszczono w probowce typu Falcon, zmieszano z 30 ml
heksanu i umieszczono w tazni wodnej o temperaturze 40°C na 2 godziny, stale

mieszajac. Nastgpnie przefiltrowano przez saczek bibutowy, osuszono

31



1 odparowano rozpuszczalnik tak, jak w przypadku ekstrakcji wspomaganej
ultradzwigkami;

klasyczna ekstrakcja ciato state-ciecz frakcji polifenolowej z pozbawionych
nasion wytlokow czarnej i czerwonej porzeczki, jezyny, aronii i maliny -
publikacje [P2] 1 [P3]. Odwazono 2 g wyttoku owocowego pozbawionego nasion,
umieszczono w probowce typu Falcon, zmieszano z 30 ml wody destylowane;j
1 umieszczono w tazni wodnej o temperaturze 40°C na 2 godziny, stale mieszajac.
Nastepnie przefiltrowano przez saczek bibutowy do kolb miarowych o objetosci
50 ml i uzupetniono woda destylowana;

ekstrakcja wspomagana pulsacyjnym polem elektrycznym (PEF) oleju z nasion
czarnej 1 czerwonej porzeczki, jezyny, aronii i maliny - publikacja [P5]. Obrobke
wstepng PEF przeprowadzono w PEFPilot™ Dual System (Elea Technology
GmbH, Quakenbriick, Niemcy). Cate nasiona (2 g), umieszczone w wodzie
wodociggowej, poddano dzialaniu PEF, stosujac napigcie elektrody 8 lub 10 kV,
dhugo$¢ impulsu 7 ps, czestotliwo$¢ 20 Hz oraz odpowiednig liczbe impulséw,
aby osiagna¢ pobor energii 50 kJ/kg. Nastepnie nasiona odsgczono, wysuszono
w eksykatorze oraz zmielono w miynku laboratoryjnym (20,000 obr/min, 30 s)
i przeznaczono do ekstrakcji przeprowadzonej w aparacie Soxhleta, z uzyciem
150 ml n-heksanu przez 30 minut. Uzyskane ekstrakty schlodzono, osuszono
bezwodnym siarczanem (VI) magnezu i rozpuszczalnik odparowano zgodnie
z procedurg opisang powyzej, w podpunkcie dotyczacym ekstrakcji wspomagane;j

ultradzwigkami (w rozdziale 4.3.4.).

4.3.5. Metody analityczne - charakterystyka oleju z nasion czarnej i czerwonej porzeczki,
jezyny, aronii i maliny
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metoda wagowa okreslajaca wydajnos¢ ekstrakeji (publikacje [P2], [P4]) opisana
przez Ni i wsp. [64]. Wydajnos¢ obliczono dzielgc mase uzyskanego oleju przez
poczatkowa mase nasion i wyrazono w procentach (rownanie 1):

(HW = :Z_n 100%
gdzie: W- wydajnos¢ [%], mo- masa oleju [g], ma- poczatkowa masa nasion [g];
ci$nieniowa roznicowa kalorymetria skaningowa (PDSC) do wyznaczenia czasu
indukcji reakcji utleniania (OIT) (publikacje [P4], [P5]) lub maksymalnego czasu

reakcji utleniania (tmax) (publikacja [P2]), zgodnie z wczesniej opisang metoda



[65]. Do analizy uzyto aparatu DSC Q20 TA Instrument (TA Instruments, New
Castle, Stany Zjednoczone). Odwazono 3-4 mg oleju w aluminiowym naczynku
1 umieszczono w celi pomiarowej urzadzenia wraz z pustym naczynkiem
odniesienia. Nast¢pnie dokonano pomiaru w atmosferze tlenu pod ci$nieniem
okoto 1400 kPa w warunkach izotermicznych w temperaturze 120°C. Wynikiem
analiz byly krzywe PDSC, na ktorych w programie Universal Analysis (wersja
4.5A, TA Instruments, New Castle, Stany Zjednoczone) wyznaczono punkty OIT
[ub Tmax;

cisSnieniowa réznicowa kalorymetria skaningowa (PDSC) do wyznaczenia
kinetyki reakcji utleniania: parametry kinetyczne utleniania oleju zostaty
obliczone na podstawie wynikow pomiarow PDSC, z zastosowaniem urzadzenia
DSC Q20 TA Instrument (TA Instruments, New Castle, Stany Zjednoczone).
Odwazono 3-4 mg oleju w aluminiowym naczynku i umieszczono w celi
pomiarowe] urzadzenia wraz z pustym naczynkiem odniesienia, nastgpnie
dokonano pomiaru w atmosferze tlenu. W publikacji [P2] - dla olejow z czarnej
i czerwonej porzeczki zastosowano nastepujace warunki pomiaru: ci$nienie 1400
kPa 1 izotermiczne warunki w 5 réznych temperaturach: 110, 115, 120, 125,
130°C; w publikacji [P4] - dla olejéw z nasion jezyny, aronii i maliny
zastosowano cisnienie 100 kPa 1 dynamiczne warunki ogrzewania od temperatury
30°C do 300°C stosujac 5 roznych szybkosci ogrzewania (B): 2,5°C/min;
5°C/min; 7,5°C/min; 10°C/min 1 12,5°C/min. Wyniki czasu indukcji reakcji
utleniania postuzyty do sporzadzenia wykresu logarytmu czasu indukcji w funkcji
odwrotnej temperatury (w skali bezwzglednej), a nastgpnie, na podstawie
obliczen opisanych przez Wirkowska-Wojdyle i wsp. [65, 66], ktore byly
interpretacja rownan Arrheniusa oraz Ozawy-Flynna-Walla, okre§lono wartosci
energii aktywacji, wspotczynnika przedwyktadniczego oraz stalej szybkosci

reakcji, zgodnie z rOwnaniami 2, 3, 4, 5:
1
(2)log B = a(a) +b
gdzie: B- szybkos$¢ ogrzewania [°C/min]; Ton - temperatura poczatkowa utleniania

w skali absolutnej [K]

(3)E, = —2.19R - dl;’f"
T

gdzie: Ea- energia aktywacji [kJ/mol]; R- stala gazowa
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gdzie: k- stala szybkosci reakcji [1/min]; Z- wspotczynnik przedwyktadniczy
roznicowa kalorymetria skaningowa (DSC) (publikacje [P2], [P4], [P5]).
Charakterystyka migknigcia olejow zostala zbadana z uzyciem rdéznicowej
kalorymetrii skaningowej (DSC). Zastosowano aparat DSC Q200 TA Instrument
(TA Instruments, New Castle, Stany Zjednoczone). Probki olejéw o masie 3-4 mg
umieszczono w hermetycznie  zamknig¢tych  aluminiowych naczynkach
1 umieszczono w aparacie wraz z pustym naczynkiem referencyjnym, przeptyw
medium chtodzacego — azotu - ustalono na 50 ml/min. Zastosowano nastepujaca
procedure: probki ogrzano do temperatury 80°C 1 utrzymywano w tych
warunkach przez 10 minut w celu tzw. wymazania pamigci termicznej probki,
nastgpnie probki schtodzono do -80°C zszybkoscig chtodzenia 10 °C/min
i utrzymywano w tej temperaturze przez 30 minut. W ostatnim etapie ponownie
ogrzewano probki do temperatury 80°C zszybkoscig 15°C/min. Krzywa
zarejestrowana podczas ostatniego etapu procedury zostala nastgpnie
przeanalizowana w celu okreslenia charakterystyki migkniecia [10,67];
roznicowa kalorymetria skaningowa - wyznaczenie charakterystyki krystalizacji
(publikacje [P4], [PS]) z uzyciem urzadzenia DSC Q200 TA Instrument (TA
Instruments, New Castle, Stany Zjednoczone). Probki olejow o masie 3-4 mg
umieszczono w hermetycznie zamknigtych aluminiowych naczynkach
1 wprowadzono do aparatu wraz z pustym naczynkiem referencyjnym, przeptyw
azotu wynosit 50 ml/min. Charakterystyka krystalizacji zostala wyznaczona
poprzez schiadzanie prébek oleju z 20°C do —80°C z szybkoscig chtodzenia
wynoszaca 2°C/min [67];

chromatografia gazowa: procentowy udziat zidentyfikowanych kwasow
tluszczowych (publikacje [P2], [P4], [P5]) oraz rozktad kwasow thuszczowych
w czasteczkach triacylogliceroli (TAG) (publikacje [P2], [P4]) w probce
kontrolnej 1 probce uzyskanej przy zastosowaniu wybranych parametrow
ekstrakcji wspomaganej ultradzwigkami zostaty okreslone metodg chromatografii
gazowej, przy uzyciu chromatografu gazowego YL6100 GC (Young Lin
Instrument Co., Ltd., Anyang, Korea Poludniowa) wyposazonego w detektor

ptomieniowo-jonizacyjny [68]. Przed analiza kwasy tluszczowe zostaly



przeksztalcone w estry metylowe (FAME) zgodnie z normg PN-EN 1SO:2001
[69]. FAME zidentyfikowano, poréwnujac ich czasy retencji ze standardem
mieszaniny FAME, zastosowano procedur¢ normalizacji powierzchni
z obliczeniem procentowego udziatlu kazdego kwasu tluszczowego w celu
uzyskania profilu kwaséw tluszczowych olejow. Analiza rozkladu kwasow
thuszczowych w pozycjach sn-2 isn- 1,3 triacylogliceroli byta poprzedzona
hydroliza z uzyciem lipazy trzustkowej iprzeprowadzona zgodnie z metoda
opisang przez Pina-Rodriguez 1 Akoh [70] z wykorzystaniem chromatografii
cienkowarstwowej;

analiza termograwimetryczna (TG) (publikacja [P5]) przeprowadzona za pomoca
termograwimetru Discovery TGA (TA Instruments, New Castle, Stany
Zjednoczone) zgodnie z wczesniej opublikowang metodologia [71], z drobnymi
modyfikacjami; probki olejow (7—8 mg) umieszczono w platynowych tygielkach,
ogrzewano w zakresie temperatur od 50 do 1000°C ze stala szybkoscia
ogrzewania 10 °C/min w atmosferze tlenu o przeptywie 10 ml/min pod ci$nieniem
atmosferycznym. Na podstawie krzywych TG, ilustrujacych wplyw wzrostu
temperatury na utrat¢ masy probki, obliczono pierwsza pochodng funkcji (DTG)
w oprogramowaniu Discovery Trios (wersja 5.1 TA Instruments, New Castle,

Stany Zjednoczone).

4.3.6. Metody analityczne - analiza mikroskopowa nasion czarnej i czerwonej porzeczki
poddanych ekstrakcji wspomaganej ultradzwiekami

skaningowa mikroskopia elektronowa (SEM) (publikacja [P2]). W celu
okreslenia mikrostruktury nasion niepoddanych ekstrakcji oraz nasion po procesie
UAE przeprowadzonym w wybranych najkorzystniejszych warunkach,
przeprowadzono analiz¢ wykorzystujac skaningowy mikroskop elektronowy TM-
3000 (Hitachi, Tokio, Japonia) w powigkszeniu x1000 1inapigciu wiazki
elektronowej 15 kV.

4.3.7. Metody analityczne - charakterystyka ekstraktow z pozbawionych nasion wyttokow
z czarnej i czerwonej porzeczki, jezyny, aronii i maliny

zawarto$¢ polifenoli ogotem (TPC) (publikacje [P2], [P3]) oznaczono
spektrofotometrycznie, uzywajac odczynnika Folina-Ciocalteu, zgodnie z metoda

opisang przez Gao 1 wsp. [72]. W probowce umieszczono 0,2 ml odpowiednio
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rozcienczonego ekstraktu, 0,4 ml odczynnika Folina-Ciocalteu, 4 ml wody
destylowanej i 2 ml 15% roztworu weglanu sodu, wymieszano przy uzyciu Vortex
1umieszczono w ciemnym miejscu na 60 minut. Nastepnie zmierzono
absorbancje w spektrofotometrze Shimadzu UV-1650PC (Shimadzu Corp.,
Kyoto, Japonia) przy dlugosci fali 765 nm. Do przygotowania krzywej
kalibracyjnej uzyto roboczych roztworow standardu kwasu galusowego
o stezeniach od 50 mg do 250 mg/I i wyniki TPC wyrazono jako mg ekwiwalentu
kwasu galusowego (GAE)/g s.m.;

aktywno$¢  przeciwutleniajagca  (publikacje  [P2], [P3]). Aktywnos¢
antyoksydacyjna ekstraktow wobec roztworu kationorodnika ABTS okreslono
wedtug metody opisanej przez Re i wsp. [73]. Do probowki dodano odpowiednio
rozcienczong probke ekstraktu (40 pl) i4 ml odpowiednio przygotowanego
roztworu ABTS, a nast¢pnie zmierzono absorbancje przy dlugosci fali 734 nm po
8 minutach inkubacji, uzywajac spektrofotometru Shimadzu UV-1650PC.
Krzywa wzorcowa Troloksu zostata przygotowana z roboczych roztwordéw
standardu Troloksu o stezeniach od 0 do 1125 pmol/l, wyniki aktywnosci
przeciwutleniajacej wyrazono jako umol ekwiwalentu Troloxu (TE)/g s.m.;
oznaczenie zawarto$ci antocyjanow metoda wysokosprawnej chromatografii
cieczowe] (HPLC) (publikacje [P2], [P3]). Do analizy zawarto$ci antocyjanow
uzyto chromatografu HPLC (Shimadzu Corp., Kyoto, Japonia) z detektorem
DAD 1 kolumng Luna 5 pm C18 (2), 250 mm x 4,6 mm, z prekolumng
(Phenomenex, Torrance, Stany Zjednoczone). Zawarto$¢ antocyjandéw
w ekstraktach wodnych zostata okre§lona metoda HPLC zgodnie z wcze$niej
opisang metodologia [74]. Analiz¢ przeprowadzono w przeptywie izokratycznym
z szybkoscig przeplywu 1 ml/min; jako fazy ruchomej uzyto mieszaniny wody,
acetonitrylu 1 kwasu mréwkowego w stosunku objetosciowym 830:70:100.
Przygotowane probki odwirowano w wiréwce laboratoryjnej (MPW-350R, MPW
Med Instruments, Warszawa, Polska), stosujac 18000g (14000 obr/min) przez 10
minut. Wyniki rejestrowano przy dlugosci fali 520 nm, a catkowita zawartos¢
antocyjanoéw wyrazono w mg na 1000 g §wiezej probki ($.m.); stezenie zwigzkow
okreslono w odniesieniu do standardu cyjanidyno-3-glukozydu. Catkowita
zawarto$¢ antocyjandw (TAC) zostala obliczona jako suma poszczegdlnych
antocyjanow na podstawie chromatogramow analizowanych w oprogramowaniu

LabSolutions (wersja 5.106, Shimadzu Corp., Kyoto, Japonia).



4.3.8. Analiza statystyczna

eksperyment ekstrakcji wspomaganej ultradzwickami (publikacje [P2], [P3],
[P4]) zaprojektowano przy uzyciu oprogramowania Design-Expert (wersja
22.0.2, Stat-Ease Inc., Minneapolis, Stany Zjednoczone), a nastepnie
przeprowadzono ewaluacje modelu, w tym analiz¢ wspodtczynnika determinacji,
test braku dopasowania, warto$¢ p oraz wynik wspolczynnika zmiennosci;

wyniki szczegotowych testow (publikacje [P2], [P3], [P4], [P5]) poddano
analizie statystycznej, uwzgledniajac analiz¢ jednoczynnikowa ANOVA oraz test
post hoc Tukey’a przy uzyciu oprogramowania Statistica (wersja 13.3, StatSoft,
Krakow, Polska), we wszystkich przypadkach wartos¢ p rowna 0,05 zostata

ustalona jako warto$¢ graniczna.

37



5. OMOWIENIE I DYSKUSJA WYNIKOW

5.1. Zaplanowanie eksperymentu ekstrakcji wspomaganej ultradzwiekami

Na podstawie danych literaturowych usystematyzowanych w pracy przegladowe;j
[P1] oraz badan wstepnych dokonano selekcji parametrow zmiennych w planie
doswiadczenia oraz odpowiedzi, ktérych wartosci beda decydowatly o efektywnosci
procesu UAE w niniejszej pracy. Procesor ultradzwigkowy, ktorym dysponowano
w trakcie badan umozliwia modyfikowanie amplitudy ultradzwiekéw. Z przegladu
literatury wiadomo, iz jest to jeden z czynnikow majacych wpltyw na wydajno$¢ procesu
oraz jakos$¢ uzyskanego produktu. W zwigzku z powyzszym wzigto pod uwage ten
parametr, ustalajac amplitudg ultradzwickow w przedziale 30-80% (i dodatkowo punkty
gwiezdne planu - ok. 20% 1 ok. 90%). Jako drugi parametr zmienny wybrano czas
ekstrakcji, gdyz na podstawie zestawienia wynikow badan w publikacji [P1] zauwazono,
ze czas sonikacji wptywal na wydajnos¢ ekstrakcji zwigzkéw bioaktywnych i oleju
z wytlokdéw 1 nasion pozyskanych z owocoéw jagodowych. Tylko w przypadku jednego
analizowanego badania czas sonikacji nie miat wptywu na TPC w ekstraktach. Wraz
z wydtuzaniem czasu sonikacji, wydajno$¢ ekstrakeji byla wyzsza. Zasadne byto wiec
dobranie czasu ekstrakcji, ktory nie bedzie narazat probki na zbyt dlugi kontakt
z sonotroda, co mogtoby skutkowa¢ degradacja zwigzkow bioaktywnych wrazliwych na
wysokie temperatury, a takze sprzyjac utlenianiu PUFA. Zakres czasu ekstrakcji wybrano
poczatkowo taki sam w przypadku ekstrakcji oleju z nasion czarnej i czerwonej porzeczki
1 ekstrakcji zwiazkow bioaktywnych z wytlokow z czarnej i1 czerwonej porzeczki [P2].
Po przeanalizowaniu wynikoéw uzyskanych w publikacji [P2] dla oleju z nasion czarnej
1 czerwone] porzeczki, zdecydowano wydtuzy¢ czas ekstrakcji oleju z pozostatych
nasion: jezyny, aronii i maliny - publikacja [P4], przy zachowaniu takiego samego czasu
w przypadku ekstrakcji zwigzkéw bioaktywnych z pozbawionych nasion wyttokow
z jezyny, aronii 1 maliny [P3]. Podsumowujac, zakres czasu ekstrakcji oleju z nasion
czarnej 1 czerwone] porzeczki oraz ekstraktow bioaktywnych z pozbawionych nasion
wytlokdw z czarnej i czerwonej porzeczki, jezyny, aronii i maliny wynosit 2-10 min
(dodatkowe punkty gwiezdne: 0,34 min i 11,66 min), a dla olejow z nasion jezyny, aronii
1 maliny - 5-15 min (dodatkowe punkty gwiezdne: 2,93 min i 17,07 min). Plany
doswiadczen zamieszczono wtabeli 1 oraz tabeli 2. Na podstawie doniesien
literaturowych, dobrano tez rozpuszczalniki stosowane w UAE. Ekstrakcj¢ oleju z nasion

przeprowadzano przy uzyciu n-heksanu, jako rozpuszczalnika referencyjnego
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uzywanego do ekstrakcji olejéw roslinnych. Do ekstrakcji zwigzkow bioaktywnych
z wytlokéw pozbawionych nasion wybrano wode¢ destylowana jako rozpuszczalnik
najbardziej bezpieczny w kontekScie ewentualnych zanieczyszczen produktu
koncowego.

Wybrane zostaty takze odpowiedzi, ktore, w metodzie powierzchni odpowiedzi
(RSM), stanowi¢ maja o efektywnosci danego procesu podlegajacego optymalizacji.
W przypadku ekstrakcji olejow byty to: wydajnos¢ ekstrakcji (W) oraz odpornos¢ oleju
na utlenianie - czas indukcji reakcji utleniania (OIT) - publikacja [P4] i maksymalny czas
utleniania Tmax - publikacja [P2]. Dla ekstraktow pozyskanych z wyttokow pozbawionych
nasion - publikacje [P2], [P3] jako odpowiedzi wybrano TPC 1 aktywnos$¢

przeciwutleniajagca wyznaczong metodg z zastosowaniem ABTS.

Tabela 1. Plan CCD do$wiadczenia - ekstrakcji wspomaganej ultradzwigkami oleju z nasion
czarnej i czerwonej porzeczki oraz zwigzkéw bioaktywnych z wytlokdw pozbawionych nasion

z czarnej i czerwonej porzeczki, jezyny, aronii i maliny - publikacje [P2], [P3], [P4].

Amplituda ultradzwiekéw X; Czas ekstrakcji X,
Prébka Wartos¢ Wartos$¢ rzeczywista Wartos¢ Wartos¢ rzeczywista

zakodowana [%] zakodowana [min]
1 -1 30 -1 2
2 +1 80 -1 2
3 -1 30 +1 10
4 +1 80 +1 10
5 -1,414 19,75 0 6
6 +1,414 90,25 0 6
7 0 55 -1,414 0,34
8 0 55 +1,414 11,66
9 0 55 0 6
10 0 55 0 6
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Tabela 2. Plan CCD do$wiadczenia - ekstrakcji wspomaganej ultradzwigkami oleju z nasion

jezyny, aronii i maliny - publikacja [P4].

Amplituda ultradzwiekéw X; Czas ekstrakeji X,
Préobka Warto$é Warto$¢ rzeczywista Warto$é Warto$¢ rzeczywista

zakodowana [%] zakodowana [min]
1 -1 30 -1 5
2 +1 80 -1 5
3 -1 30 +1 15
4 +1 80 +1 15
5 -1,414 19,75 0 10
6 +1,414 90,25 0 10
7 0 55 -1,414 2,93
8 0 55 +1,414 17,07
9 0 55 0 10
10 0 55 0 10

Po przeprowadzeniu ekstrakcji w 3 powtdrzeniach dla kazdego punktu,
dopasowano w publikacjach [P2], [P3], [P4] odpowiednie modele, ktorym towarzyszyty
roOwnania sporzadzone wedlug nastepujacych wzoréw (réwnania: 6 - dla modelu
kwadratowego, 7 - dla modelu interakcji dwuczynnikowej (2FI) i 8 - dla modelu
liniowego):

(6)Y = Bo + B Xy + BoXo + 12X Xy + P11 X1 % + BarXy?
(MY =By + B1X1 + B2Xz + f12X1X>
B)Y = By + B1X1 + B2X;

gdzie: f,- wspoOlczynnik staty; B, [,- wspdlczynniki regresji liniowej; [i1, f22-
wspotczynniki regresji dla wyrazéw kwadratowych; fBq,- wspdlczynnik regresji dla
wyrazow korelacji; X;- zakodowane warto$ci zmiennej niezaleznej- amplitudy; X,-

zakodowane warto$ci zmiennej niezaleznej - czas ekstrakcji.

5.2. Optymalizacja wspomaganej ultradzwi¢ckami ekstrakcji oleju z nasion czarnej
i czerwonej porzeczki, jezyny, aronii i maliny

Na podstawie wynikow uzyskanych w toku doswiadczenia przeanalizowano
wplyw zmiennych niezaleznych: amplitudy ultradZzwigkéw 1 czasu ekstrakcji na
wydajnos$¢ ekstrakcji oraz stabilno$¢ oksydacyjna olejow. Wyniki analizy ANOVA
dopasowania modelow matematycznych do obserwowanych wartosci odpowiedzi
wydajnos$ci zamieszczono w tabeli 3. Dopasowania poszczegdlnych modeli byty istotne

statystycznie (p < 0,05), przy jednocze$nie statystycznie nieistotnym braku dopasowania
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modelu (p > 0,05): model kwadratowy w przypadku ekstrakcji oleju z nasion czarnej
porzeczki, jezyny i aronii oraz model interakcji dwuczynnikowej w przypadku ekstrakcji
olejow z nasion czerwonej porzeczki i1 maliny. Wydajno$¢ ekstrakcji miescita si¢
w przedziatach: 1,94-4,41% w przypadku oleju z nasion czarnej porzeczki, 4,10-6,80%
dla oleju z nasion czerwonej porzeczki, 6,63-9,10% dla oleju z nasion jezyny, 5,27-6,18%

dla oleju z nasion aronii i 5,54-7,70% dla oleju z nasion maliny.

Tabela 3. Wyniki testow statystycznych dopasowania roéwnan powierzchni odpowiedzi
(wydajnos¢) do wartosci uzyskanych eksperymentalnie (p = 0,05) dla olejow wyizolowanych

metoda UAE; CV (wspotczynnik zmiennos$ci) - publikacje [P2], [P4].

Zrédio i cv Wartos¢ Wartos¢ p o
. Model R p braku Publikacja
oleju [%] .
modelu  dopasowania
Nasiona
czarnej Kwadratowy 0,9388 10,33  0,0047 0,1444 [P2]
porzeczki
Nasiona Interakcji
czerwonej e 0,7442 9,45 0,0329 0,5331 [P2]
. dwuczynnikowe]
porzeczki
Nasi
nastona Kwadratowy ~ 0,9676 3,48  0,0044 0.4097 [P4]
jezyny
Nasi
asiona Kwadratowy ~ 0,9030 2,47  0,0373 0,5320 [P4]
aronii
- I o
Nasiona nerakell 07258 742 0,0402 0,1294 [P4]
maliny dwuczynnikowej

Dopasowano takze odpowiednie réwnania matematyczne odzwierciedlajagce zmiany
odpowiedzi wydajnosci w zalezno$ci od zmieniajacych si¢ czasu ekstrakcji 1 amplitudy
ultradzwigkow (rownania 9-13):

(9) Wezarna porzeczika = 1,73 —0,00103 - X3 + 0,269 - X, + 0,00507 - X, X, — 0,000052 -
X% —0,0391 - X,%[P2]

(10) Wezerwona porzeczka = 6,03 — 0,0308 - X; — 0,204 - X, + 0,0062 - X, X, [P2]

(11) Wiesyna = 6,18 + 0,05 - X; + 0,48 - X, + 0,003 - X, X, — 0,001 - X;* — 0,04 - X, [P4]

(12) Waronia = 3,18 +0,04- X, + 0,34+ X, — 0,001 X, X, — 0,0003 - X;% — 0,02 - X,* [P4]
(13) Wating = 2,28 + 0,06 - X; + 0,38 - X, — 0,005 - X, X, [P4]

gdzie: W- wydajnos¢ [%], X1 - amplituda, X> - czas ekstrakeji.
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Graficznym przedstawieniem opisywanych zalezno$ci sa trojwymiarowe wykresy
warstwicowe przedstawione na rysunku 5.

W czarna porzeczka [PZ] \\% czerwona porzeczka [PZ]

W jezyna [P4] \W% aronia [P4]

AW malina [P 4]

Rys. 5. Trojwymiarowe wykresy warstwicowe obrazujace zalezno$¢ wydajnos$ci
(W ekstrakcji) od zastosowanych wartosci zmiennych czasu ekstrakcji 1 amplitudy -

publikacje [P2], [P4].
Zjawisko kawitacji akustycznej wplywa na szybkos¢ transportu zwigzkow z materiatu do

rozpuszczalnika, a intensywno$¢ procesow zachodzacych podczas sonikacji zalezna jest

od mocy, czestotliwosci oraz intensywnos$ci ultradzwigckow [52]. W zwiazku
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z powyzszym amplituda ultradzwigkéw miala istotny wplyw na wydajnos$¢ ekstrakcji
oleju z wszystkich badanych nasion. Jednak wyniki r6znily si¢ w zalezno$ci od nasion
poddanych ekstrakcji. W przypadku nasion czarnej i1 czerwonej porzeczki goérne
zastosowane wartosci amplitudy skutkowaly wyzsza wydajnoscig [P2]. W przypadku
nasion z jezyny, aronii i maliny fagodne warunki ekstrakcji, biorgc pod uwage amplitude
ultradzwickdéw, byly najkorzystniejsze [P4]. Na podstawie wygladu wykresow
powierzchniowych mozna stwierdzi¢, ze wydhluzenie czasu do okolo 10 minut
w przypadku ekstrakcji oleju z nasion czarnej porzeczki, czerwonej porzeczki, jezyny
1 aronii oraz do okoto 15 minut w przypadku ekstrakcji oleju z nasion maliny prowadzito
do uzyskania najwyzszych wydajnosci procesu ekstrakcji oleju. Dluzszy czas ekstrakcji
przyczynia si¢ do wydluzenia sonoporacji i deteksturacji matrycy, co sprzyja transferowi
masy z komorek do rozpuszczalnika [52]. Nalezy jednak podkresli¢, ze zbyt dtugi czas
sonikacji moze skutkowa¢ wystepowaniem bardziej lokalnych, gwaltownych zdarzen
w polu ultradzwickowym, co moze prowadzi¢ do parowania rozpuszczalnika
1 negatywnie wplywac¢ na wydajno$¢, co opisano w badaniach Senrayan i Venkatachalam
[75]. Odnoszac si¢ do wczesniejszych doniesien, w przypadku UAE oleju z nasion
zurawiny, wydajnos¢ ekstrakceji byta najwyzsza, gdy zastosowano najwyzsza amplitude
i najdhuzszy czas ekstrakcji ze wszystkich zastosowanych wariantow [76]. Sebayang
1wsp. [77] rowniez wykazali, ze wydtuzony czas UAE oraz wyzsza amplituda
ultradzwigkoéw w procesie ekstrakcji oleju z nasion Carica Candamarcensis skutkowaty
wyzszymi wydajno$ciami procesu. Moradi 1 Rahimi [61] stwierdzili, ze efektywno$¢
UAE oleju stonecznikowego jest istotnie zalezna od czasu ekstrakcji, a znaczna
wiekszos¢ oleju jest ekstrahowana w ciggu pierwszych 15 minut procesu.

Wartosci opisujace stabilno$¢ oksydacyjng (tmax lub OIT), miescity sie
w zakresach Tmax 30,03-38,61 min. dla oleju z nasion czarnej porzeczki [P2], Tmax 38,14-
45,93 min. dla oleju z nasion czerwonej porzeczki [P2], OIT 65,14-82,46 min. dla oleju
z nasion jezyny [P4], OIT 37,36-49,38 min. dla oleju z nasion aronii [P4] i OIT 43,73-
65,79 min. dla oleju z nasion maliny [P4]. Dopasowano model kwadratowy dla olejow
z nasion jezyny 1 aronii, model interakcji dwuczynnikowej dla olejoéw z nasion czarnej
1 czerwone] porzeczki oraz model liniowy dla oleju z nasion maliny. Modele, tak jak
w przypadku odpowiedzi wydajnosci, dopasowano na podstawie wynikow analizy
ANOVA zamieszczonych w tabeli 4, biorgc pod uwage istotne statystycznie (p < 0,05)
dopasowania modeli oraz nieistotne statystycznie (p > 0,05) wyniki braku dopasowania

modeli.
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Tabela 4. Wyniki testoéw statystycznych dopasowania roéwnah powierzchni odpowiedzi

(maksymalny czas utleniania Tmax lub czas indukcji reakcji utleniania OIT) do wartosci

uzyskanych eksperymentalnie (p = 0,05) dla olejéw wyizolowanych metoda UAE; CV

(wspolczynnik zmienno$ci) [P2], [P4].

. Wartos¢  Wartosé p
Zrodt cv
Foo odpowiedz Model R P braku  Publikacja
oleju [%] .
modelu dopasowania
Nasiona Interakcji
czarnej Toax T 06553 496 0,0478 0,2220 [P2]
. dwuczynnikowej
porzeczki
Nasiona Interakcji
czerwonej T 07703 328 0,0241 0,6210 [P2]
X dwuczynnikowej
porzeczki
o
nastona OIT Kwadratowy ~ 0,9412 2,99  0,0142 03282 [P4]
jezyny
N
astona OIT Kwadratowy ~ 0,9067 502  0,0346 0.1272 [P4]
aronii
s
astona OIT Liniowy 05815 8,04 0,0474 0,1355 [P4]
maliny

Sporzadzono takze odpowiednie rdwnania ilustrujace zaleznosci pomigdzy zmiennymi
niezaleznymi a odpowiedzig Tmax lub OIT (rownania 14-18):

= 35,1 — 0,0876 - X, — 0,447 - X, + 0,0161 - X, X, [P2]

(14) Tmax czarna porzeczka

= 46,4 — 0,0849 - X; — 1,15 - X, + 0,0233 - X, X, [P2]

(15) Timax czerwona porzeczka

(16) OlTjeyma = 52,5 + 0,001+ X; + 2,47 - X, — 0,04 - X1 X, + 0,005 - X; 2 — 0,02 - X, [P4]

(17) OITyronia = 11,2+ 0,87 - X; + 1,82 - X, + 0,005 - X, X, — 0,008 - X,% — 0,08 - X, 2 [P4]
(18) OITmating = 39,1 + 0,17 - X; + 0,31 - X, [P4]

gdzie: Tmax - maksymalny czas utleniania [min], OIT - czas indukcji reakcji utleniania

[min], X, - amplituda, X: - czas ekstrakcji.

Graficznym przedstawieniem wystepujacych zaleznosci pomiedzy warunkami ekstrakcji
a maksymalnym czasem utleniania lub czasem indukcji reakcji utleniania sa

warstwicowe wykresy trojwymiarowe przedstawione na rysunku 6.

44



Tmax czarna porzeczka [PZ] Tmax czerwona porzeczka [P2]

OIT jezyna [P4] OIT aronia [P4]

OIT malina [P4]

Rys. 6. Trojwymiarowe wykresy warstwicowe obrazujgce zalezno$¢ maksymalnego
czasu utleniania (Tmax) lub czasu indukcji reakcji utleniania (OIT) od zastosowanych

warto$ci zmiennych czasu ekstrakcji i amplitudy [P2], [P4].

Maksymalny czas utleniania (Tmax) lub czas indukcji reakcji utleniania (OIT) to
istotna cecha jakos$ciowa oleju, poniewaz odzwierciedla jego stabilno$¢ i odpornos¢ na
proces utleniania [78]. Zastosowana w niniejszym badaniu metoda PDSC pozwala na

ocene Tmax lub OIT w trybie przyspieszonym [28]. Wynikiem takiej analizy jest krzywa
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PDSC. Czas indukcji reakcji utleniania (OIT) to miejsce na krzywej, w ktérym mozna
obserwowaé poczatek wzrostu krzywej. Maksymalny czas utleniania (Tmax) to punkt
w maksimum krzywej. Analizujac wplyw zastosowania ultradzwigckéw w procesie
ekstrakcji na stabilno$¢ oksydacyjng olejow, nalezy podkresli¢, ze poprawa transferu
masy w wyniku dziatania ultradzwickow moze obejmowac réwniez ekstrakcje zwigzkow
bioaktywnych w tym samym czasie, w ktorym ekstrahowany jest olej [79]. Ponadto,
podczas UAE moze dochodzi¢ do inaktywacji enzyméw oksydacyjnych, takich jak
peroksydaza i lipaza [80]. Mechanizmy te moga by¢ odpowiedzialne za wydluzenie Tmax
lub OIT olejoéw, a tym samym za wydhuzenie ich trwatosci. Obrobka ultradzwigkami
moze jednak prowadzi¢ do powstawania wolnych rodnikéw, ktére moga indukowaé
reakcje utleniania lipidow [81]. Dlatego parametry procesu UAE musza by¢ odpowiednio
dostosowane, aby zrownowazy¢ wptyw obu czynnikow (amplitudy ultradzwickow, czasu
sonikacji). Wyniki z publikacji [P2] i [P4] wskazuja, iz wptyw amplitudy na tmax lub OIT
jest spdjny dla wszystkich badanych olejow - wraz ze wzrostem amplitudy, wzrastaty
wartos$ci Tmax oraz OIT. Dhuzszy czas ekstrakcji w przypadku olejow z nasion czarnej
iczerwonej porzeczki [P2] oraz jezyny i aronii [P4] réwniez skutkowal wyzsza
odpornoscia na utlenianie. Podwyzszona stabilno$¢ oksydacyjna olejow poddanych
dluzszej obrdobee ultradzwigkami zostata rowniez stwierdzona przez Mali¢anin 1 wsp.
[82]. Stabilno$¢ oksydacyjna, wyrazona temperaturg poczatku utleniania, ulegata
poprawie, wraz z wydtuzaniem czasu dziatania ultradzwigkow, z wyjatkiem probki, ktora
byla traktowana ultradzwigkami przez 135 minut. W badaniach stabilno$ci oksydacyjne;j
oleju znasion rzodkiewki wykazano, ze olej pozyskany w zoptymalizowanych
warunkach UAE charakteryzowal si¢ prawie dwa razy dluzszym OIT mierzonym
w temperaturze 130°C niz olej ekstrahowany z zastosowaniem aparatu Soxhleta (72,5
min vs. 36,5 min) [83]. W badaniu przeprowadzonym przez Perez-Saucedo i wsp. [84]
opisano, ze obrobka ultradzwigkami zastosowana w procesie ekstrakcji skutkowatla
skréceniem czasu indukcji reakceji utleniania oleju z awokado w poréwnaniu do ekstrakeji
metoda z zastosowaniem aparatu Soxhleta. Ponadto, Boger i wsp. [85] wykazali,
ze zastosowanie ultradzwigkOw znacznie przyspieszyto tworzenie wolnych rodnikéw
podczas przechowywania, co byto skorelowane ze zmniejszong odpornoscia na utlenianie
olejow z pestek winogron uzyskanych w wyniku UAE. Takze Kenari i Denghan [86],
ktorzy przeprowadzili optymalizacje UAE oleju konopnego, stwierdzili, ze dtuzszy czas

ekstrakcji skutkowal gorsza stabilnos$cig oleju, wyrazong poprzez liczbg¢ nadtlenkowa.
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Jednak warunki w cytowanym badaniu byly bardziej skrajne, poniewaz ultradzwigki
stosowano przez dlugi czas - maksymalnie 90 minut. Wyniki z niniejszej pracy, zawarte
w publikacjach [P2] i [P4] oraz omawiane wyniki z wczesniejszych doniesien wskazujg
na to, ze zastosowanie ultradzwigkow w procesie ekstrakcji moze korzystnie wptywac na
stabilno§¢ oksydacyjna oleju, jednak warunki ekstrakcji musza by¢ odpowiednio
dostosowane.

Na podstawie uzyskanych wynikéw, dokonano optymalizacji procesu ekstrakeji
wspomagane] ultradzwigkami dla wszystkich olejow z uzyciem oprogramowania
statystycznego Design-Expert. Jako cel obrano zmaksymalizowanie odpowiedzi —
wydajnosci i maksymalnego czasu utleniania lub czasu indukcji reakcji utleniania, przy
zmiennych niezaleznych: amplitudzie w zakresie 20-100% 1 czasie ekstrakcji —
w przypadku olejow z nasion czarnej i czerwonej porzeczki w zakresie 2-12 minut [P2],
a w przypadku olejoéw z nasion jezyny, aronii i maliny w zakresie 5-15 minut [P4].
Wybrano po jednym wariancie warunkow procesu ekstrakcji dla kazdego oleju, ktory na
podstawie wyznaczonego modelu wskazano jako najkorzystniejszy (tabela 35).
Optymalne warunki UAE z rzeczywiscie zastosowanymi warunkami i przewidywanymi
odpowiedziami wraz z rzeczywiscie zmierzonymi warto$ciami zostaly podsumowane
w tabeli 5. Zaproponowane wartosci amplitudy i czasu ekstrakcji zostaty dostosowane do
mozliwo$ci procesora ultradZwickowego 1 =zastosowane w celu weryfikacji
przewidywanych warto$ci odpowiedzi. Nalezy zauwazyC, Ze rzeczywiste S$rednie
wartosci wydajnosci 1 warto$ci Tmax lub OIT miescily si¢ w maksymalnym odchyleniu
+ 5% od wynikow przewidywanych. Oznacza to, ze przewidywania modeli byly
doktadne 1 ze =zastosowanie RSM umozliwilo prognozowanie wynikow
przeprowadzonego eksperymentu. Tym samym, zweryfikowano pozytywnie hipotezy
H1 1 H2 w odniesieniu do wspomaganej ultradZwigkami ekstrakcji olejoéw z nasion

czarnej i czerwonej porzeczki, jezyny, aronii i maliny.
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Tabela 5. Optymalne warunki wspomaganej ultradzwigckami ekstrakcji olejow, przewidywane oraz rzeczywiste wartosci odpowiedzi wydajnosci 1 Tmax

lub OIT w zoptymalizowanych warunkach UAE [P2], [P4].

. Optymalna  Rzeczywista Optymalny . Przewidywany  Rzeczywista  Rzeczywisty
Olej . f czas Przewidywana . . R
. amplituda amplituda s . o Tmax lub OIT wydajnosé Tmaxlub OIT  Publikacja
Z nasion o o ekstrakeji wydajnos¢ [%] . o .
[%o] [%o] . [min] [%o] [min]
[min]
Czama 99,00 95 10,50 4,83 Trax 39,61 459+032  TwI883E [P2]
porzeczka 2,22
Czerwona 96,00 95 12,00 7,76 Tmax 51,24 7,04 0,36 Tans 48,65 [P2]
porzeczka 1,98
Jezyna 72,98 70 8,20 8,05 OIT 75,05 8,10 £ 0,41 OIT37;’915 + [P4]
Aronia 59,18 60 10,11 6,10 OIT 49,38 6,02 £0,97 OIT04§’978 + [P4]
Malina 95,57 95 8,43 7,17 OIT 58,29 6,96 £ 0,60 OIT 61,22 + [P4]

6,65




5.3. Szczegolowa analiza olejow z nasion czarnej i czerwonej porzeczki, jezyny,
aronii oraz maliny

Oleje pozyskane w zoptymalizowanych warunkach ekstrakcji, wraz z olejami
pozyskanymi na drodze ekstrakcji klasycznej w uktadzie ciato state-ciecz poddano
szczegbtowej charakterystyce analizujac kinetyczne parametry reakcji utleniania olejow,
charakterystyki migknigcia i1 krystalizacji, profil kwaséw tluszczowych oraz ich
rozmieszczenie w pozycjach sn-1,3 i sn-2 triacylogliceroli. Wyniki uzyskane dla olejow
z nasion czarnej i czerwonej porzeczki przedstawiono w publikacji [P2], natomiast dla
olejow z nasion jezyny, aronii i maliny - w publikacji [P4]. W publikacji [P2]
uwzgledniono rowniez wyniki analizy mikroskopowej nasion §wiezych oraz pozostatych
po ekstrakcji wspomaganej ultradzwigkami w optymalnych warunkach. Wyniki

szczegotowych analiz pozwolily na potwierdzenie hipotezy H3.

5.3.1. Parametry kinetyczne reakcji utleniania olejow z nasion czarnej i czerwonej
porzeczki, jezyny, aronii oraz maliny

Do wyznaczenia parametrow kinetycznych utleniania olejow postuzono sie¢
dwoma metodami, bazujacymi na wynikach analiz PDSC. W przypadku olejow z nasion
czarnej i czerwonej porzeczki zastosowano pomiary czasu indukcji reakcji utleniania w 5
réznych temperaturach, w warunkach izotermicznych, a nastgpnie wyliczono parametry
kinetyczne, korzystajac z metodologii Ozawa-Flynn-Wall’a i réwnan Arrheniusa —
publikacja [P2]. W przypadku olejéw z nasion jezyny, aronii i maliny zastosowano
metod¢ PDSC w warunkach stopniowego ogrzewania probki ze znang szybkoscia.
Wyznaczono temperatury poczatku utleniania, nast¢pnie wyliczono parametry
kinetyczne - publikacja [P4]. Wyniki badan kinetyki reakcji utleniania olejow
uzyskanych metoda UAE oraz olejow kontrolnych zostaly podsumowane w tabelach 6
1 7. Wartosci energii aktywacji reakcji utleniania badanych olejow miescily si¢ w zakresie
od 76,11-99,88 kJ/mol [P2] i [P4]. Energia aktywacji (E.) utleniania w przypadku olejow
ro$linnych zalezy gtéwnie od poziomu nienasycenia triacylogliceroli. Oleje o wyzszym
udziale procentowym wielonienasyconych kwasow ttuszczowych charakteryzuja sie¢
nizsza energig aktywacji, a oleje o wyzszym udziale procentowym jednonienasyconych
kwasow tluszczowych maja wyzsze warto$ci energii aktywacji [87]. Wyniki dla
badanych olejow sa zgodne z tym stwierdzeniem, poniewaz w analizie profilu kwasow
thuszczowych (opisanym w rozdziale 5.3.3. niniejszej pracy) wykazano wiekszy udziat

wielonienasyconych kwasoéw tluszczowych niz jednonienasyconych lub nasyconych
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kwasow ttuszczowych. W przypadku olejéw o wyzszych wartosciach energii aktywacji
czas potrzebny do zapoczatkowania reakcji utlenienia jest dtuzszy, a zatem tworzenie
pierwotnych produktow utleniania jest opoznione. Rowniez warto$¢ statej szybkosci
reakcji (k) w réznych temperaturach byta opisywana jako zalezna od sktadu oleju,
zwlaszcza od procentowego udziatu MUFA [88]. Wptyw zastosowania ultradzwigkow
w procesie ekstrakcji na parametry kinetyczne reakcji utleniania nie byt jednoznaczny,
poniewaz E, oleju z nasion czarnej porzeczki [P2] uzyskanego metodg UAE byta nizsza
niz w probie kontrolnej, a w przypadku olejow z nasion czerwonej porzeczki [P2], jezyny,
aronii i maliny [P4] uzyskano odwrotne zaleznos$ci. W poréwnaniu do oleju rzepakowego
i stonecznikowego, uzyskane wartosci energii aktywacji dla olejow z nasion owocow
jagodowych byly wyzsze [89]. Z kolei, podobng warto$¢ energii aktywacji
zarejestrowano dla oliwy (97,43-99,94 kJ/mol) [90]. Podsumowujac, mozna stwierdzic,
ze metoda ekstrakcji nie wplywa na parametry kinetyczne reakcji utleniania oleju, zaleza

one gtéwnie od zrodia oleju.

Tabela 6. Parametry kinetyczne reakcji utleniania olejow z nasion czarnej i czerwonej porzeczki;

rozne litery w indeksie gornym *® wskazujg na istotnie rozne grupy wynikow przy p < 0,05 [P2].

Olej z nasion

Czarna Czerwona Czerwona
Parametr Czarna porzeczka
_kontrola porzeczka - porzeczka - porzeczka -
UAE kontrola UAE
E. [kJ/mol] 99,88 +3,16° 91,13 +2,92° 76,11 £2,01* 81,53 £1,75*
Z [1/min] 5,69 x 10'° 3,24 x 10° 2,65 x 107 1,27 x 108
kw 110°C [1/min] 1,37 x 1073 1,22 x 1073 1,11 x 103 9,74 x 10
kw 115°C [1/min] 2,06 x 10 1,76 x 10 1,52 x 10 1,35 x 1073
k w 120°C [1/min] 3,05 x 1073 2,53 x 1073 2,05 x 107 1,87 x 107
k w 125°C [1/min] 4,48 x 107 3,59 x 1073 2,74 x 10 2,55 x 1073
k w 130°C [1/min] 6,51 x 1073 5,05 x 1073 3,65 x 103 3,47 x 1073
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Tabela 7. Parametry kinetyczne reakcji utleniania olejow z nasion jezyny, aronii i maliny; r6zne

litery w indeksie gérnym *° wskazuja na istotnie rozne grupy wynikow przy p < 0,05 [P4].

Olej z nasion

Parametr Jezyna - Jezyna - Aronia - Aronia - Malina - Malina -
kontrola UAE kontrola UAE kontrola UAE
Emol  S630F  9201F  8947&  $963f 8298+ 9059+
a .48 0.22¢ 2.05¢ 1.96¢ 3.00° 3.36¢
Z[Umin]  338x10° 171x10°  1,07x10°  1,14x10°  136x10°  8.58x10°
kw 100°C 4 0027 0,0022 0,0032 0,0032 00033 00018
[1/min]
kwll0°C ) 6957 0,0048 0,0067 0,0068 00066  0,0039
[1/min]
kw 120°C 014 0,010 0,014 0,014 0,013 0,0078
[1/min]
kw 130°C 4 922 0,020 0,027 0,028 0,024 0.016
[1/min]
kw 140°C ) 439 0,039 0,041 0,053 0,052 0,030
[1/min]

5.3.2. Charakterystyka procesow migkniecia i krystalizacji olejow z nasion czarnej
i czerwonej porzeczki, jezyny, aronii oraz maliny

Oleje ze wszystkich badanych nasion uzyskane w zoptymalizowanych warunkach
UAE oraz proby kontrolne poddano szczegdtowej analizie migknigcia - publikacje [P2],
[P4]. Wynikiem analiz byly krzywe DSC z okreslonymi temperaturami opisujagcymi
zarejestrowane piki (tabela 8). Krzywe DSC mieknigcia badanych olejow przedstawiono
na rysunku 7. Mozna zauwazy¢, ze przebieg krzywych migknigcia byt podobny dla
olejow uzyskanych z tego samego surowca. DSC moze by¢ zatem wykorzystywane jako
metoda potwierdzania autentycznos$ci olejow [29]. W badaniu Gila 1 wsp. [91] oceniano
wptyw obrobki ultradzwiekami na jakos$¢ oliwy i1 takze stwierdzono brak wptywu obrobki
ultradzwigkami na charakterystyki krystalizacji oraz migknigcia olejow zarejestrowane
w toku analizy DSC. Jednak Rezvankhah i wsp. [92] wykazali, Ze zastosowanie
ultradzwiekow w procesie ekstrakcji wptyneto na zmiang przebiegu krzywej migknigcia
1 krystalizacji oleju z nasion konopi. Stwierdzono, ze olej uzyskany metoda UAE
charakteryzowal si¢ nizsza temperatura migknigcia niz probka kontrolna uzyskana
w procesie ekstrakcji z zastosowaniem aparatu Soxhleta, co mogto by¢ spowodowane
roznicami w stosunku PUFA/SFA, w budowie triacylogliceroli lub w strukturze
krystalicznej. Biorgc pod uwage szczegoélowe wyniki, w przebiegu krzywych migknigcia
olejow z nasion czerwonej porzeczki [P2], jezyny i aronii [P4] widoczne byty dwa piki.
Krzywe migknigcia olejoéw z nasion czarnej porzeczki charakteryzowaty si¢ jednym

pikiem [P2], a oleje z nasion malin - trzema [P4]. Podobny ksztatt krzywych przedstawili
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Rajagukguk 1 wsp. [93] dla ttoczonego na zimno oleju z nasion malin oraz Mici¢ 1 wsp.

[31] dla oleju z nasion malin ekstrahowanego heksanem. Wszelkie pojawiajace si¢

roznice moga by¢ spowodowane zmianami w profilu kwasoéw tluszczowych Ilub

w rozmieszczeniu kwasoéw tluszczowych w TAG, poniewaz zdarzenia termiczne

rejestrowane podczas analizy DSC probek olejoéw sa z nimi zwigzane. Niskotopliwe

frakcje TAG skladaja si¢ gltéwnie z PUFA, $redniotopliwe frakcje TAG skladaja si¢

z MUFA 1 PUFA. Triacyloglicerole sktadajace si¢ gléwnie z SFA nie sa powszechne

w olejach roslinnych, dlatego tez piki skorelowane z nasyconymi TAG nie zostaly

zarejestrowane w analizie DSC w niniejszej pracy [94].

Tabela 8. Charakterystyka migknigcia badanych olejow; Tmi, Tm2, Tm3 — temperatury migknigcia

wyznaczone dla 1 piku, 2 piku, 3 piku; rézne litery w indeksie gornym *° wskazuja na istotnie

rozne grupy wynikow przy p < 0,05 [P2], [P4].
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Temperatura miekniecia [°C]

Olej z nasion Publikacja
Czarna porzeczka - 40,6 +0.3¢ B B [P2]
kontrola
Czarna porzeczka -
_ + c — — P2
UAE 39,9+0,1 [P2]
Czerwona porzeczka - 4284016 262 40,14 B [P2]
kontrola
Czerwona porzeczka -
- +0.1°¢ - + 0,14 —
UAE 42,8+ 0,1 26,7+0,1 [P2]
Jezyna - kontrola -41,7 £0,2¢ 21,0+ 0,8¢ - [P4]
Jezyna - UAE -42,2+0,1° -21,6 £ 0,2° - [P4]
Aronia - kontrola -63,9 + 3,72 2352+ 1,4° - [P4]
Aronia - UAE -62,1 £ 0,2° -35,0 £ 0,4° - [P4]
Malina - kontrola -47,0 £0,2° -41,5+02* -258+0,1° [P4]
Malina - UAE -46,5 + 0,4° -39,5+0,7°  -26,5+0,2° [P4]
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Rys. 7. Krzywe migknigcia olejow uzyskanych w optymalnych warunkach UAE (oznaczenie
US) oraz prob kontrolnych (oznaczenie C). A - oleje z nasion czarnej porzeczki, B - oleje z
nasion czerwonej porzeczki [P2], C- oleje z nasion jezyny [P4], D - oleje z nasion aronii [P4],

E - oleje z nasion maliny [P4].

Dodatkowo, dla olejow z nasion jezyny, aronii i maliny wyznaczono krzywe
krystalizacji - publikacja [P4]. Temperatury zarejestrowanych pikdéw zamieszczono
w tabeli 9. Krystalizacja przebiegta jednoetapowo dla wszystkich badanych probek.
Zaobserwowano  pewne  roznice migdzy  probkami  oleju  uzyskanego
w zoptymalizowanych warunkach UAE a probkami kontrolnymi. W przypadku olejow
uzyskanych w procesie ekstrakcji wspomaganej ultradzwigkami zaobserwowano nizsze
temperatury krystalizacji niz dla olejow ekstrahowanych metoda konwencjonalng [P4].

Réznice te moga by¢ przypisane zmianom w stopniu nasycenia TAG, dlugosci
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tancuchéw kwasow ttuszczowych i rozmieszczeniu kwasow thuszczowych w TAG [95].

Ponadto oleje o wyzszej zawartosci SFA krystalizujg w wyzszych temperaturach [96].

Tabela 9. Charakterystyka krystalizacji olejow z nasion jezyny, aronii i maliny; Tc- temperatura
krystalizacji; r6zne litery w indeksie gornym *° wskazujg na istotnie r6zne grupy wynikow przy

p < 0,05 [P4].

Temperatura Kkrystalizacji [°C]

Olej z nasion

T,
Jezyna - kontrola -70,1 £0,1¢
Jezyna - UAE -71,3+0,8°
Aronia - kontrola -70,8 £0,2¢
Aronia - UAE -73,6 + 1,0°
Malina - kontrola -75,7+0,12
Malina - UAE -77,2 £0,32

5.3.3. Profil kwasow tluszczowych olejow z nasion czarnej i czerwonej porzeczki, jezyny,
aronii oraz maliny

Procentowy udziat poszczeg6lnych kwaséw thuszczowych w olejach oznaczono
z wykorzystaniem chromatografii gazowej (publikacje [P2] oraz [P4]). Wyniki analizy
przedstawiono na rysunku 8. W przypadku wszystkich badanych olejow, dominujagcymi
kwasami byty PUFA - od okoto 72% w oleju z nasion czarnej porzeczki [P2] do okoto
82% w oleju z nasion jezyny oraz maliny [P4]. MUFA oznaczono na poziomie od okoto
10% w oleju z nasion jezyny [P4] do okoto 20% w oleju z nasion aronii [P4]. Najwyzszy
procentowy udzial SFA zanotowano w oleju z nasion czarnej 1 czerwonej porzeczki —
okoto 10% [P2]. Glownym zidentyfikowanym kwasem tluszczowym we wszystkich
badanych olejach byt kwas linolowy (C 18:2 n-6) [P2] i [P4]. Na podstawie uzyskanych
wynikOw, mozna stwierdzi¢, iz metoda ekstrakcji nie miata znaczacego (p < 0,05)
wplywu na profil kwasoéw tluszczowych, a ewentualne rozbieznosci w procentowym
udziale poszczegolnych kwasow byly niewielkie. Jest to zgodne z wczesniejszymi
wynikami badan [97,98], na podstawie ktorych mozna stwierdzi¢, ze zawartos¢ kwasow
thuszczowych moze si¢ r6zni¢ w zaleznosci od zastosowanej metody ekstrakcji, jednak
proporcje kwasdéw tluszczowych pozostaja niezmienne lub zmieniaja si¢ nieznacznie,
gdyz sa cecha charakterystyczng oleju. Profil kwasow tluszczowych jest, obok profilu
migknigcia 1 krystalizacji, cechg oleju zalezng od tego, z jakiego surowca pochodzi

1 moze stuzy¢ do oceny autentycznos$ci olejow. W zwigzku z powyzszym, profile kwaséw
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thuszczowych uzyskane w przypadku badanych olejow odpowiadajg tym, ktére zostaty

opisane w literaturze [8, 99—101].

Czarna porzeczka UAE

Czerwona porzeczka UAE

Mlina Konirl I |

Malina UAE

Aronia Kontrola

o

10 20 30 40 50 60
Procentowy udziat kwaséw tluszczowych [%]

uC16:0 mC18:0 mC181n9 mwC 18:2n6 C183n6 mC18:3n3 wC20:0 wminne

~
o

80 90

Rys. 8. Procentowy udziat poszczegolnych kwasow tluszczowych w olejach z czarnej i czerwonej
porzeczki [P2] oraz w olejach z nasion jezyny, aronii i maliny [P4]; C16:0- kwas palmitynowy,
C18:0- kwas stearynowy, C18:1 n-9 - kwas oleinowy, C18:2 n-6 - kwas linolowy, C18:3 n-6 —

kwas y-linolenowy, C18:3 n-3- kwas a-linolenowy, C20:0- kwas arachidonowy.

5.3.4. Rozmieszczenie kwasow tluszczowych w czgsteczkach triacylogliceroli w olejach
z nasion czarnej i czerwonej porzeczki, jezyny, aronii oraz maliny

Zbadano réwniez rozmieszczenie kwasow thuszczowych w  czasteczkach
triacylogliceroli — publikacje [P2], [P4]. Niewielkie zaobserwowane zmiany dotyczace
rozmieszczenia kwasow thuszczowych w TAG pomigdzy olejami uzyskanymi réznymi
metodami ekstrakcji moga by¢ przypisane gwattownym zjawiskom zachodzacym w polu
ultradzwickowym. Roéznice w procentowym udziale kwasdéw tluszczowych w pozycji
sn-2 TAG nie zmieniaja ogo6lnej tendencji rozmieszczenia kwasow tluszczowych w TAG
1 ich profil pozostaje charakterystyczny dla olejow roslinnych o wysokim stopniu
nienasycenia [102]. W pozycji sn-2 TAG olejow z czarnej i czerwonej porzeczki
dominowat kwas oleinowy (ponad 40%) [P2]. W oleju z nasion jezyny, aronii i maliny
w pozycji sn-2 TAG znajdowaty si¢ gtownie kwasy oleinowy 1 linolowy (ponad 33%)
[P4]. Olej z nasion aronii charakteryzowal si¢ jednak innym udzialem kwasow
thuszczowych w pozycji sn-2 TAG niz wigkszo$¢ olejow roslinnych, z uwagi na wysoki,
ponad 40%, udziat kwasu palmitynowego (C16:0) w pozycji srodkowej- [P4]. Pozycja

zajmowana przez kwas tluszczowy w czasteczkach TAG moze wptywaé na stabilnosé
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oksydacyjna olejow, a wedlug Endo i wsp. [103], nienasycone kwasy thuszczowe
zlokalizowane w pozycji sn-2 przyczyniaja si¢ do poprawy stabilnosci oksydacyjnej
oleju, co jest zgodne z uzyskanymi wynikami, poniewaz olej z nasion aronii

charakteryzowat si¢ krotszym OIT niz oleje z nasion jezyny i maliny [P4].

5.3.5. Analiza mikroskopowa nasion poddanych ekstrakcji

W przypadku nasion czarnej i czerwonej porzeczki przeprowadzona zostata
mikroskopowa analiza poréwnawcza zmielonych nasion suszonych, niepoddanych
dalszym obrobkom oraz nasion pozostatych po ekstrakcji wspomaganej ultradzwickami
w optymalnych warunkach (publikacja [P2]). Na rysunku 9 zostaly przedstawione zdj¢cia
wykonane z wykorzystaniem skaningowego mikroskopu elektronowego, przy 1000-
krotnym powigkszeniu. Na podstawie wygladu zdje¢ mozna stwierdzié¢, ze zastosowanie
ultradzwickéw w procesie ekstrakcji spowodowalo skuteczne rozbijanie aglomeratow
thuszczu w ekstrahowanym materiale, co mogto przyczynia¢ si¢ do poprawy wydajnosci
ekstrakcji. Zaobserwowa¢ mozna takze zniszczenie struktur komorek, co moglo
doprowadzi¢ do jednoczesnego zwigkszenia ekstraktywnosci innych sktadnikow.
Zintensyfikowane uwalnianie, np. polifenoli ro§linnych podczas ekstrakcji oleju moze
odpowiada¢ za poprawe odpornosci oleju na utlenianie, a tym samym za wydtuzenie jego
trwalo$ci. Zjawisko intensywniejszej penetracji materialu zaobserwowano w badaniu
Matei i wsp. [99] w przypadku nasion jezyny po wspomaganej ultradZwigkami ekstrakcji
oleju. Dash 1wsp. [104] réwniez zaobserwowali powstawanie podobnych, jak
w przypadku badanych w niniejszej pracy nasion z czarnej 1 czerwonej porzeczki,
przestrzeni i porow w proszku z nasion Terminalia chebula po UAE. Zjawisko swoistego
rozluznienia struktury odpowiada za zwigkszony transfer masy 1 zdolno$¢ do dyfuz;ji

rozpuszczalnika do wnetrza materiatu roslinnego.
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Nasiona czarnej porzeczki przed ekstrakcja Nasiona czarnej porzeczki po UAE

} A A AN

D6.7 x1.0k 100 um

N

Nasiona czerwonej porzeczki przed ekstrakcja

N D67 x1.0k 100um

N D68 x1.0k 100um

Rys. 9 Zdjecia SEM nasion czarnej i czerwonej porzeczki przed procesem ekstrakcji i po

ekstrakcji wspomaganej ultradzwigkami (powickszenie x1000) [P2].

5.4. Optymalizacja wspomaganej ultradzwiekami ekstrakcji zwiazkow
bioaktywnych z wytlokéw owocowych pozbawionych nasion

Przebadano wptyw dwoch niezaleznych zmiennych: amplitudy ultradzwigkoéw
iczasu ekstrakcji na zawartos¢ polifenoli ogotem (TPC) oraz aktywno$¢
przeciwutleniajgca ekstraktow z wytlokdow owocowych pozbawionych nasion,
a uzyskane wyniki przedstawiono w publikacjach [P2] i [P3]. W celu zbadania wplywu
parametréw zmiennych na TPC w ekstraktach przeanalizowano dopasowanie modelu za
pomocyg testu ANOVA. Dla wszystkich ekstraktow (publikacje [P2] i [P3]), poza
ekstraktem z wytloku z maliny [P3], dopasowano w sposdb istotny statystycznie
(p < 0,05) model kwadratowy. W przypadku ekstrakcji zwigzkéw bioaktywnych
z wyttoku z maliny, wybrano statystycznie istotny (p < 0,05) model interakcji
dwuczynnikowej (2FI). Wyniki podsumowano w tabeli 10. TPC w ekstraktach z czarnej
porzeczki wynosita od 10,98 do 15,31 mg GAE/g s.m. [P2], w ekstraktach z czerwone;j
porzeczki - od 3,30 do 4,36 mg GAE/g s.m. [P2], z jezyny - 14,45-17,12 mg GAE/g s.m.
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[P3], z aronii - 11,15-20,36 mg GAE/g s.m. [P3], a w ekstraktach z wyttokow maliny -
10,38-16,06 mg GAE/g s.m. [P3].

Tabela 10. Wyniki testow statystycznych dopasowania rownan powierzchni odpowiedzi (TPC)
do wartosci uzyskanych eksperymentalnie (p = 0,05) dla ekstraktow z wyttokow uzyskanych
metoda UAE; CV- wspdtczynnik zmiennos$ci [P2], [P3].

Wartos¢ Wartos¢ p

Ekstrakt
stra Model g ¢V P braku Publikacja
z wytloku [%o] .
modelu  dopasowania
C
zamna Kwadratowy ~ 0,9516 3,52 0,0027 0,0506 [P2]
porzeczka
C
ZEIWONA — f wadratowy  0,8919 5,39 0,0457 0,1345 [P2]
porzeczka
Jezyna Kwadratowy  0,8914 2,62 0,0461 0,1650 [P3]
Aronia Kwadratowy  0,9815 3,76 0,0015 0,5659 [P3]
. Interakcji
Malina merakal 97061 9,10 0,0490 0.0680 [P3]
dwuczynnikowej

Na podstawie wynikéw analiz, otrzymano eksperymentalne ponizsze rownania
wielomianowe opisujace zaleznos¢ TPC w ekstraktach z wytlokow od parametrow

ekstrakcji (rownania 19-23):
(19) TPCeparna porzeczka = 11,42 + 0,18 - X; — 0,76 - X, + 0,006 - X, X, — 0,002 - X;2 +
0,013 - X,% [P2]

(20) TPCezerwona porzeczka = 5,00 — 0,063 - X7 — 0,08 - X, + 0,001 - X, X, + 0,0006- X;* +
0,006 - X, [P2]

(21) TPCjesyna = 12,614 0,03 - X; + 0,75 - X, — 0,003 - X; X, + 0,000001 - X;° — 0,05 -
X,° [P3]

(22) TPCaronia = 12,70 — 0,08 - X; + 0,7 - X, + 0,008 - X; X, + 0,001 - X;2 — 0,05 - X, 2 [P3]
aronia

(23) TPComgiing = 16,02 — 0,09 X; — 0,84 - X, + 0,02 - X, X, [P3]

gdzie: TPC - zawarto$¢ polifenoli ogétem [mg GAE/g s.m.], X - amplituda [%], X2 - czas

ekstrakcji [min].
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Na podstawie wynikow i rownan sporzadzono takze wykresy warstwicowe, ktore zgodnie
z modelem prezentuja zalezno$ci powierzchni odpowiedzi od zastosowanych warunkoéw

ekstrakcji (rysunek 10).

TPC czarna porzeczka [PZ] TPC czerwona porzeczka [PZ]

TPC jezyna [P3] TPC aronia [P3]

TPC malina [P3]

Rys. 10. Tréjwymiarowe wykresy warstwicowe obrazujace zalezno$¢ zawartosci polifenoli
ogotem w ekstraktach z wytlokéw od zastosowanych wartosci zmiennych czasu ekstrakcji

i amplitudy ultradzwigkow - publikacje [P2], [P3].

Wyzsza amplituda ultradzwigkdéw przyczynia si¢ do intensywniejszego uwolnienia
substancji bioaktywnych z wnetrza materiatu do rozpuszczalnika, dlatego TPC byta tym
wyzsza, im wyzszg amplitude stosowano (publikacje [P2] i [P3]). Skutki kawitacji

akustycznej obejmuja m.in. gwattowne zjawiska, takie jak rozpadanie si¢ pecherzykdéw
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kawitacyjnych, co skutkuje lokalnym wzrostem temperatury i ci$nienia. Te pozadane
efekty przyspieszaja transfer masy, ale moga rowniez odpowiada¢ za degradacje
termolabilnych zwigzkow, takich jak polifenole [51]. Dodatkowo, udowodniono, ze dtugi
czas ekstrakcji wspomaganej ultradzwigkami w warunkach wysokiej amplitudy
powoduje degradacj¢ antocyjanow [105]. Dlatego dtuzszy czas UAE moze skutkowaé
obnizeniem TPC. Uzyskane wyniki s3 podobne do wcze$niej opisywanych rezultatow.
Liao i wsp. [106] badali wpltyw czasu UAE na TPC w ekstrakcie ze skorek baktazana.
Stwierdzono zwigkszanie TPC stopniowo wraz z wydluzaniem czasu dzialania
ultradzwickow, ale po osiagnigciu krytycznej wartosci, wyznaczonej przez autorOw na
35 minut - TPC w ekstraktach ulegta obnizeniu. W niektérych pracach odnotowano
pozytywny efekt wydtuzonego czasu UAE na TPC. Ekstrakty z boréwki i maliny
uzyskane w procesie ekstrakcji wspomaganej ultradzwigckami w czasie 45 minut
charakteryzowaty si¢ wyzszymi wynikami TPC niz ekstrakty uzyskane w czasie 15
minut, przy zachowaniu tej samej mocy ultradzwigkow [107].

W odniesieniu do zdolno$ci antyoksydacyjnej (ABTS) wyniki mieScily si¢
w zakresach od 56,44 do 120,02 pumol TE/g s.m. dla ekstraktu z wyttoku z czarnej
porzeczki [P2], od 21,86 do 32,42 umol TE/g s.m. w przypadku ekstraktu z wyttoku
z czerwonej porzeczki [P2], dla ekstraktu z wyttoku z jezyny - 26,21-109,21 umol TE/g
s.m. [P3], z aronii - 136,97-242,13 pumol TE/g s.m. [P3] i 39,23-62,25 pmol TE/g s.m.
dla ekstraktu z wytloku z maliny [P3]. Na podstawie wynikow ANOVA (tabela 11),
model kwadratowy byt istotny (p < 0,05) w odniesieniu do ekstrakcji wspomagane;j
ultradzwigckami zwigzkoéw bioaktywnych z wytlokow z czarnej porzeczki [P2], jezyny
1 aronii [P3]; model 2FI okreslono jako istotny (p < 0,05) w przypadku ekstrakcji (UAE)
zwiazkéw bioaktywnych z wytlokéw z maliny [P3]; amodel liniowy byt istotny
(p <0,05) w przypadku UAE zwiazkow bioaktywnych z wytlokow z czerwonej porzeczki
[P2].
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Tabela 11. Wyniki testow statystycznych dopasowania rownan powierzchni odpowiedzi (ABTS)
do warto$ci uzyskanych eksperymentalnie (p = 0,05) dla ekstraktéw z wyttokow uzyskanych
metoda UAE; CV- wspodtczynnik zmiennos$ci [P2], [P3].

., Wartos¢ p

Ekstrakt t

stra Model re &V Wartes braku  Publikacja
z wytloku [%] p modelu .

dopasowania
C

zamna Kwadratowy ~ 0,8431 12,88  0,0444 0,0866 [P2]
porzeczka

Czerwona ..

Corseerka Liniowy 0,6102 820  0,0370 0,0941 [P2]
Jezyna Kwadratowy  0,8991 22,68  0,0402 0,3987 [P3]
Aronia Kwadratowy 0,9747 4,65 0,0027 0,2730 [P3]

Interakcji
Malina merakal 07354 873 0,0362 0,0684 [P3]
dwuczynnikowej

Wyznaczono rowniez eksperymentalne rownania umozliwiajace przewidywanie
zdolnosci antyoksydacyjnej (ABTS) ekstraktow z wytlokow z czarnej i czerwonej
porzeczki, jezyny, aronii oraz maliny (réwnania 24-28):
(24) ABTS cparna porzeczka = 2585 — 3,30 - X; — 0,25 X, + 0,07 - X, X, — 0,031 - X% —
0,55 - X, [P2]
(25) ABTS ¢zerwona porzeczka = 21,23 + 0,05+ X; + 0,59+ X, [P2]

(26) ABTSjeiyna = —27,65 + 0,77 - X; + 18,66 - X, — 0,05 X, X, + 0,002 - X,* — 1,32 - X,°
[P3]

(27) ABTS gronia = 116,3+0,07-X; + 11,83 - X, + 0,1 - X, X, + 0,003 - X, % — 0,92 - X,
[P3]

(28) ABTSmating = 62,07 — 0,36 - X; — 3,04 X, + 0,07 - X, X, [P3]

gdzie: ABTS- aktywno$¢ przeciwutleniajaca [umol TE/g s.m.], Xi- amplituda [%], Xo-
czas ekstrakcji [min].

Opisywane zaleznosci przedstawiono rowniez w formie wykresow trojwymiarowych

(rysunek 11).
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ABTS czarna porzeczka [PZ] ABTS czerwona porzeczka [PZ]

ABTS jeiyna [P3] ABTS aronia [P3]

ABTS malina [P3]

Rys. 11. Tréjwymiarowe wykresy warstwicowe obrazujace zalezno$¢ aktywnosci
przeciwutleniajacej (ABTS) ekstraktow z wyttokow od zastosowanych warto$ci zmiennych czasu

ekstrakcji i amplitudy ultradzwiekéw — publikacje [P2], [P3].

W  przypadku analizy obejmujacej aktywno$¢ przeciwutleniajaca ekstraktow
z pozbawionych nasion wyttokow z czarnej i czerwonej porzeczki, jezyny, aronii i maliny
stwierdzono podobne zalezno$ci uzyskanych wynikow od amplitudy ultradzwigkdéw
1 czasu ekstrakcji, jak w przypadku oznaczenia TPC. Zastosowanie wyzszych wartosci
amplitudy ultradzwigkdw byto zwigzane 2z uzyskaniem wyzszej aktywnosci
przeciwutleniajacej (publikacje [P2] 1 [P3]). W przypadku ekstraktow z wyttokoéw
z czerwonej porzeczki [P2], aronii i maliny [P3] dluzszy czas ekstrakcji rowniez

skutkowat wyzsza aktywnos$cig antyoksydacyjng. Jest to zgodne zbadaniem Mazza
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1 wsp. [108], w ktorym stwierdzono, ze zdolno$¢ antyoksydacyjna (ABTS) ekstraktu ze
skoérek winogron wzrastata wraz ze wzrostem mocy ultradzwigkéw. Podobnie, Anticona
1 wsp. [109] zaobserwowali wyzszg aktywnos$¢ przeciwutleniajgcg ekstraktu ze skorek
mandarynek, mierzong w testach DPPH 1 ABTS, w przypadku zastosowania dluzszego
czasu ekstrakcji (30 min). Jednakze, w przeciwienstwie do pozostatych ekstraktow,
ekstrakty z wyttokow czarnej porzeczki [P2] i jezyny [P3] uzyskane w krotszym czasie
charakteryzowaly si¢ wyzszymi wartoSciami zdolnosci antyoksydacyjnej, zmierzonej
w tescie ABTS. Podobne wyniki, w ktorych nadmiernie dtugi czas UAE skutkowat
nizsza aktywno$cig przeciwutleniajaca, opisano w przypadku ekstrakcji zwigzkow
bioaktywnych z wytlokéw jablkowych z uzyciem etanolu [110]. Wyniki aktywno$ci
przeciwutleniajacej sa bezposrednio skorelowane z wynikami TPC [111] 1 sa skutkiem
tych samych zjawisk, wystepujacych podczas UAE, ktore zostaly juz wyjasnione
w dyskusji dotyczacej wptywu parametrow ekstrakcji (czasu ekstrakcji 1 amplitudy
ultradzwigkdéw) na catkowita zawartos$¢ polifenoli w badanych ekstraktach z wyttokow
czarnej 1 czerwonej porzeczki, jezyny, aronii oraz maliny.

Na podstawie dopasowanych modeli matematycznych i1 ich réwnan zostaly
okreslone optymalne parametry przy uzyciu oprogramowania statystycznego (publikacje
[P2] i [P3]). Zakres amplitudy ultradzwickéw branej pod uwage do optymalizacji
wynosit od 20 do 100%, a czas ekstrakcji wspomaganej ultradzwigkami od 2 do 12 minut.
Natomiast dla odpowiedzi zawarto$ci polifenoli ogdétem oraz aktywnosci
przeciwutleniajgcej ustalono, aby byly na najwyzszym mozliwym poziomie. W rezultacie
wybrano jedno, najlepiej dopasowane rozwigzanie dla kazdego ekstraktu z wyttokow
czarnej 1 czerwonej porzeczki, jezyny, aronii oraz maliny. W tabeli 12 przedstawiono
optymalne warunki wyznaczone Ww programie statystycznym Design-Expert,
rzeczywiscie zastosowane parametry, przewidywane wyniki odpowiedzi TPC
1 aktywnos$ci przeciwutleniajacej (ABTS) oraz rzeczywiste uzyskane rezultaty.
Poréwnujac uzyskane eksperymentalnie wyniki dotyczace TPC 1 aktywnosci
przeciwutleniajacej (ABTS) mozna zauwazy¢, ze przewidywania modelu byly adekwatne
do uzyskanych wynikéw, a wszystkie warto$ci miescily si¢ w 95% przedziale ufnosci.
Na podstawie uzyskanych wynikdw mozna stwierdzi¢, iz hipotezy H1 1 H2 zostaly
potwierdzone w odniesieniu do ekstraktow pozyskanych z badanych wytlokow owocow

jagodowych.
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Tabela 12. Optymalne warunki wspomaganej ultradzwickami ekstrakcji zwiazkdw bioaktywnych z wytlokéw, przewidywane oraz rzeczywiste wartosci

odpowiedzi TPC i aktywnosci przeciwutleniajacej (ABTS) w zoptymalizowanych warunkach UAE [P2], [P3].

Optymalny Przewidywana Rzeczywista Rzeczywista
Ekstrakt Optymalna Rzeczywista ezas Przewidywana aktywnos¢ TPC [mg aktywnos¢
z wytloku amplituda  amplituda ekstrakeji TPC [mg przeciwutleniajaca GAE/g przeciwutleniajaca Publikacja
[%] [%] (min] GAE/g s.m.] ABTS [pmol TE/g m ABTS [pmol TE/g
s.m.| s.m.]

Czama 51,49 50 2,36 15,13 118,40 1600021 117,63 +345 [P2]
porzeczka
Czerwona 91,66 90 11,53 5,13 32,62 5,56 + 0,05 29,55+ 1,09 [P2]
porzeczka

Jezyna 97,62 95 5,00 17,04 106,14 17,60 = 0,03 101,11 + 1,01 [P3]

Aronia 78,28 80 10,32 21,06 246,00 20,22+ 0,14 252,26 £2,11 [P3]

Malina 89,60 90 11,75 16,83 66,62 16,21 £ 0,23 64,00 £ 1,55 [P3]




5.5. Szczegolowa analiza ekstraktow z wytlokow z czarnej i czerwonej porzeczki,
jezyny, aronii oraz maliny

W surowcach, stanowigcych material badany w niniejszej pracy, dominujacymi
polifenolami sg antocyjany, dlatego ekstrakty wodne pozyskane z wyttokow
pozbawionych nasion uzyskane w optymalnych warunkach UAE zostaly

przeanalizowane pod katem zawarto$ci antocyjandéw za pomocg analizy HPLC.

5.5.1. Zawartos¢ antocyjanow w wyttokach z czarnej i czerwonej porzeczki, jezyny, aronii
oraz maliny

Wyniki dotyczace zawartosci antocyjanow w ekstraktach z wytlokéw zostaty
przedstawione w publikacjach [P2] i [P3] oraz podsumowane w tabeli 13. Ekstrakt
zwytloku z aronii wyrdznial si¢ najwyzsza zawartoscig antocyjandw, szczegOlnie
cyjanidyno-3-galaktozydu [P3]. Ekstrakty z wytlokdéw z czarnej porzeczki [P2], jezyny
imaliny [P3] charakteryzowaly si¢ ponad dwukrotnie nizszg catkowita zawarto$ciag
antocyjanow (TAC) niz ekstrakty uzyskane z wytlokow z aronii [P3]. W ekstrakcie
z wyttoku z czerwonej porzeczki [P2] oznaczono ponad 40 - krotnie nizsza zawarto$¢
antocyjanow niz w ekstrakcie z wyttoku z aronii [P3]. W odniesieniu do antocyjanéw
zidentyfikowanych w ekstrakcie z wyttokéw czarnej porzeczki, dominowat delfinidyno-
3-rutynozyd [P2]. W przypadku ekstraktu zwytlokéw czerwonej porzeczki
zidentyfikowano ponad 73% wudzial cyjanidyno-3-(2-ksylozylo)rutynozydu [P2].
W ekstrakcie z wytlokow jezyny, cyjanidyno-3-glukozyd stanowit ponad 91%
wszystkich oznaczonych antocyjanow [P3], a w ekstrakcie z wytlokow maliny
w najwigkszej ilosci wystepowat cyjanidyno-3-soforozyd [P3]. Profile antocyjanow
w wyttokach owocow zaleza od gatunku owocu, jego odmiany, metody uprawy

1 warunkow obrobki oraz przechowywania.
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Tabela 13. Zawarto$¢ antocyjanéw w wodnych ekstraktach z wyttokdéw owocowych, uzyskanych
w zoptymalizowanych warunkach UAE; rozne litery w indeksie gornym *° wskazuja na istotnie

roézne grupy wynikow przy p < 0,05 [P2], [P3].

Zawartos¢ [mg/1000 g $.m.] w ekstrakcie z wytloku (UAE)
Nazwa antocyjanu Czarna Czerwona

Jezyna  Aronia  Malina
porzeczka porzeczka

Delfinidyno-3-glukozyd 246 £ 14 - - - -
Delfinidyno-3-rutynozyd 875t1 - - - -

Cyjanidyno-3-soforozyd - 210 - - 418+5
Cyjanidyno-3-(2- ; 16+ 0 ; . 202 + 4
glukozylo)rutynozyd
o 1079 +
Cyjanidyno-3-glukozyd 116 £3 210 17 1831 3167
Cviani EWZE
yjanidyno-3-(2 ) 2240 i ] ]
ksylozylo)rutynozyd
Cyjanidyno-3-rutynozyd 652+ 1 10£0 - - 190 + 8
o 4+
Cyjanidyno-3-galaktozyd - - - 30;-0 -
L . 1153 £
Cyjanidyno-3-arabinozyd - - 14+1 19 -
Cyjanidyno-3-ksylozyd - - 812 159=+4 -
Pelargonidyno-3-soforozyd - - - - 28+ 1
1174+ 4580+ 1153t
TAC 1889 + 17*° 112+ 0°
19% 84¢ 25
Publikacja [P2] [P2] [P3] [P3] [P3]

W badaniu Ponder 1 wsp. [112] uzyskano porownywalne do oznaczonych
W niniejszej pracy stezenia antocyjanow w ekstraktach metanolowych otrzymanych
konwencjonalng metoda ekstrakcji ze swiezych owocow czarnej i czerwonej porzeczki.
To dowodzi wysokiej efektywnosci procesu UAE, podczas ktorego mozliwe byto
wyekstrahowanie prawie takiej samej ilosci antocyjanow z wyttokow, jaka zostata
wyekstrahowana z surowych owocoéw w procesie ekstrakcji konwencjonalnej. W badaniu
Jara-Palacios 1 wsp. [47] glownym antocyjanem w ekstrakcie z wytlokow jezyny byt
cyjanidyno-3-glukozyd, stanowiacy 86% oznaczonych antocyjanéw. Jednak
w przeciwienstwie do uzyskanych wynikow, innym zidentyfikowanym antocyjanem byt
cyjanidyno-3-rutynozyd, ktéry nie zostal zidentyfikowany w wytloku z jezyny
w niniejszej pracy [P3]. W odniesieniu do ekstraktu z wytlokéw aronii [P3],
potwierdzono, ze cyjanidyno-3-galaktozyd to glowny zwigzek z grupy antocyjanow,
podobnie jak w badaniach Rodriguez-Werner 1 wsp. [45] oraz Sojki 1 wsp. [113]. Podobny

profil antocyjandéw w wytlokach z maliny (odmiana Polana) uzyskano w badaniu
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Szymanowskiej i wsp. [114]. W niniejszej pracy zidentyfikowano pi¢¢ antocyjandow
w ekstrakcie z wytlokow z maliny: cyjanidyno-3-soforozyd, cyjanidyno-3-(2-
glukozylo)rutynozyd, cyjanidyno-3-glukozyd, cyjanidyno-3-rutynozyd i pelargonidyno-
3-soforozyd [P3]. W badaniach Szymanowskiej i wsp. [114] zidentyfikowano tylko trzy
antocyjany: cyjanidyno-3-soforozyd, ktory stanowit ponad 70% zawarto$ci antocyjanéw;
cyjanidyno-3-glukozyd i cyjanidyno-3-rutynozyd. Wyniki analizy HPLC dowodza,
ze antocyjany - zwiazki o licznych korzystnych wtasciwosciach zdrowotnych [115] moga
by¢ pozyskane z wytlokow owocow jagodowych w procesie ekstrakcji wspomagane;j

ultradzwigkami.

5.6. Ekstrakcja olejow z nasion czarnej i czerwonej porzeczki, jezyny, aronii
i maliny metoda wspomagana pulsacyjnym polem elektrycznym i poréwnanie
z ekstrakcja wspomagana ultradzwiekami

Ostatnim etapem badan byto poréwnanie wspomaganej ultradzwigkami ekstrakcji
oleju z nasion czarnej i czerwonej porzeczki, aronii, jezyny i maliny z procesem
wspomaganym pulsacyjnym polem elektrycznym, ze szczeg6lnym naciskiem na wptyw
zastosowanej metody na wlasciwosci termiczne olejow, takie jak: czas indukcji reakcji
utleniania, charakterystyka migknigcia i krystalizacji oraz analiza termograwimetryczna
[P5]. Dodatkowo poréwnano profil kwaséw thuszczowych. W tym celu, probki nasion
poddano ekstrakcji w procesorze ultradzwigkowym w wybranych dwoéch wariantach,
z zachowaniem metodyki takiej samej, jak w przypadku wczesniej opisanych badan
w publikacjach [P2] i [P4]. Ekstrakcj¢ z wykorzystaniem obrobki wstepnej PEF opisano
w metodyce (punkt 4.3.4), a podsumowanie zastosowanych warunkoéw zamieszczono
w tabeli 14 oraz w publikacji [PS]. W badaniach uwzgledniono takze proby kontrolne,
aby moc szerzej oceni¢ wptyw metody ekstrakcji na wyniki analiz. Wyniki uzyskane

w tej czgsci pracy pozwolity na zweryfikowanie 1 potwierdzenie hipotez H1 1 H3.

68



Tabela 14. Warunki ekstrakcji wspomaganej ultradzwigkami (UAE) oraz wspomaganej
pulsacyjnym polem elektrycznym (PEF) olejow z nasion czarnej i czerwonej porzeczki, jezyny,

aronii 1 maliny zastosowane w publikacji [P5].

Warunki ekstrakcji wspomaganej ultradzwi¢ckami

Probka Amplituda [%] Czas sonikacji [min]
US50/10 50 10
US75/5 75 5

Warunki ekstrakcji wspomaganej pulsacyjnym polem elektrycznym

Probka Napiecie [kV] Pobor energii [kJ/kg]
PEFI 10 50
PEFII 8 50

5.6.1. Czas indukcji reakcji utleniania olejow z nasion czarnej i czerwonej porzeczki,
jezyny, aronii i maliny wyekstrahowanych z uzyciem ultradzwiekow i pulsacyjnego pola
elektrycznego

Wyniki czasu indukcji reakcji utleniania (OIT) podsumowano na wykresie
(rysunek 12) (publikacja [PS]). Mozna zauwazy¢, ze OIT oleju Scisle zalezal od jego
pochodzenia. Na podstawie uzyskanych wynikow mozna stwierdzi¢ wplyw metody
ekstrakcji na OIT, jednak tendencje 1 istotno$¢ roéznic byta niejednoznaczna w grupie
badanych olejéw. W przypadku ekstrakcji oleju z nasion jezyny, UAE okazata si¢
bardziej korzystng metoda w odniesieniu do czasu indukcji reakcji utleniania oleju niz
ekstrakcja wspomagana PEF oraz metoda kontrolna. Zastosowanie ultradzwickow
o amplitudzie 75% przez 5 minut skutkowalo uzyskaniem oleju z nasion jezyny
o najdtuzszym OIT. Olej z nasion czarnej porzeczki, ekstrahowany w warunkach
kontrolnych, charakteryzowat si¢ dluzszym OIT niz oleje ekstrahowane metoda UAE lub
wspomagang PEF. Olej z nasion aronii, otrzymany w procesie UAE z zastosowaniem
amplitudy 75% przez 5 minut, wykazywat istotnie dtuzszy OIT w porownaniu z olejami
uzyskanymi innymi metodami. Ekstrakcja wspomagana PEF umozliwita uzyskanie oleju
z nasion maliny o ponad 1,5-krotnie dluzszym OIT niz w przypadku préby kontrolnej,
atakze dluzszym niz wprzypadku olejow uzyskanych w procesie ekstrakcji
wspomagane] ultradzwigkami. W przypadku oleju z nasion czerwonej porzeczki,
ekstrakcja wspomagana ultradzwigkami o amplitudzie 50% przez 10 minut byla
najbardziej korzystna i umozliwita uzyskanie oleju o najdluzszym czasie indukcji reakcji
utleniania. Biorgc pod uwage roéznice w wynikach OIT dla olejow ekstrahowanych
w roznych warunkach, dtuzszy czas indukcji reakcji utleniania mozna przypisac

przyspieszonemu transferowi zwiazkoéw przeciwutleniajacych do rozpuszczalnika
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W nastgpstwie zastosowania ultradzwiekoéw lub pulsacyjnego pola elektrycznego [60,
116]. Obecno$¢ naturalnych przeciwutleniaczy, takich jak tokoferole, polifenole, sterole
1 karotenoidy, moze zapobiega¢ utlenianiu oleju, a tym samym wydtuza¢ jego trwatos¢
lub okres przydatnosci do spozycia [117]. Opisane w publikacji [PS] parametry
zastosowanych w procesie ekstrakcji ultradzwigkéw byty jednak nieco tagodniejsze od
warunkow, jakie zostaly wskazane w wigkszosci wynikow optymalizacji ekstrakceji
w publikacjach [P2] i [P4], stad mozliwe nizsze wartosci OIT niz w probkach
kontrolnych.

Rys. 12. Czas indukcji reakcji utleniania (OIT) dla olejéw uzyskanych réznymi metodami
ekstrakcji (C- kontrola, US- ultradzwigki, PEF- pulsacyjne pole elektryczne); rozne litery
w indeksie gornym ¢ wskazujg na istotnie rozne grupy wynikow przy p < 0,05 w obrebie jednego

surowca [P5].
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5.6.2. Charakterystyka migkniecia olejow z nasion czarnej i czerwonej porzeczki, jezyny,
aronii i maliny wyekstrahowanych z uzyciem ultradzwiekow i pulsacyjnego pola
elektrycznego

Na podstawie analizy statystycznej szczegdétowych wynikow dotyczacych
temperatur migkni¢ecia badanych olejow mozna stwierdzi¢, ze w przypadku olejow
pozyskanych z jednego surowca, wystepowaly niewielkie réznice miedzy probkami
ekstrahowanymi r6znymi metodami [P5]. Nie uzyskano istotnych réznic w profilu
migkni¢cia migdzy olejami ekstrahowanymi tg samg metodg, ale przy zastosowaniu
roznych parametréw procesu. Charakterystyka migknigcia olejow jest w gldéwnej mierze
uzalezniona od skladu, zawartosci i struktury TAG. Piki zarejestrowane na krzywych
migknigcia badanych olejow odpowiadajg gldwnie obecnosci niskotopliwej frakcji TAG
(okoto  -40°C), =zawierajacej glownie wielonienasycone kwasy tluszczowe
1 sredniotopliwej frakcji TAG (okoto -20°C), w ktoérej sklad wchodza glownie
jednonienasycone i nasycone kwasy ttuszczowe [67]. Koresponduje to z wynikami badan
dotyczacymi profilu kwasow thuszczowych (rozdziat 5.6.3.), w ktérych wykazano wysoki
procentowy udziat wielonienasyconych kwasow thuszczowych we wszystkich badanych
olejach. Przebieg krzywych migknigcia dla olejow otrzymanych w niniejszym
eksperymencie na drodze ekstrakcji wspomaganej ultradzwickami byt analogiczny do
przebiegu krzywych migknigcia olejow z nasion czarnej 1 czerwonej porzeczki, jezyny,
aronii 1 maliny uzyskanych w zoptymalizowanych warunkach UAE - publikacje [P2]
1 [P4]. Przyktadowe krzywe migknigcia oleju z nasion czerwonej porzeczki uzyskanego

r6znymi metodami ekstrakcji zamieszczono na rysunku 13.

Rys. 13. Przyktadowe krzywe migknigcia olejow z nasion czerwonej porzeczki, uzyskanych

r6znymi metodami ekstrakcji [P5].
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5.6.3. Profil kwasow ttuszczowych w olejach z nasion czarnej i czerwonej porzeczki,
jezyny, aronii i maliny wyekstrahowanych z uzyciem ultradzwiekow i pulsacyjnego pola
elektrycznego

Wszystkie zbadane probki olejow z nasion czarnej i czerwonej porzeczki, jezyny,
aronii 1 maliny uzyskane w procesie ekstrakcji wspomaganej ultradzwickami oraz
pulsacyjnym polem elektrycznym charakteryzowaly si¢ wysokim (powyzej 70%-
procentowym) udzialem wielonienasyconych kwasow tluszczowych, co jest
charakterystyczng cechg olejow pozyskiwanych z nasion owocow jagodowych i co
zostalo potwierdzone takze w publikacjach [P2] i [P4]. Biorac pod uwage wplyw metody
ekstrakcji na profil kwaséw tluszczowych, odnotowano pewne istotne rdznice
w udziatach procentowych poszczeg6élnych grup kwasow ttuszczowych; jednak zmiany
te nie byly na tyle znaczace, aby wptyna¢ na ogdlne wiasciwosci olejow. Stwierdzono,
ze procentowy udzialu kwasoéw nasyconych w olejach ekstrahowanych w wyzszej
temperaturze (z uzyciem PEF) byl nieco wyzszy w porownaniu do innych zastosowanych
w niniejsze] pracy metod ekstrakcji, tj. ekstrakcji wspomaganej ultradzwickami
1 ekstrakcji ciecz-cialo stale przeprowadzonej w temperaturze 40°C [PS5]. Jest to zgodne
z wezesniejszymi  wynikami uzyskanymi dla oleju z mikroalg ekstrahowanego
w procesie wspomaganym ultradzwickami w réznych temperaturach [118]. Wei 1 wsp.
[119] zasugerowali, ze wyzszy udzial SFA wolejach ekstrahowanych metoda
z zastosowaniem aparatu Soxhleta moze by¢ spowodowany utlenianiem nienasyconych
kwasow tluszczowych wywotanym podwyzszong temperaturg i1 dlugim czasem
ekstrakcji. Badane oleje z nasion czarnej 1 czerwonej porzeczki, jezyny, aronii 1 maliny
charakteryzowaly si¢ srednim udzialem PUFA wynoszacym od 71,28% w przypadku
oleju z nasion czarnej porzeczki wyekstrahowanego z wykorzystaniem techniki PEF do
83,63% w przypadku oleju z nasion jezyny wyekstrahowanego metoda wspomagang
ultradzwigkami [PS]. Udzial procentowy MUFA w badanych olejach miescil si¢
w zakresie od 9,81% w oleju z nasion jezyny (UAE) do 19,08% w oleju z nasion aronii

(UAE) [P5].

5.6.4. Analiza termograwimetryczna olejow z nasion czarnej i czerwonej porzeczki,
aronii, jezyny i maliny wyekstrahowanych z uzyciem ultradzwigkow i pulsacyjnego pola
elektrycznego

Przebieg krzywych TG/DTG byt podobny dla wszystkich badanych olejow 1 nie

byl zalezny od zastosowanej metody ekstrakcji. W publikacji [PS] zamieszczono

przyktadowe krzywe TG 1 DTG oraz szczegblowe wyniki procentowego ubytku masy
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w zalezno$ci od temperatury w przebiegu analizy termograwimetrycznej. Termiczny
rozktad olejow byt typowy dla ttuszczow pochodzenia roslinnego i przebiegat w trzech
gltownych etapach, wystepujacych w zakresie temperatur 180-550°C. W temperaturze
koncowej eksperymentu (1000°C) zaobserwowa¢ mozna bylo jedynie $ladowe
pozostatosci probek. Znaczacy rozklad probek olejow nastgpit do temperatury 550°C.
Wszystkie badane oleje z nasion owocow jagodowych byly stabilne podczas ogrzewania
do okoto 180°C. W poczatkowym etapie, przebiegajagcym w zakresie temperatur 180-
370°C rozktad obejmowal uwalnianie lotnych zwigzkéw oraz degradacje
wielonienasyconych kwasoéw thuszczowych. Z uwagi na wysoki udzial procentowy
PUFA w profilu kwasow tluszczowych, utraty masy w tym zakresie byty najwigksze
1 wynosily okoto 40%. W drugim etapie rozkladu termicznego (w zakresie temperatur
370-420°C) degradacji ulegaty gtéwnie jednonienasycone kwasy ttuszczowe, a w trzecim
(w temperaturach 420-550°C) nastepowal rozklad nasyconych kwaséw thuszczowych.
Procentowy udziat SFA w profilu kwaséw thuszczowych olejow z nasion czarnej
1 czerwonej porzeczki, jezyny, aronii oraz maliny byt niewielki, dlatego zwigzany z ich

rozkladem termicznym ubytek masy byt najmniejszy (ponizej 20%) [120, 121].
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6. PODSUMOWANIE I WNIOSKI

Badania zrealizowane w ramach niniejszej pracy oraz uzyskane wyniki

umozliwily zweryfikowanie i potwierdzenie postawionych hipotez. Tym samym mozna

stwierdzi¢, iz alternatywne metody ekstrakcji mogg by¢ uzytecznym narzedziem do

pozyskiwania zwigzkéw bioaktywnych i oleju z odpadow owocowych. Na podstawie

wynikow uzyskanych w toku badan sformutowano ponizsze stwierdzenia i wnioski:

1.
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Zastosowanie sonikacji w procesie ekstrakcji oleju z nasion czarnej i czerwonej
porzeczki, aronii, jezyny oraz maliny skutkowato polepszeniem wydajnosci
procesu oraz otrzymaniem oleju o wydluzonym czasie indukcji utleniania. Profil
kwasow tluszczowych, rozmieszczenie kwasow tluszczowych w pozycjach
sn-1,3 1 sn-2 triacylogliceroli oraz przebieg krzywych migknigcia olejow
uzyskanych na drodze ekstrakcji wspomaganej ultradzwigkami nie ulegly
znaczacym zmianom Ww poréwnaniu do prob kontrolnych. Zastosowanie
ultradzwigkow przyczynito sie do zwigkszenia ekstraktywnos$ci zwigzkow (w tym
zwigzkéw bioaktywnych) z materiatu do rozpuszczalnika, ale nie spowodowato
zmian w skfadzie chemicznym tych zwigzkow. Wspomagana ultradzwigkami
ekstrakcja olejow, jako technika intensyfikujaca proces, umozliwita skrocenie
czasu procesu. Zasada dziatania ultradzwigkoéw opiera si¢ na zjawisku kawitacji
akustycznej, ktéra odpowiada za wystepowanie intensywnych zjawisk w polu
ultradzwigkowym zwigkszajacych transfer masy pomiedzy wnetrzem komorki
a otaczajacym ja rozpuszczalnikiem.

Ekstrakcja wspomagana ultradzwigkami pozwolita uzyska¢ wodne ekstrakty
z wytlokéw owocowych pozbawionych nasion, w ktorych oznaczona zawartos¢
antocyjanow, polifenoli ogdtem i aktywno$¢ przeciwutleniajaca byly wyzsze niz
w ekstraktach uzyskanych metodami bez zastosowania ultradzwigkow. Wzrost
zawartoSci polifenoli ogdétem 1 aktywnos$ci przeciwutleniajacej byl skutkiem
zjawisk wystepujacych w polu ultradzwickowym, ktore intensyfikujg przeptyw

substancji bioaktywnych z komorek roslinnych do rozpuszczalnika.

. Zaprojektowanie doswiadczenia metodg ptaszczyzny odpowiedzi umozliwilo

dopasowanie modeli matematycznych opisujacych zaleznos¢ wydajnosci
ekstrakcji oraz czasu indukcji reakcji utleniania oleju, a w przypadku zwigzkéw
bioaktywnych - zawartosci polifenoli ogotem 1 aktywnos$ci przeciwutleniajgcej

ekstraktow od amplitudy ultradzwigkow i czasu ekstrakcji. Otrzymane rownania



matematyczne pozwolity na wyznaczenie najkorzystniejszych wariantow
ekstrakcji, umozliwiajacych uzyskanie olejow z najwyzsza wydajnoscig oraz
o najwyzszej stabilnosci oksydacyjnej oraz ekstraktow charakteryzujacych si¢
najwyzszg zawartoscig polifenoli ogoétem 1 aktywno$cig przeciwutleniajgca.
Takie rozwigzanie umozliwito tez ograniczenie liczby wykonanych prob
eksperymentalnych.

Zastosowanie pulsacyjnego pola elektrycznego o odpowiednich parametrach
w procesie ekstrakcji oleju z nasion owocow jagodowych skutkowato
wydhuzeniem czasu indukcji utleniania, przy jednoczesnym braku wplywu na
profil kwasow ttuszczowych i przebieg krzywych migkniecia olejow. Uzycie PEF
mogto przyczyni¢ si¢ do zwigkszonej ekstraktywnosci zwiazkdéw bioaktywnych,
ktore spowalniajg procesy utleniania oleju.

. Produkty odpadowe w postaci wytlokéw z owocow jagodowych moga znalez¢
potencjalne zastosowanie w przemysle spozywczym ze wzgledu na mozliwos¢
wyekstrahowania znich oleju o unikalnym skladzie oraz wyizolowania

zwigzkow bioaktywnych.
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Abstract: Berry fruit by-products are a source of polyphenol compounds and highly nutritious oils
and can be reused to fulfill the requirements of the circular economy model. One of the methods of
obtaining polyphenol-rich extracts or oils is extraction. Applying conventional solvent extraction
techniques may be insufficient to reach high polyphenol or lipid fraction yields and selectivity of
specific compounds. Alternative extraction methods, mainly ultrasound-assisted extraction, pulsed
electric field-assisted extraction, microwave-assisted extraction and supercritical fluid extraction,
are ways to improve the efficiency of the isolation of bioactive compounds or oils from berry fruit
by-products. Additionally, non-conventional techniques are considered as green extraction methods,
as they consume less energy, solvent volume and time. The aim of this review is to summarize the
studies on alternative extraction methods and their relationship to the composition of extracts or oils
obtained from berry waste products.

Keywords: berry fruit by-products; alternative extraction methods; waste management; green
extraction; PEF-assisted extraction; ultrasound-assisted extraction

1. Introduction

From a botanical point of view, berry fruit is an artificial fruit classification. However,
it is the term that is commonly used to refer to the the group of fruits from Rubus (raspberry,
blackberry), Ribes (currants, gooseberry), Aronia (chokeberry), Vaccinium (cranberry, blue-
berry) and Fragaria (strawberry) genera. According to FAO statistics, berry fruit production
reaches an amount of over 12.2 million tons worldwide [1]. The latest data, including area
and quantity of production, is presented in Figure 1.

Berries, as well as other fruits, may be consumed raw or can be processed to such
products as, e.g., frozen, dried or canned fruits, juices. Those products may be further
processed as well [2]. However, every step of processing and transport may generate
losses reaching, according to the FAO, even 45% of fruits and vegetables produced [3].
Such significant percentages of loss and waste not only have economic consequences, but
also affect the natural environment, especially water use [4]. In order to obtain economic
and environmental benefits it is widely recommended to apply circular economy model
concepts in the food production chain. The model includes the further use of by-products
as a way of managing and minimizing production of wastes when they are still a source
of bioactive, highly nutritive compounds [5]. Berries are mainly processed to juices and
concentrates. The technological scheme of juice production leads to pomace generation—a
major fruit processing by-product, which contains stem cells, skins and seeds of fruits. The
aim of this review is to present and systematize possible methods of bioactive compounds
and oils extraction from chosen berry fruit pomaces and the impact of certain extraction
methods on the quality and composition of those extracts.
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Figure 1. World berry fruits crop production (2019).

2. Composition of Berry Pomaces
2.1. General Information

Contents of pomaces depend on the berry species, but as they are rich in the seeds and
skins of fruits, dietary fiber is a dominant component of pomaces. For instance, chokeberry
pomace powder consists of ca. 3.61% of fat, 5.97% of protein, 28.8% of carbohydrates and
57.8% [6] to 59.5% [7] of fiber (mostly insoluble fraction). McDougall and Beames [8] studied
the composition of raspberry pomace and the composition of the studied by-product was
described as follows: 11.1% of fat, 10.0% of protein and 59.5% dietary fiber. In a different
study conducted by Gornas et al. [9], the concentrations of constituents in raspberry
pomace were: 9.1%, 8.7% and 54.2% for fat, protein and dietary fiber, respectively. In the
same study, the composition of strawberry and blackcurrant pomaces was determined.
In strawberry pomace, concentrations of nutrients were at levels 3.4%, 9.2% and 33.9%
and in blackcurrant pomace at levels 0.7%, 6.9% and 38.5% for fat, protein and dietary
fiber, respectively. Based on the studies conducted by Reifiner et al. [7], it can be stated
that the physicochemical properties of currant pomace depend on the color group of the
berry. Blackcurrant (Ribes nigrum) pomace powder was found to contain about 61.0% of
seeds. The percentage contents of the nutritional components of blackcurrant pomace
were as follows: 20.21% fat, 15.71% protein, 2.20% carbohydrates and 59.13% fiber, with
a predominance of insoluble fiber. Redcurrant (Ribes rubrum) pomace consisted of 40.4%
seeds and, based on the obtained results, it can be treated as a source of 14.23% fat, 11.76%
protein, 12.65% carbohydrates and 58.1% fiber, mostly insoluble fiber. Gooseberry pomace
powder in turn consisted of 34.2% seeds, 10.93% fat, 12.40% protein and 56.6% dietary fiber,
over 87% of which was an insoluble fraction.

2.2. Polyphenols
2.2.1. Role of Polyphenols

Polyphenols belong to a group of secondary metabolites present in plant-derived
food. They are the most common antioxidants in the human diet and consist of different
compounds; however, their classification is not strict. Generally, the term “polyphenols’
refers to flavonoids (with the subgroups: anthocyanins, flavanols, flavanones, flavones,
flavonols and isoflavonoids), tannins, stilbenes and phenolic acids and their derivatives [10].

Although polyphenols are considered as non-nutritive compounds, they play a role in
disease prevention and help to improve health due to their ability to neutralize free radi-
cals [11]. There are a number of results of meta-analyses available concerning the influence
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of polyphenols on human functions. They may have potential in improving performance
in groups of healthy humans [12], stimulating the growth of health-promoting species but
inhibiting development of pathogenic organisms in gut microbiota [13]. Supplementation
of polyphenolic compounds can be helpful in inflammatory bowel disease therapy [14],
brain functions [15], lipid profile and inflammation status [16] improvement. In addition,
an association between anthocyanins intake and lowered risk of hypertension [17] and
cancer [18] was found.

2.2.2. Bioavailability of Polyphenols

However, there are limitations related to the bioavailability of some polyphenols and
their stability during processing or storage. There are several factors that may affect the
stability of phenolic compounds, for instance, pH, temperature, interactions with other
food components, access to light and oxygen and metal ions presence and abundance [19].
Polyphenols tend to be more stable in acidic than in alkaline conditions; also, storing or
processing foods at high temperatures leads to decreases in polyphenol content [20-22].
There are some studies which indicate that increased temperature may result in the appear-
ance of other polyphenols in heated material as compared to unheated samples. This might
be an effect of polymerization or polyphenol release from certain components [23].

2.2.3. Polyphenol Content in Berry Pomaces and Their Antioxidant Activity

Industrial chokeberry pomace consists of a solid number of bioactive compounds.
Total polyphenol content (TPC) of chokeberry pomace reaches 5.5 g/100 g dm (dry mass),
expressed as catechin monohydrate, determined using the Folin—Ciocalteu method. The
main groups of polyphenols were found to be anthocyanins at 1.80 g/100 g dm, followed
by phenolic acids at 0.31 g/100 g dm and flavonols at 0.184 g/100 g dm. AA (antioxi-
dant activity) was measured as 1111 umol FE/g in the ferric reducing antioxidant power
(FRAP) assay [6]. Consistent results were obtained in a composition analysis of a store-
bought product which contained 100% chokeberry pomace. TPC measured using the
Folin—Ciocalteu method reached 4233 mg GAE/100 g dm and anthocyanins content de-
termined by the pH differential method was 1165 mg CGE/100 g dm. AA, measured in a
FRAP assay amounted to 47.38 mmol FE/100 g dm and was measured in a DPPH assay as
131.06 mmol TE/100 g dm [24]. The main phenolic compounds in chokeberry pomace, de-
tected using HPLC, were polymeric procyanidins with a concentration of 9586 mg/100 g dm,
which was two-fold higher than the result for fresh berries and almost seven-fold higher
than that for juice [25].

The TPC of industrially obtained seedless blackcurrant pomace, measured using the
Folin—Ciocalteu method, was in a range of 1855.5-2241.6 mg EE/100 g pomace. Spe-
cific polyphenol composition determined using HPLC indicated that anthocyanins are the
dominant components, reaching values of 344.6-1046.1 mg/100 g pomace and depending
on the year of fruit harvest. AA values determined in a DPPH assay ranged from 93.3—
126.5 umol TE/g pomace [26]. A comprehensive study of redcurrant, raspberry and black-
berry pomaces conducted by Jara-Palacios et al. [27] showed that redcurrant pomace was
characterized by the highest values of TPC, as determined by the Folin—Ciocolteau method,
which were equal to 3446.59 mg GAE/100 g dm, followed by 2014.66 mg GAE/100 g dm for
raspberry pomace and 1699.62 mg GAE/100 g dm for blackberry pomace. Anthocyanin con-
centrations, determined in a HPLC/MS analysis, were similar for all pomaces and ranged
from 149.91 mg/100 g dm for redcurrant pomace to 188.05 mg/100 g dm for raspberry
pomace. As AA was correlated with TPC, redcurrant was characterized by the highest AA
(tested using ABTS), 60.83 mmol TE/100 g dm, while lower AA values for raspberry and
blackberry were observed, these being, respectively, 29.75 and 22.54 mmol TE/100 g dm.

TPC, as determined by the Folin—Ciocalteu method, in blackberry pomace extract ob-
tained from wild fruits ranged from 48.28-50.16 mg GAE/g dm and from cultivated fruits
ranged from 26.30-35.40 mg GAE/g dm, which indicates that phenolic compound concen-
trations are higher among wild blackberries [28]. The phenolic composition of raspberry po-
mace was described. TPC, measured using HPLC, was determined as 238.36 mg/100 g dm.



Appl. Sci. 2022,12,1734

4 of 35

Anthocyanins were the dominant phenolic compounds, reaching nearly 83% of the TPC,
followed by ellagic acid and flavanols [29].

2.2.4. Applications of Polyphenolic Extracts

As berry pomaces are rich in polyphenols, they may yield polyphenol-rich extracts.
The use of extracts obtained from berry pomaces is gaining the interest of researchers.
There are papers reporting applying chokeberry pomace extract to enrich the composition
of apple juice. Fortified products represent increased acidity, levels of vitamin C, TPC, total
flavonoids, total anthocyanins and higher AA, as determined by the ABTS method [30].
Raspberry pomace extract can be recognized as an antioxidative but also as an antibacterial
ingredient [31]. Extracts from chokeberry pomace were considered for use as an ingredient
of chitosan-based packaging films. Adding the extract in film formulation resulted in
its decreased solubility and has a possible application as a pH-indicating film due to the
high stability in acidic conditions of anthocyanins [32]. Berry pomace extracts may also be
applied as natural, antioxidant colorants [27].

2.3. Lipid Fraction

As pomaces contain seeds, they are a source of lipophilic components. Oils obtained
from berry by-products using traditional methods (solid-liquid extraction, maceration, cold-
pressing) vary in composition and concentration of fatty acids, phospholipids, tocopherols,
sterols and other bioactive compounds, e.g., carotenoids. They may also have different
oxidative and thermal stabilities or shelf lives. This variation is caused by species differences
in fruits [33], fruit growing conditions [34] and conditions of storage of material and oil [35].

2.3.1. Fatty Acid Composition

Fatty acid profiles may differ significantly even in the same genus of a berry plant.
The results of the research conducted by Savikin et al. [36] on Ribes sp. show variation of
specific FAs depending on the color of fruit, with blackcurrant reaching the highest values
of LA and GLA, but the lowest for ALA and OA. Red- and white currant presented similar
concentrations of LA, GLA and ALA, whereas the white type was characterized by the
highest values of OA. Results showing SFA content were not diverse. Table 1 presents the
fatty acid profiles of berry oils. According to this summary, it can be concluded that the
considered berry seed oils are rich in unsaturated, mostly polyunsaturated (PUFA), fatty
acids. However, they differ in terms of specific fatty acid profiles. The dominant fatty acid in
berry seed oils is linoleic acid (C18:2, n6); its content ranges from 33.86% for gooseberry [37]
to 71.1% for chokeberry oil [38]. Additionally, the content of linolenic acids is high, except
for chokeberry oil. The composition of fatty acids results in oil properties. High PUFA
contents (especially linoleic and o-linolenic acids) lower the stability of plant oils, so they
are more susceptible to oxidation and are characterized by shorter shelf lives [39-41].
Moreover, a high amount of MUFAs results in reduced stability values, although to a
lesser degree than with PUFAs [42]. However, the nutritional value of unsaturated fatty
acids is significant. FAO/WHO recommends replacing intake of saturated fatty acids
with unsaturated fatty acids, especially PUFAs [43]. Numerous meta-analyses and review
papers describe the positive impact on human health of marine-derived PUFAs, EPA and
DHA [44-47], although plant-derived PUFAs can be elongated and desaturated into AA,
EPA or DHA in the human system [48]. In addition, some reports claim that all-source-
derived PUFA intake reduced all-cause mortality [49], while n3 PUFA intake reduced the
risk of metabolic syndrome [50]. Plant-derived PUFAs’ ability to regulate serum insulin
levels has been described [51]. The most common FAs in berry oils, linoleic acid and
a-linolenic acid, are classified as essential fatty acids and have to be delivered by food
consumption due to the human disability for their endogenic production [52]. MUFAs can
be produced in the human organism [53], but food-derived MUFAs were also found to
have a role in disease prevention, especially in glucose-insulin management and reduced
risk of co-existing diseases, in a group of diabetic patients [54-56].
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Table 1. Fatty acid profiles (%) of oils extracted from berry pomaces. (C16:0—palmitic acid, C16:1—palmitoleic acid, C18:0—stearic acid, C18:1—oleic acid,
C18:2—linoleic acid, C18:3—linolenic acid, C18:4—stearidonic acid, C20:0—arachidic acid, C20:1—paullinic acid, C20:2—eicosadienoic acid, C22:0—behenic acid.)

So‘gzle of 160 C16:1 C18:0 C18:1 C18:2 C18:3 C18:4 C20:0 C20:1 C20:2 C22:0 Reference
n9 cis: 23.47,
n3: 0.34-0.92 or
Chokeberry 5.1-7.22 0.15-0.53 1.1-1.39 n9 trans: 0.93 or total: 64.67-71.1 - 0.6-0.81 0.25 5.26 0.38-0.8 [38,57,58]
total: 0.5
17.48-21.4
n9: 11.74-11.76 n3: 6.68-31.68
Raspberry  2.43-2.92 0.08-0.12 0.87-1.45 n7: 0.80 51.44-54.52 n6: 0.07 - 0.37-0.62 0.13-0.14 0.03-0.33 0.10-0.34 [37,38,58-60]
or total: 10.87-11.99 or total: 29.11
Raspberry n9 cis: 26.22 .
(wild) 2.61 0.06 1.19 19 trans: 0.23 51.07 n3: 17.93 - 0.43 0.05 - 0.14 [57]
n9: 7.50-12.17 13 15.60-17 .60
Blackberry  3.47-4.52 0.03-0.13 2.10-2.87 n7: 0.56 61.22-67.96 ’ n6.' 0.07 ’ - 0.47-1.06 0.31-0.38 0.15 0.12-0.16 [37,58,59]
or total: 14.72 T
n9: 10.2-13.79 n3: 12.91-14.9
Blackcurrant 4.49-6.5 0.03-0.1 1.4-1.93 n7: 0.35-0.7 41.41-57.8 n6: 13.9-15.6 or 2.7-3.89 0.04-0.2 0.16-1.0 0.06-0.3 0.1-4.7 [38,59,61,62]
or total: 16.1 total: 13.2
n9: 9.61-17.8 n3: 23.34-24.5
Redcurrant 4.8-6.88 0.09 1.29-3.0 07 0.6-0.72 40.7-44.0 16 5.6-9.16 3.0-4.48 0.13 0.71 0.27 0.09 [59,63]
n9 cis: 50.74,
n9 trans: 0.38 n3: 7.06-36.08
Blueberry  4.98-7.64 0.08 1.93-3.31 19 total: 18.00 30.0-35.84 16: 014 - 0.19-0.49 0.14 0.05 0.11 [57,59]
n7: 0.56
n3: 20.54
Gooseberry 8.12 - 1.83 n9: 14.32 33.86 16: 8.48 5.45 - - - - [64]
Strawberry 4.32 - 1.68 14.55 42.22 n3: 36.48 - 0.71 - - - [37]
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2.3.2. Tocopherols and Tocotrienols

Tocopherols and tocotrienols (also commonly called tocols or, generally, vitamin E)
are phenolic compounds, lipid-soluble antioxidants. Due to their oxidation-preventive
ability, they protect PUFAs from oxidation and are widely present in edible, unsaturated
fatty acid-rich oils [65]. However, the loss of their antioxidant efficacy and even an adverse
oxidation-promoting effect of tocopherols have been observed at high temperatures [66] or
in oils enriched with high levels of tocopherols, especially in highly unsaturated oils [67].
In studies describing the decomposition of tocols during storage, some differences were
found: «-tocopherol is described as the least stable, with a rapid decrease in stability index
observed, and &-tocopherol as the most stable section of tocopherols [68]. In addition, there
are findings confirming that higher levels of x-tocopherol in oils lead to a decreased oxida-
tive stability index of oils [69]. The composition of tocols fractions may differ depending
on oil processing conditions and berry cultivar. [65]. Tocopherol composition in chosen
berry oils is presented in Table 2. The values vary in relation to the species of the berries.
However, certain common characteristics exist. Tocopherols reach higher concentrations
than tocotrienols in all of the described studies [37,38,59,60,70]. For blackberry, raspberry,
redcurrant and blackcurrant oils, in almost any case, y-tocopherol is their main tocopherol.
For chokeberry oil, the major tocols fraction was o-tocopherol [38]. From a nutritional
point of view, vitamin E proper uptake is essential, however, a-tocopherol is the most
active antioxidant in the human system and the only tocol that is able to cover human
vitamin E demand [71].

Table 2. Tocopherol composition of berry oils (mg/100 g oil). (TP- tocopherols; T3- tocotrienols.)

S"‘ggf of o-TP B-TP v-TP §-TP o-T3 B-T3 v-T3 §-T3  Reference
Chokeberry 70.6 28.2 0.2 0.2 - - 0.8 - [38]
Raspberry  27.74-46.1 0.65 58.19-164.0 5.83-22.59 - 2.71 7.2 - [37,59,60]
Blackberry  0.89-2.54 0.18 42.41-131.1 3.17-6.97 - 0.44 2.0 - [37,59]
Blackcurrant 28.85-36.9 0.2-0.55 23.01-55.4 4.09-6.9 0.09-0.1 0.3-0.65 0.2-0.26 - [38,59]
Redcurrant 3.04-5.75 0.56-0.79 33.64-156.39 19.38-41.13 0.10 0.31 0.13 0.03 [59,70]
Gooseberry 5.26 0.20 60.35 3.32 - - - - [70]
Blueberry 0.44 - 3.44 - - - 33.04 0.6 [37]
Strawberry - - 26.03 2.0 - - - - [37]

2.3.3. Sterols

Plant-derived sterols, also called phytosterols, are amphiphilic steroid alcohols. They
play a role as a plant cell membrane compound. Most common are sitosterol, stigmasterol
and campesterol [72]. Table 3 presents the sterol contents of analyzed berries oils. In all of
them, sterols composition corresponds with common values and the main sterol occurring
is B-sitosterol. Specific sterol contents may differ depending on variety, year, fruit maturity
and processing conditions, e.g., temperature [73,74]. Additionally, sterols’ thermal stability
depends on their structure, mainly on the number and location of double bonds. In the
structure of 3-sitosterol there is one double bond that results in its thermosensitivity at a
medium range [75]. Afinisha-Deepam et al. [76] and T. Wang [77] reported that sterols do
not affect the stability of oils, so their concentration in products does not influence oxidative
reactions or the length of the shelf life of oil. However, there are also findings describing the
sterol fraction stigmasterol as prooxidative at temperatures around 60 °C but antioxidative
at frying or baking temperatures around 180 °C [78]. Furthermore, sterol esters added to
oils or to different fats, e.g., margarine, can decrease their oxidation stability [79,80]. In
human nutrition, sterols are believed to be competitors of cholesterol and as a result of
that they reduce cholesterol absorption from dietary sources, which leads to reductions
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in concentrations of plasma cholesterol. This property may be useful in lipids-correlated
disorders prevention and treatment, e.g., hypercholesterolemia [81,82].

Table 3. Sterol composition of lipid fraction of berry pomaces (%).

smg.i:le o Cholesterol ~ Campesterol Stigmasterol Sito[sst-erol Avellii-terol StigElZ-sterol Sti]g)rz{i:t-erol Reference
Chokeberry 2.95 5.5 3.85 81.8 1.85 1.8 1.8 [38]
Blackberry 0.33 5.3-7.03 1.8-4.87 77.77-84.7 3.02-7.0 1.41 - [37,59]
Raspberry 0.43 4.5-4.51 0.84-1.2 79.6-83.95 5.35-7.2 1.24 - [37,59]
Blackcurrant 25 1.25 49 86.6 1.3 0.85 1.4 [38]
Blackcurrant 0.31 8.14 0.42 81.09 3.10 1.92 - [59]
Redcurrant 0.36 10.01 0.24 87.58 0.36 - - [59]
Blueberry 0.24 3.4-4.63 0.3-0.37 66.5-82.85 2.14-13.8 3.97 - [37,59]
Strawberry - 54 2.3 711 8.7 - - [37]

3. Processing and Extraction

Bioactive compounds may be isolated from pomaces by physical techniques, such as
cold pressing, or chemical techniques, i.e., extraction, and extracts as well as oils may be
products of these processes. Conventional methods of extraction may, however, require
extended energy intake and use of organic solvents in large quantities. To help to reduce the
environmental and financial impact of extraction processes caused by both high energy and
organic solvent consumption, non-conventional extraction methods have been proposed.
Particular novel extraction methods may lead to the obtention of extracts or oils with
improved properties. A scheme for the procedures of extraction of bioactive compounds
and oils from berry fruit by-products is presented in Figure 2.

Figure 2. A scheme for the extraction procedures for bioactive compounds and oils from berry fruit
by-products.
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3.1. Conventional Extraction Methods

Conventional, liquid-liquid and solid-liquid extraction methods are the most com-
monly used at a laboratory scale. In these processes, usually organic solvents, like methanol,
ethanol, hexane and acetone, are used, but aqueous solvents might also be employed. The
mechanism of the process involves removing a soluble fraction from an insoluble solid.
The concentration of compounds released from plant tissues to the solvent reaches equi-
librium with the concentrations of unreleased substances as described by the equilibrium
distribution constant. Fick’s second law of diffusion describes how fast the compounds are
able to dissolve and reach equilibrium [83]. Factors that may improve extraction efficiency
are increased solvent concentration and reduced particles of solids. Increasing solvent
concentration enhances the gradient of concentrations in two phases and reducing the size
of particles decreases the diffusion distance of a solution within the solid and, additionally,
increases the concentration gradient, too. Temperature also helps to increase diffusivity,
according to the Einstein equation. However, due to solvents’ toxicity with respect to the
environment or human health, conventional methods are perceived as inappropriate in the
food processing industry. What is more, not all of the phenolic or lipid compounds are
possible to extract using these methods. Increased temperature may also lead to damage
of some thermolabile structures [83]. The efficiency of solvent extraction is determined
mainly by the type of solvent and the material /solvent ratio [84]. Tables 4 and 5 compare
the conditions and effectiveness (in the case of oils, yield and fatty acid profiles; in the
case of phenolic extracts, antioxidant composition and antioxidant capacity of extracts) of
conventional extractions of antioxidants and oils from berry by-products.

3.1.1. Lipid Fraction

The composition of fatty acids in extracted oils is mainly determined by the species
of fruit as the source of seeds. However, the yield appears to be dependent on extraction
conditions, i.e., solvent type, time of extraction and pomace pretreatment method. In
the case of the solvent type, organic solvents used in conventional extraction methods
are characterized by different polarities. They are defined by different dielectric constant
values—a measure of solvent polarity which determines the solute-solvent correlation. The
optimum dielectric constant values range from 6-8 and result in higher oil yields. However,
the higher polarity of solvents results in limitations in the solubility of extracted lipids
and can lead to their hydrolysis. What is more, TAGs are amphipathic compounds and
some solvents may cause hydrogen bonding of TAG ester groups. So, in conclusion, higher
polarity may be a reason of lower oil yield, despite the fact that increasing the polarity of
the solvent causes the opening of cell walls and improves compound release. What is more,
in the case of plant oils, they also contain more polar constituents, e.g., phospholipids and
tocopherols, which are the source of components that may present greater affinity to more
polar solvents [85,86]. Hexane is a widely employed solvent in fat extraction processes
due to its low polarity and it was used in most of the reviewed studies. However, it is a
chemical substance with proven toxicity and water-polluting ability, so it should not be
used in the food industry [87]. Considering berry seed oils extraction, ethanol is used as a
solvent in the extraction of fat from blackberry seeds, resulting in higher yields compared
to hexane—11.8% and 14.2%, respectively [88]. The higher oil yield value, when a more
polar solvent was used, may be connected to the phenomena of partly polar compounds in
the fat fraction. The time of the process is also a factor influencing efficiency. Comparing
the extraction of oil from dried raspberry seeds using hexane, a higher yield was connected
with a longer extraction time: the process lasting 8 h gave a 14.33% yield [89] and a 2 h
extraction resulted in a 10.7% yield [60]. The analyzed studies also showed the significant
impact of seed pretreatment methods on extraction efficiency. Considering raspberry by-
products, dried pomaces [59] or seeds [60] were more susceptible to oil extraction processes
than wet material [57]. In addition, replacing drying at room temperature with oven-drying
resulted in higher fat yield values [89].
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3.1.2. Antioxidant Fraction

Conventional extraction methods for polyphenolic compounds from berries are also
conducted usually using organic solvents; however, the polarity of the solvent has to be
adjusted, as polyphenols are more polar components. On a laboratory scale, alcohols are
the most commonly used solvents, but these substances may still be harmful to organisms
or the environment, e.g., methanol. The specific antioxidant component composition and
the antioxidant capacity of obtained extracts are influenced, as in the case of oils, by the
species of fruit, pretreatment methods and sample preparation. Other factors that have an
influence on the properties of extracts are solvent type, solid-liquid ratio, extraction time
and solvent pH.

Table 4. Characteristics of lipid fractions extracted from berry by-products using conventional

methods.
Extraction
Conditions
Pretreatment (S—Solvent, Fatty Acids Profile (%)
Source of Waste Method S-L—Solid-Liquid Oil Yield (PUFA/MUFA/SFA, Reference
Ratio, M—Mass of Dominant FA)
Solid, t—Time,
T—Temperature)
Blackberry pomace
PUFA: 83.78
MUFA: 8.40
SFA: 6.49
Dominant: C18:2 n6
Raspberry pomace
PUFA: 81.05
Blackberry (Rubus fruticosus MUFA: 12.81
c};.( Tenac)ﬁ/ BluckliegrﬁyBg/omace: SFA:4.13
Raspberry (Rubus idaeus cv. Ras ber‘r ;muce‘ Dominant: C18:2 n6
Meeker) Seeds separated from P 10 5y5f/0 ' Blueberry pomace
Blueberry (Vaccinium pomace dried at S hexane Blueberi‘ o’mace‘ PUFA: 72.11
myrtillus cv. Ivanhoe) room temperature S hl' t apparaty 13 %}Po Y ’ MUFA: 18.78 [59]
Blackcurrant (Ribes nigrum using sieves, oxhiet app s o . SFA: 6.75
. Blackcurrant pomace: .
cv. Junifer) then ground 26.15% Dominant: C18:3 n3
Redcurrant (Ribes rubrum cv. Re dcurm.n } pomace: Blackcurrant pomace
Smoothstem) 5 110/2 ' PUFA: 73.16
pomaces ’ MUFA: 14.33
SFA: 6.46
Dominant: C18:2 n6
Redcurrant pomace
PUFA: 81.25
MUFA: 11.13
SFA: 8.39
Dominant 18:2 n6
Blackberry seeds:
Blackberry (Rubus fruticosus ~ Seeds obtained from  Standard laboratory 1{151?;.91776 ;143(12;
cv. Cacanska beztrna) the pomace dried at method 1 361 4_1]1 339% ' B [89]
Raspberry (Rubus idaeus cv. ~ room temperature or S: hexane (Hi fler Val'ues for
Willamette) seeds in oven t:8h pogaces dried in
oven)
S: hexane 1L .
Seeds air-dried in M:100 g P%rl:lﬁesgﬂé:;
Raspberry (Rubus idaeus) fluid bed dryer t:2h 10.7% MUF. A 11’ 99 [60]
different cv. seeds for2h/25°C, T:4°C : SF A:‘3 6'6

then ground

Extraction performed
3 times

Dominant: C18:2 n6
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Table 4. Cont.

Extraction
Conditions
Pretreatment (S—Solvent, Fatty Acids Profile (%)
Source of Waste Method S-L—Solid-Liquid Oil Yield (PUFA/MUFA/SFA, Reference
Ratio, M—Mass of Dominant FA)
Solid, t—Time,
T—Temperature)
Wild
Blueberry pomace
PUFA: 41.78
MUFA: 48.35
SFA: 9.80
Dominant: C18:1 n9
Cowberry pomace
. PUFA: 44.47
Wild: Blueber”ldomce, MUFA: 50.87
Blueberry (Vaccinium 3 géop/ ' SFA: 4.65
myrtillus) Methanol/chloroform oo Dominant: C18:1 n9
.. . Cowberry pomace:
Cowberry (Vaccinium homogenization 3750, Raspberry pomace
vitis-idaea) Wet pomaces procedure Ras ber.r (;mace' PUFA: 69.00
Raspberry (Rubus idaeus) obtained after S: methanol (50 mL) poerry f ' MUFA: 26.56 [57]
. . . 7.00%
Cultivated: juice pressing and chloroform Cultivated SFA: 4.44
Blueberry (Vaccinium (100 mL) Blueberry pomace: Dominant: C18:2 n6
myrtillus) M:5g "y OP ’ Cultivated
. 2.80%
Chokeberry (Aronia Chokeberry pomace: Blueberry pomace
melanocarpa) pomaces 5 Sgo/p ' PUFA: 37.00
R MUFA: 51.20
SFA:11.70
Dominant C18:1 n9
Chokeberry pomace
PUFA: 65.01
MUFA: 24.93,
SFA: 10.06
Dominant: C18:2 n6
. Seeds
Pomaces were Sm(smiizg;g:;gon PUFA: 79.4
air-dried in oven or ’ MUFA: 12.0
freeze-dried and M: 108 SFA: 8.7
Blackcurrant (Ribes nigrum t: 30 min From seeds: 14.5% . s
(A) ground or . Dominant: C18:2 n6
cv. Ben Lomond and cv. Residue left after from ground pomace: [62]
Ben Tirran) pomaces (B) seeds separated 5 cycles was 7.8% (w/dry) Pomace
P from unground Y o y PUFA: 72.0
. reground and 3
pomace using . MUFA: 11.7
. extracted in
500 pm sieve nother 5 cvel. SFA: 16.3
another > cycies Dominant: 18:2 n6
Raspberry (Rubus idaeus) Seeds separated from Soxhlet apparatus PUFA: 78.9
- S: petroleum ether o MUFA: 16.9
dust as a by-product from the dust by sieving M: 100 g 14.5% SFA: 4.2 [90]
fruit lyophilization and then ground t6h Dominant: C18:2 16
Blackberry pomace (room
temperature-dried):
PUFA: 74.94
MUFA: 17.87
SFA:7.13
Blackberry pomace
(oven-dried):
PUFA: 75.66
Blackberry (Rubus fruticosus MUFA: 19.03
cv. Cacanska beztrna) and . Standard laboratory SFA:7.48
. Pomaces dried at .
Raspberry (Rubus idaeus cv. method Dominant: C18:2 n6
room temperature or . - [91]
Wllamette) pomaces in oven S: hexane Raspberry pomace (room
obtained from pressing t:8h temperature-dried)

long-term frozen fruits

PUFA: 82.52
MUFA: 13.21
SFA: 4.23
Raspberry pomace
(oven-dried):
PUFA: 87.30
MUFA: 12.57
SFA: 4.26
Dominant: C18:2 n6
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Table 4. Cont.

Extraction
Conditions
Pretreatment (S—Solvent, Fatty Acids Profile (%)
Source of Waste Method S-L—Solid-Liquid Oil Yield (PUFA/MUFA/SFA, Reference
Ratio, M—Mass of Dominant FA)
Solid, t—Time,
T—Temperature)
Hexane extracted
PUFA: 714
Soxhlet apparatus MSIliiAli 71'5
Lo S: hexane Y
Blackberry (Rubus Pomace dried in the 250 mL /ethanol Hexane 11.8% Dominant: 18:2 n6 [88]
fruticosus) pomace sun and milled 250 mL Ethanol 14.2% Ethanol extracted
¢ 8h PUFA: 69.4
’ MUFA: 17.4
SFA: 13.2
Dominant: 18:2 n6
Chokeberry pomace
PUFA: 73.58
MUFA: 16.91
SFA: 9.51
Dominant: C18:2 n6
Chokeberry . Strawberry pomace
(Aronia melanocarpa), Sasn'n fﬁfoﬁggﬁie::;d PUFA: 55.77
strawberry (Fragaria vesca), - m.ethanol (v/0, 2:1) - MUFA: 18.16 [92]
T SFA: 26.07

blackcurrant (Ribes
nigrum) pomaces

M:50¢g

Dominant: C18:2 n6
Blackcurrant pomace
PUFA: 69.11
MUFA: 11.56
SFA:19.33
Dominant: C18:2 n6

Table 5. Antioxidant composition and capacity of berry by-product extracts obtained with the use of

conventional methods.

Extraction
Conditions
Pretreatment (S—Solvent,
Source of Waste Method S-L—Solid-Liquid Antioxidant Composition *

Ratio, M—Mass of
solid, t—Time,
T—Temperature)

Antioxidant Capacity * Reference

Blackcurrant (Ribes
nigrum cv. Mortti),
Green currant (Ribes
nigrum cv. Verti),
Redcurrant (Ribes
rubrum cv. Red
Dutch), White
currant (Ribes rubrum
cv. White Dutch)
pomaces

None (thawed
pomace)

Blackcurrant pomace
TPC: 55.3 umol GAE/g (fw)
White currant pomace
TPC: 24.7 umol GAE/g
Redcurrant pomace
TPC: 20.5 umol GAE/g
Green currant pomace
TPC:17.1 ppmol GAE/g

S: 92% ethanol
S-L: 1:2 (w/v)

Blackcurrant pomace
TRAP: 25,7 umol TE/ g (fw)
ORAC: 88.8 pmol TE/g
Redcurrant pomace
TRAP: 11.6 pmol TE/g
ORAC:23.0 umol TE/g (93]
Green currant pomace
TRAP: 8.7 umol TE/g
ORAC:32.9 umol TE/g
White currant pomace
TRAP: 8.4 umol TE/g
ORAC: 16.8 umol TE/g
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Table 5. Cont.

Source of Waste

Pretreatment

Method

Extraction
Conditions
(S—Solvent,
S-L—Solid-Liquid
Ratio, M—Mass of
solid, t—Time,
T—Temperature)

Antioxidant Composition *

Antioxidant Capacity * Reference

Cranberry (Vaccinium
macrocarpon),
Blueberry (Vaccinium
angustifolium)
pomace

Pomace

freeze-dried,
then ground

S: 80% ethanol
S-L: 1:5 (w/v)
t:1h
Mixed, obtained
extracts were
freeze-dried

Cranberry pomace
TPC (Folin—Ciocalteu): 54.35
mg GAE/g (dm)
TPC (Glories): 36.25 mg
GAE/g
Tartaric esters: 10.29 mg
CAE/g
Flavanols: 11.74 mg QE/g
TAC:11.14 mg C3GE/g
Tannins: 48.09 mg GAE/g
Blueberry pomace
TPC (Folin—Ciocalteu): 72.01
mg GAE/g
TPC (Glories): 55.67 mg
GAE/g
Tartaric esters: 15.03 mg
CAE/g
Flavanols: 18.34 mg QE/g
TAC: 38.53 mg C3GE/g
Tannins: 58.87 mg GAE/g

Cranberry pomace
ABTS: 306.77 umol TE/ g (dm)
FRAP: 243.61 umol TE/g [94]
Blueberry pomace
ABTS: 468.79 umol TE/g
FRAP: 372.22 umol TE/g

Bilberry (Vaccinium
myrtillus), Blackberry
(Rubus fruticosus),
Raspberry (Rubus
idaeus), Strawberry
(Fragaria vesca)
pomaces

None

S: 80% methanol with
0.05% acetic acid
M:20g
3 times extracted:
60 min (160 mL of S),
30 min (80 mL of S)
and 30 min (80 mL of
S)

Bilberry pomace
TPC: 11.16 mg GAE/g (fw)
TFC: 1047 mg RE/g
TAC:12.79 mg C3GE/g
Blackberry pomace
TPC: 8.05 mg GAE/g
TFC: 245 mg RE/g
TAC: 1.49 mg C3GE/g
Raspberry pomace
TPC: 6.38 mg GAE/g
TFC:5.92 mg RE/g
TAC: 0.65 mg C3GE/g
Strawberry pomace
TPC: 4.88 mg GAE/g
TFC: 2.96 mg RE/g
TAC: 0.19 mg C3GE/g

Bilberry pomace
DPPH ICsp: 0.040 mg/mL
(pomace extract)
Blackberry pomace
DPPH ICsp: 0.017 mg/mL [95]
Raspberry pomace
DPPH ICsg: 0.040 mg/mL
Strawberry pomace
DPPH ICsp: 0.038 mg/ml

Blackberry (Rubus
fruticosus) wild and
cultivated (cv.
Cacanska Bestrna
and cv. Chester
Thornless) pomaces

Soxhlet apparatus
S: 80% ethanol
t:6h
extracts dried in a
vacuum desiccator

Blackberry cv. Chester
Thornless pomace
TPC: 35.40 mg GAE/g
fresh pomace (dm)
TFC: 5.66 mg QE/g
Flavanols: 6.63 mg QE/g
Monomeric anthocyanins:
17.31 mg C3GE/g
Blackberry cv. Cacanska
Bestrna pomace
TPC: 26.30 mg GAE/g
TFC:3.32mg QE/g
Flavanols: 2.55 mg QE/g
Monomeric anthocyanins:
8.43 mg C3GE/g
Blackberry wild pomace
TPC: 48.28-50.16 mg GAE/g
TFC:7.45-7.73 mg QE/g
Flavanols:
6.13-6.39 mg QE/g
Monomeric anthocyanins:
13.05-13.40 mg C3GE/g

Blackberry cv. Chester
Thornless pomace
DPPH ICsg: 0.178 mg/mL
(pomace extract)
ABTS ICsp: 0.035 mg/mL
Blackberry cv. Cacanska

Bestrna pomace 28]
DPPH ICsp: 0.206 mg/mL
ABTS ICso: 0.047 mg/mL
Blackberry wild pomace
DPPH ICs:
0.106-0.127 mg/mL
ABTS ICs:
0.024-0.027 mg/mL

Raspberry (Rubus
idaeus cv. Meeker and
cv. Willamette)
pomace

None

S: 80% methanol with
0.05% acetic acid
M:20g
T: room temperature
Two extractions in:
160 mL, 60 min and
80 mL, 30 min

cv. Meeker pomace
TPC (HPLC):
338.80 mg/100 g (pomace)
cv. Willamette pomace
TPC: 410.66 mg/100 g

cv. Meeker pomace
DPPH ICs: 0.67 mg/mL
(pomace extract) [96]
cv. Willamette pomace
DPPH ICsp: 0.54 mg/mL
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Table 5. Cont.

Source of Waste

Pretreatment
Method

Extraction
Conditions
(S—Solvent,
S-L—Solid-Liquid
Ratio, M—Mass of
solid, t—Time,
T—Temperature)

Antioxidant Composition *

Antioxidant Capacity *

Reference

Cranberry (Vaccinium
macrocarpon,),
blueberry (Vaccinium
myrtillus) and
raspberry (Rubus
idaeus) pomace

Dehydrated,
ground,
separated into
2 groups
depending on
particle size
(smaller
particle size,
0.15 mm, and
larger, 1 mm)

S: methanol
S-L:1:20
t:1-24h
T:40°C

using orbital shaker

Obtained after the most
effective extraction
parameters
Cranberry pomace (1 h, larger
particles)

TPC: 138 mg GAE/g (fresh
extract)

Blueberry pomace (6 h, smaller
particles)

TPC: 172 mg GAE/g
Raspberry pomace (18 h,
smaller particles)
TPC: 270 mg GAE/g

Obtained after the most
effective extraction parameters
Cranberry pomace (1 h, larger
particles)

DPPH ECsp: 3.73 mg/mL
(pomace extract)
Blueberry pomace (6 h, smaller
particles)

DPPH ECS(): -
Raspberry pomace (18 h, smaller
particles)

DPPH ECsp: 0.30 mg/mL

[97]

Strawberry (Fragaria
vesca) pomace

Pomace dried
in convection
dryer (temp.
65-70 C, 8 h),
sieved,
particles over 5
mm were
ground to
obtain final
material, with
particle size
between 2 and
5 mm

Water extraction
S: water
S-L:4:1
M:1500 g
tt1h
T: 65-70 °C
3 times extracted
Ethanol extraction
S: 60% ethanol (4 L)
S-L:4:1
M: 3.5 kg of aqueous
extract
t:24h
T: 20 °C
Repeated once using
3.5 L of ethanol

Water extract
TPC (HPLC): 5.8 g/100 g
(dm)
Ethanolic extract
TPC:29.71g/100 g

[98]

Blueberry (Vaccinium
myrtillus)
Raspberry (Rubus
idaeus)
Redcurrant (Ribes
rubrum) and
Blackberry (Rubus
fruticosus) pomaces

Lyophilized
and ground
pomaces

S: 75% methanol with
1% HCI (5 mL)
M:1g
t:12h
T:25°C

Blueberry pomace
TPC: 19.55 mg GAE/g (dm)
TAC (HPLC): 11.88 mg/g
Raspberry pomace
TPC: 20.15 mg GAE/g
TAC:1.88mg/g
Redcurrant pomace
TPC:34.47 mg GAE/g
TAC:1.50 mg/g
Blackberry pomace
TPC:17.00 mg GAE/g
TAC:1.92mg/g

Blueberry pomace
ABTS: 269.8 umol TE/g (dm)
Raspberry pomace
ABTS: 297.5 umol TE/g
Redcurrant pomace
ABTS: 608.3 umol TE/g
Blackberry pomace
ABTS: 225.4 umol TE/g

[27]

Raspberry (Rubus
idaeus cv. Meeker and
cv. Willamette)

None

S: 80% methanol with
0.05% acetic acid
M:70 g
T: room temperature
2 times extracted
(A) t: 60 min, 560 mL
of solvent
(B) t: 30 min, 280 mL
of solvent

cv. Meeker pomace
TPC: 26.3 mg GAE/g (dm)

TFC: 252 mg RE/g
TAC: 428 mg C3GE/g

cv. Willamette pomace
TPC: 43.7 mg GAE/g

TFC: 22.0 mg RE/g
TAC:2.32mg C3GE/g

cv. Meeker pomace
DPPH ECs: 0.072 mg/mL
(pomace extract)
cv. Willamette pomace
DPPH ECsg: 0.042 mg/mL

[31]

Blackberry (Rubus
fruticosus) residues
after pulp processing
and blueberry
(Vaccinium myrtillus)
residues after juice
processing

None

S: ethanol 200 mL
M:5¢g
t:5h
T:80°C
Soxhlet apparatus

Blackberry pomace
TPC: 7.84 mg GAE/g (dm)
Monomeric anthocyanins:

2.82mg C3GE/g

Blueberry pomace

TPC: 6.83 mg GAE/g
Monomeric anthocyanins:
2.58 mg C3GE/g

Blackberry pomace
DPPH: 66.92 umol TE/g (dm)
ABTS: 124.14 umol TE/g
FRAP: 120.90 umol TE/g
Blueberry pomace
DPPH: 40.38 umol TE/g
ABTS: 100.66 umol TE/g
FRAP: 63.90 umol TE/g

[99]

* Results are expressed as written in the bracket after first given result.
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3.2. Ultrasound Assisted Extraction

Ultrasound-assisted extraction (UAE) involves using ultrasound generating devices with
the proper solvent to extract bioactive compounds. In a review by Medina-Torres et al. [100], the
mechanism and effects on plant tissue of UAE is summed up. UAE utilizes the phenomenon
of acoustic cavitation which results in damage to the cell walls of plant material, as shown in
Figure 3. This leads to increased release of bioactive compounds. The operating principles
of ultrasound are mechanical waves characterized by length, amplitude, frequency, speed,
power and intensity. Ultrasonic wave frequency ranges from 20 kHz to 10 MHz. The
sustainability of UAE is due to decreased solvent and energy consumption according to
lower time and temperature requirements as compared to conventional extraction methods.

Table 6 presents a summary of pretreatment and extraction parameters used in ul-
trasound assisted extraction. UAE was successfully used as a method for the isolation of
bioactive compounds from fresh berry fruits. It led to the improved yield of polyphenols
(and therefore antioxidant activity) of extract obtained from chokeberry fruits. In addition,
temperature increase and addition of ethanol to the solvent enhanced the efficiency of the
process [101]. UAE prior to the separation and analysis of polyphenol compounds in straw-
berry fruits results in decreased extraction time [102]. It was also found that UAE allowed
the use of a lower temperature and lower solvent concentrations in anthocyanin extraction
from blueberry fruits and that it results in monomeric anthocyanin-rich extracts [103]. UAE
has been applied to extract the lipid fractions from seeds other than berry fruit seeds.
The crucial parameter for oil extraction yield from apricot kernels was temperature [104].
However, in UAE from papaya seeds, the most significant factors for oil extraction yield,
AA and oil stability were time and temperature [105]. Fatty acid composition and the
TAG profile of oil from papaya seed extracted by UAE does not vary significantly from oil
extracted conventionally [106].

Figure 3. A scheme of ultrasound impact on the plant material.
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3.2.1. Polyphenolic Compounds

Krivokapi¢ et al. [107] examined raspberry pomace extraction using the UAE method
and compared it to conventional maceration. UAE was conducted in an ultrasonic cleaner
for 20 min at 50 °C and 50 kHz with acidulated methanol as a solvent. The obtained results
showed that measured TPC, TFC and TAC were all significantly increased when UAE
was used. It led to levels of 27.79 mg GAE/L of extract, 8.02 mg QE/g of pomace and
7.13 mg CGE/L of extract for TPC, flavonoid content and anthocyanin content, respectively.
In addition, AA measured in FRAP and DPPH assays was higher in extracts treated with
ultrasound. The values obtained for FRAP and DPPH were 1002.72 umol FE /L of extract
and 567.00 umol TE/100 g of pomace, respectively. Ellagic acid was detected by HPLC
as the most abundant polyphenol. Bamba et al. [108] conducted UAE of polyphenols
from blueberry wine pomace. Before extraction, the pomace was stored as freeze-dried
material. In this paper, it was summarized how individual parameters of UAE—sonication
time, solid-liquid ratio, solvent type, temperature and pH—affected the quality of extracts.
Qualitative parameters consisted of TPC, TFC, TAC and AA. The time of extraction signifi-
cantly affected only TAC, which values were significantly higher in the case of a 90 min run.
Solid-liquid ratio was a factor determining changes in all measured parameters. With water
used as a solvent, TPC, TFC and TAC were highest for the lowest value of the solid-liquid
ratio—1/40. A solid-liquid ratio of 50% ethanol at the lowest level of 1/20 resulted in the
highest AA, TPC and TAC in extracts. However, TFC did not follow that trend and the
highest values were reached with a 1/15 ratio. In addition, concentrations for all of the
compounds, as well as the AA value, were significantly higher when 50% ethanol was used
in UAE. Ethanol concentration was also a parameter affecting bioactive compound yield
and AA of extracts. The most effective concentration was 50% (v/v) ethanol in water. The
lowest TPC, TFC, TAE and AA values were obtained using the highest concentration of
ethanol—90% (v/v). pH determined significantly TPC, TAC and AA, and for TPC and AA,
pH 8.3 was the most effective; however, it resulted in decreased TAC, which was highest
with pH 3.3. The temperature set at 60 °C resulted in significantly increased TFC and AA
but decreased TPC, for which a temperature set at 20 °C was the most preferable. TAC
was not significantly affected by temperature. The anthocyanidin profile was specified by
HPLC. In both water and ethanolic extracts, the most abundant compound was malvidin
and subsequently delphinidin, petunidin and cyanidin. Zafra-Rojas et al. [109] described
UAE optimization using RSM. The experiment was held under constant conditions of
frequency 20 kHz, S-L ratio 1:24 and a temperature of 4 °C at the beginning of the process
and measured as 25 °C at the end. Variable parameters were the amplitude of ultrasounds,
in a range of 80-90%, and the time of extraction, in a range of 10-15 min. Mathematical
analysis revealed an amplitude and time of 91% and 15 min, respectively, as the most
beneficial parameters for TPC, TAC and AA extracts at dm basis. Predicted values were
1200 mg GAE/100 g TPC, 380 mg/100 g TAC and 6300 pumol TE/100 g AA in an ABTS assay
and 9600 umol TE/100 g in a DPPH assay. The experimental values obtained at optimum
UAE conditions were: 1201.23 mg GAE/100 g, 379 mg/100 g, 6318 umol TE/100 g and
9617.22 pmol TE/100 g for TPC, TAC, AA (determined by ABTS) and AA (determined by
DPPH), respectively. The UAE method was compared to conventional SLE with use of
both water and ethanol. UAE yielded the highest values for TPC and AA in both assays.
However, TAC in the extract obtained by UAE was not significantly different from the TAC
of the extract obtained by SLE with water and was significantly lower compared to the
result for SLE with ethanol. The impact of ultrasound treatment on other unconventional
methods of extraction was also investigated. Xue et al. [110] combined UAE with enzymatic
treatment of pectinase. The mechanism of enzyme impact on the extraction process was
provided in the following text. Raspberry pomace obtained from the wine industry was
freeze-dried until the moisture content was <5%. After 12 h at —18 °C, it was milled to
0.45 mm as the maximum size of particles. Conditions of UAE were determined using
RSM. The most efficient parameters of anthocyanin extraction were chosen as follows:
temperature 43.94 °C, ultrasound power 290.9 W, time 30 min and pectinase dosage 0.16%.
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S-L ratio and type of solvent were constant and ranged from 1/30 and 60% (v/v) acidulated
ethanol, respectively. To evaluate the mathematical method the following conditions were
set: temperature 44 °C, power of ultrasound 290 W, time 30 min and pectinase dosage 0.16%.
The obtained value of anthocyanin yield was 0.853 mg/g of pomace (dm) vs. the predicted
0.888 mg/100 g. Enzymatic extraction with US treatment was compared with conventional
extraction methods: SLE with hot water, SLE with acidulated ethanol and EAE (without
US). US resulted in the highest extraction efficiency and TAC values in obtained extracts.
AA measured in DPPH and RP (reducing power) assays reached the highest values when
US was used. The AA value of the product extracted using US, as determined in an ABTS
assay, was not significantly different from conventional EAE but was significantly increased
compared to the AA values of extracts obtained in both SLEs. Rami¢ et al. [111] used UAE
to extract polyphenolic compounds from chokeberry by-products from a filter-tea factory,
produced from pomace remaining after juice pressing. The most efficient parameters
were chosen using RSM for every quantitative factor individually (TPC, TFC, monomeric
anthocyanin content and proanthocyanins content). The common optimal parameter for
all the measured properties of extracts was the temperature set at 70 °C. Other values of
conditions predicted as the most efficient were as follows: for TPC—206.64 W and 80.1 min;
for TFC—210.24 W and 75 min; for monomeric anthocyanins content—216 W and 70 min;
and for proanthocyanins content—199.44 W and 70 min for power and time, respectively.
The observed values of yields for individual compounds were 15.058 mg GAE/mL extract
(vs. predicted 15.41 mg GAE/mL), 10.436 mg CE/mL (vs. predicted 9.86 mg CE/mL),
2.09 mg C3GE/mL (vs. predicted 2.26 mg C3GE/mL) and 19.82 mg CE/mL (vs. predicted
20.67 mg CE/mL) for TPC, TFC, monomeric anthocyanins content and proanthocyanins
content, respectively. He et al. [112] used UAE to extract polyphenolic compounds from
blueberry wine pomace. The experiment was designed using RSM and optimal param-
eters were predicted as follows: temperature 61 °C, S-L 1:22, time 24 min. It resulted
in extraction yields of 16.03 mg GAE/g pomace and 4.19 mg C3GE/g pomace for TPC
and TAC, respectively. (Predicted values were 15.81 mg GAE/g pomace for TPC and
4.12 mg C3GE/g pomace for TAC.) Compared to the conventional method, the SLE method
with acidulated ethanol (70%) used as a solvent running for 35 min and with applied
optimal conditions for UAE (temperature—61 °C; S-L ratio—1/22), UAE appeared to be
significantly more efficient, despite a shorter extraction time. There were seven antho-
cyanins also identified, which were present in both extracts: delphinidin-3-O-glucoside,
delphindin-3-O-arabinoside, petunidin-3-O-glucoside, cyanidin-3-O-arabinoside, cyanidin-
3-O-glucoside, malvidin-3-O-glucoside and malvidin-3-O-arabinoside. Loncari¢ et al. [113]
designed an experiment with different extraction methods (PEF-assisted—mentioned in the
following text and high voltage electrical discharge-assisted). UAE with variable conditions
of time, temperature and solvent type was conducted. The results showed that TPC, AA,
TAC, flavanol and flavonol contents reached the highest levels when UAE was performed
at 80 °C and lasted 15 min. The type of used solvent did not affect the obtained values. Only
phenolic acid yield was associated with methanol used as a solvent, an applied temperature
of 40 °C and an extraction time of 15 min. Compared to PEF-assisted and HVED-assisted
extraction methods, UAE resulted in the lowest yields of polyphenolic compounds and AA.

The UAE method was also used to obtain blackberry seed extracts from three cultivars:
Dircksen, Thornfree and Black Satin. Extract yields were dependent on the cultivar and, in
the case of Black Satin, the highest yield of 7% was reached. Polyphenolic compounds of
obtained extracts were also determined. LC/UV/MS analysis enabled the identification
of 64 polyphenols in extracts: 47 ellagitannins, 10 ellagic acid derivatives, 4 gallic acid
derivatives and traces of protocatechuic, chlorogenic and salicylic acid. The most abun-
dant compound for both Thornfree and Dircksen seed extracts was free ellagic acid and
the main constituent of Black Satin seed extract was lambertianin C. Additionally, three
polyphenolic compounds were successfully isolated from extracts using a semipreparative
HPLC method [114].
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3.2.2. Lipid Fraction

Teng et al. [115] extracted oil from raspberry seeds using UAE. In the experimental
design, optimal values of time and temperature were predicted in order to obtain the
highest yield, vitamin E content and AA. The parameters for time and temperature were
reported as 37 min and 54 °C, respectively. These conditions resulted in a 22.78% extraction
yield (23% predicted), 15.21 mg/g dm vitamin E content (15 mg/g dm predicted) and
80.94 umol TE/g dm AA (81.65 pmol TE/g dm predicted). Compared to conventional
SLE using the Soxhlet apparatus method, all the examined determinants were increased
when US was applicated. The extract obtained using US presented an improved FA profile,
containing significantly less SFA than conventionally obtained extract. However, in both
extracts, the dominant FA was linoleic acid, followed by y-linolenic acid.

3.2.3. Impact of Processing Conditions

The efficiency of the UAE process expressed as quantity of antioxidants and antioxida-
tive capacity depends mostly on the species of fruit. There are also conditions of extraction
that modulate the effectiveness of UAE, listed below.

Time: Researchers claim that time of sonication influenced polyphenol or lipid fraction
yields. Only in the case of one analyzed study, sonication time did not influence the
polyphenol content in extracts (besides TAC). With increasing sonication time, yields were
higher; however, after reaching specific cutoff values, which may vary among the studies
and among the examined compounds, yields decreased [109-113,115].

Temperature: The impact of temperature on extract yield and composition is reported.
Generally, the relationship between increasing temperature and polyphenol yield is similar
to the impact of time on the yield of extraction. With increasing temperature, polyphenol
content increases but beyond a specified point starts to decrease [109,112]. Optimal temper-
ature conditions may vary when its impact on specific fractions of polyphenols is being
measured. For example, extracts with high TAC and phenolic acids are obtained at lower
temperatures [110,113]. By contrast, higher temperatures result in increased quality and
yield of oil obtained by UAE [115].

Solvent type: When different solvent types were compared, the use of ethanol resulted
in the highest polyphenol yields. Reports, however, differ with respect to the data provided
for the specific concentrations that are most effective in UAE. Machado et al. [99] found
70% ethanol to be optimal for polyphenol extraction yields from blackberry and blueberry
pomaces, in contrast to Bamba et al.’s [108] research, which found 50% ethanol to be optimal.
However, Loncari¢ et al. [113] reports that solvent type did not affect specific polyphenol
extraction yields except for phenolic acids, whose content was highest when methanol
was used.

Table 6. Conditions and results for ultrasound-assisted extraction of oils and bioactive compounds
from berry by-products.

Extraction Conditions
(E—Equipment, P—Power,

Source of Waste Pretreatment =~ T—Temperature, t—Time, Antioxidant Antioxidant Reference
Method f—Frequency, S—Solvent, Composition * Capacity *
S-L—Solid-Liquid Ratio,
A—Amplitude)
E: ultrasonic cleaner TPC: 27.79 mg GAE/L FRAP:
Raspberry t: 120 min (extract) 1007.72 umol /L FRAP
. T:50 °C TFC:8.02mg QE/g DPPH:
(R”b;‘;fc”sus) None f: 50 kHz (pomace) 567.00 pmol /100 g TE (1071

p S: acidulated methanol TAC:7.13 mg C3GE/L DPPH ICsp:
(80%) (extract) 20.00 uL./mL
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Table 6. Cont.

Extraction Conditions
(E—Equipment, P—Power,

Source of Waste Pretreatment T—Temperature, t—Time, Antioxidant Antioxidant Reference
Method f—Frequency, S—Solvent, Composition * Capacity *
S-L—Solid-Liquid Ratio,
A—Amplitude)
E: ultrasonic cleaner bath Effect of time (S: water, S-L: 1/20, T: 40 °C):
S-1:1/10;1/15;1/20;1/40 TPC, TFC, TAC highest in 90 min
S: water or ethanol (10/50 or Effect of S—L (S: 50% ethanol, T: 40 °C, t: 60 min)
90% v/v in water) TPC, TAC, DPPH highest in 1/20; TFC in 1/15
Bl t: 30;40;60;90 min Effect of ethanol concentration (S-L: 1/15, T: 40 °C, t:
ueberry . o in):
(Vaccinium Freeze-dried T:20/40/60 °C 40 min):
angustifolium) pomace pH:3.3/5.0/6.3/8.3 TPC, TFC, TAC, DPPH highest in 50% ethanol [108]
f: 35 kHz Effect of pH (S: 50% ethanol, S-L: 1/15, T: 40 °C, t:
pomace Study was divided into 40 min)
parts where one of the TPC, TFC, DPPH highest at pH 8.3, TAC in pH 3.3
factors was modulated Effect of temperature (S: 50% ethanol, S-L: 1/15, t: 40
while the others were min):
constant TPC, TAC highest at 20 °C, TFC, DPPH in 60 °C
E: ultrasound processor
Lygphilized, fSZ\(/)v:tI;I rZ Optimum conditior.ls ABTS: 6318 yimol
Blackberry milled and S1:1/24T: 4 °C (at the A:91% and t: 15 min TE/100 g (dm)
(Rubus fruticosus) sieved (500 b . '25 °oC h TPC: 1201.23 mg DPPH: %1§22 | [109]
pomace um particle eginning), . (at the GAE/100 g (dm) ’ =2 KMo
size) end of extraction) TAC: 379.12 mg /100 g TE/100 g
A: 80-90%
t: 10-15 min
UAE combined with
ean}fmatlc ext.rf:flcgon Optimum conditions
P T: 44 °C, P: 290 W,
Raspberry Freeze-dried, S: acid 1 o t: 30 min, DPPH: 417.15TE/g
. . : acidulated 60% .
(Rubus idaeus) milled ethanol (v/0) pectinase dosage: (extract) [110]
pomace (0.45 mm) . . 0.16% ABTS: 520.07 TE/g
t: 20/30/40 min .
T. 40,/45/50 °C Anthocyanin yield:
. 0.853 mg/g (fw)
+enzyme (pectinase dosage):
0.10/0.15/0.20%
Optimum conditions
for each property in
brackets
TPC:
15.058 mg GAE/mL
(extract) (P: 206.64 W,
Chokeberry M:100g T:70 °C, t: 80.1 min)
(Aronia S: 50% ethanol TFC:
melanocarpa) E: sonication water bath 10.436 mg CE/mL
by-products S-L:1/5 (P:210.24 W, T:70 °C,
frgnf filter-tea None f: 40 kHz t: 75 min) ) (1]
production (tea P:72/144/216 W Monomeric
produced T:30/50/70 °C anthocyanins:
from pomace) t: 30/60/90 min 2.09 mg C3GE/mL
(P: 216 W, T:70 °C,
t: 45.6 min)
Proanthocyanins:
19.82 mg CE/mL

(P: 199.44 W, T:70 °C,
t: 89.7 min)
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Table 6. Cont.
Extraction Conditions
(E—Equipment, P—Power,
Source of Waste Pretreatment T—Temperature, t—Time, Antioxidant Antioxidant Reference
Method f—Frequency, S—Solvent, Composition * Capacity *
S-L—Solid-Liquid Ratio,
A—Amplitude)
Pomace dried .E: not specified . .
in air- S: acidulated ethanol (70% Optimal conditions T:
Blueberry circulatin v/v) 61°C,S5-L:1/22
(Vaccinium ashei) Og P: 400 W TPC: 16.03 mg GAE/g - [112]
oven at 30 °C o
pomace for 48 h. then T:50/60/70 C (pomace)
milled t: 15/25/35 min TAC: 419 mg C3GE/g
S-L:1/15,1/20,1/25
Highest values for:
TPC: 5.46 mg GAE/g
(dm) (Ethanol, 15 min,
80°C)
E: ultrasonic bath TAC: 95391 ug/g
F: 35 kHz (Methanool, 15 min, 80 ‘
. S: acidulated ethanol <) Highest values for:
Blueberry Freeze-dried, (50%) /acidulated methanol Phenolic acids: 561.26 ~ DPPH: 0.25 mmol TE/g [113]
pomace milled (50%) ug/g (Methanol, 15 (dm) (Methanol, 15 min,
. min, 80 °C) 80 °C)
t: 5/10/15 min
T 20/40,/80 °C Flavanols: 156.04
ug/g (Methanol, 15
min, 80 °C)
Flavonols: 98.63 ug/g
(Methanol, 15 min, 80
OC)
Blackberry residues
Ethanol 50%
TPC:
5.28 mg GAE/g (dm) Blackberry residues
Monomeric Ethanol 50%
anthocyanins: DPPH:
2.37 mg C3GE/g 49.50 umol TE/g (dm)
Ethanol 70% ABTS: 67.35 umol TE/g
TPC: 5.86 mg GAE/g FRAP: 81.59 mg TE/g
Monomeric Ethanol 70%
anthocyanins: DPPH: 51.50 mol TE/g
2.38 mg C3GE/g ABTS: 70.01 umol TE/g
Blueberry E: ultrasonic bath TPCI‘.XC;%;ﬁEd water FRAP: 850 o mg TE/g
(Vaccinium F: 37 kHz 1208 mg GAE/g Acidified water
. . Monomeric DPPH: 17.63 pmol TE/g
myrtillus) P: 580 W .
) anthocyanins: ABTS: 24.34 umol TE/g
pomace and None S-L:1/225 1.26 mg C3GE/g FRAP: 37.03 mg TE/g [99]
blackberry S: ethanol 50%/ethanol Blucherry residucs Blucherr ¥
(Rubus fruticosus) 70%/acidified water Y o Y reszo Hes
. fror £ 90 min Ethanol 50% Ethanol 50%
residues aft e TPC: 440 mg GAE/g  DPPH: 33.90 umol TE/g
pulp processing T:80°C Monomeric ABTS: 55.11 umol TE/g
anthocyanins: FRAP: 49.94 mg TE/g
2.07 mg C3GE/g Ethanol 70%
Ethanol 70% DPPH: 42.51 pmol TE/g
TPC:5.75 mg GAE/g  ABTS:55.25 umol TE/g
Monomeric FRAP: 54.82 mg TE/g
anthocyanins: Acidified water
2.33mg C3GE/g DPPH: 19.94 ymol TE/g
Acidified water ABTS: 19.36 umol TE/g
TPC: 2.47 mg GAE/g FRAP: 50.16 mg TE/g
Monomeric
anthocyanins:

1.36 mg C3GE/g
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Table 6. Cont.
Extraction Conditions
(E—Equipment, P—Power,
Source of Waste Pretreatment T—Temperature, t—Time, Antioxidant Antioxidant Reference
Method f—Frequency, S—Solvent, Composition * Capacity *
S-L—Solid-Liquid Ratio,
A—Amplitude)
E: ultrasonic processor .
. . Highest values for:
Chokeberry . £ 10/13/20/27/30 min TPC: 188 mg GAE/g Highest values for
; Freeze-dried S-L:1/10 .
(Aronia o (dm) (60% ethanol, 20 DPPH: 49.2 mmol
and ground S:60/65/78/90/96% . [116]
melanocarpa cv. omace othanol min) TE/100 g (dm)
Nero) pomace P T 5 o¢ TAC: 89.3 mg C3GE/g  (60% ethanol, 20 min)
A: 50 um (65% ethanol, 13 min)
E: horn-type transducer
Chokeberry with cooling bath TPC: 1046 mg/L GAE
; S: ethanol-water (1:1)S-L: .
(Aronia } 1/10 Monomeric ) [32]
melanocarpa) £ 20 kHz anthocyanins: 631
pomace A: 14 um mg/L C3GE
t: 600 s
Chokeberry E: ultrasonic water bath TPC:
ronia . . water 50°
(Aroni S ; ABTS IC
Dried stems . 522 mg GAE/g (dm) [117]
melanocarpa) t: 30 min TFC: 3.94 me RE/ 10.09 pg/mL (extract)
stems S-L:1/25 o & &
Chokeberry Pomace from crushed fruits
; ABTS:
mel;ﬁgg;'ma o Pomace from crushed 59.94 mmol TE/100 g (dm)
Galic'anﬁ(a) ' E: ultrasonic bath fruits FRAP:
o niaces Freeze-dried, S: methanol with 2% TPC (UPLC): 32.61 mmol TE/100 g
obgine d from ground formic acid 15.61 g/100 g (dm) Pomace from uncrushed [118]
ice pressin pomaces S-L:1/25 Pomace from uncrushed fruits
]from }Zrushe g t: 25 min fruits ABTS:
and TPC:24.45g/100 g 81.63 mmol TE/100 g
uncrushed fruits FRAP:
52.22 mmol TE/100 g
Lipid fractions
Source of waste Pretreatment Procedure Oil yield Fatty acid 50mp051t10n
method (%)
. E: sonication cleaning bath
Seec}f1 callrled £ 40 KHz
Raspberry convection P: 250 W Optimal conditions: SFA: 2.45
(Rubus coreanus) o S-1:1/40 54 °C, 37 min MUFA: 0.55 [115]
t60 °C
seeds OV‘;f)‘raZ ih S: ethanol 22.78% PUFA: 92.25
g t: 10/20/30/40/50 min
then milled

* Results are expressed as written in the bracket after first given result.

3.3. Pulsed Electric Field-Assisted Extraction

A review by Kumari et al. [119] described a pulsed electric field (PEF) applied in short

duration pulses of moderate voltage to a material placed between two electrodes. The
effect of PEF includes electroporation caused by damage to cell membranes. The formation
of pores leads to mechanical breakdown of cell membranes and the material is defined
as disintegrated, as presented at Figure 4. Factors involved in PEF-assisted extraction are
the intensity of the electric field, the duration of treatment, the waveform of the pulse,
conductivity, the porosity of the material, pH and the ionic strength of the solvent. PEF
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technology results in improved extraction of intracellular compounds due to increased
diffusivity of intracellular substances and increased mass transfer rates. The conditions and
effects of PEF applied in the pretreatment of berry fruits before juice pressing on antioxidant
content and antioxidant capacity in pomace extracts are summarized in Table 7.

Figure 4. A scheme of PEF impact on plant material.

PEF was applied to improve the extraction of juice from blueberries. Anthocyanins
from blueberry pomace were investigated by Pataro et al. [120]. Blueberries, cut in half, were
pretreated by PEF with different input energy values—1 kJ /kg, 5 k] /kg or 10 k] /kg—before
juice pressing. In all the samples of pomace obtained after pressing blueberries pretreated
with PEF, TAC and AA were increased compared to the control (a sample of pomace
remaining after pressing the juice from blueberries untreated with PEF). A correlation
between increased energy input and increased values of both TAC and AA was noticed.
PEF was also applied to crushed blueberries before juice-pressing in a study conducted by
Bobinaite et al. [121]. An influence of field strength value on the SLE of pomace efficiency
was studied and it was found that the highest used field strength—>5 kV /cm—resulted in
the highest antioxidant content and capacity of blueberry pomace extracts. The values of
antioxidant content and antioxidant activity were increased compared to extracts obtained
from blueberry pomace untreated with PEF before juice pressing. Loncari¢ et al. [113]
applied PEF to freeze-dried and milled pomace, which was then extracted (SLE) with
acidulated ethanol or with acidulated methanol used as a solvent. The correlation between
specific phenolic yields and variable numbers of pulses, energy inputs and solvent types
was studied. For TPC, phenolic acids and flavonols, the most suitable conditions were:
100 pulses, a field strength of 20 kV/cm and acidulated ethanol used as a solvent. For
TAC and flavanols, the number of pulses and the field strength defined as most efficient
did not change, but acidulated methanol was preferable as a solvent. The DPPH of an
extract was highest (830 pmol TE/g dm) when the number of pulses was 100, the field
strength was 20 kV/cm and acidulated ethanol was used as a solvent. Another example
of PEF application in antioxidant extraction from blueberry pomace was described by
Zhou et al. [122]. The researchers treated with PEF pomace thawed to a liquid state and
ground in a colloid mill. The influence of variable conditions of treatment on anthocyanin
yield was studied: the number of pulses, field strength and liquid-liquid ratio. The highest
extraction yields were obtained after 10 pulses of PEF with a field strength of 20 kV/cm
and using acidic ethanol in a ratio of one-to-six. Compared with UAE, PEF extraction
resulted in higher anthocyanin extract yields despite a shorter time and lower temperature
for the process.

As the above results for PEF-assisted extraction from by-products only concern blue-
berry pomace treatment, an example of extraction of polyphenolic compounds from black-
currant juice preceded by PEF application could be mentioned (not included in the follow-
ing table). The PEF procedure was conducted before juice production under optimized
conditions, as determined by RSM modelling. The chosen conditions for the electric field—



Appl. Sci. 2022, 12, 1734

22 of 35

1318 V/cm and 315 pulses (pulse width 100 ms)—followed by methanol (for TPC and AA
determination) or ethanol (for monomeric anthocyanin content determination) liquid extrac-
tion of blackcurrant juice resulted in extracts with significantly lowered pH but increased
TPC, AA and monomeric anthocyanin content compared to the control (blackcurrant juice
untreated with PEF) [123]. Conditions of extraction also influence the effectiveness of PEF,
as listed below.

Impact of Processing Conditions

Field strength: Most studies show that a higher field strength results in increased
antioxidant compound yields. When field strength is greater, the potential difference
outside and inside the cell membrane is higher than the critical membrane potential and
this improves the dissolution rate of the cell membrane. However, applying too strong a
field may promote antioxidant degradation [119].

Number of pulses: Study results are inconclusive regarding the influence of the num-
ber of PEF pulses on the antioxidant content and capacity of extracts. Loncari¢ et al. [113]
claim that the highest number of pulses used (100) resulted in the highest antioxidant
content and capacity, while Zhou et al. [122] claim that 12 pulses was less efficient than 10,

this being the optimal number of PEF pulses for the anthocyanin extraction process.
Solvent type: The properties of solvents which may determine extraction efficiency
are described in the paragraph focused on SLE.

Table 7. Conditions and results of pulsed electric field-assisted extraction of bioactive compounds

from berry by-products.

PEF Conditions
(E—Equipment, P—Power,
FS—Field Strength,

Material f—Frequency, W—Pulse Procedure Ant10x1dant*C omposition Antioxidant Activity * Reference
Width, I—Energy Input,
S—Solvent,
L-L—Liquid-Liquid Ratio)
E: generator of monopolar PEF was applied to . -, Optimum conditions I:
Blueberry square wave pulses blueberry fruits cut Optimum conditions I: 10 K] /k
¢ FS: 3 kV/cm eberry 10kJ/kg ) &
(Vaccz';zlzur)n £ 10 Hz in half, bstfo.re | TAC (HPLC): DPPH.(34,2 um?l TE/g [120]
myrtillus : pressing, obtaine pomace
I 1)/;_)]/?8 LLJS /kg pomace examined 1574.1 mg/100 g (pomace) FRAP: 68.0 umol TE/g
E: cylindrical PEF treatment
chamber (monopolar square PEF applied to . - .
Blueberry pulses) crushed fresh berries Optlmu;n ki;);lg:wns FS: Optimum conditions FS:
. FS:1/3/5kV/cm before juice pressing. 5kV/cm
(Vaccinium f: 10Hz By-product was TPC: FRAP: [121]
myrtillus) W: 20 o LR and 178264 mg GAE/100 g (fw) 7 mol TE/ ¢ (¢
120 pus extracted in an TAC: 1698.55 mg/100 g ca. 72 umo g (fw)
P: 20 kW (average) examined.
L:10kJ/kg
Optimum conditions in
brackets:
TPC: 10.52 mg GAE/g (dm)
(Ethanol, 20 kV/cm,
100 pulses)
PEF applied to TAC: 1757.32 ug/ . e
E: laboratory PEF treatment lyophilized and (Methanol, 20 ng/ c%n, Optlmugn C(l)(nih.tlons m
Blueberry chamber milled pomace, 100 pulses) ]I;IEP;:-I'S.
Pulse duration: 2 ps followed by SLE Phenolic acids: 830 um ITE/. (dm) [113]
pomace No. of pulses: 10/50/100 extraction with 625.47 ug/g (Ethanol, E hu (i 20 k\g/ m
FS:10/15/20 kV/cm acidulated ethanol or 20 kV/cm, 100 pulses) (Ethanol, /em,

acidulated methanol

Flavanols: 297.86 ug/g
(Methanol, 20 kV/cm,
100 pulses)
Flavonols: 157.54 ug/g
(Ethanol, 20 kV/cm,
100 pulses)

100 pulses)
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Table 7. Cont.

PEF Conditions
(E—Equipment, P—Power,
FS—Field Strength,

Material f—Frequency, W—Pulse Procedure Ant10x1dant*C omposition Antioxidant Activity * Reference
Width, I—Energy Input,
S—Solvent,
L-L—Liquid-Liquid Ratio)
E: PEF system Lo
Pulse duration: 2 ps T}}awed to 11qu1.d / Optimum conditions No of
S: acidic ethanol grinded in colloid ulses: 10, FS: 20 kV/cm
Blueberry L./L' 1:5/1:6/1:7 mill pomace was p ’ L//L' .1'6 ’ B [122]
pomace FS: 15/20/25 kV/cm treated with PEFin 1 0. 923 13 mg C3GE/L
liquid material
No of pulses: 8/10/12 chamber (extract)

Flow rate: 7 mL/min

* Results are expressed as written in the bracket after first given result.

3.4. Microwave-Assisted Extraction (MAE)

Microwave-assisted extraction employs microwaves—non-ionizing electromagnetic
waves—which cause changes in plant cell structure. The phenomena of heat and mass
transfer which proceed in one direction occur in this type of extraction. The microwave
energy is applied directly to material due to molecular interactions with the electromagnetic
field through the conversion of electromagnetic energy to thermal energy. The heat must
be then dissipated volumetrically inside the sample. These phenomena improve cell
penetration and the internal and external diffusion of compounds is what finally leads
to improved extraction yields [124]. The examples of microwaves applied in bioactive
compound extraction processes for berry fruit wastes are presented in Table 8.

Pap et al. [125] studied the optimum conditions for MAE of anthocyanins from black-
currant pomace. Variable values for power, time, solid-liquid ratio and the pH of the
solvent were applied. Results have shown that the highest power (700 W) and solid-liquid
ratio (1:20) but the shortest time (10 min) and the lowest pH (2) values were the most
efficient conditions for anthocyanin extraction. In a HPLC study, delphinidin-3-rutoside
turned out to be the most abundant anthocyanin. Davis et al. [126] applied various types of
solvents and levels of power in MAE of pectin and polyphenolic rich extracts from cran-
berry pomace. The highest yields of polyphenols were obtained with an alkaline extraction
process with a power value of 36 W/g. When SLE and MAE used with different solvents of
cranberry press residues were compared, MAE resulted in a higher yield of extraction in
every variant of the experiment. Values of quercetin equivalents of powdered cranberry
residues were highest for MAE with 100% acetone used as a solvent and were significantly
increased compared to water and ethanol extraction processes [127]. Klavins et al. [128]
compared different methods of extraction of phenolic compounds from cranberry pomace:
SLE, UAE and MAE, using ethanol and trifluoroacetic acid as a solvent mixture. The extract
obtained in MAE featured the lowest anthocyanin and polyphenol contents across all the
studied samples.

Impact of Processing Conditions

Power: Inconclusive results of applied microwave power impact on efficiency were
observed. A higher power value applied in MAE improved the extraction of anthocyanins
from blackcurrant pomace [125] and also led to lower phenolic content in extracts from
cranberry pomace [126]. These results are associated with the temperature increase when
extended power is applied. The efficiency of MAE increases with increasing microwave
power till the optimum temperature point is reached, after which it starts to decrease while
the power (and temperature) is still rising [124].

Time: The shorter the time of microwave input, the better MAE efficiency was ob-
served [125]. This may be related to the destructive impact of microwaves and the increased
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temperature on the structure of bioactive compounds. A prolonged duration of microwave
power applied to a sample can promote the degradation of antioxidants [124].

Solvent type: The solvent influence on the MAE process is similar to that described in
SLE. However, the capacity of the solvent to absorb microwave energy should be taken
into consideration while analysing MAE experiments. Considering the analysed studies,
alkaline solvents result in higher TPCs of extracts [126], and replacing ethanol with acetone
was found to improve the TPCs of extracts [127]. Acetone is a solvent polar enough to be
heated by microwave energy, which results in better cell heating and improved diffusion of
extracted compounds [124].

Table 8. Conditions and results of microwave-assisted extraction of bioactive compounds from berry

by-products.
Extraction Procedure
(E—Equipment, f—Frequency,
Source of Waste Pretreatment T—Temperature, P—Power, Antioxidant Content * Reference

M—Sample Weight,
S-L—Solid-Liquid Ratio, t—Time,
S—Solvent)

Blackcurrant (Ribes
nigrum) pomace

E: single-mode cavity resonator
f: 2.45 GHz

Pomace was
obtained from
enzymatically
treated fruits

T:69.7 °C
P: 140/420/700 W
M:28 ¢
S-1:1:10, 1:13.3, 1:20
t: 10/20/30 min
solvent pH: 2/4.5/7

In optimum conditions P: 700 W,
t: 10 min, S-L: 1:20, pH 2 [125]
TAC (HPLC): 20.4 mg/g (fw)

Cranberry (Vaccinium
macrocarpon) pomace

Freeze-dried and
ground pomace

E: microwave reactor
S-L:1:30
M:1g
P:36/72 W /g pomace
t: 4 min
Acidic extraction
S:0.1 M HCl
Alkaline extraction
S: 0.15 M NaOH
Sequential acidic and alkaline extraction
S: 0.1 M HCl + 0.15 M NaOH

Acidic extraction
P:36 W/g TPC: 3.01 mg GAE/g (fw)
P:72W/g TPC: 0.92 mg GAE/g
Alkaline extraction
P:36 W/g TPC: 22.78 mg GAE/g [126]
P: 72 W/g TPC: 11.79 mg GAE/g
Sequential
P:36 W/g TPC: 11.90 mg GAE/g
P:72W/g TPC: 11.63 mg GAE/g

Cranberry (Vaccinium
macrocarpon) pomace

Oven-dried
(1h/100 °C) press
cake, then ground

E: microwave press
S: water/ethanol/acetone
M:35¢g
T:125°C
t: 10 min

Water
TPC: 0.02 mmol QE/g (extract)

50% ethanol

TPC: 0.12 mmol QE/g
100% ethanol

TPC: 0.30 mmol QE/g
50% acetone

TPC: 0.27 mmol QE/g
100% acetone

TPC: 0.53 mmol QE/g

[127]

Cranberry (Vaccinium
macrocarpon) pomace

Freeze-dried and
homogenized
pomace

E: microwave extraction unit
S: 96% ethanol and 0.5%
trifluoroacetic acid 50 mL
M:05¢g
P: 600 W
T: 80 °C
t: 20 min

TAC (pH differential method):
0.054 g/100 g (berry powder) [128]
TPC (Folin—Ciocalteu): 1.09 g/100 g

* Results are expressed as written in the bracket after first given result.

3.5. Supercritical Fluid Extraction

Supercritical fluid extraction (SFE) includes the use of solvents at temperatures and
pressures above the critical values for temperature and pressure. These conditions exhibit
both the gaseous and liquid properties of solvents. SFE is commonly performed using
carbon dioxide (CO,), as it has a low critical pressure and temperature and is considered
non-toxic, non-flammable and not expensive. Itis also a non-polar and hydrophobic solvent.
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This is the reason why SFE is mostly used to extract lipid fractions from plant material.
SFE also provides high selectivity of extraction which may be modulated by changing the
conditions of extraction [129].

Examples of supercritical fluid extraction application are given in Table 9. Cam-
palani et al. [130] compared SFE with the SLE of lipid fractions from raspberry, blueberry,
blackcurrant, blackberry and strawberry pomaces. Oil yield obtained with SFE was in-
creased compared to SLE only in the case of raspberry and blackberry oils. The study also
showed particular fatty acid yields, and despite the general value of the oil yield, applying
SFE resulted in higher percentage of FAs for each extract. This proves the better selectivity
of SFE towards FAs. Mari¢ et al. [131] studied differences between cold pressing and
SFE of raspberry seeds. A higher oil yield was reached when cold pressing was applied,
and a lower tocopherol content was observed in oil obtained with SFE. Applying SFE,
Milala et al. [132] extracted oils from raspberry, chokeberry and strawberry by-products.
Oil yields ranged from 12% for raspberry to 18% for strawberry pomaces. The lipid fraction
was collected at particular times of the extraction process. The properties of oil—tocopherol
content and fatty acid and pigment composition—were dependent on the oil collection
time. Correa et al. [133] studied different conditions of SFE of oil from blackberry seeds
and a comparison between SFE and SLE methods. The difference between oil yields under
optimum conditions for SFE and SLE was significant. Using propane as a solvent at a
temperature of 70 °C and a pressure of 20 MPa during SFE resulted in a 2.32% oil yield.
By comparison, SLE conducted using hexane resulted in a 10.51% oil yield. Antioxidant
content was also measured and extracts obtained in SFE with CO; as a solvent under opti-
mum conditions were characterized by higher TPC values than oils extracted traditionally.
Wajs-Bonikowska et al. [88] also studied properties of blackberry seed oil extracted using
the SFE method. Lipid fraction yield in the case of SFE was similar to the yield when SLE
with hexane was applied. SFE resulted in oil with a lower tocopherol content compared to
SLE. Despite the results summarized in the Table 9, Pavli¢ et al. [134], on the basis of their
studies applying SFE in the process of oil isolation from raspberry seeds, concluded that
higher oil yields were determined by higher pressure and CO, flow rate.

Basegmez et al. [135] obtained polyphenol-rich extracts using SFE in their research.
The optimum conditions of the process were 45 MPa, 60 °C and 120 min, and resulted in a
TPC of 24.34 mg GAE/g extract.

Impact of Processing Conditions

Pressure of solvent: In studies which aim was to optimize the SFE method it may be
noticed that higher oil and polyphenol rich extract yields were noted when higher (but not
the highest possible) pressures were applied [133,135]. This is connected to the increasing
solubility of compounds when pressure is increased [136].

Temperature: The higher the temperature, the greater the oil and bioactive extract
yields obtained [133,135]. Increased temperature improves the diffusion and solubility
of substances [136].

Flow rate: In the reviewed studies, oils were extracted more effectively when the flow
rate was high enough to be diffusion-limited [88,130-132,135]. However, this is connected
with the increased amounts of solvents used in the process [136].
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Table 9. Conditions and results of supercritical fluid extraction of oils and bioactive compounds from

berry by-products.

Extraction Conditions
(E—Equipment,

Source of Pretreatment M—Sample Weight, Fatty Acids Profile
S—Solvent, p—Pressure, QOil Yield (PUFA/MUFA/SFA, Reference
Waste Method .
V—Volume, Dominant FA)
T—Temperature, t—Time,
FR—Flow Rate)
Fatty acid yields in mg/g
Raspberry pomace
PUFA: 191.0
MUFA: 61.2
SFA: 50.7
Dominant: C18:2
Blueberry pomace
PUFA: 134.9
Raspberry pomace MUFA: 74.2
Raspberry, S: CO, 7.5% SFA: 25.6
’ S . M:3g Blueberry pomace Dominant: C18:2
bll; 13(?32??1 ¢ lt\;:till:lfii:ivrllth FR: 5.0/2.5 cm®/min 9.7% Blackcurrant pomace
blackberr ’ (15 min wategr p: 300 bar Blackcurrant pomace PUFA: 60.3 [130]
strawberrY/ rinsing, 24 h T:70°C 4.6% MUFA: 0.0 ‘
frozen y drvin )glomace t:5h Blackberry pomace SFA:104.3
omaces yms)p Collected by venting into 6.6% Dominant: C18:2
P hexane Strawberry pomace Blackberry pomace
13.5% PUFA: 197.0
MUFA: 66.3
SFA: 314
Dominant: C18:2
Wild strawberry pomace
PUFA: 145.8
MUFA: 64.0
SFA: 46.8
Dominant: C18:2
E: high pressure extraction
plant
Raspberry S: CO, PUFA: 77.90
(Rubus idaeus) . M:70 g o MUFA: 14.47
cv. Willamette Milled seeds P: 300 bar 8.82% SFA: 6.20 [131]
seeds T:40°C Dominant: C18:2 n6
FR:0.194 kg/h
t:3h
Values for first
collection
Raspb'erry . (after 15 min)
(Rubus idaeus Pomace dried .
. . E: plant for extraction Strawberry pomace
cv. Polka and convectively in
cv. Polana) industrial vacuum 5:CO, PUFA: 78.9
' o M: 14.2 kg strawberry, MUFA: 15.1
Chokeberry dryers at 70 °C for
; 14.5 kg chokeberry, Strawberry pomace SFA:5.5
(Aronia 8 h. Seeds h .
- 13.3 kg raspberry 18% Dominant: C18:2
melanocarpa cv. separated in )
. R p: 250 bar, one step Chokeberry pomace Chokeberry pomace
Nero), industrial sieving . : ’ [132]
Strawberry machines. then separation at 53 bar 15% PUFA: 76.6
(Fragaria vesca crushed irll mill T:40°C Raspberry pomace MUFA: 16.4
3 FR: 200 kg /h, 12% SFA: 5.4

cv. Honeoye,
cv. Senga

Sengana and cv.

Polka)
pomaces

crusher and sieved
again under CO,
or nitrogen
atmosphere

t: 180-225 min
with fractionation
(particular collection times)

Dominant: C18:2
Raspberry pomace
PUFA: 84.1
MUPFA: 10.8
SFA: 4.8
Dominant: C18:2
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Table 9. Cont.

Extraction Conditions
(E—Equipment,

Source of Pretreatment M—Sample Weight, Fatty Acids Profile
S—Solvent, p—Pressure, Qil Yield (PUFA/MUFA/SFA, Reference
Waste Method .
V—Volume, Dominant FA)

T—Temperature, t—Time,
FR—Flow Rate)

E: special apparatus

Seeds dried in air M: 308 .
. . S: CO; and propane Optimum
circulation oven . e
(40 °C/48 h) p: ranging 15.0-25.0 MPa conditions in
Blackberry milled. classi fié d when using CO, and brackets
(Rubus ssp. cv. acco;‘ dine to 10.0-20.0 MPa when S: CO, (70 °C, - [133]
Xavante) seeds article sizegusin using propane 25 MPa): 1.89%
pvibrator sieveg T:40.0-70.0 °C for CO, and  S: propane (70 °C,
shalz/er 30.0-70.0 °C for propane 20 MPa): 2.32%
t: for CO,: 150 min,
propane: 60 min
E: plant scale fluid extractor
Blackberry Pomace dried in 5: €O, FA expressed as
(Rubus the sun and M: 3500 8/100 5
fruticosus) crushed four times P: 300 bar 11.4% PUFA: 58.2 [88]
ma in a evlinder mill T:50 °C MUFA: 12.6
pomace cyinae FR: 80 kg/h SFA: 7.2
t: 150 min
Polyphenol-rich extracts
Source of Pretreatment Extraction procedure Ant10x1.dfmt Antioxidant activity * Reference
waste composition
E: SFE system SEEEEZ;
Blackcurrant . . M:15¢ 45 MPa, 60 °C, DPPH: 1.59 mg TE/g
(Ribes nigrum) Lyophilized, p: 30-55 MPa 120 min (extract) [135]
omace ground pomace T: 30-60 °C TPC: ORAC:11.35mg TE/g
P t: 60-150 min . FRAP: 25.00mg TE/g
. 2434 mg GAE/g
FR: 3.6 g/min
extract

* Results are expressed as written in the bracket after first given result.

3.6. Other Alternative Methods of Extraction
3.6.1. Pressurized Liquid Extraction

Pressurized liquid extraction (PLE) is one of the pressurized approaches, next to SFE.
PLE may, however, be used to extract high- and medium-polarity substances, whereas
SFE results in extracts rich in non-polar compounds, as supercritical CO; is used as a
solvent. Combining those two methods has the benefit of obtaining extracts containing
compounds characterized by different polarities [137]. There are studies reporting the
extraction of compounds from residues after SFE-CO,. Brazdauskas et al. [138] studied PLE
of compounds from black chokeberry pomace remaining after SFE-CO,. Water, ethanol
and formic acid mixture was used as a solvent, a constant pressure was set at 10.3 MPa
and variable conditions of temperature, ethanol and formic acid concentrations were
examined. The optimum values were 165 °C, 46% ethanol and 1.8% formic acid, and
resulted in response variables of 72.53% yield, 236.64 mg GAE/g extract TPC (Folin—-
Ciocalteu method), 4.346 mmol TE/g extract TEAC and 5.92 ng/mL as the EC50 value in
a DPPH assay. Grunovaite et al. [139] also described PLE of chokeberry pomace residues
after SFE-CO;. The procedure was performed at 70 °C, 10.3 MPa, using 96% ethanol or
100% acetone as a solvent and resulted in a 22.70% yield when ethanol was used and
a 17.90% yield when acetone was used. Ethanol extract was characterized by a TPC of
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89.41 mg GAE/g extract in a Folin-Ciocalteu assay (all values expressed per dm basis) and
antioxidant activities: 2.52 mmol TE/g extract, 1.99 mmol TE/g extract and 3.03 mmol TE/g
extract in ABTS, DPPH and ORAC assays, respectively. Pressurized acetone extraction
resulted in a TPC value of 35.35 mg GAE/g extract and antioxidant activities for ABTS,
DPPH and ORAC assays amounting to 0.91 mmol TE/g extract, 0.24 mmol TE/g extract
and 3.84 mmol TE/g extract, respectively. In this study, also PLE alone, conducted with
different conditions of temperature and using different solvents—hexane, methanol, water,
acetone with water mixture and a methanol with water mixture—was examined. The
optimum parameters of the process were: 130 °C and methanol used as a solvent. The
conditions mentioned above allowed the obtention of the highest extraction yields (48.13%)
and values for TPC (410.20 mg GAE/g extract) and antioxidant activity of the extract, as
measured in an ABTS (2.17 mmol TE/g extract) assay. Antioxidant activity, as determined
by ORAC and DPPH, was highest when an acetone and water mixture under 130 °C was
used in extraction. It can be concluded that PLE extraction without a previous SFE-CO,
procedure results in higher extraction yields. However, antioxidant activity determined in
ABTS and DPPH assays assumes higher values when the residue after SFE-CO; is extracted
again using PLE with ethanol as a solvent.

KryZevicateé et al. [140] used pressurized liquid extraction with 50% ethanol of rasp-
berry pomace remaining after SFE-CO, extraction to obtain antioxidative compounds
which were used to prevent beef burger spoilage during prolonged storage. The extraction
yield was 19.3% and the obtained extracts were characterized by the following antioxidant
capacities: 936 umol TE/g (extract) and 123 umol TE/g in ORAC and ABTS assays, respec-
tively. The TPC of the extract was 208.3 mg GAE/g. It was concluded that 1% PLE extract
application helped to prevent oxidation in the burgers.

3.6.2. Enzyme-Assisted Extraction

Enzymes, such as cellulases, hemicellulases and pectinases, are used in the pretreat-
ment of plant material prior to extraction processes to disintegrate the cell walls of material,
resulting in enhanced penetration of solvents and increased extraction yields. Other bene-
fits include shorter extraction times, reduced quantities of solvents and improved quality.
However, the cost of enzymes and time and the limited ability of enzymes to complete cell
wall disintegration along with the strict conditions for enzymes application are significant
disadvantages of this extraction method [141].

For instance, enzymatic-assisted extraction (EAE) was used to obtain bioactive com-
pounds from bilberry pomace, which was firstly defatted in an SFE-CO; procedure. After
removing the lipophilic fraction, enzymes were applied in particular conditions (pH, vol-
ume of solution, temperature) and water-soluble fractions obtained under optimal chosen
conditions (pH 4.5, 46 °C, 1 h, enzyme concentration 2 active units/g of pomace) were then
examined. A water-soluble fraction obtained in SLE was used as a control sample. Values
for yield, TPC, ABTS, ORAC and CUPRAC assays were higher when EAE was applied [142].
Kitryte et al. [143] optimized the EAE of bioactive compounds from chokeberry pomace
using cellulolytic and xylanolytic enzymes. Variable values of E-S (enzyme-solid) ratio,
temperature, pH and extraction time were applied. The optimal parameters were defined
as: E/S 6%, temperature 40 °C, pH 3.5 and 7 h of extraction time. The influence of the type
of enzyme on polyphenol and oil extraction yields from raspberry pomace was studied
by Saad et al. [144]. The enzyme that improved extraction efficiency was alkaline protease.
Using that enzyme, the optimization of EAE was conducted by the authors and optimal
conditions were chosen: particle size of material 50-750 um, pH 9, enzyme concentration
of 1.2 units/100 g pomace, temperature of 60 °C, S-L of 9% and a hydrolysis time of 2 h,
which resulted in a 5.87 g/100 g pomace (fw) extraction yield.

As the studies show, the conditions of EAE should be optimized to obtain the best pos-
sible extraction yield results. Enzymes are substances sensitive to different environmental
factors and their efficiency is strictly connected with them. EAE may be considered a green
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extraction method which may be helpful in reducing solvent quantities or power levels
used in the process; however, it is also a costly and demanding technique.

4. Conclusions

The study has shown a range of possible extraction methods which are applied to
extract bioactive compounds or oils from berry fruit by-products: ultrasound-assisted,
pulsed electric field-assisted, microwave-assisted, supercritical fluid, pressurized liquid
and enzyme-assisted methods. There are some major differences between the presented
methods with respect to their usefulness. The basic issue concerns the equipment needed
for the extraction procedures. Some of the devices used in, e.g., SFE or PEF-assisted
methods are advanced and costly units compared to the simple-to-operate SLE appara-
tus. Additionally, there are some preferable solvents and S-L ratios used in extraction,
depending on the chosen method. Traditional SLE involves the use of high amounts of
organic solvents, although in UAE, MAE or enzyme-assisted extraction these could be
replaced with water or water—organic solvent mixtures, whereas SFE requires specific
supercritical-state solvents. Time consumption is another factor that differs among the
considered methods. SLE takes time, up to 24 h, and using alternative extraction methods
can reduce the duration of extraction processes to a few hours or even minutes in the case of
UAE or MAE. There are, also, specific, unique parameters of conditions for each extraction
method which also influence the final results but which it is not possible to compare.

The conventional (solid-liquid) processing methods involve high energy and solvent
consumption, which may be harmful to the environment and financially unfavorable.
However, SLE is often the most effective extraction technique, considering extraction yield.
Novel, alternative extraction methods are beneficial due to their high selectivity. They are
also classified as ‘green’ extraction methods, which means they are environment-saving.
The alternative extractions conditions are still being modified to obtain the most efficient
model of extraction technique and further research in this area should be carried out.
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Abbreviations

AA Antioxidant activity

C3GE Cyanidin-3-glucoside equivalent
CAE Caffeic acid equivalent

CUPRAC  Cupric reducing antioxidant capacity
DF Dietary fiber

dm Dry mass

EAE Enzyme-assisted extraction

EE Epicatechin equivalent

FA Fatty acid

FAO Food and Agriculture Organization of the United Nations
FE Tron (Fe?*) equivalent

FRAP Ferric reducing antioxidant power

fw Fresh weight
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GAE Gallic acid equivalent
MAE Microwave-assisted extraction
ME Malvidin equivalent

MUFA Monounsaturated fatty acid

ORAC Oxygen radical absorbance capacity
PEF Pulsed electric field

PLE Pressurized liquid extraction

PUFA Polyunsaturated fatty acid

QE Quercetin equivalent

RE Rutin equivalent

RSM Response-surface methodology
SFA Saturated fatty acid

SFE Supercritical fluid extraction

SLE Solid-liquid extraction

T3 Tocotrienol

TAC Total anthocyanin content

TE Trolox equivalent

TEAC Trolox equivalent antioxidant capacity
TFC Total flavonoid content

TP Tocopherol

TPC Total polyphenolic content

UAE Ultrasound-assisted extraction
WHO World Health Organization
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ARTICLE INFO ABSTRACT

Keywords: An investigation of the ultrasound-assisted extraction (UAE) of polyphenols and oils from blackcurrant and

Blackcurrant redcurrant pomaces was carried out. The aim of the study was to select optimal conditions for the UAE process in

Eedcum‘m order to obtain polyphenol-rich extracts with highest total polyphenol content and highest antioxidant capacity.
omace

. , In case of oils, the optimization was focused on choosing the UAE parameters to achieve the highest oil yield and
Ultrasound-assisted extraction . ) N . | ) o A
oil the longest oxidation induction times. The most effective conditions of UAE were provided by the results of
response surface methodology procedure, which involved variables of time (2-10 min) and ultrasound amplitude
(30%-80%). Solvents used for extractions were distilled water and n-hexane for bioactive compounds and oils
extractions, respectively. In terms of polyphenol-rich fractions the most effective conditions were: amplitude of
around 51% and 3 min time for blackcurrant pomace and amplitude of around 91% and 11 min time for red-
currant pomace. In case of oils, the amplitude of 99% and 11.5 min time were chosen for blackcurrant. For
redcurrant seed oil it was the amplitude of 96% and extraction time equal to 12 min. The actual results obtained
in optimized conditions were comparable to the results predicted by models. It was proved that response surface
methodology could be useful tool in optimization of UAE process for blackcurrant and redcurrant polyphenol-

Bioactive compounds

rich extracts and seed oils.

1. Introduction

Blackcurrants (BC) and redcurrants (RC) are widely grown plants
with their fruits being processed to juices, jams, concentrates etc. The
fruit pomace left after processing may be a rich source of bioactive
compounds and oil (Igbal, Schulz, & Rizvi, 2021). Extracts from black-
currant and redcurrant pomaces were previously described as rich in
polyphenols and with high antioxidative capacity (Babaoglu, Unal,
Dilek, Pocan, & Karakaya, 2022; Michalska, Wojdylo, Lech, Lysiak, &
Figiel, 2017). Anthocyanins (Jara-Palacios et al., 2019) and flavonoids:
rutin and catechin, phenolic acids: caffeic acid, 3,4-dihydroxybenzoic
acid and gallic acid (Babaoglu et al., 2022) were main polyphenols
found in redcurrant pomace. In case of blackcurrant pomace, anthocy-
anins, especially delphinidin-3-rutoside and glucoside,
cyanidin-3-rutoside and glucoside as major polyphenolic compounds
and myricetin and quercetin as main flavonoids were determined (Sojka
& Krol, 2009). Also, the seeds present in currant pomaces could be
considered as a source of oil with high polyunsaturated fatty acid

* Corresponding author.
E-mail address: iga_piasecka@sggw.edu.pl (I. Piasecka).
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content and with remarkable presence of phytosterols and tocopherols
(Bada, Leon-Camacho, Copovi, & Alonso, 2014). Therefore, valorization
of fruit pomaces should be widely considered. The polyphenol and oil
fractions may be recovered through extraction process. It is worth
mentioning, that conventional extraction methods are now being grad-
ually replaced by novel, alternative techniques, which are beneficial in
terms of environmental protection and process efficiency, such as for
example ultrasound assisted extraction (UAE) (Piasecka, Wiktor, &
Gorska, 2022).

The effects of ultrasound include cavitation phenomena which re-
sults in improved mass transfer from disrupted cells and increases the
release of extracted substances (Chemat et al., 2017). Sonication was
successfully applied to extract polyphenol fraction from grape (Bonfigli,
Godoy, Reinheimer, & Scenna, 2017; Da Porto, Porretto, & Decorti,
2013; Da Rocha & Norena, 2020), apple (Pingret, Fabiano-Tixier,
Bourvellec, Renard, & Chemat, 2012) and blueberry (Bamba et al.,
2018; He et al., 2016) pomaces. UAE of oils from fruit by-products was
performed for, among others, raspberry (Teng et al., 2016), grape (Da
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Porto et al., 2013) and pomegranate (Barizao, Boeing, Martins, Visen-
tainer, & Almeida, 2015) seeds. The conditions of the sonication play
crucial role in forming properties of extract. Thus, the process needs to
be optimized in order to obtain method characterized by high efficiency
and high quality of the final product.

There were reported some results of UAE application in recovery of
bioactive compounds from blackcurrant and redcurrant pomaces.
Ethanolic ultrasound-assisted extraction was applied in the study by
Mili¢ et al. (2022), where extraction methods: solid-liquid, pressur-
ized-liquid, microwave-assisted and UAE were compared with regard to
bioactive compounds yield. All measured parameters i.e., total poly-
phenol content (TPC), total flavonoid content (TFC), monomeric
anthocyanin content and antioxidant capacity measured in DPPH (2,
2-diphenyl-1-picrylhydrazyl), ABTS (2,2-azino-di-[3-ethylbenzthiazo-
line sulfonate (6)]) and ferric reducing antioxidant power (FRAP) assays
were significantly higher in extracts obtained in UAE than in conven-
tional, solid-liquid extraction. Also, UAE was in summary the most
favorable method of extraction of bioactive compounds, although, the
least selective. UAE was also used in studies by Vorobyova et al. (2021)
or Blejan, Nour, Pacularu-Burada, Popescu, and Blejan (2023) to obtain
bioactive extracts with antioxidant properties from blackcurrant
pomace. Considering UAE application in oil extraction, it was success-
fully used by Gornas, Soliven, and Seglina (2015) to extract red currant
seed oil rich in tocochromanols. However, neither UAE of blackcurrant
seed oil nor optimization of UAE of oil from redcurrant or blackcurrant
seeds was reported.

The aim of the present study was to optimize the ultrasound-assisted
extraction of bioactive compounds and oils from blackcurrant and red-
currant pomaces. The optimization was carried out using response sur-
face methodology in order to obtain polyphenol-rich extracts with the
highest possible total polyphenol content measured using Folin-
Ciocalteu reagent and with the most efficient antioxidant capacity
assessed using ABTS radicals. Also, to obtain oil with the most effective
yield and characterized by the longest maximum induction time
measured by pressure differential scanning calorimetry. To achieve that,
UAE at variable conditions of amplitude and extraction time was
applied. Additional goal was to investigate how UAE affected anthocy-
anin content of polyphenol-rich extracts and how it influenced thermal
properties and fatty acid profile of oils.

2. Materials
2.1. Plant materials

Blackcurrant (Ribes nigrum var. Ruben) and redcurrant (Ribes rubrum
var. Jonkheer van Tets) were purchased as fresh from the local supplier.
Then fruits were processed using hydraulic press (HPL 14, Bucher Uni-
pektin, Niederweningen, Switzerland). Approximately 10 kg of raw
fruits were placed in press and by applying maximum 3 Bar pressure,
juice was obtained. Blackcurrant juice was obtained with 41.0% yield,
whereas for redcurrant it was 68.7% yield. Collected pomaces were then
dried in a prototype laboratory convective dryer at temperature of 45 °C
and air flow 1.5 m/s.

The water activity (ay) of dried currants was measured in Rotronic
Hygrolab C1 (Rotronic AG, Switzerland) hygrometer at 25 + 0.3 °C. The
ay of dry blackcurrant and redcurrant pomaces were 0.362 + 0.015 and
0.254 + 0.012, respectively. Both results were acceptable in terms of
microbial safety and general stability (Patacha, 2008).

Seeds were separated by sieving from the pomace to obtain two
fractions: Seedless pomace and separated seeds. Then, seedless pomace
was used to extract polyphenol rich fraction. The seeds were milled in
the laboratory IKA Tube Mill (IKA-Werke GmbH & Co. KG, Germany)
applying 20,000 rpm in 30 s time and used to extract oil.
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Table 1
Coded and actual values of independent variables in the UAE experiments.

Run X1: Ultrasound amplitude [%] X2: Extraction time [min]
Coded Actual Coded Actual

1 -1 30 -1 2

2 +1 80 -1 2

3 -1 30 +1 10

4 +1 80 +1 10

5 -1.414 19.75 0 6

6 +1.414 90.25 0 6

7 0 55 —1.414 0.344

8 0 55 +1.414 11.656

9 0 55 0 6

10 0 55 0 6

2.2. Chemicals

N-hexane, Folin-Ciocalteu reagent, gallic acid standard, sodium
carbonate, potassium persulfate, hydrochloric acid, calcium chloride,
diethyl ether, magnesium sulfate, acetic acid, methanol and potassium
hydroxide were supplied by Chempur, Piekary Slaskie, Poland. 2,2
azino-di-[3-ethylbenzthiazoline sulfonate (6)] (ABTS), (+)-6-Hydroxy-
2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox) were pur-
chased from Thermo Scientific Chemicals (Waltham, MA, USA). Bile
salts solution, TRIS, pancreatic lipase and cyanidin-3-glucoside standard
were purchased from Sigma-Aldrich, Inc. (St. Louis, MO, USA).

3. Methods
3.1. Experimental design

In order to evaluate the influence of UAE parameters on the quality
of oil and polyphenolic extracts and to perform possible optimization,
central composite design (CCD) was implemented. The two independent
variables chosen for the following study were the same for both
extraction processes-ultrasound amplitude (A) and extraction time (t).
The coded and actual values applied in the experiment are shown in
Table 1. The specific values of parameters were chosen based on the
preliminary studies, thus 10 experiments with double repetition in the
centre point were carried out in triplicate. The suitable models were fit,
and the experimental equations were specified according to the
following formulas (1- for the quadratic model, 2- for the linear model
and 3- for the two-factor interaction model):

Y =0+ b Xi + B Xo + fn X1 X2 +ﬂ11X12+ﬁ22X22 (@)
Y=p0,+ 5 X +5X; 2)
Y =0+ B X1 + b Xo + frnXi Xo 3

where: f3,- the constant coefficient; f;, f,- regression coefficients for the
linear terms; f3,;, foo- regression coefficients for the quadratic terms; ;-
regression coefficient for the interaction terms; Xi, X»- coded values of
independent variables.

In case of phenolic extracts, two independent variables were total
phenolic content (TPC), measured using Folin-Ciocalteu reagent and
antioxidative capacity measured in ABTS radical scavenging assay. For
oil extraction, two independent variables were yield (Y) and maximum
oxidation reaction induction time (Tpax) measured in pressure differ-
ential scanning calorimetry study.

3.2. Ultrasound assisted extraction

UAE of bioactive compounds as well as UAE of oils were conducted in
UP400S ultrasound processor supplied by Hielscher Ultrasonics GmbH
(Tetlow, Germany), with adjustable wave amplitude level, the output
power of 400 W and replaceable sonotrode. The explanatory picture is
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Fig. 1. The scheme of ultrasonic system used in the study.

presented in Fig. 1.

Procedure for polyphenolic fraction extraction was as follows: Two
grams of blackcurrant or redcurrant seedless pomace were placed in 50
mL Falcon tube. Distilled water (30 mL) was used as a solvent and was
added to pomace right before the extraction. Sonotrode was then
immersed to the tube. Temperature of the process was monitored using
immersive thermometer at up to 45 °C. Obtained extracts were then
filtered using paper filter and frozen until further analysis.

For oil extraction, 2 g of milled blackcurrant or redcurrant seeds
were placed in 50 mL Falcon tubes and mixed with 30 mL of n-hexane
used as an extractant. Sonotrode was immersed to the tube immediately
after adding the solvent. The temperature was controlled as for the
polyphenol fraction extraction. After the procedure, extracts were
filtered and dried with anhydrous magnesium sulfate. Hexane was
evaporated in vacuum rotary evaporator (BR-215, Biichi Labortechnik
AG, Flawil, Switzerland) at 40 °C. Additional removal of solvent was
carried out in the nitrogen atmosphere.

3.3. Analysis of polyphenolic extracts

3.3.1. Total polyphenolic content

TPC was determined spectrophotometrically, using Folin-Ciocalteu
reagent, according to the Gao, Ohlander, Jeppsson, Bjork, and Traj-
kovski (2000). Briefly, 0.2 mL of diluted extracts, 0.4 mL Folin-Ciocalteu
reagent, 4 mL distilled water and 2 mL of 15% sodium carbonate solu-
tion were added into a test tube, mixed on a Vortex mixer and placed in
the darkness for 60 min. After that, absorbance was measured in Shi-
madzu UV—1650PC spectrophotometer (Shimadzu Corp., Kyoto,
Japan) at wavelength 765 nm. Working standard solutions of gallic acid
in concentrations 50 mg-250 mg/L were used to prepare calibration
curve. The results of TPC were expressed as mg of gallic acid equivalent
(GAE) per g of dried sample.

3.3.2. Antioxidant capacity

Antioxidant activity of extracts towards ABTS cation radical solution
was determined according to the method by Re et al. (1999). Diluted
sample (40 pL) and 4 mL of ABTS solution were added into a test tube
and absorbance was measured at wavelength of 734 nm after 8 min of
incubation, using Shimadzu UV—1650PC spectrophotometer. Standard
curve of Trolox was prepared from Trolox working standard solutions in
concentrations of 0-1125 pmol/L. The results of antioxidative capacity
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were expressed as pmol Trolox equivalent (TE) per g of dried sample.

3.3.3. High-performance liquid chromatography (HPLC) analysis of
anthocyanins

The HPLC (Shimadzu Corp.) with DAD detector and Luna 5 pm C18
(2), 250 mm x 4.6 mm column with precolumn (Phenomenex, Torrance,
CA, USA) were used to analyze the content of anthocyanins. The
anthocyanin content in the extracts prepared in the optimized and
control conditions was determined using the HPLC method in accor-
dance with the previous methodology (Goiffon, Mouly, & Gaydou,
1999). The analysis was conducted in an isocratic flow at a flow rate of 1
mL/min. The water, acetonitrile and formic acid mixture in a volumetric
ratio of 830:70:100 was used as the mobile phase. The prepared samples
were centrifuged in a laboratory centrifuge (MPW-350R, MPW Med
Instruments, Warszawa, Poland), applying ca. 18000g in 10 min. The
results were recorded at a wavelength of 520 nm. The total anthocyanin
content was expressed as milligram content per 100 g of dried sample,
which was calculated as cyanidin 3-O-glucoside. The concentration of
compounds was determined in relation to a cyanidin-3-glucoside stan-
dard. Analyses were repeated thrice for each material. The total
anthocyanin content (TAC) was calculated as a sum of individual an-
thocyanins based on the chromatograms analyzed in the LabSolutions
software (v. 5.106, Shimadzu Corp.).

3.4. Analysis of oils

3.4.1. Extraction yield
Yield of the extraction was determined gravimetrically, according to
the Ni et al. (2015). The yield was calculated by dividing mass of oil by
initial mass of seeds and expressed as percent (Equation (4)).
Moil

Y=—2" %100 ()]

Miseeds

where: Y- yield (%); my;- mass of oil (g); Myeeqs- initial mass of ground
seeds (g).

3.4.2. Pressure differential scanning calorimetry

Oxidative stability of oils was studied in pressure differential scan-
ning calorimetry (PDSC) study according to previously described
method (Piasecka, Gorska, Ostrowska-Ligeza, & Kalisz, 2021). DSC Q20
TA Instrument (TA Instruments, New Castle, DE, USA) was used for the
analysis. Maximum induction time (Ty,) was the result of the PDSC
analysis of 3-4 mg of oil put in an aluminum pan in comparison with
empty pan used as a reference. Both pans were closed in the cell purged
with oxygen at a pressure of ca. 1400 kPa in isothermal conditions of
120 °C.

3.4.3. Oxidation kinetics

Kinetic parameters of oil oxidation were calculated based on the
results of the PDSC measurements at five different temperatures: 110,
115, 120, 125, 130 °C. The equipment and conditions of measurement
were as described for the pressure differential scanning calorimetry. The
maximum induction time results were used to plot a graph of the loga-
rithm of the induction time versus reversed temperature (in absolute
scale). Then, activation energy, pre-exponential factor and reaction rate
constant values were determined based on calculations described by
Wirkowska-Wojdyta, Ostrowska-Ligeza, Gorska, and Brys (2022), which
were the interpretation of Arrhenius and Ozawa-Flynn-Wall equations.

3.4.4. Differential scanning calorimetry

Melting characteristics of oils was assessed in the differential scan-
ning calorimetry study (DSC). DSC Q200 TA Instrument (TA In-
struments) calorimeter was used in the procedure as follows: 3-4 mg
samples of oils were placed in hermetically sealed aluminum pans and
placed in the apparatus with the reference empty pan. The flow rate of
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Fig. 2. The 3D graphs of response surfaces of TPC and antioxidant capacity (ABTS) of blackcurrant and redcurrant pomace extracts, depending on ultrasound

amplitude (A) and extraction time (B).

cooling medium-nitrogen was set at 50 mL per minute. At first samples
were brought to 80 °C and kept in that conditions for 10 min. Then,
samples were cooled down to —80 °C with a cooling rate of 10 °C/min
and maintained for 30 min. Last step was reheating samples to 80 °C at a
rate of 15 °C/min. Curve recorded during last step of the procedure was
then analyzed in terms of melting characteristics determination (Wir-
kowska, Ostrowska-Ligeza, Gorska, & Koczon, 2012).

3.4.5. Fatty acid profile and distribution in triacylglycerols

The fatty acid profile analysis was preceded with fatty acids
methylation according to the standard method (Polish Norm, 2001).
Then, obtained fatty acid methyl esters (FAMEs) analysis was performed
in gas chromatography (GC) study based on the method by Brys et al.
(2017). The YL6100 GC apparatus (Young Lin Instrument Co., Ltd.,
Anyang, Republic of Korea) coupled with a flame ionization detector
and equipped with a 60-m long BPX 70 capillary column (SGE Analytical
Science, Milton Keynes, UK) with an inner diameter of 0.22 mm and a
film thickness of 0.25 pm was used. The identification of FAMEs on the
chromatogram was conducted by retention time comparison with the
standard FAMEs mixture. The percentage of each fatty acid was calcu-
lated in area normalization procedure.

Fatty acids distribution in triacylglycerols (TAG) was assessed using
regiospecific pancreatic lipase in order to hydrolyze the ester bonds in
sn-1,3 positions of TAG followed by isolating of monoacylglycerols in
preparative thin layer chromatography (TLC) technique (Brys et al.,
2019) coupled with a GC of sn-2 FAMEs procedure as described above.

3.4.6. Scanning electron microscopy

The microstructures of powdered raw blackcurrant and redcurrant
seeds and the seeds left after UAE in the most efficient conditions were
analyzed in scanning electron microscopy (SEM) study. TM-3000
(HITACHI, Tokyo, Japan) microscope at magnification of 1000 x and
beam voltage equal to 15 kV was used.

3.4.7. Statistical analysis

The experiment was designed using Design-Expert software (v.
22.0.2, Stat-Ease Inc., Minneapolis, MN, USA), followed by model
evaluation, including analysis of determination coefficient, lack of fit
test, p-value and coefficient variation results. Statistical analysis,
considering one-way ANOVA and Tukey’s post hoc test of detailed re-
sults obtained in DSC study, kinetics study and GC studies was con-
ducted using Statistica software (v. 13.3, StatSoft, Krakéw, Poland). In
all cases, a p-value equal to 0.05 was set as a threshold value.

4. Results and discussion
4.1. Optimization of polyphenol fraction extraction

The effects of two independent variables: ultrasound amplitude and
extraction time were studied for UAE to evaluate polyphenol fraction
total phenolic content and antioxidant capacity by analyzing model fit
with fitted equations and ANOVA tests. The results were obtained based
on 30 experimental runs for blackcurrant and redcurrant pomaces,
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Table 2

The statistical tests’ results of fitting the equations of the response surfaces to the
values obtained experimentally (o« = 0.05) in the process of UAE of blackcurrant
(BC) and redcurrant (RC) bioactive compounds; R? (determination coefficient),
CV (coefficient of variation).

Source  Response  Model R? Ccv Model p- Lack of fit
[%] value p-value
BC TPC Quadratic  0.9516  3.52 0.0027 0.0506
ABTS Quadratic  0.8431  12.88 0.0444 0.0866
RC TPC Quadratic  0.8919  5.39 0.0457 0.1345
ABTS Linear 0.6102  8.30 0.0370 0.0941

respectively. Total phenolic content in blackcurrant extracts ranged
from 10.98 to 15.31 mg GAE/g fw, and in redcurrant - from 3.30 to 4.36
mg GAE/g fw. The experimental quadratic polynomial equations were
obtained for blackcurrant (Equation (5)) and redcurrant (Equation (6)),
as follows:

TPCpye = 11.4206 + 0.181939 o Amplitude — 0.760312 o Time + 0.006425
o Amplitude o Time — 0.001778 o Amplitude® + 0.012578 o Time®
(5)

TPCge = 5.00375 — 0.063397 o Amplitude — 0.080404 o Time + 0.00135
o Amplitude o Time + 0.000556 o Amplitude® + 0.005781 o Time*
(6)

The equations contain only significant (p < 0.05) variables with their
correlations and could be applied to count predicted TPC value of RC or
BC extract obtained in UAE. The graphical expression of the model fit is
shown in Fig. 2. According to ANOVA results (Table 2), quadratic model
of fit in terms of TPC of extracts was significant (p < 0.05) for both black
and redcurrant pomaces. Model fit p-values showed significance (p <
0.05) and lack of fit p-values did not indicate significance (p < 0.05).
Generally, the effect of increased cavitation intensity, while higher
values of ultrasound amplitude are applied, should contribute to poly-
phenol yield increment due to the improved solvent penetration into the
solid and accelerated mass transfer (Dzah et al., 2020). However, rapid
phenomena occurring in UAE process might result in degradation of
some compounds. In the following study, moderate amplitude level
seemed to be relevant for UAE of polyphenolic fraction from black-
currant pomace, while bioactive compounds from redcurrant pomace
were more prone to extract in higher amplitude conditions. Alia-
no-Gonzalez et al. (2020) also reported higher values of ultrasound
amplitude (70%) as optimal for blueberry phenolic extracts obtained in
UAE with methanol used as a solvent. The high abundance of anthocy-
anins, which were previously proved to degrade during prolonged UAE
with high amplitude (Tiwari, Patras, Brunton, Cullen, & O’Donnell,
2010) may be responsible for the decrease of TPC of blackcurrant
pomace when time and amplitude level increased. Similar findings were
reported for UAE with the use of ethanol in case of chokeberry pomace,
where the highest TPC was achieved when moderate ultrasound power
was applied (Ramic et al., 2015), as well as for the aqueous UAE of
bioactive compounds from apple pomace (Egiiés, Hernandez-Ramos,

Table 3
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Rivilla, & Labidi, 2021).

Regarding antioxidant capacity, the results ranged from 56.44 to
120.02 pmol TE/g fw for blackcurrant pomace extract and from 21.86 to
32.42 pmol TE/g fw in case of redcurrant pomace extract. Based on the
model fit results presented in Table 2 (p-value of model, p-value of lack
of fit and R?), quadratic model was significant in terms of blackcurrant
pomace UAE and linear model was significant in terms of redcurrant
pomace UAE. Experimental equations-quadratic to predict antioxidative
capacity of blackcurrant pomace extract (Equation (7)) and linear to
describe the experimental effects on antioxidative capacity of redcurrant
pomace extracts (Equation (8)) were determined.

ABTSpc =25.84993 — 3.30456 @ Amplitude — 0.252046 o Time + 0.07005
o Amplitude o Time — 0.031107 o Amplitude* — 0.550104 o Time*
™)

ABTSgc =21.22898 + 0.049908 o Amplitude + 0.591351 o Time 8

The graphical expressions of the aforementioned calculations are
shown in Fig. 2. For blackcurrant pomace extract, longer time resulted in
lower antioxidant capacity, however higher ultrasound amplitude had
contributed to higher antioxidant capacity. Similar findings, when
excessive time of UAE resulted in lower antioxidant capacity, were
described for bioactive compounds extraction from apple pomace using
ethanol (Razola-Diaz et al., 2022). In the case of redcurrant pomace,
longer time and increased amplitude favored antioxidant capacity
growth. According to Gomez-Cruz et al. (2021) longer UAE time also
resulted in higher antioxidant capacity measured in ABTS assay for the
olive oil pomace extracted with acetone.

The optimization carried out in statistical software revealed solu-
tions for maximized TPC and antioxidant capacity in extracts obtained in
UAE process. For the blackcurrant pomace amplitude of 51.49% and
time 2.36 min were expected to give extracts with TPC level at 15.13 mg
GAE/g fw and ABTS equal to 118.40 pmol TE/g fw. Applying actual
parameters: 50% amplitude in 2.36 min time resulted in blackcurrant
pomace extracts with TPC of 16.00 mg GAE/fw and antioxidant capacity
117.63 pmol TE/g fw. In terms of redcurrant pomace, the maximum TPC
at level 5.13 mg GAE/g fw and antioxidant capacity equal to 32.62 mg
GAE/g fw were predicted when applying 91.66% amplitude and 11.53
min time. The result was validated in the UAE process with 90%
amplitude and 11.53 min time. The actual values of TPC and antioxidant
capacity of redcurrant pomace extracts were 5.56 mg GAE/g fw and
29.55 pmol TE/g fw, respectively. The results show that RSM enabled to
fit the statistical model that reflected in actual results obtained in chosen
conditions of UAE. Gonzalez, Carrera, Barbero, and Palma (2022)
optimized the anthocyanin UAE process from blackcurrant by-products
applying Box Behnken design, using methanol in concentration 50%—
100%, other variables were temperature (5-50 °C), amplitude (10%-—
50%), pH (2-8), and sample to solvent ratio (0.1-0.2 g/15 mL). The
optimal conditions for the ultrasound-assisted anthocyanin recovery
were: 65% methanol concentration, temperature- 5 °C, amplitude- 50%,
pH- 4.97 and sample to solvent ratio- 0.1 g of sample per 15 mL of
solvent. Comparing to the optimization carried out in the following
study, optimal amplitude value was similar to the blackcurrant UAE.

Anthocyanin content in blackcurrant and redcurrant pomaces water extracts obtained in UAE (BC_US, RC_US) and maceration (BC_C, RC_C) [mg/1000 g fw]; DP3GLU-
delphinidin-3-glucoside, DP3RUT-delphinidin-3-rutinoside; CY3-SOPHO- cyanidin-3-sophoroside; CY3GLU- cyanidin-3-glucoside; CY3-2XYL-RUT-cyanidin-3-(2-
xylosyDrutinoside; CY3RUT-cyanidin-3-rutinoside; TAC- total anthycyanin content expressed as cyanidin 3-glucoside.

Sample DP3GLU DP3RUT CY3-SOPHO CY3-2GLU-RUT CY3GLU CY3-2XYL-RUT CY3RUT TAC

BC_US 246 + 14° 875 +1° - - 116 + 3¢ - 652 + 14 1889 + 17¢
BCC 143 + 14% 506 -+ 497 - - 65 + 6° - 376 + 36° 1090 + 105°
RC_US - - 2+ 0° 16 + 0° 2400 82 + 0° 10 + 0° 112+ 0°
RCC - - 1+0° 6+ 0? 1+0° 38 +1° 44+0° 50 + 2°

The results are mean values from duplicate tests of three independent extract samples +standard deviation; different letters * indicate significant differences at p <

0.05.
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Table 4

The statistical tests’ results of fitting the equations of the response surfaces to the
values obtained experimentally (« = 0.05) for BC and RC seed oils isolated by
UAE; R? (determination coefficient), CV (coefficient of variation).

Source  Response  Model R? Ccv Model p- Lack of fit
[%] value p-value
BC Yield Quadratic  0.9388  10.33 0.0047 0.1444
Tmax 2F1 0.6553  4.96 0.0478 0.2220
RC Yield 2FI 0.7442 9.45 0.0329 0.5331
Tmax 2FI 0.7703  3.28 0.0241 0.6210

There were not reported any UAE optimization studies for redcurrant
pomace yet.

4.2. Composition of polyphenol fractions

According to the literature, the most abundant phenolic compounds
of both blackcurrant and redcurrant are anthocyanins (Borges, Dege-
neve, Mullen, & Crozier, 2010) and thus, anthocyanin compositions in
the extracts of blackcurrant and redcurrant pomaces obtained in opti-
mized UAE conditions and control samples were determined. The results
are shown in Table 3.

In general, the results showed that ultrasound-assisted extraction
conducted in optimized conditions gave extracts with significantly (p <
0.05) higher content of identified anthocyanins. The same dependence
was found for both blackcurrant and redcurrant extracts. Furthermore,
based on the results, it can be concluded that redcurrant pomace extracts
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were characterized by significantly lower content of anthocyanins
compared to extracts obtained from blackcurrant pomace. Regarding
detailed analysis, the following specific anthocyanins were detected for
blackcurrant extracts: delphinidin-3-glucoside, cyanidin-3-glucoside,
cyanidin-3-rutinoside and delphinidin-3-rutinoside as the most abun-
dant one with the content equal to 874.90 + 0.89 mg/1000 g fw for UAE
extract and 505.87 + 48.86 mg/1000 g fw for extract obtained in con-
ventional process. For redcurrant pomace extract cyanidin-3-
sophoroside, cyanidin-3-glucoside, cyanidin-3-(2-xylosyl) rutinoside,
cyanidin-3-rutinoside were detected. The highest content of 82.35 +
0.18 and 38.26 + 1.31 mg/1000 g fw in case of UAE extract and con-
ventional extract, respectively, was marked for cyanidin-3-(2-xylosyl)
rutinoside.

Values of anthocyanin content similar to those in the conventionally
obtained extracts were obtained for methanolic extracts from raw
blackcurrant and redcurrant fruits in study by Ponder, Hallmann,
Kwolek, Srednicka-Tober, and Kazimierczak (2021). That proved high
efficiency of the UAE process as it was capable to extract almost the same
amount of anthocyanin from pomace as it was extracted from raw fruits.
Comparing to microwave-assisted extraction (MAE) method described
by Pap et al. (2013), optimized UAE in the following study was slightly
less efficient in terms of BC anthocyanin recovery than MAE which
resulted in 2040 mg/1000 g total anthocyanin (TA). However, the re-
sults in cited study were given for the wet pomace mass units, unlike in
the following study per mass unit of dried pomace. The acidified
methanolic extract from redcurrant pomace obtained in conventional
solid-liquid process was studied by Jara-Palacios et al. (2019). The TA

Fig. 3. The 3D graphs of response surfaces of yield and maximum induction time (tax) of blackcurrant (BC) and redcurrant (RC) seed oils, depending on ultrasound

amplitude (A) and extraction time (B).
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content measured in HPLC study was higher than in the following study-
1499.1 mg/1000 g but expressed as content in dry matter.

4.3. Optimization of oil extraction

The effects of ultrasound amplitude and extraction time on the oil
yield and maximum induction time of oils obtained in 30 runs for
blackcurrant and 30 runs for redcurrant seeds were analyzed. The
ANOVA tests results are shown in Table 4. The models fitted on the basis
of the obtained results were quadratic model for the blackcurrant seed
oil yield and two-factor interaction (2FI) models for blackcurrant seed
0il Tmax and for redcurrant seed oil yield and Tmax. The graphical
expression of the models is shown on Fig. 3.

The overall observation is that oil yield improvement is positively
correlated with increase of both, extraction time and ultrasound
amplitude. The exact equations describing the mathematical depen-
dence are Equations (9) and (10). The obtained results are in agreement
with previous study concerning UAE of oil from cranberry seeds opti-
mization (Piasecka, Brzeziniska, Ostrowska-Ligeza, Wiktor, & Gorska,
2023). The yield of cranberry seed oil which was dependent on both
extraction time and US amplitude was the highest when the conditions
were set at their highest values. Sebayang et al. (2023) also found that
extended UAE time as well as higher US amplitude in oil extraction
process from Carica Candamarcensis seeds resulted in higher yields. In
terms of time effect on the yield, Moradi, Rahimi, Moeini, and Parsa-
moghadam (2017) claimed that UAE efficiency of sunflower oil was a
function of time and that most of the oil was extracted within first 15
min of the process.

Yieldge = 1.7317 — 0.001035 o Amplitude + 0.269004 o Time + 0.005075
o Amplitude o Time — 0.000052 o Amplitude® — 0.039062 o Time*
)

Yieldrc = 6.02538 — 0.030764 @ Amplitude — 0.20423 o Time + 0.0062
o Amplitude o Time
(10)

According to the model fitting, maximum induction times of black-
currant and redcurrant seed oils extracted utilizing UAE were also
reliant on both variable factors and the T,y mean values were within
the range of 30.03-38.61 min and 38.14-45.93 min in case of black-
currant and redcurrant seed oil, respectively. Within the limits of vari-
ables proposed in the following study, the effect of extraction time and
ultrasound amplitude was similar, and it can be concluded jointly for
both that higher values of variables resulted in higher maximum in-
duction time values for oils. Kenari and Dehghan (2020) who studied
optimization of UAE of hempseed oil found that the longer extraction
time was, the lower oil stability measured as peroxide value was
determined. However, their conditions were more extreme, as US in 90
min time maximum was applied. The prolonged UAE time may result in
free radicals’ formation and thus lower the oil quality and resistance to
oxidation. Nevertheless, in the study by Malicanin et al. (2014) it was
discovered that longer time (105-120 min) of ultrasound application led
to higher antioxidant compounds liberation in oil extracted from grape
seeds and therefore, higher oxidative stability expressed as oxidation
onset temperature, measured by DSC assay. The following and discussed
results suggest that US treatment may be beneficial in terms of oil
quality, but the conditions have to be adjusted properly.

Tmaxpe = 35.08911 — 0.087513 o Amplitude — 0.447086 o Time + 0.0161
o Amplitude o Time
(1)
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Table 5

Kinetic parameters of blackcurrant (BC) and redcurrant (RC) seed oils oxidation
reactions; a,b-values from linear equation, E,-activation energy, Z-pre-expo-
nential factor, k-constant rate.

Parameter BC_C BC_US RC_C RC_US

a 5.49 5.00 4.18 4.48

b 12.52 11.24 9.07 9.78

Ea [kJ/mol]  99.88 +3.16° 91.13 +2.92° 76.11 +2.01° 81.53 + 1.75°
Z [1/min] 5.69 x 10%° 3.24 x 10° 2.65 x 107 1.27 x 108
kat110°C  1.37 x 1073 1.22 x 1073 1.11 x 1073 9.74 x 107*
kat115°C  2.06 x 102 1.76 x 1073 1.52 x 1072 1.35x 1072
kat120°C  3.05 x 1073 2.53 x 1072 2.05 x 1072 1.87 x 1073
kat125°C  4.48 x 1073 3.59 x 1072 2.74 x 1072 2.55 x 1072
kat130°C  6.51 x 1073 5.05 x 1072 3.65 x 1072 3.47 x 1073

The results are mean values from duplicate tests of three independent oil sam-
ples + standard deviation; different letters *“ indicate significant differences at
p < 0.05.

Tmaxre =46.35251 — 0.084883 o Amplitude — 1.15083 o Time + 0.0233
o Amplitude o Time
(12)

The solutions specified by statistical software indicating conditions
which should result in the most desirable values of yield and tyax of o0ils
were as follows: 99% ultrasound amplitude and 11.50 min of extraction
time in case of blackcurrant seed oil should give 4.83% yield and 39.61
min T,y Applying actual parameters 95% amplitude and 11.50 min of
the process led to 4.59% yield and 38.83 min Ty The statistical opti-
mization of redcurrant seed oil extraction predicted the most effective
conditions of the UAE: 96% amplitude and 12.00 min time with output
values 7.76% yield and 51.24 min Ty.x. The actual utilized conditions
were 95% amplitude and 12.00 min extraction time which resulted in
7.04% yield and 48.65 min T Obtained results show that model fits
were relevant in the conditions of the experiment and predictions were
validated by actual measurements without significant deviation
comparing to the model.

4.4. Oil characteristics

4.4.1. Oxidation kinetics

The oxidation reaction kinetic study results of UAE and the control
oils from blackcurrant and redcurrant seeds are summarized in Table 5.
The activation energy (E,) of oxidation in case of vegetable oils depends
mostly on unsaturation level of triacylglycerols. Oils with higher per-
centage share of polyunsaturated fatty acids are described by lower
activation energy and oils with higher percentage share of mono-
unsaturated fatty acids have higher activation energy values (Adhvaryu,
Erhan, Liu, & Perez, 2000). The results for studied oils are in accordance
with that statement, as the fatty acid profile study showed higher
abundance of polyunsaturated fatty acids (PUFAs) in redcurrant seed
oils than in blackcurrant seed oils; also, blackcurrant seed oils is char-
acterized by higher percentage of oleic acid - the only monounsaturated
fatty acid (MUFA) identified in the GC assay, than redcurrant seed oils
(see subchapter Fatty acid profile and distribution in triacylglycerols).
Oils with higher activation energy values tend to exhibit delayed
oxidation onset times and therefore primary oxidation products forma-
tion is postponed. Also, value of constant rates of reaction (k) at different
temperatures was described as affected by oil composition, especially
dependent from MUFA percentage (Qi et al., 2016). The present study
recorded higher k values for oils with a higher percentage of oleic acid.
The US application effect on kinetic parameters of oxidation reaction is
not conclusive, as the E, of UAE blackcurrant seed oil was lower than
control sample and opposite results were obtained for redcurrant seed
oils.
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Fig. 4. The examples of DSC curves obtained for (A) blackcurrant seed oils obtained in the optimized conditions of UAE (BC_US) and oil obtained conventionally
(BC_C) and (B) redcurrant seed oil obtained in the optimized conditions of UAE (RC_US) and oil obtained conventionally (RC_C).

Table 6
DSC study results for blackcurrant seed oil obtained in optimized conditions of
UAE (BC_US) and in conventional extraction (BC_C) and for redcurrant seed oil
obtained in optimized conditions of UAE (RC_US) and in conventional extraction
(RC_Q).

Temperature of II"¢
endothermal transition [°C]

oil Temperature of I**
endothermal transition [°C]

BC_US —39.87 + 0.07° -

BCC —40.56 + 0.30°

RC_US —42.83 + 0.04° —26.72 + 0.04°
RC.C —42.80 + 0.01% —26.19 + 0.01°

The results are mean values from duplicate tests of three independent oil sam-
ples + standard deviation; different letters * indicate significant differences at
p < 0.05.

4.4.2. Melting characteristics

The courses of melting curves (examples shown in Fig. 4) differ
depending on the source of oil; however, the US-extracted oils are not
significantly different from the control ones. Blackcurrant seed oil was
characterized with one endothermal transition, when redcurrant seed oil
was characterized by two transitions. Specific mean temperature values
of the observed transitions are presented in Table 6. As the DSC method

may be considered as authentication method for the examined oil
samples (Islam, Betkowska, Konieczny, Fornal, & Tomaszewska-Gras,
2022), the lack of significant differences between US-extracted and
control oil samples is nothing unexpected. Gorska et al. (2023) obtained
similar results for blackcurrant seed oil extracted using Soxhlet

Table 7

Percentage share of fatty acids in the blackcurrant (BC) and redcurrant (RC) seed
oils (%); C16:0-palmitic acid, C18:0- stearic acid, C18:1 n-9- oleic acid, C18:2 n-
6 linoleic acid, C18:3 n-6- y-linolenic acid, C18:3 n-3- a-linolenic acid, C20:0-
eicosanoic acid.

Fatty acid ~ BC.C BC_US RC.C RC_US

C16:0 6.11 + 0.71° 5.83 +0.33® 517 + 0.04° 5.18 + 0.05%
C18:0 1.97 + 0.01¢ 1.81 + 0.04° 1.27 + 0.06" 1.37 + 0.01%
C181n9 163540119 1597 +0.09° 11.79 +0.10°  11.92 + 0.02°
C18:2n6  46.46 + 0.52°  46.92 + 0.16°  41.29 + 0.12°  41.02 + 0.06*
C18:3n6 11.98+0.18° 1240+ 0.019 452+ 0.01* 4.64 + 0.03°
C18:3n3  13.05+0.17°  13.47 +0.01° 3296 + 0.11°  32.82 + 0.04¢
C 20:0 2.44 + 0.01° 2.53 + 0.03" 3.02 £ 0.01¢ 3.07 + 0.01¢
other 1.65 + 0.09° 1.09 + 0.04° - -

The results are mean values from duplicate tests of three independent oil sam-
ples + standard deviation; different letters ¢ indicate significant differences at
p < 0.05.
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Fig. 5. The diagram of fatty acid percentage in sn-2 position of TAGs (%). The
dotted line indicates the constant share of fatty acid occupying sn-2 position
assuming the equilibrium of all positions in the TAG molecule; C 18:1 n-9- oleic
acid, C 18:2 n-6- linoleic fatty acid, C 18:3 n-6- y-linolenic acid, C 18:3 n-3-
a-linolenic acid; the results are mean values from duplicate tests of three in-
dependent oil samples +standard deviation; different letters ¢ indicate sig-
nificant differences at p < 0.05.

apparatus, describing one endothermal event in course of melting curve
at —37.41 °C. The range of temperatures of endothermal transitions
described for blackcurrant and redcurrant seed oils in the following
study indicates the presence of polyunsaturated fatty acids of tri-
acylglycerols (Tan & Man, 2002) and that was confirmed in GC fatty acid
profile analysis (described further). Since the melting curve course de-
pends on fatty acid profile, low temperatures of endothermal transitions
are characteristic for plant oils rich in PUFAs and that was previously
described for flaxseed oil (Zhang, Li, Zhang, Liu, & Wang, 2014) and
goldenberry oil (Embaby et al., 2022).

Overall, the obtained results suggest that extraction method does not
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affect melting curve course significantly and confirms that DSC is a
valuable method for oil authenticity assessment.

4.4.3. Fatty acid profile and distribution in triacylglycerols

Fatty acid percentage share of examined blackcurrant and redcurrant
seed oils is presented in Table 7. Fatty acid with the highest percentage
share amongst all studied samples was linoleic fatty acid (C18:2 n-6).
Obtained results are with the accordance with previously published fatty
acid profile characteristics of blackcurrant and redcurrant seed oils
(Zlatanov, 1999). When it comes to the variation in percentage share of
fatty acids caused by oil extraction method, the slight, however signif-
icant differences were noted for all detected fatty acids except the
dominant one, linoleic acid. It was previously reported that extraction
method conditions influenced the fatty acid profile of obtained oils in
case of blackcurrant seed oil extracted using supercritical fluid method
(Wojciak et al., 2022) and thus, percentage share of fatty acids.

The distribution of the fatty acids with the highest percentage share
in fatty acid profile in TAGs of oils is presented in Fig. 5. The differences
detected in the percentage of PUFAs share in sn-2 position of TAGs do
not change the overall fatty acids distribution in TAGs. Their profile is
still characteristic for vegetable oils with high level of unsaturation (Brys
& Wirkowska, 2010). Any changes in the fatty acid distribution may be
contributed to the local rapid events occurring in the US field. Also, the
slight changes in fatty acid and thus fatty acid distribution in UAE oils
were previously reported in case of cranberry seed oil (Piasecka et al.,
2023) and papaya seed oil (Samaram, Mirhosseini, Tan, & Ghazali,
2013).

4.4.4. Scanning electron microscopy

According to the SEM pictures shown in Fig. 6 it can be observed that
UAE is responsible for the textural changes in the extracted material,
which may be contributed to the improved extractability as well as
enhanced simultaneous extraction of other ingredients. Intensified
release of plant polyphenols during oil extraction may be responsible for
improved oil resistance to oxidation and therefore, prolonged shelf-life.
The intensified material depletion was previously observed by Matei

Fig. 6. SEM pictures of milled seeds of raw blackcurrant seeds (A), blackcurrant seeds which undergone UAE (B), raw redcurrant seeds (C) and redcurrant seeds after

UAE (D).
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et al. (2023) in the blackberry seeds after ultrasound oil extraction. Also,
Dash, Pathak, and Pradhan (2021) observed creation of similar
inter-particular spaces and pores in the kernel powder of Terminalia
chebula. The phenomenon of structure loosening is responsible for
enhanced mass transfer and permeability of solvent inside the plant
material.

5. Conclusions

The study showed that ultrasound may be a useful tool to accelerate
solvent extraction of oil from berry fruit seeds. It can also improve
aqueous extraction of bioactive compounds from berry fruit pomace.
That reveals the opportunity for food industry to add value to the by-
products that occur during fruit processing. Also, utilization of
response surface methodology allowed to determine the most efficient
conditions of time and amplitude of ultrasound-assisted extraction in
order to obtain oil with the highest yield and longer oxidation induction
time and to obtain bioactive-rich extracts with the highest total poly-
phenol content and antioxidative capacity. Extracts obtained in the
optimized conditions of extraction had significantly higher concentra-
tions of anthocyanins assessed in the HPLC study. Thermal properties
and fatty acid profile of blackcurrant and redcurrant seed oils obtained
in the conditions chosen as optimal were not affected by ultrasound
application. Ultrasound remains promising alternative to conventional
extraction methods, as it could contribute to reduce waste amount in the
fruit industry. Valorization of fruit by-products using ultrasound in a
large scale may also bring financial profits by creating new products
based on extracted compounds. Presented results were obtained in a
laboratory scale, further usage of ultrasound technology in fruit waste
processing needs to be studied deeply, using material from industrial
scale and then, implementing solutions into actual manufacturing
systems.
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Abstract: An investigation of the ultrasound-assisted extraction (UAE) of polyphenol-rich aqueous
extracts from blackberry, chokeberry and raspberry pomaces was carried out. The aim of the study
was to choose optimal conditions for UAE in order to obtain extracts rich in phenolic compounds.
The optimization was carried out based on response surface methodology. The variable conditions
were amplitude of ultrasound wave and extraction time, whereas responses were total polyphenol
content and antioxidant capacity. Based on the ANOVA analysis, mathematical models were fitted
and verified. The most effective conditions of amplitude and time were 98% and 5.00 min, 78% and
10.32 min and 90% and 11.56 min for blackberry pomace, chokeberry pomace and raspberry pomace,
respectively. The actual results obtained in optimized conditions were comparable to the results
predicted by the models. Additionally, the anthocyanin content in extracts was determined in the
high-performance liquid chromatography assay. It was proven that response surface methodology
could be a useful tool in the optimization of UAE processes for obtaining polyphenol-rich extracts
from berry fruit pomaces.

Keywords: ultrasound-assisted extraction; by-products; pomace; response surface methodology;
polyphenols

1. Introduction

Pomace is a main by-product of juice, concentrate or wine production. Conventional
upcycling procedures include using pomaces as animal feed or fertilizer [1]. However, they
are still abundant in antioxidants, like anthocyanins, phenolic acids, flavanols, etc. [2,3].
The recovery of phenolic compounds may be beneficial since it adds value to the side
streams of fruit production and saves useful ingredients from being wasted. To maximize
the benefits of antioxidant recovery from pomaces while minimizing environmental impact,
the separation method should be carefully selected. Conventional extraction methods
including solid-liquid extraction are characterized by their high consumption of time
and organic solvents. Also, they are not always sufficiently effective. To reduce the
aforementioned adverse effects, alternative isolation methods such as ultrasound-assisted
extraction (UAE) could be taken into consideration. UAE utilizes the phenomenon of
collapsing cavitation bubbles, which causes local events in the extracted material and in the
liquid solvent. These events include intensified transportation of matrix compounds to the
liquid, accelerated penetration of the solvent into the plant material and the fragmentation
or erosion of solid material [4]. The advantages of using UAE instead of conventional
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extraction methods include higher extraction yields, decreased processing time and higher
selectivity (depending on relevant solvent selection) [5]. To classify UAE as a fully green
method, green solvents have to be selected as well. In the case of phenolic compounds, the
most popular solvents are organic short-chain alcohols, like ethanol [6]. However, their
use poses a risk of food contamination, which is why water was chosen as a solvent in the
present study.

The variety of possible conditions for UAE is large, as the time, ultrasound amplitude,
temperature, solvent, solid-to-liquid ratio, etc., are all modifiable. To reduce the number of
experiments and optimize the process, response surface methodology (RSM) seems to be a
useful tool. Briefly, RSM is composed of statistical and mathematical methods based on the
fit of a polynomial model to the data in order to generate statistical predictions. It is used
to optimize processes where the results (responses) are dependent on several variables [7].
It has been successfully employed in the optimization of the UAE of bioactive compounds
from carrot pomace [8], blueberry pomace [9], apple pomace [10], grape pomace [11] and
apricot pomace [12].

The main aim of the following study was to optimize the ultrasound-assisted extrac-
tion of polyphenols from blackberry (BB), chokeberry (CH) and raspberry (RB) pomaces
using response surface methodology. The central composite design of the experiment was
established in order to achieve the highest possible total polyphenol content (TPC) and
antioxidant capacity measured spectrophotometrically. Then, the best parameters chosen
were checked to determine whether the solution predicted by the software is actually well-
fitted. Additionally, the extracts obtained in the optimized conditions and control extracts
were subjected to anthocyanin content and profile analyses using high-performance liquid
chromatography. Also, the correlation between the TPC and antioxidant capacity was
studied.

2. Results and Discussion
2.1. Total Polyphenol Content

The TPCs of aqueous pomace extracts were measured through a colorimetric as-
say using spectrophotometry and Folin-Ciocalteu reagent. The used method is fast and
simple—the color intensity is correlated with the concentration of reducing compounds,
e.g., polyphenols. The reaction is not specific, and as a result, total polyphenol content
estimation may be determined [13].

The effects of the ultrasound amplitude (X;) and extraction time (X;) variables on
the TPC were analyzed based on 10 experimental runs carried out in 3 repetitions for
each pomace. The specific TPC values obtained in the experiment were in the ranges of
14.62-17.12 mg GAE/g, 13.39-20.93 mg GAE/g and 10.38-16.06 mg GAE/g for BB, CH and
RB pomace extracts, respectively. The response surface graphs of the experimental results
were shown in Figure 1. There are visible surfaces with more effective results in terms of
TPC. Briefly, the application of higher amplitude levels resulted in higher TPCs in all of
the extracts. In terms of extraction time, CH and RB pomace extracts obtained through
longer-lasting extraction procedures had higher TPCs; for BB pomace extract, moderate
extraction times were the most effective.

The results of TPC analyses constituted the basis of the fitting of the mathematical
models, described by the following equations (Equations (1)—(3)):

TPCgg = 12.61 4 0.03-X; + 0.75 -X — 0.003-X4 X 4 0.000001-X;2 — 0.05-X,2 (1)
TPCcy = 12.70 — 0.08-X1 4 0.7-X 4 0.008-X1 X5 + 0.001-X;2 — 0.05-X,2 2)
TPCgrp = 16.02 + —0.09-X; — 0.84 -X5 + 0.02-X;X» 3)

where X is the ultrasound amplitude and X, is the extraction time.
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Based on the ANOVA analysis, mathematical models were verified (Table 1). For
BB and CH pomace extracts, the quadratic model was significant (at p < 0.05), with an
insignificant (p > 0.05) lack of fit. RB pomace extraction was described with a two-factorial
model (p < 0.05), and the lack of fit was not significant (p > 0.05). For all models, ANOVA
results indicated relatively high F-values, which means that models were fitted with proper
accuracy.

Table 1. ANOVA results for model fitting of TPC in pomace extracts.

Model Model Lack of Fit

2 o

Pomace Model R CV %I p-Value F-Value p-Value
BB Quadratic 0.8914 2.62 0.0461 6.57 0.1650
CH Quadratic 0.9815 3.76 0.0015 42.35 0.5659
RB 2F1 0.7061 9.10 0.0490 4.80 0.0680

Generally, the higher the ultrasound amplitude is, the greater the compounds’ outflow
into the liquid medium is improved. That is why TPC values in higher amplitudes were
improved. However, acoustic cavitation effects also include rapid events, like collapsing
cavitation bubbles, which results in local increments in temperature and pressure. These
desirable effects accelerate the mass transfer, but can also be responsible for the degradation
of thermolabile compounds, like polyphenols [14]. Thus, prolonged extraction times may
result in decreases in the TPC.

The obtained results are similar to some previously published by other authors. Kaur
et al. [15] found that moderate UAE times but high US power were the most efficient
conditions for Java plum pomace extraction. Liao et al. [16] described the time effect
of UAE on the TPC of eggplant peel extract. The TPC increased gradually as the time
prolonged, but after reaching a critical time point—35 min in this case—the TPC started to
decrease. However, some researchers have reported the opposite effect of time. Blueberry
and raspberry extracts obtained using UAE over 45 min were characterized by higher TPC
values than extracts obtained with a UAE time of 15 min using the same US power [17].
Silva Junior et al. [18] concluded that applying the longest time (15 min) and the highest
value of ultrasound amplitude (100%) resulted in ciriguela peel extracts with the highest
TPC results.

2.2. Antioxidant Capacity

The antioxidant capacity of pomace extracts was measured using radical-2,2’-azino-di-
[3-ethylbenzthiazoline sulfonate (6)] (ABTS). This assay is based on the reduction of radical
cations by bioactive compounds. In particular, the color intensity of the ABTS solution
measured spectrophotometrically decreases in the presence of antioxidants [19].

Similarly to the TPC, the impact of ultrasound amplitude and extraction time on
the antioxidant capacity of extracts was investigated based on 10 experimental runs re-
peated thrice for BB, CH and RB pomaces. The results of the assays varied in ranges of
26.21-109.21 umol TE/g, 142.03-242.13 pmol TE/g and 39.23-62.25 umol TE/g for BB, CH
and RB, respectively. The response surface 3D and contour graphs were shown in Figure 2.
The antioxidant capacity of the studied pomaces follows a similar trend as the TPC. The
application of higher amplitude values was connected to increased antioxidant capacity
results. In the cases of the CH and RB pomace extracts, longer extraction times resulted in
higher antioxidant activities as well. However, in contrast, BB pomace extract obtained in a
shorter time had higher antioxidant capacity values. The antioxidant capacity results are
directly correlated with the TPC results [20] and are due to the same phenomena occurring
during UAE as were explained for the TPC dependencies.
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Equations (4)—(6) describe the mathematical dependence of the ABTS assay results on
the applied ultrasound amplitude and extraction time. They reflect the fitting of the values
to the proper statistical models:

ABTSpp = —27.65+ 0.77-X1 + 18.66 -Xp — 0.05-X1 X 4 0.002-X;2 — 1.32- X2 (4)

ABTScy = 116.3 + 0.07-X; + 11.83-X5 + 0.1-X4 X5 + 0.003-X42 — 0.92-X,2 (5)
ABTSgp = 62.07 — 0.36-X1 — 3.04 -X5 + 0.07-X1 X, (6)

where X; is the ultrasound amplitude and X; is the extraction time.

The ANOVA test results for the models’ fitting are summarized in Table 2. For the
antioxidant capacity of ultrasound-extracted BB and CH pomaces, the quadratic model was
significant (p < 0.05) with a not significant result for lack of fit (p > 0.05). The antioxidant ca-
pacity of RB pomace extract obtained via the use of ultrasound was described as significant
using the two-factorial model (p < 0.05) and had an insignificant lack of fit (p > 0.05). High
R? and F-values of the models indicate proper model fitting and their significance.

Table 2. ANOVA results for model fitting of antioxidant capacity in pomace extracts.

Model Model Lack of Fit

2 o

Pomace Model R CV [%] p-Value F-Value p-Value
BB Quadratic 0.8991 22.68 0.0402 7.12 0.3987
CH Quadratic 0.9747 4.65 0.0027 30.8 0.2730
RB 2F1 0.7354 8.73 0.0362 5.56 0.0684

In the study by Mazza et al. [21], the antioxidant capacity (ABTS) of grape skin extract
also increased with the increasing ultrasound power. Similarly to the CH and RB pomace
extracts, Anticona et al. [22] observed higher antioxidant activity, measured in DPPH and
ABTS assays when a longer extraction time was applied (30 min). Results comparable
to those of the BB pomace extract’s antioxidant capacity were obtained for the UAE of
banana peel extract [23]. The highest values for the ABTS assay were observed when high
ultrasound power was applied in a short time—250 W and 5 min, respectively.

2.3. Optimization

Based on the fitted mathematical models and their equations, the optimal parameters
were determined using statistical software. The ultrasound amplitude taken into consid-
eration for optimization was set in a range of 20-100%, the time was set as in a range of
2-12 min and the responses were set as high as possible. As a result, one solution with
the highest desirability for each pomace extraction was chosen. Table 3 shows the optimal
conditions suggested by the software with actual conditions applied, as the ultrasound
processor has some limitations in terms of setting the ultrasound amplitude. The predicted
results of responses are also specified—namely, the TPC and ABTS. Comparing to the ex-
perimentally obtained TPC and ABTS results, it can be observed that the model predictions
were adequate, and all the results were within the 95% confidence interval.

Table 3. Optimal ultrasound-assisted extraction parameters with predicted vs. actual responses

obtained.
. Actual . . .
Optimum Ultrasound Opt1m1‘1m Predicted Predicted Actual TPC  Actual ABTS
Pomace Ultrasound Amplitude Extraction TPC [mg ABTS [pumol [mg GAE/g]  [wmol TE/g]
Amplitude [%] Applied [%] Time [min] GAE/g] TE/g]

BB 98 95 5.00 17.04 106.14 17.60 £0.03  101.11 £1.01
CH 78 80 10.32 21.06 246.00 2022 £0.14 25226 +2.11
RB 90 90 11.75 16.83 66.62 1621 £023  64.00 £ 1.55
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Previously conducted optimization of polyphenols obtained via UAE from blackcur-
rant and redcurrant pomaces revealed that the optimal ultrasound amplitudes and times
were 51% in 3 min and 91% in 11 min for blackcurrant and redcurrant, respectively [24].
Silva et al. [25] optimized the ethanolic UAE of polyphenols from acerola waste and a
reported similar extraction time—13.6 min—to be the most efficient in terms of TPC, total
flavonoid content and antioxidant capacity, as measured in a DPPH assay. The UAE of BB
pomace with water was previously optimized by Zafra-Rojas et al. [26]. The chosen optimal
conditions were similar to the values obtained in the present study. Researchers stated
that a 91% amplitude and 15 min extraction time were the most effective. Applying those
conditions, a TPC equal to 12.01 mg GAE/g and an antioxidant capacity (ABTS) equal
to 63.19 umol TE/g were obtained. Also, dos Santos et al. [27] described similar results
for the optimization of aqueous UAE of BB pomace. In their findings, a 40% amplitude
in 10 min and a solid concentration of 25 mg/mL were the optimal conditions. Their
application resulted in a TPC of 44.12 mg GAE/g. The optimization of CH pomace extrac-
tion using ultrasound and ethanol as a solvent was conducted by Rami¢ et al. [28]. The
optimal conditions in terms of the highest TPC value (15.41 mg GAE/mL of extract) were
an ultrasonic power, temperature and time of 206.64 W, 70 °C and 80.1 min, respectively.
However, as the design of that study was slightly different than that of the present study,
it is not possible to credibly compare their results with those from the present study. The
optimization of RB pomace extraction was conducted by Xue et al. [29]; however, they
applied an ultrasound-assisted enzyme extraction procedure. The optimal parameters were
an ultrasound power, temperature, pectinase dosage and extraction time of 290 W, 44 °C,
0.16% and 30 min, respectively.

2.4. Anthocyanin Content

Extracts obtained using the optimal ultrasound treatment conditions were analyzed
for their anthocyanin content using an HPLC assay. The results of the HPLC assay are
summarized in Table 4. Chokeberry pomace extract stands out as the most abundant in
anthocyanins, especially cyanidin-3-galactoside. Extracts from blackberry and raspberry
pomaces were characterized by over 2-fold lower total anthocyanin contents (TACs) than
extracts obtained from chokeberry pomace. Concerning anthocyanins identified in black-
berry pomace extract, cyanidin-3-glucoside represented over 91%. In raspberry pomace
extract, cyanidin-3-sophoroside was the most abundant anthocyanin. The anthocyanin
profiles of pomaces are dependent on the fruit variety, cultivation method and conditions.

Table 4. Anthocyanin content (mg/100 g fresh weight) of blackberry, chokeberry and raspberry
pomace extracts, obtained under optimal UAE conditions.

Anthocyanin Name Blackberry Chokeberry Raspberry
Cyanidin-3-galactoside - 3054 £6.5 -
Cyanidin-3-glucoside 1079 £1.7 18.3 £0.1 316+ 0.7
Cyanidin-3-arabinoside 14+0.1 1153+ 1.9 -
Cyanidin-3-xyloside 8.1+0.2 159 +04 -
Cyanidin-3-sophoroside - - 418+ 0.5
Cyanidin-3-glucosylrutoside - - 202+04
Cyanidin-3-rutinoside - - 19.0£0.8
Pelargonidin-3-sophoroside - - 28 £0.1
TAC 1174 +19° 454.8 +8.4P 1153 £25%

TAC—total anthocyanin content; ‘-’ stands for not detected; *°—different letters in superscript indicate signifi-
cantly different groups of results at p < 0.05.

In the study by Jara-Palacios et al. [30], the most abundant anthocyanin in blackberry
pomace extract was also cyanidin-3-glucoside, with an 86% share in the TAC. However,
in contrast to our study, another identified anthocyanin was cyanidin-3-rutinoside, which
was not detected in the present work. Considering chokeberry pomace extract, cyanidin-3-
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galactoside was identified as major anthocyanin in studies by Rodriguez-Werner et al. [31]
and Sojka et al. [32]. A similar profile of anthocyanins in raspberry (var. Polana) pomace
was obtained in the study by Szymanowska et al. [33]. However, in the present study,
five anthocyanins were identified for the raspberry pomace extract. In the cited work,
only three anthocyanins were identified—cyanidin-3-sophoroside, which represented over
70% of the anthocyanin content, cyanidin-3-glucoside and cyanidin-3-rutinoside. The
results are also consistent with an HPLC study of anthocyanins in freeze-dried Polana
raspberries, where cyanidin-3-sophoroside has been described as a predominant compound,
followed by cyanidin-3-glucoside [34]. HPLC analysis showed that substantial amounts of
anthocyanins which have numerous health benefits [35] may be obtained through a green
extraction procedure from berry fruit wastes.

2.5. TPC and Antioxidant Capacity Correlation

To investigate the dependencies of pomace extracts” antioxidant activity, the corre-
lation between the TPC and antioxidant capacity, measured using an ABTS assay, was
determined. A graphical illustration of the correlations is shown in Figure 3. The results
obtained for different pomace extracts varied. In the cases of the CH and RB pomace
extracts, the correlation between the TPC and antioxidant capacity was stronger—r = 0.9699
and r = 0.9806, respectively. BB pomace extract was characterized by a lower correlation,
r = 0.8823. However, the obtained results are still quite high compared to, e.g., Babbar
et al. [36], who studied the correlation between TPC and ABTS in extracts from different
fruit residues. The overall correlation coefficient was equal to 0.70, but the researchers
in this study used the seeds, pericarp or peels of litchi, kinnow and banana, not berry
fruit pomaces. In the case of berry fruits, Dragovi¢-Uzelac et al. [37] obtained a correlation
coefficient value of r = 0.78-0.84 for the polyphenol-rich extracts of blueberries. Also,
Rojas-Ocampo et al. [38] reported strong correlation between the TPC and antioxidant
capacity, measured using DPPH and ABTS assays, for extracts from pulp and bagasse from
blueberry, elderberry, blackberry and goldenberry. Similar results were presented by de
Souza et al. [39] for blackberry, red raspberry, strawberry, blueberry and sweet cherry fruits.
The high r correlation coefficients between the TPC and ABTS indicate that most antioxi-
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3. Materials and Methods
3.1. Materials

Local farmers in Pulawy, Poland, supplied fresh raspberries (Rubus idaeus var. Polana)
and chokeberries (Aronia melanocarpa var. Nero). The blackberries (Rubus fruticosus var.
Brzezina) were obtained from the Horticulture-National Research Institute in Skierniewice,
Poland, and the fruit came from a Rubus collection carried out as a part of the Polish
Ministry of Agriculture and Rural Development’s targeted task of ex situ conservation of
horticultural plant genetic resources. Juices were extracted from around 10 kg of fruits
using a hydraulic press (HPL 14, Bucher Unipektin, Niederweningen, Switzerland) at
a maximum pressure of 3 bar. Pomaces obtained from juice pressing were dried in a
laboratory convection drier at 45 °C and 1.5 m/s airflow. Using a Rotronic Hygrolab C1
(Rotronic AG, Bassersdorf, Switzerland) hygrometer, the water content of dried pomaces
was measured at 25 & 0.3 °C. The water content values for all samples were lower than 0.4.
The pomaces were then sieved to remove the seeds, and seedless pomaces were used as the
study material.
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3.2. Methods
3.2.1. Ultrasound-Assisted Extraction

UAE was performed using the previously reported method [24] in a UP400S ultra-
sound processor (Hielscher Ultrasonics, Teltow, Germany) with an output power of 400 W.
For every sample, two grams of pomace were placed in a falcon tube and filled with distilled
water at a solid/liquid ratio of 1:15 shortly before extraction. To maintain a temperature
below 45 °C, the falcon tube was immersed in an ice bath. An immersion, a thermometer
was utilized to monitor the solid /solvent mixture. Following that, the extracts were filtered
through a paper filter and analyzed.

3.2.2. Total Polyphenol Content

TPC was determined using Folin-Ciocalteu reagent reaction, as described by Gao
et al. [40]. In brief, 0.2 mL of diluted extracts, 0.4 mL Folin—-Ciocalteu reagent, 4 mL distilled
water and 2 mL of 15% sodium carbonate solution were combined in a test tube, stirred
with a Vortex mixer and left in the dark for 60 min. After that, spectrophotometric analysis
was carried out. The absorbance was measured at 765 nm with a Shimadzu UV-1650PC
spectrophotometer (Shimadzu Corp., Kyoto, Japan). The calibration curve was prepared
using working standard solutions of gallic acid at concentrations ranging from 50 mg to
250 mg/L. TPC values were given in milligrams of gallic acid equivalent (GAE) per gram
of dried material.

3.2.3. Antioxidant Capacity

Antioxidant capacity was determined using ABTS cation radical solution according
to the method described by Re et al. [41]. Diluted extract (40 pL) was mixed with 4 mL
ABTS working solution, stirred in a Vortex mixer and left in the dark for 8 min. After
incubation, the absorbance of the samples was measured at 734 nm using a Shimadzu UV-
1650PC spectrophotometer (Shimadzu Corp., Kyoto, Japan). Trolox standard curves were
created using working standard solutions at concentrations ranging from 0 to 1125 pmol /L.
Antioxidant capacity was given as pmol Trolox equivalent (TE) per gram of dried sample.

3.2.4. High-Performance Liquid Chromatography

The anthocyanin content was examined using a HPLC device (Shimadzu Corp., Kyoto,
Japan) equipped with a DAD detector and a Luna 5 pm C18 (2), 250 mm x 4.6 mm column
with precolumn (Phenomenex, Torrance, CA, USA). Using the HPLC method in compliance
with an earlier approach [42], the anthocyanin content in the extracts obtained under
optimal and control conditions was ascertained. One milliliter per minute of isocratic
flow was used for the analysis. The mobile phase consisted of a combination of water,
acetonitrile and formic acid at a volumetric ratio of 830:70:100. At a wavelength of 520 nm,
the findings were recorded. The compounds’ concentrations were measured in reference to
a standard consisting of cyanidin-3-glucoside. For every sample, three separate analyses
were conducted. With the help of the LabSolutions software (v. 5.106, Shimadzu Corp.,
Kyoto, Japan), the total anthocyanin content (TAC) was computed by adding the individual
anthocyanins concentrations.

3.2.5. Experimental Design

Experimental runs were carried out in triplicate in the conditions summarized in
Table 5. The results were analyzed in order to fit appropriate mathematical models and
equations explaining the influence of variables on the experimental responses according to
the following formulas (Equation (7) for the two-factor interaction model and Equation (8)
for the quadratic model):

Y = B+ B1 X1 + BaXo + B2 X1 X2 ()

Y = By + B1Xq + BoXa + B1oXaXa + B Xa? + B Xo? (8)
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where 3p—the constant coefficient; 3, f,—regression coefficients for the linear terms; 311,
[3yr—regression coefficients for the quadratic terms; 31,—regression coefficient for the
interaction terms; and X;, Xp—coded values of independent variables.

Table 5. Experimental design—coded and actual values of ultrasound amplitude and extraction time.

Ultrasound Amplitude X; Extraction Time X,
Run Coded Actual [%] Coded Actual
1 -1 30 -1 2
2 +1 80 -1 2
3 -1 30 +1 10
4 —1.414 80 +1 10
5 +1.414 19.75 0 6
6 0 90.25 0 6
7 0 55 —1.414 0.34
8 0 55 +1.414 11.66
9 0 55 0 6
10 0 55 0 6

3.2.6. Statistical Analysis

The experiment was designed and analyzed in terms of model fitting (determination
coefficients, lack-of-fit tests, ANOVA tests for fitted models and equation determination)
and optimization using Design-Expert software (v. 22.0.2, Stat-Ease Inc., Minneapolis,
MN, USA). The correlation between TPC and ABTS of extracts and statistical analysis
(ANOVA, followed by post hoc Tukey’s test) of HPLC results were carried out in Statistica
software (v. 13.3, Statsoft, Krakow, Poland). A p value of 0.05 was applied to determine the
significant differences.

4. Conclusions

Blackberry, chokeberry and raspberry pomaces can be used as materials to extract
polyphenols. By-products from the fruit-processing industry are still abundant in valu-
able bioactive compounds, and thus their extraction and further processing appear to
be reasonable waste-management solutions. In order to achieve a fully green process,
ultrasound-assisted extraction using water as an extractant can be considered. In the
present study, it was shown that the quality of an extract depends on the amplitude of
the ultrasound applied and the extraction time. Based on the conducted experiments, the
extraction method was optimized in order to achieve the highest possible responses in
terms of total polyphenol content and antioxidant capacity of water extracts. By applying
response surface methodology, specific extraction conditions were calculated which should
yield the predicted maximized response values. The mathematical models predicted values
close to the actual obtained results with high accuracy, which is a proof RSM’s usability in
optimization procedures. The extracts obtained in the most favorable conditions were also
subjected to HPLC analysis of their anthocyanin content. The collected results demonstrate
that pomaces can be a source of bioactive compounds; however, the extraction method
has to be modified in order to provide efficient but also cost-effective and environmentally
friendly process. The ultrasound-assisted extraction method can be considered as such a
process, and its optimization confers maximized utilization of by-products.
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Abstract: Berry fruit seeds which are considered as a fruit industry waste product can be a source
of oil with unique chemical, physical, and nutritional properties. The blackberry, chokeberry, and
raspberry seeds can be perceived as an alternative source of oil. However, conventional oil extraction
is merged with financial and environmental expanses. Therefore, alternative extraction methods,
ultrasound-assisted, for example, are being gradually introduced to the common practice. The aim
of the following study was to determine the optimal conditions of ultrasound-assisted extraction
of oil from blackberry, chokeberry, and raspberry seeds in order to obtain oil with high yield and
improved oxidative stability. The variables of the experiment were extraction time and ultrasound
amplitude. Based on the results, the mathematical models were fit, and optimum conditions of
time and amplitude were calculated: 8.20 min and 72.98%, 10.11 min and 59.18%, 8.43 min and
95.57% for blackberry, chokeberry, and raspberry seed oils, respectively. Additionally, oils obtained
in the optimized conditions were assessed in differential scanning calorimetry study to evaluate
their melting and crystallization characteristics. The results showed that ultrasound application
affected thermal properties of oils only slightly. The evaluation of oxidation kinetics led to the
conclusion that ultrasound may cause an activation energy increase. Also, the profile of fatty acids
and their distribution in triacylglycerol molecules were studied. The output values of experiments
were comparable between oils obtained from the same berry seeds. All of the oils were characterized
with a high share of polyunsaturated fatty acids (over 70%) with predominant content of linoleic
acid. Summarized results show that the ultrasound technique can be successfully applied in the oil
extraction procedure. The benefits contain improved yield, longer oxidation induction time, and
invariance of the specific oil chemical and physical properties.

Keywords: ultrasound-assisted extraction; by-products; berry seeds; vegetable oils; RSM

1. Introduction

Berry fruit wastes, mainly pomace obtained during juice pressing or wine production,
are nowadays considered as a promising source of bioactive compounds. On a large scale,
they are processed into animal feed or fertilizers. However, due to polyphenol content or
seed oil abundance, the waste can have a high added value through the extraction of these
valuable components [1]. The proximate analysis of berry fruit pomaces shows a high abun-
dance of carbohydrates (40-70%), followed by protein (5-10%) and fat (2.5-12.5%) [2—4].
Alternative extraction methods, e.g., ultrasound-assisted, pulsed electric field-assisted, and
microwave-assisted may accelerate the process and also be beneficial in terms of financial
and environmental savings when compared to conventional extraction procedures, like
solid/liquid or Soxhlet methods [5].
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Special emphasis is put on ultrasound-assisted extraction (UAE) as it is an easy, quick,
and efficient extraction method. It utilizes cavitation phenomenon, which involves forming
and collapsing cavitation bubbles in liquid media and results in rapid local events such
as mixing, turbulent liquid movement, particle breakdown, sonoporation, fragmentation,
detexturation, and erosion in the surface of solid material [6]. All these effects contribute to
improved diffusivity and mass transfer, which are crucial for extraction efficiency.

UAE was used in numerous studies to obtain oil from by-products with effective yield
and with beneficial properties. Gasparini et al. [7] applied UAE to obtain oil from apple
seeds. Compared to conventional extraction and supercritical extraction, UAE results in
oil with higher unsaturated fatty acid content and increased concentration of antioxidant
compounds. It was also stated that UAE was time efficient when compared to other
extraction methods. Milanovi¢ et al. [8] extracted oil from winery grape by-products. UAE
was found to be more efficient than cold pressing in terms of oil yield, antioxidant capacity,
and abundance of a-tocopherol in grape seed oil. Oxidative stability of oil obtained in UAE
was also improved. Pérez-Saucedo et al. [9] studied the UAE of avocado seed oil. The main
effects of US application improved oxidative stability, acidity, peroxide, and iodine indexes.
The time/yield ratio was also significantly improved by US.

Taking into account all the possible benefits of UAE, the aim of the study was to
attempt US application in the oil extraction process from blackberry (BB), chokeberry (CH),
and raspberry (RB) seeds, considered as by-products of the fruit industry. The objective of
the work was also optimization of UAE variables (extraction time and amplitude level) in
order to obtain oil with highest possible yield and longest oxidation induction time. Oils ob-
tained in optimized conditions with control samples obtained in conventional solid /liquid
extraction process were additionally subjected to detailed chemical analyses: fatty acid
profile and distribution determination, oxidation kinetics, melting and crystallization char-
acteristic studies. The results of the study were expected to point out opportunities to
valorize food side streams.

2. Materials and Methods
2.1. Material

Fresh fruits of raspberry (Rubus idaeus var. Polana) and chokeberry (Aronia melanocarpa
var. Nero) were supplied by local farmers from Pulawy, Poland. Blackberry (Rubus fruticosus
var. Brzezina) was obtained from Horticulture National Research Institute in Skierniewice,
Poland, and fruit came from the Rubus collection formed as part of the targeted task of the
Polish Ministry of Agriculture and Rural Development—an ex situ conservation of genetic
resources of horticultural plants. Approximately 10 kg of fruits was used to press juices in
the hydraulic press (HPL 14, Bucher Unipektin, Niederweningen, Switzerland), applying a
maximum of 3 Bar of pressure. The pomace left after juice pressing was then dried in the
laboratory convective dryer at 45 °C and with the air flow of 1.5 m/s. The water activity
of the dried pomace was measured at 25 £ 0.3 °C using Rotronic Hygrolab C1 (Rotronic
AG, Bassersdorf, Switzerland) hygrometer. The results for all samples were under 0.4. The
seeds were then separated from the pomace using sieves and they were used further as
a material.

2.2. Methods
2.2.1. Ultrasound-Assisted Extraction

UAE was carried out according to the previously described methodology [10] in the
UP400S ultrasound processor (Hielscher Ultrasonics, Teltow, Germany) with the output
power of 400 W. Seed samples (2 g) were milled using an IKA Tube Mill (IKA-Werke,
Staufen im Breisgau, Germany) at 20,000 rpm for 30 s and then placed in a falcon tube
and filled with n-hexane at a solid /liquid ratio of 1:15 just before extraction. To keep the
temperature below 45 °C, the falcon tube was immersed in an ice bath, and an immersion
thermometer was used to monitor the temperature of the solid-solvent mixture. Following
that, the extracts were filtered, dried with anhydrous magnesium sulfate, and evaporated
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under pressure at 70 mbar. Under nitrogen atmosphere, residual n-hexane was removed
from oil samples.

2.2.2. Experimental Design

Extraction conditions varied in terms of ultrasound amplitude level (X;) and extraction
time (X3). The parameters were determined using central composition design (CCD).
Coded and actual values of ten experiments are summarized in Table 1. The conditions
of experiment were chosen based on previous studies [10,11] in which, based on the
optimization results, it was shown that longer extraction time and higher amplitude level
are more efficient in terms of oil yield and oxidation induction time (OIT) of oil.

Table 1. Experimental design—coded and actual values of ultrasound amplitude and extraction time.

Ultrasound Amplitude X; Extraction Time X,
Run Coded Actual [%] Coded Actual [min]
1 -1 30 -1 5
2 +1 80 -1 5
3 -1 30 +1 15
4 +1 80 +1 15
5 -1.414 19.7 0 10
6 +1.414 90.4 0 10
7 0 55 -1.414 2.93
8 0 55 +1.414 17.07
9 0 55 0 10
10 0 55 0 10

All runs were carried out in triplicate. Based on model fitting results, experimental
equations were specified according to the following formulas ((1)—for the linear model,
(2)—for the two-factor interaction model (2FI), and (3)—for the quadratic model):

Y = Bo+ p1Xq1 + p2Xo (1)
Y = Bo+ p1X1 + B2 X2 + P12 X1 X2 (2)
Y = Bo+ B1X1 + BaXa + P12 X1 Xa + P11 X1 + B Xo? 3)

where fp—the constant coefficient; B, Bo—regression coefficients for the linear terms; 11,
Ba—regression coefficients for the quadratic terms; Bip;—regression coefficient for the
interaction terms; X1, X,—coded values of independent variables.

2.2.3. Oil Yield Determination

The yield of oil extracted from berry seeds in the UAE procedure was determined in
the gravimetric assay by dividing the mass of oil by the initial mass of seeds and expressed
as percents (Equation (4)) [12],

Yield [%] = 2 x 100 (4)

ms

where m,—mass of oil; ms—mass of seeds.

2.2.4. Conventional Extraction

In order to obtain relevant control samples for PDSC, DSC, and GC studies, con-
ventional solid /liquid extraction of oil was carried out. Milled seeds (2 g) were placed
with 30 mL of n-hexane in the Falcon tube and immersed into a water bath. The extrac-
tion was conducted at 40 °C with constant agitation for 2 h. After that, the extract was
filtered, and the solvent was evaporated following the same procedure as described for
ultrasound-assisted extraction.
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2.2.5. Oxidation Induction Time

The oxidation induction time (OIT) of oils was assessed in the pressure differential
scanning calorimetry (PDSC) assay. The sample of oil (34 mg) was placed in an open
aluminum pan with the empty reference pan in the test chamber of a DSC Q20 (TA Instru-
ments, New Castle, DE, USA) apparatus. The OIT was measured in isothermal conditions
of 120 °C and under initial pressure of 1400 kPa in pure oxygen atmosphere. OIT (expressed
in min) was determined based on the heat flow in the function of time curve, analyzed in
the TA Software (v. 4.5A) [13].

2.2.6. Oxidation Kinetics

To assess oxidation kinetic parameters including activation energy (E;), pre-exponential
factor (Z), and reaction rate constant (k), the non-isothermal PDSC variant was employed [14].
The samples of oil (3—4 mg) were heated at rates () of 2.5 °C/min, 5.0 °C/min, 7.5 °C/min,
10.0 °C/min, and 12.5 °C/min between 30 and 300 °C. The experiments were conducted in
an oxygen atmosphere at a gas flow rate of 50 mL/min and a starting pressure of 100 kPa.
The onset oxidation temperature (t,,) was determined by finding the intersection of the
leading edge (tangent line) of the recorded curve and the extrapolated baseline. The ex-
perimental t,, values as a function of heating rates () were recalculated on absolute onset
temperatures (T,,). The graphs of the logarithm of heating rate versus temperature of oil
oxidation were plotted, and based on that, T,, dependence was described by regression
Equation (5):

logﬁ:a<Tin> +b (5)

where f—heating rate; T,,—onset absolute temperature (K). Activation energy (E;) values
and pre-exponential factor (Z) were calculated using Equations (6)—(8) and according to the
Ozawa-Flynn-Wall methodology.

E, = —2.19R-d1°§ﬁ ©6)
dt

where E;,—activation energy; R—gas constant.

Eg

E,exrT
Z = B R”TZ (7)
k= Zexp ;];a (8)

where k—reaction rate constant; Z—pre-exponential factor.

2.2.7. Melting and Crystallization Behavior

To assess melting and crystallization characteristics, a differential scanning calorimetry
(DSC) study was carried out using DSC Q200 (TA Instruments, New Castle, DE, USA)
calorimeter. Samples of oils (3—4 mg) were placed in an aluminum pan with a lid, hermeti-
cally sealed, with an empty pan used as a reference. Analyses were carried out in nitrogen
atmosphere. Melting characteristics assay started with heating oil samples to 80 °C in
order to melt the crystals and erase thermal memory. Following that, samples were chilled
to —80 °C and then heated once more to 80 °C at a rate of 15 °C/min. Crystallization
characteristics were determined by cooling oil samples from 20 °C to —80 °C with a cooling
rate of 2 °C/min [15,16].

2.2.8. Gas Chromatography

In gas chromatography (GC) research, the fatty acid profile was evaluated. By combin-
ing the oil samples with hexane and methanolic potassium hydroxide, the oil samples were
derivatized to methyl esters (PN-EN ISO: 5509:2001) [17]. The resulting fatty acid methyl
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esters (FAMEs) were then analyzed using the YL6100 GC equipment (Young Lin Instrument
Co., Ltd., Anyang, Republic of Korea) equipped with a flame ionization detector and a
60 m long BPX 70 capillary column (SGE Analytical Science, Milton Keynes, UK). Split
injection mode was employed, with nitrogen serving as the carrier gas being applied at a
ratio of one to fifty. The temperature of the detector was 250 °C, and the injector was 225 °C.
The oven’s temperature program was as follows: The sample was first heated to 70 °C for
0.5 min, then to 160 °C at a rate of 15 °C/min, and finally to 200 °C at a rate of 1.1 °C/min.
These temperatures were maintained for 6 min. Afterwards, the sample was heated once
more to 225 °C at a rate of 30 °C/min. Based on retention durations on the chromatogram
in comparison to the FAME mixture standard (Supelco 37 Component FAME Mix, Sigma-
Aldrich, Bellefonte, PA, USA), the fatty acids were identified. A percentage share of each
identified fatty acid in the sample was computed for the results [18].

The fatty acid distribution in triacylglycerols (TAGs) was also assessed in GC analysis.
The distribution was determined by the selective hydrolysis of ester bonds in the sn-1,3
positions by pancreatic lipase. The isolation was carried out on a silica gel TLC plate.
Isolated sn-2 monoacylglycerols were scraped off with gel and extracted using diethyl ether.
Samples were then derivatized and subjected to GC analysis [19].

2.2.9. Statistical Analysis

The experimental design, model fitting, and optimization was carried out using
Design-Expert software (v. 22.0.2, Stat-Ease Inc., Minneapolis, MN, USA). The fit summary
with determination coefficient, lack of fit test, ANOVA test for fitted model, and equation
determination were performed.

The results from detailed oil analyses (oxidation kinetics, DSC, GC) were subjected to
the statistical analysis in Statistica software (v. 13.3, Statsoft, Krakéw, Poland). Analysis of
variance (ANOVA) followed by post hoc Tukey’s test were carried out. A p-value of 0.05
was applied to determine significant differences.

3. Results and Discussion
3.1. Extraction Yield

One of the main discriminants justifying usage of alternative extraction methods, like
UAE, is oil yield improvement. The goal is to reach maximum possible yield with lowest
possible energy and time consumption in order to make the process profitable. Multiple
studies proved UAE was an effective method in terms of oil yield improvement [20-23].

Results of extraction yield obtained in 30 experimental runs for each oil were used
to fit the mathematical models and their equations which reflected changes in response
depending on extraction time and ultrasound amplitude. The graphical expressions of three-
dimensional surface plots and contour graphs of variable interactions are shown in Figure 1.
The suggested mathematical models were verified by the coefficient of determination (R?)
and in the ANOVA tests (Table 2). Also, adequate Equations (9)—(11) outlining existing
relationships between variables and responses were determined. For BB and CH seed oils,
the yield quadratic model was significant (p < 0.05), with a non-significant lack of fit value
(p > 0.05). The interactions between variables were less essential in case of RB seed oil
extraction yield, as the two-factorial model was fit with significance (p < 0.05).

Table 2. Model fitting of oil extraction yields.

Model Model Lack of Fit
: 2 o,

0il Model R CV (%) p-Value F-Value p-Value
BB Quadratic 0.9676 3.48 0.0044 23.97 0.4097
CH Quadratic 0.9030 2.47 0.0373 7.44 0.5320
RB 2F1 0.7258 7.42 0.0402 5.29 0.1294

CV—coefficient of variation.
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Cavitation affects transport and extraction rates, which are impacted by acoustic power,
frequency, and ultrasonic intensity [6]. Thus, ultrasound amplitude level significantly
influenced the oil yield. However, the results differed slightly depending on seeds used in
the extraction procedure. Generally, mild extraction conditions, considering ultrasound
amplitude, were the most suitable in terms of oil yield. In previous studies, for cranberry
seed oil [10] and black and redcurrant seed oils [11], the most favorable were the highest
ultrasound amplitude values.

From surface plots, it can be observed that increasing the time up to around 10 min
for BB and CH and to around 15 min for RB seeds leads to the highest oil yield results.
The effect of time connects with prolonged sonoporation, erosion, and detexturation of the
matrix, which promotes mass transfer from cells to the solvent [6]. However, prolonged
time may result in the more local rapid events presence in the ultrasonic field. That may
lead to solvent evaporation which may have a negative impact on the yield, as it was
described by Senrayan and Venkatachalam [24].

Yieldgg = 6.18 4 0.05-X; + 0.48 - X, + 0.003- X7 X, — 0.001-X1% — 0.04-X,> ©9)

Yieldcy = 3.18 + 0.04-X; + 0.34-X, — 0.001-X; X, — 0.0003-X;2 — 0.02-X,2  (10)
Yieldgg = 2.28 + 0.06-X; + 0.38 - X5 — 0.005-X; X, (11)

3.2. Oxidation Induction Time

Oxidation induction time (OIT) is an important oil feature as it reflects the stability
of oil and its resistance to the oxidation process [25]. The PDSC method applied in the
following study allows assessing OIT in an accelerated mode [26]. The mass transfer
improvement during UAE can also include bioactive compound co-extraction [27]. Also, the
inactivation of oxidative enzymes, i.e., peroxidase and lipase, may occur during UAE [28].
These mechanisms can be responsible for longer OIT of oils and thus prolong their shelf
life. Ultrasound treatment may, however, lead to formation of free radicals, which may
induce lipid oxidation reactions [29]. That is why the UAE process needs to be adjusted in
order to balance the influence of both factors.

The response surface 3D graphs with contour graphs showing the extraction time
and amplitude influence on OIT are presented in Figure 2. Based on the results, adequate
models described by Equations (12)—(14) were fit, tested in ANOVA analysis, and verified
by the coefficient of determination (R?) (Table 3). As OIT of BB and CH seed oils was
dependent on the amplitude and extraction time and their interactions, they were described
by quadratic models (p < 0.05) with non-significant lack of fit values (p > 0.05). The OIT of
RB seed oil dependence was fit using a linear mathematical model (p < 0.05).

The impact of amplitude on OIT is consistent for all studied oils. With the increase in
amplitude, the OIT was also increasing. Longer extraction time in the case of CH and RB
oils also resulted in higher OIT values. The elevated oxidative stability among oils subjected
to longer US treatment was also found by Mali¢anin et al. [30]. Except the sample that was
treated with US for 135 min, the oxidative stability parameter (which was oxidation onset
temperature) was increasing gradually as the time of UAE was prolonged. The study of
radish seed oil revealed that oil extracted in optimized UAE conditions was characterized
by almost two times longer OIT than oil extracted in the Soxhlet procedure (72.5 min vs.
36.5 min, measured in 130 °C) [31]. Our findings were also in agreement with previous
results obtained in the optimization studies for cranberry seed oil [10] and black and red
currant seed oils [11].
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Figure 2. Three-dimensional and contour graphs showing oil oxidation induction time dependence
from extraction time and ultrasound amplitude.
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Table 3. Model fitting of oil oxidation induction time.
Model Model Lack of Fit
: 2 o
oil Model R Cv () p-Value F-Value p-Value
BB Quadratic 0.9412 2.99 0.0142 12.81 0.3282
CH Quadratic 0.9067 5.02 0.0346 7.78 0.1272
RB Linear 0.5815 8.04 0.0474 4.86 0.1355

CV—coefficient of variation.

On the contrary, in the study by Perez-Saucedo et al. [9], it was described that ul-
trasound treatment resulted in decreased oxidation induction time of avocado oil when
compared to Soxhlet extraction. Furthermore, Boger et al. [21] described that US application
significantly accelerated free radical formation during storage, which was correlated with
the decreased oxidation resistance of grape seed oils obtained during UAE.

OITgp = 52.53 + 0.001-X; + 2.47-X» — 0.04-X; X5 + 0.005-X;2 — 0.02-X,2  (12)

OITcy = 11.17 + 0.87-X; + 1.82-X, 4 0.005- X3 Xp — 0.008-X;2 — 0.08-X,2  (13)
OITgp = 39.14 4 0.17-X; + 0.31 - X (14)

3.3. Optimization of Ultrasound Oil Extraction

Based on the mathematical formulas, the optimal conditions of BB, CH, and RB oil
extractions were determined. The optimization criteria were chosen in order to obtain
maximum responses values. The variable conditions were set as in a range of 5-15 min
extraction time and 20-100% ultrasound amplitude. One solution with appropriate desir-
ability result was chosen for each oil extraction. The optimized conditions of UAE with
actually applied conditions and predicted responses with real values measured are summa-
rized in Table 4. The optimal conditions were adjusted to the capability of the ultrasound
processor and applied in order to verify predicted values of experiment responses. It can be
noted that the actual means of yield and OIT values were within maximum = 5% deviation
from predicted results. It means that the predictions of the models were accurate and that
applying RSM helps to forecast the results of the conducted experiment.

Table 4. Optimization results of ultrasound-assisted extraction of blackberry, chokeberry, and rasp-
berry seed oils.

Optimum Actual Ultrasound Optimum . .
oil Ultrasound Amplitude Extraction I;:ﬁc(tj": g;‘}d(ﬁfr‘f) Yield (%)  OIT (min)
Amplitude (%) Applied (%) Time (min) ?
BB 72.98 70 8.20 8.05 75.05 810+ 041 71.15+3.79
CH 59.18 60 10.11 6.10 49.38 6.02+0.97  48.78 + 0.69
RB 95.57 95 8.43 7.17 58.29 6.96 £0.60 61.22 +6.65

The optimization of UAE of oil from BB, CH, or RB seeds was not discussed widely so
far. Matei et al. [32] studied the UAE of blackberry seed oil optimization. In the cited paper,
ultrasound intensity, and extraction temperature and time were variables and extraction
efficiency was a response. Researchers used n-hexane as a solvent in a 1/20 solid /liquid
ratio. Based on the experiments, 13.77 W/ cm?, 45 °C, and 15 min were chosen as optimum
ultrasound intensity, extraction temperature and time, respectively. Regarding the optimum
time of extraction, in the following study, shorter extraction time was enough to achieve
maximized response values for BB seed oil. Teng et al. [33] optimized the ethanolic UAE
of RB seed oil. The independent variables in their study were sonication time (10-50 min)
and extraction temperature (30-70 °C), while one of the responses was extraction yield.
The optimum conditions were described as 37 min extraction time in 54 °C temperature,
which resulted in 22.78 £ 0.27% extraction yield. Since the range of extraction time variable
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differed from the extraction time values applied in the following study, the comparison is
not exactly possible. However, it could be concluded that Teng et al. [33] reached very high
extraction yield for RB seed oil, but it required longer sonication. Studies on optimization
of UAE from other berry seeds were also carried out. Isopencu et al. [34] described the UAE
of sea buckthorn seed o0il. The maximum extraction efficiency was reached while applying
ultrasound intensity of 13.77 W/cm?, temperature of 40 °C, and time of 10 min. For the
cranberry seed oil, 95% ultrasound amplitude and 11.38 min time were chosen as optimum
conditions, which resulted in an almost 22% extraction yield and maximum induction time
equal to 52.6 &+ 1.0 min [10]. Generally, it could be summarized that rather higher operating
conditions of ultrasound intensity or amplitude are more effective in terms of extraction
yield or efficiency. By applying a higher power of ultrasound, acceptable oil yield can be
reached in shorter time.

3.4. Kinetic Parameters of Oil Oxidation

Based on the oxidation onset temperatures obtained in the PDSC assay in different
heating rates, regression analysis was carried out. The results are shown in Table 5. Acti-
vation energies ranged from 82.98 to 92.01 k] /mol. In the case of all the studied seed oils,
UAE resulted in slightly higher E, values. The findings were similar to results obtained for
UAE cranberry seed oil [10] and redcurrant seed oil [11]. Also, activation energy values
for berry seed oils were higher than activation energies of rapeseed and sunflower oils
obtained in the accelerated storage study [35]. However, similar E; (97.43-99.94 k] /mol)
were obtained for olive oils by Farhoosh and Hoseini-Yazidi [36]. According to Adhvaryu
etal. [37], E, is correlated with the fatty acid profile of oil, and the more PUFAs are found
in oil, the higher E,; values are observed. Also, bioactive compounds presence influences
the E, of oil. Oxidation rate constants in 100-140 °C ranged from 0.0018 to 0.053, with only
slight differences between oils obtained in different extraction procedures. Briefly, it can be
observed that extraction method does not influence the kinetic parameters of oil oxidation
and that these features are mostly dependent on the source of oil.

Table 5. Regression analysis of the PDSC data, activation energies (E;), pre-exponential factors
(Z), and oxidation rate constants (k) at different temperatures for oils obtained in optimized UAE
conditions (BB_US, CH_US, RB_US) and in conventional extraction (BB_C, CH_C, RB_C).

Kinetic Parameter BB_US BB_C CH_US CH_C RB_US RB_C
—a 5054 4741 4923 4914 4976 4558

b 11.961 11.230 11.776 11.746 11.659 10.817

R2 0.9993 0.9994 0.9954 0.9883 0.9978 0.9952

E, (k] /mol) 92.01 86.30 89.63 89.47 90.59 82.98

Z (min~1) 1.71 x 1010 3.38 x 10° 1.14 x 1010 1.07 x 1010 8.58 x 10° 1.36 x 10°

k at 100 °C (min~1) 0.0022 0.0027 0.0032 0.0032 0.0018 0.0033

kat 110 °C (min—1) 0.0048 0.0057 0.0068 0.0067 0.0039 0.0066
k at 120 °C (min—1) 0.010 0.011 0.014 0.014 0.0078 0.013
k at 130 °C (min—1) 0.020 0.022 0.028 0.027 0.016 0.024
k at 140 °C (min—1) 0.039 0.041 0.053 0.052 0.030 0.043

3.5. DSC Assessment

The BB, CH, and RB seed oils obtained in optimized ultrasound treatment conditions
and control samples were subjected to detailed DSC analysis. Melting and crystallization
profiles were obtained and expressed as curves with specific temperatures describing
recorded peaks (Table 6). The DSC curves picturing melting profiles of oils are shown
in Figure 3. It can be noted that the courses of melting curves are similar for the oils
obtained from the same source. This confirms DSC as an oil authentication method [38].
In the study by Gila et al. [39], ultrasound treatment influence on olive oil quality was
assessed. They also reported that US did not influence the crystallization nor melting
characteristics of oils recorded by DSC. However, Rezvankhah et al. [40] found that melting
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Considering detailed results, in melting characteristics of BB and CH seed oils, two
peaks were visible. In the case of BB seed oils, one major peak around -42 °C and minor
around —21 °C were observed, which is in agreement with previous findings [41]. The DSC
curve of CH seed oils consisted of one exothermic peak around -63 °C and one
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contributed 1o the changes 1n degree Orf saturation or 1AGsS, 1atty acid chains length, and
fatty acid distribution in TAGs [44]. Also, oils with higher SFA content crystallize in higher
temperatures [45]. In regard to the literature, the crystallization peak temperatures of RB
and BB oils in the present study are lower than those reported by Rajagukguk et al. [42],
Micic et al. [41], or Oomah et al. [46]. Crystallization behavior descriptions for the CHsgegdr
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Fatty acid profile could determine the possible application of oils. Figure 4 shows the
percentage stimareeobfafhytacidids berbeseededld. dils thidltedtedteatog]eaprpbenterkaeytedfia
$ptivifacifh pyoftiel fprdideidplantidijslaMajiis ghdajps gflgteatédléadtyeatdstyveralB s
RutPAlinelehd fadlpiedie i A8 2 ()83 aq) eectopriaiuh inen t Dve faliy futit aoid posifosi tias
simikimitathes el presipdsiscabediped its fidst{3247,48].

0 10 20 30 40 50 60 70 80 90 100
Percentage share of fatty acids (%)

uC16:0 mC18:0 mC18:1n9 mC182n6 mC18:3n3 mC20:0 wmother

Figae 4 Thhe petcsniage shate off fadly acids iR tested sils obtained iR eonventional extraction
procedure (BB_C, CH_C, RB_C) and under optimized UAE eonditions (BB_US, CH_US, RB_US),
Cl6:0—pualimitiic acid, CI&0—stiemic aciid), Cl&1—elkiic acid], ClH2—iinlkic ettty acid), CIBB—ax-
linolenie acid, C20:0—arachidie acid.

The percentage share of studied oils did not depend significantly on the extraction
method applied. Thitsiis im agreement wiith previews findimgs by Gaspaiini et al. [7] and
Thilakarathna et al. [49] whe reported that fatty aeid content may differ when different
extraction metheds are appllied; however, the proportion of fatty acids remains stable oF
ehanges slightly, and it is a characteristic feature of oill rigimaling Hom M SRR TR,

Taking into account fatty acid distribution in TAG structure, the tendency remains
similar to percentage share of fatty acids. The proportions are specific for particular oil,
without significant impact of the extraction method applied. The type of TAG molecules
determines its nutritional properties. The sn-2 position of TAGs in plant oils is usually
occupied by unsaturated fatty acids [50], which was also confirmed for the studied oils
(Figure 5). However, chokeberry seed oil was surprisingly characterized by high contri-
bution of palmitic acid (C16:0) in the sn-2 position of TAG. The fatty acid position in TAG
may affect the oxidative stability of oils, and according to Endo et al. [51], unsaturated fatty
acids located in the sn-2 position contribute to improved oxidative stability of oil, which
stands in agreement with our findings, as chokeberry seed o0il was characterized by lower
OIT than other oils.
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(Figure 5). However, chokeberry seed oil was surprisingly characterized by high
contribution of palmitic acid (C16:0) in the sn-2 position of TAG. The fatty acid position in
TAG may affect the oxidative stability of oils, and according to Endo et al. [51],
unsaturated fatty acids located in the sn-2 position contribute to improved oxidative

stability of oil, which stands in agreement with our findings, as chokeberry seed oil 1 hdd”

characterized by lower OIT than other oils.
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Abstract

The seeds of berry fruits which are considered as a by-product may be valorized by recovering the oil they content. Never-
theless, the conventional extraction methods are time, energy and organic solvents consuming. In order to make extraction
more environmental-friendly, alternative methods, like ultrasound-assisted and pulsed electric field-assisted processes, are
being developed. The procedure of extraction may however influence the quality of obtained oil. The following study aims to
define the effects of ultrasound and pulsed electric field application in the extraction process on the thermal properties, i.e.,
oxidative stability, melting and cyclic heating/cooling profiles, thermal decomposition characteristics. Additionally, fatty acid
profile assessment was included in the study. Seeds of blackberries, blackcurrants, chokeberries, raspberries and redcurrants
were used to extract oil. Based on the results, it can be summarized that extraction method influenced the resistance of oils
to oxidation. Ultrasound-assisted process resulted in oils with the highest oxidation induction times. Melting profile was
slightly influenced by extraction method, with peak temperatures indicating the presence of low-melting and middle-melting
triacylglycerol fractions. Differential scanning calorimetry with heat/cool/heat procedure let determine crystallization peak
temperatures around — 60 °C, which could be associated with the specific triacylglycerol profile of berry seed oils. The
courses of thermogravimetric analysis curves were comparable for all the tested samples. The fatty acid profile study revealed
that all the studied thermal properties were affected by the unique fatty acid percentage share, with a great predominance
of polyunsaturated fatty acids. Obtained results allowed to conclude that extraction method influenced oxidative stability,
thermal properties and fatty acid profile only to some extent. The most promising extraction method among analyzed seems
to be ultrasound-assisted extraction as it provided oil with high oxidative stability, typical thermal properties and unchanged
fatty acid profile, without being harmful to natural environment due to possible reduction in solvent and time consumption.

Keywords Ultrasound-assisted extraction - Pulsed electric field - Thermal properties - Oils - Waste management

Introduction

Fruit-derived seeds which are considered as a by-product
in fruit industry can be reused in order to fulfill circular
economy principles. The berry fruit seeds are rich in fat
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with unique composition and thermal behavior [1-3]. The
possible methods of obtaining oil include conventional prac-
tices, such as cold-pressing or classical solid/liquid extrac-
tion. Nevertheless, the conditions of aforementioned pro-
cesses may influence oil properties and natural environment
negatively.

Alternative extraction methods are considered as benefi-
cial for the natural environment due to limited energy con-
sumption and decreased organic solvent usage comparing
to conventional extraction methods. The extraction meth-
ods classified as alternative are those assisted by ultrasound
(US), microwave, pulsed electric field (PEF), enzymes and
also supercritical fluid or pressurized liquid extraction tech-
niques. Despite the economic and environmental advantages,
the extracts obtained in the alternative processes may present
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unique properties. Oil obtained throughout non-conventional
extraction can be characterized by higher content of bioac-
tive compounds, i.e., sterols, fat soluble vitamins [4—6].

To assess the detailed characteristics of oil obtained in
different extraction procedures, thermal properties studies
appear to be applicable. Thilakarathna et al. [7] described
melting and crystallization behavior assessed in differen-
tial scanning calorimetry study of mahua seed oil extracted
applying US-assisted process, cold-pressing and Soxhlet
apparatus. The differences between thermal characteristics
of oils were slight however noticeable. Additional stud-
ies revealed that eventual changes may occur due to dif-
ferences in chemical composition of extracted oils, such as
waxes presence or triacylglycerol (TAG) structure. Capar
et al. [6] studied thermal behavior of cranberry seed oil
extracted using different methods (applying US, microwave
and Soxhlet apparatus). The differences in obtained results
were explained by slightly different saturation level of oils
and TAG composition. Based on those studies, it may be
concluded that DSC study which recorded the behavior of
oil subjected to heating or cooling may be a useful tool to
present the extraction effect on the events occurring in oils
subjected to temperature changes. Another study—pressure
differential scanning calorimetry (PDSC)—is an accelerated
oxidative stability test and was also used to evaluate extrac-
tion method impact on oil properties. For example, Bry§
et al. [8] used PDSC to compare extraction method influence
on pomegranate seed oil oxidative stability. It was concluded
that extraction method significantly affected oxidation induc-
tion time (OIT) of pomegranate seed oil. Thermogravimetric
analysis (TG) which demonstrates mass loss in the sample
during gradual temperature increase in the controlled atmos-
phere can be also used to monitor changes in the material
depending on extraction method. Santos et al. [9] compared
supercritical CO, and solid-liquid extraction of sapucaia
oil considering TG results. The visible differences were
obtained in terms of stability of oil in air atmosphere and
gradually increasing temperature.

There is limited data available about novel techniques like
PEF or ultrasound influence on the thermal properties of oils
obtained from berry seeds. The results obtained in the pre-
sent study could help explain the consequences of alterna-
tive extraction method application on the quality of product.
With that knowledge it could be possible to apply more sus-
tainable extraction methods on the larger scale and specify
the usage of such oils. The main objective of the following
study was to assess the influence of the extraction methods,
such as ultrasound-assisted, PEF-assisted and solid-liquid
processes on the thermal properties and fatty acid profile
of blackberry, blackcurrant, chokeberry, raspberry and red-
currant seed oils. Accordingly, differential scanning calo-
rimetry (DSC) study was carried out to visualize melting
characteristics and behavior in the heat—cool-heat cycle.
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Also, PDSC analysis was conducted in order to determine
oxidation induction time, and therefore, the resistance of
oils to oxidation in controlled conditions. TG analysis was
performed to specify stability of oil and mass losses pattern
in progressive heating conditions. Additionally, gas chroma-
tography (GC) study was conducted to combine the results
with fatty acid profile of berry seed oils.

Experimental
Material

Fresh fruit of berries: blackcurrant (Ribes nigrum var.
Ruben) and redcurrant (Ribes rubrum var. Jonkheer van
Tets) were purchased from PPH Fructodor Sp. z o. o., Boli-
mow, Poland. Raspberry (Rubus idaeus var. Polana) and
chokeberry (Aronia melanocarpa var. Nero) were kindly
given by local farmers from Pulawy, Poland. Blackberry
(Rubus fruticosus var. Brzezina) was kindly supplied by
Institute of Horticulture-National Research Institute in Ski-
erniewice, Poland and fruit came from Rubus collection
conducted as part of the targeted task of the Polish Ministry
of Agriculture and Rural Development—ex situ conserva-
tion of genetic resources of horticultural plants. The fruits
were kept frozen and then defrosted in the room tempera-
ture right before the juice pressing. Approximately 10 kg of
fruits were used to press juice in the hydraulic press (HPL
14, Bucher Unipektin, Niederweningen, Switzerland), apply-
ing maximum 3 Bar pressure. Pomace left after juice press-
ing was then dried in the laboratory convective dryer at the
temperature of 45 °C and with the air flow of 1.5 m s,
Dried material was subjected to water activity measurement
at 25+ 0.3 °C using Rotronic Hygrolab C1 (Rotronic AG,
Bassersdorf, Switzerland) hygrometer. The water activity of
all samples was under 0.4. The seeds were separated from
the pomace using sieves.

Ultrasound-assisted extraction

Ultrasound-assisted extraction (UAE) process was carried
out according to the previously described methodology [10]
in the UP400S ultrasound processor (Hielscher Ultrasonics
GmbH, Tetlow, Germany) with the output power of 400 W.
Seeds (2 g) milled using tube mill (IKA-Werke GmbH & Co.
KG, Staufen im Breisgau, Germany) in 20,000 rpm in 30 s
time were placed in the falcon tube and filled with extracting
medium-n-hexane (99%, Chempur, Piekary Slaskje, Poland)
used in solid/liquid ratio at level of 1:15 right before the
extraction. To maintain the temperature under 45 °C falcon
tube was placed in an ice bath and immersive thermom-
eter was used to control the temperature of the solid-solvent
mixture. The two condition options of the extraction were
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chosen based on the previous studies [11-13] and they were:
50% US amplitude in 10 min time and 75% amplitude in
5 min time of treatment (Table 1). After that, extracts were
filtered, dried with anhydrous magnesium sulfate and the
solvent was evaporated under pressure at minimum level
of 70 mbar (vacuum rotary evaporator BR-215, Biichi
Labortechnik AG, Flawil, Switzerland). Residual n-hexane
was removed from oil samples under nitrogen atmosphere.

Pulsed electric field-assisted extraction

PEF pretreatment was carried out in PEFPilot™ Dual Sys-
tem (Elea Technology GmbH, Quakenbriick, Germany).
Whole seeds (2 g) with tap water were treated with PEF
applying 8 or 10 kV electrode voltage, 7 ps pulse width,
20 Hz frequency and an adequate number of pulses to
achieve energy intake of 50 kV kg™! (Table 1). Then, filtered
and dried in the desiccator seeds were milled in the tube
mill and used in extraction conducted in Soxhlet apparatus,
with 150 mL of n-hexane during 30 min. Obtained extracts
were cooled down, dried with anhydrous magnesium sulfate
and subjected to the evaporation and n-hexane removal as
described for UAE procedure.

Solid-liquid extraction

Control samples (C) were prepared using solid—liquid
extraction. The milled seeds were placed in falcon tubes and
mixed with n-hexane in a solid-liquid ratio 1/15 (m/v) and
stirred in a water bath for 2 h at temperature of 40 °C. Then
samples were filtered, dried and evaporated following the
UAE and PEF procedures.

Pressure differential scanning calorimetry
Oxidative stability of oils was determined in PDSC study

conducted using a DSC Q20 TA Instrument (TA Instru-
ments, New Castle, DE, USA). Conditions were as follows:

Table 1 Conditions of the oil extraction experimental part

oxygen atmosphere with an initial pressure of 1400 kPa
and with the 100 mL min~' oxygen flow rate, temperature
— 120 °C. Oxidation induction time was calculated based
on the maximum heat flow rate as the point of maximum
deviation from the linear baseline on plots interpreted using
TA Universal Analysis 2000 software. For each sample, the
output was automatically recalculated and presented as the
amount of energy per 1 g [14].

Differential scanning calorimetry

DSC studies were carried out with a Q200 DSC equipment
(TA Instruments, New Castle, DE, USA) calibrated with
high-purity indium. Melting characteristics was determined
by the following procedure: samples of 3—4 mg of oil were
heated to 80 °C and held for 10 min, in order to melt all the
crystals and to erase any thermal memory. After that the
samples were cooled to —80 °C at 10 °C min~! cooling rate
and maintained at — 80 °C for 30 min. Then, the melting
profiles were obtained by heating the samples to 80 °C at
a heating rate of 15 °C min~'. Additionally, the heat/cool/
heat procedure was employed to determine thermal behavior
of oils in moderate temperature. Samples (3—4 mg) were
heated from ambient temperature to 60 °C, cooled to —60 °C
and heated again to 60 °C. The heating/cooling rate was
10 °C min™".

Thermogravimetric analysis

The thermogravimetric analysis of oils was performed
using Discovery TGA thermogravimetric analyzer (TA
Instruments, New Castle, DE, USA) according to the pre-
viously published methodology [15] with slight modi-
fication. Oil samples (7-8 mg) were placed in the plati-
num pans. The oxygen atmosphere at a flow rate equal to
10 mL min~" at atmospheric pressure and in a temperature
range of 50-1000 °C with a constant rate of heating set as
10 °C min~! were used. TG curves illustrating temperature

Ultrasound treatment conditions

Sample Amplitude/% Sonication time/min
US50/10 50 10

US75/5 75 5

Pulsed electric field treatment conditions

Sample Voltage/kV Energy intake/kV kg™!
PEFI 10 50

PEFII 8 50
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influence on mass loss were used to calculate first derivative
(DTG) of a function in the Discovery software (TA Instru-
ments, New Castle, DE, USA). Besides thermal decomposi-
tion characteristics, onset temperature (7,,) of oxidation in
the heating rate of 10 °C min~! was determined according
to the Li et al. [16] method.

Gas chromatography

The fatty acid profile was assessed in a gas chromatography
study. The oil samples were derivatized to methyl esters by
mixing with hexane and methanolic potassium hydroxide
[17]. Then, using the YL6100 GC apparatus (Young Lin
Instrument Co., Ltd., Anyang, Republic of Korea) fitted
with a flame ionization detector and a 60-m-long BPX 70
capillary column (SGE Analytical Science, Milton Keynes,
UK), the obtained fatty acid methyl esters (FAME) were
examined. The nitrogen was used as a carrier gas and split
injection mode at a ratio equal to 1:50 was applied. The
injector’s temperature was 225 °C, while the detector’s tem-
perature was 250 °C. Temperature program of the oven was
as follows: 70 °C for 0.5 min, then heated up to 160 °C with
a 15 °C min™"' rate and increased to 200 °C with a heating
rate of 1.1 °C min~! and kept in those conditions for 6 min,
after that the sample was heated again to 225 °C with heat-
ing rate of 30 °C min~"'. The fatty acids were identified based
on retention times on the chromatogram compared to the
FAME mixture standard (Supelco 37 Component FAME
Mix, Sigma-Aldrich, Bellefonte, USA). The results were

90
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Fig. 1 Oxidation induction times of berry seed oils obtained in differ-
ent extraction methods (BB blackberry, BC blackcurrant, CH choke-
berry, RB raspberry, RC redcurrant). The results are given as means,
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calculated as a percentage share of every detected fatty acid
in the sample [18].

Statistical analysis

Extractions were carried out in three repetitions; all analyses
were conducted in triplicate and the results were expressed
as a mean =+ standard deviation. ANOVA analysis of vari-
ance was conducted in the Statistica software (v. 13.3, Stat-
soft, Krakow, Poland) to determine the effect of extraction
method on the results of experiments. Post hoc Tukey’s
multiple range test was carried out in order to indicate sig-
nificant differences between results at a p-value of 0.05.
Additionally, hierarchical cluster analysis was carried out
and presented in a graphical form.

Results and discussion
Oxidation induction time

The results of pressure differential scanning calorimetry
conducted at 120 °C are summarized on the diagram in
Fig. 1 (detailed data available in Supplementary material),
and the curves obtained in the PDSC study are shown in
Fig. 2. It can be observed that OIT of oil depends strictly on
the origin of oil. The influence of the extraction method was
also noted; however, the tendency and significance differed
among the studied oils. In the case of blackberry seed oil,
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results with different letters in the superscript are significantly differ-
ent (p <0.05) among samples originating from one type of seeds
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Fig.2 PDSC curves for blackberry (BB), blackcurrant (BC), chokeberry (CH), raspberry (RB) and redcurrant (RC) seed oils, extracted using different

techniques
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Fig.2 (continued)

US was more effective extraction method considering OIT
of oil than PEF or control. Particularly, US with amplitude
75% applied in 5 min time resulted in blackberry seed oil
with the longest OIT. Blackcurrant seed oil extracted in the
control conditions was characterized by higher OIT than
US or PEF-extracted oils. Chokeberry seed oil extracted by
applying US with 75% amplitude during 5 min presented
significantly higher OIT comparing to other methods. PEF-
assisted extraction resulted in raspberry seed oil with more
than 1.5-fold higher OIT than control sample and also higher
than US-extracted samples. Considering redcurrant seed oil,
50% amplitude of US applied in 10 min time was the most
beneficial in terms of OIT. Taking into account the differ-
ences between OIT results for oils extracted in different
conditions, the increased OIT may be attributed with accel-
erated antioxidant compounds extraction subsequently with
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US or PEF-assisted extraction of oil [19, 20]. The presence
of natural antioxidants, like tocopherols, polyphenols, sterols
and carotenoids, may prevent oil from oxidation and thus,
prolong its stability or shelf life. However, the compounds
with antioxidative capacity were described as thermolabile
[21] and unstable in the extreme conditions of extensive
sonication [22]. Moreover, ultrasound treatment may cause
formation of hydroperoxides and degradation of oil [23]. It
may be the reason why in some cases, oil extracted using
alternative methods was characterized by lower values of
OIT. Also, particular conditions of alternative extraction
should be determined in the optimization study for each
material, as it was noted that, generally, applying US with
higher amplitude during shorter time in sonication process
and, higher voltage of electrode in PEF-assisted extraction
resulted in oil with higher OIT.
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Comparing oxidative stability of obtained oils to the other
plant-derived oils using PDSC method at 120 °C, all of the
studied berry seed oils presented longer OIT than hexane-
extracted hempseed oil (13.6-28.9 min) [24], cold-pressed
or hexane-extracted strawberry seed oil (9.0-12.8 min) [25,
26]. The OIT of camelina cold-pressed seed oil ranged from
61.4 to 76.2 min [27], of olive oil—from 134.2 to 180.1 min
and of rapeseed oil—from 82.4 to 98.5 min [28].

Melting profile of obtained oils

The peak melting temperatures (7,,) coupled with enthalpy
changes (AH,,) values of the transitions observed on the
DSC melting curves of oils are shown in Table 2, and the
visual presentation of curves is shown in Fig. 3. In the
case of all tested samples of blackberry and raspberry seed
oils, two events on the curve were observed, first—around
—40 °C and second—around — 20 °C in both cases. The
first transition was described by greater enthalpy change;
however, higher enthalpy change in the second event was
observed in control samples of blackberry and raspberry

oils. Chokeberry seed oils were characterized by similar,
single events with peak temperature around — 35 °C visible
in all tested samples. In the case of blackcurrant seed oil,
as well as redcurrant seed oil, single or double transitions
were observed, depending on the sample. As regards the
PEF-treated samples, one event was noted around —40 °C,
for blackcurrant seed oil, the same course of curve was also
recorded for the control sample. The second event, with
lower enthalpy change, was observed around — 30 °C for
US-extracted blackberry oils and at around —25 °C for US-
extracted and control redcurrant oils. Based on the statisti-
cal analysis, it can be observed that considering one source
of oil, there were some slight differences among samples
extracted in different procedures. However, the differences
among samples extracted in the same procedure but apply-
ing various conditions of the process were not detected. The
melting characteristics of oils is predominantly affected by
composition, content and structure of TAG. The detected
events on the melting profiles of studied oils correspond
mainly with the presence of low-melting TAG (around
—40 °C) and middle-melting TAG (around —20 °C) [29].

Table2 DSC melting

; . Source of 0oil ~ Sample T/°C AH, /T g™} T,.,/°C AH, /1 g7}
profiles of oils at heating rate
15 °C min~! Blackberry ~ BB_C —45.62+4228  23.15+1.90° —21.62+0.64"  37.23+3.00°

BB_US50/10  —42.23+0.09®°  3457+025°  —21.56+0.07*  0.33+0.04°
BB_US75/5 —42.18+0.06" 33.11+£1.09* —21.51+0.13% 1.09+0.16*
BB_PEFI —44.04+161"  3646+1.62°  —22.09+0.16° 5.89+0.59°
BB_PEFII —4237+030"  4042+1.64° —21.69+021°° 11.48+0.65¢

Blackcurrant BC_C —42.48+1.99° 0.58+0.11* -
BC_US50/10  —41.44+2.47° 14.63+2.52°  —28.74+1.15° 0.07 +0.02°
BC_US75/5 —47.68+0.13* 9.88+1.16°  —33.18+0.02° 0.25+0.01°
BC_PEFI —43.80+0.86"  10.83+231° -
BC_PEFII —41.81+2.46° 13.79+2.15°> -

Chokeberry ~ CH_C —35.24+1.39° 2390+1.03* -
CH_US50/10  —34.41+0.07"*  2837+0.57¢ -
CH_US75/5 —32.92+0.90° 25.35+0.88
CH_PEFI —3445+0.63®%  27.15+0.91%
CH_PEFII —3472+026®  1339+1.04* —

Raspberry RB_C —47.00+0.25° 1691 +1.20°  —2585+0.10°  44.39+0.43¢
RB_US50/10  —42.39+0.07° 36.04+042"  —23.95+0.01° 0.07+0.02
RB_US75/5 —43.12+0.48° 32134092  —24.54+0.32° 1.09+0.12*
RB_PEFI —40.24+2.28° 21254245  —25.40+0.70° 0.02 +0.00*
RB_PEFII —47.28+1.74° 20.23+5.03*  —28.00+1.61% 8.38+2.24°

Redcurrant RC_C —4155+0.06"  2431+1.91° —25.82+0.30° 0.86 +0.06*
RC_US50/10  —43.39+0.89®  34.98+0.40°  —26.77+0.10° 0.94+0.03%
RC_US75/5 —42.18+0.04™  31.08+0.56°  —26.48+0.04° 0.98+0.05°
RC_PEFI —40.48+0.28° 562+1.38° -
RC_PEFII —43.93+1.69° 0.85+0.07*° -

T, peak temperature on the melting curve; AH,

enthalpy change on the melting curve. Means with differ-

m’

ent letters in the superscript are significantly different (p <0.05) among samples originating from one type

of seeds.

@ Springer



|. Piasecka et al.

BB
2
0
=
£
H
[e]
=_2
]
]
I
BB_C
-4 BB_PEFI
BB_PEFII
BB_US50/10
BB_US75/5
-6
- 80 —-60 —-40 -20 0 20 40 60 80
Exo up Temperature/°C Universal V4.5A TA instruments
BC
1
0
z
-1
B
K]
T
(0]
I -2
BC_C
BC_PEFI
-3 BC_PEFII
BC_US50/10
BC_US75/5
-4
- 80 - 60 -40 -20 0 20 40 60 80
Exo up Temperature/°C Universal V4.5A TA instruments
CH
1
0
=
£
=
o
T
[0
I -2
CH_C
CH_PEFI
-3 CH_PEFII
CH_US50/10
CH_US75/5
—4
—80 —60 —40 -20 0 20 40 60 80
Exo up Temperature/°C

Universal V4.5A TA instruments

Fig.3 Melting curves of blackberry (BB), blackcurrant (BC), chokeberry (CH), raspberry (RB) and redcurrant (RC) seed oils
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Fig.3 (continued)

All the TAG present in tested oils were melted completely
at temperatures below 0 °C which is typical for TAG with
high unsaturation level [30]. That is accordant with the GC
study results, which showed high percentage share of poly-
unsaturated fatty acids in all studied oils. While analyzing
DSC melting curves, exothermic peaks before the melting
onset might be observed in the case of chokeberry and con-
trol samples of raspberry and blackberry seed oils. Their
presence was probably connected to the polymorphism phe-
nomenon, particularly solid-to-solid transformation [31].
Although the DSC study may be used as a tool to identify
oils or detect their adulteration [32], applying different con-
ditions in the extraction process may influence the content
of TAG or their structure [33, 34] and thus, impact the melt-
ing behavior recorded in DSC study. However, obtained in

the following study DSC curves presented similar courses
to the previously published results of berry seed oils with
comparable fatty acid profile: raspberry seed oil [35-37],
blackcurrant, cranberry and strawberry seed oils [26]. In all
of the studies, melting curves of oils were characterized by
the presence of the main, largest peak with the maximum
temperature at around —40 °C, sometimes accompanied
with additional peaks at higher temperature.

Thermal behavior in heat/cool/heat DSC procedure
The specific temperatures of crystallization (7},) and melting
(T",,) events coupled with enthalpy changes (AH,, AH',)

obtained in the heat/cool/heat procedure are summarized in
Supplementary Table 2. The heat/cool/heat procedure was
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applied to reveal thermal behavior in the cycle of cooling and
heating the oil samples, without the initial heating applied in
order to erase the crystal memory of oils in the classic DSC
melting characteristics assay. Also, different heating/cool-
ing rate was employed. Similarly, as for the aforementioned
results of melting curve, the extraction method impact on
the heat/cool/heat curve course was recognizable, although
slight. Zhang et al. [38] described changes in thermal behav-
ior of papaya seed oil extracted in UAE process comparing
to the Soxhlet extraction. Soxhlet extraction yielded in oil
with higher T, and lower T than oil obtained in UAE. The
temperatures of crystallization recorded in the following
procedure were around — 60 °C for all tested oil samples,
which is typical for the highly unsaturated TAG presence
in the berry seed oils. Also, the enthalpy change is quite
low, which is due to low saturation level of berry seed oils.
Similar results were previously observed for mango seed
oils [39]. Not all the oils presented in the following study
were previously assessed for the thermal behavior; however,
comparable crystallization temperatures were observed for
cold-pressed raspberry seed oils by Rajagukguk et al. [36].

Also, T',, of raspberry seed oil was similar to one of the
three detected melting points by Rajagukguk et al. [36].
However, in the aforementioned study, the rate of heating/
cooling equal to 1 °C was applied and that might have influ-
enced the results significantly.

The chokeberry seed oil revealed different course of
curve, with the exothermic peak around 20 °C regardless
of the extraction method. The peak temperature in that area
indicates crystallization of highly saturated TAG; however,
in that case, it may be contributed to the crystallization of
one of polymorphic form phenomenon [31] as the choke-
berry seed oil was not characterized by high saturated fatty
acids percentage share in the GC study. Indeed, crystalliza-
tion occurrence in the 20 °C temperature was visible.

Thermogravimetric analysis

The courses of TG/DTG curves were similar for all tested
oils and were not influenced by the extraction method.
The behavior of oils was typical for the plant-derived fats.
The results of TG study showed that oils decomposition in

Table 3 Percentage of mass

N . Source of oil Sample Mass loss/%
losses recorded in the oils
samples during TG study Range 180-370 °C Range 370-420 °C Range 420-550 °C
Blackberry BB_C 40.1+0.1* 39.9+0.1% 19.1 0.0
BB_US50/10 36.6+5.1° 35.6+4.1° 16.9+2.0°
BB_US75/5 41.8+0.5% 39.1+0.0 19.3+0.4%
BB_PEFI 42.0+0.3% 38.4+1.1% 19.0+0.6°
BB_PEFII 4244022 37.1+0.2° 19.6+0.1°
Blackcurrant B_CC 48.9+4.8* 30.1+5.1° 19.7 +0.5%
BC_US50/10 482+5.9° 32.94+5.7% 18.3+0.0°
BC_US75/5 47.6+1.8° 33.3+2.1° 18.6+0.4*
BC_PEFI 56.1 +2.6% 24.3+2.3% 18.9+0.4®
BC_PEFII 48.9+5.7° 30.2+5.4% 19.9+0.0°
Chokeberry CH_C 51.7+0.7% 30.3+0.1%° 17.2+0.8%
CH_US50/10 51.9+1.0%® 30.1+0.1%® 17.5+1.0°
CH_US75/5 51.7+1.5%® 30.3+0.5%® 17.5+1.0°
CH_PEFI 542+3.0° 28.2+1.0° 16.7+2.0°
CH_PEFII 48.5+2.0° 322+1.5° 19.2+0.5*
Raspberry RB_C 40.7+0.2° 39.6+1.6° 19.0+£0.8%
RB_US50/10 41.2+0.7% 40.0+0.8° 18.0+0.1%
RB_US75/5 43.7+1.0% 38.0+0.5% 17.7+0.5°
RB_PEFI 44.6+1.6° 36.2+1.4° 18.2+0.1%
RB_PEFII 51.7+1.2¢ 25.9+0.2° 20.7 £ 1.0
Redcurrant RC_C 47.6+2.6° 31.0+3.2° 20.5+0.6°
RC_US50/10 46.8+1.5° 32.0+1.5° 19.8 +£0.0%
RC_US75/5 51.3+1.6% 29.5+1.0° 18.1+0.4%
RC_PEFI 56.5+2.0° 22.6+2.0° 19.7+£0.1%
RC_PEFII 39.9+2.3% 40.9+1.4° 19.0+0.9®

Different letters in the superscript are significantly different (p < 0.05) among samples originating from

one type of seeds
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oxygen atmosphere proceeded in three main stages occurring
in the temperature range of 180-550 °C (Table 3) with only
a trace amount of residue left at 1000 °C. The decomposition
progressed with increasing temperature and was associated
with the presence of polyunsaturated fatty acids (PUFA),
monounsaturated fatty acids (MUFA) and saturated fatty
acids (SFA), respectively. The first degradation stage indi-
cated thermal stability of edible oils. All the studied berry
seed oils were stable during heating up to around 180 °C,
where the decomposition started. In the initial step, decom-
position involved liberation of volatile compounds which
were formed during TAGs degradation as well as oxygen
uptake and peroxides forming which was observed as a small
mass increase in the TG curve right before the start of the
decomposition. Second decomposition step at temperature
range 370420 °C corresponded with MUFA decomposition
and third, in the range of 420-550 °C was associated with
SFA degradation [40, 41] (Figs. 4, 5).

Fatty acid profile

The results of fatty acid percentage share of obtained oils is
shown in Supplementary Table 3. All of the samples were
characterized by high (over 70%) percentage share of poly-
unsaturated fatty acids, what is a distinctive feature of berry
seed derived oils. The most abundant fatty acid was linoleic
acid (LA) in case of every tested oil. The proportion of LA
varied from 40% in the case of redcurrant seed oil to 70%
as regards the chokeberry seed oil. Taking into considera-
tion the extraction influence on the fatty acid profile, there
were noted some significant differences in the percentage
values; however, noted changes were not sufficient to impact
the overall chemical characteristics of oils. The noticeable

Fig.4 Example of DTG curves
obtained for tested blackberry
seed oils
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Fig.5 Example of TG curves obtained for blackberry seed oils

observation was that the sum of SFA percentage share in
the oils extracted using higher temperature (PEF-assisted)
was slightly higher comparing to other extraction methods—
US-assisted and solid-liquid extraction carried out at 40 °C
temperature. That is in agreement with the previous find-
ings for microalgae oil extracted in US-assisted process at
different temperatures [42]. Also, Teng et al. [43] proved
US-assisted extraction to provide raspberry seed oil with
lower SFA than Soxhlet extraction. Wei et al. [44] suggested
that higher saturation level in oils extracted using Soxhlet
method may be caused by unsaturated lipids oxidation initi-
ated by evaluated temperature and time of extraction. On
the other hand, extraction method did not affect fatty acid
profile of apple seed oil obtained using US, supercritical
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fluid or conventional extraction as reported by Gasparini
et al. [45]. Applying US-enzyme assisted extraction did not
influence the fatty acid composition of lipophilic fraction of
raspberry, strawberry and blackberry pomace as well [46].
Taking PEF pretreatment into consideration, previous find-
ings focused mostly on PEF influence on the fatty acid pro-
file of cold-pressed oils. In the case of olive oil [47], rape-
seed oil [48] and Niger seed oil [32], content of fatty acids
was not affected by PEF pretreatment. In the study in which
sunflower seeds underwent PEF pretreatment before hex-
ane solid-liquid extraction, fatty acid profile also remained
unaffected comparing to the ultrasound or conventional
solid-liquid extraction [49].

Fatty acid profile assessment seems to be useful com-
bined together with the thermal analysis as the fatty acid
composition of TAG in oils is inseparably associated with
the thermal behavior of oils. The high unsaturation level of
TAG corresponds with the low temperature of melting. The

BBC
BBUS75/5
BBPEFI
BBPEFII
BBUS50/10
RBC
RBUS50/10
RBUS75/5
RBPEFI
RBPEFII
BCC
BCPEFII
BCPEFI
CHPEFII
BCUS50/10
BCUS75/5
RCPEFII
RCC
RCUS50/10
RCUS75/5
RCPEFI
CHC
CHUS75/5
CHPEFI

CHUS50/10

o Tmt DHpy Tot DHgq

Mass loss 1 Massloss2 Mass loss 3 SFA MUFA PUFA

characteristic temperature of melting in the case of TAG
with only unsaturated fatty acids occurring in their structure
is around —40 °C, so-called moderate unsaturated TAG with
unsaturated fatty acids melt at temperature around — 20 °C,
saturated TAG melt at temperatures above 0. Similarly, crys-
tallization peaks of highly unsaturated TAG occur in very
low temperatures (— 60 °C to —40 °C) [29]. Also, decom-
position monitored in the TGA study depends on the fatty
acid profile of fat, as it is closely related to the oxidative
stability, assessed in the PDSC study as well [16, 50]. The
further analysis of TAG content and structure appears to be
necessary to obtain full image of the fatty acid profile influ-
ence on the thermal behavior of studied oils.

Statistical approach

Results from PDSC (OIT), DSC (T,,;, AH,,;, T.,, AH_,), TG
(3 mass losses) and GC (sum of SFA, MUFA and PUFA)

17
I o7
] -o03
B -13
Il -23

Fig.6 Heatmap of chosen results (OIT, T,,,;, AH,;, T,;, AH,,, 3 mass losses from TG, sum of SFA, MUFA and PUFA) for all studied berry seed

oils
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Fig.7 Dendrogram obtained BBC
by analyzing chosen results BBUS75/5
(OoIT, T ,,AH_,,T.,, AH_,3 BBPEFI

ml> ml> £cl» cl»
mass losses from TG, sum of BBPEFII
BBUS50/10

SFA, MUFA and PUFA) for all
studied berry seed oils RBC

RBUS50/10
RBUS75/5
RBPEFI
RBPEFII
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CHPEFII
BCUS50/10
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RCPEFII

RCC
RCUS50/10

RCUS75/5

RCPEFI
CHC
CHUS75/5
CHPEFI

CHUS50/10

were used to carry out cluster analysis. The heatmap and
dendrogram were the result of statistical analysis and showed
similarities among all studied oils. What can be noted is that,
generally, among oils obtained from the same source, there
were observed only slight differences. Method of extrac-
tion usually did not influence studied thermal properties and
fatty acid composition. However, differences between oils
derived from different seeds were visible. Thus, it can be
concluded that thermal properties and fatty acid composi-
tion of extracted oils mostly depended on the used material
(Figs. 6, 7).

Conclusions

The results of the study allow the following conclusions to
be drawn. Extraction method influenced significantly oxida-
tion induction time with ultrasound-assisted extraction to
be the most favorable in the case of blackberry, chokeberry
(amplitude 75%, 5 min time) and redcurrant (amplitude
50%, 10 min time) seed oils. PEF treatment was the most
efficient in the case of raspberry seed oil and no positive
impact of alternative extraction methods application was
observed in the case of blackcurrant seed oil. Melting and
crystallization characteristics courses were not influenced
by extraction method; however, some significant differ-
ences were observed mostly in the enthalpy change results.
Thermogravimetric analysis showed that extraction method

4 6 8 10 12
Averege distance between clusters

may cause minor deviations in the mass losses noted in the
same temperature ranges. Also, fatty acid composition was
only slightly affected by the extraction method. The stud-
ied alternative extraction methods should be considered as
accurate substitute for conventional extractions in the case
of berry seed oils, as the ultrasound and PEF applications
improve oxidative stability still do not deteriorate other
thermal properties or fatty acid profile of oils. However, to
choose the most efficient conditions detailed optimization
should be carried out for each seed oil separately, as the
characteristics of oil is mostly affected by its source. Choos-
ing proper conditions may contribute to obtain oil with high
resistance to oxidation and may be applied in preparation of
oil-based formulas in food industry or cosmetics production.
Also, reusing berry fruit seeds considered as a by-product in
alternative extraction procedure may bring financial profits
as it does not require much energy to maintain yet results in
valuable product.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10973-024-13230-4.

Acknowledgements Authors would like to acknowledge MSc
Justyna Wojcik-Seliga from Cultivar Testing, Nursery and Gene Bank
Resources Department, Institute of Horticulture-National Research
Institute in Skierniewice, Poland for providing Rubus var. Brzezina
fruits cultivated from the gene bank collection in Dabrowice, Poland.

Author contributions Iga Piasecka involved in conceptualization, meth-
odology, data curation, formal analysis, investigation, visualization,

@ Springer


https://doi.org/10.1007/s10973-024-13230-4

|. Piasecka et al.

software, validation, and writing—original draft. Ewa Ostrowska-
Ligeza involved in methodology, formal analysis, and visualization.
Artur Wiktor involved in methodology, formal analysis, and supervi-
sion. Agata Gérska involved in conceptualization, writing—review and
editing, supervision, administration of study, and funding acquisition.

Funding Some research equipment was purchased as part of the
“Food and Nutrition Centre—modernisation of the WULS campus
to create a Food and Nutrition Research and Development Cen-
tre (CZiZ)” co-financed by the European Union from the European
Regional Development Fund under the Regional Operational Pro-
gramme of the Mazowieckie Voivodeship for 2014-2020 (Project No.
RPMA.01.01.00-14-8276/17).

Data availability Data presented in the following study are available on
the reasonable request from the corresponding author.

Declarations
Conflict of interest Authors declare no conflicts of interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. da Silva AC, Jorge N. Bioactive compounds of oils extracted
from fruits seeds obtained from agroindustrial waste. Eur J
Lipid Sci Technol. 2017. https://doi.org/10.1002/ej1t.20160
0024.

2. Piasecka I, Wiktor A, Gorska A. Alternative methods of bioactive
compounds and oils extraction from berry fruit by-products—a
review. Appl Sci. 2022. https://doi.org/10.3390/app12031734.

3. Zorzi M, Gai F, Medana C, Aigotti R, Morello S, Peiretti PG.
Bioactive compounds and antioxidant capacity of small berries.
2020. Foods. https://doi.org/10.3390/f00ds9050623.

4. Krumreich FD, Borges CD, Mendonca CRB, Jansen-Alves C,
Zambiazi RC. Bioactive compounds and quality parameters of
avocado oil obtained by different processes. Food Chem. 2018.
https://doi.org/10.1016/j.foodchem.2018.03.048.

5. Pereira P, Cebola MJ, Oliveira MC, Bernardo-Gil MG. Supercriti-
cal fluid extraction vs conventional extraction of myrtle leaves and
berries: comparison of antioxidant activity and identification of
bioactive compounds. J Supercrit Fluids. 2016. https://doi.org/10.
1016/j.supflu.2015.09.006.

6. Capar T, Dedebas T, Yalcin H, Ekici L. Extraction method affects
seed oil yield, composition, and antioxidant properties of Euro-
pean cranberrybush (Viburnum opulus). Ind Crops Prod. 2021.
https://doi.org/10.1016/j.indcrop.2021.113632.

7. Thilakarathna RCN, Siow LF, Tang TK, Chan ES, Lee YY. Phys-
icochemical and antioxidative properties of ultrasound-assisted
extraction of mahua (Madhuca longifolia) seed oil in comparison
with conventional Soxhlet and mechanical extractions. Ultrason

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Sonochem. 2023. https://doi.org/10.1016/j.ultrasonch.2022.
106280.

Bry§ J, Obranovi¢ M, Repaji¢ M, Kralji¢ K, Skevin D, Brys§ A,
Gorska A, Ostrowska-Ligeza E, Wirkowska-Wojdyta M. Com-
parison of different methods of extraction for pomegranate seeds.
Proceedings. 2020. https://doi.org/10.3390/foods_2020-07657.
dos Santos OV, Carvalho RN, da Costa CEF, da Lannes S SC.
Chemical, chromatographic-functional, thermogravimetric-differ-
ential and spectroscopic parameters of the sapucaia oil obtained
by different extraction methods. Ind Crops Prod. 2019. https://doi.
org/10.1016/j.indcrop.2019.02.043.

Piasecka I, Brzeziriska R, Ostrowska-Ligeza E, Wiktor A, Gor-
ska A. Ultrasound-assisted extraction of cranberry seed oil: food
waste valorization approach. Eur Food Res Technol. 2023. https://
doi.org/10.1007/s00217-023-04326-6.

Hernandez-Santos B, Rodriguez-Miranda J, Herman-Lara E,
Torruco-Uco JG, Carmona-Garcia R, Juarez-Barrientos JM,
et al. Effect of oil extraction assisted by ultrasound on the phys-
icochemical properties and fatty acid profile of pumpkin seed oil
(Cucurbita pepo). Ultrason Sonochem. 2016;31:429-36. https://
doi.org/10.1016/J. ULTSONCH.2016.01.029.

Rojo-Gutiérrez E, Carrasco-Molinar O, Tirado-Gallegos JM,
Levario-Gomez A, Chavez-Gonzalez ML, Baeza-Jiménez R,
Chavez-Zamudio R, Martinez-Sanchez CE. Evaluation of green
extraction processes, lipid composition and antioxidant activity
of pomegranate seed oil. J Food Meas Charact. 2021. https://doi.
org/10.1007/s11694-020-00804-7.

Senrayan J, Venkatachalam S. A short extraction time of vegeta-
ble oil from Carica papaya L. seeds using continuous ultrasound
acoustic cavitation: analysis of fatty acid profile and thermal
behavior. J Food Process Eng. 2019. https://doi.org/10.1111/jfpe.
12950.

Wirkowska-Wojdyta M, Brys J, Gérska A, Ostrowska-Ligeza E.
Effect of enzymatic interesterification on physiochemical and
thermal properties of fat used in cookies. LWT. 2016. https://doi.
org/10.1016/j.1wt.2016.07.040.

Dolatowska-Zebrowska K, Ostrowska-Ligeza E, Wirkowska-
Wojdyta M, Brys J, Goérska A. Characterization of thermal prop-
erties of goat milk fat and goat milk chocolate by using DSC,
PDSC and TGA methods. J Therm Anal Calorim. 2019. https://
doi.org/10.1007/s10973-019-08181-0.

LiJ, LiuJ, Sun X, Liu Y. The mathematical prediction model for
the oxidative stability of vegetable oils by the main fatty acids
composition and thermogravimetric analysis. LWT. 2018. https://
doi.org/10.1016/j.1wt.2018.05.003.

Polish Norm: PN-EN ISO: 5509:2001. Oil and vegetable and
animal fats. Preparation of methyl ester of fatty acids. Warsaw
Poland: Polish Committee for Standardization; 2001.

Brys$ J, Flores Ins FV, Grska A, Wirkowska-Wojdyta M,
Ostrowska-Liggza E, Bry A. Use of GC and PDSC methods to
characterize human milk fat substitutes obtained from lard and
milk thistle oil mixtures. J] Therm Anal Calorim. 2017. https://
doi.org/10.1007/s10973-017-6452-8.

Bimakr M, Rahman RA, Taip FS, Adzahan NM, Islam Sarker
MZ, Ganjloo A. Optimization of ultrasound-assisted extraction
of crude oil from winter melon (Benincasa hispida) seed using
response surface methodology and evaluation of its antioxidant
activity, total phenolic content and fatty acid composition. Mol-
ecules. 2012. https://doi.org/10.3390/molecules171011748.
Guderjan M, Elez-Martinez P, Knorr D. Application of pulsed
electric fields at oil yield and content of functional food ingre-
dients at the production of rapeseed oil. Innov Food Sci Emerg
Technol. 2007. https://doi.org/10.1016/].ifset.2006.07.001.
Kaseke T, Opara UL, Fawole OA. Fatty acid composition, bioac-
tive phytochemicals, antioxidant properties and oxidative stability


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/ejlt.201600024
https://doi.org/10.1002/ejlt.201600024
https://doi.org/10.3390/app12031734
https://doi.org/10.3390/foods9050623
https://doi.org/10.1016/j.foodchem.2018.03.048
https://doi.org/10.1016/j.supflu.2015.09.006
https://doi.org/10.1016/j.supflu.2015.09.006
https://doi.org/10.1016/j.indcrop.2021.113632
https://doi.org/10.1016/j.ultrasonch.2022.106280
https://doi.org/10.1016/j.ultrasonch.2022.106280
https://doi.org/10.3390/foods_2020-07657
https://doi.org/10.1016/j.indcrop.2019.02.043
https://doi.org/10.1016/j.indcrop.2019.02.043
https://doi.org/10.1007/s00217-023-04326-6
https://doi.org/10.1007/s00217-023-04326-6
https://doi.org/10.1016/J.ULTSONCH.2016.01.029
https://doi.org/10.1016/J.ULTSONCH.2016.01.029
https://doi.org/10.1007/s11694-020-00804-7
https://doi.org/10.1007/s11694-020-00804-7
https://doi.org/10.1111/jfpe.12950
https://doi.org/10.1111/jfpe.12950
https://doi.org/10.1016/j.lwt.2016.07.040
https://doi.org/10.1016/j.lwt.2016.07.040
https://doi.org/10.1007/s10973-019-08181-0
https://doi.org/10.1007/s10973-019-08181-0
https://doi.org/10.1016/j.lwt.2018.05.003
https://doi.org/10.1016/j.lwt.2018.05.003
https://doi.org/10.1007/s10973-017-6452-8
https://doi.org/10.1007/s10973-017-6452-8
https://doi.org/10.3390/molecules171011748
https://doi.org/10.1016/j.ifset.2006.07.001

Ultrasound and pulsed electric field treatment effect on the thermal properties, oxidative...

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

of edible fruit seed oil: effect of preharvest and processing factors.
Heliyon. 2020. https://doi.org/10.1016/j.heliyon.2020.e04962.
Pingret D, Fabiano-Tixier AS, Chemat F. Degradation during
application of ultrasound in food processing: a review. Food Con-
trol. 2013. https://doi.org/10.1016/j.foodcont.2012.11.039.
Chemat F, Grondin I, Sing ASC, Smadja J. Deterioration of edible
oils during food processing by ultrasound. Ultrason Sonochem.
2004. https://doi.org/10.1016/S1350-4177(03)00127-5.

Brys A, Brys J, Mellado AF, Gtowacki S, Tulej W, Ostrowska-
Ligeza E, Koczon P. Characterization of oil from roasted hemp
seeds using the PDSC and FTIR techniques. J Therm Anal Calo-
rim. 2019. https://doi.org/10.1007/s10973-019-08640-8.
Raczyk M, Brys$ J, Brzeziiska R, Ostrowska-Ligeza E,
Wirkowska-Wojdyta M, Goérska A. Raspberry and blackberry
seed oils intended for cosmetic purposes. Acta Sci Pol Technol
Aliment. 2021. https://doi.org/10.17306/J.AFS.2021.0884.
Gorska A, Piasecka I, Wirkowska-Wojdyta M, Brys J, Kienc K,
Brzezinska R, et al. Berry seeds—a by-product of the fruit indus-
try as a source of oils with beneficial nutritional characteristics.
Appl Sci. 2023. https://doi.org/10.3390/app13085114.

Islam M, Muzolf-Panek M, Fornal E, Tomaszewska-Gras J.
DSC isothermal and non-isothermal assessment of thermo-
oxidative stability of different cultivars of Camelina sativa L.
seed oils. J Therm Anal Calorim. 2022. https://doi.org/10.1007/
$10973-022-11367-8.

Ciemniewska—Zytkiewicz H, Ratusz K, Bry$ J, Reder M, Koczon
P. Determination of the oxidative stability of hazelnut oils by
PDSC and Rancimat methods. J Therm Anal Calorim. 2014.
https://doi.org/10.1007/s10973-014-3861-9.

Embaby HE, Miyakawa T, Hachimura S, Muramatsu T, Nara M,
Tanokura M. Crystallization and melting properties studied by
DSC and FTIR spectroscopy of goldenberry (Physalis peruviana)
oil. Food Chem. 2022. https://doi.org/10.1016/j.foodchem.2021.
130645.

Gutiérrez LF, Ratti C, Belkacemi K. Effects of drying method on
the extraction yields and quality of oils from quebec sea buckthorn
(Hippophaé rhamnoides L.) seeds and pulp. Food Chem. 2008.
https://doi.org/10.1016/j.foodchem.2007.06.058.

Jafari M, Kadivar M, Keramat J. Detection of adulteration
in Iranian olive oils using instrumental (GC, NMR, DSC)
methods. J Am Oil Chem Soc. 2009. https://doi.org/10.1007/
S11746-008-1333-8.

Mohseni NM, Mirzaei H, Moghimi M. Optimized extraction and
quality evaluation of Niger seed oil via microwave-pulsed electric
field pretreatments. Food Sci Nutr. 2020. https://doi.org/10.1002/
FSN3.1396.

Samaram S, Mirhosseini H, Tan CP, Ghazali HM. Ultrasound-
assisted extraction (UAE) and solvent extraction of papaya seed
oil: yield, fatty acid composition and triacylglycerol profile. Mol-
ecules. 2013. https://doi.org/10.3390/molecules181012474.
Rezvankhah A, Emam-Djomeh Z, Safari M, Askari G, Salami
M. Microwave-assisted extraction of hempseed oil: studying and
comparing of fatty acid composition, antioxidant activity, physi-
ochemical and thermal properties with Soxhlet extraction. J Food
Sci Technol. 2019. https://doi.org/10.1007/s13197-019-03890-8.
Oomah BD, Ladet S, Godfrey DV, Liang J, Girard B. Character-
istics of raspberry (Rubus idaeus L.) seed oil. Food Chem. 2000.
https://doi.org/10.1016/S0308-8146(99)00260-5.

Rajagukguk YV, Islam M, Tomaszewska-Gras J. Influence of
seeds’ age and clarification of cold-pressed raspberry (Rubus
idaeus L.) oil on the DSC oxidative stability and phase transition
profiles. 2023. Foods. https://doi.org/10.3390/foods12020358.
Rajagukguk YV, Islam M, Grygier A, Tomaszewska-Gras J.
Thermal and spectroscopic profiles variation of cold-pressed

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

raspberry seed oil studied by DSC, UV/VIS, and FTIR techniques.
J Food Compos Anal. 2023. https://doi.org/10.1016/J.JFCA.2023.
105723.

Zhang W, Pan YG, Huang W, Chen H, Yang H. Optimized ultra-
sonic-assisted extraction of papaya seed oil from Hainan/Eksotika
variety. Food Sci Nutr. 2019. https://doi.org/10.1002/FSN3.1125.
Lieb VM, Schuster LK, Kronmiiller A, Schmarr HG, Carle R,
Steingass CB. Fatty acids, triacylglycerols, and thermal behaviour
of various mango (Mangifera indica L.) kernel fats. Food Res Int.
2019. https://doi.org/10.1016/j.foodres.2018.08.070.

Gouveia de Souza A, Oliveira Santos JC, Concei¢do MM, Dantas
Silva MC, Prasad S. A thermoanalytic and kinetic study of sun-
flower oil. Braz J Chem Eng. 2004;21:265-73.

Dodoo D, Adjei F, Tulashie SK, Adukpoh KE, Agbolegbe RK,
Gawou K, Manu GK. Quality evaluation of different repeatedly
heated vegetable oils for deep-frying of yam fries. Meas Food.
2022. https://doi.org/10.1016/j.meafo0.2022.100035.
Zarrinmehr MJ, Daneshvar E, Nigam S, Gopinath KP, Biswas
JK, Kwon EE, Wang H, Farhadian O, Bhatnagar A. The effect
of solvents polarity and extraction conditions on the microalgal
lipids yield, fatty acids profile, and biodiesel properties. Bioresour
Technol. 2022. https://doi.org/10.1016/j.biortech.2021.126303.
Teng H, Chen L, Huang Q, Wang J, Lin Q, Liu M, Lee WY, Song
H. Ultrasonic-assisted extraction of raspberry seed oil and evalu-
ation of its physicochemical properties, fatty acid compositions
and antioxidant activities. PLoS ONE. 2016. https://doi.org/10.
1371/journal.pone.0153457.

Wei C, Xiao K, Li H, Qi Y, Zou Z, Liu Z. Optimization of ultra-
sound assisted aqueous enzymatic extraction of oil from Cinnamo-
mum camphora seeds. LWT. 2022. https://doi.org/10.1016/j.1wt.
2022.113689.

Gasparini A, Ferrentino G, Angeli L, Morozova K, Zatelli D,
Scampicchio M. Ultrasound assisted extraction of oils from apple
seeds: a comparative study with supercritical fluid and conven-
tional solvent extraction. Innov Food Sci Emerg Technol. 2023.
https://doi.org/10.1016/j.ifset.2023.103370.

Davidson M, Louvet F, Meudec E, Landolt C, Grenier K, Périno
S, Ouk TS, Saad N. Optimized single-step recovery of lipophilic
and hydrophilic compounds from raspberry, strawberry and black-
berry pomaces using a simultaneous Ultrasound-Enzyme-Assisted
Extraction (UEAE). Antioxidants. 2023. https://doi.org/10.3390/
antiox12101793.

Leone A, Tamborrino A, Esposto S, Berardi A, Servili M. Inves-
tigation on the effects of a pulsed electric field (PEF) continuous
system implemented in an industrial olive oil plant. 2022. Foods.
https://doi.org/10.3390/foods11182758.

Mazroei Seydani L, Gharachorloo M, Asadi G. Use of pulsed elec-
tric field to extract rapeseed oil and investigation of the qualitative
properties of oils. J Food Process Eng. 2022. https://doi.org/10.
1111/JFPE.14149.

Moradi N, Rahimi M. Effect of simultaneous ultrasound/pulsed
electric field pretreatments on the oil extraction from sunflower
seeds. Sep Sci Technol. 2018. https://doi.org/10.1080/01496395.
2018.1443131.

Kerrihard AL, Nagy K, Craft BD, Beggio M, Pegg RB. Oxidative
stability of commodity fats and oils: modeling based on fatty acid
composition. J Am Oil Chem Soc. 2015. https://doi.org/10.1007/
S11746-015-2686-4.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.heliyon.2020.e04962
https://doi.org/10.1016/j.foodcont.2012.11.039
https://doi.org/10.1016/S1350-4177(03)00127-5
https://doi.org/10.1007/s10973-019-08640-8
https://doi.org/10.17306/J.AFS.2021.0884
https://doi.org/10.3390/app13085114
https://doi.org/10.1007/s10973-022-11367-8
https://doi.org/10.1007/s10973-022-11367-8
https://doi.org/10.1007/s10973-014-3861-9
https://doi.org/10.1016/j.foodchem.2021.130645
https://doi.org/10.1016/j.foodchem.2021.130645
https://doi.org/10.1016/j.foodchem.2007.06.058
https://doi.org/10.1007/S11746-008-1333-8
https://doi.org/10.1007/S11746-008-1333-8
https://doi.org/10.1002/FSN3.1396
https://doi.org/10.1002/FSN3.1396
https://doi.org/10.3390/molecules181012474
https://doi.org/10.1007/s13197-019-03890-8
https://doi.org/10.1016/S0308-8146(99)00260-5
https://doi.org/10.3390/foods12020358
https://doi.org/10.1016/J.JFCA.2023.105723
https://doi.org/10.1016/J.JFCA.2023.105723
https://doi.org/10.1002/FSN3.1125
https://doi.org/10.1016/j.foodres.2018.08.070
https://doi.org/10.1016/j.meafoo.2022.100035
https://doi.org/10.1016/j.biortech.2021.126303
https://doi.org/10.1371/journal.pone.0153457
https://doi.org/10.1371/journal.pone.0153457
https://doi.org/10.1016/j.lwt.2022.113689
https://doi.org/10.1016/j.lwt.2022.113689
https://doi.org/10.1016/j.ifset.2023.103370
https://doi.org/10.3390/antiox12101793
https://doi.org/10.3390/antiox12101793
https://doi.org/10.3390/foods11182758
https://doi.org/10.1111/JFPE.14149
https://doi.org/10.1111/JFPE.14149
https://doi.org/10.1080/01496395.2018.1443131
https://doi.org/10.1080/01496395.2018.1443131
https://doi.org/10.1007/S11746-015-2686-4
https://doi.org/10.1007/S11746-015-2686-4



































































	strony 102-214.pdf
	Introduction 
	Composition of Berry Pomaces 
	General Information 
	Polyphenols 
	Role of Polyphenols 
	Bioavailability of Polyphenols 
	Polyphenol Content in Berry Pomaces and Their Antioxidant Activity 
	Applications of Polyphenolic Extracts 

	Lipid Fraction 
	Fatty Acid Composition 
	Tocopherols and Tocotrienols 
	Sterols 


	Processing and Extraction 
	Conventional Extraction Methods 
	Lipid Fraction 
	Antioxidant Fraction 

	Ultrasound Assisted Extraction 
	Polyphenolic Compounds 
	Lipid Fraction 
	Impact of Processing Conditions 

	Pulsed Electric Field-Assisted Extraction 
	Microwave-Assisted Extraction (MAE) 
	Supercritical Fluid Extraction 
	Other Alternative Methods of Extraction 
	Pressurized Liquid Extraction 
	Enzyme-Assisted Extraction 


	Conclusions 
	References
	Introduction 
	Results and Discussion 
	Total Polyphenol Content 
	Antioxidant Capacity 
	Optimization 
	Anthocyanin Content 
	TPC and Antioxidant Capacity Correlation 

	Materials and Methods 
	Materials 
	Methods 
	Ultrasound-Assisted Extraction 
	Total Polyphenol Content 
	Antioxidant Capacity 
	High-Performance Liquid Chromatography 
	Experimental Design 
	Statistical Analysis 


	Conclusions 
	References
	Introduction 
	Materials and Methods 
	Material 
	Methods 
	Ultrasound-Assisted Extraction 
	Experimental Design 
	Oil Yield Determination 
	Conventional Extraction 
	Oxidation Induction Time 
	Oxidation Kinetics 
	Melting and Crystallization Behavior 
	Gas Chromatography 
	Statistical Analysis 


	Results and Discussion 
	Extraction Yield 
	Oxidation Induction Time 
	Optimization of Ultrasound Oil Extraction 
	Kinetic Parameters of Oil Oxidation 
	DSC Assessment 
	GC Analysis of Fatty Acid Profile and Distribution in sn-1,3 and sn-2 Positions in Triacylglycerols 

	Conclusions 
	References
	Ultrasound and pulsed electric field treatment effect on the thermal properties, oxidative stability and fatty acid profile of oils extracted from berry seeds
	Abstract
	Introduction
	Experimental
	Material
	Ultrasound-assisted extraction
	Pulsed electric field-assisted extraction
	Solid–liquid extraction
	Pressure differential scanning calorimetry
	Differential scanning calorimetry
	Thermogravimetric analysis
	Gas chromatography
	Statistical analysis

	Results and discussion
	Oxidation induction time
	Melting profile of obtained oils
	Thermal behavior in heatcoolheat DSC procedure
	Thermogravimetric analysis
	Fatty acid profile
	Statistical approach

	Conclusions
	Acknowledgements 
	References




{"type":"Document","isBackSide":false,"languages":["pl-pl"],"usedOnDeviceOCR":false}





