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Streszczenie

Celem niniejszej rozprawy, skladajacej si¢ z cyklu czterech oryginalnych
publikacji, bylo okreslenie wptywu zastosowania ultradzwickow (UD) podczas
przetwarzania wybranych gatunkow owocow jagodowych na zawartos¢ zwigzkow
bioaktywnych oraz wlasciwosci reologiczne otrzymanych przetworow. Potencjal
aplikacyjny ultradzwigkéw w przemysle spozywczym jest intensywnie badany ze
wzgledu na ich nietermiczny charakter, szczegolnie istotny w kontek$cie obecnos$ci
termolabilnych sktadnikow w zywnosci. Hipotezy badawcze oraz schemat prac
eksperymentalnych sformulowano w sposéb umozliwiajacy poszerzenie aktualnego
stanu wiedzy w tym obszarze.

W ramach prac eksperymentalnych badano wplyw oddzialywania UD na trzy
glowne kierunki przetwarzania owocow: produkcje sokoOw, przecierow 1 suszy.
W przypadku sokéw UD zastosowano jako proces wspomagajacy ekstrakcje soku
Z miazgi owocowej oraz homogenizacje wytloczonego soku. Do badan wybrano owoce
jagodowe o duzym znaczeniu gospodarczym w Polsce: truskawki, czarne porzeczki,
maliny oraz jagod¢ kamczacka gatunek o wysokim potencjale wdrozenia do uprawy
towarowej. W badaniach dotyczacych soku i przecieru zastosowano homogenizator
ultradzwiekowy o mocy 750 W. Natomiast wspomaganie suszenia realizowano poprzez
ciagle oddziatywanie UD o mocy 200 W, generowane przez plytowy emiter
ultradzwigkowy.

W doswiadczeniu opisanym w publikacji 1 wykazano, Ze obrobka
ultradzwickowa pulpy z owocow truskawek i malin prowadzi do zwigkszenia wydajnosci
uzysku soku, osiggajac efekty porownywalne z maceracja enzymatyczng. W przypadku
truskawek wzrost wydajnosci tloczenia wyniost 56% w porownaniu z probg kontrolna.
Jednocze$nie stwierdzono, ze efekt ultradzwickow jest zalezny od gatunku,
poniewaz W przypadku czarnej porzeczki niemozliwe byto wyttoczenie soku z pulpy po
oddziatywaniu UD na miazge. Sok malinowy uzyskany po maceracji UD
charakteryzowal si¢ najwiekszag zawartos¢ antocyjandéw, co skutkowato aktywnoscia
przeciwutleniajaca soku o 36,6% wyzsza w porOwnaniu z kontrolg. Interesujacym
osiggnigciem jest wykazanie, ze UD przyczyniaja si¢ do zmian na poziomie
czasteczkowym antocyjandw, zmieniajac tym samym udzial poszczegdlnych
antocyjanoOw w soku malinowym.

Na podstawie wynikow publikacji 2 stwierdzono, ze homogenizacja
ultradzwiekowa poprawia stabilnos¢ fizyczng soku truskawkowego poprzez zmniejszenie

wielko$ci czastek migzszu, nie powodujac przy tym degradacji skladnikow



bioaktywnych. Homogenizacja ultradzwigkowa zmniejszyta udziat czastek o rozmiarze
powyzej 25 um o 45%, przyczyniajac si¢ tym samym do ograniczenia sedymentacji
w trakcie przechowywania.

Eksperyment przedstawiony w publikacji 3 dotyczyt procesu suszenia plastrow
truskawek wspomaganego ultradzwigkami, z uwzglednieniem wpltywu zmienno$ci
odmianowej oraz zawartosci zwigzkéw bioaktywnych produktu finalnego. Otrzymane
wyniki jednoznacznie potwierdzity, ze technologia ultradzwigkowa skraca czas trwania
procesu srednio o okoto 35%. Ponadto, uzyskane wyniki potwierdzity istotny wptyw cech
odmianowych.

W publikacji 4 badania koncentrowaty si¢ na wptywie obrobki ultradzwigkowe;j
pulpy z owocow jagodowych na wlasciwosci otrzymanych przecierdéw.
Jednym z osiagni¢¢ pracy bylo wykazanie, ze moment zastosowania ultradzwickow
w schemacie technologicznym ma kluczowe znaczenie dla jako$ci produktu, przede
wszystkim dla  wiasciwosci  reologicznych  przecieru. Pomiary wlasciwosci
mikroreologicznych wskazaly na bardziej ptynny charakter przecierow uzyskanych
z wykorzystaniem ultradzwiekéw, a ocena sensoryczna potwierdzita wyzsza ich
homogenicznos¢.

Przeprowadzone eksperymenty potwierdzaja wysoki potencjal zastosowania
ultradzwickéw w przetworstwie owocoOw jagodowych, zarowno w konteks$cie poprawy
retencji zwigzkow bioaktywnych, jak 1 ksztaltowania wlasciwosci reologicznych
przetworéw. W niniejsze] rozprawie kompleksowo udokumentowano wplyw
ultradzwiekdéw na przetwory z owocoOw jagodowych, wykazujac silny wplyw gatunku
I odmiany na uzyskane efekty, aspekt dotychczas stabo reprezentowany w literaturze.
Badania wypelniaja rowniez luk¢ w literaturze dotyczacej wplywu obrobki
ultradzwigkowej na wilasciwosci sensoryczne produktow 1 zawieraja elementy

aplikacyjne dla wdrozenia w warunkach produkcji przemystowe;.

Stowa kluczowe: owoce jagodowe, zwiazki bioaktywne, ultradzwigki, reologia, jakos¢



Abstract

The aim of this work, consisting of a series of four publications, was to determine
the impact of the use of ultrasound (UD) during the processing of selected berry species
on the content of bioactive compounds and the rheological properties of the resulting
products. The application potential of ultrasound in the food industry is being intensively
researched due to its non-thermal nature, which is particularly important in the context of
the presence of thermolabile components in food. The research hypotheses and
experimental work plan were formulated in a way that would expand the current state of
knowledge in this area.

As part of the experimental work, the impact of UD was studied in three main
areas of fruit processing: juices, purees and dried fruits. In the case of juices, UD was
used both as a process supporting juice extraction from fruit pulp and as a tool for
homogenising pressed juice. Berries of high economic importance in Poland were
selected for the study: strawberries, blackcurrants, raspberries and hascap berries,
a species with high potential for commercial cultivation. In the studies on juice and puree,
a 750 W ultrasonic homogeniser was used. Drying was assisted by continuous exposure
to 200 W UD generated by a disc-type ultrasonic emitter.

The experiment described in publication 1 showed that ultrasonic treatment of
strawberry and raspberry pulp leads to an increase in juice yield, achieving effects
comparable to enzymatic maceration. In the case of strawberries, the increase in pressing
yield was 56% compared to the control sample. At the same time, it was found that the
effect of ultrasound depends on the species, as in the case of blackcurrants it was
impossible to extract juice from UD-treated pulp. Raspberry juice obtained after UD
maceration showed the highest anthocyanin content, resulting in 36.6% higher
antioxidant activity of the juice compared to the control. An interesting finding is that UD
contributes to changes at the molecular level of anthocyanins, thereby altering the
proportion of individual anthocyanins in raspberry juice.

Based on the results of publication 2, it was found that ultrasonic homogenisation
improves the physical stability of strawberry juice by reducing the size of pulp particles
without causing degradation of bioactive components. Ultrasonic homogenisation
reduced the proportion of particles larger than 25 pm by 45%, thereby contributing to
reduced sedimentation during storage.

The experiment presented in publication 3 concerned ultrasound-assisted drying
of strawberry slices, taking into account cultivar variability and the content of bioactive
compounds in the final product. The results obtained clearly confirmed that ultrasound



reduces the duration of the process by an average of approximately 35%. Furthermore,
the results confirmed the significant influence of cultivar characteristics on the drying
process.

In publication 4, the research focused on the effect of ultrasonic treatment of berry
pulp on the properties of the resulting purees. One of the most important achievements of
the work was to demonstrate that the timing of ultrasonic application in the technological
scheme is crucial for product quality, especially for the rheological properties of the
puree. Measurements of microrheological properties indicated a more fluid character of
product obtained using ultrasound, and sensory evaluation confirmed their higher
homogeneity.

The experiments conducted confirm the high potential of ultrasound application
in berry processing, both in terms of improving the retention of bioactive compounds and
shaping the rheological properties of processed products. This dissertation
comprehensively documents the effect of ultrasound on berry fruit products,
demonstrating the strong influence of species and cultivar on the results obtained, an
aspect that has been poorly represented in the literature to date. The research also
fills a gap in the literature on the effect of ultrasonic treatment on the sensory properties
of products and includes application elements relevant for implementation under
industrial production conditions.

Keywords: berries, bioactive compounds, ultrasound, rheology
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2. Wprowadzenie i przeglad literatury

2.1. Owoce jagodowe

Polska nalezy do czotowych producentow owocoéw jagodowych na Swiecie.
Sposrod krajow Unii Europejskiej to wiasnie Polska odnotowuje najwicksze zbiory malin
i porzeczek, zajmuje drugie miejsce w produkcji boréwki amerykanskiej
I truskawki oraz jest znaczacym producentem agrestu i aronii [1]. W 2022 roku Polska
odpowiadata za okolo 20% calkowitej produkcji owocéw jagodowych w Unii
Europejskiej [2]. Do gatunkow 0 wysokim znaczeniu gospodarczym na terenie Unii
Europejskiej zalicza si¢ przede wszystkim truskawki 0 $redniej rocznej produkcji
wynoszacej okoto 3 min ton. W dalszej kolejnosci najwigkszy udziat w produkcji maja
maliny (1,9 mln ton), porzeczki (Ygcznie czarna i czerwona — 1,2 min ton) oraz borowki
amerykanskie (0,5 min ton) [3].

W ujeciu botanicznym jagoda to owoc, w ktorym owocnia jest gruba i soczysta,
oraz w ktorym mozna wyrdzni¢ trzy warstwy: zewnetrzng — egzokarp, zwykle
zawierajgcg barwnik owocu; stosunkowo grubg warstwe posrednig — mezokarp; oraz
bloniastg wewnetrzng warstwe — endokarp [4]. Migsista owocnia moze zawiera¢ jedno
nasiono (np. w przypadku awokado), lub wiele nasion, jak u boréwki amerykanskiej oraz
porzeczki. Wsrod owocow blednie zaliczanych do owocow jagodowych znajduja si¢
réwniez owoce zbiorowe (wielopestkowiec), ktore powstajg w wyniku oddzielnego
dojrzewania owocolistkéw na wspolnym dnie kwiatowym. Mimo, Ze struktury te tworza
morfologicznie odrgbne jednostki, wizualnie sprawiaja wrazenie pojedynczego OwocCU,
jak w przypadku rodzaju Rubus [4]. Jednym z typowych przyktadow owocow
postrzeganych jako owoc jagodowy sg truskawki. Owoc ten rowniez, z botanicznego
punktu widzenia, nie jest jagoda, lecz owocem rzekomym (wieloorzeszkowiec), ktory
powstaje poprzez rozrosnigcie dna kwiatowego [5]. Morfologicznie struktura owocu
truskawki ma budowe nietypowa, rzadko spotykang w naturze.

Z punktu widzenia technologii Zywnosci pojecie owocow jagodowych odnosi si¢
do grupy owocoéw, ktéra jest niejednorodna botanicznie, stworzonej na potrzeby
wyodrgbnienia  grupy  surowcow 0  zblizonych cechach  funkcjonalnych
i technologicznych. W przetworstwie zywno$ci termin ,,owoce jagodowe” jest
wymiennie stosowany z okresleniem “owoce migkkie” i odnosi si¢ do owocow
0 niewielkich rozmiarach, delikatnej strukturze tkankowej oraz intensywnym

zabarwieniu. Ich delikatna struktura ogranicza ich trwalo$¢ pozbiorcza i wymusza



szybkie przetwarzanie lub stosowanie metod utrwalania. Do tej grupy owocow zalicza
si¢ m.in. owoce z rodzaju Fragaria (truskawka), Vaccinium (boréwka amerykanska,
zurawina wielkoowocowa i borowka czarna), Rubus (maliny, jezyny), Ribes (agrest oraz
czarna i czerwona porzeczka), Aronia (aronia czarnoowocowa) oraz Sambucus (czarny
bez) [6].

2.2. Wartos¢ prozdrowotna owocéw jagodowych

Owoce jagodowe s zrodtem wielu zwigzkéw bioaktywnych, wsrod ktérych
szczegblne znaczenie majg antocyjany, nalezace do grupy zwigzkoéw polifenolowy,
a takze witaminy (zwlaszcza witamina C, E oraz prowitamina A) oraz blonnik
pokarmowy.

Do najwazniejszych sktadnikow decydujacych 0 prozdrowotnych wlasciwosciach
owocoOw jagodowych nalezg polifenole. Zwiazki te szczegoOlnie obficie wystepuja
w owocach takich jak porzeczka czarna, aronia, jagoda kamczacka, malina, jezyna czy
truskawka. Polifenole sa wtornymi metabolitami ro§linnymi powstajacymi gléwnie na
szlaku szikimowym [7]. Biorac pod uwage ich struktur¢ chemiczng, polifenole
klasyfikuje si¢ do pieciu gtéwnych klas: flawonoidy (flawanole, izoflawony, antocyjany,
flawanony, flawony, flawonole), kwasy fenolowe (kwasy hydroksybenzoesowe
i hydroksycynamonowe), stilbeny, lignany, oraz taniny [8]. Pomimo setek, jesli nie
tysigcy lat zastosowania owocow jagodowych w medycynie tradycyjnej [9], dopiero od
okoto 35 lat intensywnie bada si¢ zwigzki nalezace do grupy polifenoli i ich wptyw na
zdrowie cztowieka [8, 10]. Zwigzkom polifenolowym przypisuje si¢ dobroczynny wptyw
na zdrowie cztowieka, wynikajacy z ich zdolnosci do ograniczania stresu oksydacyjnego,
wlasciwosci przeciwmikrobiologicznych oraz aktywnosci przeciwnowotworowej [8].
Wykazano réwniez, ze polifenole moga przyczyniac si¢ do: zmniejszenia ryzyka rozwoju
cukrzycy, otylo$ci, chordéb sercowo-naczyniowych, oraz regulacji ci$nienia tetniczego
krwi, a takze wykazuja wlasciwosci neuroprotekcyjne [11, 12]. Glowny mechanizm
dzialania polifenoli dostarczanych wraz z Zywno$cig polega na ograniczaniu
negatywnych skutkow stresu oksydacyjnego wywotywanego przez reaktywne formy
tlenu i azotu, ktore powstaja zarowno w mitochondriach (nieunikniony uboczny efekt
tlenowego etapu oddychania komodrkowego), jak i1 pod wpltywem czynnikow
srodowiskowych migdzy innymi zanieczyszczenia $rodowiska [12]. Zwiazki

polifenolowe neutralizujg wolne rodniki oraz hamujg procesy oksydacji lipidow i biatek,



zachodzgce miedzy innymi pod wplywem promieniowania UV [13]. Pomimo
wieloletnich badan epidemiologicznych, nadal brakuje jednoznacznie zdefiniowanego,
referencyjnego poziomu spozycia polifenoli w diecie cztowieka. Badania wskazuja na
kompleksowy i wielopoziomowy wpltyw polifenoli na reakcje metaboliczne organizmu
[14], co czgsto wynika z ich synergistycznego dziatania z innymi grupami substancji
bioaktywnych [15].

Zauwazono, ze korzystne efekty zdrowotne (na przyktad w odniesieniu do ryzyka
wystapienia cukrzycy typu 2, czy chorob sercowo-naczyniowych) obserwuje si¢ przy
spozyciu powyzej okoto 500 mg flawonoidéw na dobe [16]. Srednia zawarto$¢ zwiazkow
fenolowych w owocach zazwyczaj wynosi okoto 200-300 mg/100 g swiezej masy [17],
podczas gdy flawonoidy stanowig jedynie jej czg$¢. Natomiast w przypadku owocow
czarnej  porzeczki  zawarto$¢  polifenoli moze  osiggna¢ nawet  okoto
500-1000 mg na 100 g $wiezej masy [11], co pozycjonuje te owoce jako doskonate zrodto
tych substancji w diecie. Wyjatkowo warto§ciowa grupa zwiagzkow nalezaca do polifenoli
sg antocyjany, rozpuszczalne w wodzie flawonoidy, ktore mozna okres$li¢ mianem
barwnikéw owocéw jagodowych. W owocach, w najwyzszej koncentracji, wystepuja
w skorce i nadajg jej barwe w odcieniach od rézowej do ciemnogranatowej. Funkcja
antocyjanow w ro$linie jest nadawanie owocom atrakcyjnego wygladu po osiagnigciu
dojrzatosci. Zawarto$¢ antocyjanow w owocach jagodowych waha si¢ od okoto
15-50 mg/100 g $wiezej masy w truskawkach do okoto 880—-1480 mg/100 g $wiezej
masy w aronii [18]. Antocyjany stanowia od 10 do 80% catkowitej zawartosci polifenoli
w owocach jagodowych [11]. Warto$ci te mogg podlega¢ znacznym wahaniom
w zalezno$ci 0d odmiany, stopnia dojrzatosci czy metody uprawy [18].

Wysoki potencjal bioaktywny owocodw jagodowych wynika réwniez z obecnosci
kwasu L-askorbinowego, okreslanego mianem witaminy C. Kwas L-askorbinowy petni
w organizmie liczne funkcje metaboliczne, przede wszystkim jest silnym
antyoksydantem, dzigki czemu uczestniczy w  utrzymaniu  rownowagi
oksydacyjno-redukcyjnej. Ponadto jest niezbednym kofaktorem enzymoéw biorgcych
udziat w syntezie kluczowych zwigzkow, np. kolagenu, uczestniczy rowniez
w metabolizmie zelaza [19]. Sposrod owocow jagodowych najbogatszym zrodiem tej

witaminy sg owoce czarnej porzeczki, w ktorych zawarto$¢ kwasu L-askorbinowego



wynosi, w zalezno$ci od metody uprawy i odmiany, od okoto 50 mg do 280 mg w 100 g
$wiezej masy [20, 21].

Wyjatkowo istotny, ze wzglgdu na wlasciwosci odzywcze i prozdrowotne, jest
blonnik pokarmowy, nalezacy do grupy weglowodandw, ktorych paradoksalnie uktad
pokarmowy cztowieka nie jest w stanie strawi¢. Zwiazki te definiuje si¢ jako frakcje
polisacharydow roslinnych, ktéra jest oporna na trawienie przez enzymy przewodu
pokarmowego cztowieka i nie ulega hydrolizie w jelicie cienkim [22]. Bedac
prebiotykiem, btonnik pokarmowy ksztaltuje flor¢ mikroorganizmow w jelicie grubym,
ktorej obecnos¢ w ukladzie pokarmowym pelni wiele waznych funkcji, chociazby
wsparcie metabolizmu i uktadu odpornosciowego [23]. Wedtug najnowszych badan,
spozycie btonnika pokarmowego moze rowniez wptywaé na zdrowie psychiczne [24].
Glownymi zrodlami btonnika w diecie s3 produkty pelnoziarniste, owoce
(w szczegodlnosci jagodowe), warzywa, orzechy i nasiona oraz ro$liny straczkowe [25].
Btonnik w owocach jagodowych wystepuje przede wszystkim w nasionach i skorce,
ktorych udziat w ogdlnej masie tych owocow jest zazwyczaj wysoki.

Na podstawie badan epidemiologicznych zostat ustalony zalecany poziom
spozycia btonnika, ktory powinien wynosi¢ okoto 25-30 g dziennie [23, 26]. Tlo$¢ ta
uzalezniona jest od pici, wieku oraz ogodlnej kalorycznosci diety. Odpowiedni poziom
spozycia blonnika pokarmowego jest skorelowany ze zmniejszeniem czgstosci
wystepowania niektorych choréb, w tym: wuktadu krazenia, metabolicznych
i nowotworowych [25]. Zastuguje na uwage fakt, ze podczas jednoczesnego trawienia
blonnika pokarmowego i zwiazkoéw polifenolowych przez flore jelitowa, dochodzi do
efektu synergii. Podczas gdy btonnik jest pozywieniem dla mikroorganizmoéow, zwiazki
polifenolowe selektywnie modulujg ich populacje w kierunku, ktory ma korzystny wptyw
na zdrowie [15].

Szczegblng frakcja blonnika pokarmowego sa pektyny. Pektyny to polisacharydy
0 wysokiej masie czgsteczkowej zbudowane gltownie z czasteczek kwasu
D-galakturonowego potaczonych wigzaniami a, czesto 0 réznym stopniu metylacji oraz
Z bocznymi tancuchami cukrow (np. arabinozy lub galaktozy) [19]. Pektyny wykazuja
réznorodng aktywno$¢ metaboliczng, m.in.: obnizaja przyswajanie cholesterolu, glukozy
I metali cigzkich oraz poprawiaja przyswajanie zelaza, wapnia i magnezu dzigki redukcji
pH tresci jelitowej [27]. Zwiagzki nalezace do pektyn znajdujg ogromne zastosowanie

w technologii zywnosci. Ich wtasciwos$ci roznig si¢ w zalezno$ci od stopnia metylacji



| wykorzystywane sg glownie jako $rodki zelujace, zagestniki oraz zamienniki thuszczu
[28, 29].

Chociaz dla witamin, zwigzkow polifenolowych i blonnika udokumentowano
wysoka warto$¢ odzywczg i korzystny wptyw na zdrowie, zauwazono rowniez, ze jedynie
dobrze zbilansowana dieta moze stanowi¢ istotny element ograniczajacy ryzyko
wystgpienia chorob [29]. Owoce jagodowe, szczegodlnie spozywane w zrdznicowanej
kompozycji gatunkdéw, moga stanowi¢ istotne zrodto wymienionych powyzej zwiazkow

bioaktywnych.
2.3. Przetworstwo owocow jagodowych

Wysoka warto$§¢ przetworcza owocow jagodowych wynika migdzy innymi
Z obecnosci znacznych ilosci barwnikow antocyjanowych, odpowiedniej zawarto$ci
kwasow organicznych oraz ich korzystnej proporcji do cukrow, a takze wysokiej
zawartosci pektyn, co przyczynia si¢ do uzyskania produktow 0 atrakcyjnych cechach
sensorycznych i reologicznych.

Gltowne kierunki przetwarzania owocéw jagodowych obejmuja produkcje sokow
I przecieroOw, suszenie i mrozenie, a takze wytwarzanie ekstraktow oraz fermentacje
(np. w celu produkcji napojow alkoholowych). Nalezy zauwazy¢, ze czg¢$¢ z tych dziatan
stanowi jedynie pierwszy etap przetwarzania surowca. Przyktadem moze by¢ produkcja
sokow, jedna z najczesciej stosowanych metod przetwarzania owocoéw jagodowych. Po
zageszczeniu soki te stanowig koncentraty wykorzystywane do produkcji wielu innych
wyrobow, m.in. napojow. Koncentrat soku z czarnej porzeczki jest jednym
z przyktadoéw takiego potproduktu [1]. Podobna sytuacja dotyczy mrozonych owocow
jagodowych — sektora, w ktorym Polska jest jednym z czotowych producentéw [30].
Najwyzszy udziat w rynku mrozonych owocoéw jagodowych maja maliny i truskawki,
ktére w tej postaci sag wykorzystywane jako surowiec dla przetworstwa, badz trafiajg do
sprzedazy detalicznej.

Wraz ze wzrostem zainteresowania zdrowg dietg zwiekszyto si¢ zapotrzebowanie
na tzw. ,,zywnos$¢ funkcjonalng” oraz naturalne dodatki do zywnosci, takie jak roslinne
barwniki i przeciwutleniacze [31]. Suszone owoce jagodowe wpisuja si¢ w oba te
segmenty rynku, dlatego popyt na nie systematycznie ro$nie. W §wiatowym handlu
najwigkszy wolumen sprzedazy maja rodzynki (suszone winogrona), Zurawina

I borowka amerykanska [32]. Poza zastosowaniem jako dodatek do szerokiego



asortymentu produktoéw, susze tego typu sg rowniez dostepne w handlu detalicznym jako
produkty do bezposredniego spozycia w formie przekaski. Owoce jagodowe, dzieki duzej
zawarto$ci zwiazkéw bioaktywnych, stanowig warto$ciowy surowiec do suszenia,
dlatego zastosowanie metod ograniczajacych ich straty jest w pelni uzasadnione. W tym
zakresie prowadzone sg liczne badania oraz opracowywane nowe rozwigzania
technologiczne sprzyjajace zachowaniu potencjatu prozdrowotnego, m.in. poprzez
zastosowanie ultradzwickow. Ze wzgledu na wysoka warto$¢ odzywcza
I prozdrowotng, jednymi z najcze$ciej badanych suszonych owocoéw jagodowych sa
maliny i rodzynki (suszone winogrona) [31].

Powaznym problemem w sektorze przetworstwa owocoéw jagodowych jest
nietrwato$¢ surowca, objawiajaca si¢ sktonnoscig do szybkiego plesnienia i fermentacji.
Ponadto owoce jagodowe posiadajg delikatng strukture tkankowa, przez co sg podatne na
uszkodzenia mechaniczne podczas zbioru, transportu i przetwarzania. Z tego wzgledu po
zbiorze konieczne jest natychmiastowe przetworzenie (np. na soki, przeciery lub susze)
badz zamrozenie owocoOw w celu przedluzenia ich przydatnosci do dalszego
wykorzystania. Podczas obrobki technologicznej, szczegolnie w procesach termicznych,
dochodzi do degradacji wielu cennych sktadnikéw bioaktywnych, takich jak antocyjany
i witamina C, z tego wzgledu coraz wigksze znaczenie odgrywaja technologie
przetwarzania  niskotemperaturowego. W  tym  kontek$cie  eksperymenty
z wykorzystaniem ultradzwiekow, ukierunkowane m.in. na poprawe wydajnosci
produkcji poprzez skrocenie czasu obrobki surowca, moga przyczyni¢ si¢ do dalszej

optymalizacji calego procesu technologicznego.

2.4. WyKkorzystanie ultradzwiekow w przetworstwie zywnosci

W ostatnich latach w przemysle spozywczym obserwuje si¢ rozw0j technologii
okreslanych jako technologie niekonwencjonalnego przetwarzania ZywnoSci
(ang. emerging food processing technologies). Ich gléwnym celem jest poprawa
wydajnosci procesoOw technologicznych przy jednoczesnym ograniczeniu degradacji
sktadnikéw odzywczych oraz bioaktywnych [33, 34]. Liczne badania wskazujg, ze
ultradzwieki maja duzy potencjat zastosowania w przetworstwie owocoéw jagodowych,
zarOwno
w kontekscie poprawy retencji zwiazkow bioaktywnych w produktach, jak i modyfikacji

ich wlasciwosci reologicznych. Metoda ta znajduje zastosowanie w licznych galeziach
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przemystu spozywczego ze wzgledu na mozliwos¢ zwigkszania wydajnosci procesow,
przyspieszania wybranych reakcji chemicznych i enzymatycznych oraz intensyfikacji
procesOw zwigzanych z wymiang masy i energii. W wielu przypadkach zastosowanie
ultradzwigkéw umozliwia obnizenie temperatury oraz skrocenie czasu trwania danego
procesu, co moze sprzyja¢ lepszej retencji sktadnikow termolabilnych i tym samym

uzyskaniu produktow 0 wyzszej jakosci.

2.4.1. Definicja i mechanizm dzialania ultradzwiekow

Fale dzwigkowe, styszalne dla czlowieka (tzw. dzwigki styszalne) mieszcza si¢
w zakresie czestotliwosci od 20 - 20 000 kH [35]. Dzwigki 0 czestotliwo$ci wyzszej badz
nizszej od tego zakresu sa dla czlowieka niestyszalne i zaliczamy do nich m.in.
ultradzwigki. Ultradzwigki sa drganiami mechanicznymi czasteczek 0 czestotliwosci
wyzszej niz 16-20 kHz i podobnie jak dzwiek styszalny, rozchodza si¢ w postaci fal
sprezystych  [36]. Urzadzenia generujace fale ultradzwickowa nazywane sg
“sonikatorami” badz ,}azniami ultradzwigkowymi”, a zabiegi z ich wykorzystaniem
nazywane sg “sonikacjg”. W niniejszej pracy terminy te b¢dg stosowane jako synonimy
generatorow ultradzwickowych 1 zabiegow nimi wykonywanych. Wytwarzanie
ultradzwickdéw wigze si¢ Z przetwarzaniem innych form energii na falg ultradzwigkowa,
z tego powodu sercem aparatury jest przetwornik. Najczesciej stosowanymi
przetwornikami, wykorzystywanymi zaréwno w badaniach, jak | rozwigzaniach
przemystowych, sa przetworniki piezoelektryczne, ktore zamieniaja energi¢ elektryczna
na drgania wzbudzajace fale sprezysta [35, 36]. W zwigzku z zastosowaniem
w medycynie, zwlaszcza w metodach obrazowania, ultradzwigki definiuje si¢ rowniez
jako promieniowanie niejonizujace. Zakres czestotliwosci najczgsciej wykorzystywany
w tej dziedzinie jest stosunkowo wysoki i wynosi od 2 do 15 MHz. W obrazowaniu
wykorzystuje si¢ zjawisko tlumienia fali (atenuacji), wynikajace z kilku procesow:
absorpcji (ang. absorption), odbicia (ang. reflection), rozpraszania (ang. scattering) oraz
zalamania, czyli refrakcji (ang. refraction) [37]. W oparciu o te zjawiska ultradzwieki
znajdujg zastosowanie w wielu dziedzinach techniki pomiarowej, miedzy innymi
W nieniszczacych metodach analizy ptyndw i cial statych oraz hydrolokacji. W tego typu
zastosowaniach oddziatywanie ultradzwiekoéw charakteryzuje si¢ niskim natezeniem i nie
prowadzi do powstawania zmian makroskopowych w osrodku, na ktory dziataja, dlatego
okresla si¢ je mianem ultradzwickow biernych [38]. Natomiast ultradzwigki czynne

charakteryzujg si¢ nat¢zeniem na tyle wysokim, ze wywolujg rejestrowane zmiany
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makroskopowe w strukturze fizycznej, chemicznej lub biologicznej o$rodka.
W przemysle ultradzwicki sg wykorzystywane do intensyfikacji operacji jednostkowych
dzigki zjawisku kawitacji akustycznej [39]. Kawitacja akustyczna jest zjawiskiem
zachodzacym w $rodowisku ptynnym pod wptywem fal ultradzwickowych 0 wysokiej
intensywnoS$ci generowanych przez przetwornik. Powoduja one chwilowa kompresje,
ktora rozrywa ciecz, tworzac pecherzyki gazu. Pecherzyki te, po osiggnieciu
maksymalnych stabilnych rozmiaréw, gwaltownie rozpadaja si¢, uwalniajac
zaabsorbowang energi¢ w warunkach wysokiej temperatury I zmian cisnienia [40, 41].
Zdolno$¢ fal ultradzwiekowych do generowania intensywnych lokalnych réznic ci$nien
| temperatur moze wptywac na przyspieszenie reakcji chemicznych, a w konsekwencji na
zwigkszenie wydajnosci procesow. W przypadku ekstrakcji, kawitacja moze wywolywaé
tzw. erozje¢ tkanki roslinnej oraz sonoporacje, ktore sprzyjaja uwalnianiu zwigzkow
bioaktywnych [42]. Kawitacja, obok zdolnosci do rozrywania $cian komorkowych
i ograniczania wielkosci zwigzkow wielkoczasteczkowych, powoduje rowniez rozpad
czasteczek wody - sonolize, ktorej produktem sg wolne rodniki [43]. Powstajace rodniki
tlenowe (¢OH) i hydroksylowe (*H) mogg reagowaé¢ m.in. z biatkami i lipidami.
W  kontekscie aktywno$ci przeciwmikrobiologicznej jest to zjawisko pozadane.
Natomiast utlenienie lipidow i biatek moze spowodowaé negatywne konsekwencje
z punktu widzenia jako$ci zywno$ci [44]. Jednakze, badania nad wpltywem
dtugotrwatego oddzialywania ultradzwiekow 0 wysokim natg¢zeniu na sok z wisni
wykazaty, ze zawarte w nim przeciwutleniacze skutecznie ograniczaja dziatanie
powstajacych wolnych rodnikéw [45].

W  przemysle spozywczym ultradzwigki znalazly zastosowanie w wielu
procesach, gléwnie dotyczacych substancji ptynnych, szczegodlnie dzigki zdolnosci do
przyspieszania reakcji chemicznych i enzymatycznych, usprawniania koagulacji,
dyspersji i krystalizacji [39]. Bardzo dobry efekt uzyskuje si¢ przy zastosowaniu
ultradzwickow jako narzedzia do usprawnienia ekstrakcji zwiazkoéw bioaktywnych [46].
Narzedzie to redukuje koszty procesu poprzez zmniejszenie zuzycia rozpuszczalnikow
oraz zapotrzebowania na energi¢. Zdecydowanie rzadziej ultradzwigki czynne sa
wykorzystywane w przypadku propagacji w powietrzu, np. w suszarnictwie Zywnosci,
gdzie pozostajg technologia przede wszystkim eksperymentalng, znacznie czeSciej
analizowang w badaniach naukowych niz wdrozong w praktyce przemystowej [47].
Metody przetworstwa zywno$ci wykorzystujace ultradzwieki sa zaliczane do technologii

nietermicznych, poniewaz ich podstawowy mechanizm dziatania ma charakter

12


https://www.zotero.org/google-docs/?xJSbwI

mechaniczny oraz opiera si¢ na zjawisku kawitacji, a nie na oddziatywaniu termicznym.
Zarowno w przypadku oddzialywania w §rodowisku ptynnym, jak i gazowym, wzrost
temperatury obserwowany podczas oddziatywania ultradzwigkami stanowi efekt
uboczny absorpcji energii akustycznej oraz tarcia, a nie zasadniczy czynnik

odpowiedzialny za przebieg procesu [48].

2.4.2. Zastosowanie ultradzwi¢kéw w produkcji sokow i przecierow

Tradycyjne przetwarzanie owocéw uwzglednia procesy opierajace si¢ na obrobce
termicznej, co w kluczowy sposob przyczynia si¢ do degradacji witamin, zwigzkow
fenolowych oraz innych termolabilnych zwigzkow bioaktywnych surowca [49, 50].
W przetworstwie owocow jagodowych na soki I przeciery, szczegdlny nacisk ktadzie si¢
na ograniczenie strat sktadnikow bioaktywnych [51]. Dlatego tez technologie
usprawniajace poszczegélne etapy procesu w sposOb nietermiczny zyskuja istotne
znaczenie w tej gatezi przemystu spozywczego [52]. Ultradzwieki znajdujg zastosowanie
przede wszystkim na etapie obrobki surowca (np. w procesie wspomaganej ekstrakcji
zwigzkéw bioaktywnych) oraz jako element wspomagajacy proces pasteryzacji.
Umozliwiajg one redukcj¢ intensywnosci obrobki termicznej (Np. obnizenie temperatury
pasteryzacji), a takze zwigkszenie stopnia homogenicznosci soku i poprawe jego
wlasciwos$ci reologicznych [44]. Najwicksze zainteresowanie, zar6wno w badaniach
naukowych, jak i w praktyce przemystowej, wzbudza obrobka soku, co wynika przede
wszystkim z tatwiejszej pod wzgledem technicznym implementacji oraz integracji
z istniejagcymi instalacjami technologicznymi [51]. Sonikacj¢ mediéw ptynnych mozna
przeprowadza¢ na dwa sposoby: (1) w zbiornikach wyposazonych w przetworniki
ultradzwickowe (taznie ultradzwigkowe) oraz (2) poprzez bezposrednie zanurzanie
sonotrod w cieczy (homogenizatory ultradzwigkowe).

Sonikacja moze rowniez ksztattowac wlasciwosci reologiczne sokow i przecierow
poprzez zmniejszenie rozmiaréw duzych czasteczek migzszu, a takze poprzez redukcje
koloidow ztozonych z zagregowanych czgsteczek [53]. Ponadto metoda ta moze wptywac
na modyfikacje sktadu ilosciowego i jakosciowego pektyn [54]. Wynika to nie tylko
z mechanicznego oddzialywania na te zwiazki, lecz réwniez z wptywu sonikacji na
aktywno$¢ enzymow pektynolitycznych.

Jednym z efektow oddziatywania sonikacji na ciecz jest jej odgazowanie,
rozumiane jako zmniejszenie zawartosci rozpuszczonych gazow oraz usuwanie

pecherzykow powietrza uwiezionych w cieczy [51, 55]. Ta wlasciwos¢ sonikacji moze
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mie¢ istotny wplyw, zard6wno na ograniczenie Utleniania zwigzkow bioaktywnych
w sokach i przecierach, jak i na ulatwienie dozowania tych produktow oraz poprawe ich
wygladu w opakowaniu, na przyktad poprzez eliminacje piany, a w konsekwencji
nieregularnego poziomu napetnienia [56]. Doniesienia literaturowe wskazuja rowniez na
proby zastosowania ultradzwickow jako narzedzia do inaktywacji drobnoustrojow
i enzymow [57], jednak to podej$cie nadal wymaga potwierdzenia skutecznosci [58-60].

Aby podkresli¢ szeroki zakres potencjatu wykorzystania sonikacji, nalezy dodac,
ze ultradzwieki sg eksperymentalnie stosowane jako narzedzie modyfikacji przebiegu
fermentacji sokéw, miedzy innymi w celu zwiekszenia wydajnosci produkcji wina [41].
Podsumowujac, ultradzwieki znajduja zastosowanie w produkcji sokéw i przecierow na
réznych etapach, a korzys$ci z ich zastosowania obserwuje si¢ na wielu poziomach.
Uzyskane wyniki eksperymentow polegajacych na obrobce ultradzwickowej sokow,
przecierow i surowca do produkcji tych przetworow wskazujg na potencjat tych metod
w kontek$cie zawarto$ci zwigzkow bioaktywnych oraz wlasciwosci reologicznych.
Nalezy jednak zwrdci¢ uwage, ze uzyskane rezultaty w duzej mierze zaleza od
parametroOw przeprowadzanych zabiegdw, szczeg6lnie czasu trwania oraz stosunku mocy
stosowanych ultradzwiekow na jednostke objetosci surowca. W niektorych przypadkach
obiecujace rezultaty nie koresponduja z mozliwoscig aplikacji proponowanych rozwigzan
w produkcji przemystowej, badz sg nieuzasadnione ekonomicznie. Podkresla sig, ze
wigcej uwagi nalezy poswieci¢ na rozwoj systemow obrobki ultradzwigkowej
przeznaczonych do stosowania w przemysle, aby uzyska¢ wigcej danych na temat
wptywu sonikacji na jako$¢ zywnosci [48]. Uwaza sig, ze chociaz technologia ta jest
bardzo obiecujgca, nalezy jg rozwija¢c w oparciu 0 optymalizacj¢ do kazdego

zastosowania indywidualnie.

2.4.3. Zastosowanie ultradzwi¢kéw w procesie suszenia

Suszenie owocow jagodowych, zwlaszcza w catosci, jest procesem wyjatkowo
energochtonnym i czasochtonnym. W poréwnaniu z innymi metodami przetwarzania
zywnosci suszenie wyrdznia sie¢ nizszg efektywnoscig energetyczng [61]. W zwigzku
z aspektami ekonomicznymi i proba obnizenia sladu weglowego, zarowno naukowcy, jak
| przemyst daza do optymalizacji procesu suszenia, co skutkuje licznymi modyfikacjami
technologicznymi [62]. Jednym ze sposobow zwigkszenia efektywnoS$ci suszenia jest

stosowanie ultradzwickow. Warto rozrézni¢ dwa rodzaje eksperymentow: (1) takie,
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w ktorych ultradzwigki stosowane sg jako obrobka wstepna materiatu, oraz (2) takie,
w ktorych ultradzwigki wykorzystywane sg bezposrednio W trakcie procesu suszenia.
W niniejszej pracy omowione wyniki eksperymentow dotycza drugiego przypadku,
a wigc suszenia wspomaganego ultradzwickami.

Pomyst wykorzystania ultradzwickow jako czynnika wspomagajacego proces
suszenia nie jest nowy i pomimo 90 lat, ktore uptynety od momentu, w ktorym pierwszy
raz zostaly zaproponowane [63], wcigz nie doczekaly si¢ powszechnego wdrozenia
W suszarnictwie zywno$ci. Badania przeprowadzone na wielu réznych materiatach
wykazuja, ze zastosowanie ultradzwigkéw moze prowadzi¢ do skrdcenia czasu trwania
procesu suszenia nawet o ponad 50% w przypadku jabtek [64]. Do wspomagania suszenia
wykorzystuje si¢ ultradzwigki 0 wysokim nate¢zeniu, ale niskiej czestotliwosci
(20-40 kHz) [65]. Jako gltéwne mechanizmy dziatania ultradzwickéw wskazuje sig¢
intensyfikacje wymiany ciepta i masy [66], mikroskalowe przepltywy wywotane
kawitacja [65], tworzenie mikroskopijnych kapilar oraz obnizanie napigcia
powierzchniowego i lepkosci wody zawartej w suszonym materiale [67]. Zwraca si¢
roéwniez uwage na mozliwos¢ uzyskania wyzszej jakos$ci materiatu suszonego poprzez
skrocenie czasu procesu prowadzonego ze wspomaganiem ultradzwigkami. W badaniach
porownujacych zawarto$¢ witamin i karotenoidow wykazano, ze zastosowanie
ultradzwickoéw w warunkach stosunkowo niskiej temperatury suszenia (45 °C) nie tylko
skracato czas procesu, ale rowniez sprzyjato lepszemu zachowaniu tych zwigzkow [68].
Co ciekawe, suszenie kostek z jabtek okazato si¢ jeszcze skuteczniejsze w przypadku
zastosowania ultradzwiekow w temperaturze powietrza wynoszacej -10 °C [69]. W tym
przypadku czas potrzebny do wysuszenia probki owocow ulegt skroceniu 0 ponad 80%,
W poroéwnaniu Zz procesem przeprowadzonym w tych samych warunkach bez
wspomagania ultradzwigkami. Na podstawie licznych doniesien stwierdzono, ze wpltyw
ultradzwieckéw w suszeniu konwekcyjnym zmniejsza si¢ w przypadku procesow
prowadzonych w wysokiej temperaturze i/lub intensywnym przeptywie powietrza.
Nalezy zwro6ci¢é uwage, ze obnizenie temperatury procesu | przeplywu powietrza
prowadzi do obnizenia dynamiki odparowania wody. Innymi slowy, wplyw
ultradzwiekow jest tym wigkszy, im mniej dynamiczny proces suszenia wspomagaja. Na
efekt zastosowania ultradzwickow wptywa rowniez sposob ich aplikacji, dostarczana
moc w przeliczeniu na jednostke masy probki oraz wiasciwosci samego materiatu
suszonego [70]. W literaturze zwraca si¢ uwag¢ na mozliwy zwigzek migdzy

skuteczno$cig stosowania ultradzwickéw a strukturg i teksturg suszonego materiatu.
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Zgodnie z tg teorig materialy 0 niskiej porowato$ci mogg wykazywaé ograniczong
podatno$¢ na dziatanie ultradzwiekdéw, co znajduje potwierdzenie w literaturze [71].
Tlumaczy si¢ to brakiem mozliwosci wystapienia zjawiska tzw. ,.efektu gabki”, ktore
ultradzwieki moga wywolywaé w materiale podczas suszenia. Efekt ten polega na
intensyfikacji migracji wilgoci z glebszych warstw materiatu ku jego powierzchni,
wynikajacej z okresowych, mikroskopijnych skurczow struktury surowca wywotanych
przemieszczaniem si¢ fali ultradzwigkowej. Regularne cykle $ciskania i rozluzniania
prowadza do powstawania gradientow cis$nienia, ktore ,,napedzaja” ruch wody z wnetrza
materialu ku powierzchni [67]. Zjawisko “gabki” obserwuje si¢ przede wszystkim
w materialach wykazujacych wlasciwosci sprezyste, zdolnych do cyklicznych
odksztatcen, ktérych impedancja akustyczna jest nizsza.

Nalezy zwréci¢ uwage, ze badania procesu suszenia z Wwykorzystaniem
ultradzwickéw sa zazwyczaj przeprowadzane w specjalnie do tego celu
zaprojektowanych urzadzeniach [65], co w znacznej mierze utrudnia implementacje tej

technologii w przemys$le w zwigzku z duzymi kosztami inwestycyjnymi.
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3. CEL PRACY i HIPOTEZY BADAWCZE

Celem pracy byta ocena wptywu ultradzwigkow stosowanych podczas produkcji
przecierow, sokow i suszu z wybranych owocoéw jagodowych na zawarto$¢ zwigzkow
bioaktywnych i wiasciwosci reologiczne tych produktow. W ramach zadan badawczych
przedstawionych w publikacjach wchodzacych w sktad rozprawy doktorskiej
wyodrgbniono nastepujace cele szczegdtowe:

- zastosowanie sonikacji jako narzgdzia wspomagajacego ekstrakcje zwigzkow
bioaktywnych z surowca (miazgi) do produktow koncowych (soku i przecieru),
Z uwzglednieniem wplywu gatunku owocow jagodowych;

- wykorzystanie ultradzwiekoéw jako procesu ksztattujacego wiasciwosci reologiczne
metnego soku oraz przecieru, przy jednoczesnej ocenie wplywu na cechy
Sensoryczne;

- okre$lenie wptywu odmiany na jako$¢ suszu otrzymanego w procesie wspomaganym
ultradzwigckami;

- okreslenie optymalnego etapu zastosowania ultradzwigkéw w procesie produkcji

przecieru z owocow jagodowych.

W celu weryfikacji wptywu zastosowania ultradzwigkow na jakos¢ produktow

otrzymanych z owocoéw jagodowych sformutowano trzy hipotezy badawcze:

l. Zastosowanie ultradzwiekow podczas produkcji soku z owocow jagodowych
zwicksza zawarto$¢ zwigzkow bioaktywnych i modyfikuje wiasciwosci

reologiczne otrzymywanego soku.

Il.  Suszenie wspomagane ultradzwickami pozwala na zachowanie wyzszej
zawarto$ci zwigzkow bioaktywnych w suszu z owocow jagodowych niz suszenie

konwekcyjne.

[1l.  Oddziatywanie ultradzwickow na pulpe z owocow jagodowych korzystnie
wplywa na jako$¢ sensoryczng, wlasciwosci reologiczne oraz zawarto$¢

zwigzkow bioaktywnych w uzyskanych z niej produktow.
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4. ZAKRES PRACY

Praca obejmuje eksperymenty dotyczace zastosowania ultradzwickow w trzech
gléwnych kierunkach przetwarzania owocoéw jagodowych w przemysle spozywcezym:
produkcja sokéw, przecier6w oraz suszu. Surowce oraz metody przetworcze
wykorzystane w badaniach dobrano na podstawie aktualnej praktyki w przemysle
spozywczym (procesy typowe dla przetworstwa owocow) oraz produkcji ogrodniczej
(gatunki uprawiane przemystowo w Polsce).

Przeprowadzono cztery eksperymenty technologiczne, z ktorych kazdy dotyczyt
innego aspektu lub metody przetwarzania owocoéw jagodowych. W ramach
przeprowadzonych eksperymentéw zwrdcono uwage na wplyw zastosowania
ultradzwickéw na zawarto$¢ zwigzkow fenolowych oraz kwasu L-askorbinowego,
w wybranych przypadkach analizy uzupetniono 0 pomiar whasciwosci reologicznych,
pomiar barwy badz analize sensoryczng. Oprocz parametrow jakosciowych
wytwarzanych sokow, przecieréw i suszu, szczegdlng uwage poswigcono efektywnosci
procesow produkcyjnych, rejestrujac wydajnos¢ ttoczenia, przecierania oraz predkosci
suszenia.

Zrealizowane zadania badawcze zostaty wymienione i krotko scharakteryzowane

w tabeli nr 1.
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Tabela 1. Charakterystyka zadan badawczych realizowanych w ramach rozprawy

Nazwa zadania

badawczego Material Opis Publikacja
Eksperyment polegat na produkcji metnego
soku z wybranych owocoéw jagodowych z
Zadanie 1. zastosowaniem ro6znych metod przygotowania
miazgi przed procesem tloczenia. Miazge
Wplyw oddziatywania I poddawano dziataniu UD w celu intensyfikacji
ultradzwigkow na malina, k.czame ekstrakeji zwigzkow bioaktywnych z miazgi| o oo
pulp¢ z wybranych porzkeczkl_, do soku. Jako warianty poréwnawcze Publikacja 1
OWQCévY Jagodowych trusKawk zastosowano maceracj¢ enzymatyczng oraz
na jakos¢ metode laczaca dziatanie UD i enzymow.
otrzymywanego soku. Umozliwito to oceng wptywu zastosowanych
metod na wydajnos¢ procesu oraz jakos¢ soku
metnego.
Eksperyment polegat na porownaniu dwoch
metod  homogenizacji me¢tnego  soku
. truskawkowego:  ultradzwickowej  oraz
Zadanie 2. wysokocisnieniowej. Metny sok wykazuje
Jako$é soku z silne  sklonno$ci do  rozwarstwiania
truskawek truskawki wynikaj ace z natqralnej sedymentacji czastek Publikacja 2
homogenizowanego migzszu. W zwiazku z tym sprawdzono
ultradzwiekami. skutecznos¢ ultradzwigkéw w stabilizowaniu
zmetnienia 1 ograniczeniu niekorzystnego
rozwarstwiania soku, w porOwnaniu z coraz
czgsciej stosowang homogenizacja
wysokocisnieniowa.
Eksperyment polegal na pordwnaniu jako$ci
suszu dwoéch odmian truskawek,
Zadanie 3. otrzymanego metoda konwekcyjng oraz
metoda konwekcyjna wspomagang
Suszenie konwekcyjne | truskawki l.lltradiv‘/i?kal.ni' Ultradiwic;ki' Zasmso.waflq
wspomaganie odmiany: jako narzedzie sl’qzqce poprawie wydaunqsm Publikacja 3
ultradswiekami *Alba’ procesg’ suszenia. Wykorzystmc ich
owocow truskawek i ‘Florence’ zdolno$¢ do skracania czasu .trwama procesu,
’ zastosowano stosunkowo niska temperature
suszenia, dzigki czemu technika ta wykazuje
potencjal w poprawie jakosci materialow
suszonych.
Zadanie 4. Przeprowadzono eksperyment, w ktorym
Oddziatywanie zastosowano obrobke ultradz’vxfiqkowq pulpy
ultradzwiekéw na OWOCOWE}. Eksperyment zrealizowano w
sklad chemiczny truskawki, dwqch etapach. Pierwszy etap polegat na ’
i cechy reologiczne jagoda porown amu,wmywu momentu zastosowania Publikacja 4
przecieréw kamczacka ultradzwickdéw w procesie wytwarzania

otrzymanych z
owocow truskawek
i jagody kamczackiej.

przecierdw na ich lepko$¢ oraz zawartosé
zwigzkow bioaktywnych. W drugim etapie
oceniano wptyw udziatu owocow na jako$¢
uzyskanych przecierow.
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Zakres badan zaplanowano tak, aby umozliwi¢ sformulowanie wnioskéw
dotyczacych wptywu zastosowania ultradzwickow na jako$¢ zywnos$ci otrzymywane;j
z wybranych owocow jagodowych, ze szczegdlnym uwzglednieniem zawarto$ci
zwigzkow bioaktywnych, m. in. kwasu L-askorbinowy, zwiazkéw polifenolowych,
w tym antocyjanoéw (Publikacje 1, 2, 3 i 4). Zmiany wtasciwos$ci reologicznych w wyniku
zastosowania sonikacji przedstawiono w Publikacjach 2 i 4. Szersza analize, uzupelniong
0 oceng sensoryczng, omowiono w Publikacji 4 dotyczacej przecierow.

Na podstawie uzyskanych wynikow sformutowano wnioski dotyczace potencjatu
zastosowania ultradzwigkow w przetwoérstwie owocow jagodowych oraz wptywu tej
technologii na jako$¢ wytwarzanych produktow.

Publikacje 1, 2 i 3 powstaly w ramach realizacji zadan badawczych projektu
»QualityBerry” pt. ,,Improving plant quality and economy for a more sustainable and
efficient berry production”. Projekt realizowany w ramach Norweskiego Mechanizmu
Finansowego na lata 2014-2021, Nr Umowy: NOR/POLNOR/QualityBerry/0014/2019-
00. Publikacja 4 powstala w ramach realizacji zadan badawczych projektu
,HortiFoodTrends” pt. "Networking for excellence in the development of innovative,
consumer oriented horticultural food products using the Living Lab approach”. Projekt
finansowany przez program HORIZON-WIDERA-2023-ACCESS-02. Numer projektu:
101159293.
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5. MATERIAL BADAWCZY i METODY BADAN

5.1. Surowiec

Surowiec wykorzystany w doswiadczeniu pochodzit z upraw towarowych i zostat
zakupiony w okresie zbioréw w latach 2020-2024 od lokalnych producentow. Badania
przeprowadzono z wykorzystaniem czterech gatunkow owocow jagodowych: truskawki
(Fragaria x ananassa odmiany ‘Florence’, ‘Alba’, ‘Grandarosa’), maliny (Rubus idaeus
odmiana ‘Polka’), czarnej porzeczki (Ribes nigrum odmiana ‘Tihope’) oraz jagody
kamczackiej (Lonicera caerulea odmiana ‘Wojtek’). Bezposrednio po transporcie owoce
umyto, sortowano, a nastgpnie powierzchniowo osuszonO i zamrazano w temperaturze
—25 °C. Zamrozony material przechowywano w szczelnych opakowaniach do czasu

przeprowadzenia eksperymentow.

5.2. Oddzialywanie ultradZwiekami

5.2.1. Obroébka ultradzwiekowa soku i pulpy z owocow

Obrobke ultradzwigkami w eksperymentach opisanych w Publikacjach 1, 2 i 4
przeprowadzono z uzyciem laboratoryjnego homogenizatora ultradzwiekowego
VCX-750 (Cole-Parmer, Vernon Hills, IL, USA) o mocy nominalnej 750 W
i czestotliwosci 20 kHz. Przyktadowe stanowisko do obrobki ultradzwiekowej soku badz
pulpy z owocow zaprezentowano na Rys. 1. Urzadzenie sktada si¢ z generatora,
wyposazonego w przetwornik piezoelektryczny oraz wymiennej sondy (sonotrody)
0 $rednicy 13 mm, umozliwiajacej bezposrednie przekazywanie energii ultradzwigkowe;j
do probki. Urzadzenie wyposazone jest rowniez W jednostke sterujaca pozwalajaca na
regulacje amplitudy, prace w trybie ciggtym lub impulsowym, programowanie czasu oraz
kontrolg dostarczonej energii. Dodatkowa sonda umozliwia ciggle monitorowanie
temperatury probki podczas pracy urzadzenia. Podczas realizacji eksperymentow
stosowano amplitud¢ wynoszaca 80%, wybrang na podstawie danych literaturowych
i jako kompromis miedzy skutecznos$cia oddziatywania UD a ograniczeniem

przegrzewania materialu oraz samego urzadzenia. Podczas pracy koncowke sonotrody
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zanurzano w geometrycznym $rodku naczynia, a zawarto$¢ mieszano W celu

roéwnomiernej dystrybucji energii ultradzwickowej.

Uktad chlodzenia
przetwornika Miernik
temperatury
Generator
ultradzwickdéw
Jednostka
Sonotroda sterujaca
zanurzona w

cieczy roboczej

Pulpa z — o—
truskawek , =y B

Rys. 1. Stanowisko do obrobki ultradzwickowej pulpy Z owocow.

5.2.2. Wspomaganie ultradZwiekami procesu suszenia

W dos$wiadczeniu suszarniczym, opisanym w Publikacji 3, wykorzystano
generator ultradzwickowy typu AUS (ang. air-borne ultrasonic system) (Pusonics,
Hiszpania). Jest to urzadzenie ultradzwickowe przeznaczone do generowania
i kontrolowania intensywnego pola akustycznego w powietrzu w celu intensyfikacji
procesOw, szczegodlnie w zastosowaniach zwigzanych z suszeniem. System sktada sig¢
z piezoelektrycznego przetwornika, wzmacniacza oraz specjalnie zaprojektowanej ptyty
promieniujgcej, tworzac emiter ultradzwiekowy, ktory pracuje z czestotliwoscia
rezonansows i przekazuje energie akustyczng przez powietrze do suszonego materiatu.
Rys. 2 przedstawia sposob zaimplementowania generatora w eksperymentalnej suszarni
komorowej. Zespot przetwornika i promiennika jest zasilany przez dedykowany
elektroniczny generator i modut dopasowujacy impedancje, ktory w sposob ciagly §ledzi
I utrzymuje rezonans, kontroluje moc wyjsciowa i amplitude oraz zapewnia stabilng prace
w zmiennych warunkach obcigzenia. W opisanym eksperymencie, promiennik
ultradzwigkowy zostat zamontowany wewnatrz komory suszarki tak, aby powierzchnia
promieniujaca byla skierowana w strong materiatu suszonego umieszczonego na sicie
suszarniczym. W ten sposob nad materiatem wytworzono pole akustyczne o wysokiej

intensywnosci, bez fizycznego kontaktu z nim. Rozmieszczenie materiatu suszonego
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ograniczono do zasiegu oddziatywania ultradzwickow, ktéry wyznaczono
eksperymentalnie. Przetwornik wyposazono roéwniez w system chlodzenia, aby
zapobiega¢ przegrzaniu. W tym celu zastosowano wezownice, przez ktora przeptywata
woda o temperaturze 10 °C. Podczas trwania procesu modut ultradzwickowy pracowat
ze stala, maksymalng warto$cig mocy, wynoszacag 200 W. Warto$¢ te¢ ustalono na

podstawie danych literaturowych.

Przetwornik -
ultradzwiekow Wnetrze suszarni
komorowej
Ostona emitera
ultradzwiekow
Taca
zamontowana na
wadze
rejestrujace;j
Materiat ubytki masy

na tacy

Rys. 2. Stanowisko do suszenia wspomaganego ultradzwickami, wyposazone w rejestrator masy
materiatu oraz temperatury powietrza w trakcie suszenia

5.3. Schematy zrealizowanych eksperymentow

Rozdziat przedstawia metody badawcze zastosowane w pracy doktorskiej, ktorej
celem byto okreslenie wplywu ultradzwigkdw na zawarto$¢ zwigzkow bioaktywnych
w przetwarzanych owocach jagodowych. W kazdej z publikacji wchodzacych w sktad
rozprawy skoncentrowano si¢ na innym aspekcie tego zagadnienia, przy czym
roznorodnos$¢ stosowanych proceséw przetworczych, obejmujgcych produkcje sokow,
przecierow i suszu, wymagata zastosowania odmiennych schematow technologicznych
wykorzystania ultradzwigkow. W zwigzku z tym w niniejszym rozdziale przedstawiono

schematy realizacji badan, uwzgledniajace specyfike procesu i sposdb zastosowania
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ultradzwigkéw. Szczegotowe opisy zastosowanych metod badawczych przedstawione sg

w kazdej publikacji wchodzacej w cykl rozprawy doktorskie;j.

Publikacja 1

Zatozeniem zadania badawczego byto zastosowanie ultradzwigkéw do maceracji
pulpy z owocoéw maliny, truskawki i czarnej porzeczki w produkcji soku.
W eksperymencie testowano pig¢ schematow traktowania miazgi owocowej,
obejmujgcych: zastosowanie ultradzwickoéw, maceracj¢ enzymatyczng, podgrzewanie do
55 °C, oraz taczenie dwoch z wymienionych metod (Rys. 3). Jako probe kontrolng
wytworzono sok z miazgi niepoddanej zadnemu z badanych traktowan.
Ttoczenie soku odbywato si¢ w skali laboratoryjnej z wykorzystaniem maszyny

wytrzymatos$ciowej Instron. Szczegdtowy opis produkcji soku przedstawia publikacja 1.

N’ ) ~ N
Traktowanie . Maceracia ) .
ultradzwickami || Podgrzewanie enzymatycjzna Tlocze_me MNazwa probki
[dotemp. 55°C] || [dotemp.55°C] | 10 ogory [15 min]
nie f— nie ] nie Kontrola
Surowiec
Rozdrobnienie nie f— tak |l nie Y Podgrzewanie
MroZone . . . .
owoce tak p— nie [ nie [ tak | Sonikacja
tak H— nie |—q tak / N Sonikacja + Maceracja
nie pr— tak [ tak Podgrzewanie + Maceracja
pS . vy \ /
~
Wykaz analiz: Analiza statystyczna wynikéw:
Ekstrakt Zwigzki Kwas Aktywnosé Jednoczynnikowa analiza
refraktometryczny polifenclowe L-askorbinowy przeciwutleniajaca wariancji

Rys. 3. Schemat produkcji soku z owocoéw malin, czarnych porzeczek i truskawek

Publikacja 2

Doswiadczenie polegalo na ocenie skutecznosci homogenizacji ultradzwigkowe;j
1 wysokoci$nieniowej w utrzymaniu jednorodnosci soku truskawkowego oraz ich
wplywu na zawarto$¢ skladnikow bioaktywnych. W pierwszym etapie
wyprodukowano surowy sok metny z owocéw truskawki odm. ‘Grandarose’ przy

uzyciu prasy przektadkowej. Nastepnie sok poddano homogenizacji ultradzwickowe;]
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(750 W, 20 kHz) przez 2 minuty (UH2) lub 8 minut (UH8) oraz homogenizacji
wysokocisnieniowej przy cisnieniu 200 barow (HPH200) lub 600 barow (HPH600).
Jako probke kontrolng wykorzystano sok niepoddany homogenizacji. Wszystkie
poddano pasteryzacji. przebiegu eksperymentu

probki Szczegolowy opis

przedstawiono w publikacji nr 2. Schemat poszczegdlnych proceséw oraz zakres

wykonanych analiz przedstawiono na Rys. 4.

| Ttoczenie soku (10 minut) I

Sok surowy

Homogenizacja

* Brak homogenizacji
KONTROLA

* Homogenizacja
ultradzwiekowa
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wysokociénieniowa

/- —\ 4 I
‘ Surowiec (truskawki) ‘ Wykaz analiz:
a1 (=
| LG DS | Wihasciwosci fizyczne:
Analiza rozkfadu
: i ‘ wielkosci czastek
Maceracja enzymatyczna [1h] Nazwa kombinacji: ) ¢

Metnoéc

Lepkosé pozorna

Wtasciwosci chemiczne:

Kwas L-askorbinowy

HPH200 HPH600 o
I Rozlew (butelka 300 ml) I Zwiazki fenolowe
- J
N - Analiza wynikéw:
| Pasteryzacja zanurzeniowa |
Jednoczynnikowa analiza
wariancji
| Chiodzenie do 20 °C |
S _/ N J

Rys. 4. Schemat produkcji homogenizowanych sokow truskawkowych

Publikacja 3

Zalozeniem zadania badawczego bylo zastosowanie ultradzwigkow w celu
wspomagania procesu suszenia plastrow truskawek. W eksperymencie poréwnano jako$¢
suszu otrzymanego metoda suszenia konwekcyjnego (obiekt kontrolny) z jakoscig suszu
uzyskanego w procesie wspomaganym ultradzwiekami. Proces suszenia przeprowadzono
w laboratoryjnej suszarni komorowej (Rys. 2). Wspomaganie ultradzwigkami
realizowano przez aplikacje ultradzwigckow o mocy 200 W. W celu wyznaczenia
predkosci suszenia rejestrowano mase materiatu w trakcie procesu, na podstawie ktorej

obliczono zmiany jego wilgotnosci. Szczegdtowy opis przebiegu eksperymentu
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przedstawiono w publikacji nr 3. Schemat eksperymentu oraz zakres wykonanych analiz

przedstawiono na Rys. 5.

Nazwa
kombinacji:
- Alba_CD
: N — Suszenie
o o ’ Kkonwekcyjne
;,;__“ o [CD]
; by Florence CD
Surowiec: . Rozkiadani
’ Yy ozkladanie
Truskawki Rozmrazanie __ Krojenie __
mrozone - . na tacy do
[-25 °C] [30 min, 22°C] [5 mm] suszenia
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Suszenie
| konwekcyjne
wspomagane
ultradzwickami
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~_ @/
WYKAZ ANALIZ:
/\Vlas‘,ciwoéci chemiczne: Wihasciwosci fizyczne: . . )
" B . Kinetyka suszenia
[ Aktywnosé przeciwutleniajaca I l Barwa I Zmiany wilgotnosei materialu w
—— funkcji czasu
[ Zwiazki polifenclowe I l Aktywnosc wody I
[ Kwas L-askorbinowy I Analiza statystyczna wynikow:
Jednoczynnikowa analiza wariancji
AN S

Rys. 5. Schemat dotyczacy eksperymentu suszenia plastrow truskawek odmiany ‘Florence’
i ‘Alba’ ze wspomaganiem ultradzwigkami (UACD) i bez wspomagania (CD)

Publikacja 4

Doswiadczenie polegalo na ocenie wplywu zastosowania  obrobki
ultradzwigkowej na wydajno$¢ przecierania oraz na zawartos¢ sktadnikow bioaktywnych
I wlasciwo$ci reologiczne uzyskanych przecierow z owocoOw truskawki i jagody
kamczackiej.

W pierwszym etapie wyprodukowano przeciery z jagody kamczackiej, stosujac pigc
schematow produkcji w celu okreslenia znaczenia momentu aplikowania ultradzwigkoéw
w procesie technologicznym na parametry jakoSciowe przecieru. Jako obiekty kontrolne
wykorzystano przecier uzyskany z pulpy niepoddanej obrobce ultradzwigkami oraz
probke, w ktorej pulpe podgrzano do temperatury generowanej przez ultradzwieki

(50°C). W przypadku pozostatych obiektow (P1, P2, P4) pulpe owocowa podgrzewano
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do temperatury 80°C. W obiekcie P3 proces podgrzewania zastgpiono sonikacja, ktorej
czas wynosit 10 minut. Schemat poszczegdlnych procesow oraz zakres wykonanych

analiz etapu pierwszego tego eksperymentu przedstawiono na Rys. 6.

ROZMRAZANIE PODGRZEWANIE PRZECIERANIE PASTERYZACIA NAZWA PROBKI:
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— - @
— — E1_HB100_P2
P2 A = | E1_HB100
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UN
My
P4 ﬁ‘vy\\“ .é E1_HB100_P4
|

v PS5 — . . ) E1_HB100_P5

Podgrzewanie do
temperatury generowanej

;‘\AE I Sonikacja

przez sonikacje (50 °C) MY
WYKAZ ANALIZ:
Witasciwosci chemiczne: Wiasciwosci fizyczne: Analiza statystyczna wynikéw:
[ Antocyjany ] [ Lepkosc pozorna ] [ lednoczynnikowa analiza wariancji ]
[ Zwigzki polifenolowe ]

Rys. 6. Schemat technologiczny (P1 — P5) dotyczacy ,.etapu I’ eksperymentu z zastosowaniem
ultradzwiekow podczas produkeji przecieréw z jagody kamczackiej

Na podstawie wynikow analiz zawarto$ci zwigzkoéw bioaktywnych oraz lepkosci
przecierow wybrano schemat z zastosowaniem obrobki ultradzwickowej, wykazujacy
pozadany wpltyw na jako$¢ produktu. Schemat P2, obok obiektu kontrolnego P1,
zastosowano w drugim etapie eksperymentu, w ktorym badano przeciery uzyskane
z pulpy sktadajacej si¢ z réznych proporcji jagody kamczackiej i truskawki (Rys. 7).

W tej czgsci eksperymentu analizowano wiasciwosci mikroreologiczne, szczegdtowo
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0znaczano zawarto$¢ zwigzkoéw fenolowych oraz przeprowadzono analiz¢ sensoryczng

produktu. Szczegdtowy opis przebiegu eksperymentu przedstawiono w publikacji nr 4.

RECEPTURA 1
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\
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musﬁl;;wm Metoda 1 . 5.S60_HB40_P1
i 6. S60_HB40_P2
0%
RECEPTURA 4
TRUSKAWKA
L 7.S80_HB20_P1
KaMCZAGKR 8. S80_HB20_P2
WYKAZ ANALIZ:
Wiasciwoéci chemiczne:  Analiza sensoryczna: Whaéciwosci fizyczne: Analiza statystyczna wynikow:
[ Antocyjany ] [ Metoda deskrypcyjna ] [ Wielkos¢ czastek ] [ Dwuczynnikowa analiza wariancji ]
[ Kwas L-askorbinowy ] [ Wtasciwosci mikroreologiczne ] [ Analiza sktadowych gtéwnych ]
[ Pektyny ]

Rys. 7. Schemat technologiczny (P1 — P2) dotyczacy ,.etapu II” eksperymentu z zastosowaniem
ultradzwiekow podczas produkcji przecierow z jagody kamczackiej i truskawek
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6. DYSKUSJA WYNIKOW i OSIAGNIEC CYKLU PUBLIKACJI

6.1. Wplyw obrobki ultradzwiekowej na zawarto$¢ zwigzkéw bioaktywnych

w soku z owocéw jagodowych

Publikacja 1: Piecko, J.; Mieszczakowska-Frgc, M.; Celejewska, K.; Szwejda-
Grzybowska, J. 2024. Impact of Ultrasound Pretreatment on Juice Yield and Bioactive
Content in Juice Produced from Selected Berries Fruit. Foods, 13, 1231. DOI:
https://doi.org/10.3390/foods13081231

Prezentowana w niniejszej publikacji czgs¢ badan byta zwigzana z weryfikacja
hipotezy badawczej, zgodnie z ktora zastosowanie ultradzwigk6w w procesie
wytwarzania sokow zZ owocoéw jagodowych sprzyja zwickszeniu zawartosci zwigzkow
bioaktywnych w otrzymanym soku. W badaniu tym ultradzwigki zastosowano podczas
produkcji soku z owocow truskawki, czarnej porzeczki i maliny. Stanowily one
dodatkowy etap obrobki pulpy owocowej poprzedzajacy etap ttoczenia soku. Hipoteza
dotyczaca wzrostu zawarto$ci zwigzkéw bioaktywnych w wytloczonym soku zostata
sformutowana na podstawie zatozenia, ze aktywnos¢ ultradzwiekow sprzyja rozpadowi
$cian komoérkowych, umozliwiajagc tym samym uwolnienie zwigzkéw polifenolowych
[72]. W technologii produkcji sokow jagodowych powszechnie stosuje si¢ maceracje
enzymatyczna pulpy owocowej, podczas ktorej enzymy rozktadaja pektyny i inne
sktadniki $ciany komorkowej, utatwiajagc uwalnianie soku z tkanek roslinnych oraz
zwigkszajac wydajnos¢ tloczenia [73, 74]. Nalezy podkresli¢, ze enzymy te wykazuja
najwyzszg aktywno$¢ w temperaturze okoto 40-55 °C, dlatego w praktyce pulpa
owocowa jest wstepnie podgrzewana w celu zapewnienia optymalnych warunkow ich
dziatania.

Celem przeprowadzonych badan byta analiza wptywu poszczegélnych czynnikow,
tj. temperatury, maceracji enzymatycznej i fal ultradzwigkowych, stosowanych zar6wno
osobno, jak 1 w sekwencjach taczonych, na ekstrakcje zwigzkow fenolowych oraz kwasu
L-askorbinowego. Obok analizy zawarto$ci sktadnikow bioaktywnych analizowano
takze aktywno$¢ przeciwutleniajaca oraz wydajnos$¢ ttoczenia.

Osiggnieciem naukowym przeprowadzonych badan bylo okreslenie wplywu
ultradzwigkowej obrobki pulpy owocowej na wydajnos¢ ttoczenia oraz ekstrakcje
zwigzkow bioaktywnych podczas produkcji sokow z wybranych owocow jagodowych.

Istotnym wynikiem badan bylo wykazanie, Zze skuteczno$¢ ultradzwigkow w procesie
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tloczenia soku zalezy od wtasciwosci strukturalnych surowca, gdyz w przypadku czarnej
porzeczki zastosowanie ultradzwickow nie umozliwialo efektywnego uzyskania soku.
Wiyttoczenie soku z owocoéw czarnej porzeczki byto mozliwe jedynie w wariantach,
w ktorych stosowano maceracj¢ enzymatyczng. Natomiast w przypadku malin
i truskawek wyniki wykazaly, ze zastosowanie ultradzwigckow jako wstepnej obrobki
pulpy owocowej moze zwigksza¢ wydajnos¢ ttoczenia soku w stopniu poréwnywalnym

Z maceracjg enzymatyczng.
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Rys. 8. Zawarto$¢ antocyjanéw w soku malinowym uzyskanym po zastosowaniu pigciu
schematow obrobki pulpy

Jak wykazano, efekt dziatania ultradzwigkow jest zalezny od wtasciwosci materiatu
poddawanego zabiegowi, a S$cislej od gatunku owocoéw. Spostrzezenie to silnie
koresponduje z ogdlnymi wnioskami ptynacymi z przegladowych pracach dotyczacych
zastosowania ultradzwigkow w zywnos$ci [48]. Przeprowadzona analiza wykazata, ze
zastosowanie ultradzwiekoéw nie powodowato obnizenia catkowitej zawartosci zwigzkow
fenolowych w sokach z zadnego z trzech badanych gatunkéw owocoéw. Zaobserwowano
jednak, ze zastosowanie ultradzwigkow sprzyja intensyfikacji ekstrakcji wybranych
zwigzkéw Dbioaktywnych do soku, jak to miato miejsce w przypadku malin.
Potwierdzono, ze sonikacja zwigkszyta zawarto$¢ antocyjanéw w soku z malin o okoto
40%, gdy byta stosowana zamiast maceracji enzymatycznej oraz o0 okoto 30% gdy ja

uzupetniata (Rys. 8). Oryginalnym elementem badan byto wykazanie, ze ultradzwigki
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przyczyniaja si¢ do zmian na poziomie czgsteczkowym antocyjanéw, modyfikujac tym
samym udzial poszczegdlnych antocyjanow w soku z malin. Konsekwencje zmian
w strukturze i profilu antocyjandbw w sokach moga mie¢ znaczenie podczas
przechowywania [75], ujawniajac si¢ w postaci réznic stabilnosci barwy. Jednak
zagadnienie to wymagatoby dalszych badan przechowalniczych, ktérych w ramach tej
pracy nie podjeto.

Istotnym osiggnigeciem pracy bylo rozdzielenie wplywu temperatury od efektow
mechanicznych i chemicznych dziatania ultradzwigkow w procesie przetwarzania pulpy
owocowej. W przypadku soku z truskawek temperatura i czas przetwarzania byly
wazniejszymi czynnikami wplywajacymi na zawarto$¢ zwigzkow fenolowych
I aktywno$¢ przeciwutleniajaca niz sonikacja. Wniosek ten uwzgledniono na etapie
projektowania schematu procesu podczas realizacji eksperymentu zwigzanego
z produkcja przecieréw (opisanym w Publikacji 4).

Wykazano, ze zastosowanie ultradzwickéw jako etapu wstepnej obrobki pulpy
owocowej W produkcji sokow z malin, truskawek i czarnej porzeczki powodowato
obnizenie zawartos$ci kwasu L-askorbinowego w pordwnaniu zZ proba kontrolng. Skala
zmian byta jednak niewiclka i poréwnywalna z efektami obserwowanymi przy
zastosowaniu maceracji enzymatycznej. W badaniach potwierdzono wzrost catkowitej
aktywnosci przeciwutleniajacej w sokach z malin i czarnej porzeczki wyprodukowanych
z udziatem ultradzwigkow. Efekt ten moze wynika¢ z intensyfikacji ekstrakcji zwigzkow
bioaktywnych, oraz ograniczenia ich utleniania wskutek skrocenia czasu przetwarzania.
Za aktywno$¢ przeciwutleniajaca owocow jagodowych odpowiadaja zwiazki
polifenolowe, witaminy (glownie kwas L-askorbinowy) oraz karotenoidy [11]. Jednakze
istotny statystycznie wzrost ogolnej zawartosci antocyjanow w porownaniu z obiektami
kontrolnymi zaobserwowano jedynie w sokach z malin.

Uzyskane wyniki mogg stanowi¢ podstawe¢ do zastosowan technologicznych.
Optymalizacja parametrow procesu ttoczenia soku, polegajgca na zastgpieniu maceracji
enzymatycznej kilkuminutowg obrobkg ultradzwieckows, moglaby skutkowac
potencjalnymi korzysciami ekonomicznymi. Rozwigzanie to pozwolitoby nie tylko na
skrocenie czasu, ale takze na ograniczenie zuzycia energii potrzebnej do podgrzewania

pulpy przed ttoczeniem. Ponadto eliminowatoby konieczno$¢ dozowania preparatow
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enzymatycznych oraz zwigzane z tym kwestie logistyczne, takie jak ich transport
I magazynowanie.

Przeprowadzone badania wykazaty, ze zastosowanie ultradzwigkow jako alternatywnej
lub wspomagajacej metody wstepnej obrobki pulpy owocowej moze zwigkszad
wydajno$¢ tloczenia soku oraz intensyfikowaé ekstrakcje wybranych zwigzkow
bioaktywnych, przy czym skuteczno$¢ tej metody zalezy od wlasciwosci
technologicznych przetwarzanego surowca. Owoce jagodowe, cho¢ stanowig wspolng
grup¢ surowcow dla przemystu przetwdrstwa owocowo-warzywnego, charakteryzuja si¢
wyraznymi rdéznicami gatunkowymi, co znalazto odzwierciedlenie w otrzymanych

wynikach eksperymentu.
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6.2. Homogenizacja ultradzwiekowa metnego soku z truskawek

Publikacja 2: Piecko J.; Mieszczakowska-Frgc M.; Szweja-Grzybowska J.; Celejewska K.
2024. Wplyw rodzaju homogenizacji na wlasciwosci reologiczne i zawartosé zwigzkow
bioaktywnych w metnym soku z truskawek. ZYWNOSC. NAUKA. TECHNOLOGIA.
JAKOSC, 31, 3(140), 171-185. DOI: https://doi.org/10.15193/zntj/2024/140/517.

Wspblcezesne ogrodnictwo, szczegdlnie w sektorze produkcji owocow jagodowych,
wymaga wdrazania nowoczesnych technologii umozliwiajagcych maksymalne
wykorzystanie plonu oraz zachowanie wysokiej jakosci wytworzonych produktow.
W tym kontek$cie szczegdlnego znaczenia nabierajg fizyczne metody przetwarzania,
takie jak  homogenizacja, ktéore umozliwiaja ksztaltowanie  wilasciwosci
fizykochemicznych produktow uzyskiwanych z owocow.

Badania przedstawione w publikacji 2, dotyczace wptywu rodzaju homogenizacji na
wlasciwosci  reologiczne 1 zawarto$¢ zwigzkéw  bioaktywnych w mgtnym
soku z truskawek, dostarczajg istotnych podstaw naukowych dla rozwoju nowoczesnych
technologii przetwarzania surowcoé6w ogrodniczych.

Celem pracy byla ocena, w jaki sposob zastosowana homogenizacja ultradZwigkowa
ksztattowac bedzie jakos¢ metnego soku truskawkowego, gdy zabieg zastosowany jest na
wyttoczonym soku, jako jeden z etapoéw jego dalszego przetwarzania. Obok whasciwosci
reologicznych soku analizowano rowniez zawarto$¢ zwiazkow bioaktywnych. Wybrane
cechy jakosciowe soku poddanego homogenizacji ultradzwigkowej porownywano z
sokiem homogenizowanym metoda wysokocisnieniowg oraz z sokiem nie poddanym
homogenizacji. Homogenizacje wysokocisnieniowg (HPH) wykorzystano jako metode
poréwnawczg, poniewaz jest to metoda 0 potwierdzonej wysokiej skutecznosci [80] oraz
jest ona powszechnie stosowana w duzych zakladach przetworstwa zywnos$ci. Do
doswiadczen wykorzystano sok otrzymany z owocow truskawek odmiany ‘Grandarosa’,
czyli surowiec tej samej odmiany, ktory zastosowano W badaniach opisanych
w publikacji 1, co umozliwito kontynuacje i rozszerzenie wczesniejszych badan o etap
przetwarzania soku. Eksperyment dotyczyt hipotezy stwierdzajacej, ze zastosowanie

ultradzwigkéw w procesie wytwarzania sokow z owocdéw jagodowych sprzyja
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zwigkszeniu zawarto$ci zwigzkow bioaktywnych oraz modyfikuje wlasciwosci
reologiczne otrzymanych produktow.

Zastosowanie ultradzwigkow, jako jedna z metod homogenizacji, prowadzi do
zmniejszenia wielkoSci czgstek poprzez ich destrukcje oraz rozbijanie agregatow.
W zwigzku z tym w badaniach dokonano oceny zmian wielkosci czastek w soku po
zastosowaniu tego zabiegu oraz okreslono jego wptyw na inne parametry jakosciowe. Jak
wida¢ na Rys. 9, zabiegi homogenizacji istotnie zmniejszaly $rednig wielkos¢ czastek.
W soku niechomogenizowanym okoto 75% wykrytych czastek miato rozmiar wigkszy niz

25 um, podczas gdy w sokach homogenizowanych ultradzwickowo nie wi¢cej niz 30%.
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Rys. 9. Rozklad wielkosci czastek w soku z truskawek homogenizowanym metoda
ultradzwickowa (KONTROLA - sok nie homogenizowany, UH2 - sok
homogenizowany 2 minuty, UH8 — sok homogenizowany 8 minut)

Ponadto wykazano zalezno$¢ migdzy czasem trwania homogenizacji
ultradzwickowej a rozktadem wielko$ci czastek. W soku homogenizowanym przez
8 minut (UH8) udziat czastek 0 bardzo matych rozmiarach (0,2 — 1 um) wynosit okoto
30% wszystkich wykrytych czastek, podczas gdy w probce homogenizowanej przez
2 minuty (UH2) warto$¢ ta byta trzykrotnie nizsza. Podobng skuteczno$¢ rozbijania
czastek zaobserwowano w sokach homogenizowanych metoda wysokoci$nieniowa,
niezaleznie od cisnienia (200 i 600 baréw) zawarto$¢ czastek z zakresu 0,2-1 pm
wynosita okoto 35%. Obydwie metody homogenizacji prowadzity wigc do zwigckszenia
udziatu mniejszych czastek, co jest istotne z punktu widzenia jako$ci produktu [76].

Podsumowujac skutecznos$¢ zabiegu, mozna stwierdzi¢, ze zastosowanie ultradzwigkow
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przez 2 minuty bylo wystarczajace, aby istotnie ograniczy¢ udziat objetosciowy duzych

czastek w soku.

Rys. 10. Poroéwnanie stopnia sedymentacji sokow po uptywie 48 godzin w zalezno$ci od
rodzaju homogenizacji (od lewej: KONTROLA, UH2, UH8, HPH200, HPH600)
(fot. Piecko J. 2024)

Rysunek 10 przedstawia wizualne réznice migdzy sokami homogenizowanymi
z zastosowaniem ultradzwickow lub homogenizacji wysokoci$nieniowej, a sokiem
niehomogenizowanym (pierwsza probka od lewej). Zdjecie wykonano po uptywie 48 h
od przeprowadzenia homogenizacji w celu zobrazowania zmian zachodzacych
w produktach oraz zasymulowania wygladu soku w opakowaniu jednostkowym podczas
obrotu handlowego. Probka kontrolna (KONTROLA) wykazywata wyrazng
sedymentacje, czego rezultatem byto powstanie klarownej warstwy soku w gornej czesci
butelki oraz osadu o0 jasniejszej barwie na jej dnie. Pomiary metnosci wykazaty, ze
wszystkie soki poddane homogenizacji charakteryzowaty si¢ istotnie wyzszym
zmgtnieniem w poroéwnaniu z sokiem niechomogenizowanym. Najwyzsze wartosci
uzyskano w sokach homogenizowanych ultradzwickowo, a wydtuzenie czasu zabiegu
sprzyjalo poprawieniu wartosci tego parametru. W poréwnaniu Z kontrolg zmetnienie
wzrosto 0 135% w probce UH2 oraz 0 179% w probece UHS.

W ramach analizy wlasciwos$ci reologicznych wykonano pomiar lepkos$ci sokow.
Parametr ten jest jedng z najwazniejszych wlasciwosci fizycznych sokow, ktora ksztattuje
m.in. stabilno$¢ zmgetnienia [77] oraz jakos¢ sensoryczng [78]. Odpowiednia lepkosc
sokow sprzyja stabilizacji zmetnienia, zwigkszajac atrakcyjnos¢ wizualng produktu,

a jednocze$nie wplywa na jego percepcj¢ sensoryczng poprzez regulacje czasu
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przebywania w jamie ustnej oraz sposobu jego rozprowadzania na powierzchni jezyka.
Zastosowanie homogenizacji spowodowato wzrost lepkosci we wszystkich badanych
sokach. Soki homogenizowane ultradzwigkami charakteryzowaty si¢ lepkoscia:
4,9 mPa's dla UH2 oraz 5,3 mPa's dla UHS. Wartosci te byly istotnie wyzsze niz
w probce  kontrolnej, jednak nizsze niz w sokach homogenizowanych
wysokocisnieniowo.

Cho¢ zaré6wno homogenizacja ultradzwigkowa, jak 1 wysokocisnieniowa
zaliczane s3a do technologii nietermicznych, w praktyce kazdemu z tych procesow
towarzyszy wzrost temperatury medium. W warunkach przemystowych efekt ten
kompensuje si¢ poprzez zastosowanie ukladow chlodzenia, ktére utrzymuja stabilng
temperatur¢. W niniejszym badaniu nie stosowano dodatkowego chtodzenia, poniewaz
obserwowany wzrost temperatury byt niewielki (rzedu kilku stopni) i nie powodowat
istotnych  zmian jakosci soku, €O potwierdzita analiza zawartosci kwasu
L-askorbinowego. Niewielkie przyrosty temperatury towarzyszace obu rodzajom
homogenizacji nie wptywaty takze na ogdlng zawartos¢ zwigzkow fenolowych
w badanych sokach. Tym samym wykazano, ze homogenizacja soku z wykorzystaniem
ultradzwickow jest metodg nie powodujacg niekorzystnych zmian zawartosci zwigzkow
bioaktywnych, a jednoczesnie charakteryzuje si¢ wysoka skutecznoscia.

Istotnym osiagnigciem badan jest wykazanie aplikacyjnego potencjatu
homogenizacji ultradzwigkowej w produkcji sokow metnych. Zastosowanie tego zabiegu
prowadzi do zmniejszenia wielkosci czastek fazy rozproszonej, co skutkuje
zwiekszeniem stabilnosci zawiesiny oraz ograniczeniem zjawiska sedymentacji. Poprawa
stabilnosci fizycznej produktow ma istotne znaczenie technologiczne, poniewaz wptywa
na jako$¢ handlowg produktow oraz ich trwato$¢ podczas przechowywania. z punktu
widzenia sektora ogrodniczego oznacza to mozliwos¢ zwigkszenia wartosci
technologicznej owocoOw oraz rozszerzenia mozliwosci ich wykorzystania w przemysle
przetworczym.

Przedstawione w Publikacjach 1 i 2 wyniki badan potwierdzajg hipoteze
badawczg zaktadajaca, ze zastosowanie ultradzwigckow w produkcji soku z owocow
jagodowych zwicksza zawarto$¢ zwigzkow bioaktywnych oraz modyfikuje wtasciwosci
reologiczne soku. Wykazano, ze sonikacja sprzyja intensyfikacji ekstrakcji wybranych
zwigzkow bioaktywnych oraz wptywa na zmiane wlasciwosci reologicznych metnego

soku truskawkowego, przyczyniajac si¢ do poprawy jego jakosci.
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6.3. Zastosowanie ultradzwiekéw w procesie suszenia owocow jagodowych na
przykladzie plastrow truskawek
Publikacji 3: Piecko, J.; Mieszczakowska-Frgc, M.; Celejewska, K.; Dickinson, N.;
Szwejda-Grzybowska, J. Effect of Ultrasound-Assisted Convective Drying on the Content
of Bioactive Compounds and Drying Rate of Strawberry Slices. Appl. Sci. 2025, 15, 8947.
DOI: https://doi.org/10.3390/app15168947.

Zastosowanie ultradzwiekow jako metody wspomagajacej proces suszenia owocow
stanowi jeden z intensywnie rozwijajacych si¢ kierunkow badan. W licznych pracach
wykazano, ze ultradzwigki przyczyniaja si¢ do intensyfikacji transportu masy poprzez
zjawisko kawitacji. W konsekwencji obserwuje si¢ skrocenie czasu suszenia oraz
poprawe jakosci produktu koncowego [70, 70]. Publikacja 3 dotyczy wykorzystania
ultradzwickéw w procesie suszenia owocoOw jagodowych na przykladzie truskawek.
Celem niniejszego badania bylo pordwnanie szybkos$ci suszenia oraz jakosci suszonych
plastrow truskawek uzyskanych w wyniku suszenia konwekcyjnego (CD) oraz suszenia
konwekcyjnego wspomaganego ultradzwigkami (UACD). W eksperymencie
wykorzystano dwie odmiany truskawek: ‘Florence’ i ‘Alba’, analizujagc wptyw metody
suszenia na jako$¢ otrzymanego suszu. Jako$¢ suszu oceniano na podstawie: zmiany
barwy, zawarto$ci zwigzkow polifenolowych, kwasu L-askorbinowego oraz aktywnos$ci
przeciwutleniajacej.

Najistotniejszymi czynnikami degradacji zwigzkéw bioaktywnych w zywnosci sg
czas ekspozycji materiatu na dziatanie temperatury i tlenu podczas przetwarzania.
Dhugos¢ trwania procesu bezposrednio wptywa na jako$¢ otrzymanego suszu [79]
| stanowi istotne kryterium oceny technologii suszenia, zarbwno w aspekcie zachowania
sktadnikéw wrazliwych na utlenianie, jak i efektywnos$ci energetycznej procesu. Na
podstawie pomiaru ubytku masy w trakcie suszenia w badaniach wtasnych opracowano
krzywe predkosci suszenia, definiowane jako stosunek masy odparowanej wody do masy
suchej substancji na jednostke¢ czasu. Poczatkowa zawarto§¢ wody w owocach
jagodowych jest bardzo wysoka; w przypadku truskawek stanowigcych materiat
badawczy wynosita ona 90,7% dla odmiany ‘Florence’ oraz 91,4% dla odmiany ‘Alba’.
Proces suszenia przerywano po osiggni¢ciu wilgotno$ci materiatu wynoszacej 20%. Czas
trwania suszenia konwekcyjnego (CD) wynidst 280 minut dla odmiany ,,Florence” i 260
minut dla odmiany ,,Alba”. Zastosowanie wspomagania ultradzwigkami skrdcito czas

suszenia w przypadku obu odmian. Dla odmiany ‘Florence’ czas procesu wyniost 180
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minut i byt o 35,7% krotszy niz w suszeniu konwekcyjnym, natomiast dla odmiany ‘Alba’
suszenie wspomagane UD trwato 170 minut, co odpowiada skroceniu czasu suszenia
0 34,6%. Podobne wyniki, wskazujace na skrdcenie czasu suszenia w wyniku
zastosowania ultradzwickoéw, opisano w literaturze réwniez dla innych owocéw [65],
jednak mechanizm zjawiska nie zostat dotad w pelni wyjasniony [63]. Ilo§¢ doniesien
naukowych dokumentujgcych wykorzystanie ultradzwickéw podczas suszenia owocow
jagodowych jest ograniczona. W jednym z eksperymentow wspomaganie procesu
suszenia malin ultradzwickami (o mocy 100 i 200 W) skutkowato skrdceniem czasu
suszenia odpowiednio 0 54% i 64% [84]. W wspomnianym badaniu zastosowano moc
ultradzwickéw 200 W, jednak przy mniejszej masie materiatu (50 g malin) niz
w eksperymencie opisanym w Publikacji 3 (250 g truskawek), co moze wyjasniaé roznice
w obserwowanym skroceniu czasu suszenia. Zatem efektywnos$¢ tego procesu byla
relatywnie nizsza, gdy wezmiemy pod uwage moc ultradzwiekéw na mase materiatu.
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Rys. 11. Szybkosci suszenia plastrow truskawek odmiany ‘Florence’ suszonych ze

wspomaganiem ultradzwigkami (UACD) i bez wspomagania (CD)
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Rys. 12. Szybkosci suszenia plastrow truskawek odmiany ‘Alba’ suszonych ze

wspomaganiem ultradzwigkami (UACD) i bez wspomagania (CD)

Z Rys. 11 i 12 wynika, ze szybko$¢ usuwania wody podczas suszenia
konwekcyjnego (CD) pozostawata stosunkowo stata przez okoto 60 minut dla odmiany
‘Alba’ oraz 120 minut dla odmiany ‘Florence’, do momentu osiggnigcia tzw. krytycznej
zawartosci wilgoci. Etap ten odpowiada odparowaniu wody gtownie z powierzchni
produktu lub wigkszych kapilar. W kolejnych fazach suszenia na krzywych mozna
wyrozni¢ pierwszy i drugi okres malejacej szybkosci suszenia. Drugi okres malejace;j
szybkosci suszenia rozpoczat si¢ w 220 minucie dla odmiany ‘Alba’ oraz 230 minucie
dla odmiany ‘Florence’. Kinetyka obserwowanego procesu suszenia stanowi typowy
przebieg krzywej suszenia konwekcyjnego. W przypadku suszenia wspomaganego
ultradzwigkami nie obserwowano fazy statej szybkosci suszenia. Proces rozpoczynat si¢
od okresu malejacej szybkosci odparowania wody. W tym przypadku szybkos$¢ usuwania
wody malata od poczatku az do konca procesu, przy zachowaniu zblizonego nachylenia
krzywej. Tym samym wykazano, ze zastosowanie ultradzwigkow czgsciowo ogranicza
op6r dyfuzyjny zwigzany z migracja wilgoci do powierzchni plastrow, podczas gdy
W suszeniu konwekcyjnym opér ten stawal sie bardziej istotny wraz ze spadkiem
wilgotnosci probki. Obserwowana wysoka skuteczno$¢ dziatania ultradzwiekow moze
by¢ zwigzana zZ niewielka gruboscig plastrow, ktéra w $wiezym materiale wynosita 5 mm,

a na skutek skurczu tkanki w wysuszonych plastrach nie przekraczata 1 mm. Grubo$¢
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plastréw dostosowano do wtasciwosci fali akustycznej, ktora wywiera gtownie efekty
powierzchniowe, a ich penetracja w gltab materiatu jest ograniczona, typowo do kilku
milimetréw warstwy powierzchniowej [80]. W literaturze brak petnej zgodnosci co do
wplywu ultradzwigkow na kinetyke suszenia zywnosci, poniewaz opisano zarowno
przypadki, w ktorych najwigkszy efekt obserwowano w poczatkowej fazie suszenia, jak
i takie, w ktorych dominowal on w okresiec malejacej szybkosci suszenia [47].
Rozbieznosci te moga wynika¢ z réznic we wiasciwosciach matrycy (opor dyfuzyjny
tkanek), a takze z odmiennych konfiguracji urzadzen i warunkow eksperymentalnych.
Plastry truskawek po wysuszeniu dwiema metodami dla obu odmian
przedstawiono na Rys. 11. Niezaleznie od zastosowanej metody suszenia zachowaty one
swoj okragly ksztatt i nie ulegaty kruszeniu podczas zdejmowania z tac suszarniczych.
W wyniku koncentracji barwnikow, material obu odmian charakteryzowat sie¢
intensywnie czerwony kolorem. Chociaz zmiana barwy w oceny jako$ci suszu sg
zazwyczaj uznawane za zjawisko niepozadane, w tym wypadku zmian¢ t¢ mozna uznac

za korzystng z punktu widzenia wizualnej oceny produktu.

Rys. 13. Suszone plastry truskawek: A — Alba_CD, B — Alba_UACD, C —Florence_CD, D —
Florence_ UACD (fot. Piecko J. 2025)

Proces suszenia doprowadzil do obnizenia zawartosci zwigzkow fenolowych
W obu badanych odmianach truskawek, jednak kierunek tych zmian nie jest w pelni

spojny miedzy odmianami. Mimo wyraznego przyspieszenia procesu nie stwierdzono
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znaczacych roznic w koncowej zawartosci zwigzkéw fenolowych pomiedzy suszem
otrzymanym metodg konwekcyjng a suszem otrzymanym metodg wspomagang
ultradzwigkami. W przypadku odmiany ‘Alba’ stwierdzono wyzsze poziomy niektérych
zwigzkéw fenolowych w plastrach suszonych z wykorzystaniem wspomagania
ultradzwiekowego w poréwnaniu z Klasycznym suszeniem konwekcyjnym.

Wbrew oczekiwaniom, krotszy czas suszenia nie przetozyl si¢ na lepszg retencje
kwasu L-askorbinowego. Straty kwasu L-askorbinowego w odmianie ‘Alba’
przekraczaty 57% niezaleznie od metody, natomiast dla ‘Florence’ retencja wyniosta
73% dla CD oraz 68% dla UACD.

Z kolei z punktu widzenia aktywnosci przeciwutleniajacej, technologia UACD
okazala si¢ korzystniejsza, poniewaz spadki tego parametru byty mniejsze niz przy CD,
a probki suszone 2z wuzyciem ultradzwickow zachowaly poziom aktywnosci
przeciwutleniajacej zblizony do surowca.

Wiyniki te pozwalajg czesciowo odnies¢ sie do hipotezy badawczej zaktadajace;j,
ze suszenie wspomagane ultradzwigkami umozliwia zachowanie wyzszej zawarto$ci
zwigzkoéw bioaktywnych w suszu z owocow jagodowych niz suszenie konwekcyjne.
W przypadku analizowanych plastrow truskawek hipoteza ta nie zostala w petni
potwierdzona w odniesieniu do zwigzkoéw bioaktywnych, poniewaz ich koncowa
zawarto$¢ byla zblizona w obu wariantach suszenia. Niemniej jednak, ze wzgledu na
wyzszg aktywno$¢ przeciwutleniajacg suszu otrzymanego metoda wspomagang
ultradzwigkami, nalezy mie¢ na uwadze potrzebe indywidualnej optymalizacji warunkow
prowadzania sonikacji. Potwierdzeniem tej tezy sa doniesienia wykazujace, ze pomiedzy
odmianami truskawek wystepuja m.in. réznice aktywnosci enzymoéw odpowiedzialnych
za utlenianie zwigzkow fenolowych [81].

Istotnym ograniczeniem opisanego eksperymentu jest brak petnej charakterystyki
surowca oraz obiektywnej oceny stopnia dojrzatosci owocow (np. na podstawie jedrnos$ci
oraz analizy mikrostruktury tkanek), co mogloby czesciowo ttumaczy¢ zaobserwowane
roznice jakosci otrzymanego suszu. Dojrzewaniu owocoéw towarzyszg glebokie zmiany
wlasciwosci fizycznych i chemicznych, w tym zmiany w strukturze tkanek, a efektem
tych zmian moga by¢ rdéznice przebiegu procesu suszenia [82]. Warto byloby réwniez

uzupelni¢ analizy surowca 0 okreSlenie aktywnosci oksydazy polifenolowej, co
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umozliwitoby rowniez lepsze zrozumienie obserwowanych zmian zawarto$ci
antocyjanow.

Istotnym osiggnigciem 0 charakterze aplikacyjnym prowadzonych badan byto
wykazanie mozliwosci praktycznego zastosowania ultradzwigkdw w procesie suszenia
poprzez integracj¢ generatora ultradzwigkow ze standardowgq suszarkg konwekcyjna, bez
koniecznosci jej istotnej modyfikacji. Rozwigzanie to pozwala ograniczy¢ jedng
z gltownych barier wdrozeniowych tej technologii, jaka jest wysoki koszt
specjalistycznych suszarek ultradzwigkowych oraz trudnosci ich integracji z istniejaca
infrastrukturg technologiczna.

Uzyskane wyniki wykazaty, ze zastosowanie ultradzwigkow w takim uktadzie umozliwia
skrocenie czasu suszenia przy jednoczesnym zachowaniu poréwnywalnego poziomu
zwigzkow bioaktywnych w produkcie koncowym. Wskazuje to na potencjal tej
technologii w intensyfikacji proceséw suszenia surowcow roslinnych w warunkach

przemystowych.

6.4. Wplyw zastosowania ultradzwickdéw na jako$¢ przecierow Z owocow
jagodowych

Publikacja 4: Piecko, J.; Mieszczakowska-Frgc, M.; Dickinson, N.J.; Wrzodak, A.;
Celejewska, K.; Frost, M.B.; Lange, B.; Dandanell, C.; Lewandowicz, J.; Jankowska, P.
2026. Ultrasound Treatment in Berry Puree Production: Effects on Sensory,
Rheological, and  Chemical Properties. Molecules, 31, 260. DOI:
https://doi.org/10.3390/molecules31020260.

W celu przetestowania hipotezy stwierdzajacej, ze oddzialywanie ultradzwigkoéw
na pulpe Z owocdéw jagodowych korzystnie wptywa na jako$¢ sensoryczng oraz zawartos¢
zwigzkow bioaktywnych w uzyskanych z niej przecierach, przeprowadzono eksperyment
z wykorzystaniem owocow jagody kamczackiej (odmiana ‘Wojtek’) i truskawek
(odmiana ‘Florence’). Eksperyment przeprowadzono w dwoch etapach. W pierwszym
oceniano, w ktérym momencie zastosowanie ultradzwigkow w procesie technologicznym
produkcji przecieru z jagody kamczackiej jest najbardziej optymalne (Rys. 6; rozdz. 5.3).
W tym celu obok obiektu kontrolnego (P1), gdzie nie stosowano obrobki

ultradzwickowej, wyprodukowano przecier, w ktorym obrobke stosowano jako
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dodatkowy etap przed przecieraniem (P2), zastepujac podgrzewanie pulpy (P3) oraz
stosujac ja po przecieraniu (P4). W obiekcie P5, podgrzewano pulpe do temperatury
generowanej przez ultradzwigki, w celu odrdéznienia wplywu temperatury od innych
efektow obrobki ultradzwigkowej. Jako kryteria wyboru schematu produkcji przyjeto
wydajno$¢ przecierania, lepko$¢ pozorng, calkowita zawarto$¢ antocyjanow oraz
catkowita zawartos$¢ polifenoli.

Probki P1, P2 i P4 nie roznily si¢ istotnie pod wzgledem calkowitej zawartosci
zwigzkow fenolowych oraz antocyjandw ogotem, przy czym ich zawarto$¢ byta o okoto
18% wyzsza niz w probkach P3 i P5. Obserwacja ta wskazuje, ze obrobka cieplna byta
skuteczniejszym czynnikiem zwigkszajacym ekstrakcje zwigzkow bioaktywnych niz
sonikacja. Wniosek ten jest zgodny z wynikami przedstawionymi w Publikacji 1
dotyczacymi soku z truskawek, w ktorych wykazano, ze obrobka termiczna surowca
poprawia ekstrakcje tych zwigzkow.

Analiza lepko$ci przecierdw pozwolita na uwzglednienie wlasciwosci
reologicznych w procesie doboru optymalnej metody wytwarzania przecieru, réwniez
Z punktu widzenia koncowej tekstury produktu. W badanych przecierach najwyzsza
lepko$¢ pozorng uzyskano dla probki P2, co sugeruje, ze zastosowanie ultradzwiekdéw
jako dodatkowego etapu przetwarzania moze korzystnie modyfikowa¢ konsystencje
produktu.

Jednym z najwazniejszych osiggnie¢ pracy bylo wykazanie, ze moment
zastosowania ultradzwigkdw w schemacie technologicznym ma kluczowe znaczenie dla
jakosci przecieru. Zastosowanie ultradzwigkow przed procesem przecierania prowadzi
do najlepszych efektow technologicznych, w tym poprawy wydajnosci i wlasciwos$ci
reologicznych przecieru z owocow jagodowych.

Do realizacji etapu Il wybrano wariant P2 z zastosowaniem ultradzwiekow,
natomiast wariant P1 przyjeto jako probe kontrolng (Rys. 7; rozdz. 5.3). Metody te
zastosowano do produkcji czterech receptur przecierow: truskawka 100% (S100), jagoda
kamczacka 100% (HB100) oraz mieszanek: truskawka 80% + jagoda kamczacka 20%
(S80_HB20) i truskawka 60% + jagoda kamczacka 40% (S60_HB40). Receptury te
analizowano pod katem wtasciwosci mikroreologicznych. Przeciery scharakteryzowano
za pomocg wskaznikow EI (indeks sprezystosci), FI (indeks plynnosci), SLB
(wspétczynnik rownowagi ciecz/ciato state) i MVI (makroskopowy indeks lepkosci).
Zwigkszenie udzialu jagody kamczackiej w przecierach prowadzito do obnizenia EI oraz

wzrostu MVI, co prawdopodobnie wynikalo z wigkszej zawarto$ci fazy statej (grubszej
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skorki oraz fragmentow okrywy nasiennej wyekstrahowanych z surowca). Zastosowanie
ultradzwigkéw we wszystkich badanych probkach wplywalo na wtasciwosci przecieru
w kierunku uktadu 0 wyzszej ptynnosci (spadek EI i MVI, wzrost Fl i SLB), cho¢ zmiany
te nie zawsze byly statystycznie istotne. Jednocze$nie, pomimo, ze literatura wskazuje, iz
sonikacja moze powodowaé depolimeryzacje hydrokoloidow i spadek lepkosci,
w badanym przypadku nie zaobserwowano wyraznego obnizenia lepkosci
makroskopowej. Analiza rozktadu wielkosci czastek w przecierach (Rys. 12) wykazata,
ze dla wariantu P1 modalna warto$¢ $rednicy miescita si¢ w zakresie 420-550 pm,
natomiast dla wariantu P2 obnizyla si¢ do 240-320 pum. Wyniki te wskazuja, ze
zastosowanie ultradzwiekdéw prowadzi do zmniejszenia wielkos$ci czastek dominujace;j

frakcji.
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Rys. 11. Rozktad wielkosci czastek w przecierach z jagody kamczackiej i truskawek
wyprodukowanych przy uzyciu ultradzwigkow - P2 (czerwone linie); oraz bez obrobki
ultradzwickowej — P1 (niebieskie linie). Objasnienie skrotow: HB - jagoda
kamczacka; S — truskawka; 20, 40, 60, 80 — udziat % owocoéw

Rozdrobnienie czgstek sprzyja otrzymaniu przecieru o bardziej jednorodnej
mikrostrukturze, co przektada si¢ na odczuwalng gladkos¢ i jednorodnos$¢ produktu.
W celu lepszego zrozumienia zaistniatych réznic wykonano analiz¢ sensoryczng probek
przecieru. Na podstawie otrzymanych ocen dla 24 deskryptoréw dotyczacych wygladu,
zapachu i smaku przecierow wykonano analiz¢ sktadowych gtéwnych (PCA). Dwie
pierwsze skladowe gldwne wyjasnity tacznie 94,6% zmiennos$ci I ujawnity wyrazny
podziat probek na grupy. Pierwsza sktadowa gléwna byta zwigzana gtownie ze sktadem

przecieru i roznicowata probki z wigkszym udzialem jagody kamczackiej (HB100,
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S60 HB40) oraz probki z przewagg truskawki (S100, S80 HB20). Druga sktadowa
odzwierciedlata wptyw zastosowania ultradzwickow. Probki przecierow otrzymanych
z ich udzialem byty powigzane z wyzszg lepkoscig oraz wigkszg jednorodnoscig tekstury,
natomiast przeciery otrzymane bez zastosowania ultradzwickow charakteryzowaly sie
wyrazng wyczuwalnos$cig czastek.

W celu stwierdzenia wptywu technologii na jako$¢ przecierow analizowano
réwniez zawartos¢ zwigzkow fenolowych i kwasu L-askorbinowego. Zaobserwowano
istotny statystycznie efekt w probce S80 _HB20, gdzie metoda P2 zwigkszyla zawarto$é
kwasu L-askorbinowego o ok. 12%, podczas gdy w pozostatych przypadkach roznice
byly niewielkie i nieistotne. Analiza zawarto$ci zwigzkow fenolowych wykazata, ze
pomimo stwierdzonej istotno$ci statystycznej roznice w zawarto$ci antocyjanow byty
nieznaczne z punktu widzenia wartosci prozdrowotnej produktu. W opozycji do
uzyskanych wynikow pozostaja wyniki badan nad zastosowaniem ultradzwickow do
zwigkszania ekstrakcji antocyjanow w procesie produkcji przecieru z malin, w ktorym
wykazano ich wysoka skutecznos$¢. Z badan tych wynika, ze sonikacja 0 mocy 400 W,
prowadzona przez 10 minut przy czgstotliwosci 20 kHz, moze prowadzi¢ do wzrostu
zawartos$ci antocyjanow 0 12.6% [83]. Parametry te byly zblizone do zastosowanych
w omawianej Publikacji 4, z ta roznica, ze eksperyment opisany w tej publikacji
przeprowadzono na probce 0 masie 1000 g, co skutkowato ponad 3-krotnie nizszg moca
dostarczang do materialu. Podobna sytuacja dotyczy eksperymentu suszarniczego
opisanego w Publikacji 3, prowadzonego na plastrach z truskawek. W przytoczonej
publikacji zblizone parametry oddziatywania ultradzwigkow zastosowano na probce
malin 0 pigciokrotnie nizszej masie [79]. W obu przypadkach uzyskano bardziej
korzystne rezultaty niz przedstawione w niniejszej rozprawie. Niemniej jednak, pod
wzgledem aplikacyjnym zdecydowanie trudniejsze do osiagniecia ze wzgledu na wysoki
stosunek mocy ultradzwickow do jednostki masy materiatu. W zadnym z opisanych w tej
pracy eksperymentow nie stosowano chlodzenia, ktore w warunkach laboratoryjnych nie
nastreczatoby wiekszych problemow, natomiast w warunkach przemystowych moze
mie¢ istotne znaczenie w bilansie energetycznym procesu [84].

Do najwazniejszych osiagni¢¢ naukowych tej publikacji nalezy wykazanie, ze
zastosowanie obrobki ultradzwigkowej w produkcji przecierow jagodowych prowadzi do
istotnych zmian w mikrostrukturze uktadu, co przektada si¢ na modyfikacj¢ wtasciwosci

reologicznych, w tym zmniejszenie lepkosci pozornej oraz poprawe jednorodnos$ci
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produktu. Jednocze$nie wykazano, ze zastosowanie ultradzwiekéw nie powodowato
istotnych strat antocyjanow i kwasu L-askorbinowego.

Istotnym osiggnigciem jest rowniez kompleksowa ocena wplywu ultradzwiekdéw
na wilasciwosci sensoryczne produktu. Wykazano, ze odpowiednio dobrane parametry
procesu nie powodujg pogorszenia cech sensorycznych, takich jak smak, aromat i ogdlna
akceptowalnos$¢, a w niektorych przypadkach moga przyczyniac si¢ do poprawy percepcji
jakosci poprzez zwigkszenie jednorodnosci i intensywnosci barwy. Wyniki te sg
szczegblnie wazne w kontek$cie wdrazania technologii niekonwencjonalnych, poniewaz
potwierdzaja mozliwo$¢ poprawy wihasciwosci funkcjonalnych produktu bez
negatywnego wptywu na jego cechy konsumenckie.

Na tle dostepne;j literatury, koncentrujacej si¢ gtownie na sokach, przedstawione
wyniki stanowig, wedlug najlepszej wiedzy autordw, pierwsza szczegdtowa
charakterystyk¢ wptywu zastosowania ultradzwickéw przed przecieraniem na
wlasciwosci sensoryczne i fizykochemiczne przecieréw z owocoéw jagodowych. Tym
samym uzyskane wyniki potwierdzaja stusznos¢ postawionej hipotezy, zgodnie z ktora
oddziatywanie ultradzwigkow na pulpg z owocoéw jagodowych korzystnie wptywa na
jako$¢ sensoryczng oraz wilasciwosci reologiczne produktu. Chociaz nie wykazano
wzrostu zawarto$ci sktadnikow bioaktywnych w wyniku zastosowania ultradzwigkow,
ich poziom pozostawat na zblizonym poziomie. Niemniej jednak zachowanie zawartos$ci
tych zwigzkdéw przy jednoczesnej poprawie wilasciwosci fizykochemicznych czyni
otrzymane przeciery z owocow jagodowych produktami 0 korzystnych whasciwosciach

konsumenckich.
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7. WNIOSKI

Ultradzwieki stanowig skuteczne narzedzie intensyfikacji procesow przetworstwa
owocow jagodowych, umozliwiajagce jednoczesng poprawe wydajnosci procesow
I jakosci produktu. Technologia wykazuje potencjal wdrozeniowy dla przemystu
spozywczego, szczegbdlnie w kontekscie poszukiwania szybkich i energooszczednych
metod przetwarzania owocoOw jagodowych. Na podstawie zrealizowanych
eksperymentéw sformutowano nastgpujace wnioski szczegoétowe przyporzadkowane do

trzech grup:

Wplyw ultradzwi¢kow na zwiazki bioaktywne:

I.  Efektywnos$¢ dziatania ultradzwickoéw na zawarto$¢ zwigzkéw bioaktywnych jest
zalezna od gatunku owocow jagodowych, przy czym najbardziej wyrazny efekt
intensyfikacji ekstrakcji obserwuje si¢ w przypadku malin, co wskazuje na istotng

role cech strukturalnych i1 sktadu surowca w ksztaltowaniu skuteczno$ci procesu.

Il.  Zastosowanie ultradZzwigkdw jako etapu wspomagajacego obrobke owocdéw malin
prowadzi do zwigkszenia zawarto$ci antocyjandw 1 kwasu elagowego, co

przektada si¢ na wzrost aktywnosci przeciwutleniajacej soku.

I1l.  Wykazano, ze zastosowanie ultradzwigkéw prowadzi do zmian na poziomie
czasteczkowym antocyjandw, powodujac zmiang ich profilu jakoSciowego

w soku malinowym.

IV.  Zastosowanie ultradzwigkow jako czynnika wspomagajacego suszenie plastrow
truskawek nie powoduje istotnych zmian koncowej zawarto$ci zwigzkow
fenolowych w porownaniu z suszeniem konwekcyjnym, zapewniajac

poréwnywalny poziom ich retencji przy jednoczesnym przyspieszeniu procesu.

V.  Zaobserwowano réznice odmianowe w odpowiedzi na dziatanie ultradzwiekéw
w procesie suszenia. W przypadku odmiany ‘Alba’ suszenie wspomagane
ultradzwigkami sprzyjalo zwigkszeniu zawartosci wybranych zwigzkow

fenolowych w poréwnaniu z suszeniem konwekcyjnym.
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VI.

VII.

VIIIL.

XI.

48

Wyniki przeprowadzonych badan nie potwierdzity korzystnego wptywu
ultradzwiekoéw na zwigkszenie ekstrakcji antocyjanow ze skorki owocow jagody
kamczackiej w przypadku produkcji przecieru, jednak nie stwierdzono ich

degradacji, co wskazuje na zachowanie stabilnosci tych zwigzkow.

Wiasciwosci reologiczne i fizykochemiczne:

Wykazano, ze zastosowanie homogenizacji ultradzwigckowej prowadzi do
zmniejszenia rozmiaru czastek fazy rozproszonej w metnym soku truskawkowym,
co skutkuje poprawg stabilnosci fizycznej uktadéw koloidalnych oraz

ograniczeniem sedymentacji.

Efektywnos¢ homogenizacji ultradzwigkowej metnego soku byta poréwnywalna
z homogenizacja wysokoci$nieniowa, co wskazuje na jej wysoki potencjat

aplikacyjny jako alternatywnej metody stabilizacji sokow metnych.

Zastosowanie ultradzwiekow w produkeji przecierow z truskawek i jagody
kamczackiej prowadzi do istotnych zmian wlasciwosci reologicznych,
zwigzanych z redukcjg wielkosci czgstek oraz modyfikacjg zawartoSci pektyn, co
przejawia si¢ wzrostem lepkosci pozornej oraz zmiang charakteru

mikroreologicznego uktadu.

Zmiany strukturalne wywotane dziataniem ultradzwickow przektadajg si¢ na
poprawe cech sensorycznych przecieréw, w szczegdlnosci ich homogenicznosci,

co wskazuje na korzystny wptyw tej technologii na jakos¢ produktu koncowego.

Wydajnos$¢ procesow:

Zastosowanie ultradzwickow jako obrobki wstepnej pulpy owocowej przed
tloczeniem istotnie zwigksza wydajnos¢ pozyskiwania soku z wybranych owocow
jagodowych, osiggajac efekty porownywalne z maceracjg enzymatyczng. Jednak
skuteczno$¢ tej metody jest silnie zalezna od gatunku i ograniczona w przypadku
surowcow o bardziej zwartej strukturze, takich jak czarna porzeczka, dla ktorej

wykazano brak mozliwosci zastgpienia maceracji enzymatycznej ultradzwigkami.



XII.

Zastosowanie ultradzwigkow jako czynnika wspomagajacego suszenie plastrow
truskawek istotnie przyspiesza przebieg procesu, skracajac czas suszenia o okoto
35% w poréwnaniu z suszeniem konwekcyjnym, co przeklada si¢ na zwigkszenie

efektywnosci procesu oraz ograniczenie jego energochtonnosci.

Glowne osiagniecia:

Jednym z najwazniejszych osiggni¢¢ pracy bylo wykazanie, ze moment
zastosowania ultradzwickow w schemacie technologicznym ma kluczowe
znaczenie dla jakos$ci produktu, przede wszystkim dla wtasciwosci reologicznych
przecieru.

Osiagnieciem rozprawy doktorskiej jest wykazanie mozliwosci zastosowania
technologii ultradzwickowej jako efektywnego narzedzia wspomagajacego
procesy przetworstwa owocow jagodowych, prowadzacego do poprawy jakosci,
warto$ci  funkcjonalnej oraz atrakcyjnosci rynkowej, a tym samym
dostarczajagcego podstaw do optymalizacji proceséw technologicznych

0 wysokim potencjale aplikacyjnym.
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Abstract: The aim of the work was to investigate the effect of ultrasound application during juice
pressing. The impact on pressing yield and extraction of bioactive compounds during production
of juice from strawberry, blackcurrant and raspberry was evaluated. Juice pressing was carried
out after four kinds of mash pretreatment. The tested objects were heated to 55 °C, treated by
ultrasound, and/or macerated with an enzyme. The obtained juices were analyzed for the content of
bioactive compounds and compared to the ‘Control” sample, which was the juice pressed without
any pretreatment. Although the results presented here do not conclusively show that enzymatic
maceration can be completely replaced by the use of ultrasound, in the case of strawberry and
raspberry fruit, juice yield after ultrasound treatment increased almost as much as after enzymatic
maceration. Additionally, in the case of raspberry fruit, the antioxidant activity of the juice samples
was definitely improved when ultrasound was used. The results from this experiment also showed
that it is possible to separate the effect of temperature from the effect of mechanical and chemical

actions in ultrasound treatment.

Keywords: ultrasound; strawberry; blackcurrant; raspberry; juice

1. Introduction

In addition to apples, of which Poland is one of the world’s largest producers, currants
(6.0%), strawberries, and raspberries (6.0%) account for a significant share of total fruit
production. Additionally, Poland is one of the largest producers of berry fruits in Europe [1].
In 2017, the combined yield of currants (blackcurrant and redcurrant), strawberries, and
raspberries exceeded 400,000 tons, which accounted for 85% of the total berry fruit yield in
Poland [2]. In detail, strawberry fruit accounted for 34%, blackcurrant fruit for 31%, while
raspberry fruit accounted for 20% of the total crop production in 2018 [3]. The large scale of
production translates into a large base of raw material available for processors, who are
eager to use it. In some seasons, 68% of the strawberry harvest and as much as 78% of the
raspberry harvest was allocated for processing [4]. Blackcurrant fruits are rarely consumed
in their fresh form, but more often in liquid form, blended with other fruit juice, nectars, or
other products, so it can be said that the entire harvest is directed for processing.

Berries are widely known for their positive effects on human health. Due to their low
calorie (below 70 kcal), low fat (less than 0.5 g/100 g) [5], high dietary fiber content, pres-
ence of micronutrients and composition of phytochemicals—in particular anthocyanidins
and vitamin C—berries occupy a very important place in the human diet. For example,
blackcurrants have shown significant therapeutic potential in a number of conditions,
confirmed by evidence from clinical trials. A review of the beneficial and therapeutic effects
of blackcurrant consumption involves its effect on the brain, lungs, bones, kidneys, heart,
and skin [6]. A similar feature applies to strawberries, the most widely consumed berry
in Europe. Strawberries in clinical trials are considered in terms of their antioxidant, car-
dioprotective, anti-inflammatory, antihyperglycemic, antiobesity, anticancer, antimicrobial,
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and neurodegenerative effects on human body [7]. Raspberries also contain a number
of polyphenolic compounds with antioxidant properties, which play a significant role in
reducing the risk of diseases, including chronic diseases, by mitigating the harmful effects
of oxidative stress [8].

Sound waves at frequencies above 20 kHz are called ultrasound, and exhibit all the
characteristic properties of sound waves except for the human ear’s ability to perceive
them. Depending on the frequency, ultrasound is divided into three categories: power
ultrasound (20-100 kHz), high-frequency ultrasound (100 kHz-1 MHz) and diagnostic
ultrasound (1-500 MHz). Ultrasounds in the range of frequency from 20 to 100 kHz have
the ability to induce the phenomenon of cavitation, which involves the formation of gas
bubbles. During the bubbles implosion, physical effects (microstreaming, microstreamers,
microjets, and shock waves) and chemical reactions (sonolysis of water molecules and
reactive oxygen species formation) can occur [9,10]. There are a large number of current and
potential applications of ultrasound in food processing, the most common being cooking,
freezing, drying, pickling, degassing, filtration, defoaming, emulsification, oxidation, and
cutting [11]. The main advantage of using ultrasound-based technology is that it reduces
the duration of the process, and improves the efficiency and hygiene of the process [12]. The
use of ultrasound as an additional tool to inactivate microorganisms and enzymes in the
preservation process is particularly beneficial [9,13]. It has also been shown that ultrasound
has a synergistic effect on pectin hydrolyzing enzymes by modifying both the substrate
structure and the enzyme itself, leading to more efficient pectin degradation [14], which
is beneficial in juice production. Higher activities of pectin lyase and polygalacturonase
after ultrasound application were observed, whereas in the case of pectin methylesterase,
this ultrasound effect was not noticed. The degradation of pectin in the fruit mash before
pressing is, in many cases, an unavoidable step to increase the efficiency of the process.
On the other hand, pectin degradation products are released into the juice, increasing the
fiber content and stabilizing anthocyanins in juice, which is also a desirable process in
terms of the dietary value of the product [13]. Another potential direction of application
is the ultrasound-assisted extraction of antioxidants from herbs or by-products of food
production. Operating parameters of the devices used in the research work as ultrasonic
amplitude, sonication time, extraction temperature and solvent-to-solid ratio are selected
as crucial parameters for extraction optimization [15].

Despite numerous studies documenting great potential of ultrasound, there is no
strong trend to replace traditional methods in favor of the ultrasound application, and
compared to other emerging technologies, it is not the most frequently used [16]. It is
pointed out that the main reason for such a situation is a poor understanding of ultrasound-
based techniques and a commitment to tradition [12].

Keeping in mind the large scale of berry fruit production in Poland and the enormous
health-promoting potential of blackcurrant, raspberry and strawberry, research aimed at
increasing the transfer of bioactive compounds into juice seems meaningful. Ultrasound,
considered a sustainable and environmentally friendly technology, is an interesting tool to
achieve such a purpose. The research shows that, in selected cases, the use of technology
based on the ultrasound treatment of mash before pressing the juice can replace enzymatic
maceration, which shortens the process and can offer economic savings. Nowadays, it is
a trend to produce fruit juices without using an enzymatic pre-treatment to maintain the
highest possible level of fiber in the final product. However, depending on the kind of
fruit, it can be difficult or even impossible to squeeze juice and omit enzymatic maceration.
One of the possible solutions can be incorporating ultrasound into this process. The aim of
this study was to compare the pressing efficiency and the content of bioactive compounds
in juices produced with the ultrasound treatment of raw material from selected berries.
Although ultrasound used in food processing is considered as a non-thermal method,
the action of a high intensity sound waves causes an increase in temperature, which is
sometimes overlooked. With the aim of separating the effect of temperature and ultrasound,
an additional sample was included in the experiment where fruit pulp was heated to the
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same temperature that the ultrasound generated after 10 min of exposure (55 °C-as the
optimum temperature for the enzyme). The conducted experiment brings new data to the
possibility of using ultrasound as a substitute for enzymatic maceration or as a complement
to it in the case of raspberries, strawberries, and blackcurrant juice.

2. Materials and Methods
2.1. Plant Material

The fruit used in the study came from commercial cultivation and were purchased
during the 2020 harvest season from local producers in central Poland. The experiment
was conducted on 3 fruit species: strawberries (Fragaria x ananassa var. ‘Florence’), red
raspberries (Rubus idaeus var. ‘Polka’), and blackcurrants (Ribes nigrum var. ‘Tihope’).
Immediately after being transported, the fruits were washed, sorted, and the stalks or other
debris were removed and then cooled down to 2 °C. After that, the fruits were frozen and
stored at —25 °C until processing.

2.2. Mash Treatment and Juice Pressing

The scheme of this experiment is presented in Figure 1. For each treatment, 200 g of
fruit was crushed in a laboratory blender (Thermomix, Vorwerk, Wuppertal, Germany),
after which fruit pulp was transferred to a glass beaker (250 mL). The ‘Control” sample
was pressed immediately. To consider the effect of temperature on juice quality, a ‘Heated’
sample was included in experiment. The ‘Heated” sample was pressed after heating in the
laboratory bath to 55 °C (an optimal temperature for the enzyme activity). The ‘US" sample
was pressed after sonication. The samples were treated in an ultrasonic homogenizer at
a frequency of 20 KHz and 750 W power (Cole-Palmer Instrumental Company, VCX-750,
Vernon Hills, IL, USA) with a 13 mm diameter probe. The ultrasonic processor operated
with a constant amplitude of 80%. Ultrasonic processing was carried out for approximately
10 min and was terminated when the fruit pulp reached a temperature of 55 °C. During
ultrasound treatment, fruit pulp was stirred to equalize ultrasound action throughout the
beaker. This treatment was carried out by submerging the probe in a 250 mL glass beaker
(height 9.5 cm, diameter 7.0 cm) and 200 mL of fruit mash was placed inside the beaker.
The tip of the probe was submerged to half the depth of the beaker filling (3.0 cm). The
‘US + E’ sample was sonicated (ultrasound treatment procedure described above) and
after enzyme addition, incubated in 55 °C for 1 h in a laboratory bath. The ‘Heated + E’
sample was pressed after mash heating in a laboratory bath to 55 °C, enzyme addition, and
incubating in 55 °C for 1 h in a laboratory bath. When ‘US + E’ and ‘Heated + E” samples
are compared, the influence of ultrasound on enzymatic macerated fruit mash is considered.
Different enzymes were used regarding the different fruit species. For strawberries and
raspberries it was Pectinex® Ultra Passover (Novozymes, Glendale, CA, USA) and in the
case of blackcurrants Pectinex® Ultra Color (Novozymes). The enzymatic treatment of the
fruit was carried out with the chosen enzyme at a dose of 50 g/t. All samples were pressed
for 15 min using the Instron 4303 texture analyzer, equipped with a special cylindrical
container for juice pressing. The obtained juice was heated to 90 °C before chemical analysis
in order to cut enzymatic reactions and microbiological spoilage. The experiment was
conducted in three repetitions.

The pressing yield of the juice was calculated according to equation:

weight of juice [g]
weight of mash [g]

yield [%] = x 100 (1)
2.3. Chemical Analysis
2.3.1. Soluble Solids Content

The soluble solids content (°Bx) of juice samples was determined using the refrac-
tometric method and was carried out in three independent replicates (Mettler-Toledo,
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Material

Frozen
fruits,

sotred at
-25°C

refractometer type RE50, Schwerzenbach, Switzerland). The device is equipped with a
system to stabilize the temperature of the sample during measurement to 20 °C.

Heating in Enzyme :

Ultrasound water bath Maceration FRssing I::n:‘:I:f
[until 55 °C] [until 5°C]  [1h at 55 °C] [15 min]

no no no 'Control’

Crushing no yes no 'Heated'
yes yes no ho 'us'
yes no yes "WS+E'
no yes yes 'Heated + E' \

Figure 1. Scheme of the experiment.

2.3.2. HPLC Analysis of Polyphenols

A HPLC analysis of the phenolic compounds was performed according to the method
described by Nielsen et al. [17] with some modifications using an Agilent 1200 series
HPLC (Hewlett-Packard, Palo Alto, CA, USA) system equipped with a DAD detector.
Separation was performed using a Phenomenex®Fusion RP column (250 mm x 4.6 mm;
particle size 4 um). The elution conditions were as follows: 1 mL min~!, temperature
25 °C, wavelength: 280 nm (flavan-3-ols), 320 nm (phenolic acids), 360 nm (flavonol) and
520 nm (anthocyanins); mobile phase consisting of water: formic acid (95:5 (v/v)) (A),
and acetonitrile (B) in gradient flow. The calculations of polyphenols were quantified by
calibration with the standards of individual polyphenols. The polyphenol content was
expressed in mg /100 mL of juice.

2.3.3. HPLC Analysis of L-Ascorbic, Malic and Citric Acid

The L-ascorbic, malic, and citric acid contents were determined using high-performance
liquid chromatography (Agilent 1200 HPLC system, equipped with a DAD detector) using
Supelcosil LC-18 column (250 mm x 4.6 mm; 5 pm) with a precolumn according to IFU
procedures. A 1% phosphate-buffered solution KH,POy, pH 2.5 was used as the mobile
phase. The isocratic flow was 0.8 mL min~!, at a temperature of 30 °C. The detection of
L-ascorbic acid was performed by absorbance at 244 nm and 210 nm for malic and citric
acid. The samples were homogenized in 6% HPO3, and filtered through filter paper. The
acids were quantified using a calibration curve for L-ascorbic, malic, and citric acids. The
results were expressed as mg/100 mL of juice.

2.3.4. Antioxidant Activity

The antioxidant activity was determined according to Re et al. [18]. Free-radical
scavenging activity was determined using the ABTSe+ radical cation. The sample (500 uL)
was mixed with an ABTSe+ solution (5 mL). Next, the reaction was carried out for 6 min,
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and the mixture was kept at room temperature in a dark place. Absorbance was measured
at 734 nm using a spectrophotometer—the Cary 3E UV-Visible (Varian). At least four
measurements were made for each sample at different concentrations to reduce the initial
ABTSe+ solution absorbance from 20% to 80%. The linear regression method was applied
to calculate the content of the sample, leading to a 50% decrease in the ABTSe+ solution
absorbance, and recalculated to Trolox equivalents as mg per 100 mL of juice. The extract
was prepared as follows: 10 mL of juice was mixed with 20 mL of 70% methanol and was
then extracted for 10 min in an ultrasonic bath. The suspension was filtered through a
Whatman No. 3 filter paper.

2.4. Statistical Analysis

The statistical analysis was performed with the use of STATISTICA 13 (Dell Inc.,
Tulsa, OK, USA). The HSD Tukey’s test was selected for the comparison of the quality
parameters of juices. The analysis of treatments ran as a completely randomized design
and was conducted with one-way ANOVA. The means that comparison was performed at
a significance level of p < 0.05.

3. Results and Discussion
3.1. Pressing Yield

Juice pressing yield is a parameter which reflects how much juice was obtained in
relation to the amount of raw material taken for pressing. From the juice producers point of
view, this is the most important parameter because the amount of juice obtained translates
into the profitability of production. Each species included in the experiment behaved
differently in terms of the effect of ultrasound treatment. In the case of raspberry fruit,
the yield obtained in the ‘Control” and ‘Heated’ juice samples gained 79.5% and 83.4%,
respectively (Figure 2). Hence, the baseline pressing yield without any treatment was high,
and heating the mash before pressing increased the pressing yield by only 3.9% compared
to the ‘Control’. The use of enzymatic maceration of raspberry mash ("Heated + E’ sample)
resulted in a 8.6% increase in the pressing yield, while when the mash was treated with
ultrasound before maceration ("US + E’ sample), a 9.6% increase was obtained compared to
the ‘Control’. Such results are in agreement with work comparing juice pressing efficiency,
where the control juices from raspberry fruits (without maceration, heated to 50 °C) reached
75.0% yield. When enzymatic maceration was used, a yield of 84.9% was obtained [19].
When the juice was pressed immediately after ultrasound treatment “US’, the increase
in pressing yield was comparable to the effect of enzyme maceration ‘Heated + E’, and
increased by 5.8% compared to the ‘Control’. Better results was observed in mulberry
fruit as the juice yield after ultrasonic treatment increased by 27.0% compared to juice
without mash treatment [20]. In the case of strawberry fruit, the observed results were
quite different. In the case of the ‘Control’ and ‘Heated’ fruits, the pressing yields were
low, and reached only 39.2% and 53.5%, respectively. Heating the strawberry mash caused
a significant increase (by 14.3%) in the efficiency of the pressing process compared to the
‘Control’. The use of enzyme maceration of strawberry mash ‘Heated + E’ caused a 56.5%
increase in the yield. While the mash was treated with ultrasound before maceration
‘US + E’, a 53.5% increase was achieved when compared to the ‘Control’. When the juice
was pressed immediately after ultrasound treatment ‘US’, the increase in pressing yield
was comparable to the effect of using enzyme maceration ‘Heated + E” and amounted to
56.2% compared to the ‘Control’, and by 41.9% compared to the ‘Heated” mash sample.
In this case, ultrasonic treatment has equal efficacy in pectin degradation to that carried
out with the enzymatic maceration of commercial products designed to treat berry mash
before juice pressing. Sonication treatment replaced the effect of enzymatic maceration and
enabled the juice to be pressed with profitable yield.
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Figure 2. Juice yield (%) in different kinds of raspberry, strawberry, and blackcurrant mash treatment
before pressing. Means, for one species, marked with the same letter in the same color do not differ
significantly (p = 0.05) according to Tukey’s test (n = 3).

Blackcurrant mash proved to be a much more difficult material to press and it was
not possible to perform it after the ‘Control” and ‘Heated’ pretreatment. This is in line with
practice as enzyme preparations have been used in the juice processing industry since the
1930s [21]. During blackcurrant juice production, pectinolytic enzymes are indispensable
for degrading pectins, which are released during mashing from the cell walls. In the case of
blackberry fruit, similarly low yields were obtained by other authors when, before pressing,
the mash was not subjected to enzymatic maceration. In one of these cases, the ‘Control’
juices (without maceration) had a low pressing yield of 37.6%. When maceration was used,
juice yields varied, depending on the type of treatment before pressing, from 70.6% when
the pulp was macerated immediately after heating to 50 °C and 70.4% when the mash was
heated to 85 °C before maceration [19]. Even lower pressing yields were obtained in the
experiment conducted on an industrial scale, where not subjecting the mash to enzymatic
maceration allowed for obtaining only 31.0% of juice yield [22]. In our experimental design,
heating the blackcurrant mash was not enough to make juice pressing possible. Treating
the mash only with ultrasound also was not a sufficient processing method to allow for
obtaining any amount of juice. The use of an enzyme maceration ‘Heated + E’ resulted in a
pressing yield of 66.1%, while when the blackcurrant mash was treated with ultrasound
before maceration ‘US + E’, a pressing yield of 67.7% was reached. Hence, in the case
of blackcurrant, ultrasound treatment itself had no effect on the yield of juice. A similar
effect on juice yield was obtained by other authors testing the ultrasound treatment in
a laboratory bath over 5, 10, and 15 min. Regardless of the currant variety (black, red
or white), the effect of the ultrasound treatment was insignificant [23]. In line with this
statement, ultrasound treatment, enzymatic maceration, or heating showed no effect on
juice yield of the Berberis amurensis Rupr. fruit mash [24]. However, from a study on
similarly difficult to obtain banana juice, combining ultrasound with enzymatic maceration
enabled a 17.3% higher yield in comparison to enzymatic maceration itself [25]. The increase
in pressing efficiency after ultrasound mash treatment may be related to the reduction
in viscosity caused by pectin degradation. Model studies of pectin solution indicate that
ultrasonic treatment can reduce the viscosity of the solution to a level comparable to the
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result of enzymatic maceration. This phenomenon is explained by a reduction in the
number of agglomerates and changes in the particle structure, rather than a reduction
in particle size, so the authors postulated that this treatment did not replace enzymatic
maceration, but emphasized the synergistic effect of ultrasound and the activity of the
pectin hydrolyzing enzyme [14].

3.2. Soluble Solids

The content of soluble solids is presented in Table 1. There were no statistical differ-
ences in the content of soluble solids in raspberry and blackcurrant juices, regardless of
the kind of pretreatment. An increase in soluble solids was observed in strawberry juice
after using a combination of ultrasound with enzymatic maceration ‘US + E’. The 4.0%
increase, compared to the untreated ‘Control’, was presumably mainly due to the heating
of fruit mash. Ultrasound applied without enzyme maceration had no effect, while the
use of enzyme maceration (without ultrasound) increased soluble solid content by 3%, as
did heating to 55 °C without ultrasound. Similar observations were noted on blueberry,
blackcurrant, and raspberry fruit when the mash was heated to 50 °C and enzymatic
maceration at this temperature was compared. The soluble solid content increased slightly
for all three species [19]. Similar trends of total soluble solids content were observed, which
ranged from 11.44 °Brix (for Control) to 11.95 °Brix when mulberry fruit mash was treated
in an ultrasonic bath for 60 min [20]. In the case of banana mash treated with ultrasound,
a significant increase in soluble solid content was shown only when the treatment was
combined with enzymatic maceration [25].

Table 1. Soluble solids content [°Bx] in raspberry, strawberry, and blackcurrant juices obtained from
differently treated mash.

Species

Sample-Mash Treatment

‘Control’ ‘Heated’ “us’ ‘US+F ‘Heated + E’

Raspberry 12.05+ 026 a 12.04 £0.14a 1192 £0.37 a 11.89 £0.27 a 1221 +£024a
Strawberry 725+£0.16a 7.43 £+ 0.05 ab 727 £0.19a 754 +0.15b 7.47 £+ 0.08 ab
Blackcurrant no juice no juice no juice 16.40 £ 0.09 a 16.50 £ 0.17 a

Means =+ standard deviation; Means in the row marked with the same letter do not differ significantly (p = 0.05)
according to Tukey’s test (n = 3).

Although ultrasound has great potential to improve extraction [9] it is not always
applicable to the mash treatment process in juice production. In one example, in which
three varieties of blackcurrant were used for the experiment, despite the fact that a small
change was observed, the effect of ultrasound on the mash showed no trend [23]. Also, with
regard to the effect of ultrasonic treatment of the juice, the impact on this parameter is not
clear. In an experiment in which orange juice treated with different ultrasonic amplitude
levels was used, no changes were shown in soluble solid content compared to the untreated
‘Control’ [26]. Consistent with this, treating grape juice with ultrasound, despite the long
exposure time (90 min), did not change the content of the soluble solids [27]. On the other
hand, treating carrot juice with ultrasound for 60 min allowed for the observation of an
increase in the solubility of the sugar, and thus, an increase in soluble solid content [28].

3.3. Phenolic Compounds

The contents of the main classes of phenolic compounds for all samples tested are pre-
sented in Figures 3-5. In raspberry juice (Figure 3), the three classes of phenolic compounds
were detected: phenolic acids, flavonols, and anthocyanins; in strawberry juice (Figure 4)
four classes were marked: flavanols, phenolic acids, flavonols, and anthocyanins; in the
case of blackcurrant juice (Figure 5) phenolic acids, flavonols, and anthocyanins were deter-
mined. Amongst the group of flavonoids, the most abundant subgroup found in berries
fruit are anthocyanins, which dye their skin in intense colors. The results showed the posi-
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tive effects of ultrasound application on this subgroup for raspberry juice, while no such
relationship was observed for strawberry and blackcurrant juice. Table 2 shows the content
of these compounds measured using the HPLC method in raspberry juice. In raspberry
fruits treated with ultrasound before pressing ‘US’, and before enzyme maceration ‘US + E/,
the content of these compounds increased compared to the untreated ‘Control” by 40.3%
and 34.2%, respectively. Anthocyanins in raspberry juice demonstrated interesting behavior
upon ultrasound mash treatment. The content of cyanidin 3-sophoroside was more than ten
times higher, while the content of cyanidin 3-rutinoside and cyanidin 3-glucosyl-rutinoside
was almost ten times lower. Heating the mash without sonication did not affect the con-
tent of phenolic compounds, while enzymatic maceration slightly reduced their content
compared to the ‘Control’. In this case, an effect of ultrasound was observed here, with
no significant effect of temperature itself. Based on the results of this analysis, the content
of cyanidin-3-sophoroside and cyanidin-3-glucoside increased after ultrasound treatment
("US’ and ‘US + E’ samples) while cyanidin-3-glucosyl-rutinoside and cyanidin 3-rutinoside
were negatively affected by ultrasound treatment. The content of cyanidin-3-sophoroside,
compared to the "Control’ samples of raspberry juice, increased by 91.3% when ultrasound
was applied before maceration ‘US + E’, while it increased by 102.9% when juice was
pressed immediately after US treatment. In the case of cyanidin-3-glucoside, the content
increased by 35% in “US + E’ sample, while it increased by 40.9% for ‘US’ juice. The differ-
ent level of retention of individual anthocyanins is related to the fact that the stability of
compound is influenced by its chemical structure [29].
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Figure 3. Phenolic compounds groups in raspberry juice obtained using different mash treatment.
Means, for each phenolic group, marked with the same letter in the same color do not differ signifi-
cantly (p = 0.05) according to Tukey’s test (n = 3).

The phenomenon observed in our research indicates the influence of US on the struc-
ture of the anthocyanin molecule. We hypothesize that ultrasound waves cause the rham-
nose molecule to disconnect from cyanidin-3-rutinoside, transforming it into cyanidin-3-
glucoside. However, in the case of the anthocyanin cyanidin-3-glucosyl-rutinoside, which
contains two sugars: glucose and rutinose (x-L-rhamnosyl-glucoside), under the influ-
ence of US, rhamnose is also disjoined. In this way, anthocyanin containing two glucose
molecules, i.e., sophoroside disaccharide, is formed, which is observed as increasing the
content of sophoroside cyanidin.
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Figure 4. Phenolic compound groups in strawberry juice obtained after different mash treatment.
Means, for each phenolic group, marked with the same letter in the same color do not differ signifi-
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Figure 5. Phenolic compound groups in blackcurrant juice pressed after different mash treatment.
Means, for each phenolic group, marked with the same letter in the same color do not differ signifi-
cantly (p = 0.05) according to Tukey’s test (n = 3).
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Table 2. Contents of phenolic compounds (mg/100 mL) in raspberry juices obtained in different
mash treatment.

Sample Control Heated us US+E Heated + E

Chlorogenic acid derivative A 0.724+0.03a 0.73+0.05a 0.72 £0.07 ab 0.68 £0.04a 0.82 +0.09b

PHENOLIC ACIDS Chlorogenic acid derivative B 0.80 £0.23a 091+0.07a 0.64 £0.29a 0.68 £0.14a 093 £0.11a
Ellagic acid 11.05+0.89a 9.98 £ 0.96 a 1432 £ 0.81b 1392+ 1.13b 12.72 £ 1.30 ab

Quercetin derivative 032 +£0.07a 0.39 £0.03a 0.32+0.08a 0.33£0.05a 041 +0.02a

Quercetin-rutinoside 047 £0.09a 0.54 £ 0.06 ab 0.61 +£0.07b 0.88 +£0.07 ¢ 0.66 +0.02b

FLAVONOLS Quercetin-galactoside 0.39+0.30a 0.64 £0.05a 0.23+0.36a 0.39 £ 048a 0.68 £ 0.12a
Quercetin-glucoside 226+025a 2154 0.07 a 2.53+0.33a 2.6+029a 214+011a

Cyanidin 3-sophoroside 51.06 £4.97 a 50.58 £ 4.66 a 103.58 + 1.34b 97.66 +1.24b 4324 £76a

Cyanidin 3-glucosyl-rutinoside 12.79 £ 0.94b 12.61 +1.14b 0.57+021a 0.66 +0.18 a 13.01 £143b

ANTHOCYANINS Cyanidin-3-glucoside 11.92+0.31a 12.52 + 0.68 a 16.80 + 0.65 b 16.09 +£0.29 b 11.73 +£0.78 a
Cyanidin 3-rutinoside 841 +080b 8.45+090b 026 £0.40a 057 +0.14a 882+ 1.56b!

! Means =+ standard deviation; Means in the row marked with the same letter do not differ significantly (p = 0.05)
according to Tukey’s test (n = 3).

Moreover, the stability of anthocyanins in juice depends on many factors: temperature,
the pH of the medium, access to light, the presence of oxygen, ascorbic acid, sugars, metal
ions and enzyme activity [30]. Differences in anthocyanin stability were found depending
on the medium or storage and processing conditions. For example, heating pomegranate
juice at 90 °C for 5 h resulted in 76-87% loss of total anthocyanin [31], while when blueberry
juice was heated to 100 °C, 32% anthocyanin degradation was observed after 20 min [32].

A significant impact of ultrasonic waves was also observed in the case of the content
of ellagic acid in the tested raspberry juices (Table 2). Juices obtained from fruits treated
with ultrasound ("US + E” and ‘US’) had 26-30% more ellagic acid than the ‘Control” sample.
The opposite effect was observed under heating alone (‘Heated” sample), where the ellagic
acid content was lower than in the control sample, about 10%.

Due to the higher content of pelargonidin-3-glucoside, cyanidin-3-glucoside, cyanidin
3-malonylglucoside, and pelargonidin 3-(6”"-malonylglucoside) in strawberry juices pressed
immediately after US treatment ‘US’ (Table 3), the total content of anthocyanins was higher
compared to the ‘Control’ (Figure 4). The juice sample pressed immediately after ultrasound
treatment (‘US’) showed a 19.7% increase in cyanidin-3-glucoside content and a 14.9%
increase in pelargonidin-3-(6"-malonylglucoside) content when compared to the ‘Control’.
However, the content of these compounds in the ‘US’ sample was not significantly different
from juice pressed after heating the ‘Heated” sample, so it can be concluded that it was the
temperature that mattered in the extraction of these compounds. Pelargonidin-3-glucoside,
as the most abundantly present anthocyanins in strawberry juice, turned out to be stable
regardless of ultrasound treatment or enzymatic maceration. The opposite behavior was
seen in that of cyanidin-3-glucoside, which increased in all samples compared to the
‘Control’. Pelargonidin-3-(6"-malonylglucoside) retention was different, increasing only
in samples without maceration while ultrasound treatment had no effect on its content
compared to the ‘Control’.

Studying these results, it is possible to track down a slightly positive effect of the
application of ultrasound on quercetin derivatives (A, B, C), but it is not enough to be
significant for the total content of flavonols. What is more, the concentration of these
compounds in the juice was very low (3-5 mg/100 mL). A much greater effect was observed
in the study where the anthocyanin content of blackberry juice was investigated. In the
samples produced with enzymatic maceration, up to 64.0% more of these compounds were
recorded than in juice obtained without maceration [22].
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Table 3. Contents of phenolic compounds (mg/100 mL) in strawberry juices pressed after different
mash treatment.

Sample Control Heated us US+E Heated + E

FLAVANOLS Procyanidin dimer B1 137 £0.05a 1.64 £0.08 b 1.66 £0.27b 1.80 £ 0.04 be 1.90 £ 0.05¢
Catechin 5.19 + 0.43 abc 5.11 £0.17 ab 5.02+0.17a 5.52 +0.06 ¢ 5.49 + 0.09 be
PHENOLIC ACIDS Chlorogenic acid derivatives 1526 =128 a 1474 £ 0.71a 1594 +140a 14.43 £ 0.69 a 14.64 £ 0.36 a
Quercetin derivative A 0.17£0.02a 0.26 £0.04b 0.27 £0.07b 0.30 £0.01b 0.28 £0.01b

Quercetin-3-rutinoside 1.61£0.18a 2.05+021b 1.60 £0.01a 1.90 + 0.24 ab 2.01+0.20b

Quercetin-3-glucoside 0.11+0.01a 025+0.32a 0.11+0.01a 012+0.01a 0.11+0.01a
FLAVONOLS Quercetin derivative B 0.27 +0.03a 0.36 & 0.02 be 0.35+0.05b 0.40 + 0.00 ¢ 0.37 £ 0.02 be
Quercetin derivative C 0.11 £0.01a 0.13£0.01b 0.13 £0.00 b 0.11 £ 0.00 a 0.11 £ 0.00 a

Kaempferol-3-rutinoside 0.85 £0.05a 0.95+0.05b 0.90 + 0.03 ab 0.95+0.06 b 0.96 £0.05b
Quercetin derivative D 0.24 +0.02 a 0.27 +0.01 b 0.27 +0.01 b 0.26 +0.01 ab 0.26 + 0.01 ab
Cyanidin-3-glucoside 203+021a 2.29 £ 0.06 ab 243 £0.28b 2.35 £ 0.23 ab 2.31 +£0.14 ab
Pelargonidin-3-glucoside 32.82 +2.03 ab 3434+ 095b 35.04 +£0.95b 31.62 £ 048 a 3193 +1.66a

ANTHOCYANINS Pelargonidin-3-rutinoside 0.06 +0.05a 0.08 +0.06 a 0.08 +0.01a 0.06 +0.04 a 0.08 +0.01a
Cyanidin-3-malonylglucoside 0.25+0.03a 0.30 £ 0.01 be 0.31+0.01¢ 0.28 +0.02 ab 0.28 £ 0.02 ab
Pelargonidin-3-(6"-malonylglucoside) 451+ 0.64 ab 5.04 £+ 0.33 bc 518 £0.03¢ 437 £0.06 a 442+029a’

! Means =+ standard deviation; Means in the row marked with the same letter do not differ significantly (p = 0.05)
according to Tukey’s test (n = 3).

The contents of phenolic compounds in blackcurrant juices measured using the HPLC
method are shown in Table 4. In the case of this fruit species, only methods of treatment
containing enzymatic maceration allowed us to obtain juice samples, so the results concern
only two experimental combinations: ‘US + E” and "Heated + E’. Particular anthocyanins,
regardless of the treatment method used, were not statistically different, except for delphini-
din 3-glucoside. Its content was lower in juice obtained after ultrasound treatment ‘US + E’
than in heated one ‘Heated + E’. However, the total content of anthocyanins and flavonols
did not differ (Figure 5). Overlooking the insignificant changes in most of the detected
phenolic compounds, it can be noted that by replacing the heating of blackcurrant fruit
mash with ultrasound treatment, 8.3% more quercetin-3-glucoside can be extracted into
juice. Also, a 6.5% increase in the content of phenolic acids (chlorogenic acid derivatives)
was observed in the ‘US + E’ juice compared to ‘Heated + E’ treatment.

Differences in the content of individual compounds after ultrasound treatment are
also reported by other authors. For example, in a study where sonication was carried out in
a laboratory bath, the total phenolic content increased by 8.0% after 5 min and 16.0% after
10 min of blackcurrant mash exposure. However, in the same study, anthocyanins content
showed no change after ultrasound treatment [23]. The opposite results were obtained
in the case of Berberis amurensis juice, where the total anthocyanin content increased by
67.3% when the mash was treated with ultrasound, compared to the juice obtained from
the untreated sample. Specifically, an increase in anthocyanin content was associated with
the content of peonidin-3-glucoside. However, the total content of phenolic compounds
from the untreated mash was equal to that of the juice from the ultrasonically treated mash,
while heating or enzymatic maceration of mash led to a 25% increase [24].

Very interesting results were obtained by using ultrasound in aqueous extraction
from the solid parts of the fruit. Authors have provided evidence that, in the extraction of
polyphenols from blackcurrant seeds and pomace, there is no need to use organic solvents
when ultrasound was applied [21]. In an aqueous extraction solution, the propagation of
ultrasound is much easier, and, therefore, the uniformity of the effect improves significantly.
This phenomenon may be the reason for the lack of effectiveness in the treatment on dense
substances such as blackcurrant fruit mash. It has also been noted that the content of some
polyphenols can increase even when the juice is treated after squeezing, when the extraction
efficiency of these compounds from the raw material is unrelated. This phenomenon is
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explained by the release of cell wall-bound compounds that degrade during ultrasound-
induced cavitation or the attachment of hydroxyl groups to phenolic rings [27].

Table 4. Contents of phenolic compounds (mg/100 mL) in blackcurrant juices obtained after different
mash treatment.

Sample US+E Heated + E
Chlorogenic acid derivatives A 1.92 £ 0.06 b 1.79 £0.07 a
PHENOLIC ACIDS — —
Chlorogenic acid derivatives B 518 £ 0.16 b 490 4+ 0.07 a
unidentified flavonol B 10.09 £ 046 a 10.30 £ 0.48 a
Quercetin-3-rutinoside 3.10 £ 0.08 a 3.03+0.24a
FLAVONOLS Quercetin-3-galactoside 043 £0.05a 0.41£0.05a
Quercetin-3-glucoside 6.94 +0.26b 6.41 +£021a
Quercetin 0.13+0.01a 0.13 £0.02a
Delphinidin-3-glucoside 28.08 £1.28 a 2945+ 0.71b
Delphinidin-3-rutinoside 97.56 + 4.56 a 101.19 £ 2.36 a
Cyanidin-3-glucoside 8.53+0.32a 9.02+049a
ANTHOCYANINS
Cyanidin-3-rutinoside 52.75+220a 5493 +£1.83a
Peonidin-3-glucoside 219 +0.11a 229 +£0.04a
Peonidin-3-rutinoside 0.75 £ 0.04 a 0.77 £0.01al

1 Means + standard deviation. Means in the row marked with the same letter do not differ significantly. (p = 0.05)
according to Tukey’s test (n = 3).

3.4. Ascorbic, Malic, and Citric Acid

Table 5 shows the content of ascorbic, malic, and citric acids in the tested juices of
the three berry species. Malic and citric acids are the main organic acids found in berry
fruits [33]. Blackcurrant juices had the highest ascorbic acid content among the juices
tested with an average value of 129 mg/100 mL. This is only slightly more than the
content indicated by other authors studying ascorbic acid content in currant juices [23].
The ultrasound action during mash pretreatment did not affect the ascorbic acid content
in the blackcurrant juice as it is shown in Table 5. A similar situation was observed in
strawberry juice. The average content of ascorbic acid was 29.8 mg/100 mL, and individual
treatments did not manifest any effect on ascorbic acid concentration. Raspberry juice
contained the lowest amount of ascorbic acid among the samples tested, with an average
value of 22.0 mg of ascorbic acid per 100 mL. At the same time, the type of mash treatment
had the greatest impact on its content among tested fruit species. In the ‘Control” juice
sample, the ascorbic acid content was higher than in the other samples except from the
‘Heated” juice where it was not statistically different. Ultrasound treatment ‘US’, as well as
combined with maceration ‘US + E’ resulted in a slight reduction in ascorbic acid content.
Maceration, in turn, (‘Heated +E’) resulted in the highest vitamin C decrease (17.2%)
compared to the ‘Control’. Ultrasound treatment ‘US’, as well as enzymatic maceration
‘Heated + E’, has a similar negative impact on ascorbic acid, decreasing its content by 14.2
and 14.9%, respectively.

A similar result was obtained by the authors comparing juice made with or without
enzymatic maceration. In this case, maceration resulted in a 12.0% reduction in ascorbic
acid content [22]. Several studies, however, indicated the positive effect of the ultrasound
treatment on ascorbic acid content in juice. It is likely that this observation is due to the
reduction in oxygen which can oxidize ascorbic acid. For example, vitamin C content
of grapefruit juice significantly increased in a sonicated juice sample, compared to the
untreated ‘Control’. A 90 min ultrasound treatment of the juice resulted in an almost 30%
increase in ascorbic acid content [27]. In this case, the only reason explaining this result
may have been the inhibition of degradation. In another study, where white currant mash
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was treated by ultrasound for 5 min, an increase in the content of vitamin C by 58% was
recorded [23]. An even stronger effect was observed in mulberry juice, where the ascorbic
acid content after 60 min of ultrasonic treatment increased by 73%, compared to juice
obtained without mash treatment [20]. However, the effect of ultrasound mash treatment
on the ascorbic acid content in fruit juices is not yet clear, and the results are inconsistent.
For example, a study conducted on strawberry mash found a 20% decrease in ascorbic acid
content in the juice after mash treatment with ultrasound in 50 °C [34]. An interesting look
at the ascorbic acid content of the juices tested is their ability to meet the recommended
daily intake (RDI). Because each juice has a different content of this vitamin, it should be
considered separately. The RDI for ascorbic acid for people living around the world varies
significantly depending on state regulations and ranges from 40 to 200 mg/day [35]. In the
European Union, the RDI for ascorbic acid is different for each gender: 95 for women and
110 mg/day for man [36]. Considering the average RDI for both genders (102.5 mg/day),
about 470 mL of raspberry juice, 345 mL of strawberry juice, and only 80 mL of blackcurrant
juice must be consumed daily to meet the RDI for ascorbic acid.

Table 5. Contents of organic acids (mg/100 mL) in juices after different mash treatment.

Sample Ascorbic Acid Malic Acid Citric Acid Total
Control 2457 £041c 88.90 £5.00b 2050 = 58.00 a 2164 £ 56.00 a
Heated 23.05 £ 1.07 bc 88.60 £ 7.80 b 2064 4+ 59.00 a 2176 4 63.00 a
Raspberry us 21.07 £1.47 ab 91.78 £6.30b 1843 + 201.00 a 1956 + 196.00 a
US+E 20.90 £ 0.86 ab 8440 £9.80a 1965 £ 95.00 a 2071 & 86.00 a
Heated + E 20.34 £0.71a 8210 £6.90a 2054 4 38.00 a 2160 4 41.00 a
Control 33.12+£219a 112.10 4 27.70 ab 785.0 +71.00 a 931.0 £98.00 a
Heated 29.86 =4.18 a 100.10 & 16.20 ab 811.0 £39.00 a 941.0 £ 55.00 ab
Strawberry us 28.00 £3.34a 90.30 £8.00 a 797.04+12.00 a 9150 £8.00 a
US+E 29.58 £3.07 a 121.00 £+ 12.50 b 888.0 £13.00 b 1038 = 25.00 b
Heated + E 2847 £1.97 a 118.70 4= 19.50 ab 884.0 £33.00 b 1031 £ 56.00 b
Control no juice no juice no juice no juice
Heated no juice no juice no juice no juice
Blackcurrant us no juice no juice no juice no juice
US+E 129.00 - 4.40 a 370.30 £ 30.40 a 4682 +97.00 a 5181 +110.0 a
Heated + E 129.80 £ 1.90 a 401.80 £ 36.40 a 4718 +90.00 a 5250 £ 115.0a !

! Means + standard deviation. Means in the row marked with the same letter do not differ significantly (p = 0.05)
according to Tukey’s test (n = 3).

Blackcurrant juices appeared to contain the highest amount of malic and citric acid
of average values of 386 and 4700 mg/100 mL, respectively, compared to strawberry and
raspberry juice (Table 5). No effect of ultrasound treatment of mash before maceration on
the content of the abovementioned acids was observed. Equally, in the case of strawberry
juice, no effect of ultrasound application on the content of any of these acids was observed.
Enzyme maceration has a positive impact on citric acid content in strawberry juice, an 11.5%
increase was recorded for the ‘US + E’ sample and 10.7% for ‘Heated + E’. The opposite
behavior was observed for malic acid in raspberry. In comparison to the ‘Control’, juices
that were obtained using maceration of the pulp before pressing ‘US + E” and ‘Heated + E’
had 5.2 and 7.7% lower contents of malic acid, respectively.

3.5. Antioxidant Activity

The antioxidant activity of the juices measured by the ABTS test is shown in Figure 6.
Its value ranged from 286.9 for raspberry juice to 966.5 [mg Trolox /100 mL] for blackcurrant
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juice due to its high anthocyanins and ascorbic acid content. Raspberry juice, with the
lowest antioxidant activity among the juices tested, simultaneously showed the strongest
tendency for the positive effects of ultrasonic treatment. The use of enzymatic maceration
resulted in a 14.5% increase in antioxidant activity, while when the raspberry mash was
treated with ultrasound before maceration ‘US + E’, a 36.6% increase in antioxidant activity
was obtained compared to the ‘Control’. Juice produced immediately after ultrasonic
treatment (‘US’) has a higher antioxidant activity than the ‘Control’ by 28.0%. Evidently,
it can be observed that positive effect of ultrasound treatment exceeded the effect of
enzymatic maceration alone. Additionally, the correlation analysis of antioxidant activity
and phenolic compounds content in raspberry juice showed a statistically significant
correlation (r = 0.71). In the case of juice obtained from strawberries, the effect of ultrasound
is also observed, when the treatment was performed without maceration a 16.0% increase
in antioxidant activity was reached compared to ‘Control’. The combined treatment of
sonication and maceration ‘US + E’ contributed to a 28.8% increase in its antioxidant activity.
However, it can be noted that the juice obtained after maceration without sonication
(‘Heated’) had similar antioxidant activity. Regardless of the method of pretreatment,
blackcurrant juice had significantly higher antioxidant activity than the rest of the juices.
However, a statistically significant increase in this parameter was observed under the effect
of ultrasound treatment (‘US + E’) by 6.2% if compared to juice pressed after maceration
(‘Heated + E).

1100 T T . . .
1050 | B Raspberry b |
1000 2 Strawberry & a A
950 | B Blackcurrant B
900 i
850 _
800 _
750 i
700 _
650 _
600 i
550 _
500 _
450 be b

400 @ c % c [B o 1

[mg Trolox / 100 mL]
[z}
[y

= RN

250 1

200 ¢ 1

150 1

100 1
50 1
0 L L

Control Heated us US+E Heated + E

Figure 6. Antioxidant activity of juice obtained after different mash treatment. Means, for each
species, marked with the same letter in the same color do not differ significantly (p = 0.05) according
to Tukey’s test (n = 3).

Similar results were obtained in the study where three currant cultivars were tested:
after 10 min of ultrasound mash treatment in a laboratory bath, at least a 10% increase in
antioxidant capacity was reported [23]. The positive effect of ultrasonic treatment on juice
processing was also previously reported. For example, there was an increase in DPPH free
radical scavenging activity and total antioxidant capacity in grape juice samples sonicated
for 90 min by 11.6% and 30.5%, respectively [27]. Studies conducted on strawberries also
show that the use of heat or ultrasonic treatment of the mash can result in an increase in
the antioxidant activity of strawberry juice compared to juice from untreated mash [34].
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Such results are very similar to those highlighted in this study concerning blackcurrant
fruit, but it is also worth noting that the effect on raspberry mash was much stronger.
However, negative or no effect of ultrasound treatment on antioxidant capacity is reported.
The juice obtained from Berberis amurensis Rupr. fruit mash after ultrasound treatment
has the same antioxidant activity as the untreated ‘Control’ sample, while the antioxidant
activity of juices made from the mash subjected to enzymatic maceration or heating was
55% higher [24].

4. Conclusions

Berries, in particular blackcurrants, but also raspberries and strawberries are a good
source of polyphenolic compounds and ascorbic acid. It is also a good material used in the
production of juices, but it is usually blended with other ingredients to make fruit drinks or
other food products of a better taste profile. In addition to the quality of the raw material
used, an important issue remains the degree of retention of these compounds in juices, on
which the use of ultrasound can favor.

As itis shown in the following work, depending on the species, the effect of ultrasound
treatment is different. A vivid example is the yield of juice pressing, where in the case of
blackcurrant fruit, the use of ultrasound without enzymatic maceration was not enough
to make it possible to produce juice. While for strawberry and raspberry fruit, the effect
was comparable to the use of enzyme maceration. Further research on optimization may
lead to the development of a method to completely replace the enzyme maceration with
a method involving several minutes of ultrasound treatment. Such a solution can result
not only in saving time but also in saving the energy required to heat the mash. What
is more, such a solution also eliminates the need for dosing enzyme preparations and
demanding logistics connected to it. It is noteworthy that none of the samples tested
showed a negative effect of ultrasound on the total content of phenolic compounds. In
raspberry juices pressed after ultrasound treatments, a significant increase in anthocyanins
was observed in comparison to others juice samples. Higher extraction efficiency and
shorter time of juice processing is also a way to increase antioxidant activity, which has
been observed in cases of raspberry and blackcurrant. Antioxidant activities of these juices
pressed after ultrasound treatment were higher compared to juices obtained without such
treatment. In the case of strawberry juice, the temperature and time of processing were
more important factors affecting phenolic compound content and antioxidant. The results
of the experiment showed that, in order to better compare juice quality, separating the effect
of temperature from the effect of mechanical and chemical action of ultrasound treatment is
required. However, studies have shown that the impact of ultrasound may affect the share
of individual anthocyanins, as was observed in the case of raspberry fruits. Ultrasonic
interference in the anthocyanin structure may be important during the storage of raspberry
juices, but this would require further research.

The use of ultrasound to treat fruit mash before pressing is a relatively new concept,
and the number of publications on the subject is still insufficient, especially regarding the
number of technological solutions employed in scientific research.
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WPLYW RODZAJU HOMOGENIZACJI NA WEASCIWOSCI
REOLOGICZNE | ZAWARTOSC ZWIAZKOW BIOAKTYWNYCH
W METNYM SOKU Z TRUSKAWEK

Streszczenie

Woprowadzenie. Zmetnienie jest istotnym parametrem jako$ciowym sokow owocowych. Sedymenta-
cja czastek migzszu zawieszonych w soku moze powodowaé negatywna ocena jako$ci produktu przez
konsumentow. W zwiazku z tym stabilizacja zmetnienia stanowi wyzwanie dla producentow sokow.
W pracy tej wykorzystano dwa rodzaje homogenizacji w celu eliminacji zjawiska rozwarstwiania si¢ soku.
Do badan wykorzystano metny sok z owocoéw truskawek odmiany ,,Grandarosa”. Homogenizacje wyso-
koci$nieniowg przeprowadzono przy pomocy homogenizatora Atomo 3.0 przy wartos$ciach ci$nien 200
i 600 bar6w. Homogenizacj¢ ultradzwigkowa przeprowadzono sonikatorem Sonics VCX 750 stosujac moc
750W, przez 2 i 8 minut. W probach soku analizowano rozktad wielko$ci czastek metoda dyfrakcji lase-
rowej, lepkosé, stabilno$¢ zmetnienia, zawarto$¢ antocyjandw ogoétem, zwigzkoéw fenolowych oraz zawar-
tos¢ kwasu askorbinowego.

Wyniki i wnioski. W przypadku homogenizacji ultradzwickowej okoto 70 % obecnych w soku cza-
stek miato $rednicg ponizej 25 um, podczas gdy w soku niechomogenizowanym frakcja czastek o $rednicy
ponizej 25 pm stanowita 25 %. Homogenizacja wysokoci$nieniowa, niezaleznie od stosowanego ci$nie-
nia, miala wyzsza skuteczno$¢ rozbijania czastek zmetnienia od homogenizacji ultradzwigkowej (okoto
90 % czastek miato wielko$¢ ponizej 25 um). Hlomogenizacja przy cisnieniu 200 baréw spowodowata
wzrost lepkosci soku o 135 % (do 6,5 mPas) w porownaniu z sokiem nichomogenizowanym. Najwyz-
szym poziomem zmg¢tnienia charakteryzowatl si¢ sok homogenizowany ultradzwigkowo przez 8 minut,
ktérego zmetnienie wynosito 20 NTU. Srednia zawarto§é¢ antocyjanéw ogodtem (6,0 mg/100 ml) oraz
kwasu askorbinowego (16,8 mg/100 cm?) w soku truskawkowym nie ulegta istotnej statystycznie zmianie
niezaleznie od rodzaju homogenizacji. Homogenizacja wysokoci$nieniowa i ultradzwigkowa charaktery-
zuja si¢ wysoka skutecznoscig zmniejszania wielko$ci czastek migzszu w soku z truskawek, przy czym
zadna z nich nie powoduje istotnej degradacji antocyjandw i kwasu askorbinowego.

Slowa kluczowe: homogenizacja wysokocisnieniowa, homogenizacja ultradzwigkowa, rozmiar czastek,
zmegtnienie, soki owocowe
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Wprowadzenie

Pozytywny wptyw spozycia owocow i ich przetworow na zdrowie, a w szczegol-
nosci owocow jagodowych jest przedmiotem wielu badan naukowych. Wykazano
zwiazek ich spozywania ze zdrowiem cztowieka m.in. poprzez zapobieganie wystepo-
wania choréb przewlektych [20]. Do przetworéw owocowych nalezag m.in. soki. Do-
stepne produkty z tej kategorii to glownie soki klarowne oraz soki metne. Produkcja
soku klarownego uwzglednia proces klarowania, ktory wykonuje sie po enzymatycznej
hydrolizie pektyn. Polega on na usunieciu nierozpuszczalnych substancji statych, kto-
rych czastki tworza zawiesine. Jak wykazano, zmetnienie to przede wszystkim czastki
$cian komoérkowych, blaszki $rodkowej i bton komérkowych pochodzgce z rozdrob-
nionych tkanek surowca, a wigc sg to glownie polisacharydy oraz niewielkie ilosci
biatek, lipidow oraz zwiazkow polifenolowych [29, 33]. Natomiast sok metny to pro-
dukt poddany procesowi pasteryzacji bezposrednio po wytloczeniu poprzedzonej jedy-
nie filtracja usuwajacg wicksze fragmenty miazszu. Do spozycia szczegdlnie polecane
sg soki metne, jednakze badania nad wptywem spozycia sokow jabtkowych metnych
i klarownych wskazuja, Ze oba maja pozytywny wplyw na markery zwigzane z choro-
bami uktadu kragzenia, rakiem oraz chorobami neurodegeneracyjnymi [33]. Jednakze
wykazano rowniez, ze klarowny sok jabtkowy ma nizszg warto$¢ prozdrowotng po-
niewaz zawiera mniejszg ilo§¢ blonnika, zwigzkow polifenolowych i innych sktadni-
kow odzywczych niz klarowny sok jabtkowy [29]. Chociaz wspotczesna dietetyka
podkresla, ze jedzenie catych owocow ma wyzsze wartosci prozdrowotne niz przyj-
mowanie sokow [2], to sok jest formg pokarmu tatwiejszg do spozycia. Dzieki temu
mozna zwigkszy¢ czgstotliwos¢ spozywania owocoOw i1 poprawi¢ ogolng ich ilos¢
w diecie. Przyktadem jest sok z owocow granatu, ktoéry wykazuje silne dzialanie prze-
ciwmiazdzycowe, przeciwnadci§nieniowe, przeciwutleniajace oraz przeciwzapalne
[31], jednak spozycie owocOw w postaci nieprzetworzonej wymaga obrania ich z nie-
jadalnych czgéci. W badaniach dotyczacych wptywu spozycia sokow jagodowych na
stan zdrowia ludzi rowniez potwierdzono ich pozytywny wptyw [10]. Wykazano, ze
codzienne spozycie soku winogronowego przez okres 2 miesigcy moze by¢ skutecz-
nym sposobem na dostarczanie przeciwutleniaczy, zmniejszajacych uszkodzenia DNA
limfocytow w krwi [22]. Wysoki potencjal przeciwutleniajagcy winogrona o ciemnym
zabarwieniu skorki zawdzieczaja m.in. zwigzkom fenolowym, a w szczegdlnosci: an-
tocyjanom i flawanolom [18]. W innym przypadku wykazano, ze dzigki wysokiej za-
warto$ci kwasu askorbinowego w soku z zurawiny jego spozycie zwicksza aktywnos¢
przeciwutleniajaca osocza krwi [24].

Truskawki sg jednymi z najpopularniejszych owocoéw jagodowych na $wiecie.
Dostepnos¢ tych owocow przez caly rok, zaréwno jako produktu $wiezego ,jak i mro-
zonego, sprawia, ze stanowig istotne zroédto witamin, mineratow i zwigzkoéw polifeno-
lowych w diecie. Badania epidemiologiczne i kliniczne udowodnity pozytywne efekty
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zdrowotne spozycia truskawek, wskazujac szczegolnie na wlasciwosci przeciwutlenia-
jace, przeciwzapalne i przeciwnadci$nieniowe [15]. Rowniez sok z tych owocow jest
godnym zainteresowania zrodtem zwigzkoéw prozdrowotnych. Wykazano na przyktad,
ze bogaty w antocyjany sok z truskawek jest skuteczny w hamowaniu mutagenezy
[28], czyli procesu polegajacego na powstawaniu mutacji DNA. Obok waznego aspek-
tu jakim jest atrakcyjno$¢ wizualna produktu, nalezy zauwazyé, ze metny sok z tru-
skawek charakteryzuje si¢ wyzszg zawartoscig zwigzkow fenolowych [9]. Wykazano
rowniez, ze obecno$¢ zmetnienia moze mie¢ pozytywny wplyw na stabilno$¢ antocy-
janéw zawartych w soku truskawkowym [21], w zwigzku z czym stabilizacja zmetnie-
nia ma rowniez istotny wplyw na jakos$¢ przechowalniczg soku.

Homogenizacja w przemysle sokowniczym przeprowadzana jest w celu zmniej-
szenia $redniej wielko$¢ czastek, co prowadzi do zwiekszenia stabilno$ci nierozpusz-
czalnych sktadnikéw soku. Wykorzystujac rézne metody homogenizacji, z powodze-
niem mozna uzyska¢ sok metny nieulegajacy sedymentacji. Technologia
homogenizacji wysokoci$nieniowej polega na pompowaniu ptynu (np. soku owocowe-
go) przez waska szczeling (zawdr homogenizacyjny) pod wysokim ci$nieniem. Nagle
obnizenie ci$nienia po przekroczeniu szczeliny powoduje wzrost predkosci plynu
i w konsekwencji dochodzi do zjawiska kawitacji, a czgstki narazone sg na wysokie
naprezenia mechaniczne, w wyniku ktorych dochodzi do ich destrukcji. Zdolno$¢ tej
metody homogenizacji do inaktywacji mikroorganizmoéw, poprawy wilasciwosci reolo-
gicznych oraz do ograniczenia degradacji zwigzkoéw wrazliwych na temperature
W zywnosci jest dobrze poznana i opisana w literaturze [17].

Metoda ta znajduje szerokie zastosowanie w przemysle, szczegolnie w sektorze
napojow i sokdw oraz stosowana w celu homogenizacji i poprawienia wlasciwosci
reologicznych. Konieczno$¢ stosowania uktadow aseptycznych jest gtéwnym czynni-
kiem ograniczajacym implementacje jako alternatywnej metody utrwalania produktow
spozywczych [23]. W przypadku ultradzwickéw istnieje wiele potencjalnych zastoso-
wan, m.in.: usprawnianie zamrazania i filtracji, przy$pieszanie suszenie, wytrawiania,
odgazowywanie, emulgowanie [5, 30]. Gléwng zaletg stosowania technologii opartej
na ultradzwigkach jest skrocenie czasu trwania procesu oraz poprawa wydajnosci
i higieny procesu [12]. Metoda ta znajduje rowniez zastosowanie jako narzedzie do
inaktywacji mikroorganizméw i enzymow [5, 7].

Jednakze stabilno$¢ zmgtnienia soku jest zjawiskiem ztozonym, w ktorym uczest-
niczy wiele mechanizméw i reakcji pomiedzy pektynami, biatkami oraz zwigzkami
polifenolowymi [4]. Stosowanie homogenizacji nie zawsze przynosi spodziewane re-
zultaty, a aktualna wiedza nie pozwala wyjasni¢ wszystkich przyczyn niestabilnosci
sokoéw. W zwiazku z tym poszukuje si¢ rozwigzan technologicznych poprawiajacych
stabilno$¢ sokow.
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Celem niniejszej pracy byto zbadanie wptywu rodzaju homogenizacji na rozktad
wielkosci czastek miazszu, zmetnienie i zawarto$¢ zwigzkoéw bioaktywnych w sokach
z truskawek. W pracy poréwnano wybrane parametry jakosciowe sokéw homogenizo-
wanych ultradzwigkowo badZz wysokoci$nieniowo oraz soku nichomogenizowanego.

Przeprowadzone badania pozwalaja poszerzy¢ wiedze w zakresie mozliwos$ci
produkcji sokow metnych z owocow truskawki. Z tej poglebionej wiedzy skorzystaé
moga zaklady przetworstwa owocow, poniewaz problemy ze stabilno$cia zmetnienia
sokow sa nadal kwestia nierozwigzana. Homogenizacja ultradzwigkowa jako zabieg
poprawiajacy stabilno§¢ zmetnienia sokow jest alternatywa dla innych jej rodzajow
m.in. dla homogenizacji wysokocisnieniowej, od ktorej jest zdecydowanie latwiejsza
do implementacji i tansza w eksploatacji.

Materialy i metody badan
Metoda uzyskania soku i procedura homogenizacji

Do badan wykorzystano owoce truskawek odm. ‘Grandarosa’ zakupione bezpo-
srednio u producenta, z plantacji komercyjnej zlokalizowanej w centralnej Polsce.
W ciggu 2 godzin od zbioru owoce przewieziono do laboratorium, gdzie przeprowa-
dzono mycie i usuwanie szyputek. Nastepnie owoce roztozono w skrzynkach i zamro-
zono w komorze chtodniczej o temperaturze -25 °C. Po uptywie 24 godzin owoce
przepakowano do szczelnych workow foliowych i przechowywano w stanie zamroze-
nia do dnia realizacji badan. Sok uzyskano w skali péttechnicznej metoda zaprezento-
wang na schemacie (Ryc.1). Owoce po rozmrozeniu w kotle wyposazonym w ptaszcz
wodny, rozdrobniono na mtynie Fryma (BASIS 91/55, Fryma-Maschinen AG, Rhein-
felden, Niemcy), a nastepnie podgrzano do temperatury maceracji. Maceracje rozdrob-
nionych owocoéw prowadzono w temp 55 °C przez okres 1 godziny, wykorzystujac
preparat enzymatyczny Pectinex® Ultra Passover (Novozymes, Szwajcaria), stosujac
dawke 50 g/t. Sok uzyskano wykorzystujac prase przektadkowg (Voran Maschinen
GmbH, Austria), stosujac site nacisku 235 kN przez okres 10 minut. Wytloczony sok
nastgpnie poddano dwom rodzajom homogenizacji i rozlano do butelek o pojemnosci
250 cm®. W probie kontrolnej sok rozlano do butelek bezposrednio po tloczeniu. Pro-
dukt pasteryzowano zanurzeniowo, stosujac 30-sekundowy okres przetrzymywania
w temp. 90 °C. Nastepnie butelki schtadzano do temperatury pokojowej. Homogeniza-
cje wysokocisnieniowg przeprowadzono przy pomocy homogenizatora Atomo 3.0
(Bertoli, Wtochy), stosujac cisnienie 200 barow (HPH200) oraz 600 baréw (HPHG600).
Homogenizacj¢ przy cisnieniu 600 baréw wykonano dwustopniowo, przy czym pierw-
szy zawOr homogenizacyjny ustawiony zostal na 200 barow. Homogenizacj¢ ultra-
dzwigkowa przeprowadzono sonikatorem VCX 750 (Sonics & Materials, USA) o mo-
cy znamionowej 750 W, generujacym ultradzwigki o czestotliwos¢ 20 kHz. Czas
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zabiegu wynosit 2 minuty (UH2) lub 8 minut (UHS8). Sok niechomogenizowany zasto-
sowano jako probe kontrolng (KONTROLA). Wykonano 2 powtorzenia technologiczne
dla kazdej kombinacji soku truskawkowego.

Surowiec / Raw material

Podgrzewanie do 55°C / Heating to 55°C

Maceracja enzymatyczna / Enzymatic maceration [1h]

Tloczenie soku / Juice pressing [10 min]

Sok surowy / Raw juice

Homogenizacja / Homogenization

Rozlew (butelka 300 ml) / Bottling (300 ml bottle)

Pasteryzacja zanurzeniowa (90 °C, 30s) /
Immersion pasteurization (90 °C, 30s)

Chtodzenie do 20 °C / Cooling to 20 °C

Rycina 1. Schemat technologiczny produkcji soku truskawkowego
Figure 1.  Process diagram of strawberry juice production

Analiza rozktadu wielkosci czgstek

W prébach analizowano rozktad wielkosci czastek metoda dyfrakcji laserowe;j
(Bettersizer S3, Chiny). Czas pomiaru wynosit 30 s, wielko$¢ czastek zostata obliczona
na podstawie teorii Mie. Urzadzenie jest wyposazone w mieszadlo zapobiegajace se-
dymentacji czastek poprzez cyrkulacje probki w uktadzie pomiarowym. Wynik analizy
zaprezentowano jako rozklad procentowy przedstawiajacy zawarto$¢ poszczegdlnych
frakcji czastek, czyli ich udzial objetosciowy w catej probcee soku.
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Analiza zmetnienia soku

Megtnos¢ (To) sokow mierzono przy uzyciu turbidymetru (Hach Company, Box
389, USA). Wyniki metnosci podano w NTU (nefelometrycznych jednostkach
metnosci). Stabilno$¢ zmetnienia zostata okreslona po odwirowaniu przy uzyciu
wirowki laboratoryjnej (obroty 4200 x g przez 15 min.) i obliczeniu procentu
stabilno$ci zmgtnienia zgodnie z nastepujacym wzorem: T%=Ts/Tox100, gdzie: Ts —
metnos$¢ soku odwirowanego, Ty — poczatkowa metnosé soku.

Analiza lepkosci soku

Lepko$¢ okreslono za pomocg wiskozymetru Brookfield LVDVII (Brookfield
Eng., Middleboro, USA) przy obrotach wrzeciona 60 obr/min. Lepko$¢ soku wyrazono
w mPa-s.

Analiza zawartos¢ kwasu L-askorbinowego

Zawarto$¢ kwasu L-askorbinowego oznaczono metodg HPLC przy uzyciu syste-
mu Agilent Technologies HPLC (seria 1200), wyposazonego w detektor diodowy
(DAD). Separacj¢ zastosowano przy uzyciu kolumny Supelcosil LC-18 (250 mm x
4,6 mm; 5 um) z kolumng wstepng i roztworem buforowym diwodorofosforanu potasu
(1% KH,POy; 2,5 pH) w fazie ruchomej. Kolumna byta utrzymywana w temperaturze
30 °C, a szybko$¢ przeptywu fazy ruchomej wynosita 0,8 cm*/min. Oznaczanie kwasu
askorbinowego przeprowadzono przy dtugosci fali 244 nm. Probki przed nastrzykiem
byly rozcienczane w 6-procentowym HPO;. Wyniki wyrazono w mg/100 cm® soku.

Analiza zawartosci zwigzkow fenolowych

Analize HPLC zwiazkéw fenolowych przeprowadzono zgodnie z modyfikowana
metoda opisang przez Nielsen i innych [19], przy uzyciu Agilent HPLC Model HP
1200 wyposazonego w detektor diodowy (DAD). Separacj¢ przeprowadzono na ko-
lumnie Phenomenex® Fusion RP (250 x 4,6 mm; wiclko$é czastek 4 um) przy prze-
ptywie 1 cm*/min, w temperaturze 25 °C. Polifenole w eluacie byly oznaczane przy
dhugosci fali 280 nm (flawan-3-ole), 320 nm (kwasy fenolowe), 360 nm (flawonole)
i 520 nm (antocyjany).

Analiza statystyczna wynikéw

Jednoczynnikowg analize wariancji przeprowadzono przy uzyciu programu
STATISTICA 13 (Dell Inc., Tulsa, USA). Do poréwnania parametrow jakosciowych
sokow wykorzystano test HSD Tukeya. Pordwnanie $rednich przeprowadzono na po-
ziomie istotnosci p < 0,05.
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Wyniki i dyskusja

Rozktad wielkosci czastek w sokach homogenizowanych ultradzwickowo
zaprezentowano na Ryc. 2, a homogenizowanych wysokoci$nieniowo — na Ryc. 3.
Niezaleznie od stosowanej metody homogenizacji $rednia wielko$¢ czastek
zawieszonych w soku ulegla znacznemu zmniejszeniu. W przypadku soku
niehomogenizowanego 27,7 % wykrytych czastek posiadato rozmiar w zakresie
ponizej 25 um, podczas gdy dla sokow homogenizowanych wysokoci§nieniowo udziat
czastek migzszu o wielkosci ponizej 25 pm wynosit 88,5%, a dla sokow
homogenizowanych ultradzwieckowo — 74,7 %. Biorac pod uwage wyniki uzyskane
przez innych autordéw, stwierdzajace, ze metny sok to zawiesina czastek o rozmiarach
od 0,25 do 5 pym w przypadku soku jabtkowego [14], a 0,5+2 pum w soku
pomaranczowym *, przeanalizowano jaki procent czastek w badanych sokach miescito
si¢ w zakresie 0,25 = 5 um. Dla soku niechomogenizowanego jedynie 13,9 % czastek
miescita sie¢ w tym zakresie, podczas gdy w soku UH2 — 50,3 %, UH8 — 53,4 %,
HPH200 — 66,7 % i HPH600 — 84,2 %. Zaobserwowano rowniez roznice w rozktadzie
czastek w zaleznos$ci od czasu trwania homogenizacji ultradzwickowej oraz wykorzy-
stanego ci$nienia. Sok UHS8 posiadat duza frakcje czastek o wielkosci w zakresie 0,2
+1 pum wynoszaca 30,3 % wszystkich wykrytych czastek, podczas gdy sok UH2

—— KONTROLA
- UH2
0O UH8

Udziat objetosciowy / Volume fraction [%]
o P N W A~ O O N ©

Wielkos$¢ czastek / Particle size [pum]

Rycina 2. Rozktad wielkosci czastek w soku z truskawek homogenizowanym metodg ultradzwigkowa
(KONTROLA- sok niehomogenizowany, UH2 — sok homogenizowany 2 minuty; UH8 - sok
homogenizowany 8 minut)

Figure 2. Particle size distribution in ultrasonically homogenized strawberry juice (KONTROLA - un-
homogenized juice, UH2 - homogenized juice 2 minutes; UH8 - homogenized juice 8 minutes)
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posiadat 11,9 % czastek w tym zakresie. Podobng rdznice stwierdzono w przypadku
sokéw HPH200 i HPH600, dla ktorych zawarto$¢ czastek w tym zakresie wynosita
odpowiednio: 28,3 % oraz 41,9 %.

Obydwie metody homogenizacji mialy zatem pozytywny wplyw na rozklad
wielkosci czastek w soku przez zmniejszenie ich wielko$¢. Zastosowanie ultradzwigow
przez 2 minuty lub homogenizacji przy cisnieniu 200 baréw wystarczyto aby zapewnic¢
ograniczenie rozmiaréw czastek w soku. Podobny efekt uzyskano w przypadku sokow
z owocOw cytrusowych homogenizowanych w ci$nieniu od 50 do 300 baréw. Na
podstawie tych badan stwierdzono, ze wykorzystanie ci$nienia 200 baréw umozliwia
redukcje wielkos$ci czastek nie powoduja¢ negatywnych zmian m.in. zmiany barwy
produktu [3]. Natomiast homogenizacja ultradzwickowa z powodzeniem stosowana
jest w przypadku tworzenia emulsji [8] oraz jako zabieg zmieniajacy wiasciwosci reo-
logiczne wielu produktow spozywczych [1]. Aktualnie zastosowanie homogenizacji
ultradzwickowej w przemysle spozywczym ma szczegolne zastosowanie W przypadku
mleka [30] oraz napojow ro$linnych zastepujacych mleko krowie [6], ograniczajac
zjawisko sedymentacji w tych produktach.

- 8 A KONTROLA
£ 7 -0 HPH200
g & HPH600
5 6 o
&
g 5 Q
=2
: . Bol
> D%)
Z 3 00
el
A
= 1 QA
5 O
2 0
0 1 10

Wielko$¢ czastek / Particle size [um]

Rycina 3. Rozktad wielko$ci czastek w soku z truskawek homogenizowanym metoda wysokocisnienio-
wa (Kontrola — sok niehomogenizowany, HPH200 — sok homogenizowany wysokoci$nienio-
WO z zastosowaniem 200 baréw, HPH600 — sok homogenizowany wysokoci$nieniowo z zasto-
sowaniem 600 baréw).

Figure 3. Particle size distribution in strawberry juice homogenized by high-pressure method (Control -
non-homogenized juice, HPH200 - 200 bar high-pressure homogenized juice, HPH600 - 600
bar high-pressure homogenized juice).
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Ryc. 4 przedstawia wyglad sokow truskawkowych po 48 godzinach od pasteryza-
cji soku. Zdjecie obrazuje zréznicowanie stabilnosci zmetniania sokéw homogenizo-
wanych ultradzwigkami oraz wysokimi ci$nieniami w poréwnaniu z sokiem niehomo-
genizowanym. Sok, ktorego nie homogenizowano (kontrola) ulegt wyraznej
sedymentacji, w wyniku ktorej uzyskano sok klarowny w gornej czesci butelki 1 osad
widoczny na dnie butelki. Pozostale obiekty charakteryzuja sie réznym stopniem
zmetnienia ustabilizowanym poprzez zastosowanie homogenizacji, dostrzegalne sa
jednak réznice pomiedzy obiektami. Podobne wyniki uzyskano, traktujac ultradzwie-
kami soki pomaranczowe, w ktorych przypadku nie zaobserwowano widocznej Wizu-
alnie separacji faz nawet po 4 dniach przechowywania soku [25].

Rycina 4. Porownanie stopnia sedymentacji sokow po 48 godzinach przechowywania w zalezno$ci od
rodzaju homogenizacji (od lewej: KONTROLA, UH2, UH8, HPH200, HPH600)

Figure 4.  The comparison of the sedimentation degree of juices after 48 hours of storage, depending on
the homogenization treatment (from the left: CONTROL, UH2, UH8, HPH200, HPH600)

Pomiar metnosci soku wykazat, ze soki homogenizowane miaty zdecydowanie
Wyzszy poziom zmg¢tnienia w poréwnaniu z sokiem niehomogenizowanym, ktorego
zmegtnienie wynosito 755 NTU (Ryc. 5). Najwyzszym poziomem zmg¢tnienia charakte-
ryzowaly si¢ soki homogenizowane ultradzwigkami, a czas procesu mial pozytywny
wplyw na ten parametr. Zmg¢tnienie tych sokéw byto wyzsze o 135 % dla UH2 i 179 %
dla UHS8 od zmg¢tnienia soku niechomogenizowanego (KONTROLA). Na tej podstawie
mozna stwierdzi¢, ze wydtuzony czas homogenizacji miat pozytywny wptyw na po-
ziom zmetnienia. Natomiast soki homogenizowane wysokoci$nieniowo nieznacznie
roznity si¢ od siebie pod tym wzgledem. Poziom zmetnienia dla soku HPH200 wzrost
0 75 %, a dla soku HPH600 — 0 70 % w poréwnaniu z sokiem niehomogenizowanym.
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Jednakze obserwowane zmetnienie sokow charakteryzowato si¢ niskag stabilnoscia.
W poréwnaniu z niehomogenizowanym sokiem, ktérego zmetnienie miato stabilno$é
na poziomie 11,6 %, soki homogenizowane mialy nizszg stabilno$¢ zmgtnienia. Soki
homogenizowane ultradzwigkowo miaty $rednio o 9,0 %, a soki homogenizowane
wysokocisnieniowo — 0 5,9 % nizsza stabilno$¢ zmetnienia.

28
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Rysina 5. Metno$¢, stabilno$¢ zmetnienia oraz lepkos¢ sokow w zaleznos$ci od rodzaju homogenizacji
(stupki oznaczone tg sama litera nie r6Znig si¢ istotne statystycznie przy p < 0,05; n = 4).

Figure 5. Turbidity, stability of turbidity and juice viscosity depending on the type of homogenization
(bars labelled with the same letter correspond to results that show no statistically significant
differences at p < 0.05; n = 4).

Pod wptywem homogenizacji wzrosta lepko$¢ wszystkich badanych sokow, ktora
osiaggneta najwyzsza wartos¢ 6,5 mPa-s dla soku HPH200 (o 135 % wigcej od soku
niechomogenizowanego). Sok HPH600 charakteryzowat si¢ lepkoscig rowna 6,2 mPa-s
(0 122 % wigcej od soku niechomogenizowanego). Soki homogenizowane ultradzwie-
kowo posiadaty nizszg lepko$¢ wynoszaca 4,9 mPa-s dla soku UH2, a dla soku UHS -
5,3 mPa-s. Obserwowany wzrost lepkosci sokow homogenizowanych nie byl zatem
skorelowany z poziomem zmg¢tnienia. Przeciwne obserwacje zanotowano w przypadku
traktowania ultradzwickami sokéw pomaranczowych [16], gdzie im dtuzej trwato od-
dzialywanie, tym lepkos$¢ soku byla nizsza, jednoczes$nie obserwowano wzrost zmet-
nienia i jego stabilno$ci. Zabiegi homogenizacji nie zawsze gwarantuja przewidywalny
efekt, poniewaz zjawisko stabilno$ci zmetnienia nie zalezy jedynie od wielko$ci cza-
stek. Jednym z kluczowych czynnikéw wplywajgcych na stabilno$§¢ zmetnienia jest
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rowniez aktywno$¢ metyloesteraz pektynowych [32] (niebadanych w tej pracy), kto-
rych podatno$¢ na traktowanie ultradzwigkami jest tematem wielu badan. Dodatkowo
zauwaza si¢ wpltyw pH oraz wlasciwej obrobki surowca na stabilno$¢ zmgtnienia so-
kéw. W badaniach nad stabilno$cig soku z pomaranczy, w ktorych skupiono si¢ na
interakcji sktadnikow 1 czgstek stanowigcych zmetnienie soku, wykazano, ze agregacja
czastek prowadzaca do utraty stabilnosci zawiesiny zalezy m.in. od zmian pH soku, ale
jak podkres$laja autorzy, mechanizm stabilnosci zmetnienia wcigz wymaga dalszych
badan [11]. W przypadku soku z marchwi, zakwaszanie soku prowadzito do aglomera-
cji czastek, a tym samym obnizenia stabilnosci zawiesiny i utraty zmgtnienia [26].
W badaniu tym wykazano réwniez, ze zakwaszenie pulpy przed ttoczeniem poprawia
stabilno$¢ zmetnienia uzyskiwanego soku, co §wiadczy o tym, ze wlasciwy schemat
technologiczny na poczatkowych etapach produkcji moze mie¢ decydujacy wptyw na
jakos$¢ uzyskanego soku.

Zawarto$¢ kwasu L-askorbinowego i zwigzkéw fenolowych w badanych prob-
kach soku zostata przedstawiona w Tab. 1. Zawarto$¢ kwasu L-askorbinowego w soku
truskawkowym, niezaleznie od sposobu traktowania, wynosita $rednio 16,3 mg/100 ml

Tabela 1. Zawarto$¢ kwasu L-askorbinowego oraz zwigzkéw polifenolowych w soku truskawkowym
homogenizowanym r6znymi metodami
Table 1.  The content of L-ascorbic acid and polyphenolic compounds in strawberry juice homogenized
by different methods
Badany parametr
[mg/100 Cmg] KONTROLA HPH200 HPH600 UH2 UH8
Kwas L-askorbinowy | 15,76°+0,84 | 15,74*+ 1,04 | 16,31+ 0,74 | 18,27°+ 0,04 | 15,24+ 1,69
Katechina 3,058+ 0,04 | 3,03*+0,01 2,96°+0,08 | 3,07°+0,11 3,29°+ 0,26
Pochodna kwasu |y geay o1 | 16224001 | 1620001 | 1,64°+0 | 1,63+0,01
chlorogenowego
Pochodne kwercetyny | 1,71*+0,01 | 1,66°+0,06 | 1,63*+0,03 | 1,71°+£0,04 | 1,71%+0,01
Rutozyd-3- kwercetyny | 0,15+0,02 | 0,16°+0,01 | 0,14*+0,01 | 0,16°+0,02 | 0,17*+0,01
Glukozyd-3-cyjanidyny | 0,54*+0,05 | 0,54*+0,01 | 0,55°+0,01 | 0,56°+0,01 | 0,51*+ 0,03
Glukozyd ~3 - pelar- | 5373, 07 | 54724002 | 55224003 | 578°+0,1 | 5334023
gonidyny
R”tozydnijf/r;ype'argo' 0,30°+0,02 | 0,30%+0,01 NW 0,31°£0,1 | 0,29°+0,01

Objasnienia / Explanatory notes:
Srednie + odchylenie standardowe; wartosci liczbowe w wierszu oznaczone ta sama litera nie réznig sig
istotnie przy p < 0,05 (n=4). Objasnienie: NW — nie wykryto
Explanatory notes: Means + standard deviation; numerical values in the line labelled with the same letter
are not significantly different at p < 0.05 (n=4). Explanation: NW — not detected
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soku i byta nizsza niz wskazuja dane literaturowe [3, 4]. Obie badane metody homoge-
nizacji nie wptynely istotnie na jej zawarto$¢. Podobne rezultaty uzyskano, traktujac
ultradzwigkami probki soku pomaranczowego, gdzie nie stwierdzono roéznic w zawar-
tosci kwasu L-askorbinowego w poréwnaniu z sokiem nietraktowanym [16]. Wykryte
w probkach soku zwigzki fenolowe naleza do trzech grup flawonoidow: flawanole
(katechina), flawonole (pochodne kwercetyny), antocyjany (glukozyd-3- cyjanidyny,
glukozyd-3-pelargonidyny, rutozyd-3-pelargonidyny) oraz kwasow fenolowych (po-
chodna kwasu chlorogenowego), co jest zgodnie z danymi literaturowymi [34]. Zawar-
tos¢ glukozydu-3-pelargonidyny w badanych sokach byla najwyzsza sposrdéd wykry-
tych antocyjandéw ($rednio 5,49 mg/100 ml). Zwiazek ten w gtdéwnej mierze odpowiada
za barwe truskawek [13]. Nie zaobserwowano zadnego wptywu zabiegéw homogeni-
zacji na zawarto$¢ zwigzkow fenolowych w badanych probkach soku w poréwnaniu
z sokiem niehomogenizowanym.

Nieznaczny wzrost temperatury wystepujacy w obydwu badanych metodach ho-
mogenizacji nie stanowit czynnika powodujacego degradacje zwigzkow fenolowych.
Oddzialywanie wysokim ci$nieniem oraz temperaturg do 100 °C na sok truskawkowy,
jak wykazali Rodri i wsp. [27], nie powoduje znacznej degradacji antocyjanow.

Whioski

1. Homogenizacja wysokoci$nieniowa i ultradzwickowa charakteryzujg si¢ wysoka
skutecznoscia w zmniejszaniu wielkosci czastek w soku z truskawek.

2. Zmniejszenie wielkosci czgstek pod wpltywem obydwu homogenizacji moze by¢
postrzegane jako narzgdzie do poprawy stabilno$ci zmetnienia sokéw naturalnie
metnych z truskawek.

3. Homogenizacja wysokocisnieniowa i ultradzwickowa nie wptywa w istotny staty-
stycznie sposob na zawarto$¢ antocyjandéw oraz kwasu L-askorbinowego w soku
z truskawek.

Badania zrealizowane w ramach projektu badawczego ,, Optymalizacja procesu
homogenizacji wysokocisnieniowej w produkcji innowacyjnych przetworéw z owocow
i warzyw” (ZPiPOiW/2/2020-6.2.20) finansowanego przez Ministerstwo Edukacji
i Nauki oraz projektu polsko-norweskiego NOR/POLNOR/ QualityBerry 0014/2019-
00/2019 finansowanego przez Narodowego Centrum Badarn i Rozwoju. Projekt zreali-
zowany w ramach Norweskiego Mechanizmu Finansowego na lata 2014-2021. ,, Dzia-
tamy razem na rzecz zieleni, konkurencyjna i sprzyjajgca integracji spotecznej Euro-

i3]
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THEEFFECT OFHOMOGENIZATION TYPE ON RHEOLOGICAL PROPERTIES AND
CONTENT OF BIOACTIVE COMPOUNDS IN CLOUDY STRAWBERRY JUICE

Summary
Background. Turbidity is an important quality parameter of fruit juices. Sedimentation of pulp parti-

suspended in juice may result in a negative assessment of the product's quality by consumers. There-
, turbidity stabilization is a challenge for juice producers. In this study, two types of homogenization

were used to constrain juice sedimentation. Cloudy juice made of the "Grandarosa” cv. strawberries was
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used for the research. High-pressure homogenization was carried out with an Atomo 3.0 homogenizer at a
pressure of 200 and 600 bar. Ultrasonic homogenization was carried out with a Sonics VCX 750 sonicator
using 750W power for 2 and 8 minutes. The juice samples were analyzed for particle size distribution,
viscosity, turbidity, total anthocyanin content, phenolic compounds and ascorbic acid content.

Results and conclusions. In the case of ultrasonic homogenization, approximately 70 % of the parti-
cles present in the juice had a diameter below 25 pm, while in non-homogenized juice, the fraction of
particles with a diameter below 25 pm was only 25 %. High-pressure homogenization, regardless of the
pressure used, had a higher efficiency in the fragmentation of turbidity particles than ultrasonic homogeni-
zation (approximately 90% of the particles below 25 pum in size). Homogenization at a pressure of 200 bar
resulted in the highest increase in viscosity to 6.5 mPa-s, by 135 % more than the non-homogenized juice.
The juice homogenized ultrasonically for 8 minutes had the highest turbidity level, with a turbidity of
210 NTU. The average content of total anthocyanins (6 mg/100 cm®) and L-ascorbic acid
(16.8 mg/100 cm®) in the strawberry juice did not differ statistically significantly, regardless of the type of
homogenization. High-pressure homogenization and ultrasonic homogenization are highly effective in
reducing the size of particles in strawberry juice, however, none of them significantly degrades the antho-
cyanins and ascorbic acid content.

Key words: high-pressure homogenization, ultrasonic homogenization, particle size, turbidity, fruit juices
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Abstract

The strawberry is the most widely consumed berry in Europe, with a high content of min-
erals and bioactive compounds. During drying, the bioactive compounds are concentrated,
but also partially degraded due to the interaction of high temperature and oxygen, among
other factors. In this study, the effect of ultrasound support during the drying of strawberry
slices of two cultivars, ‘Florence” and ‘Alba’, was investigated. The effect of ultrasound
application on the rate of drying, the retention of phenolic compounds and ascorbic acid,
as well as the total colour difference, was measured. The time of ultrasonic-assisted drying
was shorter than unassisted drying for the ‘Florence’” and “Alba’ cultivars, respectively,
35.7% and 34.6%. In addition, the dried product obtained with ultrasound had comparable
antioxidant activity and polyphenol content. It was also shown that ultrasound can be
successfully used in convective dryers without major equipment modifications.

Keywords: ultrasound; convective drying; strawberry; bioactive compounds

1. Introduction

Drying, as one of the oldest methods of food preservation, has seen many modifications
to make the process more efficient. Nevertheless, the drying process is still expensive
due to the amount of energy needed to evaporate the water and the long time it takes.
Moreover, drying of food brings adverse quality changes concerning: the decrease of
bioactive compounds content, deterioration of colour, structural collapse and volume
shrinkage, which affect sensory properties [1]. Ultrasound-assisted convective drying is
one of the techniques by which the drying process can be accelerated and the dried material
can have better quality compared to conventional drying techniques [2]. According to
the literature, ultrasound-assisted drying was beneficial in reducing drying time, while
positively influencing physicochemical properties, colour retention and rehydration ability,
as well as carotenoids, ascorbic acid content and antioxidant capacity [3]. However, like any
technique, it is subject to numerous limitations, which hinder its application industrially.
One of the main issues concerns drying conditions, the optimization of which may be crucial
to obtain a beneficial ultrasound (US) effect. In addition to humidity, temperature and air
velocity, the impact of US in the drying process is also affected by the way it is applied
and the properties of the dried material itself. For example, the impact of US in convection
drying decreases as temperature increases. The same observations were made in the case
of airflow, where the beneficial impact of US decreases with increasing airflow [4]. This is a
serious limitation, since the lowering of air temperature and flow, further compromises
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the speed of this process. It is also postulated that there is a relationship between the
effectiveness of US application and the structure of the material being dried. It has been
shown that materials of high volumetric density do not respond significantly in terms of
drying kinetics to US assistance during drying [5]. This limitation may be explained by a
low depth of penetration and propagation of US waves in materials of high density. It has
been shown that in a porous material such as potato tissue, ultrasound does not transmit
to a depth greater than 1 mm [6]. Therefore, the use of ultrasound in the drying process
is justified only in limited cases. In order to maximize the potential of ultrasound in the
drying of foodstuffs, further experimental data are required.

Strawberries are an important crop worldwide, with production exceeding 7.7 million
tonnes in 2013 and have been constantly increasing [7] up to 10.5 million tonnes in 2023 [8].
China is the largest producer of strawberries in the world with nearly 3 million tons of
production per year [9]. In our experiments, strawberry slices were used and they were
dried in a chamber dryer. The aim of this study was to compare the drying rate and quality
of dried strawberry slices obtained by convective drying (CD) and ultrasonic-assisted
convective drying (UACD). An ultrasonic generator was installed inside the chamber of
dryer, thus avoiding major modification of the dryer’s construction. Such an experimental
design was intended to test the possibility of easy application of ultrasonic energy in a
chamber dryer in order to overcome another limitation of this technology, which is the
high cost of the specialized equipment. The methodology used in this study allowed to
compare the effect of US on drying kinetics, colour, polyphenol compounds, ascorbic acid
content and antioxidant activity in dried strawberry slices. The low thickness (5 mm) of the
samples and the soft texture of the strawberry tissue selected for this study was intended
to exploit the potential of the US to accelerate the drying rate.

2. Materials and Methods
2.1. Plant Material

The strawberries (Fragaria X ananasa cv. ‘Florence” and “‘Alba’) used in the study were
purchased from producer in central Poland. Immediately after transport, the fruits were
washed, sorted and the stalks were removed. The fruits, after surface drying, were frozen
and stored at —25 °C until the day of experiment.

2.2. Drying Experiment

Fruits for drying were selected to obtain a homogeneous batch in terms of maturity
and fruits size. 30 min before drying, the fruits were moved from the freezer and thawed
at room temperature. Immediately before drying, the fruit was cut manually into slices
(5 mm thick). The sample size was 250 g & 10%. The drying experiments were conducted
in a laboratory chamber dryer with air recirculation (Figure 1), according to the diagram
below (Figure 2). The equipment allows constant control of air velocity and temperature.
Ultrasound-assisted convective drying (UACD) was performed by installing an airborne
ultrasonic system (Pusonics, Madrid, Spain) inside the drying chamber, which is capable
of generating a 22 kHz sound field with a maximum power of 200 W. The ultrasound
transducer was placed 10 cm above the drying sample, with the sample spread out to
completely occupy the ultrasound impacted area. The transducer was equipped with a
cooling system isolated from the air flowing in the chamber, protecting it from overheating.
Convective drying (CD), which in this study was the control to which the results were
compared, was carried out when the ultrasound generator was switched off. As the impact
of US is greater at mild drying conditions [4], the lowest possible temperature and airflow
at which drying occurs at a reasonable rate was used. The experiments were carried out
at one temperature level, 50 °C, and at a constant air velocity (2.5 m/s). The average
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relative humidity of the air during drying was 15 & 2%. Each drying experiment was
conducted in triplicate and the drying lasted until the sample lost 88% of its initial weight.
Drying kinetics were determined by the initial moisture content of the fruit sample and by
automatically weighing the samples at fixed intervals of 1 min. The initial moisture content
was measured by drying to a constant weight in a laboratory vacuum dryer at 70 °C and

-""""""——-/‘I Drying chamber

30 mBar pressure.

_____/"—"’I Ultrasound transducer

Area for material

| /U U\ L] / Scales

Figure 1. The drying experimental set-up.

. III-

Figure 2. Scheme of the drying experiment conducted for ‘Florence” and ‘Alba’ cultivars.

Nameof sample:
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Prior to the main experiment, a preliminary evaluation was conducted using convec-
tive drying of fruit slices from four strawberry cultivars commercially cultivated in Poland:
‘Alba’, ‘Rumba’, ‘Grandarosa’ and ‘Florence’. The drying rate, total colour difference and
content of anthocyanins were taken into consideration during cultivar selection. One of
the selection criteria was also the colour of the fruit cross-section, which is important from
the perspective of visual appeal of dried slices. Based on these assessments, two cultivars,
‘Alba’ and ‘Florence’, were selected for the main experiment. The final dried mass of
dried products obtained from the ‘Alba’ cultivar was 88.42% and 89.23% for Alba_CD and
Alba_UACD, respectively. In the case of the ‘Florence’ cultivar, the final dried mass of dried
products was lower, 80.19% and 77.05% for Florence_CD and Florence_UACD, respectively.

2.3. Colour Measurement

The values of the colour parameters of the raw material and dried strawberry slices
were determined using a Konica Minolta CM-2500c spectrophotometer (Chiyoda, Tokyo,
Japan). The instrument was calibrated before the measurements using a white standard.
Measurements were made using CIE D65 illuminant. The parameter ‘L’ denotes brightness
from 0 (dark) to 100 (bright), ‘a’ denotes green when negative (—) or red when positive (+)
and ‘b’ denotes blue when negative (—) or yellow for positive (+) values. Measurements
were made in 30 repetitions. Based on the determined values, the total colour difference
(AE) was calculated using Equation (1):

AE = \/<(AL)2 + (80)” + (ab)%) (1)

2.4. Analysis of Phenolic Compounds

Analysis of the phenolic compound content was carried out by the high-performance
liquid chromatography method described by Nielsen et al. [10] using an Agilent 1200 series
HPLC (Agilent Technologies, Waldbronn, Germany) with a system equipped with
a DAD detector. Separation was performed using a Phenomenex®Fusion RP col-
umn (250 mm x 4.6 mm; particle size 4 pm). The elution conditions were as follows:
1 mL min~}, temperature 25 °C, wavelength: 280 nm (flavan-3-ols), 320 nm (phenolic
acids), 360 nm (flavonol) and 520 nm (anthocyanins); mobile phase consisting of water:
formic acid (95:5 (v/v)) (A) and acetonitrile (B) in gradient flow. The calculations of polyphe-
nols were quantified by calibration with the standards of individual polyphenols. The
polyphenol content was expressed in mg-100 g~ d.m.

2.5. Analysis of L-Ascorbic Acid

The L-ascorbic acid contents were determined by high-performance liquid chromatog-
raphy method using an Agilent 1200 series HPLC system (Agilent Technologies, Waldbronn,
Germany) equipped with a DAD detector. Separation was performed using a Supelcosil
LC-18 column (250 mm x 4.6 mm; 5 pm) with a pre-column. A 1% phosphate-buffered
aqueous solution of KH,POy, pH 2.5 was used as the mobile phase with isocratic flow
0.8 mL min~!, at a temperature of 30 °C. The detection of L-ascorbic acid was performed
by absorbance at 244 nm. The samples were homogenized in 6% metaphosphoric acid, and
filtered through filter paper. The calculations of acid content were quantified by calibration
curve obtained with the standards of L-ascorbic acid and expressed in mg-100 g~ ! d.m.

2.6. Antioxidant Activity

The antioxidant activity was determined according to Re et al. [11]. Free-radical
scavenging activity was determined using the ABTS®* radical cation. The reaction was
carried out for 6 min and the mixture was kept at room temperature in a dark place.
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Absorbance was measured at 734 nm using a spectrophotometer Cary 300 Bio UV-Visible
(Varian, Belrose, Australia). At least four measurements were made for each sample at
different concentrations to reduce the initial ABTS** solution absorbance from 20% to
80%. The linear regression method was applied to calculate the content of the sample,
leading to a 50% decrease in the ABTS** solution absorbance, and recalculated to Trolox
equivalents as mg per g of dried matter of the sample. The extract was prepared as follows:
2 g of sample was mixed with 50 mL of 70% methanol and was then extracted for 10 min.
The suspension was filtered through a Whatman No. 3 filter paper (Global Life Sciences
Solutions, Wilmington, NC, USA).

2.7. Water Activity

Water activity was determined using a computer-controlled HC2-AW (Rotronic AG,
Bassersdorf, Switzerland). The sample was placed in a container under the measuring
probe and the exchange of sample moisture with air inside the container is recorded until
equilibrium is reached.

2.8. Dry Mass

The dry matter content was determined by a gravimetric method. This involved
drying the sample to a constant weight under low pressure (3 kPa) at 70 °C.

2.9. Determination of Dry Basis Moisture Content and Drying Rate

The dry basis moisture and drying rate were determined using Equations (2) and (3):

Mt — Md
Dry basi isture = ———— 2
ry basis moisture d (2)

where Mt is the weight of sample at a given time [g] and Md is the dry mass of sample [g],

MO — Mt

At ®)

Drying rate =
where MO is the initial moisture content [g of water/g dry matter], Mt is the moisture
content at a given time [g of water/g dry matter] and At is the time interval [s].

2.10. Statistical Analysis

The statistical analysis was performed by using STATISTICA 13 (Dell Inc., Tulsa,
OK, USA). The analysis ran as a completely randomized design and was conducted with
one-way ANOVA. The HSD Tukey’s test was selected for the comparison of the quality
parameters of dried samples. The comparison of means was performed at a significance
level of p < 0.05.

3. Results and Discussion
3.1. Drying Rate

The initial moisture content of strawberry was 90.7% for ‘Florence’ cultivar and 91.4%
for ‘Alba’. Figures 3 and 4 present the changes in moisture content of dried strawberry slices
during the drying process for both cultivars. At least three replicates were performed for
each combination; the graphs show the averaged moisture changes (with bars of standard
deviation). The use of ultrasonic assistance reduced the drying time for both cultivars. The
duration of CD process was 280 min (16,800 s) for the ‘Florence’ cv. and 260 min (15,600 s)
for the “Alba’ cv. For the ‘Florence’ cv., the process duration for UACD was 35.7% shorter
than unassisted drying and lasted 180 min (10,800 s). For the ‘Alba’ cv. UACD lasted
170 min (10,200 s), thus was 34.6% shorter than unassisted drying. Similar results have been
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reported in the literature on other berries, for example ultrasonic assistance (100 or 200 W)
in drying raspberries reduced drying time by 54% and 64%, respectively [12]. As described
by the authors, the contribution of ultrasound was mainly due to the ‘vibration effect’, as
the most dominant factor in increasing mass transfer during drying. Enhanced drying
rates have been observed by other authors in apple drying experiments. In the case of
apple slices, it was found that the use of ultrasonic energy significantly reduces drying time.
For example, when US power levels of 90 W were used, a 57% reduction in drying time
was observed for 5-mm-thick apple slices [13]. Other authors used cylinders of 0.035 m in
diameter and 0.005 m in height. In this case, the use of 200 W ultrasound intensified the
heat and mass exchange to achieve a 48% reduction in drying time [14]. It was observed
that the lower the process temperature and the lower the air flow in the dryer, the greater
the observed impact of the US application. An even more effective example of apple drying
was the use of low air temperature (—10 °C), where an 80% reduction in process time was
observed. In this case, a cube with a face surface area of 8.8 mm? was used [15].

#Florence_ UACD
HFlorence_CD

Dry basis moisture [g H,O / g DM]

0 2400 5400 8400 11,400 14,340 16,200

Time [s]

Figure 3. Changes in the moisture content of strawberry slices of the ‘Florence’ cultivar during drying
with (UACD) and without (CD) ultrasound assistance.

Figures 5 and 6 show that the water removal rate for CD remains relatively constant
for about 3600 s for the ‘Florence’ cultivar and 7200 s for the “‘Alba’ cultivar, until critical
moisture content was achieved. This corresponds to a drying period in which the water
evaporates from the surface of the product or only from the larger capillaries. During the
subsequent drying stages, the first and second falling rate periods can be distinguished on
the curves. This is the typical shape of the convective drying curve. In the case of UACD,
constant rate drying period is absent and the drying started from the falling-rate period. In
this case, the rate of water removal decreases from the very beginning, almost until the end
of the drying process at the same slope in the case of “Alba’. UACD of ‘Florence’ drying
curve is similar but it is possible to distinguish slope changes between the first and second
part of the falling rate period. Typically, during the falling drying period, the rate at which
water is removed decreases and the slope of the curve also gently decreases. This shows
that the application of ultrasound has partially eliminated the resistance to the diffusion
of moisture to the surface of the slices, which, in contrast, became increasingly significant
during convective drying, perhaps due to an increasing viscosity of the aqueous phase. The
high efficiency of the effect of ultrasound may be related to the small thickness of the slices,
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which in the final stage of drying was no more than 1 mm. As has been shown, ultrasound
does not transmit to a greater depth in the material then 1 mm [6] and therefore should
affect the entire cross-section of the slices used in this experiment. However, in the case of
‘Florence’ it was observed that on the final stage of drying, the drying rate of material dried
with ultrasound assistance was slower than ‘Alba’. Thus, the equilibrium moisture content
value for these UACD drying conditions were higher (Figure 5). This may be due to the
rapid evaporation of surface water and the formation of a layer of dried material, which
hindered water removal during the falling rate drying period. Figures 5 and 6 show the
drying rate during the drying process time. In these graphs, at the initial stage of drying, in
case of UACD the process is very intensive, until it reached 4800 s and 6000 s for ‘Florence’
and “Alba’, respectively. It can be seen here that drying of ‘Florence” was slower compared
to the “Alba’ cultivar and in the early stages of the drying process this is clearly visible. The
intersection of the CD and UACD graph lines is a very important point for comparing these
drying processes. Based on this point, it is possible to infer at which point the ultrasound
waves ceased to be important in shaping the drying dynamics. This corresponds strongly
with other authors’ consideration of the significance of using ultrasound as a rate enhancer
for the first stage or the second stage of drying. Scientific reports are not consistent in the
influence of ultrasound on food drying kinetics. There are both reports indicating that the
impact of ultrasound is greatest in the first phase of drying [16] and those that indicate its
greater impact in the falling rate period of the process. For example, in the case of carrots,
the improvement in drying dynamics occurred mainly at the beginning of the process,
when external transfer was the controlling factor for the drying rate; in this case, ultrasound
was responsible for a significant increase in heat and mass transfer coefficients [17]. An
inverse trend was noted in a paper in which apple slices were dried, which generally shows
a more significant effect during the falling rate period for samples dried with ultrasound
compared to samples dried without ultrasound [13]. Following this reasoning, drying
schemes have been proposed to optimize energy consumption more effectively, where
ultrasound is applied after the completion of the first drying stage [18]. These discrepancies
may be explained by the differing matrix properties of the materials conferring different
internal diffusion resistance, or different equipment and/or experiment set-up.

12 . T -
F Alba_UACD
% Alba CD

0
=
o
> 8t
(@]
- o
=
o
2
o
£
0
[
3 4
=
=}

2|

&4
g,
S N
s Hooga-§ g
0 L L 1 " 1 L L L " 1 L L 1 X L
0 1800 4200 6600 9000 11,400 13,800 15,000

Time [s]

Figure 4. Changes in the moisture content of strawberry slices of the ‘Alba’ cultivar during drying
with (UACD) and without (CD) ultrasound assistance.
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Figure 5. Drying rates of strawberry slices of the ‘Florence’ cultivar dried with (UACD) and without
(CD) ultrasound assistance.
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Figure 6. Drying rates of strawberry slices of the “Alba’ cultivar dried with (UACD) and without
(CD) ultrasound assistance.

3.2. Colour

Colour, as one of the basic characteristics of processed food, is one of indicators of qual-
ity deterioration of raw material subjected to drying processes. As shown in Tables 1 and 2,
drying strongly affected the colour of the strawberry slices. For both cultivars, the dried
material was characterized by being darker, with more intensive red and yellow colours.
In the case of the ‘Florence’, brightness (‘L") decreased from an initial 41.92 for the raw
material, to 34.29 and 33.16 after drying (Florence_CD and Florence_UACD, respectively).
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For the ‘Alba’ cultivar, brightness decreased from an initial 42.43 for the raw material, to
34.92 and 34.73 after drying (Alba_CD and Alba_UACD, respectively). The direction and
degree of changes in the brightness parameter is similar for both drying methods and both
cultivars, indicating that factors like cultivar and drying method have no effect on the
brightness of strawberry slices. The lower brightness of samples may be explained by the
increased concentration of red and yellow coloured chemicals in the samples and/or due to
the formation of dark pigments in the Maillard reaction [19]. As shown in Tables 1 and 2, it
was observed that the values of redness (‘a’) and yellowness (‘b’), for all dried samples were
significantly higher compared to the values for the raw material samples. The initial values
of the ‘a’ parameter for Florence_Raw, 27.69 increased to 34.00 and 34.07 for Florence_CD
and Florence_UACD, respectively. Similarly, the initial values of the ‘a’ parameter for
Alba_Raw, 27.72 increased to 34.94 and 34.14 for Alba_CD and Alba_UACD, respectively.
Such observations have also been made in other experiments on dried strawberries [20].
The reason for observing such changes may be the higher impact of increasing the con-
centration of anthocyanin pigments after drying than the induced degradation of these
compounds, as strawberries are a material with an initial high water content. Although the
degradation process of anthocyanins exposed to elevated temperature and oxygen during
drying is strongly documented [21], in this case the effect of increasing the density of the
material was more significant on the final level of ‘a” and ‘b” parameters of colour. The
values of AE, which indicate total colour change, were 10.65 and 10.37 for Florence_CD
and Florence_UACD, respectively. For ‘Alba’, the values of this parameter were similar
and were 11.14 and 10.55 for Alba_CD and Alba_UACD, respectively. Similar results of
AE measurement were obtained when the effect of drying temperature on strawberries
was investigated, which was 9.53 at 50 °C [22]. Similar levels of colour difference after
drying were observed for other berries. In experiments on raspberry, similar results of
total colour difference (AE = 12.41) were obtained after convective drying with 200 W of
ultrasound power [12]. It is worth noting that these values are relatively low compared
to the changes observed in experiments involving the drying of plant material. In an
experiment comparing different methods of drying sweet peppers, the AE parameter took
much higher values, ranging from 6.66 to 33.13, depending on the drying method [23].
However, in our results, AE for both cultivars is over 10. Such a result indicates a significant
change in colour, which is perceived by the human eye as different colours [24].

Table 1. The colour parameters (L, lightness; a, red; b, yellow; AE, total colour difference) of
strawberry slices of the ‘Florence’ cultivar under the influence of CD or UACD drying.

L a b AE
Florence UACD 33.16 £6.05b  33.07 +6.64a 1506 +£4.04a 1037 £059a
Florence_CD 3429 £631b  34.00+555a 1544 +355a 10.65+020a
Florence_Raw 4192 +9.82a 27.69+578b 1230 +£4.04b! -

I Mean =+ standard deviation; the same letters in columns indicate no statistical differences, p = 0.05; Tukey’s test
(n =30).

The photographs below (Figure 7) show strawberry slices after drying. ‘Alba” and
‘Florence’ retained their round shape and did not crumble when removed from the drying
tray. The material was intensely red for both cultivars. As mentioned earlier, the drying
process significantly affected the colour of the slices (AE > 10); however, since the colour of
the slices became more red as a result of the concentration of dyes, it can be assumed that
this change can be seen as a positive in terms of visual evaluation.
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Table 2. The colour parameters (L, lightness; a, red; b, yellow; AE, total colour difference) of
strawberry slices of the ‘Alba’ cultivar under the influence of CD or UACD drying.

L a b AE
Alba_UACD 3473 £299b 3414+265a 15.64+184a 1055+143a
Alba_CD 3497 £231b 34944+257a 16.08+183a 11.14+170a
Alba_Raw 4243 £633a 27.72+437b 1261 +295b! -

1 Mean + standard deviation; the same letters in columns indicate no statistical differences, p = 0.05; Tukey’s test
(n =30).

Figure 7. Dried strawberry slices: (A) Alba_CD, (B) Alba_UACD, (C) Florence_CD and (D) Flo-
rence_UACD.

3.3. Phenolic Compounds

In general, the drying process resulted in a decrease in phenolic compounds for both
cultivars and for both drying methods. However, there have been deviations from this gen-
eral observation and trends have not been consistent for different cultivars. Analysis of phe-
nolic compounds content in Florence_CD and Florence_UACD samples (Table 3) indicates
relatively low losses of these compounds in comparison to the raw material (Florence_Raw).
Among flavanols, higher retention of polyphenols was observed in Florence_CD than in
Florence_UACD, with the exception of procyanidin Bl where no significant differences
were observed between samples. For phenolic acids, the highest concentration of the
chlorogenic acid derivative is found in the Florence_CD sample [181.69 mg/100 g DM], fol-
lowed by Florence_UACD [173.47 mg/100 g DM]. This is higher than in the Florence_Raw
[161.48 mg/100 g DM]. No significant differences were observed for ellagic acid. In the
flavonol section, where only quercetin-3-rutinoside was detected, the highest concentration
of compound was found in the Florence_CD sample than in Florence_ UACD. Among
the anthocyanins, the most strongly represented group of polyphenols, Florence_CD and
Florence_UACD samples show similar concentrations of most anthocyanins. However,
in Florence_UACD, pelargonidin-3-(6"-malonylglucoside) and pelargonidin-3-glucoside
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content is higher than in Florence_CD. The drying process, regardless of the method, caused
a decrease in the content of polyphenols, especially flavanols and anthocyanins, but in the
case of the ‘Florence’ cultivar the method of drying did not have a significant impact.

Table 3. Contents of phenolic compounds (mg/100 g DM) in raw and dried strawberry slices of the
‘Florence’ cultivar.

Sample Florence_CD Florence_UACD Florence_Raw
Unidentified flavanol A 30.33 £2.36b 2778 £1.39a 36.41+05¢c¢
Procyanidin Bl 19.36 £1.00 a 1826 £1.57 a 21.58 £0.74b
Flavanols
Catechin 19.88 £3.85b 1581 £ 144 a 19.83 £03b
Unidentified flavanol B 23573 +£1876b  208.81 £11.36a  259.87 £0.29c
Chlorogenic acid derivative 181.69 +4.11c 17347 £73b 16148 £191a
Phenolic acids
Ellagic acid 132.36 +17.28 a 14217 £3229a 11073 +2.69a
Flavonols Quercetin-3-rutinoside 39.51 +£342b 3343+ 122a 42.07 £2.22b
Cyanidin-3-glucoside 1722 £0.71 a 17.13 £0.82a 19.70 £2.20b
Pelargonidin-3-glucoside 29529 +-4.61 a 309.36 £16.17a 35418 £2.76b
Anthocyanins Pelargonidin-3-rutinoside 273 +0.18a 2.60+:0.22a 3.60 £0.16 b
Cyanidin-3-malonylglucoside 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
Pelargonidin-3-(6"-malonylglucoside) 4712+ 119a 49.11+217a 51.51 £ 0.55b !

! Mean = standard deviation; means in rows marked with the same letter do not differ significantly (p = 0.05)
according to Tukey’s test (1 = 6).

Slightly different changes in polyphenol composition after drying were observed
in the case of the ‘Alba’ cultivar. Analysis of the content of phenolic compounds in
Alba_CD, Alba_UACD and Alba_Raw showed significant differences, the direction of
which varied from compound to compound (Table 4). Among flavanols, unidentified
flavanol A and procyanidin B1 had similar values in all samples. Catechin and unidentified
flavanol B had the highest content in Alba_UACD samples (280.92 mg/100 g DM), due
to this, total flavanols were highest in Alba_UACD. For phenolic acids, the chlorogenic
acid derivative reached the higher content in Alba_UACD samples (65.77 mg/100 g DM),
than Alba_CD (60.98 mg/100 g DM). Anthocyanins, among other polyphenols, were
the most susceptible group of compounds to drying-induced degradation. Cyanidin-3-
glucoside, pelargonidin-3-glucoside, pelargonidin-3-(6"-malonylglucoside) showed the
significant higher content in the raw material (10.95, 312.1, 65.51 mg/100 g DM, respectively)
than in samples after drying. The drying process significantly reduced levels of those
compounds, with the UACD method being less destructive than CD. For example, content
of pelargonidin-3-glucoside (whose level among the anthocyanins was the highest in all
the samples tested) in the Alba_UACD is about 14.34% higher compared to the Alba_CD.
Pelargonidin-3-rutinoside content was also significantly lower in dried samples but no
differences were observed between drying method. Cyanidin-3-malonylglucoside, of which
content was below 1 mg/100 DM in all of samples, has a higher content in Alba_UACD
sample. Total anthocyanin content was higher in UACD samples than CD (315.88 and
276.03 mg/100 g DM, respectively). In the case of ‘Alba’ cv., the drying process (regardless
of method) had a significant effect on the content of phenolic compounds. However, it is
worth emphasising that the UACD method generally allowed better preservation of these
compounds compared to CD.
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Table 4. Contents of phenolic compounds (mg/100 g DM) in raw and dried strawberry slices of ‘Alba’

cultivar.

Sample

Alba_CD

Alba_UACD

Alba_Raw

Unidentified flavanol A

35.64 £1.98 a

384 +264a

50.48 £ 1.55b

Procyanidin Bl

39.88 £ 343 a

39.57 £ 0.83 a

40.56 £ 1.65 a

Flavanols

Catechin

1649 £ 1.62a

21.87 £4.46b

28.12 £ 0.56 ¢

Unidentified flavanol B

269.98 £5.07b

28092 +£4.11c

24344 +£223 a

Chlorogenic acid derivative

60.98 £ 2.66 b

65.77 £ 2.08 c

54.6 £243a

Phenolic acids

78.35 £ 6.36b

8044 +7.29b

61.1 £58a

Ellagic acid

Flavonols

Quercetin-3-rutinoside

3533 +1.77b 39.07 £3.73b 29.84 £ 051 a

Cyanidin-3-glucoside

8.28 £ 0.63 a 9.09£0.39b 1095 £ 0.46 ¢

Pelargonidin-3-glucoside

21392+ 82a 24459 £6.34b 312.1 £9.08 ¢

Anthocyanins

Pelargonidin-3-rutinoside

791 £0.83a 8.46 £0.29 a 125+£0.39b

Cyanidin-3-malonylglucoside

0.61 £0.17 a 096 £024D 0.65£0.20 a

Pelargonidin-3-(6"-malonylglucoside)

4531+ 159 a 52.78 +1.39b 65.51 +1.83¢c!

! Mean + standard deviation; means in rows marked with the same letter do not differ significantly (p = 0.05)
according to Tukey’s test (1 = 6).

3.4. L-Ascorbic Acid, Antioxidant Activity and Water Activity

The results of L-ascorbic acid content and antioxidant activity analyses in raw and
dried slices of ‘Florence’ cultivar (Florence_Raw, Florence_CD, Florence_UACD) is shown
in Table 5 and of the ‘Alba’ cultivar (Alba_Raw, Alba_CD, Alba_UACD) is shown in
Table 6. The recorded levels of L-ascorbic acid in the raw material are similar to levels
showed by other authors for other cultivars of ripe strawberry fruit [9,25]. L-ascorbic
acid content decreases significantly during drying regardless of drying method, with
slightly higher losses in the UACD compared to CD. Florence_Raw was the sample of
the highest L-ascorbic acid content (933.74 mg/100 g DM). In Florence_CD, L-ascorbic
acid content (678.27 mg/100 g DM) was significantly lower (of about 27.4%) compared
to the raw material. Florence_UACD has the lowest content between compared samples,
632.65 mg/100 g DM, a decrease of about 32.3% from the raw sample and 6.7% from
Florence_CD. As for antioxidant activity, Florence_Raw has the lowest antioxidant activity
(41.74 mg Trolox/g DM) when compared to dried material. The antioxidant activity of
Florence_CD increased by 4.4% and Florence_UACD increased by 12% over Florence_Raw.
So, despite some polyphenol and L-ascorbic acid degradation during the drying process,
the antioxidant activity of the dried samples increased, with the UACD method achieving
7.3% higher values than CD method.

Table 5. L-ascorbic acid (mg/100 g DM), antioxidant activity (mg Trolox/g DM) and water activity in
raw and dried strawberry slices of ‘Florence’ cultivar.

Sample

Ascorbic Acid [mg/100 g DM] Antioxidant Activity [mg Trolox/g DM]  Water Activity

Florence_CD

678.27 £17.07b 436 £051b 0.58 £0.03b

Florence_ UACD

632.65 = 14.58 a 46.76 £ 0.77 c 0.55£0.02a

Florence_Raw

933.74 +£14.28 ¢ 41.74 £0.23a! -

! Means in rows marked with the same letter do not differ significantly (p = 0.05) according to Tukey’s test (n = 6).
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Table 6. L-ascorbic acid (mg/100 g DM), antioxidant activity (mg Trolox/g DM) and water activity in
raw and dried strawberry slices of the ‘Alba’ cultivar.

Sample L-Ascorbic Acid [mg/100 g DM] Antioxidant Activity [mg Trolox/g DM]  Water Activity
Alba_CD 41778 £ 544 a 2992 +04a 0.52 +£0.01b
Alba_UACD 412.00 +5.84 a 3216 £ 0.17b 0.50 + 0.01 a
Alba_Raw 989.2 £ 6.12b 3292 +0.06b ! -

1 Mean + standard deviation; means in column marked with the same letter do not differ significantly (p = 0.05)
according to Tukey’s test (1 = 6).

As in the case of ‘Florence’, in “Alba’ cultivar L-ascorbic acid has highest content
(989.2 mg/100 g DM) in Alba_Raw sample, significantly higher than in dried samples. A
similar decrease after drying (about 58%), compared to the raw material was observed
for both drying method (CD and UACD). Differences in the antioxidant activity of dried
samples compared to the raw material vary depending on the drying method. In the case of
Alba_CD antioxidant activity, a decrease of 9.1% (29.92 mg Trolox/g DM) compared to the
raw sample was observed. Alba_UACD antioxidant activity is 32.16 mg Trolox/g DM
(a decrease of about 2.3% compared to raw sample), which was determined to be
statistically insignificant.

The level of L-ascorbic acid degradation during convective drying depends on many
factors, among others: air temperature, air humidity, drying time, material moisture and
other material properties [1]. Therefore, the level of degradation of L-ascorbic acid in the
material described in this experiment may vary depending on the cultivar and the drying
method. In an experiment conducted at the same temperature as in our work (50 °C),
on strawberry fruit, significantly lower levels of L-ascorbic acid retention were recorded,
with dried samples containing six times less of the vitamin than the raw material [22].
Water activity in dried food is an important characteristic affecting safety and stability of
the product during storage. A cut-off value of 0.61 is usually taken to ensure the overall
microbiological stability of the product [26]. In this context all dried strawberry samples
fall within these limits (Tables 5 and 6). Although water activity also affects organoleptic
properties and it should be noted that fruit snacks with a water activity higher than 0.55 lack
crunchiness and may therefore be perceived as having less sensory appeal [27].

4. Conclusions

In this study, the use of ultrasound reduced drying time by 35%, on average, for
both cultivars. This is a significant difference, enabling energy and time savings during
the drying process. However, from our perspective, equal, if not more important, is
the quality of the obtained material. Since a shorter drying time typically favours the
preservation of bioactive compounds, it might be expected that a higher retention of
L-ascorbic acid in material dried by the UACD method would be observed; however,
this was not the case. The drying process led to significant losses of L-ascorbic acid in
both cultivars tested, with the “Alba’ cultivar showing significantly higher losses. In the
‘Alba’ cultivar, L-ascorbic acid losses exceeded 57% regardless of whether CD or UACD
was applied. In contrast, the ‘Florence’ cultivar showed higher retention rates, with 68%
retention for UACD and 73% for CD. In terms of antioxidant activity, the UACD method
resulted in smaller decreases compared to CD. Interestingly, samples dried using UACD
retained higher levels of antioxidant activity equivalent to those of raw fruit, suggesting
that UACD better preserves the bioactive compounds responsible for this property. In
the ‘Florence’ cultivar, antioxidant activity even exceeded the levels observed in the raw
material, suggesting increased availability of some compounds during extraction. Thus, the
UACD method seems to be more favourable for producing materials with high antioxidant
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activity, although it is less effective in preserving L-ascorbic acid in dried strawberry slices.
No statistically significant differences in colour parameters were observed between drying
methods for both cultivars. However, higher retention of anthocyanins, a key contributor
to strawberry redness, was noted in Alba_UACD samples, but differences were too small
to be detected by colour measurements. We acknowledge that a one of limitations of our
study is the lack of detailed chemical profiling using the LC-MS method, which restricts
the comprehensive characterization of polyphenolic compounds. Future research should
address this issue by using advanced analytical techniques to enable a more thorough
understanding of the effects of ultrasound on the structural properties of polyphenols.
Such knowledge can, among other things, explain the effect of ultrasound treatment on the
stability of these compounds.

In technological experiments, it is relatively uncommon to compare the effects of
treatments or processes on different cultivars of the same fruit species in the same study, as
is the case here. It is usually assumed that the fruit of a given cultivar represents the species.
Such an approach ignores the conclusions of many research papers in which differences
in the impact of cultivar have been demonstrated, of which this paper is also an example.
This study challenges this assumption by highlighting significant differences in the quality
of dried materials obtained using CD or UACD methods. Explaining the cause of these
differences is an important issue that needs to be clarified. A separate issue is the degree of
fruit maturity which, from a research perspective, should also be taken into account. Thus,
the potential reason for these differences may be the degree of maturity of the fruit taken
for drying experiment. Strawberry ripening is a complex process that involves significant
changes in the physical and chemical properties of the fruit. The degree of ripeness, which
in this study was assessed visually during sample preparation, can affect, among other
things, fruit structure. For example, differences in drying dynamics between cultivars may
be explained by material characteristics such as fruit firmness. A porous microstructure
facilitates mass transfer processes and enhances ultrasound wave propagation through
the material. Conversely, structural damage to the fruit tissue can hinder water migration
toward the surface of the drying product, thereby limiting the efficiency of moisture
removal. In addition to the structure, the effectiveness of ultrasound-assisted drying is
significantly influenced by the water content of the material. During the initial phase of
drying, the presence of high moisture content and a more open cellular structure promote
effective ultrasound energy absorption. However, in the later stages, the formation of
a dense, compact structure impedes further propagation of ultrasonic waves, leading to
an increased reflection of ultrasound wave from the material’s surface. Experimental
observations indicated that the ‘Florence’ cultivar exhibited a longer drying time compared
to “Alba’, resulting in prolonged exposure of high-moisture tissue to elevated temperatures
(during drying). Under such conditions, thermally induced chemical and enzymatic
reactions are intensified, which may account for the lower retention of anthocyanins in
the ‘Florence’ samples. In contrast, the shorter exposure time of the ‘Alba’ cultivar likely
contributed to higher preservation of thermolabile bioactive compounds. It should also
be noted that in this experiment, during the drying process, only the temperature of
the drying air was monitored, whereas the temperature of the material itself was not
measured. From an engineering standpoint, monitoring of the product temperature would
provide valuable insights; however, its measurement poses technical challenges due to the
requirement for non-contact methods, such as infrared pyrometry, which may yield limited
accuracy depending on surface emissivity, which can change during drying. The observed
differences in both drying dynamics and material quality across cultivars underscore the
need for further research. In conclusion, the use of ultrasonic assistance in the drying
process of strawberry slices significantly reduces the drying time and the dried material
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has quality parameters comparable to those achieved in convection drying. This finding
underscores the prospect of integrating ultrasonic generators into chamber dryers without
the need for major design modifications, thus reducing investment costs and facilitating
the industrial application of this technology.
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Abstract

Berries are a valuable source of health-promoting substances, including vitamins, microele-
ments, and polyphenols. Optimising the extraction efficiency of these compounds during
processing is crucial to minimise their loss into the waste stream. Ultrasound technology
is recognised as a sustainable and promising tool for improving extraction; however, pre-
vious literature has not sufficiently addressed the optimal point of its application in fruit
puree processing, and its impact on the sensory properties of the final product has only
occasionally been explored. As one of the first reports, this study aimed to determine the
optimal moment for ultrasound application within a puree production scheme. In the
second stage of the experiment, four recipes based on strawberry and haskap berry were
tested. The results demonstrated the potential for enhancing sensory quality of puree by
using an ultrasound treatment. It was found that the ultrasound-treated purees showed
significantly higher pectin levels and improved rheological properties, while the content of
anthocyanins and L-ascorbic acid remained mainly unchanged. This indicates that the non-
thermal nature of ultrasound treatment can induce positive changes from a sensory and
rheological point of view without causing the degradation of health-promoting compounds,
offering a viable strategy for improving berry puree quality.

Keywords: haskap berry; strawberry; ultrasound; puree production; anthocyanins; viscosity
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Berries such as strawberries (Fragaria x ananassa) and haskap berries (Lonicera caerulea)
are a rich source of health-promoting compounds and have high processing value [1,2].
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distributed under the terms and processing berry fruits, and in many cases, it is the optimal method [5]. Fruit purees, espe-
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such as puree juices, i.e., smoothies, a range of other products, and are also recently sold as
ready-to-eat products. Due to the level of nutrient transfer from the raw material to the
final product, purees deserve much more attention than juices, as they usually contain sig-
nificantly more dietary fibre and minerals [6]. Due to their short shelf life, berries undergo
various preservation and processing methods, the main commercial applications of which
are freezing, juice and purée production, drying, fermentation, and extract production [7].
However, in general, food processing causes a partial loss of bioactive compounds [8], and
attempts to optimise the process are still being researched. One direction in production
optimisation may be the use of ultrasound, which is successfully used both in analytical
methods in laboratories and in food industry production [9]. The use of ultrasound in food
processing is a versatile and highly effective technique used in industry to produce, among
other things, uniform mixtures [10]. The basic mechanism is based on acoustic cavitation:
high-frequency sound waves generate alternating cycles of high and low pressure in the
liquid, causing microbubbles to form, expand, and collapse rapidly [11]. This process
creates intense local shear forces, shock waves, and micro-jets that grind particles, break
down cell walls, and disperse or emulsify even highly viscous and difficult-to-process
liquids [10]. Based on literature data, the modification of rheological properties, including
viscosity, particle size distribution, transformation, and pectin content, are among the
most important parameters subject to change as a result of ultrasound application [12]. In
terms of product bioactivity, carotenoids, anthocyanins, and ascorbic acid are among the
compounds whose content may change under the influence of ultrasound [13]. Ultrasound
treatment can also increase process efficiency [14] and therefore deserves attention, both
for its economic value and for the current trend towards reducing waste production.

Although the fundamental mechanisms of US are well established, its specific applica-
tion and optimisation parameters for raw materials such as haskap berry and strawberry
remain underexplored, particularly in the context of minimising production waste and max-
imising the extraction of bioactive compounds from berry skins generated as by-products
during puree production. Therefore, this study investigates the impact of ultrasound
treatment of fruit pulp on the quality parameters of the resulting purees, with the aim
of enhancing extraction efficiency and promoting beneficial rheological properties. The
experimental design comprised two stages: first, to identify the optimal production step for
ultrasound application, and second, to evaluate the effect of the composition of ultrasound-
treated fruit pulp on the quality of the final strawberry—haskap berry puree. The obtained
purees were analysed for L-ascorbic acid, anthocyanins, and total pectin content, while
sensory attributes and rheological properties were also assessed.

2. Results and Discussion
2.1. Stage I of Experiment—Processing Method Selection

Figure 1 below shows the results of the puree processing yield, total polyphenol con-
tent (TPC), and total anthocyanin content (TAC) in purees obtained from haskap berries
using five production methods (P1-P5). The puree yield was calculated as the percentage
of obtained puree weight compared to raw material weight. This value has the greatest
economic significance because it directly reflects the efficiency of puree production. The
P2 and P4 methods, in which US treatment was applied before or after pureeing, were
characterised by the highest efficiency, amounting to 86.7 £ 2.6% and 82.2 & 1.7%, respec-
tively. Method P2 (US before pureeing) had an increase in efficiency of 6.6% compared to
P1 (control). The puree yield obtained with method P4 did not differ significantly from the
methods P1 (80.1 £ 0.5%) and P3 (81.2 £ 0.6%). A significantly lower yield was obtained
with method P5 (77.4 +£ 0.6%), which was not ultrasound-assisted and in which the pulp
temperature was lower (50 °C). Replacing the heating stage (pulp heating up to 80 °C)
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with ultrasound treatment (method P3) did not result in higher efficiency compared to P1
(control). However, treatment P3 significantly increased the yield of the puree compared to
the control sample P5. This observation clearly confirms that, in addition to the temperature
effect, US definitely had a beneficial impact on processing yield. Comparing the highest-
and the lowest-yielding methods (P2 and P5, respectively), the difference was 9.3%.
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Figure 1. Processing yield [%], TPC (total polyphenols content), and TAC (total anthocyanins content)
[mg 100 g~! FW] in haskap berry purees using ultrasound. P1: puree without ultrasound treatment;
P2: ultrasound treatment before pureeing; P3: ultrasound treatment before pureeing, without heating;
P4: ultrasound treatment after pureeing; and P5: puree heated to match the temperature reached
during ultrasound processing. Means marked with the same letter and in the same color do not differ
significantly (p < 0.05) according to HSD Tukey’s test (1 = 6).

To determine the impact of ultrasound treatment on the content of health-promoting
compounds, an analysis of TPC and TAC was performed (Figure 1). The TPC in objects
P1, P2, and P4 did not differ significantly from each other and averaged 719.67 £ 13.74 mg
100 g~! FW. The content of these compounds in this group was 17.8% higher than in objects
P3 and P5. Methods P3 and P5 did not differ significantly from each other in terms of the
content of these compounds and averaged 651.9 + 18.38 mg 100 g~ ! FW. Due to the higher
susceptibility of anthocyanins to degradation under the influence of processing (mainly
under the influence of temperature, oxygen, and light), they can be a good indicator
of the overall loss of nutritional value of food. An analysis of TAC was performed to
supplement the information on the quality of the purees obtained. Similar to TPC, objects
P1, P2, and P4 did not differ significantly in terms of the amount of TAC, averaging
175.08 + 6.40 mg/100 g~! FW. The total anthocyanin content in objects P3 and P5 also
did not differ significantly and averaged 153.10 & 4.71 mg/100 g~ ! FW. Neither adding
US treatment to the production scheme nor replacing heating with ultrasound treatment
resulted in higher TPC and TAC in the purees compared to control method (P1). Processing
temperature had a greater positive impact on the content of these compounds than the use

https:/ /doi.org/10.3390/molecules31020260


https://doi.org/10.3390/molecules31020260

Molecules 2026, 31, 260

4 of 26

of ultrasound. There are some discrepancies here with regard to the available literature. In
an article concerning the impact of ultrasound at different frequencies and power levels on
enzyme activity and bioactive compounds in strawberry puree, the results indicated a high
potential for this technology to replace temperature treatment [15], which was not reflected
in the results we received. Furthermore, no negative impact of ultrasound was observed; in
P4, where ultrasound was used as an additional treatment, there was no degradation of
these compounds. A study examining the content of phenolic compounds at different stages
of digestion of haskap berry puree showed that the use of ultrasound to prepare the puree
increased the TPC and TAC of the digested samples, thereby enhancing their antioxidant
capacity and antiproliferative activity [16]. An increase in TPC of digested samples was
observed with increasing ultrasound power. In contrast, the opposite was observed for
anthocyanins: the higher the power, the lower the TAC level. These findings, combined
with the results obtained in our study, confirm the potential of ultrasound as a tool that can
help combine economic and health-promoting aspects in berry processing. In studies on
raspberry and blueberry purees, US had a slightly different effect depending on the raw
material: it increased the total flavonoid content, reduced TAC, and increased TPC only in
raspberry puree [17]. However, in this case, 400 watts of ultrasound power was applied to
a 500 mL sample, and the purees were diluted 1:1 with distilled water before treatment.
This reduced density may have increased the efficiency of US energy transfer to the sample,
which may explain these observations. However, in a study using a completely different
material—prebiotic soursop whey beverage—the total polyphenol content increased with
increasing ultrasound power, despite a significant increase in temperature [18]. In this
case, a power of 200 to 600 W was applied to a 25 mL sample, and the treatment lasted
3 min. Similarly, in experiments with fruit and vegetable juices (orange, lime, carrot, and
spinach juice), ultrasound proved to be significantly better in terms of preserving TPC
compared to thermal pasteurisation [19]. For a 250 mL sample, a power of 100 W was
applied at a frequency of 20 kHz for 15 min, while maintaining the temperature at 30 °C.
These experiments confirmed a similar observation that we noted in our work, namely that
ultrasound itself does not have a negative effect on the TPC. This conclusion is true, but it
has its limitations. In an experiment using a product slightly thicker than juice—a smoothie,
and therefore somewhat more similar to the product tested in this study—US treatment
for 1-10 min in some cases led to a reduction in TPC, especially at maximum amplitude
values [20]. In this experiment, 9.2, 13.3, and 22.8 W cm 2 of ultrasound power were applied
to a 200 mL of sample. Therefore, it can be assumed that changes in bioactive compounds
depend largely on the parameters used in the experiments, particularly processing time
and applied power. Clearly, the nature and properties of the matrix also have an impact
on TPC levels following US treatment. The observed effect of ultrasound on the content
of polyphenols and anthocyanins may also depend on the characteristics and content
of other compounds in the treated material. The effect of AA content on anthocyanin
degradation has been partially investigated [21], indicating that this process may be slowed
down by its presence in the product. Therefore, AA content in the material may affect
the observed anthocyanin degradation level. The effect of pH on anthocyanin extraction
was also investigated. For example, in a study on anthocyanins extraction from jaboticaba
berries, the optimal extraction conditions in an ultrasonic bath at a frequency of 40 kHz
were a pH of 1.5 and a treatment time of 30 min [22].

Viscosity is one of the fundamental parameters determining the quality of fruit purees.
Higher viscosity contributes to product stability during storage [23] and, as an impor-
tant rheological property, also positively influences sensory perception [24]. Among the
tested samples, P2 showed the highest apparent viscosity (1108 mPa-s), followed by P1
(698 mPa-s) (Table 1). The remaining purees (P3, P4, and P5) exhibited significantly lower
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values, ranging from 335 to 170 mPa-s. The obtained results suggest that the application
of ultrasound as an additional processing step (method P2) may enhance the apparent
viscosity of puree.

Table 1. Apparent viscosity [mPa-s] of the haskap berry puree using ultrasound.

Sample Apparent Viscosity [mPa-s]
E1_HB100_P1 698 £ 82 ¢
E1_HB100_P2 1108 £ 100 d
E1_HB100_P3 185+ 15a
E1_HB100_P4 335+43Db
E1_HB100_P5 170+ 22 a

P1: puree without ultrasound treatment; P2: ultrasound treatment before pureeing; P3: ultrasound treatment
before pureeing, without heating; P4: ultrasound treatment after pureeing; and P5: puree heated to match the
temperature reached during ultrasound processing. Values are expressed as mean & SD (n = 6). Different letters
indicate statistically significant differences between samples (p < 0.05) according to HSD Tukey’s test.

The available literature on this subject is limited. Much more often than purees, juices
or nectars have been the subject of research concerning ultrasound treatment effects on
viscosity. For example, in the case of mango nectar enriched with pectins, ultrasound
treatment initially increases, but over time gradually decreases, the apparent viscosity [25].
Similar results were obtained for strawberry pulp [26], with sudden changes in rheological
properties. In this case, the reduction in product viscosity was associated with a decrease in
the molecular weight of pectin compounds. The observation was related to the degradation
of water-soluble pectins. These results indicate that US treatment must be tailored to the
desired effects. A decrease in the apparent viscosity of orange juice has also been observed
with increasing ultrasound processing time [27]. Similar results have been reported for
changes in the viscosity of tomato juice [28] and fruit smoothies, in cases which ultrasound
treatment led to a reduction in product viscosity [20], especially at higher amplitudes
and longer treatment times. The effect of ultrasound on the rheological properties and
consistency of apple, cranberry, and berry juices has also been observed, and it can be
concluded that ultrasound can shape rheological properties, but the effects depend on
specific process settings like amplitude, duration, and treatment temperature [19].

By integrating the results of TPC, TAC, yield, and apparent viscosity of the obtained
purees, the P2 method was selected as the most promising. Although it did not increase the
content of bioactive compounds, it significantly improved the rheological properties of the
puree sample and had a positive effect on yield. In the further part of the study, the results
discussed will concern the comparison of the quality of the purees obtained by using this
method (P2) with the control puree (obtained by the P1 method).

2.2. Result for Stage II of the Experiment—Evaluation of the Ultrasound Treatment for
Different Recipes

2.2.1. Microrheological Properties

Microrheological properties of purees were characterised by elasticity index (EI), fluid-
ity index (FI), solid-liquid balance (SLB), and macroscopic viscosity index (MVI) (Table 2).
The analysis was performed to compare the impact of US treatment and puree recipes on
product properties that may affect, among other things, the sensory perception of puree and
its stability. The above parameters refer to analyses performed on a microscopic scale and
only partially and to a limited extent reflect the macroscopic properties of the products. The
recipe and processing conditions caused significant changes in the viscoelastic behaviour
of the samples studied. Strawberry puree (5100_P1) when compared to haskap berry puree
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(HB100_P1), had significantly higher EI and SLB (p < 0.05). If we also take into account
the fact that this sample had a higher FI and lower MVI (although neither was statistically
significant), we can conclude that parameters indicate liquid-like characteristics of the
5100_P1 puree, although EI values still reflect relatively higher elasticity compared to the
other samples. In the case of S60_HB40_P1 and S80_HB20_P1 purees, increasing the pro-
portion of haskap berries led to a decrease in EI and an increase in MVI. This observation
can be explained by the properties of the raw material: haskap berries have a significantly
higher proportion of solid fragments, such as a much thicker skin than strawberry fruit.
Thus, in the case of HB purees, suspended skin fragments and particle agglomerates may
affect all microrheological results. The effect of US was also quite consistent for all samples
regardless of their composition, leading to more liquid-like behaviour. This was manifested
by all microrheological parameters studied, i.e., a decrease in MVI and EI and an increase in
FI and SLB, although not always statistically significant at p < 0.05. The above observations
are in line with studies that indicate that US treatment may lead to depolymerisation of hy-
drocolloids [25]. However, this would result in a noticeable reduction in the viscosity of the
product, which is not the case here (as shown in Table 1, changes in the opposite direction),
indicating that the phenomena are more complex and ambiguous in interpretation.

Table 2. Microrheological properties of haskap berry and strawberry purees produced with ultra-
sound treatment before pureeing.

Elasticity Fluidity Solid-Liquid Microscopic
Sample Index Index Balance Viscosity Index
(nm~—2) (Hz) ¢ (nm~2-s)

HB100_P1 0.0017 =+ 0.0001 ab 0724+029a 0.52+0.00 a 0.0050 £ 0.0021 ¢
HB100_P2 0.0013 + 0.0001 a 2.84 £1.77 ab 0.60 4 0 03 bc 0.0010 =+ 0.0005 abc
S100_P1 0.0030 + 0.0004 ¢ 0.94 +0.58 a 0.62 4 0.02 be 0.0035 £ 0.0019 abc

S100_P2 0.0017 = 0.0000 ab 532+£025b 072 £0.01d 0.0004 + 0.0000 a
S60_HB40_P1 0.0021 £ 0.0003 b 0.80 £0.31a 0.55 £ 0.03 ab 0.0047 £ 0.0024 bc
S60_HB40_P2 0.0014 £ 0.0001 a 3.89 +2.04 ab 0.63 4 0.06 bc 0.0008 =+ 0.0007 ab
S80_HB20_P1 0.0023 + 0.0004 b 1.01£051a 0.59 £ 0.01 ab 0.0035 £ 0.0012 abc

S80_HB20_P2 0.0015 =+ 0.0001 ab 513+ 1.39b 0.68 001 cd 0.0004 £ 0.0001 a

P1: without ultrasound treatment; P2: with ultrasound treatment. HB: haskap berry; S: strawberry; followed by
the puree proportion of 20 to 100%. Means for samples marked with the same letters do not differ significantly
(p < 0.05) according to Tukey’s HSD test (1 = 6).

To analyse more deeply the relationship between the microrheological properties of
the investigated fruit purees, PCA was performed. The PCA data plots represent over 85%
of the total variance between samples (Figure 2). The first principal component primarily
accounts for discrimination among samples based on their composition, which is largely
correlated with variations in sample viscosity. On the other hand, the second principal
component differentiates samples based on ultrasound treatment, which can be linked
to differences in elastic and viscous behaviour. It should also be noted that S100 puree
(regardless of ultrasound treatment) had the most distinct microrheological properties. This
also indicates that even a relatively small amount of haskap berry can lead to changes in
the microrheology of the puree.
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Figure 2. PCA score plot for microrheological properties of haskap berry and strawberry purees. Red
labels—samples (P2: produced with ultrasound treatment before pureeing; P1: produced without
ultrasound treatment; HB: haskap berry; S: strawberry; followed by the puree proportion 20-100%).
Blue labels—microrheological properties: El—elasticity index [nm~2], FI—fluidity index [Hz],
SLB—solid-liquid balance [-], and MVI—macroscopic viscosity index [nm—2s].

In the case of the S100 and S60_HB40 recipes, samples subjected to US (P2 purees)
exhibited a significantly higher FI compared to their untreated counterparts (P1) (Table 2).
The SLB significantly increased in all recipes after US, except for the S60_HB40 puree,
indicating a transition towards less viscous behaviour. As can be seen in the PCA plot,
two groups of samples with similar rheological properties that differ from each other can
be identified. Samples 5100, S80_HB20, and HB100 produced using method P1 form a
group characterised by a lower EI. The group of samples consisting of HB100, S60HB40,
and S80_HB20 produced using the P2 method exhibited similar properties due to higher
SLB and FI levels. Based on these results, it can be concluded that US treatment causes
a reduction in viscosity at zero shear and elasticity on a microscopic scale, as well as
an increase in fluidity. These findings confirm the efficacy of US as a texture-modifying
technology for fruit purees, consistently reducing viscoelastic properties on the microscale.
Furthermore, ultrasound processing can enhance the smoothness and structural stability
of the puree, conferring a sensory perception of greater “homogeneity” compared to P1
products, which appear more prone to phase separation. Microrheology, as a relatively new
method, is not often used to study the mechanical properties of foods such as fruit juices
or purees and has more often been used for testing gels and emulsions [29]. Micro- and
macro-rheological results are usually consistent for homogeneous materials, whereas in
heterogeneous systems they may vary significantly [30]. Fruit purees are precisely such
highly heterogeneous systems, containing both large and small particle fractions. This
study confirmed the presence of a wide spectrum of particles and a shift in particle size
distribution towards smaller particles after the application of ultrasound, which is directly
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related to the micro-textural properties of purees. Therefore, when analysing the results
of particle motion-based analysis, which measures local viscoelastic properties, it should
not be directly translated into the macroscopic properties of puree, as this discrepancy was
confirmed by previous studies [31]. As demonstrated in the first part of the experiment,
where haskap berry purees were analysed, US treatment can lead to increase in apparent
viscosity (Table 1). When analysing the results of microrheological measurements together
with the results of apparent viscosity, it should be noted that at this stage it is not possible
to fully assess whether the direction of change is positive. On the one hand, an increase in
viscosity is positive in terms of product stability and sensory evaluation. On the other hand,
the results of the microrheological analysis indicate a shift in the product’s characteristics
towards fluid behaviour, which is also important from the point of view of industrial
production processes (e.g., pumping and bottling).

2.2.2. Particle Size Distribution

The particle size distribution was examined in the puree samples (Figure 3). The
mode diameter of the distribution, i.e., the particle diameter at which the graph reaches
its highest percentage value (corresponding to the most numerous particle fraction), for
samples obtained using the P1 method was in the range of 420-550 um; the exception
was S80_HB20_P1, with the mode in the range of 320-420 pm. The modal diameter
value for samples obtained using method P2 was in the lower range of 240-320 um.
In this case, S100_P2 was the exception, with a mode diameter at 420-550 um. For all
formulations (except S100), US treatment resulted in a reduction in the mode. The maximum
for S100_P1 and S100_P2 falls within the same particle diameter range, but its relative value
is significantly lower (from 19.36 =+ 0.80% to 13.27 £ 1.97%, respectively).

22
20 F —= HB1UU_P1
—=- HB100_P2
1g | —o— S100_P1
—— 5100_P2
16 | —= S80_HB20_P
-= 580 HB20 P2
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Figure 3. Particle size distribution of haskap berry and strawberry purees produced with ultrasound
treatment before pureeing. P1: without ultrasound treatment (blue); P2: with ultrasound treatment
(red). HB: haskap berry; S: strawberry; followed by the puree proportion of 20 to 100%.

Table 3 presents the values of particle size parameters (D10, D50, D90, and SPAN)
for both production methods (P1 and P2). In order to enable the comparison of data and
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identification of extreme values, Table 3 was transformed using conditional formatting in
the form of a heat map. For each parameter (D10, D50, D90, SPAN), an automatic colour
scale was applied, where the colour of the cell corresponds to the numerical value of a given
sample within the column. The analysis indicates that samples treated with ultrasound (P2)
generally have smaller particles than control samples (P1), as evidenced by significantly
lower D10, D50, and D90 values in purees obtained using the P2 method. At the same
time, the SPAN for P2 purees was higher, meaning a broader particle size distribution. The
ultrasound treatment did not substantially reduce the diameter of the largest particle group
but led to an enrichment in small particles, resulting in a broader particle size distribution.

Table 3. Particle size distribution parameters (D10, D50, D90, and SPAN) of haskap berry and
strawberry purees produced with ultrasound treatment before pureeing. P1: without ultrasound
treatment; P2: with ultrasound treatment. HB: haskap berry; S: strawberry; followed by the puree
proportion of 20 to 100%.

SAMPLE D10 D50 D90 SPAN
HB100_P1 176.77 £ 4.03 £ 382.68 = 10.64 d 651.1 & 10.75 cb 124 £ 0.02a
HB100_P2 119.48 £1.22d 286.85 £ 7.5 ab 586.28 = 10.42 a 1.63 £0.03 c
S100_P1 95.09 £ 8.56 ¢ 366.38 £ 16.83 cd 649.87 £ 13.68 cb 1.52 £0.05¢
5100_P2 36.21 £+ 4.09 a 257.57 £31.94 a 592.67 + 42.32 ab 217 +£0.14e
S80_HB20_P1 14223 £ 297 e 346.52 £ 25.66 ¢ 622.88 £ 48.64 ab 1.38 £ 0.04 b
S80_HB20_P2 116.62 £5.02d 292.02 £ 11.07 b 586.52 £25.7 a 1.61 £0.05¢
S60_HB40_P1 17195 £ 49 ¢ 369.47 £ 10.51 cd 638.75 £ 15.46 cb 126 £0.02 a
S60_HB40_P2 7124 + 448D 270.67 = 9.84 ab 587.52 £129a 191 +0.05d

The lowest values in the column are marked in red, intermediate values in yellow, and the highest values in green.
Values are expressed as mean =+ SD (n = 6). Different letters indicate statistically significant differences between
samples processed without (P1) and with ultrasound (P2), (p < 0.05) according to Tukey’s HSD test. P1: without
ultrasound treatment; P2: with ultrasound treatment. HB: haskap berry; S: strawberry; followed by the puree
proportion of 20 to 100%.

Other authors have similar results, where cavitation and shear forces caused by US led
to a reduction in particle size [32,33]. The particle size distribution of control and ultrasound-
treated mango nectar [25] is remarkably similar to the results obtained in this study. As in
our case, the reduction in the group of large particles was accompanied by an increase in the
number of the smallest particles, while no significant changes in SPAN were observed. The
observed results generally correspond to the practical application of ultrasound—homo-
genisation [34]. With appropriately selected parameters, ultrasound waves cause the
rupture of cell walls and membranes. It has been proven that the right processing time
and frequency can cause the rupture of cells in pathogenic organisms, among others,
thus enabling ultrasound to reduce the amount of these organisms in food. For example,
in experiments with suspensions of Escherzchia coli cells, inactivation was achieved by
continuous treatment with ultrasound after several dozen minutes at a frequency of 2 MHz
and peak intensities in the range of 2.25-8.7 W/cm~2 [35]. In a publication in which
ultrasonic homogenisation was applied to aqueous cellulose solutions [36], a significant
reduction in particle size was observed, combined with an increase in SPAN, exactly as
in the case in the studies discussed here. The most effective treatment parameters were a
frequency of 20 kHz for several dozen minutes at a temperature of 40-50 °C, resulting in
the greatest reduction in particle size. Both the literature example given and the conclusions
from our experience demonstrate the potential of ultrasound to increase the solubility of
long-chain carbohydrates.
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2.2.3. Sensory Analysis

The relationships between sensory descriptors (Table 4) and product samples are
illustrated in Figure 4. On the basis of the scree plot, two principal components were
selected as the optimal number of underlying dimensions, which together accounted for
94.6% of the variation in sensory descriptors of the assessed puree samples. The biplot
displays the first and second principal components, which explain 87.2% and 7.4% of the
total variance in the sensory data, respectively. The distribution of samples and descriptors
along these axes reflects the major trends and discriminative factors observed among the
tested purees. Factor 1 (vertical axis) divided the tested samples into two groups with
different sensory characteristics as an effect of the recipe of the samples (raw material
mixture from which the products were made). The left side of the graph is occupied
by samples with 100% or 40% haskap berries (HB100 and S60_HB40). In contrast, the
right-hand side of the graph is occupied by samples made mostly from strawberries—S100
and S80_HB20. The arrangement of the samples maintained a logical order—moving
from the left to the right side of the graph—the samples reflected the gradual increase
in strawberry content. Such a distribution of samples on the plot was associated with
all descriptors of taste, appearance, and aftertaste. This confirms the methodological
correctness in the composition of samples and the proper training of assessors. Returning
to the main objectives of the experiment, it is important to look at the division of groups
that Factor 2 evokes (horizontal axis).

Table 4. Applied sensory descriptors for analysis of haskap berry and strawberry purees produced
with ultrasound treatment before pureeing.

No. Descriptor Definition Abbreviation Reference Material
Smell (Intensity when sniffed)
. Overall complicity of the S_Overall
! Overall Intensity smell of the sample Intensity i
Strawberry Specific smell of strawberry S_Strawberry Boiled strawberry
Haskap Specific smell of haskap berry S_Haskapberry Sample HB_100
Taste (Intensity when tasted)
4 Sour Basic taste—overall sour T_Sour Solution: 1.2 g citric acid/
1 L water
5 Sweet Basic taste—overall sweet T_Sweet Solution: 12 g sucrose/
1L water
6 Bitter Basic taste—overall bitter T_Bitter Solution: 0.54 g caffeine/
1 L water
7 Strawberry Taste of strawberry T_Strawberry Fresh strawberry fruit
Haskap Taste of haskap berry T_Haskapberry Sample HB100
9 Lemon/sour Taste of lemon sourness T_LemonSour Lemon juice freshly
pressed
10 Watery A watery flavour (diluted) T_Watery -
11 Earthy A flavour of soil T_Earthy Fresh beetroot, grated
Specific taste of unripe Mixture of unripe berries:
12 Unripe berries P . p T_Unripe red currant/black
berries
currant/raspberry
13 Off flavour Foreign flavour, not typical T_Off flavour -

for fruit preserves
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Table 4. Cont.
No. Descriptor Definition Abbreviation Reference Material
Aftertaste (Counting 1-5 and then evaluating aftertaste)
14 Sour aftertaste Overall sour aftertaste- AT Sour -
15 Bitter aftertaste Overall bitter aftertaste AT Bitter -
Dry sensation on teeth, when Chokeberrv iuice

16 Astringent moving tongue over after AT_Astringent Y

. . (purchased on the market)

ingestion
17 Duration of aftertaste Lepgth of flavour persistence AT_Duration -

in the mouth within 10 s
Other modalities
18 Shiny Concern surface, degree of Shiny Sample HB100_P1
shine
19 Silky matt/cloudy Concern surface, how much Silkymatt/cloudy Sample S100_P2
it is silky-matt and cloudy -
Look at the back of the spoon

20 Particles and count the number of Particles -

particles

Visual assessment of the
21 Homogeneous degree of unevenness in the Homogeneous -
sample structure
Take a sample with a spoon
22 Viscosity and POut itback into the Viscosity -
container—assess the
viscosity visually
Appearance

23 Colour: black Compared to printed Black Colour—RAL 9005

references
24 Colour: red Compared to printed Red Colour—RAL 0104040

references

HB100_P1: haskap berry puree without ultrasound treatment; S100_P2: strawberry puree with ultra-
sound treatment.

All ultrasound-treated samples were projected on the upper side of the graph (P2
samples). Thus, samples where ultrasound was not used were placed on the lower part of
the graph (P1 samples). The distribution of samples on the plot was associated mainly with
differences in textural characteristics of samples. The descriptors that strongly characterised
the P2-labelled samples were, first of all, Viscosity and Homogeneous—both concerning
the texture of the sample. On the contrary, the samples labelled P1 were characterised by
the presence of fruit particles, as evidenced by the strongly downward-loading descriptor
Particles. The Earthy descriptor (not statistically significant) is not interesting from the
point of view of the objectives of the study, but interesting for methodological reasons
of evaluating the results and the experiment carried out. Its projection in the centre
of the PCA graph clearly demonstrates the absence of correlation with the processing
method and sample composition. With regard to the evaluation of smell, only three
descriptors were used. What can be considered positive is that the descriptors of the
characteristic aroma of the fruit used in the samples (strawberry, haskap berry, or a mixture
of both) were evaluated in accordance with the actual composition. It can therefore be
assumed that the use of ultrasound did not introduce significant changes in the volatile
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compound composition of the samples (which were not examined instrumentally in this
study). Although not statistically significant, it is noteworthy that in three out of four
sample pairs the total smell complexity (S_Overall intensity) was judged to be lower in P2
samples. That can suggest that some negative influence of ultrasound treatment can be
found on the smell of purees. Similarly, the colour red (characteristic of strawberry puree)
and the colour black (characteristic of haskap berry puree) were assessed without difficulty.
The descriptors Silkymatt/cloudy and Shiny also acted as opposites and were assessed
according to this approach. Consequently, samples with a high proportion of haskap berry
(100% and 40%)—were characterised by low Cloudy scores and were seen as highly Shiny.
Texture concerning descriptors (Homogeneous, Particle, Viscosity) behaved in a similar and
mutually consistent manner. Samples in the P2 group that were treated with ultrasound
were assessed as more homogeneous, and their viscosity was rated higher, which is in line
with the rheological properties of the products. Unfortunately, for the viscosity parameter
(perhaps due to the difficulty of evaluation), the results did not show clear differences, and
in the case of samples composed of both fruit species, they were evaluated at a similar level.
In the case of basic flavours, only the sour flavour evidently divided the samples into a
low-acid group (100 or 80% strawberry) and a high-acid group (100% or 40% haskap berry).
Analysis of basic taste scores does not allow any further conclusions to be drawn about the
two puree production methods used. The effect of product composition can be seen even
more clearly in the case of aftertastes (Astringency, Sour, Duration). For example, assessors
discriminated perfectly between samples, and the assessment of aftertaste persistence
length (Duration) depended on the level of compounds present in the samples.

08 ©
0.6
HB1[3:0_P2
§100_p2
0.4 |AT_Asiringency| g
[T_Off flavour]
T $60_Hg40_P2 [offfavour]
Shiny| b
02 ' [T Bitter SED’HEM’DQ Silkymatt/cloudy|
TFeskan] -
g = ° [T_Earihy] o 7 [Red]
= 00 [T_Lemanisour| n’
g [AT_Sour] ¥ S_Straviberry]
Black] o
02 S_Haskap o [T_Sirawberry
_ALDuratmn HBE1 %0_P1 S1D[ﬂLP1
04 ) $80_HE20_P1 T e
(AT Bifter S60_HB40_P1

0.6

S_Overall intensi
-0.8

-12 -1.0 -08 -06 04 02 00 02 04 06 08 10 12
PC1:872%

Figure 4. Principal Component Analysis (PCA) from sensory descriptive analysis of haskap berry
and strawberry purees produced with ultrasound treatment before pureeing. P1: without ultrasound
treatment; P2: with ultrasound treatment. HB: haskap berry; S: strawberry; followed by the puree
proportion of 20 to 100%.

Most publications on the effect of ultrasound on sensory quality in fruit processing
concern juices. The literature on sensory changes in purees due to ultrasound treatment is
extremely limited. Despite the fact that juices are a different product group from purees and
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that ultrasound is mainly used as a tool to partially replace pasteurisation, comparison of the
results obtained with juice seems to be relevant, as the most important thing is to confirm
what effects ultrasound has on sensory profiles. On the basis of literature, ultrasound
treatment during production of juices and purees generally maintains or improves sensory
quality. For example, in a study conducted on orange juice [37], it was proven that the
use of ultrasound does not have a negative impact, while also highlighting the strong
potential of this technology in food processing as an alternative to thermal processing. In
the case of grape juice [38], sensory analysis demonstrated that ultrasound contributed
to the improvement of sensory characteristics of the juices in a ranking test in which
assessors received four samples (one control sample and three other with different levels
of ultrasound treatment). A recent review article [39] emphasises that products processed
using US generally have better overall sensory acceptability compared to juices processed
conventionally. However, the authors also highlight that sensory properties of products
obtained through the use of US are an aspect that is often neglected.

2.2.4. Anthocyanins

The results of the anthocyanin content analysis by the HPLC method are summarised
in Table 5. The highest total content of the six anthocyanins was observed in sample
HB100_P1 (331.02 £ 12.40 mg 100 g_1 FW), which was statistically significantly higher
than that in HB100_P2 (319.99 + 7.67 mg/100 g~! FW). Among all puree samples, only this
recipe exhibited a statistically significant effect of the processing method, where ultrasound
treatment (P2) resulted in an unfavourable reduction in total anthocyanin content compared
to the control process (P1). The lowest total anthocyanin concentrations were found in
5100_P1 and S100_P2 samples, at 22.58 = 0.75 and 22.52 £ 0.24 mg/100 g_l FW, respec-
tively, with pelargonidin-3-glucoside being the dominant compound in these samples. In
other purees (S60_HB40 and S80_HB20), anthocyanin levels scaled consistently with the
proportion of haskap and strawberry used. For these mixed samples, no statistically signifi-
cant differences between processing methods were observed for any of the six anthocyanins,
with the exception of cyanidin-3-glucoside in S80_HB20_P1 (53.50 + 0.8 mg/100 g~ FW)
and S80_HB20_P2 (51.56 & 1.05 mg/100 g~ ! FW), where a significant negative effect was
detected. It is worth noting that a 20% addition of haskap berries to strawberry puree
resulted in a 3.5-fold increase in anthocyanin concentration compared to pure strawberry
puree, while a 40% addition resulted in a 6-fold increase.

Table 5. Anthocyanin content of haskap berry and strawberry purees produced with ultrasound
treatment before pureeing.

Cyanidin-3- Cyanidin-3- Cyanidin-3- Cyanidin-3,5- Pelargonidin-3- Peonidin-3- Total

Sample Method Glucoside Malonylglucoside Rutinoside Diglucoside Glucoside Glucoside Anthocyanins
[mg/100 g]

HB100 P1 282.314+10.34a (U==F:} 24.06 +=0.84a 15.05£0.57a 2.64+0.15a 6.96 +0.64 a 331.02+124a
P2 272.87+5.78a (U==F:1 23.37+0.63a 145£0.65a 255+0.29a 6.71+0.63a 319.99+7.67a
S100 P1 1.1+021a 0.35+0.03a 0+a 0*+a 21.13+0.62a 0O+a 2258+ 0.75a
P2 1.38+0.13a 0.39 £0.06a 0+a 0+a 20.74+0.16a 0O+a 22524+0.24a
S60 HB40 P1 105.98 £3.34a 0.47 £0.05b 8.99+£0.19a 594+02a 1557 £0.75a 2.67+0.16a 139.62 £2.82a
- P2 100.69 £1.13b 0.5540.02a 8.64 £0.17b 6.04+0.14a 1492 £042a 2554+0.19a 133.4+1.26b
380 HB20 P1 53.5+0.8a 026+0.2a 478 £0.08a 323+035a 189+0.98a 149 £0.06a 8217+ 1.25a
- P2 51.56 +1.05b 0.37+0.19a 466+021a 328+0.13a 18.11£0.61a 1.54+0.16a 79.52+1.16b

P1: without ultrasound treatment; P2: with ultrasound treatment. HB: haskap berry; S: strawberry; followed by
the puree proportion of 20 to 100%. Means for samples marked with the same letters do not differ significantly
(p < 0.05) according to Tukey’s HSD test (1 = 6).

In experiments involving the use of ultrasound as a tool to enhance anthocyanin

extraction, it has proven to be highly effective [40]. It is worth noting that the ultrasound
exposure in this case was 60 min in an ultrasonic bath with a frequency of 40 kHz and
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a power of 185 W, and no negative effect of treatment time on anthocyanin content was
observed. However, it has also been noted that lower US treatment temperatures are
favourable for the extraction of anthocyanins, and even temperatures around 50 degrees
can negatively affect anthocyanin content [41,42]. However, US treatment of fruit pulp
can lead to completely different conclusions, as in our study, where generally no effect of
ultrasound on anthocyanin content was observed. The results obtained by other authors
are inconsistent in this area, providing both evidence of positive and negative effects of
ultrasound. In the case of pulp made from purple tamarillo fruit, US for 10 min resulted in
a significant increase in delphinidin-3-rutinoside (+115%) and pelargonidin-3-rutinoside
(+270%) content [43]. The results of the experiments conducted depend to a large extent
on the choice of methodological parameters. Among generally positive observations of
anthocyanin behaviour in experiments attempting to replace traditional pasteurisation
with US treatment at elevated temperatures, it has also been reported that ultrasound
treatment at 55 °C for 9 min can reduce total anthocyanin content by 7.1% compared to
untreated strawberry juice [44]. Additionally, the mechanism of anthocyanin degradation
was identified in a model experiment, where a strong correlation was found between the
rate of pelargonidin-3-glucoside degradation and the rate of ¢OH production [45]. This
shows that, as in the case of AA degradation, the breakdown of bioactive compounds such
as anthocyanins can be caused by the formation of free radicals due to cavitation.

2.2.5. Total Pectin Content

The pectin content in food products is of great importance for both their quality and
nutritional value. In terms of product quality, a higher pectin content results in higher
viscosity and density, which are also important for the visual quality of products. If there is
a sufficient amount of pectin in the product, there is no separation, i.e., the product is more
stable [46]. In terms of nutritional value, the pectin content in food products promotes
proper intestinal peristalsis and has a proven beneficial effect on human health [47]. No
significant effect of the recipe on the pectin content was found, and its average content for
all recipes was 3512.75 + 174.86 mg kg ~! FW (Figure 5). This result is slightly higher than
those reported in the literature data, which indicate pectin contents in raw strawberries
and haskap berries at levels of 1 to 2% [48,49].

A significant effect of processing method on pectin content was observed in the
tested purees (Figure 5). The average total pectin content across all tested samples was
3673.75 & 25.47 mg kg~! FW. For each recipe, samples obtained with the use of ultra-
sound were characterised by a statistically significantly higher total pectin content. This is
consistent with the fact that ultrasound is a tool for efficient pectin extraction [50].

Pectin content in products is strongly linked to the sensory quality of products, as
food consistency is crucial to food perception [51]. Therefore, during sensory evaluation of
samples using the descriptive method, the analysis was supplemented with parameters
such as Homogeneous, Viscosity, and Particles. PCA was performed to determine the
relationship between total pectin content and selected key sensory descriptors for texture
and consistency of the purees. Two components (PC1 and PC2) explained 89.7% of the total
variance (Figure 4).

On Figure 6, we can see a visualisation of the analysis with the location of the sam-
ples (biplot chart). Based on the location of the descriptors, it can be concluded that the
descriptor Viscosity had the greatest impact on the first component (63.5% of the total
variance). The upper right quadrant, where this descriptor is located, also includes three
purees produced by the P2 method. Sample S100_P2 is located in the upper left quadrant
of the graph, which indicates that it was perceived as less viscous despite having a similar
pectin content. Sensory evaluation and instrumental measurement often produce different
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results when assessing food texture and consistency, since human perception is influenced
by many factors and interpretation by assessors may not align with objective instrumental
data—making the correlation between both approaches not always consistent [52]. In fact,
observing the lack of correlation between the measurement methods under study helps to
gain knowledge about aspects that are not immediately apparent.
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Figure 5. Total pectin content [mg kg~! FW] of haskap berry and strawberry purees produced
with ultrasound treatment before pureeing. Mean for samples marked with the same letter do
not differ significantly (p < 0.05) according to Tukey’s HSD test (1 = 6). P1: without ultrasound
treatment; P2: with ultrasound treatment. HB: haskap berry; S: strawberry; followed by the puree
proportion of 20 to 100%.

In the case of the second component, explaining 26.2% of the total variance, a high
correlation was found between pectin content and the Homogeneous descriptor, and a
negative correlation with the Particles descriptor. There is consistency in the data presented
here, showing a simultaneous increase in total pectin content and homogeneity.

The presented results concern the impact of US treatment on fruit pulp prior to puree-
ing. By having access to all the tissues that make up the fruit, acoustic cavitation and shear
forces disrupt the cell walls, substantially enhancing the availability and extraction effi-
ciency of pectin. This is well established, as ultrasound application induces intensive break-
down of cellular structures, facilitates the release of pectin, and accelerates both diffusion
and penetration phenomena during extraction [50], leading to an increased concentration
of pectin in the final product, as it is shown in Figure 5. Although partial degradation
of soluble fraction of pectin may also occur [25], the overall pectin yield resulting from
structural disintegration, in the case of this study, significantly outweighs this effect.
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Figure 6. Principal Component Analysis (PCA) from selected sensory descriptors and total pectin
content of haskap berry and strawberry purees produced with ultrasound treatment before pureeing.
The plot reveals the interrelationship between descriptors (in blue) and samples (in red). P1: without
ultrasound treatment; P2: with ultrasound treatment. HB: haskap berry; S: strawberry; followed by
the puree proportion of 20 to 100%.

2.2.6. Organic Acids

The content of organic acids and the statistical differences are detailed in Figure 7.
Three organic acids—L-ascorbic, malic, and citric acid—were investigated in this study.
Technologically, citric and malic acids are valuable components found in fruit raw materials.
They not only lower product pH to ensure stability after pasteurisation but also contribute
to an appropriate sensory profile. AA is widely considered an important indicator of
overall food product quality. As an essential vitamin for humans, the recommended daily
intake of AA, according to current European dietary reference values [53], is 80 mg per
day. When analysing the impact of processing, the preservation level of AA can serve
as an indicator for the proper application of processing methods, such as maintaining
appropriate time and temperature regimes. The recipe containing 100% haskap berry
(HB_100) showed the highest content of all three tested acids: 29.49 + 0.74, 861.56 £ 17.12,
and 2255.15 + 36.77 mg/100 g FW for L-ascorbic, malic, and citric acid, respectively. Con-
versely, the 100% strawberry recipe (5100) contained the lowest levels of these compounds:
11.35 4 1.47,287.92 + 18.54, and 680.26 £ 26.36 mg/100 g FW, for L-ascorbic, malic, and
citric acid, respectively. The differences between the contents of all three acids for these two
recipes were statistically significant (p < 0.05). Logically, the intermediate recipes (S80_HB20
and S60_HB40) contained intermediate acid levels, with a slight increase corresponding
to the higher proportion of haskap berries. The processing method impacted the content
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of these compounds in only a few limited cases. For AA, the type of processing used was
statistically significant only in the S80_HB20 sample, where a 12% increase was noted with
the P2 method. In all other samples, the differences were not significant, although the acid
content was consistently slightly higher with the P2 method.
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Figure 7. Organic acid content of haskap berry and strawberry purees produced with ultrasound
treatment before pureeing. 1—ascorbic acid (AA) (left), 2—malic acid (middle), 3—citric acid (right).
Means for samples marked with the same letters do not differ significantly (p < 0.05) according to
Tukey’s HSD test 705 (1 = 6). P1: without ultrasound treatment; P2: with ultrasound treatment. HB:
haskap berry; S: strawberry; followed by the puree proportion of 20 to 100%.

Based on these data, it can be concluded that the processing method had no significant
effect on malic and citric acid content in any of the tested recipes. Ultrasound treatment (P2)
applied during the processing of strawberry and haskap berry purees did not significantly
affect the content of malic and citric acid but may have had a beneficial effect on the
content of AA. In some cases, observations by other authors suggest opposite results. In
the case of raspberry and blueberry purees, the use of ultrasound had a degrading effect
on AA, causing a 30% reduction in the content of this compound [17]. Similarly, studies
using tomato puree have shown an increase in ascorbate peroxidase activity, resulting
in a decrease in AA concentration [54]. Ascorbate peroxidase is an enzyme involved
in the decomposition of hydrogen peroxide using AA as an electron donor, resulting in
oxidation and a consequent reduction in puree products. The activity of this enzyme
during storage or processing of tomato puree promotes the degradation of AA, significantly
reducing its content in the final product. When comparing these results with our study; it
should be noted that ultrasound in those cases was applied to the material without heat
treatment; thus, ascorbate peroxidase remained active. On the contrary, in our experiment,
the product was heat-treated before treatment, which proved to be a better solution in terms
of AA content, possibly due to the inactivation of enzymes responsible for the degradation
of AA. In experiments with fruit and vegetable juices (orange, sweet lime, carrot, and
spinach juices), similar results were obtained even when treating the material before heat
treatment. In some cases, ultrasound treatment proved to be significantly superior to
thermal pasteurisation in terms of AA content [19]. The authors attributed this effect as
being closely related to the temperature of the pasteurisation process itself, as temperature
is the main cause of AA depletion [55].

However, the results obtained from other studies do not always support this conclu-
sion. One example is a comprehensive study on ultrasound treatment of red raspberry
puree and AA solutions (used as a model system), which systematically investigated the
effect of varying ultrasound frequencies and power over 10 min intervals of sample collec-
tion [56]. That study paid particular attention to temperature increases during sonication
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and demonstrated that AA degradation is influenced not only by thermal effects, but also
by the formation of free radicals induced by acoustic cavitation. Although the mechanism
of AA degradation during cavitation is not yet fully understood, research suggests that two
main effects (thermolysis and reaction with free radicals) are the most likely causes of AA
degradation during ultrasound treatment [57].

3. Materials and Methods
3.1. Plant Material

The raw material used in the experiment came from commercial cultivation and was
purchased during the 2024 harvest season from local producers. The experiment was
conducted on two fruit species: strawberries (Fragaria x ananassa cv. ‘Florence’) and haskap
berry (Lonicera caerulea L. cv. “Wojtek’). Immediately after transport, the fruits were washed,
sorted, and frozen at —25 °C until processing.

3.2. Preparation of Samples—Experiment Plan

The experiment was conducted in two stages. In the first one, it was investigated
which of the proposed technological schemes (Figure 8) for obtaining puree with ultrasound
would be optimal. Ultrasound (US) was used as an additional treatment before pulping
(P2), after pulping (P4), or as an alternative to heating the raw material (P3). In evaluating
the combinations, the yield of puree (as a percentage of the raw material), viscosity, total
anthocyanin content, and total polyphenol content were taken into account.

DEFROSTING HEATING PULPING PASTEURISATION SAMPLE NAME:

pamm D] e— . ) E1_HB100_P1
P2 w—— — J \AL . ) E1_HB100_P2

“MV«N

iy

HASKAP BERRY P3 AN . ) E1_HB100_P3
Tn
/Al

Ny,
 Fpe— — g—.é E1_HB100_P4
’inJ\N
S . p— . . ) E1_HB100_P5
Heating to the temperature of &‘V[Z 1 Ultrasound treatment
=&

ultrasound treatment (50 °C)

Figure 8. Diagram of “stage I” of the experiment with ultrasound treatment in different sequences of
haskap berry puree production.

In the first stage of the experiment, haskap berry fruits (without additives) were used
as raw material, which correspond to the aim of the work—to increase the content of
bioactive compounds in the final product by ultrasound treatment. Samples labelled P1
and P5 were control objects (produced without ultrasound) against which the results from
the other samples were compared. The sample labelled P5 was an additional control object,
produced without ultrasound but heated to the same temperature as that generated by
US. Since we observed increased temperatures upon ultrasound treatment, this control
negates that effect by matching the heating temperature to the temperature observed during
ultrasound treatment in P2, P3, and P4.

Ultrasonic treatment (UT) (P2-P4) was carried out on 1000 g fruit samples for 10 min.
The samples were treated in an ultrasonic homogeniser at a frequency of 20 KHz (Cole-
Palmer Instrumental Company, VCX-750, Vernon Hills, IL, USA) equipped with a 13 mm
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diameter probe. The device operated at a constant amplitude of 80%, using the maximum
power of the device (750 W). The probe tip was immersed in the fruit pulp at the geometric
centre of the container, 10 cm below the surface.

Heating of fruits to 80 °C (P1, P2, P4), as well as heating to 50 °C (P5), was carried out in
a metal pot on an electrical cooktop. In order to enable ultrasound treatment, pre-shredding
was necessary for combinations in which heating to 80 °C was not used. Pre-shredding of
frozen fruit (objects P3 and P5) was carried out in a Thermomix (250 g portions, 5 s). Three
technological repetitions were performed for each production scheme (P1-P5) in stage I.

All purees samples prepared according to schemes P1-P5 were pasteurised at 90 °C
for 20 min, then cooled and analysed. After verifying the results of the analyses of the
purees from stage I, combination P2 was selected to carry out stage II, (see Figure 9
for a diagram of the experimental scheme of stage II). The P1 method was used as the
control. In this part of the experiment, the selected processing methods were tested on
four recipes: strawberry—100% (S100); haskap berry—100% (HB100); strawberry—=80% +
haskap berry—20% (S80_HB20); strawberry—60% + haskap berry—40% (S60_HB40). After
making purees for the four recipes according to schemes P1 and P2, all analyses were per-
formed immediately. Three technological repetitions were performed for each puree recipe.

RECIPE 1

SAMPLE NAME:
STRAWBERRY ,
100%

RECIPE 2

HASKAP BERRY

100%
Method P1

— o—>
RECIPE 3 >_ DEFROSTING HEATING PULPING PASTEURISATION —<

—)— _%z_ o—>
oK e AT -

STRAWBERRY 60% Method P2

ultrasound

RECIPE 4 treatment

STRAWBERRY 80%

HASKAP BERRY 20%

Figure 9. Diagram of “stage II” of the experiment with ultrasound treatment during haskap and
strawberry purees production with four different recipes.

3.3. Physico-Chemical Analysis
3.3.1. Apparent Viscosity

Viscosity was determined using a Brookfield LVDVII viscometer (Brookfield Eng.,
Middleboro, MA, USA), following the method initially proposed by Jenni et al. [58]. Mea-
surements were performed at a constant spindle speed of 60 rpm and a sample temperature
of 20 °C. Before analysis, the samples were transferred into 100 mL glass beakers and
equilibrated at 20 °C until a constant temperature was reached (approximately 2 h). During
incubation, the beakers were covered with lids to minimise evaporation and prevent the
formation of a dried layer on the surface. The Brookfield spindle was then immersed in the
sample (in the centre of the beaker) to the depth marked on the spindle and operated at the
set rotational speed. Apparent viscosity of the puree was expressed in mPa-s.
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3.3.2. Total Anthocyanins Content (TAC)

Total anthocyanin content was determined by the pH differential method described
by Giusti and Wrolstad [59], using a Cary 3000 Bio UV-visible spectrophotometer (Varian,
Melbourne, Australia). Anthocyanin content was obtained using the standard pH differ-
ential equation and the final values were normalised to the sample mass. Anthocyanin
concentrations were calculated assuming cyanidin-3-glucoside as the reference compound,
with a molar absorptivity of ¢ = 28,800 L-mol~!-cm~! and a path length of 1 cm. Results
were expressed as mg cyanidin-3-glucoside equivalents per 100 g fresh weight of puree.

3.3.3. Total Polyphenol Content (TPC)

Total polyphenol content was measured spectrophotometrically following the method
initially proposed by Singleton and Rossi [60]. A total of 10 g of samples were homogenised
with 70% ethanol and centrifuged for 10 min at 20,000 rpm. An aliquot of 0.4 mL super-
natant was mixed with 1.6 mL sodium carbonate solution (7.5% w/v), followed by the
addition of 2 mL Folin-Ciocalteu phenol reagent diluted with distilled water 1:10, was
added. Incubation was carried out for 30 min at ambient temperature in the absence of
light. Absorbance was measured at a wavelength of 765 nm, and polyphenol content was
expressed as gallic acid equivalents per 100 g~! fresh weight of puree.

3.3.4. Microrheological Properties

Microrheological properties of the purees were examined using diffusing wave spec-
troscopy (DWS) with a Rheolaser Master Lab 6 device (Formulaction, Toulouse, France).
Measurements were performed in full characterisation mode using 20 mL glass vials, ensur-
ing the absence of air bubbles. Samples were analysed at ambient temperature controlled
by the device’s built-in thermostatic system. During the measurement, the relationships
between the correlation functions of scattered light intensity over time were recorded, and
the microrheological parameters describing the behaviour of the system were determined
from them. The following parameters were determined: elasticity index (EI; nm~2), solid-
liquid balance (SLB), macroscopic viscosity index (MVI; nm~2:s), and fluidity index (FI;
Hz), which describe the proportion of elastic and viscous components and the mobility of
particles in the tested samples.

3.3.5. Particle Size Distribution

Particle size distribution was analysed by laser diffraction method (Bettersizer S3,
Dandong, China). Measurement time was 30 s, and particle size was calculated based
on Mie theory. The instrument is equipped with a stirrer to prevent sedimentation of the
particles by circulating the water solution of the sample through the measuring system.
The result of the analysis is presented as a percentage distribution of individual particle
fractions. Based on D10, D50, and D90 particle distribution parameters, span was calculated
according to equation:

SPAN = (D90 — D10)/D50 (1)

where

SPAN—width or broadness of a particle size distribution;

D90—the particle size at which 90% of the particles are smaller than this value;
D10—the particle size at which 10% of the particles are smaller than this value;
D50—the median particle size, where 50% of the particles are smaller and 50% are larger.

3.3.6. Sensory Analysis

Descriptive sensory analysis was performed by a panel of ten trained panellists (eight
women, mean age 31.4 years). Panellists were selected and trained according to ISO
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guidelines (ISO 8586-2, International Standard Organisation, 2023) [61]. Sensory sessions
were conducted at the University of Copenhagen, Department of Food Science. Sensory
facilities complied with ISO guidelines for the design of test rooms (ISO 8589, International
Standard Organisation, 2007) [62]. Evaluation sessions took place in a sensory laboratory.
Samples were labelled with random three-digit codes. A 15 cm unstructured scale with
relevant end-point anchors was used for all descriptors. Samples were poured in 60 mL
cups and stored at 20 °C for at least one hour before serving. Data were collected digitally
with a software dedicated for sensory assessment (Fizz, Biosystemes, Couternon, France).
For palate-cleansing, room temperature water and plain crackers were used. Three tasting
replicates were conducted in separate sessions. In the first stage of sensory training, panel
members were asked to taste the provided puree samples and consider how they would
describe their appearance, aroma, and taste. To facilitate this task, the panellists were given
a list of terms prepared by the laboratory staff, with the clarification that they could reject
any of the proposed terms or suggest additional ones. Particular attention was paid to
the degree of agreement between panellists in the selection and acceptance of individual
sensory descriptors. A teference list (Table 3) was also delivered by scientific staff, followed
by a discussion stage with the assessors. In the second stage, the panellists were trained
for the assessment of the puree samples. Twenty-four descriptors were chosen for the final
evaluation belonging to four categories: appearance, smell, texture, taste, and aftertaste.

3.3.7. Pectin

Total pectin content was determined according to the spectrophotometric method with
carbazole in a sulfuric acid medium, as described by Taylor et al. [63]. One gram of puree
was extracted with hot 95% ethanol (85 °C) to remove soluble sugars and washed with 63%
ethanol. The alcohol-insoluble residue was treated with 10 mL of 1 N NaOH for 15 min,
and the extract was filtered. A total of 1 mL of the extract was reacted with 0.5 mL of a 0.1%
alcoholic solution of carbazole and 6 mL of concentrated H,SO,4 heated at 85 °C for 5 min,
and after cooling, the absorbance was measured at 525 nm. Pectin content was calculated
from a galacturonic acid calibration curve and expressed as mg D-(+)-galacturonic acid per
kg fresh weight of puree.

3.3.8. HPLC Analysis of Anthocyanins

The analysis of anthocyanin content was conducted in accordance with the method
described by Mieszczakowska-Frac et al. [64], using high-performance liquid chromatogra-
phy with an Agilent 1200 system (Agilent Technologies, Santa Clara, CA, USA) equipped
with a diode array detector. Separation was performed using a Phenomenex® Fusion RP
column (250 mm x 4.6 mm, 4 um; Phenomenex, Torrance, CA, USA). Gradient elution
was applied at a flow rate of 1 mL min~! and a column temperature of 25 °C, with eluent
1 consisting of water and formic acid (95:5, v/v) and eluent 2 consisting of acetonitrile.
Anthocyanins were detected at a wavelength of 520 nm. Extractions were carried out
from 5 g of puree homogenised in 70% methanol (JT Baker Chemicals, Phillipsburg, NJ,
USA), and the supernatant prior to analysis was filtered through a 0.45 um syringe filter.
Quantification of anthocyanins was performed using external calibration curves prepared
for each anthocyanin standard. Anthocyanin content was expressed as mg 100 g~ ! fresh
weight of puree.

3.3.9. HPLC Analysis of L-Ascorbic, Malic, and Citric Acids

The content of L-ascorbic, malic, and citric acids was analysed using high-performance
liquid chromatography with an Agilent 1200 (Agilent Technologies, Santa Clara, CA,
USA) with a diode array detector. An SUPELCOSIL LC-18 reversed-phase column
(C18, 250 x 4.6 mm, 5 um; Supelco, Bellefonte, PA, USA) with a pre-column was used.
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A 1% KH,POy solution adjusted to pH 2.5 served as the mobile phase at a flow rate of
0.8 mL min~! (isocratic elution) and the column temperature was set at 30 °C. Detection
of L-ascorbic acid (AA) was performed at 244 nm, whereas malic and citric acids were
monitored at 210 nm. Acids were extracted by homogenising 2.5 g of puree in a 6% HPOj3
solution, after which the supernatant was filtered through filter paper. Quantification of
acids was carried out using external calibration curves prepared for each standard. The
results were expressed as mg per 100 g~ ! fresh weight of puree.

3.3.10. Statistical Analysis of Data from “Stage I” of the Experiment

The results obtained were analysed in a completely randomised design using one-way
analysis of variance (ANOVA), separately for each parameter analysed. To compare the
mean values of apparent viscosity, process yield, total polyphenol content (TPC), and
total anthocyanin content (TAC) in purees, Tukey’s HSD test was used as a post hoc
test. Differences between means were considered statistically significant at a significance
level of p < 0.05. Statistical analyses were performed using STATISTICA 13 (Dell Inc.,
Tulsa, OK, USA).

3.3.11. Statistical Analysis of Data from “Stage II” of the Experiment

Statistical analysis was performed with the use of STATISTICA 13 (Dell Inc., Tulsa,
OK, USA). Treatments were analysed in a completely randomised design using two-way
ANOVA. Tukey’s HSD test was selected for the comparison of particle size distribution,
pectin content, HPLC results for anthocyanins and organic acids in purees. The comparison
was performed at a significance level of p < 0.05.

Data from descriptive sensory analysis and microrheological properties analysis were
analysed in STATISTICA 13 software (Dell Inc., Tulsa, OK, USA). To evaluate major pat-
terns among samples and product characteristics and to reduce the dimensionality of the
dataset, Principal Component Analysis (PCA) was applied. Results were visualised on
two-dimensional biplots, enabling interpretation of similarities and differences among the
projected samples.

4. Conclusions

The study demonstrated that the application of US treatment as an additional treat-
ment prior to pureeing effectively enhanced both the yield and apparent viscosity of the
obtained purees. Analysis indicated that US treatment influenced the microrheological
properties, shifting their characteristics toward more fluid-like behaviour. These structural
modifications were closely related to particle size reduction and pectin interactions, which
collectively contributed to the observed rheological changes, though not always in the ex-
pected direction. Particle size distribution analysis confirmed that US treatment produced
smaller particles but resulted in a broader size distribution, whereas sensory evaluation
combined with Principal Component Analysis (PCA) distinguished US-treated samples
from untreated ones. Purees processed with US received higher scores for the descriptors
Homogeneous and Viscosity. Regardless of the recipe, pectin content increased following
US treatment. However, sensory perception differed substantially from the measured
pectin content, suggesting that production technology and raw material characteristics
play a decisive role in shaping the final product properties. US application during the
processing of strawberry and haskap berry purees did not significantly affect malic or citric
acid content but had a beneficial influence on L-ascorbic acid levels. A decrease in total
anthocyanin content was observed in selected samples, suggesting that compound stability
during ultrasound exposure depends strongly on the characteristics of the medium and
the chemical nature of individual compounds. Comparison with literature data proved
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challenging due to the scarcity of studies investigating ultrasound application prior to
pureeing of fruit pulp. Most published works focus on ultrasound-assisted juice extraction,
microbial stabilisation, or texture modification. Thus, this research represents, to the best of
the authors” knowledge, the first detailed analysis of US treatment effects on the sensory
and physico-chemical characteristics of berry purees when used as an additional treatment
before pureeing.

Nevertheless, several limitations of the processing scheme should be emphasised.
Efficient propagation of ultrasonic waves requires a sufficient liquid phase, whereas fruit
pulps typically exhibit high viscosity and a dense structure. The low dry matter content
of strawberries and haskap berries enabled the effective use of US in this study; however,
this approach may not be universally applicable to other fruits. Although dilution of raw
material has been proposed in some studies to facilitate sonication, such practice alters
product composition and is thus not recommended for high-quality or clean-label products.
Furthermore, combining ultrasound with thermal treatment compromises its non-thermal
character; therefore, temperature input should be minimised during implementation.

Although ultrasound treatment did not enhance the extraction of anthocyanins from
berry skins, it demonstrated a marked influence on the rheological behaviour and process-
ing efficiency of berry purees. The observed shift toward more liquid-like microrheological
behaviour, accompanied by increased apparent viscosity, highlights ultrasound’s potential
to modify flow properties and improve processing conditions in industrial environments.

Further research should focus on the possibility of repeating the observations
on a larger scale and implementing the technology in an industrial system, as the
mechanism of action of ultrasound, the effectiveness and safety of the technology, are
already well recognised.
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Abbreviations

The following abbreviations are used in this manuscript:

S Strawberry

HB Haskap Berry

us Ultrasound Treatment

AA  Ascorbic Acid

TPC  Total Polyphenol Content
TAC  Total Anthocyanin Content
EI Elasticity Index

FI Fluidity Index

SLB  Solid-Liquid Balance

MVI  Macroscopic Viscosity Index
PCA  Principal Component Analysis
FW  Fresh Weight
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