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Streszczenie

Analiza wplywu reformulacji skladu surowcowego na wybrane wlasciwosci
liofilizowanych przekasek owocowo-warzywnych wytworzonych z zastosowaniem
wytlokéw owocowych oraz pektyny jako dodatkow strukturotwérczych

Celem pracy byla ocena wptywu reformulacji sktadu surowcowego, ze
szczegblnym uwzglednieniem dodatkéw strukturotworczych, na wybrane wtasciwosci
fizykochemiczne i wuzytkowe liofilizowanych przekagsek owocowo-warzywnych,
wytworzonych z zastosowaniem wytlokow owocowych oraz niskometylowanej pektyny
jabtkowej. Matrycg stosowang w badaniach byty przekaski marchwiowo-pomaranczowe,
do wytworzenia ktorych uzyto niskometylowanej pektyny jabtkowej, jako dodatku
referencyjnego, lub proszkéw z suszonych wyttokéw owocowych z jabtek, czarnych
porzeczek oraz aronii. Zakres badan obejmowat analize wptywu rodzaju dodatku na
warto$§¢ odzywcza, stabilno$¢ przechowalniczg oraz $lad weglowy liofilizowanych
przekasek, a takze wptyw udzialu poszczegolnych dodatkéw w recepturze na wybrane
cechy fizykochemiczne, w tym zawarto$¢ i aktywnos¢ wody, higroskopijnos¢, barwe,
wlasciwo$ci mechaniczne, mikrostrukture oraz zawarto$¢ skladnikéw bioaktywnych.
Ponadto, dokonano analizy potencjatu strukturotworczego proszkow z wyttokow
owocowych w obecno$ci jonow wapnia.

Analiza otrzymanych wynikoéw wykazala, ze zastosowanie proszkéw z wyttokow
owocowych jako zamiennika pektyny zwigkszato zawartos¢ biatka, thuszczu i sktadnikow
mineralnych, ale tez zmniejszenie zawartosci btonnika w liofilizowanych przekaskach.
Dodatek proszkéow z wyttokow owocowych powodowat wprowadzenie do uktadu
sktadnikow bioaktywnych o wlasciwosciach przeciwutleniajacych, co dodatkowo
korzystnie wptywato na warto$¢ prozdrowotng badanych produktéw. Badania
przechowalnicze wykazaly, ze wybrane cechy produktow strukturyzowanych zaréwno
pektyna, jak 1 proszkami z wytlokow owocowych zmienialy si¢ w czasie
przechowywania, szczegélnie pod wzgledem barwy 1 zawarto$ci sktadnikow
bioaktywnych. Najwigeksze zmiany zaobserwowano podczas przechowywania
w temperaturze 40°C.

Proszki z wytlokow owocowych wykazaly potencjal strukturotworczy 1 istotnie
wptynety na wlasciwosci matrycy badanych produktow, jednakze efekt otrzymany po ich
zastosowaniu byl znacznie mniejszy niz po dodaniu pektyny. Po wprowadzeniu do uktadu
jonéw wapnia zaobserwowano tendencje w strong¢ poprawy wlasciwosci strukturo-
tworczych wyttokow, jednak otrzymane wyniki nie byly jednoznaczne. Wraz ze
zwigkszaniem udziatu proszkow z wytlokow owocowych w recepturze, nastapito
zwigkszanie twardosci 1 zmniejszanie porowatosci liofilizowanych przekasek, a zwarta
I mniej porowata struktura przyczynila si¢ do zmniejszenia zdolnosci produktow do
pochtaniania pary wodnej z otoczenia.

Z uwagi na sposob wytwarzania liofilizowanych przekasek wedlug opracowanego
schematu technologicznego bez wprowadzania dodatkowych operacji oraz modyfikacji
jego przebiegu, reformulacja sktadu i zastgpienie pektyny proszkami z wyttokoéw
owocowych nie wplyneto na zuzycie energii i $lad weglowy procesu otrzymywania
gotowych produktow. Niemniej jednak, wykorzystanie produktow ubocznych
przetworstwa owocOw wpisuje si¢ w zatozenia koncepcji zréwnowazonego rozwoju
I gospodarki o obiegu zamknigtym.

Stowa kluczowe: liofilizowane przekaski, pektyna, wyttoki jabtkowe, wyttoki z czarnych
porzeczek, wytloki z aronii






Summary

Analysis of the effect of reformulation on selected properties of freeze-dried fruit
and vegetable snacks obtained with fruit pomace and pectin as structure-forming
additives

The aim of this study was to evaluate the effect of reformulation of the raw
material formulation, with particular emphasis on structure-forming additives, on selected
physicochemical and functional properties of freeze-dried fruit and vegetable snacks
made using fruit pomace and low-methoxyl apple pectin. The matrix used in the study
was carrot-orange snacks, for which low-methoxyl apple pectin was used as a reference
additive, or dried fruit pomace powders from apples, blackcurrants and chokeberries. The
scope of the study included an analysis of the effect of additive type on the nutritional
value, storage stability and carbon footprint of freeze-dried snacks, as well as the effect
of the proportion of each additive in the recipe on selected physicochemical
characteristics, including water content and activity, hygroscopicity, colour, mechanical
properties, microstructure and content of bioactive compounds. In addition, the structure-
forming potential of fruit pomace powders in the presence of calcium ions was analysed.

Analysis of the results showed that the use of fruit pomace powders as a substitute
for pectin increased the protein, fat and mineral content, but also reduced the fibre content
of the freeze-dried snacks. The addition of fruit pomace powders resulted in the
introduction of bioactive components with antioxidant properties into the system, which
had an additional beneficial effect on the health-promoting value of the tested products.
Storage studies showed that selected characteristics of products structured with both
pectin and fruit pomace powders changed during storage, especially in terms of colour
and content of bioactive components. The greatest changes were observed during storage
at 40°C.

Fruit pomace powders showed structure-forming potential and significantly
influenced the matrix properties of the analysed products, however, the effect obtained
after their application was significantly less than after the addition of pectin. When
calcium ions were introduced into the system, a trend towards an improvement in the
structure-forming properties of the pomace was observed, but the results obtained were
inconclusive. As the proportion of fruit pomace powder in the formulation increased,
there was an increase in the hardness and a decrease in the porosity of the freeze-dried
snacks. The compact and less porous structure contributed to a decrease in the ability of
the products to absorb water vapour from the environment.

Given the way freeze-dried snacks were produced according to the developed
technological scheme without introducing additional operations and modifying its course,
reformulation of the composition and replacement of pectin with fruit pomace powders
did not affect the energy consumption and carbon footprint of the manufacturing process.
Nevertheless, the use of fruit processing by-products fits in with the concept of
sustainability and circular economy.

Keywords: freeze-dried snacks, pectin, apple pomace, blackcurrant pomace, chokeberry
pomace
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1. PRZEGLAD LITERATURY

Wedlug ogdlnie przyjetej definicji, przekaski to rodzaj produktow spozywczych,
konsumowanych pomig¢dzy gléwnymi positkami. Ich cechy projektuje si¢ w celu
zaspokojenia ,,matego gtodu”, wynikajgcego czesto z zachcianek zywieniowych. Nalezy
réwniez zauwazy¢, ze przekaski to produkty, ktore przyciagaja konsumentéw swoimi
atrybutami teksturalnymi i sensorycznymi (Silva-Espinoza i wsp. 2021). Sa one
przeznaczone do spozycia miedzy gldéwnymi positkami lub jako ich potencjalne
zamienniki. W dzisiejszych czasach, gdy $wiadomos$¢ konsumentéw znacznie wzrosta
w odniesieniu do kwestii zywieniowych i srodowiskowych, producenci sg zobowigzani
do sprostania ich oczekiwaniom poprzez wprowadzanie wysokiej jako$ci, zdrowych
1 zrbwnowazonych produktow, mogacych zastapi¢ stodycze i1 wysokotluszczowe
przekaski dostgpne na rynku spozywczym (Ciurzynska i wsp. 2019). Najnowsze
doniesienia (Frederiksen 1 wsp. 2025) pokazuja, ze decyzje o wyborze prozdrowotnych
przekasek sa najczeéciej determinowane przez $wiadomos¢ warto$ci odzywcezej,
poczucie glodu oraz potrzebe nagrodzenia si¢, natomiast wybor ,,niezdrowych” przekasek
jest konsekwencja kuszacych atrybutéw sensorycznych produktow, potrzeba nagrodzenia
si¢ oraz zagluszaniem negatywnych emocji. Ponadto, sposréd zdrowych przekasek
konsumenci najczesciej siggaja po Swieze owoce 1 warzywa, produkty mleczne o niskiej
zawarto$ci ttuszczu 1 cukru, przetworzone produkty na bazie owocow i warzyw oraz
orzechy, a wsrdéd przekasek okreslonych mianem ,niezdrowych” dominujg lody,
produkty mleczne wysokotluszczowe 1 o duzej zawartosci cukru oraz szeroka gama
produktow zbozowych 1 smazonych. W badaniach Uliano 1 wsp. (2024) przyjrzano si¢
stosunkowi wtoskich konsumentéw do zdrowych i funkcjonalnych przekasek w postaci
batonow. Okazalo sig, ze spozycie takich produktow jest okazjonalne, a ich wybor silnie
zalezy od wartosci zywieniowej i ceny, natomiast aspekt srodowiskowy zwigzany
ze zrbwnowazong produkcja jest wazny, jednak schodzi na dalszy plan 1 nie wptywa
istotnie na decyzje konsumentow.

Owoce 1 warzywa sg najczesciej rekomendowane jako prozdrowotne przekaski,
bedace naturalnym zrodtem sktadnikow odzywczych i1 zwigzkéw bioaktywnych,
z ktérych wiele moze zosta¢ utraconych podczas przetwarzania. Ze wzgledu na wysoka
zawartos¢ wody, wydluzenie okresu przydatnosci do spozycia owocoéOw 1 warzyw
zapewnia m.in. suszenie, ktorego gléwnym celem jest zmniejszenie zawarto$ci

1 aktywno$ci wody w materiale. Przetwarzanie, w tym suszenie, tkanki roslinnej moze
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powodowa¢ zauwazalne zmiany barwy, tekstury i sktadu chemicznego produktow
w poréwnaniu z surowcem. Pod wzgledem jako$ci gotowego produktu, ogoélnej
atrakcyjnosci, wlasciwosci fizykochemicznych oraz retencji zwigzkéw bioaktywnych,
liofilizacja jest uwazana za najkorzystniejsza metod¢ konserwacji owocoéw 1 warzyw
(Bhatta i wsp. 2020). Podczas tego procesu, zmniejszone cis$nienie w komorze suszarki
umozliwia prowadzenie usuwania wody w nizszej temperaturze w pordwnaniu z innymi
technikami stosowanymi w suszarnictwie. Ze wzgledu na ograniczong ekspozycj¢ na
kontakt z powietrzem i1 obnizong temperature, reakcje utleniania i degradacja termiczna
sa znacznie ograniczone (Nowak i Jakubczyk, 2020). Dzi¢ki temu produkty otrzymywane
w wyniku procesu liofilizacji zachowujg ksztalt zblizony do pierwotnego ksztattu
surowca poddawanego suszeniu oraz charakteryzujg si¢ atrakcyjng tekstura i duza
porowato$cig, co prowadzi do poprawy biodostepnosci skladnikow bioaktywnych
(Ciurzynska 1 wsp. 2015; Pollini i wsp. 2022). Niemniej jednak przetwarzanie zywnosci
nie jest jedynym czynnikiem wplywajacym na jej warto$§¢ zywieniowa. Produkty
spozywcze s3 ztozonymi i dynamicznymi matrycami, a procesy przetwarzania, w tym
liofilizacja, powoduja interakcje pomigdzy komponentami zywnos$ci, czego
konsekwencja jest wystgpowanie korzystnych lub niekorzystnych zmian jakosci
(Harguindeguy 1 Fissore, 2020). W ten sposob atrakcyjnos¢ zywnosci, zaréwno
w odniesieniu do wlasciwosci fizycznych, jak i chemicznych, moze si¢ zmienia¢ i by¢
projektowana migdzy innymi poprzez modyfikowanie receptur (Van Gunst i wsp. 2018).

Badania dotyczace projektowania liofilizowanych przekasek
wielosktadnikowych pokazuja, ze do ich wytworzenia niezbedne sa nos$niki, ktore
wspieraja tworzenie struktury, tekstury i wilasciwosci funkcjonalnych, a w efekcie
pozwalaja na opracowanie innowacyjnych, restrukturyzowanych produktow
o pozadanych i powtarzalnych cechach (Ciurzynska i wsp. 2020; Silva-Espinoza i wsp.
2020b; Jakubczyk 1 wsp. 2021, 2022; Karwacka 1 wsp. 2021). Potrzeba stosowania
sktadnikow teksturotworczych, okreSlanych takze nosnikami, wynika z niskiej
temperatury przejscia szklistego weglowodanow prostych zawartych w surowcach
ro$linnych, co ma szczegdlne znaczenie w przypadku produktéw o duzej zawartosci
cukrow. Dlatego zwigzki o duzej masie czasteczkowej (m.in. biopolimery), takie jak
hydrokoloidy, biatka i btonniki, sg stosowane w celu zwigkszenia temperatury przejscia
szklistego, co pozytywnie wptywa na jako$¢ i stabilno$¢ produktéw (Muzaffar i Kumar,
2017; Silva-Espinoza i wsp. 2020b). Niska temperatura przejscia szklistego powoduje

przemiang fazowa, a w konsekwencji niepozadane zmiany, takie jak kleisto$¢, zbrylanie,
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zatamywanie struktury, w wyniku ktorych produkty traca krucho$¢ i stajg sie gumowate
(Silva-Espinoza i wsp. 2020b). Dodatek nos$nikow skutkuje uzyskaniem produktow
o lepszej i stabilnej jakosci, jednak poszczegodlne substancje stosowane w tej roli na swoj
sposOb wplywaja na charakterystyke liofilizatow pod wzgledem wlasciwosci
mechanicznych, chemicznych i funkcjonalnych (Ciurzynska i wsp. 2019). Ponadto,
dodatek hydrokoloidow pelni takze funkcj¢ ochronng wzgledem obecnych w materiale
zwigzkow bioaktywnych 1 zwigksza zawarto$¢ btonnika, dzieki czemu pozytywnie
wptywa na warto$¢ odzywcza produktéw (Li 1 Nie 2016; Donno i wsp. 2019; Wang 1 wsp.
2020; Silva-Espinoza i wsp. 2021). Liofilizowane zele hydrokoloidowe z dodatkiem
komponentow owocowych i warzywnych wcigz sa przedmiotem badan, jednak na
polskim rynku dostepne sg owocowe 1 owocowo-warzywne  batony

strukturyzowane, stabilizowane synergicznym kompleksem na bazie pektyny z inuling

i/lub maltodekstryng (Celiko, 2022).

A) B)

E) F)

Rys. 1. Przyktady hydrokoloidow wykorzystywanych w przetworstwie zywno$ci: A) guma guar,
B) maczka chleba $wigtojanskiego, C) pektyna niskometylowana, D) guma arabska, E) alginian sodu

i F) pektyna wysokometylowana.

Hydrokoloidy to dlugotancuchowe weglowodany 1 biatka, ktorych wlasciwosci,
w tym zdolno$¢ do adsorpcji wody, silnie zaleza od ich struktury molekularnej
I konfiguracji czasteczek (Milani i Maleki, 2012; Ciurzynska i wsp. 2017; Cassanelli
i wsp. 2018) w potaczeniu z czynnikami zewnetrznymi, np.: pH, zawarto$cig cukru i silg
jonowa roztworu (Ciurzynska i wsp. 2015, 2017, 2020). Ze wzgledu na swoje
wlasciwosci funkcjonalne hydrokoloidy sa stosowane w przemysle spozywczym do
réznych celow, w tym do osiggnigcia efektu zelowania, emulgowania, zaggszczania,

powlekania, tworzenia struktury i tekstury (Milani i Maleki, 2012). Przyktady
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hydrokoloidow, stosowanych w przemysle spozywczym, przedstawiono na rysunku 1.
Zastosowanie ich umozliwia wytworzenie porowatych matryc, poréwnywalnych do
struktur komérkowych tkanek np. ro$linnych, ale charakteryzujacych si¢ zestawem
zaprojektowanych i kontrolowanych wiasciwos$ci (Ciurzynska i wsp. 2015; Feng i wsp.
2024). Hydrokoloidy rozpuszczaja si¢ lub pecznieja po zmieszaniu z wodg, tworzac
trojwymiarowa sie¢, ktora w srodowisku wodnym sprawia, ze materiat jest plastyczny
i lepki, natomiast po usunieciu wody w odpowiednich warunkach — twardy i kruchy
(Ciurzynska i wsp. 2020; Jakubczyk 1 wsp. 2022). Uzyskanie suchych zeli z zachowaniem
wewngtrznej struktury jest mozliwe dzigki zastosowaniu metody suszenia opartej na
zjawisku sublimacji (liofilizacja), ktéra pozwala na usunigcie wody bez ingerencji
w strukture molekularng i wigzania pomiedzy sktadnikami odwadnianej matrycy
(Ciurzynska i wsp. 2017).

Jednym z powszechnie stosowanych w przemysle spozywczym hydrokoloidow
jest pektyna. Jest to dlugotancuchowy polisacharyd, pozyskiwany ze §cian komérkowych
ro$lin, a w skali przemystowej sg to najczesciej jabtka oraz owocowe cytrusowe (Chandel
i wsp. 2022). Struktura molekularna pektyny jest bardzo zréznicowana w zalezno$ci od
jej pochodzenia, jednak glownym budulcem sg zazwyczaj powtarzajace si¢ jednostki
kwasu D-galakturonowego, potaczone wigzaniami a-1,4-glikozydowymi, oraz tancuchy
boczne zbudowane z neutralnych cukrow (Constenla i wsp. 2002; Pancerz i wsp. 2022).
Zelowanie pektyny jest determinowane przez jej whasciwosci fizykochemiczne, a takze
czynniki srodowiskowe, takie jak pH, obecnos¢ cukrow i biatek oraz jonow indukujacych
tworzenie trojwymiarowe;j sieci zeli (Chan i wsp. 2017). Jednym z gtownych warunkow,
roéznicujacych strukture pektyny i odpowiadajacych za jej wlasciwosci funkcjonalne, jest
stopien estryfikacji, zgodnie z ktorym pektyny mozna podzieli¢ na formy wysoko-
i niskometylowane. Zelowanie pektyny wysokometylowanej wymaga $cisle okreslonych
warunkéw, takich jak kwasne pH (<3,5) 1 duza zawarto$¢ cukru. Pektyna
niskometylowana jest aktywowana przez interakcje z jonami metali, dzigki czemu moze
by¢ wykorzystywana w matrycach charakteryzujacych si¢ szerokim zakresem pH
I niskim stezeniem cukru (Wan i wsp. 2021). Sposrod wielu mikro- i makrosktadnikow,
jony wapnia zostaly doktadnie zbadane i sg czgsto zalecane jako katalizator tworzenia
sieci zelowych w roztworach pektyn (Capel i wsp. 2006; Kastner i wsp. 2012; Celus
i wsp. 2018; Wan i wsp. 2021). Indukuja one tworzenie sieciujgcych wigzan jonowych
miedzy grupami karboksylowymi, obecnymi w czasteczkach pektyn, a zelowanie jonowe

zapobiega zapadaniu si¢ struktury materialu podczas odwadniania (Groult i wsp. 2021).
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Laczac te determinanty oraz najnowsze doniesienia o ryzyku wystepowania niedoboru
wapnia w populacji, szczegdlnie wsrod mieszkancow krajow rozwijajacych sie (Shlisky
i wsp. 2022), wprowadzenie do sktadu produktow spozywczych jondw wapnia, moze
potencjalnie wspomoc proces zelowania i poprawi¢ warto§¢ odzywcza uzyskanych
produktow.

Biorgc pod uwage obecne potrzeby zwigzane z dazeniem do zrownowazonego
rozwoju, badane sg rozne sposoby zmniejszenia wpltywu ,,nowej” Zywno$ci na
srodowisko, takie jak modyfikacja procesow technologicznych lub receptur w ramach
gospodarki w obiegu zamknigtym (Nayak i Bhushan, 2019). Pektyny komercyjnie sa
pozyskiwane najczesciej z produktow ubocznych i odpadéw przemystu rolno-
spozywczego, w tym wytlokéw owocowych, a zatem jej produkcja czgsciowo wpisuje
sie w polityke gospodarki w obiegu zamkni¢tym i waloryzacji odpadéw przemystu rolno-
spozywczego. Produkcja pektyn obejmuje trzy gtdowne etapy, w tym wstepng obrobke
surowca, ekstrakcje enzymatyczng lub nieenzymatyczng oraz oczyszczanie, a kazdy
znich wigze si¢ ze znacznym zuzyciem zasobOw 1 energii. Procesy te mozna
optymalizowa¢ poprzez modyfikacje wybranych parametrow, takich jak pH, temperatura
lub czas procesu (Adetunji 1 wsp. 2017; Muhidinov 1 wsp. 2021; Chandel 1 wsp. 2022;
Ciriminna 1 wsp. 2022). Ze wzgledu na stosunkowo niski koszt 1 dobrze znane
wlasciwos$ci strukturo- 1 teksturotwoércze, pektyny sa stosowane w szerokiej gamie
produktéw spozywczych, poczawszy od przetworéw owocowych, a skonczywszy na
innowacyjnych materiatach opakowaniowych przeznaczonych do kontaktu z zywnoscig
(Ventura 1 wsp. 2013; Butler 1 wsp. 2023). Obecnie na polskim rynku sa dostepne
liofilizowane batony na bazie koncentratéw owocowych wytworzone z dodatkiem pektyn
jako jednego z dodatkéw strukturotworczych (Celiko, 2022). Niemniej jednak, wcigz
prowadzone s3a badania nad mozliwo$ciami zastosowania pektyn oraz innych
hydrokoloidéw, jako substancji umozliwiajacych projektowanie liofilizowanej zywnosci
wygodnej (Ciurzynska i wsp. 2015; Hu 1 wsp. 2022). Ponadto, ostatnie badania pokazaty
nowe propozycje w zakresie rozwoju innowacyjnych produktéw wielosktadnikowych,
ktére moga stanowi¢ alternatywe dla konwencjonalnych rozwigzan, polegajacych na
stosowaniu hydrokoloidow. Jednym z trendow jest waloryzacja produktow ubocznych
przemystu spozywczego poprzez ich zastosowanie w roli sktadnika zywnosci, dzigki
czemu nowe produkty wpisuja si¢ w trendy zrownowazonej produkcji zywnosci, co
stanowi ich warto$¢ dodang. W zakresie liofilizowanych przekasek, podjeto proby

wykorzystania pelnowartosciowego wysortu warzywnego jako surowca bazowego oraz
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potaczenia lub catkowitego zastapienia tradycyjnych komponentéw strukturotworczych
wyttokami owocowymi. Pozwolito to na opracowanie nowych produktow oraz
ograniczenie niekorzystnego wptywu na srodowisko poprzez korzystanie z surowcow
odpadowych i mniej przetworzonych (Ciurzynska 1 wsp. 2020, 2022; Karwacka 1 wsp.
2021).

Rys. 2. Przyktady proszkéw z suszonych wytlokow z jabtek (A), malin (B), czarnych porzeczek (C)

i aronii (D).

Wyttoki to produkt uboczny produkcji sokéw, koncentratdéw oraz win, ktory
sktada si¢ z czg$ci statych migzszu, skorek oraz nasion owocodw poddawanych procesowi
tloczenia (Acan i wsp. 2021). Ze wzgledu na stosunkowo wysokg zawartos¢ wody, w celu
poprawienia stabilno$ci przechowalniczej 1 uzyskania wysokiej jakosci produktu
mozliwego do dalszego przetworzenia, wytloki czesto poddawane sg procesowi suszenia
(Diez-Sanchez i wsp. 2021). Na rysunku 2 przedstawiono fotografie proszkow
uzyskanych przez rozdrabnianie suszonych wyttlokow z jabtek oraz wybranych owocow
jagodowych. Suszone wytloki uzyskane z réznych owocow jagodowych zawieraja
zwykle ponad 90% suchej substancji, ktorej sktad chemiczny tworzg migdzy innymi
biatko (2-17%), thuszcz (0,6-22%), weglowodany (do 90%), popidt (0,7—7%) 1 blonnik
pokarmowy ogdétem w zakresie od 16 do nawet 96%. Wytloki jagodowe zawieraja
rowniez duze ilosci polifenoli 1 innych zwigzkéw bioaktywnych, ktore sg odpowiedzialne
za wysoka zdolno$¢ antyoksydacyjna (Reiflner i wsp. 2019; Diez-Sanchez i wsp. 2021).
Dla poréwnania, przyblizony sklad suszonych wytlokéw jabtkowych prezentuje sig¢

nastepujaco: biatko (1,2-6,9%), ttuszcz (0,3-8,5%), cukry proste (14-72,5%), popiot
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(0,5-4,3%) oraz zawarto$¢ btonnika pokarmowego ogotem osiaggajaca wartosci do 82%.
Wiyttoki jabtkowe sa takze bogate w zwigzki bioaktywne oraz mikro- i makroelementy
(Antonic i wsp. 2020). Ponadto, wyttoki owocowe sg bogatym zrodtem pektyn, dzieki
czemu po poddaniu ich obrébce hydrotermicznej w odpowiednich warunkach (Eblaghi
I wsp. 2021), wykazuja duzy potencjal do kreowania tekstury i struktury produktow
spozywczych. Ze wzgledu na ich sktad, warto$¢ uzytkowa oraz stosunkowo niska cene
wytloki owocowe zwykle sa zagospodarowywane jako pasza dla zwierzat. Jednak dzieki
tym atrybutom, mozliwo$ci wprowadzenia wyttokéw do receptur nowych produktow
spozywczych staly si¢ waznym przedmiotem badan naukowych (Majerska i wsp. 2019;
Acan i wsp. 2021). W publikowanych pracach autorzy czgsto podkreslaja, ze dodatek
sproszkowanych wytlokow owocowych pozytywnie wplywal na stabilno$é, wartos¢
odzywczg 1 funkcjonalng produktow spozywczych, w tym na zwigkszenie aktywnosci
przeciwutleniajacej i zawarto$ci btonnika, a nawet zapobieganie procesom psucia
mikrobiologicznego i utleniania lipidow, powodujac jednocze$nie znaczgce zmiany
sensoryczne i teksturalne, ktore nie zawsze byly uznawane za atrakcyjne i korzystne
(Wang i wsp. 2019; Antonic i wsp. 2020; Diez-Sanchez i wsp. 2021; Santos i wsp. 2023).

Wyttoki jabtkowe to gléwny produkt uboczny, pozostajacy po procesach
przemystowego przetwarzania jabtek. Polska jest jednym z wiodacych producentow
jablek na $wiecie. Jak podaje GUS, w 2023 roku polscy sadownicy zebrali 3,9 mln ton
tych owocow (GUS, 2024). Ponad potowa zbioréw przeznaczona jest do produkcji sokow
1 koncentratow, natomiast okoto 30% przetwarzanego surowca to state czesci surowca,
pozostajace jako produkt uboczny. Na podstawie danych statystycznych szacuje sig, ze
polski przemyst spozywczy generuje ponad 600 000 ton wyttokéw jabtkowych rocznie
(Czubaszek 1 wsp. 2022). Jak wspomniano wczesniej, sktad chemiczny tego typu
produktow ubocznych moze rézni¢ si¢ w zaleznosci od odmiany surowca, uprawy
1 technologii stosowanej podczas przetwarzania, a zawarto$¢ procentowa poszczegolnych
sktadnikow moze wahac si¢ w granicach od kilku do kilkudziesigciu procent w zaleznosci
od analizowanej partii. Wedlug dostepnej literatury zawarto$¢ pektyny moze oscylowac
w zakresie od 3 do ponad 30% (Antonic i wsp. 2020; Morales-Contreras i wsp. 2020).
Wyttoki jabtkowe byty juz stosowane jako dodatek do produktéw piekarsko-ciastkarskich
(Jannati 1 wsp. 2018; Zlatanovi¢ i wsp. 2019; Liang i wsp. 2020; Usman i wsp. 2020;
Cantero 1 wsp. 2022), migsnych (Rather i wsp. 2015; Younis i Ahmad, 2015; Yadav i wsp.
2016; Parkash Scholar i wsp. 2021; Thangavelu i wsp. 2022), mlecznych (Wang i wsp.
2019, 2020; Popescu 1 wsp. 2022) 1 innych (Antonic 1 wsp. 2020). W opublikowanych
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dotychczas pracach naukowych zauwazono, ze dodanie proszku z wytlokéw jabtkowych
wptywa na jako$¢ badanych produktow, w tym na wlasciwosci reologiczne
1 mechaniczne, barwe, sktad chemiczny, stabilnos¢, a takze atrakcyjnos$¢ sensoryczng.
W wigkszosci przypadkow przeprowadzone badania wykazaly pozytywne zmiany
jakos$ci opracowanych produktow. Jednak optymalny udziat wyttokow w recepturze, przy
ktérym obserwowano korzystny wptyw na wybrane wiasciwosci, r6znit si¢ w zaleznosci
od rodzaju produktu. Niektére cechy zywnosci, zwlaszcza w aspekcie tekstury
1 atrybutow sensorycznych, byty okreslane jako zbyt intensywne, aby je zaakceptowac.
Przyktadem moga by¢ badania produktow piekarskich i ciastkarskich, w ktorych do 25%
uzytej maki zastgpiono proszkiem z wyttokéw jabtkowych. Badane ciastka (Liang 1 wsp.
2020; Usman i wsp. 2020) wraz ze zwigkszajaca si¢ iloscig dodawanych wyttokow
stawaly si¢ bardziej ptaskie, gumowate i mniej porowate. W produktach migsnych, takich
jak pasztety oraz kietbasy z dodatkiem do 9% wytlokow jabtkowych, zauwazono
zwigkszong gumowato$¢, a takze twardo$¢ oraz mniejszg soczystos¢ wyrobow (Rather
1 wsp. 2015; Younis i Ahmad 2015; Yadav i wsp. 2016). Ponadto w wielu przypadkach
przeprowadzona ocena sensoryczna wykazata wystgpienie niekorzystnego posmaku,
cho¢ w zaleznos$ci od rodzaju produktu, zakresy ilosci dodatku proszkow z wyttokow,
w przypadku ktorych nie wystepowaty niekorzystne zmiany sensoryczne, wynosity od
kilku do kilkudziesieciu procent.

Poza jabtkami, Polska jest jednym z gtownych producentéw czarnych porzeczek.
Wedtug szacunkéw Gtownego Urzedu Statystycznego powierzchnia upraw porzeczek,
w tym porzeczek czarnych, stale ro$nie. W 2023 r. zbiory owocow czarnej porzeczki
zostaly oszacowane na 91,5 tys. ton, co stanowi okoto 70% catkowitej produkcji na
terenie Unii Europejskiej (GUS, 2024). Jagody czarnych porzeczek uprawiane sg gtoéwnie
w celu zastosowania jako surowiec do produkcji sokow (60%) i dzemow. Ilosé
generowanych odpadow poprodukcyjnych jest znaczaca, dlatego konieczne jest
poszukiwanie nowych sposoboéw ich zagospodarowania w mozliwie najbardziej
korzystny 1 efektywny sposob (Kracinski, 2014; Cortez i Gonzalez de Mejia, 2019).
Wytloki z owocdw czarnej porzeczki wykazuja duza warto$¢ odzywcza i prozdrowotng
dzigki zawartosci zwigzkow bioaktywnych 1 btonnika (Xue iwsp. 2022). Czarne
porzeczki sg roéwniez bogate w pektyne, ktorej wiasciwosci zostaly poznane
1 kompleksowo scharakteryzowane (Pancerz i wsp. 2022). Tak jak pozostato$ci z innych
surowcow, wyttoki z czarnych porzeczek zwykle sag wykorzystywane jako pozywna pasza

dla zwierzat oraz surowiec do ekstrakcji zwigzkow bioaktywnych i barwnikéw. Ponadto,
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wyttoki porzeczkowe badano réwniez w aspekcie mozliwosci wykorzystania ich w roli
sktadnika wzbogacajacego 1 poprawiajacego wilasciwosci funkcjonalne wybranych
produktow spozywczych, gltownie piekarskich 1 cukierniczych, w ktérych
zaobserwowano gtownie pozytywne zmiany, wynikajace z wprowadzenia tego surowca
jako jednego ze skladnikow (Majerska i wsp. 2019). Czegsciowe zastgpienie maki
pszennej proszkami z suszonych wytlokdw z owocdéw czarnej porzeczki oraz innych
owocow jagodowych pozwolilo na otrzymanie ciastek o lepiej ocenianych cechach
sensorycznych, takich jak wyglad, smak izapach, bogatszym sktadzie chemicznym,
wtym zwickszone] zawartosci zwiazkéw bioaktywnych oraz blonnika. Nie
zaobserwowano niekorzystnych zmian, wynikajacych z nieprawidtowos$ci przebiegu
procesu technologicznego na skutek reformulacji receptury. Ponadto stwierdzono, ze
zwigkszona zawarto$¢ btonnika moze znacznie obnizy¢ indeks glikemiczny takich
ciastek (Siemianowska i wsp. 2016; Tanska i wsp. 2016; Radzyminska i wsp. 2017,
Alongi i wsp. 2019).

Aronia czarnoowocowa takze jest jednym z powszechnie uprawianych w Polsce
owocow jagodowych. Wedlug danych opublikowanych przez Giowny Urzad
Statystyczny produkcja aronii w 2023 roku wyniosta 53,5 tysiecy ton (GUS, 2024).
Znaczna cz¢s¢ zebranych owocow jest stosowana do produkcji sokow, przy czym okoto
12,8-22,6% przetworzonego surowca pozostaje do zagospodarowania w postaci
wyttokow (Vagiri i Jensen, 2017). Biorgc pod uwage bogactwo zwiazkoéw bioaktywnych,
w tym zwiazkow fenolowych, antocyjanow 1 innych przeciwutleniaczy, produkty
uboczne z przetworstwa owocOw aronii zostaly rozpoznane jako cenny material, ktory
moze by¢ wykorzystany jako skladnik innowacyjnej i zrdwnowazonej Zzywnosci
projektowanej (Raczkowska i wsp. 2022). Dotychczas prowadzono wiele badan odno$nie
mozliwo$ci pozyskiwania zwigzkow bioaktywnych 1 barwnikow z wytlokow
aroniowych, a takze wptywu réznych nosnikoéw 1 technik przetwarzania na wlasciwosci
fizykochemiczne ekstraktéw 1 proszkow z tego surowca, ktore moglyby by¢ stosowane
w przemys$le spozywczym jako dodatki wzbogacajace (Michalska-Ciechanowska i wsp.
2021; Roda-Serrat i wsp. 2022). Ponadto, w celu lepszego poznania ich potencjatu do
wykorzystania w zywnoS$ci, szczegdélowo scharakteryzowano takze wlasciwosci
fizykochemiczne 1 technologiczne wyttokéw aroniowych (Reifiner i wsp. 2019). Ze
wzgledu na potencjalne korzysci, ptynace z dodatku wytlokow z aronii do produktow
spozywczych, podjeto proby wykorzystania ich migdzy innymi w kruchych ciastkach,
koktajlach mlecznych 1 wyrobach migsnych (Diez-Sanchez i wsp. 2020; Raczkowska

21



1 wsp. 2022). Zaobserwowano, ze chleby z dodatkiem proszkow z wyttokéw w ilosci nie
wigkszej niz 6% masy maki charakteryzowaty si¢ niemal trzykrotnie wigksza twardoscia,
ponadto po wypieku osiggaly mniejsza objetos¢, a gestos¢ ich migkiszu byta wigksza, co
w efekcie wptyneto na niskie noty otrzymane podczas oceny sensorycznej (Cacak-
Pietrzak 1 wsp. 2023). Niemniej jednak, zarowno w chlebach, jak i w ciastkach wraz
z dodatkiem produktéw ubocznych produkcji sokéw z czarnej aronii zauwazono istotne
zwigkszenie zawartosci blonnika 1 zwigzkoéw bioaktywnych w badanych wypiekach
(Raczkowska 1wsp. 2022; Cacak-Pietrzak 1 wsp. 2023). Badano rowniez wptyw
parametrOw procesowych ekstruzji na blonnik pokarmowy i profil zwigzkow
bioaktywnych zawartych w wytlokach z aronii, wskazujac na cenne wiasciwosci
strukturyzujace 1wysoka jako$¢ uzyskanych teksturatow (Schmid i1 wsp. 2021).
Dodatkowo, ciastka i1 produkty piekarskie wzbogacone produktami ubocznymi
przetworstwva owocowego, w tym wytlokami z aronii, wykazaty zwigkszong wartos¢
odzywcza (Krajewska i Dziki, 2023).

Podsumowujac, na rynku zywnos$ci obserwuje si¢ ciggle rosnace zapotrzebowanie
na przekaski, czyli produkty wygodne do spozycia, latwo dostgpne i atrakcyjne dla
konsumenta, a jednoczes$nie odzywcze 1 przyjazne srodowisku. Przyktadem takich
produktéw moga by¢ suszone sublimacyjnie przekaski owocowe 1 warzywne. Polaczenie
liofilizacji 1 strukturotwoérczych dodatkéw do Zywnosci, takich jak hydrokoloidy,
charakteryzujace si¢ silnymi wlasciwosciami Zelujacymi, pozwala na otrzymywanie
wysokiej jakosci projektowanych produktow. Jednym z powszechnie stosowanych
hydrokoloidéw, ktérego potencjat strukturotworczy zostat juz wykorzystany podczas
produkc;ji liofilizowanych przekasek, jest pektyna, pozyskiwana z produktow ubocznych,
takich jak skorki 1 wytloki owocowe. Podazajac za obecnymi trendami, zwigzanymi ze
zrbwnowazonym rozwojem i gospodarkg cyrkularng, podejmowane sg proby skrdcenia
fancuchow przetwarzania zywnosci, miedzy innymi w celu ograniczenia szkodliwego
wpltywu przemyshu rolno-spozywczego na srodowisko. Biorgc to pod uwage oraz
uwzgledniajac potencjal produktéw ubocznych w postaci wyttokow owocowych,
wynikajacy z ich sktadu, od wielu lat badania naukowe koncentrowaty i koncentruja si¢
na poszukiwaniu nowych mozliwosci ich zagospodarowania. Niejednokrotnie
potwierdzono efektywno$¢ dodatku wytlokow owocowych jako komponentow, ktore
moga ksztattowaé wlasciwosci strukturalne i teksturalne oraz warto$¢ odzywcza szerokiej

gamy innowacyjnych, przyjaznych srodowisku produktow spozywczych.
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W zwiazku z powyzszym, ideg prowadzonych badan bylo zastosowanie proszkow
z wyttokow owocowych jako zréwnowazonych sktadnikéw alternatywnych dla
hydrokoloidéw,  ktore umozliwiaja  otrzymanie liofilizowanych  przekasek
o powtarzalnych 1 akceptowalnych wilasciwosciach teksturalnych oraz zwigkszonej
wartos$ci zywieniowej. Zatozono takze, ze zastosowanie wytlokow w roli zamiennika
pektyny pozwoli na zmniejszenie ilosci przemystowych odpadéw rolno-spozywczych,
a takze umozliwi skrocenie tancucha przetwarzania dzigki pomini¢ciu procesu ekstrakcji

pektyn 1 ograniczeniu ilo$ci odpadow i Sciekow generowanych podczas tego procesu.
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2. CEL PRACY | HIPOTEZY BADAWCZE

Gléwnym celem pracy byla ocena wplywu reformulacji sktadu surowcowego, ze
szczegdlnym uwzglednieniem dodatkow strukturotworczych, na wybrane wilasciwosci
fizykochemiczne 1 uzytkowe liofilizowanych przekgsek owocowo-warzywnych
wytworzonych z wykorzystaniem proszkow z wyttokdw owocowych oraz pektyny

jablkowe;j.

Przeprowadzone badania miaty na celu weryfikacje nastepujacych hipotez:

H1. Zastosowanie proszkow z wyttokoéw owocowych jako zamiennika pektyny jabtkowe;j
spowoduje redukcje §ladu weglowego liofilizowanych przekasek oraz zmniejszenie

ogolnego wptywu na Srodowisko.

H2. Zastapienie pektyny jabtkowej jako dodatku strukturotwoérczego w liofilizowanych
przekaskach owocowo-warzywnych proszkami z wytlokow owocowych wptynie

korzystnie na warto$¢ odzywcza produktow.

H3. Liofilizowane przekaski owocowo-warzywne, wytworzone z dodatkiem proszkow
Z wytlokéw owocowych lub pektyny beda stabilne podczas przechowywania przez

okres przynajmniej 12 miesiecy.

H4. Reformulacja sktadu liofilizowanych przekgsek owocowo-warzywnych przez
wprowadzenie i/lub  zwigkszenie udziatu wytlokow owocowych, poza
zwigkszeniem warto$ci zywieniowej, spowoduje wzmocnienie struktury oraz
wplynie na stabilno$¢ matrycy liofilizatéw poprzez ograniczenie ich zdolnosci do

pochtaniania wilgoci z otoczenia.
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3. ORGANIZACJA BADAN, MATERIALY I METODYKA
3.1 Organizacja badan

Badania bedace podstawag naukowa niniejszej rozprawy byly prowadzone
w trzech gléwnych etapach, ktére pozwolity na weryfikacje postawionych wcze$niej

hipotez badawczych. Ogdlny plan badawczy przedstawiono na rysunku 3.

Analiza wptywu reformulacji skladu surowcowego
na wybrane wlasciwosci liofilizowanych przekasek owocowo-warzywnych
wytworzonych z zastosowaniem wyttokoéw owocowych oraz pektyny
jako dodatkow strukturotworczych

Studia literaturowe (P1) 1 badania wstepne, majace na celu:
opracowanie procesu technologicznego wytwarzania liofilizowanych przekasek
dobor surowcow i opracowanie receptury bazowej liofilizowanych przekasek
pomiar zuzycia energii i oszacowanie $ladu weglowego procesu produkcyjnego (P2)

Ocena wplywu skladu surowcowego na wartos¢ odzywcza 1 energetyczng
liofilizowanych przekasek (P3) — zawartosé wody, thiszezu, biafka, weglowodandw,
cukrow, blonnika, popiolu oraz wartosé energetyezna

Badanie stabilno$ci wybranych wlasciwoéci fizykochemicznych liofilizowanych
przekasek podczas przechowywania w r1oznej temperaturze (P4) — zawartosé
i aknwnosé wody, wiasciwosci mechaniczne, barwa, catkowita =awartosé polifenoli,
akhywnosé przeciwutleniajgea

Ocena wplywu ilosci dodatku proszkow z wytlokow jablkowych (P5), z czarngj
porzeczki (P6) i aronii (P7) w polaczeniu z mleczanem wapnia na wybrane wiasciwosci
fizykochemiczne liofilizowanych przekasek owocowo-warzywnych - zawartosé
i aknwno$é wody, higroskopijnosé, mikrostruktura i porowato$é, wilaseiwosci
mechaniczne, barwa, catkowita zawarto$é polifenoli, aktywnosé przeciwutleniajgea

Rys. 3. Schemat organizacji badan z uwzglednieniem artykutow, w ktorych opublikowano wyniki

Etap 1 obejmowal opracowanie literaturowe i badania wstepne. Rezultaty
przegladu badan naukowych prowadzonych w kraju 1 na $wiecie skutkowaly powstaniem
publikacji przegladowej (P1) i nakreslity zatoZenia do postawienia hipotez badawczych,
ktérych weryfikacje przedstawiono w rozdziale 4 niniejszego opracowania, omawiajac
wyniki uzyskane podczas prowadzonych badan. Celem badan wstgpnych bylo
opracowanie procesu technologicznego wytwarzania liofilizowanych przekasek
owocowo-warzywnych, ktorego kompleksowos¢ pozwolitaby na stosowanie go zarowno
do wytworzenia produktow z dodatkiem konwencjonalnych  sktadnikow
strukturotworczych — hydrokoloidéw — jak 1 proszkow z wytlokow owocowych w roli ich

zamiennikow. Podczas doboru Kkolejnych etapéw procesu technologicznego i ich
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parametrow, wykonano pomiary zuzycia energii, na podstawie ktorych oszacowano $lad
weglowy dla opracowanej technologii wytwarzania liofilizowanych przekasek owocowo-
warzywnych oraz sporzadzono bilans materiatowy surowcow, wykorzystanych do
produkcji przekasek w skali laboratoryjnej. Zakres prac na tym etapie obejmowat takze
przygotowanie podstawowej receptury liofilizowanych przekasek owocowo-
warzywnych z dodatkiem réznych hydrokoloidéw jako dodatkéw strukturotworczych,
sposrdd ktorych niskometylowang pektyne jabltkowsa (nazywang dalej rowniez pektyng
jablkowa i/lub pektyng) wybrano jako surowiec stanowigcy material odniesienia.
Subiektywna ocena mozliwosci zastosowania wytlokow z ré6znych surowcoOw, pozwolita
na wybranie produktéw przemyslowych w postaci proszkow z wytlokow jabtkowych
oraz z czarnych porzeczek jako sktadnikow wykazujacych potencjal do zastgpienia
hydrokoloidu (niskometylowanej pektyny jabtkowej) w recepturze przekasek. Finalnie,
baze surowcowa do produkcji przekasek stanowita mrozona marchew (60%), sok
pomaranczowy (30%), swiezy imbir (0,4%), mleczan wapnia (0,1%) oraz woda jako
dopehienie receptury. Czynnik zmienny stanowit dodatek pektyny jabtkowej (1,5%),
proszku z wyttokow jabtkowych lub proszku z wyttokow z czarnych porzeczek w ilosci
rowne] 2%. Material zostat przebadany pod katem podstawowych wlasciwosci
fizycznych. Wyniki przeprowadzonych analiz wyselekcjonowanych probek zostaty
opublikowane w artykule P2 i postuzyty do weryfikacji hipotezy 1.

Etap II zostal podzielony na dwie czgéci A i B. Wybrane zagadnienia z obu czg¢$ci
wykonywane byty jednoczesnie iobejmowaly realizacj¢ dwdch niezaleznych zadan
badawczych, ktorych przedmiotem byt material doswiadczalny, ktérego sktad zostat
opracowany w etapie I. Pierwsze zadanie, wykonane w czesci A etapu II, mialo na celu
okreslenie i poréwnanie wptywu wybranych w badaniach wstepnych dodatkow na sktad
chemiczny, a zarazem warto$¢ odzywcza i energetyczng liofilizowanych przekasek.
W zakres prac wchodzito oznaczenie zawartosci wody, thuszczu, biatka, btonnika
pokarmowego, weglowodanéw ogotem niebedacych blonnikiem, w tym cukrow
(sacharoza, fruktoza, glukoza) oraz popiotu. Eksperymentalnie wyznaczono takze
wartos$¢ energetyczng produktow. Otrzymane wyniki zostaty opublikowane w artykule
P3 i postuzyly do weryfikacji hipotezy 2. Zadaniem czesci B etapu II bylo zbadanie
stabilnosci wybranych cech jakosciowych liofilizowanych przekasek z dodatkiem
pektyny jabtkowej, wytlokow jabtkowych oraz wyttokoéw z czarnych porzeczek podczas
przechowywania w roznych temperaturach. Wybrano nast¢pujace warunki

przechowywania:
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e temperatura chtodnicza 4°C — w celu przetestowania zachowania w warunkach
powszechnie stosowanych do przechowywania zywnosci chtodzonej;

e temperatura pokojowa 25°C — w celu okreslenia zmian, ktore potencjalnie moga
wystapi¢ podczas ekspozycji w sklepie lub gospodarstwie domowym,;

o temperatura 40°C w celu przeprowadzenia przyspieszonych testow trwatosci, O
pozwala na ocen¢ wpltywu wyzszej temperatury i mozliwej utraty jako$ci po
wydluzeniu czasu przechowywania.

Wybrane cechy przekasek byty badane bezposrednio po wytworzeniu oraz po 1,
3, 6 1 12 miesigcach przechowywania. Zakres badan obejmowal analize zawarto$ci
I aktywnosci wody, barwy, wlasciwosci mechanicznych oraz catkowitej zawartosci
polifenoli i aktywnos$ci przeciwutleniajacej. Wyniki z tego etapu zostaty opublikowane
w artykule P4 i postuzyty do weryfikacji hipotezy 3.

Etap III polegat na zbadaniu wptywu udziatu w recepturze dobranych dodatkow
strukturotworczych na wybrane cechy fizykochemiczne liofilizowanych przekasek
owocowo-warzywnych. Podstawowa receptura przekasek stosowana podczas
poprzednich etapéw zostala zmodyfikowana poprzez zastosowanie koncentratu soku
pomaranczowego w ilosci 10% zamiast soku, co pozwolito na zwigkszenie ilosci wody
stuzacej do obrdobki hydrotermicznej dodatkdéw. Proces technologiczny pozostal bez
zmian. Na tym etapie porownywano wplyw ilosci (1, 3, 5%) proszkow z wyttokow
jabtkowych oraz z czarnych porzeczek, a takze pektyny jabtkowej (0,5 i 1,5%) na
wybrane cechy produktéw. Dodatkowo, taki sam eksperyment przeprowadzono
z wykorzystaniem proszku z wytlokow z aronii. Ponadto, czynnikiem zmiennym
w przypadku zastosowania proszkow z wyttokéw wszystkich rodzajow owocow, byto
stezenie mleczanu wapnia (0, 0,01 i 0,05%), ktéry z zalozenia mial wspiera¢ proces
zelowania 1 poprawia¢ wlasciwosci teksturo- i strukturotworcze wytlokow. W zakres
pracy na tym etapie wprowadzono badanie liofilizowanych przekasek pod katem
zawarto$ci i aktywnosci wody, higroskopijnosci, wiasciwosci tekstury, porowato$ci
I mikrostruktury, barwy oraz zawartosci polifenoli i aktywnos$ci przeciwutleniajgce;j.
W przekaskach z dodatkiem proszkéw z wytlokdw z aronii oznaczono rowniez zawarto$¢
antocyjanow. Wyniki opublikowano w artykutach P5, P6 i P7, odpowiednio w przypadku
proszkow z wyttokoéw jabtkowych, z czarnych porzeczek oraz aronii. Na ich podstawie
zweryfikowano hipotezg 4.
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3.2 Materiat i metodyka — opis skrocony

3.2.1 Material badany —etap I i 1l

Materiat badany stanowity liofilizowane przekaski marchwiowo-pomaranczowe
wytworzone z dodatkiem proszkow z wytlokdéw owocowych (Greenherb) lub
niskometylowanej pektyny jablkowej (Hortimex). Podstawowa receptura sktadata sig
z60% mrozonej marchwi (Unifreeze), 30% soku pomaranczowego (Tymbark),
0,4% swiezego imbiru oraz 0,01% mleczanu wapnia (Agnex). Badaniom poddano
3 warianty przekasek, do ktorych dodano 2% proszku z wyttokéw jabtkowych lub 2%
proszku z wyttokow z czarnych porzeczek lub 1,5% niskometylowanej pektyny
jabtkowej, cato$¢ dopelniano woda. Szczegotowa recepture i1 kodowanie probek

przedstawiono w tabeli 1.

Tab. 1. Stosowane oznaczenia i sktad surowcowy liofilizowanych przekasek owocowo-warzywnych

Proszek

Kod probki Marchew SO!( Imbir Woda z wytlokéw  Pektyna Mlecz‘fm
pomaranczowy AP/BP * wapnia
%
COG-AP 7,5 2 -
COG-BP 60 30 04 7,5 2 - 0,1
COG-LMP 8 - 1,5

* w zalezno$ci od rodzaju proszku z wyttokow owocowych, kody analizowanych wariantow zawierajg
symbole odpowiadajgce danemu surowcowi: AP — wytloki jabtkowe, BP — wytloki z czarnych porzeczek,
LMP — niskometylowana pektyna jabtkowa

3.2.2 Metody technologiczne —etap I, 11 11

Przekaski przygotowywano w skali laboratoryjnej zgodnie ze schematem
przedstawionym na rysunku 4. Marchew rozmrazano w temperaturze pokojowej
(ok. 25 +2°C). Wode z mleczanem wapnia podgrzewano na plycie grzejnej do
osiggniecia temperatury 85°C, po czym do roztworu dodawano proszek z wyttokoéw lub
niskometylowang pektyne jablkowa. Mieszanke inkubowano w temperaturze 85°C przez
1 min ciaggle mieszajac. Nastepnie, wszystkie sktadniki w odpowiednich proporcjach
blendowano w mtynku nozowym (Grindomix GM 200, Retsch) z predkoscia ostrzy 4500
obr/min przez 1 min. Tak przygotowane masy przenoszono do silikonowych forem
| zamrazano w zamrazarce szokowej (Irinox) w temperaturze —40°C przez 4 godziny.
Materiat liofilizowano W urzadzeniu Alpha 1-2 LD plus (Martin Christ
Gefriertrocknungsanlagen GmbH) w temperaturze pétek 30°C pod cisnieniem 0,063 kPa
przez okoto 48 godzin. Wysuszone probki pakowano w wielowarstwowe (PET/AI/PE)

opakowania do zywnosci (Pakmar) nieprzepuszczalne dla powietrza, wody oraz §wiatla
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I przechowywano w temperaturze pokojowej przez 24-48 godzin w celu ustabilizowania

materialu.

Przygotowanie surowcow

marchew — rozmrazanie (25°C, 30 min) | Mieszanie

. . . miynek nozowy Retsch GM 200
wyttoki/pektyna — obrobka hydrotermiczna 4500 obr/min, 1 min _‘

(85°C, 1 min)
\_ . Zamrazanie Liofilizacja
Fgr,trgoﬁar?le l HCM 51.20 Irinox N Alpha 1-2 LDplus
ostki, batony (-40°C, 4h) (30°C, 0,063 kPa, 48h)

Rys. 4. Schemat technologiczny wytwarzania liofilizowanych przekasek z dodatkiem proszkow
z wytlokow owocowych lub niskometylowanej pektyny jabtkowe;j

3.2.3 Metody analityczne
3.2.3.1 Zuzycie energii i szacowanie sladu weglowego — etap 1 (P2)

Pomiar zuzycia energii byt prowadzony podczas badan wstepnych, majacych na
celu opracowanie technologii wytwarzania przekasek. Za pomocg watomierza Energy
Logger 4000 zmierzono zuzycie energii wykorzystywanych w procesie urzadzen
elektrycznych (szczegotowe dane w metodyce artykutu P2). Dodatkowo w niniejszym
opracowaniu na podstawie otrzymanych wynikow oraz wspoétczynnika emisyjnosci
Krajowego Osrodka Bilansowania i Zarzadzania Emisjami, okre$lajacego emisje
dwutlenku wegla generowang podczas wytwarzania energii elektrycznej, oszacowano
$lad weglowy laboratoryjnego procesu produkcji liofilizowanych przekgsek owocowo-
warzywnych, opartego o opracowang technologie¢. Niniejszy wspotczynnik okreslat slad
weglowy — emisje dwutlenku wegla — generowany podczas produkcji energii elektrycznej
w Polsce w 2022 roku i byt rowny 685 kg CO2/MWh (KOBIZE, 2023).

3.2.3.2 Badanie sktadu chemicznego przekasek — etap 1A (P3)

Zawartos¢ wody badano metoda wagowa, suszac rozdrobniony materiat
w suszarce konwekcyjnej SUP 65 WG (WAMED) w temperaturze 70°C przez
24 godziny.

Zawarto$¢ thuszczu oznaczono metoda Soxhleta w aparacie Soxtec Avanti 2050
Auto Fat Extraction System (FOSS Analytical). Thuszcz ekstrahowano w temperaturze

130°C z uzyciem eteru naftowego.
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Zawarto$¢ biatka wyznaczono metoda Kjeldahla, oznaczajac zawarto$¢ azotu za
pomoca urzadzenia Kjeltec Auto 1035 nitrogen analyzer (Perstorp Analytical Tecator).
Nastepnie zawarto$¢ biatka obliczono korzystajac ze wskaznika Nx6,25, okreslajgcego
srednig zawarto$¢ azotu w biatkach tkanki roslinne;.

Zawarto$¢ cukrow — sacharozy, glukozy i fruktozy — oznaczono metoda
wysokosprawnej chromatografii cieczowej (HPLC) w urzadzeniu Waters 2695 Alliance
(Waters), wyposazonym w kolumng¢ Sugar Pak 1.

Zawarto$¢ btonnika pokarmowego ogéotem zbadano zgodnie z metodyka AOAC
985.29 z wykorzystaniem zestawu analitycznego 200A Total Dietary Fiber Assay Kit
(Megazyme) oraz modutu filtracyjnego Fibertec 1023 (FOSS Analytical).

Zawartos$¢ popiotu uzyskano poprzez mineralizacj¢ termiczng materiatu W piecu
muflowym w temperaturze 525°C.

Zawarto$¢ weglowodandow ogoétem, innych niz btonnik pokarmowy, obliczono
jako réznicg pomigdzy zawartoscig poszczegdlnych sktadnikoéw wymienionych powyzej,
a catkowitg masg probki.

Warto$¢ energetyczng wyznaczono przy uzyciu ci$nieniowego kalorymetru

bombowego wtasnej konstrukgji.

3.2.3.3 Badanie zmian wybranych wlasciwosci fizykochemicznych podczas

przechowywania — etap 11B (P4)

Bezposrednio po wyprodukowaniu liofilizowane przekaski byly szczelnie
pakowane w podwojnie zgrzewane wielowarstwowe torebki z laminatu PET/AI/PE
(Pakmar), nieprzepuszczalne dla $wiatta, powietrza i wody. Tak przygotowany materiat
byt przechowywany w temperaturze 4+1, 25+3 i 40+1°C przez okres 1, 3, 6 i 12 miesigcy,
przy zatozeniu, ze 1 miesigc to 30 dni. Probke kontrolng stanowila porcja przekasek,
ktorej whasciwosci fizykochemiczne zbadano w ciggu 48 godzin od wyprodukowania.
Zakres badan obejmowat oznaczenie zawarto$ci 1 aktywno$ci wody, wlasciwosci
mechanicznych, pomiar parametrow barwy oraz oznaczenie catkowite] zawartosci
polifenoli i aktywnosci przeciwutleniajacej. Wszystkie analizy zostaty przeprowadzone
w ciggu 24 godzin po otwarciu opakowania.

Zawarto$¢ wody badano metoda wagowa w temperaturze 70°C przez 24 godziny,
a aktywnos$¢ wody zmierzono w aparacie HygroLab C1 (Rotronic) zgodnie z instrukcja

producenta.
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Wriasciwosci mechaniczne analizowano w aparacie TA.HD Texture Analyser
(Stable Micro Systems) za pomoca testu $ciskania do 50% odksztalcenia przy uzyciu
sondy plytkowej o $rednicy 20 mm, stosujac predkosc testowa 0,5 mm/s.

Barwa powierzchni przekgsek zostala zmierzona w systemie CIE L*a*b*
z uzyciem kolorymetru CR-5 (Konica Minolta) w trybie swiatta odbitego. Na podstawie
uzyskanych wynikow obliczono bezwzgledng roéznice barwy (AE) oraz nasycenie (C*).

Calkowita zawarto$¢ polifenoli oznaczono metoda spektrofotometryczng
z odczynnikiem Folina-Ciocalteau przy dtugosci fali 750 nm. Pomiary byly wykonywane
w czytniku plytek Multiscan Sky (Thermo Electron Co.).

Aktywnos$¢ przeciwutleniajaca zostata zbadana metoda spekrofotometryczng
wobec rodnikdéw ABTS™ oraz DPPH’ przy dlugosci fali odpowiednio 734 oraz 515 nm.
Pomiary byly wykonywane w czytniku ptytek Multiscan Sky (Thermo Electron Co.).

3.2.4 Material badany — etap 111 (P5, P6, P7)

W trzecim etapie badan zmodyfikowano bazg¢ przekasek, poprzez zastgpienie soku
pomaranczowego koncentratem pomaranczowym (Purena), co pozwolito na zwigkszenie
ilosci wody wykorzystywanej podczas obrobki hydrotermicznej dodatkow. Wszystkie
receptury zostaly przedstawione w tabeli 2. Jako czynniki zmienne dodawano
sproszkowane wytloki jabtkowe, z czarnych porzeczek, wytloki aroniowe,

niskometylowana pektyne jabtkowa oraz mleczan wapnia w zmiennych proporcjach.

Tab. 2. Stosowane oznaczenia i sktad surowcowy liofilizowanych przekasek owocowo-warzywnych

Proszek

Kod probki* Marchew Koncefltrat Imbir Woda zwytlokéw  Pektyna Mlecz?n
pomaranczowy AP/BP/CP* wapnia
Y%
Kontrola 60 10 0.4 29,60 - - -
a 28,60 0
AP1 b 60 10 0,4 28,59 1 - 0,01
c 28,55 0,05
a 26,60 0
AP3 b 60 10 0,4 26,59 3 - 0,01
c 26,55 0,05
a 24,60 0
AP5 b 60 10 0,4 24,59 5 - 0,01
c 24,55 0,05
LMP0.5 b 29,09 - 0,5 0,01
imMprs b % 10 04 2800 L5 0,01

* w zalezno$ci od rodzaju proszku z wyttokéw owocowych, kody analizowanych zaczynaja si¢ od symbolu
odpowiadajacemu danemu surowcowi: AP — wytloki jabtkowe, BP — wytloki z czarnych porzeczek, CP —
wytloki z aronii, LMP — niskometylowana pektyna jabtkowa; liczby w kodach probek odpowiadaja
procentowemu udziatowi dodatku w recepturze liofilizowanych przekasek, a mate litery a, b, c reprezentuja
dodatek mleczanu wapnia odpowiednio w ilosci 0, 0,01 i 0,05%.
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Wiyttoki byty dodawane w ilo$ciach 1, 3 lub 5%, a mleczan wapnia w ilo$ciach 0; 0,01
lub 0,05%. Material kontrolny stanowily przekaski bez zadnego z wymienionych
dodatkow oraz przekaski z dodatkiem pektyny jabtkowej w ilosci 0,5 lub 1,5% oraz
mleczanu wapnia w ilosci 0,01%. Niezaleznie od wariantu, receptura byta dopelniana
woda.

W etapie III przekaski byly przygotowywane z wykorzystaniem procesu

technologicznego (Rys. 4) opracowanego i omowionego w rozdziale 3.2.2.

3.2.5 Metody analityczne — etap 111 (P5, P6, P7)

Zawarto$¢ wody badano metoda wagowa w temperaturze 70°C przez 24 godziny,
a aktywno$¢ wody mierzono w aparacie HygroLab C1 (Rotronic) zgodnie z instrukcja.

Wtasciwosci higroskopijne badano na podstawie zmian zawartosci wody probek
przechowywanych nad nasyconym roztworem NaCl w temperaturze 25°C, do uzyskania
statej masy materialu (72 godziny).

Wtlasciwosci mechaniczne badano, korzystajac z teksturometru TA.HD Texture
Analyser (Stable Micro Systems), w ktérym przeprowadzono test Sciskania z predkos$cia
0,5 mm/s do uzyskania 50% deformacji. Wyniki przedstawiono w postaci krzywych
sciskania oraz twardosci, wyznaczonej jako maksymalna sita zarejestrowana podczas
Sciskania probek.

Zdjecia mikrostruktury przekroju probek wykonano metoda skaningowej
mikroskopii elektronowej (TM 3000, HITACHI) w powigkszeniu 200x%. Ponadto
dokonano analizy mikrostruktury za pomocg mikrotomografu komputerowego SkyScan
1272 (Bruker). Materiat skanowano przy parametrach napigcia i nat¢zenia wynoszacych
odpowiednio 40 kV 1 193 nA. Kat obrotu wynosit 0,2°. Na podstawie zrekonstruowanego
modelu 3D obliczono porowatos¢ oraz wielko$¢ poréw obecnych w materiale.

Parametry barwy w systemie CIE L*a*b zmierzono na powierzchni materiatu za
pomocg kolorymetru CR-5 (Konica Minolta) w trybie $wiatla odbitego. Wplyw
zastosowanych dodatkéw na barwe przekasek w odniesieniu do probki bez dodatkow
okreslono poprzez obliczenie bezwzglednej rdéznicy barwy AE (wyniki dostgpne
w publikacjach P5, P6, P7).

Calkowita zawarto$¢ polifenoli oznaczono metodg spektrofotometryczng
z odczynnikiem Folina-Ciocialteu przy dlugosci fali 750 nm. Pomiaru absorbancji

dokonano w czytniku ptytek Multiscan Sky (Thermo Electron Co.).
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Aktywnos$¢ przeciwutleniajacg mierzono wobec kationorodnika ABTS™ oraz
rodnika DPPH" przy dtugosci fali odpowiednio 734 oraz 515 nm. Pomiaru absorbancji
dokonano w czytniku ptytek Multiscan Sky (Thermo Electron Co.).

Calkowitg zawarto$¢ antocyjanéw (wylacznie P7) zbadano réznicowa metoda
spektrofotometryczng w obecnosci buforow o pH 1 i pH 4,5, dla ktorych absorbancje
mierzono odpowiednio przy dtugosciach fal 510 i 700 nm. Pomiaru absorbancji dokonano

w czytniku ptytek Multiscan Sky (Thermo Electron Co.).

3.2.6 Metody statystyczne

Wyniki przedstawiono w postaci $rednich + odchylenie standardowe. Wszystkie
analizy przeprowadzono przynajmniej w trzech powtdrzeniach. Otrzymane wyniki
poddano jednoczynnikowej analizie wariancji ANOVA z wykorzystaniem testu Tukey’a
dla p<0,05. Dla wybranych wynikow wykonano réwniez test korelacji Pearsona. Analiza

statystyczna zostata wykonana w programie Statistica 13.1.
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4. OMOWIENIE I DYSKUSJA WYNIKOW

4.1 Okreslenie zuzycia energii 1 $ladu weglowego procesu technologicznego

wytwarzania liofilizowanych przekasek owocowo-warzywnych

Hipoteza 1 weryfikowana w pracy zakladala, ze zmiana rodzaju dodatku
strukturotworczego z pektyny jablkowej jako dodatku hydrokoloidowego na proszek
z wytlokéw owocowych spowoduje zmniejszenie $ladu weglowego liofilizowanych
przekasek oraz ich ogolnego wplywu na s$rodowisko. Badania majace na celu
potwierdzenie stuszno$ci tego zalozenia zostaty opublikowane w artykule P2. Dokonano
analizy zuzycia zasobdw bezposrednio wykorzystywanych do produkeji przekasek oraz
pomiaru zuzycia energii elektrycznej w trakcie operacji jednostkowych wiaczonych
w caty proces produkcyjny. Dodatkowo, w niniejszym opracowaniu obliczono $lad
weglowy na podstawie zuzycia energii elektrycznej oraz wskaznika emisyjnosci
udostepnionego przez Krajowy Osrodek Bilansowania 1 Zarzadzania Emisjami
(KOBIZE). Otrzymane wyniki przedstawiono w tabeli 3.

Tab. 3. Zuzycie energii elektrycznej i $lad weglowy wytwarzania liofilizowanych przekasek owocowo-

warzywnych w skali laboratoryjnej oraz procentowy udziat poszczegdlnych operacji jednostkowych (dane
dla 1 kg masy surowcow)

Zuzycie Slad Udzial
Proces energii | weglowy | procentowy
(kwh) | (kg CO2) (%)
Obrobka hydrotermiczna dodatkow 0,154 0,105 0,44
Rozdrabnianie/Mieszanie 0,012 0,008 0,03
Zamrazanie 2,828 1,937 8,15
Liofilizacja 31,707 21,719 91,37
Suma 34,701 23,770

Badanie koncentrowato si¢ na okresleniu zapotrzebowania surowcowego
| energetycznego wytwarzania liofilizowanych przekasek. W tym celu zmierzono
bezposrednie zuzycie energii, wody 1 surowcow. Ze wzgledu na ograniczony dostep do
bazy danych o $ladzie weglowym surowcoéw wykorzystywanych w badaniach, finalnie
skupiono si¢ na ocenie wplywu $rodowiskowego etapéw procesu technologicznego
wykonywanego w skali laboratoryjnej.

Eksperyment byl prowadzony podczas wytwarzania przekasek marchwiowo-
pomaranczowych z dodatkiem 2% proszku z wytlokow jabtkowych lub z czarnych
porzeczek lub pektyny jabtkowej w ilosci 1,5%. Pomiary prowadzono, przygotowujac

partie surowcow o tacznej masie 1 kg. Proces technologiczny opracowany podczas badan
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wstepnych nie roznil si¢ niezaleznie od sktadu przekasek. Catkowite zuzycie energii
elektrycznej wynosito 34,7 kWh, co odpowiadato emisji 23,8 kg CO> do atmosfery, przy
czym za ponad 91% emisji odpowiadatl proces liofilizacji, 8% zamrazanie, a mniej niz
0,5% tacznie procesy uwadniania dodatkoéw oraz rozdrabnianie i mieszanie sktadnikow.
Energochtonno$¢ poszczegdlnych etapéw w duzym stopniu zalezata od czasu trwania
operacji jednostkowych. Poniewaz liofilizacja okazata si¢ czynnikiem decydujacym
0 sladzie weglowym produkcji przekasek, jej optymalizacja wydaje si¢ by¢ najbardziej
rozsagdnym sposobem na obnizenie wptywu badanych produktéw na Srodowisko.
Pomimo duzego zuzycia energii, ktore generuje zardwno zwigkszony wplyw na
srodowisko, jak i1 koszty, niewatpliwym atutem liofilizacji jest mozliwo$¢ otrzymania
produktéw o cechach niemozliwych do uzyskania przy zastosowaniu innych metod
suszenia. Zatem, aby uksztaltowaé¢ pozadane cechy, jedng z mozliwosci modyfikacji
technologii usuwania wody, ktéra pozwolitaby na redukcje zuzycia energii, jest
zastosowanie hybrydowych metod suszenia. Liofilizacja wspomagana promieniowaniem
podczerwonym lub mikrofalami zuzywa znacznie mniej energii niz tradycyjna liofilizacja
i nie powoduje znaczacych zmian jako$ci produktéw, co w swoich badaniach udowodnili
Hnin i wsp. (2019, 2020) oraz Pei i wsp. (2014). Jedng z mozliwosci jest takze
modyfikacja temperatury potki oraz cisnienia w komorze liofilizatora, ktére mogg istotnie
wplynac na czas procesu, a w konsekwencji na zuzycie energii. Przy czym kombinacja
wyzszej temperatury (50°C) i nizszego cisnienia (5 Pa) daje najbardziej korzystne
rezultaty, co w badaniach restrukturyzowanych przekasek pomaranczowych
zaobserwowali Silva-Espinoza i wsp. (2021). W czasie liofilizacji tylko okoto 15%
energii jest zuzywane przez system grzewczy, reszta jest wykorzystywana przez pompe
prozniowg i skraplacz (Wu iwsp. 2019). W zwigzku z tym, z uwagi na mozliwos¢
istotnego skrdocenia czasu suszenia, zwigkszanie temperatury procesu prowadzi do
zmniejszenia zuzycia energii, pomimo jej wigkszego poboru przez grzatki. Ponadto, skala
produkcji ma znaczgcy wplyw na zuzycie energii, a wyniki uzyskane w skali
laboratoryjnej moga nie mie¢ zastosowania po transformacji procesu do skali
przemystowej, ktora moze wplyna¢ na procentowy udzial poszczegdlnych operacji
jednostkowych w catkowitym zuzyciu energii, a W konsekwencji takze w $ladzie
weglowym z niego wynikajagcym (Almena i wsp. 2019).

Biorac pod uwagge fakt, ze pektyna jest pozyskiwana z produktow ubocznych
przemystu rolno-spozywczego, w tym wytlokdw owocowych, a sam proces jej ekstrakcji

i oczyszczania jest ztozony, mozna wywnioskowaé, ze $lad srodowiskowy hydrokoloidu
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jest wigkszy niz suszonych wyttokéw owocowych ze wzgledu na proces produkcji
(Sharma i wsp. 2014; Garcia-Garcia i wsp. 2019). Przetwarzanie w znacznym stopniu
przyczynia si¢ do wptywu produktéw na srodowisko, podobnie jak uprawa roslin oraz
transport, dzigki czemu korzystanie z lokalnych surowcow takze ma wplyw na $lad
Niemniej jednak, przez stosunkowo niewielki udzial badanych dodatkow w sktadzie
przekasek, zastgpienie pektyny jabtkowej wyttokami owocowymi potencjalnie moze
zredukowac¢ $lad weglowy produktow, jednak w stopniu mniejszym niz 10% $ladu
pochodzacego z liofilizacji (Garcia-Garcia i wsp. 2019).

Na tej podstawie mozna stwierdzi¢, ze z uwagi na taki sam przebieg procesu
produkcyjnego  prowadzonego z  wykorzystaniem technologii  otrzymywania
liofilizowanych przekasek wg umieszczonego powyzej schematu (Rys. 4), otrzymane
wyniki nie pozwalajg na pozytywne zweryfikowanie postawionej hipotezy. Jednak
dostepna literatura sugeruje, ze analiza §ladu weglowego surowcow, ktéra nie zostata
wykonana z uwagi na brak dostepu do szczegdétowych danych, mogtaby potwierdzi¢
zalozenie, ze =zastosowanie proszkow zsuszonych wytlokow owocowych jako
zamiennikow pektyny jablkowej redukuje $lad weglowy i wplyw na Srodowisko

liofilizowanych przekasek owocowo-warzywnych.
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4.2 Wplyw dodatku proszkéw z wytlokéw owocowych na wartos¢ odzywcza

liofilizowanych przekasek owocowo-warzywnych

Hipoteza 2 zakladata, ze zastgpienie pektyny jako dodatku strukturotworczego
proszkami z wytlokdow owocowych wplynie korzystnie na warto$¢ odzywcza
liofilizowanych przekasek owocowo-warzywnych. W celu weryfikacji tej hipotezy
zbadano sklad chemiczny produktéw, w tym zawartos¢ wody, bialka, thuszczu,
weglowodanow ogoétem, sacharozy, glukozy, fruktozy, btonnika pokarmowego ogdtem
| popiotu, a takze wyznaczono ich warto$¢ energetyczng. Wyniki przeprowadzonych
analiz zostaly opublikowane w artykule P3 i podsumowane w tabeli 4.

Tab. 4. Sktad chemiczny liofilizowanych przekasek owocowo-warzywnych wytworzonych z dodatkiem

proszkow z wyttokow jabtkowych (COG-AP), z czarnych porzeczek (COG-BP) lub niskometylowanej
ektyny jabtkowej (COG-LMP)

Przekaski z proszkiem | Przekaski z proszkiem
Sklad z wytlokéw z wytlokéw z czarnych Przekaski z pektyna
jabtkowych porzeczek (COG-LMP)
(COG-AP) (COG-BP)
Woda (%) 1,91+0,04° 2,10+0,26° 2,55+0,112
Thuszez (%) 1,2240,04° 2,04+0,152 0,64+0,01°¢
Bialko (%) 7,09+0,15° 9,06+0,112 6,64+0,15°
Weglowodany ogélem (%) 60,37+0,792 55,77+0,61° 55,98+0,27°
w tym sacharoza 20,28+0,09°¢ 22,78+0,08?2 21,79+0,32°
glukoza 11,30+0,152 9,66+0,38° 10,35+0,08°
fruktoza 14,18+0,36% 11,06+0,06° 11,63+0,09°
Blonnik (%) 24.60+0,33b 23,900,440 29,51+0,562
Popiotl (%) 4,81+0,28¢ 7,14+0,212 5,99+0,13°
Energia (kcal/100 g) 429.46+3,46° 433,66+2,552 386,78+1,05°

* w tabeli przedstawiono $rednie warto$ci z odchyleniem standardowym. Rozne litery a-c w wierszach
oznaczaja roznice statystyczne pomiedzy wynikami otrzymanymi W poszczeg6lnych wariantach.

Przeprowadzona analiza sktadu chemicznego przekasek wykazata istotne zmiany,
wynikajace z modyfikacji receptury produktow. Zaobserwowano, ze zastgpienie pektyny
jablkowej proszkami z wyttokoéw owocowych, niezaleznie od ich rodzaju, spowodowato
zmniejszenie $redniej zawarto$ci wody, blonnika pokarmowego oraz wartoSci
energetycznej (Tab. 4). W przypadku pozostalych sktadnikow tendencje nie byly tak
jednoznaczne.

Biorac pod uwage wszystkie podstawowe zwiazki, z ktorych sktada si¢ zywnos¢,
thuszcz ma znacznie wyzsza warto$¢ energetyczng i stosunkowo niskg syto$¢ (Rolls,
2000). Dlatego produkty o wysokiej zawarto$ci thuszczu sg wysokoenergetyczne i czgsto
klasyfikowane jako ,niezdrowe”, przez co ich spozycie powinno by¢ ograniczone,

zwlaszcza w przypadku przekasek, czyli produktow jedzonych miedzy positkami (Si

37



Hassen i wsp. 2018; Lumanlan i wsp. 2021). Zawarto$¢ ttuszczu w opracowanych
liofilizowanych owocowo-warzywnych przekaskach miescita si¢ w zakresie 0,64-2,04%
(Tab. 4). Najmniejsza zawarto$§¢ zaobserwowano w probce z pektyng, natomiast
najwicksza w materiale z dodatkiem proszku z wytlokow czarnych porzeczek.
Zwigkszenie zawartosci thuszczu w zywnosci po dodaniu proszkéw z wyttokow
owocowych wynika z tego, ze zawieraja one tluszcz, pochodzacy z nasion wystgpujacych
w masie wyttokow, ktory sktada si¢ gtownie z wielo- i1 jednonienasyconych kwasow
thuszczowych, w tym kwasu linolowego i a-linolenowego (Helbig i wsp. 2008; Walia i
wsp. 2014; Piasecka i wsp. 2021).

Zawarto$¢ biatka w badanych materialach rowniez réznita si¢ w zaleznosci od
sktadu przekasek (Tab. 4). Zaobserwowano, ze wraz z dodatkiem proszkow z wyttokow
owocowych zwigkszata si¢ ilo§¢ biatka w badanych przekgskach, jednak byta to istotna
zmiana jedynie w probkach z dodatkiem proszku z wytlokow z owocoéw czarnej
porzeczki. Biorgc pod uwage no$niki jako jedyne czynniki rdznicujace receptury
badanych przekasek, takie wyniki wskazuja, ze proszek z wytlokow czarnych porzeczek
byt bogatszym zrodtem biatka niz pozostate badane sktadniki. Podobnie jak w przypadku
thuszczu, moze to wynika¢ z wigkszej ilosci pestek, ktore zawieraja wigcej bialka niz
migzsz i skorki owocoéw jagodowych, na co w swoich badaniach wskazali Blejan i wsp.
(2023). Produkty pochodzenia roslinnego, w tym owoce, warzywa i ich przetwory, sa
uznawane za zywno$¢ niskobiatkowa i z tego powodu wszelkie udane proby zwigkszenia
ich warto$ci mogg by¢ doceniane z zywieniowego punktu widzenia (Mariotti i Gardner,
2019; Pinckaers i wsp. 2021). Jednak nalezy mie¢ takze na uwadze nizsza przyswajalno$é
bialka pochodzacego ze Zrddel roslinnych w przeciwienstwie do biatka zwierzgcego
(Pinckaers i wsp. 2021).

Weglowodany obejmuja wszystkie cukry, oligosacharydy i1 polisacharydy
wystepujace w zywnosci (Voragen, 1998). W niniejszych badaniach catkowita zawarto$¢
weglowodanow obejmowata cukry i1 weglowodany strawne z wyjatkiem blonnika
pokarmowego, ktorego zawarto$¢ zostata 0znaczona oddzielnie. Zaobserwowano zmiany
w profilu weglowodanoéw, wynikajace z reformulacji sktadu produktow w formie
przekasek owocowo-warzywnych. Dodatek suszonych wyttokéw jabtkowych w formie
proszku spowodowal, ze catkowita zawartos¢ weglowodanow w  liofilizowanych
przekaskach byta o okoto 6,0-6,5% wigksza w pordwnaniu z pozostatymi badanymi
wariantami przekasek (Tab. 4). Zawieraly one takze wigcej fruktozy i glukozy. Pod

wzgledem profilu weglowodandw, probki z dodatkiem pektyny jabtkowej oraz proszku
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z wytlokow z owocow czarnej porzeczki istotnie roznity si¢ zawartoscig sacharozy, ktorej
wigcej oznaczono w wariancie z dodatkiem proszku z wytlokow. Przedstawione wyniki
sg zgodne z literaturg, ktora potwierdza, ze wigkszos¢ weglowodandéw obecnych
w wyttokach z czarnych porzeczek to zwigzki nalezace do frakcji btonnika pokarmowego
(Déniel i wsp. 2017; ReiBner i wsp. 2019), co moze uzasadniaé¢ podobienstwo profilu
weglowodandéw nienalezacych do blonnika pokarmowego w przekaskach z pektyna oraz
proszkiem z wytlokéw z czarnych porzeczek. Badania Waldbauer i wsp. (2017) oraz
Skinner i wsp. (2018) potwierdzity duzg zawarto$¢ tych skladnikow w suszonych
wytlokach, co stanowi réwniez podstawe do wyjasnienia wynikow uzyskanych
W niniejszej pracy i potwierdza teori¢ na temat wptywu dodatku wyttokéw owocowych
na profil weglowodandéw, w tym zawarto$¢ blonnika pokarmowego.

Blonnik pokarmowy to kolejny wazny sktadnik odzywczy obecny w produktach
roslinnych. Stanowiag go polisacharydy, oligosacharydy i ligniny, czyli wielko-
czasteczkowe weglowodany obecne w tkance roslinnej. Sg one odporne na trawienie
| wchianianie w organizmie cztowieka, dzigki czemu wywierajg korzystny wplyw na
funkcjonowanie uktadu pokarmowego i proces trawienia (Dhingra i wsp. 2012; Barber
I wsp. 2020). Na podstawie wykonanych w niniejszych badaniach oznaczen stwierdzono,
ze istotnie wigcej btonnika znajdowalo si¢ w materiale strukturyzowanym pektyna (Tab.
4). Taki wynik byt zgodny z przypuszczeniami, gdyz pektyny sa jednym ze sktadnikéw
okreslanych jako rozpuszczalna frakcja btonnika pokarmowego (Dhingra i wsp. 2012).
Z drugiej jednak strony, suszone wyttoki owocowe moga zawiera¢ nawet do 90%
blonnika, ale bardziej prawdopodobne jest, Zze jego zawarto$¢ oscyluje na poziomie
ponizej 60%, w zaleznosci od rodzaju materiatu (Quiles i wsp. 2018; Reillner i wsp.
2019).

Dodatkowo w przekaskach oznaczono zawarto$¢ popiotu, czyli wszystkich
sktadnikow mineralnych, pozostatych po catkowitej degradacji zwigzkow organicznych
na drodze spalania. Im wiecej nieorganicznych mikro- i makroelementéw zawiera
zywno$¢, tym wyzsza jest w niej zawartos¢ popiotu (Liu, 2019; Ikezu i wsp. 2020).
W tym przypadku proszek z wytlokéw jabtkowych zmniejszyl, natomiast proszek
z wyttokéw z czarnych porzeczek zwickszyl zawartos¢ popiotu w przekaskach
w odniesieniu do wariantu z pektyng (Tab. 4). Na tej podstawie mozna przypuszczac, ze
sposrdd wszystkich zastosowanych no$nikoéw, wyttoki jabtkowe zawieraly najmniej
sktadnikéw mineralnych, podczas gdy wyttoki z owocoé6w czarnej porzeczki mialy ich

najwiecej. Nalezy jednak podkresli¢, ze sktad materiatu roslinnego, takiego jak owoce
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I warzywa, a tym samym ich produktow ubocznych, rozni si¢ i zmienia w zaleznosci od
odmiany, poziomu dojrzatosci, a takze czasu i warunkdw przechowywania. W zwiazku
Z tym obserwowane tendencje zmian zawarto$ci popiotu nie sg spdjne i istotnie zalezg od
surowca (Mahmood i wsp. 2013; lordanescu i wsp. 2018; de Azeredo i wsp. 2022).
Ponadto, wysoka zawartos¢ popiolu w przypadku pektyny wskazuje na jej
zanieczyszczenie i moze zaburza¢ wlasciwosci zelujace (Azad i wsp. 2014).

Niemniej jednak, nalezy mie¢ na uwadze, ze sktad chemiczny owocéw i warzyw,
ktory determinuje ich warto$¢ odzywcza, zalezy od wielu czynnikéw zewnetrznych,
wynikajacych miedzy innymi z odmiany, warunkow uprawy i sposobu przetwarzania,
wiec moze si¢ r6zni¢ pomiedzy partiami surowca w zaleznosci od jego pochodzenia
(Déniel 1 wsp. 2017; Waldbauer 1 wsp. 2017; Skinner 1 wsp. 2018; ReiBiner i wsp. 2019,
2022; Lyu i wsp. 2020; Usman i wsp. 2020). Konsekwentnie, w nast¢pstwie zmiennej
jakos$ci dostgpnych surowcow, charakterystyka wytworzonych z nich produktéw takze
moze ulega¢ zmianom pod wzgledem zawarto$ci niektorych sktadnikow odzywczych.

W badaniach wyznaczono takze warto$¢ energetyczng liofilizowanych przekasek
owocowo-warzywnych (Tab. 4). Przekaski z dodatkiem wytlokéw jabtkowych
I z czarnych porzeczek charakteryzowaly si¢ wicksza o okoto 11,6% kalorycznoscia niz
probka z dodatkiem pektyny jabtkowej. Otrzymane wyniki byly zgodne z omawianymi
powyzej zawarto$ciami ttuszczu, biatka i cukrow, ktore zostaty wprowadzone do sktadu
materiatu wraz z wyttokami owocowymi (Waldbauer i wsp. 2017; Rei3ner i wsp. 2019).
Niemniej jednak, mimo ze zawarto$¢ poszczegolnych skladnikéw roznila sie
w zalezno$ci od rodzaju wytlokow, nie zaobserwowano istotnej rdéznicy migdzy
warto$cig energetyczng przekasek z dodatkami proszkéw z wytlokow z jabtek oraz
czarnych porzeczek.

Na polskim rynku nie ma zbyt wielu produktéw podobnych do przedmiotu badan
niniejszej rozprawy, jednak na sklepowych potkach mozna znalez¢ liofilizowane
przekaski owocowe W postaci batonéw (Celiko, 2022). Na podstawie deklaracji
producenta zebranych z etykiet czterech wariantow smakowych produktéw mozna
stwierdzi¢, ze ich przecigtny sktad zawiera owoce w ilosci okoto 31%, zaggszczone soki
owocowe, ekstrakt z chleba $wiegtojanskiego, maltodekstryneg, trehaloze, inuling
I pektyng, a pojedyncza porcja proponowanej przez producenta przekaski to baton
0 masie 10 g. Dane 0 wartosci odzywczej zamieszczone na opakowaniu informuja, ze
100 g produktu dostarcza 30-34 kcal, 0,7-3,2 g bialka, 0,1-1g tluszczu, 53-69 g

weglowodandéw, w tym 39-51 g cukréw i 28-36 g btonnika pokarmowego. Sugeruje to,
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ze opracowane w badaniach przekaski sa porownywalne z komercyjnymi, jednak
produkty z wyttokami owocowymi w proszku charakteryzowaty si¢ o okoto 20-25%
wyzszg warto$cig kaloryczng niz produkty komercyjne. Nie ma jednak alternatyw
wzbogaconych o wytloki warzywne iowocowe, a wszystkie batony liofilizowane
dostepne na polskim rynku zostaly opracowane na bazie owocéw 1 hydrokoloidow.

Na podstawie przedstawionych wynikow mozna stwierdzi¢, ze zastgpienie
pektyny jablkowej jako dodatku umozliwiajgcego strukturyzacje liofilizowanych
przekasek owocowo-warzywnych proszkami z wytlokow owocowych istotnie wplywa na
warto$¢ odzywcza produktéw, powodujac w nich zwigkszenie zawartosci bialka,
thuszczoéw 1 sktadnikéw mineralnych oraz wigksza warto$¢ energetyczng. Biorac pod
uwage dane literaturowe, z ktorymi dyskutowano wyniki, zmiany te wydajg si¢ by¢

okreslone jako korzystne, co pozwala na pozytywng weryfikacje hipotezy 2.
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4.3 Wplyw zastosowanych dodatkow i warunkéw przechowywania na stabilno$¢

przechowalniczg liofilizowanych przekasek owocowo-warzywnych

Jednym z wazniejszych wymogow, jakie musi spetni¢ produkt spozywczy przed
wprowadzeniem go na rynek, jest jego bezpieczenstwo i stabilno$¢. W celu uzyskania
informacji o tym, jak zachowuja si¢ produkty spozywcze podczas przechowywania,
zaleca si¢ przetestowanie szerokiego zakresu warunkéw, na ktore moga by¢ one
narazone, | przeanalizowanie krytycznych parametrow determinujgcych ich jakos¢
(Calligaris iwsp. 2016). Dlatego tez hipoteza 3 niniejszej pracy zakltadata, ze
liofilizowane przekaski owocowo-warzywne wytworzone z dodatkiem proszkow
z wytlokéw owocowych lub pektyny jabtkowej beda stabilne podczas przechowywania
przez okres przynajmniej 12 miesiecy. W celu zweryfikowania tej hipotezy
przeprowadzono proby przechowalnicze, podczas ktorych zbadano kinetyke zmian
wybranych cech jakosciowych produktow przechowywanych w temperaturze 4, 25 lub
40°C. Wszystkie wyniki zostaty opublikowane w artykule P4, wchodzacym w sktad
rozprawy, a cz¢$¢ z nich zostata przedstawiona ponizej na rysunkach 5 i 6.

Wilasciwos$ci zwigzane z migracja wody w materiale maja kluczowe znaczenie dla
stabilno$ci zywnos$ci. Zawarto§¢ wody w materiale jest wazna, ale bezpieczenstwo
I stabilno$¢ zywnosci zalezg gtdownie od jej aktywnosci, ktora zostata zidentyfikowana
jako krytyczny parametr, wptywajacy na jako$¢ produktow spozywczych podczas
przechowywania (Ribeiro i wsp. 2023). Z uwagi na matg poczatkowsg zawarto$é
I aktywnos¢ wody (Rys. 5A i1 5B) zatozono, ze dzigki temu przekaski z dodatkiem
proszkow z wytlokow owocowych bedg stabilne w czasie przechowywania przez okres
12 miesigcy. Niezaleznie od rodzaju zastosowanego dodatku, obserwowano podobne
tendencje w zakresie zmian zawartosci wody w przekaskach przechowywanych
w badanych temperaturach. Po pierwszym miesigcu przechowywania warto$ci parametru
ulegly znacznej redukcji, a nast¢pnie zaczely sie stabilizowa¢. W przypadku aktywnosci
wody, wartosci parametru zwigkszaty sie do 6 miesigca przechowywania, a po dwunastu
miesigcach  zaobserwowano znaczng redukcje w probkach przechowywanych
w podwyzszonej temperaturze (40°C), ustabilizowanie w temperaturze pokojowej (25°C)
oraz zmniejszenie do warto$ci poczatkowej w materiale przechowywanym w warunkach
chtodniczych (4°C). Jednocze$nie, najmniejsze zmiany aktywnosci wody zaobser-
wowano w przekaskach przechowywanych w temperaturze 4°C. Pomimo

obserwowanych zmiennos$ci parametrow, zwigzanych z dyfuzjg wilgoci, a co za tym idzie
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zawartoscig i aktywnoscig wody, nie zostaty przekroczone zadne warto$ci krytyczne dla
wzrostu drobnoustrojéw lub reakcji enzymatycznych i nieenzymatycznych (Ribeiro
i wsp. 2023). Wskazuje to, ze barierowo$¢ zastosowanego opakowania gwarantuje
odpowiednie warunki do zapewnienia trwalo$ci przekasek, tym bardziej, ze badania
liofilizowanych grzybow (Liuging i wsp. 2018) wykazatly, ze podczas przechowywania
probek w jednowarstwowych torebkach polietylenowych w temperaturze 25 i 37°C oraz
roéznej wilgotnosci wzglednej zawartos¢ wody w materiale zwigkszata si¢ z okoto 4% do
8-10% w ciggu 25 dni, co w konsekwencji doprowadzito do niekorzystnych zmian
mikrostruktury i tekstury produktow. Ponadto, uzyte w badaniach przechowalniczych
liofilizowanych przekasek owocowo-warzywnych, opakowania byty deklarowane jako
nieprzepuszczalne dla pary wodnej i zamknigte za pomocg podwdjnego zgrzewania,
dlatego tez zaobserwowane zmiany byty najprawdopodobniej konsekwencja migracji
wilgoci obecnej w samym materiale, a takze mi¢dzy materiatem a atmosferg zamknigta
w opakowaniu, co potwierdza rowniez obserwacje Sirpatrawan (2009). Aktywnos¢ wody
na poziomie okoto 0,3 i mniejszym moze sprzyja¢ utlenianiu lipidow, jednak, jak
wspomniano wczesniej, badane w niniejszej rozprawie probki nie zawieraty znacznych
ilosci thuszczu.

Kolejnym badanym parametrem byty wlasciwosci mechaniczne (Rys. 5C), ktore
sg powigzane z cechami struktury wewnetrznej, zawarto$cig wilgoci i sktadem
chemicznym materiatu. Dodatkowo, zmiany tekstury sg powszechnym zjawiskiem
podczas przechowywania produktow spozywczych o niskiej wilgotnosci (Alam i wsp.
2015). Podczas analizy otrzymanych wynikéw badan wyznaczono twardo$¢ przekasek,
czyli najwyzszg site zarejestrowang podczas Sciskania probek, oraz wyznaczono krzywe
$ciskania, ktore przedstawiono w publikacji P4. Twardos¢ przekasek z dodatkiem
wytlokéw owocowych w proszku wykazata niewielkie zmiany podczas przechowywania
(Rys. 5C), a jej warto$¢ z reguly si¢ zwigkszata w porownaniu z probka z dodatkiem
pektyny jabtkowej, co mozna zaklasyfikowac jako korzystne zjawisko. Dla przekasek
strukturyzowanych pektyng zaobserwowano odmienng tendencj¢. Ich twardo$é
zmniejszala si¢, co zaobserwowano szczegoélnie podczas przechowywania w tempe-
raturze pokojowej i podwyzszonej, czyli odpowiednio 25 i 40°C. W warunkach
chtodniczych za$, warto$¢ tego parametru nie ulegta zmianie. Obserwujac podobne
trendy podczas przechowywania zeli i roztwordw pektynowych, Morris i wsp. (2010)
stwierdzili, ze wyzsza temperatura moze sprzyja¢ depolimeryzacji pektyn w czasie

przechowywania. Wtasciwosci mechaniczne w duzym stopniu zalezg od zawartos$ci wody
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w materiale, ktéra wptywala rowniez na porowatos$c¢ i strukture, przez co kontrolowanie
wilgotnosci wzglednej srodowiska otaczajgcego probki podczas przechowywania i utrzy-
mywanie jej na statym i odpowiednio niskim poziomie, moze znaczgco zredukowac
powstawanie niekorzystnych zmian profilu tekstury liofilizowanych przekasek (Silva-

Espinoza i wsp. 2020a).
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Rys. 5. Kinetyka zmian wybranych wtasciwosci fizykochemicznych liofilizowanych przekasek owocowo-
warzywnych wytworzonych z dodatkiem proszkow z wytlokow jabtkowych (COG-AP), z czarnych
porzeczek (COG-BP) lub niskometylowanej pektyny jablkowe(COG-LMP) w czasie przechowywania
W roznej temperaturze. A) zawarto$§¢ wody, B) aktywno$¢ wody, C) twardos¢, D) bezwzgledna rdznica
barwy (AE).
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Jednym z czynnikow, przyciagajacych uwage i decydujacych o atrakcyjnosci
produktow spozywczych, jest ich barwa. Pomimo ze materiaty stosowane do produkcji
opakowan o wysokiej barierowosci, wymagane dla liofilizowanych produktéw np.:
przekasek, nie sg z reguly transparentne i nie umozliwiajg oceny wygladu ich zawartosci,
konsumenci oczekuja, ze ich zakup bedzie zgodny z oczekiwaniami lub zapropo-
nowanym projektem graficznym opakowania, ktory zwykle przycigga uwagg i eksponuje
najlepsze cechy produktu (Puteri i wsp. 2020). W celu zbadania zmian barwy podczas
przechowywania liofilizowanych przekgsek owocowo-warzywnych dokonano pomiaru
jasnos$ci, nasycenia (wyniki dostgpne w publikacji P4) oraz obliczono bezwzgledna
roznicg barwy (AE) (Rys. 5D). Wyniki badan parametru jasnosci barwy przekasek,
pozwolitly na zaobserwowanie tendencji w Kierunku zwigkszania si¢ jego wartosSci,
natomiast analiza nasycenia barwy w tym samym czasie wskazata na redukcje jej
intensywnos$ci. Z reguly, najwicksze zmiany wystgpowaly po pierwszym miesigcu
przechowywania, po czym wartosci parametru jasnosci i nasycenia barwy pozostawaty
niezmienne. Sugeruje to, ze degradacja barwnikéw obecnych w materiale najbardziej
intensywnie zachodzita W poczatkowym etapie przechowywania, po czym nastapit efekt
plateau (wyniki dostepne w publikacji P4). Moglo to wynika¢ z szybkiego zuzycia
substratow reakcji rozktadu pigmentéw z uwagi na ich duza dostgpno$¢ na powierzchni
materialu, ktora miata bezposredni kontakt z otaczajaca atmosfera, a takze porowata
strukturag, ktora z tatwoscia mogla by¢ penetrowana przez powietrze zamknigte
w opakowaniu.

W przypadku bezwzglednej roznicy barwy (AE) (Rys. 5D), ktora jest cechg
okreslajacg calosciowo zmiany, zachodzace w obrebie wszystkich chromatycznych
wspotrzednych parametrow barwy, mozna zauwazy¢ podobienstwo w przebiegu tych
zmian w przekaskach z dodatkiem proszkow z wyttokow oraz réznice pomiedzy nimi,
jak i materiatlem z dodatkiem pektyny jabtkowej. W przekaskach z proszkami z wytlokow
zaobserwowano, ze przechowywanie w temperaturze chlodniczej spowolnito zmiany
barwy, jednak po trzech miesigcach wielkosci AE wigkszo$ci probek byly wieksze niz 8
1 zblizone do wynikow otrzymanych po przechowywaniu w temperaturze pokojowe;j
(25°C) i podwyzszonej (40°C), ktore przekroczyty te granice juz po pierwszym miesigcu
trwania prob przechowalniczych. Jednoczesnie w przekaskach z dodatkiem pektyny
jablkowej takze wystgpita zmiana barwy, jednak warto$ci bezwzglednej rdéznicy barwy
byty w tym przypadku znacznie mniejsze i pozostaly na tym samym poziomie od

pierwszego miesigca do konca okresu badan przechowalniczych (12 miesiecy). W tym
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przypadku rowniez zaobserwowano, ze zastosowanie obnizonej temperatury
przechowywania korzystnie wplyng¢to na barwe przekasek. Warto zaznaczy¢, ze
niezaleznie od rodzaju prébki i warunkow przechowywania, wartosci AE byly wieksze
niz 5, co $wiadczy o tym, ze barwa zmieniala si¢ na tyle w czasie przechowywania, ze
réznice byl zauwazalne dla potencjalnego obserwatora (Wriedt i wsp. 2007). Jak sugeruja
badania Wriedt i wsp. (2007), bezwzgledna réznica barwy (AE) w zakresie wartosci od 5
do 10 jest rozpoznawalna dla obserwatora, jednak takie zmiany wcigz sg akceptowalne,
natomiast w przypadku przekroczenia tych warto$ci, ogdlna ocena barwy silnie zalezy od
preferencji jednostki. Obserwacje dokonane w niniejszej pracy moga by¢é wynikiem
ochronnego dzialania dodatku czystego biopolimeru (niskometylowanej pektyny
jabtkowej) na zwiazki odpowiadajace za barwe i jej intensywno$¢ w przypadku
liofilizowanych przekasek owocowo-warzywnych. Niemniej jednak, uzyskane wyniki
sugeruja, ze pod wzgledem zachowania barwy stosowanie pektyny jako dodatku
strukturotworczego pozwala na uzyskanie produktow bardziej stabilnych niz przekaski
Z udziatem proszkéw z wytlokéw owocowych. Przyczyng moze by¢ zdolno$¢
biopolimeréw do kapsutkowania zwigzkow bioaktywnych i barwnikéw, dzigki czemu
uzyskiwany jest efekt ochronny podczas przetwarzania (Silva-Espinoza i wsp. 2021),
wigc jest wysoce prawdopodobne, ze efekt ten mogt wystepowaé takze podczas
przechowywania. W barwie przekasek dominowal kolor pomaranczowy, za ktory
odpowiadaja barwniki zawarte w marchwi i pomaranczach — karotenoidy, ktére sa
podatne na degradacje, wynikajaca z utleniania lub ekspozycji na $wiatto. W celu
skutecznego wyeliminowania tego rodzaju zmian, nalezy odpowiednio dobra¢
opakowanie produktu, przy czym zastosowanie metalizowanych opakowan pozwala na
uzyskanie bardzo dobrych wynikow (Sahni, 2017).

Ponadto, aby dokladniej okresli¢ stabilno$¢ przechowalniczg liofilizowanych
przekasek owocowo-warzywnych w niniejszych badaniach przeanalizowano réwniez
zmiany catkowitej zawartosci polifenoli oraz aktywnosci przeciwutleniajgcej (Rys. 6).
Zawarto$¢ polifenoli miata tendencj¢ do zwigkszania si¢ podczas przechowywania
(Rys. 6A). Zalezno$¢ ta byla najbardziej wyrazna podczas przechowywania
W podwyzszonej temperaturze, gdzie zaobserwowano tendencje wzrostowa, utrzymujaca
si¢ przez caly czas badania. Stwierdzono rowniez, ze w temperaturze pokojowej (25°C)
I chlodniczej (4°C) zmiany wystapily, ale nie postepowaly w czasie. Najmniejsze
wahania zawartosci polifenoli zaobserwowano w probkach z dodatkiem proszkow

z wyttokéw z owocOw czarnej porzeczki. Generalnie, otrzymane wyniki sg sprzeczne
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z trendami, dotyczacymi zachowania si¢ tych zwigzkow w czasie przechowywania, gdyz
z reguly obserwowana jest redukcja ich zawarto$ci (Zori¢ 1 wsp. 2016; Liuqging i wsp.
2018). Jednak w badaniach liofilizowanych przekgsek pomaranczowych,
przechowywanych w temperaturze 4 i 20°C, przeprowadzonych przez Silva-Espinoza
I wsp. (2020a), rowniez wykazano zwigkszenie zawartosci polifenoli w ciggu 6 miesiecy

przechowywania, ktore, dzigki szczegdlowej analizie wlasciwosci chemicznych,
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Rys. 6. Kinetyka zmian wybranych wtasciwos$ci fizykochemicznych liofilizowanych przekasek owocowo-
warzywnych wytworzonych z dodatkiem proszkow z wytlokow jabtkowych (COG-AP), z czarnych
porzeczek (COG-BP) lub pektyny (COG-LMP) w czasie przechowywania w roznej temperaturze.

A) catkowita zawarto$¢ polifenoli, B) aktywno$¢ przeciwutleniajaca wzgledem rodnika ABTS™ oraz
C) aktywnos$¢ przeciwutleniajaca wzgledem rodnika DPPH".

powigzano z transformacja kwasow organicznych obecnych w pomaranczach w zwiazki
o charakterze fenolowym (Silva-Espinoza i wsp. 2020a), co mogto mie¢ miejsce rowniez

w badanych w tej pracy produktach liofilizowanych. Natomiast analizy Zori¢ i wsp.

47



(2016) sugeruja, ze material opakowaniowy uzyty w doswiadczeniu byl dobrym
wyborem w aspekcie zawarto$ci polifenoli oraz potwierdzaja, ze pod wzgledem retencji
polifenoli 1 innych zwigzkoéw bioaktywnych, warunki chtodnicze sg najkorzystniejsze do
utrzymania wysokiej, zadowalajgcej jakosci produktow, w ktorych wystepuja.
Aktywnos$¢ przeciwutleniajgca oznaczona wzgledem rodnika ABTS™ rowniez
zwickszata si¢ w czasie przechowywania (Rys. 6B), przez co korespondowata
z wynikami otrzymanymi w przypadku polifenoli. Jednak aktywnos$¢ przeciwutleniajaca
oznaczona wzgledem rodnika DPPH" wykazala odmienne tendencje. Wartosci tego
parametru zwigkszaty sie do trzech miesigcy przechowywania, po czym zaobserwowano
dos¢ gwaltowne zmniejszenie wartosci. Z reguly, aktywnos$¢ przeciwutleniajagca maleje
wraz z uptywem czasu, €O Wynika ze zmniejszenia zawartosci zwigzkow bioaktywnych,
w tym polifenoli (Zori¢ i wsp. 2016). Jednak zjawisko zaobserwowane w tych badaniach
mozna wyjasni¢ wigkszg selektywno$cig rodnikéw DPPH" w poréwnaniu do ABTS™,
ktory reaguje z szerszym spektrum zwiazkow chemicznych, podczas gdy DPPH" jest
ukierunkowany gtownie na polifenole (Marecek i wsp. 2017). W konsekwencji,
otrzymane wyniki sugerujg powstawanie zwigzkow reagujacych z rodnikiem ABTS™
i odczynnikiem Folina-Ciocalteu'a, ale nie z rodnikiem DPPH™. Ponadto, pomimo Ze
w badaniach Silva-Espinoza i wsp. (2020a) zaobserwowali tendencj¢ wzrostowa
zawarto$ci polifenoli, analizy aktywnosci przeciwutleniajacej metodami DPPH" oraz
FRAP nie wykazaly zmian w czasie, a wyniki obu metod przedstawialy podobne
zalezno$ci. W tym przypadku, na przyktadzie produktow z owocdéw cytrusowych,
otrzymane wyniki wyjasniono przemianami kwasow organicznych, ktére sg substratami
syntezy zwigzkéw polifenolowych. Juz wczesniej zaobserwowano, ze zwickszenie
aktywnosci przeciwutleniajacej moze roéwniez by¢ nastepstwem powstawania produktow
pochodnych degradacji zwiazkdéw bioaktywnych, ktére takze wykazuja potencjal
antyrodnikowy, co potwierdzono na przykladzie sokéw z czarnych porzeczek
poddawanych obrdbce termicznej i z uzyciem wysokiego cisnienia hydrostatycznego
(Kruszewski i wsp. 2021). Bioragc pod uwage powyzsze oraz to, Ze najwyzsza
aktywnoscig przeciwutleniajaca charakteryzowal si¢ material przechowywany
w temperaturze 40°C, co bylo widoczne szczegdlnie w przypadku analizy z DPPH",
mozna wnioskowaé, ze podwyzszona temperatura przyspieszata degradacje zwigzkow
obecnych w materiale, a tym samym powstawanie zwigzkoéw o wlasciwosciach
przeciwutleniajacych, ktére mogty zakloci¢ przebieg reakcji prowadzonej w celu

oznaczenia zawartosci polifenoli.
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Na podstawie przedstawionych wynikow nie mozna stwierdzi¢, ze liofilizowane
przekaski owocowo-warzywne wytworzone z dodatkiem proszkéw z wyttokow
owocowych lub pektyny byly w pelni stabilne podczas przechowywania, jednak nie
zaobserwowano zmian, ktoére moglyby zagraza¢ ich bezpieczenstwu. Niezaleznie od
rodzaju zastosowanego dodatku obserwowano zmiany wtasciwosci fizykochemicznych.
Dynamika tych zmian zalezala od temperatury przechowywania, przy czym jako
sugerowang mozna wskaza¢ temperature chtodniczg (4°C). Stosunkowo nieduze rdznice
wybranych cech, ktére wystapily po przechowywaniu w podwyzszonej temperaturze
sugeruja, ze przekaski moga by¢ przechowywane przez okres 12 miesigcy, jednak
wymagane s3 dokladniejsze badania w celu zoptymalizowania okresu przydatnosci do
spozycia 1 warunkow przechowywania, z uwzglednieniem oceny konsumentow. Zatem
weryfikacja hipotezy 3 postawionej w niniejszej pracy jest pozytywna, ale
z podkresleniem konieczno$ci wykonania bardziej szczegoétowych badan, co umozliwia
wskazanie  nowych  kierunkow  badawczych,  wykorzystujacych  potencjat
strukturotworczy w  ksztattowaniu cech funkcjonalnych i1 uzytkowych produktow

w formie przekasek opracowanych z udziatem proszkow z wyttokéw owocowych.
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4.4 Wpltyw dodatku proszkéw z wyttokow owocowych i pektyny na zawarto$¢
zwigzkow bioaktywnych, wlasciwosci strukturalne 1 mechaniczne oraz

wilasciwos$ci zwigzane z obecno$cig i powinowactwem do wody

Jednym z glownych celow stosowania produktow ubocznych w ,.nowej
zywnosci” jest wykorzystanie ich warto$ci odzywczej, np. wprowadzenie zwigzkoéw
bioaktywnych, btonnika i mineralow zawartych w tych skladnikach. Hipoteza 4
niniejszej pracy zakladata, ze reformulacja sktadu liofilizowanych przekasek owocowo-
warzywnych poprzez wprowadzenie i/lub zwigkszenie w nich udzialu proszkow
z wyttokéw owocowych, poza zwigkszeniem warto$ci zywieniowej, Spowoduje
wzmocnienie struktury oraz wplynie na stabilno$¢ matrycy liofilizatow poprzez
ograniczenie ich zdolnosci do pochtaniania wilgoci z otoczenia. W celu potwierdzenia
zalozen dotyczacych wartoSci zywieniowej przeprowadzono badania catkowitej
zawartosci polifenoli (Tab. 5), aktywnosci przeciwutleniajgcej (Tab. 6) oraz zawartoSci
antocyjanow (Tab. 5) w wybranych probkach. W celu weryfikacji czg¢éci hipotezy 4,
odnoszacej si¢ do struktury i wihasciwosci mechanicznych, wykonano obrazowanie
mikrostruktury liofilizowanych przekasek owocowo-warzywnych metoda skaningowe;j
mikroskopii elektronowej (Rys. 7B), przeprowadzono rowniez jej analize w aspekcie
oceny porowatosci (Rys. 7C, Rys. 8, Tab. 7) wykonanej za pomoca mikrotomografu
komputerowego, a takze dokonano oceny wilasciwosci mechanicznych, na podstawie
analizy twardosci | krzywych §ciskania (Tab. 8, Rys. 9). Dodatkowo zbadano zawartos¢
I aktywno$¢ wody (Rys. 10) oraz wtasciwosci higroskopijne (Tab. 9), aby potwierdzic¢
zatozenie dotyczace wptywu dodatku proszkéw z wytlokow owocowych na stabilnosé
liofilizowanych przekasek. Wyniki otrzymane dla poszczegélnych receptur
opracowanych liofilizowanych przekasek owocowo-warzywnych z zastosowaniem
proszkow z wyttokoéw jabtkowych, z czarnych porzeczek oraz wytlokoéw z aronii jako
sktadnikéw strukturotworczych przedstawiono odpowiednio w publikacjach P5, P6, P7
oraz podsumowano na rysunkach i w tabelach zawartych w niniejszym rozdziale.

Catkowita zawarto$¢ polifenoli 1 calkowita zawarto$¢ antocyjanéw zostaly
przedstawione w tabeli 5. Zgodnie z poczatkowymi zatozeniami, wprowadzenie do
receptury liofilizowanych przekasek owocowo-warzywnych proszkéw z wyttokow
owocowych istotnie zwigkszylo zawarto§¢ zwigzkow bioaktywnych we wszystkich
badanych wariantach recepturowych. Zaobserwowano stopniowe zwickszanie zawartosci

polifenoli wraz ze zwigkszaniem ilo$ci dodanych proszkéw z wytlokow. Wyniki
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otrzymane w przypadku probek z dodatkiem proszkow z wyttokow jabtkowych oraz
z czarnych porzeczek byly poréwnywalne, natomiast znacznie lepszy efekt uzyskano
w przypadku przekasek z proszkiem z wytlokow z aronii. Dostgpne badania sugeruja, ze
dziatanie zwigzkéw bioaktywnych o charakterze przeciwutleniajacym zalezy od pH, a te
zawarte w wytlokach z aronii okazaly si¢ dziata¢ najlepiej w srodowisku ludzkiego ciata
sposroéd réznych owocow, takich jak jabtka, jagody i inne (Gao i wsp. 2020), co
dodatkowo stawia dodatek tych sktadnikow w korzystnym $§wietle z zywieniowego
punku widzenia. W przekaskach z dodatkiem pektyny zaobserwowano nieistotnie nizsze
wyniki w stosunku do probki kontrolnej bez zadnych dodatkow.

Tab. 5. Catkowita zawartosé polifenoli oraz antocyjanin w liofilizowanych przekasek owocowo-

warzywnych wytworzonych z dodatkiem proszkow z wyttokow jabtkowych (AP), z czarnych porzeczek
(BP), z aronii (CP) lub niskometylowanej pektyny jabtkowej (LMP)

Calkowita zawarto$¢
Calkowita zawarto$¢ polifenoli antocyjanin
(mg GAE/100 g s.s.) (mg Cy-3-glu/100 g s.5.)
Przekaski z Przekqs_ki Przekaski
Material dodatkiem z dodatkiem z dodatkiem Przekaski z dodatkiem
proszku z prOSZkl,J z proszku z proszku z wytlokéw z
wytlokow ZV?;Z?EO;‘;] wytlokow aronii
jablkowych porzec;/ek z aronii (CP)
(AP) i (CP)

Kontrola | 1163,87+13,14% | 1163,87+13,14% | 1163,87+13,14" -

la 1231,76+18,81°¢ | 1203,93+£3,03° 1344,62+2,109 287,25+13,29"

1b 1232,97+7,12¢ 1212,3+11,72¢ 1412,73+6,73 316,82+3,569

1c 1226,63+11,71° | 1219,20+3,49° | 1454,41+12,73 336,33+10,169

3a 1278,48+9,79° 1265,26+7,60° | 2005,29+85,67° 766,30+7,11°

3b 1280,76+8,18° 1257,28+9,29° | 2334,80+24,77¢ 884,25+6,08¢

3c 1277,19+11,37° | 1264,89+2,95° 2272,49+8,25¢ 966,97+8,25¢

5a 1315,99+10,73% | 1324,98+14,75% | 2547,78+17,37° 1170,48+13,00°

5b 1314,15+8,63% 1325,5248,92% | 2866,54+15,562 1351,20+14,35?

5¢c 1313,29+20,12% | 1332,14+13,28% | 2664,43+20,33° 1270,59+10,69°
LMPO,5b | 1156,20+16,01¢ | 1156,20+16,01¢ | 1156,20+16,01" -
LMP1,5b | 1154,65+14,719 | 1154,65+14,719 | 1154,65+14,71" -

* liczby w kodach probek odpowiadajg procentowemu udziatowi dodatku w recepturze liofilizowanych
przekasek, a mate litery a, b, ¢ reprezentuja dodatek mleczanu wapnia odpowiednio w ilosci 0, 0,01 1 0,05%
** w tabeli przedstawiono srednie wartosci z odchyleniem standardowym. Rézne litery a-h w kolumnach
oznaczaja roznice statystyczne pomigdzy wynikami otrzymanymi W poszczegélnych wariantach.

Wyniki dotyczace zawartosci zwigzkow bioaktywnych korespondowaty
z aktywnoscig przeciwutleniajaca liofilizowanych przekasek, ktora jest przedstawiona
w tabeli 6. Analiz¢ tych wlasciwos$ci przeprowadzono wobec dwoch réznych rodnikow,

otrzymujac zroznicowane wyniki, ktore przedstawiaty podobne tendencje. Probki
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Z pektyng charakteryzowaty si¢ taka samg lub mniejszg aktywnos$cia przeciwutleniajaca
niz probka kontrolna (Tab. 6). Z kolei, w konsekwencji dodatku i zwigkszania ilosci
proszku z wytlokow owocowych zwigkszata sie¢ takze aktywnos$¢ przeciwrodnikowa
badanych produktéw liofilizowanych. Najmniejszy i statystycznie nieistotny wzrost
wystapit w przypadku przekasek z dodatkiem proszku z wytlokéw jablkowych
w ilosciach 1 1 3%, natomiast reformulacja sktadu poprzez dodatki proszkow z wyttokow
Z czarnych porzeczek oraz aronii okazala si¢ znacznie bardziej efektywna pod wzgledem
poprawy aktywnosci przeciwrodnikowej badanych produktéw liofilizowanych. Ponadto,
poza pozytywnym wptywem na jako$¢ zywieniowag gotowych przekasek, ich zwigkszony
potencjat antyoksydacyjny moze mie¢ takze dzialanie przedtuzajace okres przydatnosci
do spozycia tego typu produktéw (Petkovi¢ i wsp. 2021).

Tab. 6. Aktywno$¢ przeciwutleniajaca liofilizowanych przekasek owocowo-warzywnych wytworzonych

z dodatkiem proszku z wyttokow jabtkowych (AP), z czarmych porzeczek (BP), z aronii (CP) lub
niskometylowanej pektyny jabtkowej (LMP)

Aktywno$¢ przeciwutleniajaca (mg TE/g s.s.)
DPPH ABTS
. Przekaski . . Przekaski .
Przekaski . Przekaski Przekaski . Przekaski

2 dodatkiem | d‘}‘:}i‘;ﬁ'{fm z dodatkiem | z dodatkiem | 2 d‘f:)";‘;kk'jm 2 dodatkiem

Material proszku P - proszku proszku P - proszku

. z wytlokow . A z wytlokow .
z wytlokow z wytlokow z wytlokow z wytlokow

. z czarnych - . z czarnych .

jablkowych orzeczek z aronii jablkowych orzeczek z aronii

(AP) P i (CcP) (AP) P s (CP)

Kontrola | 5,66+0,31¢ 5,660,319 | 5,66+0,31°" | 2,68+0,07% 2,68+0,07¢ 2,68+0,07¢
la 5,95+0,30% | 6,30+0,28° | 7,51+0,26% | 2,75+0,07% | 2,91+0,04¢ 2,94+0,03
1b 5,93+0,17bd | 6,48+0,17°¢ | 6,83+0,21% | 2,75+0,09% | 2 93+0,11¢ 2,91+0,09¢
1c 5,81£0,21% | 6,50+0,09° | 7,20+0,38%¢ | 2,73+0,11°% | 2,98+0,08¢ 2,97+0,05%
3a 5,90+0,36"¢ | 6,94+0,08" | 7,57+0,53% | 2,74+0,11° | 3,48+0,06° | 3,59+0,22°
3b 5,78+0,18¢ | 6,99+0,09° | 8,47+0,47" | 2,74+0,08%¢ | 3,57+0,07° 3,55+0,14°
3c 5,97+0,13"¢ | 6,98+0,06" | 7,83+0,54% | 2,74+0,08° | 3,60+0,08" | 3,50+0,17°
5a 6,29+0,20%° | 7,70+0,12% | 10,12+0,40% | 2,90+0,01* | 3,78+0,11%® 4,15+0,212
5b 6,34+0,17%® 7,74+0,14% | 9,31+1,30% | 2,88+0,08% | 3,79+0,06% 4,15+0,112
5¢c 6,58+0,282 7,8140,13* | 9,86+0,372 2,95+0,082 3,92+0,042 4,09+0,102
LMPO,5b 5,53+0,10¢ 5,53+0,10¢ 5,53+0,107 | 2,55+0,07% 2,55+0,07¢ 2,55+0,07¢
LMPL5b | 5,77+0,09% 5,77+0,09¢ 5,77+0,09° 2,424+0,12¢ 2,42+0,12 2,42+0,12¢

* liczby w kodach probek odpowiadajg procentowemu udziatowi dodatku w recepturze liofilizowanych
przekasek, a male litery a, b, ¢ reprezentuja dodatek mleczanu wapnia odpowiednio w ilosci 0, 0,01 1 0,05%
** w tabeli przedstawiono $rednie wartosci z odchyleniem standardowym. Rozne litery a-f w kolumnach
oznaczaja roznice statystyczne pomigdzy wynikami otrzymanymi dla poszczego6lnych wariantow.

Podczas badan zauwazono, ze aktywno$¢ przeciwutleniajaca przekasek
z dodatkiem wyttokow z owocow czarnej porzeczki zwigkszyta si¢ bardziej niz zawarto$¢

polifenoli. Na podstawie literatury stwierdzono, ze wynika to z duzej zawarto$ci
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czerwonych barwnikow — antocyjandow — ktére wykazuja silne wlasciwosci
przeciwutleniajgce (Michalska i wsp. 2017). Dlatego tez w dalszym etapie badan nad
zastosowaniem wytlokow z aronii W formie proszku, przeanalizowano réwniez ogdlng
zawarto$¢ tych zwigzkéw, ktora podobnie jak pozostate wihasciwosci chemiczne,
wykazala tendencj¢ rosngca wraz ze zwigkszaniem zawarto$ci proszku z wytlokow
w badanych liofilizowanych przekaskach owocowo-warzywnych (Tab. 6). Owoce aronii
i produkty otrzymywane z tego surowca, w tym wytloki aroniowe, sg bogatym zrodtem
zwiazkow bioaktywnych, takich jak polifenole. Udowodniono tez, ze zwiazki bioaktywne
w wytlokach pozostajg stabilne podczas ogrzewania i obrobki mechanicznej (Mayer-
Miebach i wsp. 2012). Przeprowadzona analiza uzyskanych rezultatow badan wykazata
takze, ze produkty zawierajace dodatek mleczanu wapnia charakteryzowaly si¢ wigksza
zawarto$cig antocyjanOw niz probki zawierajace taka samg ilo$¢ wyttokow, do ktorych
nie dodano mleczanu wapnia. Sugeruje to, ze wprowadzenie jonéw wapnia mogto mieé
ochronny wptyw na te zwigzki podczas przetwarzania. Nie znaleziono danych
literaturowych, ktoére jednoznacznie potwierdzityby lub zaprzeczyly tej tezie. Niemniej
jednak, badania nad naturalnymi barwnikami w napojach prowadzone przez Cortez i wsp.
wykazaty, ze dodatek biopolimerow poprawia stabilno$¢ antocyjandéw ze wzgledu na ich
zdolnos¢ do tworzenia kompleksow molekularnych, a jony wapnia sg czgsto stosowane
jako $rodki wspomagajace wilasciwosci zelujace wiokien (Cortez i wsp. 2017).
Dodatkowo, warunki obrobki technologicznej zastosowane w badaniach w niniejszej
pracy byly stosunkowo tagodne, a zgodnie z badaniami Vagiri iJensen (2017) oraz
Andrade i wsp. (2021) antocyjany sg stabilne podczas obrobki termicznej, enzymatycznej
i faczonej, co moze wyjasniac¢ i thumaczy¢ uzyskane rezultaty (Vagiri i Jensen, 2017;
Andrade i wsp. 2021). Innym przyktadem mogg by¢ badania Drozdz i wsp. (2019), ktorzy
stwierdzili znaczne zwigkszenie zawartosci zwigzkoéw fenolowych, w tym antocyjanow,
w ekstrudowanych przekaskach kukurydzianych z dodatkiem wyttokoéw z aronii. Ponadto
poréwnanie wyttokow z aronii oraz czarnych porzeczek wykazato korzystniejszy wptyw
wytlokOw z aronii, nawet jesli temperatura przetwarzania miescita si¢ w zakresie od 120
do 150°C. Wysokie zawarto$ci sktadnikéw bioaktywnych po wprowadzeniu proszkow
z wyttokow owocowych byly réwniez raportowane w produktach piekarskich, ktore
takze sg poddawane obrobce w wysokich temperaturach (Cacak-Pietrzak i wsp. 2023;
Krajewska i Dziki, 2023).

Niemniej jednak, biorac pod uwage dane dostgpne w literaturze, spodziewano sig,

ze procentowy przyrost zawartosci sktadnikow bioaktywnych (polifenoli) i aktywnos$ci
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przeciwutleniajacej po wprowadzeniu do receptury proszkéw z wyttokéw owocowych
bedzie wigkszy. Tymczasem otrzymane wyniki sugeruja, ze wigkszo$¢ polifenoli oraz
innych zwigzkéw wykazujacych dziatanie przeciwutleniajagce pochodzita z surowcow
podstawowych, z ktorych wyprodukowano przekaski (Mazzeo iwsp. 2011; Bozkir
I Tekgiil, 2022). Jak podaja Mazzeo i wsp. (2011), marchew jest bogata w karotenoidy
I zwigzki fenolowe, np. kwasy chlorogenowy, kawowy i ferulowy oraz ich pochodne,
kwercetyne, luteoling, kemferol 1 inne (Mazzeo 1 wsp. 2011; Bozkir 1 Tekgiil, 2022).
Ponadto w soku pomaranczowym mozna znalez¢ rdwniez zwigzki fenolowe, takie jak
hesperydyna, narirutyna i eriocytryna (Mesquita i Monteiro, 2018), ktore jednak
w zaleznos$ci od metody koncentracji 1 parametrow procesu zaggszczania moga ulegac
degradacji w wyniku obrobki cieplnej (Darvishi i wsp. 2019). Wyniki dotyczace
wlasciwos$ci chemicznych otrzymane w niniejszej pracy byly stosunkowo niskie, pomimo
ze otwarta i porowata struktura liofilizowanych materialu moze zwigksza¢ ekstrakcyjnosé
biosktadnikow (Manzocco i wsp. 2021; Mengucci i wsp. 2022). Wskazuje to, ze wyttoki
przemystowe wykorzystywane W do$wiadczeniu prawdopodobnie zawieraly mato
polifenoli, co moglo wynika¢ z niskiej jako$ci surowca lub agresywnej obrobki podczas
wieloetapowego przetwarzania. Po ttoczeniu soku wyttoki zostalty odwodnione metoda
suszenia goragcym powietrzem, zmielone, co rowniez spowodowato podgrzanie
materiatu, a nastgpnie uwodnione w podwyzszonej temperaturze i liofilizowane. Kazdy
etap obrobki moze powodowac znaczng utratg polifenoli w wyniku degradacji termicznej
lub utleniania (Struck i wsp. 2016).

Na podstawie przedstawionych wynikoéw, mozna stwierdzi¢, ze wprowadzenie do
receptury liofilizowanych przekasek owocowo-warzywnych wytlokéw owocowych
w formie proszku spowodowato zwigkszenie zawartosci sktadnikow bioaktywnych,
w tym polifenoli oraz antocyjanéw, co w konsekwencji doprowadzito do zwigkszenia
aktywnosci przeciwutleniajgcej produktow, a zatem poprawy ich wartosci zywieniowe;.

Czgécig przedstawionej do weryfikacji hipotezy 4 bylo zalozenie, ze
wprowadzenie do sktadu liofilizowanych przekasek owocowo-warzywnych proszkoéw
z wytlokéw owocowych oraz jonow wapnia spowoduje utworzenie wzmocnionej
| trwalej struktury oraz wptynie pozytywnie na wlasciwosci mechaniczne materiatu. Jak
wspomniano powyzej, W celu zweryfikowania stusznosci zatozenia wykonano
obrazowanie mikrostruktury liofilizowanych przekasek owocowo-warzywnych metoda
skaningowej mikroskopii elektronowej (Rys. 7B), przeprowadzono analize¢ mikro-

struktury i porowatosci (Rys. 7C, Rys. 8, Tab. 7), ktorg wykonano za pomocg
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mikrotomografu  komputerowego oraz  przeprowadzono ocen¢ wlasciwosci
mechanicznych, opartg na analizie twardos$ci i krzywych $ciskania (Tab. 8, Rys. 9).
Zdjecia mikrostruktury przekroju wybranych wariantow liofilizowanych
przekasek, zobrazowane metodg mikroskopii elektronowej (SEM) oraz tomografii
komputerowej, przedstawiono na rysunku 7. Dodanie $rodkoéw strukturotworczych ma
na celu odtworzenie struktury podobnej do szkieletu komoérkowego z regularnymi

I zamknigtymi porami, obecnymi w naturalnej tkance owocow i warzyw. Optymalizacja
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Rys. 7. Zdjecia wybranych wariantow liofilizowanych przekasek owocowo-warzywnych wytworzonych
z dodatkiem proszkéw z wyttokow jabtkowych (AP), z czarnych porzeczek (BP), z aronii (CP) lub
niskometylowanej pektyny jabtkowej (LMP) (A) oraz ich przekrojow wykonane metoda skaningowe;j
mikroskopii elektronowej (B) oraz tomografii komputerowej (C). Liczby w kodach probek odpowiadaja
procentowemu udziatowi dodatku w recepturze liofilizowanych przekasek, a mate litery a, b, ¢ reprezentuja
dodatek mleczanu wapnia odpowiednio w ilosci 0, 0,01 1 0,05%

takiej struktury skutkowataby podobnym profilem tekstury i prawdopodobnym
pozytywnym postrzeganiem przez potencjalnych konsumentéw. Silny zel utworzony
z czystych biopolimeréw i poddany napowietrzaniu przypomina delikatng strukture,

sktadajaca si¢ z rownomiernych poréw otoczonych cienkimi §ciankami materii stalej
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(Ciurzynska i wsp. 2018; Feng i wsp. 2024). Poczatkowo zaktadano, ze zastosowanie
niskometylowanej pektyny jabtkowej jako sktadnika strukturotworczego pozwoli na
wytworzenie struktury przekasek podobnej do struktury komorkowej tkanki owocow lub
warzyw. Na podstawie fotografii (Rys. 7B) i danych dost¢pnych w literaturze, mozna
stwierdzi¢, ze ten cel nie zostal osiggniety i szkielet odwodnionych zeli pektynowych
charakteryzowat si¢ mniej regularnym ukladem $cian i poréw niz liofilizowana tkanka
ro$linna, ktora nie zostala poddana procesowi rozdrabniania mechanicznego. Jednak
struktura uzyskana z udzialem pektyny byta bardziej regularna niz ta w probkach
z dodatkiem proszkow z wytlokow owocowych, niezaleznie od ich rodzaju.
Zaobserwowano, ze warianty przekasek otrzymane z dodatkiem pektyny jabtkowej byty
zbudowane z cienkich $cian 1 wigkszych poréw, podczas gdy struktura liofilizatow
zawierajacych w sktadzie proszki z wyttokéw owocowych byta niechomogeniczna oraz
podatna na uszkodzenia mechaniczne. Szczegdlnie widoczne bylo to na zdjeciach SEM,
ktérych wykonanie wymagato przekrojenia probki w celu uwidocznienia struktury
wewnetrznej, efektem tego dziatania bylo kruszenie si¢ wytworzonej matrycy
liofilizowanych przekasek. Ponadto na przekroju widoczne byly fragmenty wyttokow lub
pestek, ktore byly rozmieszczone nieregularnie w zaleznos$ci od rodzaju probki. Obrazy
przekroju poprzecznego uzyskane za pomocg tomografii komputerowej (Rys. 7C)
pokazuja takze, ze w centralnej czesci probek szkielet strukturalny matrycy liofilizatow
byl bardziej zwarty, a wielko$¢ poréw mniejsza.

Analiza mikrostruktury wykazata rdwniez odmienne tendencje, wystepujace na
skutek wprowadzenia do receptury przekasek pektyny jabtkowej oraz proszkow
z wyttokéw owocowych. Porowatos¢, czyli catkowita objgto§¢ porow, w prdobee
kontrolnej ksztattowata si¢ na poziomie okoto 60% (Tab. 7). Materiat strukturyzowany
pektyna charakteryzowal si¢ porowatosciag wigksza o kilka punktéw procentowych,
natomiast dodanie proszkéw z wytlokdw zmienito zaobserwowang tendencje. Wraz ze
zwigkszaniem udzialu tych dodatkéw, stopniowo malata porowatos¢ liofilizatow.
Najmniej porowate okazaty si¢ przekaski z dodatkiem wytlokow z aronii, co §wiadczy
0 najstabszym potencjale strukturotworczym tego surowca. Wplyw dodatku jonow
wapnia na porowato$¢ przekasek byl niejednoznaczny 1 nieistotny statystycznie.
Dodatkowo przeanalizowano wielkos¢ pojedynczych porow, wystepujacych w strukturze
przekasek, co zostato przedstawione na rysunku 8. Liofilizaty strukturyzowane pektyna

wyraznie odrdznialy si¢ od pozostalych pod wzgledem $redniej wielkosci porow.
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Tab. 7. Porowato$¢ liofilizowanych przekasek owocowo-warzywnych wytworzonych z dodatkiem
proszkow z wyttokow jabtkowych (AP), z czarnych porzeczek (BP), z aronii (CP) lub niskometylowanej
ektyny jabtkowej (LMP)

Porowato$é (%)
Przekaski z dodatkiem Przekaski z dodatkiem Przekaski z dodatkiem
. proszku z wytlokow proszku z wytlokow proszku z wytlokow
Material jablkowych z czarnych porzeczek z aronii
(AP) (BP) (CP)

Kontrola 59,50+0,64%¢ 59,50+0,64° 59,50+0,64°

la 57,21+0,77% 56,54+0,69 52,18+0,64°

1b 58,46+1,90 57,35+0,44¢ 53,59+0,41°

1c 58,98+1,032¢ 56,11+1,31¢ 53,22+1,25°

3a 53,03+0,97¢f 52,76+0,43¢ 45,25+0,37¢

3b 50,52+0,927 52,64+1,07¢ 48,44+0,99¢

3c 54,46+0,70% 51,53+0,58¢ 45,32+0,51¢

5a 43,48+1,28 49,15+0,25¢ 41,95+0,21F

5b 45,84+1,56" 49,85+0,51¢ 43,91+0,45¢f

5¢ 47,07+1,349" 50,76+0,27¢ 44,45+0,24¢
LMPO,5b 61,57+1,74% 61,57£1,74%® 61,57£1,74%
LMP1,5b 62,10+0,352 62,10+0,35? 62,10+0,35%

* liczby w kodach probek odpowiadaja procentowemu udziatowi dodatku w recepturze liofilizowanych
przekasek, a mate litery a, b, ¢ reprezentuja dodatek mleczanu wapnia odpowiednio w ilosci 0, 0,01 1 0,05%
** w tabeli przedstawiono $rednie wartosci z odchyleniem standardowym. Roézne litery a-i przy
warto$ciach w kolumnach oznaczaja roznice statystyczne pomigdzy wynikami otrzymanymi
W poszczegdlnych wariantach.

Srednica ponad potowy z nich byta wigksza niz 0,090 mm. W materiale kontrolnym mniej
niz 40% poréw posiadato takie wymiary, natomiast dodatek proszkow z wyttokow
owocowych znacznie zmniejszyt $rednig wielko$¢ poréw. Hydrokoloidy, takie jak
pektyny, ztatwoscia tworza tréjwymiarowa sie¢ i strukture, charakteryzujaca sie
cienkimi §ciankami i duzymi porami, ktorg mozna zachowac dzieki liofilizacji, uzyskujac
dzigki temu produkt o porowatej i ggbczastej strukturze (Ciurzynska i wsp. 2018;
Jakubczyk i wsp. 2021; Manzocco i wsp. 2021). Ponadto, we wczesniejszych badaniach
zaobserwowano, ze pektyna moze tworzy¢ liofilizowane matryce zelowe,
charakteryzujace si¢ wigkszg porowatoscig 1 wigkszymi porami w pordwnaniu z innymi
hydrokoloidami, np. mieszaning gumy ksantanowej i gumy guar (Ciurzynska i wsp.
2017). Najmniejsze pory wystepowaly w strukturze przekasek z dodatkiem wytlokow
Z owocOw czarnej porzeczki, w ktorych $rednia $rednica 91-97% pordéw byla mniejsza
niz 0,091 mm, przy czym im wigkszy dodatek wyttokow, tym mniejsze pory w materiale.
Podobng tendencje zaobserwowano w przypadku oceny porowatosci 1 wielkosci porow
liofilizowanych przekasek z dodatkiem proszku z wyttokéw jabtkowych, natomiast

w przekaskach z proszkiem z wytlokow z aronii udziat poréw o tej wielkosci utrzymywat
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si¢ w zakresie od 72 do 89%, jednak zaobserwowano tendencj¢ malejacg wraz ze

zwickszajaca si¢ iloscig wprowadzonego dodatku w formie proszku z wyttokow.
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Rys. 8. Rozklad wielkosci porow w strukturze liofilizowanych przekgsek owocowo-warzywnych
wytworzonych z dodatkiem proszkow z wyttokoéw jabtkowych (AP), z czarnych porzeczek (BP), z aronii
(CP) lub niskometylowanej pektyny jabtkowej (LMP). Liczby w kodach probek odpowiadaja
procentowemu udziatowi dodatku w recepturze liofilizowanych przekasek, a mate litery a, b, ¢ reprezentuja
dodatek mleczanu wapnia odpowiednio w ilosci 0, 0,01 i 0,05%.

Proces powstawania poréw w produkcie liofilizowanym jest determinowany
przez wzrost krysztatoéw lodu, ktory zalezy od sktadu materiatu oraz parametréw procesu.
Woprowadzenie dodatkowych czastek statych pochtaniajacych wod¢ mogto zredukowaé
ilos¢ 1 dostgpnos¢ wody ulegajacej zamrozeniu, a nastgpnie sublimacji, co mogto
przyczynié¢ si¢ do tworzenia mniejszych krysztatkow lodu przed liofilizacjg (Arsiccio

I wsp. 2019). Pektyna tworzy matryce hydrozelowa o wysokiej elastycznosci, dlatego
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formowanie krysztaltow w wyniku zamrazania nie powoduje znaczacych uszkodzen
struktury sieci hydrokoloidowej, a zatem struktura komoérkowa moze zosta¢ zachowana
po suszeniu sublimacyjnym (Feng i wsp. 2022). Mnicjsza porowato$¢ przekasek
swiadczy o tym, ze sktadniki zawarte w wytlokach owocowych, ktore charakteryzuja si¢
wlasciwosciami zelujacymi (Uruakpa, 2012; Eblaghi i wsp. 2021; Schmid i wsp. 2021;
ReiBner i wsp. 2022), nie wykazaty silnych zdolnosci do tworzenia trojwymiarowe;j sieci
w warunkach procesowych stosowanych podczas technologicznego przygotowania
materialu badawczego, co wyjasnia nieregularng strukture liofilizatow z dodatkiem
proszkow z wytlokdéw owocowych. Jezeli za§ chodzi o poprawg wlasciwosci
strukturotworczych proszkow z wytlokdw owocowych, stuszna drogg wydaje si¢ by¢
modyfikacja parametréw obrobki hydrotermicznej w celu intensyfikacji procesu
zelowania obecnych w nich sktadnikow, w tym pektyny (Eblaghi i wsp. 2021). Ponadto,
potencjat strukturotworczy proszkéw z wytlokow owocowych moégt nie by¢ w pehni
wykorzystany z uwagi na ograniczong dostepnos¢ wiokien i pektyn zamknietych
W czastkach proszku. Trudno jest wyjasni¢ mechanizm miedzy obserwowanymi
zmianami a réznicami W mikrostrukturze probek, gdyz dostepnos¢ danych
0 mechanizmach odpowiadajacych za wlasciwosci zelujace wytlokow owocowych,
zwlaszcza w liofilizowanych produktach spozywczych, jest bardzo ograniczona.
Wskazuje to na nisz¢ w tej dziedzinie i pokazuje potrzebg szczegdtowego zbadania
podstawowych wtasciwosci strukturo- 1 teksturotworczych suszonych wytlokow
owocowych, co, podobnie jak juz wskazano w przypadku podsumowania dotyczacego
weryfikacji hipotezy 3, kierunkuje 1 wzmacnia tez¢ o konieczno$ci optymalizacji
parametréw technologicznych, procesowych i strukturalnych sktadnikéw surowcow
w aspekcie kreowania kierunkéw badan i rozwoju nowych produktow spozywczych
w formie przekasek.

Wiasciwosci mechaniczne liofilizowanych przekasek zbadano, wykonujac test
sciskania, ktorego wyniki zostaty przedstawione jako twardo$¢, czyli maksymalna sita
zarejestrowana podczas deformacji probek (Tab. 8), oraz krzywe $ciskania, obrazujace
przebieg deformacji w czasie (Rys. 9). Zgodnie z oczekiwaniami, najmniejszg twardoscia
charakteryzowata si¢ probka kontrolna (Tab. 8). Zastosowanie niskometylowanej
pektyny jabtkowej oraz proszkow z wytlokow owocowych istotnie zmienito whasciwosci
tekstury przekasek, zwigkszajac ich twardo$¢ oraz zachowanie materialu podczas
deformacji na skutek przylozonej sity (Rys. 9). Uzyskany efekt zalezat od rodzaju

zastosowanego dodatku oraz jego stgzenia.
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Pektyna jabtkowa jako dodatek do przekasek wykazata znacznie wigkszy
potencjat teksturotworczy niz badane rodzaje proszkéow z wytlokoéw owocowych.
Pomimo stosunkowo niewielkiej ilosci pektyny (0,5 i 1,5%), wprowadzonej do sktadu
liofilizowanych przekasek owocowo-warzywnych, jej obecnos$¢ sprawita, ze twardos$¢
przekasek zwigkszyla si¢ odpowiednio ponad trzy- i szesciokrotnie w stosunku do probki
kontrolnej (Tab. 8). Efekt podobny do tego uzyskanego po zastosowaniu mniejszego
stezenia pektyny (0,5%) byt mozliwy do osiaggnigcia po dodaniu 3% proszku z wyttokow
jabtkowych potaczonych z jonami wapnia w ilosci 0,01%. Zwigkszenie udziatu proszku
z wyttokow jabtkowych do 5% skutkowalo istotnym zwigkszeniem twardos$ci przekasek,
jednak nawet po dodaniu takiej ilosci, twardos¢ probek byta znacznie mniejsza niz
przekasek z dodatkiem 1,5% pektyny. Analiza wynikow produktow z dodatkiem
proszkéw z wyttokdOw owocowych z aronii oraz czarnych porzeczek potwierdzita, ze pod
wzgledem twardosci, zastosowanie nawet dziesieciokrotnie wigkszej iloSci proszku
z wytlokow nie wzmocnito wlasciwosci mechanicznych matrycy liofilizowanych
przekasek w stopniu poréwnywalnym do tych wlasciwos$ci uzyskanych dla produktow
z dodatkiem niskometylowanej pektyny jabtkowe;.

Tab. 8. Twardos¢ liofilizowanych przekasek owocowo-warzywnych wytworzonych z dodatkiem

wytlokéw jabtkowych (AP), wytlokow z czarnych porzeczek (BP), wytlokow z aronii (CP) lub
niskometylowanej pektyny jabtkowej (LMP)

Twardosé¢ (N)
Przekaski z dodatkiem Przekaski z dodatkiem Przekaski z dodatkiem
Material pros.zku z wytlokow proszku z wytlokow proszku z w;_f_tlok()w
jablkowych z czarnych porzeczek z aronii
(AP) (BP) (CP)

Kontrola 21,98+0,95" 21,98+0,95" 21,98+0,959

la 29,85+1,449 36,75+3,109 38,08+3,32¢de

1b 37,25+1,44 38,28+2,45¢ 37,93+2,49%

1c 33,70£1,66 38,47+1,419 32,61x1,67

3a 65,71+3,82¢ 44,75+2 68 37,42+3,29%

3b 74,19+4,17¢ 46,41+2,27¢ 36,06+1,50¢

3c 67,90+2,29° 46,26+2,27¢ 39,42+0,98¢

5a 88,44+6,27¢ 49,39+2,79% 40,48+2,08¢

5b 101,18+4,23° 53,23+3,10¢ 42,55+1,47°%%¢

5¢C 101,58+4,94° 59,42+3,25¢ 39,87+1,47¢
LMPO,5b 79,60+2,80¢ 79,60+2,80° 79,60+2,80°
LMP1,5b 142,99+5,142 142,99+5,142 142,99+5,142

* liczby w kodach probek odpowiadaja procentowemu udziatowi dodatku w recepturze liofilizowanych
przekasek, a mate litery a, b, ¢ reprezentuja dodatek mleczanu wapnia odpowiednio w ilosci 0, 0,01 1 0,05%
** w tabeli przedstawiono srednie warto$ci z odchyleniem standardowym. Rozne litery a-i przy
warto$ciach w kolumnach oznaczaja réznice statystyczne pomigdzy wynikami otrzymanymi
W poszczegdlnych wariantach.
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Zaobserwowano, réwniez ze wprowadzenie do receptury proszkow z wytlokow
owocowych spowodowalo zwigkszanie twardosci przekasek, a zmiana byla tym wigksza
im wiekszy byt dodatek sktadnika. Wyjatek stanowily przekaski z dodatkiem proszku
z wyttokéw z aronii, ktore byly twardsze niz probka kontrolna, ale nie wykazano
statystycznie istotnych roznic twardo$ci pomigdzy wariantami zawierajacymi 1, 3 lub 5%
dodatku proszkow z wyttokow.

W badaniach sprawdzono rowniez czy dodatek jonow wapnia w postaci mleczanu
wapnia moze poprawi¢ wtasciwosci teksturotworcze proszkow z wyttokow owocowych.
Stusznos$¢ zatozenia, ze dodatek jonéw wapnia poprawi zdolno$¢ tworzenia mocnej
I twardej struktury weryfikowano na podstawie twardo$ci materiatu badanego. Biorac
pod uwage wyniki otrzymane w przypadku przekasek z dodatkiem wyttokow jabtkowych
oraz wytlokéw z czarnych porzeczek, widoczne byty tendencje, sugerujace, ze obecnos¢
mleczanu wapnia spowodowata zwigkszenie twardo$ci otrzymanych produktow, a zatem
korzystnie wptyngta na zdolno$¢ proszkow z wyttokéw do tworzenia mocniejszej
struktury matrycy liofilizatow. W przypadku proszku z wytlokow z aronii nie
zaobserwowano zadnych tendencji, zwigzanych z wystepowaniem interakcji pomiedzy
wyttokami i dodanym mleczanem wapnia. Jednak, pomimo zaobserwowanych tendencji
dla pozostatych dodatkow z wyttokow, w wigkszosci przypadkow analiza statystyczna
nie potwierdzita istotno$ci rdéznic wystepujacych pomigdzy wariantami, zawierajacymi
takie same ilo$ci proszkow z wytlokow oraz rdzne st¢zenia mleczanu wapnia. Jony
wapnia wspomagaja zelowanie pektyn, ale proces ten zalezy réwniez od sktadu
chemicznego matrycy, w tym obecnosci cukrow i kwasow, oraz pH uktadu (Capel i wsp.
2006; Kastner i wsp. 2012; Byun i wsp. 2020), ktore determinujg wlasciwosci reologiczne
oraz przydatno$¢ technologiczng dodatkéw do zywnosci. Na podstawie
zaobserwowanych tendencji mozna stwierdzi¢, Ze potencjalne interakcje pomig¢dzy
proszkami z wytlokdw owocowych oraz jonami wapnia byly korzystne w aspekcie cech
tekstury liofilizowanych przekasek, jednak zwigkszanie stezenia mleczanu wapnia nie
wplywato na poprawe uzyskanych efektow, dlatego tez stosowanie mniejszego
Z badanych stezen (0,01%) wydaje si¢ by¢ wystarczajace.

Poza twardoS$cig przeanalizowano takze wptyw sktadu liofilizowanych przekasek
na przebieg krzywych $ciskania. Widoczne na krzywych piki, przedstawiajace okresowe
zmniejszanie sity w czasie $ciskania, reprezentujg peknigcia struktury matrycy materiatu
pod wplywem przytozonej sity. Analiza uzyskanych przebiegéw krzywych $ciskania

wykazata zarowno réznice w zachowaniu materiatu badawczego, wynikajace z rodzaju
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zastosowanego dodatku, ktory potencjalnie wptynat na tekstur¢ produktow
liofilizowanych (Rys. 9, Tab. 8), jak i ilosci tego dodatku w recepturze, co wykazano
podczas omawiania parametru twardo$ci ocenianych przekasek (Tab. 8). Obecno$¢
matych i nieregularnie rozmieszczonych poréow (Rys. 7 i Rys. 8) w stabej strukturze
matrycy przekasek z wytlokami owocowymi powodowala bardziej plaski i gladszy
przebieg krzywych $ciskania (Rys. 9), natomiast bardziej porowata i twardsza struktura
wariantow z pektyng spowodowata, ze ksztatt krzywych byt bardzo nieregularny (Rys. 9
- krzywe czerwona i fioletowa). Zaobserwowano na nich takze obecno$¢ glebokich
pikéw, odpowiadajacych pekaniu probki, ktoremu towarzyszyl glosny dzwick styszany
podczas wykonywania testu. Podobne, lecz mniej gwaltowne zdarzenia wystepowaty
podczas $ciskania niektorych probek z dodatkiem proszku z wyttokow jabtkowych oraz
z czarnych porzeczek w ilosci 5%, jednak obserwacje te nie wystgpowaty w kazdym
wykonanym powtdrzeniu, a réznice pomiedzy sita zaobserwowang na poczatku i koncu
danego piku byty znacznie mniejsze niz w wariantach z dodatkiem pektyny. W czasie
badan zauwazono rowniez inny charakter odksztatcania si¢ probek strukturyzowanych
pektyng oraz tych wytworzonych z dodatkiem proszkow z wyttokow owocowych. Jak
wspomniano wczesniej, w strukturze otrzymanej z wykorzystaniem pektyny
wystepowaty gwaltowne peknigcia, podczas gdy probki z proszkami z wytlokow ulegaty
zgnieceniu, ale nie pgkaty. Krzywe $ciskania dla przekasek z dodatkiem proszkow
z wyttokow owocowych przebiegaty w zakresach mniejszych warto$ci sity, co ponownie
potwierdza mniejszg twardo$¢ materiatu, byty takze mniej zréznicowane w przebiegu, CO
swiadczy o mniejszej chrupkosci 1 kruchosci probek. Nalezy przypuszczal, ze
zaobserwowane roznice sa wynikiem wptywu reformulacji sktadu surowcowego na
wlasciwo$ci mechaniczne otrzymanych i badanych liofilizowanych przekasek owocowo-
warzywnych, a co za tym idzie potwierdzaja potencjat strukturo- i teksturotworczy

wprowadzanych sktadnikow.
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Rys. 9. Krzywe $ciskania liofilizowanych przekasek owocowo-warzywnych wytworzonych z dodatkiem
proszkow z A) wyttokow jabtkowych (AP), B) z czarnych porzeczek (BP), C) z aronii (CP) lub
niskometylowanej pektyny jabtkowej (LMP). Liczby w kodach probek odpowiadaja procentowemu
udziatowi dodatku w recepturze liofilizowanych przekasek, a mate litery a, b, ¢ reprezentuja dodatek
mleczanu wapnia odpowiednio w ilosci 0, 0,01 1 0,05%.

Na podstawie otrzymanych wynikow mozna stwierdzi¢, ze potencjat
teksturotworczy byt determinowany rodzajem wprowadzanych do produktéw wyttokow
owocowych w postaci proszkdw, przy czym najlepsze rezultaty pod wzgledem
analizowanych wtasciwosci mechanicznych uzyskano w przypadku wprowadzenia do
sktadu recepturowego przekasek proszku z wyttokow jabtkowych, a najgorsze — proszku
z wyttokow z aronii. Najprawdopodobniej wynika to z faktu, ze wytloki jabtkowe oraz
z czarnych porzeczek, a w konsekwencji uzyskane z nich proszki, mogg zawierad
stosunkowo duzo pektyn (Kosmala i wsp. 2010; Antonic i wsp. 2020), podczas gdy
owoce oraz wytloki z aronii, jak rowniez proszki z wyttokdéw, charakteryzujg si¢ nizszym
poziomem tych zwigzkow (Vagiri i Jensen, 2017). Z drugiej strony, inne badania
przeprowadzone przez Schmid i wsp. (2021) wykazaty, ze wyttoki z aronii poddane

procesowi ekstruzji moga tworzy¢ stabilng trojwymiarowa strukture, cho¢ byly mniej
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twarde niz material konwencjonalny wytworzony w tych badaniach na bazie skrobi.
W zwiazku z powyzszym nie tylko obecnos¢ pektyny w proszkach z wyttokow
owocowych, ale takze innych sktadnikow o wlasciwosciach zelujacych i zdolno$ci do
tworzenia trojwymiarowej struktury, takich jak btonnik, skrobia, biatka i cukry, mogly
wplyna¢ na charakterystyke wtasciwosci mechanicznych liofilizowanych przekasek.
Badania liofilizowanych zeli owocowych wytworzonych przez potgczenie alginianu sodu
oraz wyttokow jabtkowych, przeprowadzone przez Ciurzynska i wsp. (2022) wykazaty,
ze zwigkszenie zawartosci wytlokow miato wiekszy wptyw na teksture produktéw niz
zwigkszenie zawartosci hydrokoloidu. W czasie wspomnianych badan zaobserwowano
rowniez, ze twardsze liofilizaty byly gorzej oceniane przez panelistow oceny
sensorycznej, zatem nadmierna ilo$¢ wytlokow w skladzie przekasek moze miec
negatywny wptyw na ogolng percepcje produktow (Ciurzynska i wsp. 2022). Jak sugeruja
Feng i wsp. (2022), wiasciwosci mechaniczne i charakterystyka tekstury materiatu sa
Scisle potaczone z cechami jego mikrostruktury. Im bardziej nieregularnie rozmieszone
sa pory w strukturze, tym bardziej burzliwy charakter ma odksztatcanie takiego materiatu.
Efekt uzyskiwany poprzez wprowadzenie do sktadu zywnosci wytlokow owocowych na
zmiany wlasciwosci  teksturalnych jest determinowany takze technologia
wykorzystywang do wytworzenia danego produktu spozywczego. Dla wskazania
niejednoznaczno$ci uzyskiwanych rezultatow badan nalezy wskaza¢ na wyniki Jannati
i wsp. (2018). Zaobserwowali oni, ze rezultatem wprowadzenia i zwigkszania ilosci
wytlokow w sktadzie produktéw piekarskich, byto zmniejszanie twardosci produktow.
Autorzy wskazali, ze zjawisko to wynikato z intensywnej adsorpcji wody przez wtokna
zawarte w wytlokach (Jannati i wsp. 2018). Jezeli to stwierdzenie ma zastosowanie
rowniez w przypadku liofilizowanych przekasek, to nawet jesli zwigkszenie zawarto$ci
wytlokow powodowato redukcje higroskopijnosci, mogg one tatwiej mickna¢ w wyniku
kontaktu z wilgotnym srodowiskiem zewngtrznym. Ponadto, tekstura ma kluczowe
znaczenie w produktach z kategorii przekgsek. W przypadku materiatdw 0 niskiej
wilgotno$ci wlasciwosci tekstury silnie zaleza od zawarto$ci wody, dlatego utrzymanie
jej na niskim poziomie zapewnia chrupkos¢ i kruchosé, ktore moga zosta¢ utracone
w wyniku intensywnej adsorpcji wilgoci z otaczajacego srodowiska (Mazumder i wsp.
2007). Ponownie, podkresla to znaczenie Stosowania wysokobarierowych materiatow
opakowaniowych do tego typu produktow w celu zmniejszenia wptywu czynnikow

zewngtrznych obnizajacych jakos¢ liofilizatow podczas przechowywania.
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Na podstawie przedstawionych wynikéw mozna stwierdzi¢, ze proszki
z wytlokéw owocowych wykazuja potencjat strukturotworczy i ksztattuja cechy tekstury
liofilizowanych przekasek owocowo-warzywnych, opracowanych w ramach niniejszej
pracy. Jednak ich potencjat w tym zakresie jest znacznie mniejszy niz konwencjonalnych
dodatkéw hydrokoloidowych, jak niskometylowana pektyna jabtkowa. Dodatek
proszkow z wytlokéw owocowych spowodowal wzmocnienie struktury przy
jednoczesnym zmniejszeniu jej porowatosci, podczas gdy pektyna pozwolita na znaczne
zwigkszenie twardosci produktow oraz zwigkszenie ich porowatosci. Jezeli za§ chodzi
o efekt wzbogacenia receptury w jony wapnia, zaobserwowano jedynie tendencje,
pozwalajace potwierdzi¢ ich skuteczno$¢ w roli substancji wspierajacej mechanizmy
tworzenia struktury przez wyttoki owocowe, jednak nie zostaly one jednoznacznie
potwierdzone przez analizg statystyczng. Na tej podstawie mozna jednak stwierdzi¢, ze
pierwsza cze$¢ hipotezy 4 niniejszej pracy zostala zweryfikowana pozytywnie.

Druga cz¢$¢ hipotezy 4 zaktadata, ze dodatek proszkéw z wyttlokow owocowych,
prowadzacy do zmian w strukturze liofilizowanych przekasek owocowo-warzywnych,
w konsekwencji spowoduje takze zwigkszenie stabilnos$ci tych produktéw poprzez
zmniejszenie zdolnosci pochfaniania pary wodnej z otoczenia. Zatozenie to
weryfikowano na podstawie badania aktywnosci i zawarto$ci wody (Rys. 10) oraz
wiasciwosci higroskopijnych (Tab. 9).

Na rysunku 10 przedstawiono zalezno$ci pomigdzy zawartoscig i aktywnoscia
wody liofilizowanych przekasek z dodatkiem proszku z wyttokéw owocowych oraz
pektyny. Wykresy stupkowe prezentujg zawarto§¢ wody, natomiast wykresy liniowe
wyniki aktywnosci wody (Rys. 10). Probka kontrolna (Rys. 10) charakteryzowata sig
wilgotno$cig na poziomie okoto 1,92%, co odpowiada zawarto$ci wody na poziomie
okoto 0,02 g wody/g s.s. Jednocze$nie materiat cechowat si¢ aktywnos$cia wody okoto
0,055. Zgodnie z oczekiwaniami, opracowane przekgski z dodatkiem wytlokow
owocowych lub pektyny charakteryzowaty si¢ mniejszymi wartosciami tych parametrow,
a zatem reformulacja skladu i wprowadzenie do receptury zar6wno pektyny, jak
| proszkow z wyttokow owocowych pozwolito na osiggnigcie oczekiwanych efektow.
Zastosowanie niskometylowanej pektyny jabtkowej w ilosci 0,5% spowodowato
zmniejszenie $redniej zawartosci wody do 1,75%, natomiast probka otrzymana
z dodatkiem 1,5% hydrokoloidu zawierata 2,15% wody. Pomimo, ze wilgotnos¢

pozostala na poziomie zblizonym do probki kontrolnej, zaobserwowano istotne
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zmniejszenie aktywnosci wody do wartosci 0,029 10,034 w przypadku przekasek
z dodatkiem odpowiednio 0,5 i 1,5% pektyny jabtkowe;j.
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Rys. 10. Wyniki zawarto$ci i aktywnosci wody w liofilizowanych przekaskach owocowo-warzywnych
wytworzonych z dodatkiem proszkow z: A) wytlokéw jabtkowych (AP), B) wytlokow z czarnych
porzeczek (BP), C) wyttokow z aronii (CP) lub niskometylowanej pektyny jabtkowej (LMP); mate litery
a, b, ¢ w kodach probek reprezentuja dodatek mleczanu wapnia odpowiednio w ilosci 0, 0,01 i 0,05%.
Wykresy przedstawiaja $rednie wartoéci z odchyleniem standardowym. Rozne litery a-g dla punktow lub
stupkéw oznaczajg rdznice statystyczne pomig¢dzy wynikami otrzymanymi w poszczeg6lnych wariantach.

W efekcie reformulacji sktadu liofilizowanych przekasek owocowo-warzywnych
I wprowadzenia do receptury proszkow z suszonych wytlokow owocowych nastgpito
istotne zmniejszenie zawartosci oraz aktywnosci wody w produktach. Zawarto$¢ wody
w przekaskach z dodatkiem wyttokow jabtkowych zawierata si¢ w przedziale 1,11—
2,00% (Rys. 10A). Wartosci tego parametru W przypadku probek z proszkami
z wyttokdéw z owocow czarnej porzeczki i aronii byty zawarte odpowiednio w przedzia-
tach 1,19-1,53 oraz 1,20-1,68%. Zakresy, w ktorych znajdowaly si¢ wyniki aktywnosci
wody przekasek z dodatkiem proszkow z wyttokow to: dla jabtkowych 0,015-0,048,
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z czarnych porzeczek 0,024-0,042 oraz z aronii 0,051-0,028. Otrzymane wyniki mogty
by¢ skutkiem mniejszej ilosci wody dodawanej do przekasek, gdyz zwigkszanie ilosci
dodatkéw odbywalo si¢ kosztem procentowego udzialu wody. Zaobserwowano, ze
przekaski z dodatkiem proszku z wyttokow jabtkowych oraz porzeczkowych w ilosci
31 5% nie roznily si¢ istotnie pod wzgledem zawartosci wody, podczas gdy w przypadku
dodatku proszku z wytlokow z aronii zawarto§¢ wody malata stopniowo wraz ze
zwickszaniem jego udzialu w recepturze przekasek. Tendencje, ktére wystapily
w przypadku badania zawarto$ci wody nie korespondowaly w pelni ztymi, ktore
zauwazono podczas analizy aktywnosci wody. Po dodaniu proszku z wytlokow
jablkowych (Rys. 10A) obserwowano stopniowe zmniejszanie aktywnosci wody wraz ze
zwigkszaniem ilo$ci dodatku. W przypadku proszku z wyttokow porzeczkowych (Rys.
10B), analiza aktywno$ci wody wykazata, ze trend zwigzany z poziomem tego parametru
byt tozsamy z obserwowanym wsrdod wynikoéw zawartosci wody, czyli dodatek proszku
z wytlokéw spowodowat zmniejszenie wartosci obydwu parametrow. Wyniki wartosci
parametrow zarejestrowane w przypadku probek z dodatkiem proszku z wyttokoéw
z aronii (Rys. 10C) uwidocznity ich wzajemng zalezno$¢, co oznacza, ze wraz ze
zwickszaniem dodatku proszku z wytlokow stopniowo zmniejszaly si¢ zaro6wno
zawarto$¢, jak iaktywnos¢ wody. Jednak w tym przypadku zaobserwowano réwniez
nieistotng statystycznie, lecz wyrazng tendencje, ze wartosci te zwigkszaty si¢ wraz ze
zwigkszaniem ilo$ci dodanego mleczanu wapnia. Mogloby to wskazywa¢ na poprawe
wlasciwosci zelujacych i silniejsze oddzialywanie miedzy czgsteczkami wody i pektyny
obecnymi w skladzie przekasek po wprowadzeniu jonéw wapnia, a tym samym
trudniejszg i ograniczong dyfuzyjno$¢ wody podczas suszenia (Fraeye i wsp. 2010).
Jednak podobnych tendencji nie zaobserwowano w przypadku badanych przekasek
z dodatkiem proszku z wytlokow jabtkowych oraz z owocow czarnej porzeczki.
Otrzymane wyniki oraz wskazane tendencje potwierdzaja opublikowane
wczesniej wyniki, dotyczace liofilizowanych przekasek owocowych lub warzywnych
strukturyzowanych dodatkiem hydrokoloidow i/lub suszonych wytlokow owocowych
(Ciurzynska i wsp. 2015, 2020, 2022; Karwacka i wsp. 2021, 2022). Zaré6wno Ciurzynska
i wsp. (2015, 2020, 2022), jak i Karwacka i wsp. (2021, 2022) w prezentowanych pracach
stwierdzily, ze wigksza zawarto$¢ wody przy jednoczesnej jej malej aktywnosci moze
wynika¢ z rdznego mechanizmu wigzania wody w strukturach opartych na matrycy
budowanej na bazie pektyny i jej zdolnosci do wigzania wody w porownaniu do matrycy

tworzonej na bazie proszkéw z wytlokow owocowych. Jak podaje literatura, wiokna
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polisacharydowe, w tym pektyna, celuloza i ligniny zawarte w proszku z wytlokow
jablkowych potencjalnie mogg pochlonaé nawet ponad 5 g wody/g proszku (Sharma
i wsp. 2017), z kolei zdolno$¢ zatrzymywania wody przez proszek z wyttokéw z czarnych
porzeczek jest ponad 10 razy mniejsza niz pektyny (Reifiner i wsp. 2019), podczas gdy
nawet 1% niskometylowanej pektyny jabtkowej wystarcza do stworzenia stabilnego Zelu,
ktory jest w stanie utrzymac ponad 95% cieczy. Podczas tworzenia zelu tancuchy pektyn
tworza wigzania jonowe, unieruchamiajace czasteczki wody w przestrzeniach migdzy
nimi, co sprawia, ze woda jest trudniejsza do usunigcia (Sharma i wsp. 2017; Wan i wsp.
2021). Podobne zaleznosci zwigzane z dodatkiem wyttokéw owocowych i hydro-
koloidow do liofilizatéw zostaty zaobserwowane przez Ciurzynska i wsp. (2022), ktorzy
badali potaczenie alginianu sodu 1 sproszkowanych wyttokéw jabtkowych lub
aroniowych w liofilizowanych przekaskach otrzymanych z przecieru jabtkowego.
W pracy zaobserwowano, ze zwigkszenie ilosci hydrokoloidu skutkowalo wigksza
zawartos$cig 1 aktywnoscig wody w materiale, a zwigkszenie dodatku proszku z wyttokow
miato tendencj¢ do redukcji wartosci tych parametrow. Autorzy powigzali to
Z zaobserwowang roznicg w strukturze przekasek, ktora okazata si¢ krucha i zbudowana
z cienkich $cianek w probkach z mniejszg iloscig wspomnianych dodatkow w sktadzie.
Z punku widzenia bezpieczenstwa zywnosci Krytyczna aktywno$¢ wody,
zapewniajaca bezpieczenstwo zywnosci wynosi 0,6 (ljabadeniyi i Pillay, 2017), co
oznacza, ze wyniki uzyskane w przypadku badanych przekasek byly okoto
dziesigciokrotnie mniejsze. Jednak woda obecna w materiale odpowiada rowniez za
wystepowanie niekorzystnych zmian fizycznych, takich jak przemiana szklista, ktora
znacznie zmniejsza jako$¢ zywnosci liofilizowanej (Silva-Espinoza i wsp. 2020b).
Odwodnione produkty sa czesto w stanie amorficznym, ktéry objawia sie twardg
I chrupiacg tekstura, chociaz suszone produkty pojawiajace si¢ na poétkach sklepowych
dowodza, ze wiele suszonych owocodw 1 warzyw jest odwodnionych do punktu zawartosci
wody, w ktorym jej aktywno$¢ jest zmniejszona 00 poziomu zapewniajgcego
bezpieczenstwo, ale nie stabilno$¢ fizyczng. Przekroczenie tej granicy zawartosci wody
powoduje obnizenie temperatury zeszklenia, w wyniku czego produkt spozywczy staje
si¢ gumowaty. W przypadku produktow liofilizowanych zjawisko to wptywa na ogdlng
jakos¢, ze szczegdlnym uwzglednieniem takich cech jak tekstura, mikrostruktura oraz
atrybuty sensoryczne, przez co liofilizaty traca wlasciwosci, ktore odrozniaja te produkty
od innych o obnizonej zawarto$ci wody (Blahovec, 2007; Moraga i wsp. 2011). Z tego

powodu wazne jest rowniez zbadanie zdolno$ci do wchianiania wilgoci z otoczenia, co
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na przyktad wskazuje na to, jak szybko nalezy spozy¢ produkt, aby unikngc¢
niekorzystnych zmian jego wlasciwosci fizykochemicznych po otwarciu opakowania.
Do tego celu postuzyta analiza higroskopijnosci, czyli cechy pomagajacej
w okre$laniu stabilno$ci suszonej zywno$ci. Wskazuje ona zdolno$¢ materiatu do
pochlaniania wilgoci z otoczenia. Wyniki wyrazone jako ilo§¢ wody zaadsorbowanej
podczas 72-godzinnej ekspozycji w §rodowisku o wilgotnosci wzglednej rownej 75%
przedstawiono w tabeli 9. Materiaty charakteryzujace si¢ duza higroskopijnoscia sa
Z reguty mniej stabilne i mniej trwate. Dlatego tez produkty spozywcze o takich cechach
wymagaja stosowania opakowan o duzej barierowosci, ktore zapewniaja optymalne
warunki przechowywania, dzigki czemu okres przydatno$ci do spozycia jest wydluzony.
Badanie wtasciwosci higroskopijnych bylo przeprowadzone, aby zweryfikowac
zachowanie opracowanych przekasek ,,po otwarciu opakowania”.
Tab. 9. Higroskopijno$¢ liofilizowanych przekasek owocowo-warzywnych wytworzonych z dodatkiem

proszkow z wyttokow jabtkowych (AP), z czarnych porzeczek (BP), z aronii (CP) lub niskometylowanej
ektyny jabtkowej (LMP)

Higroskopijnos¢ (g wody/100 g s.s.)
Przekaski z dodatkiem Przekaski z dodatkiem Przekaski z dodatkiem
Material pros-zku z wytlokow proszku z wytlokow proszku z w;_r_tlok()w
jablkowych z czarnych porzeczek z aronii
(AP) (BP) (CP)

Kontrola 29,15+0,122 29,15+0,128 29,15+0,122

la 28,5240,15% 27,3140,12° 26,26+1,21°¢

1b 28,7440,72% 27,61+0,34° 27,54+0,11°

1c 28,360,173 27,04+0,41° 27,01+0,15°

3a 27,10+0,21° 24,89+0,19° 23,98+0,05%f

3b 26,27+0,25% 24,81+0,16° 24,64+0,25%

3c 25,61+0,34¢f 25,45+0,37¢ 24,96+0,14%

5a 24,58+0,16f 22,90+0,409 22,23+0,179

5b 24,69+0,26° 22,760,579 23,47+0,27¢f

5¢c 24,81+0,08f 22,41+0,16¢9 23,14+0,22f
LMPO0,5b 27,66+1,10° 27,66+1,10° 27,66+1,10°
LMP1,5b 27,56+0,26"¢ 27,56+0,26° 27,56+0,26°

* liczby w kodach probek odpowiadaja procentowemu udziatlowi dodatku w recepturze liofilizowanych
przekasek, a mate litery a, b, ¢ reprezentuja dodatek mleczanu wapnia odpowiednio w ilosci 0, 0,01 1 0,05%
** w tabeli przedstawiono $rednie wartosci z odchyleniem standardowym. Rézne litery a-f przy
warto$ciach w kolumnach oznaczaja réznice statystyczne pomigdzy wynikami otrzymanymi
W poszczegdlnych wariantach.

Zawartos¢ wody w probce kontrolnej, w ktérej nie zastosowano zadnych
dodatkow, po inkubacji w $rodowisku o wysokiej wilgotnosci wynosita
~29 g wody/100 g s.s. (Tab. 9). W wyniku zastosowania w przekaskach liofilizowanych

pektyny jako substancji strukturotworczej, higroskopijnos¢ zostata zredukowana $rednio
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0 5% bez istotnego wplywu ilosci hydrokoloidu na warto$¢ parametru. Zastgpienie
pektyny proszkami z wytlokdow owocowych takze powodowalo zmniejszanie
wilasciwos$ci higroskopijnych, przy czym wraz ze stopniowym zwigkszaniem dodatku
proszku z wyttokow, ilos¢ zaadsorbowanej wody zmniejszata si¢. Najlepszy efekt, czyli
zmniejszenie ilosci pochtonietej wilgoci $rednio o 15, 22 oraz 21% w stosunku do probki
kontrolnej, uzyskano w wariantach z najwigkszym udziatem odpowiednio proszku
z wyttokéw jabtkowych, z czarnych porzeczek oraz z aronii.

Wysoka zdolnos$¢ adsorpcji pary wodnej, wyrazona ilo$cig zaadsorbowanej wody
w g wody/100 g suchej substancji, jest typowa dla zywnosci liofilizowanej, o jest przede
wszystkim konsekwencja duzej roznicy pomiedzy zawarto$cia wody w materiale
I wilgotnos$cia otaczajacej go atmosfery, dzigki czemu wnikanie i migracja pary wodnej
do wnetrza porowatej struktury tego typu produktéw jest bardzo intensywna. Im bardziej
porowata i otwarta struktura, tym intensywniejsza wymiana masy (Nowak i Jakubczyk,
2020), co moze by¢ cechg pozytywna, biorgc pod uwage wlasciwosci rekonstytucyjne,
ale negatywng z punku widzenia stabilno$ci zywnosci. Ponadto, higroskopijnos¢ jest
determinowana takze przez sktad chemiczny materiatu, a szczegdlnie duzg zawarto$é
cukrow 1 mala zawarto$¢ lipidow (Roca i1 wsp. 2008; Jakubczyk i wsp. 2021).
Zwigkszanie udzialu wody w zywnos$ci moze wptywaé zardwno na jej bezpieczenstwo
mikrobiologiczne, jak i wiasciwosci teksturalne, barwe oraz stabilnos$¢ zawartych
zwigzkow chemicznych (Silva-Espinoza i wsp. 2020b). Ponadto zauwazono, ze badane
w niniejszej pracy przekaski z dodatkiem proszkow z wytlokow osiggaty stata mase po
72 godzinach do$wiadczenia, podczas gdy liofilizowane Zele pektynowe po tym czasie
wcigz pochlanialty wode. Sugeruje to, ze pomimo duzej zdolnosci pektyny do
zmniejszania aktywnosci wody w materiale strukturyzowanym jej dodatkiem,
powinowactwo pektyny do wody (Panchev i wsp. 2010) ogranicza mozliwos$¢ poprawy
stabilnosci produktow liofilizowanych. Ma to znaczenie szczegdlnie pod wzgledem
koniecznos$ci utrzymania stalego poziomu zawarto$ci wody oraz ograniczania zmian,
bedacych nastgpstwem wzrostu wilgotnosci produktu. Podkresla to konieczno$¢
odpowiedniego zabezpieczania takich produktow przed wplywem czynnikow
zewngtrznych, takich jak wilgotnos¢ srodowiska. Zgodnie z klasyfikacja materiatow pod
wzgledem ich higroskopijnosci (De Moraes i wsp. 2017), liofilizowane przekaski,
niezaleznie od zastosowanego dodatku, byly wysoce higroskopijne. Wiasciwosci
higroskopijne sa silnie uzaleznione od struktury probki. Bardziej zwarta i mniej porowata

struktura moze hamowac¢ adsorpcje wilgoci ze wzgledu na wigksza ilo§¢ zamknietych
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poréw, ktore sg oddzielone od srodowiska, a tym samym mniej dostgpne dla pary wodnej
(Feng i wsp. 2022). Z drugiej strony, zmniejszenie intensywnosci pochtaniania wilgoci,
wynikajace z dodatku pektyny, mogto by¢ spowodowane pecznieniem hydrokoloidu, co
prowadzito do zamykania wewnetrznych poréw (Kowalski i wsp. 2019). Wyjasniatoby
to rowniez staly przyrost masy spowodowany ruchliwoscig wody i jej dyfuzja od
powierzchni do wewnetrza matrycy probki.

Na podstawie otrzymanych wynikow mozna stwierdzi¢, ze zastosowanie
badanych dodatkéw strukturotworczych, czyli proszkow z suszonych wyttokow
owocowych lub pektyny, zmniejszyto zawarto$¢ i aktywnos¢ wody w liofilizowanych
przekaskach owocowo-warzywnych, co, biorac pod uwage wczesniej omawiane badania,
moze sugerowa¢ ich wigkszg trwalo$¢ 1 stabilno§¢ pod wzgledem wlasciwosci
fizykochemicznych. Ponadto, po wprowadzeniu dodatkéw oraz wraz ze zwigkszaniem
ich udziatu w recepturze przekasek zmniejszyta si¢ ich zdolnos¢ do pochtaniania wilgoci
z otoczenia, co rowniez jest cechg w tym wypadku pozytywna. Jednak pomimo
uzyskanych efektow, nawet probki, w ktorych redukcja byla najwigksza,
charakteryzowaly si¢ duza higroskopijnoscia, co moze prowadzi¢ do szybkiej utraty
jakosci podczas kontaktu z wilgotng atmosferg. Na tej podstawie mozna zatem
wywnioskowa¢ konieczno$¢ stosowania wysokobarierowych opakowan dla tego typu
produktéw, niezaleznie od ich sktadu, w celu zachowania jak najlepszych cech
jakosciowych. Niemniej jednak, wyniki przeprowadzonych badan pozwalaja pozytywnie
zweryfikowa¢ druga czes¢ hipotezy 4, a zatem wszystkie zalozenia zawarte w tej

hipotezie zostaty potwierdzone.
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5. PODSUMOWANIE | WNIOSKI

Przedmiotem niniejszej rozprawy byta analiza wptywu reformulacji sktadu
surowcowego na wybrane witasciwosci fizykochemiczne 1 uzytkowe liofilizowanych
przekasek owocowo-warzywnych, wytworzonych z wykorzystaniem wytlokow
owocowych oraz niskometylowanej pektyny jabtkowej. Badania zostaty zaplanowane na
podstawie zatozenia, ze wytloki owocowe w formie proszku, ktore sa
zagospodarowywane mig¢dzy innymi jako surowiec do produkcji pektyn, mogg stanowic
zamiennik konwencjonalnych dodatkow strukturotworczych, jednoczesnie dodajac
»nhowym produktom” warto$¢ jaka jest przyjaznos¢ dla srodowiska i wzbogacenie ich
wartos$ci zywieniowej. W roli tradycyjnego dodatku strukturotwoérczego wykorzystano
niskometylowang pektyne jabtkowa, a uzyskane wyniki badan dla przygotowanych na tej
bazie liofilizowanych przekasek owocowo-warzywnych stanowily  materiat
porownawczy dla liofilizatow strukturyzowanych za pomocg dodatku proszkow
z wytlokow z jabtek, czarnych porzeczek oraz aronii. Plan badan zostal opracowany
celem weryfikacji czterech hipotez badawczych, ktore dotyczyly oceny potencjatu
wytlokow owocowych w formie proszku, jako komponentow  strukturo-
I teksturotworczych w produkeji zywnosci liofilizowanej oraz wptywu tych dodatkow na
wybrane wlasciwosci fizykochemiczne gotowych produktow w postaci przekasek
w aspekcie ich warto$¢ zywieniowej oraz oddziatywania na srodowisko.

Na podstawie literatury przedmiotu oraz przeprowadzonych badan
eksperymentalnych dokonano catkowitej lub czegsciowej weryfikacji postawionych

hipotez, co pozwolito na sformutowanie nastepujacych stwierdzen 1 wnioskow:

1. Produkcja liofilizowanych przekasek owocowo-warzywnych z dodatkiem proszkow
z wyttokow owocowych jako zamiennikow hydrokoloidéw, na przykladzie
niskometylowanej pektyny jablkowej, moze by¢ skutecznym rozwigzaniem
wpisujacym si¢ w koncepcje zrownowazonego rozwoju i gospodarki w obiegu
zamknigtym. Waloryzacja produktéw ubocznych, w formie proszkow z wyttokow
owocowych, moze wplynag¢ na obnizenie S$ladu weglowego liofilizowanych
przekasek oraz zmniejszenie ilosci odpaddéw przemystu owocowo-warzywnego.
Nalezy jednak zauwazy¢, ze z uwagi na opracowany schemat przebiegu procesu
technologicznego wytwarzania liofilizowanych przekgsek owocowo-warzywnych

(w skali laboratoryjnej), otrzymane rezultaty badan wykazaty, Zze zastosowana
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reformulacja sktadu, niezaleznie od wykorzystanych komponentow, nie wplyngta na
ograniczenie emisji gazow cieplarnianych wytwarzanych bezposrednio w czasie
produkcji przekasek, ktorg wyrazono wartoscig obliczonego $ladu weglowego.
Zastgpienie niskometylowanej pektyny jabitkowej jako dodatku umozliwiajagcego
strukturyzacje matrycy liofilizowanych przekasek owocowo-warzywnych proszkami
z wytlokéw owocowych korzystnie wptyneto na wartos¢ odzywcza produktow,
powodujac w nich zwigkszenie zawartosci biatka, thuszczow 1 sktadnikow
mineralnych oraz warto$ci energetycznej, co odbylo si¢ kosztem zmniejszenia
zawartosci btonnika pokarmowego. Pod wzgledem zywieniowym, otrzymane
produkty byly porownywalne z przekaskami dostgpnymi komercyjnie.

Proszki z wytlokow owocowych wykazaty potencjal strukturotworczy oraz
wykazano, ze ksztattuja cechy tekstury liofilizowanych przekasek owocowo-
warzywnych. Jednak ich przydatno$¢ w tym zakresie jest znacznie mniejsza niz
konwencjonalnych dodatkéw hydrokoloidowych. W poréwnaniu z pektyna, wyttoki
owocowe wykazaly mniejszy potencjal teksturotworczy i strukturotworczy, czego
efektem byta zwarta i nieregularna struktura oraz nieznaczne zwigkszenie twardosci
przekasek, nawet po zastosowaniu duzej ilosci wytlokow. Najwieksze zmiany
wlasciwosci mechanicznych zaobserwowano w przypadku liofilizatow z dodatkiem
proszkow z wyttokow jabtkowych, a najmniejsze z wyttokow z aronii.

Pomimo uzyskania niejednoznacznych wynikéw, wprowadzenie do ukladu jonow
wapnia wykazuje tendencj¢ do poprawy wilasciwosci strukturotworczych jakimi
charakteryzuja si¢ komponenty w postaci proszkéw z wyttokow owocowych.
Jednoczes$nie ograniczona dostgpnos¢ danych literaturowych w tym zakresie sugeruje
konieczno$¢ prowadzenia dalszych badan w celu poglebienia wiedzy na temat
mechanizmow oddzialywania i przebiegu interakcji zachodzacych pomigdzy
sktadnikami surowcow w postaci wytlokow owocowych a tworzong matryca
projektowanej zywnosci, tak aby w petni poznac potencjat taczonych komponentow.
Zwarta i mniej porowata struktura matrycy liofilizowanych przekasek, otrzymanych
z dodatkiem proszkow z wyttokow owocowych, spowodowata znaczne zmniejszenia
higroskopijnosci materiatu, a tym samym nie nastgpita jego przewidywana poprawa
stabilnosci. Przekaski z dodatkiem proszku z wyttokow charakteryzowaty si¢ rowniez
bardzo niskg zawartoscig 1 aktywnosciag wody, co dodatkowo ogranicza mozliwo$¢
zaj$cia reakcji biochemicznych oraz rozwoju drobnoustrojow. Jednocze$nie badania

higroskopijnosci liofilizowanych przekasek owocowo-warzywnych potwierdzity
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koniecznos$¢ odpowiedniego doboru materiatéw opakowaniowych, ktore zapewnia
W czasie przechowywania gotowych produktow ograniczony dostep do $wiatla,
powietrza oraz wilgoci.

Badania przechowalnicze wykazaly, ze liofilizowane przekaski owocowo-warzywne,
wytworzone z dodatkiem proszkow z wyttokow owocowych lub niskometylowanej
pektyny jablkowej, nie byly w pelni stabilne podczas przechowywania. Niezaleznie
od rodzaju zastosowanego dodatku oraz temperatury otoczenia obserwowano zmiany
wiasciwo$ci fizykochemicznych. Biorge pod uwage stosunkowo nieduzy zakres
zmian obserwowanych cech po przechowywaniu w podwyzszonej temperaturze,
stwierdzono, ze przekaski moga by¢ przechowywane przez okres 12 miesiecy.
Jednocze$nie jednak potwierdzono, ze wymagane sg dalsze i bardziej doktadne
badania w celu zoptymalizowania okresu przydatnosci do spozycia i warunkow
przechowywania, z uwzglgdnieniem oceny konsumentéw. Ponadto, biorac pod
uwage wszystkie analizowane wyniki badan, sugeruje si¢ przechowywanie
liofilizowanych przekasek owocowo-warzywnych, strukturyzowanych pektyna i/lub
proszkami z wyttokéw owocowych, w warunkach chtodniczych.

Wprowadzenie do receptury liofilizowanych przekasek owocowo-warzywnych
wytlokow owocowych w proszku, powoduje nie tylko zwigkszenie catkowitej
zawarto$ci sktadnikow bioaktywnych w produktach, ale prowadzi do zwigkszenia
aktywno$ci przeciwutleniajgcej, a w rezultacie rowniez do poprawy wartosci
zywieniowe] przekasek. Najbardziej korzystny efekt zaobserwowano szczegélnie
w przypadku wprowadzenia do liofilizatéw proszku z wytlokéw z aronii, CO

powiazano z duza zawarto$cig antocyjanow.
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produkcji  zdrowej  zywnosci z  uwzglgdnieniem  zagospodarowania
petnowarto$ciowych odpadow spozywczych (wysortu warzywnego) i opracowanie
metody obliczania $§ladu weglowego™, 10.2019-10.2021

Doniesienia konferencyjne

1. VII Edycja Ogoélnopolskiej Konferencji Mtodych Naukowcow ,,Nowe wyzwania dla
polskiej nauki”, Warszawa, Polska, 5/12.12.2020 (Online). Prezentacja ustna pt.
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Wybrane wtasciwosci fizyczne i §lad weglowy liofilizowanych przekasek owocowo-

87



10.

11.

12.

13.

14.

88
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Wplyw wytlokéw jablkowych i jondw wapnia na charakterystyke liofilizowanych
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Estonia, 8-10.05.2024. Prezentacja ustna pt. Second life for food industry by-products
— Valorization of blackcurrant pomace as a functional component in restructured
freeze-dried snacks (Magdalena Karwacka, Matgorzata Nowacka, Sabina Galus,
Monika Janowicz)

XXVIII Sesja Naukowa Sekcji Mtodej Kadry Naukowej ,,Zywno$¢ wobec wyzwan
wspotczesnego $wiata”, Gdansk, Polska, 16-17.05.2024. E-poster pt. Wplyw
temperatury 1 czasu przechowywania na jakos¢ liofilizowanych przekgsek owocowo-
warzywnych z dodatkiem wytlokow owocowych (Magdalena Karwacka,
Matgorzata Nowacka, Sabina Galus, Monika Janowicz)

. VIII Sympozjum Inzynierii Zywno$ci, Warszawa, Polska, 1-3.07.2024. Prezentacja

ustna pt. Analiza wybranych wlasciwosci fizycznych liofilizowanych batonow
warzywnych powlekanych powtoka na bazie zelatyny wieprzowej z dodatkiem bulionu
warzywnego (Agnieszka Ciurzynska, Monika Janowicz, Magdalena Karwacka, Sabina
Galus)

Odbyte staze naukowe i szkoly letnie

1.

Staz naukowy pt. ,,Effect of high-pressure impregnation on the properties of obtained
fruit product” (Wtasny Fundusz Stypendialny SGGW w Warszawie) w Department
of Agricultural and Food Sciences, University of Bologna, Cesena, Wtochy, 1.06—
31.08.2023

Szkota letnia “Production and Consumption of Processed Vegetable Foods Summer
School — Emilia Romagna Food Science Advanced Doctoral Training Programme”,
Bertinoro, Wtochy, 26-30.06.2023
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Nagrody i wyroznienia

1.

~

90

Wyrdznienie za wygloszony referat podczas VIII Edycji Ogdlnopolskiej Konferencji
Mtodych Naukowcow ,Nowe wyzwania dla polskiej nauki”’, Warszawa,
5/12.12.2020

Glowna nagroda za wygtoszony referat pt. ,,Wybrane wtasciwosci liofilizowanych
przekasek warzywnych wytworzonych z wykorzystaniem pelnowartosciowych
odpadow” podczas XLV Sesji Naukowej Komitetu Nauk o Zywnosci i Zywieniu
,Zywno$é w strategii zielonego tadu”, Gdansk, 1-2.07.2021

Wyrdznienie za wygltoszony referat podczas IV Konferencji Doktorantéw ,,Cztery
Zywioty — Wspotczesne problemy w naukach o zyciu”, Lublin, 14.12.2021
Wyrdznienie za E-poster podczas VII Sympozjum Inzynierii Zywnosci, Warszawa
29-30.06.2022

Nagroda za wygloszony referat podczas XXVII Sesji Naukowej Sekcji Mtodej Kadry
Naukowej ,,Rozw6j Nauk o Zywnosci. Zréwnowazona przyszto$é”, Warszawa, 11-
12.05.2023

Nagroda zespotowa II stopnia JM Rektora SGGW za osiagniecia badawcze, 2022
Nagroda zespotowa II stopnia JM Rektora SGGW za osiggnigcia badawcze, 2023
Nagroda zespotowa II stopnia JM Rektora SGGW za osiggni¢cia badawcze, 2024



8. PUBLIKACJE STANOWIACE ROZPRAWE DOKTORSKA ORAZ
OSWIADCZENIA WSPOLAUTOROW
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EFFECT OF STRUCTURE AND TEXTURE FORMING
ADDITIVES ON PROPERTIES OF FREEZE-DRIED

SNACKS -

REVIEW®

Wptyw dodatku substancji ksztattujgcych strukture i teksture na wtasciwosci
liofilizowanych przekgsek — przeglad®

Key words: freeze-dried snacks, hydrocolloids, fruit pomace,
carrier agent, food properties.

The purpose of this paper was to review recent findings focused
on the development of freeze-dried snacks with addition of
hydrocolloids as carrier agents and evaluate the possibility
of replacement of such additives with fruits pomace on the
base of reports conducted on their application as additives
modifying properties of various food products. The use of
hydrocolloids allows to obtain freeze-dried gels characterised
by porous and crispy structure that attracts consumers. These
carrier agents increase glass transition temperature and
reduce water adsorption ability of products, improving their
stability and easing storage. On the other hand, fruit pomace
managed as new foods ingredients affect functional properties
of products too. There are findings proving that dried pomace
powders affect quality of bread, confectionaries, yoghurt
and meat products, principally enhancing their nutritional
value and texture. Moreover, products fortified with fruit
pomace are attractive and interesting for consumers,
what improve their value even more. Dried fruit pomace
powders has great potential for application in food industry,
especially considering environmental point of view, therefore
replacement of hydrocolloids in freeze-dried products seems
to be promising subject for further research.

INTRODUCTION

Fruits and vegetables are a natural source of nutrients
and bioactive compounds a lot of which may be lost during
processing. Because of high water content, extension of shelf
life of fruits and vegetables is provided e.g. due to drying,
which aims to reduce water content and activity, but also causes
changes in products quality. Therefore, among many drying

Stowa kluczowe: liofilizowane przekaski, hydrokoloidy, wy-
tloki owocowe, no$niki, modyfikacja wtasciwosci zywnosci.

Celem pracy byl przeglgd najnowszych doniesien naukowych
dotyczgcych opracowywania liofilizowanych przekgsek z do-
datkiem hydrokoloidow jako nosnikow oraz dokonanie oceny
mozliwosci zastgpienia tych skladnikow wyttokami owocowy-
mi na podstawie wynikow otrzymanych w czasie badan prowa-
dzonych na roznych produktach spozywczych wzbogaconych
dodatkiem wytlokow. Dzigki zastosowaniu hydrokoloidow
mozliwe jest otrzymanie liofilizowanych zeli charakteryzujq-
cych sig porowatq i chrupkq strukturg, ktora jest atrakcyjna
dla konsumentow. Te nosniki podwyzszajq takze temperature
przejscia szklistego produktow oraz obnizajq zdolnos¢ po-
chlaniania wody z otoczenia, co poprawia stabilnosé¢ i ula-
twia przechowywanie. Zastosowanie wytlokow owocowych
wplywa takze na wilasciwosci funkcjonalne zZywnosci. Wyka-
zano, ze dodatek proszku z wytlokow ksztaltuje jakosé pro-
duktow piekarsko-ciastkarskich, mlecznych oraz migsnych, ze
szczegolnym uwzglednieniem wartosci odzywczej i tekstury.
Ponadto, produkty z dodatkiem wytlokow sq atrakcyjne dla
konsumentow i wzbudzajq ich zainteresowanie. Proszki z su-
szonych wyttokow owocowych majg duzy potencjat aplikacyjny
w przemysle spozywczym, szczegolnie uwzgledniajgc aspekt
srodowiskowy, dlatego tez zastosowanie ich jako zamiennikow
nosnikow hydrokoloidowych w produktach liofilizowanych
Jjest obiecujqcym kierunkiem do dalszych badan.

methods, freeze-drying was found to be the one ensuring the
best quality of obtained products in terms of raw material
characteristics preservation [4]. Recent research, focused
on the development of healthy and attractive for consumers
snacks, shows that producing of fruit and vegetable snacks due
to freeze-drying requires the use of carrier agents that support
structure, texture and functional properties creation [22]. That
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02-776 Warszawa, e-mail: magdalena karwacka@sggw.edu.pl



ANALITICAL REVIEW ARTICLES /ARTYKULY ANALITYCZNO-PRZEGLADOWE

need results from low glass transition temperature of simple
carbohydrates contained in aforementioned plant materials.
Therefore, high molecular weight compounds (biopolymers),
like hydrocolloids, maltodextrins, proteins and fibres, are
applied to increase glass transition temperature that improves
processing efficiency and, what is more important, products
quality and stability [27,35]. Low glass transition temperature
causes unwanted changes, such as stickiness, caking, structure
collapse and phase transition, as a consequence of which
products lose crispiness and became gummy, occurring even
already at the time of freeze-drying or during storage [35]. The
addition of carrier agents results in obtaining better quality
and stability of products, but particular compounds used in
this role affect characteristics of freeze-dried materials in the
matter of mechanical, chemical and functional properties in
their own way [13].

There were several research on the possibilities of using
various biopolymers as additives modifying properties of
freeze-dried snacks based on fruits, vegetables, pulps, juices
and concentrates [8,9,14,35], but knowing freeze-drying is
very time and energy consuming process, those products may
not fit in the policy of food and agriculture industry sustainable
development [20,39]. It is a fact that manufacturing of
hydrocolloids, being compounds typically used as carrier
agents, also is energy and resource demanding and such
components usually are acquired using by-products as raw
materials [17]. Combining that with recent findings about
ability of such by-products, e.g. fruits pomace that are used
as source for pectin extraction, to have positive influence on
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properties of food products they are applied in [24], it seems
to be promising direction for further research to substitute
traditional additives with new, more sustainable ones.

Therefore, the purpose of this review was to summarize
recent findings focused on the development of freeze-dried
snacks with addition of hydrocolloids as carrier agents. The
second part was to evaluate the possibility of replacement
of such additives with fruits pomace on the base of reports
conducted on juice production by-products used as additives
modifying various food products properties.

HYDROCOLLOIDS AS CARRIER
AGENTS IN FREEZE-DRIED
PRODUCTS BRIEF CHARACTERISTIC
OF HYDROCOLLOIDS

Hydrocolloids are long chain carbohydrates and
proteins the properties of which, including water absorption
capability, strongly depend on their molecular structure and
configuration [5,10,26] in association with external condition,
e.g. pH, sugar content and ionic strength of the solution
[8,10,14]. The use of hydrocolloids allows to recreate porous
matrixes comparable to cellular tissue, but characterised by
a set of designed and controlled properties [8]. Optimisation
of gels with specific attributes may also be provided by
blending various hydrocolloids, mutually influencing their
behaviour. Due to synergism, quality of products obtained
with biopolymers mixtures -are improved in comparison to
features following the stand-alone application of particular

c) =

f)

Fig. 1.
sodium alginate (e) and high-methoxyl pectin (f).

Exemplary photos of hydrocolloids: guar gum (a), locust bean gum (b), low-methoxyl pectin (c), Arabic gum (d),

Rys. 1. Fotografie przykladowych hydrokoloidéw: guma guar (a), maczka chleba §wietojanskiego (b), pektyna niskome-
tylowana (c), guma arabska (d), alginian sodu (e) oraz pektyna wysokometylowana (f).

Source: Own study

Zrodlo: Opracowanie wlasne
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compound [10]. Hydrocolloids dissolve or swell, when
mixed with water, creating three-dimensional network that
can exist at the presence of moisture, causing material to be
plastic and viscous, or can be solidified due dehydration at
specific conditions [14,18]. The best way to procure solidified
gel products, maintaining the internal structure formed by
hydrocolloids within processing, is freeze-drying that enables
water removal without destroying sensitive bonds [10].
Because of their characteristics, hydrocolloids are used in food
industry for various purposes, containing gelling, emulsifying,
thickening, coating, structure- and texture-formation [26].
Various hydrocolloids, typically used in scientific research
and food technology, are presented in Figure 1.

EFFECT ON WATER-RELATED
PROPERTIES

Water acts as plasticiser in freeze-dried products, therefore,
apart from microbiological safety, it is the factor determining
textural and functional properties. When exposed to water,
the freeze-dried material loses its crunchiness and becomes
ductile and sticky. Consequently, optimisation of specifically
low water content and activity in freeze-dried products is
very important in terms of products quality and attractiveness
[11,35]. Ciurzynska et al. [9] investigated the effect of
freeze-dried strawberry powder (7, 10%), calcium lactate
(0.01, 0.05%), glucose (0, 5.2%) and chokeberry concentrate
(0, 5.2%) concentration on the properties of freeze-dried gels
obtained with 1.5% sodium alginate addition. Reduced amount
of strawberry powder affected water content and activity,
causing decrease (from 3.8 to 1.8%) and double increase
to 0.39 of such properties, respectively. The investigation
of the effect of the contribution of glucose and chokeberry
concentrate in the composition of freeze-dried alginate gels
revealed that supplementation of sugar source in the form of
glucose, concentrate and both reduced water activity (0.39)
by more than 50%, but only the addition of simple sugar
caused significant increase of water content in the products
to 4.9%. It also was found that freeze-dried sodium alginate
gels rehydrated better when contained more sugar from fruit
concentrates than pure glucose addition. Recently, Jakubczyk
et al. [18] found that increasing amount of apple concentrate
from 0 to 20% in agar gels had limited water activity reduction
due freeze-drying, but maltodextrin used as supportive carrier
agent contributed to significant decrease of such property.
It was also investigated that freeze-dried gels obtained
with strawberry pulp were characterised by lower water
activity in comparison to model samples prepared by mixing
hydrocolloids, water, sugars and citric acid. However, the use
of fruit pulp significantly reduced water absorption capacity
of the material, but regardless of composition rehydrated
samples contained over 90% of water, which was more than
initial water content in fresh mixtures before freeze-drying
[12].

Martinez-Navarrete et al. [25] examined the influence of
gellan gum and whey protein isolate blends applied in freeze-
dried snacks obtained from mandarin juice. It was found that
the addition of biopolymers multiplied water content in the
products compared to simple freeze-dried juice, what was
related to increased amount of non-freezable water that do
not sublimate within freeze-drying. However, temperature of
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processing also affects water removal from the material and,
when its increased, dehydration is intensified and final water
content lessens, despite shorter drying time. In comparison,
Ciurzynska et al. [14] investigated multilayer freeze-dried
snacks based on frozen vegetables, sodium alginate (1.5%) and
mixture of locust bean and xantan gum, 1% each, were used to
manufacture. Unlike aforementioned products based on fruits
or hydrocolloids only, the snacks were characterised by much
lower water activity (<0.045) and water content in range of
1.5-3.3%. It was presumed that such results were a consequence
of strong water bonding capacity of hydrocolloidal systems
used, since preparation of the material for freeze-drying
required addition of about 58% of water, but it may be related
to lower sugar content in vegetables compared to fruits what
indicate more effective water removal as well.

Other research was carried out to examine the effect of
hydrocolloid concentration, low-methoxyl pectin at 2, 2.5 and
3.5% specifically, on properties of freeze-dried gels obtained
with freeze-dried strawberry powder. It was found that changes
in properties are not linear with increasing concentration of
hydrocolloid. Material with 2.5% of low-methoxyl pectin
featured significantly lower water content and water activity.
Even water gain due rehydration did not increase with the rise
of carrier agent concentration and samples with 2.5% of pectin
absorbed more water than others, but final water content after
30 mint of rehydration at 20°C decreased with the growth of
hydrocolloid content [8]. Cassanelli et al. [5] examined impact
of amount of hydrocolloid on properties of freeze-dried gels
too. They used low and high acyl gellan gums at 1.5, 2, 2.5
and 3% proving that not only concentration but molecular
structure of hydrocolloids determine processing and properties
of final products. Gels obtained with high acyl gellan gum
were characterised by significantly higher water activity and
reached its values low enough to ensure microbiological safety
after at least 30 h of dehydration, while samples with low acyl
gum achieved that level at a time shorter than 24 h, attaining
final water activity in range of 0.1-0.2 compared to 0.2-0.4
achieved by material with high acyl gellan gum after 48 h
of freeze-drying. That experiment also confirmed that water
activity values are not linearly connected with hydrocolloid
concentration. A type of gellan gum turned out to be factor
settling rehydration properties. Products with high acyl
gum gained significantly low water compared to materials
structured with low acyl hydrocolloid water content of which
were found to depend on gellan gum concentration, thus the
addition of 2.5 and 3% notably decreased water absorption
capability. Blending of both types of gellan gum (1:1) allowed
obtaining of material characterised by water activity reduction
and rehydration properties closer to low acyl and high acyl
gellan gum, respectively, and not at the halfway.

The wuse of wvarious biopolymers, such as gums,
maltodextrin, starches and fibres, as carrier agents reduces
hygroscopicity that is high and crucial for porous freeze-
dried materials. An increase of glass transition temperature
by 5-15°C resulting from the addition of such compounds
blends to orange snacks was estimated too, especially at low
water activity [35]. Accordingly, an infusion of carrier agents
is followed by an improvement of stability and, as a further
consequence, perseverance of products quality during storage.
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EFFECT ON COLOUR

Colour of the freeze-dried products is determined by
natural colour of compounds used, principally the ones
featured the greatest concentration of colourants. The addition
of biopolymers induces lightness increase and colour intensity
fading, what is related to their natural creamy or close to white
colour, which can be observed in Figure 1. On the other hand,
freeze-dried materials colour also depends on moisture content
and the higher it is, the more intense the colour become, but
water could activate biochemical reactions causing colourants
degradation and dilution as well [35]. Colour of freeze-dried
sodium alginate gels with freeze-dried strawberry powder
depended on the addition of the powder and greater quantity
intensified colour parameters, such as redness and hue angle,
making products more attractive. Glucose and chokeberry
concentrate addition to sodium alginate gels with strawberry
powder also changed colour of such products in comparison to
material without any of those, causing lightness and hue angle
decrease and redness growth [9].

Concentration of low-methoxyl pectin in freeze-dried
gels with strawberry powder also affected colour parameters,
causing lightness and redness of them vary. But among other
samples (2 and 3.5%), colour of the material with 2.5% of
hydrocolloid was found closer to strawberry powder that
was used as reference material, however, the differences of
L* and a* were still about 10 and 7 units, respectively [8].
Carrier agents affect colour parameters of the material they
are in, but they also act like protectors saving colourants from
degradation caused by oxidation or thermal treatment [25].

EFFECT ON STRUCTURE
AND TEXTURE PROPERTIES

Carrier agents support strengthening of the internal
structure of freeze-dried products tending to collapse and
lose crispiness to gumminess. Materials featuring high sugar
content, such as fruit juices, are difficult to freeze-dry because
of its low phase transition temperature that makes them less
stable during storage. However, despite the addition of carrier
agents, freeze-dried snacks exposed to relatively humid
environment lose crunchiness and their mechanical properties
change within time [25]. According to Silva-Espinoza et al.
[35], biopolymers infusion into the formulation of freeze-dried
fruit snacks extends the range of water activity in which the
samples retain their properties, making them easier to store.

Structure and texture of the freeze-dried products may
be modified not only by containing of certain additives, but
also by using specific processes and parameters supporting
formation of desired features. Both temperature and pressure,
the freeze-drying is conducted at, are parameters influencing
specific texture and sensory perception of freeze-dried
snacks obtained with biopolymers as carrier agents [32, 33].
Optimisation of freeze-drying conditions also determines
energy consumption of the processing, which is high for this
dehydration method, so selection of processing parameters
that work best lead to improvement of both quality and
environmental impact of products [34]. Ciurzynska and Lenart
[7] analysed the effect of a type of hydrocolloid and aeration
time, used as a process supporting porous structure formation,
on the selected properties of freeze-dried gels. Examination of
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low-methoxyl pectin (3%) and mixtures of xantan gum with
locust bean (1:0.5%) or guar (0.5:1.5%) gums aerated for 3
or 7 minutes implicated that both, type of carrier and time of
aeration, determined properties of materials prepared under
the same conditions. It was estimated that porosity of every
sample was over 98%. Moreover, mean pores size was specific
for each structure-forming additive used and increased with
the prolongation of aerating. Structure of the freeze-dried gels
obtained with low-methoxyl pectin was more organised and
characterised by significantly greater pores, that grew with
aeration, what induced higher water gain during rehydration.
Combination of hydrocolloids may have an synergistic effect
on the gelling properties, but considering presented findings,
structure of materials obtained using mixes was more delicate
and fragile comparing to samples with low-methoxyl pectin
only. However, the authors observed that products structure
softness after freeze-drying may be a consequence of gels
stability before freezing and dehydration that indicates
differences in gelling strength of particular hydrocolloids. The
freeze-dried gels obtained with low-methoxyl pectin and the
mixtures of gums performing aeration at various time showed
that a type of hydrocolloid has strong impact on mechanical
and acoustic properties. Samples with pectin were even
double harder than gels with xantan and locust bean gums and
more cracking of the internal structure were observed within
compression of such sample, while curves determined for
material formed with other carriers were smoother. Harder
texture indicated also stronger acoustic emission that also can
attract consumers [11]. In other work, significant impact of
a type of hydrocolloid and aeration time on structure and
texture of the freeze-dried gels was also proven [10]. The
authors found that such factors affect porosity and pores
size, internal structure and hardness of products, but it may
be modified by addition of sugars, citric acid and calcium
lactate mixture that interacts with hydrocolloids and works as
strengthening factor, causing material to be compact and less
porous at the same time. A comparison of low-methoxyl pectin
and various hydrocolloids (xantan, locust bean and guar gums)
working in synergistic mixtures structuring model system of
strawberry containing 6.8% glucose, 1% sucrose and 0.64%
citric acid and gel obtained with strawberry pulp induced that
freeze-dried products obtained with pectin featured better and
more regular structure, whether it was model or regular sample.
It was assumed that using pectin is more beneficial for systems
characterised by increased sugar content, therefore that is an
additive recommended for optimisation freeze-dried products
based on fruits and fruits derivatives [12]. Porosity and pore
size distribution can be determined by molecular structure of
hydrocolloids. In case of gellan gum at 2%, application of low
acyl gellan gum leads structure of the freeze-dried gel to be
designated by more numerous smaller pores that are evenly
distributed in all volume of the material, while samples with
high acyl gum were characterised by disarranged structure with
smaller number of large pores in irregular shape. Moreover,
combination of both types of gellan gum effected creation of
structure with bigger pores in comparison to the material with
low acyl gum, but not as large and definitely more organised
as those observed in samples with high acyl gellan gum [5].
Carrier agent concentration in freeze-dried products has the
greatest impact on structure and texture. An increase of low-
methoxyl pectin amount had a great impact on texture of the
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freeze-dried gels, causing them to become harder and less
fragile. In terms of functional properties and similarity to
conventional products (freeze-dried strawberries and freeze-
dried strawberry powder) the results were compared to, the
best quality was identified in freeze-dried gels with low-
methoxyl pectin addition at 2.5%. Since all samples (2 and
3.5%) were prepared using the same processing conditions,
the authors explained variation of results to be dependent
on different water binding and gelation ability of pectin
at various concentration. As a consequence of that, highly
porous and fragile structure was developed [8]. Compression
test performed on freeze-dried sodium alginate gels shows
that both amount of strawberry powder and calcium lactate
significantly influenced textural properties of the freeze-
dried gels strengthening their structure by increasing quantity
of the compounds. Increasing sugar content also induced
strengthening of the freeze-dried gels texture [9]. But it should
be concerned that enhancement of sugar content by addition
of fruit concentrate may cause structure collapse followed by
crispiness loss. So in order to obtain possibly the best freeze-
dried gels quality, optimal level of sugar should not be over
heightened [18]. Moreover, hardness of freeze-dried vegetable
gels structured with sodium alginate (13.2-13.3 N) was two
times higher than products with the mixture of locust bean
and xantan gums. Such results were found much lower in
comparison to similar products obtained on the base of fruits,
but closer to plain vegetable tissue subjected to freeze-drying.
Considering, porosity of the examined materials also was
lower and that usually indicates harder texture, referred results
confirm the importance of sugar content and its strengthening
effect on dehydrated structure [14]. And, according to
Martinez-Navarrete et al. [25], consumers prefer snacks that
are not particularly harder, but crispier, what is portrayed as
turbulent compression curve characterised by a great number
of force peaks and drops.

EFFECT ON NUTRITIONAL VALUE
AND SENSORY PROPERTIES

Freeze-drying is the process carried out at low temperature
and with very oxygen-reduced atmosphere, so bioactive
compounds contained in materials processed with this method
are safe from degradation in general. There were some mentions
that an increase of shelf temperature during freeze-drying
may even improve vitamin C extraction from the products,
but the addition of high molecular weight biopolymers, like
hydrocolloids, as carrier agents may limit accessibility of
bioactive compounds as well [25]. On the other hand, Silva-
Espinoza et al. [33] found that bioaccessibility of vitamin C
and phenolic compounds had grown after freeze-drying of
orange snacks, what lead to conclusion on protective effect
of infusing biopolymers into the formulation on bioactive
compounds retention due dehydration.

A huge part of hydrocolloids is accounted to dietary
fibre, which improves natural functioning of human body
and shows preventive effect on some of serious diseases,
e.g. cardiovascular disease or diabetes [26]. According to
Ciurzynska et al. [8], highly porous structure of freeze-
dried products obtained by addition of hydrocolloids seems
promising as factor influencing satiety and energy intake
through slowing down digestion. Therefore, consumption
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of such products seems promising in terms of body weight
control. However, consumers should be cautious, because
hydrocolloids decrease sensory perception, therefore to
improve attractiveness of freeze-dried gels by intensifying
their flavour compounds such as sugar and citric acid may be
applied [11]. Those enhance textural properties, but increase
sugar content and energy intake of products, causing them
to be inappropriate for specific groups of consumers, such
as diabetics and people working on weight loss. Freeze-
dried gels obtained with hydrocolloids, flavour and aroma
shaping additives and water only do not represent high
nutritional value, but using fruit pulp instead allows to create
similar characteristics and obtaining products of quality
improved [12].

FRUIT POMACE AS ADDITIVES
IN FOOD PRODUCTS BRIEF
CHARACTERISTIC OF FRUIT

POMACE

Pomace is a by-product, containing solid matter, peels
and seeds, remained after fruits processing, e.g. juice or wine
production [1]. Due to its relatively high moisture content,
one of the most common method of pomace preservation
is drying that eases storing and allow to obtain high quality
product for further processing [15]. Figure 2 shows powders
obtained by grinding dried fruits pomace. As reported
by Diez-Sanchez et al. [15], dried pomace obtained from
various berry fruits usually contain over 90% of dry matter
that consists compounds as protein (2—17%), fat (0.6-22%),
carbohydrates (up to 90%), ash (0.7-7%) and total dietary
fiber in the range of 16 to even 96%. Berry pomace also
contains great amounts of polyphenols that are responsible
for high antioxidant capacity. In comparison, approximate
composition of dried apple pomace includes protein (1.2—
6.9%), fat (0.3-8.5%), simple sugars (14-72.5%), ash
(0.5-4.3%) and total dietary fiber up to 82%. Additionally,
it supplies polyphenols and micro- and macro- nutrients
as well [3]. Pomace usually is disposed for animal feed,
but because of low economical value and high bioactive
compounds content, pomace infusion into a formulation of
new food products became a significant subject of scientific
research [1]. It was often exposed that addition of fruit
pomace affects stability, nutritional and functional values of
food products, including increase of antioxidant capacity and
fiber content and prevention of microbiological spoilage and
lipid oxidation, but it induces significant sensory and texture
changes, which are not always recognise as attractive or
even positive [3,15]. Fruit pomace is a rich source of pectin,
therefore after subjection to hydrothermal treatment at certain
conditions [16], it has a huge potential to create texture and
structure of food products.
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discussed cakes, Sporin et al. [36] described the
observed changes as unfavourable. Changes in physical
properties, such as colour, volume after baking, firmness
and elasticity, as well as the sour aftertaste remaining
after consumption of bread with added pomace were
the reason for the lower product quality assessment.
However, the addition of grape pomace significantly
increased the polyphenol content and antioxidant
activity of the baked goods, thus having a positive
effect on their nutritional value and health-promoting
properties. The results of studies in which apple pomace
[38] and citrus pomace [6,28] were added to bread dough
also indicate that the products obtained in this way are
characterised by a higher content of fibre, polyphenols
and antioxidants, as well as a higher hardness and
a markedly different sensory profile compared to baked
goods without the addition of pomace.

Jannati et al. [19] tested the influence of apple
pomace infusion to traditional Iranian bread at the
level of 1, 3, 5, 7%. There was found that extensibility
of the dough was significantly reduced regardless the
amount of pomace, but adhesive force was increasing
with an increase of pomace addition. After baking, the
breads with apple pomace were less hard comparing to
control sample, which was bread without any addition of

Fig. 2. Exemplary photos of dried apple (a), raspberry (b), bla-
ckcurrant (¢) and chokeberry (d) pomace powders.
Rys. 2. Fotografie proszkéw z suszonych wytlokéow jablkowych

(a), malinowych (b), z czarnej porzeczki (c) oraz aronii

(@).
Source: Own study

Zrédlo: Opracowanie wilasne

FRUITS POMACE AS ADDITIVES
CREATING FOOD PRODUCTS
PROPERTIES

The effect of the addition of strawberry, raspberry,
chokeberry, apple and blackcurrant pomace at 10, 20 and 30%
on the characteristics of shortcrust pastries was studied in the
bakery and pastry industry. Sensory analysis showed that the
addition of fruit pomace increased the attractiveness of the
products, improving their taste and aroma. Fruit pomace also
significantly enriched the composition of the biscuits, so that
they were defined as pro-health products [29]. Similar studies
conducted by Siemianowska et al. [31] have also shown that
fruit pomace increases the antioxidant activity of shortcakes,
and its addition does not negatively affect mechanical,
storage and sensory properties. Tanska et al. [37] showed
that shortbread cookies with the addition of 20% berry fruit
pomace (elderberry, rosehip, rowan, blackcurrant) had similar
size and shape compared to the control sample, but had higher
hardness, fibre content and antioxidant activity. The additives
used also caused a significant change in the colour of the
products. During the sensory evaluation, all cookies were
evaluated by the panellists to be acceptable in terms of taste,
sweetness, aroma, hardness, crispness, shape and colour. Due
to their high fibre content, fruit pomace significantly lowers
the glycaemic index of biscuit products, making this type
of product, in which part of the wheat flour is replaced by
pomace, suitable for consumption by diabetics [2].

In the case of bread, the addition of grape pomace also
affected the product properties, but in contrast to the previously

pomace, and hardness was growing slower due storage

for 72 hours. The amount of pomace decreased also

bread cohesiveness factor measured 24 h after baking,

but within elongation of the storage time cohesiveness

lowered, but the contribution of pomace was no longer
significant. The changes in the texture of dough and bread was
explained by interaction between gluten and fiber from apple
pomace, what led to weakening the gluten network. Apple
juice production waste also caused reduction of lightness (L*)
and an increase of a* (redness) and b* (yellowness) colour
parameters. Moreover, the results of sensory analysis indicate
that the addition of apple pomace to the level not higher than
3% improves bread quality and attracts consumers. In this
research, the addition of apple pomace was not to extended, but
other researchers investigated 25, 50 and 75% replacement of
wheat flour to apple pomace flour in cookies in order to obtain
reduced gluten confectionery [45]. They reported dietary fiber
content enhanced to over 10, 20 and 30 g/100 g while control
sample contained only 1.7 g/100 g. Apple pomace addition
significantly multiplied total polyphenols and flavonoid
contents, what was followed by boost in antioxidant activity.
Sensory analysis showed the use of apple pomace flour
may enhance structure, chewiness, odour, taste and overall
perception, but only if it is coarse, not fine, ground and the
amount do not exceed 50%. However, the best notes were
received by attributes of cookies with 25% flour substitution,
yet considering nutritional value and the lowest changes in
bioactive compound content and sensory properties observed
after 12 months storage, it was concluded that replacement of
wheat flour with coarse apple pomace powder up to 50% may
be successfully apply in pastry products. On the other hand,
basing on their own research, Liang et al. [23] stated that
dough properties and the quality of biscuits were acceptable
only with addition of apple pomace powder at the level of
10%, and exceeding such amount, dough and product value
dropped rapidly.
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Fruit pomace has also found applications as ingredients
infused to meat products. Yadav et al. [42] studied the effect
of the addition of dried apple pomace on the quality of poultry
sausages. The addition resulted in reduced protein and water
content, which was reflected during sensory evaluation as
reduced juiciness, and increased fibre content. Changes in
colour and textural properties were observed, increasing
hardness, gumminess and springiness, but despite this, the
pomace-enriched products were also rated very well by the
sensory evaluation panellists, although they received lower
scores than the control sample. Studies carried out on beef
sausages showed that apple pomace performs well as an
emulsifying agent, has the ability to retain water and oil, has
antimicrobial properties and lowers the glycaemic index of
products enriched with it. In the case of beef sausage, it was
unequivocally found that the addition of pomace improved
both the sensory profile, the physicochemical properties and
nutritional value of the products [43]. Younis and Ahmad [44]
came to similar conclusions when analysing the properties
of beef patties enriched with apple pomace powder, which
also shaped both the physicochemical, sensory and structural
characteristics of the products. In the meat industry, pomace
can be used not only as a source of fibre, but also as a fat
substitute in calorie-reduced products [30].

In the dairy sector, the possibility of using fruit pomace
was studied on the example of yoghurt. In the case of apple
pomace, an increase in the total acidity of yoghurts, changes in
the rheological properties, including a particularly significant
reduction in the hardness of yoghurts, and a reduction in the
process of syneresis were observed. In addition, the products
were characterised by a significantly darker colour, but
despite this they were very well evaluated in terms of taste,
which was dominated by distinct fruit notes [46]. Wang et
al. [40] found that the addition of freeze-dried apple pomace
powder shortens time of yoghurt fermentation and increases
gelation pH. Storage stability of yogurts with pomace powder
at the level of 0.5% was improved in comparison to control
sample and products with the addition of 0.1 and 1% of dried
pomace. When investigating stirred yoghurt fortified with
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apple pomace, water holding capacity of pomace powder also
reduced syneresis, influencing textural properties and storage
stability as well. Supplementation was followed by significant
increase of polyphenols and dietary fiber in the products, what
enhanced their nutritional value [41].

The addition of dried red grape pomace powder as sugar
and milk powder substitute in chocolate spreads affected
firmness and spreadability, which are crucial parameters for
texture of this type of products. It heightened total phenols
content, but limited digestibility. Moreover, increasing amount
of grape pomace (up to 15%) induced unfavourable changes in
sensory perception, so optimal content was recommended to
not exceed 10%. It was also emphasized that factors as particle
size of pomace powder and processing parameters (conching
time, ball-mill rotation) should be modified to adjust product
quality [1].

Lately, there were also a few attempts of applying fruit
pomace in the form of dried powder as carrier agents in freeze-
dried vegetable products [21,22]. The authors pointed out an
increasing importance of environmental problems facing food
industry and the future of human population in general, which,
from food producing point of view, may be reduced by reusing
of food waste and by-products as material for new products
development. And considering current global changes, such
as climate warming and population growth, even the slightest
action aimed to sustainability is worth considering. Moreover,
a type of carrier agent used in the formulation of freeze-dried
snacks determines products appearance and attractiveness
for consumers, what is presented in Figure 3. Freeze-dried
snacks obtained by Karwacka et al. [21] were characterised by
properties similar to aforementioned products obtained with
hydrocolloids as carrier agents. Water activity of the products
was very low and did not exceed 0.02 and such level was
not achieved by any of freeze-dried snacks reported before.
Structure of the materials also was highly porous (86-90%),
but defined as more fragile and brittle but their hardness was
significantly greater than those obtained for other freeze-dried
products. Interestingly, such snacks were manufactured only
with vegetables (string beans, carrot, potato) and 2% addition

a) b)
) s Al TN
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Fig. 3. Freeze-dried carrot snacks obtained with 1.5% of low-methoxyl pectin (a), 2% of dried apple pomace powder (b)

and 2% of dried blackcurrant pomace powder (c).
Rys. 3.

Liofilizowane przekaski marchewkowe z dodatkiem 1.5% pektyny niskometylowanej (a), 2% proszku z suszo-

nych wytlok6éw jablkowych (b) oraz 2% proszku z suszonych wytlokoéw z czarnej porzeczki (c).

Source:
Zrédlo:

Own study

Opracowanie wlasne
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of dried apple pomace powder, without any liquid or additives
that could had support formation of proper structure and
texture of products. The addition of traditional hydrocolloid
carrier, which was sodium alginate at level of 1.5% combined
with 0.01% of calcium lactate, required halving the amount of
vegetable compound and water substitution [22]. As an effect,
despite lower initial water content, freeze-drying process had
been lasting as long as it was recorded for samples with sodium
alginate, meaning close to 48 h. The use of apple pomace
powder as carrier agent resulted in more fragile texture that
did not crack under pressure, but slowly compressed, what
indicates lower crunchiness and could be related to smaller
pores appearance in the structure of the snacks. Regardless
weaker structure- and texture-forming ability of apple
pomace, attempts to apply them as additives in food products
is still promising and worth further research because of health
benefits following those compounds. Compared to sodium
alginate, dried apple pomace powder multiplied total phenols
content and antioxidant capacity of the vegetable snacks,
enhancing their pro-health value.

SUMMARY

Recently, development of new freeze-dried products that
would do both attract consumers and reduce environmental
impact of this type of products is intensively investigated.
One of the key role in such process is optimisation of proper
formulation that will result in the products characterised
by desired quality, which can be modified by infusion of
functional additives. A conscious choice of carrier agent
applied in the formulation of foods is very important,
principally considering its impact on crucial parameters of
products, such as physicochemical, textural and structural
properties along with sensory perception and nutritional
value. Hydrocolloids are typically used as such compounds,
however, in the light of recent reports and trends in scientific
research motivated by the problem of food waste management,
a new branch has emerged regarding the use of fruit pomace
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as a functional food ingredient. Numerous investigations
provided on various food products fortified with fruit pomace
show that they significantly affect food properties, especially
enhancing nutritional value by increasing dietary fiber and
bioactive compounds content that also results in higher
antioxidant capacity. On the base of all of the referred findings
and discovered properties, fruit pomace has a potential to be
apply as substitutes for hydrocolloid carrier agents in freeze-
dried snacks.

PODSUMOWANIE

W ostatnim czasie bardzo intensywnie prowadzone sg ba-
dania nad opracowaniem liofilizowanych produktow, ktore
beda jednoczesnie atrakcyjne dla konsumentow i przyjazne
dla §rodowiska. Jednym z kluczowych rozwigzan jest optyma-
lizacja sktadu w taki sposdb, aby otrzymac produkty charak-
teryzujace si¢ pozadang jakoscia, ktorag mozna modyfikowaé
poprzez stosowanie dodatkow funkcyjnych. Swiadomy wybor
no$nikow dodawanych do zywnosci jest bardzo wazny, szcze-
g6lnie po uwzglednieniu ich wptywu na fundamentalne cechy
produktow, takie jak wtasciwosci fizyko-chemiczne, tekstura
i struktura, a takze atrybuty sensoryczne i warto$¢ odzyw-
cza. Zwykle w tym celu stosuje si¢ hydrokoloidy, natomiast
w $wietle najnowszych doniesien i trendéw obserwowanych
w nauce, napedzanych problemem zagospodarowania od-
padow, pojawita si¢ nowa gataz, badajaca mozliwosci wy-
korzystania wyttokow owocowych jako funkcjonalnych
sktadnikow Zywnosci. Przeprowadzono liczne badania, wzbo-
gacajac roznorodne produkty spozywcze dodatkiem wytto-
kéw owocowych, ktore istotnie wptyngty na ich wlasciwoscei,
szczegblnie warto$¢ odzywczg i prozdrowotng, co nastgpito
w konsekwencji zwigkszenia zawartosci blonnika i zwigz-
kéw bioaktywnych, a co za tym idzie wigkszej aktywnoSci
przeciwutleniajgcej. Na bazie wszystkich przytoczonych prac
oraz wykazanych wlasciwosci wyttokéw owocowych, mozna
stwierdzi¢, ze wykazuja one duzy potencjat jako zamienniki
no$nikow hydrokoloidowych w liofilizowanych przekaskach.
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1 | INTRODUCTION
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| Sergiy Smetana’® | Sabina Galus'® |

Abstract

The study aimed to investigate a possibility of using fruits (apple and blackcurrant)
pomace as carrier agents in freeze-dried snacks and analyze selected properties of
obtained products in comparison to snacks with addition of pectin as traditional car-
rier in terms of physical and functional characteristics modification. The addition of
fruits pomace powders caused significant porosity and hygroscopicity reduction. The
type of carrier also affected color and structure of the freeze-dried snacks. Moreover,
applied additives influenced textural properties inducing products with fruits pomace
powders brittle and more fragile in comparison to material with pectin. Reformulation
did not affect energy consumption that was determined mostly by freeze drying
(90%), but replacement of hydrocolloid with fruit pomace powders may reduce envi-
ronmental impact of freeze-dried products. Considering obtained findings and pos-
sibilities resulting from application of pomace in new food products, further research
is needed, especially in terms of influencing nutritional value and storage properties
by such additives.

Novelty impact statement: The manuscript is focused on the newest approach in
food technology related to management of food waste and by-products as additives
modifying properties of freeze-dried materials. Our study included examination of the
impact of fruits pomace powders as carrier agents in freeze-dried fruit and vegetable
snacks in relation to traditional hydrocolloid carrier on selected properties that are
important in terms of stability and attractiveness of food products. Second part of the
study was assessment of resource demand of manufacturing such products aimed on

the possibilities of environmental impact reduction.

methods. Thanks to its mechanism that is based on sublimation and

Development of freeze-dried snacks has recently been one of
the popular topics in food science (Ciurzynska et al., 2020; Silva-
Espinoza et al., 2020). Drying for food processing purposes extends
shelf life of products, which is due to the decrease in content and
activity of water that works as a plasticizer and determines micro-
biological and biochemical stability of dried matter (de Santana
etal.,, 2015). Freeze drying is one of the most beneficial food drying

processing parameters, especially low pressure, allowing for water
removal at relatively low temperature and without oxygen; freeze-
dried products feature attractive physical properties, such as po-
rosity and texture, including high retention of bioactive compounds
and hygroscopicity (Ciurzynska et al., 2013; Hnin et al., 2019; Jiang
etal.,2013). Freeze-dried matter, especially the one characterized by
high sugar content such as fruit, is in amorphous state determining
the properties. Due to the said characteristics, it is very important
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to lower water adsorption capacity that could be attained by adding
biopolymers as carrier agents (Silva-Espinoza et al., 2020). Within
the last decade, optimization of freeze-dried fruit and vegetable
product properties by means of hydrocolloids, such as fiber, gum,
pectin, and sodium alginate, in varied combinations has been suc-
cessfully researched (Ciurzynska et al., 2015, 2020; Silva-Espinoza
et al., 2020; Uscanga et al., 2020). Nevertheless, pure biopolymers
are often obtained from industrial by-products but the process
itself is very complex and time-, energy, and chemical consuming
(Glicksman, 2020). The attempt has been recently made to use
apple pomace powder as a sustainable alternative to obtain mul-
tivegetable snacks (Karwacka et al., 2021), but there is a great need
to provide further research to this end.

Pomace is a by-product that is solid residue from juice indus-
try. Previous estimations show that food waste, including organic
waste and packaging, contributes almost 7% of global carbon
footprint that is an environmental impact indicator. Therefore,
recycling of food waste or zero-waste approach may be a good
method to mitigate environmental impact and energy loss in food
processing (Eriksson & Spangberg, 2017; Oldfield et al., 2016;
Slorach et al., 2019). Pomace is a great example of biodegradable
and valued food industry waste. In the case of apple processing, it
typically represents about 30-40% of raw material input. The fruit
waste management focuses on landfilling, composting, incinera-
tion, livestock feeding, and reusing it for production of innovative
products in accordance with the sustainable development policy
(Gassara et al., 2011). Fruit pomace is a source of easily available
bioactive compounds, able to improve the human body func-
tions (Yu & Ahmedna, 2013). Because of water-holding capacity
and relatively high content of pectin and fiber, several success-
ful attempts have been made to use fruit and vegetable pomace
as functional additives in dairy (Znamirowska et al., 2018), meat
(Yadav et al., 2016; Younis & Ahmad, 2018), as well as bakery and
pastry products (Tanska et al., 2016). All these studies have proven
a significant positive impact of the added pomace on texture and
structure, including physicochemical and sensory properties.

Food industry is constantly seeking for more sustainable solu-
tions, blending social, environmental, and economic aspects to pro-
vide healthy and environment-friendly food to human population
(Karwacka et al., 2020). In order to achieve the goals, the ineffi-
cient food system has to be redesigned taking into account current
trends in consumption, production, health, environment, and future

Sample Composition
COG-AP 60% carrot
30% orange juice
COG-BP 7.5%-8% water®
0.4% ginger
COG-LMP 0.1% calcium lactate
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2% dried apple pomace powder

2% dried blackcurrant pomace powder
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developments (Lang & Barling, 2012). In the nearest future, popu-
lation will increase demanding for further intensification of already
unsustainable agriculture and food production (Crist et al., 2017).
The impact of industry and human activities on the environment is
portrayed as environmental footprint containing carbon, water, en-
ergy, and nitrogen footprints. Estimation of such indicators requires
the application of the life cycle assessment (LCA) that includes de-
tailed estimation of natural resources consumption and emission of
waste, pollution, and greenhouse gasses at every subsequent stage
of supply chains (Karwacka et al., 2020; Notarnicola et al., 2017; Roy
et al., 2009): agriculture, production, storage, transport, consump-
tion, and utilization (Dijkman et al., 2018). Food waste, including
organic waste and packaging, has been estimated to contribute to
almost 7% of global carbon footprint. Several research studies have
proven successful prevention and recycle of food waste as a good
method of reducing greenhouse gas emission and energy losses in
the food industry (Eriksson & Spangberg, 2017; Oldfield et al., 2016;
Slorach et al., 2019).

Therefore, the purpose of the study has been to research into the
possibility of using fruit pomace as carrier agents in freeze-dried snacks
and analyze selected properties of obtained products in comparison
with snacks obtained through adding traditional carriers, hydrocolloids,
in terms of modification of physical and functional characteristics.

2 | MATERIALS AND METHODS

2.1 | Material

Frozen carrots were supplied by Unifreeze sp. z 0.0 (Poland) in the
form of cubes (1x1x1 cm). Orange juice (Tymbark, Poland) and
ginger were purchased in the local market in Warsaw (Poland).
Low-methoxyl pectin (Hortimex, Poland) was used as a hydrocol-
loid carrier and dried apple and blackcurrant pomace (Greenherb,
Poland) as alternative carriers. Calcium lactate (Agnex, Poland) was
used as a gelation activator.

2.2 | Sample preparation

For the purpose of preparing freeze-dried snacks, first all com-
pounds were weighed according to the recipes presented in Table 1.

TABLE 1 Composition of freeze-dried
carrot-orange-ginger (COG) snacks
obtained with the addition of powdered
apple (AP) and blackcurrant (BP) pomace
and low-methoxyl pectin (LMP) as carrier
agents

1.5% low-methoxyl pectin

*The amount of water was determined as the rest remaining after adding all other components,
therefore in AP and BP compositions, the portions are 0.5% smaller than in LMP mixtures.
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A relevant portion of carrot was thawed at an ambient temperature
(approx. 25°C) for about 45 min. Carrier agents were hydrated in the
calcium lactate solution at the temperature of 80-85°C for 1 min.
Those ingredients were placed in a laboratory knife mill GRINDOMIX
GM 200 (Retsch, Germany) and cut for 1 min by means of the knife
speed of 4500rpm in a continuous mode. Then, the mixture was
poured into silicone molds and froze at ~40°C in Shock Freezer HCM
51.20 (Irinox, Italy) for 4-5 h. After freezing, samples were removed
from the molds and freeze-dried in Alpha 1-2 LDplus freeze-dryer
(Martin Christ Gefriertrocknungsanlagen GmbH, Germany) at the
shelf temperature of 30°C and the pressure of 0.063kPa for about
48h.

Freeze-dried snacks were tightly packed in high barrier packag-
ing and stored in a dry place at an ambient temperature. In order
to receive reliable results, all the analyses were performed 24-48h

after the end of the production process.

3 | ANALYTICAL METHODS

3.1 | Water content

Dry matter content in freeze-dried snacks was obtained according
to the AOAC (2002) by means of drying 0.5-1 g of the input in a
laboratory dryer SUP 65W/G (WAMED, Poland) at the temperature

of 70°C for 24 h. Each sample was measured three times.

3.2 | Water activity
Water activity of freeze-dried snacks was determined utilizing
HygroLab C1 (Rotronic, Switzerland) at the temperature of 25+ 1°C

in triplicate for each sample.

3.3 | Hygroscopic properties

Hygroscopicity was determined based on the samples exposed to
the relative humidity of 75% in a desiccator filled with saturated
sodium chloride (NaCl) solution at the temperature of 25+1°C in
triplicate (Rybak et al., 2020). Samples were weighed at 0, 0.5, 1,
3, 6,9, 24,48, and 72h. Obtained results were expressed in terms
of moisture gain kinetics and equilibrium moisture content acquired

after the exposure to the humid environment.

3.4 | Apparent density

Apparent density was obtained through displacement of sea sand.
The preweighed sample was put into the glass cylinder and filled
with sea sand up to 25cm?® to determine its volume (Ciurzynska &

Lenart, 2016). The apparent density of the freeze-dried snacks was

zzifst II-wiLey- L2

calculated as a ratio of sample weight and geometric volume. Each

sample was measured five times.

3.5 | Microstructure analysis

The microstructure of freeze-dried snacks was analyzed using X-ray
micro-CT SkyScan 1272 system (Bruker, Belgium). Samples were
placed on the rotation stage by means of a double-sided sticky tape.
Determination was performed at a pixel size of 13.4 um, 40kV ac-
celerating voltage, and 193 A current. To acquire a radiographic
image of 2016 by 2016 pixels, the samples were rotated 0.2° dur-
ing the total rotation of 360°. Obtained images were loaded into
NRecon1.6.3.2 computer program (Bruker, Belgium) and converted
into 3D reconstruction of the sample. The greyscale images were
binarized by means of assigning pixels with lower intensity as back-
ground (air, pores) and pixels with higher intensity as freeze-dried
snack matter. Porosity was calculated based on the 3D data using
CTAn v.1.10.1.0 (Bruker, Belgium).

3.6 | Texture properties

The textural properties of the freeze-dried snacks were determined
using TA.HD plus Texture Analyser (Stable Micro Systems, UK) with
a platen probe of 20mm in diameter and local overload of 5 kg. The
compression test with the test speed of 0.5mm/s and 50% deforma-

tion was carried out in 20 replicates for each sample.

3.7 | Color

Color was determined by means of Konica-Minolta CM-5 colorim-
eter (Osaka, Japan) in the CIE L*a*b* system at a reflectance mode.
The lightness (L*), redness (a*), and yellowness (b*) were measured
within 20 repetitions. Evaluation of color change resulting from
freeze drying, the total color difference (AE), was estimated accord-

ing to the following equation:

AE = \/ (AL9)? + (Ag*)? + (Ab*)2 1)

where AL*, Aa* and Ab* are the differences in lightness (L*), redness
(a*), and yellowness (b*) between vegetable snacks before and after

freeze drying.

3.8 | Resource demand measurements

In order to estimate the resource demand of freeze-dried snacks
production, energy consumption of every electrical device used for
processing was determined using an Energy Logger 4000F meter

(Voltcraft, Germany). The volume of input, water, and wastewater



40f11
O WI LEY_ Journal of

was obtained using a laboratory balance WTC 2000 (RADWAG,
Poland).

3.9 | Statistical analysis

To identify significant differences between the average values
of the tested parameters of the samples, ANOVA and Tukey tests
were performed (at p = .05) using STATISTICA 13 software (TIBCO
Software, USA).

4 | RESULTS AND DISCUSSION

4.1 | The impact of the carrier type on water
content, water activity, and hygroscopic properties

Water determines a lot of properties of food products, such as sta-
bility and microbiological safety, which is ensured by water activ-
ity below 0.6 (Syamaladevi et al., 2016). Water content obtained for
freeze-dried snacks ranged from 1.91% to 2.55% and also conducted
low values of water activity (0.030-0.044), which is one of the most
important parameters determining quality and stability of food
(Table 2). Unexpectedly, the water content in the COG-LMP sample
was higher than in samples with the addition of apple (AP) and black-
currant (BP) pomace, but the water activity of it was significantly
lower in comparison to snacks with pomace powder. Regardless
of a carrier agent, obtained snacks were found safe and stable.
The low water content and activity usually feature freeze-dried
food products, and results obtained in this research are similar to
those reported previously in the literature (Ciurzynska et al., 2020;
Jakubczyk & Jaskulska, 2021). As it was described by Silva-Espinoza
et al. (2020), low water content is necessary to obtain proper texture
of freeze-dried snacks, and using carrier agents allows to achieve
such purpose, however, despite the addition of carriers, freeze-dried
products need to be protected during storage to avoid unfavorable
changes caused by the increase in moisture content.

Figure 1 presents the moisture gain curve in the freeze-dried
snacks versus the time of water vapor adsorption, whereas the equi-
librium moisture content expressed in terms of moisture content
in the matter after the exposure to the humidity of 75% for 72h is
shown in Table 2. Irrespective of an additive type used in the compo-

sition of the sample, the increase in moisture content was the most
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intense in the first hour of experiment. The ability to adsorb moisture
was decreasing with the time of exposure to the humid environment.
For the first 6 h, moisture gain was very alike in all the samples, but
further research showed that AP and BP samples reached signifi-
cantly lower equilibrium moisture content, so the pomace powder
addition reduced hygroscopic properties of the freeze-dried snacks.
Nevertheless, even the reduced moisture gain was found high, which
is characteristic for freeze-dried products that had been previously
reported (Gonzalez et al., 2020) along with the reducing effect of
carrier agents on the hygroscopic properties of freeze-dried prod-
ucts (Canuto et al., 2014; de Santana et al., 2015; Fongin et al., 2017,
Silva-Espinoza et al., 2020). The high moisture gain in freeze-dried
matter results from high porosity and easy access to open structure
for water to penetrate (Cassanelli et al., 2019; Roca et al., 2008), so
lower hygroscopicity of the snacks with the addition of fruit pomace
powder may be related to their lower porosity (Table 2). Moreover,
water works in dried food products as a plasticizer, therefore the
increase in moisture content in freeze-dried products may lead to
phase transition, structure collapse, and unwanted changes in the
product textural properties and stability caused by a drop of glass
transition temperature (Silva-Espinoza et al., 2020). All the tested
samples have turned out to be very prone to adsorb water vapor
from the environment, which involves the usage of moisture high
barrier packaging.

4.2 | Theimpact of the carrier type on
structure and texture properties

Apparent density of the freeze-dried fruit and vegetable snacks
is presented in Table 2. The results obtained for carrot-orange-
ginger (COG) snacks ranged from 0.077 g/cm?® to 0.115g/cm®. The
lowest values were observed for the samples structured with low-
methoxyl pectin (LMP) addition, and the highest apparent density
was featured by the samples with blackcurrant pomace powder
(BP). Apparent density portrays a mass of solid matter concen-
trated in a certain volume of a sample and it is linked to the po-
rosity. In consequence, the lower the apparent density, the higher
the porosity because the empty space constitutes a larger part of
the structure. Porosity of the freeze-dried snacks determined in
terms of uCT is shown in Table 2. The COG-LMP snack has been
found to be significantly more porous than the samples with fruit

pomace powder. It may be indicated by stronger structure-forming

TABLE 2 Water content, water activity, hygroscopicity, apparent density, porosity, and hardness of freeze-dried carrot-orange-ginger
(COG) obtained with the addition of powdered apple (AP) and blackcurrant (BP) pomace and low-methoxyl pectin (LMP) as carrier agents

Water content Hygroscopicity Apparent density
Sample (%) Water activity (8120/84.m) (g/cm®) Porosity (%) Hardness (N)
COG-AP 1.91+£0.04° 0.044+0.003? 0.281+0.003" 0.106 £0.002° 58.30+0.54° 10.56 £1.08°
COG-BP 2.10+0.26° 0.042+0.001° 0.276 +0.005" 0.115+0.003? 56.80+2.16" 7.90+0.55°
COG-LMP 2.55+0.11° 0.030+0.003" 0.305+0.008° 0.077+0.001° 64.99 £1.09° 21.08+£1.20°

Note: Averages + standard deviation. Different letters in columns indicate significant differences at p = .05.
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FIGURE 2 Cross-section
microstructure of freeze-dried snacks
obtained with the addition of low-
methoxyl pectin (LMP) and powdered
dried apple (AP) and blackcurrant (BP)
pomace as carrier agents

properties of pure pectin in comparison to dried pomace that has
not been able to carry the mass of the structure. The obtained
results have contradicted the previously made assumption that
the use of fruit pomace powder allows to create the structure
of similar porosity as the one created by pectin. The highly po-
rous structure of freeze-dried food products is usually described
as spongy or cellular and was previously reported (Ciurzynska
et al., 2015, 2020; Khalloufi & Ratti, 2003). The high porosity in
freeze-dried products is a consequence of internal ice crystal sub-
limation that needs plenty of channels to let out water vapor (Jiang
et al., 2013). Such phenomenon may be found as positive because
of the increased bioaccessibility of active compounds contained
in food. However, the high porosity also accounts for a high
water adsorption ability, therefore the stability may be weaker
(Ngamwonglumlert & Devahastin, 2018), and high hygroscopicity
was also proven by this research.

The internal structure of the freeze-dried snacks is shown in
Figure 2. The additive type affects the structure and, as it has al-
ready been mentioned, fruit pomace powder is not as strongly
structuring as pectin but it still shows some advantage. It has been
assumed that because of the inherency of pectin and water-bonding
capacity (Eblaghi et al., 2021; Garcia-Amezquita et al., 2018; Garna
et al., 2007; Kosmala et al., 2010; ReiBner et al., 2019), fruit pomace
would be an effective structure-forming additive. However, as it has
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already been stated by the aforementioned authors, the content and

quality of pectin vary depending on the origin, method of processing,
and even the cultivator of pomace. Consequently, both apple and
blackcurrant pomace purchased from various sources may behave
dissimilarly inducing the variation in product characteristics. Even so,
given the structure and texture of the freeze-dried snacks, the apple
pomace used in this study is very likely to have contained more pec-
tin than the blackcurrant pomace. Gelation of hydrocolloids, such as
low-methoxyl pectin, is induced by calcium ions (Capel et al., 2006),
therefore they were also used to support the structure-forming
properties of fruit pomace powder. Regardless of the carrier agent
used, the skeleton of the snacks resembled a maze and was charac-
terized by more oblong than round pores. A similar structure of the
freeze-dried gel was reported by Cassanelli et al. (2019). The sample
with pectin was characterized by a more regular structure, however,
some similarities were also visible in the pictures portraying samples
with the addition of dried apple pomace powder (AP) and blackcur-
rant pomace (BP), the structure of which was less homogenous be-
cause of pomace powder particle appearance. The diagram picturing
the pore size distribution is presented in Figure 3. In general, pores
with mean diameter 0.05-0.11 mm were the most frequent in each
sample. Blackcurrant pomace powder induced formation of a larger
number of smaller pores, while the addition of apple pomace pow-
der increased the frequency of larger pores in comparison to other
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carrier agents. Since saccharides content may affect the texture of
the freeze-dried products (Ciurzynska et al., 2013) and texture is
connected directly with structure, differences in chemical composi-
tion of the additives may be the main cause of such results. However,
Karwacka et al. (2021) observed strong connection between the
pore size distribution in freeze-dried vegetable snacks and carrier
agents used to obtain them. In the aforementioned research, sodium
alginate addition induced creation of the structure characterized by
greater pores, while in the structure of snacks with apple pomace
powder smaller pores appeared more frequently. The differences
between the results presented in this study and those reported be-
fore may also arise from the addition of calcium ions and thermal
treatment of fruit pomace powder, which were not applied in the
aforementioned research, therefore gelation of pectin contained in
fruit residue could not have been activated then but could be ac-
tivated now, which may have been be the reason for a lack of any
difference between pomace powder and hydrocolloids. Moreover,
according to Eblaghi et al. (2021), texturizing properties of pectin in
apple pomace may require extended time and higher temperature of
hydrothermal treatment before being added to food products.
Hardness of the freeze-dried snacks, expressed in terms of a
maximum force recorded during the compression test, is shown in
Table 2. In the aspect of texture, which is one of the most import-
ant features of food products, the carrier type used in the compo-
sition of the snacks had a clear impact on the sample properties.
Each additive allowed to create products significantly distinguished
by hardness. Samples obtained with blackcurrant pomace powder
(BP) were characterized by the lowest hardness, the next ones were
those with dried apple pomace powder (AP). The addition of low-
methoxyl pectin (LMP) double strengthened the texture of the snack
in comparison to the COG-AP and triple strengthened as compared
to BP samples. Based on this, the replacement of pectin carrier in
freeze-dried snacks with dried fruit pomace powder does not lead to
creation of products marked by very much alike texture and it may
require to increase the quantity of pomace carriers. The samples
with the addition of fruit pomace powder, especially blackcurrant,
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FIGURE 3 Percentage pore size
distribution in freeze-dried snacks
obtained with the addition of low-
methoxyl pectin (LMP) and powdered

B COG-AP
dried apple (AP) and blackcurrant (BP)
pomace as carrier agents
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were very fragile and evinced a tendency to crumble, which could
cause the shape destruction of the product and be an essential ob-
stacle in packaging and storage. It turned out that any of alternative
additive used could not be a perfect substitute for pure hydrocol-
loid. However, Kuo et al. (2021) reported hardness of freeze-dried
gelatin-alginian hydrogels without the addition of any other ingre-
dients more similar to the results obtained for samples with dried
fruits pomace powder than to properties of hydrocolloid samples
but that could be related to a different measurement method.
Karwacka et al. (2021) also reported that dried fruit pomace was
characterized by multiply weaker texture-forming strength in com-
parison to hydrocolloids exemplified by apple pomace powder and
sodium alginate. In general, higher hardness values indicate greater
durability of freeze-dried snacks. The differences in textural proper-
ties of the snacks were also visible in the course of the compression
curves shown in Figure 4. The harder the material, the more peaks
and drops appeared on the compression curve. Smoothness of the
curves obtained for samples with the addition of powdered dried
fruit pomace indicated that no cracks of the internal structure oc-
curred, whereas for harder samples structured with the addition of
pectin, a lot of drops of compression force were observed. Textural
properties, portrayed in the form of compression curves, depended
on the composition of products and the quantity of structure-
forming additive (Ciurzynska et al., 2013, 2015). It was also proven
that the addition of compounds featured by high sugar content in-
tensified strengthening of the structure (Ciurzynska et al., 2013).

4.3 | Theimpact of the carrier type on the
color of the freeze-dried snacks

Color parameters of freeze-dried snacks before and after the
freeze-drying are shown in Table 3. The higher the values of the
parameter L¥ the brighter the tested sample is. Lightness of carrot-
orange-ginger (COG) snacks before freeze drying ranged from 36.81
to 54.55 and rose to 57.47 to 74.42 after that process. In general,
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TABLE 3 Color parameters of the freeze-dried carrot-orange-ginger (COG) snacks obtained with the addition of powdered apple (AP)
and blackcurrant (BP) pomace and low-methoxyl pectin (LMP) as carrier agents

Fresh Freeze dried
Material L* a* b* L* a* b* AE
COG-AP 50.12+0.12° 27.76 +0.19° 49.35+0.18° 70.26+0.53° 19.13+0.50° 46.58+0.77° 22.09+0.64°
COG-BP 36.81+0.15° 16.39£0.08° 31.07+0.14¢ 57.46+1.12° 16.35+£0.79° 32.88+0.72° 20.76 +1.15¢
COG-LMP 54.55+0.192 31.43+0.11° 53.89+0.27° 74.42+1.032 18.79 +1.14° 42.29+1.99° 26.29+2.13°

Note: Averages + standard deviation. Different letters in columns indicate significant differences at p = .05.

snacks obtained with pectin were brighter than the ones with pow-
dered fruit pomace, however, each used additive caused a significant
difference in lightness of the snacks and even after freeze drying the
same trend was observed. Positive a* and b* values indicate redness
and yellowness of the sample, respectively. Color parameters of the
freeze-dried snacks correspond to the literature data reported for
freeze-dried carrot and orange products (Barbosa et al., 2015; Lyu
et al,, 2021; Wiktor et al., 2016), so color of the researched sample
was determined principally by the main components, but despite a
small quantity, the impact of carrier agents was also observed. The
lowest values of color parameters were observed for samples with
the addition of dried blackcurrant pomace powder (BP), which re-
sulted from its dark color and high anthocyanins content (Michalska
et al., 2017). Due to drying, apple pomace contained products of
enzymatic and non-enzymatic browning that determined the color
of pomace powder, the addition of which also affected the color of
the freeze-dried snacks (Birtic et al., 2019).

The total color difference (AE) resulting from freeze-drying of
the snacks confirms that the color of samples structured with pectin
changed more in comparison to the samples with pomace powder,
the addition of which did not totally eliminate the color change but
reduced it significantly. Since the values of AE ranged from 20.76 to
26.29, the total color difference was huge and could be described as
visible for a human eye (Nowak & Nienautowska, 2017). The change
in color is a phenomenon typically occurring because of water re-
moval and pigments degradation due to plant product dehydration

by means of various methods, including freeze drying (Ammelt
et al,, 2021; Sette et al., 2017; Wiktor et al., 2016).

4.4 | Resources demand and energy
consumption of the freeze-dried snacks production in
a laboratory scale

The study has focused on determining the differences in resources
demand of freeze-dried snacks production, partially to cover the
gap of such information in literature and to identify any differences
between the compared scenarios. For this purpose, energy, water,
and raw material consumption were measured during processing of
the freeze-dried snacks. The limited access to the database of inputs
and outputs required to produce raw materials allowed only for as-
sessment of processing in respect of every technological stage per-
formed in the laboratory. Experiments were performed on the scale
of 1 kg batches produced for experimental trials. All collected data
are presented in Table 4.

Since the purpose of this research has been to assess the impact
of the carrier agents used in the snacks and the basis of products
was the same for each variant that differed solely in terms of the ad-
dition of a particular carrier, the influence of respective ingredients
was disregarded. However, focusing on such additives, pectin is ob-
tained from apple pomace, so the environmental impact of hydrocol-
loid is increased in comparison to dried fruit pomace powder due to
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TABLE 4 Raw material, energy, and water consumption of freeze-dried snacks production in laboratory scale calculated per 1 kg of batch

prepared for freeze-drying process

COG-AP
Raw materials
Frozen carrot (kg) 0.6
Orange juice (kg) 0.3

Ginger (kg) 0.004+0.0005 peels
Calcium lactate (kg) 0.001
Apple pomace (kg) 0.02
Blackcurrant pomace (kg) -
Low-methoxyl pectin (kg) -
Water 0.075
Carrier agents preparation

Energy (kWh) 0.154
Grinding/Mixing

Energy (kWh) 0.012
Freezing

Energy (kWh) 2.828
Freeze drying

Energy (kWh) 31.707
Wastewater (kg) 0.895
Total

Energy (kWh) 34.701
Water (kg) 0.075
Wastewater (kg) 0.895

COG-BP COG-LMP
0.6 0.6
0.3 0.3

0.004+0.0005 peels
0.001

0.004 +0.0005 peels
0.001

0.02 =
0.075 0.015
- 0.08
0.154 0.154
0.012 0.012
2.828 2.828
31.707 31.707
0.895 0.895
34.701 34.701
0.075 0.08
0.895 0.895

complex processing (Garcia-Garcia et al., 2019; Sharma et al., 2014).
Processing substantially contributes to the environmental impact of
products but the importance of this stage is neither less nor greater
than cultivation or transport, depending on individual characteristics
of researched products (Khanali et al., 2020; Knudsen et al., 2011),
therefore, if the amount of a carrier agent used in this research is
taken into consideration, it may influence the impact of a main prod-
uct to the extent lower than 10% of the impact caused by freeze
drying (Garcia-Garcia et al., 2019).

Residues generated during freeze-dried snacks production was
related to raw materials pretreatment and freeze drying. For the
COG samples, it was ginger peels and water removed from the
sample by freeze drying. Generation of organic waste, such as ex-
cess raw materials, was eliminated during preliminary studies that
allowed to prepare proper portions of vegetables before processing.
It was affected also by applying ready-to-use components that had
been washed, sorted, processed, and calibrated before the delivery
in the form of frozen cubes.

Water consumption, including water added to the mixtures to hy-
drate carrier agents and residue after freeze drying, was measured but
determination of water used for washing and hygienic purposes was
not performed. Processing of freeze-dried snacks required the use
of 0.075-0.08kg of water to hydrate carriers. The amount of water
depended on a type and quantity of a carrier agent. Wastewater
was the water removed from the sample during the freeze-drying

process. It accounted for about 90% of the initial weight of the
input matter. Taking into consideration the fact that freeze drying is
a periodical process and most of the water is collected on the con-
denser (Adams, 1991), it may be subsequently melted and reused
for further processing. However, freeze drying causes water to va-
pourize along with other volatile compounds that may be contained
in the ice collected via condensation (Antal et al., 2014; Krokida &
Philippopoulos, 2006), therefore water should be subjected to water
treatment enabling efficient recovery. Such operation would cause
significant reduction in water consumption and the amount of waste-
water resulting from freeze-drying-based production.

In terms of energy, freeze-drying accounted for 91.4% of the
total consumption, while shock freezing approximately 8.1%.
Preparation of raw materials (heating water) along with the grind-
ing and mixing process in a knife mill was found the least energy
consuming and accounted for 0.5% of the total energy consump-
tion, no matter which type of material had been prepared. Energy
consumption following the lab-scale production of researched
snacks estimates to 34.7 kWh/1 kg of the batch and since freeze
drying turned out to be the most affecting factor, optimizing it
seems to be the most reasonable way to decrease this indicator.
One of the possibilities is the use of combined drying method.
Pei et al. (2014), Hnin et al. (2019), and Hnin et al. (2020) found
that freeze drying combined with infrared radiation, air drying,
or microwave drying consumed significantly less energy than
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traditional freeze drying and did not cause significant changes in
products quality. They reported that setting a higher tempera-
ture of drying even intensified that effect because of shortening
time of the process. Through the time of freeze drying, only about
15% of the energy is consumed by heating system, the rest is used
by a vacuum pump and condenser, therefore the increase in dry-
ing temperature does not have any adverse impact on the energy
consumption, which results from the drying time reduction (Wu
et al., 2019). Although, as reported by Almena et al. (2019), a scale
of production has a notable impact on the environmental impact
of food production and the results obtained in the laboratory
scale may not be applicable in the extended scale, however, the
relative resource demand may still be applicable. Moreover, taking
into consideration the efficiency of industrial facilities, obtaining
freeze-dried snacks may also improve their efficiency in terms of

environmental impact.

5 | CONCLUSIONS

Combination of trends related to consumers' needs and sustainable
development contributes to new strategic objectives set for the
food industry development, including searching for possibilities of
reusing by-products to create novel products. One of the many ways
to accomplish such purpose is fruit and vegetable pomace manage-
ment. This study has aimed to research fruit pomace powder as a
more sustainable substitute for hydrocolloid carrier agents in freeze-
dried products. The addition of dried apple and blackcurrant pomace
powder in freeze-dried snacks has caused water content, porosity,
and hygroscopicity to decrease in comparison to the sample ob-
tained with low-methoxyl pectin. Snacks with fruit pomace have
featured lower porosity that has induced reduction in water adsorp-
tion capability. Used additives have changed the color of the freeze-
dried snacks but fruit pomace has lowered the total color difference
caused by freeze drying in comparison to the one determined for the
sample with pectin. A carrier type has also affected structure and
texture of the snacks. The capability of fruit pomace to create struc-
ture and texture of the products has been found significantly weaker,
especially in the case of blackcurrant pomace as compared to low-
methoxyl pectin. The measurement of resources demand conducted
during the lab-scale production implies that energy consumption is
the most problematic aspect of freeze-dried snacks processing and
the freeze drying has the greatest importance, so optimization of it
should significantly reduce the final energy demand. However, from
the energy efficiency point of view, the transformation from the lab-
oratory to the industrial scale is transferable in a linear manner, thus
the obtained results could only point to the relative environmental
spots to pay attention to at the large production scale. In conclusion,
the use of fruit pomace as a carrier agent in freeze-dried products
is a new and promising subject matter for the further research, es-
pecially in terms of the impact on nutrition and storage properties,
which may induce the research into the practicable application of
pomace for industrial purposes.
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Abstract: This study was conducted to analyze the effect of the addition of powdered apple and
blackcurrant pomace on the nutritional value, bioaccessibility of polyphenols, and antioxidant activity
of freeze-dried fruit and vegetable snacks in comparison to low-methoxyl pectin as a traditional
carrier agent. We evaluated sugars, protein, fat, ash, and total dietary fiber contents, as well as content
and potential bioaccessibility of polyphenols and antiradical properties. In comparison to snacks
with pectin, those with apple pomace powder were richer in carbohydrates and sugars, while snacks
with blackcurrant pomace featured significantly higher (p < 0.05) protein, ash, and fat contents.
The material with pectin had the highest content of total dietary fiber. The addition of blackcurrant
pomace powder increased the content of potentially bioaccessible polyphenols and enhanced the
antiradical properties of the products. The blackcurrant pomace exhibited a more beneficial effect
on the nutritional value of the freeze-dried snacks than other carrier agents applied. Nonetheless,
further research is needed to determine the effect of the addition of various amounts of pomace
powders on some crucial properties, such as dietary fiber and bioactive compounds contents, as well
as physicochemical characteristics.

Keywords: freeze-dried snacks; apple pomace; blackcurrant pomace; pectin; protein; sugar content;
total dietary fiber; in vitro digestion

1. Introduction

Consumption of snacks has increased over decades, and this phenomenon is being
constantly observed among people of various ages all around the world. The term “snacks”
itself has not yet been clearly defined [1], but as was developed by Potter et al. [2], four out
of five official definitions established individually by several countries characterized snacks
as foods and drinks consumed between main meals, and only one included information
that the total calorific value of these meals should not exceed 150 kcal. The meaning of
“snacks” also refers to energy-dense and nutrient-poor foods that are packed in small
individual portions and can be easily consumed between regular meals [3,4]. Moreover,
despite the lack of a universal definition, consumers’ perception of such a term is influenced
by the potential nutritional value and health disadvantages and features related to time,
location, and circumstances of snacking, as well as types of food commonly chosen as
snacks [3,4]. Regarding snacking products that are most often seen as unhealthy, there
is a global trend connected to consumers seeking more sustainable and conscious food
choices, motivated by the spread of a self-care lifestyle and public approval, as opposed
to unhealthy snacks. As a consequence, there is a growing branch of the food sector
that focuses on the development of more beneficial alternatives for easy and accessible
traditional snacks [5]. Reflecting on the scale of snacking popularity, there are surprisingly

Sustainability 2022, 14, 13012. https:/ /doi.org/10.3390/su142013012

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


https://doi.org/10.3390/su142013012
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-5511-3251
https://orcid.org/0000-0003-3595-0818
https://orcid.org/0000-0002-6513-8399
https://orcid.org/0000-0002-2352-5307
https://doi.org/10.3390/su142013012
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su142013012?type=check_update&version=2

Sustainability 2022, 14, 13012

20f16

few recommendations for in-between meals eating associated with quality and quantity of
taken comestibles. Moreover, most of them imply restricting the amount of sweet and salty,
high-energy products in favor of less-processed and fresh foods such as fruits, vegetables,
or nuts, which help to maintain a nutritious and balanced diet and are suggested to be
consumed three to five times a day, depending on the source [2].

Fruits and vegetables are natural sources of valuable nutrients such as dietary fiber and
vitamins, along with micro and macro elements, which are crucial components of a healthy
and balanced diet. The most recent WHO (World Health Organization) recommendations
for both adults and children include consuming at least 400 g of non-starchy fruit and
vegetables, preferably allocated into five portions [6]. Unfortunately, the consumption of
these products is still insufficient. It is especially noticeable in the case of vegetables, which
are less sweet in comparison to fruits, and are therefore perceived as less attractive and
consumed not as willingly, particularly by children [7]. Because of their short shelf-life, easy
spoilage, and quick overall quality decrease, combined with consumers’ constant demands,
various aspects of fruit and vegetable processing have been studied comprehensively,
including techniques, quality, and development [8]. Moreover, it is also recognized that
fresh or processed products have the potential to be considered as sources of some essential
nutrients and health-promoting compounds, but a lot of these remain in by-products and
residues [9]. Currently, given the pandemic and an increasingly tense geopolitical situation
combined with population growth and climate crises occurring around the world, it has
been shown that the food industry must search for extraordinary solutions providing
access to highly nutritious foods obtained from local goods in case of potential limitations
in the supply chain resulting from rising prices, unstable trade, reduced resources, and
transport difficulties [10-13]. Thus, fruit and vegetable by-products, such as pomace, have
become important parts of scientific research and the novel food development sector [9,14].
Furthermore, there have been only a few attempts at applying fruit pomace as a carrier
agent in freeze-dried fruit and vegetable snacks, as reported by Karwacka et al. [15-17] and
Ciurzyniska et al. [18]. However, these papers pertain to physical rather than chemical and
nutritional properties of the products. Therefore, the novelty of the present study is that
we captivated three significant aspects of current food science and technology. The first
one relates to food waste management and sustainable product development due to the
infusion of fruit pomace as food additives, the second is the choice of freeze-dried fruit and
vegetable snacks as a base of the research, and the third and final aspect is the analysis of
the impact of pomace addition on chemical composition and nutritional value.

Fruit pomace is a solid residue remaining after juice and cider manufacturing. Gener-
ally, it contains up to 85% water, and so there is a risk of microbiological contamination and
spoilage; thus, pomace is usually dried and then subjected to further processing [19]. A
possible hazard of toxic residues, such as mycotoxins or pesticides, in the pomace has been
considered, but the studies conducted on that topic proved that consumption of pomace in
small amounts does not put human health in danger. The quality of pomace must be tested
before using it as a food ingredient, but in general, a food-grade pomace has been estab-
lished [20,21]. Most of the bioactive compounds do not migrate to manufactured products
and they stay in the solid matter of pomace; therefore, it is rich in polyphenols, organic
acids, and minerals, and accordingly has notable antioxidant capacity [19,20,22,23]. These
by-products are also characterized by a relatively high content of soluble and insoluble
fibers, cellulose, hemicellulose, lignin, and pectin, which induces its water binding and
swelling capacity [19,24] and helps extend the feeling of satiety after consumption [25,26].
The chemical character of these compounds requires calcium ions to activate their gelling
properties [19,27]; therefore, pomace-enriched products may have a beneficial effect on the
overall functioning of the digestive system and mineralization. This makes the infusion
of pomace and pure pectin, along with calcium salts, as it demands, into the composition
of new products favorable not only in technological aspects but in nutritional aspects as
well. Poland has been a leading producer of apples and blackcurrant for many years and
many harvests are allocated for processing, which generates a great amount of residues
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to manage [28-30]. The physicochemical and nutritional properties of both apple and
blackcurrant pomace have already been analyzed several times. It has been recognized that
the quality and composition of pomace differ and depend on the quality of raw material,
which also varies and is contingent on origin, season, and cultivation method. However,
irrespective of the particular characteristics, fruit pomace has a prominent potential of
being utilized as a food-enriching component [19,21,29,31,32].

Therefore, we aimed to develop new plant-based snacks and analyze the effect of
the addition of powdered fruit pomace (apple and blackcurrant) on the nutritional value,
bioaccessibility of polyphenols, and antioxidant activity of freeze-dried fruit and vegetable
snacks in comparison to low-methoxyl pectin as a traditional carrier agent stabilizing
physicochemical properties of the freeze-dried products. This study will be used to select
the features most influenced by various compositions to focus on in future research to
evaluate the effect of the addition of pomace as a carrier agent in freeze-dried products.

2. Materials and Methods
2.1. Material

The material examined in this research was freeze-dried carrot-orange-ginger (COG)
snacks (Figure 1). Formulations of the material consisted of 60% frozen carrot cubes
(Unifreeze Sp. z o.0., Miesiaczkowo, Poland), 30% orange juice (Tymbark, Poland),
7.5-8% water, 0.4% fresh ginger purchased at a local market in Warsaw (Poland), and
0.1% calcium lactate (Agnex, Poland). Moreover, three different carrier agents differen-
tiating the material were used. Industrial dried apple pomace powder (AP) (Greenherb,
Poland) and dried blackcurrant pomace powder (BP) (Greenherb, Poland) were added in
the amount of 2%, whereas the quantity of low-methoxyl pectin (LMP) (Hortimex, Poland)
equaled 1.5%. Each carrier agent was used separately. The mixed batches were freeze-
dried utilizing an Alpha 1-2 LDplus freeze-dryer (Martin Christ Gefriertrocknungsanlagen
GmbH, Osterode am Harz, Germany) at a shelf temperature of 30 °C, chamber pressure of
63 Pa, and condenser temperature of —53 °C for about 48 h. The processing of the snacks
was described in detail by Karwacka et al. [17]. An effect of applying such additives on
the physical properties of the freeze-dried snacks has already been reported, and, as was
described previously, the water content in the freeze-dried snacks in the sequence COG-AP,
COG-BP, and COG-LMP was 1.91 £ 0.04%, 2.10 & 0.26%, and 2.55 £ 0.11% [17].
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Figure 1. Freeze-dried carrot-orange—ginger snacks obtained with the addition of powdered ap-
ple (COG-AP) and blackcurrant (COG-BP) pomace and low-methoxyl pectin (COG-LMP) as car-
rier agents.

2.2. Analytical Methods
2.2.1. Free Sugar Content Determination

Determination of sugar content was carried out using a high-pressure liquid chro-
matography method with refractive index detection [33]. HPLC, Waters 2695 Alliance
(Waters, Milford, MA, USA) was equipped with a quaternary pump, autosampler, column
thermostat, and RI detector. The compounds were separated with a 300 x 6.5 mm Waters
Sugar Pak I column with a Sugar-Pak guard column. Before the procedure, freeze-dried
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snacks were ground using a basic analytical mill A11 (IKA Laboratory Equipment, Warsaw,
Poland), and 0.3 g of the powdered sample was extracted with distilled water at 80 °C for
12 h. Obtained aqueous extracts were filtered using a 0.22 um PTFE syringe filter, and a
volume of 10 uL was injected into the chromatographic system. The glucose, fructose, and
sucrose content were calculated based on calibration curves acquired for these compounds’
standards (Sigma-Aldrich, Steinheim, Germany).

2.2.2. Protein Content Determination

Protein content in the freeze-dried snacks was determined using the Kjeldahl method.
The preparation of the sample consisted of material mineralization. A ground sample
of known weight was placed into a mineralization vessel with two tablets of Kjehltabs
catalyzer and 12 mL of saturated sulfuric acid. Mineralization was carried out utilizing
the Tecator 2020 Digestor (FOSS Analytical, Hillerod, Denmark) at 420 °C. The procedure
was performed using the Kjeltec Auto 1035 nitrogen analyzer (Perstorp Analytical Teca-
tor, Malmo, Sweden) equipped with an autosampler, automatic sample dilution system
with redistilled water, automatic neutralization system with 33% NaOH solution (VWR
International, Gdarsk, Poland), and colorimetric titration system. Nitrogen content was
measured by titrating the neutralized sample with 0.1 HCl solution (VWR International,
Gdansk, Poland). Protein content in the freeze-dried snacks was calculated using the
N x 6.25 indicator, which portrays an average content of nitrogen in proteins from plant
tissue at the level of 16% [34].

2.2.3. Fat Content Determination

Fat content was determined using the Soxhlet method. Fat extraction was conducted
using the Soxtec Avanti 2050 Auto Fat Extraction System (FOSS Analytical, Hillered,
Denmark) at 130 °C using petroleum ether (VWR International, Gdarisk, Poland). The first
step of the procedure was the extraction of fat in boiling solvent for 30 min. After that, the
sample was washed with petroleum ether vapor for 45 min, and then the solvent recovery
was carried out. Obtained fat was dried for about 1 h, cooled in a desiccator, and weighed.
Fat content was calculated as the ratio of the extracted fat to the initial weight of the sample.

2.2.4. Total Dietary Fiber Content Determination

Determination of total dietary fiber was conducted according to AOAC 985.29 method-
ology [35] and the 200A Total Dietary Fiber Assay Kit (Megazyme, Wicklow, Ireland). Prior
to the test, the following reagents were prepared: phosphate buffer and pH 6, 0.275 M
NaOH, 0.325 M HCl, and 78% ethanol, all supplied by VWR International (Gdansk, Poland).
Previously, porcelain crucibles were roasted at 525 °C for 3 h. After cooling, 0.5 g of celite
was added to each, wetted with distilled water, and dried at 130 °C to constant weight.
After cooling, the crucibles were weighed and stored in a desiccator until use. The pro-
cedure started with weighing approximately 1 g of ground material onto the base of the
incubation flask in two repetitions, and 50 mL of phosphate buffer pH 6 was added. It was
mixed on a magnetic stirrer until a homogeneous suspension was obtained, and then 50
uL of a-amylase (3000 U-mL~!) was added, mixed, covered tightly with aluminum foil,
and incubated in a water bath at 90-100 °C for 30 min. After removal from the water bath,
the flasks were cooled and the mixtures were increased to pH 7.5 with 0.275 M NaOH
solution. When pH was corrected, 100 pL of protease (350 U-mL~1) was added, mixed,
and incubated in a shaking water bath at 60 °C for 30 min. After that time, the mixture
was cooled and the pH lowered to 4.5 with a 0.325 M HCl solution. With constant stirring,
200 pL of amyloglucosidase (3300 U-mL~!) was added, and then the flasks were covered
with foil and incubated again at 60 °C for 30 min. After incubation, 280 mL of 96% ethanol
at 60 °C was added to each flask and allowed to precipitate soluble fiber for one hour at
an average temperature of 25 °C. The roasted crucibles and flasks with the mixture were
placed in the filter module Fibertec 1023 (FOSS Analytical, Hillered, Denmark). Filtration
was then carried out by washing the vessels with ethanol. The crucibles were transferred to
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the top of the module, after which the contents were washed three times with 20 mL 78%
ethanol, twice with 10 mL 96% ethanol, and twice with 10 mL acetone. The crucibles were
dried at 105 °C for approximately 16 h. After cooling in a desiccator, they were weighed.
Subsequently, one sample was subjected to protein content determination using the Kjel-
dahl method, and the other was burnt in a muffle furnace at 525 °C for 5 h. After cooling in
the oven, the sample was cooled in a desiccator and weighed. The total fiber content was
calculated as the difference between the weight of the dry residue after filtration and the
weights of the protein and ash contained in it.

2.2.5. Ash Content Determination

Determination of ash content in the freeze-dried snacks was performed by mineraliza-
tion of about 1 g of sample in a muffle furnace at a temperature of 525 °C.

2.2.6. Carbohydrate Content Determination

Content of carbohydrates including sugars, specifically non-dietary fiber (non-DF)
carbohydrates, was estimated as a difference remaining to 100% after subtraction of water,
protein, fat, ash, and total dietary fiber contents [24].

2.2.7. Calorific Value Determination

The calorific value of the freeze-dried snacks was determined utilizing a pressure
bomb calorimeter (own construction). Tested material in the form of 1 g pellets, prepared by
grinding freeze-dried snacks into a powder and compressing it, was burned in a calorimeter
chamber in the atmosphere of pure oxygen. The heat of combustion (gross calorific value)
was calculated based on the change in water surrounding the chamber temperature and
sample weight by dedicated software.

2.2.8. Polyphenol Content and Antioxidant Properties
Extraction Systems

In vitro digestion procedure

In vitro digestion was performed as described previously [36] with slight modifi-
cations. All enzymes and chemical reagents used for the procedure were supplied by
Sigma-Aldrich (Poznani, Poland). First, 1 g homogenized samples were subjected to the
digestion process after previous hydration in distilled water at 1:1. The first step of the
enzymatic digestion was an oral phase that included adding 1.4 mL of simulated saliva
stock solution (SSFESS), 0.39 mL of distilled water, 0.01 mL of 0.3 M sodium chloride, and
0.2 mL of a-amylase (1500 U-mL1). Incubation of the samples was conducted in the dark,
continuously shaking at 37 °C for 2 min. For the gastric phase, the obtained bolus was
blended with 3 mL of simulated gastric stock solution (SGFESS), 0.278 mL distilled water,
0.002 mL of 0.3 M sodium chloride, 0.08 mL of 1 M hydrochloric acid, and 0.64 mL of
porcine pepsin (25,000 U-mL~1). Then, the matrix was incubated at 37 °C for 120 min, as
before with continuous shaking and in a dark place. The last phase, intestinal digestion, con-
sisted of mixing gastric chyme with 4.4 mL of simulated intestinal stock solution (SIFESS),
0.524 mL distilled water, 0.06 mL of 1 M sodium hydroxide, 0.03 M of 0.3 M sodium
chloride, 1 mL of aqueous bile extract (160 mM), and 2 mL of pancreatin (800 U-mL~1).
Further incubation was performed as per the previous step, at the temperature of 37 °C
for another 120 min, with continuous shaking and in the dark. During digestion, pH is
a crucial factor for a proper course of the procedure, and it should be 7 for the oral and
intestinal phases and 3 for the gastric digestion phase. Therefore, pH was controlled and
corrected using 1 M sodium hydroxide and 1 M hydrochloric acid. After digestion, the
samples were centrifuged (15 min, 6900 g) and the supernatants were mixed with an
equal volume of methanol to stop enzyme activity.
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Chemical extraction

The samples (500 mg) were extracted three times using a mixture of methanol:acetone:water
(4:4:2, v/v/v), pH 5 (adjusted with 1 M HCl), ensuring high stability of low-molecular-weight
antioxidants [37,38]. The sample was extracted with 5 mL of solvent for 30 min at room
temperature using a multi-rotator (RS-60, Biosan, Riga, Latvia) (300 rpm) and centrifuged
(15 min, 6000 % g), and the pellets were re-extracted. The supernatants from all steps were
combined and stored for further analysis. The extraction was performed in duplicate for all
freeze-dried samples, and obtained extracts were used for the determination of total polyphenol
content and antioxidant activity of material before digestion.

Total Polyphenol Content Analysis

The content of total polyphenols was determined using Folin—Ciocalteu reagent [39]
and expressed as gallic acid equivalents (GAE) in mg per g. First, 10 uL of extract and
distilled water were dispensed into 96-well plates. For the blank test, the sample extract
was substituted with 10 uL of extraction reagent. To the prepared mixtures, 40 uL of 5-fold
diluted Folin—Ciocalteu reagent (Sigma-Aldrich, Poznan, Poland) was added. Samples
were mixed, and after 3 min, 250 pL of 10% sodium carbonate aqueous solution was added.
Mixed samples were incubated for 30 min in a dark place. After that, the absorbance was
measured using a plate reader (Multiskan Sky, Thermo Electron Co., Waltham, MA, USA)
at a wavelength of 725 nm.

2.2.9. Antioxidant Activity against ABTS and DPPH Radicals

Abilities to quench ABTS and DPPH radicals were determined as described previ-
ously [33,40,41]. Free radical solutions were prepared 24 h before the analysis by dissolving
25 mg of 2,2-diphenyl-1-picrylhydrazyl (DPPH) with 99% methanol up to 100 mL and
38.4 mg of (2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) in 10 mL of dis-
tilled water with the addition of 6.6 mg of potassium persulfate. Directly before the analysis,
the prepared stock solutions were diluted with 80% ethanol to obtain absorbance in the
range of 0.68-0.72. All chemical reagents were supplied by Sigma-Aldrich (Poznan, Poland).

In order to determine antioxidant activity, 10 uL of the extracts were mixed in a 96-well
plate with 250 puL of the free radical solution. The plate was shaken and incubated in a
dark place for 2 h, and subsequently, absorbances of the samples were measured using a
plate reader (Multiskan Sky, Thermo Electron Co., Waltham, MA, USA) at a wavelength of
734 nm and 515 nm for the ABTS and DPPH test, respectively. The antioxidant activity was
expressed as Trolox equivalents in mg Trolox/g.

2.2.10. The Relative Bioaccessibility Index (REF)

The relative bioaccessibility index was determined to present the relationships between
biologically active compounds and antioxidant activities in terms of their bioaccessibil-
ity [42]. It was calculated for polyphenols and antioxidant activities as follows:

REF= PD (AD)/PC(AC) 1)

where PD is the concentration of the polyphenols in the digests, PC is the concentration of
polyphenols in the extract obtained with organic solvents, AD is the selected antioxidant
activity (ABTS, DPPH) in the digests, and AC is the selected antioxidant activity (ABTS,
DPPH) in the extract obtained with organic solvents.

2.3. Statistical Analysis

Obtained results (n = 9, mean 4 SD) were statistically analyzed using Statistica
13.3 software (TIBCO Software, Palo Alto, CA, USA). One-way analysis of variance ANOVA
and Tukey’s test at p < 0.05 were performed.
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3. Results
3.1. Carbohydrates and Sugar Content

Carbohydrates incorporate all sugars, oligosaccharides, and polysaccharides found
in food [43], and in the case of this study, total non-dietary fiber carbohydrate content
includes sugars and digestible carbohydrates, except dietary fiber. Based on a statistical
analysis of the obtained results shown in Table 1, the addition of dried apple pomace
powder made the total non-DF carbohydrate content of the freeze-dried snacks higher in
comparison to other variants of the snacks, which were characterized by about 6-6.5%
lower and statistically the same content. Accordingly, a similar tendency was observed in
the case of glucose and fructose content, which were a few percent and significantly greater
(p < 0.05) in the COG-AP sample than in COG-BP and COG-LMP, which also were similar.
On the other hand, each snack’s sucrose content significantly differed (p < 0.05), and both
extreme results were determined: the lowest for the freeze-dried snacks with apple pomace
powder and the highest for that with blackcurrant pomace powder. As a consequence, total
sugar content, including all of the investigated sugars (glucose, fructose, and sucrose), was
also significantly higher (p < 0.05) in the COG-AP sample (45.76%), while for COG-BP and
COG-LMP samples, it was estimated up to 43.50% and 43.77%. The presented findings
correspond to the literature that confirms only a slight part of carbohydrates not belonging
to a dietary fiber in blackcurrant pomace [24,44], which may justify the resemblance of the
COG-BP and COG-LMP non-DF carbohydrates profile. On the contrary, previous papers
reported relatively high content of such constituents in dried apple pomace [19,21], which
also is in an agreement with the outcomes of this study.

Table 1. Sucrose, glucose, fructose, and total non-dietary fiber (non-DF) carbohydrate content in the
freeze-dried carrot-orange-ginger (COG) snacks obtained with the addition of powdered apple (AP)
and blackcurrant (BP) pomace and low-methoxyl pectin (LMP) as carrier agents.

Sample - Total Non-DFO Suirose Gll,(l’COSE Fru:tose
arbohydrates (%) (%) (%) (%)
COG-AP 60.37 £ 0.79a 20.28 £+ 0.09¢ 11.30 £ 0.15a 14.18 + 0.36a
COG-BP 55.77 + 0.61b 22.78 + 0.08a 9.66 + 0.38b 11.06 £ 0.06b
COG-LMP 55.98 4+ 0.27b 21.79 + 0.32b 10.35 + 0.08b 11.63 + 0.09b

Means (£SD; n = 9) for analysis followed by different small letters are significantly different (p < 0.05).

3.2. Protein Content

Figure 2 presents protein content determined in the freeze-dried carrot-orange-ginger
snacks. The snacks with the addition of apple pomace powder contained 7.09% protein.
Those with blackcurrant pomace powder contained 9.06% protein, and those with pectin,
6.64%. Statistical analysis of the obtained results indicated that the composition of samples
with the addition of blackcurrant pomace (COG-BP) as a carrier agent was greater in
protein content compared to the other two variants. The percentage of the protein in snacks
with apple pomace powder (COG-AP) was also slightly higher than in products with low-
methoxyl pectin (COG-LMP), but there was no significant difference (p < 0.05) between the
two of them. Given the carrier agents as the only factors differentiating formulations of
the examined snacks, such results indicate that blackcurrant pomace powder used as an
additive in this research was a richer source of protein than both apple pomace powder
and low-methoxyl pectin. Plant-based products, including fruits, vegetables, and their
preserves, are recoghized as low-protein foods, and for this reason, any attempt to enhance
their value could be appreciated from a nutrition point of view [45,46]. Its importance is
emphasized especially acknowledging concerns related to plant-based diets and nutrient
deficiencies that may result from significantly lower (p < 0.05) absorbability of protein
originating from plant sources in contrast to animal protein [46].
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Figure 2. Protein content in the freeze-dried carrot-orange—ginger (COG) snacks obtained with the
addition of powdered apple (AP) and blackcurrant (BP) pomace and low-methoxyl pectin (LMP) as
carrier agents. Means (£SD; n = 9) for analysis followed by different small letters are significantly
different (p < 0.05).

3.3. Fat Content

Of all the basic compounds in food, fat accounts for notably higher energetic value
and relatively low satiety fulfillment [47], and so high-fatty products are energy-dense
and often classified as unhealthy products, the consumption of which should be limited,
especially for snacks [48,49]. As can be seen from Figure 3, each type of carrier agent used
in the study affected fat content in the freeze-dried fruit and vegetable snacks; its quantity
was in the range of 0.64-2.04%. The lowest value was observed for the COG-LMP sample
with the addition of pure hydrocolloid, and the highest was for that with blackcurrant
pomace. We observed that the infusion of fruit pomace increased fat content in the obtained
products, which complies with the literature, according to which fruit pomace contains fat
originating from seeds appearing in the mass of a pomace. Advantageously, oils obtained
from fruit seeds consist mostly of poly- and mono-unsaturated fatty acids, including those
essential for humans, e.g., linoleic and «-linolenic acids [50-52]; therefore, fortifying food
products with fruit pomace may have an even more beneficial effect on human health due
to the composition of fat.
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Figure 3. Fat content in the freeze-dried carrot-orange-ginger (COG) snacks obtained with the
addition of powdered apple (AP) and blackcurrant (BP) pomace and low-methoxyl pectin (LMP) as
carrier agents. Means (£SD; n = 9) for analysis followed by different small letters are significantly
different (p < 0.05).

3.4. Ash Content

The term ash in food products demonstrates all of the mineral residue remaining
after the total disintegration of organic compounds, which usually is executed through
thermal combustion. The more inorganic micro- and macro-elements accommodate a
food, the higher its ash content [53,54]. Results of ash content determination are shown
in Figure 4. Applied carrier agents significantly affected (p < 0.05) this parameter. In
this case, freeze-dried snacks with the addition of apple pomace powder (COG-AP) and
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blackcurrant pomace powder (COG-BP) were characterized by the lowest (4.81%) and the
highest (7.14%) amounts of ash, respectively, and low-methoxyl pectin infusion placed
the result obtained for the COG-LMP sample right in the middle (5.99%). Thus, it may be
assumed that of all the carrier agents used, apple pomace contained the lowest amount of
inorganic compounds, while blackcurrant pomace had the greatest. However, it must be
emphasized that the composition of plant material, such as fruits and vegetables and thus
their by-products, differs and fluctuates depending on variety, maturity level, as well as
storage time and conditions. Moreover, the tendencies observed for ash content changes
are not consistent and strongly dependent on the material [55-57]. On the other hand, the
high content of ash in pectin indicates its pollution and may disturb gelling properties [58].
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Figure 4. Ash content in the freeze-dried carrot—orange-ginger (COG) snacks obtained with the
addition of powdered apple (AP) and blackcurrant (BP) pomace and low-methoxyl pectin (LMP) as
carrier agents. Means (£SD; n = 9) for analysis followed by different small letters are significantly
different (p < 0.05).

3.5. Total Dietary Fiber Content

Dietary fiber consists of polysaccharides, oligosaccharides, and lignin—that is, high-
molecular-weight components of edible plant structure which resist digestion and ab-
sorption in the human organism, simultaneously having a beneficial effect on the overall
functioning of the digestive system and digestion process itself, as well as in the prevention
of several chronic diseases [59,60]. Figure 5 portrays the total dietary fiber (TDF) content
in the freeze-dried snacks, which ranged from 23.90% to 24.60% and up to 29.51%. As
can be seen in the figure, the sample with the addition of the pure hydrocolloid carrier
agent (COG-LMP) featured significantly higher (p < 0.05) content of the TDF, and so snacks
with both types of pomace powder were characterized by about 5-6% lower values of
that parameter. This is consistent with previous literature data that claim pectin as one
of the components defined as soluble dietary fiber [59]. According to the literature, dried
fruit pomace may contain even up to 90% of TDF, but it more likely oscillates at a level
below 60%, depending on the material [24,61]. There were also no statistically significant
differences (p < 0.05) between TDF content in COG-AP and COG-BP snacks, which implies
that either AP or BP powder used in this study incorporated total dietary fiber at a similar
level. Despite expected degradation of high-molecular-weight dietary fiber carbohydrates
to lower forms and sugars, Reifsner et al. [62] found that the application of hydrothermal
and mechanical processing causes favorable changes in the functionality of the blackcurrant
pomace, but no significant (p < 0.05) transformation of the chemical composition (dietary
fiber and sugar contents) of the material was observed, which is beneficial in terms of
repetitive quality of fortified foods. Therefore, it can be assumed that processing does not
affect the composition of a pomace, at least in terms of the carbohydrate profile.
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Figure 5. Total dietary fiber (TDF) content in the freeze-dried carrot-orange—ginger (COG) snacks
obtained with the addition of powdered apple (AP) and blackcurrant (BP) pomace and low-methoxyl
pectin (LMP) as carrier agents. Means (+SD; n = 9) for analysis followed by different small letters are
significantly different (p < 0.05).

3.6. Calorific Value

The calorific value of the freeze-dried snacks is shown in Figure 6. It is expressed as
energy of the material combustion estimated for 100 g of the product in order to match
the usual form placed in food product packaging. However, the freeze-dried snacks were
prepared in the shape of bars using 2 x 3 x 10.5 cm rectangular silicone molds, so one
serving of the snacks was considered one bar of 10 g; thus, the approximate amount
of energy delivered with the consumption of the products equals 10% of demonstrated
values. According to this, the energetic values of the snacks in the sequence COG-AP,
COG-BP, and COG-LMP were equal to 429.46, 433.66, and 386.78 kcal/100 g of the product,
and consequently, 42.95, 43.37, and 38.68 kcal per serving, respectively. The infusion
of fruit pomace significantly increased (p < 0.05) the calorific value of the products by
approximately 11.6% in comparison to snacks with low-methoxyl pectin (COG-LMP).
Such an effect may have been a consequence of higher sugar and fat content, which fruit
pomace typically comprises [19,24], and so they were introduced into the composition of
the snacks with the pomace powder. Nevertheless, even though the content of particular
compounds differed contingent on the type of additive used, there was no significant
difference (p < 0.05) between snacks with apple (AP) and blackcurrant (BP) pomace.
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Figure 6. Calorific value of the freeze-dried carrot-orange—ginger (COG) snacks obtained with the
addition of powdered apple (AP) and blackcurrant (BP) pomace and low-methoxyl pectin (LMP) as
carrier agents. Means (£SD; n = 9) for analysis followed by different small letters are significantly
different (p < 0.05).

The approximate composition of apple, blackcurrant, and any type of fruit or veg-
etable pomace is hard to assess, considering their diversity and dependence on internal
and external factors. Recently, Wladbauer et al. [19] collected data from various scientific
reports on apple pomace composition and compiled a diagram portraying an average
composition of dried apple pomace. According to the data, dried apple pomace contains
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36.89% total dietary fiber, 7.51% glucose, 15.96% fructose, 8.36% sucrose, 3.37% protein,
1.88% ash, and 0.38% polyphenols, vitamin C, and vitamin E combined. Usman et al. [63]
also determined the content of some nutrients in dried apple pomace powder. They ob-
tained 1.95% protein, 3.01% fat, 10.85% fiber, 1.50% ash, and 9.75 mg/g of polyphenols.
Skinner et al. [21], on the other hand, provided an approximate composition of fresh apple
pomace as 1.1-3.6% fat, 2.7-5.3% protein, 4.4-47.3% total dietary fiber, and 44.5-57.4% car-
bohydrates, including 44.7% fructose and 18.1-18.3% glucose. The authors emphasized the
inadequacy of such data and the limitations resulting from the diversity of the material and
the lack of comprehensive research. Lyu et al. [64] also pointed out the differences between
the composition of apple pomace in various reports, and added processing techniques to
the list of factors affecting the quality of the by-products. Nevertheless, the estimation
of blackcurrant pomace composition faces similar issues. The dry matter of blackcurrant
pomace examined by Reifsner et al. [62] consisted of 71.31% dietary fiber, 10.42% protein,
4.22% of fat, 7.28% fructose, and 3.96% glucose. Another paper by Reifiner et al. [24]
reported that the contents of fat, protein, ash, total dietary fiber, and carbohydrates in
blackcurrant pomace powder were 20.21%, 15.71%, 2.66%, 59.13%, and 2.20%, respectively.
Additionally, Déniel et al. [44] established that dried blackcurrant pomace comprised 61.7%
fiber, 4.5% fat, 16.9% proteins, and 14.8% lipids. Considering all referred data, it may be
concluded that in general, blackcurrant pomace powder contains more protein and fat
than apple pomace powder, which is consistent with the results obtained in this study.
Moreover, differences in the composition of the freeze-dried snacks were determined by
the composition of the additives used, but given the diversity of the material, the results
may not be repetitive or representative of different batches of the raw material.

There are not many similar products in the Polish market, but one type of commercially
available freeze-dried snacks in the form of bars can be found [65]. An average formulation
of these bars contains fruits (about 31%), concentrated fruit juices, carob tree extract,
maltodextrin, inulin, and pectin, and a singular serving of the snack proposed by the
producer is a 10 g bar. The nutritional facts presented on the package state that 100 g of the
product delivers 30-34 kcal, 0.7-3.2 g of protein, 0.1-1 g of fat, 53—69 g of carbohydrates
(including 39-51 g of sugars), and 28-36 g of dietary fiber. The data were collected based
on nutritional fact tables for four flavor variants of the freeze-dried snacks and suggest that
the research material of this study is comparable to the commercial products. Nonetheless,
given the resemblance of the composition of both commercial products and the snacks
examined in this study, conducted research revealed that snacks with fruit pomace powders
have about 20-25% higher calorific values than an average commercial snack. However,
there are neither vegetable nor fruit pomace-enriched alternatives to be found, and all the
freeze-dried bars available on the Polish market were developed on a base of fruits and
hydrocolloids.

Recently, Janowicz et al. [66] reported a mathematical assessment of the energy and
nutritional value of multi-layer freeze-dried vegetable snacks structured with various
hydrocolloids (sodium alginate and a blend of carob and xanthan gums). Given products
featured remarkably lower calorific values (14.5-16.5 kcal/10 g), contrary to the snacks
investigated in this research. The difference may have resulted from methods used in both
studies, because the outcomes of the mentioned one were strictly theoretical and based on
nutritional tables that do not include all of the components of the formulations. Considering
the size of said differences, they indicate that fruit components are responsible for higher
energy delivery. Furthermore, as was reported by Janowicz et al. [66], freeze-dried vegetable
snacks also consisted of 7.1-8.3% protein, 1.2-1.5% fat, 26-30% carbohydrates (including
sugars), and 8-10% total dietary fiber deriving from infused vegetables and herbs, but
the study did not consider hydrocolloids, so the presented TDF content seems to be
underestimated.
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3.7. Polyphenol Content and Antiradical Properties

Total polyphenol content and antiradical activity of the freeze-dried snacks before and
after subjection to in vitro digestion are presented in Table 2. There were no statistically
significant differences (p < 0.05) in the total polyphenol content in the extract obtained
with organic solvents (CHE); however, the replacement of low-methoxyl pectin (COG-
LMP) with blackcurrant pomace powder (COG-BP) caused an increase of about 10%. The
highest content of polyphenols in the potentially bioaccessible fraction (BE) was recorded
in COG-BP (an increase of 44% compared to COG-LMP). Polyphenols from snacks were
relatively bioaccessible—REF values ranged from 1.47 to 1.90 for COG-LMP and COG-BP,
respectively. In this case, the potentially bioaccessible fractions were characterized by
significantly higher (p < 0.05) activity when compared to the extracts from “chemical”
extraction. The highest activity was recorded for COG-BP, while COG-AP and COG-LMP
exhibited lower activity by approximately 50%. The opposite was previously reported by
Karwacka et al. [16], who obtained almost triplicate content of polyphenols in freeze-dried
vegetable snacks with apple pomace powder compared with the material with sodium
alginate as a hydrocolloidal carrier agent, which induced a similar tendency when it comes
to antioxidant activity against DPPH radicals, while in this study, the content of TPC was
reflected in the ability to quench ABTS radicals. Moreover, the ability to scavenge DPPH
radicals was higher in the extract obtained with organic solvents than in counterparts from
digestion in vitro. Compounds able to reduce DPPH radicals were poorly bioaccessible
in vitro (REF < 1). Similar behavior was previously reported for the highly pigmented
and hydrophilic antioxidants, where antiradical properties were better reflected by ABTS
assay than DPPH assay [67]. Thus far, a realization of polyphenols from AP was confirmed
by Nayak et al. [68], who recorded c.a. 3-fold higher content in potentially bioaccessible
fraction, but similarly to our studies, those extracts were characterized by a lower ability
to quench DPPH radicals. Blackcurrant pomace is an excellent source of polyphenols,
especially anthocyanins [32], supporting increased polyphenol content and the ability to
quench ABTS radicals observed after the replacement of LPM with this material. Although
anthocyanins from BP are characterized by low stability during digestion [69], it seems that
the matrix of the snacks protected them. As reported by Diez-Sanchez et al. [70], when
it comes to the bioaccessibility of polyphenols, the addition of blackcurrant pomace into
a model food matrix increases their bioaccessibility in comparison to phenolic extracts,
which is also connected to the creation of greater complexes with other constituents of the
food models, such as proteins, showing a protective effect on polyphenols during in vitro
digestion. Therefore, direct quantification of final effects observed in the extracts from
digestion in vitro is difficult because they resulted from many factors, including the release
of the compounds from the matrix, degradation thereof, and interactions.

Table 2. Polyphenols and antiradical properties of the freeze-dried carrot-orange—ginger (COG)
snacks obtained with the addition of powdered apple (AP) and blackcurrant (BP) pomace and
low-methoxyl pectin (LMP) as carrier agents.

Sample ( TPC ABTS DPPH
mg GAE/g) (mg TE/g) (mg TE/g)
CHE BE REF CHE BE REF CHE BE REF
COG-AP 3.36 £0.37¢c 5.51 £+ 0.14b 1.64 3.23 £ 0.25¢d 6.21 £ 0.40b 1.92 1.19 + 0.02b 0.47 £0.11d 0.40
COG-BP 3.73 £0.29¢ 7.08 £ 0.05a 1.90 3.58 £ 0.29¢ 9.33 £ 0.28a 2.60 1.66 £ 0.09a 0.63 £ 0.09¢ 0.38
COG-LMP 3.41 £ 0.28¢ 5.01 £+ 0.41b 1.47 3.03 £+ 0.14d 6.00 + 0.46b 1.98 1.50 & 0.10a 0.65 £ 0.13¢ 0.43

CHE—the extract obtained with organic solvents; BE—the extract obtained after digestion in vitro; REF—the
relative bioaccessibility index; GEA—gallic acid equivalents, TE—Trolox equivalents. Means (£SD; n = 18)
for analysis followed by different small letters are significantly different (p < 0.05). CHE and BE results were
analyzed together.
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4. Conclusions

The composition of the freeze-dried carrot-orange-ginger snacks obtained with the
addition of apple and blackcurrant pomace and low-methoxyl pectin as carrier agents was
successfully evaluated. The replacement of pectin with apple pomace powder increased
carbohydrate and sugar content, while blackcurrant pomace increased protein, ash, and fat
content. None of the used pomace powders enhanced the total dietary fiber content in the
snacks to exceed or even equal the level of the snacks obtained with pectin. Moreover, the
addition of blackcurrant pomace powder caused an increase in the bioaccessible fraction of
polyphenols, and as a consequence, enhanced the antiradical properties of the products,
thanks to the thermal stability of the anthocyanins. On the basis of the presented results,
blackcurrant pomace powder may be established as having a more beneficial effect on the
composition and nutritional value of the freeze-dried snacks than apple pomace powder,
or even the most beneficial effect among all the applied carrier agents. However, it must
also be considered that because of the diversity of the raw material quality, the results
obtained in this research may not be repetitive when using different products, but the
trends may be maintained. The use of pomace powders as food additives may facilitate
more sustainable and economically viable food processing. Nonetheless, further research is
needed to evaluate the impact of various types of fruit pomace on the sensory profile of the
snacks and to determine the effect of the addition of various amounts of pomace powders
on some of the crucial properties, such as dietary fiber and bioactive compound content.
Conducting industrial or semi-industrial experiments would also be interesting, providing
more useful data and allowing the verification of the possibility of pomace use in practice,
and a comparison of the quality of products manufactured in various ways.
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Abstract: The study aimed to evaluate the effect of storage temperature on quality changes in
freeze-dried carrot-orange-ginger (COG) snacks obtained with 2% of apple (AP) or blackcurrant (BP)
pomace powder or 1.5% of pectin (LMP). The material was stored at 4, 25 and 40 °C for 1, 3, 6 and
12 months in pouches impermeable to vapour, oxygen and light. Water content and activity, texture,
colour, total polyphenol content and antioxidant activity were examined to evaluate the products’
quality. During storage, water content and activity fluctuations were noted, but no critical values
were exceeded. Texture properties remained stable in snacks with pomace powders compared to
those with pectin, the hardness of which significantly decreased when stored at ambient and elevated
temperatures. However, the product with pectin was found to change colour the least over time. The
results obtained for chemical properties were not clear, but they strongly indicated the occurrence of
the transformation of some chemical compounds. Overall, a lowered temperature helped to maintain
the quality of the freeze-dried snacks for the longest time. The presented research contributes to the
general knowledge of the behaviour of innovative products with the addition of nonconventional but
sustainable compounds, revealing the potential for quality and stability improvements.

Keywords: apple pomace powder; blackcurrant pomace powder; low-methoxyl pectin; freeze-dried
snacks; storage; physicochemical properties

1. Introduction

Dehydration is one of the most common methods being applied to prolong the shelf-
life of easily spoiled foods. Its effectiveness results from lowering the moisture content,
and thus the water activity of the material, below the level critical for biochemical reac-
tions and microbial growth [1]. This rule suits traditional dried goods, e.g., fruits and
vegetables, and innovative multicomponent products have been designed using drying
methods not only as a tool to remove significant amounts of water but also to shape the
product’s characteristics [2]. The freeze-dried snacks investigated in this research are a
great example of those new products. They feature a porous structure that improves texture
and elevates hygroscopicity [3] and, like most plant-based freeze-dried materials, they
can lose their colour and sensory attributes faster than products obtained with different
drying methods [4]. Although the shelf-life of freeze-dried snacks should be long due to
the very low water activity, maintaining these products” high quality over time requires
the selection of packaging that provides a strong barrier against vapour, oxygen and light,
specifically [5].

Some of the most important requirements a food product has to meet before its intro-
duction to the market are safety and stability. To learn about the behaviour of food items
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during storage, it is suggested that their response to a wide range of conditions to which
they may be subjected is tested, and the critical parameters that may be affected are anal-
ysed [6]. Prior to their presence on a store shelf, consumables are usually kept at lowered
temperatures in order to reduce the possibility of any unfavourable changes occurring.
Once on the store shelf and after being purchased by consumers, goods that do not require
refrigerating are stored in ambient temperature surroundings. Moreover, the conditions
that products face in a household can vary depending on time, climate, etc. Fluctuations in
the environment can cause products to deteriorate more quickly [7]. Shelf-life testing takes
a lot of time, so to predict changes that could occur over a prolonged storage time or due to
exposure to critical conditions, such as elevated temperature, accelerated shelf-life tests are
being conducted.

The objective of this study was to evaluate the effect of storage time and temperature
on selected quality parameters of multicomponent freeze-dried snacks with fruit pomace
powders or pectin.

2. Materials and Methods
2.1. Materials

The research was carried out on freeze-dried carrot-orange-ginger (COG) snacks
derived from frozen carrot (Unifreeze sp. z 0.0., Miesiaczkowo, Poland), orange juice
(Tymbark, Krakow, Poland), ginger (local market, Warsaw, Poland), dried apple pomace
(AP) and blackcurrant pomace (BP) (Greenherb, Laricut, Poland), low-methoxyl pectin
(LMP) (Hortimex, Konin, Poland) and calcium lactate (Agnex, Biatystok, Poland).

2.2. Sample Preparation and Storage Conditions

Prior to production, the ingredients were weighed according to the formulation pre-
sented in Table 1 and carrot cubes were thawed at room temperature for about 30 min.
Water was heated to 85 °C, and then the calcium lactate salt and the additive (AP, BP or
LMP) were added and mixed for 1 min. Prepared components were blended for 1 min using
GRINDOMIX GM 200 (Retsch, Haan, Germany) at 4500 rpm. The mixture was poured
into 1.5 x 1.5 x 1.5 cm silicone moulds, frozen at —40 °C for 4-5 h and freeze-dried using
an Alpha 1-2 LD plus lyophilizer (Martin Christ GmbH, Osterode am Harz, Germany) at
30 °C and 63 Pa for 48 h. Directly after freeze-drying, the samples (30 cubes) were packed
in double-sealed laminate (PET/AI/PE) packaging pouches impermeable to light, gas
and vapour.

Table 1. Formulation of the freeze-dried snacks.

Sample COG-AP COG-BP COG-LMP
Compound Formulation (%)
Carrot (C) 60
Orange juice (O) 30
Ginger (G) 0.4
Calcium lactate 0.1
Water 7.5 7.5 8
Apple pomace powder (AP) 2
Blackcurrant pomace powder (BP) 2
Low-methoxyl pectin (LMP) 15

The prepared snacks were stored at three different temperatures: 4 £ 1 °C to test their
behaviour under conditions commonly used for storing foods before exposure on a store
shelf, 25 & 3 °C to determine changes that could potentially occur during storage in a store
or a household, and 40 £ 1 °C to perform accelerated shelf-life testing in order to evaluate
the effect of a higher temperature and possible quality loss after an extended storage time.
The material was stored for 1, 3, 6 and 12 months, assuming that 1 month was 30 days. One
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portion of the material was tested within 48 h after processing as a control. All the analyses
were performed within 24 h after the package was opened.

2.3. Analytical Methods

Water content was determined using the oven method. The ground sample (1 g) was
dried in an oven SUP 65W /G (WAMED, Warszawa, Poland) at 70 °C for 24 h. The water
content was calculated as weight loss measured after drying over the initial weight of the
sample. A water activity analysis was conducted utilizing HygroLab C1 meter (Rotronic,
Bassersdorf, Switzerland) at 25 & 1 °C. Both tests were conducted in triplicate.

The texture properties of the material were tested using TA.HD plus texture analyser
(Stable Micro Systems, Godalming, UK). A compression test was performed using a 20 mm
diameter platen probe, applying a test speed of 0.5 mm/s. The measurement was performed
on 10 samples of the material (1.5 x 1.5 x 1.5 cm) until 50% deformation occurred. The
results were expressed as hardness and compression curves.

Colour parameters L* a* b* were measured using reflectance mode on CR-5 Col-
orimeter (Konica Minolta, Tokyo, Japan). The diameter of the measuring hole was 8 mm.
The measurements were performed on 10 different spots on the surface of the material.
Total colour difference (AE) and chroma parameter (C) were calculated according to the
following formulas:

AE = \/(AL*)2 + (Ad")* + (Ab")? (1)

C = (@) + ) @)
where AL", Aa" and Ab” are the differences in lightness (L*), redness (a*) and yellowness
(b*) between the stored and control material.

The extracts used for total polyphenols content and antioxidant activity determinations
were prepared by extracting 0.3 g of the powdered material in 10 mL of 80% (v/v) aqueous
ethanol solution overnight (around 18-20 h) at room temperature, continuously stirring
using a laboratory shaker (Heidolph Instruments, Schwabach, Germany). After extraction,
the extracts were centrifuged (2 min, 3000 rpm) utilizing a laboratory centrifuge (MegaStar
600, VWR, Leuven, Belgium), transferred into 0.2 mL PRC tubes and subjected to further
analytical procedures, slightly modifying the methodology of Wiktor et al. [8]. Extraction
was performed in duplicate for each sample.

The total polyphenol content (TPC) determination was conducted with Folin-Ciocalteau’s
reagent using the spectrophotometric method. The extracts prepared as stated above were
mixed (1:1 v/v) with 10 uL of distilled water in 96-well plates. Subsequently, 40 uL of 5-fold
diluted Folin—-Ciocalteau’s reagent was added, shaken and incubated in a dark place at
room temperature for 3 min. Then, 250 pL of 7% sodium carbonate solution was added
and the mixtures were incubated once more in a dark place for 60 min. For a blank test,
an extract was replaced with the 80% aqueous ethanol solution. The absorbance was
measured at a wavelength of 750 nm using Multiskan Sky plate reader (Thermo Electron
Co., Waltham, MA, USA). The analysis was performed in triplicate for each extract.

Prior to the analysis, the stock DPPH® solution was diluted with 80% (v/v) ethanol
to obtain a working solution, the absorbance of which was in the range of 0.68-0.72, at a
wavelength of 515 nm. A total of 10 uL of the analyte solution and 250 pL of the free radical
solution were dispensed into a 96-well plate, shook and incubated at room temperature
in a dark place for 6 min. A blank test was prepared using the extracting solution instead
of the extract. The measurement of absorbance was performed at a wavelength of 515 nm
using Multiskan Sky plate reader. The antioxidant activity was expressed as mg Trolox/g
dry matter. The determination was conducted in triplicate for each extract.

The measurement of the antioxidant activity against ABTS** was conducted following
the procedure described for the DPPH® assay, modifying the incubation time, which lasted
for 30 min, and the absorbance was measured at a 734 nm wavelength.
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The results are expressed on graphs as means with standard deviations. The effect of
storage time and storage temperature was evaluated using the two-factorial ANOVA and
a post-hoc Tukey’s test at p > 0.05. Each type of sample (COG-AP, COG-BP, COG-LMP)
was analysed separately. The statistical analysis was carried out using STATISTICA 13.1
software (TIBCO, StatSoft Polska, Krakéw, Poland).

3. Results and Discussion

Water-related properties are crucial for the stability of food. They determine the
microbial growth, biochemical reactions and physical changes that are responsible for the
quality and safety of a product. As is shown in Figure 1A, the water content in COG-AP
samples fluctuated in the range from 0.011 to 0.022 g/g d.m.; in COG-BP, it fluctuated in
the range 0.010-0.020 g/g d.m. and in COG-LMP, it fluctuated in the range 0.013-0.023 g/g
d.m. Regardless of the type of additive used, the temperature tended to affect snacks in
a congruous way. After the first month, the storage values of the parameter significantly
dropped, and then they started to stabilize over time. When refrigerating, water content
rapidly increased after 3 months and then continuously decreased until the end of the
testing period. The accelerated shelf-life test showed that the first descent was followed
by a progressive elevation of the water content. The most notable variation was observed
during storage at an ambient temperature, which might be caused by the inconsistency
of the surrounding temperature. By the end of the trials, the highest water content was
recorded in samples stored at 40 °C and the lowest in the snacks that were refrigerated.
The performed tests showed fluctuations in the water content of the snacks; however,
the results indicate that the packaging used was sufficient to keep the products stable
and separated from the humid environment. A previous investigation of freeze-dried
mushrooms showed that when using “normal PE bags” and keeping samples at 25 and
37 °C and various RHs, the moisture content could increase from slightly over 4% to
8-10% within 25 days, which resulted in a microstructure transition and a drastic reduction
in texture properties [9]. Other studies on extruded rice snacks proved that, due to the
hygroscopicity of the products, moisture content significantly increases during storage
regardless of the type of packaging [10].
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Figure 1. Water content (A) and water activity (B) in freeze-dried snacks stored at various temperatures.

Since the packaging used in the research was impermeable by vapour and double-
sealed, the changes observed during storage are most likely a consequence of the migration
of moisture present in the material, as well as interactions between the material and the
atmosphere enclosed in the packet [11]. As was established before, the water content in the
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material is important, but food safety and stability rely mostly on water activity, which has
been identified as the critical parameter affecting products” quality during storage [12].

Figure 1B presents water activity fluctuations during 12 months of storage. Constant
tendencies regarding the storage temperature can be seen. In the beginning, the water
activity of samples stored at 4 and 25 °C slightly lowered and then progressively increased
until it peaked after 6 months. After that, the values for the refrigerated material dropped
to the initial grade, while maintaining snacks at an ambient temperature induced the water
activity to remain constant. Different trends appeared while storing the samples at an
elevated temperature. For the first six months, the water activity constantly increased,
then it rapidly dropped. In this case, the samples obtained with fruit pomace powders
behaved differently than those with LMP. The kinetic curves show that in the first month
of storage, the increase in the water activity of COG-AP and COG-BP samples was more
intense and then it slowed down during the next two months. Nevertheless, samples
stored at the highest tested temperature reached the highest values of water activity, but
it seems that they remained at this level only periodically, while storage at an ambient
temperature caused the water activity to increase and stay that way for a longer time,
which could potentially cause more damage to the sample. However, it is necessary to
mention that even though the values of the parameter increased, they did not exceed
any critical level for microbial growth or enzymatic and nonenzymatic reactions [12]. A
low level of water activity may support lipids” oxidation; however, as was established
before, the tested samples do not contain a significant amount of fat [13]. This suggests that
freeze-dried snacks remained stable and safe for consumption after 12 months of storage
under various conditions.

The texture analysis resulted in hardness (Figure 2A) being obtained as the highest
force recorded during compression of the samples, and compression curves (Figure 2B)
show the variety of samples that break upon impact. As can be seen in Figure 2A, snacks
obtained with fruit pomace powder showed only a slight deviation throughout storage.
The hardness of COG-AP significantly rose after the first month by about 15%, regardless of
the temperature. The lowest, not significant changes occurred during the low-temperature
storage. The mechanical properties of snacks with blackcurrant pomace powders slightly
differed at the beginning of storage, but overall hardness remained at the same level. The
highest variation in and influence of the storing conditions was observed when analysing
COG-LMP snacks. Refrigeration helped the material to remain unchanged for twelve
months, but keeping it at ambient and elevated temperatures caused a significant reduction
in hardness. A similar trend was established before, where the textural and rheological
parameters of pectin gels and solutions were constant at 4 °C and decreased when they
were kept at 25 and 40 °C. The authors indicated that the reason for this was the depoly-
merization of pectin over time [14]. The mentioned observations were also noticeable in
the compression curves, examples of which are presented in Figure 2B. They depict the
behaviour of a material reacting to an external force that causes deformation of the sample.
When the material shows resilience to the impact, the compression force increases and the
curve goes upwards, but when the material breaks, the compression force drops abruptly
and a downward peak appears on the curve. As is observable in the graph, the curves
of COG-AP and COG-BP samples were flatter and the visible disturbances in them were
smaller compared to those recorded for COG-LMP. They were also determined within the
range of 10 to 15 N, while the difference in the compression curves of samples with pectin
varied in the scope of 30 N. This confirms the variation in the tendencies of mechanical
properties observed during freeze-dried snacks’ storage and their dependence on the prod-
ucts’ formulation. Changes in texture are a common phenomenon in low-moisture food
products. Mechanical attributes are connected to the internal structure, moisture content
and chemical composition of the material [10]. The storage of freeze-dried orange snacks
with various biopolymers caused a significant reduction in force peaks that indicated a loss
of crispiness. The authors associated this with the water content in the examined products,
which also affected their porosity and structure, and strongly recommended controlling
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the RH of the environment during storage, identifying this as a main factor responsible for
unfavourable quality changes [15].
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Figure 2. Hardness (A) and compression curves (B) obtained for freeze-dried snacks stored at
various temperatures.

Colour is one of the first and most important factors in food products, attracting
attention and determining consumers’ choice of food products. Although the materials used
in the high-barrier packaging required for freeze-dried snacks are unlikely to be transparent
and display the product, especially considering its sensitivity to light, consumers expect
their purchase to meet their assumptions and for the graphic design of the packaging to
be vivid and colourful [16]. In order to analyse colour transformation, lightness, colour
saturation and total colour difference were determined. Lightness is presented in Figure 3A.
As was expected, the L* parameter tended to significantly increase in all cases and the lowest
shifts were observed in the lightness of samples stored in a refrigerator. However, despite
the storage conditions, the variations noted for COG-AP, COG-BP and COG-LMP samples
were within the range of 5, 4 and 3 unit points compared to the control sample. However, in
the case of freeze-dried orange snacks stored at 20 °C, a decrease in L* parameter values was
observed after only 6 months, while keeping samples in a refrigerator prevented significant
lightness changes [15].

Figure 3A also presents the C* parameter, chroma. This represents the saturation and
vividness of colour, which can also be affected during the storage of the material and can
influence the overall perception of a product. The greatest and most significant drop in
the saturation of the samples’ colour was noticed after the first month of storage; later on,
the dynamics of the change were reduced and differences were not easy to distinguish
regardless of the decreasing tendency. That suggests that the colourants contained in the
material reacted with the atmosphere only at the beginning of their storage, and then the
reaction was inhibited. This phenomenon may have resulted from the high availability and
porous structure of the material; thus, the rapid usage of the reagents caused a degradation
in their colour.
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Figure 3. Colour parameters (A) and total colour changes (B) obtained for freeze-dried snacks stored

at various temperatures.

The general change in the colour of the samples was estimated as the total colour
difference (Figure 3B). A clear difference can be seen in the course of changes that occurred
in samples with the addition of pomace powders and low-methoxyl pectin. For the first
three months of storage at 4 °C, the snacks’ colour transformed progressively compared to
products kept at the ambient and elevated temperatures in which the AE values did not
clearly differ over time. After that time, the changes evened out regardless of the storage
conditions. In the case of COG-LMP samples, the time factor was not significant and the
total colour change was constant from the first month of storage. The lowest difference
was observed in refrigerated material, while the greatest was observed in samples kept
at room temperature. The values of the AE parameter assessed for snacks with pectin
were around 50% lower than those determined for snacks with the addition of pomace
powders. However, it is worth mentioning that, regardless of the type of sample and
storage conditions, in each examined case, the colour changed to the point at which even
an inexperienced person would recognize the difference compared to the first period of
storage, and in samples with fruit pomace powders it kept progressing. The obtained results
suggest that, in terms of colour maintenance, using LMP allows the production of more
stable products in comparison to fruit pomace powders, irrespective of their origin. This
may result from the protective effect of the pure biopolymer addition. Previous findings
suggested that natural biopolymers have the ability to encapsulate bioactive compounds
and colourants and protect them during processing [17], so it is highly possible that this
effect also works during storage. However, the susceptibility of the natural colourants
contained in carrot and orange juice, such as carotenoids, to degradation resulting from
oxidation or exposure to light has been established before. The metalized pouches were
also found to be effective in terms of pigment retention and colour preservation during
storage [18]. It was also found that, at ambient temperature and above a certain level of
moisture content, colour changes may occur due to non-enzymatic browning [15].

Figure 4 shows the total polyphenols content in freeze-dried snacks stored at various
conditions. As can be seen, the amount of polyphenols tended to increase over the storage
period. The tendency was the most explicit during the accelerated shelf-life testing, while
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every time the examination was performed, the results were elevated compared to the
previous values of up to 72, 35 and 116% for COG-AP, COG-BP and COG-LMP. A significant
increase was also noticed in refrigerated samples. The lowered temperature did not prevent
changes, but the ones that occurred were constant over time and stabilized at around 32, 10
and 35%, respectively, in the materials with AP, BP and LMP. An ambient temperature also
caused a transformation in TPC results. They were rising for three months of storage, then
dropped to the level observed after the first month of storage, or lower in the case of COG-
BP. Considering the type of additive used in the snacks, the lowest changes were assessed
in samples with the blackcurrant pomace addition. The obtained results were found to be
opposite to the previous findings, in which the TPC content tended to significantly decrease
over time [5,9]. However, a study on freeze-dried orange snacks stored at 4 and 20 °C also
revealed increased TPC during 6 months of storage. The obtained results were associated
with the transition of organic acids introduced via the orange puree into compounds
of a phenolic nature [15]; therefore, in this research, the changes may be related to the
concentrated orange juice in the formulation. On the other hand, an investigation of
bioactive compounds in freeze-dried cherries showed that the packaging material used in
this research allowed for a higher TPC to be retained during storage compared to other
polyethylene materials. The importance of temperature and its effect on polyphenols and
the loss of other compounds were also revealed, suggesting that refrigeration is the most
beneficial condition [5].
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Figure 4. Total polyphenols content in freeze-dried snacks stored at various temperatures.

The antioxidant activity against ABTS and DPPH is presented in Figure 5A,B. Evaluat-
ing these results, the most conspicuous was the opposite behaviour of the extracts reacting
with different radicals. Regardless of the type of material that was examined, antioxidant
activity against ABTS progressively increased over time, while activity against DPPH rose
at the beginning of the storage, then significantly decreased. This, combined with the differ-
ent tendencies observed in TPC results, suggests that, over time, the compounds contained
in the material transformed into compounds reacting with ABTS and Folin—Ciocalteu’s
reagent, but not compounds reacting with DPPH. However, in previous studies, antioxidant
activity assessed with DPPH and FRAP assays remained constant while TPC increased, so
the tendency observed with the two methods was the same [15]. This may be explained by
the higher selectivity of DPPH radicals in comparison to ABTS; ABTS reacts with a wider
range of chemical compounds, while DPPH is directed mostly to polyphenols [19]. During
the storage of freeze-dried cherries, antioxidant activity decreased over time and the results
correlated with a decrease in the contents of bioactive compounds, including TPC [5]. The
course of the observed changes reveals that the highest antioxidant activity occurred in
material stored at 40 °C, which may indicate that the elevated temperature accelerated the
degradation of compounds present in the material, leading to the formation of compounds
with antioxidant properties that did not necessarily have to be polyphenols. Therefore, an
analysis and identification of the chemical composition would be highly recommended for
future research to understand the exact character of the occurring changes.
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Figure 5. Antioxidant activity against ABTS (A) and DPPH (B) obtained for freeze-dried snacks
stored at various temperatures.

4. Conclusions

Fluctuations in water content and water activity were observed, with the highest
being recorded in samples stored at 40 °C, while refrigerated samples remained relatively
stable. The packaging effectively preserved product stability, indicating its suitability for
preventing moisture-related changes. The mechanical properties were influenced by the
storage conditions. Snacks obtained with low-methoxyl pectin experienced the highest
reduction in hardness, while samples with fruit pomace powder did not notably change
within the storage time. Variations in the colour parameters indicated the significant effect
of the storage condition on the general appearance of the snacks due to the degradation
of pigments contained in the material. Total polyphenols content and antioxidant activity
tended to increase over time, with fluctuations observed based on storage conditions and
radical type. Antioxidant activity against ABTS increased steadily over time, while activity
against DPPH initially rose before declining, with the highest activity levels being observed
at 40 °C. An elevated temperature had the most influential effect on the quality of the
snacks. Based on the obtained results, it can be stated that freeze-dried snacks containing
both pectin and fruit pomace powders can be safely stored for 12 months if refrigerated.
However, the observed quality changes should be compared to consumers’ perception of
the said products to evaluate the optimal shelf-life. Moreover, a more detailed chemical
analysis could be performed to obtain a better understanding of the origin and nature of
the transformation of the bioactive compounds present during storage.
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properties of freeze-dried carrot-
orange-ginger snacks
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Abstract

BACKGROUND: This study aimed to determine the effect of various amounts of dried apple pomace (AP) powder and calcium
ions on selected physicochemical properties of restructured freeze-dried snacks in comparison with products obtained with
low-methoxyl pectin (LMP). The material was prepared using frozen carrot, orange concentrate, ginger, water, and various
concentrations of AP (1, 3, 5%) and calcium lactate (0, 0.01, 0.05%). The reference samples were without additives, and with
0.5 or 1.5% of LMP combined with 0.01% of calcium lactate.

RESULTS: The material was studied in terms of water content and activity, hygroscopic properties, structure, texture, color, and
polyphenol content (TPC), and antioxidant activity. The addition of AP resulted in reducing water activity and porosity. As a
consequence of the increasing density of the structure, the reduction of hygroscopic properties by up to 16% followed the
increasing amount of AP. Apple pomace and calcium ions strengthened the structure. The addition of 3% and 5% of AP gave
a hardening effect close to or better than 0.5% LMP. Because of the pigment dilution, LMP caused significantly greater total
color change than AP. The incorporation of AP also increased TPC and enhanced antioxidant activity in comparison with the
reference materials by up to 18%.

CONCLUSION: The results showed that dried AP powder can be applied successfully as an additive enhancing stability, texture
and bioactive compound content, thus fortifying the physicochemical properties of restructured freeze-dried fruit and vegeta-
ble snacks.

© 2023 Society of Chemical Industry.

Keywords: apple pomace; calcium ions; low-methoxyl pectin; freeze-dried snacks; physicochemical properties
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be enhanced by adjusting their formulations until the desired
characteristics are obtained.* The ability to lower the water activ-
ity by reducing the amount of water remaining after freeze-drying
of fruit or vegetable snacks, which are usually rich in sugars and
thus prone to spoilage and quality loss, is one of the fundamental
reasons for the application of various biopolymers as food addi-
tives.>® There have been several attempts to apply carrier agents,
usually high molecular weight biopolymers, to modify texture and
increase the glass transition temperature of freeze-dried materials

INTRODUCTION

Food processing can extend the shelf-life of products but it also
affects their quality. In the case of fruits and vegetables, one of
the most commonly used preservation techniques is dehydration,
using various drying methods, which enables products with dif-
ferent characteristics to be obtained and, consequently, enlarges
the healthy snacks market.! Processing of plant tissue may cause
major changes in products’ color, texture, and chemical composi-
tion in comparison with the fresh material. The primary goal of

food technology is to minimize unwanted changes occurring
due to processing, and this can be achieved by modifying the
parameters and techniques of product treatment. In terms of
product quality, meaning overall attractiveness, physicochemical
properties, and bioactive compound retention, freeze drying has
been recognized as the most beneficial fruit and vegetable pres-
ervation method.? Nevertheless, the processing of foods is not
the only factor influencing their values. Food products are com-
plex and dynamic matrixes. Their compounds interact during pro-
cessing, freeze-drying included, causing beneficial or unfavorable
quality changes. In this way, the attractiveness of edible prod-
ucts, with regard to both physical and chemical properties, can

that are rich in sugars, thus creating innovative, restructured prod-
ucts.>® But apart from the technological, structure- and texture-
forming properties, a protective effect of infused additives on

* Correspondence to: M Karwacka, Department of Food Engineering and Process
Management, Warsaw University of Life Sciences, SGGW, 159¢ Nowoursy-
nowska St, 02-787 Warsaw, Poland. E-mail: magdalena_karwacka@sggw.
edu.pl

Department of Food Engineering and Process Management, Warsaw Univer-
sity of Life Sciences, SGGW, Warsaw, Poland
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bioactive compounds contained in the material and improve-
ment of nutritional value was also indicated.'®"?

One of the hydrocolloids that has commonly been applied as a
gelling agent in the food industry for centuries is pectin. It is
a complex, long-chain polysaccharide present in the cell walls of
higher plants. The molecular structure of pectin varies strongly
depending on its origin, but it is typically characterized by galac-
turonic acid repeating units linked by a-1,4-glycosidic bonds, and
is usually branched with side chains built from neutral sugars.'*'®
One of the major factors differentiating pectin's structure and
determining its functional properties is its degree of esterification,
according to which pectin can be divided into high- and low-
methoxyl forms. Gelation of high-methoxyl pectin requires strict
conditions, such as acidic pH (<3.5) and high sugar content,
whereas low-methoxyl pectin is activated by interactions with cat-
ions, so it can occur in matrixes characterized by a wide pH range
and low sugar concentration.'® Calcium ions have been investi-
gated thoroughly, and they have been recommended most for
supporting the formation of gel networks.'®'® Pectin benefits
human health'®?° and because of its beneficial properties, low-
methoxyl pectin (LMP) has already been investigated as a structur-
ing agent in freeze drying.>'** Consumers can already find fruit-
flavored freeze-dried bars manufactured with pectin as a structur-
ing agent.? Industrial by-products such as peels and pomace are
main source of commercially optimized pectin®, so its production
can be included as part of an agricultural waste valorization policy.
However, the process of pectin derivation includes three main
steps — raw material pretreatment, enzymatic or non-enzymatic
extraction, and purification — and each of them is high in energy
consumption.”® The cost of pectin production from fruit waste is
also high and not easy to reduce due to the energy and chemicals
required along with processing conditions and duration, and this
affects also the price of the hydrocolloid.?%” There have been a
few successful attempts, corresponding with the sustainable devel-
opment policy, to substitute hydrocolloids with AP powders as
structure-forming additives in freeze-dried snacks.?®>°

Apple pomace is the main by-product remaining after the indus-
trial processing of apples. Poland is one of the world's leading pro-
ducers of apples (4 Mtons in 2021) and over half of the harvest is
destined for juice production. Pomace accounts for about 30% of
this and the Polish food industry generates more than 600 000 tons
of pomace each year.?" The composition of the by-product varies
depending, for example, on variety, cultivation, and processing,
so several sources reported divergent results regarding the use of
pectin in dried AP. The literature indicates that the pectin content
has varied in a wide range from 3% to over 30%.3%** Moreover, it
is a rich source of easily available phenolic compounds that can
be used to enrich the nutritional value of food products.* Apple
pomace has already been used as a fortifying agent in
bakery,>>*° meat,*>** dairy,***” and other products.>> Generally,
the literature has reported that the addition of AP powder affected
the quality of the products that were investigated, including rheol-
ogy and mechanical properties, color, chemical composition, stabil-
ity, and sensory attractiveness. In most cases, evaluation
established that it improved the products’ quality. However, the
extent to which pomace supplementation was beneficial varied
in each study. Some food characteristics, especially texture and sen-
sory attributes, became too intense to accept. For example, an
increasing amount of pomace powder in bakery and pastry prod-
ucts caused them to become flat, hard and less porous. Meat prod-
ucts also were found to be harder and less juicy. Sensory evaluation
revealed the progressive intensity of an unfavorable aftertaste.

However, tolerable pomace concentrations were established in a
very wide range, strongly depending on the type of product.

The purpose of the study was to obtain restructured freeze-
dried fruit and vegetable snacks and to determine the effect of
varying dried AP powder content and calcium ion concentration
on the products' physicochemical quality in comparison with
snacks structured by pectin.

MATERIAL AND METHODS

Materials

The research material was freeze-dried carrot-orange-ginger (COG)
snacks with the addition of dried AP powder and LMP as carrier
agents. Raw materials used for sample preparation were: 1 cm fro-
zen carrot cubes supplied by Unifreeze Sp. z 0.0. (Miesigczkowo,
Poland), concentrated orange juice (Purena, Ztoty Potok, Poland),
ginger (local market, Warsaw, Poland), dried apple pomace (Green-
herb, tancut, Poland), low-methoxyl pectin (Hortimex, Konin,
Poland) and calcium lactate (Agnex, Biatystok, Poland). Chemicals
and reagents used for total phenolic content and antioxidant activ-
ity determination were purchased from POCH (Gliwice, Poland),
and stored in a refrigerator at 4 °C with limited access to light.

Methods
Sample preparation
Freeze-dried snacks were prepared on a laboratory scale using
equipment from the Department of Food Engineering and Process
Management (SGGW-WULS). The basic formulation of each variant
consisted of 60% carrot, 10% orange juice concentrate, and 0.4%
fresh ginger. There were also two variable factors in the experiment:
apple pomace powder and calcium lactate concentration. The
amounts of additives (apple pomace powder, pectin, and calcium
lactate) are presented in Table 1 alongside the variants' codes.
The principles of the technological process were described by
Karwacka et al. >° Half an hour before processing, the frozen carrot
was thawed at 25 °C. The water had been heated with calcium lac-
tate to 85 °C using a heating plate, then a carrier agent (apple
pomace powder or pectin powder) was added to the solution,
mixed and incubated for 1 min. All the ingredients were placed
in the laboratory knife mill, a Grindomix GM 200 (Retsch, Haan,
Germany), and blended at 4500 rpm for 1 min. Such prepared
batches were placed into silicone molds, frozen at —40 °C for
about 4 h, and freeze-dried in an Alpha 1-2 LD plus freeze dryer
(Martin Christ GmbH, Osterode am Harz, Germany) at 30 °C and
the pressure of 0.063 kPa for about 48 h. Dried snacks were
packed in high-barrier packaging and stored for about 24-48 h
at an ambient temperature, then the tests were conducted.

Analytical methods

Water content and activity

Water content (WC) was obtained by drying 1 g of samples in a
convective dryer SUP 65 W/G (Wamed, Ptock, Poland) at 70 °C
for 24 h. The water activity (a,,) of freeze-dried vegetable snacks
was measured using a HygroLab C1 meter (Rotronic, Bassersdorf,
Switzerland) at 25 + 1 °C following the manufacturer's manual.

Hygroscopicity determination

Hygroscopic properties were determined as a moisture gain of a
cubic sample (1 X 1 X 1 cm) incubated at 25 °C in a desiccator
filled with saturated NaCl solution (RH = 75%) for 72 h. Results
were expressed as the amount of water absorbed per 100 g of
the material solids.
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Table 1. Formulation of the carrot-orange-ginger snacks
%

Orange juice
Sample Carrot concentrate Ginger Water Apple pomace powder Pectin Calcium lactate
coG 60 10 0.40 29.60 - - -
COG-AP1a 60 10 0.40 28.60 1 - 0
COG-AP1b 60 10 0.40 28.59 1 - 0.01
COG-AP1c 60 10 0.40 28.55 1 - 0.05
COG-AP3a 60 10 0.40 26.60 3 - 0
COG-AP3b 60 10 0.40 26.59 3 - 0.01
COG-AP3c 60 10 0.40 26.55 3 - 0.05
COG-AP5a 60 10 0.40 24.60 5 - 0
COG-AP5b 60 10 0.40 24.59 5 - 0.01
COG-AP5c 60 10 0.40 24.55 5 - 0.05
COG-LMPO.5b 60 10 0.40 29.09 - 0.5 0.01
COG-LMP1.5b 60 10 0.40 28.09 - 1.5 0.01

Determination of texture qualities

The texture qualities of the material were tested using a TA.HD
plus texture analyzer (Stable Micro Systems, Godalming, UK). A
compression test was performed using a 20 mm diameter platen
probe, applying a test speed of 0.5 mm s™'. The measurement
was performed on 10 samples of the material (1.5 X 1.5 X 1.5 cm)
until 50% deformation. The results were expressed as hardness
and compression curves.

Microstructure and porosity analysis

The porosity and microstructure were analyzed using the X-ray
micro-CT SkyScan 1272 system (Bruker microCT, Kontich, Belgium)
according to the method described previously.”® Measurements
were based on the following parameters: pixel size of 13.4 pm, accel-
erating voltage of 40 kV, and 193 pA of supply current. To obtain a
radiographic image, the samples were rotated every 0.2° step until
the full rotation of 360°. The output images were analyzed using a
dedicated NRecon1.6.3.2 computer program. The porosity and
pore-size distribution were calculated based on the 3D data using
CTAn v.1.10.1.0 software. The internal structure was also examined
using a scanning electron microscope (SEM) TM3000 (Hitachi, Tokyo,
Japan) at a magnification of 200x. Prior to the analysis, samples were
cut with a razor blade, glued to the specimen stub using adhesive
carbon discs, and coated with gold using automatic coater Cressing-
ton 108auto (EO Elektronen-Optik-Service GmbH, Dortmund,
Germany).

Color determination

Color parameters L*a*b* were determined utilizing a CR-5 color-
imeter (Konica Minolta, Osaka, Japan) with an 8 mm measuring
hole and reflectance mode. The measurements were made on
the surface of the material in 15 different spots. The effect of the
additive applications were estimated as total color difference
(AE) according to the following equation:

AE=\/(AL*)2+(Aa*)2+ (ab")? (1)

where AL", Ad", Ab" are the differences in lightness (L*), redness
(a®), and yellowness (b*) between snacks with and without any
additives.

Chemical properties analysis

Extraction procedure. Prior to the determination of total phenolic
content and antioxidant activity, the extracts were prepared by
extracting 0.3 g of the ground material in 10 mL of 80% (v/v)
aqueous ethanol solution for 24 h at ambient temperature with
continuous stirring on a shaker (Heidolph Instruments, Schwa-
bach, Germany). Then, the extracts were centrifuged (2000 g)
in a laboratory centrifuge (MegaStar 600, VWR, Leuven, Bel-
gium), placed into 0.2 mL PRC tubes, and subjected to the anal-
ysis. Extraction was performed in duplicate for each sample.
Preparation of the reagents and determination of the chemical
properties of the freeze-dried snacks was carried out according
to the methodology described by Wiktor et al.*® with slight
modifications.

Total phenolic content determination. The total phenolic content
(TPC) determination was carried out by spectrophotometric
method using Folin-Ciocalteu's reagent. The extracts were
diluted (1:1 v/v) with 10 pL of distilled water in 96-well plates.
Then, 40 pL of fivefold diluted Folin—Ciocalteu's reagent was
added, mixed, and incubated at ambient temperature for 3 min
to react. After that, 250 pL of 7% sodium carbonate solution was
infused, and then the mixtures were incubated again in a dark
place for 60 min. A blank test was prepared the same way, repla-
cing an extract with the extraction reagent. The absorbance was
measured using a Multiskan Sky plate reader (Thermo Electron
Co., Waltham, MA, USA) at a wavelength of 750 nm. The analysis
was performed in triplicate for each extract.

Antioxidant activity against ABTS®”. Before the analysis, the stock
ABTS®* solution was diluted with 80% (v/v) ethanol to obtain a
working solution with absorbance in the range of 0.68-0.72 at
a wavelength of 734 nm. The analysis proceeded by dispensing
10 pL of the analyte solution and 250 pL of the free radical solu-
tion into a 96-well plate, shaking and incubating in a dark place
for 6 min. A blank probe was prepared with 80% (v/v) ethanol
instead of the extract. The absorbance was measured at a wave-
length of 734 nm utilizing a Multiskan Sky plate reader. The anti-
radical activity was calculated as a decrease in the absorbance
of the ABTS®* radical solution in the presence of an analyte
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extract and expressed as mg Trolox/g dried material. The determi-
nation was carried out in triplicate for each extract.

Antioxidant activity against DPPH®. The determination was pre-
ceded by diluting the stock DPPH® solution with 80% (v/v) etha-
nol to obtain a working solution with absorbance in the range
of 0.68-0.72 at a wavelength of 515 nm. The determination of
the antioxidant activity against DPPH® was carried out in a similar
way to the procedure described for ABTS®* but the incubation
lasted for 30 min and a 515 nm wavelength was used.

Statistical analysis

Significant differences between the results obtained for the
samples were evaluated by performing a one-way ANOVA and a
post-hoc Tukey's test at P > 0.05. Moreover, to recognize the rela-
tionship between selected results, Pearson's correlation was
determined. The statistical analysis was carried out using Statistica
13 software (TIBCO Software, USA).

RESULTS AND DISCUSSION
The effect of apple pomace powder and calcium ions
concentration on water content, water activity, and
hygroscopic properties
Table 2 shows the average water content in the freeze-dried
snacks, which varied from 1.11% to 2.15%. Low-methoxyl pectin
used as a carrier agent did not affect the water content of the
material in comparison with the COG sample but the amount of
the hydrocolloid did, and the snack with 0.5% of LMP demon-
strated lower water content than the one with 1.5% of the addi-
tive. Generally, the addition of AP significantly reduced the
water content. An exception was noted only for the snack COG-
AP1b, which contained 1% AP and 0.01% of calcium lactate, and
showed that the water content increased when compared with
the COG sample, but was similar to the results obtained for the
material with LMP. To reduce water content significantly more
than in the reference materials, 3 and 5% of pomace powder
had to be added. The snacks' water content was not affected by
either AP at those levels or calcium lactate concentration.

The values of a,, the results of which are also presented in
Table 2, were in the range of 0.015-0.055, and could be claimed

to be remarkably low. Both carrier agents reduced this parameter.
The lowest effect was observed in samples with 1% of AP powder,
which means that COG-AP1a-c samples were characterized with
slightly lower water activity than the COG sample but higher than
samples with LMP. Increasing the dried pomace powder content
caused a decrease in a,,, and so the lowest values were observed
for samples containing 5% of AP. The reducing effect on the a,,
parameter that followed the infusion of the traditional hydrocol-
loid carrier was established at a similar level after the addition of
3% AP. Likewise, it was observed in WC, in the case of water activ-
ity, explicit trends resulting from various calcium ions concentra-
tion also did not appear. The WC and a,, results were similar to
those previously reported for freeze-dried snacks with various
pomace powders and hydrocolloids.®*%"?%3° The reduction of
these parameters most likely resulted from the water-holding
capacity of both fibers inherent in AP powder*® and LMP."® It
was established previously that fiber contained in AP can bind
and hold over 5 g of water per 1 g of powder.** On the other
hand, even 1% of LMP is sufficient to create stable gel that is able
to sustain more than 95% of the liquid. During gel formation
chains of pectin create ionic bonds immobilizing water molecules
in spaces between them, which makes water more resistant to
removal.*® In that case, the water remained in the material after
dehydration was closed in its structure and biochemical stability
was thus obtained. However, our study revealed that apple pom-
ace tended to reduce water content and activity. Previous studies
on replacing wheat flour with pomace powder in cookies up to
5% established the opposite trend.*® The difference was probably
related to the type of processing. Freeze-drying was applied to
remove almost all of the water present in the snack, while baking
aimed to cook raw ingredients. The additional water that had
been held by the added pomace therefore stayed in the material
during processing due to immobilization in a fiber net.

Another crucial feature determining the stability of dried food
products is hygroscopicity. It indicates the ability of the material
to absorb water from the environment. Outcomes of the freeze-
dried snacks' hygroscopic properties (H5,) determination are pre-
sented in Table 2 and expressed as the amount of water 100 g of
the material had gained due to the 72 h exposition to a humid
environment (RH = 75%). The more hygroscopic the material is,
the less stable it is during storage, thus higher barrier packaging

Table 2. Physicochemical properties of the freeze-dried carrot-orange-ginger (COG) snacks obtained with dried apple pomace powder (AP) or low-
methoxyl pectin (LMP): Water content (WC), water activity (a,,), hygroscopicity (H7,n), hardness, porosity, and total color difference (AE)

Sample WC (%) aw H-n (g H0/100 g) Hardness (N) Porosity (%) AE

COG 1.92 + 0.10abc 0.055 + 0.002a 29.15 + 0.12a 21.98 £ 0.95 h 59.50 + 0.64abc -
COG-AP1a 1.59 + 0.05d 0.048 + 0.002ab 28.52 + 0.15ab 2985+ 1449 5721 £0.77 cd 9.35 + 3.09e
COG-AP1b 2.00 + 0.09ab 0.047 + 0.004b 28.74 + 0.72ab 37.25 + 1.44f 58.46 + 1.90bc 6.12 + 1.94f
COG-AP1c 1.67 + 0.08d 0.039 + 0.002c 28.36 + 0.17ab 33.70 + 1.66 fg 58.98 + 1.03abc 947 + 2.64e
COG-AP3a 1.28 + 0.07e 0.031 + 0.003de 27.10 +£0.21 cd 65.71 + 3.82e 53.03 + 0.97ef 12.342.16d
COG-AP3b 1.11 £ 0.23e 0.028 + 0.002de 26.27 + 0.25de 7419 £ 4.17d 50.52 + 0.92 fg 12.56 + 1.57d
COG-AP3c 1.24 + 0.0% 0.027 + 0.002ef 25.61 + 0.34ef 67.90 + 2.29% 54.46 + 0.70de 1283 +1.76 cd
COG-AP5a 1.12 + 0.06e 0.015 + 0.002 g 24.58 + 0.16f 88.44 + 6.27c 43.48 + 1.28i 15.55 + 2.79b
COG-AP5b 1.18 + 0.09e 0.016 + 0.003 g 24.69 + 0.26f 101.18 + 4.23b 45.84 + 1.56hi 15.60 + 2.24b
COG-AP5c 1.13 £ 0.10e 0.021 + 0.001 fg 24.81 + 0.08f 101.58 + 4.94b 47.07 + 1.34gh 15.53 + 1.92bc
COG-LMPO.5b 1.75 + 0.01bcd 0.029 + 0.003de 27.6 + 1.10bc 79.60 + 2.80d 61.57 + 1.74ab 17.47 + 2.34ab
COG-LMP1.5b 2.15 + 0.06a 0.034 + 0.003 cd 27.56 + 0.26bc 142,99 + 5.14a 62.10 + 0.35a 19.28 + 2.36a
Different letters within columns indicate different homogenous groups determined by Tukey's test at P < 0.05.
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is required to maintain its quality and extend shelf-life. The freeze-
dried snacks featured a high level of hygroscopicity, which varied
from 24.58 to 29.15 g of water per 100 g of the material. Extend-
ing the pomace powder addition resulted in a significant reduc-
tion in the water gain. The LMP significantly lowered the snacks'
ability to absorb water; however, a superior effect was observed
for samples containing 5% AP, or even those with AP at the level
of 3% supported by calcium ions. Supplementation of the cations
slightly reinforced the reduction in the hygroscopicity of the
snacks at the 3% AP level; however, statistical analysis did not con-
firm its impact on the other samples. High water absorption
capacity is usual for freeze-dried foods. In this study, it was primar-
ily a consequence of a major difference in environmental humid-
ity and water content in the material combined with porous
structure, which could be easily penetrated by the surrounding
atmosphere. However, a chemical composition that was rich in
sugar and low in lipids might also have had an effect.”*° Besides
the crucial effect of water content on the microbiological safety
of food products, it is also responsible for the material's textural
properties, color, and the stability of its chemical compounds.®
Moreover, an extension of a moisture level usually has unfavor-
able consequences regarding product quality; therefore, in the
case of freeze drying, the importance of maintaining a non-humid
environment should be emphasized even more.

The effect of apple pomace powder and calcium ions
concentration on structure and texture properties

The texture properties of the freeze-dried snacks were deter-
mined using a compression test and the results are presented in
Table 2 and Fig. 1. These results are shown as hardness, expressed
as maximum force recorded within the compression, and com-
pression curves, which depict changes in the force occurring at
the time of compression. As expected, the lowest hardness was
observed for the COG snack. The effect of strengthening the tex-
ture depended on the additive type applied and its concentration.
Just 1% of AP powder increased the hardness of the material by
about 50%, but adding 3% and 5% AP induced the hardening of
the snacks' by three and five times. The LMP showed a consider-
ably greater ability to affect the texture properties. The lowest
amount of the hydrocolloid (0.5%) was effective enough to almost
quadruple the hardness of the samples. Comparable outcome
could be achieved by using more than 3% of pomace powder.

160

Force (N)

Time (s)

Consequently, the hardest was the COG-LMP1.5, which was over
40% harder than snacks with a 5% AP addition. Considering the
average pectin content in apple pomace is around 10%,>? COG-
AP5 and COG-LMPO0.5 samples were supplied with a similar
amount of pectin in different form, and yet snacks fortified with
AP were harder. This suggests that other components of the pom-
ace, e.g., fiber, starch and protein, which are known from their gel-
ling properties and ability to create three-dimensional structure,
can also influence the strengthening effect.®' Texture analysis
showed that the addition of calcium ions tended to enhance the
texture-forming properties of AP. However, two out of three cases
confirmed a sufficiency of 0.01% concentration, on this base it can
be concluded that from the technological perspective, there is no
need for overloading and using calcium lactate in greater amount.
Calcium ions support LMP gelation but the process is also influ-
enced by the presence of sugar and lowering pH,"”'® thus
reduced infusion of Ca®* turned out to be sufficient for obtaining
optimum gelling conditions. Moreover, sugar, minerals and acids
modify the food matrix properties; thus, components naturally
contained in AP can create conditions supporting gelation of pec-
tin and thus the texture-forming properties of the pomace
powder.

As mentioned above, the hardness is also reflected in the com-
pression curves presented in Fig. 1. The lower the amount of an
additive used, the smoother the curves, which indicates that the
snacks were less crispy and more inclined to mechanical break-
age. Each force drop visible on the curves represents the fractur-
ing of the snack's structure as a result of applied force. As can
be seen in Fig. 1, some large drops of force distinguishable on
curves obtained for samples with LMP portray breaking of an
internal structure of the material, which were usually accompa-
nied by a loud cracking sound. The compression curves for snacks
with AP were smoother than for those with LMP addition, but they
looked rougher with an increasing amount of the carrier. This also
proves the ability of AP to strengthen the structure and texture of
freeze-dried food products. The fact that the texturizing ability of
AP is lower than this feature of biopolymers (pectin, sodium algi-
nate) was observed previously.?®>° On the other hand, Ciurzynska
et al® investigated freeze-dried gels obtained by combining
sodium alginate with apple pomace powder and established that
increasing the pomace content had a greater influence on texture
than increasing the content of hydrocolloid. The hardening of the

—COG

—— COG-APla
COG-AP1b

—— COG-APIc

—— COG-AP3a
COG-AP3b

—— COG-AP3c¢
—— COG-AP5a
COG-AP5b
—— COG-AP5c
—— COG-LMPO0.5b

—— COG-LMP1.5b
18

Figure 1. Examples of compression curves of freeze-dried carrot-orange-ginger (COG) snacks obtained with dried apple pomace powder (AP) or

low-methoxyl pectin (LMP).
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material was also affected by dehydration and phase transition
occurred due to freeze drying.® Jannati et al. reported the oppo-
site trend in bakery products, the texture of which was less hard
with the increasing addition of dried AP.>® The authors indicated
that the phenomenon resulted from intense water absorption of
fibers contained in the pomace. If the theory is relevant to the
freeze-dried material, even though increasing the content of
pomace reduced the hygroscopicity of the snacks, they might
soften easier after exposition to a humid environment. This
emphasizes the importance of high-barrier packaging of freeze-
dried foods to reduce the impact of factors lowering the quality
of the product during storage.

Texture often depends on features of internal and external
structures of the material, one of which is porosity, defined as a
ratio of a volume of inherent void space to the total volume of
the material. The porosity of the freeze-dried snacks is presented
in Table 2. The reference sample (COG) was characterized by
59.50% porosity. The use of LMP as a structure-forming ingredient
resulted in the creation of an increased amount of free space in
the structure of the products. As can be seen in Figs 2 and 3, sam-
ples structured with pectin had larger pores with thin walls, which
were distributed regularly throughout the volume of the sample.
However, no significant differences were observed between the
porosity level of COG and COG-LMP samples. On the other hand,
the infusion of apple pomace powder tended to lower the poros-
ity. Significant changes were distinguished after the addition of
3% and 5% of AP, the structure of which was more dense and
compressed (Fig. 2). As can be concluded from Fig. 3, an increas-
ing level of AP was followed by a lowering of the mean size of
pores appearing in the sample. There was also a tendency for
porosity to increase with an increasing amount of calcium ions
in the composition. Such a phenomenon was probably related
to the fact that pectin bonds calcium ions during gelation, and

COG-APlc COG-APlb COG-APla COG

COG-AP3b COG-AP3a

COG-AP3c

COG-APSb  COG-APSa

COG-LMP1.5b COG-LMP0.5b COG-AP5c

that supports the process of forming a three-dimensional network
and protects the created structure from collapsing.'” Ciurzyriska
et al.>? also observed that LMP had created freeze-dried gels char-
acterized by higher porosity and larger pores in comparison with
other hydrocolloids (mixtures of xanthan and guar gums). Lower-
ing of porosity and compact structure after the addition of AP to
freeze-dried snacks have already been established.#?*° The
authors also noticed unevenness in products' skeletons and irregu-
lar pores' shapes and sizes. They indicated that it had resulted from
a low structuring potential of apple pomace or limited accessibility
of fibers and pectin contained in powder particles. However, con-
sidering other findings,> the applied parameters of hydrothermal
treatment should be modified to intensify the gelation process.
On the other hand, hydrocolloids are able to form easily a
three-dimensional network and structure characterized by thin
walls and great cells, which can be preserved due to freeze-drying
providing a porous sponge-like structure.”>*>>

The effect of apple pomace powder and calcium ions
concentration on color

Color is one of the first features of food products that attract con-
sumers and encourages them to choose a particular good, or dis-
courages them from choosing it, so it is quite important when
developing new products. The addition of carrier agents, whether
they are hydrocolloids or apple pomace powder, caused the color
parameters of the freeze-dried snacks to change (Fig. 4; Table 2).
The L* parameter, which portrays lightness when its values are close
to 100, was in the range of 64.94-71.65 for the freeze-dried snacks.
The addition of AP at levels 3 and 5% significantly reduced the light-
ness of the samples, whereas the use of LMP either increased (COG-
LMPO.5b) or did not affect the L* parameter, in a similar way to 1% of
AP. Results obtained for snacks with the pomace powder at the
levels of 3 and 5% indicate that the infusion of calcium ions may

Figure 2. Photos of the overall appearance (column A), scanning electron microscope imaging of the internal structure (column B), and puCT reconstruc-
tion of the internal structure (column C) of freeze-dried carrot-orange-ginger (COG) snacks obtained with dried apple pomace powder (AP) or low-

methoxyl pectin (LMP).
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Figure 3. Pore-size distribution of freeze-dried carrot-orange-ginger (COG) snacks obtained with dried apple pomace powder (AP) or low-methoxyl pec-

tin (LMP).

have affected the darkening of the material; however, this trend was
not observed for COG-AP1a-c samples, in the case of which only the
COG-AP1b with 0.01% of calcium lactate was darker than the two
others. The effect of calcium ions on color parameters most likely
resulted from their influence on the structure and texture of the
samples, thus changing perception of the color.>

Redness, expressed as positive values of the a* parameter, varied
from 21.71 to 29.14. The LMP used as a carrier agent did not signif-
icantly affect this parameter when compared with the COG sample.
The application of pomace powder did, which is notable for snacks
with 1% and 5% of the additive, but not for those with the AP at 3%
combined with calcium ions. On the other hand, the b* parameter
expressing yellowness fluctuated from 3291 to 52.02. It was
affected significantly by both hydrocolloidal and alternative carrier
agents and linked with the amount used. The more additive, the
lower the yellowness of the sample. The use of LMP influenced
the b* parameter to a greater extent than the pomace powder.
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There was no connection between the concentration of calcium
ions and the yellowness of the material. Color parameters L*, a¥,
and b* of the pomace powder and pectin were 59.01, 9.88, and
26.57 and 59.01, 9.88, and 26.57, respectively. Considering the addi-
tives displayed color distinguished from the main ingredients of
the snacks, it was expected that their addition will influence the
color of the products compared to the control sample.

The total color difference (AE) resulting from the reformulation
of the freeze-dried snacks composition is shown in Table 2. The
greater the AE value, the more the color change progressed.
The application of both types of carrier agents significantly
affected the color of the snacks. Differences can also be seen in
Fig. 2. Although pectin was added in smaller amounts than apple
pomace, the color of the snacks with it was considerably more dis-
tinct from the sample without any additives. The addition of AP
also caused a significant change in the material color, which
increased with the increasing amount of the powder. Overall,

Figure 4. Color parameters L* (lightness), a* (redness) and b* (yellowness) of freeze-dried carrot-orange-ginger (COG) snacks obtained with dried apple
pomace powder (AP) or low-methoxyl pectin (LMP). Results are presented as means with standard deviations. Different letters above bars in the same
color indicate different homogenous groups determined by Tukey's test at P < 0.05.
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the concentration of calcium ions had no remarkable impact on
the products' color. The scale of observed color changes was
mainly related to the type of additive, and then the level of the
infusion. The whitish to creamy color of biopolymers, including
hydrocolloids, leads to the dilution of natural pigments inherent
in the composition.”> On the other hand, convective-dried apple
pomace powder was light brown because of the enzymatic and
nonenzymatic browning occurring due to the drying process
accompanied by the caramelization of sugars.>” In contrast with
pectin, pomace powder brought in some colorants, which
induced milder color change following the gradual increase of
pomace addition. However, pectin among other hydrocolloids
has been used as a wall material for encapsulation of natural
plant-based dyes due to some protective effect it showed on
the stability of various colorants,”® so it may play a fundamental
role in color preservation during long-term storage.

The effect of apple pomace powder and calcium ions
concentration on chemical properties

The total polyphenols content (TPC) in the freeze-dried snacks is
presented in Fig. 5(a). Low-methoxyl pectin slightly lowered the
TPC in comparison with the COG sample but this change was
not statistically significant and the values varied from 1163.87 to
1154.65 mg GAE/100 g d.m. On the other hand, the addition of
AP increased the polyphenol content up to 1226.63-1232.97 mg
GAE/100 g d.m. for 1% of AP contribution, 1277.19-1280.76 mg
GAE/100 g d.m. for 3%, and 1313.29-1315.99 mg GAE/100 g
d.m. for snacks with 5% AP. The TPC tended to rise with the exten-
sion of AP addition and its significance was confirmed by statisti-
cal analysis. No effect of calcium ions concentration was observed.
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The TPC results correlated with antioxidant activity, as presented
in Fig. 5(b). The results varied from 5.53 to 6.58 mg TE/g d.m. for
the determination against DPPH® free radicals, and from 2.42 to
2.95 mg TE/g d.m. for the test conducted using ABTS®*. Regard-
less of the test run (ABTS or DPPH), the snacks with pectin were
characterized by similar or slightly lower antioxidant properties
compared with those without additives. The results revealed a
tendency of AP to enhance the antiradical activity of the products
to some degree; however, the increase was statistically significant
only for the greatest infusion of pomace. Given that the greatest
increases of the TPC and antioxidant activity were 13% and about
18%, it seems that other components of the snacks supplied the
major part of the polyphenols contained in the freeze-dried
snacks — e.g., carrot and orange concentrate.’*®® As was estab-
lished by Mazzeo et al., carrot is rich in various bioactive com-
pounds including carotenoids and phenols, e.g., chlorogenic,
caffeic and ferulic acids and derivatives, quercetin, luteolin,
kaempferol, and more.>*®® Various phenolic compounds, such
as hesperidin, narirutin, and eriocitrin, can be found in orange
juice as well.%" However, depending on the concentration method
and parameters, some of them may degrade due to heat treat-
ment.%? Finally, apple pomace addition may introduce to the
product's composition chlorogenic acid, quercetin and its deriva-
tives, phloridzin, and others.%®> The increase in TPC after the
employment of AP as a fortifying agent was reported previously
in various products.3*3> Moreover, in most of the studies men-
tioned in this paper, levels of addition were similar to those
applied in this research but the effects were multiplied, possibly
due to the fact that the open and porous structure of the freeze-
dried COG snacks enhanced bioavailability, thus easing extraction
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Figure 5. Total phenolic content (TPC) (a) and antioxidant activity against DPPH and ABTS (b) of freeze-dried carrot-orange-ginger (COG) snacks obtained
with dried apple pomace powder (AP) or low-methoxyl pectin (LMP). Results are presented as means with standard deviations. Different letters above bars
in the same color indicates different homogenous groups determined by Tukey's test at P < 0.05.
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of the biocompounds.>>®* This indicates that the pomace used in
this study probably contained a low level of polyphenols, which
may have resulted from poor quality raw apples or aggressive
treatment during processing.

CONCLUSIONS

The results in this study showed that AP can be applied success-
fully as an additive, fortifying the physicochemical properties of
restructured freeze-dried fruit and vegetable snacks. In compari-
son with LMP, due to the constraint of the availability of fiber in
powder particles, apple pomace demonstrated lower texture-
and structure-forming ability, which resulted in a compact and
irregular structure. However, increasing additive content exposed
the potential for improvement. A compact and less-porous struc-
ture led to a significant reduction in hygroscopicity and thus the
foreseen prolongation of the material's stability. The infusion of
AP also increased the polyphenol content and as a consequence
enhanced antiradical properties. It seems that the products with
3% and 5% of AP revealed optimum features. Differentiating cal-
cium ions concentration showed a slight impact on the structure
and texture of the snack but other properties were affected by
their presence; the use of the lowest tested level was therefore
sufficient and is thus recommended for further research. This
study demonstrated the opportunities for the practical applica-
tion of apple pomace in freeze-drying. Nevertheless, further
research is needed to investigate the behavior of the powder in
different matrixes, to optimize hydrothermal treatment parame-
ters in terms of the use of freeze-drying, and to comprehend con-
sumers’ perception of the application of such by-products in food
formulation and their effect on products’ quality.
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Abstract Consumers seek healthy and sustainable prod-
ucts, whereas the food industry faces the challenge of pro-
cessing by-products management. The application of fruit
pomace as an additive could be a solution addressing the
needs of both consumers and producers. The research objec-
tive has been to assess the effect of dried blackcurrant pom-
ace powder (BP) and calcium ions in varied concentration on
the physicochemical properties of multicomponent freeze-
dried snacks as compared to the influence of low-methoxyl
pectin (LMP). The snacks were prepared using varied con-
tent of BP (1, 3, 5%) and calcium lactate (0, 0.01, 0.05%).
Water content and activity, hygroscopic properties, struc-
ture, texture, colour, polyphenols content (TPC), and anti-
oxidant activity were analysed. The addition of BP resulted
in lowering water activity and porosity. The microstruc-
ture of the snacks consisted of a large number of small and
unevenly distributed pores. Consequently, the reduction of
hygroscopic properties with the growing amount of BP was
observed. Applied additives strengthened the structure and
caused changes in compression curves indicating enhanced
hardness and crispiness. The effect given by 5% of BP was
comparable to that obtained with 0.5% of LMP. Additionally,
blackcurrant pomace infusion increased TPC and enhanced
antioxidant activity but it also caused significant changes
in the colour of the snacks. Overall, obtained results have
shown that dried blackcurrant pomace powder (BP) can be
successfully applied as a food additive supporting stability,
texture, and bioactive compounds content, thus fortifying
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Introduction

Snacks are products that attract consumers through their tex-
tural and sensory attributes (Silva-Espinoza et al. 2021b).
They are designed to be consumed between the main
meals or as potential replacements for them. Nowadays,
when consumers’ consciousness has notably improved in
respect of nutrition and environmental concerns, producers
are obliged to face their expectations by introducing high-
quality, healthy, and sustainable products alternating sweets
and high-fat snacks available in the food market (Ciurzyriska
et al. 2019).

Food waste management is a global issue usually dealt
with in consideration of food products that either spoil
before being consumed or are discarded because of expira-
tion (Tomaszewska et al. 2022). However, industrial waste
and by-products are not even accounted for as food waste,
and they are not included in the definition of consumable
products consciously discarded at any phase of a life cycle.
Organic matter may be recycled and used for other purposes,
such as animal feed or a source of precious compounds that
the industry is capable of separating (Garcia-Garcia et al.
2019).

The objective of this research has been set out developed
in relation to the feasibility of manufacturing healthy snacks
that align with the zero waste and environmentally friendly
trends. To address the nutritional aspect, freeze-drying has

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13197-023-05906-w&domain=pdf
http://orcid.org/0000-0002-5511-3251
http://orcid.org/0000-0002-2352-5307
http://orcid.org/0000-0002-3790-3479

1364

J Food Sci Technol (July 2024) 61(7):1363-1373

been selected as the preservation method. It is significant
to ensure high retention of bioactive compounds, achiev-
able through reduced pressure that is effective at much lower
temperature as compared to other dehydration methods, e.g.
convective drying. Due to the limited exposure to air and
increased temperature, adverse impact, such as antioxidant
degradation, is reduced to the minimum (Nowak and Jakub-
czyk 2020). Moreover, freeze-drying provides products that
maintain the original shape and are characterised by attrac-
tive texture and high porosity, which leads to improvement
in active components’ bioavailability (Ciurzyriska et al.
2015; Pollini et al. 2022).

Due to the quality of given products, freeze-drying had
been previously applied in the course of the production of
multicomponent snacks based on hydrocolloid gels (pectin,
sodium alginate, gums, starches, and fibers) with the addi-
tion of fruit and vegetables, purees, concentrates, juices,
etc. (Ciurzynska et al. 2015, 2020; Silva-Espinoza et al.
2020a; Jakubczyk et al. 2022). Although a lot of research
has been carried out on this topic in the last decade, it had
been mostly focused on the physical characteristics of the
products. The access to the information on the nutritional
value or consumer acceptance of snacks made of freeze-
dried gels is very limited to this day, and only a few papers
are available. Existing studies show that this type of snack
is evaluated on the basis of personal preferences, attributes
related to flavour, texture and colour, emphasized by con-
sumers (Silva-Espinoza et al. 2021b). However, the high
porosity and hygroscopic nature of freeze-dried gels neces-
sitate the selection of proper packaging to prevent the quality
loss, especially texture changes occurring due to moisture
absorption (Silva-Espinoza et al. 2020b). Moreover, the use
of biopolymers enhances not only structural and textural
parameters but also increases fibre content (Karwacka et al.
2022c) and assures protection of the bioactive compounds,
such as vitamin C and polyphenols, during digestion (Silva-
Espinoza et al. 2021a).

Based on available research, pectin that a plant-derived
high molecular weight polysaccharide is one of the structur-
ing agents used for developing freeze-dried gel-based snacks
(Ciurzynska et al. 2015; Hu et al. 2022). Functional proper-
ties of pectin vary depending on the origin and chemical
structure, thus it is usually applied in products character-
ised by relatively high water content as gelling, thickening,
stabilising, or emulsifying additive (Lara-Espinoza et al.
2018). However, as the previously mentioned authors have
already established, after dehydration, freeze-dried pectin
gels feature a highly porous structure that accounts for a
high rehydration rate, low shrinkage during processing as
well as attractive texture, acoustic, and sensory properties.
Pectin is commonly extracted from fruit pomace that is a
solid residue left after juice processing. Addressing the envi-
ronmental aspect of consumers’ expectations, this research
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has been designed to examine the possibility of substituting
a traditional structuring agent with the material of its origin.

Given that Poland is one of the major blackcurrant pro-
ducers, and the berries are cultivated mostly for the purpose
of producing juice (60%) and jam, the amount of generated
residue is significant, therefore it is necessary to explore
new ways to manage it in the plausibly most effective way
(Kracinski 2014; Cortez and Mejia 2019). According to the
estimates put forward by Poland’s Central Statistical Office,
the cultivation area of currant has been constantly growing,
and so have the blackcurrant crops. In 2021 the production
output was estimated to equal 114 800 tons and the prelimi-
nary assessment indicates that in 2022 the overall production
output arising from fruit bushes and berry plantations may
have posted a year-on-year increase of about 9.3% (Statis-
tics Poland 2022). Blackcurrant pomace demonstrates high
nutritional and health-promoting value thanks to high bioac-
tive compounds and fibre content (Xue et al. 2022). Black-
currant is also rich in pectin, and has been comprehensively
characterised in the recent report by (Pancerz et al. 2022). It
is usually disposed of as nutritious animal feed, a raw mate-
rial for bioactive compounds and colorants extraction. But
pomace has been recently studied in terms of an ingredient
fortifying the functional properties of several food products,
mostly bakery and confectionery (Majerska et al. 2019). As
a consequence of all of the above, blackcurrant pomace pow-
der has been chosen as the research input for the purpose of
this study.

The gelation of pectin is determined by its physicochemi-
cal characteristics as well as environmental conditions, such
as pH, the presence of sugars and proteins, and ions inducing
the formation of a three-dimensional network of pectin gels
(Chan et al. 2017). Combining these determinants, the latest
reports on the risk of calcium deficiency in the population
(Shlisky et al. 2022), and the fact that using pomace powder
pectin is captured in the particles that could limit its gelling
ability, Ca>* ions have been incorporated to potentially sup-
port the gelation process and improve the nutritional value
of the obtained products.

The purpose of the study has been to analyse the effect
of blackcurrant pomace powder and calcium ions addition
in varied concentration on the physicochemical quality of
multicomponent freeze-dried snacks as compared to snacks
structured with pectin.

Materials and methods
Materials
The research material was freeze-dried carrot-orange-gin-

ger (COG) snacks obtained by means of dried blackcur-
rant pomace powder (BP) and low-methoxyl pectin (LMP)
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used separately as structuring agents. Samples were pre-
pared using frozen carrot cubes supplied by Unifreeze
sp. z o.o. (Poland), orange juice concentrate (Purena,
Poland), ginger (local market, Warsaw, Poland), dried
blackcurrant pomace (Greenherb, Poland), low-methoxyl
pectin (Hortimex, Poland), and calcium lactate (Agnex,
Poland). Chemicals and reagents were purchased from
POCH (Poland) and stored in a dark refrigerator at 4 °C.

Methods
Sample preparation

The samples were prepared according to the methodology
developed by Karwacka et al. (2022) and formulations
presented in Table 1. The basic formulation of snacks
consisted of frozen carrots, orange juice concentrate, and
ginger in the same proportion for all samples. The varied
additives, blackcurrant pomace powder, pectin and cal-
cium lactate, were added as shown in Table 1.

Carrot had thawed at 25 °C for up to an hour before it
was processed. The LMP and BP were hydrated in cal-
cium lactate solution at 85 °C for 1 min. Then all com-
ponents were blended in the laboratory knife mill GRIN-
DOMIX GM 200 (Retsch, Germany) at 4500 rpm for
I min. The prepared mixture was poured into silicone
molds, frozen at — 40 °C for about 4 h, and freeze-dried
in Alpha 1-2 LD plus freeze-dryer (Martin Christ GmbH,
Germany) at 30 °C and the pressure of 0.063 kPa for
about 48 h. Prior to testing, snacks were packed in the
high-barrier laminate (PET/AI/PE) packaging imperme-
able to light, gas, and vapour and stored for 48 h at room
temperature (25 + 1 °C).

Analytical methods
Water content and activity

Water content (WC) was obtained by means of the oven
method at 70 °C for 24 h (Wiktor et al. 2022). Water activity
(a,,) was measured using HygroLab C1 (Rotronic, Switzer-
land) at 25 + 1 °C. Both analyses were made in triplicate.

Hygroscopicity determination

Hygroscopic properties were determined by exposing the
sample to a humid environment (RH=75%) in a desiccator
filled with saturated NaCl solution for 72 h at 25+ 1 °C.
The samples had been periodically weighted after 0.5, 1,
3,6,9, 12,24, 48, and 72 h until their weight was constant
(Karwacka et al. 2022b). The test was performed in triplicate
for each respective sample.

Mechanical properties

The sample mechanical properties were measured using
TA.HD plus texture analyser (Stable Micro Systems, UK).
The samples were compressed using a 20 mm diameter
platen probe moving at a speed of 0.5 mm/s. The test had
been performed in 10 repetitions until 50% deformation of
the initial height of the material (1.5x 1.5% 1.5 cm) was
obtained (Karwacka et al. 2021). Hardness and compres-
sion curves were determined.

Microstructure and porosity analysis
The porosity and microstructure were analysed using the

X-ray micro-CT SkyScan 1272 system (Bruker microCT,
Belgium) with dedicated software (NRecon1.6.3.2, Bruker

Table 1 Formulation of the

. Sample Carrot  Orange juice Ginger Water Blackcurrant Pectin  Calcium lactate

rr'lultlcomponent, carrot-orange- concentrate pomace powder

ginger snacks obtained with

blackcurrant pomace powder g/100 g

EE{} Pa)rlld low-methoxyl pectin COG 60 10 040 2060 - B B
COG-BPla 60 10 0.40 28.60 1 - 0
COG-BP1b 60 10 0.40 2859 1 - 0.01
COG-BPIc 60 10 0.40 2855 1 - 0.05
COG-BP3a 60 10 0.40 26.60 3 - 0
COG-BP3b 60 10 0.40 26.59 3 0.01
COG-BP3c 60 10 0.40 26.55 3 - 0.05
COG-BP5a 60 10 0.40 24.60 5 - 0
COG-BP5b 60 10 0.40 2459 5 - 0.01
COG-BP5¢ 60 10 0.40 2455 5 - 0.05
COG-LMPO.5b 60 10 0.40 29.09 - 0.5 0.01
COG-LMP1.5b 60 10 0.40 28.09 - 1.5 0.01
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microCT), directly following the method described previ-
ously (Karwacka et al. 2021).

Colour determination

Colour parameters L*a*b* were determined by means of
CR-5 Colorimeter (Konica Minolta, Japan) with an § mm
measuring hole and reflectance mode. The measurements
were performed in 15 repetitions. The total colour difference
(AE) was calculated according to the equation formula (Hu
et al. 2022):

AE = \/(AL*)2 + (4a")® + (40’

where AL", Aa*, Ab™ are the differences in lightness (L*),
redness (a*) and yellowness (b*) between the COG snack
and samples with additives.

Chemical properties analysis

Extraction procedure  The chemical analysis of the snacks,
including the sample preparation, total phenolic content and
antioxidant activity determinations, was carried out accord-
ing to the methodology presented by Wiktor et al. (2022)
with slight modifications. The extracts subjected to the fur-
ther analysis were prepared by means of extracting 0.3 g of
the ground material in 10 mL of 80% (v/v) aqueous etha-
nol solution for 24 h at ambient temperature and concurrent
continuous stirring on a shaker (Heidolph Instruments, Ger-
many) at 1700 rpm. After that, the extracts were centrifuged
for 2 min at 3000 rpm in a laboratory centrifuge (MegaStar
600, VWR, Belgium). Each sample was extracted twice.

Total phenolic content (TPC) determination The TPC
determination was conducted by means of the spectrophoto-
metric method with Folin-Ciocalteau’s reagent. The extracts
were prepared for the analysis purposes by diluting 10 pL in
96-well plates with distilled water (1:1 v/v). Next, 40 uL of
5-fold diluted Folin-Ciocalteau’s reagent was added, mixed,
and incubated at ambient temperature for 3 min. To stop
the reaction, 250 uL of 7% sodium carbonate solution was
infused, and then the mixtures were incubated again in a
dark place for 60 min. A blank test was performed by replac-
ing an extract with the extraction reagent. The absorbance
was measured using a plate reader (Multiskan Sky, Thermo
Electron Co., USA) at a wavelength of 750 nm. The results
were expressed in terms of milligrams of gallic acid equiva-
lent per 1 g of dry matter of the sample (mg GAE/g d.m.).
The analysis was performed in triplicate for each extract.

Antioxidant activity The ABTS®* assay proceeded by dis-

pensing 10 pL of the analyte and 250 pL of the free radi-
cal solution with absorbance at a wavelength of 734 nm
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0.7 +0.02 onto a 96-well plate, shaking and incubating in a
dark place for 6 min. A blank probe was prepared using 80%
(v/v) ethanol instead of the extract. The absorbance was
measured at a wavelength of 734 nm by means of a Mul-
tiskan Sky plate reader. The DPPH® assay was performed
similarly to the procedure described for ABTS®* but the
incubation lasted for 30 min and the absorbance was meas-
ured at 515 nm. The antiradical activity was calculated as
the decrease in the absorbance of the radical solution in the
presence of an analyte extract and expressed in terms of mg
Trolox/g of dried material. This procedure was carried out
in triplicate for each extract.

Statistical analysis

Significant differences between obtained results were evalu-
ated by means of the one-way ANOVA and a post-hoc Tuk-
ey’s test at P <0.05. The statistical analysis was carried out
using STATISTICA 13 software (TIBCO Software, USA).

Results and discussion
Water content, water activity, and hygroscopicity

Apart from the effect hydrocolloids have on structure and
texture, these additives were used for reducing water activity
thus prolonging the stability of the products (Silva-Espinoza
et al. 2020a). The freeze-dried snacks were characterised
in terms of water content and water activity, the results
of which are shown in Table 2. As expected, the addition
of low-methoxyl pectin significantly decreased the water
activity of the samples and such an outcome was obtained
without diminution in water content. The infusion of black-
currant pomace instead of LMP also induced a,, lowering
but it was linked to the water content decrease. What can
be clearly seen in water content and activity results is the
pattern related to the increasing amount of BP in the for-
mulation. Such observations indicate that LMP might have
interacted with the water molecules in a way that reduced
their availability for chemical reactions or microbial growth,
even though the total water content remained higher as com-
pared to other samples. The lowering effect of BP on water
activity was connected to the decrease in the actual amount
of water content. This suggests that the effect of blackcurrant
pomace on reducing water activity might be related to its
ability to absorb or hold water, leading to the decrease in the
overall water content in the samples. Both parameters were
remarkably lower for snacks with pomace at 1%, and then
3%, but the statistical analysis did not find any difference
between samples with 3 and 5% of BP powder. However,
higher blackcurrant pomace content caused the reduction of
water activity at a similar level to pectin. This implies that
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Table 2 Physicochemical properties of the freeze-dried carrot-
orange-ginger (COG) snacks obtained with dried blackcurrant pom-
ace powder (BP) or low-methoxyl pectin (LMP): water content (WC),

water activity (a,), hygroscopicity (H,,), hardness, porosity, and
total color difference (AE)

Sample WwC a, Hyy, Hardness Porosity AE

(%) (g H,0/100 g) N) (%)
COG 1.92+0.10° 0.055+0.002% 29.15+0.12% 21.98+0.95" 59.50+0.64 -
COG-BPla 1.53+0.10° 0.042+0.001° 27.31+0.12° 36.75+3.108 56.54+0.69% 19.52+1.24¢
COG-BP1b 1.48+0.02¢¢ 0.041 +0.002° 27.61+0.34° 38.28 +2.45¢8 57.35+0.44¢ 18.96 +0.98%
COG-BPIc 1.38+£0.08°% 0.042 +0.002° 27.04+0.41° 38.47+1.418 56.11+1.31¢ 19.99 +1.27¢
COG-BP3a 1.25+0.08° 0.028 +0.001¢ 24.89+0.19¢ 44.75+2.68" 52.76 +0.43° 30.25+1.14°
COG-BP3b 1.394+0.08°¢ 0.029+0.001¢¢ 24.81+0.16° 46.41+2.27 52.64+1.07° 30.94 +1.40°
COG-BP3¢ 1.28 +0.07% 0.028 +0.002°¢ 25.45+0.37¢ 46.26+2.27 51.53+0.58° 30.12+1.34°
COG-BP5a 1.21+0.01° 0.028 +0.002°4 22.90+0.40¢ 49.39 +2.79% 49.15+0.25¢ 35.73+1.61*
COG-BP5b 1.19+0.08° 0.024+0.001¢ 22.76 +0.57¢ 53.23+3.10¢ 49.85+0.51°¢ 35.34+1.53%
COG-BP5¢ 1.27 +0.06% 0.027+£0.002¢ 22.41+0.16¢ 59.42+3.25% 50.76 +£0.27° 35.41+1.48"
COG-LMPO0.5b 1.75+0.01° 0.029+0.003%¢ 27.60+1.10° 79.60 +2.80° 61.57 +1.74% 17.47 +2.34¢
COG-LMP1.5b 2.15+0.06% 0.034+0.003° 27.56+0.26" 142.99 +5.14% 62.10+0.35% 19.28 +2.36%

Different letters within columns indicate different homogenous groups determined by Tukey’s test at P <0.05

infusing blackcurrant pomace at a certain level, due to its
composition and interaction with water, may have a water
activity-lowering effect as compared to that of pectin. Con-
sidering the association between water content and activ-
ity in the snacks and the amount of an additive, the LMP
demonstrated extensive water-holding capacity compared
to blackcurrant pomace powder making the water harder
to remove, but not able to react. According to the related
literature, the water holding capacity of dried blackcurrant
pomace powder is over 10 times lower than pectin’s (Reilner
et al. 2019), which confirms the obtained results.
Maintaining low water activity in food products is impor-
tant in the aspect of microbial safety. Therefore, dehydra-
tion has become one of the most common food preservation
methods. It has been established that the critical value of a,,
ensuring the food safety, equals 0.6 (Ijabadeniyi and Pillay
2017), which means that the results obtained for the snacks
have been about ten times lower than the crucial parameter.
However, water is also responsible for the glass transition
(Silva-Espinoza et al. 2020a). Dehydrated products are often
in an amorphous state that is manifested by hard and crispy
texture, although, various dried products appearing on mar-
kets’ shelves prove that a lot of dried fruit and vegetables are
dehydrated to the point in which water activity is reduced
to the extent that ensures safety but not physical stability.
Exceeded water content causes glass transition temperature
decrease and, as a result, the food product becomes rubbery.
In the case of freeze-dried products, the transition affects
overall quality, such as texture, microstructure, and senso-
rial perception, taking away properties that differentiate
these products from others (Moraga et al. 2011). For that
reason, it is also important to examine the ability to absorb
water from the environment, which for example indicates

when the product should be consumed to avoid unfavorable
changes in its physicochemical characteristics after the pack-
age opening.

The hygroscopicity was determined to check how prone
the freeze-dried snacks are to absorb water, thus how high
the risk of quality loss is. The main impellent of the mass
change is the difference between the sample’s moisture
content and environmental humidity, therefore, the samples
characterised by low water content combined with open and
porous structure usually reveal elevated hygroscopic proper-
ties. This may be considered a favourable feature in terms
of rehydration but disadvantageous in the aspect of stability.
The results obtained for the freeze-dried snacks exposed to
the humid environment for 72 h are presented in Table 2.
Initial moisture content in the samples varied from 1.12 to
2.00 g H,0/100 g dm., relative to the water content. As it
can be seen, the additives significantly reduce water adsorp-
tion. The greater content of BP, the lower amount of water
adsorbed by a snack. Pectin also limited sorption capacity,
however, its effect was comparable to that observed for the
lowest level of pomace powder (1%). Additionally, during
the test, samples with the addition of the blackcurrant pom-
ace obtained constant weight, thus the equilibrium moisture
content, while snacks with LMP were still gaining water
after 72 h. There was no difference in water gain for various
amounts of added LMP, either, contrary to pomace powder,
the increasing content of which was followed by decreasing
hygroscopic properties. As a consequence, it is plausible to
state that despite greater influence on water activity, pectin’s
affinity for water (Panchev et al. 2010) limits its stability
during storage, and so creates a demand for high-barrier
packaging. Notwithstanding the reducing effect of BP addi-
tion, snacks obtained with it were also highly hygroscopic
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and hence should be isolated from humid environment as
well. Hygroscopic properties strongly depend on the sam-
ple’s structure. Feng et al. (2022) suggested that a more
dense and compact structure could inhibit water adsorption
due to the superior amount of closed pores that are sepa-
rated from the environment and thus harder to penetrate by
humid air. On the other hand, the reduction of hygroscopic-
ity resulting from pectin addition may have been caused by
swelling of the hydrocolloid, and so closing accessibility
of the internal pores (Kowalski et al. 2019). However, it
also explains constantly growing moisture gain because of
the water mobility and its transfer from the surface to inner
parts of the sample.

Microstructure and porosity

Images of the internal structure of the produced snacks are
presented in Fig. 1. Column A displays pictures obtained
using scanning electron microscopy and column B shows
a vertical cross-section developed by means of the com-
puter-aided microtomography. As it can be seen, the type

COG-BPlc COG-BPlb COG-BPla COG

COG-BP3b COG-BP3a

Fig. 1 Photos of the overall appearance (section A), SEM imaging
of the internal structure at magnification 200x (section B), and pCT
reconstruction of the internal structure (section C) of freeze-dried

@ Springer

of used additive strongly determines the snacks’ structure.
Samples with LMP additive featured relatively homogenous
structures consisting of thin walls and large pores. On the
other hand, a structure formed with BP was not as consist-
ent and well-shaped as that with pectin. The pomace par-
ticles were explicit within the body of samples and pores
were arranged unevenly. Moreover, the further towards the
material’s centre, the more dense and compact structure
occurred, which was also reflected in the higher frequency of
small pores (Fig. 2a). Pores formation is determined by ice
crystal growth, which depends on composition of the solid
tissue. Pectin creates a hydrogel matrix featuring high flex-
ibility, therefore crystals formulation due to freezing does
not cause notable damage to the structure of the hydrocol-
loid network, and so the cellular structure can be maintained
after freeze-drying (Feng et al. 2022). To enhance structure
homogeneity in a hydrocolloid-stabilized matrix, ice crystal-
controlling additives may be suggested for further investiga-
tion. Compared to pectin, even pomace powder subjected to
hydrothermal treatment does not have the ability to create a
three-dimensional network with thin walls and included air

COG-BP3c

COG-BP5b  COG-BP5a

COG-LMP1.5b COG-LMP0.5b COG-BP5c¢

carrot-orange-ginger (COG) snacks obtained with dried blackcurrant
pomace powder (BP) or low-methoxyl pectin (LMP)
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Fig.2 a Pore size distribution of freeze-dried carrot-orange-ginger
(COG) snacks obtained with dried blackcurrant pomace powder (BP)
or low-methoxyl pectin (LMP); b Exemplary compression curves of

bubbles (ReiBner et al. 2022), which explains the irregular
structure of the snacks with BP.

The term porosity indicates the ratio of pore volume,
free spaces in the sample structure, to the total volume of
the sample. It determines product quality and its features
related to e.g. mass diffusivity. In the case of dried prod-
ucts, pores formation relies on the mechanism of water
removal, hence the dehydration method. The porosity of
the freeze-dried snacks is presented in Table 2. Hydrocol-
loids are known for their structure-forming properties that
allow for the production of highly porous materials, which,
after subjecting to freeze-drying, simulate a cellular struc-
ture of, for example, fruit tissue. Therefore incorporation of
pectin enlarges the total porosity of the sample, especially
at the level of 1.5%, and supports the development of larger
pores (Fig. 2a). The opposed effect was observed after BP
addition. The pomace powder at 1% significantly reduced
the porosity of the snacks and the extension of its amount
led to a further decrease. Although the increasing amount
of BP tended to be followed by the porosity reduction, the
statistical analysis did not prove any significant difference
between snacks with 3 and 5% of the pomace. However, as
it can be seen in Fig. 2a, samples with a growing amount
of BP in the formulation were characterised by a prevailing
frequency of small-sized pores. In the beginning, fortify-
ing the gelation process using calcium ions was expected
to dictate porosity and microstructure characteristics but no
significant impact was assessed in the aspect of porosity. It
is not clear whether calcium infusion affected the size of
the developed pores or not. The results obtained for poros-
ity were consistent with the previous findings regarding
freeze-dried multi-compound snacks but a much wider range
of pores size was noted (Karwacka et al. 2022b). Porosity
affects the sample’s hygroscopic properties, especially for
the products containing high sugar content. However, in the
case of freeze-dried guava pulp with pectin and sucrose,

B 160

—COG
COG-BPla
COG-BP1b

——COG-BPlc

——COG-BP3a
COG-BP3b

——COG-BP3c

Force (N)

——COG-BP5a
COG-BP5b
——COG-BP5¢c
—— COG-LMPO0.5b
—— COG-LMPL.5b

freeze-dried carrot-orange-ginger (COG) snacks obtained with dried
blackcurrant pomace powder (BP) or low-methoxyl pectin (LMP)

rising sugar content leads to water adsorption decrease due
to the lowering porosity of the products, and so enhances
stability during storage (Conceigao et al. 2016).

Mechanical properties

One of the main objectives of applying blackcurrant pomace
to the formulation of freeze-dried snacks was to improve
products’ features resilient to destroying factors affecting
the sample, thus mechanical properties. The texture analy-
sis helps better understand the product changes during pro-
cessing, packaging, and consumption. The results of the
mechanical properties study in terms of hardness that is the
maximum force recorded during compression of the samples
and exemplary compression curves are shown in Table 2;
Fig. 2b, respectively. The lowest hardness characterised
the initial COG sample, while the highest was recorded for
the sample with pectin at 1.5% and then 0.5%. The gradual
increase in the BP content resulted in the improved hard-
ness of the snacks. As it was supposed, not only pomace
powder was applied to strengthen the sample structure but
also calcium ions should have supported the formation and
consolidation of the structure (Byun et al. 2020). However,
a meager upward tendency can be observed, especially
between samples with 0.01% fortification and without any
additive, the statistical analysis of the obtained results show-
ing that changing concentration of calcium ions does not
significantly influence hardness of the snacks.

When it comes to the course of material destruction, vis-
ible differences can be seen in the obtained curves (Fig. 2b).
Peaks and drops on the curves portray the fracturing of the
walls creating internal structure. Moreover, the more tur-
bulent the curve, the more crispy the material. First of all,
characteristic drops occurred on curves for snacks structured
with pectin, which indicated some great cracks in the mate-
rial structure that appeared resulting from the growing strain
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during compression. The course of COG-LMP1.5b com-
pression was crucially distinguished from others in terms
of the force range but its shape was similar to that obtained
for COG-LMPO.5b regardless of the time in which the main
cracks happened. On the other hand, samples without any
additives were compressed accounting for the flattest and
smooth curves, hence increasing BP content was followed
by obtaining rougher curves, which proved rising crispiness.
Although the course of the compression curves was chang-
ing for the samples with increasing amounts of structuring
components, large drops that could be compared to those
noted for the samples with pectin started occurring only for
the snacks with the highest addition of BP (5%). However,
there was no such an observation for each sample and the
recorded differences in the force at the beginning and at the
end of the drop were smaller. As it can be seen in Fig. 2b,
existing drops and peaks were less rapid and less sharp as
compared to the curves for the snacks with LMP. As sug-
gested by Feng et al. (Feng et al. 2022), the oscillation of
the compression force directly corresponds to microstructure
characteristics. The more irregular collocation of pores, the
rougher the curves. Moreover, the texture of the snacks is
crucial and in the case of low-moisture products, it strongly
depends on the water content, therefore, maintaining it at
a low level provides crispy and brittle texture, which may
be lost as a consequence of extensive water adsorption
(Mazumder et al. 2007).

Colour

The results gathered due to the instrumental analysis of
the colour properties are presented in Fig. 3, and the total
colour difference (AE) is shown in Table 2. Lightness (L*)
increased after LMP incorporation but the addition of BP
caused significant darkening of the snacks that was reflected
in the lower values of the L* parameter. Chroma parameter
a* indicating redness did not change in the samples with
pectin as compared to the COG. However, the influence

2]
(=]

Fig. 3 Color parameters L*
(lightness), a* (redness) and
b* (yellowness) of freeze-dried
carrot-orange-ginger (COG)
snacks obtained with dried
blackcurrant pomace powder
(BP) or low-methoxyl pectin

Color parameters (-)
D W B U N
S © O ©
H

H

of pomace powder was inconsistent, and the 1% addition
slightly heightened redness, while a further increase in the
amount of BP notably lowered the a* parameter. The b*
parameter portrayed yellowness when positive or blueness
when negative. It can be seen that both of the used carriers
caused a significant reduction in the yellowness. The effect
of the lowest tested BP concentration was comparable to
the one obtained by adding LMP, and having concurrently
increased the concentration gradually kept decreasing b*
values. The differences in the colour parameters measured
for the snacks were also reflected in the total colour differ-
ence, which was evaluated in relation to the COG snack. The
results were remarkably higher than 5, which was the value
representing the changes that are hardly visually notable and
as such imperceptible for a human eye. In order to show how
the BP addition could influence consumers’ perception of
the produced snacks, the images of all the collected samples
have been included in Fig. 1. Similarly to the parameters
mentioned above, AE caused by BP at 1% was correspond-
ing to the one observed after pectin addition, however the
increasing amount of pomace powder concurrently caused
the colour difference to escalate. Similar results were
expected due to the natural colour of the blackcurrant ber-
ries as well as blackcurrant pomace (Michalska et al. 2017a;
Karwacka et al. 2022a), the pomace particles of which were
occurring in the whole sample volume and on its surface.
The colour results from all the ingredients infused into the
products, and so the effect of the additives tested in this
research is simply a consequence of using materials char-
acterised by completely diverse features. The low-methoxyl
pectin powder is light, whitish and creamy, while the black-
currant pomace powder can be described as dark and deep
burgundy (Karwacka et al. 2022a).

Total polyphenols content

The total polyphenols content (TPC) in the freeze-dried
snacks is presented in Fig. 4a. Its initial content in COG
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snacks was 1163.87 mg GAE/100 g d.m. The addition of
LMP did not affect the TPC results but a notable trend
related to an increasing amount of blackcurrant pomace
was observed. The average growth of polyphenols content
caused by the BP infusion at 1, 3, and 5% was estimated
to equal 2.77, 3.68, and 4.90%, respectively. The relatively
low effects probably resulted from the multi-step process-
ing of the by-products. After juice production, pomace was
dehydrated by means of the hot-air drying method, ground,
which also induced heating of the material, then hydrated at
elevated temperature and freeze-dried. Each stage of treat-
ment could cause a significant loss of polyphenols due to
thermal degradation or oxidation (Struck et al. 2016). Black-
currant berries as well as blackcurrant pomace usually dem-
onstrate high content of bioactive compounds, especially
anthocyanins that also perform as antioxidants (Michalska
et al. 2017b). Accordingly, a greater effect was expected to
be achieved on the antiradical activity of the snacks.

Antioxidant activity
Antioxidant activity was assessed as scavenging activity

against two standard free radicals, and the obtained results
expressed in terms of the Trolox equivalent are shown in

Fig. 4b. Antioxidant activity of the initial sample with-
out any additives equalled 5.66+0.31 and 2.68 + 0.07 mg
Te/g dm., respectively for DPPH and ABTS assays. Cor-
respondingly to the total polyphenols content, the snacks
with LMP were not distinguished from COG samples in
terms of antioxidant activity against DPPH but a slight
reducing trend was observed in ABTS assay results. More
importantly, the significant growth followed the addition
of BP powder. When it comes to DPPH, the increasing
amount of the added pomace powder induced the rise
of antioxidant activity by 13.60, 23.26, 36.98% in the
sequence following the level of addition, while ABTS
results showed the tendency to enhance antiradical prop-
erties of the snacks by 9.78, 32.65, 44.65%. As mentioned
above, blackcurrant pomace contains various bioactive
compounds demonstrating antioxidant properties (Michal-
ska et al. 2017a), therefore the antioxidant activity in result
of the BP infusion was enhanced to the extent greater than
could have been anticipated based on the TPC results. This
outcome may also be supported by the previous findings
that imply the enhancement of the antioxidant activity in
result of the antiradical potential of derivative products
arising from bioactive compounds degradation (Krusze-
wski et al. 2021).

@ Springer



1372

J Food Sci Technol (July 2024) 61(7):1363-1373

Conclusion

The findings of this study demonstrate that the incorporation
of dried blackcurrant pomace powder (BP) has a beneficial
impact on the physicochemical properties of the multicom-
ponent freeze-dried snacks. As compared to low-methoxyl
pectin, blackcurrant pomace has demonstrated lower texture
and structure-forming ability, which has resulted in a more
compact and irregular structure featuring a large number
of small pores. The use of the additives has led to a sig-
nificant reduction of hygroscopicity, which probably is the
consequence of microstructure characteristics. The infu-
sion of blackcurrant pomace powder significantly increases
polyphenols content and extends the antiradical capacity
of the products. However, the chemical properties become
enhanced, and the anthocyanins added with the pomace
cause significant colour changes including darkening of the
snacks, which may not be evaluated as favourable. Taking
into account the results obtained for the snack properties,
it seems that the samples with 5% BP additive revealed the
features corresponding to those demonstrated by the samples
with 0.05% LMP additive to a greatest extent. The tendency
regarding calcium ions concentration has been noted in
terms of texture and structure but the effect has been insig-
nificant. Accordingly, the lowest tested level can be recom-
mended for further research, just to improve nutritional value
and maintain established trends. But extensive research on
the influence of calcium ions on the structure and texture-
forming properties of blackcurrant pomace is also suggested.
Although further research is needed, this study has shown
another possibility for blackcurrant by-products manage-
ment that had not been considered previously.
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Abstract

The objective of the study was the development of nonconventional restructured freeze-dried multicomponent snacks obtained
with the addition of chokeberry pomace powder (CP) supported by calcium ions (0, 0.01 and 0.05%). The study consisted
of the evaluation of the impact of various quantities (1, 3 and 5%) of dried chokeberry pomace powder on selected phys-
icochemical characteristics compared to snacks structured by pectin (0.5 and 1.5%). The results showed that the application
of CP caused a significant reduction in the snacks’ water content and activity, which could contribute to enhanced stability.
Hygroscopic properties and porosity also decreased with increasing quantity of CP, which was a consequence of structural
changes in the material. The CP addition elevated the hardness of the snacks, however the effect was notably lower than after
pectin incorporation. The use of the CP promoted the bioactive compound content and antioxidant activity of the freeze-dried
snack. Total phenolic and anthocyanin contents elevated with the increasing quantity of CP, also followed by antioxidant
activity improvement. The introduction of anthocyanins, which are red colorants, also caused notable changes in the color
of the products. Overall, the application of chokeberry pomace resulted in obtaining an innovative snack option character-
ized by fortified bioactive compounds content and antioxidant activity. However, more research is needed to optimize also
nutritional characteristics of the products.

Keywords Dried chokeberry pomace powder - Low-methoxyl pectin - Freeze-dried snacks - Physicochemical properties -
Microstructure - Bioactive compounds

Introduction snacks with the use of hydrocolloids, e.g. sodium alginate,

gums, pectin, or fibres, have demonstrated the potential for

Drying is one of the most popular techniques used in the
food industry including convenient food production, therefore
searching for innovations in the dried snacks sector has been
an important topic of research, with a focus on developing
healthy and appealing options that could easily interest con-
sumers and face their expectations. Previous studies explored
the use of unconventional ingredients and technologies to
produce dried snacks featuring improved nutritional value
and consumer appeal [1]. Recent findings in the employ-
ment of freeze-drying in the development of freeze-dried
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creating products with designed quality features, showcas-
ing the importance of selecting components that provide an
outstanding outcome. Thanks to the structuring properties
of hydrocolloids, their incorporation into the formulation
allows manufacturing products based on blended or pow-
dered fruit and vegetable ingredients [2—4]. Such snacks are
characterized by elevated texture profiles regarding hard-
ness and crispiness as well as increased glass transition tem-
perature, which indicates storage stability [3, 5]. Thanks to
their thickening properties, employment of hydrocolloids as
structuring agents affects rheological properties and improves
forming and shape maintenance. Therefore formulations with
biopolymers are also used in food 3D printing [6]. Snacks
obtained with high molecular weight polymers present not
only improved technological features but also attractive sen-
sory attributes. Crispy texture, porosity and melting when in
contact with saliva were noted in orange snacks with gum
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arabic and bamboo fiber [7]. However, an unpublished study
on multilayer vegetable snacks with sodium alginate or gums
showed that adding hydrocolloids causes stickiness, giving
an unpleasant impression of the product that sticks to teeth
and is hard to remove. Among technological functionality
and sensory properties, such goods are characterized by high
nutritional value due to the presence of plant ingredients,
elevated fiber content resulting from the addition of biopoly-
mers, and freeze-drying applied as a preservation method that
minimizes bioactive compounds degradation and changes in
overall physicochemical characteristics giving high-quality
products [5].

One of the most common and widely used hydrocolloids
in the food industry is pectin. It is a long-chain polysaccharide
derived from plant cell walls, and often from agricultural and
food industry residues, including fruit pomace. Processing of
pectin consists of extraction and purification that are resource
and energy-demanding, however, they can be optimized by
modifying various parameters, such as temperature, time, pH,
etc. [8]. Due to the relatively low cost and well-recognized
structuring and texturing properties, pectin is used in a wide
range of food products starting with fruit preservatives and end-
ing with new contact materials. To support gelling properties of
pectin and enhance the stability of the obtained gels, calcium
ions are being added to the hydrocolloid solution [9]. Consider-
ing current needs related to the chase for sustainability, vari-
ous ways to reduce the environmental impact of novel foods
were investigated, such as modification of the technological
processes or formulations within the frame of a circular bioec-
onomy [10]. Moreover, recent studies presented new options
in the development of innovative multicomponent products
that could alternate traditional solutions. One of the trend-
ing approaches is food by-product valorization through their
application as a functional food additive that has the potential
to create a value-added product. For example, in the scope of
freeze-dried multicomponent snacks, it was a combining or
total replacement of the traditional hydrocolloids with fruit
pomace, which could act in a similar manner giving products
with characteristics comparable to freeze-dried gels [11-13].

Chokeberry (Aronia melanocarpa) is one of the berry
fruits extensively cultivated in Poland. According to the
data published by Statistics Poland, the production of
chokeberry in 2022 reached 53.9 thousand tons [14]. A
significant part of the harvested fruits is utilized in juice
production, after which approximately 12.8-22.6% of the
processed biomass remains as pomace [15]. Due to the
remarkable content of bioactive compounds, phenolics,
anthocyanins, and other antioxidants, the high potential
of chokeberry by-products as a valuable resource in inno-
vative food production and development has been recog-
nized [16]. Additionally, the physicochemical properties
of chokeberry pomace have been investigated to better rec-
ognize its potential for utilization in food products [17].
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Rich chemical composition and techno-functional prop-
erties motivated several approaches of utilizing choke-
berry pomace in food products such as shortcrust pastries,
milkshakes, and meat products, and more [16, 18]. For
example, the impact of extrusion under various conditions
on the dietary fiber and bioactive compounds profiles in
chokeberry pomace were studied, indicating valuable
structuring properties and high quality of obtained tex-
turates [19]. Furthermore, cookies and bakery products
fortified with fruit by-products, including chokeberry
pomace, demonstrated enhanced nutritional value of the
products [20]. Researchers focused mostly on the extrac-
tion, purification, and co-pigmentation of anthocyanins
from chokeberry pomace, as well as the influence of dif-
ferent carriers and processing techniques on the physico-
chemical characteristics of chokeberry pomace extracts and
powders that could be applied as food-fortifying additives
[21, 22]. Overall, all the above indicates that chokeberry
pomace demonstrates great potential for incorporation into
innovative and healthy freeze-dried snacks as an additive
providing structuring properties and improving nutritional
value. Considering the given introduction, the idea of this
study was to employ chokeberry pomace powder as a more
sustainable fortifying agent providing improvement in tex-
tural properties and bioactive compounds. Application of
the pomace was supposed to reduce environmental impact
by shortening the processing chain due to skipping of the
pectin extraction process and reducing agrifood waste. The
thickening properties of fibers and pectin contained in the
fruit by-product could be supported by the introduction of
calcium ions that could influence the structure and mechan-
ical properties of the developed products.

The objective of the research was to develop unconven-
tional restructured freeze-dried multicomponent snacks and
evaluate the impact of various quantities of dried chokeberry
pomace powder supported by calcium ions on selected phys-
icochemical characteristics compared to snacks structured
by pectin.

Materials and methods
Materials

The research material in this study was freeze-dried snacks
comprising carrot, orange, and ginger, with the incorpora-
tion of dried chokeberry pomace powder (CP) or low-meth-
oxyl pectin (LMP) as carrier agents supported by various
concentrations of calcium lactate. The base formulation was
chosen based on the sensory evaluation in preliminary study.
The raw materials employed in sample preparation included
1 cm frozen carrot cubes (Unifreeze sp. z 0.0., Poland),
orange juice concentrate (Purena, Poland), ginger (local
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market, Warsaw, Poland), industrial hot-air dried chokeberry
pomace (water content 5.77%) (Greenherb, Poland) which
was ground using food processor, low-methoxyl pectin (Hor-
timex, Poland), and calcium lactate (Agnex, Poland).

Chemicals and reagents utilized for the determination
of total phenolic and anthocyanins content and antioxidant
activity were procured from POCH (Poland) and were stored
in a refrigerator at 4 °C with restricted exposure to light.

Methods
Sample preparation

The fundamental composition of freeze-dried snacks
included 60% carrot (C), 10% orange juice concentrate (O),
and 0.4% fresh ginger (G). Furthermore, two experimental
variables were introduced: chokeberry pomace powder (CP)
and calcium lactate (a-c referring to the concentration). The
chosen concentration of the variables was evaluated based on
the preliminary studies and analysis of commercially avail-
able restructured snack formulations. In each variant, the for-
mulation was fulfilled with water. The quantities of additives
(chokeberry pomace powder, pectin, and calcium lactate) are
detailed in Table 1, corresponding to the variant codes.

The procedural guidelines for technological processing
were previously outlined by Karwacka et al. [13]. Thirty
minutes before processing, the frozen carrot was thawed at
25 °C. The water with calcium lactate was heated to 85 °C
using a heating plate. Subsequently, a carrier agent was
introduced into the solution, followed by thorough mixing
for 1 min. All components were then introduced into the

laboratory knife mill GRINDOMIX GM 200 (Retsch, Ger-
many) and blended at 4500 rpm for 1 min.

The resulting mixtures were dispensed into silicone
molds, subjected to freezing at —40 °C for approximately
4 h, and subsequently underwent freeze-drying in an
Alpha 1-2 LD plus freeze-dryer (Martin Christ GmbH,
Germany) at 30 °C and a pressure of 0.063 kPa for about
48 h. After processing, the freeze-dried snacks were sealed
in high-barrier packaging and stored at ambient temper-
ature for approximately 24-48 h before conducting the
tests.

Water content and activity

The water content was determined in a convective dryer SUP
65W/G (WAMED, Poland) at 70 °C for 24 h. The water
activity was assessed using a HygroLab C1 meter (Rotronic,
Switzerland) at 25 + 1 °C, following the guidelines provided
by the manufacturer. Both measurements were performed
in triplicate.

Hygroscopicity determination

Hygroscopic properties were assessed by measuring the
moisture uptake of a cubic sample (1 X 1 X 1 cm) incubated at
25 °C within a desiccator containing saturated NaCl solution
(RH=75%) for 72 h. Measurements were done in triplicate
after 0, 0.5, 1, 3, 6,9, 12, 24, 48 and 72 h. The outcomes
were quantified as the quantity of water absorbed per 100 g
of the solid material.

Table 1 Formulation and

. . Sample Carrot Orange juice Ginger Water Choke- Low- Calcium lactate
coding of the fr §eze—dr ied concentrate berry methoxyl
carrot—orffmge—gmger (COG) pomace pectin
snacks with chokeberry pomace
powder (CP) %

COG 60 10 0.4 29.60 - - -
COG-CP1 a 60 10 0.4 28.60 1 - 0
28.59 0.01
c 28.55 0.05
COG-CP3 a 60 10 04 26.60 3 - 0
26.59 0.01
c 26.55 0.05
COG-CP5 a 60 10 04 2460 5 - 0
b 24.59 0.01
c 24.55 0.05
COG-LMP0.5 b 60 10 0.4 29.09 - 0.5 0.01
COG-LMP1.5 b 28.09 1.5 0.01
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Texture properties determination

The textural characteristics of the snacks were examined
employing the TA.HD plus texture analyzer (Stable Micro
Systems, UK). A compression test was executed utilizing
a 20 mm diameter platen probe, with a test speed set at
0.5 mm/s. The assessment was conducted on 10 samples of
the material (1.5% 1.5 X 1.5 cm) reaching 50% deformation.
Hardness was assessed as the maximum force recorded dur-
ing sample compression and compression curves showing
changes of the deformation force in time were prepared.

Scanning electron microscopy (SEM) imaging

Visualization of the internal structure was conducted using
a scanning electron microscope (SEM) TM3000 (HITACHI,
Japan) at a magnification of 200x. Before the analysis, sam-
ples were sectioned with a razor blade, affixed to the speci-
men stub using adhesive carbon discs, and subsequently
coated with gold using the automatic coater Cressington
108auto (EO Elektronen-Optik-Service GmbH, Germany).
Additionally, macroscopic photos were taken using a digital
microscope VHX-970F (Keyence, Belgium).

Computed tomography and porosity analysis

The microstructure of the freeze-dried samples was analyzed
utilizing the X-ray micro-CT SkyScan 1272 system (Bruker
microCT, Belgium) with an accelerating voltage of 40 kV,
193 pA of supply current, and a rotation step of 0.2°. The
radiographic images were processed in NRecon1.6.3.2 and
CTAn v.1.10.1.0 software to calculate porosity and pore size
distribution based on the reconstructed 3D model. The meas-
urements were performed on three samples of each material.

Color determination

Color parameters Lab* were assessed using the CR-5 Col-
orimeter (Konica Minolta, Japan) equipped with an 8 mm
measuring hole in reflectance mode. The measurements were
conducted on the material’s surface at 15 distinct locations.
The impact of additive application was quantified as the total
color difference (AE) based on the following formula:

AE =/ (AL*)? + (8@ + (8572, (1)
where AL*, Aa*, Ab* represent the differences of lightness

(L*), redness (a*) and yellowness (b*) between snacks with
the tested additives versus control (COG).
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Extraction procedure for chemical properties analysis

To assess the total phenolic and anthocyanins contents and
antioxidant activity, the extracts were formulated by extract-
ing 0.3 g of the finely ground (IKA A11 basic, IKA-Werke
GmbH, Germany) material in 10 mL of an 80% ethanol
aqueous solution with 0.1 M hydrochloric acid (85:15 v/v)
for 24 h at room temperature with continuous agitation on
a Multi Reax shaker (Heidolph Instruments, Germany).
Subsequently, the extracts were subjected to centrifugation
(2 min, 3000 rpm) using a laboratory centrifuge MegaStar
600 (VWR, Belgium), transferred into 0.2 mL PCR tubes,
and prepared for analysis. The extraction procedure was
conducted in duplicate for each sample. The reagents were
prepared, and all of the chemical properties of the freeze-
dried snacks were determined according to the methodology
outlined by Wiktor et al. [23] with minor adjustments.

Total phenolic content (TPC) determination

The determination of total phenolic content was con-
ducted through the spectrophotometric method employ-
ing Folin—Ciocalteau’s reagent. In 96-well plates, 10 pL of
extracts were diluted with distilled water in the ratio of 1:1
v/v. Subsequently, 40 pL of a fivefold diluted Folin—Cio-
calteau’s reagent was added, mixed, and allowed to react
at room temperature with no access to light for 3 min. Fol-
lowing this, 250 pL of a 7% saturated sodium carbonate
solution was introduced, and the mixtures were incubated in
darkness for 60 min. A blank test was prepared substituting
the extract with the extraction reagent. The absorbance of
the mixtures was measured utilizing a Multiskan Sky plate
reader (Thermo Electron Co., USA) at a wavelength of
750 nm. The results were expressed in mg of gallic acid per
100 g of dry matter, using a calibration curve prepared for
the mentioned standard. The determination was conducted
in triplicate for each extract.

Total anthocyanins content (TAC)

The quantitative determination of monomeric anthocyanin
content was conducted using the differential pH method. The
analysis involved buffers with pH 1 (1.86 g KClin 1 L of
distilled water) and pH 4.5 (54.43 g CH;CO,Na-3H,0Oin 1 L
of distilled water). Both buffers were adjusted to the specific
pH using concentrated HCI. Reactions were executed on a
96-well plate, where 30 pL of the extract solution and 135
pL of buffer were dispensed into the well and mixed. After
a 20-min incubation at 25 °C in a dark place, the absorb-
ance of the solutions was measured at 510 and 700 nm,
respectively for mixtures with pH 1 and 4.5 buffers, using
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the previously mentioned plate reader. A control sample with
no pomace addition (COG) was used as a blank sample. The
results were reported as milligrams of cyanide-3-glucoside
per gram of dry matter. The analysis was conducted in trip-
licate for each extract.

The total anthocyanin content (TAC) was computed using
the following equation:

:AxMWxDFXIOOO
exL

TAC

b}

where TAC—total anthocyanin content (mg Cyd-3-glu/
kg); A—(As10-Aq00)pr1 = (As10-Ag00)pna. 53 MW—molecular
weight of cyanide 3-glucoside (449.2 g/mol); DF—sample
dilution factor; e—molar absorption coefficient of cyanidin-
3-glucoside (26 900 L/mol X cm); L—optical path length for
the solution in the well (0.173 cm).

Antioxidant activity determination

Assay against ABTS*: Before the examination, the
ABTS* stock solution underwent dilution with 80% (v/v)
ethanol to yield a functional solution exhibiting absorb-
ance within the 0.68-0.72 range at a 734 nm wavelength.
The analytical procedure involved dispensing 10 pL of the
analyte solution and 250 pL of the free radical solution
into a 96-well plate, followed by shaking and incubation
in darkness for 6 min. A blank probe was prepared substi-
tuting the extract with the extraction reagent. Absorbance
readings were taken at 734 nm using a Multiskan Sky plate
reader. The antiradical activity was determined by calcu-
lating the reduction in absorbance of the ABTS* radical
solution in the presence of the analyte extract, expressed as
mg Trolox/g dry matter, which was employed as standard.
The entire process was performed in triplicate for each
extract.

Assay against DPPH: The assessment began with
the dilution of the DPPH’ stock solution using 80% (v/v)
ethanol, resulting in a working solution characterized by
absorbance falling within the 0.68—0.72 range at a wave-
length of 515 nm. The determination of antioxidant activity
against DPPH' followed a methodology similar to that out-
lined for ABTS™, involving the dispensing of 10 pL of the
analyte solution and 250 pL of the DPPH' radical solution
into a 96-well plate. The incubation period was extended
to 30 min, and absorbance measurements were taken at a
515 nm wavelength using a Multiskan Sky plate reader. This
protocol ensured consistency with the ABTS™ procedure
while accounting for variations specific to the DPPH" assay.

Statistical analysis

The obtained results were analyzed using STATISTICA 13
software (TIBCO Software, USA). The significance between
the characteristics of the investigated materials was evalu-
ated by conducting the one-way ANOVA with a post-hoc
multiple comparisons Tukey’s test (P> 0.05). Additionally,
the relationship and dependence between selected results
were evaluated by Pearson’s correlation performance.

Results
Water content and water activity

The water content and water activity of the freeze-dried
snacks were investigated and the results are presented in
Table 2. Both parameters varied showing particular tenden-
cies. Water content in the freeze-dried snacks was in range
from 1.20 to 2.15%. The enlargement of the pomace pow-
der addition was followed by the gradual decrease in the
parameter’s value, starting from the COG sample with no
additives. The decrease of water content related to the pom-
ace quantity may have also resulted from the lower amount
of water added to the snacks and lower water content led to
reduced water activity. The amount of calcium lactate addi-
tion also influenced the amount of water that remained in
the sample after freeze-drying. Increasing the concentration
of calcium ions resulted in increasing water content in the
snacks. However, the change was significant only after the
incorporation of the greatest amount of salt. Water acts as

Table2 Water content, water activity and hygroscopicity of freeze-
dried carrot-orange-ginger (COG) snacks with chokeberry pomace
powder (CP)

Sample Water content ~ Water activity Hygroscopicity
(%) ) (g H,0/100 g
d.m.)
COG 1.92+0.10° 0.055+0.000°  29.15+0.12°
COG-CPla 1.46+0.01°"  0.048+0.003°  26.26+1.21%
COG-CP1b 1.53+0.03%  0.050+0.003"® 27.54+0.11°
COG-CPlc 1.68+0.03° 0.051+0.001®®  27.01+0.15°
COG-CP3a 1.34+0.03%  0.036+0.001°  23.98+0.05%f
COG-CP3b 1.47+£0.02°"  0.037+£0.002¢¢  24.64+0.25%
COG-CP3c 1.62+0.02°¢  0.040+£0.002°  24.96+0.14
COG-CP5a 1.20+0.06" 0.029+0.004"  22.23+0.178
COG-CP5b 1.29+0.048"  0.028+0.0027  23.47+0.27°
COG-CP5c 1.49+0.02%  0.032+0.002%" 23.14+0.22
COG-LMP0.5b 1.75+0.01¢ 0.029+0.003¢"  27.66+1.10"
COG-LMP1.5b 2.15+0.06 0.034+0.003%  27.56+0.26"

Results are shown as mean+ SD; letters in columns indicate differ-
ences determined by Tukey’s test at P <0.05
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a plasticizer in food products and can easily affect textural
properties of the freeze-dried materials by lowering their
glass transition temperature and causing softening or even
collapsing of the internal structure of the material [3, 24].
Moreover, increased water content in samples with higher
calcium ions concentration may indicate the improvement of
gelling properties and stronger links between water particles
and fibers present in the composition of the snacks, thus
more difficult and limited water migration during drying
[25]. In the case of water activity, 1% CP addition caused
a significant increase in the obtained results although water
content in those samples was lower. Rising the pomace
powder quantity contributed to lowering water activity. The
snacks differing by the calcium ions concentration showed
water activity tendencies correlating to those observed for
water content. Nevertheless, the tendency was visible, but
the slight growth was not significant. Apart from the mate-
rial with 5% pomace addition, snacks with CP featured lower
water content but higher water activity compared to products
obtained with LMP, which proves the difference in the water
bonding capacity of the used additives. Ciurzynska et al.
[11] examined a combination of sodium alginate and pow-
dered apple or chokeberry pomace in freeze-dried snacks
derived from apple puree. They observed that expansion of
the hydrocolloid quantity resulted in higher water content
and activity in the material, and increasing pomace pow-
ders addition tended to lower these parameters. The authors
connected it to the difference observed in snacks structure,
which was found to be fragile and built out of thin walls in
samples with lower additives levels. Another study on apple
pomace powder application as a carrier agent in freeze-dried
snacks also noticed a reduction in water content and water
activity and similar tendencies between samples with pom-
ace powder and pectin, explaining the dependencies with
different water-holding capacities of the used components
[12].

Hygroscopicity

Table 2 presents also the hygroscopicity of the tested mate-
rial, expressed as the quantity of moisture present per 100 g
of a sample after 72 h of exposition to a humid environ-
ment. As can be seen, the incorporation of both CP and
LMP resulted in a lowered ability to absorb water from the
environment, which was the desired effect to obtain. The
expansion of the pomace powder in the formulation reduced
hygroscopicity by approximately 7.6, 15.9 and 21.3%. Using
1% CP gave comparable results as the addition of pectin that
lessened the quantity of absorbed water by 6.3%. Calcium
lactate did not affect hygroscopic properties significantly,
however, the material with no addition tended to gain less
moisture. The kinetics that are not included in the paper
showed that the moisture gain was the most intensive for the
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first 12 h and then slowed down. Assessment of hygroscopic
properties is important and gives the insight into stability of
foods. According to materials qualification in terms of their
hygroscopicity presented by Moraes et al. [26], freeze-dried
snacks examined in this research were highly hygroscopic,
which indicates the importance of separating them from the
humid environment by using appropriate packaging in order
to maintain their quality. The hygroscopicity of the mate-
rial, as with all of the mass transfer phenomena, is mainly
determined by the internal structure and moisture gradi-
ent between the surroundings and the product. The more
porous and open the structure is, the more intense the mass
exchange between the sample and the environment [27]. As a
consequence of the extension of the pomace powder amount
in the formulation, the materials’ structure becomes denser
and less porous, therefore the hygroscopicity is reduced due
to the limited availability for vapor penetration [12].

Microstructure and porosity

The microstructure of the freeze-dried snacks was evalu-
ated based on images obtained by scanning electron micros-
copy (SEM) and computed tomography which are shown in
Fig. 1. The images show that the internal structure of the
samples with the addition of CP was irregular and prone
to crumbling, which was also apparent while cutting the
material to expose the cross-section. It was built out of thin
walls surrounding small and unevenly distributed pores
which in some places merged and created large air spaces
in the structure. On the contrary, snacks obtained with the
traditional hydrocolloidal agent featured greater and more
homogeneously located pores. Preparation of the snacks
for SEM imaging also revealed different behaviour during
cutting which affected the obtained photos. Samples with
pectin were fragile, but the structure was resilient enough to
avoid excessive damage. Cutting the CP samples featured
crumbling and destruction of the structure upon impact.
There was also movement of the great parts of the skeleton
observed. Ideally, the addition of structure-forming agents
aims to recreate a structure similar to the cellular skeleton
with regular and closed pores present in natural fruit and
vegetable tissue. Optimization of such structure would result
in a similar texture profile and suspected positive consumer
perception. The strong gel that is formed by pure biopoly-
mers and subjected to aeration resemble the delicate struc-
ture consisted of even pores surrounded by thin walls of
solid matter [28, 29]. Moreover, CT imaging exposed that
the structure of the snacks differed within the volume of one
sample. Material structured with CP was characterized by
a more compact structure compared to the structure formed
closer to the surface. Nevertheless, all samples obtained with
the pomace powder featured comparable structural pattern.
A similar effect on freeze-dried snack structure was observed
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Fig. 1 Photos and microstructure of freeze-dried carrot-orange-ginger (COG) snacks with chokeberry pomace powder (CP)

before while evaluating the impact of apple pomace addi-
tion utilizing SEM imaging and computed tomography [12].
The microstructure affects the mechanical properties of the
material. The uneven distribution of pores and discontinuity
of the internal skeleton may result in an unstable and fragile
texture that could be easily destroyed upon impact [30]. That
could contribute to the destruction of the material during
transport, packaging and storage, and consequently lead to
significant quality and attractiveness loss. It may also cause
unwanted crumbling during consumption. Moreover, struc-
ture formation in restructured food products goes differently
compared to intact fruit or vegetable tissue, therefore inter-
nal structure may appear disordered compared to preserved
skeleton constructed with cell walls [29]. Nevertheless,
restructuration with the employment of various structuring
agents gives more opportunities to develop materials with
designed characteristics.

The porosity of the freeze-dried snacks measured by
microcomputed tomography analysis is presented in Table 3.
The application of LMP as a structuring agent tended
to support the structure which was less dense and more
porous compared to the control sample. On the contrary, the

Table 3 Porosity, hardness and total color difference of freeze-dried
carrot-orange-ginger (COG) snacks with chokeberry pomace powder
(&)

Sample Porosity (%) Hardness (N) AE (-)

COG 59.50+0.64° 21.98+0.95¢ -
COG-CPla 52.18+0.64¢ 38.08 +£3.32°¢  24.2040.498
COG-CP1b 53.59+0.41¢ 37.93+2.49% 35.1240.35°
COG-CPlc 53.22+1.25¢ 32.61+1.677  30.93+0.56
COG-CP3a 45.25+0.37° 37.42+3.29% 42.39+0.72¢
COG-CP3b 48.44 +0.99¢ 36.06+1.507  42.57 +1.04¢
COG-CP3c 45.32+0.51° 39.42+0.98%¢  44.45+0.69°
COG-CP5a 41.95+0.21° 40.48+2.08°¢  47.88+0.55%
COG-CP5b 43914045  42.55+1.47°%° 47.64+0.41°
COG-CP5¢ 44.45+0.24° 39.87 +1.47°% 48.74+0.67%
COG-LMP0.5b  61.57+1.74®®  79.60+2.80° 17.47+2.34
COG-LMP1.5b  62.10+0.35%  142.99+5.14* 19.28 +2.36"

Results are shown as mean+ SD; letters in columns indicate differ-
ences determined by Tukey’s test at P <0.05
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Fig.2 a Pore size distribution in freeze-dried carrot-orange-ginger
(COG) snacks with chokeberry pomace powder (CP); b Compression
curves of the freeze-dried snacks

incorporation of CP powder caused a gradual decrease in
porosity values, the average of which was estimated as 11,
22, and 27% respectively for snacks with 1, 3 and 5% of
CP. There was also a slightly noticeable trend, not clearly
recognized by the statistical analysis, regarding the addition
of calcium ions that gave samples with porosity higher than
values established for the material without the salt. Moreover,
the formulation of the snacks determined size of the cre-
ated pores. As can be seen in Fig. 2a, the mean diameter
of the majority (69-82%) of the pores present in the mate-
rial with chokeberry pomace powder was in the range of
0.039-0.091 mm, while in LMP-structured snacks they did
not exceed 45%. With an increasing quantity of the additive,
a rise in the mean pore size was noticed. The total poros-
ity of the examined materials consisted of 11-25% larger
pores, above the mentioned range, in the case of CP addition
and 49-55% in COG-LMP snacks. Outcomes of the micro-
structure evaluation and main findings in this research were
consistent with previous findings regarding the application of
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apple [12] and blackcurrant [31] pomace powders in freeze-
dried snacks, in which the pomace powders also caused a
significant reduction in total porosity of the samples that pro-
gressed with the quantity enlargement. However, the level of
the porosity decrease was higher in this research. It is hard
to explain the mechanism between the observed changes and
differences in the properties of samples’ microstructure, since
there is no research regarding the mechanism behind the gel-
ling properties of fruit pomace, especially in freeze-dried
food products. However, this indicated a niche in the field
and shows the need for a detailed exploration of dried fruit
pomace's basic texture- and structure-forming properties. The
lowered porosity of the samples suggests the limited structur-
ing capacity of fibres, protein, and other compounds reveal-
ing gelling properties contained in the pomace [19, 32, 33].
That, together with the introduction of additional solid par-
ticles absorbing moisture from the prepared blend, changed
the amount of frozen and sublimated water, and thus may
have influenced the formation of smaller ice crystals prior
to freeze-drying. As a result, smaller pores were determined
in the structure of the samples [34]. Such effect may have
appeared also due to insufficient hydrothermal treatment con-
ditions of pomace [33], which, again, leads to the conclusion
that further research on the structure-forming potential of the
plain pomace is required. On the other hand, there is more
research on the microstructure of freeze-dried hydrocolloidal
gels. For example, previous findings on freeze-dried LMP
gels supported with calcium lactate showed that this hydro-
colloid has the ability to form a stable structure with large
pores (mean diameter equals 274 or 495 um when aerated
for 3 or 7 min) and thin walls [35]. Groult et al. emphasized
the importance of calcium ions addition and their influence
on structure-forming properties of pectin [36]. They cata-
lyse formation of cross-linking ionic bonds between carboxyl
groups present in pectin particles, and that ionic gelation
prevents collapsing of the material’s structure during dehy-
dration. As mentioned above, there is no reports regarding
the effect of the presence of calcium ions on the gelling and
thickening properties of fruit pomace, so this field is to be
explored in the future research.

Mechanical properties

Mechanical properties measured in this research are shown
as hardness (Table 3) determined as the maximum force
reached during compression of the sample and compression
curves recorded during tests (Fig. 2b). The results turned out
to be different than expected, especially in the case of hard-
ness. As is shown in Fig. 2b, the compression of the samples
went in a very similar pattern for all samples obtained with
CP. The curves are flat and feature many small peaks resem-
bling the one recorded for the control sample. The contrast
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between the texture of the material structured with LMP and
CP is clear according to both hardness results and presented
compression curves. Courses of the curves correspond to
the shape of the internal structure of the snacks that were
described above. Small and irregular pores resulted in shal-
low peaks on the curves determined for samples with CP,
while larger and evenly distributed pores present in LMP
samples could promote strength of the material thus more
turbulent deformation. The correlation between the structure
characteristics and compression curves’ course was observed
before [12, 13].

Further analysis of the data recorded during compres-
sion allowed determining the hardness of the tested samples
(Table 3). Statistical evaluation revealed that the addition of
CP elevated the hardness of the snacks by 64-93%, with an
exception noted for COG-CP1b in which hardness gain was
approximately 48%. However, neither the quantity of the
pomace powder nor calcium lactate affected significantly
this feature. When it comes to the quantity of pomace, the
increased hardness might have been related to the reduced
water content in samples with more additive. Regardless of
the formulation, even the greatest growth of the hardness
resulting from CP addition was almost three times lower
compared to the effect of LMP used at 0.5%. Previously,
apple pomace powder had a greater impact on freeze-dried
snacks’ texture and developed products with a hardness simi-
lar to the ones obtained with 0.5% of LMP [12]. Analysis
of chokeberry pomace powder subjected to extrusion estab-
lished that fibers contained in the powder created a stable
three-dimensional structure, however the extrudates were
characterized by lower hardness than conventional products
made out of starches [19]. The addition of both chokeberry
pomace and sodium alginate had a synergistic effect and
elevated the hardness of the products, however, sensory eval-
uation showed that with the extension of the amounts used,
general perception and acceptability tended to decrease [11].

[V - )
o © © ©
B o
(=5]
a
@
s
=
N
| i~y

(=]

c
ef= OL*

Color parameters (-)

—_ ) W
o © © ©
O,
[ —T]
]
g
o
H e
H
6 ———w

Fig.3 Color parameters of the freeze-dried carrot-orange-ginger
(COG) snacks with chokeberry pomace powder (CP). Letters above
bars in the same color indicate differences determined by Tukey’s test
at P<0.05

Therefore, not only physicochemical properties evaluation
is required for new product development, but also further
sensory analysis, which can help with understanding con-
sumers’ needs and perceptions, thus products’ optimization.

Color

Color parameters of the freeze-dried snacks are presented
in Fig. 3. The L* parameter indicates lightness with the
dependency that the higher the value (up to 100), the
lighter the material. Positive values of the a* parameter
represent redness and greenness when they are negative.
Similarly, the b* parameter when positive indicates yel-
lowness, and when negative blueness. According to the
obtained results, the greater the addition of CP, the lower
the values of the L* parameter, which means that the appli-
cation of the pomace powder caused significant darkening
of the snacks. The values dropped from 69.41 for COG
down to 69.35. In the case of lightness, the CP worked
in the opposite direction to LMP, the addition of which
elevated this parameter by 3.2 and 1.3% in order of the
increasing amount of pectin. Additionally, all of the tested
samples were characterized by positive values of a* and
b*. Nevertheless, while the redness was in the range of
27-34, values of the b* were decreasing with the increas-
ing quantity of CP. The initial b* equaled 52.02 and the
results determined after the addition of the pomace powder
dropped by approximately 25, 35, and 39 units, while LMP
induced the drop only by 17 and 19 units.

To evaluate general changes in the color of the devel-
oped products, the total color difference (AE) between
the control sample (COG) and samples with additives
was calculated based on the measured color parameters.
The results are presented in Table 3. As expected, the
introduction of the chokeberry pomace to the formulation
of the snacks caused a significant change in the color of
the snacks due to its high concentration of red colorants
(anthocyanins) [15]. Regardless of the type or quantity
of additive used, AE values were high and the differ-
ence in the color of the samples could be easily noted by
the untrained human eye. For better visualization of the
occurred effect, photos of the snacks are included in Fig. 1.
As appears in both photos and AE results, the contrast of
the coloring effect of CP addition was high after the addi-
tion of 1 and 3% of CP, but the color variation between
COG-CP3 and COG-CP5 is much harder to distinguish.
The light and creamy color of LMP powder explains the
lowest difference demonstrated by COG-LMP samples.
Similar results were established in bread and wafers
enriched with chokeberry powder [37, 38]. Consumers'
perception of such color change strongly depends on the
type of product. For example, the appearance of wafers
with higher incorporation of chokeberry powder (3, 4 and

@ Springer
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Fig.4 Total phenolic content (TPC) in freeze-dried carrot-orange-
ginger (COG) snacks with chokeberry pomace powder (CP). Letters
above bars indicate differences determined by Tukey’s test at P <0.05

5%) got higher notes than samples with 1 and 2% [37].
On the contrary, bread color evaluation decreased with an
increasing color change resulting from chokeberry powder
[38]. Previous studies have shown that the incorporation of
1, 3 and 5% apple pomace powder in freeze-dried snacks
resulted in AE values of 9, 12.5 and 15.5 [12], while the
application of blackcurrant pomace led to the extension
of the product color change to approximately 19.5, 30.5
and 35.5 units due to the presence of dark colorants [31].

Total phenolic content (TPC)

Figure 4 presents the results of the TPC assessment. One
of the main purposes of by-products application in novel
foods is to take advantage of their nutritional value, e.g.
introducing bioactive compounds, fibers and minerals
contained in those ingredients. The freeze-dried snacks
benefited from the CP powder incorporation through
raised phenolic content. The TPC gradually increased
with the enlargement of the pomace powder in the for-
mulation, the values started from 1163.87 mg GAE/100 g
d.m. and increased by an average of 21, 89 and 131%
respectively to the rising level of CP. There is also a
noticeable tendency related to the addition of calcium
lactate followed by slightly higher TPC than noted for
snacks without the salt addition. The LMP did not sig-
nificantly affect the TPC content. Chokeberry fruits and
products derived from this material, including chokeberry
pomace, are a rich source of bioactive compounds such
as polyphenols. Moreover, bioactive compounds in the
pomace were found to remain stable during heating and
mechanical processing [39]. Fortification of whey bread
with 1% chokeberry pomace resulted in doubled TPC,
while after the addition of 5% the results were almost
quadrupled [38]. As Krajewska and Dziki summarized,
using chokeberry pomace in baked products always
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results in notably elevated bioactive compound content
and antioxidant capacity of the obtained products [20]. In
the case of freeze-dried snacks fortified with fruit pom-
ace, apple pomace powder increased polyphenols content
to a much lower extent than the chokeberry pomace effect
observed in this study [12], which indicates better stabil-
ity or higher initial TPC, thus nutritional value, of dried
chokeberry pomace powder over apple pomace powder.

Total anthocyanins content (TAC)

Results of the total monomeric anthocyanin content
determination are presented in Fig. 5. To begin with,
the control sample (COG) and snacks with the addition
of LMP did not contain anthocyanin, therefore the COG
was used as a blank to reduce background interference
caused by orange colorants introduced with carrot and
orange concentrate. Using CP as an additive in the freeze-
dried snacks resulted in the presence of a significant quan-
tity of anthocyanins in the material. The contents of the
compounds in COG-CP1 samples were in the range of
287.25-336.83, in COG-CP3 766.30-966.97 and in COG-
CP5 it was 1170.48-1351.47 mg Cy-3-glu/100 g d.m. As
was expected, the gradual increase of TAC followed the
enlargement of the CP amount in the formulation. Addi-
tionally, it was observed that snacks with calcium lactate
featured elevated anthocyanin content, which suggests that
the salt could have had a protective effect on the antho-
cyanins during processing. Studies on natural colorants in
beverage products have shown that the addition of biopoly-
mers improves the stability of anthocyanins due to their
ability to form molecular complexes and calcium ions are
often used as agents supporting the gelling properties of
the fibers [40]. Although, the treatment conditions applied
in this research were relatively soft — the temperature of
hydrothermal treatment reached 85 °C its duration was
only 1 min and the freeze-drying was carried out at 30 °C,
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Fig.6 Antioxidant activity against DPPH and ABTS of freeze-dried
carrot-orange-ginger (COG) snacks with chokeberry pomace powder
(CP). Letters above bars in the same color indicate differences deter-
mined by Tukey’s test at P <0.05

so it should not promote anthocyanin degradation. Antho-
cyanins have been established as stable during thermal and
enzymatic processing and both treatments combined [15,
41], which makes the pomace a valuable food fortifying
agent. For example, Drozdz et al. found great improvement
in phenolic compounds, including anthocyanins, content in
extruded corn snacks developed with chokeberry pomace
addition. The comparison of chokeberry and blackcurrant
pomace revealed a more beneficial effect of the chokeberry
pomace, even though the processing temperature was in
the range from 120 to 150 °C [42].

Antioxidant activity

The antioxidant activity results are shown in Fig. 6. Follow-
ing the tendencies observed in the contents of tested bioac-
tive compounds, the antiradical activity of the freeze-dried
snacks has also gradually increased with the expansion of the
pomace powder addition. The DPPH assay suggested that 1
and 3% addition of CP led the materials to reach antioxidant
activity at a similar level, elevated by 21-50%, while sam-
ples with the highest CP level demonstrated a 73% increase.
At the same time measurement performed against ABTS
radicals also proved improvement in the obtained results that
were approximately 10, 32 and 55% higher, respectively in
the amount of powder added. However, this analysis showed
that 1% CP addition did not affect antioxidant activity sig-
nificantly and COG-CP1 samples were placed in the same
group as control and snacks with LMP. Regardless of the
assays method used, no impact of calcium ions was found.
The relatively high antioxidant activity of chokeberry pom-
ace has been established before, therefore it is considered
precious material that could be used as a source of bioactive
compounds and colorants and as a fortifying agent support-
ing the health-promoting value of supplied food products
[16]. Researchers connect this antiradical potential with

the outstanding composition of bioactive compounds fea-
turing antioxidant nature, e.g. polyphenols, anthocyanins,
and flavonoids, suggesting that it may also contribute to the
extended shelf life of selected consumables [43]. The anti-
oxidant activity elevation induced by chokeberry incorpora-
tion evaluated in this research was greater compared to the
effect of apple pomace addition [12], which indicates better
health-promoting ability of chokeberry pomace due to the
presence of high anthocyanin content. Moreover, the anti-
oxidant activity of chokeberry pomace depends on pH and
has been established as the best working in the human body
environment out of various fruits such as apples, blueberries
and more [44].

Conclusions

The presented study showed the potential application of
chokeberry pomace powder as an additive in multicom-
ponent freeze-dried snacks. Determination of the phys-
icochemical characteristics of the snacks enriched with
chokeberry pomace (CP) and calcium lactate gave insights
into their physicochemical properties and potential health
benefits. The incorporation of CP and calcium lactate
influenced water content and water activity, the values of
which decreased with an increasing quantity of the addi-
tives. Hygroscopicity of the products was also reduced by
the pomace powder incorporation more than it was observed
for pectin (LMP), which was most likely related to the inter-
nal structure of the material and the water bonding capacity
of the additives. Microstructure analysis revealed that CP
affected the internal structure, making it less porous and
disordered, while LMP produced snacks with greater and
more evenly distributed pores. The structure influenced also
the mechanical properties of the snacks. The CP induced
hardening of the material, however, the observed changes
were not dependent on the additives quantity and turned
out to be remarkably lower than the effect of LMP addi-
tion. Moreover, the addition of the CP powder remarkably
affected the color of the freeze-dried snacks due to the high
content of anthocyanins. It can be also concluded that choke-
berry pomace has the potential for use as a fortifying agent,
because of the enriched bioactive compounds composition
that contributed to improved antioxidant properties of the
snacks. To summarize, based on the conducted research,
chokeberry pomace supported with calcium ions beneficially
affected both the physical and chemical characteristics of
freeze-dried snacks, exposing its great potential for applica-
tion as a functional food additive.

@ Springer
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