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Streszczenie
Wplyw skladu surowcowego, obrobki ultradzwickami i nowych dodatkow stabilizujacych na

wladciwosci fizyczne mieszanek lodowych oraz strukture krystaliczna lodéw spozywczych

W prezentowanej pracy zbadano wplyw iota karagenu, hydrolizatéw iota karagenu oraz wptyw
homogenizacji ultradzwigkowej na wlasciwosci fizyczne mieszanek lodowych oraz lodow spozywczych,
mlecznych oraz weganskich. Badania byly podzielone na etapy, ktore rozpoczgto od otrzymania
hydrolizatéw iota karagenu, wykorzystujac metode hydrolizy kwasowej oraz enzymatycznej z dwoma
enzymami: B-galaktozydazg oraz laktazg przemystowa. Dla otrzymanych hydrolizatéw przeprowadzono
analizy SEC i FTIR, w celu okre$lenia masy czasteczkowej i ukladu grup funkcyjnych. Kolejne etapy
dotyczyly zastosowania homogenizacji ultradzwigkowej oraz otrzymanych hydrolizatéw jako
stabilizatorow w mieszankach lodowych. W tym celu okreSlono stabilno$¢ emulsji, wielko$¢ czastek,
wlasciwosci reologiczne oraz przeprowadzono analize mikroskopowsg. Ostatnim etapem pracy bylo
zbadanie wlasciwosci fizycznych tj. puszystosci, czasu topnienia i temperatury krioskopowej oraz struktury
krystalicznej lodow po 24 godzinach, miesigcu i 3 miesigcach przechowywania w stalej temperaturze
-18°C.

W wyniku przeprowadzonych badan wykazano, iz substancje stabilizujace pozyskane na drodze
hydrolizy kwasowej i enzymatycznej iota karagenu, mogly korzystnie ogranicza¢ proces rekrystalizacji
w modelowych roztworach sacharozy. Najlepsze rezultaty osiagnieto dla roztworu modelowego
z dodatkiem biatka i hydrolizatu po laktazie przemystowej — $rednica krysztalow nie przekraczata 17 pm.
Przeprowadzone dla hydrolizatow analizy SEC i FTIR potwierdzily, Ze na inhibicj¢ procesu rekrystalizacji
ma wplyw struktura hydrolizatéw i umiejscowienie grup funkcyjnych, a nie tylko redukcja ich masy
czasteczkowe;.

Iota karagen oraz jego hydrolizaty przyczynily si¢ do poprawy stabilno$ci oraz wihasciwosci
reologicznych mieszanek lodowych, zarowno mlecznych jak i weganskich. Zastosowane dodatki
stabilizujace w obu rodzajach lodoéw korzystnie wplynely na podwyzszenie puszystosci lodow
(ksztattowala si¢ na poziomie 31-33%). Zastosowanie homogenizacji ultradzwigkowej wykazalo lepszy
wplyw na stabilno$¢ niz zastosowanie homogenizacji mechanicznej, wplyneto réwniez na zmniejszenie
wielko$ci kuleczek tluszczowych. W mieszankach weganskich wartos¢ mediany Dso po procesie
dojrzewania miescita si¢ w zakresie 9,76-28,50 um, przy czym najmniejsze warto$ci zauwazono
w probkach z dodatkiem hydrolizatu enzymatycznego iota karagenu po B-galaktozydazie oraz po
zastosowaniu homogenizacji ultradzwickowej. Zaréwno w lodach mlecznych, jak 1 weganskich,
ultradzwigki skutecznie inhibitowaly proces rekrystalizacji (Srednica krysztatdéw nie przekraczata 19 pm)
oraz wydtuzaly czas topnienia (czas topnienia przekraczat 30 minut). Przeprowadzone badania pozwolity
wykazaé, ze dodatek wybranych stabilizatorow w potaczeniu z obrobka ultradzwickowa moze korzystnie
wplyng¢ na optymalizacj¢ produkcji lodow spozywczych — pod wzgledem ekonomicznym oraz

srodowiskowym.

Stowa kluczowe — mieszanka lodowa, emulsja, hydroliza, rekrystalizacja, lody weganskie






Summary
The influence of raw materials, ultrasound and new stabilizers on the physical properties of ice
cream mixes and the crystal structure of ice cream

The aim of this work was to examine the effect of iota carrageenan, iota carrageenan hydrolyzates
and the effect of ultrasonic homogenization on the properties of ice cream mixes and ice cream, dairy and
vegan ice cream. Studies were divided into stages, which started from the preparation of iota carrageenan
hydrolyzates, resulting in acid and enzymatic hydrolysis with the enzymes: B-galactosidase and industrial
lactase. SEC and FTIR analyses were performed for the obtained hydrolyzates to determine the molecular
weight and arrangement of functional groups. The next stages include combining ultrasound
homogenization and the obtained hydrolyzates as a stabilizer in the ice cream mixes. Therefore, such
analyses as stability of the emulsion, particle size, rheological properties and microscopic analysis were
investigated. The final stage of research was connected with the examination of the properties of ice cream,
i.e. overrun, melting time and cryoscopic temperature, as well as the crystal structure of ice cream after 24
hours, one month and 3 months of storage at a constant temperature of -18°C.

As a result, it was noted that stabilizers obtained by acidic and enzymatic hydrolysis of iota
carrageenan could beneficially inhibit the recrystallization process in model sucrose solutions. The most
favourable results were achieved for the model solution with the addition of protein and after industrial
lactase hydrolysis — the crystal diameter did not exceed 17 pm. Moreover, SEC and FTIR analyses
performed on the hydrolyzates confirmed that the inhibition of the recrystallization process was influenced
by the structure of the hydrolyzates and the location of the functional groups, and not only by the reduction
of their molecular weight.

Iota carrageenan and its hydrolyzates contributed to improving the stability and rheological
properties of ice cream mixes, both dairy and vegan. The stabilizers used in both types of ice cream had
a beneficial effect on increasing the overrun of the ice cream (at the level of 31-33%). The use of
ultrasound homogenization contributed to a better effect on stability than the use of mechanical
homogenization and additionally reduced the sizes of fat globules. In vegan ice cream mixes, the median
Dso value after the maturation process was in the range of 9,76-28,50 um, and the lowest values were
observed in samples with the addition of iota carrageenan enzymatic hydrolyzate after $-galactosidase and
after the use of ultrasound homogenization. In both dairy and vegan ice cream, ultrasound homogenization
effectively inhibited the recrystallization process (crystal diameter did not exceed 19 pm) and extended the
melting time (melting time exceeded 30 minutes). Finally, the conducted research showed that the addition
of selected stabilizers in combination with ultrasound treatment may have a positive impact on the

optimization of food ice cream production — in economic and environmental terms.

Keywords — ice cream mix, emulsion, hydrolysis, recrystallization, vegan ice cream






Spis tresci

WSTEP .ottt ettt et st e b e et e bt e st e e beeeaaeenaees 13
CELE [ HIPOTEZY BADAWCZE......coo ettt 20
ZAKRES PRACY ettt et ettt st s bt e s baeesbaee e 21
ORGANIZACIA BADAN ...ttt seesse s 22
BADANY MATERIAL ..ot 24
METODY BADAWC CZE ...ttt ettt ettt s 27
WYNIKI — oméwienie publikacji stanowigcych rozprawe doktorska..........cceeeveeeeveeeennennee. 30
7.1 Ocena wplywu iota karagenu oraz jego hydrolizatow kwasowych i enzymatycznych na
zmiany w strukturze krystalicznej modelowych roztworow sacharozy ...........ccccoeeevieviirieeneenienns 30
7.2 Badania nad wlasciwo$ciami lodéw weganskich na bazie napoju migdalowego.................. 36

7.3 Ocena wplywu réznych sktadnikoéw oraz stabilizatorow na wlasciwosci fizyczne weganskich
mieszanek lodowych na bazie napoju migdatoWego .........cccecieviiniiiiiiiiiee e, 38
7.4  Badania nad wptywem homogenizacji ultradzwickowej na wtasciwosci fizyczne weganskich
MIESZANEK I0AOWYCH ...ttt et ettt aeas 41
7.5 Ocena wplywu homogenizacji ultradzwigkowej na proces rekrystalizacji w trakcie

przechowywania 10dOwW WegansKiCh ............ccvveiiiriiiiiiiieieeree et sa e 46

7.6  Badanie wplywu iota karagenu oraz jego hydrolizatow na stabilno$¢ mlecznych mieszanek

LOAOWYCH ...ttt et et e st e s ta e s tbesabeesbeesbeebeassbasssessseasseassaesseesssesssessseassennseans 52

7.7  Badanie wplywu homogenizacji ultradzwigkowej na proces rekrystalizacji w lodach

001 (1077411 7] 1 OO USSR 55
PODSUMOWANIE I WNIOSKI.......oooiiiiiieeee ettt 61
LITERATURA ...ttt ettt et ettt s e s e 65
ZYCIOTYS NAUKOWY ....vovevvecececeeeete ettt se ettt s e et et esesa s s s et s eseseesesesenanes 72
PUBLIKACJE WCHODZACE W SKEAD MONOTEMATYCZNEGO CYKLU PT.......... 77

Wplyw sktadu surowcowego, obrobki ultradzwigkami 1 nowych dodatkoéw stabilizujacych na
wlasciwosci fizyczne mieszanek lodowych oraz strukture krystaliczng lodéw spozywczych 77

OSWIADCZENIA WSPOLAUTOROW PUBLIKACIT ..o, 179






WYKAZ PUBLIKACJI STANOWIACYCH PRACE DOKTORSKA

[P1] Kot, A., Kaminska-Dworznicka, A., Antczak, A., Jakubczyk, E., Matwijczuk, A.: 2022.
Effect of t-carrageenan and its acidic and enzymatic hydrolysates on ice crystal structure
changes in model sucrose solution. Colloids and Surfaces A - Physicochemical and
Engineering Aspects, 643, 1-12. http://dx.doi.org/10.1016/j.colsurfa.2022.128744 1F:5,518,
ME:IiN: 70.

Prze[P2] Kot, A., Kaminska-Dworznicka, A.: 2022. Vegan ice cream: A review. Przemyst
Spozywczy, 12(76), 30-34. http://dx.doi.org/10.15199/65.2022.12.5 IF:0, MEiN: 20.
[P3] Kot, A., Kaminska-Dwodrznicka, A., Baranska, A.: 2020. Study on the properties of

vegan ice cream based on almond drink. Zeszyty Problemowe Postgpow Nauk Rolniczych,
600, 21-30. https://doi.org/10.22630/ZPPNR.2020.600.3 IF:0, MEiN: 20.
[P4] Kot, A., Kaminska-Dworznicka, A., Galus, S., Jakubczyk, E.: 2021. Effect of different

ingredients and stabilisers on properties of mixes based on almond drink for vegan ice cream
production. Sustainability, 13(21), 1-17. https://doi.org/10.3390/sul32112113 IF:3,889,
ME:iN: 100.

[PS] Kot, A., Kaminska-Dworznicka, A., Jakubczyk, E. 2022. Study on the influence of

ultrasound homogenisation on the physical properties of vegan ice cream mixes. Applied

Sciences, 12(17), 8492. https://doi.org/10.3390/app12178492 1F:2,7, MEiN: 100.

[P6] Kot A., Kaminska-Dwoérznicka A.: 2023. The influence of ultrasound homogenization
on recrystallization during storage of vegan ice cream. Journal of Food Process Engineering,
e14472. https://doi.org/10.1111/jfpe.14472 1F:2,889, MEiN: 100.

[P7] Kot, A., Jakubczyk, E., Buniowska-Olejnik, M., Kaminska-Dworznicka, A.: 2023. The

effect of iota carrageenan and its hydrolysates on the stability of milk ice cream mixes. Polish
Journal of Food and Nutrition Science, 73(2), 196-204. https://doi.org/10.31883/pjfns/166382
IF:2,736, MEIN: 100.

[P8] Kot, A., Kaminska-Dworznicka, A., Jakubczyk, E.: 2023. The effectiveness of

ultrasound homogenisation on the recrystallisation process in milk ice cream. Applied

Sciences, 13(13), 7561, 1-16. https://doi.org/10.3390/app13137561 IF:2,7, MEiN: 100.

Wartosci wspotczynnikow Impact Factor poszczegodlnych publikacji podano w oparciu o dane udostgpnione w InCites
Journal Citation Report 2022, punkty ministerialne podano w oparciu o ,,Wykaz czasopism naukowych i recenzowanych
materialow z konferencji miedzynarodowych wraz z przypisana liczba punktow”, stanowiacych zatacznik do komunikatu
Ministra Edukacji i Nauki z dnia 17 lipca 2023 roku. Sumaryczny IF publikacji wynosi 20,432. Liczba punktéw
ministerialnych wynosi 610 pkt.

11


http://dx.doi.org/10.1016/j.colsurfa.2022.128744
http://dx.doi.org/10.15199/65.2022.12.5
https://doi.org/10.22630/ZPPNR.2020.600.3
https://doi.org/10.3390/su132112113
https://doi.org/10.3390/app12178492
https://doi.org/10.1111/jfpe.14472
https://doi.org/10.31883/pjfns/166382
https://doi.org/10.3390/app13137561




WSTEP

Ze wzgledu na swoje walory sensoryczne, lody spozywcze cieszg si¢ ogromnym
zainteresowaniem wsrdd szerokiej grupy konsumentéw. Z tego tez powodu produkcja lodow
jest zaliczana do profitowych i1 do$¢ szybko rozwijajacych si¢ branz przemystu spozywczego
[Goral 1 wsp. 2018; Akdeniz i Akalin 2019]. Szacuje si¢, ze produkcja lodow bedzie si¢
poszerza¢ w tempie rocznym, na poziomie 4,2% w latach 2022-2030. Wzrost ten napgdzany
jest przez zapotrzebowanie na innowacyjne smaki, rodzaje lodéw czy nasze potrzeby
zdrowotne [Internet 1]. Juz w 2022 roku, w samej Unii Europejskiej wyprodukowano 3,2
biliony litréw lodow co stanowi wzrost o 5% do roku poprzedniego [Internet 2].

Pod wzgledem fizykochemicznym lody mozna zdefiniowa¢ jako multidyspersyjny uktad,
ktory powstaje w wyniku rozproszenia poszczegélnych sktadnikéw w réznych fazach.
Wyrodznia si¢ az pig¢ réznych faz, tj. piana, emulsja, zawiesina krysztatow lodu, roztwor
rzeczywisty substancji rozpuszczonych oraz koloid ze wzgledu na dodatek hydrokoloidowych
substancji stabilizujacych. Struktura lodow w wyniku zdyspergowania powietrza w mrozonej
cieczy, ztozonej z 2/3 objetosci wody. Lody stanowig uktad pianowy, poniewaz ciecz jest faza
dyspergujaca, a fazg zdyspergowang powietrze. Natomiast w fazie wodnej lodow wystepuje
réwniez roztwor rzeczywisty cukrow oraz soli mineralnych [Goff i wsp. 1999; Kaminska-
Dworznicka i wsp. 2019]. Otrzymanie pozadanej tekstury lodow, ktéra spetnia wymagania
konsumentow, jest jednym z kluczowych cech tego produktu. Chociazby dlatego, iz tekstura
lodoéw jest SciSle zwigzana z odczuciem kremowosci w trakcie spozycia. Podstawowym
1 jednocze$nie najwazniejszym czynnikiem wplywajagcym na tekstur¢ lodow sa obecne
krysztaty lodu, a w szczegodlnosci ich ksztalt, wielko§¢ oraz rozmieszczenie. Mate rozmiary
krysztatu lodu (10-20 pm) nadaja wilasciwej 1 pozadanej struktury produktowi finalnemu.
Natomiast krysztaty wigksze niz 40-55 pm powoduja wyczuwalng piaszczystos¢ czy tez
tworzenie si¢ niepozadanych grudek w produkcie [Gaukel i wsp. 2014; Fiol i wsp. 2017].

Nie tylko struktura krystaliczna ma istotny wptyw na jakos¢ lodow, ale rowniez stabilno$¢
mieszanki lodowej. Odpowiednia stabilno$¢, dotyczaca braku zmian w rozmiarach czy
wielko$ci czastek, przyczynia si¢ do pozyskania pozadanej tekstury lodow czy chociazby
mozliwosci kontrolowania tzw. shelf-life produktu [Cheng i1 wsp. 2015b; Pal 2019].
Poczatkowa stabilno$¢ mieszanek lodowych ksztattuje si¢ juz na etapie homogenizacji,
w ktorej dochodzi do jednoczesnej adsorpcji biatek i emulgatorow. W trakcie dojrzewania

mogg zachodzi¢ zmiany nie tylko w przypadku ttuszczu, ale rowniez uwadnianie biatek czy
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stabilizatorow. Wszystkie te zmiany mogg wptywac na bardziej kremowa konsystencj¢ lodow
1 w konsekwencji wicksza akceptowalno$¢ przez konsumentow [Gelin i wsp. 1994; Goff
1997; Mendez-Velasco 1 Goff 2012]. Warto rowniez zaznaczy¢, iz w przypadku mieszanek
lodowych pewien rodzaj destabilizacji nie musi by¢ uznawany jako pogorszenie wtasciwosci
fizycznych emulsji. Zostalo udowodnione, iz niewielki poziom destabilizacji moze by¢
korzystny dla ksztattowania si¢ struktury krystalicznej lodow. Finalnie taki produkt moze
charakteryzowac¢ si¢ dtuzszym czasem topnienia oraz gladszg teksturg [Berger i White 1971,

Goff'1 wsp. 1989; Koxhlot i wsp. 2001].

Rysunek 1. Przyktad destabilizacji thuszczu w mieszankach lodowych (Zbiér wilasny).

Problemem, ktory dotyczy struktury krystalicznej lodow, jest proces rekrystalizacji.
To niepozadane zjawisko nastepuje zwykle na skutek fluktuacji temperatury czy
dlugoterminowego przechowywania lodéw ponizej temperatury zeszklenia. W wyniku
rekrystalizacji moze doj§¢ do wzrostu rozmiarow krysztatow lodu, zmiany ich ksztattu,
liczby, czy tez rozmieszczenia w strukturze produktu. Moze odbywac si¢ to na drodze
koalescencji lub migracji. Koalescencja polega na taczeniu si¢ dwoch lub wigcej krysztatlow
w jeden. Natomiast migracja zwykle nastegpuje w wyniku topnienia krysztatow

1 migracji czasteczek wody w strone powierzchni wigkszych krysztatlow, powodujac przyrost
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ich $rednicy [Adapa i wsp. 2000; Ndoye i Alvarez 2015; Zhu i wsp. 2019; Kiran-Yildirim
1 wsp. 2021].

Rysunek 2. Przyktad koalescencji w lodach (Zbior wlasny).

Jednym ze sposobow zapobiegania procesowi rekrystalizacji jest dodatek stabilizatorow.
Dodatek tego typu substancji do lodowej receptury pozwala zmniejszy¢, a nawet catkowicie
wyeliminowa¢ zjawisko rekrystalizacji. Ponadto celem stabilizatorow jest nie tylko
ograniczenie tego niepozadanego zjawiska w lodach, ale rdéwniez ograniczenie czasu
topnienia, zmniejszanie migracji czasteczek wody, wzrost lepkosci oraz gestosci uktadu,
utrwalenie emulsji, a nawet zmniejszenia uczucia zimna w trakcie konsumpcji [Regand
1 Goff 2003; Gaukel i wsp. 2014].

Obecnie najpowszechniej stosowanymi stabilizatorami sa karageny. Sa to
biodegradowalne, liniowe polisacharydy z grupy substancji Zelujacych, zageszczajacych,
stabilizujagcych oraz emulgujacych [Regand 1 Goff 2003; Soukoulis i wsp. 2008].
W zalezno$ci od ilosci oraz potozenia grup sulfonowych wyrdznia si¢ trzy rodzaje
karagenow: kappa, iota oraz lambda. W prezentowanej pracy po$§wigcono uwage dziataniu
jednej z tych frakcji — iota karagenu. lota karagen posiada zdolno$¢ do tworzenia mocnych
1 elastycznych zeli, ktore sg bardzo stabilne podczas mrozenia i topnienia. Wykazuje rowniez

powinowactwo do jonéw wapnia [Thrimawithana 1 wsp. 2010; Kiran-Yildirim 1 wsp. 2021].
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Sam mechanizm dzialania karagendéw caly czas podlega badaniom i generuje liczne
kontrowersyjne dyskusje. Ttumaczy si¢ chociazby, iz zdolno$¢ hydrokloidéw do ograniczenia
procesu rekrystalizacji moze wynika¢ ze zmniejszania si¢ ruchliwosci czgsteczek wody ze
wzgledu na ich wilasciwosci wigzania wody lub tworzenia szczelnej bariery dla wzrostu
krysztatow [Gaukel 1 wsp. 2014]. I tak na przyktad, w oparciu o badania przeprowadzone
przez Kaminska-Dwoérznicka 1 wsp. [2015, 2016], wykazano, ze hydrolizaty kappa karagenu
znacznie lepiej ograniczaty proces rekrystalizacji niz sam kappa karagen. Zaleznos$¢ ta byta
zwigzana z redukcjg masy czasteczkowej hydrolizatow.

Zainteresowanie wykorzystaniem karagendw wynika z badan przeprowadzonych przez
Gaukel i wsp. [2014], dotyczacej specjalnego biatka AFP, czyli antifreeze protein, ktdre
skutecznie ogranicza proces rekrystalizacji lodu. Sposob interakcji kappa karagenu
z powierzchnig lodu jest zblizony do mechanizmu dzialania wspomnianego biatka,
a dodatkowo charakteryzuje si¢ silnymi wtasciwo$ciami inhibitujgcymi proces rekrystalizacji.
Modyfikowanie tancucha karagenow jest mozliwe dzigki procesowi hydrolizy zaréwno
kwasowej, jak 1 enzymatycznej. Podejmuje si¢ kroki w celu redukcji tego tancucha
polisacharydowego, poniewaz wedlug obecnego stanu wiedzy zmniejszenie liczby grup
sulfonowych moze polepszy¢ -elastyczno$¢ otrzymanego hydrolizatu. Oznacza to, iz
otrzymany hydrolizat moze skuteczniej zachowywaé si¢ w roztworach niz sam karagen
[Karlsson 1 Singh 1999]. W badaniach Kiran-Yildrim i wsp. [2021] wykazano, iz kappa
karagen, ktory posiada mniej grup sulfonowych, ma skuteczniejsze dzialanie inhibitujace
proces rekrystalizacji niz iota karagen, ktéry w swojej budowie ma dwie grupy sulfonowe.
Nasuwa to wniosek, i1z liczba oraz potozenie grup funkcyjnych moze oddziatywa¢ na
zachowanie si¢ stabilizatoréw w trakcie zamrazania.

Kolejna technika majaca na celu ograniczenie rekrystalizacji w lodach oraz polepszeniem
ich wlasciwosci fizycznych, a jednoczes$nie sensorycznych, jest aplikacja ultradzwigkéw. Ta
innowacyjna metoda pozwala na podwyzszanie jakosci, zwigkszanie efektywnos$ci procesu
oraz wydhluzenie zycia — ,shelf life” — produktu. Dodatkowo ultradzwigki moga by¢
przysztosciowa technika w przemysle spozywczym ze wzgledu na: niskie koszty, prostote
uzytkowania, szybko$¢ dzialania, brak toksycznosci, przyjazno$¢ sSrodowisku oraz
ograniczenie zuzycia energii [BahramParvar 1 wsp. 2013; Akdeniz 1 Akalin 2019].
W przypadku produkcji lodow ultradzwieki mogg by¢ kompleksowym rozwigzaniem z tego
wzgledu, iz maja zdolno$¢ do wspierania zarodkowania krysztalu lodu, przyspieszania
przeplywu masy i energii, kontroli wzrostu oraz krysztalow w trakcie zamrazania czy redukcji

catkowitego czasu zamrazania. Na przykladzie badan Islam 1 wsp. [2015] czy Xu
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1 wsp. [2015] stosowanie kawitacji akustycznej w trakcie zamrazania grzybow i rzodkiewki
przyczynito si¢ do zmniejszenia wielkos$ci krysztatow lodu, w porownaniu do probek
niepoddanych dziataniu ultradzwickow. Ultradzwigki moga zosta¢ wykorzystane takze na
innych etapach produkcji lodow, jak pasteryzacja, gdzie stwierdzono, iz mozna je stosowac
zamiennie z tradycyjng pasteryzacja, nie powodujac pogorszenia jakosci produktu
[Nazarewicz i wsp. 2022] lub w polaczeniu z homogenizacja, pozytywnie oddziatujac na
stabilno$¢ emuls;ji [Tiiker i Dogan 2021]. Wykazano réwniez, iz zastosowanie ultradzwigkéw
moze poprawia¢ wlasciwosci emulgujace biatek na przyktadzie bialek roslinnych, chociazby
ze wzgledu na zmniejszenie rozmiaru czastek i poprawe ich rozpuszczalnosci [Taha 1 wsp.
2018]. Ujednolicenie mieszanki moze mie¢ z kolei wplyw na uzyskanie mniejszych
krysztaldéw lodu w trakcie procesu zamrazania. Udowodniono, Zze zmniejszenie wielko$ci
kuleczek tluszczu i zmniejszenie odleglo$ci miedzy nimi ma potem wpltyw na budowang
strukture krystaliczng. W konsekwencji moze to oddziatywaé na poprawe efektywnosci
procesu produkcyjnego, jednocze$nie pozwalajac na otrzymanie lodow o odpowiedniej
jakosci oraz akceptowalnosci przez konsumenta [ Adapa i wsp. 2000].

W publikacji P2, wchodzacej w sktad pracy doktorskiej, przedstawiono aktualne
informacje dotyczace produkcji lodow weganskich, a w szczegdlnosci stosowanych
sktadnikoéw oraz najnowszych technik produkcyjnych. Szerokie zainteresowanie weganskimi
produktami wynika ze zmieniajacych si¢ trendow zywieniowych oraz wigkszej $wiadomosci
zywieniowej konsumentow. W zwigzku z czym réwniez w branzy lodziarskiej tworzy sie¢
produkty na bazie surowcdéw roslinnych. Na przestrzeni ostatnich lat nasza dieta zyskata
ogromne znaczenie, z uwagi na dbatos¢ o zdrowie 1 dobre zycie. W przypadku lodow to
mleko krowie jest jednym z gltownych sktadnikow. Natomiast wedlug aktualnego stanu
wiedzy jest ono rowniez jednym z podstawowych alergenow dla czlowieka. Szacuje si¢, iz
w krajach rozwinigtych nawet do 3% dzieci w wieku do 1 roku, moze mie¢ alergi¢ na mleko
krowie. Ponadto w przypadku oséb zmagajacych si¢ z nietolerancjg laktozy nie jest to
rowniez rekomendowany sktadnik. Dodatkowo poprzez wdrazanie rozwigzah zwigzanych ze
zrbwnowazonym rozwojem, na skutek zmian klimatycznych, konsumenci sg zachecani oraz
edukowani do ograniczenia spozywania produktow pochodzenia zwierzgcego lub
wprowadzenia diety weganskiej. Nasz sektor Zzywnosci jest odpowiedzialny za 30%
catkowitej emisji dwutlenku wegla. Ponadto, jak zauwazono w badaniach Konstanas 1 wsp.
[2019], produkcja lodéw dostarcza 4 kgCO: eq./kg wyprodukowanych lodéw spozywczych
na bazie sktadnikdw pochodzenia zwierzecego. W zwiazku z czym, aby przeciwdziataé

zmianom klimatu, warto wdrozy¢ zmiany nawet w produkcji lodowych deserow.
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W sktadzie lodow weganskich, zgodnie z ich definicja, nie powinny znajdowac si¢
zadne produkty pochodzenia zwierzecego, lecz ich roélinne alternatywy. Sktadniki
w lodach spozywczych mozna podzieli¢ na trzy kategorie: gléwne, w ktérych sktad wchodzg
biatka, weglowodany 1 tluszcz oraz druga grupa zwigzkow, czyli emulgatory
1 stabilizatory. W zalezno$ci od receptury w sktadzie lodéw mogag znalez¢ si¢ inne dodatki
takie jak orzechy lub czekolada [Clarke 2004]. Do$¢ popularnymi stabilizatorami w lodach sa
karageny, maczka chleba $wigtojanskiego, guma guar czy guma ksantanowa. Stabilizatory
posiadaja zdolno$¢ do wigzania wody, poprawiajg tekstur¢ oraz wpltywaja na smak lodow
[Kaminska-Dworznicka i wsp. 2015; Akbari i wsp. 2019].

W recepturze lodow weganskich czgstym zamiennikiem biatka mleka krowiego sa
biatka ro$linne. Aktualnie ogromng popularno$cig cieszy si¢ biatko grochu, ktére cechuje si¢
pozadanymi wlasciwo$ciami emulgujacymi, zelujacymi oraz wiasciwosciami odzywczymi
a przede wszystkim niskim kosztem. Kolejnym biatkiem ros§linnym, ktére mozna spotkac
w recepturze lodow weganskich, jest bialko sojowe. Natomiast z powodu rosngcej
alergennosci tego biatka rowniez poszukuje si¢ jego zamiennikow. Stosuje si¢ np. biatko
z ziemniaka, ktore w potaczeniu ze stabilizatorami daje mozliwo$ci utrzymania wysokiej
jakosci lodéw [O’Sullivan i wsp. 2016a; Lomolino i wsp. 2020].

Réwniez w przypadku zamiany mleka krowiego w formie ptynnej, dos$¢ czesto
wykorzystuje si¢ napdj sojowy, kokosowy badz migdatowy. Lecytyna sojowa pelni role
emulgatora, przez co stanowi ochron¢ przed uszkodzeniami w trakcie zamrazania. Napdj
kokosowy jest kolejnym popularnym dodatkiem w recepturze lodéw dla wegan. Ze wzgledu
na swo0j skltad moze by¢ stosowany do podniesienia kalorycznosci produktu w zwigzku
z zawarto$cig thuszczu. Z kolei migdaty, posiadaja wysoka zawarto$¢ jednonienasyconych
kwasow ttuszczowych (MUFA), ktore uwaza si¢ za pomocne w odchudzaniu i kontrolowaniu
masy ciata. Istnieje roOwniez znaczaca liczba przekonujacych dowoddéw na to, ze MUFA
przyczynia si¢ do zmniejszenia w organizmie zawartosci lipoprotein o niskiej gestosci.
Migdaty dzialajg rowniez jako wazne zrodlo roznych sktadnikow odzywezych, w tym biatek,
btonnika, witaminy E i manganu [Vanga i Raghavan 2018]. Ponadto napdj migdatowy
wpltywa pozytywnie na tekstur¢ produktu, nadajac bardziej kremowej konsystencji
[Aboulfazli i wsp. 2016; Abdullah i wsp. 2018].

Nie tylko sktadniki, ale tez proces produkcyjny ma wplyw na jakos$¢ koncowa
produktu. Dlatego tez do$¢ duza uwage przywiazuje si¢ do odpowiednio zaprojektowanego
procesu produkcyjnego lodéw oraz jego parametrow. Proces produkcji lodow weganskich nie

rozni si¢ od procesu produkcyjnego lodow mlecznych, jezeli chodzi o poszczegdlng kolejnose
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etapow produkcyjnych, ale na przyklad zamienia si¢ tradycyjng homogenizacj¢ na
homogenizacj¢ ultradzwickowa, HPP (High Pressure Processing) lub wprowadza si¢
ultradzwigki w trakcie procesu zamrazania.

Pomimo iz lody traktowane sg jako deser, czesto stanowig niedoceniany produkt
spozywczy. Ot6z na bazie badan Spence 1 wsp. [2019] wykazano nowy potencjat tego
mrozonego deseru. Ze wzgledu na dynamiczny kontrast w trakcie spozywania lodow,
dotyczacy wrazliwosci na zimno, stanowig one doskonate medium do transmisji energii
chociazby dla 0séb starszych lub 0s6b niedozywionych. Takie spostrzezenia dajg podstawy do
dalszych badan nad szerszym spektrum wykorzystania lodoéw, nie tylko jako formy deseru.

Podsumowujac, na bazie doniesien literaturowych oraz potrzeb obecnego rynku,
w prezentowanej pracy podjeto probe ograniczenia procesu rekrystalizacji w lodach, stosujac
wybrane stabilizatory oraz modyfikujac przebieg procesu technologicznego. Nie tylko podjeto
probe zrozumienia mechanizmu dziatania iota karagenu i jego hydrolizatbw w procesie
krystalizacji w lodach, lecz uwzgledniono rowniez wptyw kawitacji akustycznej na ten
mechanizm. Natomiast aby sprosta¢ oczekiwaniom konsumentdéw, badania prowadzono
jednoczesnie na lodach zarowno mlecznych, jak 1 weganskich, rowniez po to, zeby wykazac,
ze sama technologia produkcji i dodatek stabilizatorow nie musza by¢ inne dla tych dwoch
rodzajow lodow. Wiedza ta moze utatwi¢ podjecie przez producentéw decyzji o produkcji

lodow na bazie weganskich sktadnikow.
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CELE 1 HIPOTEZY BADAWCZE

W pracy doktorskiej postawione zostaly cele badawcze:

1. Okreslenie wptywu hydrolizatow iota karagenu na ograniczenie procesu rekrystalizacji
w uktadach modelowych oraz probkach lodéw, z uwzglgdnieniem analizy
mechanizmu inhibicji — w oparciu o mas¢ czasteczkowa i1 budowe chemiczng
pozyskanych hydrolizatow.

2. Zbadanie wptywu obrobki wstepnej za pomoca ultradzwickow oraz wybranych
dodatkow stabilizujacych na wlasciwosci fizyczne mieszanki lodowej oraz
wiasciwosci fizyczne i strukture krystaliczng lodow na bazie mleka.

3. Zbadanie wpltywu obrobki wstepnej za pomocag ultradzwiekéw oraz wybranych
dodatkow stabilizujacych na wlasciwosci fizyczne i strukture krystaliczng lodow na

bazie napoju bezmlecznego (napoju migdalowego).

Sformulowane cele badawcze realizowane byly na podstawie weryfikacji czastkowych

hipotez badawczych:

H1. Hydrolizaty iota karagenu maja wigkszy wptyw na ograniczenie procesu rekrystalizacji
niz sam iota karagen. Polepszenie ich wlasciwosci stabilizujacych wynika z odmiennej
struktury hydrolizatéw a nie tylko z mniejszej masy czasteczkowe;j.

H2. Dobdr odpowiedniego sktadu mieszanek lodowych determinuje ich stabilno$¢ oraz
wplywa na uksztattowanie korzystnej struktury krystalicznej lodow po zamrozeniu.

H3. Zastosowanie homogenizacji ultradzwickowej polepszy wlasciwosci fizyczne mieszanek
lodowych oraz strukture¢ krystaliczng lodow w poréwnaniu do mechanicznej metody

homogenizacji.
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ZAKRES PRACY

ETAP 1: Pierwszy etap badan dotyczyt doboru mieszanek stabilizujagcych. W tym celu
zostata przeprowadzona hydroliza kwasowa oraz enzymatyczna iota karagenu. Na podstawie
analizy struktury krystalicznej zamrozonych roztworéw modelowych sacharozy z biatkiem
1 bez biatka mleka oraz z dodatkiem iota karagenu i otrzymanymi hydrolizatami iota karagenu
oceniono przebieg procesu rekrystalizacji.

ETAP 2: Kolejnym etapem badan bylo badanie wilasciwosci mieszanek lodowych (przed
zamrazaniem) do lodow mlecznych oraz do lodéw na bazie napoju migdatowego.
Przeprowadzono analize wtasciwosci fizycznych wszystkich rodzajow mieszanek lodowych
(zarobwno pod wzgledem surowcowym, jak 1 wykorzystania wybranych rodzajow
homogenizacji — mechanicznej i ultradzwickowej).

ETAP 3: Ostatni etap badan poswigcony byt zbadaniu wpltywu dodatku pozyskanych
stabilizatorow oraz ultradzwigkow na wilasciwosci lodow mlecznych oraz lodéow na bazie
napoju migdatowego. Przeprowadzono ocen¢ witasciwosci fizycznych wszystkich rodzajow
badanych lodow oraz analiz¢ struktury krystalicznej po 24 godzinach, po miesigcu oraz po

trzech miesigcach przechowywania w stalej temperaturze -18°C.
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ORGANIZACJA BADAN

Przedstawione w cyklu publikacji badania podzielono na trzy etapy zgodnie z zatozonymi

celami pracy (Rysunek 3).

Rysunek 3. Schemat przeprowadzonych doswiadczen.

ETAP 1 pracy obejmowal otrzymanie hydrolizatow iota karagenu dwoma metodami:
hydroliza kwasowa z uzyciem kwasu solnego oraz hydroliza enzymatyczng, stosujac dwa
enzymy: [-galaktozydaz¢ (laktaza wysokooczyszczona) oraz laktaze przemystowa. Po
przeprowadzone]j hydrolizie sprawdzono mase czasteczkowa otrzymanych hydrolizatow za
pomoca chromatografii zelowej SEC (badanie wykonane w Instytucie Nauk Drzewnych
i Meblarstwa SGGW), a nastgpnie warianty o najmniejszych masach czasteczkowych
poddano analizie FTIR (badanie wykonane w Zakladzie Biofizyki Molekularne;j,
Uniwersytetu Przyrodniczego w Lublinie) w celu okreslenia réznic pomiedzy hydrolizatami
jako potencjalnych czynnikow modelujgcych mechanizm inhibicji procesu rekrystalizacji
lodu. Finalnie przeprowadzono analiz¢ struktury krystalicznej roztworéw modelowych
sacharozy z bialkiem 1 bez biatka mleka (jako modele lodow mlecznych i bezmlecznych) oraz
z iota karagenem i otrzymanymi hydrolizatami iota karagenu, po przechowywaniu przez 24,
48, 72 oraz 96 godzin, w statej temperaturze -8°C. Postep procesu rekrystalizacji oszacowano

na podstawie obrysu krysztatow lodu ze zdje¢ wykonanych mikroskopem optycznym,
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wyposazonym w system chlodzacy Linkam Scientific PE 94 oraz kamere, umozliwiajagcymi
wykonanie zdje¢ w temperaturze ponizej 0°C.

ETAP 2 dotyczyt badan mieszanek lodowych zarowno przed, jak i po procesie dojrzewania.
Analiza fizyczna mieszanek obejmowata badania wlasciwosci reologicznych —  krzywe
plyniecia 1 krzywe lepkosci emulsji, przy uzyciu reometru; rozktadu wielkosci czastek za
pomocg analizatora wielko$ci czastek, wykorzystujacego metode dyfrakcji laserowej; analize
stabilno$ci emulsji z wykorzystaniem rozproszonego $wiatta wstecznego oraz analize
mikrostruktury za pomocg mikroskopu konfokalnego w przypadku mieszanki mlecznej oraz
optycznego w przypadku mieszanki weganskiej.

ETAP 3 polegat na okresleniu wpltywu dodatku pozyskanych stabilizatorow oraz wplywu
homogenizacji ultradzwigkowej na wtasciwosci lodoéw mlecznych oraz lodéw weganskich na
bazie napoju migdatowego. W tym celu zostaly przeprowadzone nastepujace oznaczenia
fizyczne: gesto$¢, pH, puszysto$é, czas topnienia, temperatura krioskopowa, cis$nienie
osmotyczne oraz analiza struktury krystalicznej po 24 godzinach, miesigcu oraz trzech

miesigcach przechowywania w stalej i temperaturze -18°C.
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BADANY MATERIAL

W zaleznosci od poszczegdlnych etapéw badan material stanowity: iota karagen oraz
otrzymane enzymatyczne i kwasowe hydrolizaty iota karagenu; roztwory modelowe: 50%
roztwor sacharozy oraz 50% roztwor sacharozy z dodatkiem kazeinianu sodu w ilo$ci 2,6 g na
100 ml roztworu; mleczna i weganska mieszanka lodowa oraz powstale na ich bazie lody
SpOZyWCZe.

W pierwszym etapie badan zostaly przebadane otrzymane hydrolizaty jak i czysty iota
karagen, jako potencjalne stabilizatory w 50% modelowych roztworach sacharozy oraz 50%
roztworach sacharozy z dodatkiem kazeinianu sodu (2,6 g na 100 ml).

Drugi etap badan dotyczyl przygotowania mlecznych oraz weganskich mieszanek
lodowych. Do przygotowania receptur mieszanek mlecznych wykorzystano: mleko
w proszku, mleko w plynie, inuling, emulgator E471 (mono- lub diglicerydy kwasow
thuszczowych) oraz uktad stabilizujacy: iota karagen lub hydrolizaty iota karagenu
w polaczeniu z maczka chleba $wigtojanskiego oraz guma ksantanowa (Tabela 1 oraz 3).
W wersji weganskiej receptury oprécz tego samego uktadu stabilizujacego oraz dodatku
emulgatora znalazly si¢: napdj migdalowy, syrop migdalowy, biatko grochu oraz inulina
(Tabela 2 oraz 3).

Metody technologiczne przygotowywania mieszanek lodowych oraz lodow

spozywczych

Przygotowanie mieszanek rozpoczeto od nawazenia sktadnikéw (suchych oraz mokrych)
zgodnie z podana recepturg, a nastgpnie wymieszanie calosci mieszanek za pomoca blendera
Bosch Maxo-Mixx 750W (Bosh, Gerlingen, Niemcy). Nastepnie mieszanki poddano
procesowi pasteryzacji wykorzystujac termomix Vorwerk (Vorwerk, Wuppertal, Niemcy)
w temperaturze 85°C przez 1,5 minuty. Po tym etapie mieszanki poddawano chtodzeniu, az
do osiagnigcia 25°C. W zalezno$ci od wariantu mieszanki poddawano procesowi
homogenizacji: mechanicznej, wykorzystujac homogenizator IKA T 25 digital ULTRA-
TURRAX 20obr/min. w ciggu 2,5 minuty lub homogenizacje ultradzwickowa, przy
zastosowaniu homogenizatora Ultrasonic Liquid Processor VCX 500 (Sonics & Materials,
Inc., Newton, CT, USA) w czasie 5 minut przy czgstotliwosci 20 kHz. Nastgpnie mieszanki
lodowe poddawano procesowi dojrzewania, przechowujac je w temperaturze 4°C przez 24
godziny (proces dojrzewania) (lodowka, Whirlpool, Polska). Po tym etapie mieszanki lodowe
poddawano procesowi zamrazania, wykorzystujgc maszynke do lodow Neumaker Gelato 5K

SC (Hermer, Niemcy), do momentu osiggni¢cia temperatury -7°C (przez 15 minut). Finalnie,
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otrzymane probki lodow przechowywano w plastikowych pojemnikach do 3 miesigcy

w temperaturze -18°C (zamrazarka, Whirlpool, Polska).

Tabela 1. Sktad mieszanki lodowej mlecznej.

Skladnik C I A B L
Mleko 0,5% (Mlekovita) 76,0 75,49 75,495 75,495 75,495
Inulina (Orafti BENEO) 10,0 10,0 10,0 10,0 10,0
Mleko w proszku (Mlekovita) 7,0 7,0 7,0 7,0 7,0
Cukier bialy (Diamant) 7,0 7,0 7,0 7,0 7,0
Emulgatqr E471 (Fooding 0.4 0.4 0.4 0.4 0.4
Shanghai)
Maczka chleba $wigtojanskiego
(Fooding Shanghai) B 0,08 0,08 0,08 0,08
Guma ksgntanowa (Fooding B 0.02 0.02 0.02 0.02
Shanghai,)
Iota karagen (Sigma-Aldrich) - 0,01 - - -
Kwasowy hydrolizat iota karagenu - 0,005 - -
Enzymatyczny hydrolizat iota

. - - - 0,005 -
karagenu po B-galaktozydazie
Enzymatyczny hydrolizat iota B B B B 0,005

karagenu po laktazie

Tabela 2. Sktad mieszanki lodowej weganskie;j.

Skladnik C I A B L

Napoj migdatowy (Enerbio) 66,6 66,49 66,495 66,495 66,495

Syrop migdatowy (Monin) 16,0 16,0 16,0 16,0 16,0

Inulina (Orafti BENEO) 12,0 12,0 12,0 12,0 12,0

Bialko grochu (Nuturalys S85plus,

Roquette) 5,0 5,0 5,0 5,0 5,0

Emulgator E471 (Fooding

Shanghai) 0,4 0,4 0,4 0,4 0,4

Maczka chleba $wigtojanskiego

(Fooding Shanghai) a 0,08 0,08 0,08 0,08

Guma ksantanowa (Fooding

Shanghai) - 0,02 0,02 0,02 0,02

Iota karagen (Sigma-Aldrich ) - 0,01 - - -

Kwasowy hydrolizat iota karagenu - 0,005 — -

Enzymatyczny hydrolizat iota

karagenu po B-galaktozydazie B 0,005 B

Enzymatyczny hydrolizat iota

karagenu po laktazie - 0,005
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Tabela 3. Stosowane oznaczenia 1 skladniki poszczegdlnych wariantow mieszanek lodowych/lodow

spozywczych.

Nazwa probki

Rodzaj ukladu stabilizujacego

Rodzaj zastosowanej homogenizacji

C

Prébka kontrolna bez stabilizatorow

CH

Prébka kontrolna bez stabilizatorow

Homogenizacja mechaniczna

CU

Prébka kontrolna bez stabilizatorow

Homogenizacja ultradzwigkowa

Probka z dodatkiem iota karagenu, maczki chleba
swietojanskiego, gumy ksantanowe;j

IH

Probka z dodatkiem iota karagenu, maczki chleba
swietojanskiego, gumy ksantanowe;j

Homogenizacja mechaniczna

U

Probka z dodatkiem iota karagenu, maczki chleba
swigtojanskiego, gumy ksantanowe;j

Homogenizacja ultradzwigkowa

Prébka z dodatkiem kwasowego hydrolizatu iota
karagenu, maczki chleba $wigtojanskiego, gumy
ksantanowe;j

AH

Probka z dodatkiem kwasowego hydrolizatu iota
karagenu, maczki chleba §wigtojanskiego, gumy
ksantanowej

Homogenizacja mechaniczna

AU

Prébka z dodatkiem kwasowego hydrolizatu iota
karagenu, maczki chleba $wigtojanskiego, gumy
ksantanowe;j

Homogenizacja ultradzwickowa

Probka z dodatkiem enzymatycznego hydrolizatu iota
karagenu po B-galaktozydazie, maczki chleba
swigtojanskiego, gumy ksantanowe;j

BH

Probka z dodatkiem enzymatycznego hydrolizatu iota
karagenu po B-galaktozydazie, maczki chleba
swigtojanskiego, gumy ksantanowe;j

Homogenizacja mechaniczna

BU

Probka z dodatkiem enzymatycznego hydrolizatu iota
karagenu po B-galaktozydazie, maczki chleba
swigtojanskiego, gumy ksantanowe;j

Homogenizacja ultradzwigckowa

Probka z dodatkiem enzymatycznego hydrolizatu iota
karagenu po laktazie przemystowej, maczki chleba
swigtojanskiego, gumy ksantanowe;j

LH

Probka z dodatkiem enzymatycznego hydrolizatu iota
karagenu po laktazie przemystowej, maczki chleba
swigtojanskiego, gumy ksantanowe;j

Homogenizacja mechaniczna

LU

Probka z dodatkiem enzymatycznego hydrolizatu iota
karagenu po laktazie przemystowej, maczki chleba
$wietojanskiego, gumy ksantanowe;j

Homogenizacja ultradzwigkowa
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METODY BADAWCZE

W przeprowadzonych badaniach zastosowano nastg¢pujace metody badawcze:

I ETAP BADAN

Chromatografia zelowa SEC — $rednia jak rowniez rozktad masy czasteczkowe;j
zostaty okreslone przy pomocy chromatografii zelowej SEC (Size Exclusion
Chromatography). Badanie przeprowadzono na chromatografie cieczcowym HPLC
firmy Shimadzu [Kaminska-Dworznicka i wsp. 2015].

Analiza FTIR - pomiary widm ATR-FTIR skorygowanych o tto (25 skanow dla
kazdej probki) uzyskano za pomoca plytki krysztalowej HATR Ge trough,
w temperaturze 20°C, natomiast wyniki zarejestrowano przy pomocy
Spektrofotometru IR firmy Agilent [Moniha i wsp. 2018; Moniha i wsp. 2019; Ghani
1 wsp. 2019].

Analiza mikroskopowa Kkrysztaltow lodu - po przygotowaniu probki
w temperaturze ujemnej, wykonano zdjecia przy pomocy mikroskopu Nikon model
Alphaphot-2 YS2i kamery Nikon DS.-Fil. Otrzymany obraz zostat przeanalizowany
za pomocg programu NIS Elements D. Postep procesu rekrystalizacji zostal oceniany
po 24, 48, 72 oraz 96 godzinach przechowywania [Kaminska-Dworznicka 1 wsp.
2015].

Metody statystyczne — analiza wariancji ANOVA, z wykorzystaniem testu Tukey’a
na poziomie istotnosci a = 0,05. Analiza statystyczna zostata wykonana za pomoca
programu Statistica 13.1 (Statstof Polska). Ponadto rozktad czestotliwosci wielkos$ci
krysztalow w roztworach modelowych obliczono za pomocg programu Microsoft
Excel 2019, wykorzystujac analize¢ danych w postaci histogramu [Kaminska-
Dworznicka 1 wsp. 2015, 2022].
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II ETAP BADAN

Oznaczenie gestosci mieszanek lodowych — wykonano za pomoca piknometru

prozniowego o pojemnosci 25 cm? [Diuzewska i wsp. 2003].

Oznaczenia stabilnosci mieszanek — dokonano za pomoca analizatora stabilno$ci

Turbiscan Lab Expert [Wang i wsp. 2018].

Oznaczenie rozkladu wielko$ci czastek — rozklad wielkos$ci czgstek mieszanek
lodowych zostat wyznaczony za pomocag laserowego analizatora CILAS 1190

[Domian i wsp. 2018].

Oznaczenie lepkosci mieszanek — za pomoca reometru Haake MARS. Analizg
probek wykonano przy roboczej szybkosci $cinania od 0 do 100s™! w temperaturze

25°C [Kaminska-Dworznicka i wsp. 2022].

Analiza morfologii czastek mieszanek lodowych — na podstawie zdje¢
mikroskopowych wykonanych za pomocga mikroskopu i kamery Nikon model
Alphapot — 2 YS2 lub mikroskopu konfokalnego FLUOVIEW FV300 [Ahn 1 wsp.
2022].

Wszystkie oznaczenia wykonano bezposrednio po przygotowaniu mieszanek oraz po

24-godzinnym dojrzewaniu w 4°C.

Metody statystyczne — analiza wariancji ANOVA, z wykorzystaniem testu Tukey’a
na poziomie istotnosci a = 0,05. Analiza statystyczna zostala wykonana za pomocg

programu Statistica 13.1 (Statstof Polska).
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III ETAP BADAN

Oznaczenie temperatury krioskopowej oraz ciSnienia osmotycznego — okreslono
za pomocg osmometru Marcel 0s3000. Doktadno$¢ pomiaru temperatury zamarzania
wynosita 0,002°C, a dla osmolalnosci 1% [Buniowska-Olejnik i wsp. 2023].
Oznaczenie puszystosci - okre$lona za pomoca réznic pomi¢dzy masg mieszanki
przed zamrozeniem oraz masg lodow po procesie zamrazania, wykorzystujac cylinder
miarowy o objetosci 25 cm? [Goral i wsp. 2018].

Oznaczenie czasu topnienia — ozigbiony metalowy walec napelniano $wiezo
przygotowanymi lodami i przechowywano 24 godziny w temperaturze -18°C. Czas
topnienia mierzono od momentu pojawienia si¢ pierwszej kropli [Goral 1 wsp. 2018;
Kaminska-Dworznicka i wsp. 2022].

Analiza mikroskopowa Kkrysztalébw lodu - po przygotowaniu probki
w temperaturze ujemnej, wykonano zdjecia przy pomocy mikroskopu Olympus model
BX43F z systemem chlodzacym cieklym azotem Linkam Scientific Instruments LTD
model LNP96-S oraz kamera Olympus model SC50. Otrzymany obraz zostat
przeanalizowany za pomoca programu Olympus cellSens Dimension Desktop. Postep
procesu rekrystalizacji zostat oceniany po 24 godzinach, miesigcu oraz trzech
miesigcach przechowywania w temp. -18°C [Kaminska-Dworznicka i wsp. 2015].
Metody statystyczne — analiza wariancji ANOVA, z wykorzystaniem testu Tukey’a
na poziomie istotnosci a = 0,05. Analiza statystyczna zostala wykonana za pomoca
programu Statistica 13.1 (Statstof Polska). Ponadto, rozktad czgstotliwosci wielkosci
krysztatbw w lodach, obliczono za pomoca programu Microsoft Excel 2019,
wykorzystujac analize¢ danych w postaci histogramu [Kaminska-Dworznicka 1 wsp.

2015, 2022].
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WYNIKI - oméwienie publikacji stanowiacych rozprawe doktorska

7.1 Ocena wplywu iota karagenu oraz jego hydrolizatow kwasowych
i enzymatycznych na zmiany w strukturze Kkrystalicznej modelowych

roztworow sacharozy

Glownym celem pierwszego etapu badan byta ocena wptywu iota karagenu oraz jego
hydrolizatow na przebieg procesu rekrystalizacji w roztworach modelowych sacharozy oraz
sacharozy z dodatkiem kazeinianu sodu, ktére miaty stanowi¢ model lodéw weganskich oraz
analogicznie model lodow mlecznych. Hydrolizaty otrzymano metoda hydrolizy kwasowej
(z uzyciem kwasu solnego) oraz hydrolizy enzymatycznej (z uzyciem enzymu [-
galaktozydazy oraz jej bardziej ekonomicznego i tatwiej dostepnego zamiennika — laktazy).
Wyniki badan przedstawiono w publikacji P1 (Effect of 1-carrageenan and its acidic and
enzymatic hydrolysates on ice crystal structure changes in model sucrose solution.

Colloids and Surfaces A-Physicochemical and Engineering Aspects, 2022, 643, 1-12).

Badania rozpoczg¢to od okres$lenia masy czasteczkowej otrzymanych hydrolizatéw,
wykorzystujac metode chromatografii cieczowej Size Exclusion Chromatography (Shimadzu)
ze wzorcem dekstranu do kalibracji. Z przeprowadzonej analizy wynikato, ze hydrolizaty
kwasowe po trzygodzinnej hydrolizie charakteryzowaly si¢ najnizsza masa czasteczkowa
1,48x10° Da (Wykres 1A). W poréwnaniu z masg wyjéciowg hydrolizatow nastapita 24%
redukcja masy czasteczkowej. Masa hydrolizatdw enzymatycznych po 72 godzinach
hydrolizy z wykorzystaniem enzymu B-galaktozydazy wyniosta 3,20x10° Da (Wykres 1B). Po
24 godzinach hydrolizy enzymatyczne] z wykorzystaniem laktazy przemystowej byta
zblizona i wyniosta 3,50x10° Da (Wykres 1C). Hydroliza enzymatyczna z wykorzystaniem
enzymu [-galaktozydazy zredukowata mase czasteczkowg iota karagenu o 16%. Natomiast
w przypadku uzycia laktazy przemystowej do hydrolizy enzymatycznej iota karagenu,
otrzymano redukcje¢ na poziomie 3%. Na podstawie badan Kaminskiej-Dworznickiej 1 wsp.
[2016] wykazano, iz przy mniejsze] masie hydrolizatdow kappa karagenu, efekt inhibicji
procesu rekrystalizacji byl skuteczniejszy. W oparciu o te badania do dalszych analiz wybrano
tylko hydrolizaty po skrajanych czasach hydrolizy (tj. hydrolizat kwasowy po 3 godzinach,
hydrolizat enzymatyczny po B-galaktozydazy po 72 godzinach hydrolizy oraz hydrolizat
enzymatyczny po laktazie po 24 godzinach hydrolizy), co oznaczato jednocze$nie najnizsza

mas¢ czasteczkowg wybranych stabilizatorow.
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Wykres 1. Wyniki analizy SEC po hydrolizie kwasowej (A), po hydrolizie enzymatycznej z uzyciem enzymu [3-

galaktozydazy (B) oraz po hydrolizie enzymatycznej z uzyciem laktazy przemystowej (C).

Kolejnym etapem badan bylo wykorzystanie iota karagenu oraz wybranych
hydrolizatow jako stabilizatorow w badaniu struktury krystalicznej modelowych roztworow
sacharozy oraz sacharozy z dodatkiem kazeinianu sodu. Proces rekrystalizacji byt oceniany na
podstawie usrednionej wartosci S$rednic krysztatow (Srednicy zastepczej) ze zdjec
wykonanych po 24, 48, 72 oraz 96 godzinach przechowywania w temperaturze
-8°C. Wymierng analize¢ procesu rekrystalizacji przedstawiono w oparciu o skrajne czasy

przechowywania — po 24 1 96 godzinach.
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Wykres 2. Wielkosci $rednic krysztatow w modelowych roztworach sacharozy, sacharozy z dodatkiem iota
karagenu i hydrolizatami iota karagenu. Wyjasnienia: sac — roztwor modelowy sacharozy, I — z dodatkiem iota
karagenu; A — z dodatkiem hydrolizatu kwasowego po 3h hydrolizy, B — z dodatkiem hydrolizatu
enzymatycznego po 72 h hydrolizy enzymem B-galaktozydaza, L — z dodatkiem hydrolizatu enzymatycznego po
24h hydrolizy enzymem laktazg przemystowa.

Analizujagc roztwory modelowe sacharozy po 24 godzinach przechowywania,
warto$¢ parametru Xso (wyrazajacego usredniong wielkos¢ 50% s$rednic krysztalow lodu)

nie przekroczyta 18 pm (Wykres 2A 1 2B). W przypadku roztworu z dodatkiem 1ota karagenu
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warto$¢ Xso utrzymywata si¢ na poziomie 14 pm. Natomiast w przypadku hydrolizatéw iota
karagenu najmniejsza warto$¢ zanotowano w roztworze sacharozy z dodatkiem hydrolizatu
kwasowego. Po 96 godzinach przechowywania $rednica krysztatéw lodu nie przekroczyta 28
um. Analizujgc parametr Xso (Wykres 2A 1 2B), hydrolizaty iota karagenu znaczaco wptynely
na proces rekrystalizacji. Najmniejszg warto$¢ parametru Xso stwierdzono w przypadku
dodatku hydrolizatu kwasowego (20 um) oraz hydrolizatéw enzymatycznych (21 oraz 22
um). Z kolei dodatek iota karagenu nie wptynat znaczaco na postep procesu rekrystalizacji,
poniewaz warto$¢ srednicy krysztalow byla poréwnywalna z probka kontrolng.

Na podstawie badan Leiter i wsp. [2017] zauwazono, iz wzrost jonéw sodu po
hydrolizie kwasowej kappa karagenu przyczynit si¢ do zmniejszenia aktywnos$ci wtasciwos$ci
zelujacych tego karagenu. W badaniach Thirmawithana 1 wsp. [2010] zauwazono, iz jony
sodu tworzg wigzania jonowe z karagenami w przeciwienstwie do jondw wapnia czy potasu,
ktoére znaczaco wptywaja na wilasciwosci karagenow. W zwigzku z powyzszym, roOwniez
W prezentowanej pracy, mozliwa obecno$¢ jonéw sodu po hydrolizie kwasowej nie
zmniejszyta aktywnosci inhibitujacej procesu rekrystalizacji (IRI) hydrolizatu kwasowego.

W roztworach modelowych sacharozy z dodatkiem kazeinianu sodu po 24 godzinach
przechowywania warto$¢ parametru Xso nie przekroczyta 15 um (Wykres 3A i 3B). Po
dodaniu czystego iota karagenu wyniosta 11 pum. W przypadku wykorzystanych
enzymatycznych hydrolizatéw iota karagenu warto$¢ parametru Xso okreslono w zakresie od
12 do 15 pm, za$§ hydrolizatu kwasowego — okoto 13 um. Co warte podkreslenia w prébach
dla modelowych z dodatkiem kazeinianu sodu dodatek samego iota karagenu rdwniez
skutecznie ograniczat postgp procesu rekrystalizacji (Xso okoto 11 pum). Po uptywie 96-
godzinnego przechowywania roztworow modelowych $rednia warto$¢ wyznaczonych $rednic
krysztatdéw lodu nie przekroczyta 23 pm, za$§ najskuteczniejszym inhibitorem okazat si¢ by¢
hydrolizat enzymatyczny iota karagenu po hydrolizie preparatem laktazy (Wykres 3B),
a warto$¢ parametru Xso nie przekroczyta 18 pm. Najmniej skutecznym efektem
w inhibitowaniu procesu rekrystalizacji charakteryzowat si¢ dodatek hydrolizatu kwasowego
iota karagenu, gdyz parametr Xso przekroczyt wartos¢ 21 um. Na podstawie otrzymanych
wynikdw mozna przypuszczaé, iz to nie masa molekularna ma znaczacy wplyw na proces
inhibitowania rekrystalizacji, lecz struktura oraz mechanizm dzialania zastosowanych
hydrolizatow. Przedstawione wyniki potwierdzaja rdwniez hipotezy postawione w pracy
Kiran-Yildirim i wsp. [2021], stwierdzajace, iz ilo$¢, pozycja grup sulfonowych karagenow

oraz ich hydrolizatéw ma istotny wptyw na inhibicj¢ procesu rekrystalizacji (IRI).
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Wykres 3. Wielkosci $rednic krysztatow w modelowych roztworach sacharozy z kazeinianem sodu oraz
sacharozy z kazeinianem sodu z dodatkiem iota karagenu i hydrolizatami iota karagenu. Wyjasnienia: sac+cas —
roztwor modelowy sacharozy z dodatkiem kazeinianu sodu; I — z dodatkiem iota-karagenu; A — z dodatkiem
hydrolizatu kwasowego po 3h hydrolizy, B — z dodatkiem hydrolizatu enzymatycznego po 72 h hydrolizy
enzymem [-galaktozydaza, L — z dodatkiem hydrolizatu enzymatycznego po 24h hydrolizy enzymem laktaza
przemystowa.
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Ostania analiza dotyczyta wykazania r6znic w budowie polisacharydowego fancucha
otrzymanych hydrolizatéw za pomoca metody spektroskopii fourierowskiej (FTIR) (Wykres
4). Na podstawie otrzymanych widm wykazano roznice pomigdzy pasmami absorpcji, co
moze warunkowa¢ odmienny wptyw hydrolizatow na inhibitowanie procesu rekrystalizacji.
Zauwazalne wibracje wystapity przy maksimum 3350 cm™, ktére odpowiadaja grupie —OH.
Ponadto wystepowaly charakterystyczne drgania dla struktury iota karagenu przy dlugosci fali
2919, 2886 cm! co odpowiadato grupie —CH oraz wibracje przy grupie O=S=0, przy dtugosci
1213 cm’!, ktére rowniez potwierdzono w badaniach Moniha i wsp. [2018]. Biorac pod uwage
réznice pomig¢dzy hydrolizatami po hydrolizie enzymatycznej, zaobserwowano niewielkie
przesunigcie w obszarze grupy —OH w probee B72 (hydrolizat enzymatyczny iota karagenu
po 72-godzinnej hydrolizie [B-galaktozydaza) oraz L24 (hydrolizat enzymatyczny iota
karagenu po 24-godzinnej hydrolizie laktaza przemystowa) (Wykres 4) w poréwnaniu do
czystego iota karagenu. Moglo to wskazywa¢ na obnizenie wibracji w tym zakresie
i jednoczes$nie spadek ich mobilnosci. W przypadku hydrolizatu kwasowego A3 (hydrolizat
kwasowy iota karagenu po 3-godzinnej hydrolizie) wspomniane przesunigcie jest widocznie,
lecz zdecydowanie mniej niz w przypadku hydrolizatéw enzymatycznych. Ogdlnie otrzymane
hydrolizaty cechowaly si¢ mniejszymi wibracjami w zakresie od 1213 i 914 cm™, co moze
wskazywaé na ograniczong (w stosunku do proby kontrolnej) obecno$¢ grup sulfonowych
w tancuchu hydrolizatoéw oraz ich lepsza elastyczno$¢. Ponadto hydroliza enzymatyczna
w poroéwnaniu do hydrolizy kwasowej inaczej oddziatywata na tafcuch iota karagenu, ze
wzgledu na réznice w zakresie 1020 i 1063 cm™! oraz ponizej 980 cm™'. Finalnie mozna
zauwazy¢, iz przebieg widm hydrolizatow enzymatycznych byl podobny, co oznacza, ze takie
hydrolizaty moga by¢ stosowane zamiennie. Ze wzgledow ekonomicznych wykorzystanie
tanszego oraz latwiej dostgpnego enzymu, jakim jest laktaza, wydaje si¢ bardziej korzystne.
Otrzymane roznice widm oraz efektywnos$¢ oddzialywania hydrolizatow na inhibitowanie
procesu rekrystalizacji mogg wskazywac, iz struktura hydrolizatow oraz ich grupy funkcyjne
powinny by¢ tematem dalszych badan w zakresie analizy mechanizmu dzialania
stabilizatorow na strukturg krystaliczng lodow i Ze to wtasnie budowa polisacharydéw, a nie

ich masa czasteczkowa, ma znaczenie przy modyfikacji ich wtasciwosci stabilizujacych.
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Wykres 4. Widma w podczerwieni FTIR w zakresie widmowym: 500-3740 cm™' dla badanych probek.
Wyjasénienia: odpowiednio: PI (iota karagen), A3 (hydrolizat kwasowy iota karagenu po 3 h hydrolizy), L.24
(hydrolizat enzymatyczny iota karagenu po 24-godzinnej hydrolizie laktaza przemystowa), B72 (hydrolizat
enzymatyczny iota karagenu po 72-godzinnej hydrolizie B-galaktozydaza).

7.2 Badania nad wlasciwosciami lodéw weganskich na bazie napoju

migdalowego

Badania mieszanek lodowych oraz lodow weganskich rozpoczgto od opracowania
receptury oraz doboru uktadu stabilizujgcego. Ponadto zostata podjgta proba produkeji lodow
weganskich w oparciu o t¢ samg metodyke, jak przy produkcji lodow mlecznych. Wyniki
badan przedstawiono w publikacji P3 (Study on the properties of vegan ice cream based
on almond drink. Zeszyty Problemowe Post¢pow Nauk Rolniczych, 2020, 600, 21-30).

Publikacja P3 rozpoczyna etap badan, dotyczacy oceny wtasciwosci fizycznych lodow
weganskich, bez oraz z dodatkiem uktadu stabilizujacego, tj. maczki chleba §wigtojanskiego
oraz gumy ksantanowej. W tej publikacji skupiono si¢ na ocenie takich parametrow jak pH,
gestos¢ mieszanek lodowych oraz czas topnienia, puszystos¢, struktura krystaliczna i ocena
sensoryczna lodow. Ustalono procentowe udzialy zastosowanych sktadnikow w recepturze
lodow weganskich, tj. inuliny, biatka grochu, napoju migdatowego, syropu migdatowego,
emulgatora oraz ukladu stabilizujgcego. W oparciu o otrzymane wyniki stwierdzono, iz

zastosowany dodatek ukladu stabilizujacego (maczka chleba $wictojanskiego oraz guma
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ksantanowa) nie wptynat znaczaco na wtasciwosci fizyczne mieszanek lodowych. Pomiar pH
oraz gestosci mieszanek lodowych wskazywaly na brak wpltywu zastosowanych
stabilizatorow na powyzsze parametry. Tylko w przypadku puszystosci lodow (26,56%)
zanotowano zmniejszenie w poréwnaniu z probka kontrolng, bez dodatku stabilizatorow
(32,02%). Mniejsza puszystos¢ lodow weganskich wynikata z braku bialek mleka, ktore sa
zwykle prekursorami wyzszej puszysto$ci lodow. Dodatek stabilizatorow wydtuzyl czas
topnienia do 57 minut (probka kontrolna 43 minut), gtownie ze wzgledu na zdolnos$é
stabilizatorow do wigzania wody [BahramParvar i wsp. 2013]. Zostala roéwniez zbadana
wielko$¢ krysztatéw lodu, ktore sa waznym determinantem jakos$ci lodow spozywczych. Po
24-godzinnym przechowywaniu S$rednica zastgpcza krysztaldow nie przekroczyla 18 um
w probce z dodatkiem stabilizatorow. Natomiast w probce kontrolnej, bez dodatku
stabilizatorow, $rednica osiggnela warto§¢ 52 pum. Na podstawie literatury, pozadana
a jednoczesnie akceptowalna przez konsumentdéw $rednica krysztatow, powinna miescic si¢
w zakresie 10-20 pum [Kaminska-Dworznicka 1 wsp. 2015]. W zwiazku z czym zastosowany
uklad stabilizujacy korzystnie wptynat na ograniczenie procesu rekrystalizacji, podnoszac
jednoczesnie walory sensoryczne produktu. Wyniki oceny sensorycznej wskazywaly na

wigksza pozadalnos¢ lodoéw z dodatkiem stabilizatorow (Wykres 5).

Wykres 5. Wyniki analizy sensorycznej. Wyjasnienia: WOS sample — lody bez dodatku stabilizatorow; WS

sample — lody z dodatkiem stabilizatoréw (maczka chleba swigtojanskiego, guma ksantanowa).
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7.3 Ocena wplywu roznych skladnikow oraz stabilizatorow na wlasciwosci

fizyczne weganskich mieszanek lodowych na bazie napoju migdalowego

Celem publikacji P4 (Effect of different ingredients and stabilisers on properties
of mixes based on almond drink for vegan ice cream production. Sustainability, 2021,
13(21), 1-17) byta ocena witasciwosci fizycznych weganskich mieszanek lodowych. Badanie
dotyczyto wptywu homogenizacji mechanicznej oraz wybranych stabilizatoréw na
wlasciwosci mieszanek przed i po procesie dojrzewania. W przypadku metody homogenizacji
zastosowano czas 2,5 minuty przy obrotach homogenizatora 20obr/min. Natomiast
stabilizatory stosowane do przygotowania mieszanek to iota karagen oraz jego hydrolizat
kwasowy lub hydrolizaty enzymatyczne (szerzej opisane w pierwszym etapie badan,
publikacja P1) (Tabela 2 oraz 3). Po otrzymaniu mieszanek poddano je procesowi
homogenizacji, a nastgpnie przeprowadzono nastepujace oznaczenia: pomiar gestosci,
stabilno$¢ emulsji, wielko$¢ czastek, oceng wlasciwosci reologicznych oraz analizg struktury.
Ponadto, aby oceni¢ skuteczno$¢ procesu dojrzewania, oznaczenia powtorzono roOwniez po
24-godzinnym dojrzewaniu w temperaturze 4°C.

Na podstawie pomiaru gestosci mieszanek lodowych wykazano, iz zarowno proces
homogenizacji, jak i uzyte stabilizatory, nie wptywaly znaczaco na ten parametr. Nie
zaobserwowano roéznic pomiedzy probkami. Ponadto po czasie dojrzewania warto$¢ gestosci
mieszanek nie zmienita si¢ w poréwnaniu do wyniku bezposrednio po wytworzeniu.
Otrzymany wynik mogt wskazywac, iz dojrzewanie wplywalo na utrzymanie stabilnosci
emulsji 1 nie wplywalo na powstawanie niepozadanych zmian.

Pomiar stabilnosci emulsji zostal oceniony na podstawie wartosci indeksu stabilnosci
TSI (Turbiscan Stability Index). Warto$¢ TSI wahata si¢ od 1,7 do 6,5. Najmniejsze wartosci,
a tym samym wigkszg stabilnos$¢, zanotowano w przypadku probek niepoddanych procesowi
homogenizacji, tylko z dodatkiem stabilizatorow, oraz probki kontrolnej (Tabela 3 oraz 4).
Powodem mogta by¢ obecnos$¢ pecherzykow powietrza, ktore w trakcie przechowywania
zmienity swoja lokalizacj¢ lub pegkaly, wplywajac na zaburzenie stabilnosci. Na podstawie
wykresOw rozproszenia wstecznego S$wiatla (Back Scatettering — zamieszczonych
w publikacji P4) wykazano, ze w mieszankach lodowych z dodatkiem stabilizatorow, bez
wzgledu na zastosowanie lub brak homogenizacji, wystapit proces koalescencji. Byto to
spowodowane tym, iz kuleczki tluszczowe zwigkszaly swoje rozmiary w trakcie
przechowywania. W przypadku probki bez dodatku stabilizatorow wystapity inne rodzaje

destabilizacji emulsji, tj. $mietankowanie oraz sedymentacja. Prawdopodobnie brak
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stabilizatorow przyczynit si¢ do pojawienia przestrzeni pomig¢dzy czastkami, co umozliwilo
przemieszczanie si¢ kuleczek tluszczowych [Voronin 1 wsp. 2020]. Ponadto zwykle
destabilizowany ttuszcz ma wigksze zdolnosci do $mietankowania. Na podstawie badan
Berger 1 White [1971] oraz Berger 1 wsp. [1972] stwierdzono, ze emulsja lodowa jest takim
rodzajem emulsji, ktory moze by¢ zaprojektowany do destabilizacji, poniewaz poziom
destabilizacji thuszczu moze pozytywnie wptywaé na odczucia sensoryczne lodow w trakcie

konsumpcji, a w szczegdlnosci na ich kremowg konsystencje.

Tabela 4. Wlasciwosci fizyczne weganskich mieszanek lodowych.

Prébka TSI Dso przed dojrzewaniem Dso po dojrzewaniu
CWH 2,1 15,65+0,62¢ 17,23+0,49¢
CH 3,0 20,54+0,45¢ 11,35+0,48°
IWH 2,3 30,40+0,44° 28,50+0,43¢°
IH 4,1 13,77+0,19° 11,5120,94°
AWH 2,1 38,36+0,49° 11,41£0,97°
AH 6,4 13,06+0,53% 6,3340,122
BWH 3,6 42,15+0,19¢ 11,29+0,53°
BH 6,5 13,42+0,40° 6,88+0,33°
LWH 1,7 38,31+0,66" 13,20+0,45¢
LH 5,2 11,91+0,16* 6,37+0,48°

Wyjasnienia: WH — bez homogenizacji; H — z homogenizacjg; C — mieszanka bez stabilizatoréw; I — mieszanka
z iota karagenem; A — mieszanka z hydrolizatem kwasowym; B — mieszanka z hydrolizatem enzymatycznym po
B-galaktozydazie; L — mieszanka z hydrolizatem enzymatycznym po laktazie przemystowej; TSI — Turbiscan
Stability Index; Dso — mediana. Reprezentatywne dane + odchylenie standardowe, §rednie oznaczone tg samg
malg litera oznaczaja grupy homogeniczne nierdznigce si¢ przy poziomie istotnosci o = 0,05.

Pomiar wielkosci czastek kuleczek tluszczowych zostal oceniony na podstawie
mediany Dso oraz rozktadu wielkos$ci czastek. Mediana czastek przed procesem dojrzewania
miescita si¢ w zakresie od 11,91 do 42,15 um. Najnizsze warto$ci mediany przed procesem
dojrzewania, zanotowano w przypadku probek po procesie homogenizacji oraz probek

z dodatkiem stabilizatoréw (Tabela 3 oraz 4). Probki niepoddane procesowi homogenizacji
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charakteryzowaty si¢ zdecydowanie wigkszymi wielko§ciami czastek. Rowniez w badaniach
Innocente i wsp. [2009] lub Biasutti i wsp. [2013], w ktorych wykorzystywano metode
homogenizacji wysokocisnieniowej (HPH) w mieszankach lodowych, zanotowano
zmniejszenie wielkos$ci czastek w probkach poddanych temu procesowi. Stwierdzono jednak,
ze probka kontrolna po procesie homogenizacji, jak 1 bez, miata mniejsze wartoSci
w poréownaniu do probek ze stabilizatorami (CWH oraz CH, Tabela 4). Po procesie
dojrzewania we wszystkich probkach nastgpita redukcja wielkosci czastek, poniewaz jej
zakres wyniost od 6,33 do 28,50 um. Najwigksza wielkos$¢ czastek zanotowano w przypadku
probki z dodatkiem iota karagenu zarowno z, jak i bez homogenizacji. Moglo to by¢
wynikiem mniejszej plastyczno$ci iota karagenu niz jego hydrolizatow, ktore w trakcie
dojrzewania wptynegty na polepszenie struktury emulsji (wyniki FTIR, omoéwione
w pierwszym etapie badan — publikacja P1).

Analizujac rozktad wielkosci czastek w probkach bezposrednio po wytworzeniu
zaobserwowano, ze wystapit dwu- lub trimodalny rozklad, za§ po procesie dojrzewania
trimodalny rozklad wielko$ci czastek w badanych mieszankach lodowych. Pierwszy pik
pojawil si¢ w zakresie 7-8 um, co §wiadczylo o matych rozmiarach kuleczek ttuszczowych,
drugi pik w przedziale 30-40 lub 60-70 um, co mogto by¢ wynikiem obecnos$ci aglomeratow
thuszczu oraz jednoczesnie jego destabilizacji. Wielko$¢ najwiekszych czastek miescita si¢
w zakresie 70-80 um, co $wiadczylo o obecnosci aglomeratow kuleczek thuszczowych lub
wplywu mono- i diglicerydow kwaséw thuszczowych, ktore zostaty uzyte jako emulgator
w recepturze mieszanek lodowych. Na przyktadzie badan przeprowadzonych przez Mendez-
Velasco 1 Goff [2012] potwierdzono, iz obecno$¢ tych nienasyconych monoglicerydow
kwasow thuszczowych moze przyczynia¢ si¢ do formowania wigkszych i1 bardziej stabilnych
czastek tluszczu, podczas gdy nasycone monoglicerydy kwasow thuszczowych moga
oddziatywa¢ na formowanie w lodach mniejszych kuleczek thuszczowych.

Wiasciwosci reologiczne mieszanek lodowych analizowano na podstawie modelu
Herschel-Bulkley, ktory zostat dobrany sposroéd innych modeli matematycznych ze wzgledu
na najlepiej dopasowane warto$ci R oraz Chi?. Parametry, ktore zostaty wziete pod uwage, to
indeks ptynigcia, wspotczynnik konsystencji oraz lepko$¢ pozorna. Na podstawie badan
stwierdzono, 1z wszystkie mieszanki lodowe -charakteryzowaly sie pseudoplastycznym
(nieniutoniskim charakterem), poniewaz indeks ptynigcia wszystkich przygotowanych probek
byl mniejszy niz 1 [Mostafavi i wsp. 2017]. Najnizsza warto$¢ indeksu ptyniecia
zaobserwowano w probkach z dodatkiem iota karagenu, bez wzgledu na stosowanie

homogenizacji (IWH 0,633-0,653 oraz IH 0,742-0,757). Ponadto w probkach poddanych
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homogenizacji (BH oraz LH) zauwazono nizsze warto$ci indeksu ptynigcia niz w probkach
z tymi samymi stabilizatorami, lecz bez homogenizacji (LWH oraz BWH). Bylo to dowodem,
1z rodzaj stabilizatora mogl znaczaco oddzialywaé na zachowanie si¢ cieczy, co mogto byc¢
powigzane z jego zdolnoscig do wigzania wody. W przypadku wspoiczynnika konsystencji
(K) oraz lepkosci pozornej (1)) zaobserwowano ich wzrost po dodaniu stabilizatorow.
Mieszanka lodowa z dodatkiem iota karagenu (IH oraz IWH) cechowala si¢ najwicksza
warto$cig wspotczynnika konsystencji (255,6-462,3 m Pas"). Po czasie dojrzewania mieszanki
odnotowano wyzsze warto$ci wspotczynnika K, co byto wynikiem polepszenia wtasciwosci
wigzania czasteczek wody, tluszczu oraz biatek [Dogan i Kayacier 2007]. W przypadku
napr¢zenia $cinajacego rowniez mieszanka z dodatkiem iota karagenu (IH, IWH)
charakteryzowata si¢ najnizszymi warto$ciami, co umozliwilo temu stabilizatorowi
utworzenie stabilnej 1 solidnej struktury emulsyjne;j.

Analizujagc  struktur¢ mikroskopowa, mozna bylo zaobserwowa¢ obecnosé
pecherzykow powietrza, ktore rowniez byly odpowiedzialne za destabilizacje uktadu
emulsyjnego w mieszankach lodowych. Redukcja wielkosci kuleczek thuszczowych zostata
potwierdzona przez analize Cilas (pomiar wielkosci czastek). Z drugiej strony obecnos¢
aglomeratow ttuszczu, réwniez widoczna na zdjeciach (umieszczonych w publikacji P4), byla
efektem koalescencji, $mietankowania oraz sedymentacji. Natomiast nie zauwazono
jednolitosci w strukturze prezentowanych mieszanek zarowno przed, jak i po procesie

dojrzewania.

7.4 Badania nad wplywem homogenizacji ultradzwiekowej na wlasciwosci

fizyczne weganskich mieszanek lodowych

Celem kolejnych badan byla ocena wpltywu homogenizacji ultradzwigkowej na
wlasciwosci  fizyczne mieszanek lodowych. W przypadku metody homogenizacji
ultradzwigkowej zastosowano czas 5 minut przy czestotliwosci 20 kHz. Zastosowane
parametry homogenizacji ultradzwigkowej, ustalono na podstawie aktualnej literatury
[O’Sullivan 1 wsp. 2016b; da Silva i wsp. 2019] oraz wlasnych badan wstgpnych. Natomiast
stabilizatory wykorzystane do przygotowania mieszanek to iota karagen oraz jego hydrolizat
kwasowy lub hydrolizaty enzymatyczne (Publikacja P1) (Tabela 2 oraz 3). Po otrzymaniu
mieszanek lodowych poddano je procesowi homogenizacji ultradzwigkowej, a nastepnie
przeprowadzono oznaczenia: stabilnosci emulsji, wielkosci czastek, oceny wlasciwosci

reologicznych oraz analizy struktury. Ponadto oceniono wplyw procesu dojrzewania,
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powtarzajac wymienione oznaczenia przed oraz po 24-godzinnym dojrzewaniu w
temperaturze 4°C. Wyniki badan przedstawiono w publikacji P5 (Study on the influence of
ultrasound homogenisation on the physical properties of vegan ice cream mixes. Applied
Sciences, 2022, 12(17), 8492).

Analizujac wlasciwosci fizyczne mieszanek lodowych, wykazano, iz warto$ci indeksu
stabilnosci TSI (Turbiscan Stability Index) mie$cily si¢ w zakresie od 1,7 do 4,2. Wpltyw
homogenizacji ultradzwigkowej przyczynil si¢ do zmniejszenia stabilnosci mieszanek
lodowych, w porownaniu do probek tylko z dodatkiem stabilizatorow. Najlepsza stabilnoscia
w trakcie dojrzewania cechowata si¢ mieszanka z dodatkiem enzymatycznego hydrolizatu
iota karagenu po laktazie przemystowej (L), a najmniejsza stabilno$cig probka z dodatkiem
hydrolizatu enzymatycznego iota karagenu po [-galaktozydazie (B) (Tabela 3 oraz 5).
Pomimo iz we wspomnianych wcze$niej badaniach zostaly potwierdzone niewielkie réznice
w budowie tych hydrolizatow, w przypadku stabilnosci zdecydowanie lepiej sprawdzitby si¢
pierwszy wspomniany hydrolizat. Odnoszac si¢ do wczesniej opisanej publikacji (P4),
homogenizacja mechaniczna zmniejszyla stabilno$¢ emulsji w wigkszym stopniu niz
homogenizacja ultradzwickowa. W badaniach O’Sullivan i wsp. [2015] rowniez wykazano, 1z
homogenizacja ultradzwigkowa przyczynita si¢ do poprawy wlasciwosci stabilizujacych
emulsji na bazie biatka grochu. Poprawa stabilnos$ci emulsji w wyniku dzialania kawitacji
akustycznej mogta by¢ wynikiem zmian w warstwie migdzyfazowej w emulsji. Ponadto
wplyw dziatania ultradzwigkow na stabilno$¢ byt réwniez uzalezniony od czasu ich dzialania
oraz metody emulgowania. Analizujgc wykresy rozproszenia wstecznego (Back Scatettering —
zamieszczonych w publikacji P5), zanotowano dwa rodzaje destabilizacji — sedymentacj¢
oraz koalescencj¢. Sedymentacja pojawita si¢ w probce bez stabilizatoro6w, natomiast
w przypadku dodatku stabilizatoréw wystapita koalescencja.

Na podstawie analizy mediany Dso po procesie dojrzewania okreslono przedziat od
9,76 do 28,50 um, przy czym najmniejsze wartosci zauwazono w probkach z dodatkiem
hydrolizatu enzymatycznego iota karagenu po [-galaktozydazie oraz po zastosowaniu
ultradzwigkéw (BU). W probkach, w ktorych zastosowano jednoczes$nie stabilizatory oraz
homogenizacje ultradzwigckowa, mediana Dso byla mniejsza niz w prébkach bez
homogenizacji. Po procesie dojrzewania zaobserwowano zmniejszenie wielkosci czastek.
W mieszankach lodowych, ktére byly poddane dziataniu ultradzwickow, efekt redukcji
wielkosci czastek po dojrzewaniu byt bardziej widoczny niz w probkach z dodatkiem
stabilizatorow, bez obrobki ultradzwigkowej. Przykladowo, w mieszance B oraz BU, po

procesie dojrzewania wielkos$¢ czastek wynosita odpowiednio 11,29 oraz 9,76 um (Tabela 3
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oraz 5). Ponadto dowodem na skuteczno$¢ dziatania ultradzwigkow jest chociazby wynik
prob kontrolnych (bez dodatku stabilizatorow), w ktérych wystapity rdéznice istotne
statystycznie. W poréwnaniu do dziatania homogenizacji mechanicznej mieszanek lodowych
(omowione] w publikacji P4), homogenizacja ultradzwickowa nie zredukowala wielkosci
kuleczek ttuszczowych tak skutecznie jak mechaniczna. Z drugiej strony rozmiar wielko$ci
kuleczek nie odgrywa tak znaczacej roli w przypadku lodow, jak wielko$¢ krysztatéw lodu po
zamrozeniu [Firouz 2021]. Dlatego tez w przypadku mieszanek lodowych wiekszg uwage

skupia si¢ na stabilnos$ci oraz jednolitosci struktury emulsji.

Tabela 5. Wiasciwosci fizyczne mieszanek lodowych.

Prébka TSI Dso przed dojrzewaniem Dso po dojrzewaniu
C 2,1 15,65+0,622 17,23+0,49¢
CU 2,7 14,68+0,17* 9,97+0,23?
I 2,3 30,40+0,44° 28,50+0,43¢
U 3.9 28,70+0,16¢ 23,730,624
A 2,1 38,36+0,49¢ 11,41£0,97
AU 3.3 35,70+0,50° 11,24+1,412
B 3,6 42,15+0,19¢ 11,29+0,53%
BU 4,2 34,29+0,14f 9,76+0,36*
L 1,7 38,31+0,66° 13,20+0,45°
LU 2,2 36,92+0,56° 10,59+0,09°

Wyijasnienia: U — homogenizacja ultradzwickowa, C — probka kontrolna, I — iota karagen, A — hydrolizat po
hydrolizie kwasowej, B — hydrolizat po hydrolizie enzymatycznej -galaktozydaza, L — hydrolizat po hydrolizie
enzymatycznej laktazg przemystowa. TSI — Turbiscan Stability Index; Dso — mediana. Reprezentatywne dane +
odchylenie standardowe, $rednie oznaczone ta sama matg litera oznaczaja grupy homogeniczne nierézniace si¢
przy poziomie istotno$ci a = 0,05.

Na podstawie rozktadu wielkosci czagstek przed procesem dojrzewania

zaobserwowano tri- lub czteromodalny rozktad. Po procesie maturacji (dojrzewania)
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wystapity cztery charakterystyczne piki, ktore $swiadczyly o czteromodalnym rozktadzie
wielkosci czastek. Wielko§¢ matych kuleczek thuszczowych zostata oceniona w zakresie 7-8
um, drugi pik w przedziale 30-40 lub 60-70 um, co byto to wynikiem obecnosci aglomeratow
thuszczu, za§ przedzial 70-80 um to réwniez aglomeraty kuleczek ttuszczowych lub mono-
i diglicerydy kwaséw tluszczowych, ktore zostaly uzyte jako stabilizator w recepturze
mieszanek lodowych (co zostalo juz wspomniane przy omawianiu publikacji P4, na
podstawie badan Mendez-Velasco i Goff [2012]).

Analiza reologiczna, okreslona na podstawie modelu Herschley-Bulkley umozliwita
ocen¢ takich parametrow jak wspotczynnik konsystencji, napr¢zenie $cinajace oraz indeks
ptynigcia. Na podstawie wartosci indeksu plynigcia (n < 1) wszystkie otrzymane mieszanki
lodowe mozna byto zaliczy¢ do cieczy nieniutonowskich, rozrzedzanych $cinaniem.
Analizujac wspolczynnik konsystencji (Wykres 6), zauwazono, iz probki z dodatkiem iota
karagenu charakteryzowaly si¢ prawie 3- a nawet 4-krotnie wickszymi warto$ciami
wspotczynnika konsystencji, od pozostatych probek. Rowniez po procesie dojrzewania
mieszanka z iota karagenem cechowata si¢ wigkszymi warto$ciami wspotczynnika
konsystencji (K) oraz naprezeniem $cinajagcym (okoto 100 mPas), co moglo wskazywa¢ na
mniejsza homogenicznos¢ probki. Potwierdzit to réwniez rozktad wielkosci czastek, ktory
w przypadku probki z iota karagenem odbiegatl od pozostatych wariantow mieszanek.
Natomiast ogdélnie mozna wnioskowa¢, iz wplyw ultradzwickow przyczynit si¢ do
zmniejszenia wspotczynnika konsystencji w mieszankach lodowych. Ponadto naprezenie
scinajace mieszanek lodowych znaczaco zwigkszylo si¢ po dodaniu stabilizatorow,
w szczegOlnosci iota karagenu, co moglo wplywaé na osiggnigcie stabilniejszej struktury

emulsji [Rao 2007].
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Wykres 6. Wspoélczynnik konsystencji mieszanek lodowych. Wyjasnienia: U — homogenizacja ultradzwigkowa,
C — probka kontrolna, I — iota karagen, A - hydrolizat po hydrolizie kwasowej, B — hydrolizat po hydrolizie

enzymatycznej B-galaktozydaza, L — hydrolizat po hydrolizie enzymatycznej laktaza przemystowa.

Analizujac zdjecia mikroskopowe mieszanek lodowych przed 1 po procesie
dojrzewania, zauwazono nieregularne rozmieszczenie kuleczek tluszczowych oraz ich
aglomeraty. Rowniez w badaniach Voronin i1 wsp. [2020] potwierdzono obecno$¢
aglomeratow kuleczek tluszczowych, co wynikato z destabilizacji mlecznych mieszanek
lodowych. Ponadto potwierdzono, iz probka bez dodatku stabilizatorow odbiegata wizualnie
od probek z zastosowanym uktadem stabilizujacym, co wykazala rowniez analiza TSI oraz
pomiar wielkos$ci czastek (inny rodzaj destabilizacji oraz wigksze kuleczki tluszczowe).
Analiza reologiczna rowniez pokazata, iz mieszanki lodowe przypominajg bardziej ciecze
niutonowskie z wigksza stabilnos$cig niz probki z dodatkiem stabilizatorow. Dodatkowo
proces dojrzewania przyczynil si¢ do zmian wtasciwosci mieszanek lodowych, czyli redukc;ji
wielko$ci czastek oraz pojawienia si¢ destabilizacji. Uwzgledniajac wplyw metody
homogenizacji ultradzwickowej, zauwazono wigksza redukcje wielkosci czastek po procesie

dojrzewania, ale rowniez i destabilizacjg.
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7.5 Ocena wplywu homogenizacji ultradzwi¢kowej na proces rekrystalizacji

w trakcie przechowywania lodow weganskich

W publikacji P6 (The influence of ultrasound homogenization on
recrystallization during storage of vegan ice cream. Journal of Food Process
Engineering, e14472) zaprezentowano badania, ktore byly podsumowaniem prowadzonych
prac nad receptura weganskich mieszanek lodowych, ze szczegdlnym uwzglednieniem
dodatku stabilizatoréw oraz modyfikacji na poziomie technologicznym (Tabela 2 oraz 3).
W pracy przebadano wilasciwosci fizyczne lodéw weganskich, tj. temperature krioskopowa,
ci$nienie osmotyczne, puszystos¢, czas topnienia oraz strukture krystaliczng po trzech etapach
przechowywania w statej temperaturze -18°C (24 godziny, 1 miesigc oraz 3 miesiace).

Temperatura krioskopowa miescita si¢ w zakresie od -1,918 do -1,757°C (Tabela 6).
Na podstawie analizy statystycznej nie wykazano rdznic pomiedzy probkami lodow zaréwno
pod wzgledem stosowanych dodatkow stabilizujacych, jak 1 metody homogenizacji.
Poréwnujac wyniki pomigedzy dwoma metodami homogenizacji, zauwazono nieznaczny
wzrost temperatury po zastosowaniu homogenizacji ultradzwiekowej. Na podstawie zrodet
literaturowych [Chow 1 wsp. 2005; Cheng 1 wsp. 2015a] kawitacja akustyczna wytwarzana
w trakcie dziatania ultradzwickow nie tylko moze powodowac przyspieszenie przeptywu
masy i energii, ale rdwniez moze zwigksza¢ temperatur¢ krioskopowa zarodkowania
krysztatow w trakcie zamrazania. W zwigzku z czym otrzymany wynik w prezentowanej
pracy jest kolejnym dowodem, iz ultradZzwigki nawet juz na etapie homogenizacji zwigkszaty
temperature krioskopowa mieszanki lodowej, a w konsekwencji prowadzilo to do
przyspieszania zarodkowania krysztalow i otrzymania znaczaco mniejszych ich rozmiardéw.
Dodatkowo niewielkie réznice w wynikach pomiedzy stabilizatorami mogly wynikac
z zalozenia, iz stabilizatory wplywaja na punkt zamrazania lodow. W oparciu o dane
literaturowe [Tecson 1 wsp. 2021] wykazano chociazby, iz karageny z wigksza masa
czasteczkowa byly mniej odporne na dziatanie kawitacji akustycznej niz krotsze polimerowe

tancuchy hydrolizatow.
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Tabela 6. Wiasciwosci fizyczne weganskich lodow spozywczych.

Temperatura Cisnienie
Prébka kriosk?)powa oC osmotyczne, Czas topnienia, min. Puszystosé, %
i mOsm/kg
C -1,852+0,042* 9974412 26,240,140 11,4440,30%
CH -1,861+0,012* 1002+6 24,38+1,500¢ 12,0640,86%
CuU -1,834+0,041° 988+4def 29,54+1,39% 10,86+2,49%
I -1,918+0,1152 969+3¢ 32,10+1,45¢ 32,36+1,41¢
IH -1,856+0,005* 999312 20,18+0,17%® 8,15+1,20°
U -1,813+0,029* 9761¢ 24,36+1,08% 14,05+1,283b¢
A -1,824+0,018* 982-+3¢de 24,07+1,860 22,13+0,84<
AH -1,858+0,0112 100047 16,19+1,26* 15,19+0,052b¢d
AU -1,839+0,013® 999-+4¢°fe 22,31£1,238b¢ 14,642,974
B -1,804+0,010* 969+4% 23,25+1,41b 32,21+2,76°
BH -1,844+0,027* 993+2¢fe 15,37+1,322 16,39+3,313bd
BU -1,771+0,011* 953474 26,12+3,80b¢de 19,55+2,57bd
L -1,894+0,004* 1020+2" 24,10+0,14° 23,09+2,96¢
LH -1,873+0,0112 100868 29,22+3,14¢de 9,22+43,132
LU -1,757+0,042? 946+32 33,05+2,16° 11,08+0,592

Wyja$nienia: H — probka po homogenizacji mechanicznej; U — probka po homogenizacji ultradzwigkowej; C - probka
kontrolna, 1 — iota karagen, A — hydrolizat po hydrolizie kwasowej, B — hydrolizat po hydrolizie enzymatycznej -
galaktozydaza, L — hydrolizat po hydrolizie enzymatycznej laktazg przemystowa; mOsm/kg — osomolalnosc.
Reprezentatywne dane + odchylenie standardowe, Srednie oznaczone ta sama matg litera oznaczaja grupy homogeniczne
nierdznigce si¢ przy poziomie istotnosci a = 0,05.
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W przypadku ci$nienia osmotycznego wartosci wahaty si¢ w przedziale od 946 do
1020 mOsm/kg (Tabela 6). Cisnienie osmotyczne jest zalezne od rodzaju oraz liczby
substancji rozpuszczonych, w zwigzku z czym w prezentowanych lodach réznice okazaty si¢
by¢ nieznaczace, poniewaz nie dokonywano zmian w recepturze pomig¢dzy proébkami lodow.
Zwrocono jednak uwagg, iz metoda homogenizacji mogta wptywaé na opisywany parametr.
Otoz w przypadku homogenizacji mechanicznej wartosci ci$nienia osmotycznego byty
wyzsze niz w lodach po stosowaniu homogenizacji ultradzwigkowej. Prawdopodobnie
ultradzwieki obnizyty zdolno$¢ stabilizatorow do wigzania wody, co potwierdzita rowniez
ocena wlasciwosci reologicznych w publikacji PS5, dotyczaca zmniejszenia wartosci
wspolczynnika konsystencji mieszanek lodowych (K).

Na podstawie badania czasu topnienia lodow wykazano, iz ten parametr nie
przekroczyl 34 minut (Tabela 6). Ponadto zauwazono, ze po zastosowaniu homogenizacji
ultradzwickowe] czas topnienia lodéw wydluzyl sie. Moze to by¢ uwarunkowane
utworzeniem bardziej pozadanej struktury emulsji, czyli emulsji z mniejszymi czastkami
thuszczu oraz odpowiednia iloscig pgcherzykéw powietrza. Juz na tym etapie takie wyniki
daja podstawy do zatozen o bardziej korzystnej strukturze krystalicznej produktu finalnego
[Adapa i wsp. 2000]. W przypadku zastosowanych stabilizatoréw czas topnienia byt zblizony
przy zastosowaniu wybranych hydrolizatow iota karagenu — okoto 24 minut, za$ dtuzszy
w przypadku samego dodatku iota karagenu — ponad 31 minut. Wynik taki $wiadczy
o tworzeniu bardziej stabilnej struktury przez iota karagen, skutkujacej ograniczeniem
topnienia lodéw. Potwierdzita to rowniez analiza reologiczna, na podstawie ktérej wykazano,
1z 1ota karagen moze tworzy¢ bardziej stabilng strukturg niz jego hydrolizaty (Publikacja P4
oraz P5). Mozna wnioskowa¢, iz pomimo krotszego taficucha hydrolizatoéw oraz ich lepszej
plastycznosci, tworzone z nimi mieszanki lodowe nie sg stabilne. Na uwage zastuguje dodatek
inuliny w recepturze lodow. Badania wskazujg na duza zdolno$¢ inuliny do wigzania wody
1 w przypadku lodow do wydluzania czasu topnienia [Akin 1 wsp. 2007; Goral 1 wsp. 2018].
Ponadto na parametry czasu topnienia, ma do$¢ duzy wptyw udzial tluszczu w strukturze
lodow. Przez niska zawarto$¢ tego skladnika w prezentowanych badaniach ogdlny czas
topnienia moze by¢ krotszy [Regand 1 Goff 2003].

Puszystos$¢ lodow okreslono na poziomie nie wigkszym niz 33%. Na podstawie testu
statystycznego ANOVA wykazano istotny wplyw stosowanych stabilizatorow oraz metody
homogenizacji na ten parametr. Dodatek stabilizatorow zwigkszyl puszysto§¢ lodow, za$
najlepszym dodatkiem okazal si¢ by¢ iota karagen oraz jego hydrolizat enzymatyczny po B-
galaktozydazie (Tabela 6). Ogoélnie nie wykazano jednoznacznej tendencji odnos$nie

zastosowania homogenizacji ultradzwickowej. To znaczy, ze w zalezno$ci od kombinacji
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rodzaju homogenizacji z rodzajem stabilizatora, wielko$¢ ta zmieniata swoje wartosci. I tak
potaczenie hydrolizatu kwasowego z homogenizacjg ultradzwigckowa bylo mniej korzystne
niz potaczenie z homogenizacjg mechaniczng. Finalnie puszysto$¢ lodéw weganskich zwykle
osigga nizsze warto$ci niz lodow mlecznych ze wzgledu na brak obecnosci biatek
zwierzecych. Rowniez wspomniana niska zawartos¢ thuszczu moze przyczyniaé si¢ do takich
warto$ci. Thuszcz pelni role bariery dla obecnych pecherzykéw powietrza, jednoczesnie
stabilizujac ich uktad [Flores i Goff 1999]. Ponadto rowniez inulina ma zdolnosci do
pogarszania puszysto$ci lodow. Na podstawie badan Goral 1 wsp. [2018] juz poziom 4-
procentowy poziom inuliny w lodach kokosowych oddziatywal na pogorszenie puszystosci
lodow weganskich.

Postep procesu rekrystalizacji w lodach weganskich okreslono na podstawie analizy
krystalicznej lodow po 24 godzinach, miesigcu oraz trzech miesigcach przechowywania.
W prezentowanej pracy omowiono tylko wyniki 24-godzinnego oraz trzymiesi¢cznego
przechowywania.

Po czasie 24 godzin przechowywania w temperaturze -18°C, bioragc pod uwage
wplyw zastosowanych stabilizatorow, tj. iota karagenu oraz jego hydrolizatow, najmniejsza
warto$¢ parametru Xso, wynoszacg 11 pm, odnotowano w przypadku probki lodéw L
z dodatkiem hydrolizatu enzymatycznego iota karagenu po dziataniu przemystowsa laktaza.
Natomiast najwigksza warto$¢ parametru Xso (17 um) osiggneta probka lodéw z dodatkiem
hydrolizatu kwasowego iota karagenu (A) (Wykres 7). W badaniach Kaminskiej-
Dwoérznickiej 1 wsp. [2023], wykazano, ze wykorzystujac karageny jako stabilizatory
w lodach bezmlecznych (sorbet mango) oraz stosujagc zamrazanie wspomagane
ultradzwigkami, jest mozliwe osiggnigcie uformowanie jednolitej struktury krystalicznej
o $rednicy krysztalow wiasnie na poziomie — 17 pm.

Po trzech miesigcach przechowywania, analizujac rodzaj zastosowanych
stabilizatorow, najmniejszag wartoscig parametru Xso charakteryzowata si¢ probka
z dodatkiem hydrolizatu enzymatycznego iota karagenu po uzyciu enzymu p-galaktozydazy
(B) - 17 um, a najwicksza probka lodow z dodatkiem iota karagenu (I) — 20 um (Wykres 8).
Natomiast na przykladzie wspomnianych prébek L oraz A, po 24-godzinnym
przechowywaniu, zaobserwowano postep procesu rekrystalizacji. Wartos¢ parametru Xso
w przypadku probki L (z dodatkiem hydrolizatu enzymatycznego iota karagenu po dziataniu
przemystowa laktaza) wyniosta 19 um a probki A (z dodatkiem hydrolizatu kwasowego iota
karagenu) wyniosta 20 pum. Analizujac wplyw zastosowanego uktadu stabilizujacego na

postep procesu rekrystalizacji, stwierdzono, 1z najkorzystniejszym stabilizatorem
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w przypadku wielkosci krysztaldow byt hydrolizat enzymatyczny iota karagenu po f-
galaktozydazie (B). Taki efekt moze by¢ zwigzany z odmiennymi, w tym przypadku
lepszymi, zdolno$ciami wigzania wody przez ten hydrolizat w poréwnaniu z czystym iota
karagenem czy jego hydrolizatem kwasowym. Ponadto, w publikacji P1 na podstawie
wynikéw FTIR otrzymanych hydrolizatow, réwniez wykazano, iz hydrolizaty enzymatyczne
wykazywaty wicksze drgania w zakresie grupy —OH, co warunkowato prawdopodobnie ich

wickszg elastycznos¢.

Wykres 7. Rozklad wielkosci $rednic krysztatow w lodach weganskich po 24 godzinach przechowywania
w temp. -18°C. Wyjasnienia: H — probka po homogenizacji mechanicznej; U — probka po homogenizacji
ultradzwiekowej; C - probka kontrolna, I —iota karagen, A — hydrolizat po hydrolizie kwasowej, B — hydrolizat
po hydrolizie enzymatycznej -galaktozydaza, L — hydrolizat po hydrolizie enzymatycznej laktazg przemystowa.

W prezentowanej pracy, w oparciu o postawione hipotezy, analizowano rowniez
wplyw metody homogenizacji na postgp procesu rekrystalizacji, tj. homogenizacji tradycyjnej
(mechanicznej) oraz homogenizacji wspomaganej ultradZwigkami. Po 24-godzinnym
przechowywaniu probek lodéw weganskich, najmniejszg wartos¢ parametru Xso (11 pm)
zanotowano w probce kontrolnej bez dodatku stabilizatorow oraz po stosowaniu
ultradzwiekéw (CU), a najwieksza (15 pm) w probce AH z dodatkiem hydrolizatu
kwasowego oraz po homogenizacji mechanicznej (Wykres 7). Ponadto tylko w probce
kontrolnej na tym etapie przechowywania homogenizacja ultradzwigkowa przyczynita si¢ do
osiggnigcia mniejszych krysztaldéw lodu. Natomiast w probkach z uzyciem stabilizatoréow 1 po
homogenizacji mechanicznej $rednice krysztaldéw byly mniejsze niz w probkach z tymi

samymi stabilizatorami, ale po zastosowaniu ultradzwigkow.
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Po trzech miesigcach przechowywania najnizszg warto§¢ parametru Xso zanotowano
w probce kontrolnej po stosowaniu ultradzwigkow (CU) — 14 um (Wykres 8). Natomiast
najwicksza $rednice (20 um) w probce lodéw z dodatkiem hydrolizatu kwasowego iota
karagenu 1 po stosowaniu homogenizacji mechanicznej (AH). Warto zaznaczy¢, ze
w kazdej probce, gdzie zastosowano homogenizacj¢ ultradzwigkowa, Srednica krysztatéw
byta mniejsza niz po homogenizacji mechanicznej czy w przypadku dodatku tylko
stabilizatorow. Ultradzwigki mogty przyspieszy¢ proces zarodkowania krysztatow lodu po
procesie zamrazania [Cheng i wsp. 2015b; Akdeniz 1 Akalin 2019]. Prawdopodobnie
wplynely rowniez na utworzenie jednolitej struktury, zlozonej z drobnych krysztatow
potozonych blisko siebie, co ograniczylo mozliwo$¢ ich wzrostu w trakcie procesu
przechowywania. W badaniach Cheng i wsp. [2015b] udowodniono, iz sity generowane prze
ultradzwiecki moga oddziatywa¢ na wigksze krysztaly, rozbijajac je na mniejsze nawet
w trakcie przechowywania lodow. Co wigcej, w badaniach Islam i wsp. [2015] czy Xu 1 wsp.
[2015] stosowanie ultradzwigkow przyczynito si¢ do zmniejszenia wielkosci krysztatéw lodu

w poréwnaniu do probek bez udzialu kawitacji akustyczne;.

Wykres 8. Rozktad wielkosci $rednic krysztatéw w lodach weganskich po 3 miesigcach przechowywania
w temp. -18°C. Wyjasnienia: H — probka po homogenizacji mechanicznej; U — probka po homogenizacji
ultradzwigkowej; C — probka kontrolna, I - iota karagen, A — hydrolizat po hydrolizie kwasowej, B —hydrolizat
po hydrolizie enzymatycznej [-galaktozydaza, L —  hydrolizat po hydrolizie enzymatycznej laktaza
przemystowa.
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Analizujac struktur¢ morfologiczng otrzymanych krysztatdéw w lodach weganskich,
ogoblnie okreslono ich ksztalt jako regularny i owalny. Nie wystepowaly znaczace wizualnie
roznice pomiedzy probkami poddanymi dziataniu homogenizacji ultradzwickowej oraz
homogenizacji mechanicznej. Za$ widoczny byl postep procesu rekrystalizacji, poréwnujac
zdjecia po 24-godzinnym przechowywaniu i trzech miesigcach przechowywania, co

potwierdzit przyrost warto$ci parametru Xso (Wykresy 7 oraz 8).

7.6 Badanie wplywu iota karagenu oraz jego hydrolizatow na stabilnos$¢

mlecznych mieszanek lodowych

W publikacji P7 (The effect of iota carrageenan and its hydrolysates on the
stability of milk ice cream mixes. Polish Journal of Food and Nutrition Science, 2023,
73(2), 196-204) zaprezentowane zostaly zmiany wlasciwosci fizycznych mlecznych
mieszanek lodowych ze wzgledu na rodzaj zastosowanego stabilizatora. W tym celu
wykorzystany zostal iota karagen oraz jego hydrolizaty: kwasowy i dwa enzymatyczne, po
uzyciu P-galaktozydazy oraz laktazy przemystowej (Tabela 1 oraz 3). Pomiar stabilnoSci,
rozktadu czagstek oraz mediany Dso, wlasciwosci reologicznych, mikrostruktury mieszanek
zostat wykonany bezposrednio po wytworzeniu 1 po procesie 24-godzinnego dojrzewania
w temperaturze 4°C.

Wartosci indeksu TSI (Turbiscan Stability Index) wahaty si¢ od wartosci 1,9 do 2,8
(Tabela 7). Najlepsza stabilno$¢ mieszanki zauwazono przy dodatku hydrolizatu kwasowego
(A), za$ najmniejszg stabilno$¢ w trakcie dojrzewania zanotowano w przypadku probki
z dodatkiem iota karagenu (I). Natomiast otrzymane hydrolizaty enzymatyczne iota karagenu
uzyskaty warto$¢ na poziomie probki kontrolnej wynoszaca — 2,2. Rowniez w badaniach Seo
1 Oh [2022] warto$ci indeksu TSI mieszanek lodowych, uzyskanych z wykorzystaniem kappa
karagenu oraz koniugatow kappa karagenu powstatych w reakcji Maillarda, miescily si¢
w podobnym zakresie (okoto 1,8). W przypadku rodzaju destabilizacji zaobserwowano
koalescencj¢/flokulacje wszystkich mieszanek lodowych oraz dodatkowo sedymentacje
w probce z dodatkiem hydrolizatu kwasowego (A). Jest to jednoczesnie potwierdzenie
wyzszej destabilizacji (wartosci indeksu TSI) w tej mieszance.

Wartos¢ mediany Dso wielko$ci kuleczek thuszczowych przed procesem dojrzewania
miescita si¢ w zakresie od 17,56 do 45,50 um. Najwigksza warto§¢ zanotowano w przypadku
probki z dodatkiem hydrolizatu kwasowego (A) jako stabilizatora. Rowniez ta probka

charakteryzowala si¢ najmniejszg stabilnos$cig sposréd wszystkich mieszanek lodowych.
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Prawdopodobnie wynika to z wigkszej ilosci aglomeratow ttuszczu, ktore sa odpowiedzialne
za jego destabilizacje. Po procesie dojrzewania niewielkie zmniejszenie mediany Dso
wystgpito w mieszankach z dodatkiem iota karagenu oraz hydrolizatow enzymatycznych.
Wazrost Dso byt obserwowany w probce kontrolnej oraz w mieszance z dodatkiem hydrolizatu
kwasowego (A). Ogolnie warto§¢ mediany nie przekroczyla 47 pum. W pordéwnaniu
z wczesnie] prezentowanymi weganskimi mieszankami lodowymi (Publikacja P4 oraz P5)
analizowane wartosci byty znaczaco wicksze. Powodem byta wigksza obecnos¢ thuszczu,
wynikajgca z receptury mieszanek lodowych 1 przez to wigkszy stopien destabilizacji tego

sktadnika (Tabela 2 oraz 3).

Tabela 7. Wiasciwosci fizyczne mieszanek lodowych.

Przed dojrzewaniem Po dojrzewaniu
Prébka | TSI

D K, n R | D K, n R

@m0 pagn Mm99 pagn
C 2,2 | 17,56£0,31° | 0,009+0,001¢ | 0,900+0,001? | 0,99 | 23,2442,40° | 0,012+0,012° | 0,838+0,007% | 0,99
I 2,8 [40,60+2,97% | 0,061+0,005" | 0,738+0,022°¢ | 0,99 | 35,57+2,63° | 0,059+0,058% | 0,761+0,011% | 0,99
A 1,9 | 45,50+2,37% | 0,059+0,005% | 0,765+0,018 | 0,99 | 46,73+0,19% | 0,058+0,057%* | 0,771+0,031% | 0,99
B 2,2 | 37,05+2,34° | 0,048+0,001°¢ | 0,798+0,005° | 0,99 | 34,73+0,90° | 0,050+0,049° | 0,803+0,016%® | 0,99
L 2,2 [41,08+1,79% | 0,083+0,006% | 0,727+0,014° | 0,99 | 35,16+1,23% | 0,104+0,103* | 0,702+0,083" | 0,99

Wyjasnienia: C — mieszanka bez stabilizatorow; I — mieszanka z iota karagenem; A — mieszanka hydrolizatem
kwasowym; B — mieszanka z hydrolizatem enzymatycznym po B-galaktozydazie; L — mieszanka z hydrolizatem
enzymatycznym po laktazie przemystowej; TSI — Turbiscan Stability Index; Dso — mediana. Reprezentatywne
dane + odchylenie standardowe, $rednie oznaczone ta samag malg litera oznaczaja grupy homogeniczne
nier6znigce si¢ przy poziomie istotnosci o = 0,05.

Analizujac rozktad wielko$ci czastek, trzy lub cztery piki wystepowaly zaréwno
przed, jak i po procesie dojrzewania. Pierwszy zakres czastek zanotowano na poziomie 2-5
um, drugi zakres okoto 15-30 um, nastepnie 70-80 um i najwigksze wielkosci czgstek okoto
100 um. Dodatkowo na tym etapie, analizujgc zdjgcia wykonane przed, jak 1 po procesie
dojrzewania na mikroskopie konfokalnym, zaobserwowano takze obecno$¢ czastek
o niewielkich rozmiarach. Ponadto fakt, iz nie nastgpita znaczaca redukcja wielkos$ci czastek,

potwierdzity rowniez warto$ci mediany Dso. W zwigzku z czym mozna byto wnioskowac, ze
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pojedyncze czastki wystepowaly w przedziale 5 pm, za$ kolejne wartos$ci to aglomeraty
czasteczek thuszczu. W przytoczonych wcezesniej badaniach (w punkcie omawiania mieszanek
weganskich — publikacja P4 oraz P5), przeprowadzonych przez Mendez-Velasco 1 Goff
[2012], potwierdzono, iz obecnos$¢ nienasyconych monoglicerydow kwasow tluszczowych
jako emulgatora w mieszankach lodowych moze przyczynia¢ si¢ do formowania wigkszych
czastek tluszczu, co w prezentowej pracy moglo spowodowaé wysokie warto$ci mediany
1 jednoczes$nie destabilizacje uktadu. Ponadto zdjgcia mikroskopowe potwierdzajg obecnos¢
aglomeratow thuszczu i chociazby procesu koalescenc;i.

Wiasciwosci reologiczne mieszanek opisano na podstawie modelu Ostwalda de
Waele, biorac pod uwage indeks plynigcia oraz wspodtczynnik konsystencji (Tabela 7). Przed
procesem dojrzewania warto$¢ wspotczynnika konsystencji K miescita si¢ w zakresie od
0,009 do 0,083. Ogdlnie dodatek stabilizatoréw przyczynit si¢ do zwiekszenia wartosci tego
parametru. Najwyzszg warto$¢ wspodtczynnika konsystencji zanotowano w przypadku dodatku
hydrolizatu enzymatycznego iota karagenu po przemystowej laktazie (L). W zwigzku z czym
mozna wyrdzni€ ten stabilizator jako ten, ktory daje najwigksza stabilno$¢ mieszanki lodowe;.
Roéznice wartosci wspdlczynnika konsystencji (K) moga wynika¢ z innej zdolnosci do
tworzenia zelu pomigdzy stosowanymi stabilizatorami. Rowniez Soukoulis 1 wsp. [2008]
wykazali, iz polaczenie kappa karagenu z r6znymi hydrokolidami miato wptyw na warto$§¢
wspotczynnika konsystencji. Wartosci indeksu stabilnosci (TSI) takze wskazuja na dobra
stabilno$¢ mieszanki lodowej z dodatkiem hydrolizatu enzymatycznego iota karagenu po
laktazie (L) w porownaniu z pozostatymi mieszankami. Po procesie dojrzewania zanotowano
zwigkszenie wspolczynnika konsystencji (K), co wynikalo z ksztaltowania struktury
mieszanki, np. pecznienia biatek, stabilizatorow oraz destabilizacji ttuszczu [Alvarez 1 wsp.
2005]. Najwieksza wartos$¢, na poziomie 0,104, charakteryzowata si¢ probka L, tak jak przed
procesem dojrzewania. Warto$ci indeksu plynigcia przed i po procesie dojrzewania byty
ponizej 1, co wskazywalo na pseudoplastyczny, nieniutonowski charakter cieczy 1 bylo
wynikiem obecnos$ci aglomeratow tluszczu oraz polisacharydowych stabilizatorow [Akbari
1 wsp. 2019]. Analiza mikroskopowa zostala przeprowadzona w oparciu o zdjecia
z mikroskopu konfokalnego, poprzez wybarwienie czastek thuszczu barwnikiem Red Nil.
Wyniki z mikroskopu potwierdzily obecnos$¢ aglomeratow kuleczek ttuszczowych, co byto
dowodem na destabilizacje uktadu mieszanki lodowej, zaobserwowanej rowniez w wynikach
TSI. Ponadto wielkosci kuleczek tluszczowych na zdjeciach potwierdzity zakres wielkosci

czastek z rozktadu wielkosci czastek zardéwno przed, jak i po procesie dojrzewania.
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7.7 Badanie wplywu homogenizacji ultradzwickowej na proces rekrystalizacji

w lodach mlecznych

Publikacja ta byla podsumowaniem analizy wlasciwosci mlecznych lodow,
otrzymanych z wykorzystaniem stabilizatorow (iota karagenu oraz jego hydrolizatow) oraz
zmiany homogenizacji mechanicznej na homogenizacj¢ ultradzwickowa (Tabela 1 oraz 3).
W pracy zbadano wiasciwosci fizyczne lodéw mlecznych, tj. temperatur¢ krioskopowa,
ci$nienie osmotyczne, puszysto$¢, czas topnienia oraz struktur¢ krystaliczng w trakcie
przechowywania przez 24 godziny, miesigc oraz trzy miesigce w temperaturze -18°C. Wptyw
stabilizatorow analizowano osobno oraz w polaczeniu z homogenizacja mechaniczng lub
z homogenizacja ultradzwigkowa. Wyniki badan przedstawiono w publikacji P8 (The
effectiveness of ultrasound homogenisation on the recrystallisation process in milk ice
cream. Applied Sciences, 2023, 13(13), 7561, 1-16).

Temperatura krioskopowa miescita si¢ w przedziale od -2,921 do -2,486°C (Tabela 8).
Analiza statystyczna wykazata istotny wplyw stosowanych stabilizatorow oraz metody
homogenizacji. Najmniejszg temperature zanotowano w przypadku probki AH (z dodatkiem
hydrolizatu kwasowego oraz po homogenizacji mechanicznej), za§ najwigksza probki
I (z dodatkiem iota karagenu). Ponadto zauwazono tendencj¢ zmniejszania si¢ temperatury
krioskopowej po zastosowaniu homogenizacji mechanicznej, a zwigkszania po dziataniu
homogenizacji ultradZzwigkowej. Powodem mogla by¢ zdolno§¢ ultradzwigkéw do
przyspieszania przeptywu masy 1 energii przez kawitacj¢ akustyczng, co mogto korzystnie
wplywa¢ na formujgcy si¢ strukture krystaliczng [Chemat 1 wsp. 2011]. Niezaleznie od
metody homogenizacji stabilizatory oddzialywaty na zakres temperatury krioskopowe;.
Wedtug Hagiwara i Hartel [1996] masa molekularna substancji stodzacych warunkowata
zmienno$¢ omawianego parametru. Na podstawie tego mozna wnioskowac, ze hydrolizaty
iota karagenu ze wzgledu na mata mas¢ molekularng a wigksza plastycznos¢, miaty zdolnos¢
do podwyzszenia temperatury krioskopowej. Wartosci ci$nienia osmotycznego, miescily si¢
w zakresie pd 1346 do 1572 mOsm/kg. W przypadku ci$nienia osmotycznego wigkszy wpltyw
mial rodzaj substancji rozpuszczonych niz rodzaj stosowanej obrobki. W prezentowanych
badaniach zauwazono roéwniez zalezno$¢ pomiedzy temperaturg krioskopowa a cisnieniem
osmotycznym. W probach o wigkszej temperaturze krioskopowej otrzymano mniejsze
warto$ci cisnienia osmotycznego. W badaniach Buniowskiej-Olejnik 1 wsp. [2023] rowniez
odnotowano taka zalezno$¢ w mlecznych mieszankach lodowych. Powodem takiej korelacji

jest to, 1z warto$¢ temperatury krioskopowej, jest zalezna od rodzaju oraz stezenia uzytych
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substancji — im wigksze st¢zenie 1 mniejsza masa czasteczkowa rozpuszczonych zwigzkoéw
tym nizsza temperatura krioskopowa. W konsekwencji, rodzaj zastosowanych w badaniach
stabilizatorow oraz ich zdolnos$ci wigzania czasteczek wody, wptynely na proces budowania

struktury krystalicznej [Patel 1 wsp. 2006].

Tabela 8. Wiasciwosci fizyczne mlecznych lodow spozywczych.

Cisnienie
Probka Temperatura osmotyczne, Puszystos¢é, % Czas topnienia, min.
krioskopowa, °C
mOsm/kg
C -2,502+0,006" 1347+4% 15,35+3,52bcde 23,19+2,23¢de
CH -2,549+0,005%" 1372434 8,3+0,49° 22,25+3,05b¢de
CU -2,510+0,018¢°f 1355452 17,53+2,16% 22,37+3,01¢d¢
I -2,486+0,013¢ 1358+0 24,40+0" 25,14+0,97%
IH -2,531+0,033%fe 1346+7* 10,9+1,94¢2b<d 27,46+1,34%
IU -2,519+0,013%fe 1348+4% 20,59+0° 26,23+2,09%
A -2,611+0,0444% 1422+0° 18,86+3,77¢" 28,26+2,36%
AH -2,921+0,008° 1572+4i 9,05+0% 27,33+0%
AU -2,512+0,066° 1377+0% 15,72+0,05b¢de 30,34+0¢
B -2,72140,022% 1456+0¢ 31,79+0,86¢ 12,34+02b¢
BH -2,608+0,0259%" 1413+0° 16,06+0,37¢4 12,1745,06%
BU -2,754+0,025° 1490+0" 18,27+0¢" 11,23+0,45°
L -2,578+0,000%"¢ 1388+0¢ 14,32+0,992bede 18,15+1,85¢bcd
LH -2,622+0,026¢4 1421+0° 10,63+2,332¢ 20,13+1,85%ed
LU -2,535+0,017% 1368+4< 20,43+1,10°f 23,19+5,89%

Wyjasnienia: H — probka po homogenizacji mechanicznej; U — probka po homogenizacji ultradzwigkowej; C —
probka kontrolna, I — iota karagen, A — hydrolizat po hydrolizie kwasowej, B — hydrolizat po hydrolizie
enzymatycznej -galaktozydaza, L — hydrolizat po hydrolizie enzymatycznej laktaza przemystowa; mOsm/kg —
osomolalno$¢. Reprezentatywne dane + odchylenie standardowe, $rednie oznaczone t3 samg malg literg
oznaczaja grupy homogeniczne nierézniace si¢ przy poziomie istotnosci a = 0,05.

Puszystos¢ badanych lodow mlecznych nie przekroczyta warto$ci 32% (Tabela 8).
Niska warto$¢ tego parametru jak na lody mleczne, kojarzone zwykle z wysokimi
warto$ciami puszystosci, mogta by¢ wynikiem obecno$ci inuliny oraz matej zawartosci
thuszczu w recepturze lodow. W badaniach Mahidan 1 Karazihan [2013] oraz Ismali
1 wsp. [2013] réwniez wykazano, iz dodatek inuliny w lodach przyczynit si¢ do pogorszenia
ich puszystosci. Inulina posiada dobre wlasciwosci wigzania czasteczek wody, przez co moze

powodowa¢ wzrost lepkosci, a w konsekwencji pogorszenie topliwosci lodéw. Analiza
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statystyczna wykazata, rdznice zarowno w przypadku stosowania stabilizatorow, jak i metody
homogenizacji. Najmniejsza puszysto$§¢ odnotowano w przypadku probki kontrolnej bez
dodatku stabilizatorow 1 po procesie homogenizacji mechanicznej (CH), a najwigksza
w probece z hydrolizatem enzymatycznym iota karagenu po B-galaktozydazie (B). Ponadto
w probkach, w ktorych zastosowano dodatek stabilizatorow, lecz nie poddano ich Zzadnej
metodzie homogenizacji (I, A, B oraz L), warto$ci puszystosci byly wigksze. Nalezy rowniez
zwroci¢ uwage na fakt, iz w wyniku potaczenia stabilizatorow z homogenizacja
ultradzwickowa uzyskano wartosci puszystosci w przedziale od 15,72 do 20,43%, za$
w przypadku polaczenia z homogenizacja mechaniczng od 9,05 do 16,06%.

Czas topnienia lodow oceniono w zakresie od 11,23 do 30,34 minuty (Tabela 8).
Wigkszy wplyw na warto$¢ tego parametru miat rodzaj zastosowanych stabilizatorow niz
zastosowana metoda homogenizacji. Przyktadowo, probka z dodatkiem iota karagenu
charakteryzowata si¢ czasem topnienia 25,24 minut (I), w potaczeniu z homogenizacja
mechaniczng — 27,46 minut (IH), a z homogenizacja ultradzwickowa — 26,23 minuty (IU).
W zwiazku z powyzszym nie wystgpowaly znaczace roéznice pomiedzy stosowang metoda
homogenizacji. Pomigdzy probkami z dodatkiem stabilizatorow réznice byly znaczace (okoto
14 minut), jak np. pomiedzy probka z dodatkiem hydrolizatu enzymatycznego iota karagenu
po B-galaktozydazie (B) a probka z dodatkiem hydrolizatu kwasowego iota karagenu (A).
Kroétkie czasy topnienia mogly by¢ wynikiem matej zawartosci tluszczu w recepturze lodow,
ktory stanowi barier¢ ochronng dla pecherzykow powietrza, prowadzac do lepszej stabilnos$ci
przy zmiennej temperaturze. Inulina jako dodatek do lodéw rowniez mogla wplyna¢ na
zmniejszenie wartosci tego parametru. W badaniach Mahdian 1 Karazihan [2013] lub Goral
1 wsp. [2018] zanotowano, ze przy zwigkszaniu dodatku inuliny, czas topnienia lodow byt
zdecydowanie krotszy.

Na podstawie analizy struktury krystalicznej oceniono postep procesu rekrystalizacji
w lodach mlecznych po 24 godzinach, miesigcu oraz trzech miesigcach przechowywania.
Ponizej omoéwiono najwazniejsze wyniki, wybierajac 24-godzinny oraz trzymiesigczny czas
przechowywania, natomiast wyniki po miesiacu zostaty szczegétowo omoéwione w Publikacji

P8.
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Wykres 9. Rozktad wielko$ci $rednic krysztalow w lodach mlecznych po 24 godzinach przechowywania
w temp. -18°C. Wyjasnienia: H — probka po homogenizacji mechanicznej; U — probka po homogenizacji
ultradzwickowej; C — probka kontrolna, I — iota karagen, A — hydrolizat po hydrolizie kwasowej, B —
hydrolizat po hydrolizie enzymatycznej B-galaktozydaza, L — hydrolizat po hydrolizie enzymatycznej laktaza
przemystows.

Biorgc pod uwage rodzaj zastosowanych stabilizatoréw, tj. iota karagenu oraz jego
hydrolizatow po 24 godzinach przechowywania, na podstawie parametru Xso (Wykres 9),
wyrazajacego usredniong wielkos¢ 50% S$rednic krysztatdéw lodu, probka z dodatkiem
enzymatycznego hydrolizatu iota karagenu po uzyciu przemystowej laktazy (L)
charakteryzowata si¢ najmniejszg wartos$cia Srednicy zastgpczej — 12 um. Najwigkszg wartos¢
srednicy zastepczej zanotowano w przypadku probki z dodatkiem kwasowego hydrolizatu
iota karagenu (A) — 17 um (Wykres 9). Podobne wartosci srednic krysztatow zaobserwowano
réwniez w probee kontrolnej (C) oraz probee z dodatkiem enzymatycznego hydrolizatu iota
karagenu po hydrolizie B-galaktozydaza (B) ponad 16 pm. W lodach mlecznych z dodatkiem
serwatki przy uzyciu iota karagenu jako stabilizatora warto$¢ parametru Xso rowniez byla na
zblizonym poziomie — 15 um [Kaminska-Dworznicka 1 wsp. 2022]. Po 3 miesigcach
przechowywania zaobserwowano postep procesu rekrystalizacji. W probce z dodatkiem
enzymatycznego hydrolizatu iota karagenu po uzyciu przemystowej laktazy (L) zanotowano
zwigkszenie wartosci Srednic krysztatlow lodu od 12 um (po 24 godzinach przechowywania)
do ponad 17 pm (Wykres 10). Najmniejsza warto$¢ parametru Xso zanotowano w przypadku
probki z dodatkiem enzymatycznego hydrolizatu iota karagenu po hydrolizie B-galaktozydaza
(B) — 17 um, co oznaczato brak postgpu w procesie rekrystalizacji (zblizong warto$¢

odnotowano 24 h po procesie produkcji). Najwigkszg warto§¢ Xso (21 pm) wyznaczono

w probee z dodatkiem kwasowego hydrolizatu iota karagenu (A), co stanowi dowod postepu
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procesu rekrystalizacji, poniewaz po 24 godzinach warto$¢ ta wynosita 17 um (Wykres 9).
Podobne wynki otrzymano juz na etapie przygotowywnia roztworéw modelowych lodow
mlecznych, czyli roztworéw sacharozy z dodatkiem kazienanianu sodu, opisanych
w pierwszym etapie badan (Publikacja P1). Z tego wzgledu, iz po 96 godzinach
przechowywania, rowniez hydrolizaty enzymatyczne oraz sam iota karagen osiggnely nizsze
wartos$ci §rednic zastepczych w poréwnaniu z hydrolizatem kwasowym iota karagenu.

Kolejnym badanym czynnikiem, majacym wplyw (w odniesieniu do stawianych
hipotez badawczych) na postep procesu rekrystalizacji w lodach mlecznych, byt rodzaj
zastosowanej  homogenizacji: mechanicznej oraz  wspomaganej  ultradzwickami.
W zwiazku z czym, poréwnujac wplyw tych dwdéch metod homogenizacji, po 24-godzinnym
przechowywaniu, najmniejsza warto$¢ parametru Xso (9 um) zaobserwowano w lodach bez
dodatku stabilizatorow 1 po dzialaniu ultradzwickami (CU), na poziomie (Wykres 9).
Natomiast najwigckszg warto$¢ $rednicy — 18 pm, w probce AH, czyli w lodach
z dodatkiem hydrolizatu kwasowego iota karagenu oraz po homogenizacji mechaniczne;.
Biorgc pod uwage tylko wplyw homogenizacji, nalezy zwrdci¢ uwage na probke kontrolng
poddang dziataniu homogenizacji, lecz bez dodatku stabilizatoréw. Zastosowanie
homogenizacji ultradzwickowej juz na tym etapie przechowywania przyczynito si¢ do
osiggni¢cia mniejszych rozmiaréw krysztatow lodu — po 24 godzinach warto$¢ parametru Xso
dla wspomnianej probki CU wynosita 9 um, a probki kontrolnej, po homogenizacji
mechanicznej (CH) — 14 um.

Po trzech miesigcach przechowywania, tak jak w probkach ze stabilizatorami, réwniez
zaobserwowano postep procesu rekrystalizacji. Najmniejszg warto$¢ parametru Xso (15 pm)
zanotowano w przypadku lodow bez dodatku stabilizatorow i1 po dziataniu homogenizacji
ultradzwigkowej (CU) (Wykres 10). Oznacza to, ze nastgpil wzrost krysztalow, jednak ich
srednice nie przekraczaty 20 pm. Najwieksza wartos¢ Xso odnotowano w probce lodow po
homogenizacji mechanicznej oraz z dodatkiem iota karagenu (IH) — 22 pum (Wykres 10).
Widoczna efektywno$¢ ultradzwickow w inhibitowaniu procesu rekrystalizacji mogta by¢
spowodowana zjawiskiem kawitacji akustycznej, majacym wplyw na podzial duzych
krysztatow lodu w probce, w wyniku czego po kilku miesigcach przechowywania proces
rekrystalizacji postgpowatl w nieznacznym stopniu lub catkowicie zostaje wyeliminowany

w porownaniu z probkami po homogenizacji mechanicznej [Chow i wsp. 2005].
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Wykres 10. Rozktad wielkosci $rednic krysztalow w lodach mlecznych po 3 miesigcach przechowywania
w temp. -18°C. Wyjasnienia: H — probka po homogenizacji mechanicznej; U — probka po homogenizacji
ultradzwigkowej; C — probka kontrolna, I — iota karagen, A — hydrolizat po hydrolizie kwasowej, B — hydrolizat
po hydrolizie enzymatycznej B-galaktozydaza, L — hydrolizat po hydrolizie enzymatycznej laktaza przemystowa.

Analizujac struktur¢ morfologiczng w lodéw mlecznych, stwierdzono regularny oraz
owalny ksztatt krysztaléw lodu. Ponadto pomimo réznic warto$ci $rednicy zastepczej czy
parametru Xso, wizualnie nie stwierdzono wystepowania rdéznic pomigdzy probkami
poddanymi homogenizacji ultradzwickowej oraz homogenizacji mechanicznej. Poroéwnujac
zdjecia po 24-godzinnym przechowywaniu oraz po trzech miesigcach przechowywania,
mozna zaobserwowaé jedynie wzrost krysztatow, co $wiadczy o postepie procesu
rekrystalizacji. Podsumowujac analize¢ struktury krystalicznej otrzymanych prébek lodow
mlecznych, spos$rod zastosowanych stabilizatorow, najkorzystniejszym okazat si¢ by¢
enzymatyczny hydrolizat iota karagenu po hydrolizie B-galaktozydaza. Natomiast porownujac
metody homogenizacji, skuteczniejsza obrobka mieszanki lodowej, na podstawie wielko$ci

srednic krysztatow, byta homogenizacja wspomagana ultradzwigkami.
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PODSUMOWANIE I WNIOSKI

Na podstawie wynikow przeprowadzonych badan, opublikowanych w formie
publikacji naukowych, zweryfikowano hipotezy badawcze, co pozwolilo na sformutowanie

nastgpujacych wnioskow:

e Whiosek 1

Wykazano, ze substancje stabilizujace, ktore zostaty pozyskane na drodze hydrolizy
kwasowe] oraz enzymatycznej iota karagenu, mogly korzystnie ogranicza¢ proces
rekrystalizacji w modelowych roztworach sacharozy. Zaréwno hydrolizat kwasowy (masa
czgsteczkowa na poziomie 1,48x10°Da), jak i enzymatyczne hydrolizaty (po uzyciu enzymu
B-galaktozydazy — masa czasteczkowa 3,20x10°Da oraz po uzyciu enzymu laktazy — masa
czasteczkowa 3,50x10°Da), niezaleznie od redukcji masy czasteczkowej iota karagenu,
skutecznie ograniczyly proces rekrystalizacji w modelowych roztworach sacharozy (model
lodéw weganskich). Srednia warto$¢ $rednicy zastepczej nie przekraczala 22 pm po 96
godzinach przechowywania w temperaturze -8°C. W roztworach modelowych z dodatkiem
kazeinianu sodu (model lodow mlecznych) efekt inhibicji byt nawet bardziej widoczny,
a najlepsze rezultaty osiagnicto w przypadku probki z dodatkiem hydrolizatu po laktazie
przemystowej ($rednica krysztatow nie przekraczata 17 pm). W odniesieniu do hipotezy 1.
przeprowadzone analizy, tj. SEC i FTIR, potwierdzity, ze na aktywno$¢ inhibicyjna
w procesie rekrystalizacji ma wplyw struktura hydrolizatow oraz obecne grupy funkcyjne,

a nie tylko sama redukcja ich masy czasteczkowe;.

e  Wnhniosek 2
W odniesieniu do hipotezy 2 przeprowadzono badania wst¢pne lodowych mieszanek
weganskich, ktore pozwolity na ustalenie receptury i wykazanie, ze proces technologiczny
wykorzystywany przy produkcji lodow tradycyjnych byt odpowiedni rowniez przy produkcji

lodow weganskich.

e Whniosek 3
Wykazano wptyw wybranych stabilizatoréw oraz dwoch rodzajéw homogenizacji na
stabilno$¢ 1 wlasciwosci fizyczne weganskich mieszanek lodowych na bazie napoju

migdalowego.
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Najmniejsza warto$¢ indeksu ptynigcia zaobserwowano w probkach z dodatkiem iota
karagenu, bez wzgledu na stosowanie procesu homogenizacji. Natomiast w probkach
poddanych homogenizacji (BH oraz LH) zanotowano mniejsze wartosci indeksu ptynigcia niz
w probkach z tymi samymi stabilizatorami, lecz bez homogenizacji (LWH oraz BWH).
W odniesieniu do tych wynikow mozna stwierdzi¢, ze rodzaj stabilizatora mogl znaczaco
oddziatywa¢ na zachowanie si¢ cieczy. Wykorzystanie stabilizatoréw skutkowato redukcja
wielkosci kuleczek thuszczowych, a najlepsze rezultaty wykazywat dodatek hydrolizatéw iota
karagenu, co moglo $§wiadczy¢ o ich wiekszej plastycznos$ci niz samego iota karagenu.
Otrzymane wyniki sa potwierdzeniem pierwszej i drugiej hipotezy badawczej.

Zastosowanie homogenizacji ultradzwickowej przyczynito si¢ do obnizenia stabilnosci
mieszanek lodowych w poréwnaniu z prébkami tylko z dodatkiem stabilizatoréw. Potaczenie
homogenizacji ultradzwigkowej oraz wybranych stabilizatorow wplyngto na redukcje
wielkosci kuleczek thuszczowych, co bylo szczegodlnie widoczne po procesie dojrzewania
(najmniejsza warto§¢ mediany Dsp — 9,76 pum — probki z dodatkiem hydrolizatu

enzymatycznego iota karagenu po f—galaktozydazie i po homogenizacji ultradzwigkowej).

e Whniosek 4

Zastosowanie wybranych stabilizatorow oraz homogenizacji ultradzwigkowe;j
wptyneto na zmiane struktury krystalicznej lodow weganskich. Po okresie trzech miesigcy
przechowywania stwierdzono, ze najskuteczniejszym stabilizatorem w ograniczaniu procesu
rekrystalizacji byl hydrolizat enzymatyczny iota karagenu po P—galaktozydazie (B). Taki
efekt mogl by¢ zwigzany z odmiennymi, w tym przypadku lepszymi, zdolnosciami wigzania
wody przez ten hydrolizat w pordwnaniu z czystym iota karagenem czy jego hydrolizatem
kwasowym.

W oparciu o postawione hipotezy (2 i 3) przeanalizowano rdéwniez wpltyw metody
homogenizacji na postgp procesu rekrystalizacji, tj. homogenizacji tradycyjnej
(mechanicznej) oraz homogenizacji wspomagane] ultradzwigkami. Po 3 miesigcach
przechowywania najnizsza warto§¢ parametru Xso (usredniona wielko$¢ 50% S$rednic
krysztalbw lodu) — 13 pm — zanotowano dla probki kontrolnej po zastosowaniu
homogenizacji ultradzwigkowej (CU). Nalezy podkresli¢, ze w kazdej probce poddanej
obrobce homogenizacji ultradzwigkowej, S$rednica krysztatow byla mniejsza niz po

homogenizacji mechanicznej.
e Whniosek 5

Wykazano wplyw iota karagenu 1 jego hydrolizatow na stabilno$¢ mieszanek lodow

mlecznych. Hydrolizaty iota karagenu poprawialy stabilno§¢ mieszanek lodowych w trakcie

62



procesu dojrzewania. Zarowno przed, jak i po procesie dojrzewania, wielko$¢ kuleczek
thuszczowych mogla wskazywa¢ na aglomeracje tlhuszczu 1 destabilizacj¢ probek.
W poréwnaniu z weganskimi mieszankami lodowymi warto$ci byly znaczaco wigksze. Na
podstawie zdje¢ wykonanych przed i po procesie dojrzewania, mozna byto wnioskowac, ze
cze$¢ kuleczek tluszczu charakteryzowala si¢ niewielkimi rozmiarami, ok. 2-5 um. Obecno$¢
emulgatora w mieszankach lodowych mogta przyczyni¢ si¢ do formowania wigkszych
czastek thuszczu, co spowodowato wysokie wartosci mediany (Dso) 1 jednocze$nie
destabilizacje¢ uktadu. Dodatek enzymatycznych hydrolizatéw iota karagenu, szczegélnie
hydrolizatu po przemystowej laktazie, korzystnie wplynal na poprawe wlasciwosci
reologicznych mieszanek lodéw mlecznych (najwicksza wartos¢ wspotczynnika konsystencji
przed procesem dojrzewania 0,083 i po procesie dojrzewania 0,104). Uzyskane wyniki

potwierdzaja postawiong hipoteze 2.

e Whniosek 6

Zaréwno dodatek stabilizatoréw, jak 1 rodzaj homogenizacji, miaty wplyw na
ksztaltowanie struktury krystalicznej lodow mlecznych. Po 3 miesigcach przechowywania
najnizszg warto$¢ parametru Xso (usredniona wielko$¢ dla 50% $rednic krysztaléw lodu)
zanotowano dla probki z dodatkiem enzymatycznego hydrolizatu iota karagenu po hydrolizie
B-galaktozydaza (B) — 17 um, co w przypadku tej probki oznaczato brak postepu w procesie
rekrystalizacji. Jesli chodzi o wptyw rodzaju homogenizacji, najmniejsza warto$¢ parametru
Xs0 zanotowano dla lodéw bez dodatku stabilizatoréw 1 po dziataniu ultradzwigkami (CU), na
poziomie 15 pum. Widoczna efektywno$¢ ultradzwiekow w inhibitowaniu procesu
rekrystalizacji mogta by¢ spowodowana zjawiskiem kawitacji akustycznej majagcym wplyw

na podziat duzych krysztatow lodu w probce.

Podsumowujac, w prezentowanej pracy wszystkie zatozone cele badawcze zostaly
zrealizowane. Zgodnie z zalozeniami pierwszego celu badawczego okreslono wplyw iota
karagenu oraz otrzymanych hydrolizatbw na postep procesu rekrystalizacji w ukladach
modelowych oraz lodach spozywczych. Dwa kolejne cele dotyczyly wplywu homogenizacji
ultradzwigkowej oraz wybranych stabilizatoro6w na wlasciwosci fizyczne mieszanki lodowe;j
oraz wlasciwosci fizyczne i strukture krystaliczng lodéw mlecznych oraz bezmlecznych
(weganskich). Ich realizacja pozwolita na okreslenie zaleznosci pomigdzy wilasciwosciami
mieszanek lodowych a wiasciwo$ciami produktu finalnego, czyli lodow spozywczych.

Sformutowane 1 zrealizowane cele badawcze umozliwilty weryfikacje postawionych
hipotez. Zatozenia hipotezy pierwszej, dotyczacej mechanizmu dziatania hydrolizatow iota

karagenu na ograniczenie procesu rekrystalizacji, zostaly zweryfikowane pozytywnie.
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Hydrolizat kwasowy iota karagenu najskuteczniej ograniczal proces rekrystalizacji
w roztworach modelowych sacharozy, a hydrolizat enzymatyczny po uzyciu B-galatozydazy
w roztworach sacharozy z kazeinianem sodu. Wplyw na skuteczno$¢ inhibitowania
rekrystalizacji miata budowa otrzymanych hydrolizatow, a nie ich masa czasteczkowa.
Hipoteza druga, zwigzana z wplywem skladu mieszanek lodowych, tj. wybranych
stabilizatorow, na stabilno$¢ oraz struktur¢ krystaliczng rowniez zostata zweryfikowana
pozytywnie. Dodatek iota karagenu oraz jego hydrolizatéw przyczynit si¢ do poprawy
stabilno$ci oraz wiasciwosci reologicznych mieszanek lodowych. W przypadku produktu
finalnego stabilizatory pozytywnie wplywaly na puszysto§¢ lodow mlecznych oraz
weganskich. Natomiast w przypadku pozytywnej weryfikacji hipotezy trzeciej, dotyczacej
wptywu ultradzwigkdw na wlasciwosci mieszanek 1 lodow, nalezy wzigé pod uwage rodzaj
lodow oraz tylko wybrane wlasciwosci fizyczne. Homogenizacja ultradzwigckowa
wykazywata lepszy wplyw na stabilno$¢ niz homogenizacja mechaniczna, a w potaczeniu
z czasem dojrzewania rowniez zmniejszyta wielko$¢ kuleczek tluszczowych. Zarowno
w lodach mlecznych, jak 1 weganskich, homogenizacja ultradzwigkowa skutecznie
inhibitowala proces rekrystalizacji oraz wydtuzata czas topnienia tych lodow.

Finalnie otrzymany produkt — lody weganskie — moga by¢ alternatywa dla lodow
mlecznych. Zostaly wyprodukowane ta samg metoda, co ogranicza koszty zwigzane ze
zmiang technologii oraz sa dobrg alternatywa dla ludzi z ograniczeniami chorobowymi (np.
alergia na mleko krowie lub nietolerancja laktozy). Ponadto wykazano, ze dodatek
wybranych stabilizatorow w potaczeniu z obrobka ultradzwigkowa moze korzystnie wptynaé
na optymalizacj¢ produkcji lodow spozywczych — pod wzgledem ekonomicznym oraz
srodowiskowym. Niemniej jednak w dalszym ciggu istnieje potrzeba okreslenia
doktadniejszego wptywu mechanizmu dzialania stabilizatorow (hydrolizatow iota karagenu)
oraz ultradzwiekow na strukture krystaliczng lodow spozywczych, czy wptywu sktadnikow

oraz ich proporcji w recepturze lodow.

64



10.

11.

LITERATURA

. Abdullah, N., Wahab, N., Saruan, N., Matias-Peralta, H., Xavier, N., Muhammad, N.,

Talip, B.A., Bakar, M.F.A. (2018). Effect of replacing coconut milk with almond milk
in spicy coconut gravy on its sensorial, nutritional and physical properties. Materials
Today: Proceedings, 5 (10), 21919-21925.

Aboulfazli, F., Shori, A.B., Baba, A.S. (2016). Effects of the replacement of cow milk
with vegetable milk on probiotics and nutritional profile of fermented ice cream. LWT
— Food Science and Technology, 70 (7), 261- 270.

Adapa, S., Schmidt, K.A., Jeon, 1.J., Herald, T.J., Flores, R.A. (2000). Mechanisms of
ice crystallization and recrystallization in ice cream: a review. Food Reviews
International, 16 (3), 259-271.

Ahn, N., Park, J-H., Chai, Ch., Imm, J-Y. (2022). The interaction of milk
sphingomyelin and proteins on stability and microstructure of dairy emulsions.

Journal of Dairy Science, 105(5), 3832-3845.

. Akbari, M., Eskandari, M.H., Davoudi, Z. (2019). Application and functions of fat

replacers in low-fat ice cream: A review”. Trends in Food Science & Technology, 86,
34-40.

Akdeniz, V., Akalin, A. (2019). New approach for yoghurt and ice cream production:
High-intensity ultrasound. Trends in Food Science & Technology, 86, 392—398.

Akin, M.B., Akin, M.S., Kirmaci, Z. (2007). Effects of inulin and sugar levels on the
viability of yoghurt and probiotic bacteria and the physical and sensory characteristics
in probiotic ice-cream. Food Chemistry, 104, 93-99.

Alvarez, V.B., Wolters, C.L., Vodovotz, Y., Ji, T. (2005). Physical properties of ice
cream containing milk protein concentrates. Journal of Dairy Science, 88(3), 862-871.
BahramParvar, M., Tehrani, M.M., Razavi, S.M.A. (2013). Effects of a novel
stabilizer blend and presence of k-carrageenan on some properties of vanilla ice cream
during storage. Food Bioscience, 3, 10—-18.

Berger, K.G., White, G.W. (1971). An electron microscopical investigation of fat
destabilization in ice cream. International Journal of Food Science & Technology, 6,
285-294.

Berger, K.G., Bullimore, B.K., White, G.W., Wright, W.B. (1972). The structure of
ice cream. Dairy Industries, 419425, 493-497.

65



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Biasutti, M., Venir, E., Marino, M., Maifreni, M., Innocente, N. (2013). Effects of
high pressure homogenisation of ice cream mix on the physical and structural
properties of ice cream. International Dairy Journal, 32, 40—45.

Buniowska-Olejnik, M., Mykhalevych, A., Polishchuk, G., Sapiga, V., Znamirowska-
Piotrowska, A., Kot, A., Kaminska-Dworznicka, A. (2023). Study of water freezing in
low-fat milky ice cream with oat-glucan and its influence on quality indicators.
Molecules, 28, 2924.

Clarke, C. 2004. The science of ice cream. Cambridge, UK : The Royal Society of
Chemistry.

Chemat, F., Zill-e-Huma, Khan, M.K. (2011). Application of ultrasound in food
technology: Processing, preservation and extraction. Ultrasonic Sonochemistry, 18,
813-835.

Cheng, J., Ma, Y., Li, X., Yan, T., Cui, J. (2015b). Effects of milk protein-poly-
saccharide interactions on the stability of ice cream model systems. Food
Hydrocolloids, 45, 327-336.

Cheng, X., Zhang, M., Xu, B., Adhikari, B., Sun, J. (2015a). The principles of
ultrasound and its application in freezing related processes of food materials: A
review, Ultrasound Sonochememistry, 27, 576-585.

Chow, R., Blindt, R., Chivers, R., Povey, M. (2005). A study on the primary and
secondary nucleation of ice by power ultrasound. Ultrasonics, 43, 227-230.

da Silva, L.F.R., da Silva Gomes, A., Castro, D.R.G., das Chagas do Amaral Souza,
F., Mar, J.M., Souza da Silva, L., Sanches, E.A., de Aratjo Bezerra, J., Bakry, A.M.,
Campelo, P.H. (2019). Ultrasound-assisted homogenisation and gum Arabic combined
to physicochemical quality of cupuagu juice. Journal of Food Processing and
Preservation, 43, €14072.

Dhuzewska, E., Gazda, B., Leszczynski, K. (2003). Wptyw wybranych hydrokoloidow
polisacharydowych na jakos$¢ koncentratow lodéw owocowych. Acta Scientarium
Polonorum Technologia Alimentaria, 2, 97-107.

Dogan, M., Kayacier, A. (2007). The effect of ageing at a low temperature on the
rheological properties of Kahramanmaras-type ice cream mix. International Journal of
Food Properties, 10, 19-24.

Domian, E., Cenkier, J., Gorska, A., Brynda-Kopytkowska, A. (2018). Effect of oil
content and drying method on bulk properties and stability of powdered emulsions

with OSA starch and linseed oil. LWT-Food Science and Technology, 88, 95-102.

66



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Fiol, C., Prado, D., Romero, C., Laburu, N., Mora, M., Alava Inaki, J. (2017).
Introduction of a new family of ice creams. International Journal of Gastronomy and
Food Science, 7, 5-10.

Firouz, M.S. (2021). Application of high-intensity ultrasound in food processing for
improvement of food quality. In design and optimization of innovative food
processing techniques assisted by ultrasound. Developing healthier and sustainable
food products; Barba, F., Cravotto, G., Chemat, F., Lorenzo Rodriguez, J.M., Sichetti
Munekata, P.E., Eds.; Elsevier Inc.: Amsterdam, The Netherlands, 155-159.

Flores, A.A., Goff, H.D. (1999). Ice crystals size distribution in dynamically frozen
model solutions and ice cream as affected by stabilisers. Journal of Dairy Science, 82,
1399.

Gaukel, V., Leiter, A., Spiess, W.E.L. (2014). Synergism of different fish antifreeze
proteins and hydrocolloids on recrystallization inhibition of ice in sucrose solutions.
Journal of Food Engineering, 141, 44-50.

Gelin, J.L., Poyen, L., Courthaudon, J.L., Meste, M.Le., Lorient, D. (1994). Structural
changes in oil-water emulsions during the manufacture of ice cream. Food
Hydrocolloids, 8(3-4), 299-308.

Ghani, N.A.A., Othaman, R., Ahmad, A., Anuar, F.H., Hassan, N.H. (2019). Impact
of purification on iota carrageenan as solid polymer electrolyte. Arabian Journal of
Chemistry, 12 (3), 370-376.

Goff, H.D., Kinsella, J.E., Jordan, W.K. (1989). Influence of various milk protein
isolates on ice cream emulsion stability. Journal of Dairy Science, 72(2), 385-397.
Goff, H.D. (1997). Colloidal aspects of ice cream — A review. International Dairy
Journal, 7(6-7), 363-373.

Goft, H.D., Verespej, E., Smith, A. K. (1999). A study of fat and air structures in ice
cream. International Dairy Journal, 9, 817-829.

Goral, M., Koztowicz, K., Pankiewicz, U., Goral, D., Kluza, F., Wéjtowicz, A. (2018).
Impact of stabilizers on the freezing process and physicochemical and organoleptic
properties of coconut milk-based ice cream. LWT-Food Science and Technology, 92,
516-522.

Hagiwara, T., Hartel, R.W. (1996). Effect of sweetener, stabilizer, and storage
temperature on ice recrystallization in ice cream. Journal of Dairy Science, 79, 735—

744.

67



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Innocente, N., Biasutti, M., Venir, E., Spaziani, M., Marchesini, G. (2009). Effect of
high-pressure homogenization on droplet size distribution and rheological properties
of ice cream mixes. Journal of Dairy Science, 92, 1864—1875.

Islam, Md. N., Zhang, M., Fang, Z., Sun, J. (2015). Direct contact ultrasound assisted
freezing of mushroom (Agaricus bisporus): Growth and size distribution of ice
crystals. International Journal of Refigeration, 57, 46-53.

Ismail, E.A., Al-Saleh, A.A., Metwalli, A.AM. (2013). Effect of inulin
supplementation on rheological properties of low-fat ice cream. Life Science Journal,
10, 1742-1746.

Kaminska-Dworznicka, A., Matusiak, M., Samborska, K., Witrowa-Rajchert, D.,
Gondek, E., Jakubczyk, E. (2015). The influence of kappa carrageenan and its
hydrolysates on the recrystallization process in sorbet (Part B). Journal of Food
Engineering, 167, 162—-165.

Kaminska-Dworznicka, A., Skrzypczak, P., Gondek, E. (2016). Modification of kappa
carrageenan by [-galactosidase as a new method to inhibit recrystallization. Food
Hydrocolloids, 61, 31-35.

Kaminska-Dworznicka, A., Gondek, E., Laba, S., Jakubczyk, E., Samborska, K.
(2019). Characteristics of instrumental methods to describe and assess the
recrystallization process in the ice cream systems. Foods, 8, 117.
Kaminska-Dworznicka, A., Laba, S., Jakubczyk, E. (2022). The effects of selected
stabilizers addition on physical properties and change in crystal structure of whey ice
cream. LWT-Food Science and Technology, 154, 112841.

Kaminska-Dworznicka, A., Kot, A., Jakubczyk, E., Buniowska-Olejnik, M., Nowacka,
M. (2023). Effect of ultrasound-assisted freezing on the crystal structure of mango
sorbet. Crystal, 13, 396.

Karlsson, A., Singh, S.K. (1999). Acid hydrolysis of sulphated polysaccharides.
Delsulphation and the effect on molecular mass, Carbohydrate Polymers, 38, 7-15.
Kiran-Yildirim, B., Hale, J., Wefers, D., Gaukel, V. (2021). Ice recrystallisation
inhibition of commercial k-, 1-, and A-carrageenans, Journal of Food Engineering,
290, 110269.

Konstanas, A., Stamford, L., Azapagic, A. (2019). Enviromental impacts of ice cream.
Journal of Cleaner Production, 209, 259-272.

Koxholt, M.M.R., Eisenmann, B., Hinrichs, J. (2001). Effect of the fat globule sizes

on the meltdown of ice cream. Journal of Dairy Sciences, 84(1), 31-37.

68



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Leiter, A., Ludwig, A., Gaukel, V. (2017). Influence of heating temperature, pH and
ions on recrystallization inhibition activity of k-carrageenan in sucrose solution.
Journal of Food Engineering, 195, 14-20.

Lomolino, G., Zannoni, S., Zabara, A., Da Lio, M., De Iseppi, A. (2020). Ice
recrystallisation and melting in ice cream with different proteins levels and subjected
to thermal fluctuation. International Dairy Journal, 100, 104557.

Mahdian, E., Karazhian, R. (2013). Effect of fat replacers and stabilizers on
rheological, physicochemical and sensory properties of reduced-fat ice cream. Journal
of Agriculture, Science and Technology, 15, 1163—1174.

Mendez-Velasco, C., Goff, H.D. (2012). Fat structures as affected by unsaturated or
saturated monoglyceride and their effect on ice cream structure, texture and stability.
International Dairy Journal, 24(1), 33-39.

Moniha, V., Alagar, M., Selvasekarapandian, S., Sundaresan, B., Boopathi, G. (2018).
Conductive bio-polymer electrolyte iota-carrageenan with ammonium nitrate for
application in electrochemical devices. Journal of Non-Crystalline Solids, 481, 424—
434.

Moniha, V., Alagar, M., Selvasekarapandian, S., Sundaresan, B., Hemalatha, R.
(2019). Development and characterization of bio-polymer electrolyte iota-carrageenan
with ammonium salt for: Electrochemical Application. Materials Today Proceeding,
8, 449-455.

Mostafavi, F.S., Tehrani, M.M., Mohebbi, M. (2017). Rheological and sensory
properties of fat reduced vanilla ice creams containing milk protein concentrate
(MPC). Journal of Food Measurement and Characterization, 11, 567-575.
Nazarewicz, S., Kozlowicz, K., Kobus, Z., Gtadyszewska, B., Matwijczuk, A.,
Slusarczyk, L., Skrzypek, T., Sujka, M., Koztowicz, N. (2022). The use of ultrasound
in shaping the properties of ice cream with oleogel based on oil extracted from tomato
seeds. Applied Sciences, 12, 9165.

Ndoye, T. F., Alvarez, G. (2015). Characterization of ice recrystallization in ice cream
during storage using the focused beam reflectance measurement. Journal of Food
Engineering, 148, 24-34.

Pal, R. (2019). Modeling of sedimentation and creaming in suspensions and pickering
emulsions. Fluids, 4(4), 186.

Patel, M.R., Baer, R.J., Acharaya, M.R. (2006). Increasing the protein content of ice
cream. Journal of Dairy Science, 89, 1400—1406.

69



57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Regand, A., Goff, H.D. (2003). Structure and ice recrystallization in frozen stabilized
ice cream model systems. Food Hydrocolloids, 17, 95-102.

Rao, M.A. (2007). Rheology of fluid and semisolid foods: Principles and applications;
Springer Science & Business Media: New York, NY, USA.

Seo, C.W., Oh, N.S. (2022). Functional application of Maillard conjugate derived
from a k-carrageenan/milk protein isolate mixture as a stabilizer in ice cream. LW7-
Food Science and Technology, 161, 113406.

Soukoulis, Ch., Chandrinos, 1., Tzia, C. (2008). Study of the functionality of selected
hydrocolloids and their blends with k-carrageenan on storage quality of vanilla ice
cream. LWT-Food Science and Technology, 41(10), 1816-1827.

Spence, Ch., Navarraa, J., Youssef, J. (2019). Using ice-cream as an effective vehicle
for energy/nutrient delivery in the elderly. International Journal of Gastronomy and
Food Science, 16, 100140.

Taha, A., Hu, T., Zhang, Z., Bakry, A., Khalifa, 1., Pan, S., Hu, H. (2018). Effect of
different oils and ultrasound emulsification conditions on the physicochemical
properties of emulsions stabilized by soy protein isolate. Ultrasonics Sonochemistry,
49, 283-293.

Tecson, M.G., Abad, L.V., Ebajo, V.D., Jr., Camacho, D.H. (2021). Ultrasound-
assisted depolymerization of kappa-carrageenan and characterization of a degradation
product. Ultrasonics Sonochemistry, 73, 105540.

Thrimawithana, T., Young, S., Dunstan, D., Alany, R. (2010). Texture and rheological
characterisation of kappa and iota carrageenan in the presence of counter ions.
Carbohydrate Polymers, 82 (1), 69-77.

Tiiker, D.A., Dogan, M. (2021). Effect of ultrasound homogenization on the structural
and sensorial attributes of ice cream: optimization with Taguchi and data envelopment
analysis. Journal of Food Measurement and Characterization, 15, 4888-4898.
O’Sullivan, J., Beevers, J., Park, M., Greenwood, R., Norton, 1. (2015). Comparative
assessment of the effect of ultrasound treatment on protein functionality pre- and post-
emulsification. Colloids and Surfaces A: Physicochemical and Engineering Aspects,
484, 89-98.

O’Sullivan, J., B. Murray, C. Flynn, I. Norton. (2016a). The effect of ultrasound
treatment on the structural, physical and emulsifying of animal and vegetable protein.

Food Hydrocolloids, 53, 141-154.

70



68.

69.

70.

71.

72.

73.

74.

75.

O’Sullivan, J., Park, M., Beevers, J. (2016b). The effect of ultrasound upon the
physicochemical and emulsifying properties of wheat and soy protein isolates. Journal
of Cereal Science, 69, 77-84.

Zhu, Z., Zhou, Q., Sun, D-W. (2019). Measuring and controlling in frozen foods: A
review of recent developments. Trends in Food Science & Technology, 90, 13-25.
Wang, K., Li, G., Zhang, B. (2018). Opposite results of emulsion stability evaluated
by the TSI and the phase separation proportion. Colloids and Surfaces A:
Physicochemical and Engineering Aspects, 558, 402-409.

Vanga, K.S., Raghavan, V. (2018). How well do plant based alternatives fare
nutritionally compared to cow’s milk?. Journal of Food Science and Technology,
55(1), 10-20.

Voronin, G.L., Roberts, R., Felix, T.L., Coupland, J.N., Harte, F.M. (2020). Effect of
high-pressure-jest processing on the physicochemical properties of low-fat ice cream
mix. Journal of Dairy Science, 103, 6003—-6014.

Xu, B-g., Zhang, M., Bhandari, B., Cheng, X-f., Sun, J. (2015). Effect of ultrasound
immersion freezing on the quality attributes and water distributions of wrapped red
radish. Food Bioprocess Technology, 8, 1366-1376.
Internet]:https://www.grandviewresearch.com/industryanalysis/icecreammarket?fbclid
=IwAR1Twrel9IFIQ0PqP_0qAO0MIkySylAi6FDUILCYySMwFHYAKwYHT4;GrOk
[dostep: 25.08.2022].

Internet 2: https://ec.europa.eu/eurostat/web/products-eurostat-news/w/ddn-20230814-

1 [dostep 26.09.2023].

71


https://ec.europa.eu/eurostat/web/products-eurostat-news/w/ddn-20230814-1
https://ec.europa.eu/eurostat/web/products-eurostat-news/w/ddn-20230814-1

Zyciorys naukowy

Dane personalne: Anna Kot

Wyksztalcenie:
10/2019- 09/2023  Szkota Doktorska SGGW
Studia stacjonarne I11°
Dyscyplina: Technologia zywnosci 1 zywienie

10/2019-12/2019 Polski Instytut Dietetyki
Dietetyk

02/2016-07/2017 Szkota Gléwna Gospodarstwa Wiejskiego w Warszawie
Kierunek: technologia zywnosci i zywienie cztowieka
Studia stacjonarne II1°

10/2012-02/2016 Szkota Gléwna Gospodarstwa Wiejskiego w Warszawie
Kierunek: technologia zywnosci i zywienie cztowieka
Studia stacjonarne I°

Publikacje naukowe:

1. Kot, A., Szulc K., Kaminska-Dworznicka, A. (2019). Wiasciwosci sproszkowanej
zywnosci dla dzieci. Przemyst Spozywczy, 73, 22-26.

2. Kaminska-Dworznicka, A., Janczewska-Dupczyk, A., Kot, A., Laba, S., Samborska, K.
(2019). The impact of iota and kappa carrageenan addition on freezing process and ice
crystals structure of strawberry sorbet frozen by various methods. Journal of Food Science,
85(1), 50-56.

3. Kot, A., Kaminska-Dworznicka, A., Baranska, A. (2020). Study of the properties of vegan
ice cream based on almond drink. Zeszyty Problemowe Postgpow Nauk Rolniczych, 600, 21-
30.

4. Baranska, A., Kot, A., Samborska, K. (2020). Ultrafiltration as a method to obtain sugar
reduced cloudy juices — a research on juice’s properties. Zeszyty Problemowe Postepow Nauk
Rolniczych, 600, 3-11.

5. Kaminska-Dworznicka, A., Kot, A., Samborska, K. (2021). Ice recrystallization in model
glucose/fructose and honey powder solutions as affected by selected stabilizers. Journal Of

Food Processing And Preservation, 45 (10), 1-10.

72



6. Kot, A., Kaminska-Dworznicka, A., Galus, S., Jakubczyk, E. (2021). Effects of different
ingredients and stabilisers on properties of mixes based on almond drink for vegan ice cream
production. Sustainability, 13 (21), 1-17.

7. Kot, A., Kaminska-Dworznicka, A. Antczak, A., Jakubczyk, E. Matwijczuk, A. (2022).
Effect of 1-carrageenan and its acid hydrolysates on ice crystal structure changes in model
sucrose solution. Colloids and Surfaces A-Physicochemical and Engineering Aspects, 643, 1-
12.

8. Kot, A., Kaminska-Dworznicka, A., Jakubczyk, E. (2022). Study on the influence of
ultrasound homogenisation on the physical properties of vegan ice cream mixes. Applied
Sciences, 12(17), 8492.

9. Jakubczyk. E., Kaminska-Dworznicka. A., Kot. A. (2022). The rheological properties and
texture of agar gels with canola oil effect of mixing rate and addition of lecithin. Gels, 8 (11),
1-15.

10. Kot, A., Kaminska-Dworznicka, A. (2022). Vegan ice cream: A review. Przemyst
Spozywczy, 12(76), 30-34.

11. Kaminska-Dworznicka, A., Kot, A., Jakubczyk, E., Buniowska-Olejnik, M., Nowacka,
M. (2023). Effect of ultrasound-assisted freezing on the crystal structure of mango sorbet,
Crystals, 13 (3), 396, 1-13.

12. Buniowska-Olejnik, M., Mykhalevyvh, A., Polishchuk, G., Sapiga, V., Znamirowska-
Piotrowska, A., Kot, A., Kaminska-Dworznicka, A. (2023). Study of water freezing in low-
fat milky ice cream with oat B-glucan and its influence on quality indicators. Molecules, 28
(7), 2924, 1-17.

13. Kot, A., Jakubczyk, E., Buniowska-Olejnik, M., Kaminska-Dwdrznicka, A. (2023). The
effect of iota carrageenan and its hydrolysates on the stability of milk ice cream mixes. Polish
Journal of Food and Nutrition Science, 73(2), 196-204

14. Kot, A., Kaminska-Dworznicka, A., Jakubczyk, E. (2023). The effectiveness of
ultrasound homogenisation on the recrystallisation process in milk ice cream. Applied
Sciences, 13(13), 7561,1-16.

15. Kot, A., Kaminska-Dworznicka, A. (2023). The effectiveness of ultrasound
homogenization on the recrystallisation during the storage of vegan ice cream. Journal of

Food Process Engineering, €14472, 1-15.

Sumarvezny IF: 37.289. Sumaryczna punktacja MEIN: 990 pkt, h-index: 4

73



Udzial w konferencjach:

1. Proceedings of the 8" International Conference On The Quality And Safety On Food
Production Chain, Wroclaw, 20-21.06.2018. E-poster: The physicochemical properties
of spray-dried infant milk (Karolina Szulc, Anna Kot).

2. Biologically Active Compounds in Food, 3rd International Conference, 19-
20.09.2019, L.6dz. Poster: Characteristic of freezing kinetics of model glucose-fructose
and natural honey solutions with the addition of chosen hydrocolloids (Anna
Kaminska-Dworznicka, Marta Btaszczak, Anna Kot, Katarzyna Samborska, Ewa
Gondek)

3. Zywnos$é. Zywienie. Rynek. Innowacje w nauce i praktyce"- Wydzial Zywienia
Czlowieka, SGGW 14.11.2019r, Warszawa. Poster: Badanie wtasciwosci fizyko-
chemicznych 1 struktury krystalicznej lodow weganskich na bazie napoju
migdatowego (Anna Kot, Anna Kaminska-Dworznicka, Karolina Swiderek, Alicja
Baranska).
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rozpylowego miodu wielokwiatowego (Alicja Baranska, Magda Konachowicz, Anna
Kot, Aleksandra Jedlinska, Katarzyna Samborska).

4. ,Techniki, technologie, badania w przemysle rolno-spozywczym” —Sie¢ Badawcza
Lukasiewicz —Przemystowy Instytut Maszyn Rolniczych, 05.12.2019r., Poznan.
Poster: Wplyw zmiennej temperatury na rekrystalizacje¢ lodu w przechowywanych
lodach przemystowych (Anna Kot, Anna Kamifska-Dworznicka, Alicja Baranska,
Kinga Zakrzewska).

Poster: Badanie wptywu lepkosci roztworu na przebieg procesu suszenia rozpytowego
oraz wlasciwos$ci otrzymanych proszkow (Alicja Baranska, Monika Kropidtowska,
Anna Kot, Aleksandra Jedlinska, Katarzyna Samborska).

5. IV edycji Ogolnopolskiej Konferencji Naukowej ,Nauka Okiem Mtodego
Naukowca”,06.06.2020 r., e-konferencja £.6dz. Poster: Comparison of the influence of
the iota and kappa carrageenan on the recrystallization processes in ice cream based on
almond drink (Anna Kot, Anna Kaminska-Dwodrznicka, Karolina Swiderek, Alicja
Baranska).

Poster: Low temperature honey spray drying with milk powder as a carrier agent to
obtain clean label product (Alicja Baranska, Aleksandra Jedlinska, Anna Kot,

Matgorzata Ignaczewska, Katarzyna Samborska).
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Euro-Aliment 2021, THE 10™ INTERNATIONAL SYMPOSIUM 7-8.10.2021 r.,
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Dworznicka).
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stabilizujacych enzymatycznych hydrolizatéw iota karagenu (Anna Kaminska-
Dworznicka, Anna Kot, Paulina Zwierzchowska).
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zamrazania wspomaganego ultradzwickami na zmiany struktury krystalicznej sorbetu

z mango (Anna Kaminska-Dworznicka, Anna Kot, Wojciech Tymofijewicz).
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w Rolnictwie”, 6-10.02.2023 r., Zakopane. Prezentacja: Wplyw beta glukanu na
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(Anna Kaminska-Dworznicka, Anna Kot, Magdalena Buniowska-Olejnik).

Food Symposium 3.0 - LSU AgCenter / MENDELU / SGGW, 20-24.03.2023 r.,
Baton Rouge, Louisiana (online). Poster: The effectiveness of ultrasound
homogenisation on the recrystallisation process in vegan ice cream (Anna Kot, Anna
Kaminska-Dworznicka).

XXVII Sesji Naukowej Sekcji Mtodej Kadry Naukowej ,,Zywno$é. Nauka.
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ultrasound homogenization on the recrystallization process in milk ice cream (Anna

Kot, Anna Kaminska-Dworznicka).
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ABSTRACT

The aim of the study was to compare the effects of \-carrageenan and its hydrolysates on ice recrystallisation
inhibition (IRI) in model solutions. Acid hydrolysis of (-carrageenan was carried out using hydrochloric acid
(HCD). Enzymatic hydrolysis was conducted using the enzymes f-galactosidase and commercial lactase. Hydro-
lysates were used as a stabiliser in model system solutions. The recrystallisation process was analysed on the basis
of images of ice crystals in 50% sucrose and 50% sucrose with the addition of sodium caseinate after 24, 48, 72
and 96 h of storage at — 8 °C. The molecular mass after hydrolysis of \-carrageenan was decreased by around 16%
after hydrolysis with p-galactosidase use, around 3% after hydrolysis with commercial lactase use and 24% after
acid hydrolysis. Furthermore, using the hydrolysates of \-carrageenan had a strong impact on the recrystallisation
process. Significant retardation of recrystallisation in the sucrose solution was observed for the addition of both
types of hydrolysates (after acid and enzymatic hydrolysis). However, in sucrose with the addition of sodium
caseinate, the oligosaccharides obtained after hydrolysis with commercial lactase use were more effective in
recrystallisation inhibition - the average diameter of ice crystals was 16.92 um. The spectra obtained with
Fourier Transform Infrared Spectroscopy (FTIR) show changes in the absorption bands, which confirms that
functional groups changes could lead to the IRI activity of gained hydrolysates.
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1. Introduction

Recrystallisation is an issue that generates significant concern in the
ice cream industry. It may be caused by fluctuating temperatures and
additionally during long-term storage above the glass transition point
[1,2]. Recrystallisation leads to many ice crystal modifications, for
instance, changes in shape, number or an increase in them. This unde-
sirable process is predominantly caused by two mechanisms: accretion
and migration. Accretion consists of combining two or more adjacent ice
crystals to form a large, single one. Simultaneously, migration is based
on the melting of smaller ice crystals and the movement of the melted
liquid to the surface of larger ice crystals [3-5]. The mean size of ice
crystals around 10-20 pm is pivotal to provide the product with its
eligible texture. For instance, ice crystals estimated at more than 50 um
may be detected during consumption as a kind of sandiness. Hence, it is
vital to reduce or eliminate these phenomena, so it is advisable to use
hydrocolloid stabilisers [6,7]. Hydrocolloid stabilisers have little impact
on the initial size distribution in ice cream production, and sometimes
no effect is detectable. Nonetheless, the stabilisers limit the growth of ice
crystals during the recrystallisation process. Moreover, in the ice cream
industry, the functions of stabilisers are connected with producing
smoothness in texture during eating, reducing the rate of meltdown and
slowing down moisture migration out of ice cream during storage.
Moreover, stabilisers may control the incorporation of air in the factory
freezer and help produce a stable foam [3,5,6]. Also, in the dairy in-
dustry crystallisation and recrystallisation of lactose create a big prob-
lem. This process can also be controlled by the addition of stabilisers.
The difference between ice and lactose crystals can be detected during
consumption when the ice crystals are disappearing while lactose crys-
tals are still perceptible [8]. Moreover, the rate of crystallisation is
determined by numerous effects such as crystalliser design, parameters
or impurities on the kinetics of the process. The major issue of industrial
lactose crystallisation is to obtain small crystals and limit the separation
of the downstream process, to achieve low recovery [9].

Carrageenans as sulphated polysaccharides are widely used due to
their remarkable gelling capacities. Carrageenans are classified into
different groups depending on the number and position of sulphates
esters. Three primary forms of carrageenan have been identified: kappa,
iota and lambda [10,11]. Carrageenans contain D-galactose and 3,
6-anhydro-D-galactose units which are bonded together with a-1,3 and
f-1,4 linkages, in attendance of sulphate groups [1,12,13].

The influence of carrageenans as hydrocolloids on ice recrystallisa-
tion is still being investigated and generates controversial discussion. A
plethora of studies shows that these hydrocolloids limit the rate of ice
crystal growth during the recrystallisation process. Nonetheless, in other
research no or only a small effect of hydrocolloids on the recrystallisa-
tion process was observed. Moreover, it is considered that ice recrys-
tallisation inhibition activity (IRI) of hydrocolloids is associated with a
decrease in the mobility of water molecules because of water-binding or
steric hindrance [2,5,14]. Additionally, according to Bahramparvar and
Mzaheri Tehrani (2011), the IRI activity of hydrocolloids that were used
as stabilisers in ice cream might be explained by viscosity and molecular
mobility, hydrocolloid phase separation or cryo-gelation formation [1,
15]. -carrageenan contains two sulphate groups per unit and its prop-
erties depend on it. For instance, the gelation properties are different in
all forms of carrageenans due to the number and location in the linkage
of sulphate groups. Additionally, the presence of the 3,6-anhydro-bridge
in k- and |- carrageenan contribute to forming a strong gel [1,12,13].
Based on the gelation process of polymers, it has been shown that
l-carrageenan is capable of forming a soft elastic gel in the presence of
calcium ions. Calcium is a divalent cation that has the ability to create
intra-molecular combinations between the sulphate groups of anhy-
dro-D-galactose and D-galactose of \-carrageenan. Additionally, (-carra-
geenan hydrates at ambient temperature in water, but hydration with
the addition of salts may raise the gel point. The solution is converted
into the gel with distinctive yield strength. Regarding syneresis
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properties, iota gels do not exhibit such capacity [1,16].

In the native form, the molecular weight of carrageenans is estimated
at over 100 kDa. Due to the chemical or heat hydrolysis and specific
enzymes, these polysaccharides are degraded into smaller fragments
[13]. The degraded carrageenans may exhibit thermal, oxidative and
hydrolytic abilities. Furthermore, the functionality of these new oligo-
saccharides, such as gel-forming or viscosity-enhancing, may help to
create a new product [17].

Hydrolysis of carrageenans is an immensely desirable process that
allows control of physical properties of solutions or gels, which are
determined by molecular mass distribution [18]. Modifying the
repeating unit in the composition is possible during the acid hydrolysis
for sulphated polysaccharides such as carrageenans. Thus, reducing the
sulphate groups will cause more flexibility and less extension to a
polymer. It may suggest that such a desulphated polysaccharide mole-
cule can behave efficaciously in solution compared to different mole-
cules with the same degree of polymerisation and untouched sulphate
groups [17]. Additionally, according to research by Kiran-Yildirim et al.
[1], the structural features of carrageenans such as the amount and
position of the sulphate groups may be important for the IRI activity. For
example, k-carrageenan showed a higher IRI activity in comparison to
l-carrageenan samples [1]. On the other hand, enzymatic hydrolysis of
carrageenans, which is conducted by specific enzymes, may be more
lucrative than acid hydrolysis. Because enzymes are highly specific to
substrates, they generate oligosaccharides equivalent in molecular mass.
The enzyme which degrades (-carrageenan is called -carrageenase. It
belongs to the group of endohydrolase enzymes, by which the internal
B(1—4) linkages are cleaved into oligo-carrageenans. This degradation is
provided by breaking these linkages instead of hydrolysing units from
the ends. As a result, such enzymatic hydrolysis generates a group of
homologous and even-number oligosaccharides [12,19].

The aim of this study was to perform acid and enzymatic hydrolysis
of -carrageenan. The next step was to investigate their properties that
inhibit the recrystallisation process in model sucrose solutions. Pure
sucrose and sucrose with sodium caseinate were used to study the sta-
bilizing properties in the presence of milk proteins. According to the
satisfactory results of hydrolysis of k-carrageenan described by Kamin-
ska-Dworznicka et al. [2,20], the same method was used. Due to the fact
that iota-carrageenase is not available for purchase, different and
alternative enzymes were used to conduct the hydrolysis. The com-
mercial lactase and in comparison, p-galactosidase were applied as the
cheapest and more available substitute. In order to confirm that IRI
activity depends on the functional groups position changes, as well as
the spectroscopic changes observed in the samples, FTIR infrared spec-
troscopy was also used. A shift in the absorption bands (e.g. 3350, 1020,
914 cm™!) as well as a change in their intensity confirm our
assumptions.

2. Materials and methods
2.1. Materials

-carrageenan powder samples were obtained from Sigma-Aldrich.
The enzymes for enzymatic hydrolysis were: p-galactosidase which
was obtained from Sigma-Aldrich and commercial lactase from Serowar
s.c. Szczecin. For acid hydrolysis, 0.1 M hydrochloric acid and 0.1 M
sodium hydroxide obtained from Chempur were used.

2.2. Sample preparation

2.2.1. Engymatic hydrolysis of \-carrageenan

\-carrageenan was first dissolved in distilled water to obtain a 0.4
mg/ml solution and heated up to 40 °C. This hydrolysis was carried out
using two different enzymes. The first one was f3-galactosidase (1000 U/
mg, from Escherichia coli, soluble in glycerol and TRIS buffer (pH 7.4)). It
was conducted for 2, 24, 48 and 72 h, at 37 °C. Reference samples



A. Kot et al.

(without incubation) and samples of degraded (-carrageenan were taken,
neutralised at 48 °C for 5 min and then cooled to stop any further re-
actions (Sigma-Aldrich — Product Information; Kaminska-Dworznicka
et al. [2]). After repeating the solution of \-carrageenan, the second
enzyme was used — commercial lactase (activity: min. 5200 NLU/g; 1
ml/1 I solution; 1 drop/50 ml solution). It was conducted for 24 h, at 5
°C. Reference samples (after time 0) and samples of degraded (-carra-
geenan were taken, neutralised at 48 °C for 5 min and then cooled to
stop any further reactions (Serowar- Product Information). For both
treatments samples were stored frozen at — 18 °C and thawed just before
analysis.

2.2.2. Acid hydrolysis of \-carrageenan

-carrageenan was first dissolved in distilled water to obtain a 10 mg/
ml solution and heated up to 40 °C. This prepared solution was mixed
with 0.1 M hydrochloric acid to reach a pH level of 3, measured by an
ELMETRON CPC-501 pHmeter. In order to prepare a reference sample
(after time 0), 25 ml of the prepared solution (10 mg/ml) was taken and
quickly neutralised with a 0.1 M NaOH solution to obtain a pH level at 7.
The rest of the solution was placed on a mechanical heater (RCT Basic
IKAMAG) preheated to 60 °C, with a magnetic stirrer (2 rpm). Then,
samples were taken after 1 and 3 h, neutralised (the same as in the
reference sample) and cooled. Finally, samples were stored frozen at —
18 °C and thawed prior to analysis [20].

2.2.3. SEC analysis

The experiments of all types of hydrolysis and each time were
repeated three times and before chromatography three samples from
each variant and each repeat (including reference samples) were pre-
pared. The molecular mass distribution was estimated through size-
exclusion chromatography (SEC) after hydrolysis. Polymer degrada-
tion was followed by SEC on a Shimadzu liquid chromatography system
equipped with a RID-10A detector, an LC-20 CE pump, a CTO-20A
heater and a Phenomenex column (Phenomenex USA). Narrow molec-
ular mass distribution dextran standards were used in the calibration
from Polymer Laboratories Ltd (Minneapolis, MN, USA). Results of
molecular mass are presented as mean =+ standard deviations (Table 1,
Figs. 1, 2 and 3). The influence of hydrolysis type and time on the mo-
lecular mass was used to establish the significance of differences among
the mean values by one-way analysis of variance (ANOVA) and Tukey’s
test. The data were analysed using the Statgraphics Centurion XV

Table 1
Average molecular mass of -carrageenan and its hydrolysates after hydrolysis
process.

Type of hydrolysis Time of hydrolysis = Molecular mass (Da)
(h)
Acid hydrolysis 0 1.94 x 10° + 0.31 x
10%a
1 1.73 x 10° + 0.29 x
10°a
3 1.48 x 10° + 0.20 x
10°b
Enyzmatic B-galactosidase 0 3.80 x 10° + 0.63 x
hydrolysis 10°a
24 3.70 x 10° £ 0.75 x
10°a
48 3.40 x 10° + 0.10 x
10°b
72 3.20 x 10° + 0.45 x
10°b
Enyzmatic commercial lactase 0 3.60 x 10° + 0.44 x
hydrolysis 10°a
24 3.50 x 10° + 0.40 x

10°a

Values represent means =+ standard deviations. Mean values followed by the
same small letter (in the column, for the same type of hydrolysis) do not differ
significantly at « = 0.05.
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program, version 15.01.02 (StatPoint Inc., Warrenton, USA).

2.2.4. Preparation of model sucrose solutions

50 ml of model 50% sucrose solutions and 50% sucrose with the
addition of sodium caseinate were prepared (the amount of sodium
caseinate used was 2.6 g/100 ml) without any addition and with the
addition of:

e 0.01% (-carrageenan

e 0.005% of hydrolysates after 3 h of -carrageenan acid hydrolysis

e 0.005% hydrolysates after 72 h of (-carrageenan enzymatic hydro-
lysis of p-galactosidase

e 0.005% hydrolysates after 24 h of -carrageenan enzymatic hydro-
lysis of commercial lactase

According to the previous research conducted on k-carrageenan by
Kaminska-Dworznicka et al. [2], Gaukel et al. [5], Kaminska and Gaukel
[21], concentrations of (-carrageenan (0.01%) and its hydrolysates
(0.005%) were prepared. 0.01% of k-carrageenan is the minimal con-
centration that could influence the recrystallisation process based on
previous studies [2]. The experiment by Kaminska-Dwoérznicka et al. [2]
was provided with the addition of 0.005% k-carrageenan hydrolysates
(concentration obtained after preparation processes). Based on that it
was assumed that the minimal amount of (-carrageenan also could in-
fluence the recrystallisation process in examined samples. Also,
assuming the stronger effect of the hydrolysates of (-carrageenan, such
an amount was used.

Sodium caseinate was used instead of for example skim milk powder
because of the more effective capacity of sodium caseinate to link with
water molecules. Due to the specific functionalities of sodium caseinate,
such as thickening and gel formation, caseinate sodium was used to
obtain the desired structure and sensory characteristics of the product.
Additionally, sodium caseinate may constitute a highly dense and
viscoelastic network. In ice cream, it was reported that the use of sodium
caseinate may positively influence whipping time and also increase the
initial overrun [22,23].

2.3. Microscopic analysis of the recrystallisation process in model sucrose
solutions

Forty microliters of each sample were dropped on the space between
two microscope coverslips (fixed earlier to the object slide), covered
with an additional microscope coverslip and sealed with silicone. Sub-
sequently, they were subjected to fast freezing at — 70 °C in a quick air
freezer (National Lab ProfiMaster), for one hour. This kind of fast
freezing transformed the aqua solution into a glassy state. It was found
that at the temperature of — 70 °C 1 million small crystals (diameter of
2-3 um) formed in 1 cm® during 1 h [24].

Then the object slides were stored at — 8 °C for 24 h in the storage
chamber. Under this condition, the resulting ice volume fraction is
sufficient for observation of ice crystal changes during storage [5,25].
The solution was prepared for each of the treatments in triplicate, ac-
cording to previous studies [5,20,26].

Recrystallisation was then analysed based on the images of ice
crystals taken after 24, 48, 72 and 96 h of storage at — 8 °C. A micro-
scope (Nikon Alpha Phot-2) with the cooling system Linkam Scientific
PE 94 and a camera (Nikon DS-Fil) were used. Images were taken at
— 8 °C (cooling system). The obtained images were analysed using NIS
Elements D software. Three hundred crystals were marked for a
particular sample, and area, equivalent diameter and standard deviation
were calculated using the NIS Elements D Imaging software (ver. 3.00,
Nikon). Then the frequency distribution of crystal size was computed
using Microsoft Excel 2011 macro data analysis. The relative frequency
of any class interval was calculated as the number of crystals in the class
(class frequency) divided by the total number of crystals and expressed
as percentages (Fig. 4, Fig. 5, Fig. 6, Fig. 7). The mean diameter (Dp) and
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Fig. 1. Results of SEC analysis after acid hydrolysis of \-carrageenan.

Fig. 2. Results of SEC analysis after enzymatic hydrolysis of - carrageenan by p-galactosidase.

standard deviation (Sp) of each class were also calculated, according to
the method described by Kaminska-Dwoérznicka et al. [26] and Kamin-
ska-Dworznicka et al. [20] (Table 2; Table 3). The ice crystal size dis-
tribution in model sucrose solutions was characterised based on the
model with the cumulative distribution of equivalent diameters
(Figs. 4-7), which were prepared in OrginLab 2022. Based on that, the
parameter Xso was analysed as a value of ice crystal diameter at 50% of
the cumulative distribution of the sample [6].

2.4. FTIR analysis

Samples after hydrolysis and also pure carrageenan solution were
stored frozen at — 18 °C. The materials were then freeze-dried for 24 h
with the application of an Alpha 1-4 freeze-dryer (Martin Christ
Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany) under
the pressure 63 Pa and at a shelf temperature of 30 °C.

Measurements of ATR-FTIR spectra corrected for the background (25
scans for each sample) were obtained with the use of a HATR Ge trough
(45° cut, yielding 10 internal reflections) crystal plate at 20 °C, and were
recorded with a 670-IR spectrometer (Agilent, USA). The instrument
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Fig. 3. Results of SEC analysis after enzymatic hydrolysis of - carrageenan by commercial lactase.

Fig. 4. Ice crystal size distribution in model sucrose solutions with -carra-
geenan and its acid hydrolysates: after 24 h and after 96 h of storage at — 8 °C.
Explanatory notes: 50% suc+I — 50% sucrose solution with the addition of -
carrageenan; 50% suc+A — 50% sucrose solution with the addition of the acid
hydrolysates of -carrageenan.

was continuously purged with argon gas for 50 min before and during
the measurements. The Ge crystal was previously cleaned with ultra-
pure organic solvents (Sigma-Aldrich). Absorption spectra at a resolu-
tion of one data point per 1 cm ™ (to the highest measurement accuracy)
were collected in the region between 4000 and 400 cm™!. The scans
were then Fourier-transformed and averaged with Grams/Al 8.0 soft-
ware (Thermo Fisher Scientific, USA).

3. Results and discussion
3.1. Hydrolysis results
According to the literature, the average molecular mass of \-carra-

geenan is estimated at around 5.6 x 10° Da [17]. In the present study it
was found that the average molecular mass of reference samples

Fig. 5. Ice crystal size distribution in model sucrose solutions with -carra-
geenan and its enzymatic hydrolysates: after 24 h and after 96 h of storage at
— 8 °C.Explanatory notes: 50% suc-+I — 50% sucrose solution with the addition
of \-carrageenan; 50% suc+B — 50% sucrose solution with the addition of the
enzymatic fB-galactosidase hydrolysates of \-carrageenan; 50% suc+L — 50%
sucrose solution with the addition of the enzymatic commercial lactase hy-
drolysates of \-carrageenan.

(samples of \-carrageenan after time zero of the hydrolysis analysis) was
about 1.96 x 10° Da (for the first part of examined samples) and from
3.6 x 10° to 3.8 x 10° Da (for the second part of examined samples)
(Table 1). This difference between our samples and the literature may be
attributed to the association and aggregation which could occur at room
temperature during storage in (-carrageenan [27]. Some reduction in
molecular mass accompanies the degradation of polysaccharides such as
-carrageenan. The molecular mass of (-carrageenan was reduced by
about 24% after acid hydrolysis in comparison to non-degraded
-carrageenan (Table 1, Fig. 1). After enzymatic hydrolysis using
B-galactosidase, molecular mass was decreased by about 16% (Table 1,
Fig. 2). For commercial lactase use, only a 3% decrease in molecular
weight was observed (Table 1, Fig. 3). Kaminska-Dwdrznicka et al. [2]
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Fig. 6. Ice crystal size distribution in model sucrose solutions with the addition
of sodium caseinate and (-carrageenan and its acid hydrolysates: after 24 h and
after 96 h of storage at — 8 °C. Explanatory notes: 50% suc-+cas+I — 50% su-
crose solution with the addition of sodium caseinate and (-carrageenan; 50%
suc+cas+A — 50% sucrose solution with the addition of sodium caseinate and
acid hydrolysates of \-carrageenan.

Fig. 7. Ice crystal size distribution in model sucrose solutions with the addition
of sodium caseinate and -carrageenan and its enzymatic hydrolysates: after
24 h and after 96 h of storage at — 8 °C. Explanatory notes: 50% suc+cas+I —
50% sucrose solution with the addition of sodium caseinate and (-carrageenan;
50% suc+cas+B — 50% sucrose solution with the addition of sodium caseinate
and the enzymatic f-galactosidase hydrolysates of I-carrageenan; 50%
suc+cas+L — 50% sucrose solution with the addition of sodium caseinate and
the enzymatic commercial lactase hydrolysates of \-carrageenan.

reported that after hydrolysis with p-galactosidase, the molecular mass
of k-carrageenan was decreased by about 16%. Owing to this result, the
enzymatic hydrolysis with commercial lactase use is not the best way to
degrade the molecular mass of such polysaccharides as carrageenan.
Moreover, the enzyme p-galactosidase was used instead of carra-
geenase due to the fact of its availability. In the present research, it was
found that the enzyme will influence the internal f(1—4) linkages as
carrageenase does. Moreover, this enzyme was also used in research by
Kaminska-Dwdrznicka et al. [2] and it brought satisfactory results.
Additionally, as mentioned in the methodology section, the lactase
enzyme was used as a cheaper equivalent to f-galactosidase. Since these
are both in the same enzyme group, an attempt to understand the
mechanism of degrading (-carrageenan was made. The chromato-
graphical analysis indicated that the extension and type of hydrolysis
generated a shift in the time of discharge of the molecules. First, the

Colloids and Surfaces A: Physicochemical and Engineering Aspects 643 (2022) 128744

highest molecular mass was noted for samples after enzymatic hydro-
lysis (Table 1). After 72 h of hydrolysis by f-galactosidase, the oligo-
saccharides reached the lowest mass compared to the shorter hydrolysis
time. Nonetheless, after 24 h of enzymatic hydrolysis by commercial
lactase, the molecular mass reached 3.5 x 10° Da while 3.6 x 10® was
observed for the standard sample. In a study by Henares et al. [13] the
hydrolytic activity of carrageenase from Pseudoalteromonas carra-
geenovora was examined using l-carrageenan as the substrate. NMR
spectroscopy indicated that the beta-1,4-linkage of the D-gal-
actose-4-sulfate unit was hydrolysed however, it is specific for carra-
geenase use and we do not know exactly what kind of linkages in
l-carrageenan were hydrolysed by examined enzymes.

The tendency of decreasing molecular mass in the course of time was
also observed in the acid hydrolysis of -carrageenan (Fig. 1). Concerning
acid hydrolysis of -carrageenan in the study by Briones and Sato [28], it
was confirmed that obtained oligosaccharides after hydrolysis contained
the basic sugar unit 3,6-anhydrogalctose and also sulphated galactose.
Based on ESI MS spectra analysis, the ions for sodium salt forms were
linked to both sulphated oligosaccharides. Additionally, a high level of
purity of both obtained hydrolysates was noticed. Moreover, in the study
by Karlsson and Singh [17], the molecular mass of \-carrageenan, after
120 min of acid hydrolysis at 55 °C, was significantly depolymerized
compared to the initial average molecular mass before hydrolysis. The
reduction of molecular mass could be caused by a decrease of the free
sulphate groups in carrageenan. The standard sample with the highest
molecular mass (1.94 x10° Da) left the column first, and it was gradu-
ally followed by other samples with lower mass. A similar effect was
noted in acid hydrolysis of «x-carrageenan, described by Kamin-
ska-Dworznicka et al. [26]. Also, the samples after 3 h of hydrolysis by
hydrochloric acid had the lowest molecular mass. The obtained results
show the differences in the mechanism of degradation of carrageenan
chains depending on the type of hydrolysis. Additionally, based on the
statistical analysis, only the molecular mass of the sample after hours of
acid hydrolysis was relevant. In comparison to enzymatic hydrolysis,
only for the designated molecular mass of samples after 48 and 72 h
were significant differences noted. In the hydrolysates gained after
commercial lactase use, no statistically significant differences were
observed (Table 1). Based on the conclusion formulated by Kamin-
ska-Dworznicka et al. [2] and Kaminska-Dworznicka et al. [20] in the
matter of molecular mass of k-carrageenan after hydrolysis, only sam-
ples with the lowest average molecular mass were used for further
analysis.

3.2. Recrystallisation process

The sucrose solutions were prepared as a model of non-milk ice
cream whereas the sucrose solutions with the addition of sodium
caseinate were treated as a model of milk ice cream. The hydrolysates
after the longest time of hydrolysis and the highest molecular mass
reduction were chosen for further analysis (Table 1).

After 24 h of storage, the average recorded diameter of ice crystals in
the sucrose solution without any addition (50% suc) was 11.87 um. Also,
it was the smallest size out of all samples examined at the beginning.
Nonetheless, after 96 h, it changed significantly, because the diameter
(Xs50) increased to almost 28 pum (Table 2; Fig. 4; Fig. 5). The application
of non-degraded (-carrageenan (50% suc+I) did not trigger relevant
consequences, because it had no vital effect on ice recrystallisation in-
hibition. After 24 h of storage ice crystals were larger than in samples
without additives, 14.34 ym. Additionally, during storage the growth of
ice crystals was visible and it reached the same level as was noted for the
reference sample (27.57 pm). Similar results for the i-carrageenan
addition were previously reported by Kiran-Yildirim and Gaukel [29] -
the mean ice crystal diameter for sucrose solutions with (-carrageenan
addition was 31.095 um after 96 h of storage.

When analysing the value of ice crystal diameter at 50% of the cu-
mulative distribution of the sample (Xs5¢ diameter), the addition of
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Table 2
Comparison of ice crystal size distribution after different storage times.

Colloids and Surfaces A: Physicochemical and Engineering Aspects 643 (2022) 128744

Time of storage and
solution variant

Average diameter D, in the class with the highest frequency [pm] + SD

Minimal size of ice crystals [pum]  Maximal size of ice crystals [pm]

50% suc 24h 11.87 + 2.63
96 h 27.54 + 2.85
50% suc+I 24h 14.34 + 3.81
96 h 27.57 + 4.37
50% suc+A 24 h 13.01 + 2.03
96 h 20.50 + 4.11
50% suc+B 24h 15.55 + 6.86
96 h 20.78 + 6.03
50% suc+L 24h 17.27 + 3.27
96 h 21.67 + 8.84

6.70 20.46
22.46 36.75
6.42 24.14
20.41 45.92
9.23 17.28
11.29 30.14
4.43 34.23
7.48 37.30
7.25 26.09
6.62 47.86

Explanatory notes: 50% suc-+I — 50% sucrose solution with the addition of \-carrageenan; 50% suc+A — 50% sucrose solution with the addition of the acid hydrolysates
of I-carrageenan; 50% suc+B — 50% sucrose solution with the addition of the enzymatic p-galactosidase hydrolysates of \-carrageenan; 50% suc+L — 50% sucrose
solution with the addition of the enzymatic commercial lactase hydrolysates of (-carrageenan.

Table 3
Comparison of ice crystal size distribution after different storage times.

Time of storage and solution
variant

Average diameter D, in the class with highest frequency [pm] + SD

Minimal size of ice crystals [pm]  Maximal size of ice crystals [pm]

50% suc +-cas 24h 11.16 + 2.21
96 h 23.76 + 4.01
50% suc+cas+I 24h 11.07 + 2.71
96 h 19.82 + 2.73
50% suc+cas+A 24h 11.38 + 2.73
96 h 20.35 + 6.38
50% suc+-cas+B 24 h 14.00 + 2.97
96 h 18.77 + 4.61
50% suc+cas+L 24 h 11.76 + 3.13
96 h 16.92 + 4.56

6.88 17.74
13.03 35.54
6.61 19.19
13.67 26.66
5.65 22.27
8.13 37.10
7.88 21.90
7.71 37.94
5.42 22.52
7.34 33.31

Explanatory notes: 50% suc +cas+I — 50% sucrose solution with the addition of sodium caseinate and (-carrageenan; 50% suc-+cas+A — 50% sucrose solution with the
addition of sodium caseinate and acid hydrolysates of -carrageenan; 50% suc-+cas+B — 50% sucrose solution with the addition of sodium caseinate and the enzymatic
p-galactosidase hydrolysates of I-carrageenan; 50% suc+cas+L — 50% sucrose solution with the addition of sodium caseinate and the enzymatic commercial lactase

hydrolysates of \-carrageenan.

hydrolysates of \-carrageenan affected the recrystallisation process
(Fig. 4, Fig. 5; Table 2). The most propitious effect of IRI (Ice Recrys-
tallization Inhibition) in sucrose solutions was observed for the addition
of oligosaccharides gained after acid (50% suc+A) and enzymatic hy-
drolysis with p-galactosidase (50% suc+B) use. For sucrose solution with
the addition of acid hydrolysates, X5o was lower than 20 um (Fig. 4). The
average diameter of ice crystals after 96 h was exactly 20.5 um, and it is
well below the detection threshold defined for ice crystals in ice cream
[2,7].

Another point of view was presented by Leiter et al. [14], who found
that increasing the sodium ion concentration (after acid hydrolysis)
leads to decreasing the IRI activity of k- carrageenan, and it was assumed
that the influence of ions on this parameter is related to the gelation
properties of k- carrageenan. However, Thrimawithana et al. [11]
mentioned that ions such as sodium ions are only able to bond ionically
to the sulphate groups, in comparison to calcium ions and potassium
ones, which have a significant impact on carrageenans. Based on this
study we also think that other ions such as sodium present in the sample
after hydrolysis did not affect the IRI activity of hydrolysed
carrageenans.

The addition of enzymatic hydrolysates (50% suc+B) (after
B-galactosidase treatments) also successfully restricted ice crystal
growth compared to non-degraded \-carrageenan and the sample
without any addition (Table 2, Fig. 5). At the end of storage, the average
diameter of ice crystals also did not exceed 21 ym. Nonetheless, the
addition of the enzymatic hydrolysates (50% suc-+L) (after commercial
lactase use) also brought the same effect. The X5o parameter was around
19.5 um (Fig. 5). According to Kaminska-Dworznicka et al. [2,20], the
application of acid and enzymatic hydrolysates of k-carrageenan was
more effective than a pure form of carrageenan addition. Nevertheless,

not only does molecular mass reduction influence this process but also
the type of oligosaccharides obtained [2,20]. Presumably, the loss of
sulphate groups in polysaccharides generates a tendency to create a
more flexible conformation and less extended due to their lower elec-
trostatic intermolecular repulsion [17].

In sucrose solution with the addition of sodium caseinate, there was a
more noticeable result in crystal size reduction, in comparison to pure
sucrose solution (50% suc+-cas). After 96 h of storage parameter, Xso
was at the level of 23 um (Fig. 6), while for pure sucrose it was more than
27 um (Fig. 4). It was known that -carrageenan with calcium salt ex-
hibits unusual thixotropic behaviour and produces a softer, more resil-
ient gel than with potassium salts [30]. Moreover, based on the research
by Thrimawithana et al. [31] (-carrageenan with the addition of KCl has
the ability to create a system with fewer cross-links than with the
addition of CaCly. Additionally, with calcium chloride, it could form
regular intra-helical cross-links. In our study for the addition of
non-degraded (-carrageenan (50% suc+cas+I) initially, the average
diameter of ice crystals was 11.07 ym and after 96 h it had increased
only to 19.82 um, while for pure sucrose with (-carrageenan addition it
was also around 27 um after 96 h of storage (Tables 2 and 3).

Acid hydrolysate addition brings a similar effect, as was observed for
the sucrose sample without sodium caseinate addition. After 24 h the
average diameter of ice crystals with the addition of acid hydrolysates
(50% suc+cas+A) was estimated at 11.38 um and after 96 h of storage,
it was increased to 20.35 um (Table 3, Fig. 6). A similar effect was noted
for the sample with the enzymatic hydrolysates ($-galactosidase use)
(50% suc+cas+B) addition, the average Xs5¢ parameter after 96 h was
approximately 18 um (Fig. 7). The most effective addition to preventing
the recrystallization process proved to be the addition of hydrolysates
obtained after commercial lactase (50% suc-+cas-+L) use. After 24 h the
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average diameter was comparable to other variants and it was less than
11.76 ym. Nonetheless, at the end of storage (after 96 h), the addition of
hydrolysates obtained by commercial lactase hydrolysis caused inhibi-
tion of the growth in size of the crystals and the average diameter was
16.92 um (Table 3). Presumably, this significant effect may be related to
the hypothesis, that the structure and mechanism of hydrolysis had more
influence on IRI than the molecular mass of hydrolysates. Because
during the hydrolysis by lactase, the molecular mass did not
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significantly change (Table 1) however the lucrative results were ob-
tained for this sample. Even if the two types of lactases (commercial and
pure p-galactosidase) degraded carrageenan to a different level when
comparing only molecular mass they still influenced the same type of
galactosides bond and create the same type of oligosaccharides. It was
already hypothesised by Kiran-Yildirim et al. [1] that the structural
features of carrageenans such as the amount and position of sulfate and
other functional groups may be crucial for IRI activity. Moreover, based

Fig. 8. Microscopic images of ice crystals in model sucrose solutions (S) with the addition of -carrageenan (SI) and its acid (SA) p-galactosidase (SB) and commercial

lactase (SL) hydrolysates: after 24 (a) and 96 h (b) of storage at — 8 °C.



A. Kot et al.

on the results presented by Kaminska-Dworznicka et al. [2] the size of
ice crystals in frozen model sucrose solution with the addition of enzy-
matic hydrolysates of k-carrageenan was less than 6 um. In comparison
to the present results, the average diameter of ice crystals was larger,
and after 96 h it was approximately 19 pm. Such variance was caused by
the different forms of carrageenan and distinct method of crystallization.
Moreover, the addition of sodium caseinate to sucrose was used as a
model of milk ice cream, and also it might be a reason for these
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differences. Nonetheless, in the present study, the size of ice crystals was
less than 20 pm. This size of ice crystals in ice cream is highly accepted
for eligible texture and composition. Additionally, the hydrolysates of
-carrageenan had a better influence than iota itself.

In research conducted by Wu [32] the commercial enzyme a-amylase
was used for hydrolysis of k-carrageenan. The aim of this research was to
optimise the use of this enzyme and use the carrageenan-derived oli-
gosaccharides for process production. In the conclusion of these results,

Fig. 9. Microscopic images of ice crystals in model sucrose solutions with the addition of sodium caseinate (SK) and with the addition of \-carrageenan (SKI) and its
acid (SKA) p-galactosidase (SKB) and lactase (SKL) hydrolysates: after 24 (a) and 96 h (b) of storage at — 8 °C.



A. Kot et al.

the obtained oligosaccharide product had a high level of purity and the
yield was 96.5%. It indicates that using commercial and cheaper en-
zymes may bring positive results with respect to carrageenans [32].

Crystal structure observed from the images also brings information
about the progress of the recrystallisation of ice. In sucrose solution and
sucrose solutions with the addition of sodium caseinate, the shape of ice
crystals was regular and round (Fig. 8; Fig. 9). Accordingly, at the time
of storage of samples, some changes may suggest that coalescence be-
tween adjacent ice crystals occurred. Presumably, the benefit of milk
proteins from sodium caseinate addition relied on the fact that it creates
with water molecules a structure that filled the empty spaces, conse-
quently forming the regular appearance of ice structure (Fig. 9). The
different interactions may explain such a phenomenon with the surface
of crystals and stabilisers during storage. According to the results con-
ducted by Kiran-Yildirim et al. [1], the shape modifications of ice
crystals should increase with increasing the IRI activity of \-carrageenan.
However, in comparison to the present research, such changes were not
observed.

3.3. FTIR analysis

The spectra of the samples selected for the study are presented in
Fig. 10. In order to simplify the interpretation of the obtained results, all
the characteristic bands and their corresponding vibrational modes and
functional groups [33-38] are presented in Table 4. The analysis of the
obtained spectra, reveals very intense vibration bands associated with
stretching groups -OH with a maximum at about 3350 cm ™2, these re-
sults correspond to the previous research [33-37]. The next area of vi-
brations with a maximum at 2919, 2886 cm™' are the bands
characteristic of the C-H stretching vibrations in the (-carrageenan
structure. The bands with a maximum at 1643 cm ™! are deformation
vibrations of the -OH groups. The area of the bands with a maximum at
1418 cm™! are deformation vibrations corresponding to the -O-CH
group. The very intense band with a maximum at about 1213 cm™*
corresponds to the vibration stretching of the group O—S—O in the
-carrageenan structure, which was also examined by Moniha et al. [33].
They showed the differences in spectra examined for pure (-carrageenan
and with the addition of ammonium nitrate [33]. It was also investi-
gated [35,36]. Furthermore, it is worth mentioning the vibrations with a
maximum at 845 and 700 cm ! corresponding to the stretching vibra-
tions of the 0-SO3 groups in the general structure of the -carrageenan.
However, from the point of view of the applied process, the most
interesting areas are those including the bands, at 1214, 1020,
914 cm™}, and the area of vibration of the -OH stretching groups
mentioned at the beginning of the description, i.e., the band with a
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Table 4

Location of the maxima of the FTIR absorption bands, with assignment of
particular vibrations to the respective samples: PI, A3, L24 and B72 with Fig. 10,
registered within the spectral range of 500-3740 cm ' [33-38].

FTIR Type and origin of vibrations
Positioning of band [em™!]

3350 vs(-OH)

2919 v(C-H)

2886

2846

1643 8(-OH)

1625

1462 S (-O-CH)

1418 8w(-OH) in C-OH group and v,,(C-H)
1372

1319 v(C-H)

1247 vs(0=S=0)

1213

1160 v(C-0)

1094

1066

1020

998

965

914 v(C-0-C) and v(0-SO3)
866 v(0-S03)

845

801 8(C-H)

770

717 1(0-SO3)

700

670

602 8(C-H)

573

maximum of about 3350 cm ™. The band with a maximum at 1214 cm™!

is the stretching vibrations characteristic of the configuration
v(0=S=O0). On the other hand, a very intense band with a maximum at
1020 ecm ™! indicates stretching vibrations characteristic for the C-O
groups in the carrageenan molecules. The last region of vibrations
located at a about 914 cm™! are stretching vibrations characteristic of
the C-O-C configuration in the -carrageenan structure. The band with
the maximum at 914 cm ™! may also be partly derived from the 0-SO3
moiety.

As we can see, the bands of the -OH group is slightly shifted towards
shorter wavenumbers in samples L24 and B72, i.e. after enzymatic hy-
drolysis in relation to the pure sample of PI \-carrageenan. This may
indicate a decrease in the vibration intensity of the -OH groups, and thus
a decrease in their mobility. In the case of sample A3, the shift is also

0.4

o
w
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o
N
1

o
o
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3500 3000 2500
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— A3

Wavenumber (cm™)

Fig. 10. FTIR infrared spectra in the spectral range: 500-3740 cm ' for the tested samples, respectively: PI, A3, L24 and B72. Spectra were measured at room
temperature. Explanatory notes: PI — pure \-carrageenan; A3 — the acid hydrolysate of \-carrageenan; B72 — the enzymatic p-galactosidase hydrolysates of \-carra-

geenan; L24 — the enzymatic commercial lactase hydrolysates of \-carrageenan.
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visible but much smaller. It is very interesting to observe the reduction
of the relative intensity of the bands from a maximum at 1213 and
914 cm™ . They come from the vibrations of groups which include sulfur
atoms. This fact clearly proves the possibility of reducing the number of
sulfate groups, which may result in greater flexibility of the polymer
structure of the sample thus prooving of our main hypothesis. Clear
changes are also observed at a maximum of 1020 and 1063 em e,
for C-O stretching vibrations, especially in the case of L24 and B72
enzymatic hydrolysis. This confirms that the applied processes also have
a noticeable effect on the main carrageenan ring. It is also worth
emphasizing the changes in the intensity of the bands below 980 cm L.
This result proves that the discussed processes have a different impact on
the bonds between the main structural units of carrageenan. Finally, one
should also pay attention to the L24 and B72 spectra. They have a very
similar course, which is a clear proof that in an industrial application
one can use a cheaper and more accessible equivalent. The application of
infrared spectroscopy will be the subject of further research related to
this topic. The fundamental aim is to quickly and easily monitor the
changes taking place in selected samples by observing a molecular
response.

4. Conclusion

The present study showed that new substances obtained by hydro-
lysis might bring a positive IRI (Ice Recrystallisation Inhibition) effect.
The best method for reducing the molecular mass of \-carrageenan was
acid hydrolysis, with about 24% of molecular mass reduction.

Furthermore, all examined hydrolysates inhibited the recrystallisa-
tion process in model sucrose solutions. The average diameter of ice
crystal did not exceed 22 um after 96 h. Moreover, in the sucrose solu-
tion with the addition of sodium caseinate, the effect was even more
visible and the most efficient was the addition of the oligosaccharides
after commercial lactose hydrolysis. At the end of storage, the size of
obtained crystals was less than 17 pm. The effectiveness of \-carrageenan
hydrolysates in ice recrystallisation inhibition may suggest that struc-
tural composition, as well as the position of functional groups, should be
a subject for further studies. The analysis of the spectra obtained via
FTIR spectroscopy confirms the above conclusions. The intensity and
shape of the bands from the areas with the maximum at 3350, 1214,
1020, and 914 cm ™! provide clear evidence for the above hypotheses,
also from a molecular approach. The most informative areas are the
stretching vibrations characteristic of groups such as -OH, O = S = O, C-
O, and C-O-C in the main core of the (-carrageenan structure.
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According to the physical definition of ice cream, it is
a multiphase system in which air, fat and ice crystals are dis-
persed in a vicious, concentrated and unfrozen solution [19,
28]. In 2021, the global ice cream market was valued at USD
79.0 billion and it is expected to broaden at an annual growth
rate (CAGR) of 4.2% from 2022 to 2030. The fuel for this growth
is connected with the rising demand for innovative flavours,
types of ice cream or health consciousness [43].

ne of the pivotal aims of food technol-

ogists in the ice cream industry is to

produce ice cream with an ice crystal

size and distribution that results in the
smoothness of the product and inhibits the recrys-
tallisation problem [17]. For instance, ice crystals
between 10 to 20 um give a favourable texture while
crystals larger than 50 pum cause the undeniable
quality of products such as coarse or grainy [18, 23,
36]. The sort of nutrients and the energy value of ice
cream depend upon the used ingredients. According
to that ice cream may be a source of food energy and
become an excellent and desirable food for growing
children or adults who need to maintain weight [20].
Despite this, ice cream is still underestimated and it is
treated as just only frozen dessert. However, by draw-
ing on the research by Spence et al. (2019), the new
potential of ice cream was highlighted. Due to the
dynamic contrast experienced by eating ice cream
and the residual sensitivity to cold, this frozen dessert
makes an excellent medium for the transmission of
nutrients/energy to the elderly who are in care/hos-
pital or are malnourished. Based on that perceiving
ice cream as a childish or comfort food is not exactly
correct. Owing to the fact that the popularity of ice
cream would like to seems to be an effective vehicle
for the delivery of the new meaning [37].

VEGAN ICE CREAM FOR WHOM?

Nowadays, climate change is perceived as one
of the incredibly significant phenomena caused by
human activity. Unfortunately, the food system is
responsible for around 30% of total GHG emissions
globally. As it was noticed in the paper by Konstantas
et al. (2019), there are not many studies which show
the influence of the impact ingredients of ice cream
on global warming. For example in one of them, it
was estimated that the GWP (global warming po-
tential) of ice cream is at 4 kg CO, eq./kg. [24]. Ac-
cording to the United Nations, adjusting our diet to
a plant-based diet is essential to counteract climate
change. On grounds that the exclusion of a meat-
based diet can contribute to the promotion of more

SUMMARY:

There are a plethora of

reasons why people are more
interested in a vegan diet and
at the same in a vegan frozen
dessert. Environmental, ethical,
and healthy motives or just
even curiosity contribute to
developing the need for such
products. The main purpose of
this study was to develop and
understand of the phenomenon
of vegan ice cream. Another
key point in this paper was to
assemble basic information

STRESZCZENIE:

about vegan ice cream, its
ingredients, experimental
production and the newest
research in the scientific world.
All'the mentioned examples
show that there are many
great alternatives to milk
ingredients and a wide variety
of compounds. In addition,
the combination of distinctive
compounds has contributed

to a comprehensive range of
possibilities in vegan ice cream
production.

Istnieje wiele powoddw, dla
ktorych wzrasta zainteresowanie
dieta wegariska, a tym samym
weganskimi mrozonymi
deserami. Motywy ekologiczne,
etyczne, zdrowotne, a nawet
ciekawos¢ przyczyniaja sie do
rozwoju zapotrzebowania na
taki produkt. Glownym celem
tego artykutu byto wyjasnienie

popularnosci lodow wegariskich.

Kolejnym kluczowym punktem
byto zebranie podstawowych
informadji o lodach
weganiskich, ich skfadnikach,

eksperymentalnej produkdji
oraz najnowszych badaniach
w $wiecie nauki. Wszystkie
wymienione przykfady
pokazuja, ze istnieje wiele
prosperujacych alternatyw dla
sktadnikéw mleka krowiego.
Natomiast szeroka gama tych
surowc6w oraz ich kombinacji
zapewnia ogromne mozliwosci
w produkgji weganskich loddw
spozywezych.

TYTUL:
Lody wegariskie: przeglad

sustainable use of natural resources [7, 29]. More-
over, besides the lucrative and promising conviction
of influence on the environment of a plant-based
diet, people start to adopt and successfully adhere
to vegan or vegetarian diets. Additionally, such an
overview of diet is also connected with expanding
awareness of ecological, ethical and healthy benefits
for people [29, 38, 39]. Another issue which is taken
into consideration while we buy food is obviously
our health restrictions. Lactose intolerance which
occurs in the absence or deficiency of the enzyme
lactase forces people to remove dairy products from
their lives. Based on that there are a consecutive
group of people who would try to find a product
which is deprived of animal ingredients [34, 40]. An-
other limiting factor in consuming milk ice cream
and developing vegan alternatives is an allergy to
milk protein. Cow’s milk allergy is one of the highest
spread allergies in early life (among infants and chil-
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dren). It was estimated that in developing countries it is ran-
ging from 0.5% to 3% at the age of 1 year [16, 40]. In a view of
all that has been mentioned reasons, to face the indispensable
increasing demand for vegan products, food producers start
to create vegan-labelled ice creams which are on the rise now-
adays. As a consequence, we will be able to indulge ourselves
in eating our favourite frozen dessert without any guilt and
health ailments.

DEFINITION OF VEGAN ICE CREAM

Under the circumstances of developing new formulations
of products or processes, it is required to measure and describe
the properties of ice cream but also the ice cream mixes and the
all ingredients which are used in the process production [10,
14]. Furthermore, it is necessary to clarify the definition of veg-
an ice cream. The term vegan ice cream refers to a frozen and
aerated mixture which is made based on plant protein, vege-
table fat and additions, without any animal-based ingredients.
Moreover, what should be highlighted here, is the example of
sorbet. This sort of ice cream is also made without animal milk
or fat, fruit-based, however sometimes animal-based stabiliser
such as gelatin is used for sorbet production. Consequently, this
sort of ice cream can not be always classified as vegan ice cream.
In addition, thankfully by creating vegan ice cream a plethora of
people is able to enjoy such frozen dessert without sacrificing
their principles or taking the risk of health ailments. Taking into
consideration, the pivotal role of cow’s milk and milk products
in creating the structure of ice cream and the sensory profile,
the tremendous challenge is to replace it in vegan ice cream
production. According to this, scientists and food technologists
try to use distinctive ingredients from more known to even un-
popular in the industry, to obtain satisfying results and accept-
ance from consumers. To systematize the current knowledge,
present recipes and innovative operations in vegan ice cream
production were collected in table 1.

INGREDIENTS FOR
vegan ice cream production

The group of ingredients in ice cream are immensely vari-
able, starting from basic as protein to different sorts of sta-
bilisers or emulsifiers. According to the classification made by
Clarke (2004), there exist three groups of ingredients for ice
cream products: the major which represents substantial quan-
tities such as protein, sugar or fat; minor ingredients which
shows in small quantities such as stabilizers, emulsifiers and
last but not least, components as chocolate, fruit pieces or
nuts. Obviously, the choice of ingredients depends on the type
of product, cost, availability of raw materials and additionally
the scale of production [14].

In traditional milk ice cream, the basic product for pro-
duction is usually cow’s milk, liquid and also in powder. For
vegan ice cream production, a wide variety of plant proteins
were used or tested to replace such ingredients. Nowadays, the
tremendous popularity among vegan recipes has pea protein.
It is relatively a new sort of plant protein and due to its low
cost, availability and health benefits, it becomes more popu-
lar. As a result, it is widely studied by industrial and academ-
ic researchers. Pea protein stands out with its emulsifying or
gelling properties. Moreover, in comparison to soy protein, it
has better digestibility and fewer allergic responses. Addition-
ally, as a sustainable source with a lower carbon footprint, it
may be a good alternative for animal protein [30, 31, 33]. Initial

PRZEMYSt SPOZYWCZY

work on using pea protein and almond drinks in ice cream was
undertaken by Kot et al. (2020). This research indicates that
preparing ice cream based on such a recipe contributed to
its successful acceptance among panellists and the promising
physical qualities of vegan ice cream [25]. As a known and also
frequently use type of vegetable protein, there is soy protein.
Contemporary, soy protein is the largest commercially avail-
able plant protein. Moreover, soy protein is used according to
its properties such as water-holding, binding or emulsifying.
In addition, soybean protein might affect the steroids and also
influence the metabolism of cholesterol. Albeit it must not be
forgotten that soy allergy is also a common food allergy, espe-
cially in childhood [5, 33]. What is more in the research by Lo-
molino et al. (2020), the addition of potato protein was tested
in vegan ice cream. It was reported that potato protein with
a combination of stabilisers, provides the initial quality of ice
cream even if ice cream did not resist thermal stress [32].

The next ingredient in the recipe for ice cream is a group of
stabilisers. The most common in the ice cream industry are lo-
cust bean gum, guar gum, xanthan gum or carrageenan. They
are mostly polysaccharides that are able to interact with water,
improve the viscosity and texture of ice cream and additionally
provide a sense of creaminess or lubricity [4]. Moreover, using
stabilisers in ice cream is strictly connected with the inhibition
of the recrystallisation process. Furthermore, it is known that
stabilisers show the synergism effect. According to that, the
group of plant gums are successfully used in the production
of vegan ice cream. For instance, in the research by Kot et al.
(2020), the combination of xanthan gum and locust bean gum
in pea protein vegan ice cream was used. It was noted that this
combination contributed to the lowest size of ice crystals, less
than 20 um and prolong the melting time (table 1).

To replace liquid cow’s milk which is usually a crucial in-
gredient in milk ice cream, plant milk or even just water was
tested in vegan ice cream production. Plant-based milk may be
defined as water-soluble extract based on their oil seeds, cer-
eals, seeds or/and legumes. As a result of the similarity of the
nutritional value or functional properties, the milk analogues
allow them to be valuable substitutes for milk. It must not be
forgotten that the nutritional value of vegetable drinks depends
on the quality, the type of raw material and the process of pro-
duction. Moreover, the variety and accessibility of plant milk
have grown significantly worldwide due to the fact that it should
be available to consumers [6, 35]. Currently, in vegan ice cream
production the popularity as a cow’s replacement ingredients
gain soy, coconut, almond or even walnut drink. For instance,
soy is a valuable source of protein and fat. Seeds of soy consist
of 35-45% protein and 20% of fat. In addition, soy drinks may
form a stable network which is similar to gel structure. More-
over, the lecithin of soybean extract is able to act as an emulsifier
and as a result, protect against freezing damage [1, 5, 40]. In the
paper by Bisla et. al (2012), the ice cream was prepared based
on a soy drink with the addition of watermelon seed drink and
guava pulp. The result of the sensory analysis (such as appear-
ance, flavour, mouth feel or overall acceptability) showed that
the most acceptable was ice cream with 50% of soy and 50%
of watermelon drink and 50 g guava pulp. Moreover, based on
the nutritional analysis it was shown a high value of protein
(11.2 g/100 g) and fat (7.26 g/100 g). In addition, such pro-
duced ice cream is characterised by excellent content of iron
(1.56 mg/100 g) and vitamin C (89.92 mg/100 g) in compari-
son to the control sample of ice cream based on traditional milk
[13]. Coconut drink is another popular ingredient in vegan
ice cream. It contains 80% of water, 3.6 g fat and 0.3 g protein.
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Moreover, it is rich in minerals, vitamins, proteins, lipids and
antioxidants and it is easily digested. Additionally, one of the
main components of coconut drink is coconut oil which for in-
stance characterises a significant portion of lauric acid. Thus,
coconut drinks may be a good candidate to increase the calories
in a product due to their high-fat intake [1, 2, 40]. Nowadays,
there was a trend in which coconut drinks or coconut oil were
extremely popular even in vegan ice cream. In the study by Bee-
gum et al. (2021), the effect of coconut drink, tender coconut
pulp, tender coconut water and coconut sugar were investi-
gated on the attributes of ice cream. Given the results obtained
the coconut additions contributed to the acceptance of appear-
ance, flavour and taste among panellists. Moreover, increasing
the coconut drink and pump provided a pivotal amount of
polyphenolics and antioxidants. On the other hand, the lower
overrun and total solids were achieved by adding a plant-based
protein [11] (table 1). Almond drink is also used as a milk sub-
stitute which has a high number of phytochemicals, vitamin E,
monounsaturated and polyunsaturated fatty acids, potassium
and arginine. Additionally, the almond drink is able to provide
a thicker texture and creamier taste to the product [1, 26, 40].
In the research by Bekiroglu et al. (2022), vegan ice cream was
prepared based on a fresh and dried walnut drink. This sort of
milk analogue stands out with a rich nutritional value. Addi-
tionally, the nut in raw and processed form may be applied as
a way against the formation of carcinogenic substances from
dietary materials [12]. Overall, in the mentioned study the
addition of walnut drink improved the rheological properties
but on the other hand, it detrimentally influenced the bright-
ness of ice cream. Moreover, referring to the physicochemical
properties, walnut drink increased the fat content due to the
high-fat content of walnut. Consequently, it can be conclud-
ed that both dry and fresh walnut drink in vegan ice cream is
beneficial for this frozen dessert [12]. Other authors, Atalar
et al. (2021) provided an analysis of using hazelnut drink after
high-pressure homogenisation as a replacement for cow milk,
to prepare ice cream. Results evidenced that the addition of
hazelnut drink improved the textural, melting and rheological
properties. Furthermore, high viscosity, consistency index and
high material stiffness were observed. In addition, based on
the higher capacity of TPC (total phenolic content) and anti-
oxidants as a result of hazelnut drink, provide the new product
with health-promoting properties [9].

The next curious issue was taken into consideration in the
research by Aboulfazli et al. (2016), in which the ice cream based
on soy or coconut drink was riched with probiotics. It is known
that milk products have the potential to incorporate probiotics
culture to create new functional products. As a result of this re-
search both used vegetable drinks, soy and coconut, which gave
a richer medium of amino acids and sugar content than cow’s
milk in ice cream. Therefore, there is a possibility to produce ice
cream based on the milk analogue with the probiotic culture
which may be used as a new functional food [2]. Furthermore,
in the paper by Velotto et al. (2021), the fascinating idea was to
use stevia as a sweetener and chia seeds as a thickener in the
production of vegan ice cream. As a result, it was noticed that
such a combination of ingredients contributed to high overrun
values and desirable texture.

To follow the trend and obtain the lucrative quality of ice
cream, scientists examine many recipes with a wide range
of ingredients. An innovative and curious idea in vegan ice
cream production has the use of inulin. There exist a few re-
search in which this ingredient was applied to the recipe. First-
ly, inulin may be beneficial for our health. Inulin has the cap-

acity to bind water molecules and thus it plays a crucial role in
stabilizing the texture [3]. To give an illustration of this, in the
research by Goral et al. (2018) (table 1), in coconut vegan ice
cream, the addition of inulin was tested. It was reported that
increasing the amount of inulin, reduced the time of the first
drop during melting.

Recently developments in the field of vegan ice cream have
led to interest also in the taste and flavour that is significant in
ice cream. As evidenced in the study by Diniz et al. (2022), to
enrich the choice of vegan ice cream, peanut and cocoa-fla-
voured were made based on the water-soluble plant extracts
of baru nuts and cashew nuts. The peanut-flavoured ice cream
had a greater proportion of oleic acid than cocoa ones. Having
said that the higher melting rate and overrun were noted for the
cocoa one and then for the peanut ice cream. However, it must
not be forgotten about changes in the product such as consum-
ers’ acceptance or texture should be also examined. In this case,
further studies are required to develop this knowledge.

Owing to the fact that not only changes in the recipe of ice
cream but also changes in the technology of production are in-
dispensable. For instance, in the study by Anwar et al. (2022),
the extract of watermelon seed protein concentrates was made
by using an ultrasonication process to prepare vegan ice cream.
Coconut fat and coconut drink also were used in the recipe as fat
replacers. Finally, it was reported that the rheological, structural
and sensory quality were comparable to standard dairy ice cream
formulations. In addition, in the research by Yan et al. (2022), the
combination of high hydrostatic pressure treatment (HPP) and
compounded phospholipid was used to modify the soybean
protein isolate to produce low-fat vegetable ice cream. The re-
sults of this study showed that such a combination successfully
improved the performance of soybean protein isolate (SPI). The
obtained ice cream characterised a better expansion rate, melting
rate and hardness than the samples without any modifications.

THE PROCESS OF PRODUCTION
of ice cream

Not only do ingredients contribute to the lucrative quality
of ice cream but also the process of production. The ice cream
processing operation of vegan ice cream is conducted in the
same way as milk ice cream. It may be divided into two distinct
steps: mix manufacturing operations and the freezing process.
The first step in ice cream mix manufacture is connected with
creating the ice cream mix. Ice cream mix can be described as
hydrocolloidal dispersion, in which proteins and polysacchar-
ides in concentrations over the phase separation threshold,
create a two-aqueous system, in compliance with thermo-
dynamic incompatibility [19, 20, 22]. After combining and
blending all ingredients in an appropriate order, pasteurisation
is conducted. The main aim of this operation is to safeguard the
healthy condition of the product. The next crucial step is the
homogenisation process. The essential purpose of this step is to
obtain a stable and uniform suspension by reducing the size of
fat globules to less than 2 um. Moreover, homogenisation is re-
quired to accomplish a stable emulsion [20]. The last step before
the freezing process is the maturation of the ice cream mix. This
step is significant due to the fact that during this time beneficial
changes occur as the fat crystallization, hydration of stabilisers
and membrane rearrangement to obtain a better quality prod-
uct and smoother texture. After finishing the ice cream mix
manufacture, the freezing process is managed. In the ice cream
freezer, the ice cream mix is converted into ice cream by simul-
taneously aerating, freezing and beating. After the freezing
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Table 1. Summary of recent studies on the production and quality of vegan ice cream
Tabela 1. Podsumowanie ostatnich badaii dotyczacych produkcji i jakosci lodow wegaiiskich

Sterilized coconut drink, cane sugar,
elderberry syrup, sunflower lecithin,
inulin, LBG

weighting components, blending and
aeration, freezing (-6°C), hardening
(-30°C for 24 h)

the higher amount of inulin and LBG were added the higher the
overrun was obtained

samples with LBG had higher hardness than ice cream with inulin
the addition of stabilisers contributed to the brightening of ice
cream while the addition of inulin led to darkening.

according to the sensory evaluation ice cream with LBG at
0.8 9/100 g and 4 g/100 g inulin obtained the highest score

Ingredients for vegan ice cream Processing conditions Effect Reference
decreasing in the cryoscopic temperature and melting time as Goral et al.
aresult of increasing the amount of inulin and LBG (2018)

Almond drink, almond syrup, inulin,
pea protein, emulsifier E471, LBG
and xanthan gum

weighting compounds, mixing,
pasteurisation at 95°C for 1.5 min,
cooling to obtain 25°C, freezing,
hardening at -18°C for 24 h

the size of ice crystals did not exceed 21 ym

the addition of stabilisers contributed to the highest score in the
organoleptic evaluation

the stabilisers did significantly influence the physical parameters
of ice cream as overrun or density

the same stabilisers and technology may be used in milk and also
in the vegan ice cream production

Kot et al. (2020)

concentrate (extraction with the
ultrasonication process at 25 kHz,
80 W for 10 min), coconut fat, sugar,
stabiliser, emulsifier, coconut drink

homogenisation at 2000 psi for

2 min, cooling at 15°C, ageing at 4°C for
overnight, freezing at -5°C, storing at
-25°C

by increasing the amount of WSPC the melting resistance, viscos-
ity and textural hardness were increased

based on the sensory acceptability, the most satisfactory sample
was the one with 10% of WSPC

by increasing the amount of hazelnut drink the water-holding Atalar et al.
Vegan recipe: salep, sucrose, welghting components, heated and Properhes, flow behaviours, and emulsifying capacities were (2021)
. X g A improved
hazelnut drink (was obtained by homogenised (10 min; 16,000 rpm, - . .
o o o . a higher amount of hazelnut drink reduced the melting rate and
cold-pressed hazelnut cake by the 70°C), pasteurisation (80° for 10 min), N L
} X ; ; o R o also retarded the first dropping time values
removal of oil, then mixed with the | cooling to 4°C and ageing at 4°C for P ) .
o X . o . the 75% of hazelnut drink in the recipe for vegan ice cream con-
distilled water and homogenised 24 h, freezing at 0°C for 10 min (the final . . ’ s :
) X . tributed to improving the acceptability of the product according
by using high-pressure temperature of ice cream was at to the sensory parameters
InemegRTEaiTon & IE0 %) e the hazelnut drink increased the TPC (total phenolic content) and
antioxidant capacity of the final product
Vegan recipe: Coconut drink, all ingredients were mixed and vegan ice cream obtained lower overrun Beegum et al.
sucrose, coconut sugar, tender pasteurized at 75°C for 15 min, the addition of coconut products yelled in increased total phe- (2021)
coconut water, tender coconut pulp, | homogenised at 2000/500 psi, ageing nolics and salts
water, stabilisers & emulsifier (CMC, at 5°C for an hour, freezing, hardening vegan ice cream was preferred over dairy ice cream during the
xanthan gum, guar gum, GMS) at-28°C sensory evaluation, in order to flavour and taste
Vegan recipe: fat coconut powder, Velotto et al.
emulsifier blend (containing: A . the replacement of sugar and common emulsifier contributed to (2021)
- ’ the weighting of components, heating .
mono- and diglycerides of fatty L : o L the highest overrun
: liquid ingredients to 50°C, pasteurisation - . . .
acids, guar gum, locust bean gum o . ) o the chia seeds and stevia gain improvement in the textural para-
. . at 85°C for 1 min, cooling to 4°C, stirring ) X Lo
and sodium alginate), glucose f - meters as consistency index K and flow behaviour index n
- for about 10 h, then continuously stirring . " . .
syrup, maltodextrin, dextrose X o . o the sensory evaluation proved that stevia and chia seeds gained
. for 7-8 min at -8°C, storing at -18°C 3
monohydrate, 100% pure stevia the highest score
powder, 100% chia seeds powder
WSPC - watermelon seed protein mixing all ingredients for 8-10 min at 48- functional properties of WSPC were improved with US-assisted Anwar et al.
P 50°C, pasteurisation for 20 min at 75°C, extraction (2022)

Vegan recipe: monodigliserid, salep,

the use of walnut drink improved the rheological properties of ice

Bekiroglu et al.

peanut paste, cocoa powder,
sugarcane syrup, xanthan gum,
water, emulsifying agent/emustab,
stabilising agent

homogenisation for 10 min, agitation
and cooling at -30°C for 40 min, storing
at-18°C

a higher melting rate and overrun than the peanut-flavoured one
the peanut-flavoured ice cream was characterised by 9 different
types of fatty acid

dried walnut milk/fresh walnut weighting components, heating drink to cream (the higher consistency coefficient (K) and lower n value) (2022)
aliial (vl QT was e obtain 40°C, pasteurising all ingredients walnut drink contributed to the decreasing the brightness
and then homogenised at 25 MPa at 72°C for 15 min, cooling to 4°C, ageing the overrun of ice cream with walnut drink was higher than with
and asteurisedgat 92°C through for 24 h at 4°C, freezing, and storing at the cow milk
15 mFi)n) 9 -18°C for 8 weeks based on the sensory evaluation ice cream with walnut drink
received a similar score as ice cream with cow milk
Mixed water-soluble plant extract Diniz et al.
of baru nuts and cashew nuts, the weighting of the ingredients, the cocoa-flavoured vegan ice cream was characterised by (2022)

Vegetable recipe: HHP-modified soy
protein isolate and compounded
phospholipids, cream, cane

sugar, emulsifier (sucrose ester,
monoglyceride), stabilisers
(carrageenan, locust bean gum)

the well-mixed slurry was refrigerated at
4°Cfor 1 hour, then freeze

the HPP treatment significantly changed the secondary struc-
ture of the protein

the ice cream with the addition of modified SPI exhibited better
results in expansion rate, melting rate and hardness than unmo-
dified samples

the addition of phospholipids contributed to the increase in the
surface charge and the particle size

sensory evaluation showed good acceptability, close to the milk
ice cream

Yan et al. (2022)

operation, ice cream is hardened at the typical temperature of
~18°C [14, 19].

As was mentioned in the begging, ice cream is a multiphase
system and one of these phases is the emulsion. During the in-
itial step of ice cream production, the emulsion is created. The
quality of the ice cream mix before and after the maturation
process has a tremendous effect on the final product. Due to
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the fact that during the pasteurisation and homogenisation
process, the structure of emulsion is created which may con-
sequently influence the structure of ice crystals in ice cream.
Moreover, the changes which can occur while the maturation
step as the destabilisation of fat or increase/decrease particles
might contribute to the size of ice crystals and the quality of
ice cream as texture, creaminess or meltdown behaviour [22].
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Bisla G., P Archana, S. Verma, S. Sharma. 2012., Development of ice creams from Soybean milk & Water-
melon seeds milk and Evaluation of their acceptability and Nourishing potential”. Advances in Applied
Science Research 3 (1) : 371-376.

(larke C. 2004 The science of ice cream. Cambridge, UK : The Royal Society of Chemistry.

Diniz L., E. Jesus, C. Francisco, L. Tormen, L. Bertan. 2022., Mixed water-soluble nut-based plant extracts

Taking all these points into consideration, it is vital to highlight 13
the physical properties of ice cream emulsion which are con-

nected with the stability, particle size distribution or rheological
properties. Nowadays, there are studies in which scientists pay 15

attention to the physical properties of vegan ice cream mixes.
For instance, in the research by Kot et al. (2021) the influence of
used stabilisers and the homogenisation conditions were exam-
ined on the stability properties of vegan ice cream mixes. It was
reported that homogenisation contributed to the destabilisation
of ice cream mixes. Moreover, the addition of a combination
of iota carrageenan, locust bean gum and xanthan gum, had
a beneficial influence not only on the stability but also on the
reduction of the size of particles. Furthermore, the same auth-
ors in other research [27], used ultrasound homogenisation to
produce vegan ice cream mixes. In this paper, it has occurred
that ultrasound homogenisation provided better stability of ice
cream mixes in comparison to traditional homogenisation. In
addition, the combination of stabilisers (iota carrageenan or its
hydrolysates with locust bean gum and xanthan gum) and ultra-
sound contributed to the reduction of the size of particles.

CONCLUSION:

The general concept of production of experimental vegan ice production in the men-
tioned research is incredibly scintillating. Those results appeared to confirm that this frozen
dessert may be paralleled to the traditional milk ice cream. The diversity among ingredients
or combinations of them provides successful results for current and also for next research.
Consequently, there exists tremendous hope for all who suffer from milk allergies, lactose
intolerance or vegans, to relish the taste of this delicious frozen dessert. Obviously, further
studies on this current topic are therefore required to develop knowledge ahout the proper-
ties of vegan ice cream and also the dependencies between ingredients. L]
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STUDY OF THE PROPERTIES OF VEGAN ICE CREAM
BASED ON ALMOND DRINK

Anna Kot™, Anna Kaminska-Dworznicka, Alicja Baranska
WULS-SGGW, Institute of Food Sciences

Summary. The objective of this study was to create a formula of vegan ice cream based on
almond drink with the same unitary operations applied for the milk ice cream. Additional-
ly, the influence of selected stabilizers on the physical, organoleptic characteristics of ice
cream and crystal structure was studied. A mixture of two stabilizers locust bean gum (LBG)
and xanthan gum was applied. The obtained results showed that the addition of stabilizers
had no significant effect on the physical parameters of ice cream. However, the addition
prevented recrystallization and the ice crystal equivalent diameter did not exceed 21 pum.
The organoleptic evaluation the ice cream with stabilizers obtained the highest score. In
conclusion, this paper showed that the same parameters and additives could be used equally
for milk and vegan production of ice cream.

Key words: vegan ice cream, almond drink, stabilizers

INTRODUCTION

The appropriate composition of ice cream and the interactions between ingredients
contribute to obtain the positive characteristic structure of ice cream a desert appreciated
by most consumers. During the final production steps, storage and commercialization of
ice cream, undesirable changes might occur that have a negative impact on their structure
[Kaminska-Dworznicka et al. 2019, Lomolino et al. 2020]. As a result of the temperature
fluctuation, the sizes of ice crystals change, which leads to the phenomenon of recrystal-
lization, which results in product degradation [Gaukel et al. 2014]. To inhibit recrystal-
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lization processes a good way is to add substances that have a preventive effect on the ice
crystals growth, called stabilizers [Kaminska-Dworznicka et al. 2013]. The main reason
for using of stabilizers in the freezing process is their ability to increase the viscosity of
the solution, which could lead to the limitation of water molecules migration during stor-
age [Soukoulis et al. 2008, Goff and Hartel 2013]. Although cow’s milk is an important
source of nutrients, many people suffer from cow’s milk allergy and lactose intolerance.
Additionally, the consumers choose plant’s products, instead of milk ones because of
other factors such as the presence of cholesterol, health and environment consideration
[Kundu et al. 2018, Vanga and Raghavan 2018]. The solution to this problematic issue
can be the consumption of almond drink instead of cow’s milk [Vanga and Raghavan
2018]. Almond has a relatively high number of phytochemicals (including phenolic acids,
phytosterols), polyphenolic compounds (flavonoids and pro-anthocyanidins), vitamin E,
monounsaturated and polyunsaturated fatty acids, arginine and potassium. Due to this
beneficial nutrient profile, almond has antioxidant and anti-inflammatory properties and
it can reduce cardiovascular diseases risk [O’Neil et al. 2016, Yiiksel et al. 2017].

This study aimed to prepare the initial formula for vegan ice cream. Besides this, the
recipe was prepared accordingly with the milk ice cream production. Moreover, the addi-
tion of two stabilizers was compared with the sample with any additions, on the physical
and sensory properties of obtained ice cream.

MATERIAL AND METHODS

Materials

The following ingredients were used for preparing the best options of vegan ice cream
production: roasted almond original (Alpro), almond syrup (Monin), saccharose (Diamant
Cukrownia Glinojeck), glucose (Biomus), inulin (Orafti BENEO), pea protein (Natural
YS S85F, Roguette), emulsifier E471 (Fooding Shanghai), milk powder without lactose
(Mlekovita) — eliminate from the final formula, LBG (Fooding Shanghai), xanthan gum
(Fooding Shanghai).

Ice cream production

The development of the final formula required preliminary testing, during which sev-
en other recipes were tested. Ultimately, from the seventh tried one was finally the basic
for the ice cream production (Table 1). All ingredients were weighed separately with
a determined formula. Then dry components were mixed with the liquid ones, using
Bosch MaxoMixx 750W blender. The Vorwerk thermomixer was used for pasteuriza-
tion process of the ice cream mix at 95°C per 1.5 min. Afterwards, the mix was cooled
to 25°C, and frozen through 40 min using the ice cream maker Nemox Gelato Pro 1700
(Nemox, Italy). Then the samples were placed into a plastic boxes and hardened at —18°C
for 24 h. In the meantime, a control sample of ice cream without any stabilizers (WOS)
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was prepared. All the physical measurements for control sample and for the sample with
the stabilizers addition (WS) were carried out twice. Only organoleptic analysis was car-
ried out three times out.

Table 1. Final formula of vegan ice cream

Tabela 1. Finalna receptura lodow weganskich

Weight  Percentage

Ingredients Udziat Udziat

Sktadniki wagowy  procentowy
[g] [%]

Almond drink 587.36 73.42

Napoj migdatowy

Almond syrup 64.00 3.00

Syrop migdatowy

Inulin 96.00 12.00

Inulina

Pea protein

Biatko grochu 48.00 6.00

Emulsifier E471

Emulgator E471 3:20 0.40

Locust bean gum (LBG) 0.80 0.10

Maczka chleba $wigtojanskiego (LBG) ’ '

Xanthan gum 0.64 0.08

Guma ksantanowa

Methods
pH

Ice cream pH was measured after pasteurization and cooling 25°C, using the pH-
-meter Elektroda Elmetron EPP3t with temperature sensor Pt-1000B, according to the
device’s instruction.

Density

Density was carried out using the glass pycnometer at ambient temperature, according
to the method presented by Dhuzewska et al. [2003]. The pycnometer was weighed on an
analytical weight with an accuracy of 0.1 g. Then it was filled with ice cream mix and
capped tightly and weighed on an analytical weight with an accuracy of 0.1 g.

Melting test

In order to study the ice cream melting behaviour, the method described by Diuzewska
et al. [2003] was used. For this purpose, a cooled metal cylinder (of known volume) was
filled with ice cream and kept at —18°C for 24 h. Then the cylinder was placed on a glass
funnel so that it wasn’t touching this funnel. The melting time was measured from the
moment the first drop appeared in the narrowed part of the funnel.
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Determination of the overrun

The overrun of the final product was determined according to the method described
by Ismail et al. [2013]. A known volume of ice cream mix and ice cream after freezing
was weight.

Microstructural analysis of ice crystals

Ice crystals were analyzed based on the images taken after 24 h of storage at —18°C.
The first step of this determination was sampling. The small amount of ice cream was
put on cool slide using a spatula and covered by a cool slip glass, at the storage tempera-
ture. The images were taken using the Nikon Alpha Phot-2 microscope with the cooling
system Linkam Scientific PE 94 and camera Nikon DS.-Fil. The obtained images were
analyzed using NIS Elements D software. The 200 to 300 ice crystal were marked for
a particular sample, and then the area, equivalent diameter and standard deviation were
calculated using the NIS Elements D Imaging software (ver. 3.00, Nikon). The frequency
distribution of crystals size was figured using Microsoft Excel 2011 macro data analysis.
A method developed by Regand and Goff [2003] was applied to report the relative fre-
quency of any class range was figured as the number of the crystals in that range (range
frequency) divided by the total number of crystals.

Organoleptic evaluation

The organoleptic analysis was carried out with a group of 10 people. The analysis
was conducted using the S-point scale, for 1 — the less desirable features and 5 — the most
desirable features. All the samples were prepared 24 h before and stored at —18°C. Then
the ice cream samples were kept at room temperature for at least 10 min (for softening),
portioned and placed into plastic cups. The group of testing panellists evaluated the fol-
lowing categories: taste, colour, smell, consistency and melting time.

Statistical analysis

All obtained results were processed using a one-way analysis of variance with the
Tukey test at the significance level of a = 0.05, program Statistica 13.1.

RESULTS AND DISCUSSION

The first parameter which was measured in prepared samples was the pH. In the re-
search conducted by Fiol et al. [2017], the pH for milk ice cream with added lactose and
sodium caseinate as the main ingredients, measure from 7.7 to 7.8 [Fiol et al. 2017]. These
results indicate that both with (WS) or without stabilizers (WOS) ice cream had similar pH
(Table 2). However, the statistical analysis indicates no significant differences between WS
and WOS. According to Makinde and Adebile [2018] research, the pH of almond drink is
the range from 6.53 to 6.93. Considering the composition (Table 1), the almond drink was
more than 70% of ice cream and could have contributed most to the pH of the ice cream
mix. Additionally, the pea protein added to both samples might have contributed in increas-
ing of the pH. Stabilizers addition shouldn’t affect the pH of ice cream.
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The density of ice cream matrix varied in composition and it might be in the range
from 1.0544 to 1.1232 g-ml™' [Goff and Hartel 2013]. The density increase of the ice
cream mix is not a desirable factor, because it could disturb the appropriate overrun of
such product [Florowska et al. 2013]. In our study there were no significant differences
between the examined samples. Additionally, the density had no influence on the other
physical factors like overrun or melting time (Table 2). The overrun was described as the
percentage of the ice cream’s expansion which is achieved from the amount of air bubbles
incorporated during freezing process [Tomer and Kumar 2013]. Measured overrun values
of prepared ice cream were among 26.56 and 32.02% for WS and WOS respectively. The
ice cream without stabilizers (WOS) was the one characterized by a higher value of this
parameter. According to the statistics, the differences was not significant (p > 0.05). Elsa-
bie and Aboel Einen [2017] proved that the ice frozen product based on plant milk had
a lower overrun (40.2-44.2%) different from those based on cow’s milk (52.83%). This
was affected by the lower fat amount in frozen dessert based on plant products. So, also,
in our case, the addition of LBG and xanthan, contributes to the decrease of this parameter
(Table 2). Moreover, it was reported that according to the study Lomolino et al. [2020],
ice cream based on the vegan recipes had a lower overrun (24 and 26%) than the milk
ice cream (84 and 83%). Such low overrun is connected with the lack of milk proteins.
These ingredients are responsible for forming foam due to their amphiphilic character.
The addition of stabilizers may increase the melting resistance because of their abilities
— such as micro-viscosity enhancement or water-holding [BahramParvar et al. 2013].
In the prepared ice cream, the melting time for the WS sample with the complex of
stabilizers was better than for the WOS sample. It was almost one hour — 57.08 min
(Table 2). Basing on the statistical analysis, the samples were significantly different. Also,
the results presented by Diuzewska et al. [2003] confirm that the addition of locust bean
gum and xanthan gum as stabilizers to ice cream caused elongation in the melting time.
It was probably caused by the stabilizers addition that could trap the water molecules and
then in consequence extend the melting time. Based on the knowledge of the research
from Akin et al. [2007], the addition of inulin had an influence on the melting time. The

Table 2. Results of physical analysis

Tabela 2. Wyniki pomiaru wlasciwosci fizycznych

Physic.al prqperties WOS ws
Wriasciwosci fizyczne

pH 7.424 +0.1250 7.34% +0.1250
Density — Gestos¢ [g-cm ] 1.089* +0.0005 1.089* +0.0010
Overrun — Puszysto$¢ [%] 32.024£1.2350 26.56* +1.3100
Melting time — Czas topnienia [min : s] 42 1454 +0: 37 57:085£1 : 44

WOS - ice cream sample without the addition of stabilizers (control sample); WS — ice cream sample with
the addition of stabilizers (locust bean gum, xanthan gum). Values are reported as means +standard deviation.
Various letters indicate significant (p < 0.05) differences in samples.

WOS - lody bez dodatku stabilizatorow (probka kontrolna); WS — lody z dodatkiem stabilizatorow (maczki
chleba $wigtojanskiego, gumy ksantanowej). Wyniki pomiaréw przedstawione sa jako srednia z +odchyleniem
standardowym. Rdzne litery oznaczaja znaczace (p < 0,05) réznice w probkach.
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researchers used inulin as prebiotic ingredient in probiotic milk cream. Moreover, they
showed that inulin prolonged the melting time of ice cream. Such substances due to their
affinity to water molecules, could prevent free movement of water [Akin et al. 2007].
Moreover, in a study El-Nagar et al. [2002] the addition of inulin retarded the melting
time of yog-ice cream based on stirred yoghurt and milk ice cream. The increasing of
inulin addition in samples, reduced the rate of meltdown [El-Nagar et al. 2002].

The results of the sensory analysis depended by the people’s subjective perception
and by the conditions in which the experiment was conducted. The average result for all
indicators in the control sample (WOS) was between 3.87 and 4.40 but for the ice cream
sample (WS) was from 4.07 to 4.77 (Fig. 1). During the sensory analysis of WOS sample
and WS one, the statistical differences between them, were recognized only for the melt-
ing time (p > 0.05). But for the other examined factors such flavor, colour and taste, the
differences were not significant.

Fig. 1.  Results of organoleptic evaluation

Rys. 1. Wyniki analizy organoleptycznej

There was no noticeable difference in taste for ice cream with (WS) and without sta-
bilizers addition (WOS), however, the characteristic taste of almonds was recognized in
both formulae. That phenomenon could be caused by the preference for the sweet taste.
Goral et al. [2018] showed that ice cream based on coconut milk with locust beam gum
is also sweeter and more acceptable by panellists. The most important impact on the
prepared ice cream samples, was given by the almond drink and the pea protein. The fla-
vour sensation was considered as acceptable and smooth. But, for the sample with locust
beam gum and xanthan gum addition, this indicator was recognized as more aromatic.
The colour of both samples was similar to creamy, with shades of beige and ecru. On the
other hand, the WOS sample had more intensive colour than the one with the stabiliz-
ers addition (WS). Relating to the structure of ice cream, during the consumption, the
WOS sample was considerably lower in consistency with higher ice crystals noticeable
(Fig. 1). Based on the obtained results, the sample with stabilizers presented a longer
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melting time than the sample without stabilizers. The addition of stabilizers in ice cream
improve this parameter.

The ice crystals are a crucial factor which determines the quality of frozen desserts.
Small size of it (10-20 pum) is required to achieve the acceptable texture of ice cream.
Large ice crystals with more than 20 um confer a coarse or grainy structure of a product
[Kaminska-Dworznicka et al. 2015]. In our study, the presented images showed the struc-
ture of ice crystals after 24 h of storage at —18°C. On the first image of the WOS sample
(without stabilizers) (Fig. 2a), the coalescence phenomenon was visible. The close ice
crystals were linked together and made one major one. The crystals in this sample had
greater size and the diameter was between 28.72 and 89.21 um (Table 3). The shape of
crystals was diverse, round and angular included. The empty spaces around them were
noticed. On the images from sample with stabilizers, the shape of the crystals was regular
with round edges (Fig. 2b). The ice crystals were smaller and tightly distributed. Conse-
quently, it can be difficult to see an empty space in such structures. The obtained results
showed, that its diameter had the range from 8.87 to 23.48 um and average diameter was
17.21 £1.79 um so it was less than 25 pm.

a b

Fig.2. Images of ice crystals in the samples after 24 h of storage at —18°C: a — WOS control
sample — ice cream without the addition of stabilizers; b — WS sample — ice cream with
the addition of stabilizers (locust bean gum, xanthan gum)

Rys. 2. Zdjgcia krysztalow lodu w prébkach po 24 h przechowywania w —18°C: a — probka kon-
trola WOS — lody bez dodatku stabilizatorow; b — probka WS — lody z dodatkiem stabili-
zatorow (maczki chleba swigtojanskiego, gumy ksantanowe;j)

Concluding on this, the recrystallization process was limited by the use of stabilizers
in the composition of ice cream. Referring to organoleptic analysis, panellists did not feel
sandiness in this sample and perceived a smooth and consistent texture. Lomolino et al.
[2020] showed that ice cream with milk protein and stabilizers had more uniform and
smaller crystals than ice cream without milk protein. Also, ice cream based on vegan pro-
tein (potato protein), had a heterogenous growth of ice crystals. In addition, the size of ice
crystals was more than 20 pm [Lomolino et al. 2020]. Moreover, according to the study
of Sofjan and Hartel [2004] on milk ice cream with used stabilizers: guar gum, xanthan
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Table 3. Comparison of ice crystals size distribution after 24 h of storage at —18°C

Tabela 3. Poréwnanie rozmiardw krysztatlow lodu po 24 h przechowywania w —18°C

Ice crystals size Average diameter (D,) in the class with the highest
Ice cream mix variant Srednica frequency +standard deviation (Sp)
Wariant mieszanki krysztatlow lodu  Usredniona warto$¢ — $rednica (D) w klasie z najwigksza
lodowej [pm] czestotliwoscia +odchylenie standardowe (Sp)
min max [pm]
WOS 28.72  89.21 51.69 +1.53
ws 8.87 2348 17.21 £1.79

WOS — ice cream sample without the addition of stabilizers (control sample); WS — ice cream sample with the
addition of stabilizers (locust bean gum, xanthan gum).

WOS - lody bez dodatku stabilizatorow (probka kontrolna); WS — lody z dodatkiem stabilizatorow (maczki
chleba $wigtojanskiego, gumy ksantanowe;).

gum and carrageenan, the ice crystals size decreased when overrun increased. That means
that the ice cream with lower overrun had the highest recrystallization rate. This relation
can be caused by heat transfer rates upon aeration [Sofjan and Hartel 2004]. In our study,
the ice cream had a lower overrun repeatedly.

CONCLUSIONS

The production of vegan ice cream based on almond drink may be conducted with the
same technology as traditional milk ice cream. The physical parameters of the examined
ice cream had the same or similar values as milk based ice cream. Using the LGB and
xanthan gum as stabilizers in the ice cream mix lower the overrun and prolonged the melt-
ing time. Moreover, the addition of stabilizers improved the microstructure of ice cream
which was also marked during the sensory analysis.
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BADANIE WLASCIWOSCI LODOW WEGANSKICH NA BAZIE NAPOJU
MIGDALOWEGO

Streszczenie. Celem przedstawionych badan bylo opracowanie receptury lodow wegan-
skich na bazie napoju migdatowego, na podstawie procesu produkcyjnego tradycyjnych
lodow mlecznych. W prezentowanych badaniach zbadano wplyw wybranych stabilizato-
row na fizyczne i organoleptyczne wiasciwosci lodow oraz strukture krysztatow po 24 h
przechowywania. W tym celu przygotowano probke kontrolng oraz probke badawcza
z mieszankg dwoch rodzajow stabilizatorow, tj. maczki chleba §wigtojanskiego (LBG) oraz
gumy ksantanowej. Uzyskane wyniki wykazaly, ze dodatek mieszanki stabilizatorow nie
wplynat znaczaco na wlasciwosci fizyczne lodow. Dodatek stabilizatorow pozwolit za$ na
uksztattowanie korzystniejszej struktury krysztalow, a $rednica krysztatu lodu nie prze-
kroczyta 21 um. W ocenie organoleptycznej lody ze stabilizatorami uzyskaly najwyzszy
wynik. W pracy wykazano, ze te same parametry oraz dodatki uzywane w produkcji lodow
mlecznych mogg by¢ stosowanie przy wytwarzaniu lodow weganskich.

Stowa kluczowe: lody weganskie, napdj migdatowy, stabilizatory
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Abstract: A plant-based diet is beneficial not only to human health but also for environmental
sustainability. As consumers, we play a vital role in balancing hedonic consumption with long-term
sustainable behaviours, such as reduced animal products consumption. As a result of the change-
able trend in the food industry, there are considerably more requirements for food manufacturers.
This study aimed to determine the influence of different ingredients and selected stabilisers (iota
carrageenan and its acid and enzymatic hydrolysates) on the physicochemical properties of ice-cream
mixes. The effect of maturation during 24 h on the selected properties was also observed. The particle
size distribution, stability, density, viscosity and morphology after preparation and after 24 h of
maturation at the temperature of 4 °C were tested. Finally, it was found that the addition of stabilisers
and the homogenisation process caused a decrease in the particle size diameter and they contributed
to the obtained higher value of viscosity in comparison to samples without stabilisers. Moreover, the
use of stabilisers and the homogenisation process negatively affected the stability of the ice-cream
mix due to the fact that the stability rate (TSI) was about 6.0. The data provided by this paper are
valuable for intensifying the potential application of vegan ice cream. Additionally, this product may
be useful to reduce agricultural waste and for fundamental product development as an alternative
beneficial food product in the close future.

Keywords: vegan ice cream; almond drink; iota carrageenan

1. Introduction

Food is essential for life, but it also causes an extensive impact on the environment.
Having been increasingly industrialised and globalised, the food industry has faced a
plethora of challenges. For instance, feeding the increasing population and simultane-
ously reducing environmental impacts, such as greenhouse gas or climate change. It was
estimated that the food sector contributes to 26% of global greenhouse gas emissions. There-
fore, finding sustainable alternatives is crucial to alleviate the associated environmental
footprint [1-3]. The intake of animal products in our diet is the most significant factor which
determines the footprint of worldwide food consumption, and the most effective approach
to reducing “dietary emissions” is to decrease the consumption of animal products [2]. In
this sense, a lifestyle based on pro-environmental behaviours enables consumers to adhere
to a plant-based diet. Consequently, in the close future, such a global move toward chang-
ing our eating habits will be extremely beneficial for the environment [4]. Not only is a shift
to a plant-based diet necessary to counteract the detrimental climate change but also it has
been shown to deliver health benefits. For instance, shifting away from a meat-based diet
would lead to lowering both cholesterol levels and blood pressure or balancing blood sugar,
even reducing the risk of developing certain cancers. Additionally, the reduced intake of
animal proteins can be driven by consumer dietary restrictions such as, for example, a cow
milk allergy or lactose intolerance. Factors such as allergies for animal products or ethical
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choices (vegan, vegetarian or flexitarian), have tempted people and the food industry to
scrutinise the idea of a plant-based diet and look for some alternatives in daily life [4-6].

It is widely acknowledged that ice cream is made and also eaten in almost every coun-
try. By means of their remarkable organoleptic properties, it stands out with tremendous
popularity among society [7]. In ice cream-making, the first step is to blend the liquid
and solid ingredients in the appropriate order, obtaining a liquid called ice-cream mix. In
turn, the physicochemical and organoleptic properties of ice cream are determined by the
relevant quality of the ice-cream mix; it is absolutely vital to select the best ingredients
and focus on the properties of the ice-cream mix [7,8]. Ice-cream mix can be defined as hy-
drocolloidal dispersion, in which proteins and polysaccharides in concentrations over the
phase separation threshold, create a two-aqueous system, according to the thermodynamic
incompatibility [8-10].

Out of the numerous plant drinks, almond drink was typed to present research to
preparing ice-cream mix. Firstly, the almond drink has become one of the most popular
plant-based alternatives. Nonetheless, the various health benefits that are involved in the
consumption of almonds are also the key factors that help boost the demands of consumers
for an almond drink. It is medically proven that almond has a relatively high number
of phytochemicals (including phenolic acids and phytosterols), polyphenolic compounds
(flavonoids and pro-anthocyanidins), vitamin E, monounsaturated and polyunsaturated
fatty acids, potassium and arginine. Because of this beneficial nutrient profile, almond
has antioxidant and anti-inflammatory properties and it can reduce cardiovascular disease
risk. Moreover, almond drink has advantages in a balanced diet, including preparing the
low-calorie meals and unique taste [11,12].

Moreover, in the presented study, inulin was used as an ingredient to prepare a vegan
ice-cream mix. Inulin can be used in ice cream production as a prebiotic, sugar or fat
replacer and texture modifier. Inulin intake could be beneficial for human health. It can
increase mineral absorption and promotes the growth of the micro-flora digestive tract.
As an ingredient, it can be used to prepare low-caloric food for diabetics to control their
blood sugar levels [13,14]. As a substitution for milk in powder, pea protein is used. It
is emerging as an alternative to conventional products which are derived from animal
proteins, one which is known as a nutritional ingredient in the food industry owing to its
emulsifying and gelation properties or its hypoallergenic attributes. The protein fractions
which were found in this pea protein are albumins, globulins and other minor fractions,
such as prolamins and glutelins [15,16].

Stabilisers are a group of ingredients that are able to increase viscosity and stability
during temperature fluctuations, improve texture or reduce the rate of meltdown and slow
down moisture migration out of ice cream during storage. Moreover, they may control
the incorporation of air in the factory freezer and help produce a stable foam [17]. The
most common stabilisers in the ice cream industry are carrageenans. These are naturally
occurring carbohydrate polymers. Chemically, they are made up of D-galactose and
3,6-anhydro-D-galactose units which are bonded together with «-1,3 and (3-1,4 linkages
in attendance of sulphate groups. Depending on the number and position of sulphate
esters, three forms of carrageenan were mentioned: kappa, iota and lambda [18-21].
Iota carrageenan contains two sulphate groups per unit. Moreover, it has the ability to
form a soft elastic gel in the presence of calcium ions [18,19,22]. In this paper, the acid
and enzymatic hydrolysates of iota carrageenan were used as an alternative stabiliser
instead of iota carrageenan. According to the satisfactory results of hydrolysis of kappa-
carrageenan concerning the size of ice crystals of ice cream, described by Kaminska-
Dworznicka et al. [23,24] we decided to check the effectiveness of the hydrolysates of iota
carrageenan in creating structure in the initial step of production of ice cream—ice-cream
mix preparation.

In considering the significance of the influence of different ingredients and stabilisers
in preparing ice-cream mix, in this research, the vegan ice-cream mix with the different
sorts of stabilisers was scrutinised. Moreover, the physical properties analysis was con-
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ducted before and after the homogenisation process and 24 h after the maturation of the
ice-cream mix.

2. Materials and Methods
2.1. Hydrolysates Preparation

Iota carrageenan powder samples were obtained from Sigma-Aldrich. The enzymes
for enzymatic hydrolysis were: 3-galactosidase (1000 U/mg, from Escherichia coli), soluble
in glycerol and TRIS buffer (pH 7.4), which was obtained from Sigma-Aldrich, St. Louis,
MI, USA and commercial lactase from Serowar s.c. Szczecin. For acid hydrolysis, 0.1 M
hydrochloric acid and 0.1 M sodium hydroxide obtained from Chempur were used.

For enzymatic hydrolysis iota carrageenan was first dissolved in distilled water to
obtain a 0.4 mg/mL solution and heated up to 40 °C. This hydrolysis was carried out
using two different enzymes. The first one was 3-galactosidase. It was conducted for
72 h at 37 °C and then the sample was neutralised at 48 °C for 5 min, cooled to stop
any further reactions (Sigma-Aldrich—Product Information; [24]). After repeating the
solution of iota carrageenan, the second enzyme was used—commercial lactase (1 mL/1 L
solution; 1 drop/50 mL solution). It was conducted for 24 h, at 5 °C. then the sample was
neutralised at 48 °C for 5 min, cooled in order to stop any further reactions (Serowar—
Product Information). For both treatments samples were stored frozen at —18 °C and
thawed just before analysis.

For acid hydrolysis (using 0.1 M hydrochloric acid) iota carrageenan was first dis-
solved in distilled water to obtain a 10 mg/mL solution and heated up to 40 °C. Samples
after 3 h of hydrolysis were taken, then neutralised and cooled. Finally, samples were
stored frozen at —18 °C and thawed before analysis [23].

2.2. Ice Crem Mixes
2.2.1. Materials for Use for Different Ice-Cream Mix Recipes

Vegan ice-cream mixes were prepared using: the roasted almond original (Enerbio,
Rossmann, Hanover, Germany), almond syrup (Monin, Bourges, France), inulin (Orafti
BENEQO, Tienen, Belgium), pea protein (Nutralys S85 plus-, Roquette, Lestrem, France),
emulsifier E471 (Fooding Shanghai, Shanghai, China), LBG-Locust Bean Gum (Fooding
Shanghai, Shanghai, China), xanthan gum (Fooding Shanghai, Shanghai, China), iota
carrageenan (Fluka, Sigma-Aldrich, St. Louis, MI, USA) or new obtained stabilisers:
the hydrolysates of i-carrageenan after acid hydrolysis, after enzymatic hydrolysis by
-galactosidase and after enzymatic hydrolysis by lactase. The characteristics of samples
are described in Table 1.

2.2.2. The Ice-Cream Mix Production

All ingredients were weighed separately with a fixed recipe. Then dry components
were mixed with the liquid ones, using Bosch MaxoMixx 750 W blender (Bosch, Gerlingen,
Germany). For the pasteurisation process in the ice-cream mix, Vorwerk thermomixer was
used at the temperature of 85 °C per 1.5 min. Afterwards, it was cooled to a temperature
of 25 °C. Then the homogenisation was made using the homogeniser IKA T 25 digital
ULTRA-TURRAX 20 rpm (IKA®-Werke GmbH & Co. KG, Staufen, Germany) through
2.5 min.
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Table 1. The characteristic of samples.

Sample Characteristics
control sample without the stabilisers and
CWH ) —
without the homogenisation treatment
CH control sample without the mix of stabilisers

and with the homogenisation treatment

sample with the addition of the stabilisers
IWH (t-carrageenan, locust bean gum, xanthan gum)
and without the homogenisation treatment

sample with the addition of the stabilisers
IH (t-carrageenan, locust bean gum, xanthan gum)
and with the homogenisation treatment

sample with the addition of the stabilisers (the
acid hydrolysates of i-carrageenan, locust bean
gum, xanthan gum) and without the
homogenisation treatment

AWH

sample with the addition of the stabilisers (the
acid hydrolysates of i-carrageenan, locust bean
gum, xanthan gum) and with the
homogenisation treatment

AH

sample with the addition of the stabilisers (the
enzymatic 3-galactosidase hydrolysates of

I-carrageenan, locust bean gum, xanthan gum)
and without the homogenisation treatment

BWH

sample with the addition of the stabilisers (the
enzymatic 3-galactosidase hydrolysates of
I-carrageenan, locust bean gum, xanthan gum)
and with the homogenisation treatment

BH

sample with the addition of the stabilisers (the

enzymatic commercial lactase hydrolysates of

i-carrageenan, locust bean gum, xanthan gum)
without the homogenisation treatment

LWH

sample with the addition of the stabilisers (the

enzymatic commercial lactase hydrolysates of

I-carrageenan, locust bean gum, xanthan gum)
and with the homogenisation treatment

LH

2.3. Ice-Cream Mix Properties Analysis
2.3.1. Density

Density is carried out using a glass pycnometer at ambient temperature. The pycnome-
ter was weighed on an analytical weight with an accuracy of 0.1 g. Then it was filled with
ice-cream mix and capped tightly and weighed on an analytical weight with an accuracy
of 0.1 g. The mass of ice-cream mix was calculated from the mass difference, using the
formula:

d=— 1

. M
where, d—density of ice cream (g/cm?), m—the weight of ice cream (g), v—the volume
of ice cream (cm?), according to the method [25]. The density of the ice-cream mix was
conducted before and after the ageing stage (24 h).

2.3.2. Particle Size Distribution

A laser diffraction instrument Cilas 1190 (Cilas, Orléans, France) was used to deter-
mine the particle size of the ice-cream mix. The emulsions were suspended in water at the
obscuration of 10%. The results were presented as particle size distribution diagrams and
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expressed as the median diameter Dsg. This analysis of the ice-cream mix was conducted
before and after the ice cream maturation (24 h).

2.3.3. Emulsion Stability Evaluation

Measurements of stability were conducted using a Turbiscan Lab Expert (Formulation
SA, Toulouse, France). The date of backscattered (BS) light recorded during measurements
was processed using Turbisoft 2.0.0.33 software, which allowed us to compare the stability
based on the so-called Turbiscan Stability Index (TSI). This analysis of the ice-cream mix
was conducted before and after the ice cream maturation (24 h).

2.3.4. Rheological Properties

Rheological measurements of different ice-cream mix samples and after ageing (24 h)
were conducted using a Haake Mars 40 rheometer (Thermo Scientific Inc., Karlsruhe,
Germany) equipped with a TM-PE-C temperature module controller. The measurements
were carried out with a CCB/CC25 DIN/Ti concentric cylinder geometry (gap size 5.3 mm)
within the shear rate of 0-100 s~! at a constant temperature of 25 °C. All measurements
were performed in triplicate for each kind of ice-cream mix. The data obtained from
RheoWin v.4.86. Job Manager (Thermo Scientific, Karlsruhe, Germany) were plotted with
apparent viscosity (#74pp) as a function of shear rate (y) in the semi-logarithmic scale (the
viscosity curves). The flow behaviour was also analysed and obtained data were fitted to
the following models:

Bingham:
|
Happ = 1p + T0(7) 2
Ostwald de Waele: )
Cn—
Napp = Ky 3)
Herschel-Bulkley:
-y —1 -n—1
Happ = () ~ + K7y 4)

where, 77,,,—the apparent viscosity (Pa s), y—the shear rate s7h, 1p—the plastic viscosity
(Pa s), To—yield stress (Pa), K—the consistency index (Pa s"), n—flow behaviour index
(dimensionless).

The adequacy of fitted models was estimated using the regression analysis which
delivered the values of a correlation coefficient (R) and a chi-square (x?).

2.3.5. Microstructural Analysis of Ice-Cream Mix

Ice crystal mix was analysed based on the images taken before and after 24 h of
maturation at 4 °C. The first step of this determination was sampling. A small amount
of ice-cream mix was put on the slide using a spatula and covered by a slip glass. The
images were taken using the Olympus BX 43F microscope and camera Olympus CAM-5C
50 (Olympus, Tokyo, Japan). This analysis of the ice-cream mix was conducted before and
after the ice cream maturation (24 h).

2.3.6. Statistical Analysis

The analysis of variance (ANOVA) was performed using STATISTICA 13 software.
The significance of the test was set on o« = 0.05. Data are expressed as a mean with standard
deviation (£SD) and the differences between groups were evaluated using the Tukey
HSD test.

3. Results and Discussion
3.1. The Density of Ice-Cream Mix

Table 2 show the influence of stabilisers and the homogenisation process on the density
of ice-cream mixes. Overall, the density of the ice-cream mixes varies with composition
and it can be changed by the variable amount of ingredients [26,27]. Additionally, the
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increasing density of the ice-cream mix is not a desirable factor, due to the fact that it could
have a detrimental influence on the overrun of ice cream [28].

Table 2. The density of ice-cream mixes.

Sample Density [g/cm3] Density after 24 h of Maturation [g/cm?]
CWH 1.00 4 0.03 2P 1.00 4+ 0.03 2
CH 1.00 + 0.03 &b 1.00 +0.03 2
IWH 1.09 £ 0.11P 1.09 £0.112
IH 0.98 + 0.06 2P 0.98 + 0.06
AWH 1.00 + 0.03 &b 0.98 +0.03 2
AH 0.94 +0.032 0.98 +0.02
BWH 1.00 + 0.03 2P 1.01 +£0.022
BH 0.94 + 0.052 0.99 + 0.03
LWH 0.99 + 0.03 2P 1.01 +0.042
LH 0.92 +0.03 2 0.97 + 0.03

a-b The differences between mean values with the same letter in rows are statistically insignificant (p < 0.05).

In the presented study the density before the maturation ranged from 0.92 to
1.09 g/cm3 (Tables 1 and 2). The statistical appraisal showed that significant differences in
density were observed between samples with different stabilisers before the maturation.
The lowest value of density was noticed for the sample LH (ice-cream mix with the addition
of enzymatic (lactase treatment) hydrolysates of iota carrageenan). However, the highest
value of density was obtained by sample with the addition of iota carrageenan without
homogenisation treatment IWH. The difference between samples indicates that the stabilis-
ers and the homogenisation influence density of ice-cream mixes. After the maturation,
the density of ice-cream mix varied from 0.97 to 1.09 g/cm? but there were no statistically
significant differences in this parameter among analysed samples. The results indicate
that the maturation stage contributes to obtaining the stability of ice-cream mixes (Table 1).
According to the study of Warren and Hartel [29], the density of commercial ice-cream mix
was reported from 1070 to 1160 kg/m?>. These values are similar to the density which was
found in our study. Additionally, in a study conducted by Alves et al. [30], the density of
non-dairy ice-cream mixes was observed at approximately the same level as in our study,
between 1096.51 to 1122.85 g /L.

3.2. The Stability of Ice-Cream Mix

Ice-cream mix is a multiphase product and when ice cream contains fat it can be treated
as an oil-in-water emulsion. In this sense, describing the physical properties of ice cream
bases, it is necessary to investigate such factors as stability and particle size distribution.
Additionally, the stability of the emulsion refers to resisting the undesirable changes during
the storage time (for example sedimentation or coalescence) [31]. In the presented study, the
stability of ice-cream mixes was scrutinised using the turbidimetric method. This method
contributed to collecting information about the profile of emulsion and ongoing changes
which are not visible to the human eye. The destabilisation of emulsion often occurs due to
particle size increase (coalescence), particle aggregation (flocculation) or particle migration
(creaming and sedimentation) [32]. The results of the stability of ice-cream mixes were
expressed as the TSI factor values (Turbiscan Stability Index) in Table 3 and as the Back
Scattering (Figure 1a,b).
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Table 3. The stability of ice-cream mixes.

Sample TSI
CWH 2.1
CH 3.0
IWH 2.3
IH 4.1
AWH 21
AH 6.4
BWH 3.6
BH 6.5
LWH 1.7
LH 52

Figure 1. Variation of backscatter with time for chosen samples during maturation under refrigeration ((a)—sedimentation

and creaming; (b)—coalescence).
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Based on the presented results it was noticed that the homogenisation treatment had
a significant influence on the stability of ice-cream mixes. TSI value of samples without
homogenisation treatment achieved the lowest value and at the same, the highest stability.
In those groups of samples without homogenisation treatment, the ice-cream mix with the
addition of enzymatic (lactase treatment) hydrolysates of iota carrageenan (LWH) had the
lowest TSI 1.7 (Table 3). The highest TSI value (the lowest stability) was observed for the
sample with the addition of enzymatic (3-galactosidase treatment) hydrolysates of iota
carrageenan BWH (3.6). The sample INH and AWH had the TSI value close to the control
sample (CWH), around two.

In comparison to samples after homogenisation treatment, deterioration was observed.
The TSI value was recorded from 3 to 6.5 (Tables 1 and 3). The lowest value of TSI was
recorded for the control sample (CH- at 3 value) while in the sample with the addition of
stabilisers, the highest destabilisation has occurred. The sample with mentioned stabilisers,
BH, AH and LH, had the highest destabilisation; TSI was noticed in order at 6.5, 6.4
and 5.2 values. Moreover, for sample AH (with the addition of acid hydrolysates of iota
carrageenan) the highest increase in TSI value was recorded compared to the same sample
(with the same stabilisers-AWH) but without the homogenisation treatment.

As a result of BS% (Back Scattering), the ice-cream mixes (with the addition of sta-
bilisers and no matter of homogenisation treatment) were prone to coalescence during the
24 h of maturation (Figure 1a,b). This destabilisation was caused by decreasing the size of
particles. Additionally, this dependence was confirmed by the particle size distribution in
the presented research (Table 4). On the other hand in the control sample (CWH and CH),
despite homogenisation treatment, a different sort of destabilisation was noticed. Based
on the results of Back Scattering, it was pointed out that the creaming occurred on the top
of the test vial, while sedimentation occurred at the bottom of the vial (Figure 1a). This
process was explained as the moving of particles in ice-cream mixes. Presumably, the lack
of stabilisers in this control recipe of ice-cream mix contributed to the additional space
between particles and a different relationship could be observed. Nonetheless, in a study
by Voronin et al. [17] the disability of milk ice-cream mixes was noticed after the HP]J tech-
nology. Most samples were similarly stable to creaming and, additionally, rapid separation
was seen. The authors hypothesised that the separation in samples was due to the presence
of particles with air that was less dense than the serum phase. Moreover, the ability of
samples in direction to the creaming was occurred by partially coalesced fat [17]. Then
in research conducted by Cheng et al. [33] destabilisation was also observed in ice-cream
mix model solutions. In this research, the interaction of polysaccharides with milk protein
was studied as a result of the destabilisation of the emulsion system. It was indicated
that the stability of the ice cream model emulsion depends on the types and concentra-
tions of polysaccharides. For instance, carboxymethylcellulose may effectively be used
to delay phase separation than guar gum [33]. In our study, the differences between the
stabilisation of emulsion in using stabilisers were noticed. However, the homogenisation
process significantly contributed to the decreasing stability of ice-cream mixes. Therefore,
in all probability, the air bubbles may be the reason for such phenomena, as the researchers
noticed in the study by Voronin et al. [17]. Additionally, Keeney [34] established that a
certain amount of fat destabilisation is necessary to obtain good properties of the texture of
ice cream. Moreover, the study conducted by Berger and White [35] and Berger et al. [36]
proved that such destabilisation influences the properties of ice cream concerning creamy
mouthfeel or meltdown behaviour [37].
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Table 4. Median D5 of ice-cream mixes.

Sample D5 D5 after 24 h of Maturation
CWH 15.65 £ 0.62 € 17.23 £ 0.494
CH 20.54 + 0.454 11,35 + 0.48 b
IWH 3040 + 0.44 € 28.50 + 0.43 ¢©
H 13.77 £ 0.19b 1151 £ 0.94b
AWH 38.36 + 0.49 f 1141 £ 097°b
AH 13.06 + 0.53 b 633 +0.122
BWH 42154 0.198 11.29 4+ 0.53 P
BH 13.42 +0.40° 6.88 +£0.332
LWH 38.31 + 0.66 f 1320 £ 0.45 ¢
LH 1191 £ 0.162 6.37 +£0.482

a—g The differences between mean values with the same letter in rows are statistically insignificant (p < 0.05).

3.3. The Particle Sizes of Ice-Cream Mixes

The particle size of the dispersed phase is influential on the stability of the emulsion,
according to Stoke’s law. As a result, the higher stability is connected with the smaller
size of particles, along with being homogenously distributed [31]. Additionally, the size
of particles would have the beneficial or detrimental influence of creating the ice crystal
structure in the final product.

The mean diameter was conducted before and after 24 h of maturation. The mean
diameter D (4, 3) before 24 h of maturation ranged from 11.91 to 42.15 pm (Tables 1 and 4).
The lowest value of mean diameter (11.91 um) was observed for the sample LH (with the
addition of the enzymatic (lactase) hydrolysates of i-carrageenan) after the homogenisation.
For ice-cream mixes with the addition of /-carrageenan (IH) and its other two hydrolysates
(BH and AH) with the homogenisation treatment, the mean diameter was around 13 um. To
summarise, the samples with the addition of the hydrolysates of i-carrageenan and after the
homogenisation treatment had the lowest value of particle size. Innocente et al. [9], in their
research on the impact of the pressure (mechanical) and high-pressure homogenisation
process on the particle size distribution in ice-cream mixes for the production of milk ice
cream, showed that mechanical homogenisation reduces the mean volume diameters of the
particles of the dispersed phase compared to the non-homogenised mixture. Additionally,
in a study by Biasutti et al. [38] on the effects of high-pressure homogenisation of ice-cream
mixes, the sample which was treated by conventional homogenisation had the lowest value
of particle size compared to the sample without homogenisation.

After the maturation, the value of D (4, 3) was observed from 6.33 to 28.50 um
(Tables 1 and 4). The lowest value of mean diameter was observed for the samples AH,
LH and BH (with the addition of hydrolysates of i-carrageenan after the homogenisation
treatment), the mean diameter was around 6 um. In comparison to this value before
maturation time, it was almost half of the reduction of particle size. The highest value
of mean diameter was noticed for the sample with the (-carrageenan and without the ho-
mogenisation treatment (IWH). Additionally, there was a visible increase in particle size in
the control sample CWH. The statistical analysis resulted in significant differences between
samples before and after the maturation time. Based on that, used stabilisers—but also the
homogenisation treatment—influenced particle size in ice-cream mixes. Moreover, looking
at the level of reduction of D (4, 3), the samples with the stabilisers (the hydrolysates of iota
carrageenan addition) and without the homogenisation treatment significantly decreased
the size of particles. For instance, the sample with the enzymatic ([3-galactosidase) hy-
drolysates of i-carrageenan reduced the mean diameter by almost 31 um (Tables 1 and 4).
Similar results were observed for other hydrolysates of i-carrageenan. However, for the
sample with the addition of iota carrageenan, there was a non-significant reduction. Based
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on the literature, in the study by Kaminiska-Dworznicka et al. [23,24] on the influence
of kappa-carrageenan and its hydrolysates on the recrystallisation process in ice model
sucrose solution, better results of prohibition of excessive growth of ice crystals had the
hydrolysates of carrageenan than pure carrageenan were proven. We can suppose that the
addition of kappa-carrageenan was also active in the emulsion stage, which resulted in
better ice crystal structure creation.

Considering the size of the particle, the particle size distribution of the ice-cream mix
before and after the maturation was also analysed (Figure 2a—d). Before the maturation,
all samples without homogenisation treatment had a double or trimodal particle size
distribution (Figure 2a). However, after 24 h of maturation, in all mentioned ice-cream
mixes the trimodal of particle size distribution was observed based on three characteristic
peaks in the figure (Figure 2b). Only sample CWH (without the stabilisers) and AWH (with
the addition of acid hydrolysates of iota carrageenan) did not change the sort of distribution
of particles. Moreover, for samples with the homogenisation treatment more unification
was noticed. Before the maturation, all samples had the double modal of size distribution
(Figure 2c). Additionally, after the 24 h of maturation for all ice-cream mixes the same
fourfold particle size of the distribution was also observed. The four peaks are pointed
out in Figure 2d. The changes of the model of size distribution were confirmed by the
value of Dsy (Tables 1 and 4), in which a significant reduction of particle size was observed.
Innocente et al. [9] showed in their research that homogenised mixtures were characterised
by a monomodal (single) particle size distribution, while the non-homogenised mixture
was characterised by bimodal distribution. The homogenisation process made the particles
uniform in size, therefore there is only one peak in the particle size distribution graphs
of homogenised blends. Additionally, in a study by Voronin et al. [17], monomodal
distribution was observed for the control sample of ice-cream mix and samples which were
treated by HPJ. However, it was noticed that the sample with the addition of emulsifier
had a bimodal distribution. Additionally in research conducted by Warren and Hartel [39]
on the influence of emulsifiers on ice-cream mix and ice cream structure, bimodal and also
trimodal distribution of particle size was observed, which may reflect enhanced partial
coalescence of fat droplets in ice-cream mixes. Therefore, based on our results of RW%,
the coalescence was also observed for ice-cream mixes. It may be concluded that this
destabilisation of ice-cream mixes contributed to increasing diversity in the distribution of
particle size.

3.4. The Rheological Properties

The rheological properties refer to the flow behaviour and mouthfeel of ice cream.
They are crucial in mechanical treatment of ice-cream mix such as stirring and flowing
through pipelines and other technological equipment during continuous process [40]. The
rheological behaviour of fluids can be described by different models using Newtonian,
Bingham Plastic, Casson, Ostwald de Waele and Herschel-Bulkley equations. Rheological
models present the mathematical description of the relation between the shear rate and
shear stress or shear rate and apparent viscosity. The accuracy of fitting the rheologi-
cal models to properties of ice-cream mix samples was carried out using a non-linear
regression method. The model that best fit the rheological data was conducted by com-
parison of coefficients R and Chi-square. The best model should be described by the
highest correlation coefficient (R) and the lowest values of Chi-square parameter (3.
Tables 5 and 6 show that R and x? parameters of the Herschel-Bulkley model fulfilled this
requirement. The values of the correlation coefficient for this model ranged from 0.9984
to 1 and the chi-square parameter varied from 19.4 to 21,495.1, which can be considered
to be satisfying for analysed ice-cream mix samples. Thus, the Herschel-Bulkley model
was selected as adequate to characterise the rheological properties of all samples. This
model was also applied to describe the flow behaviour of ice-cream mixes with different
compositions [9,33,40-42].
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Figure 2. Particles size distribution: (a) before 24 h of maturation of ice-cream mix; (b) after 24 h
of maturation of ice-cream mix; (c) before 24 h of maturation of ice-cream mix; (d) after 24 h of
maturation of ice-cream mix.
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Table 5. The goodness of fit of Bingham, Ostwald de Waele and Herschel-Bulkley models for ice-cream mix samples.

. . Bingham Ostwald de Waele Herschel-Bulkley
Sample Coefficients Model Model Model
2
X 1511.1 5629.7 26.4
CWH R 0.9998 0.9992 0.9999
n 2 3794.6 7782.7 41.0
R 0.9991 0.9988 0.9999
WH 2 6,400,003.1 653,333.3 5252
R 0.9848 0.9844 0.9999
- 2 9,023,333.3 656,333.3 7259
R 0.9840 0.9989 0.9999
2
X 897,667.6 402,666.7 7436.5
AWH R 0.9970 0.9987 0.9993
A 2 1,393,333.3 1,823,333.3 8200.3
R 0.9961 0.9958 0.9998
2
X 476,000.0 497,667.0 16,984.1
BWH R 0.9978 0.9977 0.9984
- 2 826,333.3 131,000.0 5919.7
R2 0.9979 0.9951 0.9998
2
X 252,666.7 281,666.7 7536.3
LWH R 0.9983 0.9985 0.9996
o 2 522,666.7 611,100.0 831.3
R 0.9973 0.9978 1.0000

Table 6. The goodness of fit of Bingham, Ostwald de Waele and Herschel-Bulkley models for ice-cream mix samples after

24 h.
. . Bingham Ostwald De Waele Herschel-Bulkley
Sample Coefficients Model Model Model
2
N 13,470.0 28,005.6 5101.1
CWH R 0.9988 0.9974 0.9997
- 2 41447 9231.7 19.4
R 0.9996 0.9995 1.0000
WH 2 122,000.0 798,333.3 9784.3
R 0.9871 0.9991 0.9997
. 2 13,900,000.0 2,810,000.0 2787.7
R 0.9925 0.9985 1.0000
2
N 862,000 604,666.7 21,495.1
AWH R 0.9975 0.9982 0.9990
Al 2 2,513,333.3 611,666.7 383.0
R 0.9958 0.9989 1.0000
2
X 495,666.7 327,000.0 1537.1
BWH R 0.9980 0.9921 0.9999
BH x2 852,333.3 327,333.3 125.0
R 0.9972 0.9989 1.0000
2
X 291,114.0 187,333.3 4069
LWH R 0.9987 0.9991 0.9997
- 2 939,000.0 230,666.7 166.7
R 0.9968 0.9990 1.0000
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Table 7 presents the estimated parameters of the Herschel-Bulkley model (7,, K, n).
The values of the flow behaviour index n were lower than 1 (Tables 1 and 7) and the
apparent viscosity decreased as the shear rate increased (Figure 3). It indicates that all ice-
cream mix samples showed non-Newtonian shear-thinning (pseudoplastic) behaviour. The
smaller values of n indicate a departure from Newtonian behaviour and characterise the
higher shear-thinning attitude as well as pseudoplasticity of materials [42]. The lowest flow
behaviour index was observed for the IWH (0.633-0.653) and IH (0.742—-0.757) ice-cream mix
which may indicate the higher stability of the product during processing. Concerning the
stability of ice-cream mixes, the samples IWH and IH also had a low TSI value (at 2.3 and
4.1) which contributed to better stability properties during the maturation time. Moreover,
according to other described properties, for those mentioned samples, the increase in
density and additionally the decrease in particle size was observed (Tables 2 and 4). The
higher shear thinning behaviour facilitates the pumping of mix and allows us to obtain
a final product with desirable texture and mouthfeel properties [40,43]. Atalar et al. [44]
observed that the addition of high-pressure homogenised hazelnut milk to ice-cream mix
caused the decrease in 7 values and the higher shear thinning behaviour may lead to a
reduction in energy consumption during the mixing of ice cream. The higher values of flow
behaviour index (0.949-0.991) showed that ice-cream mixes without stabilisers (CWH, CH)
were less pseudoplastic (Table 7). Morover, also based on the Back Scattering (Figure 1a,b)
the different sorts of destabilisation were observed (creaming and sedimentation) compared
to samples with the addition of stablisers. After maturation, the n values did not differ for
the same type of ice-cream mix with exception of the BH sample where the low behaviour
index was lower after 24 h of storage. Dogan and Kayacier [45] noticed that the flow
behaviour index of the ice-cream mix decreased until 24 h of maturation and then it
increased up to 42 h. The effect of homogenisation was not noticeable for many samples
(Table 7). However, homogenised ice-cream mix LH and BH showed lower values of index
n than samples without this treatment. The composition and type of stabiliser significantly
affected the shear-thinning behaviour of mixes which can be related to different water-
binding capacities of investigated stabilisers.

A significant increase in consistency K (Table 7) and apparent viscosity (Figure 3)
was observed for samples after the addition of stabilisers. The ice-cream mix with iota
carrageenan (IWH, IH) characterised the highest consistency index values (255.6-462.3 m Pa s").
It was noted that the consistency index of the vast majority of samples increased after 24 h of
maturation, which is in agreement with results obtained by Dogan and Kayacier [45]. The
increase in viscosity can be explained by better interaction between biopolymer molecules
with water, lipids and proteins after ageing. The consistency index increased for the
same samples (AH and LH) after homogenisation or remained at the same level (Table 7).
Yield stress 7, also increased with the addition of stabilisers (Table 7). Samples with iota
carrageenan showed the highest values of yield stress (9410.8-1508.3 m Pa s™). Rao [46]
concluded that the higher values of yield stress indicated the creation of firmer structures
and more stable systems. The statistical analysis showed that yield stress did not differ
after maturation but values of this parameter increased after homogenisation for most
samples. The higher values of viscosity, consistency index and yield stress for IWH and
IH cream mixes indicated that applied stabiliser can be a good candidate to obtain the
stable product.

3.5. The Microscopic Analysis

The analysis of microscopic images of ice-cream mixes enables the assessment of the
effectiveness of the two stabilisation methods used by observing the differences in particle
size and their homogeneity. The process of homogenisation contributed to implementing
the air bubbles into ice-cream mixes, which was visible in the picture before and after the
maturation (Figure 4).
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Table 7. Herschel-Bulkley model parameters of ice-cream mix at different maturation times (0 and 24 h).

Sample Ageing Time, h T,,1073 Pa K,10-3 Pas™ n
CWH 0 26.6 £0.62 68+202 0.991 + 0.005
24 28.6+192 94+ 182 0.978 + 0.004 &M/
cH 0 27.64 0.8 2 78 +132 0.979 + 0.010 b
24 299 +£1.22 11.8 +3.22 0.949 + 0.036 f8hi
WH 0 1080.3 499 f 336.0 & 14.7 hi 0.653 £+ 0.0112
24 910.8 & 113.1 &f 4623 + 65.7} 0.633 + 0.029 2
H 0 14103 + 316.1 8 255.6 4 78.4 &N 0.742 + 0.056 b
24 1508.3 4+ 119.1 8 3492 +21.71 0.757 4 0.011 be
AWH 0 4443 + 65.7 ¢ 75.7 £9.7 ¢4 0.889 + 0.030 &f8
24 509.8 + 7.3 ¢d 67.7 +1.8¢ 0.927 + 0.006 &L&hi
AH 0 815.8 £ 99.1 def 106.5 + 18.0 f 0.855 + 0.037 def
24 510.2 £ 32.0 ¢4 1769 +£7.78 0.777 £ 0.010 bed
BWH 0 3969 +13.1°¢ 55.5+2.3P 0.918 + 0.008 &f8h
24 321.0 + 424 b 56.6 + 4.5P 0.925 =+ 0.020 ¢f&h
BH 0 737.3 + 105.1 4 56.9 &+ 13.9 b 0.940 + 0.051 fghi
24 360.2 & 34.8 b 977 +£32¢ 0.830 + 0.010 <4
LWH 0 315.8 +£22.1bc 53.6 +3.6° 0.907 + 0.010 ef&h
24 265.0 + 43.3 b 552 +6.9P 0.913 =+ 0.027 ¢fgh
LH 0 469.2 + 36.9 ¢4 875+ 79de 0.884 + 0.018 9
24 330.8 + 23.9 b< 1085+ 1.0f 0.806 + 0.019 bed

a—j The differences between mean values with the same letter in rows are statistically insignificant (p < 0.05).

Figure 3. The viscosity curves of ice-cream mix (a) and after 24 h of maturation (b).

The reduction of particle size was also observed for all samples, which was confirmed
by the particle size analysis (Table 3). The ice-cream mixes were characterised by irregular
distribution of fat particles. Samples not subjected to the homogenisation methods have
larger fat particles, which is also confirmed by the particle size analysis. The presented
photos also show agglomerates of particles. After the 24 h maturation period, despite the
decrease in particle diameter, no significant change in the degree or order in the structure
of the mixtures was observed. In a study by Voronin et al. [17] in the visualisation of the
microstructure of milk ice-cream mixes, the destabilised fat aggregates were also visible.
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Figure 4. The chosen photo of ice-cream mix before (a) and after 24 h of maturation (b).

4. Conclusions

This presented study showed that the iota carrageenan, new stabilisers and homogeni-
sation contributed to a significant influence on the physical properties of vegan ice cream.
The homogenisation process did not affect the density of ice-cream mixes but on the other
hand, this process caused the destabilisation of ice-cream mixes during the maturation
time. According to the TSI (3.0 to 6.5), the higher value of this parameter was noted for the
samples after homogenisation independently on the addition of stabilisers. Based on the
rheological properties, the homogenisation process influenced the flow behaviour index
but only for the samples after maturation time. A significant increase in consistency K and
apparent viscosity was noted only for the samples with the addition of stabilisers after
homogenisation. Similarly to the tendency observed for rheological properties, significant
decrease in the particles sizes were noted for the samples after homogenisation and after
the maturation process (Dsg 11.51 to 6.37 pm).

The stabilisers did not influence the density of ice-cream mixes. Moreover, the used
stabilisers influenced the stability of the product considerably more significant than the
homogenisation process. The lowest TSI values were noted for the sample without ho-
mogenisation treatment but with the addition of stabilisers (with hydrolysates after lactase
treatment LWH) at 1.7 value. Additionally, for the samples, IWH and IH (iota carrageenan
addition) low TSI value was noted, which contributed to better stability properties during
the maturation time. In addition, based on the rheological analysis the samples IH and
IWH had higher stability according to the lowest values of the flow behaviour index. The
use of stabilisers contributed to significantly decreasing particle sizes (the range of Dsg
after the maturation was from 11.29 to 28.50 um). However, the most effective results
was observed for samples with the use of hydrolysates of iota carrageenan (after acid
hydrolysis-AH), which with the combination of homogenisation treatment decreased the
size of particles to 6.33 um. This particle size decrease in samples with the hydrolysates
addition promises more favourable crystal structure creation in ice cream.

To sum up, the satisfying physical properties of ice-cream mixes contributed to obtain-
ing more stable products which can be considered as the potential application of vegan ice
cream. Consequently, there exists the significant possibility of decreasing the waste during
production and thereby increasing the positive influence on the environment. Such an
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approach will be treated as the main goal to attain and the main priority for the potential
producer for whom sustainable development plays a key role.
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Abstract: This study investigated the effect of ultrasound homogenisation on the physical properties
of vegan ice cream mixes. Samples were prepared based on vegan recipes with different sorts of
stabilisers such as iota carrageenan and iota carrageenan’s acid and enzymatic hydrolysates. Ice cream
mixes were compared for stability, particle size distribution, rheological properties and morphological
structure. All mentioned analyses were conducted before and after 24 h of maturation at 4 °C. It
was found that the ultrasound treatment decreased the size of particles and, in conjunction with
the maturation stage, a significant reduction was visible (the lowest value was at 9.76 pm). The
addition of the hydrolysates of iota carrageenan had a considerably better effect in reducing the size
of particles than iota carrageenan. The range of TSI values was from 1.7 to 4.2. Additionally, two
sorts of destabilisation occurred: sedimentation and coalescence, during the maturation of ice cream
mixes, which was also visible in the images. According to the rheological properties, ice cream mixes,
with the addition of stabilisers, showed non-Newtonian shear-thinning (pseudoplastic) behaviour.
Moreover, the effect of ultrasound treatment on the consistency index was only pivotal for ice cream
mixes with an addition of iota carrageenan and with enzymatic 3-galactosidase hydrolysates of

iota carrageenan.

Keywords: ultrasound; homogenisation; vegan; ice cream mix; iota carrageenan; stabilisers

1. Introduction

There is a myriad of elements of different nature such as sugar, fats, stabilisers, water
and others, which constitute the compounds of the ice cream mix. All of them have to
be correctly blended and emulsified together so there is less possibility of reducing the
quality of the final product. The knowledge of the characteristics of compounds and
the relationship between them is pivotal to obtaining the desirable quality of ice cream.
According to that, the ice cream mix determines the sensorial characteristics, structure,
resistance to melting, hardness or viscoelastic behaviour of ice cream [1-3]. Not only do
ingredients contribute to the ice cream structure, but also the manufacturing process, which
includes the homogenisation step.

In food engineering, homogenisation is a process that is used to reduce the size of
particles and globules in the product, narrowing the size distribution or providing a stable
emulsion. Consequently, there is a possibility of achieving greater stability of fat globules
during the ice cream mix maturation [2,4,5]. However, as a result of the need to improve
traditional food processing in recent decades, alternative methods are being implemented.
The search for alternative processes has drawn attention to ultrasound [6].

In the food industry, ultrasound has been the subject of research for many years and
the application of this method has now become widely used. Overall, ultrasound is defined
as an acoustic wave with a frequency greater than 20 kHz, the threshold for human auditory
detection. The mechanism of ultrasound is based on acoustic cavitation. It occurs because
of the interaction between ultrasonic waves, liquid, and dissolved gas. Consequently, the
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implosion of cavitation bubbles generates an extremely high temperature and pressure
which later produces high shear energy waves and turbulence. Moreover, the ultrasound
technique is an innovative and up-and-coming technology in the food industry owing to
the fact that it is relatively cheap, very simple, really fast, non-toxic and energy-saving. It
can also be considered a green technology on the grounds that it creates an environmentally
friendly process. Additionally, the ultrasound can be used to minimize processing or
increase quality and improve processing effectiveness and efficiency, providing food safety
while extending the shelf life of the product [7-12]. Currently, ultrasound is commonly used
for instance in the activation or deactivation of enzymes, homogenisation, emulsification,
stabilisation, crystallization, or even ultrasound-assisted drying [10,13].

Ultrasound waves yield an efficient homogenising procedure compared to traditional
homogenisation. Therefore, the use of ultrasound during the process of the production
of ice cream may be a new promising approach [9]. In the presented study, ultrasound
homogenisation was used as an alternative method to conventional homogenisation. Ac-
cording to the current research, it was proven that ultrasound homogenisation may produce
particles with a narrow particle size distribution. Moreover, the ultrasound may improve
stability and contribute to the adsorbing protein of the emulsion. Consequently, such
improved stability and smaller particle size contributed to considerably better results dur-
ing the freezing process due to the fact that such favourable conditions lead to creating a
superior ice crystal structure and obtaining smaller ice crystals in comparison to the use of
traditional homogenisation [8,14,15].

Furthermore, the ultrasound treatment would replace food additives and emulsifiers,
for example in the preparation of dairy-based emulsion. The results of the study by
Aslan and Dogan [16] show that ultrasound treatment could eliminate additives such as
emulsifiers in the preparation of food emulsions. Not only can the findings of this study be
beneficial for the economy but also for commercial aspects. Moreover, this knowledge can
then be used in the ice cream mix preparation to, for instance, extend the shelf life of the ice
cream. So, based on that, the power of ultrasound is a promising tool in the preparation of
the ice cream mix [15,16].

The aim of this study was to develop the previous study by Kot et al. [17], conducted
on vegan ice cream mixes, to compare the physical properties of ice cream mixes that were
affected by different sorts of homogenisation. For this purpose, ice cream mixes with the
same vegan recipe were produced but instead of traditional homogenisation, ultrasound
homogenisation was used. Stability, particle size, rheological properties and morphology
analysis of all the ice cream mix samples were performed.

2. Materials and Methods
2.1. The Preparation of the Hydrolysates of lota Carrageenan

How the hydrolysis of iota carrageenan was conducted was meticulously described in
the paper by Kot et al. [17]. In the mentioned research, acid and enzymatic hydrolysates of
iota carrageenan were obtained. To perform acid hydrolysis, 0.1 M hydrochloric acid was
used. While for enzymatic hydrolysis two sorts of enzymes were applied: 3-galactosidase
and its cheaper and commercial equivalent—lactase.

2.2. The Preparation of Ice Cream Mixes
2.2.1. The Materials for the Recipe for Ice Cream Mixes

The ingredients used to prepare the ice cream mixes were: 66.5% roasted almond orig-
inal drink (Enerbio, Rossmann, Hanover, Germany), 16% almond syrup (Monin, Bourges,
France), 12% inulin (Orafti BENEO, Tienen, Belgium), 5% pea protein (Nuturalys S85 plus,
Roquette, Lestrem, France), 0.4% emulsifier E471 (Fooding Shanghai, Shanghai, China),
0.08% LBG—Locust Bean Gum (Fooding Shanghai, Shanghai, China), 0.02% xanthan
gum (Fooding Shanghai, Shanghai, China), 0.01% iota carrageenan (Fluka, Sigma-Aldrich,
St. Louis, MI, USA) or 0.005% newly obtained: the acid hydrolysates of iota carrageenan
and enzymatic hydrolysis by (3-galactosidase and enzymatic hydrolysis by commercial
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lactase. The description of abbreviations of prepared ice cream mixes was characterised in
Table 1.

Table 1. The description of abbreviations of samples.

Sample Description
C The control sample
Cu The control sample after ultrasound homogenisation
I The sample with stabilisers (the combination of iota carrageenan, LBG and xanthan

gum)

The sample with stabilisers (the combination of iota carrageenan, LBG and xanthan

U gum) after ultrasound homogenisation
A The sample with stabilisers (the combination of acid hydrolysates of iota carrageenan,
LBG and xanthan gum)
AU The sample with stabilisers (the combination of acid hydrolysates of iota carrageenan,
LBG and xanthan gum) after ultrasound homogenisation
B The sample with stabilisers (the combination of enzymatic 3-galactosidase hydrolysates
of iota carrageenan, LBG and xanthan gum)
The sample with stabilisers (the combination of enzymatic 3-galactosidase hydrolysates
BU ) .
of iota carrageenan, LBG and xanthan gum) after ultrasound homogenisation
L The sample with stabilisers (the combination of enzymatic commercial lactase
hydrolysates of iota carrageenan, LBG and xanthan gum)
The sample with stabilisers (the combination of enzymatic commercial lactase
LU hydrolysates of iota carrageenan, LBG and xanthan gum) after ultrasound

homogenisation

2.2.2. The Production of Ice Cream Mixes

According to the recipe, dry and liquid ingredients were weighed separately. After
it, all components were mixed using a Bosch MaxoMixx 750W blender (Bosch, Gerlingen,
Germany). Then, the pasteurization process was performed by using a Vorwerk thermomixer
used at a temperature of 85 °C within 1.5 min and cooled to 25 °C.

2.2.3. Ultrasound Homogenisation

The next step in preparing ice cream mixes was to treat chosen samples by ultrasound
by using a homogeniser Ultrasonic Liquid Processor VCX 500 (Sonics & Materials, Inc.,
Newtown, CT, USA) with a diameter probe (Model CV334). 250 mL of ice cream mixes for
each trial were used to homogenise. The frequency of 20 kHz and exposure time of 5 min
was used. Then ice cream mixes were allowed to mature for 24 h at 4 °C.

2.3. The Ice Cream Mixes’ Physical Analysis
2.3.1. Stability Analysis of Ice Cream Mixes

The stability of ice cream mixes was conducted by using Turbiscan Lab Expert (For-
mulation SA, Toulouse, France). To record the date of backscattered (BS) light during
measurements, Turbisoft 2.0.0.33 software was used, which allowed comparing stability
based on the Turbiscan Stability Index (TSI). Analysis of the stability of ice cream mixes
was performed before and after maturation (for 24 h; at 4 °C).

2.3.2. The Analysis of Particle Size Distribution

The Cilas 1190 (Cilas, Orléans, France)—a laser diffraction instrument was used to
establish the particle size of the ice cream mixes. The emulsions of ice cream mixes were
suspended in water at an obscuration of 10%. The obtained results were expressed as the
median diameter of D5p and as diagrams of particle size distribution. The analysis was
performed before and after maturation (for 24 h; at 4 °C).
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2.3.3. The Morphology of the Ice Cream Mix

The morphology of ice cream mixes was determined according to the conducted
before and after maturation step (for 24 h; at 4 °C). Firstly, samples of ice cream mixes
were prepared using a small amount and then put on the slide using a spatula, covered
with a slipped glass. Photos of the ice cream mixes were taken using the Olympus BX 43F
microscope (Nikon, Shanghai, China) equipped with the Olympus CAM-5C 50 (Nikon,
Tokyo, Japan).

2.3.4. The Rheological Analysis of the Ice Cream Mix

Experiments were carried out to measure the rheological properties of the ice cream
mix before and after maturation, according to the methodology developed by Kot et al. [17].
Rheological tests were performed using a Haake Mars 40 rheometer (Thermo Scientific Inc.,
Karlsruhe, Germany) in rotational mode within a shear rate of 0-100 s~1 All experiments
were performed in triplicate to verify repeatability. The Herschel-Buckley model, Ostwald
de Waele model and Bingham model were used to predict the flow properties of ice
cream samples. A comparison of the correlation coefficient (R) and chi-square (x2) of the
analysed models showed that the Herschel-Buckley model (1) was adequate to describe
the rheological properties of all ice cream samples.

n—1

Napp = T0 (7)_1 + Ky 1

where: Napp—the apparent viscosity (Pa s), y—the shear rate (s71), Tp—the yield stress (Pa),
K—the consistency index (Pa s™), and n—flow behaviour index (dimensionless).

2.4. Statistical Analysis

For the particle size of distribution and rheological properties, a statistical analysis
was performed. The STATISTICA 13.3 software (Statsoft Polska, Krakéw, Poland) was used
to perform the analysis of variance (ANOVA). The significance of the test is set at o« = 0.05.
The presented data are expressed as a mean with standard deviations (£5SD) and also the
differences between groups were evaluated using the Tukey HSD test.

3. Results
3.1. The Analysis of the Stability of Ice Cream Mixes

The results of the stability of ice cream mixes were determined as values of the TSI
factor (Turbiscan Stability Index) in Figure 1 and as Back Scattering (Figure 2a,b). According
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Figure 1. 1he turbiscan stability index (15I) ot 1ce cream mixes.

Figure 2. The variation of the backscatter at maturation time at 4 °C (a) sedimentation; (b) coalescence).

In a group of samples without ultrasound treatment, the lowest result of the TSI
value (1.7) was observed in the sample with the addition of enzymatic (lactase treatment)
hydrolysates of iota carrageenan (L). Additionally, samples with the addition of acid
hydrolysates of iota carrageenan (A) and iota carrageenan (1), as a stabiliser, had a lower
value of the TSI factor, close to the control sample (C), around 2 (Table 1 and Figure 1). Only
samples with the addition of enzymatic (3-galactosidase treatment) hydrolysates of iota
carrageenan (B) achieved a value of 3.6.

In the case of a group of ice cream mixes with ultrasound treatment, the same tendency
was visible. The lowest TSI value (2.2) was reported for sample (LU) with the addition
of enzymatic (lactase treatment) hydrolysates. In addition, diminished stability in the ice
cream mixes with the addition of enzymatic (3-galactosidase treatment) hydrolysates of
iota carrageenan (BU) was at 4.2 (Table 1 and Figure 1). Overall, the samples without
ultrasound treatment achieved the lowest TSI value, which contributed to the highest
stability of ice cream mixes. Based on that, it may be concluded that the effect of ultrasound
cavitation declined the stability of ice cream mixes.
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When it comes to the results of Back Scattering (BS%), two different phenomena
of destabilisation occurred: coalescence and sedimentation (Figure 2a,b). Based on the
presented results, it was observed that the addition of stabilisers contributed to the observed
effects on the grounds that coalescence occurred in the samples with the addition of a
stabiliser regardless of ultrasound treatment. Sedimentation was visible in the control
sample without stabilisers also independently regardless of ultrasound treatment.

3.2. Analysis of Particle Sizes of Ice Cream Mixes

An analysis of particle size of ice cream mixes was presented as the mean diameter in
Table 2 and as particle size distribution in Figure 3a,b before and after 24 h of maturation at
4°C.

Table 2. The value of median D5 of ice cream mixes before and after maturation (for 24 h; at 4 °C).

Sample D5 before Maturation D5 after Maturation
C 15.65 + 0.62 2 17.23 +0.49 €
cu 14.68 +0.17 2 9.97 +£0.232
I 3040 £ 0,44 ¢ 28.50 £ 043¢
U 28.70 + 0.16 4 23.73 + 0.62 4
A 38.36 + 0.49 ¢ 11.41 4 0.97 2
AU 35.70 £ 0.50 1124 + 1412
B 42.15+0.198 11.29 + 0.53 @
BU 34.29 +0.14f 9.76 + 0.36 2
L 38.31 + 0.66 ¢ 1320 + 0.45b
LU 36.92 + 0.56 10.59 + 0.09 2

The different superscript letters in the table represent significant differences in the means of the same parameter
(p < 0.05). Values represent means =+ standard deviations.

Before the maturation process (directly after preparing the ice cream mixes), the mean
diameter of D5y ranged from 14.68 to 42.15 um (Tables 1 and 2). The lowest value was
noted for the control sample, CU, with the ultrasound treatment. For all ice cream mixes
with the addition of stabilisers, the mean diameter was significantly higher (from 28.70 to
42.15 um) than the previously mentioned CU sample. Nonetheless, it was observed that
the ultrasound treatment reduced the size of particles in all samples no matter the addition
of stabilisers. For instance, sample B (with enzymatic (3-galactosidase) hydrolysates of
iota carrageenan)) without ultrasound homogenisation, had a D5 at 42.15 pum (it was the
highest result), while the same sample but with ultrasound treatment achieved a level of
34.29 um. According to that, the decrease in the size of the particle by acoustic cavitation
was beneficial. The statistical analysis resulted in significant differences between samples
before maturation time, so based on that it may be said that the ultrasound and use of
stabilisers influenced the particle size of ice cream mix particles (Tables 1 and 2).

Taking into consideration the maturation time of ice cream mixes, which is crucial in
ice cream production, the same analysis was conducted after 24 h. A noticeable reduction
in D5y was noted in comparison to the results before maturation. The range of particle
size was from 9.76 to 28.50 um. Additionally, the same tendency of lower value, as before
maturation, was visible for samples with ultrasound treatment. The samples with the
addition of hydrolysates of iota carrageenan with ultrasound treatment had the lowest value
of D5 (Tables 1 and 2). For instance, the sample BU (with the enzymatic (3-galactosidase)
hydrolysates of iota carrageenan)) achieved 9.76 um, sample LU (with enzymatic (lactase)
hydrolysates of iota carrageenan)) at 10.59 pm and AU (with acid hydrolysates of iota
carrageenan) at 11.24 um (Tables 1 and 2). Moreover, according to statistical appraisal, the
three mentioned samples with the control sample, CU, are in the same homologous group.
It may be concluded that ultrasound treatment was a more crucial contribution to reducing
the size of particles than the use of stabilisers. Only the sample with the addition of iota
carrageenan with and without ultrasound treatment (I and IU) had the highest value of
particle size at 28.5 uym and 23.73 um.
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iota carrageenan (I and IU) the range of peaks was different in comparison to the previously
mentioned samples.

3.3. Analysis of Rheological Properties of Ice Cream Mixes

The relation between shear rate and apparent viscosity can be described by different
rheological models (Ostwald de Waele, Bingham, Power Law, Herschel-Buckley). Data
obtained from the ice cream mixes (before and after maturation) showed that the lowest
values of the chi-square (from 15 to 22,143) and the highest values of the correlation
coefficient (from 0.9981 to 1) were observed for the Herschel-Buckley model. For this
reason, this model was selected to characterise the flow behaviour of ice cream mix samples.

The increase in consistency K was observed for ice cream samples with the addition of
stabilisers in comparison to control samples (Figure 4a). However, the consistency values
of samples prepared with iota carrageenan (I, IU) were four- to seven-fold higher than
those observed for ice cream mixes obtained with the addition of other stabilisers. The
effect of ultrasound treatment on the consistency index was only significant for ice cream
mixes with the enzymatic 3-galactosidase hydrolysates of iota carrageenan (B, BU) and
iota carrageenan (I, IU). The consistency index of these samples decreased after ultrasound
treatment. The consistency and viscosity of ice cream mixes with iota carrageenan without
ultrasound treatment (I) increased after 24 h of maturation. A similar effect was observed
for the ice mix, BU, after maturation. Additionally, the high-value standard deviation
and coefficient of variation (15%) of the K parameter may indicate that the sample with

AppliQtaosarragaenatkafiey maturation was less homogenous than other mixes, which wagsglso
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(p < 0.05).

3.4. The Microstructure of Ice Cream Mixes

To support previous analysis and results, microscopic photos were also taken. The
microscopic analysis is presented in Figure 5 with regard to the maturation process.
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particles were observed based on the microscopic analysis after the maturation, but it can
be the effect of destabilisation according to the Back Scattering (Figure 2a,b). We can also
suppose based on the images that flocculation and aggregation occurred.

4. Discussion
4.1. Analysis of the Stability of Ice Cream Mixes

Based on the TSI value, it may be concluded that the effect of ultrasound cavitation
declined the stability of ice cream mixes. In the research of Kot et al. [17], the homogenisa-
tion process also contributed to exacerbating the stability of vegan ice cream mixes. The
TSI value for samples after homogenisation treatment ranged from 3.0 to 6.5. Accord-
ing to the results in the presented paper, the TSI value for samples after the ultrasound
homogenisation did not achieve more than 4.2. Based on that, it may be deduced that
ultrasound homogenisation is a more beneficial method for the stability of ice cream mixes
than traditional homogenisation owing to the fact that the air bubbles which occur during
the homogenisation may be the reason for decreasing the stability of the emulsion in the
ice cream mix. According to the research of O’Sullivan et al. [18], the ultrasound treatment
contributed to enhancing the stability of the emulsion prepared based on the pea protein
isolate. Additionally, an improvement in the stability of the emulsion contributed to the
improvement in the interfacial layer after ultrasonic irradiation. The authors also concluded
that not only did the ultrasound treatment influence this parameter, but it also affected the
time of treatment, before or after emulsification. So, based on the mentioned examples, it
may be inferred that the influence of ultrasound on stability depends on various factors.
Moreover, in the event of ice cream mixes, which is the multiphase product, the choice of
parameters in this method may be more difficult and also hard to control.

As was mentioned in the part of the results, two different phenomena of destabilisation
have occurred: coalescence and sedimentation. Coalescence often occurs due to particle
size increases, while sedimentation is explained as the migration of particles [19]. For
instance, in the research by Voronin et al. [20] milk ice cream mixes, after high-pressure jet
processing, were prone to creaming and rapid separation was visible. On the other hand,
in the work by Aslan and Dogan [16], it was found that ultrasound treatment was resistant
to the coalescence of the emulsion owing to the fact that the smaller droplet size, created by
ultrasound, was associated with the creaming index. The emulsion was also more stable
when the creaming index was low.

4.2. An Analysis of Particle Sizes of Ice Cream Mixes

In the result part, it was highlighted that the size of particles was decreased. Ad-
ditionally, in the study by O’Sullivan et al. [21], a pivotal reduction in particle size in
the emulsion, based on the pea protein isolate with the ultrasound treatment, was ob-
served. This phenomenon was attributed to the disruption of non-covalent associative
forces, such as electrostatic and hydrophobic interactions and hydrogen bonding. Such
mentioned forces maintained aggregates of protein in the solution through high levels of
hydrodynamic shear and turbulences during ultrasonic cavitations. On the other hand, in
comparison to the research of Kot et al. [17], where traditional homogenisation was used in
vegan ice cream mixes, the reduction in the particle size, at the lowest value of D5y after
maturation, was 6.33 pm. In the presented study, the lowest particle size for samples after
the ultrasound treatment was 9.76 um. Furthermore, in the study by Sert and Mercan [22],
a different sort of homogenisation was used—high-pressure homogenisation, for preparing
the sheep milk ice cream mix. The higher the pressure of homogenisation the lower and
more satisfying the particle size achieved. The lowest D5 value was at a level of 6.49 um.
Based on the mentioned studies, ultrasound homogenisation did not reduce the particle
size significantly, like other sorts of homogenisation. However, the sizes of the particles
in the ice cream mix do not play a crucial role in forming a crystal structure. The uniform
structure of the prepared emulsion is considered more important [14]. Nonetheless, it must
not be forgotten that ultrasound is much more economical than conventional high-pressure
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homogenisation or other mixing methods. Ultrasound is believed to be energy-saving and
at the same time, offers more flexibility in its implementation [23].

The changes in the size and distribution of particles, in this step of preparing ice cream,
may contribute to creating a more or less desirable structure of ice crystals in the final
product. In comparison to other research, for instance, in the research conducted by Warren
and Hartel [24], a bimodal and a trimodal distribution of particle size were observed in
the ice-cream mix. Such distribution may have reflected increased partial coalescence of
fat droplets in ice cream mixes. In our research, the phenomena of coalescence also were
noted, which may be connected with increasing diversity in particle distribution among ice
cream mix samples. Moreover, in the study by Huppertz et al. [25], it was noted that the ice
cream mix had a comparable particle size distribution, after high-pressure homogenisation.
In the case of our study, ultrasound homogenisation contributed to more diversity in ice
cream samples.

4.3. An Analysis of Rheological Properties of Ice Cream Mixes

The Hershey-Buckley model, which was used to describe the rheological properties in
ice cream mixes, was used to describe the ice cream mixes obtained with different methods
of homogenisation [17,26]. According to the obtained results, the higher values of yield
stress may indicate the presence of firmer structures [27]. The addition of stabilisers to
mixes caused a significant increase in yield stress.

The flow behaviour index characterises the type of fluids. The samples with an n
value close to 1 show behaviour similar to Newtonian fluids. The smaller values of n
(lower than 1) indicate a departure from Newtonian behaviour [28]. All ice cream mixes,
with the addition of stabilisers, showed non-Newtonian shear-thinning (pseudoplastic)
behaviour. After maturation, the low behaviour values index did not vary for the same type
of ice cream mix with the exception of the BU sample. Moreover, the effect of ultrasound
treatment on the n index was not significant for most samples. The differences between the
two variants of control and the stabilized samples are also visible in the images (Figure 4).

4.4. The Microstructure of Ice Cream Mixes

Microscopic analysis was immensely pivotal to seeing changes in fat globules and the
sort of destabilisation. Voronin et al. [20], proved that the destabilisation of fat aggregates
was visible in the milk ice cream mixes. Overall, it may be concluded that maturation as a
step in ice cream production displays a considerably pivotal role in creating the structure
of ice cream mixes. Moreover, the reduction in the size of the particles was achieved,
which may also have influenced conformation after maturation. According to research
by Ahn et al. [29], the observation of the microstructure of an emulsion can provide a
significant clue to the understanding of the structure of the emulsion and its relationship
with stability. In this research, it was noticed that the interactions with proteins and
phospholipids can modulate the stability of the emulsion, which may later contribute to
functionality, such as the digestibility of dairy-based emulsions. Furthermore, according to
the previous studies [30,31], the way of preparation but also the composition (including the
chosen: stabilisers iota carrageenan and its hydrolysates) had concurrently a great impact
on forming ice crystals structure of ice cream.

5. Conclusions

In the presented study, ultrasound homogenisation contributed to a decrease in the
stability of ice cream mixes. The samples after the ultrasound treatment had a higher
value of TSI The elevated value of TSI was noted for sample IU (with the addition of iota
carrageenan) and BU (hydrolysate of iota carrageenan) and was at a level of 4. The addition
of stabilisers in ice cream mixes improved stability during maturation. Moreover, the
ultrasound treatment in ice cream mixes reduced the particle size; however, it was visible
after maturation. Additionally, the combination of ultrasound and the use of stabilisers
gave better results in reducing the size of the particle, than only using stabilisers and
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the smallest particles were noticed in the BU sample—9.76 um. The effect of ultrasound
treatment on the consistency index was only significant for ice cream mixes IU and BU
and the consistency index of these samples decreased after ultrasound treatment. Based
on the microscopic photos, the agglomeration of fats and considerable diversification was
visible in all ice cream mixes. While analysing the microstructure, the effect of ultrasound
treatment was not noticeable for most samples and only in the IU sample, after maturation,
were the differences visible.

Due to the specific mechanism of ultrasound homogenisation, it may be contemplated
as an interesting tool for ice cream applications. This method can be effectively used for
reducing the size of particles. Moreover, it may be used in improving the stability of the
emulsion in comparison to the traditional form of homogenisation. This method has the
potential in enhancing the quality and performance of vegan ice cream mixes. However,
although a plethora of advantages to using this method in production are acknowledged,
wide-ranging research is still required to further industrial applicability.
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1 | INTRODUCTION

Anna Kaminska-Dworznicka

Abstract

This article investigated the influence of ultrasound homogenization and stabilizers
(iota carrageenan and its hydrolysates) in the production of vegan ice cream. The
cryoscopic temperature, osmotic pressure, overrun, melting time, and microstructure
analysis were investigated. Vegan ice cream were stored at —18°C and the recrystal-
lization process was analyzed based on images taken after 24 h, 1 month, and
3 months. According to the results, it was noted that ultrasound homogenization
contributed to obtaining smaller ice crystals in ice cream, in comparison to the sam-
ples after traditional homogenization. The average diameter of ice crystals in the
sample US pretreated, after 3 months of storage was less than 21 um. The overrun
value ranged from 9.22% to 32.36% and the melting time for samples did not exceed
34 min. The analysis of the cryoscopic temperature and osmotic pressure showed
that ultrasound contributed to increasing the cryoscopic temperature and lowering

the osmotic pressure.

Practical Applications

The presented study shows an alternative to dairy products for the vegan ice cream
market. Changing mechanical homogenization to ultrasound homogenization in
vegan ice cream production might be an effective step for ice cream producers.
Owing to the fact that the use of ultrasound during production may reduce the
impact of using stabilizers on the recipe of vegan ice cream. Finally, such changes will
not result in additional steps in ice cream production which may not generate addi-

tional costs.

KEYWORDS
crystal structure, recrystallization, ultrasound homogenization, vegan ice cream

as stabilizers or emulsifiers, without any animal-based ingredients.

Interest in such frozen dessert is rapidly growing over the last few

Based on current knowledge, ice cream is one of the most popular
items within the worldwide food sector and this sector is growing fast.
The term ice cream is connected with a complex colloidal system con-
sisting of air cells, ice crystals, and fat droplets which are dispersed
into the serum phase (Clarke, 2004; Goff & Hartel, 2013; Goral
et al., 2018). Furthermore, vegan ice cream refers to a frozen and aer-

ated mixture based on plant protein, vegetable fat, and additions such

years (Kot & Kaminska-Dworznicka, 2022). The implementation of
vegan ice cream in our diet is related to a plethora of reasons such as
health, ethics, and ecology. First and foremost, the combination of
lifestyle-related health restrictions, such as lactose intolerance or a
cow's milk allergy, contributed to limiting the milk products and
substituting it with a vegan one in daily life. Therefore, it has given

rise to new foods and products on the market (Aboulfazli et al., 2016;
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Cadena et al., 2012; Vanga & Raghavan, 2018). Moreover, the major-
ity of consumers are adopting and successfully adhere to vegan or
vegetarian diets. Last but not least, it should not be forgotten that
people's awareness of ecology is usually responsible for their food
choices. It is known that a plant-based diet is essential to counteract
climate change. Due to this fact, the exclusion of a meat-based diet
can contribute to the promotion of a more sustainable diet by using
natural resources. Taking all these points into consideration there
exists a need to produce vegan-labeled ice creams that will measure
up to such expectations (Alvaro, 2017; Krizanova et al., 2021; Wil-
liams et al., 2023).

In frozen foods, such as ice cream, any changes in the physical
state of water cause undesirable changes in stability, structure, and
texture during distribution or storage. Such modifications pose a prob-
lem that results in a quality loss at the final part of the cold chain due
to recrystallization phenomena (Ndoye & Alvarez, 2015; Pham &
Mawson, 1997). The recrystallization phenomenon is a process
related to the changes in characteristics of ice crystals such as shape,
number, size, or orientation. The diffusing unfrozen water from the
serum phase to the crystal structure contributes to the enhancement
of the growth of crystals, and, consequently, to recrystallization. This
process occurs because of two mechanisms: accretion and migration.
The first one is connected by joining together two or more crystals to
form single and larger crystals. This process requires the close proxim-
ity of crystals. The second one, migration, is based on the melting pro-
cess which yields the movement of the melted liquid to the surface of
larger crystals. This mechanism is triggered by temperature (Adapa
et al., 2000; Goff & Hartel, 2013; Hartel, 1988; Zhu et al., 2019). Tak-
ing all this into consideration, it is advisable to obtain ice crystals
between 10 to 20 um to achieve a favorable texture, on grounds that
ice crystals larger than 50 um make the quality of ice cream coarse or
grainy (Gaukel et al., 2014; Kaminska-Dworznicka et al., 2019; Smith
et al., 2000). Additionally, the recrystallization process is also related
to the capacity of stabilizers to form cryogens or entangled networks.
In accordance with gel firmness, it is associated with the possibility of
inhibiting ice crystal growth and changing the morphology
(Blond, 1988; Regand & Goff, 2002). One effective and commonly
known way to prevent the recrystallization process is the use of stabi-
lizers. Accordingly, to alter the behavior of water, stabilizers are able
to modify water-binding capacity, freezing rates, rheological proper-
ties, and ice crystal formation (Adapa et al., 2000).

However, the need for finding other methods to prevent the
recrystallization process is driven by non-thermal technologies. Such
technologies may reduce the number of ingredients in the recipe of
ice cream or obtain eligible results in the final product by creating a
combination of stabilizers. Nonetheless, it should be pointed out that
the ingredients in ice cream and their correlations are able to deter-
mine the final nature of ice cream. According to this, changes in the
production process may be related to preparing the ice cream mix
even in the process of freezing. That is the main reason the presented
article focuses on using ultrasound homogenization instead of the tra-
ditional one (Carrillo-Lopez et al., 2021).

Overall, the ultrasound technique is an up-and-coming technol-
ogy due to the fact that it is relatively cheap, quite simple, fast, non-

KOT and KAMINISKA-DWORZNICKA

toxic, and energy-saving. Moreover, based on current trends, it is
vital to use green technologies, which may provide safe food and
increase the effectiveness or efficiency of conventional technolo-
gies (Akdeniz & Akalin, 2019; Chemat & Khan, 2011). Ultrasound
homogenization is an innovative method of producing an emulsion,
also the ice cream mix emulsion. First and foremost, using ultra-
sound homogenization may contribute to narrowing particle size
distribution and improving stability. The fact that forces such as tur-
bulence, mixing, and shear are generated during acoustic cavitation
that disrupt fat globules and simultaneously reduce their sizes. Addi-
tionally, ultrasound homogenization presents lower investment
costs and ease of cleaning in comparison to traditional homogeniza-
tion (Akdeniz & Akalin, 2019; Firouz, 2021). According to this, the
appropriate amount of fat and its structure may affect the ice crys-
tals’ size, creating less space for crystal formation and smaller ice
crystals will be obtained (Adapa et al., 2000). Consequently, it would
contribute to inhibiting the recrystallization phenomena in ice
cream, obtaining smaller crystals, and thus improve the quality of
the product.

The new knowledge presented in this article is a step forward to
creating the most advantageous method to prevent the recrystalliza-
tion process. Owing to the fact that little is known about the influence
of ultrasound homogenization on the ice crystal structure, especially
in vegan ice cream, the objective of this article was to evaluate the
impact of ultrasound homogenization in comparison to the traditional
method and the addition of stabilizers such as iota carrageenan and
its hydrolysates on the physical properties and crystal structure of

vegan ice cream.

2 | MATERIALS AND METHODS

21 | The preparation of the hydrolysates of iota
carrageenan

How the hydrolysis of iota carrageenan was conducted was described
in this article by Kot, Kaminska-Dworznicka, Antczak, et al. (2022). To
perform acid hydrolysis, 0.1 M hydrochloric acid and 0.1 M sodium
hydroxide were used. Three variants of acid hydrolysis were per-
formed: O, 1, and 3 h of acid hydrolysis. For enzymatic hydrolysis, two
sorts of enzymes were applied: p-galactosidase and its cheaper and
commercial equivalent—lactase. For p-galactosidase hydrolysis, the
four variants of samples were prepared (2, 24, 48, and 72 h), while for
lactase hydrolysis two variants (0 and 24 h of hydrolysis) were pre-
pared. Molecular mass distribution was estimated through SEC (size-
exclusion chromatography) analysis and only hydrolysates with the
highest reduction of molecular mass were used for further analysis.
Moreover, to confirm that the IRl (Ice Recrystallization Inhibition)
activity of obtained hydrolysates of iota carrageenan depends on the
functional group's position changes, FTIR (Fourier Transform Infrared
Spectroscopy) analysis was performed. Based on these results only
samples with the highest molecular mass reduction and the longest
time of hydrolysis were used for further research as a stabilizer in ice

cream.
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2.2 | The preparation of ice cream

2.2.1 | The materials for the recipe for ice cream
The ingredients used to prepare the ice cream mixes were: 66.5%
roasted almond original drink (Enerbio, Rossmann, Hanover, Ger-
many), 16% almond syrup (Monin, Bourges, France), 12% inulin (Orafti
BENEO, Tienen, Belgium), 5% pea protein (Nuturalys S85 plus,
Roquette, Lestrem, France), 0.4% emulsifier E471 (Fooding Shanghai,
Shanghai, China), 0.08% LBG—Locust Bean Gum (Fooding
Shanghai, Shanghai, China), 0.02% xanthan gum (Fooding Shanghai,
Shanghai, China), 0.01% iota carrageenan (Fluka, Sigma-Aldrich,
St. Louis, MI, USA) or 0.005% newly obtained: the acid hydrolysates
of iota carrageenan and enzymatic hydrolysis by f-galactosidase and
enzymatic hydrolysis by commercial lactase.

The characteristics of the prepared samples of ice cream mixes:

e C—the control sample (without stabilizers);

e |—the sample with stabilizers (the combination of iota carrageenan,
LBG, and xanthan gum);

e A—the sample with stabilizers (the combination of acid hydroly-
sates of iota carrageenan, LBG, and xanthan gum);

e B—the sample with stabilizers (the combination of enzymatic
B-galactosidase hydrolysates of iota carrageenan, LBG, and xanthan
gum);

e L—the sample with stabilizers (the combination of enzymatic com-
mercial lactase hydrolysates of iota carrageenan, LBG, and
xanthan gum);

o H-—the sample after traditional homogenization treatment;

o U—the sample after ultrasound homogenization treatment.

Each variant of ice cream mixes was prepared twice, per 2 L.

2.2.2 | The production of ice cream mixes

According to the recipe, dry and liquid ingredients were weighed sep-

arately. After this, all components were mixed using a Bosch Maxo-

Mixx 750 W blender (Bosch, Gerlingen, Germany). Then, the

pasteurization process was performed using a Vorwerk thermomixer

used at a temperature of 85°C within 1.5 min and cooled to 25°C.
The two methods of homogenization were used:

e Traditional homogenization using the homogenizer IKA T 25 digital
ULTRA-TURRAX 20 rpm (IKA®-Werke GmbH & Co. KG, Staufen,
Germany) through 2.5 min.

e Ultrasound homogenization using a homogenizer Ultrasonic Liquid
Processor VCX 500 (Sonics & Materials, Inc., Newtown, CT, USA)
with a diameter probe (Model CV334). 250 mL of ice cream mixes
for each trial. The frequency of 20 kHz and exposure time of 5 min
was used. The used frequency of ultrasound was also tested in
accordance with other papers such as this article by O'Sullivan

et al. (2016) for the ultrasound homogenization on soy and wheat

protein isolates and this article by da Silva et al. (2019) during the

ultrasound homogenization of cupuacu juice.

After the homogenization step, all prepared ice cream mixes were
submitted to the maturation process for 24 h at 4°C (fridge, Whirl-
pool, Poland).

223 | The freezing of ice cream

The freezing of ice cream mixes was performed in an ice cream maker
Neumaker Gelato 5 K SC (Hemer, Germany) until the ice cream tem-
perature was —7°C around 15 min. Then the samples were placed in
plastic containers and stored at —18°C for 24 h, 1 month, and
3 months (freezer, Whirlpool, Poland).

2.3 | Theice Cream's physical analysis

2.3.1 | Cryoscopic temperature and osmolality

The cryoscopic temperature and also osmolality of ice cream mixes
were determined using an osmometer Marcel 0s3000 (Warsaw,
Poland). The accuracy of measurement of the freezing temperature
was 0.002°C and for osmolality, it was 1%. According to the instruc-
tions of the devices, 100 pL of ice cream mixes after the maturation
process was put in Eppendorf tubes and measured until the device

was stabilized. The analysis was performed in duplicate.

2.3.2 | Meltingtime

The melting behavior of ice cream was determined using a cooled
metal ring (11 cm in height and 2 cm in diameter, volume 35 mL),
stored at —25°C for 24 h before measurement. After this time, the
ring was filled with ice cream directly after the freezing process and
then stored for 24 h at —25°C. After storage, the ring was placed on
the funnel with two pins located at the ends of the ring at a controlled
temperature of 25°C. The first drop of melted ice cream was recorded
as the melting time of the sample (Dtuzewska et al., 2003; Goral

et al., 2018). The analysis was performed in duplicate.

2.3.3 | Determination of the overrun

The overrun of ice cream was determined according to the following
formula and was performed in duplicate (Diuzewska et al., 2003;
Goral et al., 2018):

Wi —W,

Overrun =
W,

-100%, (1)

where W;—the mass of the unit volume of the mixture (g) and W,—

the mass of the unit volume of ice cream (g).
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2.34 | Microstructural analysis of ice crystals

The microstructure of ice crystals was analyzed based on the images
taken after 24 h, 1 month, and 3 months of storage at —18°C. To
prepare samples, a small amount of ice cream was taken from the
center of the plastic box (from at least 3 different locations, and a
minimum of 3 cm away from the surface), then put on a cool slide
using a spatula and covered with a cool slip glass on the top of the
sample. All samples were prepared in a freezing chamber and trans-
ferred to a microscope with the cooling system Linkam Scien-
tific PE 94.

The recrystallization process was analyzed based on images taken
using the Olympus model BX43F (Tokyo, Japan) microscope with a
cooling system with liquid nitrogen—Linkam Scientific Instruments
LTD model LNP96-S (Tokyo, Japan) and camera Olympus model SC50
(Tokyo, Japan). The obtained images were analyzed using the Olym-
pus cellSens Dimension Desktop program. Around 300 ice crystals
were marked for one sample, and then the area, equivalent diameter,
and standard deviation were calculated. Analysis of the recrystalliza-

tion process was performed in duplicate.

2.3.5 | Statistical analysis
For the melting time, overrun, cryoscopic temperature, and osmolality,

a statistical analysis was performed. The data have expressed a mean

with standard deviations (+SD) in Table 1. The results were analyzed

TABLE 1 The physical analysis of vegan ice cream.

KOT and KAMINISKA-DWORZNICKA

using the analysis of variance (ANOVA). Tukey's test was used to
determine if the differences between the parameters of the ice cream
samples were significant. The statistical appraisal was performed using
STATISTICA 13.3 software (Statsoft Polska, Krakéw, Poland). The sig-
nificance of the test was set at « = 0.05.

The frequency distribution of the ice crystal size was figured
using Microsoft Excel 2011 macro data analysis. The relative fre-
quency of any class interval was calculated as the number of crystals
in that class (class frequency) divided by the total number of
crystals and expressed as a percentage (Figures 1-3). According to the
method described by Regand & Goff, 2003, the parameter Xso was
analyzed as the mean diameter (D,) for 50% of the crystals in the
sample. The mean diameter (D,) and standard deviations (SD) of each
class were also calculated (Table 2). The method has previously been
described (Goff & Hartel, 2013; Kaminska-Dworznicka et al., 2015;
Kaminska-Dwdrznicka et al., 2016; Kot et al., 2020).

3 | RESULTS AND DISCUSSION

3.1 | The cryoscopic temperature and osmotic
pressure of ice cream mixes

The measurement of the cryoscopic temperature is one of the pivotal
characteristics of ice cream mixes due to the fact that it determines
the nature of cooling the water during freezing or later during the

hardening and storage of ice cream (Adapa et al., 2000).

Sample Cryoscopic temperature, °C Osmotic pressure, mOsm/kg Melting time, min. Overrun, %

C —1.852 + 0.042% 997 + 4°f¢ 26.24 + 0.14bcde 11.44 + 0.30%
CH —1.861 + 0.0122 1002 + 778 24.38 + 1.50°<¢ 12.06 + 0.86°°
cu —1.834 + 0.0417 986 + 49f 29.54 + 1.39% 10.86 + 2.49°

I ~1.918 + 0.115% 969 + 3¢ 32.10 + 1.45° 32.36 + 1.41°
IH —1.856 + 0.005? 999 + 3f 20.18 + 0.17% 8.15 + 1.20°
[9] —1.813 + 0.029% 976 + 14 24.36 + 1.08° 14.05 + 1.28%¢
A —1.824 +0.018% 982 + 3cde 24.07 + 1.86° 22.13 + 0.84¢
AH —1.858 + 0.0112 1000 + 7€ 16.19 + 1.26% 15.19 + 0.052°<
AU —1.839 + 0.013% 999 + 4°fe 22.31 + 1.23%¢ 14.60 + 2.97%5
B —1.804 + 0.010? 969 + 45¢ 23.25 + 1.41P« 3221 +2.76°
BH —1.844 + 0.027° 993 + 2¢°f¢ 15.37 + 1.32° 16.39 + 3.312b<d
BU —1.771 £ 0.0112 953 + 7% 26.12 + 3.80Pcd® 19.55 + 2.57°
L —1.894 + 0.0042 1020 + 2" 24.10 + 0.14 23.09 + 2.96¢
LH —1.873 + 0.0112 1008 + 68" 29.22 + 3.14%% 9.22 +3.13°
LU —1.757 + 0.042° 946 + 32 33.05 + 2.16° 11.08 + 0.59%

Abbreviations: C, control sample (without stabilizers); |, sample with stabilizers (the combination of iota carrageenan, LBG, and xanthan gum); A, sample
with stabilizers (the combination of acid hydrolysates of iota carrageenan, LBG, and xanthan gum); B, sample with stabilizers (the combination of enzymatic
B-galactosidase hydrolysates of iota carrageenan, LBG, and xanthan gum); L, sample with stabilizers (the combination of enzymatic commercial lactase
hydrolysates of iota carrageenan, LBG, and xanthan gum); H, after the traditional homogenization treatment, U, after the ultrasound homogenization

treatment.

Note: Different superscript letters (a—h) in columns represent significant differences in the means of the same parameter (p < 0.05). Values represent
means + standard deviations.
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FIGURE 1

Ice crystal size distribution in ice cream after 24 h of storage at —18°C. C, control sample (without stabilizers); I, sample with

stabilizers (the combination of iota carrageenan, LBG, and xanthan gum); A, sample with stabilizers (the combination of acid hydrolysates of iota
carrageenan, LBG, and xanthan gum); B, sample with stabilizers (the combination of enzymatic p-galactosidase hydrolysates of iota carrageenan,
LBG, and xanthan gum); L, sample with stabilizers (the combination of enzymatic commercial lactase hydrolysates of iota carrageenan, LBG, and
xanthan gum); H, after the traditional homogenization treatment; U, after the ultrasound homogenization treatment, 24 h—after 24 h of storage.

100.0 c
90.0 e CH
— 800 cu
E — |
70.0
.E e |H
-
2 600 I
=
2 500 — A
-: e AH
= 40.0
£ AU
)
’a 30.0 - B
@
= 200 <= BH
BU
10.0 +
- |
0.0 - T T T 1 amme |H
0 5 10 15 20 25 30 35 40 45 w

Equivalent diameter [pm]

FIGURE 2

Ice crystal size distribution in ice cream after 1 month of storage at —18°C. C, control sample (without stabilizers); I, sample with

stabilizers (the combination of iota carrageenan, LBG, and xanthan gum); A, sample with stabilizers (the combination of acid hydrolysates of iota
carrageenan, LBG, and xanthan gum); B—sample with stabilizers (the combination of enzymatic p-galactosidase hydrolysates of iota carrageenan,
LBG, and xanthan gum); L, sample with stabilizers (the combination of enzymatic commercial lactase hydrolysates of iota carrageenan, LBG, and
xanthan gum); H, after the traditional homogenization treatment; U, after the ultrasound homogenization treatment; 1 m, after 1 month of

storage.

In the presented study, the range for the cryoscopic temperature
was from —1.918 to —1.757°C (Table 1). Based on statistical analysis,
the type of used stabilizer and homogenization treatment did not sig-
nificantly influence the cryoscopic temperature. Looking at the results
of cryoscopic temperature, it was noted that the sample with the

addition of iota carrageenan (I) and the sample with the addition of

enzymatic commercial lactase hydrolysates of iota carrageenan
(L) was characterized by the lowest value of temperature, at a level of
—1.918 and —1.894°C. Moreover, despite the different sorts of sta-
bilizers used, it was noticed that the value of cryoscopic temperature
was no different in comparison to the control sample. On the other

hand, for other variants of ice cream, traditional homogenization was
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FIGURE 3

Ice crystal size distribution in ice cream after 3 months of storage at —18°C. C, control sample (without stabilizers); |, sample with

stabilizers (the combination of iota carrageenan, LBG, and xanthan gum); A, sample with stabilizers (the combination of acid hydrolysates of iota
carrageenan, LBG, and xanthan gum); B, sample with stabilizers (the combination of enzymatic B-galactosidase hydrolysates of iota carrageenan,
LBG, and xanthan gum); L, sample with stabilizers (the combination of enzymatic commercial lactase hydrolysates of iota carrageenan, LBG, and
xanthan gum); H, after the traditional homogenization treatment; U, after the ultrasound homogenization treatment; 3 m—after 3 months of storage.

the reason which contributed to lowering this parameter and, at the
same time, ultrasound homogenization influenced the increasing
cryoscopic temperature (Table 1). The cryoscopic temperature has
been investigated by Muse and Hartel (2004) during the analysis of
ice cream produced with different types of sweeteners and emulsi-
fiers. It was noted that cryoscopic temperature ranges from —1.8 to
—4.6°C. Moreover, much of the available literature on ultrasound
presents that ultrasound is a pivotal tool in improving heat transfer
efficiency in the freezing process (Chemat et al., 2015). This state-
ment could be attributed to the higher cryoscopic temperature of
presented ice cream mixes after the homogenization treatment in
comparison to traditional homogenization and samples without any
treatment, on the grounds that ultrasound might accelerate the
freezing process in those samples resulting in higher temperatures.
Additionally, looking at Table 1, it may be noticed that changes
between samples were dependent on the type of added stabilizers
not only from the pretreatment owing to the fact that the molecular
mass of the used stabilizers (iota carrageenan and its hydrolysates)
may influence the freezing point of prepared ice cream mixes. In our
previous research (Kot, Kaminska-Dworznicka, Antczak, et al., 2022),
it was proven that the molecular mass was dependent on the sort of
hydrolysis. On the other hand, a small difference between iota carra-
geenan and its hydrolysates was noticed. Such results may be caused
by the used ultrasound due to the fact that the iota carrageenan was
less resistant to flow and the same accumulated higher shear force
which leads to more frequent ruptures as the cavitation bubbles col-
lapse than in the shorter polymer (Tecson et al. 2021). Finally, the
mass of iota carrageenan and presumably the mechanism were simi-
lar to hydrolysates of iota carrageenan. Moreover, such dependents

give the information that used hydrolysates might be more stable

and less vulnerable on the ultrasound treatment than iota
carrageenan.

In the case of osmotic pressure, the value was from 946 to
1020 mOsm/kg. (Table 1). Traditional homogenization for all prepared
ice cream gave a higher value of osmotic pressure, while the
ultrasound treatment lowered this parameter. Therefore, it may be
concluded that ultrasound reduces the moisture-binding capacity of
used stabilizers on ice cream mixes. In the case of used stabilizers,
there were no significant differences between samples. Only for sam-
ple L (with the addition of enzymatic commercial lactase hydrolysates
of iota carrageenan) was the osmotic pressure higher in comparison to
the sample after the homogenization treatment (LH) (Table 1). Baer
and Czmowski (1985) observed that the osmotic pressure of milk
vanilla ice cream ranged from 1426 to 1705 mOsm/kg. The lower
value of osmolality in our ice cream samples might be the reason for
the different number and sort of soluble ingredients that were con-

tained in this ice cream mix.

3.2 | The melting time of ice cream
The melting time of ice cream is a crucial factor in assessing the qual-
ity of this product. Based on the melting time, there is the ability to
assess the correctness of selected technology or for instance, freezing
parameters. There exist many factors that contribute to the melting
time of ice creams such as the amount of air incorporated, the net-
work of fat globules, or the nature of ice crystals (Muse &
Hartel, 2004).

In the presented article, the melting time for samples of vegan ice
cream ranged from 15.37 to 33.05 min. According to the statistical
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TABLE 2 Ice crystal sizes in ice cream after 24 h, 1, and 3 months of storage at —18°C.

Average diameter D, in the class The minimal size of The maximal size of
Time of storage and variant of ice cream with the highest frequency [um] + SD ice crystals [um] ice crystals [um]
C 24 h 13.01 +£ 3.06 6.90 22.71
1 month 13.07 £ 2.66 7.02 20.55
3 month 20.41 +2.80 14.59 27.26
CH 24 h 10.73 £2.17 4.45 17.72
1 month 13.26 £ 2.69 6.54 21.62
3 months 16.28 + 3.81 7.33 25.71
CuU 24 h 10.61 £2.41 4.32 17.25
1 month 10.74 £ 2.57 4.68 17.10
3 months 12.88 + 3.27 6.13 22.16
| 24 h 11.14 £ 2.83 5.73 24.56
1 month 17.96 + 6.83 9.50 27.73
3 months 20.25 £ 4.57 9.38 32.25
IH 24 h 11.86 £ 2.40 6.28 20.00
1 month 13.59 £ 3.58 4.92 24.09
3 months 18.48 £ 4.15 10.71 27.87
U 24 h 14.75 £ 4.12 6.30 29.26
1 month 15.81 + 3.63 8.56 23.30
3 months 17.67 + 3.62 10.46 29.57
A 24 h 17.32 £4.70 6.63 28.34
1 month 18.78 £ 7.41 8.54 30.56
3 months 19.41 £ 3.49 13.53 28.06
AH 24 h 15.10 £ 3.73 7.48 25.10
1 month 20.38 £ 4.35 7.79 31.80
3 months 19.99 + 4.64 10.21 32.72
AU 24 h 13.13 £ 3.24 5.61 23.39
1 month 16.69 +4.32 7.29 26.32
3 months 16.47 £ 3.12 10.87 25.82
B 24 h 13.46 + 3.87 5.05 22.50
1 month 13.37 £ 3.32 5.69 22.00
3 months 17.50 £ 4.17 7.24 28.09
BH 24 h 10.55 +5.97 5.78 19.56
1 month 12.56 +2.91 6.25 20.61
3 months 1752 £ 4.71 9.37 27.39
BU 24 h 10.80 £ 3.92 5.45 17.83
1 month 14.28 +4.21 7.05 23.84
3 months 16.06 + 4.39 7.48 28.21
L 24 h 10.61 £ 2.04 7.35 17.49
1 month 13.23£3.28 5.37 20.90
3 months 19.33+£3.91 10.44 28.59
LH 24 h 13.76 £ 3.75 6.60 23.36
1 month 15.89 £ 4.18 7.87 28.92
3 months 18.19 + 3.02 11.60 26.03
LU 24 h 14.53 + 3.04 7.59 22.15
1 month 15.23 £4.20 6.44 29.15
3 months 16.54 £ 4.16 8.97 28.62

Abbreviations: C, control sample (without stabilizers); I, sample with stabilizers (the combination of iota carrageenan, LBG, and xanthan gum); A, sample with
stabilizers (the combination of acid hydrolysates of iota carrageenan, LBG, and xanthan gum); B, sample with stabilizers (the combination of enzymatic B-galactosidase
hydrolysates of iota carrageenan, LBG, and xanthan gum); L, sample with stabilizers (the combination of enzymatic commercial lactase hydrolysates of iota
carrageenan, LBG, and xanthan gum); H, after the traditional homogenization treatment; U, after the ultrasound homogenization treatment.
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appraisal, the significant differences between samples were noticed,
and the influence of the sort of homogenization treatment and used
stabilizers was confirmed (Table 1). The longest melting time and the
same most favorable results were noted for sample LU (with the addi-
tion of enzymatic commercial lactase hydrolysates of iota carrageenan
and after ultrasound homogenization). The lowest value of this param-
eter was observed for sample BH (with the addition of the enzymatic
hydrolysates by f-galactosidase of iota carrageenan and after tradi-
tional homogenization treatment) (Table 1). Additionally, it was
noticed that in most of the prepared ice cream samples (except for
the sample with the addition of iota carrageenan) ultrasound homoge-
nization contributed to longer melting times regardless of the used
stabilizers or their absence. Even in the control sample (after ultra-
sound homogenization treatment) CU, the effect of ultrasound
homogenization was visible. The melting time for this ice cream was
at a level of 29.54 min, while for the sample after traditional homoge-
nization treatment at 24.38 min. Besides, in the presented article, the
water-holding capacity of ice cream did not measure, in the literature,
such the positive effect of ultrasound may be explained by increasing
water-holding capacity in products which resulted in prolonged melt-
ing time in ice cream (Akdeniz & Akalin, 2019; Carrillo-Lopez
et al., 2021). Additionally, presumably, ultrasound treatment created a
more preferable emulsion which had small fat globules and well-incor-
porated air bubbles. Therefore, it might be the reason for prolonging
the melting time of ice cream. Moreover, this kind of system contrib-
uted to better conditions to form ice crystal structures after freezing
with small ice crystals (Kaminska-Dwdrznicka et al., 2022, 2023). In
the case of the addition of stabilizers, the hydrolysates of iota carra-
geenan (samples: A, B, and L) presented a close melting time (from
23.25 to 24.10 min) but in comparison to the sample with the iota car-
rageenan (1) (31.1 min) (Table 1) the melting time was shorter. In the
paper by Pintor and Totosus (2012), also the addition of iota carra-
geenan with a combination of two other stabilizers: locust bean gum
and carboxymethylcellulose was tested in ice cream. It also resulted in
an increased melting rate in ice cream. According to it, the addition of
iota carrageenan is more beneficial in the case of the melting time of
vegan ice cream. Moreover, it is known that fats-melting ice cream is
undesirable among consumers and also such products tend to become
heat-shocked readily (Goff & Hartel, 2013). Longer melting time can
be perceived as a satisfying result which may increase the quality of
ice cream. Research conducted by Tuker and Dogan (2021) on the
effect of ultrasound homogenization on the structural and sensorial
attributes of ice cream proved that ultrasound had a favorable impact
on the melting properties of ice cream. The melting time was longer
for the sample after ultrasound treatment than in the control sample
with no US. Moreover, it is vital to highlight the addition of inulin to
obtain a vegan ice cream since in accordance with research by Akin
et al. (2007), in probiotic ice cream the addition of inulin influenced
melting time. It had occurred that inulin prolonged the melting time of
ice cream. The reason for this was the inulin's ability to link with water
molecules which could prevent the free movement of water (Akin
et al., 2007). Last but not least, there is one more pivotal factor that

may also be responsible for the better melting time of ice cream. It is

KOT and KAMINISKA-DWORZNICKA

known that the greater amount of fat destabilization may increase the
resistance to the flow of the serum phase which gives a slower time
of melting (Regand & Goff, 2003). Additionally, fat destabilization is
necessary to stabilize the structure of ice cream. The partial coales-
cence of fat is responsible for stabilizing air cells and fat networks in
the unfrozen matrix of ice cream mixes (Liu et al., 2022). In previous
research by Kot et al. (2021) and Kot, Kaminska-Dwérznicka, and
Jakubczyk (2022), vegan ice cream mixes with the same recipe such
as those presented were prepared, and fat destabilization was con-
firmed. Coalescence, sedimentation, and creaming occurred during
the maturation time of ice cream mixes. Taken together, there are
many factors contributing to the melting properties of ice cream.
Albeit, in the presented study, ultrasound homogenization had a
greater influence on samples of vegan ice cream and may be a promis-

ing tool for further research.

3.3 | The overrun of ice cream

The overrun of ice cream is a pivotal characteristic because air incor-
poration affects the quality of the product such as texture or stability
and, additionally, it can contribute to the economic production of ice
cream (Seo & Oh, 2022). During the freezing process, the air cells are
incorporated into ice cream mixes which leads to an increase in the
volume of this matrix (Akbari et al., 2019).

Table 1 presents the results obtained from the overrun analysis. It
was observed that the overrun of prepared vegan ice cream did not
exceed 33%. The lowest overrun was noticed for sample IH (with the
addition of iota carrageenan and after traditional homogenization
treatment) at a level of 8.15%, while the highest overrun was 32.36%
for | (with the addition of iota carrageenan). Based on the ANOVA
test, it was found that the type of used stabilizers and homogenization
contributed to significant differences between samples. With the
addition of stabilizers in vegan ice cream the overrun of samples
increased. In the case of homogenization treatment (traditional or
ultrasound), the overrun decreased. The most surprising aspect of this
data on the overrun of prepared ice cream is that the sort of homoge-
nization did not unambiguously influence the ice cream due to the
fact that the differences between the homogenization sample and
the ultrasound sample were not significant. It is known that the appro-
priate amount of fat can stabilize the air system bubbles in ice cream.
In our recipe of ice cream, with the small participation of fat, the sys-
tem was less stable and, therefore, acoustic cavitation and traditional
homogenization may contribute to breaking the soft structure of air
bubbles in ice cream. Looking at the control sample, such a mentioned
perception is visible (Table 1). Flores and Goff (1999) observed that
changes in the incorporation of air in ice cream resulted in a change in
microstructure, especially in ice crystal size distribution. This may be
due to the fact that foam structure may be a physical barrier that
reduces the possibility of collision between crystals such as confining
crystals to a thinner unfrozen phase. On the other hand, it was also
found that in ice cream with an overrun of less than 50%, the influ-

ence on ice crystallization was not observed. In our research,
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correlation was not noticed (Tables 1 and 2). Moreover, for vegan ice
cream, such results which were obtained in our research, are
extremely beneficial. Additionally, incorporation at this level might
influence better conditions to create the ice crystal structure during
freezing and increase melting time.

Ice cream overrun is strictly connected to a great extent to the
protein content in the ice cream mix. Géral et al. (2018) highlighted
that while measuring coconut ice cream, the overrun ranged from
8.76% to 15.31%. Presumably, the lower value of this parameter may
be the total absence of animal protein and also the low protein con-
tent in the coconut milk that was used. Additionally, in the research
by Akesowan (2009), in ice cream with the addition of the soy protein
isolate, the overrun was decreasing with the increasing amount of
plant protein. Moreover, one possible explanation for lower overrun
in samples after ultrasound treatment will be the exposure time and
used frequency of ultrasound during homogenization. Tiker
and Dogan (2021) found that an overrun of ice cream after the ultra-
sound treatment ranged from 33.17% to 43.74%. The differences
between samples were visible depending on the mentioned parame-
ters. Furthermore, Sert and Mercan (2021) also concluded that the
sort of pressure of HPH (high-pressure homogenization) contributed
to the distinctive value of overrun in sheep milk ice cream. Such
observations might be a suggestion to develop the study in connec-
tion with a parameter of ultrasound homogenization to obtain better
results in the overrun of vegan ice cream.

3.4 | The recrystallization process in ice cream

Ice crystal size analysis was examined based on the value of average
diameter (Da) (Table 2) and distributions obtained from the image
analysis which were characterized by the values for the ice crystal
equivalent diameter at 50% of the cumulative distribution (Xso) (Fig-
ures 1-3). The samples of vegan ice cream were examined after 24 h,
1 month, and 3 months of storage at —18°C to estimate the progress
of the recrystallization process.

The presented results, after 24 h of storage, indicated that for all
prepared vegan ice cream, the average diameter of ice crystals did not
exceed 18 um (Table 2). The lowest diameter of crystals was observed
for ice cream BH (with the addition of enzymatic hydrolysates by
B-galactosidase of iota carrageenan and after traditional homogeniza-
tion treatment), at a level of 10.55 um and the highest DA was noticed
for sample A (with the acid hydrolysates of iota carrageenan), at a
level of 17.32 um. Moreover, for samples such as CU (the control
sample after the ultrasound treatment) and AU (samples with the
addition of acid hydrolysates of iota carrageenan), the effect of ultra-
sound was observed due to the fact the size of crystals was smaller
than after traditional homogenization. For other variants, this effect
was not noticed, therefore it will not be possible to indicate the same
tendency in all ice cream. In previous research by Kot et al. (2021), it
was observed that ultrasound homogenization increased the consis-
tency index in ice cream mixes. According to Aslan and Dogan (2017),

the shear forces which were generated by acoustic cavitation in

emulsions were responsible for breaking oil droplets into small ones
and allowed the better distribution of proteins on new interface sys-
tems. Therefore, also in the presented ice cream mixes, the ultrasound
contributed to different interface systems in comparison to the effect
of traditional homogenization. Consequently, by creating less space
for ice crystal formation, smaller ice crystals were obtained. According
to the value of the ice crystal diameter at 50% of the cumulative dis-
tribution of the sample—the Xso diameter ranged from 7 to 17 um
(Figure 1). Kot et al. (2020) found that after 24 h of storage, the aver-
age diameter (Dp) of ice crystals in vegan ice cream with stabilizers
such as locust bean gum and xanthan gum, was 17.21 um, while in
the control sample, it achieved a value of 51.69 um. In comparison to
the presented results, it may be concluded that additional processes
such as traditional homogenization, ultrasound homogenization, and
iota carrageenan or its hydrolysates contributed to obtaining even
smaller crystals after 24 h of storage than samples with only stabi-
lizers. Moreover, Kaminska-Dworznicka et al. (2020) in strawberry
sorbets with the addition of kappa and iota carrageenans as stabilizers
proved that after freezing the hydrocolloids positively influenced the
diameter of the crystal (Da). For the stabilized ice cream, the average
diameter did not exceed 14 um. Additionally, in the study on the influ-
ence of US-assistant freezing on mango sorbet, it was proved that the
frequency of 21.5 Hz of ultrasound contributed to obtaining the smal-
lest diameters of ice crystals lower than 10 um in comparison to a
conventional freezer (Kaminska-Dwdrznicka et al., 2023).

After 1 month of storage of vegan ice cream at a temperature of
—18°C it may be concluded that the recrystallization process was
noticeable (Table 2). Looking at the average diameter of ice crystals in
presented samples after this time, the lowest value was observed at a
level 10.74 um for sample CU (control sample after the ultrasound
treatment), while the highest value for sample AH (the sample with
the acid hydrolysates of iota carrageenan and after traditional homog-
enization treatment). Moreover, in comparison to the obtained results
after 24 h of storage, sample | (with the addition of iota carrageenan)
characterized the highest growth of ice crystals, almost 7 um. While
for sample B (with the addition of the enzymatic hydrolysates by
B-galactosidase of iota carrageenan), recrystallization phenomena
were not recorded. As mentioned in the previous paragraph, in the
samples such as CU (the control sample after ultrasound treatment)
and AU (samples with the addition of acid hydrolysates of iota carra-
geenan), the effect of ultrasound was observed also after 1 month of
storage. Additionally, based on the value of the ice crystal diameter at
50% of the cumulative distribution of the sample (Xso diameter), it
extended from 10 to 20 um (Figure 2). At this stage of storage, the
effect of ultrasound homogenization on the recrystallization process
was visible in comparison to samples after traditional homogenization
or only with a mix of stabilizers for instance, looking at the control
sample (CU) and samples with the addition of acid hydrolysates of iota
carrageenan (AU). Kaminska-Dwérznicka et al. (2022) provided an
analysis of the influence of a combination of carrageenans (kappa or
iota) with LBG and guar gum, on whey ice cream during storage. After
1 month of storage at —18°C, it was noticed that the addition of iota
carrageenan with LBG and guar gum contributed to obtaining crystals
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around 25 um. According to the ice crystal diameter at 50% of the
cumulative distribution of the sample (Xso), the sample with iota carra-
geenan addition had the smallest size of crystals and the Xso parame-
ter after 3 months of storage was at a level of 23 um. This result
showed that iota carrageenan, despite its ability to create intra-molec-
ular combinations with calcium ions, will also be an appropriate stabi-
lizer in vegan ice cream.

The analysis of the structure of ice crystals after 3 months of
storage indicated a striking observation for used stabilizers and
homogenization treatment. First and foremost, for all samples, the
average diameter of ice crystals was less than 21 um (Table 2). As was
already mentioned, the small ice crystal sizes (10 to 20 um) are crucial
to obtaining a lucrative texture of ice cream, and the presented results
unambiguously proved this statement. The sample of ice cream after
ultrasound treatment CU but without the addition of stabilizers
achieved the lowest size of crystals owing to the fact that the average
diameter Da was at 12.88 um. According to the value of the X5q diam-
eter, it ranged from 14 to 20 um (Figure 3). What should be
highlighted here is the fact that in all samples where ultrasound treat-
ment has been applied the size of crystals was lower in comparison to
traditional homogenization or samples with stabilizers. In addition, in
samples with ultrasound treatment and with the addition of stabilizers
also the average diameter was lower, for instance, sample IH (the sam-
ple with iota carrageenan and after the traditional homogenization
treatment) with comparisons to sample IU (the sample with iota carra-
geenan and after ultrasound homogenization treatment). The reason
for these results may be the positive effect of ultrasound on the struc-
ture of ice cream mixes. Consequently, less space is available to form
ice crystals, and a smaller and more favorable structure is achieved.
Additionally, the collapse of air bubbles may initiate ice nucleation by
creating local zones of high pressure in a very short time. Simulta-
neously, the force that was generated by the collapse of cavitation
bubbles may be responsible for the fragmentation of bigger ice crys-
tals into smaller ones (Akdeniz & Akalin, 2019; Cheng et al. 2015).
Looking at the results in samples I, A, B and L (Table 2), where only
stabilizers were used without any homogenization treatment, sample
B had lower size crystals while other results were similar. Such an
effect may be the reason for the better water-binding capacity of
these hydrolysates than in others. According to our previous research
(Kot, Kaminska-Dworznicka, Antczak, et al., 2022), it may be consid-
ered that not molecular mass but the difference in structure was
responsible for a better IRI effect. Because, based on FTIR analysis, it
was proven that the enzymatic hydrolysates of iota carrageenan were
more flexible, and the vibration intensity of the —OH groups in model
solutions was seen in comparison to acid hydrolysates or pure iota
carrageenan. Nonetheless, it may not be forgotten that such small dif-
ferences were the results of small amounts of such stabilizers in the
recipe. Maybe further studies are needed with different dependencies
to prove this mentioned effect.

Some authors, Pereira et al. (2011), have mainly been interested
in questions concerning the quality and structure of ice cream with
the plant protein (soy extract) as a substitute in ice cream. As was
noted, the ice cream containing the soy extract in the formulation led
to a larger amount of small ice crystals and, additionally, a lower
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amount of ice crystal growth. For all samples that contained soy in the
recipe, the ice crystal size (Xso) was less than 50 um. Additionally,
the results were divided into size categories which showed that the
substitution of skim milk powder for the soy extract in ice cream con-
tributed to ice crystals from 10 to 40 um. Moreover, looking at ice
crystal growth (%) before and after cycling temperature, the ice cream
with a higher addition of the plant substitute characterized lower
growth, at 22.08%. Additionally, in the research by Islam et al. (2015),
it was noted that using ultrasound applied during freezing and frozen
storage improved the quality of the mushrooms. Results indicated that
ultrasound initiated the nucleation of ice crystals and reduced the
mean size of ice crystals in comparison to the control sample. The size
of ice crystals in the sample after ultrasound treatment was from O to
80 um, while in the sample without the ultrasound from 50 to
180 um. As was mentioned in the paper by Xu, Zhang, Bhandari,
Cheng, and Sun (2015), the ultrasound during immersion freezing con-
tributed to the smallest ice crystals and the most compact and dense
with the smallest pores in the sample of red radish, based on SEM
images.

Goff and Hartel (2013) pointed out that large ice crystals are per-
ceived as rough particles, which detrimentally resulted in the palate
and sensorial texture of ice cream. According to this statement, it is
pivotal to pay attention not only to the size of ice crystals but also to
their appearance. Additionally, the observation of the ice crystal struc-
ture also provides information about the progress of the recrystalliza-
tion phenomena. Figure 4 and Figure 5 provide an overview of the
appearance of ice crystals during storage after 24 h and 3 months of
storage at —18°C (only representative photos were chosen to show in
the article, avoiding the photos after 1 month).

Overall, it may be noticed that the shape of ice crystals was regu-
lar and round after 24 h of storage (Figure 4). After this time, there
were no visible changes between samples and the same between the
sort of used homogenization treatment, for instance in Figure 4, for
samples IH_24h (the sample with iota carrageenan and after tradi-
tional homogenization treatment) and |U_24h (the sample with iota
carrageenan and after ultrasound homogenization treatment). The
changes in the microstructure of ice cream were visible only in
the size of the ice crystals such as confirmed in Table 2. There were
no observed differences in shape in samples of ice cream, especially
between samples after the different types of used homogenization
processes. It is known that ultrasound is responsible for crystal frag-
mentation and hence promotes the production of smaller and pure
crystals in uniform size (Chavez-Martinez et al. 2020). For example,
research by Zhu et al. (2020) proved that ice crystals formed by an
ultrasound-assisted freezing system were smaller and more uniform in
distribution in samples of potatoes based on SEM images, especially
with the higher number of ultrasonic frequencies used, a greater
reduction was observed. On the other hand, in our research, as was
mentioned, the ultrasound may only affect the size of crystals, but the
shape was not changed. This may be treated as a positive influence
due to the fact that the recrystallization process was inhibited but no
undesirable changes in the structure of ice crystals occurred.

Samples of vegan ice cream after 3 months of storage were char-
acterized by different sizes as a result of recrystallization, which was
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FIGURE 4 Ice crystal images after 24 h of storage at —18°C. C, control sample (without stabilizers); |, sample with stabilizers (the
combination of iota carrageenan, LBG, and xanthan gum); A, sample with stabilizers (the combination of acid hydrolysates of iota carrageenan,
LBG, and xanthan gum); B, sample with stabilizers (the combination of enzymatic B-galactosidase hydrolysates of iota carrageenan, LBG, and
xanthan gum); L, sample with stabilizers (the combination of enzymatic commercial lactase hydrolysates of iota carrageenan, LBG, and xanthan
gum); H, after the traditional homogenization treatment; U, after the ultrasound homogenization treatment; 24 h, after 24 h of storage.
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FIGURE 5 Ice crystal images after 3 months of storage at —18°C. C, control sample (without stabilizers); I, sample with stabilizers (the
combination of iota carrageenan, LBG, and xanthan gum); A, sample with stabilizers (the combination of acid hydrolysates of iota carrageenan,
LBG, and xanthan gum); B, sample with stabilizers (the combination of enzymatic $-galactosidase hydrolysates of iota carrageenan; LBG, and
xanthan gum); L, sample with stabilizers (the combination of enzymatic commercial lactase hydrolysates of iota carrageenan, LBG, and xanthan
gum); H, after the traditional homogenization treatment; U, after the ultrasound homogenization treatment, 3 m, after 3 months of storage.
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confirmed by an analysis of average diameter (Figure 5), (Table 2). The
ice crystals for all samples were regular and round. The changes
between used homogenization treatments (traditional and ultrasound)
were not visible based on the images as it was marked after 24 h of
storage. Therefore, it can also be concluded that ultrasound homoge-
nization did not change the shape of crystals but only influenced their
size. owing to the fact that the shape of samples after ultrasound
treatment and after traditional treatment was similar. According to
the images, the growth of ice crystals was not as prominent for exam-
ple in comparison samples I_24h and sample I_3m, therefore, recrys-
tallization in all ice cream samples did not develop during the storage
(Figures 4 and 5), which was also confirmed by average diameter (D)
(Table 2). Lomolino et al. (2020) in the research were concerned about
the size and shape of ice crystals due to the crucial consequences of
thermal stress for ice cream. It was asserted that a vegan version
of ice cream with an addition of inulin or potato protein, characterized
the heterogenous growth of ice crystals and a non-uniformity was vis-
ible in the crystals' structure. Moreover, based on the results after
thermal stress, it was observed that stabilizers such as locust bean
gum and carrageenan impacted the recrystallization phenomenon,
with the reduction of crystal growth. In our research, the used iota
carrageenan and its hydrolysates were responsible for the inhibition
of recrystallization. Additionally, in the research conducted by Xin
et al. (2014), on the influence of ultrasound-assisted freezing on broc-
coli, it was observed that ultrasound simultaneously contributed to
the reduced freezing time and formation of smaller ice crystals. There-
fore, the structural integrity of the cell's structure is better than in
immersion freezing without ultrasound. In the research by Xu, Zhang,
Bhandari, Cheng, and Islam (2015), it was seen that differences in the
structure after the ultrasound treatment also depend on ultrasonic
power intensities. Therefore, it is vital to choose the best parameter
of ultrasound treatment owing to the fact that insufficient or exces-
sive effects of ultrasound may lead to the formation of large ice

crystals.

4 | CONCLUSION

The present article showed that ultrasound homogenization might
bring a positive IRI (Ice Recrystallization Inhibition) effect during the
storage of vegan ice cream. In the samples after the ultrasound treat-
ment, after 3 months of storage, the average diameter did not exceed
18 um. For samples after traditional mechanical homogenization and
used stabilizers, the average diameter was higher —21 um. The most
striking observations were the samples without stabilizers and after
ultrasound treatment which obtained the smallest ice crystals in com-
parison to samples with stabilizers and after ultrasound.

It showed a promising tool (US homogenization) to inhibit the
recrystallization process without using stabilizers in the vegan recipe
of ice cream. The overrun of ice cream showed that ultrasound
homogenization and traditional homogenization decrease air incorpo-
ration. A better overrun was noticed in samples without homogeniza-
tion and with the addition of stabilizers, especially with the addition
of iota carrageenan (32.36%). According to the results of melting time,

it was concluded that ultrasound homogenization prolongs the melt-
ing of ice cream in comparison to traditional homogenization. The
melting time for ultrasound homogenization ranged from 23.25 to
33.05 min, while for traditional homogenization from 15.37
to 29.22 min. Moreover, it may be used interchangeably with stabi-
lizers, and the same effect will be achieved. Looking at the cryoscopic
temperature and osmotic pressure values, ultrasound homogenization
decreases this parameter. In this case, the addition of iota carrageenan
and its hydrolysates would be more favorable. For samples with the
addition of stabilizers, the cryoscopic temperature ranged from
—1918 to —1804°C, while for samples after ultrasound treatment, the
cryoscopic temperature ranged from —1839 to —1757°C.

Finally, it might be concluded that changing traditional homogeni-
zation to ultrasound homogenization in vegan ice cream production
would be advisable. Not only did the recrystallization process inhibit,
but it also brought positive results on the physical aspects of ice
cream such as melting time. Moreover, such changes will not result in
additional steps in ice cream production, which may not generate
additional costs for ice cream producers.
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Effect of -Carrageenan and Its Hydrolysates
on the Stability of Milk Ice Cream Mixes

Anna Kot**'E, Ewa Jakubczyk! 'E, Magdalena Buniowska—OIejnik2®, Anna Kamiriska-Dwérznicka' @
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The objective of this research was to determine the influence of 1-carrageenan and its acid and enzymatic hydrolysates
on the physical properties of milk ice cream mixes. The main factors considered were the Turbiscan stability index, back-
scattering profile, particle size distribution and median diameter (D), the consistency index and the flow behavior index
of ice cream mix before and after 24 h of maturation at 4°C. The microstructure of emulsion was also analysed based on
confocal laser scanning microscopy (CLSM). The addition of i-carrageenan resulted in lower stability of emulsion compared
to emulsions with its acid and enzymatic hydrolysates. The sedimentation, coalescence and flocculation were observed
based on the backscattering profile and CLSM images. The addition of stabilisers contributed to an increase in Ds of ice
cream mix from 17.56 to 37.05-45.50 um before maturation and from 34.73 to 46.73 um after maturation. The -carrageenan
after commercial lactase treatment improved the stability of milk ice cream mixes by increasing the consistency index to
0.104 and a flow behaviour index to 0.702. Finally, it may be concluded that the stabilisers used — 1-carrageenan and its
hydrolysates — significantly influenced the physical properties of milk ice cream mixes and, hence, can be used as beneficial
ingredients in the recipe of milk ice cream mixes.

Key words: ice cream mix emulsion, particle size, confocal laser scanning microscopy

INTRODUCTION

The colloidal structure of ice cream has recently been an object
of research interest for the global audience. It is known that
the final physicochemical structure of ice cream may be regarded
as a four-phase system, which includes air bubbles, fat globules,
ice crystals and an unfrozen serum phase. In this unfrozen serum
phase, there exist the unadsorbed casein micelles in a suspen-
sion of sugars, salts, whey proteins and high molecular weight
polysaccharides. The structure of ice cream characterizes its
complexity as a result of several stages of manufacturing such as
pasteurisation, homogenisation, maturation, freezing and hard-
ening. The colloidal aspects of ice cream, such as interactions

between protein and emulsifier, the partial coalescence of fat or
interactions between protein and partially coalesced fat, allow for
a better understanding of this unique system [Gelin et al,, 1994;
Goff, 1997, 2002; Goff & Hartel, 2013; Konstantas et al., 2019].
During the manufacturing process, the ice cream mix emul-
sion is foamed, the dispersed phase of air bubbles is formed,
and frozen to obtain another dispersed phase of ice crystals.
The ice cream mix contains fat droplets, coated with a protein-
-emulsifier layer as a dispersed phase. The ice cream mix can also
be classified as emulsion-filled gel, in which macromolecular gel
contains dispersed fat particles (fillers). Therefore, the structure
and rheological properties of the ice cream mix can be affected
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as aresult of distinctive interactions of the filler gel matrix [Chen
etal,2019; Daw & Hartel, 2015; Goff, 1997; Innocente et al., 2009;
Voronin et al.,, 2020].

Not only is the formation of the ice phase significant but sta-
bility is also equally crucial in the structure of ice cream. Desirable
stability includes no changes in the size distribution or spatial
arrangement of droplets. Stability plays a crucial role in control-
ling the shelf-life of ice cream or its texture and mouthfeel during
consumption. It may be understood as the ability to resist unde-
sirable changes in physicochemical properties. Loss of stability
may occur due to various processes, such as creaming, floccula-
tion, coalescence, partial coalescence, Ostwald ripening or phase
inversion [Cheng et al., 2015; Dickinson, 1994, 2010; Pal, 2019].
The initial stability of emulsion in the ice cream mix is obtained
by simultaneous adsorption of proteins and emulsifiers during
the homogenisation process. Subsequently, during the matura-
tion process, changes in the physical state occur in the liquid
phase, not only in the emulsified fat but also in the adsorbed
layer of mono- and diglycerides. Additionally other changes take
place during maturation except for the mentioned process, such
as the hydration of milk proteins and stabilisers, the crystallization
of fat globules or the rearrangement of the surfactant membrane.
They all contribute to a smoother texture and consequently
better quality of ice cream [Gelin et al,, 1994; Goff, 1997, Mendez-
Velasco & Goff, 2012; Segall & Goff, 2002b].

Furthermore, the stability of emulsion in the ice cream mix
may be considered through the prism of stabiliser addition.
Despite the increasing viscosity, one of the main functions
of stabilisers is to stabilise the emulsion and prevent separation
[Akbarietal, 2019; Lomolino et al., 2020; Pintor & Totosaus, 2012;
Seisun, 2010]. An example of such stabilisers is carrageenan that
has been proved effective in preserving quiescent stability/shear
instability in the emulsion with a low protein surface concen-
tration [Segall & Goff, 2002a]. This happens as the migration
of the milk protein from the solution to the oil-water interface
in the emulsion is inhibited by carrageenans. Due to specific
interaction with the milk proteins, carrageenans are employed
in milk ice cream production. The favourable interactions be-
tween carrageenan and milk proteins depend on the number
of sulphate groups in carrageenan structure and environmen-
tal conditions [Pintor & Totosaus, 2012]. -Carrageenan is one
of the three forms of carrageenan (next to k- and A-carrageen-
an) that exhibits the specific ability to form a soft elastic gel
in the presence of calcium ions, and stands out through other
forms owing to the fact that it can form intra-molecular bonds
between sulphate groups of anhydro-p-galactose and p-galac-
tose via calcium as a divalent cation [Kiran-Yildrim et al.,, 2021;
Thrimawithana et al, 2010]. Additionally, there are pieces of ev-
idence that hydrolysates of carrageenan have a better ability
to stabilize ice cream than native carrageenan. For instance,
in the research by Kamiriska-Dwdérznicka et al. [2015] or Kot et al.
[2022], it was noticed that hydrolysates of k- and -carrageenan
had more favourable effect on ice recrystallization inhibition (IRI)
then k-carrageenan in ice cream and 1-carrageenan in model
solutions of ice cream, respectively.
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This work focused on the influence of -carrageenan and its
hydrolysates on the physical properties, such as stability, particle
size distribution, consistency index and the flow behavior index,
of milkice cream mixes. Knowledge concerning these stabilisers
in such products before freezing is lacking. Moreover, our pre-
vious research, in which the addition of -carrageenan and its
acid and enzymatic hydrolysates allowed achieving desired size
of crystals in a model milk solution, gave rise to the idea of us-
ing such stabilisers in this work [Kot et al., 2022]. This research
might provide a valuable insight into the interactions between
hydrocolloids and milk ice cream mixes.

MATERIALS AND METHODS

=  Materials

Pure -carrageenan powder was obtained from Sigma-Aldrich
(St. Louis, MO USA). B-Galactosidase (1,000 U/mg, from Escherich-
ia coli) and lactase (min. activity 5,200 NLU/g) for -carrageenan
hydrolysis were purchased from Sigma-Aldrich and Serowar s.c.
(Szczecin, Poland), respectively. The ingredients used to prepare
the ice cream mixes were acquired from Mlekovita, Wysokie
Mazowieckie, Poland (milk 0.5%, skimmed milk in powder); Orafti
BENEO, Tienen, Belgium (inulin); Diamant, Poznar, Poland (white
sugar); and Fooding Shanghai, Shanghai, China (emulsifier E471,
locust bean gum (LBG), xanthan gum).

®  The preparation of hydrolysates of 1-carrageenan
The hydrolysis of I-carrageenan was carried out according to
the procedure described in our previous paper [Kot et al., 2022].
Briefly, i-carrageenan was dissolved in distilled water heated up to
40°Cto obtaina 04 mg/mL solution.The enzymatic hydrolysis was
carried out using 3-galactosidase for 72 h, at 37°Cand a ratio of en-
zyme to I-carrageenan solution of 1:1,000 (v/v) or using lactase for
24-h, at 5°C and enzyme to substrate ratio of 1:250 (v/v). For both
hydrolyses, the reaction was stopped by neutralisation at 48°C
for 5 min. To perform acid hydrolysis of -carrageenan, the sub-
strate was dissolved in 0.1 M hydrochloric acid solution (pH 3).
The solution was heated at 60°C for 3 h and then neutralised. All
hydrolysates were stored frozen at —18° and thawed just before
analysis. To characterise the hydrolysates, their molecular weight
was determined by size-exclusion chromatography (SEC) accord-
ing to the procedure described by Kamiriska-Dworznicka et al.
[2015] using the Shimadzu high-performance liquid chroma-
tography system consisting of a RID-10A detector, an LC-20 CE
pump, a CTO-20A heater (Shimadzu, Kyoto, Japan) and equipped
with a PolySep-GFC-P Linear column (300 mm x 7.8 mm, Phe-
nomenex, Torrance, CA, USA). The molecular weight of samples
after the hydrolysis by B-galactosidase ranged from 3.20x10° to
3.80x10° Da; that of hydrolysates obtained by commercial lactase
from 3.50x10°to 3.60x10° Da, and that of acid hydrolysates from
1.48x10° to 1.94x10° Da.

5 The preparation of ice cream mixes

The ingredients of the ice cream mixes are presented in Table 1.
The control sample (C) was prepared without stabilisers.
The ice cream mix with the combination of -carrageenan, LBG



Pol. J. Food Nutr. Sci,, 2023, 73(2), 196-204

Table 1.The composition (%) of ice cream mixes without stabilisers (control, C), with i-carrageenan (1) and with hydrolysates obtained by acid (A

and commercial lactase (L) treatment of i-carrageenan.

A), B-galactosidase (B)

Milk 0.5 7549
Inulin 10.0 100
Milk powder 7.0 7.0
White sugar 70 7.0
Emulsifier E471 04 04
Locust bean gum - 0.08
Xanthan gum - 0.02
I-Carrageenan = 0.01

Acid hydrolysate of i-carrageenan -

I-Carrageenan hydrolysate obtained by
B-galactosidase treatment

I-Carrageenan hydrolysate obtained by
lactase treatment

and xanthan gum was coded as I. In turn, samples A, B and L
instead of I-carrageenan contained its acid hydrolysate or hydro-
lysates obtained using B-galactosidase and commercial lactase,
respectively. All components were mixed using a Bosch Maxo
-Mixx 750W blender (Bosch, Gerlingen, Germany). The next step
involved pasteurization conducted in a Vorwerk thermomixer
(Vorwerk, Wuppertal, Germany), at 85°C within 1.5 min. After this
process, the mixtures were cooled to 25°C. Finally, the obtained
ice cream mixes were matured for 24 h at 4°C in a refrigerator
(Whirlpool, Warszawa, Poland). Two liters of ice cream mix were
prepared for each experimental variant in duplicate.

m  Stability analysis of ice cream mixes

The analysis of the stability of ice cream mixes was performed
using a Turbiscan Lab Expert device (Formulation SA, Toulouse,
France). The Turbisoft 2.0.0.33 software was used to evidence
the date of backscattering (BS) and calculate the Turbiscan sta-
bility index (TSI). The ice cream mixes were analysed before
and after maturation in three replications.

®  The analysis of particle size distribution of ice cream
mixes

The particle size distribution of the ice cream mixes before and af-
ter maturation was measured by laser diffraction using a Cilas
1190 analyser (Cilas, Orléans, France). Few drops of emulsion
of milk ice cream mixes were suspended in water at an obscura-
tion of 10%. The results were presented as the median diameter
(Dsp) and as diagrams of particle size distribution. Analyses of all
samples were performed in three replications.

= The rheological analysis of ice cream mixes
The rheological properties of the milk ice cream mixes were
examined using the Haake Mars 40 rheometer (Thermo Scientific
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Inc, Karlsruhe, Germany) in a rotational mode within a shear rate
of 0-100 5" ata constant temperature of 25°C. The analyses were
performed in triplicate. The apparent viscosity (Napp) CUrve as
afunction of shear rate (y) in the semi-logarithmic scale (the flow
curves) was plotted by the RheoWin v.4.86. Job Manager (Thermo
Scientific). Based on the obtained results, only Ostwald de Waele
model (1) was used to describe the flow curves and to determine
the flow behaviour index.
Nopp=Ky"™! )
where: Kis the consistency index (Paxs"), y is the shear rate (s),
and n is the flow behavior index (dimensionless).

The adequacy of fitted model was estimated using regres-
sion analysis which delivered the correlation coefficient (R).

H  Characterization of the ice cream mix emulsion using
confocal laser scanning microscopy (CLSM)

The microstructure of the emulsion of the ice cream mix (before
and after the maturation step) was analysed using a confocal laser
scanning microscope FLUOVIEW FV300 (Olympus, Tokyo, Japan),
according to the method described by Ahn et al. [2022]. The fluo-
rescence dye — Nile red —was used to label lipids in the samples. An
aliquot of 200 uL of the emulsion for all ice cream mixes and 3 pl
of the Nile red solution (1 ug/mL) were mixed. Then, the samples
were stained on glass slides, covered with a coverslip and observed
at excitation and emission wavelengths of 630 and 660 nm, re-
spectively. From every sample of ice cream mix, 6 photos were
made and only representative ones were chosen for to results.

= Statistical analysis
The results were expressed as a mean with standard deviations.
The analysis of variance (ANOVA) was performed for the TS|,
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the Dso and data from rheological properties. The analysis was A
performed using STATISTICA 13.3 software (Statsoft Polska,
Krakéw, Poland) with test significance at a=0.05. The differences 351 Coalescence/Flocculation

between homogenous groups were assessed using the Tukey's

honestly significant difference (HSD) test. 301
RESULTS AND DISCUSSION 2”1
®  The stability of ice cream mixes g
The stability of milk ice cream mixes was scrutinised with the tur- 7
bidimetric method, and respective results are presented as the TSI 5]
in Table 2 and as backscattering profile in Figure 1 (for control

mix and mix with acid hydrolysate of i-carrageenan) and in Fig- 0]

ures S1-S3 in Supplementary Materials (for other ice cream
mixes). The addition of stabilisers (i-carrageenan and its hydro- 5]
lysates) contributed to changes in the stability of milk ice cream
mixes. The TSI ranged from 1.9 to 2.8. The lowest (p<0.05) value

T T T T T 1
0 2 4 6 8 10121416 18 20 22 24 26 28 30 32 34 36 38

was noted for the sample with the addition of acid hydrolysate Height of vial (mm)

of -carrageenan (A). Moreover, it was noticed that there was no B

significant difference (p>0.05) in the TSI of ice cream mixes with 407

enzymatic hydrolysates of i-carrageenan (B, after 3-galactosidase

treatment and L, after lactase treatment) and control sample 351 Coalescence/Flocculation

without stabilisers (C). Nonetheless, the most striking observation 20 ‘ ‘
was that the addition of i-carrageenan contributed to the high- sedimentation
est TSI value, which indicates slightly worse stability of the mix g 5]

with -carrageenan compared to the other samples. Based on 4

TSI, it may be stated that only the addition of acid hydrolysate 20+

of 1-carrageenan (A) contributed to significant improvement

in the stability of ice cream mixes compared to the control sam- 151

ple. In research by Seo & Oh [2022], the TSI of ice cream mixes 10]

stabilized by the k-carrageenan/milk protein isolate or Maillard

conjugate derived from the reaction of the k-carrageenan/milk 5]

protein isolate during 120 h of storage was less than 1.8 T )
0 2 4 6 8 101214 16 18 20 22 24 26 28 30 32 34 36 38

The backscattering profiles (Figure 1, Figures S1-53)
showed that during maturation time, two phenomena occurred

in the milk ice cream mixes. Firstly, it was noticed that the same Figure 1. Backscattering (BS) profile of ice cream mixes without stabilisers
(control sample) (A) and stabilised by the combination of acid hydrolysate
of 1-carrageenan, locust bean gum and xanthan gum (B) before and after
curred in the control sample (C) and in the sample with the ad- maturation. The dark green line presents measurement before maturation

dition of i-carrageenan (I) and that the intensity of backscattering and the light green line presents measurement after maturation.

Height of vial (mm)

type of destabilization, such as coalescence/flocculation, oc-

Table 2. The results of physical properties analysis of milk ice cream mixes with stabilisers before and after maturation.

22+02° 17.56+0.31¢ 0.009+0.001¢ 0.900+0.001° 09 23.24+2.40° 0.012+0.012° 0.838+0.007° 0.99
I 2.8+0.1° 40.60+2.97% 0.061+0.005° 0.738+0.022¢ 0.99 3557+2.63° 0.059+0058%®  0.761+0.011® 099
A 1.9+0.1¢ 45502378 0.059+0.005%  0.765+0.018°  0.99 46.73+0.19° 0.058+0057%®  0.771£0.031%® 099
B 22+0.1° 37.05+2.34° 0.048+0.001¢ 0.798+0.005° 0.99 34.73+0.90° 0.050+0.049° 0.803+0.016* 099
L 2240.1° 41.08+1.79% 0.083+0.006° 0.727+0.014¢ 0.99 35.16+1.23° 0.104+0.103° 0.702+0.083° 0.99

Values are presented as mean + standard deviations. Different superscript letters in column represent significant differences in the means (p<0.05). C, control ice cream mix (without stabilisers);
|, ice cream mix with 1-carrageenan, locust bean gum (LBG) and xanthan gum; A, Band L, ice cream mixes with hydrolysates obtained by acid, 3-galactosidase and commercial lactase treatment
of I-carrageenan, respectively, LBG and xanthan gum; TSI, Turbiscan stability index, Dso, median diameter, K consistency index (Paxs"), n, flow behaviour index; R, correlation coefficient.
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was changing across the whole height of the vial. Additionally,
observations of CLSM images of these samples before and after
maturation (Figure 2) confirmed destabilisation of fat in mixes,
as indicated by agglomerates visible in images la, Ib (the sam-
ple with the -carrageenan) and Ca, Cb (the control sample).
Furthermore, except for coalescence/flocculation, also sedimen-
tation occurred in the milk ice cream mixes with the addition
of acid hydrolysates of 1-carrageenan (Figure 1); as evidenced
by significant changes in the intensity of backscattering on
the top and bottom and also slightly in the middle of the vial.
These processes of destabilisation may take place simultaneously
(droplets coalescing during sedimentation) or one by one (for
instance, firstly small droplets grow by coalescence before sed-
imenting). The separation in ice cream mix with (-carrageenan
hydrolysate (3-galactosidase treatment) before maturation was
captured in image Ba (Figure 2). The order of this process may
depend on the droplet diameter, dispersed phase concentration
orviscosity [Frising et al., 2008]. What should be highlighted here
is the fact that after the maturation, the median diameter (D)
for samples with the addition of -carrageenan or enzymatic
hydrolysates decreased (Table 2). It is common knowledge that
coalescence or flocculation occurs when the particle size in-
creases not decreases [Goff et al, 1989]. However, as mentioned
above, the agglomerates of fat of ice cream mixes were visible
in CLSMimages (Figure 2).In the research by Cheng et al. [2015],
flocculation occurred despite a decrease in the average particle
size after the maturation of ice cream mixes with different poly-
saccharide contents. In our research, despite the content of sta-
bilisers and emulsifiers contributing to a decrease in particle size,
the change was not significant enough to inhibit the mentioned
type of destabilisation.

It was proven that a certain amount of fat destabilisation
is covetable in frozen products, such as ice cream [Berger &
White, 1971; Goff et al.,, 1989; Koxhlot et al,, 2001, Liu et al., 2022].
As a result of a combination of sheer forces and ice crystal-
lisation during the freezing process, fat globules are mechani-
cally damaged and agglomeration or coalescence takes place.
Consequently, such desirable destabilisation contributes to dry
appearance, slow meltdown, good shape retention and finally
a firmer texture. Albeit, the excessive coalescence of fat may be
associated with poor whipping properties or a buttery texture.
Furthermore, it is known that the ice cream mix is not only an
example of dairy emulsion but also a foamed dairy emulsion
[Stanley et al, 1996]. It means that the stability of such products
is connected with the presence of air bubbles. In such cases,
preventing air bubbles to grow in size or adjacent to coalescing
should be considered in the whole conception of the stability
of ice cream mixes. Additionally, Liu et al. [2022], proved that
the higher the amount of fat aggregates in the serum phase,
the greater the possibility of a 3D destabilization network forma-
tion in ice cream. In our research, destabilisation occurred in ice
cream mixes; thus, it may be concluded that fat destabilisation
at this step of production could produce conditions for the for-
mation of more favourable and uniform ice crystal structures
while freezing. Finally, in the present study, the ice cream mixes
remained stables despite TSI value.

u  The particle sizes of ice cream mixes

The median diameter (Dso) of particles of milk ice cream
mixes before and after maturation was presented in Table 2,
and the particle size distribution in Figure 3. Before matu-
ration, the Ds, ranged from 17.56 to 45.50 um. The lowest

Figure 2. Confocal laser scanning microscopy images of ice cream mixes before (a) and after (b) maturation. C, control ice cream mix (without stabilizers);
|, ice cream mix with 1-carrageenan, locust bean gum (LBG) and xanthan gum; A, B and L, ice cream mixes with hydrolysates obtained by acid, -galactosidase
and commercial lactase treatment of 1-carrageenan, respectively, LBG and xanthan gum.
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(p<0.05) value of this parameter was noted for the control
sample without stabilisers (C), whereas the highest one - for
the ice cream mix with the addition of acid hydrolysate of -car-
rageenan (A); however, the values determined for the mixes
with 1-carrageenan and with its hydrolysate obtained using
lactase did not differ significantly (p>0.05) from that of sam-
ple A. Overall, before the maturation, the addition of stabilisers
contributed to the increase in the median diameter of ice cream
mix particles. After maturation, the Ds, ranged from 23.24 to
46.73 um. The tendency of the variation of this parameter
was the same as before maturation. In the control sample (C),
the median diameter was at 23.34 um and in the sample with
the addition of acid hydrolysate of i-carrageenan (A) it reached
almost 47 um. Nonetheless, some changes occurred com-
pared to the values before maturation. The decrease in the size
of particles was observed in the ice cream mixes with the ad-
dition of enzymatic hydrolysates of 1-carrageenan (B and L)
and in the sample with 1-carrageenan (I). On the other hand,
a slight increase of Ds, was noticed in the mix with the acid
hydrolysates of 1-carrageenan (A) and the control sample (C).
As a result of maturation, the greatest reduction of median
diameter (by almost 6 um) was observed for the sample with
the 1-carrageenan hydrolysate obtained using lactase (Table 2).
Such changes are desirable to obtain the expected quality
of the final product, especially in the context of the formation
of ice crystals. In our previous study, vegan ice cream mixes
with the same stabilisers were analysed [Kot etal, 2021]. Similar
results were noticed, i.e., the Ds; of ice cream mixes decreased
as a result of maturation, and only in the control sample was an
increase observed. On the other hand, the size of the particles
was smaller than in the present paper; the range of median
diameter after maturation was from 17.23 to 28.50 um. Overall,
the reason for the large size of particles in ice cream mixes may
be the addition of an emulsifier to the recipe. Based on the re-
search by Liu et al. [2022], the fat aggregate size and also the fat
aggregate percentage increased with the increased amount
of the added emulsifier, such as Tweet 80, P4780 and whey pro-
teinisolate, to ice cream mixes. In the sample with the addition
of 0.25% of emulsifier, the size of fat aggregates was from 1.6 to
66.3 um. Bolliger et al. [2000] also discussed using emulsifiers
in ice cream mixes and reported that the increasing amount
of emulsifier contributed to the increased fat globule size or
aggregate size of fat globules. Furthermore, in the samples
without emulsifiers, no stable agglomerates were formed, while
the only stable agglomerates were present in ice cream mixes
with the addition of this ingredient. Alternatively, Alvarez et al.
[2005] showed that maturation did not affect the size distribu-
tion of fat globules. The authors attributed it to a result of no
noticeable destabilisation of emulsions during maturation due
to the fact that the changes in the structure of emulsion, such
as rearrangement of fat globule membranes, contributed to
the lesser stability during maturation.

It is known that the changes in the structure of ice cream
mixes, such as the arrangement of fat droplets, affect their
texture as well as the melting stability of the final product
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Figure 3. Particle size distribution of ice cream mixes before (A) and after (B)
maturation. C, control ice cream mix (without stabilizers); |, ice cream mix with
I-carrageenan, locust bean gum (LBG) and xanthan gum; A, Band L, ice cream
mixes with hydrolysates obtained by acid, 3-galactosidase and commercial
lactase treatment of -carrageenan, respectively, LBG and xanthan gum.

[Mendez-Velasco & Goff, 2012]. The uniform distribution of drop-
lets may be the reason for kinetic instabilities such as cream-
ing or sedimentation [Pal, 2019]. Therefore, the particle size
distribution of ice cream mixes was analysed and the results
are shown in Figure 2. Considering particle size distribution
of the samples before maturation, four peaks were observed
for the control sample (with particle size ranges of 0-2, 7-30,
50-80 and 100-120 um), and the ice cream mix with the ad-
dition of hydrolysates obtained using acid and lactase (810,
20-40, 60-70, and 80-90 um). While for the ice cream mixes
with the addition of -carrageenan and (-carrageenan after
B-galactosidase treatment, three peaks were noted (particle
size ranges for | sample: 2-5, 15-30 and 90-110 um and for
L sample: 2-5,7-15and 80-110 um. Moreover, the range and lo-
cation of peaks were similar for samples C, |, and B. The samples
Aand L, with the hydrolysates obtained using acid and lactase,
respectively, had also similarities in particle size distribution.
After maturation, four peaks in particle size distribution were
noticed only for the control sample, whereas three-peaks were
detected for the other samples (Figure 2). Among the samples
with stabilisers, the significant differences in particle size dis-
tribution were only visible for the samples with the addition
of -carrageenan after acid treatment (A) and after lactase treat-
ment (L). In both mixes, particles in the size ranges 10-40, 50-70
and 80-90 pm were dominant. The frequency of particles with
diameter less than 5 um was low. The more frequent particles
between 10 to 100 um could represent fat agglomerates or
fat coalescence. The same observation was made for molten
ice creams; single fat droplets with a size of 1-1.5 um and fat
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clusters with a diameter of around 10 um were determined
[Liuetal, 2022]. Mendez-Velasco & Goff [2012] provided a deep
analysis of the influence of the fat structure and properties
of ice cream. Unsaturated monoglycerides (from sunflower oil)
and saturated monoglycerides (from palm kernel oil) added to
ice cream were tested. Based on particle size distribution, it was
concluded that ice cream with unsaturated lipids formed larger
fat networks with the higher number of droplets as stable par-
ticles, while ice cream with saturated lipids destabilized readily
with smaller aggregates. The particles with diameters of 0.01-1
and around 100 ym dominated in ice cream with unsaturated
lipids, while distribution of particle size was more homogenous
in the ice cream with saturated lipids. In our study, the mix
of saturated and unsaturated acids (mono- and diglycerides
of fatty acids) was used as an emulsifier, which may explain
such a wide range of particle sizes in all samples.

®  Therheological properties of ice cream mixes

The flow behavior and mouthfeel of ice cream are referred to
as rheological properties. The rheological behaviour of milk ice
cream mixes was described using the Ostwald de Waele model.
The accuracy of this model fitting was high, as indicated by
high correlation coefficients (Table 2). The rheological parame-
ters of ice cream mixes before and after maturation are shown
in Table 2. Data obtained for the samples before maturation
shows that consistency index (K) ranged from 0.009 to 0.083.
The addition of stabilisers contributed to anincrease inits values
owing to the fact that the lowest value was noted for the control
sample. Considering the type of stabilizer used, the highest K
was determined for the ice cream mix with the addition of i-car-
rageenan after lactase treatment (L). In the case of the flow
behaviour index of the samples before maturation, the lowest
value was determined for L (0.727), but the values achieved for ice
cream mix with i-carrageenan and its acid hydrolysate were sim-
ilarand did not differ significantly (p>0.05) from that determined
for L sample.The highest (p<0.05) n was determined for the con-
trol sample (0.900), which allows concluding that higher K was
obtained from the lower flow behaviour index. In the research by
Atalaretal. [2021], flow curves plotted for the hazelnut vegan ice
cream mixes were described using the Ostwald de Waele model|,
and the values of their flow behaviour index ranged from 0.61
to 0.76. Similar n values (0.65-0.73) were computed for vanilla
ice creams with various contents of milk protein concentrate
[Mostafavi et al.,, 2017].

After maturation, the same trend in the variation of K
and n between samples as before maturation was observed.
The highest K value (0.104) was determined for the ice cream
mix with the addition of i-carrageenan after lactase treatment
and the lowest one (0.012) for the control sample. In the case
of the flow behaviour index, the lowest value (0.702) was noted
for the L sample and the highest one (0.838) for the control
sample. Soukoulis et al. [2008] showed that the consistency
index of the ice cream mixes with the addition of different
hydrocolloids and k-carrageenan ranged from 0.498 to 1.951,
which was due to the distinctive ability of k-carrageenan to
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form a gel with other hydrocolloids. Thus, the combination
of carrageenan with guar gum or carboxymethyl-cellulose
should be more favourable than the combination with xan-
than gum or sodium alginate, which usually forms weak gel
networks. Referring to the views of Alvarez et al. [2005], after
maturation, an increase in viscosity was observed in milk ice
cream mixes. Such a change was understandable due to the hy-
dration of protein and stabilisers during maturation, which
results in a change in viscosity.

According to the presented results for all ice cream mixes (be-
fore and after maturation), the n values were less than 1 (Table 2).
It means that the ice cream mixes showed non-Newtonian
shear-thinning (pseudoplastic) behaviour [Rao, 2007]. Previous
research reported that ice cream mixes exhibited pseudoplastic
behaviour due to the aggregated fat globules and polysaccha-
ride stabilisers [Akbari et al,, 2019]. Consequently, the viscosity
decreased with an increasing shear rate.

After maturation, only the samples with the addition of en-
zymatic hydrolysates of -carrageenan (B and L) tended to in-
crease their consistency index (Table 2). It may suggest the same
mechanism of rheological behaviour in both ice cream mixes.
Our previous study [Kot et al., 2022] proved that the mentioned
enzymatic hydrolysates of 1-carrageenan were more flexible
in comparison to I-carrageenan or acid hydrolysate of 1-carra-
geenan in model solutions of ice cream. It may be the reason
why the consistency of samples B and L was improved.

= Microscopic analysis

The microscopic observation of emulsion may provide pivotal
clues to understanding the relationship between microstruc-
ture and the stability of the emulsion [Ahn et al, 2022]. The im-
ages from the CLSM analysis of the milk ice cream mix before
and after maturation are presented in Figure 2. To observe
the changes in the stability of samples, Nile red was used to
stain the fat droplets. In all samples both before and after mat-
uration, single particles of fat were visible with a size of around
5 um. This is in agreement with the particle size distribution;
the first peak was observed for the particles <10 um (Figure 3)
but larger fat agglomerates were visible in microscopic imag-
es as well (Figure 3). Their presence in ice cream mixes was
also proven by previous analyses of the TSI and Dsy. The sizes
of agglomerates were around 10 um or more. Such molecules
were visible in the control sample and ice cream mix with
the addition of -carrageenan before maturation (Figure 3 Ca
and la, respectively). Additionally, fat droplet deformation was
observed in the image of the control sample before maturation.
This confirmed flocculation, which was suggested above based
on the backscattering profile. Moreover, as can be seen from
image Ba, phase separation in the sample with 1-carrageenan
after B-galactosidase treatment (before maturation) occurred,
which also confirmed the destabilisation of this milkice cream
mix. Frising et al. [2008] noticed in the picture of sedimentation
of water-in-oil emulsion that droplets which were not evenly
distributed tended to gather in more or fewer agglomerates.
It means that flocculation may occur in this place later. In
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our study, such phenomena could also be observed during
maturation (Figure 2). Melted ice cream was also observed
by confocal scanning laser microscopy after dynamic freezing
[Voronin et al,, 2020]. Based on the results, the control sample
and the sample with the addition of polysorbate 80 (C-P80)
were characterized by destabilized fat globules and partial
coalescence, especially in the sample with the addition of an
emulsifier. The same method was used to observe the pro-
tein and fat globules in ice cream mixes with polysaccharides
[Cheng et al, 2015]. According to the results, flocculation was
visible in the examined samples. In our research, the same or
similar behaviour of fat destabilisation was observed.

CONCLUSION

The presented study showed that I-carrageenan and its hydro-
lysates had a strong influence on the physical properties of milk
ice cream mixes. They affected the stability of the emulsion
during maturation. The hydrolysates of i-carrageenan improved
the stability of mixes contrary to -carrageenan as indicated
by TSI. On the other hand, the addition of -carrageenan to
the mixes affected two different types of destabilisation: coales-
cence and flocculation, while in the samples with hydrolysates
of -carrageenan additionally, sedimentation was noted. Before
and after maturation, aggregates of fats occurred and parti-
cles of distinctive sizes were observed in the ice cream mixes.
The used stabilisers contributed to increasing the sizes of par-
ticles while maturation decreased it. The addition of the enzy-
matic hydrolysate of -carrageenan after commercial lactase
treatment beneficially influenced the rheological properties
of the ice cream mix.

[t may be concluded that i-carrageenan and its hydrolysates
could serve as effective stabilisers in milk ice cream. However,
further investigations are needed to explain the mechanism
of their action as stabilisers and the behavior of fat in the pre-
sented recipe during maturation. The study ultimately proved
that the type of stabilisers, in this case, -carrageenan and its hy-
drolysates, contributed to the destabilisation of ice cream mixes
during maturation. Such a conclusion may be useful in planning
the ice cream production process or predicting the formation
of ice crystal structure.

SUPPLEMENTARY MATERIALS

These are available at http://journal.pan.olsztyn.pl/Effect-of-
lota-Carrageenan-and-Its-Hydrolysates-on-the-Stability-of-
Milk-lce-Cream,166382,0,2.html. Figure S1. Backscattering
(BS) profile of ice cream mixes stabilised by the combination
of 1-carrageenan, locust bean gum and xanthan gum before
and after maturation. Figure S2. Backscattering (BS) profile of ice
cream mixes stabilised by the combination of -carrageen-
an hydrolysate obtained using -galactosidase, locust bean
gum and xanthan gum before and after maturation. Figure S3.
Backscattering (BS) profile of ice cream mixes stabilised by
the combination of 1-carrageenan hydrolysate obtained using
commercial lactase, locust bean gum and xanthan gum before
and after maturation.
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Abstract: This study aims to contribute knowledge to the area of the ice cream industry by finding
an effective way to prevent the recrystallization process in ice cream production. Stabilizers such as
t-carrageenan and its acid and enzymatic hydrolyzates were used with the combination of ultrasound
homogenization (20 kHz and exposure time of 5 min) as a method to obtain the deliberate quality of
ice cream. In this paper, a comprehensive analysis of the physical characteristic of milk ice creams
was made, such as the cryoscopic temperature, osmotic pressure, overrun, and melting time. It was
noted that cryoscopic temperature was lower in the samples after ultrasound treatment. Additionally,
the osmotic pressure was changed in the case of the stabilizer used. The overrun of ice cream was less
than 32% while the longest melting time was at the level of 27 min. The recrystallization process was
analysed on the basis of images taken after 24 h, and 1 and 3 months of storage at —18 °C. Regarding
the results, it was observed that ultrasound homogenization contributed to smaller ice crystals and
had a positive influence on the ice crystals’ structure.

Keywords: recrystallization; ice crystals; ultrasound; freezing; physical properties

1. Introduction

Ice cream is defined as a complex colloidal system consisting of air bubbles, ice crystals,
and fat droplets dispersed into the serum phase. Considered the category of dairy products,
ice cream is one a palatable frozen dessert. Obtaining the desirable texture to meet the
expectations of consumers is a requisite for manufacturers [1-4]. Perception of ice cream
texture is connected with its creaminess. One of the factors attributed to this property
is the crystal structure, especially the number of crystals and their size. Such a factor is
inevitably connected with the components of ice cream and the production process [2,5].
The advisable size of ice crystals is between 10 to 20 um, which guarantees achieving a
favourable texture. Because larger crystals of more than 50 pm cause undeniable quality
such as coarse or grainy [6-9], it is thus significant to understand the factors that affect it
and how they are regulated.

Stabilizers have the ability to modify the water-binding capacity, freezing rates, rheo-
logical properties, or ice crystal formation. Polysaccharide stabilizers such as carrageenans,
locust bean gum, or xanthan gum are usually used in the formulation of the ice crystal struc-
ture [10]. Carrageenan is a commonly used secondary stabilizer and, additionally, it helps
prevent the process of wheying off. The fractions of carrageenan such as t-carrageenan
are able to react electrostatically with milk proteins and form a three-dimensional net-
work. Such a structure contributes to the resistance separation of the suspended phase
in ice cream mixes [10-12]. Moreover, interesting results were obtained using acid and
hydrolyzates of (-carrageenan in the model sucrose solutions with milk protein. It was
proven that hydrolyzates more effectively inhibited the recrystallization process in the ice
crystal structure than (-carrageenan [13].

Ultrasound has been known in the food industry for many years. The mechanism of
ultrasound is based on acoustic cavitation, which occurs due to the interaction between
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ultrasonic waves, liquid, and dissolved gas. Considering the advantages of this technique,
ultrasound is relatively cheap, simple, really fast, non-toxic, environmentally friendly,
and also energy saving. Additionally, ultrasound can be used to minimize processing or
increase quality and improve processing effectiveness and efficiency, as well as to provide
food safety, while extending the shelf life of the product [14-16]. Currently, there is much
research on which ultrasound can be used in ice cream production. For instance, during
the freezing process, ultrasound may enhance the nucleation rate and the rate of crystal
growth, which contribute to decreasing the ice crystal size and freezing time [15,17-19]. On
the other hand, the influence of used ultrasound homogenization in milk ice cream and
the changes during the creation of the ice crystal structure still require additional research.
Moreover, it has been proven that using ultrasound during the pasteurization process can
be used interchangeably with traditional pasteurization, with no undesirable changes in
ice cream [20]. Furthermore, the study by Tiiker and Dogan [21] shows that ultrasound
homogenization improved the properties of ice cream such as the melting time. Ultrasound
homogenization may generate positive results such as narrowing the particle size, which
generates a more stable emulsion in ice cream. Based on this, considering the amount of fat
and its structure in ice cream mixes might bring a beneficial effect on the ice crystal size,
owing to the fact less space will be created for crystal formation and smaller ice crystals
will be obtained [10]. Therefore, ultrasound may be a promising tool for inhibiting the
recrystallization phenomena in ice cream, obtaining smaller crystals and improving the
quality of the product.

Much of the available literature deals with the problem of recrystallization in ice cream;
therefore, the results presented in this paper could be valuable in this field. The following
two main points were studied: (1) the effect of using hydrocolloids namely (-carrageenan
and its acid and enzymatic hydrolyzates on the physical properties of milk ice cream, and
(2) the effectiveness of ultrasound homogenization in the production of milk ice cream.

2. Materials and Methods
2.1. The Preparation of the Hydrolyzates of \-Carrageenan

The materials and methods for the hydrolysis of the i-carrageenan part were described
in the paper by Kot et al. [13]. Briefly, -carrageenan (obtained from Sigma-Aldrich, St.
Louis, MO, USA) was dissolved in distilled water heated up to 40 °C to obtain a 0.4 mg/mL
solution. The enzymatic hydrolysis was carried out using 3-galactosidase (1000 U/mg,
from Escherichia coli) (Sigma-Aldrich, St. Louis, MO, USA) for 72 h, at 37 °C or using
lactase (min. activity 5200 NLU/g) (Serowar s.c., Szczecin, Poland) for 24 h, at 5 °C. For
both hydrolyses, the reaction was stopped by neutralization at 48 °C for 5 min. The
acid hydrolysis of i-carrageenan was performed by dissolving in 0.1 M hydrochloric acid
(Chempur, Piekary Slaskie, Poland) solution (pH 3). Then, the solution was heated at 60 °C
for 3 h and neutralized using 0.1 M sodium hydroxide (Chempur, Piekary Slaskie, Polska).
All of the obtained hydrolyzates were stored frozen at —-18° and thawed just before analysis.
The molecular mass distribution was estimated through Size-exclusion chromatography
analysis (SEC) using the Shimadzu high-performance liquid chromatography system
consisting of a RID-10A detector (Shimadzu, Kyoto, Japan), and only hydrolyzates with
the highest reduction in molecular mass were used for further analysis.

Moreover, to confirm that the IRI (ice recrystallization inhibition) activity of the
obtained hydrolyzates of the i-carrageenan depends on the functional group’s position
changes, Fourier transform infrared spectroscopy (FTIR) analysis was performed using
a HATR Ge trough (45° cut, yielding 10 internal reflections) crystal plate at 20 °C, and
recorded with a 670-IR spectrometer (Agilent, Santa Clara, CA, USA). Based on these
results, only the samples with the highest molecular mass reduction and the longest time
for hydrolysis were used for further research as a stabilizer in ice cream.
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2.2. The Process Production of Ice Cream
The Materials for the Recipe for Ice Cream

The ingredients used to prepare the ice cream mixes were milk 0.5% (Mlekovita,
Wysokie Mazowieckie, Poland), inulin (Orafti BENEO, Tienen, Belgium), skimmed milk
in powder (Mlekovita, Wysokie Mazowieckie, Poland), white sugar (Diamant, Poznan,
Poland), emulsifier E471 (Fooding Shanghai, Shanghai, China), LBG (Locust Bean Gum)
(Fooding Shanghai, Shanghai, China), 0.02% xanthan gum (Fooding Shanghai, Shanghai,
China), 0.01% t-carrageenan (Fluka, Sigma-Aldrich, St. Louis, MO, USA), or 0.005% newly
obtained acid hydrolyzates of 1-carrageenan and enzymatic hydrolysis by (3-galactosidase
and enzymatic hydrolysis by commercial lactase.

Based on the research by [22], an amount of (-carrageenan of 0.01% is the minimal con-
centration that could influence the recrystallization process. While the amount of obtained
hydrolyzates at 0.005% was connected with the fact that hydrolyzates of (-carrageenan
had the strongest effect compared with the -carrageenan. The percentage amount of each
ingredient is presented in Table 1.

Table 1. The percentage composition of ice cream milk samples.

Ingredient C,CH, CU ILIH,IU A,AH,AU B, BH,BU L,LH, LU
Milk 0.5 76.0 75.49 75.495 75.495 75.495
Inulin 10.0 10.0 10.0 10.0 10.0
Milk powder 7.0 7.0 7.0 7.0 7.0
White sugar 7.0 7.0 7.0 7.0 7.0
Emulsifier E471 0.4 0.4 0.4 0.4 0.4
Locust bean gum - 0.08 0.08 0.08 0.08
Xanthan gum - 0.02 0.02 0.02 0.02
-Carrageenan - 0.01 - - -
Acid hydrolysate of } ) 0.005 ) }
l-carrageenan
Enzymatic hydrolyzate
of -carrageenan
obtained by - - - 0.005
[3-galactosidase
treatment
Enzymatic hydrolyzate
of -carrageenan
obtained by lactase ) ) i i 0005
treatment

The characteristics of the prepared samples of the ice cream mixes are presented in
Table 2.

Table 2. The characteristic of the ice cream milk samples.

Sample Stabilizers Homogenization Treatment
C Control sample without stabilizers -
CH Control sample without stabilizers traditional homogenization treatment
CU Control sample without stabilizers ultrasound homogenization treatment
I Sample with the combination of )
t-carrageenan, LBG and xanthan gum
IH Sample with the combination of traditional homogenization treatment
t-carrageenan, LBG and xanthan gum
U Sample with the combination of ultrasound homogenization treatment

t-carrageenan, LBG and xanthan gum
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Table 2. Cont.

Sample

Stabilizers

Homogenization Treatment

A

Sample with the combination of acid
hydrolyzates of i-carrageenan, LBG and
xanthan gum

AH

Sample with the combination of acid
hydrolyzates of i-carrageenan, LBG and
xanthan gum

traditional homogenization treatment

AU

Sample with the combination of acid
hydrolyzates of i-carrageenan, LBG and
xanthan gum

ultrasound homogenization treatment

Sample with the combination of enzymatic
[-galactosidase hydrolyzates of
t-carrageenan, LBG and xanthan gum

BH

Sample with the combination of enzymatic
[-galactosidase hydrolyzates of
t-carrageenan, LBG and xanthan gum

traditional homogenization treatment

BU

Sample with the combination of enzymatic
[-galactosidase hydrolyzates
t-carrageenan, LBG and xanthan gum

ultrasound homogenization treatment

Sample with the combination of enzymatic
commercial lactase hydrolyzates of
t-carrageenan, LBG and xanthan gum

LH

Sample with the combination of enzymatic
commercial lactase hydrolyzates of
t-carrageenan, LBG and xanthan gum

traditional homogenization treatment

LU

Sample with the combination of enzymatic
commercial lactase hydrolyzates of
t-carrageenan, LBG and xanthan gum

ultrasound homogenization treatment

2.3. The Production of Ice Cream

According to the recipe, the dry and liquid ingredients were weighed separately. After
this, all components were mixed using a Bosch MaxoMixx 750W blender (Bosch, Gerlingen,
Germany). Then, the pasteurization process was performed using a Vorwerk thermomixer
(Vorwerk, Wuppertal, Germany) at a temperature of 85 °C within 1.5 min and then cooled
to 25 °C. Two methods of homogenization were used:

e  The traditional homogenization using the homogenizer IKA T 25 digital ULTRA-
TURRAX 20 rpm (IKA®-Werke GmbH & Co. KG, Staufen, Germany) through 2.5 min.

o  The ultrasound homogenization by using a homogenizer Ultrasonic Liquid Processor
VCX 500 (Sonics & Materials, Inc., Newtown, CT, USA) with a diameter probe (Model
CV334). 250 mL of ice cream mixes for each trial. The frequency of 20 kHz and
exposure time of 5 min was used. The used frequency of ultrasound was also tested
in accordance with other papers such as the paper by O’Sullivan et al. [23] for the
ultrasound homogenization on soy and wheat protein isolates and the paper by de
Silva et al. [24] during ultrasound homogenization of cupuacu juice.

After the homogenization step, all of the prepared ice cream mixes were submitted to
the maturation process for 24 h at 4 °C (fridge, Whirlpool, Warszawa, Poland).

2.4. The Freezing of Ice Cream

The freezing of ice cream mixes was performed in an ice cream maker, Neumaker
Gelato 5K SC (Hemer, Germany), until the ice cream temperature was —7 °C for 15 min.
Then, the samples were placed in plastic containers and stored at —18 °C for 24 h, 1 month,
and 3 months (freezer, Whirlpool, Warszawa, Poland).
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2.5. The Ice Cream’s Physical Analysis
2.5.1. Cryoscopic Temperature and Osmolality

The cryoscopic temperature and the osmolality of the ice cream mixes were determined
using an osmometer Marcel 0s3000 (Warszawa, Poland). The accuracy of measurement
of the freezing temperature was 0.002 °C and for osmolality it was 1%. According to the
instruction of the devices, 100 uL of ice cream mixes after the maturation process were
taken into Eppendorf tubes and measured until the device was stabilized. The analysis was
performed in duplicate.

2.5.2. Melting Time

The melting behaviour of the ice cream was determined using a cooled metal ring
(11 cm in height and 2 cm in diameter, volume 35 mL) that was stored at —25 °C for 24 h
before measurement. After this time, the ring was filled with ice cream directly after the
freezing process and then stored for 24 h at —25 °C. After storage, the ring was placed on the
funnel with two pins located at the ends of the ring at the controlled temperature of 25 °C.
The first drop of melted ice cream was recorded as the melting time of the sample [25,26].
The analysis was performed in duplicate.

2.5.3. Determination of the Overrun
The overrun of ice cream was determined according to the following Formula (1) [25,26]:
Wy — W,
2

Overrun = x 100% @D
where: W1 is the mass of the unit volume of the mixture (g) and W5 is the mass of the unit
volume of ice cream (g).

2.5.4. Microstructural Analysis of Ice Crystals

The microstructure of the ice crystals was analysed based on the images taken after
24 h, 1 month, and 3 months of storage at —18 °C. To prepare the samples, a small amount
of ice cream was taken from the centre of the plastic box (from at least three different
locations, and a minimum of 3 cm away from the surface), then put on the cool slide using a
spatula and covered with a cool slip glass on the top of the sample. All of the samples were
prepared in a freezing chamber and transferred to a microscope with the cooling system
Linkam Scientific PE 94.

The recrystallization process was analysed based on images taken using the Olympus
model BX43F (Tokyo, Japan) microscope with the cooling system with liquid nitrogen-
Linkam Scientific Instruments LTD model LNP96-S (Tokyo, Japan) and the Olympus model
SC50 camera (Tokyo, Japan). The obtained images were analysed using the Olympus
cellSens Dimension Desktop program. The around 300 ice crystals were marked for one
sample, and then the area, equivalent diameter, and standard deviation were calculated.

2.5.5. The Statistical Analysis

For the melting time, overrun, cryoscopic temperature, and osmolality, a statistical
analysis was performed. The data are expressed a mean with standard deviations (£SD) in
Table 3. The results were analysed using the analysis of variance one-way ANOVA. Tukey’s
test was used to determine if the differences between the parameters of the ice cream
samples were significant. The statistical appraisal was performed using the STATISTICA
13.3 software (Statsoft Polska, Krakéw, Poland). The significance of the test was set at
o= 0.05.
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Table 3. The physical analysis of the milk ice cream.

Sample Cryoscopic Temperature, °C Osmotic Pressure, mOsm/kg Overrun, % Melting Time, min.
C —2.502 4 0.006 8 1347 4 4 b 15.35 =+ 3.52 bede 23.19 + 2.23 cde
CH —2.549 + 0.005 defg 1372 £ 34 8.30 +£ 0492 22.25 + 3,05 bede
Cu —2.510 + 0.018 '8 1355 £ 52ab 17.53 + 2.16 de 22.37 + 3,01 cde
I —2.486 +0.013 8 1358 + 0 be 24.40 +0.00 f 25.14 + 0.97 de
H —2.531 =+ 0.033 defg 1346 £ 72 10.90 + 1.94 abed 27.46 + 1.34 de
U —2.519 + 0.013 defg 1348 +42b 20.59 + 0 o 26.234 2.09 de
A —2.611 =+ 0.044 de 1422 +0f 18.86 + 3.77 ¢f 28.26 + 2.36 de
AH —2.921 +0.008 2 1572 + 41 9.05 + 0.00 @b 27.33 + 0.00 de
AU —2.512 4 0.066 8 1377 £ 0 de 15.72 =+ 0.05 bede 30.34 +0.00 ¢
B —2.721 4 0.022 be 1456 + 08 31.79 + 0.86 & 12.34 + 0.00 ab¢
BH —2.608 =+ 0.025 def 1413 £ 0f 16.06 =+ 0.37 cde 12.17 + 5.06 2P
BU —2.754 4+ 0.020 P 1490 £ 0 b 18.27 + 0.00 11.23 + 0.452
L —2.578 + 0.000 defg 1388 +£0° 14.32 + (.99 abede 18.15 + 1.85 abed
LH —2.622 4+ 0.026 <4 1421 +0f 10.63 =+ 2.33 abe 20.13 + 1.85 abed
LU —2.535 & 0.017 defg 1368 + 4 <d 20.43 +1.10 ¢ 23.19 + 5.89 de

Different superscript letters in columns represent significant differences in the means of the same parameter

(p < 0.05). Values represent means + standard deviations.

The frequency distribution of ice crystal size was calculated using Microsoft Excel
2011 macro data analysis. The relative frequency of any class interval was calculated as the
number of crystals in that class (class frequency) divided by the total number of crystals,
and expressed as a percentage (Figures 1-3). According to the method described by Regand
and Goff [27], the parameter X5) was analysed as the mean diameter (D) for 50% of the
Appl. Sci. 2023, 13, x FOR PEER REVIEWgta]s in the sample. The mean diameter (D) and standard deviations (SD) of each 13648

were also calculated (Table 4). The method has been described previously [7,13].
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Table 4. Ice crystals size distribution in ice cream after 24 h, 1 and 3 months of storage at —18 °C.

. Average Diameter D, in the The Minimal The Maximal
Time of Storage and . . . .
Variant of Ice Cream Class with the Highest Size of Ice Size of Ice

Frequency [um] £ SD Crystals [um] Crystals [um]
24h 16.37 £ 4.71 8.12 32.61
C 1 month 17.87 £13.16 391 27.26
3 months 24.64 +7.45 15.18 3091
24h 14.64 + 5.45 7.10 24.82
CH 1 month 16.13 £ 4.00 7.58 28.57
3 months 16.28 + 3.34 9.01 25.47
24h 9.05 £ 2.08 5.37 18.53
CU 1 month 9.86 +2.07 5.79 16.40
3 months 14.74 £+ 3.37 8.33 22.69
24h 13.9 + 3.47 6.98 27.14
I 1 month 15.57 +4.23 6.90 23.49
3 months 18.52 +4.21 9.32 28.24
24h 9.64 £+ 2.00 5.49 16.29
H 1 month 19.9 £ 4.39 11.79 35.50
3 months 21.74 + 4.89 12.37 33.92
24h 13.23 +7.54 7.85 21.21
U 1 month 18.00 £+ 5.45 10.98 27.07
3 months 18.40 £+ 4.57 9.82 26.68
24h 16.70 + 3.46 9.44 27.52
A 1 month 21.27 +6.93 8.33 33.86
3 months 22.03 +£5.27 11.58 32.33
24h 17.85 + 4.20 9.46 28.51
AH 1 month 17.06 £+ 6.93 9.20 26.16
3 month 19.51 +5.27 11.92 29.13
24h 15.14 +5.35 5.00 28.69
AU 1 month 15.50 £ 3.93 8.01 25.53
3 months 17.50 £ 8.48 6.30 34.27
24h 16.40 + 4.65 8.97 28.84
B 1 month 16.09 £+ 3.72 8.08 27.65
3 months 16.87 +2.90 10.07 25.33
24h 1292 +2.76 6.43 21.01
BH 1 month 15.91 + 4.47 6.53 25.90
3 months 15.14 + 3.12 9.84 23.42
24h 9.45+2.11 5.83 15.14
BU 1 month 14.28 + 4.37 6.27 24.24
3 months 15.13 +5.28 7.88 26.94
24h 12.03 +2.31 6.97 19.46
L 1 month 18.22 +4.29 8.59 33.45
3 months 18.30 + 4.25 10.64 28.57
24h 5.84 £1.12 4.48 9.17
LH 1 month 16.11 +4.14 8.24 33.21
3 months 17.10 + 4.94 9.14 26.38
24h 12.44 +3.92 6.58 20.95
LU 1 month 14.47 +4.83 7.32 22.80

3 months 14.86 + 3.38 9.17 24.68
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Figure 1. Ice crystal size distribution in ice cream after 24 h of storage at —18 °C.
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tion of 1-carrageenan), AH (with the addition of acid hydrolyzates of 1-carrageenan), or
LH (with the addition of enzymatic commercial lactase hydrolyzates of 1-carrageenan).
While ultrasound homogenization influenced the growth of the temperature. Moreover,
it was observed that in the control samvple, the differences between the sort of homoge-
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(with the addition of enzymatic commercial lactase hydrolyzates of i-carrageenan). While
ultrasound homogenization influenced the growth of the temperature. Moreover, it was
observed that in the control sample, the differences between the sort of homogenization
used were not significant. Otherwise, the temperature for the samples after the ultrasound
treatment was slightly lower. The reason for that may be improving in heat transfer during
freezing [14]. Ultrasound homogenization might contribute to accelerating the freezing
process, which resulted in higher temperatures. Nonetheless, the addition of stabilizers
afforded changes in this parameter, with or without homogenization treatment. Hagiwara
and Hartel [11] proved that the lower molecular mass of the sweeteners used in ice cream
production resulted in greater depression of the freezing point. To follow these observa-
tions in our research, the t-carrageenan and its hydrolyzates differed from each other by
molecular mass and structure [13]. Therefore, it may be concluded that hydrolyzates of
t-carrageenan with a lower molecular weight and more flexible structure redounded on the
higher cryoscopic temperature.

In the case of osmotic pressure, the lowest value was noted for sample IH (with
the addition of i-carrageenan and after traditional homogenization treatment) at the
level of 1346 mOsm/kg and the highest for sample AH (samples with the addition of
acid hydrolyzates of (-carrageenan and after traditional homogenization), at a level of
1572 mOsm/kg. Additionally, the most striking observation was the dependence between
cryoscopic temperature and osmotic pressure. In the control sample, the higher temper-
ature of ice cream mixes displayed a lower pressure. For comparison, in samples with
the addition of stabilizers, the lower temperature achieved a higher pressure. Moreover,
Buniowska-Olejnik et al. [28] also reported that in low-fat milky ice cream with oat 3-glucan,
the higher osmolality of ice cream mixes resulted in a lower cryoscopic temperature. Such
observations were connected with the fact that cryoscopic temperature depends on the type
and concentration of dissolved substances. Consequently, the moisture-binding capacity of
the stabilizers used may influence the method of creating the ice crystal structure during
freezing. Additionally, the variations in the freezing point of ice cream mixes may alter the
recrystallization rate during storage [29].

Overrun is defined as the increase in the volume of ice cream, affecting some properties
such as melting time or hardness. Moreover, the properties of ice cream mixes (e.g., instance
composition) or freezing (e.g., freezing time) may influence the overrun of ice cream [30].
In the present study, the overrun of the milk ice cream that was obtained was less than 32%.
The lowest overrun was noted at the level of 8.3% for sample CH (the control sample after
the traditional homogenization), while the highest value was in sample B (the sample with
the addition of the enzymatic hydrolyzates by 3-galactosidase of t-carrageenan) (Table 3).
Alvarez et al. [31] proved that the overrun of milk ice cream ranged from 65.04% to 72.54%.
In our research, the reason for the lower overrun of prepared ice cream was presumably
the small amount of fat in the recipe. The discrete and partially coalesced fat, as it is
hydrophobic, is able to absorb at the air bubble surface. Otherwise, in ice cream with
a low fat content, there is not enough fat to cover the whole surface of the air bubbles.
Consequently, the air bubble structure may not be stabilized and the final product will
have a lower overrun. As found by Sofijan and Hartel [30], the higher overrun would be
expected to decrease the thermal diffusivity, providing the insulation effect and thus the
ability to retard the melting time. Therefore, in our study, the lower overrun of ice cream
may contribute to the lower value of melting time (Table 3). Moreover, the addition of fat
replacers such as inulin may decrease the overrun values. In research by Mahdian and
Karazhian [32] or Ismail et al. [33], the samples with the addition of inulin had a lower
overrun than the samples without this ingredient. Inulin is able to absorb water, which
may increase the viscosity of ice cream mixes. Therefore, the higher viscosity might be a
primary reason for the decreased whipping abilities of ice cream [10]. According to the
statistical appraisal (p < 0.05), the differences between samples could be explained by both
the stabilizers and the homogenization process. Looking at the influence of stabilizers
on the overrun of the obtained ice cream, it can be observed that i-carrageenan, (I), acid
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(A), and enzymatic hydrolyzates (B) of (-carrageenan improved the air structure in ice
cream (Table 3), and the obtained overrun for these samples was from 18.86 to 31.79%.
However, the connection of stabilizers and traditional homogenization contributed to the
lower overrun, for samples IH, BH, and AH, in which the value was from 9.05 to 16.06%.
While the ultrasound homogenization increased this parameter, simultaneously rising the
content of air bubbles in the structure of ice cream, the value of the overrun was from 15.72
to 20.43% (samples CU, BU, AU, and LU). Tiiker and Dogan [21] also showed that the
ultrasound homogenization resulted in increasing the value of the overrun of ice cream.
Moreover, these findings proved that differences in such parameters may be a reason for
the composition and the same for the ultrasound.

Melting time is a pivotal physical property of ice cream that may be affected by several
factors such as ingredients, type and level of stabilizers or emulsifiers, or overrun [34].
Table 3 illustrates the measurement melting time in the presented research, which ranges
from 11.23 to 30.34 min. The composition of ice cream and homogenization processes
influenced the melting time of the ice cream, which is statistically significant at p < 0.05.
However, the difference in samples such as I (with t-carrageenan) (25.14 min), IH (with t-
carrageenan after traditional homogenization) (27.46 min), and IU (with t-carrageenan after
ultrasound treatment) (26.23 min) was not exactly visible to access the effect of ultrasound
homogenization compared with the traditional one. The differences in all milk ice cream
were connected with the sort of stabilizers used. For instance, it the advisable to use
\-carrageenan or its acid hydrolyzates with the combination of homogenization to prolong
the melting time and at the same to raise the consumer acceptability. The addition of
enzymatic hydrolyzates of (-carrageenan, especially after 3-galactosidase treatment (B),
obtained the lowest value (11.23-12.34 min), even less than for the control sample (C),
at 23.19 min. As mentioned in the discussion about overrun, fat may play a key role in
properties such as overrun or melting time. The fact that during the freezing process, the
clump of de-emulsified fat globules is able to form a protective layer around the air cells
and tends to impart foam stability and yield better overrun. However, the samples with less
fat clumps had a lower foam stability and overrun. Therefore, ice cream samples with less
overrun with fewer air cells resulted in higher heat transfer and hence the faster meltdown
of ice cream [34]. Additionally, the use of ultrasound homogenization contributed to the
higher heat transfer by acoustic cavitation, hence the melting of ice cream was becoming
faster. The next explanation for the short melting time in the prepared milk ice cream could
be the addition of inulin. Mahdian and Karazhian [32] reported that with the increasing
content of inulin in low-fat ice cream, the melting resistance decreased. Moreover, Goral
et al. [26], in ice cream based on coconut milk, proved that the melting resistance was
weaker in samples with a higher addition of inulin. Zambrano-Mayorga et al. [35] reported
that the melting time in milk ice cream ranged from 19.5 to 31.5, with changes in the amount
of whey powder and sweeteners.

3.2. The Microscopy Structure Analysis

Not only are the small ice crystals pivotal, but also the smooth and creamy mouthfeel
of ice cream. Hence, controlling the crystallization process and the size or distribution of ice
crystals are factors that determine the desired product and prolong the shelf life [15,32,36].
First and foremost, in the presented research, the size of the ice crystals was analysed based
on the value of the average diameter (D,) in Table 4. Moreover, the distribution of the
obtained ice crystal structure was studied in accordance with distributions obtained from
the image analysis, which were characterised by the values for the ice crystal equivalent
diameter at 50% of the cumulative distribution (Xs50) (Figures 1-3). To estimate the progress
of recrystallization, the samples of milk ice cream were examined after 24 h, 1 month, and
3 months of storage at —18 °C.

After 24 h of storage, it was noted that the average diameter (D) ranged from 9.05 to
17.85 um (Table 4). The lowest diameter of crystals was observed for sample CU (without
the addition of stabilizers and after the ultrasound treatment), while the highest one was
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for sample AH (with the acid hydrolyzates of (-carrageenan and after the traditional
homogenization treatment). Overall, the size of the ice crystals in the obtained milk ice
cream did not exceed 18 um. The ultrasound homogenization used contributed to the
smaller ice crystals in milk ice cream, except for samples IU (sample with the i-carrageenan,
and after the ultrasound homogenization treatment) and LU (sample with the enzymatic
commercial lactase hydrolyzates of i-carrageenan and after the ultrasound homogenization
treatment), in comparison with the traditional homogenization. The effect of ultrasound
homogenization may be explained by the violent collapse of bubbles, which initiate the ice
nucleation by creating local zones of high pressure in a very short time. Moreover, the force
generated by the collapse of cavitation bubbles is able to fragment bigger ice crystals into
smaller ones [15,18,37]. Therefore, ultrasound homogenization might be more effective in
comparison with traditional homogenization. Based on the value of the ice crystal diameter
at 50% of the cumulative distribution of the sample, the X59 diameter ranged from 6 to
17 um (Figure 1). Kamiriska-Dworznicka et al. [38], in whey ice cream with the addition of
\-carrageenan as the main stabilizer, showed that the X5y was around 15 pm, which was
similar to the presented research.

The analysis of the structure of ice crystals after 1 month of storage, for milk ice cream,
concludes that the effect of the recrystallization process was visible (Table 4). The average
diameter of ice crystals ranged from 9.86 to 21.27 um. As mentioned in the description of
results after 24 h of storage, sample CU (without the addition of stabilizers and after the ul-
trasound treatment) was characterized the smallest size of ice crystals. The highest progress
of recrystallization was noticed for sample LH (sample with the enzymatic commercial
lactase hydrolyzates of i-carrageenan, and after the ultrasound treatment), owing to the fact
that the crystals grew almost 11 pm. The most striking observation after this time in storage
was the fact that the ultrasound treatment significantly contributed to the inhibition of the
recrystallization process. In all of the prepared ice cream samples, the average diameter
was smaller (from 9.86 to 18 um) than in the samples after mechanical homogenization
(from 16.11 to 19.90) or only with the addition of stabilizers (15.57 to 21.27 pm). Moreover,
the value of ice crystal diameter at 50% of the cumulative distribution of the sample (X5
diameter) was observed, extending from 9 to 20 um (Figure 2). In comparison with the
results recorded after 24 h of storage, the recrystallization process could be proved based
on parameter X59 The research by Kamiriska-Dworznicka et al. [19] also showed that
using ultrasound (the frequency of 21.5 Hz) during freezing also contributed to the lower
diameter of ice crystals for mango sorbet, of less than 10 um. Moreover, in research by
Mortazavi and Tabatabaie [18], the effect of ultrasound shortened the freezing time and
at the same increased the overrun of ice cream, which improved the sensory of the final
product. Additionally, Islam et al. [39] proved that ultrasound effectively triggered ice
nucleation and minimized the size of the ice crystals in mushrooms. On the other hand, Dai
et al. [40] indicated that the size of ice crystals was larger at higher nucleation temperatures
and the sublimation time was reduced by almost 22 % compared with the control sample.

Looking at the results after 3 months of storage (Table 4 and Figure 3), it is seen that
the average diameter of ice crystals was less than 25 pum. The highest ice crystals were
noted for control sample C, while the smallest result was 14.74 um for the control sample
after ultrasound treatment (CU). For all samples with the addition of stabilizers but without
homogenization treatment, the size of the ice crystals ranged from 16.87 to 22.03 um.
However, samples with the addition of stabilizers and after the traditional homogenization
ranged from 15.14 to 21.74 pm, while after the ultrasound treatment, they ranged from
14.86 to 18.4 um. Consequently, it was seen that the implementation of the homogenization
process was necessary to obtain smaller ice crystals. However, the ultrasound was more
beneficial than the traditional method. What should be highlighted is that the control
sample (C) without stabilizers but after the ultrasound treatment achieved the smallest
value for the average diameter at a level of 14.74 pm. Additionally, the range of obtained ice
crystals was close to 20 or less than this value, which may guarantee the desirable texture
of ice cream, especially for consumers. Based on the value of the X5y diameter, ranging
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from 12 to 21 um (Figure 3). Notable, to compare to results after 1 month of storage, the
recrystallization process could be observed based on the parameter Xs.

Chow et al. [41] proved that existing big crystals might be broken up into smaller ice
crystals by high-intensity ultrasound. Maybe, in this case, such an ability of ultrasound
was observed. Therefore, this increases the chances of effectiveness to inhibit the recrystal-
lization process in milk ice cream. Taking into consideration the influence of the stabilizers
used on the recrystallization process, it may be seen that in samples with (-carrageenan
(I) and its enzymatic hydrolyzates (B and L), the size of ice crystals was similar (around
18 um). For sample A, with the acid hydrolyzates of (-carrageenan, the average diameter
of ice crystals was higher (22.03 um). The reason may be the difference in the molecular
structure of these stabilizers. In our previous study [13], it was proven that the mentioned
enzymatic hydrolyzates of (-carrageenan were more flexible based on FTIR (Fourier Trans-
form Infrared Spectroscopy) analysis, and the vibration intensity of the -OH groups in the
model solutions was seen in comparison with acid hydrolyzates. Overall, for the obtained
hydrolyzates of t-carrageenan, smaller vibrations were observed at 1213 and 914 cm ™!,
which was connected with the decreasing number of sulphate groups and determined
the better flexibility of hydrolyzates. Hence, the distinctive influence of stabilizers on the
ice crystal structure was noted. Moreover, the average diameter in samples B and L had
a similar value in comparison with sample A after 3 months of storage. It is mentioned
here because based on the FTIR analysis, it was confirmed that samples B and L after
the enzymatic hydrolysis had a similar course on the FTIR spectra. It can be evidence
that the enzymatic hydrolyzates of (-carrageenan were more favourable in milk ice cream
than -carrageenan and its acid hydrolyzates. In the research by Tecson et al. [42], the
ultrasound-assisted depolymerization of k-carrageenan was investigated. It was proven
that the raw carrageenan average molecular mass was reduced by 89.32% while in the
irradiated k-carrageenan it was only 41.98%. Such observations were connected with the
fact that larger molecules present more resistance to flow and the same accumulate greater
sher force, which leads to more frequent ruptures as the cavitation bubbles collapse than
in the shorter polymer. Therefore, in our research, presumably, the effect of \-carrageenan
was similar even if the initial molecular mass of this polymer was higher than the obtained
hydrolyzates [13]. Moreover, in the same research, Tecson et al. [42] noticed that after
ultrasound treatment, k-carrageenan with a lower molecular mass revealed the retention
of absorbance peaks with the decrease in the sulphate functional group and most of the
peaks were retained, with one exception of a methylene peak. CIn our study, the chain of
-carrageenan underwent changes by ultrasonic cavitations, which led to a similar effect
on the IRI activity in ice cream as the hydrolyzates. Moreover, it generated information
that hydrolyzates will be more stable and less vulnerable on the ultrasound treatment than
pure t-carrageenan. Nonetheless, further studies will be recommended to investigate the
possible changes in the molecular structure of i-carrageenan and its hydrolyzates after ul-
trasound treatment. Finally, the mechanism of ultrasound, such as inducing ice nucleation
as well as increasing heat and mass transfer, is connected with the initial step of ice cream
production. In our research, it was proven that ultrasound forces were so strong that they
influenced the structure of ice cream even after a few months of storage and prevented
excessive growth of ice crystals.

The observation of the progress of the recrystallization process was also analysed
based on images (Figures 4 and 5). To access this we used the overview of the appearance of
ice crystals during storage after 24 h and 3 months of storage at —18 °C (only representative
photos were chosen to show in the paper, not including the photos after 1 month). Looking
at the images, it may be noticed that the shape of the ice crystals was round and regular
(Figure 4). The research by Sanchez-Garcia et al. [43] showed that in lactose solutions
with the presence of whey proteins and k-carrageenan, after 48 h of ultrasound-assisted
crystallization, the shape of crystals was mostly irregular, even with the tomahawk-like
shape. Nonetheless, it is known that high ultrasound energies may be responsible for
breaking crystals already formed and generating a disruption of agglomerates or even
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nuclei [44]. After 24 h of storage of ice cream, the changes between the samples treated
with different sorts of homogenization were not visible. For example, in samples AH_24h
(sample with acid hydrolyzates of (-carrageenan and after traditional homogenization) and
AU_24h (sample with acid hydrolyzates of i-carrageenan and after ultrasound), the changes
were connected with the size of ice crystals (which was confirmed in Table 4), but not in
the appearance of crystals. A similar effect on the shape of the ice structure was noticed in
frozen pork tissue [45] or in frozen mushrooms [39], that ultrasound treatment unified the
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Exploratory notes: C, control sample (without stabilizers); I, sample with (-carrageenan,
locust bean gum (LBG), and xanthan gum; A, B, and L, sample with hydrolyzates obtained
by acid, 3-galactosidase, and commercial lactase treatment of 1-carrageenan, respectively,
LBG, and xanthan gum; H, samples after traditional homogenization treatment; U, samples
after ultrasound homogenization treatment.

Exploratory notes: C, control sample (without stabilizers); I, sample with (-carrageenan,
locust bean gum (LBG), and xanthan gum; A, B, and L, samples with hydrolyzates obtained
by acid, 3-galactosidase, and commercial lactase treatment of (-carrageenan, respectively,
LBG and xanthan gum; H, samples after traditional homogenization treatment; U, samples
after ultrasound homogenization treatment.

4. Conclusions

Ultrasound treatment of ice cream resulted in the reduction in their sizes during
storage and simultaneously increased the IRI (ice recrystallization inhibition) activity of
the prepared samples. After 3 months of storage, in the control samples, after ultrasound
treatment, the average diameter did not exceed 15 pm. In comparison, among the samples
with the addition of stabilizers, this value was less than 19 um. The beneficial influence
of ultrasound is connected to acoustic cavitation and accelerating heat and mass transfer.
This occurred to initiate the ice nucleation of ice crystals and improve the condition to
build the ice structure during freezing. As a result, in cryoscopic temperature, osmotic
pressure, overrun, and melting time such changes were observed. It was found that ultra-
sound influenced the increase in cryoscopic temperature in comparison with traditional
homogenization. Additionally, the overrun of ice cream ranged from 8.3 to 31.79%. The
lower overrun was created by the small amount of fat in ice cream and presumably the
addition of inulin. Therefore, the influence of sort of homogenization was not significantly
visible. The melting time of the prepared milk ice cream was less than 29 min. According
to the results of the melting time, it was concluded that ultrasound homogenization in
comparison with the traditional one did not differ, so they can be used interchangeably.

Detailed studies on the physical and presumably sensory properties, as well as the
shelf stability of the ice cream from ultrasound mixes, will be recommended. Studies
on the improvement in ice cream properties through the inclusion of stabilizers with the
connection of ultrasound treatment can yield further optimization of the efficiency of the
parameter. Finally, we investigated the possibilities of producing a milk ice cream with
HIU (high-intensity ultrasound) that can confer desirable properties, which could possibly
yield economically and environmentally attractive possibilities.
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